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The first in vivo measurements of a protein diffusion coefficient versus cytoplasmic biopolymer volume
fraction are presented. Fluorescence recovery after photobleaching yields the effective diffusion coefficient on
a 1-�m-length scale of green fluorescent protein within the cytoplasm of Escherichia coli grown in rich medium.
Resuspension into hyperosmotic buffer lacking K� and nutrients extracts cytoplasmic water, systematically
increasing mean biopolymer volume fraction, <�>, and thus the severity of possible crowding, binding, and
confinement effects. For resuspension in isosmotic buffer (osmotic upshift, or �, of 0), the mean diffusion
coefficient, <D>, in cytoplasm (6.1 � 2.4 �m2 s�1) is only 0.07 of the in vitro value (87 �m2 s�1); the relative
dispersion among cells, �D/<D> (standard deviation, �D, relative to the mean), is 0.39. Both <D> and
�D/<D> remain remarkably constant over the range of � values of 0 to 0.28 osmolal. For a � value of >0.28
osmolal, formation of visible plasmolysis spaces (VPSs) coincides with the onset of a rapid decrease in <D>
by a factor of 380 over the range of � values of 0.28 to 0.70 osmolal and a substantial increase in �D/<D>.
Individual values of D vary by a factor of 9 � 104 but correlate well with fVPS, the fractional change in
cytoplasmic volume on VPS formation. The analysis reveals two levels of dispersion in D among cells: moderate
dispersion at low � values for cells lacking a VPS, perhaps related to variation in � or biopolymer organization
during the cell cycle, and stronger dispersion at high � values related to variation in fVPS. Crowding effects
alone cannot explain the data, nor do these data alone distinguish crowding from possible binding or
confinement effects within a cytoplasmic meshwork.

Most biochemical and biophysical studies of the reaction
mechanisms, kinetics, and thermodynamics of proteins and
nucleic acids are carried out in vitro using dilute aqueous
solutions of purified biopolymer constituents. However, the
cytoplasm of both prokaryotic and eukaryotic cells contains a
very high total concentration of proteins, nucleic acids, lipids,
and supramolecular assemblies of these constituents. In Esch-
erichia coli grown at moderate osmolality, the typical total mass
density of protein and nucleic acid within the cytoplasm is
�220 mg/ml (5), distributed among the nucleoid, ribosomes,
and a diverse collection of smaller proteins, tRNA, and mRNA
(3). Taken together, these macromolecules occupy some 20 to
30% of the total cytoplasmic volume.

In a crowded fluid, each molecule is excluded from much of
the total volume by the presence of other biopolymers (11, 37).
In thermodynamic terms, excluded volume decreases the trans-
lational entropy of each species, increases free energy, and,
thus, increases the thermodynamic driving force to react or
bind. These effects could be very large; the thermodynamic
activity (the “effective concentration”) of a typical globular
protein could be �100 times higher in the E. coli cytoplasm
than at the same concentration in an uncrowded solution (9).
Crowding also dramatically affects diffusion (26), which is crit-
ical for normal cell function and growth (28). Excluded volume
slows diffusion by making it less likely that a probe particle can
find space in which to move without simultaneous, cooperative
motion of several or many background particles (26).

While the bacterial cytoplasm is often assumed to be a
crowded aqueous solution (37), the physical state of the cyto-
plasm is uncertain. Particularly for the low water content in-
duced by hyperosmotic stress, the cytoplasm might become a
biopolymer meshwork comprising the nucleoid, associated
proteins, nascent mRNA, ribosomes, polypeptide chains, and
strongly associated water (13, 38). Such conditions are remi-
niscent of a polymeric hydrogel (1). Confinement within the
pores of the meshwork would enhance protein binding equi-
libria and slow protein diffusion in a manner qualitatively sim-
ilar to crowding.

Strong effects of crowding and confinement in vitro have
been observed for the tracer diffusion of globular proteins (26)
and for the diffusion of tracer proteins in concentrated solu-
tions of hydrophilic polymers (2, 8) and in hydrogels (1). The
apparent diffusion coefficient decreases roughly exponentially
with the macromolecular volume fraction �, in agreement with
a parametrized model called scaled particle theory (SPT) (14,
26). Additional studies in vitro have shown crowding effects on
protein folding (36) and association (24), on the thermody-
namics of the protein-nucleic acid interactions critical to rep-
lication (27), on enzyme kinetics (25), and on the stability of
protein oligomers such as F-actin (16, 20) and of fibrils such as
�-amyloid (15).

We know of no experimental studies of crowding/confine-
ment effects on protein diffusion or binding in a live cell.
Verkman and coworkers (18) recently reported a sixfold de-
crease in the diffusion coefficient of the small fluorescent probe
BCECF in the cytoplasm of Swiss 3T3 fibroblasts over a range
of hyperosmotic upshifts that increased � by a factor of three.
Here we present a quantitative study of the effects of crowding/
confinement on diffusion of green fluorescent protein (GFP) in
the cytoplasm of E. coli grown in rich medium at 0.24 osmolal.
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Over the range of osmotic upshift (�) values of 0 to 0.7 osmo-
lal, the mean diffusion coefficient (�D�) decreases by a factor
of 430. The relative dispersion �D/�D� (standard deviation,
�D, relative to the mean) among cells at fixed value of � is
already 0.39 for unstressed cells (� of 0) and increases by a
factor of 2 to 4 at larger upshifts for which formation of visible
plasmolysis spaces (VPSs) is observed. We compare the data
qualitatively with different models of crowding and confine-
ment and suggest possible underlying causes of cell-to-cell
heterogeneity.

