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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

Among the most exciting possibilities opened up by thewere frequently detached from the surface and rapidly ro-
recent advances in room-temperature fluorescence speeted around the carbon tether. Since the fluorophores
troscopy of single molecules [1-16] is the prospect ofwere anchored to the substrate through the DNA molecule,
observing conformational changes of macromolecules urthey could not diffuse away from the excitation volume.
dergoing biochemical reactions. Two properties of aThis arrangement is most suited for the investigation of ro-
single fluorescent probe attached to a macromolecule caational diffusion kinetics of single molecules. It is worth
be exploited in a way which is not possible in an ensembl@oting that manyin vitro biological experiments are per-
study. The firstis the high sensitivity of the fluorophore toformed under similar conditions, where fluorescent labels
factors in its local environments such as quenchers. Thare used to probe biological macromolecules at water-solid
second is its unique transition dipole, which can be interinterfaces.
rogated by polarized excitation/emission. Conformation Automatic search was employed to locate the molecules
change can be detected by measuring distance changasthe center of the laser spot [20]. The excitation laser
between two sites on the macromolecule, via single-pailight was linearly polarized and the polarization angle was
fluorescence resonance energy transfer [10], or by deteatepeatedly swept over 120 The fluorescence emission
ing changes in the dipole orientation of a rigidly attachedntensities were split by a polarizing beam splitter (PBS)
probe [12,17,18], or by their combination. to two componentd, and, (§ and p are orthogonal

Light absorption by a fluorescent molecule is propor-polarization angles defined relative to the PBS) and
tional to (E - &) or to cos(6) whered is the angle be- recorded by two detectors (see Fig. 1).
tween the electric field& and the dipole momenk. By Typical single molecule data are shown in Fig. 2.
continuously rotating®, this cosine dependence was re-Figure 2(a) shows raw data of simultaneously obtained
cently shown [12,19] on single molecules. Concurren€mission time traces of a rapidly rotating molecule.
recording of polarization response of single moleculesine single molecule nature of the signal is evident
can make a distiction between rotational jumps and variffom the abrupt photobleaching. Figure 2(b) shows the
ous other dynamical events such as spectral diffusion anggme data as in Fig. 2(a), background subtracted and
dark states [4,12]. In liquids, rotational dynamics becomell periods averaged. The axis is converted to the
more prominent, and it is even more important to clearlylaser polarization angle?, measured relative to thg
separate out the rotational part from other processes. ~ Polarization. Figures 2(c), 2(d), and 2(e) show similarly

In this Letter we use polarization anisotropy with con-pProcessed data for another three molecules. In general,
tinuously rotated excitation angle to measure rotationaPoth Z; and 7, follow a cos(¢) curve with a nonzero
dynamics of single fluorophores in liquid. In contrast toPase line. The relative phase betwegrand/, as well
conventional steady-state ensemble fluorescence polarizas their modulation depth is a very sensitive function
tion anistropy, it provides information on the hindered mo-Of the molecular rotation characteristics. The excitation
tion of the fluorophore in addition to rotational diffusion. iS most effective whenullE, and the polarization of

A Texas Red fluorophore was covalently linked to athe emitted light is parallel tqi(s) at the moment of
short DNA molecule by a flexible carbon chain. The€mission. For example, in the case of an immobilized
DNA-fluorophore complexes were adsorbed on a glas§uorophore, the in-plane dipole is determined from the
surface [10] with a density of 0.5 molecufgsm? and absolute phase of eithdy or I, (which have the same
excited, one at a time, by a tightly focused laser spoPhase) [12]. For a freely rotating fluorophore, with a
(~04 Mm) In contrastto a prev|0us Study under dry Con_l’.Ota.tlona| dlfoSan SIOWer or Comparab|e to the emission
ditions [12], fluorescent molecules under aqueous buffelifetime, the emission polarization will mostly follow
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p-Detector and lead to quantitative information about the degree of
hindered rotation and the rotational diffusion rate.

