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Abstract: The current work explores
intermolecular interactions involved in
the lateral propagation of cell-signaling
by epidermal growth factor receptors
(EGFRs). Activation of EGFRs by
binding an EGF ligand in the extracel-
lular domain of the EGFR and subse-
quent dimerization of the EGFR ini-
tiates cell-signaling. We investigated in-
teractions between EGFRs in living
cells by using single-molecule micros-
copy, Forster resonance energy transfer
(FRET), and atomic force microscopy.

and propagation trajectories of quan-
tum dot (QD)-labeled EGFR single
molecules, we found that signaling
dimers of EGFR [(EGF-EGFR),| are
continuously formed in cell membrane
through reversible association of het-
erodimers [EGF(EGFR),]. Also, we
found that the lateral propagation of
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EGFR activation takes place through
transient association of a heterodimer
with predimers [(EGFR),]. We varified
the transient association between acti-
vated EGFR and predimers using
FRET from QD-labeled heterodimers
to Cy5-labeled predimers and correlat-
ed topography and fluorescence imag-
ing. Without extended single-molecule
fluorescence imaging and by using bio-
conjugated QDs, reversible receptor di-
merization in the lateral activation of
EGFR remained obscured.

By analyzing time-correlated intensity

Introduction

Intermolecular interactions of membrane proteins are often
utilized by cells for regulating various biochemical and bio-
physical functions. A great variety of such functions are ini-
tiated by specific binding between ligands and receptors fol-
lowed by conformational changes in the extracellular and
cytoplasmic domains and clustering of receptor-ligand com-
plexes.'"! For example, activation of epidermal growth
factor receptor (EGFR) by binding an EGF ligand in

[a] N. Kawashima, Dr. K. Nakayama, Dr. T. Itoh, Dr. M. Ishikawa,
Dr. V. Biju
Health Technology Research Center
National Institute of Advanced Industrial
Science and Technology (AIST)
2217-14 Hayashi-Cho, Takamatsu, Kagawa 761-0395 (Japan)
Fax: (481)878693558
E-mail: v.biju@aist.go.jp
[b] N. Kawashima, Dr. K. Itoh
Department of Medicinal Biotechnology
University of Tokushima, 1-78 Sho-Machi
Tokushima 770-8505 (Japan)

d‘? Supporting information for this article is available on the WWW
~ under http://dx.doi.org/10.1002/chem.200902963.

1186

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

EGFR and subsequent formation of EGFR dimers regulate
cell signaling, growth, and proliferation.”"”) However, the
signal level in a cell is orders of magnitude higher than the
number of signaling single molecules,’”! indicating that later-
al propagation of EGFR activation cannot be underestimat-
ed in the amplification of cell-signaling and the regular
growth and functioning of cells. Furthermore, enormous am-
plification of cell signaling by over-expressed EGFR results
in the uncontrolled proliferation of many cancers."*'" De-
spite these significant relations between signaling by EGFR
and life, the molecular mechanism underlying the lateral
propagation of EGFR activation remains mostly unknown.
Therefore, investigation of interactions among EGFR single
molecules would unravel how an activated EGFR laterally
activates a large number of predimers and may provide in-
sight into the control of undesired cell-signaling related to
various diseases.

Molecular forms of EGFR present in cells are predimers,
heterodimers, and homodimers, or signaling dimers.*?1 A
heterodimer is formed when an EGF molecule activates one
of the monomers in a predimer by binding in its extracellu-
lar domain, and a signaling dimer is formed when both the
monomers are activated by two EGF molecules. However,
signaling dimers are continuously formed, even without free
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EGF. This led to the suggestion that cooperative interac-
tions among heterodimers and between predimers and het-
erodimers might be involved in the formation of signaling
dimers.'"">181 Because of the significant properties of
EGFR, the mechanism underlying its activation has been
the subject of much investigation at both ensemble and
single-molecule levels.'>*2] Due to the selectivity and sen-
sitivity, single-molecule spectroscopy and microscopy have
been widely exploited for addressing such intermolecular in-
teractions as well as intramolecular conformational changes
of molecules in solutions, on surfaces, at interfaces, and in
cells.”™*! For example, using single-molecule fluorescence
imaging and Forster resonance energy transfer (FRET),
Sako and co-workers have shown that EGFR activation
through cooperative interactions between heterodimers and
predimers is essential for cell-signaling.">!#2»1 Also, Bas-
tiaens and co-workers have shown that restricted propaga-
tion of EGFR activation amplifies cell-signaling in human
breast carcinoma cells.'"”) More recently, Wiley and co-work-
ers and others have shown that membrane cholesterol and
the cytoskeleton restrict the propagation of EGFR signal-
ing[1*2>481 However, imaging and analyzing relatively slow
and multiple events in the EGFR signaling pathway are con-
siderably limited due to fast photobleaching of organic
dyes.['>18242] For example, reversible dimerization of EGFR
during the lateral propagation of activation remained ob-
scured even in single-molecule experiments. Semiconductor
quantum dots (QDs) on the other hand offer unique optical
properties such as unusual photostability and bright photo-
luminescence for bioanalysis and bioimaging.*** Thus, we
employed QDs for investigating single-molecule EGFR acti-
vation.

