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Abstract. In protein-folding studies it is often required to differentiate a system with only two-states,
namely the native (N) and unfolded (U) forms of the protein present at any condition of the solvent, from
a situation wherein intermediate state(s) could also be present. This differentiation of a two-state from a
multi-state structural transition is non-trivial when studied by the several steady-state spectroscopic
methods that are popular in protein-folding studies. In contrast to the steady-state methods, time-resolved
fluorescence has the capability to reveal the presence of heterogeneity of structural forms due to the
‘fingerprint’ nature of fluorescence lifetimes of various forms. In this work, we establish this method by
quantitative analysis of amplitudes associated with fluorescence lifetimes in multiexponential decays.
First, we show that we can estimate, accurately, the relative population of species from two-component
mixtures of non-interacting molecules such as fluorescent dyes, peptides and proteins. Subsequently, we
demonstrate, by analysing the amplitudes of fluorescence lifetimes which are controlled by fluorescence
resonance energy transfer (FRET), that the equilibrium folding—unfolding transition of the small single-

domain protein barstar is not a two-step process.
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1. Introduction

In equilibrium protein-folding studies, the occurrence
of a sigmoidal shape of the denaturation titration
curve of a protein is interpreted generally in terms of a
two-state transition, i.c. a transition leading a protein
from its native form to the unfolded form (N <> U)
without the involvement of any intermediate structure.
The value of a property (parameter) observed at any
point on the denaturation titration curve of a protein
undergoing two-state transition is given by Pops = fi
p1t+.f> po, where, p; and p, are the values of the
properties of the two-states respectively, and f; and
/> are the fractions of number of molecules at the
point of observation corresponding to p; and p, res-
pectively, with (f; + /5) = 1.

Such studies are generally carried out by observing
parameters like absorbance, circular dichroism, fluo-
rescence intensity etc. These spectroscopic proper-
ties are ensemble averages of the system under study

*For correspondence

Time-resolved fluorescence resonance energy transfer (TR-FRET); fluorescence lifetime;

and hence insensitive to the associated structural
heterogeneity. Thus, the observation of sigmoidal
transition by monitoring the above mentioned steady-
state parameters need not rule out the possibility of
the evolution being multi-state (or gradual) at the
level of individual structural components. Hence, to
determine whether a transition is two-state or multi-
state, it is necessary to observe parameters which are
sensitive to the structural heterogeneity.

In this regard, experimental methods, based on
time-resolved fluorescence (TRF) have proven to be
very promising due to their high sensitivity, both in
exploring conformational heterogeneity as well as in
characterizing the dynamics of various segments of
proteins. If the time scale associated with the inter-
conversion of various species in a system is longer
than their fluorescence lifetimes (7;), then TRF-based
measurements can provide the fluorescence lifetime
(property) associated with each individual species,
and also its corresponding fractions (<) in the system.
TRF measurements have the power to distinguish
between two-state and gradual structural transitions
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during a protein-folding reaction. When a protein
undergoes a two-state folding transition, the values of
lifetimes of native (N) and unfolded (U) species
would remain unchanged, while the corresponding
fractions would keep varying throughout the transi-
tion. In contrast, during a gradual structural transi-
tion of folding, the entire system at any point of time
would be characterized by only one distinct value of
fluorescence lifetime, evolving from the value in the
U form to that in the N form. Such distinction bet-
ween two-state and gradual structural transitions
during the protein-folding reaction is not possible by
conventional steady-state probes as the property re-
ported by them is ensemble-averaged.

The power of TRF experiments is further enhanced
by time-resolved fluorescence resonance energy transfer
(TR-FRET)-based measurements of the fluorescence
intensity decay of the donor fluorophore in the presence
of an acceptor. Efficiency of energy transfer between
donor and acceptor is related to the distance between
them. Thus, such measurements offer the possibility
of monitoring various regions of a protein during the
transition from the U to the N form. When coupled
with the maximum entropy method (MEM) of analysis
of intensity decay curves,"* TR-FRET measurements
can resolve heterogeneity in terms of distributions of
intramolecular distances. Much has been learnt about
conformational heterogeneity in protein-folding,’ re-
folding,"” protein-protein association® and unfolded
proteins®’® by TR-FRET experiments. Such experi-
mental measurements coupled with MEM analysis
have actually demonstrated continuous (gradual) beha-
vior of structure evolution in denaturant-induced
equilibrium unfolding of barstar,” the equilibrium
unfolding curve of which is of sigmoidal shape when
determined by monitoring steady-state parameters.
However the use of such methods to distinguish bet-
ween two-state and multi-state behaviour of folding
transition is not straightforward due to the non-trivial
nature of analysis of fluorescence intensity decays
by MEM. Hence, it is desirable to have a simpler
and more robust method which can be used for a quick
check of whether a protein folds in a two-state or multi-
state manner.

