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Single in the (Cell) City: a protein-

folding story

Anne Plochowietz & Achillefs N Kapanidis

An integrated single-molecule fluorescence approach enables the
study of nano-to-millisecond protein conformational dynamics in

living mammalian cells.

Single-molecule fluorescence methods dire-
ctly report on molecular heterogeneities,
complex reaction trajectories and conforma-
tional dynamics, which are inaccessible by
ensemble measurements!2. Single-molecule
Forster resonance energy transfer (FRET),
a single-molecule method that serves as a
nanoscale ruler?, is well suited for studying
protein structure and dynamics in the natural

environment of living cells. Other structural

methods, such as X-ray crystallography and
cryo-electron microscopy, report mainly on
structural snapshots and thus cannot directly
capture protein dynamics, especially in living
cells. However, in vivo single-molecule FRET
studies are still very difficult, mostly because
they require biomolecules labeled with
photostable organic fluorophores. In this issue,
Kénig et al* describe an integrated single-
molecule FRET approach that allows them

Figure 1 | In vivo single-molecule protein dynamics. Monitoring protein folding of individual molecules
in living cells using single-molecule FRET is as challenging as observing the actions of one person among

millions within a big city as viewed from a satellite.
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to capture protein motions with nanosecond
temporal resolution in live mammalian cells.
This novel approach enabled what is perhaps
the first single-molecule study of fast protein
dynamics and folding kinetics in vivo.

Looking at the structure, function and fold-
ing of single proteins inside living cells has long
been an intriguing possibility for biologists
and biophysicists and a formidable challenge
for method developers. Visualizing folding
events of ~10 milliseconds for individual
protein molecules during one cell cycle is
akin to recording a satellite video of a single
person’s movements amidst the hectic environ-
ment of a metropolis full of people, cars and
buses (Fig. 1). A feasible route to such analysis
is offered by single-molecule FRET, a method
widely used in vitro to elucidate biomolecular
mechanisms and dynamics.

Performing single-molecule FRET in living
cells is challenging, however. Small, bright and
very photostable fluorophores that allow for
intramolecular labeling are needed for track-
ing single-molecule motions in the cell. In
live-cell FRET studies, intrinsically fluores-
cent proteins have insufficient photostability
to provide single-molecule sensitivity® and
cannot be used for intramolecular labeling.
Organic dyes, which are more photostable
than fluorescent proteins, are preferred for
in-cell single-molecule FRET. However, as
organic dyes cannot be genetically encoded,
they must be introduced either in vivo (by
internalizing dyes for specific protein labeling
via large polypeptide tags or unnatural amino
acids) or through internalization of organic
dye-labeled proteins into living cells.

As a result, only a few reports of single-
molecule FRET inside living cells have been
published, mainly using in vitro labeling
followed by internalization. In an early such
study, a membrane-fusion protein was micro-
injected into mammalian cells, and its bind-
ing to form complexes was monitored using
total-internal-reflection fluorescence micros-
copy and single-particle tracking at the cell
membrane®. Another study demonstrated
internalization of organic dye-labeled biomol-
ecules in bacteria and yeast via electropora-
tion and characterized in vivo single-molecule
FRET signatures of short DNA fragments and
DNA-binding proteins using both confocal
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and wide-field imaging, as well as single-
particle tracking’. But because of the limited
number of studies, the effect of many cellular
factors (macromolecular crowding, com-
partmentalization, interactions and cellular
feedback systems) on biomolecular structure
and function has remained unexplored.
Kénig et al.* in Benjamin Schuler’s lab have
now substantially extended the potential of
in vivo single-molecule FRET with an opti-
mized, integrated approach. They microin-
jected proteins doubly labeled with organic
fluorophores into live HeLa cells and studied
the conformational dynamics and folding
kinetics of these proteins using single-molecule
confocal microscopy. With a temperature-
controlled microscope optimized for micro-
injection and cell cultivation, the authors
monitored temperature-dependent confor-
mations of a marginally stable protein and
observed both cold and heat denaturation in
live cells. Using nanosecond confocal micros-
copy and positioning the confocal spot in
either the cytosol or nucleus, the group also
showed that an intrinsically disordered protein
remains unstructured, exhibiting intramolecu-
lar distance fluctuations at ~60 nanoseconds.
Finally, the group monitored the folding
kinetics of a small protein using recurrence
analysis®, which depends on measuring FRET
changes when a single molecule recrosses the
confocal volume. This particular method

extended the observation window to several
milliseconds and showed that the intercon-
version time between folded and unfolded
conformations is ~10 milliseconds, pointing
to a cellular environment effect on folding
dynamics absent in in vitro studies.

The integrated approach of Kénig et al.*
is as impressive as it is useful, as it broadens
the spectrum of single-molecule fluorescence
studies in living cells, opening exciting new
research paths. The single-molecule confocal
approach offers extraordinary temporal reso-
lution, ranging from nanoseconds to several
milliseconds, and should therefore become the
method of choice for submillisecond dynam-
ics, a timescale inaccessible to camera-based
imaging techniques (which have a temporal
resolution of milliseconds to minutes). The
integrated microscope combined with cell
culture control and optimized microinjection
also offers a robust platform for studying the
impact of ion concentration and temperature
on protein dynamics in vivo.

The combination of nanosecond correlation
spectroscopy with confocal scanning should
offer ways to study intracellular diffusion
time and viscosity throughout the cell and
to explore protein folding within cellular
compartments. We envision the approach
being further developed to follow the
dynamics of slow-diffusing proteins (such as
membrane proteins, the nuclear pore complex
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or large molecular motors) on timescales
far beyond milliseconds. Though the compe-
tition of internalized proteins with internal
protein pools must be addressed in order to
apply the method to study intermolecular
interactions (such as DNA-protein binding
kinetics and protein-complex formation), the
method will be useful for illuminating such
processes, which have been studied heavily
in vitro but not inside living cells. With such
sophisticated single-molecule fluorescence
tools, we may soon have single-cell monitor-
ing services analagous to those that GPS-based
technologies offer us in a big city, from retriev-
ing bus arrival times to finding the best-rated
Thai restaurant.
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