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Time-resolved fluorescence spectroscopy was used to show that multiple tyrosine residues of a protein can
serve as localized probes of structural changes during thermal unfolding. Cytochrome ¢" from Methylophilus
methylotrophus, which has four tyrosine residues, was chosen as a model protein. The procedure involved,
first, the assignment of the experimental decay times to the tyrosine residues, followed by the interpretation
of the changes in the decay times and pre-exponential coefficients with temperature. We found that the
fluorescence decays of cytochrome ¢" are double-exponential from 23 to 80 °C, with decay times much
shorter than those of the parent compound N-acetyl-tyrosinamide; this quenching was ascribed to dipole—dipole
energy transfer from the tyrosine residues to the heme. The tyrosine—heme distances (R) and theoretical
decay times, Tcomp, Were estimated for each tyrosine residue. The analysis of the simulated decay generated
with 7 ,mp, showed that a double-exponential fit is sufficient to describe the four decay times with two pre-
exponential coefficients close to values observed from the experimental decay. Therefore, the decay times at
23 °C could be assigned to the individual tyrosine residues as 7, to Tyr-10 and Tyr-23 (at 20.3 A) and 7, to
Tyr-12 and Tyr-115 (at 12—14 A). On the basis of this assignment and MD simulations, the temperature
dependence of the decay times and pre-exponential coefficients suggest that upon unfolding, Tyr-12 is displaced
from the heme, with loss of the structure of a-helix I. Moreover, Tyr-115 remains close to the heme and the
structure in this region of the protein is not altered significantly. Altogether the data support the view that the
protein core, comprising the heme and the four o-helices II to V, is clearly more stable than the remaining

region that includes o-helix I and the loop between residues 19—27.

Introduction

Time-resolved fluorescence spectroscopy (TRFS) can be
successfully applied to follow protein structural changes during
thermal and chemical unfolding. We have previously shown
that proteins with single buried chromophores, such as bovine
ubiquitin (UBQ), with a single tyrosine residue' and Staphylo-
coccus aureus nuclease A (SNase A), with a single tryptophan,”
display single-exponential fluorescence decays in the native state
at pH 1.5 and 7, respectively. Upon unfolding, the decays
become multiexponential because the lifetimes of tyrosine and
tryptophan are sensitive to water exposure. The resulting
separation of the contributions of native and unfolded protein
in the fluorescence decay allowed the direct determination of
mole fractions of the native and unfolded states and derivation
of unfolding equilibrium constants as a function of temperature
and denaturant concentration.

Fluorescence decays of multichromophoric proteins are in
general multiexponential, even in the native state, not only
because of the varying degree of multiple solvent-exposed
chromophores but also due to the presence of photophysical
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processes such as proton,' electron,> or energy transfer,*
involving the chromophores and nearby amino acids or pros-
thetic groups. Thus, when the chromophores are located in
different regions within the protein, such that each microenvi-
ronment determines a sufficiently different decay time, the decay
will be multiexponential. Each exponential term will refer to a
given chromophore, allowing us to track changes that occur
during unfolding in the structure of the protein regions where
the chromophores are located.

In the case of ribonuclease A, a protein with six tyrosine
residues, we have shown that the fluorescence decay times are
controlled by long-range excited-state electron transfer from the
tyrosine residues to disulfide bridges with a AGgr ~ 0 (3). As
a result, the fluorescence decay times of each tyrosine residue
are governed by their distance (R) to the nearest disulfide bridge.
Among the six tyrosine residues, four were at the same distance
of R =5.5 A and were all described by a single decay time of
7 2 30 ps, one at R = 6.9 A corresponding to a decay time of
7, &~ 200 ps and the last at R = 12.3 A described with T3 =
1.76 ns. Hence, crucial to the assignment of decay times to
individual tyrosine residues in cytochrome ¢” is the identification
of the presence of possible quenching mechanisms.

In this paper, we explore the possibility of using this technique
to study Methylophilus methylotrophus cytochrome ¢" (Cyt ¢"),
a mono-heme protein with four tyrosine residues (Tyr-10, Tyr-
12, Tyr-23, and Tyr-115) and no tryptophans. Cytochrome ¢”
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CHART 1: 3-D Image of the Structure of Cytochrome c"*
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¢ Structure shows its single heme and four tyrosine residues, of which Tyr-10 and Tyr-12 are located on o helix-I, Tyr-23 on a loop between

helices I and II, and Tyr-115 is located on the last helix V.

is a mono heme protein with 124 amino acids (14.2 kDa), whose
physiological function remains unknown. The three-dimensional
structure has been resolved by NMR spectroscopy (1E8E)® and
by X-ray crystallography (1GU2) (Chart 1).° It has five o helices
and four 8 strands.® Tyr-10 and Tyr-12 are located in the
N-terminal region in helix I (Thr-3:Asn-20), Tyr-23 is on a loop
between helix I and helix II (Thr-29:Asn-36), and Tyr-115 is
located in the last helix V (Ser-107:Thr-118), which is close to
the heme. The heme is covalently attached to the peptide
backbone of the protein by two C—S bonds formed between
the porphyrin ring and cysteine residues, Cys-49 and Cys-52.
The iron of the heme is attached to two histidine ligands (His-
53 and His-95) in the oxidized form. The structure is related to
class I cytochromes with the additional helix I, and the axial
histidinyl residues are found in an unusual perpendicular
orientation.> It has one disulphide bridge (Cys-96—Cys-104),
which is uncommon in c-type cytochromes, but essential to the
detachment of the axial histidine (His-95).

