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Unit 1 — Intro to Biophysical Chemistry

1.1 Foundations and scope of biophysical chemistry

Biophysical chemistry blends physics and chemistry to unravel the mysteries of biological systems at the
molecular level. It's all about understanding how proteins fold, enzymes work, and DNA does its thing
using cool tools like spectroscopy and computer simulations.

This field is crucial for figuring out how life works at its most basic level. By studying the physical properties
of biomolecules, we can develop new medicines, create better biotechnologies, and solve complex
biological puzzles that impact our health and environment.

Fundamental Concepts of Biophysical Chemistry

Interdisciplinary Nature and Scope

* Biophysical chemistry is an interdisciplinary field that applies the principles and methods of physics
and chemistry to study biological systems at the molecular level

* The study of biophysical chemistry involves the use of various experimental techniques to probe the
physical properties of biological systems (spectroscopy, microscopy, calorimetry)

* Biophysical chemistry also encompasses the development and application of computational methods
to model and predict the behavior of biological molecules (molecular dynamics simulations, quantum
chemical calculations)

Core Principles and Concepts

» The fundamental concepts of biophysical chemistry include thermodynamics, kinetics, quantum
mechanics, and statistical mechanics

* Biophysical chemistry principles are used to investigate the structure, function, and interactions of
biological molecules (proteins, nucleic acids, lipids)

Key Areas of Biophysical Chemistry

Biomolecular Structure and Function

* Protein structure and function: Investigating the three-dimensional structure of proteins, their folding
mechanisms, and how their structure relates to their biological functions

* Nucleic acid structure and function: Studying the structure and properties of DNA and RNA, including
their interactions with proteins and small molecules, and their role in gene expression and regulation

* Membrane biophysics: Examining the structure and dynamics of biological membranes, lipid-protein
interactions, and the mechanisms of membrane transport and signaling

Biomolecular Interactions and Dynamics

* Enzyme kinetics and catalysis: Analyzing the kinetic properties of enzymes, the mechanisms of
enzymatic catalysis, and the factors that influence enzyme activity and regulation

+ Biomolecular interactions: Studying the interactions between biological molecules, such as
protein-protein, protein-ligand, and protein-nucleic acid interactions, and their role in cellular processes
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* Bioenergetics and metabolism: Investigating the thermodynamics and kinetics of biological energy
transduction, including the mechanisms of photosynthesis, respiration, and ATP synthesis

Experimental and Computational Techniques

* Biophysical techniques: Developing and applying advanced experimental methods to study biological
systems (X-ray crystallography, NMR spectroscopy, cryo-electron microscopy)

» Computational biophysics: Utilizing computational methods to model and analyze complex biological
systems and data (molecular dynamics simulations, quantum chemical calculations, bioinformatics)

Significance of Biophysical Chemistry

Fundamental Understanding of Biological Systems

* Biophysical chemistry provides a fundamental understanding of the physical principles that govern the
behavior of biological molecules and systems, which is essential for elucidating their functions and
mechanisms

* Biophysical chemistry research has led to significant advances in our understanding of complex
biological processes (protein folding, enzyme catalysis, signal transduction, gene regulation)

Biomedical and Biotechnological Applications

* The insights gained from biophysical chemistry studies contribute to the development of new therapies
and treatments for diseases, as many diseases are caused by abnormalities in the structure or function
of biological molecules

* Biophysical chemistry plays a crucial role in drug discovery and design, enabling the identification of
drug targets, the optimization of drug-target interactions, and the prediction of drug efficacy and safety

* The principles and methods of biophysical chemistry are also applied in the development of new
biotechnologies (biosensors, biocompatible materials, nanomedicine)

Biophysical Chemistry vs Other Disciplines

Integration of Scientific Disciplines

* Biophysical chemistry is a highly interdisciplinary field that integrates concepts and methods from
various scientific disciplines (physics, chemistry, biology, mathematics)

* The principles of physics provide the foundation for understanding the physical properties and
behavior of biological molecules (thermodynamics, kinetics, quantum mechanics)

» Chemical principles are essential for elucidating the chemical basis of biological processes and
interactions (chemical bonding, reaction mechanisms, molecular structure)

* Biological knowledge is necessary for understanding the context and significance of biophysical
chemistry findings in living systems (cell biology, biochemistry, molecular biology)

Collaboration and Knowledge Exchange

* Mathematical and computational methods are used to model and analyze complex biological systems
and data (differential equations, statistical analysis, numerical simulations)
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* Biophysical chemistry has close ties with other interdisciplinary fields, which apply computational and
engineering approaches to study biological systems (bioinformatics, systems biology, bioengineering)

» Advances in biophysical chemistry often rely on collaborations and knowledge exchange with
researchers from diverse scientific backgrounds, fostering a multidisciplinary approach to solving
complex biological problems

1.2 Interdisciplinary nature and applications

Biophysical chemistry blends physics, chemistry, and biology to study life at the molecular level. It
combines tools from various fields to understand complex biological processes, requiring collaboration
between experts from different scientific backgrounds to tackle intricate questions about living systems.

This interdisciplinary approach has wide-ranging applications in drug design, biotechnology, and solving
biological puzzles. By applying biophysical principles, scientists can develop new medicines, engineer
proteins, and unravel the mysteries of diseases, ultimately advancing medical treatments and
technologies.

Interdisciplinary nature of biophysical chemistry

Combining principles from multiple disciplines

* Biophysical chemistry integrates principles and techniques from physics, chemistry, and biology to
investigate biological systems at the molecular level

* Draws upon knowledge from various fields including thermodynamics, kinetics, quantum mechanics,
spectroscopy, and structural biology to gain a comprehensive understanding of biological processes

+ Closely related to other interdisciplinary fields such as biochemistry (study of chemical processes in
living organisms), bioinformatics (application of computational methods to biological data), and
biomedical engineering (application of engineering principles to medical and biological problems)

Collaborative and multidisciplinary approach

* Collaboration between researchers from different scientific backgrounds is crucial for advancing the
field of biophysical chemistry and tackling complex biological questions

* Biophysical chemists often work in multidisciplinary teams, combining their expertise with that of
biologists, physicists, and computational scientists to develop a holistic understanding of biological
systems

« Interdisciplinary collaborations enable the development of innovative approaches and technologies to
study biological processes at the molecular level (single-molecule techniques, high-resolution imaging)

« Effective communication and knowledge sharing across disciplines are essential for successful
collaborations and the advancement of biophysical chemistry research

Applications of biophysical chemistry

Drug design and development

* Biophysical chemistry plays a pivotal role in the rational design and development of new drugs by
providing insights into the structure, function, and interactions of biological molecules
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 Techniques such as X-ray crystallography, NMR spectroscopy, and cryo-electron microscopy are
used to determine the three-dimensional structures of proteins and other biomolecules, facilitating the
identification of potential drug targets and the design of specific inhibitors (enzymes, receptors)

* Biophysical methods, such as isothermal titration calorimetry and surface plasmon resonance, are
employed to study the binding affinity and specificity of drug candidates to their targets, guiding the
optimization of lead compounds

* Biophysical approaches contribute to the understanding of drug-target interactions, drug metabolism,
and pharmacokinetics, enabling the development of safer and more effective therapeutics

Biotechnology and protein engineering

* In the field of biotechnology, biophysical chemistry contributes to the development of novel enzymes,
biomaterials, and biosensors through the understanding and manipulation of biomolecular properties
and interactions

« Biophysical chemistry is essential for the characterization and optimization of recombinant proteins,
such as those used in the production of biopharmaceuticals (monoclonal antibodies, growth factors), to
ensure their stability, functionality, and efficacy

* Principles of biophysical chemistry are applied in the design and engineering of nanoscale devices
and systems for biomedical applications, such as targeted drug delivery (liposomes, nanoparticles) and
diagnostic imaging (quantum dots, magnetic nanoparticles)

* Biophysical techniques, such as circular dichroism and fluorescence spectroscopy, are used to study
protein folding, stability, and interactions, enabling the rational design of proteins with enhanced
properties (thermostability, catalytic efficiency)

Solving biological problems with biophysical chemistry

Elucidating fundamental biological processes

* Biophysical chemistry provides a quantitative and mechanistic understanding of the fundamental
processes underlying biological systems, such as protein folding, enzyme catalysis, and membrane
transport

* By studying the thermodynamics and kinetics of biomolecular interactions, biophysical chemists can
elucidate the driving forces and mechanisms of biological processes, such as ligand binding
(substrate-enzyme interactions), protein-protein interactions (signal transduction), and protein-nucleic
acid interactions (transcription, translation)

* Biophysical techniques, such as fluorescence spectroscopy and single-molecule methods (FRET,
optical tweezers), enable the real-time monitoring of biological events, providing insights into the
dynamics and heterogeneity of biomolecular systems

Understanding disease mechanisms

« Biophysical chemistry contributes to the understanding of disease mechanisms at the molecular level,
such as the misfolding and aggregation of proteins in neurodegenerative disorders (Alzheimer's
disease, Parkinson's disease)

* By combining experimental and computational approaches, biophysical chemists can develop
predictive models of biological systems, aiding in the identification of potential therapeutic targets and
the design of novel interventions
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* Biophysical techniques, such as mass spectrometry and NMR spectroscopy, are used to study the
structure and dynamics of disease-associated proteins (amyloid-beta, alpha-synuclein), providing
insights into the molecular basis of pathogenesis

« Biophysical chemistry plays a key role in unraveling the complex relationships between the structure,
dynamics, and function of biological macromolecules, facilitating the rational engineering of proteins
and nucleic acids for specific applications (gene therapy, protein therapeutics)

Impact of biophysical chemistry on medicine and technology

Diagnostic tools and personalized medicine

* Biophysical chemistry has enabled the development of new diagnostic tools, such as biosensors and
imaging probes, that can detect and monitor disease biomarkers with high sensitivity and specificity
(glucose sensors, cancer biomarkers)

* The application of biophysical principles has led to the design of targeted drug delivery systems, such

as liposomes and nanoparticles, that can selectively deliver therapeutic agents to specific tissues or
cells, minimizing side effects and enhancing treatment efficacy

* Biophysical chemistry has contributed to the development of personalized medicine by providing tools
for the analysis of individual genetic and molecular profiles, enabling tailored treatment strategies based

on a patient's specific characteristics (pharmacogenomics, precision oncology)

Advances in imaging and nanomedicine

» Advances in biophysical techniques, such as cryo-electron microscopy and super-resolution
microscopy (STED, PALM), have revolutionized our understanding of the structure and function of

biological systems at the atomic and molecular levels, paving the way for new therapeutic approaches

* Biophysical chemistry has played a crucial role in the development of regenerative medicine and
tissue engineering by providing insights into the physical and chemical cues that guide cell behavior
and tissue formation (biomaterials, stem cell differentiation)

* The integration of biophysical principles with nanotechnology has led to the development of novel
materials and devices for biomedical applications, such as biomimetic scaffolds for tissue repair and

regeneration, and nanoscale sensors for real-time monitoring of physiological processes (drug release,

wound healing)

1.3 Key principles and methodologies

Biophysical chemistry blends physics, chemistry, and biology to understand life at the molecular level. It
explores how fundamental principles like thermodynamics and quantum mechanics govern biological
processes, from protein folding to enzyme kinetics.

Key techniques like spectroscopy and molecular dynamics simulations help scientists probe the structure

and function of biomolecules. These tools, combined with mathematical modeling and machine learning,
unlock the secrets of life's intricate molecular machinery.

Principles of Biophysical Processes

Thermodynamics and Chemical Kinetics

* The laws of thermodynamics govern the behavior of biological systems
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* First law (conservation of energy) states that energy cannot be created or destroyed, only converted
from one form to another

» Second law (entropy and spontaneity) dictates that the total entropy of an isolated system always
increases over time, driving spontaneous processes

* Third law (absolute zero and entropy) establishes that the entropy of a perfect crystal at absolute zero
is zero and that it is impossible to reach absolute zero

* The principles of chemical kinetics describe the speed and mechanisms of biochemical reactions
» Reaction rates measure the speed at which reactants are converted into products
* Rate laws express the relationship between the reaction rate and the concentrations of reactants

» The Arrhenius equation relates the rate constant of a reaction to the activation energy and
temperature, explaining how temperature affects reaction rates

Quantum Mechanics and Statistical Mechanics

* The principles of quantum mechanics are essential for understanding the behavior of atoms and
molecules in biological systems

» Wave-particle duality states that matter and light exhibit both wave-like and particle-like properties
» The Schrodinger equation describes the quantum state of a system and its time-dependent behavior

» The Heisenberg uncertainty principle sets a fundamental limit on the precision with which certain pairs
of physical properties can be determined simultaneously (position and momentum)

* The principles of statistical mechanics connect the microscopic properties of molecules to the
macroscopic properties of biological systems

» The Boltzmann distribution describes the probability distribution of particles over different energy
states in a system at thermal equilibrium

* The partition function is a sum over all possible energy states of a system, used to calculate
thermodynamic properties such as free energy and entropy

Electrostatics

* The principles of electrostatics describe the interactions between charged molecules in aqueous
solutions, such as proteins and nucleic acids

» Coulomb's law quantifies the force between two point charges, showing that like charges repel and
opposite charges attract

» The Debye-Huckel theory accounts for the screening effect of ions in solution, reducing the effective
charge and interaction distance between molecules

« Electrostatic interactions play a crucial role in the folding, stability, and function of biomolecules
(protein-ligand binding, DNA-protein interactions)
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Techniques in Biophysical Chemistry

Spectroscopic and Structural Techniques

* Spectroscopic techniques are used to study the structure, dynamics, and interactions of biological
molecules

» UV-visible spectroscopy measures the absorption of light by molecules in the ultraviolet and visible
regions, providing information on electronic transitions and chromophores

* Fluorescence spectroscopy detects the emission of light from excited molecules, enabling the study of
conformational changes, binding events, and molecular interactions

« Circular dichroism spectroscopy measures the differential absorption of left and right circularly
polarized light, revealing the secondary structure and folding of proteins and nucleic acids

« Infrared spectroscopy probes the vibrational modes of molecules, providing insights into the chemical
bonds and functional groups present in biomolecules

« X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are powerful techniques
for determining the three-dimensional structures of proteins and nucleic acids at atomic resolution

 X-ray crystallography involves the diffraction of X-rays by crystallized biomolecules, yielding electron
density maps that can be used to build atomic models

* NMR spectroscopy exploits the magnetic properties of atomic nuclei to obtain information on the
chemical environment, distances, and dynamics of atoms within molecules

Thermodynamic and Hydrodynamic Techniques

« Calorimetric techniques measure the thermodynamic properties of biological systems

« Differential scanning calorimetry (DSC) measures the heat capacity of a sample as a function of
temperature, providing information on the thermal stability and unfolding of proteins and nucleic acids

* Isothermal titration calorimetry (ITC) directly measures the heat released or absorbed during a binding
event, allowing the determination of binding affinities, stoichiometry, and thermodynamic parameters
(enthalpy, entropy)

» Hydrodynamic techniques provide information on the size, shape, and interactions of biological
macromolecules in solution

« Analytical ultracentrifugation measures the sedimentation velocity and equilibrium of molecules under
high centrifugal forces, yielding information on molecular mass, shape, and association states

» Dynamic light scattering measures the time-dependent fluctuations in the intensity of scattered light,
providing estimates of the hydrodynamic radius and size distribution of particles in solution

Single-Molecule Techniques

« Single-molecule techniques allow the study of individual biomolecules and their interactions in
real-time

+ Atomic force microscopy (AFM) uses a sharp probe to scan the surface of a sample, providing
high-resolution topographic images and force measurements of individual molecules

Fiveable archived study guides Page 8



* Optical tweezers use focused laser beams to trap and manipulate individual molecules, enabling the
study of mechanical properties and force-dependent processes (protein unfolding, DNA stretching)

* Fluorescence resonance energy transfer (FRET) measures the distance-dependent transfer of energy
between two fluorescent molecules, allowing the study of conformational changes and interactions at
the single-molecule level

Modeling in Biophysical Chemistry

Mathematical Modeling and Molecular Dynamics Simulations

» Mathematical modeling uses equations and algorithms to describe and predict the behavior of
biological systems

* Enzyme kinetics models, such as the Michaelis-Menten equation, describe the rates of
enzyme-catalyzed reactions and the effects of substrate concentration and inhibitors

* Protein folding models, such as the Ising model and the Go model, simulate the folding process of
proteins based on simplified energy landscapes and interactions

» Molecular dynamics simulations use classical mechanics to model the motions and interactions of
atoms and molecules in biological systems

» These simulations integrate Newton's equations of motion to predict the time-dependent behavior of
biomolecules, providing insights into their dynamics, stability, and function

Quantum Mechanical Calculations and Bioinformatics

» Quantum mechanical calculations are used to study the electronic structure and reactivity of
biomolecules at the atomic level

+ Density functional theory (DFT) is a computational method that calculates the electronic structure of
molecules based on the electron density, allowing the prediction of molecular properties and reaction
mechanisms

* Ab initio methods, such as Hartree-Fock and post-Hartree-Fock methods, solve the Schrédinger
equation for the electronic structure of molecules, providing accurate but computationally expensive
results

* Bioinformatics tools leverage computational methods to analyze and interpret biological data

» Sequence alignment algorithms, such as BLAST and CLUSTAL, compare DNA or protein sequences
to identify similarities and evolutionary relationships

* Homology modeling predicts the three-dimensional structure of a protein based on its sequence
similarity to proteins with known structures

« Structure prediction methods, such as threading and ab initio folding, attempt to predict the native
structure of a protein from its amino acid sequence

Machine Learning and Artificial Intelligence

* Machine learning and artificial intelligence techniques are increasingly used in biophysical chemistry
to analyze large datasets and predict molecular properties

* Supervised learning methods, such as support vector machines and random forests, train models on
labeled data to predict the properties of new samples (protein function, drug activity)
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» Unsupervised learning methods, such as clustering and principal component analysis, identify
patterns and relationships in unlabeled data (gene expression profiles, molecular dynamics trajectories)

* Deep learning methods, such as convolutional neural networks and recurrent neural networks, learn
hierarchical representations of data and have been applied to problems such as protein structure
prediction and drug discovery

» Generative models, such as variational autoencoders and generative adversarial networks, learn to
generate new data samples that resemble the training data, enabling the design of novel biomolecules
with desired properties

Biophysical Applications of Thermodynamics, Kinetics, and Quantum
Mechanics

Protein Stability and Enzyme Kinetics

» Thermodynamic principles can be applied to understand the stability and folding of proteins

* The Gibbs free energy change (AG) determines the stability and spontaneity of protein folding, with
negative values indicating a favorable process

» The enthalpy change (AH) reflects the contributions of hydrogen bonding, van der Waals interactions,
and other non-covalent interactions to protein stability

» The entropy change (AS) accounts for the changes in conformational freedom and solvent ordering
associated with protein folding

« Kinetic principles can be applied to study the rates and mechanisms of enzyme-catalyzed reactions

» The Michaelis-Menten equation relates the initial reaction velocity to the substrate concentration,
characterized by the Michaelis constant (Km) and the maximum velocity (Vmax)

* The catalytic efficiency of an enzyme is measured by the ratio kcat/Km, where kcat is the turnover
number representing the maximum number of substrate molecules converted to product per enzyme
molecule per unit time

» Enzyme inhibition can be competitive, uncompetitive, or non-competitive, each with distinct effects on
the apparent Km and Vmax values

Membrane Biophysics and Quantum Mechanics

* Thermodynamic principles can be applied to understand the formation and stability of lipid membranes

» The hydrophobic effect drives the self-assembly of lipids into bilayers, minimizing the contact between
non-polar lipid tails and water

» The curvature and elasticity of membranes are determined by the balance between the bending
energy and the surface tension, described by the Helfrich Hamiltonian

* The phase behavior of lipid membranes depends on temperature, pressure, and composition, with
phase transitions between solid-like (gel) and liquid-like (fluid) states

» Quantum mechanical principles are essential for understanding the electronic structure and
spectroscopic properties of biological molecules

» The absorption and emission of light by chromophores in photosynthesis and vision involve electronic
transitions between molecular orbitals
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» The Marcus theory of electron transfer describes the rates and mechanisms of electron transfer
reactions in biological systems, such as photosynthesis and respiration

* The electron transfer rate depends on the driving force, the reorganization energy, and the electronic
coupling between the donor and acceptor states

» Quantum mechanical effects, such as tunneling and coherence, play a role in enzyme catalysis and
energy transfer processes in photosynthetic complexes
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Unit 2 — Biological Thermodynamics

2.1 Laws of thermodynamics in biological context

Thermodynamics in biology is all about energy flow and transformations. The laws of thermodynamics
explain how energy moves through living systems, from photosynthesis to metabolism. They're key to
understanding how organisms maintain order and function.

These laws govern everything from chemical reactions to ecosystem dynamics. We'll explore how energy
is conserved, entropy increases, and how organisms use energy to stay alive. Understanding these
principles is crucial for grasping how life works at a fundamental level.

Energy conservation in biological systems

First law of thermodynamics in biological systems

* The first law of thermodynamics states that energy cannot be created or destroyed, only converted
from one form to another

« In biological systems, the total energy of a system remains constant
+ Energy transformations in biological systems follow the first law of thermodynamics
+ During photosynthesis, light energy is converted into chemical energy stored in glucose molecules

* During cellular respiration, the chemical energy in glucose is converted into ATP, which is then used
for various cellular processes

Energy types and balance in biological systems

* Energy in biological systems can be classified as either potential energy (stored energy) or kinetic
energy (energy of motion)

» Examples of potential energy include chemical bonds in molecules (glucose, ATP)

* Examples of kinetic energy include the movement of molecules or organisms (muscle contraction,
blood flow)

» The energy balance of an organism can be analyzed using the first law of thermodynamics

* The energy input (from food or light) must equal the energy output (heat, work, and stored energy) for
an organism to maintain homeostasis

* The efficiency of energy transformations in biological systems is limited by the second law of
thermodynamics, as some energy is always lost as heat during these processes

Thermodynamics and biological processes

Second law of thermodynamics in biological systems

» The second law of thermodynamics states that the total entropy of an isolated system always
increases over time

* Entropy is a measure of the disorder or randomness of a system

Fiveable archived study guides

Page 12



* In biological systems, the second law of thermodynamics implies that spontaneous processes always
lead to an increase in entropy

* Biological processes, such as chemical reactions or the growth and development of organisms, are
driven by an increase in entropy

» The second law of thermodynamics also dictates that energy transformations in biological systems are
never 100% efficient

» Some energy is always lost as heat during these processes, contributing to an increase in entropy
Maintaining order in living organisms

» The maintenance of highly ordered structures in living organisms, such as proteins and cellular
organelles, requires a constant input of energy to counteract the natural tendency towards increasing
entropy

* The second law of thermodynamics has implications for the evolution of biological systems

* The increase in complexity and organization observed in living organisms over time is possible
because the Earth is an open system that receives energy from the Sun, allowing for localized
decreases in entropy

Entropy in biological systems

Entropy and molecular disorder

* Entropy is a measure of the disorder or randomness of a system

* In thermodynamics, entropy is often described as the amount of thermal energy that is unavailable for
useful work

* In biological systems, entropy can be thought of as the degree of disorder or randomness at the
molecular level

* A highly ordered protein structure has low entropy, while a denatured protein has high entropy

* The second law of thermodynamics dictates that the total entropy of an isolated system always
increases over time

* Biological processes, such as chemical reactions or the growth and development of organisms, are
driven by an increase in entropy

Entropy, energy, and irreversibility in biological processes

* Living organisms are able to maintain a state of low entropy (high order) by constantly inputting
energy from their surroundings

* This energy is used to perform work, such as synthesizing complex molecules or maintaining
concentration gradients across membranes

» The concept of entropy is closely related to the idea of irreversibility in biological processes

» Many biological reactions, such as the hydrolysis of ATP or the diffusion of molecules across a
membrane, are thermodynamically irreversible, meaning they proceed spontaneously in one direction
and result in an increase in entropy
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* The relationship between entropy and information content in biological systems has been explored in
the field of bioinformatics

* The information content of a DNA sequence can be quantified using entropy-based measures, which
can provide insights into the complexity and organization of genomes

Enthalpy, Entropy, and Gibbs free energy
Defining enthalpy, entropy, and Gibbs free energy

 Enthalpy (H) is a measure of the total heat content of a system

* In biological reactions, changes in enthalpy (AH) reflect the amount of heat absorbed or released
during the reaction

* Entropy (S) is a measure of the disorder or randomness of a system

* In biological reactions, changes in entropy (AS) reflect the change in the degree of disorder or
randomness of the system

* Gibbs free energy (G) is a thermodynamic quantity that combines the effects of enthalpy and entropy
to determine the spontaneity of a reaction

« The change in Gibbs free energy (AG) for a reaction is given by the equation: AG = AH — TAS,
where T is the absolute temperature

Gibbs free energy and spontaneity of biological reactions

* For a biological reaction to occur spontaneously, the change in Gibbs free energy must be negative
(AG < 0)

+ This means that the reaction must either release heat (exothermic, AH < 0) or result in an increase in
entropy (AS > 0), or both

» Exergonic reactions are those that have a negative AG and release energy, such as the hydrolysis of
ATP

» Endergonic reactions are those that have a positive AG and require an input of energy, such as the
synthesis of glucose during photosynthesis

* The relationship between enthalpy, entropy, and Gibbs free energy can be used to predict the
direction and spontaneity of biological reactions

* The coupling of an exergonic reaction (such as ATP hydrolysis) with an endergonic reaction (such as
the synthesis of a complex molecule) can drive the overall process forward

» The concept of Gibbs free energy is also important in understanding the role of enzymes in biological
reactions

» Enzymes lower the activation energy of a reaction, making it more likely to occur spontaneously by
reducing the AG of the transition state

2.2 Free energy and chemical potential

Free energy and chemical potential are key concepts in biological thermodynamics. They help us
understand why reactions happen and how energy flows in living systems. These ideas explain everything
from enzyme reactions to how cells maintain their structure.
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Gibbs free energy determines if a process will happen on its own. Chemical potential drives the movement
of substances in cells. Together, they're essential for predicting and explaining the complex chemical
dance of life.

Gibbs free energy in biological systems

Definition and significance

* Gibbs free energy represents the maximum amount of work that can be extracted from a system at
constant temperature and pressure

* The change in Gibbs free energy (AG) determines the spontaneity of a reaction or process
* A negative AG indicates a spontaneous process
* A positive AG indicates a non-spontaneous process

* Gibbs free energy is a crucial factor in determining the direction and feasibility of biochemical
reactions in biological systems

» Examples include metabolic pathways, protein folding, and ligand binding

* The change in Gibbs free energy is influenced by the change in enthalpy (AH), the change in entropy
(AS) of the system, and the temperature (T) according to the equation: AG = AH — TAS

» The standard Gibbs free energy change (AG®) is the change in free energy under standard conditions
(1 atm pressure, 1 M concentration, and 298 K temperature) and serves as a reference point for
comparing the spontaneity of different reactions

Factors influencing Gibbs free energy

» Temperature affects the change in Gibbs free energy by influencing the entropy term (TAS) in the
equation AG = AH — TAS

« Higher temperatures favor reactions with positive entropy changes (AS > 0)
» Lower temperatures favor reactions with negative entropy changes (AS < 0)

* Pressure can impact the change in Gibbs free energy, particularly for reactions involving gases, by
altering the enthalpy term (AH) in the equation AG = AH — TAS

* Increasing pressure favors reactions that result in a decrease in volume (fewer moles of gas)
* Decreasing pressure favors reactions that result in an increase in volume (more moles of gas)

 Concentration of reactants and products affects the change in Gibbs free energy by influencing the
reaction quotient (Q) in the equation AG = AG® + RTInQ

+ Higher concentrations of reactants relative to products drive the reaction forward (negative AG)

* Higher concentrations of products relative to reactants drive the reaction backward (positive AG)

Calculating Gibbs free energy changes

Calculating AG using the reaction quotient

* The change in Gibbs free energy for a reaction can be calculated using the equation:
AG =AG° +RTInQ
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* R is the gas constant (8.314 J/mol-K)
* T is the temperature in Kelvin
* Q is the reaction quotient

* The reaction quotient (Q) is the ratio of the product of the concentrations of the reaction products
raised to their stoichiometric coefficients divided by the product of the concentrations of the reactants
raised to their stoichiometric coefficients

* At equilibrium, AG = 0 and Q = K, where K is the equilibrium constant

« The relationship between AG® and K is given by the equation: AG® = —RTInK

Calculating AG using standard Gibbs free energy of formation

» The change in Gibbs free energy can also be calculated using the standard Gibbs free energy of

formation (AG®f) of the reactants and products according to the equation:
AG° = Z(nxXAG°f products) — Z(nxAG°f reactants)

* n is the stoichiometric coefficient

« Standard Gibbs free energy of formation values are tabulated for many compounds at standard
conditions (1 atm pressure, 1 M concentration, and 298 K temperature)

* By using these tabulated values, the AG® for a reaction can be calculated without the need for
experimental measurements

Coupling reactions to drive spontaneity

 Coupling reactions with favorable (negative) AG to reactions with unfavorable (positive) AG can drive
the overall process in the direction of spontaneity

* This coupling is essential for many biological processes

» ATP synthesis is driven by the coupling of the unfavorable reaction (positive AG) with the favorable
oxidation of glucose (negative AG) during cellular respiration

* Active transport of molecules across membranes against their concentration gradient (positive AG) is
coupled with the favorable hydrolysis of ATP (negative AG)

Chemical potential and free energy

Definition and relationship to Gibbs free energy

» Chemical potential (p) represents the change in Gibbs free energy of a system when one mole of a
substance is added or removed at constant temperature, pressure, and composition of other
components

» The chemical potential of a substance depends on its concentration and other factors such as
temperature, pressure, and the presence of other substances in the system

* In a mixture of substances, the chemical potential of each component is related to its partial molar
Gibbs free energy, which is the contribution of that component to the total Gibbs free energy of the
system
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Driving force for substance movement

* The difference in chemical potential between two states or locations is the driving force for the net
movement of a substance

» Examples include diffusion, osmosis, and active transport across biological membranes

» Substances tend to move from regions of higher chemical potential to regions of lower chemical
potential, reducing the overall Gibbs free energy of the system

* At equilibrium, the chemical potentials of a substance in all phases or compartments of a system are
equal, resulting in no net movement of the substance

Spontaneity of biological processes

Predicting spontaneity using AG

» The spontaneity of a biological process can be predicted by considering the change in Gibbs free
energy (AG) of the system

* Processes with a negative AG are spontaneous
* Processes with a positive AG are non-spontaneous

* The direction of a biochemical reaction can be determined by comparing the chemical potentials of the
reactants and products

* Reactions proceed in the direction that reduces the overall Gibbs free energy of the system

Examples of spontaneity in biological systems

* Maintenance of concentration gradients across biological membranes

» Requires the input of energy to overcome the natural tendency of substances to move down their
concentration gradients (from high chemical potential to low chemical potential)

» Conformational changes in proteins (enzyme catalysis, signal transduction)

+ Driven by the minimization of Gibbs free energy, resulting in the most stable and thermodynamically
favorable structures

+ Binding of ligands to proteins (oxygen to hemoglobin, substrates to enzymes)

» Governed by the change in Gibbs free energy of the system, with the most stable complexes having
the lowest free energy

* Protein folding and stability
* Native protein structures represent the lowest Gibbs free energy state under physiological conditions

+ Denaturation of proteins occurs when the Gibbs free energy of the unfolded state becomes lower than
that of the native state (e.g., due to changes in temperature, pH, or presence of denaturants)
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2.3 Equilibrium and non-equilibrium processes

Equilibrium and non-equilibrium processes are key concepts in thermodynamics. In biological systems,
equilibrium processes involve balanced states, while non-equilibrium processes drive life's dynamic
functions. Understanding these processes is crucial for grasping how organisms maintain order and
function.

Thermodynamics in biological systems encompasses both equilibrium and non-equilibrium processes. The
laws of thermodynamics govern energy transformations, while concepts like steady state and open
systems help explain how organisms maintain stability. These principles are essential for understanding
life's complex energy dynamics.

Equilibrium vs Non-equilibrium Processes

Characteristics and Differences

* Equilibrium processes occur when a system is in a state of balance, with no net change in the
concentrations of reactants and products over time. Non-equilibrium processes are characterized by a
net flow of energy or matter, resulting in changes in the concentrations of reactants and products

« Equilibrium processes are often associated with closed systems, where there is no exchange of
matter or energy with the surroundings (isolated systems). Non-equilibrium processes are more
common in living organisms, which are open systems that constantly exchange matter and energy with
their environment

Examples in Biological Systems

« Equilibrium processes in biological systems include:

* Binding of oxygen to hemoglobin in the blood

« Dissociation of weak acids and bases in aqueous solutions (carbonic acid, bicarbonate buffer)
» Non-equilibrium processes in biological systems include:

* Active transport of ions across cell membranes (sodium-potassium pump)

* Synthesis of ATP through oxidative phosphorylation

* Propagation of nerve impulses

Thermodynamic Laws and Energy

* The laws of thermodynamics govern both equilibrium and non-equilibrium processes in biological
systems

* First law of thermodynamics states that energy cannot be created or destroyed
» Second law of thermodynamics states that the entropy of the universe always increases

» Non-equilibrium processes in living organisms are driven by the input of free energy, which is used to
maintain the highly ordered structures and functions of life
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Factors Influencing Equilibrium

Equilibrium Constant and Gibbs Free Energy

* The equilibrium state of a biological reaction is determined by the relative concentrations of reactants
and products, as well as the equilibrium constant (K) of the reaction

* The equilibrium constant is a measure of the ratio of the concentrations of products to reactants at
equilibrium and is determined by the Gibbs free energy change (AG) of the reaction

Temperature and pH Effects

» Temperature affects the equilibrium state of biological reactions by influencing the rates of the forward
and reverse reactions

* Increasing the temperature shifts the equilibrium in the direction of the endothermic reaction
* Decreasing the temperature shifts the equilibrium in the direction of the exothermic reaction

* pH can influence the equilibrium state of biological reactions, particularly those involving weak acids
and bases

» Changes in pH can alter the ionization state of the reactants and products, shifting the equilibrium in
favor of the side with the lower concentration of ions

Enzyme Catalysis and Le Chatelier's Principle

» The presence of enzymes can affect the equilibrium state of biological reactions by lowering the
activation energy and increasing the rate of the reaction. However, enzymes do not alter the equilibrium
constant or the overall AG of the reaction

» The concentration of reactants and products can be altered by the addition or removal of substances
from the system, which can shift the equilibrium in accordance with Le Chatelier's principle

* This principle states that a system at equilibrium will respond to a disturbance by shifting the
equilibrium in the direction that minimizes the effect of the disturbance

Steady State in Biological Systems

Definition and Importance

* A steady state is a condition in which a system maintains a constant state over time, despite the
continuous flow of energy or matter through the system. In a steady state, the rates of input and output
are equal, resulting in no net change in the system's composition or properties

« Steady states are crucial for the maintenance of non-equilibrium processes in biological systems, as
they allow organisms to maintain a stable internal environment (homeostasis) in the face of constantly
changing external conditions

Open Systems and Feedback Mechanisms

* The concept of steady state is closely related to the idea of open systems, which exchange matter and
energy with their surroundings. Living organisms are open systems that maintain a steady state by
continuously importing nutrients and exporting waste products
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« Steady states in biological systems are maintained by a complex network of feedback mechanisms
that regulate the rates of input and output

» Feedback mechanisms can be positive (amplifying changes) or negative (counteracting changes)

» Feedback mechanisms are essential for the precise control of non-equilibrium processes

Examples of Steady States

» Maintenance of constant body temperature in endothermic animals (thermoregulation)
» Regulation of blood glucose levels by insulin and glucagon (glucose homeostasis)

« Balance between the synthesis and degradation of proteins in cells (protein turnover)
Thermodynamics in Biological Systems

Laws of Thermodynamics

* The laws of thermodynamics provide a framework for understanding the energy transformations that
occur in biological systems

* First law of thermodynamics states that energy cannot be created or destroyed

» Second law of thermodynamics states that the entropy of the universe always increases

Equilibrium Thermodynamics

« Equilibrium thermodynamics can be applied to biological systems to determine the direction and
extent of chemical reactions

* The Gibbs free energy change (AG) of a reaction determines whether the reaction is spontaneous
(AG < 0) or non-spontaneous (AG > 0) under standard conditions

« The equilibrium constant (K) of a reaction is related to the AG by the equation AG = —RTIn K, where
R is the gas constant and T is the absolute temperature

Non-equilibrium Thermodynamics

* Non-equilibrium thermodynamics is particularly relevant to biological systems, as living organisms are
open systems that constantly exchange matter and energy with their surroundings

» The maintenance of non-equilibrium states in biological systems requires the continuous input of free
energy, which is used to perform work and maintain the highly ordered structures and functions of life

» The concept of entropy is central to non-equilibrium thermodynamics in biological systems

* Living organisms maintain a low-entropy state by continuously exporting entropy to their surroundings
in the form of heat and waste products

* This process requires the input of free energy, which is obtained through the breakdown of nutrient
molecules such as glucose

Applications and Limitations

* The principles of non-equilibrium thermodynamics can be applied to understand the energy
transformations that occur in biological processes such as:
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» Metabolism (glycolysis, citric acid cycle)
* Photosynthesis (light-dependent and light-independent reactions)
» Muscle contraction (sliding flament mechanism)

» These processes involve the coupling of exergonic (energy-releasing) and endergonic
(energy-requiring) reactions, which allows living organisms to perform work and maintain their highly
ordered structures and functions

* The efficiency of energy transformations in biological systems is limited by the second law of
thermodynamics, which states that some energy is always lost as heat during any spontaneous process

* The efficiency of biological processes such as ATP synthesis and muscle contraction is typically
around 30-40%, reflecting the inherent limitations imposed by the second law

2.4 Thermodynamics of biomolecular interactions

Thermodynamics of biomolecular interactions is all about energy changes when molecules come together.
It's like understanding the rules of attraction in the molecular world, using principles from physics to explain
why some molecules stick together and others don't.

This topic dives into how energy, heat, and randomness affect biological processes. It's crucial for grasping
why proteins fold, how enzymes work, and what makes DNA strands pair up. Basically, it's the science
behind life's tiniest building blocks.

Thermodynamics of Biomolecular Interactions

Thermodynamic Principles Governing Biomolecular Interactions

* The first and second laws of thermodynamics form the foundation for understanding biomolecular
interactions and their behavior in biological systems

* Gibbs free energy (AG) determines the spontaneity and direction of biomolecular interactions
* A negative AG indicates a spontaneous process (protein folding)
* A positive AG suggests a non-spontaneous process (protein unfolding)

» The change in Gibbs free energy (AG) for a biomolecular interaction is determined by the balance
between the change in enthalpy (AH) and the change in entropy (AS), as described by the equation:
AG = AH — TAS, where T is the absolute temperature

» The change in enthalpy (AH) represents the heat absorbed or released during the formation of a
biomolecular complex (hydrogen bonding), while the change in entropy (AS) reflects the change in the
degree of disorder or randomness in the system (hydrophobic interactions)

Thermodynamic Equilibrium Constant and Binding Affinity

* The thermodynamic equilibrium constant (K) is related to the Gibbs free energy change (AG) through
the equation: AG = —RTInK, where R is the gas constant and T is the absolute temperature

* This relationship allows for the determination of binding affinity and the prediction of the direction of
biomolecular interactions

* A higher K value indicates a stronger binding affinity and a more negative AG value
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* The dissociation constant (Kd) is the reciprocal of the equilibrium constant (K) and represents the
concentration of ligand at which half of the available binding sites on the receptor are occupied at
equilibrium

* A lower Kd value indicates a higher binding affinity (antibody-antigen interactions)

« The relationship between Kd and AG is given by the equation: AG = RTInKd

Enthalpy and Entropy in Complex Formation

Enthalpy Changes in Biomolecular Interactions

 Enthalpy changes (AH) in biomolecular interactions are primarily influenced by the formation and
breakage of non-covalent interactions

» Hydrogen bonds, van der Waals forces, and electrostatic interactions contribute to AH

* Negative AH values indicate the formation of favorable interactions and the release of heat
(exothermic)

* Positive AH values suggest the breakage of interactions and the absorption of heat (endothermic)

* The strength and number of non-covalent interactions formed during complex formation determine the
magnitude of the enthalpy change

* The formation of a large number of hydrogen bonds between complementary base pairs in DNA
duplex formation results in a large negative AH value

Entropy Changes in Biomolecular Interactions

* Entropy changes (AS) in biomolecular interactions are associated with changes in the degree of
disorder or randomness in the system

» Rearrangement of solvent molecules and conformational changes of the interacting biomolecules
contribute to AS

+ Positive AS values indicate an increase in disorder or randomness, which is entropically favorable
(hydrophobic effect)

* Negative AS values suggest a decrease in disorder or randomness, which is entropically unfavorable
(restriction of conformational freedom)

» The hydrophobic effect is an entropy-driven process that plays a significant role in the formation of
many biomolecular complexes

» Nonpolar molecules aggregate in aqueous solutions to minimize their contact with water, leading to an
increase in entropy (protein folding, lipid membrane assembly)

Interplay between Enthalpy and Entropy in Complex Stability

» The overall spontaneity and stability of biomolecular complexes are determined by the interplay
between enthalpy and entropy

+ A favorable (negative) AG can result from either a negative AH (exothermic process) or a positive TAS
term (entropy-driven process), or a combination of both
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* The relative contributions of enthalpy and entropy to complex stability can vary depending on the
specific biomolecular interaction

» Temperature influences the balance between enthalpy and entropy in complex formation

* At lower temperatures, enthalpy tends to dominate, favoring interactions with negative AH values
(hydrogen bonding)

* At higher temperatures, entropy becomes more significant, favoring interactions with positive AS
values (hydrophobic interactions)

Binding Affinity and Free Energy
Concept of Binding Affinity

* Binding affinity is a measure of the strength of the interaction between two or more biomolecules

« It quantifies the tendency of the molecules to associate and form a stable complex (ligand-receptor,
protein-protein)

« Higher binding affinity indicates a stronger interaction and a more stable complex
* The dissociation constant (Kd) is commonly used to express binding affinity

+ Kd represents the concentration of ligand at which half of the available binding sites on the receptor
are occupied at equilibrium

* A lower Kd value indicates a higher binding affinity, as it requires a lower concentration of ligand to
achieve half-maximal binding (enzyme-substrate, antibody-antigen)

Relationship between Binding Affinity and Free Energy

* The relationship between the dissociation constant (Kd) and the Gibbs free energy change (AG) is
given by the equation: AG = RTInKd, where R is the gas constant and T is the absolute temperature

* A higher binding affinity (lower Kd) corresponds to a more negative AG value, indicating a more
thermodynamically favorable interaction

* The association constant (Ka) is the reciprocal of the dissociation constant (Kd) and is another way to
express binding affinity

* The binding affinity of a biomolecular interaction can be influenced by various factors

» Complementarity of the interacting surfaces, number and strength of non-covalent interactions, and
conformational changes associated with complex formation affect binding affinity

» Mutations in the interacting partners can alter binding affinity by changing the surface complementarity
or the non-covalent interactions (point mutations in protein-protein interfaces)

Predicting Stability and Specificity
Predicting Complex Stability

* The stability of a biomolecular complex can be predicted by evaluating the Gibbs free energy change
(AG) associated with its formation

Fiveable archived study guides Page 23



* A more negative AG value indicates a more stable complex, as it suggests a greater tendency for the
complex to form spontaneously

» The Gibbs-Helmholtz equation, AG = AH — TAS, can be used to predict the effect of temperature on
complex stability

* The effect of temperature on the stability of biomolecular complexes depends on the driving forces of
the interaction

* An increase in temperature will favor the dissociation of the complex if the interaction is enthalpically
driven (negative AH)

* An increase in temperature will favor the formation of the complex if the interaction is entropically
driven (positive AS)

Predicting Interaction Specificity

* The specificity of a biomolecular interaction can be assessed by comparing the binding affinities of a
ligand to its target receptor and to other potential off-target receptors

* A high specificity interaction is characterized by a significantly higher binding affinity for the target
receptor compared to the off-target receptors (specific enzyme inhibitors)

» Mutations in the interacting partners can alter specificity by changing the surface complementarity or
the non-covalent interactions

» Mutational analysis can be employed to predict the contribution of specific residues or regions to the
stability and specificity of biomolecular interactions

+ Targeted mutations are introduced, and the resulting changes in binding affinity are measured to
identify the key determinants of the interaction and assess their thermodynamic roles (alanine scanning
mutagenesis)

Influence of Environmental Factors on Stability and Specificity

* The influence of pH and ionic strength on the stability of biomolecular interactions can be predicted by
considering their impact on the non-covalent interactions involved in complex formation

» Changes in pH can alter the protonation state of ionizable groups, affecting electrostatic interactions
(histidine protonation)

« Variations in ionic strength can modulate the screening of charges and the strength of electrostatic
interactions (salt bridge formation)

* The presence of cosolvents, such as urea or guanidinium chloride, can affect the stability of
biomolecular complexes by altering the solvation properties of the system

« Cosolvents can disrupt hydrogen bonding networks and weaken hydrophobic interactions, leading to
complex dissociation (protein denaturation)
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Unit 3 — Biological Energy
Transformations

3.1 ATP and energy currency in cells

ATP is the cell's energy currency, powering everything from muscle contraction to protein synthesis. Its
high-energy phosphate bonds store and release energy efficiently, making it the universal fuel for life's
processes.

