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ABSTRACT We accelerate protein folding in all-atom molecular dynamics simulations by introducing alternating hydrogen
bond potentials as a supplement to the force field. The alternating hydrogen bond potentials result in accelerated hydrogen
bond reordering, which leads to rapid formation of secondary structure elements. The method does not require knowledge of the
native state but generates the potentials based on the development of the tertiary structure in the simulation. In protein folding,
the formation of secondary structure elements, especially a-helix and b-sheet, is very important, and we show that our method
can fold both efficiently and with great speed.

INTRODUCTION

Computational studies, and in particular MD simulations, are

widely applied to study protein-folding processes, providing

detailed insight at atomic resolution. Unfortunately, MD can

sample a system only for a time period of nanoseconds up to

a microsecond, whereas protein folding generally takes

microseconds to milliseconds. Attempts to overcome this

sampling problem involve the use of simplified models that

require many assumptions (1,2) and consequently lack mi-

croscopic detail required to monitor the various interactions

that lead to folding. Alternatively, large-scale distributed

computing can be used (3–6). However this approach is not

accessible to everyone, and with an explicit solvent, the

sampling problem cannot be overcome completely.

Folding of a protein into the native state cannot be de-

scribed by a random search through all the degrees of free-

dom but is believed to be a guided process (7). Expressed in

terms of free-energy landscapes, a protein traversing the free-

energy landscape is funneled from the high-energy unfolded

conformations into the low-energy native state (8–10).

The free-energy landscape of a protein is determined by

two major contributions: hydrophobic interactions and hy-

drogen bonding. Hydrophobic interactions joining the hy-

drophobic side chains (hydrophobic collapse) are generally

viewed as one of the driving forces of protein folding (11).

The role of hydrogen bonding is more contested because of

the difficulty of quantifying hydrogen bond energies. Because

the formation of hydrogen bonds between protein atoms re-

sults in the loss of hydrogen bonds formed with water, it is

still unclear whether protein intramolecular hydrogen bond

formation in an aqueous environment contributes favorably

(12–14) or is negligible to the free energy (15,16). In any case,

during the hydrophobic collapse, intramolecular hydrogen

bond formation is necessary to compensate for the high free-

energy cost associated with burying unsatisfied hydrogen

bonding groups (17). Because the number of intramolecular

hydrogen bond partners is limited, the necessity for these

bonds limits the number of allowable protein conformations

and thus primarily provides specificity (11,18).

The free-energy landscape of a protein is rugged, dis-

playing many valleys and energy barriers (19,20). Conse-

quently, a protein traversing this landscape is very likely to

encounter valleys corresponding to local free-energy minima

before reaching the valley corresponding to the native state.

Because the valleys are generated by an accumulation of

individual interactions (hydrophobic and hydrogen bonds),

crossing a barrier requires some of these interactions to be

disrupted. Even a very simple peptide such as penta-alanine

possesses a rugged free-energy landscape, with many valleys

of comparable free energy (21). Studies have shown that a

barrier height of only 2 kBT is sufficient to prevent the folding
of a protein to occur in a downhill manner (22). The free

energy barrier associated with a single intramolecular hy-

drogen bond is ;3 kBT in a protein in water (23–25), pre-

venting straightforward folding.

Nature resolves the slow folding problem of proteins by

using chaperones to assist in the folding of proteins inside

cells. Chaperones prevent association with other proteins and

limit the number of accessible conformations (26,27). In

addition, they can actively stimulate proteins to (partially)

unfold, allowing the protein to escape from a local free-energy

minimum and have another attempt at folding. In this way

transitions in the free-energy landscape are facilitated, and,

thus, the folding rate is increased (28). Unfortunately, these

systems are too large for efficient use in MD simulation and

in silico folding experiments.

Here we propose a novel computational method based on

the idea that occasional (partial) unfolding of a protein en-

hances the frequency of barrier crossing and the folding rate
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of proteins. We perform MD simulations during which we

periodically introduce temporary additional forces that al-

ternately stimulate unfolding and folding. These forces act on

the intramolecular hydrogen bonds. The first reason for this is

that distinct hydrogen bonds in a similar context contribute

equally to the free energy, but a free-energy barrier separates

all the possible hydrogen bonds. In other words, hydrogen

bonds provide kinetic stability both in the global minimum

and in local minima rather than thermodynamic stability.

