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Diffusion in the bacterial cytoplasm is regarded as the primary method of intracellular protein movement
and must play a major role in controlling the rates of cell processes. A number of recent studies have used
green fluorescent protein (GFP) tagging and fluorescence microscopy to probe the movement and distribution
of proteins in the bacterial cytoplasm. However, the dynamic behavior of indigenous proteins must be
controlled by a complex mixture of specific interactions, combined with the basic physical constraints imposed
by the viscosity and macromolecular crowding of the cytoplasm. These factors are difficult to unravel in studies
with indigenous proteins. To what extent the addition of a GFP tag might affect the movement of a protein
through the cytoplasm has also remained unknown. To resolve these problems, we have carried out a
systematic study of the size dependence of protein diffusion coefficients in the Escherichia coli cytoplasm, using
engineered GFP multimers (from 2 to 6 covalently linked GFP molecules). Diffusion coefficients were measured
using confocal fluorescence recovery after photobleaching (FRAP). At least up to 110 kDa (four linked GFP
molecules), the diffusion coefficient varies with size roughly as would be predicted from the Einstein-Stokes
equation for a classical (Newtonian) fluid. Thus, protein diffusion coefficients are predictable over this range.
GFP tagging of proteins has little impact on the diffusion coefficient over this size range and therefore need not
significantly perturb protein movement. Two indigenous E. coli proteins were used to show that their specific

interactions within the cell are the main controllers of the diffusion rate.

The use of fluorescence microscopic techniques to monitor
macromolecular diffusion in eukaryotic (HeLa) cells showed
that the diffusion of DNA is strongly size dependent but also
that two fluorescently labeled dextrans (70 kDa and 580 kDa)
can diffuse freely in the cytoplasm and nucleus (16). Within
bacterial cells such as Escherichia coli, similar measurements
are challenging because of the small dimensions of the cell.
Nevertheless, studies of the mobility of fluorescently tagged
proteins are starting to give powerful insights into the dynamics
of processes occurring in living bacterial cells. Examples in-
clude studies of the mobility of signal transduction proteins in
the E. coli cytoplasm (22), the mobility and distribution of
transporters and respiratory complexes in the plasma mem-
brane (14, 15), and the dynamic assembly/disassembly of the
flagellar motor (13). All of these studies depend on the use of
cells engineered to express fusion proteins in which the protein
of interest is fused to a fluorescent protein tag, usually a variant
of green fluorescent protein (GFP). In many cases, the fluo-
rescent tag is comparable in size to or even larger than the
protein of interest. For example, the chemotaxis signal trans-
ducer CheY (14 kDa) was tagged with yellow fluorescent pro-
tein (YFP), producing a fusion protein of about 41 kDa (3, 22)
It remains an open question how much the addition of a sub-
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stantial fluorescent tag might perturb the mobility of the pro-
tein of interest.

The bacterial cytoplasm is a complex, crowded environment
(5). The movement of proteins within the cytoplasm must be
constrained by a combination of viscosity, macromolecular
crowding, and specific interactions of the protein with other
cell components (e.g., other proteins, nucleic acids, and the
cytoplasmic membrane). Any indigenous protein is likely to
have specific interactions with other cell components. There-
fore, it is difficult to dissect out the specific aspects of its
behavior from the more general physical constraints in the
cytoplasm. The effects of crowding in the cytoplasm could be
complex. For example, it is conceivable that macromolecules
could form a molecular sieve imposing a distinct size limit on
protein mobility (19). The diffusion of fluorescent proteins in
the E. coli cytoplasm can conveniently be measured using flu-
orescence recovery after photobleaching (FRAP) (6, 11, 18).
To resolve the question of the size dependence of protein
diffusion in the E. coli cytoplasm, FRAP was used to measure
diffusion coefficients (D) for a series of engineered GFP oli-
gomers, ranging in size from 30 kDa (GFP monomers) to 165
kDa (six linked GFP molecules). The compact barrel-like
structure of GFP (30) minimizes its interactions with other
proteins. Diffusion in the cytoplasm is independent of the type
and amount of coexpressed protein, and overcrowding of the
cytoplasm does not seem to lead to self-interaction of GFP
(24). Since GFP is not indigenous to E. coli and is unlikely to
have specific interactions with other cell components, it can be
assumed that the behavior of GFP oligomers reflects only the
simple physical constraints controlling protein movement in
the cytoplasm.
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MATERIALS AND METHODS

