
 

 

 University of Groningen

On the mobility of biomolecules
Bogaart, Geert van den

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2008

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bogaart, G. V. D. (2008). On the mobility of biomolecules: a fluorescence microscopy approach. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/c2512759-0539-4033-9cda-f3a20116c48b


Chapter 6

Protein mobility and

diffusive barriers in E. coli :

consequences of osmotic

stress

Geert van den Bogaart, Nicolaas Hermans, Victor V. Krasnikov, and Bert Poolman1

6.1 Abstract

The effect of osmotic stress on the intracellular diffusion of proteins in Escherichia
coli was studied, using a pulsed version of f luorescence recovery after photo-bleach-
ing, pulsed-FRAP. This method employs sequences of laser pulses which only partly
photo-bleach the fluorophores in a cell. Since the cell size and geometry are taken into
account, pulsed-FRAP enables to measure diffusion in very small cells of different
shapes. We found that upon an osmotic upshock from 0.15 to 0.6 Osm, imposed by
NaCl or sorbitol, the apparent intracellular diffusion (D) of mobile green f luorescent
protein (GFP) decreased from 3.2 to 0.4 µm2 s−1, whereas the membrane permeable
glycerol had no effect. Exposing E. coli cells to higher osmolalities (> 0.6 Osm) led
to compartmentalization of the GFP into discrete pools, from where the GFP could
not escape. Although free diffusion through the cell was hindered, the mobility of
GFP in these pools was still relatively high (D ≈ 0.4 µm2 s−1). The presence of

1This chapter has been published in Molecular Microbiology (2007) 64: 858–871 [22].
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Introduction Protein mobility in E. coli

osmoprotectants restored the effect of osmotic stress on the protein mobility and
apparent compartmentalization. Also, lowering the osmolality from 0.6 Osm back
to 0.15 Osm restored the mobility of GFP. The implications of these findings in
terms of heterogeneities and diffusive barriers inside the cell are discussed.

6.2 Introduction

Bacterial cells are very crowded with biomacromolecules. In Escherichia coli the
concentration of proteins, DNA and RNA is 200 to 320 mg ml−1 [212, 213] and the
macromolecules account for ∼ 25 – 30% of the cell volume [214]. Upon an osmotic
shock, the concentration of macromolecules can increase up to 400 mg ml−1, but the
cells remain viable [212, 214]. This concentration is approaching that of a protein
crystal, and in hyperosmotically stressed bacteria the macromolecules can account
for ∼ 50% of the cell volume. Approximating the macromolecules as 5 nm diameter
spheres, the surface to surface distances of the molecules become less than 1 nm [215].
At these small distances, the high cytoplasmic crowding has been proposed to shape
the cell volume into transient networks of electrolyte pathways and pools, enabling
a flow of biochemical ions through the cytoplasm [215]. The steric hindrance and
electrostatic effects will have a significant impact on the mobility of proteins in the
cytoplasm [214, 216].

Fluorescence recovery after photo-bleaching (FRAP) has been used to study
GFP mobility in vivo in eukaryotic cells [217] and various organelles ([15] for a
review). In bacteria, FRAP was first applied to measure protein diffusion in E. coli
by Elowitz et al. [218] and later by Mullineaux et al. [219]. Recently, Konopka et al.
[220] used FRAP to study the effect of osmotic stress on the intracellular diffusion of
GFP. With FRAP, a spot is irreversibly photo-bleached by a brief intense light pulse.
Using an attenuated probe beam, the diffusion of unbleached fluorophores into the
photo-bleached area is then measured. The recovery of the fluorescence over time
is proportional to the mobility of the fluorophore. However, FRAP measurements
on prokaryotic cells and cell organelles are technically difficult due to their small
size, which is close to the best achievable optical resolution. Thus, unlike in large
eukaryotic cells, in prokaryotic cells a very large fraction (> 40% in the published
studies) of fluorophore is photo-bleached and this leads to incomplete recovery. Also,
diffusion is affected by the proximity of the cell membrane. To deal with these
problems, one can collect series of cell images during the recovery process and thereby
take the whole GFP content and geometry into account [218, 219, 220].

Here, we report on a new approach to overcome the problem of photo-bleaching of
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a large fraction of fluorophores in a small cell. Instead of using a separate bleaching
and probe beam, we use sequences of short, low intensity (1 s, < 1 kW cm−2) laser
pulses (pulsed-FRAP). For the data analysis, we take into account both the kinetics
of photo-bleaching and the end level of recovery, hence combining continuous photo-
bleaching with FRAP. Like FRAP, continuous photo-bleaching has been used to
measure the diffusion constant in vesicles and cells ([221] and references therein).
With continuous photo-bleaching, the fluorescence decay is fitted with a model that
incorporates the rate of photo-bleaching and the diffusion coefficient. To deal with
the geometry of the cell, we determine the shape of the bacterium and use a numerical
finite difference method to approximate the diffusion / photo-bleaching rates. Since
the cell size and geometry are taken into account, pulsed-FRAP can be used to
probe protein mobility in small compartments of various shapes. With pulsed-FRAP,
only the fraction of GFP located in the focal volume is measured rather than the
distribution in the cell as a whole, which, as we will show in this article, can reveal
macromolecular heterogeneities that are not readily observed by other methods.
Moreover, it can be used to probe the mobility of very photo-instable fluorophores.
Pulsed-FRAP may find applications in probing (macro-) molecule mobility in small
bacteria and eukaryotic cell organelles.

6.3 Methods

6.3.1 Sample preparation

E. coli strain MC1061 (Belgian Coordinated Collections of Microorganisms, acc.
no. LMBP 472, ∆(araA-leu)7697 araD139 ∆(codB-lac)3 ∆lac74 galK16 galE15
mcrA0 relA1 rpsL150 spoT1 mcrB9999 hsdR2 λ−F−) [222] was transformed with
pGFPCR (National Center for Biotechnology Information, acc. no. AF007834)
[223]. The pGFPCR plasmid is a derivative of pGFPuv (Clontech, Mountain View,
CA) and carries the cycle 3 variant of GFP [224] behind the lac promoter. GFP has
a tendency to dimerize, and, at the expression levels used, it is likely we studied the
diffusion of dimers [220]. The cells were grown aerobically to exponential phase (OD
at 660 nm of 0.2 – 0.5) at 37◦C in Luria Broth (LB) medium supplemented with
ampicillin (50 µg ml−1), but without inducer to keep the level of GFP relatively low.
Cells were then harvested and washed three times to reach an optical density at 660
nm of 0.5 in either 25 mM or 200 mM sodium phosphate, pH 7.0, each supplemented
with 50 mM glucose. The cells were kept on ice prior to the measurements. The
osmolality of the media was measured by determination of the freezing point, using
a Osmomat 030 (Gonotec GmbH, Berlin, Germany).
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After incubation of 10 µl of cell suspension for 5 min at 37◦C, a 50 times excess
of fresh medium (preheated at 37◦C) was added as specified in Table 6.1, that is,
with or without 10 mM K+, 1 mM proline and / or 1 mM glycine betaine. After
additional 5 min incubation at 37◦C, a microscope sample was prepared by applying
10 µl on a poly-L-lysine-coated cover glass. The poly-L-lysine prevented the cell from
moving and a comparison of cell images prior and after each measurement indicated
that the cells were completely immobilized. Since the sample consisted of a small
volume and low cell density, the oxygen content of the sample was assumed constant.
At the GFP expression levels used, the contribution of the autofluorescence to the
total signal was insignificant. The diffusion of GFP inside the cells was measured at
room temperature.

