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Abstract

This article provides a comprehensive biochemical and physicochemical
analysis of the effect of pH on enzyme activity. The properties of enzymes as
protein-based biological catalysts, the structure of their active centers, and the
dependence of ionizable functional groups on the acidity of the medium are
discussed. The pH value is explained as the negative logarithm of hydrogen ion
concentration according to the equation pH = -log [H+], and the ionization
equilibrium of water is described by the reaction H.O < H+ + OH-. The
mechanism of enzyme-substrate complex formation is presented through the
scheme E + S < ES — E + P, and the influence of pH changes on the protonation
and deprotonation states of amino acid side chains is clarified. Furthermore, the
concepts of optimal pH, enzyme denaturation, the role of buffer solutions, and
mechanisms maintaining pH stability in biological systems are scientifically
substantiated. The results demonstrate the high sensitivity of enzymes to pH
changes and confirm that environmental stability is a crucial factor in cellular life
processes.
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Enzymes are highly specialized protein-based -catalysts that accelerate
biochemical reactions occurring in living cells. Without their participation,
metabolic processes would proceed extremely slowly, and the continuity of life
would not be possible. Enzyme activity depends on several factors, among which
the acidity or alkalinity of the medium, expressed as pH, is one of the most
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important. The pH value is defined as the negative logarithm of hydrogen ion
concentration and is mathematically expressed as pH = -log [H+]. In this
expression, [H+] represents the molar concentration of hydrogen ions in solution.
Hydrogen and hydroxyl ions in the medium exist in equilibrium, formed through
the autoionization of water. Water molecules interact to produce H+ and OH- ions,
which can be represented as H.O < H+ + OH-.

An enzyme molecule is a complex protein possessing tertiary and often
quaternary structure, and its three-dimensional configuration is crucial for catalytic
activity. The active site of the enzyme binds specifically to the substrate. The
general reaction scheme can be expressed as E + S <+ ES — E + P, where E denotes
the enzyme, S the substrate, ES the enzyme-substrate complex, and P the product.
Amino acid residues within the active site have ionizable groups whose charge
state varies depending on the pH of the medium. This ionization state determines
the enzyme’s ability to bind the substrate and achieve catalytic efficiency.

Proteins contain various functional groups in the side chains of amino acids,
including carboxyl, amino, imidazole, and phenolic hydroxyl groups. For example,
a carboxyl group exists in protonated form as COOH and in deprotonated form as
COO-. An amino group may exist in protonated form as NHs+ and in
deprotonated form as NH.. When the acidity of the medium increases, the
concentration of H+ ions rises, leading to protonation of ionizable groups.
Conversely, in alkaline conditions, the decrease in H+ concentration enhances
deprotonation. These changes can disrupt electrostatic interactions, hydrogen
bonds, and hydrophobic interactions within the enzyme molecule.

Each enzyme has a specific optimal pH at which its catalytic activity reaches a
maximum. The optimal pH is closely related to the natural environment in which
the enzyme functions. For instance, proteolytic enzymes operating in gastric juice
are adapted to highly acidic conditions. The amino acid residues in their active
centers maintain the necessary ionization state at low pH values. In contrast,
intestinal enzymes exhibit maximal activity in neutral or slightly alkaline
environments. Thus, the physiological function and localization of an enzyme
determine its adaptation to pH conditions.

The influence of pH on enzyme activity can be explained by two primary
mechanisms. First, the ionization state of the substrate may change. Many
substrates possess ionizable groups, and their charge affects binding to the enzyme.
If the substrate is in an inappropriate ionization state, it may not fit properly into
the active site, preventing efficient formation of the ES complex. Second, changes in
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the ionization state of amino acid residues within the enzyme itself may alter the
geometry of the active site and disrupt the catalytic mechanism.

One of the key stages in enzyme catalysis is stabilization of the transition state.
The transition state is a high-energy intermediate complex, and enzymes lower the
activation energy by stabilizing this state. If the pH changes, the protonation state
of active site residues may be altered, reducing their ability to stabilize the
transition state. Consequently, the reaction rate decreases significantly. This
phenomenon is reflected in changes in kinetic parameters such as maximum
velocity and the Michaelis constant.

The dependence of enzyme activity on pH is often represented by a bell-
shaped curve. Enzyme activity decreases under both highly acidic and highly
alkaline conditions. This occurs because the native conformation of the enzyme is
maintained only within a certain pH range. Under extreme conditions, the protein
may undergo denaturation. During denaturation, the secondary, tertiary, and
quaternary structures of the protein are disrupted, leading to the loss of its natural
conformation and biological activity.

Denaturation is often irreversible because hydrogen bonds, ionic interactions,
and disulfide bridges between protein chains are broken. For example, disulfide
bonds between cysteine residues contribute to structural stability. Extreme acidic or
alkaline conditions negatively affect the stability of these bonds. As a result, the
globular structure unfolds, and the enzyme can no longer bind its substrate
effectively.

The effect of pH is also significant in industrial and medical applications of
enzymes. In biotechnological processes, enzymes function most efficiently at
specific pH values. For example, amylases used in bread production are active at
certain acidity levels of the dough. If pH is not properly controlled, enzyme activity
decreases and product quality deteriorates. In pharmaceutical applications, buffer
solutions are employed to optimize enzymatic reactions. Buffers maintain pH
within a defined range and consist of a weak acid and its conjugate base or a weak
base and its conjugate acid.

The mechanism of buffer action is based on Le Chatelier’s principle. In a
system containing a weak acid HA and its salt A—, the addition of a small amount
of H+ leads A- ions to bind excess protons, forming HA. Conversely, when OH-
ions are added, HA donates a proton, forming water and A—. In this way, the pH of
the solution remains relatively stable. In biological systems, phosphate and
bicarbonate buffer systems play crucial roles.
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The adaptation of enzymes to specific pH conditions is the result of
evolutionary processes. Each organism strives to maintain relative stability of its
internal environment, a phenomenon known as homeostasis. Intracellular enzymes
are adapted to the nearly neutral pH of the cytoplasm, whereas lysosomal enzymes
function optimally in acidic conditions. If lysosomal membranes are damaged and
enzymes are released into the cytoplasm, their activity decreases in the neutral
environment, providing a protective mechanism against uncontrolled self-
digestion.

The pKa values of amino acids involved in catalytic mechanisms are also
significant. The pKa represents the negative logarithm of the acid dissociation
constant and reflects a group’s tendency to donate a proton. When the
environmental pH is close to the pKa value, the group exists in partially protonated
and partially deprotonated forms. In many enzymes, the pKa values of active site
residues are modified by the microenvironment within the protein. Hydrophobic
surroundings or nearby charged groups may shift the pKa, ensuring optimal
catalytic performance at a specific pH.

Experimental studies of enzyme activity involve measuring reaction rates at
different pH values. Based on the obtained data, the optimal pH is determined. The
resulting curve is often asymmetric, indicating the involvement of at least two
ionizable groups in the active site. One group may need to be protonated while the
other must be deprotonated for effective catalysis. Deviations in pH disturb this
balance and reduce catalytic efficiency.

In conclusion, the pH of the medium is one of the fundamental factors
determining enzyme activity. Changes in hydrogen ion concentration directly
influence the ionization states of enzymes and substrates, protein conformation,
active site geometry, and catalytic mechanisms. Deviation from the optimal pH
leads to decreased enzyme activity and may result in denaturation. Therefore,
biological systems tightly regulate pH through buffer mechanisms. The sensitivity
of enzymes to pH highlights the intricate relationship between protein structure
and function and demonstrates the precise regulation of biochemical processes in
living organisms.
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