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Abstract

Ever since their introduction two decades ago, single-molecule (SM)
fluorescence methods have matured and branched out to address nu-
merous biological questions, which were inaccessible via ensemble
measurements. Among the current arsenal, SM fluorescence tech-
niques have capabilities of probing the dynamic interactions of nu-
cleic acids and proteins via Forster (fluorescence) resonance energy
transfer (FRET), tracking single particles over microns of distances,
and deciphering the rotational motion of multisubunit systems. In
this exciting era of transitioning from in vitro to in vivo and in situ
conditions, it is anticipated that SM fluorescence methodology will
become a common tool of molecular biology.
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SM: single molecule

Fluorophore: a
molecule that emits
fluorescence photons
after being excited

TIRF: total internal
reflection
fluorescence

FRET: Forster
(fluorescence)
resonance energy
transfer

SPT: single-particle
tracking

SNR: signal-to-
noise ratio
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INTRODUCTION

Single-molecule (SM) measurement tech-
niques have revolutionized biological in-
quiries by providing previously unobtainable
data on elementary molecular processes. In
particular, fluorescence measurements at the
SM level have undergone an explosive growth
of late, and here we survey recent technolog-
ical milestones that are making the approach
even more poweful.

Brief History

Two decades ago, detection of single fluores-
cent molecules was demonstrated for the first
time at liquid helium temperatures by spec-
trally isolating the signal from a SM embed-
ded among trillions of host crystal molecules
(1,2). Detection of spatially isolated single flu-
orophores atroom temperature paved the way

Foo et al.

for biological applications (3); however, a ma-
jor component was still missing: the use of
in aqua conditions. This challenge was sur-
passed with the use of total internal reflection
fluorescence (TIRF) microscopy (4), which
demonstrated the first biological application
and hence set the path for many modern ap-
plications. As the techniques matured, more
complex biological problems, such as the de-
tection of the enzymatic turnovers of a single
cholesterol oxidase, became accessible (5). In
the past 10 years, like in many other fields of
science, the lure of biological problems dom-
inated the SM-fluorescence field and led to
an exponential growth in the number of bi-
ological applications (Figure 1) and inspired
numerous technical advances.

The article is organized as follows.
Brief descriptions of technical advances
and fluorophores are followed by high-
lights from representative applications of var-
ious techniques such as Forster (fluores-
cence) resonance energy transfer (FRET)
and single-particle tracking (SPT). Then
cutting-edge technologies related to live cells
and force manipulation are reviewed. The
article concludes with short considerations
and the future prospects of SM-fluorescence
biophysics.

Technical Advances

The low signal-to-noise ratio (SNR) has
been the main obstacle for technical devel-
opments, as has been the case for many
fields in science. Within less than a decade,
several developments have made it possi-
ble to progress from detecting single fluo-
rophores at cryogenic temperatures to simul-
taneously identifying multiple fluorophores
attached to a biological system in solution
at room temperature. First of all, the back-
ground signal has effectively been reduced
by constraining the illumination to a shal-
low depth (by using TIRF microscopy) or
small volume (by using confocal and two-
photon microscopies). Second, fluorophores
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have become brighter and more photostable
by carefully tuning the solution conditions.
Third, innovations in cooled charge-coupled
devices (CCDs) have achieved high quan-
tum yield and zero-dead time together with
a submillisecond time resolution. In addi-
tion, advances in objective lenses [high nu-
merical aperture (NA), high magnification,
and low aberrations] and laser technologies
(high-stability, single-mode lasers with vari-
ous wavelengths) have also been instrumental
in achieving the current technical maturity of

the field.

Fluorophores

In SM fluorescence spectroscopy, a fluo-
rophore is a storyteller. When attached to a
biological molecule, the fluorophore spies on
its host and sends back the report in a stream
of photons. An ideal SM fluorophore (#) has
high absorption and fluorescence quantum
yield, (b)) shows steady emission intensity,
(¢) does not perturb the host molecule, and
(d) stays photoactive over a long time under
intense illumination. The majority of in vitro
studies currently relies on two major families
of fluorophores: cyanine and rhodamine (See
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FAVORITE FLUOROPHORES

In the cyanine family, the focus is on two of the sulfoindocya-
nine dyes, Cy3 and Cy5 (8), as they are extensively used either
individually (4) or as a FRET pair (9). Both are known for
their high absorption coefficient (more than 10° M~! cm™1),
high photostability, and modest fluorescence quantum yield
(10). Other popular dyes include Cy5.5, Cy7, Alexa 555, Alexa
647, and Dil. Other popular dyes in the rhodamine family are
tetramethylrhodamine (3, 11), rhodamine 6G, Texas Red, bis-
sulfonerhodamine (12), and some of the Alexa dyes (e.g., 488
and 546). The excitation and the emission spectra of these
dyes span across 500-700 nm and are suitable for common
lasers and detectors. Several show high quantum yield, low
intersystem crossing, and high photostability (13).

sidebar on Favorite Fluorophores). Autoflu-
orescent proteins such as green fluorescent
protein (GFP) can bypass the steps of mod-
ification and labeling, which is advantageous
for live cell experiments. New generations of
these fluorophores show a high fluorescence

MICROSCOPY FOR SM FRET

Similar to many other SM measurements, SM FRET is carried
out in a confocal or wide-field microscopy setup. In confocal
microscopy, the excitation volume is effectively reduced by
tightly focusing the laser beam with a high NA objective lens.
The consequent low background signal is ideal for watching
both surface-immobilized and freely diffusing SMs. Photon
collection is usually achieved with a fast and sensitive point
detector, such as an avalanche photodiode, making picosecond
time resolution possible.

TIRF microcopy is the most commonly used wide-field de-
tection method for SM applications. An evanescent excitation
field, created by refraction through either a prism or a high NA
objective lens, allows selective illumination of molecules near
the surface (~100 nm) resulting in a low background signal.
TIRF microscopy is ideal for monitoring surface-immobilized
molecules or tracking lateral movements. Charge-coupled de-
vice (CCD) cameras are used for signal detection, enabling
simultaneous monitoring of hundreds of SMs with submil-
lisecond time resolution.

54 Jooetal

quantum yield with reasonable photostability
(6, 7).

FRET STUDIES

FRET between a donor and an acceptor flu-
orophore takes place, via dipole-dipole inter-
action, when they are within 10 nm of each
other (14). The energy transfer efficiency is
given by:
1
e

where R is the distance between the pair, and
Ry is the characteristic distance of the pair.

