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calorimeter9 (Fig. 1.11) is used to measure the heat given off in the
oxidation of a combustible substance like food, and nutritionists
refer to tables of combustion heats in planning a diet.

The study of energy transformations is called thermodynamics.
It is a hierarchical science – the more advanced concepts assume
knowledge of the more basics ones. To be ready to tackle the more
difficult but more interesting topics in later chapters, let’s use this
moment to develop an understanding of what is being measured in
the bomb calorimeter. We know from experience that the oxidation
(burning) of wood gives off heat. Some types of wood are useful for
building fires because they ignite easily (e.g. splinters of dry pine);
others are useful because they burn slowly and give off a lot of heat
(e.g. oak). The amount of heat transferred to the air per unit volume
of burning wood depends on the density of the wood and its struc-
ture. The same is true of food. Fine, but this has not told us what
heat is.

It is the nature of science to define terms as precisely as possible
and to formalize usage. Accepted definitions are important
for minimizing ambiguity of meaning. What we need now is a

Fig. 1.11 Schematic diagram of a bomb calorimeter. A sample is placed in the reaction

chamber. The chamber is then filled with oxygen at high pressure (>20 atm) to ensure

that the reaction is fast and complete. Electrical heating of a wire initiates the reaction.

The increase in water temperature resulting from the combustion reaction is recorded,

and the temperature change is converted into an energy increase. The energy change is

divided by the total amount of substance oxidized, giving units of J g
!1 or J mol!1.

Insulation helps to prevent the escape of the heat of combustion, increasing the accuracy

of the determination of heat released from the oxidized material. Based on diagram on

p. 36 of Lawrence et al. (1996).

9 But one of many different kinds of calorimeter. The instrument used to measure the
energy given off in an atom smasher is called a calorimeter. In this book we discuss a
bomb calorimeter, isothermal titration calorimeter, and differential scanning
calorimeter.

14 ENERGY TRANSFORMATION

Fisica do Corpo Humano 	


(4300325)  



Princípios Físicos Aplicados à 
Fisiologia (PGF5306-1)  



Entalpia, H
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�H = �U +RT�n

Em um experimento dessa 
bomba de calorímetro com 

Etanol, a 298K e volume 
constante, 1368 kJ/mol de 

calor é liberado

C2H5OH(`) + 3O2(g) ! 2CO2(g) + 3H2O(`)



Entalpia, H
�H = �U +RT�n

�H = �U + 298 · 8.3145�n

�H = �U + 2478�n

�n = 2� 3 = 1

�H = �1368000� 2478

Se a variação de entalpia é negativo o processo é 
exotérmico. Caso contrario o processo é 

endotérmico

C2H5OH(`) + 3O2(g) ! 2CO2(g) + 3H2O(`)

(J/mol)
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ΔHο= -1368 kJ/mol 	
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Bioquímica

• Aproximadamente 1/2 da massa seca do corpo 
humano é de proteinas	


• O estado nativo das proteínas é “folded”, 
empacotado - uma espécie de cristal orgânico	


• Mesmo nesse estado existe flutuação na 
estrutura do caroço central.	


• Estado empacotado - parecido com solido	


• Estado desempacotado - parecido com liquido



Box 2.2. Cont.

micromachined nanocalorimeter which functions as a biosensor. A small number

of living cells are present in a sub-nanoliter chamber. The small size of the

chamber could be useful for rapid screening of small samples. The sensor

comprises a 10-junction gold and nickel thermopile on a silicon chip. A thermopile

is a number of thermocouples, 10 in this case, connected end on end, and a

thermocouple is simply a temperature-measuring device consisting of two wires of

different metals fused at each end. A temperature difference between the metals

results in a difference in an electrical potential, which can be calibrated to a

temperature. The nanocalorimeter of the Glasgow group can detect a mere

13 nW of power generated by the cells on exposure to a chemical stimulus, the

temperature resolution is 0.125mK, the heat capacity is 1.2 nJ mK!1, and the

response time is 12ms. Primary cell lines or tissue biopsies can be analyzed.

