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Protein folding may follow a spontaneous process or a reaction-path directed process, de-
termined by various folding transition boundaries due to intrinsic properties of the protein. A
general first-order-like state-transition model predicts that a protein might be trapped in an
aggregated state when the folding path crosses the transition boundary. Both experimental
study and molecular simulation indicated that protein within this particular transition re-
gion might involve intermolecular interactions. Therefore, a direct folding process may have
been a combination of an antagonistic reaction of spontaneous folding and a diffusion limited
aggregation. In this paper, the protein folding mechanism and the theoretical basis of time
limited diffusion/aggregation process are elaborated. The application of auto-correlation
function in time dependent biological studies is also discussed.

PACS numbers: 87.15.Cc, 87.15.hg, 87.15.km

I. PROTEIN FOLDING: A FIRST-ORDER-LIKE STATE-TRANSITION REAC-

TION

Protein folding may follow a spontaneous process [1] or a reaction-path directed pro-
cess [2] in vitro. A choice between the two may be determined by the intrinsic properties of
proteins, e.g. the varying folding transition boundaries. However, a general model, named
“first-order-like state transition model”, in which aggregated proteins exist within finite
boundaries, can encompass both processes without any conflictions [3∼7]. According to
this model, the folding path of the protein may not be unique. It can be folded, without
being trapped in an aggregated state, via a carefully designed refolding path circumventing
the transition boundary, i.e., via an overcritical path [3∼7]. The intermediates, following
an overcritical path, are in a molten globular state [8], and their behavior is consistent
with both a sequential [9] and a collapse model [10]. However, both soluble (folded) and
precipitated (unfolded) proteins can be observed in direct folding reaction path in vitro.
In terms of the “first-order-like state transition model” language, this can be described as
stepping across the state transition line in the protein folding reaction phase diagram [3,4].
Since in protein refolding it is important to prevent protein aggregation in vitro, similarly,
in bio-medical applications, the revelation of the mechanism of the formation of the two
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FIG. 1: (a) Protein folding two-state (dual well) transition model. The gray line denoted the
proposed potential well of denaturant. The dot line denoted the hybrid protein-denaturant complex
potential wells. The black line is the reaction energy from unfolded to native state. (b) The model
of direct folding reaction.

states (unfolded and folded) becomes significant.
Previous studies have indicated that chemical environment [11], temperature [12], pH

[13], ionic strength [14], dielectric constant [15], and pressure [16] - considered as solvent
effects collectively - could affect the fundamental structure, thermodynamics and dynamics
of polypeptides/proteins. The reaction ground state can be expressed as a dual-well po-
tential according to the two-state transition model. The conformational energy, in general,
of unfolded state is relatively higher than that of the native state (Figure 1). When the
system reaches thermal equilibrium most protein molecules are found in their native state.
No unfolded or intermediate states are observable. However, as describe previously [3∼7], if
a denaturant is added the reaction potential may change accordingly as indicated in Figure
1a. Then, an unfolded protein may be stable, as it is now at the lowest energy under the
newly established equilibrium. The energy of the system can be expressed as follows:

HT = Hp + λHs (1)

Where HT , Hp, Hs denote the potential energy of the interacting protein-solvent total
system, the protein, and the solvent, respectively. λ is a weighting factor of the solvent
environment (0<

=λ<
=1), approaching unity when a denaturant is present as pure solvent; and

decreases in value as the concentration of the denaturant is reduced.
When λ of the system is changed drastically, direct folding ensues, leading to re-

lease of some of the bound denaturant (Figure 1b). According to the Donnan effect in a
macromolecule-counter ions interactive system, the diffusion of the bound denaturant can
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FIG. 2: Three-well model of multi-protein molecules folding reaction. The U denoted the unfolded
state. N denoted the native state and I denoted the protein-protein complex (aggresome) interme-
diate. Where the I may be deeper than native state N.

be expressed by Fick’s first law:

⇀

J = −D∇n (2)

Where n denotes the concentration of the denaturant that is dissociated from the
protein. D denotes the diffusive constant and vector J denotes the flux, respectively, of the
solute. According to the Einstein relation:

D =
kT

6πηRH

(3)

Where k is the Boltzmann constant; T is the temperature in Kelvin;gη is the viscosity
of the solvent, and RH is the hydration radius of the solutes. Due to the intrinsic diffusion
process, the solute exchange processes are not synchronous for all protein molecules. There-
fore, the folding rate of protein may not be measured directly by simple spectral technique,
i.e., the stopped-flow CD [17], continue-flow CD [18] or fluorescence [19]. However, the re-
action interval of protein folding can be revealed by auto-correlation of reaction time from
these direct measurements. The detail mechanism and example will be discussed later.