Since the first SM FRET (FRET at the
single-molecule level) demonstration on a
DNA template (11), SM FRET has been
widely used to investigate various biological
systems for both intramolecular interactions,
such as conformational dynamics of DNA,
RNA, and proteins, and intermolecular in-
teractions of proteins with DNA, RNA, and
other ligands (Figure 2). SM FRET is ar-
guably the most general and adaptable among
many SM fluorescence techniques for biology.
Here, we discuss the state of the art SM FRET
applications by categorizing them into three
groups depending on the way the molecules
are treated: surface tethered, freely diffus-
ing, and confined molecules. (See sidebar on
Microscopy for SM FRET.)

Surface-Tethered Molecules

Many of the relevant biochemical reactions
occur in the milliseconds to seconds timescale.
Immobilization of molecules (Figure 2) al-
lows gathering of long fluorescence time
traces, providing the whole history of SM re-
actions. In this section, a summary of surface
immobilization schemes is followed by a re-
view of popular data analysis methods and
a description of several advanced techniques,
which are based on immobilization schemes.

Nucleic acid studies. Conformational
dynamics of DNA (or RNA) can be easily
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observed by immobilizing it on a surface
coated with biotinylated bovine serum albu-
min (BSA) via biotin-streptavidin linkage (9,
11). A generic example for this category is the
study on the Holliday junction (Figure 24).
A biotin molecule was attached to the end of
one of the arms of the Holliday junction such
that the other arms labeled with Cy3 (donor)
and CyS5 (acceptor) were sufficiently far
away from the surface, preventing a possible
surface influence on the dynamics of the
Holliday junction (15). In this geometry, the
two stacking conformations of the junction
are differentiated by low and high FRET. The
clear anticorrelation between the two fluo-
rescence signals in a time trace (Figure 24,
bottom) directly validated the putative inter-
conversion between the two conformers. A
similar approach yielded the observation of
folding transitions between three different
states of a ribozyme (16).

In some cases, different conformational
states may not necessarily possess different
FRET values; nevertheless, they may be iden-
tified through their distinct lifetimes, called
“kinetic fingerprinting” (17). For example,
six different states were identified in human
telomeric DNA (18), and four different states
were distinguished in both branch migration
of the Holliday junction (19) and folding and
catalysis of the hairpin ribozyme (20). In these
studies, the transition rates between confor-
mations were determined by the residence
times in particular FRET values; faster tran-
sitions (micro- to milliseconds) were typically
evaluated by correlation analysis (21, 22).
Protein study on
surface. Studies with proteins require better
surface passivation than BSA coating. To
this end, surface passivation with linear

a polymer-coated

polyethylene glycol (PEG) was first adopted
for SM studies to probe helicase activities
(Figure 2b) (23). Nonspecific adsorption of
Rep helicase on a PEG-coated surface was
1000 times less than that on a BSA-coated sur-
face, resulting in much better reproduction
of bulk activity at the SM level (24).

The PEG-coated surface has been used in
many other protein systems interacting with
DNA or RNA. The repetitive translocation of
the Rep helicase (Figure 25, left) (25), the un-
winding activity of NS3 helicase (Figure 25,
right) (26), the filament dynamics of a RecA
recombinase (27), the dynamic binding of
a single-stranded (ss) DNA-binding pro-
tein (28), and the wrapping dynamics of
nucleosomes (29) are several examples of
DNA-protein interactions studied on the
PEG-coated surface. In addition, the tRNA
dynamics while interacting with a ribosome
(30), the assembly of a telomerase complex
(31), and the annealing activity of a HIV
nucleocapsid protein (32) are examples of
RNA-protein interactions studied. Another
promising approach is surface passivation by
lipid bilayers (33).

Protein folding study on an advanced
polymer-coated surface. Harsher condi-
tions used for denaturing proteins necessi-
tate more robust passivation; otherwise, sur-
face interaction alters the energy landscape
of protein folding pathways. Linear PEG
molecules were replaced by branched “star-
shaped” PEG to form a dense, cross-linked
but thin film (~5 nm) (34). A two-state fold-
ing protein, RNAse H, was immobilized via
streptavidin-biotin linkage on the star-shaped
PEG-coated surface. The protein showed a
robust unfolding and refolding behavior even
after 50 cycles of switching between native
and denaturing buffer conditions. Moreover,
the standard Gibbs energy and cooperativity
factor of the RNAse H folding were in good
agreement with values from tether-free bulk
measurements (35).

Model-free data analysis. The observable
time trace of a FRET signal is composed
of actual fluorescence emissions from differ-
ent FRET states of the system of interest as
well as noise arising from various sources of a
statistical, instrumental or photophysical na-
ture. Hence, extracting reliable information
from such a complex time trace with multiple
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SM FRET: FRET
at the single-
molecule level

Holliday junction:
a four-way junction,
which consists of
four DNA strands
crossing each other
and is observed
during the
recombination
process

Correlation
analysis: an
algorithm that
removes high-
frequency noise by
correlating time-
separated data points

PEG: polyethylene
glycol
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states is best done by using statistical analysis
techniques.

Adopting an automated step-finding al-
gorithm originally applied to studying mi-
crotubule dynamics (36), the FRET decrease
arising from DNA unwinding by an NS3
helicase was analyzed, revealing six discrete
steps for 18-base pair DNA (Figure 25, right)
(26). When more complicated bidirectional
transitions are the subject of study, elabo-
rate statistical algorithms, such as a hidden
Markov modeling (HMM) (37) or likelihood
ratio testing (38), are necessary. For instance,
the binding and dissociation of several RecA
monomers on DNA have been directly ob-
served with SM FRET and analyzed with
single-monomer resolution using HMM (27).