GFP, vector, and bacterial strain. In all experiments, GFPmut3* (4) was used
and the constructs were expressed from the arabinose-inducible pBAD24 vector
(7). All constructs were cloned into E. coli strain DHS5a [fhuA2 A(argF-
lacZ)U169 phoA ginV44 $80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1
hsdR17). For a control experiment, the MC4100 [F~ araD139 A(argF-lac)U169
1psL150 relA1 deoCl1 rbsR fthD5301 fruA25 N~ ] AtatABCDE (29) strain was used.

GFP multimers. The torA-GFP construct (GFP tagged at the N terminus with
the signal sequence of trimethylamine N-oxide [TMAO] reductase from E. coli)
pJTD1 (27) was used as the template for PCR. For torA-GFP2, torA-gfp was
amplified by PCR to delete the GFP stop codon and to create an EcoRI and
Kpnl site. The resulting tor4-gfpastop construct was cloned into pBad24. The
second gfp gene was then amplified with N-terminal asparagine (X5) linker with
and without a stop codon and inserted via ligation behind tor4-gfp using Kpnl
and Xpal. The resulting pBad24_torA-GFP2,g1op vector was used to create
torA-gfp3. Additional gfp genes (up to that coding for GFP5) were cloned in
frame as described using Xbal-PstI for GFP3, PstI-Sphl for GFP4, and SphI-
HindIII for GFP5.A sixth gfp gene was cloned at the end via the HindIII site
using pBad24_torA-GFP5,grop as a vector, and the resulting colonies were
screened for the right orientation of gfp6.

For the pBad24_GFP2 construct, the first gfp gene was amplified from pJDT1
without the TMAO signal sequence and stop codon and cloned into pBad24 via
EcoRI and Kpnl. The second gfp gene was also amplified from pJDT1 with an
N-terminal asparagine (X5) linker and cloned behind the first gfp using the Kpnl
and HindIII sites.

AmiA and NIpA constructs. For the two additional constructs, amiA and nlpA
were amplified via PCR from genomic DNA from E. coli and gfp was amplified
from pJDT1. To fuse the two PCR products with the gfp overlap extension PCR
(modified from reference 23) was used. In the first PCR, chimeric primers
produced overlapping regions at the 5’ ends. In the second PCR, external
primers were used to generate amiA-gfp and nipA-gfp and to create restriction
sites. The extended PCR products were cloned into pBad24 using EcoRI and
HindIII.

For the modified proteins, amiA was amplified without the Tat signal
sequence (AmiA,,sp, Where “noSP” represents “no signal peptide”). To
determine the signal peptide (SP) and the cleavage site, the free available
prediction software “SignalP” was used. The first 34 residues containing the
twin arginines were deleted, and the start codon was moved. For NIpA, ;g
(where “noLB” represents “no lipobox”), the prediction software “LipoP” was
used to find the lipoprotein signal peptide. As a lipoprotein of the plasma
membrane, lipoprotein 28 requires an aspartame residue in the +2 position after
the fatty-acylated cysteine for retention in the plasma membrane. For the short-
ened construct, the lipobox (LB) was deleted and the +2 aspartate was replaced
with a methionine.

All restriction enzymes (FastDigest) were purchased from Fermentas. For all
PCR steps, the PfuUltra II fusion HS DNA polymerase from Stratagene was
used. Ligation was performed using the Quick ligase kit from NEB. For a list of
primer sequences, see the supplemental material.

