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Abstract. Two 2D fluorescence techniques are described
which allow the study of conformational changes in pro-
teins in their native form inµM solutions using aromatic
amino acids (tryptophan, tyrosine) as intrinsic fluorescence
markers. Simultaneous time- and wavelength-resolved flu-
orescence spectra are measured using a 80 ps laser source
in conjunction with streak detection in the exit plane of
an astigmatism-corrected spectrometer. This approach allows
identification of different photophysical processes by their as-
sociated lifetime and spectral intensity distribution; errors due
to the more common integration over a wider spectral range
are avoided. Time-resolved spectra are sensitive to changes
in the collisional environment (dynamic quenching) and can
thus be used to monitor local conformation changes close to
the respective fluorophors. This is demonstrated for the Ras
protein which undergoes a drastic conformation change while
binding to different nucleotides.

Excitation-emission spectra are two-dimensional fluores-
cence images with one axis corresponding to the excitation
and the other to the emission wavelength. Thus, they con-
tain all conventional excitation and fluorescence spectra of
a given substance. The 2D structure facilitates the interpre-
tation of these spectra and allows the direct identification of
resonance effects, scattering and the isolation of the contribu-
tion of different fluorophors to the complete spectrum. This
is demonstrated for mixtures of tyrosine and tryptophan. In
this case, both wavelength-resolved spectra and temporal de-
cays are affected by energy transfer processes between the
two amino acids.

In a last example, both static and time-resolved spectral
methods are combined to determine the respective contribu-
tion of static and dynamic quenching in calsequestrin. Eval-
uation of the fluorescence data is in good agreement with
a recent crystallographic analysis which shows that all tryp-
tophans are located in a conserved domain of the protein.
Addition of Ca2+ ions leads to a more compact form of calse-
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questrin and to polymers. This information would not be ob-
tainable from either of the two techniques alone.

PACS: 87.15.Mi; 78.47.+p; 33.50.j; 42.62.Be

Of the techniques employed for the analysis of biochemical
and biological structure and function, many are of spectro-
scopic nature [1], a common advantage being their potential
non-invasivity. Fluorescence spectroscopy in particular, due
to its high sensitivity and selectivity, has found widespread
application for the study of structural parameters and in-
tramolecular interactions [2, 3]. In recent years, the main in-
terest in using fluorescence spectroscopy in biochemical re-
search has been devoted to time-resolved investigations [4],
since static or “average” information on the complex structure
of proteins and molecular assemblies may result in mislead-
ing interpretation, their functions being often dependent on
conformational changes and structural fluctuations [1]. De-
pending on the specific dynamic rearrangement process from
rapid molecular vibration to segmental or global motion, an
impressive time span of the order of picoseconds to seconds
may need to be covered [2, 4].

Aromatic amino acids, and most specifically tryptophan,
have been used as intrinsic fluorescence probes in numer-
ous studies [2, 4]. The complexity of fluorescence emis-
sion in cases where multiple tryptophans are present in the
investigated protein [5] has encouraged further systematic
investigation of the photophysics of tryptophan and indole
systems [6, 7], including the detailed study of individual ro-
tamers or substrates [8–10], the high sensitivity of tryptophan
fluorescence to the local environment being a sensitive in-
dicator of dynamic processes on the molecular scale [3, 7].
In combination with site-directed mutagenesis [4, 11, 12],
single-tryptophan mutants have been used to provide a site-
specific response.

Typical time-resolved tryptophan fluorescence experi-
ments with sub-nanosecond time resolution employ syn-
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chrotron [5] or laser [13, 14] excitation in combination with
photon counting detection techniques. Polarization-sensitive
fluorescence detection is often used to gather information on
rotational motion by investigation of the anisotropy decay.
While temporal resolution is thus ensured, most experiments
provide fluorescence information at a single or a few in-
dividual emission wavelengths, where bandpass filters may
often be used in a wavelength-integrative manner to en-
sure high photon count rates [15–18]. Important information,
i.e. on the detailed photophysical processes responsible for
the emission, may be lost by this approach. This has been
demonstrated by several researchers [5, 13, 14], who have ob-
served a pronounced change of fluorescence lifetime with
wavelength which may devalue results measured at a single
emission wavelength or with broadband filters [5].

