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In humans, biological aging (age-associated degrading changes), widely observed in molecular and cellular
processes, underly the time-dependent decline in spatial navigation, time perception, cognitive and psychological
abilities, and memory. Cross-talk of biological, cognitive, and psychological clocks provides an integrative
contribution to healthy and advanced aging. At the molecular level, genome, proteome, and lipidome instability are
widely recognized as the primary causal factors in aging.

Through stress response systems (SRS), the environmental and psychological stressors contribute to the age-
associated “collapse” of protein homochirality. The role of prevalent protein chirality and entropy of protein folding
in biological aging is mainly overlooked. In a more generalized context, the time-dependent shift from enzymatic to
the nonenzymatic transformation of biochirality might represent an important and yet underappreciated hallmark of

aging. We provide the experimental arguments in support of the racemization theory of aging.

spontaneous non-enzymatic post translational modifications racemization
biological clock racemization theory of aging psychological aging psychological stress
stress tress response system

| 1. Introduction

“The roots of stress research lie in the belief that stress can accelerate biological aging”

5

Molecular psychology and psychiatry represent an emerging modern research trend. However, the role of prevalent
bio-molecular chirality and molecular aging in the function of the stress response system (SRS) is practically
neglected. Indeed, the consequences of psychological stresses linked to biological aging are evident at the
organism, system, cellular, and molecular levels @, Under stress conditions, self-perception is contributed to by

the sense of embodiment ¥ and by conscious control of your own thoughts 1.

No doubt, the age-dependent biological processes are influenced by the subject’s state of mind and psychological
state B, The functioning of an organism at the molecular and cellular levels underlies humans’ perception of
environmental challenges, self-perception, and age-associated modification of physiological and cognitive
functions. No doubt that all hierarchical domains of biological events—including molecular—-molecular, molecular—

cellular, cellular—organismic, organismic—cognitive/behavioral—exhibit bi-directional impact [8I8l. The understanding
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of such bidirectionality constitutes the solid ground for pharmacological and psychological treatment. From the
thermodynamic perspective, the organism, as a whole, as well as its major constituents (biomacromolecules,

cellular organelles, cells, tissues, and organs) maintains themselves in the entropy-driven non-equilibrium state &
[10][11]

We will focus on the thermodynamics of protein folding in the age-dependent association with the function of the

stress response system (SRS), and provide the experimental arguments in support of the racemization theory of

aging.

| 2. Aging, Entropy, and Aging Defense System

“It is by avoiding the rapid decay into the inert state of ‘equilibrium’ that an organism appears so enigmatic”

[9

Conceptualization of the underlying mechanisms of aging is in high demand due to many age-related diseases.
Significant progress is made from the view that the variable transient fluctuating entropy (from the Greek entropia =
transformation) in the non-equilibrium (NE) state of a biomolecular ensemble is under permanent impact by the
thermodynamic tendency toward the high-entropy state of equilibrium. NE thermodynamic of living systems is
closely associated with the concepts of biochirality, entropy, biological information processing, and aging 2. NE
thermodynamic theories, in particular, Classical Irreversible Thermodynamics (CIT) 13] complemented by the
concept of fluctuating entropy 2415 provide a valuable formalism for understanding the dynamics of living
systems, including the origin of life, cell differentiation, as well as the synthesis of the homochiral population of

proteins and the spontaneous loss of conformational entropy during folding [LEI[A7I18]

Energy-consuming ribosomal protein synthesis (the human body requires production of 1021 ATP molecules per
second) continuously creates the pool of homochiral; high entropy unfolded biomolecules in the thermodynamically
NE state. Prevalent chirality of nascent proteins is transferred to all levels of their structural hierarchy during
spontaneous condensation (folding) to native (i.e., functional) state (NS) 1929 The relaxation, conformation, and
formation of protein assemblies constitute large many-body systems that operate in a fluctuating, out-of-equilibrium

environment.

Changes in the residual conformational entropy at the protein level are significant components of the
thermodynamics of folding, binding, enzyme-substrate recognition, and time-dependent protein dysfunctions [21122],
Spontaneous protein folding (3-D transformation) to NS is accompanied by free energy loss and reduction of

configurational entropy.

