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Assuming that the main variables in the life processes at the molecular level are the conforma-
tion of biological macromolecules and their frontier electrons a formalism of quantum theory on
conformation-electron system is proposed. Based on the quantum theory of conformation-electron
system, the protein folding is regarded as a quantum transition between torsion states on polypep-
tide chain, and the folding rate is calculated by nonadiabatic operator method. The rate calculation
is generalized to the case of frequency variation in folding. An analytical form of protein folding
rate formula is obtained, which can be served as a useful tool for further studying protein folding.
The application of the rate theory to explain the protein folding experiments is briefly summarized.
It includes the inertial moment dependence of folding rate, the unified description of two-state and
multistate protein folding, the relationship of folding and unfolding rates versus denaturant concen-
tration, the distinction between exergonic and endergonic foldings, the ultrafast and the downhill
folding viewed from quantum folding theory, and, finally, the temperature dependence of folding
rate and the interpretation of its non-Arrhenius behaviors. All these studies support the view that
the protein folding is essentially a quantum transition between conformational states.
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1 Locality of conformation states and quan-
tum number characterizing conformation-
electronic system

Assume that the main variables in the life processes at
the molecular level are the conformation of biological
macromolecules and their frontier electrons. Suppose
that the conformation is described by a set of torsion
angles {0} = (61,...,0n). The conformation potential
U, as a function of 8, may generally have some minima
that correspond to stable conformations. To be definite,
consider the case of two minima. Set
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Here, A is an asymmetrical parameter. We shall discuss
the dependence of steady-state solutions on the asym-

metrical parameters and demonstrate that the conclu-
sions drawn will not depend on the particular choice of
the potential when we use any two-minima-asymmetrical
potential [1]. If A = 0, U(#) is Cy symmetrical, then the
conformational wave functions are nonlocal, and no defi-
nite local conformation can be related with the molecule.
However, if A # 0, the Cs-symmetry is broken; by nu-
merical solution of Schrodinger equation for the potential
given by Eq. (1), one can show that for Ik/h*=10 (I is
the inertia moment of the molecule with respect to coor-
dinate 6), the ground state should be localized to larger
than 90% as A > 1073, and for Ik/h? = 40, the ground
state localized to larger than 99% as A > 10~6. Define
the locality J; of the ith level as:

g, = mex(h Q) 2)

min(F;, Qi)

where P; is the probability of ith level located in the
“left” conformation (—n < 6 < 0) and @; in the “right”
conformation (0 < 6 < m). By numerical calculation, one
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can show that nearly all bound states are localized with
J; >2as A > 0.1(0.01) for the case of Ik/h* = 10(40) [1].
The above discussion shows that the small asymmetry in
potential would cause the high localization of wave func-
tions. Although the results are deduced from a particu-
lar potential (1), the generality of the conclusions can be
demonstrated by the following arguments. Consider the
interaction between a pair of levels localized mainly in
left potential valley A (the corresponding wave function
denoted as 14) or in right potential valley B (the cor-
responding wave function 1), respectively. The overlap
integral of wave functions [¢%vpdf in barrier region
is a measure of the potential asymmetry and the wave
function localization. By using WKB quasi-classical ap-
proximation to solve Schrodinger equation, we obtain
the overlap integral proportional to exp{— ff K(0)do'},
where o and ( are turning points at the left and right
sides of the barrier, respectively, U(a) = U(§) = E and
the wave vector equals

K(0) = 0211U(0) ~ B} 3)

For U — E ~ 2.5 kJ/mol (typical torsion energy) and
I = 10737g.cm? (torsion inertial moment of typical
atomic group), one has K () ~ 102. Therefore, the over-
lap integral is a small quantity, and the localization does
occur. Consider that the conformational potential usu-
ally has certain asymmetry, we deduce that the levels
below the top of barrier are always localized apart from
those near the top where K () ~ 0. As for the problem
whether the ground state is localized in the left or right
valley, it is determined by the comparison of the depths
of two valleys and the values of 9?U/36? in two minima
of the potential. As Anderson studied the excitations on
a disordered lattice in 1958, he proposed a noted theo-
rem: the eigenfunctions are localized if the strength of
the disorder exceeds some definite value [2]. Now, the
theorem on the localization of the excitation of a lattice
has been generalized to the system of conformations.

