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Two new applications of single molecule methods in biology are described. In one, single assem-
blies of the intact light harvesting complex LH2 from Rhodopseudomonas acidophila were bound
to mica surfaces at 300K and examined by observing their fluorescence after polarized light exci-
tation. They mostly behaved as electrically elliptic absorbers whose ellipticity fluctuates, showing
that there is a mobile structural deformation. The other application involves the folding and un-
folding of a coiled coil GCN4-P1 peptides. By following the trajectory of individual members of a
folding ensemble we are able to evaluate of men and distributions of properties not available from
bulk studies.
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I. INTRODUCTION

Experimental understanding of biological and
chemical systems is based primarily on measure-
ments of many molecules and therefore the evolution
of the mean of that ensemble. However, since het-
erogeneity of structure and mechanism is required to
describe complex systems such as proteins and other
biological assemblies, this useful paradigm can break
down. Recent developments in single molecule de-
tection have allowed the study of single molecules
and single biological assemblies under physiological
conditions. By following the trajectory of individual
members of an equilibrium ensemble as they evolve
in time fluctuation rates, reaction rate constants, and
distributions of other properties can be evaluated.

We present two applications of single molecule
spectroscopy that illustrate how ensemble averaging
masks important dynamic properties fluctuating sys-
tems. In the first, mobile elliptical structural defor-
mations are observed in single assemblies of the light
harvesting complex, LH2. These mobile structural
deformations are averaged in bulk measurements re-
sulting in the erroneous conclusion that LH2 is a cir-
cular absorber. In the second application trajectories
of individual members of a folding ensemble of coiled
coil GCN4-P1 peptides allow us to determine distri-
butions of properties not available from bulk studies.

∗Electronic address: hochstra@sas.upenn.edu, talaga@rutgers.edu
†URL: http://talaga.rutgers.edu

II. STRUCTURAL DEFORMATIONS OF
SURFACE-IMMOBILIZED SINGLE LIGHT-HARVESTING
COMPLEXES.1

The crystal structure of the LH2 complex from pho-
tosynthetic bacteria Rhodopseudomonas acidophila is
notable for its high symmetry arrangement of the
nine αβ-dipeptides which form the scaffold holding
the associated bacteriochlorophyll (Bchl) cofactors.2
The LH2 Bchls are arranged into two rings that have
approximate 9-fold rotation symmetry. The B800 ring
contains nine monomeric Bchls located between the
β-apoproteins. The B850 ring consists of nine pairs
of Bchls each associated with one αβ-dipeptide. In
the LH2 complex the B800 ring absorbs light and
transfers the excitation energy to B850 in less than a
picosecond.3 The excitation properties of macromolec-
ular systems depend on the interplay between the nu-
clear motions that tend to localize excitations, and
the delocalizing effect of the interaction between the
molecules.4 Therefore the nature of the excitation and
energy transfer in the LH2 complex must depend not
only on the static or average structure but also on
the structural fluctuations that can occur in bacterial
membrane. Single molecule methods are well suited
for the investigation of the microseconds to seconds
structural dynamics.5 Previously we6 and others7 ap-
plied single molecule confocal microscopy for the pho-
tophysical and photochemical characterization of the
LH2 complexes.

The LH2 complexes were immobilized on a mica
surface to model the protein interactions occur-
ring in bacterial cells. The mica has some nega-
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FIG. 1 The fluorescence images of single mica-bound LH2
complexes excited with circularly polarized light at 794 nm
(A) and the distribution of the fluorescence count rates of
the 273 single LH2s fitted with a Gaussian function with a
mean = 833, and σ = 140 counts (B). The buffer is 50 mM
Tris·HCl, pH 7.8/0.1% lauryldimethylamine oxide.

tive charges on its atomically flat surface but it can
also have hydrophobic interactions with the protein.
The N-terminal regions of LH2 are largely negatively
charged because of 27 glutamates and should avoid
the mica surface. As a result, the LH2 is expected to
be bound to the mica via C-termini. In that case the
B850 ring will be closest to the surface.

The fluorescence images and trajectories were
recorded on a confocal microscope1 on samples deoxy-
genated by an enzymatic system. Because the transi-
tion dipoles for B850 and B800 both lie in the xy-plane
of the LH2 complex,8 both B850 and B800 should be-
have as essentially circular oscillators with the same
absorption cross section for all linear polarizations in
the xy-plane (x, y, z are the molecule fixed coordinates
with z the cylindrical axis of the assembly and X, Y, Z
are the laboratory fixed coordinates with X, Y as the
focal plane of the microscope.) If LH2 had the ideal
circular characteristics, then its absorption cross sec-
tion in circularly polarized light would depend only on
the tilt angle θ between the Z-axis and the direction
of light propagation, Z:

ACIRC =
1
2
(1 + cos2 θ) (1)

For linear polarization the ideal absorption cross
section also depends on the direction in the XY-plane

about which tilt occurs:

Aχ = cos2 χ + sin2 χ + cos2 θ (2)

where φ− α = χ is the angle in the XY-plane between
the linear polarization axis α and the axis of tilt φ
both determined with respect to X.

