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Abstract

Principles of nonlinear laser fluorescence spectroscopy of complicated organic
compounds and of the method capable of determining photophysical parameters
are considered in this chapter. Special attention is paid to the peculiarities of the
method connected with specific photophysical processes in natural organic
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compounds, especially in proteins, and to the major role of intramolecular
energy transfer and presence of localized donor-acceptor pairs (LDAP) of
fluorophores within single macromolecules. These facts stimulated the develop-
ment of models based on the collective states formalism describing fluorescent
response of LDAP to pulsed laser excitation. Unique features of the method are
illustrated by the example of proteins (proteins with intrinsic fluorescence (HSA,
BSA) and fluorescent protein mRFP1) that can be used as fluorescent tags of
intracellular processes while their photophysical parameters can be used as the
information channel.

30.1 Introduction

The use of lasers (laser radiation) has dramatically changed optics and optical
spectroscopy [1-3]. Many of the traditional methods of spectroscopy had
a rebirth, the most striking examples being spectroscopy of spontaneous Raman
scattering [2, 4], opto-kalorimetric methods (the method of termolens, optoacoustic
spectroscopy, etc.) [2, 3]. Of greater scientific interest and practical importance are
the “true laser” techniques, based on the nonlinearity and coherent optical response
of the medium on laser radiation. For example, these methods include intracavity
laser spectroscopy [3], laser spectroscopy within the Doppler line [2], coherent anti-
Stokes Raman spectroscopy (CARS) [2], nonlinear spectroscopy of surface (SERS,
the second and the third harmonic spectroscopy [1]), and parametric scattering of
light spectroscopy [1, 2, 5].

For a long time, the method of fluorescence spectroscopy stood apart from this
process, though this method has high sensitivity [6]. The principal limitations of
classical fluorometry are its low selectivity caused by broad and unstructured fluo-
rescence emission bands and the fact that this method is very limited at the solution of
the inverse problem (i.e., at determination of photophysical characteristics of fluo-
rescent molecules). In the early 1970s, the prospects of using fluorescence in remote
laser (lidar) sensing of the atmosphere and, especially, the hydrosphere were dem-
onstrated [7], and extensive application of laser diagnostics in medicine and biology
[8] became incentives for seeking ways of making fluorometry more informative.

These studies led to the creation of the method of nonlinear laser fluorescence
spectroscopy [9-11]. In this method, fluorescence saturation curves (nonlinear
dependencies of fluorescence intensity on the exciting radiation) are used as the
input data for solving of the inverse problem. In the framework of solving just one
inverse problem, using a single saturation curve measured on a single spectrom-
eter, one can simultaneously determine the photophysical characteristics (absorp-
tion cross section, the lifetime of the excited state, the rates of energy transfer,
etc.), measuring which in classical spectroscopy would require the use of different
tools and techniques, and, moreover, it can be done without a priori information
required for classical methods, such as the concentration of molecules (for determin-
ing the absorption cross section), the lifetime of the excited state of the donor in the
absence of the acceptor (for determining the rate of energy transfer), and so on.
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Laser fluorometry turned out to be a unique method of studying natural organic
compounds, photosynthetic organisms [12], proteins [13—15] (especially fluores-
cent proteins [14, 15]), and humic substances [16], which, moreover, can be used as
fluorescent descriptors and indicators of the ecosystem state to which they belong.
An important property of the majority of natural complex organic compounds
(COC) in scope of optical spectroscopy is a high local concentration of absorbing
(chromophores) and fluorescing (fluorophores) groups located within a single mac-
romolecule, while the concentrations of these macromolecules in media are usually
low. This fact predetermines a major role of intramolecular energy transfer. Some
of the natural COC typically have a determined countable number of chromo-
phores/fluorophores with a possible energy transfer between them (e.g., localized
donor-acceptor pairs [14]). All these require the development of novel methods
based on the laser fluorescence spectroscopy technique.

This chapter outlines the basis of nonlinear laser fluorescence spectroscopy of
complex organic compounds. The possibilities of laser fluorometry are illustrated
by the results of its application in the research and diagnostics of extremely
important natural organic compounds - proteins, including fluorescent proteins
that are of great interest as indicators of living cells’ state. The choice of these
objects has been determined both by their importance in nature and the variety of
photophysical processes that allows illustration of unique possibilities of nonlinear
laser fluorometry.

In this chapter, human and bovine serum albumins (HSA and BSA [13, 14]) and
red fluorescent protein mRFP1 [14, 15] are represented. The complexity of
photophysical processes in this sequence increases and requires the development
of the analysis method.

30.2 Fundamentals of Nonlinear Laser Fluorescence
Spectroscopy of Complex Organic Compounds (COC)

30.2.1 Photophysical Processes in COC. Photophysical Parameters

Both classical (linear) and laser fluorescence spectroscopy of complex organic
compounds (COC) are based on the phenomenon of fluorescence. The model of
fluorescence response formation under optical excitation operates with a set of
photophysical parameters — the absorption (or excitation) cross section, fluores-
cence quantum Yyield, the rates of radiative and non-radiative excited state relaxa-
tion, the rate of singlet-triplet conversion, and the rate of intermolecular energy
transfer, including energy transfer between similar molecules in the excited state
(singlet-singlet annihilation). The processes and capabilities of classical fluores-
cence spectroscopy (fluorometry) are presented in many monographs (see, e.g.,
[6]). The information below is provided to present the foundations of nonlinear
laser fluorometry.

Fluorescence, or fast luminescence, is the result of the allowed radiative transi-
tions from the excited electronic state to the ground one. The diagram of the lowest
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Fig. 30.1 Lowest energy levels of COC molecule and possible photophysical processes:
a — absorption; b — internal conversion; ¢, e, g — nonradiative decay; d — fluorescence emission;
f— singlet-triplet conversion; /& — phosphorescence

molecules’ energy levels is presented on Fig. 30.1. For the majority of molecules
with an even number of electrons in ground state, all the molecular orbitals (MO)
are filled with pairs of electrons (i.e., the orbital contains an even number of
electrons).

According to the Pauli exclusion principle, electrons of the same MO have
opposite spins, hence, the resultant spin quantum number (§) for the molecules in
the ground state is zero (S = 0) and the multiplicity J = |25 + 11 = 1. However, when
one electron goes to the upper orbital, its spin can be oriented in either the same or
the opposite direction to that of the remainder of the lower orbital electron. In the
first case, S = 0, J = 1, and the excited state is singlet; in the second, S =1, J = 3,
and the state of the molecule is triplet.

Each electronic level of an organic molecule splits into a series of vibrational
levels, and each vibrational level into a series of closely spaced rotational sublevels.
Collision of molecules and electrostatic perturbation induced by the surrounding
solvent molecules leads to broadening of the vibrational-rotational sublevels. As
a result, a quasicontinuum of energy states appears. Therefore, absorption and
fluorescence spectra of COC molecules in solution are usually unstructured bands
with a width of a few tens of nanometers [6].

A COC molecule in ground state absorbs photon with a probability equal to oF,
where ¢ is the absorption cross section (cm?), and F is the excitation photon flux
density (cm 2 s ). A number of processes lead to relaxation of the excited state.

The typical excited state lifetime of COC molecule is 7z ~ 10~° s. Relaxation
between vibrational energy levels m and n (m>n) within the same electronic level i
S;"—S;" is called internal conversion (typical time 7ic ~ 107 12+10713 s). Radiative
S{—Sy transition is called fluorescence. Non-radiative S;—S, transitions can also
occur; rates of these processes determine fluorescence quantum yield. Nonradiative
S:; — T; transitions are called singlet-triplet conversion (tgr ~ 10~ s), and radiative
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T; — Sy transitions are called phosphorescence (1p ~ 103+10° s). Transitions
between energy levels with different multiplicity are spin-forbidden and become
partially allowed for COC as the result of spin-orbit coupling.

Radiative transitions from higher energy levels S; and T; can also occur, how-
ever, for COC, probability of such processes is quite low [6]. When the concentra-
tion of fluorescing COC molecules in solution or in an organic complex is high,
bimolecular energy transfer processes are possible. One of these processes is
singlet-singlet annihilation: when two excited molecules are close enough, energy
transfer can occur if the necessary conditions are fulfilled (e.g., in case of fluores-
cence resonance energy transfer (FRET), the donor’s emission band and the
acceptor’s absorption band must overlap). As the result, one of the molecules
comes to the ground state. This effect plays a major role in fluorescent response
to pulsed laser excitation of photosynthetic organisms due to high (up to 1 M) local
concentration of chlorophyll a [12, 17, 18].