NS of homochiral proteins (trapped in a local energy minimum) is thermodynamically only relatively stable and,
therefore, is prone to further spontaneous relaxation to aberrant conformation and aggregative states. Such
spontaneous processes can be triggered by amino acid (AAs) racemization 2324 Spontaneous racemization is

known as one of the unavoidable degrading forces of the functional state of proteins. More (than native)
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thermodynamically stable states of proteins such as amyloids, fibrils, and aggregates are associated with protein
aging translated to the cellular and organism levels. However, even recent advances in the understanding of
protein folding and miss-folding ignore the homochirality of the NS and, correspondently, overlook the contribution
of spontaneous racemization to protein aging 22 (Figure 1). Furthermore, protein aggregation is known to slow
down the rates of structural conversions (leading to kinetic trapping), extend the cellular lifetime of trapped protein,

and make them prone to the impact of spontaneous (molecular environment-specific) racemization.

4 7

nascent/unfolded
* protein
chaperones
chaperones /\
/'\

2

@ intermediates
5

salive intermediates

kinetically trapped states prone to spontaneous

[Balchin et al. 2020} racemization

——p promoted by ATP-dependent chaperones
—— inhibited by chaperones aggregates

Figure 1. Funnel-shaped potential free-energy landscape. Impact of spontaneous racemization. Adopted with
alterations from (23],

In terms of quantitative thermodynamic variables, spontaneous protein fold from the initial chain of AAs to the NS is
accompanied by the loss of Gibbs energy (AG) and minimizing the entropy (AS F°'9). From the thermodynamic
perspective (1), some other processes should compensate for the loss of A S Fold,

AG = AH - T x AS(1)

and
S =k x In(W)(2)

where k is Boltzmann’s constant and W is the number of microstates that give rise to the macro-state of interest.
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One of them is the gain of enthalpy under forces of the binding (condensation). Two others are the increase in the
entropy of solvent and increment in the entropy of protein due to loss of protein homochirality (racemization) 2!,
Therefore, aging can be considered as an exchange between the accumulation of damage and compensatory
mechanisms. The complexity of compensatory events comprises the aging defense mechanism, which,
unfortunately, also is vulnerable to the impact of spontaneous biological reactions. Age-associated degrading
changes are observed in psychological and neurobiological processes underlying the decline in basic functions of
the organism, including spatial navigation 28271 and time processing 28 contributing to the perception of the
virtual reality environment 29, Evolutionary biologists conclude that the force of selection declines as a function of
age due to the decreased likelihood of reproduction. The fact that the force of selection declines as a function of
age promotes the appearance of two main hypotheses formulated to explain why organisms age: the mutation
accumulation (MA) and the antagonistic pleiotropy (AP) hypotheses [BQE1I32]33] MA theory proposed by Peter
Medawar in 1952 [4] suggests that mutations with deleterious late-life effects can accumulate if such products are
confined to late life, when selection against them is weak. Williams AP theory proposed by George C. Williams in
1957 33 js based on the fitness trade-offs and assumes the ability of a gene to control more than one trait, with
part of these traits being beneficial to the fitness of the organism early on in life, whereas other traits are

detrimental to the fitness later on.

The racemization hypothesis of aging (RHA) helps integrate the evolutionary and molecular genetics of aging.
Experimental evidence suggests that both aging and psychological stress affect the immune, hormonal, and neuro-
transmitting systems [B6I37B8I39]  Stress is recognized as a fundamental physiological phenomenon essential to
survival and related to several psychiatric 22 and neurodegenerative 4% disorders. A common view that the
response to stressful stimuli is triggered and exacerbated by the SRS that integrates a wide diversity of brain
structures, neuronal circuits, as well as perceptual and cognitive functions. In other words, the mechanisms of
stress response integrate brain and body activity at the molecular, cellular, and neuronal network levels. At the
molecular level, the functions and age-related decline of the STS are linked to the maintenance or deterioration of
the prevalent chirality of proteins. Protein aging is a trade-off between the maintenance of prevalent chirality and
spontaneous racemization. From this integrative view, it is evident that the STS mediates the physiological and

psychological outcomes of aging individuals.