By comparing the fluorescence of hemoglobin and horseradish
peroxidase before and after the removal of the heme, Weber
and Teale were the first to demonstrate that the presence of the
heme induces fluorescence quenching of tryptophan resultant
of nonradiative electronic energy transfer.” During the last 20
years, there has been numerous papers reporting on the
fluorescence of heme-proteins such as hemoglobin,® myoglobin,’
and horseradish peroxidise.!® Most of these studies were focused
on the fluorescence quenching of tryptophan residues by the
heme via resonance energy transfer, which is dependent on the
distance (R) between the tryptophan residues and the heme.
Here, we explore the quenching of tyrosine residues by the
single heme of cytochrome ¢" to carry out the assignment of
the fluorescence decay times to the individual tyrosine residues
and then use the changes in the fluorescence decay times and
pre-exponential coefficients during thermal unfolding to probe
local changes in the protein structure.

Materials and Methods

Cytochrome ¢" was purified from Methylophilus methylotro-
phus as described elsewhere.!' Recombinant cytochrome ¢ was
expressed in BL21 (DE3) cells and purified as previously
described.'? Protein concentration utilized for absorption and
fluorescence spectroscopy varied from 0.6 to 1.0 mg/ml and
0.22 to 0.6 mg/ml for DSC measurements.

UV-absorption and fluorescence spectra were measured using
a Beckman Coulter DU 800 spectrophotometer and a SPEX
Fluorog 2121 spectrofluorimeter, respectively.

Time-resolved fluorescence (TRFS) measurements were car-
ried out using the time-correlated single photon counting
technique as previously described,!* except for the electronic
detection system (SPC-630 board module, from Becker & Hickl
GmbH). The samples were excited with the vertically polarized
frequency-tripled output of a mode-locked Ti-Sapphire LASER
(Spectra Physics Tsunami), with a repetition rate of 82 MHz.
Emission was collected at 90°, passed through a polarizer at
54.7° (Glen-Thompson), a monochromator (Jobin Yvon H20),
and detected with a microchannel plate photomultiplier (MCP-
PT Hamamatsu R3809u-50). The laser pulses were monitored
with a fast photodiode (Becker & Hickl GmbH) and used as
starts for the SPC-630. The instrumental response was in the
18—20 ps fwhm. Alternate collection of pulse and sample decays
was performed, until about 5 x 10°—10* detected counts at the
maximum of the fluorescence signal. The fluorescence decays
were deconvoluted on a PC, using George Striker’s Sand
program.'* The fluorescence decays were measured from 23 to
80 °C at intervals of 2.5 and 5 °C using several fresh samples.
This was necessary because exposure to high temperatures and
UV irradiation, during the relatively long acquisition times of
the decays, induced thermal and/or photodegradation of the
protein.

Differential scanning calorimetry (DSC) measurements were
carried out on a VP-DSC microcalorimeter from Microcal
equipped with 0.51 mL cells and controlled by the VP-viewer
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program. Calibration of temperature and heat flow was carried
out according to the MicroCal instructions. The samples were
extensively dialyzed (using a SpectraPor membrane with a
molecular weight cutoff of 3500 Da) at 4 °C against the buffer
and further degassed prior to the calorimetric experiments. The
samples were heated from 10 to 100 °C at a scan rate of 1 °C/
min and the calorimetric cells were kept under an excess
pressure of 28 psi during the scan to avoid bubble formation
during the experiments. Thermal unfolding of cytochrome c”
was carried out in 10 and 50 mM phosphate buffer at pH 7.6.
The thermograms were analyzed using the DSC support software
provided by MicroCal, using as model a non-two state transition
with AC,.

CD spectra were recorded using the JASCO J-720 spectropo-
larimeter, equipped with Peltier temperature control. The protein
concentration was 7 uM at pH 7.6 in 10 mM phosphate buffer
and a cylindrical quartz cell with a 1-mm path length was used.
Data were collected between 190 and 240 nm at 1-nm intervals
with a dwell time of 1.5 s and each spectrum is an accumulation
of 5 scans. A series of individual experiments were recorded at
25, 40, 61, 66, and 71 °C to monitor changes in ellipticity as a
function of increasing temperature. The results are expressed
in terms of mean residue ellipticity in deg cm? dmol ™, according
t0 [Oluws = (0,) x 100 x M,/lcn where M, is the molecular
weight of Cyt ¢" (14318.11 g/mol), 6 is the observed ellipticity
in degrees, [ is the path length in cm, c¢ is the protein
concentration in g/, and n is the number of residues (124
residues). The changes in the secondary structure were deter-
mined upon subtraction of the absorption of buffer and further
analyses of the complete spectra in the region from 190 to 240
nm using the K2D2 software program. The best fits for both
native (at 25 °C) and unfolded (at 71 °C) protein are presented
in Supporting Information.

