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Mobility of Cytoplasmic, Membrane, and DNA-Binding Proteins
in Escherichia coli
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ABSTRACT Protein mobility affects most cellular processes, such as the rates of enzymatic reactions, signal transduction, and
assembly of macromolecular complexes. Despite such importance, little systematic information is available about protein diffu-
sion inside bacterial cells. Here we combined fluorescence recovery after photobleaching with numerical modeling to analyze
mobility of a set of fluorescent protein fusions in the bacterial cytoplasm, the plasma membrane, and in the nucleoid. Estimated
diffusion coefficients of cytoplasmic and membrane proteins show steep dependence on the size and on the number of trans-
membrane helices, respectively. Protein diffusion in both compartments is thus apparently obstructed by a network of obstacles,
creating the so-called molecular sieving effect. These obstructing networks themselves, however, appear to be dynamic and
allow a slow and nearly size-independent movement of large proteins and complexes. The obtained dependencies of protein
mobility on the molecular mass and the number of transmembrane helices can be used as a reference to predict diffusion rates
of proteins in Escherichia coli. Mobility of DNA-binding proteins apparently mainly depends on their binding specificity, with FRAP
recovery kinetics being slower for the highly specific TetR repressor than for the relatively nonspecific H-NS regulator.

INTRODUCTION
Protein mobility is one of the key parameters in the quantita-

tive description of cellular processes. In the cell, diffusion

largely defines the upper rate limit of biochemical reactions,

in addition to the rate of responses to extracellular stimuli. It

is particularly important in bacteria, which apparently lack

active mechanisms of protein transport and therefore have

to rely on passive delivery of proteins and even large protein

complexes to their target sites. Despite such importance for

a quantitative description of cellular processes, only limited

information is available on the diffusional properties of the

bacterial cytoplasm, the plasma membrane, or the nucleoid.

Previous studies analyzed diffusion of only a few selected

proteins in bacteria (1–4), and also differed in the experi-

mental approach, data evaluation, model bacterial system,

and growth conditions—making it difficult to draw general

conclusions about dependence of mobility on protein size

and other properties.

Here we used fluorescence recovery after photobleaching

(FRAP) along with a detailed numerical model that simulates

FRAP experiments, to systematically investigate mobility

of cytoplasmic, inner membrane, and DNA-binding proteins

in Escherichia coli. Our data confirm the view of the cyto-

plasm as a molecular sieve, with a steep dependence of

diffusion coefficient on the protein size, and also suggest

a dynamic nature of this sieve that allows slow and nearly

size-independent diffusion of large proteins. The obtained

dependencies of protein mobility on the molecular mass

and the number of transmembrane helices can be used as
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a reference to predict the diffusion rate of a particular protein

in E. coli.
MATERIALS AND METHODS

Experimental methods

Bacterial strains and plasmids

All experiments with cytoplasmic and membrane protein fusions were

performed in E. coli K-12 strain RP437 (5) or in its DflhC derivative

VS116 (6). The experiments with the H-NS fusion were performed in strain

MG1655 and the experiments with the TetR-YFP fusion were performed

in strain SR1, a RP437 derivative carrying tetO array near the replication

origin (7). Fusions to the A206K mutant of the enhanced yellow fluorescent

protein (YFP) were expressed under the control of a pTrc promoter (8),

which is inducible by isopropyl-b-D-thiogalactopyranoside. Optimal levels

of induction for individual constructs were determined by a visual micro-

scopic examination. The extent of degradation of fusion proteins was

accessed using immunoblotting with monoclonal anti-GFP antibody (Sigma,

St. Louis, MO). All fusions and their degree of degradation are summarized

in Table 1 and plasmids with corresponding induction levels and back-

ground strains are summarized in Table S1 in the Supporting Material.

Cell growth and preparation

Overnight cultures were grown at 30�C in 5 mL tryptone broth (10 g/L tryp-

tone, 5 g/L NaCl, pH 7.0) containing 100 mg/mL ampicillin. Daily cultures

were prepared by diluting the overnight culture 1:100 in 10 mL tryptone

broth containing 100 mg/mL ampicillin and the appropriate concentration

of isopropyl-b-D-thiogalactopyranoside (Table S1). The cultures were

exposed to 1% cephalexin (w/v) after 3 h of induction at 34�C and

275 rpm, and were harvested after 3.5 h (except for the MG1655 strain,

which was allowed to grow for 4 h). After harvesting, the cells were washed

once with tethering buffer (10 mM KH2PO4/K2HPO4, 0.1 mM EDTA;

