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Fluorescence resonance energy transfer (FRET) dur-
ing folding of a model protein, HP-36, is investigated
by Brownian dynamics simulation. Computer simu-
lations of this protein show that folding Kkinetics is
non-exponential and multistage, after a fast initial
hydrophobic collapse. This multistage dynamics can
be captured in FRET with a suitably chosen donor-
acceptor pair. In particular, we find that FRET can
be sensitive to late stages of changes in the radius of
gyration which is found to occur for this model pro-
tein. This late stage dynamics is driven by changes in
the topological pair contact formation.

FLUORESCENCE resonance energy transfer (FRET) provi-
des a unique tool to study the dynamics of protein folding
directly in the time domain. One can combine this techni-
que with single-molecule spectroscopic techniques to
obtain histograms of energy transfer efficiency which
provide valuable information about the temperature and
denaturant-dependent conformational states of the pro-
tein. FRET is done by attaching a donor and an acceptor
at the appropriate positions along the polymer or protein
molecule. On excitation of the donor molecule by a laser
light, the energy transfer takes place from the donor to
the acceptor. The rate of transfer and the fluorescence
intensity together give information about the distance of
separation between the acceptor and donor molecules.
The rate of transfer is given by the well-known Forster
expression’,
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where, k.4 is the radiative rate and Ry is the Forster
radius. By suitably choosing the donor—acceptor pair, R
can be varied over a wide range. This allows the study of
the dynamics of pair separation, essential to understand
protein folding™. k4 is typically less than (but of the
order of) 10° s™'. Thus, Forster transfer provides us with
a sufficiently fast camera to take snapshots of the dyna-
mics of contact pair formation.

For flexible molecules in solution, the distance between
the donor and acceptor sites is a fluctuating quantity and
therefore, FRET experiments can be used to obtain
detailed information on the conformational dynamics of
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the individual molecules. For example, the folding dyna-
mics of protein molecules can be studied directly using
this technique. Survival probability is calculated using the
FRET rate which depicts the dynamics of pair distances
of the amino acid residues.

Time-resolved FRET experiments can be an important
tool in understanding the folding/unfolding transitions.
Lakshmikanth er al* performed time-resolved fluore-
scence with the maximum entropy method to analyse the
decay kinetics, on a small protein barstar to show the
existence of many equilibrium unfolding states contrary
to the belief of the two-state model of protein folding.
Recently, we have reported computational studies of
Forster energy transfer efficiency and also dynamics of a
collapsing homopolymer™®. It was found that one can use
Forster efficiency distribution histograms to differentiate
between different conformational states of the collapsed
polymer, such as rods, toroids or simply the collapsed
disordered state. In this communication, we extend the
above work to study Forster energy transfer distribution
and dynamics for a model protein, HP-36. We find that
the results are significantly different in the case of the
model protein which shows multistage dynamics that can
potentially be captured by FRET.

The protein HP-36 is a thermostable subdomain of the
chicken villin headpiece and it can fold autonomously to
a stable structure. A large number of studies have been
carried out on this protein, both using off-lattice and all-
atom models”®. We have recently presented such a study
using a minimalistic model”'’. Construction of minimali-
stic potential is motivated by the hydrophobicity of diffe-
rent amino acid and also the different helical propensity
of the amino acids residues. The structures obtained after
folding resemble, to a good extent, the native state of the
real protein. Interestingly, the dynamics shows a multi-
stage folding. FRET has been calculated here along the
folding trajectory between different hydrophobic resi-
dues. The dynamics of FRET reflects the multistage fold-
ing phenomenon. The histogram of the folding efficiency
distribution shows interesting features.

