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Background:Overexpressed heterogeneous protein often exists as soluble and insoluble forms.
Results: Escherichia coli cells overexpressing heterogeneous �-galactosidase are mainly composed of two subpopulations with
soluble protein and inclusion bodies, respectively.
Conclusion: The ratio of soluble and insoluble protein is determined by the ratio of the two cell subpopulations.
Significance:Our data shed new light on the formation of the equilibrium between soluble and insoluble forms.

The mechanism by which inclusion bodies form is still not
well understood, partly because the dynamic processes of the
inclusion body formation and its solubilization have hardly
been investigated at an individual cell level, and so the impor-
tant detailed information has not been acquired for themech-
anism. In this study, we investigated the in vivo folding and
aggregation of Aspergillus phoenicis �-D-galactosidase fused
to a red fluorescence protein in individual Escherichia coli
cells. The folding status and expression level of the recombi-
nant �-D-galactosidase at an individual cell level was ana-
lyzed by flow cytometry in combination with transmission
electron microscopy and Western blotting. We found that
individual E. coli cells fell into two distinct states, one con-
taining only inclusion bodies accompanied with low galacto-
sidase activity and the other containing the recombinant sol-
uble galactosidase accompanied with high galactosidase
activity. The majority of the E. coli cells in the later state pos-
sessed no inclusion bodies. The two states of the cells were
shifted to a cell state with high enzyme activity by culturing
the cells in isopropyl 1-thio-�-D-galactopyranoside-free
medium after an initial protein expression induction in iso-
propyl 1-thio-�-D-galactopyranoside-containing medium.
This shift of the cell population status took place without the
level change of the �-D-galactosidase protein in individual
cells, indicating that the factor(s) besides the crowdedness of
the recombinant protein play a major role in the cell state

transition. These results shed new light on the mechanism of
inclusion body formation and will facilitate the development
of new strategies in improving recombinant protein quality.

Recombinant protein production plays a significant role in
both basic biological research and industrial protein engineer-
ing (1). Numerous heterogeneous protein expression systems
have been developed to produce target proteins, and among
them, the enterobacterium Escherichia coli is the most widely
used host cells for overexpressing recombinant proteins
because of its advantages of rapid growth, well studied genetic
features, and easy manipulation (1–3). However, the applica-
tion of E. coli in heterogeneous protein expression is signifi-
cantly limited by the frequently encountered problem that
overexpressed recombinant proteins fail to reach their correct
conformation. This may be caused by the lack of necessary
post-translational modifications, of folding modulators, or of
the control of the folding rates of large proteins in the crowded
E. coli cytoplasm (2, 4, 5). The misfolded proteins usually
undergo proteolytic degradation or, more frequently, are
deposited into insoluble aggregates called inclusion bodies
(IBs)4 (2). It was found that IBs are not the dead end of recom-
binant proteins, and IBs seem to be dynamic structures formed
by unbalanced equilibrium between soluble proteins and IBs in
E. coli (6). Although considerable progress has been achieved in
developing new strategies (1, 3, 7–10), the lack of a thorough
understanding of the formation of IBs in E. coli makes it often
impossible to predict whether a recombinant protein will be
soluble, partially, or completely deposited into IBs (11).
Protein folding andmisfolding are complex processes both in

vivo and in vitro (12, 13). The biophysical and biochemical
properties of IBs in E. coli, as well as in other host cells, have
been extensively studied in the past 20 years. IBs are porous
ovoids or cylinders with diameter around 1 �m (14, 15) and are
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composed of a high level (up to �90%) of target proteins (16,
17). The association behavior of misfolded proteins in IBs (18,
19) is similar to the amyloid-like fibrils found in many human
diseases (12, 17, 20–22). That is, partially folded proteins with
hydrophobic exposure specifically stick together via the forma-
tion of intermolecular �-sheet structures by a nucleation-de-
pendent mechanism (17). Thus, aggregates are formed by the
growth of protein polymers at a single or limited numbers of
seeds, which resulted in a low copy number of IBs in the E. coli
cell (20). The extent of the formation of IBs has been found to be
affected bymany factors, such as the amino acid sequence of the
recombinant protein, the induction temperature, the culture
condition, the rate of protein production and folding, and the
availability of essential chaperones (6, 23–26).
However, it is unclear yet how an individual cell responses to

