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Imaging of the fluorescence spectrum of a single fluorescent molecule
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Abstract We have devised a novel method to visualize the
fluorescence spectrum of a single fluorescent molecule using
prism-based spectroscopy. Equiping a total internal reflection
microscope with a newly designed wedge prism, we obtained a
spectral image of a single rhodamine red molecule attached to an
essential light chain of myosin. We also obtained a spectral
image of single-pair fluorescence resonance energy transfer
between rhodamine red and Cy5 in a double-labeled myosin
motor domain. This method could become a useful tool to
investigate the dynamic processes of biomolecules at the single-
molecule level. © 2002 Published by Elsevier Science B.V. on
behalf of the Federation of European Biochemical Societies.
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1. Introduction

Recent advances in single-molecule detection provide us
valuable information on the functions and dynamics of bio-
molecules that is difficult to obtain from ensemble measure-
ments. To visualize the behavior of individual biomolecules,
such as protein, DNA, or RNA, it is necessary to attach a
certain probe to the target molecule. One example of a probe
is a microbead. By trapping a microbead attached to a single
biomolecule with optical tweezers, the movements of a single
molecular motor, such as myosin, kinesin, or dynein, have
been successfully measured with the nanometer and millisec-
ond resolution [1-4]. In addition, rotational motions of F1-
ATPase or RNA polymerase have also been detected using
conventional optical microscopy with high temporal and spa-
tial resolution by observing the motion of a microbead [5,6].

A fluorescent molecule is also an excellent probe for the
detection of individual macromolecules [7,8]. For single-mol-
ecule fluorescence spectroscopy, there are two major tech-
niques to investigate the conformational dynamics of biomol-
ecules. One is the polarization analysis of fluorescence emitted
from a single fluorophore. Several techniques have been de-

*Corresponding author. Fax: (81)-3-5454 6751.
E-mail address: sutoh@bio.c.u-tokyo.ac.jp (K. Sutoh).

Abbreviations: FRET, fluorescence resonance energy transfer;
TIRFM, total internal reflection fluorescence microscopy; ELC, es-
sential light chain of myosin; TEAB, triethylamine bicarbonate buftf-
er; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

veloped to detect changes of the polarization of fluorescence
from a single fluorescent molecule [9-13]. Single-molecule po-
larization studies have shown that conformational dynamics
or rotational motions of target biomolecules can be detected
from changes of orientation of a single fluorophore. Fluores-
cence resonance energy transfer (FRET) is another useful ap-
plication of fluorescent probes to investigate the dynamics of
intramolecular conformational changes or intermolecular in-
teractions of biomolecules at the single-molecule level [14-19].
Since the FRET technique relies on the distance-dependent
resonance energy transfer between a donor fluorophore and
an acceptor fluorophore, it is essential to detect simultane-
ously two different colors of fluorescence. For processes in
which three or more different biomolecules are involved,
such as ligand-induced conformational changes of macro-
molecules or intermolecular interactions of several proteins,
it would be necessary to discriminate more than three different
colors of fluorescence at a time.

In this report, we developed a novel but simple technique
for imaging the fluorescence spectrum of a single fluorescent
molecule. With this technique, we obtained a spectral image
of the single-pair FRET between rhodamine red and CyS5
conjugated to myosin motor domain. This method opens
the way to multicolor imaging at the single-molecule level.

2. Materials and methods

2.1. Instrumentation for the spectral imaging of single fluorescent
molecules

Total internal reflection fluorescence microscopy (TIRFM) was
used for visualizing individual fluorescent molecules immobilized on
the surface of a quartz slide (Fig. 1A). TIRFM with an incident laser
beam from the condenser side through a quartz block was installed on
a conventional inverted microscope (IX-70, Olympus), as previously
reported [20]. A 532-nm YAG laser (ADLAS) was used for illumina-
tion. Its linearly polarized light was at first introduced into a polar-
ization beam splitter after being passed through a A/2 wave plate. The
light intensity was attenuated by rotating this A/2 wave plate. Then,
the circularly polarized beam, which was obtained by letting the beam
through a A/4 wave plate, was introduced into the quartz block for
total internal reflection. The gap between the quartz slide and the
quartz block was filled with pure glycerol. The excitation beam was
reflected at the interface between a quartz slide and sample solution to
produce an evanescent field. A 100X objective (UPlanApo, 0.5-1.35
variable N.A., Olympus) was used for observations. A wide range
bandpass barrier filter (HQ5451lp, 545-770 nm, Chroma) was used
to reject scattering light and background luminescence.

