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In a recent article, we described the application of phasor analysis to fluorescence intensity decay data on
in vitro samples. As detailed in that article, this method provides researchers with a simple graphical
method for viewing lifetime data that can be used to quantify individual components of a mixture as well
as to identify excited state reactions. In the current article, we extend the use of in vitro phasor analysis to
intrinsic protein fluorescence. We show how alterations in the excited state properties of tryptophan res-
idues are easily visualized using the phasor method. Specifically, we demonstrate that protein–ligand and
protein–protein interactions can result in unique shifts in the location of phasor points, indicative of pro-
tein conformational changes. Application of the method to a rapid kinetic experiment is also shown.
Finally, we show that the unfolding of lysozyme with either urea or guanidine hydrochloride results in
different phasor trajectories, indicative of unique denaturation pathways.

� 2010 Elsevier Inc. All rights reserved.
Excited state fluorescence lifetime measurements have become molecular environments during the excited state lifetime or to

a popular and powerful method for gaining information on the lo-
cal environment of fluorophores in biomolecular systems such as
proteins, membranes, and nucleic acids. Excited state intensity de-
cay (lifetime) data are typically obtained using either time domain
or frequency domain methods [1,2]. In time domain measure-
ments, the sample is excited with a short pulse of light and the
time evolution of the fluorescence intensity decay is recorded,
whereas in frequency domain measurements, the sample is typi-
cally (but not always) excited with sinusoidally modulated light
and the shift in phase and modulation of the emission with respect
to the excitation is recorded. Data from each method are essen-
tially equivalent, with the frequency domain data being the Fourier
transform of the time domain data [3]. Traditional methods of
extracting decay parameters involve fitting the data to models,
such as discrete exponentials or distributions [4], until a ‘‘good’’
fit, as judged by the v2 value, is reached. A model-less approach,
the maximum entropy method, has also been used to describe ex-
cited state decay data in terms of the intensity decay components
[5]. For a large number of seemingly simple fluorophore systems
(e.g., proteins containing a single tryptophan residue), however,
the excited state decay cannot be described by single- or even mul-
tiexponential models. In some cases, the complexities of the decay
may be due to the fact that the fluorophore can sample different
ll rights reserved.

ll and Molecular Biology, John
Ilalo Street, Biosciences 222,

son).
the presence of excited state reactions such as resonance energy
transfer, dipolar relaxation, and transient quenching mechanisms.

Tryptophan residues are the most commonly used intrinsic pro-
tein probes, and their popularity increased when the method of
site-directed mutagenesis allowed the removal or insertion of
these residues into specific locations in the protein sequence
(although we note that tyrosine fluorescence has also been used
in the case of proteins lacking tryptophan residues). The sensitivity
of tryptophan’s fluorescence properties, including its emission
maximum, quantum yield, and lifetime, to local environments in
the protein matrix has been used by a number of researchers over
the years to characterize a variety of biological processes [2,6–8].
The use of tryptophan analogs, introduced into proteins using
molecular biological methods, has also become increasingly popu-
lar in studies of protein fluorescence [9,10]. A complete description
of all such applications to protein systems is beyond the scope of
this article, however, a few examples include the use of tryptophan
fluorescence to monitor ligand interactions [11,12], kinetic rate
determinations [13,14], and protein–protein, protein–DNA, and
protein–RNA interactions [15,16] as well as structural and dynamic
features of proteins [17–19] and Förster resonance energy transfer
(FRET)1 [20]. Excited state characterization of tryptophan, free in
1 Abbreviations used: FRET, Förster resonance energy transfer; NATA, N-acetyl-L-
tryptophanamide; HSA, human serum albumin; Na2S2O3, sodium thiolsulfate; GdHCl,
guanidine hydrochloride; PH, pleckstrin homology; GED, GTPase effector region; PRD,
proline/arginine-rich domain; hTF, human serum transferrin; hTF N-lobe, recombi-
nant N-lobe of human serum transferrin comprising residues 1–337; FLIM, fluores-
cence lifetime imaging.
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solution and incorporated into proteins, has revealed the complex
decay parameters for this intrinsic probe [21]. The environmental
sensitivity of tryptophan’s 1LA transition [22], the possibility of tryp-
tophan rotamer conformations within the protein matrix [23], and
excited state reactions of tryptophan residues with neighboring ami-
no acid side chains [24] all have been suggested to play a role in the
nonexponential behavior of tryptophan decay [2].