10 mM sodium lactate, 67 mM NaCl, 1 mM methionine, pH 7.0), and resus-

pended in 10 mL tethering buffer. Before FRAP experiments, cells were

incubated in buffer for at least 30 min at room temperature to ensure the

full maturation of fluorescent proteins, and were subsequently immobilized

on poly-L-lysine-coated coverslips for 5 min.
doi: 10.1016/j.bpj.2009.11.002
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TABLE 1 Summary of FRAP experiments and model fit parameters

Protein fusion Physiological role

MM

(kDa)

TM

domains pI

Degree of

degradation

No. of

exp.

Cell length

(mm) 5 SD

Apparent

diffusion

coefficient

(mm2/s) 5 CI95%*

Mobile

fraction

Cytoplasmic fusions

eYFP — 26.7 — 5.72 100% (26.7 kDa) 95 5.03 5 0.73 7.08 5 0.32 0.99

PtsH-YFP Phospho-carrier

protein; sugar

phosphotransferase

system

35.8 — 5.69 84% (35.8 kDa)

16% (26.7 kDa)

79 4.70 5 0.73 3.78 5 0.16 0.99

Crr-YFP Component of

glucose-specific

phosphotransferase

enzyme IIA

45.0 — 5.17 96% (45 kDa)

4% (26.7 kDa)

113 4.97 5 0.75 2.03 5 0.05 0.97

CFP-CheW-YFP Chemotaxis protein 71.5 — 5.21 69.5% (71.5 kDa)

13% (~55 kDa)

14.5% (~43kDa)

3% (26.7 kDa)

96 4.49 5 0.73 1.51 5 0.05 0.96

CFP-CheR-YFP Chemotaxis protein

methyltransferase

86.2 — 6.38 82% (86.2 kDa)

18% (70 kDa)

97 4.19 5 0.72 1.70 5 0.05 0.96

DnaK-YFP Molecular chaperone 95.8 — 5.10 70% (95.8 kDa)

30% (26.7 kDa)

99 5.32 5 0.80 0.67 5 0.02 0.96

HtpG-YFP Molecular chaperone 198.0y — 5.22 ~100% (2 � 99 kDa) 40 4.96 5 0.87 1.65 5 0.07 0.99

CFP-CheA-YFP Chemotaxis protein 249.6y — 5.10 44% (249.6 kDa)

40% (~2 � 100 kDa)

6% (~2 � 60 kDa)

10% (26.7 kDa)

36 5.04 5 1.03 0.44 5 0.06 0.90

Membrane-bound fusions

Tar(1-397)-YFP Fragment of the aspartate

chemoreceptor

142.3y 4 5.90 — 8 4.46 5 1.00 0.217 5 0.030 0.98

Tsr(1-218)-YFP Fragment of the serine

chemoreceptor

102.2y 4 5.82 — 12 5.21 5 0.82 0.182 5 0.016 0.98

LacY-YFP Lactose permease 73.2 12 7.18 — 9 4.81 5 0.70 0.0265 5 0.0034 0.97

MtlA-YFP Mannitol-specific

EIICBA of the

phosphotransferase system

189.3y 12 5.92 — 10 4.97 5 0.83 0.0283 5 0.0027 0.97

Tar-YFP Aspartate chemoreceptor 519.9z 12 5.52 — 11 4.88 5 1.11 0.0171 5 0.0019 0.99

NagE-YFP N-acetylglucosamine-specific

EIICBA component of the

phosphotransferase system

190.1y 16 5.75 — 8 5.53 5 0.78 0.0196 5 0.0024 0.94

Extent of degradation for the membrane staining fusions has not been analyzed, because photobleaching and recovery of fluorescence was restricted to the

membrane during the course of the experiments.

*CI95% is 95% confidence interval.
yMolecular mass of the dimeric fusion is indicated.
zMolecular mass has been calculated to be that of a trimer of dimers. Higher order structuring of the Tar receptors is possible, and is likely to decrease the

observed apparent diffusion coefficient.
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FRAP analyses

Measurements were performed on a laser-scanning confocal microscope

(Leica TCS SP2; Leica Microsystems, Germany) equipped with a 20 mW-

argon laser and a FRAP software module. Cells expressing YFP fusion

proteins were visualized through a 63� oil objective (NA 1.4) using

a 514-nm laser line and a YFP emission channel (525–650 nm), with

a 32-fold zoom magnification. All measurements were performed at 20�C.

