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The Use of Fluorescence Methods to Monitor Unfolding Transitions
in Proteins

Maurice R. Eftink
Department of Chemistry, University of Mississippi, University, Mississippi, USA

ABSTRACT This article discusses several strategies for the use steady-state and time-resolved fluorescence methods to
monitor unfolding transitions in proteins. The assumptions and limitations of several methods are discussed. Simulations are
presented to show that certain fluorescence observables directly track the population of states in an unfolding transition, whereas
other observables skew the transition toward the dominant fluorescing species. Several examples are given, involving the
unfolding of Staphylococcal aureus nuclease A, in which thermodynamic information is obtained for the temperature and
denaturant induced transitions in this protein.

GLOSSARY

A.fi Arrhenius pre-exponential factor for non-
radiative quenching of excited state

ai pre-exponential factor of intensity decay
C, spectral shape parameter
Ai width of gaussian shape
AGO , AH!Is free energy change, enthalpy change, en-
ASO, and ACp tropy change, and heat capacity change for

unfolding reaction
AvGUn0 free energy change for unfolding reaction

at reference temperature
Ea, fi activation energy for nonradiative quench-

ing process i
exA and emA excitation and emission wavelength in

nanometers
Fi exXemA steady-state fluorescence intensity ofcom-

ponent i at excitation wavelength exA and
emission wavelength emA

fi fractional steady state intensity of compo-
nent i

(Di fluorescence quantum yield of compo-
nenti

Kun unfolding equilibrium constant
kf rate constant for radiative decay
knf temperature-dependent rate constant for

nonradiative deactivation
knfo temperature-independent rate constant for

nonradiative dectivation
A wavelength in nanometers
m denaturant concentration index
Q partition function
S general spectroscopic signal
SN and su baseline slopes of the native and unfolded

states as a function of temperature or [de-
naturant]

ail exA absorption probability of component i at
excitation wavelength exA

oi rotational correlation time of component i
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steady-state anisotropy of component i
temperature
unfolding temperature, at which AG'f = 0
reference temperature
fluorescence decay time of component i
phase angle at modulation frequency, o
frequency in cm-' of center of gaussian
shape function
thermal scanning rate in °C/s

INTRODUCTION

One of the practical uses of fluorescence techniques is to
obtain thermodynamic and kinetic information about tran-
sitions of macromolecules, such as protein folding reactions.
The sensitivity of fluorescence allows studies to be per-
formed at micromolar (or lower) concentrations, which both
minimizes the needed quantity of biomacromolecule and
problems associated with aggregation and low solubilities.
Also, fluorescence signals are usually very sensitive to the
conformational state of a macromolecule. A limitation is that
many fluorescence signal changes cannot be directly or un-
equivocally related to molecular details. However, thermo-
dynamic (provided a transition is reversible) and kinetic in-
formation can usually be obtained from fluorescence studies.

With the availability of many mutant proteins, it is often
of interest to study their folding mechanism and stability
(Matthews, 1987; Oxender and Fox, 1987). The intent of this
article is to consider the applications of and limitations of
various fluorescence techniques to study transitions in pro-
teins. Primarily, this article will focus on obtaining thermo-
dynamic information for protein unfolding transitions.

In studies with proteins, the fluorophores can be either
intrinsic (tryptophan, tyrosine residues, coenzyzmes) or ex-
trinsic (attached dansyl, fluorescein, pyrene) probes. The
fluorescence properties of various intrinsic and extrinsic
probes will not be discussed here, but are covered in review
articles (Beechem and Brand, 1985; Haugland, 1983; Eftink,
1991). Tryptophan residues are particularly valuable probes,
since the indole ring is very sensitive to its environment and
since there are often only a few tryptophan residues in a
protein.

482



Fluorescence to Monitor Protein Unfolding

Below will first be discussed a general model for the un-
folding of a protein, in order to provide a context for the
discussion of the determination of thermodynamic data from
fluorescence studies. Then will be presented the relationships
between fluorescence signal changes and conformational
transitions, the question of the uniqueness of the native and
unfolded states, several practical considerations for fluores-
cence experiments, and the strategy of linking multiple data
sets in the global analysis of data. Finally, several examples
of the use of various fluorescence techniques to study protein
folding reactions will be presented.

MATERIALS AND METHODS
Wild-type Staphylococcal nuclease A and the hybrid mutant, nuclease conA
S28G, were obtained as described in Eftink et al. (1991a). The proteins were
dissolved in 0.1 M NaCl, 0.01 M Tris-HCl, pH 7.0. Guanidine-HCl and urea
were ultrapure grade from United States Biochemicals Inc.

Steady-state fluorescence measurements were made with a Perkin-Elmer
MPF 44A, with a thermoregulated cell holder. Time-resolved fluorescence
intensity decay data and anisotropy decay data were obtained with a phase/
modulation fluorometer and were analyzed as described in Eftink et al.
(1991a, b).

THERMODYNAMIC MODELS FOR THE
UNFOLDING OF A PROTEIN

The unfolding of a monomeric protein may be described by
the following two-state model, where N is the native state and
U is the unfolded state of the protein, kun and kf are the rate
constants (assuming a single step process) for the unfolding
and refolding processes, K., is the unfolding equilibrium
constant, Q is the partition function, XN andXu are the mole
fraction of protein molecules in the respective states, and
AHfn and AS'n are the enthalpy change and entropy change
for the unfolding transition.

kun

N =_ U(1)
kf

Kun = [U]/[N] = kunlkf (2)

Q = 1 +Kun (3)

XN 1/Q; Xu = Kun/Q=1 -XN (4)

&G° = -RT lnKun =AHn- T So (5)
The N macroscopic state is considered to be an ensemble of
molecules which share a common fold. It is assumed that the
structure of a globular protein in solution is like that of the
crystal structure. There may exist microscopic substates
within N, but the microstates undergo the above N - U tran-
sition in a similar manner (Lumry et al., 1966). The U mac-
roscopic state is considered to be more or less a random coil,
with little or no regular structure. As will be discussed below,
there may exist some residual structure or compactness of the
U state produced by certain denaturing conditions. Of con-
cern in this article is how such microstates (of N or U) and
residual structure (of U) affect fluorescence measurements
and whether thermodynamic data for a transition can be un-
ambiguously extracted from fluorescence data.

For thermally induced transitions, analysis of fluorescence
data is intended to provide values of AHI°n and AS'n (or the
transition temperature, Tun, which equals AHII0AS'°n). For
the unfolding of globular proteins, the AH'° and AS'n values
are dependent on temperature (Privalov, 1989, 1990; Schell-
man, 1987). The temperature dependence of AHI' is the heat
capacity change, ACp, un for the unfolding transition (ACp, un
= dAHu°n/dT). Consequently, the free energy change for
thermal unfolding is more correctly given by the following
equation (rather than Eq. 5)

AGn =AHo, un + ACp,un (T - To)

-TT [S°O un + ACp, un ln(T/TO)]
(6)

where AH', un and AS' un are the enthalpy change and en-
tropy change for the unfolding reaction at some reference
temperature, To (for example, this reference temperature may
be chosen to be 0, 20°C or Tun). Since ACp un for the un-
folding of globular proteins has positive values, Eq. 6 pre-
dicts that the stability of a protein (as measured by a positive
AG' ) goes through a maximum and that unfolding will oc-
cur at both a high temperature and at a low temperature (i.e.,
cold unfolding). See Privalov (1990), Schellman (1987), and
Becktel and Schellman (1987) for further discussion of the
thermodynamics of protein unfolding, with emphasis on the
phenomenon of cold unfolding. In fluorescence studies with
globular proteins, it is important to realize that cold unfolding
is known to exist and some fluorescence data at low tem-
perature may be sensitive to such transitions.

Besides thermally induced unfolding of proteins, a sec-
ond way in which the unfolding of proteins is commonly
induced is by the addition of a chemical denaturant, such
as guanidine-HCl or urea. In these cases, the AG ' is de-
pendent on the concentration of denaturant, [D]. The fol-
lowing linear relationship is generally accepted to describe
the thermodynamics of denaturant induced unfolding of
proteins (Schellman, 1978; Pace, 1986).

AGO =AG'on-m * [D] (7)
whereAGo 'un is the free energy change for the unfolding
reaction in the absence of denaturant at some reference
temperature (usually selected to be 20 or 25°C) and m is a
denaturant index (i.e., m = -dAGun/d[D], the dependence
of AG'J on denaturant concentration).
The above discussion of protein unfolding has assumed

that the process is a single step (two-state) process. If there
is one or more intermediates in the unfolding process, then
the thermodynamic models become more complex. Consider
the unfolding reaction in which an intermediate state, I, is
significantly populated

N = I = U

KN-I = [I1/[N]; KI U = [U]/[I]

(8)

(9)
The corresponding AG'-,, AHfI', AS-,, AG0O, N-Ig
MN-I, AGIU, AH' U,uASIu, AGO u,and mi u can be
defined for the two step process. The partition coefficient and
mole fraction of molecules in each macroscopic state are
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given by as follows

Q = 1 + KN-I + KN-1I KI u (10) s = E Xisi (12)

1
XN =

KN-1XI Q
KN1 * KlVUx- Q

Identifying the existence of an intermediate, characteriz-
ing its spectral properties, and determining the thermody-
namics of a three-state unfolding transition are difficult chal-
lenges. The ability to do this will depend on how extensively
the intermediate state is populated and will require a sig-
nificant difference in the fluorescence properties of the three
states. If the fluorescence properties of the I and U states (or
the N and I states) are similar, the transition may appear to
be two-state.

