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ABSTRACT: Previously, we have shown that p-cyanophenylalanine (Phecy) and tryptophan (Trp) constitute
an efficient fluorescence resonance energy transfer (FRET) pair that has several advantages over commonly
used dye pairs. Here, we aim to examine the general applicability of this FRET pair in protein
folding—unfolding studies by applying it to the urea-induced unfolding transitions of two small proteins,
the villin headpiece subdomain (HP35) and the lysin motif (LysM) domain. Depending on whether Phecx
is exposed to solvent, we are able to extract either qualitative information about the folding pathway, as
demonstrated by HP35, which has been suggested to unfold in a stepwise manner, or quantitative
thermodynamic and structural information, as demonstrated by LysM, which has been shown to be an
ideal two-state folder. Our results show that the unfolding transition of HP35 reported by FRET occurs
at a denaturant concentration lower than that measured by circular dichroism (CD) and that the loop
linking helix 2 and helix 3 remains compact in the denatured state, which are consistent with the notion
that HP35 unfolds in discrete steps and that its unfolded state contains residual structures. On the other
hand, our FRET results on the LysM domain allow us to develop a model for extracting structural and
thermodynamic parameters about its unfolding, and we find that our results are in agreement with those
obtained by other methods. Given the fact that Phecy is a non-natural amino acid and, thus, amenable to
incorporation into peptides and proteins via existing peptide synthesis and protein expression methods,
we believe that the FRET method demonstrated here is widely applicable to protein conformational studies,
especially to the study of relatively small proteins.

Fluorescence resonance energy transfer (FRET)' is one
of the most commonly used methods for probing the distance
between two sites in biological systems (/). In particular,
FRET has proven to be very useful and informative in
probing the conformation, conformational change, and con-
formational dynamics of proteins (2, 3). However, the
application of FRET to protein conformational studies is not
without its limitations. For example, the commonly available
dye FRET pairs are bulky in comparison to amino acid side
chains and, therefore, may introduce undesirable structural
perturbations to the protein. For this reason, dye attachment
is often restricted to solvent-exposed or relatively unstruc-
tured sites, which in turn may limit the amount of information
that can be extracted from FRET. In addition, dye labeling
reactions are often incomplete and/or nonspecific, leading
to skewed FRET results (4). Recently, it has been shown
that a nitrile-derivatized phenylalanine residue, p-cyanophe-
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nylalanine (Phecy), and tryptophan (Trp) constitute an
efficient donor—acceptor pair for FRET measurements and
were used to investigate the conformational distribution of
a l4-residue peptide in aqueous solution and also the
membrane-mediated helix folding kinetics of an antimicrobial
peptide (5—7). Here we further demonstrate that this amino
acid FRET pair can also be used to characterize, sometimes
quantitatively, protein folding and unfolding transitions.

Compared to commonly used dye fluorophores, the
Phecy—Trp FRET pair offers several advantages in protein
conformational studies, especially for proteins that are less
tolerant to structural perturbations. First, Phecy is a non-
natural amino acid that can be easily incorporated into
peptides through standard solid-phase peptide synthesis or
into proteins using modified expression protocols (8). Second,
Phecy is considered a derivative of both phenylalanine (Phe)
and tyrosine (Tyr), so it only minimally perturbs the native
structure, especially when used to substitute for a Phe or
Tyr residue. For example, Phecy has recently been incor-
porated into the hydrophobic core of protein NTL9, and the
resultant mutant (Phe19Phecy) exhibited folding thermody-
namic properties almost identical to those of the parent
protein (9). Third, the Forster distance of the Phecy—Trp
pair is ~16 A, making it well-suited for probing relatively
short separation distances along a certain polypeptide
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FIGURE 1: (a) NMR structure of HP35 (PDB entry 1VII). (b) NMR
structure of the LysM domain (PDB entry 1EOG). In both cases,
the Trp side chain and the side chain of the residue which was
replaced with Phecy in this study are shown.

sequence. Finally, the C=N stretching vibration of Phecy is
sensitive to environment (/0); thus, it can also be used
independently as an infrared (IR) probe (8, 10, 11). While it
is expected that the Phecy—Trp FRET pair is well-suited
for protein folding and unfolding studies, its general ap-
plicability has yet to be demonstrated. Herein, we apply it
to study the urea-induced unfolding of two small proteins,
the chicken villin headpiece subdomain, HP35 (12, 13), and
the LysM domain from Escherichia coli membrane-bound
lytic murein transglycosylase D (MItD) (/4). We aim to show
that this FRET pair is useful for probing distance information
from within the hydrophobic core of proteins and also to
extract thermodynamic information.

