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Abstract

We used the tube model with Go-like potential for native contacts to study the folding
transition of a designed three-helix bundle and a designed protein G-like structure. It is
shown that both proteins in this model are two-state folders with a cooperative folding
transition coincided with the collapse transition. We defined the transition states as
protein conformations in a small region around the saddle point on a free energy surface
with the energy and the conformational root mean square deviation (rmsd) from the native
state as the coordinates. The transition state region on the free energy surface then was
sampled by using umbrella sampling technique. We show that the transition state
ensemble is broad consisting of different conformations that have different folded and

unfolded elements.

1 Introduction

Understanding the nature of the transition state, a half-way conformation supposed to be at the
maximum of a free energy barrier separating the unfolded (denatured) state and the native state, is
crucial for understanding the folding mechanism of two-state proteins. There have been two different
views on the folding process. The old view dated back to the late 1960s suggested that folding proceeds
through one or a few confined pathways so that the Levinthal paradox can be avoided [1]. The new
view, arisen in the early 1990s from the energy landscape theory along with the concept of a folding
funnel [2,3], described the folding process as a progressive rearrangement

of an ensemble of conformations towards lower internal energy and lower conformational entropy.
The new view is thus associated with multiple pathways. In the old view, the transition state corresponds
to one or a few conformations and the free energy barrier leading to the transition state from the unfolded
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state would be purely enthalpic. In the new view, the transition states are an ensemble of conformations
and the associated free energy barrier was suggested to be primarily entropic [4,5].

Protein engineering method combined with equilibrium and kinetic experiments can provide
information about the transition state structure. Such information includes the ®-values [6], which
reveal the degree of native structure around a mutated residue in the transition state. ®= 0 means that
the residue does not form a native-like structure in the transition state. ®= 1 means that the structure
around the residue in the transition state is the same as in the native state. Fractional ®-value however
indicates that either the residue forms a partial native-like structure in the transition state or the transition
state ensemble is a mixture of conformations in which full nativelike structures form in different regions
among different conformations. Fersht and coworkers have shown that Chymotrypsin Inhibitor 2 (C12)
has fractional ®-values and the transition state has no region forming a full native-like structure [7,8].
CI2 was suggested to have a single transition state which corresponds to an ensemble of similar
structures resembling an expanded version of the native state. Ubiquitin [9] was reported to have
polarized transition state in which some elements of the native structure are fully formed and some other
elements are fully unstructured. The SH3 domain [10] was shown to have a defined and
conformationally restricted transition state with a B-turn formed even before the formation of the
transition state. These experimental results indicated that proteins fold via multiple pathways, but the
pathways are related.

Structure-based Go-like models have been useful for understanding the folding mechanism, and
successful in capturing the folding events [11,12] and the folding transition state [13,14] with significant
agreement to experiments. In the present study, we attempt to identify the transition state for proteins
in a different but related model, the tube model with Go-like potentials for the native contacts, namely
the tube Go model. This model inherits both the geometrical constraints and hydrogen bondings from
the tube model and also the native structure selectivity from the Golike model. The tube Go model thus
is more realistic than Go-like models. We also introduce a new quantity f measuring the fraction of
native contacts formed by a residue in the transition state, which is similar to the ®-value, for the
analysis of the transition state structures.

2 Methods The Tube Go Model

We considered the tube model with Go-like potential for native contacts and called it the tube Go
model [15]. The latter is exactly the same as the tube model [16] except that the hydrophobic interaction
is replaced by the structure-based Go-like interaction [17]. The model assumes the polypeptide chain
as a chain of Co atoms representing amino acid residues located along the axis of a self-avoiding tube
of the thickness radius A= 2.5 A. The tube self-avoidance is enforced by’ applying a three-body
potential, in such a way that the radius of a circle going through any triplet of Ca atoms must be larger
than A [18]. A bending energy penalty of constant magnitude eR = 0.3 along the chain is given to any
non-terminal residue, at whose position the chain local curvature radius is smaller than 3.2 A. The
energetics and geometry of hydrogen bonds are encapsulated” in the model based on a statistical analysis
of protein native structures [19]. The local (nonlocal) hydrogen-bond energies are defined to be —1
(=0.7) with a cooperative energy of —0.3 assigned to any pair of consecutive hydrogen bonds either in
a B-sheet or an a-helix.