FLUORESCENCE SIGNAL CHANGES AND
CONFORMATIONAL TRANSITIONS

In order for any spectroscopic method to be used to monitor
a conformational transition of a macromolecule, there must
be a discernable difference in some signal between the two
or more macroscopic states. Fluorescence spectroscopy is
very useful for such studies because fluorescence signals are
extremely sensitive to the microenvironment of a fluoro-
phore. Fluorescence is an intrinsically multi-dimensional
method and enables measurements to be made as a function
of wavelength, time (i.e., decay time of the excited state or
reaction time for a conformational transition), polarization
angle, or solvent conditions (i.e., addition of quencher, D20,
hydrogen ion, etc). The multi-dimensional character of fluo-
rescence makes it likely that some signal will be sensitive to
the conformational state of a macromolecule. Absorption and
fluorescence transitions occur on the femtosecond and nano-
second time scales, respectively. Since macroscopic confor-
mational changes in proteins occur on a much longer time
scale, there will not be dynamic averaging of signals from the
various macrostates. Also, fluorescence is a very convenient
and adaptable method (light in, light out) for various sample
chambers, types of preparations, or experimental designs.
Finally, a broad range of protein concentration can be studied
(nanomolar to millimolar), which can minimize the amount
of sample needed and/or can enable protein-protein aggre-
gation to be characterized or minimized.
Among the fluorescence signal changes that can be moni-

tored are the following: fluorescence intensity (at some ex-
citation and emission wavelengths, exA and emA), FexXemA;
quantum yield, F; emission maximum, Amax; fluorescence
lifetime, Ti, pre-exponential factor, ai; fluorescence anisot-
ropy, r; and rotational correlation time, 4. Each of these
signals has been used by researchers to monitor protein un-
folding transitions (Gryczynski et al., 1988; Eftink et al.,
1991a, b; Mei et al., 1992). Critical to the use of any of these
signals is whether the signal is proportional to the popula-
tion of macrostates. That is, to be useful a fluorescence
signal (here we use S to indicate some general signal) must
be related to the mole fraction of molecules in macrostate i

where Si is the intrinsic (molar or relative) signal for a given
macrostate, and Xi is the mole fraction of molecules in mac-
rostate i and can be related to the thermodynamics of the
transition by models and equations, such as Eqs. 1-5.
The most straightforward fluorescence signal that satisfies

equation 12 is the fluorescence intensity, FexkemX, measured
at some pair of excitation and emission wavelengths. Al-
though a little more complicated, the apparent fluorescence
quantum yield, (F, and the pre-exponential factors, ai, for a
multi-exponential intensity decay also satisfy Eq. 12. Other
fluorescence signals, including the emission anisotropy, r,
and average fluorescence lifetime, v (see below the distinc-
tion between average and mean lifetimes), do not linearly
track the mole fraction of macrostates, Xi, although several
researchers have used these other signals to monitor protein
unfolding. These latter signals are weighted by both the frac-
tion of states and by the fluorescence quantum yield of each
state, i.e. S = E SIXii/1 Xibi, and thus determination of
thermodynamic parameters from these signals can yield in-
accurate results. To illustrate how some signals track Xi and
some do not, I present the following simulations.

Simulations

Consider the unfolding of a protein to be a two-state process.
Further, consider the three cases in Fig. 1 (and Table 1) for
the different fluorescence signals for the N and U states. In
Case I, the unfolding of the protein results in a red shift from
330 nm to 350 nm, a decrease in the quantum yield and
fluorescence decay time (assumed for simplicity to be mono-
exponential for both pure states), a decrease in the rotational
correlation time of the fluorophore, and a slight blue shift in
the absorbance spectrum of the U state. In Case II, the spec-
tral changes are the same except that the decrease in quantum
yield and decay time are greater. In Case III there is a very
large enhancement in quantum yield and decay time upon
unfolding; this may simulate a situation in which the un-
folding of a protein relieves the quenching of a tryptophan
residue by a heme group, as in the case of cytochrome c or
myoglobin. In each case the simulated absorption and emis-
sion spectra are Gaussian in shape; the normalized spectral
shape functions, Ci, are given by

- exp[(vi - v)2/A1\]
i,v AiV2iT (13)

where v is wavenumber (= 1/wavelength in cm-1), vi is the
wavenumber for the center of the Gaussian curve, and Ai is
the width of the curve in cm-'. The shape functions were
simulated in wavenumber, where the spectra should be sym-
metrical shapes, and then converted to the more familiar
wavelength axis. Note that this shape function is normalized
so that the E Ci,, = 1.0. In simulating an absorbance spec-
trum, a maximum molar extinction coefficient of 5 X 103
M-1 cm-1 was assumed for each state.
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FIGURE 1 Simulated excitation and emission spectra for N state ( )
and U state (- -). Case I: DN = 0.2, (Du = 0.1, Amax = 330 nm for N state,
Amax = 351 nm for U state. Case II: DN = 0.2, u = 0.05, Amax = 330
nm for N state, Amax = 351 nm for U state. Case III: (DN = 0.0025, (Du =
0.25, Amax = 330 nm for N state, Amax = 351 nm for U state. See Table 1
for other parameters used to simulate the spectra.

Shown in Fig. 1 are the simulated absorbance spectra and
emission spectra for the N and U states for these three cases.

Using these simulated spectral shapes, and the assumed
quantum yields, decay times, and rotational correlation times
(see Table 1), data were simulated for transitions between the
pure N and U states. Shown in Fig. 2 are emission spectra
as Xu increases from 0 to 1.0. (Other spectral data were

simulated using equations given below.) Shown in Fig. 3 are

steady-state fluorescence intensity data (at a constant exA and
emA), the apparent quantum yield, steady state anisotropy,
and average fluorescence lifetime for the transition. Shown
in Fig. 4 are results of the analysis in different ways of the
intensity decay data (see below). (In all cases except the
fluorescence intensity, the data shown are for the emission
observed over the entire emission envelope).
To realistically relate the simulated fluorescence signal

changes to a protein unfolding experiment, the Xu values
were related to a denaturant (i.e., urea or guanidine-HCl)
concentration, by combining equations 4 and 7. To simulate
denaturant unfolding curves, we assumed AG' un = 5.0 kcal/
mol and m = 1.5 kcal-liter/mol2, which are typical values for
the unfolding of a globular protein, and we included a 1%
random error in the various fluorescence signals. No baseline
slopes (see below) were assumed in the simulations. Also,
note that an exA of 295 nm was assumed. The simulated N

TABLE 1 Parameters for simulated spectra and
fluorescence data

Case I Case II Case III

Native state, N
Amax (nm) 330 330 330
v (cm-,) 30.3 30.3 30.3
A (cm-,) 2.5 2.5 2.5
(D 0.2 0.2 0.0025
T(ns) 4.0 4.0 0.05
4) (ns) 10.0 10.0 10.0
r 0.143 0.143 0.199

Unfolded state, U
Amax (nm) 351 351 351
v (cm',) 28.5 28.5 28.5
A (cm-1) 2.3 2.3 2.3
4) 0.1 0.05 0.25
T(ns) 2.0 1.0 5.0
4 (ns) 1.0 1.0 1.0
r 0.0667 0.10 0.0333

For each case, kf = S X 107 s-1. The simulated absorption spectra for
each case were as follows: for the N state, VN = 36.5 cm-' (274 nm),
AN = 2.5 cm-1, and maximum EN = 5 X 103 M-1 cm-'; for the U state,
VU= 36.8 cm-' (272 nm), Au = 2.5 cm-,, and maximum Eu = 5 X 103
M-1 cm-'. At 295 nm, the molar extinction coefficients are equal to 1693
M-1 cm-' for the N state and 1300 M- cm-1 for the U state. Wtih excitation
at 295 nm, 56.56% of the light is absorbed by the N state. An isosbestic point
is at 273 nm.

Case Case 11 ase Ill_

300 350 300 350 300 350 400

Wavelength (nm) Wavelength (nm) Wavelength (nm)

FIGURE 2 Simulated spectra for a mixture of N and U states. The series
of curves in each panel are for Xun = 0, 0.2, 0.4, 0.6, 0.8, and 1.0.

and U states have slightly different E295; the N state absorbs
slightly more of the excitation light at this wavelength (i.e.,
for a 50:50 mixture of N and U states, the N state would
absorb 56.56% of the light), so the fluorescence data in the
transition range reflects differences in both the emission and
excitation properties of the N and U states. The simulations
are given in terms of an urea or guanidine induced unfolding
transition, since the form of Eq. 7 is simple. However, the
simulations could also apply to thermal (or pressure) induced
unfolding transitions, by using Eqs. 5, 6, or 33.
The simulated data in Fig. 3 were then analyzed (by non-

linear least squares analysis with Eqs. 4 and 7 and an equation
given below) to try to recover the assumed values of AG',
un, m and the fluorescence signals for the pure states. The data
sets were fitted with the equations given below and the re-
covered parameters are given in Table 2 for the various types
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FIGURE 3 Simulated data for the denaturant induced unfolding of a pro-
tein. Shown for the three cases are profiles of the fluorescence intensity at
320 nm (0, left axis), the average lifetime, ;- (A, left axis), the apparent
quantum yield (U, right axis), and the steady-state anisotropy (V, right axis).
The solid curves are fits to Eqs. 4, 7, and 12' with the parameters given in
Table 2. "Data" were simulated to have 1% random error, and the baseline
regions were assumed to have zero slope.

of fluorescence data and for the three cases listed above.
Below I will give equations describing each type of spectral
data and comment on how well the thermodynamic param-
eters can be recovered from each type of data. In the fittings,
it was assumed that there can exist pre- and post-transition
baseline slopes for the Si for each state, i.e., it was assumed
that

Si = Sio + Sj[D] (12')
where si = dS,/d[D] is the baseline slope for Si versus [D].
Allowing for the existence of a slope for the fluorescence
signal of each state as a function of perturbant makes the
nonlinear least-squares fits more realistic (see Eqs. 23 and 25
for the full form of an equation that includes baseline slopes).
The fluorescence intensity is related to the mole fraction

of states by

FexAemA Xi (i, exAFi, emA/ Xi(1i, exA (14a)

FexAemA E XiFi, emA (14b)
where Fi emA = Ci, emAk(i is the fluorescence intensity of state
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FIGURE 4 Simulated fluorescence lifetime data for the denaturant in-
duced unfolding of a protein. Shown are the average decay time, t (0), the
mean decay time, (T) (0), the unimodal Lorentzian distribution lifetime (A)
and distribution width (L), and the pre-exponential factor, au (A), for the
short decay time. The curve shown through the mean decay time and pre-
exponential factor "data" are for the fitting parameters given in Table 2.

i at emission wavelength emA and cri, ex is the fractional
absorption coefficient of state i at exA (i.e., UN, exA =
EN, exA/(6N, exA + EU, exA ), where E are molar extinction co-

efficients; with exA = 295 nm, 07N, 295 = 0.5656 for the
simulation). If the Ui, exA are the same for each species (i.e.,
an isosbestic excitation wavelength), then Eq. 14a simplifies
to FexAemA = E XiFi,emA and Xi can be readily determined
from data. As long as UN, exA U.U, exA, Eq. 14b (which is of
the form of Eq. 12) is a good approximation.
The fits through the simulated intensity versus [D] data in

Fig. 3 (with six fitting parameters, FN, emA, FU, embX SN, SU,
AG 0 un and m; see listings in Table 2) show a good recovery
of the AG 'un and m values for all three cases when the
intensity is observed either at the blue (320 nm) or red (360
nm) side of the emission band. The recovered AG' un, and m
values are only 1-3% and 1-8% larger, respectively, than the
inputted values of AGO, un = 5.0 kcal/mol and m = 1.5
kcal liter/mol2. This slight difference can be attributed to the
1% random error introduced in the simulation and to the fact
that U7N, exA is slightly greater than `U, exAX, which results in
more excitation into the N state and a slight overestimation
of XN and AGO, un (when Eq. 14b is used).
The apparent quantum yield is given by

