Single-Molecule Imaging in Live Cells

Jie Xiao

Abstract This chapter provides a comprehensive overview of how single-molecule imaging
is achieved in live cells. The main focus is on fluorescent proteins, which are the most widely
used fluorescent labels for live-cell imaging. The chromophore structures and the associated
photochemical and photophysical properties of fluorescent proteins are discussed in detail,
with a particular focus on how they influence single-molecule imaging in live cells. A few
fluorescent proteins in the yellow-to-red spectral range, including newly discovered photoin-
ducible ones, are selected for more detailed discussions due to their superior properties in
single-molecule imaging. Special considerations for live-cell imaging and general instrumen-
tations for single-molecule detection are also described. Finally, a few representative appli-
cations using single-molecule imaging in live cells are provided to illustrate how important
biological knowledge can be obtained using this powerful technique.

3.1. Introduction

Nearly 20 years ago, when the first single molecule was detected in solid at extreme
temperatures [1,2], it was hard to foresee imaging a single molecule in the noisy background
of a live cell. Yet now, due to the efforts of many research groups and technical advances
in modern microscopes, optics, and detectors, single-molecule imaging' in live cells is no
longer impossible.

Why is it important to image single molecule inside live cells? The reasons are multi-
fold. First, many biologically important molecules such as transcription factors exist at low
copy numbers [11,12]. In yeast, nearly 40% of genes are expressed at such low levels that
their gene products are not detectable using standard fluorescence microscopy or quantitative
Western blotting [11]. A more sensitive detection method—preferably at the single-molecule
level—would reveal what is otherwise imperceptible. Second, due to the finite-number effect,
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the fluorescent signal using a fluorogenic substrate [3—10]. These approaches are discussed briefly at the end of the
chapter.
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the interactions of molecules at low copy numbers are often stochastic [13]. This stochasticity
has been proven to contribute to molecular noise in various cellular processes such as gene
expression [14-16], signal transduction [17-20], and cell fate decisions [21-25]. However,
this stochasticity is often masked in ensemble measurements. Single-molecule experiments
avoid ensemble averaging and allow the stochasticity of molecular interactions to be observed,
providing unprecedented details about the origins and roles of molecular noise. Third, all
cells (including bacterial cells) exhibit considerable heterogeneity in their cellular environ-
ments. Depending on where and when a molecule is present in the cell, its behavior may
change accordingly. Single-molecule imaging allows the heterogeneity of molecular behav-
iors to be probed in time and space, directly correlating them with cellular states. Finally,
in vitro single-molecule studies have contributed significantly to the understanding of how
individual molecules and macromachineries work. Taking these experiments into live cells
allows the direct observation of the actions of these molecules and molecular machines in a
native cellular context, establishing significant physiological relevance.

It is necessary to note that this chapter focuses on the formation of an image of a single
molecule in live cells on an array detector such as a charge-coupled device (CCD) rather
than the collection of a signal originating from a single molecule on a point detector such
as a photo avalanche diode (PAD). In this sense, single-molecule detection in live cells by
fluorescence correlation spectroscopy (FCS) [26-28] and by enzymatic amplification of a
fluorescent signal [9, 10] are not included, and readers are referred to the original articles and
Chapter 8 for further discussion. The main focus of this chapter is to elucidate how single-
molecule imaging in live cells is achieved—which fluorescent label is best suited for this
purpose, what special considerations are needed, and so on—and how it can be employed
to address significant biological problems. Readers are assumed to have basic knowledge
of fluorescence microscopy and, wherever as needed, are referred to available literature for
further discussion.

3.2. Fluorescent Labels

To probe the dynamics of biomolecules in live cells using fluorescence microscopy, the
molecules have to be labeled specifically using a fluorescent probe. There are three types of
labels: small organic dyes, fluorescent semiconductor quantum dots (QDs), and fluorescent
proteins (FPs) (Table 3.1).

Small organic dyes need to be conjugated to purified biomolecules through
in vitro chemical reactions and reintroduced into cells by microinjection [29]. Cell

Table 3.1. A comparison of the three commonly used fluorescent labeling schemes

Size (nm) Labeling Delivery Brightness  Photostability
Organic dyes <1 In vitro chemical reaction, Perfusion, High High
peptide targeting microinjection
Quantum dots  10-30 In vitro chemical reaction, Endocytosis, Extremely  Extremely
streptavidin/antibody microinjection high high
conjugation
Fluorescent 3 Genetic fusion Endogenous Low to high Low to high

proteins
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membrane—permeable small organic dyes can also be incubated with cells expressing the
protein of interest genetically fused with a short peptide sequence that binds the dye
specifically [30]. Cells are then washed to remove excess dye molecules before imaging.
One advantage of using small organic dyes is that because of their small size (<1 nm),
they rarely perturb the functionality of labeled biomolecules. Some organic dyes are also
brighter and more photostable than FPs, and their emission spectra are far red—shifted
compared to that of currently available FPs, facilitating single-molecule imaging in live
cells. Indeed, organic dyes such as Cy3 [31], Cy5 [32], BodipyTR [33], and Atto647 [34]
have been employed in live-cell imaging at the single-molecule level to probe receptor and
membrane dynamics on the cell surface. New ones, such as the photoactivatable azido-
DCDHF [35,36], are also emerging. However, this type of labeling often encounters a large
fluorescence background due to the incomplete removal of excess dye molecules in the
labeling reaction and nonspecific binding of dye molecules to other cellular components.
For these reasons, small organic dyes are not widely used in single-molecule imaging in
live cells.

Quantum dots are inorganic nanocrystals that emit strong fluorescence between 400
and 1,350 nm, depending on their sizes and chemical compositions [37]. QDs have broad and
overlapping absorbance bands but narrow emission bands; therefore, one single-wavelength
excitation, for example, at 488 nm, of QDs of different sizes will lead to distinct and spectrally
separable emission in the visible range. QDs are often coated with streptavidin or antibodies
to allow their conjugation with specific cellular target or macromolecules. The fluorescence
intensities of QDs are 10- to 100-fold stronger than those of FPs and small organic dyes, and
they are extremely photostable, permitting long-time tracking of tagged molecules. However,
the large size of QDs (10-30 nm) precludes them from passing through cell membranes.
Delivery to the inside of eukaryotic cells is often by microinjection or peptide- mediated
endocytosis [38]; there is no study reporting the delivery of QDs to bacterial cells due to the
presence of the cell wall.

Because small organic dyes and QDs have to be delivered into the cell through inva-
sive methods, they are most commonly used to label proteins or lipids on the outer surface
of the cell membrane. In contrast, the genetically encoded FPs are the most popular fluores-
cent labels for specifically labeling of molecules inside live cells. Although the size of FPs
(3 nm) is larger than that of small organic dyes, and the fluorescence intensity and photo-
stability of FPs are less impressive than those of QDs, they can be genetically engineered
through molecular biological means and do not require the introduction of any exogenous
cofactors to become fluorescent. The labeling of a protein by a FP is extremely specific, and
the expression level of a FP fusion protein can be tuned to allow single-FP molecule detec-
tion. Because of these reasons, this chapter focuses on using FPs as the fluorescent label for
single-molecule imaging in live cells. The structural, biochemical, and especially photochem-
ical and photophysical properties (whenever available) of a collection of FPs are examined
in detail, and their suitability for single-molecule imaging is discussed. The emphasis is on
the underlying biophysics of FPs, knowledge of which is the prerequisite for the appropriate
selection of a FP for a particular experimental design, optimization of imaging conditions,
correct interpretation of single-molecule experimental data, and successful extraction of bio-
logical information from single-molecule images. A brief introduction to the discovery and
structure of the Aequorea victoria green fluorescent protein (GFP) is first given, followed
by general discussions of important spectral, photophysical, and biochemical properties of
FPs, and, finally of a collection of FPs that have potential for or have been demonstrated in
single-molecule, live-cell imaging.
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3.3. Green Fluorescent Protein

3.3.1. Discovery of GFP

The green fluorescence of the light organs of the jellyfish Aequorea victoria was first
described by Davenport and Nicol in 1955 [39], but the discovery of GFP, which is responsi-
ble for the green fluorescence, did not come until the early 1960s, when Osamu Shimomura
and his coworkers purified a Ca>*-dependent bioluminescent protein, aequorin, from lumi-
nous jellyfish at the Friday Harbor Laboratories, University of Washington [40]. They found
that another protein, which was not luminescent but exhibited “a very bright, greenish fluo-
rescence in the ultraviolet of a Mineralite,” coexisted with aequorin during the early stages
of the purification. They called this protein “green protein,” and it was renamed “green flu-
orescent protein” a few years later by Hastings and Morin [41,42]. Hastings and Morin also
suggested that the natural green glow of jellyfish came from the green fluorescence of GFP
that was the result of the energy transferred from the aequorin protein: When aequorin binds
to Ca®*, it emits blue light (peaks at 469 nm) through the oxidation of its prosthetic group
coelenterazine. The emitted photons are then absorbed by GFP, leading to its emission of
green light (peaks at 508 nm). This was further confirmed by characterizing the photochem-
ical properties of purified GFP [43]. The structure of the GFP fluorophore was successfully
deduced by Shimomura to be a 4-(p-hydroxybenzylidene)-5-imidazolinone.

In the following period of more than 10 years, however, the study of GFP seemed to be
at halt, possibly partially due to difficulties involved in collecting huge amount of jellyfish for
purification; 100,000 jellyfish yield only less than 1/2 g of pure GFP after months of purifi-
cation [43], and overhunting gradually depleted the jellyfish population in and around Friday
Harbor [44]. Finally, in 1992 a critical breakthrough came as Prasher and his coworkers cloned
the gene coding for GFP [45]. The expression and subsequent imaging of recombinant GFP
in both Escherichia coli and Caenorhabditis elegans soon followed [46—48]. These studies
revealed the most remarkable property of GFP, which is that it does not require any exogenous
cofactor or enzyme except molecular oxygen to become fluorescent, and all the information
for the formation of the fluorophore is genetically encoded. Thus it can be expressed and
become fluorescent in foreign organisms other than jellyfish. This significantly boosted the
use of GFP as a genetically encoded marker for various live-cell applications. Further devel-
opment of GFP and finding of its homologs in the following years resulted in variants with
fluorescence emission profiles spanning almost the entire visible light spectrum, including
blue (BFP), cyan (CFP), green (GFP), yellow (YFP), orange (OFP), and red regions (RFP),2
essentially revolutionized modern cell biology.

3.3.2. Structure of GFP and the Fluorophore

The crystal structures of jellyfish GFP (referred to as Aequorea victoria GFP [avGFP]
from now on) and an enhanced GFP mutant [49] (S65T, [EGFP]) were solved independently
by two groups in 1996 [50,51]. Both GFPs adopt a cylindrical fold of 11-stranded B-barrels
wrapped around a single central helix, with a diameter about 30 Aanda length of about 40 A
(Figure 3.1A). The fluorophore is located on the central helix, almost at the geometric center
of the cylinder. The top and bottom of the barrel are capped by small, somewhat distorted

2 In the field of fluorescent proteins, the wavelength of each color is defined slightly differently from what is defined
in physics. Following the convention of the field, in this chapter the wavelength of each color is as follows: violet:
~400 nm; blue: ~480 nm; green: ~510 nm; yellow: ~550 nm; orange: ~580 nm; red: ~620 nm.
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Figure 3.1. Crystal structure of green-fluorescent protein (GFP) from Aequorea victoria (A) [50], the fluorophore
maturation process (B), and its excitation (gray) and emission (black) spectra (C).

sections of a-helix. The hydrogen bonds formed by the tightly fitted 3-sheet strands and the
caps at the top and bottom of the barrel serve well for the extraordinary stability of GFP,
and at the same time shield the fluorophore from quenching by colliding water or oxygen
molecules. All available FPs, natural or engineered, share the same cylindrical fold, although
there may be extensive differences in the primary sequences.
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The fluorophore of avGFP is formed by the posttranslational, covalent modifications of
three amino acids, Ser65, Tyr66, and Gly67, which only occurs after the protein folds into
its native state [47,52-56]. The fluorophore forms an extensive hydrogen-bonding network
with surrounding residues, and the state of bonding changes the spectral and photophysi-
cal properties of the fluorophore substantially. The following describes the accepted mecha-
nism of fluorophore formation, although some mechanistic details are under debate [55-57]
(Figure 3.1B). The first step is the cyclization of the tripeptide main chain by the nucleophilic
attack of the amide nitrogen of Gly67 at the carbonyl carbon of Ser65, generating a hetero-
cyclic intermediate. The second step is the dehydration of the five-member heterocyclic ring,
which leads to the formation of an imidazolinone ring. The oxidation of this intermediate by
molecular oxygen at the position of Tyr66 C,—Cg then finally produces a full T conjugation
that extends from the phenolic group of Tyr66 to the imidazolinone ring in cis configuration—
the mature GFP fluorophore. Among these steps, the final oxidation by molecular oxygen is
rate limiting, with a time constant of about 2 hr for avGFP [53].

