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Hydrated and Dehydrated Tertiary Interactions–Opening and Closing–of
a Four-Helix Bundle Peptide

Martin Lignell,† Lotta T. Tegler,‡ and Hans-Christian Becker†*
†Department of Photochemistry and Molecular Sciences, and ‡Department of Biochemistry and Organic Chemistry, Uppsala University,
Uppsala, Sweden

ABSTRACT The structural heterogeneity and thermal denaturation of a dansyl-labeled four-helix bundle homodimeric peptide
was studied with steady-state and time-resolved fluorescence spectroscopy and with circular dichroism (CD). At room temper-
ature the fluorescence decay of the polarity-sensitive dansyl, located in the hydrophobic core region, can be described by a broad
distribution of fluorescence lifetimes, reflecting the heterogeneous microenvironment. However, the lifetime distribution is nearly
bimodal, which we ascribe to the presence of two major conformational subgroups. Since the fluorescence lifetime reflects the
water content of the four-helix bundle conformations, we can use the lifetime analysis to monitor the change in hydration state of
the hydrophobic core of the four-helix bundle. Increasing the temperature from 9�C to 23�C leads to an increased population of
molten-globule-like conformations with a less ordered helical backbone structure. The fluorescence emission maximum remains
constant in this temperature interval, and the hydrophobic core is not strongly affected. Above 30�C the structural dynamics
involve transient openings of the four-helix bundle structure, as evidenced by the emergence of a water-quenched component
and less negative CD. Above 60�C the homodimer starts to dissociate, as shown by the increasing loss of CD and narrow, short-
lived fluorescence lifetime distributions.
INTRODUCTION

Conformational dynamics (1) is an important factor in the

function (2,3), folding (4–6), and recognition of proteins

(7–9). Understanding the underlying mechanisms that

govern polypeptide dynamics is therefore of fundamental

interest. Conformational changes are known to take place

on different timescales (4,10) and involve changes in the

surrounding water as well (11–17).

A number of experimental techniques, such as NMR

(18,19), Förster resonance energy transfer (FRET), single-

molecule spectroscopy, and time-resolved fluorescence/

optical spectroscopy have been used to probe the conforma-

tional dynamics of proteins (20–28). A distinct advantage of

optical spectroscopy methods is their ability to measure

dynamical processes on the nanosecond timescale and faster.

The disadvantage of such methods is their lack of atomic

resolution; however, conformational diversity can be

extracted from the distribution of the fluorescence lifetimes

of intrinsic fluorophores (29). In this work we report the

temperature dependence of the fluorescence lifetime distri-

bution of dansyl inside a four-helix bundle peptide. Since

the fluorescence lifetime varies with the bulk polarity of

the solvent, we believe that the fluorescence lifetime also

reflects the water content near the fluorophore.

Several studies of conformational dynamics have been

done with single-molecule spectroscopy and FRET. The

conformational transitions of the helical proteins apomyo-

globin (30–34) and syntaxin-1 (35) have been shown to

take place on the microsecond to millisecond timescale.
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One question related to the dynamics concerns which struc-

tural changes are involved in the conformational transitions.

The structural fluctuations observed in apomyoglobin

increase with increasing molten globule character of the

protein. Judging from this, the conformational dynamics

observed in apomyoglobin may be transitions between the

native state and the molten globule state.

Using optical tweezers in a dynamical study of the RNase

protein, Cecconi et al. (6) showed that the single RNase mole-

cule continuously switched between an intermediate and

compact extended state when the optical tweezers were loaded

with a certain force. They concluded that the RNase molecule

switched between the native and the molten-globule state.

In previous kinetic protein refolding experiments, inter-

mediates were identified in apomyoglobin (36–38) and cyto-

chrome c (39). By following the amide I0 vibrational state in

time, Nishiguchi et al. (36) were able to observe that solvated

helices preceded buried helices. The preceding solvated state

was considered to be as compact as the final native state. As

the protein moves toward the native state, desolvation

accompanies the formation of a globular structure. The tran-

sition from the compact water-containing state to the dehy-

drated native state is kinetically limited by enthalpic barriers

connected to the desolvation process (40). However, desol-

vation is entropically favored, and this can result in a low

net free-energy barrier (13). In general, based on these obser-

vations, it is believed that in many cases the equilibrium

dynamics of polypeptides correspond to transitions between

hydrated and nonhydrated states of the polypeptide.

