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ABSTRACT: The 35-residue, C-terminal headpiece subdomain of the protein villin folds to a
stable structure on a microsecond time scale and has served as a model system in numerous
studies of protein folding. To obtain a convenient spectroscopic probe of the folding dynamics,
Kubelka et al. introduced an ionized histidine residue at position 27, with the expectation that it
would quench the fluorescence of tryptophan 23 in the folded protein by extracting an electron
from the excited indole ring [Kubelka, J., et al. (2003) J. Mol. Biol. 329, 625−630]. Although the
fluorescence yield decreased as anticipated when the protein folded, it was not clear that the
side chains of the two residues were sufficiently close together for electron transfer to compete
effectively with fluorescence. Here, hybrid classical−quantum mechanical molecular dynamics
simulations are used to examine the rates of transfer of an electron from the excited tryptophan
to various possible acceptors in the modified headpiece and a smaller fragment comprised of
residues 21−27 (HP7). The dominant reaction is found to be transfer to the amide group on
the carboxyl side of W23 (amide a24). This process is energetically favorable and has a large
coupling factor in the folded protein at 280 K but becomes unfavorable as HP7 unfolds at
higher temperatures. Changes in electrostatic interactions of the solvent and other parts of the protein with the indole ring and
a24 contribute importantly to this change in energy.

The 35-residue C-terminal subdomain of the villin
headpiece is one of the smallest proteins that fold

autonomously to a stable structure.2,3 Its exceptionally rapid
folding has stimulated numerous studies by both experimen-
tal1,4−20 and theoretical21−39 approaches. Measurements of
tryptophan fluorescence have figured prominently in these
studies. The headpiece contains a single tryptophan residue
(W23), which is located in the N-terminal α-helix [α3 (Figure
1)]. To increase the sensitivity of the fluorescence to folding of
the protein, Kubelka et al.1,8 substituted histidine for asparagine
N27, four residues away in the same helix. Studies of other
systems have shown that the imidazolium ring of a protonated
histidine residue often can quench tryptophan fluorescence by
extracting an electron from the excited indole ring, provided
that the two rings are sufficiently close together.40−45 As
expected, the fluorescence of the modified protein (HP35) was
quenched strongly relative to the fluorescence of the peptide
fragment acetyl-WKQQH but approached that of the peptide
when the temperature was increased above ∼350 K or a
denaturant was added.1,8,20 This quenching was not seen in the
peptide that had asparagine at position 27.46 Temperature-jump
experiments revealed further that the fluorescence quantum
yield (Φf) in the peptide containing protonated histidine 27
increased in two steps with time constants of approximately 70
ns and 4 μs. The slower step also was seen by measuring
changes in infrared absorption19 or quenching of the
tryptophan’s excited triplet state by a cysteine residue placed
at the N-terminus.5,16

The structural basis of the fluorescence changes seen in the
temperature-jump experiments has been puzzling. Molecular

dynamics (MD) simulations suggest that the distance between
the ring systems of W23 and H27 approaches its final
distribution in concert with formation of the first turn of
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Figure 1. Structure of the villin headpiece with N27 replaced with
histidine (HP35).17 The protein backbone, the side chains of W23 and
H27, and the P21 ring are shown in licorice representations colored by
atom type, with a cartoon of the secondary structure superimposed.
Amide groups a23 and a24 and helices α1−α3 are labeled.
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helix α3, preceding adoption of a stable tertiary structure.21,25,30

Tusell and Callis29 noted, however, that the mean distance
between the two rings appears to be too large for facile electron
transfer.29 They therefore suggested that fluorescence quench-
ing depends on rare excursions to conformations that bring the
rings closer together, and that the propensity to visit these
conformers changes as HP35 folds. However, the protein was
found in such “close” conformers only ∼4% of the time, and
the frequency of their occurrence was similar in MD
simulations at 280 and 400 K. The authors estimated that a
population of 40% would be needed to account quantitatively
for the quenching. In addition, the fluorescence quenching was
less sensitive to pH than would be expected if it required H27
to be protonated.46

This work examines the mechanism of tryptophan
fluorescence quenching during MD simulations of HP35 and
a peptide subfragment, N-acetyl-PLWKQQH-NH2 [HP7
(Figure 2)], using a treatment of electron-transfer dynamics

that was developed recently by McMillan et al.44 Unexpectedly,
the dominant quenching mechanism appears to be the transfer
of an electron to a backbone amide group, rather than to the
imidazolium ring of H27. The radical pair generated by the
transfer of an electron to the amide is stabilized by electrostatic
interactions that become less favorable as HP7 unfolds.

