ISSN 0006-2979, Biochemistry (Moscow), 2017, Vol. 82, No. 11, pp. 1269-1275. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © V. V. Gorokhov, P. P. Knox, B. N. Korvatovskiy, N. Kh. Seifullina, S. N. Goryachev, V. Z. Paschenko, 2017, published in Biokhimiya, 2017, Vol. 82,

No. 11, pp. 1615-1623.

Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM17-276, September 25, 2017.

Temperature Dependence of Tryptophan Fluorescence Lifetime
in Aqueous Glycerol and Trehalose Solutions

V. V. Gorokhov, P. P. Knox, B. N. Korvatovskiy,
N. Kh. Seifullina, S. N. Goryacheyv, and V. Z. Paschenko*

Lomonosov Moscow State University, Faculty of Biology, 119991 Moscow, Russia; E-mail: vz.paschenko@gmail.com

Received June 15, 2017
Revision received August 15, 2017

Abstract—The temperature dependences of tryptophan fluorescence decay kinetics in aqueous glycerol and 1 M trehalose
solutions were examined. The fluorescence decay kinetics were recorded in the spectral region of 292.5-417.5 nm with
nanosecond time resolution. The kinetics curves were approximated by the sum of three exponential terms, and the spectral
distribution (DAS) of these components was determined. An antisymbatic course of fluorescence decay times of two (fast
and medium) components in the temperature range from —60 to +10°C was observed. The third (slow) component showed
only slight temperature dependence. The antisymbatic behavior of fluorescence lifetimes of the fast and medium compo-
nents was explained on the assumption that some of the excited tryptophan molecules are transferred from a short-wave-
length B-form with short fluorescence lifetime to a long-wavelength R-form with an intermediate fluorescence lifetime.

This transfer occurred in the indicated temperature range.
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Functional activity of proteins depends to a large
extent on their conformational dynamics — their ability to
undergo conformational rearrangements required for
their specific functions [1]. It is generally recognized that
fast stochastic structural fluctuations on the pico- or
nanosecond time scale [2] between various substates of
protein molecules play a crucial role in functionally sig-
nificant conformational changes [3]. It has been suggest-
ed that proteins are characterized by an extensive set of
these conformational substates separated by local energy
barriers reflecting the complexity of their energy profiles.
Because the heights of these energy barriers can vary sig-
nificantly, the time scale of protein mobility can cover
several of orders of magnitude [4, 5]. Stochastic protein
mobility decreases with decrease in temperature and,
thus, can be localized in a time scale characteristic for
specific functional process mediated by the protein. The
type and number of surrounding solvent molecules (pri-
marily water) also affect dynamic characteristic of a pro-
tein. These molecules create a local surface layer that can
act as a plasticizer or, vice versa, as a stabilizer of confor-
mational modes, thus enhancing or hindering transitions

Abbreviations: DAS, decay-associated spectra.
* To whom correspondence should be addressed.

between these conformational substates, respectively [3,
6]. Hence, protein dynamics that defines its functional
activity can be modified not only by the temperature fac-
tor, but also via introduction of the protein into a polymer
gel matrix, dehydration, as well as solvation with various
cryosolvents [6-9]. Malferrari et al. [10] investigated the
effect of hydration and dehydration of a trehalose matrix
on the reduction kinetics of the primary donor of PSI,
P700°*. The re-dehydration of the trehalose matrix at
room temperature imitated the effect of freezing of PS1 in
the aqueous glycerol solution. Simultaneous investigation
of dynamic and functional indicators of enzymes under
varying conditions of temperature and solvent composi-
tion is a powerful tool for investigation of the mechanisms
of the processes mediated by these proteins.
Fluorescence spectroscopy of tryptophan residues in
proteins is widely used as an intrinsic indicator of protein
conformation, its dynamics, and intermolecular interac-
tions. It is known that the dynamic (spectral-kinetic)
behavior of tryptophan molecules is very sensitive to the
state of their environment [11, 12]. Fluorescence of the
indole chromophore is highly sensitive to the state of its
environment and, as a result, it serves as an indicator of
even minor changes in this environment [13]. If a protein
structure is known, then it is possible in principle to inter-
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pret the changes in tryptophan fluorescence in terms of
structural changes at the level of atomic resolution. The
location of the maximum of the protein tryptophanyl flu-
orescence spectrum that is defined by the relaxation char-
acteristics of the polar environment of the excited chro-
mophore has long been used as an indicator of protein
intramolecular dynamics during, for example, tempera-
ture increase or decrease [14, 15]. It is more difficult,
however, to interpret the effect of environment on the
lifetime of protein tryptophanyl fluorescence. Detailed
elucidation of the nature of local changes near tryptophan
residues that affect experimentally obtained temperature
dependences of fluorescence lifetimes requires detailed
and complex investigation. One possible approach to this
problem is investigation of the temperature dependences
of tryptophan fluorescence lifetimes in different media,
which is the subject of this work.