Since internal conversion leads to fast deactivation of higher COC molecule
energy states S; and T; (i > 1) and of higher vibrational levels of S; and Ty, one can
use a three-level model of COC energy states, involving transitions (absorption and
excited state relaxation) between Sy, S;, and T, levels (Fig. 30.2).

The balance of Sy, S;, and T, states populations (n;, n3, n,, respectively) for
a COC molecule can be described by the system of differential equations (30.1):

ony (1,1 . _ - .
% = (K31 + K5, )n3(t, r) — F(t, r)on (1, r) + Vn%(t, r)
Lr _
%:K:ﬂf&(n r) (301)
t
ons(t, r - . . B
% =F(t,r)on(t,r) — (K31 + K}, + K3)ns(t, r) — Vné(t, r)
where

K;, K’31, K3, are the rates of radiative and nonradiative S; — S transitions and the
rate of singlet-triplet conversion (see Fig. 30.2)

T =Ky + K;,l + K3, is the total rate of S; state deactivation

o is the COC molecule’s absorption cross section (in the general case, the COC
molecule’s excitation cross section taking into account all the possible pathways
of excitation: direct absorption, energy transfer, etc.)

y is the constant of the singlet-singlet annihilation rate, caused by energy transfer
between two excited fluorophores (Fig. 30.2)

F(1, ) is the excitation photon flux density

—

r = {x,y} are coordinates in the beam cross section
The relation between ny, n,, and n3 is determined by the conservation law:

ny = ny + np + ns,

where 7 is the total concentration of COC molecules (in cm ™).
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Fig. 30.2 Three-level model of COC molecule energy levels (including singlet-singlet
annihilation)

When writing (30.1), the following factors are neglected:

» Excited state absorption from S; and T, states — if this process does not cause
photobleaching (e.g., photoionization), it does not affect the kinetics of the
energy level’s population due to fast internal conversion,

« Stimulated transitions from S; to Sy (here we suppose the excitation to be non-
resonant);

« T; 2 S transitions (it is supposed that the duration of exciting laser pulse
toutse << 1/K3; <<f1, where K>, is the rate of T state relaxation, and f'is the
pulse repetition rate; i.e., triplet state T, is some kind of “trap,” accumulating
COC molecules, that completely depopulates between two excitation pulses).
Here we consider pulsed laser radiation because of its high photon flux density
that can cause nonlinear dependency of fluorescence intensity on the excitation
intensity.

Let us consider a diluted solution of the COC molecules that is irradiated with
light pulses propagating along the z axis. We regard an optically thin layer of
thickness / (n9-0-1 << 1) bounded by two planes perpendicular to the z axis with the
coordinates z and z + /. Let’s consider the fluorescent response of the selected layer
to the excitation laser pulse.

The exciting pulse can be represented as a group of photons propagating along
the z axis. We suppose the distribution of photons in the beam cross section to be
axisymmetric; this allows use of cylindrical coordinates

{z, r} (z:z, 2= \/m)

We introduce the distribution function of photons per pulse g(#/¢,,r/ro), which
describes the probability density for a photon of the exciting radiation to be at time ¢
at the point with coordinate r (here, ¢,, 1o are effective pulse duration and beam
radius). Let’s introduce the following notation: & = t/t,,, p = r/r¢, then, by definition,
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the probability of a photon to be in the ring of dV = 2mp-dp-d volume is
determined by g(&,p)dV. Therefore, the function g(&,p) must obey the normaliza-
tion condition:

+00 +00

J J g(& p)-2mp-dp-di=1. (30.2)

—00 —00

Let g(&, p) be a factorized distribution g(¢, p) = ge(£)-g,(p). The effective pulse
duration 7, and the beam radius ry can be defined as follows:

£:(+0.5) = 0.5 - g(0)

(30.3)
g,(1)=05"-g,(0)
Possible g:(&) distributions include Gauss distribution in time
4 -In(2
ger® = |22 exp(-4-m2) - &) (0.4
and in the beam cross section
In(2
g (0 =22 exp(—1n(2) - p?). (30.5)

These distribution functions [(30.4) and (30.5)] satisfy (30.3), and their combina-
tions satisfy (30.2).

Let us select a ring volume dV = 2np-dp-d¢. The number of exciting pulse
photons in dV is Ngy = F(t, r)-2nr-dr-dt, where F(t, r) is the photon flux density.
From the other side, Ngv = N-g(&,p)-2np-dp-d&, where N stands for the total
number of photons in the pulse. Hence, F(t,r) - 12 -1, = N - g(&,p). The value

N

Fep = - is called the effective photon flux density of the exciting radiation and
PO

F(t,r) =m-g(t/ty,r/ro) - Foy =1 -g(&,p) - Fep. (30.6)

In cylindrical coordinates (z =z, r* = \/x% + yz) , assuming an optically thin
layer system, (30.1) is transformed into

8’1165;7 ) _ (K31 + K's1)ms(t,r) = 7 g(t/ty,7/r0) - Fgron (1,r) + yn3 (1, r)
ony(t, r

% :K32n3(t, I')

w =1 g(t/1p,r/ro) - Fegom (t,7) — (K31 + K51 + Kx)ms (1, 1) — yn3(t,r)

(30.7)
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Integrating the system (30.7) and taking into account the conservation law, one
can obtain an expression for the population of the first excited singlet state of
fluorescent molecules n3(¢, r). Using this expression, it is possible to find the
number of fluorescence photons emitted from the selected layer of the solution as
a result of excitation by the laser pulse:

Ny = K3 x

1

N ——

0 0
dz - J 2nr - dr - J n3 (K31,K/31,K32, O',’)),Feﬁv,l‘7 I”) - dt

0 e (30.8)
= K31 %

E -

2nr - dr - J n3 (K31, K51,K32,0,7, Fo, t,r) - di

30.2.2 Fluorescence Saturation of COC Under Pulsed Laser
Excitation. Basics of the Nonlinear Fluorometry

With increasing intensity of the exciting radiation, the dependence of COC mole-
cules’ fluorescence photons [see (30.8)] on the photon flux density becomes
nonlinear (Fig. 30.3a). This effect is called fluorescence saturation. In the frame-
work of the adopted three-level model (for single-component solution of COC),
there are two basic mechanisms of fluorescence saturation [9, 12, 17]: depletion of
the ground state of fluorescent molecules (absorption bleaching) and singlet-singlet
annihilation.

Nonlinear laser fluorometry is based on the fluorescence saturation effect and
operates with the measured dependence of the number of fluorescence photons Ny
on the photon flux density F of the exciting laser radiation — Ny(F). At typical F
values for pulsed lasers (F > 102 cm™2 s~ 1), deviation of Ny(F) from the linear law
appears, in varying degrees for different COC. For diluted solutions of organic
dyes, nonlinearity becomes significant at F values F > 10**cm%c ™' [9] and for
objects with a high local concentration of fluorophores (e.g., photosynthetic organ-
isms), it is already apparent at F > 10 cm 257! [12, 17].

The next step is the inverse problem solution: determination of photophysical
parameters used in the model describing experimental fluorescence saturation
curves Ny(F). As usual, the inverse problem solution consists of two stages: direct
problem solution (evaluation of Ny(F) for a given set of photophysical parameters)
and the inverse problem solution itself: determination of the set of parameters that
gives minimum discrepancy between theoretical and experimental saturation
curves. For this purpose, different algorithms — the traditional variational, such as
gradient descent methods and nonlinear regression, and neural networks [10] — are
used. Some unique capabilities of nonlinear fluorometry (NLF) will be presented in
Sect. 30.3 using the example of concrete proteins. As with any other method, NLF
has its limitations: because of the monotonous character of the saturation curves,
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the dimension of an inverse problem with a sustainable solution is no more than
three (detailed analysis of sustainability and uniqueness of NLF inverse problem
solution is given in [11]). This limitation is partially overcome in the so-called
matrix method of laser fluorometry, synthesizing nonlinear and time-resolved
(kinetic) fluorometry [19]. Fundamentals of this method are described in
Sect. 30.2.4, which is preceded by a description of the method of time-resolved
fluorometry (Sect. 30.2.3).