The fluorescence spectrum was visualized with a custom-made
prism (Sigma Optics) inserted between the objective and intermediate
magnifying lens of the microscope. We made the prism by gluing
together two wedge elements made of different glass materials (BK7
and SF6), as shown in Fig. 1B. The angle and thickness of the wedge
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elements were designed so as to obtain appropriate dispersion of fluo-
rescence light on the image plane without deflection of the main opti-
cal axis (green light). The images were captured with a cooled CCD
video camera (Dage MTI) coupled to an image intensifier (VS4-1845,
Video Scope International) and recorded on videotape after digitally
processing with an image analyzer (Argus-50, Hamamatsu Photonics).
The light intensity along the spectral image of single fluorescent mol-
ecules was determined with 8-bit resolution using custom-made soft-
ware (Hamamatsu Photonics) installed in a personal computer (Ep-
son). To record colored images of fluorescent microbeads, a color
digital CCD camera (COOLPIX, Nikon) was used instead of the
image intensifier and the cooled CCD camera.

2.2. Sample preparation

For the spectral imaging of a single fluorescent molecule, a re-
combinant essential light chain (ELC, 150 amino acids) of Dictyo-
stelium myosin II labeled with a rhodamine red maleimide (Molecular
Probes) was used. Rhodamine red has an absorption peak at 570 nm
and an emission peak at 590 nm. Two endogenous cysteines (Cl11,
C31) were replaced to alanine while the serine 38 was replaced to
cysteine by site-directed mutagenesis for the labeling with rhodamine
red maleimide. A hexahistidine-tag (His-tag) was attached to the
N-terminus of the recombinant ELC gene to facilitate protein purifi-
cation.

For single-pair FRET experiments, we used a recombinant Dictyo-
stelium myosin heavy chain as well as the recombinant ELC. A motor
domain of the Dictyostelium myosin 11 heavy chain (residues 1-793)
with one 1Q motif was constructed. Because C678 in the heavy chain
is the most conserved cysteine residue and is thought to be reactive
(called SH2 cysteine), it was replaced to serine by site-directed muta-
genesis. It has been demonstrated that this cysteine-to-serine mutation
does not significantly affect its ATPase and motility activities [21].
Then, a new cysteine residue was introduced at serine 54 by site-
directed mutagenesis for the labeling with Cy5-maleimide. Cy5 has
an absorption peak at 640 nm and an emission peak at 670 nm.
His-tag was attached to the C-terminus of the recombinant motor
domain to facilitate protein purification. Expression and purification
were performed as previously described [22]. The procedures of pro-
tein labeling and reconstruction of the double-labeled motor domain
will be described in detail elsewhere.

2.3. Synthesis of CyS-maleimide

Cy5-maleimide was prepared as follows. ~2 umol of CyS-succini-
midyl ester (Amersham Pharmacia) was reacted with a 20-fold molar
excess of ethylenediamine in 50 ul of 0.5 M hydrogen bicarbonate, pH
8.5, at 25°C for 2 h. The reaction mixture was loaded on a MonoQ
column (Pharmacia) equilibrated with a 10 mM TEAB (triethylamine
bicarbonate) buffer, pH 8.3. After several washes with the equilibra-
tion buffer, Cy5-NH, was eluted by a linear gradient of 0.01-0.6 M
TEAB, pH 8.3. The fractions of Cy5-NH, were collected, dried up by
a rotary evaporator, and stored at —20°C if necessary. Next, the Cy5-
NH; was reacted with excess N-methoxycarbonyl maleimide in 1.0 M
TEAB, pH 8.3, at 0°C for ~2 h. The reaction mixture was applied to
a MonoQ column equilibrated with a 10 mM triethanolamine-HCI
buffer, pH 7.6. Cy5-maleimide was eluted with 0.5 M NaCl and used
immediately to label proteins.

2.4. Protein immobilization on a quartz slide

Immobilization of proteins on the surface of a quartz slide was
performed in a flow cell constructed by a quartz slide, a coverslip,
and two sheets of thin waterproof paper as spacers. First, 5-20 mg/ml
of BSA (bovine serum albumin) in deionized water was infused into
the flow cell and kept there for 5 min. After several washes with 100 pl
of a cross-linking buffer (0.1 M triethanolamine-HCI, pH 7.6), 100-
fold diluted monoclonal anti-6 X His antibodies (Clontech) and 0.1 M
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) in the cross-
linking buffer were infused and incubated for 5 min to form cross-
links between the surface-coating BSA and the antibodies. The flow
cell was then washed with 100 pl of 10 mM glycine solution several
times to block unreacted EDC molecules. After 5 min incubation with
the blocking buffer, the flow cell was washed several times with an
assay buffer consisting of 20 mM MOPS, pH 7.4, 50 mM KCl, and
4 mM MgCl,. Then, 20-200 nM of the labeled protein diluted with
the assay buffer was introduced in the cell. The cell was washed more
than 10 times with 100 pl of the assay buffer. Two sheets of spacers
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were removed before microscopic observations. All of the procedures
described above were performed at room temperature.

