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Hindered Rotational Diffusion and Rotational Jumps of Single Molecules
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We extended the sensitivity of fluorescence polarization anisotropy measurements to the single
molecule level by studying the polarization response of single fluorophores rapidly rotating in liquid.
Comparison with a simple model calculation allows us to obtain information on the hindered motion as
well as on the rotational diffusion in the presence of specific molecular interactions. We also observed
rotational jumps between surface-bound and unbound states and show that they are, similar to jumps to
long dark states, photoactivated. [S0031-9007(98)05503-3]

PACS numbers: 33.15.Kr, 33.50.– j, 33.80.–b
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Among the most exciting possibilities opened up by th
recent advances in room-temperature fluorescence sp
troscopy of single molecules [1–16] is the prospect o
observing conformational changes of macromolecules u
dergoing biochemical reactions. Two properties of
single fluorescent probe attached to a macromolecule c
be exploited in a way which is not possible in an ensemb
study. The first is the high sensitivity of the fluorophore t
factors in its local environments such as quenchers. T
second is its unique transition dipole, which can be inte
rogated by polarized excitation/emission. Conformatio
change can be detected by measuring distance chan
between two sites on the macromolecule, via single-p
fluorescence resonance energy transfer [10], or by dete
ing changes in the dipole orientation of a rigidly attache
probe [12,17,18], or by their combination.

Light absorption by a fluorescent molecule is propo
tional to s $E ? $md2 or to cos2sud whereu is the angle be-
tween the electric field$E and the dipole moment$m. By
continuously rotating$E, this cosine dependence was re
cently shown [12,19] on single molecules. Concurre
recording of polarization response of single molecule
can make a distiction between rotational jumps and va
ous other dynamical events such as spectral diffusion a
dark states [4,12]. In liquids, rotational dynamics becom
more prominent, and it is even more important to clear
separate out the rotational part from other processes.

In this Letter we use polarization anisotropy with con
tinuously rotated excitation angle to measure rotation
dynamics of single fluorophores in liquid. In contrast t
conventional steady-state ensemble fluorescence polar
tion anistropy, it provides information on the hindered mo
tion of the fluorophore in addition to rotational diffusion.

A Texas Red fluorophore was covalently linked to
short DNA molecule by a flexible carbon chain. Th
DNA-fluorophore complexes were adsorbed on a gla
surface [10] with a density of 0.5 moleculesymm2 and
excited, one at a time, by a tightly focused laser sp
(,0.4 mm). In contrast to a previous study under dry con
ditions [12], fluorescent molecules under aqueous buff
0031-9007y98y80(10)y2093(4)$15.00
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were frequently detached from the surface and rapidly r
tated around the carbon tether. Since the fluorophor
were anchored to the substrate through the DNA molecu
they could not diffuse away from the excitation volume
This arrangement is most suited for the investigation of ro
tational diffusion kinetics of single molecules. It is worth
noting that manyin vitro biological experiments are per-
formed under similar conditions, where fluorescent labe
are used to probe biological macromolecules at water-so
interfaces.

Automatic search was employed to locate the molecul
at the center of the laser spot [20]. The excitation las
light was linearly polarized and the polarization angle wa
repeatedly swept over 120±. The fluorescence emission
intensities were split by a polarizing beam splitter (PBS
to two componentsIs and Ip (ŝ and p̂ are orthogonal
polarization angles defined relative to the PBS) an
recorded by two detectors (see Fig. 1).

Typical single molecule data are shown in Fig. 2
Figure 2(a) shows raw data of simultaneously obtaine
emission time traces of a rapidly rotating molecule
The single molecule nature of the signal is eviden
from the abrupt photobleaching. Figure 2(b) shows th
same data as in Fig. 2(a), background subtracted a
11 periods averaged. Thex axis is converted to the
laser polarization angle,u, measured relative to thêp
polarization. Figures 2(c), 2(d), and 2(e) show similarl
processed data for another three molecules. In gener
both Is and Ip follow a cos2sud curve with a nonzero
base line. The relative phase betweenIs and Ip as well
as their modulation depth is a very sensitive functio
of the molecular rotation characteristics. The excitatio
is most effective when$mk $E, and the polarization of
the emitted light is parallel to$mstd at the moment of
emission. For example, in the case of an immobilize
fluorophore, the in-plane dipole is determined from th
absolute phase of eitherIs or Ip (which have the same
phase) [12]. For a freely rotating fluorophore, with a
rotational diffusion slower or comparable to the emissio
lifetime, the emission polarization will mostly follow
© 1998 The American Physical Society 2093
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FIG. 1. Experiment schematics:$E —excitation field, making
an angleu relative to p̂. ẑ is the propagation direction for
the exciting field and the collection axis for the fluorescenc
emission. $ma and $me are the molecular dipole moments for
absorption and emission.y represents the rotational diffusion
during the excited state lifetime. The dipole moment i
constrained to a cone with a center anglef0 and a half cone
angleDfmax. The collected emission is split by the PBS an
the two signals,Is and Ip, are simultaneously recorded. The
inset shows the chemical structure of the dye-DNA comple
and the linker region.