A Go-like potential is assigned to non-local contacts between the Co atoms. In a given protein
conformation, a contact between two atoms is formed the distance them is less than 7.5 A.° Non-local
contacts are formed by atoms separated by at least 3 amino acids along the chain. A negative energy
eW is assigned equally to all non-local native contacts, i.e. the contacts that are present in the protein
native state. Non-native contacts are given zero energy.
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In the present study, we consider two proteins with the native structures shown in Fig. 1. They are
a three-helix bundle denoted as 3HB and a protein G-like structure denoted as GB1. These structures
are the ground states of previously designed proteins in the tube model with hydrophobic-polar (HP)
sequences [20]. Here, these structures are used as input for determining the native contacts for the Go-
like interactions. The energy parameter eW in the Go-like potential for each protein was chosen such
that the total energy of all native contacts in the native state is equal to the total hydrophobic energy in
the tube model with HP sequences. For protein 3HB, we obtained eW =-0.229, and for GB1, eW
=—0.15. Both proteins have the same chain length with N = 48 amino acids.

(a) (b)

3HB GB1

Figure 1: (a) Structure of a three-helix bundle (3HB). (b) A structure akin to the B1 domain of protein G (GB1).
a-helices are shown in red color whereas B-sheets in yellow color.

Parallel tempering [21] Monte Carlo simulations were carried out with the standard pivot and
crankshaft moves commonly used in stochastic chain dynamics. The Metropolis algorithm for move
acceptance/rejection is used with a thermal weight exp(—E/T) for each conformation, where E is the
energy of the conformation and T is an effective temperature. We have adopted dimensionless units for
both energy and temperature with the Boltzmann constant kB = 1. The weighted histogram method [22]
was used to calculate the equilibrium properties such as the average energy, the mean radius of gyration,
and the specific heat. The latter is defined as

(B - (Y

C 2 .
1)
The folding temperature Tf is defined as the temperature of the maximum of the specific heat. The
radius of gyration of a protein conformation is defined as
N
Rg: Z(ri*rcm)z s
2)
where ri is the position of residue i and rcm is the position of the center of mass of the protein. The
root mean square deviation (rmsd) of a conformation to the native state is given by
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where r0i is the position of residue i in the native state.

Sampling the transition state ensemble

To determine the transition state of protein we considered a two-dimensional free energy surface
defined as

F(E,rmsd) = —T log P(E,rmsd) (4)

where P(E,rmsd) is the probability of observing a conformation of energy E and a given rmsd to the
native state. The probability P can be determined from equilibrium simulations. The transition state is
defined by the saddle point in the free energy surface, presumably with coordinates (E0,rmsd0). Due to
discretization procedure as well as numerical uncertainty, in practice we assumed the transition state to
be found anywhere in a small region around the saddle point with the coordinates, i.e. within (EO
+1,rmsd0 +0.5), where the rmsd is given in units of A.°

Because the transition state is transient during equilibrium simulation, we have employed umbrella
sampling technique [23] to effective sample protein conformations in the transition state region, with
the use of a restraint potential for the energy E

V(E)=ko(E~Eo)’

where kO is a constant. We have checked that it is good enough to choose kO = 0.01. In the umbrella
sampling simulation, the conformations were sampled with the probability weight

Ww(E) = exp (7%”(5)) ©

In order to characterize the transition state, we defined the quantity fi of each residue position i in
the protein chain as ki (i)
ki (i)
kv(@) " 7y
where k(i) is the number of native contacts formed by residue i in the transition state (1) and kN(i)
is the corresponding number in the native state (N). Thus, fi is the fraction of native contacts formed by
residue i in the transition state. It receives values between 0 and 1 and plays a role similar to that of the
o-value considered in protein engineering experiments. The values of k(i) were calculated from
umbrella sampling simulations at T = Tf as

k:(i) _ ZTSregian k(i) (W{E))_l
’ Lrsregion (W(E))™! ’(8)
where k(i) is the number of native contacts of residue i in a conformation and the summation is taken

over all conformations occurred in the transition state region during the simulation. The weights
(w(E))—1 remove the sampling bias provided by the energy and the restraint potential.
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3 Results And Discussion
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Figure 2: Temperature dependence of the average energy (a,d), the mean radius of gyration (b,e) and the
specific heat (c,f) for protein 3HB (left panels) and protein GB1 (right panels) in the tube Go model.

Figure 2 shows the temperature dependences of the average energy hEi, the mean radius of gyration
hRgi, and the specific heat for protein 3HB and protein GB1. Both the average energy and the mean
radius of gyration show a sharp change near a temperature, at which the specific heat C has a very strong
and narrow peak. All these behaviors indicate a cooperative folding transition. In a cooperative folding,
all parts of the protein fold almost simultaneously without intermediates leading to sharp changes of
energy and other properties of the molecule at the transition temperature. Our results here also show
that the collapse transition, associated with the change in Rg, happens at the same temperature as the
folding transition. The folding temperature Tf , corresponding to the temperature of the maximum of
specific heat, was found to be equal to 0.34 for 3HB and 0.291 for GB1.
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Figure 3: Time dependence of the energy E (a), the root mean square deviation rmsd (b) and the radius of
gyration Rg (c) in a long trajectory for protein 3HB at its folding temperature Tf = 0.34. Time is given in Monte
Carlo steps. Right panels show histograms of the quantities considered in the left panels.

