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Abstract: While according to the thermodynamic hypothesis, protein folding reproducibility is ensured by
the assumption that the native state corresponds to the minimum of the free energy in normal cellular condi-
tions, here, the VES kinetic mechanism for folding in vivo is described according to which the nascent chain
of all proteins is helical and the first and structure defining step in the folding pathway is the bending of
that initial helix around a particular amino acid site. Molecular dynamics simulations are presented which
indicate both the viability of this mechanism for folding and its limitations in the presence of a Markovian
thermal bath. An analysis of a set of protein structures formed only of helices and loops suggests that bending
sites are correlated with regions bounded, on the N-side, by positively charged amino acids like Lysine and
Histidine and on the C-side by negatively charged amino acids like Aspartic acid.
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Introduction

Proteins are very large molecules. Even a small protein, with 60 amino acids, will have approximately a 1000
atoms linked by covalent bonds to one another. In order to function properly, each protein, upon being syn-
thesized in a cell, must assume a well defined average structure known as its native state. Given that proteins
are flexible molecules one question, known as the protein folding problem, is how the native state is selected
from among the immense number of other potentially accessible structures. Back in the late 1960’s, when
the studies on the protein folding problem started, two main hypotheses were proposed. One hypothesis, put
forward by Levinthal [44, 45], was that the native state of protein is a kinetic trap and that folding reproduc-
ibility in cells is achieved because the folding process is a non-equilibrium process characterized by a specific
pathway. A second hypothesis, put forward by Anfinsen [3], was that the native state is the global free energy
minimum for each protein in the normal cellular environment and that folding is a thermodynamic equi-
librium process of free energy minimization. Here, each amino acid sequence corresponds to only a single
thermodynamically stable state (the native state), and folding reproducibility is achieved because, no matter
which pathway the protein follows, it will always necessarily end at that state. Anfinsen’s experiments of
reversible unfolding of two proteins [3], which suggested that they can resume the native state even when
starting from a completely unstructured state, favoured the thermodynamic hypothesis. Furthermore, the
fact that proteins synthesized by a solid phase method can have an activity similar to that of the native state
[35, 48] provided extra support. Thus, so far, Anfinsen’s thermodynamic hypothesis has guided most of the
research on the protein folding problem.
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In spite of the progress in the understanding of the protein folding problem, clouds have been building
(see [16, 19]). One was the discovery of proteins that misfold in the absence of mutations [52]. It is known
that misfolded proteins tend to aggregate and it was first thought that only the proteins associated with
misfolding diseases formed aggregates. It was a surprise to find that other proteins, like myoglobin, which
are completely unrelated to such diseases, can also form aggregates [32]. In fact, it is now thought that all
proteins can form aggregates [28] and the evidence is that the aggregated state is their true global free energy
minimum (see figure 1 in [36]). Although there are cases of protein aggregation in cells, soluble proteins do
manage to avoid the aggregated state most of the time and instead reach the native state, in spite of the fact
that the latter is not the global free energy minimum and thus just a kinetic trap, as first proposed by Lev-
inthal [44].

Other cases of proteins that can have more than one stable state in a non-aggregated condition are
serpins [34], the a-lytic protease [58] and metamorphic proteins [59], as well as the proteins whose irrevers-
ible unfolding is unrelated to aggregation [50, 54]. There is also computational evidence of proteins that
have many other thermodynamically stable conformations apart from the native one [16, 20-22], and at least
30 000 compact structures have been found in a systematic conformational search of a polypeptide formed
by just sixty valines [14]. Taken together, these findings indicate that most proteins can assume many differ-
ent, thermodynamically stable, structures. However, these results do beg the question of how proteins, upon
synthesis in cells, almost always assume their native structure.

Although Levinthal did provide evidence for at least one protein which folds in cells via a kinetic process
[44], he did not make any suggestions as to a description of a concrete pathway, and may even have been
thinking in terms of a process of energy minimization [45]. In the next section a concrete pathway for folding
in vivo, designated as quantum Vibrational Excited State Kinetic Mechanism, or VES KM for short in previ-
ous publications [16, 18, 19], is reviewed. In Section “Influence of the thermal bath” a study of the effect of
thermal agitation on the VES KM is presented and in Section “Statistical analysis of native structures” a sta-
tistical analysis based on known protein structures is made in the light of the VES KM. The article ends with
a discussion of these results and of the support they may provide for the VES KM.