6.3.2 Preparation of giant liposomes

A mixture of polyethylene glycol 6000 (PEG6000) and isolated cytosol from E. coli
cells, expressing GFP, was encapsulated into ∼ µm-sized liposomes. Cells in the
late exponential phase of growth from a 1 l culture were washed and resuspended
in 3 ml milli-Q containing tracer amounts of deoxyribonuclease 1 (Sigma, St. Louis,
MO). Cell lysis was achieved by sonification at 30 W with the instrument (Vibra
Cell V91301, Bioblock Scientific, Illkirch, France) in pulse modus (15 periods of 15 s
on – 45 s off) on ice. Unbroken cells and membranes were removed by centrifugation
(300,000 ×g, 10 min). The supernatant was mixed 1 : 1 with a solution of 400
g PEG6000 kg−1 milli-Q. The viscosity of this mixture was ∼ 90 mPa s, which
is similar to the estimated viscosity of the cytoplasm inside the E. coli cell (see
discussion section).

The cytoplasm / PEG6000 mixture was encapsulated in ∼ µm-sized liposomes as
described by Pautot et al. [225] and Noireaux and Libchaber [226]. Briefly, inverted
micelles were created by suspending 0.8 mg ml−1 of a 3 : 1 mixture of DOPG /
DOPC in dodecane by 30 min sonification in a cleaning sonic bath and overnight
stirring at 30 ◦C. Subsequently, 1 µl of the cytoplasm / PEG6000 mixture was added
to 50 µl of the emulsion and small droplets of ∼ µm size were created by vortexing
for 30 s. The lipid dispersion was then placed on top of 100 µl of 50 mM potassium
phospate, pH 7.0, and the sample was centrifuged for 10 min at 200 ×g. During the
centrifugation, the water droplets migrated from the dodecane to the aqueous phase
and liposomes were formed.
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6.3.3 Optical setup

Measurements of the diffusion coefficients were carried out on a laser scanning con-
focal microscope [9], based on an inverted microscope Axiovert S 100 TV (Zeiss,
Jena, Germany), in combination with a galvanometer optical scanner (model 6860,
Cambridge Technology, Watertown, MA) and a microscope objective nano-focusing
device (P-721, PI Electronics AG, Baden-Dättwil, Switzerland). For excitation of
GFP, an argon ion laser (488 nm, Newport Corporation, Irvine, CA) was directed
through an electronic shutter (Melles Griot, Carlsbad, CA) and was focused by a
Zeiss C-Apochromat infinity-corrected 1.2 NA 63× water immersion objective. The
intensity of the laser did not exceed 10 µW at the back aperture of the objective.
The lateral radius ωxy, defined as the point where the fluorescence count rate per
molecule decreased e2 times, was 180 nm. Emission was collected through the same
objective, separated from the excitation beam by a beam pick-off plate (BSP20-
A1, ThorLabs, Newton, NJ), and directed through an emission filter (HQ 535/50,
Chroma Technology, Rockingham, VT) and a pinhole (diameter of 30 µm) onto
an avalanche photodiode (SPCM-AQR-14, PerkinElmer Optoelectronics, Fremont,
CA). The fluorescence signal was digitized and acquired by a PC.

6.3.4 Data analysis

The fluorescence is linearly proportional to the GFP concentration and changes in
time due to diffusion and photo-bleaching of GFP. Considering the elongated shape
of the confocal volume, the motion of GFPs in E. coli can be approximated to be two-
dimensional (in lateral directions, r) as in [218, 219, 220]. GFP is initially (t ≤ t0,
Fig. 6.1b) uniformly distributed in the cell and has concentration C0. Assuming
that GFP diffusion obeys the classic Brownian motion law with a single diffusion
constant D (see discussion section), Fick’s second law can be applied for the GFP
concentration fluctuations inside the cell C(r, t):

δC(r, t)
δt

= D∆C(r, t). (6.1)

Secondly, we assume that the photo-bleaching rate is proportional to the intensity
of the focussed laser beam I(r):

δC(r, t)
δt

= BI(r)C(r, t), (6.2)

where B is a photo-bleaching constant.
For the pulsed-FRAP experiments, first a confocal image of the cell was recorded.

Subsequently, the laser was focussed in the cell and 5 – 15 laser pulses were applied
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with varying interval times. The diffusion constant D and photo-bleaching constant
B were obtained from the fluorescence trace (Fig. 6.1b) in the following way: A
computational grid was superimposed over the confocal images of the bacterium
(Fig. 6.1a, left panel), with x and y grid indices i and j, respectively, and grid
spacing rs. At the membrane of the bacterium, Neumann boundary conditions
(∇C(r, t) = 0) were assumed and the concentration of GFP at each grid point was
calculated using an explicit finite difference method with time step ts:

Ci,j,t+ts = Ci,j,t + Dts
r2
s

[
Ci+1,j,t + Ci−1,j,t +

Ci,j+1,t + Ci,j−1,t − 4Ci,j,t

]
− tsBi,j,t, (6.3)

where Bi,j,t is the decrease of the fluorescence due to photo-bleaching. This method
is numerically stable and convergent when Dts/r2

s < 0.25 and the time steps and
grid spacing should be chosen accordingly. For GFP in E. coli, diffusion coefficients
are typically smaller than 20 µm2 s−1 [218, 219, 220], and ts and rs were 50 µs and
100 nm, respectively. Since the intensity of a focussed laser beam follows a Gaussian
distribution perpendicular to the optical axis (in r):

Bi,j,t = BIi,jCi,j,t, (6.4)

and

Ii,j = exp
(
− r2

s

ω2
xy

(
(i− i0)2 + (j − j0)2

))
, (6.5)

where (i0, j0) is the position of the focussed laser beam (Fig. 6.1a, left panel). After
a certain photo-bleaching time, at t = t1 (Fig. 6.1b), the detected fluorescence had
decreased to:

C1 =
∑
i,j

Ii,jCi,j,t1 , (6.6)

where the summation is over all the grid points that are located in the bacterium. At
this time, the shutter was closed for a time period long enough to allow redistribution
of the remaining GFP (t = t2, Fig. 6.1b). After this time interval, the shutter was
opened and the fluorescence was again measured for one second. Since (mobile)
GFP had been homogenously distributed in the cell and the total amount of GFP
in the cell did not change between t1 and t2 (no photo-bleaching):

C2 =
∑
i,j

Ii,j

∑
i,j

Ci,j,t1

N
, (6.7)

where N is the number of grid points that are located in the bacterium.
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Figure 6.1: Principle of pulsed-FRAP. (a) Left panel: Confocal image of an E. coli
cell with a computational grid superimposed. The grid spacing rs is 100 nm and
the size (at ωxy, dotted circle) of the focussed laser (position (i0, j0)) is indicated.
The scale bar is 3 µm. Right panel: Confocal image analysis to quantify the spa-
tial distribution of GFP. For each point located in the bacterium, the fluorescence
ratios before and after the pulsed-FRAP measurement were calculated and plotted
as a function of the distance from the focussed laser. (b) The confocal volume is
positioned on an E. coli cell expressing GFP and at t0 a laser pulse of 1 s (till t1)
is applied. This results in non-uniform spatial distribution of GFP in the cell at t1.
After a certain time interval, at t2, the GFP distribution of the cell is homogenous
again and another laser pulse of 1 s is applied. The fluorescence count rates depend
on the diffusion constant D of GFP inside the cell. Only the first 3 of 5 to 15 laser
pulses are shown.
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In brief, a diffusion measurement consists of the following steps: First, a con-
focal image of the bacterium is recorded (Fig. 6.1a, left panel). Then, the laser
beam is focussed in the cell (at position (i0, j0), Fig. 6.1a) and 5 – 15 laser
pulses are applied with varying interval times. After each measurement, a sec-
ond confocal image is recorded to check whether the fluorescence is distributed
uniformly. Subsequently, a computational grid is superimposed over the confocal
image (Fig. 6.1a, left panel) and the decrease of C(t) is modeled for different com-
binations of B and D, using equations 6.3 – 6.6. Using multivariate least square
statistics, the fluorescence intensity measurements are then fitted by minimizing(
[C(t)/C0]measured − [C(t)/C0]modeled

)2, using a program written in Visual Basic
.NET. To estimate the dynamic range of the method, the diffusion constant D ver-
sus C0, C1 and C2 were plotted for different photo-bleaching constants of a typical
rod-shaped E. coli bacterium of 3.2 × 0.8 µm (Fig. 6.2). As can be seen from the
figure, the range of the diffusion constants that is accessible with this method lies
between 0.01 and 20 µm2 s−1. For diffusion coefficients larger than 20 µm2 s−1,
C2 − C1 converges to 0, and due to fast protein motion the whole cell is photo-
bleached instantly. By decreasing the photo-bleaching time (from t0 to t1, Fig.
6.1b), faster diffusion can in principle be measured, although rs and ts should be
decreased accordingly to keep Dts/r2

s < 0.25. For diffusion coefficients smaller than
0.01 µm2 s−1, the decay in fluorescence becomes too small to allow for accurate
determination of the diffusion coefficient. The dynamic range of D for smaller and
for larger cells shifts to lower and higher values, respectively. For very large cells
(> 10 µm), C0−C1 converges to 0, and the diffusion constant cannot be determined
accurately. However, for cells of this size, conventional FRAP or FCS can be used.

In general, FCS requires a low number of particles in the detection volume (0.1 –
100 nM), whereas FRAP-based techniques, such as pulsed-FRAP, are more applica-
ble for higher concentrations of fluorophore. For photo-unstable fluorophores, the
diffusion can be accessed with pulsed-FRAP, whereas FCS and conventional FRAP
require more photo-stable dyes. For diffusion in small, µm-sized compartments,
fitting of FRAP and fluorescence autocorrelation curves is challenging, due to the
influence of nearby membranes [6]. Since the cell size and shape are taken into ac-
count in the pulsed-FRAP method, this procedure enables to measure diffusion in
very small compartments.
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6.4 Results

6.4.1 Principle of pulsed-FRAP

E. coli cells expressing GFP at a relatively low level were grown to mid-exponential
phase to measure the diffusion of this fluorescent molecule in the cell. Under the
microscope, no inclusion bodies were visible. The cells were then washed and resus-
pended in low osmolality (0.15 Osm) medium consisting of 25 mM Na-phosphate,
pH 7.0, supplemented with 50 mM glucose, to remove K+ present in the growth
medium. K+ ions were removed to prevent an active response of the cells to an os-
motic shock through the accumulation of this ion (see sections 6.4.3 and 6.5.2). The
intracellular protein diffusion was measured using the following protocol: First, an
E. coli cell expressing GFP was imaged with a laser-scanning confocal microscope,
after which the laser beam was blocked with a shutter and focussed in the center
of the cell (Fig. 6.1a, left panel, position (i0, j0)). Then, the shutter was opened
to record the decay in fluorescence for 1 s (Fig. 6.1b, from t0 to t1), and, subse-
quently, the shutter was closed for 3 to 100 s and the fluorescence recovery (at t2)
was measured. Depending on the physiological conditions (extent of osmotic stress),
the mobility of GFP differed and this required shorter or longer periods of shutter
closing to allow the fluorescence in the focal volume to reach a new steady state

Figure 6.2: Dynamic range of pulsed-FRAP measurements. C0 (dotted line) was set
to 1, and C1 (dashed line) and C2 (solid line) were calculated for a typical E. coli
cell of 3.2× 0.8 µm, using equations 6.3 – 6.6 and photo-bleaching rates of B1 = 2.5
s−1, B2 = 5 s−1 and B3 = 10 s−1.
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(before a new pulse of light could be applied). After the measurements, the cells
were imaged again and a computational grid was superimposed over the confocal
image (Fig. 6.1a, left panel). The diffusion constant and photo-bleaching rate were
obtained by approximating the photo-bleaching and spatial redistribution of GFP
with a numerical finite difference method as described in the methods section.

