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The unfolding dynamics of the rubredoxin mutant A51C (RdA51C) from Desulfovibrio vulgaris (DvRd) was
studied on the temperature range from 25 °C to 90 °C and by incubation at 90 °C. By Förster Resonance
Energy Transfer (FRET) the donor (D; Trp37) to acceptor (A; 1,5-IAEDANS) distance distribution was probed
at several temperatures between 25 °C and 90 °C, and incubation times at 90 °C. From 25 °C to 50 °C the half-
width distributions values (hw) are small and the presence of a discrete D–A distance was considered. At
temperatures higher than 60 °C broader hw values were observed reflecting the existence of a distance
distribution. The protein denaturation was only achieved by heating the solution for 2 h at 90 °C, as probed
by the increase of the D–A mean distance. From Trp fluorescence it was shown that its vicinity was
maintained until ∼70 °C, being the protein hydrodynamic radius invariant until 50 °C. However, at ∼70 °C a
change in the partial unfolding kinetics indicates the disruption of specific H-bonds occurring in the
hydrophobic core. The red shift of 13 nm, observed on the Trp37 emission, confirms the exposition of Trp to
solvent after protein incubation at 90 °C for 2.5 h.
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1. Introduction

Rubredoxins are a class of iron-containing proteins whose physical
and chemical properties are well known [1–4]. However, the
biological role of this class of proteins is still unclear, although there
is evidence for their participation in electron transfer processes [5,6].
Rubredoxin structural high stability and simplicity make them
suitable for studies of protein stability in extreme environmental
conditions. Rubredoxins from the hyperthermophile Pyrococcus
furiosus (PfRd), and its mesophilic analog Clostridium pasteurianum
(CpRd) are the most studied ones, and few studies report on
rubredoxin from Desulfovibrio vulgaris (DvRd). PfRd and CpRd
particular structural features were assessed by Nuclear Magnetic
Resonance (NMR) [7–10], hydrogen exchange [11,12], UV–Vis
absorbance and far-UV circular dichroism [13], computational
methods [14–18], Nuclear Resonance Vibrational Spectroscopy
(NRVS) and Raman spectroscopy [19], and neutron crystallography
[20]. The PfRd and CpRd protein unfolding mechanisms by temper-
ature increase and/or at extreme pH or ionic strength were also
studied [21–25]. The PfRd protein has a high kinetic stability
compared to other mesophilic rubredoxins like CpRd. The slow
unfolding rates observed for PfRdwere explained by both electrostatic
and hydrophobic effects. Several key surface ion pairs clamp the
protein, influencing the nature and number of vibrational modes
thermally accessible upon unfolding [7,21,22]. Besides this, main
chain and side chain interactions between β-sheet strands and core
residues can also contribute for the PfRd unusual thermal stabilization
[13]. The protein hydrogen bond networking evolving the β-sheet
strands and the metal binding site, as the short-range interactions
between the hydrophobic core residues lateral chains, contribute
significantly to the overall protein stability [8,9,14]. Solvation effects
are also relevant for the stabilization of the hydrophobic core [17].
Conformational rigidity once thought to be important in hyperther-
mophile rubredoxins stability was recently questioned [26]. In fact, it
was shown that enhanced internal protein motions may increase the
stability by increasing the entropy of the native state and the melting
temperature [24], while water solvation can be important in the
protein internal flexibility and structural robustness [27]. However,
besides several studies on PfRd stability is not possible to ascribe its
unusual high stability to a single feature but rather to a wide range of
factors working simultaneously [13,28–30].

Here, we studied the unfolding dynamics of the wild-type and
mutant A51C rubredoxin from mesophile Desulfovibrio vulgaris
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(DvRd), by temperature increase and by incubation at 90 °C. A
combined approach including Förster Resonance Energy Transfer
(FRET) experiments and tryptophan (Trp) fluorescence was used in
order to obtain protein conformational dynamics data.

The DvRd is a small protein with 52 residues containing an iron–
sulfur center, consisting of an iron atom coordinated by the sulfur
atoms of four cysteine residues (Cys). Its structure was determined at
1.0 Å resolution (PDB entry: 8RXN, see Fig. 1) [31].

