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Series Preface

Biophysics encompasses the application of the principles, tools, and techniques of
the physical sciences to problems in biology, including determination and analysis
of structures, energetics, dynamics, and interactions of biological molecules.
Biochemistry addresses the mechanisms underlying the complex reactions driving
life, from enzyme catalysis and regulation to the structure and function of mole-
cules. Research in these two areas has a huge impact in pharmaceutical sciences
and medicine.

These two highly interconnected fields are the focus of this book series. It covers
both the use of traditional tools from physical chemistry such as nuclear magnetic
resonance (NMR), x-ray crystallography, and neutron diffraction, as well as novel
techniques including scanning probe microscopy, laser tweezers, ultrafast laser
spectroscopy, and computational approaches. A major goal of this series is to
facilitate interdisciplinary research by training biologists and biochemists in
quantitative aspects of modern biomedical research and teaching core biological
principles to students in physical sciences and engineering,.

Proposals for new volumes in the series may be directed to Lu Han, senior publishing
editor at CRC Press, Taylor & Francis Group (lu.han@taylorandfrancis.com).
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Preface

This book introduces students to the concepts and skills necessary to understand
the behavior of molecular systems in the biological and chemical sciences at a
quantitative level, through the formalisms of classical and statistical thermody-
namics. Although the application of thermodynamics to biomolecular and chemi-
cal problems is not new, most existing books written for traditional courses focus
on the underlying theory and equations but do not provide adequate understand-
ing of how to apply these equations in the analysis of experimental measurements.
Thus, it is often difficult for students to properly leverage the knowledge obtained
from traditional (bio)physical chemistry courses to “real world” physical chemical
research. Moreover, many treatments of classical and statistical thermodynamics
are complete and rigorous, but do not provide a lot of intuition either to newcom-
ers or returning customers.

Thus, my goals with this book are twofold: provide a deep and intuitive understand-
ing of the ideas and equations of thermodynamics, and provide the computational
and statistical skills to analyze data using the thermodynamic framework. To achieve
the first goal, I have developed a presentation that I hope is both intuitive and rigor-
ous. In my experience, many of the great texts in physical chemistry, both at the
undergraduate and graduate level (e.g., Hill, McQuarrie, Callan), are better at pre-
senting to those who already understand thermodynamics. The equations are con-
cise, the narrative is logical, and the endpoint is advanced. In reading these texts for
the first (and second, and third) time, I learned to do the math, but I did not under-
stand why I was doing the math. For example, why does analysis of simple heat
engines lead to the most important equation in thermodynamics, the Clausius ine-
quality? What is the statistical basis for spontaneous heat flow from hot to cold? Why
does the Lagrange method take us from the rather arcane-seeming ensemble con-
struct to the equilibrium (Boltzmann) distribution? What do the binding polynomi-
als of Wyman and Gill represent, beyond the arithmetic?

To develop this intuition, I have emphasized on illustrations and examples, follow-
ing the lead of Dill and Bromberg’s groundbreaking book on driving forces in phys-
ical chemistry. Using modern three-dimensional plotting software, the results of
manipulations using multivariable calculus (such as the Legendre transform and
Lagrange method in classical and statistical thermodynamics) can be directly visu-
alized in space, rather than simply as equations. By combining step-by-step pic-
tures of the math, itis hoped that students will come away with the concepts, rather
than just learning derivations (such as the Boltzmann distribution) as a memo-
rized progression of equations. At the same time, I have made efforts not to sacri-
fice the rigor of the equations, but to expand them, especially in areas that are
typically left off. Though for some audiences, some of the details can be skipped
without losing a working understanding, it is hoped that those with a deep interest
in fundamentals will find what they are looking for.

My second major goal with this book is to teach students how to use computers to
think about and solve problems in biological and chemical thermodynamics. Most
physical chemistry books present equations, and draw plots of equations as con-
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tinuous curves. [ emphasize to my students at Hopkins that we do not interact with
nature by measuring curves and lines, rather, we measure points. That is, our data
are discrete. It is what we do with our measurements that tell us about our system,
how it behaves, where equilibrium lies, and why. In this book, readers will learn to
extract thermodynamic quantities from a broad spectrum of experimental meas-
urements using computers to analyze data, test models, and extract thermody-
namic parameters. It is my opinion that students learn more, for example, from
fitting a set of p-V measurements for a gas with various models than from memoriz-
ing ideal and van der Waals equations of state. As an important additional step, sev-
eral methods are presented to help students think about and quantify uncertainties
in fitted parameters, to avoid the common pitfall of treating fitted quantities as
error-free. Another emphasis with computer-aided learning is to use random num-
ber generation and simulation to generate statistical distributions and to simulate
and analyze the dynamics of molecular systems. This approach greatly comple-
ments the equations and logic of statistical thermodynamics. When students simu-
late the energy distributions of a molecular system and compare these to theoretical
distributions from statistical thermodynamics, the theory becomes practice.