■ METHODS
Models of HP35 for MD simulations were generated by adding
hydrogens to the crystal structure (Protein Data Bank entry
1YRF),17 protonating the side chain of H27, and embedding
the protein in approximately 1100 water molecules constrained
to a sphere with a radius of 20 Å. Random placements of the
water were used to obtain different initial systems. After energy
minimization by MD for 10 ps at 30 K, trajectories were
continued in the ground electronic state for 4 ns at 280 K. For
some calculations, H27 was replaced with asparagine. Models of
the seven-residue fragment acetyl-PLWKQQH-amide (HP7)
were prepared similarly by capping the corresponding portion
of HP35 with N-terminal acetyl and C-terminal amino groups,
protonating H7, and embedding the peptide in a 15 Å sphere of
530 water molecules. The radius of the sphere was increased to
15.214 Å to model the lower density of water at 380 K.
Following energy minimization at 30 K, ground-state
simulations of HP7 were run for 8 ns at 280 K or for 6 ns at
380 K followed by 1 ns at 680 K, and then for an additional 4

ns at 380 K. The trajectories at 380 K also were continued to 8
ns without the excursion to 680 K.
All-atom MD simulations were propagated in 1 fs steps with

ENZYQ and INDIP.44 Briefly, the atomic charges and
excitation energies of a subsystem consisting of W23, H27 or
N27, and the contiguous amide and Cα atoms bordering each
of these residues were treated quantum mechanically, while the
MD force field was purely classical. Atomic coordinates and
electric fields were saved at intervals of 100 ps during ENZYQ
trajectories in the ground electronic state and used as starting
points for trajectories of 500 ps in the tryptophan’s lowest
excited single state. Coordinates and fields were saved again at
intervals of 0.5 ps during the excited-state trajectories and were
passed to INDIP, which optimized the induced electric dipoles
separately for the ground state, the first two excited π−π*
states, and charge-transfer (CT) states in which an electron
moved from the indole to the imidazolium ring or any of the
amide groups in the quantum subsystem.
Electron-transfer rate constants were calculated with the

expression
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where ΔE(t) is the time-dependent difference between the
energies of the reactant and product electronic states, with
induced dipoles optimized separately for each state, V(t) is the
electronic interaction matrix element (coupling factor) for the
reaction, ρFC[ΔE(t)] is the Franck−Condon-weighted density
of product vibronic states that are approximately degenerate
with the reactant, ξ is a parameter related to the rate at which
the vibronic states relax by dissipating energy to the
surroundings, and the broken brackets denote an average
over multiple MD trajectories in the reactant state.44 Equation
1 interpolates smoothly between the Golden rule and adiabatic
limits. By averaging over the conformational space of the
reactant state, we avoid the need to assume that the potential
energy surfaces of the reactant and product states have a simple
quadratic dependence on a reaction coordinate. The weighted
density of product states was written as follows:44
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This expression recognizes that, when ΔE < 0, transitions can
occur to a manifold of excited vibrational levels of the product,
with an increasing density of the manifold compensating partly
for the decrease in the Franck−Condon factors as the reaction
becomes progressively more exothermic. The values for ξ, σ,
and δ (2.5 × 1013 cm−1 s−1, 1.5 × 104 cm−1, and 100 cm−1,
respectively) were taken from ref 44 with no special
adjustments to fit the measured fluorescence yields for HP35
or HP7.
Fluorescence yields were calculated as

Φ = + +k k k k/( )f f f nr et
sum

(3)

where ket
sum is the sum of the rate constants for the transfer of an

electron from the excited indole ring of the tryptophan to the
histidine imidazolium and the amide groups in the quantum
system (kf = 6.11 × 107 s−1, and knr = 1.858 × 108 s−1). The
values for kf and knr, taken again from ref 44, were assumed to
be independent of temperature. The calculations therefore do
not consider the transfer of an electron to the solvent, which

Figure 2. Representative snapshot of the unfolded HP7 peptide after 8
ns at 380 K. The non-hydrogen atoms are shown in licorice
representations colored by atom type. Residues P1, W3, and H7 and
amide groups a3 and a4 are labeled.
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probably is negligible at 280 K but undergoes an increase in
rate with an increase in temperature.1,45 They also neglect
excited states of the protein backbone and charge transfer
between hydrogen-bonded amide groups of the backbone.47