The single fluorophore is modeled by a dipole moment
rapidly rotating within a cone. In principle, it is possible
to numerically solve the rotational diffusion equation with
s-Detector the boundary condition of the cone for 3D rotation. How-
ever, to make the calculation simpler, we consider here
the case of a dipole rotating in the plane with reflecting
boundary conditions [21]. Since the measurement is sen-
sitive only to the in-plane component of the dipole, the ap-
proximation is quite good as long as the projection to the
plane is properly accounted for (see below). The dipole
R is allowed to rotate in thé-p plane and makes an angle
FIG. 1. Experiment schematic& —excitation field, making ¢ with p (see Fig. 1). It is rotating around the anghg,
an angled relative to p. 2 is the propagation direction for \vith a half cone angle, projected to the plane AGfmax:

the exciting field and the collection axis for the fluorescence, .
emission. &, and . are the molecular dipole moments for b0 = Admax < ¢ < $o + Admax. Itis further assumed

absorption and emissiony represents the rotational diffusion that (i) the dipole can be found anywhere within the cone
during the excited state lifetime. The dipole moment iswith identical probabilities [result of the reflecting bound-
constrained to a cone with a center angig and a half cone ary conditions, Eq. (3)], and that (ijk.|lx. (absorbtion
?h“eglt‘;v%‘ﬁgiﬁaﬁag?eaCnO(;'?Ctegreergi'riﬂﬁgn'goigl't ?thgﬁjgstﬁhng and emission dipoles are collinear) in the absence of rota-
inset shovgs the chemical structure of the )(;Iye-DNA c.omplext!on‘r"I d'ﬁl_JS'on' The probablllt)_/ distribution fL.mC.tlon o
and the linker region. find the dipole at an angle’ at timer after excitation at

t = 0 and angleg is v(¢, @',1), given as a solution of
. . . the following diffusion equation:
E(r),i.e., ifE|s, I, > I, and if E||p, I, < I,, resulting / 2 /
in a (180) phase differlénce between the t\;]vo signals. In 0v(, 1) _p? v(f’(ﬁ 1) ,
the case of a hindered rotation in a limited cone angle, ot I°¢’
the phase shift between the two signals will take anyhereD* is the effective rotational diffusion coefficient.
intermediate value betweeri @nd 180. We show below  Solution forv is obtained from the initial condition:
that this qualitative discussion can be put on a firm basis

(1)

v(g, ¢t =0) = 6(p — ¢') (2)
200 and reflecting boundary conditions:
(2]
a Jdv Jdv

§150 @) = =0, 7 =0. (3
- d¢p ¢'=cho—Apmax d¢ ¢'=do+APmax
*2 100 I, and/,, for a given excitation polarization angtg are
3 50 evaluated by
o, %

: . : . .- 2
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and similarly for7,. The absorption probability is given
by [E(a) - 1(0)?, wherei(0) is the dipole moment ori-
entation upon excitation at= 0. The emission proba-
bility along § is [§ - u(r)]* and similarly for p, where
(1) is the dipole moment at time Hindered rotational
diffusion is expressed as(¢, ¢',t) and the lifetime ef-
fect is accounted for by'(t) = ¢~"/7/7, wherer is the
emission lifetime. For angular integration, the rotational
time scale is assumed to be much faster than the data ac-
quisition time7T. Temporal integration accounts for the
FIG. 2. (a) Simultaneously recordef (black line) andl,  steady-state nature of the measurement, and the calcula-
(gray line) of a molecule rapidly rotating in liquid. (b) The 5n s repeated for eadh

data in (a) after time averaging and background subtraction. - .
Circles for I, and squares fof,. Best fits according to the The r'esu!tlng calculated S|gn*als§,(0) and 1,(0), are
model described in the text are shown. (c), (d), and (e) ar®lotted in Fig. 3. The producb™r is a measure of the

results on three other molecules. rotational diffusion rate and ¢nax represents the degree

200

100

50

-80 0 80 -80 0 80

2094



VOoLUME 80, NUMBER 10 PHYSICAL REVIEW LETTERS 9 MRcCH 1998
035
\l.éq)'""" 90° 67.5° 45° 22.5°
-Q 0.30 O
06
0.25
So.
0.0 .
Q 0.15
Q 06 0.10 O ®)
<S03 w 0.05 00 g
0.0 0O 0) O
80 0 80-80 O 80-80 0 80-8 0 80 0.00
(@) : : . : :
\§¢max 40 50 60 70 80 90 100
Qs A
04 : : FIG. 4. Values of D*r and A¢, for 12 rapidly rotating
><>< 3 : molecules (circles). The two horizontal lines indic@ér for
0.0 the ensemble measurement in 3D (black line) and corrected for
projection to the plane (gray line).
008
Soa4
> - M l_// and corresponding rotational diffusion parametebof =
0.0