For unshocked cells, the GFP was uniformly spatially distributed over the cell
before and < 1 s after photo-bleaching, in accordance with literature data [218, 219,
220]. The fluorescence was measured with an integration time of 10 ms. For each
single cell measurement, the open – close cycle of the shutter was repeated 5 to
15 times. During the exposure time about 10 – 40 percent of the GFP situated in
the confocal volume was photo-bleached (Fig. 6.1b). The degree of photo-bleaching
depended on the photo-bleaching rate, the diffusion constant and the cell size. The
cells were still able to divide after the measurements (not shown). The inset of figure
6.3 shows a confocal image of a cell of approximately 4 µm in length, and the main
figure presents the pulsed-FRAP measurements and the fits. For unshocked cells, a
diffusion constant of 3.2 µm2 s−1 was found (n = 64), although the spread was broad
and diffusion constants varied from 0.1 to 24 µm2 s−1. At the laser intensity used, the
photo-bleaching rate was 3.5± 1.4 s−1 and this variation is likely due to differences
in the microenvironment of the cell. No correlation of the intermediate times with
the photo-bleaching rates and diffusion constants was found, both indicating that
the intervals were long enough to reach steady-state conditions. Assuming the cells
to be rod-shaped, the cell volume could be estimated from the confocal images and
was 2.9± 1.3 fl for unshocked cells. The diffusion constant did not correlate with (i)
the photo-bleaching rate (Fig. 6.4a), (ii) the expression level of GFP (Fig. 6.4b) and
(iii) the cell volume (Fig. 6.4c). The cell diameter for unshocked cells was 1.0± 0.3
µm and did not correlate with the diffusion constant (not shown). Measurements
could be made in cells as small as ∼ 1 µm. The contribution to the fluorescence
recovery of triplet state processes was insignificant, as could be seen from the ‘noise’
in the fluorescence traces (Fig. 6.1b and 6.3). Also, triplet state processes occur
at timescales � 1 s, and lastly, at high osmotic stress, the fluorescence recovery
after 1 s interval time was less than 10% of the total recovery. The photo-bleaching
constant was linearly related to the laser power (not shown).

6.4.2 Validation of the pulsed-FRAP method

Multiple measurements at the same position in a bacterium indicated that the typical
error of pulsed-FRAP was ∼ 75%. To obtain a further estimate of the accuracy of
the pulsed-FRAP method, liposomes encapsulated with GFP were used. A cytosolic
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Figure 6.3: Typical pulsed-FRAP traces (gray) and fit (black) from an unstressed
E. coli cell. The inset shows the confocal image of the cell and the scale bar is 2 µm.
The recording of a confocal image of this size and resolution took ∼ 2.5 s on our
setup and resulted in photo-bleaching of < 10% of the total GFP in the cell. The
diffusion constant for this measurement was 1.8 µm2 s−1 and the photo-bleaching
rate was 3.5 s−1.
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Figure 6.4: Analysis of pulsed-FRAP measurements. The diffusion constant D did
not show any apparent correlation with the photo-bleaching rate B (panel a), the
initial fluorescence (corresponding to the GFP expression level, panel b) and the cell
volume (panel c).
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extract from E. coli cells expressing GFP was isolated and mixed with a concentrated
PEG6000 solution to mimic the high (macro-) molecular crowding inside a cell. The
diffusion constant of GFP in this mixture was measured with f luorescence correlation
spectroscopy (FCS) and was 0.9± 0.3 µm2 s−1, corresponding to a viscosity of ∼ 90
mPa s. The cytosol / PEG6000 mixture was encapsulated into µm-sized liposomes
as described in [225, 226] and pulsed-FRAP measurements were performed. With
pulsed-FRAP measurements, a diffusion constant of 0.4± 0.3 µm2 s−1 (n = 18) was
found (Fig. 6.5) and a photo-bleaching rate of 4.9±2.8 s−1. The diffusion constants
ranged from 0.1 to 0.7 µm2 s−1. The absolute values and spread of the diffusion
constants in these µm-sized liposomes are in reasonable agreement with the estimates
of GFP mobility in the crowded cytosol / PEG6000 solutions, determined by FCS.
Taken together, the spread in the diffusion constants of GFP in the cytoplasm of
E. coli was much larger than can be expected based on the typical error of the
method (Table 6.1). This indicates that the variation of the diffusion constants is
to a large extent due to true variation in the sample. Mobility measurements by
FCS in liposomes (and cells) of only a few µm proved far less accurate than pulsed-
FRAP because of the high degree of photo-bleaching of GFP diffusing in such small
confined spaces (not shown).

As a final control, pulsed-FRAP measurements were performed on cephalexin-
treated cells, ranging in length from 4 to 16 µm. Cephalexin is a β-lactam antibiotic
that inhibits penicillin-binding protein 3 (PBP3) and impairs cell division [227],
resulting in long cell filaments [228] that are more suitable for conventional FRAP
measurements. In cephalexin-treated cells, an average diffusion constant of 9.8±3.6
µm2 s−1 (n = 25) was found. The cephalexin treated-cells were very fragile and
sensitive to osmotic stress (unpublished result) [229, 230] and still formed partial
septa, which might influence the diffusion of proteins in the cytosol. For studying
physiologically relevant parameters related to osmotic stress, the filamentous cells
were not very suited and not used further.

6.4.3 Osmotic stress: moderate upshock

To study the effect of an osmotic upshock on the intracellular diffusion of GFP,
E. coli cells were exposed to increasing concentrations of NaCl. After an osmotic
upshock with NaCl from 0.15 to 0.57 Osm (addition of 250 mM NaCl), the diffusion
constant in the cells decreased from 3.2 to 0.4 µm2 s−1. Although in both cases the
spread in the diffusion constants was broad (Fig. 6.6a and Table 6.1), the difference
was significant (P < 0.025), using a one-sided t test. Treatment with an intermediate
osmolality of 0.37 Osm (addition of 125 mM NaCl) resulted in a diffusion constant of
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Figure 6.5: Pulsed-FRAP measurements in liposomes. A cytosolic fraction from E.
coli cells, expressing GFP, was extracted and mixed 1 : 1 with 400 g PEG6000 kg−1

milli-Q; the final protein concentration was 20 mg ml−1. The diffusion of GFP in this
crowded mixture was 0.9± 0.3 µm2 s−1 and was determined by FCS. The mixture
was encapsulated in ∼ µm-sized liposomes (inset) and pulsed-FRAP measurements
were performed. The distribution of the diffusion coefficients is shown in the main
figure with a bin-width of 0.1 µm2 s−1. The average diffusion was 0.4 µm2 s−1

(n = 18). The inset shows a confocal image of a liposome. The scale bar is 1 µm.
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Table 6.1: Diffusion of GFP in E. coli.