MATERIALS AND METHODS

Fluorescence kinetics were recorded with a PML-16
setup with time- and wavelength-correlated single photon
counting (Becker & Hickl, Germany). This instrument is
equipped with a Hamamatsu R5900 16-channel multian-
ode PMT containing 16 separate output anode elements
and a common cathode and dynode system. The fluores-
cence signal passes through a polychromator equipped
with a diffraction grating (600 lines/mm) providing a
200-nm spectral band of the measuring system with reso-
lution of 12.5 nm/channel. This allows recording of
three-dimensional fluorescence patterns reflecting
changes in lifetime (t), spectrum (1), and intensity (/) of
the emission. Fluorescence of the sample was excited at
280 nm using an EPLED 280 picosecond pulsed semi-
conductor diode (Edinburg Photonics, Scotland), pulse
duration 870 ps, spectral width 10 nm, pulse frequen-
cy 10 MHz, signal accumulation time 30 s. Thus, by
recording the 3D (¢, A, I) image of tryptophanyl emission,
we measured kinetics of fluorescence decay for each spec-
tral channel in the range 292.5-417.5 nm. During the
measurement, the sample was in a cuvette cooled with
liquid nitrogen with temperature controlled using a ther-
mocouple. Time of cooling to —180°C was ~10 min, rate
of subsequent heating was 5-7°C/min. Tryptophan and
trehalose from Sigma (USA) and glycerol from Merck
(Germany) were used in the study. Tryptophan concen-
tration in the sample was 10 mM.

The massive spectral-kinetic dataset obtained from
the measurements comprises a set of fluorescence decay
kinetics recorded in different spectral channels in the
range of wavelengths 292.5-417.5 nm with 12.5-nm inter-
val. The number of experimental points in each Kkinetic
curve is 4096. The number of photons detected in this
region of the spectrum was also recorded for each chan-
nel.

GOROKHOV et al.

The experimental kinetics were approximated for
each spectral channel using the SPCImage program
(Becker & Hickl) based on Eq. (1):

F(, 2) =%, a (M) exp(—1/7)), eY)

where a,(A) is a wavelength-dependent preexponential
factor of the component with lifetime t;, and i designates
the number of the component.

This program deconvolutes the kinetics using the
Marquardt—Levenberg algorithm into the sum of one to
five exponents convoluted with the hardware IRF func-
tion measured for each spectral channel. We limited our-
selves to three exponents because further increase of the
number of exponents did not result in decrease in y2. In
the first step, parameters @; and t, were varied for each
spectral channel. Next, the t; values (1 <i < 3) were aver-
aged over all spectral channels. The averaged t; data were
inserted into the Globals Unlimited program for global
analysis over all spectral channels (University of Illinois)
as nonvariable parameters for the final determination of
preexponential coefficients a; (1), which then were used
for construction of DAS (decay-associated spectra) for
each component. The standard error of approximation y>
was calculated using Eq. (2):
C=1/(N=p—1)x3(d—f)*d, (1<j<409), (2)
where d; are experimental values of the fluorescence
decay kinetics at time point j, f; the value of the calculat-
ed theoretical curve for this time point, which was equal
to function (1) convoluted with the hardware function
(f = F®IRF), N is number of experimental points, and
p the number of parameters of the theoretical curve.