MD simulations were performed with the program
CHARMM' using the all-atom force-field CHARMM?22'6 and
a generalized Born continuum model to include the effects of
the solvent.!” Starting from the NMR structure, 1ESE,’ we first
performed a short steepest descent minimization to remove
possible steric clashes, followed by a slow heating to the desired
temperatures, and then performed canonical simulations lasting
between 2 and 4 ns. At 27 °C, the protein remains stable and
the rmsd reaches a plateau at about 2 A after 0.5 ns and never
exceeds 2 A during the whole duration of the simulation (4
ns). At higher temperatures, the TRFS data indicates residual
structure. Therefore, MD simulations were carried out at
temperatures of 127, 177, and 227 °C and the structure at 177
°C was chosen as the structure (rmsd ~ 5 A, showing regions
with and without structure) that probably corresponds to the
TREFES data at 80 °C. Simulation at higher temperatures would
eventually lead to loss of all structure, which would not
correspond to the experimental data. Langevin dynamics were
used with a low friction coefficient (I ps™!) to accelerate the
sampling relative to a water-like friction. The integration step
was 2 fs for all of the simulations performed.

Results

Absorption and Fluorescence Spectra. The UV-absorption
spectrum of oxidized Cyt ¢” in aqueous solution at pH 7.4, and
that of the model compound N-acetyl-tyrosinamide (NAYA)
in dioxane are shown in Figure 1. The spectrum of Cyt ¢" shows
the absorption of the heme: the B bands at A = 406 nm
(corresponding to the Soret or y band) and 4 = 349 nm
(corresponding to the & band), and the Q bands (or a and 8
bands) centred at A = 521 nm. In addition to these bands, the
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Figure 1. Absorption (black) and emission (red) spectra of oxidized
(Cyt ") at pH 7.4 in 25 mM Tris HCI: (a) The absorption spectrum
shows the Soret band at A = 406 nm and the maximum absorption of
the tyrosine residues at A = 279 nm, similar to the maximum absorption
of parent compound, N-acetyltyrosinamide in dioxane (NAYA), which
is amplified 48 times. The emission spectra of Cyt (Fcy) and NAYA
(Fnaya) show maximum emission at almost the same wavelength (4
= 306 nm) with a 10-fold decrease in the fluorescence intensity in the
case of Cyt ¢". (b) The absorption spectrum shows a 1-nm red-shift of
the Soret band and a 8.7% reduction in the molar extinction coefficient
from 20 °C (black) to 80 °C (red). The normalized absorbance curves
(inset) show a gradual decrease at A = 525 nm and a corresponding
increase at A = 310 nm above 35 °C.

spectrum shows the absorption of the tyrosine residues with
maximum at A,s = 279 nm, which matches the absorption
maximum of the model compound N-acetyltyrosinamide NAYA
(279 nm in dioxane).'? The wavelength of maximum absorption
of the tyrosine residues in Cyt ¢" is in agreement with the protein
structure, that is, three tyrosine residues are buried and one is
~50% exposed.

Figure 1 also shows the fluorescence spectra of Cyt ¢” and
NAYA upon excitation at A = 278 nm. Both spectra show
maximum emission at A = 306 nm but the quantum yield of
cytochrome ¢" (¢ = 0.022 £ 0.011) is reduced ~10-fold with
respect to the parent compound NAYA in dioxane (¢ = 0.18
4 0.010). The fluorescence of the tyrosine residues of Cyt ¢”
overlaps with the absorption spectrum of Cyt ¢" heme (Figure
1).

As the temperature increases from 21 to 82 °C, the absorption
spectra show a 1-nm red-shift and a 8.7% reduction in the molar
extinction coefficient (¢) of the Soret band (Figure 1b).
Interestingly, the spectra show a decrease in the € at A = 525
nm and an increase at A = 310 nm above 35 °C up to 82 °C,
which can not be attributed to the usual spectral broadening as
the temperature increases (Figure 1b inset).

T
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Figure 2. Fluorescence decay of cytochrome ¢” at pH 7.4 in 25 mM
TrisHCI with Aexe = 281, Aoy = 298 nm at 23 °C. The decay times t;,
the pre-exponential coefficients normalized to 2A; = 4, the value of
%2, the autocorrelation function (A.C.), and the weighted residuals
(W.R.) are also shown.

The fluorescence spectra of Cyt ¢” show no significant shift
in the maximum wavelength from 20 to 80 °C similar to the
small red-shift observed with NAYA in dioxane (1% ¢ = 304
nm; A% ¢ = 305 nm) and water (A*° ¢ = 306 nm; 1% °© = 307
nm)."? The quantum yield of Cyt ¢" however only shows a small
decrease from ¢z2° “© = 0.022 to ¢*° *© = 0.015, whereas the
quantum yield of NAYA decreases significantly with increasing
temperature and solvent polarity from ¢*° *© = 0.186 to ¢¢*° ¢ =
0.168 in dioxane and from ¢*° °© = 0.050 to ¢ *© = 0.025 in
water. This indicates the persistence of fluorescence quenching
of the tyrosine residues in Cyt ¢" at higher temperatures.

Time Resolved Fluorescence. TRFS measurements of Cyt
¢" in 25 mM TrisHCI buffer at pH 7.6 at room temperature
were carried out with three pairs of excitation and emission
wavelengths: Aexe = 275, Ao = 320 nm; Aeye = 281, Aoy = 298
nm; and Adee = 266, Aemy = 310 nm. Figure 2 shows the
fluorescence decay of Cyt ¢ with Adexe = 281, Aery = 298 nm at
23 °C. The analysis showed that sums of three exponential terms
are needed to fit the data, with decay times of 7o = 2.47 ns, 1)
= 430 ps, 7, = 90 ps and pre-exponential coefficients normal-
ized to four Ag = 0.10, A; = 2.0, and A, = 1.9. However, the
pre-exponential Ay associated to the long decay time (7o) is very
small and varies from sample to sample and with the excitation
and emission wavelength. It was, therefore, assigned to an
impurity; that is, the fluorescence decay of Cyt ¢" is in fact
double-exponential.