Analyzing tryptophan lifetimes using the traditional approaches,
including fits to discrete exponentials or continuous distributions,
does not always allow an adequate description of the decay process
or provide meaningful physical interpretation. In addition, many
proteins have multiple tryptophan residues and may exhibit energy
transfer between these residues, and this frustrates attempts to fit
the lifetime data to straightforward models. In many cases, however,
the goal is simply to use the intrinsic protein fluorescence to monitor
a process such as ligand binding, unfolding, or refolding or to detect a
conformational change in a particular region of the protein. In such
cases, a less constrained approach may provide a useful tool for mon-
itoring alterations in intrinsic protein decay. The phasor plot offers
such an approach, although we note that quantitative information
can also be obtained.

We recently explored the application of the phasor approach to
in vitro studies and briefly described its general utility in the char-
acterization of heterogeneous emissions and systems demonstrat-
ing dipolar relaxation as well as intrinsic protein fluorescence [25].
In the previous article, we discussed the basics of the phasor ap-
proach and illustrated its application to heterogeneous mixtures
of fluorophores as well as excited state reactions such as dipolar
relaxation and FRET. In the current article, we extend these obser-
vations to studies of protein conformations. Specifically, we apply
the phasor plot approach to a number of protein-related systems,
including the effect of pH on tryptophan’s lifetime, quenching,
and the effect of ligand binding, kinetics, protein–protein interac-
tions, and protein unfolding pathways.

Materials and methods

L-Tryptophan and Mes were obtained from Fluka (St. Louis, MO,
USA). N-Acetyl-L-tryptophanamide (NATA), fluorescein, human ser-
um albumin (HSA), KI, NaCl, sodium thiolsulfate (Na2S2O3), ethanol,
Ches, and Hepes were obtained from Sigma (St. Louis, MO, USA).
Lysozyme was obtained from Fisher Scientific (Pittsburgh, PA,
USA). Thrombin (alpha) and antithrombin III were purchased from
Hematologic Technologies (Essex Junction, VT, USA). Sephacryl
S-300 resin was obtained from GE Healthcare (Piscataway, NJ,
USA). Guanidine hydrochloride (GdHCl) was obtained from Mann
Research Laboratories. Urea was purchased from ICN Biomedicals
(Irvine, CA, USA). Dynamin 2 was a generous gift from Joseph
Albanesi and Barbara Barylko (University of Texas Southwestern
Medical School). Recombinant human serum transferrin N-lobe, res-
idues 1–337, was a generous gift from Anne B. Mason (University of
Vermont).

HSA purification

Many reports have detailed the fact that even 99% pure lyoph-
ilized HSA contains up to 10% higher order oligomers such as
dimers, trimers, tetramers, and higher order aggregates formed
via disulfides linkage (see, e.g., [26]). To isolate the monomeric pro-
tein, HSA (20 mg/ml) was loaded onto a 100-ml Sephacryl S-300
column equilibrated with 20 mM Hepes (pH 7.5). Identification of
the oligomeric state and purity of each fraction were determined
by nondenaturing native gel electrophoresis (data not shown).
The final half of the dominant (monomeric) peak was pooled.
HSA concentration was determined using 34,445 M�1 cm�1 as the
molar absorption coefficient at 280 nm [27].
Time-resolved measurements