The monomeric structure consists of a three-stranded antiparallel
β-sheet with a hydrophobic core containing six aromatic residues. The
single tryptophan residue, Trp37, was used as energy donor in FRET
experiments and as intrinsic fluorescent probe for the local environ-
ment [32–34]. As acceptor was used the N-(iodoacetylaminoethyl)-5-
naphthylamine-1-sulfonic acid (1,5-IAEDANS). The donor–acceptor
pair distance distribution was probed by FRET in the temperature
interval between 25 °C and 90 °C, and at several incubation times
between 0 and 2 h at 90 °C. These results were complemented with
UV–Vis absorption, steady-state, and time-resolved fluorescence and
anisotropy measurements of the single Trp37 residue.

2. Materials and methods

2.1. Protein mutagenesis and expression

The DvRd gene was previously cloned into pT7-7 vector. The single
rubredoxin mutant RdA51C was obtained by site direct mutagenesis,
using QuikChange® Site-Directed Mutagenesis Kit (from Stratagene).
The cysteine residue was introduced on the protein surface by
mutation of the alanine residue, Ala51. The Ala51 residue does not
establish hydrogen bonds whose disruption could influence the
protein stability and its solvent accessibility is higher than 30%.
Plasmids containing the coding sequence for the DvRd and RdA51C
proteins were transformed in BL21 (DE3) competent cells. The cells
were grown in LB medium containing ampicillin, at 37 °C and
230 rpm. The cultures were induced by addition of isopropyl β-D-1-
thiogalactopyranoside (IPTG) and let to grow over-night. The cells
were harvested by centrifugation (8000×g; 10′, 4 °C) and ressus-
pended in Tris-HCl pH 7.6. Cell lyses was performed in a homogenizer
(15,000 psi) and the resultant crude extract centrifuged (8000×g, 15′,
4 °C) to remove cell debris. The resultant supernatant was ultracen-
trifuged (138,000×g, 60′, 4 °C) and the soluble extract was loaded on
a Q-Sepharose Fast Flow column (Ø 2.6×L 30 cm). Fractions contain-
Fig. 1. DvRd folding: Trp37 (red) and metal center (yellow).
ing the protein molecules were collected, concentrated by ultrafiltra-
tion, and injected in a Superdex75 column (Ø 2.6×L 70 cm). Protein
purity was determined by the optical density (OD) ratio OD277

OD490
, and its

concentration calculated using the molar absorption coefficient of the
oxidized form, ε490nm=6,900 M−1 cm−1. The protein molecular
weight and theoretical isoelectric point are 5.57 KDa and 4.07,
respectively.

2.2. Rubredoxin labeling

The zinc substituted RdA51C protein solution (ZnRdA51C) was
prepared from a rubredoxin iron solution using a protocol adapted
from Moura et al. [35]. To a solution of wtDvRd 2 mM was added
trichloroacetic acid (TCA) 5% (w/w) and dithiothreitol (DTT) 0.5 M. The
mixture was heated to 45 °C during 1 h, centrifuged and the precipitate
dissolved in a Tris-base 0.5 M plus DTT 60 mM solution. In a vacuum
chamber the apo-DvRd protein was purified by gel filtration and a
solution of ZnCl2 was stoichiometrically added. Rubredoxin alkylation
process was done following the protocol described by Crankshaw and
Grant [36]. The N-(iodoacetylaminoethyl)-5-naphthylamine-1-sulfonic
acid (1,5-IAEDANS) dye was labeled to the mutated cysteine residue
(Cys51) located in the protein surface. This dye was chosen as acceptor
due to its large Stokes shift and good spectral overlap of its absorption
bandwith the emission of Trp37 [37]. Besides this, its fluorescence is less
dependent on environment when compared to other conjugates and is
characterized by a relatively long mean fluorescence lifetime (τ ∼̅12 ns).
TheRdDv:IAEDANS ratio, found tobe∼1,was calculatedbyUVabsorption
using the molar absorption coefficients, ε280nm=10,220 M−1 cm−1

for the protein, and ε278nm=1,060M−1 cm−1 and ε337nm=6,100 M−1

cm−1 for IAEDANS [38].

2.3. Fluorescence measurements

The fluorescence spectra were recorded in a spectrofluorimeter
Fluorolog 3 (from Spex). The spectra recorded by excitation at
λexc=280 nm were corrected for the response of the fluorescence
detecting system using a correction curve included in the software
package equipment. The temperature was controlled within ±0.5 °C
with a K-16212 thermometer (from Bioblock) and the solutions were
stirred during the measurements.