Fig. 2.10 Differential scanning

calorimetry. (A) Schematic diagram

of the instrument. In

this case the reference cell contains

buffer only, and the sample cell

contains the macromolecule

dissolved in buffer. Both cells are

heated very slowly (e.g. 1 "C min
!1)

in order to maintain equilibrium,

and feedback electronic circuitry is

used to add heat so that 1T # 0

throughout the experiment. Other

types of DSC have been used for

other purposes in biophysics, for

example, to investigate the

physiological limits of the freeze

tolerance and freeze-avoidance

strategies taken by different insect

species to survive subzero

temperatures. (B) Data. The heat

added to keep 1T # 0 can be

plotted as a function of

temperature. The endothermic

peak corresponds to heat absorbed,

for example, on protein

denaturation. The peak maximum

corresponds roughly to the

transition temperature, or melting

temperature. The area below the

peak is 1Hd(Tm). The heat capacity

of the unfolded state of a protein

minus the heat capacity of the

folded state is 1Cp,d. There is more

about DSC in Chapter 5.

50 THE FIRST LAW OF THERMODYNAMICS



The temperature at which a protein unfolds (or double-stranded
DNA melts) is called the melting temperature, Tm. This temperature
depends not only on the number and type of non-covalent bonds in
the folded state but also on the pH and other solution conditions. Tm
also depends on the pressure, but most biological science experi-
ments are done at 1 atm pressure. In the case of proteins, changing
the pH of solution changes the net charge on the protein surface.
This can have a marked impact on Tm and 1H!

d, as shown in Fig. 2.7
for the example of hen egg white lysozyme, a well-studied small
globular protein. The figure also illustrates that the slope of 1H!

against Tm for this protein is more or less constant throughout the
pH range shown.

Above we saw how a bomb calorimeter can be used to obtain
thermodynamic information. Here we introduce isothermal titra-
tion calorimetry (ITC)12 and explain how it can be used to measure
the enthalpy of a biochemical process (Fig. 2.8). By Eqn. (2.10) the
heat absorbed at constant pressure measures the enthalpy change.
Suppose, for example, we are interested in the energetics of the
binding of the Fc portion of immunoglobulin G (IgG), important in
humoral immunity and biotechnology, to soluble protein A, a bac-
terial protein. We need not be concerned at the moment just which
part of IgG the Fc portion of is: we just need to know that antibody
molecules can be dissected into components and that the Fc portion
is one of them. The thermodynamic states of interest here are the
unbound state, where protein A is free in solution, and the bound
state, where protein A is physically associated with Fc. The heat
exchanged at constant pressure upon injection of protein A into a
calorimetric cell containing the antibody can thus be used to
determine 1Hb

!, the enthalpy of binding (under standard state con-
ditions). The heat of injection will change as the number of vacant
binding sites decreases.

Fig. 2.7 Enthalpy of unfolding of hen

egg white lysozyme as a function of

transition temperature. Filled

symbols: intact lysozyme. Open

symbols: lysozyme in which one of

the four native disulfide bonds has

been removed. When folded, 3-SS

lysozyme closely resembles the

native state of intact lysozyme.

Change in transition temperature

was induced by a change of pH.

Note that 1H is approximately

linear in Tm. The data are from

Cooper et al. (1991).

12 The isothermal titration calorimeter was first described in 1922 by Théophile
de Donder, founder of the Brussels School of thermodynamics.
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Energias
Energias mais relevantes para 

sistemas biológicos:	


1. Energia Química	


2. Energia Mecânica	


3. Energia Eletromagnética	


4. Energia Térmica Fotossíntese
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Forcas no interior da célula

Deterministicas Térmicas

Movimento Browniano

A razão entre a escalas 
derteminísticas e termicas é:

Edet/kBT



A razão entre a escalas 
derteminísticas e termicas é:

Edet/kBT

kBT = 4.1 pNnm

= 0.6 kcal/mol

= 2.5 kJ/mol

= 25meV

grees of freedom is to consider collective excitations. For
example, phonons characterize the vibrations of a crys-
talline solid and magnons describe collective excitations of
magnetic spins. 

Indeed, physicists talk of “-ons” of all kinds. The bio-
logical setting provides a loose analogy because some
biological structures are characterized with the label 
“-somes,” which derives from the Greek word for “body.”
The term refers to macromolecular assemblies that are
made from multiple molecular components that act in a
collective fashion to perform multiple functions. Some of
the most notable examples include the ribosome, used in
protein synthesis; the nucleosome, which is the individual
packing unit for eukaryotic DNA; the proteasome, an as-
sembly that mediates protein degradation; and the tran-
scriptisome, which mediates gene transcription. By mech-
anisms and principles that are still largely unknown,
proteins assemble into -somes, perform a task, and then
disassemble again.