MATERIALS AND METHODS

Bacterial strain and sample preparation. We studied a B strain of E. coli,
specifically the Tuner strain BL21(DE3) (Novagen, Madison, WI). We trans-
fected the strain with the plasmid pQBI63 expressing Superglow GFP and am-
picillin resistance (Qbiogene, Carlsbad, CA) and also the plasmid pLacI express-
ing the lac repressor and chloramphenicol resistance (a derivative of pACYC184
from Novagen). The Tuner strain of E. coli BL21(DE3) lacks lacIq but expresses
T7 RNA polymerase from the lacUV5 promoter. pQBI63 expresses GFP from a
T7 RNA polymerase promoter containing lac operators. Thus, repression of
GFP expressed from pQBI63 and of T7 RNA polymerase expressed by
BL21(DE3) requires lac repressor expressed from pLacI. The pLacI plasmid is
compatible with pQBI63; i.e., both can replicate in the same cell.

Our intention was to induce GFP production using isopropyl-�-D-thiogalac-
topyranoside (IPTG). We verified that expression of GFP occurs after the ad-
dition of IPTG and that the level of induction of GFP increased as the concen-
tration of IPTG increased. However, even at very low IPTG concentrations, the
level of induction of GFP was very high. In the absence of IPTG, no GFP formed
during the initial exponential growth phase following inoculation; the cell dou-
bling time was 51 min. However, GFP was expressed during stationary phase by
an unknown mechanism, perhaps because expression of lacI is �-70 dependent.
To reduce the level of GFP, the cytoplasmic GFP expressed in stationary phase
cultures was diluted by subculturing overnight in fresh medium in the absence of
IPTG. We subsequently made two or three subcultures, each time harvesting
cells in exponential growth and resuspending them in fresh medium. The dou-
bling time in such exponential growth phases remained 51 min, suggesting that
the expression level of GFP does not greatly affect cell physiology. IPTG was not
used.

To test for sensitivity to the E. coli strain, a small number of diffusion mea-
surements were carried out using a K-12 strain, specifically MG1655. In this case,
we inserted plasmids expressing GFPmut2 from the lac promoter (pGFP; Clon-
tech) and lac repressor constitutively (pLacI; Novagen). This strain required
IPTG to induce expression of GFP.

GFP is a 27-kDa �-barrel prone to dimerization due to a hydrophobic patch on
its surface (dimerization constant of �104 M	1 in buffer [30]). From direct
absorption measurements, we estimated the mean GFP concentration in the
cytoplasm to be �300 
M. It is likely we studied the diffusion of GFP dimers.
GFP has no concentrated surface patches of positive or negative charge. We
know of no evidence that GFP forms higher oligomers under any conditions.

Cells were grown to stationary phase in the medium Sigma EZMix Lennox L
broth (LB), diluted 1:100 in growth medium, grown to mid-log phase at 0.24
osmolal growth osmolality, harvested, resuspended in a phosphate-buffered me-
dium in which K� is replaced by Na� and nutrients are omitted, and studied
immediately for a period of at most 45 min to ensure minimal change in phys-
iology. LB is a rich medium containing yeast extract, which includes amino acids
and nucleic acids. Bacteria cultures were grown overnight at 30°C with constant
shaking in LB containing 34 
g/ml chloramphenicol and 100 
g/ml ampicillin.
The resuspension step was repeated to thoroughly remove growth medium. Cells
were harvested by centrifugation of 300 
l of culture at 4,000 � g for 1 min and
resuspended in a phosphate-buffered medium (64.4 mM Na2HPO4, 14.0 mM
NaH2PO4, 6.9 mM NaCl, 15.1 mM NH4Cl, 81 
M CaCl2, 0.81 mM MgSO4 for
isosmotic conditions). Variations in the resuspension buffer osmolality were
made by adding NaCl. The osmolality of all solutions was measured with a
commercial vapor pressure osmometer (Wescor). Omission of K� and of energy
sources from the resuspension buffer minimized the ability of E. coli to recover
from osmotic stress. Under such conditions, the cytoplasmic biopolymer and
osmolyte content were fixed at the values achieved during growth (5). This study
emphasizes osmotic upshifts in the range of 0 to 0.7 osmolal (total osmolality
range, 0.24 to 0.94 osmolal). Over this range, the cytoplasm loses more and more
water so that the mean cytoplasmic biopolymer fraction (���) increases (4).

For fluorescence recovery after photobleaching (FRAP) measurements, ap-
proximately 7 
l of bacterial suspension was placed on a glass slide precoated
with poly-L-lysine to improve adhesion. A coverslip was added and sealed to
prevent water evaporation. All measurements were taken at room temperature
(25 � 2°C). Diffusion measurements for cells resuspended in isosmotic buffer
were taken from every sample to check for consistency over time. We obtained
the same baseline distribution of GFP diffusion coefficients with or without
poly-L-lysine on the slide. The cells selected for study were well isolated, adhered
cells that lay flat on the glass surface. Typical cell lengths were 2 to 4 
m. In
addition, we required the presence of a continuous segment of cytoplasm at least
0.9 
m in length with no intervening VPSs (see images below). Cells forming
septa were not studied.

