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Abstract 

The polypeptide chain of a protein is shown to ohey topological constraint< which enable long range excitations in the 

form of wring modes of the protein backbone. Wring modes of proteins of specific lengths can therefore resonate with 

molecular modes present in the cell. It is suggested that protein folding takes place when the amplitude of a wring excitation 

becomes so large that it is energetically favorable to bend the protein backbone. The condition under which such structural 

transformations can occur is found, and it is shown that both cold and hot denaturation (the unfolding of proteins) are natural 

consequences of the suggested wring mode model. Native (folded) proteins are found to posse\\ an intrinsic \tandinf wring 

mode. 0 1997 Elsevier Science B.V. 

Ke~~crr/v: Protein folding: Linking: Excitations: Resonator: Cold and hot drnaturation 

1. Introduction 

It is well known that interaction between residues 
situated far from each other in the linear sequence of 
amino acids of a protein, plays a crucial role in the 
folding of the protein. These long range effects also 
represent some of the obstacles in current algorith- 
mic approaches to protein folding. Several types of 
long range regularities in proteins have been investi- 
gated, for example. the preference for identical or 
similar residue partners in beta-sheets [l-3], in close 
contact pairs [4], and the long and short distance 
periodicity in packing density [5]. Mutations in the 
amino acid sequence are significantly correlated over 
long distances [6-81. The relation between the amino 
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acid sequence and its three dimensional structure. ia 
a mapping where many sequences assume the same 
fold [9-121. Interestingly, order exists at a level 
more basic than that of the compositional sequence 
information. The typical length of a domain in a 
prokaryotic protein is about I50 amino acids. and in 
eukaryotes about 125 amino acids [ l3- 151. In some 
cases the initiation of protein folding has been shown 
to be a fast seeding process that precedes slow and 
rate-determining steps [ 16- 181. In other cases the 
entire process is intrinsically fast [ 191. This rapidness 
indicates that the initiation of protein folding is not 
necessarily best understood on the basis of an en- 
tropy-energy balance [20-2.11. It has been suggested 
that protein folding is governed by a filst hydropho- 
bic collapse followed by a slower annealing [24]. It 
has also been suggested that the essential features ot 
protein folding can be derived from spin glass and 
lattice gas models [25-281. Such descriptions have 
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been very useful in forming an improved understand- 
ing of protein folding. By means of statistical physics, 
the models are able to account for denaturation at 
high temperature. In order to understand the denatur- 
ing at low temperature, cold denaturation, it is neces- 
sary to assume that the intermolecular potentials 
depend on temperature. 

The length of the polypeptide chain of globular 
proteins is much longer than typical diameters of the 
chain. It is therefore reasonable to speak about a 
chain and a knot topology. In fact, the chain is never 
knotted, except for the possible exception where the 
knot topology is ill-defined [29,30]. Thus, the num- 
ber of possible different protein structures seems to 
be limited by a “knot preventing mechanism” that 
nevertheless can lead to very different protein struc- 
tures [31-341. In this paper we suggest that the 
initiation of protein folding is a resonance phe- 
nomenon, and that protein folding takes place when 
the amplitude of the resonance mode exceeds a 
certain threshold. This mechanism for initiation of 
folding of polypeptide chains is justified for a gen- 
eral chain. Folded structures become stabilized by 
van der Waals forces, hydrogen bonds, disulphide 
bridges etc., and as we shall see in some cases even 
by dynamic forces. 

2. Protein topology 

The application of topological arguments in 
molecular biology was introduced in investigations 
of supercoiled DNA [35-371. and in investigations 
of differential geometrical aspects of biological 
membranes [38-401. For circular DNA it was possi- 
ble to utilize the concepts of twist, writhing and 
linking to establish a conservation law [41], and for 
membranes [38,42] to obtain a comprehensive differ- 
ential geometrical analysis of phase separation, vesi- 
cle formation, and the associated critical exponents. 
Topological methods [43,44] have been applied to 
protein structures for the purpose of energy mini- 
mization [45], and it was believed to lead to folding 
pathways that would minimize the sum of the self-in- 
teractions [46,47]. In this paper, we argue that topo- 
logical constraints lead to a deterministic model of 
folding, and that it is not primarily the self-interac- 
tions in a protein that topologically constrain protein 

folding. Rather, the topological constraints are en- 
forced by the interaction of the protein with its 
environment. Such topological constraints of the pro- 
tein backbone lead to torsional modes, which we will 
call wringons. It is discussed how resonance phe- 
nomena may involve rotational excitations of 
sidechains and/or short peptide strings, and how a 
coherent resonating state can appear. 