(Dapp = X1 i (i, exk (D i/ Xi (Ji, exA

(Dapp Xi(i

(1Sa)

(lSb)

where (i is the quantum yield of state i. Again, if U7N, exA
UrU, e.X, then Eq. 15b can be used; it is of the form of Eq. 12.
Analysis of ()app versus [D] data with Eqs. 4, 7, and 15b
yields fits with AG , un and m values that are only -5% and
-2% larger that the inputted values (see Table 2). Thus both
intensity and apparent quantum yield measurements track the
N to U transition.
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TABLE 2 Analysis of simulated data in terms of a two-state
transition (assumed AGOU = 5.0 kcaVmol and
m = 1.5 kcal-liter/mol2)*

Mun
WGO,, (kcal-

(kcal/mol) liter/mol2) SN SU

Case I
Intensity (320) 5.064 1.518 5.982 0.582
Intensity (360) 5.089 1.626 2.495 0.609
Quantum Yield 5.230 1.521 0.1999 0.098
Anisotropy 5.683 1.534 0.1423 0.0668
Average T 5.706 1.542 3.979 2.036
Mean T 5.293 1.541 3.976 2.036
Pre-exponential 5.469 1.628 0.963 0.048
Average 4) 5.661 1.529 9.947 1.037
Emission Amax 6.630 1.768 330.0 357.2

Case II
Intensity (320) 5.135 1.540 5.991 0.351
Intensity (360) 5.076 1.521 2.499 1.152
Quantum Yield 5.276 1.535 0.1992 0.0505
Anisotropy 5.610 1.510 0.1422 0.0980
Average T 6.041 1.524 3.972 1.038
Mean T 5.290 1.540 3.983 1.024
Pre-exponential 5.214 1.608 0.989 0.022
Average 4) 6.001 1.511 9.945 0.872
Emission Amax 7.729 1.914 330.1 354.5

Case III
Intensity (320) 5.045 1.518 0.748 1.514
Intensity (360) 5.069 1.521 0.313 5.765
Quantum Yield 5.271 1.536 0.00242 0.2458
Anisotropy 2.551 1.535 0.1979 0.0333
Average T 2.517 1.519 0.0487 5.000
Mean T 5.236 1.525 0.0498 4.984
Pre-exponential 4.915 1.521 1.000 0.0002
Average 4 2.520 1.524 9.965 0.994
Emission Ama,, 3.551 2.173 329.9 349.5

* The table lists fitting parameters obtained from nonlinear least-squares fits
to simulated data. The slopes of pre- and post-translational baselines were
also included as fittings parameters. The resulting slopes are not included
in the table, but all are similar to the assumed values of SN and Su = 0.

The steady-state anisotropy is given by the following
equation, in which the anisotropy for each state, ri, is
weighted by the quantum yield of each state.

e Xi xi= exA(i ri

E Xi (i, exA(i

1: Xi(Diri
r
EexAs

the higher fluorescence quantum yield, the recovered Go, un
values will also be skewed toward the more intensely emit-
ting state. An analysis using the "correct" Eq. 16b should
work, but this would involve two additional parameters
(DN and FDu), which may or may not be known quantities.
The point is that steady-state anisotropy does not directly
track the population of states and caution must be exer-
cised in trying to obtain thermodynamic information from
such measurements.
As with steady-state anisotropy, the fluorescence Amax,

average fluorescence lifetime, and average rotational corre-
lation time also can give a skewed tracking of the popula-
tion of states. The fluorescence Amax will track the popula-
tion of states only if the quantum yield (and the emission
spectral width and absorbance) of the states is the same
(and, of course, the Ama,, for the two states differ). If one
state has a higher quantum yield that the other, then the
former will dominate the emission spectrum and the appar-
ent Amax will be skewed toward this state. There is no
simple equation to describe the Amax for a mixture of states
(which have overlapping emission spectra), but I have
simulated spectra as a function of [D] for Cases I, II, and
III and have graphically determined the apparent Amax. Fig.
5 shows the resulting plots along with fits to a function of
the form of Eq. 12 (see Table 2). The recovered thermody-
namic parameters are skewed, as expected; an extreme
case is given by Case III. A more quantitative way to ana-
lyze the emission spectrum of a mixture is to fit the spec-
trum to the sum of individual spectra for the N and U
states.
The fluorescence decay of a protein will become more

heterogeneous (i.e., more nonexponential; unless TN = Tu)
in the transition region; there will be decay components
with decay times Ti for the pure N and U states. If time-
resolved data are collected, the amplitude associated with
each species can be directly monitored. Alternatively, the
average decay time, i, is defined as (for observation over

(16a)

x

(16b) <

0
This function differs in form from equation 12 and the ex-
perimental r values does not directly track the fraction of
molecules in each state (actually, rexx is directly related to the
fractional fluorescence intensity, Xi/EXi(i, for each
state). If rexx versus [D] data are analyzed by an equation
having the form of Eq. 12, then a good fit can be obtained
(see Fig. 3), but the recovered AGO, un values overestimate
the true value by 13% for Cases I and II and underestimate
the true value by 50% for Case III (3.88 versus 5.0 kcal/mol,
which is a significant difference). The recovered m values,
in contrast, are within a few percent of the true value. Be-
cause the apparent anisotropy is skewed toward the state with

sL

cnC1)ci)
0
3
U'

[D], M

FIGURE 5 Simulated fluorescence Ama,,, as a function of [D] for Case I
(l), Case 11 (A), and Case III (0). The curves through the "data" are for
the fitting parameters given in Table 2.
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the entire emission spectrum)

E Xi ai, exk (Di Ti

E Xi ai, exA(i (17a)

xi(D i (17b)

i.e., the individual decay times are weighted by both the
population of states and the quantum yield of the states. As
shown in Fig. 4 and Table 2, analysis of average decay
time data in terms of Eq. 12 results in an inaccurate value
of the thermodynamic parameters, with recovered AG'o,un
values being up to 20% larger (Case II) or 20% smaller
(Case III) than the true value. Again, the m values are still
within 2-3% of the expected values. The average decay
time, as defined above, will be approximately equal to the
apparent mono-exponential decay for a mixture of N and
U states (i.e., if a mono-exponential decay law, discrete or
distributed, is used to fit data, even though the data are
nonexponential). On the other hand, the mean decay time,
(T), does track the population of states. (T) is defined as

ET xiWai,ekTi (18)
xi 0-i exX

which can be rewritten as (T) = E aiTi, whereat =
XijTi, exX/1 Xiai, exA and is the pre-exponential pactor for a
multi-exponential decay law. If the absorption coefficient,
Ci, exA, is the same for both N and U states, then ai = Xi.
As shown in Fig. 4 and Table 2, the mean decay time can
be used to track the population of states and to determine
thermodynamic parameters. However, it must be remem-
bered that it is -, not (T), that is approximated by fitting
nonexponential data to a single exponential (or unimodal
distributed) decay law.
When such fluorescence decay data are analyzed in terms

of a unimodal distributed decay law (Alcala et al., 1987a, b),
the distribution (i.e, Lorentzian or Gaussian shape) becomes
wider in the transition region. Fig. 4 shows this effect. While
such an increase in width can indicate the existence of
multiple states, it is not obvious how thermodynamic data
can be quantitatively determined from such widths, since the
widths depend on the disparity of the Ti.

Likewise, the anisotropy decay of a protein will become
more heterogeneous in the transition region. However, there
should still exist components with rotational correlation
times 4i for the pure states. Anisotropy decay data are usus-
ally described by the empirical equation, r(t) = rO I gi exp-
(t/4i), where ro is the anisotropy in the absence of motion and
gi is a pre-exponential term for each rotating mode. For a
mixture of species, such as exists in a N - U equilibrium,
the anisotropy decay is more correctly described by (Knutson
et al., 1986; Steiner, 1991)

r(t) = xi i exke-t"Ti (19)

where the rotational correlation time of each species is "as-

sociated" with its intensity decay time. Thus r(t) data possess
information about Xi, but extraction of the latter will be with
some difficulty. The situation is further complicated by the
fact that the anisotropy decay of the native state of a protein
is usually comprised of a 4i for global tumbling of the mac-
romolecule and a 4i for segmental motion of the fluorophore.
This latter, rapid motion may be on a similar time scale and
thus difficult to distinguish from motion of the fluorophore
in the unfolded state. (Later I will give an example of an
attempt to analyze r(t) data with the above equation.)

Another fluorescence signal that can be used to monitor a
conformational transition is the degree of energy transfer
between an attached donor, D, and an acceptor, A, on a pro-
tein. The DA distance may be characteristically different for
the N and U states. The DA distance may be either larger or
smaller in the U state, depending on the position of attach-
ment of the D and A groups on the linear chain. If the U state
is a random coil, then the distribution of DA distances is
expected to be wider in the U state than in the N state. With
an equilibrium mixture of states, the apparent degree of en-
ergy transfer, ET, app (where quenching of the donor by an
acceptor is measured over the entire emission spectrum), is
described by the following equation.

E = 1 -
E xi-ri, exk(i(- ET i)

T, app E: Xi Cr-i, exk (D)i (20a)

ETapp 1 - EXi,i,exk(ji(1 - ET i) (20b)
where ET, i is the degree of energy transfer in state i between
donor and acceptor and (Di is the quantum yield in the absence
of donor. Thus, the determination of ET, app versus pertur-
bation is weighted by the fluorescence intensity of the state
and thus does not directly track the population of states.

Baseline trends

The above considerations and the fits in Fig. 3 argue that
fluorescence intensity, quantum yield, intensity decay pre-
exponentials, and the mean (T) are directly related to the
population of macrostates for an N - U transition and are
recommended for studies of the thermodynamics and kinet-
ics of protein unfolding reactions. The simulations that gen-
erated the "data" in Fig. 3 did not include the possibility that
the fluorescence signal of a pure state can show a baseline
trend with increasing denaturant, or increasing temperature,
change in pH, etc. (Actually the simulations assumed base-
line slopes of zero.) The nonlinear least-squares analysis did
include the possibility of nonzero pre- and post-transition
slopes (Eq. 12') in order to be more realistic. If these baseline
trends are large, it may make difficult the analysis of data to
obtain thermodynamic information.
A frequently employed way to handle such data is to draw

linear baseline regions and to then subtract these baselines
from the signals in the transition range. This obviously can
introduce some human error in drawing the slopes or in se-
lecting which points to include in the baseline. A better ap-
proach is to use nonlinear regression to fit the entire body of
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data, including terms for the baseline regions, as we have
done in fitting the above analysis of simulated "data" (also
see Eqs. 23 and 25 below). However, it is still necessary to
assume a functional dependence of the baseline trend on the
denaturing condition. It seems to always be assumed that the
baseline trends are linear. Here we examine the validity of
this assumption. We will also consider how extensive the
data in the baseline regions must be in order to enable ac-
curate thermodynamic parameters to be recovered.