Fluorescence microscopy. The effective diffusion coefficient of GFP within
each cell was measured by FRAP (21). Elowitz et al. first applied this method to
GFP diffusion in unstressed E. coli (10). A commercial inverted microscope
(Nikon Eclipse TE-300) equipped with a 100� oil immersion objective with a
numerical aperture of 1.25 was modified to admit two laser beams in epi-
illumination, both derived from the same 488-nm laser using beam splitters (Fig.
1a). The weak, expanded probe beam (full width at half maximum [FWHM], 18

m at the sample; peak intensity, 100 W/cm2) was centered on the single cell
under study. The probe beam was mechanically chopped in synchrony with the
camera frame cycle to provide a continuous sequence of “snapshots” of the
entire cell. The camera and the probe beam shutter were controlled by Meta-
morph Software (version 4.6r5). The more tightly focused bleach beam (full
width at half maximum, 0.9 
m; peak intensity, 32 kW/cm2) fired once at the
beginning of each diffusion measurement to photobleach GFP in a selected
subregion of the bacterium (Fig. 1b). A 20-nm wide bandpass filter centered at
520 nm isolated GFP fluorescence for imaging on the CoolSNAP HQ charge-
coupled-device camera (6.45 
m by 6.45 
m square pixels, corresponding to 64.5
nm by 64.5 nm in real space). Magnification was checked by imaging the grid of
an improved Neubauer hemacytometer using white light. We acquired one pre-
bleach image, fired a single 100- to 300-ms bleach pulse, and then acquired a
stream of images during the fluorescence recovery. The exposure time was fixed
at 26 ms/frame. For fast recoveries, we acquired a continuous stream of 26-ms
frames with no dead time between. For slower recoveries, we used a time-lapse
mode to acquire a sequence of 26-ms frames with an adjustable delay time
between frames.

Data analysis. For the B strain grown in 0.24 osmolal LB, four representative
examples of the FRAP for different � values are shown in Fig. 2. Typically, more
than half of the total cell fluorescence was initially bleached. For clarity, we
renormalized each false-color scale to the maximum value in the entire cell so
that the recovered image looked similar to the prebleach image. Cell autofluo-

FIG. 1. (a) Optical layout showing laser paths, beam splitters (a),
mirrors (e), electronic shutters (c and d), collimating telescope (f), and
lenses (b and g). (b) Schematic of camera region of interest, including
one cell, bleach beam area, and probe beam area.
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rescence and irreversible photobleaching caused by the probe beam were insig-
nificant. See the supplemental material for two movies of fluorescence recovery,
one at a � of 0 and one at a � of 0.44 osmolal.

Following Elowitz et al. (10), we converted the recovery of the GFP spatial
distribution into a one-dimensional diffusion problem. Cell images were rotated
relative to pixel space so that the cell axis was parallel to the new pixel grid.
Intensity data were converted to one-dimensional intensity profiles I(x, t) (the
intensity I at position x at time t) by averaging the intensity within each column
of pixels perpendicular to the cell axis and subtracting a baseline intensity
obtained far away from the cell image. Figure 3a shows the intensity profile
versus time for the unstressed cell (� of 0) of Fig. 2. In the prebleach image, the
intensity falls off discontinuously at either end due to tapering of the cell end
caps. The intensity profile is truncated to remove the end-cap regions. The
remaining approximately cylindrical segment defines x at 0 to L (where L is
length), the range of the diffusion analysis. We assume that C(x, t), the concen-
tration of unbleached GFP at position x and time t, is proportional to I(x, t).

The one-dimensional diffusion equation governing the recovery of intensity in
a cylindrical region is as follows:

I�x, t�
t

� D
2I�x, t�

x2 (1)

Here D is an effective GFP diffusion coefficient relevant to the �1-
m-length
scale under study. The solution to a symmetrized model problem defined on
[	L, L], when I(	x) � I(x) and with perfectly reflecting boundary planes (no end
caps) when x � 	L and L, is as follows:

I�x, t� � I0 � �
n�1

�

In�t�cos�qnx� � Icorr�x, t� (2)

where the wave number qn' n�/L and n � 1, 2, 3, . . . , the mode number. For
the model problem, the Fourier amplitude of each cosine mode at each time t is
calculated from the intensity data as follows:

In�t� �
2
L�

0

L

cos�qnx�I�x, t�dx (3)

In the model problem, the cosine mode amplitudes In(t), n � 1, 2, . . . decay as
simple exponentials in time:

In�t� � In,0 exp(	qn
2 Dt) � Bn (4)

The constant term Bn allows for the possibility of nonuniform intensity at t � 0
that persists after recovery. The diffusion coefficient (D) would be calculated
from the decay rate (k1) of the amplitude of mode 1 as k1L2/�2.

The real bacteria under study have one or two hemispherical end caps that
perturb the diffusion relative to this model problem. In practice, we found that
the experimental amplitude of the n � 1 mode defined on the interval 0 to L is
remarkably well fit by equation 4 in all cases studied, in spite of the end cap(s).
Examples of single-exponent fits are shown in Fig. 3b. The quality of the expo-
nential fits is high for both long and short cells with either one or two end caps.
Due to the initial bleach profile, the intensity is dominated by the constant I0 and
the first cosine mode of amplitude I1(t) at all times. The time-independent
asymmetry is generally small (B1��I1,0) and can be well estimated by scaling the
asymmetry prior to the bleach pulse.

