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ABSTRACT: Bacteriophage Qβ coat protein forms uniform
virus-like particles when expressed recombinantly in a
variety of organisms. We have inserted the IgG-binding
Z domain at the carboxy terminus of the coat protein and
coexpressed this chimeric subunit with native coat protein
to create hybrid, IgG-binding virus-like particles. Extra-
cellular osmolytes were found to have an effect on the
efficiency of incorporation of fusion proteins into VLPs in
Escherichia coli when a carbenicillin, but not a kanamycin,
selection marker was used. The addition of sucrose to the
growth medium decreased the incorporation efficiency; the
osmoprotectant glycine betaine eliminated this effect. The
decrease in efficiency was not observed when carbenicillin
was omitted from the final expression culture. The addition
of sodium chloride instead of sucrose gave rise to particles
with a larger number of fusion proteins than the standard
conditions. These results illustrate that cellular conditions
should be taken into account even in apparently simple
systems when natural or engineered protein nanoparticles
are made.

Bacteriophage Qβ is a member of the Leviviridae family,
forming icosahedral capsids from 180 coat protein subunits
around a 4.2 kb sense strand RNA genome. We have exploited
the recombinant noninfectious virus-like particle (VLP) as a
platform for chemical display, using a short (133-amino acid)
wild-type capsid protein sequence as well as several point
mutants (1), including those incorporating unnatural amino
acids (2). The native infectious Qβ virion displays three to five
copies of a large (approximately 200 amino acids) domain
extension at the C-terminus, termed the A1 protein, which is
used to recognize the Escherichia coli host. Pumpens and co-
workers previously created mutant recombinant virus-like parti-
cles that incorporated C-terminal extensions using fragments of
the A1 sequence up to the full-length domain (3). The number of
incorporated extensions varied inversely with their length, from a
minimum of 10 per particle for a modified version of the full-
length A1 protein to a maximum of 81 per particle for extensions
of 11-24 amino acids derived from the A1 sequence. We sought
to extend this work to the display of folded, functional peptide
and protein domains in a manner that allows for as much
modularity and control as possible.

Instead of relying on differential readthrough of a stop codon
as in the natural virus, we employed compatible plasmids
encoding the wild-type (lacking the A1 extension, designated

pET11CPH and pET28CPH) and fused (lacking a stop codon
and bearing a C-terminal extension, designated pCCP8Z) capsid
proteins (Figure 1). This design allows relative and absolute
expression levels to bemodulated by the choice of the vector copy
number and promoter. For the test case described here, we fused
the 58-amino acid Z domain derived from Staphylococcus aureus
proteinA (4) to the C-terminus of theQβ capsid sequence with an
octapeptide spacer (CP8Z). The Z domain binds to the
CH2-CH3 hinge region of a group of IgG subtypes and has
been used with other nanoparticle scaffolds (5). IPTG-induced
expression in E. coli cells transformed with only the fusion
plasmid yielded copious quantities of Qβ-Z protein, but no intact
particles, consistent with the expectation that the extended
subunit is incapable of assembling into a particle on its own. In
contrast, when E. coli cells were transformed with both wild-type
and fusion plasmids (6), hybrid particles were isolated in high
yields (approximately 50 mg/L of culture) after induced expres-
sion. Under standard conditions, approximately 20 Z domains
were incorporated per particle.

Cryoelectron microscopic reconstruction of the icosahedral
particles did not show protein density other than that of the
standard capsid, presumably because of the sparse and irregular
positioning of the Z domains. However, the hybrid VLPs were
found to bind strongly to immobilized IgG in an ELISA
(Supporting Information), whereas native Qβ VLPs showed no
interaction. Since Qβ capsids do not disassemble under the
conditions used in the ELISA (7), the result demonstrates that
the fused domains are accessible on the exterior surface of the
particle.

During the development of this technique, the abundant outer
membrane protein OmpF was found to be a frequent contami-
nant of the Qβ particles, even after several sequential purifica-
tions by sucrose gradient sedimentation. Increasing the osmotic
pressure of the growth medium with sucrose, which is neither
metabolized nor transported into the cells (8), has been found to
reduce the level of OmpF expression (9), primarily through the
action of the EnvZ-OmpR two-component signaling sys-
tem (10). Since E. coli exhibits the remarkable ability to grow
exponentially across a nearly 100-fold range of environmental
osmotic pressures (11), such an approach was judged potentially
feasible for Qβ VLP production.