To test this idea, it would be necessary to probe structural

fluctuations in a region of a polypeptide that can be in either

a folded or partly unfolded state. The hydrophobic core of a
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four-helix bundle consists of packed hydrophobic side

chains from different helices that, at least hypothetically,

could be in contact with water if the bundle is not in its

most closely packed form. In this work, we studied a four-

helix bundle peptide using time-resolved fluorescence spec-

troscopy (TCSPC). The homodimeric four-helix bundle

carries two fluorophores (both of which are dansyl) cova-

lently attached to the side chain of a lysine residue in the

middle of the helix (41). We show that dansyl works as

a probe of the tertiary structure of the four-helix bundle

peptide, utilizing the fact that the fluorescence lifetime as

well as emission wavelength of dansyl is sensitive to the

polarity of the microenvironment.

By analyzing the fluorescence decay with a maximal

distribution of lifetimes (maximum entropy), we find two

different groups of lifetimes. The subdistribution with the

longest lifetimes represents conformations that have a fully

developed hydrophobic core. The other group has shorter

lifetimes, but these are still much longer than the lifetime

of dansyl in water, showing that the dansyls in this group

are at least partially protected from water. Maximum entropy

analysis of the fluorescence lifetimes yields fairly broad

distributions. Given the sensitivity of the dansyl emission

lifetime to polarity, we interpret this as significant heteroge-

neity inside the hydrophobic core. Even though the intrinsic

polarity of the peptide (42,43) affects the lifetime of the dan-

syl, because of its much higher dielectric constant, the effects

on the dansyl lifetime from increased water accessibility

to the hydrophobic core are expected to be much stronger

than those from the peptide matrix.

MATERIALS AND METHODS

Materials

The four-helix bundle peptide, (KE2-D15)2, is a de novo design structure

that in solution forms an antiparallel homodimer comprising two helix-

loop-helix monomers. Dimerization into a four-helix bundle occurs with

high affinity (KD < 10 mM, estimated from the red shift in emission wave-

length with dilution), mainly through hydrophobic interactions (41). The

amino acid sequence of the monomer (Fig. 1) is based on a repeat heptad

pattern in which the first and fourth amino acids form the hydrophobic

core. Residues 2 and 5 control dimerization, and residues 3 and 7 in the

heptad are on the solvent-exposed side of the four-helix bundle. Although

the exact structure of the peptide dimer is not known, circular dichroism

(CD) measurements and analytical ultracentrifugation and NMR data have

FIGURE 1 Amino acid sequence of the helix-loop-helix monomer KE2.

Dansyl is attached to the side chain of lysine 15.
provided conclusive evidence of a four-helix bundle structure (44,45). In

this study, the polarity probe dansyl was introduced on residue 15 (lysine).

Structural changes in the hydrophobic region should thus be reflected in

changes in the emission spectrum and the fluorescence lifetime of dansyl.

See the Supporting Material for details on the procedures used for synthesis

and purification.

The lyophilized oligopeptide was reconstituted in 100 mM sodium phos-

phate buffer (pH 7.20). Steady-state fluorescence, TCSPC, and CD measure-

ments were obtained from solutions containing 100 mM KE2-D15 monomer.

Under these conditions, >95% of the peptide is present as dimer at room

temperature (see above).

As a reference for dansyl emission in environments of different polarities,

dansylglycine (Sigma-Aldrich, Stockholm, Sweden) was used without

further purification. The emission spectra and fluorescence lifetimes of dan-

sylglycine were measured in water, methanol, and ethanol.

Equilibrium measurements of the (KE2-D15)2 structure were performed

between 9�C and 80�C.