This chapter explores how ATP drives biological energy transformations. We'll dive into its structure,
synthesis, and role in coupling exergonic and endergonic reactions to maintain cellular homeostasis and
enable vital functions.

ATP Structure and Function

Nucleotide Composition and High-Energy Bonds
» ATP (adenosine triphosphate) is a nucleotide consisting of three main components:
» Adenine base, a nitrogenous purine base
* Ribose sugar, a five-carbon sugar
» Three phosphate groups, linked by high-energy phosphoanhydride bonds

» The phosphate bonds in ATP are high-energy bonds due to the electrostatic repulsion between the
negatively charged phosphate groups

* The hydrolysis of these bonds releases a significant amount of energy (30.5 kd/mol) that can be
coupled to cellular processes

ATP as the Primary Energy Currency

« ATP functions as the primary energy currency in cells, providing the energy needed for various cellular
reactions and processes

« It is used to drive energy-requiring processes such as active transport, muscle contraction, and the
synthesis of complex molecules (proteins, lipids, carbohydrates)

* The hydrolysis of ATP to ADP (adenosine diphosphate) and inorganic phosphate (Pi) releases energy
that can be coupled to endergonic reactions

» Endergonic reactions require an input of energy to proceed and are thermodynamically unfavorable
(e.g., the synthesis of glucose from carbon dioxide and water in photosynthesis)

» ATP is continuously regenerated from ADP and Pi through the processes of substrate-level
phosphorylation or oxidative phosphorylation in cellular respiration

* This regeneration ensures a constant supply of ATP for cellular energy demands

Structural Stability and Participation in Energy Transfer Reactions

* The structure of ATP allows for its stability in the aqueous cellular environment

Fiveable archived study guides Page 25



» The negative charges on the phosphate groups are balanced by the presence of magnesium ions
(Mg2+), which stabilize the molecule

» ATP readily participates in energy transfer reactions due to its structure
* The high-energy phosphate bonds allow for the quick release of energy when hydrolyzed

* The presence of the adenine base and ribose sugar provide specific binding sites for enzymes that
catalyze ATP-dependent reactions

ATP in Cellular Energy Transfer
Energy Coupling and Regulation

» ATP acts as an energy shuttle, transferring energy from exergonic reactions to endergonic reactions

» Exergonic reactions release energy and are thermodynamically favorable (e.g., the oxidation of
glucose to carbon dioxide and water in cellular respiration)

* The hydrolysis of ATP is coupled to energy-requiring processes, providing the necessary energy input
for these reactions to occur

» For example, ATP hydrolysis is coupled to the transport of molecules against their concentration
gradient during active transport

» ATP coupling allows for the regulation of cellular processes by linking energy-releasing reactions with
energy-consuming reactions

* This ensures that energy-consuming processes only occur when sufficient energy is available in the
form of ATP

Maintenance of Homeostasis and Cellular Work

» The ATP/ADP cycle maintains a constant supply of energy for cellular processes, with ATP being
continuously regenerated from ADP and inorganic phosphate

* This cycle ensures that cells have a readily available source of energy to perform necessary functions
» The presence of ATP in cells enables the maintenance of homeostasis and the performance of work
* Mechanical work: ATP hydrolysis powers the contraction of muscle fibers, enabling movement

» Chemical work: ATP provides the energy for the synthesis of complex molecules (proteins, lipids,
carbohydrates) and the maintenance of concentration gradients

* Transport work: ATP hydrolysis drives the active transport of molecules across membranes against
their concentration gradients

ATP Synthesis and Hydrolysis

ATP Synthesis through Chemiosmosis and Substrate-Level
Phosphorylation

» ATP synthesis primarily occurs through the process of chemiosmosis in the electron transport chain
during cellular respiration

* The electron transport chain establishes a proton gradient across the inner mitochondrial membrane
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* The flow of protons back into the mitochondrial matrix through the enzyme ATP synthase drives the
synthesis of ATP from ADP and inorganic phosphate

» ATP synthesis can also occur through substrate-level phosphorylation in the glycolysis and citric acid
cycle stages of cellular respiration

+ High-energy intermediates, such as 1,3-bisphosphoglycerate and phosphoenolpyruvate, directly
transfer a phosphate group to ADP, forming ATP

ATP Hydrolysis and Energy Release

» ATP hydrolysis is the reverse reaction of ATP synthesis, where the terminal phosphate group is
removed from ATP, releasing energy and forming ADP and inorganic phosphate

* The hydrolysis reaction: ATP + H20 - ADP + Pi + Energy

» The enzyme ATP hydrolase (ATPase) catalyzes the hydrolysis of ATP, allowing the released energy
to be harnessed for cellular work

» ATPases are found in various cellular locations, such as the plasma membrane (e.g., Na+/K+
ATPase) and the mitochondrial inner membrane (ATP synthase)

* The balance between ATP synthesis and hydrolysis is tightly regulated to maintain optimal cellular
energy levels and to respond to changing energy demands

* Allosteric regulation of enzymes involved in ATP synthesis and hydrolysis helps maintain this balance

ATP as Universal Energy Currency

Utilization of ATP Across All Life Forms

» ATP is the most widely used energy currency in biological systems, being utilized by all known forms
of life

* From simple prokaryotic cells (bacteria, archaea) to complex eukaryotic cells (plants, animals, fungi),
ATP is the primary energy source

* The universal nature of ATP allows for the efficient transfer of energy between different cellular
processes and organelles

» ATP synthesized in the mitochondria can be transported to other cellular locations to power various
energy-requiring reactions

Involvement in Diverse Cellular Functions

» ATP is involved in a wide range of cellular functions, demonstrating its versatility as an energy
currency

* DNA replication: ATP provides the energy for the synthesis of new DNA strands during cell division
* Transcription: ATP powers the synthesis of RNA molecules from DNA templates
* Translation: ATP is required for the synthesis of new proteins by ribosomes

« Cell signaling: ATP is involved in the production and degradation of signaling molecules (e.g., cyclic
AMP) and the phosphorylation of proteins in signal transduction pathways
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« Cell division: ATP provides the energy for the assembly and disassembly of the mitotic spindle during
mitosis and cytokinesis

Regulation of Cellular Processes and Energy Homeostasis

» The availability of ATP regulates the activity of enzymes and cellular processes, ensuring that
energy-consuming reactions only occur when sufficient energy is available

» Many enzymes involved in biosynthetic pathways are allosterically regulated by ATP, with high ATP
levels inhibiting their activity to prevent unnecessary energy expenditure

» The concentration of ATP in cells is maintained at a relatively constant level, typically in the millimolar
range (1-10 mM)

» Any excess ATP is stored in the form of other high-energy molecules like creatine phosphate in
muscle cells, which can rapidly regenerate ATP during periods of high energy demand

* Disruptions in ATP production or utilization can lead to cellular dysfunction and disease

» Mitochondrial disorders that impair ATP synthesis can cause a wide range of symptoms, including
muscle weakness, neurological problems, and organ dysfunction

+ Cancer cells often exhibit altered ATP metabolism, with a higher reliance on glycolysis for ATP
production (the Warburg effect)

3.2 Electron transport and oxidative phosphorylation

Electron transport and oxidative phosphorylation are key processes in cellular energy production. They
involve the transfer of electrons through protein complexes in the mitochondrial membrane, creating a
proton gradient that drives ATP synthesis.

These processes are the final stages of cellular respiration, following glycolysis and the citric acid cycle.
They're crucial for generating the majority of ATP in eukaryotic cells, especially in high-energy-demanding
tissues like the brain and heart.

Electron transport chain components

Structure and organization of the ETC

* The electron transport chain (ETC) is a series of protein complexes embedded in the inner
mitochondrial membrane that facilitate the transfer of electrons from reducing equivalents (NADH and
FADH2) to molecular oxygen

» The main components of the ETC are Complex | (NADH dehydrogenase), Complex Il (succinate
dehydrogenase), Complex Il (cytochrome bc1 complex), and Complex IV (cytochrome ¢ oxidase)

* Electron carriers, such as ubiquinone (coenzyme Q10) and cytochrome ¢, shuttle electrons between
the complexes

* The flow of electrons through the ETC is coupled with the pumping of protons (H+) from the
mitochondrial matrix into the intermembrane space, creating an electrochemical gradient

Function and importance of the ETC

» The ETC plays a crucial role in cellular respiration by harnessing the energy released from the
oxidation of reducing equivalents (NADH and FADH2) to generate an electrochemical proton gradient
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» The proton gradient generated by the ETC is utilized by ATP synthase to drive the synthesis of ATP
through oxidative phosphorylation

* Disruptions in the ETC can lead to mitochondrial disorders characterized by defects in energy
production and a wide range of clinical manifestations (Leigh syndrome, MELAS syndrome)

* The efficiency of the ETC can be affected by factors such as the availability of substrates, the integrity
of the mitochondrial membrane, and the presence of uncoupling agents that dissipate the proton
gradient without ATP synthesis (2,4-dinitrophenol)

Oxidative phosphorylation and ATP synthesis

Coupling of electron transport and ATP synthesis

» Oxidative phosphorylation is the process by which the energy released from the transfer of electrons
through the ETC is used to generate ATP

* The electrochemical proton gradient generated by the ETC drives the synthesis of ATP through the
enzyme ATP synthase (Complex V)

* As protons flow down their concentration gradient through ATP synthase, the enzyme undergoes
conformational changes that catalyze the phosphorylation of ADP to form ATP

* The coupling of electron transport and ATP synthesis is known as chemiosmotic coupling, as it
involves the movement of ions (protons) across a membrane

Efficiency and regulation of oxidative phosphorylation

+ Oxidative phosphorylation is a highly efficient process, producing approximately 26-32 molecules of
ATP per glucose molecule oxidized, compared to only 2 ATP molecules generated during glycolysis

* The efficiency of oxidative phosphorylation can be affected by factors such as the availability of
substrates, the integrity of the mitochondrial membrane, and the presence of uncoupling agents
(thermogenin in brown adipose tissue)

* The regulation of oxidative phosphorylation involves the control of electron flow through the ETC and
the modulation of ATP synthase activity

» Mitochondrial disorders that disrupt oxidative phosphorylation can lead to defects in energy production
and a wide range of clinical manifestations (Leigh syndrome, MELAS syndrome)

Proton gradients for ATP synthesis

Generation and maintenance of the proton gradient

* The proton gradient, also known as the proton motive force (PMF), consists of two components: a pH
gradient (ApH) and an electrical potential difference (Ay) across the inner mitochondrial membrane

* The proton gradient is generated by the pumping of protons from the mitochondrial matrix into the
intermembrane space by the ETC complexes (Complex |, 1, and V)

» The maintenance of the proton gradient is essential for the continuous synthesis of ATP through
oxidative phosphorylation

* Factors that disrupt the proton gradient, such as uncoupling agents or mitochondrial membrane
damage, can impair ATP synthesis and lead to cellular energy deficits
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Harnessing the proton gradient for ATP synthesis

* The energy stored in the proton gradient is harnessed by ATP synthase to drive the synthesis of ATP
from ADP and inorganic phosphate (Pi)

* Protons flow down their electrochemical gradient through the FO subunit of ATP synthase, causing the
rotation of the c-ring

* The rotation of the c-ring is coupled to conformational changes in the F1 subunit of ATP synthase,
which catalyzes the formation of ATP

» The number of protons required for the synthesis of one ATP molecule varies among species, typically
ranging from 2.7 to 3.3 protons per ATP

Cellular respiration: Electron transport and oxidative phosphorylation

Integration with other stages of cellular respiration

« Electron transport and oxidative phosphorylation represent the final stages of cellular respiration,
following glycolysis and the citric acid cycle

* The reducing equivalents (NADH and FADH2) generated during glycolysis and the citric acid cycle are
oxidized by the ETC, providing the energy for ATP synthesis through oxidative phosphorylation

» The ATP generated through oxidative phosphorylation is essential for various cellular processes,
including biosynthesis, transport, and mechanical work

* Disruptions in electron transport or oxidative phosphorylation can have far-reaching effects on cellular
metabolism and energy homeostasis

Importance of oxidative phosphorylation in cellular energy production

» Oxidative phosphorylation is the primary source of ATP in most eukaryotic cells, accounting for the
majority of cellular energy production

* The high efficiency of oxidative phosphorylation allows cells to generate large amounts of ATP from
the complete oxidation of glucose and other energy-rich molecules (fatty acids, amino acids)

« Tissues with high energy demands, such as the brain, heart, and skeletal muscle, rely heavily on
oxidative phosphorylation for their energy needs

* Impairments in oxidative phosphorylation can lead to cellular energy deficits, mitochondrial disorders,
and a wide range of pathological conditions (neurodegenerative diseases, cardiovascular disorders)

3.3 Photosynthesis and light-driven processes

Photosynthesis is nature's way of turning sunlight into food. This process, occurring in plants and some
bacteria, captures light energy and converts it into chemical energy stored in sugars. It's the foundation of
most life on Earth.

The light-dependent reactions split water and produce ATP and NADPH. These energy-rich molecules
then power the Calvin cycle, which uses CO2 to make glucose. This two-stage process showcases how
organisms efficiently transform and store energy.
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Photosynthesis Principles and Stages

Overview of Photosynthesis

* Photosynthesis converts light energy into chemical energy stored in sugars or other organic
compounds in plants, algae, and some bacteria

» The overall equation for photosynthesis: 6C0O2 + 6H20 + light energy -~ C6H1206 (glucose) + 602
* Involves the reduction of carbon dioxide to carbohydrates

* Involves the oxidation of water to molecular oxygen

Stages of Photosynthesis
* Photosynthesis occurs in two main stages
1. Light-dependent reactions (light reactions)
* Occur in the thylakoid membranes of chloroplasts
* Involve the absorption of light energy, splitting of water, and generation of ATP and NADPH
2. Light-independent reactions (dark reactions or Calvin cycle)
* Take place in the stroma of chloroplasts

* Use ATP and NADPH produced in light reactions to reduce CO2 to form glucose and other organic
compounds

* Photosynthetic pigments (chlorophylls and carotenoids) are essential for absorbing light energy
* Chlorophyll a is the primary pigment involved in photosynthesis

+ Other pigments help extend the range of light absorption

Light-Harvesting Complexes and Reaction Centers

Light-Harvesting Complexes (LHCs)

* LHCs are protein-pigment complexes that capture light energy and transfer it to reaction centers

« Contain various photosynthetic pigments (chlorophylls and carotenoids) which absorb light at different
wavelengths

* Arranged around reaction centers to maximize absorption and transfer of light energy
» Arrangement and composition of LHCs vary among different photosynthetic organisms

» Example: Green sulfur bacteria have chlorosomes, specialized light-harvesting structures

Reaction Centers

» Reaction centers are the sites where primary photochemical reactions of photosynthesis occur
» Two types of reaction centers

1. Photosystem Il (PSII)
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* Absorbs light energy to split water molecules (H20) into electrons, protons (H+), and oxygen (O2)
« Electrons are transferred to an electron transport chain

2. Photosystem | (PSI)

* Absorbs light energy to excite electrons

* Excited electrons are transferred to NADP+ to form NADPH

+ Reaction centers contain special pairs of chlorophyll a molecules responsible for primary charge
separation events that initiate electron transport

* P680 in PSII

+ P700 in PSI

Electron Transport and ATP Synthesis

Electron Transport Chain

« Electron transport involves the transfer of electrons from water (in PSIl) to NADP+ (in PSI) through a
series of redox reactions

+ Coupled with the generation of a proton gradient across the thylakoid membrane
« Electron transport chain consists of several protein complexes
» Cytochrome b6f and plastocyanin shuttle electrons from PSII to PSI

* As electrons move through the chain, protons (H+) are pumped from the stroma into the thylakoid
lumen, creating a proton gradient (chemiosmosis)

ATP Synthesis

* ATP synthase, a large enzyme complex in the thylakoid membrane, uses the proton gradient to drive
ATP synthesis

* As protons flow back into the stroma through ATP synthase, released energy is used to phosphorylate
ADP, forming ATP

» ATP and NADPH generated during light-dependent reactions are used in light-independent reactions
(Calvin cycle) to

* Reduce CO2

* Form glucose and other organic compounds
Light-Dependent vs Light-Independent Reactions
Light-Dependent Reactions

* Occur in the thylakoid membranes of chloroplasts
* Require light energy to drive the reactions
* Involve

* Absorption of light energy by photosynthetic pigments
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* Splitting of water
» Generation of ATP and NADPH

+ Do not directly involve the fixation of CO2

Light-Independent Reactions

* Occur in the stroma of chloroplasts

* Do not directly require light energy (hence "dark reactions")

» Dependent on products of light reactions (ATP and NADPH)

* Involve

* Fixation of CO2

* Synthesis of glucose and other organic compounds using the Calvin cycle

* Indirectly dependent on light, as ATP and NADPH from light reactions are necessary for the Calvin
cycle

Interconnection

* Both stages are essential for the overall process of photosynthesis

» Light-dependent reactions provide energy and reducing power needed for light-independent reactions
to fix CO2 and produce organic compounds

Photosynthesis: Light Energy to Chemical Energy

Importance of Photosynthesis

» Photosynthesis sustains life on Earth by converting light energy into chemical energy stored in organic
compounds

» Chemical energy produced by photosynthesis is the primary energy source for most living organisms
* Directly for plants and other photosynthetic organisms

« Indirectly for animals and heterotrophs that depend on photosynthetic organisms for food

* Photosynthesis plays a vital role in the global carbon cycle

* Removes CO2 from the atmosphere and incorporates it into organic compounds

* Helps regulate atmospheric CO2 levels and mitigate effects of climate change

Implications and Applications

» The oxygen released as a byproduct of photosynthesis is essential for most life forms that depend on
aerobic respiration

» Understanding photosynthesis is crucial for
+ Developing strategies to improve crop yields (agricultural optimization)

* Optimizing biofuel production (renewable energy)
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» Addressing global environmental challenges (climate change and food security)
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Unit 4 — Chemical Kinetics and Enzyme
Catalysis

4.1 Reaction rates and mechanisms

Reaction rates and mechanisms are crucial for understanding enzyme catalysis. These concepts explain
how factors like temperature, pH, and concentration influence reaction speeds. They also describe the
mathematical relationships between reactants and products, helping us predict and control enzymatic
processes.

Studying reaction rates and mechanisms reveals the inner workings of enzymes. By examining
steady-state and pre-steady-state kinetics, we can uncover the step-by-step processes enzymes use to
catalyze reactions. This knowledge is essential for developing new drugs and improving industrial
applications of enzymes.

Factors influencing reaction rates

Temperature and pH effects

» Higher temperatures generally increase reaction rates up to an optimal temperature
» Beyond the optimal temperature, rates decrease due to enzyme denaturation
* pH alters the ionization state of enzymes and substrates

» Enzymes typically have an optimal pH range for maximum activity (pepsin functions best at acidic pH
in the stomach)

Concentration and molecular crowding effects

+ Substrate concentration influences reaction rates

+ Higher concentrations increase rates until enzyme saturation is reached (Michaelis-Menten kinetics)
* Enzyme concentration directly affects reaction rates

* Higher concentrations lead to faster rates until substrate becomes limiting

» Molecular crowding in cellular environments can impact reaction rates

+ Alters enzyme and substrate diffusion and increases effective concentrations

* Viscosity of the cellular environment can influence reaction rates by affecting the diffusion of enzymes
and substrates (cytoplasm is more viscous than water)

Inhibitors and activators

* Presence of inhibitors can decrease reaction rates by binding to enzymes and modulating their activity

» Competitive inhibitors bind to the active site and compete with the substrate (pepstatin A inhibits
pepsin)

» Non-competitive inhibitors bind to allosteric sites and alter enzyme conformation (phosphorylation of
glycogen phosphorylase)
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* Presence of activators can increase reaction rates by binding to enzymes and modulating their activity

« Allosteric activators bind to regulatory sites and enhance enzyme activity (fructose-2,6-bisphosphate
activates phosphofructokinase)

Rate laws and reaction order

Rate law equations

 Rate laws for enzymatic reactions describe the relationship between reaction rate and reactant
concentrations

« Typically expressed as v = K[E]”'[S]", where V is reaction rate, K is rate constant, [E] is enzyme
concentration, [S] is substrate concentration, and M and N are reaction orders

» Reaction order refers to the power to which the concentration of a reactant (enzyme or substrate) is
raised in the rate law equation

- Zero-order reactions have rates independent of reactant concentrations, with a rate law of v = k

* First-order reactions have rates directly proportional to one reactant concentration, with a rate law of
v =k[A], where [A] is the concentration of the reactant

» Second-order reactions have rates proportional to the product of two reactant concentrations or the
square of one reactant concentration, with a rate law of v = k[Al[B] or v = k[A]?

Michaelis-Menten kinetics and Lineweaver-Burk plots

» Michaelis-Menten kinetics describes the rate law for many enzymatic reactions

* Hyperbolic relationship between reaction rate and substrate concentration, characterized by the
parameters Vmax (maximum reaction rate) and Km (Michaelis constant)

» Vmax represents the maximum rate achieved by the system at saturating substrate concentrations

« Kin is the substrate concentration at which the reaction rate is half of Vmax, and is an inverse measure
of the substrate's affinity for the enzyme

* Lineweaver-Burk plots (double-reciprocal plots) can be used to linearize Michaelis-Menten kinetics
data

» Allows for the determination of Vmax and Km values from the y-intercept and slope, respectively

* Useful for comparing kinetic parameters of different enzymes or substrates

Reaction mechanisms and rate-determining steps

Elementary steps and rate-determining step

* Reaction mechanisms for enzymatic reactions describe the sequence of elementary steps leading
from reactants to products

* Includes the formation of enzyme-substrate complexes and any intermediate species
* Example: The mechanism of chymotrypsin involves the formation of an acyl-enzyme intermediate

* The rate-determining step (RDS) is the slowest elementary step in a reaction mechanism
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» Determines the overall reaction rate

* The rate law for an enzymatic reaction is determined by the rate-determining step, with the reaction
order for each reactant corresponding to its stoichiometric coefficient in the RDS

Steady-state approximation and kinetic isotope effects

« Steady-state approximation assumes that the concentrations of reaction intermediates remain
constant over time

« Simplifies the kinetic analysis of complex reaction mechanisms

* Allows for the derivation of the Michaelis-Menten equation

* Kinetic isotope effects can be used to identify the rate-determining step

» Compares reaction rates with isotopically labeled reactants (deuterium or 13C)

* The RDS often involves bond-breaking or bond-forming steps that are sensitive to isotopic substitution

* Primary kinetic isotope effects are observed when the isotopically labeled atom is directly involved in
the RDS (C-H bond cleavage in the RDS of alcohol dehydrogenase)

Transient kinetic methods

* Pre-steady-state kinetics can be used to study the formation and decay of reaction intermediates
before the steady-state is reached

* Provides insights into the elementary steps of a reaction mechanism

» Transient kinetic methods, such as stopped-flow and rapid quench-flow techniques, can be used to
study the kinetics of fast enzymatic reactions

« Allows for the detection of short-lived reaction intermediates

« Stopped-flow: Rapid mixing of reactants and monitoring of the reaction progress by spectroscopic
methods (fluorescence or absorbance)

» Rapid quench-flow: Rapid mixing of reactants followed by quenching of the reaction at specific time
points, allowing for the isolation and characterization of intermediates

Steady-state vs Pre-steady-state kinetics

Steady-state kinetics

* Describes the behavior of an enzymatic reaction once the concentrations of reaction intermediates
(e.g., enzyme-substrate complexes) have reached a constant level

* Typically occurs after an initial pre-steady-state phase
* In steady-state kinetics, the rates of formation and decay of reaction intermediates are equal
* Results in a constant concentration of intermediates over time

+ Characterized by the Michaelis-Menten equation, which relates reaction rate to substrate
concentration

+ Parameters Vmax and Km describe the maximum rate and substrate affinity, respectively
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Pre-steady-state kinetics

* Describes the behavior of an enzymatic reaction during the initial phase, before the concentrations of
reaction intermediates have reached a steady state

* In pre-steady-state kinetics, the concentrations of reaction intermediates change rapidly over time
* Intermediates are formed and consumed during the early stages of the reaction

+ Can provide information on the individual rate constants for the formation and decay of
enzyme-substrate complexes and other reaction intermediates

* Transient kinetic methods, such as stopped-flow and rapid quench-flow techniques, are used to study
pre-steady-state kinetics

* Rapidly mix reactants and monitor the time course of the reaction on millisecond to second timescales

Importance of studying both steady-state and pre-steady-state kinetics

+ Analysis of pre-steady-state kinetics can reveal the presence of multiple reaction intermediates,
conformational changes in the enzyme, and other mechanistic details that are not apparent from
steady-state kinetics alone

» Combining steady-state and pre-steady-state kinetics provides a comprehensive understanding of
enzyme catalysis

* Elucidates the overall reaction mechanism, rate-determining steps, and regulatory mechanisms

* Helps in the design of enzyme inhibitors and the engineering of enzymes with desired catalytic
properties

4.2 Enzyme kinetics and inhibition

Enzyme kinetics and inhibition are crucial for understanding how enzymes work in our bodies. This topic
dives into the Michaelis-Menten model, which explains how enzymes interact with substrates and how fast
reactions happen.

We'll explore different types of enzyme inhibitors and how they affect reaction speeds. We'll also learn how
to measure enzyme efficiency and specificity, which are key to grasping how enzymes function in various
biological processes.

Enzyme kinetics analysis

Michaelis-Menten model
* Describes the kinetics of enzyme-catalyzed reactions
* Relates the initial reaction velocity (v0) to the substrate concentration [S]

* Assumes the enzyme (E) and substrate (S) form an enzyme-substrate complex (ES) in a reversible
reaction

* ES complex then irreversibly breaks down to form the product (P) and regenerate the free enzyme
+ Michaelis-Menten equation: VO = (Vmaxx[S])/(Km + [S])

- Vmax represents the maximum reaction velocity when the enzyme is saturated with substrate
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* Directly proportional to the total enzyme concentration [E]T

« Km is the Michaelis constant, the substrate concentration at which the reaction velocity is half of
Vmax

* Represents the affinity of the enzyme for the substrate (lower Km indicates higher affinity)

Lineweaver-Burk plot

« Linear transformation of the Michaelis-Menten equation (double-reciprocal plot)
- Allows for the determination of Vmax and Km from experimental data

* Plots 1/v0 versus 1/[S], yielding a straight line

« y-intercept of 1/Vmax and an x-intercept of —1/Km

* Used to analyze enzyme kinetics and determine kinetic parameters

- Helps visualize the effects of inhibitors on enzyme activity (changes in apparent Vmax and Km)

Inhibition effects on enzymes

Types of enzyme inhibitors
» Competitive inhibitors
* Bind reversibly to the active site of the enzyme, competing with the substrate

- Increase the apparent Km without affecting Vmax (higher substrate concentrations can outcompete
the inhibitor)

* Examples: succinate dehydrogenase inhibited by malonate, dihydrofolate reductase inhibited by
methotrexate

* Uncompetitive inhibitors

* Bind reversibly to the enzyme-substrate complex, not to the free enzyme

- Decrease both the apparent Vmax and Km (effectively remove ES complexes from the reaction)
» Examples: ATP synthase inhibited by oligomycin, acetylcholinesterase inhibited by physostigmine
* Mixed inhibitors

+ Can bind to both the free enzyme and the enzyme-substrate complex

- Affect both Km and Vmax, with specific effects depending on relative affinities for E and ES

» Examples: aspartate transcarbamoylase inhibited by CTP, glycogen phosphorylase inhibited by
glucose

Distinguishing inhibition types
* Lineweaver-Burk plots used to distinguish between inhibition types

- Patterns of changes in the apparent Vmax and Km indicate the type of inhibition

« Competitive inhibition: increased Km, unchanged Vmax (parallel lines with different x-intercepts)
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 Uncompetitive inhibition: decreased Vmax and Km (parallel lines with different y-intercepts)

« Mixed inhibition: changes in both Vmax and Km (lines intersecting in the second or third quadrant)

Kinetic parameter determination

Experimental data analysis

» Measure initial reaction velocities (v0) at different substrate concentrations [S]

* Plot vO versus [S] to obtain a hyperbolic curve (Michaelis-Menten plot)

- Use Lineweaver-Burk plot (double-reciprocal plot) to determine Km and Vmax
« Plot 1/vO0 versus 1/[S], yielding a straight line

- y-intercept of 1/Vmax and an x-intercept of —1/Km

+ Calculate the turnover number (kcat) using the equation: kcat = Vmax/[E]T
« [E]T is the total enzyme concentration

« kcat represents the maximum number of substrate molecules converted to product per enzyme
molecule per unit time

Enzyme efficiency and specificity constants

« Specificity constant (kcat/Km) measures enzyme efficiency

« Reflects both the enzyme's affinity for the substrate (Km) and its catalytic efficiency (kcat)
« Higher kcat/Km indicates a more efficient enzyme

« Compare kcat/Km values for different substrates to assess enzyme specificity

 Enzymes with high specificity have a much higher kcat/Km for their preferred substrate compared to
other potential substrates

« Use kcat/Km to evaluate the effectiveness of enzyme variants or mutants

+ Mutations that improve enzyme efficiency or specificity will have increased kcat/Km values
Enzyme efficiency and specificity

Importance in biological processes

« Enzyme efficiency (kcat/Km) is crucial for rapid and precise regulation of biochemical reactions
* Allows for maintenance of homeostasis and rapid response to changes in cellular conditions

* Enzymes can quickly catalyze reactions when needed

* Enzyme specificity ensures that enzymes catalyze only the desired reactions

* Prevents unwanted side reactions and maintains the fidelity of metabolic pathways

» Determined by the precise arrangement of amino acids in the active site, allowing for selective binding
and catalysis of specific substrates
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Consequences of altered efficiency or specificity

» Mutations affecting enzyme efficiency or specificity can lead to metabolic disorders and pathological
conditions

* Highlight the importance of these properties in maintaining normal biological function

« Examples: phenylketonuria (mutation in phenylalanine hydroxylase), galactosemia (mutation in
galactose-1-phosphate uridylyltransferase)

* Regulation of enzyme activity through various mechanisms allows for fine-tuning of metabolic
pathways

« Allosteric regulation: binding of effectors at sites other than the active site modulates enzyme activity

* Post-translational modifications: phosphorylation, acetylation, or glycosylation can alter enzyme
function

* Helps maintain homeostasis and adapt to changing cellular needs

4.3 Allosteric regulation and cooperativity

Allosteric regulation and cooperativity are key concepts in enzyme kinetics. They explain how enzymes
can be fine-tuned by molecules binding to sites other than the active site, allowing for precise control of
metabolic pathways.

These mechanisms are crucial for maintaining cellular homeostasis. By understanding allosteric regulation
and cooperativity, we gain insights into how enzymes respond to changing conditions, which is essential
for grasping the complexities of chemical kinetics and enzyme catalysis.

Allosteric regulation in enzymes

Principles of allosteric regulation

* Allosteric regulation involves the binding of effector molecules at sites other than the active site,
known as allosteric sites, which can modulate the activity of the enzyme

« Allosteric effectors can be activators or inhibitors, enhancing or reducing the enzyme's catalytic
activity, respectively

» Conformational changes induced by allosteric effector binding alter the affinity of the enzyme for its
substrate, either increasing (positive allosteric regulation) or decreasing (negative allosteric regulation)
the enzyme's activity

« Allosteric regulation allows for fine-tuning of enzymatic activity in response to cellular conditions, such
as substrate or product concentrations, and is a key mechanism for maintaining homeostasis

Cooperativity in allosteric enzymes

* Allosteric enzymes often exhibit cooperativity, where the binding of one ligand influences the binding
of subsequent ligands, leading to sigmoidal kinetics rather than the hyperbolic kinetics observed in
Michaelis-Menten enzymes

+ Cooperativity can be positive or negative, depending on whether the binding of one ligand increases
or decreases the affinity for subsequent ligands
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» Examples of allosteric enzymes exhibiting cooperativity include hemoglobin (positive cooperativity)
and glyceraldehyde-3-phosphate dehydrogenase (negative cooperativity)

» Cooperativity allows for a more sensitive or less sensitive response to changes in ligand
concentration, depending on the type of cooperativity (positive or negative)

Positive vs negative cooperativity

Positive cooperativity

* Positive cooperativity occurs when the binding of one ligand increases the affinity of the enzyme for
subsequent ligands, leading to a sigmoidal (S-shaped) kinetic profile

* This results in a more sensitive response to changes in ligand concentration, as the enzyme's activity
increases rapidly once a certain threshold of ligand concentration is reached

» Examples of enzymes exhibiting positive cooperativity include hemoglobin (oxygen binding) and
aspartate transcarbamoylase (substrate binding)

« Positive cooperativity is characterized by a Hill coefficient (nH) greater than 1, indicating that the
binding of one ligand facilitates the binding of subsequent ligands

Negative cooperativity

* Negative cooperativity occurs when the binding of one ligand decreases the affinity of the enzyme for
subsequent ligands, resulting in a more hyperbolic kinetic profile

* This leads to a less sensitive response to changes in ligand concentration, as the enzyme's activity
increases more gradually with increasing ligand concentration

» Examples of negative cooperativity are less common but can be found in some multi-subunit enzymes
like glyceraldehyde-3-phosphate dehydrogenase

» Negative cooperativity is characterized by a Hill coefficient (nH) less than 1, indicating that the binding
of one ligand hinders the binding of subsequent ligands

Significance of the Hill equation

Mathematical modeling of cooperative binding

+ The Hill equation is a mathematical model used to describe the fraction of ligand-bound enzyme or
protein as a function of ligand concentration in cooperative systems

nH

L
* The equation takes the form: 6= m where 6 is the fraction of ligand-bound enzyme, [L] is the
ligand concentration, nH is the Hill coefficient, and Kg is the apparent dissociation constant

+ The Hill equation allows for the quantitative analysis of cooperative binding and the determination of
key parameters such as the Hill coefficient and apparent dissociation constant

Hill coefficient as a measure of cooperativity

* The Hill coefficient (nH) is a key parameter in the Hill equation that represents the degree of
cooperativity in ligand binding

« It provides a quantitative measure of the deviation from non-cooperative, hyperbolic kinetics
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* For positive cooperativity, nH > 1, indicating that the binding of one ligand facilitates the binding of
subsequent ligands. The higher the nH value, the greater the degree of positive cooperativity

* For negative cooperativity, nH < 1, indicating that the binding of one ligand hinders the binding of
subsequent ligands. The lower the nH value, the greater the degree of negative cooperativity

* The Hill coefficient can be determined experimentally by plotting the logarithm of the ratio of bound to
free ligand versus the logarithm of free ligand concentration (Hill plot). The slope of the linear region of
this plot is equal to the Hill coefficient

Physiological importance of allosteric regulation

Metabolic control and homeostasis

* Allosteric regulation plays a crucial role in controlling metabolic pathways by allowing enzymes to
respond to changes in cellular conditions and maintain homeostasis

» Feedback inhibition, a common form of allosteric regulation, occurs when the end product of a
metabolic pathway binds to an allosteric site on an enzyme early in the pathway, inhibiting its activity.
This helps to prevent the excessive accumulation of end products and maintains a balance between
supply and demand

* Feedforward activation, another form of allosteric regulation, occurs when an intermediate or product
of one pathway activates an enzyme in another pathway, allowing for the coordination of related
metabolic processes

» Examples of allosterically regulated enzymes in metabolic pathways include phosphofructokinase
(PFK) in glycolysis, which is inhibited by ATP and activated by AMP, and glutamine synthetase, which
is inhibited by multiple end products of glutamine metabolism

Rapid response to changing cellular demands

« Allosteric regulation enables the cell to rapidly adjust enzyme activity in response to changing
metabolic demands, such as shifts in energy requirements or the availability of nutrients

« This rapid response is crucial for maintaining cellular homeostasis and ensuring that metabolic
processes are coordinated to meet the cell's needs

* For example, the allosteric regulation of PFK in glycolysis allows the cell to quickly adjust glucose
metabolism in response to changes in energy demand or the availability of alternative energy sources
(fatty acids)

* The ability to rapidly modulate enzyme activity through allosteric regulation is a key feature of
metabolic control and is essential for the proper functioning of cells and organisms

Dysregulation and metabolic disorders

* Dysregulation of allosteric control in metabolic pathways can contribute to various metabolic
disorders, such as diabetes, obesity, and certain inherited metabolic diseases, highlighting the
importance of this regulatory mechanism in maintaining normal physiological function

» For example, mutations in the allosteric sites of enzymes or changes in the concentrations of allosteric
effectors can lead to the impaired regulation of metabolic pathways, resulting in the accumulation of
toxic intermediates or the depletion of essential metabolites
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» Understanding the role of allosteric regulation in metabolic disorders can provide insights into potential
therapeutic targets and strategies for managing these conditions

* The study of allosteric regulation in the context of metabolic diseases also underscores the
importance of maintaining proper allosteric control for overall health and well-being

4.4 Transition state theory in biological systems

Transition state theory is crucial for understanding enzyme catalysis in biological systems. It explains how
enzymes speed up reactions by stabilizing high-energy intermediates, lowering the activation energy
barrier. This theory provides a quantitative framework for analyzing reaction rates and enzyme efficiency.

Enzymes use various strategies to stabilize transition states, including electrostatic interactions, hydrogen
bonding, and conformational changes. By studying these mechanisms, scientists can design better
enzyme inhibitors and drugs that mimic transition states, leading to more effective treatments for various
diseases.

Transition State Theory Fundamentals

Key Concepts and Definitions

* Transition state theory is a theoretical framework used to describe the rates of chemical reactions,
particularly for understanding the kinetics of enzymatic reactions in biological systems

* The transition state is a high-energy, unstable intermediate structure formed during a chemical
reaction, representing the highest energy point along the reaction coordinate

* The transition state is characterized by partial bond formation and breaking, with the reactants and
products having equal potential to form from this state

* The rate of a chemical reaction is determined by the free energy difference between the reactants and
the transition state, known as the activation energy (AG*)

Quantitative Basis and Eyring Equation

+ According to transition state theory, the rate of a reaction is proportional to the concentration of the
transition state complex, which is in equilibrium with the reactants

» The Eyring equation relates the rate constant of a reaction to the Gibbs free energy of activation,
temperature, and other thermodynamic parameters, providing a quantitative basis for transition state
theory

keT

+ The Eyring equation is expressed as: kK = h e~AG'RT

, where Kk is the rate constant, Kz is the
Boltzmann constant, h is Planck's constant, T is the absolute temperature, and R is the gas constant

» The Eyring equation allows for the calculation of the activation energy and other thermodynamic
parameters from experimental kinetic data (rate constants, temperature dependence)

« Transition state theory provides a framework for understanding the factors that influence reaction
rates, such as temperature, pressure, and solvent effects
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Enzyme Catalysis and Transition State Stabilization

Enzyme-Substrate Interactions and Transition State Formation

* Enzymes are biological catalysts that accelerate chemical reactions by lowering the activation energy
barrier, thereby stabilizing the transition state

* Enzymes bind to substrates and form an enzyme-substrate complex, which undergoes conformational
changes to form the transition state complex

* The active site of an enzyme is complementary to the structure of the transition state, providing a
favorable environment for its formation and stabilization

* The binding energy released upon the formation of the enzyme-transition state complex is used to
lower the energy barrier and increase the reaction rate

Strategies for Transition State Stabilization

» Enzymes employ various strategies to stabilize the transition state, such as electrostatic interactions,
hydrogen bonding, and van der Waals forces, which contribute to the lowering of the activation energy

* Electrostatic interactions: Charged amino acid residues in the active site can stabilize the charge
distribution of the transition state (aspartate, glutamate)

» Hydrogen bonding: Specific hydrogen bonds between the enzyme and the transition state can help
orient and stabilize the intermediate (serine proteases)

» Van der Waals forces: Close packing of the active site around the transition state can maximize
favorable van der Waals interactions and exclude water (hydrophobic pockets)

* The efficiency of enzyme catalysis is determined by the degree of transition state stabilization, which
is influenced by the specific interactions between the enzyme and the transition state

» Enzymes may also employ strain and distortion to destabilize the ground state of the substrate,
making it more energetically favorable to reach the transition state (lysozyme)

Enzyme Structure and Transition State Stabilization

Active Site Architecture and Transition State Complementarity

* The three-dimensional structure of an enzyme, particularly the active site, plays a crucial role in
stabilizing the transition state and facilitating catalysis

* Enzymes possess specific amino acid residues in their active sites that interact with the transition
state, providing a complementary environment for its stabilization

* The arrangement of amino acid residues in the active site creates a unique electrostatic and steric
environment that favors the formation and stabilization of the transition state

« Electrostatic complementarity: The active site residues provide a charge distribution that complements
the transition state (serine proteases, ribonuclease)

» Shape complementarity: The active site geometry closely matches the shape of the transition state,
maximizing favorable interactions (carbonic anhydrase)
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Conformational Changes and Transition State Stabilization

* Enzymes may undergo conformational changes upon substrate binding, which can further optimize
the active site geometry for transition state stabilization

» Conformational changes can bring catalytic residues into proper alignment, exclude water from the
active site, or create a favorable electrostatic environment (kinases, polymerases)

» Mutations in the active site residues can alter the enzyme's ability to stabilize the transition state,
leading to changes in catalytic efficiency and specificity

« Comparative analysis of enzyme structures and their transition state analogues provides insights into
the structural basis of transition state stabilization and aids in the design of enzyme inhibitors

Transition State Analogues in Enzyme Inhibition vs Drug Design

Transition State Analogues as Enzyme Inhibitors

« Transition state analogues are compounds that closely resemble the structure and electronic
properties of the transition state of an enzymatic reaction

» These analogues bind tightly to the active site of an enzyme, mimicking the transition state and
inhibiting the enzyme's catalytic activity

* Transition state analogues are valuable tools for studying enzyme mechanisms and identifying key
interactions responsible for transition state stabilization

* The high affinity of transition state analogues for enzymes makes them potent inhibitors, with potential
applications in drug design and therapeutics

* Transition state analogues can achieve binding affinities several orders of magnitude greater than
substrate analogues (purine nucleoside phosphorylase inhibitors)

« Transition state analogues are often slow-binding or irreversible inhibitors due to their tight binding
and slow dissociation rates (protease inhibitors)

Rational Design of Transition State Analogue Inhibitors

+ Drugs designed as transition state analogues can effectively inhibit enzyme activity and modulate
biological processes, such as in the treatment of viral infections, cancer, and metabolic disorders

* The rational design of transition state analogues involves detailed knowledge of the enzyme structure,
reaction mechanism, and the electronic and geometric properties of the transition state

« Structure-based drug design approaches, such as X-ray crystallography and computational modeling,
are employed to optimize the binding and specificity of transition state analogues

« X-ray crystallography provides high-resolution structures of enzyme-inhibitor complexes, revealing key
interactions and guiding inhibitor optimization (HIV protease inhibitors)

» Computational methods, such as quantum mechanics and molecular dynamics simulations, can
model the transition state and predict the binding of potential inhibitors (neuraminidase inhibitors)

» The development of transition state analogue inhibitors requires a multidisciplinary approach,
integrating insights from enzymology, organic chemistry, structural biology, and medicinal chemistry
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» Successful examples of transition state analogue inhibitors include HIV protease inhibitors
(saquinavir), influenza neuraminidase inhibitors (oseltamivir), and purine nucleoside phosphorylase
inhibitors (immucillin-H)
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Unit 5 — Protein Structure and Folding

5.1 Levels of protein structure

Proteins are the workhorses of life, and their structure is key to their function. From simple chains of amino
acids to complex 3D shapes, proteins fold into specific structures that determine how they work in our
bodies.