| 3. Psychological and Physical Stressor

The discrimination of psychological and physical stressors is essential for understanding the complex mechanism
of the human SRS (Figure 2) 41421431 pgychological stressors are defined as stimuli that threaten the current
state and are perceived in an anticipatory condition, e.g., aversive environmental stimuli, predator-related cues,
and failure to satisfy internal drives. Adult diseases 44 and accelerated aging 4% are often associated with acute
stressors and the developmental, biological, and psychological abnormalities occurring in childhood. Epigenetic
mechanisms of physical and psychological stressors make them become biologically embedded into physiology (at
molecular, cellular, systemic, and organism levels) (48147481 The epigenetic mechanisms of physical and

psychological stressors relate how environmental factors are translated to physiological events through sensory
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perception, cognitive, and emotional abilities. At the protein level, the stress response occurs through the system of
enzymatic and non-enzymatic (spontaneous) PTMs (PTMs SP). Spontaneous and stress-induced aging of proteins
is a complex process of nonenzymatic chemical reactions which contribute to the range of metabolic diseases 49
B9 Most studied age-associated non-enzymatic PTMs contributing to protein aging include oxidation, nitration,

glycation, and racemization. We will be primarily focused on irreversible spontaneous racemization 2152,

Psychological Epigenetic
Stressors - Stressors

Figure 2. Major determinant of biological aging.

| 4. Biochirality, Spontaneous Reactions and Aging

“Chirality is a fundamental, persistent, but often overlooked feature of all living organisms on the molecular level as
well as on the macroscopic scale.”

(53] (See also [24155])

At the molecular level, aging is associated with three primary classes of bio-molecules prone to spontaneous

modifications: (1) nucleotides (NTs) within DNA sequence, (2) amino acids (AAs) within peptides and proteins and
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(3) lipid content of the membrane bilayers. In these cases, the irreversibility of reactions results in the time-
dependent accumulation of abnormal molecular complexes. Both NT and AA molecular pathways of aging are
closely interconnected 28 and obey the laws of non-equilibrium thermodynamics. The influx of energy maintains
the system of molecular objects in an asymmetric non-equilibrium dynamic steady state, which can retain their
asymmetry (homochirality) for a time longer than the time of spontaneous racemization 2. Meaning that any
compromise of energy supply will open a window to spontaneous racemization. Spontaneous DNA mutations arise

from a variety of sources, including irreversible changes of NTs sequence, leading to the errors in DNA replication.

Spontaneous alterations in DNA structure result in chaining the functions implicated in protein synthesis, cell
proliferation, cell polarity and organism morphology (including bilaterality). PTMs SP of proteins, the second causal
agent of organism aging, will be the focus of our attention here. Spontaneous reactions such as isomerization,
epimerization, and racemization taking place in long-lived protein (LLPs), have two physiologically essential
pathogenic consequences: prevention of proteolytic degradation B8 and non-enzymatic cleavage 2. The
evolution of living organisms has established mechanisms to exclude D-amino acids (D-AAs) in their protein
synthesis machinery to maintain the prevalent molecular chirality and stereo-specific catalysis (three major sources
of D-AAs in mammals are intrinsic racemization (enzymatic and spontaneous), diet, and gut microbiota). However,
recent development BAEL62] shows that this mechanism has not absolute prevalence. For example, a small
probability exists for ribosomal incorporation of D-AAs into AAs sequence of peptides and protein remains. In
addition to the ribosomal source, D-AAs are created by the mechanism of enzymatic and spontaneous post-
translational modifications (PTMs). Small amount D-AAs in an organism signify the evolutionary selected delicate
balance between two isomers, suggesting that any disturbance in this balance can be harmful. It is notable that D-
AA-containing peptides and proteins demonstrate two distinct features: (1) resistance toward proteases and
association with prolonged half-lives (2) 89621 Bjochirality, evident in the pathways of enzymatic and spontaneous
racemization of AAs and PTMs of proteins, is the emerging as a critical and yet experimentally and theoretically
challenging topic. The attention to spontaneous modifications of free and peptide/protein-incorporated AAs

becomes essential due to their role.