Ca Osmb DGFP
c ranged ne t testf γg

0 0.15 3.2 0.1 – 24 64 25
125 NaCl 0.37 1.8 0.1 – 13 18 44
250 NaCl 0.57 0.4 0.0 – 3.5 18 + 197
500 sorb. 0.62 0.7 0.1 – 5.7 21 + 112
500 sorb. +10 KCl 0.64 2.0 0.2 – 6.8 15 39
500 sorb. +10 KCl + 1 bet. + 1 pro. 0.64 4.0 0.1 – 24 13 20
500 glyc. 0.65 2.3 0.1 – 21 17 34
500 glyc. +10 KCl 0.66 3.1 0.1 – 17 15 25
500 glyc. +10 KCl + 1 bet. + 1 pro. 0.66 3.0 0.2 – 23 15 26

a NaCl, sorbitol (sorb.), glycerol (glyc.), KCl and glycine betaine (bet.) plus proline
(pro.) concentrations in mM.

b Measured osmolality in Osm.
c Diffusion constant of GFP in µm2 s−1.
d Range of the diffusion constants in µm2 s−1.
e Number of measured cells.
f + indicates that the diffusion constant is significantly different from unshocked cells

(C = 0) based on a single-sided t test and P < 0.025.
g Apparent viscosity (γ) of the cytoplasm in mPa s.
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1.8 µm2 s−1 and this was not significantly different (P > 0.2) from unshocked cells.
The medium the unshocked cells were resuspended in had a lower osmolality (0.15
Osm) than the Luria Broth (LB, 0.24 Osm) in which the cells were grown. Next,
we analyzed the GFP mobility in cells washed and resuspended in medium of higher
osmolality (0.47 Osm), consisting of 200 mM (instead of 25 mM) Na-phosphate,
pH 7.0, plus 50 mM of glucose. As anticipated, this resulted in a somewhat lower
diffusion constant of 2.9 µm2 s−1, values ranging from 0.1 to 19 µm2 s−1. The
diffusion constants measured in cells in 0.15 Osm medium osmotically shocked with
500 mM sorbitol to 0.62 Osm are shown in figure 6.6b. Addition of sorbitol resulted
in a significant decrease of the diffusion constants to 0.7 µm2 s−1 (P < 0.025,
one-sided t test), similar to the impact of NaCl stress. The presence of 10 mM of
the osmoprotectant K+ with or without 1 mM proline plus 1 mM glycine betaine,
resulted in (partial) restoration of the mobility and yielded diffusion constants of
2.0 µm2 s−1 for K+ and 4.0 µm2 s−1 for K+ plus glycine betaine and proline, both
not significantly different from unshocked cells. Clearly, the combination of K+

ions plus the organic osmoprotectants [231, 232] restored the diffusive properties of
the cytoplasm to what they were before the osmotic upshock (both with NaCl and
sorbitol as stressing agent). Exposing the cells to hyperosmotic conditions with the
membrane-permeable sugar alcohol glycerol did not alter the diffusion constant of
cytoplasmic GFP (not shown).

6.4.4 Osmotic stress: large upshock

When E. coli was exposed to osmolalities higher than 0.6 Osm (NaCl > 250 mM),
a fraction of the GFP became immobile in ∼ 75% of the cells at 1.32 Osm and
100% of the cells at > 1.84 Osm. To quantify the fraction of immobile GFP, the
percentage of the fluorescence intensity after the pulsed-FRAP measurement was
plotted as a function of distance to the focussed laser beam (Fig. 6.1a, right panel).
Figure 6.7a shows these curves for three typical cells exposed to 0, 250, and 500
mM of NaCl (0.15, 0.57, and 1.32 Osm, respectively), and figure 6.7b shows the
corresponding confocal images. Cells shocked with up to 0.57 Osm showed a uniform
distribution prior and after the measurement, as can be clearly seen from both the
curves (Fig. 6.7a, N and •) and the confocal images (Fig. 6.7b). At 0.57 Osm
and higher osmolalities, plasmolysis was observed, as could be seen from the cells
no longer being ellipsoid shaped (Fig. 6.7b). Cells shocked with higher than 0.57
Osm of NaCl showed no longer a uniform distribution of GFP, and this non-uniform
distribution was stable for > 15 min (Fig. 6.7b). Note that for the cell in figure
6.7b shocked to 1.32 Osm (0.5 M NaCl), roughly half the cell was photo-bleached, a
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Figure 6.6: The effect of osmotic stress on the intracellular diffusion of GFP. (a)
The distribution of cells as a function of the diffusion constant for unstressed cells
at 0.15 Osm (�) and cells stressed with NaCl to 0.37 Osm (•) and 0.57 Osm (N). (b)
The distribution of cells as a function of the diffusion constant for unstressed cells at
0.15 Osm (�), and sorbitol-treated cells at 0.62 Osm, in the absence (•) or presence
of 10 mM KCl (N), or 10 mM KCl plus 1 mM glycine betaine and 1 mM proline
(H). For plotting of the data, the cells were pooled with bin-width log(D1

D2
) = 0.75.
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phenomena that was frequently observed for cells exposed to this high osmolality; in
other cells we observed multiple unbleached spots. Importantly, the photo-bleached
region was broader than can be expected on the basis of the radius of the focussed
laser beam (Airy disk, Fig. 6.7a), indicating that part of the GFP was still mobile
(albeit slowed) but could not freely diffuse through the entire cell.

Figure 6.7: (a) Fluorescence intensity distributions as described in figure 6.1a (right
panel) for three E. coli cells, treated with different NaCl concentrations: 0.15 Osm
(0 M, N), 0.57 Osm (250 mM, •) and 1.32 Osm (500 mM, �). The intensity before
photo-bleaching was set to 100%. The intensity of the focussed laser (Airy disk) is
plotted (solid line). The bin-width (80 nm) was chosen to pool a sufficient number
of image pixels. Since the bin-width is smaller than the diffraction limit, the fluo-
rescence intensity changes gradually within several adjacent bins. (b) The confocal
images corresponding to the curves in panel a, prior (0 s) and 10 s after the pulsed-
FRAP measurement. The non-uniform fluorescence distribution for the cell shocked
to 1.32 Osm (500 mM NaCl) was prevalent for > 15 min. The scale bar is 2 µm.

Figure 6.8a shows the average fluorescence distributions as a function of distance
to the focussed laser beam for ∼ 30 cells, exposed to different salt concentrations.
Clearly, the threshold for the apparent confinement of GFP to discrete pools in the
cell was between 0.57 and 1.32 Osm. For cells shocked with NaCl to 1.32 Osm,
the presence of K+ plus proline and glycine betaine led to almost full restoration of
the mobility and the GFP was uniformly distributed through the cell (Fig. 6.8b).
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Importantly, when cells were transiently (5 min at 37◦C) exposed to 1.32 Osm (500
mM NaCl) and subsequently diluted back to 0.15 Osm, only ∼ 15% displayed a
non-uniform distribution of GFP after photo-bleaching, and the mobility was the
same as in unshocked cells. Decreasing the osmolality back to 0.15 Osm of cells
that were stressed with a higher concentration of salt (1 M NaCl, 2.42 Osm) also
resulted in a similar restoration of the mobility and about 15% of the cells had
discrete pools of GFP. Dilution series of the untreated and osmotically-shocked E.
coli cells were plated on LB agar plates to determine the viability of the cells. For salt
concentrations up to 1.32 Osm, the cells remained fully viable under the conditions
used in this work. For higher concentrations, the viability decreased to 75 ± 10%,
which is in accordance with published data, using similar but not identical media
and stress conditions [220, 233].