If we look at the energy landscape funnel model of protein folding [20], it appears that
proteins can be trapped in a multitude of local minima of the potential well in a compli-
cated protein system. The native state, though, is at the lowest energy level. When thermal
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equilibrium is reached, most of the protein molecules are located in the lowest energy state,

with a population ratio as low as e
−∆E

kT , according to the Maxwell-Boltzmann distribution
in thermodynamics. The ∆E denotes the energy difference between native state and a local
minimum; k and T denote the Boltzmann constant and temperature in Kelvin, respectively.
At high concentration (¿ 0.1 mg/ml), however, considerable amount of insoluble protein has
been observed in protein folding [5,6,21], indicating that insoluble proteins are at an even
lower energy state than the native protein. Therefore, by considering the inter-molecular
interactions during the protein folding process the reaction energy landscape may be ex-
pressed as a three-well model (Figure 2). As shown in Figure 2, the unfolded protein (U) is
in the highest energy state; the native protein (N) is in the lower energy state. However, the
intermediate (I) that may cause further protein aggregation/precipitation is in the lowest
energy state. Although the energy state of the intermediate/aggresome is the lowest energy
state, the conformational energy of the individual proteins composing the aggresome may
not be lower than the native protein. Namely, in single molecular simulation this extra
potential well of intermediate (I) is non-existent. Therefore, in the conventional energy
landscape model (the single molecule simulation model), the lowest energy state “I” cannot
be observed. According to the Zwanzig’s definition of state, the protein molecules in the
intermediate (I) belong to an unfolded state [22]. Hence, in a direct folding reaction, the
soluble (N) and the insoluble parts (U) can coexist and be observed simultaneously, similar
to the situation where the phase transition line is crossed in reactions congruent to the
“first-order phase transition” model. Therefore, we named the protein folding reaction as
“first-order like state transition model” (Figure 3).

The Φ (n1, n2, ..) in Figure 3 denotes the folding status of protein, where n1, n2, ..
represent the variables affecting the folding status, such as, temperature, concentration of
denaturants, and etc. The reaction curve indicates an over-critical reaction path of a quasi-
static folding reaction. The gray area in Figure 3 indicates the state transition boundary
of protein folding. The gray line and dash line indicate the reaction path of direct folding.
By combining the three-well model (Figure 2) and direct folding reaction of the “first-order
like state transition model” (Figure 3), we realized that the protein molecules those folded
along the direct folding path might fold spontaneously or form aggregate. The detailed
mechanisms of these two reaction fates of protein will be discussed below.

II. SPONTANEOUS FOLDING MAY BE DRIVEN BY ENTHALPY-ENTROPY

COMPENSATION

As indicated previously, the conformation of protein changed with changes of the
solvent environment. It seems that the protein may fold spontaneously, such as in Anfin-
sen’s experiment [1] and direct folding reactions. The protein folding reaction, similar to
all chemical reactions, reaches its equilibrium by following the fundamental laws of thermo-
dynamics. Although protein folding has been studied extensively in certain model systems
for over forty years, the driving force at the molecular level remains unclear until recently.

It is known that polymers and macromolecules may self-assemble/self-organize into
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FIG. 3: The protein folding diagram of “First-order like state transition model”. Where the Φ (n1,
n2, ..) denoted the folding status (the order parameter) of protein. The n, n1, n2, . . . denoted the
variables of which affect the folding status such as temperature, concentration of denaturants, and
etc. The horizontal dash-line denoted the proposed state transition line. The vertical dash line
denoted the direct folding (off-path) reaction pathway. Where the unfolded protein in denature
solvent environment which was diluted into native solvent environment rapidly and the folding
reaction may happen spontaneously and the crosses the state transition line and may cause protein
aggregation/precipitatio

a wide range of highly ordered phase/state at thermal equilibrium [23∼26]. In a condensed
solvent environment, large molecules may self-organize to reduce their effective volume.
Meanwhile, the number of the allowed states (Ω) of small molecules, such as buffer salt
and other counter-ions in solution, increases considerably. Therefore, the entropy of the
system, ∆S= R ln (Ωf/Ωi), becomes large, where i and f denote initial and final state,
respectively. Meanwhile, the enthalpy change (∆H) between unfolded and native protein is
around hundreds Kcal/mol [27]. Therefore, the Gibbs free energy of the system, ∆G=∆H-
T∆S, becomes more negative in this system when the large molecules self-organize [28].
Similar entropy-enthalpy compensation mechanism has been used to solve the reaction of
colloidal crystals that self-assemble spontaneously [29,30].