the misfolding problem caused by recombinant protein over-
production. Single-cell studies provide an approach tomonitor
the inner cell information and its kinetic behaviors. Flow
cytometry is capable of making rapid, multiparametric, and
quantitative analyses at individual cell level (27–30). In this
study,�-galactosidase fromAspergillus phoeniciswas fused to a
red fluorescence protein (mRFP1), and flow cytometry was
applied tomonitor the kinetics of the fusion protein expression
and the �-galactosidase activity simultaneously at a single cell
level. Flow cytometry was also used to sort the cells with differ-
ent �-galactosidase activities that later were studied by the
other methods for their folding statuses. To our surprise, the
results indicate that IBs in a single E. coli cell followed a “only
IB-bearing” or “soluble protein-dominated” distribution, and
this two-state distribution was modulated into a single soluble
protein-dominated state by shifting cultured cells to IPTG-free
medium following an initial IPTG induction. This cell state
transition was not accompanied by a level change of the over-
expressed �-galactosidase protein in individual cells, suggest-
ing that factors beyond the crowdedness of the overexpressed
protein were involved in the process.

EXPERIMENTAL PROCEDURES

Strains and Vectors—All of the recombinant plasmids were
constructed following the standard DNA cloning procedure
(31) using E. coli strain Top10 (Invitrogen). The gene encod-
ing A. phoenicis �-D-galactosidase was cloned from vector
APCD6 (a gift provided by Dr. Zhiyang Dong in Institute of
Microbiology of Chinese Academy of Sciences) by PCR using
Pfu polymerase and the following primers: Gal-NheI-F,
ATACGCGCTAGCATGAAGCTTTCCTCCGCTTG, and Gal-
SacI-R, ATACGCGAGCTCGGTACCGTATGCACCCTTC-
CGCTTCTT. The PCR fragment was digested with NheI and
SacI and ligated into the expression vector pET28a(�) (Nova-
gen), resulting in the pET28-galactosidase vector encoding
�-D-galactosidase sequence. The gene for RFP (mRFP1) was
PCR-amplified from the vector pmRFP-N1 using primers:
mRFP-KpnI-5�, ATACGCGGTACCGCCTCCTCCGAGGAC
GTCAT, and mRFP-NotI-3�, ATACGCGCGGCCGCTTAA-
GATCTGGCGCCGGTGG. The PCR fragment was digested
with KpnI and NotI and then ligated into pET28-galactosidase
with a two-amino acid linker to avoid possible conformational
interference between the adjacent domains. The final vector

pET28-galactosidase-mRFP1 encoded the sequence of �-D-ga-
lactosidase fused by a His6 tag sequence at the N terminus and
the mRFP1 sequence at the C terminus.
Expression of the fusion protein was done in the E. coli strain

Rosetta(DE3)pLysS (Novagen). A fresh single colony of the
Rosetta(DE3)pLysS cells harboring the expression plasmids
was picked and grown overnight at 37 °C in 2 ml of LBmedium
with the addition of 50 ng/ml kanamycin. The cultures were
then inoculated in fresh LB medium (1:100) with 50 ng/ml
kanamycin in 5-ml culture volume and grown at 200 rpm to
reach an A600 value of 0.5–0.6 or designated values. Recom-
binant protein production was induced by the addition of
given amounts of IPTG, followed by incubation for the given
hours at 37 °C. The bacterial cells were harvested by centrif-
ugation at 8000 � g for 5 min, washed twice with 20 mM PBS
buffer (pH 7.0), and then suspended in the PBS buffer for
further analysis.
Single-cell �-D-Galactosidase Assay—The staining reagent

C12-fluorescein-di-�-D-galactopyranoside was added to the
harvested cell cultures to a final concentration of 20 �M. The
reaction was carried out at 37 °C in a water bath for 1 h. After
the substrate loading, phenylathylthio �-D-galactoside, a
reversible inhibitor of�-D-galactosidase, was added to the reac-
tion solutions to quench the staining reaction. Cell suspension
of 100 �l was harvested at 4000 rpm for 5min at 4 °C, washed
twice in PBS buffer, and then the samples were diluted 1:100 to
perform the flow cytometry analysis.
Flow Cytometry Analysis—Bacterial cells were analyzed on a