The absorption spectrum of avGFP has two peaks—a major one at 395 nm and a minor
one at 475 nm (Figure 3.1C). Excitation at 395 and 475 nm gives similar but not identical
emission spectra peaking at 508 or 503 nm, respectively [47]. Based on pH-dependent studies,
it was shown that the 395-nm absorption peak is due to the protonated phenol (Tyr66) in the
fluorophore, whereas the 475-nm peak is due to the deprotonated form [47,58]. Of interest,
the former undergoes excited-state proton transfer (ESPT), as the neutral fluorophore becomes
more acidic in the excited state [59], to become the anionic fluorophore, giving a similar but
not identical emission peak at 508 nm [60,61].

In all naturally occurring GFP-like proteins (>100), four amino acids—two in the flu-
orophore tripeptide, Tyr66> and Gly67, and two that directly interact with the fluorophore
through hydrogen bonding, Arg96 and Glu222 (avGFP numbering)—are absolutely con-
served [64]. This suggests that the basic mechanisms of fluorophore formation in different
GFP-like proteins are similar. Indeed, so far all mature fluorophores of available FPs share
one common feature, which is the oxidized tyrosine C4—Cp bond. However, the subsequent
modifications of the GFP fluorophore, which change the extension of the 1 systems, either
by natural evolution or human-made engineering, produce various FPs with colors extending
from blue to far red.

3.4. Properties of Fluorescent Proteins

This section will discuss important spectral, photophysical, and biochemical proper-
ties of FPs. The goal is to equip the reader with a clear understanding of these important
parameters so that when it comes to choosing which FP to use in a particular experiment, the
researcher will know which property of different FPs to compare.

3.4.1. Brightness

The most essential parameter to ensure successful single-molecule imaging is the
brightness of the fluorophore. At the ensemble level, brightness (B,) is defined as the product

3 1t is unclear why Tyr66 is universally conserved in all GFP-like proteins in nature. In engineered FPs it was
found that other two aromatic groups, Trp and Phe, or even His, can substitute Tyr66 and produce blue-shifted
fluorescence as in CFPs and BFPs [47,62,63].
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of molar absorption coefficient (¢, M~' cm™!) and quantum yield (®) at a particular pair of
excitation and emission wavelengths:

B, = q)kex/kem * Exex

At the single-molecule level, the brightness is defined as

2.303€)0x
Ny

where o, is the absorption cross section of a single molecule in cm?, which can be calcu-
lated from ¢ using the Avogadro number, N4.

In a typical experiment, the number of photons emitted by a single fluorophore during
a particular exposure time can be calculated from its photon emission rate, which is related to
its brightness, in that

B; = qj)»ex/)\em *O)ex = q)kex/kem :

Liem = Iex - Bs

where I, is the photon emission rate in photons per second per molecule and /., is the
incident light intensity in photons per second per square centimeter. For example, given an
incident light flux of 514 nm at 200 W/cm?, a typical room-temperature fluorophore absorp-
tion cross section at 2 A2, and a quantum yield of 0.6, the photon emission rate can be cal-
culated to be ~6 x 10* photons/sec. If an exposure time of 100 ms is used and the overall
microscope detection efficiency is 5%, then ~300 photons will be detected during the 100 ms.
This amount of photons is more than enough to enable single-molecule imaging; many detec-
tors are capable of single-photon detection. However, the available photons become a major
limitation when a reaction time course is monitored and the total photons are spread over
a number of separate frames. In addition, as discussed later, a high brightness is necessary
but not sufficient to achieve single-molecule detection in live cells because the photobleach-
ing property of the fluorophore and the autofluorescence background of live cells complicate
detection. In practice, an experience-based empirical threshold of brightness can be set at
about a B, of 3 x 10* (By of 1.0) to ensure that a single fluorophore will emit enough photons
to allow its detection at the single-molecule level. Depending on the emission wavelength,
this threshold for selecting fluorophores will change. For example, in the blue/green region
a fluorophore that is brighter than the empirical threshold is usually needed because cells’
autofluorescence background is higher at these wavelengths, whereas in the red region the
threshold could be lower because the autofluorescence background is lower.

3.4.2. Fluorescence Lifetime

Fluorescence lifetime is another important parameter of a fluorophore. It measures on
average how fast a fluorophore emits a photon, thus determining the saturating excitation
intensity required to extract all possible photons in the shortest time. However, in live-cell
imaging this scenario is rarely if ever encountered. Besides this, most FPs suitable for live-
cell imaging have similar fluorescence lifetimes in the range of a few nanoseconds, rendering
gating fluorescence lifetime difficult. Therefore, this parameter usually has little influence
when choosing an appropriate FP.
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3.4.3. Photobleaching Quantum Yield

Photobleaching is the process of irreversible destruction of a fluorophore in its excited
state due to its interactions with molecular oxygen or other surrounding molecules. The flu-
orophore may be chemically modified and return to the ground state as a new molecule that
no longer absorbs light at the excitation wavelength, For example, it was reported that pho-
tobleached enhanced yellow-fluorescent protein (EYFP) molecules irreversibly lose a mass
of 44 daltons, possibly due to the decarboxylation of the E222 residue during intense laser
illumination [61,65]. The exact photobleaching mechanisms of FPs in live cells have not been
elucidated, and different FPs may have different mechanisms due to different structural flex-
ibility and local fluorophore environments. For example, photobleaching of mOrange and
TagRFP-T are reported to be sensitive to the presence of oxygen [66], while EGFP is insensi-
tive to oxygen, singlet oxygen, or general radicals [67-69]. It has also been reported that when
a FP molecule bleaches, it emits one singlet oxygen, which could further damage adjacent FP
molecules [70,71].

Quantitatively, the sensitivity of a fluorophore to photobleaching is described by its
photobleaching quantum yield @y, defined as the probability of photobleaching per photon
absorbed, that is, the reciprocal of the average number of excitation/emission cycles a flu-
orophore can undergo before it photobleaches. When multiplied by the quantum yield, the
product represents the average number of photons a fluorophore can emit. For organic dyes
used in single-molecule studies, @y, is usually in the range around 10, while that for FPs is
around 107 [68,72-74].

Photobleaching quantum yield is also a key parameter in determining whether the flu-
orophore is suitable for single-molecule imaging because it limits how many photons can be
collected before a fluorophore is irreversibly destroyed. For example, if a fluorophore is dim
but highly photostable (low &), one may compromise time resolution to accumulate enough
photons using long integration time. However, if a fluorophore is photoliable (high @), it
may only emit a few photons before it photobleaches, rendering its detection difficult even if
it has a high brightness.

dy, is dependent on the particular molecular structure of a fluorophore and its local
environment but not on excitation intensity or how excitation is delivered (continuous or
pulsed). Therefore, @}, can be used to compare the photostability of fluorophores across dif-
ferent spectral classes and in different experimental setups. By definition, ®y, is best measured
at the single-molecule level, where the number of photons each fluorophore emits before it
photobleaches is counted and the average &y calculated. Note here that although the total
number of photons a fluorophore can emit before it photobleaches is independent of exci-
tation intensity, the photon emission rate of the fluorophore is. The stronger the excitation
intensity, the higher is the photon emission rate, and thus the shorter is the time the fluo-
rophore will fluoresce. If achieving longer time traces is the goal, low excitation intensity
should be used at the sacrifice of lower signal levels per acquisition time.

Currently published photostability measurement of FPs were usually done at the ensem-
ble level by monitoring the time at which the photon emission rate of high-concentration
fluorophores has dropped to half of its initial rate under arc lamp illumination [75]. This
method does not allow the calculation of the absolute @, values but still provides a quali-
tative comparison among different FPs that are measured under the same experimental con-
ditions. However, the time constants in this type of ensemble measurements are often much
longer than what would be obtained in single-molecule measurements [76]. This is likely
due to the fact that in the ensemble there are molecules existing in dark states that do not
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fluoresce immediately at the onset of excitation [68], whereas in single-molecule experiments
the true photobleaching time can be obtained by recording only the time when a fluorophore
is fluorescent. In addition, the ensemble photobleaching time curves often exhibit multipha-
sic exponential decay, which cannot be simply described by one time constant. Because of
these considerations, a systematic characterization of the photobleaching quantum yields of
available fluorophores at the single-molecule level is much needed.

In most single-molecule experiments (especially tracking experiments), photostability
of a fluorophore is preferred to obtain long trajectories. However, photobleaching can also be
used to one’s advantage. For example, in gene expression experiments in which accumulation
of fluorescent background by newly expressed FP molecules is a problem, a photolabile FP
such as the YFP variant Venus is preferred so that the previously generated molecules can be
quickly photobleached to allow the next round of detection.

3.4.4. Fluorescence Blinking

Fluorescence blinking is the switching of a fluorophore between a fluorescent and a
nonfluorescent state spontaneously on a time scale usually ranging from milliseconds to sec-
onds. At the ensemble level, blinking of individual molecules is not observed, and this behav-
ior merely reduces the average fluorescence intensity because the on- and off-switching of
individual molecules is stochastic and averaged out in large ensembles. At the single-molecule
level, however, it is important to take the blinking behaviors of individual molecules into
account to avoid misinterpretation of data.

Nearly all fluorophores exhibit some kinds of dynamic blinking behaviors on different
time scales. In live-cell imaging, the integration time is usually in the range of a few to a
few hundreds of milliseconds. Therefore, only blinking at that time scale is considered in
the following text because faster or slower blinking behaviors will not be reflected in the
measurements.

The on-off blinking behavior was first reported on EGFP [69] and YFP [77]. Figure 3.2
shows one typical time trace of a single YFP (Venus) molecule on continuous illumination at
514 nm. It is evident that the fluorescence intensity fluctuates between bright (on) and dark
(off) states on the time scale of seconds. A three-level system has been proposed to explain
the blinking behavior. The on-state is the result of photon emission during the transitions from
the singlet excited state to the ground state, as described in a standard fluorescence two-level
system. During this cycle, however, there is a small probability that a molecule will go into a
long-lived dark state that cannot emit a photon. This contributes to the off-period. Only when
the molecule is returned to the singlet ground state capable of absorbing new photons will
fluorescence resume. The transition probability from a bright to dark state can be calculated
by taking the reciprocal of the average number of excitation/emission cycles during the on-
time, which has been measured to be at about 5 x 10° for enhanced GFP (EGFP) [74]. The
average off-time for both EGFP and EYFP was measured to be between a few and a few tens
of seconds [65,68,74,77].

The exact nature of the molecule at the dark state, however, has not been completely
elucidated. It was first proposed that the protonated fluorophore is responsible for the off-state
and that the conversion between protonation and deprotonation of the fluorophore results in
the blinking behavior—the anionic form of the fluorophore fluoresces, while the protonated
form does not [77]. Later this process turned out to be more complicated than expected.
McAnaney et al. demonstrated that at sufficiently low power densities (<1 kW/cm?), the
ground-state protonation and deprotonation is indeed responsible for the blinking behavior
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Figure 3.2. Fluctuations (blinking) in the fluorescence intensity of a single yellow-fluorescent protein (YFP) Venus
molecule under continuous illumination of 514 nm at 2 kW/cm? with an integration time of 50 ms.

[65]. However, Peterman et al. showed that there is a clear excitation power dependence—
between 0.5 and 5 kW/cm? the fluorescence on-time becomes shorter when the power gets
higher. In addition, at high excitation intensity (5 kW/cm?), the average fluorescence on-
time is independent of pH between 6 and 10 [68]. These experiments suggest that at high
power densities, the photon-driven excited-state protonation reaction of the fluorophore is
faster than the ground-state process [65,74,78]. The fluorescence off-time, however, was found
to be independent of excitation power [68], indicating that YFP molecules in the off-state
spontaneously relax to the on-state [65,79]. Moreover, photon-induced isomerization of the
fluorophore conformation [80] and rearrangement of hydrogen-bonding network around the
fluorophore [81] have been suggested to contribute to the blinking behavior.

3.4.5. Maturation Time

The fluorophore maturation process in FPs determines how fast a fluorescent response
can be detected following the production of a FP molecule. The oxidation step of the fluo-
rophore formation process as described earlier is usually the slowest and is thus considered the
rate-limiting step for the maturation process. To speed up the maturation process, increased
access of the fluorophore to molecular oxygen is important [82]. However, it is possible that
this increased accessibility may also lead to increased environmental sensitivity and prone-
ness to photobleaching. For some cellular processes that do not require the detection of a FP
molecule immediately after its production, slow maturation is of less concern. However, a
cell expressing a fast-maturing FP will contain more copies of fully matured FP than a cell
expressing a slow-maturing FP at the steady state, affecting data throughput of an experiment.
If monitoring the fast dynamics of cellular processes such as gene expression is the goal,
using a fast-maturing FP as the gene expression reporter is critical. Because gene regulation
is mainly controlled by differential binding modes of transcription factors, changes of gene
expression state usually occur on the time scale of a few minutes or even shorter. To follow
this process faithfully with a high time resolution, a FP reporter molecule needs to become
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fluorescent as soon as it is synthesized. Unfortunately, all current FPs mature slowly, on the
time scale of a few tens of minutes to a few hours, except one YFP variant, Venus, which has
a maturation time constant measured at about 2 min in vitro and 7 min in vivo [83,84]. This
property makes Venus an attractive gene expression reporter, allowing the direct counting of
protein molecules generated one at a time [84]. If another fast-maturing FP emitting in the
red region were developed, the temporal expression correlation of two related genes could be
monitored simultaneously at the single-molecule level, greatly facilitating the investigation of
gene regulation mechanisms in large networks.