TRFS measurements of Cyt ¢” in 10 mM phosphate at pH
7.6 were carried out at higher temperatures with Ae,. = 280 nm
and Aey, = 297 nm. The long decay time of Cyt ¢ 7 is constant
from 23 to 50 °C within the experimental error, then increases
up to 560 £ 20 ps at 65 °C and decreases slightly to 500 £ 20
ps at 80 °C. From 70 to 80 °C, 7, approaches the lifetime trend
of NAYA in water (Figure 3a). The shorter decay time 7, shows
a similar profile, of an increase up to 88 ps at 65 °C and a
slight decrease to 72 4 10 ps at 80 °C. The overall variation is
small, not much greater than the experimental error (Figure 3a).

From 23 to 55 °C, the pre-exponential coefficients are
constant within experimental error. The pre-exponential A,
associated to the long decay time 7, increases marginally from
2.0 at 23 °C to 2.25 at 65 °C and decreases again to 2.1 at
80 °C while A, shows the corresponding opposite trend of A,
(Figure 3b).

Exposure to high temperatures and UV irradiation, during
the relatively long acquisition times of the decays, induced
thermal and/or photodegradation of the protein. This was
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Figure 3. (a) The longer decay time of cytochrome ¢" 7; (closed
circles) is constant from 23 to 55 °C and increases from 460 + 30 to
560 + 20 ps at 65 °C and decreases to 500 £ 20 ps at 80 °C while 7,
(open squares) shows a similar profile, of an increase up to 88 ps at 65
°C and a slight decrease to 72 £ 10 ps at 80 °C. Above 70 °C, the
values of 7; approach the decay times of NAYA in neat water (closed
squares). (b) The normalized pre-exponential coefficient A; (closed
circles) is constant from 23 to 55 °C and increases marginally from
2.0 at 23 °C to 2.25 at 65 °C while A, (open squares) shows the
corresponding opposite trend of A; (Figure 3b).

reflected by a ca. 10% decrease in the optical density (OD) of
the absorption band of the tyrosines at A = 279 nm and the
appearance of new broad emission bands at ca. 390 and 430
nm after cooling the heated sample. The fluorescence decays
also indicate protein degradation by an increase in the pre-
exponential coefficient of the long decay time attributed to the
impurity. However, the two other decay times and their pre-
exponential coefficients were not altered. Thus, the fluorescence
signal of the degradation product could still be isolated from
that of the protein.

Differential Scanning Calorimetry (DSC) and Circular
Dichroism (CD). DSC thermograms carried out in 10 mM
phosphate buffer at pH 7.6 show a single transition with a T},
=61.9 £ 1 °C. DSC thermograms were also carried out in the
same buffer conditions for two different protein concentrations
of 0.4 and 0.6 mg/ml. The results showed similar values for
T, AH and AHH indicating that at least up to T = Ty, there
is no indication of aggregation. However, at temperatures higher
than the T, the protein degradation is evident from the
progressively lower values of AH® with respect to AHY" upon
a successive second heating scan. However, the T, and AHY!
remain the same.

CD spectra of Cyt ¢" in 10 mM phosphate buffer, pH 7.6 at
25 °C (native state), 61 °C (close to T,,,) and 71 °C (unfolded
state) are shown in Figure 4. The spectrum at 25 °C shows the
characteristic negative signals of the a-helix and -sheet in the
200—240 nm region and the positive signal of the a-helix below
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Figure 4. CD spectra of cytochrome ¢ at pH 7.6 in 10 mM phosphate

at 25.0 °C (squares), 61.0 °C (circles), and at 71.0 °C (triangles) shows
the prevalence of secondary structure even at 71 °C.

200 nm. At 71 °C the spectrum shows a strong decrease of the
o-helix signal at ca. 195 nm due to the contribution of the
negative signal of random coils below 210 nm. The spectrum
also shows a significant persistence of a-helix and/or f3-sheet
structure in the unfolded state.

Analysis of the spectra using the software program K2D2,
predicts a reduction from 14% o-helix and 34% f3-sheet structure
for the native protein at 25 °C to 6.9% a-helix and 29.3%
[-sheet structure at 71 °C, indicating the presence of structure
even at high temperature and above the T, (Supporting
Information, Figure SI.1).

Discussion

Assignment of Fluorescence Decay Times to Tyrosine
Residues. On the basis of its structure and water exposure of
its four tyrosine residues, the fluorescence decay of Cyt ¢" is
expected to be double-exponential with lifetimes of 7; = 4.7
and 7, = 3.7 ns with pre-exponential coefficients normalized
to four tyrosine residues equal to A, = 3 and A, = 1
corresponding to three buried tyrosine residues (solvent acces-
sibility of less than 15%) and one tyrosine residue which is
~50% exposed to water.'3 Thus, the presence of two much
shorter decay times of 7; = 460 £ 30 and 7, = 80 £ 20 ps
indicate the presence of a more efficient fluorescence quenching
mechanism which determines the decay times other than solvent-
accentuated excited-state electron transfer to the peptide back-
bone of the protein.'* The protein structure shows that two of
the tyrosine residues (Tyr-12 and Tyr-115) are at ca. 12—14 A
from the heme and the other two (Tyr-10 and Tyr-23) are at
20.3 A. On the basis of the appreciable overlap of the tyrosine
fluorescence with the heme absorption, they are probably
quenched by resonance energy transfer to the heme. Hence, the
shortest decay time is likely due to Tyr-12 and Tyr-115 and
the longest to Tyr-10 and Tyr-23.