FACSCalibur flow cytometer or sorted with a FACSVantage
Diva flow cytometer. The samples were illuminated with a
water-cooled argon ion laser at 488 nm. Analytical flow cytom-
etry histograms were recorded and analyzed using standard
procedures provided by the manufacturer.
Transmission Electron Microscopy Analyses—The cell sam-

ples were collected using the same procedures as those for the
flow cytometry analysis. The cells were fixed in 2.5% glutaral-
dehyde for 24 h and post-fixed in 2% OsO4 for 2 h. After dehy-
dration by gradient concentrations of ethanol, the sampleswere
embedded in Epon812 and polymerized at 60 °C. Ultrathin sec-
tions (50 to 70 nm) were double stained by uranyl acetate and
lead citrate. The analysis was performed on a transmission elec-
tron microscope (FEI Tecnai 20) at 120 kV.
Western Blotting—The harvested cells were disrupted by

sonication in an ice bath. Fractionation of the supernatant and
precipitation proteins was performed by centrifugation of the
sonicated cells for 10 min at 10,000 rpm in a microcentrifuge.
Soluble and insoluble proteins with high and low activity were
resolved on 10% SDS-PAGE gel and then were transferred to a
polyvinylidene difluoride membrane. The membrane was
probed consecutively with the primary and peroxidase-conju-
gated secondary antibodies, and the signal was detected using
SuperSignal West Pico Chemiluminescence Substrate system
(product number 34077; Pierce). The primary and secondary
antibodies used in this study are mouse anti-His tag antibody
(Sigma) and peroxidase-conjugated anti-mouse IgG (w4021;
Sigma).
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RESULTS

Recombinant �-Galactosidase from A. phoenicis Used as
Model to Study Protein Folding States in Individual Cells—
�-Galactosidase, a hydrolase that catalyzes thehydrolysis of�-gal-
actosides into monosaccharides, is frequently used as a reporter
enzyme in E. coli. The activity of �-galactosidase in vivo can be
detected by monitoring the hydrolytic extent of the fluorogenic
substrate C12-fluorescein-di-�-D-galactopyranoside, which can
produce a green fluorescent product that is retained inside the cell
(32). In this study,�-galactosidase fromA. phoeniciswas used as a
model systemtodetect the folding statusofheterogeneous recom-
binant proteins overexpressed in E. coli. A red fluorescence pro-
tein (mRFP1) was fused to the C terminus of �-galactosidase to
monitor the in vivo level of gene expression (33). Flow cytometry
was used to simultaneously monitor �-galactosidase activity and
red fluorescence intensity ofmRFP1 of the�-galactosidase-mRFP
fusion protein in individual E. coli cells. In this manner, we
intended to establish a quantitative relationship between �-galac-
tosidase activity and its folding status at the same expression levels
in individual cells.
The red fluorescence protein mRFP1 is a very fast folder and

matured 10 times faster than its parent version, DsRFP (34). To
test the suitability of mRFP1 for monitoring the expression lev-
els of the�-galactosidase-mRFP1 fusion protein, we carried out
the following experiments. The protein production was
induced by 0.5 mM IPTG at 37 °C for the designated times. The
mRFP1 fluorescence increased very fast and almost reached the
plateau at 4 h, and the red fluorescence dynamic changes largely
paralleled to the total expressed �-galactosidase-mRFP1 levels
measured by Western blotting (Fig. 1). In contrast, �-galacto-
sidase activity was still at a very low level at 4 h and increased at
later times (Fig. 1A). These results suggest that the mRFP1 in
the fusion protein folds fast largely independent of the �-galac-
tosidase folding status and that themRFP1 fluorescence is suit-

able for monitoring the fusion protein levels in individual cells.
In the experiments of the following sections, the mRFP1 fluo-
rescence was shown to change little in both soluble and insol-
uble forms of �-galactosidase-mRFP1 fusion protein (see Fig.
3), as well as in both inclusion bodies and the other cellular
parts (see Figs. 5B and 7, A and C), further confirming the suit-
ability of mRFP1 as an indicator of �-galactosidase-mRFP1
levels.
Recombinant �-Galactosidase Existed as Only One of Two

Dominant Distinct Folding Statuses in Each Individual Cell—
After the induction for 2 h, three dominant populations (R1, R2,
and R3) appeared on a flow cytometric plot of side scattering light
versus forward scattering light (Fig. 2A). The dot signals in the
lower part of the plot were from the background and appeared
when running cell-free PBS through the cytometer (supplemental
Fig. S1). Side scattering light and forward scattering light reflect
the intracellular granularity and cell size, respectively (28). Most
IPTG-induced cells fell into the R1 region, and these cells were
large and highly granular. The R3 region contains a small number
of cells (�0.47% of the total cell population between 0 and 10 h
after adding IPTG)with large cell sizes but little granularity (Fig. 2,
A and B). The cells in the R2 region were small with little granu-
larity (Fig. 2A). These cells had very low level of RFP fluorescence
intensities, suggesting that these cells expressed the recombinant
protein at very low levels or did not express the recombinant pro-
tein (Fig. 2F). In contrast, the cells in the R1 andR3 regions shared
significantly higher red fluorescence intensities, suggesting that a
larger cell size reflects highproteinproduction inE. coli, whereas a
small size reflects no or very low protein production in E. coli.
The activity of the recombinant �-galactosidase in the three