In the current work, we combined the advantages of
single-molecule imaging and unique optical properties of
QDs and investigated multiple events in the lateral propaga-
tion of EGFR activation. We investigated EGFR activation
by using single-molecule fluorescence imaging, FRET, and
correlated AFM and optical microscopy imaging. EGFRs in
living human ovarian epidermoid carcinoma cells (A431)
were activated with QD-labeled human recombinant EGF.
The activation was characterized by colocalizing Cy5-labeled
mouse monoclonal EGFR antibody (Abl1) and QD-labeled
EGF (Supporting Information). To make sure the colocal-
ization occurred, we investigated FRET from QD-labeled
EGF to Cy5-labeled Abll. The molecular mechanism un-
derlying the lateral propagation of EGFR activation was in-
vestigated by using fluorescence intensity trajectories and
lateral propagation trajectories of single molecules, as well
as FRET. We found that the lateral propagation of EGFR
activation takes place through transient association of a
heterodimer [EGF(EGFR),] with predimers [(EGFR),];
that is, heterodimers continuously exchange their EGF-
EGFR segment with predimers and form homodimers
[(EGF-EGFR),]. Also, the current work shows that lateral
activation of EGFR and cell signal amplification take place
through reversible association of heterodimers into homo-
dimers.
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Results and Discussion

Uniform distribution of QD-labeled EGF-EGFR complexes
were generated in the cell membrane by activating the cells
with solutions of QD-EGF in phosphate buffered saline
(PBS; 0.5 to 2 nm). Figure 1 A shows the fluorescence image
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Figure 1. A) Florescence image of living A431 cells activated with 2 nm
QD-EGF. B) Fluorescence and C) FRET images of an A431 cell labeled
with Cy5-Abll and activated with 0.5 nm QD-EGFE. D) and E) Histo-
grams of fluorescence intensity from A431 cells activated with D) 2 nm
and E) 0.5nm QD-EGF. F) Histogram of fluorescence intensity from
QD-EGF single molecules without cells. The solid curves in D) and E)
are a guide for the eyes. The statistical distributions of heterodimers, ho-
modimers and oligomers of EGFR were estimated from Gaussian fits.