Cells with similar levels of fluorescence were selected for bleaching exper-

iments, and subsequent image analysis confirmed that the difference in fluo-

rescence among cells expressing different fusions was less than threefold.

Fluorescence of the (polar) region of interest (ROI) was bleached with

a single 0.336 s laser scan at 100% laser intensity; prebleach image and post-

bleach image sequences were acquired with 2.5% laser intensity. Postbleach

image series consisted of 10 images taken every 0.336 s, 10 images taken
after every 1 s, followed by 10 images taken every 2 s using bidirectional

scanning. For proteins staining the inner membrane, postbleach images

included 10 images 1 s apart, 10 images taken 10 s apart, and 10 images

30 s apart. For DNA binding proteins, FRAP experiments were performed

on cells that have already replicated DNA and showed two nucleoids labeled

by H-NS-YFP or two foci of TetR-YFP corresponding to two tetO binding

arrays. A single bleaching scan at 100% laser intensity was followed by

postbleach image sequences comprising 10 images taken 1 s apart, followed

by 20 images taken 30 s apart.

Image analyses

Images (512 � 512 pixels) of a FRAP sequence were recorded using Leica

Confocal software (Ver. 2.61) and were subsequently analyzed using ImageJ

1.34l software (Wayne Rasband, National Institutes of Health, Bethesda,
Biophysical Journal 98(4) 552–559
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FIGURE 1 Example of a typical FRAP measurement.

(A and B) FRAP image sequence for a cell expressing the

CFP-CheW-YFP fusion protein. After the prebleach image

was acquired, the cell was bleached on the left pole by

a high intensity laser beam, and the recovery of fluores-

cence was followed for 30 s until the fluorescence was

evenly distributed throughout the cell. Sample images at

indicated time points (A) and corresponding fluorescence

intensity profiles (B) are shown, with lighter gray indicating

later time points. Profile of the bleach image in panel B is

shown by the dotted line. Gradual decrease in the overall

fluorescence intensity through the course of experiment is

due to bleaching during image acquisition. (C) Fluores-

cence recovery for CFP-CheW-YFP in three cells, indi-

cated by different symbols. Relative fluorescence in the

region of interest (ROI) was calculated as described in

Materials and Methods.
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MD). Fluorescence intensities of the polar ROI (defined as 52 pixels) and of

the whole cell were measured automatically in image sequences using

a custom-written ImageJ plug-in. The plug-in allows an automated variable

cell shape definition, which was necessary for the analysis of nonstraight

longer cells. The length of ROI was ~23% of the average cell length,

~230 pixels or 3.3 mm, and similar to the size of the bleached region

(Fig. 1 B). We compensated gradual bleaching of the image during scanning

by normalizing the fluorescence of the ROI to the mean fluorescence of the

entire cell in the same image. To facilitate comparison of multiple experi-

ments with different bleaching depth, the relative fluorescence intensity of

the ROI in the image sequence was normalized again to the relative ROI

intensity before bleaching. Intensity profiles (Fig. 1 B) were determined

within a stripe drawn over the entire cell length using ImageJ. Data were

subsequently processed using KaleidaGraph software (Ver. 3.6; Synergy

Software, Essex, VT). The resulting profile was smoothed using the corre-

sponding function of KaleidaGraph.

Computer modeling

Modeling fluorescence recovery in E. coli

We assume that the diffusive transport happens only along the longitudinal

axis, or, conversely, that the effect of transversal transport is insignificant.

Thus, all relevant geometric information about the bacterium is conveyed

by its length. As a consequence, we model the concentration of fluorescently

labeled protein u(t,x) at time t at the point x by a function of the form

uðt; xÞ : ð0; þNÞ� ð0; LÞ/ð0; þNÞ;
where x runs along the long axis of the bacterial cell, and L is the cell

length. Diffusion in the cell is then described by the partial differential

equation

vu

vt
¼ D

v2

vx2
(1)

for x ˛ (0,L), with no-flux boundary conditions

vu

vx
¼ 0

on 0 and L. The initial conditions for u, u0ðxÞ ¼ uð0; xÞ reflects the distribu-

tion of labeled proteins immediately after bleaching.
Biophysical Journal 98(4) 552–559
We further assume that labeled proteins are distributed uniformly

throughout the cell before bleaching and, because only relative concentra-

tions matter in FRAP experiments, set the concentration before bleaching

to unity everywhere. Immediately after bleaching, most of the species

remains unchanged, except for the zone in which bleaching occurred (the

length of which we denote by LB), and an additional excess bleaching

zone directly adjacent to it (of length LE), which takes into account that

the focused laser spot has a Gaussian intensity profile. For convenience,

we approximate the decay by a linear function. Additionally, because the flu-

orophore can only be bleached if reached by the laser in a fluorescent state,

a certain fraction (Bd) of the fusion protein under the bleach spot escapes

bleaching. These details of the model are illustrated in Fig. 2 A.