The winding of a tube will be defined as 2~ 
times the number of rotations one end of the tube has 
made relative to the other end: A straight tube has 
zero winding. However, in general the winding of a 
tube cannot be calculated as a continuous measure 
depending uniquely on the local geometrical progres- 
sion. This is illustrated in Fig. 1, where nearly 
identical and approximately flat structures are de- 
picted. While one is not winded, Fig. la, another is 
winded by two turns (4rr), Fig. lb. The shortened 
path, Fig. lc, is a part of the motif of Fig. la as well 
as of Fig. 1 b and it is consequently not possible to 
assign an unambiguous winding to Fig. lc. In order 
to assign winding to a polypeptide backbone, it is 
therefore necessary to know what path the backbone 
has taken during folding. However, most often the 
folding pathway is unknown. In the case of closed 
curves the winding of the backbone can be found as 
the Iinking of the curve; the linking is topologically 
conserved [48]. 

w 0 Jd Winding 

Fig. 1. Examples of winding conformations: (a) an almost flat 
double loop structure with zero winding; the two loops have 
opposite chirality, (b) an almost flat double loop structure with 4n 
winding: the two loops have identical chirality. For a shortened 
structure such as the one depicted in (cl, it is not possible to say 
whether it is a part of (a) or (b), and hence it is not possible to 
assign to it an unambiguous winding. 



3. Linking, twisting, and writhing 4. Wringons 

The interactions of proteins with their environ- 
ment are important for the progression of protein 
folding. As proteins fold in contact with their envi- 
ronment, large motions of the protein backbone are 
unlikely on short timescales. At any moment in time 
changes in torsion that are related to the twist of the 
backbone must be defined relative to the geometrical 
path describing the protein backbone. One can define 
a ribbon by the frame in which the twist is equal to 
the geometrical torsion. 7. of the curve: 

,7-r x lfy (1) 

where tf is a vector representation of the curve and 
the primes denote derivatives. 

A linking number of zero for a closed curve 
means that if one cuts the corresponding ribbon 
(with scissors) along the central line, one will end up 
with two non-interwoven ribbons. If the linking 
number is k I the result will be two ribbons that are 
linked as links in a chain [49]. The linking number. 
L. is related to the total twist, T, and the writhing 
number. W. through the White theorem: 

Closed chain molecules such as circular DNA 
must obey the White theorem. and so must collective 
modes of the DNA molecule. Proteins are not circu- 
lar but linear. Nevertheless, on a sufficiently short 
timescale they are also topologically constrained. 
The reason for this is that the chain molecules will 
interact with their environment in a viscous mannel 
and may cause dispersion as well. The time it takes 
for one part of a polypeptide chain to move through 
distances that arc comparable to its separation from 
other parts of the chain has been measured to be 
about IV- IO ’ s using the efficiency of tluores- 
cence energy transfer [29.50]. Below we will show 
that the typical period of a wringon is a factor of 
about 1000 shorter as illustrated in Fig. 2. In this 
case, the wringons are so fast that the path of the 
protein backbone can be considered to be effectively 
maintained during a cycle. This is the reason that 
such torsional modes can be considered separately. 