2.4. Time-Correlated Single-Photon Counting

The fluorescence decay curves were obtained by the Time-
Correlated Single-PhotonCounting (TCSPC) techniqueusingpicosecond
laser excitation. The 280 nm excitation pulse (5–6 ps) was achieved by
doubling the laser output light of a Coherent 701-2 dye (Rhodamine6G)
laser synchronously pumped by a mode-locked Coherent Innova 400-1
argon ion laser. The excitation light beamwas expandedbefore entering
the sample solution and neutral density filters were used in order to
minimize the photodegradation of rubredoxin. The fluorescence was
selected by a Jovin-Yvon HR320 monochromator with a grating of
100 lines mm−1 (20 nm bandwidth) and detected by a Hamamatsu
2809U-01 microchannel plate photomultiplier. The fluorescence decay
curves were acquired using vertical polarized light for excitation and
selecting the fluorescence at the magic angle (54.7°). The decay curves
were fitted with a sum of exponentials plus a constant,

I tð Þ = ∑
i
ai exp − t

τi

� �
+ a0 ð1Þ

where ai, τi are the amplitude and lifetime, respectively, of the ith

decay component and a0 a scattering component that accounts for the
scattered light and very fast processes unresolved by our TCSPC
equipment [39]. The anisotropy decay curves r(t) were constructed
from the IVV(t) and IVH(t) fluorescence decays obtained with vertical



Fig. 2. UV–Vis spectra of RdA51C solutions (10 μM; pH∼8) at 25 °C (—), 90 °C (–) and
90 °C for 2.5 h (….).
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polarized excitation light and selecting the vertical (IVV) or horizontal
(IVH) components of the fluorescence,

r tð Þ = IVVðtÞ−GIVHðtÞ
IVVðtÞ + 2GIVHðtÞ

ð2Þ

where G = IHV
IHH

is an experimental correction factor that considers the
artifacts introduced by the detecting system on the polarized
fluorescence light components. For our experimental set-up G=1
because the fluorescence after being selected with an appropriate
polarizer was depolarized before the entrance slit of the monochro-
mator. The fluorescence anisotropy decay was fitted with a mono-
exponential,

rðtÞ = r0 exp − t
θ

� �
ð3Þ

where r0 is the anisotropy at time zero and θ is the rotational
correlation time. The fittings were performed by a nonlinear least-
squares method based on the Marquard algorithm [40] and the
quality of the fit was judged by the reduced χ2 (∼1), weighted
residuals (random ∼0) and autocorrelation of the residuals.

2.5. FRET experiments

The distance between the donor (D; Trp37) and acceptor (A;
IAEDANS) was determined using the fluorescence decay curves
obtained from unlabeled and labeled ZnRdA51C protein solutions
(10 μM; pH 8). The fluorescence decay curves of the donor-alonewere
fitted with Eq. (1). The distance-dependent donor decay of a donor–
acceptor pair separated by a single distance r is given by,

IDAðr; tÞ = ∑
i
ai exp − t

τi
− t

τi

R0

r

� �6� �
ð4Þ

where R0 is the critical Förster radius [41]. The second term of the
exponent considers the rate of energy transfer for each of the Trp

conformers, kDA = 1
τD

R0

r

� �6

. If a distribution of separations exists

between the D–A FRET pair then,

IDAðtÞ = ∫∞
0PðrÞIDA r; tð Þdr ð5Þ

where P(r) is the probability distribution function for the separation
assumed to be a Gaussian function,

PðrÞ = 1
σ
ffiffiffiffiffiffi
2π

p exp −1
2

r−�r
σ

� �2� �
ð6Þ

where r ̅ is the mean distance and σ is the standard deviation of the
distribution. The half-width (hw) of the distribution is given by
hw=2.354σ. The program CFS_LS/GAUDIS was used to determine the
distance distribution from Eq. (5) and assuming incomplete labeling
of the acceptor site [42].

The critical Förster radius, R0 was calculated from the donor and
acceptor spectral properties,

R0 = 0:211
κ2ϕDJ λð Þ

n4

 !
1=6

ð7Þ

where κ2 is a factor describing the relative orientation in space of the
transition dipoles for the donor and acceptor (κ2=2/3), ϕD is the
quantum yield of the donor in the absence of acceptor (ϕD∼0.12), n is
the refractive index of the medium and J the overlap integral,

J λð Þ = ∫FD λð ÞεA λð Þλ4dλ ð8Þ
where FD(λ) is the corrected fluorescence intensity of the donor at the
wavelength λ with area normalized to unity, εA(λ) is the extinction
coefficient of the acceptor. The R0 value was considered equal for all
Trp conformers and for each donor–acceptor pair in the analysis,
irrespective of the lifetime.