The VES KM

Two requisites are needed for folding reproducibility if the native state is a kinetic trap. One is what Levinthal
proposed: there is a pathway for folding, i.e. the trajectory followed by a given protein from synthesis to the
native state must be always the same. The second requisite is that the starting structure must also be the same
every time. If the nascent chain structure is not always the same, then following the same trajectory (defined
for instance as a sequence of structural transformations to be operated on the initial structure) will generally
not take a protein to the same state. If the native state is just one of the many kinetic traps that each protein
can have, to ensure that every protein always (or most of the time) reaches the native state, the nascent chain
must have a well defined structure and the pathway to the native state must always be the same.

The VES KM [16-19] proposes that the structure all proteins have as they come out of the ribosome is
helical and, given its preponderance, it is reasonable to assume that for most proteins this helix is a a-helix.
This defines the starting structure. Regarding the pathway, the VES KM proposes that the first operation on
the initial helix is its bending at a particular amino acid site. The idea is that the bending site is specified by
the local amino acid sequence, thus ensuring that it is always the same for each protein.

Once the bending has been completed the helical hairpin that results may continue to evolve in two ways.
If the side chains that are brought together by the bending lead to a global interaction (protein plus environ-
ment) that is sufficiently attractive (negative) to compensate for the possible decrease in entropy due the
formation of a more compact state, the helical hairpin thus formed will be thermodynamic stable and further
evolution will consist only of minor adjustments of the backbone and side chains. If the global interaction
is repulsive, or not sufficiently attractive, the structure will be unstable and part or all of the two helices will
unfold, leading to the formation of -sheets and/or loops.
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Synthesis, especially for larger proteins, is known to have pauses [30, 31, 40, 41, 60, 62, 64]. The pathway
outlined above applies to each protein region immediately after synthesis. However, the structure of the
parts of the protein synthesized after the first will both influence and be influenced by the structure already
assumed by the first.

This folding pathway has several implications. The first implication is that the ribosome is not just a
synthesizing machine, it is also a chaperone which controls the structure of the nascent chain, something
for which there is experimental evidence [30, 31, 40, 41, 60-62, 64]. The second implication is that the
amino acids at the bending sites control the native structure. It is known that two proteins with more than
30 % sequence identity have a great probability of having similar folds and that this value decreases as the
sequence size increases [33, 49]. In contrast, sometimes it takes only a single mutation to completely change
a protein structure [1]. These experimental findings can be explained if a few amino acids control the native
structure. In the VES KM, those amino acids are most probably one or more of those found at the bending site.
Changing the position of the bending site leads to a different native state.

A third implication of the VES KM is that the bending of the helix must be sufficiently fast for the initial
helix to avoid structure randomization due to thermal agitation, i.e. while conformational changes are many
times viewed as the result of a large number of small changes whose cumulative effect becomes apparent
only after microseconds or more, here the bending is assumed to be a concerted motion of a large number of
atoms (a portion of the initial helix) in the nanosecond timescale, something more akin to normal modes [46],
essential modes [2] or functional modes [37]. The viability of such fast collective motions has been confirmed
both from experiments [13] and from simulations [18, 19].

Two crucial questions for the VES KM are: where does the energy for the bending of the nascent helix
come from and how is it guaranteed that this energy is always delivered at the same site? The answer to those
questions is the VES hypothesis [15]. According to the VES hypothesis the energy necessary for biological
processes mediated by proteins is first stored and transported in the form of quantum vibrational excited
states. In particular, McClare [47] and later Davydov and Scott [26, 55] proposed that the amide I band might
be the vehicle for this quantum energy. The amide I vibration, which consists essentially of the stretching of
the carbonyl of the peptide group [42], is particularly interesting since its one quantum state is resonant with
the bending mode of water and its two quanta state is resonant with the OH stretch vibration of water.

Indeed, one possibility of creating amide I vibrations in proteins is via transfer from VES in water mole-
cules [15]. On the other hand, in deuterated water, the vibrational modes have lower frequencies and will be
off-resonance with the amide I in proteins, something which can be partly compensated by deuteration of
the protein itself. Therefore, from the point of view of the VES KM, deuterated water will tend to block or slow
down conformational changes and protein folding.

Another source of VES in proteins, first proposed by Davydov [26] who was interested in muscle contrac-
tion, is the hydrolysis of adenosinetriphosphate (ATP), which releases an energy equivalent to two quanta
of amide I. Also, a similar energy input can be delivered to the protein by the binding of one calcium ion [9].
Extending this idea, it is reasonable to assume that the binding of many other ligands to a protein can result
in the local creation of quantum VES in the protein. There are thus many possible sources of VES in proteins,
some coming from their own enzymatic functions and others coming from the environment.

