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ABSTRACT
Enzymes are the central catalytic agents of biochemical metabolism, and their kinetic

behavior governs the rate, directionality, and regulation of virtually all metabolic pathways. This
article reviews the biochemical foundations of enzyme kinetics, from the Michaelis–Menten
model and its underlying assumptions to the more complex sigmoidal kinetics exhibited by
allosteric enzymes. Special emphasis is placed on the molecular mechanisms of allosteric
regulation, including conformational transitions described by the Monod–Wyman–Changeux
(MWC) and Koshland–Nemethy–Filmer (KNF) models. The roles of key regulatory enzymes—
phosphofructokinase-1 (PFK-1) in glycolysis and aspartate transcarbamoylase (ATCase) in
pyrimidine biosynthesis—are analyzed as representative examples. Experimental kinetic data are
discussed in the context of substrate cooperativity, feedback inhibition, and covalent
modification. The article synthesizes data from eight primary biochemical research sources to
provide a rigorous mechanistic account of enzyme regulation in cellular metabolism.
Understanding enzyme kinetics at this depth is indispensable for drug design, metabolic
engineering, and the diagnosis of inherited enzyme deficiencies.
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1. INTRODUCTION

Biochemistry is fundamentally the chemistry of life, and no chemical process in living
systems occurs without enzymatic catalysis. Enzymes—biological macromolecules,
predominantly proteins—accelerate chemical reactions by many orders of magnitude, typically
by factors of 10⁶ to 10¹² relative to the uncatalyzed rate, by stabilizing transition states and
lowering activation energy barriers [1]. The systematic quantitative study of enzyme-catalyzed
reactions, known as enzyme kinetics, provides the conceptual and mathematical tools necessary
to understand how metabolic flux is controlled in response to changing physiological conditions.

The foundations of modern enzyme kinetics were established by Leonor Michaelis and
Maud Menten in 1913, who derived a hyperbolic rate equation relating reaction velocity to
substrate concentration through two fundamental parameters: the maximum velocity (Vmax) and
the Michaelis constant (Km) [2]. This model, based on the assumption of a rapidly equilibrating
enzyme–substrate complex followed by a rate-limiting catalytic step, remains the cornerstone of
enzymology despite its simplifying assumptions. However, many regulatory enzymes in
metabolic pathways display kinetic behavior that deviates markedly from the hyperbolic
Michaelis–Menten curve, exhibiting sigmoidal velocity-versus-substrate profiles that indicate
cooperative substrate binding—a hallmark of allosteric regulation [3].
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Allosteric enzymes possess separate regulatory (allosteric) sites distinct from the active site,
through which small-molecule effectors modulate enzyme activity by inducing conformational
changes that propagate through the protein structure to alter substrate binding affinity or catalytic
rate [4]. This mechanism provides the molecular basis for feedback inhibition, feedforward
activation, and cross-pathway regulation—the fundamental logic circuits of metabolic control.
The phosphorylation-based covalent modification of enzymes adds a further regulatory
dimension, integrating hormonal signals with intrinsic allosteric mechanisms.

This review aims to: (i) present the mathematical framework of Michaelis–Menten kinetics
and its extensions to allosteric systems; (ii) describe the molecular mechanisms of allostery as
captured by the MWC and KNF models; (iii) analyze the kinetic regulation of PFK-1 and
ATCase as paradigmatic allosteric enzymes; and (iv) discuss the physiological significance of
enzyme regulation in the context of metabolic homeostasis and human disease.

2. MATERIALS AND METHODS

This article was prepared as a systematic review of the biochemical literature on enzyme
kinetics and allosteric regulation. Literature searches were conducted in PubMed, Web of
Science, and Scopus using the following terms: "enzyme kinetics," "Michaelis-Menten
equation," "allosteric regulation," "cooperativity," "MWC model," "KNF model,"
"phosphofructokinase," and "aspartate transcarbamoylase." Articles were eligible for inclusion if
they: (i) reported original experimental or theoretical data on enzyme kinetics or allostery, (ii)
were published in peer-reviewed journals indexed in MEDLINE or Web of Science Core
Collection, and (iii) were written in English.

Eight primary sources were selected to represent foundational theoretical contributions,
landmark experimental studies, and contemporary mechanistic analyses. For kinetic parameters
(Km, Vmax, Hill coefficient nH, and K0.5), values reported under physiologically relevant
conditions (pH 7.0–7.5, 37 °C, ionic strength 0.1–0.15 M) were preferentially extracted [5].
Where multiple studies reported kinetic parameters for the same enzyme, results were compared
for consistency and the most methodologically rigorous dataset was used as the primary
reference.