Suppose the dynamical variables of the conformation-
electronic system are (0, x), where x is the coordi-
nate of frontier electrons, and 6 is the torsion angle
of molecule. Based on the above analyses on the con-
formational locality, the wave function of the system
can be described by Myna(0,2), where o denotes the
electron-state, and (k, n) refer to the conformation- and
vibration-state, respectively. The conformational quan-
tum number k = 1,2,..., refers to the local conforma-
tional state, indicating which minimum of the torsion
potential the system is localized around. The vibration
quantum number n indicates the harmonic energy level
in a given conformational state.

As a multi-atom system, the conformation of a pro-
tein is fully determined by bond lengths 7;;, bond angles
Xi—j—k, and torsion angles (01,62, ...,0n). Since torsion
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angles are most easily changed even at room temper-
ature, we assume that the conformation is mainly de-
scribed by a set of torsion coordinates, that is, the confor-
mational potential U is only a function of (61, 6, ..., 0n).
For a real problem of protein folding, sometimes 7;;and
Xi—j—k may not be fixed. In these cases, we shall gen-
eralize the theoretic approach as follows. We assume
that the potential can be averaged over bond lengths
and bond angles, and the averaged energy landscape is
described by a set of torsion coordinates only. The aver-
age is reasonable since the folding does not involve a sin-
gle microscopic pathway but rather a statistical energy
landscape [3]. Through the statistical average of energy
landscape and the corresponding redefinition of the po-
tential, the number of torsion-accessible states will be
largely increased. For example, for a pair of conforma-
tional states that are originally inaccessible, it is impos-
sible to reach each other by changing torsion coordinate
(or torsion quantum number in quantum theory) only.
However, this is possible after the statistical average of
energy landscape and redefinition of the form of torsion
potential. Therefore, the statistical energy approach ef-
fectively expands the set of torsion-accessible states. In
the following, we shall study protein folding as a chang-
ing process between a series of torsion-accessible states
by use of quantum theory of conformation-electronic sys-
tem.

2 Protein folding as a quantum transition cal-
culated by nonadiabatic operator method

Protein folding is commonly studied in classical mechan-
ics and classical statistical mechanics. However, this ap-
proach is too limited for the understanding of the fun-
damental physics underlying folding. It is well known
that the fluorescence and phosphorescence are phenom-
ena closely related to protein folding. Since no one
doubts that fluorescence and phosphorescence could only
be understood in terms of the quantum transition be-
tween molecules, why should the protein folding study
be divorced from the framework of quantum theory? In
the following we shall investigate protein folding from
the quantum theory of conformation-electronic system.

Protein folding is nonradiative transition. The tran-
sition rate can be calculated by nonadiabatic operator
method [4]. In adiabatic approximation, the wave func-
tion of the conformation-electronic system Mppq (6, x)
can be expressed as the product of conformational wave
function and electronic wave function, M (6, z) = ¢ () -
o(z, 0). However, the form is not a rigorous eigenstate
of the total Hamiltonian of the system, and there exist
transitions between adiabatic states that result from the
off-diagonal elements. The transition matrix element is
given by off-diagonal element as follows:
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Consider that the electronic state does not change in
transition processes, a’ = a. This is the generally occur-

+

ring case for most protein foldings. For the case of radia-
tion transition, the electronic transitions exist, accompa-
nying conformational changes. We will discuss these phe-
nomena from the point of conformation-electronic transi-
tion in another article. Since the electronic wave function
pq 1s generally real, one has

/(pa(:zr, G)dez =0 (5)

from the normalization condition [ ¢ (z, 8)¢a(z, 0)d*z
= 1. Therefore, only the first term in right-hand-side of
Eq. (4) is retained, namely

(k'n’a | H' | kna)
R 0204
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For a multl—torsmn—angle problem, the torsion poten-
tial Uyor (61, 02, ..,
Only when its conformational wave function can be ap-
proximately expressed by the product of single confor-

On) is generally argument-inseparable.