How can amide I excitations concentrate at a specific site in a protein? Amide I vibrations have an associ-
ated transition dipole moment and once created at a particular peptide group in a protein they can be trans-
ferred from carbonyl to carbonyl via dipole-dipole interactions [18, 23-26, 55]. Computer simulations which
preserve the quantum nature of the amide I and the classical nature of the motion of peptide groups showed
that, at finite temperature, the amide I vibrations hop stochastically from one amino acid site to another [18,
23-25]. In crystals, quantum excitations tend localize at defects, or at disordered regions, and they can also
be enhanced by local electric fields [56, 57]. In the VES KM the idea is that eventually (in the picosecond time-
scale) the amide I vibrations will localize at a section of the initial helix that maximizes one or more of these
physical characteristics. This pinpoints the location of the bending site in each nascent chain, i.e. a fourth
implication of the VES KM is that the bending site is determined in a quantum process of energy propagation
in the initial helix.
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The VES hypothesis explains how relatively small amounts of energy, such as the amide I vibration, can
be stored and transported in a protein without being dissipated on the way. It does not explain conforma-
tional changes. In order to have a complete picture of protein folding according to the VES KM it is necessary
to explain how the VES energy is used to promote the bending of the initial helix. Quantum VES have a life-
time in the picosecond timescale [6, 29, 63]. Computer simulations have shown that in this short time span
they can go from one end of a helix to another, many times over [18, 23-25]. Thus, VES can gather at a bending
site in the picosecond timescale. Then, they decay. According to the VES KM, when they decay, the energy
that was stored in VES is transferred, in the form of kinetic energy, to the amide group where VES was located,
i.e. it is when VES decay that the amide group receives a strong kick. The fifth and final implication of the VES
KM is that this kick is the initiator of the folding trajectory and that its first effect is to bend the initial helix
around the bending site. Computer simulations have shown that a kick at a single amide group can indeed
bend a helix (see [18, 19] and the next section for some constraints on this process).

Influence of the thermal bath

In previous studies a protein whose native state is as close to a helical hairpin as possible was selected,
namely, protein PDB2HEP [4], a small all-« protein with just 42 amino acids and 692 atoms. Its native struc-
ture, obtained from the Protein Data Bank (PDB) [7] and energy minimized with the AMBER force field [10], is
displayed on the left panel of Fig. 1. The right panel shows the putative structure of its nascent chain accord-
ing to the VES KM, i.e. it shows protein PDB2HEP in the form of a a-helix.

In previous studies [18, 19] the effect of kicks to amide groups at different locations of the putative initial
helix of protein PDB2HEP was investigated. The aim was to determine a possible location for the initial
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Fig. 1: The native structure of protein PDB2HEP [4], as obtained from the PDB [7] (left panel). The a-helical conformation
assumed to be the corresponding nascent chain in the VES KM (right panel). The amino acids Gly20-Val21-1le22-Thr23-Glu24
that constitute the link between the two helices are displayed in green. The amide group CO23NH24 where particular initial
momenta were added initially (see text) are displayed as thick bonds in red and blue, respectively.
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bending site of this protein. The simulations indicated that a kick in the amide group constituted by the
carbonyl of Threonine (T) 23 and the amine of Glutamic acid (E) 24 (highlighted, respectively, in red and blue
in Fig. 1 and referred to as CO23NH24) was the most efficient initiator of a trajectory capable of reaching the
native basin.

In order to make the conditions as similar as possible for all the initial conditions tested, the previous
simulations [18, 19] were made in the microcanonical ensemble, i.e. in the absence of thermal baths. However,
proteins must fold and work at normal temperatures and their dynamics must survive the fluctuations associ-
ated with a thermal bath. Thus, in this section a preliminary study of the effects of thermal fluctuations is
made using the following Langevin equations:

au - . -
m E==VV({E)+E(O-y

ar,

" oy
Without the last two terms on the right-hand-side, (1) is just Newton’s equation of motion for all the atoms in
the protein, m, and 1. being, respectively, the mass and position of atom i at time ¢ and V({r’}) being AMBER’s
potential energy function [10].

The second term and third terms on the right-hand-side of (1) transform Newton’s deterministic equa-
tions of motion into Langevin equations when the stochastic forces, E(t), and the friction parameter, y, also
designated by collision frequency, obey the fluctuation-dissipation relation:

< E(OF(t)>=2,/mm yk,To, o(t—t') @)

T and k, being, respectively, the target equilibrium temperature and Boltzmann’s constant, and < --->>
standing for average over time.

