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ABSTRACT A series of DNA molecules labeled with 5-carboxytetramethylrhodamine (5-TAMRA) and the small nitroxide
radical TEMPO were synthesized and tested to investigate whether the intramolecular quenching efficiency can be used to
measure short intramolecular distances in small ensemble and single-molecule experiments. In combination with distance
calculations using molecular mechanics modeling, the experimental results from steady-state ensemble fluorescence and
fluorescence correlation spectroscopy measurements both show an exponential decrease in the quenching rate constant with
the dye-quencher distance in the 10–30 Å range. The results demonstrate that TEMPO-5-TAMRA fluorescence quenching is
a promising method to measure short distance changes within single biomolecules.
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The study of conformational distributions and dynamics

of biomolecules has been revolutionized in recent years

by single-molecule fluorescence resonance energy transfer

(FRET), which is an efficient tool for measuring distances

between 30 and 80 Å. In contrast, fewer examples of single-

molecule studies have been reported for monitoring shorter

distances in the sub-30 Å range. A general methodology with

such a capability would be very useful for studying detailed

molecular structures, such as those of protein and RNA

secondary structures during folding, binding, and assembly.

At the single-molecule level, fluorescence self-quenching

has been used for protein folding studies (1), and fluorescence

quenching of organic dyes by tryptophan or guanosine via

photoinduced electron transfer has also been reported to

measure short distances and fluctuations in peptides, pro-

teins, and DNA (2–5). However, there has been no description

so far of a method analogous to FRET, where dye and

quencher are independently attached to points of interest on

a biomolecule, allowing the distance between these points to

be monitored.

TEMPO is a small organic nitroxide radical. Several

studies have used its fluorescence quenching and electron

paramagnetic resonance characteristics to obtain structural

information for proteins and RNA, and have shown that its

conjugation is well tolerated in these biomolecules (6,7).

Furthermore, the distance dependence of the fluorescence

quenching rate for a related nitroxide radical PROXYL has

been studied by ensemble fluorescence spectroscopy, and

shows an exponential distance dependence (8), providing

additional support for TEMPO quenching as an attractive

candidate for a short-range single-molecule ruler. Based

on these features, in this work, we have used fluorescence

correlation spectroscopy (FCS) to demonstrate intramolec-

ular quenching by TEMPO of 5-carboxytetramethylrho-

damine (5-TAMRA, a commonly used dye for single-

molecule studies) as a sub-30 Å distance ruler for small

ensemble/single-molecule measurements.

To this end, we labeled 29-mer DNA molecules with

5-TAMRA and TEMPO at different positions, producing a

DNA series with different distances between the dye and

quencher (sequence and constructs are shown in Fig. 1). To

calculate theoretical distances between dye and quencher, we

built a double-stranded DNA model (corresponding to the

first 10 basepairs of the 29-mer sequence) using Hyperchem

7.51. We then used this model to optimize structures corre-

sponding to each of our doubly labeled constructs using the

BIO1(CHARMM) molecular mechanics force field, and

calculated dye-quencher distances. Double labeling and dis-

tance calculation protocols are detailed in the Supplementary

Material.

In our experiments, we first performed steady-state ensem-

ble fluorescence measurements for each construct with and

without the quencher. The quenching efficiencies (Qens) were

calculated using the average fluorescence intensities for the

DNA constructs with and without quencher (Supplemen-

tary Material). Qens varied from .50% at 10.5 Å, to close

to zero at 47 Å. The quenching rate constants were calcu-

lated from Qens (Supplementary Material) and are plotted

as a function of the theoretical quencher-dye distance (R) in
Fig. 2, showing an exponential decrease with increasing

distance (solid line, Fig. 2) in the 10–30 Å range, consistent

with previous work (8,9,10).

We next used FCS to investigate the properties of the

fluorescence quenching of 5-TAMRA by TEMPO at a small

ensemble/single-molecule level. FCS is based on the time

correlation of fluorescence fluctuations observed in a sub-

femtoliter volume of a sample solution. In this study, FCS
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data were recorded on a homebuilt setup (see Supplementary

Material), averaged (10 files of 60 s each), and the correlation

functions G(t) analyzed to extract N, the average number

of molecules in the excitation volume, and tD, the char-

acteristic diffusion time of the particle (11,12). The average

diffusion coefficient without (DT¼ 8.1 (60.6)3 10�11 m2 s�1)

and with the quencher (DTQ ¼ 7.8 (60.5) 3 10�11 m2 s�1)

are similar, showing that the addition of the quencher does

not significantly alter the diffusional properties of the DNA.

Our results also show that the number of molecules N
(proportional to concentration) with the quencher is not

significantly different from that without quencher (data not

shown), thus excluding a quenching mechanism involving

a long-lived (greater than the ;200 ms diffusion time) dark

state, which would lower the number of fluorescent

molecules detected in the focal volume. Moreover, no

significant increase in the triplet state fraction was observed

in the presence of the quencher (Fig. 2, inset, black/red
curves with/without quencher, respectively). By comparison,

quenching by iodide, known to occur by intersystem

crossing to the triplet state, produces an FCS curve (Fig. 2,

inset, green) displaying an additional fast decay. These

results suggest that TAMRA quenching by TEMPO does not

occur due to enhanced intersystem crossing of TAMRA to

a dark triplet state.

To evaluate the quenching observed by FCS, the average

count rate (I) for each construct was recorded and used to

calculate the brightness or count rate per molecule (h)

defined as h ¼ I/N. The quenching rate constants were then

derived from the quenching efficiencies (derived from h for

constructs with and without quencher; see Supplementary

Material). This quenching rate constant is plotted as a

function of the dye-quencher distance in Fig. 2, also showing

an exponential decay in good agreement with the ensemble

data. Finally, Fig. 2 also shows the expected quenching

based on a FRET mechanism and an R0 of 8 Å (Supplemen-

tary Material), observed to drop below 5% above 13 Å. A

comparison with the experimental data shows that a FRET

mechanism of quenching cannot be making a significant

contribution to the observed quenching above ;13 Å.

Our FCS distance dependence results show that TAMRA

fluorescence quenching by TEMPO can be used to measure

sub-30 Å distance changes with ;5 Å resolution in bio-

molecules at single-molecule resolution. The results also

rule out a predominant role of FRET or intersystem crossing

in the mechanism of the quenching process. Further technical

refinements will include improving accuracy by using single-

molecule fluorescence lifetime measurements as well as

monitoring long time trajectories on surface immobilized

molecules. We believe that this single-molecule distance mea-

surement technique will complement FRET for measuring

localized conformational changes for biomolecules during

their folding, assembly, and function, including monitoring

conformational fluctuations using FCS measurements (5).

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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FIGURE 1 Sequences and dye/quencher labeling positions

for the DNA constructs. Theoretical dye-quencher distances

frommolecular mechanics (see text and Supplementary Material)

are also shown above each construct.
FIGURE 2 Distance dependence of TEMPO quenching rate

constant (kTEMPO (s�1)) measured by ensemble fluorescence

(black solid circle) (solid line is single exponential decay fit) and

FCS (red solid square). Dashed line is the quenching component

expected due to FRET between TAMRA and TEMPO with R0 5
8 Å. Inset shows FCS curves of DNA-TAMRA (black), DNA-

TAMRA-TEMPO (red), and DNA-TAMRA in the presence of 10 mM

iodide (green). Error bars are 61 standard deviation.
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