To achieve this second goal, the material in this book has been designed to be
taught with the aid of a high-level interpreted mathematics program such as
Mathematica or MATLAB®. Having taught semester-long biophysical chemistry
courses with both programs, I find Mathematica to be easier for students to both
learn and use, and as a result, their efforts are directed more toward learning and
doing physical chemistry than to debugging code. For this reason, examples in this
book are based on Mathematica. Other software packages that could be used in
conjunction with this book include python (and its modules numpy, scipy, simpy,
matplotlib), especially when run in the Jupyter notebook platform, which has much
of the look and functionality of a Mathematica notebook. A third package that
could be used here is R, which lacks much of the symbolic math and visualization,
but is strong in statistical analysis. A major advantage of both python (and its add-
ons) and R is that they are available at no cost.

The first two chapters of this book focus on background and mathematical tools
that are used throughout. Chapter 1 focuses on probabilities and statistics, includ-
ing how probabilities for events combine, how outcomes build up over many events
to give discrete distributions of various types (with emphasis on binomial and mul-
tinomial distributions), and how these distributions relate to continuous distribu-
tions (with emphasis on the Gaussian and exponential distributions). Chapter 2
reviews multivariable calculus, emphasizing partial differentiation, maximization
of multivariable functions, exact differentials and their properties, and path inte-
gration. Chapter 2 then describes curve fitting using linear and nonlinear least
squares, and presents methods (relating to the covariance matrix, bootstrap tech-
nique, chi-squared statistics, and the f-test) to estimate errors in fitted parameters,
their correlations with each other, and the goodness of fit of different models.

The main part of this book progresses from mostly classical thermodynamic to
mostly statistical thermodynamic material. Chapter 3 introduces some fundamen-
tal concepts relating to system, surroundings (and the “thermodynamic reservoir”),
equilibrium, and reversibility. Next, the first law is presented and discussed, along
with analysis of heat and work. Emphasis is placed on gasses to take advantage of
their simple equations of state. After discussing reversible changes, irreversible
heat transfers and expansions are analyzed for some simple systems. This section
on irreversible thermodynamics can easily be skipped by beginning students.

Chapter 4 introduces the second law and entropy. Though emphasis is placed on a
classical derivation and analysis, using heat engines to derive the Clausius inequality,
a few statistical models are developed in parallel, to show how spontaneous change
(and entropy increase) corresponds to increasing the number of configurations



available. One of these models, which describes heat transfer between two subsys-
tems, is used throughout this book, especially when developing statistical thermody-
namics in Chapters 9 and 10. As with Chapter 3, entropy changes are calculated for
some irreversible transformations, and can be skipped by beginners.

Chapter 5 takes the idea of the entropy as a thermodynamic potential for an iso-
lated system and transforms it into potentials for nonisolated systems. The most
important of these is the Gibbs free energy potential at constant temperature and
pressure. These transforms are done in a simple approach using differentials, but
are also developed in a mathematically more rigorous way using Legendre trans-
forms. This rigor is essential for those seeking a solid understanding of the funda-
mentals, but again it can be skipped by beginning students. Chapter 5 also
introduces the concept of molar (intensive) quantities rather than the extensive
quantities discussed in Chapters 3 and 4. Using these molar quantities, the thermo-
dynamics of mixtures (and partial molar quantities) are introduced. Emphasis is
placed on the partial molar free energies (chemical potentials) and their relation-
ships (leading to the Gibbs-Duhem equation).

Chapter 6 uses the concept of chemical potential to discuss phase equilibrium in
simple systems. Using experimental enthalpy, heat capacity, and volume data for
water, a phase diagram is constructed using chemical potentials and their pressure
and temperature dependences. Following this exercise, the Gibbs-Duhem equa-
tion is applied to different phases of material, and evaluated graphically. This
graphical analysis provides a visual picture that leads directly to the Gibbs phase
rule and the Clausius-Clapeyron equation.

Chapter 7 explores the concentration dependence of the chemical potential, pro-
gressing from the ideal gas to the ideal solution to ideal dilute solutions. Along the
way, the concept of the standard state is developed. Using the mole-fraction stand-
ard state, thermodynamics of mixing is developed for an ideal solution (following
Raoult’s law). Using a lattice mixing model, nonideality is built in, and the mixing
thermodynamics of the regular (or mean-field) solution is developed. In addition
to showing how complexity can be built into a simple model, the regular solution
reveals liquid-liquid phase separation behavior. Finally, the thermodynamics of
chemical reactions is developed using chemical potentials on a molar scale. Two
approaches are taken. First, a difference approach is used to develop the familiar
relationships between reaction free energies, concentrations, and equilibrium
constants, Second, a calculus-based approach is developed to show the relation
between the reaction free energy, the Gibbs energy, and the position of chemical
equilibrium. Finally, the temperature and pressure dependence of chemical reac-
tions are discussed.