mational functions, then the quantum transition prob-
lem can easily be solved. However, from the widely ac-
cepted statistical energy landscape theory [3], the pro-
tein folding involves a statistical average of a lot of mi-
croscopic pathways. One may average Uyor (01, 02, ..., On)
over N—1 coordinates with only one angular coordinate
0; left as the variable. The resulting potential is denoted

as UY)(6,)

tor
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The summation of Ut(gr) (0;) over j gives an approxi-
mate expression of Uior (01, 02, ..., On), and the argument-
separable wave function is obtained. Therefore, the
argument-separable torsion wave function as an approx-
imation can be deduced from the statistical energy land-
scape approach. In argument-separable case, one has

wkna(e) = wklﬂll,al (91)7 "'71/)kN,’nN,OcN (QN) (7)

where Y n; o, (0;) is approximately expressed by a wave
function of harmonic oscillator with quantum number n;.
Note that the harmonic potential has equilibrium posi-
tion at §; = 9,&2) with the corresponding k;th minimum
of potential Ey; (k; = 1,2,...). (7) into
Eq. (6), one obtains

Inserting Eq.
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After thermal average of the initial states, the transition
rate will be

W= 2%“ STkl | H' | kna)|*B({n}, T)

{n}

(D (e

J

njhw; — 5Ej)) (9)

Here, w; and w} are frequency parameters of the jth
mode in conformational state k; and &7,
and (SEj = Ekj — Ekrj.

mann factor:

respectively,
B({n},T) denotes the Boltz-

B({n},T) HB (n;, T
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After summing over final states, we have
2
W= %“ STk o | H' | kna)B({n}, T)pp (1)
{n}
Here, pp means state density,
1 1
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w’ is the average of w/ over j.

3 Protein folding rate in single torsion tran-
sition

If only one torsion angle participates in the conforma-
tional transition, we call it single-mode or single torsion
transition; if several torsion angles participate simulta-
neously in one conformational transition, then we call it
multimode or multitorsion transition. Consider single-
mode case at first. In this case, the subscript j7 will be
dropped. The transitional rate

W= = Iply (13)
—_R2 52 2
e ‘ 21 / paggreedie| (14)
2
IV - Z /w;@i_’n’a(e)d}kna(e)do B(?’L,T) (15)

fp is the conformational coordinate value in the largest
overlap region of vibration functions. Eq. (14) can be
estimated by the square of rotational kinetic energy of
the frontier electron during conformational change (see
next section). The quantum number n’ in Eq. (15) is de-
termined by n through energy conservation. The overlap
integral in Eq. (15) was first calculated by Manneback
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(1951) [5, 6].
frequency for initial and final states (w = w’) first. After

For simplicity, we shall assume the same

thermal average, it gives

Iy = (ﬁ; l)p/ J,(20/A(R + 1)) exp(—Q(27 + 1))
(16)
in which
i = (e —1)71 (17)
Q= Lw(30/(2h), p="0 (18)

00 = 9120) 9(0) is the angular displacement, and 0F =
Ey — Eis the energy gap between initial and final states.
Jp denotes the modified Bessel function [7], and here, p
is related to the net change in oscillator quantum num-
ber. The modified Bessel function is introduced from the
expansion:

o (o 4)) =

By use of the asymptotic formula for Bessel function [8]

(19)

e
e *J,(2) = (2m2) Y2 exp ( - ﬂ)’ for z>1 (20)

Iy can be further simplified. Note that the equality
n+ 3 = /f(n + 1) holds approximately with error 2%
as i = 2 and smaller than 1% as 7w > 3. Considering

i >1 (hw < 0.69kpT), from Egs. (16) and (20), it leads
to
2
_ 71/2 B p_ 5E
Iy = (2nz) exp ( 22) exp (QkBT) (21)
where
kT
= (66)*- - —1I (22)

4 Protein folding rate in multitorsion transi-
tion

For multitorsion transition, from Eqgs. (11) and (12), one
has
2n
W=y [[hv (23)
{pi} J
_R2 92 2
Ig = ‘ —/gpa—goadga: (24)
; 21, 007 0,=0,,
N i 4+ 1\ Pi/2
Iy = exp(—Q;(2n; + 1))( Jﬁj )
T, (2057 + 1) (25)
with
iy = (e~ 1) (20)
Q; = Ijw(60;)*/(2h) (27)
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(28)

Here, §6; is the angular displacement, and 0 E; is the en-
ergy gap between the initial and final states for the jth
mode. p; represents the net change in quantum number
for oscillator mode j, which satisfies the constraint

> pi=p (29)
J
in the summation of Eq. (23), and p satisfies
AFE
p=F= (AE = ZéEj) (30)
J
w is the average of w;, namely, Ej hw;p; = hwp. Note

that Eq. (25) takes the same form as Eq. (16). To sim-
plify Z{pj} HjIVj in Eq. (23), we consider two-mode
(N = 2) case at first,

g+ 1\P1/2 ring 4+ 1\ P2/2
5 i (B2

n n
P1+p2=p ! 2

> exp{=Q1(2n1 + 1)}, (2Q1v/ 71 (21 + 1))

