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REVIEW

Oscillatory Changes in Enzyme Activity in the Presence of
Low and Very Low Doses of Effectors. Review and New Facts

Elzbieta Malarczyk

ABSTRACT @ OPEN ACCESS

This review examines the changes in the activity of plant, fungal, and bacterial enzymes from the
oxidoreductase class - peroxidase, laccase, and veratric acid O-demethylase - that occurred under the
influence of a series of high and very high dilutions of their low-molecular effectors, mainly of phenolic
origin. A common feature of these observations is the demonstration of oscillatory changes in the
activity of the studied enzymes, fluctuating between maximum and minimum values during incubation
with progressive dilution of their effectors. The course of these oscillations is unique to the enzyme
complex and the degree of effector dilution. It provides practical information regarding changes in the
allosteric affinity of the enzyme-effector system. In addition to changes in activity, adaptation of the
enzyme to a progressive series of effector dilutions was manifested by morphological differentiation of
bacterial cells and increased production of the enzyme protein in dilutions with maximum activity or its
disappearance at minimum activity. The presented review of experimental studies indicates that the
biological information contained in successive iterations of a series of diluted effector changes
according to the dilution rate. It affects all metabolic pathways of the organisms studied. The
reproducibility of the obtained results was ensured by the use of a unified system for preparing dynamic
effector dilutions in aqueous or alcoholic solutions.
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Introduction

Dynamic changes in the activity of numerous enzyme complexes that occur during life processes remain a
focus of interest for all scientists seeking practical advice from living organisms on how to maintain
homeostasis most effectively. One mechanism that commonly occurs in these processes is adaptation to
existing conditions by utilising a stressor's low-dose effects. This phenomenon is now commonly known as
hormesis: a factor that is harmful to the body at higher doses is beneficial at lower doses. Numerous
researchers have confirmed that this operates in nature. Among them, extensive studies of this phenomenon
were summarised by Calabrese & Baldwin' and Matson & Calabrese?.

Now, the study of mechanisms that regulate the activity of key enzymes in cellular metabolism is among the
most basic problems in experimental biology. New experimental studies have appeared, confirming the
sensitivity of numerous enzymes to the concentrations of both the substrate and the effector. In nature, such
dose-dependent enzymes include mainly enzymatic complexes with allosteric properties. In these enzymes,
there are two important sites: one for binding the substrate (active centre) and the other for interacting with
effectors (allosteric sites). These sites are sensitive to the presence of low-molecular-weight compounds that
act as effectors (https://biologyreader.com/allosteric-site.htm)). Regulatory enzymes are a group of allosteric
proteins, and an important feature is that they change their substrate affinity in the presence of small
molecules that act as cofactors. The affinity of an enzyme for a substrate is regulated by the presence of
small quantities of low-molecular-weight particles, which cause either a reduction (closed state of the
enzyme) or activation of the enzyme's catalytic capacity (open state). The oscillatory nature of the
relationship between enzyme activity and effector concentration remains poorly understood. Homeostasis
in a living organism involves constant adjustments to the amounts of both the substrate and the required
effectors, relative to their low concentrations. Within a certain concentration range, effectors act as triggers,
changing the direction of the enzymatic reaction. These directional changes tend to recur, causing rhythmic
oscillations in enzyme activity, a manifestation of homeostasis that benefits the body's functioning.

The current article reviews experimental work from the Department of Biochemistry, Maria Curie-Sklodowska
University in Lublin (Poland), aimed at further expanding our understanding of the regulatory role of low and
very low doses of low-molecular-weight phenolic effectors on the activity of several naturally occurring
enzyme complexes. These included plant and fungal peroxidases, fungal laccases, and bacterial veratric
acid demethylases.