To correct for end-cap effects, we numerically modeled diffusion as a three-
dimensional random walk in two geometries: a cylinder of length L and radius R
plus two hemispherical end caps, and a cylinder of length L and radius R plus one
hemispherical end cap. For initial conditions similar to our bleach profile and for
the relevant range of the ratio L/R of 1.7 to 5.0, each geometry exhibits single-
exponent decay of the n � 1 mode when analyzed as a one-dimensional problem
in the same way as the experimental intensity data. However, in order to obtain
the correct value of D from the measured decay rate k1, we found it necessary to
redefine the wave vector (q1) of mode 1 as follows: q1 � �/Leff, where Leff is an
effective length for the problem having one or two end caps. The numerical
modeling indicates that each end cap adds approximately 0.67R to the effective
length. In practice, we measure L for each cell as the length between sharp
breaks in the slope of the one-dimensional intensity profile (Fig. 3a). We obtain
R by deconvolving the point spread function of the microscope from the intensity
profile perpendicular to the cylinder axis; see details in the discussion of volume
measurements below. L is then corrected using the equation Leff � L � 0.67mR
� (2 	 m)�. Here, an m value of 1 or 2 is the number of end caps and � is an
additional correction for cells having one flat end due to the broadening of the
image by the point spread function of the microscope. We measured � at the
half-height intensity on the flat edge of the image; it is typically 3 pixels, or 0.19

m. The diffusion coefficient is finally obtained as follows: D � k1L2

eff/�2, where
k1 is the exponential decay rate of the mode 1 amplitude in time. The correction
in D due to Leff is typically a factor of 1.5 to 2.0 relative to the value that would
have been obtained using the uncorrected L.

We have sufficient signal to carry out four or five bleach/recovery cycles on the
same cell. Multiple measurements on one cell typically yield exponential decay

FIG. 2. Sequences of FRAP images for B-strain cells grown in 0.24 osmolal (Osm) LB and upshifted as shown. The intensity scale is
renormalized to 100 for each image. The prebleach (Pre) image and subsequent times are indicated. Bar, 2 
m. The range of x of 0 to L over which
the diffusion analysis was carried out is shown in the first image of each sequence. Rel, relative.
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rates (k1) that are constant within �10% of the mean for that cell, which defines
the precision of the measurements. However, we estimate that the absolute
accuracy of D is limited to �30% by uncertainties in the correction involving Leff.

RESULTS

GFP diffusion coefficient versus osmotic upshift. The top of
Fig. 4 shows images of two cells prior to photobleaching, one at
a � of 0 and the other at a � of 0.44 osmolal. The cytoplasm of
the unstressed cell looks ellipsoidal and axially symmetric
about its long axis, with smooth edges and well-rounded end
caps. The distribution of GFP along the length of the cell is
quite uniform. In contrast, the cytoplasm of the cell at a � of
0.44 osmolal exhibits two VPSs, marked by arrows. One is a
lateral invagination, and the other is a flattening of the pole
(end cap) on the right. Osmotic upshift values of �0.28 osmo-
lal cause such changes in the morphology (volume and shape)

of the cytoplasmic space. VPSs arise when the cytoplasm loses
a sufficient volume of water and the surface/volume ratio be-
comes so high as to necessitate local detachment of the cyto-
plasmic membrane from the cell wall (19, 39). In such images,
we can discern the outline of the cell from the faint but smooth
ellipsoidal fluorescent halo surrounding the plasmolyzed cyto-
plasm (deep purple in the false-color images). In this work,
VPSs consistently appear at a � of 0.28 osmolal, with roughly
half the cells exhibiting a single polar VPS. At � values of
�0.28 osmolal, essentially all cells exhibit VPSs, and multiple
VPSs become common. In all such cases, we studied diffusion
only in “straight” cell segments with L values of at least 0.6 
m,
bleaching one end of this segment as before.

The sequences of recovery images for cells at different os-
motic upshifts (Fig. 2) show clearly that the time scale of
recovery lengthens dramatically with increasing �. The un-
stressed cells recover on a �0.2-s time scale. As � increases to
0.28 osmolal, 0.44 osmolal, and 0.70 osmolal, the recovery time
increases to �3 s, �60 s, and �20 min, respectively, although
there is great cell-to-cell dispersion. For cells with no VPS, we
obtained the same diffusion coefficient on bleaching of either
end. In several cells exhibiting a lateral VPS, we were able to
analyze diffusion within two segments on opposite sides of the
invagination. The two diffusion coefficients match within ex-
perimental error. Diffusion across a deep lateral VPS is very
slow, occurring on time scales of at least 3 min regardless of the
� value.

We obtained diffusion coefficients describing the recovery of
125 cells grown in 0.24 osmolal LB and studied over the range
of osmotic upshift values of 0 to 0.7 osmolal. The quantitative
results are summarized in Table 1. The 39 cells studied at a �
of 0 exhibit a broad distribution of diffusion coefficients, as
shown by the histograms of D and of log D in Fig. 4. The �D�
of 6.1 � 2.4 
m2/s (� �D, one standard deviation of single
measurements) is 14 times smaller than the diffusion coeffi-

FIG. 3. (a) Mean intensity in each pixel column (each value of x)
versus distance along the cell axis for the � � 0 recovery sequence
shown in Fig. 1 at different times as shown; the upper trace is the
prebleach image. (b) Least-squares single exponential fits of equation
4 to the decay of n � 1 cosine mode intensity for cells shown in Fig. 1
at the osmotic upshifts shown.

FIG. 4. (Top) Images of B-strain cells grown in 0.24 osmolal (Osm)
LB in isosmotic resuspension buffer (a) or with an upshift of 0.44
osmolal (b). Two VPSs are marked by arrows. Bar, 1 
m. (Bottom)
Distribution of D and log D for single cells grown in 0.24 osmolal LB
and upshifted as shown. Table 1 contains additional quantitative
details.
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cient of GFP in aqueous buffer, where D0 is 87 
m2 s	1 (34).
Individual values of D vary by a factor of 6.3 across the 39 cells.
The dispersion in D from cell to cell, as measured by a �D/
�D� value of 0.39, far exceeds the �10% measurement pre-
cision for a single cell. The data show no significant correlation
of measured D with length of cell over the range 2 to 4 
m or
with initial cell brightness over the observed range of a factor
of five in total GFP fluorescence intensity.