3. Results and discussion

3.1. UV–VIS spectra

Fig. 2 shows the UV–Vis absorption spectra of RdA51C solutions
(10 μM; pH 8) at 25 °C and 90 °C, and incubated at 90 °C during 2.5 h.

The UV–Vis spectrum of the mutant is composed of four main
bands with maxima at 279, 378, 493 and 570 nm, characteristic of
rubredoxins [1]. The first band at 279 nm results from the four
aromatic residues Tyr4, Tyr11, Tyr13 and Trp37. The last three bands
are sulfur-to-iron charge transfer bands involving at least one cysteine
ligand.With temperature increase, the charge transfer bands decrease
in intensity reflecting the loss of iron from the protein (see Fig. 2). The
iron release occurs continuously being more pronounced at higher
temperatures. The iron release is complete after 2.5 h of incubation.

3.2. Fluorescence spectra

The fluorescence spectra of ZnRdA51C solutions were obtained
from 25 °C to 90 °C and during time at 90 °C, by excitation at
λexc=280 nm (Fig. 3). The paramagnetic iron ion that quenches
efficiently the tryptophan fluorescence was substituted by zinc
without considerable change of the protein structure [9,10].

The ZnRdA51C protein fluorescence shows a single band with
maximum at 315 nm, in the 25 °C to 90 °C temperature range,
attributed to the Trp37 fluorescence. The fluorescence maximum at
315 nm indicates that the single tryptophan residue is located in a
hydrophobic environment (b20%water) [43]. No solvatochromic shift
was observed on the fluorescence maximum, despite a slight
broadening and intensity decrease at high temperatures. This means
that Trp37 local environment does not change significantly with
temperature. The interactions involving the first 15 residues and
inside the hydrophobic core seems to play an important role in the
high structural stability of rubredoxins and can justify the above
observations [9,13,14]. Indeed, Bougault et al. observed by NMR that
two strong H-bonds between Cys6→Tyr11 and Tyr13→Tyr4 remain
intact until 70 °C in both CpRd and PfRd proteins [8]. As these residues
are conserved in DvRd structure it's also expected that they will
contribute for the protein high stability.



Fig. 3. Normalized emission spectra of ZnRdA51C solutions (10 μM; pH∼8) obtained at
25 °C (—), 90 °C () and 90 °C for 2.5 h (….), λexc=280 nm. Insert: fluorescence
intensity at 315 nm vs. time, at 90 °C, and fit (—).
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After 2.5 h of incubation at 90 °C a red shift of ∼13 nm was
observed on the Trp37 emission (see Fig. 3). This solvatochromic shift
on the emission spectra clearly indicates a partial exposition of Trp37
residue to the solvent. Protein unfolding starts by the separation of
two loops and exposure of the hydrophobic core, followed by
unzipping of the β-sheet [24]. The Trp37 vicinity becomes more
hydrophilic but this residue is not fully exposed to solvent upon
protein unfolding. From the time-evolution of the fluorescence
intensity maximum and by fitting the equation IFobs = IF0 exp
− kunf tð Þ + a, an apparent first-order unfolding rate constant of

kunf=3.27±0.06×10−4 s−1 was obtained (see insert in Fig. 3). This
value is intermediate between those obtained for CpRd (kunf=
3.9×10−3 s−1) and PfRd (kunf=1.9×10−6 s−1) [21].

3.3. Fluorescence decays

The fluorescence decays of ZnRdA51C solutions (10 μM; pH 8)
were obtained from 25 °C to 90 °C, by λexc=280 nm and recording
the emission at λem=330 nm. These decays were analyzed with a
sum of two or three exponentials plus a scattering component
(Eq. (1)). The obtained normalized pre-exponential values (ai),
lifetimes (τi), mean lifetimes (τm = ∑aiτi

∑ai
) and chi-squares (χ2) are

shown in Table 1.
The lifetimes obtained at 25 °C are identical to those obtained for

the wild-type protein which indicates that the mutation does not
influence Trp37 vicinity (values not shown). Between 25 °C and 60 °C
two lifetimes were recovered and at higher temperatures a three
exponential fit is required to obtained random distributed residuals
and χ2∼1. The observed fluorescence heterogeneity was attributed to
the existence of tryptophan rotational isomers, and/or to ground-state
heterogeneity due to multiple protein conformations and distinct
Table 1
Normalized pre-exponential values (ai), lifetimes (τi), mean lifetimes (τm) and chi-
squares (χ2) of ZnRdA51C solutions (10 μM; pH 8) at 25 °C to 90 °C (λexc=280 nm;
λem=330 nm).