In a typical time-resolved fluorescence measure-
ment, a sample containing one or more fluorescent
molecules is excited by a short laser pulse at a wave-
length where the molecule absorbs, and the emission
from the sample is monitored as a function of time.
Fluorescence decay is often a sum of exponentials:
I(t) = 2oy exp(—t/7;), where «; is the pre-exponent

(also called fractional amplitude) and z; is the fluo-
rescence lifetime of the ith species. The fluorescence
lifetime is characteristic of the species. The pre-expo-
nent, ¢; is a measure of the concentration of ith spe-
cies. Thus, fluorescence decay measurement helps to
identify the presence of a distinct species with life-
time 7 and to obtain an estimate of its concentration.
In most applications of TRF, it is always convenient
and straightforward to interpret the value of the life-
time of the sample. However, the usefulness of the
value of pre-exponents as a quantitative measure of the
concentration is generally ignored. There have been
reports where the concentration ratio of two fluorescent
species in a sample have been determined using pre-
exponents,'”'" using an empirical equation similar to
the one derived in this work. However, we should be
cautious of the fact that pre-exponents are emission
wavelength-dependent. Here, we derive the equation
applicable for ‘total’ fluorescence decay from the
sample, including the detector sensitivity, then check
the validity of the use of pre-exponent as a quantita-
tive measure of concentration on a series of samples
with mixtures of non-interacting fluorophores, and
finally test its usefulness by checking whether a pro-
tein folds in a two-state or multi-state pathway. This
involves a two-component analysis of fluorescence
intensity decays at various concentrations of the protein
denaturant, and the construction of a plot of goodness
of fit (chi square, 4°) vs the denaturant concentration.
This simple analytical plot gives a quick insight into
whether a protein folds in a two-state or multi-state
manner.

2. Materials and methods
2.1 Samples and solutions

Solutions of rhodamine B (Sigma-Aldrich, USA),
Fluorescein (SRL, India) were prepared in 20 mM
Phosphate (SRL, India) buffer, pH 8. The dye con-
centrations used were less than 5 4M in order to en-
sure that intermolecular fluorescence resonance
energy transfer between fluorescein and rhodamine
B is negligible. Concentration of guanidine hydro-
chloride (Gibco BRL, USA) solution was checked by
refractive index measurements. Trp—Gly, Gly-Trp
peptides (purity ~98%) were obtained from Sigma-
Aldrich, USA, and used as received.

Wild-type barstar contains three tryptophans (Trp38,
Trp44 and Trp53) and two cysteines (Cys40 and
Cys82)."? In our experiments, we used a single tryp-
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tophan (Trp53) containing a mutant protein of bar-
star with mutations W38F/W44F/S12T/C40A obtained
by site-directed mutagenesis.'® The protein was puri-
fied as described elsewhere,'” and the purity was
confirmed to be >98% on SDS-PAGE. Human serum
albumin (HAS) (purity > 95%) was obtained from
Sigma—Aldrich, USA and was used without any fur-
ther purification. HSA has a single tryptophan at posi-
tion 214. Concentrations of barstar and HSA
solutions were measured using &x = 10,000 M'em!
and &g =136,520 M cm™.'® respectively. All the pep-
tide and protein solutions were prepared in a buffer
of 20 mM Tris (Sigma-Aldrich, USA) and 250 uM
EDTA (Sigma-Aldrich) at pH 8-0.

For TR-FRET measurements, the mutant protein
was labeled at the single cysteine site with TNB by
reacting with a 100-fold molar excess of 5,5’'-dithio-
bis(2-nitrobenzoic acid) (DTNB) in 8 M urea at pH
8-5. After the labelling reaction is complete (~30 min
at 25°C), the labelled protein was separated from
free dye and urea by passing the reaction mixture
through a PD 10 column. The extent of labelling
was confirmed to be >98% by DTT assay.'’