Phenoloxidases, enzymes that catalyse the biodegradation of phenolic compounds in the presence of
oxygen, are crucial for the metabolism of fungi and some bacteria. The ability to cultivate fungal and bacterial
monocultures in the laboratory, and to repeat each experiment multiple times /n vivo and /n vitro, is useful
for studying their nature. The effects of diluted substances on living organisms can be easily monitored using
standard physical and biochemical analytical methods. Numerous studies have focused primarily on the role
of oxidoreductase enzymes, which are abundant in the mycelium of arboreal fungi. Among them, laccase,
peroxidase, and O-demethylase of veratric acid were prominent, actively interacting in lignin
depolymerisation and bio-bleaching, as well as in the degradation of soil humus?®. Useful in these processes
are simple effectors, including numerous phenolic substances, both natural and synthetic, such as ABTS or
HBT, as well as formaldehyde, H2O,, alcohol, and others. Because degradation processes occur very slowly
in nature, optimising conditions is paramount, and the type and quantity of the effector are crucial.

This review is based mainly on papers published between 2000 and 2011 that examine the mechanisms
underlying dynamic dilution processes*?. Some of the figures posted here come from these articles; the
others are archival materials and were presented as posters or oral presentations at various scientific
meetings. Subsequent dilutions of low molecular phenolic effectors, appropriate for studies of chosen
enzymatic systems, were prepared in our laboratory in a series of n dilutions in 1:10 (decimal), 1:100
(centesimal), or even 1:1000 (millesimal) steps (where n is the number of iterations) in 75% ethanol or in
water and dynamised by hand shaking after every iteration. In the experiments described, centesimal
dilutions were most commonly used.
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Experiments with plant peroxidase

The choice of peroxidase as a model enzyme to study changes in activity at high dilutions of phenolic
effectors yielded interesting observations regarding the allosteric nature of this protein. Peroxidases
comprise a group of enzymes that catalyse a variety of oxidative transformations using hydrogen peroxide
or other peroxides as oxidants. The peroxidase molecule exhibits two activities, oxidase and peroxidase,
which depend on the concentration and identity of the low-molecular-weight co-substrate in the reaction
medium. Horseradish peroxidase (HRP; EC 1.11.1.7) is an important heme-containing enzyme obtained from
a plant source. Typical reducing substrates include aromatic phenols, phenolic acids, indoles, amines, and
sulfonates (Scheme 1)."%"" The overall reaction catalysed by HRP peroxidase is:

H20, + ZAH: 2 Z2H.O + ZAH

where AH; is a reducing substrate and AH'is the oxidised free radical product.
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Scheme 1. The catalytic cycle of horseradish peroxidase (HRP) with ferulate as reducing substrate. The rate constants ki, k2 and ks represent the rate
of compound | formation, the rate of compound | reduction and the rate of compound Il reduction, respectively™.

The effectors (phenolic compounds), each prepared in a series of centesimal dilutions, usually at
concentrations ranging from 100" to 100-* mol/L, were studied using commercial HRP. One-molar solutions
of the selected effectors were serially diluted at a 1:100 ratio (1 part effector solution to 99 parts 75%
ethanol), with dynamic shaking after each dilution. One hour before detection of activity (colorimetric
method with o-dianisidine)'?, 20 pL of serial dilutions were added to each reaction vessel, as described by
Malarczyk et al.> Every experiment was duplicated, and the results were reproducible. The most interesting
results are illustrated in Figures 1-4 and Table 1, and suggest the following conclusions.