In the present investigation, a novel approach providing
simultaneous time and wavelength resolution is demonstrated
in picosecond laser fluorescence experiments using trypto-
phan as intrinsic probe. This two-dimensional approach pro-
vides direct correlations between the temporal and spectral
fluorescence behavior. In addition, a second two-dimensional
technique is used, excitation-emission spectroscopy, which
provides complementary information and allows us to de-
tect energy transfer processes. With a combination of these
two powerful approaches, four independent discriminative
variables are addressed which govern the photophysical pro-
cesses – excitation and emission wavelength as well as in-
tensity and temporal decay, and unparalleled information is
obtained from the observed correlations. To demonstrate the
potential of these techniques, several examples are given in
biochemical systems which have been well investigated be-
fore. Conformational rearrangements are observed in an ex-
periment involving the Ras protein and several nucleotides,
energy transfer is studied in tryptophan/tyrosine mixtures,
and static and dynamic quenching is investigated in calse-
questrin at different Ca2+ concentrations.

1 Experimental

1.1 Time- and wavelength-resolved measurements

Time-resolved measurements are performed using a short-
pulse laser system in conjunction with an intensified streak
camera. The laser system (Spectra Physics) consists of
a Ti:sapphire laser (Tsunami) pumped by a 7-W Ar+ laser. It
is capable of producing pulses with either 3 ps or 80 ps du-
ration in the near infrared (between 750 and 900 nm) with
a repetition frequency of 80 MHz, individual pulses have an
energy of approximately 10 nJ. For the present application,
80-ps pulses with considerably higher energy in the UV are
desired. A regenerative amplifier TSA-50 and two linear am-
plifiers are used; they are pumped with the second-harmonic
radiation of two Nd:YAG lasers. With amplification factors
of 105, 2.5 and 4, respectively, the resulting pulses have typ-
ical energies of 15 mJ at about 850 nm and a repetition rate
of 10 Hz. Consecutive frequency-doubling and mixing of the
second harmonic with the fundamental wavelength provides
UV radiation tunable between 250 nm and 300 nm. For the
experiments described in this paper, wavelengths near 280 nm
are used; the pulse length was 80 ps, and a bandwidth of about
0.7 cm−1 and energies between 1 mJ and 2 mJ are reached.

From this, between 50µJ and 250µJ are split off by a quartz
plate and are used for the actual measurements; the remain-
der is directed to an energy meter and serves as reference
for the pulse energy. The temporal shape of the pulse is ob-
tained with an autocorrelator, and the wavelength position
is controlled with a dual-bandwidth wavemeter (Burleigh).
A more detailed description of the optical setup can be found
elsewhere [19, 20].

The fluorescence emission is collected with a spherical
mirror ( f = 250 mm,d = 250 mm) to avoid chromatic aber-
rations when using a large spectral detection range. A cut-off
filter (Schott WG 320, 3 mm) at 320 nm is used to block
Rayleigh scattering and scattered light from optical surfaces.
The emission is spectrally dispersed with a 275-mm imag-
ing spectrometer (Acton Research Corp., SpectraPro 275i)
with a 150-l/mm grating (blaze wavelength 500 nm). Tempo-
ral resolution is achieved with a streak camera (Hamamatsu
C2830), the output of which is amplified by a MCP, im-
aged on a phosphor screen and coupled to a CCD camera
(C4880) where the data is stored and transmitted to a com-
puter. The image detected by the streak camera has a size of
1000×1018 pixels, it is decoded by the HPD-TA software
supplied by Hamamatsu. Available time intervals are 0.5, 1, 2,
5, and 10 ns.

1.2 Calibration and evaluation of time-resolved spectra

For a typical fluorescence measurement using the picosec-
ond laser/streak camera setup, the emission of 1800 con-
secutive laser pulses is integrated corresponding to a time
period of 3 min for each experiment. From each measure-
ment, a two-dimensional image is obtained with a time and
a wavelength axis; intensities are stored with 16 bit resolution
by the CCD chip. The time and wavelength axes correspond
to the selected spectrometer dispersion and streak interval;
for most of the experiments, a wavelength range of 200 nm
(λem = 300–500 nm) and a time interval of 10 ns is chosen.
The wavelength span and the absolute spectral position are
determined using a Hg calibration lamp and Rayleigh and Ra-
man scattering with different excitation wavelengths between
250 and 350 nm; the Raman signature of water (Raman shift
of 3450 cm−1) is used as a reference in all images. Since the
efficiency of the spectrograph grating (blaze 500 nm) and of
the camera are not constant over this large wavelength re-
gion, a calibration is performed using a deuterium lamp, and
a halogen lamp with a blackbody temperature of 3200 K. To
investigate potential damaging effects on the biomolecular
samples by the irradiation of laser light, a series of experi-
ments is conducted with attenuating the laser beam by one
order of magnitude. Also, measurements are performed re-
peatedly with the same sample. No indication of deterioration
of the samples is found in any experiment.