L=W+T 

The total twist can be calculated as 

(2) 

Proteins are single and not double stranded as is 
typical for DNA. The protein backbone traces a 
curve in space and consequently has an orientation 
as any twice differentiable three dimensional curve. 
where the main normal. I? and the binormal vector. 
I’ . can he calculated. Notice that thi< geometrical 
frame may he different from the actual physical 

frame imposed by the molecular structure due to the 

existence of additional twist of the physical hack- 

bone. The reason that long range correlation\ exist is 

and the writhing as 

where 

+ + 
I-? - r 

and the vectors < I’, and CL describe a geometrical 
right-handed frame. 7 being a unit vector parallel to 
the velocity u”. The vectors I’, and I;” are the 
normal and binormal vector, respectively. Writhing 
can be formed at the expense of twist as has been 
discussed for the case of circular supercoiled DNA 
[3S-37.481. 
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Fig. 2. An illu&ation (schematic) of the regton in inverse time 

where chain molecules are effectively topolofic.Jly constrained. 

Also shown is the typical period of a wring mode which appears 

azithin the area of topological constraints. 
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that the chemical bonds which define the dihedral 
angles are not coaxial. Pairs of solitons (localized 
incremental/decremental twist) do not destroy the 
long range order because they consist of an equal 
amount of clockwise and counterclockwise twist, see 
Fig. 3a. The actual wring modes, or wringons, that 
can be excited depend on the conditions at the two 
ends of the polypeptide chain. At non-fixated ends, 
the torsion must be zero while the amplitude can 
vary, see Fig. 3b. At fixated ends the amplitude must 
be zero. Here we will separate the modes and con- 
sider the ones with no net rotation of the molecule. 
In some cases, higher order modes as the one shown 
in Fig. 3c may be less damped because a smaller 
fraction of the molecule acts as effective ends. 

Wringons are long range collective excitations 
over an entire protein folding domain. In general, 
they will involve non-zero values of all the different 
types of dihedral angles, and the backbone will 
therefore appear to be fairly stiff. The characteristic 
time involved can consequently be much shorter than 
the characteristic time associated with an apparent 
random motion of the unfolded backbone, which 
mainly involves the dihedral angles C#J and I/I. An 
isolated change in one of the dihedral angles, C$ and 
I,!J, will lead to a change in the path of the backbone. 

Fig. 3. Three examples of wring modes of a tube. (a) Solitons, 
local increment (or decrement) in the twist amplitude. Two soli- 
tons of opposite twist have no long range implication for the twist 
amplitude. (b) and (c) show collective twist excitations over the 
entire tube. We call such excitations wring modes. 

-LX o;., 
%l 

Fig. 4. Part of the polypeptide backbone depicting the dihedral 
angles I/I. 4. and w. The shaded area is approximately planar. 

In contrast, a change in the twist of the backbone 
maintains its path. A wring mode therefore involves 
strained chemical bonds. If the dihedral rotations 

*,- I and 4, are almost coaxial, see Fig. 4, such a 
rotation, and counter rotation, does not have any 
long range implication for the twist of the backbone 
(see discussion of solitons above in this section), and 
will therefore not interfere with long wavelength 
twist modes. The persistence length of proteins as 
defined for a simple random polymer is short, maybe 
even only a few residues long. However, topological 
constraints can be valid over a much wider range. In 
the case of a circular chain molecule with non-coaxial 
bonds, the White theorem must be strictly obeyed, 
no matter how random the molecule appears to be 
when observed in a local frame. For linear chains the 
topological constraints are not valid on an infinite 
timescale. When finite timescales are considered, the 
range of topological constraints is wider the shorter 
the timescale. 

5. Resonator driven transition 

A phase transformation in proteins can be initi- 
ated by long range collective wring modes of the 
backbone. We suggest that this is an important part 
of the underlying mechanism behind the transforma- 
tion of a protein from the unfolded to the folded 
structure. We assume that a wring mode is being 
pumped to levels of higher and higher amplitude, 
and that eventually this wring mode becomes unsta- 



ble in favor of curvature. The nature of such a 
transition is better characterized as being catas- 
trophic than entropic. By this we mean that the 
primary reason for the transition is not a change in 
entropy. Rather, a resonator is responsible for pump- 
ing the twist mode to a higher and higher level. The 
resonator must continuously be re-energized; for ex- 
ample from a thermal bath. One interesting possibil- 
ity is that the amplitude magnification is due to the 
formation of a coherent wring excitation involving 
several resonators. 