For a sufficiently long trajectory, the latter relation between the stochastic forces and the damping
term ensures that the temperature T is reached and then maintained on average throughout the trajectory.
However, the last two terms do imply choices about the nature of the thermal bath. The delta functions mean
that the thermal kicks in atom i are uncorrelated with those in atom j and also that the thermal kicks in atom
i at one time instant are uncorrelated with the thermal kicks in the same atom at another time. Therefore,
the thermal bath represented by (2) tends to randomize the velocities of all the atoms, and the larger y is, the
faster the randomization. Preventing such randomization effects requires, on the one hand, the knowledge
of the protein relaxation time and, on the other hand, substitution of the Dirac delta function in time by a
suitable memory kernel, both of which are unknown at present. Instead, in Fig. 2 we investigate how large y
must be in order to eliminate the conformational changes that are observed in the absence of a thermal bath.
Other details of the simulations are as follows. The sander module of the AMBER package [10] was used in
all the molecular dynamics simulations described in this section. The AMBER force field applied was ff99SB
and all simulations were done without explicit water molecules and with solvation effects represented by a
generalized Born/surface area model [parameter ghsa=1 in the input file for sander (see the amber manual
of amber 9 [10])]. The Langevin terms [the last two terms in Eq. (1)] were implemented by setting parameter
ntt=3in the input file.

In all the trajectories presented here, the initial structure for protein PDB2HEP is essentially the same,
namely, the a-helix displayed on the right panel of Fig. 1. As a measure of how close to the native basin the
protein gets in each trajectory, the Root Mean Square Deviation (RMSD) of each conformation with respect to
the native state (seen in the left panel of Fig. 1) is computed. For each value of y, six trajectories are displayed,
each in a different color. In each of the six trajectories, the protein receives the same energy input through a
kick to the amide group CO23NH24. The main difference between the initial conditions of the six trajectories
is in the velocities of the atoms that are not kicked, which were randomly selected from a Boltzmann distri-
bution with T=298 K. In Fig. 2 trajectories with the same color have exactly the same initial structure and
velocities. This allows for a study of the effect of y on each trajectory, separately. The values of y used are given
in the y-label of Fig. 2. y=0 means that Langevin terms were not included.

The top plot displays the trajectories resulting from a kick to amide group CO23NH24, in the absence of a
thermal bath (i.e. these simulations are made in the microcanonical ensemble). Considering that the interval
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Fig. 2: The RMSD of each structure with respect to the native structure is displayed, for each value of the friction parametery
(given in the y-axis in units of ps~?). y=0 means that Langevin terms were not included. The initial structure for the protein was
essentially the a-helix displayed on the right panel of Fig. 1. Also, all initial structures received the same energy input in the
form of a kick to amide group CO23NH24. The difference in the six initial conditions are the velocities of the unkicked atoms
which are randomly selected from a Boltzmann distribution with T=298 K. In all the plots, the lines with the same color have
exactly the same initial coordinates and velocities for all the atoms.

of 3 A-6 A in RMSD represents the native basin, or its vicinity, this plot shows that in these conditions, the
protein has a 67 % chance of reaching the native state under 1 ns. In fact, two of the trajectories reach the
native state even under 200 ps and remain stable after that. The following plots indicate that the introduc-
tion of a thermal bath tends to reduce the number of helical structures that transform into the native helical
hairpin in such a time frame. For y =0.1 ps™ one trajectory reaches the native basin and another approaches
it, and for y=0.2 ps™ only one trajectory reaches the native basin. For y above 0.2 ps™ none of the trajectories
reaches the native basin in one nanosecond. It should be noted that the default value of y in Amber is 5.0 ps7,
at least ten times larger than the values used in Fig. 2.

Statistical analysis of native structures

According to the thermodynamic hypothesis the native state of proteins can arise from a completely unstruc-
tured initial conformation and there have been many studies to try to characterize the amino acid propensi-
ties and patterns that favour a-helix and 5-sheet formation [5, 11, 38, 51, 53]. On the other hand, following
the VES KM described in Section “The VES KM”, the most important step in defining the native structure of a
protein is the gathering of amide I vibrations at a particular amide group site where their decay leads to the
bending of the initial (nascent) helix. This step is that which is effectively important for the selection of the
native basin from among all the other potential conformational basins that can exist for the same protein in
normal cellular conditions. From this point of view, the question that interests us is whether we can use the
known native structures to characterize the amino acid sequences that constitute the bending site.
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The simulations in Section “Influence of the thermal bath” indicate that the process of bending can be
over in the nanosecond or even sub-nanosecond timescale, but the full folding trajectory, which involves the
reaction of the protein to the bending (i.e. adjustment of all the protein atoms to the new backbone fold which
may even lead to further helical unfolding and j-sheet or coil formation) can take microseconds or more to
be completed. If the structure of the bending region does not change throughout the latter trajectory, the
bending sites will correspond to some of the unstructured regions found in the native state, namely, turns,
loops, and similar. However, the bending sites are not the only source of unstructured regions in the native
state. Indeed, other unstructured regions may form further along the trajectory as the system drifts towards
a lower energy state after the bending. Furthermore, the amino acids located at or near the bending site may
themselves later be re-integrated into neighbouring helices or §-strands. Thus, the dynamical evolution fol-
lowing the initial bending can blur the location of its original site.