Because of its small size and very fast folding rate, the
folding mechanism of HP35 has been extensively studied
using both experimental (/5—20) and computational (2/—33)
methods. As shown (Figure 1a), HP35 (sequence, Ly>,SDEDF-
KAVF-GMTRSAFANL-PLWKQQNLKK-EKGLF) folds
into a three-helix bundle, which is stabilized by a hydro-
phobic core composed of primarily three Phe residues (i.e.,
Phe47, Phe51, and Phe58) and Val50 (/3). In addition, the
single Trp residue in HP35 is conveniently located at a
solvent-exposed position and is approximately 12 A from
Phe58 based on the NMR structure. The latter is well within
the Forster distance of the Phecy—Trp pair, making the
Phe58/Phecn mutant (hereafter called HP35-P) a good model
system for monitoring the unfolding of the loop linking helix
2 and helix 3.

The LysM domain is a widespread protein module
originally identified in enzymes that degrade bacterial cell
walls and is primarily associated with peptidoglycan binding
(34). As shown (Figure 1b), the LysM domain of MItD folds
into a S motif in which the two helices pack onto the
same side of a two-stranded antiparallel 3-sheet. In addition,
it contains a single Trp residue (sequence, SITYRVRKG-
DSLSSIAKRH-GVNIKDVMRW-NSDTANLQPG-
DKLTLFVK), thus making it convenient to employ the
proposed FRET study. More importantly, Nickson et al. (35)
have recently used extensive ®-value analyses to show that
LysM is an ideal two-state folder and the AG for unfolding
at 10 °C is 3.0 kcal/mol. To conduct the proposed FRET
study, we replaced the C-terminal Lys residue with Phecy
and the resultant mutant is called LysM-P hereafter.
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In both cases, our results show that the global unfolding
transitions can be followed by Phecy—Trp FRET. However,
depending on the protein in question and also on the locations
of the donor and acceptor, this FRET pair can reveal subtle
details that may be obscured in measurements employing
other conformational probes. Thus, this study demonstrates
the utility of the Phecy—Trp FRET pair as a versatile
conformational marker in protein folding studies.

MATERIALS AND METHODS

Materials. HP35-P and LysM-P were synthesized on a
peptide synthesizer (Protein Technologies) using Rink resin.
Peptides were then purified to homogeneity by reverse-phase
HPLC. The identity of the peptide was further verified by
matrix-assisted laser desorption ionization mass spectrometry.

CD Measurements. The far-UV circular dichroism (CD)
spectra of HP35-P were measured on a 62A DS spectropo-
larometer (Aviv Associates) with a 1 mm sample cell. The
HP35-P concentration was 23.9 uM as determined by its
absorbance at 280 nm.

Absorption Measurement. All UV—vis spectra were mea-
sured on a Lambda 25 UV —vis spectrometer (Perkin-Elmer).
The Fourier transform infrared (FTIR) spectrum of HP35-P
in the C=N stretching region was recorded at 26 °C on a
Magna-IR 860 spectrometer (Nicolet) at 2 cm™! resolution
using a two-compartment CaF, sample cell.

Fluorescence Measurements. The fluorescence spectra at
2 nm resolution were obtained on a Fluorolog 3.10 spec-
trofluorometer (Jobin Yvon Horiba) using a 1 cm quartz
sample cell. All LysM-P urea titrations were conducted at
20 °C and in 20 mM phosphate buffer (pH 5.8), and the
peptide concentration was 10 M. Similarly, all HP35-P urea
titrations were conducted at 20 °C and in 50 mM phosphate
buffer (pH 7), and the peptide concentration was 7 uM.
Temperature was regulated using a TLC 50 Peltier temper-
ature controller (Quantum Northwest). To minimize self-
quenching, the optical density (OD) of each sample at the
excitation wavelength was adjusted to be in the range of
0.1—0.2. To achieve a high signal-to-noise (S/N) ratio, an
integration time of 2 s/nm was used in HP35-P experiments
and 1.5 s/nm for the LysM-P experiments. Although the
relatively long integration time could result in sample
photobleaching, control experiments showed that the emis-
sion intensity changed less than 5% during an hour of
measurement, demonstrating that the effect of photobleaching
was minimal in these measurements.