Rg (A)

Figure 3 and Figure 4 show the time dependences of the energy, the rmsd and the radius of gyration
Rg in a long simulation at the folding temperature Tf for two proteins 3HB and GB1, respectively. For
both proteins, the simulations show multiple switching between conformations of high and low values
of the considered quantities, suggesting that the proteins in our model are two-state folders. The
conformations of low energy, low rmsd, and low Rg correspond to the folded state whereas those of
high energy, high rmsd, and high Rg correspond to the unfolded state. The histograms of energy, rmsd
and Rg shown on the right panels of Figs. 3 and 4 also indicate two peaks corresponding to these two
states. The separation of the peaks however is more clearly for energy and rmsd than for Rg, suggesting
that energy and rmsd better coordinates for folding than Rg.

Figure 5 shows contour plots of the free energy surface F(E,rmsd) along the two coordinates E and
rmsd for protein 3HB and protein GB1. The free energy was obtained from long simulations at T = Tf
. For both proteins, the free energy surface has two minima, one corresponds to the folded state at low
E and low rmsd and the other one corresponds to the unfolded state at high E and high rmsd. There is a
saddle point between the two minima supposed to be the position of the transition state on the free
energy surface. The coordinates (EO, rmsd0) of the saddle point on the surface can be approximately
read from the contour plots as (—23,6A°) and (—18,8A°) for 3HB and GB1, respectively.
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Figure 4: Same as Fig. 3 but for protein GBL1 at its folding temperature Tf = 0.291.

We have carried out umbrella sampling simulations to sample protein conformations in the transition
state region as described in the Methods section. With a run of 4x109 MC steps and the sampling
frequency of one conformation every 104 steps we were able to obtain about 1000 conformations in the
transition state region. Figure 6 shows the values of fi obtained for all amino acid positions in the two
proteins and some examples of transition state conformations found near the saddle points. For protein
3HB, fi varies mainly between 0.2 and 0.5 with some values slightly larger than 0.5 for a few positions
around the middle of the protein sequence. This profile of fi indicates that all the positions in the
sequence of the 3HB protein mildly contribute to the formation of the transition state though not equally.
The values of fi found to be substantially less than 1 indicate that the transition state ensemble includes
a variety of different conformations of different sets of native contacts. In other words, one can say that
the transition state is broad. In consistency with the calculated fi values, the transition state
conformations shown in the bottom of Fig. 6a are very different from each other thought they have
almost the same energy and the same rmsd with respect to the native state. One can notice that the
transition state may have one or two pieces of the a-helices formed and the rest of the conformation
disordered.
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Figure 5: Contour plots of the free energy as function of the energy E and the rmsd for protein 3HB (a) and
protein GB1 (b) at their folding temperatures Tf . The approximate position of the transition state at the saddle
point is indicated by the cross.
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Figure. 6: (a) (Top) Dependence of the quantity fi on the residue number i for protein 3HB. (Bottom)
Examples of transition state conformations for protein 3HB with the corresponding values of energy and rmsd as
indicated. (b) Same as (a) but for protein GB1. Secondary structures formed in the transition state are shown in
colors.

The fi profile for protein GB1 shows stronger variation than for 3HB, with the values range mostly
from 0.3 to 0.7. At position i = 10, the value fi = 0 is shown because the residue number 10 has no
native contacts. Some values of fi for GB1 are somewhat higher than those of 3HB, but the conclusions
about the transition state are similar for the two cases. For GBL1, the transition state is also broad with a
large variety of conformations. The examples of conformations shown in Fig. 6b indicate that the
transition state may arise with the formation of a portion of the B-sheet or a piece of the a-helix, whereas
the rest of the conformation is largely disordered.
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4 Conclusion

Our study comes with two main findings. The first finding is that the tube Go model yields
cooperative two-state folding characteristic similar to that of small globular proteins. This characteristic
arises from both the geometrical and energetic components of the tube model, which are associated with
basic properties of a polypeptide chain, and the native-centric potentials of the Go model accounting
for the effect of the amino acid sequence. The tube model yields a presculpted free energy landscape
[16] with few energy minima while the Go-like potential provides the selectivity of the native state as
the global minimum. As a more realistic feature than standard Go-like models, the tube Go model can
form non-native hydrogen bonds which compete with native interactions. Our results show that this
competition does not destroy the two-state folding behavior. The second finding is that the transition
state ensemble of protein is broad consisting of largely different conformations, which indicates that
proteins fold through multiple independent or weakly related parallel pathways. This scenario is fully
consistent with the new view of protein folding, while experiments seem to indicate more strongly
related pathways. Further investigations are needed to understand this gap between theory and
experiment.
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