More colors. Despite the wealth of informa-
tion obtained via FRET between two fluo-
rophores, this may not always be enough to
characterize a system unambiguously. For ex-
ample, the aforementioned exchange between
two conformers of the Holliday junction has
been deciphered on the basis of the relative
distance between a pair of arms in any given
experiment (15), and the coordinated motion
of the four arms was only deduced via a se-
ries of complementary measurements. Using a
three-color FRET configuration—two accep-
tors (Cy5 and Cy5.5) and one donor (Cy3)—
it was possible to demonstrate the synchro-
nized motion of the DNA arms when the
Cy5-labeled arm approached the donorarm at
the exact moment that the Cy5.5-labeled arm
moved away from the donor arm (39). Similar
SM FRET studies were made on a double-
stranded (ds) DNA scaffold as well (40-43).
The next step of complexity in these stud-

FLUORESCENCE LIFETIME
MEASUREMENTS

In TCSPC, the interval between excitation and emission of

each photon is measured, and a histogram of these intervals
is constructed. By using the number of photons at each time
point on this histogram, the MLE method estimates the true
fluorescence lifetime on the basis of a Poisson or multino-

mial distribution. The sensitivity and accuracy of these two

techniques at low signal levels make them suitable for single-

molecule measurements.

ies would be having several (semi-) indepen-
dent FRET pairs, providing additional infor-
mation on multisubunit systems.

Fluorescence lifetime measurements.
FRET analysis, which is based on the flu-
orescence lifetime, is an alternative to the
intensity-based methods. The advantages
include less susceptibility to variation in
the excitation intensity, photon-detection
efficiency, or spectral cross talk.

Lifetime-based SM FRET on immobilized
DNA molecules (44) was recently demon-
strated by using time-correlated single-
photon counting (TCSPC) along with the
maximum likelihood estimator (MLE) anal-
ysis method (45, 46). The study showed that
the fluorescence lifetime of the donor tetram-
ethylrhodamine switches between two states
(2.3 nanosecond versus 1.0 nanosecond) de-
pending on FRET level with the acceptor
Cy5. (See the sidebar Fluorescence Lifetime
Measurements.)

The lifetime measurement on surface-
tethered molecules enjoys the benefit of

Figure 2

SM FRET study with surface-tethered molecules. (#) Evanescent wave created via total internal
reflection fluorescence (TIRF) microscopy. SMs (here Holliday junctions) are tethered via
biotin-neutravidin conjugation on the bovine serum albumin (BSA)-coated surface. The conformational
dynamics of Holliday junction is shown in a fluorescence time trace (below) (15). (4) Studies on proteins
necessitate the polyethylene glycol (PEG)-coated surface for better passivation. At left, repetitive
translocation of a Rep helicase on single-stranded (ss) DNA is observed via SM FRET (25). At right,
stepwise unwinding by an NS3 helicase is visualized via the discrete change in FRET (26).
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Hidden Markov
modeling (HMM):
a statistical fitting
algorithm based on
the optimization of
Markovian transition
processes

Likelihood ratio
testing: a model-
free method to
detect sudden jumps
in intensity on the
basis of hypothesis
tests and likelihood
estimation of
interphoton arrival
times

Fluorescence
lifetime: an average
period of time a
fluorophore spends
in an excited state
before undergoing
relaxation
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SM FRET study on freely floating molecules. (#) In the confocal
microscope, a molecule is observed only when it passes through the
tightly focused laser beam. (b)) An immobilized lipid vesicle, containing
several RecA proteins and a ssDNA. Small molecules, such as ATP, can
freely enter and exit the vesicle via pores (72).
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extended observation time. However, because
the lifetime measurements require a higher
number of photons compared to intensity-
based methods, the longevity of the fluo-
rophore has to be sacrificed for better time
resolution. It has been shown theoretically
(47) and confirmed experimentally (46) that
the minimum number of photons needed for
fitting a histogram to a single lifetime is be-
tween 200 and 1000. With the minimum re-
quired number, it is possible to obtain traces
with a 10-ms time resolution (44).

TCSPC has also been used for studying
other types of molecular quenching mecha-
nisms such as photoinduced electron trans-
fer. Conformational dynamics of individual
flavin reductase were investigated via the
changes in the fluorescence lifetime of a
bound fluorescent substrate, flavin, owing to
electron transfer to a nearby aromatic residue
(48).

Freely Diffusing Molecules

Although passivation techniques minimize
the surface-induced perturbation, the en-
tire problem may be bypassed by detect-
ing fluorescence signal from freely diffusing
molecules. This measurement involves col-
lecting bursts of fluorescence photons as each
of the SMs diffuses across the tightly fo-
cused excitation volume (Figure 34). After the
first demonstration (49), recent developments
made this method applicable to many differ-
ent biological systems, with higher FRET ac-
curacy and with the capability of probing ad-
ditional physical parameters.

Protein folding. In a recent study of a cold-
shock protein labeled at each terminus with
Alexa 488 and 594, the intramolecular dis-
tance between the dyes was measured at differ-
ent denaturant (guanidium chloride) concen-
trations (50). Two characteristic FRET values
implied the existence of two thermodynami-
cally stable states (folded and unfolded) with
a single shallow free-energy barrier, similar to
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chymotrypsin inhibitor 2 (51) and RNAse H
(34).

To watch the folding and unfolding pro-
cess before equilibrium is reached, the fast
and efficient mixing of a denaturant and a
protein is crucial. Recently, the initial col-
lapse of the cold-shock protein was detected
by quickly exchanging a denaturant condition
via a microfluidic device (52). Other fast reac-
tion initiation techniques include photochem-
ical triggering (53), temperature jump (54),
and nanopipette-based mixing (55).

Insoluble proteins. Membrane proteins can
also be studied by reconstituting them with
soluble surfactants. In a classic example, dou-
bly labeled FoF;-ATP synthase was incorpo-
rated in a lipid vesicle membrane (56), which
diffused slower because of its size (several hun-
dred milliseconds through the excitation vol-
ume), allowing a sufficient time window to
record several steps of ATP synthesis. With
this capability, the 120° stepwise rotation dur-
ing both ATP hydrolysis and synthesis was
confirmed.

Multiple excitations. By directly exciting
the acceptor, it is possible to collect more
accurate stoichiometric information. In a
scheme called alternating laser excitation
(ALEX) (57), donor and acceptor excitations
are alternated in the microsecond timescale
to allow sufficient time for both dyes to be
excited within the excitation volume. Then,
the dissociation constant is calculated for a
model system, a catabolite activator interact-
ing with DNA, with photons emitted from
donor, FRET-excited acceptor, and directly
excited acceptor. Additional benefits of ALEX
include segregation of a low FRET popula-
tion from donor-only molecules, which was
essential for elucidating the mechanism of
transcription initiation (58), and simultaneous
collection of parameters necessary for accu-
rate conversion of FRET into distance infor-
mation (57, 59, 60).