of A431 cells 1h after activation with a solution of QD-
EGF in PBS (2nm). Figure 1B and C shows the fluores-
cence and FRET images, respectively, of an A431 cell la-
beled with a solution Cy5-Abl11 in PBS (0.5 nm) followed by
activation with a solution QD-EGF in PBS (0.5 nm). FRET
signal was collected through a band-pass filter for CyS fluo-
rescence. The bright fluorescence areas in Figure 1 A were
due to oligomers and clusters of QD-EGF-EGFR (movie 1
in the Supporting Information), while the isolated fluores-
cence spots in Figure 1B were due to EGFR single mole-
cules (movie 2 in the Supporting Information). Figure 1D
and E shows histograms of the fluorescence intensity spots
in cells activated with solutions of QD-EGF in PBS at 2 and
0.5 nm, respectively. Figure 1F shows a histogram of the
fluorescence intensity for QD-EGF single molecules in the
cell culture medium, but without cells. Based on the fluores-
cence intensity, which is approximately 50 for QD-EGF
(Figure 1F), it is apparent that the intensities, roughly 50,
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100, 150, and >180 in Figure 1D and E, were due to one,
two, three, and groups of QD-EGF-EGFR complexes.
EGFRs mostly exist as dimers, oligomers, and clusters,
whereas monomers of EGFR are unstable.’" Thus, the in-
tensities, roughly 50 and 100, in Figure 1D and E, were
probably due to heterodimers [QD-EGF-(EGFR),] and ho-
modimers [(QD-EGF-EGFR),] of EGFRs, respectively.
Also, fluorescence intensity > 150 was due to oligomers and
clusters of EGFR. The distribution of heterodimers, homo-
dimers, and clusters in cells activated with a solution of QD-
EGF in PBS (2nm) was 1:0.72:1.1 (Figure 1D). Note that
fluorescence spots with intensities exceeding the saturation
level (>185) of the CCD camera were not included in the
histograms. The distribution of heterodimers and homodim-
ers in cells activated with a solution of QD-EGF in PBS
(0.5 nm) was 1:0.52 (Figure 1E). Thus, by activating EGFR
with a solution of QD-EGF in PBS (0.5 nm), a large number
of heterodimers were generated in the cell membrane.
Indications of long-range and reversible propagation of
EGFR activation were obtained by single-molecule imaging
(movies 2 and 3in the Supporting Information). To investi-
gate the speed and the reversibility of lateral propagation,
we recorded and analyzed the fluorescence images and tra-
jectories of single molecules. Figure 2 A shows the fluores-
cence image of EGFR single molecules labeled by QD-EGF
in an A431 cell. Figure 2B shows the typical propagation
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Figure 2. A) Fluorescence image of an A431 cell activated with 0.5 nm
QD-EGF. B) Lateral propagation trajectories for four heterodimers in A.
C)-E) Fluorescence intensity trajectories of single molecules: C) trajecto-
ry of an isolated stationary spot, D) trajectory of a propagating heterodi-
mer recorded at the red window marked in B, and E) trajectory of the
same heterodimer recorded at the green window marked in B. The in-
crease and decrease in the intensities in C and D represent the exit time
of the heterodimer at the green window and its subsequent entry time at
the red window and vice versa. Vertical lines in D and E represent ap-
pearance and disappearance of single molecules in the two windows.
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trajectories for four heterodimers. Each trajectory was ob-
tained by tracing the threshold fluorescence intensity, equiv-
alent to the intensity of a heterodimer, on 1000 to 5000
images at intervals of 33 ms. The mean square displacement
(MSD = (r(¢)*)) during the activation was estimated from the
distance (r) and time (f) between the steps.® Details of
data acquisition and analysis are provided in the Supporting
Information. Interestingly, around 30% of the propagating
fluorescence spots followed near-linear back-and-forth tra-
jectories (tracesa and b in Figure 2B). Also, examples of
random propagation trajectories are shown by traces ¢ and d
in Figure 2B. Both linear and random trajectories laterally
extend up to 3 pum, indicating that the microdomain size for
EGFR activation can be as large as 7 um>.?"*7 The linear
trajectories indicate that the activation of EGFR propagated
along predimers bound to the cytoskeleton. In other words,
the linear trajectories support previous reports on the re-
stricted propagation of EGFR resulting from predimers that
are bound to the cytoskeleton."”****¥ To further character-
ize the speed and reversibility of EGFR activation, we re-
corded and analyzed both time- and distance-correlated
single-molecule fluorescence intensity trajectories. Fig-
ure 2 C shows the fluorescence intensity trajectory of a sta-
tionary heterodimer, which is equivalent to the “on/off” tra-
jectory of a single QD.F?¥%-61.%l Figyre 2D and E shows
the fluorescence intensity trajectories of a heterodimer re-
corded at two single-molecule windows (red and green
squares) set 3 um apart on trajectory a in Figure 2B. The
trajectories were constructed in tandem by continuously col-
lecting the fluorescence intensities in the two windows. The
increase and decrease in the intensities in Figure 2D, corre-
spondingly, indicate the time at which a heterodimer en-
tered and left the red window. The increase and decrease in
the intensities in Figure 2E, respectively, indicate the time
at which a heterodimer subsequently entered and left the
green window. Nevertheless, the fluctuations of fluorescence
intensity were also contributed by blinking of quantum dots
due to Auger ionization.F>*%61.%l From the propagation
path and the time stamping in the windows, we not only esti-
mated the speed of EGFR activation, but also determined
that EGFR activation reversibly propagated in the cell
membrane. The statistical distribution of the activation
speed for EGFR single molecules and the details for data
acquisition and analysis are given in the Supporting Infor-
mation. Here, we detected the long-range propagation of
EGFR activation, owing to a combination of the exceptional
photostability of QDsP>*** and extended time- and dis-
tance-correlated single-molecule imaging (movie 2 in the
Supporting Information) that was implemented. On the
other hand, the photobleaching of organic dyes and fluores-
cent proteins in previous investigations probably prevented
the detection and analysis of the long-range and reversible
activation of EGFR.[1>1%%]