It is well known that the quantum yield and fluorescence
decay time of indole and its derivatives, such as N-acetyl-
L-tryptophanamide (NATA), do not have an exactly linear
dependence on temperature. The temperature dependence of
the quantum yield of indole and NATA is described by the
relationship (Kirby and Steiner, 1970)

k
T,
k

(71 A
kf + kf. +± .A.fi * exp(-aE,nf/RT)R '

where kf is the rate constant for radiative decay (assumed to
be temperature independent), knf. is the rate constant for
temperature-independent nonradiative processes (i.e., inter-
system crossing to the triplet state), andAnfi andEa, nif are the
Arrhenius factor and activation energy for nonradiative pro-
cess knfi. While the temperature dependence of (D of indoles
in aqueous solution is not exactly linear (Kirby and Steiner,
1970), within any 30°C temperature range, a plot of (D versus
temperature will appear to be nearly linear. In nonpolar sol-
vents the temperature dependence of (D of indoles is smaller,
than in water, thus making the plots appear to be even more
linear. The temperature dependence of the quantum yield or
fluorescence intensity of globular proteins is generally found
to be approximately linear. So the assumption of linear pre-
and post-transition baselines is an accepted practice which
should only be questioned when data over an extensive tem-
perature range are available. The assumption of linearity re-
quires two fitting parameters. To describe the (D (or F) base-
lines by Eq. 21 would require a minimum of three fitting
parameters (these being the ratios knfJkf, Anf/kf, and Ea, as-
suming only one significant temperature dependent nonra-
diative rate process). The fluorescence lifetime of NATA or
other fluorophore is also described by an equation analogous
to Eq. 21 (divide through by kf to get an expression for T).
Again, the assumption of a linear baseline dependence of T

on temperature is usually acceptable.
To examine the limitations of the assumption of linear

baselines, we show in Fig. 6 simulated intensity data for the
temperature induced unfolding of a protein in which the two
baseline regions are described by equation 21 (with Ea, nfi =
3 kcal/mol for the N state and Ea, nfi = 8 kcal/mol for the U
state). The simulated data were analyzed with a combination
of Eqs. 4, 5, and 14b (which is Eq. 23) and the assumption
of linear baseline regions. Nonlinear least-squares analysis
recovers the inputted thermodynamic parameters, AHIu and
AS10, within 5%.

Other commonly used denaturing reactions are to add urea
or guanidine-HCl to proteins. Shown in Fig. 7 is the depen-
dence of the fluorescence intensity (excitation at 295 nm,
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FIGURE 6 The effect of nonlinear baselines on the analysis of data for
the thermally induced unfolding of a protein. The baselines were simulated
using Eq. 21 with the assumption that the activation energy for the N and
U states are 3.0 and 8.0 kcal/mol, respectively, and that the Arrhenius factors
are 2.4 X 1010 and 3.1 X 1014 for the N and U states, respectively (with
kf = knf0 = 5 x 107 S-1 for both states). These values give the curved
baselines for the pure states (shown as dashed lines). The transition was
simulated with AHuIn = 80 kcal/mol, ASun = 250 cal/mol-deg (Tun = 47°C),
and ACP, un = 0. The simulated "data" were analyzed by assuming linear
baselines, as discussed in the text, yielding AHun = 83.3 ± 2.0 kcal/mol and
ASun = 259.4 ± 6.2 cal/mol-deg (Tun = 48.1°C).
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FIGURE 7 Dependence of the relative fluorescence intensity (A), ab-
sorbance at 280 nm (l) and 295 nm (0), fluorescence quantum yield (@),
and mean fluorescence lifetime (U) of N-acetyl-L-tryptophanamide on the
concentration of urea (A) and guanidine-HCl (B). Conditions: 20°C, pH 7.0.

emission at 350 nm), quantum yield, and lifetime of NATA
on the concentration of urea and guanidine-HCl. As previ-
ously reported by Schmid (1989) for tryptophan, for both
denaturants the fluorescence signal ofNATA increases with
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added denaturant, with greater slopes being found with the
addition of urea. The positive slopes of intensity versus [de-
naturant] can partially be explained by the increase in ab-
sorbance at 295 nm at higher [denaturant] (by comparison,
the absorbance at 280 nm is virtually constant). Considering
the effects of denaturant on both the fluorescence intensity
and absorbance at 295 nm, the relative fluorescence quantum
yield was calculated and shows a linear increase with [urea]
and a small decrease with [guanidine-HCl]. The mean fluo-
rescence lifetime of NATA also increases with [urea], to a
degree that is slightly greater than the quantum yield. The
lifetime ofNATA is almost independent of [guanidine-HCl].
An explanation of these trends will not be attempted, but the
patterns should be appreciated in the context of using these
denaturants to induce changes in the fluorescence of proteins.
The slopes in Fig. 7 are 0.069%/M for the relative intensity
(295 excitation), 0.027%/M for the quantum yield, and
0.052%/M for the lifetime for NATA with urea as perturbant
(slopes expressed as percentage of initial signal). The slopes
are 0.015%/M for the relative intensity (295 excitation),
-0.021%/M for the quantum yield, and <0.004%/M for the
lifetime with guanidine-HCl as perturbant. Note that con-
taminant absorbance and fluorescence signals from the urea
and guanidine were subtracted (actually they were negli-
gible), so that the effects shown in Fig. 7 are real changes.
The observation of nearly linear plots justifies the common
practice of assuming linear baseline trends for urea and
guanidine-HCl induced unfolding transitions, as monitored
by fluorescence spectroscopy. The above slopes are expected
to be similar to the values for a solvent exposed tryptophan
residue, such as that in an unfolded protein. For an internal
tryptophan residue the slopes are expected to be smaller.
A related and important question is how extensive must the

baseline regions be in order to accurately recover thermo-
dynamic parameters? Also, how necessary is it to have the
protein fully folded in the initial part of the data (low [D] or
low T)? To test this we simulated data for D induced un-
folding in which the protein is only 89% folded at [D] = 0
(AGO, un = 1.2 kcal/mol and m = 1.5 kcal-liter/mol2) (see
Fig. 8). These thermodynamic parameters pertain to a rela-
tively unstable protein. We then analyzed data sets that were
truncated, i.e., over the ranges of 0-6 M, 0-3 M, 0-2 M,
0-1.5 M, and 0-1 M. We first performed nonlinear least-
squares fitting of Eqs. 4, 7, and 14b (which is Eq. 25 below)
with the assumption that all fluorescence parameters, FN, FU,
SN, and su can vary. As shown in Table 3, the fits were able
to recover the thermodynamic parameters with good accu-
racy (within ± 10%), even when truncated to a data range of
0-1 M of denaturant. The SD of the recovered AG , un and
m values becomes very large for the most truncated data set,
but are acceptable for the other sets. (Of course, this success
is partially due to the fact that only 1% random error was
introduced into the simulated data; with higher random error,
the success would be decreased.) However, the recovered
fluorescence parameters are much less accurate and are un-
realistic for the more truncated data, with negative fluore-
secence intensities and large slopes being obtained (even
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FIGURE 8 Effect of data range on the analysis of unfolding data. The
unfolding of the protein was simulated with AGo un = 1200 cal/mol-deg and
m = 1500 cal liter/mol2, making it marginally stable and havingXu = 0.11
at [D] = 0. The data over ranges 0-6, 0-3, 0-2, 0-1.5, and 0-1.0 M were
analyzed (see Table 3). The open symbols are the actual curve used in the
simulation. The solid symbols are data for the range 0-1.0 M. The dashed
curve is a fit to the latter data range. The dotted curve is a fit in which the
initial fluorescence signal is taken as being equal to FN,0.-

though slopes of zero were used to simulate the data). Since
Fig. 7 shows that the slopes of the fluorescence of NATA as
a function of [urea] and [guanidine] are small and positive
values, we then analyzed the truncated data sets in Fig. 8 with
assumed and fixed values of the slopes. That is, we fixed SN
= Su = 0.05. With this assumption, the accuracy and pre-
cision of the recovered thermodynamic parameters is im-
proved and the recovered FN and Fu values are reasonable
(results not shown in Table 3). This ploy of using assumed,
fixed SN and su values, for data such as that in Fig. 8, should
be considered in actual cases in which the span of data is
limited and baseline regions are ill defined.

Finally, we analyzed data by assuming that the initial fluo-
rescence signal at [D] = 0 is equal to FN and that SN = 0.
This is an assumption that is obviously incorrect, since the
protein is only 89% folded at [D] = 0, but this is an as-
sumption that is tempting to make. This is also an assumption
that would be made if a researcher were not using nonlinear
least squares to fit the data. As shown in Table 3, this faulty
assumption leads to recovered AG' un values that are either
too large (for the 0-6, 0-3, and 0-2 M data sets) or too small
(the 0-1 M data set). In the latter case the recovered AGo, un

is as low as 0.35 kcal/mol (true value of 1.2 kcal/mol). The
recovered m values are always overestimated, being off as
much as 70%. Clearly, the latter assumption, that the initital
signal is FN, leads to inaccurate thermodynamic parameters
in cases where the protein is not -100% folded at [D] = 0
and this assumption should be avoided by using nonlinear
least squares with FN as a fitted parameter.