Understanding protein structure is crucial for grasping how they function. We'll look at the different levels of
protein structure, from primary to quaternary, and see how each level builds on the last to create functional
molecules.

Protein Structure and Function

Primary Structure and Higher-Order Structures

* The primary structure of a protein is the linear sequence of amino acids connected by peptide bonds,
which are covalent bonds formed between the carboxyl group of one amino acid and the amino group
of the next

» The primary structure is determined by the genetic code, which specifies the order of amino acids in a
protein

» The sequence of amino acids in the primary structure determines the higher-order structures
(secondary, tertiary, and quaternary) of the protein as the chemical properties of the amino acids
influence the interactions and folding of the polypeptide chain

» The primary structure also determines the protein's unique function as the specific sequence of amino
acids defines the protein's shape, binding sites, and catalytic properties

* For example, the primary structure of hemoglobin dictates its ability to bind and transport oxygen in
the blood

* Enzymes, such as trypsin, have specific active sites determined by their primary structure that allow
them to catalyze reactions

Secondary Structures of Proteins

Alpha Helices and Beta Sheets

» Secondary structures are the local, regular arrangements of amino acids within a polypeptide chain,
primarily stabilized by hydrogen bonds between the main-chain peptide groups

» The two most common secondary structures are alpha helices and beta sheets

* Alpha helices are right-handed spiral conformations, with the main-chain carbonyl oxygen of each
amino acid forming a hydrogen bond with the main-chain amino hydrogen of the amino acid four
residues ahead in the sequence

 For example, the alpha helix is a common motif in the keratin proteins that make up hair and nails

* Beta sheets are extended conformations with two or more beta strands arranged either parallel or
antiparallel to each other, forming hydrogen bonds between the main-chain peptide groups of adjacent
strands
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* An example of a protein with beta sheets is the immunoglobulin G (IgG) antibody, which has a
beta-sandwich structure in its constant regions

Factors Influencing Secondary Structure Formation

 The formation of secondary structures is influenced by the chemical properties of the amino acids in
the primary sequence, such as their hydrophobicity, charge, and size

» Secondary structures contribute to the overall stability and folding of the protein by reducing the
exposure of hydrophobic amino acids to the aqueous environment and maximizing the formation of
hydrogen bonds

* Proline and glycine are often found in turns or loops between secondary structures due to their unique
conformational properties

* Amino acids with hydrophobic side chains (leucine, valine, isoleucine) are more likely to be found in
the interior of alpha helices or beta sheets

Tertiary Structure and Stability

Three-Dimensional Arrangement and Non-Covalent Interactions

* Tertiary structure refers to the three-dimensional arrangement of all amino acids in a polypeptide
chain, resulting from the folding and spatial organization of secondary structures

*» The tertiary structure is stabilized by various non-covalent interactions, including hydrogen bonds,
hydrophobic interactions, van der Waals forces, and ionic interactions (salt bridges) between amino
acid side chains

 For example, the tertiary structure of myoglobin, a protein that stores oxygen in muscle cells, is
stabilized by extensive hydrophobic interactions between the non-polar amino acids in its interior

« Disulfide bonds, which are covalent bonds formed between the thiol groups of cysteine residues, can
also contribute to the stability of the tertiary structure

* Insulin, a hormone that regulates blood sugar levels, contains two polypeptide chains linked by
disulfide bonds that are crucial for its tertiary structure and function

Hydrophobic Effect and Protein Function

» The hydrophobic effect plays a crucial role in the folding and stability of the tertiary structure, as
hydrophobic amino acids tend to cluster in the protein's interior, away from the aqueous environment

* The tertiary structure of a protein determines its unique shape, which is essential for its biological
function, such as ligand binding, catalysis, or interaction with other molecules

* The tertiary structure of enzymes creates specific active sites that bind substrates and catalyze
reactions

* Membrane proteins, such as ion channels and receptors, have tertiary structures that allow them to
span the lipid bilayer and perform their functions

* Factors that disrupt the tertiary structure, such as changes in temperature, pH, or the presence of
denaturants, can lead to protein unfolding and loss of function

» Heat and urea are common denaturants that disrupt the non-covalent interactions stabilizing the
tertiary structure, causing the protein to unfold and lose its native conformation
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Quaternary Structure and Function

Multi-Subunit Protein Complexes

* Quaternary structure refers to the arrangement of two or more polypeptide chains (subunits) that
associate to form a multi-subunit protein complex

* Proteins with quaternary structure are called oligomers or multimers, and the individual polypeptide
chains are called protomers or subunits

* Hemoglobin, the oxygen-carrying protein in red blood cells, is a tetramer composed of two alpha and
two beta subunits

+ Glutamate dehydrogenase, an enzyme involved in amino acid metabolism, is a homohexamer made
up of six identical subunits

* The association of subunits in a quaternary structure is stabilized by the same non-covalent
interactions that contribute to the tertiary structure, such as hydrogen bonds, hydrophobic interactions,
van der Waals forces, and ionic interactions

* The subunits in a quaternary structure can be identical (homooligomers) or different
(heterooligomers), and their arrangement can be symmetric or asymmetric

Functional Significance and Regulation

* Quaternary structure allows for the formation of large, complex proteins with multiple functional
domains, enabling them to carry out sophisticated biological processes, such as oxygen transport
(hemoglobin) or enzyme regulation (allosteric enzymes)

» The quaternary structure of hemoglobin allows for cooperative binding of oxygen, enhancing its ability
to transport oxygen in the blood

* Allosteric enzymes, such as aspartate transcarbamoylase, have regulatory sites distant from the
active site that modulate enzyme activity through conformational changes in the quaternary structure

» The assembly and disassembly of subunits in a quaternary structure can be regulated by various
factors, such as ligand binding, post-translational modifications, or changes in the cellular environment,
providing an additional level of control over protein function

* The binding of 2,3-bisphosphoglycerate (2,3-BPG) to hemoglobin modulates its affinity for oxygen,
facilitating oxygen release in tissues

» The phosphorylation of glycogen phosphorylase by phosphorylase kinase triggers a conformational
change in its quaternary structure, activating the enzyme and promoting glycogen breakdown

5.2 Protein folding thermodynamics and kinetics

Protein folding is a complex dance of molecules, driven by the need to minimize energy. It's all about
finding the perfect balance between enthalpy and entropy, with hydrophobic interactions leading the way.
The native state is the ultimate goal, representing the most stable form.

The folding process isn't random — it follows specific pathways with key transition states. The energy
landscape looks like a funnel, guiding proteins to their final form. Understanding this process helps us
grasp how proteins work and why they sometimes misbehave.
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Thermodynamics of Protein Folding

Gibbs Free Energy and Protein Folding

* Protein folding is a spontaneous process driven by the minimization of Gibbs free energy (AG), which
is determined by the balance between enthalpy (AH) and entropy (AS) according to the equation
AG = AH — TAS, where T is the absolute temperature

* The native state of a protein is typically the most thermodynamically stable conformation,
corresponding to the global minimum of the Gibbs free energy landscape

* The stability of the native state is determined by the balance between the favorable enthalpic
contributions from non-covalent interactions and the unfavorable entropic cost of reducing
conformational freedom

Enthalpy and Entropy in Protein Folding

 Enthalpy (AH) represents the heat content of the system and is influenced by the formation of
non-covalent interactions such as hydrogen bonds and van der Waals forces during protein folding

* Entropy (AS) is a measure of the disorder or randomness of the system, and it decreases during
protein folding due to the reduction in conformational freedom of the polypeptide chain

* The hydrophobic effect is a major driving force for protein folding, as it minimizes the exposure of
hydrophobic residues to the aqueous environment, leading to an increase in entropy of the surrounding
water molecules (hydrophobic collapse)

Forces Driving Protein Folding

Hydrophobic Interactions

» Hydrophobic interactions are the primary driving force for protein folding, as they minimize the
exposure of non-polar amino acid side chains to the aqueous environment, leading to the formation of a
hydrophobic core in the native state

* The burial of hydrophobic residues within the protein interior is entropically favorable, as it releases
ordered water molecules from the hydrophobic surfaces (hydrophobic effect), increasing the overall
entropy of the system

» Examples of hydrophobic amino acids include leucine, valine, and phenylalanine

Hydrogen Bonding and Secondary Structure Formation

» Hydrogen bonds form between the backbone amide and carbonyl groups, as well as between polar
side chains, stabilizing secondary structures such as a-helices and B-sheets

* The formation of hydrogen bonds is enthalpically favorable, as it lowers the overall energy of the
system

» Hydrogen bonds also contribute to the specificity of protein folding by guiding the formation of
native-like interactions

» Examples of secondary structures stabilized by hydrogen bonds include:

* a-helices (3.6 residues per turn, stabilized by i to i+4 hydrogen bonds)
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* B-sheets (parallel or antiparallel, stabilized by inter-strand hydrogen bonds)

Van der Waals Forces and Protein Packing

» Van der Waals forces are weak, non-specific attractive interactions that arise from transient dipoles
induced by fluctuations in electron density

« Although individually weak, the cumulative effect of numerous van der Waals interactions can
significantly contribute to the stability of the native state

» Van der Waals interactions are particularly important for the close packing of amino acid side chains in
the protein interior, optimizing the overall shape and compactness of the folded structure

* The interplay between hydrophobic interactions, hydrogen bonding, and van der Waals forces
collectively determines the unique three-dimensional structure of a protein, with the native state
representing the optimal balance of these non-covalent interactions

Kinetics of Protein Folding

Folding Pathways and Transition States

* Protein folding kinetics refers to the rate and mechanism by which a polypeptide chain adopts its
native three-dimensional structure

* The folding process can be described as a series of transitions between distinct conformational states,
with the native state being the most stable and populated under physiological conditions

* Folding pathways represent the sequential order of events and intermediates that a protein undergoes
during the folding process, from the unfolded state to the native state

* The folding pathway is determined by the protein's amino acid sequence and the specific non-covalent
interactions that form during the folding process

 Multiple folding pathways may exist for a given protein, with the dominant pathway being the one with
the lowest energy barriers between intermediates

* Transition states are high-energy, unstable conformations that represent the main kinetic barriers
along the folding pathway

* Transition states are characterized by a significant loss of conformational entropy and the formation of
a critical subset of native-like interactions

* The structure of the transition state ensemble can be probed experimentally using protein engineering
techniques such as @-value analysis, which measures the effect of mutations on the folding rate

Folding Rates and Rate-Limiting Steps

* The rate-limiting step in protein folding is typically the formation of the transition state, and the overall
folding rate is determined by the height of the energy barrier between the unfolded state and the
transition state

* Protein folding rates span several orders of magnitude, from microseconds to minutes or even hours,
depending on the complexity of the protein and the nature of the folding pathway

« Small, single-domain proteins (cytochrome c) often fold rapidly in the microsecond to millisecond
timescale

Fiveable archived study guides Page 52



* Large, multi-domain proteins (luciferase) may require minutes or hours to fold properly

Protein Folding Energy Landscape
Energy Landscape Topology

 The energy landscape of protein folding is a high-dimensional surface that represents the free energy
of all possible conformations of a polypeptide chain

* The vertical axis of the energy landscape represents the free energy, while the horizontal axes
represent the conformational degrees of freedom

* The native state occupies the global minimum of the energy landscape, representing the most
thermodynamically stable conformation

» The shape of the energy landscape is often described as a funnel, with the unfolded state occupying a
broad, high-energy region at the top and the native state located at the narrow, low-energy bottom

+ The funnel shape arises from the progressive formation of native-like interactions and the concomitant
reduction in conformational entropy as the protein approaches the native state

Folding Mechanisms and Landscape Roughness

» The roughness of the energy landscape, characterized by the presence of local minima and energy
barriers, determines the folding mechanism and the existence of intermediates

» Smooth energy landscapes with few local minima are associated with two-state folding, where the
protein directly transitions from the unfolded state to the native state without populating detectable
intermediates

* Rugged energy landscapes with numerous local minima are associated with multi-state folding, where
the protein populates one or more partially folded intermediates en route to the native state

* The principle of minimal frustration suggests that evolution has optimized protein sequences to
minimize the number of non-native interactions and ensure a smooth, funnel-shaped energy landscape
conducive to efficient folding

* The energy landscape perspective provides a unified framework for understanding the
thermodynamics and kinetics of protein folding, linking the sequence, structure, and function of proteins

5.3 Misfolding, aggregation, and associated diseases

Protein misfolding and aggregation are critical issues in cellular health. When proteins fail to fold correctly,
they can clump together, forming toxic aggregates that disrupt normal cell function. This process is linked
to numerous neurodegenerative diseases, including Alzheimer's and Parkinson's.

Understanding protein misfolding is crucial in the broader context of protein structure and folding. It
highlights the importance of proper folding for protein function and the consequences when this process
goes awry. Exploring misfolding and aggregation provides insights into potential therapeutic strategies for
related diseases.
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Protein misfolding and aggregation

Causes and consequences of protein misfolding

* Protein misfolding occurs when a protein fails to achieve or maintain its native, functional conformation
caused by genetic mutations, environmental factors, or errors in the protein folding process

* Misfolded proteins often expose hydrophobic regions that are normally buried in the protein's interior
leading to aggregation and the formation of insoluble protein deposits

* Protein aggregation can cause cellular dysfunction by disrupting normal protein function, inducing
oxidative stress, and overwhelming the cellular protein quality control mechanisms

» Misfolded and aggregated proteins can exhibit gain-of-function toxicity, where they acquire new,
harmful functions, such as the formation of pore-like structures that disrupt cellular membranes

* These pore-like structures can lead to uncontrolled ion flux and disrupt cellular homeostasis

+ Gain-of-function toxicity can also involve the sequestration of essential cellular proteins into
aggregates, impairing their normal functions

» The accumulation of misfolded and aggregated proteins is a hallmark of many neurodegenerative
diseases (Alzheimer's, Parkinson's, and Huntington's diseases)

* These diseases are characterized by the progressive loss of specific neuronal populations and the
presence of protein aggregates in affected brain regions

* The specific proteins involved in aggregation vary among different neurodegenerative diseases
(amyloid-beta in Alzheimer's, alpha-synuclein in Parkinson's, huntingtin in Huntington's)

Chaperones in protein folding

Molecular chaperones and their functions

* Molecular chaperones (heat shock proteins or HSPs) assist in the proper folding of newly synthesized
proteins and help to refold misfolded proteins

* HSPs are classified by their molecular weight (HSP60, HSP70, HSP90) and have diverse functions in
protein folding and quality control

» Examples of HSPs include HSP70, which binds to nascent polypeptide chains and assists in their
folding, and HSP90, which stabilizes and activates a wide range of client proteins

» Chaperones recognize and bind to exposed hydrophobic regions of misfolded proteins preventing
their aggregation and promoting their refolding or degradation

» The hydrophobic regions of misfolded proteins are typically buried in the native state but become
exposed during misfolding

» Chaperones use ATP-driven conformational changes to bind and release misfolded proteins,
facilitating their refolding or targeting them for degradation

Cellular stress responses and protein quality control

 The unfolded protein response (UPR) is activated in response to an accumulation of misfolded
proteins in the endoplasmic reticulum (ER) leading to increased expression of chaperones and other
stress response proteins
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* The UPR involves three main signaling pathways (IRE1, PERK, and ATF6) that work together to
reduce protein folding load, increase ER folding capacity, and promote the degradation of misfolded
proteins

+ Chronic activation of the UPR can lead to apoptosis if the protein folding stress cannot be resolved, a
process that may contribute to neurodegeneration

* The ubiquitin-proteasome system (UPS) selectively degrades misfolded and damaged proteins by
tagging them with ubiquitin and targeting them for proteolysis by the proteasome

« Ubiquitin is a small protein that is covalently attached to target proteins through the action of E1
(activating), E2 (conjugating), and E3 (ligating) enzymes

» The 26S proteasome is a large, ATP-dependent proteolytic complex that recognizes and degrades
ubiquitinated proteins

« Autophagy is a cellular process that degrades misfolded proteins and damaged organelles by
sequestering them in double-membrane vesicles called autophagosomes, which then fuse with
lysosomes for degradation

 Autophagy can be divided into three main types: macroautophagy, microautophagy, and
chaperone-mediated autophagy

* Autophagy plays a crucial role in maintaining cellular homeostasis and has been implicated in the
pathogenesis of several neurodegenerative diseases

Protein misfolding diseases

Alzheimer's disease

* Alzheimer's disease is characterized by the accumulation of extracellular amyloid-beta (AB) plaques
and intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein

» AB peptides are generated by the proteolytic cleavage of the amyloid precursor protein (APP) and can
misfold and aggregate into oligomers and fibrils leading to neuronal dysfunction and death

* The cleavage of APP by B-secretase and y-secretase generates A3 peptides of varying lengths (AB40
and AB42)

» AB42 is more prone to aggregation and is the primary component of amyloid plaques

» Hyperphosphorylation of tau protein causes it to misfold and aggregate into neurofibrillary tangles
disrupting the microtubule network and impairing axonal transport

* Tau is a microtubule-associated protein that stabilizes microtubules and promotes their assembly

» Hyperphosphorylation of tau leads to its dissociation from microtubules and the formation of insoluble
aggregates

Parkinson's disease

* Parkinson's disease is characterized by the loss of dopaminergic neurons in the substantia nigra and
the presence of intracellular protein aggregates called Lewy bodies, which are primarily composed of
misfolded a-synuclein

» Mutations in the SNCA gene, which encodes a-synuclein, or environmental factors can cause
a-synuclein to misfold and aggregate leading to neuronal dysfunction and death
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* a-synuclein is a small, soluble protein that is abundantly expressed in the brain and is involved in
synaptic vesicle trafficking

* Mutations (A53T, A30P, E46K) or multiplications of the SNCA gene can increase the propensity of
a-synuclein to misfold and aggregate

*» The spread of misfolded a-synuclein from cell to cell is thought to contribute to the progression of
Parkinson's disease pathology throughout the brain

 Misfolded a-synuclein can be released from neurons and taken up by neighboring cells, where it can
seed the misfolding and aggregation of endogenous a-synuclein

* This prion-like propagation of a-synuclein pathology may explain the stereotypical progression of
Parkinson's disease symptoms and pathology

Other protein misfolding diseases

* Huntington's disease is caused by polyglutamine expansions in the huntingtin protein

» The mutant huntingtin protein contains an expanded tract of glutamine residues (>36 repeats) that
causes it to misfold and aggregate

* The aggregation of mutant huntingtin leads to the formation of intranuclear inclusions and neuronal
dysfunction and death, particularly in the striatum and cortex

» Amyotrophic lateral sclerosis (ALS) is associated with the misfolding of SOD1, TDP-43, and FUS
proteins

» Mutations in the SOD1 gene, which encodes superoxide dismutase 1, can cause the protein to misfold

and aggregate, leading to motor neuron degeneration

* TDP-43 and FUS are RNA-binding proteins that can misfold and aggregate in ALS, forming
cytoplasmic inclusions and disrupting RNA metabolism

* Prion diseases are caused by the misfolding and aggregation of the prion protein (PrP)

* The cellular prion protein (PrPC) can misfold into an infectious, pathogenic conformation (PrPSc) that

can template the misfolding of other PrPC molecules

» The accumulation of PrPSc leads to neuronal degeneration and the formation of spongiform changes

in the brain, as seen in Creutzfeldt-Jakob disease (CJD) and other prion disorders
Treatment of protein misfolding diseases

Enhancing cellular protein quality control mechanisms

» Enhancing the cellular protein quality control mechanisms (chaperones and the UPS) can help to
prevent the accumulation of misfolded and aggregated proteins

» Small molecules that upregulate chaperone expression or activity (HSP90 inhibitors) are being
investigated as potential therapeutics for protein misfolding diseases

* HSP90 inhibitors (geldanamycin, 17-AAG) can induce the heat shock response and increase the
expression of other HSPs, such as HSP70, which can help to refold misfolded proteins

» Other compounds that activate the heat shock response, such as celastrol and arimoclomol, are also

being explored as potential therapies
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« Compounds that enhance proteasome activity or reduce the burden on the UPS (proteasome
activators or aggregation inhibitors) may also be effective in treating these disorders

* Proteasome activators (PA28, USP14 inhibitors) can increase the degradation of misfolded proteins
by the UPS

 Aggregation inhibitors (scyllo-inositol, trehalose) can prevent the formation of protein aggregates and
reduce the burden on the UPS

Targeting specific misfolded proteins

* Targeting the specific misfolded proteins involved in each disease (AB, tau, or a-synuclein) can help to
reduce their aggregation and toxicity

» Immunotherapies using antibodies that bind to and promote the clearance of misfolded proteins are
being developed for Alzheimer's and Parkinson's diseases

* AB immunotherapies (bapineuzumab, solanezumab) aim to reduce the levels of AB in the brain by
promoting its clearance or preventing its aggregation

» Tau immunotherapies (ABBV-8E12, gosuranemab) target various epitopes on the tau protein and aim
to reduce the formation and spread of neurofibrillary tangles

» Small molecules that inhibit the aggregation of specific misfolded proteins or disrupt pre-formed
aggregates are also being investigated as potential therapeutics

» AB aggregation inhibitors (tramiprosate, curcumin) can prevent the formation of AB oligomers and
fibrils

* a-synuclein aggregation inhibitors (anle138b, NPT200-11) can reduce the formation of a-synuclein
oligomers and fibrils and prevent their prion-like spread

Reducing oxidative stress and inflammation

» Reducing oxidative stress and inflammation, which can contribute to the pathogenesis of protein
misfolding diseases, may help to slow disease progression and protect against neuronal damage

+ Antioxidants and anti-inflammatory compounds (polyphenols, non-steroidal anti-inflammatory drugs or
NSAIDs) are being studied for their potential neuroprotective effects in protein misfolding diseases

* Polyphenols (resveratrol, epigallocatechin gallate) have antioxidant and anti-inflammatory properties
and can reduce the production of reactive oxygen species and inflammatory cytokines

* NSAIDs (ibuprofen, naproxen) can reduce neuroinflammation by inhibiting cyclooxygenase enzymes
and reducing the production of pro-inflammatory prostaglandins

« Strategies to boost endogenous antioxidant defenses, such as the activation of the Nrf2 pathway, are
also being explored as potential therapies for protein misfolding diseases

» Nrf2 activators (dimethyl fumarate, sulforaphane) can increase the expression of antioxidant enzymes
(superoxide dismutase, catalase, glutathione peroxidase) and protect against oxidative stress-induced
neuronal damage
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Gene therapy approaches

* Gene therapy approaches aimed at reducing the expression of mutant proteins or increasing the
expression of protective factors (chaperones or autophagy regulators) are also being explored as
potential treatments for protein misfolding diseases

* RNA interference (RNAI) and antisense oligonucleotides (ASOs) can be used to selectively
knockdown the expression of mutant proteins, such as huntingtin in Huntington's disease or SOD1 in
ALS

* RNAI involves the use of small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) that bind to
and promote the degradation of target mMRNAs

» ASOs are single-stranded DNA molecules that can bind to and promote the degradation of target
mRNAs or modulate their splicing

» Gene delivery of chaperones or autophagy regulators can help to enhance the cellular protein quality
control mechanisms and reduce the accumulation of misfolded proteins

« Viral vectors (adeno-associated virus, lentivirus) can be used to deliver genes encoding HSPs or
autophagy-promoting factors (Beclin-1, TFEB) to specific brain regions affected by protein misfolding
diseases

» Non-viral gene delivery methods, such as nanoparticles or exosomes, are also being explored as
potential vehicles for the delivery of therapeutic genes or RNAs

5.4 Computational approaches to protein structure prediction

Protein structure prediction is a crucial aspect of understanding how proteins fold and function.
Computational approaches like homology modeling, molecular dynamics, and machine learning have
revolutionized our ability to predict and analyze protein structures, overcoming limitations of experimental
methods.

These techniques allow us to explore protein folding pathways, study conformational changes, and predict
structures for proteins that are challenging to determine experimentally. By combining computational
methods with experimental data, we can gain deeper insights into protein structure and function.

Homology modeling principles and limitations

Principles of homology modeling

* Homology modeling relies on the principle that proteins with similar sequences often have similar
structures (allows prediction of a target protein's structure based on a homologous template protein with
a known structure)

» The accuracy of homology modeling depends on the sequence identity between the target and
template proteins

« Higher sequence identity (>30%) generally leads to more reliable predictions

» Lower sequence identity (<30%) may result in less accurate predictions due to structural differences
between the target and template proteins

» Homology modeling involves the following steps:

1. Identification of a suitable template protein with a known structure
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2. Sequence alignment of the target and template proteins
3. Building the model of the target protein based on the template structure

4. Refinement and validation of the homology model

Limitations and challenges in homology modeling

« Lack of suitable template structures for some target proteins (novel folds or significant structural
changes due to mutations or post-translational modifications)

« Difficulties in modeling insertions and deletions (regions present in the target protein but absent in the
template)

+ Challenges in predicting the conformations of loops and side chains (flexible regions not
well-conserved between the target and template)

* Quality assessment of homology models
+ Ramachandran plot analysis (evaluates the stereochemical quality of the model)
* Energy calculations (assesses the stability and plausibility of the model)

« Comparison with experimental data when available (validates the model against experimental
observations such as NMR or X-ray crystallography data)

Molecular dynamics for protein folding

Principles and applications of molecular dynamics simulations

* Molecular dynamics (MD) simulations numerically solve Newton's equations of motion for a system of
atoms (allows study of protein folding and dynamics at an atomic level)

» MD simulations provide insights into the stability, conformational changes, and interactions of proteins
under various conditions (different temperatures, pressures, or solvent environments)

* Applications of MD simulations in protein folding and dynamics:

« Studying the folding pathways and intermediates of proteins

* Investigating the effects of mutations on protein stability and folding
« Exploring the conformational landscape and transitions of proteins

* Analyzing the interactions between proteins and ligands or other biomolecules

Limitations and advanced techniques in molecular dynamics simulations

* Accuracy of MD simulations depends on the quality of the force fields used to describe the interactions
between atoms

« Computational resources limit the timescales accessible by conventional MD simulations (typically
nanoseconds to microseconds)

» Enhanced sampling techniques to overcome limitations of conventional MD simulations:

* Replica exchange MD (explores conformational space by exchanging configurations between
simulations at different temperatures)
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* Umbrella sampling (improves sampling of rare events by applying biasing potentials along a reaction
coordinate)

* Integration of MD simulations with experimental data (NMR or X-ray crystallography) to validate and
refine protein structures and study dynamics of experimentally challenging proteins

Machine learning in protein structure prediction

Supervised learning methods for predicting structural properties

» Machine learning (ML) and artificial intelligence (Al) approaches leverage growing experimental
protein structure data to improve accuracy and efficiency of predictions

* Supervised learning methods (support vector machines, neural networks) trained on known protein
structures to predict structural properties of new proteins:

» Secondary structure (a-helices, B-sheets, coils)
* Solvent accessibility (exposure of residues to solvent)
» Contact maps (residue-residue contacts within the protein)

* Integration of various information sources (evolutionary data, physicochemical properties,
experimental constraints) to enhance prediction accuracy

Deep learning techniques for direct structure prediction

* Deep learning techniques (convolutional neural networks, recurrent neural networks) show promising
results in predicting protein structures directly from amino acid sequences

» Examples of deep learning-based structure prediction methods:
* AlphaFold (developed by DeepMind, achieved high accuracy in CASP13 and CASP14 challenges)

 RaptorX (utilizes deep residual networks for secondary structure, solvent accessibility, and contact
map prediction)

« Evaluation of ML and Al approaches through community-wide challenges (Critical Assessment of
protein Structure Prediction, CASP) for benchmarking and comparing different methods

Protein structure databases and their use

Significance of protein structure databases

* Protein structure databases (Protein Data Bank, PDB) serve as central repositories for experimentally
determined protein structures

* Provide a valuable resource for computational studies

* Development and validation of structure prediction methods (homology modeling, threading, ab initio
modeling)

« Study of the relationship between protein sequence, structure, and function
« Identification of conserved structural motifs and functional sites

+ Guide the design of experiments (site-directed mutagenesis) to probe functional roles of specific
residues or regions
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Applications of protein structure databases in comparative analysis

» Comparative analysis of proteins from different organisms

» Understanding evolutionary relationships

* Elucidating the structural basis of protein diversity

» Examples of comparative studies using protein structure databases:
« Identification of conserved catalytic sites in enzyme families

* Analysis of the structural adaptations of proteins to extreme environments (thermophilic, psychrophilic,
or halophilic conditions)

» Comparison of the binding modes of ligands across different protein structures to guide drug design
efforts
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Unit 6 — Nucleic Acid Structure & Stability

6.1 DNA and RNA structures

DNA and RNA are the building blocks of life, storing and transmitting genetic information. Their structures,
composed of nucleotides linked by phosphodiester bonds, determine their unique functions in cells. Base
pairing and stacking interactions give them stability and shape.

DNA's double helix comes in different forms, each with specific characteristics. RNA, usually
single-stranded, forms various structures for its diverse roles. Both interact with proteins, playing crucial
parts in gene expression, replication, and other cellular processes.

DNA and RNA Structure

Nucleotide Composition and Primary Structure

* DNA and RNA are polymers composed of monomeric units called nucleotides

» Each nucleotide consists of a phosphate group, a pentose sugar (deoxyribose in DNA and ribose in
RNA), and a nitrogenous base (adenine, guanine, cytosine, thymine/uracil)

* The primary structure of DNA and RNA is determined by the sequence of nucleotides linked together
by phosphodiester bonds

» Phosphodiester bonds form between the 5' phosphate group of one nucleotide and the 3' hydroxyl
group of the adjacent nucleotide

* The directionality of DNA and RNA strands is determined by the orientation of the phosphodiester
bonds, with the 5' end having a free phosphate group and the 3' end having a free hydroxyl group

* DNA contains four nitrogenous bases: adenine (A), guanine (G), cytosine (C), and thymine (T)

* RNA contains adenine (A), guanine (G), cytosine (C), and uracil (U) instead of thymine

Base Pairing and Stacking Interactions

 Base pairing occurs between complementary nitrogenous bases through hydrogen bonding
* In DNA, adenine (A) pairs with thymine (T), and guanine (G) pairs with cytosine (C)
* In RNA, adenine (A) pairs with uracil (U) instead of thymine

» Watson-Crick base pairing rules dictate the complementary nature of the two strands in a DNA double
helix, with A-T and G-C base pairs forming specific hydrogen bond patterns (two hydrogen bonds for
A-T and three for G-C)

* Base stacking interactions, which are largely hydrophobic, occur between adjacent base pairs in the
double helix

* These interactions contribute to the stability of the double helix by minimizing the exposure of the
hydrophobic bases to the aqueous environment

* The strength of base stacking interactions depends on the specific sequence of bases, with
purine-purine stacks (A-A, G-G) being more stable than purine-pyrimidine (A-T, G-C) or
pyrimidine-pyrimidine (T-T, C-C) stacks
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» The combination of base pairing and base stacking interactions determines the overall stability and
conformation of nucleic acid structures

* For example, G-C-rich regions tend to be more stable than A-T-rich regions due to the additional
hydrogen bond and stronger stacking interactions

DNA Conformations

B-form DNA

» The B-form is the most prevalent DNA conformation under physiological conditions

« Characterized by a right-handed helix with 10.5 base pairs per turn, a diameter of 20 A, and a vertical
rise of 3.4 A per base pair

» The sugar pucker in B-form DNA is C2'-endo, and the glycosidic bond angle is anti
» B-form DNA is the most stable conformation under high humidity and low salt concentrations

« It is the conformation most commonly observed in living cells and is used as a template for DNA
replication and transcription

A-form DNA

« The A-form is a right-handed helix with 11 base pairs per turn, a diameter of 23 A, and a vertical rise of
2.6 A per base pair

» The sugar pucker in A-form DNA is C3'-endo, and the glycosidic bond angle is anti
» A-form DNA is favored under dehydrating conditions or when DNA-RNA hybrids are formed

* For example, during transcription, the DNA-RNA hybrid in the transcription bubble adopts an A-form
conformation

Z-form DNA

« The Z-form is a left-handed helix with 12 base pairs per turn, a diameter of 18 A, and a vertical rise of
3.7 A per base pair

* The sugar pucker alternates between C2'-endo and C3'-endo, and the glycosidic bond angle
alternates between syn and anti

« Z-form DNA is favored by alternating purine-pyrimidine sequences, especially alternating G-C base
pairs, and high salt concentrations

* The biological significance of Z-form DNA is not fully understood, but it may play a role in gene
regulation and DNA supercoiling

Nucleic Acid Interactions

DNA-Protein Interactions

* DNA-protein interactions play crucial roles in various cellular processes, such as DNA replication,
transcription, and regulation of gene expression

* Proteins can interact with DNA through specific DNA-binding domains, such as zinc fingers,
helix-turn-helix motifs, and leucine zippers
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* Transcription factors are proteins that bind to specific DNA sequences (promoters or enhancers) to
regulate gene expression

» For example, the lac repressor binds to the lac operator to prevent transcription of the lac operon in
the absence of lactose

* DNA-binding proteins can also facilitate the formation of higher-order DNA structures, such as
chromatin and chromosomes

* Histones are proteins that interact with DNA to form nucleosomes, the basic unit of chromatin, which
helps to package and regulate access to DNA

RNA-Protein Interactions

* RNA-protein interactions are essential for various aspects of RNA metabolism, including RNA splicing,
transport, and translation

* RNA-binding proteins (RBPs) contain specific RNA-binding domains, such as RNA recognition motifs
(RRMs) and K homology (KH) domains

* Ribonucleoprotein complexes (RNPs) are formed by the association of RNAs with proteins

» Examples of RNPs include the spliceosome (involved in RNA splicing), the ribosome (responsible for
protein synthesis), and the telomerase complex (maintains telomere length)

« Small nuclear RNPs (snRNPs) are involved in the splicing of pre-mRNA to form mature mMRNA

» The snRNPs, along with other proteins, form the spliceosome, which catalyzes the removal of introns
and the joining of exons

DNA vs RNA Structure
Strand Composition and Stability

* DNA is typically double-stranded, forming a double helix, while RNA is usually single-stranded

* RNA can form short double-stranded regions due to complementary base pairing within the same
molecule, such as in the stem-loop structures of tRNAs and rRNAs

* DNA contains deoxyribose sugar, while RNA contains ribose sugar

*» The presence of the 2' hydroxyl group in ribose makes RNA more susceptible to hydrolysis compared
to DNA, contributing to the lower stability of RNA

* DNA uses the nitrogenous base thymine (T), while RNA uses uracil (U) instead of thymine
« Uracil differs from thymine by the absence of a methyl group on the pyrimidine ring

* DNA is generally more stable than RNA due to its double-stranded nature, the absence of the 2'
hydroxyl group in its sugar moiety, and the presence of thymine instead of uracil

Cellular Location and Function

* DNA is primarily found in the nucleus of eukaryotic cells and is responsible for storing and transmitting
genetic information

* In prokaryotes, DNA is found in the nucleoid region of the cytoplasm
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* RNA is found in both the nucleus and cytoplasm and plays various roles in gene expression,
regulation, and catalysis

» Messenger RNA (mRNA) carries genetic information from DNA to ribosomes for protein synthesis
* Transfer RNA (tRNA) and ribosomal RNA (rRNA) are involved in the process of translation

» Some RNAs, such as ribozymes and long non-coding RNAs (IncRNAs), have catalytic or regulatory
functions

6.2 Thermodynamics of nucleic acid interactions

Nucleic acid stability is a crucial aspect of DNA and RNA function. It's all about the delicate balance
between forces that hold these molecules together and those that pull them apart. Understanding this
balance helps us predict how nucleic acids behave in different conditions.

Hydrogen bonds and base stacking are the main players in nucleic acid stability. These interactions work
together to keep DNA and RNA in their proper shapes, but they can be affected by things like salt
concentration and pH. Knowing how these factors influence stability is key for many biological processes
and lab techniques.

Nucleic acid stability

Thermodynamic principles governing nucleic acid stability

* The stability of nucleic acid structures (DNA and RNA duplexes) can be understood through the
application of thermodynamic principles (enthalpy, entropy, and Gibbs free energy)

* The formation of nucleic acid structures is driven by the balance between enthalpic and entropic
contributions to the Gibbs free energy of the system

+ Enthalpic contributions arise from the formation of hydrogen bonds and base stacking interactions,
which stabilize the nucleic acid structure

* Entropic contributions are related to the loss of conformational freedom and the release of bound
water molecules upon nucleic acid structure formation, which tend to destabilize the structure

* The stability of nucleic acid structures can be quantified by the change in Gibbs free energy (AG)
associated with their formation, which is determined by the equation: AG = AH — TAS

» AH is the change in enthalpy
+ AS is the change in entropy
T is the absolute temperature

» The melting temperature (Tm) of a nucleic acid structure serves as a measure of the structure's
stability

» Tm is the temperature at which half of the molecules are in the folded state and half are in the
unfolded state

Nearest-neighbor model for predicting nucleic acid stability

» The nearest-neighbor model is a widely used approach to predict the stability of nucleic acid
structures based on the sequence-dependent contributions of base pair stacking interactions and loop
formations
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» The model takes into account the specific interactions between adjacent base pairs in a nucleic acid
sequence

* The stability contributions of each nearest-neighbor base pair stack are derived from empirically
determined thermodynamic parameters

* The total stability of a nucleic acid structure is calculated by summing the contributions of all
nearest-neighbor interactions in the sequence

» The nearest-neighbor model allows for the prediction of the stability of various nucleic acid structures,
such as duplexes, hairpins, and loops

Melting temperature calculations

Calculating the melting temperature (Tm) of DNA and RNA duplexes

* The melting temperature (Tm) of a DNA or RNA duplex is the temperature at which half of the
molecules are in the double-stranded state and half are in the single-stranded state

* The Tm of a nucleic acid duplex can be calculated using the nearest-neighbor model, which takes into
account the sequence-dependent contributions of base pair stacking interactions

* The basic equation for calculating the Tm of a DNA duplex is:
Tm = (AH/(AS + RIn(C/4))) — 273.15

* AH is the change in enthalpy

* AS is the change in entropy

* R is the gas constant

+ C is the total strand concentration

» The AH and AS values for each nearest-neighbor base pair stack can be obtained from empirically
determined tables, and the total AH and AS for the duplex are calculated by summing the contributions
of each base pair stack

Factors affecting the melting temperature of nucleic acid duplexes

» The Tm of an RNA duplex can be calculated using a similar approach, but with different
nearest-neighbor parameters to account for the presence of uracil instead of thymine and the different
stabilities of RNA base pairs compared to DNA

» The Tm of a nucleic acid duplex is affected by various factors:

* GC content: Higher GC content leads to higher Tm due to the stronger base pairing interactions
between G and C

* Length of the duplex: Longer duplexes generally have higher Tm due to increased base stacking
interactions

+» Concentration of salts and other solutes in the solution: Higher salt concentrations (NaCl, KCI) tend to
stabilize the duplex and increase Tm by screening the negative charges on the phosphate backbone

+ Accurate determination of Tm is crucial for designing primers, probes, and other oligonucleotides used
in PCR, hybridization assays, and other molecular biology techniques
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Environmental effects on nucleic acids

Effects of salt concentration on nucleic acid stability

* The stability of nucleic acid structures is influenced by the ionic strength of the solution, as salt ions
affect the electrostatic interactions between the negatively charged phosphate groups on the nucleic
acid backbone

* Increasing the salt concentration (Na+ or K+) in the solution generally stabilizes nucleic acid structures
by screening the negative charges on the phosphate backbone, reducing the electrostatic repulsion
between the strands

* The relationship between salt concentration and Tm can be described by the equation:
ATm = 16.6log[Na + ] — 16.6log[Na + ;¢

* [Na+] is the salt concentration
* [Na+]ref is a reference salt concentration

» The presence of divalent cations (Mg2+) can further stabilize nucleic acid structures by forming salt
bridges between the phosphate groups and by promoting the formation of higher-order structures (RNA
tertiary structures)

Impact of pH on nucleic acid stability and structure

» The pH of the solution affects the protonation state of the nucleobases, particularly cytosine and
guanine, which can alter the hydrogen bonding and base stacking interactions in nucleic acid structures

* Lowering the pH can lead to the protonation of cytosine and the formation of non-canonical base pairs
(C-C+ and C-A+), which can stabilize or destabilize nucleic acid structures depending on the sequence
context

» Changes in pH can also influence the formation of alternative nucleic acid structures, such as triplex
DNA, i-motifs, and G-quadruplexes, which have distinct stability and functional properties compared to
canonical double-stranded structures

* The stability of nucleic acid structures at different salt concentrations and pH values can be
experimentally determined using techniques such as:

* UV melting curves: Measuring the absorbance of nucleic acids at 260 nm as a function of temperature
to determine the Tm and thermodynamic parameters

« Circular dichroism spectroscopy: Analyzing the secondary structure and conformational changes of
nucleic acids based on their differential absorption of left- and right-circularly polarized light

* Calorimetry: Directly measuring the heat absorbed or released during the formation or melting of
nucleic acid structures to determine the thermodynamic parameters

Forces driving nucleic acid stability

Hydrogen bonding in nucleic acid base pairing and stability

* Hydrogen bonding occurs between the complementary nucleobases (A*T/U and G+C) and plays a
crucial role in the formation and stability of base pairs in nucleic acid duplexes
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* The strength of hydrogen bonding depends on the number and arrangement of hydrogen bonds
formed between the base pairs

* G+C base pairs are more stable than A-T/U base pairs due to the formation of three hydrogen bonds
compared to two

* The formation of non-canonical base pairs (G+U wobble pairs in RNA) can also contribute to the
stability of nucleic acid structures through hydrogen bonding

» Hydrogen bonding is a directional and specific interaction that ensures the fidelity of base pairing and
the transmission of genetic information during replication and transcription
Role of hydrophobic interactions and base stacking in nucleic acid
stability

 Hydrophobic interactions, also known as base stacking interactions, arise from the tendency of the
hydrophobic nucleobases to minimize their exposure to the aqueous environment by stacking on top of
each other

* Base stacking interactions are sequence-dependent and contribute significantly to the stability of
nucleic acid duplexes

* Purine-purine stacks (A+A, G+G) are more stable than pyrimidine-pyrimidine stacks (TT, C+C) due to
their larger surface area and greater polarizability

* The strength of base stacking interactions is influenced by factors such as the polarizability and dipole
moment of the nucleobases, as well as the presence of intercalating agents (ethidium bromide) that can
enhance base stacking

* Base stacking interactions are non-directional and provide a significant entropic contribution to the
stability of nucleic acid structures by reducing the exposure of the hydrophobic nucleobases to water

Experimental and computational methods to evaluate the contributions
of hydrogen bonding and hydrophobic interactions

* The relative contributions of hydrogen bonding and hydrophobic interactions to nucleic acid stability
can be evaluated using experimental techniques, such as:

» UV melting curves: Analyzing the temperature-dependent changes in the absorbance of nucleic acids
to determine the thermodynamic parameters and the relative contributions of hydrogen bonding and
base stacking

+ Calorimetry: Measuring the heat absorbed or released during the formation or melting of nucleic acid
structures to determine the enthalpic and entropic contributions of hydrogen bonding and base stacking

* NMR spectroscopy: Investigating the local structural and dynamic properties of nucleic acids at the
atomic level to identify the specific hydrogen bonding and base stacking interactions

» Computational methods, such as molecular dynamics simulations, can provide insights into the
dynamic behavior and energetic contributions of hydrogen bonding and hydrophobic interactions in
nucleic acid structures

* Force fields (AMBER, CHARMM) are used to model the interactions between atoms in nucleic acids
and to calculate the energy and stability of different conformations
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* Free energy calculations (MM-PBSA, MM-GBSA) can be used to estimate the relative contributions of
hydrogen bonding and hydrophobic interactions to the stability of nucleic acid structures

* The interplay between hydrogen bonding and hydrophobic interactions determines the overall stability
and conformational dynamics of nucleic acid structures, and understanding these forces is crucial for
predicting the behavior of nucleic acids in biological systems and for designing nucleic acid-based
technologies (antisense oligonucleotides, aptamers)

6.3 Supercoiling and topological considerations

DNA supercoiling is a crucial aspect of nucleic acid structure, affecting how DNA twists and coils around
itself. This higher-order organization impacts DNA's physical properties and biological functions,
influencing everything from gene expression to chromosome structure.

