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Abstract
The overexpression of G protein-coupled receptors (GPCRs) and of many other heterologous
membrane proteins in simple microbial hosts, such as the bacterium Escherichia coli, often results
in protein mistargeting, aggregation into inclusion bodies or cytoplasmic degradation. Furthermore,
membrane protein production is very frequently accompanied by severe cell toxicity. In this work,
we have employed a genetic strategy to isolate E. coli mutants that produce markedly increased
amounts of the human central cannabinoid receptor (CB1), a pharmacologically significant GPCR
that expresses very poorly in wild-type E. coli. By utilizing a CB1 fusion with the green fluorescent
protein (GFP) and fluorescence-activated cell sorting (FACS), we screened an E. coli transposon
library and identified an insertion in dnaJ that resulted in a large increase in CB1-GFP fluorescence
and a dramatic enhancement in bacterial production of membrane-integrated CB1. Furthermore, the
dnaJ::Tn5 inactivation suppressed the severe cytotoxicity associated with CB1 production. This
revealed an unexpected inhibitory role of the chaperone/co-chaperone DnaJ in the protein folding or
membrane insertion of bacterially produced CB1. Our strategy can be easily adapted to identify
expression bottlenecks for different GPCRs or any other integral membrane protein, provide useful
and unanticipated mechanistic insights, and assist in the construction of genetically engineered E.
coli strains for efficient heterologous membrane protein production.
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Introduction
Binding of ligands to G protein-coupled receptors (GPCRs) is one of the most widely used
means of chemical communication between the cells of higher animals with their extracellular
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environment. GPCRs are α-helical integral membrane proteins spanning the lipid bilayer seven
times, with their N-terminus exposed to the extracellular space and their C-terminus lying in
the cytosol. They possess the ability to bind a remarkably wide array of ligands, varying from
amines, ions and photons, to lipids, peptides and glycoproteins (Kristiansen, 2004). Following
a conformational change upon ligand binding, the receptor is able to interact with and activate
intracellular G proteins, which in turn interact with signaling molecules in the cytoplasm and
induce specific physiological response (Kristiansen, 2004). GPCRs comprise the largest gene
family in humans, occupying more than 2% of our genome and are involved in a myriad of
critical functions in our bodies (Jacoby et al., 2006). Their immense physiological significance
is reflected by the fact that they constitute the largest class of protein targets for drug discovery,
with approximately 30% of currently marketed therapeutics regulating GPCR function (Jacoby
et al., 2006).

Despite their significance, structural information on these receptors is very limited. Until the
end of 2007, only one solved GPCR structure was available, that corresponding to bovine
rhodopsin (Palczewski et al., 2000). Very recently, the three-dimensional structure of the
human β2-adrenergic receptor was determined in the presence and absence of its partial inverse
agonist carazolol, as well as an additional rhodopsin structure from an invertebrate animal
(squid) (Cherezov et al., 2007; Murakami and Kouyama, 2008; Rasmussen et al., 2007). GPCR
structure determination, however, remains a daunting task due to difficulties in obtaining
diffracting crystals and in producing sufficient amounts of protein for biophysical studies
(Loll, 2003). Isolating protein from its natural tissues yielded sufficient protein in the case of
the rhodopsin structural studies, but the vast majority of GPCRs are found in their native host
cells only in minute quantities (Sarramegna et al., 2003). The problem of GPCR production
can be potentially overcome by expressing these proteins in heterologous hosts, such as
mammalian cell cultures, insect cells (as in the case of the structural studies of the β2-adrenergic
receptor) or microbial systems such as yeasts or bacteria (McCusker et al., 2007; Sarramegna
et al., 2003).