Quenching by Resonance Energy Transfer. The fluores-
cence decay time of a tyrosine residue in the presence of
resonance energy transfer (7;) depends on its fluorescence
lifetime in the absence of quenching (7y), the rate of energy
transfer kgy, and the rate of other possible quenching mecha-
nisms such as electron/proton transfer (k) as given in eq 1

Noronha et al.
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At donor—acceptor distances substantially larger than the van
der Waals distance, kgy is given by eq 2, where Ry is the Forster
radius and R represents the donor—acceptor distance, in this
case the tyrosine—heme center-to-center distance.

R.\6
iy = %)(f) @

According to eq 2, Tyr-12 and Tyr-115 should be strongly
and similarly quenched and the other two (Tyr-10 and Tyr-23)
less quenched.

The Forster radius R is a constant for a given donor—acceptor
pair and can be calculated using eq 3,

Ry = 0.2108[’gpn " [7 ID(A)EA(A)A“dA]é 3)

where «? is the orientation factor (eq 4), ¢p is the fluorescence
quantum yield of the donor (tyrosine) in the absence of
resonance energy transfer, n is the refractive index of the
medium in the wavelength range where the spectral overlap is
significant, In(A) is the normalized fluorescence spectrum of the
donor ([§Ip(A)dA = 1), A is the wavelength in nm and e5(4) is
the molar extinction coefficient of the acceptor.'®

Among the variables that determine the R, value, n and K2
have a greater level of uncertainty associated to them. Energy
transfer within a protein occurs in a microheterogeneous medium
whose refractive index can not be measured with traditional
methods. For example, for amino acids buried in the interior of
a protein, the physical properties (e.g., polarizability) of the
microenvironment are expected to be related to an organic
solvent, while for amino acids on the surface the refractive index
of water would better represent the microenvironment of these
amino acids. Therefore, we expect values of the refractive index
within a protein, to vary between 1.33 (for water at 23 °C) and
1.6 (for highly polarizable organic solvents). In the absence of
a method to directly determine the refractive index of the
medium in between each tyrosine residue and the heme, we
have assumed a value of 1.4 for Tyr-10 (50% water exposed)
and 1.6 for the remaining three tyrosine residues (buried in the
protein). The variation from 1.33 to 1.6 can lead to an error of
a factor of (1.6/1.33)¥® = 1.13 in the determination of R,, and
a factor of 2 in the determination of kgy.

The semirigid 3D structure of the protein also leads to
difficulties in the determination of the orientation factor 2. There
are three situations in which the value of «? can be estimated
with some confidence: If the donor and acceptor are able to
freely rotate then we can assume a value of x*> = 2/3, if the
donor and acceptor are in a rigid system where a single
conformation exists then «? can be accurately calculated, or if
they are in a rigid system where all the possible conformations
have the same probability, in which case a value of x¥*> = 0.476
could be assumed. However, in the case of tyrosine in proteins,
none of the three conditions mentioned above are totally
satisfied. An estimate of the values for «? for each tyrosine can
be obtained using eq 4
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K = [(My*My) — 3(Mp (M, P =

[cos O, — 3 cos O, cos (9A]2 (C))

where My, and M, are the transition dipole moments of the donor
and the acceptor respectively, 7 is the vector that joins the center
of Mp and My, Op, is the angle between Mp and My, Op is the
angle between Mp and 7, and 6, is the angle between M, and
r.

The calculation of x> depends on the correct determination
of Mp, and M,. To some extent, progress has been made in the
determination of the transition dipole moments. In the case of
tyrosine, the transition dipole moment can be calculated using
AM1 semiempirical method, which predicts the transition dipole
along the long axis that unites C;,Cy of the phenyl ring and the
oxygen atom of the hydroxyl group; that is, the transition dipole
is along the'L, axis.

The transition dipole of the heme is more complicated to
determine. Attempts by Gryczynski et al. for hemeoglobin and
myoglobin* using linear dichroism were made using model
systems of metalloporphyrins in stretched polyvinyl alcohol
films,'” which have indicated the transition dipole to be in the
plane of the porphyrin ring at an angle of 50—60° relative to
the o-y-meso axis of the porphyrin ring.

Values for «? were calculated for each of the tyrosine residues
of Cyt ¢" in each of the 20 NMR structures. The spectral overlap
integral was calculated using a value of €4 = 102375 mol~'dm?
cm™! and a value of the quantum yield (¢g) for each tyrosine
residue was used based on their respective solvent exposure
and using previously determined values of quantum yield for
NAYA in mixtures of dioxane/water.'> Using the parametriza-
tion of these values, we calculated the R, values (R,) for each
tyrosine residue using eq 3. Average values of «? and Ry, are
presented in Table 1.

We then calculated the rate of quenching by resonance energy
transfer kg and the computed fluorescence decay times of each
tyrosine residue (Tcomp) (Table 1) using R values calculated from
the MD simulation at 27 °C and the fluorescence lifetime in
the absence of quenching (7). Taking into account the inherent
errors associated to the determination of the correct refractive
index within a protein (n), the orientation factor (x2), the
quantum yield (¢g) of each tyrosine residue, and the molar
extinction coefficient of the acceptor (¢), the magnitude of the
computed decay times is in reasonable agreement with the
experimental decay times. However, four different decay times
are predicted: 678, 628, 85, and 47 ps (Table 1).