Understanding supercoiling is key to grasping how DNA behaves in cells. It's not just about the double
helix — it's about how that helix folds and twists in 3D space, affecting how genes are accessed and
expressed.

DNA Supercoiling and Topology
Definition and Relationship to DNA Structure

« Supercoiling refers to the higher-order coiling or twisting of the DNA double helix around itself, beyond
the typical Watson-Crick base pairing and helical structure

» DNA supercoiling is a topological property that arises from the constraint of the two strands being
intertwined and unable to separate completely

« Positive supercoiling occurs when the DNA is twisted in the same direction as the right-handed double
helix, resulting in a more tightly wound structure (plectonemic supercoiling)

» Negative supercoiling occurs when the DNA is twisted in the opposite direction of the right-handed
double helix, resulting in a more loosely wound or unwound structure (toroidal supercoiling)

» The degree and type of supercoiling can significantly influence the physical properties and biological
functions of DNA molecules

Types and Effects of Supercoiling
* Positive supercoiling
* Occurs when the DNA is overwound or twisted in the same direction as the right-handed double helix
* Results in a more compact and tightly wound DNA structure

« Can stabilize DNA secondary structures, such as cruciforms or Z-DNA, which may have regulatory
roles in gene expression

* Negative supercoiling

* Occurs when the DNA is underwound or twisted in the opposite direction of the right-handed double
helix

* Results in a more loosely wound or unwound DNA structure

* Facilitates the unwinding of DNA strands, which is essential for processes such as replication,
transcription, and recombination
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« Effects on DNA properties and functions

« Supercoiling affects the accessibility of DNA to proteins involved in DNA-related processes
(transcription factors, polymerases, and regulatory proteins)

» Changes in supercoiling can serve as a mechanism for regulating gene expression by altering the
accessibility of promoter regions to the transcriptional machinery

* Supercoiling plays a role in the formation and maintenance of chromosome structure, including the
organization of topologically associating domains (TADs) and higher-order chromatin interactions

Linking Number, Twist, and Writhe

Definitions and Mathematical Relationship
* Linking number (Lk)

* A topological property that describes the number of times one DNA strand crosses over the other in a
closed-circular DNA molecule

* Represents the sum of twist and writhe in a closed-circular DNA molecule
* Twist (Tw)

+ Refers to the number of helical turns or the winding of the DNA strands around each other in a
particular topological state

+ Corresponds to the local winding of the DNA double helix
» Writhe (Wr)

* Describes the number of times the DNA double helix crosses over itself in three-dimensional space,
contributing to the overall supercoiling

* Represents the global coiling or folding of the DNA molecule

- The mathematical relationship between linking number, twist, and writhe is defined as Lk = Tw + Wr,
which is a fundamental equation in DNA topology

Changes in Linking Number and Topological States

» Changes in the linking number (ALk) can be achieved by altering either the twist or writhe of the DNA
molecule, which results in different topological states or supercoiled conformations

+ Positive changes in linking number (ALk > 0) lead to positive supercoiling, while negative changes in
linking number (ALk < 0) lead to negative supercoiling

» Topoisomerases can change the linking number by introducing transient breaks in the DNA backbone,
allowing for the interconversion between different topological states

* The relationship between linking number, twist, and writhe allows for the description and quantification
of DNA supercoiling and its effects on DNA structure and function
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Biological Significance of Supercoiling

DNA Packaging and Compaction

* DNA supercoiling plays a crucial role in the compact storage of genetic material within the cell, as it
allows for the efficient packaging of the long DNA molecules into the limited space of the nucleus or
nucleoid

* Negative supercoiling facilitates the unwinding of DNA strands, which is essential for processes such
as replication, transcription, and recombination

« Positive supercoiling can help stabilize DNA secondary structures, such as cruciforms or Z-DNA,
which may have regulatory roles in gene expression

Regulation of DNA-Related Processes

* The level of DNA supercoiling can influence the binding and activity of proteins involved in
DNA-related processes, such as transcription factors, polymerases, and regulatory proteins

» Changes in DNA supercoiling can serve as a mechanism for regulating gene expression by altering
the accessibility of promoter regions to the transcriptional machinery

* Supercoiling affects the formation and stability of DNA secondary structures (hairpins, cruciforms,
Z-DNA), which can play a role in the regulation of gene expression and DNA replication

Chromosome Structure and Genome Organization

* DNA supercoiling is involved in the formation and maintenance of chromosome structure, including
the organization of topologically associating domains (TADs) and higher-order chromatin interactions

+ Supercoiling contributes to the compaction and segregation of chromosomes during cell division,
ensuring the faithful transmission of genetic material to daughter cells

» Changes in DNA supercoiling can affect the local chromatin structure and influence the accessibility of
DNA to regulatory proteins and chromatin remodeling factors

Topoisomerases and DNA Topology

Types and Functions of Topoisomerases

» Topoisomerases are enzymes that regulate DNA topology by introducing transient breaks in the DNA
backbone, allowing for the relief of supercoiling and the interconversion between different topological
states

* Type | topoisomerases (topoisomerase 1)
* Create single-strand breaks in the DNA and change the linking number in steps of one

* Relax both positive and negative supercoils by allowing the rotation of the broken strand around the
intact strand

» Examples include bacterial topoisomerase | and eukaryotic topoisomerase |
* Type Il topoisomerases (topoisomerase 1)

+ Create double-strand breaks in the DNA and change the linking number in steps of two
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« Efficiently remove knots and tangles in the DNA by passing one double-stranded segment through
another

» Examples include bacterial gyrase and eukaryotic topoisomerase Il

Topoisomerase Activity and Cellular Processes

» Topoisomerases are essential for maintaining the appropriate level of DNA supercoiling during
processes such as replication, transcription, and chromosome segregation

 During DNA replication, topoisomerases relieve the positive supercoiling that accumulates ahead of
the replication fork, allowing for the unwinding of the DNA strands

» Topoisomerases are required for the efficient progression of transcription by removing the positive
supercoiling generated behind the transcribing RNA polymerase

* In chromosome segregation, topoisomerases help resolve the topological entanglements between
sister chromatids, ensuring their proper separation during cell division

Topoisomerase Inhibitors and Therapeutic Applications

« Inhibition of topoisomerase activity can lead to the accumulation of supercoiling and the formation of
DNA knots or catenanes, which can disrupt normal cellular processes and lead to genomic instability

» Some antibiotics (quinolones) and chemotherapeutic agents (etoposide, doxorubicin) target
topoisomerases, exploiting their crucial role in DNA topology to induce DNA damage and cell death in
bacterial or cancer cells, respectively

» Topoisomerase inhibitors can trap the enzyme-DNA complex, leading to the formation of
double-strand breaks and the activation of DNA damage response pathways

* The selective targeting of topoisomerases in rapidly dividing cells, such as cancer cells, makes
topoisomerase inhibitors effective anti-cancer agents in chemotherapy regimens
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Unit 7 — Membrane Structure and
Transport

7.1 Lipid bilayers and membrane models

Lipid bilayers form the foundation of cell membranes, creating a barrier between the cell and its
environment. These structures consist of two layers of lipid molecules, with proteins embedded within
them, allowing for selective permeability and essential cellular functions.

Understanding membrane models is crucial for grasping how cells interact with their surroundings. The
fluid mosaic model describes membranes as dynamic structures, while lipid rafts highlight the importance
of specialized membrane domains in cellular processes.

Biological Membrane Structure

Lipid Bilayer Composition

* Biological membranes are composed of a lipid bilayer, which consists of two layers of amphipathic
lipid molecules with their hydrophobic tails facing inward and their hydrophilic heads facing outward

» The main lipid components of biological membranes are phospholipids, glycolipids, and cholesterol

» Phospholipids are the most abundant lipids in membranes and include phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol

* Glycolipids contain a carbohydrate moiety attached to the lipid head group and are found primarily in
the outer leaflet of the plasma membrane

* Cholesterol is a sterol that modulates membrane fluidity and permeability

Protein Integration and Membrane Diversity

* Proteins are embedded within the lipid bilayer and can be classified as integral (transmembrane) or
peripheral (associated with the membrane surface)

« Integral proteins span the entire lipid bilayer and often function as channels, receptors, or enzymes
(ion channels, G protein-coupled receptors)

* Peripheral proteins are loosely attached to the membrane surface and can dissociate from the
membrane under certain conditions (cytoskeletal proteins, enzymes)

* The lipid composition of membranes varies depending on the cell type and organelle, which influences
membrane properties and functions

« Different organelles have unique lipid compositions tailored to their specific roles (mitochondrial
membranes rich in cardiolipin, endoplasmic reticulum membranes high in phosphatidylcholine)

Fluid Mosaic Model

Dynamic Nature of Membranes

* The fluid mosaic model, proposed by Singer and Nicolson, describes the structure of biological
membranes as a fluid, dynamic system with a mosaic of lipids and proteins
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* The model emphasizes the lateral mobility of lipids and proteins within the plane of the membrane,
allowing for diffusion and reorganization of membrane components

« Lipid molecules can diffuse laterally within their respective leaflets, while proteins can move within the
lipid bilayer or along the membrane surface (lateral diffusion)

* The fluidity of the membrane is influenced by factors such as temperature, lipid composition (e.g., the
presence of unsaturated fatty acids and cholesterol), and protein-lipid interactions

* Higher temperatures and a greater proportion of unsaturated fatty acids increase membrane fluidity,
while cholesterol modulates fluidity by interacting with neighboring lipids

Functional Implications of Membrane Fluidity

» Membrane fluidity is essential for various cellular processes, including signal transduction, membrane
trafficking, and cell division

* The fluid nature of membranes allows for the formation of transient or stable membrane domains,
such as lipid rafts, which can compartmentalize specific membrane components and functions

* Membrane fluidity enables the rapid diffusion of lipids and proteins, facilitating their interactions and
the assembly of functional complexes (receptor-ligand binding, enzyme-substrate interactions)

» Changes in membrane fluidity can affect the function of membrane proteins, such as ion channels and
receptors, by altering their conformation or accessibility to ligands

Lipid Rafts in Membranes

Characteristics and Composition of Lipid Rafts

* Lipid rafts are small, dynamic, and ordered domains within the plasma membrane that are enriched in
cholesterol, sphingolipids, and specific proteins

» These domains are more tightly packed than the surrounding lipid bilayer due to the high content of
saturated fatty acids and cholesterol, resulting in a liquid-ordered state

« Lipid rafts are resistant to solubilization by non-ionic detergents at low temperatures, allowing for their
isolation and characterization (detergent-resistant membranes)

* The size of lipid rafts ranges from a few nanometers to several hundred nanometers in diameter, and
they can coalesce to form larger platforms

Functional Roles of Lipid Rafts

* Lipid rafts serve as platforms for the assembly and regulation of signaling complexes, such as those
involved in T cell activation, B cell signaling, and G protein-coupled receptor signaling

* Proteins can be selectively included or excluded from lipid rafts based on their affinity for the lipid
environment, which can modulate their function and interactions

« Lipid rafts are involved in various cellular processes, including membrane trafficking, cell adhesion,
and pathogen entry

« Certain pathogens, such as influenza virus and HIV, exploit lipid rafts for entry and budding from host
cells

Fiveable archived study guides Page 74



» The dynamic nature of lipid rafts allows for the rapid reorganization of membrane components in
response to cellular stimuli or environmental changes

« Disruption of lipid rafts can impair signaling pathways and cellular functions, highlighting their
importance in membrane organization and cell physiology

Studying Membrane Structure

Microscopy Techniques

* Electron microscopy techniques, such as transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), provide high-resolution images of membrane structure and organization

* Freeze-fracture electron microscopy allows for the visualization of the distribution of integral
membrane proteins by splitting the lipid bilayer and creating replicas of the exposed surfaces

* Fluorescence microscopy, including confocal and super-resolution microscopy, enables the study of
membrane dynamics and the localization of specific membrane components using fluorescent probes
or tagged proteins

* Fluorescent lipid analogs and membrane dyes can be used to label and visualize lipid domains, such
as lipid rafts, in living cells (Laurdan, Dil)

Biochemical and Biophysical Methods

« Lipid extraction and analysis methods, such as thin-layer chromatography (TLC) and mass
spectrometry (MS), are used to determine the lipid composition of membranes

» Membrane protein isolation techniques, such as detergent solubilization and affinity chromatography,
allow for the purification and characterization of specific membrane proteins

« Spectroscopic methods, such as fluorescence spectroscopy and electron spin resonance (ESR),
provide insights into the biophysical properties of membranes and the behavior of membrane
components

* Fluorescence recovery after photobleaching (FRAP) and single-particle tracking (SPT) techniques are
used to measure the lateral mobility of lipids and proteins within membranes

* Model membrane systems, such as liposomes and supported lipid bilayers, are used to study
membrane properties and protein-lipid interactions in a controlled environment

* Liposomes can be prepared with specific lipid compositions to mimic different membrane
environments and investigate the effects on protein function and stability

7.2 Membrane proteins and their functions

Membrane proteins are crucial players in cell function, embedded in or associated with the lipid bilayer.
They come in various types, including integral and peripheral proteins, each with unique roles in transport,
signaling, and structural support.

Understanding membrane proteins is key to grasping cellular processes. Their structure-function
relationships, targeting mechanisms, and diverse functions make them essential components in
maintaining cellular homeostasis and facilitating communication between cells and their environment.
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Membrane protein types and roles

Integral and peripheral membrane proteins

* Integral membrane proteins are embedded within the lipid bilayer

« Classified as transmembrane proteins or lipid-anchored proteins based on their interaction with the
membrane

* Transmembrane proteins span the entire lipid bilayer (ion channels, receptors)

« Lipid-anchored proteins are covalently attached to lipid molecules in the membrane (GPI-anchored
proteins)

* Peripheral membrane proteins are loosely associated with the membrane surface

« Interact through electrostatic interactions or hydrogen bonding with lipid head groups or integral
membrane proteins

+ Can dissociate from the membrane under certain conditions (changes in pH, ionic strength)

Functional roles of membrane proteins

* Transport proteins facilitate the movement of ions and molecules across the membrane
» Channels allow passive diffusion of specific ions or small molecules (potassium channels, aquaporins)

« Carriers actively transport substrates against their concentration gradient using energy (ATP)
(sodium-potassium pump, glucose transporters)

» Receptor proteins bind to specific ligands and initiate intracellular signaling cascades

* Ligands include hormones, neurotransmitters, and growth factors (insulin receptor, nicotinic
acetylcholine receptor)

* Binding induces conformational changes that trigger downstream signaling events (activation of G
proteins, phosphorylation cascades)

» Enzymatic proteins catalyze chemical reactions at the membrane surface or within the lipid bilayer

» Examples include phospholipases, proteases, and glycosyltransferases (phospholipase A2,
y-secretase)

* Reactions can modify lipids, proteins, or other molecules in the membrane or extracellular space
* Cell adhesion proteins mediate cell-cell and cell-matrix interactions

« Integrins link the extracellular matrix to the cytoskeleton and facilitate cell migration and signaling
(a4p1 integrin)

» Cadherins form homophilic interactions between adjacent cells and maintain tissue integrity
(E-cadherin)

« Structural proteins maintain the shape and stability of the membrane
+ Cytoskeletal anchors connect the membrane to the cytoskeleton (ankyrin, spectrin)

« Scaffolding proteins organize and stabilize membrane protein complexes (PSD-95 in postsynaptic
densities)

Fiveable archived study guides Page 76



Structure-function relationships of membrane proteins

Hydrophobic regions and membrane interactions

* Hydrophobic regions of integral membrane proteins interact with the hydrophobic core of the lipid
bilayer

» Composed of a-helices or B-barrels

« a-helical transmembrane segments are common in receptors and transporters (rhodopsin, glucose
transporters)

* B-barrel structures are found in porins and some enzymes (OmpF porin, VDAC)
 Hydrophilic regions face the aqueous environment on either side of the membrane
+ Contain charged and polar amino acids that interact with water and other molecules

» Form the functional domains of the protein (ligand-binding sites, catalytic sites)

Protein topology and orientation

» The arrangement and number of transmembrane segments determine the overall topology and
orientation of the protein

» Single-pass proteins have one transmembrane segment (receptor tyrosine kinases, glycophorin A)
* Multi-pass proteins have multiple transmembrane segments (GPCRs, ion channels)

* The orientation of the protein (N-terminus and C-terminus on opposite sides of the membrane) is
determined by the distribution of charged residues in the transmembrane segments

* Positive-inside rule: positively charged residues are more abundant on the cytoplasmic side of the
membrane

Amino acid sequence and tertiary structure

* The specific amino acid sequence and tertiary structure of a membrane protein dictate its function

« lon channels have selectivity filters formed by specific amino acid residues that determine ion
selectivity (potassium channels, sodium channels)

* Enzymes have catalytic sites with specific amino acid arrangements that facilitate substrate binding
and catalysis (acetylcholinesterase)

« Post-translational modifications can modulate the function and stability of membrane proteins

* Glycosylation adds carbohydrate moieties to specific residues and can affect protein folding, stability,
and interactions (N-linked glycosylation of influenza hemagglutinin)

* Phosphorylation of specific residues can regulate protein activity and interactions (phosphorylation of
GPCRs by GRKSs)

Conformational changes and protein dynamics

» Conformational changes in membrane proteins are crucial for their function
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* Ligand binding or changes in membrane potential can induce conformational changes (opening and
closing of ion channels, activation of GPCRs)

» Conformational changes can expose or hide functional sites, modulate interactions with other
proteins, or alter the protein's activity

*» Membrane proteins are dynamic and can undergo various movements
* Lateral diffusion within the plane of the membrane (diffusion of receptors in the plasma membrane)
* Rotation around the axis perpendicular to the membrane (rotation of ATP synthase during catalysis)

+ Conformational fluctuations that are important for protein function (gating of ion channels, alternating
access mechanism in transporters)

Membrane protein targeting and insertion

Signal recognition and targeting

* The signal recognition particle (SRP) recognizes and binds to the signal sequence of nascent
membrane proteins as they emerge from the ribosome

« Signal sequences are hydrophobic stretches of amino acids that target proteins to the ER membrane

» SRP binding to the signal sequence pauses translation and targets the ribosome-nascent chain
complex to the ER membrane

» The SRP-ribosome complex is targeted to the SRP receptor on the ER membrane

* The SRP receptor is a heterodimeric protein complex that binds to the SRP and facilitates the transfer
of the nascent protein to the translocon complex

» GTP hydrolysis by the SRP and its receptor releases the SRP and allows translation to resume

Translocon-mediated insertion

* The translocon complex, composed of Sec61 proteins, forms a channel that allows the insertion of the
nascent membrane protein into the ER membrane

» The Sec61 complex is a heterotrimeric protein complex that forms a protein-conducting channel
across the ER membrane

» The ribosome binds to the cytosolic side of the translocon, and the nascent protein is threaded
through the channel into the ER lumen or lipid bilayer

* The orientation of the membrane protein is determined by the distribution of charged residues in the
signal sequence and the presence of stop-transfer sequences

» The signal sequence is cleaved off by signal peptidase after insertion into the ER lumen

« Stop-transfer sequences are hydrophobic segments that halt translocation and anchor the protein in
the membrane

* The orientation of the protein (Ncyt/Cexo or Nexo/Ccyt) is determined by the charge distribution of the
flanking regions around the transmembrane segments
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Folding and post-translational modifications

» Chaperone proteins assist in the folding and assembly of membrane proteins within the ER lumen

+ BiP (binding immunoglobulin protein) is an Hsp70 chaperone that binds to hydrophobic regions of
unfolded proteins and prevents aggregation

+ Calnexin and calreticulin are lectin chaperones that bind to glycosylated proteins and promote proper
folding

* Post-translational modifications occur in the ER and contribute to the proper folding and stability of
membrane proteins

* N-linked glycosylation adds oligosaccharides to asparagine residues in the consensus sequence
Asn-X-Ser/Thr

+ Disulfide bond formation between cysteine residues stabilizes the tertiary structure of membrane
proteins

* Glycosylphosphatidylinositol (GPI) anchors are added to the C-terminus of some proteins and anchor
them to the extracellular leaflet of the membrane

Techniques for studying membrane proteins

Structural biology techniques

« X-ray crystallography involves the crystallization of purified membrane proteins and the analysis of the
diffraction patterns generated by X-rays to determine the atomic structure

* Requires large amounts of pure, homogeneous protein and the formation of well-ordered crystals

* Has been used to determine the structures of various membrane proteins (potassium channels,
GPCRs)

* Cryo-electron microscopy (cryo-EM) enables the visualization of membrane proteins in their native
lipid environment

» Samples are rapidly frozen in liquid ethane to preserve their native structure
« Electron microscopy is used to image the frozen samples and generate 3D reconstructions

* Has revolutionized the field of membrane protein structural biology due to its ability to study large,
dynamic, and heterogeneous protein complexes (respiratory complexes, ion channels)

* Nuclear magnetic resonance (NMR) spectroscopy provides information on the dynamic structure and
interactions of membrane proteins in solution

* Requires isotopically labeled (15N, 13C) protein samples and measures the magnetic properties of
atomic nuclei

 Can provide information on protein dynamics, ligand binding, and protein-protein interactions

« Limited to relatively small membrane proteins due to the complexity of the spectra
Fluorescence and electrophysiological techniques

* Fluorescence spectroscopy techniques can be used to study the dynamics and interactions of

membrane proteins in living cells

Fiveable archived study guides Page 79



* Forster resonance energy transfer (FRET) measures the distance-dependent energy transfer between
two fluorophores and can be used to study protein-protein interactions and conformational changes
(GPCR activation, protein oligomerization)

* Fluorescence recovery after photobleaching (FRAP) measures the lateral diffusion of fluorescently
labeled proteins in the membrane and can provide information on protein mobility and interactions
(diffusion of receptors in the plasma membrane)

* Electrophysiological techniques allow the measurement of ionic currents through individual ion
channels in real-time

« Patch-clamp recording involves the formation of a high-resistance seal between a glass micropipette
and the cell membrane, allowing the measurement of currents through single channels or whole cells

* Voltage-clamp and current-clamp techniques can be used to study the gating properties and kinetics
of ion channels (voltage-gated sodium channels, ligand-gated ion channels)

Biochemical and computational approaches

+ Biochemical assays provide insights into the function and interactions of membrane proteins

+ Ligand binding assays measure the affinity and specificity of protein-ligand interactions using
radiolabeled or fluorescently labeled ligands (radioligand binding assays for GPCRs)

» Enzyme kinetics experiments measure the catalytic activity of membrane-bound enzymes and can
provide information on substrate specificity and inhibition (kinetics of acetylcholinesterase)

* Cross-linking experiments use bifunctional reagents to covalently link interacting proteins and can
provide information on protein-protein interactions and oligomeric states (cross-linking of GPCR dimers)

« Computational modeling and simulation approaches can complement experimental data and provide a
detailed understanding of membrane protein dynamics and interactions

* Molecular dynamics simulations use classical mechanics to simulate the motions of atoms and
molecules over time and can provide insights into protein dynamics and ligand binding (simulations of
ion channel gating, lipid-protein interactions)

» Homology modeling and threading techniques can be used to predict the structure of membrane
proteins based on the structures of related proteins (modeling of orphan GPCRs)

* Docking simulations can be used to predict the binding mode and affinity of small molecule ligands to
membrane protein targets (virtual screening of GPCR ligands)

7.3 Passive and active transport mechanisms

Passive and active transport mechanisms are crucial for cellular function. Passive transport moves
molecules down concentration gradients without energy, while active transport uses energy to move
molecules against gradients. These processes maintain cell homeostasis and enable essential functions.

Diffusion, osmosis, and facilitated diffusion are key passive transport methods. Active transport includes
primary types using ATP directly and secondary types leveraging existing gradients. Understanding these
mechanisms is vital for grasping how cells regulate their internal environment and interact with
surroundings.
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Passive vs Active Transport

Energy Requirements and Concentration Gradients

* Passive transport moves molecules across a membrane down their concentration gradient without
using energy, while active transport requires energy to move molecules against their concentration
gradient

* The direction of molecule movement in passive transport is determined by the concentration gradient
(high to low concentration), whereas active transport can move molecules in the opposite direction of
the concentration gradient (low to high concentration)

Types of Passive and Active Transport

* Passive transport includes simple diffusion and facilitated diffusion, which rely on the kinetic energy of
molecules and the permeability of the membrane

« Simple diffusion occurs through the lipid bilayer without the help of membrane proteins

* Facilitated diffusion involves carrier proteins or channel proteins that facilitate the movement of
specific molecules

« Active transport involves the use of carrier proteins or pumps that undergo conformational changes to
move molecules across the membrane, utilizing energy in the form of ATP

* Primary active transport directly uses ATP hydrolysis to move molecules against their concentration
gradient (sodium-potassium pump)

» Secondary active transport relies on the electrochemical gradient generated by primary active
transport to move other molecules (sodium-glucose cotransporter)

Diffusion and Osmosis

Principles of Diffusion

« Diffusion is the net movement of molecules from a region of high concentration to a region of low
concentration, driven by the random motion of molecules and their kinetic energy

* The rate of diffusion is influenced by factors such as the concentration gradient (larger gradient leads
to faster diffusion), temperature (higher temperature increases kinetic energy and diffusion rate), and
the size and charge of the molecules (smaller, uncharged molecules diffuse faster)

« Diffusion occurs until the concentrations on both sides of the membrane are equal, reaching a

dynamic equilibrium

Osmosis and Tonicity

» Osmosis is a special case of diffusion that involves the movement of water molecules across a
semipermeable membrane from a region of high water potential (low solute concentration) to a region
of low water potential (high solute concentration)

» The osmotic pressure is the pressure required to stop the net movement of water molecules across a
semipermeable membrane in a solution

* Tonicity describes the relative concentration of solutes in a solution compared to another solution,
which determines the direction of water movement
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* Isotonic solutions have equal solute concentrations, resulting in no net water movement (normal
saline)

* Hypotonic solutions have lower solute concentrations, causing water to move into the cell and leading
to cell swelling or lysis (distilled water)

* Hypertonic solutions have higher solute concentrations, causing water to move out of the cell and
leading to cell shrinkage (concentrated salt solution)

Facilitated Diffusion with Carrier Proteins

Carrier Proteins and Channel Proteins

* Facilitated diffusion is a type of passive transport that involves the use of carrier proteins or channel
proteins to facilitate the movement of specific molecules across the membrane

« Carrier proteins have binding sites that are specific to certain molecules, such as glucose or amino
acids, and undergo conformational changes to transport the molecules across the membrane

» Example: GLUT (glucose transporter) proteins facilitate the movement of glucose into cells

» Channel proteins form hydrophilic pores that allow the passage of specific ions or small molecules,
such as potassium or chloride ions, down their concentration gradient

» Example: Potassium channels allow the selective movement of potassium ions across the membrane

Characteristics of Facilitated Diffusion

* The rate of facilitated diffusion is limited by the number of available carrier proteins or channels and
can be saturated when all the binding sites are occupied

« Facilitated diffusion is specific to certain molecules, depending on the type of carrier protein or
channel involved

* Like simple diffusion, facilitated diffusion does not require energy input and moves molecules down
their concentration gradient

Primary vs Secondary Active Transport

Primary Active Transport

* Primary active transport directly uses energy from ATP hydrolysis to move molecules against their
concentration gradient

* The sodium-potassium pump (Na+/K+ ATPase) is an example of primary active transport that
maintains the concentration gradients of sodium and potassium ions across the cell membrane by using
ATP

» The pump moves three sodium ions out of the cell and two potassium ions into the cell for each ATP
molecule hydrolyzed, creating an electrochemical gradient

» Other examples of primary active transport include the calcium pump (Ca2+ ATPase) and the proton
pump (H+ ATPase)
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Secondary Active Transport

« Secondary active transport utilizes the electrochemical gradient created by primary active transport to
move other molecules against their concentration gradient without directly using ATP

» The sodium-glucose cotransporter (SGLT) is an example of secondary active transport that uses the
sodium gradient to transport glucose into the cell

» Sodium ions move down their concentration gradient into the cell, providing the energy to transport
glucose against its concentration gradient

* The sodium-calcium exchanger (NCX) is another example of secondary active transport that uses the
sodium gradient to remove calcium ions from the cell

* Three sodium ions move into the cell down their concentration gradient, while one calcium ion is
removed from the cell against its concentration gradient

» The coupling of primary and secondary active transport allows for the efficient movement of various
molecules across the membrane and maintains cellular homeostasis

7.4 lon channels and electrophysiology

lon channels are crucial proteins that regulate the flow of ions across cell membranes. They play a vital
role in maintaining the resting membrane potential and generating electrical signals in neurons and other
excitable cells. Understanding their structure and function is key to grasping cellular communication.

Membrane potential, the electrical difference across cell membranes, is maintained by ion gradients and
channel activity. Action potentials, rapid changes in membrane potential, are the basis of electrical
signaling in neurons. These concepts are fundamental to understanding how cells communicate and
respond to stimuli.

lon channel structure and function

Types and gating mechanisms of ion channels

* Voltage-gated ion channels respond to changes in membrane potential, opening or closing the
channel pore (Na+, K+, Ca2+ channels)

» Ligand-gated ion channels are activated by the binding of specific neurotransmitters or ligands
(nicotinic acetylcholine receptor, GABA receptor)

* Mechanically-gated ion channels respond to mechanical stimuli, such as stretch or pressure
(mechanosensitive channels in touch and hearing)

* The gating of ion channels involves conformational changes in the protein structure, which can be
influenced by factors such as voltage, ligand binding, or mechanical stress

lon channel selectivity and ion flow

* The selectivity of ion channels is determined by the size and charge of the channel pore, allowing only
specific ions to pass through (Na+, K+, Ca2+, or Cl-)

* The selectivity filter, a narrow region within the pore, is lined with specific amino acid residues that
interact with the passing ions
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» The hydration shell of the ions is partially removed as they pass through the selectivity filter, allowing
for selective permeation

* The flow of ions through channels is driven by the electrochemical gradient across the membrane

» The concentration difference of ions between the intracellular and extracellular spaces creates a
chemical gradient

» The membrane potential, which is the electrical potential difference across the membrane, creates an
electrical gradient

* lon channels are integral membrane proteins that form aqueous pores to allow the selective passage
of specific ions across the cell membrane

Physiological roles of ion channels

* lon channels play crucial roles in various physiological processes

* Generation and propagation of electrical signals in excitable cells (neurons, muscle cells)

* Cell volume regulation by controlling the flow of ions and water across the membrane

« Signal transduction by modulating the membrane potential or intracellular ion concentrations

» Channelopathies, disorders caused by mutations in ion channel genes, highlight the importance of ion
channels in maintaining proper cellular function (epilepsy, cystic fibrosis, long QT syndrome)

Membrane potential and action potentials

Resting membrane potential and ion gradients

* The resting membrane potential is the electrical potential difference across the cell membrane at rest,
typically ranging from -60 to -90 mV (inside negative relative to outside)

* The resting membrane potential is maintained by the selective permeability of the membrane to
different ions and the activity of ion pumps

» The Na+/K+ ATPase actively transports Na+ out of the cell and K+ into the cell, establishing
concentration gradients

» The membrane is more permeable to K+ than to Na+ at rest, resulting in a negative resting potential
close to the equilibrium potential of K+

» The Nernst equation describes the equilibrium potential for a specific ion based on its concentration
gradient across the membrane

« Eion = &In mﬁ where Ejon is the equilibrium potential, R is the gas constant, T is the absolute

temperature, Z is the ion's valence, and F is Faraday's constant

» The Goldman-Hodgkin-Katz equation takes into account the permeability and concentration of
multiple ions to determine the overall membrane potential

Action potential generation and propagation

* An action potential is a rapid, transient change in the membrane potential that occurs in excitable
cells, such as neurons, and is responsible for the transmission of electrical signals
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* The generation of an action potential involves the sequential opening and closing of voltage-gated
Na+ and K+ channels

* Depolarization: voltage-gated Na+ channels open, allowing Na+ influx and causing the membrane
potential to become more positive

* Repolarization: voltage-gated K+ channels open, allowing K+ efflux and causing the membrane
potential to return to its resting value

» The phases of an action potential include:

* Rising phase (depolarization): rapid increase in membrane potential due to Na+ influx

* Peak: the point at which the membrane potential reaches its most positive value

« Falling phase (repolarization): decrease in membrane potential due to K+ efflux

« Afterhyperpolarization: a brief period of hyperpolarization due to the delayed closing of K+ channels

« The all-or-none principle states that an action potential is triggered only when the membrane potential
reaches a specific threshold, and once initiated, the action potential follows a stereotypical time course
independent of the stimulus strength

« Action potentials propagate along the axon of a neuron by the sequential activation of voltage-gated
ion channels in adjacent regions of the membrane

lon channels in cellular signaling

lon channels in synaptic transmission

* lon channels are essential for the generation and propagation of electrical signals in excitable cells,
enabling rapid communication within and between cells

* Voltage-gated ion channels, particularly Na+ and K+ channels, are responsible for the generation and
propagation of action potentials along the axon of a neuron

* The arrival of an action potential at the presynaptic terminal triggers the opening of voltage-gated
Ca2+ channels

» Ca2+ influx causes synaptic vesicles to fuse with the presynaptic membrane and release
neurotransmitters into the synaptic cleft

* Ligand-gated ion channels, such as the nicotinic acetylcholine receptor or the GABA receptor, are
activated by specific neurotransmitters and mediate synaptic transmission

* Binding of a neurotransmitter to the extracellular domain of the ligand-gated ion channel causes the
channel pore to open

* The opening of the channel allows ions to flow across the membrane, resulting in either depolarization
(excitatory postsynaptic potential) or hyperpolarization (inhibitory postsynaptic potential) of the
postsynaptic cell

Calcium signaling and ion channel modulation

+ Calcium (Ca2+) channels are involved in various signaling pathways, as Ca2+ acts as a second
messenger in many cellular processes
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+ Voltage-gated Ca2+ channels (L-type, N-type, P/Q-type, R-type, T-type) are activated by membrane
depolarization and mediate Ca2+ influx

* Ligand-gated Ca2+ channels, such as the IP3 receptor and ryanodine receptor, are activated by
intracellular ligands and mediate Ca2+ release from intracellular stores (endoplasmic reticulum)

» Ca2+ influx through ion channels triggers various cellular responses

* Neurotransmitter release from presynaptic terminals

* Muscle contraction through the activation of troponin C and myosin light chain kinase
» Gene expression by activating transcription factors, such as CREB and NFAT

* lon channels can be modulated by intracellular signaling cascades

» Phosphorylation by protein kinases (PKA, PKC, CaMKIl) can alter the gating properties or trafficking
of ion channels

* Interaction with G-proteins (GPCRs) can modulate the activity of ion channels, such as the activation
of GIRK channels by GBy subunits

lon channel study techniques

Patch-clamp technique

« Patch-clamp is a powerful method for studying the electrical properties of individual ion channels in
living cells

* A glass micropipette filled with an electrolyte solution is placed in close contact with the cell
membrane to form a high-resistance seal (gigaseal)

« Different configurations of the patch-clamp technique enable the study of ion channels under various
experimental conditions

* Cell-attached: the pipette is sealed onto the intact cell membrane, allowing the recording of
single-channel currents without disrupting the intracellular environment

* Inside-out: the pipette is pulled away from the cell, exposing the intracellular side of the membrane to
the bath solution

* Outside-out: the pipette is pulled away from the cell and then quickly returned, resulting in a patch of
membrane with the extracellular side facing the bath solution

» Whole-cell: the patch of membrane is ruptured, allowing the pipette solution to dialyze the cell interior
and enabling the recording of currents from the entire cell membrane

* Voltage-clamp is an electrophysiological technique used to measure the ionic currents through a cell
membrane while holding the membrane potential at a fixed value

» The membrane potential is "clamped" using a feedback circuit that injects current to maintain the
desired voltage

* Voltage-clamp allows for the characterization of voltage-dependent ion channel properties, such as
activation and inactivation kinetics

* Current-clamp is another electrophysiological technique that measures the changes in membrane
potential while injecting a constant current
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* Current-clamp is useful for studying the generation and propagation of action potentials and the
intrinsic excitability of cells

Molecular and imaging techniques

* Fluorescence imaging techniques allow for the optical monitoring of membrane potential changes and
ion channel activity in populations of cells or in vivo

* Voltage-sensitive dyes (VSDs) are lipophilic molecules that insert into the cell membrane and change
their fluorescence properties in response to changes in membrane potential

* Genetically encoded voltage indicators (GEVIs) are engineered proteins that combine a
voltage-sensing domain with a fluorescent protein, enabling the visualization of membrane potential
changes in genetically targeted cells

» Pharmacological approaches involve the use of specific ion channel agonists, antagonists, or
modulators to study the functional properties and roles of different ion channels

* Tetrodotoxin (TTX) is a selective blocker of voltage-gated Na+ channels, while tetraethylammonium
(TEA) is a blocker of voltage-gated K+ channels

+ Dihydropyridines (nifedipine, nimodipine) are selective blockers of L-type voltage-gated Ca2+
channels

+ Molecular biology techniques enable the study of the structure-function relationships of ion channels

« Site-directed mutagenesis involves the introduction of specific mutations in the ion channel gene to
identify key residues or domains involved in channel gating, ion selectivity, or pharmacological
sensitivity

* Heterologous expression systems, such as Xenopus oocytes or human embryonic kidney (HEK) cells,
allow for the expression and functional characterization of ion channels in a controlled environment

* Cryo-electron microscopy (cryo-EM) and X-ray crystallography provide high-resolution structural
information on ion channels, revealing the atomic details of the pore, selectivity filter, and gating
mechanisms
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Unit 8 — Molecular Recognition and
Binding
8.1 Principles of molecular recognition

Molecular recognition is the cornerstone of biological processes. It's all about molecules finding their
perfect match through specific interactions. From enzyme-substrate binding to antibody-antigen
recognition, these molecular meet-cutes drive life's essential functions.

The dance of molecular recognition is a delicate balance of forces. Non-covalent interactions like hydrogen
bonding and electrostatic attractions bring molecules together. Meanwhile, the interplay of enthalpy and
entropy determines whether these unions will last or fall apart.

Molecular recognition in biology

The importance of molecular recognition in biological processes

» Molecular recognition is the specific interaction between two or more molecules through noncovalent
bonding or other interactions that result in a stable complex

* Plays a crucial role in many biological processes
* Enzyme-substrate interactions

* Antibody-antigen binding

* Drug-receptor interactions

« Specificity of molecular recognition is determined by the complementarity of the interacting molecules
in terms of shape, size, and chemical properties

Thermodynamic considerations in molecular recognition
* Involves a balance between enthalpy and entropy
» Formation of a stable complex is driven by a favorable change in free energy

+ Enthalpic contributions arise from the formation of favorable non-covalent interactions (hydrogen
bonding, electrostatic interactions) which lower the enthalpy of the system

+ Entropic contributions are related to changes in the degrees of freedom of the interacting molecules

 Favorable entropic contribution arises from the release of bound water molecules or the restriction of
conformational flexibility upon complex formation

Non-covalent interactions in recognition
Types of non-covalent interactions
» Non-covalent interactions are the primary driving forces behind molecular recognition

* Hydrogen bonding

« Electrostatic interactions
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* Van der Waals forces
* Hydrophobic interactions

» Hydrogen bonding occurs between a hydrogen atom bonded to an electronegative atom (oxygen,
nitrogen) and another electronegative atom

+ Contributes to the specificity and stability of molecular complexes

« Electrostatic interactions, including ionic bonds and salt bridges, involve attractive forces between
oppositely charged groups

+ Can significantly stabilize molecular complexes

The role of weak interactions in molecular recognition

» Van der Waals forces, which include dipole-dipole interactions and London dispersion forces, are
weak attractive forces that become significant when molecules are in close proximity

» Hydrophobic interactions involve the association of nonpolar groups in aqueous environments
* Driven by the minimization of the unfavorable interaction between nonpolar groups and water

» The cumulative effect of multiple weak interactions can lead to strong and specific molecular
recognition

Structural and energetic basis of recognition

Molecular complementarity in recognition

* The structural basis of molecular recognition lies in the complementarity of the interacting molecules
* Allows for the formation of specific and stable complexes

* Involves the matching of shape, size, and chemical properties between the interacting molecules

+ Enables the formation of favorable non-covalent interactions

» Examples of molecular complementarity

* Enzyme active sites are complementary to their substrate molecules

* Antibody paratopes are complementary to their corresponding epitopes on antigens

Energetic considerations in molecular recognition

* The energetic basis of molecular recognition is determined by the balance between the enthalpic and
entropic contributions to the free energy of complex formation

* Favorable enthalpic contributions arise from the formation of non-covalent interactions (hydrogen
bonds, electrostatic interactions)

« Favorable entropic contributions can result from the release of bound water molecules or the
restriction of conformational flexibility upon complex formation

» The overall free energy change determines the stability and spontaneity of the molecular recognition
event
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Specificity and affinity in recognition

The importance of specificity in biological systems

« Specificity refers to the ability of a molecule to selectively bind to its target partner, discriminating
against other potential partners with similar structures

* High specificity is crucial for the proper functioning of biological systems
» Ensures that molecules interact with their intended targets

 Avoids unwanted cross-reactivity

» Examples of high specificity in biological systems

* Enzyme-substrate specificity

* Antigen-antibody specificity
The role of affinity in molecular recognition

« Affinity refers to the strength of the interaction between two molecules

» Determined by the magnitude of the free energy change associated with complex formation

« High affinity interactions are characterized by a large negative free energy change

* Results in the formation of stable complexes at low concentrations of the interacting molecules

* The interplay between specificity and affinity determines the efficiency and selectivity of molecular
recognition processes in biological systems

* In some cases, biological systems may prioritize high specificity over high affinity, or vice versa,
depending on the functional requirements of the particular process

8.2 Binding equilibria and kinetics

Binding equilibria and kinetics are crucial in understanding molecular recognition. They describe how
molecules interact, form complexes, and break apart. These processes are key to many biological
functions, from enzyme reactions to drug effectiveness.