Bacterial hosts hold great promise for this task due to their simplicity, rapid growth, scalability
and genetic tractability. However, our understanding of native membrane protein integration
in bacteria is still largely incomplete and even less is known about the pathways and
physiological processes that influence the expression of heterologous membrane proteins. In
particular, GPCR overproduction in bacteria yields in most cases a very small amount of
membrane-localized receptor or results in accumulation of the protein in cytoplasmic inclusion
bodies (Bane et al., 2007; Kiefer, 2003; Loll, 2003). GPCRs sequestered in inclusion bodies
are challenging to denature and refold (Kiefer, 2003). In addition, GPCR expression is often
toxic for the microbial cell host, further limiting protein yield. In some instances, fusions with
well-behaved partners that stabilize the target receptor have been shown to result in improved
expression and/or folding of GPCRs in bacteria. For example, N-terminal fusions of the rat
neurotensin receptor and of the human β2-adrenergic receptor with the maltose-binding protein
(MBP) resulted in a 40- and 10-fold enhancement in expression of functional receptor in
Escherichia coli, respectively (Grisshammer et al., 1993; Hampe et al., 2000). The addition of
a second fusion partner or the deletion of the N-terminal or C-terminal soluble domains can
further increase receptor yields, and optimization of the culture conditions (incubation
temperature, media composition etc.) can also affect protein production of some GPCRs
(Tucker and Grisshammer, 1996; Weiss and Grisshammer, 2002; Yeliseev et al., 2007).
Recently, mutagenesis of prokaryotic and eukaryotic membrane proteins (including a human
GPCR) followed by screening, was employed to identify amino acid substitutions resulting in
higher expression and stability in E. coli (A. Pluckthun, private communication) (Molina et
al., 2008).
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Genetic approaches relying on selections and screens constitute an extremely powerful strategy
for the evolution of bacterial strains displaying novel phenotypes of interest for biotechnology
applications (Alper and Stephanopoulos, 2007; Alper et al., 2005; Kang et al., 2005).
Surprisingly, so far the only application of genetic methods to the problem of heterologous
membrane protein expression has been the isolation of E. coli mutants that overcome
membrane-protein-induced cytotoxicity (Miroux and Walker, 1996). Even in this case, the
genetic lesion responsible for the suppression of toxicity due to membrane protein expression
was not characterized. In this work, we used a genetic strategy to identify E. coli mutants that
express markedly increased amounts of membrane-bound form of a pharmacologically
important human GPCR, the central cannabinoid receptor (CB1).

CB1 is one of the most highly expressed GPCRs in the central nervous system and along with
the peripheral cannabinoid receptor (CB2) forms the core of the so-called “endocannabinoid
system” (Di Marzo et al., 2004). The two CB subtypes are activated by the active component
of marijuana, Δ9-tetrahydrocannabinol (THC), and mediate the therapeutic and psychotropic
effects of THC and other cannabinoids. Compounds that modulate the function of CBs are
potential therapeutics against pain and nausea, whereas subtype-selective CB1 antagonists are
in clinical trials as treatments against obesity and tobacco addiction, and have also shown
promise for the treatment of Parkinson’s and Alzheimer’s diseases (Di Marzo et al., 2004).

Although bacterial CB1 overexpression yields protein with no or very little ligand-binding
activity (Calandra et al., 1997; Link et al., 2008), this protein represents an appropriate model
for expression optimization since it has been found to express very poorly in E. coli, even as
part of a MBP fusion (Calandra et al., 1997). Here, we screened a library of E. coli transposon
mutants for alleles that enhance CB1 expression. We found that mutations that abolish the
synthesis of DnaJ greatly enhance the expression of CB1 and confer significantly improved
bacterial growth.

Materials and Methods
Strains and Plasmids

The E. coli strain MC4100A (MC4100 ara+) (Santini et al., 2001) was utilized for all
experiments. The construction of the expression vector pASKCB1-GFP has been described
elsewhere (Link et al., 2008). The plasmid pBAD-DnaJ was generated by amplification of the
chromosomal dnaJ gene from MC4100A cells with dnaJ-specific DNA primers carrying
XbaI and HindIII recognition sequences, digestion with XbaI and HindIII, ligation into
similarly digested pBAD-33 vector (Guzman et al., 1995), and verification of the correct
insertion with nucleotide sequencing.

Transposon Mutagenesis and Gene Knockout Construction
Transposon mutagenesis was performed using the EZ-Tn5™ < R6Kγori/KAN-2 > Tnp
Transposome™ kit (Epicentre) according to manufacturer’s instructions with minor
modifications. Briefly, electrocompetent MC4100A cells were transformed with the
transposon/transposase complex and plated on Luria-Bertani (LB) agar plates containing 25
μg/mL kanamycin. Approximately 13,000 mutants were harvested after 2-3 days of incubation
at room temperature, scraped off the agar plate, pooled, grown in liquid LB media and made
electrocompetent. Subsequently, these cells were transformed with the pASKCB1-GFP vector
encoding the CB1-GFP reporter fusion. Transposon insertions in genes that conferred enhanced
GPCR expression were identified by chromosomal DNA isolation, digestion with the
restriction enzymes NcoI or EcoRI (New England Biolabs, Ipswich, MA), DNA circularization
with T4 DNA ligase (New England Biolabs), plasmid DNA propagation in the pir+ E. coli
strain BW23473 (Haldimann et al., 1997), and subsequent nucleotide sequencing using
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transposon-specific DNA primers. The strain MC4100A ΔdinG was constructed with the
method described by Datsenko and Wanner (2000).