Phase and modulation data were obtained with an ISS Chronos
Fluorometer using either a 280- or 300-nm LED as the light source
[28]. The bandpass filter FF01-280/20-25 or FF01-295/15-25 (Sem-
rock, Rochester, NY, USA) was used where appropriate, with the exci-
tation light and the emission collected through a longpass filter
(WG315 or WG320, Schott) or a 357/50-nm bandpass filter. Polariz-
ers were set at magic angles to eliminate polarization effects [29].
Reference lifetime standard of NATA at pH 7.5 (2.70 ns at 25 �C and
2.95 ns at 20 �C) was used at an excitation wavelength of 280 or
300 nm [30]. For those experiments in which temperature was var-
ied, glycogen (0.00 ns) was used as a reference. Absorbance values at
the exciting wavelengths were kept below 0.05 to avoid inner filter
affects.

For measurements involving acrylamide quenching, small ali-
quots of an 8-M stock solution were added to the sample cuvette
to obtain the desired acrylamide concentration. For KI quenching,
NaCl was present to maintain the ionic strength between each
measurement. The stock solution of KI (3 M) contained a small
amount (10–4 M) of Na2S2O3 to prevent the formation of I�3 , which
absorbs in the excitation region of tryptophan fluorescence.

Phasor plots

The theory underlying the phasor approach is presented in an-
other article [31].
Results and discussion

Tryptophan lifetime/phasor as a function of pH

The sensitivity of tryptophan fluorescence to a number of fac-
tors (pH, temperature, and polarity of solvent/environment) makes
it ideal to monitor alterations in the protein matrix. Such sensitiv-
ity has also made interpretation of fluorescence changes in re-
sponse to specific biological events difficult at best, highlighting
the complexity of this fluorescent probe. We examined the excited
state properties of L-tryptophan under changing conditions to
illustrate the application of the phasor method for analyzing the
heterogeneous lifetime decay of proteins. The phasor plot for
L-tryptophan as a function of pH (at 25 MHz) is shown in Fig. 1.
As the pH is increased from 6.0 to 11.0, the zwitterion form of tryp-
tophan is converted to the anion form (pKa � 9.39), each of these
forms has its own unique lifetime and quantum yield [2,32–34].
At pH 9.5, there should be a nearly 1:1 anion-to-zwitterion molec-
ular ratio. However, we should note that the phasor point corre-
sponding to pH 9.5 is not midway between the high and low pH
points. The exact distance of the phasor point along the line joining
the starting and ending points on the universal circle depends not
only on the relative concentration but also on the quantum yields
of the species in question (in the case of L-tryptophan, the ratio of
the lifetimes and quantum yields of the anion-to-zwitterion forms
is �2.8 [34]). The frequencies used will also weight the fractional
contributions of the components differently, that is, lower fre-
quency phasor points will weight the longer lifetime component,
whereas higher frequencies will favor the shorter component [35].

Quenching and temperature studies

Quenching of a protein’s intrinsic tryptophan fluorescence, with
molecules such as I–, NO�3 , Cs–, acrylamide, and molecular oxygen
[17–19], is commonly used to probe the dynamics of protein
matrices. Chemical quenchers may provide information on the
exposure of a tryptophan residue to the solvent as a consequence



Fig.1. Phasor plot of L-tryptophan at various pH values. The points represent pH 6.0
(circle), pH 9.5 (triangle), and pH 11.0 (square) data at 25 MHz. The lifetime data
were collected at 280 nm excitation and 25 �C.
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of collision of the excited fluorophore with the quencher molecule
(dynamic quenching) or, in some cases, by formation of a ground
state dark complex (static quenching) [1]. Both steady state and
time-resolved methodologies can be used to obtain quenching
information.