The alternation rate can be as fast as
nanoseconds, useful for high time-resolution

studies and fluorescence lifetime measure-
ments (61, 62), and as slow as milliseconds
(63), applicable to the study of surface-
tethered molecules. Recently, three-color
alternating excitation was introduced (64)
to demonstrate the possibility of elucidating
more complex structural information. In
principle, additional excitation and emission
channels can be added, but the challenge lies
in the complexity of data interpretation.

Multiparameter measurements. A fluores-
cence photon contains valuable information
about many parameters including photon
energy (fluorescence spectrum), polarization
direction (fluorescence anisotropy), photon
emission time (fluorescence lifetime), and in-
terphoton emission time (fluorescence corre-
lation). As seen throughout this review, dif-
ferent detection schemes can be combined to
harvest useful information from a photon.

Recently this idea was taken to new
dimensions, showing that at least eight
dimensions of information can be obtained
from individual molecules in solution (65).
The setup separates fluorescence photons by
spectral differences and further by polariza-
tion differences. The excitation is performed
by a series of short laser pulses. The detected
fluorescence signal is routed to a TCSPC unit
to measure the fluorescence lifetime or inter-
photon time. FRET efficiency and molecular
stoichiometry may be obtained by a scheme
similar to ALEX. These efforts resulted in
molecular identification of 16 different fluo-
rescent species, a feat probably impossible if
measurement was restricted to one parameter
alone, such as intensity-based FRET.

Confined Molecules

Measurement with freely diffusing molecules
offers a convenient option for obtaining
SM FRET data with the least modification
on host molecules. However, several limi-
tations prevail; for example, a protein in-
teraction experiment at high concentration
of labeled substrates is hampered by high
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background. An alternative approach is to
confine the freely diffusing molecules within
nanocontainers.

Zero-mode waveguide. A method was de-
veloped to excite molecules, which are con-
fined within an attoliter volume (107'%), on
the basis of a zero-mode metallic waveguide
(ZMW) (66). The surface of a ZMW con-
sists of an array of ~100-nm diameter wells
on a thin aluminum film (~100 nm) de-
posited on a fused glass coverslip. No optical
modes can propagate through these subwave-
length wells, and therefore, the background
signal, which would ordinarily emerge from
molecules in bulk solution, is greatly mini-
mized. Single T7 DNA polymerases were ad-
sorbed on the bottom glass surface within the
ZMW, and binding of fluorescently modified
nucleotides to the polymerase during DNA
synthesis was detected at the SM level, al-
though not yet via FRET, even at ~10-uM
concentration. The surface of the ZMW can
be passivated via coating with lipid bilayers
(67). The array of apertures and the open con-
figuration allow an easy exchange of buffer,
making the ZMW a strong candidate for high-
throughput measurements such as massively
parallel SM-DNA sequencing (68).

Vesicle encapsulation. A limitation of the
ZMW is the very short residence time of
unbound fluorescence species in the imag-
ing volume (much less than a millisecond). A
promising alternative is to confine SMs inside
sealed containers, for example, encapsulating
a fluorescently labeled protein within a 100-
nm unilamellar lipid vesicle that is tethered to
the supported membrane bilayer surface (69).
In this study, encapsulation of single proteins
was confirmed by the number of photobleach-
ing events from the immobilized vesicles. This
approach should work well for any molecule
that does not strongly interact with the mem-
brane. For example, complex conformational
fluctuation of adenylate kinase was observed
inside a vesicle (70). The same approach was
also used to show that the static and dynamic
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heterogeneities in the folding dynamics of the
hairpin ribozyme and G-quadruplex were not
from surface artifacts (18, 71).

Porous vesicle. One serious drawback with
vesicle encapsulation is that the lipid mem-
brane is impermeable to most of the ions
and small molecules, limiting its applica-
tion to studying SM dynamics in equilib-
rium. This barrier could be overcome by
utilizing the porous nature of a lipid mem-
brane near the gel-fluid transition tempera-
ture (7,) (Figure 35) (72). The RecA protein
and a DNA strand were encapsulated within a
vesicle made out of dimiristoylphosphatidyl-
choline (T}, = 23°C), which was permeable to
small molecules, such as ATP, at room temper-
ature. Therefore, the dynamic interaction be-
tween the RecA and the DNA could be read-
ily modulated by flowing ATP and its analogs
through the membrane pores while the pro-
teins and DNA molecules stayed within the
surface-tethered porous vesicles.

Applications. Because molecules inside a
vesicle are confined within about an attoliter
(10718) volume, a high effective concentration
(micromolar range) may be achieved without
hampering SM detection (72). Therefore, the
vesicle encapsulation method may be useful in
studying the molecular crowding effect found
in cellular environments (73, 74). In addition,
the unique capability of studying the repeated
interaction between the same set of molecules
may help address some of the elusive issues
in SM enzymology, such as molecular het-
erogeneities and memory effects (5, 16, 75,
76).

TRACKING

FRET reports on the relative distance
changes in the center of the mass frame of
the molecules being studied. The following
two subsections cover SM fluorescence tech-
niques that can measure molecular position
(translocation) and molecular orientation (ro-
tation) in the laboratory frame.
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Translocation

Studying the movements of processive motor
proteins typically requires tracking over dis-
tances much longer than the Forster radius,
hence necessitating techniques different from
FRET. Recent efforts in SPT have been con-
centrated on this problem, particularly when
the linear track of the motor protein is laid
on a surface. These efforts have resulted in
an impressive nanometer accuracy of localiza-
tion, via wide-field fluorescence microscopy,
for many microns of motor translocation.

Brief history. Earlier room temperature
SPT experiments were concentrated on mea-
suring diffusion coefficients of fluorophores
in solution or within lipid membranes. By us-
ing conventional epifluorescence microscopy,
high excitation power (~50 kW/cm?), and a
liquid nitrogen-cooled CCD, it was possible
to track a single rhodamine molecule embed-
ded in a phospholipid membrane with 30-
nm spatial accuracy at 5 ms-time resolution
via fitting a two-dimensional (2D) Gaussian
curve to the point spread function of fluo-
rophore emission (Figure 4b) (77). This fit-
ting method served as a model for many sub-
sequent studies.

In an important study, the limitations of
SPT were systematically analyzed in terms
of photon shot noise, pixelation, and back-
ground noise (78). The study concluded that
the localization precision scales as 1/ /N in
the shot noise-limited case and as 1/N in the
background noise-limited case, where Nis the
number of collected photons. Therefore, it
was shown theoretically and experimentally,
although on intensely fluorescent beads, that
nanometer precision of SM localization was
possible with many enough photons and low
enough background.

