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The fluorescence intensities ratio is not a
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Abstract: Monitoring the fluorescence of proteins, particularly the fluorescence of intrinsic trypto-
phan residues, is a popular method often used in the analysis of unfolding transitions (induced by
temperature, chemical denaturant, and pH) in proteins. The tryptophan fluorescence provides several
suitable parameters, such as steady-state fluorescence intensity, apparent quantum yield, mean fluo-
rescence lifetime, position of emission maximum that are often utilized for the observation of the con-
formational/unfolding transitions of proteins. In addition, the fluorescence intensities ratio at different

wavelengths (usually at 330 nm and 350 nm) is becoming an increasingly popular parameter for the
evaluation of thermal transitions. We show that, under certain conditions, the use of this parameter
for the analysis of unfolding transitions leads to the incorrect determination of thermodynamic
parameters characterizing unfolding transitions in proteins (e.g., melting temperature) and, hence,
can compromise the hit identification during high-throughput drug screening campaigns.
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Introduction and Discussion

An analysis of unfolding transitions, induced by tem-
perature, chemical denaturants, and pH, provides
important information regarding protein stability.
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Consequently, this information plays a critical role for
the further development of pharmacological and bio-
technological utilizations of proteins. Among numer-
ous biophysical techniques (methods of optical
spectroscopy, differential scanning calorimetry) avail-
able for the determination of protein stability, spectro-
scopic techniques have certain advantages. The main
advantages of these techniques, such as absorption,
circular dichroism, and fluorescence spectroscopy, are
ease of sample preparation, high sensitivity (thus low
amounts of precious proteins are required), short
measurement time, and the relative simplicity of the
analysis of the data. Intrinsic tryptophan (Trp)
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fluorescence is of a particular interest because of the
high sensitivity of its excited state, which responds
very sensitively to properties of its local microenviron-
ment. As a result, the intrinsic Trp fluorescence pro-
vides several suitable parameters, such as steady-
state fluorescence intensity, apparent quantum yield,
mean fluorescence lifetime,>? fluorescence anisotro-
py,> and the position of the emission maximum,*® all
of which can be used in the analysis of protein stabili-
ty. It has previously been pointed out that the critical
condition for using any of these signals is whether the
signal is proportional to the population of macro-
states.?® In fact, of all the commonly used fluores-
cence signals, this criterion is fulfilled only for the
fluorescence emission intensity measured at some
pair of excitation and emission wavelengths.® Other,
above mentioned, fluorescence signals have to be ana-
lyzed in more complex ways, for example they have to
be corrected by weighting both the fraction of states
and by the fluorescence quantum yield of each state?
and/or these signals have to be analyzed in combina-
tion.? For example, steady-state fluorescence anisot-
ropy does not directly track the population states and
caution must be taken in attempting to obtain ther-
modynamic parameters from such experiments. How-
ever, a combined analysis with fluorescence total
intensity may provide insights into reaction mecha-
nisms, which could not be obtained by either data
type in isolation.? Here, we demonstrate that another
commonly used fluorescence parameter, the ratio of
fluorescence emissions at two different wavelengths
belongs to the latter group of fluorescence signals,
which are used in thermodynamic analyses of confor-
mational transitions of proteins and, hence, needs to
be analyzed with caution.

The two-step unfolding transitions of proteins
monitored by extensive signals, such as fluorescence
intensity, can be described by the equation derived
by Santoro and Bolen, in which the fluorescence sig-
nal is weighted by the fraction of the macrostates,
that is, native and denatured states®:

_ Sntmyx+(Sp+mpx)K

Sobs_ 1+K ) (1)

where S5, Sy, and Sp are signals corresponding to
experimentally measured, native and denatured
states, respectively. The variable x corresponds to
perturbation variables, such as temperature, dena-
turant (usually urea or guanidium chloride) concen-
tration, or pH. The parameters my and mp are the
slopes of linear dependences of the pre- and post-
denaturation states on x, respectively. The parame-
ter K in Eq. (1) corresponds to the equilibrium con-
stant between denatured (unfolded) and native
(folded) states, K= %. This parameter can be
expressed as a function of a perturbation variable in
the following forms:

Zoldak et al.