P1
-exp(—Q2(272 + 1)) Jp—p, (2Q2

By use of the asymptotic formula for Bessel function, Eq.
(20), we deduce

Z exp(—21)Jp, (21) exp(—22)Jp—p, (22)

n2(n2 + 1)) (31)
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Under n; >1, by inserting (32) into (31), we have
S Ini !
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p1+p2=p PR
P2
: S — 33
oxp ( 2(2’1 + 2’2)) oxp (2/€BT) ( )
where
kT
Zj = (50;)* - 2 L (34)

Eq. (33) takes the same form as Eq. (21) for the single-
mode.

Next, by using the similar deduction, we obtain the
conclusion that if

>

p1t+-+pPn—1=q
- exp(—2zn-1)Jp, ;(2n-1)
1
T VmRVaT e b

exp(—21)Jp, (21) exp(—22)Jp, (22) - -

q2

{72(214—---

+ Zn—l) }
(35)
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holds, then it leads to

> exp(—21)Jp, (21) exp(—22) Jp, (22) - -
p1+-+pn=p
- exp(—2n)Jp, (2n)

1 1 p?
= - 36
«/Qn«/zl—i—---—l—zneXp( 2(21+---+zn)) (36)

Therefore, for multimode transition, we obtain

> [Iwvi= (%)(Zj:zj)_é

{pj} J
2

J'E

. exp(— j) (37)

237
J
The electronic matrix elements Eq. (14) or Eq. (24)

can be estimated as follows:

Ig =

;=3 >0 (38)
l; is the jth magnetic quantum number (with respect
to ;) of electronic wave function ¢4 (z,6), a; = (I5) ~
O(1); here, O(1) means a number in the order of magni-
tude of 1.

Inserting Egs. (37) and (38) into Eq. (23) and us-
ing Egs. (30) and (34), we obtain the final results of
multimode transition [9-11]:

—1/2
h3y/m
W= —Y" (kgT) /2 ( ) I
wi&ew'(B ) o T Z

. <Z%> exp <2w2(59 ) (39)

((605)?)av

(AE)?
hsTy. I;

00 =

5 Protein folding rate in frequency varying
case

In above deduction, the same frequency for initial and
final states (w; = w’) has been assumed in calculating
overlap integral and obtaining Egs. (16) and (25). Now,
we shall generalize the results to the case of nonequal
frequencies between initial and final states. From sta-
tistical mechanics theory, the free energy of a system of

oscillators is expressed by
1
G =52 [1n(1 = exp(— ;) + B
J

1
B= 7 (40)
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where E/; means the potential minimum of the jth oscil-
lator. By using
0Gos (n;) 1
= N;) = ————"
O(hw;) — 7" exp(Bhw;) — 1
(n;: phonon number of the jth mode), we obtain the free
energy variation

b Gon = Z/w

(41)

aGos

Bw]

= / —dw 42
Z /wj exp(fhw;) — 1 “2)
due to the frequency shift from w; to w . It leads to
1w
0uGos = —Iln-2L 43
> G (43)

J
as fhw; < 1. Therefore, from Eq. (40), the free energy

difference between torsion initial state (frequency {w,})
and final state (frequency {w}}) is

1
AGos = —0,Gos + Y 0E; = AE+Y 3 (44)

J J
Correspondingly, the net change of phonon number p in
Egs. (21) and (37) will be replaced by

SE In ]
i 1 wr
NS Py e
7wy B Ty
Considering that the contribution of frequency variation
to folding rate comes mainly from the torsion vibration

term, instead of Eq. (39), we obtain a generalized equa-
tion of folding rate [12]

“1/2
_ BPm —1/2
W= asew (ke T)~" " exp (2kBT) ZI

0\ —(AGey)?
' <ZE> P <2@2(59)2kBTZIj> (46)

J
in the frequency variation case, where AGs is given by
Eq. (44). The application of free energy gap AG,s in-
stead of energy gap AFE was first proposed in the photo-
synthetic electron transfer when the frequency variation
is small [13]. From Eq. (44), we know that when

w |AE]
> =g
j J

kT
the effect of frequency variation can be neglected and Eq.
(46) returns to Eq. (39).