Figure 6.8: (a) The average fluorescence distributions as described in figure 6.1a for
∼ 30 cells treated with NaCl. The fractions of cells that did not show a uniform
distribution after photo-bleaching are indicated between the brackets: 0.15 Osm (0
M, �, 0%), 0.37 Osm (125 mM, N, 0%), 0.57 Osm (250 mM, •, ∼ 5%), 1.32 Osm
(500 mM, H, ∼ 75%), 1.84 Osm (750 mM, �, ∼ 100%) and 2.42 Osm (1 M, J, ∼
100%). (b) Unstressed cells at 0.15 Osm (�, 0%) and cells stressed to 1.32 Osm (500
mM NaCl, H, ∼ 75%). The addition of 10 mM KCl (•, ∼ 55%) or 10 mM KCl plus
1 mM glycine betaine and 1 mM proline (N, ∼ 20%) to the osmotically stressed cells
resulted in (partial) restoration of the protein mobility. The bin-width was 180 nm.
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6.5 Discussion

6.5.1 Diffusion in bacterial cells

In this work, we used a combination of continuous photo-bleaching and FRAP to
probe GFP diffusion in the cytoplasm of E. coli. Similar to the published FRAP
studies [218, 219, 220], in our data analysis, we assume that the diffusion of GFP
in the cytoplasm of E. coli obeys the Einstein-Stokes equation. However, diffusion
in complex and crowded media has been reported to be anomalous [234], with the
mean square displacement proportional to tα, with the time factor α < 1. Anom-
alous diffusion arises from interactions of the particle with its medium and has been
observed in both eukaryotic [235, 236] and prokaryotic [237] organisms. In E. coli,
the diffusion of an mRNA-protein particle of ∼ 100 nm has been reported to be
anomalous with α about 0.7. However, as also indicated in [237], α is expected to be
close to 1 for smaller particles such as GFP and the diffusion might be approximated
by Brownian motion. Since there is no data available on anomalous diffusion of pro-
teins in the cytoplasm, we did not incorporate this factor into our model. Because
of this uncertainty, the diffusion constants should be regarded as apparent values,
reflecting the speed of the particles for timescales of ∼ 1 s (time of a laser pulse)
and distances of ∼ 400 nm (full-width at half-maximum). In principle, anomalous
diffusion in the cytoplasm of E. coli can be studied by varying the full-width at
half-maximum of the focussed laser.

Pulsed-FRAP measurements showed that GFP diffused in the cytoplasm of E.
coli cells with an apparent diffusion constant D of 3.2 µm2 s−1 (n = 64) and ranging
from 0.1 to 24 µm2 s−1. D did not correlate with the level of GFP expression
(variation > 10-fold, Fig. 6.4b), contrary to what has been reported by Elowitz et
al. [218]. This might be due to differences in the expression level or the FRAP
method (see below). The measured diffusion constant is much lower than that of
GFP in water (87± 2 µm2 s−1, [238]) and in the cytoplasm of most eukaryotic cells
(27 µm2 s−1 in Chinese hamster ovary cells [217]), which is consistent with the higher
molecular crowding in bacteria. The diffusion constants obtained by pulsed-FRAP
are in good agreement with the whole-cell FRAP measurements, where values of
8.2± 1.3 µm2 s−1 (n = 21, in E. coli MC1061) [218] and 6.2± 2.4 µm2 s−1 (n = 39)
[220] have been observed. Also, in these studies, a broad distribution of the diffusion
constants, ranging from 1 to 15 µm2 s−1, has been reported [218, 220]. Our value also
agrees well with diffusion constants reported in the literature for other proteins in the
E. coli cytoplasm. In cephalexin-elongated cells, a diffusion constant of D = 9.0±2.1
µm2 s−1 (n = 6) has been observed for the 30 kDa TorA-GFP fusion protein [219],
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and D = 2.5 ± 0.6 µm2 s−1 (n = 8) for the 72 kDa cMBP-GFP fusion protein
[218]. By means of FCS, D = 4.6± 0.8 µm2 s−1 has been measured for the 40 kDa
CheY-GFP fusion protein [239].

6.5.2 Osmotic stress in E. coli

Osmotically stressing E. coli cells from 0.15 to 0.6 Osm with NaCl (0.57 Osm, 250
mM) or sorbitol (0.62 Osm, 500 mM) led to a ∼ 10-fold decrease in the intracellular
GFP diffusion constant (Fig. 6.6, Table 6.1). Higher osmolalities resulted in part
of the GFP becoming confined to discrete pools. Sorbitol and NaCl withdraw wa-
ter from the cell [233], thereby increasing the molecular crowding and viscosity and
slowing down the diffusion. Glycerol showed no effect on the intracellular diffusion.
Unlike sorbitol and NaCl, glycerol can rapidly enter the cell by either passive dif-
fusion through the membrane [240] or via aquaglyceroporins, including the glycerol
facilitator GlpF [241], and therefore only transiently withdraws water from the cell
(that is, only shortly after addition of glycerol).

K+ ions, glycine betaine and proline are rapidly accumulated by the cell upon
osmotic shock ([231, 232] for reviews) and thereby preserve the water content of the
cell. The presence of these osmoprotectants increased the mobility of GFP in the
osmotically-stressed cells (Fig. 6.6b and 6.8b). Upon addition of K+ ions in the
absence of glycine betaine and proline, the diffusion constant was not fully restored
and this is in good agreement with the finding that the presence of potassium does
only lead to partial restoration of the water content and cell volume [242]. For osmo-
adaptation of E. coli, the uptake of glycine betaine and proline has priority over the
accumulation of K+ (and synthesis of glutamate and trehalose) as osmoprotectant
[243]. E. coli has been shown to be able to grow over a 100-fold concentration range
of NaCl, from 0.03 Osm (∼ 15 mM) to 3 Osm (∼ 1.5 M) [214]. The growth rate,
however, decreased linearly with salt concentrations above 0.28 Osm (∼ 124 mM
NaCl) [242], and the decreased protein diffusion constant might be an important
parameter for this decline. Owing to the size exclusion principle, the decrease of the
mobility can be expected to be even more pronounced for larger proteins [215].

Cells upshocked with osmolalities higher than 0.6 Osm showed plasmolysis (Fig.
6.7b); the shape of these cells was no longer ellipsoid. In accordance with Konopka et
al. [220], plasmolysing cells showed slowed GFP diffusion but with our experimental
setup it was not possible to quantify the extent of plasmolysis accurately. In fact,
when the cells were osmotically shocked to 1.32 Osm or higher osmolalities, the GFP
was no longer uniformly distributed. GFP (26 kDa, 2.8 nm Stokes radius, see section
6.5.6) became hindered in its diffusion from one end to the other end of the cell (Fig.
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6.8). This non-uniform distribution of GFP was persistent for > 15 min and the
apparent diffusion constant for movement from one pool to another must have been
lower than 0.001 µm2 s−1 (with D ≈ l2/t). Since the region that was photo-bleached
is much broader than the full-width at half-maximum of the laser (Fig. 6.7a and 6.8),
the diffusion of GFP within each pool must still have occurred with a reasonable
rate. This leads to the important conclusion that moderate to severe hyperosmotic
stress leads to compartmentalization of the cytoplasm into pools where the mobility
of the GFP is still relatively high (only ∼ 10-fold lower than in unshocked cells) but
diffusion between pools is essentially absent.