To investigate the mechanism underlying the reversible
activation, we recorded and analyzed the fluorescence inten-
sity trajectories of activated EGFR single molecules. Fig-
ure 3 A shows the intensity trajectory of a stationary hetero-
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Figure 3. A) Single-molecule fluorescence intensity trajectory of a hetero-
dimer. The arrows indicate the formation (green) and dissociation (red)
of homodimers [(QD-EGF-EGFR)2]. B) FRET images of two hetero-
dimers (marked area) in an A431 cell labeled with Cy5-Abl1 and activat-
ed with QD-EGF. C) Fluorescence decay profiles of QD and CyS5 in an
A431 cell: a) decay of QD without Cy5-Abl1 labeling, b) decay of QD
with Cy5-Abll labeling, c¢) decay of Cy5 at 670 nm as a result of FRET,
and d) instrument response function. Inset, fluorescence spectra of a
QD-EGF in a single cell: a) without Cy5-Abl1 labeling (no FRET) and
b) with Cy5-Abl1 labeling (FRET from QD to Cy5). D) Schematic rep-
resentation of the reversible propagation of EGFR activation on a cell
membrane.

dimer in the proximity of a propagating heterodimer. Favor-
ably, the propagating heterodimer reversibly associated with
and dissociated from the stationary heterodimer, causing
transient increases and decreases (green and red arrows in
Figure 3A) in the fluorescence intensities. The increase in
the intensity indicates that two heterodimers [QD-EGF-
(EGFR),] have associated into a homodimer (QD-EGF-
EGFR), and a predimer (EGFR),, while the successive de-
crease in the intensity indicates that the homodimer has dis-
sociated into two heterodimers (Scheme 1 in the Supporting
Information). Thus, the repeated increase and decrease in
the fluorescence intensity in Figure 3A indicate repeated
formation and dissociation of signaling dimers. In other
words, reversible association of heterodimers is the origin of
multiple signaling or cell-signal amplification. Although the
formation of homodimers, resulting from cooperative inter-
actions between heterodimers and predimers, was report-
ed,51%2] to the best of our knowledge reversible association
of heterodimers into homodimers remained obscured until
the current work.

Because of the optical limitation, single-molecule imaging
alone was insufficient to correlate the increase and decrease
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in fluorescence intensity with the reversible association and
dissociation of EGFR. For example, an increase in the fluo-
rescence intensity (Figure 3A) can be due to simple cross-
over between two heterodimers within the diffraction limit-
ed fluorescence image. Thus, we further investigated the ac-
tivation of EGFR using FRET from QD-labeled EGF-
EGFR to Cy5-labeled EGFR (Scheme 1 in the Supporting
Information). The advantage of FRET over single-molecule
fluorescence imaging is that the former is sensitive to nano-
meter-scale variations in the distance between a donor and
an acceptor.l” " Figure 3B shows FRET images of activated
EGFR molecules in a cell. The areas that are marked in Fig-
ure 3B show two propagating FRET spots. FRET itself sug-
gested that QD-EGF-EGFR and Cy5-Ab11-EGFR were as-
sociated into heterodimers (QD-EGF-EGFR-EGFR-ADb11-
Cy5). Thus, the propagation of FRET spots indicates that a
heterodimer continuously exchanged its QD-EGF-EGFR
segment with the Cy5-Ab11-EGFR segments in predimers.
Yet another possibility that a heterodimer laterally diffused
without dissociation was ruled out, because the FRET spots
transiently associated and then disappeared. The association
of two FRET spots indicates that the two heterodimers
were in close proximity, and the disappearance of FRET in-
dicates that the two heterodimers had transformed into two
homodimers, (QD-EGF-EGFR), and (Cy5-Abl1-EGFR),,
through an exchange of their monomers. As stated above,
disappearance of the fluorescence/FRET spots was also con-
tributed by blinking. Additional data indicating the associa-
tion and disappearance of FRET spots are given in the Sup-
porting Information. FRET from QD-EGF-EGFR to Cys5-
ADb11-EGFR and the exchange of monomers between two
heterodimers, and the formation of homodimers are sche-
matically shown in Figure 3D. The disappearance of FRET
is understandable as the homodimers, which lack both
donors and acceptors in the same dimer, do not show
FRET. Thus, the single-molecule fluorescence intensity tra-
jectory (Figure 3A) and the FRET images (Figure 3B) sup-
port the notion that the lateral propagation of EGFR activa-
tion takes place reversibly by an exchange of monomers be-
tween activated EGFR and predimers.