It is important to note that the dilution series of phenolic effectors contains information about their allosteric
affinity for the enzyme system being studied, which manifests itself as oscillatory changes in its activity under
the influence of successive effector dilutions. These changes take the form of a wave, defined by the
maximum and minimum points of enzyme activity, and, for this study, will be referred to as AAW (Allosteric
Adaptation Wave). AAW prepared with manual dynamization of the effector solution shows a higher degree
of activation than when using a vortex (Fig. 1).
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Figure 1. Comparison of types of shaking on the shape of oscillating changes in activity of HRP peroxidase incubated with centesimal dilutions (n) of
one molar phenol used as an effector. After every iteration, hand shaking (10 strokes) (H, black dots) or mechanical (vortex 4 sec) (V, white rings)
were used (author's archive).
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Before deciding on the most convenient step for effector dilution, three variants were tested - 1:10 (D),
1:100 (C), and 1:1000 (M). There were 30 iterations of each dilution (Fig. 2). It was very interesting to observe
that the maximum and minimum points of HRP activity consistently appeared in the same areas on their
AAW, regardless of the effector dilution scale. This was the case across the 1:10, 1:100, and 1:1000 series (Fig. 2).
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Figure 2. Comparison between decimal (D), centesimal (C) and millesimal (M) dilutions of phenolic effector on HRP peroxidase activity in 30 iterations
(n), (author's archive).

The next step was to compare AAW shapes in the 1:10 (60 iterations) and 1:100 (30 iterations) dilution series
for the chosen phenolic effectors. Figures 3 and 4 confirmed that the level of enzyme activation is influenced
not by the dilution range but by the enzyme’s chemical structure; still, the results remained similar to those

shown in Fig. 3.
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Figure 3. For comparison, three examples of AAWs in HRP peroxidase activity in decimal dilutions of phenol, anisole, and guaiacol, used as allosteric
effectors; in 60 iterations (n), (author’s archive).
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Eventually, centesimal dilutions were chosen as the most convenient for subsequent experiments. The use
of these dilutions helped to observe that the spatial appearance of the molecule influences on the change
in enzyme-substrate affinity to enzymatic complex was manifested on their AAWSs by both the difference in
the location on the starting line and their rising or falling character (see the AAWs of vanillic acid and vanillic
aldehyde in Fig. 4). It clearly indicates a significant influence of the chemical structure of the effector on the
spatial formation of the enzyme-substrate-effector complex and the organization of the allosteric site, what
have an influence on the shape of their AAW.
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Figure 4. For comparison, three examples of AAWs in HRP peroxidase activity in centesimal dilutions of vanillic aldehyde, vanillic acid, and phenol
used as allosteric effectors; in 20 iterations (n).

The differences in AAW shapes among the presented phenols provided a basis for comparing how the
effector molecule's chemical structure affects HRP activity. These relations are also shown in Table 1, where
the amplitude of enzyme activity was calculated for 20 phenolic effectors as the distance between the
maximum and minimum activities on their individual AAWs.
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Table 1. The relationships between the chemical structures of 20 phenolic effectors and their ability to
activate HRP peroxidase were assessed; activity was calculated as the distance between the MAX and MIN
points on individual AAWs (based on Malarczyk et al.°).

Phenolic effector Aromatic ring substituents MAX/MIN amplitude of HRP activity (nkatal/L)
Benzene - 426.2
Phenol OH 928.4
Catechol OH, OH 583.5
Pyrogallol OH, OH, OH 811.1
Anisole OCH;s 686.5
Guaiacol OCHs, OH 636.5
Veratrole OH, OCHs, OCH;s 272.3
m-anisic aldehyde OH, OCHs 582.7
Benzoic acid COOH 435.6
m-anisic acid COOH, OCHs 456.9
p-anisic acid COOH, OCHs 410.3
Vanillic acid COOH, OCHs, OH 920.1
Isovanillic acid COOH, OH, OCHs3 707.5
Protocatechuic acid COOH, OH, OH 289.6
Veratric acid COOH, OCHs, OCHs 386.7
Benzaldehyde CHO 3355
Isovanillic aldehyde CHO, OH, OCHs 353.4
Vanillic aldehyde OH, OCH;s;, OH 967.4
Veratric aldehyde CHO, OCHjs, OCH3 239.0