2.2 Fluorescence measurements and data analysis

All the steady-state fluorescence measurements were
carried out using a SPEX fluorolog (T-format) FL111
spectrofluorimeter. The fraction of unfolded popula-
tion (fyy) in the equilibrium denaturation titration of
barstar by guanidine hydrochloride (GdnHCI) was
obtained by exciting Trp53 at 295 nm and measuring
the fluorescence signal at 330 nm. The total signal at
any denaturant concentration is represented by y = yy
fv + yu fu;, according to the two-state model'® where,
fv and fy are the fractions of molecules that are
folded and unfolded, and yy and y; are the signals
corresponding to the folded and unfolded popula-
tions respectively. fy + fu=1.

Time-resolved fluorescence intensity measurements
were carried out using a time-correlated single photon
counting set-up. For the excitation of tryptophan in
proteins, 1 ps pulses at 887 nm from the Ti-sapphire
femto/pico second (Spectra Physics, Mountain View,
CA) laser, pumped by an Nd: YLF laser (Millenia X,
Spectra Physics), were frequency tripled to 295 nm
by using a frequency doubler/tripler (GWU, Spectra
physics). Excitation wavelength of 290 nm, obtained
by frequency tripling of 1 ps pulses at 870 nm, was
used as the excitation source for tryptophan in peptides.
Similarly, for excitation of fluorescein and rhoda-

mine B dye solutions, 1 ps pulses at 830 nm were
frequency doubled to 415 nm. Excitation pulses of
308 nm (4 ps width) radiation, were derived from a
cavity-dumped rhodamine 6G dye laser pumped by
CW-mode locked Nd: YAG laser for measurements
on fluorescein and rhodamine B. The repetition rate
of the excitation pulses was 4 MHz and fluorescence
decay was monitored by a micro-channel plate pho-
tomultiplier (Model R2809U; Hamamatsu Corp.)
coupled to a time-correlated single-photon counting
setup.®'” The time per channel of the instrument was
40 ps. The instrument response function (IRF) at the
excitation wavelength was obtained by using a dilute
colloidal suspension of dried non-dairy coffee whit-
ener. The full width at half maximum of the IRF was
~40 ps.

The analysis described in this paper requires that the
total fluorescence decay from the sample be acquired.
The total fluorescence decay, integrated over the en-
tire emission spectrum, was obtained as follows. The
photon count rate at the peak of the emission spectrum
was adjusted to be about 8 x 10° counts per second. The
decay was recorded while scanning the emission mono-
chromator between the lower and upper limits of the
spectrum using a suitable cut-off filter to exclude
scattered photons at the excitation wavelength. The
fluorescence emission range for the fluorescein solu-
tion, rhodamine B solution, and the solutions of a
mixture of fluorescein and rhodamine B dyes was
475-625 nm, 525-675 nm, and 475—675 nm respecti-
vely. Similar measurements on protein and peptide
(Trp—Gly, Gly—Trp, and mixtures of Trp—Gly + Gly—
Trp) solutions were done in their total emission
range of 310—410 nm and 305—450 nm, respectively.
In fluorescence-lifetime measurements, the emission
was monitored at the magic angle (54-7°) to eliminate
the contribution from the decay of anisotropy.

The fluorescence decay curve was analysed by
deconvoluting the observed decay with the IRF to
obtain the intensity decay function represented as a
sum of three or four exponentials:

I(t)y=2a,exp(—t/z,) i=1-4, €))

where I(¥) is the fluorescence intensity at time ¢ and
a; 1s the amplitude of the ith lifetime 7 such that
Ta=1"

3. Theory

In a solution containing a mixture of fluorophores, let
C; be the concentration of the ith species and A; be
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its absorbance at an excitation wavelength, A... The
passage of a short &function like a laser pulse, with
an integrated intensity I, (in terms of number of
photons), through the sample produces the excited
states. The number of such excited states, produced
at time ¢ = 0 in the excitation volume, defined by the
sample thickness and the cross section of the beam,
will be

N =1L =T, (-7, )

The decay of these excited states at any time £ is given
by,

dN[ ——(k, + Tk, )N} =L Ny, 3)
T

where, k. and k,, are rate constants associated with the
radiative and non-radiative processes, and 7 is the
fluorescence lifetime.