One of the most pleasing examples of biological col-
lective action is revealed by the machines of the so-called
central dogma. The term refers to the set of processes
whereby DNA is copied (replication), genes are read and
turned into messenger RNA (transcription), and finally,
messenger RNA is turned into the corresponding protein
by ribosomes (translation). Such processes involve multi-
ple layers of orchestration that range from the assembly
of macromolecular complexes to the simultaneous action
of multiple machines to the collective manner in which
cells may undertake the processes. Figure 3 shows the ma-
chines of the central dogma in bacteria engaged in the
processes of transcription and translation simultaneously.

The theme of collective action is also revealed in the
flow of information in biological systems. For example, the
precise spatial and temporal orchestration of events that oc-
curs as an egg differentiates into an embryo requires that
information be managed in processes called signal trans-
duction. Biological signal transduction is often broadly pre-
sented as a series of cartoons: Various proteins signal by in-
teracting with each other via often poorly understood
means. That leads to a very simple representation: a net-
work of blobs sticking or pointing to other blobs. Despite lim-
ited knowledge, it should be possible to develop formal the-
ories for understanding such processes. Indeed, the general
analysis of biological networks—systems biology—is now
generating great excitement in the biology community.

Information flow in the central dogma is likewise often
presented as a cartoon: a series of directed arrows show-
ing that information moves from DNA to RNA to proteins,
and from DNA to DNA. But information also flows from
proteins to DNA because proteins regulate the expression
of genes by binding to DNA in various ways. Though all bi-
ologists know that interesting feature of information flow,
central-dogma cartoons continue to omit the arrow that
closes the loop. That omission is central to the difference
between a formal theory and a cartoon. A closed loop in a
formal theory would admit the possibility of feedback and
complicated dynamics, both of which are an essential part
of the biological information management implemented by
the collective action of genes, RNA, and proteins.

Understanding collective effects in the cell will require
merging two philosophical viewpoints. The first is that life
is like a computer program: An infrastructure of machines
carries out arbitrary instructions that are encoded into DNA

www.physicstoday.org May 2006    Physics Today 41
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Figure 2. The confluence of energy scales is illustrated in this graph, which shows how thermal, chemical, mechanical, and
electrostatic energies associated with an object scale with size. As the characteristic object size approaches that at which mo-
lecular machines operate (shaded), all the energies converge. The horizontal line shows the thermal energy scale kT which, of
course, does not depend on an object’s size. We estimate binding energy (purple) by considering an electron in a box; for com-
parison, the graph shows measured binding energies for hydrogen bonds (square), phosphate groups in ATP (triangle), and co-
valent bonds (circle), along with characteristic energies for nuclear and subatomic particles. In estimating the bending energy
(blue), we took an elastic rod with an aspect ratio of 20:1 bent into a semicircular arc, and to compute the fracture energy
(green) we estimated the energy in chemical bonds in a longitudinal cross section of the rod. The electrostatic energy (orange)
was obtained for a spherical protein with singly charged amino acids of specified size distributed on the surface.

Maquinaria molecular: Ligação de Hidrogênio (quadrado), grupos de fosfato em ATP (triângulo), 
ligações covalentes (círculo), energia de torção (azul), energia de fratura (verde), energia 
eletrostática (laranja). [Rob Phillips and Stephen R. Quake, Physics Today (2006)]
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Geração de Energias

Pyruvate possui 
grande valor 

energético e pode 
ser utilizado para 
produzir mais ATP. 

Assim, uma 
molécula de glicose 
pode gerar até 30 

ATPs.



Armazenamento de Energias
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kBT = 4.1 pNnm
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= 25meV

C � C ! 346 kJ/mol

C = C ! 602
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ATP-ADP ~ varias tipos de reações bioquímicas	


ATP-ADP ~ 20 kBT	


Ligação covalente típica ~  150 kBT	



!

NADH ~ 2 ATP	


NADPH ~ 2 ATP	


!