In protein aging, cell physiology, and neuropathology. Spontaneous chemical reactions, such as racemization,
occur by various pathways, including oxidation, cyclization, and elimination reactions. Spontaneous racemization is
a critical determinant of thermodynamically irrevocable (i.e., aberrant) protein folding, responsible for the side
products of biochemical reactions. Many studies are devoted to the consideration of transitions from tetrahedral to
planar electron configurations. Planar intermediates are critical determinants of the racemization barrier and rate of
racemization (63, Free AAs and peptides/protein-incorporated AAs are characterized by significantly different rates
of spontaneous reactions. Due to the complexity of three-dimensional structure of globular proteins and the
presence of many functional groups, susceptibility to spontaneous or enzyme-dependent stereo-chemical
modifications is much higher for peptides and proteins than for free AAs 831, Therefore, future research in this field
will enormously contribute to understanding the molecular mechanism of protein misfolding, aggregation,

disfunction, degradation, and aging.
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The chain of chirality transmissions across the length scales and level of organization is recognizes as a
fundamental feature of all living creatures. The prevalent molecular handedness guides the chirality of the cells,
while cell chirality drives the left/right asymmetric development of individual organs and organisms 49I51I55],
Contemporary concepts of prevalent biochirality and virtual reality brings the new dimensions to the exploring
mutual influence of biological and cognitive domains of self [2IJE4I63I66I67] and new meaning to Schopenhauer’s
view on the world. As the manifestation of the “Will and Representations”. Our review aims to attract attention
toward the multidisciplinary field of biological chirality (or biochirality) and its broad-reaching implications at both the
molecular and organism levels. As a branch of natural science, the concept of biochirality has broad implications in
multiple fields ranging from DNA function to protein synthesis, neurotransmission, and bilaterality of cognitive
functions. The rationale of such an attempt is that integration and synthesis of diverse, dispersed, and
unsystematic experimental facts are required for better understanding of the fundamental nature of complex
phenomena. Congruent advances in biochemical and biophysical studies provide a common framework for

establishing a new level of academic research, medical treatments, and drug design.

To advance the field, it is necessary to consider the chronology of the ideas reflecting the progress in
understanding the biochirality-related causality of aging phenomena. It is clear, that there are endogenous and
exogenous stressors (agents) continuously challenging the integrity of DNA, transcriptome, and proteome,
resulting in progressive aging of the organism, but the main causal triggers, at the molecular level, remains
unknown. To better understand the impact of biochirality on the field of aging research, we will briefly review here

the chronology of major developments regarding the biochirality-related causality of aging.

In 1978, Poplin and DelLong proposed the hypothesis that aging can be accelerated due to the enzymatic
racemization 8], In 1994, Fujii and colleagues concluded that “racemization, isomerization, and oxidation of oB-
crystallin occur spontaneously in the aging process” €2 and Mori pronounced the biological significance of
racemization in the neuropathogenesis of Alzheimer’s disease (AD) L%, In 1995, John discussed the effect of aging
on the turnover of muscle proteins /1. The crucial role of non-enzymatic PTMs of proteins in aging was recognized
in the previous century 22, Later Maddox, in his “The Encyclopedia of Aging”, noticed that the “extend to which
racemization contribute to the harmful consequence of aging remains uncertain” 2], This conclusion indicates that

the impact of racemization as a causal in aging was at that time, not yet clearly understood.

In 2002, Ritz-Timme & Collins linked the “natural” aging of proteins with the autonomic racemization of long-lived
proteins (LLPs) 4. In 2014, Inoue concluded that the most convenient biomarkers of protein aging were the
spontaneous racemization of AAs 3. Currently, many studies emphasize the existence of the abnormal age-
related translational and post-translational protein homeostasis associated with spontaneous forms of PTMs (such
as oxidation and oxidative phosphorylation) 2, It is also recognized that progressive deterioration in the ability of
the cells to preserve the stability of their proteome occurs with age, even in the absence of disease, and it likely
contributes to different aspects of “natural’ aging. However, the principal role of spontaneous racemization in
geriatric science remains overlooked. Based on the above evidence, it is reasonable to conclude that spontaneous
racemization (as a specific form of PTMs) may be a valuable molecular biomarker of age-associated

neurodegenerative and psychiatric disorders.
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