The results mentioned indicate that the chemical structure of the phenolic compound has a decisive
influence on the level of enzyme activation (Table 1). The highest activation values, marked in bold, belong
to effectors with diverse -OH and -OCHjs substituents. However, the presence of two -OCHs groups clearly
reduced the effector's ability to activate HRP. The next valuable finding from these experiments was that
ethanol, used as a diluent for the effectors, can stabilise this balance better than water’. Olsen et al.”
suggested that peroxidase protection against oxygen-induced damage is proportional to the level of
superoxide radicals. The dynamised dilutions of phenolic effectors, in the presence of the medium, reach
the -OH groups, keeping these free radicals in balance and thereby facilitating the protection of the
peroxidase active centre by the phenolic substrate. Our studies of HRP kinetic changes using luminal also
confirmed that a series of phenol dilutions in 75% alcohol were much more active towards the enzyme than
the one prepared in water alone.’

Experiments with laccase and peroxidase enzymes in fungal cultures

Laccases (EC 1.10.3.2) are enzymes belonging to copper-containing oxidoreductases characterised by broad
substrate specificity, which determines their biological role in the natural environment. The main sources of
fungal laccase are filamentous Ascomycota and wood-decaying Basidiomycota. The natural functions of
these fungal enzymes include lignin degradation, fungal morphogenesis, sporulation, pigment production,
and fruiting body formation. The main reaction catalysed by fungal laccases is the oxidation of simple
organic compounds, such as mono- and diphenols and their derivatives, that contain amino-, carboxy-,
methoxy-, and sulfonate functional groups'®. During each catalytic cycle, laccase couples the four single-
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electron oxidations of the reducing substrate to the four-electron reductive cleavage of the dioxygen bond,
using four copper atoms distributed across three sites in the enzymatic active centre (Scheme 2). The overall
reaction catalysed by laccase:

4SUBeq + O2 2 45UBo« + Z2H20

where SUB,q is a reduced substrate, and SUB., is a substrate radical.

Laccase and fungal HRP-type peroxidase are secreted into the wood substrate on which wood-rooting fungi
grow. During lignin polymer degradation, simple phenolic compounds are released and serve as substrates
for fungi'. The fungal strains Trametes versicolor and Cerrena unicolor were used for laccase studies, and
strain Pleurotus sajor-caju was used for HRP-type peroxidase studies. Both strains were obtained from the
Fungal Collection of the Department of Biochemistry at Maria Curie-Sktodowska University in Lublin
(Poland). Enzyme activities were determined spectrophotometrically using the syringaldazine test to detect
laccase activity'’. The o-dianisidine method, in the presence of H.O., was used to detect peroxidase (HRP-
type fungal peroxidase). Both activities were expressed in nkatal/L'. For this study, mycelia of both fungi
were grown on their appropriate media and, after 10 days of growth, separated from the medium and
homogenised in a blender. The resulting suspension was divided into 10-ml portions, corresponding to the
number of iterations in the selected effector dilution series. During the 14-day incubation, appropriate
dilutions of effectors were added every other day at a final volume of 20 pL per suspension aliquot. After
incubation, mycelia were separated, and enzymatic activities were assayed in the post-culture fluid.

In the experiments presented, conducted in accordance with the above procedure, the influence of small
doses of guaiacol and ethanol, used as effectors, on the activities of both enzymes in 7. versicolor and P.
sajor-caju was described. The measurements revealed an oscillatory pattern in the activity of both
exoenzymes, similar to the previous measurements. The most common oscillations were those involving two
activity maxima and two activity minima during 20 dilution iterations.

The obtained results are summarised in Table 2. It should be noted that both increases and decreases in
activity, resulting from the presence of the effector dilution, are noteworthy. For both enzymes from cultures
of T. versicolor incubated with guaiacol, the highest activities were observed in series in which 40 mmol of
guaiacol was added to the slots at the beginning of the incubation. The peroxidase activity, measured as
the amplitude between MAX and MIN on their AAW, increased to 2570 nkatal/L, and the activity of laccase
increased to 5870 nkatal/L (Table 2).
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Scheme 2. The scheme of the catalytic cycle of laccase; SUBox — a substrate radical, SUBred a reduced substrate®.
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Table. 2. Changes in activities of HRP and laccase in cultures of fungi P. sajor-caju and T. versicolor in the
presence of low doses of ethanol and guaiacol. Activities (in nkatal/L) were calculated as the amplitude

between MAX and MIN points on individual AAW (based on Malarczyk et al.”)