Measuring and modeling binding interactions helps scientists predict how molecules behave. By studying
factors like concentration, temperature, and pH, we can figure out the strength and speed of molecular
bonds. This knowledge is vital for developing new drugs and understanding cellular processes.

Binding Equilibria and Dissociation Constants

Principles of Binding Equilibria

* Binding equilibria describe the dynamic process of ligand-receptor interactions where the rate of
ligand binding equals the rate of ligand dissociation at equilibrium

* The dissociation constant (Kd) measures the strength of the ligand-receptor interaction, defined as the
ligand concentration at which half of the receptor binding sites are occupied at equilibrium

* The association constant (Ka) is the reciprocal of the dissociation constant and represents the affinity
of the ligand for the receptor
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* Factors affecting binding equilibria include ligand concentration, receptor concentration, temperature,
pH, and the presence of competing ligands or allosteric modulators (ions, small molecules)

» The Scatchard plot is a graphical method for analyzing binding equilibria where the ratio of bound to
free ligand is plotted against the bound ligand concentration to determine the dissociation constant and
receptor density

Techniques for Measuring Binding Equilibria

« Saturation binding experiments measure the amount of ligand bound to the receptor at equilibrium
across a range of ligand concentrations to determine the dissociation constant (Kd) and receptor
density (Bmax)

» Competition binding experiments use a fixed concentration of a labeled ligand and varying
concentrations of an unlabeled competitor ligand to determine the inhibition constant (Ki) and the type
of inhibition (competitive, non-competitive, uncompetitive)

* Isothermal titration calorimetry (ITC) directly measures the heat released or absorbed during
ligand-receptor binding to determine binding affinity, stoichiometry, and thermodynamic parameters
(enthalpy, entropy)

* Fluorescence polarization assays monitor changes in the rotational mobility of a fluorescently labeled
ligand upon binding to a receptor to determine binding affinity and kinetics

Kinetics of Ligand-Receptor Interactions

Principles of Binding Kinetics

« Ligand-receptor binding kinetics describe the rates of association (kon) and dissociation (koff) of the
ligand-receptor complex

* The association rate constant (kon) represents the rate at which the ligand binds to the receptor, while
the dissociation rate constant (koff) represents the rate at which the ligand dissociates from the receptor

* The relationship between the association and dissociation rate constants determines the overall
affinity of the ligand for the receptor, as described by the equation Kd = koff/kon

* Factors affecting binding kinetics include ligand concentration, receptor density, temperature, and the
presence of conformational changes or intermediate states in the binding process

Techniques for Measuring Binding Kinetics

» Surface plasmon resonance (SPR) measures real-time changes in the refractive index at a sensor
surface as a ligand binds to immobilized receptors to determine association and dissociation rate
constants

« Stopped-flow spectroscopy rapidly mixes ligand and receptor solutions and monitors changes in
fluorescence or absorbance over time to measure fast binding kinetics (millisecond to second
timescale)

 Radioligand binding assays use radiolabeled ligands to measure the time course of binding to
determine association and dissociation rate constants

* Fluorescence resonance energy transfer (FRET) monitors changes in the distance between
fluorescently labeled ligands and receptors to measure binding kinetics and conformational changes
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Mathematical Modeling of Binding
Models for Binding Equilibria

* The law of mass action provides a mathematical framework for describing binding equilibria, stating
that the rate of a reaction is proportional to the product of the concentrations of the reactants

*» The Hill equation is a mathematical model for describing cooperative binding where the binding of one
ligand molecule affects the binding affinity of subsequent ligand molecules

* The Hill coefficient (n) represents the degree of cooperativity, with n > 1 indicating positive
cooperativity and n < 1 indicating negative cooperativity

» The Langmuir adsorption isotherm describes the relationship between the amount of ligand adsorbed
on a surface and the equilibrium concentration of the ligand in solution

Models for Binding Kinetics

» The Michaelis-Menten equation describes the kinetics of enzyme-substrate interactions, relating the
initial reaction velocity to substrate concentration

» The Michaelis constant (Km) represents the substrate concentration at which the reaction velocity is
half of the maximum velocity (Vmax)

« Kinetic models, such as the two-state model and the induced-fit model, describe the conformational
changes and intermediate states involved in ligand-receptor binding

* The two-state model assumes that the ligand and receptor exist in two conformational states (free and
bound) and that the transition between these states is governed by the association and dissociation
rate constants

* The induced-fit model proposes that ligand binding induces a conformational change in the receptor,
leading to the formation of a high-affinity complex

Interpreting Binding Parameters from Data

Analyzing Binding Equilibrium Data

» Scatchard analysis involves plotting the ratio of bound to free ligand against the bound ligand
concentration to determine the dissociation constant and receptor density from the slope and intercept
of the linear regression line

* Non-linear regression analysis can be used to fit saturation binding data to the Hill equation or the
Langmuir adsorption isotherm to estimate binding parameters (Kd, Bmax, Hill coefficient) and assess
the goodness of fit

» Competition binding data can be analyzed using the Cheng-Prusoff equation to determine the
inhibition constant (Ki) and the type of inhibition (competitive, non-competitive, uncompetitive)

Analyzing Binding Kinetic Data

* Kinetic experiments, such as association and dissociation experiments, measure the time course of
ligand binding to determine the association (kon) and dissociation (koff) rate constants

* Non-linear regression analysis can be used to fit association and dissociation data to exponential
functions to estimate the rate constants and half-life of the ligand-receptor complex
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* Global fitting of kinetic data from multiple experiments (different ligand concentrations, temperatures)
can provide more robust estimates of binding parameters and reveal complex binding mechanisms
(conformational changes, multiple binding sites)

+ Kinetic data can be used to calculate the residence time of a ligand on the receptor (1/koff), which is
an important parameter for drug design and optimization

8.3 Protein-ligand and protein-protein interactions

Protein-ligand and protein-protein interactions are crucial for cellular processes. These interactions involve
complementary shapes, chemical properties, and water molecules, with hotspot residues playing a key role
in binding energy.

Conformational changes can occur upon binding, affecting protein function. Understanding the
thermodynamics, kinetics, and biological significance of these interactions is essential for drug discovery
and disease treatment.

Protein-Ligand and Protein-Protein Interfaces

Structural Features of Interfaces

* Protein-ligand interfaces characterized by complementary shapes and chemical properties between
the protein binding site and the ligand

* Protein-protein interfaces involve larger surface areas compared to protein-ligand interfaces with a
combination of hydrophobic, electrostatic, and hydrogen-bonding interactions

* Protein-ligand interfaces often involve deep binding pockets or clefts on the protein surface (active
sites of enzymes), while protein-protein interfaces can be flat or involve interlocking surfaces
(antigen-antibody complexes)

* Hotspot residues at protein-ligand and protein-protein interfaces contribute disproportionately to the
binding energy and are often conserved across related proteins

Role of Water Molecules

» Water molecules can play a crucial role in mediating interactions at protein-ligand and protein-protein
interfaces by forming bridging hydrogen bonds or being displaced upon binding

» Water-mediated interactions can contribute to the specificity and affinity of protein-ligand and
protein-protein recognition (water molecules in the binding pocket of a protein kinase)

* Displacement of water molecules from hydrophobic surfaces upon binding can result in a favorable
entropic contribution to the free energy of binding (hydrophobic effect)

Conformational Changes in Interactions

Types of Conformational Changes

» Conformational changes in proteins can occur upon ligand binding or protein-protein interaction,
ranging from small side-chain rearrangements to large-scale domain movements

+ Induced fit model suggests that the protein undergoes conformational changes to optimize
interactions with the ligand or partner protein (enzyme-substrate binding)
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» Conformational selection model proposes that the protein pre-exists in multiple conformations and the
ligand or partner protein selects the most favorable one (intrinsically disordered proteins)

Functional Consequences of Conformational Changes

» Conformational changes can expose or create new binding sites, regulate protein function, or transmit
signals across the protein structure

* Allosteric regulation involves conformational changes at a site distant from the active site, modulating
protein activity in response to ligand binding or protein-protein interactions (hemoglobin's cooperative
oxygen binding)

» Conformational changes can also be involved in the assembly or disassembly of macromolecular
complexes (actin filament polymerization)

Thermodynamics and Kinetics of Interactions

Thermodynamic Parameters

* Protein-ligand and protein-protein interactions driven by a combination of enthalpic (hydrogen
bonding, van der Waals interactions) and entropic (hydrophobic effect, conformational entropy)
contributions to the free energy of binding

+ Dissociation constant (Kd) is a measure of the strength of protein-ligand or protein-protein interactions
at equilibrium, with lower Kd values indicating higher affinity

* Isothermal titration calorimetry (ITC) can directly measure the thermodynamic parameters (enthalpy,
entropy, and free energy) of protein-ligand and protein-protein interactions

Kinetic Parameters

* Kinetics of protein-ligand and protein-protein interactions characterized by association (kon) and
dissociation (koff) rate constants, which determine the overall affinity and the time course of binding

« Surface plasmon resonance (SPR) and biolayer interferometry (BLI) are common techniques for
measuring the kinetics of protein-ligand and protein-protein interactions in real-time

« Kinetic parameters can provide insights into the mechanism of binding, such as the presence of
multiple binding steps or conformational changes (two-step binding mechanism)

Biological Significance of Interactions

Cellular Processes

* Protein-ligand interactions essential for many biological processes, such as enzyme catalysis
(substrate binding), signal transduction (hormone-receptor interactions), and transport of small
molecules (oxygen binding to hemoglobin)

* Protein-protein interactions form the basis of cellular signaling pathways (kinase cascades),
transcriptional regulation (transcription factor-coactivator interactions), and the assembly of
macromolecular complexes (ribosome assembly)
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Disease and Therapeutic Implications

* Dysregulation of protein-ligand or protein-protein interactions can lead to various diseases, such as
cancer (oncogenic fusion proteins), autoimmune disorders (self-antigen recognition), and
neurodegenerative diseases (protein aggregation)

* Protein-ligand interactions are the primary targets for drug discovery, with small molecule inhibitors or
activators designed to modulate protein function (kinase inhibitors for cancer therapy)

* Protein-protein interactions can be targeted by therapeutic antibodies (monoclonal antibodies against
cytokines), peptides (peptide inhibitors of viral entry), or small molecules (small molecule inhibitors of
protein-protein interactions) to disrupt pathological interactions or promote beneficial ones

+ Understanding the structural and biophysical basis of protein-ligand and protein-protein interactions is
crucial for designing novel therapeutic interventions and understanding the molecular mechanisms of
disease

8.4 Allostery and cooperative binding

Allostery and cooperative binding are key concepts in molecular recognition. They explain how proteins
can be finely tuned by molecules binding to sites other than the active site, and how binding of one
molecule can affect the binding of others.

These mechanisms allow for precise control of protein function in response to cellular conditions. They're
crucial for regulating metabolic pathways, signal transduction, and gene expression, enabling rapid and
reversible adjustments to maintain cellular homeostasis.

Allostery in Protein Regulation

Definition and Role of Allostery

* Allostery is the regulation of protein function by binding of an effector molecule at a site other than the
active site

« Allows for modulation of protein activity in response to cellular conditions and metabolic needs
+ Allosteric effectors can be activators or inhibitors

« Activators enhance protein function

* Inhibitors reduce protein function

» Key mechanism for controlling various biological processes

» Metabolic pathways (glycolysis, citric acid cycle)

« Signal transduction (G protein-coupled receptors, kinases)

» Gene expression (transcription factors, repressors)

« Allosteric sites are often evolutionarily conserved, highlighting their biological importance

Biological Significance of Allostery

 Enables fine-tuning of protein activity in response to changing cellular environments

« Allows for rapid and reversible regulation of protein function without the need for new protein synthesis

Fiveable archived study guides Page 95



* Provides a means for integrating multiple signals to coordinate cellular responses
« Facilitates cross-talk between different metabolic and signaling pathways

* Plays a crucial role in maintaining cellular homeostasis and adaptability

Cooperative Binding and its Significance

Concept and Types of Cooperative Binding

» Cooperative binding occurs when the binding of one ligand to a protein influences the binding affinity
of subsequent ligands

» Two types of cooperativity:
* Positive cooperativity: binding of one ligand enhances the affinity for subsequent ligands
* Negative cooperativity: binding of one ligand reduces the affinity for subsequent ligands

« Cooperativity allows for a steep, sigmoidal response to ligand concentration, enabling switch-like
behavior in biological systems

» Cooperativity is often observed in proteins with multiple binding sites, such as enzymes and receptors

Biological Examples and Significance

» Hemoglobin is a classic example of positive cooperativity

* Binding of oxygen to one subunit increases the affinity for oxygen in the remaining subunits
* Allows for efficient oxygen delivery to tissues under varying oxygen tensions

» Cooperative binding is crucial for regulating various biological processes

» Enzyme activity (aspartate transcarbamoylase, phosphofructokinase)

» Receptor signaling (nicotinic acetylcholine receptor, insulin receptor)

* Transcription factor binding (lac repressor, steroid hormone receptors)

» Cooperativity enables sharp transitions between different physiological states

» Oxygen binding in hemoglobin: transition from low-affinity (T state) to high-affinity (R state)

» Enzyme regulation: transition from inactive to active state in response to substrate or effector binding

Structural Basis of Allostery vs Cooperative Binding

Protein Architecture and Conformational Changes

* Allosteric proteins often have multiple subunits or domains, allowing for communication between
distinct binding sites

» Conformational changes induced by effector binding at the allosteric site are propagated to the active
site, modulating protein function

* Allosteric transitions can involve changes in quaternary structure
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* Example: T-to-R transition in hemoglobin, where the binding of oxygen shifts the equilibrium from the
low-affinity T state to the high-affinity R state

« Structural elements like a-helices and 3-sheets can act as communication pathways for allosteric
signal transmission

Role of Protein Dynamics and Flexibility

* Protein dynamics and flexibility play a crucial role in mediating allosteric effects and cooperative
binding

» Conformational fluctuations allow proteins to sample different states, facilitating allosteric transitions

« Effector binding can alter the conformational ensemble, shifting the population towards active or
inactive states

+ Flexibility in hinge regions and loops enables the propagation of allosteric signals between distant
sites

 Techniques like NMR spectroscopy and molecular dynamics simulations provide insights into protein
dynamics and allostery

Thermodynamic and Kinetic Models of Allostery

Monod-Wyman-Changeux (MWC) Model

» The MWC model proposes that allosteric proteins exist in equilibrium between two conformational
states (T and R), with effectors shifting the equilibrium

» Assumes that all subunits undergo concerted transitions between the T and R states
« Effectors bind preferentially to one state, stabilizing it and shifting the equilibrium
» Explains positive cooperativity and the sigmoidal response to ligand concentration

» Widely applied to various allosteric systems, including hemoglobin and ion channels

Koshland-Némethy-Filmer (KNF) Model

» The KNF model suggests that ligand binding induces sequential conformational changes in allosteric
proteins

* Proposes that each subunit can exist in two conformations (T and R), and ligand binding induces a
local conformational change

» Conformational changes in one subunit can influence the neighboring subunits, leading to cooperative
effects

+ Explains negative cooperativity and the possibility of intermediate states
* Applicable to certain allosteric enzymes and receptors
Thermodynamic and Kinetic Considerations

* Thermodynamic models consider the free energy differences between conformational states and how
effector binding alters this landscape
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« Effectors can stabilize or destabilize specific conformational states, shifting the equilibrium and
modulating protein function

« Kinetic models focus on the rates of transitions between different conformational states and how
effectors modulate these rates

» Experimental techniques provide insights into the thermodynamics and kinetics of allosteric
interactions

« Isothermal titration calorimetry (ITC) measures heat changes associated with ligand binding and
provides thermodynamic parameters

« Surface plasmon resonance (SPR) measures real-time binding kinetics and affinity constants

» Mathematical modeling and computational simulations help in understanding the complex behavior of
allosteric systems
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Unit 9 — Biophysical Spectroscopy
Techniques

9.1 UV-visible and fluorescence spectroscopy

UV-visible and fluorescence spectroscopy are powerful tools for studying biomolecules. These techniques
use light to probe electronic transitions and excited states, revealing crucial information about structure,
interactions, and dynamics of proteins and nucleic acids.

Both methods offer unique advantages in biophysical research. UV-visible spectroscopy measures light
absorption, while fluorescence detects emitted light. Together, they provide insights into molecular
properties, conformational changes, and binding events, complementing other spectroscopic techniques in
the biophysicist's toolkit.

Principles of UV-Visible Spectroscopy

Absorption of Light and Electronic Transitions

» UV-visible spectroscopy is based on the absorption of ultraviolet and visible light by molecules,
causing electronic transitions between molecular orbitals

» The energy of the absorbed light corresponds to the energy difference between the ground state and
excited state of the molecule, following the Bohr frequency condition (AE = hv)

» The absorption of light by a sample is governed by the Beer-Lambert law, which relates the
absorbance (A) to the concentration (€) of the absorbing species, the path length (/) of the sample, and
the molar extinction coefficient (€) of the molecule (A = £l¢)

» The molar extinction coefficient is a measure of the probability of the electronic transition and is
characteristic of the chromophore (light-absorbing group) in the molecule

Applications in Studying Biomolecules

* Proteins and nucleic acids absorb UV light due to the presence of aromatic amino acids (tryptophan,
tyrosine, and phenylalanine) and nucleobases (adenine, guanine, cytosine, thymine, and uracil),
respectively

» UV-visible spectroscopy can be used to determine the concentration of biomolecules in solution using
the Beer-Lambert law and the known extinction coefficients of the chromophores

» Changes in the UV-visible spectrum of a biomolecule can provide information about its conformational
changes, ligand binding, or denaturation, as these events can alter the electronic environment of the
chromophores

* For example, the binding of a ligand to a protein may cause a shift in the absorption maximum or a
change in the intensity of the absorption band
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Fluorescence in Biophysical Studies

Principles of Fluorescence

* Fluorescence is the emission of light by a molecule that has absorbed light of a higher energy (shorter
wavelength)

» The emitted light has a lower energy (longer wavelength) than the absorbed light due to vibrational
relaxation and solvent reorganization

* The difference between the absorption and emission maxima is called the Stokes shift, which is
influenced by the solvent polarity and the molecular structure of the fluorophore

« The fluorescence quantum yield (®) is the ratio of the number of photons emitted to the number of
photons absorbed

* It is a measure of the efficiency of the fluorescence process and is affected by competing
non-radiative processes, such as intersystem crossing and collisional quenching

* The fluorescence lifetime (T) is the average time a molecule spends in the excited state before
returning to the ground state by emitting a photon

« It is sensitive to the local environment of the fluorophore and can be affected by quenching processes

Fluorescence-based Techniques in Biophysics

« Intrinsic fluorophores in biomolecules include aromatic amino acids (tryptophan, tyrosine, and
phenylalanine) and enzyme cofactors (NADH and FAD)

* Extrinsic fluorophores, such as fluorescein and rhodamine, can be covalently attached to
biomolecules for specific labeling

* Fluorescence spectroscopy can be used to study protein folding, conformational dynamics, ligand
binding, and enzyme kinetics by monitoring changes in the fluorescence intensity, wavelength,
anisotropy, or lifetime of the fluorophores

* Forster resonance energy transfer (FRET) is a fluorescence-based technique that can measure the
distance between two fluorophores (donor and acceptor) in the range of 1-10 nm

* FRET is useful for studying biomolecular interactions and conformational changes, such as
protein-protein interactions or the folding of a protein domain

Interpreting Spectra for Biomolecular Insights

UV-Visible Spectroscopy

» The shape and intensity of the UV-visible absorption spectrum can provide information about the
secondary structure of proteins

 For example, a-helical proteins exhibit a characteristic negative peak at 222 nm and a positive peak at
190 nm in circular dichroism (CD) spectroscopy

* The red shift (bathochromic shift) or blue shift (hypsochromic shift) of the absorption or emission
maxima can indicate changes in the polarity of the microenvironment around the chromophore or
fluorophore, which may occur during protein folding or ligand binding
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* A red shift suggests a more polar environment, while a blue shift indicates a more hydrophobic
environment

Fluorescence Spectroscopy

* The fluorescence emission spectrum of tryptophan is sensitive to its local environment

* In a hydrophobic core of a protein, tryptophan exhibits a blue-shifted emission maximum compared to
its emission in an aqueous solution

* Quenching of fluorescence can occur due to various mechanisms, such as collisional quenching,
static quenching, or FRET

+ Analyzing the Stern-Volmer plot (Fo/F vs. [@Q]) can help distinguish between dynamic and static
quenching and determine the accessibility of the fluorophore to the quencher

* The fluorescence anisotropy () measures the rotational diffusion of the fluorophore, which depends
on the size and shape of the molecule

» Changes in anisotropy can indicate protein-ligand binding, protein-protein interactions, or
conformational changes that affect the rotational mobility of the fluorophore

« Time-resolved fluorescence measurements, such as fluorescence lifetime and time-correlated single
photon counting (TCSPC), can reveal the heterogeneity of the fluorophore's environment and the
presence of multiple conformational states

UV-Visible vs Fluorescence Spectroscopy

Advantages and Limitations

» Advantages of UV-visible spectroscopy:

« Simple, fast, and non-destructive technique

* Requires small sample volumes and low concentrations

+ Can be used for quantitative analysis using the Beer-Lambert law

* Provides information about the electronic structure and conformational changes of biomolecules
« Limitations of UV-visible spectroscopy:

* Limited structural information compared to other techniques like NMR or X-ray crystallography
« Interference from other absorbing species in complex mixtures

« Difficulty in assigning specific absorption bands to individual chromophores in proteins

» Advantages of fluorescence spectroscopy:

+ High sensitivity and specificity, allowing detection of low concentrations of fluorophores

+ Can provide information about the local environment, conformational dynamics, and interactions of
biomolecules

« Suitable for studying kinetic processes in real-time

» Multiplexing capabilities using different fluorophores with distinct excitation and emission spectra
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« Limitations of fluorescence spectroscopy:

* Requires the presence of fluorophores, which may be intrinsic or need to be introduced by labeling
+ Labeling with extrinsic fluorophores may perturb the native structure or function of the biomolecule
* Photobleaching of fluorophores can limit the observation time and signal intensity

* Inner filter effects, self-quenching, and background fluorescence can interfere with the measurements

Comparison with Other Biophysical Techniques

» UV-visible and fluorescence spectroscopy provide complementary information to other techniques,
such as circular dichroism (CD), infrared (IR) spectroscopy, nuclear magnetic resonance (NMR), and
X-ray crystallography

» CD spectroscopy provides information about the secondary structure of proteins and nucleic acids

* IR spectroscopy can probe the vibrational modes of biomolecules and provide information about their
functional groups and hydrogen bonding

* NMR spectroscopy offers high-resolution structural and dynamic information about biomolecules in
solution

« X-ray crystallography provides detailed three-dimensional structures of biomolecules in the solid state

* The choice of technique depends on the specific research question, sample properties, and available
resources

» UV-visible and fluorescence spectroscopy are often used as initial screening methods or for
monitoring changes in biomolecular systems, while more advanced techniques like NMR and X-ray
crystallography are employed for in-depth structural characterization

9.2 Circular dichroism and optical rotatory dispersion

Circular dichroism and optical rotatory dispersion are powerful techniques for studying biomolecular
structure. They measure how chiral molecules interact with polarized light, revealing crucial info about
protein and nucleic acid conformations.

These methods are super useful for tracking changes in biomolecule shape and folding. They're
non-destructive, need tiny samples, and can monitor shifts due to temperature, pH, or binding. CD and
ORD are key players in understanding biological systems.

Circular Dichroism and Optical Rotatory Dispersion

Defining CD and ORD

« Circular dichroism (CD) measures the differential absorption of left and right circularly polarized light
by chiral molecules providing information about the asymmetry of the molecule

« Optical rotatory dispersion (ORD) measures the wavelength-dependent rotation of the plane of linearly
polarized light by chiral molecules offering insights into the molecule's chirality and structure

» CD and ORD are sensitive to the conformation of biomolecules, particularly proteins (secondary
structure) and nucleic acids (base stacking) making them valuable tools for studying secondary
structure, folding, and interactions
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* These techniques are non-destructive, require small sample quantities (micromolar range), and can
monitor conformational changes in response to environmental factors such as temperature, pH, and
ligand binding

Relevance in Biophysical Studies

» CD and ORD provide valuable information about the secondary and tertiary structure of proteins and
nucleic acids

* They can be used to study protein folding/unfolding, ligand binding, and oligomerization by tracking
shifts in the intensity and position of characteristic spectral bands

* These techniques are often used in conjunction with other biophysical methods (X-ray crystallography,
NMR spectroscopy) to provide a comprehensive understanding of biomolecular structure and dynamics

* CD and ORD are widely applied in the pharmaceutical industry for drug discovery and development to
assess the conformational stability and binding interactions of drug candidates with their targets

Principles of CD and ORD Measurements

Interaction of Polarized Light with Chiral Molecules

* CD and ORD measurements rely on the interaction between polarized light and chiral molecules,
which have non-superimposable mirror images called enantiomers

+ Chiral molecules interact differently with left and right circularly polarized light due to their asymmetric
structure

* The differential interaction of chiral molecules with polarized light forms the basis for CD and ORD
measurements

» Examples of chiral biomolecules include amino acids (except glycine), sugars (glucose), and
nucleotides (DNA and RNA)

Measuring CD and ORD Signals

* In CD, the difference in absorption of left and right circularly polarized light by a chiral molecule is
measured as a function of wavelength resulting in a CD spectrum

» The CD signal arises from the differential absorption of the electric and magnetic components of the
polarized light by the molecule's electronic transitions which are sensitive to the molecule's asymmetry
and conformation

* In ORD, the rotation of the plane of linearly polarized light is measured as a function of wavelength
providing information about the molecule's chirality and structure

» The ORD signal originates from the difference in refractive indices for left and right circularly polarized
light which depends on the molecule's electronic transitions and conformation

Sensitivity to Biomolecular Structure

* The sensitivity of CD and ORD to biomolecular structure stems from the unique electronic transitions
associated with the peptide backbone in proteins and the nucleotide bases in nucleic acids which are
influenced by the molecule's secondary structure and higher-order conformations
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* In proteins, the peptide bond absorbs in the far-UV region (190-250 nm) giving rise to characteristic
CD signals for different secondary structure elements (a-helices, p-sheets, random coils)

* In nucleic acids, the base stacking interactions and the asymmetric sugar-phosphate backbone
contribute to the CD signal in the near-UV region (250-300 nm) reflecting the conformation and tertiary
structure

Interpreting CD and ORD Spectra

Secondary Structure Analysis of Proteins

 CD spectra of proteins in the far-UV region (190-250 nm) provide information about the secondary
structure content as different secondary structure elements exhibit characteristic CD signatures

* a-helices show a strong positive band at ~190 nm and negative bands at ~208 nm and ~222 nm
* B-sheets display a negative band at ~215 nm and a positive band at ~198 nm
» Random coils have a strong negative band at ~200 nm and a weak positive band at ~220 nm

* The relative intensities of these bands can estimate the fraction of each secondary structure element
in a protein using deconvolution algorithms and reference datasets

» Changes in CD spectra can monitor conformational transitions, such as protein folding/unfolding,
ligand binding, and oligomerization by tracking shifts in the intensity and position of the characteristic
bands

Tertiary Structure and Conformational Changes

* Near-UV CD spectra (250-320 nm) reflect the tertiary structure of proteins arising from the asymmetric
environment of aromatic amino acids (tryptophan, tyrosine, phenylalanine) and disulfide bonds

» Changes in near-UV CD spectra can indicate alterations in the tertiary structure of proteins due to
ligand binding, mutations, or environmental factors (pH, temperature)

* ORD spectra provide complementary information to CD with the specific rotation at a given
wavelength reflecting the overall chirality and conformation of the molecule

» Combined analysis of CD and ORD data can enhance the accuracy and reliability of structural insights
derived from these techniques by cross-validating the results and identifying potential artifacts

Strengths and Weaknesses of CD vs ORD
Strengths of CD and ORD Techniques

+ High sensitivity to changes in secondary and tertiary structure of proteins and nucleic acids enabling
the detection of subtle conformational changes

» Non-destructive nature of the measurements allowing for the recovery of samples for further analysis
or downstream applications

» Small sample quantities required (typically in the micromolar range) making them suitable for studying
precious or limited samples (recombinant proteins, purified nucleic acids)

» Rapid data acquisition enabling real-time monitoring of conformational changes and kinetic studies of
biomolecular processes (folding, binding)
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* Applicable to a wide range of solution conditions (pH, temperature, ionic strength) facilitating the study
of biomolecules under physiologically relevant conditions

Weaknesses and Limitations

* Low resolution structural information compared to techniques like X-ray crystallography and NMR
spectroscopy limiting the atomic-level details that can be obtained

« Difficulty in interpreting spectra for complex systems with multiple conformational states or
intermolecular interactions requiring additional experiments or computational modeling

* Potential artifacts arising from sample preparation (aggregation, impurities), buffer composition
(absorbing compounds, high salt), and instrument calibration (baseline drift, polarization artifacts)
necessitating careful experimental design and data validation

« Limited applicability to non-chiral molecules or those with weak electronic transitions resulting in low
signal-to-noise ratios or featureless spectra

* Requirement for specialized instrumentation (CD spectrometers) and expertise in data analysis and
interpretation which may not be readily available in all research settings

Despite these limitations, CD and ORD remain valuable tools for studying biomolecular structure and
dynamics particularly when used in conjunction with other biophysical techniques (fluorescence
spectroscopy, calorimetry) to provide a comprehensive understanding of the system.

9.3 NMR spectroscopy in structural biology

NMR spectroscopy is a powerful tool in structural biology, using magnetic properties of atomic nuclei to
reveal molecular structures. It provides detailed info on protein folding, dynamics, and interactions in
solution, offering insights into biological functions.

Unlike X-ray crystallography, NMR studies proteins in their native environment. It excels at capturing weak
interactions and protein flexibility. However, it's limited by protein size and sample requirements, making it
best for smaller molecules.

Principles of NMR Spectroscopy

Fundamental Concepts

* NMR spectroscopy is a non-destructive technique that exploits the magnetic properties of certain
atomic nuclei (1H, 13C, 15N) to determine the physical and chemical properties of atoms or molecules

» The fundamental principle of NMR is based on the interaction between the magnetic moments of
specific nuclei and an external magnetic field

» When placed in a strong magnetic field, NMR-active nuclei absorb and re-emit electromagnetic
radiation at a specific resonance frequency, which depends on the strength of the magnetic field and
the magnetic properties of the isotope

Chemical Environment and Structural Information

» The chemical environment of the nuclei influences the resonance frequency, leading to chemical shifts
in the NMR spectrum that provide information about the local electronic and molecular structure

* In structural biology, NMR spectroscopy is used to determine the three-dimensional structures of
proteins, nucleic acids, and their complexes in solution
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* NMR can provide detailed information on the conformational dynamics, ligand binding, and
intermolecular interactions of biomolecules, which is crucial for understanding their biological functions

Information from NMR Experiments

1D and 2D NMR Spectra

* One-dimensional (1D) NMR spectra provide information about the chemical shifts, coupling constants,
and relative intensities of the NMR signals, which can be used to identify functional groups and local
chemical environments

» Two-dimensional (2D) NMR experiments, such as COSY, TOCSY, and NOESY, correlate the
chemical shifts of nuclei that are coupled through bonds (COSY, TOCSY) or space (NOESY), providing
information about the connectivity and spatial proximity of atoms in a molecule

» COSY (Correlation Spectroscopy) identifies coupled nuclei connected by up to three chemical bonds

* TOCSY (Total Correlation Spectroscopy) identifies all nuclei within a spin system, regardless of the
number of intervening chemical bonds

* NOESY (Nuclear Overhauser Effect Spectroscopy) identifies nuclei that are spatially close (typically <
5 A), even if they are not directly bonded

3D and Heteronuclear NMR Experiments

* Three-dimensional (3D) NMR experiments, such as HNCA, HNCO, and HCCH-TOCSY, are used to
simplify the assignment of resonances in larger proteins by spreading the information across three
frequency dimensions

+ 3D experiments often combine 2D NMR techniques with an additional frequency dimension to resolve
overlapping signals and facilitate resonance assignments

* Heteronuclear NMR experiments, such as 1H-15N HSQC and 1H-13C HSQC, provide information
about the correlation between protons and heteroatoms (15N or 13C) in isotopically labeled proteins,
aiding in resonance assignments and structure determination

» 1TH-15N HSQC (Heteronuclear Single Quantum Coherence) experiments correlate the chemical shifts
of directly bonded 1H and 15N nuclei, providing a fingerprint of the protein backbone

» 1TH-13C HSQC experiments correlate the chemical shifts of directly bonded 1H and 13C nuclei,
providing information about the side-chain structure and connectivity

Interpreting NMR Spectra

Protein Folding and Secondary Structure

» The chemical shift dispersion in 1H-15N HSQC spectra can provide information about the overall
folding state of a protein, with well-dispersed peaks indicating a folded structure and poorly dispersed
peaks suggesting an unfolded or disordered state

 Secondary structure elements, such as a-helices and B-sheets, can be identified by characteristic
patterns of NOE connectivities and chemical shifts in the NMR spectra

* a-helices exhibit strong sequential HN-HN NOEs and medium-range HN-Ha NOEs (i to i+3, i+4)

* B-sheets display strong sequential HN-Ha NOEs and long-range HN-HN NOEs between strands
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Resonance Assignments and Tertiary Structure

* The sequential assignment of backbone resonances using a combination of 2D and 3D NMR
experiments allows for the determination of the protein's primary structure and provides a foundation for
structural analysis

+ Sequential assignments involve identifying the connectivity between neighboring amino acid residues
based on characteristic patterns of NOE connectivities and chemical shifts

« Long-range NOE connectivities between protons that are close in space but far apart in the primary
sequence are used to define the tertiary structure of a protein

» These long-range NOEs provide distance restraints that can be used in structure calculation
algorithms to generate a three-dimensional model of the protein

Dynamics and Interactions

» Conformational dynamics of proteins can be studied using NMR relaxation measurements, such as
T1, T2, and heteronuclear NOE experiments, which provide information about the motions of individual
atoms on various timescales

* T1 (longitudinal) relaxation reflects the rate of recovery of magnetization along the external magnetic
field and is sensitive to fast motions (ps-ns timescale)

» T2 (transverse) relaxation reflects the rate of decay of magnetization perpendicular to the external
magnetic field and is sensitive to slower motions (ns-ms timescale)

* NMR chemical shift perturbation experiments can identify binding interfaces and measure the affinity
of protein-ligand or protein-protein interactions by monitoring changes in the chemical shifts of specific
residues upon titration with a binding partner

* Residues involved in the binding interface typically exhibit significant changes in chemical shifts upon
complex formation

» The magnitude of the chemical shift perturbations can be used to map the binding site and estimate
the dissociation constant (Kd) of the interaction

NMR Spectroscopy: Advantages vs Limitations

Advantages in Structural Biology

* NMR allows for the study of proteins in solution, providing a more physiologically relevant environment
compared to X-ray crystallography

* Solution-state NMR enables the investigation of proteins under near-native conditions, including pH,
temperature, and ionic strength

* NMR can provide detailed information on the conformational dynamics and flexibility of proteins, which
is crucial for understanding their biological functions

* NMR relaxation measurements and paramagnetic relaxation enhancement (PRE) experiments can
probe protein dynamics on various timescales

* NMR is well-suited for studying weak or transient interactions, such as protein-ligand or protein-protein
interactions, which may be difficult to capture using other techniques
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* NMR titration experiments can detect weak interactions with dissociation constants (Kd) in the
micromolar to millimolar range

* Isotopic labeling strategies enable the study of specific regions or amino acid types within a protein,
facilitating the investigation of complex systems

* Selective labeling techniques, such as amino acid-specific labeling or segmental labeling, can simplify
NMR spectra and focus on regions of interest

Limitations in Structural Biology

* NMR spectroscopy is generally limited to proteins smaller than 50-60 kDa due to signal overlap and
decreased sensitivity for larger molecules. However, recent advances in NMR methodology and
instrumentation have pushed this limit to larger systems

* Deuteration, selective labeling, and higher magnetic field strengths have enabled the study of larger
proteins and complexes

* NMR requires relatively large amounts of pure, isotopically labeled protein samples (typically 0.1-1
mM), which can be challenging to obtain for some proteins

* Protein expression and purification can be time-consuming and costly, especially for proteins that are
difficult to express or purify in large quantities

+ Data acquisition and analysis can be time-consuming, especially for larger proteins or complex
systems

* NMR experiments for structure determination and dynamics studies often require multiple samples
and long measurement times

» The interpretation of NMR data often relies on complex computational methods, such as molecular
dynamics simulations and structure calculation algorithms, which can be computationally intensive and
require specialized expertise

* NMR structure determination involves the integration of various experimental restraints (NOEs,
dihedral angles, hydrogen bonds) into molecular dynamics simulations or energy minimization protocols
to generate an ensemble of structures consistent with the experimental data

9.4 Mass spectrometry for biomolecules

Mass spectrometry is a powerful tool for analyzing biomolecules. It measures the mass-to-charge ratio of
ions, helping scientists determine molecular mass and structure. This technique is crucial for identifying
proteins, studying modifications, and examining complexes.

Various ionization methods like electrospray and MALDI make it possible to analyze large molecules. Mass
spectrometry's high sensitivity and ability to handle complex mixtures make it invaluable in biophysical
research, despite some challenges in sample preparation and quantification.

Mass Spectrometry Principles

Basics of Mass Spectrometry

» Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio (m/z) of
ions to determine the molecular mass and chemical structure of biomolecules
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* The basic components of a mass spectrometer include an ionization source, mass analyzer, detector,
and data processing system

 Biomolecules are ionized and converted into gas-phase ions, which are then separated based on their
m/z values in the mass analyzer

* The detector records the abundance of ions at each m/z value, generating a mass spectrum that
provides information about the molecular mass and relative abundance of the biomolecules

Applications of Mass Spectrometry in Biophysical Research

* MS is widely used in biophysical research for protein identification, characterization of
post-translational modifications, analysis of protein complexes, and studying protein-ligand interactions

* Protein identification involves matching the observed mass spectrum to a database of known protein
sequences (UniProt, NCBI)

* Post-translational modifications (phosphorylation, glycosylation) can be identified by the mass shifts
they cause in the spectrum

* Protein complexes can be analyzed by native MS to determine stoichiometry and binding interactions

* Protein-ligand interactions can be studied by hydrogen-deuterium exchange MS (HDX-MS) to map
binding sites and conformational changes

* MS can also be applied to the analysis of other biomolecules, such as nucleic acids, carbohydrates,
and lipids

* Nucleic acids (DNA, RNA) can be sequenced and characterized by MS, especially when coupled with
enzymatic digestion

 Carbohydrates can be analyzed by MS to determine their composition, sequence, and branching
patterns

+ Lipids can be profiled and quantified by MS to study their roles in biological membranes and signaling
pathways

lonization Techniques in Mass Spectrometry

Electrospray lonization (ESI)

+ Electrospray ionization (ESI) is a soft ionization technique that produces multiply charged ions from
biomolecules in solution

« In ESI, the sample solution is passed through a capillary at high voltage, creating a fine spray of
charged droplets that evaporate to form gas-phase ions

* The formation of multiply charged ions (M+nH)*n+ enables the analysis of large biomolecules within
the mass range of the instrument

 ESl is suitable for analyzing large, non-volatile biomolecules, such as proteins and nucleic acids, and
is compatible with liquid chromatography (LC-MS)

* LC-MS couples the separation power of liquid chromatography with the sensitivity and specificity of
mass spectrometry

+ LC-MS is widely used for proteomics, metabolomics, and drug discovery applications

Fiveable archived study guides Page 109



Matrix-Assisted Laser Desorption/lonization (MALDI)

» Matrix-assisted laser desorption/ionization (MALDI) is another soft ionization technique that uses a
laser to desorb and ionize biomolecules co-crystallized with a matrix

» The matrix absorbs the laser energy and facilitates the ionization of the biomolecules, typically
producing singly charged ions (M+H)"+

« Common matrices include a-cyano-4-hydroxycinnamic acid (CHCA) for peptides and sinapinic acid
(SA) for proteins

* MALDI is often used for analyzing peptides, proteins, and other large biomolecules, and is compatible
with time-of-flight (TOF) mass analyzers

* MALDI-TOF MS is a rapid and sensitive method for peptide mass fingerprinting and protein
identification

* MALDI imaging MS enables the spatial mapping of biomolecules in tissue sections, providing insights
into their distribution and localization

Other lonization Techniques

» Atmospheric pressure chemical ionization (APCI) is an ionization technique that uses gas-phase
ion-molecule reactions to ionize small, relatively non-polar molecules

* Fast atom bombardment (FAB) is an older ionization technique that uses a beam of high-energy
atoms to desorb and ionize biomolecules from a liquid matrix

+ Surface-enhanced laser desorption/ionization (SELDI) is a variant of MALDI that uses functionalized
surfaces to selectively capture and analyze specific classes of biomolecules

Mass Spectra Interpretation

Components of a Mass Spectrum

* A mass spectrum is a plot of ion abundance (intensity) versus m/z values, representing the molecular
mass and relative abundance of the detected ions

* The base peak is the most abundant ion in the spectrum, and its intensity is set to 100%. The relative
intensities of other ions are calculated with respect to the base peak

» The molecular ion peak (M+) corresponds to the intact, ionized biomolecule and provides information
about its molecular mass

* For singly charged ions, the m/z value of the molecular ion peak directly represents the molecular
mass

 For multiply charged ions, the molecular mass can be calculated from the m/z values and charge
states of the observed ions

» Fragment ion peaks result from the dissociation of the molecular ion and provide structural information
about the biomolecule

» Fragmentation can occur through various mechanisms, such as collision-induced dissociation (CID) or
electron capture dissociation (ECD)

» The fragmentation pattern depends on the type of biomolecule and the dissociation method used
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Identification and Characterization of Biomolecules

* Post-translational modifications (PTMs) of proteins, such as phosphorylation, glycosylation, and
acetylation, can be identified by the mass shifts they cause in the spectrum

* Phosphorylation adds a mass of 79.97 Da per phosphate group
* Glycosylation can add various masses depending on the type and number of sugar residues
* Acetylation adds a mass of 42.01 Da per acetyl group

» Tandem mass spectrometry (MS/MS) involves the selection and fragmentation of specific ions,
generating a fragmentation pattern that aids in the identification and characterization of biomolecules
and their modifications

* In peptide sequencing, MS/MS spectra are used to determine the amino acid sequence based on the
mass differences between fragment ions

* In glycan analysis, MS/MS spectra provide information about the composition, sequence, and linkage
of sugar residues

+ In lipid analysis, MS/MS spectra enable the identification of lipid classes, fatty acyl chains, and head
group modifications

Strengths vs Weaknesses of Mass Spectrometry

Strengths of Mass Spectrometry

» Mass spectrometry offers high sensitivity, specificity, and ability to analyze complex mixtures of
biomolecules

* MS can detect and identify biomolecules at femtomole to attomole levels, making it suitable for
analyzing low-abundance proteins and other biomolecules

* The high mass accuracy and resolution of modern mass spectrometers enable the precise
determination of molecular mass and the differentiation of closely related species

* MS can be coupled with separation techniques, such as liquid chromatography (LC) and capillary
electrophoresis (CE), to analyze complex biological samples

* LC-MS and CE-MS enable the separation and identification of hundreds to thousands of biomolecules
in a single analysis

 Multidimensional separations, such as 2D-LC-MS or LC-CE-MS, further enhance the resolving power
and coverage of the analysis

Weaknesses of Mass Spectrometry

» Mass spectrometry often requires extensive sample preparation and can be affected by matrix effects
and ion suppression

» Sample preparation, such as protein digestion and desalting, can be time-consuming and may
introduce artifacts or biases

 Matrix effects and ion suppression can occur when co-eluting compounds interfere with the ionization
of the analytes, leading to reduced sensitivity and accuracy
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* MS-based quantification can be challenging, especially for absolute quantification, and often requires
the use of internal standards or label-free approaches

+ Stable isotope labeling (SILAC, iTRAQ) enables relative quantification but requires specific sample
preparation and data analysis workflows

« Label-free quantification relies on the comparison of ion intensities or spectral counts but may be
affected by variations in ionization efficiency and sample complexity

» Some biomolecules, such as highly hydrophobic or low-abundance proteins, may be difficult to
analyze by MS due to their poor ionization efficiency or low concentration in the sample

* Membrane proteins and other hydrophobic biomolecules may require specialized sample preparation
or ionization techniques (detergents, nanodiscs)

» Low-abundance proteins may necessitate extensive fractionation or enrichment steps to enable their
detection and identification by MS
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Unit 10 — Crystallography & Microscopy
Techniques

10.1 X-ray crystallography principles and applications

X-ray crystallography is a powerful technique for revealing the 3D structure of molecules. It uses X-ray
diffraction patterns from crystals to map electron density, showing atom positions. This method is crucial
for understanding protein structures and functions.