populations was investigated by monitoring the green fluores-
cence by flow cytometry (Fig. 2, C and E). The green fluores-
cence intensity in R2 region was very low, and the peak value
was largely overlapped with that of the negative control cells,
indicating that the�-galactosidase activity of the fusion protein
was very low in these cells (Fig. 2D). A single peakwith very high
�-galactosidase activity was found in the R3 region cells (Fig. 2,
C and E), suggesting that the recombinant proteins were well
folded to its active form. Interestingly, two distinct peaks were
identified in the R1 region after culturing in IPTG containing
medium for 6 h or longer times according to their different
green fluorescence intensities: a low intensity peak and a high
intensity peak (Fig. 2C). This result suggests that therewere two
dominant states of E. coli cells in the R1 region: one containing
the recombinant�-galactosidase-mRFP1with high activity and
the other bearing the enzyme with very low activity. The differ-
ence in the �-galactosidase activity of these two states was not
due to the disparity of transcription or translation of the recom-
binant proteins because there was only a single peak of the red
fluorescence level in the R1 region cells (Fig. 2B, bottom row).
Similar two-activity cell populations also appeared when the
�-galactosidase-mRFP1 formwas replaced by the�-galactosid-
ase (supplemental Fig. S2); thus, the distribution reflects the
genuine folded statuses of the �-galactosidase but not only
those of the �-galactosidase-mRFP1 fusion protein. Because
the cells in R2 region had almost no expression of the recombi-
nant protein (Fig. 2F) and the R3 region contained very few cells
relative to those of the total population (Fig. 2D), we will not

FIGURE 1. The expression level and fluorescence intensity of mRFP in the
fusion protein. A, the �-galactosidase activity (green fluorescence intensity)
and RFP intensity of the recombinant cells for designated times. B, Western
blotting analysis of the recombinant protein at the designated times. Cell
lysates from equal numbers of cells (1 � 108 cells/sample), after being
induced for 2, 4, 6, 8, and 10 h, were loaded for Western blotting. The levels of
the total recombinant protein were monitored by anti-His antibody. Both
flow cytometric and Western blotting results were the averages of three
repeated experiments.
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further discuss these two cell populations but focus on the cells
in the R1 region.
To further confirm the above finding,Western blotting anal-

ysis of the recombinant protein was performed for the two cell
subpopulations with respectively low and high levels of �-ga-
lactosidase activity in R1 region. The two bacterial subpopula-
tions were sorted by flow cytometry based on different green
fluorescence levels but within the same intensity scale of red
fluorescence to ensure the same expression levels of the recom-
binant proteins (Fig. 3A). After ultrasonication and centrifuga-
tion, the supernatants and pellets were analyzed by SDS-PAGE,
followed by Western blotting (probed with His tag antibody).
The results in Fig. 3B clearly indicate that the high �-galacto-
sidase-activity proteinwas fully soluble, whereas themajority of
the low �-galactosidase-activity protein was detected in the
precipitated part and only a very small fraction in the soluble
fraction. The above data together suggest that there are two
subpopulations of expressing �-galactosidase-mRFP1 recom-
binant protein with distinct folded statuses of the protein.
Because a fresh single colony of the bacteria was picked for each
of the experiments in this study, the distinct statuses of the cells
were not derived from a starting mixed population.
Effects of IPTG Concentration on Ratio of Two Cell Popula-

tions with Distinct �-Galactosidase Activities—IPTG concen-
tration in medium is commonly known as an important factor
influencing IB formation through inducing different rates of
protein synthesis. Therefore, in this study IPTG concentration
was tested for its effect on the two-state distribution of the cells
that express recombinant �-galactosidase (Fig. 4). After induc-
tion for 5.5 h at 37 °C, no significant change was observed for

the intensity of the red fluorescence from mRFP1 when IPTG
concentration was increased from 0.1 mM to 2 mM (Fig. 4C),
whereas the percentages of the high activity cells were different
at different IPTG concentrations, and its maximum value of
�27% appeared at IPTG concentration � 0.5 mM (Fig. 4,A and
B). The above experimental results suggest that the distribution
of the low and high activity cells is an important intermediate
parameter through which changing IPTG concentration alters
the ratio of IB to soluble recombinant protein in the whole cell
population in R1 region.
Effects of Conditioned LB Medium on Ratio of Two Cell Pop-