6.5.3 Comparison of methods

The conclusions from this work differ from those of Konopka et al. [220]. It is
therefore of particular importance to compare our approach to measure protein
mobility with the one used in [220] and to evaluate the two data sets. Although
the baseline diffusion is very similar in both studies (D is 3.2 and 6.2 µm2 s−1,
respectively), Konopka et al. report a decrease in GFP mobility of up to three orders
of magnitude (down to 0.01 µm2 s−1) when the osmolality was increased from 0.24
to 0.94 Osm. This may seem contradictory with our findings, where the diffusion
decreased ∼ 10-fold only, and this value was reached already when the osmolality was
increased from 0.15 to 0.57 Osm (Fig. 6.6b). However, these apparent differences
can be rationalised when the two methods are compared.

In the study of Konopka et al. [220], the diffusion of cytoplasmic GFP was
measured by whole-cell FRAP, a method first used by Elowitz et al. [218]. In [220],
a large part of the cell was photo-bleached with a focussed laser (full-width at half-
maximum of 0.9 µm). Subsequently, time series of whole cell fluorescence images
were recorded. These images were then converted to a one-dimensional intensity
distribution, by averaging the fluorescence intensities perpendicular to the cell axis.
The curves obtained were fitted with a model derived from Fick’s diffusion equation.
Because the fluorescence of the whole cell is taken into account, immobile or discrete
pools of GFP (for instance as a consequence of hyperosmotic stress) contribute to the
overall diffusion coefficient. Thus, the (low) diffusion coefficients probably reflect the
presence of both mobile and immobile GFP. With pulsed-FRAP, however, a smaller
part of the cell (in our case, the full-width at half-maximum is ∼ 0.4 µm) is photo-
bleached and the recovery of fluorescence in a discrete region allows heterogeneities
to be observed. By plotting the percentage of fluorescence after the measurement as
a function of distance from the laser beam (Fig. 6.1a, right panel, which is similar
to the conversion of the cell image to the fluorescence intensity curve in [220]), we
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observed photo-bleaching in only a part of the cell. However, the photo-bleached
region was larger than could be expected from the full-width at half-maximum of
the focussed laser beam (Fig. 6.7b). Parts of the cell showed no, or only very
little, photo-bleaching and this non-uniform GFP distribution was prevalent for >

15 min. Therefore in cells shocked with a high osmolality, discrete pools of GFP
must exist. For cells stressed at lower osmolalities (≤ 0.6 Osm), we cannot rule
out the possibility that transient pools of GFP exist, which must then be smaller
than the ∼ 400 nm spatial resolution of the measurements. The large spread of
the diffusion constants might reflect such cytoplasmic heterogeneities. If such pools
would exist, the diffusion between them must be high, since the apparent diffusion
of GFP in the cytoplasm of E. coli at low osmolality was 0.4 – 3.2 µm2 s−1.

In addition to the whole cell image analysis [218, 219, 220], conventional FRAP
measurements were performed on organelles of similar size as a bacterial cell, most
notably mitochondria [243, 244]. In these studies, GFP was photo-bleached by a
focussed laser beam at high intensity. Subsequently, the redistribution of GFP and
GFP fusion proteins in the mitochondrial lumen was monitored using an attenu-
ated probe beam. The half recovery time t 1

2
was taken from the curve, which was

then converted into a diffusion constant by using a complex mathematical model
[244, 245, 246] to account for the orientation and geometry of the mitochondria. In
principle, the diffusion of GFP in bacteria could be measured using a similar ap-
proach. However, it would be difficult to convert t 1

2
to a diffusion coefficient, since

additional photo-bleaching by the attenuated probe beam is relatively high due to
the photo-instability of the bacterial GFP used. Furthermore, due to our small
probe beam diameter (Fig. 6.1a, dotted circle), the assumption of one-dimensional
diffusion cannot be made (as in [218, 219, 220, 244, 245]). Also, in our case, the
orientation and geometric shape of the bacteria is precisely known since the cells
were immobilized on the poly-L-lysine-coated cover glass and a confocal image of
the cell was recorded. Therefore, a numerical approach as described in this study is
preferred over an analytical model. This numerical approach has further advantages
that more complex geometries of the cell and beam profile can be easily taken into
account.

6.5.4 Physiological relevance of slowed diffusion

What causes part of the GFP to become immobile? It has been speculated that the
cytoplasm forms a biopolymer meshwork comprising of the nucleoid with proteins,
RNA, ribosomes and associated water [215], in which protein might get trapped at
high osmotic stress [247]. Aggregation due to chaotropic effects is unlikely, since the
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mobility is restored after diluting osmotically shocked cells back to 0.15 Osm. The
nucleoid consists of the highly compressed genome and associated proteins into one
or two discrete bodies, which occupy about a quarter of the intracellular volume of
the cell (for review [248]). It is tempting to speculate that owing to the hyperosmotic
stress, the cell membrane is pushed against a compacted nucleoid, thereby forming
a barrier in the cell that hinders macromolecule diffusion and results in separated
pools of GFP (Fig. 6.9).

Figure 6.9: Cartoon to illustrate the effect of hyperosmotic stress on the proposed
compartmentalization of the cell. (a) Cell exposed to no or low (up to 0.6 Osm)
osmotic stress. (b) Cell exposed to moderate or severe osmotic stress (> 0.6 Osm).
Under these conditions, the cell membrane is proposed to contact the nucleoid, which
results in a diffusive barrier and discrete pools of GFP.

The maximum decrease of the protein mobility was reached after an increase of
the osmolality from 0.15 to 0.6 Osm (Fig. 6.6a). This observation is in accordance
with measurements of cytoplasmic water, which decreases linearly up to osmolalities
of 1 Osm [212]. At this point, the cytoplasmic water attained a constant value of
0.5 g H2O g−1 cytoplasmic macromolecules, corresponding to the amount of water
‘bound’ to macromolecules [212]. Thus, only a certain amount of water can be
abstracted from the cell (the ‘free, bulk-like’ water) and this leads to the lower
protein mobility. Further addition of salt leads to compartmentalization of GFP,
probably via the formation of diffusive barriers and / or formation of a biopolymer
meshwork [215, 247]. Upon long-term exposure to hyperosmotic stress, the proteins
may ultimately aggregate and cause loss of viability. On the assumption that E. coli
is rod-shaped, we were able to calculate from the confocal images the volume of each
of the cells (Fig. 6.4c). Upon an increase of the osmolality from 0.15 to 0.57 Osm,
the average cell volume decreased from 2.9± 1.3 fl to 1.8± 1.1 fl, in accordance with
[212]. The spread in the cell volumes is relatively large due to variations in cell sizes
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of the bacteria. The decrease in the cell volume was mainly due to changes of the
cell length; the cell diameter was 1.0± 0.3 µm and decreased to 0.9± 0.3 µm upon
an osmotic increase. Higher osmotic upshocks did not result in a significant further
decrease of the cell volume. When cells were shocked for 5 min with up to 2.42 Osm
and subsequently were diluted back to 0.15 Osm, the protein mobility was almost
completely restored and only ∼ 15% of the cells contained an immobile fraction.
Importantly, this number coincided with the viability of the cells, suggesting that
the cells, where the protein diffusion was not restored, were not viable. Osmotically
stressing the cells for longer times is likely to decrease the viability further.