Methods

Steady-state emission spectra of native and denatured (KE2-D15)2, as well

as those of dansylglycine, were recorded with SPEX Fluorolog-2 and Fluo-

rolog-3 double-monochromator fluorimeters. All spectra were corrected for

the wavelength-dependent transmission of the emission monochromator and

the wavelength-dependent sensitivity of the detector PMT. Spectral band-

widths were 5 nm for both excitation and emission monochromators. The

dansyl chromophore has an absorption band centered at 335 nm, and the

location and intensity of this band are practically independent of solvent

polarity. By contrast, the emission maximum is strongly dependent on the

environment. Fluorescence spectra of the peptide were recorded in a 3 �
3 mm reduced cuvette. The optical density at 335 nm was z0.1 for 100 mM

KE2-D15. To determine the emission maximum wavelength more accu-

rately, emission maxima were found by calculating the center of gravity

in the corrected emission spectra using the following equation:

lcenter of gravity ¼

P
i

li � IðliÞ
P

i

IðliÞ
: (1)

The CD spectra of the peptide bond absorption region were recorded

between 190 and 250 nm on the native and denatured (KE2-D15)2 using a

Jasco J-810 spectrometer and a spectral bandwidth of 1 nm. The CD at

220 nm was used to quantify the a-helix content at different temperatures.

Fluorescence lifetime measurements of dansyl were obtained by means of

a time-correlated single-photon counting system as described previously

(46). Briefly, the frequency-doubled output of a Coherent RegA-900 was

used to produce 670 nm light in a Coherent OPA-9000 optical parametric

amplifier. The output from the OPA was frequency-doubled in a BBO

crystal to produce 100 fs, 335 nm pulses. Excitation light was polarized

vertically, and the emission was taken through a polarizer set to the magic

angle condition. Fluorescence was detected using a Hamamatsu MCP.

The full-width at half maximum of the instrument response function was

typically 50 ps. The fluorescence decays were recorded close to the uncor-

rected emission maximum at 560 nm using 10 nm bandpass filters.

Decays at 560 nm were fitted using a maximum-entropy algorithm for

dansylglycine in solvents, and for dansyl from the four-helix bundle. The

maximum-entropy algorithm was implemented in MATLAB (The Math-

Works, Natick, MA), following the theory of Vinogradov and Wilson

(47). The fluorescence decay is assumed to consist of a distribution of life-

times according to Eq. 2, and the data analysis extracts the probability distri-

bution P(t) of time constants that describes the fluorescence decay Y(t). All

time constants were initially chosen to be equally probable in the interval

10�2 < t < 102 ns with a factor of 100.01 ns between consecutive time

constants. The goodness of fit was determined by a c2 test, and in all cases

c2 was below 1.10.
Biophysical Journal 97(2) 572–580
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YðtÞ ¼
Z100

0:01

PðtÞ� expð � t=tÞdt (2)

RESULTS

For dansyl, the emission wavelength (Fig. 2 a) and fluores-

cence lifetime (Fig. 2 b) change with the bulk polarity of

the solvent. The center of gravity (Eq. 1) of the dansyl emis-

sion is 613 nm in water (3 ¼ 80), 573 nm in methanol

(3 ¼ 32.7), and 567 nm in ethanol (3 ¼ 24.3). Fig. 2 b shows

the distributions of fluorescence lifetimes in dansyl in the

corresponding solvents. As expected for a fluorophore in

a homogeneous solvent, the fluorescence lifetime distribu-

tions of dansyl in the different solvents are very narrow, in

stark contrast to the broad distribution of lifetimes found

for the four-helix bundle peptide (KE2-D15)2, shown in

Fig. 3 a (the distribution at room temperature). The fluores-

cence lifetime of dansyl is 2.4 ns in water, 11.4 ns in meth-

anol, and 12.8 ns in ethanol. These time constants, taken

from the maximum entropy distributions (Fig. 2 b), also

correspond to the single time constant obtained from fitting

the data to a single exponential decay (data not shown).

Thus, the width of the peak in the maximum entropy analysis

is that expected for a single-exponential decay, and the life-

time distributions obtained for the peptide are compared with

this width. The changes in the emission wavelength and fluo-

rescence lifetime of dansyl with the bulk polarity of solvents

show that dansyl fluorescence can be used to probe the

polarity of microenvironments. Of importance, the emission

lifetime of dansylglycine is practically independent of

temperature (Fig. 3 b), which enables us to attribute the

observed variations in the fluorescence lifetimes in the

peptide to structural changes in the four-helix bundle struc-

ture when the temperature is raised, rather than to changes

in the intrisic photophysics of the dansyl.