States of the latter type were found occasionally among the first
dozen excited states but (in structures that had relaxed in the
tryptophan’s first π−π* state) were almost always considerably
higher in energy than the lowest CT and π−π* states of the
tryptophan. The calculations for the H27N peptide included
the transfer of an electron from W23 to the side-chain amide of
N27 as well as transfer to backbone amides.
Calculated rate constants, fluorescence yields, and other

properties were averaged over the 1000 structures saved from
each trajectory of HP35 in the excited state and then averaged
for the excited-state trajectories embarking at corresponding
points from five independent trajectories in the ground state at
280 K. The corresponding quantities for HP7 were averaged
similarly over excited-state trajectories starting from 10 ground-
state trajectories under each of the conditions considered (280
or 380 K, with or without 1 ns at 680 K). The symbols and
error bars in the figures represent the mean and standard error
of the mean (SEM) of the values for a given excitation point
[SEM = s/(n − 1)1/2, where s is the sample standard deviation
and n is the number of ground-state trajectories].
The ENZYQ/INDIP treatment was found to work well for

calculating fluorescence yields in a set of 30 designed
miniproteins.44 Those proteins all resemble HP35 in having a
tryptophan residue whose side chain is partly exposed to the
solvent. They include systems in which the transfer of an
electron to an imidazolium ring appears to account for most of
the fluorescence quenching and others with a broad range of
rate constants for the transfer of an electron to backbone
amides or other groups. However, the ENZYMIX force field
used in ENZYQ has been used mostly for calculations of
electrostatic energies in proteins at moderate temperatures.48,49

Although it reproduces the diffusion coefficient, electric dipole,
and other properties of water well at 300 K,44 it has not been
tested extensively at higher temperatures.
Semiclassical electrostatic energies were calculated as

∑ ∑Δ = − ππ*E Q Q q r( ) /
i
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where Qi
CT is the charge of quantum atom i when the system is

in a given CT state and Qi
ππ* is the same for the lowest excited

singlet π−π* state, each with induced dipoles optimized for
that state; index i runs over the π atoms of the electron donor
or acceptor group; qj is the charge of nonquantum atom j of the
protein or water; and rij is the distance between atoms i and j.
Note that the second sum in eq 4 does not consider screening
by the fields from induced dipoles. ΔEelec was used only to
obtain a qualitative picture of factors that affect the energy gap
for electron transfer, not to calculate the actual ΔE for eq 1.
Figures 1 and 2 were drawn with VMD,50 which uses

STRIDE51 to identify α-helices.

■ RESULTS AND DISCUSSION

Figure 3 shows the calculated quantum yield (Φf) of
fluorescence from HP35 as a function of time in the ground
state at 280 K, along with calculations for peptide fragment
HP7 at 280 and 380 K with and without a 1 ns period at 680 K.
The histidine side chain was protonated in all cases. Each value
of Φf represents an average of calculations at 0.5 ps intervals

during 500 ps trajectories in the tryptophan’s lowest excited
singlet state, beginning with excitation from the ground state at
the time indicated on the abscissa. The total time available for
unfolding at 380 K thus was, on average, 250 ps longer than the
period in the ground state. This is comparable to the situation
in a temperature-jump experiment, where the time in the
excited state depends on the fluorescence lifetime and the
length of the excitation flash or shutter used to measure the
fluorescence. The time indicated on the abscissa also does not
include the period at 680 K in some of the trajectories.
Inspection of Figure 3 shows that the calculated values of Φf for
HP35 and HP7 remain essentially constant during the
trajectories at 280 K (filled black squares and cyan triangles).
The calculated fluorescence yield for HP35 at 280 K (0.055 ±
0.001) agrees well with the measured yield (0.052),1 and the Φf
for HP7 at this temperature is essentially the same. At 380 K,
however, Φf for HP7 increases with time (empty red circles),
and including a 1 ns period at 680 K causes an additional
increase in the yield calculated after the temperature is returned
to 380 K (filled red circles). The quantum yield for HP7 during

Figure 3. Calculated fluorescence yields as a function of time for HP35
at 280 K (black squares), HP7 at 280 K (cyan triangles), and HP7 at
380 K with and without a 1 ns excursion to 680 K at 6 ns (filled and
empty red circles, respectively). The fluorescence yield calculated by
eqs 1−3 was averaged over 500 ps trajectories in the lowest excited
singlet state of the quantum system, following excitation from the
ground state at each of the times indicated on the abscissa, and
averaged over five independent trajectories for each of the systems at
280 K and 10 trajectories for the systems at 380 K. Fluorescence yields
were not calculated during the period at 680 K.