Growth of cells and sample preparation. Bacterial cultures were cultivated
aerobically overnight in Luria-Bertani medium supplemented with ampicillin (50
pg/ml) at 37°C under constant shaking (180 rpm). For measurements, the culture
was diluted approximately 1:100 into the same media and grown at 37°C under
constant shaking. Long nonseptated cells were produced by adding the antibiotic
cephalexin (9) to a final concentration of 30 pg/ml to a growing culture. Cells
were never treated with cephalexin for longer than 120 min. In the case of slower
growth, the dilution from the start culture was decreased. GFP expression was
induced by adding arabinose in concentrations from 200 uM to 133 mM (2%),
depending on the construct used, and cultures were grown to the mid-exponen-
tial phase. A droplet of the culture was spotted onto Luria-Bertani agar plates,
and cells were allowed to settle down by drying of excess liquid. Small blocks of
the agar with the cells adsorbed onto the surface were placed in a laboratory-
built sample holder connected to a temperature-controlled circulating water bath
(18). The cells were covered with a glass coverslip and placed under the micro-
scope objective, and samples were maintained at 37°C during FRAP measure-
ments.

FRAP measurements and data analysis. FRAP measurements were carried
out as described and illustrated in reference 18 using a Nikon PCM2000 laser-
scanning confocal microscope equipped with an argon laser run at 120 mW. For
imaging, the power was reduced by a factor of 32 using neutral-density filters, and
only the bleaching was performed at high laser power. The 488-nm laser line was
selected for GFP excitation. Pre- and postbleach xy scans were recorded at 1.64-s
intervals over an area of 512 by 512 pixels corresponding to physical dimensions
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of either 29 by 29 um or 58 by 58 pum, depending on the zoom. GFP fluorescence
was detected between 500 and 527 nm, selected by an interference band-pass
filter. The FRAP bleaching was carried out by switching to the x-scanning mode
and scanning a line across the short axis of the elongated cell, close to the center
of the cell. The laser power was increased by manually raising the neutral-density
filters for about 1 to 2 s, and after switching back to xy mode, a series of
postbleach images was recorded. Data analysis was done using the Image-Pro
Plus 6.2 software (Media Cybernetics). Pre- and postbleach images were merged
into a sequence file, and one-dimensional fluorescence profiles were extracted as
a line profile summing data widthways across the cell for the entire experiment.
Curve fitting and statistical analyses were performed with SigmaPlot 10.0. The
diffusion coefficient, D, in um? s~ ! was obtained by fitting to a one-dimensional
diffusion equation as described and illustrated in reference 18.

Cell fractionation and SDS-PAGE with Western blotting. Cultures were in-
duced with arabinose but not treated with cephalexin. Cells were fractionated
according to Randall and Hardy (20), and proteins were separated by SDS-
PAGE (10% or 15% polyacrylamide). After electrophoresis, the proteins were
semidry electroblotted onto Hybond-P polyvinylidene difluoride (PVDF) mem-
brane (GE Healthcare) and probed with antibody against GFP (Invitrogen). For
visualization of proteins, a horseradish peroxidase-conjugated anti-mouse IgG
secondary antibody and ECL enhanced chemiluminescence detection kit (GE
Healthcare) were used.

RESULTS

Construction and expression of GFP multimers. Previous
measurements from several groups have shown that in the E.
coli cytoplasm the diffusion coefficient for unmodified GFP is
about 10 times lower than that in water (see Table 1 for
references). The slower diffusion in the cytoplasm may be due
to a combination of classical viscosity and macromolecular
crowding. To explore constraints on protein diffusion in the E.
coli cytoplasm, a series of gene constructs expressing linked
multimers of GFP were made, based on a torA-GFP construct,
which includes an N-terminal signal sequence for the twin-
arginine translocation (Tat) export system (18, 27). We used
this construct with the intention to explore mobility of the
multimers in the periplasm as well as the cytoplasm. However,
under our growth and expression conditions in DH5a cells, the
GFP multimers appeared only in the cytoplasm. Monomeric
torA-GFP in the cytoplasm showed a size range from 27 to 30
kDa (Fig. 1). This size range is the result of proteolytic clipping
at the N terminus, where the 30-kDa protein is the chimeric
precursor protein, while the 27-kDa product is assumed to be
the mature GFP (18, 27). The linked GFP multimers all
showed a predominant band at the expected molecular weight
in the cytoplasmic fraction, but also show some degradation of
the multimers into smaller products (Fig. 1).We did not try to
quantify these degradation products from the SDS-PAGE be-
cause it is difficult to achieve quantitative transfer of proteins
over a wide size range (2). Probably for this reason, it was also
impossible to get a band for the largest multimer (torA-GFP6)
(Fig. 1). Note that the smaller degradation products blot more
readily, and therefore their prevalence is exaggerated in the
blot (2).

