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ABSTRACT Vibrational infrared absorption of a single protein molecule was

detected at a few kelvins as infrared-induced recovery of visible fluorescence of
a dye with which the protein was labeled. This sensitive method of detecting
infrared absorption was demonstrated for a single bovine serum albumin (BSA)
molecule labeled with Alexa Fluor 660 by determining the vibrational infrared
absorption spectrum of the backbone vibrations of the a-helical structure in the
wavelength region around 6 um (1650 cm™'). In addition to measuring the
vibrational infrared absorption spectrum, the visible fluorescence can be simulta-
neously used for imaging of the same dye-labeled single protein molecules.

SECTION Kinetics, Spectroscopy

ingle-molecule imaging using visible fluorescence’? of
S dye-labeled proteins has been established to reveal in

situ location of single proteins.”> > Biological processes
would be unraveled truly at a single-molecule level if structural
information was obtained on the same proteins. Single-
molecule spectroscopy using visible fluorescence has brought
new information on the structure and the dynamics of pro-
teins, which was inaccessible by other methods.® "' Informa-
tion on the 3D structure of the backbone of individual proteins
would be provided if vibrational infrared-absorption spec-
troscopy' >~ '> was applied to single proteins. However, detec-
tion of infrared absorption of a backbone vibration of a single
protein has not yet been achieved. We report here that
vibrational infrared absorption spectroscopy can be per-
formed on a single protein at a temperature of a few kelvins
by measuring infrared-induced recovery of visible fluor-
escence of a dye with which the protein was labeled. When
continuously irradiated by a visible laser light, visible-
fluorescent dyes, in general, will end up completely nonfluor-
escent, even at a few kelvins.'®'” We found a dye that when
used as a fluorescence label of a protein recovers fluorescence
by infrared irradiation of the dye-labeled protein. It turned out
that the fluorescence recovery was caused by infrared vibra-
tional absorption of the labeled protein. Owing to the res-
ponse to the infrared that works only at a few kelvins, this dye
serves as an epi-molecular probe of the infrared absorption of
a single protein. It was crucial for a sample immersed in
superfluid helium to develop a new optical setup that allows
superposing the diffraction-limited focus of infrared laser light
on that of visible laser light.

Figure la shows the optical setup developed for single-
protein vibrational microspectroscopy. The light source for the
visible was the output of a He—Ne laser at a wavelength of
633 nm, and that for the infrared was the output of a quantum-
cascade laser tunable from 1570 to 1670 cm™ ' in wavenumber
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(6.0 to 6.4 um in wavelength). The collimated visible and
infrared laser lights were collinearly combined at the di-
chroic mirror (DM). To avoid the chromatic aberration bet-
ween the visible and the infrared wavelengths, we used
reflecting optics for the objective lens and all other elements
in the path common to the two laser lights. The scanning of
the foci of the two laser lights in the sample was accom-
plished from outside the cryostat by tilting the motorized flat
mirror under a condition of the telecentric arrangement of a
pair of concave mirrors (focal length f of 500 mm).'” The
beam paths were purged with dry air to eliminate infrared
absorption due to ambient water vapor. Because the sample
was immersed in superfluid helium, the 3D field distribution
of the two laser lights in the sample was measured around an
extra focus on plane A indicated in Figure 1a. Figure 1b
shows the focus adjusted onto plane A of the infrared laser
light (left) and that of the visible laser light (right). The
coincidence of the two foci on plane A guarantees the spatial
coincidence of the foci on a common focal plane in the
sample in superfluid helium.

The objective lens (f of 4 mm and numerical aperture of
0.6) is used in superfluid helium and works for the visible as
well as the infrared wavelengths. The lens basically follows the
reflecting objective developed for low-temperature ultraviolet
and visible microspectroscopy,' "' ® except that in the present
work, calcium fluoride (CaF,) was chosen as a material that
transmits both visible and infrared lights. Because of its crystal
structure, polishing optical surfaces on CaF, was extremely
demanding. Because of imperfection of the optical surfaces of
the objective lens, the fluorescence image of a single molecule
shown in Figure 2a deviated from the ideal diffraction image
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Figure 1. (a) Visible and infrared two-color laser-scanning con-
focal microscope developed for vibrational microspectroscopy of
single proteins at a few Kkelvins. The visible laser light was used in
linear polarization, whereas the infrared light was in circular
polarization. APD stands for an avalanche photodiode. (b) Focal
image taken at plane A of the infrared laser light (left) and that of
the visible laser light (right). The coincidence of the two foci on
plane A guarantees that the two lasers were focused at the same
position of a single protein in superfluid helium.

of a point source, which is a disk surrounded by concentric
rings.'® The central disk remained as the bright disk with a
diffraction-limited size, but the innermost concentric ring
broke up into a couple of weaker spots. Despite the surface
imperfection, the objective is free from chromatic aberration
in the wavelength region throughout from the visible to the
infrared. A sample area of at least (100 um)? can be properly
imaged with both of the visible and the infrared foci
overlapping.'®