(45)

(47)

6 Application of quantum folding theory to
interpretation of experiments

The following problems about the application of the pro-
posed rate theory have been discussed in Ref. [12], and
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here, we give a brief summary. All these studies support
the view that the protein folding is essentially a quantum
transition between conformational states.

1) The torsion inertial moment dependences of protein
folding rate are calculated. The inertial moments are dy-
namical variable describing torsion motion of main-chain
and side-chain dihedral angles. In principle, they can
be estimated by the number of dihedral angles and the
mass of related atomic groups on polypeptide chain for
each contact. A model of dynamical contact order was
proposed for calculating inertial moment dependences
of folding rate, and consistent results were obtained by
comparison with 100-protein experimental dataset [14].
The correlation coefficient of inertial moment term in
InW with experimental folding rate In ky is 0.85, higher
than or comparable with other calculations and predic-
tions for protein folding rate based on the same concept
of contact order [15, 16].

2) The unified theory on the two-state and multistate
protein folding is worked out based on the concept of
quantum transition. Under the assumption of the suc-
cessive transitions of multistate proteins taking place in
different torsion modes, the multistate protein folding
rate is simply expressed as the rate of two-state protein
folding of same topology multiplied by a time delay fac-
tor exp(—7). From a set of 80 proteins (45 two-state and
35 non-two-state), we compared the results of theoretical
calculations of folding rate with experimental data and
the distribution of the deviation between theoretical and
experimental folding rates is given in Fig. 1 [14]. In the
calculation of multistate protein folding the time delay
factor has been introduced. The peak in Fig. 1 indi-
cates the theory basically consistent with experiments
and demonstrates the correctness of the above idea on

70 A

63 L7A All
60 7] [ Multi-state
= . 5S4 Two-state
2 50 A1
2 40 A 36
=]
Z 30 A 27,
2
= 20 A
“ 10 - s = 77
Lo ! o PT10 '1lo
) ee— T T T T T T T
-8 -4 0 4 8

DCO-In 4,

Fig. 1 Distribution of the deviation between theoretical and ex-
perimental folding rates. Horizontal scale value is the median value
of DCO-In k¢ value range, such as 0 indicate —2 < DCO-Inky < 2,
etc. In ky means logarithm experimental folding rate, and DCO
means theoretical folding rate. In theoretical calculation, the in-
ertial moment of a protein is estimated by the number of dihedral
angles and the mass of related atomic groups on polypeptide chain
for each contact, the torsion vibration free energy of all proteins
is classified into three categories — exergonic, endergonic and neu-
tral, and the best-fit time 7 = 3.5 in the delay factor exp(—7) for
multistate protein has been introduced.
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multistate protein folding [14, 17].

The distribution is plotted for 80 protein dataset [14].
In addition to this dataset, by using 27 two-state folding
proteins from the “standard” set given by Maxwell et al.
[18], the result can be further improved. (The peak of
protein numbers at DCO-In ky = 0 increases from 63 to
90 [14].)

3) The relationship of folding and unfolding rates ver-
sus denaturant concentration is studied. One may as-
sume 0F;, and therefore AE, is a linear function of
denaturant concentration. This interprets the observed
slope of the arm of the chevron plot, a plot of In W ver-
sus denaturant concentration [18]. Another factor is the
change of the inertial moment /; due to the varying vis-
cosity of the solvent. One may assume the effective iner-
tial moment I; is approximately a linear function of de-
naturant concentration. This can interpret the observed
deceleration of folding as the viscosity of the solvent is
increased [19].

4) The exergonic and endergonic foldings are distin-
guished through the comparison between theoretical and
experimental rates for each protein. Exergonic means the
torsion vibration free energy decreasing in the reaction,
AGys > 0, while endergonic means the torsion vibration
free energy increasing in the reaction, AGes < 0. We
have predicted exergonic/endergonic folding of a protein,
and these predictions are basically consistent with exper-
imental data [14].

5) The ultrafast folding problem [20-22] is viewed from
the point of quantum folding theory, and a new folding
speed limit is deduced from uncertainty relation. From
the point of quantum transition, we demonstrate that
the necessary conditions for ultrafast folding are given
as follows: first, the folding is exergonic rather than en-
dergonic; second, the large initial/final energy gap AE
in torsion potential; and third, the large initial/final fre-
quency ratio of torsion vibration. On the other hand,
considering that the high-speed folding generally occurs
in downhill processes [23], we have discussed the impli-
cation of downhill folding in quantum theory and proved
that (66)? should be small in downhill process (Fig. 2).
This is another factor to speed up the folding rate. The
problem of protein folding “speed limit” is viewed from
quantum uncertainty relation, and we suggest a new
physical speed limit of picoseconds as the limitation for
the local and transient fold formation on the polypeptide
chain.