To investigate FRET in cells that were activated with
QD-EGF and labeled with Cy5- Abll, fluorescence decays
(Figure 3C) and time-resolved fluorescence spectra (inset of
Figure 3C) were recorded and analyzed. Figure 3C shows
the fluorescence decay profiles of activated single-cells with
(trace b) and without (trace a) Cy5-Abl1 labeling. We found
that the average lifetime of QDs decreased from 7,,=7.02+
0.25 ns for cells without Cy5-labeling to 7,,=3.224+0.12 ns
for cells labeled with Cy5. The average lifetime values were
obtained by fitting multi-exponential decays (traces a and b
in Figure 3C) to the third-order kinetic equation. Also, the
decrease in the lifetime of QDs was associated with fluores-
cence emission from Cy5 (trace ¢ in Figure 3C and trace b
in the inset of Figure 3C). The decrease in the fluorescence
lifetime of energy donor (QD) and the concomitant fluores-
cence from energy acceptor (CyS5) verify the FRET activity
from QD-EGF-EGFR to Cy5-Abl11-EGFR. In other words,
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decrease in the fluorescence lifetime of QDs indicate that
the lateral propagation of EGFR activation takes place
through continuous exchange of monomers among hetero-
dimers and predimers.

To further investigate the interactions between heterodim-
ers with predimers, we correlated single-molecule fluores-
cence images with the topography of activated -cells.
Figure 4 shows correlated optical and AFM images of an

Figure 4. Correlated optical/ AFM images of an A431 cell activated with
QD-EGF. A) AFM image, B) optical transmission image, C) correlated
fluorescence/AFM image of a zoomed-in and scanned portion in A, and
D) fluorescence image. The red spots in C) show fluorescence from acti-
vated EGFR.

A431 cell activated with a solution QD-EGF in PBS
(0.5 nm). Figure 4C shows a zoomed-in and scanned AFM
image of the cell correlated with the fluorescence spots in
Figure 4D. The AFM image indicated the presence of a
large number of nanostructures on the cell membrane,
which should come from various membrane proteins, glyco-
lipids, and so on. In other words, because of the non-specific
nature of imaging, AFM alone was insufficient to pinpoint
an activated EGFR single molecule on the cell surface. On
the other hand, because of the specific binding between
EGF and EGFR, the fluorescence spots in Figure 4C and D
were due to QD-EGF-EGFR complexes. The topography of
the correlated image indicated that the activated EGFR
molecules were associated with clusters composed of a large
number of identical structures. In addition, it has been re-
ported that EGFR molecules form oligomers and clusters
on the cell membrane. 4182441 Thys we assumed that
the clusters in the topography image, overlaid by the fluo-
rescence spots (Figure 4C), were due to activated EGFR
molecules that coexisted with predimers. Indeed, the dynam-
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ic nature of cell surface structures and slow scanning in
AFM imaging prevented us from obtaining real-time and re-
producible AFM images of activated EGFR single mole-
cules. Although EGFR dimers were not detected as isolated
structures (Supporting Information), the coexistence of acti-
vated EGFR with predimers is consistent with both previous
reports on the existence of EGFR as oligomers and the cur-
rent single-molecule fluorescence and FRET results regard-
ing the transient dimerization of an activated EGFR.

Conclusion

We have investigated the extent and the mode of EGFR ac-
tivation in living cells using single-molecule fluorescence
imaging and FRET. Owing to the exceptional photostability
of QDs, we determined that reversible association of hetero-
dimers into homodimers stimulates multiple signaling, and
the lateral propagation of EGFR activation takes place
through the transient dimerization of a heterodimer with
predimers. How an activated EGFR laterally activates a
large number of predimers is relevant not only to our under-
standing of the EGFR pathway in cell-signaling, but also for
designing EGFR-targeted therapeutic molecules in an effort
to control cancers.