The condition for the validity of such a scenario 
for the folding of proteins can be further investi- 
gated. Consider the simplified case of a continuous 
isotropic model with the potential energy: 

where 7 is the torsion. K the curvature, and kT, k,. 
the torsion and curvature elastic constants, respec- 
tively. Curvature is given by the space geometry of 
the backbone. torsion is given by a combination of 
space geometry and additional wringing. A wring 
state is stable when, differentially, a twisted line is 
stable against the formation of curvature, thereby 
preventing the formation of a helical line (screw 
line). The condition for stability depends on the 
degree of stretching allowed and is obtained after 
differentiating twice: 

2k, < k, (7) 

Molecular systems are not linear because the ef- 
fecti1.e torsion and curvature constants change with 
the magnitude of the torsion and curvature variables. 
It is consequently necessary to consider the follow- 
ing three possible cases: 

2X, > k,. In this case the chain molecule will not 
sustain a wring mode as torsion always gives way 
to bending. 
2x7 < x,. for small amplitudes of the wring 
modes. and 2 kT > k, for larger energy levels. In 
this case there is an amplitude of the wring mode, 
where a phase transformation changes the confor- 
mation of the chain molecule. 
21i7<k K, for all amplitudes of the wring state 
that are biologically interesting. In this case the 
phase transformation that allows for structure for- 
mation in biomolecules, such as for example pro- 

tein folding, will not take place. On the contrary. 
excitation of wring modes can enforce a tendency 
to straighten the chain molecule (for proteins. 
towards spontaneous denaturation). 
Case (2) i\ relevant for protein folding. It speci- 

fies the novel condition for automatic structure for- 
mation in biological chain molecules. Accurate nu- 
merical values for the torsion and bending constants 
for proteins are not available at present. It is interest- 
ing to compare the two constants for DNA: 

k, = K, [Au]’ = I .4 X IO- ‘“JM (8) 

k, = k7-L, = .3.6 x IO-‘“JM (9) 

where k,. i\ the Young module per unit length 
3.8 X IO-” dyn cm [SI]. AL{ is the length of a unit 
here taken to be 5 A. k is Boltzmann’s constant, T 
the temperature. and L,, the persistence length. E,q. 
(9) and the \,alue of the persistence length (861 A) 
can be found in ref. [S2]. Within the accuracy of the 
estimates of k, and k, the requirement that 3k7 = k, 
is nearly fulfilled. Thus, it is possible that dynami- 
cally induced structure formation also plays a role in 
some phenomena, which involves a reconfiguration 
of the DNA molecule, e.g. in connection with tran- 
scription. DNA repair, and possible rearrangement of 
nucleosomes in chromatin. 

A number of unique features follow from the 
scenario of a pumped transition. Firstly, the reso- 
nance will be sensitive to the length of the polypep- 
tide chain. This is consistent with protein folding 
domains all being of a typical size [S3] as is the case 
for the immunoglobulins. and the fact that insulin is 
synthesized as a single chain which is folded before 
it is cleaved to its relatively short constituents [S4]. 
Secondly, the part of the protein which first begins to 
fold will depend on the local amplitude of the global 
wring mode. and on the local amino acid composi- 
tion, i.e. on the local values of k, and k,. It is 
worthwhile to notice that wring modes will divide a 
protein chain into regions, which are subject to large 
and small torsional amplitudes. respectively. An 
amino acid substitution in a region with a high 
torsional amplitude is more likely to have a modify- 
ing (damaging) effect on the folding of a protein 
than a substitution in a region of low torsional 
amplitudes. It is possible that this principle is utilized 
in the variable domains of the antibodies: the hyper- 
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variable regions may be located to coincide with the 
regions which are subject to low torsional ampli- 
tudes. 