The y? values were averaged over all spectral chan-
nels. In our calculation, the calculated average value of >
did not exceed 1.4 in the case of the three-exponential
approximation, while the values of ¥ were above 1.8 in
the case of the biexponential approximation. Hence the
three-exponential approximation was used in all calcula-
tions.

RESULTS AND DISCUSSION

In this work, we thoroughly investigated temperature
dependences of tryptophan fluorescence lifetimes in 50%
aqueous glycerol solution and in 1 M aqueous trehalose
solution. The fluorescence decay kinetics at room tem-
perature in both cases can be approximated reasonably
well by three exponentials with lifetimes t, ~ 4 £ 0.05 ns,
T,~6.510.08 ns, and t;~ 12.5 £ 0.2 ns. According to our
previous study [16], the complex character of tryptophan
fluorescence decay in solution and in the protein compo-
sition can be explained by the availability of three possi-
ble rotamers of indole rings about the C,—Cy bond that
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Fig. 1. Tryptophan fluorescence decay Kinetics in glycerol at tem-
perature —100°C (/) and —30°C (2) at wavelength 330 nm.

emerge from electrostatic interactions in the tryptophan
molecule. Moreover, the population of one of the
rotamers is usually significantly higher than of the other
two. In turn, one of the rotamers is predominant between
the remaining two rotamers.

In the case of tryptophans located in a protein
matrix, micro-conformational states of the protein near
the indole ring are the specific causes of heterogeneity of
the kinetics of the recorded signal in addition to the
apparent rotamers of the tryptophan side chain. Hence, it
is more accurate to identify conformers in proteins rather
than rotamers [17]. To describe the tryptophan fluores-
cence decay kinetics in a protein, a continuous distribu-
tion of lifetimes is more suitable than a description using
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a set of discrete exponentials. The basis for such distribu-
tion from the point of view of physics is represented by
inter-transitions between various conformations, each
characterized with a quasi-continuum of energy substates
of the tryptophan residue in a different environment [17].

At the same time, the description with discrete expo-
nentials can provide an adequate qualitative picture of the
changes in the state of fluorescent chromophores occur-
ring in the investigated samples with temperature varying
over a wide range. We modeled this situation for the
recorded temperature dependence of the fluorescence
kinetics of tryptophan solutions in glycerol and trehalose.

The kinetics of tryptophan fluorescence decay and
its three-exponential approximation at tempera-
tures —100 and —30°C are presented in Fig. 1. The three-
exponential approximation describes well the kinetics of
tryptophan fluorescence decay. The accuracy of determi-
nation of the shortest fluorescence lifetime in this three-
exponential approximation is £50 ps, intermediate life-
time £80 ps, and the longer lifetime 200 ps (with 95%
confidence level).

The examples of the resulting set of Decay
Associated Spectra for the three-exponential approxima-
tion of the tryptophan fluorescence decay kinetics in
solution at —100 and —30°C are presented in Fig. 2.

The results of analysis of spectral-temporal parame-
ters of the fluorescence kinetics (Fig. 1) demonstrated
that at low temperatures tryptophan in the investigated
samples was present predominately as two rotamer forms
corresponding to the short wavelength (“blue”, B) and
long wavelength (“red”, R) region of the fluorescence
spectrum. The B-form is characterized by a lifetime of
T, = 4.8 ns at the temperature of liquid nitrogen and fluo-
rescence maximum at 295 nm; the lifetime of the R-form
at this temperature is t, # 6.5 ns and the fluorescence
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Fig. 2. Decay associated spectra (DAS) for the three-exponential approximation of tryptophan fluorescence decay kinetics at —100°C (a)
and —30°C (b). The spectra of the fast, intermediate, and slow components are indicated with squares, circles, and triangles, respectively.
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maximum is at approximately 315 nm. The contribution
of the third form with t; = 12.5 ns was so negligible that it
was not considered in the following kinetic analysis.