Protein crystallization is a key step, involving careful control of conditions to grow high-quality crystals.
Once obtained, these crystals are analyzed to create detailed electron density maps, which are then used
to build and refine molecular models.

X-ray Crystallography Principles

Fundamentals of X-ray Diffraction

 X-ray crystallography utilizes the diffraction of X-rays by the regularly spaced atoms in a crystal to
determine the three-dimensional structure of molecules

* The diffraction pattern produced when X-rays interact with a crystalline sample is recorded and
analyzed to determine the electron density distribution within the crystal

* Fourier transform is applied to the diffraction data to convert it into an electron density map, which
reveals the positions of atoms in the molecule

Factors Affecting Structural Determination

» The quality and resolution of the electron density map depend on factors such as crystal size, purity,
and the wavelength of the X-rays used

» Molecular models are built by fitting the known amino acid sequence of the protein into the electron
density map, followed by refinement to improve the agreement between the model and the
experimental data

« X-ray crystallography can determine the structure of proteins, nucleic acids, and other biological
macromolecules at atomic resolution, typically in the range of 1-3 A (angstroms)

* The three-dimensional structures obtained by X-ray crystallography provide insights into the function,
interactions, and mechanisms of action of biological molecules (enzymes, receptors)

Protein Crystallization Process

Methods and Techniques

* Protein crystallization is the process of inducing the formation of ordered, repeating arrays of protein
molecules in a supersaturated solution

» The most common method for protein crystallization is vapor diffusion, which involves mixing the
protein solution with a precipitant solution and allowing the mixture to equilibrate against a reservoir
containing a higher concentration of the precipitant
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* As water vapor diffuses from the protein drop to the reservoir, the protein concentration increases,
leading to supersaturation and potentially crystal nucleation and growth

» Seeding techniques, such as microseeding or macroseeding, can be used to promote crystal growth
and improve crystal quality by introducing preformed crystal nuclei into the crystallization drop

Factors Influencing Crystallization Success

* Factors that influence protein crystallization include protein purity, concentration, pH, temperature,
and the presence of additives or ligands (metal ions, cofactors)

* The choice of precipitant, such as salts (ammonium sulfate), polymers (polyethylene glycol), or
organic solvents (isopropanol), can significantly impact the success of crystallization and the quality of
the resulting crystals

 The quality of protein crystals is assessed by their size, morphology, and the resolution of the
diffraction pattern they produce when exposed to X-rays

* High-quality crystals are essential for obtaining accurate and high-resolution structural information by
X-ray crystallography

Electron Density Maps

Interpretation of Electron Density

+ Electron density maps represent the three-dimensional distribution of electrons in the crystal, which
corresponds to the positions of atoms in the molecule

* The electron density at a given point in the map is proportional to the number of electrons present at
that location, with higher density indicating the presence of heavier atoms or multiple atoms

* The resolution of the electron density map determines the level of detail visible, with higher resolution
maps allowing for the identification of individual atoms and the precise positioning of side chains

* The interpretation of electron density maps involves the recognition of characteristic patterns
corresponding to specific amino acid residues (glycine, tryptophan), secondary structures (alpha
helices, beta sheets), and other structural features of the molecule

Model Building and Refinement

* Molecular model building is the process of fitting the known amino acid sequence of the protein into
the electron density map, using the map as a guide for positioning the atoms

* The initial model is typically built using automated or semi-automated methods, followed by manual
adjustments to improve the fit to the electron density

* Model refinement is an iterative process that involves adjusting the atomic positions, B-factors (atomic
displacement parameters), and occupancies to minimize the difference between the calculated and
observed diffraction data

» Throughout the refinement process, the quality of the model is assessed using various validation tools
and statistical measures, such as the R-factor and the Ramachandran plot, to ensure its accuracy and
reliability
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Applications of X-ray Crystallography

Drug Discovery and Design

« X-ray crystallography plays a crucial role in drug discovery by providing detailed structural information
on drug targets, such as enzymes (kinases), receptors (G protein-coupled receptors), and transport
proteins (ion channels)

* The three-dimensional structures of target proteins obtained by X-ray crystallography enable the
identification of binding sites and the design of molecules that can specifically interact with these sites
to modulate protein function

« Structure-based drug design involves the use of protein-ligand complex structures to guide the
optimization of lead compounds, improving their potency, selectivity, and pharmacokinetic properties

Protein Engineering and Structure-Function Relationships

« In protein engineering, X-ray crystallography is used to guide the rational design of proteins with
enhanced stability, specificity, or catalytic activity

» By comparing the structures of wild-type and mutant proteins, researchers can gain insights into the
molecular basis of protein function and the effects of specific mutations on protein stability and activity

« X-ray crystallography is instrumental in elucidating the structure-function relationships of
biomolecules, providing a detailed understanding of how the three-dimensional arrangement of atoms
determines the biological properties of proteins, nucleic acids, and their complexes

» Comparative structural analysis of related proteins from different organisms or protein families can
reveal evolutionary relationships and provide insights into the molecular mechanisms of protein function
and regulation (enzyme catalysis, signal transduction)

* The integration of structural information obtained by X-ray crystallography with other experimental
data, such as biochemical, biophysical, and computational studies, enables a comprehensive
understanding of the structure, dynamics, and function of biological systems at the molecular level

10.2 Cryo-electron microscopy

Cryo-electron microscopy (cryo-EM) is revolutionizing structural biology. It freezes samples ultra-fast,
preserving their natural state, and lets us see big, complex molecules in amazing detail. No need for tricky
crystals or super-pure samples!

Cryo-EM shows us proteins and other biological stuff in action. We can see different shapes and how they
move, even inside cells. It's perfect for studying membrane proteins and big molecular machines that other
methods struggle with.

Cryo-EM Principles and Advantages
Cryo-EM Technique and Benefits

+ Cryo-EM rapidly freezes biological samples in liquid ethane (vitrification), preserving their structural
integrity and allowing visualization in their native state

+ Cryo-EM enables the study of large, complex, and heterogeneous biological systems without requiring
crystallization or extensive purification
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« The technique determines high-resolution structures at near-atomic levels (3-5 A), providing detailed
insights into macromolecular structure and function

* Cryo-EM is particularly useful for studying membrane proteins, which are difficult to crystallize and
analyze using traditional X-ray crystallography methods

Visualization of Conformational States and Native Environment

* Cryo-EM allows the visualization of multiple conformational states of macromolecules, revealing their
dynamic behavior and functional mechanisms

* The ability to study macromolecules in their native environment, such as within intact cells or
organelles (in situ), is a significant advantage of cryo-EM over other structural biology techniques

* Cryo-EM captures the structural heterogeneity of biological samples, providing a more comprehensive
understanding of their functional diversity

* The technique enables the investigation of macromolecular interactions and the assembly of large
complexes (ribosomes, viruses) in their native context

Sample Preparation for Cryo-EM

Vitrification Process

« Vitrification involves the rapid freezing of biological samples in liquid ethane, preventing the formation
of ice crystals and preserving the native structure of macromolecules

» Samples are applied to a grid, typically made of copper or gold, and excess liquid is removed by
blotting with filter paper

* The grid is plunged into liquid ethane cooled by liquid nitrogen, forming a thin, vitreous ice layer
containing the embedded macromolecules

» The concentration and purity of the sample are critical factors in obtaining high-quality cryo-EM data,
as aggregation or contamination can interfere with image processing and structure determination

* The thickness of the ice layer must be carefully controlled to ensure full sample embedding and
minimize the effects of electron scattering and absorption

Grid Preparation and Treatment

+ Grid preparation involves selecting and treating suitable support grids for cryo-EM samples

+ Grids are typically coated with a continuous carbon film or a holey carbon film to provide mechanical
stability and reduce sample movement during imaging

* Glow discharge or plasma cleaning is often used to make the grid surface hydrophilic, improving the
distribution and adherence of the sample

* The choice of grid material (copper, gold) and mesh size depends on the sample characteristics and
the desired resolution

» Sample application methods, such as manual pipetting or automated dispensing, are optimized to
ensure uniform distribution and minimize air-water interface interactions
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Single-Particle Analysis in Cryo-EM

Particle Picking and Classification

« Single-particle analysis (SPA) reconstructs the 3D structure of a macromolecule from a large number
of 2D projection images obtained by cryo-EM

* Particle picking identifies and extracts individual particle images from cryo-EM micrographs

* Particle picking can be performed manually or using automated algorithms that detect and select
particles based on size, shape, and contrast

* Extracted particle images are classified and aligned to generate 2D class averages, representing
distinct views of the macromolecule

« Classification sorts particle images into groups with similar orientations and conformations, improving
signal-to-noise ratio and reducing heterogeneity effects

+ Alignment determines the relative orientations of particle images and brings them into register to
create a coherent set of 2D projections

3D Reconstruction and Refinement

+ 2D class averages are used to generate an initial 3D model of the macromolecule, which is iteratively
refined using projection matching and 3D reconstruction algorithms

* Projection matching compares 2D class averages with simulated projections of the 3D model to
determine orientation and assign Euler angles to each particle image

+ 3D reconstruction methods, such as weighted back-projection or iterative refinement, combine 2D
projections into a consistent 3D density map

* The resolution of the final 3D reconstruction is assessed using Fourier shell correlation (FSC) and
other validation metrics to ensure the reliability and accuracy of the obtained structure

» Refinement strategies, such as particle polishing, CTF correction, and beam-induced motion
correction, are applied to improve the quality and resolution of the reconstructed density map

Applications of Cryo-EM

Studying Large Macromolecular Complexes

+ Cryo-EM has been instrumental in elucidating the structures of large macromolecular complexes,
such as ribosomes, viruses, and molecular machines, which are often difficult to study using other
techniques

* Visualizing these complexes in their native states has provided insights into their assembly, function,
and interactions with other cellular components

» Examples include the structure of the ribosome-translocon complex, the spliceosome, and the nuclear
pore complex

* Cryo-EM enables the study of macromolecular complexes in different functional states, revealing
conformational changes and dynamic interactions

* The technique has shed light on the assembly pathways and maturation processes of viral capsids,
such as HIV and influenza viruses
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Membrane Protein Structure Determination

* Membrane proteins, which account for a significant portion of the human proteome and are important
drug targets, have been a major focus of cryo-EM studies

* Cryo-EM has enabled the determination of high-resolution structures of ion channels, transporters,
and G protein-coupled receptors (GPCRs) in their native lipid environments

* These structures have revealed the molecular mechanisms of ion selectivity, gating, and ligand
binding, guiding the development of targeted therapeutics

+ Cryo-EM allows the study of membrane proteins in different conformational states, providing insights
into their activation and regulation mechanisms

* The technique has been used to investigate the structure and function of membrane-associated
complexes, such as respiratory chain supercomplexes and photosynthetic systems

Investigating Dynamic Biological Processes

* Cryo-EM is increasingly being used to study dynamic biological processes, such as protein
conformational changes, ligand-induced activation, and macromolecular interactions

* Time-resolved cryo-EM techniques, such as flash-freezing or mixing-spraying, allow the capture of
transient intermediate states and the reconstruction of conformational landscapes

* Examples include the study of ribosome dynamics during translation, the conformational changes of
ion channels during gating, and the assembly of viral capsids

* Cryo-EM has been combined with other techniques, such as cryo-electron tomography (cryo-ET) and
correlative light and electron microscopy (CLEM), to study macromolecular complexes within their
cellular context

* Cryo-ET enables the 3D visualization of macromolecules and their interactions within intact cells or
organelles, providing insights into their native organization and function

* CLEM combines fluorescence microscopy with cryo-EM to localize specific macromolecules within
cells and guide the selection of regions for high-resolution structural analysis

10.3 Atomic force microscopy and single-molecule techniques

Atomic force microscopy (AFM) lets us peek at tiny biological structures up close. It uses a super-sharp tip
to scan surfaces, giving us detailed images and info about biomolecules like proteins and DNA. It's like
having a microscopic finger that can touch and feel individual molecules!

Single-molecule techniques take it a step further, letting us watch and manipulate one molecule at a time.
This gives us unique insights into how molecules behave, interact, and change shape. It's like studying a
single fish instead of the whole school, revealing secrets hidden in the crowd.

Atomic Force Microscopy for Biomolecules

Principles and Applications

+ Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy technique that uses a
sharp tip mounted on a cantilever to scan the surface of a sample and measure the interaction forces
between the tip and the sample
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* AFM can provide topographical images of biological samples with nanometer-scale resolution,
allowing for the visualization of individual molecules (proteins), molecular complexes (lipid membranes),
and cellular structures

* The AFM tip interacts with the sample surface through various forces, including van der Waals,
electrostatic, and capillary forces, which can be measured and used to characterize the surface
properties and interactions of biological molecules

* AFM can be used to study the morphology, mechanical properties, and interactions of proteins,
nucleic acids, lipid membranes, and other biomolecules under physiological conditions

* The high sensitivity and spatial resolution of AFM enable the investigation of molecular recognition
events at the single-molecule level

« Ligand-receptor binding
* Protein-protein interactions

* Enzyme-substrate interactions

Imaging and Force Measurements

» AFM provides high-resolution imaging and force measurements of biological samples under
near-physiological conditions, without the need for sample labeling or extensive sample preparation

* AFM can provide quantitative information on the mechanical properties, kinetics, and thermodynamics
of biomolecular interactions and conformational changes

* However, AFM experiments often require extensive sample preparation, such as surface
immobilization and functionalization, which may affect the native behavior of the molecules

» The temporal resolution of AFM may be limited compared to spectroscopic methods (fluorescence,
NMR), which can probe molecular dynamics on faster timescales

* The interpretation of AFM data can be challenging due to the complex nature of the interactions
involved and the potential artifacts arising from surface effects and experimental conditions

AFM Operation Modes
Contact and Tapping Modes

» Contact mode AFM involves maintaining a constant force between the tip and the sample surface
while scanning, allowing for high-resolution imaging of hard surfaces but potentially causing damage to
soft biological samples

» Tapping mode AFM, also known as intermittent contact mode, oscillates the cantilever near its
resonance frequency and maintains a constant oscillation amplitude while scanning

» Minimizes the lateral forces applied to the sample
* Reduces the risk of sample damage

* Force-volume imaging combines tapping mode imaging with force spectroscopy, allowing for the
simultaneous acquisition of topographical and mechanical property maps of the sample surface
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Force Spectroscopy

* Force spectroscopy is an AFM technique that measures the force-distance relationship between the
tip and the sample by approaching and retracting the tip from the surface

* Provides information on the mechanical properties, adhesion forces, and unbinding events of
individual molecules

» Dynamic force spectroscopy involves measuring the force-distance curves at different loading rates to
study the kinetics and energy landscape of molecular interactions

* Receptor-ligand binding

* Protein unfolding

Single-Molecule Techniques

Manipulation and Observation

« Single-molecule techniques involve the manipulation and observation of individual molecules, allowing
for the study of their properties, dynamics, and interactions without the averaging effects inherent in
ensemble measurements

* Optical tweezers use focused laser beams to trap and manipulate individual molecules, enabling the
measurement of forces and displacements in the piconewton and nanometer range, respectively

» Magnetic tweezers use magnetic fields to apply torque and stretching forces to individual molecules
tethered between a surface and a magnetic bead

* Allows for the study of DNA topology, protein-DNA interactions, and molecular motors

* Fluorescence-based single-molecule techniques enable the study of conformational dynamics, protein
folding, and molecular interactions with high temporal and spatial resolution

« Single-molecule FRET (Forster resonance energy transfer)

* Super-resolution microscopy

Applications

+ Atomic force microscopy-based single-molecule force spectroscopy (AFM-SMFS) can be used to
measure the mechanical properties of individual proteins

+ Unfolding and refolding forces
« Strength and kinetics of intermolecular interactions

« Single-molecule techniques allow for the direct observation of the heterogeneity and stochastic
behavior of individual molecules, revealing rare events and transient intermediates that may be
obscured in ensemble measurements

AFM vs Other Biophysical Methods

Advantages

* AFM and single-molecule techniques can provide unique insights into the properties and interactions
of individual molecules
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* They offer high-resolution imaging, force measurements, and the ability to study biomolecules under
near-physiological conditions

* These techniques enable the direct observation of molecular heterogeneity, stochastic behavior, and
rare events that may be obscured in ensemble measurements

Limitations

» AFM and single-molecule experiments often require extensive sample preparation, which may affect
the native behavior of the molecules

* The temporal resolution of AFM and some single-molecule techniques may be limited compared to
spectroscopic methods

* The interpretation of AFM and single-molecule data can be challenging due to the complex nature of
the interactions involved and potential artifacts

» These techniques may not capture the collective behavior and emergent properties of biomolecular
systems, which can be studied using complementary ensemble-averaged techniques

 X-ray crystallography
* NMR

* Bulk spectroscopy
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Unit 11 — Quantum Mechanics in Biology

11.1 Fundamentals of quantum mechanics

Quantum mechanics forms the foundation of our understanding of matter and energy at the atomic level. It
introduces mind-bending concepts like wave-particle duality and superposition, challenging our classical
intuitions about the nature of reality.

In biological systems, quantum mechanics plays a crucial role in processes like photosynthesis and
enzyme catalysis. Understanding these principles helps us unravel the complex workings of life at its most
fundamental level.

Quantum Mechanics Principles

Fundamental Theory and Postulates

* Quantum mechanics provides a mathematical description of the behavior of matter and energy at the
atomic and subatomic scales

« It is a fundamental theory in physics that is essential for understanding the properties and interactions
of particles at the smallest scales

* Quantum mechanics is based on a set of postulates that describe the unique behavior of quantum
systems, such as wave-particle duality and the uncertainty principle

» The wave-particle duality postulate states that all matter exhibits both wave-like and particle-like
properties, depending on the experimental conditions

» For example, electrons can behave as particles when interacting with other matter, but can also
exhibit wave-like properties when passing through a double-slit experiment

» The wave-particle duality is a fundamental concept in quantum mechanics that challenges the
classical notion of particles and waves being distinct entities

* The superposition principle states that a quantum system can exist in multiple states simultaneously
until it is measured, at which point it collapses into a single state

+ This means that a particle can be in a superposition of different positions, momenta, or energy levels
until an observation is made

» The act of measurement causes the wavefunction to collapse, forcing the system into a definite state

Uncertainty Principle and Pauli Exclusion Principle

» The Heisenberg uncertainty principle states that the position and momentum of a particle cannot be
simultaneously determined with arbitrary precision

» The more precisely one property is measured, the less precisely the other can be known

* This principle arises from the wave-particle duality and the inherent limitations of measurement at the
quantum scale

« The uncertainty principle can be expressed mathematically as: AXAp = %, where Ax and Ap are the
uncertainties in position and momentum, respectively, and h is Planck's constant
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» The Pauli exclusion principle states that no two identical fermions (particles with half-integer spin) can
occupy the same quantum state simultaneously within a quantum system

* This principle is crucial for understanding the structure of atoms and the periodic table, as it
determines the filling of electron orbitals

» The Pauli exclusion principle also plays a significant role in the behavior of electrons in molecules and
solid-state materials, influencing their chemical and physical properties

Wave-Particle Duality in Biology
De Broglie Wavelength and Double-Slit Experiment

» The de Broglie wavelength relates the wavelength of a particle to its momentum, showing that
particles with higher momentum have shorter wavelengths

« The de Broglie wavelength is given by: A = ,%, where A is the wavelength, h is Planck's constant, and
P is the particle's momentum

* This relationship demonstrates that even macroscopic objects have an associated wavelength,
although it is usually negligibly small compared to their size

» The double-slit experiment demonstrates the wave-like behavior of particles, such as electrons or
photons, by producing an interference pattern when passed through two closely spaced slits

* The interference pattern arises from the constructive and destructive interference of the particle
waves, similar to the behavior of classical waves

» The double-slit experiment is a classic demonstration of the wave-particle duality, as it shows that
particles can exhibit wave-like properties under certain conditions

Implications in Biological Systems

* In biological systems, wave-particle duality is essential for understanding processes such as
photosynthesis, where light behaves as both waves and particles (photons) when interacting with
pigment molecules

» The absorption of photons by pigment molecules, such as chlorophyll, is a quantum process that
depends on the energy and wavelength of the incoming light

» The wave-like properties of light are crucial for the efficient transfer of energy between pigment
molecules in light-harvesting complexes

* The particle-like behavior of electrons is crucial for understanding the structure and properties of
biomolecules, such as proteins and nucleic acids, which are held together by chemical bonds involving
the sharing or transfer of electrons

» The formation of covalent bonds, such as those in the backbone of DNA or the peptide bonds in
proteins, involves the overlap of electron wavefunctions and the sharing of electrons between atoms

* The particle-like properties of electrons are also essential for understanding the interactions between
biomolecules, such as hydrogen bonding and van der Waals forces

» Quantum tunneling, a phenomenon arising from wave-particle duality, plays a role in various biological
processes, such as enzyme catalysis and DNA mutation, where particles can penetrate potential
barriers that would be classically forbidden
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* In enzyme catalysis, quantum tunneling can allow electrons or protons to move through potential
barriers, facilitating chemical reactions that would otherwise be kinetically unfavorable

* In DNA mutation, quantum tunneling can cause spontaneous changes in the structure of DNA, leading
to the formation of rare tautomeric forms of nucleotide bases that can result in mispairing during
replication

Solving the Schrodinger Equation

Time-Independent Schrodinger Equation

* The time-independent Schrodinger equation is an eigenvalue equation that relates the wavefunction
of a particle to its energy and potential: Hy = Ey, where H is the Hamiltonian operator, ¥ is the
wavefunction, and E is the energy eigenvalue

» The Hamiltonian operator represents the total energy of the system, including both the kinetic and
potential energy contributions

» The wavefunction ¥ is a complex-valued function that describes the state of the quantum system, and
its square modulus |I‘U|2 represents the probability density of finding the particle at a given position

« The energy eigenvalue E represents the allowed energy levels of the quantum system, which are
determined by the boundary conditions and the shape of the potential energy function

Simple Quantum Systems

* The particle in a one-dimensional box is a simple quantum system where a particle is confined
between two infinite potential walls

* The solutions to the Schrédinger equation for this system are standing waves with quantized energy
levels

22
» The energy eigenvalues for a particle in a one-dimensional box are given by En= gmhLz, where N is
the quantum number, h is Planck's constant, M is the particle's mass, and L is the length of the box

* The wavefunctions for a particle in a one-dimensional box are given by y,(x) = \/gsin(%), where

n is the quantum number, L is the length of the box, and X is the position within the box

» The quantum harmonic oscillator is another simple quantum system relevant to biophysical chemistry,
as it can model the vibrations of chemical bonds

« The potential energy of a harmonic oscillator is given by V(x) = 2kx? where k is the spring constant
and X is the displacement from equilibrium

« The energy eigenvalues for a quantum harmonic oscillator are given by En = (n + %)ﬁ W, where N is
the quantum number, h is the reduced Planck's constant, and W is the angular frequency of the
oscillator

» The wavefunctions for a quantum harmonic oscillator are given by

Yn(x) = v#2%7(%)1/4eXIIJ(—"”2L,{‘Z)Hn(\/ 1 Xx), where Hn(X) are the Hermite polynomials

» The hydrogen atom is a fundamental quantum system in biophysical chemistry, as it serves as a
model for understanding the electronic structure of atoms and molecules

» The Schrodinger equation for the hydrogen atom can be solved analytically, yielding the atomic
orbitals and their associated energy levels
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* The solutions to the hydrogen atom Schrédinger equation involve spherical harmonics and radial
functions, which describe the angular and radial dependence of the electron wavefunction, respectively

* The energy levels of the hydrogen atom are given by the Rydberg formula: Ep=- 13,',625\/, where N is

the principal quantum number

Wavefunctions and Probability Distributions

Physical Meaning of Wavefunctions

« A wavefunction, denoted by W(X, ) is a complex-valued function that contains all the information
about a quantum system

« It is a solution to the Schrédinger equation and describes the state of a particle in space and time

» The wavefunction is a mathematical object that encodes the probability amplitude of finding the
particle at a given position and time

» The physical meaning of a wavefunction is not directly observable, as it is a complex-valued function

» However, the square of the absolute value of the wavefunction, |(x, t)lz, represents the probability
density of finding the particle at a given position X and time t

* The probability density is a real-valued function that describes the likelihood of measuring the particle
at a specific location in space

» Wavefunctions must be normalized, meaning that the integral of the probability density over all space

Y

must equal 1: [__|w(x, t)|2dx =1

* This normalization condition ensures that the total probability of finding the particle somewhere in
space is 100%

» Normalized wavefunctions are essential for making probabilistic predictions about the behavior of
quantum systems

Probability Distributions and Expectation Values

* The probability of finding a particle within a specific region of space is obtained by integrating the
b
probability density over that region: p(g < x < b) = fa [w(x, t)|2dx

« This integral gives the probability of measuring the particle's position within the interval [a, b] at a
given time t

* The probability distribution for position can be visualized as a graph of the probability density
|w(x, t)|? versus the position X

» The expectation value of an observable, such as position or momentum, can be calculated using the
wavefunction and the corresponding operator: (A) = _f_mw* (x, t)/:\lP(X. t)dx, where A is the operator
associated with the observable A

» The expectation value represents the average value of the observable that would be obtained from
repeated measurements on an ensemble of identically prepared quantum systems

« For example, the expectation value of position, {X), gives the average position of the particle, while
the expectation value of momentum, (p), gives the average momentum
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* The uncertainty principle can be expressed in terms of the standard deviations of the probability
distributions for position and momentum: Ox0p = % where Ox and Op are the standard deviations of the
position and momentum probability distributions, respectively

» The standard deviation is a measure of the spread or uncertainty in the values of an observable

 The uncertainty principle sets a fundamental limit on the precision with which complementary
observables, such as position and momentum, can be simultaneously determined

Probability Current Density and Continuity Equation

* The probability current density, /(x, t) = %(tp* g—i’ - %), describes the flow of probability in space

and time

« It is analogous to the current density in classical mechanics and represents the rate at which
probability is transported through space

+ The probability current density is a vector quantity that points in the direction of the flow of probability
and has units of probability per unit area per unit time

 The probability current density satisfies the continuity equation, % + % = 0, which ensures the

conservation of probability

» The continuity equation states that the rate of change of the probability density at a given point is
equal to the negative divergence of the probability current density at that point

* This equation is a consequence of the normalization condition and the time-dependent Schrédinger
equation, and it guarantees that probability is neither created nor destroyed in a closed quantum
system

11.2 Electronic structure and spectroscopy of biomolecules

Quantum mechanics unlocks the secrets of biomolecules' electronic structure. From wave functions to
molecular orbitals, these principles explain how electrons behave in biological systems, shaping chemical
bonds and interactions crucial for life.

Spectroscopic techniques like UV-Vis and fluorescence let us peek into this quantum world. By probing
electronic transitions, we can unravel biomolecule structures, track conformational changes, and even
design new tools for studying life's molecular machinery.

Electronic Structure of Biomolecules

Quantum Mechanical Principles Governing Electronic Structure

* The electronic structure of biomolecules is governed by the principles of quantum mechanics, which
describe the behavior of electrons in atoms and molecules

» The wave-particle duality of electrons is a fundamental concept in quantum mechanics, where
electrons exhibit both wave-like (interference and diffraction) and particle-like (quantized energy and
momentum) properties

» The Schrédinger equation is the fundamental equation of quantum mechanics that describes the
behavior of electrons in atoms and molecules

* The solutions to the Schrédinger equation for a given system are called wave functions, which provide
information about the probability distribution of electrons in space
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» The square of the wave function gives the probability density of finding an electron at a particular point
in space (e.g., the electron density around a molecule)

Electronic Configuration and Chemical Bonding

» The Pauli exclusion principle states that no two electrons in an atom or molecule can have the same
set of four quantum numbers (principal, angular momentum, magnetic, and spin), which determines the
electronic configuration of biomolecules

* The electronic structure of biomolecules is influenced by the presence of multiple atoms and the
formation of chemical bonds, leading to the creation of molecular orbitals

» Covalent bonds are formed by the sharing of electrons between atoms, resulting in the formation of
bonding molecular orbitals (e.g., g and 1 bonds)

» Non-covalent interactions, such as hydrogen bonding and van der Waals forces, also play a crucial
role in the structure and stability of biomolecules (e.g., the double helix structure of DNA)

Molecular Orbitals in Biomolecules

Formation and Properties of Molecular Orbitals

* Molecular orbitals are formed by the linear combination of atomic orbitals (LCAO) when atoms come
together to form molecules

» Bonding molecular orbitals are formed when atomic orbitals constructively interfere, resulting in
increased electron density between the nuclei and a lower energy state (e.g., 0 and 1 bonding orbitals)

+ Antibonding molecular orbitals are formed when atomic orbitals destructively interfere, resulting in
decreased electron density between the nuclei and a higher energy state (e.g., o and 1 antibonding
orbitals)

» The energy and shape of molecular orbitals determine the electronic properties of biomolecules, such
as their stability, reactivity, and spectroscopic behavior

* The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
are particularly important in determining the chemical and spectroscopic properties of biomolecules

» The HOMO-LUMO gap represents the energy required for electronic transitions, which can be probed
by spectroscopic techniques (e.g., UV-Vis absorption spectroscopy)

Delocalization and Heteroatoms

+ Molecular orbital theory can be used to explain the delocalization of electrons in conjugated systems,
such as aromatic rings in nucleic acid bases (e.g., adenine and guanine) and amino acid side chains
(e.g., phenylalanine and tryptophan), which contributes to their stability and spectroscopic properties

* Delocalization of electrons leads to the formation of extended 1T systems, which lower the overall
energy of the molecule and increase its stability (e.g., the resonance structures of benzene)

+ Conjugated systems often exhibit characteristic absorption and emission properties due to the
presence of delocalized electronic transitions (e.g., the UV absorption of nucleic acids at 260 nm)

* The electronic structure of biomolecules can be influenced by the presence of heteroatoms, such as
nitrogen and oxygen, which introduce additional molecular orbitals and alter the electronic properties of
the molecule
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» Heteroatoms can participate in hydrogen bonding and other non-covalent interactions, which play a
crucial role in the structure and function of biomolecules (e.g., the base pairing in DNA and RNA)

» The presence of heteroatoms can also give rise to specific electronic transitions, such as n -
transitions, which involve the excitation of non-bonding electrons to antibonding orbitals (e.g., the
absorption of carbonyl groups in proteins)

Spectroscopic Techniques for Biomolecules

Absorption and Fluorescence Spectroscopy

« Electronic absorption spectroscopy (UV-Vis) is based on the absorption of photons by molecules,
leading to the excitation of electrons from the ground state to higher energy states

» The wavelength of absorbed light depends on the energy difference between the molecular orbitals
involved in the electronic transition (e.g., T - 1 and n - 1 transitions)

* The intensity of absorption is related to the probability of the electronic transition, which is governed by
selection rules based on the symmetry of the molecular orbitals (e.g., the allowed and forbidden
transitions in porphyrins)

* Fluorescence spectroscopy involves the emission of photons by molecules that have been excited to
higher energy states by the absorption of light

» The wavelength of emitted light is typically longer than the absorbed light due to the loss of energy
through non-radiative processes, such as vibrational relaxation and internal conversion (Stokes shift)

* The fluorescence quantum yield and lifetime are important parameters that provide information about
the efficiency and dynamics of the emission process (e.g., the high quantum yield of fluorescent
proteins like GFP)

Circular Dichroism and Raman Spectroscopy

« Circular dichroism (CD) spectroscopy measures the differential absorption of left and right circularly
polarized light by chiral molecules

» The CD signal arises from the interaction between the electric and magnetic transition dipole moments
of the molecule, which are sensitive to the asymmetric environment of chiral centers (e.g., the a-helical
and B-sheet structures of proteins)

» CD spectroscopy can provide information about the secondary structure of proteins and the
conformational changes induced by ligand binding or environmental factors (e.g., the folding and
unfolding of proteins)

* Raman spectroscopy is based on the inelastic scattering of photons by molecules, which results in a
change in the vibrational energy of the molecule

» The Raman shift, which is the difference between the incident and scattered photon energies,
provides information about the vibrational modes of the molecule, which are sensitive to its electronic
structure and bonding (e.g., the characteristic Raman bands of nucleic acids and proteins)

» Resonance Raman spectroscopy involves the use of excitation wavelengths that coincide with
electronic transitions, leading to the selective enhancement of vibrational modes coupled to the
electronic transition (e.g., the enhancement of heme vibrational modes in cytochrome c)
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Electronic Spectra of Biomolecules

Interpretation of Absorption and Emission Spectra

* The electronic absorption spectrum of a biomolecule represents the wavelength-dependent absorption
of light, which is determined by the energy differences between the molecular orbitals involved in the
electronic transitions

* The absorption bands in the spectrum correspond to specific electronic transitions, such as m - 1
transitions in conjugated systems (e.g., the absorption of aromatic amino acids) or n — 1 transitions in
molecules containing heteroatoms with non-bonding electrons (e.g., the absorption of peptide bonds)

* The position and intensity of the absorption bands can provide information about the electronic
structure, conjugation length, and the presence of specific functional groups in the biomolecule (e.g.,
the red-shift of absorption bands in extended conjugated systems)

* The electronic emission spectrum of a biomolecule represents the wavelength-dependent emission of
light following the excitation of the molecule to higher energy states

» The emission spectrum is typically red-shifted relative to the absorption spectrum due to the energy
loss through non-radiative processes, such as vibrational relaxation and solvent reorganization (Stokes
shift)

* The shape and intensity of the emission spectrum can provide information about the excited state
dynamics, the presence of different emitting species, and the influence of the molecular environment on
the emission process (e.g., the solvatochromic shift of fluorescent probes)

Applications and Computational Methods

* The electronic spectra of biomolecules can be sensitive to changes in their structure and environment,
such as pH, polarity, and interactions with other molecules

» Changes in the absorption or emission spectra can be used to monitor conformational changes (e.g.,
protein folding), ligand binding events (e.g., enzyme-substrate interactions), or the formation of
molecular complexes (e.g., protein-protein interactions)

» The spectroscopic properties of biomolecules can be exploited for various applications, such as the
design of fluorescent probes (e.g., calcium indicators), the study of protein folding and dynamics (e.qg.,
single-molecule FRET), and the development of biosensors (e.g., glucose sensors)

* The interpretation of electronic spectra often requires the use of computational methods, such as
quantum chemical calculations and molecular dynamics simulations, to provide a detailed
understanding of the electronic structure and the factors influencing the spectroscopic properties of
biomolecules

» These computational approaches can help to assign the observed spectroscopic features to specific
electronic transitions, predict the effect of structural modifications on the spectra, and guide the rational
design of biomolecules with desired spectroscopic properties (e.g., the development of novel
fluorescent proteins)

» Quantum chemical methods, such as density functional theory (DFT) and time-dependent DFT
(TD-DFT), can be used to calculate the electronic structure and excitation energies of biomolecules,
providing a theoretical framework for interpreting experimental spectra (e.g., the prediction of
absorption and emission wavelengths)
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11.3 Quantum effects in enzyme catalysis and photobiology

Quantum effects play a crucial role in enzyme catalysis and photobiology. These microscopic phenomena,
like quantum tunneling and coherence, enhance reaction rates and energy transfer in biological systems,
defying classical physics explanations.

Understanding quantum effects in biology opens doors to exciting applications. From designing better
drugs to developing artificial photosynthesis, quantum biology bridges the gap between the subatomic
world and life sciences, promising innovative solutions to complex problems.

Quantum Tunneling in Enzyme Catalysis

Role of Quantum Tunneling in Enzyme-Catalyzed Reactions

» Quantum tunneling allows particles (electrons, protons, hydrogen atoms) to pass through potential
energy barriers that are classically insurmountable due to the wave-particle duality of matter described
by quantum mechanics

+ Enables the transfer of particles between enzyme and substrate even when the classical energy
barrier is high, providing an alternative reaction pathway

« Significantly enhances the rate of enzyme-catalyzed reactions by allowing reactions to occur that
would be impossible under classical mechanics

Factors Affecting Quantum Tunneling Probability

* Probability of quantum tunneling depends on the mass of the tunneling particle (lighter particles like
electrons and protons tunnel more easily than heavier ones), width and height of the potential energy
barrier, and temperature

» Enzymes facilitate quantum tunneling by positioning substrate and reactive groups in the active site to
minimize tunneling distance and optimize tunneling probability

» Experimental evidence for quantum tunneling in enzymes includes kinetic isotope effects, where
reaction rate changes when hydrogen is replaced by its heavier isotope, deuterium

* Theoretical models like the Marcus theory and Kuznetsov-Ulstrup model describe the role of quantum
tunneling in enzyme catalysis and predict its impact on reaction rates

Quantum Mechanics of Photosynthesis

Light Absorption and Energy Transfer in Photosynthesis

 Photosynthesis converts light energy into chemical energy stored as carbohydrates in plants, algae,
and some bacteria

« Light absorption is mediated by pigments (chlorophylls and carotenoids) with specific absorption
spectra determined by their electronic structure, which is governed by quantum mechanical principles
like quantization of energy levels and formation of molecular orbitals

» Upon absorbing a photon, a pigment molecule is excited from its ground state to a higher energy
excited state, which can return to the ground state through fluorescence, heat dissipation, or energy
transfer to neighboring molecules
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« Excited state energy is rapidly transferred between pigment molecules through resonance energy
transfer mediated by dipole-dipole interactions

Primary Photochemical Events in Photosynthesis

* Primary photochemical event is charge separation at the reaction center, where an excited electron is
transferred from a special pair of chlorophyll molecules to an electron acceptor, creating a
charge-separated state

* Quantum yield of primary charge separation is close to unity, meaning nearly every absorbed photon
results in a successful charge separation event due to precise arrangement of pigments and redox
cofactors in the reaction center

» Charge-separated state initiates a series of electron transfer reactions leading to the reduction of
NADP+ to NADPH and generation of a proton gradient across the thylakoid membrane, which drives
ATP synthesis

Quantum Principles of Photoreceptors

Structure and Function of Photoreceptors

» Photoreceptors are specialized proteins that detect light and initiate biological responses (vision,
phototropism, circadian rhythms)

* Primary light-sensing components are chromophores, small organic molecules that undergo
conformational changes upon absorbing light

« Electronic structure of chromophores is governed by quantum mechanical principles like quantization
of energy levels and formation of molecular orbitals

« Light absorption by a chromophore leads to a transition from ground state to excited state, triggering a
conformational change in the protein

Spectral Sensitivity and Quantum Yield of Photoreceptors

+ Spectral sensitivity of a photoreceptor is determined by the electronic structure of its chromophore and
its interaction with the protein environment; different photoreceptors have different chromophores and
respond to different wavelengths of light

» Quantum mechanical calculations (density functional theory, time-dependent DFT) model electronic
structure and excitation properties of photoreceptor chromophores and their photochemical reactions

» Quantum yield of photoreceptor activation (probability that an absorbed photon leads to a productive
signaling event) is typically high but can be modulated by factors like thermal stability of the excited
state and efficiency of energy transfer to the protein

» Conformational change in the photoreceptor protein can lead to various downstream signaling events
(activation of G-protein coupled receptor in visual rhodopsin, initiation of phosphorylation cascade in
phytochromes)
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Quantum Biology Applications

Drug Design and Enzyme Modulation

» Quantum biology seeks to understand the role of quantum mechanical phenomena in biological
systems and exploit these phenomena for practical applications

* Potential application in the design of novel drugs that target enzymes or receptors by understanding
the quantum mechanical basis of enzyme catalysis and ligand-receptor interactions

* Drugs could be designed to inhibit enzyme activity by blocking quantum tunneling pathways or
activate receptors by mimicking the quantum mechanical properties of natural ligands

Artificial Photosynthesis and Biosensors

» Quantum biology could contribute to the development of artificial photosynthetic systems for
renewable energy production by understanding the quantum mechanical principles underlying natural
photosynthesis to design more efficient artificial systems for solar energy conversion and storage

* Could also contribute to the development of novel biosensors and imaging techniques based on the
quantum mechanical properties of biomolecules (quantum dots and fluorescent nanoparticles sensitive
to specific biological analytes for highly sensitive and specific detection and imaging)

Quantum Computing and Complex Biological Systems

* Biological systems exhibiting quantum coherence and entanglement (photosynthetic apparatus, avian
magnetic compass) could inspire the design of novel quantum algorithms and hardware in the field of
quantum computing

* Application of quantum mechanical principles to the study of complex biological systems (brain,
immune system) could lead to new insights into their function and dysfunction, potentially guiding the
development of new therapies for diseases

Challenges and Future Directions

* Quantum biology is still in its early stages, and much more research is needed to fully understand the
role of quantum mechanical phenomena in biology and translate this understanding into practical
applications

+ Challenges include the complexity of biological systems, difficulty of measuring quantum effects in
vivo, and need for interdisciplinary collaboration between physicists, chemists, and biologists
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Unit 12 — Statistical Mechanics &
Molecular Simulations

12.1 Principles of statistical mechanics

Statistical mechanics is the secret sauce of biophysics, connecting tiny molecular movements to big
biological behaviors. It's like having a magical translator that turns the chaotic dance of atoms into
measurable properties we can actually study in the lab.