Fungal strain Type of enzyme Effector Amplitude MIN/MAX (nkatal/L)

ethanol 200
Pleurotus sajor-caju HRP-type peroxidase

guaiacol 60

ethanol 626
Pleurotus sajor-caju Laccase

guaiacol 1720

ethanol 471
Trametes versicolor Laccase

guaiacol 1030

ethanol 664
Trametes versicolor HRP-type peroxidase

guaiacol 680
Trametes versicolor HRP-type peroxidase guaiacol, +40 mmol 2570
Trametes versicolor Laccase guaiacol, +40 mmol 5870

In the next series of experiments, a similar procedure was used to study the level of laccase in cultures of T.
versicolor and C. unicolor induced with two synthetic effectors, 2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) and hydroxybenzotriazole (HBT)'". Both effectors increased
extracellular laccase levels, as confirmed by electrophoretic visualisation of laccase isozymes on
polyacrylamide gel (Fig. 5). For this purpose, the active supernatants were concentrated before being
subjected to a polyacrylamide gel according to the PAGE method?.
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Figure 5. Changes in laccase activity (A) in media of 7. versicolor cultivated for 14 days with 31 dilutions of ABTS and isoenzymic patterns (B) for
chosen dilutions of mediator. The vertical line corresponds to Avogadro's number; ctrl - control. PAGE stained with guaiacol®.
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Figures 6 and 7, from the same paper, show the AAW portion for laccase after 14 days of cultivation of 7.
versicolor and C. unicolor in the presence of centesimal dilutions of ABTS, and the corresponding PAGE
electrophoresis results are presented.

Guaiacol-stained gels revealed a clearly increased number of laccase isozymes in the iterations with the
highest enzyme activity. The same method revealed significant variation in the number of bands
corresponding to the formation of new isozymes during cultivation with the appropriate ABTS and HBT
iterations for both fungal strains, but ABTS was more active than HBT as a laccase effector.
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Figure 6. Changes in the activity (A) and isoenzymic patterns (B) of extracellular laccase in media of C. unicolor cultivated for 14 days with 10 dilutions
of ABTS; ctrl — control, PAGE stained with guaiacol®.

The presented results confirm the active influence of low and very low doses of low-molecular-weight
effectors not only on the pure enzyme but also on the extracellular production of these oxidoreductases —
HRP-type fungal peroxidase and laccase. The increased quantity and quality of laccase isozymes, visible as
darkly coloured bands on electropherograms, indicate a significant increase in the production of
enzymatically active proteins. The ability to use 75% alcohol to prepare effector dilutions eliminates the
need to sterilise these solutions before adding them to growing cultures. In field conditions, it can contribute
to environmental protection by significantly reducing the amount of chemicals used.

8 80 -
au
.3 60
_g 50
; 40
3 30 4
8 20
10
§ 04
ABTS dilutions (n)
A Trametres versicolor
— — —
- 5 —— - .
—
B.lc 3 4 5 6 7 8 9 10

Figure 7. Changes in the activity (A) and isozymic patterns (B) of extracellular laccase in media of 7. versicolor cultivated for 14 days
with 10 dilutions of ABTS; ¢ and ctrl — control; PAGE stained with guaiacol®.
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Studies on demethylation processes in Rhodococcus erythropolis
Methylation/demethylation processes are key components of the metabolism of all living cells; they differ
in the types of substrates involved. In animal cells, histone methylation and demethylation regulate replication
and translation. Bacteria and fungi play an active role in the transformations of metoxyphenolics during the
biosynthesis and biodegradation of lignin in plant tissues and humic acids in soil®. In plant cells, veratric
acid demethylation is a complex metabolic process that both accompanies the degradation of methoxyphenols
and triggers free-radical scavenging, contributing to environmental detoxification. This process involves two
main enzymatic pathways:

a) degradation of veratric acid to form two demethylation products — vanillic acid and isovanillic acid,
involving 4-O- or 3-O-demethylases,

b)activation of membrane NADH oxidase, combined with the release of large amounts of oxygen, referred
to as an oxygen burst or shock.