$Estd, i.e., if $Ekŝ, Is . Ip and if $Ekp̂, Is , Ip , resulting
in a (180±) phase difference between the two signals.
the case of a hindered rotation in a limited cone ang
the phase shift between the two signals will take a
intermediate value between 0± and 180±. We show below
that this qualitative discussion can be put on a firm bas

FIG. 2. (a) Simultaneously recordedIs (black line) andIp
(gray line) of a molecule rapidly rotating in liquid. (b) The
data in (a) after time averaging and background subtractio
Circles for Is and squares forIp. Best fits according to the
model described in the text are shown. (c), (d), and (e) a
results on three other molecules.
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and lead to quantitative information about the degree
hindered rotation and the rotational diffusion rate.

The single fluorophore is modeled by a dipole mome
rapidly rotating within a cone. In principle, it is possible
to numerically solve the rotational diffusion equation with
the boundary condition of the cone for 3D rotation. How
ever, to make the calculation simpler, we consider he
the case of a dipole rotating in the plane with reflectin
boundary conditions [21]. Since the measurement is se
sitive only to the in-plane component of the dipole, the ap
proximation is quite good as long as the projection to th
plane is properly accounted for (see below). The dipo
is allowed to rotate in thês-p̂ plane and makes an angle
f with p̂ (see Fig. 1). It is rotating around the anglef0,
with a half cone angle, projected to the plane, ofDfmax:
f0 2 Dfmax , f , f0 1 Dfmax. It is further assumed
that (i) the dipole can be found anywhere within the con
with identical probabilities [result of the reflecting bound
ary conditions, Eq. (3)], and that (ii)$mak $me (absorbtion
and emission dipoles are collinear) in the absence of ro
tional diffusion. The probability distribution function to
find the dipole at an anglef0 at timet after excitation at
t ­ 0 and anglef is ysf, f0, td, given as a solution of
the following diffusion equation:

≠ysf, f0, td
≠t

­ Dp ≠2ysf, f0, td
≠2f0

, (1)

whereDp is the effective rotational diffusion coefficient.
Solution fory is obtained from the initial condition:

ysf, f0, t ­ 0d ­ dsf 2 f0d (2)

and reflecting boundary conditions:

≠y

≠f0

Ç
f0­f02Dfmax

­ 0,
≠y

≠f0

Ç
f0­f01Dfmax

­ 0 . (3)

Is andIp, for a given excitation polarization angleu, are
evaluated by

Is ~
Z `

0

Z
f0

Z
f

f $Esud ? $ms0dg2

3 fŝ ? $mstdg2yfstd df0 df dt (4)

and similarly forIp. The absorption probability is given
by f $Esud ? $ms0dg2, where $ms0d is the dipole moment ori-
entation upon excitation att ­ 0. The emission proba-
bility along ŝ is fŝ ? $mstdg2 and similarly for p̂, where
$mstd is the dipole moment at timet. Hindered rotational
diffusion is expressed asysf, f0, td and the lifetime ef-
fect is accounted for byfstd ­ e2tytyt, wheret is the
emission lifetime. For angular integration, the rotationa
time scale is assumed to be much faster than the data
quisition timeT . Temporal integration accounts for the
steady-state nature of the measurement, and the calcu
tion is repeated for eachu.

The resulting calculated signals,Issud and Ipsud, are
plotted in Fig. 3. The productDpt is a measure of the
rotational diffusion rate andDfmax represents the degree
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FIG. 3. Model calculation forIssud (black line) andIpsud
(gray line) for givenDpt, f0, and Df0. f0 is 45± for (a)
and 90± for (b).

of allowed rotation. Note thatDpt > 0 for rotation
much slower thant, andDpt ¿ 1 for very fast rotation.
Also, Dfmax ­ 0 for a fixed dipole andDfmax ­ 90± for
free rotation. The results are arranged in a table form
where plots ofIs and Ip are displayed for a few selected
values ofDpt, Dfmax, andf0. The top row in Fig. 3(a)
illustrates the effect of the rotational hindrance. Both th
relative phase and the modulation depth change asDfmax

changes from free rotation (Dfmax ­ 90±) to a fixed
dipole (Dfmax ­ 0). The second row illustrates the effec
of faster rotation. With the help of the tables of Fig. 3 an
a fitting procedure (which will be described elsewhere
fits shown in Figs. 2(b)–2(e), we can unambiguous
determinef0, Dfmax, andDpt.

All 11 rotating molecules examined could be fit in a
similar manner and the resulting distributions ofDfmax

andDpt are shown in Fig. 4. The steric hindrance due t
neighboring chemical groups, determined by the geome
rical structure of the DNA molecule and the surface, ca
restrictDfmax to a value,90±, as observed for 11 studied
molecules. Because of residual birefringence in the o
tics, it is not possible to distinguish between complete
immobilized molecules and slightly dithering molecule
(0 , Dfmax , 20±). However, the absence of rotating
molecules withDfmax , 50± indicates that the molecules
are rapidly rotating with relatively small perturbation onc
detached.