This has important implications: Unfolding and folding can

be stimulated by reimbursing the activation energy set by

the kinetic barrier of a hydrogen bond. In addition, the hy-

drogen bonds provide specificity rather than stability with

respect to the tertiary structure of a protein, which means that

the interactions that provide thermodynamic stability are

unaltered and still guide the folding process of the protein

into its native state, and the time in free-energy minima is

decreased. A secondmore technical reason for influencing the

intramolecular hydrogen bonds is that the number of required

additional forces is minimal. This is because the number of

donor-acceptor pair combinations in a protein is limited, and

the hydrogen bonds are orientation dependent (29), requiring

introduction of only a few relevant hydrogen bond potentials.

The manipulation of the hydrogen bonds is performed

within a singleMD simulation, where alternating attractive or

repulsive hydrogen bond potentials are introduced in addition

to the standard force-field potentials. The repulsive potential

destabilizes the hydrogen bonds and lifts the protein to a

higher free-energy level. The attractive potential in turn fa-

cilitates hydrogen bond formation to enable rapid identifi-

cation of the conformational regions of free-energy minima.

Such a local unfolding/folding mechanism would be com-

parable with the barrier-crossing effect of a chaperone pro-

tein. In this method we do not need a priori information on the

native state; rather, we use the structure of the protein as it

develops during the simulation to determine which potentials

are introduced.

We show that manipulation of hydrogen bonds during an

MD simulation can accelerate the folding of a protein. The

two secondary structure elements appearing most, a-helix
and b-sheet, can be folded efficiently. This is demonstrated

by the folding of a 16-residue polyalanine to the a-helical
native state and the 16-residue C-terminal of the 1GB1 pro-

tein to the b-hairpin native state.

METHOD

AHBP

We introduce a hydrogen bond potential Vhb as a supplement to the standard

force field, which acts on the atoms involved in hydrogen bonding to ac-

celerate protein folding in MD simulations. This is implemented as a staged

MD protocol, where we distinguish three stages, the repulsive stage (R), the

attractive stage (A), and the relaxation stage (E). These three stages each treat

hydrogen bonds differently. In R, a potential stimulates hydrogen bond

breakage, in A, a potential facilitates hydrogen bond formation, and in E, the

system is allowed to relax. In our simulations, each stage is active for 0.5 ps

in the order (R–E–A–E)n.

When a stage is active, every 0.1 ps all intramolecular donor-acceptor

pairs of the protein are evaluated. The relevant pairs are selected, and po-

tentials are introduced that will result in a force acting on the atoms. During

selection, we avoid targeting strong hydrogen bonds because they can be

native and try to introduce only one potential per atom to minimize the

manipulation of the system. Therefore, a pair is excluded from selection if 1),

it is a strong hydrogen bond (characterized by a donor-acceptor distance

,0.35 nm and a donor-hydrogen-acceptor angle larger than 120�), 2), the
atoms of the pair are involved in another strong hydrogen bond, and 3), the

atoms in the pair are already targeted in another hydrogen bond potential

(e.g., from a previous evaluation). For the remaining donor-acceptor pairs,

those with the largest hydrogen bond potential energy (Eq. 1) are selected,

with the rule that the atoms in a pair may be selected only once. At the end of

each stage, all hydrogen bond potentials are removed.

The hydrogen bond potential Vhbðq; tÞ is given in (1):

Vhbðq; tÞ ¼ fcðq; tÞ3EdðqðtevÞÞ3EuðqðtevÞÞ: (1)

It is a function of time t and consists of a distance potential EdðqðtevÞÞ; an
angle potential EuðqðtevÞÞ; a gradually changing force constant fcðq; tÞ; and
the positions of the atoms in the hydrogen bonds q.