In order to try to minimize all the uncertainties mentioned in the previous paragraph, a restricted class
of proteins was selected which, according to VES KM, has a greater probability of having evolved less from
the putative helical hairpin that arises after the initial bending, namely, those proteins with only helices
and loops (designated here as all-a proteins). Furthermore, in that protein set, only loops made of just four
amino acids were considered as possible bending sites (designated hereafter as T4’s). Thus, in the protein set
selected T4’s are non-helical bits surrounded by helices.

One reason for considering only T4’s is that this is the size of the loop in protein PDB2HEP which involves
amino acids Gly20-Val21-11e22-Thr23 according to program Dictionary of Protein Secondary Structure (DSSP)
that determines secondary structures from atomic coordinates [39]. In Fig. 1 the link between the two helices,
shown in green, also includes Glu24, but according to DSSP (and also from visual inspection) this amino acid
has a conformation characteristic of a helix.

A second reason for considering only T4’s is that, in a ¢-helix, the C=0 group of amino acid i is hydrogen-
bonded to the HN group of amino acid i+ 4, which forms an amide group with the C=0 group of amino acid
i+ 3, making four the shortest number of amino acids at an initial bending site, according to the VES KM.

The file ss.txt, which includes all the protein sequences available from the PDB [7] together with their
corresponding secondary structures as defined by DSSP [39], was downloaded from http://www.rcsh.org/
pdb/files. A set of 10 751 all-a proteins was selected from it of which only 2397 proteins have T4’s. The latter
proteins have 8447 T4’s and of the potential 20*=8000 different amino acid sequences, only 3430 were found.

Figure 3 shows the average amino acid composition of T4 loops, compared to the full amino acid compo-
sition of the 2397 proteins. This average amino acid composition for the full protein is calculated by counting
the number of each amino acid (of the 20 most common ones) in each protein, dividing by the total number
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Fig. 3: Average amino acid composition for the whole protein and for T4’s, expressed in the form of percentages. The green
histogram is the average percentage of each amino acid in the full protein and the red histograms is their average percentage in
T4’s (see text).
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of amino acids in that protein and averaging over all the proteins in the sample. In a similar way, the average
amino acid composition of the T4’s is done by counting the number of each amino acid in each T4, dividing
by four times the total number of T4’s found for each protein and averaging over the proteins with T4’s.

In Fig. 3 these amino acid compositions are presented in the form of percentages, so that summing over
all the amino acids gives 100 %. The green histograms in this figure show that some amino acids, like Leucine
(L), Alanine (A), E, Lysine (K), Serine (S) and Valine (V) are more common in the all-« proteins, as happens in
other proteins. However, this figure also shows that the amino acid composition of T4’s differs significantly
from the amino acid composition of the full protein. Indeed, L and A appear much less in T4’s than in the
full protein, and other amino acids, like Glycine (G), Serine (S), Aspartic acid (D), Asparagine (N) and T are
much more frequent than in the full protein. While G, the smallest amino acid, is known to be associated with
disordered regions of proteins, the greater presence of S, D, N and T in T4’s may be due their polar or charged
nature. Other possible explanations will be discussed in Section “Discussion and Conclusion”.

From the point of view of the VES KM, even more important than the amino acid composition is the
arrangement of those amino acids in the four positions of T4’s. In Fig. 4 the amino acid distribution of each
of the four positions of T4’s is displayed. These distributions are calculated by counting the number of each
amino acid in each position of the T4, dividing that number by the total number of T4’s in that protein and
averaging over all the proteins in the sample. The resulting amino acid frequencies are again presented in the
form of percentages so that summing over all amino acids leads to 100 % in each position.

Figure 4 shows that the average amino acid composition varies very markedly from one position to
another. Position 4 (histogram in violet) is that with the least uniform distribution, characterized by percent-
ages of 16 for S’s and D’s compared to the values of 6.5 and 5.3, respectively, in the full protein (see Fig. 3).
On the other hand, the most common amino acids in the whole protein, L and A, feature comparatively very
little in position 4 of the T4’s. Other amino acids with a strong presence in position 4 are N and T. G, on the
other hand, is more common in the 2™ and 1% positions and very curious is also the fact that Proline (P) is
completely absent from the 1% position. An interpretation of these findings in the light of the VES KM is given
in Section “Discussion and Conclusion”.