Basis for fluorescence signal changes

It is not necessary to fully understand the photophysical basis
for the signal changes between the N and U state discussed
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TABLE 3 Effect of limited data range on recovered thermodynamic parameters (for N U with AGO 0 =1200 caVmol
and Mun = 1500 caVmol2

[D] range AGO m FN FU SN SU

0-6 M 1216 1519 6.004 0.610 -.0031 .065
(18) (53) (.017) (.004) (.0005) (.0009)
1646 1845 (5.39) 0.723 (0) -0.023
(298) (35) (.035) (.008)

0-3 M 1194 1535 5.995 0.611 0.210 0.109
(33) (15) (.036) (.33) (.0001) (.011)
1704 2037 (5.37) 1.274 (0) -0.236
(41) (65) (.138) (.055)

0-2 M 1142 1489 6.084 0.388 0.390 0.0952
(82) (63) (.136) (.298) (.293) (.125)
1611 2311 (5.37) 2.685 (0) -0.967
(56) (143) (.296) (.159)

0-1.5 M 1089 1415 6.245 -0.213 0.654 0.372
(169) (236) (.575) (2.22) (.913) (1.03)
1118 2575 (5.37) 4.664 (0) -2.266
(124) (143) (.245) (.664)

0-1.0 M 1190 1510 6.05 -0.64 0.505 0.725
(330) (460) (.63) (2.40) (.786) (1.38)
354 1729 (5.37) 5.339 (0) -2.984
(59) (136) (.288) (0.06)

Values in parentheses are the SD for the fitted parameters. Values in angle brackets, ( are fixed in the analysis.

above, in order to extract thermodynamic (or kinetic) infor-
mation. However, some understanding of the basis for the
signal changes can help characterize the structure and dy-
namics of the N and U states. This article will not discuss this
matter in any detail. The reader is referred to several reviews
on the subject (Steiner, 1983; Lakowicz, 1983; Beechem and
Brand, 1985; Eftink, 1991). However, I briefly mention that
the quantum yield and lifetime of native proteins are not very
predictable. Folded proteins can have a quantum yield rang-
ing from 0.03 to 0.4 and nonexponential decays with mean
lifetime ranging from 0.5 to 6 ns (Eftink, 1991). Unfolded
proteins usually have a quantum yield of about 0.1 and a
nonexponential decay with mean lifetime of about 2-3 ns.
The fluorescence max, of a native protein is related to the
polarity of the environment of the tryptophan residue and can
range from 308-350 nm, with residues in apolar microen-
vironments having blue emission. Unfolding of a protein al-
most always leads to a red shift in the emission to a Amax of
around 345-355 nm. The anisotropy of a fluorophore de-
pends on the ratio of J/Ti and may either increase or decrease
upon unfolding; usually r decreases on unfolding since the
rotational correlation time, 4i, is usually smaller for a ran-
domly coiled unfolded protein.
When the change in fluorescence signal between N and U

states is not large, tricks that can be played are to add a
collisional quencher (such as KI or acrylamide) to the so-
lution, which will usually quench the fluorescence of the
unfolded state more than the folded state, or to substitute D20
as the solvent, which often increases the fluorescence in-
tensity of exposed fluorophores.

Are the N and U states unique?

I also briefly note that fluorescence studies can give some
insight about whether the N and U states are single states or
a collection of microstates. (Above it was stated that the

prompt nature of fluorescence makes it unlikely that there
will be any dynamic averaging of a fluorescence signal be-
tween two macrostates; this statement may not apply to the
dyanamics of the interconversion of microstates.) The basis
for the multi-exponential decay of tryptophan residues in
peptides and proteins has been discussed by several authors
(Alcala et al., 1987a, b; Vincent et al., 1987). A reasonable
model is that the slow interconverion of rotational isomers
about theX1 orX2 bonds of tryptophan is the molecular basis
for the biexponential decay of this simple molecule in so-
lution (with different rotamers having different intramolecu-
lar quenching rate constants) (Szabo and Rayner, 1980;
Petrich et al., 1983; Chang et al., 1983; Chen et al., 1991).
Extending this model to proteins and peptides, a multiex-
ponential decay can be related to the existence of micro-
scopic conformational states (perhaps rotamers of the trp
residues), again with different rate constants for the different
microstates (Ross et al., 1992; Willis and Szabo, 1992). Al-
ternatively, a nonexponential decay can arise due to dynamic
processes that lead to quenching or dipolar relaxation of the
excited state. This might involve fluctuations that bring about
collisions or approach between amino acid side chains, pep-
tide bonds, solvent molecules, etc. Some intramolecular
quenching may involve a distance-dependent electron ex-
change process, which would produce a nonexponential de-
cay (the latter could cause a nonexponential decay even in
the absence of fluctuations and for a single microstate). The
interpretations are equivocal in most cases. For an unfolded
state, the heterogeneity in the fluorescence decay is usually
greater, consistent with the view that the fluorophores in this
state experience a variety of microenvironments.

Resonance energy transfer studies have been interpreted to
indicate that the DA distance in a native state is not a discrete
distance but is a distribution of distances (or a distribution of
distances and orientation factors). This supports the notion
that a native protein exists as a set of microstates. On
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unfolding, the DA distance usually (but not always)
shows a broader distribution, as expected for a random coil
(Lakowicz et al., 1988; Amir et al., 1992; James et al., 1992).

While the above fluorescence results sense the existence
of microscopic states within the N and U macrostates, this
does not alter the interpretation of fluorescence signal
changes to monitor conformational transitions of proteins.
One possible situation where the above microstates might
influence the thermodynamic analysis is where there is a
progressive shift in the distribution of microstates with ad-
dition of denaturant or increase in temperature (Lumry et al.,
1966; Shortle and Meeker, 1986). However, it will usually
not be possible to distinguish this phenomenon from a base-
line trend.

Use of nonlinear least squares and linkages

As mentioned above, we use nonlinear least squares routines
to fit thermodynamic models to fluorescence signal changes
versus [denaturant] or temperature. We include baseline
slopes (linear) for the initial and final states, when it is clear
that these baselines do not have a slope of zero.

In many situations, it is useful to analyze several data sets
simultaneously in order to test the ability of a thermodynamic
model to describe the data. There are a number of examples
of data sets that can be linked together for global analysis
(Beechem et al., 1992). Some familiar examples include:
fluorescence lifetime data obtained at multiple emission
wavelength or multiple concentrations of quencher (linkage
via Stern-Volmer equation for Ti), or multiple temperatures
(linkage via Arrhenius equation for 1/Ti); fluorescence in-
tensity versus quencher concentration (linkage via Stern-
Volmer equation). Below we will present examples of pro-
tein unfolding studies in which linkage and global analyses
are performed. These linkages are in terms of the van't Hoff
plot for temperature dependence studies of protein unfolding,
or in terms of Eq. 7 for urea induced unfolding.
The program GLOBALS is useful for many types of global

analyses involving time-resolved or frequency-domain fluo-
rescence data (Beechem et al., 1992). For steady-state fluo-
rescence data (or other type of data) we have found the pro-
gram NONLIN, written by Dr. M. Johnson, to be very useful
for global analyses (Johnson and Frasier, 1985; Straume
et al., 1992). For routine nonlinear least fitting, we use the
commercial programs ENZFITT'ER (R. J. Leatherbarrow) or
SIGMAPLOT 5.0 (Jandel Scientific).

Practical considerations

In this section I mention a number of practical matters related
to the use of fluorescence to monitor protein unfolding. It
goes without saying that the method used must have a high
enough signal/noise ratio to monitor the signal differences
between the states. Subtraction of buffer baselines, lamp sta-
bility, correction for absorptive screening, correction of
spectra for lamp, monochromater, and photomultiplier
wavelength-dependent responses, signal averaging and digi-

tizing, minimization of photodegradation, avoidance of
Raman and Rayleigh scattering, assurance that the photo-
muliplier signal is linearly responsive to the concentration of
fluorophore, and avoidance of fluorescent contaminant sig-
nals are standard procedures and concerns (Parker, 1968;
Lakowicz, 1983; Jameson, 1984; Schmid, 1989). Samples
should be filtered to minimize light scattering particles and
the protein should be shown to be adequately homogeneous
to allow meaningful interpretations of results. In the follow-
ing paragraphs I will discuss practical concerns pertinent to
the study of unfolding transitions.

If an unfolding is induced by increasing temperature in a
continuous or stepwise manner or by the addition of aliquots
of denaturant to a solution, it is important that equilibrium
be reached at each new condition before the spectroscopic
measurements are made. If equilibrium is not reached, this
can result in a distorted transition curve, which will alter the
derived thermodynamic parameters (both AHII and Tun or
AGO, un and m). Lepock et al. (1992) recently presented a
discussion of this problem, with application to scanning calo-
rimetry and I will summarize important points below. The
discussion will apply primarily to an experiment in which
temperature is increased at a rate of v (in °C/s), but the con-
cerns also apply to denaturant induced unfolding experi-
ments in which aliquots of denaturant are delivered (for ex-
ample by a computer controlled syringe pump) in a stepwise
manner to a stirred protein solution in a cuvette.

For a reversible two-state N = U transition, with forward
and reverse rate constants k1 and k-1, equilibration is
achieved if v is small compared to the relaxation time, (k1 +
k_1)-1. Using typical values for the thermodynamics and ki-
netics of protein folding, Lepock et al. simulated data show-
ing a ratio of v/k1 less than 10-1 to be slow enough to assure
equilibration and thus to enable valid recovery of AHfn and
Tun. As an example of when this condition is met, the re-
laxation time for unfolding of ribonuclease A is about 20 s
at its T of -50°C at pH 3 (Hagerman and Baldwin, 1976;
Mayoraga and Freire, 1987). A thermal scan rate of less than
0.5°C/min would be necessary for equilibrium to be ad-
equately maintained.

If the scan rate is much larger than k1, then equilibrium is
not achieved, and the apparent T and apparent AHl (from
van't Hoff analysis) will both be larger than the true values.
In fact, analysis of the scan rate dependence and the shape
of the transition should enable determination of k1 and its
activation energy (Lepock et al., 1992).

These authors also considered the case in which a revers-
ible unfolding transition is followed by an irreversible de-
naturation reaction to a state D.

k1 k2

N=U- D
k-i

(22)

In general it will be difficult to determine whether such an
irreversible denaturation process occurs. Lepock et al.
showed that there will still exist a range (that is, a combi-
nation of v, k1, and k2) for which a scan rate independence
is observed, even with the irreversible step. Only by studying

Biophysical Journal492



Fluorescence to Monitor Protein Unfolding

both the v dependence and shape of the transition can the
above two-step mechanism be identified. The effect of the
irreversible step will be to cause the apparent Tun to be lower,
than it would be in the absence of the second step, and to
cause the apparent van't Hoff MIHn to be larger than its true
value. If, however, the denaturation rate constant, k2, is much
lower (i.e., kI/k2 > 104), then the distortion in the thermo-
dynamic parameters will not be significant.
The conclusion is that it is important to use slow scan rates,

to test for the scan rate dependence of the apparent Tu, and
to be cautious about interpreting the shape of thermal tran-
sition curves, unless the possibility of an irreversible dena-
turation has been considered. Since most thermal scanning
spectroscopic measurements use water baths and thermo-
jacketed cell holders with a relatively large heat capacity, the
scan rates used in such studies is usually not as large as those
used in scanning calorimetry. But with thermoelectric cell
holders, faster scan rates in spectroscopic studies are now
possible and the above concerns should not be ignored. The
problem of equilibration in thermal scans will be much
greater for a cold unfolding transition of a protein, since the
value of k1 will be much lower than the corresponding k1
value for a high-temperature transition. Another, related con-
cern with thermal scanning spectroscopic studies is that the
temperature be the same at the regions of the cuvette where
the light beam is passing and where the thermistor probe is
inserted. (It goes without saying that the temperature should
always be measured within the cuvette and not in the water
bath, since there can be a several degree difference; meas-
urements within the cuvette holder is probably acceptable.)
Thermal gradients will be exacerbated by rapid scan rates and
may be partially caused by blowing dry gas on one face of
a cuvette, but stirring of the sample should minimize such
gradients.
The problem of reaching equilibrium in denaturant un-

folding experiments must also be considered. One practice
used by researchers is to prepare a series of protein solutions
having different concentrations of denaturant, let these so-
lutions equilibrate for a period of time (i.e., overnight) and
to then read the spectroscopic signal of the series of samples
(Pace et al., 1989). Since this serial method is tedious and can
introduce pipetting errors, other researchers add aliquots, ei-
ther by hand or using an automatic syringe pump or peri-
staltic pump, to a single sample of protein in a cuvette. With
the latter method, the experimenter must wait until equili-
bration is reached, which may be very slow in the transition
region. For example, the relaxation time for the urea induced
unfolding of ribonuclease T1 is 6-40 min at 250C, pH 5
(Thomson et al., 1989); one should wait about 5 times the
relaxation time before making a measurement to adequately
allow for equilibrium to be reached. Ribonuclease T1 is an
extremely slowly unfolding protein (i.e., the relaxation time
for unfolding of Staphylococcal nucleaseA is only about 1-2
min at 4.50C (Sugawara et al., 1991)), but this problem of
slow equilibration times for urea and guanidine unfolding
limits the advantages of automating these experiments.