In real experiments, the value Ny(F) is measured in arbitrary units (a.u.), since
the procedure for measuring the absolute values of fluorescence photons is cum-
bersome and fraught with errors. In order to obtain quantities that can be measured
in absolute terms and compared with those calculated from the adopted model, it is
necessary to make the normalization of the number of detected fluorescence protons
Ny some reference signal N,; that depends linearly on the photon flux density of
exciting radiation. The intensity of laser radiation measured by the second photo-
detector or the signal of Raman scattering (RS) of light by water molecules or other
solvent [9, 20] can be used as a reference signal. The ratio @ = N4/N,¢ is called the
fluorescence parameter. N0

To characterize the degree of fluorescence saturation, the saturation factor I' = N—Z
is introduced, where Nf(; =F X Ilplir%) % is the number of photons that would have
been emitted by the molecule in the absence of saturation. Fluorescent parameter @ is

connected with I' by the following equation: I' = %, where @y = %in}) O(F) is

the unsaturated fluorescence parameter that does not depend on F. In absence of
fluorescence saturation, Ny ~ F and I" = 1. When Ny(F) becomes nonlinear, I'(F)
ceases to be a unit (Fig. 30.3). The dependencies Ny(F) (Fig. 30.3a), ®7l(F)
(Fig. 30.3b), and T'(F) (Fig. 30.3c) are called fluorescence saturation curves in
corresponding axes.

30.2.3 Fluorescence Kinetics of COC Molecules. Principles of Time-
Resolved Fluorometry

The classical method of time-resolved fluorometry [2] is based on analysis of
the fluorescence decay curves after the exciting pulse with much shorter
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duration than the lifetime of the excited state. For typical COC molecules, this
method requires the use of picosecond pulses. However, information about the
relaxation of the excited state of COC molecules can be also obtained with
nanosecond excitation.

In Ref. [21], the suggested variant of time-resolved fluorometry COC solution is
excited laser pulses with duration 7, = 10 ns. The fluorescence signal is detected
with intensified CCD camera with mini/mum gate width 7,,, = 10 ns and gating
resolution At = 2.5 ns. It was shown that, using this equipment it, becomes possible
to determine COC molecules’ lifetimes down to 1 ns, despite the fact of large 7, and
Tgate Values.

Here, the dependence of the number of photons in the ICCD gate t, on the delay
time t,,; after the exciting laser pulse is called the kinetic curve. According to
(30.8), Ng(t41) is given by:

00 te/24Tael
Np=Kj3 -1 x J 2nr - dr J n3(t,r) - dt (30.9)
0

—te /24Tl

Delay time ¢, changes discretely proportional to the number of the gating
Steps i: lge; = I X Igiep.

When using this technique, the key point is selection of the zero point, that is, the
moment when #,,; = 0; for example, this point can be chosen from the condition that
at #4,; = 0 the maximum of the laser pulse and the center of the ICCD gate coincide.
This point can be chosen using the maximum of Raman scattering by water
molecules as a reference (RS signal is almost inertialess; the elementary act of
scattering occurs at 10~'" — 107'% s timescales).

Fluorescence intensity is measured in a.u., so in order to compare for experi-
mental and calculated kinetic curves the normalized values of intensity are used:

st =)

where Nfi(¢,,;) is the number of photons registered at #,,, delay at the same gate
width. This normalization is used during processing of experimental data.

30.2.4 Matrix Method in COC Fluorometry

As already mentioned, capabilities of NLF are limited by the number of
photophysical parameters that can be recovered from smooth fluorescence satura-
tion curves. In many cases, this can be enough, for example, in the case of
monofluorophoric solution absorption cross section (in absence of a priori infor-
mation about concentration; see Sect. 30.3 for details), excited state lifetime, the
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rate of singlet-triplet conversion, or the rate of singlet-singlet annihilation can be
determined. However, in case of a bifluorophoric system when energy transfer
appears, this set of parameters can appear to be insufficient. This situation is
mathematically described by a system of kinetic equations:

dn n

Ttl = F(t)o1(noy — ny) — = — ynt — K1a(ngn — mo)

o ];7 (30.10)
7: = F(t)oa2(noy — na) — ?2 — i + K (nox — n2)

with the following abbreviations:

ny, ny — concentrations of the excited molecules of the corresponding fluorophores;

no1, Moz — initial concentrations of the molecules of the corresponding fluorophores;

11, T, — lifetimes of the excited molecules of the corresponding fluorophores;

Y1, 72 — constants of singlet-singlet annihilation of the corresponding fluorophores;

01, 0, — excitation cross sections of the corresponding fluorophores;

F(#) — photon flux density of the exciting radiation;

K, — constant of intermolecular energy transfer from the first to the second
fluorophore.

Having determined n,(¢,F) and n,(¢,F), it is possible to calculate the fluorescence
intensity I(F,T) in a receiver gate delayed for time 7 with respect to the exciting
laser pulse for the given value of photon flux density F [21].

In this model we do not separate singlet-triplet conversion from the common
channel of intermolecular relaxation of excited state of fluorophores, that is, from the
total time of this relaxation, 7, and 7,. Nevertheless, there are nine model parame-
ters, which cannot be determined simultaneously neither with the kinetic fluorom-
etry method, nor with the nonlinear fluorometry method, nor by the sequential use of
these methods. These considerations have led to the idea to perform a synthesis of
these methods [19]. To do so, the following matrix needs to be measured:

IFITI e IFIT,
Mpr = :

IFle e IFwTr

where Ir,r,, is the fluorescence intensity of the COC mixture for the exciting
radiation photon flow density F,, and for the gate delayed for time T,, with respect
to the laser pulse.

The rows of this matrix are the points on kinetic curves at different photon flux
densities F; the columns are the points on fluorescence saturation curves at different
gate delays 7. The range of F should be selected in such a way that, at its minimal
value, there would be no saturation of fluorescence, and at its maximum value
saturation would be significant. The degree of saturation at maximum F is chosen
based on the peculiarities of the specific problem.
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From physical considerations, it may be expected that different matrix elements
have different dependences on photo-physical parameters. Consequently, under
rational choice of matrix elements, all photo-physical parameters can be determined.

It should be noted that this approach is in principle different from the matrix
method, suggested in [22, 23] and aimed at determination of partial concentrations
of components in a mixture where the following matrix is used:

Ly, .. Iyr,
My = . . .

Iinl s I)~$1/'Tr

Here, the matrix elements are the values of intensity measured at different
wavelength within the overall fluorescence band at different ICCD gate delay
with respect to the laser pulse.

30.2.5 Laser Fluorometry of Localized Donor-Acceptor Pairs.
Collective States of Donor-Acceptor Pair

The systems with excitation energy transfer in which the donor has only one
possible acceptor (localized donor-acceptor pairs) are finding increasing wider
application [24, 25]. Commonly, the systems of this kind are constructed artificially
out of pairs of organic compounds (e.g., out of dye molecules or fluorescent protein
macromolecules). A description of the fluorescence response of such systems in
terms of the conventional approach becomes inapplicable, because the situation is
possible when the donor and the acceptor of a LDA pair are simultaneously in an
excited state; therefore, the energy transfer in the framework of a conventional
scheme [see (30.10)] is impossible. The model presented in this section makes it
possible to describe the energy transfer inside a LDA pair, but disregarding the
energy transfer between the pairs.

We employ the following notations: Sop, S1p are the ground and the first excited
states of the donor, Sgs, S;a are the same for the acceptor. Let us to introduce
a notion of the collective states of a LDA pair, each of these states simultaneously
describes both the donor state and the acceptor state:

e Collective state 1: the donor and the acceptor are in the ground state Sop and Sga,
respectively; the concentration of such molecules is denoted as n; = ny (¢, 7);

e Collective state 2: the donor is in the state S;p, and the acceptor is in the state
Soa; the concentration of such molecules is denoted as ny = ny(t,7);

¢ Collective state 3: the donor is in the state Sop, and the acceptor is in the state
S1a; the concentration of such molecules is denoted as nsz = n3(t,7);

» Collective state 4: the donor and the acceptor are in the first excited state S;p and
S1a, respectively; the concentration of such molecules is denoted as nq = ny(t, 7)
The collective states of a LDA pair can be illustrated by the diagrams, see

Fig. 30.4.
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Fig. 30.4 The collective states of the localized donor-acceptor pair (in each collective state the
left scheme of the energy levels is attributed to the donor of the LDA pair (levels Sop and Sp) and
the right one to the acceptor (levels Soa and S;4))

The dynamics of variation in the concentrations of these four collective states of
the LDA pair (disregarding singlet-triplet conversion and single-singlet annihila-
tion process) is mathematically described by the following system of the kinetic
(30.11):

8n1 ny ns

7:_17‘[ . . = =

ot (7’7‘) (O-D+GA) ny +T?+T‘34

on n n

72: —F(l,f)'JA 'nz——;—KDA ~n2+F(t,f)-oD~n1 +—:
t T3 T3

on n n 30.11

732—F(t,ljj-GD-n3——3+F(Z7}7)-GA~H1+—;+KDA-H2 ( )
t 4 5

8114 ny ny

T = F67) o m+ PR o0 -m -5 =

ny + ny + n3 + ng = ny,

where the symbols D and A denote the donor and the acceptor, respectively; 7 is the
lifetime of excitation state of the donor or acceptor molecules; ¢ is the absorption
cross section corresponding to the Sy — S; transition; Kp, is the rate of the energy
transfer from the excited donor to the unexcited acceptor; ny is the total concentra-
tion of molecules containing a LDA pair.