For � values of 0.28, 0.39, and 0.44 osmolal, the distributions
of D and of log D were compared with those for unstressed
cells in Fig. 4. The histograms of log D provide the best visual
estimate of �D/�D�, the relative dispersion in D. The blue
bars refer to cells that lack VPSs, while the red bars refer to
cells exhibiting VPSs. For � values of 0 and 0.16 osmolal,
essentially no cells have VPSs. At a � of 0.28 osmolal, a smaller
diffusion coefficient clearly correlates with the presence of a
VPS, although the dispersion is broad for both morphologies.
For cells with a single polar VPS, the mean diffusion coeffi-
cient, �D�, is 1.3 
m2 s	1, four times smaller than for those
with no VPS (�D� � 5.3 
m2 s	1). The two distributions of
D overlap only slightly (P � 6 � 10	7 that the two distributions
have the same mean; Student t test).

In Fig. 5, we plot log D versus osmotic upshift, with each

horizontal dash representing a single measurement and the
symbols showing log �D�, the logarithm of the arithmetic
mean at each �. As � increases from 0 to 0.28 osmolal, �D�
changes little for cells lacking VPSs. Over the range of � values
of 0.28 to 0.70, �D� for cells exhibiting VPSs decreases by a
factor of 93, and individual cells vary in diffusion coefficient by
a factor of 9 � 104. The onset of VPS formation coincides with
an abrupt change in slope of log �D� versus �. The relative
dispersion in D evidently increases with �, as judged primarily
by the distribution of log D for a � of 0.44 osmolal. At still
higher � values, it became difficult to obtain large data sets
because cells with sufficiently long unplasmolyzed segments to
photobleach become rare. As shown by Fig. 4 and 5, essentially
all the cells exhibiting VPSs have smaller D values than all the
cells lacking VPSs. Among cells with VPSs, the distributions of
D for different values of � overlap substantially. We show
below that the primary determinant of D for these cells is not
the upshift but, rather, the fractional change in cytoplasmic
volume induced by VPS formation.

Finally, we spot-checked the behavior of a different strain of
E. coli, the K-12 strain, under otherwise identical conditions of
growth and resuspension (Table 2). The data for the K-12
strain closely mimic the data for the B strain in all respects,
including the “plateau” in �D� at � values of �0.28 osmolal,
the correlation of D with the two different cell morphologies
observed at a � of 0.28 osmolal, and the exponential fall-off of
�D� versus � at values above 0.28 osmolal.

Plasmolysis spaces and the dispersion of diffusion coeffi-
cients. At a � of 0.28 osmolal, we observe two distinct cyto-
plasmic morphologies (without and with VPSs) and two very

FIG. 5. Semilog plot of �D� versus � for cells grown in 0.24
osmolal LB. Horizontal bars are individual measurements. Dashed
lines are merely guides to the eye. The GFP diffusion coefficient in
buffer is indicated. mOsm, milliosmolal.

TABLE 1. Quantitative details of GFP diffusion coefficient versus osmotic upshift for B-strain cells

� (milliosmolal)a
Cells lacking VPSs Cells having VPS(s)

�D� � �D
b (
m2 s	1) Range of D (
m2 s	1) �D� � �D

b (
m2 s	1) Range of D (
m2 s	1)

0 � 5 6.1 � 2.4 (n � 39)c 1.7–10.7
162 � 5 6.8 � 1.0 (n � 3) 5.8–7.7
283 � 5 5.3 � 1.9 (n � 14) 0.52–7.7 1.3 � 1.5 (n � 16) 0.15–5.6
392 � 5 0.94 � 0.55 (n � 17) 0.38–2.5
440 � 5 0.32 � 0.50 (n � 26) 0.0042–2.0
532 � 5 0.12 � 0.10 (n � 4) 0.023–0.26
701 � 5 0.014 � 0.021 (n � 4) 1.2 � 10	4–0.045

a Uncertainty of �5 milliosmolal due to variations in solution preparation; measurement uncertainty of �3 milliosmolal.
b Standard deviation of single measurements.
c The number of individual cells measured is given in parentheses.

TABLE 2. Quantitative details of GFP diffusion coefficient versus
osmotic upshift for K-12 cells

� (milliosmolal)a

Cells lacking VPSsb Cells having VPS(s)b

�D� � �D
c

(
m2 s	1)
Range of D
(
m2 s	1)

�D� � �D
c

(
m2 s	1)
Range of D
(
m2 s	1)

0 � 5 4.8 � 1.4 (n � 15)c 2.9–7.2
279 � 5 6.0 (n � 1) 0.84 � 0.2

(n � 4)
0.58–1.07

439 � 5 0.10 � 0.06
(n � 3)

0.033–0.16

a Uncertainty of �5 milliosmolal due to variations in solution preparation;
measurement uncertainty of �3 milliosmolal.

b The number of individual cells measured is given in parentheses.
c Standard deviation of single measurements.
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different corresponding distributions of D. Formation of a VPS
reduces �D� from 5.3 � 1.9 
m2 s	1 to 1.3 � 1.5 
m2 s	1 (�
�D) and also increases the relative dispersion �D/�D� by a
factor of three (Table 1). This surprising effect was reproduc-
ible across different days and occurred for both the B strain
and the K-12 strain.