As shown in Fig. 2, we examined the effects of quenching mol-
ecules on the phasor plot of tryptophan-containing samples. NATA
was chosen as a model system because it has a single-exponential
decay under our conditions, and the quenching with acrylamide is
expected to move the phasor toward shorter lifetimes along the
universal circle. The protein lysozyme was used because the photo-
physics of the tryptophans in this protein have been well investi-
gated [36,37]. Fig. 2 shows the quenching of NATA and lysozyme
using the quencher acrylamide. The data were recorded at
89 MHz and 20 �C using a 300-nm LED as the excitation source,
and emission was observed through a WG315 longpass filter. As
expected, the position of the phasor points is dependent on the
quencher concentration. The lifetime of NATA is a single exponen-
tial at each quencher concentration and follows a clockwise trajec-
tory along the universal circle toward G = 1.0 and S = 0 (i.e., 0 ns).
With lysozyme, one notes that the phasor points are all within
the universal circle, indicating the heterogeneous nature of the life-
time data. The addition of acrylamide results in shorter lifetimes,
indicating that one or more of the tryptophan residues in lysozyme
are sensitive to dynamic quenching, and the subsequent shift in
the phasor points in a clockwise direction. The addition of the
quencher iodide (data not shown) also shifted the phasor point,
following a similar trajectory to shorter lifetimes, albeit to a lesser
extent, as with the acrylamide quenching.

Temperature studies are often used to study protein stability
and dynamic aspects of the protein matrix [38]. We examined
Fig.2. NATA (circles) and lysozyme (triangles) phasor points at 89 MHz, at 300 nm
excitation and 20 �C, with the addition of various concentrations of acrylamide
(0–0.2 M with NATA and 0–0.5 M with lysozyme).
how temperature affects the phasor points for NATA and lysozyme.
As shown in Fig. 3, the phasor points corresponding to NATA as a
function of temperature remain on the universal circle and move
clockwise as the temperature increases, indicating decreased life-
times. The phasor points for lysozyme also progress clockwise with
increasing temperatures, however, these points begin to migrate
more toward the universal circle with increasing temperatures
indicating decreases in the lifetime heterogeneity. This correlation
of heterogeneity and temperature is similar to what was observed
in human superoxide dismutase, which provided support for treat-
ment of tryptophan decay as a continuous lifetime distribution
[38]. At 70 �C, a change in trajectory occurs, likely indicating a
complete thermal unfolding of the protein and a broadening of
the distribution of lifetime values. These results are in agreement
with the large volume of thermal denaturation literature on lyso-
zyme [39,40]. Specifically, Morozova and coworkers [41], along
with others, reported that the unfolding takes place in two steps,
with the first reversible step occurring at approximately 40 �C
and a second irreversible step occurring at approximately 70 �C.

Protein–ligand and protein–protein interactions

The sensitivity of tryptophan fluorescence to its environment
makes it an ideal probe to monitor local and global structural
movements and to provide insights into protein conformational
changes associated with ligand binding. Using two protein sys-
tems, we investigated how phasor plots (derived from the intrinsic
protein fluorescence) change during interactions with different
ligands. Dynamin 2 is a 100-kDa GTPase associated with the pinch-
ing off of the plasma membrane during vesicle fission [42].
Dynamin 2 is composed of five domains—an N-terminal GTPase
domain, a middle domain, a pleckstrin homology (PH) domain, a
GTPase effector region (GED), and a proline/arginine-rich domain
(PRD)—and contains five tryptophan residues, four of which are
in the PH domain and one of which is in the C-terminal PRD. Pre-
vious work from our lab has shown that the tryptophans in dynam-
in can transfer energy to a fluorescent nucleotide [43,44]. In
Fig. 4A, the phasor points of dynamin alone, GDP-bound dynamin,
and GTPcS (a slowly hydrolyzable GTP analogue)-bound dynamin
are presented. The data shown were collected with 300 nm excita-
tion at 84 MHz and 20 �C. The addition of the guanine nucleotides
clearly causes the phasor point to shift, and the position of the pha-
sor point depends on the precise nucleotide used. These results
indicate that there is a conformational change around one or more
tryptophan residues associated with guanine nucleotide binding,
moreover, the GDP and GTPcS ligands elicit different responses,
indicating that the conformation of the protein matrix is not iden-
tical in the two cases. Solomaha and Palfrey [45], using steady state
tryptophan fluorescence and limited proteolysis, concluded that
Fig.3. Phasor plot, at 70 MHz and 280 nm excitation, of NATA (circles) and
lysozyme (triangles) as a function of increasing temperatures.