Figure 4. Calculated rate constants (kET) for electron transfer in HP35
at 280 K. The rate constants for transfer from the excited indole ring of
W23 to the imidazolium side chain of H27 and the backbone amide
groups of these residues (a23, a24, a27, and a28) are shown as light
green empty squares, dark green filled triangles, blue filled circles, gold
empty squares, and black empty diamonds, respectively. Each rate
constant was averaged over multiple trajectories as in Figure 3.
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the last 2 ns of the latter trajectories is comparable to the value
reported for N-acetyltryptophanylamide at room temperature
(0.18).1,45

The calculations of Φf shown in Figure 3 consider quenching
of fluorescence by the transfer of an electron from the excited
indole ring of the tryptophan to either the imidazolium side
chain of the histidine or the backbone amide groups of these
residues. Figure 4 shows the calculated rate constants (kET) for
the individual reactions in HP35 at 280 K. The dominant
process clearly is transfer to the amide on the carboxyl side of
W23 (a24), with transfer to the amide on the amino side (a23)
coming in second. The transfer of an electron to the
imidazolium group (H27) evidently makes only a minor
contribution. Transfer to either of the amides of H27 is
insignificant, having an average rate constant of 0.0013 ns−1 for
a27 and 0.0027 ns−1 for a28. In unfolded peptide HP7, kET for
transfer to amide a4 is ∼1/8 of that for the corresponding amide
a28 in HP35, and kET for transfer to a3 is ∼1/2 of that for a27
(Figure 5). The rate constant for transfer to the imidazolium

group (H7) fluctuates during the first nanosecond after HP7 is
cooled from 680 to 380 K (between 6 and 7 ns in Figure 5) but
then decreases as well.
Several factors contribute to the high rate of transfer of an

electron to amide a24 in the folded protein. First, the electron
donor and acceptor are closer together than they are for the
other reactions. The mean distance between the centers of mass
of the indole ring and a24 during the ground-state trajectories
of HP35 at 280 K was 4.30 Å, compared to 5.62 Å for a23 and
9.10 Å for the imidazolium ring (SEM < 0.01 Å in all cases).
The short distance results in a large matrix element (coupling
factor, V) for electron transfer (Figure 6A). The mean coupling
factor for the transfer of an electron to a4 decreases by ∼1/3 in
unfolded HP7 (Figure 6B). However, this is unlikely to account
for the decrease in the rate of electron transfer, because the
calculated rate is almost independent of the coupling factor as
long as |V| remains above ∼30 cm−1.44 Note also that the kET
for the transfer of an electron to a3 in HP7 is smaller than that
for transfer to a23 in HP35, even though |V| for this reaction is
∼3 times larger in HP7 (Figure 6B).
Enhanced coupling factors for the transfer of an electron to

the imidazolium group were seen in some of the trajectories
during the first nanosecond after HP7 was cooled from 680 to
380 K (Figure 6B). These reflect transient conformations that
bring the imidazolium and indole rings closer together and
probably account for the higher rate of transfer of charge to the
histidine during this period (see Figure 5).

Figure 5. Calculated rate constants (kET) for electron transfer in HP7
at 380 K. The rate constants for transfer from the excited indole ring of
W3 to the imidazolium side chain of H7 and the backbone amide
groups a3 and a4 are shown as light green empty squares, dark green
filled triangles, and blue filled circles, respectively. The time period
represented is the 4 ns period at 380 K following 6 ns at 380 K and 1
ns at 680 K (see the filled red circles in Figure 3). Each rate constant
was averaged over multiple trajectories as in Figure 3. Note that the
vertical scale is expanded 3-fold compared to that in Figure 4. The rate
constants for transfer to a7 and a8 (not shown) also were included in
the calculations of fluorescence yields but were almost always <10−4

ns−1.

Figure 6. Mean interaction matrix elements (|VET|) for the transfer of
an electron from the indole of W23 to amide a23 (dark green
triangles), amide a24 (blue circles), and the imidazolium ring of H27
(light green squares) in HP35 (A) and from the indole of W3 to amide
a3 (dark green triangles), amide a4 (blue circles), and the imidazolium
ring of H7 (light green squares) in HP7 (B). |VET| was evaluated in the
excited state and averaged over multiple trajectories as in Figure 3. The
time period shown in panel B is the same as that in Figure 5.