It should be noted that that the parameter Kp,4 in (30.11) has the meaning of
the energy transfer rate, whereas in the conventional model (30.10) it is the constant
of the energy transfer rate, that is, the rate normalized to a unitary concentration of
the unexcited acceptor molecules. This is the consequence of the fact that the
model described by (30.11) suggests the presence of only one donor and one
acceptor in a macromolecule (it should be noted that the model can be generalized
for the case when a macromolecule contains several donors and acceptors). In this
case, the energy transfer rate can assume two fixed values: Kp4 = 0 (in the
collective state 4) and Kp, = const (in the collective state 2). In the conventional
model, the donor is surrounded by a large quantity of the acceptor molecules and,
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consequently, the rate of energy transfer can assume a continuous series of values
from 0 to some maximum value, which is equal to KDA* X Moy, here KDA* is the
constant of energy transfer rate, and My, is the concentration of the acceptor
molecules.

Knowing the law of variation in the concentration of fluorescent molecules in the
excited state, one can calculate the number of fluorescence photons N, emitted
under the influence of a laser pulse:

For the donor:

0 +00
N2(2) J27rr -dr J (na(t, 1) + na(t,r))dt, (30.12)
0 —0o0
For the acceptor:
00 +00
N (2) o J 2nr - dr J (n3(t, 1) + na(t,r))dt. (30.13)
0 —00

In the model described by (30.11), the fluorescence saturation occurs due to the
finite time of return of fluorescent molecules from the excited state S; to the ground
state Sy, and due to a decrease in the number of molecules in the collective state 2
(the saturation of the energy transfer channel). As the conventional model, model
(30.11), operating with the collective states of a LDA pair, could be supplemented
with other mechanisms of the fluorescence saturation (the singlet-triplet conver-
sion, singlet-singlet annihilation, photochemical processes in an excited state, etc.).

30.3 Laser Fluorescent Spectroscopy of Proteins
30.3.1 Optical Properties of Protein Macromolecules

It is well known [26] that protein molecules obtain intrinsic luminescence in the UV
region of spectrum due to the presence of aromatic amino acids — tryptophan (Trp),
tyrosine (Tyr), and phenylalanine (Phe). About 90 % of the total fluorescence of
proteins is usually due to tryptophan residues. This natural fluorophore is extremely
sensitive to the polarity of the environment. Spectral shifts of its absorption and
fluorescence bands are often the consequence of several phenomena, among which
are the ligand binding, protein-protein association and denaturation. Proteins absorb
light near 280 nm, the maxima of fluorescence spectra lie in the region 320-350 nm
(Fig. 30.5). Excited state lifetimes of tryptophan residues usually ranged from 1 to
6 ns.

Tyrosine fluoresces intensively in solution, but its emission intensity in proteins
is much weaker. Protein denaturation usually increases tyrosine emission.
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Fig. 30.5 Irreversible a 35|
changes in the absorption (a)
and fluorescence (b) spectra
of the tryptophan solution
during its irradiation by UV
light: before irradiation (solid
curve), after irradiation for

15 min (dashed curve), after
irradiation for 30 min
(circles), and within 6 h after
the end of 30-min irradiation
(triangles) for the photon flux
density F =10% ecm?s~'. The
inset shows the dependence of
the change in the optical
density of the aqueous
solution of tryptophan at b
278 nm due to the
photoproduct formation on
the exciting photon flux
density. The irradiation time
is 30 min [27]
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Phenylalanine’s fluorescence quantum yield in proteins is small (less than 1 %),
so its impact on protein fluorescence can usually be neglected.

A detailed analysis of the intrinsic fluorescence of proteins is hampered by the
number of factors that affect the fluorescence and the presence of several different
aromatic amino acid residues in one protein molecule. Since each residue is in
a different environment, its spectral properties may differ. Emission spectra of all
residues overlap, and it is difficult to separate the spectral contributions of each of
them, for example, in a multitryptophan protein. In addition, the emission spectra
and fluorescence relaxation kinetics are rather complicated, even for free trypto-
phan and proteins containing a single tryptophan residue. For example, for most
proteins with a single tryptophan residue multiexponential fluorescence decay is
observed; for this reason we can’t simply interpret the data of time-resolved
fluorometry in terms of the behavior of individual residues in multitryptophan
proteins. A detailed review of data on amino acids and proteins fluorescence can
be found, for example, in Ref. [26].
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30.3.2 Nonlinear Laser Fluorometry of Tryptophan

As already noted, many proteins fluoresce in the near UV region due to the
presence of tryptophan, tyrosine, and phenylalanine residues (aromatic amino
acid residues) [26]. Because the parameters of fluorescence spectra (position,
shape, intensity, etc.) of aromatic amino acids (fluorophores) characterize their
interaction with the environment, they can be used to obtain information about
the properties of protein molecules. To obtain more complete information, it is
also important to know the molecular photophysical parameters of fluorophores
such as absorption cross sections, singlet-triplet conversion constants, and so on. Of
special importance is studying the nature of fluorescence of tryptophan molecules
because this fluorescence dominates in the so-called intrinsic fluorescence of
proteins [26].

Although the fluorescence of tryptophan in solutions and proteins has been
investigated in many papers (see review in Ref. [26]), the nature of the fluorescence
band of this amino acid cannot be considered explained so far. The determination of
the entire set of photophysical parameters of a tryptophan molecule and their
dependence on the environment factors is promising for the development of the
method of fluorescence diagnostics of proteins.

In Ref. [27] the results of measuring the molecular photophysical parameters of
tryptophan in aqueous solution by the method of nanosecond laser fluorometry
based on the simultaneous recording (by using one laser spectrometer) of the kinetic
and fluorescence saturation curves are presented. The solution of L-tryptophan
(Ajinomoto, Japan) in mQ water (MilliPor, USA) was studied. Absorption spectra
were recorded at the tryptophan concentration of 1.3 x 10~* M; fluorescence
spectra and fluorescence saturation curves were obtained at the tryptophan concen-
tration of 2 x 10~? M. All the experiments were carried out at temperature 25 °C +
1°C.

Excitation of tryptophan molecules by UV radiation can induce a number of
photophysical processes and photochemical reactions involving the excited state.
Although the photophysical parameters of tryptophan molecules have been studied
in many papers, the mechanisms of their phototransformations have not been
completely established. The values of photophysical parameters corresponding to
these processes reported in the literature differ considerably [28—33] (see Table 30.1
below).

The following deactivation mechanisms of the first excited singlet state can be
distinguished, which affect the fluorescence response of a low-concentration tryp-
tophan solution excited by nanosecond laser pulses:

1. Radiative and nonradiative transitions to the ground state

2. Singlet-triplet conversion

3. Spontaneous ionization

4. Photoionization. This process was not considered in detail anywhere; it was also
pointed out that it occurs and ionization products are similar to products formed
upon one-step ionization [28-30]. This process, as with process 3, is reversible,

with recombination times at the micro-to-millisecond scale [29].
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Table 30.1 Photophysical parameters of tryptophan molecules in an aqueous solution.

Values
Parameter NLF-based method [27] Other (linear) methods
73, NS 28 £1 3.13 (amplitude = 0.93), 0.53 [28]
0,107 cm? 1.6 4+0.3 1.9 [28]
nr+ n; 0.17 £ 0.5 nr = 0.12 [28]; n; = 0.25 [29];

n; = 0.08 [28, 30]

Ksp + Ks, 107 ¢t 6+2
(03 + Gp), 107 cm? 22407

5. Formation of a non-recoverable photoproduct. The existence of such an irre-
versible mechanism is pointed out in [28]; however, like process 4, it has not
been quantitatively studied. It seems that this process, as process 4, is caused by
the absorption of a photon by a tryptophan molecule in the first excited singlet
state (and, hence, is a two-step process as a whole). This is confirmed by the fact
that the dependence of the product formation rate on the radiation intensity
deviates from a linear dependence (inset in Fig. 30.5a), and the product forma-
tion is manifested in a gradual decrease in the fluorescence intensity (during UV
irradiation) and optical density in the first and second singlet absorption bands of
a sample (Fig. 30.5).