The total angular parts of the fluorescence signal
intensities for circular and linearly polarized excita-
tion, in the ideal case, are:

SCIRC =
1
2
(1 + cos2 θ)2 (3)

Sχ = (cos2 χ + sin2 χ + cos2 θ)(1 + cos2 θ) (4)

The high sensitivity of SCIRC and Sχ to the tilt angle
is evident from Equations 3 and 4. When we excited
the single LH2 complexes via the B800 ring (CW exci-
tation at 794 nm) with circularly polarized light, the
fluorescence images (Fig. 1A) had a narrow distribu-
tion of count rates (Fig. 1B).

The width of this distribution contains a contribu-
tion of ca. 20% from the fluorescence signal blinking,
which is different for each single assembly. As shown
by Equation 1, the fluorescence signals of single mica
immobilized LH2 complexes excited with circularly
polarized light should not depend on the azimuthal
angles. Therefore, the variance in the tilt angle must
be significantly less than the width of the fluorescence
count rate distribution.

In the next set of experiments the 794 nm excita-
tion light was switched between two orthogonal po-
larization directions X and Y at 16 Hz. The corre-
sponding trajectories for fluorescence from B850 are
labeled Ix and Iy. The total signal is IT = Ix + Iy.
Fig. 2A shows one fluorescence polarization trajectory
having Ix = Iy and constant IT . However, it was more
common to observe different signals for X and Y polar-
ization (Fig. 2B). The fluctuations in Ix and Iy suggest
that for the majority of the single LH2 complexes ei-
ther the elliptic principal axes rotate in the XY-plane
or the z-axis precesses about the Z-axis keeping the
tilt angle constant. The total emission signal does
not change during these motions. For the 78 single
LH2 complexes that were investigated by the linear
polarization switching 33% have similar or constantly
different values of and while 67% of the single LH2
complexes undergo dynamic transformations in and
on the time scale of seconds. To further character-
ize the anisotropic properties of Bchls we determined
the average values of and for each single LH2 assem-
bly. From these results we obtained the trajectory
averaged polarization ratios, IminT /ImaxT shown in
Fig. 3A. The majority of single LH2 complexes excited
at 794 nm have the ratio IminT /ImaxT , significantly
less than unity.

In contrast to the results for B800, when the sin-
gle LH2 assemblies were excited with linearly polar-
ized light at 850 nm (B850), the majority of and tra-
jectories (67%) were very similar (e. g., Fig. 4A). A
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FIG. 2 The fluorescence trajectories of single LH2 complexes detected with the excitation polarization switching between 0
and π /2 at 794 nm. (A) LH2 assembly with overlapping and trajectories. (B) LH2 having substantial polarization changes.
Black,; red, ; blue, the total fluorescence signal.
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FIG. 3 The distributions of polarization ratios of single LH2 complexes determined in the polarization switching measure-
ments. (A) λex is 794 nm. (B) λexis 850 nm.

fraction (33%) of the polarization trajectories under-
went fluctuations (e. g., Fig. 4B). Fig. 3B shows the
IminT/ImaxT distribution for single LH2 complexes
excited at 850 nm. This distribution is much narrower
than the distribution at 794 nm. The majority of LH2
complexes excited via B850 had IminT /ImaxT values
close to unity indicating an apparently more circular
oscillator response.

To obtain a more complete picture of the linear po-
larization properties we swept the 794 nm excitation
over 155◦. During the sweep the detected fluorescence
of a single LH2 complex (S) should have the general
form:

S = A cos2(α + δ) + B (5)

where A is an amplitude, δ is a relative phase, B is an
offset, and α = 0 to 155◦ is the sweep angle. Accord-
ing to Equation 5, only B would contribute to the total
fluorescence if the single LH2 assemblies were lying
flat and B800 and B850 were optically ideal. Fig. 5
shows the phase and count rate trajectories of typical
single LH2 complexes, determined from the detected
fluorescence trajectories using Equation 5. Fig. 5A
shows an example with a relatively constant δ during
the whole measurement. The δ trajectory of single

LH2 complex shown on Fig. 5C undergoes numerous
transitions while the total count rate remains essen-
tially constant. Fig. 6 shows the time-resolved proba-
bility histogram of the phase of this assembly. Fig. 5,
B and D shows the distributions of δ for the single
LH2 complexes presented on Fig. 5A and C. The data
of Fig. 5 and Fig. 6 are typical of what was seen for
a large number of single LH2 complexes undergoing
the frequent changes in δ often in jumps of ca. 40◦.