Fig.4. (A) Phasor plot for dynamin 2 alone (circle), GDP-bound dynamin (closed triangle), and GTPcS-bound dynamin (open triangle). (B) Monomeric HSA (closed circle)
plotted with furosemide-bound HSA (open triangle) and D-thyroxine-bound HSA (closed triangle). Dimeric HSA (open circle), which can be found up to 10% in lyophilized
HSA, has a unique decay/phasor point compared with monomeric HSA. (C) Phasor plot showing point movements due to protein–protein interaction. Solid lines between
antithrombin (circle), lysozyme (closed square), and thrombin (closed triangle) are the projected linear movement of the phasor point for noninteracting species. Mixtures of
antithrombin/lysozyme (both at 1 lM, open square) and antithrombin/thrombin (gray triangle 0.5:1;open triangle 1:1) are shown on the plot. The dashed line represents the
projected phasor movement for increasing concentrations of antithrombin in the presence of thrombin. Crosshairs seen in the upper part of each figure represent the
statistical error for each phasor point under the expanded phasor plot scale.
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although GDP and GTP bind with similar affinities (13.0 and
7.1 lM, respectively), they produce distinct structural changes, in
agreement with our phasor plot data.

HSA, which contains a single tryptophan residue (Trp214), has
been the subject of numerous fluorescence studies, including
time-resolved studies (see, e.g., [33,46–51]). HSA is commonly tar-
geted for drug uptake studies, and often these drug interactions are
studied via changes in tryptophan fluorescence. In Fig. 4B, we show
the phasor point, collected using 300 nm excitation at 84 MHz and
25 �C, of the intrinsic fluorescence from monomeric HSA. In the
presence of furosemide or D-thyroxine, two drugs known to bind
to HSA and to quench the tryptophan fluorescence [11,52], the
phasor point shifts clockwise, indicating a shortening of the aver-
age lifetime. These shifts in the phasor point indicate that drug
binding induces changes in the protein matrix near the tryptophan
residue and also that the conformational state of the protein differs
depending on the nature of the drug, likely due to different binding
sites (thyroxine has been shown to have multiple sites) on HSA. We
also note that the phasor point corresponding to dimeric HSA,
isolated from the monomeric protein using size exclusion chroma-
tography, differs from the monomeric phasor point (seen in
Fig. 4B). Hazan and coworkers [47] also showed that monomeric
and dimeric HSA have different excited state lifetime properties.
This difference underscores the necessity of isolating monomeric
HSA from the aggregates usually found in commercial lyophilized
preparations before undertaking a study of its intrinsic tryptophan
fluorescence, an obvious step that, surprisingly, is sometimes
overlooked.

One may also expect, from the previous sets of experiments,
that protein–protein interactions could also be investigated using
intrinsic tryptophan fluorescence and phasor plot analysis. For
two interacting proteins with distinct average lifetimes, complex
formation may be expected to change one or both protein confor-
mations and result in a phasor point that deviates from the
‘‘normal’’ linear combination typically seen for noninteracting
mixtures [53]. Fig. 4C shows a set of data (acquired with 280 nm
excitation at 43 MHz and 20 �C) for thrombin, antithrombin,
lysozyme, and mixtures therein. Antithrombin and lysozyme are
not predicted to interact, therefore a solution containing the two
proteins should produce a phasor point that falls directly on a line
between their individual points. This outcome is clearly observed
(Fig. 4C) for the phasor plot of a 1:1 (at 1 lM) mixture of the two
proteins. On the other hand, thrombin/antithrombin is known to
form a tight complex [54] and may be expected to produce a dis-
tinct phasor point away from the linear combination. The phasor
point of the thrombin/antithrombin (1:1 at 1 lM for each protein)
indeed shifts inward away from the line connecting the points
corresponding to the two pure proteins, indicating a change in
intrinsic fluorescence on protein interaction. This demonstration
shows how phasor plots can provide a facile indication of protein
interaction.