Effects of GFP overexpression. The pBad24 expression vec-
tor system uses the Py, promoter and shows moderately high
expression levels in the presence of the inducer arabinose.
However, the level of expression can vary considerably in in-
dividual cells. For FRAP measurements, cells were induced
with a high level of arabinose (up to 133 mM). For each
construct, the highest usable concentration was determined
microscopically. If the concentration of the inducer is too high,
GFP aggregates and/or inclusion bodies become visible (see
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TABLE 1. Diffusion coefficients determined for GFP constructs in the cytoplasm of E. coli cells (unless indicated otherwise)”

Protein’ Molecular D (ums ) Treatment eference
GFP in water 27 26
GFP 27 7.7 *25 Induced with 100 uM IPTG* 6
GFP 27 3.6+0.7 Induced with 1 mM IPTG 6
EYFP 26.5 7.08 0.3 12
GFP-His, 27+ 40*20 6
cMBP-GFP 72 25+ 0.6 6
CheY-GFP 41 46*+08 3
CFP-CheW-YFP 71 1.5 +0.05 12
CFP-CheR-YFP 86.2 1.7 = 0.05 12
torA-GFP 30 9.0*+21 Cephalexin 18
GFP 27 9.8 £3.6 Cephalexin 28
GFP 27 04 =03 After osmotic upshock with NaCl 28
GFP 27 63 1.1 25
GFP 27 3.1x1.0 After osmotic shock 25
torA-GFP2 in AtatABCDE strain 57 75+39 Cephalexin, 2% arabinose This study
GFP2 27 91*5.1 Cephalexin This study
torA-GFP2 57 8342 Cephalexin, 500 wM arabinose This study
torA-GFP3 84 6.3 *+2.6 Cephalexin, 200 wM arabinose This study
torA-GFP4 111 55*+19 Cephalexin, 1 mM arabinose This study
torA-GFP5 138 28 £ 1.5 Cephalexin, 800 WM arabinose This study
AmiA-GFP 58 1.8 0.8 2% arabinose This study
AmiA-GFP 58 1.8 =12 Cephalexin, 2% arabinose This study
AmiA, sp-GFP 58 7.1 +3.6 Cephalexin, 2% arabinose This study
NIpA-GFP 55 21+14 Cephalexin, 2% arabinose This study
NIpA,,; 5-GFP 55 27+32 Cephalexin, 2% arabinose This study

“ The techniques used were FRAP and photoactivation of a red-emitting fluorescence state of GFP (6), fluorescence correlation spectroscopy (3), confocal FRAP
(12, 18), pulsed FRAP (28), and continuous photobleaching with evanescent illumination (25).
? EYFP, enhanced yellow fluorescent protein; cMBP, cytoplasmic maltose-binding protein.

¢ IPTG, isopropyl-B-D-thiogalactopyranoside.