The two-step processes 4 and 5 are poorly studied since the experimental
measurement of the quantum yield of ions and a photoproduct in the case of
a two-photon reaction involves considerable difficulties because it is necessary to
know the concentration of excited molecules absorbing the second photon and also
their extinction coefficient at the excitation wavelength. Thus, it is difficult to
describe these processes quantitatively within the framework of traditional classical
approaches. The authors of most papers (e.g., on flash photolysis [29, 30]) deliber-
ately selected the energy parameters of setups to minimize the contributions of two-
step processes (specially specifying this fact) to the quantitative characteristics
being determined. When molecular photophysical parameters are measured by
the method of nonlinear fluorometry upon excitation by high-power radiation,
processes 4 and 5 can make a noticeable contribution to the fluorescence response,
and therefore their neglect can lead to errors in the measurements of other param-
eters. Moreover, the consideration of these processes in the method of nonlinear
fluorometry allows one to obtain their quantitative parameters.

In the laser fluorometer used in Refs. [13—15, 27], fluorescence was excited by
10-ns, 0.7-mJ, 266-nm fourth-harmonic pulses from a Nd:YAG laser with a pulse
repetition rate of 10 Hz. Fluorescence was recorded with an optical multichannel
analyzer consisting of a polychromator and a multichannel camera (DeltaTech,
Moscow State University Scientific Park), which gave a two-dimensional optical
image in the plane of the polychromator exit slit. The camera was coupled with
a PC equipped with the software allowing operation both in the continuous
(nonlinear fluorometry) and gated (kinetic fluorometry) regimes. The gate duration
was 10 ns, the delay time step was 2.5 ns. The fluorescence intensity was measured
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Fig.30.6 Energy level diagram of a polyatomic organic molecule, corresponding to the system of
kinetic (balance) (30.13). The arrows indicate processes considered above (F¢ is the probability of
photon absorption from the S, state; 73, ! is the total rate of radiative and nonradiative transitions
from the excited S; single 7 state to the Sy ground state; K3, and K5; are the rate constants of singlet-
singlet conversion and spontaneous ionization, respectively; Fos; and Fo,,, are the probabilities of
induced photoionization and product formation, respectively)

by varying the laser photon flux density F from 2 x 10** to 5 x 10* cm?s™ . For
a fixed value of F (and a fixed delay time in the case of kinetic measurements [21]),
the fluorescence signal was obtained by averaging over 100 pulses. The dynamics
of photoproduct formation was studied by the methods of absorption and fluores-
cence spectroscopy by using a tryptophan solution of volume 3 mL. Nonlinear and
kinetic fluorometry was performed by using a continuous-flow system to exclude
the photoproduct accumulation. Absorption spectra were recorded with a Lambda
25 PerkinElmer spectrophotometer.

The model of a fluorescence response, which is used in the methods of nonlinear
and kinetic fluorometry and takes into account processes pointed out above, is
described by the system of kinetic equations for populations of the energy states of
a polyatomic organic molecule (Fig. 30.6), where, in comparison with models from
Sect. 30.4, photophysical processes involving the excited state are taken into account:

ons(1,7) _ )
o =i m(e) -

— F(t,7) (03 + apn)n3(t,7)
Oy (1, 1)

— (K3 + K3i)ns(1,7)—

B K32n3(l,7)
’ ; ﬂ (30.14)
a”pha( F) F(t,P)opnns(t,7)

ng =ny +ny +n3 +n; + ny,

where ng is the sum of concentrations of initial polyatomic molecules and their
photoproducts; ns, n,, and n; are concentrations of molecules in the first excited S;
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singlet (level 3), the first excited T, triplet (level 2), and the Sy ground (level 1)
states, respectively; n; is the total concentration of reversibly ionized and
photoionized molecules; n,;, is the concentration of reversibly photoionized and
irreversibly photodegraded molecules; F(z, r) is the photon flux density of exciting
radiation at the instant ¢ at the point with coordinate r = {x, y} in the plane
perpendicular to the laser beam direction (the dependence of parameters on the
coordinate z along the beam direction is neglected, i.e., the optically thin layer
approximation is used); ¢ is the absorption cross section of the fluorophore;
731 = /(K31 + K;l), where K3, and K/31 are the rate constants of radiative and
nonradiative transitions from the excited S; singlet state to the S, ground state
(level 1); K3, is the rate constant of singlet-triplet conversion; Kj3; is the rate
constant of spontaneous ionization from the S; state; o3; and o, are the cross
sections for photoionization and photodegradation of molecules from the S; state
induced by irradiation.

The total lifetime of a molecule in the S; state (fluorescence decay time) in this
model is described by the expression

137 =K3 =131 +Kn + K3 +F- (03 + o), (30.15)

which at low excitation intensities (when the absorption of radiation by molecules
in the S; state can be neglected) has the form

53 =Ky =13 '+ K + K. (30.16)

The lifetimes of the T; — S, transition and recombination of ions can lie in the
micro- and millisecond ranges, which greatly exceeds the laser pulse duration but is
smaller than the time between laser pulses (0.1 s). This allows us to neglect these
processes in the system, described by (30.15) [28-30].

Knowing variations in molecular concentrations n3(t, r), we can calculate the
number Ny of fluorescence photons emitted upon excitation by a laser pulse. For an
axially symmetric beam, Ny is determined with (30.8).

The fluorescence saturation in the model under study is caused by a finite S; — Sg
fluorescence decay time, the singlet-triplet conversion, mechanisms of ionization
and photoionization and the formation of a photoproduct. The method of
nonlinear fluorometry involves the measurement (by solving the inverse problem)
of molecular photophysical parameters of organic compounds from the saturation
curve Ny(F). It is convenient to normalize the number Ny of detected fluorescence
photons to the reference signal N, which can be a Raman scattering line of water
(or other solvent).

In principle, all photophysical parameters of the model, described by (30.14),
can be determined from the fluorescence saturation curve. However, the practical
stability of the solution of the corresponding inverse problem allows one, at present,
to determine no more than three parameters [10, 11]. Therefore, along with the
measurement of the saturation curve, we recorded the fluorescence kinetics by
using the same laser spectrometer.
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The lifetime 73 found from the kinetic curve Ny(t4.) recorded at low-intensity
laser pulses (F < 10** cm?s™") was a fixed parameter in the model describing the
saturation curve. The combined use of kinetic and nonlinear fluorometry allows us
to solve the four-parameter inverse problem with a sufficient practical stability.
However, as follows from (30.16), by using the method of kinetic fluorometry, two
parameters, a3 ' =13 '+ K3+ Ky and f = (05 + 0pp), can also be determined
by recording several (minimum, two) kinetic curves for different values of F.

It was shown in papers [31, 32] that the fluorescence decay of the aqueous
solution of tryptophan excited by picosecond laser pulses was described by two
exponentials: the long-lived (~3 ns) component making a dominant contribution
(85-95 %) and the short-lived (~0.5 ns) component. So far, no convincing mech-
anisms were proposed that would predict the nonexponential fluorescence decay of
tryptophan. For this reason, and also taking into account the nanosecond duration of
the exciting pulse and the nanosecond time resolution of a detector, in [27] the
inverse problem of kinetic fluorometry by using a model with one excited-state
lifetime 73 = (13, ' + K3o + K3;)~ ' was solved.

Figure 30.7 presents one of the kinetic curves obtained in [27]. The processing of
such curves by the variation method gave 73 = 2.8 £ 1.

Figure 30.8 shows one of the fluorescence saturation curves. The solution of the
three-parametric inverse problem with the fixed parameter 13 = 2.8 ns gave the
following values of the other model parameters: ¢ = (1.6 £ 0.3) x 1077 cm?; 05 +
O =(22%+0.7) x 1078 cm%; K3, + K3; = (6 £ 2) x 107 s, These values give
the sum of triplet and ionization quantum yields (nt + n;) = 0.17 & 0.5.

The parameter f§ = (03; + 6,;,) Was also determined from kinetic measurements
by measuring two kinetic curves for low and high values of F. For F = 10** cm s~ ",
the calculated lifetime was 2.8 &+ 1 ns, while for F = 10%° cm™2 s~ ! this time was
13 = 2 £ 1 ns. Then, by using (30.16), a3 + g,;, = (1.2 £ 0.4) x 107" was
determined, which agrees (taking the confidence interval into account) with the
value obtained from the saturation curve.