Computing the recovery

Using these initial conditions, the recovery after bleaching is extracted from

the model by evaluating an integral of the solution in the ROI at the bleached

pole. For a specified experiment, we compute the recovery according to the

model, by using the function

Rðt; pÞ ¼

0
@LmK

L

ZL

0

uð0; xÞdx

1
A
�1 ZLm

0

uðt; xÞdx; (2)

where the vector p includes all spatial parameters defined above along with

the diffusion coefficient D and the mobile fraction K (unity in our case).

As u(t,x) is the solution of Eq. 1, we can express Eq. 2 in terms of the

Fourier coefficients of the initial conditions and exponentials to obtain the

approximation

Rðt; pÞ ¼ C
XNc

j¼ 0

hm
j u0

j exp

�
� t

�
jp

L

�2

D

�
;

where the hm
j values denote the Fourier coefficients of a function that is 1 in

the interval (0,Lm), and zero otherwise. Because of the fast decay of the terms

of this sum, it is feasible to compute the approximation to a high accuracy

with little computational cost. The cutoff Nc was chosen as the smallest

number for which the following holds:

exp

�
� t

�
Ncp

L

�2�
%10�10:
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FIGURE 2 Computational descrip-

tion of FRAP experiments. (A)

Assumed bleach profile, with indicated

lengths of the bleach zone (LB) and the

excess bleaching zone (LE) and of the

residual fluorescence intensity (Bd).

See Materials and Methods for details

and values of the parameters used in

simulations. (B) Simulated concentra-

tion profile at 0.34 s for a protein of CFP-CheW-YFP size (solid line), overlaid with the sample profile of a CFP-CheW-YFP experiment at the same time

point. (C) One of the experimental recovery curve from Fig. 1 C (shaded dots), fitted with the model (solid line).

Protein Mobility in E. coli 555
Fitting the model to FRAP data

Within a set of M experiments, fluorescence recovery is always measured at

the same time points t1 < t2 < $$$ < tN, to obtain the measurements mij, with

i¼ 1,2,.M and j¼ 1,2,.N. To obtain the values of the diffusion coefficient

and of the mobile fraction, we solve numerically the least-squares problem

ðD;KÞ ¼ arg min
XM

i¼ 1

XN

j¼ 1

jRðtj; D;K; pÞ � mijj
2
: (3)

We solve the problem in Eq. 3 using the Gauss-Newton method, with the

step-size control as in Bock et al. (9), but together with a projection step

modification introduced by Kanzow et al. (10) for the Levenberg-Marquardt

method, which allows us to specify inequality constraints. Because the

computation of Rðt; D;K; pÞ functional would diverge if D became negative

in the process of the iteration, we impose the constraint D > 0. The compu-

tation of the mobile fraction K was included, as it was observed to improve

the numerical stability of the computations.

To estimate the error, we use standard techniques from nonlinear regres-

sion to compute the variance-covariance matrix of the parameters (see, for

example, Bard (11)). These variances and covariances describe how the esti-

mated parameters vary due to the errors in the measurements, and do not

reflect possible variation of the parameters within the population. We esti-

mate the variance of the errors of the measurement by dividing the residual

sum of squares by the number of degrees of freedom. From the variance of

the parameters we compute their standard deviation, and from that, again,

the 95% confidence intervals (CI95%).

Contribution of the experimentally observed degradation products was

considered by introducing additional species with larger D. For species rep-

resenting free YFP, the diffusion coefficient of YFP was used for the proteo-

lysed fraction. For minor bands of intermediate size, the diffusion coefficient

was estimated from the observed dependence on molecular mass. This was

done as follows: Initially, presence of only full-length fusions was assumed

to determine the dependence of diffusion coefficient on molecular mass.

This dependence was then used to assign D to the minor degraded species,

and to recalculate D for the full-length fusions yielding only minor (0–15%)

changes.