T (°C) a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) τm (ns) χ2

25 0.64 1.89 0.36 1.09 1.69 1.23
30 0.55 1.75 0.45 1.07 1.53 1.16
40 0.21 1.73 0.79 1.04 1.25 1.12
50 0.34 1.35 0.66 0.71 1.03 1.12
60 0.14 1.42 0.86 0.65 0.85 1.14
70 0.07 1.51 0.72 0.56 0.21 0.14 0.73 1.01
80 0.042 1.44 0.71 0.45 0.25 0.13 0.57 1.04
90 0.102 0.87 0.67 0.32 0.23 0.073 0.46 1.00
fluorescence quenching mechanisms that the peptide bond and
residues in the vicinity exert on the tryptophan fluorescence
[44,45]. A probable quenching process of the Trp37 fluorescence is
due to the formation of an H-bond between the Trp37 indole NH and a
carboxylate oxygen of the side chain of the aspartic acid residue
Asp19, that apparently disappears at temperatures higher than 75 °C
[24,25]. By formation of this H-bond the Asp19 residue becomes close
to Trp37 residue and quenches its emission by an electron transfer
mechanism. At 70 °C a third lifetime of 0.14 ns was observed. This
component results from a strong quenching mechanism activated at
higher temperatures. The disulfide bridge with a quenching rate of
kq∼1010 M−1 s−1 is a strong candidate [45]. Indeed, by metal release
the cysteine residues involved in the metal center can react to form
disulphide bridges given rise to the appearance of this short lifetime
component at 70 °C.

Fig. 4 shows the Arrhenius plot, k = A exp − Ea
RT

� �
of the reciprocal

of the average lifetime.
A break was observed at 70 °C, suggesting a change in the dynamic

quenching processes and consequently on the protein dynamics
regime, around this temperature. For temperatures below 70 °C the fit
allows the calculation of the pre-exponential factor, A and activation
energy, Ea of 382.9±22.5 s−1 and 16.1±0.2 kJ mol−1, respectively.
Above 70 °C, both values increase to 6.0±1.2×103 s−1 and 23.9±
0.6 kJ mol−1, respectively. By dynamic simulations performed with
the DvRd protein it was shown that the loop region comprising the
residues 16–47 (where Trp37 is inserted) is the most labile especially
at the rim of the hydrophobic core (residues 22 and 37) [24]. These
observations in addition with the break of the H-bonds Cys6→Tyr11,
Tyr13→Tyr4, and Trp37→Asp19 at temperatures higher than 70 °C,
should be the main reasons for the observed Arrhenius type behavior
[8,24,25].

From the fluorescence decays of ZnRdA51C solutions (10 μM;
pH 8) obtained by incubation at 90 °C between 0 and 2.5 h, three
components of ∼ 1 ns, 0.3 ns and 0.06 ns with small variations in their
amplitudes were recovered at all instants. The mean lifetime slightly
increased in time stabilizing ∼0.48 ns after 1.5 h of incubation. The
invariance of the lifetimes with time is consistent with the existence
of a strong quenching mechanism active at higher temperatures. As
reported before, the Trp fluorescence quenching by the cysteine
residues Cys39 and Cys42, is the most probable one. In fact this
mechanism is equally efficient in the folded and denatured protein
because the cystine and cysteine residues quenching rates are both
very high [45]. However, the Trp quenching by the Asp36 residue,
through an electron transfer mechanism, should also be considered.
Fig. 4. Arrhenius plot for the partial unfolding of ZnRdA51C protein on the temperature
range from 25 °C to 90 °C.