Fig. S1 in the suppplemental material). When induced with 500
wM arabinose, the elongated E. coli cell shows a bright and
uniform distribution of torA-GFP2 fluorescence in the cytoplasm;
overexpression with 1 mM arabinose results in aggregation of
torA-GFP2. This problem became even more obvious with the
torA-GFP6 constructs, in which induction with a range of differ-
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FIG. 1. Size of GFP-tagged constructs expressed in E. coli DH5a.
Proteins of the cytoplasmic fraction were separated by 10% denaturing
SDS-PAGE and immunoblotted using antibodies to GFP. Lanes: A,
torA-GFP; B, torA-GFP2; C, GFP2; D, torA-GFP3; E, torA-GFP4; F,
torA-GFP5; G, torA-GFP6; and H, empty vector.

ent arabinose concentrations (from 200 M to 1.5 mM) led only
to either very weak fluorescence or GFP aggregates. The bright,
uniform fluorescence needed for FRAP measurements could
not be obtained for this construct.

Diffusion of GFP multimers in the cytoplasm. FRAP mea-
surements as previously described and illustrated (18) were
used to determine the diffusion coefficients for GFP multimers
(from torA-GFP2 to torA-GFPY) in the E. coli cytoplasm. In
all cases, expression levels were chosen to give a bright and
uniform loading of GFP fluorescence in the cytoplasm, without
detectable aggregates or inclusion bodies. E. coli cells were
elongated by treatment with cephalexin: this gives highly elon-
gated cells with a continuous cytoplasm containing no diffusion
barriers (6, 18). The use of elongated cells allows much more
accurate estimation of D because diffusion in the cytoplasm is
so rapid that in normal-size cells fluorescence almost com-
pletely reequilibrates during the bleaching (18).

The results from our FRAP measurements are shown and
compared with those from other studies in Table 1. Our results
for the GFP multimers show a trend of decreasing mean D
with increasing molecular size (as illustrated in Fig. 2). An
analysis of variance (ANOVA) test showed that the probability
of the null hypothesis (all measured diffusion coefficients are
the same) is 0.001 (F value, 6.749), indicating a relationship
between size and mobility. Although there is a clear trend of
decreasing D with increasing size, the effects of adding one
additional GFP molecule up to GFP4 were not significant.
Unpaired ¢ tests gave the following P values: torA-GFP2 com-
pared to torA-GFP3, P = 0.221; and torA-GFP3 compared to
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FIG. 2. Diffusion coefficients for GFP-tagged proteins in the E. coli
DHS5a cytoplasm. The mean diffusion coefficient = SD is shown.
“GFPn” represents multimers of torA-GFP from GFP1 to GFP5 (from
left to right), as described in the text. The line shows the mean pre-
dicted D (£ SD [gray-shaded area]) estimated by using the Einstein-
Stokes equation to extrapolate from data for GFP1 (18) to larger
proteins. Note that GFP multimers up to GFP4 show diffusion coef-
ficients in line with this prediction. M, molecular mass.

torA-GFP4, P = 0.441. Only the transition from torA-GFP4 to
torA-GFP5 led to a significant decrease in D with P = 0.0025.
The TorA signal peptide does not perturb GFP mobility.
Our GFP multimers were assembled with an N-terminal TorA
signal peptide. Although this did not result in any detectable
translocation to the periplasm under our conditions, it is con-
ceivable that an interaction with the twin-arginine translocon
of the plasma membrane could influence diffusion. To check
this possibility, we carried out two controls. First, torA-GFP2
was expressed in the E. coli strain MC4100 AtatABCDE (29)
lacking the twin-arginine translocon. The diffusion coefficient
measured (Table 1) did not show any significant difference
(P = 0.684) from the value obtained for torA-GFP2 in strain
DH5a. We also constructed a GFP dimer (GFP2) lacking the
TorA signal peptide and expressed it in DHS5«. Again, the
diffusion coefficient did not differ significantly from torA-GFP2
in DHS« (Table 1). The Western blots (Fig. 1) suggest efficient
cleavage of the TorA signal sequence in the cytoplasm of
DH5«, which may explain its lack of influence on diffusion.
Comparison of the size dependence of D with the predictions
of the Einstein-Stokes equation. The Einstein-Stokes equation
for diffusion of spherical particles in a classical fluid predicts
that D should be inversely proportional to radius, according to
the equation D = kzT/6mma, where kj is Boltzmann’s constant,
T is absolute temperature, v is viscosity in Pa - s, and a is the
molecular radius. The relation can be used to predict diffusion
coefficients for GFP multimers, taking the approximation that
mean radius is proportional to volume'?, which is in turn
proportional to N3, where N is the number of GFPs in the
multimer. It should be noted that the approximation is quite
crude as tandem repeats of GFP may behave more like a
polymer chain than a globular protein. Values for the diffusion
coefficient of monomeric GFP (Table 1) are very similar to the
diffusion coefficient of 9.0 = 2.1 wm? s~' measured for torA-
GFP (18). The gray-shaded area in Fig. 2 shows an extrapola-
tion from the measurement for torA-GFP to give a mean
prediction (* standard deviation [SD]) of D for the GFP
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FIG. 3. Cellular location of AmiA-GFP, NIpA-GFP, and modified
forms of these proteins lacking the TatA signal peptide (AmiA, gp-
GFP) and the lipobox (NIpA,,,; s-GFP). E. coli DH5« cells expressing
the constructs were fractionated into periplasmic (P), membrane (M),
and cytoplasmic (C) fractions, and Western blots were performed with
anti-GFP antibody.