Figure 7. (A) Distribution functions of the energy (E) of the first
excited singlet state (π−π*, yellow-green) and the CT states in which
an electron moves from the W23 indole of HP35 to amide a23 (dark
green), amide a24 (blue), or the H27 imidazolium ring (light green).
The distribution functions include all the trajectories of HP35 in the
excited state at 280 K. (B) Distribution functions of E for the first
excited singlet state (π−π*, yellow-green) and the CT states in which
an electron moves from the W3 indole of H7 to amide a3 (dark
green), amide a4 (blue), or the H7 imidazolium ring (light green).
These distributions include all the excited-state trajectories beginning
during the last 2 ns of the trajectories that were propagated in the
ground state for 6 ns at 380 K, 1 ns at 680 K, and 4 ns at 380 K.
Energies are expressed relative to the energy of the ground state.
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More importantly, the transfer of an electron from the
excited indole to a24 tends to be strongly favorable
energetically, whereas transfer to the imidazolium group or
the other amides tends to be unfavorable (Figure 7A). The
energy gaps for all the reactions shift upward in unfolded HP7,
so that the transfer of an electron to amide a4 also becomes
endothermic (Figure 7B).
The favorable energetics of the transfer of an electron from

the indole to amide a24 in HP35 can be attributed partly to
electrostatic interactions of the indole ring with water and
partly to interactions of a24 with other atoms of the protein
(Figure 8A). The corresponding interactions become much
weaker in unfolded HP7 (Figure 8B). Interactions of the amide
with water shift in the opposite direction, as do interactions of
the indole with other atoms of the protein, but these are
relatively weak in both cases. Qualitatively similar changes in
electrostatic interactions occur for the transfer of an electron to
amide a23 (Figure 9). The changes in the electrostatic
interactions of other protein atoms with a23 and a24 probably
result largely from the loss of the net dipole from helix α3,
which is oriented in a way that favors the reduction of the
amides in HP35 (see Figure 1). The changing interactions of
the indole ring with water are more complex and, judging from

the shapes of the distribution functions in Figures 8 and 9,
include the development of surroundings that are more
homogeneous overall, even though the side chain experiences
a broader spectrum of torsional angles.
Fluorescence yields calculated for HP35 with H27

unprotonated and for the peptide containing asparagine in
place of H27 are provided in Figure S1 of the Supporting
Information. Comparison with Figure 3 shows that changing
the protonation state of H27 had little effect on the calculated
yields, in qualitative accord with experiment.46 However, the
calculations did not reproduce the higher fluorescence of the
peptide with asparagine at position 27, possibly because the
computer model used was generated from the crystal structure
of HP35 with histidine at this position and could require longer
simulations to capture all of the structural differences between
the two peptides.

■ CONCLUSIONS
Although fluorescence quenching probably does not involve the
transfer of an electron from the indole ring to H27 as had been
expected, tryptophan fluorescence nevertheless appears to
provide a good probe of the conformation of HP35 in the
region of helix α3. Altered electrostatic interactions decrease
the level of quenching of fluorescence by making the transfer of
an electron to amides a23 and a24 energetically less favorable
in the unfolded protein.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure S1. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 8. (A) Changes in electrostatic interactions of the W23 indole
ring with the nonquantum protein atoms (orange) and water (cyan)
and in interactions of amide a24 with the nonquantum protein atoms
(red) and water (blue) for the transfer of an electron from the indole
to a24 in HP35 at 280 K. The distribution functions include all the
trajectories of HP35 in the excited state at 280 K. (B) Changes in
electrostatic interactions of the W3 indole ring with the nonquantum
protein atoms (orange) and water (cyan) and in interactions of amide
a4 with the nonquantum protein atoms (red) and water (blue) for the
transfer of an electron from the indole to a4 in HP7 at 380 K. These
distribution functions include all the excited-state trajectories
beginning during the last 2 ns of the trajectories that were propagated
in the ground state for 6 ns at 380 K, 1 ns at 680 K, and 4 ns at 380 K.
The difference between the electrostatic energies of the product (CT)
and reactant (excited) states (ΔEelec) was calculated by eq 4 from the
quantum charges of the indole or amide and the classical charges of
the water and other protein atoms.

Figure 9. Same as Figure 8, but for the transfer of an electron from the
W23 indole to a23 in HP35 (A) and from the W3 indole to a3 in HP7
(B). Although the indole ring interacts with the same sets of atoms as
in Figure 8, and ΔEelec does not include interactions with induced
dipoles of the nonquantum atoms in either case, the atomic charges of
the indole are modified slightly by the different induced dipoles.
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