The CD spectrum in Fig. 4 a shows negative differential

absorption at 220 nm, which indicates that the KE2-D15

oligopeptide dimer has helical structure. Fig. 4 b shows the
steady-state emission spectrum of the KE2-D15 dimer. The

center of gravity wavelength of the emission spectrum at

room temperature is 567 nm. Based on the solvent depen-

dence of the dansyl emission, this corresponds to a nonpolar

time-averaged microenvironment around the two dansyl

fluorophores, and from this we assign them to mainly be in

the hydrophobic core region of the dimer.

Fluorescence lifetime distribution at low
temperatures

The fluorescence lifetime distribution of dansyl in the four-

helix bundle peptide Fig. 3 a (the distribution at room

temperature) is much broader than the lifetime distribution

of dansylglycine in water and organic solvents (Fig. 2 b).

In fact, the fluorescence lifetime distribution of the four-helix

bundle is composed of three subdistributions. The subdistri-

butions have their maximum probabilities at 4.2 ns, 9.9 ns,

and 20.2 ns, respectively. We now consider the question as

to why the fluorescence decay of dansyl in the four-helix

bundle (Fig. 5 a) is so complex relative to the decay in water

(Fig. 5 b) or any other solvent. The maximum entropy anal-

ysis works well for both decays with a c
2-value of 1.05 and

1.06 for dansylglycine in water and dansyl in the four-helix

bundle, respectively. Since the dansyl fluorophore is con-

nected to lysine 15, which is part of the hydrophobic core,

the structural changes likely associated with fluctuations in

the hydrophobic core occur on a timescale slower than the

nanosecond timescale for the fluorescence decay (10,30). If

the conformational changes were occurring on a subnanosec-

ond time scale, we would not see separate distributions of

lifetimes.

The fluorescence lifetime distributions in Fig. 3 a (the

distribution at room temperature) show a large variation in

the probability of time constants. The presence of subdistri-

butions indicates that the structural features in the three

groups are related to different polarities in the hydrophobic

core, as the emission lifetime of dansyl depends on the

polarity of the microenvironment (50). These differences in

polarities can be due to different degrees of hydration of
a b

FIGURE 2 (a) Emission spectra of dansylglycine in

water (open circles), methanol (open boxes), and ethanol

(solid boxes). The emission intensity is normalized to that

in the least-polar solvent (ethanol). Increasing polarity leads

to decreasing emission intensity because of the decreasing

fluorescence lifetime and quantum yield. The peak at

670 nm is twice the excitation wavelength (335 nm) and

is an artifact from the emission monochromator. (b) Proba-

bility distributions of fluorescence lifetimes of dansylgly-

cine in water, methanol, and ethanol.

Biophysical Journal 97(2) 572–580



Thermal Stability of a Four-Helix Bundle 575
a b

FIGURE 3 (a) Probability distributions of fluorescence

lifetimes of the four-helix bundle at 8.9, 23, 31, 40, 52,

60, and 79�C. (b) Fluorescence lifetime of dansylglycine

in H2O as a function of temperature.
the hydrophobic core (51). In contrast to polarity effects,

other quenching mechanisms can reduce the lifetime of dan-

syl without giving the concurrent red shift of the emission

that results from increased polarity.

The distribution centered around the 4.2 ns lifetime of the

first group is fairly close to the fluorescence lifetime of dan-

sylglycine in water (2.4 ns). This lifetime comes out as a well

separated, narrow distribution at the lowest temperature

(8.9�C). Increasing temperature broadens the distribution,
and above 31�C the component disappears completely

(Fig. 3 a). Low temperatures (10–25�C) are expected to

stabilize and enhance protein structure in general, which

suggests that the quenching mechanism resulting in the 4.2 ns

time constant likely originates in some specific interaction,

such as electron transfer quenching from a nearby residue,

and not from hydration of this specific molecular environ-

ment. We note that if the short component were a result of

hydration, we would observe a blue shift (toward lower
a b

FIGURE 4 (a) CD spectra of the four-helix bundle

(KE2D-15)2, starting from the bottom, at 20, 40, 60, and

80�C. The absolute error in the CD magnitude is estimated

to be <10%, and the error between measurements is

<50� � cm2 � dmol�1. (b) Dansyl emission spectra of

(KE2-D15)2 for excitation at 335 nm, starting from the

top, at 11, 16, 26, 32, 35, 39, 44, 49, 58, 68, and 81�C.