The details of the potential is available elsewhere’. Here
we shall present only the essential details. The model
consists of two atoms for a particular amino acid. The
smaller atom represents the backbone C, atom of real
protein, while the bigger atom mimics the whole side-
chain residue. Basic construction of the model protein is
shown in Figure 1. C, atoms are numbered by 1, 2, 3,
etc., whereas the corresponding side residues are denoted
by 17, 2, 37, etc. Similar types of model (with more rigo-
rous force field) have been introduced recently by Scheraga
et al.'"'?. The total potential energy function of the
model protein V., is written as,

Vioal = Ve + Vo = Vet Vir T Vielixs )

where Vg and Vy are the potential contributions due to
vibration of bonds and bending motions of the bond
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angles. Standard harmonic potential is assumed for
the above two potentials with spring constants 43.0 kJ
mol' A2 and 8.6kImol' A for the bonds between
backbone atoms and bonds joining side residues with the
backbone atoms, respectively. In case of the bending
potential, spring constant is taken to be 10.0kJ mol
rad”. ¥y (= € r2y(1/2)[1 + cos(30)]) is taken as the tor-
sional potential for the rotations of the bonds. € ;=1
kJ mol .

The nonbonding potential V;; is the sum of the pair
interactions between the atoms and is given by,
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where 7; and € are the distance and interaction between
the 7 th and j th atom. 6; = ¥4(0,; T0;) and €, = Ve #E e
Sizes and interactions are taken to be the same (1.8 A and
0.05 kI mol ', respectively) for all the backbone atoms as
they represent the C, atoms in case of real proteins. Side
residues, on the other hand, carry the characteristics of a
particular amino acid. Different sizes of the side residues
are taken from the values given by Levitt"’. Interactions
of the side residues are obtained from the hydropho-
bicities of the amino acids. So, the interaction parameters
of the side residues can be mapped from the hydropathy
scale' by using a linear equation as given below’,
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where €, is the interaction parameter of the ith amino
acid with itself. € (= 0.2 kI mol™") and € yae(= 11.0 kJ
mol ') are the minimum and maximum values of the
interaction strength chosen for the most hydrophilic
(arginine) and the most hydrophobic (isoleucine) amino
acid, respectively. H,; is the hydropathy index of the
ith amino acid given by Kyte and Doolittle* and Hi
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Figure 1. Construction of the model. 1 and 17 together represent an
amino acid. Atoms marked with 1, 2, 3, etc. denote C, atoms, whereas the
whole side residues are denoted by atoms marked with 17, 27, 3/, etc.
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=—4.5) and H,(= 4.5) are the minimum and maximum
hydropathy indices among all the amino acids. Further,
details are available in ref. 9.

An important part of the secondary structure of the real
protein is the formation of the a-helix. In the absence of
hydrogen bonding, we introduce the following effective
potential among the backbone atoms to mimic the helix
formation along the chain of residues, according to the
propensity of a particular amino acid and its neighbour-
ing atoms to form a helix.
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where r; 4, and r, ., are the distances of the ith atom with
the i + 2 and i + 3 th atoms, respectively. r, is the equili-
brium distance and is taken as 5.5 A, motivated by the
observation that the distance of r; with r., and r.; is
nearly constant at 5.5 A, in an a-helix. The summation
excludes the first and last three amino acids, as there is
less helix formation observed in the ends of the protein
chain'®. The force constant for the above harmonic poten-
tial is mapped from the helix propensities Hp; taken from
Pace and SChOltZIGa Ki = Kalanine - sz % (Kalanine - Kglycine)'
Katanine and Kgpyoine are the force constants for alanine and
glycine, taken as 17.2 and 0.0 kJ mol’', respectively.
Next, the influence of the neighbouring amino acids on
the formation of the helix has been considered by taking
an average of the spring constants as

1-3
K; 7 =4K; +K 1 +K o] and
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K, "= %[Ki K K 0 +K 5], (5)
with the condition that

Ki1—3, Ki1_4 >0,
as the force constant must remain positive. The above
formulation of helix potential is motivated by the work of
Chou and Fasman'’ about the prediction of helix forma-
tion that the neighbours of a particular amino acid
should be considered rather than its own helix propensity.