In the repulsive stage, the distance potential EdðqðtevÞÞ is determined by

the distance d (nm) between donor and acceptor (Fig. 1) at the evaluation

time tev. Cutoff distances dmin and dmax of 0.35 and 0.40 nm, respectively, are

used. For the attractive stage, the distance between hydrogen and acceptor

(Fig. 1) is considered, and the cutoff distances dmin and dmax are 0.23 and 0.40

nm, respectively. The values of the cutoff distances ensure that only weak to

very weak hydrogen bonds are targeted, so that, in the repulsive stage, the

hydrogen bond is pushed up the last part of the free-energy barrier, and in the

attractive stage, the formation of hydrogen bonds that would possibly be

formed in the future is accelerated:

EdðqðtevÞÞ ¼
1 dðtevÞ, dmin

1� dðtevÞ � dmin

dmax � dmin

dmin # dðtevÞ, dmax

0 dmax # dðtevÞ
:

8><
>:

(2)

The angle potential EuðqðtevÞÞ depends on the angle u (degrees) of the donor
hydrogen acceptor (Fig. 1) at activation time tev. The cutoff angle ubound in
the repulsive stage is set to 120�, which ensures targeting all weak hydrogen
bonds, and in the attractive stage to 60�, allowing generation of many

hydrogen bonds:

FIGURE 1 Donor-acceptor pair including the corresponding hydrogen.

Schematic view of the relevant quantities in the hydrogen bond potential and

the resulting forces.

Fast Protein Folding by AHBP MD 3743

Biophysical Journal 94(10) 3742–3747



EuðqðtevÞÞ ¼ 1 uðtevÞ$ ubound

0 ubound . uðtevÞ :
�

(3)

The potential is slowly introduced and removed from the system to avoid

cutoff effects at the boundaries of the distance and angle potential. This is

achieved by growing or shrinking the force constant in 50 increments to a

maximum force constant or zero, respectively. At each time step the counter

ninc is incremented by 1 if the derivative of the distance and angle potential is

nonzero until the maximum value of 50 is reached, and 1 is subtracted when

this derivative is zero until the counter is zero. The force constant is then

given by Eq. 4, with 0# ninc # 50: The use of 50 increments to reach the

maximum force constant is chosen arbitrarily within the idea of gradually

introducing the forces in the system to its maximum:

fcðq; tÞ ¼ 1

50
3 ninc 3 fcmax: (4)

To obtain the maximum force constant, several values were tested, and the

values showing a good response, i.e., many unfolding and folding events,

were used. The hydrogen bond potential leads to the introduction of the

following force acting on the acceptor atom (Fig. 1):

The balancing force is FX ¼ �FA: In these equations, the X refers to the

donor atom in the repulsive stage and to the hydrogen atom in the attractive

stage (Fig. 1).

Introducing the AHBP potentials only at evaluation time as well as the

gradual introduction/removal of the potential means that the energy is not

conserved. The possible numerical instability is resolved in a constant-

temperature ensemble by means of the heat bath.

Simulation protocol

All simulations were performed using the GROMACS (16) software package

version 3.3.1 and the GROMOS96 43a1 force field (30) in combination with

simple point charge water (31). A time step of 2 fs was used, with all bonds

constrained using the LINCS algorithm (32). Van der Waals interactions

were ignored outside a cutoff of 1.2 nm. Electrostatic interactions were

treated with the particle mesh Ewald method applying a real-space cutoff of

0.9 nm (33). The system temperature was coupled to a Berendsen thermostat,

and no pressure coupling was used.

The starting structures of the simulations both for the a-helix and for the

b-hairpin simulations were extended conformations. The proteins were

dissolved in a box of;2000 simple point charge water to obtain a density of

0.99 kg/l, and initial velocities were generated randomly to create a system at

300 K. In the case of the a-helix, this system was equilibrated for 1 ns to

allow the chain to collapse. For every production run, new random velocities

corresponding to a system at 300 K were generated.

RESULTS

The method presented above aims to accelerate in silico

protein folding. This is achieved by manipulating the intra-

molecular hydrogen bonds, leading to an increase in the

number of barrier transitions. To show that this is indeed the

case, the time behavior of a 16-residue polyalanine was ex-

amined with standard MD (four simulations of 30 ns) and

with AHBP-MD (five simulations of 10 ns). The simulations

were started from a collapsed coil, which represents a struc-

ture in a local minimum possessing many hydrogen bonds.