Fluorescence imaging with one-nano-
meter accuracy. These earlier pioneering
approaches were merged to track a myosin
V protein, labeled with a single Cy3 or rho-
damine dye, while it was moving on an actin

filament (Figure 44) (79). An oxygen scav-
enger system (80) and a triplet-state quencher
(81) were used together with TIRF mi-
croscopy to reduce the background and to en-
hance the photostability and brightness. With
these improvements, as many as 20,000 pho-
tons/second were collected from a single dye,
making 1.5-nm spatial accuracy with 0.5 s time
resolution possible (for >60 s observation)
(Figure 4c¢). This study provided the most
definitive proof that myosin V moves hand
over hand.

This work (79) has inspired many other
studies. Two groups extended this method to
colocalizing two fluorophores with different
colors and were able to track both heads of
the myosin V dimer simultaneously (82, 83).
In one study (82), two heads of the myosin
V dimer were labeled with quantum dots
(Q-dots) that could be excited with the same
laser but had different emission peaks (565
nm and 655 nm), a scheme demonstrated ear-
lier in a nonbiological setting (84), and the
heads were colocalized with 6-nm accuracy
(Figure 4d). In a similar study, Cy3 and Cy5
were used to label the heads, and better than
10-nm colocalization was obtained (83).

Measuring the distances between multi-
ple fluorophores without the need for distin-
guishable colors, which were within 10 nm
or more apart from each other, was also
achieved by utilizing sequential photobleach-
ing of the dyes (85, 86). This method was
applied to measure the interhead distance
of myosin VI dimer (87), a measurement
that would traditionally be in the realm of
more elaborate techniques such as electron
microscopy.

Rotational Motion

In many biological systems, the orientation of
certain domains or their rotational motion un-
derlies their enzymatic activity. In these sys-
tems, such as the F1-ATPase (Figure 5b),
their function can be determined by the ro-
tational movements of subdomains using po-
larization microscopy (88).
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Single-particle tracking of a motor protein. (#) The hand-over-hand mechanism predicts a sequence of
large (37 + 2x nm) and small (37 — 2x nm) steps. (b) Fluorescence localization is achieved with
nanometer accuracy by the point spread function fitted with a 2D Gaussian curve (79). (¢) Shown is the
stepwise motility (52 and 23 nm) of the myosin V labeled with bifunctional rhodamine (79). Although
this was originally analyzed by a visual inspection, later studies analyzed similar data using statistical
methods, such as the t-test and HMM (149). (4) A myosin V, labeled with quantum dot (Q-dot) 565 on
one head and Q-dot 655 on the other head, shows the sequential stepping of heads (82).

Principle. The probability that an excita-
tion photon would be absorbed by a fluo-
rophore is proportional to cos*(¢), where ¢
is the angle between the polarization axis
of the excitation light and that of the fluo-
rophore dipole (Figure 54, left). Similarly,
in the case of polarization-dependent detec-
tion, i.e., if a polarizer is placed before the
detector, the probability of detecting an emit-
ted photon is proportional to cos?(9), where

Joo et al.

0 is the angle between the emission dipole
of the fluorophore and the transmission axis
of the polarizer (Figure 54, right). Hence,
the intensity of the detected signal, practi-
cally limited by a millisecond or longer in-
tegration time, depends on the orientation
of the fluorophore. If this method is com-
bined with a lifetime measurement, it is possi-
ble to infer rotational motions at nanosecond
timescale.
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Polarization microscopy. (#) A dye is illustrated at an angle ¢ with the laser polarization and 6 with the
polarizer in front of a detector, the relevant geometries for polarization microscopy. (b)) Cy3 orientation is
determined from its polarization, and the F1-ATPase activity is independently monitored through the
rotation of an attached bead duplex (91). () The angle g between the dye on the myosin light chain
domain and the actin filament is measured by defocused imaging. (right) Both the position and angle are
detected by alternating between focused imaging for translocation and defocused imaging for rotation.
(bottom) An example of a polarization imaging data with the corresponding simulation shown (94).
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Polarization intensity trajectory. In the
first biological application of a SM polariza-
tion study, Sase et al. (89) studied the axial
rotation of myosin around the actin helix.
Linearly polarized light excited the actin fil-
aments, which were sparsely labeled with
rhodamine molecules that were immobile
relative to the actin. The orientation of these
filaments while sliding on surface-bound
myosins was observed via the change in rho-
damine orientation. Actin has a helical pitch of
72 nm, and the study surprisingly found that
the actin filament completed a full rotation in
approximately 1 pm, suggesting that myosin
does not follow the actin helical pitch but it
rather skips many protomers while walking.

Advanced polarization intensity trajectory
techniques. Several issues that can compli-
cate a SM orientation determination should
be noted. (#) Unless the fluorophore is rigidly
attached to the host molecule, it will wobble
within a certain cone of angles, compromis-
ing the accuracy of angle measurement. (4) It
is not possible to extract orientation informa-
tion about the axis perpendicular to the polar-
ization plane of the excitation beam. (¢) Even
within that plane, the angles ¢ and 180-¢ are
degenerate, i.e., cos’(¢) = cos’(180-¢), and
hence, both orientations result in the same
signal.

These issues were addressed by attaching a
bis-sulfonerhodamine (BSR) to a kinesin pro-
tein at two points, which significantly reduces
the wobbling problem (90). In addition, ex-
citation light polarized along two sets of or-
thogonal axes (0°—90° and 45° —135°) was used
to reduce the inherent degeneracies of sin-
gle polarization. With these improvements, it
was shown that kinesin adopts a highly mobile
state while in the ADP-bound form, unlike
other nucleotide states.

In the case of myosin V, SM polarization
showed that the light chain domain (LCD)
tilts between two discrete angles during the
protein translocation (12). LCD was labeled
with BSR; four different polarization axes, se-
quentially modulated by a Pockels cell, were
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used for the excitation light, and two differ-
ent polarization axes were detected. The an-
gle between the trailing and leading LCD was
measured and shown to be consistent with the
hand-over-hand walking mechanism.

In addition to pure polarization measure-
ments, polarization information can be corre-
lated with other observables simultaneously
measured from the SM. A great example is
the rotary motor F1-ATPase (Figure 55) (91).
The rotation of y subunit was detected via
bright-field imaging of a bead duplex bound to
the motor, whereas polarization microscopy
was used for detecting the binding and disso-
ciation of Cy3-conjugated ATP and for iden-
tifying the binding site.