Using the values of the four theoretical decay times, the
corresponding tetra-exponential fluorescence decay was com-
puted by convoluting the tetra-exponential function with an
experimental pulse, and adding random Poissonian noise. The
simulated decays were analyzed with sums of two, three, and
four exponentials. The analysis showed that a double-exponen-
tial fit (Figure 5) is sufficient to describe the four decay times
with 7; = 650 and 7, = 70 ps and pre-exponential coefficients
(A; = 2.05 and A, = 1.95) close to values observed from the
experimental decay (r; = 460 £ 30 ps, 7, = 80 £ 20 ps; A; =
2.05 £+ 0.05, A, = 1.95 4+ 0.05). It is thus clear that the
fluorescence decay times of the two more strongly quenched
tyrosine residues (Tyr-12 and Tyr-115) are not well resolved
experimentally and mixing of the two individual decay times
results in an average decay time of 80 £ 20 ps. The longer
theoretical decay time is greater than the observed 7, = 460 £+
30 ps, although small variations in n, K%, or ¢r could easily
justify this difference. In fact, if we use values of «* for Tyr-
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10, Tyr-12, Tyr-23, and Tyr-115 of 0.7, 0.5, 1.05, and 0.3,
respectively, instead of those obtained from the NMR structures,
the simulated fluorescence decay gives the same decay times
and pre-exponential coefficients as experimentally observed.
Hence, we assign Tyr-10 and Tyr-23 to 7, and Tyr-12 and Tyr-
115 to 7, in native Cyt ¢".

Thermal Unfolding. The profile of the fluorescence decay
times of the tyrosine residues of Cyt ¢" with increasing
temperature, provides the following information on the structural
changes of the protein upon thermal unfolding: (1) the persis-
tence of a quenched decay time of 7, ~ 100 ps from 23 to
80 °C indicates that either Tyr-12 or Tyr-115 remains close to
the heme even at high temperatures, suggesting the presence
of secondary structure even at 80 °C in the region where either
Tyr-12 or Tyr-115 is located and (2) the increase in the decay
time 7; from 55 to 70 °C indicates loss of some secondary
structure. These indications are consistent with the information,
resulting from the CD spectrum at the highest temperature
(Figure 4), that secondary structure persists in the unfolded state
of Cyt ¢".

The fluorescence lifetime of NAYA in water 7, tends to
decrease with increasing temperature as observed in Figure 3.
Therefore, the increase in 7; is only possible if the individual
distance R of one of the tyrosine residues also increases. As
the heme is covalently attached to Cys-49 and Cys-52 in Cyt
¢", and the detachment of the heme from the protein is not
possible even at high temperatures; any change in R is only
expected to result from changes in the secondary structure.

We carried out MD simulations at a number of temperatures
at 127, 177, and 227 °C, which on the time scale of the
simulations reached a rmsd value from the native structure of
3,5,and 8 A, respectively, thus providing a range of increasingly
unfolded ensembles of structures. For a rmsd value = 5 A at
177 °C, the protein shows regions with and without structure,
possibly indicating the structure of Cyt ¢" at 80 °C. This
temperature (177 °C) was, therefore, chosen to calculate the
tyrosine-heme distances at higher temperatures with the intent
to explain the profile obtained by TRFS data at 80 °C.

From the MD simulation at 177 °C (Figure 6), we observe
that essentially only one tyrosine residue Tyr-12 increases its
distance from the heme, from R = 14.2 A at 27 °C to R = 24.6
A at 177 °C. If we assume that the simulation of Cyt ¢" at
177 °C represents the unfolded protein at 80 °C, then using the
values described in Table 2, decay time values of 430 ps (Tyr-
10), 825 ps (Tyr-12), 284 ps (Tyr-23), and 32 ps (Tyr-115) were
calculated on the basis of the Tyr distance from the heme (R)
and solvent exposure obtained from the simulation at 177 °C.
The analysis of the theoretical decay showed that a triple-
exponential fit with decay times 7; = 860 ps, 7, = 370 ps, and
73 = 40 ps and pre-exponential coefficients A; = 0.93, A, =
2.10, and A3 = 0.97 is required (Figure 7a) and that this deviates
from the experimentally observed double exponential decay at
80 °C (z; = 510 ps (A} = 2.07) and 7, = 72 ps (A; = 1.93)).
The MD simulation at 177 °C predicts a completely labile Tyr-
12(R=24.6A)ina region with no residual structure, a solvent
accessibility of 60%, a value expected for a tyrosine residue in
a structured region of the protein. Hence, the MD simulations
seem to be underestimating the solvent accessibility of residues
in the denatured state. It would be more plausible to expect
that an amino acid that is in a nonstructured region to be
described by a solvent accessibility close to water while those
in regions with structure to be described with a solvent
accessibility less than 50%.
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TABLE 1¢
Tyr number R (A) 7o (ns) 7 (ns) or K2 SI’ x 10" n Roeo (A)  hen (057" ker (087" Teomp (19)
10 20.3 3.10 0440  0.116 040 17.6 1.4 25.1 1.15 0.677
12 14.2 4.45 0.087  0.167  0.68 17.6 1.6 26.6 9.80 1.7 0.085
23 20.3 4.56 0440  0.171  0.70 17.6 1.6 26.9 1.37 0.628
115 11.7 4.86 0.087  0.182 046 17.6 1.6 253 21.19 0.047