(i) when x corresponds to temperature

K—exp {— AI;V (%—Ti)} @

where AH.y, R, T, and T, correspond to van’t Hoff
enthalpy of the transition (which assumes to be con-
stant within the transition region), gas constant
(8.314 J mol ! K1), temperature (in K), and melt-
ing temperature, respectively.

(ii)) when «x corresponds to denaturant
concentration
K=exp (M) 3)

where AG,, m, and [D] correspond to Gibbs free
energy of the transition in the absence of a denatur-
ant, the so-called m-value,®” and denaturant concen-
tration, respectively.

(iii) when x corresponds to pH

K= 10n(pH*pKa)’ (4)

where n and pK, correspond to the number of pro-
tons involved in the transition and the pK,-value of
the transition, respectively.

The high sensitivity of the intrinsic Trp fluores-
cence to its microenvironment has, in addition to num-
ber of advantages, several disadvantages.
Temperature, chemical denaturant, and pH-induced
conformational changes affect Trp fluorescence by two
mechanisms: (i) changes in the polarity of Trp sur-
rounding and (ii) changes in the quenching effects on
Trp fluorescence. Due to conformational changes
accompanied an unfolding process, the polarity of Trp
residue(s) surrounding(s) increases and maximum of
the emission intensity is shifted toward longer wave-
lengths. Denaturation-induced changes in quenching
effects on Trp residue(s) fluorescence are quite complex
as quenching can arise (i) intramolecularly from vari-
ous Trp-neighboring amino acid residues, such as cys-
teine/cystine, histidine, tyrosine, lysine, asparagines,
glutamine, and aspartic and glutamic acids,® or (ii)
intermolecularly due to collisional/dynamics quenching
Trp fluorescence by solvent molecules, particularly at
high temperatures.®!® As a consequence of these
effects, a dependence of the fluorescence emission
intensity at given wavelength(s) may be relatively com-
plex, which makes analysis of such dependences diffi-
cult.'™? Therefore, an empirical parameter that
equals the ratio of the fluorescence intensities at two
different wavelengths, most commonly at 330 nm and
350 nm, has been utilized.!* ™17 This approach has been
used as a complementary method for deriving
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Figure 1. Dependence of thermal denaturation transition on
the value of the parameter §2 from Eq. (6b). §2 is equal: 5
(green), 2 (cyan), 1.5 (blue), 1 (black), 0.67 (purple), 0.5 (red),
and 0.2 (dark red). Corresponding values of calculated T, are
listed in Table I.

thermodynamic parameters describing unfolding tran-
sitions, particularly in high-throughput analyses, such
as preformulation development. %16

In fact, the parameter F,/F}, in which F, and F}
stand for the emission intensities at the wavelengths
a and b, respectively, leads to smoother and “better-
looking” transition curves. This may be partially
explained by the counterbalancing effect of the divi-
sion of emission intensities, for example in the case of
steep pre- and/or post-denaturation linear dependen-
ces (described by the parameter my or mp in Eq. (1)),
or the instability of the lamp light intensity during
measurements or scattered light from micro-particles
(e.g., dust, aggregates). Moreover, the resulting
parameters, such as melting temperatures, T4,, or
change in the Gibbs free energies, AGy, are usually
similar to the values of these parameters calculated
by other methods. However, here we show that
despite these observations, the parameters extracted
from the dependences F,/F}, vs. the perturbation vari-
able are not absolutely correct and at certain condi-
tions may lead to erroneous conclusions. In fact, a
systematic difference in T4, values determined from
dependence of F,/F, and those determined by differ-
ential scanning calorimetry was observed before, but
this discrepancy was not further analyzed.'?

To explain this phenomenon, we have used a
simplified equation describing the unfolding process,
that is, the transition at which pre- and post-
denaturation dependences do not depend on a per-
turbation variable (i.e., my=mp=0 in Eq. (1)). In
such a case, Eq. (1) can be re-written as follows:

_ Sx+SpK

Sobs - 1+K ' (5)

where the parameters S, Sn, Sp, and K have the
same meaning as explained above.