Solving the above equation with the boundary
condition that at t = 0, N¥ = N,

N =Nge ", “)
Actually in fluorescence spectroscopy, we do not
observe the number of excited states, rather we detect
the fluorescence intensity (I), defined in terms of
number of photons emitted per unit time (s). The

radiative decay of the excited population of species
A can be presented as,

A*—% 4+ photon .

The fluorescence intensity at time ¢ would be,

I(t)=k,N; =k Nje " *photons/s. 5
Substituting the value of N§ from (2) in (5),

It =k I,[1-e e " (6)
Therefore for ith species in solution, the time-dependent
emission intensity (integrated over the emission
spectrum) is

1), =k, Jo[1—e % Je'" (7

For a diluted solution, 4; < 1, and (7) reduces as,

1(1), =k, I,[2-3034,]e """ . (8)

Also, incorporating the geometry factor, G, of the
detection system and the detector sensitivity y; for
the ith species in the sample,

1(1); = (2-303GI)(k, y,Ae"'"). )

The value of y; is species-specific. This value is ob-
tained from the emission spectrum of the species and
the wavelength-specific detector sensitivity. Specifi-
cally, w; (<1) is the ratio of the arcas of the emission
spectrum uncorrected and corrected for detector sensi-
tivity.

For more than one species (let us say, two spe-
cies) in the solution,

1(1)=2-303GI, 3, k, .y, Ae”"'" . (10)

The above equation is generally written as multi-
exponential decay,

IO=X ae"". (11)
Comparing (10) with (11), we get,
a; =(2:303GI )k, ;W 4; (12)

where, A; = ¢ C; L; g; is molar extinction coefficient
of ith species (M cm ') and L is sample thickness
(cm).

Because of the unknown value for geometry factor,
the absolute value of «; is not useful; however, the
ratio,

o, Clglkl‘,ll//l

- s
a} C} g} k" >J l’[/J

13)

is a useful one for quantitative measurement of the ratio
of concentrations, radiative rate constants, or extinction
coefficients. Since the above equation is derived for
total fluorescence of the sample, the ratio, (a/cy) is
dependent only on the excitation wavelength, A
through ¢. It is important to note that this method is
valid only when individual species in a mixture dif-
fer significantly in terms of their fluorescence decays.

It must be emphasized that the above equation is
derived for a mixture of fluorophores with each
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fluorophore having a single lifetime. There are ex-
amples where the sample is a mixture of molecules
and one or more molecules may show multi-expo-
nential fluorescence decay. A mixture of proteins or
a protein in two or more conformations (e.g. protein-
folding/unfolding) is such an example. Similarly, a
single fluorophore in multiple environments displaying
multi-exponential decay is common. In such cases it
is necessary to modify (13) suitably, so that the con-
centrations of molecules and associated lifetimes are
explicitly stated.

Thus, for a mixture of two species 1 and 2, each
with multi-exponential fluorescence decays,

(), =Xae " " 10, =Sa,e"™. (14)

The observed total fluorescence decay from the mix-
ture is,

]([) =y 21 ale—t/rl +7, 22 aje—t/rz , (15)
where, 2, and X, represent the sum of exponentials,
representing the multi-exponential fluorescence decay
of the individual species. % and » are the amplitude
parameters for the analytical fitting of the fluorescence
decay; where,

h_GEn (16)

7, Gy,
In the above equation, radiative rate constants £k,
and k,, do not appear as they have been assumed to
have similar values for the fluorophore in both the
species.

4. Results and discussion

The validities of (13) and (16) were tested directly
on mixtures of various fluorescent molecules.