3.4.6. Construction and Expression of Fusion Proteins

It is critical that being tagged by a FP does not perturb the function of the tagged pro-
tein. Before a single-molecule experiment is conducted, one should verify whether the fusion
protein is functional. This can be done in different ways. The most stringent test is to check
whether the expression of the fusion protein in a cell strain that has the gene for the untagged
protein deleted will rescue the deletion phenotype, provided that the deletion of the wild-type
gene has an identifiable phenotype. If no obvious phenotype of the deletion strain can be
identified, one should verify whether other genetic and biochemical properties of the fusion
protein, such as expression level, cellular localization pattern, enzymatic activity, or gene reg-
ulation activity, reproduce those of the untagged protein. Based on empirical observations, in
general GFPs cause least perturbations to the tagged proteins, while some engineered RFPs
and especially some photoinducible FPs such as rsFastLime and EosFP (discussed later) are
difficult to work with. In the latter cases, when the fusion protein is not functional, the linker
sequence needs to be carefully scrutinized, and changing the terminus to which the FP is
fused may improve the performance of the fusion protein. It was found that by fusing the first
and last seven amino acid residues of avGFP to the N and C termini of some RFPs, the tol-
erance of the tagged proteins to the RFP fusions was enhanced [85]. In some cases, lowering
the expression temperatures helped to improve the folding of the fusion proteins.

To enable single-FP-molecule detection in live cells, it is necessary to repress the
expression level of the fusion FP protein to avoid large fluorescence background. In bacterial
cells, this can be done by using a weak or repressed promoter such as the lac promoter and
incorporating the gene encoding the fusion protein into chromosome or a single-copy plasmid
such as the F plasmid. In eukaryotic cells, a regulated promoter such as the cytomegalovirus
(CMV) promoter repressed by Tet repressors can be used. The original chromosomal gene
of the tagged protein can be left intact. In the case of photoinducible proteins (see later dis-
cussion), however, the expression level does not have to be strongly repressed because high
concentrations of FP can be expressed with only a few molecules becoming fluorescent upon
photoinduction.

3.4.7. General Guidelines

In general, a FP suitable for single-molecule imaging in live cells should possess one or
more of the following properties: high brightness, high photostability, emission in the visible
range, and fast maturation time. Note that although the monomeric state of the FPs was not
discussed earlier, it is mandatory for protein tagging. This is because dimeric or tetrameric
FPs tend to cause self-association and aggregation of tagged proteins, preventing proper inter-
pretation of experimental data [75]. All the FPs to be discussed are monomeric. One should
also keep it in mind that there is no single FP that can meet the demanding criteria of all
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experiments. Therefore, one needs to decide what the most important property for a partic-
ular experiment is and make the necessary compromise. In the following section a collec-
tion of FPs that have the potential or have already been demonstrated in single-molecule
imaging in live cells is discussed in detail. Their properties are compiled in Tables 3.2
and 3.3.

3.5. Derivatives of avGFP and Other GFP-Like Proteins

Extensive mutagenesis efforts have been exerted on the original avGFP to improve its
properties. This is because the avGFP has complicated photochemistry [86,87], does not fold
well above room temperature [58], and matures slowly [47]. Through the combination of ran-
dom mutagenesis and rational design, different versions of FPs have been generated, with
their absorption and emission wavelengths blue- or red-shifted as much as 40 nm and with
improvements in their fluorescence brightness, photostability, environmental sensitivity, fold-
ing, and maturation kinetics (Figure 3.3 and Table 3.2) (for extensive reviews, see Refs. 75
and 86]).

For example, the first EGFP (Figure 3.3) has an S65T mutation, which diminishes the
395-nm absorption peak of the avGFP but significantly enhances the 475-nm peak, greatly
facilitating excitation in the blue region instead of the violet region, with the latter being
usually detrimental to cells [47,49,88]. This is possibly because the threonine at position
65 is bulkier than the original serine and cannot adopt the same conformation as Ser65 to
donate a hydrogen bond to Glu222. This change leads to changes in the hydrogen-bonding
status of a few polar residues around the fluorophore, and the phenolic hydroxyl group of
Tyr67 is effectively anionized, contributing to the greatly enhanced absorption at 475 nm
[51,89]. Another example is the YFP class. The red-shifted excitation and emission (515 and
525 nm, respectively) of YFPs is mainly due to the T203Y mutation, where the tyrosine
stacks its aromatic ring next to the phenolate anion of the fluorophore, forming an extended
n—Tt interaction and lowering the excited-state energy level (Figure 3.3) [63,90].

Among many improved versions of avGFP, the YFP class is preferable over GFPs for
single-molecule imaging in live cells due to its superior spectral properties [76], the reduced
cellular autofluorescence at YFP emission peaks, and the available high-quality imaging
optics and detectors. Blue or cyan FPs are usually not considered for single-molecule imaging
in live cells because of the presence of prominent cellular autofluorescence in their spectral
region, increased phototoxicity to cells caused by ultraviolet (UV)/violet excitation, and low
detection efficiency of UV optics and detectors. For the GFP class, although improved GFPs
such as EGFP has been successfully applied to single-molecule imaging in live cells to reveal
cell surface protein distribution patterns [91] and actin filament dynamics [92], and the newly
developed superfolder GFP (sfGFP) [93] possesses the necessary brightness for its single-
molecule detection, this class does not have a clear advantage over the YFP class or the RFP
class in single-molecule live-cell imaging. Therefore, blue and green FPs are not included
here.

3.5.1. Derivatives of avGFP
EYFP

Enhanced YFP (EYFP) contains four mutations (S65G, V68L, S72A, and T203Y) com-
pared to avGFP. As discussed earlier, the T203Y mutation is rationally designed to shift
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Figure 3.3. Comparison of fluorescence excitation (gray), emission (black) spectra (A), and the corresponding
fluorophore structure of fluorescent proteins (FPs) as discussed in the text (B). The excitation and emission spectra of
flavin adenine dinucleotide (FAD) are also shown as a comparison. For the photoconvertible FPs Dendra and EosFP,
the spectra of green forms are shown in broken lines and red forms in solid lines. For each fluorophore the conjugated
7 system is color-coded for its emission wavelength. For the yellow-fluorescent protein (YFP) class, only mCitrine’s
spectra and fluorophore structure are shown because they are representative for other YFPs such as enhanced yellow-
fluorescent protein (EYFP), Venus, and YFP for energy transfer (YPet). The spectra of rsFastlime, rsCherry, and
rsCherry-Rev are not shown because they are similar to their corresponding parents Dronpa and mCherry with slight
wavelength shift, respectively (see Table 3.3 for details). The crystal structures of fluorophores in some FPs are not
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Figure 3.3. (continued) available, and the shown structures are modeled based on the closest available struc-
tures when possible: monomeric orange-fluorescent protein Kusabira-Orange (mKO) and tdTomato from Discosoma
striata red-fluorescent protein (dsRed) [112,113], mOrange2 from mOrange [118], and TagRFP-T and mKate from
eqFP611 [121]. For Dendra the mechanism for its photoconversion is unclear, and therefore its chromophore structure
is not shown. Five commonly used laser lines at 405 (solid state), 488 (argon ion), 514 (argon ion), 543 (helium neon),
and 568 nm (krypton) are superimposed on the spectra to indicate which laser line is best suited for the excitation of
which FP. EGFP, enhanced green-fluorescent protein.
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emission into the yellow-green region of the spectrum. The commercially available version
of EYFP from Clontech has also been codon-optimized to allow more efficient translation and
higher expression levels in eukaryotic cells. EYFP is bright, with a high absorption coefficient
of 83,400 M~! cm™! and a quantum yield of 0.61 [63]. It has been widely used to track the
movement and distribution patterns of single proteins molecules on the membrane of live cells
[76,94-96]. However, its high pKa (6.9) and sensitivity to halides cause its fluorescence to
fluctuate in a cellular environment, where usually pH is 6.8-7.3 and C1~ concentration is 10—
60 mM [97,98]. In addition, EYFP is a weak dimer, with a K4 of 0.11 mM [99], although
this should not be of significant concern for single-molecule studies. This is because most of
the time, to achieve single-molecule detection in live cells, FPs are usually expressed at con-
centrations far below those required for significant dimer formation. A true monomeric YFP
(mYFP) was generated by introducing the mutation A206K, in which the positive charge of
the lysine side chain disrupts the hydrophobic interaction at the dimeric interface. The spec-
tral properties of mYFP are essentially the same as those of EYFP.

Citrine

By introducing one additional mutation, Q69M, into EYFP, a new YFP named Citrine
was generated, Citrine has a lower pKa at 5.7, is less sensitive to halide, and is about twice as
resistant to photobleaching as EYFP [73,100]. The low pKa and insensitivity to halide could
be explained by the Q69M mutation. The side chain of the Met was shown in the crystal
structure to occupy a halide-binding cavity near the fluorophore, shielding the fluorophore
from CI™ or protons. The resistance to photobleaching may also be a direct result of the
elimination of the cavity near the fluorophore, so that the fluorophore is better packed and
shielded from the environment. Like its parent EYFP, Citrine is also a weak dimer, but its
monomeric version was easily generated by introducing the same mutation A206K, and the
resulting mCitrine has the same spectroscopic properties [73,75,100,101].

Venus

A particularly notable and popular YFP mutant is the fast-maturing Venus generated
by the Miyawaki group [83]. Venus has comparable brightness, low pKa, and insensitivity to
halide to those of mCitrine, but its most distinguishing feature is its fast fluorophore matu-
ration process, the time constant of which is measured to be about 2 min in vitro [83] and
7 min inside live E. coli cells [84]. The accelerated fluorophore maturation results from a
combined effect of the five point mutations (F46L, F64L, M153T, V163A, S175G), which
likely introduce structural flexibility, remove steric and energetic constraints in the folding of
the polypeptide chain, and enhances oxygen access to the fluorophore [83,102]. Given that
many other FPs mature on the time scale of a few tens of minutes or hours, the accelerated
maturation time of Venus is particularly attractive for monitoring cellular processes with fast
dynamics such as gene expression. In a recent work by the Xie group, Venus was used as a
single-molecule gene expression reporter to probe the real-time dynamics of a repressed lac
promoter in live E. coli cells [84]. Had a FP with slower maturation kinetics been used in
this work, the detected FP molecules generated from one single mRNA would have a much
wider distribution in time, rendering it difficult to discern when an mRNA molecule was gen-
erated. One drawback of Venus is its low photostability—it photobleaches at least twice as
fast as mCitrine. Therefore, Venus is not the best fluorophore to use in experiments such as
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single-molecule tracking where photostability is crucial. Venus is also a weak dimer, but, just
as in the cases of mYFP and mCitrine, an A206K mutation generates monomeric mVenus
[101].

Yellow-Fluorescent Protein for Energy Transfer

Yellow-fluorescent protein for energy transfer (YPet) was originally generated during
a screening for improved fluorescence resonance energy transfer (FRET) between CFP and
YFP [103], but it was later found that the improved FRET performance of YPet is likely due
to its tendency to dimerize with its coevolved partner CyPet [104,105]. Nevertheless, YPet is
superior for single-molecule imaging because it is the brightest YFP available, with a very
high absorption coefficient at 104,000 M~! cm~! and a quantum yield of 0.77. It was based on
another bright YFP variant, Topaz [63], which was the brightest YFP before the appearance
of YPet. Multiple mutations were introduced into Topaz through random mutagenesis, and
the roles of many of them in improving its brightness are unclear. The maturation kinetics
of YPet is similar to that of EYFP, but its photostability has not been addressed. There is no
report on the use of YPet in single-molecule studies, but given its brightness and low pKa
(5.6), its use in single-molecule imaging in live cells should be imminent.

3.5.2. Orange- and Red-Fluorescent Proteins

Fluorescent proteins that excite and emit at longer wavelengths than GFP or YFP are
highly desirable for single-molecule imaging in live cells for three reasons. First, excitation at
long wavelengths avoids exciting the flavin protein, which is the major source for high cellular
autofluorescence background in the 500-to 600-nm region. Second, orange or red excitation in
general causes less photodamage to cells because blue or green excitation carries more energy
and can be absorbed by DNAs and proteins. Therefore, longer time traces can be obtained
without exposing cells to severe photodamage. Third, RFPs can be spectrally distinguished
from GFPs or YFPs, making it possible for two-color, single-molecule imaging in live cells.

Earlier efforts to engineer jellyfish avGFP to produce variants in the orange or red
region had been unsuccessful,* although blue light—induced conversion from green to red
fluorescence under limited oxygen supply had been reported [107,108]. This situation did
not change until 1999, when the first RFP, dsRed, was discovered in a nonbioluminescent
reef coral species, Discosoma striata, commonly called the striped mushroom [109]. This
breakthrough started the second round of extensive mutagenesis efforts to improve the orig-
inal dsRed because it matures slowly (¢1/> = 27 hr) through a green intermediate [110], has
dim fluorescence [109], and is an obligate tetramer [110]. The results were successful, and a
series of monomeric RFPs called mFruits were generated by the Tsien group [85]. Together
with RFPs generated from other research groups and companies, there are now FPs ranging
from orange to far infrared with much improved biochemical and photochemical properties
(Figure 3.3) (also see comprehensive reviews in Refs. 75 and 101).