3. Results

3.1. Spectral imaging of a fluorescent microbead using the
dispersion prism

In order to test the performance of the dispersion prism
designed in the present study, we first observed a fluorescent
microbead (F-8784, diameter is 0.02 um, Molecular Probes)
placed on a quartz slide (Fig. 1C,D). Without the dispersion
prism, the microbeads were observed as small orange spots
(Fig. 1C). Inserting the dispersion prism into the optical path
of the microscope, fluorescent light from the microbead was
dispersed in the image plane, as shown in Fig. 1D. Since the
fluorescence of the microbead contains a wide range of visible
light, we could clearly distinguish several components of the
fluorescence, e.g. green, yellow, and red bands in the spectral
image of the microbead.
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Fig. 1. Optical setup for spectral imaging of single fluorescent mole-
cules. A: Schematic drawing of the total internal reflection micro-
scope. A dispersion prism for spectroscopy was inserted immediately
under an objective lens. A/2 and A4, half- and quarter-wave plate,
respectively; BS, polarizing beam splitter; M, reflection mirror;
L, lens; DP, dispersion prism; BF, barrier filter; RL, relay lens.
B: Schematic drawing of the dispersion prism. Two wedge prisms
made of SF6 and BK7 were stuck to each other. The size of the
dispersion prism was designed as 25 mmX25 mmXx8.1 mm.
a=9.0°, B=2.84°, y=2.17°. C: A color image of a fluorescent mi-
crobead observed without the dispersion prism. Scale bar=1 pum.
D: A color spectral image of a fluorescent microbead observed with
the dispersion prism. The arrow indicates the direction to the longer
wavelength in the spectral image. Scale bar=1 um.



Y. Suzuki et al./[FEBS Letters 512 (2002) 235-239

A B
Cc

k

A

Wavelength

o
>

Intensity (a.u.)

>

Fig. 2. Spectral imaging of individual rhodamine red molecules im-
mobilized on a quartz slide. A and B: Images of individual rhod-
amine red molecules conjugated to ELC with (B) and without (A)
the dispersion prism. Each image was obtained by averaging eight
video frames. Scale bar=5 um. C: A typical fluorescence spectral
image of a single rhodamine red molecule. This image was obtained
by averaging 16 video frames. The arrow indicates the direction to
the longer wavelength. Scale bar=1 um. D: A fluorescence spec-
trum of a single rhodamine red molecule. This spectrum was ob-
tained by plotting the fluorescence intensity pixel by pixel along the
spectral image shown in C.

3.2. Spectral imaging of a single rhodamine red molecule
attached to a single protein

The ELC labeled with rhodamine red was immobilized on a
quartz slide and observed by TIRFM. When observed without
the dispersion prism, the fluorescence of the individual rhod-
amine red molecules attached to ELC was observed as a fluo-
rescence spot (Fig. 2A). During excitation, almost all of the
fluorescence spots disappeared in one step by photobleaching
(data not shown). The observation indicates that each fluores-
cence spot corresponded to a single rhodamine red molecule,
since the emission from a single fluorophore is photobleached
in one step [14].

Fig. 2B shows images of individual rhodamine red-labeled
ELCs observed with the dispersion prism. Here, the fluores-
cence from individual rhodamine red molecules was dispersed
by the dispersion prism, resulting in comet-shaped streaks.
These streaks correspond to each spectral feature of single
rhodamine red molecules. Fig. 2C shows a typical example
of images. When the fluorescence intensity was quantified pix-
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el by pixel, the spectral image was converted into a single-
molecule fluorescence spectrum, as shown in Fig. 2D. It
should be noted that the shapes of observed fluorescence spec-
tra were not exactly the same as those obtained for ensemble
samples by a spectrofluorometer since the refractive index of
light is not linearly dependent on the wavelength.