multimers. Comparison with the experimental values shows
that from GFP1 to GFP4, there is a good match with the
predictions of the Einstein-Stokes equation. However, D for
GFP5 falls significantly below the value extrapolated from
torA-GFP.

Diffusion of GFP-tagged AmiA. For comparison with the
diffusion coefficients of GFP multimers, we produced E. coli
cells expressing GFP-tagged variants of two indigenous
periplasmic proteins, AmiA and lipoprotein 28 (NIpA). Both
proteins have molecular weights similar to those of GFP;
therefore, the GFP-tagged variants are comparable in size to
GFP2. AmiA is a 31-kDa amidase, which exhibits a predicted
signal peptide with the consensus twin-arginine motif (1) at the
N terminus and has been shown to be a Tat substrate for
export to the periplasm (10). Western blotting confirmed the
predicted size of AmiA-GFP (Fig. 3). GFP can be exported in
fluorescent form to the periplasm via the Tat pathway (al-
though not via the Sec pathway) (27). However, when overex-
pressed from the Py, promoter, AmiA-GFP is not translo-
cated into the periplasm. There was significant association with
the membrane, with the construct partitioned between the
membrane and cytoplasmic fractions (Fig. 3). Overexpression
of AmiA-GFP with 133 mM arabinose led to significant cell
elongation, allowing FRAP measurements to be carried out
without cephalexin treatment. A diffusion coefficient of 1.8 =
0.8 um? s~ ! (mean * SD; n = 10) for AmiA-GFP was mea-
sured. As a control, we also measured AmiA-GFP diffusion in
cephalexin-treated cells, obtaining a value of 1.8 = 1.2 pm?*s ™"
(mean = SD; n = 10). The diffusion coefficient for AmiA-GFP
is significantly lower than that for the similar-size GFP2 con-
struct, which could be due to a tendency of the chimeric pro-
tein to associate with the membrane (Fig. 3) via the Tat signal
peptide. To test this idea, amid was amplified without the
signal sequence and tagged with GFP. For AmiA, ¢p-GFP, a
diffusion coefficient of 7.1 = 3.6 um? s~ ! (mean = SD; n = 10)
was measured with no significant difference (P = 0.488) from
the GFP multimer of similar size (GFP2). Overexpression of
the modified protein did not lead to cell elongation, so cells
had to be treated with cephalexin for FRAP measurements.
Western blots revealed no attachment to the plasma mem-
brane for AmiA, gp-GFP (Fig. 3).