The formation of these RFP fluorophores (Figure 3.4) shares similar steps with GFP
maturation but includes additional chemistry, which explains why the efforts to engineer

4 There is one recent study reporting the generation of the first red fluorescence-emitting derivative (excitation and
emission maxima at 555 and 585 nm, respectively) of avGFP [106]. Purified proteins or cells expressing this
mutant, however, showed both green (strong) and red (dim) emission. It is likely that only a small population of
the mutant matures to the red chromophore. Nonetheless, this study indicates that the full mutagenesis potential of
GFP has yet to be reached.



Single-Molecule Imaging in Live Cells 61

HoN o

Folding P o 2
o ° Gly68 N . N
”\ N - Cyclization m\_{“‘\) Oxidation § N\)l
Y, N/\"' 0 0 N

H o i o ’_ HoN HoN N\
GIn6é6 Tyr67 Dehydration t +0y, -H*, -H,0;, L

OH Oxidation 0 o .
o} . 0
Green Fluorophore Red Fluorophore

Figure 3.4. Maturation of the fluorophore in Discosoma striata red-fluorescent protein (dsRed) [112,113]. The first
step is to form a green-emitting fluorophore as in green-fluorescent proteins through cyclization, dehydration, and
oxidation, and the second step involves oxidation of the bond between the a-carbon and the nitrogen of Gln66 to
form an acylimine, which extends the m-conjugation system.

avGFP to produce variants in the red region have been unsuccessful [111-113]. For dsRed, the
initial steps also involve a tripeptide (GIn66, Tyr67, and Gly68) to go through similar cycliza-
tion, dehydration, and oxidation to form a coplanar p-hydroxybenzylidene-imidazolinone 7
system like that in GFP. However, additional oxidation at C,—N bond of GIn66 takes place to
form an acylimine group, leading to an extended m-bonding resonance system. This extended
conjugation system results in greater delocalization of electrons upon excitation, giving rise
to the longer excitation and emission wavelengths (558 and 583 nm, respectively). In addition
to this extra oxidation step, the Phe65 and GIn66 of dsRed are connected by an unexpected
and unique cis peptide bond, the isomerization of which from the usual trans bond formed
initially upon protein folding is believed to be a key step that slows down the maturation
of the fluorophore [112,114]. In other RFPs that derived based on dsRed, such as mOrange,
mCherry, and mStrawberry, the fluorophores may undergo further chemical transformations
[115]. In the following, a few OFPs and RFPs with promising potential for single-molecule
imaging in live cells are discussed.

The brightness of OFPs and RFPs is usually less than that of the YFPs; however, as
the cells’ autofluorescence background is much less at the longer wavelengths, the slightly
decreased brightness does not pose a significant problem for single-molecule imaging. In
fact, mCherry, the dimmest among the few selected RFPs to be discussed, has been demon-
strated to be detectable as single molecules in live bacteria cells [116]. Since many of the OFPs
and RFPs to be described were just discovered very recently, some of their properties, such as
fluorophore structures, maturation kinetics, photobleaching, and fluorescence-blinking behav-
iors, have not been fully characterized. Therefore, the following selection of FPs is based on
the best knowledge available and serves as a starting point for further detailed investigations,
especially at the single-molecule level.

Monomeric Orange-Fluorescent Protein Kusabira-Orange

The orange-fluorescent protein Kusabira-Orange (KO) was originally cloned from stony
coral and selected as a FRET partner with CFP [117]. Because KO exists in the heterogeneous
oligomeric state including dimers and tetramers, extra rounds of mutagenesis were carried out
to introduce more than 20 mutations to generate the monomeric version mKO. mKO absorbs
strongly at 548 nm, with a small shoulder at 515 nm, and emits maximally at 561 nm. Its
overall brightness is comparable to that of EGFP, and its photostability appears to be better
than that of many FPs, making it an attractive fluorescent label especially in single-molecule
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tracking experiments [66,75]. mKO behaves well when fused to most proteins tested, although
it was reported to cause problems in the localization of a-tubulin. Adding longer/flexible
linkers or the N- or C-terminus of GFP to mKO may lessen this problem [66].

mOrange and mOrange2

mOrange (excites and emits maximally at 548 and 562 nm, respectively) was created
during one substantial effort of reengineering dsRed and its derivatives to generate a series of
orange- and red-emitting FPs called mFruits. Each FP in this series is named after a similarly
colored fruit [85]. mOrange is the brightest monomeric FP in this series, but it photobleaches
quickly. In addition, its pKa of 6.5 may pose a disadvantage compared to other mFruits, which
usually have pKa values around 5 or lower. The absorption spectrum of mOrange has a minor
peak at 470 nm, and it has a 510-nm emission peak under 470-nm excitation. This likely
represents a population of fluorophores whose maturation stalls at a GFP-like fluorophore
stage [118]. This can be a serious drawback in using mOrange in two-color imaging experi-
ments. Work aimed at improving the photostability of FPs led to a new version, mOrange?2,
with four mutations that may hinder a critical oxidation reaction and loss of fluorescence of
the fluorophore [66]. mOrange?2 is less bright than mOrange but still compares favorably to
other mFruits. The absorbance spectrum of mOrange?2 has the similar additional peak around
490 nm, but excitation at this peak does not produce fluorescence. The most distinctive prop-
erty of mOrange?2 is its photostability, which is significantly (>25-fold) improved over that
of mOrange and is among the best of all available FPs. However, its sensitivity to pH is
not changed, and mOrange?2 appears to mature twice as slowly as mOrange (4.5 instead of
2.5 hr).

tdTomato

The tandem dimer tdTomato is the brightest of all available FPs; it was created by fusing
two copies of the dimeric dTomato gene, and thus possesses two bright fluorophores. Its
excitation and emission wavelengths (554 and 581 nm, respectively) are red-shifted compared
to those of mKO and mOrange, and it is also very photostable. The major drawback of its
use in tagging proteins of interest is its relatively large size, which has been problematic
when it was fused to o-tubulin and connexin, where tight packing of these fusion proteins
is needed [66]. However, this should be case dependent, in that its fusion with myosin light
chain appears to be successful [119]. Therefore, tdTomato fusion proteins need to be more
carefully scrutinized for their functionality before any meaningful conclusion is drawn.

TagRFP and TagRFP-T

TagRFP-T is the optimized, monomeric version of the early tetrameric eqFP578
cloned from sea anemone [120]. TagRFP possesses a high absorption coefficient
(100,000 M~ cm™!) and an intermediate quantum yield (0.48), with excitation and emis-
sion maxima at 555 and 584 nm, respectively. Of interest, the fluorophore of TagRFP, which
is formed by the Met-Tyr-Gly triad, likely adopts a coplanar but trans conformation as in
its homolog eqFP611 cloned from the same species [121]. This is different from the fluo-
rophore conformations of the majority of other FPs, which are usually in the cis form. In addi-
tion, as will be discussed later for photoinducible FPs (PI-FPs), a mechanism of trans-to-cis



Single-Molecule Imaging in Live Cells 63

isomerization of the fluorophore is suggested to account for the photoinduction of the PI-FPs
from the nonfluorescent to a fluorescent form. It is not clear why the frans-fluorophore of
eFP611 is still highly fluorescent and how its conformation contributes to its photophysical
properties.

Although TagRFP already possesses reasonable photostability, the Tsien group further
optimized TagRFP by selecting mutants that exhibit prolonged fluorescence after intense pho-
tobleaching [66]. One mutation, S158T, was found to enhance the TagRFP’s photostability
ninefold. This new version, named TagRFP-T, is the most photostable FP across all spectral
classes available, although its brightness is 20% lower than that of TagRFP. In addition, the
absorption spectrum of TagRFP-T does not have other minor peaks that absorb but do not
fluoresce, indicating that the fluorophore only exists in one fluorescent state.

mKate

The RFP mKate is also derived from eqFP587, the same progenitor as that of TagRFP
[122]. In the red and far-red region where most RFPs are dim, mKate performs reasonably
well, with an extinction coefficient of 45,000 M~ ! cm™!, a quantum yield of 0.33 (excitation
and emission maxima at 588 and 635 nm, respectively), and a brightness that is compara-
ble to that of mCherry. mKate also demonstrates high photostability, which is in the same
range as that of the two newly developed OFP variants mOrange2 and TagFP-T. However,
its photobleaching curve measured in ensemble exhibits complex behaviors, with an initial
rise of fluorescence intensity followed by gradual decay, which was suggested to resemble
that of photoinducible FPs. It is likely that some mKate molecules that originally exist in a
dark state can be irreversibly driven into the bright state by intense laser irradiation at its
absorption maximum, and continuous irradiation eventually leads to complete photobleach-
ing. Further investigations, especially at the single-molecule level, are needed to characterize
this photobleaching behavior.

mCherry

Another RFP, mCherry, has been one of the most promising RFPs in the mFruits series,
in that it has exceptional photostability, its excitation and emission wavelengths are red-shifted
further to around 600 nm, and it matures relatively rapidly [85]. Although its brightness is
among the dimmest of the FPs selected in this chapter, its single-molecule detection has been
realized in live bacterial cells [116]. Compared to mCherry, the newly developed mKate emits
in the same far-red region, has similar brightness, and has better photostability. However,
because the complex photobleaching behavior of mKate is not well characterized, mCherry
remains a good fluorescent label to use in single-molecule imaging in live cells.

3.5.3. Photoinducible Fluorescent Proteins (PI-FPs)

Recent advances in FP engineering have resulted in another exciting class: the pho-
toinducible FPs (PI-FPs).> This new class of FPs (Table 3.3) possesses a unique property in

5 Here the term “photoinducible FPs” is introduced to characterize the common feature of this class of fluorescent
proteins: They all undergo light-induced processes to change their fluorescence emission properties. In the litera-
ture, the terms photoactivation, photoswitching, and photoconversion are used, sometimes interchangeably. In the
context of this chapter photoactivation refers specifically to the process of fluorescence turn-on from a dark state
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that they undergo pronounced light-induced spectral changes in response to irradiation at a
particular wavelength. This remarkable property enables their fluorescence to be controlled
at will and is especially suitable for selectively marking macromolecules of interest in space
and time and tracking their movement and redistribution inside a cell. For example, a protein
can be labeled with a PI-FP, expressed at high density (10° molecules/jum?) inside a cell. This
high expression level still contributes minimally to the background, in that most of the PI-FP
molecules are kept at the fluorescence off-state. Upon the application of photoinduction at a
certain level, a few PI-FP molecules are selectively induced to become fluorescent, enabling
single-molecule detection, localization, and tracking. These molecules can then be turned
off by photoinduction or bleaching to allow the next round of recording. Thus, thousands
of cycles can be carried out in the same cell to generate a large amount of data, facilitating
statistical data analysis [123,124].

Auvailable PI-FPs can be divided into two categories. The first category includes PI-FPs
whose excitation/emission spectra are constant but whose fluorescence on- or off-state is
changed by photoinduction. This category includes the photoactivatable RFP PA-mRFP1-1
[125], the photoswitchable RFP asFP595 [126], and the GFP Dronpa [127]. The second cate-
gory includes PI-FPs whose excitation/emission color is changed by photoinduction. Typical
examples are the irreversible, green-to-red photoconvertible FPs Kaede [128], KiKGR [129],
EosFP [130], and Dendra [131] and the cyan-to-green PS-CFP [132]. Comprehensive reviews
on the PI-FPs are available [101,133-135], and readers are directed there for the complete cov-
erage of available PI-FPs. The focus here is on the PI-FPs that have the potential for or have
already been demonstrated in single-molecule imaging in live cells. These PI-FPs include
the photoswitchable Dronpa together with its derivative, the fast-switching rsFastlime; the
newly developed rsCherry and rsCherryRev; the green-to-red photoconvertible monomeric
mEosFP; and the improved version of Dendra, Dendra2. All of these PI-FPs are monomeric
and possess sufficient brightness to be imaged at the single-molecule level. Their spectral
properties are summarized in Table 3.3.

Many members in the GFP, YFP, and RFP classes also exhibit similar photochromatic
behavior, although the photoinduction quantum yields are usually much lower than that of
PI-FPs [66,68,77,79, 80,136,137]. Some molecules that appeared to be “photobleached” are
actually molecules that stayed in long-lived dark states. These molecules can be photoin-
duced to fluoresce again with illumination with violet or blue light. The mechanisms of their
switching in general may be similar to that of the PI-FPs, as discussed later.

Dronpa and Its Derivative rsFastLime

Dronpa and its derivatives are the best-studied PI-FPs [127,138]. Their fluorescence can
be detected with blue excitation (488 nm), but prolonged blue excitation will drive Dronpa
into a dark state (switch-off). Dronpa can escape from the dark state by irradiation of violet
light (405 nm) to become fluorescent and detected by 488-nm excitation again (switch-on).
This switching-on and -off cycle can be repeated more than 100 times for a single Dronpa
molecule imbedded in polyvinyl alcohol film before it finally photobleaches [138].