The observations imply an underlying distribution of thresh-
old �VPS values, the upshift at which plasmolysis would first
occur in a particular cell if we were to study single cells as �
gradually increased. This might arise from cell-to-cell variation
in turgor pressure (19) related to different membrane-derived
oligosaccharide concentrations in the periplasm and thus dif-
ferent cytoplasmic osmolalities (4), from variation in cytoplas-
mic content at different phases of the cell cycle (32), or from
variation in the mechanical strength of the noncovalent bind-
ing between the end caps of the cytoplasmic membrane and the
peptidoglycan layer (19, 22). The fact that half the cells exhibit
VPSs shows that the distribution’s median value is �0.28 os-
molal.

At the three � values of 0.28, 0.39, and 0.44 osmolal, we used
the prebleach images to roughly estimate the fractional change
in volume V induced by VPS formation: fVPS � 	�VVPS/
Vpre-VPS. This fraction lies between 0 and �1 because �VVPS is
negative. The corresponding ratio of biopolymer volume frac-
tions “after” and “before” VPS formation is given by �/�0 � (1
	 fVPS)	1, which is �1. The denominator Vpre-VPS refers to the
volume of a hypothetical cytoplasm that has been shrunken by
perhaps 20% due to the external osmotic upshift but has not
yet formed a VPS. We use the faint, ellipsoidal “halo” of the
plasmolyzed cytoplasm (the 0.15 contour on a scale in which
white is 1.00) (Fig. 2) to estimate Vpre-VPS, assuming the cell is
a cylinder with two hemispherical end caps before plasmolysis.

The radius of the cylinder is obtained as follows. We math-
ematically “squashed” the intensity of a three-dimensional cyl-
inder with a variable radius in the relevant range of R of 0.4 to
0.6 
m into a plane and convolved the resulting intensity dis-
tribution with the two-dimensional point spread function of the
microscope (approximated as a Gaussian with an FWHM of
�/2, or 0.26 
m). This yields a model image of each cylinder.
We fit the intensity profile in the direction transverse to the
cylinder axis to a Gaussian whose FWHM increases with R.
This provides a model mapping from the FWHM of an exper-
imental transverse intensity profile to the true, underlying cyl-
inder radius, R. In practice, we averaged the values of R ob-
tained from five transverse line scans across the cylindrical part
of each image to obtain the mean cylinder radius used in the
volume calculation. Each contribution to �VVPS is estimated as
the volume of a spherical cap.

The resulting estimates of fVPS values are deemed accurate
to �20% at all values of �; i.e., the uncertainty in �VVPS

increases as plasmolysis becomes more extensive. For the cells
exhibiting one or more VPSs, the �fVPS� (mean fractional
change in volume induced by VPS formation) shifts upward
from 0.16 � 0.05 to 0.17 � 0.05 to 0.22 � 0.08 (� 1� of single
measurements) as � increases from 0.28 to 0.39 to 0.44 osmo-
lal. The mean total volume �Vpre-VPS� and the distribution of
Vpre-VPS do not change significantly with �.

Among all cells with VPS(s), the diffusion coefficient corre-
lates remarkably well with fVPS, as shown in Fig. 6. The com-
bined data from the three upshifts span almost three decades

in D and intersperse substantially, but when plotted versus fVPS

they fall within �0.5 log units of a smooth curve (Fig. 6,
hand-drawn gray swath). Extrapolation of that curve to an fVPS

of 0 roughly coincides with the mean diffusion coefficient ob-
served for the cells lacking VPSs at � values of 0 to 0.28
osmolal. The residual deviations of the data from the smooth
curve along the log D axis are comparable to the dispersion
observed in cells lacking VPSs. The residual deviations along
the fVPS axis can be explained by the estimated �20% un-
certainty in fVPS.

Cell viability and recovery of diffusion. We briefly explored
the viability of cells that had been subjected to different os-
motic upshifts and then plated on agar plates made either from
the standard 0.24 osmolal LB growth medium or from buffer
isosmotic to the upshifted condition. In each case, three sam-
ples of the culture were diluted by 105, and the plates were
incubated for 24 h at 37°C before counting. The benchmark
viability (100%) was taken as the mean over three plates of the
number of colonies observed for cells grown at 0.24 osmolal
LB and plated directly onto agar of 0.24 osmolal LB (i.e., not
subjected to upshift). For cells initially upshifted by 0.16, 0.28,
0.39, and 0.44 osmolal and then plated on isosmotic agar, mean
viabilities were 55%, 30%, 5%, and 2%, respectively. Under
such isosmotic plating, the cells should not “reinflate” (import
cytoplasmic water) until the cell machinery adjusts. Interest-
ingly, the viability fraction is roughly proportional to the frac-
tion of cells that do not exhibit VPSs after the initial upshift
(100%, 47%, 0%, and 0%, respectively). The data are consis-
tent with the suggestion that VPS formation inhibits recovery
in the presence of K� and nutrients.