Two-dimensional raw data images are processed by as-
signing the corresponding time and wavelength scales. Back-
ground luminescence is measured with the respective pure
buffer solution and subtracted from the fluorescence images.
Furthermore, a smoothing procedure is used averaging in-
formation from 3×3 pixels. To account for the wavelength
dependence of the detection efficiency, the images are divided
by the appropriate calibration file. For the evaluation of spec-
tra and of temporal decays from the processed fluorescence
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images, cross sections are taken through the image keeping
either temporal or spectral range constant. For temporal pro-
files, the spectral bandwidth is typically taken to be 5–10 nm.
Fluorescence decays are evaluated using a bi-exponential fit

I(t) =
2∑

i=1

αie
−t/τi . (1)

Here,I(t) is the time-dependent fluorescence intensity, andαi
is the amplitude corresponding toτi . The detected signalF(t)
results from a convolution of the fluorescence intensityI(t)
and the temporal profile of the exciting laser pulse,P(t)

F(t) =
t∫

0

P(t ′)I(t − t ′)dt ′ = P(t)⊗ I(t) . (2)

In principle, the temporal decay of the fluorescence may
be obtained by deconvolution. However, this procedure is
of questionable success if the signal-to-noise level is non-
negligible. Therefore, we have used the method of numerical
reconvolution. For this, the pulse profileP(t) is convoluted
with an estimated function, and the resultingF(t) is iteratively
fitted to the signalI(t) by minimizingχ2:

χ2 =
x∑

i=1

(I(ti)− F(ti))2

σ2
i

, (3)

with I(ti) being the individual data points. The standard de-
viationσi for each data point may be estimated from Poisson
statistics withσi = √

I(ti). For minimizingχ2, the routine of
Marquardt and Levenberg [21] is used. As a suitable crite-
rion for the quality of the fit, the weighted residualR(t) is
determined according to

R(ti) = I(ti)− F(ti)√
I(ti)

. (4)

A numerical fitting routine for multidimensional fluorescence
data following [22] is employed. A typical time-resolved flu-
orescence signal is shown in Fig. 1 together with the pulse
profile and the bi-exponential fit. The lower trace shows the
weighted residual. Since this residual is unstructured, it can
be concluded that this fit is sufficient to describe the ob-
served fluorescence decay curve. In this case, two lifetimes of
τ1 = 2710±80 ps andτ2 = 340±40 ps are deduced. Errors
are determined with a rigorous error analysis [23] in a con-
fidence interval of 97.7% (2σ). The insert in Fig. 1 shows
the contribution of the component with the longer lifetime
(shaded area) in comparison to that of the short-lived process.
It can be seen, that the fluorescence is dominated by the long-
lived process (total contribution 87%).

Recently, Wasylewski et al. [11] demonstrated that simple
bi-exponential fits are not always adequate to describe the flu-
orescence spectra for wavelength integrated measurements.
Instead, they use fits to one or two continuous Gaussian dis-
tributions for the lifetime components. Other authors suggest
using up to four discrete lifetimes [24–26]. However, tests
for several of the fluorescence spectra evaluated for this paper
showed that in our case the quality of the fit does not sig-
nificantly improve by introducing Gaussian- or Lorentzian-
shaped distributions. In many cases the opposite was true:
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Fig. 1. Time-resolved fluorescence decay curve for calsequestrin ([Ca2+] =
0.7 mM) at detectionwavelengthλem = 340 nm (solid), laser pulse (dotted)
and fit to a bi-exponential model (dashed). The graph at the bottom is the
weighted residual. Theinsert shows the contribution of the component with
the longer lifetime (shaded area) in comparison to that of the short-lived
process

due to the increasing number of free parameters the fit is not
as stable as before and the accuracy generally drops. Addi-
tionally, it should be pointed out that numerical reconvolution
is only one method to recover lifetimes from experimental
spectra. Frequently, the maximum entropy method (MEM) is
used [27–29] which is supposed to be more stable and less
affected by the initial parameters. However, for high-quality
data both MEM and reconvolution techniques will yield the
same results. A detailed comparison of these methods can be
found in Hof et al. [30].