Protein Overexpression and Isolation of the Total Membrane Fraction
E. coli MC4100A cells freshly transformed with the appropriate expression vector were used
for all protein production experiments. Single bacterial colonies were used to inoculate liquid
LB cultures containing 100 μg/mL ampicillin (and additional antibiotics whenever required).
These saturated cultures were used with a 1:100 dilution to inoculate fresh LB cultures which
were grown at 37°C to an optical density at 600 nm (OD600) of 0.5-0.7 with shaking. The
temperature was then decreased to 12°C and after a temperature equilibration period of 5-20
min, protein expression was induced by the addition of 0.2 μg/mL anhydrotetracycline for
approximately 30 h (unless otherwise specified). Total membrane fractions were prepared from
cells harvested from 500 mL LB cultures, resuspended in 10 mL of cold lysis buffer (10 mM
imidazole, 300 mM NaCl, 50 mM NaH2PO4, 15% glycerol, 5 mM dithiothreitol) and lysed by
double passing through a French press. Cell lysates were then centrifuged twice at 8,000 rpm
for 20 min, the supernatant was collected and subjected to ultracentrifugation at 50,000 rpm
for 1.5 h at 4°C. Total membranes corresponding to the pellet of the ultracentrifugation step
were resuspended in 10 mL of cold lysis buffer and homogenized.

Flow Cytometry and FACS
The fluorescence of cells expressing GPCR-GFP fusions (530/30 nm) was monitored using a
Becton-Dickinson FACSAria™ flow cytometer and analyzed with FACSDiva software. For
FACS screening, cells were initially gated based on size on a side-scatter (SSC-H) versus
forward-scatter (FSC-H) plot. Subsequently, approximately 105 clones corresponding to the
top 1-3% fluorescent events were isolated, grown on LB agar plates containing the appropriate
antibiotics, pooled together and grown in liquid LB media as described, and subjected to
repeated rounds of FACS sorting.

In-Gel Fluorescence and Western Blot Analysis
Proteins from different samples were separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 4-20 or 10% gels. In-gel fluorescence was analyzed on a
NightOWL LB 983 (Berthold Technologies, Oak Ridge, TN) using 480/20 and 520/10
excitation and emission filters, respectively, after exposure for 30 s. For Western blot analysis,
proteins were then transferred to polyvinylidene fluoride (PVDF) membranes for 1.5 h at 12
V. Membranes were blocked with 5% non-fat dry milk in phosphate-buffered saline containing
0.1% Tween-20 (PBST) for approximately 1 h at room temperature. Following a triple washing
step with PBST, membranes were incubated with a 1:5,000 dilution in PBST+0.5% milk of a
mouse monoclonal anti-polyhistidine antibody conjugated with peroxidase (Sigma, St. Louis,
MO) at room temperature for approximately 1 h. For the detection of DnaJ production,
membranes were sequentially incubated with a 1:5,000 dilution in PBST+0.5% milk of a rabbit
polyclonal anti-DnaJ antibody (Assay Designs, Ann Arbor, MI) for approximately 1 h at room
temperature followed by an additional incubation with a 1:10,000 dilution in PBST+0.5% milk
of a peroxidase-conjugated goat anti-rabbit IgG antibody (Biorad, Hercules, CA). After triple
washing with PBST again, the probed proteins were visualized on X-ray film with
SuperSignal® West Pico chemiluminescent substrate (Pierce, Rockford, IL).