Kinetic data are presented in tabular form (Table 1) and discussed in relation to structural
data from X-ray crystallography and cryo-electron microscopy where available. The Hill
equation and the MWC and KNF allosteric models are presented in their standard mathematical
forms. No new experimental data were generated for this review; all quantitative values are
attributed to their primary sources with full bibliographic information provided in the References
section.

Table 1. Kinetic parameters of selected regulatory enzymes discussed in this review

Enzyme Km /
K0.5 (mM)

Vmax
(U/mg)

nH Ref.

Hexokinase
(brain)

0.10 120 ~1.0 [1]

PFK-1 (muscle) 0.50 85 3.2 [3]
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Enzyme Km /
K0.5 (mM)

Vmax
(U/mg)

nH Ref.

Pyruvate kinase
(liver)

0.40 210 2.8 [5]

ATCase (E. coli) 6.00 48 2.3 [6]

Lactate
dehydrogenase

0.08 340 ~1.0 [7]

nH = Hill coefficient; K0.5 = substrate concentration at half-maximal velocity for
cooperative enzymes.

3. RESULTS

3.1 Michaelis–Menten Kinetics: Mathematical Framework
The Michaelis–Menten equation describes the relationship between the initial reaction

velocity (v) and the substrate concentration ([S]) for a simple enzyme-catalyzed reaction: v =
Vmax[S] / (Km + [S]). The Michaelis constant Km is operationally defined as the substrate
concentration at which v = Vmax/2, and it serves as an inverse measure of enzyme–substrate
affinity under steady-state conditions [2]. For a simple one-substrate reaction, Km = (k−1 + kcat) /
k1, where k1 and k−1 are the rate constants for enzyme–substrate complex formation and
dissociation, and kcat (the catalytic rate constant or turnover number) describes the rate of product
formation from the enzyme–substrate complex.

Experimentally, kinetic parameters are determined by measuring initial velocities at a series
of substrate concentrations and fitting the resulting data to the Michaelis–Menten equation by
nonlinear regression [2]. The Lineweaver–Burk double-reciprocal plot (1/v vs. 1/[S]), although
less statistically reliable than nonlinear fitting, remains widely used for its visual clarity in
distinguishing competitive, uncompetitive, and mixed inhibition patterns. As shown in Table 1,
Km values for regulatory enzymes span a physiologically meaningful range (0.08–6.00 mM),
typically approximating the in vivo substrate concentrations, which allows these enzymes to
operate in the sensitive region of their saturation curves and respond greedily to metabolic
fluctuations [1].

3.2 Cooperative Kinetics and the Hill Equation
Allosteric enzymes that bind substrate cooperatively display sigmoidal v-versus-[S] curves

rather than the hyperbolic response of Michaelis–Menten enzymes. The Hill equation, originally
derived for oxygen binding to hemoglobin, is widely applied to cooperative enzymes: v =
Vmax[S]nH / (K0.5nH + [S]nH), where nH is the Hill coefficient and K0.5 is the substrate concentration
at half-maximal velocity [3]. A Hill coefficient greater than 1 indicates positive cooperativity
(substrate binding enhances subsequent binding events), while nH < 1 reflects negative
cooperativity, and nH = 1 corresponds to the noncooperative Michaelis–Menten case.

PFK-1, the key regulatory enzyme of glycolysis that catalyzes the phosphorylation of
fructose-6-phosphate to fructose-1,6-bisphosphate, exhibits an nH of approximately 3.2 for
fructose-6-phosphate [3]. This high degree of cooperativity means that the enzyme operates as a
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near-digital switch: it is almost completely inactive below a threshold substrate concentration
and nearly fully active above it. AMP and ADP are positive allosteric effectors of PFK-1,
increasing its affinity for fructose-6-phosphate and decreasing nH toward 1, while ATP at high
concentrations acts as a negative effector by binding to an allosteric site distinct from the
substrate-binding catalytic site, shifting the sigmoidal curve to higher substrate concentrations.

3.3 Structural Basis of Allostery: MWC and KNF Models
Two principal thermodynamic models describe the structural basis of allosteric

cooperativity. The concerted symmetry model of Monod, Wyman, and Changeux (MWC model,
1965) proposes that allosteric proteins exist in an equilibrium between two conformational
states—the relaxed (R) state with high substrate affinity and the tense (T) state with low
affinity—and that all subunits transition simultaneously between states, preserving the protein's
molecular symmetry [4]. Substrate binding shifts the T–R equilibrium toward the R state by
mass action. Positive allosteric effectors (activators) stabilize the R state, while negative
effectors (inhibitors) stabilize the T state.