For � values of 0.28 and 0.39 osmolal (total upshifted os-
molality of 0.52 and 0.63 osmolal), plating at the original
growth value of 0.24 osmolal substantially enhanced viability to
108% and 53%, respectively (compared with 30% and 5% for
isosmotic plating). To test the effects of a similar upshift/down-

FIG. 6. Correlation of log D versus fVPS � 	 �VVPS/Vpre-VPS for
cells exhibiting VPSs at � values of 0.28 osmolal (Osm), 0.39 osmolal,
and 0.44 osmolal. Horizontal error bars indicate �20% uncertainty in
fVPS. Gray swath, smooth curve drawn by hand through the data; blue
horizontal lines, log D for 14 cells at a � of 0.28 osmolal exhibiting no
VPSs; black horizontal lines, log D for 39 cells at a � of 0.
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shift cycle on GFP diffusion, we upshifted cells by 0.39 osmolal
for 15 min (which gives 100% VPS formation), downshifted
them back to the original growth condition of 0.24 osmolal in
the absence of K� or nutrients, and measured the diffusion
coefficient as usual. A sample of n � 8 cells subjected to such
upshift/downshift recovered 70% of the mean diffusion coeffi-
cient of a control sample of n � 5 cells that had never been
upshifted. The reinflated cells looked normal; there was no
evidence of VPSs. The differential osmotic pressure that exists
following the downshift evidently reinflates the cells indepen-
dent of any active cell mechanism. Taken together, the data
suggest that such reinflation enhances the viability of cells that
exhibit VPS formation immediately following the upshift.

DISCUSSION

A long-term goal of this work is a quantitative model of
binding, crowding, and confinement effects on protein diffusion
in the cytoplasm. The key observations from this initial study of
GFP diffusion in the cytoplasm of E. coli grown in rich medium
are as follows: the 14-fold decrease in the GFP diffusion coef-
ficient from buffer to cytoplasm at a � of 0; the plateau in �D�
versus � at small � values; the abrupt change in slope of �D�
versus � above 0.28 osmolal, correlating with the onset of VPS
formation; and the wide dispersion in D among cells with
identical history at each value of �.

The data reveal at least two sources of dispersion in D
among cells. First, for cells lacking VPSs (� of �0.28 osmolal),
the relatively mild dispersion (�D/�D� � 0.39) might arise
from differences in cytoplasmic composition or internal struc-
ture at different phases of the cell cycle (17), which is not
controlled in these experiments. A single cell studied through-
out a cell cycle might or might not exhibit the same wide range
of diffusion coefficients. Second, there is two to four times
greater relative dispersion in D among cells having VPSs (�
values of �0.28 osmolal). Most of this second type of disper-
sion is closely related to variability in the fractional cytoplasmic
volume change accompanying VPS formation (Fig. 6). Clearly,
some cells plasmolyze much more extensively than others at
the same value of �; a corresponding variability in the biopoly-
mer volume fraction � would directly impact the GFP diffusion
coefficient. This type of heterogeneity could be related to dif-
ferences in cytoplasmic content or periplasmic content that
affect turgor pressure and cytoplasmic crowding. It could also
arise from variability in mechanical properties of the cell, e.g.,
in the strength of adhesion of the cytoplasmic membrane to the
peptidoglycan layer. It will be fascinating to test whether or not
these cell-to-cell differences are phased to the cell cycle.

This first glimpse of protein diffusion data versus osmotic
stress somewhat constrains the set of possibly relevant physical
models of the cytoplasm. Verkman (37) argues for three inde-
pendent, multiplicative factors that slow diffusion in the cyto-
plasm versus buffer: increased viscosity of the fluid, binding of
the probe to larger intracellular components, and molecular
crowding effects. To this we would add the possibility of con-
finement effects within a cytoplasmic meshwork. Crowding and
confinement are not mutually exclusive; the cytoplasm is het-
erogeneous, at least in part due to the presence of the nucleoid
(29, 35).

We can state with confidence that our observations cannot

be understood by crowding theory alone. The most practical
model of diffusion in crowded fluids is SPT (14, 26). Direct
quantitative comparison of our B-strain data with SPT would
require knowledge of the mean cytoplasmic biopolymer vol-
ume fraction (���) versus osmotic upshift. We presently lack
such data for E. coli grown in LB or any other rich medium; we
know only that ��� increases monotonically with �. Never-
theless, we have extensively explored both the Muramatsu-
Minton (26) and the Han-Herzfeld (14) parametrizations of
SPT. These can be tuned to give essentially identical results for
D/D0 versus �. Either version of SPT can explain the roughly
exponential decrease in �D� versus � at high � values. How-
ever, no combination of SPT parameters can explain the 14-
fold decrease in D from buffer to the unstressed cells, followed
by a plateau in �D� at low � values, followed by a strong,
roughly exponential decrease at high �. In other words, if
crowding effects were primarily responsible for D0/D � 14 at a
� of 0, the diffusion coefficient would already be sensitive to
removal of small amounts of cytoplasmic water by osmotic
upshift. The experiments show clearly that this is not the case.

For E. coli grown in 0.1 osmolal tryptone broth, Woldringh
(39) showed that as � increases and turgor pressure is relieved,
the mean relative decrease in total cell volume prior to the
onset of VPS formation is �18%. The cytoplasmic volume
presumably shrinks more than 18%, because the periplasmic
volume is less sensitive to osmotic upshift (4). In our results,
this implies substantial cytoplasmic shrinkage over � values of
0 to 0.28 osmolal, the range in which �D� and �D do not
change for cells lacking VPSs. The data of Fig. 4 and 5 can be
qualitatively understood by postulating a combination of
crowding plus reversible binding of GFP to less mobile entities
such as the nucleoid, ribosomes, or the cytoplasmic membrane.
GFP might bind to other cytoplasmic entities via its hydropho-
bic patch. In such a binding-crowding model, the binding must
be sufficiently strong to explain D0/D � 14 for unstressed cells.
For example, if GFP were bound to an immobile particle 93%
of the time and diffused freely in a low-viscosity fluid 7% of the
time, D would decrease 14-fold from buffer to cytoplasm. Al-
ternatively, 86% binding combined with a factor-of-2 decrease
in microviscosity would also be consistent with the data. In this
view, crowding must be a relatively minor effect up to a � of
�0.28 osmolal, at which upshift a crossover occurs to a regime
in which crowding effects dominate the GFP mobility and thus
explain the exponential decay of �D� at high � values.