Results
Library Construction and Screening

E. coli MC4100A (Santini et al., 2001) cells were subjected to in vitro transposon mutagenesis
with the EZ-Tn5™ < R6Kγori/KAN-2 > Tnp transposon. Approximately 13,000 kanamycin-
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resistant colonies were pooled and screened for enhanced CB1 production. In order to monitor
CB1 expression in a facile manner, we utilized a C-terminal fusion to the green fluorescent
protein (GFP). Earlier studies have established that the fluorescence of bacterial cells
expressing membrane protein-GFP fusions correlates wellwith the amount of folded and
membrane-integrated protein (Drew et al., 2001). The MC4100A::Tn5 library was transformed
with the plasmid pASKCB1-GFP (Link et al., 2008) (Fig. 1A), which encodes a fusion of an
E. coli codon-optimized CB1 gene to GFPmut2 (Cormack et al., 1996) transcribed from the
tet promoter of the vector pASK75 (Skerra, 1994). Cells were grown overnight at 37°C in
liquid LB, diluted 1:100 and transferred to 12°C. Five to 20 min later, protein synthesis was
induced by the addition of 0.2 μg/mL anhydrotetracycline and incubation was continued for
approximately 30 h. 105 cells corresponding to the top 1-3% of the fluorescent events were
isolated by fluorescence-activated cell sorting (FACS) and subjected to repeated rounds of
flow cytometric sorting to isolate highly fluorescent clones (Fig. 1B). After two rounds of
FACS, a significant enrichment of higher-fluorescence clones was observed, with the average
fluorescence of the population increasing more than fourfold compared to the initial library
(Fig. 2A). After five rounds of sorting, the fluorescence of the population was further increased,
resulting approximately in an eightfold fluorescence enhancement (Fig. 2A). An additional
sixth cycle of FACS did not result in any further fluorescence increase (data not shown).
Samples obtained after every FACS round contained a second population of cells with low
fluorescence. This population probably corresponds to cells which have undergone plasmid
loss (Fig. 2A; see also below). It is noteworthy, that the viability of the selected clones after
the first round of FACS was very low (the number of bacterial colonies growing on agar plates
was approximately 10% of the number of the collected events), but was dramatically increased
after the second round of screening (approximately 100%).

Identification of Transposon Mutants That Produce Markedly Enhanced Amounts of
Membrane-Integrated CB1

Two individual clones from the sixth round of FACS were picked at random and the location
of the transposon insertion was determined as described in Materials and Methods Section. In
both clones, the transposon insertion was identified as dnaJ349::Tn5, with Tn5 inserted after
nucleotide 349 of dnaJ. PCR analysis of additional individual clones from the sixth round of
FACS with dnaJ-specific DNA primers, indicated that all isolated clones contained Tn5
insertions in dnaJ. Curing the plasmid from the dnaJ349::Tn5 mutant allele resulted in loss of
the high fluorescence phenotype, while re-transformation with pASKCB1-GFP resulted in a
sixfold increase in fluorescence relative to the parental MC4100A cells (Fig. 2B). One of the
two sequenced transposon mutants was designated as GS101 (Table I). Western blotting
revealed the absence of a DnaJ band in GS101 (see below). In addition to the marked increase
in single-cell fluorescence, the expression of CB1-GFP in GS101 (MC4100A dnaJ::Tn5) cells
resulted in significantly enhanced cell growth compared to the parental strain (Fig. 2C).
Complementation of GS101 cells carrying pASKCB1-GFP with plasmid-encoded dnaJ
expressed from the PBAD promoter resulted in basal levels of CB1-GFP fluorescence (Fig. 2B),
and a corresponding decrease in cell density at saturation (data not shown).

Western blot analysis of total membrane fractions in MC4100A and GS101 cells revealed that,
on a per cell basis, the dnaJ::Tn5 allele conferred a large increase in the accumulation of CB1-
GFP (Fig. 2D). Similar results were observed when CB1 was expressed alone, that is, not as
a fusion to GFP (Fig. 2D). In this case, the increase in protein production was even more
pronounced than with the CB1-GFP fusion. This result indicated that the dnaJ::Tn5 mutant
allele was selected because the disruption of dnaJ influences the folding or membrane insertion
of CB1 and not because of some unrelated effect that enhances the fluorescence of the GFP
moiety of the CB1-GFP fusion.
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Identification of Transposon Mutants That Alleviate CB1-Induced Toxicity and Rescreening
We then sought to isolate additional transposon insertions that affect expression of CB1-GFP
but do not map on dnaJ. For this, we monitored the CB1-GFP fluorescence and cell growth of
96 individual clones collected after the second round as well as additional 20 clones isolated
after the first round of FACS screening. Clones exhibiting higher fluorescence and improved
growth relative to MC4100A cells carrying pASKCB1-GFP were analyzed by PCR for Tn5
insertions in dnaJ. Two distinct clones containing transposon insertions outside dnaJ were
isolated. Nucleotide sequencing revealed that the respective transposon insertions were located
in dinG and nhaR (strains GS102 and GS103, respectively; Table I). Both clones reproducibly
showed slightly higher CB1-GFP fluorescence compared to wild-type MC4100A cells
(between 30% and 50%; Fig. 3A). Furthermore, the cell density at saturation was approximately
five times higher compared to similarly grown parental cells (Fig. 3B).