The peak at 670 nm is due to the emission monochromator

transmitting 2 � lexc.

Biophysical Journal 97(2) 572–580
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a b

FIGURE 5 (a) Decay of dansyl in the four-helix bundle

(KE2-D15)2. (b) Decay of dansylglycine in H2O. The fluo-

rescence decay is displayed in black points, and the

maximum-entropy distribution fit Y(t) (Eq. 1) is overlaid

in white. The fitting region included all channels with

more than 100 counts (standard deviation < 10%).
polarity) of the steady-state emission spectrum with

decreasing temperature—something our data do not show.

Given the behavior of the steady-state emission, in con-

junction with the temperature-dependent CD spectra (see

below), we attribute the time constants in the second and

third groups to different polarities around the dansyls. The

CD and emission spectra show that the polypeptide dimer

has helical structure and that dansyl is buried in the hydro-

phobic core. The second and third groups have maximum

probable time constants at 9.9 ns and 20.2 ns, respectively

(Table 1). We believe the bimodal distribution of long life-

times is due to the presence of a hydrated hydrophobic

core along with a dehydrated hydrophobic core of the four-

helix bundle. Our reasoning is as follows: a fluorescence life-

time of 9.9 ns is comparable to the lifetime of dansylglycine

in a solvent of intermediate polarity (3 z 30), whereas a life-

time of 20.2 ns corresponds to a folded, shielded environ-

ment with low polarity (42,43,50). These two types of

hydrated and dehydrated hydrophobic core structures are

present at the same time in the ensemble of four-helix bundle

peptides, and each four-helix bundle molecule changes its

hydration state on a slower timescale than the nanosecond

fluorescence (10,30). We thus assign components 2 and 3

in the distribution to structures in which the hydrophobic

core is partially or fully dehydrated, respectively.

TABLE 1 Approximate area of the three subdistributions

(A1, A2, and A3) of fluorescence lifetimes as a percentage of the

total distribution, and maximal probable lifetime of each

subdistribution at different temperatures

Temperature (�C) A1 A2 A3 t1 (ns) t2 (ns) t3 (ns)

8.9 5 37 58 4.2 10.6 21.2

23 5 59 36 4.2 9.9 20.2

30.9 0 27 73 0 6.4 16.4

40.3 0 42 58 0 6.8 16.4

51.7 0 45 55 0 6.7 15.7

59.7 0 52 48 0 6.8 15

79.0 0 60 40 0 5.7 10.9

Areas are calculated by integration from the minimum in the trough before

the peak to the minimum after the peak. Uncertainties in areas are 53%.

Peak lifetimes are 55%.
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Effects of increased temperature

Temperature affects the distribution of four-helix bundle

conformations strongly, as shown by the change in the

appearance of the distributions of lifetimes in Fig. 3 a. We

can see two different modes of conformational equilibria

between the four-helix bundle conformations. The distribu-

tion of fluorescence lifetimes at 8.9�C and at room tempera-

ture differs significantly from that at 31�C and higher

temperatures. The peak of the longest time constants has

shifted from z20 ns at room temperature to z16 ns at

31�C (Table 1 and Fig. 3 a). In parallel, the peak of the inter-

mediate time constants has shifted from z10 ns at room

temperature to z6 ns at 31�C, and, as noted above, the sharp

peak around 4 ns has disappeared. The reduction of fluores-

cence lifetimes is a spectroscopic signature indicating that

the four-helix bundle is becoming more flexible, thus admit-

ting more water into the core at temperatures above 31�C.

Thus, this represents a gradual hydration of the four-helix

bundle structure, causing an increase in polarity in the envi-

ronment proximate to dansyl. However, the presence of the

16 ns component indicates that some dansyls still experience

a relatively nonpolar environment, in line with the presence

of tertiary interactions between the two KE2-D15 monomers.

Most likely, this conformation is another type of four-helix

bundle structure that contains more water than the conforma-

tion represented by the 20 ns component at room temperature.