The temperature dependences of the fluorescence
lifetimes of the B- and R-forms of the tryptophan
rotamers in aqueous glycerol (panel (a)) and trehalose
(panel (b)) solutions are presented in Fig. 3. One can see
that t3 and 1z change only slightly in the temperature
range from —180 to —60°C. Further increase in the tem-
perature results in the decrease in tg from 4.8 to 2.2 ns
with a minimum reached —13°C; 1y starts to increase
again with the following increase in temperature. On the
other hand, ty increases in the temperature range
from —60 to —15°C followed by its decrease. The relative
contributions of the B- and R-forms to the total fluores-
cence signal at —100°C is 0.47 and 0.53, while at —30°C
these contributions are 0.1 and 0.9, respectively. The level
of contributions from different rotamer forms to the total
fluorescence signal F was determined using Eq. (3):

Fg = Sgte/(Sptg + Sgtr);  Fr = Sptr/(SpTs + Sgtr), (3)
where Sp, are areas of spectral amplitudes of kinetic
components with lifetimes ty and 1y (a, and a, in Fig. 2,
the contribution of the third component was not consid-
ered). Obviously, there is a transfer of emission energy
from the B-form to the R-form.

It follows from our data that the lifetimes of kinetic
components (Fig. 3) and their spectral amplitudes (data
not shown) depend on the temperature. The fact of exis-
tence of a temperature region where the fluorescence life-
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times of B- and R-forms of tryptophan change in anti-
symbatic manner is characteristic for both aqueous glyc-
erol and trehalose solutions. The lifetime for the third
component remained practically unchanged (data not
shown); moreover, its spectral amplitude was insignificant
(Fig. 2). The region of transfer of the part of B-rotamers
to the R-form is the temperature region above —50°C (see
Fig. 3). This is the region were thawing of the used glass-
like solutions occurs. For example, it follows from differ-
ential scanning calorimetry data that the glass transition
temperature (T,) of the ~30% trehalose solution (w/w) is
approximately —42°C [18]. According to the data of
Olsson et al. [18], trehalose solution at this concentration
partially crystalizes during heating from the glass transi-
tion temperature (T,) to the melting point (approximate-
ly —10°C). In other words, significant changes in
intramolecular dynamic of the system occur during the
heating of the glass-like solution in this temperature
range, which cause the observed transition between the
tryptophan rotamers. Similar processes obviously occur
during heating of frozen 50% glycerol solution.

Hence, the conditions for transition of the part of B-
rotamers into R-rotamers develop at a certain tempera-
ture of the medium. As will be shown below, this occurs
when the intersection point of energy surfaces of elec-
tronic excited states of the two rotamers is in the overlap-
ping of the spectra of local vibration of these rotamers in
this energy region. As a result, the rate of the fluorescence
decay of B-rotamers increases (decrease in lifetime) and
the rate of fluorescence decay of R-rotamers decreases
(increase in lifetime). The conditions for the B*—R*
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Fig. 3. Temperature dependences of fluorescence lifetimes of B- and R-forms of tryptophan in aqueous glycerol (a) and trehalose (b) solu-

tions. Temperature dependence was approximated with Egs. (4).
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transition must be of resonance nature such as Gaussian
dependence similar to overlapping of local vibrational
spectra.

The temperature dependences of the fluorescence
decay rate constants for the B- and R-forms of trypto-
phan were approximated by Egs. (4), where the terms
with Gaussian function describe resonance transfer from
one rotamer form to the other:

kg = kg t kgr x exp(—(T — TBo)z/ATBg);

kg = kyo — kgy x exp(—(T — Tyy)*/ATgj) +
+ kg x exp(—(T — Ty))*/ATx?); (4)
= 1/kg; = 1/kg.

The temperature in Egs. (4) is expressed in the
Celsius scale, kg and kg indicate rate constants of fluores-
cence decay of the B- and R-forms of tryptophan, kg, and
kgo are the rate constants of fluorescence decay of the B-
and R-forms in the absence of B*—R* transfer, parame-
ter kg is the amplitude of the rate of transfer from B*- to
R*-form, and kir defines the maximum increase in the
fluorescence lifetime of the R-form. Parameters 7%, and
ATy, designate the center and width of the temperature
interval favorable for the transfer of B-from to R-form,
and parameters kg, Tgrg, and ATy, describe the change in
the rate constant of the fluorescence decay of the R-form
resulting from the B*—R* transfer. To have a more accu-
rate approximation of the temperature dependence of kg,
it was necessary to assume that a channel for transfer of
the R*-form to the third rotamer form emerges at higher
temperature (T > —10°C). Parameters kg, Tg;, and ATy,
describe the resonance transfer of R*-form of tryptophan
to the third rotamer form resulting in a decrease in the
fluorescence lifetime of the R-form. The parameters g
and 7y represent fluorescence lifetime of forms B and R,
respectively. Both forward (B*—R*) and reverse
(R*—B*) transfers are considered in this model.