nhaR encodes for the transcription factor NhaR, which regulates the expression of a number
of genes involved in cation transport (Rahav-Manor et al., 1992). Interestingly, nhaR is found
in very close proximity (within 4 kb) to dnaJ in the E. coli genome. Therefore, one possibility
is that the transposon insertion affects the local DNA structure, which in turn impairs the
expression of dnaJ. However, Western blot analysis revealed that of the level of DnaJ
production was unaffected in GS103 (MC4100A nhaR::Tn5) cells relative to the wild-type
parental strain (Fig. 3C). Thus, the enhanced cell growth observed with the nhaR::Tn5 cells
expressing CB1-GFP occurs through a mechanism that is independent of the level of expression
of dnaJ. Similarly, the identified transposon insertion in dinG, which encodes a DNA damage-
inducible helicase (Voloshin et al., 2003), does not affect the level of DnaJ production either
(Fig. 3C).

As discussed above, the dnaJ::Tn5 insertion alleviated both cell toxicity and increased CB1
expression. It is possible that the cytotoxicity caused by CB1 production may have interfered
with the identification of mutants that increased expression but did not restore growth. Such
mutants may have been de-enriched during the screening process. Since the dinG::Tn5
mutation was found to alleviate CB1-incuced cytotoxicity, we constructed a strain with an
unmarked null dinG allele by gene replacement using the method described by Datsenko and
Wanner (2000), and carried out transposon mutagenesis in that strain background. The
MC4100A ΔdinG strain GS104 (Table I) exhibited CB1-GFP expression and growth properties
similar to GS102 (MC4100A dinG::Tn5).

GS104 was subjected to transposon mutagenesis, the pooled cell population consisting of
approximately 13,000 kanamycin-resistant clones was transformed with pASKCB1-GFP, and
clones exhibiting high fluorescence were isolated as above. In this case, the very low survival
frequency of FACS-selected clones after the first round was not observed. Significant
enrichment of more fluorescent clones was observed after the fourth round of FACS (threefold
increase in average fluorescence compared to initial library) and saturation of the fluorescence
signal was evident after the seventh round of FACS resulting in a sevenfold increase in cell
fluorescence (Fig. 4A). Interestingly, all clones from the seventh round of FACS contained a
transposon insertion after nucleotide 349 of dnaJ, identical to the Tn5 insertion in GS101
(MC4100A dnaJ::Tn5) (strain GS105; Table I). The fact that the exact same insertion allele
emerged from two independently constructed transposon libraries suggests that nucleotide 349
may be a “hot spot” for Tn5 insertions in dnaJ. Similarly to GS101, the cell toxicity associated
with CB1 production was significantly ameliorated in GS105 cells (Fig. 4B). Western blot
analysis showed a markedly higher production of membrane-integrated CB1-GFP in GS105
(MC4100A ΔdinG dnaJ::Tn5) cells relative to the parental MC4100A strain (Fig. 4B). The
fluorescence of GS105 cells expressing CB1-GFP was found to be slightly (but reproducibly)
higher relative to GS101 (compare Figs. 2B and 4A). Similarly, the accumulation of CB1-GFP
as monitored by Western blotting was noticeably higher in GS105. As a result, the combined
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effects of enhanced expression of membrane-bound CB1 on a per cell basis and the significantly
enhanced cell growth results in a dramatic increase in CB1-GFP and CB1 volumetric
production (Fig. 4C).

In order to investigate the folding quality of the overproduced CB1 in the engineered strains,
we analyzed CB1-GFP production in wild-type MC4100A, GS101 and GS105 cells by SDS-
PAGE and in-gel fluorescence (Fig. 4D). Recent studies have shown that in-gel fluorescence
provides a quantitative measure of the amount of properly folded protein for bacterially
overexpressed membrane protein-GFP fusions (Geertsma et al., 2008). This analysis revealed
that the CB1-GFP fusion embedded in the membrane of GS101 and GS105 cells is highly
fluorescent (Fig. 4D), indicating that CB1 produced in these strains adopts a well folded
conformation. Furthermore, the production of fluorescent, well-folded CB1-GFP fusion
appears to be markedly enhanced in the GS101 and GS105 strains compared to wild-type
MC4100A cells (Fig. 4D). Thus, the inactivation of DnaJ not only enhances the overall
production of CB1, but appears to assist the folding pathway of this integral membrane protein
as well.