6. Eigenfrequencies 

An upper limit for the energy stored in a twist 
mode can be estimated by considering the energies 
of the chemical bonds of the backbone. We take a 
rotation of ~/2 of a double bond to correspond to 
about 1 eV/A, in accordance with typical bond 
energies, although the energy involved in strained 
chemical bonds is often smaller. Hence, the torsion 
constant per inyerse unit length, I’, is limited to 
about 0.4 eV/A. The moment of inertia of the 
backbone (per unit length), i, is about 100 a.u. A, 
depending on the degree to which the sidechains are 
involved in the twisting. The eigenfrequency can be 
estimated to be 

(10) 

where D is the length of the backbone. Eq. (10) can 
be derived as the classical solution to a torsional 
Lagrange equation, or by modifying the equation 
describing the Young’s modulus. For a typical fold- 
ing domain, e.g. 125 amino acids, D is about 475 A, 
and the frequency Y becomes about 10 GHz. This 
frequency corresponds to rotational frequencies of 
sidechains, and is slightly higher than the rotational 
frequency of short peptides. The numerical estimate 
given above assumes a linear torsion term. However, 
the torsion term is not linear, and the rough estimate 
of v given above is therefore more likely to be too 
high than too low. 

The relaxation time for the rotational motions of 
the atoms in the backbone has been measured by 13C 
nuclear magnetic resonance. It was found that the 
relaxation time is much longer than the approxi- 
mately lo-‘* s that should be expected for individ- 
ual atoms. Instead, values typically measured are 
about 5.4 X lo-” s for Lys CY in ribonuclease [55]. 
This more than IOO-fold enlargement of the relax- 
ation time is in good agreement with Eq. (lo), where 
it was shown that the relaxation time would scale 
proportionally to the length of the polypeptide chain, 

and the corresponding frequency, 185 MHz, is within 
two orders of magnitude of the estimate. It is worth- 
while to note that this is a frequency range (100-600 
MHz) where microwave absorption has been ob- 
served for proteins [56-581. The absorption has been 
interpreted as rotational spectra of bound water 
molecules. It would require that the rotation of bound 
water molecules is damped to such a degree, when 
compared to free water, that the frequency is reduced 
by a factor of about 100. Such a high degree of 
damping must be almost critical, and it therefore 
seems somewhat peculiar that microwave absorption 
can be observed over a very broad temperature range 
of about 100 degrees. It seems more plausible that 
the damping would become critical and the corre- 
sponding frequency therefore go to zero. The reason 
that the signal was interpreted as coming from bound 
water is that it is unambiguously linked to the pres- 
ence of the first monolayer of water on the protein. 
We suggest a possible alternative explanation, 
namely, that the microwave absorption is caused by 
wring modes of the protein. This possibility needs to 
be addressed in more detail experimentally. 

Only in a small window for the values of the 
constants k, and k,, corresponding to scenario 2 can 
wring modes in chain molecules initiate automatic 
structure formation, see Fig. 5. Specifically, this 
explains why proteins are unique when compared 
with many other chain molecules, and may explain 
why life is carbon based. Chain molecules can loose 
the ability to form specific structures at low, as well 
as high, temperatures. Interestingly, for proteins both 

?KT (0) - KK 

Cold : 
Denaturation i 

Folded i Hot 
state : Denaturatcm 

t 
Temperature 

Fig. 5. Schematic drawing of the temperature dependence. of the 
two force constants, the torsion and curvature constants. The three 
protein phases are indicated below and depend on which line is 
above which. 
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cold and hot denaturation are often observed. Pro- 
teins are known to release heat when unfolding at 
low temperature, and to absorb heat when unfolding 
at high temperature [59]. It is possible that denatura- 
tion at low temperature corresponds to a transforma- 
tion from 2 to I and that the released heat is related 
to the disappearance of wring modes. Likewise, de- 
naturation at high temperature may correspond to a 
transformation from 2 to 3, where the heat uptake is 
related to the increased wring mode activity. Interest- 
ingly. the two types of denaturation are therefore 
thermodynamically distinguishable. 