1.3 Excitation-emission spectra

In order to get more complete information about the fluo-
rescence process, excitation-emission spectroscopy is used
here as a second two-dimensional fluorescence technique in
conjunction with time-resolved spectroscopy. The setup to ac-
quire excitation-emission spectra (EES) is similar to that em-
ployed in commercial static fluorimeters: the output of a con-
tinuous Xe-lamp (75 W, LOT Oriel) is wavelength-separated
by a first monochromator (Spectra Pro ARC-175, 1800 l/mm
grating, blaze 250 nm) and then used to irradiate a sample.
The fluorescence is collected by mirror optics at right an-
gles and imaged on the entrance slit of a second spectrometer
while compensating astigmatism at the same time. The sig-
nal is detected by an intensified CCD camera (Theta systems,
286×384 pixels) in exit plane of the spectrometer. The re-
sulting images are spatially and spectrally resolved. As the
next step, one averaged fluorescence spectrum is calculated
from the raw images and stored in the computer. This process
is repeated for different excitation wavelengths. The result is
a two-dimensional fluorescence pattern with they axis cor-
responding to the excitation, and thex axis to the emission
wavelength. Sample spectra are presented later (Fig. 4).

For the experiments reported here, the width of the
monochromator slits are chosen so that both the band-
width of the exciting radiation and the resolution of the
detection spectrograph are 4 nm. The wavelength range is
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λex = 240–300 nm (in 0.5-nm increments) for the UV light
andλem = 240–500 nm for the detector. The time to acquire
a complete EES is typically less than 15 min. Post-processing
of the EES includes subtraction of the dark current back-
ground, 3×3 smoothing to reduce noise, conversion of pixel
to wavelength scales, and multiplication with a reference file
to take the varying lamp intensity as well as grating and de-
tection efficiency into account.

One EES file contains the complete excitation and emis-
sion spectra of a given substance. Post-processing allows the
recovery of the fluorescence spectra at different excitation
wavelengths (corresponding to horizontal profiles in the EES)
as well as to determine excitation spectra at different emis-
sion wavelengths with an arbitrary bandpass (corresponding
to vertical profiles averaged over a given region).

One major advantage of EES in comparison to the stan-
dard one-dimensional spectra is that they facilitate interpre-
tation. Raman and Rayleigh scattering lead to tilted lines in
the spectra and are thus easily identified. For large molecules
in solution, the energy is usually dissipated rapidly (internal
conversion) so that the major part of the fluorescence stems
from the vibrational ground state of the excited molecule. In
this case, the shape of the spectra for a single substance will
change little during the variation of the excitation wavelength.
For mixtures of fluorophors such as encountered in most pro-
teins, however, distinct changes in the spectra will occur as
soon as the excitation wavelength hits or leaves absorption
bands of the different fluorophors. Resonance effects such as
the direct excitation of single molecular levels will lead to
separated “islands” in the spectrum and may thus be easily
identified [31].

1.4 Sample preparation, reference measurements

For all measurements, samples are contained in quartz cu-
vettes of 10×10 mm (Hellma type 111-QS, suprasil, optical
precision). They are prepared with tri-distillated water and
p.a. grade chemicals. The concentration of the Ras protein in
solution is 10µM using a buffer of 50 mM tris/HCl (100 mM
NaCl, 5 mM MgCl2), pH 7.4. In the mixtures of tyrosine and
tryptophan, the Trp concentration is kept constant at 10µM.
A 0.47µM calsequestrin solution is prepared in a MOPS/tris
buffer (50 mM) with a pH of 7.1. The Ca2+ concentration is
modified by sequential additions of small volumes of concen-
trated standard solutions of CaCl2.

For reference purposes and to check the calibration of the
EES setup, static fluorescence is also recorded using a 150-W
Xe high pressure lamp in a Hitachi F4010 spectrometer. Ad-
ditionally, absorption is measured with a UV/VIS double-
path spectrometer (Kontron UVIKON 860), using the buffer
as a reference.

2 Results and discussion

2.1 Conformational changes in proteins

To demonstrate the advantages of simultaneous time- and
wavelength-resolved fluorescence spectroscopy, we present
ps-LIF measurements on the Ras protein, a system which
is already well characterized by other methods [32, 33]. Ras

may be regarded as a molecular switch protein relaying mito-
genic signals to transcription factors localized in the nucleus
as well as to cytosolic targets. The biological activity of Ras
is controlled by binding to different nucleotides: many differ-
ent effector molecules are known to specifically interact with
the active GTP-bound form of Ras and to become activated
thereby [34]. Likewise, the closely related Rap and R-Ras
proteins can also bind to these effectors [35]. In contrast, the
GDP form is inert. Due to its prominent role in signal trans-
duction, mutated Ras is found in 30% of all human tumours;
the mutated form is typically disabled in its GTP-hydrolytic
activity and therefore cannot be switched off. In the wild
type, Ras contains no tryptophan and seven tyrosines. Espe-
cially suited for fluorescence studies is a mutant form of Ras
where the tyrosine at position 32 of the protein chain is sub-
stituted by a tryptophan. This position is known to be part of
the effector region for RBD which undergoes a pronounced
conformational change when nucleotides are exchanged from
GTP to GDP.