The photoinducible switching between the on- and off-states of Dronpa is likely due
to the light-induced fluorophore protonation state and/or conformational changes [138-144].

irreversibly (off — on); photoswitching to the process of reversible fluorescence turn-on and turn-off cycles (off
<> on); and photoconversion to the process of light-induced change of excitation/emission spectra between two
color regions (ong ony).
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Figure 3.5. A. Absorption spectra of Dronpa before 490-nm illumination (black), followed by 490-nm illumination
for 40 min (gray) and then after 400-nm illumination for 6 min (dotted gray) The three curves exhibit an isosbestic
point at 428 nm. Irradiation at 490 nm for a prolonged time completely diminishes the absorption peak around
500 nm and increases the population that absorbs at 390 nm. Brief irradiation at 405 nm completely restores the 500-
nm peak and diminishes the 390-nm peak. (Adapted from Ando et al. [127].) B. Proposed photoswitching states of
Dronpa. Form B is the deprotonated form, which can be excited at 488 nm to emit fluorescence; A1 is the protonated
form, which exists in equilibrium with form B through ground-state deprotonation and protonation and does not
fluoresce; Aj is the protonated form, which only forms through the excited form B and cannot relax spontaneously
to B but can be converted to B through irradiation at 405 nm.

Dronpa’s absorption spectrum (Figure 3.5A) has one major peak at 503 nm and a minor one
at 390 nm, corresponding to the deprotonated (B) and neutral (A;) forms of the fluorophore,
respectively (Figure 3.5B). Only the deprotonated form B is fluorescent upon excitation at
488 nm (emission peak at 518 nm, with quantum yield ® of 0.85). When Dronpa is illumi-
nated at 488 nm for a prolonged time, the deprotonated form B undergoes an efficient ESPT
from the excited state to a protonated ground state (Az), which is not fluorescent. This consti-
tutes the switching-off of the photocycle of Dronpa, with a switching quantum yield ®p.p of
about 3x10™*. The protonated form A, relaxes very slowly (days) to the deprotonated form
B, is different from the originally neutral form A, which exists in equilibrium with the depro-
tonated form B, and, most remarkably, can be rapidly (within milliseconds) converted to the
deprotonated form B by 405-nm irradiation (Figure 3.5B). The conversion of A; to B consti-
tutes the switching-on of the photocycle because after 405-nm irradiation, bright fluorescence
is regenerated with 488-nm excitation. The quantum yield for the switching-on ®p.p is very
high (~ 0.37). The on-time, that is, the time for a single Dronpa molecule to stay at the depro-
tonated form B during 488-nm illumination, is linearly dependent on the excitation power in
the range tested (0.2—3 kW/cm?)—the higher the power, the shorter is the on-time. Similarly,
Dronpa’s switching-on rate is also power- dependent, with stronger 405-nm irradiation giving
higher switching-on rates [145].

Structural studies using X-ray crystallography and nuclear magnetic resonance (NMR)
confirmed that the fluorophore, formed by the Cys62, Tyr63, and Gly64 tripeptide, is depro-
tonated in the bright state and protonated in the dark state [140,141,144]. In addition, these
studies also suggested that conformation changes in the fluorophore, such as a cis—trans
transformation as in asFP595 [140], the overall B-barrel structure flexibility [144], and/or the
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extensive hydrogen-binding network of the fluorophore with surrounding polar groups [141]
contribute to light-induced photoswitching.

Dronpa has been successfully applied to probe the shuttling of signaling molecules
between different cellular locations and track cell fates using whole-cell labeling at the
ensemble level [127,146—148]. It also has been detected at the single-molecule level in vitro
[138,142,149] and in fixed cells [150]. However, its imaging at the single-molecule level in
live cells has not been reported. Based on Dronpa’s high quantum efficiency (0.85) and high
absorption coefficient (95,000 M~ cm™!), it is the brightest FP among the selected PI-FPs
and there is no reason why its single-molecule imaging in live cells cannot be done. The only
drawback, however, could be the reported residual fluorescence when Dronpa is in the off-
state (10% of its on-state fluorescence measured at the ensemble level [151]). Therefore, it
may be difficult to image single Dronpa molecules in a densely labeled cellular environment
because the residual fluorescence of Dronpa molecules in the off-state will contribute to a
high background. It is not clear whether the residual fluorescence of Dronpa in the off-state
is an intrinsic property of the fluorophore or whether 488-nm irradiation can also switch on
Dronpa molecules in the off-state (although inefficiently), creating a dynamic equilibrium
between Dronpa molecules in the off- and on-states.

Further engineering of Dronpa produced three mutants that accelerate the switching
between the bright and dark states, possibly by reducing the steric hindrance of fluorophore
conformational changes [140]. One of these, the V157G mutant rsFastLime, has a good
combination of brightness and fast switching kinetics (faster switching-off and spontaneous
switching-on rates) (Table 3.3). The other two mutants, M159T and M 1598, although switch-
ing much faster, are both too dim to be useful in single-molecule imaging in live cells. The
fast switching-off property of rsFastLime has been successfully used in photoactivated local-
ization microscopy (PALM) in fixed cells to shorten the imaging time from more than 10 hr
to a few minutes [152]. In single-molecule tracking experiments, however, the fast switching-
off property of rsFastLime does not necessarily pose an advantage over Dronpa because it
causes short fluorescence on-times, limiting the duration of tracking trajectories. However,
the spontaneous switching-on property of rsFastLime simplifies instrumentation because only
one laser line (488 nm) rather than two alternating lines (488 and 405 nm) satisfies both
the switching-on and -off requirements, although the addition of a 405-nm line significantly
enhances the switching-on probability.

rsCherry and rsCherryRev

The newest additions to the reversibly photoswitching FP family are the red-emitting
rsCherry and rsCherryRev, which were semirationally derived from mCherry [153]. By incor-
porating into mCherry mutations that likely facilitate cis—trans transition and modify the
immediate hydrogen-bonding environment of the fluorophore, rsCherry and rsCherryRev
were produced with opposite photoswitching properties. In the on-state, both FPs absorb
and emit maximally around 570 and 610 nm, which are slightly blue-shifted compared to
mCherry. Prolonged illumination using a yellow light (550 nm) turns off rsCherryReyv, just as
Dronpa is reversibly inactivated on prolonged illumination at its detection light (488 nm). For
rsCherry, however, the same yellow light illumination switches on its fluorescence from its
dark state. Similarly, blue light (450 nm) has the opposite effect on the two proteins—it turns
on rsCherryRev but turns off rsCherry. The brightness of these two proteins is reported to
be similar to that of mCherry based on FCS measurements, rendering their single-molecule
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detection achievable in live cells. Indeed, rsCherryRev has been applied successfully to live
mammalian cells, in which single-molecule, superresolution imaging with a 70-nm spatial
resolution was achieved [153].

EosFP

EosFP was cloned from the stony coral Lobophyllia hemprichii in 2004 [130]. It was
named after Eos, the goddess of dawn in Greek mythology, “who brings light to all the mortals
of this earth” (Hesiod, Theogony), as it changes its color from green to red irreversibly on
violet irradiation. EosFP was first isolated as a tightly associated tetramer but was eventually
engineered to be a monomer (mEosFP) by breaking the interfaces of subunits in a similar
way to that of DsRed [154]. mEosFP has similar spectral properties and brightness to those
of EosFP but was reported to fold poorly in mammalian cells at 37°C [130]. This presents
an obstacle for live-cell imaging at the ensemble level but may not have significant adverse
effect for live-cell imaging at the single-molecule level because only folded and fluorescent
molecules will be selected and imaged. Another way to circumvent this is to use a tandem
dimer tdEosFP in which two subunits are connected through a flexible linker sequence, which
expresses well at 37°C [155].

The crystal structures of EosFP in the green and red states have been elucidated
(Figure 3.6) [156]. The fluorophore of EosFP is formed by the His62-Tyr63-Gly64 tripeptide.
In its green-emitting state, the fluorophore is the anionic hydroxybenzylideneimidazolinone,
the same as that of a typical GFP. This anionic fluorophore absorbs and emits maximally at
505 and 516 nm, respectively, with a fairly high absorption coefficient € of 72,000 M~ cm™!
and a quantum yield ® of 0.7 (the ¢ and ® of mEosFP are similar to those of EosFP). On
irradiation around 390 nm, the fluorophore undergoes a peptide backbone breakage between
the N, and C, atoms of His62 via a p-elimination mechanism [157], resulting in two pep-
tide fragments (8 and 20 kD, respectively) that still bind to each other to form the B-barrel
structure but separate on denaturing gel electrophoresis [130]. The reaction is likely mediated
by Glu212 and Phe6l, in which Glu212 may act as a base to extract one proton from the Cg
atom of His62, whereas the imidazole ring of His62, which is transiently protonated during
photoinduction, simultaneously donates a proton to the Phe6l carboxyl, making the peptide
bond between Phe61 and His62 an ideal carboximidic leaving group in the elimination reac-
tion. After the leaving of Phe6l, the m-bonding system extends to the imidazole ring of His61
via a trans-alkenylene and forms the red-emitting fluorophore with shifted absorption and
emission maxima at 569 and 581 nm, respectively.

It is noteworthy that the initial substrate for photoconversion is the protonated instead of
deprotonated fluorophore, as evidenced by the drastically increased yield of photoconversion
at low pH. This property may be used to one’s advantage when imaging EosFP in an acidic
environment such as the early endosomes.

The photoconverted mEosFP is about half bright after conversion, but because it emits
in the red region where cells’ autofluorescence is also reduced, single-molecule detection of
EosFP in live cell is still possible. Indeed, the tandem dimer tdEosFP has been used success-
fully in single-molecule tracking in live cells [123]. Because of its photoconvertibility and
the high contrast ratio between the converted and unconverted forms, thousands of single-
molecule tracking trajectories can be obtained from a single cell by alternating the converting
and detecting laser beams [123]. In another study, tdEosFP was paired with Dronpa in a clever
imaging sequence to demonstrate dual-color PALM imaging [158]. Although this work was
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Figure 3.6. Proposed mechanism for the photoconversion of EosFP from its green form to red form. (Adapted from
Nienhaus et al. [156].)

carried out in fixed cells and the overlapping green emission of tdEosFP before conversion
in Dronpa’s channel does not allow simultaneous imaging of both proteins in densely labeled
live cells, it demonstrated that Dronpa and photoconverted tdEosFP have little spectral cross-
talk and that EosFP has the highest contrast ratio between its photoinduced and noninduced
forms compared to other PI-FPs including Dronpa, PA-GFP, and PA-CFP, making it an attrac-
tive probe [158].

Dendra?2

Dendra2, the improved version of the monomeric fluorescent protein Dendra, is a recent
addition to the PI-FP family [131]. Dendra2 is similar to mEosFP in that it can be con-
verted irreversibly from a green-emitting species (excitation and emission maxima at 490
and 507 nm, respectively) to a red-emitting one (excitation and emission maxima at 553 and
573 nm, respectively). Denra2 differs from mEosFP in that its photoconversion can be medi-
ated both by intense blue light irradiation of 488 nm and violet light irradiation of 405 nm;
the latter is usually the only workable light source for photoconversion of many other PI-FPs,
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including EosFP. Because the fluorophore of Dendra2 is formed by the same His-Tyr-Gly
tripeptide, the photoconversion mechanism mediated by 405-nm irradiation is thought to be
similar to that of EosFP. However, it is not clear what the mechanism is underlying the 488-
nm blue light-mediated photoconversion because no crystal structure of Dendra2 is available.
The use of 488-nm light to induce the green-to-red conversion of Dendra2 poses less toxic-
ity to the cells than the 405-nm light, but high power, usually in the range of a few hundred
W/em?, is required. Dendra2 is reported to express well in both bacterial and mammalian
cells at 37°C, indicating efficient folding and fluorophore maturation processes. Although the
overall brightness of Dendra2 before and after conversion is slightly less than that of EosFP,
it has been successful imaged in live bacterial cells at the single-molecule level [159].

3.6. Special Considerations for Live-Cell Imaging

To achieve single-molecule detection in live cells, the main challenge is to enhance the
signal-to-noise ratio by decreasing the cellular autofluorescence background and/or increas-
ing detectable fluorescent signal. In addition, photodamage caused by laser exposure has to
be carefully minimized to ensure a normal physiology of cells throughout an experiment.

3.6.1. Autofluorescence

The main hurdle in detecting single molecules in live cells is the background due to
the intrinsic cellular fluorescence (autofluorescence). In bacterial cells, autofluorescence is
usually homogeneous and diffusive, while in mammalian cells autofluorescence is hetero-
geneous, with most of the autofluorescence coming from various organelles such as mito-
chondria in the cytoplasm, although it is absent from the nucleus [160]. The strength of aut-
ofluorescence is also dependent on cell type, with microphages, neurons, and sperm cells
exhibiting particularly strong autofluorescence.

The main sources of autofluorescence are nicotinamide adenine dinucleotide phosphate
[NAD(P)H] between 400 and 500 nm and flavins and flavoproteins between 500 and 600 nm.
Their emission levels are dependent on the local environment, cell type, growth condition,
and cell physiology [160-162]. To increase the detectability of a single fluorophore above the
autofluorescence background in the visible region, the most important tactic is to choose a
fluorophore with red-shifted spectra compared to that of flavins whenever possible. The top
panel of Figure 3.3 shows the excitation and emission spectra of flavin adenine dinucleotide
(FAD). It is evident that by red-shifting excitation beyond 500 nm, autofluorescence from
flavins can be greatly reduced. Therefore, YFPs and RFPs are much more suitable than GFPs
for single-molecule imaging in live cells. One should also keep in mind that flavins exist at
high concentrations inside cells (107 molecules/cell [162]); even excitation at the tail region
of its excitation spectrum will generate a large fluorescence background and could easily over-
whelm the signal from a single FP molecule. Therefore, it is necessary to further minimize
the autofluorescence background of cells. Because NAD(P)H, flavins, and flavoproteins are
essential cellular components, it is difficult to achieve background reduction by reducing their
cellular levels and still maintain good cell physiology. Despite these difficulties, there are a
few ways to alleviate the problem and allow single-molecule detection.