4.1 Mixture of fluorescein and rhodamine B dyes

The validity of (13), showing the relation between the
ratios oi/oy and C,/C;, was directly tested on an equimo-
lar solution mixture of fluorescein and rhodamine B
dyes. Time-resolved fluorescence measurements on
fluorescein, rhodamine B, and an equimolar mixture of
fluorescein and rhodamine B were done at two dif-
ferent excitation wavelengths of 308 nm and 415 nm

in the total emission spectral range (figure 1). Fluo-
rescence lifetime measurements on fluorescein and
rhodamine B solutions in water give single lifetime
values of 4-15ns and 1.6 ns, respectively. The
equimolar solution mixture of fluorescein and rho-
damine B gives lifetime values of o(«) ns =4-15
(0-42), 1-:6 (0-58); (at A, =308 nm) and w(x) ns=
4-15 (0-60), 1-6 (0-40); (at Ax = 415 nm). These meas-
urements gave the experimental values of ogp/og at
308 and 415 nm.

Radiative rate constants for fluorescein and rho-
damine were calculated according to the Strickler-
Berg equation, ™

ol 5
V)V \Y

v

k, =2-88x107n"

A7)

where, n is the refractive index of the medium,
which is 1-333 for water; /(V); is the fluorescence
intensity at wave number V. £(V) is the extinction
coefficient at wave-number V . Using the fluorescence
emission spectrum and the extinction coefficient
spectrum of the dyes, k. of fluorescein and rhoda-
mine dyes were calculated and their values were
found to be k. (fluorescein) =21 x 10°s™ and £,
(thodamine B) =2-52 x 10°s™". The values of )
and y(ry were determined from the areas of the cor-
rected and uncorrected spectra. The values of o/«
at 308 and 415 nm were calculated using (13) and
known values of other parameters. Both the calcu-
lated and experimental values of ratio ogy/og were
found to agree well with each other (table 1), within
error limits.

Fluorescein

Rhodamine B

Nomalised fluorescence intensity

0.0 4 - . . .
450 500 550 600 650 700

Wavelength (nm)

Figure 1. Fluorescence emission spectra of fluorescein
and rhodamine B dyes in 20 mM phosphate, pH 8.
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Table 1. Calculated and experimental values of ratio, ary/cf in an equimolar mixture of fluorescein and rhodamine B.

Aex (nm) Fluorophore (M 'em™) k (s 174 oyl o (calculated) oy o (experimental )

. 8
415 Fluorescgn 2800 2-10 x 108 0-085 £0-002 072 + 0-07 0-67 + 0-01
Rhodamine B 3000 2:52 x 10 0-048 £ 0-001
. 8
308 Fluorescgn 5800 2-10 x 108 0-085 £ 0-002 1.57 +0-15 1.40 + 0-04
Rhodamine B 13600 2:52 x 10 0-048 £ 0-001

s ] due to various y1 rotamers of the Trp residue, origi-
£ 44 0 Experimental (y,/7,) nating from rotation about the C*~C” bond.'**' The
g |—— (y,v,=C,/C,) Line total fluorescence decay of the mixture is also multi-
i ] exponential and in principle is expected to be a six-
T 3 exponential decay. The experimentally measured
5 ] decay for the mixture (1 : 1 and other ratios) shows a
E ] 25 best fit to three or four exponentials. These lifetime
5‘ 2 20 and amplitude values do not have any relationship to
VE" % 18 the lifetimes and amplitudes of the pure dipeptides.
s ] oy B g+ This reduction in the number of exponentials and the
Q 11 “’ observation of new lifetimes in the mixtures are not
2 NI due to the formation of new species, but due to the
SH o lack of precision (signal to noise ratio) of the nu-

0 0 T 1‘ T é T é T "1 " merical data in the decay for reliable estimation of

C (In solution)

Trp-Gl)/ CGly-Trp

Figure 2. Ratio of concentrations of Trp—Gly and Gly—
Trp peptides, Cryp_aiy/Cay-1rp determined experimentally
by time-resolved measurements vs the actual ratio of
concentrations in the solution. The data are shown by
open circles with error bars. The inset represents the
variation in the chi square () value of the two compo-
nent analytical fitting of total fluorescence decays.