Figure 2 shows simultaneously time- and wavelength-
resolved fluorescence spectra for RasY32W.GppNHp (top)
and RasY32W.GDP (bottom). GppNHp is an analog of GTP
that does not undergo hydrolysis and is therefore especially
well suited for investigations. In Fig. 2, the fluorescence
wavelength is plotted on thex axis whereas they axis corres-

Fig. 2. Simultaneously time- andwavelength-resolved fluorescence spectra
for RasY32W.GppNHp (top) and RasY32W.GDP (bottom)
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ponds to the time relative to the initial laser pulse att = 0.
Intensities are given in a false color representation and are
not normalized in this case. A comparison of these images
shows striking differences: for the active GppNHp form, the
fluorescence intensity is smaller and falls off more rapidly
than for the inactive GDP form. For a more detailed analy-
sis, vertical profiles have been taken from these images in
10-nm increments, which are then fitted to a bi-exponential
model using the reconvolution procedure outlined above. The
results of this analysis are summarized in Fig. 3. In the top
part, the wavelength dependence of the fluorescence lifetime
is shown. Whereas the lifetimes of the short process are al-
ways similar with values aroundτ2 ≈ 300 ps, pronounced
differences can be seen for the long-lived component. For
RasY32W.GppNHp, the lifetimeτ1 is less than 1.4 ns for
an excitation wavelength ofλex = 320 nm. Thereafter,τ1 in-
creases and reaches a plateau atτ1 = 2.0 ns for 350< λex <
410 nm and rises again to 2.5 ns for longer wavelengths. In
contrast, the lifetime starts atτ1 = 2.0 ns for the GDP form
of Ras and rises rapidly to values in excess of 4.0 ns for
longer wavelengths. This shows, that active (GTP) and in-
active (GDP) form of Ras can be distinguished by the flu-
orescence lifetime with a high reliability. The difference in
lifetimes is larger by a factor of 10 than the error margin for
the determination ofτ1 (which already corresponds to a 2σ
confidence interval).

In the bottom part of Fig. 3, decay-associated spectra are
plotted. Intensities in these spectra are calculated by evaluat-
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Fig. 3. Top: wavelength-dependence of the fluorescence lifetimesτ1 andτ2
for RasY32W.GppNHp (solid, τ1: square, τ2: circle) and RasY32W.GDP
(dotted, τ1: open up triangle, τ2: open down triangle). Bottom: decay-
associated emission spectra

ing the expressionαiτi and thus represent the contribution of
the respective process to the total fluorescence intensity. It can
be seen that the fluorescence is dominated by the process with
the long lifetime in all cases. For both protein forms, the max-
imum intensity is reached aroundλem = 345 nm, close to that
for a sample of pure tryptophan (cf. Figs. 4 and 5 and the de-
scription in the next section). In contrast, the peak intensity of
the part of the fluorescence associated with the short lifetimes
is shifted towards lower wavelengths (aroundλem = 325 nm).

It should be noted, that the longer lifetime changes signifi-
cantly close to the maximum of the emission: in the interval
marked by the FWHM of the fluorescence spectrum, it rises
from 1.5 to 2.1 ns for RasY32W.GppNHp and from 2.5 to
3.5 ns for Ras.GDP. This demonstrates one important advan-
tage of simultaneous time- and wavelength-resolved meas-
urements in that contributions by several photophysical pro-
cesses may be recognized and treated individually. The wave-
length integration intrinsic of conventional bandpass methods
would inevitably lead to a more complex behavior of the flu-
orescence decay curve which then would have to be fitted
to more complex mathematical expressions such as multi-
exponential decay curves or functions with a distribution of
lifetimes.