Structural changes at high temperatures

Judging from the decrease in width of the 6–7 ns peak at

R40�C, the structures that give rise to this group of time

constants in all likelihood do not represent a proper four-

helix bundle structure. We base this on the short lifetime,

which indicates a polar environment, and the narrow width,

which indicates little heterogeneity in the polarity sensed by

the dansyl, both of which are in agreement with the dansyl

being unable to avoid water by inserting itself into a hydro-

phobic core. Moreover, the most unstructured and solvated

KE2-D15 polypeptide conformation, which we should

observe at the highest temperature (79�C), gives a similar

most probable lifetime (5.7 ns; Table 1). The fraction of
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the second group of time constants also increases, from 27%

at 31�C to 60% at 79�C.

The onset of structural changes of the four-helix bundle at

~30�C is also evident by a red shift of the emission

maximum of dansyl. The emission maximum increases

monotonously after 31�C, but is almost constant at 567 nm

below that temperature (Fig. 6 a). This increase in the emis-

sion maximum, corresponding to an on-average more polar

environment for the dansyl, is another sign of dissociation

or opening of the (KE2-D15)2 homodimer above 31�C.

The temperature threshold is also borne out in reversibility

experiments, where we observe some loss of peptide fluores-

cence (~20%), presumably through precipitation, when solu-

tions are heated above 30–35�C and subsequently slowly

cooled to room temperature. Cooling from 80�C to room

temperature recovers a slightly more red-shifted spectrum

(data not shown), not the initial emission maximum wave-

length, suggesting that refolding from a thermally denatured

state does not occur in the fully native state.

Effect of temperature on CD and possible
dissociation of the dimer

The overall helical content of the ensemble of four-helix

bundles, measured as the negative mean residue ellipticity

at 220 nm, decreases slightly and monotonously with

increasing temperature (Fig. 6 a). Less ordered organization

of the backbone seems to correlate with increased hydration

of the four-helix bundle conformations.

Even at high temperatures (79�C) there is a significant

amount of helicity in the structures, as seen from the negative

CD (Fig. 6 a). Thus we have situation in which the emission

FIGURE 6 (a) Emission center of gravity wavelength (solid boxes; uncer-

tainty 50.1 nm) and mean residue ellipticity at 220 nm of KE2-D15 (solid

circles) as a function of temperature. (b) Measured rotational correlation

time (from time-resolved fluorescence anisotropy) of dansyl in the KE2-D15

four-helix bundle peptide between 10�C and 72�C.
maximum of the dansyl fluorescence indicates that the

peptide is in a highly hydrated state, and quite possibly disso-

ciated into monomers, but the CD shows an at least partly

helical backbone. With our spectroscopic methods, we cannot

distinguish between monomeric KE2-D15 and a highly disor-

dered dimer. However, we note that dimer formation likely

stabilizes the helical structure of the peptide, and the presence

of a significantly negative mean residue ellipticity at 220 nm

at 79�C could mean that even under such harsh conditions

a sizeable amount of dimers may be present.

DISCUSSION

Interpretation of the fluorescence lifetimes

Before discussing the results, we would like to point out that

all of the measurements in this study were obtained from

systems in equilibrium. Furthermore, the timescale for the

large-scale conformational transitions we will be discussing

is longer than that of the fluorescence decays (10). This

means that we can determine the conformational heteroge-

neity through the heterogeneity of the fluorescence decay

because the different conformations essentially represent

different photophysical species. There will certainly be

some degree of rapid local motion in both well-packed and

unfolded structures. Just as with exchange processes in

NMR spectroscopy, the timescale for that local motion rela-

tive to that of the fluorescence lifetime can result in either

broadening or narrowing of the distribution. Because of the

lack of atomic resolution, we refrain from drawing conclu-

sions about local fluctuations. However, time-resolved fluo-

rescence anisotropy measurements (Fig. 6 b) show that the

dansyl fluorophore is quite hindered in its motion below

50�C, suggesting limited local flexibility. Details about this

will be published separately.