Fig. 5. Fluorescence decay curves of mutant rubredoxin solutions (10 μM; pH 8)
obtained at 25 °C with λexc=280 nm and λem=330 nm. (….) laser profile. Curve a is
the decay from the donor-alone sample and the fit (—) with Eq. (1). Curve b is the decay
from the donor–acceptor sample and the fit (—) with Eq. (5). The lower panel are the
residuals for the fits shown in curves a and b.
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3.4. Anisotropy decays

The anisotropy decays of ZnRdA51C solutions (10 μM; pH∼8)
were obtained in the temperature range between 25 °C and 90 °C. The
anisotropy decay curves, r(t), were constructed from the IVV (t) and
IVH (t) fluorescence decays using Eq. (2) and were well fitted with
Eq. (3). Table 2 summarizes the rotational correlation times (θ) and
anisotropies at time zero (r0) obtained at several temperatures.

The rotational correlation time was associated with the rotation of
the protein as a whole in the temperature range from 25 °C to 50 °C,
where its value is constant (∼2.6 ns). Assuming a spherical shape of
the protein, the correlation time is given by,

θ =
ηV
RT

ð9Þ

where, η is the solvent viscosity (9.55×10−4 Pa.s), V the molar
volume of the protein (m3 mol−1), T the absolute temperature
(298.15 K) and R the ideal gas constant (8.31 JK−1 mol−1). Using
the correlation time value at 25 °C, the protein hydrodynamic radius
was estimated, Rh=14.3 Å. The crystallographic value is smaller
∼12.5 Å and the difference is due to the protein hydration.

The correlation times retrieved between 60 °C and 90 °C reflect the
dynamics of the segmental region where the tryptophan residue is
inserted. If fast motions occurs they should be to fast to be detected by
our experimental set-up.The H-bond network weakening or even its
break with temperature increase is the main cause for the decrease in
the observed θ values.

At room temperature the anisotropy at zero time is ∼0.10. The r0
value includes contributions from both 1La and 1Lb excited states of
indole at λexc=280 nm. At this wavelength the expected r0 value for
indole in vitrified propylene glycol is 0.15 [32]. As the obtained r0
values don't vary with temperature the difference should be due to
scattering or very fast relaxation processes occurring in a very fast
time scale not detectable by the experimental set-up [33].

3.5. FRET experiments

The donor-alone and donor in the presence of acceptor decays
were obtained in the temperature range from 25 °C to 90 °C and at
several incubation times at 90 °C, using λexc=280 nm and
λem=330 nm. The Trp fluorescence decay curves obtained for labeled
and unlabeled rubredoxin at 25 °C are shown on Fig. 5.

The rubredoxin–IAEDANS Trp decay curve is faster which indicates
energy transfer between the donor and acceptor. The donor-alone
fluorescence decay curve was fitted by a nonlinear least-squares
method using Eq. (1). The recovered donor-alone lifetimes were
further used on the CFS_LS/GAUDIS nonlinear least-squares fit of
donor–acceptor fluorescence decay. The obtained distribution para-
meters, r ̅ and hw, are sumarized on Table 3 for the temperature range
from 25 °C to 90 °C and on Table 4 for several incubation times at
90 °C.
Table 2
Anisotropy at time zero (r0), rotational correlation time (θ) and hydrodynamic radius
(Rh) of ZnRdA51C solutions (10 μM; pH 8) at 25 °C to 90 °C (λexc=280 nm;
λem=330 nm).

T (°C) r0 θ (ns) Rh (Å)

25 0.095 2.84 14.3
30 0.120 2.62 14.0
40 0.109 2.65 14.2
50 0.109 2.43 13.9
60 0.103 1.41
70 0.089 0.80
80 0.092 0.86
90 0.098 1.49
A Förster critical radius, R0=21.8 Å, was considered in all
calculations, which is reasonable since both the fluorescence–
absorption overlap integral and the donor quantum yield do not
vary significantly with temperature (results not shown). Besides this,
the P(r) estimation is more affected by orientational disorders and the
probe linker arm that directly contribute to increase the distribution
half-width, hw. An orientation factor κ2=2/3 was used since the
IAEDANS rotational motion is random in the protein. The probability
distribution function, P(r) determined from Eq. (6) is shown in Fig. 6
for 25 °C, 90 °C and after incubation at 90 °C for 2 h.

The mean donor–acceptor distance, r ̅ slightly varied between
25 °C and 50 °C and the distribution is characterized by small half-
widths, hw (Table 3). In this temperature interval the rubredoxin fold
Table 3
Donor–acceptor mean distance (r ̅), distance distribution half-width (hw) and chi-
square (χ2) for ZnRdA51C–IAEDANS pair at 25 °C to 90 °C (λexc=280 nm;
λem=330 nm).