Verkman et al. [249] studied the effects of osmotic shocks on the mobility of low
molecular weight fluorophores such as BCECF (2’,7’-bis-(2-carboxyethyl)-5-(and-
6)-carboxyf luorescein) in eukaryotic fibroblasts. A decrease of the cell volume of
3-fold led to a 6-fold decrease of the diffusion coefficient of BCECF. Since the sizes
of the probes (0.5 kDa for BCECF and 2×26 kDa for dimeric GFP) and the internal
(crowding) conditions [212, 213, 214] in the cells are very different, a comparison of
these data with our work may not be justified.

6.5.5 Variation in diffusion constants

The spread in the diffusion constants was relatively large (Fig. 6.6, Table 6.1), and
is somewhat larger than reported in the literature [218, 219, 220]. This might be
partly attributed to experimental errors and partly to true physiologically relevant
variations. Experiments with a viscous (∼ 90 mPa s, Fig. 6.5) homogeneous mixture
encapsulated into giant liposomes showed that pulsed-FRAP enables to obtain rea-
sonably accurate diffusion constants, with a standard deviation of ∼ 75%. Multiple
measurements on the same position in a bacterial cell confirm this error, which is
probably due to the contribution of out of focus light, the estimation of the cell cross
sectional area and distortions of the laser beam profile. The error of the method,
however, is much smaller than the variation in the data obtained from different bac-
terial cells. The larger variation in diffusion coefficients in the in vivo experiments
must thus be due to true biological variations and possibly the positioning of the
laser beam relative to the nucleoid (see below).

To further compare the accuracy of pulsed-FRAP with whole-cell FRAP [218,
219, 220], GFP diffusion measurements in cephalexin-treated cells were repeated
with pulsed-FRAP. A diffusion constant of 9.8± 3.6 µm2 s−1 was found. This error
is also somewhat larger than reported in the literature (D = 8.2 ± 1.3 µm2 s−1

[218], D = 9.0± 2.1 µm2 s−1 [219]) and this indicates that our method is somewhat
less precise than whole-cell FRAP. With pulsed-FRAP, only fluorescence from the
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position of the focussed laser is taken into account (Fig. 6.1b), whereas whole-cell
FRAP uses information from the whole cell [218, 219, 220]. Thus, with pulsed-
FRAP, the diffusion of GFP is measured at a certain position of the cell and only
fluorophores at that position are observed. The cytoplasm is highly heterogeneous,
for instance due to the presence of the nucleoid, and the positioning of the laser
beam relative to nucleoid will be a cause of variation in the diffusion coefficients.
The nucleoid is likely to have different permeability and viscosity properties than
the rest of the cell [248]. It has been reported that the nucleoid affects the diffusion
of mRNA [237]. The packing of the nucleoid is also dependent on the stages of the
cell cycle and could thus affect the intracellular protein mobility [248]. We consider
it unlikely that the spread in diffusion constants in the unstressed cells is caused
by a population of immobile or aggregated GFP, because the initial fluorescence
was spatially uniform (Fig. 6.7b) and no GFP inclusion bodies were observed by
microscopy. Moreover, if GFP ended up in inclusion bodies, the protein would not
be fluorescent [250]. The advantage of pulsed-FRAP over whole-cell FRAP is that
discrete pools of fluorophores can be discriminated. In the future, we aim to use this
feature of pulsed-FRAP to further delineate the cytoplasmic heterogeneity.

6.5.6 Apparent viscosity of the cytoplasm

Assuming a Stokes radius of 3.5 nm for a monodisperse globular protein of 52 kDa
(for dimeric GFP, 2.8 nm for monomeric) [148], the apparent viscosity in the cell
can be calculated with the Einstein-Stokes relationship. However, the Einstein-
Stokes relationship assumes (i) a solution with a constant viscosity and (ii) constant
interactions between the moving particle and the solvent. In a cell, none of these
assumptions are valid, and the calculated viscosity can thus only be regarded as an
indication of the crowdedness inside the cell (Table 6.1). In the cytosol of eukaryotic
cells, assuming a diffusion constant of 27 µm2 s−1 for GFP [217], the apparent
viscosity is 3 mPa s, three times higher than that of water (0.9 mPa s). For E. coli
cells at 0.15 Osm, this value is 25 mPa s (D = 3.2 µm2 s−1). Upon an increase
of the osmolality to 0.57 Osm (D = 0.4 µm2 s−1), this value increases to 197 mPa
s, which is roughly 200 times that of water. Any diffusion-limited processes in the
cell, e.g. reactions requiring macromolecular association-dissociating steps, will be
slowed in such osmotically-stressed cells.

6.5.7 Concluding remarks

This study shows the impact of osmotic stress on the mobility of proteins in the
cytoplasm of E. coli. At a medium osmolality of 0.15 Osm, GFP diffused through
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the cytoplasm of E. coli cells with a diffusion coefficient of D ≈ 3.2 µm2 s−1. Shifting
the cells to a medium of 0.6 Osm resulted in a ∼ 10-fold decrease of the diffusion
coefficient. At higher osmolalities and in the absence of osmoprotectants, discrete
pools of GFP were observed and the diffusion between these pools was very low
(apparent D of < 0.001). By mapping the diffusion at the poles and at the nucleoid,
we may be able to elucidate the diffusional barriers and better understand the impact
of molecular crowding in the cell.

With pulsed-FRAP, the cell size and shape are taken into account and this en-
ables one to measure the diffusion of molecules in small bacterial cells and eukaryotic
organelles that cannot be assessed by means of standard microscopy methods. In
pulsed-FRAP, only a very small fraction of the fluorophore is photo-bleached, allow-
ing multiple measurements to be performed in the same cell. It also enables diffusion
measurements with relatively photo-unstable fluorophores. In the future, we aim to
apply pulsed-FRAP for measurements of diffusion of other biomacromolecules, dif-
fering in size and surface properties, and small fluorophores.
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