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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	


!



Custo de Sínteses

Custo da Protéına ⇡ 5.2 ATP ⇥ 300⇥ 3⇥ 10

6

⇡ 4.5⇥ 10

9
ATP equivalentes

Após um aminoácido 
ser sintetizado (custo 

médio ~ 1.2 ATP 
equivalente), ele deve 

ser colocado junto para 
formar uma proteína (4 

ATP equivalente). 	


Número médio de 
aminoácidos por 
proteína = 300. 

Proteínas em uma bactéria



Termodinâmica no Equilíbrio
Visto que organismos vivos são exemplos típicos de 
sistemas fora do equilíbrio, é possível utilizar as 
ferramentas da física para o equilíbrio? 

Modelos no 
equilíbrio podem ser 
utilizados para 
problemas fora do 
equilíbrio se certos 
processos 
acontecem mais 
rápidos que outros.









Termodinâmica no Equilíbrio
Proteína no equilíbrio: o estado “empacotado” da 
proteína é um estado que minimiza a energia livre



Proteína no Equilíbrio

where Ub represents the bonding potential

Ub!!
i!2

N

b" !ri"ri"1!#2, "4#

we set b!9 in this study. The interaction between non-
bonded beads is represented by the Lennard-Jones like po-
tential

ULJ"r #!$ i , j" # %

r $ 12"# %

r $ 6% , "5#

where % is the LJ collision diameter and $ i , j represents the
interaction strength. N is the number of beads, ri is the po-
sition of bead i, and ri j!!ri"rj!. The stiffness is introduced
through the bending potential Us

Us!S "cos &"1 #2, "6#

where N is the number of the beads in the chain b!% , and
the chain stiffness S!1. Note that the stiffness potential de-
pends on the angle formed by three subsequent residues in
sequence. However, in the present model we have not uti-
lized the realistic values for the bond angles of the amino
acids. This is because our goal is to study the spontaneous
development of the native state from the initial unfolded
state through hydrophobic collapse by a minimalist model.
Such a model has been successfully used by Noguchi and
Yoshikawa50 to study the polymer collapse and variation in
structural morphology. Nevertheless, the off-lattice simula-
tions incorporating the realistic bond angles and including
the dihedral terms reveal more information as already shown
by Clementi et al.42 and Clementi and Onuchic43 and also by
Levitt.40,41

The time evaluation of the model protein is done accord-
ing to the following equation of motion.51

rj" t#'t #!rj" t ##F j" t #'t#'XG" t #, "7#

where rj(t) is the position of j th bead at time t and the
systematic force on j is denoted by F j(t). The random
Brownian displacement "BD# 'XG(t) is taken from a Gauss-
ian distribution with zero mean and 2't variance. The nor-
malized random numbers are generated by the reshuffling

FIG. 4. "Color# Energies of various fi-
nal energy configurations for the
model HP-36 protein obtained from
BD simulations is shown. Configura-
tions correspond to the energy values
"a#, "b#, "c# and "d#. The hydrophilic
bead within the hydrophobic core is
highlighted by the yellow circles in
structures "c# and "d#.

FIG. 5. "Color# Energy landscape "the funnel# for the model HP-36 protein
obtained from BD simulations is shown. The distance from the native state
Q in terms of topological contacts is indicated for different energy states.
Configurations corresponding to various energy states "given in parentheses#
"unfolded, transition, and native state# are also shown. The X axis denotes
the number of configurations at energy E.
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of different kinds of beads. Each bead in the sequence rep-
resents the corresponding amino acid in the protein se-
quence. There are 36 beads in the chain, since the number of
residues in the original protein sequence !MLSDEDFKAV
FGMTRSAFAN LPLWKQQNLK KEKGLF" are 36. All the
beads are assumed to be of the same mass and size.

One of the major driving forces of protein folding in
aqueous media is the hydrophobic/hydrophilic nature of
amino acids. This can be best represented by the hydropathy
scale.48,49 Depending on the hydropathy values we have cat-
egorized all the amino acids present in the HP-36 sequence
into three classes; !i" hydrophobic, !ii" weakly hydrophilic,
and !iii" strongly hydrophilic. In Table I the classification of
amino acids is presented. The classification is done accord-
ing to the following criterion. If the hydropathy value is posi-
tive, the amino acid is hydrophobic. On the other hand,
among the hydrophilic amino acids !hydropathy value is
negative" if the hydropathy value is smaller than !2.5, it is
strongly hydrophilic, otherwise weakly hydrophilic. In Fig.
2!a" a schematic representation of the the hydrophobic scale
is presented. Figure 2!b" shows a pictorial representation of
the color code of the hydropathy values of both the original
sequence and the simplified sequence due to the present cat-
egorization.

As mentioned above, the interaction between the amino
acids and the polar water molecules plays a key role in pro-
tein folding. In the present study, the interaction strength has
been implicitly incorporated within the interaction parameter
# i j !to be described in Sec. III". Due to the above mentioned
classification a total of six different kinds of interactions are
possible. The following is a list of the interaction strength
parameter values for all six different interactions: !i"
hydrophobic–hydrophobic"2#; !ii" strongly hydrophilic–
strongly hydrophilic"0.3#; !iii" weakly hydrophilic–weakly
hydrophilic"0.3#; !iv" strongly hydrophilic–hydrophobic
"0.8#; !v" weakly hydrophilic–hydrophobic"#; and !vi"
strongly hydrophilic–weakly hydrophilic"0.3# .