Studying the time-resolved fluorescence of the labeled four-

helix bundle (KE2-D15)2 reveals an interesting heterogeneity

of the environment experienced by the dansyl. Only by using

time-resolved methods can we obtain information about the

distribution of conformations, the width of which we correlate

with molecular environments with different degrees of hydra-

tion. In an ensemble of four-helix bundle peptides, the obser-

vation of a conformational group with a water-containing

hydrophobic core (second group of lifetimes) and another

group of conformations with a dehydrated hydrophobic core

(third group of lifetimes) shows that the structural dynamics

corresponds to fluctuations in the four-helix bundle tertiary

structure (interhelical interactions), and that somehow water

is involved in these conformational transitions.

As noted above, the peak fluorescence lifetimes of the

second and third groups (9.9 ns and 20.2 ns, respectively)

reveal the presence of one partially hydrated state and one

dehydrated state (50). The formation of the partially hydrated

state is probably caused by water taking part in the hydro-

phobic interhelical interactions of the four-helix bundle

Biophysical Journal 97(2) 572–580
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(52). This polypeptide structure, with ordered secondary

structure elements but disordered tertiary structure, corre-

sponds to a molten globule-like structure (53,54).

Four-helix bundle conformational transitions
below 31�C

The pattern of the fluorescence lifetime distributions (Fig. 3 a)

of dansyl in the four-helix bundle changes abruptly at 31�C. In

the following, we will discuss the region in which the emis-

sion wavelength is constant (8.9–23�C). Because of the strong

and blue-shifted steady-state emission maximum (567 nm;

Fig. 6 a) and the strongly negative CD, we infer that the whole

ensemble of molecules has, on average, a four-helix bundle

structure. The nearly bimodal distribution of fluorescence life-

times shows that the ensemble of four-helix bundles is split, as

mentioned above, into two major conformational groups that

differ primarily in the hydration of the hydrophobic core.

As noted above, at room temperature and below, we also

observe a quenched, z4 ns fraction that we tentatively assign

to a well-packed structure that is spectroscopically different

from the z20 ns group. Thus, in this temperature range we

observe three conformational subgroups, with the over-

whelming majority of the peptide being in either of the two

long-lifetime subgroups (see Table 1). If, as we suggest, the

z4 ns lifetime is due to electron transfer, the actual structural

difference between the z20 ns subgroup and the z4 ns

subgroup can be quite small. In the following discussion,

we will be concerned with the long-lifetime groups only.

The presence of two major, distinct fluorescence lifetime

groups implies that each four-helix bundle assembly changes

hydration state on a slower timescale than the lifetime of the

fluorescence (tens of nanoseconds). From a protein-folding

standpoint, this dynamical equilibrium between the two

hydration states corresponds to structural transitions between

the four-helix bundle’s native (N) and molten globule state (I),
where the molten-globule-like state is characterized by

hydrated tertiary interactions. Such compact, native-like,

water-containing and transient structures have been observed

in simulations of the folding of different proteins, in which the

water in the hydrated transient structure was expelled before

the native fold was reached (14,55). According to theory,

the interaction of hydrophobic solutes with each other

proceeds via a solvent-separated state (14,56), where one

layer of water molecules separates the hydrophobic parts.

The molten-globule-like fraction accounts for ~60% of the

total ensemble of four-helix bundles at room temperature,

compared with ~40% at 8.9�C. Increased temperature shifts

the conformational equilibrium toward the molten-globule

state.

Four-helix bundle conformational transitions
above 31�C—opening and closing

Compared with the shape of the distribution at room temper-

ature, the shape of the distribution of fluorescence lifetimes
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changes significantly as the temperature reaches 31�C. The

4.2 ns peak disappears, and the maximum probable lifetimes

of the second and third groups shift from z10 ns to z7 ns,

and from z20 ns to z16 ns (Table 1), respectively. The

coalescence of the fluorescence lifetime distribution into

only two separate subdistributions (which we still call the

second and third groups) is conserved in the whole temper-

ature region of 31–79�C. Of interest, the peak lifetimes of

the second and third groups do not vary significantly with

temperature in the interval of 31–60�C, and the only transi-

tion that occurs is a redistribution of molecules from the third

to the second group (which increases from 27% to 60% of

the total fluorescence lifetime distribution), along with

a sharpening of the distribution of the third group.

It is worth pointing out that the onset of the red shift of the

steady-state emission occurs around 30�C and thus coincides

with the coalescence of the lifetime distribution into two

separate peaks. The red shift is also in agreement with the

population shift from lifetime group 3 to lifetime group 2,

that is, from more-dehydrated to more-hydrated structures.