Discussion
Heterologous membrane proteins, including GPCRs, as well as the majority of native
membrane proteins are targeted to the inner membrane of E. coli through the signal recognition
particle (SRP) pathway and membrane integration takes place co-translationally at the Sec
translocon (Luirink et al., 2005; Raine et al., 2003). The E. coli DnaJ functions primarily as a
co-chaperone for DnaK, but it can also exhibit DnaK-independent chaperoning activity (Qiu
et al., 2006). Overexpression of dnaK and dnaJ has been found to increase the bacterial
production of the magnesium transporter CorA, an integral membrane protein (Chen et al.,
2003). Previous studies have shown that DnaK homologues are involved in membrane protein
insertion in the inner membrane of chloroplasts (Yalovsky et al., 1992), but there has been no
evidence that DnaK/J participate actively in membrane protein integration in E. coli. Gross
and coworkers, however, have reported that DnaK and DnaJ play a role in the translocation
process of SecB-dependent and SecB-independent exported proteins in E. coli (Wild et al.,
1992, 1996). Furthermore, Hendrick et al. (1993) demonstrated that DnaJ can interact in vitro
with nascent unfolded polypeptide chains emerging from the ribosome very early on in the
translation process, in a fashion that resembles the interaction with the SRP. Interestingly, the
latter study showed that DnaJ could compete with the eukaryotic SRP (SRP54) for binding to
nascent precursors of secreted proteins and that this competition inhibited the cotranslational
and the post-translational translocation of secreted proteins into microsomes and mitochondria.
Therefore, one possibility for the inhibitory role of DnaJ in CB1 production observed in this
work is that DnaJ recognizes the newly synthesized sequence of CB1 that emerges from the
ribosome and binds to it, simultaneously antagonizing binding of the SRP, and thus inhibiting
the translation process and biogenesis of membrane-bound CB1.

As mentioned above, the E. coli DnaJ primarily functions as a co-chaperone for DnaK by
interacting with unfolded substrate proteins and presenting them to DnaK (Mayer and Bukau,
2005). Upon docking of the polypeptide-bound DnaJ on DnaK, the so-called J domain of DnaJ
is able to stimulate the ATPase activity of DnaK, thus releasing energy and inducing a
conformational change which allows DnaK to bind to unfolded protein substrates with high
affinity. DnaK can then assist the folding of nascent hydrophobic polypeptide chains that
emerge from the ribosome by preventing their exposure to the aqueous environment of the
cytosol which would cause aggregation. Apart from their ability to assist folding of newly
synthesized proteins, DnaK and DnaJ have also been implicated in the degradation of certain
abnormal proteins in E. coli (Huang et al., 2001). It has been proposed that the ability of DnaK/
J to keep an unfolded protein in an extended conformation facilitates the access of cytoplasmic
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proteases and the subsequent degradation of the abnormal protein. For normal proteins, this
interaction between their nascent chain and DnaK/J is transient, but non-native proteins that
are recognized as abnormal could be more tightly associated with DnaK, promoting proteolytic
degradation (Huang et al., 2001). Therefore, an additional possible explanation for the observed
enhancement of CB1 production in the dnaJ::Tn5 strain is that in wild-type E. coli cells, the
newly translated CB1 sequence emerging from the ribosome is recognized as an abnormal
protein which is degraded via a DnaK-dependent proteolytic process. In a dnaJ null strain and
in the absence of functional DnaJ, DnaK cannot adopt its high affinity conformation that
enables extensive interaction and proteases cannot access the synthesized protein before the
SRP is able to bind to it and deliver it to the Sec translocon for membrane integration. Consistent
with the latter hypothesis, it should be noted that CB1 is unique among class I GPCRs in that
it has an exceptionally long N-terminal tail (116 amino acids). It has already been shown that
this long N-terminal tail prevents the efficient translocation of CB1 through the endoplasmic
reticulum in human cells, where it gets degraded quickly (Andersson et al., 2003).

The model proposed in the previous paragraph, where DnaK could be responsible for the
degradation of CB1, raises the question of why strains carrying transposon insertions in
dnaK were not identified in our screen. It has been previously found that a deletion of dnaK
results in a cold-sensitive phenotype in E. coli, and cells are unable to grow at temperatures
below 20°C (Bukau and Walker, 1989). Thus, even if DnaK inactivation contributes to the
enhancement of CB1 production, dnaK mutants could not have been identified in our screen
since the cells were grown at 12°C.