This powerful tool helps us understand everything from protein folding to drug interactions. By linking
microscopic states to macroscopic properties, it gives us a window into the inner workings of life's
molecular machines.

Statistical Mechanics for Biophysical Systems

Fundamental Concepts

« Statistical mechanics uses probability theory to study the behavior of systems with many degrees of
freedom (biomolecules, biological systems)

» The fundamental postulate of statistical mechanics states that all accessible microstates of a system
are equally probable at equilibrium

» The Boltzmann distribution describes the probability of a system being in a particular microstate as a

function of its energy and temperature

* The partition function relates the microscopic properties of a system to its macroscopic
thermodynamic properties

 Acts as a normalization factor in the Boltzmann distribution

* Enables calculation of thermodynamic quantities (free energy, entropy, heat capacity)

Ensemble Theory

» Ensemble theory describes the behavior of a large number of identical systems (collection of
biomolecules in solution)

» The microcanonical ensemble represents a closed system with constant energy, volume, and number

of particles
« Suitable for isolated systems with fixed total energy (protein in a vacuum)

» The canonical ensemble represents a system in thermal equilibrium with a heat bath at a fixed
temperature

* Appropriate for systems that can exchange energy with the surroundings (biomolecule in a water bath)

» The grand canonical ensemble represents a system that can exchange both energy and particles with

a reservoir

+ Useful for studying systems with variable particle numbers (ion channels, ligand binding)
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* The ergodic hypothesis assumes that, over long periods, the time spent by a system in some region of
the phase space of microstates is proportional to the volume of this region

 Ensures that time averages equal ensemble averages

* Allows for the connection between microscopic dynamics and macroscopic properties

Thermodynamics of Biomolecules

Free Energy and Stability
» The Helmholtz free energy can be calculated from the partition function

* Provides information about the stability and spontaneity of biomolecular processes (protein folding,
ligand binding)

* The Gibbs free energy can be derived from the partition function

* Useful for studying biomolecular reactions at constant pressure and temperature (enzymatic
reactions, conformational changes)

» The chemical potential of a biomolecule in solution can be calculated using the grand canonical
ensemble

* Provides insight into the driving forces of biomolecular interactions (protein-protein interactions,
membrane insertion)

Thermodynamic Properties

» The heat capacity of a biomolecule can be calculated from the temperature derivative of the internal
energy, which is related to the partition function

* Reflects the ability of a biomolecule to absorb heat (protein unfolding, DNA melting)

* The entropy of a biomolecular system can be determined using the Boltzmann formula, which relates
entropy to the number of accessible microstates

+ Quantifies the disorder and flexibility of a biomolecule (conformational entropy, hydrophobic effect)

Microscopic States vs Macroscopic Properties

Energy Landscape and Conformational Entropy

» The microscopic states of a biomolecular system (protein conformations) can be related to its
macroscopic properties (stability, function)

» The energy landscape of a biomolecule describes the distribution of its microscopic states as a
function of their energies

* Used to understand folding, binding, and other biomolecular processes (protein folding funnel,
conformational selection)

» Conformational entropy contributes to the stability of biomolecules

» Can be estimated using statistical mechanical methods (quasi-harmonic approximation, normal mode
analysis)
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Cooperativity and Phase Transitions

» Cooperativity in biomolecular systems (allosteric regulation, ligand binding) can be analyzed using
statistical mechanical models that account for the coupling between microscopic states

* Explains the non-linear response of biomolecules to perturbations (Hill equation,
Monod-Wyman-Changeux model)

* Phase transitions in biomolecular systems (protein denaturation, lipid membrane melting) can be
studied using statistical mechanics to understand the underlying changes in microscopic states

 Characterized by abrupt changes in macroscopic properties (heat capacity, order parameters)

* Modeled using lattice models and Landau theory (Ising model, Flory-Huggins theory)

Statistical Mechanics & Experimental Interpretation

Thermodynamic Measurements

* The thermodynamic properties calculated using statistical mechanics (free energies, entropies) can be
compared with experimental measurements from techniques like:

* Isothermal titration calorimetry (ITC): measures heat changes during biomolecular interactions
« Differential scanning calorimetry (DSC): measures heat capacity as a function of temperature

» The conformational ensembles predicted by statistical mechanical models can be validated using
experimental data from:

* Nuclear magnetic resonance (NMR) spectroscopy: provides information on the structure and
dynamics of biomolecules

« Small-angle X-ray scattering (SAXS): measures the size and shape of biomolecules in solution

« Single-molecule Forster resonance energy transfer (smFRET): monitors conformational changes and
interactions at the single-molecule level

Energy Landscape Reconstruction and Perturbation Analysis

» The energy landscape of a biomolecule can be reconstructed from experimental data using statistical
mechanical methods

» Maximum entropy principle: infers the least biased probability distribution consistent with the
experimental data

« Bayesian inference: updates the probability distribution based on new experimental evidence

* The effects of mutations, ligand binding, and post-translational modifications on biomolecular stability
and function can be interpreted using statistical mechanical calculations of changes in free energy and
conformational entropy

+ Predict the impact of perturbations on the energy landscape and conformational ensemble

* Guide the design of targeted interventions (drug design, protein engineering)
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Kinetic Modeling

* The kinetics of biomolecular processes (folding, binding) can be modeled using statistical mechanical
approaches

* Transition state theory: estimates the rate constants based on the free energy barrier between states
» Markov state models: describe the dynamics as transitions between discrete conformational states

» Kinetic models can be compared with experimental data from techniques like:

+ Stopped-flow: measures fast kinetics by rapidly mixing reactants

» Temperature-jump: induces rapid temperature changes to study folding and unfolding kinetics

« Single-molecule experiments: track the behavior of individual biomolecules over time (optical
tweezers, atomic force microscopy)

12.2 Molecular dynamics simulations

Molecular dynamics simulations are powerful tools for studying biomolecules at the atomic level. They use
force fields to model interactions between particles, solving Newton's equations of motion to predict
behavior over time. This approach allows us to peek into the microscopic world of proteins and nucleic
acids.

These simulations require careful setup, from choosing initial structures to selecting appropriate force fields
and boundary conditions. By analyzing the resulting trajectories, we can gain insights into structural
changes, conformational dynamics, and interactions with the surrounding environment. However, it's
crucial to be aware of limitations like force field accuracy and sampling issues.

Molecular Dynamics Principles and Algorithms

Fundamentals of Molecular Dynamics Simulations

* Molecular dynamics simulations numerically solve Newton's equations of motion for a system of
interacting particles (atoms or molecules) to predict their time-dependent behavior

* The potential energy of the system is described by a force field, a mathematical model that captures
the interactions between particles

* Bonded interactions include bond stretching, angle bending, and torsional rotation
* Non-bonded interactions include van der Waals and electrostatic interactions
* The force acting on each particle is calculated as the negative gradient of the potential energy

« Particles' positions and velocities are updated at each time step using numerical integration algorithms
(Verlet or leapfrog algorithms)

Boundary Conditions and Thermodynamic Ensembles

* Periodic boundary conditions are often employed to simulate bulk properties and minimize edge
effects

» The simulation box is treated as a unit cell that is replicated infinitely in all directions

» Temperature and pressure control can be achieved through the use of thermostats and barostats
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» Thermostats (Nosé-Hoover, Berendsen) modify the equations of motion to maintain the desired
temperature

« Barostats (Parrinello-Rahman) modify the equations of motion to maintain the desired pressure

* Constraints (SHAKE or LINCS algorithms) can be applied to fix the lengths of certain bonds (those
involving hydrogen atoms)

* Allows for larger time steps and improved computational efficiency

Setting Up and Running Molecular Dynamics Simulations

Preparing the Biological System

+ Obtain the initial structure of the biological system (protein or nucleic acid) from experimental data or
homology modeling

» Experimental data sources include X-ray crystallography and NMR

* Select an appropriate force field (AMBER, CHARMM, GROMOS, OPLS) that accurately describes the
interactions within the system

+ Consider the specific types of molecules and the desired level of detail
+ Solvate the biological system in a box of water molecules or other solvent
+ Ensure the box is large enough to avoid self-interaction of the solute across periodic boundaries

» Add counterions (Na+, CI-) to neutralize the net charge of the system and mimic physiological salt
concentrations

Equilibration and Production Simulations

* Perform energy minimization to relax the system and remove any unfavorable contacts or geometries
« Equilibrate the system by running short MD simulations under NVT and NPT ensembles

* NVT: constant number of particles, volume, and temperature

* NPT: constant number of particles, pressure, and temperature

« Stabilizes the temperature, pressure, and density of the system

* Run the production MD simulation for the desired time scale (nanoseconds to microseconds)

* Use the appropriate ensemble (NVT, NPT) and collect trajectory data for analysis

Analyzing Molecular Dynamics Results

Structural and Conformational Analysis

» Compute the root-mean-square deviation (RMSD) of the biomolecule with respect to a reference
structure

* Assesses the overall stability and conformational changes during the simulation
* Calculate the root-mean-square fluctuation (RMSF) of each residue or atom

« Identifies flexible and rigid regions of the biomolecule
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* Analyze the secondary structure content (a-helices, B-sheets, turns) throughout the simulation
* Monitors structural transitions or folding/unfolding events

» Examine the hydrogen bonding patterns and salt bridges within the biomolecule and between the
biomolecule and solvent

» Understands the stabilizing interactions and their dynamics

Solvent Interactions and Global Properties

» Compute the solvent accessible surface area (SASA) of the biomolecule

 Characterizes its interaction with the surrounding solvent and identifies buried or exposed regions
+ Calculate the radius of gyration (Rg) of the biomolecule

» Assesses its compactness and overall shape

* Perform principal component analysis (PCA)

« Identifies the dominant modes of motion and the conformational space explored by the biomolecule
during the simulation

Limitations and Errors in Molecular Dynamics Simulations

Force Field and Sampling Limitations

* Force field accuracy: The quality of the results depends on the accuracy of the force field used

« Limitations (neglect of polarization effects, use of simplified models) can introduce errors in the
simulated properties

» Sampling limitations: MD simulations are limited by the computationally accessible time scales

* Insufficient sampling may lead to the omission of important conformational states or rare events
(protein folding, ligand binding)

+ Classical mechanics approximation: MD simulations typically rely on classical mechanics

* May not accurately describe systems where quantum effects are important (chemical reactions,
proton transfer)

System Setup and Finite-Size Effects

» System size and boundary effects: The use of periodic boundary conditions can introduce artifacts
« Particularly for systems with long-range interactions or inhomogeneous distributions
* The size of the simulation box should be carefully chosen to minimize these effects

« Initial structure and equilibration: The accuracy of the simulation results can be affected by the quality
of the initial structure and the adequacy of the equilibration process

* Poor starting structures or insufficient equilibration can lead to unphysical behavior or biased results

* Finite-size effects: Simulations of small systems may not accurately capture the properties of bulk
systems
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* Increased importance of surface effects and fluctuations

» Thermostat and barostat artifacts: The choice of thermostat and barostat can influence the system's
properties and dynamics

* Some methods may not correctly sample the canonical ensemble or may introduce artificial
perturbations to the system

12.3 Monte Carlo methods in biophysics

Monte Carlo methods in biophysics use random sampling to study complex biomolecular systems. They're
great for exploring proteins, nucleic acids, and membranes, helping scientists understand their structures,
interactions, and dynamics.

These methods shine when dealing with many variables, like in protein folding or drug design. By
generating tons of random configurations, Monte Carlo simulations give us a peek into the behavior of
biomolecules that's hard to get any other way.

Monte Carlo Methods in Biophysics

Principles and Applications

* Monte Carlo methods are computational algorithms that rely on repeated random sampling to
approximate numerical results, particularly for complex systems or problems that are difficult to solve
analytically

* The basic principle of Monte Carlo methods involves generating a large number of random
configurations or states of a system, evaluating the desired property or quantity for each configuration,
and averaging the results to obtain an estimate of the property

* Monte Carlo methods are particularly useful for studying systems with many degrees of freedom, such
as biomolecules, where exhaustive sampling of all possible configurations is computationally infeasible

Applications in Biophysics

» Monte Carlo methods are widely used in biophysics to study various biomolecular systems, such as
proteins, nucleic acids, and membranes, as well as their interactions and dynamics

* Applications of Monte Carlo methods in biophysics include:

» Conformational sampling and free energy calculations of biomolecules
* Protein folding and unfolding simulations (protein structure prediction)
« Ligand-receptor binding and drug design (virtual screening)

» Membrane and lipid bilayer simulations (lipid phase behavior)

 Coarse-grained modeling of large biomolecular assemblies (virus capsids, cytoskeleton)
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Implementing Monte Carlo Algorithms

Metropolis Algorithm

* The Metropolis algorithm is a commonly used Monte Carlo method in biophysics, which generates a
Markov chain of configurations based on an acceptance criterion that depends on the energy difference
between the current and proposed states

* The basic steps of the Metropolis algorithm include:
« Initializing the system in a starting configuration

* Proposing a new configuration by randomly perturbing the current state (translational, rotational, or
internal coordinate moves)

« Calculating the energy difference between the current and proposed states using a specified energy
function (force field)

» Accepting or rejecting the proposed move based on the Metropolis criterion, which compares the
energy difference to a random number drawn from a uniform distribution

» Updating the system configuration and repeating the process for a desired number of steps
Enhancing Sampling Efficiency

» Importance sampling techniques, such as umbrella sampling and replica exchange, can be used to
enhance the efficiency of Monte Carlo simulations by focusing on relevant regions of the configuration
space or improving the sampling of rare events

* Umbrella sampling involves applying a biasing potential to the system to sample specific regions of
the configuration space, and the bias is later removed to obtain the unbiased distribution

* Replica exchange involves running multiple simulations (replicas) at different temperatures and
periodically attempting to swap configurations between adjacent replicas, allowing the system to
overcome energy barriers and explore a wider range of configurations

Calculating Properties

» Monte Carlo simulations can be used to calculate various thermodynamic and structural properties of
biomolecular systems, such as:

* Free energy differences and potentials of mean force (PMF) along a reaction coordinate

» Conformational ensembles and probability distributions of structural features (dihedral angles,
distances)

+ Radial distribution functions and pair correlation functions to characterize the spatial organization of
atoms or molecules

* Order parameters and phase transitions in lipid bilayers or other self-assembling systems

* Proper selection of move sets, energy functions, and simulation parameters is crucial for the accuracy
and efficiency of Monte Carlo simulations in studying biomolecular systems
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Monte Carlo vs Other Approaches

Comparison with Molecular Dynamics

* Monte Carlo methods are stochastic in nature, relying on random sampling, while other approaches
like molecular dynamics (MD) simulations are deterministic, solving equations of motion for the system

* Monte Carlo simulations can efficiently sample the configuration space of biomolecular systems,
particularly for systems with rugged energy landscapes or when only equilibrium properties are of
interest, while MD simulations provide dynamical information and can capture non-equilibrium
processes

* Monte Carlo methods can be easily extended to incorporate various types of moves and energy
functions, making them more flexible for studying complex biomolecular systems compared to MD
simulations, which are limited by the accuracy of the force fields and the timestep of integration

Comparison with Quantum Mechanics

* Quantum mechanical (QM) calculations provide a more accurate description of electronic structure
and chemical reactions in biomolecules but are computationally expensive, while Monte Carlo methods
using classical force fields are more efficient for studying larger systems and longer timescales

* QM calculations are typically limited to small systems (hundreds of atoms) and short timescales
(picoseconds), while Monte Carlo simulations can handle larger systems (thousands to millions of
atoms) and longer timescales (nanoseconds to microseconds)

* Hybrid QM/MM (quantum mechanics/molecular mechanics) approaches can be used to combine the
accuracy of QM for a specific region of interest with the efficiency of classical force fields for the rest of
the system

Comparison with Continuum Electrostatics

+ Continuum electrostatics methods, such as the Poisson-Boltzmann equation, are used to calculate
electrostatic properties of biomolecules in solvent, while Monte Carlo methods can explicitly model the
solvent and capture specific interactions and fluctuations

» Continuum electrostatics methods are computationally efficient but rely on a mean-field approximation
of the solvent, neglecting the discrete nature of water molecules and ions

» Monte Carlo simulations with explicit solvent can provide a more realistic description of solvation
effects and capture specific solute-solvent interactions, such as hydrogen bonding and ion binding, but
are computationally more demanding

Interpreting Monte Carlo Simulations

Analyzing Simulation Results

* Monte Carlo simulations generate ensembles of configurations that can be analyzed to obtain various
structural and thermodynamic properties of biomolecular systems

» The convergence and sampling quality of Monte Carlo simulations should be carefully assessed by
monitoring the equilibration of relevant observables, such as energy, and ensuring that the simulations
are long enough to capture the relevant timescales and events
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« Statistical analysis of the simulation results, such as calculating averages, fluctuations, and
correlations of properties, can provide insights into the behavior and dynamics of the system

Comparison with Experimental Data

* The results of Monte Carlo simulations can be compared with experimental data from various
techniques, such as:

« X-ray crystallography and NMR spectroscopy for structural information (root-mean-square deviation,
B-factors)

« Calorimetry and spectroscopy for thermodynamic properties (heat capacity, melting temperature)

« Single-molecule experiments and fluorescence resonance energy transfer (FRET) for conformational
dynamics (distance distributions, transition rates)

+ Discrepancies between simulations and experiments can arise due to limitations in the accuracy of the
energy functions, insufficient sampling, or the presence of artifacts in the experimental data, and should
be carefully analyzed and interpreted

Mechanistic Insights and Predictions

* Monte Carlo simulations can provide atomic-level insights into the mechanisms and driving forces
underlying experimental observations, such as conformational changes, ligand binding, and
protein-protein interactions, and help in the design and interpretation of new experiments

* The results of Monte Carlo simulations can be used to predict the effects of mutations, environmental
conditions, or ligand binding on the structure and function of biomolecules, guiding experimental studies
and the development of therapeutic strategies

» Monte Carlo simulations can explore hypothetical scenarios or conditions that are difficult to access
experimentally, such as extreme temperatures, pressures, or pH values, providing a complementary
tool for understanding biomolecular systems

12.4 Free energy calculations and enhanced sampling techniques

Free energy calculations are crucial in understanding biomolecular processes. They help predict how
molecules interact and change, giving us insights into things like protein folding and drug binding. These
calculations are key to figuring out which states are stable and how fast changes happen.

Enhanced sampling techniques are tools that help us explore complex molecular landscapes more
efficiently. They use clever tricks to overcome energy barriers and sample rare events, giving us a more
complete picture of how molecules behave. These methods are essential for studying complex biological
systems.

Free Energy in Biophysical Processes

Fundamentals of Free Energy

* Free energy is a thermodynamic quantity that determines the spontaneity and direction of chemical
processes, including biomolecular interactions and reactions

» The change in free energy (AG) is the key parameter that governs the equilibrium and kinetics of
biomolecular processes, such as protein folding, ligand binding, and conformational transitions
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* The relationship between free energy and the equilibrium constant (K) is given by AG = —RTInK,
where R is the gas constant and T is the absolute temperature

* Free energy calculations aim to quantify the free energy differences between states of interest, such
as bound and unbound states of a ligand-receptor complex, to predict binding affinities and selectivity

Free Energy Landscape and Its Implications

* The free energy landscape of a biomolecular system represents the relative stabilities of different
states and the barriers between them, which determine the preferred conformations and the rates of
transitions

* The free energy landscape is a high-dimensional surface that describes the free energy as a function
of the system's coordinates, such as protein conformations or ligand positions

» Minima on the free energy landscape correspond to stable states, while maxima represent transition
states or barriers that need to be crossed during conformational changes or binding events

* The depth of the free energy minima determines the relative populations of different states at
equilibrium, while the height of the barriers influences the kinetics of transitions between states

Calculating Free Energy Differences

Alchemical Free Energy Methods

* Free energy perturbation (FEP) is a method that calculates the free energy difference between two
states by gradually transforming one state into the other through a series of intermediate states

» Thermodynamic integration (Tl) computes the free energy difference by integrating the
ensemble-averaged derivative of the Hamiltonian with respect to a coupling parameter that connects
the two states

* Alchemical free energy methods, such as FEP and TI, can be used to calculate absolute binding free
energies by transforming a ligand from a bound state to a reference state in solution

* Relative binding free energy calculations can be performed by alchemically transforming one ligand
into another while maintaining the receptor environment, enabling the prediction of relative binding
affinities for a series of ligands

Path-Based Free Energy Methods

* Potential of mean force (PMF) calculations can be used to obtain the free energy profile along a
specific reaction coordinate, such as the distance between two molecules or a conformational variable

* Umbrella sampling involves applying a series of biasing potentials along a reaction coordinate to
ensure adequate sampling of high-energy regions and enable the reconstruction of the free energy
profile

* The weighted histogram analysis method (WHAM) is used to combine the biased simulations from
umbrella sampling and compute the unbiased PMF

« Steered MD (SMD) applies an external force to guide the system along a specific pathway, facilitating
the exploration of conformational changes and the calculation of free energy profiles
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Statistical Methods for Free Energy Estimation

* Bennett acceptance ratio (BAR) and its variants, such as multistate BAR (MBAR), combine forward
and reverse simulations to estimate the free energy difference between states while minimizing the
statistical variance

» The BAR method uses the Crooks fluctuation theorem to relate the work distributions of forward and
reverse processes, providing an optimal estimator for the free energy difference

* MBAR extends the BAR method to handle multiple states simultaneously, enabling the estimation of
free energy differences between any pair of states from a set of simulations

* Bootstrap analysis can be used to assess the statistical uncertainty of free energy estimates by
resampling the simulation data and computing confidence intervals

Enhanced Sampling Techniques

Bias-Based Methods

» Metadynamics adds a history-dependent bias potential to the energy landscape, discouraging the
system from revisiting previously explored regions and promoting the discovery of new states

* The bias potential in metadynamics is constructed as a sum of Gaussian functions deposited along
selected collective variables (CVs) that describe the relevant degrees of freedom

» Well-tempered metadynamics (WT-MetaD) improves the convergence of metadynamics by gradually
decreasing the height of the Gaussian functions over time, allowing for a smoother exploration of the
free energy landscape

* Umbrella sampling, as mentioned earlier, applies a series of biasing potentials along a reaction
coordinate to enhance sampling and enable the calculation of free energy profiles

Temperature-Based Methods

* Replica exchange MD (REMD) employs multiple replicas of the system simulated at different
temperatures, allowing for the exchange of conformations between replicas to overcome energy
barriers

« In REMD, the high-temperature replicas facilitate the crossing of energy barriers, while the
low-temperature replicas explore the stable regions of the conformational space

» Hamiltonian replica exchange (H-REMD) extends the concept of REMD by using different
Hamiltonians or force fields for different replicas, enhancing the sampling of conformational states

« Parallel tempering (PT) is another term used for REMD, emphasizing the parallel execution of replicas
at different temperatures

Acceleration-Based Methods

* Accelerated MD (aMD) modifies the potential energy surface by adding a boost potential to flatten the
energy barriers, enhancing the sampling of rare events without prior knowledge of the reaction
coordinate

* In aMD, the boost potential is applied to the dihedral angles or the total potential energy of the system,
effectively reducing the depth of the energy minima and facilitating transitions between states
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» Gaussian accelerated MD (GaMD) is a variant of aMD that uses a Gaussian function to construct the
boost potential, providing a smoother and more controllable acceleration of the system

« Self-guided Langevin dynamics (SGLD) enhances conformational sampling by adding a guiding force
to the equations of motion, encouraging the system to explore new regions of the conformational space

Analyzing Free Energy Calculations

Validation and Comparison with Experiments

* Free energy calculations provide quantitative estimates of binding affinities, which can be compared
with experimental measurements to validate the computational models and force fields

» Experimental techniques such as isothermal titration calorimetry (ITC) and surface plasmon
resonance (SPR) can measure binding affinities and provide reference data for comparison

* Relative binding free energies can be used to rank-order a series of ligands based on their predicted
affinities, guiding the selection and optimization of lead compounds in drug discovery

« Correlation analysis between calculated and experimental binding affinities can assess the predictive
power of the computational methods and identify potential outliers or systematic errors

Mechanistic Insights and Structure-Activity Relationships

* Free energy decomposition analysis can identify the key residues and interactions that contribute to
the binding affinity, providing mechanistic insights into the molecular recognition process

* By decomposing the total binding free energy into contributions from individual residues or ligand
moieties, one can pinpoint the hotspots of binding and guide rational drug design efforts

* Integration of free energy calculations with structure-activity relationships (SAR) can elucidate the
relationship between ligand modifications and binding affinity, facilitating the optimization of lead
compounds

» Combining free energy calculations with mutagenesis studies can reveal the impact of specific protein
mutations on ligand binding, aiding in the understanding of drug resistance mechanisms and the design
of mutation-resistant inhibitors

Kinetic and Dynamic Information

» Enhanced sampling simulations can reveal the conformational ensemble and the transition pathways
between different states, elucidating the dynamic aspects of biomolecular recognition

» Markov state models (MSMs) can be constructed from enhanced sampling simulations to extract
kinetic information and identify metastable states and transition rates

+ By discretizing the conformational space into a set of states and estimating the transition probabilities
between them, MSMs provide a coarse-grained description of the system's dynamics

* Transition path analysis can be performed to identify the most probable pathways and the rate-limiting
steps in biomolecular processes, such as ligand binding or conformational changes

Convergence and Uncertainty Assessment

» Convergence and statistical uncertainty of free energy estimates should be carefully assessed to
ensure the reliability and reproducibility of the results
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» Convergence can be monitored by examining the time evolution of the free energy estimates and
ensuring that they reach a stable plateau within the simulation time

* Block averaging or autocorrelation analysis can be used to estimate the effective sample size and the
statistical inefficiency of the simulations

* Bootstrapping or subsampling techniques can provide confidence intervals for the free energy
estimates, quantifying the uncertainty associated with the finite sampling
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Unit 13 — Molecular Motors and
Mechanobiology

13.1 Structure and function of molecular motors

Molecular motors are protein powerhouses that convert chemical energy into mechanical work. These tiny
machines drive essential cellular processes, from muscle contraction to cell division, by harnessing the
power of ATP hydrolysis.

The structure of molecular motors is key to their function. Motor domains, neck linkers, and cargo-binding
regions work together to generate force and motion. Understanding these components helps us grasp how
cells move, transport cargo, and maintain their internal organization.

Molecular motor components and function

Motor domain and ATP hydrolysis

» Molecular motors are protein complexes that convert chemical energy, typically from ATP hydrolysis,
into mechanical work for various cellular processes

» The motor domain is the catalytic core of molecular motors, responsible for ATP binding and
hydrolysis

« Contains the nucleotide-binding site and the active site for catalysis

» ATP binding and hydrolysis in the motor domain drive conformational changes that generate force and
motion

Neck linker and lever arm

 The neck linker is a flexible region adjacent to the motor domain that undergoes conformational
changes during the mechanochemical cycle

* Contributes to the generation of force and motion by amplifying the conformational changes in the
motor domain

» Some molecular motors, such as myosin, have a lever arm that amplifies the small conformational
changes in the motor domain

* Lever arm enables larger displacements and increased force generation

Stalk or tail domain and cargo interactions

* The stalk or tail domain of molecular motors interacts with cytoskeletal filaments (microtubules or
actin) and cargo

» Enables the motor to move along the filaments or transport cargo to specific locations within the cell

* The structure of the stalk or tail domain determines the motor's specificity for certain cytoskeletal
filaments and cargo

* Allows for targeted transport and localization within the cell
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Classifying molecular motors

Cytoskeletal motors

* Cytoskeletal motors are molecular motors that interact with cytoskeletal filaments

* Include myosin (interacts with actin filaments), kinesin, and dynein (interact with microtubules)
* Myosin motors are involved in muscle contraction, cell migration, and intracellular transport

* Move along actin filaments and generate contractile forces

* Kinesin motors typically move towards the plus end of microtubules

« Involved in intracellular transport of organelles, vesicles, and other cellular components

* Dynein motors move towards the minus end of microtubules

* Involved in intracellular transport, cell division, and cilia and flagella movement

Rotary and nucleic acid motors

» Rotary motors, such as FOF1-ATP synthase and the bacterial flagellar motor, convert chemical energy
into rotational motion

* FOF1-ATP synthase uses proton gradient for ATP synthesis
« Bacterial flagellar motor drives bacterial locomotion

* Nucleic acid motors, such as DNA and RNA polymerases, helicases, and topoisomerases, are
involved in DNA and RNA metabolism

* DNA and RNA polymerases catalyze the synthesis of DNA and RNA
* Helicases unwind double-stranded nucleic acids during replication and transcription

» Topoisomerases regulate DNA topology by introducing or removing supercoils

Force generation in molecular motors

Mechanochemical cycle and conformational changes

» The mechanochemical cycle of molecular motors involves the coupling of ATP hydrolysis with
conformational changes in the motor domain

* Results in force generation and motion along the cytoskeletal filament

« ATP binding to the motor domain induces a conformational change that increases the affinity of the
motor for its cytoskeletal filament

* Leads to a strong binding state between the motor and the filament

* ATP hydrolysis and the release of inorganic phosphate (Pi) cause a conformational change in the
neck linker or lever arm

» Generates a power stroke that displaces the motor along the filament
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Coordination of multiple motor domains

* The coordination of multiple motor domains within a single motor complex enables processive
movement along the filament

* Dimeric kinesin or myosin motors maintain continuous contact with the filament through alternating
cycles of ATP hydrolysis and binding

* The collective action of multiple motors working together can generate larger forces and more
complex movements

* Muscle contraction results from the coordinated action of multiple myosin motors

« Cilia and flagella beating is driven by the synchronized activity of dynein motors

Structure-function relationship of molecular motors

Structural features and their functional implications

* The specific structural features of molecular motors enable them to perform their specialized functions
in different biological processes

* The size and shape of the motor domain determine the type of nucleotide (ATP or GTP) that can bind
and the rate of hydrolysis

* Affects the motor's speed and processivity

» The length and flexibility of the neck linker or lever arm influence the step size and the amount of force
generated by the motor

* Longer and more rigid lever arms enable larger displacements and higher force generation

* Variations in the arrangement and number of motor domains within a motor complex contribute to
differences in processivity, speed, and force generation

* Multiple heads in dynein or the formation of dimers or tetramers in kinesin and myosin enhance
processivity and force output

Regulation and coordination of molecular motors

* Post-translational modifications, such as phosphorylation or acetylation, can modulate the activity and
regulation of molecular motors

« Allows motors to respond to cellular signals and adapt to different physiological conditions

» The coordinated action of different types of molecular motors is essential for complex biological
processes

+ Cell division requires kinesins and dyneins to assemble and position the mitotic spindle, while myosins
contribute to cytokinesis

« Intracellular transport involves the cooperation of kinesins and dyneins to move cargo bidirectionally
along microtubules
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13.2 Mechanochemical coupling and energy transduction

Molecular motors are tiny protein machines that convert chemical energy into mechanical work. They're
like microscopic engines powering crucial cell functions. These motors use a process called
mechanochemical coupling to turn ATP into movement, enabling everything from muscle contraction to cell
division.

Energy transduction is the heart of molecular motor function. It's how these motors transform ATP's
chemical energy into physical force or motion. This process involves ATP binding, hydrolysis, and release,
driving the motor's mechanical steps and powering essential cellular activities.

Mechanochemical Coupling in Molecular Motors

Definition and Significance

» Mechanochemical coupling is the process by which chemical energy, often from ATP hydrolysis, is
converted into mechanical work in molecular motors

» Molecular motors are proteins that utilize mechanochemical coupling to generate force and motion,
enabling essential cellular processes such as muscle contraction, cell division, and intracellular
transport

* The coupling between chemical reactions and mechanical events allows molecular motors to perform
work against external loads or resistance

» Mechanochemical coupling efficiency determines the amount of chemical energy converted into useful
mechanical work, which affects the overall performance of molecular motors

Cellular Processes Enabled by Mechanochemical Coupling

» Muscle contraction (myosin motors)

+ Cell division (kinesin motors in spindle formation)
* Intracellular transport (kinesin and dynein motors)
* Bacterial flagellar rotation (flagellar motor)

» ATP synthesis (F1F0-ATPase motor)

Energy Transduction in Molecular Motors

ATP Hydrolysis and Conformational Changes

+ Energy transduction in molecular motors typically involves the hydrolysis of ATP (adenosine
triphosphate) into ADP (adenosine diphosphate) and inorganic phosphate (Pi), releasing chemical
energy

* The released chemical energy induces conformational changes in the molecular motor, leading to the
generation of mechanical force or motion

» The energy transduction process is often accompanied by a cycle of nucleotide (ATP) binding,
hydrolysis, and product release, which drives the mechanical steps of the motor
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Types of Mechanical Work Generated

» The mechanical work performed by molecular motors can manifest as linear movement along
cytoskeletal filaments

* Kinesin and dynein motors move along microtubules

* Myosin motors move along actin filaments

+ Rotational motion is another form of mechanical work generated by some molecular motors
* F1IFO-ATPase rotates to synthesize ATP

« Bacterial flagellar motor rotates to propel the cell

Mechanochemical Coupling Mechanisms: Comparisons

Cytoskeletal Motors: Hand-Over-Hand Mechanism

* Cytoskeletal motors, such as kinesin and dynein, utilize a hand-over-hand mechanism, where
alternating cycles of ATP hydrolysis and conformational changes in the motor domains lead to stepwise
movement along microtubules

* The two motor domains of kinesin and dynein alternate in their attachment to the microtubule, with
one domain leading while the other trails behind

» ATP hydrolysis in the leading domain causes it to detach from the microtubule, swing forward, and
reattach, while the trailing domain remains attached and generates force

Myosin: Power Stroke Mechanism

* Myosin, the molecular motor responsible for muscle contraction, undergoes a power stroke
mechanism, where ATP hydrolysis induces a conformational change in the myosin head, pulling on
actin filaments and generating force

» The power stroke occurs when the myosin head, bound to actin, undergoes a conformational change
that pulls the actin filament towards the center of the sarcomere

* The release of ADP and binding of a new ATP molecule causes the myosin head to detach from actin,
ready for the next cycle

Rotary Motors: Coupling to Rotation

+ Rotary motors, such as F1F0-ATPase and the bacterial flagellar motor, couple ATP hydrolysis or ion
flow to the rotation of a central shaft, enabling functions like ATP synthesis or bacterial propulsion

* In F1F0-ATPase, the flow of protons through the FO subunit drives the rotation of the central shaft,
which in turn causes conformational changes in the F1 subunit, leading to ATP synthesis

* The bacterial flagellar motor couples the flow of protons or sodium ions across the cell membrane to
the rotation of the flagellar filament, enabling bacterial swimming
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Efficiency of Energy Transduction in Molecular Motors

Factors Affecting Efficiency

* The efficiency of energy transduction in molecular motors is determined by the ratio of useful
mechanical work output to the chemical energy input from ATP hydrolysis

* Factors affecting the efficiency of molecular motors include:
* Load or resistance faced by the motor

+ Rate of ATP hydrolysis

* Coupling ratio between chemical and mechanical events

« Highly efficient molecular motors are critical for energy-intensive cellular processes, such as the rapid
contraction of skeletal muscles or the maintenance of ion gradients across membranes

Efficiency Ranges and Implications

» Molecular motors exhibit varying levels of efficiency, ranging from highly efficient motors like
F1F0-ATPase (near 100% efficiency) to less efficient motors like myosin (around 50% efficiency)

* The efficiency of molecular motors has implications for the energy balance and overall fitness of cells
and organisms, as inefficient motors may lead to increased energy consumption and potential
metabolic stress

« Studying the efficiency of molecular motors helps in understanding the evolutionary optimization of
these proteins and their role in maintaining cellular energy homeostasis

Examples of Efficient and Less Efficient Motors

* F1F0-ATPase is an example of a highly efficient molecular motor, with near 100% efficiency in
converting the energy from proton flow into ATP synthesis

» Myosin, the motor responsible for muscle contraction, has a lower efficiency of around 50%, meaning
that half of the energy from ATP hydrolysis is lost as heat

+ Kinesin and dynein motors, involved in intracellular transport, have efficiencies ranging from 50-80%,
depending on the specific isoform and cellular conditions

13.3 Cellular mechanics and mechanosensing

Cellular mechanics and mechanosensing are crucial for understanding how cells interact with their
environment. These processes involve the cytoskeleton, extracellular matrix, and various molecular
mechanisms that allow cells to generate, transmit, and respond to mechanical forces.

This topic connects to the broader chapter by exploring how cells use molecular motors and
mechanosensitive components to navigate their physical surroundings. It highlights the importance of
mechanical forces in cellular function, tissue development, and disease progression.
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Cellular Mechanics and Function

Cellular Mechanics and Cytoskeleton

* Cellular mechanics studies how cells generate, transmit, and respond to mechanical forces, both
internally and externally. These forces play a crucial role in regulating various cellular processes and
behaviors

* The cytoskeleton, composed of actin filaments, microtubules, and intermediate filaments, maintains
cell shape, facilitates cell movement, and enables force generation

+ Actin filaments form a dynamic network that generates contractile forces (cell migration and muscle
contraction)

 Microtubules provide structural support and serve as tracks for intracellular transport (organelle
positioning and cell division)

* Intermediate filaments contribute to mechanical stability and resistance to mechanical stress (keratin
in epithelial cells and desmin in muscle cells)

» Mechanical properties of cells, such as stiffness, viscoelasticity, and contractility, are determined by
the organization and dynamics of the cytoskeleton and the interactions between cytoskeletal elements
and other cellular components

« Stiffness reflects a cell's resistance to deformation (stiffer cells have a more rigid cytoskeleton)

« Viscoelasticity describes a cell's time-dependent response to mechanical forces (combination of
elastic and viscous properties)

+ Contractility arises from the activity of motor proteins (myosin) and the organization of actin filaments

Cellular Mechanics in Cell Function and Extracellular Matrix Interactions

+ Cellular mechanics influences key cellular functions, including cell division, migration, adhesion, and
differentiation

» Mechanical forces can guide cell division planes (spindle orientation during mitosis)
» Mechanical cues direct cell migration (durotaxis: migration towards stiffer substrates)
* Mechanical tension regulates gene expression during differentiation (stem cell fate determination)

* The extracellular matrix (ECM) provides mechanical cues to cells through its composition, structure,
and stiffness. Cells actively sense and respond to these cues, adjusting their behavior and function
accordingly

+ ECM composition (collagen, fibronectin, and laminin) influences cell adhesion and signaling
* ECM structure (fiber alignment and porosity) guides cell migration and organization

* ECM stiffness regulates cell proliferation, differentiation, and gene expression (softer matrices
promote neuronal differentiation, while stiffer matrices favor osteogenic differentiation)

* Mechanical forces can be transmitted between cells through cell-cell junctions, such as adherens
junctions and desmosomes, enabling coordinated behavior and communication within tissues

» Adherens junctions (cadherin-based) transmit forces between cells and regulate tissue
morphogenesis
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» Desmosomes (desmosomal cadherins) provide mechanical strength and stability to tissues (skin and
heart muscle)

Mechanosensing Mechanisms in Cells

Mechanosensitive lon Channels and Receptors

* Mechanosensing is the ability of cells to detect and respond to mechanical stimuli from their
environment. Cells employ several mechanisms to sense and transduce mechanical signals into
biochemical responses

* Mechanosensitive ion channels, such as Piezo channels, are embedded in the cell membrane and
can open or close in response to mechanical stress, allowing the flow of specific ions and initiating
downstream signaling cascades

* Piezo1 and Piezo2 channels are activated by membrane tension and are involved in touch sensation,
vascular development, and red blood cell volume regulation

+ Integrins, a family of transmembrane receptors, play a crucial role in mechanosensing by forming focal
adhesions that link the ECM to the cytoskeleton. Integrins can detect changes in ECM stiffness and
composition, triggering intracellular signaling pathways

* Integrin a5B1 binds to fibronectin and is involved in cell adhesion, migration, and
mechanotransduction

* Integrin avB3 is associated with angiogenesis and is sensitive to changes in ECM stiffness

Cytoskeleton and Nucleus in Mechanotransduction

* The cytoskeleton itself can act as a mechanosensor, with actin filaments and microtubules being
sensitive to mechanical perturbations. Changes in cytoskeletal tension can alter the conformation of
associated proteins, leading to the activation of signaling cascades

+ Actin-associated proteins (filamin and talin) undergo conformational changes in response to
mechanical forces, exposing cryptic binding sites for signaling molecules

+ Microtubule-associated proteins (MAPs) can sense changes in microtubule tension and regulate
microtubule dynamics and stability

* Mechanotransduction, the conversion of mechanical stimuli into biochemical signals, often involves
the activation of kinases, such as focal adhesion kinase (FAK) and Src family kinases, which can
phosphorylate downstream targets and initiate signaling pathways

* FAK is activated by integrin clustering and mechanical tension, leading to the activation of Rho
GTPases and cytoskeletal remodeling

« Src kinases are recruited to mechanically-induced focal adhesions and participate in the regulation of
cell proliferation, migration, and survival

» The nucleus, being mechanically connected to the cytoskeleton through the linker of nucleoskeleton
and cytoskeleton (LINC) complex, can also sense mechanical forces. Nuclear mechanotransduction
can lead to changes in gene expression and chromatin organization

* The LINC complex (nesprins and SUN proteins) transmits mechanical forces from the cytoskeleton to
the nuclear lamina and chromatin
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* Mechanical forces can alter chromatin condensation and accessibility, modulating gene expression
(stretch-induced gene expression in muscle cells)

* Mechanical signals can be propagated through the cytoplasm and nucleus via the transmission of
forces along the cytoskeleton and the nuclear lamina, influencing cellular processes such as gene
transcription and protein synthesis

« Cytoskeletal tension can be transmitted to the nucleus, affecting nuclear shape and chromatin
organization

» Mechanical forces can regulate the activity of transcription factors (YAP/TAZ) and modulate mMRNA
translation and protein synthesis

Cellular Mechanics in Tissue Development

Mechanical Forces in Embryonic Development and Tissue
Morphogenesis

+ Cellular mechanics and mechanosensing play a crucial role in tissue development and homeostasis
by regulating cell behavior, organization, and function in response to the mechanical properties of the
tissue microenvironment

+ During embryonic development, mechanical forces generated by cell-cell and cell-ECM interactions
guide tissue morphogenesis, patterning, and differentiation

 Convergent extension movements during gastrulation are driven by mechanical forces generated by
cell intercalation and cell shape changes

» Mechanical cues can direct stem cell fate decisions (mesenchymal stem cells differentiate into
osteoblasts on stiffer substrates and adipocytes on softer substrates)

* Mechanical forces orchestrate the formation of complex tissue structures (branching morphogenesis
in the lung and mammary gland)

* Mechanically-regulated signaling pathways, such as the Hippo pathway and the TGF-f signaling
pathway, play essential roles in controlling cell proliferation, differentiation, and apoptosis in response to
mechanical stimuli, thereby contributing to tissue homeostasis

» The Hippo pathway is regulated by mechanical cues (cell density and ECM stiffness) and controls
organ size and tissue regeneration through the activity of YAP/TAZ transcriptional co-activators

» TGF-B signaling is modulated by mechanical tension and is involved in ECM remodeling, cell
differentiation, and epithelial-mesenchymal transition (EMT)

Mechanical Homeostasis and Feedback Loops in Mature Tissues

* In mature tissues, mechanical homeostasis is maintained through a dynamic balance between the
mechanical properties of cells and the ECM. Cells continually sense and respond to mechanical cues,
adjusting their behavior and function to maintain tissue integrity and function

» Mechanical feedback loops exist between cells and the ECM, where cells remodel the ECM in
response to mechanical cues, and the altered ECM, in turn, influences cellular behavior. This reciprocal
interaction is crucial for maintaining tissue-specific mechanical properties and function

* Fibroblasts secrete and remodel ECM components (collagen and fibronectin) in response to
mechanical tension, leading to ECM alignment and stiffening
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* Altered ECM properties (stiffness and alignment) influence cell migration, proliferation, and
differentiation, maintaining tissue homeostasis

» Mechanical forces can modulate cell-cell junctions, such as adherens junctions and desmosomes,
influencing tissue cohesion, permeability, and signal transmission between cells. These junctions are
essential for maintaining tissue integrity and enabling coordinated cellular responses to mechanical
stimuli

* Mechanical tension strengthens adherens junctions by promoting the recruitment of cadherin-catenin
complexes and actin remodeling

» Desmosomes respond to mechanical stress by undergoing reinforcement and remodeling, ensuring
tissue integrity under mechanical load (skin and heart muscle)

Altered Mechanics in Disease

Cellular Mechanics and Mechanosensing in Fibrosis and Cancer

» Alterations in cellular mechanics and mechanosensing are implicated in various pathological
conditions, including fibrosis, cancer, cardiovascular diseases, and musculoskeletal disorders

« In fibrosis, excessive ECM deposition and increased tissue stiffness can alter cellular
mechanosensing, leading to aberrant cell behavior and perpetuating the fibrotic process

* Fibroblasts become activated in response to altered mechanical cues, promoting their differentiation
into myofibroblasts and excessive ECM production

* Increased ECM stiffness creates a positive feedback loop, further activating fibroblasts and driving the
progression of fibrosis (liver cirrhosis and pulmonary fibrosis)

« Cancer cells often exhibit altered mechanical properties, such as increased cell deformability and
reduced adhesion, which can contribute to their invasive and metastatic potential

* Increased cell deformability allows cancer cells to migrate through narrow spaces and metastasize to
distant organs

» Reduced adhesion enables cancer cells to detach from the primary tumor and invade surrounding
tissues

» The mechanical properties of the tumor microenvironment, including increased ECM stiffness, can
influence cancer cell behavior and drug resistance

* Increased ECM stiffness promotes cancer cell proliferation, survival, and invasion through the
activation of mechanosensitive signaling pathways (FAK and Rho GTPases)

« Stiff tumor microenvironments can reduce the efficacy of chemotherapeutic drugs by limiting their
penetration and promoting drug resistance

Mechanical Alterations in Cardiovascular and Musculoskeletal Disorders

* In cardiovascular diseases, such as atherosclerosis and hypertension, altered mechanical forces
experienced by endothelial cells and smooth muscle cells can lead to cell dysfunction, inflammation,
and pathological remodeling of blood vessels

+ Disturbed blood flow and increased shear stress activate endothelial cells, leading to inflammation and
the development of atherosclerotic plaques
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* Increased mechanical tension in blood vessels promotes the proliferation and dysfunction of smooth
muscle cells, contributing to the progression of hypertension

» Musculoskeletal disorders, such as osteoarthritis and muscular dystrophies, are associated with
changes in the mechanical properties of tissues and cells, disrupting normal tissue function and
contributing to the progression of the disease

* In osteoarthritis, altered mechanical loading and increased chondrocyte mechanosensitivity lead to
cartilage degradation and subchondral bone remodeling

* Muscular dystrophies are characterized by the loss of mechanical stability in muscle cells due to
mutations in cytoskeletal and membrane-associated proteins (dystrophin), leading to muscle weakness
and degeneration

Mechanotherapies and Therapeutic Strategies

» Mechanotherapies, which aim to modulate cellular mechanics and mechanosensing, are emerging as
potential therapeutic strategies for various pathological conditions

* Biomaterials with specific mechanical properties can be used to modulate cell behavior and promote
tissue regeneration

« Soft hydrogels can be used to promote neuronal differentiation and regeneration in spinal cord injuries
« Stiff scaffolds can be employed to enhance bone regeneration and osseointegration of dental implants
» Mechanical stimulation of cells and tissues can be used to promote tissue repair and regeneration

* Controlled mechanical loading can stimulate bone formation and prevent osteoporosis

* Cyclic stretching can promote the alignment and maturation of engineered muscle tissues

 Targeting mechanosensitive signaling pathways can be a promising approach to treat diseases
associated with altered cellular mechanics and mechanosensing

« Inhibition of FAK or Rho GTPases can reduce cancer cell invasion and metastasis
» Modulation of the Hippo pathway can promote tissue regeneration and reduce fibrosis

» Understanding the mechanisms underlying altered cellular mechanics and mechanosensing in
pathological conditions can provide valuable insights into disease pathogenesis and guide the
development of novel diagnostic and therapeutic strategies

* Mechanical biomarkers (tissue stiffness and cell deformability) can be used for the early detection and
monitoring of diseases

* Personalized mechanotherapies can be designed based on the specific mechanical alterations in
individual patients
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Unit 14 — Biophysics of Neuroscience

14.1 Neuronal signaling and action potentials

Neurons are the building blocks of our nervous system, transmitting electrical signals through action
potentials. These signals allow our brains to process information and control our bodies. Understanding
how neurons work is crucial for grasping the complexities of brain function.