Since the influence of the intersystem crossing (the rate K3,) and spontaneous
ionization (the rate K3;) on the fluorescence kinetics and saturation curves is indis-
tinguishable, one can determine within the framework of the NLF method only the
total rate of these processes. A similar situation takes place for cross sections for
reversible photoionization (g3;) and formation of a stable photoproduct (a,,,).

Table 30.1 compares the results obtained [27] with the use of the complex method
including NLF with the data, obtained with the use of classical spectroscopy.

30.3.3 Nonlinear Laser Fluorometry of Proteins Containing One and
Two Tryptophan Residues. Application of the Formalism of
Localized Donor-Acceptor Pairs

Tryptophan is used as a natural “intrinsic tag” whose fluorescence can bring
information about the changes in the protein molecule properties under an external
action [26].
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Fig. 30.7 Fluorescence 1.2
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Fig. 30.8 Absorption spectra of (a) HSA (squares) and an equimolar solution of tryptophan,
tyrosine, and phenylalanine (1:18:31) (circles) and (b) BSA (squares) and an equimolar solution of
tryptophan, tyrosine, and phenylalanine (2:20:27) (circles)

However, information obtained using conventional methods of fluorescence
spectroscopy is often insufficient for the interpretation of the structural organization
of proteins and use as the descriptors of living systems. The analysis can be
significantly improved by using laser methods (such as nonlinear, kinetic, and,
especially, “matrix” laser fluorometry), which, in addition to traditional fluorescent
parameters describing the shape and position of fluorescence bands, allows one to
determine the molecular photophysical parameters of fluorophores (such as the
lifetime, absorption cross section, rate of energy transfer, etc.) under a lack of
a priori information necessary for conventional methods (see Sect. 30.2). These
parameters can be used as diagnostic identifiers.
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In Ref. [13], an approach based on the use of the nonlinear laser fluorometry
method that allows one to determine in the experiment the individual photophysical
parameters of fluorophores in single-tryptophan-containing (using the example of
human serum albumin) and two-tryptophan-containing (using the example of
bovine serum albumin) proteins is suggested and developed. The latter can exhibit
the excitation energy transfer between tryptophan residues within one protein
macromolecule (intramolecular energy transfer); therefore, the solution of this
protein is an example of an ensemble of localized donor—acceptor pairs. Individual
photophysical parameters of the mentioned proteins have been determined for the
first time. The values of the photophysical parameters received for concrete objects
(albumins) can be used for the diagnostics of biological systems containing these
proteins.

Serum albumins are globular proteins accomplishing the transport function in
blood plasma. The structure and biological functions of albumins can be found in
Ref. [34]. Tryptophan, tyrosine, and phenylalanine (with relative contents of
1:18:31 in HSA and 2:20:27 in BSA [34]) are the absorption groups (chromo-
phores) in proteins, including albumins. The tyrosine fluorescence in HSA and BSA
(as in many other natural proteins) is quenched due to the effect of adjacent peptide
bonds, polar groups (such as CO, NH,), and other factors [26], and phenylalanine
has a low fluorescence quantum yield [26]. Therefore, the fluorescence signal in
these proteins is determined mainly by tryptophan residues. As described in Ref.
[34], HSA and BSA have a similar amino acid sequence and spatial structure.
However, HSA contains one tryptophan residue in the protein matrix (Trp214), and
BSA contains two residues (Trp212 and Trp134). Trp212 in BSA and Trp214 in
HSA have a similar microenvironment and, hence, their spectral properties are
similar [35]. Tryptophans of BSA are not spectrally identical due to the stronger
integration of Trp212 into the protein’s structure and the more hydrophobic envi-
ronment of Trp212 in comparison with Trp134 [35]. The distance between trypto-
phans in BSA is about 3.5 nm [34]. This fact makes the intramolecular energy
transfer between them using the Forster resonance energy transfer (FRET [6])
mechanism possible.

The absorption spectra of the objects under study and (for comparison) the
corresponding equimolar solutions (solution of tryptophan, tyrosine, and phenylal-
anine at the same ratio as they are contained in protein) are shown in Fig. 30.8. It is
seen that the parameters of the absorption bands of proteins do not coincide with the
corresponding parameters for the equimolar solutions.

The fluorescence spectra of the proteins and the solution of the free tryptophan
(the tryptophan in a water solution was investigated in Ref. [13]) are presented in
Fig. 30.9. One can see that the fluorescence of the proteins is blue shifted relative to
the tryptophan fluorescence (353 nm) in a buffer solution. This is due to a decrease
in the tryptophan environment polarity in the proteins. The maximum of the HSA
fluorescence (332 nm) is blue shifted in comparison with BSA (342 nm). Because
the fluorescence spectrum of the tryptophan residues reflects the polarity of their
nearest environment, and since the properties of the environments of Trp212 in
BSA and Trp214 in HSA are similar [35], such a shift can be related to the fact that
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Fig. 30.9 Fluorescence
spectra of HSA (circles), BSA 1.0
(triangles), and tryptophan
(squares) in a phosphate
buffer with a concentration of
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BSA contains tryptophan Trp134 located in the environment with a higher polarity
(in comparison with Trp212). Thus, the total fluorescence spectrum of BSA is red
shifted.

In Ref. [13], application of NLF in complex with time-resolved fluorometry to
diluted solutions of HSA and BSA yielded new information about their
photophysical characteristics. The results of the investigation performed are
presented below.

In this work, solutions of human serum albumin (HSA) (>96 %, Sigma) and of
bovine serum albumin (BSA) (>98 %, MP Biomedicals) in a phosphate buffer
(0.01 M, pH 7.4) were used. The concentrations were 107° (during the measure-
ment of the absorption spectra and the fluorescence spectra at spectrofluorometer)
and 107° M (during the measurement of the fluorescence spectra, kinetic curves,
and nonlinear curves at the laser fluorometer). All of the experiments were
performed at a temperature of 25 °C + 1 °C.

Fluorescence saturation curves and fluorescence kinetics were measured with
the use of a spectrometer described in Sect. 30.3.2. Experimental data were
processed using the models of fluorescence response given in Sect. 30.2.

The fluorescence bands at several values of photon flux density F of the exciting
laser radiation are shown in Fig. 30.10. One can see that the maximum of the HSA
fluorescence band does not change its position when F is changed. This is due to the
fact that HSA contains one saturating fluorophore. However, the BSA fluorescence
band is blue shifted (from 340 to 335 nm) when F is increased, owing to the fact that
BSA contains two fluorophores in different environments (therefore, with different
spectral properties), which exhibit different degrees (factors) of saturation. Taking
into account the blue shift of the HSA fluorescence spectrum (in comparison with
the BSA fluorescence spectrum) and the similarity of the properties of Trp214 in
HSA and Trp212 in BSA, one can assume that, in the system of two tryptophans of
BSA, Trp212 serves as the donor of the energy, and Trp314 is the acceptor (i.e., its
fluorescence spectrum is presumably shifted towards long wavelengths).



1278 V.V. Fadeev and E.A. Shirshin

[
o

1.5-

Fluorescence, arb. units

0 | 1 1 o) 1 1 1
280 320 360 400 280 320 360 400
Wavelength, nm

Fig. 30.10 Fluorescence bands (/) of proteins HSA (a) and BSA (b) and Raman scattering from
water molecules (2) at several values of photon flux density (F). The band with a maximum value
of F(F=4-10" cm ?s™) corresponds to the maximum value of the Raman scattering from water
molecules

The kinetic curves and the fluorescence saturation curves of BSA are shown in
Fig. 30.11. For BSA, the saturation curves depend on the registration wavelength in
the wavelength range 310-390 nm. This is due to the fact that the BSA fluorescence
band is a superposition of the bands of two tryptophans possessing different spectral
properties. A similar difference in the curves for HSA is negligible.

For the determination of the photophysical parameters of HSA fluorophore, the
inverse problems of nonlinear fluorometry were solved with the model, described
by (30.8) and (30.9) (see Sect. 30.2). For the determination of the individual
photophysical parameters of fluorophores of BSA, the inverse problems of
nonlinear and kinetic fluorometry were also solved, but, in this case, the model
described by (30.11) and Eqgs. (30.12) and (30.13) was used; the fluorescence signal
was measured at 310 nm (when the kinetic curves and the fluorescence saturation
curves for the donor were constructed) and 390 nm (when similar curves were
constructed for the acceptor). The resulting values of the parameters of protein
fluorophores are presented in Table 30.2.