If the polarization and its dynamics were due to tilt-
ing of cylindrical LH2 there should be a correlation
between the apparent ellipticity and the total signal.
A statistical analysis revealed a correlation coefficient
of ca. 0.28, suggesting that tilting is not the main con-
tribution to the polarization anisotropy magnitudes
or changes.

It was also found that free and mica-bound LH2
complexes have overlapping fluorescence spectra
(Fig. 7A). The fluorescence peak position of the sin-
gle LH2 complexes fluctuates by more than 100 cm−1,
and the width by over 200 cm−1 during the measure-
ment. The distribution of fluorescence peaks (Fig. 7B)
is peaked at 11540 cm−1 with a shoulder near 11460
cm−1. We have suggested that the shoulder might be-
long to the LH2 complexes that emit from the low-
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FIG. 4 The fluorescence trajectories of single LH2 complexes detected with the excitation polarization switching between 0
and π /2 at 850 nm (A) LH2 with similar and trajectories. (B) LH2 complexes undergoing fluctuations in the and signals.
Black,; red, ; blue, the total fluorescence signal.
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FIG. 5 The polarization asymmetry of single LH2 complexes measured by sweeping of the excitation polarization over 155◦.
(A) The δ and count rate trajectory of single LH2 complex with a stable δ value during the whole measurement. (B) The
distribution of the δ values determined for single LH2 complex shown on (A). (C) The δ and count rate trajectory of single
LH2 assembly undergoing numerous changes in δ . (D) The distribution of the δ values determined from the δ trajectory
presented on (C).

est exciton level of the B850 band of states .2,9 This
transition is forbidden for the circular structure but
allowed for elliptical electronic symmetry of the sys-
tem.

The main results of these single molecule inves-
tigations come from the polarization switching and
sweeping experiments. The circular oscillator model
does not reasonably explain the data. The fact that
changes in the fluorescence polarization signals are
not often accompanied by changes in the total emis-
sion suggests that the fluctuations in the polarization
signals of single LH2s are not caused by variations
in tilt angle, but instead by variations in the φ angle

of a tilted molecule. However, significant changes in
δ are seen when the 794 nm excitation polarization is
swept. In an ideal circular model this result would re-
quire all LH2 complexes to be tilted within a narrow
distribution of angles. Moreover, a given single LH2
would need to undergo significant (0 140◦) preces-
sion in φ angle without any significant changes in the
θ angle. In a structural model in which immobilized
LH2 complexes are dynamic, elliptic absorbers and
emitters seem much more reasonable. The polariza-
tion changes seen in the experiments are therefore at-
tributed to fluctuations of the electronic ellipticity and
of the directions of the principal axes of the absorp-
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FIG. 6 The time-resolved probability histogram of the
phase of single LH2 presented on Fig. 4 (A, B). The num-
ber of occurrences varies from 0 (black) to 15 (white).

tion ellipse. For LH2 an elliptical absorber is defined
as having two nearly degenerate excitations with un-
equal transition dipoles whose vectors are fixed in the
molecular frame. Any structural distortion that de-
stroys the three-fold rotational symmetry of the B800
and/or B850 electronic states would yield an electron-
ically elliptical absorber and emitter. The polariza-
tion sweeping measurement of δ locates the princi-
pal axes of the ellipse in the XY plane. Significant
changes in δ for a single molecule are most reasonably
explained by distortions occurring at different loca-
tions around the ring structures rather than by a pre-
cession around the z axis of the whole LH2 assembly.
Interestingly, the phase fluctuations of ca. 2π /9 = 40◦
are very commonly observed in the data, as if a dis-
tortion at one location often shifts around the struc-
ture by 2π /9 steps. This picture is reasonable because
a distortion of the structure near the interface be-
tween two αβ-dipeptides might more easily transfer
to a neighboring interface, than to some random loca-
tion around the ring. It is important to note that for
the 155o excitation polarization sweeping eight phase
peaks separated by π /9 are not observed, as would be
expected if sequential distortions were occurring in a

random stochastic manner around the circle of Bchls.
The different polarization behavior observed on ex-