The removal of methyl groups is accompanied by the formation of formaldehyde (FA), which exhibits effector
activity in both enzymatic processes®. A useful material for studying demethylation processes was the soil
bacterium R. erythropolis. Demethylation liberates a large amount of formaldehyde, which initiates further
transformations known as the formaldehyde cycle™, in which this particle serves as both a product of
demethylation and a substrate for reversible methylation. In 2000 year, we proposed a scheme that, in detail,
linked the formaldehyde cycle to the demethylation of veratric acid and to the activation of NADH oxidase*.

MIN state MIN state

9% ©°CH3 20
/ OCH3 OCH 3
Cell
stress
4-0O-

\ . '

\
TG

OOl w0

Release

Oxygen

Time

Uptake

H*CHO— OH H*CHO *» OH

Scheme 3. The hypothetical mechanism of veratrate demethylation to vanillate by R. enythropolis cells, dependent on the activated state of formaldehyde.
Abbreviations: HCHO and H*CHO = formaldehyde in normal and activated state; 4-O-D = 4-O-demethylase system, OXNADH = NADH oxidase
system, MAX state = maximal oxygen uptake, MIN state = maximal oxygen release’. More details in the text of the original paper®.

The presented Scheme 3, empirically developed by us, reveals the cyclic nature of the veratric acid
demethylation process and its connection to NADH oxidase. The main product of demethylation is vanillic
acid, accompanied by oxygen uptake. During periods of rapid oxygen uptake, NADH oxidase releases large
amounts of reactive oxygen species (ROS), which activate formaldehyde molecules (FA) released during the
demethylation of veratric acid. Once activated, formaldehyde re-enters the reaction cycle, regenerating the
veratric acid molecule.

During our experiments, R. erythropolis cells were cultivated. After multiplication, they were supplemented
with veratric acid (200 pL of 2% acid per 10 mL of cell suspension) and divided into 21 10-mL aliquots. Each
aliquot was then supplemented with 200 pL of a selected dilution of FA, taken from a centesimal series of
20 successive iterations of 1 M formaldehyde (in phosphate buffer, pH 7.4) in 75% ethanol. The bacterial
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suspensions were left to stand at room temperature for varying periods, depending on the experiment. After
incubation, the samples were centrifuged. The cell pellet was used to determine NADH oxidase activity,
and the supernatant was used to determine the level of phenolic acids. The major demethylation products,
vanillic and isovanillic acids, were quantified using a spectrophotometric DASA assay®'. To specify the types
of phenolic products, micellar electrokinetic chromatography (MEKC) was used (for details see”). The above
study confirmed the sinusoidal course of changes in the production of vanillic acids with MAX for FA dilutions
no. 6 and 16 and MIN for dilutions no. 1 and 11. Vanillic acid was the main product of veratric acid
degradation, indicating the predominant activity of 4-O-demethylase (Fig. 8).
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Figure 8. Changes in the level of veratric acid during incubation of formaldehyde with R. erythropolis cells in a series of FA (formaldehyde) dilutions
in ethanol, and the corresponding levels of vanillic acid were identified using MEKC?.