This equilibrium between fully hydrated and partly hydrated

hydrophobic parts of the four-helix bundle is compatible

with transient openings of the four-helix bundle.

In particular, the conformations of the second group

should be highly hydrated, as judged from the 7 ns peak fluo-

rescence lifetime. It cannot be excluded that this represents

monomers or loosely associated dimers in which the dansyl

is partly shielded from water (see below). Hydration of this

group increases further, to some extent, when temperature

is increased to 79�C, as demonstrated by the reduction of

the peak fluorescence lifetime to 5.7 ns. Given the increased

thermal motion at high temperatures, more exposure of the

dansyl to water is likely.

CD and fluorescence probe different structural
changes

Throughout the whole temperature region of 20–80�C,

a gradual loss of helicity is observed, as determined by the

mean residue ellipticity at 220 nm. Contrasting the fluores-

cence, there is no threshold below which the CD is temper-

ature-independent. From this it follows, not surprisingly, that

CD and fluorescence monitor different aspects of peptide

conformational change. Combining the CD and fluorescence

results, we arrive at the following picture: helicity is gradu-

ally lost throughout the whole temperature range, but the

hydrophobic core (or at least the parts that host the dansyls)

remains mostly intact up to ~30�C. Such behavior could

tentatively be explained by increasing backbone dynamics

that leave the parts and side chains that constitute the hydro-

phobic core mostly unperturbed. Above this transition

temperature, the loss of helicity continues as the backbone

dynamics increase, but now the hydrophobic core starts to

break up, and the structure gradually shifts from a helix

bundle to a molten-globule structure.
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Since both the shape and position of the peaks of the fluo-

rescence lifetime distribution change dramatically between

9�C and 80�C, the thermally induced dissociation of the

four-helix bundle is clearly occurring in multiple steps. How-

ever, in the posttransition region between 30�C and 60�C,

the unfolding resembles a two-state process (see above).

We assign these two states (which in reality are groups of

similar conformations) to structures with different degrees

of hydration of the hydrophobic core. As noted above,

increasing temperature transfers population from the less-

hydrated to the more-hydrated conformation. Since the

mean residue ellipticity at 220 nm becomes less negative

in this process, the helix content of the more-hydrated struc-

tures must be lower than that of the less-hydrated structures.

Furthermore, in view of the reduced fluorescence lifetimes of

both groups, both can be called molten-globule-like.

Judging from the CD data, steady-state emissions, and

fluorescence lifetime distributions, it seems highly unlikely

that a significant amount of monomer is present at 23�C
and below. Since the longer-lifetime group of ~16 ns, which

we attribute to a molten-globule dimer, retains a broad shape

up to 60�C but narrows considerably along with a shift to

shorter lifetimes at 79�C, we take this as an indication that

complete dissociation takes places above ~60�C. At 80�C
the overall helical content is reduced by 64% compared to

room temperature, but the bimodal fluorescence lifetime

distribution still indicates two different populations of the

peptide. We would again like to stress the point that fluores-

cence and CD probe different aspects of peptide conforma-

tion, and that particularly in the unstructured monomer the

emission reports only the local environment around the

dansyl.

CONCLUSIONS

Fluorescence lifetime measurements of dansyl, a part of the

hydrophobic core of a four-helix bundle peptide, show that

the molecular ensemble of a four-helix bundle is divided

into two major structural groups. The two groups of confor-

mations differ in their water content. The conformational

transitions of this four-helix bundle peptide are equivalent

to a hydration and dehydration of the hydrophobic core, cor-

responding to transitions between the native state (N) and the

molten-globule state (I) of the four-helix bundle, where the

molten-globule state is characterized by a hydrated/solvated

hydrophobic core.

Increasing the temperature further melts the tertiary struc-

ture of the four-helix bundle, as evidenced by an increase in

the molten-globule conformations. The helical backbone

structure, however, remains to some degree despite the loss

of tertiary contacts. Dissociated dimers, i.e., helix-loop-helix

conformations, are observed at temperatures above 30�C.

The thermally denatured state at 79�C shows a heteroge-

neous ensemble of polypeptide structures on the nanosecond

timescale.
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