In contrast, the sequential induced-fit model of Koshland, Nemethy, and Filmer (KNF
model, 1966) allows individual subunits to adopt intermediate conformations upon ligand
binding, and the conformational change in one subunit influences neighboring subunits through
altered subunit–subunit contacts [4]. This model naturally accommodates both positive and
negative cooperativity within the same framework and is consistent with crystallographic
evidence for asymmetric ligand-bound intermediates in several allosteric proteins. For ATCase,
the paradigmatic allosteric enzyme of pyrimidine biosynthesis, cryo-EM studies have revealed
discrete T-state and R-state structures differing by a 12° rotation and 15 Å expansion of the
catalytic trimers, directly visualizing the conformational transition predicted by the MWC model
[6].

3.4 Regulation of Phosphofructokinase-1 and ATCase
PFK-1 occupies the most important regulatory position in glycolysis, catalyzing the first

irreversible committed step of the pathway [5]. Its activity is subject to complex allosteric
regulation: it is inhibited by ATP, citrate, and H⁺ (reflecting high energy charge, full TCA cycle,
and acidosis respectively), and activated by AMP, ADP, fructose-2,6-bisphosphate, and Pi.
Fructose-2,6-bisphosphate, produced by the bifunctional enzyme PFK-2/FBPase-2 in response to
insulin signaling, is the most potent allosteric activator of PFK-1 in hepatic tissue, with an
activation constant (Ka) of approximately 0.5 μM [5]. This regulatory axis links hormonal
control of metabolism to glycolytic flux at the molecular level.

ATCase (aspartate transcarbamoylase) in Escherichia coli catalyzes the condensation of
carbamoyl phosphate with aspartate to form N-carbamoyl-L-aspartate, the first committed step
of pyrimidine biosynthesis [6]. The enzyme is a dodecamer composed of six catalytic subunits
(arranged as two trimers) and six regulatory subunits (arranged as three dimers). CTP, the end
product of the pyrimidine pathway, binds to the regulatory subunits and is a classical feedback
inhibitor: it stabilizes the T-state and raises K0.5 for aspartate approximately threefold without
affecting Vmax. ATP, a purine nucleotide that signals adequate purine pools, is a heterotropic
activator that competes with CTP at the regulatory sites and stimulates ATCase activity to
coordinate pyrimidine synthesis with purine availability, maintaining balanced nucleotide pools
for DNA replication [6].

3.5 Covalent Modification and Multi-Level Regulation
Beyond allosteric regulation, many key metabolic enzymes are subject to covalent

modification—most commonly phosphorylation and dephosphorylation—catalyzed by protein
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kinases and phosphatases in response to hormonal and second-messenger signals [7]. Glycogen
phosphorylase, which catalyzes the phosphorolytic cleavage of glycogen to glucose-1-phosphate,
is a classical example: the enzyme exists in two interconvertible forms, phosphorylase b
(inactive, dephosphorylated) and phosphorylase a (active, phosphorylated at Ser14). Epinephrine
and glucagon trigger adenylyl cyclase activation, cAMP accumulation, protein kinase A (PKA)
activation, and downstream phosphorylation of phosphorylase kinase, which in turn
phosphorylates and activates glycogen phosphorylase—a cascade that amplifies the hormonal
signal by several orders of magnitude [7].

The interplay between allosteric regulation and covalent modification creates multi-input
control systems with rich regulatory logic. Phosphorylase b is allosterically activated by AMP
(high energy demand signal) but strongly inhibited by ATP and glucose-6-phosphate (energy
sufficiency signals), allowing the enzyme to respond to the immediate adenylate energy charge
even in the absence of hormonal stimulation [8]. Phosphorylation overrides allosteric inhibition
by ATP and G6P, ensuring that hormonal signals commanding glycogenolysis are dominant over
local energy status. This hierarchy of regulation exemplifies the integration of metabolic and
signaling information that characterizes biochemical control systems in eukaryotes.

4. DISCUSSION

The Michaelis–Menten equation, despite its simplifying assumptions of a single substrate,
rapid equilibrium, and constant enzyme concentration, remains a powerful predictive tool for
enzyme kinetics under conditions that approximate these ideals [2]. Its two parameters, Km and
Vmax, encode physiologically relevant information: Km values that approximate in vivo substrate
concentrations ensure that regulatory enzymes operate on the steep portion of their saturation
curves where small changes in substrate concentration produce large changes in reaction rate,
maximizing sensitivity. The evolutionary tuning of Km to match metabolite concentrations is
therefore not coincidental but reflects selection pressure for metabolic responsiveness [1].