Diffusion of GFP-tagged lipoprotein 28. The nilpA gene en-
codes a 28-kDa lipoprotein associated with the periplasmic
side of the plasma membrane (lipoprotein 28) (17, 31). The
estimated size for the chimeric protein of 55 kDa was verified
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by Western blotting (Fig. 3). Overexpressed (133 mM arabi-
nose) NIpA-GFP showed an even distribution in the cyto-
plasm, without translocation to the periplasm (Fig. 3). The
measured diffusion coefficients for this construct showed great
variance (Table 1). The overall mean diffusion coefficient was
2.1 * 1.4 wum? s~ (= SD; n = 34). Individual cells showed no
obvious differences in expression level, size, or GFP distribu-
tion in the cytoplasm. The images give no clear indication of
attachment of NIpA-GFP to the membrane. However, West-
ern blots (Fig. 3) show a significant proportion of NlpA-GFP in
the membrane fraction as well as in the cytoplasm.

NIpA has the typical lipobox (LB) (L-[A/S/T]-[G/A]-C) (8)
and an aspartate residue in the +2 position after the fatty-
acylated cysteine (underlined), which is required for plasma
membrane lipoproteins (21). In an attempt to modify NIpA-
GFP association with the membrane, a modified version
(NIpA,,.; 5-GFP) was produced by amplifying nlpA without the
lipobox. The +2 aspartate was replaced by a methionine, and
the modified protein was tagged with GFP. Western blotting
for the modified protein showed no attachment to the mem-
brane (Fig. 3). When induced with 133 mM arabinose, the
diffusion coefficient for the modified construct showed an even
wider range of values in different cells, with a mean of 2.7 = 3.2
pum?s~! (= SD; n = 26).

DISCUSSION

The results presented are from a systematic study of the
effects of protein size on diffusion coefficient in the cytoplasm
of E. coli, using engineered multimers of GFP expressed from
the arabinose-induced pBAD24 vector. Western blots (Fig. 1)
confirm that the proteins have the expected size, with only
limited cleavage in the cytoplasm. For constructs with sizes up
to 138 kDa (GFP5), we were able to find levels of induction
which gave bright, evenly distributed GFP fluorescence in the
cytoplasm, without visible aggregates or inclusion bodies—
conditions that allowed the use of confocal FRAP as previously
described (18) to measure the diffusion coefficient of the con-
struct. As in some other studies (6, 18, 28), E. coli cells were
elongated by treatment with cephalexin. The elongation was
necessary to obtain accurate diffusion coefficients for con-
structs diffusing rapidly in the cytoplasm. Cephalexin-treated
cells have a continuous cytoplasm without diffusion barriers
(6), and studies on diffusion of monomeric GFP give compa-
rable results with and without cephalexin treatment (Table 1).
For GFP6 (165 kDa), we could not obtain good levels of
expression without also getting a very inhomogeneous distri-
bution of GFP fluorescence, with much of the protein concen-
trated into aggregates or inclusion bodies; therefore, no diffu-
sion coefficient was obtained for this construct.

Results for diffusion coefficients of the GFP multimers are
summarized in Fig. 2, showing a clear dependence of GFP
diffusion coefficient on the size of the construct. The diffusion
coefficient decreases gradually with increasing size. Although
the trend is not severe, it is significant: an ANOVA test gives
a probability of only 0.001 that there is no correlation of size
and diffusion coefficient. Figure 2 also indicates the extent to
which the size dependence of the diffusion coefficient conforms
to the Einstein-Stokes equation for diffusion in a classical fluid,
showing the expected diffusion coefficients for larger proteins
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extrapolated from the measured diffusion coefficient for GFP1.
Up to GFP4 (111 kDa), the mean diffusion coefficient falls
close to the Einstein-Stokes prediction for a viscous fluid. This
suggests that proteins up to this size do not encounter signif-
icant diffusion barriers due to macromolecular crowding or a
meshwork of macromolecular structures in the cytoplasm.
Note, however, that it is likely that proteins in this size range
will encounter size barriers if the cytoplasm is shrunk and
concentrated by osmotic stress (28). The mean diffusion coef-
ficient for the GFP5 construct falls significantly below the
expectation from the Einstein-Stokes equation (Fig. 2), and
this may provide the first indication of a size limit for protein
diffusion in cells that are not subject to osmotic stress.