In accordance with the above given considerations 
of which wring modes can be supported by a protein 
backbone, it can be seen that folded proteins can also 
sustain wring modes, and that it is the disappearance 
of these wring modes that upon lowering the temper- 
ature can lead to the cold denaturation of some 
proteins. Some proteins may therefore require dy- 
namic activity in order to be structurally stable. 
Recently, such dynamic activity has been experimen- 
tally verified in a study of the glycosylation of 
proteins. An analysis of’ the exchange rates of amide 
protons indicates that glycosylation is responsible for 
an overall decrease in the dynamic fluctuations in a 
protein [60]. The addition of sugar moieties to the 
polypeptide chain was found to affect the global 
stabilization of the protein. This is consistent with 
our proposed wring mode model, as the dynamic 
tluctuations of the entire protein must be correlated. 
One can make a crude estimate of the amplitude of 
the wring modes in a protein by assuming that the 
only contribution to the change in free energy. when 
going from an unfolded to a folded, and from a 
folded to an unfolded protein, is caused by their 
differences in wring activity. Using the elastic con- 
stants above, one can show that the typical amplitude 
of a wring mode is about 10 degrees of rotation 
around the backbone. Of course the basis for this 
estimate is over-simplified as it assumes that all 
other forces are perfectly compensated by the inter- 
action of the polypeptide chain with the aqueous 
medium. 

Dynamic motion in folded proteins has been stud- 
ied experimentally by Miissbauer spectroscopy and 
X-ray diffraction, and theoretically by molecular dy- 
namics simulations. In MFssbauer measurements. it 
is seen that additional dynamic motions exist in 

folded proteins at room temperature, which disappear 
at lower temperature [61]. This low temperature tran- 
sition has been interpreted as the signature of a glass 
transition. However, we notice that it could be the 
signature of the disappearance of wring modes at 
low temperature. Interestingly, it suggests that what 
previously has been interpreted as a glass transition. 
is caused by the same physical phenomenon that is 
responsible for cold denaturation. In X-ray diffrac- 
tion studies of protein crystals unexpected dynamic 
motions have been revealed, when the crystallo- 
graphic structures are modeled using individual B- 
factors for the atoms [62]. Although. X-ray studies 
do not probe the coherence between such motions, 
they nevertheless reveal a unique pattern along the 
backbone of the protein which could originate from 
wring modes. Commonly, it is suggested that the 
magnitude of the B-factors of specific atoms are 
correlated with their proximity to the protein surface. 
We note that there is no contradiction between these 
two views. In the wring mode model the largest 
amplitudes are to be found at locations along the 
backbone where large amounts of curvature were 
introduced during the folding of the protein. Many of 
these locations are for structural reasons on the 
surface of proteins. Molecular dynamics simulations 
have revealed patterns of excess atomic motions 
much like the B-factors obtained in X-ray diffraction 
studies [63]. 

7. Summaq 

The basic consideration for connecting the wind- 
ing properties of polypeptides with the protein fold- 
ing process may be addressed with two conjectures: 
(a) The path of the segments of the polypeptide 
chain trace out a “simple motion”, (b) the backbone 
does not rotate unnecessarily. The physical reason 
for this is that proteins do not fold in a vacuum but 
in a viscous aqueous medium. Often they also inter- 
act with carbohydrates, other proteins and mem- 
branes. It is shown that proteins can sustain eigen- 
modes involving a wringing around the polypeptide 
backbone, and that the transition from the unfolded 
state to the folded state of a protein can occur when 
a wring mode of the protein backbone becomes 
unstable to curvature. 



104 .I. Bohr et al. / Biophysical Chemistry 63 (1997) 97-105 

It is shown that the eigenfrequency of the wring 
mode may be as high as values typical for excita- 
tions of molecular structures. This points to an in- 
triguing possibility for resonances, for example with 
rotating units, such as sidechains and short peptide 
strings. As the frequency (v) scales inversely with 
the length of the backbone, resonance will not occur 
before a sufficiently long polypeptide chain has been 
synthesized in order to facilitate approximate fre- 
quency match. This may explain why some shorter 
polypeptide chains, such as the ones appearing in 
insulin, are folded while connected to form one 
longer chain. The fact that the typical number of 
amino acids in a protein domain is somewhat larger 
than 100 shows that the length of the protein plays 
an important role. In this paper we have suggested 
that protein folding is driven by collective modes in 
proteins, a hypothesis which is consistent with such 
observations. 
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