3.3. Observation of single-pair FRET using the dispersion prism

Individual double-labeled myosin motor domains immobi-
lized on a quartz slide were observed through the dispersion
prism (Fig. 3A). A typical spectral image of the single-pair
FRET between rhodamine red and Cy5 in the single myosin
motor domain is shown in Fig. 3B. Since both the leakage of
rhodamine red fluorescence in the Cy5 region and the emis-
sion of Cy5 directly excited with the 532-nm light are negli-
gible, it is most likely that the strong emission of Cy5 is due to
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Fig. 3. Single-pair FRET in a reconstructed double-labeled myosin
motor domain. A: Schematic drawing of the single-pair FRET ex-
periment. The ELC and heavy chain of the myosin motor domain
were labeled with rhodamine red (donor) and Cy5 (acceptor), re-
spectively. B: A typical spectral image of the single-pair FRET ob-
served with a broadband barrier filter (545-770 nm). Emission of
rhodamine red and Cy5 was separated well by the dispersion prism.
The strong fluorescence of Cy5 is due to FRET between the two
fluorescent dyes. Scale bar=1 pum. C and D: Time courses of pho-
tobleaching events in the single-pair FRET. C: The acceptor (CyS5)
was photobleached first. D: The donor (rhodamine red) was photo-
bleached first. Images were obtained by averaging 16 video frames,
and the averaged images were vertically placed according to the du-
ration of the laser illumination. The arrow indicates the direction to
the longer wavelength. Scale bar=1 pum.
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FRET from a single rhodamine red molecule to a single Cy5
molecule in the motor domain. The notion was supported by
the analysis of photobleaching events. When the acceptor
(Cy5) was photobleached first, the fluorescence intensity of
the donor (rthodamine red) was increased with the concomi-
tant disappearance of Cy5 fluorescence (Fig. 3C). This anti-
correlation of donor-acceptor fluorescence is the direct evi-
dence for the single-pair FRET [14]. Consistent with the ob-
servation, the emission of the acceptor disappeared simulta-
neously when the donor was photobleached (Fig. 3D).

4. Discussion

We have devised a method for single-molecule fluorescence
spectroscopy using a newly designed dispersion prism incor-
porated into TIRFM. By this method, we succeeded to visual-
ize the spectrum of a single fluorescent molecule. Since the
dispersion prism consists of two wedge elements with different
refractive indices glued together, the light passing through the
prism was dispersed according to the wavelength. The angles
of the two wedge elements were carefully chosen to reduce the
deflection angle of light passing through the prism. Therefore,
the specimen image can be easily compared before and after
the insertion of a prism into the optics that makes fluores-
cence images of streaked lines in place of fluorescent spots
(Fig. 2A,B). From the recorded streak images we can analyze
spectra of each fluorescent dye.

For the similar analysis of fluorescence spectrum, another
technique has been reported so far using dispersion by a con-
ventional prism that is placed in the optical pass of the micro-
scope [23]. Although this method has provided better accuracy
of spectrum, a difficult point is that it cannot be easily avail-
able for usual fluorescence microscopy since quite a big mod-
ification of the microscope optics is required. In contrast, the
present technique with a prism consisting of two wedge ele-
ments could be easily applied to any kind of microscope sys-
tem by simply placing a similar prism between the objective
and the ocular lenses. Although the temporal resolution of
data presented in this report is still low (~0.5 s) because of
the frame-averaging procedure for getting images of good
signal-to-noise ratio, a higher resolution will be achieved using
a high-speed digital CCD camera of low background noise.

We also succeeded to visualize a single-pair FRET as a
spectral image using the double-labeled myosin motor do-
main. The strong emission of Cy5 and weak emission of rhod-
amine red observed in the single-pair FRET indicate that the
excited energy of the donor was almost fully transferred to the
acceptor due to the close proximity of the two fluorophores.
In the crystal structure of the myosin motor domain, the dis-
tance between S54 of a heavy chain and S38 of ELC is about
37 A in the absence of nucleotides [24]. The calculated critical
distance (Ry), where FRET efficiency is 50%, between rhod-
amine red and Cy5, is estimated as 52 1&, which is much
longer than the distance between the donor and the acceptor
expected from the crystal structure. Therefore, it is reasonable
that the Cy5 emission was much stronger than the rhodamine
red emission in the spectral image of a single-pair FRET. It
should be noted here that the apparently narrower spectral
width of Cy5 than that of rhodamine red (Fig. 3B) is due to
the fact that the refractive index becomes smaller as the wave-
length becomes longer.

Several single-molecule spectroscopy analyses using a pin-
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hole filter with gratings have previously been reported [25,26].
They achieved a high spectral resolution, demonstrating the
existence of a time-dependent spectral shift accompanied by
changes in the environments surrounding the fluorophore with
an accuracy of several nanometers. However, only the spec-
trum of a single chosen molecule was analyzed with the gra-
ting-based method. On the contrary, the present method using
prism-based single-molecule spectroscopy can treat many
spectral data of single fluorescent molecules at the same
time although with a lower spectral resolution. This allows
us to quickly characterize the spectral features of many mol-
ecules at the same time. Furthermore, it must also be noticed
that prism-based spectroscopy can be useful for the detection
of a spectrum composed of fluorescence from more than two
different dyes, which is difficult to detect with conventional
techniques of fluorescence microscopy. Therefore, this tech-
nique could be a very powerful tool to investigate intermolec-
ular interactions and conformational changes induced by li-
gand binding, in which several different molecules are
simultaneously involved.
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