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Laser-induced fluorescence detection of single molecules in  The dyes’ emission intensity depends on the excitation power
solution has proven to be a powerful tool in molecular biology and (P) and the oxygen content of the solution. To quantify these effects,
analytical chemistry. Proposals for DNA sequencing based on we introduced the ratio
single-molecule detection rely on the registration and characteriza-
tion of fluorescent bursts from single dye-labeled nucleotides R= Fldeoxy
passing the laser-illuminated probe volukia.such a scheme, the Fl
presence or absence of a single analyte molecule can be registered
with high precision. Other detection schemes rely on a change in of the total fluorescence intensities of the dye, FI, without oxygen
emission intensity of a single luminescent probe caused by (deoxy) and when oxygen is present (oxy). The notation (oxy) refers
interaction with an analyte. A prominent example is oxygen-induced to solutions equilibrated with air. Under these conditions, 24-mer
quenching of the triplet state of a single molecighich typically tarantula hemocyanin as well as its subunits is completely oxygen-
results in fluctuations of the fluorescence intensity. Indeed, emission ated** In Figure 1a, the rati® is plotted versus the excitation
from single or a few molecules, which interacted with many oxygen Power. For dye without protein, the rat®starts with a value of
molecules, was proposed for quantitative oxygen serishigre, 1 and drops below unity with increasing laser power. This decrease
we introduce a method to detect individual oxygen molecules by Occurs because at higher intensities more and more molecules are
fluorescence microscopy of single hemocyanins, which bind oxygen PUmped into the triplet state. However, €hortens the triplet off-
with high affinity. Former attempts to image single hemocyanins times in the oxygenated sample and brings the dye molecules back
by their intrinsic tryptophan emission were severely limited by MO the ﬂUOVeSCGﬂC? cyckeé Cons_equently, when Qs present,
photobleachind.In a new approach, a spectrometric signature of € dye becomes brighter than without. When the dye is attached
the oxygenated protein is transferred to an attached fluorescencd® hemocyanin, the low intensity value of the rafois about 2
label, which can be readily detected at the single-molecule level. (Figure 1a). This is caused by an additional process, FRET’_ which
The technique presented also opens new perspectives for thequenChes the fluore§cence of the oxygenated sample. W'.t h increas-
investigation of cooperative oxygen binding in respiratory proteins. Ing Igser Power, 0 ff-times dge tothe trlplgt sta.te become S|gnn‘|cant’.

In our study, we used a well characterized hemocyanin, the Agaln, oxy_gen-lnduced triplet_quenching increases the dyes

. . - brightness in the oxygenated sample. Therefore, the Ratimps,
respiratory protein of the tarantuteurypelma californicumas a

. . ) when the excitation power increases. To h&sufficiently large
model systen.It consists of 24 subunits, arranged in four hexamers. . . ) .
o - in the following experiments the excitation power was kept as low
Each subunit is able to bind one molecule of oxygen between two as possible
copper ions in a side-on conformatibh.The oxygenr-copper '

lex is ch ized b h for ab ion band For single-molecule microscopy, labeled proteins were deoxy-
complex is characterized by two charge-transfer ax sorpthn an Sgenated/reoxygenated in an atmos-bag and immobilized by adsorp-
at 340 and 570 nriBoth bands can be used as a linear signal to

; tion on a glass cover slide. Images were recorded with a confocal
monitor the amount of bound £&and are absent when no, & microscope at the glass buffer interface (10 ms/pixel). Typically,
bound? Therefore, hemocyanins are well suited for the kind of

; co ) ) about 50 molecules were detected per image, antis4images
investigations described here. To conduct single-molecule Spec-\yere recorded for each excitation power and each oxygenation state.