The large differences between the time-resolved spec-
tra of both, active and inactive, forms of the Ras pro-
tein show that the local environment of the single trypto-
phan has changed during the exchange of GTP and GDP.
Water is known to be an effective quencher of trypto-
phan fluorescence [36]. The relatively short lifetime of the
RasY32W.GppNHp fluorescence is thus an indicator that
the tryptophan is more exposed to the solvent than in the
GDP-bound form. This interpretation is in line with a crystal-
lographic analysis [32, 33]. In addition to the drastic changes
in the time-resolved spectra of the active and the inactive form
described above, it is even possible to use this technique to
detect the minor conformational changes induced by different
GTP-analogs (GppNHp, GppCH2p and GTPγS) which are
otherwise very similar [37].

This example shows that time-resolved analysis of fluo-
rescence spectra provides information that can be used to dis-
tinguish proteins and to follow local conformation changes in
solution. Among the aromatic amino-acids, tryptophan is es-
pecially well suited as a sensor since its fluorescence proper-
ties are quite sensitive to changes in environment. Advantages
of the lifetime spectra over conventional spectra are that they
are independent on concentration and energy fluctuations.
Thus, they are better suited to follow reactions such as the
nucleotide exchange in the Ras protein than standard fluores-
cence methods [38]. Additionally, time-resolved anisotropy
measurements are possible using the setup described above in
conjunction with polarization prisms for the laser and the sig-
nal beam. They provide additional information on the local
flexibility of fluorophors and the global re-orientation of the
molecule [15–17,20].

2.2 Energy transfer processes

Since it would be of interest to use both tryptophan and tyro-
sine simultaneously as intrinsic protein fluorophors, mixtures
of tryptophan and tyrosine have been investigated in order to
study whether a separation of the fluorescence contributions
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of both species is possible and how the spectra and the tem-
poral evolution of the signal intensities are affected by energy
transfer processes. Figure 4 shows excitation-emission spec-
tra of two tryptophan/tyrosine mixtures with a concentration
ratio of 1: 2 (top) and 1: 5 (bottom). Common feature in both
spectra is the strong tilted line which arises from Rayleigh
scattering. On the longer wavelength side, this line is accom-
panied by another fairly weak line corresponding to vibra-
tional Raman scattering on water (Raman shift 3450 cm−1,
at λex = 300 nm this amounts to a shift of∆λ = 35 nm). By
subtracting the EES of a buffer solution instead of only the
dark-current background as in Fig. 4, a complete suppression
of both, Rayleigh and Raman lines is possible.

In comparing both images in Fig. 4, it is evident that the
fluorescence intensity becomes more intense for excitation
wavelengths fromλex = 240 to 285 nm for the tyrosine-rich
mixture, with the dominant contribution being in the inter-
val 280 nm≤ λem ≤ 320 nm (where tyrosine is known to emit
radiation). In contrast, atλex ≥ 290 nm the fluorescence spec-
tra do not change significantly from Figs. 4a to 4b, since
the concentration of tryptophan was held constant in both
mixtures. Evaluation of the EES atλex = 290 nm (only tryp-
tophan fluorescence visible) and at a differentλex ≤ 290 nm
(where both, tryptophan and tyrosine molecules are excited)
can be used to separate the contribution of the two fluo-
rophors in the complete spectrum. It is easily imagined from
this example that EES will be different for different proteins
(dependent on the number and the local environment of the
aromatic amino acids) and may thus be used as a ‘fingerprint’
of the substance. Additionally, the intensity variations visible
in the EES can be used to investigate static quenching (this
is described in the next section); calibration of the intensity

Fig. 4. Excitation-emission spectra of two tryptophan/tyrosine mixtures.
Concentration ratio 1: 2 (top) and 1: 5 (bottom)

axis allows the determination of quantum yields. As an ex-
ample of a more quantitative analysis of EES, conventional
fluorescence spectra have been extracted atλex = 280 nm for
the 1: 5 tryptophan/tyrosine mixture and are compared with
the spectra of the pure amino acids in Fig. 5. Tyrosine emits
mainly in the interval 280 nm≤ λem ≤ 320 nm, whereas tryp-
tophan fluorescence is significantly stronger and is concen-
trated around 325 nm≤ λem ≤ 375 nm. However, the spec-
trum of the mixture of the two amino acids is not a simple
addition of the respective spectra of the molecules. Tyrosine
fluorescence is diminished by 20% whereas tryptophan fluo-
rescence is significantly stronger as expected. These changes
are due to energy transfer which can occur since the ab-
sorption spectrum of tryptophan partially overlaps the fluo-
rescence spectrum of tyrosine. The Förster distance for this
transfer is 14 Å with the quantum yield of the donor of ap-
proximately 0.04 [39–42].