Polarization imaging. All the studies, re-
viewed so far, used the polarization intensity
trajectory technique. Another approach, po-
larization imaging, reports three-dimensional
(3D) orientation of the fluorophore via the
unique fluorescence intensity patterns that
depend on the direction of excitation polar-
ization (92). This technique lacks the high
temporal resolution that the trajectory tech-
nique possesses but it requires a simpler ex-
perimental setup and is capable of providing
more accurate information on the molecular
orientation.

In an early application of polarization
imaging, it was shown that a single Dil flu-
orophore with the polarization axis aligned
along the z-axis (optic axis) displays a spread
out doughnut-shaped emission pattern when
excited with light polarized within the (x-y)
plane (93).

The first biological application of this ob-
servation, an emission pattern that depends
on the 3D orientation of a dye, was done on a
myosin construct (Figure 5¢) (94), similar to
that of Forkey et al. (12). In this study, Toprak
et al. toggled the imaging plane between fo-
cused, for SPT, and defocused, to extract
the orientation information. The time trace
clearly showed that the orientation change
of the LCD was associated with transloca-
tion of the motor (Figure Sc, right) (94). The
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70° measured between trailing and leading
heads eliminated the degeneracies of previous
measurements.

TRACKING IN LIVE CELLS

In vitro SM techniques are now established
as powerful biochemical tools that can reveal
the dynamic nature of proteins and nucleic
acids. By contrast, SM imaging in live cells
still remains challenging owing to several in-
herent difficulties, even though they keep at-
tracting many SM researchers because of their
biological importance (95). One of the hold-
backs for in vivo SM studies is the low SNR,
which is primarily caused by cellular autoflu-
orescence, such as those of flavonoids (yellow
and green emissions, 10°~10® molecules/cell)
(96). The rapid diffusion or translocation of
moleculesin three dimensions is another chal-
lenge, which necessitates high time resolution
(See sidebar of Imaging in Live Cells).

Membrane Proteins

The SNR can be improved by corralling SMs
in a 2D plane, such as a plasma membrane,
that prevents their diffusion out of the focal
plane (Figure 6a) and/or by exciting a cell
with an evanescent wave, which minimizes the
cellular autofluorescence (97).

Lateral diffusion and stoichiometry. Iino
et al. (98) tagged a transmembrane pro-
tein, E-cadherin, with GFP and distinguished
the individual protein clusters in diffusion
(Figure 64, bottom left). By tracking the clus-
ters with 33-ms time resolution, their dif-
fusion constants were measured, and by us-
ing their quantized fluorescence intensity, the
cluster stochiometry was determined. Simi-
lar characterization was done for other trans-
membrane proteins (99) and for anchored
proteins, such as Ras (100, 101), tagged with
eYFP or GFP. This approach was applied
also to signaling proteins in a T cell, and
the protein-protein interactions were inferred
as the origin of the plasma membrane mi-

IMAGING IN LIVE CELLS

To visualize SMs in live cells, several conditions should be
satisfied. First, the high autofluorescence of the cell re-
quires bright fluorophores and/or evanescent wave excitation.
Second, the crowded nature of the cell necessitates high speci-
ficity in labeling the molecule of interest. Third, the copy
number of the molecules should remain low enough to avoid
colocalization of multiple copies within the diffraction limit.
Finally, the high ATP and oxygen concentrations of the cel-
lular environment compel high temporal resolution and low
doses of excitation, respectively.

crodomains (102). In addition, this protein
identification method provides a straightfor-
ward way of counting the subunits of a protein
complex (98-100). For example, the subunits
of channel and receptor proteins tagged with
GFP were counted directly by the number of
discrete photobleaching steps (103).

A higher SNR was achieved by using syn-
thetic dyes as demonstrated by the work on
the epidermal growth factor (EGF) receptor
(104). Because the receptor binds extracellu-
lar EGE, the movement and dimerization of
the receptors were observed through the dye-
labeled EGF arriving from outside the cell
(Figure 64, bottom right). This method was
applied to similar systems of cAMP receptors
(105) and to peptide-binding proteins (106).
Further signal improvement was achieved in
studying glycine receptors by tagging them
with Q-dots, which made tracking over ex-
tended periods possible (>20 min) (107).

Protein translation. Because translation oc-
cursin the 3D volume of cytoplasm, a protein’s
birth is much more difficult to detect than the
activity of a membrane protein. Yu et al. (108)
recently overcame this difficulty by exploiting
the membrane protein, Tsr. A model protein,
Venus, becomes fluorescent after translation
and maturation (~7 min). Once Tsr-tagged
Venus becomes anchored onto a plasma mem-
brane, the localized fluorescence signal is un-
ambiguously detected. This near real-time
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Figure 6
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Microtubule

Live cell imaging (#) for tracking membrane proteins in lateral diffusion
via total internal reflection microscopy, (b) for detecting a transcription
factor binding onto DNA (left) (109); for identifying the presence of an
mRNA in the cytoplasm (top) (115); and for tracking a motor protein
(right) (111). Abbreviation: GFP, green fluorescent protein.
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identification of the translation event (3-min
time resolution) revealed the bursting nature
of translation—several proteins per mRNA.

Cytoplasmic Proteins

A large portion of cellular activities occurs in
the cytoplasm rather than on the plasma mem-
brane. The technical difficulties in identify-
ing and tracking the cytoplasmic proteins in
random 3D diffusion have been partially an-
swered by several studies.

Joo et al.

Transcription factor binding. Carrying out
the idea of detection by immobilization, EIf
et al. (109) watched the activity of a single
Venus-tagged Lacl transcription factor. Al-
though not completely stationary, a chromo-
somal DNA provided an effective immobile
binding site (/ac operator) to the Lacl repres-
sor, thereby making SM detection possible
(Figure 6b, left). The snapshots taken (1-
1000-ms time resolution) helped measure the
timescales of the binding and the dissociation
of the LacI to and from a target sequence and
that of the search process on a nonspecific
DNA (several milliseconds at a time).

Transport through the nuclear pore
complex. Another type of localization natu-
rally occurs when a substrate is transported
through the nuclear pore complex (NPC)
(110). Yang et al. tagged a nuclear localization
sequence with synthetic dyes. The interaction
of this substrate with the NPC temporarily
localized its movement within 200 nm, en-
abling the identification of the fluorescence
signal with high spatial (30 nm) and temporal
(3 ms) resolution. The study concluded that
transport through the NPC occurs as a ran-
dom walk.