ulations with Distinct �-Galactosidase Activities—The above
experimental data indicate that IPTG concentration is a major
factor that influences the distribution of the cells bearing the
recombinant protein with different folded statuses. We asked
whether IPTG exerts its role in making the slightly active
recombinant enzyme through inducing too much protein in a
short time. After being induced by 0.5mM IPTG at 37 °C for 4 h,
the cells were harvested by centrifugation and washed twice
with fresh LBmedium. The cells were recultured in prewarmed
conditioned LB medium, which was collected from a bacterial
culture without IPTG for 4 h at 37 °C by centrifuging and
removing E. coli. The cell samples were then collected at 2-h
intervals. As shown in Fig. 5B, removing IPTG did not signifi-
cantly change the RFP intensity, indicating similar expression
levels of recombinant protein. However, the percentage of high
activity cell population was increased remarkably by culturing
in IPIG-free conditionedmedium (Fig. 5,A andC). The precon-
ditioned medium was used to keep everything else the same
except IPTG for the experiments. We also replaced the old

FIGURE 2. The in vivo �-galactosidase activities of the recombinant fusion protein detected by flow cytometry. A, three population cells induced by IPTG.
The recombinant cells were induced by 0.5 mM IPTG at 37 °C for 2 h. The cell size (reflected by forward scattering light) and granularity (reflected by side
scattering light) of individual E. coli cells were analyzed, and three cell populations (R1, R2, and R3) were identified. The three cell populations existed between
2 and 10 h (see B). B, R1 region cells. The recombinant cells were induced by 0.5 mM IPTG at 37 °C for designated times. Top row, three dominant cell populations
(R1, R2, and R3) in dot plots were characterized. Middle row, RFP fluorescence intensities versus �-galactosidase activities in R1 region were shown in dot plots.
Bottom row, RFP fluorescence intensities in R1 regions were demonstrated in histogram plots. C, �-galactosidase activities of the total and three populations
demonstrated in flow cytometric histogram plots. D, the percentages of R1, R2, and R3 cell populations during the cell culturing in IPTG-containing medium.
The culturing conditions were the same as in B. The percentages of each population were calculated on the base that the three populations were 100% at any
time. E, the �-galactosidase activities of the three cell populations. F, RFP intensities of the three cell populations.

Distinct States of E. coli Cells Expressing Heterogeneous Protein

9262 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 12 • MARCH 16, 2012



medium with a freshly prepared LB medium devoid of IPTG,
and the result was similar to that using the preconditioned
medium (supplemental Fig. S3). The above results together
suggest that the replacement of IPTG-containingmediumwith
IPTG-freemedium significantly enhances the percentage of the
high activity cells. We added tetracycline to the medium (to
inhibit protein translation) to confirm the above phenomenon
that the cell state shifting was not due to the reduction of the
recombinant protein level in individual cells. After induction
for 4 h, the cells were either washed or left unwashed and then
incubated for further 4 h. The data showed that adding 10
�g/ml tetracycline has no obvious effect on both the enzyme
activity of the R1 cells and the percentage of the high activity
cells in bothwashed and unwashed cells (Fig. 6). The “no effect”
is not because tetracycline did not inhibit translation, because
adding tetracycline to cells at 0 h completely blocked the trans-
lation of the recombinant protein (Fig. 6).
Effects of Conditioned LB Medium on Percentages of IB-free

Cells Identified by Transmission Electron Microscope—The
above experimental results show that IPTG removal shifts the
distribution between the cells containing high and low activity
recombinant �-galactosidases. Fig. 3 demonstrates that the

majority of the �-galactosidase-mRFP1 in the low activity cells
was insoluble, whereas the enzyme proteins in the high activity
cells were soluble. We inferred that the majority of �-galacto-
sidase-mRFP1 in the low activity cells is in the IB form and the
�-galactosidase-mRFP1 in the high activity cells are in the sol-
uble non-IB form. An investigation using transmission electron
microscopy demonstrated that there were mainly two types of
the IPTG-induced unwashed cells regarding their internal pro-
tein distribution (Fig. 7A). One type contained small dense
patches, and the rest contained large areas that appeared dark.
The dense patches are most likely to be IBs as reported previ-
ously (35, 36), whereas the dark areas probably contained no or
little recombinant protein. Some of this type of cells also con-
tained less dense materials besides small dense patches. The
other type of cells contained many less dense patches in much
larger areas of the cells. These two morphologies might corre-
spond to the two-state distribution of enzyme activity. Consist-
ent with this suggestion, the majority of the washed cells
(IPTG-induced only for 4 h and incubatedwithout IPTG for the
rest of the time) contained less dense white materials in amuch
wider area and thin pale materials over the whole cell (Fig. 7A).
The randomly picked “feature-free areas” in the unwashed and