In a simplified two-level model, this energy transfer may
be described by the following differential equations:

dNY

dt
= −(kY + kET)NY , (5)

dNW

dt
= kETNY − kWNW .

Here, N is the number of excited molecules, andk the rate
constant, with the subscripts Y and W indicating tyrosine and
tryptophan, respectively.kET is the rate constant for energy
transfer between the two excited states. For long emission
wavelengths where all fluorescence stems from tryptophan
alone, this equation system has the following solution:

I(t) = C1NW = −A1e−t/τ1 + (A1 + A2)e−t/τW . (6)

That is, the resulting fluorescence may still be described
by a bi-exponential decay, but now one of the associated
amplitudes will be negative. This results in a curve that
rises first (due to energy transfer), reaches a maximum and
then starts to drop off. The relaxation times may be calcu-
lated according toτ1 = 1/(kY + kET) and τW = 1/kW. Fig-
ure 6 shows the time-resolved fluorescence decay for the

Fig. 5. Fluorescence spectra of tryptophan (dashed), tyrosine (solid) and
1 : 5 mixture (dotted) at excitationwavelengthλex = 280 nm. Also shown
is the calculated spectrum of the mixture (dashed dotted)
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Fig. 6. Time-resolved fluorescence decay curve for a 1: 5 Trp/Tyr mixture
at λex = 280 nm andλem = 420 nm. Experimental data are fitted to a bi-
exponential model which yieldsτ1 = 2.75 ns,α1 = 597 andτ2 = 130 ps,
α2 = −598

1 : 5 tryptophan/tyrosine mixture at the emission wavelength
λem = 420 nm. As can be seen in Fig. 5, all fluorescence is
due to tryptophan at this position. A fit of the observed decay
to a bi-exponential model yieldsτ1 = 2.75 ns,α1 = 597 and
τ2 = 130 ps,α2 = −598. The first process clearly dominates
the fluorescence, its lifetime is close to that of pure tryptophan
at this particular wavelength. The process with the negative
amplitude is with 5% of minor importance for the overall
fluorescence; its lifetime is dominated by the rate of energy
transfer between the excited states of tyrosine and tryptophan.

Finally, it should be noted that energy transfer from tyro-
sine to tryptophan is only one aspect influencing the fluores-
cence properties of proteins. For example, the ratio between
the number of tryptophan and tyrosine residues of Ras is 1: 8
and thus higher to that of the mixture investigated in Figs. 4
and 5. However, tyrosine fluorescence is diminished even fur-
ther inside of the Ras protein than in the mixture of the pure
amino acids. This is due to additional quenching of charged
amino groups and neutral carboxylate groups that has been
observed before [43–45].

2.3 Static and dynamic quenching

Calsequestrin is the most important calcium-binding protein
present in the lumen of sarcoplasmatic reticulum of mus-
cle tissue. It coordinately binds and releases up to 50 Ca2+
ions per molecule for each contraction–relaxation cycle by
a mechanism that is not yet completely resolved [46–48].
Calsequestrin contains 11 tyrosine and 5 tryptophan residues
with the Trp residues located in one domain of the protein
only. The threonin residue at position 253 may by phospho-
rylated thus forming the phospho-calsequestrin. However, the
fluorescence properties of both protein forms are identical

Figure 7 shows fluorescence spectra of phospho-calse-
questrin at different Ca2+ concentrations. To avoid aggrega-
tion, a protein concentration of 26µg/ml (0.47µM) has been
used. Excitation wavelength isλex = 290 nm. It is seen that
the fluorescence intensity increases by a factor of two for
the sample with 0.5 mM Ca2+ addition; at the same time the
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Fig. 7. Fluorescence spectra of phospho-calsequestrin at different Ca2+
concentrations. The peak intensity increases with increasing Ca2+ concen-
tration

location of the fluorescence maximum changes fromλem =
354 nm toλem = 338 nm. Further addition of Ca2+ does not
significantly change the spectrum. These results are in good
agreement with earlier measurements by Hidalgo et al. [49].
They have been attributed to local conformation changes
which transfer tryptophan residues from the polar surface to
the hydrophobic interior of the protein [49–51].