6) The temperature dependence of folding rate is de-
duced, and the non-Arrhenius behaviors of temperature
dependence are interpreted in a natural way. From Eq.
(46), one obtains

AE(

InW(T)= — ) 1 i

A
— &~ —InT——FkgT t (48
Ta 5 0 5 kB + const (48)
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Fig. 2 U(0)-0 relation for downhill folding. Figure 2 is plotted
for typical torsion mode j for down-hill folding where the barrier
disappears. The subscript j in 6; and E; has been dropped for
simplicity. Suppose the intersection of two potential at 6. the

downhill requires 6. smaller than both potential minima 9&0) and

«9&0). When initial frequency equals final frequency, 6. has a simple
expression, and one has (60)? < ?ng_

w; _
AzZlnj, 5:w2(69)221j
j

J

(49)

Therefore, the relation of In W versus 1/T is not linear
in the Arrhenius plot. The slope-temperature relation is

given by
dln W 1
%:S+§T+RT2 (50)
T
AE(1 - &)
S = e
2kp
kpA2
R=-" (51)

Note that if the structural phase transition occurs for
some proteins then the potential parameter may change
with temperature and an additional term will introduced
in slope S and R, but Eq. (50) remains unchanged.
The experiments on rate-temperature relationships in
protein folding exhibit the following characteristics of
non-Arrhenius behavior, and they all can be interpreted
by the theory above: i) All nonlinearity in Arrhenius plot
of InW versus 1/T shows the decrease in their folding
rates upon increase in temperature at high temperature
(slightly curved downward at high temperature) [24-26].
This can be explained by two temperature-dependent
terms, —4 InT— 3 kT, in Eq. (48). ii) In terms of acti-
vation energy barrier, the normal positive barrier means
that the slope S of Arrhenius plot is negative. However,
the Arrhenius plot of folding rate versus temperature for
some proteins shows abnormal negative activation energy
barriers. In this theory, the negative activation energy
barriers are explained by the energy gap between the ini-
tial and final states AE > 0, which makes slope positive
in Arrhenius plot. The case occurs more generally in ul-
trafast folders. iii) For some proteins, the crossover from
normal positive barrier to abnormal negative at high-

temperature occurs. That is, a maximum is observed
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in Arrhenius plot. The crossover can be interpreted by
AE < 0 (S < 0) of the protein at lower temperatures,
but the symbol of % changes at high temperature
due to the temperature-dependent terms in Eq. (50).
Note that the %T term alone is not enough for interpret-
ing the strong nonlinearity, and RT? is a key term for
the occurrence of crossover. iv) The plots of In W versus
% are strongly curved for refolding of some proteins but
almost linear for their unfolding under denaturant. This
can be explained by the denaturant concentration effect.
The denaturant possibly strengthens the torsion force
field and increases the energy gap AE between initial
and final states in the unfolding experiments. There-
fore, |S| increases with denaturant concentration, and
the relative contribution of non-Arrhenius term RT to
the rate In W decreases [see Eq. (48)]. v) Recent experi-
ments in A-repressor fragments folding exhibited another
characteristic of rate-temperature relationships. The set
of mutants containing more glycines versus alanines ex-
hibit stronger non-Arrhenius behavior [24]. This may be
due to the change of torsion potential in the mutation of
amino acid. The residue dependence can also be inter-
preted by smaller inertia moment of glycine than alanine
since the non-Arrhenius term RT? is greater in glycine-
rich mutant [see the dependence of € on inertia moment,
Eq. (49)].

To conclude, the fundamental physics underlying pro-
tein folding may be much simpler than the extremely
complexity inherent in the protein structure, as pro-
posed by Baker ten years ago [27]. Here, our analysis
indicates that a key point on the surprising logical sim-
plicity may be in the numerous types of protein folding
obey the same universal kinetics of quantum transition
between conformational states. The proposed theoretical
formulation in the article can, in principle, interpret all
basic experimental facts on protein folding. Moreover,
the view of quantum transition among torsion states
gives deeper insights into the folding event of polypep-
tide chain.