First, defined rather than complex medium usually works better for reducing cellular
autofluorescence. For example, for bacterial cells, M9 instead of LB medium was found to
reduce autofluorescence significantly [163]. For mammalian cells, Leibovitz’s L15 medium
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or Dulbecco’s Modified Eagle Medium (DMEM) buffered with N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES) (no phenol red) has been used. For some cell types, cer-
tain media may induce high autofluorescence; therefore, different growth media should be
tested prior to experiments. Second, cells under stressful, crowded, or otherwise poor growth
conditions often have increased cellular autofluorescence [160, 163]; thus, keeping cells in
a healthy growth condition is essential. Third, using a small excitation volume through the
application of total internal reflection (TIR), confocal illumination or shrinking the wide-
field illumination area can effectively reduce the background by reducing the number of
autofluorescence-emitting molecules in the excitation volume. Fourth, cells can be prephoto-
bleached to eliminate autofluorescence background before the collection of data. This is only
applicable for short-term experiments because extensive prephotobleaching usually produces
severe photodamage to cells. Finally, the emission fingerprinting mode offered by the Zeiss
LSM META confocal microscope allows one to collect and resolve the spectra of fluorophores
with closely overlapped emission at a relatively fast speed [164,165]. Although the detection
of single molecules in this mode has not been realized (possibly due to the low detection
efficiency of this commercial system), the basic principle of spectral instead of intensity sep-
aration holds promise for rejecting autofluorescence background from imaging fluorophores.
In addition, it should be noted that although fluorescence lifetime gating has been suggested
and successfully applied to separate autofluorescence and imaging fluorophores [76,166,167],
this technique does not provide much advantage if the imaged fluorophores are FPs. This is
because the fluorescence lifetime of FPs (~3 ns [76]) is not significantly different from that
of flavins or flavoproteins (~1-5 ns [168, 169]).

3.6.2. Fluorescence Signal Enhancement

In addition to focusing on minimizing autofluorescence background, one should also
consider enhancing the fluorescent signal from a given fluorophore. One way to achieve this
is to spatially confine a fluorophore in a small region of the cell so that its diffusion is slowed
down and its fluorescence is not spread over an area greater than a diffraction-limited spot
during the acquisition time (usually in the range of a few tens or hundreds of milliseconds)
[84,92]. An extension of this idea is the stroboscopic detection of a single RFP freely diffusing
in the cytoplasm of E. coli cells using very high excitation power (~50 kW/cm?) and short
laser exposure time (0.3 ms) [116,170]. The high excitation power pumps the molecule as fast
as possible so that a maximal number of photons are collected within the short period of laser
exposure, during which the molecule has not moved so far as to produce a fluorescence image
that is too spatially diffuse. Although it provides exciting possibilities for probing protein
dynamics directly in the cytoplasm, brighter and more photostable fluorophores are needed
because the intense pulsing of excitation often drives FP molecules into a dark state (blinking
or photobleaching) [68,74] before enough photons are collected.

Another way to amplify a fluorescent signal is through the use of multifluorophore
labeling of single macromolecules or enzymatic conversion of fluorogenic substrates
[3,9,10,171,172]. For example, to observe the dynamics of a single chromosome molecule,
an array of the binding site of the transcription factor Lacl (96-256 copies) is integrated
into the chromosome. On the binding of hundreds of GFP-Lacl fusion protein molecules,
a bright fluorescent locus is formed and serves as a marker to track the dynamics of the
chromosome inside cells [6-8]. Similarly, by integrating 96 MS2 RNA-binding loops into
an mRNA molecule and expressing MS2-GFP fusion proteins in the same cell, transcrip-
tion can be monitored in real time in live cells and the subsequent transportation of mRNA
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transcripts followed [3-5,173]. Another method is to use an enzyme that converts a fluo-
rogenic substrate into fluorescent molecules at a high turnover rate, so that each enzyme
molecule generates thousands of copies of fluorescent molecules, enabling the detection
of single enzyme molecules in live cells [9,10]. These methods convert the challenging
single-molecule detection into multifluorophore detection, making it easy for a biological lab
equipped with a regular lamp-excitation fluorescence microscope to conduct investigations at
the single-molecule level. However, the tagging of hundreds of copies of FP molecules on
a chromosome or mRNA molecule may cause severe perturbation of the normal functions
and cellular fates of these macromolecules [4,172], requiring extreme care for meaningful
interpretation of experimental data. In addition, the enzymatic amplification method does
not allow the imaging of the localization of enzyme molecules because the small fluorescent
molecules diffuse quickly inside the cells and the spatial information is lost.

3.6.3. Laser-Induced Photodamage of Cells

Unlike fixed cell imaging, in which photobleaching is of major concern, in live-cell
imaging, photodamage must be limited. Photodamage of live cells caused by laser illumina-
tion (Figure 3.7) is often observed as abnormal cell morphology, a granular appearance of the
cell surface, a condensed nucleus, cell detachment, excessive vacuole formation, necrosis,
arrested cell division, and, in some cases, sudden significantly enhanced cellular autofluo-
rescence. Eventually, photodamage leads to cell death and prevents proper interpretation of
imaging data. This is particularly detrimental in time-lapse imaging experiments, in which
cells need to maintain their normal physiology for hours or even days.

The phenomenon of photodamage has been investigated, but its detailed mechanism
is far from being conclusively determined. In general, the severity of photodamage of live
cells is dependent on illumination wavelength, dose, and cell type—the shorter the wave-
length, the higher the illumination dose, and the more fragile the cell type, the more severe is
the damage. In the UV region, where nucleic acids and proteins absorb strongly, pyrimidine
dimer formation, DNA strand breaks, and DNA—protein cross-linking caused by photon—
DNA interactions have been reported [174—176]. In the near-infrared region (700—1100 nm),
where high laser power density in the range of 10’103 W/cm? in optical-trapping and two-
photo microscopy is used, laser-induced transient cell heating, two-photon absorption, and
generation of reactive oxygen species (ROS) have been suggested to cause photodamage
[177-180]. In the visible light region (500-600 nm), generation of ROS such as singlet oxygen
and free radicals during photobleaching of excited biomolecules and fluorescent molecules
has been documented [181-183]. This is especially problematic when high concentrations of
fluorophores are used (Figure 3.7B, bottom panel). ROS may directly attack the lipid mem-
brane, proteins, and nucleic acids through oxidative reactions [184] and perturb the cellular
redox homeostasis through the accumulation of free radicals [185].

Because most single-molecule, live-cell imaging experiments are carried out in the
visible region using a continuous wave (CW) laser that offers relatively low excitation power
density (<1 kW/cm?), and because FPs are usually expressed at very low levels, photodamage
of cells is often minimal. Indeed, studies found that illumination of human lymphocyte cell
cultures between 540 and 650 nm at low laser dose produces negligible photodamage [186]
and that only when power exceeds 3.5 kW/cm? with 532-nm excitation do E. coli cells show
appreciable damage [187].

One should still keep in mind that all cells are photosensitive, and free radicals gen-
erated through the photochemistry of excited fluorophores cannot be completely eliminated.
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Figure 3.7. Effect of photodamage on live cells. Bright-field images of Escherichia coli cells (MG1655) (A) and
mammalian cells (9L/LacZ, ATCC CRL-2200) (B) before (left) and after (right) prolonged laser illumination at 514
and 635 nm, respectively. Before laser illumination, cells appeared to have smooth cell surface and clearly defined
edges. After laser illumination (514 nm, 0.6 kW/cmZ, 600 ms every 3 min for 3 hr), the photodamaged E. coli cells
appeared to have blurred edges, dark spots, and rugged cell surfaces. The 9L/LacZ cells (B, top) did not show much
morphology difference before and after laser illumination at 635 nm (0.4 kW/cm?2, 100-ms exposure every 20 sec
for 120 min), except that cells were slightly bulged. In contrast, when cells (B, bottom) were loaded with 10 uM of
dimethylacridinone (DDAO)-Gal (a fluorogeneic substrate of S-lactosidase) that was converted to highly fluorescent
DDAO at high concentrations, cells showed severe photodamage, as evidenced by detachment, blebs, and shrunken
cell sizes after illumination at the same condition for 70 min. This demonstrates the phototoxicity caused by the
photochemistry of excited dyes.
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Prolonged laser illumination, even at low power density and in the visible wavelength region,
will produce enough free radicals that they will eventually exceed the buffering capacity of
the redox system of cells and lead to severe photodamage of cells. A compromise between
the best image quality and the health of cells must be reached. The most effective method
of reducing photodamage is to use the lowest possible light intensity and to separate laser
exposures widely during acquisition. This is because cell damage and free radical generation
show a nonlinear relationship to the excitation light intensity, and high excitation intensities
with brief exposure times promote greater damage to cells than low excitation intensities with
long exposure times [183,188]. One should carefully adjust excitation light level and sampling
rate to minimize the adverse effect of photodamage, and at the end of each experiment always
compare cells that have and have not been subjected to laser exposures to determine whether
significant photodamage has occurred.

3.7. Instrumentation

3.7.1. lllumination Source

Although single-molecule detection has been achieved using lamp excitation [189], a
monochromatic and highly collimated laser beam is much preferred for single-molecule imag-
ing experiments. Laser illumination offers advantages that cannot be matched by lamp excita-
tion: It provides an extremely pure excitation wavelength, delivers high excitation power, and
diverges very little during travel. The lasers most commonly used for single-molecule imag-
ing in live cells are CW lasers, which produce a continuous beam output that has constant
amplitude and frequency in time. CW lasers emitting in the blue, green, and yellow regions
include gas lasers such as argon and krypton ion lasers, solid-state lasers such as diode lasers,
and liquid lasers such as dye lasers. The major manufacturers for these lasers include Coher-
ent, Inc., Spectra-Physics, and CrystaLaser. In Figure 3.3 the major lines of commercially
available lasers are plotted along with the excitation spectra of commonly used fluorophores.
Liquid dye lasers offer the flexibility of tuning excitation wavelengths continuously to match
the excitation maxima of a fluorophore, but they generally require more maintenance than the
gas or solid-state lasers because the dye needs to be changed frequently to ensure a constant
power output. Pulse lasers, which generate intense laser pulses in milliseconds or femtosec-
onds, are used in multiphoton microscopy and are not discussed here.

The guidelines for selecting a suitable laser of excitation wavelength for single-
molecule, live-cell imaging is not much different from that for in vitro single-molecule imag-
ing. First, the laser wavelength should be close to the excitation maxima of a chosen fluo-
rophore; in two-color imaging, the criterion is to minimize cross-talk of the two fluorophores
while maximizing their excitation. Second, the laser power should be sufficiently high so that
when a large illumination area is used an average excitation power density between 0.1 and
1.0 kW/cm? can still be achieved. Third, the laser should have a stable single mode with a
Gaussian beam profile (TEMgg) so that the beam can be focused down to a diffraction-limited
spot or expanded to illuminate a large area uniformly. Lastly, the laser should also have high
pointing and power output stabilities, which is especially critical for long-time-lapse imaging
of live cells. In addition, because the most popular fluorophores used in live-cell imaging
are FPs, which are much larger than small-molecule organic dyes, their rotational movement
inside cells may be slow and comparable to the imaging time scale. Therefore, the intensi-
ties of individual molecules will have large variations due to the relative orientations of their
dipoles with respect to that of a polarized laser beam. These variations are larger than what
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one would expect from pure photon statistics and sometimes make interpretation of single-
molecule data difficult. To circumvent this problem, the linearly polarized incident laser beam
can be converted to circularly polarized light by inserting a quarter-wave plate in the optical
pathway. In some cases, the coherence of the laser beam is also scrambled to avoid speckle
patterns in the imaging area due to the interference of the coherent laser beam by dust or
surfaces of optics in the pathway [190].

3.7.2. lllumination Mode

To reduce background and enhance single-to-noise ratio in single-molecule, live-cell
imaging, besides carefully prepared cell samples and selected optics, minimization of excita-
tion volume is essential. Three illumination modes—wide-field, confocal, and TIR—are often
used and discussed next (Figure 3.8). For the general principles of fluorescence microscopy,
the reader should consult the textbook by Murphy [191].

Incident laser Emission
Excited Fluorophore Unexcited Fluorophore

a b c

Sample
Objective <> (e < >
Dichroic mirror\ \ \
Focus lens <> — —
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Figure 3.8. Schematic drawing of three illumination modes: wide field (A), laser scanning confocal (B), and
objective-type total internal reflection (TIR) (C). The excitation beam is shown by green shading and the emit-
ted fluorescence by yellow shading. Fluorophores that are in the excitation volume are shown as yellow stars, and the
ones outside are shown in gray. In the TIR mode, the evanescent field is shown in gradient green color.