1238 PROTEINSCIENCE.ORG

The dependences of the signals monitoring the
same unfolding process at wavelengths a and b may
be written in the following form:

F, :Sa,obszw for the signal monitored at
wavelength aand analogously

Fb=Sb70bs=W for the signal monitored at
wavelength b.

Consequently, the ratio F,/F; can be expressed

as:
&:SNG'FSDGK (62)
Fy  Sny+SppK
or
Se 4 Spa
F, _ sg,, + sf,,, (6b)

Fy 1+5mK

From the algebraic point of view, Eqs. (5) and (6b)
differ due to the component gﬁ in the denominator
when gﬁ # 1. This is, in fact, always true as to mon-
itor unfolding processes one chooses a signal, whose
value differs at a given wavelength & for native and
denatured states.

Figure 1 demonstrates how the value of the
parameter g—gl’j affects the determination of the melt-
ing temperature, T, in the temperature-induced
unfolding transition and the corresponding values
are listed in Table I. Table I contains analogously
calculated data for the chemically and pH-induced
transitions, that is, AGo and pK, values, respective-
ly. When the ratio g—g’; lies within an interval 0.67
and 1.5 (Table I), it is evident that the parameters
characterizing the transitions obtained from the
dependences % vs. temperature, denaturant concen-

tration, or pH may be considered accurate, that is,

Table I. Dependence of T,,, AGy and pK, on the
Parameter %ZZ

T.. AT AG, AAG, ApK,
Spp/Sny (°C)  (%)*  (kJ/mol) (%)* pKa (%)?
0.2 67.6 12.7 29.0 160 33 175
0.5 632 5.3 26.7 68 37 75
0.67 619 3.2 26.0 40 38 50
1’ 60.0 0.0 25.0 0.0 40 00
15 58.1 3.2 24.0 40 42 50
2 56.8 5.3 23.3 68 43 75
5 52.3  12.7 21.0 160 47 175

2 The A values of the obtained parameters were calculated
as a relative difference of the parameter at given value of
Spw/Sxp and the value Spy/Sn, =1, e.g. for Th,: (T, — T/
Ty X 100% and analogously for all other parameters.

b Calculated parameters are identical with the parameters
obtained from corresponding equations: (i) the thermal
transition described by Egs. (2) and (5) is characterized by
T,=60°C and AH.,; =200 kdJ/mol, (ii) the chemically
induced transition described by Egs. (3) and (5) is charac-
terized by AG( =25 kdJ/mol and m =5 kdJ/(mol protein)/(mol
denaturant), and (iii) the pH-induced transition described
by Egs. (4) and (5) is characterized by pK, =4.0 and n = 1.
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within uncertainties of measurements. In fact, in
cases of published dependences Ii: vs. perturbation
variables, the ratio “Sg—fn’j usually lies within this inter-
val which explains why the values obtained from the
dependences % vs. perturbation variables usually
agree (within uncertainties of measurements) with
the parameters obtained by using other methods.
However, when the ratio g—gz is out of this interval,
the error in the determining the parameters charac-
terizing the transitions can significantly affect the
interpretation of the transitions.

To summarize, even though the ratio % might be
helpful in analysis of unfolding transition in proteins,
for example when the individual signals at F,, and F}
are complex, researchers should be aware of limited
validity. From dependences of the % vs. perturbation
variables, one cannot in principle extract correct ther-
modynamic parameters under all conditions and,
thus, the fluorescence ratio is not a completely reli-
able parameter for evaluating thermal transitions.
Because % depends on solvent composition, hit iden-
tification during high-throughput drug screening
campaigns (which identify a hit based on the shift of
the melting temperature of protein target) can be
compromised in two ways; an apparent shift in the
melting temperature due to a decrease in the g—gz ratio
(false positive hit) or, in a much worse case, a negligi-
ble shift in melting temperature due to compensating
effects of an increase in the melting temperature (hit)
and an increase of the 2% ratio. In the latter case, a
real hit is mistakenly interpreted as a negative result
which has tremendous effect for further processing.
While false positive hits are further evaluated by
standard techniques and can be sorted out, false nega-
tive hits are rarely or never analyzed again using
additional techniques which can lead to a failure to

identify a potentially life-saving drug.
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