citation of the B800 and B850 rings (Fig. 3) suggests
either a larger effect of the distortion on the electronic
properties, or a larger distortion of B800 compared
with B850. The B850 absorbance may be less sensi-
tive to distortions due to its larger exciton bandwidth
which implies more effective motional averaging of
the distortion.9In addition, the B800 Bchls are held
in the LH2 more peripherally than are those of B850.
The B850 Bchls are each constrained by histidines of
the α-, β-peptides, whereas the B800 Bchls are lo-
cated between β-peptides and coordinated by the N-
terminal formylmethionines of α-peptides.2The elec-
tronic distortion might arise from a small rotation of
one or two of the B800 Bchls, and/or it could involve
a partial dissociation of the assembly at the interface
between two dipeptides. Although the immobilization
on the mica surface may deform the structure of LH2,
it is interesting that the B800 ring, which is consid-
ered to be farther from the surface than the B850 ring,
seems to be the most perturbed from being a circular
electronic oscillator.

III. SINGLE MOLECULE PROTEIN FOLDING TRAJECTORIES

GCN4 was studied at the single molecule level
using fluorescence energy transfer between donor
and acceptor dyes labeled at the N-termini of the
crosslinked monomers. Distributions of fluctuating
molecular structures in terms of the distance between
the donor and acceptor, as inferred from the energy
transfer efficiency, were measured at a series of po-
sitions in the folding equilibrium both on a modified
surface and while freely diffusing in solution. Dis-
tributions of the energy transfer efficiency were ob-
tained under both conditions permitting us to exam-
ine the folded and unfolded states and the influence
of interactions with the modified surface. The time
scales associated with the fluctuations that give rise
to these distributions were also examined.

A peptide derived from the yeast transcription
factor, GCN4, was used in this study.10,11The DNA
binding domain of this peptide includes a sequence
that forms a short segment of a two-stranded coiled
coil,12,13 as shown in Fig. 8. Coiled coils provide a
very simple model system for the study of the folding
of water-soluble proteins.14−16 A peptide spanning
the coiled coil of GCN4 (GCN4-P1) has been shown
to form a cooperatively folded helical dimer 14,16−21.
This peptide is an excellent system for studying
protein folding because it is quite simple, and yet con-
tains a well-packed helix/helix interface, as found in
globular proteins. It has been shown to exist in a two-
state equilibrium between unstructured monomers
and fully alpha-helical dimers.14The alpha-helical
secondary structure and the double-helical folded
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FIG. 7 (A) Conventional fluorescence spectra of free LH2 complexes (black) and emission spectrum of single mica-bound
LH2 (red). (B) Distribution of the fluorescence peak positions, ?max, of single LH2 complexes and least square fit (red) to
two Gaussians (mean1 = 11540 cm-1, σ1 = 30 cm−1, amplitude = 30.0; mean2 = 11460 cm−1, σ 2 = 30 cm−1, amplitude =
6.7).

FIG. 8 Schematic representation of the folding of GCN4-Pf.
The right panel shows the crystal structure of folded GCN4-
P1 with a hypothetical unfolded structure at the left. The
peptide adheres to the positively charged surface by elec-
trostatic interaction with the negatively charged glutamic
acids at the C terminus of the peptide. Conformational fluc-
tuations cause changes in the donor-acceptor distance re-
sulting in an anticorrelated modulation in the donor and
acceptor fluorescence intensities.

structure apparently form concomitantly.15−19,22 In-
troduction of a covalent disulfide tether between the
two-peptide chains simplifies the folding reaction and
thermally stabilizes GCN4, yet the peptide continues
to fold in an apparent, two-state equilibrium.23One
purpose of this study is to investigate the micro-
scopic features of a macroscopically observed kinetic
model. GCN4-P1 exhibits two-state folding kinetics

when in bulk solution.15,19 The GCN4-P1 variant
employed in this study, designated GCN4-Pf,11 has
the sequence GGRMKQLEDK10VEELLSKDYH20-
LENEVARLKK30LVGERGGCGE40EEEE. (Fig. 8)
Five glutamic acid residues were appended to the
C-terminus, providing a flexible appendage to allow
oriented electrostatic adsorption of the peptides
onto a positively charged surface for single molecule
studies. Texas Red-X (TxR) was used as the energy
acceptor and 5-carboxyrhodamine 6G (R6G) as the en-
ergy donor attached to the N-termini. Single molecule
fluorescence intensity fluctuations can arise from a
variety of photophysical sources, such as dynamic
shifts in the fluorescence spectrum,24,25 transient
non-fluorescent states of the system,26 including
triplet states,27,28 and irreversible photobleaching.5
Angular motions of the transition dipoles of the
probes R6G and TxR can contribute to the fluctu-
ations in the present example. The relative signal
intensities from donor and acceptor depend not only
on the angles involved in the dipole-dipole interac-
tion, but also on the transition dipole colatitudes, A
and D. The fluctuations in A and D are expected be
more correlated when GCN4-Pf is folded than when
it is unfolded.