4.2 Mixture of Trp—Gly and Gly—Trp peptides

Quantitative analysis of total fluorescence decay ob-
tained from a mixture of two peptides or proteins, where
each species exhibits a multi-exponential fluores-
cence decay, requires a different approach. In this
procedure, the analysis is constrained so that only
the unknown values (ratio 7/9) are obtained from the
analysis. The validity of this method was checked by
using mixture of the dipeptides Trp—Gly and Gly-
Trp, the fluorescence properties of which are different
from each other. The total fluorescence decay of the
dipeptide is multi-exponential. The fluorescence life-
time (amplitude) parameters for Trp—Gly are, o)
ns =6-8 (0-01), 1-85 (0-84), 0-45 (0-15) and those
for Gly—Trp are, (@) ns =1-26 (0-44), 0-58 (0-26),
0-14 (0-30). The multi-exponential behaviour of the
tryptophan fluorescence decay in these peptides was

six-exponentials. The procedure of constrained
analysis assumes that the lifetime and amplitude pa-
rameters are unchanged for each dipeptide in the
mixture. The total fluorescence decay of the mixture
is then expressed by (15).

According to (16), the experimentally determined
ratio (#1/9) should be equal to the concentration ratio
(C1/Cy) of the dipeptides if the difference in absorption
spectra and/or emission spectra of the two dipeptides
is negligible. Figure 2 shows the good correlation of
the concentration ratios determined experimentally
with the actual values for various mixture solutions
of the two peptides validating the relation in (16).

4.3 Mixture of proteins

The validity of the method was also checked by de-
termining the ratio of concentrations in a mixture of
two proteins, each having multi-exponential fluores-
cence decay, from the total fluorescence decay
measurements. Samples containing two different pro-
teins, each with a single tryptophan as the flourophore,
were chosen for this study. The proteins used were
HSA (Human serum albumin) with a size of 66-4 kDa
and barstar, an intracellular inhibitor of extracellular
RNase barnase in Bacillus amyloliquefaciens, with a
size of 10 kDa. Both HSA and the mutant variant of
barstar used here had a single tryptophan at locations
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214 and 53, respectively, which served as the natural
fluorophore in the proteins. Their fluorescence de-
cays were collected in the total emission range of
310-410 nm. Trp53 of barstar showed values for the
lifetime of 7(«) ns=4-93 (0-88), 1-84 (0-12) and
Trp214 of HSA showed #«) ns = 7-04 (0-50), 2-98
(0-33), 0-46 (0-17).

Figure 3 shows the correlation between the con-
centration ratio determined experimentally, with its
actual value for various mixtures of the two proteins,
validating the method described in this work. The
inset of figure 3 is the representation of the goodness
of fit (chi square, »°) of fluorescence intensity de-
cays for two components at various concentration
ratios of the two proteins.

4.4 Folding/unfolding of barstar

Barstar is a well-studied model system for protein-
folding/unfolding studies. Its denaturant-induced
equilibrium folding/unfolding transition has been
modelled as a two-state transition (N <> U).">'* This
means the protein at any denaturant concentration exists
as a mixture of native and unfolded populations.

S 4 ] o Experimental (y,/y,)

5 ]— @/M,=C//C)Line

Q 4

= |

> 4

3 %

= J

E |

'U) _- 25

Q“ 2 11 20

)

< 18

O% ] ] FEFE————=

5 17 .

a 0.0

L)m 0 1 2 3 4
J Carstar/CHSA (In solution)

0 L L A B A B R B R B B R B R

0 1 2 3 4

CBarsLar/ CHS A (In solution)

Figure 3. Ratio of concentrations of proteins, barstar
and HSA, Cpasta/Cusa determined experimentally by
time-resolved measurements vs the actual ratio of con-
centrations in the solution. The data are shown by open
circles with error bars. The inset represents the variation
in the chi square (#*) value of the two-component ana-
Iytical fitting of total fluorescence decays of mixtures of
barstar and HAS proteins at the various concentration ra-
tios.

Wild-type barstar contains three tryptophans (Trp38,
Trp44 and Trp53) and two cysteines (Cys40 and
Cys82). In our experiments, we used a mutant variant
of barstar with a single tryptophan (Trp53) and a
single cysteine (Cys82).