Time-resolved measurements show that nearly all fluores-
cence in the LIF spectra of calsequestrin is associated with
a process with a long lifetime (compare Fig. 1). Figure 8
shows a plot of the fluorescence lifetimes of calsequestrin vs.
the Ca2+ concentration. Both, short and long lifetime remain
constant for all Ca2+ concentrations. In consequence, the pro-
nounced decrease in fluorescence intensity observed in Fig. 7
cannot be due to dynamic quenching as proposed by [49–51],
since it would manifest in different fluorescence lifetimes.
All processes that affect the intensity of fluorescence radi-
ation but not the lifetime of the excited state are usually
summarized under the term ‘static quenching’. In most cases,
static quenching is due to the formation of a complex in the
ground state of the molecule with either a different absorp-
tion spectrum or an excited state that undergoes non-radiative
decay [36].
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Fig. 8. Effect of Ca2+ on the fluorescence lifetime of calsequestrin
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Fig. 9. Structural changes of calsequestrin at different Ca2+ concentrations [46]. All five tryptophan residues are located in domain III of the protein

For calsequestrin the absence of dynamic quenching
shows that the local environment of the fluorophors does not
change significantly. The strong static quenching is indicative
of the formation of larger complexes with different absorption
properties with increasing Ca2+ concentration. Additionally,
it seems possible that the more compact tertiary structure of
the protein facilitates energy transfer from the tyrosine to
the tryptophan residues and thus leads to an increased flu-
orescence yield. Recent crystallographic measurements [46]
confirm this interpretation: all tryptophan residues are con-
centrated in the conserved domain III of the calsequestrin.
When the Ca2+ level increases, the three domains collapse
forming a more compact protein. For even higher Ca2+ con-
centrations, polymerisation of calsequestrin monomers is
observed. This mechanism is sketched in Fig. 9 following
a more elaborate drawing in [46].

This example clearly shows that combination measure-
ments using two-dimensional fluorescence techniques may
help to reveal the structure of proteins.

3 Summary

Two different two-dimensional fluorescence techniques are
described and used to study conformational changes of pro-
teins. Common feature of both approaches is that proteins
are investigated under physiologic conditions in µM solutions
using the aromatic amino acids tryptophan and tyrosine as
intrinsic fluorescence markers.

In the first approach, a tunable picosecond laser (80 ps
pulse duration, 150 µJ typical energy) is used to selec-
tively excite the chromophors. Fluorescence is detected
with a streak camera in the exit plane of an astigmatism-
corrected spectrometer thus allowing simultaneous time-
and wavelength-resolved measurements. This approach al-
lows the identification of different photophysical processes
by their associated lifetimes and spectral intensity distri-
butions; errors due to the more common integration over
a wider spectral range are avoided. For all investigated sys-
tems, a bi-exponential fit is adequate to describe the measured
wavelength-resolved temporal decay curves.

Time-resolved spectra are sensitive to changes in the col-
lisional environment (dynamic quenching) and can thus be
used to monitor local conformation changes in the vicin-
ity to the respective fluorophors. Results are presented for
the Y32W mutant of the Ras protein. Here, the lifetime of
the short-lived process remains constant whereas the long
lifetime τ1 shows a pronounced wavelength-dependence. At
λem = 340 nm, the long decay time is τ1 = 1.9 ns for Ras
bound to the GTP analog GppNHp, in contrast to τ1 = 3.1 ns
for the Ras.GDP complex. This shows that the Ras protein
undergoes a drastic conformation change during nucleotide

exchange, with the tryptophan residue being more exposed to
the solvent in the Ras.GppNHp complex.

Mixtures of tryptophan and tyrosine are investigated using
two-dimensional excitation-emission spectra (EES). Here,
one axis corresponds to the excitation and the other to the
emission wavelength. Thus, the EES file simultaneously con-
tains the complete excitation and fluorescence spectra of
a given substance and facilitates the identification of res-
onance effects and of scattering processes as well as the
isolation of the contribution of the two fluorophors to the
complete spectrum. It is shown that both, static and dynamic
spectra are affected by energy transfer between tyrosine and
tryptophan.

Using a combination of static and time-resolved meas-
urements we conclude that static quenching is the dominant
factor influencing the fluorescence spectra of calsequestrin.
A detailed evaluation of the spectra is in good agreement
with a recent crystallographic analysis which shows that all
tryptophan residues are located in a conserved domain of the
protein. The addition of Ca2+ ions leads to a more compact
protein conformation, a structural change which is accompa-
nied by an increase of the fluorescence yield.

In future experiments, time-resolved anisotropy measure-
ments will be combined with the excitation-emission and
dynamic spectroscopy described in this paper. They will pro-
vide additional information about the local flexibility of flu-
orophors and the global re-orientation of the molecule, thus
allowing an even more detailed characterization of the protein
structure with fluorescence methods.
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