Wide-Field lllumination

Conventional wide-field illumination, in which a beam of collimated laser light is
used to illuminate a large area of sample, is the most commonly used mode in fluorescence
microscopy. It is easy to set up and often cost-effective compared to other illumination modes.
It offers a large view field (up to the full size of a CCD chip) and allows simultaneous imag-
ing of multiple molecules, improving data throughput. In single-molecule imaging, however,
a smaller illumination area on the range of a few to a few tens of jum? instead of the full chip
size is often used to minimize the background. In practice, a combination of lenses with dif-
ferent focal lengths is used to first expand and focus the laser beam to the back aperture of the
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objective at a desired cone angle to reach an illumination area of 100 wm?. Then an iris is used
to cut off the fringe of the laser incident beam so that only the center area of about 20 um?
(or larger if cell size is larger) is used for imaging. This efficiently cuts down the background
and ensures homogeneous excitation throughout the illumination area. The tradeoff of this
configuration is obviously the reduced number of cells and molecules in the view field, which
is easily compensated for by imaging multiple areas sequentially. A more serious drawback
of wide-field illumination is that, for high-numerical aperture objectives, the depth of field
where objects stay in focus is less than 1 pwm; thus, for thick cells (5-30 wm) other fluorescent
molecules above this 1 pm in the excitation path of the collimated laser beam will generate
out-of-focus light and contribute to high background. Therefore, wide-field illumination is
usually used for small and flat cells such as bacterial and epithelial cells.

Confocal lllumination

Confocal illumination effectively minimizes background signal by exciting a sample
with a focused laser beam that has the dimension of a diffraction-limited spot, the smallest
excitation volume achievable in far-field optical microscopy, and using a pinhole that is in an
optically conjugate plane in front the detector to reject light below or above the focal plane
of the objective. Because of the point excitation, illumination of a large area is achieved by
scanning the area pixel by pixel through computer-controlled movement of the sample or laser
beam, and fluorescence emission at each point is collected by a photomultiplier tube (PMT)
through the pinhole. The output from the PMT is then built into an image according to their
spatial positions and displayed by a computer.

Confocal illumination offers excellent ability in reducing background and generating
high-contrast three-dimensional images, but it is not the best choice for single-molecule imag-
ing in live cells. First, the point-scanning format renders a slow frame rate, typically at a few
frames per second for a commonly used laser scanning confocal microscope (LSCM). There-
fore, fast cellular dynamics at the millisecond time scale are not accessible. Shrinking the
scanning area or reducing the dwell time of the laser at each pixel increases the frame rate to
20-30 frames/sec. However, this usually does not permit single-molecule detection because
a laser dwell time of 0.1-1.0 ps/pixel at a single emitter in rapid scanning mode does not
generate enough photons to distinguish the signal from background noise. Second, the PMT
used in a confocal microscope has low quantum efficiency (0.5-0.6) for detecting photons,
rendering single-molecule detection difficult.

A new format of confocal microscopy, spinning-disk confocal, also called Nipkow disk
confocal [192,193], demonstrates improvements over LSCM, in that it offers relatively fast
imaging speed. Spinning-disk confocal uses one disk carrying an array of spirally arranged
microlenses to focus the laser beam onto a second disk carrying an array of pinholes arranged
in the same pattern. The microlenses and pinholes are arranged in such a pattern that when the
two disks spin at high frequency, they effectively split the excitation laser beam into thousands
of beams, simultaneously illuminating every point of the imaging area; thus, a high imaging
speed at 1,000 frames/sec can be achieved. In addition, a CCD camera instead of a PMT is
used, so that the detection efficiency is also improved. Based on these techniques, spinning-
disk confocal is a better choice over LSCM for single-molecule imaging in live cells, although
the fluorescence signal is still reduced due to the splitting of the excitation light.



76 Jie Xiao

Total Internal Reflection lllumination (TIR)

TIR illumination offers the best combination of background reduction, wide-field data
collection, and high imaging speed through the use of an evanescent field as the excitation
source (Figure 3.9). The evanescent field is generated by the excitation laser beam traveling
at a high incident angle at the interface between the glass coverslip and water. At a particular
angle determined by the difference between the refractive indexes of glass and water, the light
is totally reflected from the interface but generates a very thin electromagnetic field at the
same frequency as the incident light in the water phase. This electromagnetic field is called
the evanescent wave, and its intensity decays exponentially perpendicular to the interface with
a distance dependence of

s

I; = Ipe

where I, is the excitation intensity at a distance z from the interface, Iy is the excitation
intensity at the interface, and d is the characteristic penetration depth, which is defined as the
distance at which the evanescent wave intensity drops to Ip/e. It can be calculated as

A

47/ (n? sin? (0) — n3)

where A is the incident light wavelength, n; is the refractive index of the higher—refractive
index medium such as glass (1.518), and n; is the refractive index of the lower—refractive
index medium such as water (1.33) or cell cytosol (1.33—1.37). Here 0 is the incident angle
that is larger than the so-called critical angle 6., the incident angle at which total internal
reflection of the light occurs. The angle 6, is related to only the refractive indices of n; and
ny by
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Figure 3.9. Schematic drawing of the concept of total internal reflection at the interface of glass and water. The
laser beam passes through the glass and is reflected at the glass—water boundary at an angle larger than the critical
angle 6., establishing an evanescent wave that penetrates into water in the sample chamber and decays exponentially
along the z axis, therefore exciting only a few hundred nanometers from the interface.
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Based on these equations, one can calculate that for a 514-nm excitation with an inci-
dent angle of 65°, the penetration depth d in cell cytosol is about 300 nm. Increasing the
incident angle further decreases the penetration depth and allows only a thin layer above the
coverslip to be effectively excited. Therefore, fluorescent molecules above the thin layer can-
not be excited, and background is dramatically reduced. In addition, the illumination area of
the incident laser beam can be adjusted to be as large as what is used in wide-field illumi-
nation, so that multiple molecules can be imaged simultaneously at a high frame rate. These
properties render TIR illumination nearly the best choice for single-molecule imaging in live-
cell imaging, although it limits observation to cellular events that occur close to the glass/cell
interface. In addition, integrated fluorescent intensities of single molecules will have large
variations, depending on their distances from the glass/cell interface; therefore care should
be taken when determining whether a detected fluorescent spot is due to a single molecule or
not.

There are two types of TIR illumination configurations, prism and objective type. In the
prism-type configuration, cells are sandwiched between a glass slide and a coverslip, and the
excitation laser beam is guided to the sample through a prism mounted on the top of the glass
slide. The incident angle is adjusted by translating the beam relative to the prism. Fluores-
cence emitted by the sample is collected through the objective at the bottom of the coverslip.
Because oil objectives with high numerical aperture are usually used to allow sensitive single-
molecule detection, the thickness of the sample cannot exceed 15 wm, which often comprises
the viability of cells during an extended period of imaging. Nevertheless, prism-type TIR has
been successfully applied to imaging single GFP molecules in live fission yeast, Dictyostelium
discoideum, and Jurkat cells [194].

The objective-type TIR is more suitable for live-cell imaging than the prism type. In
this configuration, the excitation laser beam is focused to the periphery instead of the center
of the back focal plane of the objective. Translating the beam in parallel to the center axis
of the objective changes the incident angle of the light but not the position of illumination
area. Tilting the beam relative to the center axis of the objective changes the incident angle as
well, but the position of the illumination area is also changed; thus usually this configuration
is not recommended. Because only an incident angle larger than the critical angle allows TIR
illumination, and that maximal incident angle of the laser beam is limited by the numerical
aperture (NA) of the objective, in that

: NA

sin(f) = —

n3
where 6 is the maximal incident angle allowed by the objective and n3 is the refractive index
of the working medium (oil at 1.52, matching that of glass) of the objective, one can derive
that NA needs to be greater than ny, the refractive index of a cell (1.37), to achieve TIR
illumination. Therefore, a high-NA objective, typically at 1.45, is essential in this type of

configuration.

3.7.3. Camera-Based Detectors

Array detectors such as charged-coupled device (CCD) cameras instead of point detec-
tors such as PMTs or APDs are usually used for single-molecule imaging in live cells. The
selection criteria of those cameras are the same for single-molecule in vitro imaging. In
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general these cameras are capable of single-photon detection and possess high quantum effi-
ciency in converting photons into electrons, low readout noise, and a fast frame rate.

A CCD camera detects incoming photons on a two-dimensional array of tiny detector
elements (or pixels) that are microns in size. When an incident photon hits one of the detector
elements it has a probability of generating one electron from the element. This probability
is the quantum efficiency of a CCD camera, and it can reach 0.95 in the newest generation
of electron-multiplying (EM) CCD cameras. The electrons generated by the photons are then
stored in the element until it is ready to be read out; charges are moved from each element of
the array to an output register, and the contents of the output register are then amplified and
read out. The speed to move the charges in each element and the output register limits the
readout speed of the camera and hence the time resolution of an experiment.

Both intensified ICCD cameras and EM-CCDs have been used for single-molecule
detection, but EM-CCDs possess clear advantages over [CCDs. EM-CCDs have high quan-
tum efficiency (up to 0.95), while that of ICCDs is 0.2-0.5. In addition, EM-CCDs effectively
minimize readout noise by amplifying the signal before readout noise is added by the output
register; therefore, high frame rates of a few hundred hertz can be reached, and the read-
out noise is still negligible. By using small imaging area or binning pixels, one can further
increase the frame rate but at the cost of decreased spatial resolution. A range of manufactur-
ers such as Andor Technology, Hamamatsu, and Roper Scientific offer EM-CCDs that have
quite comparable specifications for the key features such as quantum efficiency and pixel size
but differ subtly in operating temperature, noise level, and so on. Therefore, the choice of
which camera to use is dependent on personal preferences and specific applications.

3.7.4. Live-Cell Sample Preparation

A well-maintained cell chamber for optimal cell growth during a prolonged imaging
period is essential for the success of experiments. In general, such a chamber has a coverslip
at the bottom through which attached cells are imaged. Growth medium is added on top of
cells, and the temperature of the chamber is maintained constantly. The detailed configuration
of the chamber is dependent on the type of cells and the specific need of each experiment. The
following paragraphs discuss the sample preparation for generic bacterial and mammalian
cells.

For continuous growth of bacterial cells (or yeast cells) on the microscope stage, a
sealed growth chamber is often used. The chamber can be homemade by spotting bacterial
culture on top of a low—melting temperature agarose gel pad made with M9 growth medium,
with the gel pad sandwiched between two coverslips separated by a spacer. The whole cham-
ber is then sealed with glue to avoid dehydration over long periods of imaging. An objective
heater can be employed to warm the chamber through the contact of the objective with the
bottom coverslip of the chamber. Although this method is cost-effective and bacterial cells
in the chamber can grow for multiple generations, the temperature of the chamber is not well
regulated and often exhibits large fluctuations if the objective heater temperature is set much
higher than the ambient room temperature. Therefore, this method is best suited for bacterial
cell imaging at room temperature or when temperature fluctuations do not have significant
impact on the cellular process of interest.

A commercially available cell growth chamber (Bioptechs, FCS2) has a similar geome-
try as the homemade chamber, but the temperature of the chamber can be accurately regulated
through a specially designed glass slide at the top of the chamber. In addition, the FCS2 sys-
tem allows the perfusion of growth media through the chamber, making it possible to study
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the responses of cells to environmental stimulations. For a detailed description of how to use
this chamber to monitor live bacterial cells, readers are referred to Xiao et al. [163] and the
manufacturer’s instructions.

The FCS2 system can also be used for mammalian cells. Cells are first cultured on
coverslips immersed in growth media as usual, and then the coverslip is assembled into the
closed chamber for observation. An open-dish format, in which the chamber is not sealed
by the use of a top glass slide, is also popular in live-cell imaging. The easiest open-dish
format is essentially a culture dish with a coverslip mounted at the bottom. This format allows
easy addition of chemical stimuli but, again, suffers from unregulated temperature and media
evaporation during long experiments. One important consideration for mammalian culture on
a microscope stage is that if the medium is not perfused with CO, during the experiment, a
growth medium with its pH not dependent on CO» such as Leibovitz’s L15 should be used.

Besides these basic cell culture formats for live-cell imaging, many companies
manufacture chambers with different geometries to meet specific needs and that address
some of the concerns in the foregoing. Readers are referred to a collection of those
companies (and other considerations for maintaining live cells on a microscope stage)
at http://www.microscopyu.com/articles/livecellimaging/chamberresources.html. In addition,
there is an excellent review describing the methods and considerations in live-cell imaging in
much more detail [195].

The foregoing descriptions are for general live-cell imaging. To achieve single-molecule
detection, however, there are some special considerations. The coverslip used in these growth
chambers has to be thoroughly cleaned using cycles of ethanol, potassium hydroxide, and
acetone [163]. This is to avoid dirt and background fluorescence from the coverslip. For this
reason, commercially available culture dishes with a coverslip mounted at the bottom are
not suitable for single-molecule imaging. If this format has to be used, it is recommended
to manually mount cleaned coverslips to culture dishes with a hole drilled in the middle. In
addition, defined, colorless growth medium needs to be used to minimize background fluo-
rescence from the medium. It is also not recommended to use a large box to encapsulate the
entire microscope and blow warm air into the box to maintain culture temperature. The air
flow inside the box creates instability in the imaging systems, which is especially critical if
sub—diffraction-limited resolution of single molecules is to be achieved. In addition, the tem-
perature in those large boxes is usually not homogeneous, and a slight change of temperature
even of 1°C could cause the optics in the microscope or box to move and cause focus or laser
alignment drift.