The transition from Michaelis–Menten to sigmoidal kinetics in allosteric enzymes represents
a qualitative shift in regulatory capability. A cooperative enzyme with nH = 3 requires only a 4.3-
fold increase in substrate concentration to shift activity from 10% to 90% of Vmax, compared to
an 81-fold increase required for a noncooperative enzyme [3]. This dramatic compression of the
response range transforms the enzyme from a rheostat (analog control) into a near-digital switch,
permitting decisive transitions between metabolic states. The high Hill coefficients of PFK-1 and
pyruvate kinase in glycolysis contribute to the bistable, switch-like behavior of the glycolytic
pathway observed experimentally in yeast and muscle, where glycolysis can exist in high-flux
and low-flux steady states depending on substrate availability and energy charge.

The MWC and KNF models, while conceptually distinct, are not mutually exclusive and
may both be operative in different protein systems or even in the same protein under different
conditions [4]. The MWC model is particularly elegant in its prediction that allosteric activators
and inhibitors shift the T–R equilibrium without necessarily changing the intrinsic affinity of
each state for substrate. This has been validated structurally for hemoglobin, ATCase, and
several other allosteric proteins by demonstrating that ligand-bound and unliganded R-state
structures are essentially identical, while the T-to-R transition involves large quaternary
rearrangements. The KNF model better explains cases of negative cooperativity and the
existence of intermediate conformational states detected by spectroscopic and crystallographic
methods.
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From a biomedical perspective, the allosteric regulation of enzymes offers uniquely
advantageous drug targets [8]. Allosteric inhibitors that bind to regulatory sites distinct from the
catalytic active site may achieve greater selectivity than competitive active-site inhibitors,
because allosteric sites are often less conserved across enzyme families. Furthermore, allosteric
drugs can fine-tune enzyme activity (partial inhibition) rather than completely abolishing it,
potentially reducing the risk of pathway collapse and adverse metabolic effects. The FDA-
approved allosteric BCR-ABL inhibitor asciminib and the allosteric HIF-2α inhibitor belzutifan
exemplify the therapeutic potential of this approach in oncology [8].

Covalent modification by phosphorylation adds a temporal dimension to metabolic
regulation that complements the near-instantaneous allosteric responses [7]. The amplification
inherent in phosphorylation cascades (a single hormone molecule can ultimately activate
thousands of enzyme molecules) allows hormonal signals to override local allosteric control and
enforce global metabolic coordination across tissues. Dysregulation of phosphorylation-based
enzyme control—for example, hyperactivation of glycogen phosphorylase due to defective
glycogen synthase kinase-3 (GSK-3) regulation in type 2 diabetes—contributes to pathological
metabolic states and represents an important therapeutic target.

Looking forward, systems biochemistry approaches that integrate kinetic parameters,
metabolite concentrations, and enzyme expression levels into quantitative metabolic models are
providing unprecedented insight into the emergent properties of metabolic networks. Genome-
scale kinetic models of E. coli and human erythrocytes have demonstrated that allosteric
regulation is not merely a modulatory add-on but a structural necessity for metabolic stability
and homeostasis [5]. These models predict that removal of allosteric inhibitory loops causes
metabolic runaway, validating the systems-level importance of feedback regulation mechanisms
first elucidated in isolated enzyme studies.

5. CONCLUSION

This review has provided a comprehensive examination of enzyme kinetics and allosteric
regulation from both mechanistic and physiological perspectives. The Michaelis–Menten model
furnishes the quantitative framework for analyzing simple enzyme behavior, while the Hill
equation and the MWC and KNF structural models extend this framework to the cooperative and
allosteric enzymes that constitute the regulatory nodes of metabolic networks. The kinetic
properties of PFK-1 and ATCase exemplify how allosteric enzymes function as molecular
sensors that integrate multiple metabolic signals to control pathway flux with high sensitivity and
specificity.

Covalent modification by phosphorylation provides a complementary regulatory mechanism
of greater temporal range and amplification power, linking extracellular hormonal signals to
intracellular enzyme activity. Together, allosteric regulation and covalent modification create the
multi-layered control architecture that allows cellular metabolism to maintain homeostasis under
continuously fluctuating conditions. A thorough understanding of these mechanisms is not only
foundational knowledge in biochemistry but also the basis for rational drug design targeting
metabolic disease, cancer metabolism, and infectious disease. Future advances in structural
biology, systems modeling, and chemical biology will continue to deepen our understanding of
enzyme regulation at the molecular, cellular, and organismal levels.
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