As one can see from Table 30.2, the values of photophysical parameters ¢ and 75 of
Trp214 in HSA and Trp212 in BSA are similar. This result should have been expected
based on a comparison of the structures of these proteins. The rates of energy transfer
in BSA from excited donor to unexcited acceptor (Kp,) and to excited acceptor (Kss)
are small in comparison with the rate of intramolecular relaxation (73~ 1. This can be
due to the following reasons: (A) In BSA, the tryptophan residues in the D—A pair are
located at a distance that is insufficient for a noticeable energy transfer between them.
According to the data on the BSA structure [34], the distance between two tryptophans
in the molecule is about 3.5 nm. For comparison, the Forster radius for the energy
transfer between free tryptophans ranges from 0.6 to 1.2 nm [26] (depending on the
solvent). (B) Perhaps, the mutual orientation of the transition dipoles of fluorophores
impedes the energy transfer [6].
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Fig. 30.11 (a) Saturation and (b) kinetic curves for BSA (registration wavelengths at 390
(squares) and 310 nm (circles)). Lines are plotted using model (30.11) and (Egs. 30.12) and
(30.13) for the parameters presented in the Table 30.2

Table 30.2 Photophysical parameters of fluorophores (tryptophan residues) in human serum
albumin (HSA) and bovine serum albumin (BSA)

Protein Parameters Tryptophan residues
HSA Trp214
T3, NS 4.5
0,107 cm® 1.3
Ks, 57! <10’
BSA Trpl34 Trp212
73, NS 6.2 5
g, 1077 ¢cm? 3 1
Kpa.s ™' <10’
Kss, s~ <10’

It is significant that the values of the absorption cross section determined using
the method of nonlinear fluorometry are true values for fluorophores and they are
obtained without a priori information about the contribution of other groups into
absorption at a specific wavelength and about the concentration of fluorophores.
This is a unique feature of nonlinear fluorometry. In the literature (see, e.g., Ref.
[36]), the absorption cross section of the tryptophan residue in protein is assumed to
be equal to the absorption cross section of free tryptophan in solution, because it is
supposed that this parameter is weakly dependent on the environment.

However, it is clear that such an assumption is only an estimate. A comparison of
the equimolar solution and protein solution absorption spectra (Fig. 30.8) shows
that these spectra do not coincide. The absorption cross section for tryptophan in
solution is equal to 1.6 - 1077 em? [26] (at 266 nm in an aqueous solution); now, it
can be compared with the true values of the absorption cross section of tryptophan
residues in native proteins (see Table 30.2), which were determined for the first
time in Ref. [13].
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Nonlinear fluorometry provides a unique possibility to determine one more
parameter; namely, the energy transfer rate in a localized D—A pair, in which the
measurement of the donors’ lifetime in the absence of an acceptor (which is
necessary information for the application of a traditional method [6]) is impossible.
In BSA as a representative of a macromolecule with a localized donor—acceptor
pair, the values of the interfluorophore energy transfer rates KDA and KSS was 1-2
orders of magnitude lower than the value of the intrafluorophore energy transfer
rate; with the use of the suggested method, it became possible to give the upper
estimate these values: Kpj, Kss < 107 s,

30.3.4 Nonlinear Laser Fluorometry of Red Fluorescent Protein
mRFP1

Fluorescent proteins (FP) are a special class of proteins that have a distinguishing
property to form inner fluorescent (and/or absorbing), in a visible wavelength range,
center (heterogroup) without involvement of any additional cofactors and ferments
(autocatalytic reaction), except for molecular oxygen [37-39]. That center is called
a chromophore, even in the case when it produces fluorescence, i.e., it is
a fluorophore (as in FP mRFP1). The interest in FPs is determined by several
factors: (a) the possibilities to use them as indicators of processes in living cells
[37-39]; (b) the structure features [38, 39]; (c) the features of photophysical
processes in FPs, which make it possible to use them as model systems with LDA
pairs [40, 41].

According to the investigations of the mRFP1 three-dimensional structure [42],
there is a tryptophan (tryptophan residue) at the distance of 15 A from the protein
chromophore, which could be a potential partner (the donor of energy) for inductive
resonance energy transfer (FRET) to the protein chromophore. It is known [43—47]
that the water solution of mRFP1 (and the water solutions of mRFP1 homologs) is
a mixture of two or three (it depends on external factors) chemically nonidentical
types of molecules (spectral forms). In the literature these forms are called the B, G,
and R form of a protein and they have a difference only in chemical structure of the
protein chromophore [43, 45-47]. Thereby, one can say that mRFP1 molecule
contains a LDA pair and an ensemble of molecules of the protein is
a multicomponent ensemble of such pairs.

It is known [43-47] that the balance between B and G forms of FP can be
disturbed with a change of the solution acidity (pH indicator) or as a result of light
(from the UV, blue, or green spectral range) influence on the protein. Irradiation of
the protein molecules by the light from the green spectral range provokes
a conversion of G-form molecules to the molecules of B form; as a result, the
protein solution will represent a mixture of only two forms (the sum of two sub-
ensembles of molecules containing a LDA pair), namely, B and R. An incremental
change of the protein solution pH to 9 leads to nearly total transfer of the B-form
molecules to the G-form ones. In [15], these procedures decreased the amount of
simultaneously existing forms in the mRFP1 solution and the method of the
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Fig. 30.12 The absorption
(solid curve) and fluorescence
excitation (dotted curve,
registration wavelength is
607 nm) spectra of mRFP1.
The spectra are normalized to
the value of the signal
intensity at 584 nm
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nonlinear fluorometry (combined with kinetic fluorometry) for determining
photophysical parameters was used. The experimental setup is described in
Sect. 30.3.2. Kinetic curves were obtained with the use of a picosecond fluorometer.
Combined use of both methods allows for such a complex object as three-
component solution of fluorescent protein (FP) to identify the most relevant set of
photophysical parameters that describes the main features of photophysical pro-
cesses in FP and can be used to diagnose its condition in the environment.

The acceptor fluorescence decay under excitation of an ensemble of donor-
acceptor pairs by d-pulse is described [48] as:

IA(I) :BXCXp (—[/‘EA) —AXCXP(—I/TD+A), (30.17)

where B = A + [A" ]y, [A"]o is the excited acceptor molecules concentration at a time
point t = 0 (immediately after the excitation pulse is over); A = [D*]O X Kpa/
(1/tpsa — 1/tp); [D*]o is the excited donor molecules concentration at a time
point £ = 0; tpa = (1/tp + Kpa) ! is the fluorescence lifetime of the donor in
the presence of the acceptor; other designations are given above.

The excitation pulse duration and the detector instrument function’s width of the
spectrometer used in Ref. [15] are an order of magnitude less than the fluorescence
lifetimes measured in the experiments. Therefore, after an approximation of the
experimental time dependence of object fluorescence intensity by function (30.17),
one can determine the lifetimes 74, Tpya, and the partial contributions of B and A
components of the fluorescence decay curve.

As has been mentioned, the obtained preparation of the mRFP1 is a mixture of
three chemically nonidentical sub-ensembles of molecules (G, B, and R forms of
protein). The excitation of the protein solution by irradiation at a wavelength
of 270 nm (the absorption maximum of the tryptophan in the protein [49], see
Fig. 30.12) leads to appearance in the signal spectrum not only of an UV band
(maximum at 330 nm), which corresponds to the tryptophan fluorescence in the
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Fig. 30.13 Fluorescence
spectrum of mRFP1 under
excitation by radiation with 0.9
the wavelength of 270 nm »
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protein matrix [49], but also of a band in the visible region of wavelengths
(maximum at 607 nm) corresponding to fluorescence of the chromophore mRFP1
R form (Fig. 30.13) [50]. The chromophore of B and G forms of the protein is
nonfluorescent [50].

In principle, there are two possible mechanisms of the R-chromophore fluores-
cence band appearance under UV-light (the wavelength around 270 nm) excitation:
(a) direct light absorption by the chromophore; in this case the chromophore is
transferred to a higher state than the first excited singlet one, with further
nonradiative relaxation to the first excitation level; (b) the energy transfer from
tryptophan to the chromophore, through a higher than the first, excited level of the
chromophore. By using only absorption, fluorescence excitation, and emission
spectra one cannot define the contributions of these two mechanisms.