Action potentials are like electrical waves that travel along neurons, triggered by changes in ion
concentrations. These waves are the basis for neural communication, enabling our brains to process
sensory input, control movement, and form memories. Let's dive into the fascinating world of neuronal
signaling!

Neuronal membrane properties

Composition and selective permeability

* Neuronal membranes are composed of a lipid bilayer with embedded proteins, including ion channels
and pumps, which regulate the flow of ions across the membrane

* The lipid bilayer is selectively permeable, allowing certain ions and molecules to pass through while
restricting others

* This selective permeability creates a concentration gradient and electrical potential difference across
the membrane

» The main ions involved in neuronal signaling are sodium (Na+), potassium (K+), calcium (Ca2+), and
chloride (Cl-)

lon channels and resting membrane potential

+ lon channels are transmembrane proteins that form pores allowing specific ions to pass through the
membrane

* They can be gated by voltage, ligands, or mechanical stimuli

» Examples of ion channels include voltage-gated sodium channels, voltage-gated potassium channels,
and ligand-gated channels (AMPA, NMDA)

* The resting membrane potential of a neuron is typically around -70 mV

+ This potential is maintained by the Na+/K+ ATPase pump and the selective permeability of the
membrane to K+ ions

» The Na+/K+ ATPase pump actively transports Na+ out of the cell and K+ into the cell, establishing
concentration gradients

Action potential generation

Initiation and rising phase

« Action potentials are brief, all-or-none electrical signals that propagate along the axon of a neuron,
enabling communication between neurons

Fiveable archived study guides Page 158



» The generation of an action potential involves the opening and closing of voltage-gated sodium and
potassium channels in a specific sequence

* When the membrane potential reaches a threshold value (around -55 mV), voltage-gated sodium
channels open, allowing a rapid influx of Na+ ions

* This influx causes the membrane potential to depolarize rapidly, known as the rising phase of the
action potential

Falling phase and refractory period

» The depolarization triggers the opening of voltage-gated potassium channels, leading to an efflux of
K+ ions

* This efflux repolarizes the membrane potential, known as the falling phase of the action potential

+ After the action potential, there is a brief refractory period during which the neuron cannot generate
another action potential

* This refractory period ensures unidirectional propagation of the action potential along the axon

« Action potentials propagate along the axon through local currents that depolarize adjacent regions of
the membrane

* This depolarization triggers the opening of voltage-gated sodium channels and generates a new
action potential

 Myelination of the axon by Schwann cells or oligodendrocytes increases the speed of action potential
propagation through saltatory conduction

Voltage-gated channels and excitability

Role in action potential generation

* Voltage-gated ion channels are crucial for regulating neuronal excitability and generating action
potentials

» The activation and inactivation kinetics of voltage-gated sodium and potassium channels determine
the shape and duration of the action potential

* Voltage-gated sodium channels rapidly activate and inactivate, contributing to the rising and falling
phases of the action potential

*» Voltage-gated potassium channels activate more slowly, contributing to the repolarization and
hyperpolarization of the membrane potential

Influence on neuronal firing patterns

+ The density and distribution of voltage-gated ion channels along the axon and dendrites influence the
neuron's excitability and firing patterns

* A higher density of voltage-gated sodium channels can lower the action potential threshold and
increase excitability

» The presence of voltage-gated potassium channels can modulate the firing frequency and adapt the
neuron's response to sustained input
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» Mutations or dysfunction of voltage-gated ion channels can lead to neurological disorders
» Examples include epilepsy, migraine, and certain types of ataxia

+ Neurotoxins, such as tetrodotoxin (TTX) and saxitoxin (STX), specifically target voltage-gated sodium
channels, blocking action potential generation and propagation

Neuronal signal integration

Synaptic inputs and postsynaptic potentials

» Neurons receive and integrate multiple synaptic inputs from other neurons, which can be excitatory or
inhibitory

« Excitatory postsynaptic potentials (EPSPs) depolarize the membrane potential, bringing the neuron
closer to the action potential threshold

* EPSPs are generated by the opening of ligand-gated ion channels, such as AMPA and NMDA
receptors, in response to neurotransmitter binding (glutamate)

« Inhibitory postsynaptic potentials (IPSPs) hyperpolarize the membrane potential, making it more
difficult to reach the threshold

 IPSPs are generated by the opening of ligand-gated ion channels, such as GABAA receptors, in
response to neurotransmitter binding (GABA)

Spatiotemporal integration and dendritic computation

» The soma and dendrites of a neuron act as a spatiotemporal integrator, summing up the EPSPs and
IPSPs received from multiple synapses

*» The passive electrical properties of the neuronal membrane, such as membrane resistance and
capacitance, influence the spread and summation of synaptic potentials

» Higher membrane resistance allows synaptic potentials to spread further along the dendrites
» Membrane capacitance acts as a low-pass filter, attenuating high-frequency synaptic inputs

* Active dendritic processes, mediated by voltage-gated ion channels and synaptic receptors, can
amplify or attenuate synaptic inputs

+ Dendritic spikes, generated by voltage-gated sodium and calcium channels, can boost the impact of
synaptic inputs and contribute to neuronal computation

* The timing and location of synaptic inputs on the dendritic tree can affect the integration and
processing of signals

« Synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), can
modulate the strength of synaptic connections based on the timing of pre- and postsynaptic activity

+ Dendritic computation enables individual neurons to perform complex operations, such as coincidence
detection and pattern recognition
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14.2 Synaptic transmission and plasticity

Synaptic transmission is the process by which neurons communicate, passing signals through chemical
synapses. Neurotransmitters released from presynaptic terminals bind to receptors on postsynaptic cells,
triggering changes in membrane potential or intracellular signaling.

Synaptic plasticity allows for changes in synaptic strength, crucial for learning and memory. Long-term
potentiation strengthens connections, while long-term depression weakens them. These mechanisms
enable neural circuits to adapt and store information based on experience.

Chemical synapse structure and function

Synapse anatomy and components

» Chemical synapses are specialized junctions between neurons that allow for the transmission of
signals via neurotransmitters

» The presynaptic terminal contains synaptic vesicles filled with neurotransmitters (glutamate, GABA)

» The postsynaptic cell has receptors that bind to the released neurotransmitters (AMPA, NMDA, GABA
receptors)

» The synaptic cleft is the narrow space between the presynaptic and postsynaptic membranes, across
which neurotransmitters diffuse (20-40 nm wide)

Neurotransmitter release and synaptic transmission

* Neurotransmitters are released from the presynaptic terminal in response to an action potential, which
triggers the fusion of synaptic vesicles with the presynaptic membrane

* The fusion of synaptic vesicles with the presynaptic membrane is mediated by SNARE proteins
(synaptobrevin, syntaxin, SNAP-25)

+ Neurotransmitters bind to specific receptors on the postsynaptic cell, causing changes in the
postsynaptic cell's membrane potential or intracellular signaling pathways

* Binding of neurotransmitters to ionotropic receptors directly opens or closes ion channels, while
binding to metabotropic receptors activates second messenger cascades

» Neurotransmitters are cleared from the synaptic cleft by reuptake into the presynaptic terminal or
degradation by enzymes, terminating the synaptic transmission (examples: serotonin reuptake by
SERT, acetylcholine degradation by acetylcholinesterase)

Neurotransmitter release and receptor activation

Calcium-dependent neurotransmitter release

» Neurotransmitter release is triggered by the arrival of an action potential at the presynaptic terminal,
which causes voltage-gated calcium channels to open

* The influx of calcium ions into the presynaptic terminal leads to the fusion of synaptic vesicles with the
presynaptic membrane, a process mediated by SNARE proteins

« Calcium ions bind to synaptotagmin, a calcium sensor protein on synaptic vesicles, which triggers the
formation of the SNARE complex and vesicle fusion
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* The fusion of synaptic vesicles results in the exocytosis of neurotransmitters into the synaptic cleft

Receptor activation and postsynaptic effects

* Neurotransmitters diffuse across the synaptic cleft and bind to specific receptors on the postsynaptic
cell membrane

* lonotropic receptors are ligand-gated ion channels that open or close in response to neurotransmitter
binding, allowing ions to flow across the membrane and change the postsynaptic cell's membrane
potential (examples: AMPA, NMDA, GABA-A receptors)

» Metabotropic receptors are G protein-coupled receptors that, upon neurotransmitter binding, activate
intracellular signaling cascades that can modulate ion channels, gene expression, or other cellular
processes (examples: mGIuRs, serotonin receptors, dopamine receptors)

* The binding of neurotransmitters to their receptors can result in either excitatory postsynaptic
potentials (EPSPs) or inhibitory postsynaptic potentials (IPSPs), depending on the type of
neurotransmitter and receptor involved

» EPSPs depolarize the postsynaptic cell and increase the likelihood of generating an action potential,
while IPSPs hyperpolarize the cell and decrease the likelihood of firing

Synaptic plasticity principles
Long-term potentiation (LTP)

+ Long-term potentiation (LTP) is a persistent increase in synaptic strength that occurs when the
presynaptic and postsynaptic neurons are repeatedly and synchronously activated

* LTP is mediated by the activation of NMDA receptors, which allow calcium influx into the postsynaptic
cell when the postsynaptic membrane is sufficiently depolarized

« Calcium influx triggers intracellular signaling cascades that lead to the insertion of additional AMPA
receptors into the postsynaptic membrane, increasing the sensitivity to glutamate and enhancing
synaptic transmission

« LTP also involves structural changes, such as the growth of new dendritic spines and the enlargement
of existing spines, which increases the surface area for synaptic contacts

Long-term depression (LTD) and bidirectional plasticity

* Long-term depression (LTD) is a persistent decrease in synaptic strength that occurs when the
presynaptic and postsynaptic neurons are activated asynchronously or at low frequencies

* LTD is mediated by the activation of specific glutamate receptors, such as metabotropic glutamate
receptors (mGIuRs), which trigger intracellular signaling cascades that lead to the removal of AMPA
receptors from the postsynaptic membrane

+ LTD can also involve the shrinkage or elimination of dendritic spines, reducing the surface area for
synaptic contacts

« Synaptic plasticity is bidirectional, meaning that synapses can undergo both LTP and LTD, depending
on the pattern and timing of neural activity

* The balance between LTP and LTD is crucial for maintaining the stability and flexibility of neural
circuits, allowing for the storage and modification of information
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Synaptic plasticity in learning and memory

Hebbian plasticity and memory formation

« Synaptic plasticity is considered a fundamental mechanism underlying learning and memory in the
brain

* Hebbian plasticity, based on the principle that "cells that fire together, wire together," suggests that
coincident activity of pre- and postsynaptic neurons strengthens their synaptic connections

* LTP is thought to be a cellular correlate of learning and memory formation, as it leads to long-lasting
changes in synaptic strength that can encode information

+ LTD may play a role in memory extinction or the refinement of neural circuits by weakening unused or
irrelevant synaptic connections

Experience-dependent plasticity and circuit development

+ Synaptic plasticity is crucial for the development and refinement of neural circuits during brain
development

» Experience-dependent plasticity allows neural circuits to be shaped by sensory input and motor
output, enabling the brain to adapt to its environment

+ Synaptic plasticity mechanisms, such as LTP and LTD, are involved in the formation and elimination
of synapses during critical periods of brain development, leading to the establishment of functional
neural networks

+ Critical periods are time windows during development when neural circuits are particularly sensitive to
experience-dependent modifications (examples: visual cortex critical period, language acquisition
critical period)

» Abnormalities in synaptic plasticity have been implicated in various neurodevelopmental and
neuropsychiatric disorders, such as autism spectrum disorders, schizophrenia, and intellectual
disabilities

14.3 Biophysical basis of sensory systems

Sensory systems are the brain's windows to the world. They turn physical stimuli into electrical signals,
letting us see, hear, touch, taste, and smell. Each system has unique receptors and mechanisms tailored
to its specific stimuli.

The biophysics of sensory systems is all about how these receptors work. From light-sensitive proteins in
our eyes to tiny hairs in our ears, these structures convert energy into neural signals. Understanding this
process helps us grasp how we perceive the world around us.

Sensory Transduction Principles

Sensory Transduction Process

» Sensory transduction converts physical stimuli into electrical signals in sensory receptors
* Key steps of sensory transduction

1. Stimulus detection
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2. Receptor potential generation
3. Action potential initiation

* Specific receptor proteins and transduction mechanisms are tailored to the nature of the stimuli in
different sensory modalities (vision, audition, touch, taste, smell)

Classification and Properties of Sensory Receptors

+ Sensory receptors are classified based on the type of energy they transduce

» Photoreceptors detect light

* Mechanoreceptors respond to mechanical stimuli (touch, pressure, vibration)

» Chemoreceptors detect chemical stimuli (taste, smell)

» Thermoreceptors sense temperature changes

« Biophysical properties of sensory receptors determine their sensitivity and specificity
* Activation threshold is the minimum stimulus intensity required to elicit a response

* Dynamic range is the range of stimulus intensities over which the receptor can effectively operate

Sensory Receptor Structure and Function

Morphology and Cellular Components

* Sensory receptors are specialized cells or structures that detect specific types of stimuli and initiate
sensory transduction

» The morphology and cellular components of sensory receptors are adapted to their specific sensory
modality and the type of stimuli they detect

* Photoreceptors (rods and cones) in the retina contain light-sensitive pigments (opsins) to transduce
light energy into electrical signals

* Hair cells in the inner ear are mechanoreceptors with stereocilia that transduce mechanical energy
from sound waves and head movements into electrical signals

» Somatosensory receptors in the skin (Meissner's corpuscles, Pacinian corpuscles, Merkel cells)
respond to different types of mechanical stimuli (touch, pressure, vibration)

» Taste receptors (taste buds) and olfactory receptors (olfactory sensory neurons) are chemoreceptors
that detect chemical stimuli in the environment

Sensory Neural Circuits

« Sensory receptors are connected to specific neural circuits that process and relay sensory information
to higher brain centers

» The organization and connectivity of sensory neural circuits determine how sensory information is
processed, integrated, and transmitted to the brain

» Sensory neural circuits can involve multiple stages of processing, including

1. Transduction in sensory receptors
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2. Synaptic transmission to primary sensory neurons
3. Processing in the thalamus and other subcortical structures

4. Integration in the primary sensory cortices and higher-order association areas

Mechanisms of Sensory Adaptation

Receptor-level Adaptation

» Sensory adaptation allows sensory systems to maintain sensitivity to changes in stimuli while
preventing overstimulation and preserving dynamic range

* Receptor desensitization contributes to sensory adaptation at the receptor level
* Inactivation of ion channels reduces the responsiveness of sensory receptors to prolonged stimulation

* Depletion of neurotransmitters at synapses between sensory receptors and primary sensory neurons
can lead to reduced synaptic transmission

Circuit-level Adaptation

« Synaptic plasticity in sensory pathways modulates the strength of synaptic transmission and
contributes to adaptation

+ Short-term synaptic depression reduces synaptic efficacy during repetitive stimulation, leading to a
decrease in postsynaptic responses

+ Short-term synaptic facilitation enhances synaptic efficacy and can amplify responses to novel or
salient stimuli

* Feedback inhibition and gain control mechanisms in sensory circuits regulate the sensitivity and
dynamic range of sensory responses

« Inhibitory interneurons provide feedback inhibition to sensory neurons, limiting their response to
prolonged stimulation

+ Gain control mechanisms adjust the input-output relationship of sensory neurons to maintain
sensitivity over a wide range of stimulus intensities

Information Processing in Sensory Systems

« Information processing in sensory systems involves the integration, filtering, and transformation of
sensory signals as they propagate through neural circuits

» Sensory signals are integrated across multiple sensory receptors and neurons to enhance
signal-to-noise ratio and improve stimulus detection

* Filtering mechanisms remove irrelevant or redundant information, allowing the system to focus on
salient features of the sensory input

* Transformation of sensory signals enables the extraction of specific stimulus features (edges, motion,
frequency) and the encoding of sensory information in a format suitable for higher-level processing
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Biophysical Influences on Perception

Sensory Thresholds and Discrimination

* The biophysical properties of sensory receptors and neural circuits determine the quality, intensity,
and temporal characteristics of sensory perception

« Sensitivity and specificity of sensory receptors influence the detection threshold and the ability to
discriminate between different stimuli

* Detection threshold is the minimum stimulus intensity required for conscious perception

« Discrimination ability refers to the capacity to distinguish between similar stimuli based on their
properties (intensity, frequency, duration)

» Temporal dynamics of sensory transduction and neural processing affect the perceived timing,
duration, and temporal resolution of sensory events

» Temporal resolution is the minimum time interval between two stimuli that can be perceived as distinct
events

* Perceptual latency is the time delay between the onset of a stimulus and its conscious perception

Multisensory Integration and Modulation

* The spatial organization and connectivity of sensory circuits contribute to the representation and
encoding of sensory information in the brain

» Topographic maps in sensory cortices preserve the spatial arrangement of sensory receptors,
enabling the localization and discrimination of stimuli

» Columnar organization in sensory cortices groups neurons with similar response properties, facilitating
the processing of specific stimulus features

* Integration of sensory information from multiple modalities (visual, auditory, tactile) shapes
multisensory perception and influences behavior

» Multisensory integration enhances the salience and reliability of sensory information, improving
stimulus detection and discrimination

» Cross-modal interactions can lead to perceptual illusions (McGurk effect) and facilitate sensory
compensation in case of sensory loss

» Sensory perception can be modulated by top-down processes, such as attention, expectation, and
prior experience

+ Attention selectively enhances the processing of relevant stimuli while suppressing irrelevant
information

+ Expectation and prior experience shape sensory perception by influencing the interpretation and
categorization of sensory inputs

Evolutionary Adaptations of Sensory Systems

 The biophysical properties of sensory systems have evolved to optimize the detection, processing,
and interpretation of biologically relevant stimuli
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* Evolutionary adaptations enable organisms to interact effectively with their environment and enhance
their chances of survival and reproduction

* Specialization of sensory receptors and neural circuits for detecting specific stimuli (pheromones, prey
odors, predator sounds)

» Adaptation of sensory systems to the ecological niche and sensory demands of different species
(echolocation in bats, electroreception in fish)

* The co-evolution of sensory systems and the stimuli they detect has shaped the diversity and
complexity of sensory mechanisms across different species
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Unit 15 — Frontiers in Biophysical
Chemistry

15.1 Single-molecule biophysics

Single-molecule biophysics zooms in on individual biological molecules, revealing hidden secrets of
proteins and DNA. Using super-sensitive tools like fluorescence microscopy and force spectroscopy,
scientists can watch and manipulate single molecules in action.

This approach offers unique insights into molecular behavior, uncovering rare events and heterogeneity
masked in bulk experiments. It's revolutionizing our understanding of protein folding, enzyme kinetics, and
molecular motors, pushing the boundaries of biophysical chemistry.

Principles and Techniques of Single-Molecule Biophysics

Single-Molecule Detection and Manipulation Techniques

« Single-molecule biophysics studies individual biological molecules (proteins, nucleic acids) using
highly sensitive techniques that detect and manipulate single molecules

* Fluorescence microscopy techniques visualize and track single molecules labeled with fluorescent
dyes or quantum dots (total internal reflection fluorescence (TIRF) microscopy, confocal microscopy)

« Single-molecule force spectroscopy techniques apply and measure forces on individual molecules to
study their mechanical properties and interactions (atomic force microscopy (AFM), optical tweezers)

Single-Molecule Fluorescence and Spectroscopy Techniques

* Forster resonance energy transfer (FRET) measures the distance between two fluorescent labels
attached to a molecule providing information about conformational changes and interactions

« Single-molecule fluorescence resonance energy transfer (smFRET) combines FRET with
single-molecule detection to study the dynamics and heterogeneity of individual molecules

* Fluorescence correlation spectroscopy (FCS) analyzes fluctuations in fluorescence intensity to
determine the diffusion coefficients and concentrations of fluorescently labeled molecules in solution

« Single-molecule fluorescence techniques enable the study of protein folding, enzyme kinetics, and
molecular interactions at the individual molecule level

Advantages and Limitations of Single-Molecule Studies

Advantages of Single-Molecule Techniques

+ Single-molecule techniques allow for the direct observation of individual molecules revealing
heterogeneity and rare events that may be masked in ensemble measurements

« Studying single molecules enables the measurement of kinetic and thermodynamic parameters (rate
constants, binding affinities) without the need for synchronization or averaging over a population

« Single-molecule experiments provide detailed information about the conformational dynamics and
folding pathways of proteins and nucleic acids
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* The high spatial and temporal resolution of single-molecule techniques allows for the precise
localization and tracking of individual molecules within cells or complex systems (single-particle
tracking)

Limitations and Challenges of Single-Molecule Studies

+ Single-molecule studies require specialized instrumentation and the potential for perturbations
introduced by labeling or surface immobilization of molecules

« Single-molecule experiments often require low concentrations of molecules which may not always
represent physiological conditions

* The interpretation of single-molecule data can be challenging due to the inherent noise and
stochasticity of individual molecular events

» The need for robust statistical analysis and data interpretation methods to extract meaningful
information from single-molecule experiments

Applications of Single-Molecule Biophysics

Protein Folding and Enzyme Kinetics

* Single-molecule FRET and force spectroscopy study the folding and unfolding pathways of proteins
revealing intermediate states and the effects of chaperones on folding dynamics

« Single-molecule enzymology provides insights into the catalytic mechanisms and dynamic
heterogeneity of enzymes (observation of distinct conformational states, fluctuations in catalytic activity)

+ Single-molecule studies reveal the role of conformational dynamics and rare events in enzyme
catalysis and regulation (allosteric regulation, substrate binding)

Molecular Motors and Nucleic Acid Interactions

+ Optical tweezers study the mechanical properties and stepping behavior of molecular motors (kinesin,
myosin) as they move along cytoskeletal filaments

« Single-molecule studies reveal the processivity, step sizes, and force-dependent kinetics of DNA and
RNA polymerases during nucleic acid synthesis

* AFM and optical tweezers investigate the unfolding and refolding of individual RNA molecules
providing insights into RNA folding landscapes and the role of RNA chaperones

« Single-molecule experiments shed light on the mechanisms of DNA repair enzymes (DNA
polymerases, helicases) in maintaining genome stability

Impact of Single-Molecule Studies on Biophysical Chemistry

Revolutionizing the Understanding of Biomolecular Behavior

« Single-molecule techniques have revolutionized the field of biophysical chemistry by enabling the
direct observation and manipulation of individual biological molecules

* The ability to study the heterogeneity and dynamics of individual molecules has challenged traditional
ensemble-averaged views of biomolecular behavior and has led to new insights into the mechanisms of
biological processes
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« Single-molecule studies have revealed the existence of rare and transient conformational states that
play important roles in protein folding, enzyme catalysis, and molecular recognition

Integration with Other Biophysical Methods and Applications

* The high spatial and temporal resolution of single-molecule techniques has allowed for the precise
mapping of energy landscapes and the identification of kinetic intermediates in biomolecular reactions

« Single-molecule biophysics has provided a framework for understanding the stochastic nature of
biological systems and the role of thermal fluctuations in driving molecular events

* The integration of single-molecule techniques with other biophysical methods (structural biology,
computational modeling) has enabled a multiscale approach to understanding the structure-function
relationships of biological molecules

» The impact of single-molecule studies extends beyond fundamental research, with applications in
drug discovery, biomedical diagnostics, and the development of novel biomaterials and nanodevices
(single-molecule biosensors, nanopore sequencing)

15.2 Synthetic biology and bioengineering

Synthetic biology and bioengineering are revolutionizing how we manipulate living systems. By combining

biology, engineering, and computer science, scientists can design and build new biological parts, devices,

and systems with custom functions.

These fields are pushing the boundaries of what's possible in medicine, energy, and environmental
science. From creating novel drugs to developing sustainable biofuels, synthetic biology and
bioengineering are shaping the future of technology and healthcare.

Synthetic Biology: Definition and Goals
Defining Synthetic Biology

+ Synthetic biology is an interdisciplinary field that combines principles from biology, engineering, and
computer science to design and construct novel biological systems and devices

* Employs a bottom-up approach, where individual biological components (genes, proteins, and
metabolic pathways) are rationally designed and assembled to create complex systems with
predictable behaviors

+» Aims to establish a systematic engineering framework for biology, enabling the rapid design,
construction, and testing of novel biological systems

Goals of Synthetic Biology
« Create new biological parts, devices, and systems with desired functions that do not exist in nature
» Redesign existing biological systems to enhance their performance or introduce new capabilities

* Develop a deeper understanding of biological design principles and the fundamental mechanisms of
life

« Standardization and modularity are key concepts, allowing the development of interchangeable
biological parts that can be easily combined and reused in different contexts
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Bioengineering: Principles and Tools

Principles of Bioengineering

* Bioengineering applies engineering principles and tools to design, modify, and optimize biological
systems for specific applications

* Genetic circuits are engineered gene networks that perform logical operations and control gene
expression in response to specific inputs

» Composed of interconnected genetic elements (promoters, repressors, and activators)

» Metabolic pathway engineering involves the rational design and optimization of metabolic pathways to
produce desired compounds or improve cellular properties

+ Achieved by modifying, adding, or deleting enzymes and regulatory elements in the pathway

Tools for Bioengineering

* Directed evolution is a powerful tool that mimics natural selection to evolve proteins or entire biological
systems with improved or novel functions

* Involves iterative rounds of mutagenesis, screening, and selection

» Genome editing technologies (CRISPR-Cas systems) enable precise and efficient modification of
DNA sequences, facilitating the engineering of biological systems at the genomic level

» Computational tools and mathematical modeling play a crucial role, allowing the prediction of system
behavior, optimization of designs, and guidance of experimental efforts

« High-throughput screening and automation technologies enable the rapid testing and characterization
of engineered biological systems, accelerating the design-build-test cycle

Applications of Synthetic Biology
Drug Discovery

+ Synthetic biology has the potential to revolutionize drug discovery by enabling the production of novel
bioactive compounds and the engineering of biosynthetic pathways for existing drugs

+ Engineered microorganisms can be used as platforms for the synthesis of complex natural products
with pharmaceutical properties (antibiotics, anticancer agents, and immunosuppressants)

« Synthetic biology approaches can optimize the yield and purity of drug production, reducing costs and
improving accessibility

Biofuel Production

* Biofuel production is a major application of synthetic biology, aiming to develop sustainable and
renewable energy sources

» Engineered microorganisms (bacteria and yeast) can be designed to efficiently convert biomass
(lignocellulose) into biofuels (ethanol, butanol, and biodiesel)

« Synthetic biology can optimize metabolic pathways and engineer novel enzymes to enhance the
efficiency and yield of biofuel production processes
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Biosensor Development

* Biosensors are analytical devices that combine biological components with a signal transducer to
detect and quantify specific analytes or environmental conditions

+ Synthetic biology enables the development of genetically encoded biosensors that can detect a wide
range of targets (small molecules, proteins, and environmental pollutants)

» Engineered bacterial or mammalian cells can be designed to produce measurable outputs
(fluorescence, luminescence, or electrical signals) in response to the presence or concentration of the
target analyte

* Biosensors have diverse applications in medical diagnostics, environmental monitoring, food safety,
and defense against biological threats

Ethics and Society: Synthetic Biology and Bioengineering

Biosafety and Biosecurity

* Biosafety concerns arise from the potential unintended consequences of releasing engineered
organisms into the environment

* Risks include ecological disruption or the spread of antibiotic resistance genes

* Proper containment measures, risk assessments, and regulatory oversight are essential to minimize
the risks

* Biosecurity issues relate to the potential misuse of synthetic biology tools and knowledge for malicious
purposes

 Concerns include the creation of biological weapons or the synthesis of harmful pathogens

« Effective governance frameworks (screening of DNA synthesis orders and monitoring of research
activities) are necessary to prevent misuse

Ethical and Societal Implications

« Intellectual property rights and the ownership of engineered biological systems are complex issues
that need to be navigated to ensure fair access while incentivizing innovation

» Public engagement and dialogue are crucial to address societal concerns, build trust, and ensure that
the development of synthetic biology aligns with public values and interests

* The ethical implications of creating novel life forms and modifying existing organisms raise questions
about the boundaries of human intervention in nature and the moral status of engineered biological
systems

 Ensuring equitable access to the benefits of synthetic biology applications, particularly in healthcare
and sustainable technologies, is important to prevent widening socioeconomic disparities

15.3 Systems biophysics and network analysis

Systems biophysics blends physics, math, and biology to study complex living systems. It looks at how
parts interact to create emergent behaviors, using tools like network analysis to understand biological
structures and processes at multiple scales.
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Network analysis maps out connections in biological systems, revealing key players and patterns. This
approach helps scientists grasp how diseases work, find drug targets, and develop personalized
treatments by seeing the big picture of how living things function.

Principles of Systems Biophysics

Interdisciplinary Field and Systems Approach

+ Systems biophysics integrates principles from physics, mathematics, and computer science to study
complex biological systems

* The systems approach focuses on understanding the emergent properties and behaviors arising from
the interactions among the components of a biological system, rather than studying individual
components in isolation

» Systems biophysics employs computational and mathematical tools (network analysis, dynamical
systems theory, stochastic modeling) to study the structure, dynamics, and function of biological
systems

* The systems approach has been applied to various levels of biological organization (molecular
networks, cellular processes, tissues, organs, entire organisms)

Key Principles

» Complexity: Biological systems are composed of numerous interacting components, leading to
complex and non-linear behaviors

* Emergence: The properties and behaviors of a system cannot be fully understood by studying its
individual components in isolation as they emerge from the interactions among the components

» Dynamics: Biological systems are dynamic, constantly changing and adapting in response to internal
and external stimuli

* Non-linearity: Biological systems exhibit non-linear behaviors, where the output is not directly
proportional to the input, due to the complex interactions among components

+ Multiscale organization: Biological systems operate across multiple scales (molecular, cellular, tissue,
organ, organismal), with interactions and feedbacks between different levels

Network Analysis of Biological Systems

Biological Networks and Their Properties

* Biological networks represent the complex interactions among the components of a biological system
(protein-protein interaction networks, gene regulatory networks, metabolic networks)

* Network analysis techniques study the topological properties and organizational principles of
biological networks, providing insights into their structure, function, and evolution

» Key network analysis concepts include nodes (proteins, genes, metabolites), edges (physical
interactions, regulatory relationships, metabolic reactions), and network properties (degree distribution,
clustering coefficient, shortest path length)

* Biological networks exhibit specific properties (scale-free topology, small-world property, modular
organization) that contribute to their robustness, adaptability, and functional efficiency
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Network Analysis Techniques and Applications

« Centrality measures (degree centrality, betweenness centrality, closeness centrality) identify important
nodes in a network based on their connectivity and position

» Network motifs (recurring patterns of interconnections) can be identified and analyzed to understand
the building blocks and functional modules of biological networks

» Dynamic network analysis techniques (Boolean network models, ordinary differential equation
models) simulate the temporal evolution and behavior of biological networks under different conditions

» Network analysis has been applied to study various biological phenomena (disease mechanisms,
drug targets, evolutionary relationships among species)

» Examples of network analysis applications include identifying disease-associated genes in cancer
(p53, BRCA1), predicting drug targets for metabolic diseases (metformin for type 2 diabetes), and
inferring evolutionary relationships from metabolic networks

Feedback Loops, Robustness, and Modularity

Feedback Loops in Biological Systems

» Feedback loops are a fundamental feature of biological systems, allowing them to maintain
homeostasis, adapt to perturbations, and generate complex behaviors

+ Positive feedback loops amplify the output of a system in response to an input, leading to rapid
changes and potentially unstable behavior (activation of blood clotting cascades, onset of action
potentials in neurons)

* Negative feedback loops attenuate the output of a system in response to an input, promoting stability
and maintaining homeostasis (regulation of blood glucose levels by insulin and glucagon, control of
body temperature)

» Feedback loops can generate oscillatory behaviors (circadian rhythms, cell cycle) and switch-like
responses (gene expression, cell fate determination)

Robustness and Modularity

* Robustness is the ability of a biological system to maintain its function and performance despite
perturbations (genetic mutations, environmental changes, noise in molecular interactions)

* Modularity is a key organizational principle in biological systems, where functionally related
components are grouped into distinct modules or subsystems that can operate relatively independently

* Modular organization allows for the evolution of complex systems by enabling the reuse and
recombination of functional modules, as well as the isolation of the effects of perturbations within
specific modules

» Examples of modularity in biological systems include the organization of metabolic pathways
(glycolysis, citric acid cycle), the structure of protein complexes (ribosome, proteasome), and the
functional specialization of brain regions (visual cortex, motor cortex)

* The interplay between feedback loops, robustness, and modularity contributes to the adaptability,
evolvability, and resilience of biological systems
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Systems Biophysics for Disease Mechanisms and Therapies

Understanding Disease Mechanisms

» Systems biophysics approaches have been increasingly applied to study the complex mechanisms
underlying various diseases (cancer, neurodegenerative disorders, metabolic diseases)

» Network analysis techniques can identify key disease-associated genes, proteins, or pathways, as
well as characterize the alterations in network structure and dynamics in disease states compared to
healthy conditions

» Examples of network-based disease studies include identifying driver mutations in cancer (TP53,
KRAS), characterizing the molecular mechanisms of Alzheimer's disease (amyloid-beta, tau), and
elucidating the metabolic alterations in diabetes (insulin resistance, glucose homeostasis)

» Systems-level understanding of disease mechanisms can guide the development of targeted
therapies that specifically modulate the identified disease-associated components or pathways

Developing Targeted Therapies and Personalized Medicine

» Network-based drug discovery approaches aim to identify drug targets that can effectively perturb
disease-associated networks and restore their normal function

« Computational modeling and simulation techniques can predict the effects of potential therapies on
biological networks and optimize drug combinations for improved efficacy and reduced side effects

« Examples of network-based drug discovery include identifying novel drug targets for cancer (kinase
inhibitors), repurposing existing drugs for new indications (sildenafil for pulmonary hypertension), and
optimizing drug combinations for antibiotic resistance

+ Personalized medicine approaches, which take into account individual genetic and molecular profiles,
can benefit from systems biophysics by integrating patient-specific data into network models to guide
personalized treatment strategies

» Systems biophysics can also contribute to the development of biomarkers for early disease detection,
prognosis, and treatment response monitoring by identifying network-based signatures associated with
disease progression or therapeutic outcomes

15.4 Emerging techniques in biophysical chemistry

Emerging techniques in biophysical chemistry are revolutionizing how we study biological systems.
Cryo-EM, super-resolution microscopy, AFM, and SAXS offer new ways to visualize and analyze
macromolecules, overcoming limitations of traditional methods.

These advances enable researchers to examine protein structures, dynamics, and interactions with
incredible detail. By combining these techniques, scientists can gain deeper insights into complex
biological processes, pushing the boundaries of our understanding in biophysical chemistry.

Emerging Techniques in Biophysical Chemistry

Cryo-Electron Microscopy (Cryo-EM)

+ Rapidly freezes biological samples in liquid ethane

* Images samples using electron microscopy
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« Visualizes macromolecular structures in their native state without the need for crystallization or
staining

Super-Resolution Microscopy

* Encompasses techniques such as stimulated emission depletion (STED) microscopy, structured
illumination microscopy (SIM), and single-molecule localization microscopy (SMLM)

* Allows for imaging beyond the diffraction limit of light

» Enables visualization of biological structures at nanometer-scale resolution

Other Emerging Techniques

 Atomic force microscopy (AFM) provides high-resolution topographical imaging and force
measurements of biological samples

» Small-angle X-ray scattering (SAXS) allows for the study of macromolecular structures in solution

Cryo-EM vs Traditional Microscopy
Advantages of Cryo-EM

+ Enables visualization of large macromolecular complexes and cellular structures in their native state

* Avoids potential artifacts introduced by sample preparation methods required for traditional electron
microscopy (fixation and staining)

Advantages of Super-Resolution Microscopy

» Overcomes the diffraction limit of light

+ Allows for visualization of biological structures at resolutions previously only achievable by electron
microscopy

+ Enables the study of dynamic processes and molecular interactions in living cells

Advantages of Other Emerging Techniques

* AFM provides high-resolution topographical imaging of biological samples in their native environment
without requiring sample fixation or staining

* SAXS provides information on the size, shape, and flexibility of biological molecules in solution without
the need for crystallization

Applications of Emerging Techniques

Protein Structure and Dynamics

* Cryo-EM has been instrumental in determining high-resolution structures of large protein complexes
(ribosomes, ion channels, and viral capsids)

» Cryo-EM has enabled visualization of proteins in different conformational states, providing insights
into their functional dynamics
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* Super-resolution microscopy techniques have been applied to study the organization and dynamics of
protein complexes in living cells (clustering of receptors in the plasma membrane and assembly of
cytoskeletal structures)

Protein Interactions and Mechanical Properties

* AFM has been used to study the mechanical properties of proteins (unfolding and refolding of
individual protein molecules under force)

* AFM has been applied to investigate protein-protein and protein-ligand interactions at the
single-molecule level

* SAXS has been employed to study conformational changes of proteins in solution (folding and
unfolding of proteins in response to changes in temperature or pH)

* SAXS has been used to characterize interactions between proteins and other macromolecules
(nucleic acids and lipids)

Impact on Biophysical Chemistry Research

Advancements in Cryo-EM

* Increasing resolution and sensitivity of cryo-EM are expected to enable the determination of structures
for a wider range of protein complexes and cellular components

* Provides new insights into the molecular basis of biological processes

Developments in Super-Resolution Microscopy

+ Continued development of super-resolution microscopy techniques is likely to enhance our
understanding of the spatial organization and dynamics of biomolecules in living cells

*» Leads to new discoveries in cell biology and molecular biophysics

Progress in AFM and SAXS

» Advances in AFM technology (high-speed imaging and multiparametric measurements) are expected
to expand its applications in studying the mechanical properties and interactions of biological systems
at the nanoscale level

* Integration of SAXS with other biophysical techniques (nuclear magnetic resonance (NMR)
spectroscopy and molecular dynamics simulations) is likely to provide a more comprehensive
understanding of the structure, dynamics, and interactions of biomolecules in solution

Combination of Emerging Techniques

» The combination of these emerging techniques with other approaches (single-molecule fluorescence
spectroscopy and mass spectrometry) is expected to enable the study of complex biological systems
with unprecedented detail and resolution

* Leads to new breakthroughs in biophysical chemistry research
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