troscopy, the absorption signal was transformed into a quorescence,mages were smoothed by convolution with a Gaussian kernel (5
signal by a dye label. The dye, TAMRA-SE, was covalently . 5 pixel) to determinex- and y-positions of the molecules.
attached by its amino-reactitehydroxysuccinimidyl ester to lysine  However, to determine the brightnesses of the molecules, in a first
residues of the protein. The fluorescence quantum yield of the label gpproach, the untreated images were used. To characterize the dye
decreases by roughly a factor of 2 when 8 bound by the  at the single-molecule level, a new raf®was defined based on
hemocyanirt® Due to the spectral overlap and the close proximity, the average brightnegs(counts per pixel) of the molecules in the

the quenching process is attributed to FRET (Fluorescence Resodeoxygenated and oxygenated state, respectively:

nance Energy Transfer), where the dye is acting as the donor and

oxy

the oxygenated active site of the protein as the acceptor. TiséeFo _ Mdeoxy

radius R ~ 3.0 nm) is in the order of half of the subunit size R = ny

(7 nm x 5 nm), suggesting that a dye molecule monitors the O

binding of the subunit where it is attache#. Labeling was The ratioR versus excitation power is plotted in Figure 1b. It

performed with a molar ratio of 0.9 dyes per 24-mer hemocyanin starts with a value of 1.6, which is similar to the values obtained
in order to minimize double labeling. Ensemble oxygen binding in the ensemble experiments. The signal drops below unity with
curves in solution could be reliably measured with the labeled increasing laser power. Again, this reflects the competition of
hemocyaning? To study isolated subunits, the oligomers were fluorescence quenching and increase due to FRET and triplet
dissociated following standard procedures from the literdture. quenching, respectively. Imaging of single dye molecules without
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(a) 5L (b) P distributions of oxygenated and deoxygenated samples vanishes and
I e dye-protein the brightness histograms are completely separated. Due to the
% O dye brightness of the dye, it is possible to assign whether a single O
. ; . molecule is bound or not by an individual subunit. This approach
results in an averaging over 250 ms, which is longer than the
retention period of oxygen bound by hemocyanin subunits of about
5 0.1 s'3Therefore, although only one oxygen molecule can be bound
@ to a single subunit at a time, it need not be the same during image
acquisition. In air, the mean off-time (no oxygen bound, bright state)
LA S I e A R T of tarantula hemocyanin subunits is in the order of 1 ms, which is
0 100 200 SIS 112 10 times shorter than our integration time per pixel. In consequence,
P/ uW P/ uW in air, hemocyanin subunits appear always oxygenated when
Figure 1. Ratios of TAMRA fluorescence intensity (deoxygenated/ measured with the current time resolution of our setup.
oxygenated samples) in dependence on the excitation power: (a) at the | summary, we have shown that single oxygen molecules can

ensemble level in solution (rati®), and (b) for single molecules im- . - - )
mobilized on a surface (rati®). Protein stands for 24-mer tarantula be detected by optically addressing single fluorescent-labeled

ratio R
ratio R

hemocyanin. subunits of hemocyanin. Although not yet fully explored and limited
by oxygen-induced photobleaching, a potential application could
(a) 200+ - be the development of very small and sensitive oxygen sensors.
> 150+ = zxyx Devices based on tarantula hemocyanin subunits could span a range
§ Pzi(;s);n fit of about =50 kPa oxygen partial pressure above the solution.
2 100 Hemocyanins from other animals possess different oxygen affinities,
2 50 offering a multitude of sensor rangeb addition, our results pave
the road toward detection of oxygen binding curves of single
0= respiratory proteins. This promises to be an important step in
(b) 200- understanding the cooperativity of oxygen binding.
~ 1504 ; ;xy Acknowledgment. We thank H. Decker (Molecular Biophysics,
§ eoxy Mainz) for purified 24-mer tarantula hemocyanin.
S 1004
5 Supporting Information Available: Methods; example images of
& 504 single deoxygenated and oxygenated hemocyanin molecules. This
0- material is available free of charge via the Internet at http://pubs.acs.org.
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