However, the roughly exponential decrease in �D� versus
� for � values of �0.28 osmolal conforms equally well to
theories of confinement in a porous meshwork (23). Such the-
ories require detailed information about the morphology of the
meshwork (pore shape and size distributions and connectivity).
In a confinement picture, lower microviscosity combined with
the tortuous geometry of the cytoplasmic fluid enveloping the
nucleoid might explain the 14-fold decrease in �D� from
buffer to unstressed cytoplasm. As water is extracted, GFP
diffusion might initially be unaffected because diffusion path-
ways or channels remain sufficiently large to accommodate the
size of GFP. In this view, the abrupt change in slope of �D�
versus � at a � of 0.28 osmolal indicates that formation of a
VPS concentrates the cytoplasmic content sufficiently to
change key determinants of diffusion.

Perhaps the cytoplasmic medium remains fluid at all � val-
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ues. Formation of VPS(s) compresses the nucleoid sufficiently
to render more and more diffusion pathways comparable to,
and eventually smaller than, the size of GFP. Diffusion then
depends not only on the detailed geometry of the confining
meshwork but also on the ability of the nucleoid to remodel
locally (7) and enable GFP translational motion. Alternatively,
perhaps a cytoplasmic phase transition occurs to a type of gel
state (31). Here, we are imagining a condensed “supermole-
cule” comprising the nucleoid, RNA polymerase, newly syn-
thesized RNA, ribosomes, and nascent proteins, all bound
together by noncovalent interactions (38). Cells growing well in
rich broth have especially large cytoplasmic mole fractions of
DNA, RNA polymerase, and ribosomes (3). The high charge
density of these constituents is reminiscent of synthetic poly-
mer hydrogels, with noncovalent interactions playing the role
of the polymeric cross-links. In such a hydrogel, much of the
water would be bound to biopolymer surfaces, consistent with
measurements of water content versus � for bacteria grown in
minimal medium (4).

A priori it appears impossible to choose among binding,
crowding, and confinement mechanisms based on diffusion
measurements alone, and indeed all three effects could be
important. In future work, measurement of the GFP rotational
correlation time might distinguish binding from confinement
effects at low �. Measurement of the frequency dependence of
the cytoplasmic viscoelasticity (6) versus � would test the pos-
sibility of gel formation.

Finally, we briefly compared the present results with earlier
diffusion studies in both E. coli and eukaryotic cells. The mean
diffusion coefficient �D� of 6.1 
m2 s	1 for GFP in B-strain
cells grown in LB at 0.24 osmolal is 14 times slower than a D0

of 87 
m2 s	1 (34), the GFP diffusion coefficient in solution
phase. The only other measurements of GFP translational
diffusion in E. coli are from Elowitz et al. (10), who found a
similar �D� value of 7.7 � 2.5 
m2 s	1 (D0/�D� � 11) in the
DH5� strain grown in Luria broth, also a rich medium. Our
preliminary data on the K-12 strain grown in minimal morpho-
linepropanesulfonic acid-buffered medium at 0.28 osmolal
found a significantly larger �D� value, �14 
m2 s	1.

In contrast, the diffusion coefficient of GFP in the cytoplasm
of CHO-K1 cells is only three times smaller than in buffer (33).
Rotational correlation times of GFP measured by time-depen-
dent fluorescence anisotropy are only 1.5 times longer in the
cytoplasm of CHO cells compared with buffer solution (12).
The prevailing view is that the cytoplasm of eukaryotic cells is
a moderately crowded solution with microviscosity not much
larger than that of pure water. The comparison of D0/�D�
values between CHO cells and E. coli is consistent with the
suggestion that the eukaryotic cytoplasm is less crowded than
that of E. coli, in spite of presumably similar biopolymer frac-
tions (9). Accordingly, all excluded-volume theories would pre-
dict that the concentration of biopolymer mass into large “par-
ticles” such as organelles and cytoskeletal elements minimizes
crowding in the cytoplasmic fluid.

Measurement of the effects of osmotic upshift on protein
diffusion in a eukaryotic cell are not yet available. Verkman
and coworkers (18) studied osmotic effects on diffusion of the
small-molecule fluorescent probe BCECF in Swiss 3T3 fibro-
blasts. For cells resuspended in isosmotic buffer, BCECF
showed a D0/�D� of 3. In cells whose volume was shrunk by

a factor of 3 in hypertonic buffer, �D� decreased by only a
factor of 6. These effects are mild in comparison with the
presently observed 430-fold decrease in �D� for GFP at a �
of 0.70 osmolal in E. coli. It is again tempting to suggest that
crowding/confinement effects are less important in eukaryotic
cells, but the comparison is complicated at present by the very
different sizes of the fluorescent probes.

Conclusion. In future work, much will be learned from sin-
gle-cell measurements of cytoplasmic volume, the GFP diffu-
sion coefficient, and GFP rotational correlation time versus
both upshift and phase of the cell cycle. By optimizing the data
acquisition, we will be able to measure the diffusion coefficient
of a single cell as many as 10 different times. On the theoretical
side, it remains important to develop models of crowding ef-
fects on diffusion that can accurately predict D/D0 from a given
distribution of biopolymer sizes, shapes, and concentrations.
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