Acknowledgements The author was indebted to Dr. Jun Lu

and Dr. Ying Zhang for their helpful discussions.

References

1. L. F. Luo, Int. J. Quant. Chem., 1987, 32: 435

2. D. Shepelyansky, Symposium Anderson Localization in
Nonlinear and Many-Body Systems, Dresden, 2009

3. J. D. Bryngelson, J. N. Onuchic, N. D. Socci, and P. G.
Wolynes, Proteins, 1995, 21:167

4. K. Huang and A. Rhys, Proc. Roy. Soc. (London), 1950,
A204: 406

5. D. Devault, Quart. Rev., Biophysics, 1980, 13: 387

. J. Jortner, J. Chem. Phys., 1976, 64: 4860

M. Abramowitz and I. A. Stegun, Handbook of Mathemat-

= o



140

11.

12.

13.

14.

15.

16.

17.

18.

Liao-fu LUO, Front

ical Functions, 10th printing with corrections, National Bu-
reau of Standards, Applied Mathematics Series 55, 1972

. G. N. Watson, A Treatise on the Theory of Bessel Func-

tions, 2nd Ed., Series: Cambridge Mathematical Library,
1995

. L. F. Luo, Int. J. Quant. Chem., 1995, 54: 243
10.

L. F. Luo, Theoretic-Physical Approach to Molecular Biol-
ogy, Shanghai: Shanghai Scientific & Technical Publishers,
2004: 437, 457

L. F. Luo, arXiv: gbio/0906.2452, 2009

L. F. Luo, arXiv: gbio/1008.0237, 2010

T. Kakitani and H. Kakitani, Biochim. et Biophys. Acta,
1981, 635: 498

Y. Zhang and L. F. Luo, Scientia Sinica Vitae, 2010, 40:
887, doi:10.1360,/052010-337

K.W Plaxco, T. Simons, and D. Baker, J. Mol. Biol., 1998,
277(4): 985

D. N. Ivankov and A. V. Finkelstein, Proc.
Sci. USA, 2004, 101: 8942

K. Kamagata, M. Arai, and K. Kuwajima, J. Mol. Biol.,
2004, 339: 951

K. L. Maxwell, D. Wildes, A. Zarrine-Afsar, M. A. De Los
Rios, A. G. Brown, C. T. Friel, L. Hedberg, J. C. Horng,
D. Bona, E. J. Miller, A. Vallée-Bélisle, E. R. Main, F. Be-

Natl. Acad.

. Phys., 2011, 6(1)

19.

20.

21.

22.

23.

24.

25.

26.

27

mporad, L. Qiu, K. Teilum, N. D. Vu, A. M. Edwards, 1.
Ruczinski, F. M. Poulsen, B. B. Kragelund, S. W. Michnick,
F. Chiti, Y. Bai, S. J. Hagen, L. Serrano, M. Oliveberg, D.
P. Raleigh, P. Wittung-Stafshede, S. E. Radford, S. E. Jack-
son, T. R. Sosnick, S. Marqusee, A. R. Davidson, and K.
W. Plaxco, Protein Sci., 2005, 14(3): 602

M. Jacob, T. Schindler, J. Balbach, and F. X. Schmid, Proc.
Natl. Acad. Sci. USA, 1997, 94 (11): 5622

L. Qiu, S. A. Pabit, A. E. Roitberg, and S. J. Hagen, J.
Am. Chem. Soc., 2002, 124(44): 12952

Y. Zhu, D. O. V. Alonso, K. Maki, C. Y. Huang, S. J. Lahr,
V. Daggett, H. Roder, W. F. DeGrado, and F. Gai, Proc.
Natl. Acad. Sci. USA, 2003, 100: 15486

H. Neuweiler, C. M. Johnson, and A. R. Fersht, Proc. Natl.
Acad. Sci. USA, 2009, 106(44): 18569

M. M. Garcia-Mira, M. Sadqi, N. Fischer, J. M. Sanchez-
Ruiz, and V. Munoz, Science, 2002, 298: 2191

M. L. Scalley and D. Baker, Proc. Natl. Acad. Sci. USA,
1997, 94: 10636

W. Y. Yang and M. Gruebele, Biochemistry, 2004, 43:
13018

K. Ghosh, B. Ozkan, and K. A. Dill, J. Am. Chem. Soc.,
2007, 129: 11920

. D. Baker, Nature, 2000, 405: 39




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