FIGURE 3. Western blotting analysis of the cells with high or low �-galactosidase activity in the R1 population. A, 5 � 106 cells induced 5.5 h with IPTG
were first gated by flow cytometry according to the equal intensity of red fluorescence to ensure an identical expression level of recombinant proteins and then
were sorted into two populations according to the intensity of green fluorescence. B, these two sorted populations, the high activity population and low
activity population, were then collected and treated by ultrasonication followed by centrifugation. The supernatants and pellets of centrifugation were
analyzed by Western blotting. Lysates from equal numbers of both cell population were loaded for Western blotting analysis.
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washed cells were amplified six times. The “featureless areas” in
the washed cells obviously contained clearly observable mate-
rials, in sharp contrast to the randomly picked dark areas in
unwashed cells (Fig. 7B). If IB-free cells are defined as the cells
containing loose white materials and possessing no dark area,
the number of inclusion body-free cells was much increased
(37.5–91.2% of the total cells at 10 h) after the removal of IPTG
(Fig. 7C, white bars). This result suggests that IPTG withdraw
increases the percentage of the IB-free cells. It is clear that the
low activity cells almost disappeared, and the high activity cells
accounted for 98% of R1 cells after being washed and cultured
in IPTG-free conditioned medium for 6 h (Fig. 5, A and C).
Therefore, the cells containing very dense patches, as well as
loose patches and thinwhitematerials in awide area (7.1%of R1
cells at 10 h), are very likely to be in the groupwith high enzyme
activity. In summary, there were two cell states: one in which
white thin materials existed in all the intracellular space and
another in which there were no discernable materials in the
majority of the intracellular space; the percentages of the two
types of cells correlated respectively with the percentages of the
high and low enzyme activity R1 cells.

DISCUSSION

In this study three dominant groups of an E. coli cell popula-
tion overexpressing �-galactosidase-mRFP1 fusion protein
were identified in side scattering light versus forward scattering
light plots (Fig. 2, A and B). Red fluorescence was shown to be
able tomeasure the fusion protein levels in individual cells (Fig.

1), and green fluorescence was shown to distinguish the indi-
vidual cells bearing the highly active and soluble �-galactosid-
ase from those containing the slightly active and insoluble�-ga-
lactosidase (Figs. 2 and 3). The average enzyme activities of the
high activity enzyme-containing cells were 13.1–17.5-fold
those of the low activity enzyme-containing cells 4–10 h after
IPTG induction (supplemental Table S1). This capability of
simultaneously measuring multiple parameters in individual
E. coli cells by flow cytometry allowed us to identify a large-
sized and highly granular cell population as the major cells
overexpressing the recombinant protein and to find that these
cells consisted of two subpopulations containing, respectively,
the highly and slightly active �-galactosidase proteins. Further
analyses using flow cytometric sorting and Western blotting
indicates that the highly active enzyme-containing cells carried
only the soluble form of the recombinant protein, whereas the
slightly active enzyme-containing cells carriedmainly the insol-
uble form of this protein (Fig. 3). Transmission electron
microscopy analysis demonstrates that there were three types
of cells that were induced by IPTG to overexpress the recom-
binant protein (Fig. 7A, top row). In the first type of cells, very
dense patch(s) (IBs) were located in very small area(s), and
darkness filled in the rest of the areas. In the second type of cells,
loose whitematerials were located in very large areas or filled in
the whole intracellular space. A small number of the second
type of cells also contained IBs. In the third type of cells, the
darknesswas shown to occupy all of the area inside the cells.We