GdnHCl-induced equilibrium unfolding of the pro-
tein was carried out by measuring fluorescence from
the single Trp53 at 330 nm. Figure 4 represents the
fractions of unfolded protein at various concentra-
tions of GdnHCI modelled from Trp53 fluorescence
intensity measurements at 330 nm. This curve repre-
sents the equilibrium populations of the native and
unfolded protein molecules at various concentrations
of the denaturants according to the two-state model.
The data in figure 4, shown by open triangles, repre-
sent the fraction of unfolded protein molecules at
various concentrations of GdnHCI, obtained by the
analysis of fluorescence decays of Trp53 for two
components. The goodness of fit of these decays for
two components is shown in terms of the chi square,
7. value (~1) by open circles in figure 5. The data
obtained both from the steady-state fluorescence and
the two component analysis of fluorescence intensity
decays at various GdnHCI concentrations coincide
with each other. Thus two independent measurements
of fraction of unfolded protein molecules at various
denaturant concentrations show that equilibrium un-
folding of barstar appears to be a two-state transition

1.0 1
g 0.8 1
E 4
© ]
E 06
= ]
= ]
= 0.4 4
5 ]
g ]
s ]
- 0.2 - A Experimental Yo/(y,+Yp)
] —O— Fraction obtained from s. s.
0.0 ¢ fluorescence measurements
0 1 2 3 4 5 6
GdnHCI (M)

Figure 4. Fraction of unfolded barstar protein as a func-
tion of the denaturant (GdnHCI) concentration obtained
by steady-state Trp53 fluorescence intensity measure-
ments (open circles and the solid line through them). The
fractions obtained from the concentration ratio estimation
by time-resolved fluorescence measurements are shown
by open triangles with error bars.
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@ —0— Unlabeled Cys82 barstar
—4— TNB labeled Cys82 barstar

0 T T T T T
0 1 2 3 4 5] 6

GdnHCI (M)
[GdnHC]]

0.00M

061 M

Residuals
o

202M

3.03M

W

T T T T

0 2 4 6 8
Time (ns)

Figure 5. (a) Variation in chi square (»*) value of the
analytical fitting of total fluorescence decay, of donor
(Trp53) in the absence of acceptor (shown by open cir-
cles) and in the presence of acceptor, TNB, attached to
Cys82 (when the fluorescence lifetimes are controlled by
FRET and shown by open triangles) of barstar at various
GdnHCI concentrations, for a two-component model. (b)
Residuals (dotted lines) of the analytical fitting of total
fluorescence decay, of donor (Trp53) in the presence of
acceptor, TNB, attached to Cys82 (FRET controlled life-
times) of barstar at various GdnHCI concentrations, for a
two component model. The misfit of the data (> 1 in
panel a and non-random distribution of residuals in panel
b) is seen prominently in the unfolding transition zone
(0-5-2-0 M GdnHC]1) for FRET-controlled lifetimes.

when monitored by either steady-state or time-
resolved fluorescence of Trp53.

However, when the equilibrium folding of barstar
was studied by TR-FRET measurements, the total
fluorescence decay of Trp53 in the presence of the
acceptor, thionitrobenzoic acid (TNB) attached at
single Cys82 site of the protein could not be analysed
by a two-component (native and unfolded species)
model. This suggests that changes in the intramolecu-
lar distance between Trp53 and Cys82 do not follow
a two-state model even though steady-state fluores-
cence intensity data can be fitted to a two-state model.
This is represented in figure 5 in terms of the variation
in the chi square (°) value from the analytical fit-
ting for two components, of fluorescence decay of
the donor Trp53 in the absence of acceptor, TNB
(shown by open circles) and in the presence of ac-
ceptor, TNB, attached to Cys82 (shown by open tri-
angles) during titration with GdnHCI. Although the
fluorescence decays of the donor, Trp53, alone
could be well fitted (3 ~ 1), the decays of Trp53 in
the presence of acceptor, TNB (which induces
FRET) could not be fitted satisfactorily (;° > 1-5) to
only two components in the whole concentration
range of GdnHCIl. The non-random distribution of
residuals (figure 5b) obtained from two-state fitting
of TR-FRET data confirms further that folding-
unfolding transition cannot be modelled by a two-
state process.