The maximum force constants used in the MD simulation

including AHBP were�600 kJ mol�1 nm�1 for the attractive

potential and 450 kJ mol�1 nm�1 for the repulsive potential.

To test if the faster and broader sampling of the confor-

mational space of a protein by the AHBP-MD simulations

leads to rapid formation of secondary structure elements, two

systems were tested. The polyalanine simulations used to

show enhanced barrier crossing in AHBP-MDwere also used

to test the ability of the AHBP method to form an a-helical
secondary structure. To test the b-sheet secondary structure

formation, we investigated the folding of the 16-residue

C-terminus of the protein G (Protein Data Bank code 1GB1),

which adopts a b-hairpin conformation in an aqueous envi-

ronment. We performed 10 standardMD simulations of 50 ns

and 10 AHBP-MD simulations of 30 ns, which all started

from an extended conformation. In these AHBP-MD simu-

lations of the b-hairpin, we used maximum force constants of

�300 and 900 kJ mol�1 nm�1 for the attractive and the re-

pulsive potentials, respectively.

Hydrogen bond reordering

The hydrogen bond lifetime and the average number of hy-

drogen bonds in the polyalanine simulations were evaluated

to show that the intramolecular hydrogen bond reordering is

accelerated. To compare the hydrogen bond lifetime in

standard MD and AHBP-MD, the autocorrelation function of

the intramolecular hydrogen bonds is displayed in Fig. 2.

Although the autocorrelation function does not converge

within the simulated time, and thus an accurate estimate of

the hydrogen bond lifetime is impossible, it is clear that this

function decreases significantly faster in the AHBP-MD

simulation than it does in the standard MD simulation,

showing that the lifetime of hydrogen bonds is much shorter

because of AHBP. The average number of intramolecular

hydrogen bonds per molecule under AHBP conditions is

larger than that under standard conditions, having values of

4.7 and 3.9, respectively. So a smaller hydrogen bond life-

time and a larger average number of hydrogen bonds indicate

that formation of new hydrogen bonds and opening of old

ones are faster in the AHBP-MD simulations than in standard

MD simulations.

To show that this fast reordering of hydrogen bonds also

leads to a fast and broad sampling of the conformational

space, we constructed RMSD matrices for all trajectories. An

element in this matrix consists of the RMSD value between

the structure of the protein at time x and time y. This value is

FA ¼ fcðq; tÞ3
1

dmax � dmin

dXAðtevÞ
dXAðtevÞ dmin # dðtevÞ , dmax; uðtevÞ$ ubound

0 rest
:

8<
: (5)
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calculated after a translational and a rotational fit on the

backbone of the proteins. In an RMSD matrix, the similarity

of each conformation in the trajectory with all the other

conformations is measured by their RMSD value, with a low

value indicating strong structural similarity. In these matri-

ces, white (low RMSD) squares along the diagonal indicate

time intervals where the protein structure remains very sim-

ilar. Comparing the white squares in the RMSDmatrix of the

standard MD simulation to those of the AHBP-MD simula-

tions shows that a standard MD simulation samples longer in

a free-energy minimum, characterized by relatively similar

structures, whereas the AHBP-MD simulation increases the

sampling of the conformational space of a protein (Fig. 3).

a-Helix

For the polyalanine simulations, the average number of res-

idues in an a-helical conformation is plotted versus time in

Fig. 4. The N- and C-termini are not taken into account be-

cause they are too mobile. From this figure, it is clear that

within the very short time of the AHBP simulation, fast

formation of a-helix secondary structure occurs. The fastest

formation of a full helix is observed within 6 ns (Fig. 5), and

all simulations show formation of a-helical structure ele-

ments. In our four standardMD simulations, we observe only

one short instance of a-helix formation (data not shown),

confirming that a-helix formation is much faster and more

abundant when AHBP is turned on.