Motor proteins on linear tracks. Two
groups demonstrated the SPT capability for
kinesin and dynein motor proteins by track-
ing peroxisomes tagged with ~1000 eGFPs
(Figure 6b, right) and endocytosed vesicles
containing Q-dot aggregates, respectively
(111, 112). Both studies reported 8-nm steps
typical of single kinesin or dynein activity, in
addition to 16 or 24 nm jumps, reminiscent
of multimotor activity, toward both ends of
the microtubule with a millisecond or bet-
ter time resolution. However, only a very tiny
fraction of time traces in both studies showed
clearly identifiable steps, so it is still unclear
whether these large organelles move in 8-nm
steps when supported by a large number of
motors, which would be the case in the cell.
In fact, a recent in vitro study suggested that
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multiple motors bound to the cargo result in
fractional steps (113).

Other Single Objects

Single-particle detection in live cells is not
limited only to proteins. By attaching many
copies of fluorophores to the same ob-
jects, tracking was also realized for mRINA
molecules and viruses.

RNA transcript. Unlike proteins, RNA can
not be covalently labeled with endogenous
fluorophores. Singer and coworkers (114) pi-
oneered the real-time visualization for sin-
gle RNA molecules with an MS2-coat pro-
tein. The MS2 protein has high specificity and
affinity toward a small RNA hairpin. When a
GFP-fused MS2 protein is constitutively ex-
pressed in a cell, the presence of an RNA tran-
script tagged with hairpin repeats is immedi-
ately identified by the strong, localized signal
from the multiple GFP-fused MS2 proteins
bound to it (Figure 6b, top). This made it
possible to observe the movement of single
RNA transcripts in a mammalian cell in real
time (10 ms time resolution) (115).

The same technique, but with careful mod-
ifications, was successfully applied to a smaller
organism, Escherichia coli, by Golding & Cox
(116). In this study, not only the diffusion mo-
tion of an RNA transcript was tracked (116)
butalso the creation of a transcript in near real
time was observed, discovering the stochastic
nature of transcription (30 s time resolution)
(117). A similar transcription burst was ob-
served in eukaryotes (118).

Virus. Finally, a virus inside a live cell was
tracked as a single object. Seisenberger et al.
(119) first observed a Cy5-tagged AAV virus
interacting with a HeLa cell. They showed
how efficiently the virus fuses into the cell, and
how fast it diffuses and is transported inside
the cell. More recently, Zhuang and cowork-
ers (120, 121) have investigated the endocyto-
sis mechanism of influenza virus, whose mem-
brane was labeled with multiple dyes. The

real-time tracking (0.5 s time resolution) of
the virus has identified several distinct endo-
cytic pathways and has quantitatively char-
acterized the detailed process of endosome
transport.

MEASUREMENTS UNDER
FORCE

Force is recognized now as an important de-
terminant of biochemical reactions. Recently,
mechanical manipulation and detection were
combined with SM fluorescence techniques,
opening up new avenues of investigation. A
pioneering work in this direction was the si-
multaneous detection of myosin power stroke
via force spectroscopy and of ATP binding and
dissociation via fluorescence imaging (122).

Optical Tweezers

A force between 0.1-100 piconewton (pN)
can be applied with high accuracy to a SM
through a DNA linker that is tethered to an
optically trapped bead (Figure 7). When
incorporated into fluorescence microscopy,
force is exerted on the SM whose fluores-
cence signal is being observed. A demon-
stration of this principle was made by ob-
serving the force-induced dsDNA unzipping
via a reduction in the fluorescence quench-
ing of two closely spaced rhodamines (123).
The first design suffered from accelerated
photobleaching caused by an intense infrared
trapping beam; this was later overcome by
microsecond-timescale alternation between
the trapping and the excitation beams. This
improvement greatly reduced the severe pho-
tobleaching without hampering the temporal
resolution (124). Several cycles of force-
induced DNA hairpin folding and unfold-
ing, through FRET, were observed using this
technique (125).

Another way of avoiding the fast pho-
tobleaching problem is to spatially separate
the excitation and the trapping laser beams
(126). Hohng et al. have shown that when
two beams are separated by a 16-pm linker
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Fluorescence microscopy combined with (#) optical tweezers (126), (b)) magnetic tweezers (129), and

(¢) laminar flow methods (131).

(Ax-DNA), the dynamics of the Holliday junc-
tion can be observed even with the trapping
beam on (Figure 7a4). As described above
(Figure 2a), the junction undergoes confor-
mational dynamics between the two stacked
forms along its energy landscape. When the
junction is pulled in a certain way, one confor-
mation becomes energetically more favorable

Joo et al.

than the other. Exploration over the physi-
cal energy landscape by pulling in three dif-
ferent directions with a range of forces (0.3—
5 pN) led to the structural determination of
the elusive transition states. Another com-
bined technique, although force and fluores-
cence were not used simultaneously, was em-

ployed for FRET-based identification of a
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fully assembled ribosome complex to be stud-
ied via force measurements (127).

Magnetic Tweezers

A similar magnitude of force can be applied
with magnetic tweezers, which are simpler to
implement and do not require strong light
sources that interfere with fluorescence de-
tection. TIRF microscopy was combined with
magnetic tweezers to build a calibration curve
of FRET values between the dyes at the ends
of a ssDNA versus pN forces that stretch
DNA (128).

In another configuration, magnetic tweez-
ers were used as a positive control for SM
fluorescence polarization analysis (Figure 7b)
(129). A putative rotary motor (DNA-packing
a gp8 dodecamer, located at the neck of a 29
virus) was labeled with a dye. Because the dye
was linearly polarized and the capsid of the
virus was affixed onto the surface via multiple
points, the polarization change of the fluo-
rescence signal was expected to report on the
possible rotational motion of the dodecamer.
While the activity of the viral DNA pack-
ing was being watched by the decrease in the
length of DNA tethered to a magnetic bead,
the orientation of the motor was checked by
TIRF polarization microscopy. No rotational
motion of the dodecamer was observed, ruling
out the connector-rotation model proposed
earlier.