The T#’s found in native states may arise because of the initial bending of the helix, but they can also
be formed later on in the dynamical trajectories. In order to try to distinguish the two, the T4 sequences that
appear also in structures that are either fully helical, or partly helical and partly loop, were separated from
those sequences that appear only in T4’s. The idea is that these latter T4’s have a greater probability of having
been created by the initial bending. Thus, the average amino acid composition was calculated for the 2092
T4’s that are found in helices and mixtures and for the 1338 that are not. The results are displayed in Fig. 5.
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Fig. 4: Average amino acid composition in each of the four positions of all T4’s, expressed in the form of percentages. Red is the
histogram for position 1, green for position 2, blue for position 3 and violet for position 4.
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Figure 5 shows that the marked differences already seen in Fig. 3 between the composition of T4’s and
that of the full protein are further exacerbated in the sequences that are found only in T4’s. Indeed, T4’s not
found in helices or mixtures have even less L and A than the other T4’s and more G, D and N (compare the
respective blue and red histograms). T4’s not found in helices or mixtures also have much more P, a little less
T and approximately the same amount of S as the other T#’s.

Since the average amino acid composition of the T4’s that do not appear in helices and in structures that
are partly helical, partly loop, is different from that of the T4’s that do, it is also interesting to see what the
positional averages of the former are like. Figure 6 portrays this new distribution.

One feature that stands out when comparing Figs. 4 and 6 is the greatly enhanced presence of P in posi-
tions 2, 3 and 4. Indeed, in position 2, P has now become the most prevalent amino acid. Other features of
the positional amino acid distribution of T4’s have become more marked, namely, D’s and N’s have become
more frequent in position 4, while the numbers of S and T have been reduced. Also reduced in T4’s not
found in helices and mixtures is the number of L and A. On the other hand, a common feature between
Figs. 4 and 6 is that P is absent from position 1.

T T T T

All T4

T4 in H B9
T4 not in H N |
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Fig. 5: Average amino acid composition for all T4’s (red), T4’s found in helices or in structures that are part helix, part loop
(green), and the remaining T4’s (blue), expressed in the form of percentages.
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Fig. 6: Average amino acid composition in each of the four positions of T4’s that are not found either in helices, nor in
structures that are part helix, part loops, expressed in the form of percentages. Red is the histogram for position 1, green for
position 2, blue for position 3 and violet for position 4.
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Discussion and Conclusion

According to the VES KM, the first step in protein folding is the bending of the nascent helix at a specific
amino acid site. The bending is the result of a kick whose energy comes from the decay of VES. In Section
“Influence of the thermal bath” the influence of a Markovian thermal bath on the dynamical evolution imme-
diately after the kick was investigated. The simulations show that such thermal baths, represented by (2),
tend to reduce the folding efficiency of the initial kick, when compared to the dynamical evolution in the
microcanonical ensemble (see Fig. 2). Although short, if the thermal bath is Markovian, these simulations
do set constraints on the value of y [see equations (1) and (2)] that is compatible with the VES KM, namely, y
should be less that 0.1 ps™ (comparing to the standard values in Amber [10], which are 2-5 ps, these are at
least ten times smaller). On the one hand, these results may be interpreted as implying that the VES KM is not
viable at biological temperatures. On the other hand, if protein conformational changes are indeed concerted
motions of a large number of atoms triggered by a local action, as concepts like normal modes [46], or essen-
tial modes [2] or functional modes [37] imply, the limitation may instead be on the values of y and/or on the
model used for the thermal bath, which produces a randomization of the velocities that is too fast and does
not respect protein’s longer relaxation times. Indeed, those values of y correspond to mode lifetimes of the
order of 1 ps, far too short for conformational changes.

While the protein response time to a perturbation such as the kick simulated in Section “Influence of the
thermal bath” is not known, even small proteins like protein PDB2HEP [4] can have folding times of micro-
seconds. In many of the trajectories displayed in Fig. 2, the comparative large value of the RMSD is due to that
the protein structure remains an open structure throughout. In general terms, one can expect that an isolated
long helix, such as that portrayed in Fig. 1, will tend to bend and form a more compact structure that is stabi-
lized by a greater number of attractive interactions, even if this compact structure is different from the native
one. Here the aim was just to find the influence of a thermal bath on the trajectory in the short time after the
kick. Although the simulations in the absence of a thermal bath show that the helical hairpin that character-
izes the native state of protein PDB2HEP can form under one nanosecond, for a complete assessment of the
effect of the kick and of thermal baths on the corresponding structural outcomes, longer simulations are
needed. Such studies will be presented in forthcoming publications.