Kinetics of protein–ligand binding/dissociation

Determination of the rate constants associated with protein–
ligand binding/dissociation reactions is a major goal in many stud-
ies. Kinetics of such reactions often proceed on a rapid time scale
(seconds to a few minutes). Steady state fluorescence methodolo-
gies, such as stopped-flow fluorescence, are frequently preferred
over lifetime methods because traditional frequency domain life-
time measurements usually require 1 or 2 min for reasonable pre-
cision (although specialized fast scanning methods are available)
[55,56]. However, the phasor plot method, recorded at a single fre-
quency, is well-suited for rapidly tracking changes in the phase and
modulation data. To illustrate this point and validate the phasor
method for tracking kinetics of protein–ligand dissociation, the
phase and modulation of the intrinsic fluorescence of human ser-
um transferrin (the isolated N-lobe) were recorded over approxi-
mately 300 s at 80 MHz in pH 6.0 buffer and the presence of a
chelator. Human serum transferrin (hTF) is a bilobal glycoprotein
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that serves as the major transporter of iron in humans (reviewed in
[57]). Both lobes, termed the N- and C-lobes, coordinate ferric iron
via four amino acid ligands and a synergistic carbonate anion.
Numerous studies on hTF have shown that binding of iron
quenches the intrinsic tryptophan fluorescence through radiative
and nonradiative means [14,58,59]. Thus, rate constants for iron
removal are determined by tracking the enhancement in fluores-
cence emission over time under endosomal-like conditions (�pH
5.5, �150–200 mM salt, and the presence of a chelator), and this
takes place within seconds to minutes.

The lifetime of iron-bound and apo hTF N-lobe (which contains
three tryptophan residues) was determined previously [58]. The
two discrete lifetime values associated with the hTF N-lobe (�1.4
and �4.1 ns) undergo minimal change (±0.3 ns) during iron re-
moval. The fractional fluorescence of each lifetime component,
however, undergoes large changes (0.66/0.28 for iron-bound and
0.20/0.79 for apo). Based on the theoretical description (see previ-
ous article), the decay during iron release would be predicted to be
a line between the iron-bound and apo phasor points. Fig. 5, which
shows the phasor plot (taken at 80 MHz and 300 nm excitation)
during iron release (black line) and the points for iron-bound
(circle) and apo (triangle), clearly demonstrates the predicted
linear progression in the phasor point during iron release from the
iron-bound point toward the apo phasor point. Sample heteroge-
neity, which was expected based on the fitting to a discrete expo-
nential model, is seen in the phasor vectors of hTF N-lobe given
that each point is inside the universal circle. Calculation of the dis-
tance at each point over time can provide information regarding
excited state changes during iron removal (i.e., one can recover
the fractional contribution of each emitting state using standard
linear methods). Interestingly, the phasor data during iron release
indicate that the change in the excited state properties of the hTF
N-lobe occurs in two modes: a faster initial mode (during the first
�90 s) followed by a slower progression toward apo (�90–300 s).
These results are similar to those observed following the steady
state emission changes, in which the faster rate was conclusively
determined to be iron release and the slower rate was assigned
to conformational events [14]. Data can be acquired on a subsec-
ond time scale with the use of a stopped-flow attachment, how-
ever, such an attachment was not available to us to directly
demonstrate more rapid measurements. This kinetic run demon-
strates how the phasor method can be used for tracking excited
state changes during protein–ligand dissociation, which can com-
plement data obtained using other methods. We also point out that
the phasor approach was applied in fluorescence lifetime imaging
Fig.5. Phasor plot of iron release from hTF N-lobe. Iron-bound and apo phasor
vectors are drawn as circle and triangle, respectively. The change in phasor during
iron removal, at pH 6.0 with 4 mM ethylenediaminetetraacetic acid (EDTA) over
300 s, is drawn as a black line. Over the first � 90 s, there is a rapid change in the
excited state data followed by a much slower change. Data shown were collected at
80 MHz and 25 �C.
(FLIM) by Redford and Clegg [53] to follow the kinetics of mixing in
turbulent flow at the microsecond time scale.
Protein unfolding/folding pathways