Another recent study in E. coli indicates a very much steeper
reduction in cytoplasmic protein mobility with protein size
than we observed (12). The discrepancy could be explained by
the nature of the proteins used, since all of the larger protein
constructs used by Kumar et al. (12) contain elements of native
cytoplasmic E. coli proteins. We suggest that it is the specific
interactions of these proteins, rather than simply their size,
that led to the drastically slower diffusion of the larger con-
structs.

Our results indicate that in the absence of specific interac-
tions with other cell components, protein diffusion rates in the
E. coli cytoplasm are quite predictable, at least within the
range from 27 to 111 kDa. They also suggest that any protein
within this size range that diffuses significantly slower than the
expected diffusion shown in Fig. 2 must be slowed by specific
interactions with other cell components. The deviation from
the expectation in Fig. 2 could be used to estimate the drag due
to these interactions. An example from the literature is the
CheY chemotaxis signal transduction protein, which, when
conjugated with YFP, has a size of about 41 kDa (3, 22). On
the basis of Fig. 2, we would predict a diffusion coefficient of
about 8 wm? s~ !; thus, the measured diffusion coefficient of
4.6 = 0.8 pum? s~ ' (3) suggests drag due to binding to interac-
tion partners in the cytoplasm. To further illustrate this point,
the diffusion coefficients for two indigenous E. coli proteins
tagged with GFP, AmiA and lipoprotein 28, were determined.
Both have mean diffusion coefficients well below the expecta-
tion for GFP multimers, and NIpA-GFP additionally shows a
much greater variation in diffusion coefficient from cell to cell,
indicative of complex and variable interactions in the cell (Fig.
2). Cell fractionation and Western blotting indicate some in-
teraction with the cell membrane in both cases (Fig. 3). In the
case of AmiA, we were able to prevent membrane interaction
by truncating the protein to remove the TAT signal peptide,
and the truncated protein, AmiA  qp-GFP, showed a diffusion
coefficient close to the expectation from GFP multimers (Fig.
2). With lipoprotein 28, removal of the lipobox led to loss of
membrane interaction, as judged from cell fractionation and
Western blotting (Fig. 3). However, the diffusion coefficient
remained low on average and very variable from cell to cell
(Fig. 2). AmiA is indigenous to the periplasm and therefore
may lack interaction partners in the cytoplasm, leading to rapid
diffusion in the cytoplasm once the membrane association is
lost. The slow and variable diffusion of lipoprotein 28 suggests
strong interactions in the cytoplasm, even though it is indige-
nous to the periplasmic side of the membrane: interaction with
cytoplasmic chaperones is one possibility.
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A useful conclusion from this study is that for target proteins
from 27 to 84 kDa, GFP tagging has rather little effect on
protein mobility, provided that specific interactions of the pro-
tein are not perturbed. The approximation from the Einstein-
Stokes equation would suggest that addition of a GFP tag
should decrease the diffusion coefficient by a maximum of
about 13%, in the case of a freely diffusing target protein of 27
kDa. In all other cases (a larger target protein or one with
diffusion impeded by specific interactions), the effect of adding
the GFP tag will be even smaller. Experimentally, such small
changes are usually well within the standard deviation of the
measurement. For example, in the measurements reported
here, the addition of a single extra GFP molecule never re-
sulted in a statistically significant decrease in diffusion coeffi-
cient over the range from GFP1 to GFP4. Thus, observation of
GFP-tagged proteins in this size range can give an accurate
picture of the behavior of the native protein in the E. coli
cytoplasm. However, the results do give an indication of a size
limit between 111 and 138 kDa (Fig. 2). Beyond this size limit,
diffusion of proteins may be more strongly impeded by crowd-
ing or meshwork in the cytoplasm, and GFP tags that take a
target protein over the size limit are likely to significantly
perturb the behavior of the protein.
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