FIGURE 4. Effects of IPTG concentrations on the percentages of two �-galactosidase activity populations in the R1 region. A, the �-galactosidase activity
distribution identified by FL1 (green fluorescence) using flow cytometry. B, the percentages of two �-galactosidase activity populations. C, the red fluorescence
intensities of the R1 region cells. The cells were cultured for 5.5 h.
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infer that the first and second types of cell were, respectively,
the slightly and highly active enzyme-containing cells, and the
third type of cells did not overexpress the recombinant protein
or those that contained IBs (IBs were small in size and did not
appear in some demonstrated sections in transmission electron
microscopy analysis). Therefore, the IB-containing third type
of cells should also be included into those with low enzyme

activity. The above data suggest that the loose white material-
dominated cells are the highly active enzyme-containing cells,
whereas the dark IB-bearing cells are the slightly active
enzyme-containing cells. After IPTGwithdraw and further cul-
turing for another 6 h, the second type of cells, including IB-free
and IB-bearing cells (Fig. 7C), was increased to 98% of the R1
cells, and concomitantly the ratio of the high activity cells also
dramatically enhanced and accounted for 98.3% of the counted
cells (Fig. 7). This pair of data strongly supports the above sup-
position on the cell classification. We designated the dark and
IB-bearing cells asDIB cells, and the loosewhite-material-dom-
inated cells as LW cells (Fig. 8). Here we emphasize the loose
white and thin white materials in the whole intracellular space
or in the most space as a defining point for a high enzyme
activity cell. Some high enzyme activity cells, although contain-
ing IBs, fit into the above definition. The finding of the two
states of cells overexpressing the heterozygous �-galactosidase
can provide us with new insights into the mechanisms of IB
formation and reversion as discussed below.
The first hypothesis we propose here is that the other fac-

tor(s) besides the high concentration of overexpressed protein
can play a critical role in the equilibrium between soluble and
IB-included proteins. Evidence accumulated by many research
laboratories has suggested that IBs are formed when the con-
centration of partially folded polypeptides reaches a critical

FIGURE 5. Effects of IPTG removal after being induced for 4 h on the percentages of two �-galactosidase activity populations in the R1. A, the
�-galactosidase activity distribution without IPTG removal (top row) or when IPTG was removed (bottom row). B, RFP intensity. C, the percentages of high
activity populations.

FIGURE 6. Effects of tetracycline on the �-galactosidase activity profiles
in the R1 region. Tetracycline (10 �g/ml) was added to the medium to inhibit
protein translation. After induction for 4 h, IPTG was either washed or
reserved for a further 4 h of induction. The percentages of high activity pop-
ulations and enzyme activities were determined by flow cytometry detailed
under “Experimental Procedures.”
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FIGURE 7. Effects of IPTG removal on the percentages of non-inclusion body cells indentified by transmission electron microscopy. A, the noninduced
and IPTG-induced cells, as well as the cells first induced with IPTG for 4 h and then cultured in IPTG-free medium for the designated times, prepared and
observed by transmission electron microscopy. B, the detailed morphological difference of the featureless areas of the cells continually cultured in IPTG-
containing medium and the cells first induced with IPTG for 4 h and then cultured in IPTG-free medium. The featureless areas were purposely selected (for
example areas 1 and 2) from A of this figure and amplified six times. White materials were clearly notable in the featureless areas of washed cells. C, the
percentages of the cells with the following features: IB-containing accompanied with darkness in the rest of the large area (black bars, A), IB-bearing and loose
white material-dominated (hatched bars, B), and IB-free and loose white material-dominated (white bars, C). The completely dark, small and hollow cells were
not counted. At least 200 cells were counted for each bar from randomly selected microscopic photographs. U, unwashed; W, washed.

FIGURE 8. A speculative model of two distinct states of cells overexpressing the heterogeneous �-galactosidase. The white blocks stand for inclusion
bodies. The gray area only appears in high enzyme activity cells (right in the equilibrium). The particulate-like materials spread in the cell represents loose form
of heterogeneous �-galactosidase. We classify the right two types of cells as one state (LW, high activity and soluble protein-dominant) and the left type of cells
as another state (DIB, low activity and only IB-containing).
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level (18, 25, 26, 28–30). Indeed, the importance of the crowd-
edness of newly synthesized proteins in forming insoluble IBs is
also reflected in this study. R3 cells contained significantly less
�-galactosidase-mRFP1 protein than R1 cells (Fig. 2F), and the
average enzyme activity in R3 cells was much higher than that
of R1 cells (Fig. 2E), suggesting that more protein in R3 folded
into the final active form than that in R1 cells. Actually, almost
all of the cells in the R3 group had the average enzyme activity
comparable with that of high enzyme activity-containing cells
in R1 group. However, in this study, the other factor(s) beyond
the protein concentrationwere shown to also play an important
role in the equilibriumbetween soluble and IB-formed proteins
by the three following pieces of evidence. First, within the R1
cell population (the major cell population that overexpressed
�-galactosidase-mRFP1), one subpopulation (LW) contained
the soluble and highly active form of �-galactosidase-mRFP1,
whereas the other subpopulation (DIB) contained the insoluble
and slightly active form of �-galactosidase-mRFP1, although
the concentrations of �-galactosidase-mRFP1 in individual
cells of the two subpopulationswere similar (Fig. 3). Second, the
percentage of LW cells increased significantly by shifting cells
from IPTG-containing medium to IPTG-free medium,
although the recombinant protein levels remained the same
(Figs. 5 and 7). Third, the addition of tetracycline to cell culture
at 4 h (to inhibit IPTG-induced protein synthesis) did not
change the percentage of the LW cells and the �-galactosidase
activity of R1 cells at 8 h whether IPTG was removed or not
from the culture (Fig. 6).
The second hypothesis is that the transition between DIB