According to the thermodynamic hypothesis the reason some sequences lead to a-helices and other to
p-sheets or turns is that the amino acids in those sequences have higher propensities for those particular
secondary structures. But the fact that it is possible to form fibrils and aggregates from all proteins [28] shows
that any amino acid sequence can be turned into sheets which have a free energy lower than that of a popula-
tion of native structures (see figure 1 in [36]). This fact is in better agreement with the VES KM according to
which most amino acid sequences can assume many different stable structures.

According to the VES KM, the ubiquitous presence of helices in native structures is due to that a helix is
the default structure of all nascent chains, with other secondary structures arising only when the following
helical hairpin is partially or totally unstable. In this view, the crucial information needed to determine the
native state from the sequence is the knowledge of the location and amino acid composition of the bending
sites. The putative bending sites, i.e. the T4’s analysed in Section “Statistical analysis of native structures”,
are chain reversal regions which are known to be particularly well conserved in proteins [12]. This indicates
that they are indeed important for structure and function, as assumed by the VES KM.

Following the thermodynamic hypothesis it is often argued that the main driving force in protein folding
are hydrophobic interactions [27]. Considering that T4’s tend to be at the surface of proteins, their amino
acid composition (see blue histogram in Fig. 5) is in general agreement with this idea since the hydrophobic
amino acids Isoleucine (I), V, L, Phenylalanine (F), Cysteine (C), Methionine (M) and A, here quoted in order
of decreasing hydrophobicity [43], are not very frequent in T4’s. Figure 5 shows that C and M are present
in greater amounts in T4’s found in helices than in T4’s not found in helices, but their presence is not very
representative. On the other hand, it would be expected that the most hydrophilic amino acids R, K, E and
Q (here quoted in order of decreasing hydrophilicity [43]) should be present in greater relative amounts in
T#’s than in helices, but that is not the case (compare the red and blue histograms in Fig. 3 and the blue and
green in Fig. 5).
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The correlation we can establish is between the mass and the frequency of appearance of hydrophilic
amino acids in T#’s in the sense that those with smaller masses are more frequent, i.e. of the two amino
acids that can be negatively charged, D (133 Da) is much more prevalent than E (147 Da), even if E is present
in greater amounts in the full protein (compare the green histograms for D and E in Fig. 3). Similarly, of the
three amino acids that can be positively charged, Lysine (K) (146 Da) is slightly more prevalent than H (155
Da) (more so than their relative weights in the full protein would predict) and both are more prevalent than
R (174 Da), even if the latter’s frequency in the full protein is greater than that of H. This is curious because
the smaller the mass, the faster the response to the kick, i.e. a dependence on the mass is an indication of the
importance of dynamics, rather than of thermodynamics. Finally, it is difficult to explain how such an undif-
ferentiated cause as hydrophobic interactions can lead to the strong positional dependence of the amino acid
frequency seen in Fig. 6.

Let us then consider a possible explanation for the positional distribution of amino acids in T4’s which is
characterized by a strong presence of D in the 4" position (as well as S and T) and a more pronounced pres-
ence of K and H, followed by R, in the first two or three. It has also been known for the past 30 years that, in
the native state, D and also E — negatively charged — are preferentially placed at the N-end of helices, while
R, K and H - positively charged — are preferentially found at the C-end [53]. The explanation offered for the
positional preferences of D and E is that the three unpaired amine groups at the N-end of an -helix can be
stabilized by the side chains of hydrogen acceptors such as D and E [51]. From this perspective, the role of D
at position 4 of the T4’s would be to stabilize the N-end of the second of the two helices that form the helical
hairpin after the initial bending. While D can indeed have such a role, this does not explain why E, which is
present in larger amounts at the level of the whole protein, is less frequent at that position. Furthermore, such
an explanation is not applicable to the prevalence of K, H and R at the C-end of helices because the carbonyl
groups of the amino acids that are there tend to form hydrogen bonds directly to the backbone of the neigh-
bouring loops. Below it is suggested instead that these positional favouritisms are the result of electric field
effects on the VES KM.