In this work, the produced CB1 corresponds to full-length receptor, which does not contain
any domain truncations or changes in its primary amino acid sequence apart from minimal N-
and C-terminal affinity tags (FLAG and octahistidine, respectively). As it is the case with many
examples of bacterially expressed GPCRs (McCusker et al., 2007; Sarramegna et al., 2003),
membrane-bound CB1 expressed in E. coli is either completely inactive (Calandra et al.,
1997), or retains a very small fraction of ligand-binding activity (Link et al., 2008). The low
ligand-binding activity of many bacterially expressed GPCRs can be attributed to a variety of
factors such as the absence of complex post-translational modifications from prokaryotic
systems (e.g., glycosylation), the absence of cytoplasmic disulfide bond formation, the absence
of endogenous G proteins which may be preventing receptors from adopting high-affinity
conformations for agonist binding, and to differences in the membrane lipid composition
between E. coli and higher eukaryotes (e.g., absence of cholesterol in bacterial membranes)
(McCusker et al., 2007; Sarramegna et al., 2003). CB1, however, does not contain cytosolic
disulfide bonds. N-linked glycosylation, although present when the receptor is expressed in
native tissues, is not required for its ligand-binding activity (Shire et al., 1996). However, it is
possible that the lipid composition of the E. coli inner membrane and the lack of heterotrimeric
G proteins in the E. coli cytoplasm may be responsible for the production of low-activity CB1
in bacteria. Irrespective of the factors responsible for the low ligand-binding activity of
bacterially expressed CB1, having a system which ensures the expression of satisfactory
amounts of membrane-integrated protein without cell toxicity opens the way for further studies
aimed at achieving the production of active receptor.

The effect of the dnaJ::Tn5 allele appeared to be specific to CB1, as we did not detect higher
fluorescence with other GPCR-GFP fusions tested (human CB2, the human bradykinin
receptor 2, and the human neurokinin receptor 1, data not shown). It must be noted, however,
that the other GPCRs tested contain significantly shorter N-terminal tails. The bradykinin
receptor 2, for example, possesses a 62 aa-long N-terminal tail compared to 116 for CB1. This
finding suggests that the limiting step in the biogenesis of the bradykinin receptor 2, and the
human neurokinin receptor 1 in E. coli is probably distinct from that in CB1. Nonetheless, the
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strategy described here can be easily applied to the isolation of mutations that critically affect
the expression of other GPCRs and of other integral membrane proteins as well.

In conclusion, we show that classical genetic approaches can be employed to greatly enhance
the production levels of membrane-integrated GPCRs in bacteria. We used a CB1-GFP fusion
protein and employed FACS to screen a library of E. coli transposon insertions and alleles that
lead to large increases in CB1 production. CB1 is a human GPCR which expresses very poorly
not only in E. coli, but also in higher eukaryotic cell systems (Andersson et al., 2003; Calandra
et al., 1997). In this manner, we isolated a transposon insertion in dnaJ which resulted in a
large enhancement in production of membrane-integrated CB1, fused or unfused to GFP. This
significant increase in membrane-bound CB1 revealed an unanticipated inhibitory role of DnaJ
in the protein folding or membrane insertion process of bacterially expressed CB1.
Furthermore, the identified transposon insertion in dnaJ, as well as in two additional alleles
(dinG and nhaR), alleviated the severe cell toxicity that accompanied CB1 expression. The
combined effect of the large enhancement in CB1 production on a per cell basis, along with
the significantly improved growth characteristics of the dnaJ::Tn5 strain, resulted in a dramatic
increase in the production of membrane-integrated CB1 compared to wild-type E. coli cells.

The isolation and characterization of mutations that confers increased GFP fluorescence of
membrane protein-GFP fusions not only represents a powerful means for optimizing the
production of complex heterologous proteins in bacteria, but can also provide useful, and
unanticipated, mechanistic insights.
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Figure 1.
A: Design of the expression vectors pASKCB1 and pASKCB1-GFP. Ptet: tetracycline
promoter; RBS: ribosome-binding site; FLAG: FLAG octapeptide epitope; CB1: E. coli codon-
optimized gene encoding full-length human central cannabinoid receptor; His8: octahistidine
tag; TEV: recognition sequence for the tobacco etch virus protease; GFP: green fluorescent
protein variant GFPmut2 optimized via FACS. B: Schematic representation of the screening
process. E. coli MC4100A cells were subjected to transposon mutagneesis, and FACS was
employed to screen the generated MC4100A::Tn5 (pASKCB1-GFP) library and isolate E.
coli transposon insertion mutations that confer higher fluorescence due to an increase in the
amount of membrane-bound CB1-GFP. For FACS screening, cells were initially gated based
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on size (gate P1) on a side-scatter (SSC-H) versus forward-scatter (FSC-H) plot. Subsequently,
the clones corresponding to the top 1-3% fluorescent events (gate P2) were isolated and
subjected to repeated rounds of FACS sorting.