RESULTS AND DISCUSSION

As an amino acid FRET pair, the Phecy—Trp pair is
expected to offer distinct advantages over commonly used
dye fluorophores, especially in studies involving conforma-
tional changes of peptides and/or small proteins or confor-
mational events occurring over a relatively short distance.
For example, this FRET pair has recently been used to reveal
the conformational distribution of short unstructured peptides
in solution (5). Here we use two small proteins, HP35 and
the LysM domain, to show that the Phecy—Trp FRET pair
not only is broadly applicable to protein folding—unfolding
studies but also can reveal either local or global folding—
unfolding transitions, depending on the locations of the donor
and acceptor and also the protein in question.



11072 Biochemistry, Vol. 47, No. 42, 2008

30
o) a
& =}
- oo E
= q g
g I5r ° =
< o =
~ 2
0o =
E <
2 o
=] 2205 2225 2245 2265
0 Jav -1
2 0F ® Wavenumber (cm!) b
-
) o
o (ﬂ)
%Q)
-15 I 1 1 1 1 1 A 1 L 1

190 200 210 220 230 240 250

Wavelength (nm)

FIGURE 2: CD spectrum of HP35-P collected at 25 °C. The peptide
concentration was 24 uM [in 50 mM phosphate buffe (pH 7)]. The
inset shows the C=N stretching vibration of HP35-P at 26 °C.
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FIGURE 3: Fluorescence spectra of HP35-P at different urea
concentrations, as indicated in the figure. Aex = 240 nm.

Application to HP35. HP35 provides an attractive model
system for testing the utility of the Phecy—Trp FRET pair
in protein folding—unfolding studies because it conveniently
consists of a single Trp residue and three Phe residues that
are structurally important and also tolerable to mutation (36).
Here, we have chosen to mutate Phe58 to Phecy based on
earlier studies that suggested it to be one of the most critical
residues for defining the native fold of this protein (317, 33).
Moreover, Phe58 and Trp64 are located on two helices that
are separated by a short loop. Thus, this mutation might also
prove to be useful in providing information about the
conformational flexibility of the aforementioned loop, the
formation of which has been suggested to be an important
step in villin headpiece folding (33, 37, 38).

As shown (Figure 2), the CD spectrum of HP35-P shows
characteristics of helical proteins, indicating that the mutation
does not lead to significant disruption of the fold. In addition,
the fluorescence spectrum of HP35-P in buffer, obtained by
using an excitation wavelength of 240 nm where the
absorbance of Trp is much smaller than that of Phecy (5),
exhibits the characteristics of FRET (Figure 3). In particular,
the donor fluorescence is quenched almost completely,
indicating that the distance between the donor and acceptor
is well within the Forster distance of the FRET pair. This is
in agreement with the fact that in the folded state of HP35,
the distance from Phe58 to Trp64 (Cot to Cay) is only 12 A,
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significantly shorter than the Ry of the Phecy—Trp FRET
pair (~16 A). As expected (Figure 3), addition of urea causes
the Phecy fluorescence to increase, indicating that the
separation distance between the donor and acceptor increases
as a result of urea-induced protein unfolding. Interestingly,
however, the Trp fluorescence also shows a concomitant
increase, indicative of deviation from a simple scenario in
which the FRET signal is a function of only the donor—acceptor
distance (see below).

To provide a more quantitative assessment of the acquired
FRET data, we decomposed the measured fluorescence
spectra into their constituent spectral components, i.e., the
fluorescence spectra of the donor and acceptor. This was
accomplished by fitting an individual spectrum (i.e., the
spectrum obtained at a certain urea concentration), Fyps(4),
to the following equation:

FopnA) = Fpp() + Fp(4) (1

where Fpa(A) represents the fluorescence spectrum of the
donor in the presence of the acceptor and is calculated as
ol(4), where I(A) is the emission spectrum of free Phecy
measured under the same experimental conditions and o is
a constant which was allowed to vary during the fitting
process. In addition, Fap(4), the fluorescence spectrum of
the acceptor in the presence of the donor, was modeled by
two Gaussian functions whose amplitude, position, and width
were allowed to vary in the fit. As shown (Figure 4a), the
integrated areas of the emission spectra of Phecy and Trp
increase with an increase in urea concentration, suggesting
that either the quantum yield of the donor, that of the
acceptor, or both are changing upon denaturation. Indeed,
the Trp fluorescence of HP35-P, measured using an excitation
wavelength of 290 nm where the absorbance of Trp
overwhelms that of Phecy, shows a monotonic increase as a
function of urea concentration (data not shown). In addition,
it has been shown that the quantum yield of Phecy is
environment-dependent, with a lower quantum yield in a
more hydrophobic environment (9, 39). Thus, in the case
presented here, the quantum yield of Phecy is expected to
increase upon protein unfolding as it becomes more hydrated
in the denatured state. Indeed, the C=N stretching vibration
of HP35-P in its folded state is centered around 2235 cm™!
(Figure 2, inset), indicating that the Phecy residue is only
partially exposed to solvent (/0).

These factors make it difficult to extract any quantitative
information (e.g., distance) from the corresponding FRET
measurements. However, the ratio of donor to acceptor
fluorescence intensity (hereafter termed Rpa) at each urea
concentration reports an apparent FRET efficiency which is
determined by several factors, including the donor-to-
acceptor distance, the Forster distance, which changes as a
function of urea concentration, and the quantum yield of the
acceptor (Trp). Despite potential complications arising from
these factors, such a plot is advantageous in that it eliminates
the need for a reference protein in which the acceptor is
absent and intrinsically corrects for the uncertainty arising
from variation in protein concentration and excitation energy
at each urea concentration. As shown (Figure 4b), the Rpa
of HP35-P exhibits a monotonic increase with an increase
in urea concentration and reaches a plateau at ~5 M urea,
indicating that once unfolded the distance between Phecy
and Trp in HP35-P is not sensitive to a further increase in
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FIGURE 4: (a) Fluorescence intensities (integrated area) of Phecy (blue) and Trp (red) of HP35-P as a function of urea concentration. (b)
Ratio of the Phecn fluorescence intensity (Fpa) to the Trp fluorescence intensity (Fap) vs urea concentration. Also shown is the mean
residue ellipticity of HP35-P at 222 nm as a function of urea concentration.

the concentration of the denaturant. The FRET efficiency
(E) can be determined from the ratio of Fpa/Fp, where Fp
is the donor fluorescence intensity when the acceptor is
absent. At 7.5 M urea, the C=N stretching frequencies of
HP35-P and free Phecy are within 1 cm™' of each other (data
not shown), suggesting that the Phecy side chain in the
unfolded protein is largely exposed to solvent. Thus, we have
estimated E and consequently the separation distance between
the donor and acceptor in the unfolded state of HP35-P using
the fluorescence intensity of free Phecn. Assuming that the
quantum yield of free Phecy is similar to that of Phecy in
the unfolded HP35-P without the presence of Trp, the
ensemble-averaged separation distance between Phecy and
Trp at 8 M urea is estimated to be ~13.1 £ 2.0 A, which
indicates that the loop sandwiched between Phecy and Trp
is rigid and also suggests that the unfolded state of HP35 is
rather compact. The latter is consistent with the notion that
a significant amount of residual structure exists in the
denatured state of the villin headpiece (/8, 40) and also the
simulation studies of Duan and co-workers (33, 37), which
concluded that this loop plays an important role in initiating
the folding of HP35 by locking down the movements of
helices harboring the FRET pair. Thus, the rigidity of this
loop may contribute to the ultrafast folding rate of
HP35 (16, 17) as it has been shown that loop formation plays
an important role in controlling the folding kinetics of
helix—turn—helix motifs (47). In support of this, NMR and
CD experiments have shown that one highly conserved
residue in the turn (42) is critical for folding (38).
Interestingly, the urea-induced unfolding transition re-
ported by FRET (i.e., Rpa vs [urea]) shows measurable
difference from that reported by CD which monitors the total
helical content of the protein (Figure 4b). Specifically, the
change in FRET signal occurs at a urea concentration lower
than that reported by CD. These results suggest that the two
helical segments harboring the FRET pair undergo an
expansion prior to the unfolding of individual helical
structures. This observation is corroborated by the study of
Brewer et al. (19), which showed that Ala57 becomes more
solvent-exposed prior to global unfolding, and also the NMR
study of Tycko and co-workers (43), which indicates a higher
secondary structure content in protein molecules with
disrupted tertiary structure. Finally, our result is also in
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FIGURE 5: Fluorescence spectra of LysM-P at different urea
concentrations, as indicated in the figure. A, = 240 nm.

accord with the molecular dynamics simulation of Bandyo-
padhyay et al. (37), where the Phe58 residue was shown to
be the nucleation site for the unfolding process of HP35.