and LW cells is a key intermediate element through which fac-
tors modulate the ratio of soluble and IB-included protein in
the whole cell population. In other words, the ratio change
between soluble and IB-included protein is not through a grad-
ual molecular transition in individual cells but due to the ratio
change of DIB and LW cells. This hypothesis is supported by
the following two pieces of evidence. First, IPTG concentration
modification changed the average�-galactosidase activity of R1
cells through changing the ratio of the high activity (LW) and
low activity (DIB) cells (Fig. 4). Second, removal of IPTG from
the culture increased the ratio of soluble protein over IBs
through the increase of LW cell percentage (Figs. 5 and 7). We
also found that the A value (cell concentration) of the culture
influenced the percentages of LW and DIB cells and led to the
change of the average �-galactosidase activity of R1 cells (sup-
plemental Fig. S4).
How does the quantum-like transition between the two cell

states occur?According to previous studies fromother research
groups, the kinetics of IB formation was nucleation-dependent
(17, 19, 20). The nucleation results in a limited copy number of
the inclusion bodies in the bacteria (20). After induction, the
newly produced polypeptides rapidly folded into a partially
folded state, as proposed by in vitro studies for many proteins
(21). With increasing incubation time, the accumulation of the
partially folded proteins to a level above the critical concentra-
tion leads to the formation of an aggregation nucleus in some
cells. Once the nucleus was formed, the fate of the newly pro-
duced polypeptides was triggered by the nucleus to the forma-
tion of IBs. This nucleation mechanism can explain a phenom-

enon that IBs are formed when heterogeneous protein is
overexpressed, whereas no or less IB protein is formed when
heterogeneous protein is expressed at a low level. However, the
nucleation hypothesis cannot fully explain the phenomena that
there were both IB-containing and IB-free cells, although they
expressed�-galactosidase-mRFP1protein at equally high levels
(Fig. 3) and that replacing old IPTG-containing medium with
conditional IPTG-freemedium dramatically enhanced the per-
centage of the high enzyme activity population, whereas the
fusion protein levels were not changed (Fig. 5). The above anal-
yses indicate that the other currently unknown intracellular
factors besides the concentration-dependent nucleation also
play an important role in determining the folding status of over-
expressed heterogeneous protein in a cell.
There are critical open questions on the distribution of two-

state cells overexpressing heterozygous protein: 1) What are
the other intracellular factors important in determining the
folding status of overexpressed heterogeneous protein in a cell?
2) How do factors such as protein concentration and chaper-
ones influence the transition between the two states of the cell?
3) Is this two-state distribution a common phenomenon for
other heterozygous overexpressed proteins? The wider sig-
nificance of the two-state cell distribution demonstrated in
this study will not be known before the above questions have
been answered; thus, the above questions warrant further
investigation.
To further probe for the generality of the protein state tran-

sition after IPTG removal, we measured soluble and insoluble
portions of four other heterozygous proteins before and after
IPTG removal (supplemental Fig. S5 andTable S2). The soluble
portions of the two proteins tBgl1 and tBgl3 were increased
compared with the insoluble portions after IPTG removal.
There were no solubility changes after IPTG removal on the
two other proteins hCaf1 and hPop2. Note that the later two
proteins were only in IB form when overexpressed. Probably
the two-state distribution is a precondition for the transition. In
summary, the above experimental results suggest that contin-
ued culturing without IPTG after preinduced by IPTG can
increase the ratio of soluble protein on some other proteins
besides the �-galactosidase from A. phoenicis and that there
might be a two-state distribution E. coli expressing some other
proteins in addition to �-galactosidase from A. phoenicis. To
adequately prove this point, it needs protein systems in which
protein state can be monitored in individual cells such as the
�-galactosidase from A. phoenicis used in this study.
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