Chapter 8 applies the reaction thermodynamics developed in Chapter 7 to a funda-
mental process in biology: the protein folding reaction. This “reaction” is spectacu-
lar in its structural complexity, yet in many cases, it can be modeled as a very simple
reaction involving just two thermodynamic states. Emphasis in this chapter is placed
on methods for studying the reaction, and on the importance of obtaining data (i.e.,
“melts”) where there is a measurable equilibrium between folded and unfolded
conformations. Thermal and chemical denaturation approaches are described in
which equilibrium is monitored with optical probes, and calorimetric methods are
also described. Key thermodynamic signatures of the folding reaction are discussed,
includinglarge entropy and enthalpy change, and a significant heat capacity change.

Chapters 9 through 11 present a formal development of statistical thermodynam-
ics. In Chapter 9, the motivations for the ensemble method (including the chal-
lenges of constructing detailed dynamic models, and the ergodic hypothesis) are
discussed. Concepts and variables of ensembles are developed and illustrated for
simple models. Using the heat flow model from Chapter 4, an ensemble is devel-
oped to model an isolated system (the “microcanonical” ensemble). A method is
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presented to determine the equilibrium ensemble distribution in which the num-
ber of ensemble configurations is maximized, subject to a constraint of fixed
ensemble size, using the Lagrange method. In this derivation, considerable use is
made of visuals, showing how constraints interact with configurational variables,
and how multivariable calculus provides the equilibrium solution. The resulting
distribution defines a microcanonical “partition function,” which is fundamentally
related to the entropy—the thermodynamic potential for the isolated system.

Chapter 10 extends the ensemble approach to systems that can exchange thermal
energy (but not volume) with their surroundings. The equilibrium position (i.e.,
the Boltzmann distribution) for this “canonical” ensemble is again found by
Lagrange’s method with an additional constraint on the total energy of the ensem-
ble. The resulting canonical partition function is logarithmically proportional to
the Helmholtz free energy—again, the thermodynamic potential for the constant
volume system. This approach is then extended to systems that can expand and
contract, leading to the equilibrium distribution for a system at constant tempera-
ture and pressure, and providing a direct connection to the Gibbs free energy
potential.

With the fundamental ensembles in place, Chapter 11 makes some key modifica-
tions to the statistical thermodynamic approach. First, the ensemble approach is
applied to a system with just one molecule, leading to molecular partition func-
tions. We show how, as long as molecules do not interact, these simple molecular
partition functions can be combined to give a partition function for systems with
many molecules, and how they can also be used to extract thermodynamic quanti-
ties. One place where these molecular partition functions are particularly useful is
in analyzing chemical reactions. By building an ensemble of reactive molecules, we
generate a “reaction” partition function that is used in one form or another in the
remaining chapters.

Chapter 12 applies the reaction partition function to the “helix-coil transition” in
polypeptides. Unlike the folding of globular proteins described in Chapter 8, the
helix-coil transition involves many partly folded states. We develop statistical ther-
modynamic models of increasing complexity, progressing from a model in which
all residues are independent and identical to a model in which residues are not
identical, to models where residues are energetically coupled to their nearest-
neighbor. The nearest-neighbor or “Ising” approach is a workhorse model for
describing cooperativity in chemical and biological systems. In addition to learn-
ing about this important type of reaction, this chapter shows how to build statistical
thermodynamic models, starting simple and moving toward complex, as is
demanded by experimental observations.

Chapters 13 and 14 describe the binding of multiple ligands to macromolecules. To
describe such data, we develop a binding partition function referred to as a “bind-
ing polynomial” In Chapter 13, we develop a macroscopic scheme for ligand bind-
ing which counts the number of ligands bound but not their arrangement among
binding sites. Two different phrasings of binding constants are introduced (step-
wise and overall), and their relative advantages and disadvantages are discussed.
The relationship between the binding polynomial and various experimental repre-
sentations of binding data are described, including the fraction of ligand bound,
the binding capacity, and the (somewhat outdated but still useful) Hill plot, as are
the effects of positive and negative cooperativity on these representations. Chapter
13 concludes by treating the binding of multiple different ligands to a macromole-
cule, and introduces the concept of thermodynamic linkage.

Chapter 14 analyzes binding from a microscopic perspective. Although the micro-
scopic approach can be more complicated (in terms of parameters and equations),
it provides a more mechanistic and more fundamental way of thinking about bind-
ing. Again, binding constants are phrased in terms stepwise and overall reactions,



and the relationships between these constants (and the macroscopic constants)
are analyzed using basic topology and graph theory. Unlike our approach with the
helix-coil transition, we start here with the most complex and general models, and
then simplify these models to include macromolecular structure and symmetry.
The result is a lean set of models for noncooperative and cooperative ligand bind-
ing. We conclude by combining conformational changes (ideas from Chapters 8
and 12) with ligand binding both at the macroscopic and microscopic level, lead-
ing to a thermodynamic description of macromolecular allostery.

MATLAB®" is a registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA Tel: 508 647 7000

Fax: 508-647-7001

E-mail: HYPERLINK "mailto:info@mathworks.com"info@mathworks.com
Web: HYPERLINK "http://www.mathworks.com/"www.mathworks.com
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