Skretas and Georgiou Page 13

Biotechnol Bioeng. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
FACS screening of the MC4100A::Tn5 (pASKCB1-GFP) library and identification of the
dnaJ::Tn5 transposon insertion that confers a large enhancement in CB1-GFP fluorescence
and in the production of membrane-integrated CB1, as well as suppression of the cytotoxicity
that accompanies CB1 expression. A: Enrichment of the MC4100A::Tn5 (pASKCB1-GFP)
library with higher-fluorescence clones after repeated rounds of FACS screening. A fourfold
increase in the average fluorescence (M) of the population was observed after two rounds of
FACS sorting, and an 8-fold increase in CB1-GFP fluorescence was observed at saturation.
B: Comparison of the CB1-GFP fluorescence of the parental MC4100A cells, the isolated strain
GS101 (MC4100A dnaJ::Tn5), and of GS101 cells complemented with overexpressed dnaJ
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from the plasmid pBAD-DnaJ. C: Cell density at saturation of MC4100A and GS101 cells
expressing CB1-GFP. The reported values correspond to the average of four replica
experiments and the error bars represent one standard deviation from the mean value. OD600:
optical density at 600 nm. D: Western blots on isolated total membrane fractions of MC4100A
and GS101 cells expressing CB1-GFP (left) and unfused CB1 (right) probed with an anti-
polyhistidine antibody. The amount of membrane proteins loaded on each pair of lanes
corresponds to an equal number of cells. No additional (degradation) bands were visible on
the Western blots for GFP-free CB1. In all panels shown above, CB1-GFP and CB1 were
expressed at 12°C for approximately 30 h. Fluorescence histograms correspond to a population
of 10,000 cells. a.u: arbitrary units. [Color figure can be seen in the online version of this article,
available at www.interscience.wiley.com.]

Skretas and Georgiou Page 15

Biotechnol Bioeng. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.interscience.wiley.com.


Figure 3.
Identification of transposon insertions that alleviate cell toxicity associated with CB1
production that do not map on dnaJ. A: Fluorescence histograms of MC4100A, GS102
(MC4100A dinG::Tn5), and GS103 ((MC4100A nhaR::Tn5) cells expressing CB1-GFP at
room temperature for approximately 5 h. Histograms correspond to a total population of 10,000
cells. M: arithmetic mean; a.u: arbitrary units. B: Cell density of MC4100A, GS102 and GS103
cultures expressing CB1-GFP at room temperature for approximately 5 h. The reported values
correspond to the average of four replica experiments and the error bars represent one standard
deviation from the mean value. OD600: optical density at 600 nm. C: Western blots on total
cell lysates demonstrating the production levels of DnaJ in MC4100A, GS101, GS102, and
GS103 cells. Cells were grown to mid-log phase at 37°C and DnaJ production levels were
probed with an anti-DnaJ antibody. An equal number of cells were loaded on each lane as
judged by OD600 measurements. [Color figure can be seen in the online version of this article,
available at www.interscience.wiley.com.]
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Figure 4.
Transposon mutagenesis and FACS screening on the GS104 (MC4100A ΔdinG) strain
background. A: Enrichment of the MC4100A ΔdinG::Tn5 (pASKCB1-GFP) library with
higher-fluorescence clones after repeated rounds of FACS sorting and the identification of the
strain GS105 (MC4100A ΔdinG dnaJ::Tn5) exhibiting markedly higher CB1-GFP
fluorescence. Fluorescence histograms correspond to a total population of 10,000 cells. M:
arithmetic mean; a.u: arbitrary units. B: Comparison of the cell density at saturation of parental
MC4100A and GS105 cells expressing CB1-GFP. The reported data correspond to the average
of four replica experiments and the error bars represent one standard deviation from the mean
value. OD600: optical density at 600 nm. C: Comparison of the production of membrane-
integrated CB1-GFP fusion in parental MC4100A, GS101, and GS105 cells normalized by
number of cells (left) and by unit volume of bacterial culture (right) with Western blotting.
D: Comparison of the in-gel fluorescence of membrane-integrated CB1-GFP fusion in parental
MC4100A, GS101, and GS105 cells normalized by unit volume of bacterial culture. In all
panels shown above, CB1-GFP was expressed at 12°C for approximately 30 h. [Color figure
can be seen in the online version of this article, available at www.interscience.wiley.com.]
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