Biophysical Journal

Spatiotemporal Control of
Transmembrane Proteins
through the Cytoskeleton:
An Evolving Story

Andrew H.A. Clayton'*
and Amitabha Chattopadhyay?*

Centre for Microphotonics, Faculty of
Science, Engineering and Technology,
Swinburne University of Technology,
Hawthorn, Victoria, Australia; and “CSIR-
Centre for Cellular and Molecular Biology,
Hyderabad, India

The dynamics and interactions be-
tween the molecular constituents of
life underpin the functioning of bio-
logical systems. At the eukaryotic
cell level, the spatial partitioning
of biochemical and cell biological
processes takes place at the cell mem-
brane, and in various membrane-
bound organelles embedded in the
cytosol. Approximately 50% of the
proteins encoded in the genome spend
at least some of their time in these
membrane-rich areas (1). Conse-
quently, the study of frans-membrane
protein motional dynamics has fasci-
nated biophysicists for nearly half a
century (2).

The study of protein dynamics on
eukaryotic membranes is simplified
experimentally because of the reduc-
tion in spatial dimensionality from
three for free space to two for a
plane (3). These studies have revealed
the rich behavior of membrane protein
motions from random (Brownian),
to directed and confined. These ex-
periments have been influential in
transforming our understanding of
eukaryotic cell membranes from
inert two-dimensional fluids to struc-
tured, dynamic entities (4). Moreover,
the cortical actin cytoskeleton has
emerged as one of the key players in
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FIGURE 1

A schematic representation of the bacterial cell membrane showing confinement of trans-

membrane proteins by MreB cytoskeleton (fop). Upon destabilization of the MreB cytoskeleton, diffu-
sion of the transmembrane proteins is increased due to release of confinement (bottom). The MreB
cytoskeleton organization is short-ranged relative to the actin cytoskeleton in eukaryotic cells. To

see this figure in color, go online.

driving membrane organization and
influencing membrane protein dy-
namics (5,6).

A question that naturally emerges
from these studies is whether mem-
brane organization and dynamics are
evolutionarily conserved. If one were
sufficiently naive, one could address
this question by measuring the dy-
namics of proteins in a prokaryotic
cell such as a bacterium and compare
these dynamics to those observed in
eukaryotic cells. However, to measure
the positions and movements of indi-
vidual labeled lipids or protein mole-
cules on bacterial cell membranes is
extremely challenging owing to the
reduced physical dimensions (size)

and non-flat geometry of bacterial cells
relative to eukaryotic cells. These
reduced dimensions could cause the
appearance of confined motion in the
dynamics of membrane components,
if not properly taken into account.
Moreover, the interpretation of the
data is complicated by the geometry
of the cell membrane envelope, which
is sphero-cylindrical in bacteria com-
pared to essentially planar on adherent
eukaryotic cells.

In this issue of Biophysical
Journal, Oswald et al. (7) overcome
these difficulties and provide robust
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measurements of lipid and membrane
protein positions and dynamics in single
E. coli cells. By means of fast single-
molecule fluorescence microscopy,
combined with high-end quantitative
image analysis, the authors provide sin-
gle-molecule trajectories of lipid or pro-
tein dynamics over four dimensions (x,
Y, z, and f). Time-integrated images of
lipid markers directed toward “regions
of increased fluidity” allowed visualiza-
tion of stable lipid domains at steady
state, while analysis of time-lapse im-
ages revealed hopping dynamics of
lipids between domains of varying
fluidity. Treatment with drugs that desta-
bilized the bacterial MreB cytoskeleton
altered both the stability and dynamics
of the lipid domains. The authors then
examined transmembrane  protein
diffusion. Diffusion was found to be ho-
mogenous at short times, but examina-
tion of longer time trajectories
indicated the presence of sub-diffusive
motion consistent with confinement.
Again, treatment with the MreB depoly-
merizing drug increased the rate of mo-
tion of the transmembrane protein and
revealed a reduction in confinement
(see Fig. 1). These conclusions were
substantiated by computer simulations
of three-dimensional motion over the

bacterial surface showing that the
confinement effects were genuine and
not a result of simple Brownian motion.
Finally, the authors examined motions
of eight different transmembrane pro-
teins of different sizes. These pro-
teins also revealed similar dynamic
behavior, homogenous at short times
and confined at longer times. However,
the diffusion coefficients were weakly
dependent on protein radius, in agree-
ment with the predictions of Saffman
and Delbriick (8).

Taken together, these results suggest
that some of the principles of mem-
brane organization and dynamics,
observed in eukaryotic cells, could be
applicable to bacterial membranes as
well. In this overall context, mem-
brane domains appear to have been
conserved during natural evolution,
perhaps as an essential strategy for effi-
cient cellular metabolism.
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