Calibration of the FRAP model

To establish initial conditions for the computer model, we measured the

residual fluorescence intensity Bd in the bleached area and the length LE

of the excess bleaching zone directly adjacent to the bleached region. The

residual bleach intensity under our experimental conditions, determined

by bleaching whole cells, was 28% of the original intensity. To measure

the length of the excess bleaching zone, the bleach profile was determined

for the CFP-CheR-YFP expressing cells with lengths ranging from 3.6 to

7.4 mm and with bleach spot sizes ranging from 0.47 to 2.06 mm. Using

a range of cell lengths and bleach spot sizes improved the accuracy of the

estimate. The functional derived above was then fitted to the data with D

and LB as free parameters, yielding the value LE ¼ 49.9 5 8.2 pixels, or

0.65 5 0.1 mm. A similar value could be estimated visually from the fluo-

rescence profile of the bleach image (Fig. 1 B). As the length of excess
bleaching zone appears to be fusion-independent (Fig. S1), the same value

of LE was used for fitting all other data sets.
RESULTS

Measurements of protein mobility using FRAP

To characterize protein mobility in the E. coli cytoplasm and

in the cytoplasmic membrane, FRAP experiments were per-

formed for a series of 27–250 kDa cytoplasmic protein

fusions to yellow and cyan fluorescent proteins (YFP and

CFP, respectively), and of membrane protein fusions with

4–16 transmembrane helices (Table 1 and Table S1). To

ensure that our findings are not specific to a particular func-

tional class of proteins, we used fusions to proteins involved

in such diverse functions as chemotaxis, transport, and heat-

shock response. Under our experimental conditions, all of

the studied fusions were evenly distributed in the cytoplasm

or in the inner membrane, suggesting that they are not asso-

ciated with any intracellular structure and do not aggregate.

Because chemotaxis proteins bind to the polar receptor clus-

ters in wild-type cells, experiments with these and most

other fusions were performed in the nonchemotactic strain

VS116 that has no clusters (see Materials and Methods and

Table S1). FRAP experiments were performed on a confocal

laser-scanning microscope (see Materials and Methods for

details), whereby fluorescence of a fusion protein of interest

was bleached in the polar region of a cell and subsequent

recovery of fluorescence was followed by acquiring a series

of images at varying time intervals (Fig. 1 A). The extension

of the focused laser spot in the axial direction was sufficient

to bleach throughout the bacterial cell. To improve the time

resolution, we performed all FRAP experiments on cells that

were treated with a cell-division inhibitor, cephalexin, and

were nearly twice the length of an average untreated cell.

Fluorescence intensity in the polar region of interest (ROI;

52 pixels; Fig. 1 B) was determined at every time point

and normalized to the fluorescence intensity of the entire

cell to compensate for the gradual fluorescence bleaching

during experiments (visible as an overall intensity reduction

in Fig. 1 A). To facilitate comparison of different experi-

ments, these ratio values were subsequently renormalized

to the prebleach ratio (see Materials and Methods for details).

The resulting recovery curves are well reproducible between

experiments (Fig. 1 C).
Biophysical Journal 98(4) 552–559
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FIGURE 3 Dependence of estimated diffusion coeffi-

cients on the bleach zone length (A) and the cell length

(B). Experiments in panels A and B were performed for

Crr-YFP or CFP-CheW-YFP, respectively. Recovery

curves were binned according to the length of the bleached

zone or cell length, respectively, and the model was simul-

taneously fit to the entire pool of data for each bin as

described in the text. Mean values for the bin are shown.

Error bars depict 95% confidence interval (CI95%) of the

fitting procedure.
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Numerical model of FRAP experiments

Our procedure for estimating the diffusion coefficient is

based on a one-dimensional partial differential equation

model (see Materials and Methods), which takes into account

the geometry of both the cell and the bleach spot (Fig. 2).

The model approximates the experimental fluorescence

profile after bleaching (Fig. 1 B) as a combination of a deeply

bleached region and a transition region (Fig. 2 A). We also

take into account the residual fluorescence in the bleaching

spot. The length of the transition region, LE, was estimated

as 49.9 5 8.2 pixels, or 0.65 5 0.1 mm, by fitting the

data of FRAP experiments with a variable length of the

bleached region for CFP-CheR-YFP fusion, as described in

Materials and Methods. A similar value was suggested by

the visual examination of the bleach-frame fluorescence

profiles (Fig. 1 B) and was apparently independent of the

protein size (Fig. S1). For the numerical computations, it

proved convenient to describe the change of fluorescence

in the transition region by a linear function instead of

a Gaussian, whose integral cannot be computed in closed

form. The effect of these approximations on the estimated

values of diffusion coefficients was found to be negligible

(data not shown). The resulting model could well reproduce

changes in fluorescence profiles during recovery (Fig. 2 B)

and fit the recovery curves (Fig. 2 C), and allowed a reliable

determination of the diffusion coefficients.