The initial configuration of the model protein was
generated by configurational bias Monte Carlo techni-
que'®. Atoms attached to a single branch point were
generated simultaneously. Then the initial configuration
was subjected to Brownian dynamics simulation for the
study of the folding. Time evolution of the model protein
was carried out according to the motion of each bead as
below,

D.
r,(t+Af) =1,(1) + ——F,()At + ArS | (6)
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where each component of Arl-G is taken from a Gaus-
sian distribution with mean zero and variance'*?’

69



RESEARCH COMMUNICATIONS

(AarfH*=2D t,

r,(¢) is the position of the ith atom at time ¢ and the sys-
tematic force on the ith atom at time ¢ is F,(f). The time
step At is taken as 0.001 T. T= 1.2 ns. D; is the diffusion
coefficient of the ith particle calculated from the Stokes—
Einstein relation,

kT
6mR;

i

R; is the radius of the ith atom and n is the viscosity of
the solvent. kg and 7 are the Boltzmann constant and
temperature, respectively. Simulations have been carried
out for N number of different initial configurations,
where N = 584.

Figure 2 presents the histogram of Forster transfer effi-
ciency ®p (=[1+ (R/Rp)°]", R is the distance between
donor and acceptor) both for the high-temperature
unfolded and the low-temperature folded states of the
model protein, with the donor and acceptor placed at
9th and 35th side-residue atoms, both of which are
hydrophobic. These distributions have been obtained by
calculating FRET efficiency of the equilibrium initial
configurations at high temperature and the folded con-
figurations at low temperature. The folded configurations
have been generated by quenching the high temperature,
extended configuration to the low temperature, collapsed
configuration. FRET efficiency shows broad distributions
at high temperature, as expected. However, the distribu-
tion for low-temperature folded states is rather interest-
ing. This histogram, although shows a peak at high Forster
efficiency, does show a broader tail extending up to very
low efficiency. Note that the present calculation of this
distribution involved a large number (584) of quenched
configurations. The significant population at low efficiency
shows that many of the quenched states have the donor—
acceptor pair separated by significant distance. This
signifies that there are many entangled and misfolded
states with the residues under study lying far apart even
in the low-temperature folded states, unlike in the case of
homopolymerszl. This is actually rather different from
what has been reported in some experimental studies which
provide a reverse description, with a relatively broad
peak in the efficiency distribution for the extended states
and a sharper distribution for the folded states®*>’.

The FRET efficiency @y depends critically of the value
of Forster radius Ry and the nature of donor and acceptor.
Protein folding is governed mainly by the hydrophobic
force. So change in FRET efficiency distribution is inter-
esting for the hydrophobic pairs because it gives direct
information about large-scale conformational change.
While the broad distribution of the probability in high
temperature is expected due to a flat energy surface, the
distribution at low temperature signifies the misfolded
and trapped states signifying a rather complicated poten-
tial energy landscape for this model protein.
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Figure 3 shows the time dependence of survival proba-
bility Sp(#) in FRET using Forster energy transfer rate eq.
(1) for the 9-35 pair along the Brownian dynamics trajec-
tory leading to the most stable structure. The Forster
radius Ry is taken as 10 A. The dynamics of FRET shows
initial, very slow decrease of Sp(#) to be followed by a
sudden drop at around 2400 7, as seen in case of the dif-
ferent dynamical properties discussed below. Sp(f) is
found to be relatively insensitive to k4.

The time dependence shown in Figure 3 can be under-
stood from Figure 4, where the variation of the radius of
gyration is plotted against time. The multistage folding
process can be easily understood by monitoring the radius

P(D,)

Figure 2. Probability distribution of FRET efficiency of 9-35 side-
residue pairs is plotted for both high (filled histogram) and low tem-
perature (unfilled histogram) configurations for Rr = 20 A.

= 0s K., =25
o K., =10

0.4 K. =5

|

) .