The method of nonlinear fluorometry allowed in [15] to reveal that, under
UV-light irradiation (the wavelength around 270 nm, namely, 266 nm), the
predominant mechanism of the fluorescence band (which we mentioned above) —
excitation — is the energy transfer from tryptophan. Moreover, using this method
one can obtain the value of the energy transfer rate and the values of other
significant photophysical parameters. Below we describe the procedure of resolving
this task according to Ref. [15].

The processing of the fluorescence decay curve of the mRFP1 using (30.17),
which was obtained under picosecond pulsed laser excitation (excitation wave-
length is 266 nm) and registered in the range of the R-form chromophore fluores-
cence (other forms’ chromophores are not fluorescent), allowed determination of
the lifetime values 74 = 3 ns and 7p,o = 0.24 ns [15].

The values of pre-exponential coefficients B and A in (30.4) were found to be
practically equal. This is indicative of the absence of the direct excitation of the
acceptor [48], therefore, in the (30.11), we can assume o, = 0 (under excitation at
Aex = 266 nm) and for this reason, the acceptor fluorescence (under this wavelength
excitation) is a result of the energy transfer from the tryptophan to the chromophore.
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Fig. 30.14 The saturation 2.8 -
curves of the donor (circles,
fluorescence registration at
330 nm) and the acceptor
(squares, fluorescence
registration at 607 nm) in 2.0 A
mRFP1 for the mixture of the
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At the value of pH = 7.4, the mRFP1 solution is represented as a sum of three
sub-ensembles of molecules with the LDA pair, each having its own set of
photophysical parameters. It is difficult to resolve the inverse task of the nonlinear
fluorometry in such a situation, because the number of unknown parameters is too
large. But, as we have mentioned above, there are the techniques that allow
reducing the number of simultaneously presented forms to two.

In Ref. [15] the following procedure was performed:

(a) The value of the protein solution pH was kept near 9; in this situation, the
protein solution contains only protein molecules of R and G forms. After that, two
saturation curves were under excitation at the wavelength of 266 nm and registra-
tion at 330 nm (the fluorescence saturation curve of the donor, which is determined
by the fluorescence signal from tryptophan contained in protein molecules of the
R and G forms) and at 607 nm (the fluorescence saturation curve of the acceptor,
which is determined by the chromophore fluorescence signal only from the protein
molecules of the R-form). Resolving the inverse task of nonlinear fluorometry, in
which the fluorescence response formation is described by the model of the
collective states of the LDA pair (see Sect. 30.2.5) and the values of the parameters
Tp+as Ta, 04 = 0 for R-form of the protein are considered to be known (see above),
the values of Kp4 (for the R and G forms) and 74 (for the G form) were determined.

The experimental dependences o ! p(F) and ! A(F) for case (a) are presented
in Fig. 30.14. In order to obtain the saturation curves <D71,)(F) and @' A(F), the
first and second orders of RS valence band of water molecules (the wavelengths are
291 and 582 nm, correspondingly) were used as a reference signal; the excitation
was at A,, = 266 nm.

Having performed this procedure by the use of the model of collective states of
the LDA pair, the photophysical parameters (see Table 30.3) were determined. The
parameters measured in Ref. [15] by the complex of methods based on the nonlinear
fluorometry formed a practically complete set of the parameters that describe the
photophysical processes in the molecules of three sub-ensembles of the protein
mRFP1, containing a LDA pair.
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Table 30.3 The values of the photophysical parameters of the LDA pairs in mRFP1 protein

Parameter® R-form B-form G-form

0p(Aex = 266), cm? (1+£02) x1071°

04(Aex = 266), cm? 0 Not defined Not defined

Kpa (3.7 £0.7) x 10° (7.8 £1) x 10° (2.5 £0.7) x 10°
E 0.89 0.94 0.84

734, ns 3+0.15 1.9+ 0.4 1.7+ 04

732, ns 21+05

“In the table:

p(Lex = 266) and o 4(4,., = 266) — the absorption cross section of the donor and the acceptor at the
wavelength of 266 nm;

Kpa and E = Kpus/(Kpa + 1/r3D ) — the rate and efficiency of the energy transfer from the excited
donor to the unexcited acceptor;

732 and 15" — the excited state lifetimes of the donor (in the absence of the acceptor) and the
acceptor

As the result, it is important to point out that:

(a) The nonlinear fluorometry method makes it possible to determine the true (not
distorted by the effect of other sources of light attenuation at a given wave-
length) absorption cross section of a fluorescent molecule in the absence of
information on the molecule concentration (which is necessary in the traditional
methods of absorption spectroscopy). It is interesting to compare the value
obtained for tryptophan in the FP mRFP1 with the values of this parameter
for tryptophan in an aqueous solution (0,66 = 1.6 X 10717 ¢m? [27]), human
serum albumin (g6 = 1.3 X 1077 em? [13]), and bovine serum albumin
(6P266 = 1 x 1077 em? and 6566 = 3 x 1077 cm? [13]).

(b) We emphasize that the lifetime of the excited state of the donor in the absence
of the acceptor has been obtained without the removal of the acceptor. For FP
mRFP1, this value also has been obtained first in Ref. [15]. For tryptophan in an
aqueous solution, tp = 2.8 ns [27]; for tryptophan in human serum albumin,
Tp = 4.5 ns [13]; and for tryptophan in bovine serum albumin, 7, = 5 ns and
T4 = 6.2 ns [13].

(c) The value 7 for the chromophore of the R form obtained in Ref. [15] coincides
within the error with the parameter obtained in Ref. [51] in the direct excitation
to the absorption band of the chromophore. Simultaneously, the excited state
lifetime values of the chromophores of the B and G form have been obtained
(although the chromophores of these forms are nonfluorescent).

(d) The obtained results show that the high volume (E = 0.89) of the energy
transfer efficiency from the tryptophan to the chromophores in all three forms
of the protein is of special scientific and practical interest. This permits
employing mRFP1 as a promising fluorescence indicator that makes use of its
own inner LDA pair (an alternative is the preparation of such pairs of two
proteins [46, 47]). Let us note that the application of the nonlinear fluorometry
enabled us to determine this parameter on conditions that the concentration of
the acceptor cannot be changed or the acceptor cannot be totally removed
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(in conventional methods of the energy transfer rate measurement, this
procedure is assumed [48]) without any preparative actions on the protein
(in our case, for the native protein).

30.4 Conclusion

The material presented in the chapter covers the fundamentals of nonlinear fluo-

rometry. This method is not widely used in spectroscopy of COC, although it has

some unique features. Among them are the following capabilities that can be of
interest for spectroscopists:

e The nonlinear fluorometry method makes it possible to determine the true (not
distorted by the effect of other sources of light attenuation at a given wavelength)
absorption cross section of a fluorescent molecule in the absence of information
on the molecule concentration (which is necessary in the traditional methods of
absorption spectroscopy).

» The lifetime of the excited state of the donor in the absence of the acceptor has
been obtained without the removal of the acceptor.

These possibilities have been illustrated by the example of proteins (including
fluorescent proteins) that attract attention as potential fluorescent tags and indicators
of state of the cells, where they can be introduced using gene expression. An approach
based on NLF that allows one to determine photophysical parameters of fluorophores
within a single protein macromolecule has been developed. In the case of red
fluorescent protein mRFP1, these fluorophores are a pair consisting of tryptophan
residue and the chromophore that fluoresces in the visible area of spectrum.

The approach uses the formalism of the collective states of a LDA pair and was
applied to a ternary ensemble (solution) of the red FP mRFP1 for determination of
its photophysical parameters. This allowed quantitative investigation of the
photophysical processes in FP macromolecules.

It was shown that the basic channel of the chromophore fluorescence excitation
in the R form of the protein under UV radiation at a wavelength of 266 nm is the
energy transfer from the tryptophan residue. The rate values of energy transfer from
the tryptophan residue to the chromophore for each of three forms coexisting in the
ensemble of FP mRFP1 and the individual photophysical parameters (the absorp-
tion cross sections and excited state lifetimes) have been determined. It was shown
that the tryptophan residue and chromophore in each protein form formed a LDA
pair with a high efficiency of energy transfer (approximately 90 %), which makes it
possible to use the FP mRFP1 as a prospective fluorescent indicator of the states of
living systems. Another advantage of this indicator is the fact that the LDA pair is
contained directly in the protein molecule and does not need to be constructed
artificially. Thereby, using a rather complex object such as the ternary ensemble of
the FP mRFP1 molecules, the abilities of the nonlinear fluorometry method (with
excitation by 10 ns pulses of laser radiation) were demonstrated. A wide set of the
photophysical parameters have been obtained after processing only two experimen-
tal dependences: namely, the fluorescence saturation and kinetic curves.
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