One of the main advantages of fluorescence methods is
their ability to be used with low concentrations of protein or
other fluorophore. In studies where there is a change in the
degree of aggregation of the protein upon unfolding (i.e., see
below for an example of a dimer to monomer unfolding tran-
sition), it is necessary to vary the concentration of protein in
order to fully describe the thermodynamics of the process.
Even with tryptophan fluorescence, it is possible to approach
nanomolar concentrations and still see adequate signal in
steady-state fluorescence methods. However, it then be-
comes important to minimize fluorescence impurities, for
example in the buffer components and the urea or guanidine.
Pace et al. (1989) has discussed means of purifying these
denaturants and the amount of fluorescent impurities that are
often found in commercial samples. To measure fluores-
cence at high concentrations of proteins one must deal with
optically thick solutions and problems of aggregation (which
may be nonspecific). The use of small-path-length cuvettes
or frontal illumination can enable high concentrations to be
used.
Heme proteins present special problems and opportuni-

ties (Hochstrasser and Negus, 1984; Szabo et al., 1989;
Bucci et al., 1988). Since the intrinsic tryptophan fluores-
cence (of residues near the heme group) is extensively
quenched in the native state of heme proteins by energy
transfer, the native state of these proteins tend to have a
very low fluorescence quantum yield. Consequently, the
presence of impurities in the proteins can greatly interfere
with the observed fluorescence. Upon unfolding, the fluo-
rescence of heme proteins greatly increases, due to the in-
crease in distance between the tryptophan donors and the
heme acceptor; this provides a convenient and large signal
change to monitor unfolding.

EXAMPLES

I now present several examples of the use of various fluo-
rescence signals to monitor the thermodynamics and kinetics
of proteins. I will discuss a variety of applications and show
advantages and disadvantages of the use of different types of
signals. Many of the examples will involve Staphylococcal
nuclease A and its hybrid mutant, nuclease conA S28G. A
comparison of these proteins is useful since they differ
greatly in their thermodynamic stability.

Fluorescence intensity versus temperature or
denaturant concentration

An example of a thermal unfolding of a protein monitored
by steady-sate fluorescence intensity measurement is our
study with nuclease A and its mutants (see figure 2 of Eftink
et al., 1991a). Upon unfolding the fluorescence quantum
yield of nuclease is only about 20% of that of the native form.
There is also a red shift upon unfolding. The combination of
these effects leads to a very large drop in the fluorescence
intensity at 320 nm upon unfolding. Fluorescence intensity
(Aex = 295 nm; Aem = 320 nm) data were collected (via
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digital acquistion every minute) as a function of temperature
with a scan rate of about 0.5°C/min (reading a thermistor
inserted in the cuvette). We have used nonlinear least squares
to fit the F versus T curves to the following equation, which
is a combination of Eqs. 4, 5, and 14b.

FoN + SNT + [FOU + suT] e(- AH.n+TASun)/RT
F =

1 + e
( AHun + TASun)/RT (23)

Fitting this equation (using ENZFIT'TER or NONLIN) to
data involves six fitting parameters, the fluorescence inten-
sities of the native state, FON, and the unfolded state, Fou, at
some reference temperature (0°C), the temperature depen-
dence (i.e., baseline slope, assumed to be linear) of the fluo-
rescence of the native state, SN, and unfolded state, sU, the
enthalpy change, AHIn, and the entropy change, AS1n, for the
two-state unfolding reaction. The fits to the two-state model
are very good and the fitting parameters were found to have
small confidence intervals.
A couple of the mutants that were studied have very low

thermodynamic stability and show a tendency expected for
cold unfolding. Fig. 2 of Eftink et al. (1991a) shows the
fluorescence to increase slightly with increasing temperature
in the range of 2-150C. Care was taken to scan the tem-
perature more slowly in this low temperature range. The data
for these mutants were analyzed to obtain an additional ther-
modynamic parameter, the heat capacity change, ACp, un for
unfolding. That is, Eq. 21 was expanded to

FON + SNT + [FOU + sUT]
exp[( - AH00un- ACpun(T - Tun)

+TAS5o°un + TACpu,ln(T/Tun))/RT]
1 + exp[( - o - ACpun(T -T) (2

+TASoun + TACpu1ln(T/Tun))/RT]
We performed a nonlinear least-squares fit to obtain ACp, un
values of 2680 cal/mol-deg, a value that is similar to that
obtained for the wild-type protein by calorimetric studies
(Griko et al., 1988). This analysis of F versus T to obtain a
ACp, un value requires the assumption that the fluorescence
intensity (at the reference temperature) of the cold-unfolded
state is that for the high temperature unfolded state (i.e., that
there is a linearly sloping baseline that connects both un-
folded states). Without this assumption, it will be nearly im-
possible to obtain fits for both ACp, un and for a fluorescence
for the cold unfolded state (that is different from that for the
high temperature unfolded state).

Measurement of F versus [urea] or [guanidine] has be-
come a standard method for studying the stability of proteins.
The following equation (a combination of Eqs. 4, 7, and 14b,
with inclusion of baseline slopes) describes such data:

=oN + SN[D] + (FOU + su[D])- e(-AGo,un+m[D])/RT
F=_1 OC.1 + e (-AGO,.n+m[D])1RT (

In this equation, FON and FOU are the intehsities of the native
and unfolded states in the absence of denaturant, SN and su
are the baseline slopes for the native and unfolded regions,

described technical aspects of such measurements. In our lab
we use manual methods for adding denaturant, due to the
concern about reaching equilibrium. Either we add aliquots
from a concentrated stock solution of denaturant to a cuvette
containing protein, or we use a Job method by preparing and
then mixing two solutions, one which contains protein but no
denaturant and the other which contains the same concen-
tration of protein and a high concentration of denaturant. By
doing Job titrations upwards and downwards we can test for
reversibility of the unfolding transition. Usually the baseline
slope for the native state is small when urea is the denaturant,
whereas the slopes for the unfolded state is usually a larger,
positive value (as expected from the model study in Fig. 7)
for both urea and guanidine-HCl. The baseline slope for
the native state with guanidine as denaturant has been
found to be both near zero in some cases and to be a large
positive value in other cases. The latter instances, which
include ribonuclease T1 and barnase, have been interpreted
in terms of the specific binding of guanidine to the protein,
with the induction of a slight change in fluorescence (Pace
et al., 1990).
Some researchers use automatic titrators to add denatur-

ant, which enables a high density of data to be collected
(Saito and Wada, 1983), but this may lead to problems of
equilibration mentioned above.

Intensity decays versus temperature or
denaturant concentration

If the intrinsic decay times of the native and unfolded states
are significantly different, then the pre-exponentials associ-
ated with these Ti values can be related to the fraction of
molecules in the native and unfolded states. While in prin-
ciple this is so, in practice the decay of a pure states can be
a multiexponential and the assignment of Ti components to
species can be difficult. In our study of the thermal unfolding
of nucleaseA and its mutants (Eftink et al., 1991b), we found
the intensity decays to be a bi- or triexponential and that the
long decay time tracked the population of native states and
that the shortest decay time tracked the population of un-
folded states. An intermediate decay time seemed to have
some weight in each species. We performed a global analysis
(using GLOBALS) of several intensity decay data sets (at
temperatures from 10-60'C) in terms of a triexponential de-
cay law, with the Ti at various temperatures being linking by
an Arrhenius relationship, l/T, = Aiexp(-Ea, J/RT). The re-
covered ai values for the three Ti were then analyzed ac-
cording to a two-state unfolding model via Eq. 5. Analysis
of the ai for the longest and shortest Ti gave values of AHIun
and ASOJ that are in agreement with thermodynamic values
determined by separate scanning calorimetric studies or from
measurement of the fluorescence intensity versus T.
We have also measured the fluorescence decay of nuclease

A and its thermodynamically unstable mutant, nuclease
conA S28G, as a function of the concentration of guanidine-
HC1 (Eftink and Wasylewski, 1992). The ri and av from fits
of a biexponential decay law to each data set are plotted in
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FIGURE 9 The dependence of the pre-
exponentials, ai, and lifetimes, Ti (for a
bi-exponential decay law), of Staphylo-
coccal nucleaseA and mutant NCA S28G
on the concentration of guanidine-HCl.
Measurements made at 20°C and pH 7,
0.01 M Tris-HCl, 0.1 M NaCl buffer us-
ing a phase modulation fluorometer. Ex-
citation at 300 nm, emission collected
through a WG320 filter. Data taken from
Eftink and Wasylewski, 1992.
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Fig. 9 as a function of [guanidine]. As with our temperature
studies, the longest Ti seems to be characteristic of the native
state and the shortest Ti seems to be characteristic of the
unfolded state, with the respective ai tracking the population
of states. We performed a global analysis of intensity decay
data sets at 15 concentrations of guanidine-HCl, by linking
the Ti to a triexponential decay law. Fig. 10 shows the
resulting ai for the global fit. These ai were then fitted via
equation 7 to obtain the free energy of unfolding of the pro-
tein in the absence of denaturant, AGO, un and the denaturant
index, m. Values of the latter parameters were found to be
in agreement with values determined from measurements of
steady-state fluorescence versus [guanidine]. Thus, in favor-
able cases such as nuclease A and its mutants, where there
is a significant difference in the dominant Ti for the native and
unfolded states, time-resolved intensity decay data can be
used to determine thermodynamic parameters for a tempera-
ture or denaturant induced unfolding of a protein. Admit-
tedly, time-resolved fluorescence is an instrument intensive
way to obtain such information.