The NADH oxidase activity in the cell membrane fraction was determined by measuring oxygen uptake with
an oxygen electrode in the presence of NADH, as described by Vianello & Macri®. A pellet of cells which
had no contact with veratrate was used as a control. The NADH oxidase activity was expressed as oxygen
uptake (UM/mL). The relationship between the activity of both 4-O-demethylase enzymes (vanillic acid
production) and NADH-oxidase activity is presented in Fig. 9.
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Figure 9. A comparison between the demethylation of R. erythropolis cells and their NADH oxygenase activity in a series of FA (formaldehyde)
dilutions in ethanol’.

When observations of the incubation time of R. erythropolis cells with veratric acid were extended, 6 hours
was identified as the most effective time for veratric acid demethylation. Fig. 10 presents it as a 3-
dimensional graph.
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Figure 10. Demethylation of veratric acid by R. erythropolis cells in the presence of low doses of FA as a function of time’.

Microscopic images of the morphology of R. erythropolis cells after incubation with selected FA dilutions
provided further information. Fig. 11 revealed that in cells from the dilutions with maximum potency, the
volume and size of intracellular vacuoles were markedly increased, whereas in the least potent dilutions, the
vacuoles tended to disappear. This cell state, showing maximum 4-O-demethylase activity, clearly differed
from cells with low enzymatic activity, in which vacuoles were restructured.

These experiments confirmed the wave-like nature of the effect of successive formaldehyde iterations on
the coupled demethylase-NADH oxygenase system in R. erythropolis cells. Morphological changes in
enzymatically active bacterial cells, compared to those with reduced activity, confirmed the influence of the
diluted effector on the entire living structure of the bacteria. The gradual change in effector-enzyme affinity,
reflected in the shape of its AAW, allows the practical selection of the best effector for a given enzymatic
process, that is the most active iterations and the optimal incubation time. It also serves as a guide for
selecting the appropriate concentration of the effector of interest.

Figure 11. Differences in the morphology of R. erythropolis cells under the action of very low doses of formaldehyde in 75% ethanol. A - control with
ethanol; B and C - MAX of demethylation, (n = 5 and 15); D and E - MIN of demethylation (n = 10 and 20)°.

Discussion and concluding remarks

References regarding various physico-chemical interpretations of the phenomena described are presented
for each work discussed here and are not re-referenced here. A more extensive methodological analysis of
some of our publications can also be found in a collective scientific work — “Signals and Images”#. This
review provides an opportunity to discuss more broadly the process of AAW formation, i.e., the Wave of
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Allosteric Adaptation that occurs between the enzyme and the effector during their gradual dynamic
dilution. The AAW is initiated and continued by preparing a series of dilutions of the effector in water or an
aqueous alcohol solution, provided that subsequent dilutions in the series (1:10, 1:100) were shaken
immediately after each iteration. Individual AAWs differ in their affinity for the enzyme/substrate system and
are a record of the allosteric properties of the effector. AAW images always show a waveform characterised
by numerous oscillations between the MAX and MIN values of the tested enzymatic activity, indicating that,
under the experimental conditions, the same effector alternates between acting as an activator and an
inhibitor. The AAW shapes for different effectors suggest that the determining factors are the aromatic
compound's chemical structure and the number and nature of its functional groups, such as -OH, -CHO, -
COOH, and -OCHjs substituents. These groups are energetically sensitive and depend on their configuration
relative to one another and to aqueous molecules, as well as on the system's energetics, which change in a
wave-like manner during shaking and subsequent iteration steps in a series of dilutions. Demonstrating the
real conversion of veratric acid to vanillic acid and vice versa during the work of R. erythropolis O-
demethylase (see the demethylation process, Scheme 3) demonstrated the feasibility of this process and
the oscillatory nature of these transformations. According to the paper by Nussinov et al.?, during these
transformations, changes in allosteric communication could occur, using appropriate energy networks that
determine the rate of information propagation about an allosteric event (e.g., ligand binding) within the
enzyme complex. The multiplicity of allosteric events can cause signalling deviations, affecting the rate of
cellular processes. Nussinov's work demonstrated that specific ligands can influence protein signalling and
alter the nature of the signal®*.