Conventional fluorescence polarization anisotropy me
surement on an ensemble of the same DNA-fluoropho
complexes in solution [10] yielded anisotropyr ­ 0.17
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FIG. 4. Values of Dpt and Df0 for 12 rapidly rotating
molecules (circles). The two horizontal lines indicateDpt for
the ensemble measurement in 3D (black line) and corrected
projection to the plane (gray line).

and corresponding rotational diffusion parameter ofDt ­
0.25, whereD is the 3D rotational diffusion coefficient.
In solution, the free, but relatively heavy DNA mole-
cule is quasistationary during the emission lifetime, so th
local motion of the fluorophore around its attachmen
point to the DNA is the main cause of the Brownian de
polarization. It is therefore possible to directly compar
the ensemble measurements with those of the single i
mobilized DNA-fluorophore complexes on the glass-wate
interface. The ensemble result ofDt ­ 0.25 is shown as
a black line in Fig. 4. Most of the data points lie below
this line because (i)Dp is smaller thanD by a projection
factor of up to2yp . The correction for this projection
factor is replotted with a gray line in the figure; (ii) the ro-
tational diffusion of fluorophores is further slowed down
due to the interaction with the surface.

The data in Figs. 2(b) and 2(c) are indicative of a freel
rotating and a fixed fluorophore, respectively. Howeve
many fluorophores displayed a mixed behavior, whe
approximately half of the time they were fixed to the
surface and half of the time they freely rotated. About 40%
of them underwent at least one rotational jump (define
as an abrupt change inf0 and/or inDfmax). The time
sequence in Fig. 5(a) shows seven consecutive rotatio
jumps experienced by a single molecule. Surprisingly,
seen in Fig. 5 for this particular molecule, and also fo
many others, molecules are repeatedly readsorbed to
surface with the samef0 (with arbitrary distribution off0

among molecules). These repeated visits to the same fix
state suggest a favorable binding geometry to the DNA
to the surface.

In addition to rotational jumps, we also observe lon
(.10 ms) dark states that are momentary cessation of t
emission up to a few seconds. Dark states, or “blink
ing,” have been observed for many different system
[2,15,16,22,23]. Although the origin of these dark states
not known, it is possible that it is due to a photogenerate
nonfluorescent twisted conformation [24]. To see if th
2095



VOLUME 80, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 9 MARCH 1998

ere

at
are
h a
to

on-
n-
the
-
-
in
to
r-

re-
nd
-
ps.
be

d
ke-
-

n-
FIG. 5. (a) Time sequence of seven consecutive rotation
jumps experienced by a single molecule.f0 (gray line)
and Dfmax (black line) are plotted as function of time.
(b) Rotational jump frequency (circles) and jumping frequenc
to dark states (squares) as functions of excitation power. Line
regression fits are also shown.

rotational jumps and dark states are light driven or spo
taneous, measurements were made for three different
citation powersP of 2, 8, and 32mW. The data were
compiled for a total of 60 molecules, 20 molecules for eac
P. The total time of emission,Te, the number of rotational
jumps, Nr , and the number of jumps to dark states,Nd,
were extracted for each molecule. The rotational jum
frequencyfr ­

P
Nrys

P
Ted and the jump frequency to

dark statesfd ­
P

Ndys
P

Ted were calculated and plotted
for eachP in Fig. 5(b). Bothfr and fd are clearly lin-
early dependent onP, indicating they are photoactivated
Linear regressions to the data reveal thatfds0d > 0 but
fr s0d ­ 0.09 s21, showing spontaneous rotational jump
at zeroP. The total time of emission and the total num
ber of rotational jumps for all 60 molecules were 367
and 107 jumps, respectively. The number of spontaneo
rotational jumps is therefore given by367 3 0.09 ­ 33,
which is about 30% of the total. For 367 s,4 3 107 pho-
tons were emitted. Since there were 74 (107 2 33) pho-
toactivated rotational jumps, it follows that it takes abou
4 3 107y75 > 5 3 105 emission cycles for the rotational
2096
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jump to be activated. In the same span, 35 dark states w
observed, and therefore it takes4 3 107y35 > 106 emis-
sion cycles to activate jumps to dark states. It is likely th
photoactivated rotational jumps as well as dark states
caused by a light-induced conformational change. Suc
change can alter the binding strength of the fluorophore
the surface and induce desorption or readsorption. Sp
taneous jumps might arise from thermally activated co
formational changes and should also be responsible for
much enhanced probability of rapid rotation in liquid. Pre
liminary data obtained for other fluorophore-DNA com
plexes in liquid suggest that the equilibrium population
the rapidly rotating state ranges from near zero (CY5)
100% (tetramethylrhodamine). Specific molecular inte
action must be responsible for the differences. We p
viously reported the correlation between dark states a
spectral jumps [25]. In this work, we did not find any cor
relation between the dark states and the rotational jum
Distinct conformations and reaction pathways should
responsible for dark states and rotational jumps.
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