“ Comparison of the experimental decay times (7;) at 23 °C and the computed decay times (T.omp) calculated using equation 1—3 and the
fluorescence lifetimes () of each tyrosine (Tyr) residue based on their solvent exposure, the distance (R) of each tyrosine residue to the iron
(Fe’") of the heme, the rate of energy transfer (kgx), the rate of electron transfer to the nearest disulfide bridge (kgr), and the characteristic
Forster radius (Roe,) estimated using eq 3, the quantum yield (¢g) of each tyrosine residue, the orientation factor (k?), spectral integral (SI), and

refractive index (n). In M~! cm™' nm*.

TABLE 2¢
Tyr number R (A) 7o (ns) br K2 SI? x 10" n Roeo (A) ken (ns7™h) ker (ns™) Teomp (1S)
10 20.3 2.54 0.095 0.67 17.6 14 26.4 1.93 - 0.430
12 24.6 1.66 0.040 0.67 17.6 1.4 24.6 0.61 - 0.825
23 17.8 3.41 0.127 0.67 17.6 15 26.5 322 - 0.284
115 11.7 4.0 0.149 0.67 17.6 1.6 26.1 30.86 - 0.032

“The computed decay times (Tcomp) at 80 °C calculated using eq 1—3 and the fluorescence lifetimes (7o) of each tyrosine (Tyr) residue based
on their solvent exposure and the distance (R) of each tyrosine residue to the iron (Fe**) of the heme calculated from MD simulations at 177
°C, the rate of energy transfer (kgy), the rate of electron transfer to the nearest disulfide bridge (kgr), and the characteristic Forster radius (Ryeo)
Sstimated using eq 3, the quantum yield (¢r) of each tyrosine residue, the orientation factor («?), spectral integral (SI), and refractive index ().

In M~ cm™' nm*.

TABLE 3
Tyr number R (A) 7 (ns) o K2 SI? x 10" n Roweo (A) ken (ns™!) ker (ns™) Teomp (11S)
10 20.3 2.54 0.095 0.67 17.6 1.40 26.4 1.93 - 0.430
12 24.6 0.65 0.024 0.67 17.6 1.33 21.8 0.75 - 0.437
23 17.8 0.65 0.024 0.67 17.6 1.33 28.7 5.21 - 0.148
115 11.7 4.0 0.149 0.67 17.6 1.60 26.1 30.86 - 0.032

“The computed decay times (Tcomp) at 80 °C calculated using eq 1—3 and the fluorescence lifetimes (z) of each tyrosine (Tyr) residue based
on their solvent exposure, the distance (R) of each tyrosine residue to the iron (Fe’™) of the heme, the rate of energy transfer (kgy), the rate of
electron transfer to the nearest disulfide bridge (kgr), and the characteristic Forster radius (Roeo) estimated using eq 3, the quantum yield (¢g) of
each tyrosine residue, the orientation factor (x2), spectral integral (SI), and refractive index (n). >In M~! cm™! nm*.
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Figure 5. Analysis of a theoretical fluorescence decay of cytochrome
¢" with 75000 counts at the maximum was generated using the four
decay times presented in Table 1, with noise. The decay can be fitted
with a double-exponential with decay times and pre-exponentials of 7;
= 650 ps (A; = 2.05) and 1, =70 ps (A, = 1.95).

If ¢p or n are slightly different from the values presented in
Table 2, such that Tyr-12 and Tyr-23 are more exposed (Table
3) than predicted by the MD simulation at 177 °C, then the
computed decay times T omp for the four tyrosine residues are
as follows: 430 ps for Tyr-10, 437 ps for Tyr-12, 148 ps for
Tyr-23, and 32 ps for Tyr-115. This results in a simulated decay
that can be fitted with a double-exponential with decay times
7; = 420 ps and 7, = 90 ps and respective pre-exponential
coefficients A} = 2.4 and A, = 1.6 (Figure 7b), close to the
experimentally observed decay at 65 °C (t; = 559 ps, 7, = 89

Figure 6. Distance (R) of each tyrosine residue to the haem, Tyr-10
(squares), Tyr-12 (circles), Tyr-23 (up triangles), and Tyr-115 (down
triangles) calculated from MD simulations at 27, 127, and 177 °C shows
essentially a change in the distance of Tyr-12 at higher temperatures.

ps; Ay = 2.23, A, = 1.77). In fact when we assume that all
tyrosine residues are water exposed in the denatured protein,
then the analysis of the simulated decay that is generated using
the same values of 7y, ¢, k%, n and spectral integral (SI) (as in
Table 3) for all four tyrosine residues but with different values
of R for Tyr-12 (Supporting Information, Table SI.1) gives the
values 7; = 420 ps (A; = 1.92) and 7, = 162 ps (A; = 2.08),
which are close to those experimentally observed at 80 °C: 1,
=510 ps (A; = 2.07) and 7, = 72 ps (A; = 1.93). A number
of simulation possibilities and the results of their analysis are
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Figure 7. Analysis of a theoretical decay of cytochrome ¢" generated
using the calculated four decay times presented in (a) Table 2 and (b)
Table 3, with noise. (a) The decay can be fitted with a triple-exponential
with decay times and pre-exponentials of 7, = 860 ps (A; = 0.93), 7,
=370 ps (A, = 2.10), and 75 =40 ps (A3 = 0.97). (b) The decay is best
fitted with a double-exponential with decay times and pre-exponentials
of 7y = 420 ps (A; = 2.40) and 7, =90 ps (A, = 1.60).

presented in Table SI.1 in Supporting Information. These results
indicate that for concordance between the experimental and
theoretical decays at high temperatures, Tyr-12 must be water
exposed at 80 °C; that is, the increase of 7, is the combined
result of increasing the distance to the heme and the exposition
of Tyr-12 to water (unfolding in that region).