The corrected and optimally filtered trajectories are
used with the quantum yields for unsensitized donor
and acceptor fluoresence and energy transfer , donor
and acceptor extinction coefficients to determine the
quantum yield for energy transfer.

ΦET =
1

1 + R/R0
(6)

is the ratio of the donor and acceptor extinction
coefficients at the excitation wavelength. 1 is the
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FIG. 9 High time resolution detection of donor (solid line)
and acceptor (dashed line) fluorescence signals from a single
GCN4-Pf molecule at pH 6.1.

For̈ster distance29 between chromophores that gives
a quantum yield for energy transfer of 50%.

The goal of this work was to measure conforma-
tional fluctuations of GCN4-Pf in the folded and un-
folded states, and the dynamic equilibrium between
these two conformational ensembles. Under 532 nm
excitation mainly the R6G is excited, but with no
urea the TxR channel shows significantly more in-
tensity, consistent with efficient energy transfer in a
folded state. At 7.4 M urea the R6G channel shows
significantly more emission, indicating less effective
energy transfer. The goal of this work was to mea-
sure conformational fluctuations of GCN4-Pf in the
folded and unfolded states, and the dynamic equilib-
rium between these two conformational ensembles.
Under 532 nm excitation mainly the R6G is excited,
but with no urea the TxR channel shows significantly
more intensity, consistent with efficient energy trans-
fer in a folded state. At 7.4 M urea the R6G channel
shows significantly more emission, indicating less ef-
fective energy transfer. We observe a number of dif-
ferent types of trajectories for GCN4-Pf. The accep-
tor signal dominates most trajectories until it pho-
tobleaching occurs, at which time the donor signal

FIG. 10 This figure illustrates the distributions obtained
under various conditions of denaturant vs. observation
time. The filled curve represents the distribution obtained
at 3 M urea. The sticks represent a linear combination of
the 0 M folded distribution and the 7 M unfolded distribu-
tion shown as solid black curve and the white highlighted
curve. Distributions obtained from 200 ms (a), 25 ms (b),
and 3 ms (c) averaging times while immobilized on the mod-
ified surface. Part (d) shows the distributions obtained for
freely diffusing GCN4 averaged for 1.5 ms.

jumps to its non-perturbed level indicating that the
photobleached acceptor does not act as an energy ac-
ceptor. When the donor bleaches first we see a re-
duction of the acceptor signal to the level of its direct
excitation. Fig. 9 shows a single molecule trajectory
on an expanded time scale that more clearly shows
anticorrelated fluctuations in the donor and acceptor
signals.

We were able to measure the donor and acceptor
fluorescence intensity auto correlation and cross cor-
relation functions. The cross correlation function is
negative but its magnitude at time zero is less than
the geometric mean of the amplitudes of the autocor-
relation functions indicating that energy transfer is
not the only mechanism for modulating the signal.
Uncorrelated fluctuations of the colatitudes will in-
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crease the magnitude of the autocorrelation functions
whereas their correlated fluctuations will contribute
to a positive cross correlation function effectively can-
celing some of the negative cross correlation. Never-
theless, it is clear that the signals are exhibiting dy-
namic modulation of the energy transfer distance.

For a given concentration of urea, the two autocor-
relation functions and the cross correlation function
were quite non-exponential indicating the occurrence
of a range of types of structural fluctuations. This
suggests that the distributions should be dependent
on the time gate used in the experiment and experi-
ments have shown this to be the case. Different por-
tions of the distributions coalesce on different time
scales. The broad feature in the 7.4 M distribution
of ΦET centered at 55% does not narrow on a 25 ms
gating time scale. These results show that there is
a distribution of time scales for fluctuations in the
energy transfer efficiency and a correlation between
kinetics and structure. Fig. 10 compares the results
we obtain for various observation times on the mod-
ified surface with the results for an observation time
of 1.5 ms freely diffusing in solution. The broad fea-
ture at ΦET =∼55% is absent in the freely diffusing
distribution. Therefore we attribute this portion of
the unfolded ensemble to slowly interconverting frus-
trated peptides interacting with the surface. Apart
from the broad feature in the 7 M distribution on the
surface, we see that the distributions observed on the
surface and the freely diffusing in solution are quite
similar leading us to conclude that the main peak in
the distribution, which is substantially broader than
shot noise, is representative of the freely fluctuating
peptide.
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