The above analyses were based on the use of discrete ex-

ponential to describe the intensity decays. Another way to
analyze fluorescence decay data is in terms of a distribution
of decay times (Alcala et al., 1987a, b). A unimodal distri-
bution is often sufficient to fit a moderately nonexponential
decay. When the decay is very nonexponential, a bimodal
distribution of decay times may be needed. As a protein is
unfolded by temperature or denaturant, it is likely that the
intensity decay will become more nonexponential, due to the
presence of different states with different mean T. If one still
analyzes such data in terms of a unimodal distribution, the
width of this distribution will increase in the transition range

(see Fig. 11 A and figure 2 of Eftink et al., 1989). A quan-

titative analysis, in terms of a distribution model, to obtain
thermodynamic data can be performed. For example, we per-

formed a global analysis of the decay data sets obtained for
nuclease A and its mutant at various [guanidine], with the
decays of the pure states being described by a unimodal dis-
tribution (so there would be a bimodal distribution in the
transition range). The mean T for the native state was long
(4.99 ns), and the mean T for the unfolded state was short
(1.85 ns). In the linked analysis, we assumed the distribution
width, Ai, to be constant at all [guanidine] for the two states.
The analysis was done using GLOBALS; the ai for the two
states versus [guanidine] are shown in Fig. 11 for nuclease
A and the mutant NCA S28G. Analysis of the ai versus

[guanidine] parameters via Eq. 7 provides AG n andm values
that are very similar to values obtained via steady-state fluo-
rescence versus [guanidine]. I raise a point about the GLO-
BALS program and the way it fits a distribution model. The
amplitude factors can be toggled between being pre-

exponential ai values and fractional fluorescence intensity
values. It is the former that track the population of species.
We have also attempted a distribution analysis of our in-

tensity decay versus T data sets. Here, however, the analysis
is more difficult that expected. If linkage of the temperature
data sets is in terms of an Arrhenius equation, then the shape
of a distribution pattern will actually change as temperature
is changed. (This is because long T components within the
distribution are quenched more than are shorter T compo-

nents with an increase in temperature.) We have not been
satisfied with our attempts to fit such intensity decay versus

T data in terms of a bimodal distribution model.

Fluorescence anisotropy versus temperature or
denaturant concentration

Since the steady-state emission anisotropy, r, is likely to
change upon unfolding of a protein, due to changes in either/
both the fluorescence decay time or rotational correlation
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FIGURE 10 Pre-exponentials for the long (0, 5.6 ns), medium (A, 3, 3
ns), and short (El, 1.0 ns) lifetimes for a tri-exponential decay fit of the data
in Fig. 9 (listed Ti values are for the wild type; similar values are found for
the mutant NCA S28G). The a, values are obtained from a global analysis
of the data sets. The solid lines are a subsequent analysis of the ai values
in terms of Eq. 5. For the longest T, we obtain AGo', 4.6 ± 0.5 kcal/mol
and m = 5.27 + 0.56 kcal liter/mol2 for the wild type and AGo, un = 0.98

0.15 kcal/mol and m = 7.6 + 0.6 kcal liter/mol2 for the mutant.

time, measurement of r versus T or [denaturant] will usually
monitor the unfolding transition. However, as discussed
above, the r values do not directly track the fraction of mol-
ecules in the native and unfolded states, but are weighted by
the relative fluorescence intensity of the two states. The base-
line regions for the pure states will usually have smaller
slopes, as compared to fluorescence intensity measurements,
since r is determined by the ratio of TJ'rj, and the i and
in this ratio should have roughly the same temperature de-
pendence. Other drawbacks of r measurements are that the
signals will be noisier than simple intensity measurements,
due to the reduction in transmitted light by the polarizers, and
that there is a need to rotate, either manually or automatically,
the polarizers. The latter makes such measurements a little
more cumbersome to perform. (Alternately, a researcher can
use a "T" format with two emission channel, one for parallel
and the other for perpendicular emission.)
Shown in Fig. 12 is a measurement of r versus [guanidine-

HCl] for the unfolding of nuclease A1. There is an adequate
difference between the r values for the native and unfolded
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FIGURE 11 (A) Plot of the mean lifetime (0) and width (L) for a uni-
modal Lorentzian distribution analysis of the fluorescence decay of wild-
type nuclease A as a function of the concentration of guanidine-HCl. The
solid line through the mean lifetime data is a fit to Eq. 25 with AGo, un =

4.99 ± 0.06 kcal/mol andm = 5.69 ± 0.05 kcal liter/mol2. The lines through
the widths have no theoretical significance. (B) Plot of the amplitude for the
long (Tl = 4.99 ns, A1 = 1.0 ns) and short (T2 = 1.85 ns, A2 = 1.16 ns)
lifetimes for a bimodal Lorentzian distribution analysis of the fluorescence
decay of wild-type nuclease as a function of the concentration of guanidine-
HCI. The solid lines are a fit with AGO,' = 4.60 ± 0.04 kcallmol and m =

5.40 ± 0.04 kcal-liter/mol2. (C) Plot of the amplitude for the long (Ti = 5.03
ns, A1 = 1.0 ns) and short (T2 = 1.74 ns, A2 = 1.14 ns) lifetimes for a

bimodal Lorentzian distribution analysis of the fluorescence decay of nucle-
ase conA S28G mutant as a function of the concentration of guanidine-HCl.
The solid lines are a fit with AG'u = 0.94 + 0.02 kcal/mol and m = 7.89
+ 0.06 kcal liter/mol2.

states and the baseline regions have essentially a linear slope.
We performed a nonlinear least-squares analysis of these
data using a combination of Eqs. 4, 7, and 16b. The resulting
AGO unvalue from analysis of the r data is slightly larger than
the value obtained from analysis of fluorescence intensity
data, as expected from the discussions relating to the simu-
lations under Thermodynamic Models for the Unfolding of
a Protein, above.

Anisotropy decay versus temperature or
[Denaturant]

The anisotropy decay of an unfolded protein will usually be
more rapid than that of a native protein, due to the flexibility
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FIGURE 12 Steady-state fluorescence intensity (@) and anisotropy (0)
measurements for Staphylococcal nuclease A as a function of the concen-
tration of guanidine-HCI at 20°C, pH 7, 0.01 M Tris-HCI, 0.1 M NaCl.
Excitation at 300 nm, emission through a bandpass filter centered at 350 nm.
The solid line through the intensity data is a fit of Eq. 25 with AGo'u =
5.67 ± 0.02 kcal/mol and m = 6.92 ± 0.03 kcal-liter/mol2. The solid line
through the anisotropy data is for AG.', = 5.98 ± 0.02 kcal/mol and
m 6.40 + 0.02 kcal-liter/mol2.

of the indole side chain in a random coil. When there is a
mixture of folded and unfolded states, the anisotropy decay
function is complicated (see Eq. 19), and analysis is made
more difficult by the fact that the anisotropy decay law for
each state may be a nonexponential and the 4i values should
be "associated" with certain Ti values.
To illustrate such data and the problems of analysis, con-

sider the anisotropy decays for nuclease A, and one of its
mutants, as a function of temperature, as shown in figures 6
and 7 of Eftink et al. (1991b). If such data are fitted to a
biexponential anisotropy decay law (see Tables V and VI of
above reference), the fits are adequate and the resulting (P
and r0gi versus temperature are shown in Fig. 13. The values
of r0gl and r0g2 decrease and increase, respectively, with
increasing temperature for both wild type and mutant pro-
teins, suggesting that these parameters are tracking the un-
folding transitions. However, the value of rog, does not drop
to zero as the transition is completed for either protein. The
value of (N also decreases with temperature, as shown in Fig.
13, A and C. This latter pattern is not what is expected for
a two-state transition, however. For a two-state transition, the
4i values should be characteristic of the N and U states, and
the amplitude (rogi) associated with these 4i should track the
population of the N and U states. The 4i should not go
through a transition, as appears to be the case in Fig. 13, A
and C. The problem is that the data were fitted to a biex-
ponential decay law, which apparently is not adequate to
properly describe the data (i.e., both the N and U states may
have nonexponential anisotropy decays) and the analysis in-
cluded no "association" between the j and Ti components.
The anisotropy decay data for wild-type and mutant nucle-

ase have also been analyzed by fixing the longest rotational
correlation time, (N, to have an Arrhenius temperature de-
pendence (with activation energy and Arrhenius factor for
(1-1 being that for the 10-401C data for the wild-type nucle-
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FIGURE 13 (A) Plot of 4i versus T for wild-type nuclease A (data from
figure 6 of Eftink et al., 1991b). Closed symbols, unconstrained, nonasso-
ciated biexponential anisotropy decay law. Open symbols, triexponential
anisotropy decay law, with 41 constrained to have an Arrhenius dependence
on temperature and with 4), "associated" with the two longer Ti values for
the fluorescence decay of the protein (see Eftink et al., 1991b), with 4)3
"associated" with the two shortest Ti and with 4)2 "associate" with all Tr
components. (B) Plot of rogi versus T for wild-type nuclease A. Symbols
are indicated above. (C) Plot of 4i versus Tfor nuclease conA S28G mutant
(data from figure 7 of Eftink et al., 1991b). Closed symbols are for an
unconstrained, nonassociated biexponential anisotropy decay law. Open
symbols are for a constrained, "associated" triexponential decay law, as
indicated above. (D) Plot of rogi versus T for mutant. Symbols as indicated
above. The constrained 4)1 were forced to be described by an Arrhenius
equation, +1-' = A * exp(-Ea/RT). Values of Ea = 3.52 kcallmol and
A = 3.71 X 109 were determined from the 10-400C data for wild-type
nuclease A.

ase A), by using a triexponential anisotropy decay law, and
by associating the (N value with the longest fluorescence
lifetime component (since the long lived component seems
to also track the population of theN state). This second analy-
sis is shown as the open symbols in Fig. 13. Constraining (N
to have an Arrhenius behavior makes the 4i values more
realistic, and the resulting rog, values drop to zero as the
unfolding transition is completed (as is expected if (N tracks
the N state). Likewise, the r0g2 and r0g3 values increase as
the unfolding transition occurs. While this analysis is very
complicated and requires many assumptions, the point is that
the anisotropy decay data are consistent with a two-state
unfolding transition.