3.8. Applications

In the last few years, single-molecule imaging in live cells have been employed
to study gene expression [4,23,84], transcription factor—-DNA interactions [196], cell sig-
naling [31,33,197], protein complex composition [198-200], membrane protein dynamics
[91,94,95,123,201-204], and cytoskeletal protein dynamics [92,96,159,205]. In addition, by
amplifying the fluorescent signal by multifluorophore labeling or using a fluorogenic sub-
strate, it has been possible to examine the dynamics in gene expression [4,10] and the move-
ment of individual DNA and mRNA transcripts [3,5-8]. The following subsections discuss a
few representative studies of single-molecule imaging in live cells. Studies in membrane and
cytoskeletal protein dynamics share similar methods in that single-molecule tracking is used;
they are discussed in Chapters 1 and 8and are not included here.
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3.8.1. Gene Expression

Gene expression is inherently a stochastic process due to the small copy numbers of the
participants such as DNAs, mRNAs, and transcription factors [11-13,206,207]. However, this
stochasticity is often masked in ensemble studies and underestimated when overexpression of
a gene has to be used to achieve detectable signal. If each single protein or mRNA molecule
produced from a gene can be observed and counted in real time inside a live cell, the stochas-
ticity of gene expression can be quantified and the molecular mechanisms of translation and
transcription revealed.

To achieve this goal, Yu and Xiao et al. developed a single-molecule gene-expression
reporter that allows the counting of protein molecules generated one at a time for multiple
generations in live E. coli cells (Figure 3.10A) [84]. The reporter is generated by fusing a
membrane-targeting sequence (MTS) to the YFP variant Venus. On expression, the reporter
quickly folds and is targeted to the membrane so that its diffusion is slowed down. There-
fore, the emitted photons of the reporter can be collected from a diffraction-limited spot,
greatly enhancing the signal-to-background ratio. Using this reporter, the authors monitored
the leaky expression of a repressed lac promoter, revealing that protein molecules are gen-
erated in randomly spaced bursts, corresponding to a Poissonian transcription process, and
that the number of protein molecules generated from one mRNA molecule follows a geomet-
ric distribution due to the competition between RNaseE and ribosome binding of the mRNA
molecule. This experiment is a good example of how a particular FP is selected to meet the
particular experimental design—The FP needs to mature fast enough to report the production
of a protein molecule as soon as it is generated and to be photoliable enough so that following
its detection the FP can be photobleached quickly to avoid background accumulation.

In a different work by the same research group, the induction mechanism of the lac
operon was investigated [23]. The authors found that in the presence of an inducer, a signifi-
cant portion of the uninduced cells contain a few lac permease (LacY) molecules, disproving
the long-held view in which a single LacY molecule, coupled with the positive feedback of the
operon, is sufficient for induction [208]. Without the ability to visualize and count single per-
mease molecules inside the cells, this conclusion would be difficult to reach. In addition, the
authors monitored the real-time expression of lac permease using the same single-molecule
gene expression reporter. They discovered that rare (once every many cell cycles) and large
expression bursts of permease molecules (a few hundred), likely caused by the stochastic,
complete dissociation of lac repressor from the operators, is the prerequisite for induction.
This suggests a novel mechanism by which that an E. coli cell’s decision to be induced or not
hinges on the stochastic behavior of a single repressor molecule.

At the transcription level, Golding et al. used a MS2-GFP fusion protein to monitor the
real-time production of single mRNA molecules that have 96 repeats of MS2 RNA-binding
loops incorporated (Figure 3.10B) [4]. Under induced condition, Golding et al. found that
mRNA molecules are produced in clustered bursts and are separated by periods of inactivity,
corresponding to stochastic transitions of the promoter between active and inactive periods.
This indicates that even in bacterial cells that lack a chromatin structure, there are other
mechanisms that cause large fluctuations in transcription activity similar to those observed in
eukaryotic cells [209,210].

3.8.2. Transcription Factor Dynamics

Single-molecule techniques can be used to address transient molecular interactions,
especially for cellular components that exist at very low copy numbers. For example, the
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Figure 3.10. A. Single protein molecules counted in live Escherichia coli cells as they are generated one at a time
[84]. Top. Sequences of an E. coli colony growing on a microscope stage with expressed single Tsr-Venus proteins
shown in yellow. Bottom. Time traces of expressed Tsr-Venus molecules counted in real time. B. Single mRNA
molecules counted in live E. coli cells [4]. Left: Time traces of mRNA production counted in real time. Right:
Fluorescence image of E. coli cells expressing mRNA molecules tagged with a 96-ms? looped bound by MS2-GFP
fusion proteins. Each green dot corresponds to one or a few mRNA molecules. (Figures reprinted with permission.)
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Figure 3.11. Imaging of lac repressor dynamics in live Escherichia coli cells [196]. A. E. coli cells before and
40 sec after addition of the inducer isopropyl-p-D-thiogalactopyranoside (IPTG). The disappearance of the bright
fluorescent spot in the cells corresponds to the dissociation of Lacl repressor from DNA. B. Fraction of /ac operators
that are Lacl bound plotted as a function of time after induction by various concentrations of IPTG. C. E. coli cells
before and 1 min after dilution of IPTG from 100 to 2 wM and with the addition of 1 mM of the IPTG-binding
inhibitor orthonitrophenylfucoside (ONPF. D. Fraction of the operators that are LacI-bound as a function of time
after rapid dilution of IPTG from 100 to 2 nM. (Figures reprinted with permission.)

binding of transcription factors to their corresponding DNA sitesplays an important role in
regulating gene expression and has been subject to intensive genetic, biochemical, and bio-
physical studies, but the direct observation of the specific and nonspecific DNA binding of a
single transcription factor inside live E. coli cells has just become possible (Figure 3.11) [196].
Using a Lacl-Venus fusion, Elf et al. [196] monitored the binding of a single lac repressor
Lacl to its operator site lacO in response to the inducer isopropyl-p-D-thiogalactopyranoside
(IPTG) in live E. coli cells. In the absence of IPTG, the repressor bound tightly to lacO and
was detected as a diffraction-limited spot. When IPTG was added, the clear fluorescent spot
disappeared within seconds, indicating the quick dissociation of the repressor from the oper-
ator site. If IPTG was removed subsequently, the fluorescent spot reappeared within 1 min.
From this it was calculated that it takes one repressor molecule up to ~360 sec to find a lacO
site inside the cell. During the 360 sec, the repressor spends 90% of its time to diffuse one-
dimensionally on nonspecific DNA for up to 5 ms before it hops to another DNA segment to
start a new round of searching again. This is the first quantitative demonstration of the search
of a transcription factor for its binding site in live cells. This would be impossible without the
ability to image single molecules inside live cells.

Similarly, the binding of Venus-tagged T7 RNA polymerase (RNAP) molecules on an
engineered T7 promoter was observed in live E. coli cells [116]. The T7 promoter is controlled
by the lac repressor and integrated on the E. coli chromosome. After addition of IPTG, multi-
ple T7 RNAP molecules were found to bind to the promoter region, indicating multiple active
transcription processes. This is exciting, in that it allows direct observation of the promoter
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state, which could possibly provide a mechanism for the transcription bursts observed previ-
ously [4,23].

3.8.3. Cell Signaling

Cellsrespond to environmental cues through vast signal transduction networks. Using
single-molecule techniques, it is possible to directly observe the signal flow in this process and
the dynamics of molecular interactions in real time. Sako et al. labeled the epidermal growth
factor (EGF) with Cy3 and found that Cy3-EGF binds to the receptor (EGFR) within a few
seconds after its addition into the culture medium [31]. Of interest, during this process, they
observed that the fluorescence intensity of one spot, corresponding to one bound Cy3-EGF
molecule, suddenly increased twofold, indicating the binding of another CY3-EGF molecule
(Figure 3.12). This suggests that the dimerization of EGFR, a prerequisite for the downstream
Ca* response, occurs at least before the binding of the second EGF molecule. In addition,
the binding of the second Cy3-EGF to an EGF-bound EGFR dimer in the presence of a
high concentration of unbound EGFR monomers (or dimers) indicates that the binding of
the first EGF may enhance the binding of the second EGF through a cooperative mechanism.
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Figure 3.12. Imaging of the dimerization of epidermal growth factor (EGF)-EGF receptor complexes at the single-
molecule level [31]. A. In the upper panel, two spots (arrow and arrowhead) collided at time 0:40 sec and then moved
together. The fluorescence intensity increased after the collision. At 4:00 sec, the intensity of the spot decreased to
about half (arrow), probably because of photobleaching of one Cy3-EGF molecule. In the second panel, a fluores-
cence spot with the intensity of a single molecule was observed until 1:00 sec; the intensity of the spot increased
suddenly between 1:00 and 2:00 sec, then decreased between 4:00 and 5:00 sec. The scale bar represents 5 mm. B.
Time trace of the fluorescence intensity of the spot shown in the second panel of panel A. A two-step increase and
bleaching of the intensity can be seen. The time trace is noisy because of slow, lateral diffusive movement of the
spot. (Figures reprinted with permission.)



84 Jie Xiao

Conformational fluctuations between the two monomers within one EGFR dimer were also
observed by labeling one monomer with Cy3 and the other with Cy5 and monitoring the
FRET signal between the pair.

Another study monitored the interaction of the small G protein Ras with its cofactor
GTP in live cells using single-molecule FRET (sm-FRET) [33]. In this work, Ras is expressed
as a fusion protein to YFP, and the dye-conjugated Bodipy-GTP is microinjected into the cell.
On stimulation by the addition of EGF, within 1 min, YFP-Ras molecules became stationary,
BodipyTR-GTP molecules appeared as a clear spot on the membrane at exactly the positions
of YFP-Ras molecules, and FRET between YFP and Bodipy was observed. However, the
BodipyTR dye is not photostable enough to allow the imaging of its turnover by Ras, which
would be interesting to correlate with the recruitment of downstream proteins in the signal
transduction pathway. This highlights the importance of developing new photostable dyes to
allow such applications.

In both studies, sm-FRET was used to observe the protein—protein or protein—ligand
interactions. Organic dyes were used as the FRET acceptor not only because the molecules
they labeled are small molecules, but also because their spectral properties are better suited
for sm-FRET in live cells than are those of available RFPs. This limits the use of sm-FRET
in bacterial cells because dye-labeled ligand or proteins cannot be introduced into cells by
microinjection. In addition, in eukaryotic cells some ligands or proteins of interest may be
hard to modify to incorporate the dye. There is no report of live-cell sm-FRET based on two
FPs, possibly due to the fact that current RFPs can also be directly excited around 488 nm,
the wavelength that excites the potential donor GFP. CFP and YFP have been proven to
be a good FRET pair at the ensemble level [79], but CFP is not detectable at the single-
molecule level due to the high autofluorescence background in that wavelength range [76].
Developing a bright far-red FP to pair with GFP or YFP will significantly enhance current
research capacity for probing protein—protein interactions in live cells at the single-molecule
level.

3.8.4. Protein Complex Composition

In addition to monitoring gene expression and molecular interactions, the multimeric
state and composition of a protein complex in live cells can be measured using single-
molecule imaging. Ulbrich and Isacoff reported a single-molecule assay to count the copy
numbers of subunits of proteins in live cell membranes by taking advantage of the discrete
steps of photobleaching of single molecules [200]. This method was used to determine the
numbers of subunits NR1 and NR3 in the glutamate-gated receptor N-methyl-D-aspartate
(NMDA) [211]. In another study, the copy numbers of seven kinetochore proteins tagged
with GFP in budding yeast were determined, not by discrete photobleaching, but by the inte-
grated fluorescence intensity normalized against the known single-GFP-molecule intensity
[212]. The limitation of these methods is that the copy numbers cannot exceed more than a
few molecules per spot because the higher the copy number, the more likely it is that two
molecules are photobleached at the same time and the greater is the error in using integrated
intensity to determine the total copy number of molecules due to the stochastic nature of
photobleaching.

Recent advances in single-molecule superresolution imaging have enabled the applica-
tion of these highly promising techniques in live cells [123,137,158,213]. These techniques
not only allow the quantification of the composition of a protein complex, but also provide
nanometer resolution of the spatial organization of the complex. Their potentials cannot be
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underestimated. Because they are discussed in detail in Chapter 10, they are not included here,
and readers are encouraged to see the related information and references there.

3.9. Outlook

Recent advances in single-molecule imaging techniques and FP development have
enabled the direct visualization of cellular processes and molecular interactions as they occur
in real time inside live cells. This opens a wide window for investigating many fundamen-
tal biological questions at a level that was inaccessible by population studies before. Yet this
field is still young. Development of better FPs and more powerful imaging techniques, such as
spectrally separable FP pairs for sm-FRET imaging in live cells, fast-maturing FPs for corre-
lating the expression of multiple genes, and multicolor superresolution imaging in live cells,
promises to bring in even more exciting discoveries. With the continuing efforts in pushing
current technical limits, in the near future it may no longer be a fantasy for a biologist to
directly visualize the dynamics of individual molecules in multiplex with high temporal and
spatial resolution in various live cells, tissues, and even animals, discovering unprecedented
molecular details at a systems level.
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