Experimental Section

Materials. Recombinant human EGF, 3-sulfo-N-hydroxysuccinimide
ester, mouse monoclonal EGFR antibody (Abl11), heat-inactivated fetal
bovine serum (FBS), phosphate buffered saline (PBS), tripsin solution
and sephadex-G25 resin column were obtained from Sigma. QD-strepa-
tavidin conjugate and CyS-streptavidin conjugate were obtained from In-
vitrogen Corporation and Biocompare, respectively. Dulbecco’s modified
Eagle’s medium (DMEM) was obtained from Gibco. The samples and re-
agents were used as obtained without further purification.

Labeling EGF ligand and Abl11 suing QDs and Cy5. We labeled EGF
and Abll with streptavidin conjugated CdSe-ZnS QDs or streptavidin
conjugated CyS5 through biotin-avidin linkage. Recombinant human EGF
was reconstituted in PBS at 200 ugmL ' and biotinylated using 3-sulfo-
N-hydroxysuccinimide ester at room temperature. The biotinylated EGF
was purified by gel filtration on sephadex-G25 resin. The concentration
of the purified EGF-biotin conjugate was set to 50 nm with PBS, and this
conjugate was reacted with a solution (50 nm in PBS) of QD-streptavidin
conjugate at room temperature for 30 min. These steps were repeated for
labeling Abll. EGF was labeled with deep-red fluorescent QDs (4,4
~650 nm) for colocalization experiments and red fluorescent QDs (Ahmax
~605 nm) for single-molecule imaging and FRET experiments. The anti-
body was labeled with green fluorescent QDs (4,,,,~560 nm) for colocal-
ization experiments and Cy5-streptavidin for FRET experiments.

Cell culture and labeling. A431 cells were cultured up to ~60% conflu-
ence in DMEM medium containing 10 % heat-inactivated FBS. The cells
were washed five times with PBS and activated with QD-EGF conjugate
(2 or 0.5 nm) for 1h at 4°C. Following activation, the cells were washed
five times with PBS and maintained in DMEM without FBS and phenol
red. For colocalization of QD650-EGF and QD560-Abl11 conjugates, the
cells were treated with QD560-Abl1 conjugate (0.5 nm) for 1 h at room
temperature followed by QD650-EGF (0.5 nm) for 1 h at 4°C. Similarly,
cell samples for single-molecule fluorescence imaging were prepared by
treating the cells with QD605-EGF conjugates, and cell samples for
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FRET experiments were prepared by treating the cells with Cy5-Abll
conjugate.

Single-molecule imaging, AFM imaging, and spectroscopy. Fluorescence
images of cells were obtained in an inverted optical microscope (Olym-
pus IX70) equipped with an objective lens (Olympus PUlanApo 60X),
band-pass filters for QDs and Cy5, an image intensifier (Hamamatsu-
C8600) and a CCD camera (Hamamatsu-C5985 or Olympus). The fluo-
rescence from cells was acquired as movie files (Supporting videos 1-3).
Fluorescence and FRET images and propagation and intensity trajecto-
ries of single molecules were obtained by analyzing the videos using the
AquaCosmos software program (Hamamatsu). Correlated optical/ AFM
images were obtained using an apparatus assembled from an inverted op-
tical microscope (Olympus IX70) and an MFP-3D AFM (Asylum Re-
search). The AFM was equipped with an ultra-sharp (radius of curvature
~7 nm) silicon nitride cantilever (Olympus). A 488 nm continuous wave
laser (Coherent-Sapphire 488-25 CDRH) was used as the excitation
source for fluorescence imaging. Fluorescence decays and time-resolved
fluorescence spectra were recorded using an apparatus assembled from a
polychromator (Chromex-250IS) and a photon-counting streak-scope
(Hamamatsu-C4334). Fluorescence lifetimes were obtained by fitting the
decays to third order kinetics. For decay measurements, the excitation
source consisted of 400 nm pulses (150 fs) generated from the second
harmonic generation (SHG) crystal of an optical parametric amplifier
(Coherent OPA 9400). The OPA was pumped at 200 kHz by a regenera-
tive amplifier (Coherent RegA 9000) that was seeded by a mode-locked
Ti:Sapphire laser (Coherent Mira 900F).
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