Therefore in unfolded Cyt ¢", 7, now represents Tyr-10 at R
=20.3 A and Tyr-12 at 24.6 A, and 1, represents Tyr-23 at
17.8 A and Tyr-115 at 11.7 A. As in the case of the fluorescence
decay at 23 °C, the individual fluorescence decay times at
80 °C are experimentally unresolved, such that Tyr-10 and Tyr-
12 continue to be described by a single decay time (7;) and
Tyr-23 and Tyr-115 are predicted by 7.

We have previously shown in the case of thermal unfolding
of ubiquitin (with a single tyrosine residue) that different
individual lifetimes could be assigned to the native and the
unfolded state such that these could then be used as a tool to
distinguish between the two states. However, for Cyt ¢ this is
not possible, as is seen in the case of fluorescence decay at 23
°C, which requires two decay times to describe the native state.
Also, as the protein unfolds, more decay times and respective
pre-exponential coefficients are expected to appear, correspond-
ing to the unfolded state. However, if the decay times in the
unfolded state are sufficiently close to those of the native state,
then mixing of the decay times occurs and this results not only
in the persistence of two decay times over the entire temperature
range of unfolding but also the observation of only small
changes in the decay times and respective pre-exponential
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coefficients. Therefore, it is not possible to extract exact
thermodynamic information for Cyt ¢" from the pre-exponential
coefficients, as we were able to do for ubiquitin.! Curiously,
the pre-exponential coefficients observed experimentally in the
case of Cyt ¢" show a peculiar trend where no crossing between
the two pre-exponential coefficients is observed but the midpoint
of A; and A, occurs approximately at 62.0 °C, close to T, =
61.9 + 1 °C from DSC measurements. Therefore, although
mixing of decay times of the two states occurs, we can still
estimate the T;, from the change in the trend of pre-exponential
coefficients.

In conclusion, an increase in 7, and A; from 55 to 80 °C
assigned to the displacement of Tyr-12 from the heme indicates
the loss of structure of a-helix I (Thr-3:Asn-20) located in the
N-terminal region of the protein whereas the assignment of Tyr-
115 to the more quenched decay time 7, from 23 to 80 °C,
suggests the presence of residual structure of a-helix V (Ser-
107:Thr-118) located in the C-terminal region of the protein
even at 80 °C. Comparison of structures at 27 and 177 °C shows
that at 177 °C, one of the histidine ligands, His95 is completely
displaced with no secondary structure in its surrounding region;
that is, it is not a source of compactness in the denatured state
(Supporting Information, Figure SI. 2).

Conclusions

The results presented here show that an effective and
quantitative application of TRES to probe protein structural
changes can be achieved by exploiting the often disregarded
information contained in the pre-exponential coefficients of
fluorescence decays. For the specific case of heme proteins, the
fluorescence decay times are controlled by excited-state energy
transfer (FRET), which is directly dependent on the fluorescence
lifetime of the individual tyrosine residue in the absence of
quenching (7p) and inversely dependent on the ratio (Ry/R),
where R is the center-to-center distance between the tyrosine
ring and Fe®* of the heme and Ry, the characteristic distance at
which the efficiency of energy transfer is 50%. As a result of
this direct correlation of the experimentally observed decay times
(t;) to R, changes in structure could be detected in different
regions of the protein by coupling the information from the
fluorescence decays with MD simulations at different temper-
atures. The fluorescence decays of oxidized Cyt ¢ are double-
exponential at 23 °C with decay times 7, = 430 ps and 7, = 90
ps and respective pre-exponential coefficients A; = 2.08 and
A, = 1.92, suggesting that two tyrosines could be described
with a single decay time of ~430 ps and the other two with a
decay time of 90 ps for native folded Cyt ¢". From MD
simulations of the native structure, the R value of each tyrosine
residue was calculated, leading to the assignment of Tyr-10 and
Tyr-23 to 7, and Tyr-12 and Tyr-115 to 7, at 23 °C.

With increasing temperature, changes in the decay times and
pre-exponential coefficients were observed, suggesting the need
for a new assignment of decay times to tyrosine residues at
higher temperatures. Specifically, the increase in 7, and A; from
55 to 70 °C was attributed to the displacement of Tyr-12 from
the heme and exposure to water, which indicates unfolding in
this region. Likewise the permanence of 7, ~ 100 ps from 20
to 80 °C indicated that Tyr-115 remains close to the heme
throughout unfolding. Therefore, according to this analysis, the
unfolding of Cyt ¢" occurs in two stages: the N-terminal region,
comprising a-helix I and Tyr-10 and Tyr-12, appears to melt
first, whereas the protein core that comprises the additional four
helical structures shows higher stability and remains essentially
unchanged up to 80 °C.
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