T (°C) r ̅(Å) hw (Å) χ2

25 18.84±0.05 2.03±0.36 1.19
30 19.02±0.01 ∼0 1.11
40 19.64±0.02 1.03±0.16 1.17
50 20.37±0.01 ∼0 1.26
60 21.47±0.15 7.55±0.29 1.00
70 24.12±0.02 7.15±0.10 1.07
80 25.87±0.06 8.39±0.60 1.16
90 23.96±0.09 8.44±0.13 1.16



Table 4
Donor–acceptor mean distance (r ̅), distance distribution half-width (hw), and chi-
square (χ2) for ZnRdA51C–IAEDANS pair at 90 °C, from 0 to 2 h (λexc=280 nm;
λem=330 nm).

Time (h) r ̅ (Å) hw (Å) χ2

0.0 24.67±0.05 9.22±0.30 1.08
0.5 25.92±0.09 28.48±0.29 1.20
1.0 26.63±0.01 6.61±0.21 1.15
1.5 25.98±0.05 8.07±0.01 1.22
2.0 27.82±0.07 7.55±0.31 1.08
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is maintained with minor structural deviations. This was previously
observed by the invariance of the rubredoxin circular dichroism
spectra obtained in the same temperature interval (data not shown).
From the anisotropy measurements a similar conclusion was taken
when a constant hydrodinamic radius of ∼14 Å was obtained in the
same temperature interval. The small hw values reveal the presence of
discrete donor–acceptor distances, probably due to the low protein
structure flexibility. The difference between the crystalographic
separation of Cys51 and Trp37 (12–16 Å) and the mean distance at
25 °C accounts for protein hydration plus the probe linker arm. At
temperatures higher than 50 °C both r ̅ and hw values increase (see
Table 3). The acceptor molecule is attached close to the C-terminal, a
high mobile structural element that should become more labile and
extend to the solvent as the temperature is raised, resulting in higher
r ̅ values. The broader hw values reflect an increase on the protein
structure flexibility and can have several origins like protein
conformational heterogeneity, different orientation factor values,
and probe linker arm rotation. The Trp rotational motions in the
same order of magnitude as its lifetimes (θ∼0.8–1.5 ns), also
contribute to the hw value increase.

A very broad distribution of separations was obtained after 0.5 h
incubation at 90 °C (see Table 4). This was attribute to the co-
existence of native-like, partially denatured and unfolded protein
molecules, in addition to the orientational disorders and probe linker
arm effects. After 2 h incubation, the donor–acceptor mean distance
was shifted to larger values (27.8 Å) and the hw value was reduced
(∼8 Å). The r ̅∼28 Å is consistent with the expected theoretical value
for a random coil configuration. The average distance between two
residues in an unfolded protein separated by 13 residues along the
protein chain is given by R(coil)=5.45×(51–37)1/2=20.4 Å [46].
Taking into account the linker arm composed of nine single bonds
between the α-carbon of the mutated residue Cys51 and the acceptor
fluorophore, a length of 8.5±1.5 Å should be added to the R(coil)
value [47]. From these data it was concluded that the majority of the
Fig. 6. Peak normalized probability of distance distributions, P(r) for mutant rubredoxin
solutions at 25 °C (—), 90 °C () and 90 °C for 2.5 h (….).
protein molecules unfolds after 2 h incubation at 90 °C, and adopt a
random coil configuration.

4. Conclusions

Using a FRET approach the conformational dynamics of the DvRd
protein was studied at several temperature values between 25 °C and
90 °C, and at different incubation times at 90 °C. The energy transfer
measurements confirm the integrity of the protein by temperature
increase until 90 °C. The small variation observed on the donor–
acceptor distance with temperature was attributed to the flexibility of
the protein C-terminal where the acceptor is located. The unfolded
protein, obtained by incubation at 90 °C for 2 h, adopts a random coil
configuration as suggested by the agreement between the donor–
acceptor mean distance obtained by FRET and the value calculated
assuming a random-coil configuration of the protein taking into
account the linker arm length. Probing the Trp37 fluorescence it was
observed that the Trp remains buried in a highly hydrophobic
environment at all temperatures before unfolding. Upon protein
unfolding the Trp37 vicinity becomes more hydrophilic but this
residue is not fully exposed to solvent. At 70 °C the appearance of a
short lifetime on the Trp decay is related to protein metal release. H-
bond breaking at temperatures higher than 70 °C is reflected in a
kinetic regime change of the protein conformational dynamics.
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