To obtain the average value of diffusion coefficient D for

a protein of particular size, the model was simultaneously fit

to the entire pool of recovery kinetics for this fusion. Error

bars resulting from this fitting procedure indicate quality of

the fit and not the dispersion of diffusion coefficients in the

population, which might be significantly larger. For protein

fusions with an experimentally observed fraction of proteo-

lysed free YFP (Table 1), the contribution of the degradation
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product to the recovery was considered by introducing species

with diffusion coefficient of free YFP. Diffusion coefficients

for minor bands of intermediate size were estimated from the

observed molecular mass dependence (see Materials and

Methods). Introduction of these faster-diffusing minor species

had only a moderate effect on the obtained values of D.

To verify the model, we further tested whether the esti-

mated diffusion coefficients depended on the cell length or

the size of the bleached region (Fig. 3). There was no depen-

dence on the bleached region size, which validates our

modeling approach (Fig. 3 A). The values, however, did

show some dependence on the cell length (Fig. 3 B), which

could be related to the nonhomogeneity of protein diffusion

in the cytoplasm (see Discussion).
Size dependence of cytoplasmic protein diffusion

As expected, recovery for small cytoplasmic fusion proteins

was markedly faster than for large proteins (Fig. 4 A). To test

size dependence of cytoplasmic protein mobility systemati-

cally, we determined diffusion coefficients for protein

fusions with molecular mass ranging from 26 kDa (the size

of free YFP) to 250 kDa (Table S1). The resulting depen-

dence of diffusion coefficients on the molecular mass (MM)

was very steep for smaller proteins: instead of D ~ (MM)�1/3

expected from the Stokes equation assuming that R ~

(MM)1/3, it followed the relation D ~ (MM)�2 (Fig. 4 B).

Another surprising finding was that at high MM, from 70

to 250 kDa, the estimated diffusion coefficient was almost

MM-independent, with plateau at D0 ~ 0.8 mm2 s�1.
Mobility of membrane proteins

Mobility of membrane proteins depended on the number of

transmembrane helices as ~N�a, where a > 2 (Fig. 5): two
200 250
a)

FIGURE 4 Dependence of cytoplasmic protein diffusion

on molecular mass. (A) Representative recovery curves for

a small fusion protein (Crr-YFP, 45 kDa; solid circles) and

a large fusion protein (DnaK-YFP, 95.8 kDa; shaded dia-
monds). Error bars (the standard error of measurement)

are smaller than the marker sizes. (B) The apparent diffu-

sion coefficients, determined by our model, as a function

of the molecular mass. The data are fitted by an empirical

function D ¼ a(MM)-2 þ D0, with a ¼ 4.3 � 103 mm2

s�1 kDa2 and D0 ¼ 0.65 mm2 s�1 (solid line). Error bars

depict 95% confidence interval of the fitting procedure.
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different molecular mass were measured for four and 12 transmembrane

helices. The data are fitted by an empirical function D ¼ a(N)-3 þ D0,

with a ¼ 12 mm2 s�1 and D0 ¼ 0.019 mm2 s�1 (solid line). Error bars depict

95% confidence interval of the fitting procedure.
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FIGURE 6 Exchange rates of DNA binding proteins. The recovery curves

for YFP fusions to a specific (TetR-YFP; triangles) and a nonspecific

(H-NS-YFP; circles) DNA binding factors. Solid and shaded symbols indi-

cate the fluorescence intensity profile of the bleached and unbleached

nucleoid or fluorescent focus, respectively. Error bars depict the standard

error of measurement.
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tested proteins with four transmembrane helices diffused with

the apparent diffusion coefficient of ~0.2 mm2 s�1, whereas

the diffusion coefficients of proteins with 12 or more

transmembrane helices showed a plateau at ~0.02 mm2 s�1.