According to our studies [3∼7], the effective diameter of unfolded protein is about 1.7
to 2.5 fold larger than the folded protein. Therefore, with the same mechanism, those macro-
molecules (proteins) may tend to reduce their effective volumes and increase the system
entropy when thermal equilibrium is reached. The increase in entropy may compensate for
the change of the enthalpy of the system and enable the reaction to take place spontaneously.
This may be the reaction molecular mechanism of protein spontaneous folding reactions.
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III. INTER-MOLECULAR INTERACTION OF UNFOLDED PROTEIN LEADS TO

PROTEIN AGGREGATION

From the energy landscape model the native state is at the lowest energy of all
conformations [31,32]. There are local minima on the potential energy landscape that may
trap proteins into a glassy or misfolded state, forming aggregates or precipitates. However,
most protein molecules are found in the lowest energy state, i.e. the native state when the
reaction reaches a thermal equilibrium according to the Maxwell-Boltzmann distribution.
In the direct folding experiment, most of the proteins formed aggregates or precipitates,
with only a minute portion folded into the native state. This, however, is in conflict with
the model of energy landscape [31,32]. We found that the aggregates may be caused by the
inter-molecular interaction microscopically, via the MALDI-TOF mass spectroscopy [33].
Therefore, the intermolecular interactions should be considered in the molecular simulation
as well.

By combining molecular simulation and experimental approaches [33] we found that
protein folding and diffusion limited aggregation processes are mutually antagonistic. The
unfolded protein, such as lysozyme, can be refolded by direct dilution into 100-fold native
buffer by way of a so-called direct folding process path or off-path folding process under
an intrinsic entropy-driven force. The folding reaction may take a path across the state
transition line/boundary, as in a first order like transition model resulting in both folded
and aggregated proteins. By using Raman spectroscopy, we found that the protein ag-
gregates contained both disulfide bridges and reduced thiol groups, which may have been
caused, partly, by intermolecular mis-linkages. These stable aggresomes were dissolved in
acetonitrile and then analyzed by MALDI-TOF mass spectroscopy. For example, stable
aggresomes such as tri-mer, hepta-mer and nona-mers of lysozyme were detected in ace-
tonitrile in a previous study [33]. The dielectric constant of acetonitrile is around 37.5 at
21.1 ˚ C, in the realm of a low hydrophilic solvent, and is a better solvent than water for
hydrophobic aggregates. Therefore, the aggresomes precipitated in aqua solution may have
formed through hydrophobic interactions besides mis-linkages. However, a native aggre-
some, such as inclusion body of E. coli, did not show to contain oligomers of protein by
using the same procedure. Comparing both in vitro and in vivo experiments we conclude
that the hydrophobic interaction is the major factor for aggresome formation [33]. There-
fore, suitable protection chaperons and enzymes preventing hydrophobic interactions and
mis-linked disulfide bonds formation are necessary in vivo. However, the proteins do not
aggregate in the native state. This may indicate the aggregation process only occurs during
the folding process.

We performed a simulation study in which the protein particles were randomly dis-
tributed in a defined three-dimensional box with periodic boundaries. The size of the
simulation box is determined by the cubic root of the particle numbers multiplied by the
mean distance between protein particles. In order to reduce the calculation time, we used a
periodical boundary for the simulation space. Meanwhile, the optimal particle number for
molecular simulation is 216 and the mean distance between each protein can be determined
from the initial concentration of the protein [33]. The particles are allowed to move ran-
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domly with fixed step size, and the relative walking time between collisions can be derived
from Equation 6 in the next section. The gyration radius of the particle is shrunk from
non-fold to its native radius by a function of temperature dependent-exponential decay. As
shown in gyration radii shrink, the aggregation activation factor was set as exponential de-
cay. The rest of the protein particles that do not interact with each other will be treated as
the ones fold spontaneously. By comparing the initial number of particles and the number
of particles that fold spontaneously, the protein aggregation fraction can be obtained.

By comparing the aggregation experimental and the simulation results, we estab-
lished that model simulation is a feasible way of exploring the molecular mechanism of
protein aggregation. The fundamental basis of this simulation is identical, in concept,
to the diffusion-limited aggregation (DLA). In summary, the protein folding in a cell-free
system composes of antagonistic reactions of both spontaneous folding and DLA.

IV. AUTO-CORRELATION FUNCTION REVEALED THE PROTEIN FOLDING

TIME

As mentioned in the previous section, aggregations occur when proteins do not fold
properly into the stable state. Therefore, by measuring the ratio of folded and aggregated
proteins, we can estimate the time scale for the protein to fold into a stable state. The
stable folding time can be calculated as follows:

The concentrations of the protein, diluted by the native buffer, can be converted to
the mean-distance (X) between the proteins. According to a three dimensional random-
walk model, the mean distance (X) is equal to the root mean square distance (Xrms); and
the mean collision time for the protein diffusing across this distance can be determined by
the following equation:

X ≈ Xrms =
〈

X2
〉

1

2 = (6Dt)
1

2 , (4)

where D and t denote the diffusion constant of protein and time, respectively, as defined in
Eq. 3. ηgan be replaced by the viscosity of water (ηg 1 centipoises (cp)) since it did not
change much in dilute solutions [3, 33]. RH is the effective hydration radius of the protein.
According to ours and other studies, the unfolded protein is about 1.5∼2 times larger than
its native protein [3∼7]; and the radius of protein, RH ,, at time t, may be expressed as an
exponential decaying function [32]:

RH(t) = R0(1 + ne−ct) (5)

where R0 is the hydration radius in its native form; cgs the hydration radius collapse
factor and the optimal value is 0.001 as described in the simulation section; n is the radius
expansion ratio of the unfolded protein.