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 the
local motion of the fluorophore around its attachment
point to the DNA is the main cause of the Brownian de-
polarization. It is therefore possible to directly compare
the ensemble measurements with those of the single im-
mobilized DNA-fluorophore complexes on the glass-water
much slower tharmr, andD*r > 1 for very fast rotation. interface. The ensemble resultbfr = 0.25 is shown as
Also, A pmax = 0 for a fixed dipole and\ ¢pmax = 90° for  a black line in Fig. 4. Most of the data points lie below
free rotation. The results are arranged in a table formthis line because (ip* is smaller tharnD by a projection
where plots ofl; and I, are displayed for a few selected factor of up to2/7. The correction for this projection
values ofD*7, Admax, and¢y. The top row in Fig. 3(a) factor is replotted with a gray line in the figure; (ii) the ro-
illustrates the effect of the rotational hindrance. Both thetational diffusion of fluorophores is further slowed down
relative phase and the modulation depth chang&é@sax  due to the interaction with the surface.
changes from free rotationAgmax = 90°) to a fixed The data in Figs. 2(b) and 2(c) are indicative of a freely
dipole A ¢max = 0). The second row illustrates the effect rotating and a fixed fluorophore, respectively. However,
of faster rotation. With the help of the tables of Fig. 3 andmany fluorophores displayed a mixed behavior, where
a fitting procedure (which will be described elsewhereapproximately half of the time they were fixed to the
fits shown in Figs. 2(b)—2(e), we can unambiguouslysurface and half of the time they freely rotated. About 40%
determinegq, A dmax, aNdD* 7. of them underwent at least one rotational jump (defined
All 11 rotating molecules examined could be fit in a as an abrupt change iy and/or inA¢ma). The time
similar manner and the resulting distributions d%,.x ~ sequence in Fig. 5(a) shows seven consecutive rotational
andD*7 are shown in Fig. 4. The steric hindrance due tojumps experienced by a single molecule. Surprisingly, as
neighboring chemical groups, determined by the geometseen in Fig. 5 for this particular molecule, and also for
rical structure of the DNA molecule and the surface, carmany others, molecules are repeatedly readsorbed to the
restrictA ¢max to @ value<90°, as observed for 11 studied surface with the sameé, (with arbitrary distribution ofp,
molecules. Because of residual birefringence in the opamong molecules). These repeated visits to the same fixed
tics, it is not possible to distinguish between completelystate suggest a favorable binding geometry to the DNA or
immobilized molecules and slightly dithering moleculesto the surface.
(0 < Admax < 20°). However, the absence of rotating In addition to rotational jumps, we also observe long
molecules withA ¢ . < 50° indicates that the molecules (>10 ms) dark states that are momentary cessation of the
are rapidly rotating with relatively small perturbation onceemission up to a few seconds. Dark states, or “blink-
detached. ing,” have been observed for many different systems
Conventional fluorescence polarization anisotropy meaf2,15,16,22,23]. Although the origin of these dark states is
surement on an ensemble of the same DNA-fluorophoraot known, it is possible that it is due to a photogenerated,
complexes in solution [10] yielded anisotropy= 0.17  nonfluorescent twisted conformation [24]. To see if the
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and 90 for (b).

of allowed rotation. Note thatD*r = 0 for rotation
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jump to be activated. Inthe same span, 35 dark states were
\ - observed, and therefore it takés< 107/35 = 10° emis-

( sion cycles to activate jumps to dark states. Itis likely that
photoactivated rotational jumps as well as dark states are

90 { (a)

60 -

é caused by a light-induced conformational change. Such a
< change can alter the binding strength of the fluorophore to
& 304 the surface and induce desorption or readsorption. Spon-

taneous jumps might arise from thermally activated con-
L formational changes and should also be responsible for the
much enhanced probability of rapid rotation in liquid. Pre-
liminary data obtained for other fluorophore-DNA com-

0 10 20 30 40 50 plexes in liquid suggest that the equilibrium population in
Time (second) the rapidly rotating state ranges from near zero (CY5) to

2 100% (tetramethylrhodamine). Specific molecular inter-
(b) action must be responsible for the differences. We pre-

viously reported the correlation between dark states and
spectral jumps [25]. In this work, we did not find any cor-
relation between the dark states and the rotational jumps.
Distinct conformations and reaction pathways should be
responsible for dark states and rotational jumps.
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Frequency (s'l)

0 10 20 30

Excitation Power (mW)

FIG. 5. (a) Time sequence of seven consecutive rotational . . :
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