0 : : : : L
0 500 1000 1500 2000 2500 3000 3500 <4000
time (1)

Figure 3. FRET survival probability of 9-35 side-residue pair for

different radiative rates at Rp = 10.0 A.

CURRENT SCIENCE, VOL. 85, NO. 1, 10 JULY 2003



RESEARCH COMMUNICATIONS

of gyration of the model protein with time. Consistent
with the dynamics of FRET, there is a long plateau obser-
ved at the final stage of folding. This could be correlated
with the underlying landscape of the model protein. The
long plateau could have arisen because of the entropic
bottleneck created by the large number of conformations
at that particular energy level and thus delay the folding
process by an enormous amount. It is interesting to note
that FRET is sensitive to the slow dynamics that occurs
after reduced time 2000 7 and thus to the dynamics of topo-
logical pair contact formation. This is due to our choice
of Ry =10 A, which is also the plateau value of the radius
of gyration in Figure 4.

Figure 5 shows the different stages of decrease in the
potential energy of the model protein (£y) with time.
There is an initial collapse followed by a slower decay
which continues till 500 7. Subsequently, a long tail
appears which carries out the final stage of folding and
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Figure 4. Solid line shows the decrease in radius of gyration (Ry) of
model HP-36 with time t. T =0 corresponds to the time of temperature
quench. (Inset) Circles with dashed line show the R,™" for the corres-
ponding minimized configurations.
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Figure 5. Solid line shows the variation of energy of model HP-36 with
time subsequent to the temperature quench. Circles show the minimi-
zed energies corresponding to a particular energy value at a certain time.
(Inset) Magnified plot of the change in minimized energy during folding.
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Figure 6.
RMSD (4.5 A); b Backbone structure of the native state of real HP-36.

the decay completely at around 2400 7. Note that FRET
is not sensitive to the dynamics of energy variation.

The comparison between the folded structure of the
model protein and native structure of the real protein is
shown in Figure 6. Among many different folded struc-
tures, the above shows the structure with the lowest RMSD
(room mean square deviation) of 4.5 A, calculated among
the backbone of the model and real structures. The model
structures show that even in the minimalistic description
of a protein, the structural aspect of folding can also be
understood to a certain extent.

In this communication we have presented a computa-
tional study of the Forster energy transfer dynamics dur-
ing the folding of a model protein. The folding has been

a, Backbone structure of the model protein with the lowest
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initiated by quenching the protein from a high tempera-
ture to a low temperature. The dynamics of folding is found
to occur in stages, reflecting the rugged energy landscape
that the folding faces. This ruggedness is to be contrasted
with the nearly smooth landscape that we found for mod-
els with simpler potentials. The FRET efficiency at low
temperature shows a broad distribution signifying many
trapped and misfolded states which may originate from
the underlying rugged energy landscape. The multistage
dynamics is reflected in the decay of survival probability.
In particular, FRET is sensitive to the late stage of changes
in the radius of gyration. This late stage dynamics is driven
mainly by the change in topological pair-contact formation.
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Europium ions were trapped in a Paul trap. The
trapped ions were detected electronically, which
involved the damping of a weakly excited tank circuit
across the trap electrodes, tuned to one of the ion fre-
quencies in the trap. The storage time of the trapped
ions was observed to be 8s at 2.4 x 10 Pa base vac-
uum. On cooling the ions with nitrogen as buffer gas
at 1.8 x 10~ Pa and helium at 6.4 x 107 Pa, the sto-
rage time improved to 41.4 s and 102.7 s respectively.

THE confinement of an ensemble of free ions allowing
the observation of isolated charge particles, even that of a
single ion requires novel techniques as reported in The
technique of ion trapping. During the last two decades,
there has been a tremendous progress in the techniques
of trapping and cooling of ions in the quadrupole ion
traps. A single ion has been trapped and observed over a
long period of time enabling the measurement of its
properties with an extremely high accuracy in the fields
of atomic physics, quantum optics and nuclear physics' .
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