Magnetic tweezers currently do not have
as high temporal and spatial resolution as op-
tical tweezers but are capable of applying the
torque that is necessary for introducing su-
percoils on DNA (130). A yet-to-be-achieved
but sure-to-be-important goal is to measure
how conformations of DNA-bound proteins
are affected by the supercoiling state of DNA,
using a torque-fluorescence combination.

Laminar Flow

Translocation of dye-labeled single proteins
on DNA can be traced over a long distance
by SM fluorescence techniques. Precise track-

ing requires the naturally coiled DNA to be
stretched out. Optical and magnetic tweezers
are useful for DNA stretching, but they are
time consuming and difficult to implement.
Laminar flow is a practical alternative because
many DNA molecules can be stretched simul-
taneously without great effort (33).

With surface-tethered A-DNA molecules
stretched by laminar flow, Granéli et al. (131)
showed that a complex of Alexa 555-labeled
Rad51, a recombinase, diffuses along the ds-
DNA (Figure 7c¢). They were able to observe
dozens of stretched DNA molecules in paral-
lel, called “a DNA curtain,” and could show
with a statistically sufficient number of events
that the binding of Rad51 is independent of
the DNA sequence. A similar observation
was made by a labeled hOgg, a base-excision
DNA-repair protein (132). The flow-based
assay is also optimal for watching ATP-driven
translocation, such as the processive mo-
tion of Snf2 family chromatin-remodeling
proteins—a fluorescein-labeled Rad54 (133)
and a Q-dot-labeled Rdh54 (134).

Finally, this technique has been also use-
ful in visualizing the protein polymeriza-
tion on DNA by eGFP-labeled MuB, a Mu
transposition-related protein (135), and by
carboxyfluorescein-labeled RecA (136).

FINAL CONSIDERATIONS

We close our survey with considerations on
the fluorescence properties relevant to SM
experiments.

SM photon emission rate is ultimately lim-
ited by excitation saturation, which occurs
when the excitation rate approaches the re-
laxation rate of a fluorophore, typically one
per a few nanoseconds. That is, when satura-
tion is reached, 100 photons, which is a rea-
sonable number for determining FRET ef-
ficiency, may be detected in less than 10 ps
assuming 10% detection efficiency. In reality,
molecular shelving in the triplet state, with
a lifetime of microseconds or longer, limits
the time resolution to about 100 ps or longer,
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depending on the availability of triplet-state
quenchers.

Photobleaching puts another practical
limit on how high excitation can be. Pho-
tobleaching irreversibly inactivates the fluo-
rophore either by (#) the oxidation reaction
between the excited fluorophore in the triplet
state and the reactive species nearby (137, 138)
or (/) the excitation of the molecule already in
the excited state, possibly leading to an unsta-
ble form (139, 140). Both mechanisms would
reduce the total number of photons emitted
before photobleaching, called Ny, as excita-
tion becomes intense. This can be an addi-
tional limiting factor determining the practi-
cal time resolution. Several efforts to maxi-
mize N, have been made (10°-10° at best).
These include (#) reducing the excitation rate
to avoid the nonlinear effect discussed above,
(») using pulse excitation to avoid the dou-
ble excitation of an excited fluorophore (141),
(¢) removing reactive oxygen species by the
oxygen scavenger system (80), and () using
triplet-state quenchers, such as the popular 3-
mercaptoethanol (BME) or the water-soluble
vitamin E analog, Trolox (81).

Photoblinking is a reversible darkening of
a fluorophore. The main mechanisms behind
photoblinking are the severe reductions in flu-
orescence quantum yield, which are due to
(@) the phototransition between the singlet
and the triplet states (called the excited state
transition) (142) or (b) the switching between
the photoactive and the photoinactive forms
of the molecule as seen in the case of Cy5
(called the ground state transition) (143).
These not only reduce the efficiency of data
acquisition owing to a low duty cycle but
also may lead to artifacts that are difficult
to discern with untrained eyes. Triplet-state
quenchers reduce the problem of a prolonged
triplet-state lifetime upon oxygen removal but
can cause side effects such as the slow blink-
ing of Cy5 (81, 144) induced by BME. Trolox
is a much better alternative to BME and al-
lows nonblinking and long-lasting imaging of
popular cyanine dyes without any side effect

(81).

Foo et al.

In the past decade, semiconductor
nanocrystals known as Q-dots emerged as
another promising class of fluorophores
(145). They are superior to organic dyes in
several aspects, including, most importantly
for SM measurements, high photodestruction
resistance and brightness. Advances in surface
chemistry made it possible to easily conjugate
Q-dots to proteins and oligonucleotides of
interest (for more details see References
145 and 146). In addition to their growing
popularity in live cell and tissue imaging,
Q-dots found their place in SPT, as reviewed
in the previous section. Furthermore, a
Q-dot was used as a FRET donor to ob-
serve conformational changes of a Holliday
junction (147), spurred by the discovery that
Q-dot blinking can be chemically suppressed
(148). However, the large size of commercial
Q-dots and the lack of monovalent chemistry
need to be overcome before one witnesses
a much broader use of Q-dots in SM
measurements.

CONCLUSION

SM methodologies are still evolving and
branching out. A few items on the agenda
of SM biophysicists for the following years
are: making in vivo and in situ measurements
more accessible, combining multiple tech-
niques, pushing down spatial and temporal
resolution, and designing better probes that
provide longer and faster measurements un-
der physiological conditions. In particular, es-
sential for expanding SP'T capabilities for 3D
or live cell measurements are brighter and
more stable fluorophores; smaller Q-dots; and
faster, more efficient probes.

Beyond these technical feats, SM bio-
physics has an even grander challenge to over-
come: whether it will be able to take its place in
the arsenal of general biology tools or remain
as a powerful yet specialized tool. There is
no doubt that a distribution explains a system
better than just its mean; however, whether
the effort spent in getting this extra informa-
tion is affordable by a general biologist is the
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real factor that will determine the future of the
field.

the field in the recent years, we are optimistic

Considering the exponential growth of  that a favorable outcome will be realized.

SUMMARY POINTS

1.

= Y, N U VEE N}

SM FRET has been utilized in studying the molecular dynamics of many important
biological systems.

. Nanometer accuracy has been achieved in tracking a single fluorophore.

. The 3D orientation of a SM can be determined via SM fluorescence polarization.

. SM tracking in live cells is possible but not yet at the desired level.

. Combining fluorescence techniques with force spectroscopy has been demonstrated.

. There have been key technical advances in detection technology and in making fluo-

rophores brighter and more photostable.
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