When comparing the data in Table 1 for phenol/benzene pairs, such as vanillic acid or isovanilic acid with
veratric acid or protocatechuic acid, it is noteworthy that similar transformations of the effector side groups
can occur spontaneously in nature. The two -OCHs groups in veratric acid reduced the activation effect
compared to the mixed -OH, -OCHjs system (vanillic acids), which tended to increase the system's activity.
To support the hypothesis of an interaction between protons and the effector's -OH groups in an aqueous
environment, the strong effect of formaldehyde, which is essential for the operation of the veratric acid O-
demethylase system and is common in nature, is worth emphasising.? Formaldehyde does not possess the
characteristics of an aromatic substance, but contains two protons and a labile oxygen atom. This suggests
a similarity in the information encoding of a dimeric biological system, based on the -H and -OH
configurations of the effector molecules in an aqueous environment, with that of a binary information record.
The current allosteric state of the effector was revealed by the enzyme-substrate reaction, as detected by
physicochemical methods such as colourimetry, fluorescence, and luminometry. Conductometrically and
calorimetrically studying numerous serially diluted and agitated solutions, Elia et al.?> highlight the unique
properties of these solutions, which they define as thermodynamically far from equilibrium, also known as
dissipative states. The factors favouring the formation of these states are aqueous and alcoholic
environments, which create self-organising systems®*. The AAW record would provides a graphical
representation of these relationships.

The effect of AAW formation is practically visible only at dilutions above 10 or 100*? (see Fig. 5). This
explains the lack of correlation between the mechanism of AAW formation described in this review and the
phenomenon of hormesis. In light of the facts presented, the numerous examples of hormetic curves? (so-
called U-shaped dose-response curves) serve as an introduction to the phenomenon as a whole. Time and
dose dependency of the double immune response of plants to pathogens is discussed in a paper by Tyihak
et al®®. Much fewer experiments have been reported on the kinetics of homoeopathic dilutions, including
the work by Belon et al.#, which presents oscillations very similar to AAW and was conducted during the
studies on the effect of high-histamine dilutions on basophil degranulation. A significant finding is
repeatability in the lengths of individual AAW waves, which are determined by the number of iterations
(Figures 3 and 4). Very often, the next MAX or MIN activity repeats every 10 iterations, regardless of whether
the dilutions are tenths or hundredths. The same pattern was observed by Belon et al.#, indicating that the
information is contained in the process of preparing subsequent iterations rather than in the dilution rate.
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Based on the oscillation mechanism discussed for the demethylation of veratric acid, one can hypothesise
that aqueous solutions of the diluted effector are enriched in free-radical systems induced by the kinetic
effect of shaking. This free-radical transcription would then function similarly to the interaction between
formaldehyde and NADH oxidase in activating veratric acid O-demethylase (Scheme 3). The allosteric
properties of the enzyme complexes studied are highly sensitive to the energy state of the overall reaction
environment. Currently, allostery is also being studied using computational methods, according to Mathy &
Kortemme® and Zhu et al.®' which simulate the dynamic modulation of an enzymatic protein under
environmental conditions. The methods for rapid acquisition of individual AAWSs described in this review
enable near-on-board observation of conformational changes in the enzyme complex across different
energetic states during contact with its effectors.

The practical advantage of the discussed phenomena is the fact that during the formation of AAW, it is
possible to precisely determine the best energetic iteration to obtain the maximum effect of activation or
inhibition of the tested system and to select the appropriate content of the active substance in the iteration
that will meet the program assumptions. Studies of high-energy states in chemical and biological reactions
may provide new interpretations of the phenomenon of allosteric conversion of an effector function from
activating to inhibiting (and vice versa) via a series of its dynamic dilutions in an aqueous medium. It is worth
emphasising that experimentally obtained AAWSs exhibit a wave-like nature, their duration is easy to
determine, and the wave's course changes during excitation, after which the effect slowly fades.
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