Protein folding has been intensely investigated, both theoreti-
cally and experimentally, for many decades. One of the most pop-
ular experimental approaches to protein folding involves
examination of the unfolding pathway(s) by means of chemical
denaturation [60,61]. Chaotropic agents, such as GdHCl and urea,
are commonly used denaturants. Unfolding experiments using
such chemical denaturants have one major underlying assump-
tion—that the overall thermodynamic unfolding of the protein is
independent of denaturing agent, although the structural changes
associated with the change are dependent [62,63]. The molecular
mechanisms for protein unfolding by GdHCl and urea are still un-
clear, even though mechanisms were proposed as early as 1936
[64]. Models describing the direct interaction of the denaturant
with the protein and disruption of the hydrophobic interactions
via disruption of the hydrogen bonding network are the commonly
accepted mechanisms [65,66]. Recently, Almarza and coworkers
[67] proposed a more detailed model for urea-induced protein
unfolding in which urea molecules interact with protonated histi-
dines followed by hydrogen bond formation with polar residues,
leading to hydrophobic collapse of the protein.

Because the detailed molecular mechanisms for protein unfold-
ing due to GdHCl and urea are likely different, it would stand to
reason that the intrinsic fluorescence properties will be different
during denaturation depending on which chaotropic agent is pres-
ent. Tryptophan fluorescence is sensitive to changes in the local
environment, and if the structural changes leading to unfolding
of the protein are intrinsically different, then the environment
around the tryptophan residues could differ depending on the cha-
otropic agent, resulting in distinct fluorescence properties. The
phasor plot of lysozyme with increasing concentrations of GdHCl
(0–6 M) and urea (0–8 M) is shown in Fig. 6. Initial additions of
either denaturant cause similar changes, yet by 2 M the trajectories
of the phasor points diverge, with GdHCl shifting the phasor points
in a counterclockwise direction. The final points between GdHCl
and urea are dramatically different, indicating unique unfolded
forms. Similar deviations between unfolding with GdHCl and urea
were observed with monomeric HSA (data not shown). It is clear
that the phasor plot method has the potential for illustrating differ-
ent unfolding pathways given that both proteins tested showed
significant deviations in phasor point trajectories depending on
the denaturant.
Fig.6. Phasor point trajectory of lysozyme denaturation as a function of increasing
GdHCl (solid line) and urea (dashed line) concentrations. Concentrations of 0 M
(closed circle), 1 M (open circle), 2 M (open triangle), and 6/8 M (closed triangle)
GdHCl and urea are highlighted. Data were recorded at 280 nm, and data plotted
were at 70 MHz and 25 �C.
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Conclusions

In this article, we have described the application of the phasor
method to time-resolved studies on intrinsic protein fluorescence.
Using this approach, the complex decay of protein fluorescence,
due to either multiple emitting tryptophan residues or excited
state reactions such as tyrosine-to-tryptophan energy transfer,
can be reduced to a single point on a phasor plot. Activities such
as ligand or protein binding and protein denaturation, which result
in changes in the microenvironment of the tryptophan residue(s),
lead to movements of the phasor point. The trajectory of the phasor
point in response to a physical or chemical perturbation can be fol-
lowed to provide insights into the processes under investigation.
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