The protein studied was bovine serum albumin (BSA). It
was labeled with a fluorescent dye, Alexa Fluor 660 carboxylic
acid succinimidyl ester (A660) (Molecular Probes, the chemi-
cal formula of which is not open to the public), which formed a
chemical bond with the NH, group of lysine or arginine
residues of BSA. The condition for the labeling reaction was
adjusted such that in the resultant sample the ratio of the
amount of the total BSA to the bound A660 was 1:1. After
finishing the reaction, >99% of the dyes not bound to BSA
were removed by a desalting spin column. A deuterium oxide
(D,0) solution of A660-labeled BSA was prepared at a con-
centration of 10~ M with 20 mM phosphate buffer (pH 7) in
the presence of 1 % wt/wt polyvinyl alcohol. D,O was used as
a solvent to avoid infrared absorption by H,O in the wave-
length region we measured. The solution was spin-coated on a
CaF, substrate with 3000 rpm for 60 s. A660 absorbs the
visible laser light at 633 nm and fluoresces with the emission
maximum at 690 nm. BSA has an infrared absorption band
due to in total 582 C=0 backbone stretching vibrations.*
This vibrational band is called amide I, the wavenumber of
which is sensitive to the secondary structure of the protein.
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Figure 2. (a) Visible-fluorescence image of a thin film contain-
ing spatially isolated single A660-labeled BSA molecules at 1.5 K.
(b) Image subsequentlﬁ taken for the same area with additional
infrared irradiation. The intensity of the visible Iys was 60 W
cm™ 2, and the additional infrared was at a wavenumber v of 1650
cm™ ! with the intensity of the infrared Iz of 3000 W cm >

The absorption maximum of BSA is at 1650 cm ™',

ponding to rich content of o-helices in the protein.

Figure 2a,b shows the visible fluorescence image of the same
area of a spin-coated thin film containing A660-labeled BSA
molecules at a temperature of 1.5 K. The image shown in
Figure 2a was taken with visible irradiation alone, whereas the
one in Figure 2b was subsequently taken with simultaneous
visible and infrared irradiation. The infrared wavenumber v
was fixed at 1650 cm ™', the absorption maximum of the amide
1 band of BSA. The sample solution used for the film was dilute
enough to give spatially isolated fluorescence spots of single
A660-labeled BSA molecules in the image.'” In the sample area
imaged Figure 2a,b, two A660-labeled BSA molecules can be
locatedatx = 6umandy = 10umandatx = 10gmandy = 7
um. They are different in response to the infrared irradiation.

The additional infrared irradiation at 1.5 K caused a drastic
effect on the single A660-labeled BSA molecule atx = 10 um
andy = 7 um in the images of Figure 2a,b. This molecule did
not fluoresce at all under visible irradiation alone (Figure 2a),
whereas it fluoresced markedly when infrared irradiation was
added (Figure 2b). In contrast, infrared irradiation had no
effect on the A660-labeled BSA molecule at x = 6 um and
y = 10 um. It continued to fluoresce in the same way when
the infrared irradiation was added (Figure 2b). When visible
irradiation was continued, this molecule and all other A660-
labeled BSA molecules ended up nonfluorescent at a few

corres-
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Figure 3. (a) Time courses of visible-fluorescence intensity of a
single A660-labeled BSA molecule taken with a time resolution of
0.3 sat 1.5 K. The samdple was continuously irradiated with the
visible, whereas infrared irradiation was applled for 10 s with Ijg of
30 W cm™ 2 in the lower trace and 400 W cm™ 2 in the upper trace.
(b) Dependence of the infrared-induced fluorescence recovery Alg
on Ir of a single A660-labeled BSA molecule at 1.5 K. The data
are shown by an average (O) with a standard deviation (bar). In all
measurements inthe Figures, Iy;swas 60 W cm ~2and v was 1650
cm™

kelvins. With typical intensity of the visible Iy;s of 60 W cm 2,

the time needed for individual molecules to stop fluorescing
ranged from within a second to several minutes. Within 10 s
on additional infrared irradiation with the intensity I}z of 3000
W cm 2, 70% of the molecules that had stopped fluorescing
(34 out 0f50) started to emit fluorescence. The remainder did
not recover fluorescence with additional infrared irradiation.

The time needed for A660 to recover fluorescence de-
pended on the intensity of the infrared Iiz. Time courses of
fluorescence in Figure 3a show the response of a single A660-
labeled BSA molecule at two different infrared intensities. The
background of 60 s ' was subtracted from the detected
number of photons (per second) before bem% presented as
fluorescence intensity, Ir With Iig of 30 W cm™ “, it took a few
seconds to return to the fluorescent state. During infrared
irradiation of 10 s, the molecule repeated several times a cycle
between fluorescent and nonfluorescent states. When Ijg was
raised to 400 W ¢cm™2, the fluorescence recovery became
almost instantaneous. The molecule practically continued to
fluoresce during the time when the infrared was on. The effect
of the infrared on fluorescence was saturated at this intensity
of the infrared.