In a-helices the C=0 groups are approximately aligned with the helical axis and their permanent dipoles
point from the C- to the N-terminal. Thus, each a-helix has a “macroscopic” electric dipole which points from
the C- to the N-end. Negative charges, like D (and possibly S and T?), at the N-end, and positive charges, like
K, H and R, at the C-end, create electric fields that counteract the “macroscopic” dipole field. Considering
two helices separated by a T4 as in Fig. 1, the positively charged K’s, H’s, or R’s that are at the C-end of the
first helix are, in the nascent chain, at the N-end of the part of the helix to be transformed into a T4. And the
negatively charged D’s that are at the N-end of the second helix are, in the nascent chain, at the C-end of the
helix to be transformed into a T4, i.e. the same charges that counteract the dipole field of the two helices in
the native state reinforce that electric field in the T4 region of the nascent helix.

Electric fields affect both the energy of vibrational states and their absorption intensity, a phenomenon
known as vibrational Stark effect [8]. Also, simulations in which a term that can represent a local electric field
was included have led to an enhancement of the quantum number of VES [56, 57]. Higher excited VES lead to
strong kicks when they decay and in this way local electric fields can help promote the bending of the initial
helix and other conformational changes. Thus, according to the VES KM, the same charges that enhance
the probability of bending at a given region of the nascent chain (the T4 region) are used to stabilize the two
helices that arise after the bending.

Another puzzling feature of the positional amino acid distributions in T4’s is the fact that P is never found
in position 1 of T4’s, something that is in marked contrast to its high probability of appearing in positions 2, 4
and 3 (see Fig. 6). As can be seen from this figure, there are many cases of amino acids with small positional
probabilities, but none of them is rigorously zero, as happens to P in position 1 of T4’s. Such a striking obser-
vation must be the result of a very strong constraint.

The absence of P in position 1 of loops has been noted before [38]. P is disruptive to a helix because its
side chain binds into the backbone, creating a tertiary amide. a-helices are stabilized by hydrogen-bonds,
and since a P at site i prevents the formation of a hydrogen-bond with amino acid at i—4, P introduces a local
instability in a ¢-helix and is known as a helix breaker. Therefore, a simple explanation for the absence of
P’s from position 1 might be that P always disrupts the a-helix and drags the amino acid before it into the
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disruption, i.e. into the T4. However, if this were true, P’s and the amino acids to the N-side of P’s should
always be in a loop and there shouldn’t be any P’s in helices, while Fig. 5 shows that, although the presence
of P’s in T4 sequences found in a-helices is markedly lower than in T4’s, helices do survive a 2% presence of
P’s. This number should be compared to the exactly 0 % value in position 1 of T4’s.

From the point of view of VES, a P at site i is disruptive for two more reasons. One is that the amide I exci-
tation in the tertiary amide of P is uncoupled from the rest of the other amide groups in the helix, making it
essentially a local vibrational mode [42]. This diminishes the energy stored in it and consequently weakens
the strength of a potential kick if VES were to decay at a P site, something that precludes the conformational
change [19]. A second reason for P to be disruptive to the VES KM is that, by binding its side chain directly
into the backbone, P makes the decay site heavier than that of a primary amide, leading to a faster dissipa-
tion of the initial kick. The overall conclusion is that P’s should not be kicking sites. Thus, in the T4’s that are
bending sites and which happen to include P’s, the initial kick must be in any of the other non-P sites, either
to the N-side or to the C-side of P. But if the kick site was to the C-side of P, then it should be possible to have
P’s in position 1 of T4’s as long as any of the other four positions was not a P. The fact that there are no P’s in
position 1 suggests that kicks are in amino acids sites to the N-side of P.

However, this explanation, appealing as it may be for supporters of the VES KM, only applies if we assume
that all T4’s found in the statistical analysis of Section “Statistical analysis of native structures” are bending
sites. For those T4 sequences that are also partially or wholly localized in helices in the native structure, this
means that, having been a bending site to start with, they must have been re-integrated into helices later on
in the folding trajectory. This is not impossible especially considering that the proteins selected, with just
helices and loops, are arguably the set that will have evolved the less from the helical hairpin that arises from
the initial bending. Still, it seems more likely that some of the T4 sequences that are also found in helices are
not initial bending sites, in which case the absolute zero probability for P to be in position 1 of T4’s remains
a mystery.

On the other hand, while it is not yet possible to identify the kicking site, a general conclusion of this
work is that the bending sites are associated with enhanced electric fields and thus, a prediction of the VES
KM is that changes in amino acids that affect local electric fields will have a strong effect on the folding of the
corresponding proteins. In particular, sequences bounded on the N-side by K and H (or R), and/or by D (or S,
or N) on the C-side, are the most probable candidates for the initial bending sites of the VES KM.
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