Fluorescence resonance energy transfer studies

This method, together with an analysis in terms of a distri-
bution of distances, has been used by several researchers to
characterize the donor-to-acceptor distance in native and un-
folded forms of proteins (Lakowicz et al., 1988; James et al.,
1992). Amir et al. (1992) has shown that, with an equilibrium
mixture of unfolded and native-like states, a bimodal dis-
tance distribution can be determined for segments of pan-
creatic trypsin inhibitor. This analysis is a state-of-the-art
study and it is probably not realistic to use this type of mea-
surement to obtain thermodynamic information for protein
unfolding.
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Linked equilibria: protein or ligand concentration
dependence in unfolding transitions

For the unfolding of oligomeric proteins, the apparent ther-
modynamic parameters for thermal or denaturant induced
unfolding will depend on the total concentration of protein
subunits, [M]0. For example, for the denaturant induced un-
folding of a dimeric protein (the simplest case), the free en-
ergy change for unfolding and the fraction of unfolded mol-
ecules are given by Eqs. 27 and 28

D = 2U; Kun = [U]2/[D]

AGO = -RTln Kun

(26)

(27)

Xun= [(K2n + 8Kun[M]0)`2 - Kun/(4[M]O) (28)

where Ku,, is the equilibrium constant for the unfolding of
the native dimer to two unfolded monomers, AGOI is the
intrinsic unfolding free energy change, [M]I is the total
concentration of protein expressed as monomers. If the un-
folding of such a dimeric protein were incorrectly analyzed
(using Eqs. 23 or 25 for thermal and denaturant induced
unfolding), the apparent AG°un(app) would depend on sub-
unit concentration. There are a number of examples of the
application of Eq. 28 to characterize the unfolding of an
oligomeric protein (Grant et al., 1992; Timm and Neet,
1992). For example, Gittelman and Matthews (1990) have
shown the urea induced unfolding of dimeric trp apore-
pressor to be described by the above equations over a [M]o
range of 5 to 60 micromolar subunits at neutral pH. A glo-
bal analysis of unfolding data at multiple [M]. can be per-
formed.
A second type of linked equilibrium is the binding of a

specific ligand. It is usually the case that a ligand will bind
to the native state and not to the unfolded state of a protein.
For the following equilibrium, the apparent free energy
change for denaturant unfolding is

N=U
L Jil (29)
N *L

AG' (app) =-RT ln K + RT * ln(I + KL[L]) (30)

XU = Kun/(1 + Kun + KL[L]) (31)
where KL is the association constant of ligand and [L] is the
free ligand concentration. (If the ligand can also bind to the
U state with association constant KL, the last term in Eq. 30
becomes RT - ln((I + KL[L])/(l + K L[L])).) From mea-
surements of a fluorescence signal change as a function of
temperature or denaturant concentration, data can be ana-
lyzed to obtain both AG'I (and AH n or m, depending on the
type perturbation used to unfold the protein) and the free
energy change for ligand binding, AGL = -RT * ln KL.
Again, global analysis of multiple data sets in terms of Eq.
31 is possible. In principle, one should be able to use Eq. 31
to determine extremely large values of KL, just as differential
scanning calorimetry studies as a function of [LI have been

able to yield KL values as large as 1020 M-1 (Sturtevant,
1987; Brandts and Lin, 1990). (Note that with such large KL
values, the time needed to reach equilibrium may be very
long, which may distort the unfolding profiles.) An example
of a study of the denaturant induced unfolding of a protein
in the presence and absence of a specific ligand is the work
by Hynes et al. (1989) and Sugawara et al. (1991) with nucle-
ase and the ligand deoxythymidine-3',5'-diphosphate. Also,
Pace and Grimsley (1988) used the above model to determine
the weak binding constants for the interaction of cations and
anions with ribonuclease TI.

Deviations from two-state unfolding transitions

The above discussions have assumed the unfolding transi-
tions to be two-state. In fact, one of the goals of studies of
protein unfolding is to determine the energetics and mecha-
nism of folding steps and to discern if there are intermediates
in the process. Kinetic studies have a greater chance of iden-
tifying intermediates. Thermodynamic studies can determine
the stability of any intermediates and can potentially describe
the energetics of the interaction between and unfolding of
domain regions.
The question is whether the unfolding is two-state or

whether it must be described by a three- (or multi-) state
mechanism, such as that below.

N=11r_ I=1-T-_U (32)

Examples of studies that have revealed such a mechanism are
the work of Saito et al. (1983) and Palleros et al. (1993).
Although using another spectroscopic technique, Barrick and
Baldwin (1993) have presented models for the analysis of a
three-state unfolding of apomyoglobin.

Characterization of the thermodynamics of a two step
process can be difficult, particulary if the population of the
intermediate is very low and if the signal of the interme-
dieate is similar to that of either the N or U states. The
population of I and its signal can be inversely and highly
correlated. Another consideration is that, if only a single
fluorescent center is used to monitor the unfolding transi-
tion and if the protein has multiple folding domains, this
probe may only be sensitive to transitions in its own
domain.

Combination of fluorescence methods with other
methods

A strategy used in our laboratory and others is to combine
different types of data to monitor the same structural tran-
sition. For example, we have developed a multidimensional
spectrophotometer, which will simultaneously monitor the
circular dichroism, absorbance, and steady-state fluores-
cence of a sample. Using a computer-controlled thermoelec-
tric sample holder, we can perform thermal scans and collect
multiple types of data to monitor the unfolding of a protein.
By also measuring the standard deviation of each type of
data, we perform properly weighted nonlinear least-squares
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fitting of unfolding models to the multiple data sets (Ramsay
and Eftink, 1994).
The use of multiple monitoring methods is, of course, a

strategy in trying to determine whether a transition is two-
state or multistate (Lumry et al., 1966). In doing so it is
essential that each monitoring method track the population
of states in a linear manner. For example, if circular dichro-
ism is combined with a fluorescence method, the latter
should be a parameter that is related to Xu by Eq. 12 (i.e.,
the parameter should not be changes in fluorescence Amax,
anisotropy, or average T).

fluorescence intensities) have recently been reported by
Royer et al. (1993) for the pressure-induced unfolding of
other mutants of nuclease.

Actually, the apparent phase angle, O., for a mixture of
species is weighted toward the species having the longer
fluorescence lifetime by the following series of equations
(Lakowicz, 1983) (where it is assumed that the entire emis-
sion envelope is observed).

oe,= tan-(N,JD,,,) (34)
where

Pressure-induced transitions

We have focused on thermal and denaturant induced un-
folding transitions, since these are the most commonly per-
formed. Another intensive variable that can induce protein
unfolding is hydrostatic pressure. The free energy change
for protein unfolding at 1 atm, AG' u. (1 atm), and the
volume change, AVun, for the pressure-induced unfolding
of a monomeric protein are given by the following:

AGun(P) = AG°0,n(1 atm) + PAVu. (33)

Classical studies of pressure unfolding of proteins were
performed in the late 1960s and early 1970s (Gill and
Glogovsky, 1965; Brandts, et al., 1970; Zipp and Kauz-
mann, 1973) and Weber's group has studied the use of
pressure to induce the dissociation of oligomeric proteins
(Paladini and Weber, 1981; Weber and Drickamer, 1983;
Royer et al., 1986). Recent studies of pressure induced un-
folding of proteins have characterized the AG,oun and
AVun for the pressure induced unfolding of nuclease A and
some of its mutants (Eftink et al., 1991a; Royer et al.,
1993). Although the kinetics of pressure induced unfolding
and the pressure dependence of baseline signals for the pure
states have not been thoroughly investigated, the studies to
date do not suggest these to be significant problems.
An example of data for the fluorescence of the NCA

S28G mutant of nuclease A as a function hydrostatic pres-
sure is shown in figure 4 of Eftink et al. (1991a). The
sample was thermostated at 20°C within a high-pressure
cell. The data show that the raw fluorescence phase angle
(for frequency domain measurements, with modulation fre-
quency w, of 50 MHz) of the protein decreases as pressure
is increased in a way that appears to track the conforma-
tional transition. Phase angles were measured for practical
reasons. The pressure experiments span several hours and
in some cases can involve the repositioning of the pressure
cell; this makes relative intensity studies difficult. The
phase angle is related to the apparent fluorescence lifetime
and we find phase angle data to be very stable and repro-
ducible. In our earlier analysis of these data (Eftink et al.,
1991a), we assumed (incorrectly-see below) that the
changes in the phase angle linearly track the unfolding
transition. We analyzed the data (using Eqs. 4, 14b, and 33)
to obtain values of AG un = 1.25 kcallmol and a value of
AVun = -124 ml/mol. Similar thermodynamic results (using

E XiwT2/(l + W2Tr)
N,,= TTTzXiTi (35)

and

D XiTi/(l + W2T2) (36)

Combining Eqs. 4 and 33-36, a more rigorous description of
apparent es, versus P data can be obtained with the fitting
parameters AG', AAVu TN, and Tu. On doing this with the
data in figure 4 of Eftink et al. (1991a), we obtain a fit that
is as good as that shown in the original figure; the new set
of fitting parameters are AGo, un = 1.04 + 0.21 kcal/mol and
AVUn = -124 + 17 ml/mol (and with the N and U states
having mono-exponential decays of TN = 4.96 ns and Tu =
2.25 ns). This AG',unvalue is 20% smaller than the value
reported in the previous paragraph (obtained with the false
assumption that O4, linearly tracks the transition). This dem-
onstrates that, to obtain valid thermodynamic data from fluo-
rescence data, either the fluorescence signal must obey Eq.
12 or a more complicated analysis procedure must be used
to relate the signals to values of Xi though the transition.

SUMMARY

The simulations and discussions in this article raise the fol-
lowing points about the use of fluorescence methods to moni-
tor conformational transitions:

a. Fluorescence lends itself to such studies because it is
a multidimensional method, and it is likely that some fluo-
rescence signals will be different upon a conformational
change, due to the sensitivity of the fluorescence of a chro-
mophore to its microenvironment.

b. Among the various fluorescence signals that can be
measured, it is important to use those that are directly related
to the mole fraction of states of the protein (i.e., S =
E XiSi). These signals are the steady-state fluorescence in-
tensity, apparent quantum yield, pre-exponential factors for
intensity decay, and mean fluorescence lifetime. Other sig-
nals, including the emission Amax, anisotropy, and average
fluorescence lifetime are weighted toward the more intensely
emitting species and do not directly track the mole fraction
of states.

c. In using any of the fluorescence signals to monitor a
conformational transition, it is important to realize that there
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may be changes in the absorption spectra as well, and, unless
an isosbestic wavelength is used, the difference in absorp-
tion probability will be factored into the fluorescence
changes and will give rise to small errors in derived ther-
modynamic parameters.

d. Whether using chemical denaturants or temperature as
perturbant, baseline slopes must be included in the analysis.
Even for temperature studies, it will almost always suffice to
assume linear baselines for the pure states. If a baseline re-
gion is not well defined, a slope from a study with a model
system can be used. In cases where the protein is marginally
stable and does not exist as - 100% folded under any con-
dition, the signal for the completely folded state should not
be simply taken as the value at minimum perturbation. Non-
linear least-squares procedures should be used and the signal
for the folded state should be considered an unknown fitting
parameter.

e. The existence of a cold unfolding transition must be
considered in cases where studies are made at low tempera-
tures or for marginally stable proteins.

f. When using automated data acquisition procedures, it
is important to assure that the unfolding transition reaches
equilibrium before measurements are acquired.
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