III. SIMULATION DETAILS

As mentioned above, the HP-36 protein is modeled as a
necklace of three different kinds of beads; the beads interact
via a site–site Lennard-Jones !LJ" potential. Neighboring
beads are connected via harmonic springs. Each bead repre-
sents an amino acid in the actual protein sequence. The total
potential energy of the chain can be written as

U"Ub#ULJ#Us , !3"

FIG. 3. !Color" Snapshots of various conformations of model HP-36 as
observed in Brownian dynamics simulations. The configuration in the cen-
tral box corresponds to the initial configuration, while the rest of the con-
figurations represent the different minimum energy configurations. Note the
formation of hydrophobic core in all the final configurations.

FIG. 2. !Color" Schematic representa-
tion of modeling of the HP-36 protein
!shown in Fig. 1" by using the hydr-
opathy values. !a" A schematic repre-
sentation of the the hydropathy scale.
The hydrophilic nature decreases from
blue to red. !b" A pictorial representa-
tion of the color code of the hydropa-
thy values of both the original se-
quence and the simplified sequence
used in the present study.
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Foldability and the funnel of HP-36 protein sequence:
Use of hydropathy scale in protein folding
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Brownian dynamics simulation study of the folding of a model thermostable chicken villin head
piece subdomain, a 36-residue protein !HP-36", is carried out using the hydropathy scale of amino
acids. The diverse interactions among the amino acid residues are categorized into three classes by
introducing a simplified hydrophobic scale. The simulations incorporate all the six different inter-
and intraamino acid interactions. The model protein reproduces some of the qualitative features of
the complex protein folding, including the funnel-like energy landscape. Although there are several
states near the minimum of the folding funnel, we could identify a stable native configuration. In
addition, the study reveals a correlation between the contact order, topology, and the stability.
© 2002 American Institute of Physics. #DOI: 10.1063/1.1467341$

I. INTRODUCTION

The study of protein folding has been a subject of great
importance over the past several decades.1–20 Protein folding
is a complex problem. This is not only due to the frustration
that results from the diverse interactions among the consti-
tuting amino acids but also to the fact that the folded native
configuration depends both on sequence and the amino acid
content. Numerous theoretical studies have suggested that
the size, stability, and the topology of a protein influence the
folding rate and mechanisms.2,7 The recently emerging con-
cept in this field is the free energy landscape guided
folding.21

Many of the theoretical studies have been directed to
single domain small proteins.2,18 For example, the early sta-
tistical mechanical theories by Dill and co-workers19 and by
Bryngelson and Wolynes2 were based on the idea of het-
eropolymer collapse and reordering among hydrophobic and
hydrophilic residues. They provide a two order parameter
model for protein folding, namely %, the generalized packing
fraction and &, the fraction of amino acid residues in the
native state. This model predicts a first order transition from
globule to coil when a protein molecule is denatured by tem-
perature variation. In terms of % and & the free energy func-
tion for the collapse transition can be obtained as2

F
NT !"

1#&2

T %#& log &#!1"&"log
!1"&"

N #1

#! 1%"1 " log!1"%"#
3
2 N

"4/3%"2/3#
2
3N log% . !1"

The theories of Dill and of Bryngelson and Wolynes could
capture some of the essence of the protein folding problem.

These initial theories were followed by a series of stud-
ies, which vastly improved our understanding of protein
folding.3–5,11–14,21–24 For example Zwanzig et al.4 showed

that a small energy bias !on the order of a few kBT" against
the locally unfavorable configurations can reduce the
Levinthal’s time to a biologically significant size. Later
Zwanzig5 presented a simple model of protein folding kinet-
ics based on the ‘‘correctness’’ of the folded structure and
found that the folding time has a maximum near the folding
transition temperature and a minimum at a lower tempera-
ture. More recently Wolynes and co-workers25,26 have pre-
sented a detailed microscopic theory of protein folding rates.
By studying the effect of chain stiffness on the fine structure
of the free energy profile, they found that increasing persis-
tence length of the chain tends to smooth the free energy
profile. By neglecting the non-native contacts and trapping
effects, they could obtain the reaction coordinates and fold-
ing rate prefactors for specific proteins with known native
structure.

On the other hand, from the numerical and analytical
studies of various models Wolynes,11 Onuchic,21 and
others27–31 introduced and elaborated on the concept of en-
ergy landscape. According to this latter development, the
folding kinetics is determined by an energy landscape and
for foldable proteins this resemble a funnel with a free en-
ergy gradient toward the native structure. The introduction of
the concept of the folding funnel provided a much needed
breakthrough in understanding the pathways of protein
folding.

Progress has also been made over the past few years in
linking the experimental and theoretical approaches to pro-
tein folding.7,22–24,31–33 The main outcome of these studies is
that the topology is a very significant determinant of protein
folding rates. A newly emerging concept in protein folding is
contact order parameter; average sequence separation be-
tween the contacting residues. Baker and co-workers22 ob-
served a correlation between the folding rate and the contact
order. Later studies found an improved correlation between
the folding rate and the relative contact order; the average
sequence distance between all pairs of contacting residues
normalized by the total sequence length
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