Although folding of a full a-helix is very fast with the

AHBP method, the structure is not stable for the rest of the

simulation (Fig. 5). Clearly AHBP provides an efficient way

to escape free-energy minima, but this includes the global

minimum as well. Especially in the case of a polyalanine,

which gains only minor stability in the global minimum (21),

the protein is expected to leave this minimum quickly. On

average, however, the a-helix is the most visited conforma-

tion, arising 39% of the simulation time.

b-Sheet

To test for b-sheet formation in the simulation of the folding

of 1GB1 b-hairpin, we plotted the average number of resi-

dues in a b-sheet conformation versus simulation time (Fig.

6). In the AHBP-MD simulations, a steady rise of the number

of residues in a b-sheet conformation is observed, whereas in

the standard MD simulations this number is not as high and

not as consistent. So in addition to a-helix formation, AHBP-

MD simulations can also lead to fast formation of b-sheet
secondary structure.

To establish if the b-sheet structures formed resemble the

native state, the RMSD between the folding trajectory and the

NMR structure is shown in Fig. 7. An RMSD value below

0.28 nm indicates a very good structural overlap, and sim-

ulations reaching this value are folded into the native state.

Fig. 7 shows the best-performing, i.e., lowest RMSD value,

AHBP and standard MD simulations. It is clear that the

AHBP-MD results in fast folding to the native state, which

does not occur in standard MD simulations. Four of 10 sim-

FIGURE 3 Representative RMSD matrices of standard MD (a) and

AHBP-MD (b) of a 16-residue polyalanine. Matrix sizes correlate with the

simulation length, and the RMSD scale is the same for all matrices.

FIGURE 4 Average number of amino acid residues in an a-helix as a

function of time for the AHBP-MD simulations (solid) and the standard MD

simulations (shaded).

FIGURE 2 Autocorrelation function of the intramolecular hydrogen

bonds in a 16-residue polyalanine. The autocorrelation function is averaged

over all simulations.
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ulations reach a structure similar to the NMR structure (34)

within 30 ns of folding simulation. Some of the remaining

folding simulations also yield a b-hairpin conformation, but

nonnative side-chain interactions lead to an RMSD value of

;0.5 nm. However, these structures still show a very good

structural overlap of the backbones.

DISCUSSION

We introducedAHBP in anMDsimulation as a supplement to

the force field to accelerate in silico protein folding. This

method proves capable of rapid folding of the two most im-

portant secondary structure elements, as shown by folding of

thea-helix of polyalanine and theb-hairpin of the C-terminus

of protein G.

Many folding studies rely on very simple models (1,2) to

sample a longer time span in a simulation. Especially implicit

solvent models (35,36) are widely applied; however, the clear

importance of an explicit solvent model in protein folding

cannot be ignored (37–39). With our method, microscopic

detail is retained, as well as an explicit description of the

solvent molecules. These requirements can also be achieved

with parallel MD schemes (5); however, these schemes are

limited to small, rapidly folding proteins because of the

slow dynamics of each individual simulation. The proposed

method increases this speed and thus requires far less com-

puter time to obtain similar folding ensembles. Other meth-

ods that increase the dynamics of individual simulations

include, for instance, a self-guided MD approach (40), but

this results in an irreversible folding path. AHBP is a re-

versible method as shown by the unfolding events in the

polyalanine simulations.

Because many parameters have not been optimized, and a

very simple hydrogen bond potential is used in these exper-

iments, i.e., no COH angle and no dihedral angles are in-

corporated, we expect to achieve even better results by tuning

FIGURE 5 Secondary structure as a function of time for

one of the polyalanine a-helix formations in an AHBP-MD

simulation. Below the graph some representative structures

are depicted.

FIGURE 6 Average number of amino acid residues in a b-sheet as a

function of time for the AHBP-MD (solid) and the standard MD (shaded)

simulations.

FIGURE 7 RMSD between the simulation trajectory and the NMR

structure as a function of time. The best-performing AHBP-MD (solid)

and standard MD (shaded) simulations are plotted.
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the parameters and improving the AHBP. Work in this di-

rection is under way with promising results.
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P. Krüger, A. E. Mark, W. R. P. Scott, and W. G. Tironi. 1996.
Biomolecular Simulation: The GROMOS96 Manual and User Guide.
Hochschulverlag AG an der ETH Zürich, Zürich, Switzerland
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