Application to the LysM Domain. The quantum yield of
Phecy in an unstructured peptide environment is not very
sensitive to urea concentration (44). Thus, it is feasible to
extract more quantitative folding—unfolding information
using the Phecy—Trp FRET pair, provided the Phecy is
placed in a solvent-exposed position. To verify the feasibility
of this, we have conducted similar FRET studies on a mutant
of the LysM domain, Lys48Phecn (LysM-P). We chose the
LysM domain because it is an ideal two-state folder, thus
making it easier to compare thermodynamic results obtained
from different spectroscopic methods. In addition, the LysM
domain contains a single Trp residue located at a solvent-
exposed position, making the proposed FRET experiment
convenient. Furthermore, the C-terminal residue Lys48 is not
only solvent-exposed but also located in an unstructured
region of the protein. Thus, the Lys to Phecy mutation is
expected not to perturb in any significant manner the structure
and stability of the LysM domain.

As shown (Figure 5), the fluorescence spectra of LysM-P
at different urea concentrations, which were obtained by
exciting the Phecy residue at 240 nm, show characteristics
of FRET between Phecy and Trp29. Following the protocols
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FIGURE 7: Mean residue ellipticity of LysM-P at 222 nm vs
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state model discussed in the text.

discussed above (i.e., eq 1), we further decompose these
fluorescence spectra into their constituent Phecy and Trp
fluorescence spectra. As shown (Figure 6a), the fluorescence
intensity (or the integrated area of the fluorescence spectrum,
Fpa or Fap) of the donor and acceptor increases and
decreases, respectively, monotonically with an increasing
urea concentration, indicating that unfolding enlarges the
separation distance between the donor and acceptor. As
expected, the ratio of Fpu to Fap (Figure 6b), which is related
to the FRET efficiency, shows a sigmoidal dependence on
denaturant concentration, typical for a cooperative or two-
state folding—unfolding transition, which is in agreement
with the study of Nickson et al. (35).

It is easy to show that for a two-state folding—unfolding
transition, the FRET signal or the ratio of Fpa to Fap is
determined by the following equation:

@ _ (QDV 6)f(Ro6 +r 6)u + Keq(QDr 6)u(Ro6 +r 6)f

2
Fao  (QuRMRE T )t K QR WRE s

where Op and Q, are the quantum yields of the donor and
acceptor, respectively, while subscripts f and u refer to the
folded and unfolded states, respectively. In addition, r is the

distance between the donor and acceptor and Ry is the Forster
distance for the FRET pair, which is defined as (45)

9000 In(10)k*J(A)Qy,
1287°%'N,

RS 3)
where 7 is the refractive index of the medium, N, is
Avogadro’s number, « is the orientation factor, and J(4)
represents the overlap integral of the donor emission and
the acceptor absorption profiles. Furthermore, K4 is the
equilibrium constant for unfolding, which is defined as

[e]

K= exp( —ﬁT )

“4)
with
AG° =AG°(0) — m[urea] &)

where AG°(0) is the free energy change for unfolding in
water and m is a constant (46, 47).

Equation 2 indicates that to determine K4, one needs to
know both Op and Q. However, if we assume that Qp does
not change (or Ry is a constant) upon unfolding of the LysM
domain, which is valid in the current case because the Phecy
is located in a solvent-exposed position, eq 2 can be
simplified to

Fpy [ 1287°N, 7" ]
Fap 19000 In(10)6*J(2)
r?(R06 + r6)u + Keqrg(R06 + r6)f

(QA)t(RO6 +r 6)u + Keq(QA)u(R06 +r 6)f

This equation indicates that it is possible to determine Kq
and r from the FRET signals if independent measurements
can provide information about how the quantum yield of the
acceptor changes as a function of urea concentration.
Fortunately, this can be done easily in the current case
because even when Phecy is present, the Trp (acceptor)
fluorescence can be selectively excited by using an excitation
wavelength of 290 nm. As shown (Figure 6b), the Trp
fluorescence of LysM-P obtained by directly exciting the Trp
fluorophore is different from that obtained via FRET excita-
tion. It is apparent that the unfolding transition reported by
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Trp fluorescence is less pronounced than that reported by
FRET, due to the fact that the Trp residue in the LysM
domain is largely exposed to solvent. Nonetheless, it has been
used as a probe for monitoring the unfolding of this peptide
(35). To determine the thermodynamics of the cooperative
folding—unfolding transition of the LysM domain, we
globally fit those FRET data and Trp fluorescence intensities,
presented in Figure 6b, to eq 6 and the following equation:

Fuea _ (QA)erKeq(QA)u] /(QA)f+Keq(QA)u] o
ureal 0

F, 1+K,, 1+K,,

where Fy., represents the fluorescence intensity of Trp
obtained in urea solutions while F, represents that obtained
in buffer solution. In addition, the donor—acceptor distance
r and the quantum yield of the acceptor (Qa) are assumed
to be linearly dependent on the concentration of urea:

r,= rg + plurea] (8)

0, = O} + glurea] )

During the fitting, AG°(0), m, ry, P, QOA, p, and q are treated
as global parameters. As shown (Figure 6b), the best fits
yield the following thermodynamic and structural parameters:
AG°(0) = 1.4 £ 0.1 kcal/mol, m = 0.42 & 0.05 kcal mol™!
ML, and r; = 13 + 2 A. The fact that the value of AG°(0)
determined from the FRET method is comparable to that
(1.2 £ 0.2 kcal/mol) determined from CD spectroscopy
(Figure 7) validates the FRET method. In addition, this result
is also consistent with the study of Nickson et al. (35), which
showed that the AG® for the unfolding of the LysM domain
is 3.0 kcal/mol at 10 °C and pH 7. Since the LysM domain
is more stable at neutral pH and lower temperatures (35),
under the current experimental conditions (pH 5.8 and 20
°C) the LysM domain is expected to exhibit a smaller
AG*®(0). In addition, the m value recovered from the fit, 0.42
kcal mol~! M1, is also very close to that calculated from a
commonly used model, 0.5 kcal mol™! M™! (48). Finally,
the obtained r; value, 13 A, matches the expected value
estimated from the NMR structure of the LysM domain.
Taken together, these results indicate that the above FRET
model provides a reliable estimate of the folding—unfolding
thermodynamics of the LysM domain, supporting the general
applicability of this approach to protein conformational
studies. It should be noted, however, that the Fap used in
this analysis contains Trp fluorescence arising from direct
excitation of the fluorophore at 240 nm (39), which ranges
from 3 to 10% depending on the urea concentration. This
additional contribution certainly skews the Fpa/Fap ratios,
thus introducing errors to the resultant thermodynamic and
structural parameters. To achieve a more rigorous analysis,
it is desirable to subtract out such a contribution. The latter
can be done simply by using either a reference protein that
does not contain the Phecy donor or the Trp fluorescence
data obtained with selective excitation of Trp at 290 nm in
conjunction with a scaling factor (determined by the differ-
ence in Trp absorbances at 290 and 240 nm as well as the
difference in the excitation intensities at these two wave-
lengths).

CONCLUSIONS

We have studied the urea-induced unfolding of two small
proteins, the villin headpiece subdomain and the LysM
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domain, using a FRET method, aiming to demonstrate the
utility of the Phecy—Trp FRET pair in the study of protein
folding—unfolding transitions. Our results show that this
FRET pair is capable of monitoring unfolding transitions with
site-specific resolution. Because Phecy can be incorporated
into peptides via a standard solid-phase peptide synthesis
method or into proteins via genetic manipulation, this FRET
pair is expected to be generally applicable to many systems.
While we present a FRET method which can be used to
quantitatively analyze two-state unfolding scenarios, the
Phecy—Trp FRET pair perhaps is more useful and informa-
tive in the study of non-two-state proteins or those that unfold
in discrete steps. Via systematic variation of the position of
the Phecn (donor) or Trp residue (acceptor), it is possible to
dissect the sequence or order of the conformational events
involved in the folding and unfolding of the protein in
question. In addition, it is also possible to use Phecy and
Trp to perform more complicated FRET experiments, such
as one donor and two acceptors or two donors and one
acceptor. Such experiments are particularly useful in that they
allow one to probe how different segments in a protein move
in response to a conformational perturbation.
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