The types of tryptophan rotamers (1), (2), and (3)
corresponding to the fluorescence lifetimes t,, 1,, and 14
are defined by the rotation of the indole ring about the
C,—C; bond by different angles (0° (1), 60° (2), and 120°
(3)). The transfer from rotamer (1)* to rotamer (2)*
(asterisk indicates excited states of rotamers) is accompa-
nied by overcoming the potential barrier of ~4.4 kcal/mol
(E, =~ 1550 cm™") [19]. The suggested scheme for the
dynamics of potential energy surfaces for the accepting
modes of tryptophan rotamers in the excited state is
shown in Fig. 4. This scheme is based on the following.
The over-barrier transition from the B*-form to the R*-
form is hindered in this arrangement of potential energy
surfaces due to the large value of F,. However, if one
assumes that the relative position of the tryptophan indole
rings changes with an increase in temperature, the poten-
tial energy surface of the B*-form comes closer to the
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potential energy surface of the R*-form, and under these
conditions the B*—R* transfer is significantly easier.

A local mode approximation is valid for description
of nonradiative transfer in aromatic benzene-type mole-
cules when various oscillations of valent bonds are consid-
ered as acceptor modes [20]. The transfer acceptor modes
for aromatic cyclic compounds are associated with vibra-
tion of C—H-groups, and the distances between the vibra-
tional levels are large in this case (Fig. 4). We assume that
the deformational vibrations out of the plane of the indole
macrocycle with frequency of ~1300 cm™! are active for
the B*—R* transfer [21]. The accepting mode of the
B*—R* transfer at low and room temperatures is most
probably in the ground state (Fig. 4); moreover, the dis-
tance between the zero and the first vibrational level for
deformational vibrations is ~1300 cm™!. In the case of
moderately high energy of the medium, reorganization of
the activation barrier for the transfer is high (Fig. 4, E,). As
a result, as we mentioned before, under normal conditions
the transfer of the B*-rotamer to the R*-rotamer proceeds
via a tunneling mechanism with a low rate. In the case
when temperature changes in the region of the medium
glass transition, significant fluctuation of the environment
near tryptophan can occur, including micro-conforma-
tional transfers related to rearrangement of hydrogen
bonds and charged groups. Such process can cause rota-
tion of the indole cycle in the B*-rotamer by a certain
angle in the direction of its position in the R*-rotamer,
which causes a shift of the potential energy surface of the
B*-state towards the potential energy of the R*-state, and,
as a result, reduction of the energy of reorganization and
decrease in the B*—R* transfer activation barrier (Fig. 4).
Furthermore, the vibrational spectra of the acceptor mode
for different potential energy surfaces can align at certain
temperature, and, as a result, the deformational vibration
mode becomes active for the B*—R* transfer. This situa-
tion is depicted in Fig. 4 as an intermediate position of the
potential energy surface of BX.

Hence, overlapping (resonance) of the local vibra-
tional spectra of the excited tryptophan rotamer forms B*
and R* can occur with change in temperature.
Resonance, i.e. maximum overlapping of the vibrational
spectra of the accepting mode of different rotamer forms
in the region of interception of the terms of the excited
states of two tryptophan terms, takes place at a certain
temperature that corresponds to the maximum rate of the
B*—R* transfer (Fig. 4). Further increase in temperature
disrupts this resonance. The decay time 1 begins return-
ing to its initial value of 4.8 ns. However, the decay time
T does not return to its initial value of 6.5 ns, but contin-
ues to decrease even at T > 0°C, it drops below 6 ns,
because the additional channel of fluorescence quenching
likely opens for the R-form such as a transfer channel of
this rotamer to the third form.