Assuming that the radius of the transmembrane region

R scales as N1/2, the intracellular dependence of diffusion

coefficient in the bacterial cytoplasmic membrane on R is

therefore steeper than previously observed in reconstituted

lipid bilayers (12).

Exchange kinetics for DNA-binding proteins

Specific and nonspecific binding to DNA are expected to

slow down the movement of transcription factors and other

DNA-binding proteins. To compare the recovery times of

cytoplasmic and DNA-binding proteins in bacteria, we per-

formed FRAP experiments on fusions to H-NS, a general

DNA binding protein, and to TetR repressor, bound to an

array of TetR operators (Fig. 6). In both cases the recovery

was much slower than for cytoplasmic proteins of compa-

rable size, suggesting that it is determined by the DNA

binding kinetics rather than by diffusion. TetR equilibrated

with the characteristic (1/e rise) time of ~210 s, consistent

with a tighter binding to DNA. In contrast, H-NS equili-

brated already in ~80 s, arguing that its association with

DNA is dynamic.
DISCUSSION

In this work we combined experimental FRAP analyses with

numerical simulations to systematically map protein

mobility in E. coli. To improve the resolution of the experi-

ments, particularly for smaller proteins, we performed

experiments in elongated cells treated with the cell-division

inhibitor cephalexin for approximately one generation.

Moreover, we used a detailed mathematical description of

the FRAP experiments that took into account geometries

of the cell and of the bleached region. This contrasts with

previously developed models describing FRAP experiments
in eukaryotes, where the influence of the cell’s geometry was

neglected and only the geometry of the bleach spot was taken

into account (13). Such an approximation might not be valid

in bacteria, as the size of the bleach spot is not negligible

compared to the cell size.

Our approach yields estimates of diffusion coefficients that

are consistent with previously published values. The diffu-

sion coefficient of GFP in E. coli cells has been reported as

6–9 mm2 s�1 (2–4), comparable with our value of 7.1 mm2 s�1.

Notably, an essentially identical value, 7.0 5 1.5 mm2 s�1,

has been reported for the background strain (which is related

to the one used in our experiments (2)). The diffusion coeffi-

cient for the 72-kDa GFP fusion to the cytoplasmic maltose

binding protein has been measured as 2.5 5 0.6 mm2 s�1

(2), comparable to the 1.5 mm2 s�1 measured for a similarly

sized CFP-CheW-YFP. In our previous work (6), diffusion

coefficients of several cytoplasmic protein fusions were esti-

mated to be in the range of 0.6–2 mm2 s�1. This is consistent

with our current estimates for larger proteins, but that previous

study apparently underestimated diffusion coefficients of

smaller proteins due to a limited resolution and simplified

modeling. The diffusion coefficient of CheY-GFP (40 kDa)

estimated by fluorescence correlation spectroscopy was

4.6 5 0.8 mm2 s�1 (1)—somewhat higher than values

expected from the size dependence in Fig. 4 B, presumably

due to the differences in the experimental approach (6).

Measuring and evaluating mobility for a number of fusion

proteins of varying size in a consistent way allowed us to

systematically test the dependence of diffusion coefficient

on the molecular mass. Estimated values of the diffusion

coefficient showed a clear dependence on MM that was

similar for all proteins tested, suggesting that protein size

is indeed the main determinant of cytoplasmic protein

mobility. The dependence, however, was D ~ (MM)�2 ~

R�6, where R is the protein size, and thus much steeper

than expected from the Stokes equation. Moreover, even

unfused YFP (27 kDa) diffused 12 times slower than in water

and 3.8 times slower than in eukaryotic cytoplasm (14,15).

This confirms the view of the bacterial cytoplasm as a
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crowded and sieving environment (16). Crowdedness, which