We quantified the infrared-induced fluorescence recovery,
Al by measuring the fluorescence intensity averaged over
10 s after infrared irradiation was added to a nonfluorescent
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Figure 4. (a) Fluorescence-detected infrared-absorption spec-
trum of a single A660-labeled BSA molecule taken at 1.5 K
(orange). Iy was 60 W cm™ 2 and Iz was below 30 W cm ™2,
(b) The average of the spectra taken in the same way as in part a for
11 individual A660-labeled BSA molecules (red). The black curve
in parts a and b indicates the FT-IR spectrum of an ensemble of
BSA. (c) The average of the 11 infrared-absorption spectra of D0
solvent detected as infrared-induced visible-fluorescence recov-
ery of single A660 :solated in a D,0 buffer taken at 1.5 K (blue).
Iyis was 110 W cm™ 2 and Iz was 100 W cm™ 2. The FEIR spectrum
of the bulk D0 is indicated by the black curve.

dye-labeled protein. Figure 3b plots Al measured for a single
A660-labeled BSA molecule at 1.5 K as a function of I;g, both
on a logarithmic scale. The infrared wavenumber v;g was
fixed at 1650 cm™'. Under conditions of the weakest iz
among tested, Al does have a positive correlation with Iig,
as suggested by a straight line of slope 1. As indicated by a
broken line, Al is saturated above g of ~300 W cm™? in
accordance with the saturated response in Figure 3a with I;g of
400 W cm 2.

We obtained the infrared absorption spectrum of a single
BSA molecule by measuring the infrared-induced fluores-
cence recovery Al of a single A660-labeled BSA molecule
asa function of vjg at 1.5 K. The result is plotted in Figure 4a in
orange The intensity of the infrared Ijg was kept below 30 W
cm “ to avoid saturation. The spectrum was measured for 11
different single A660-labeled BSA molecules, and their aver-
ageis shownin Figure 4b in red. The black curve in Figure 4a,b
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shows the Fourier transform infrared absorption (FT-IR) spec-
trum of an ensemble of BSA. In Figure 4b, the average
spectrum of single BSAs (red) agrees with the FT-IR spectrum
of the ensemble (black). From the agreement, the orange
spectrum in Figure 4a is assigned to the C=0 vibrations of the
o-helical structures of the backbone of a single BSA molecule.

The infrared-induced fluorescence recovery of a single
A660 molecule was also observed for free A660 dissolved in
a D,0 buffer. The infrared spectrum measured by the same
method as that applied to single A660-labeled BSA is shown in
Figure 4c in blue. The spectrum agrees with the FT-IR spec-
trum of the bulk DO shown in black in the Figure. Although
much weaker than the fundamental vibrations, D,O does
have infrared absorption of a combination mode in this wave-
number range.”’ The infrared spectrum taken for A660 bound
to BSA (Figure 4b) is different from the infrared spectrum
taken for free A660 dissolved in D,O (Figure 4c). This shows
that the infrared-induced fluorescence recovery of A660 is not
determined by intramolecular process of the dye but induced
by the infrared absorption of the surroundings, which are BSA
in the case of A660-labeled BSA and the D,O solvent in the
case of free A660 dissolved in D,0.

As for stopping fluorescence of A660 at a few kelvins, it is
most probably a light-induced shift of the visible absorption
wavelength due to light-induced conformational change of
the protein or D,O matrix in the vicinity of A660. The process
corresponds to nonphotochemical spectral hole burning in
ensemble spectroscopy.”” Because the laser wavelength is
fixed at 633 nm, if the absorption wavelength shifts away
from the resonance, then A660 will stay nonfluorescent for
ever. A possible scenario for infrared-induced fluorescence re-
covery is conformational rearrangement of the environment
in the vicinity of A660 induced by absorption of infrared en-
ergy by the surroundings. To understand the mechanism of
the fluorescence recovery of A660, experiments using a laser
tunable in visible wavelength need to be conducted to in-
vestigate spectral diffusion of single molecules as well as
spectral hole burning of an ensemble.**** The results would
provide the guidelines for searching for other suitable dyes.

In the present work, we developed a novel method for vib-
rational infrared spectroscopy of single proteins, that is, detec-
ting the infrared-induced recovery of the visible fluorescence
from a dye with which the protein was labeled. Thanks to the
infrared-induced fluorescence recovery of the dye, Alexa Fluor
660, the sensitivity of detecting infrared absorption of pro-
teins is raised to the level of visible-fluorescence detection of
single molecules.
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