Although the equilibrium unfolding structural transi-
tion of barstar, when monitored by either CD or
fluorescence intensity measurements can be fitted
satisfactorily by a two-state model, steady-state and
time-resolved fluorescence anisotropy measure-
ments revealed the presence of partially structured
forms.* This suggested that the structural transition
during the equilibrium unfolding of barstar can not
be a two-state process. In the absence of FRET, the
fluorescence lifetime of single Trp53 which is buried
in the core of folded barstar is sensitive only to the
environment in its immediate vicinity. Hence, if the
intermediates present on the equilibrium folding path
have the fluorescence lifetime of single Trp53 almost
similar to that in either the folded or unfolded pro-
tein, then fluorescence lifetime measurements would
be blind to the intermediates and the folding process
would seem to be a two-state one. This is confirmed
in the present work, where the fluorescence decay of
Trp53, in the absence of FRET, at various concen-
trations of GdnHCI can be fitted satisfactorily to a
two-component (folded and unfolded) model (chis-
quare, »° ~ 1; open circles in figure 5). In TR-FRET
experiments, the fluorescence lifetime of the donor
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fluorophore in the presence of an acceptor is highly
sensitive to the distance between donor and acceptor
on the protein. In this context, TR-FRET-based experi-
mental parameters become much more sensitive to
changes in structure in various regions of a protein.
In fact, TR-FRET measurements between Trp53 and
the thionitrobenzoic acid moiety attached to Cys82
in barstar, coupled with MEM analysis have shown
the equilibrium unfolding transition to be multi-state
with continuous expansion of folded structure to the
unfolded form.” The present study also suggests that
the equilibrium unfolding of barstar is not a two-
state process but it may be occurring through inter-
mediate states, which could have TR-FRET parameters
different from those in either the folded or unfolded
forms. Thus, the analytical method described in the
present work is useful to check whether the folding
of a protein follows two-state or multi-state structural
transition.

5. Conclusions

The present work demonstrates the application of two-
component analysis of total fluorescence decay of a
fluorophore in a protein, for easy and robust dis-
crimination between ‘two-state’ and ‘multi-state’
models for the structural transition in folding.

References
1. Brochon J C 1994 Methods Enzymol. 240 262

2. Swaminathan R and Periasamy N 1996 Proc. Indian
Acad. Sci. (Chem. Sci.) 108 39

3. Navon A, Ittah V, Landsman P, Scheraga H A and
Haas E 2001 Biochemistry 40 105
4. Lee J C, Engman K C, Tezcan F A, Gray H B and
Winkler I R 2002 Proc. Natl. Acad. Sci. USA 99 14778
5. Sridevi K, Lakshmikanth G S, Krishnamoorthy G and
Udgaonkar J B 2004 J. Mol. Biol. 337 699
6. Lakowicz I R, Gryczynski I, Laczko G, Wiczk W and
Johnson M L 1994 Protein Sci. 3 628
7. Haas E, McWherter C A and Scheraga H A 1988
Biopolymers 27 1
8. Saxena A M, Udgaonkar J B and Krishnamoorthy G
2006 J. Mol. Biol. 359 174
9. Lakshmikanth G S, Sridevi K, Krishnamoorthy G and
Udgaonkar J B 2001 Nat. Struct. Biol. 8 799
10. Soujanya T, Krishna T S R and Samanta A 1992 J.
Photochem. Photobiol. A: Chem. A66 185
11. Soujanya T, Krishna T S R and Samanta A 1992 J.
Phys. Chem. 96 8544
12. Hartley R W 1988 J. Mol. Biol. 202 913
13. Sridevi K 2003 Structural and temporal characteri-
sation of the folding pathway of barstar, PhD thesis,
National Centre for Biological Sciences, TIFR, Ban-
galore
14. Khurana R, Hate A T, Nath U and Udgaonkar | B
1995 Protein Sci. 4 1133
15. Nath U and Udgaonkar I B 1997 Biochemistry 36 8602
16. Beaven G H, Chen S H, d’Albis A and Gratzer W B
1974 Eur. J. Biochem. 41 539
17. Ramachandran S and Udgaonkar J B 1996 Bioche-
mistry 35 8776
18. Tanford C 1970 Adv. Protein Chem. 24 1
19. Swaminathan R, Krishnamoorthy G and Periasamy N
1994 Biophys. J. 67 2013
20. Strickler S J and Berg R A 1962 J. Chem. Physics 37
814
21. Colucct W J, Tilstra L, Sattler M C, Fronczek F R
and Barkley M D 1990 J. Am. Chem. Soc. 112 9182
22. Swaminathan R, Nath U, Udgaonkar J B, Periasamy
N and Krishnamoorthy G 1996 Biochemistry 35 9150




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