The general form of mean collision time during protein diffusive process can be ex-
pressed as follows:
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nX2
rms × e−ct − 6D0t + X2

rms = 0 (6)

t =
cX2

rms + 6D0ProductLog[ ce
−

cX
2
rms

6D0 nX2
rms

6D0
]

6cD0

, (7)

where the ProductLog can be expanded as follows,

ProductLog[
cne

−
cX

2
rms

6D0 X2
rms

6D0

] =
cnX2

rms

6D0

−
(cn)2X4

rms

18D2
0

+
(cn)3X6

rms

54D3
0

−
7(cn)4X8

rms

972D4
0

+
(cn)5X10

rms

324D5
0

−.........

(8)

Therefore, the mean collision/diffusion time of each initial concentration of unfolded
protein can be determined. In the case of hen egg white lysozyme, their mean colli-
sion/diffusion times are 8.2 µs for 200 µg/mL and 101.3 µs for 5 µg/mL at 295 K [33].
The mean collision time is also an upper limit for the protein to reach a stable state in the
diffusive processes. Namely, if proteins do not fold but settle into a stable state during this
period, they may aggregate and precipitate.

However, macroscopically speaking, as that conducted in an experiment, it is impos-
sible to synchronize all particles of proteins to fold from unfolded state to their native state.
The relationship between aggregation and reaction time can be revealed by the autocor-
relation function (ACF) of the protein aggregation fraction. Therefore, the ACF function
can be expressed as follows:

Γ(∆t) =< C(t) · C(t − ∆t) >, (9)

where C[t] denotes the aggregation fraction at time t. ∆t denotes the time lapse between the
observations. The value of Γ(τc) is the half-width of the ACF [34] according to Equation
9. The stable-state folding time of lysozyme is about 25.5 to 27.5 µs at 295 and 279
K, respectively [33]. This correlation time indicated that the lysozyme in such solvent
environment may need 25.5 to 27.5 µs to reach the stable state. However, if the molecules
of protein collide and interact with each other during this time period, they may have the
chance to form aggregates, and precipitate as a result [33].

By comparison with the model of the first-order-like state transition, the state transi-
tion line/region of direct folding reaction may have been caused by the interactions among
unfolded proteins. An over critical reaction regulated by solvent environment and denatu-
rant might play a role to avoid effective collision between proteins and protein folds spon-
taneously during this period [3]. These may explain the possible mechanism and function
of molecular chaperons [3∼7] those facilitate the protein folding.
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V. PROTEIN FOLDING REACTION FOLLOWS THE FIRST-ORDER-LIKE

STATE TRANSITION IN A CELL

Cells avoid accumulating potentially toxic aggregates by mechanisms, such as, the
suppression of aggregate formation by molecular chaperones, and the degradation of mis-
folded proteins by proteasomes [35]. In eukaryotic systems, HSP70 serves as molecular
chaperone, which directly interacts with unfolded proteins, and HSP60-HSP10 complex
provides a hydrophobic cave in facilitating protein folding [36]. In prokaryotic systems,
GroEL and GroES play roles similar to those of HSP60-HSP10 complexes [37]. These di-
rect or indirect interactions with unfolded proteins will change the reaction potential in
a way similar to the behavior of urea and solvent acidity (or pH) in this study. More-
over, under physiological conditions, proteins such as growth hormones will not aggregate.
These observations indicated that chaperone helps the protein fold while preventing the
state transition from taking place. Our studies with chemical molecules mimic those effects
of molecular chaperone. In fact, those in vivo reactions are more efficient than those in

vitro. Therefore, we suspect that for those proteins that have the ability to fold may follow
the over critical reaction path and fold continuously without being trapped in the precip-
itate/aggregate state in vivo, and the first-order like state transition reaction model may
represent the true reaction model of protein folding. The model describes a non-unique
reaction path for proteins such that they can fold continuously when the reaction path does
not cross the state transition line [3,4].

VI. CONCLUSION

In summary, the folding reaction or kinetics always follows thermal dynamic rules.
Even though protein is a mesoscopic system, it still has to follow physical laws. In our opin-
ion, the first order like state transition model may be a universal model for protein folding
reactions, although approaches from all possible angles are needed to reveal a complete
picture of the true protein folding kinetics and mechanism.
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