arises due to the high concentration of macromolecules in

the cytoplasm, increases viscosity and thereby slows down

the diffusion of proteins of all sizes. Additionally, the cyto-

plasm also contains a network of obstructions that are formed

by filaments of biopolymers and disproportionably slow

down the diffusion of larger proteins and macromolecular

complexes. Such complexes become trapped in the pores,

whereas smaller proteins can diffuse relatively freely

(16,17). In eukaryotes, the network is primarily formed by

the cytoskeletal elements and appears to have a relatively

large pore size, with the disproportional impairment of

mobility being observed only for macromolecules larger

than 1000 kDa, the size of larger protein complexes. Rudi-

mentary cytoskeleton is also present in bacteria (18), but it

consists of elongated filaments associated with the cyto-

plasmic membrane and does not appear to form a branched

network. The role of the molecular sieve in the bacterial

cytoplasm might instead be played by the nucleic acids,

which are less organized than those in eukaryotes. Our

data suggest that the network pore size in the cytoplasm of

E. coli, and presumably of other bacteria, is much smaller

than that in eukaryotes—causing a strong retardation of

proteins already in the range of 27–70 kDa, much smaller

than strongly retarded proteins in eukaryotes (16). But

because the nucleic acid filaments are much less stiff than

actine or tubuline polymers, the network itself is dynamic

and apparently allows slow diffusion of large proteins in

the range of 70–250 kDa with little size dependence. This

property may be important to allow the movement of large

assemblies such as ribosomes. The idea that nucleoids

present the main obstacle for protein diffusion in bacteria is

supported by the recent work suggesting existence of two

cellular domains with different diffusional properties—polar

regions with high protein concentration and a central region

mainly occupied by nucleic acids (19). A nonuniform intra-

cellular protein distribution and the resulting nonuniform

diffusion can also explain the slight increase of the apparent

diffusion coefficient with cell length, by making diffusion be

dependent on the ratio between the volume occupied by the

nucleoid and the rest of the cytoplasm.

Estimated diffusion coefficients of plasma membrane

proteins, 0.22–0.02 mm2 s�1, agree well with the values

previously reported for TatA-GFP (4,20) and CydB-GFP

(21) fusions in E. coli. Our observations are also consistent

with the expectation that diffusion of proteins in the

membrane should depend on the size of the membrane-pene-

trating domain but not on the overall protein size (22).

However, the observed dependence on the number of trans-

membrane helices—which should be a good approximation

of the size of the transmembrane region—was N�2 or

steeper, and therefore much steeper than the theoretical

logarithmic dependence (22) or N�1/2 dependence recently

observed in lipid vesicles (12). For proteins with four trans-

membrane helices, the diffusion was 4–5 times slower than
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of cytoplasmic proteins of similar size, whereas for proteins

with 12 transmembrane helices it was nearly 50 times

slower. This resembles our observation for the cytoplasmic

protein diffusion, and suggests that movement of proteins

in the cytoplasmic membrane is similarly obstructed by

some network. In this case, obstruction is most likely caused

by membrane proteins associated with the rigid bacterial cell

wall or with the cytoskeleton. As for cytoplasmic proteins,

the observed plateau for the mobility dependence on the

number of transmembrane helices above 12 suggests that

the underlying structure is dynamic and the entire cyto-

plasmic membrane is mixed on the timescale of ~50 s.

This is consistent with the recent observation that even

very large, 3200 kDa, membrane-embedded flagellar basal

bodies, with several tens of transmembrane helices, move

with apparent diffusion coefficients of ~0.005 mm2 s�1 (23).

The observed dependence of the apparent diffusion coef-

ficient on the molecular mass and the number of transmem-

brane helices will be a useful reference to predict diffusion

rates of proteins in E. coli and to draw conclusions about

the oligomeric state of smaller proteins. In the cytoplasm,

the diffusion coefficients of all tested proteins fall approxi-

mately along the same line, confirming that size is indeed

the main determinant of mobility of an average cytoplasmic

protein, with the sizes of 27–~70 kDa being well resolved.

Similarly, membrane mobility appears to be a good predictor

of the number of transmembrane helices for a protein and

thus allows drawing conclusions about its oligomeric state.

Whereas the full-length fusion of E. coli chemoreceptor

Tar diffuses as a trimer of dimers with 12 transmembrane

helices (as predicted based on the crystal structure and

in vivo cross-linking experiments (24,25)) fusion to the trun-

cated receptor, Tar1-319-YFP, diffuses as a dimer with four

transmembrane helices.

Last, we also measured recovery kinetics of two DNA

binding proteins. Of them, H-NS is relatively nonspecific,

and plays a role in the global transcriptional regulation (26),

whereas TetR repressor binds specifically to its operator sites.

For both, recovery was dominated by the kinetics of associa-

tion with DNA rather than by diffusion. TetR-YFP exchange

time on the array of operator sites was ~200 s, comparable to

the operator search time previously determined for LacI-YFP

repressor in E. coli (27) and to the exchange time of eukaryotic

transcription factors bound to specific sites (28). The recovery

kinetics of H-NS was faster, confirming that its association

with DNA is transient, and resembles recovery kinetics of

linker histone H1 in eukaryotes (29).
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