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requires experiments that are performed inside living cells and
on the single molecule level.
The bacterial enzyme RelA is a central metabolic regulator
involved in sensing and responding to stress by producing the
small messenger molecule ppGpp (1). We create an
experimental approach by combining single molecule tracking
under stroboscopic illumination (2) and photoconversion (3).
Stroboscopic illumination allows for reliable detection of fast
and freely diffusing molecules in the bacterial cytoplasm. The
use of a photoconvertible variant of the green fluorescent
protein (GFP) Dendra2 as a label allows for detection of
individual target molecules irrespective of their cellular copy
numbers. We have labeled RelA with Dendra2 using an
approach that allows us to follow the diffusion of single RelA
molecules expressed at physiological copy numbers in live E.
coli cells with submicrometer spatial precision and millisecond
temporal resolution.
Previous in vitro biochemical investigations suggested that
RelA binding to and dissociation from the ribosome are key
events in its catalytic cycle (4). These interactions are expected
to change the diffusion properties of RelA markedly, allowing
us to obtain readouts of its catalytic state directly from the
diffusion of individual RelA molecules. As a reference for the
diffusion of a small cytosolic protein, we tracked the GFP
variant mEos2, and as a reference for ribosome-associated
RelA we tracked ribosomes labeled by fusing the chromosomal
gene encoding the ribosomal protein L25 with the gene
encoding Dendra2. These two references have markedly
different diffusion characteristics; mEos2 is fast and diffuses
freely throughout the volume of the bacterial cell (Fig. P1, in
black). Ribosomes, on the other hand, are much slower and
confined, being spatially restricted in their diffusion (5). These
pronounced differences allow the discrimination between free
and ribosome-bound RelA.
We studied RelA under two types of stress that are
mediated by the enzyme: amino acid starvation caused by the
addition of the amino acid analogue L-serine hydroxamate
(SHX), and heat shock. Our data shows that in unstressed
cells, RelA is tightly associated with ribosomes (Fig. P1, in
blue), and when activated, it dissociates from the complex for
a prolonged duration. Under permanent stress caused by
SHX, RelA is observed to come off the ribosome (Fig. P1, in
brown), suggesting that it is catalytically active while freely
diffusing in the cytoplasm. During heat shock, on the other
hand, RelA leaves the ribosome for a few minutes and rapidly
reassociates upon cellular adaptation (Fig. P1, Inset). Our
observations suggest that multiple ppGpp synthesis events
occur upon RelA dissociation. We refer to this model as “the
extended hopping model”.
Our experimental approach has several inherent limitations.
First, during the course of one experiment we record single
molecule trajectories of only one type of molecule at a time
(be it ribosomes or RelA). Molecular interactions are then
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deduced from the resulting change in the diffusion properties.
Our approach is made possible by the tremendous size
difference between the ribosome and RelA that manifests
itself in fundamentally different diffusion characteristics when
RelA binds to a ribosome. Simultaneous tracking of both
single RelA molecules and single ribosomes is technically
feasible, but the enormous cellular ribosomal copy number
and the stochastic nature of photoconversion make capturing
the interaction of those two fluorescent binding partners
during the course of one experiment exceedingly unlikely.
Secondly, our assay is sensitive only to events that change
the diffusion properties of our molecule of interest; it does
not detect ppGpp synthesis per se. Nor can tracking inactive,
ribosome-bound RelA reveal whether the ribosome is idle or
actively engaged in translation.
Finally, the fusion of an enzyme with a fluorescent GFP
variant may interfere with its functionality. Control
experiments prove that C-terminally labeled RelA can
functionally replace unmodified RelA in vivo. However, to
date there are virtually no alternatives for stoichiometric
fluorescent labeling in vivo other than using GFP-fusions. The
development of smaller, brighter, more photo-stable in vivo
labels will allow single molecule in vivo kinetic studies
covering broader time scales.
The current work has several implications. Based on our in
vivo approach we propose a modified model for the catalytic
mechanism of RelA, an “extended hopping model,” which can
now be tested by other methods, such as bulk biochemical
investigations. Further, this method can now be applied to
many other cellular systems that involve regulatory or repair
enzymes that bind to other intracellular target sites, such as
DNA, RNA, membranes, or protein complexes. Any
intracellular reaction that involves target search will
necessarily involve changes in the diffusion characteristics of
the enzyme of interest and hence can now be studied in living
cells. Suitable in vitro systems are often lacking, especially for
“hub” proteins that interact with a multitude of binding
partners. A direct mechanistic study of the binding kinetics to
such hubs is now feasible. Finally, by recording individual
diffusion trajectories, similar to our approach for RelA during
heat shock, it is possible to follow cellular adaptation
responses in real time, which creates a useful platform for
mechanistic studies of cellular physiology.
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