It must be mentioned that the correct description of
the antisymbatic nature of the temperature dependences
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Fig. 4. Schematic representation of the dynamics of potential energy surfaces of excited states of tryptophan rotamer forms B* and R* with
increasing temperature. Shift of the potential energy surface of B* towards potential energy surface of R* with change in temperature is indi-
cated with bold arrow; E, is activation energy of B*—R* transfer; B¥ is intermediate state of the potential energy surface; zero and first levels
of vibrational energy of B-rotamer depicted by 0 and 1, respectively; Ag is width of the spectrum of the acceptor mode.

of the tryptophan fluorescence lifetimes is possible only
on the assumption that the B—>R transfer occurs in the
excited state of tryptophan. Indeed, the intramolecular
rate constant of the fluorescence decay does not depend
on temperature. The temperature dependence of the life-
time of the excited state of molecules emerges due to their
intercombinational conversion into a triplet state or non-
radiative transfer to the ground state [22, 23]. The tem-
perature dependence of the fluorescence lifetimes dis-
plays Arrhenius character in this case. In our case, in
addition to the mechanisms cited above, the antisymbat-
ic character of the temperature dependence of the fluo-
rescence lifetimes of the B- and R-forms occurs because
of the transition of the tryptophan B-form into the R-
form in the singlet excited state — B*—>R* transfer. We
suggest that the decrease in the 1y value with the increase
in temperature from —60 to —10°C occurs because of the
opening of an additional channel of deactivation of the
B*-form — its transition to the R*-form. Further increase
in the temperature disrupts the resonance between the
spectra of local vibrations, and, as a result, Tz begins
returning to the initial level.

The results of approximation show that the location
of the center of Gaussian components of the temperature
dependence of the fluorescence decay, its width in the
temperature region of the B*—R* transfer, as well as the
amplitude are different in aqueous glycerol and trehalose
solutions. The center of the Gaussian curve of the tem-

perature region is around —13°C for tryptophan in aque-
ous glycerol solution and —23°C in trehalose. The width
at half-maximum of the Gaussian component of the tem-
perature curve is 40°C (28 cm™") for tryptophan in aque-
ous glycerol solution and 30°C (21 cm™') for tryptophan
in trehalose. The maximum rate of the B*—R* transfer in
aqueous glycerol solution is 2.2-10® s~!. This rate is slight-
ly lower for the trehalose solution — 1.8-10% s~

The fact that the distribution of local vibrational
energies favorable for the B*—R* transfer in trehalose is
narrow in comparison with tryptophan in aqueous glyc-
erol solution attracted our attention. This is likely related
to the crystalline-like structure of trehalose, which caus-
es the effect of depletion of the spectrum of local vibra-
tions near the tryptophan molecule somewhat like the
Shpolskii effect in crystalline matrices at low tempera-
tures.

We established that tryptophans exist in at least three
rotamer forms in aqueous glycerol and trehalose solutions
that differ both in emission spectra and fluorescence life-
times. For the first time, an unusual non-monotonous
dependence of the fluorescence lifetimes of rotamers on
temperature was observed; moreover, in the temperature
range from —60 to +10°C, there was an antisymbatic
change of 1 relative to tz. We observed a very similar
dependence of the tryptophan fluorescence in photosyn-
thetic reaction centers of purple bacteria (unpublished

BIOCHEMISTRY (Moscow) Vol. 82 No. 11 2017
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data). A model was suggested to explain the antisymbatic
pattern of the temperature dependence of tyz and 1y of
tryptophans in solution according to which conditions
develop in a certain temperature range for the transfer of
the excited forms of one rotamer form (B*) to the other
(R*). This becomes possible if the intersection points of
electronic energy surfaces of the excited states of these
two rotamers are near local vibrational spectra overlap,
thus creating resonance. Outside this temperature region,
the resonance between vibrational levels is disrupted, and,
as a result, the fluorescence lifetimes do not depend on
temperature. There is the possibility of another explana-
tion for the observed effects. We continue investigation on
this topic and hope to determine the nature of antisym-
batic temperature dependence of tz and Tz more accu-
rately.
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