When 5% (w/v) sucrose was added to rich defined media (12)
for recombinant Qβ expression, the ratio of OmpF to coat
protein in the final postinduction cell culture was indeed dimini-
shed, by approximately 60% (Supporting Information). We
tested two pairs of PT7 plasmids in the BL21(DE3) strain of
E. coli: pET11CPH/pCCP8Z and pET28CPH/pCCP8Z. The
plasmids encoding thewild-type short coat protein (CP) sequence
differed in their antibiotic resistance marker: the aph gene that
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confers resistance to the aminoglycoside antibiotic kanamycin
(pET28) and the bla gene for resistance to β-lactam antibiotics
such as carbenicillin (pET11). The CP8Z sequence was intro-
duced in both cases on a plasmid vector conferring spectinomycin
resistance via the aadA gene. After expression of the proteins and
purification of the VLPs to homogeneity, the protein content of
the particles was analyzed to determine the fraction of coat
protein carrying the fused domain (Figure 2). Analysis of
postinduction cultures showed both CP and CP8Z protein
expression and the yields of isolated particles to be roughly
equivalent in all cases.

In most experiments, approximately 20 CP8Z subunits were
incorporated into each capsid, which is ∼40% of the value
expected on the basis of expression levels if the fusion and wild
type assembled into particles with equal efficiency. However, the
number of incorporated CP8Z fusion proteins dropped to
approximately six per particle (Figure 2A) in the presence of
sucrose when the pET11, but not the pET28, vector was used.

This striking observation was made with several batches of rich
defined minimal media to which sucrose was added and was also
observed for protein inserts other than the Z domain discussed
here. We suspected that the increase in osmotic pressure was at
least partially responsible for this result.

E. coli rely on organic osmolyte transporters (ProP, ProU, and
BetU) to rapidly boost the intracellular concentration of betaines
under hyperosmotic stress (13). The addition of the potent
osmoprotectant glycine betaine (1 mM) to the expression medi-
um reversed the deleterious effect of sucrose on chimeric protein
incorporation (Figure 2A), suggesting that this phenomenon is
correlated with the cellular response to an increase in osmotic
pressure. However, when 0.2 M sodium chloride, another
common osmolyte, was introduced into the growth medium,
an effect opposite to that with sucrose was observed: the number
of fusions incorporated into the VLP increased to an average of
33 per particle, again onlywhen the pET11-based vectorwas used
(Figure 2A). No significant change in doubling time was ob-
served when either osmolyte was added to the growth medium,
indicating that the host was not adversely affected under high-
osmotic pressure conditions.

In hypoosmotic media containing a bare minimum of solutes
(VLOM) (11), incorporation levels were the same as for the
standard MEM conditions with the pET11 background. Cells
harboring the pET28 background could not be reliably cultured
in this medium, and thus, no comparison could be made for
conditions of inverse osmotic stress.

Themajor differences between pET11 and pET28 background
are the selection marker gene (bla vs aph) and the corresponding
antibiotic (carbenicillin vs kanamycin). To investigate the role of
carbenicillin in the observed increase in sensitivity to osmolytes,
cells were cultured in MEM with sucrose and carbenicillin until
the OD600 reached the induction level. The cells were then
collected, washed to remove the antibiotic, and then resuspended
in fresh MEM containing sucrose and 1 mM IPTG, but with-
out carbenicillin. Incubation for the standard 4 h gave the normal
level of capsid production and the abrogation of the sucrose
effect: the purified VLPs showed the same level of Z domain
incorporation (approximately 22 per particle) that was obser-
ved in MEM lacking sucrose but containing carbenicillin
(Figure 2B).

We describe here the first study of the incorporation of two
different forms of a coat protein into virus-like particles in cells in
response to environmental factors. Since the incorporation
results do not track with expression levels, particle assembly
cannot simply be a process in which equilibrium mixtures of
subunits formparticles spontaneously, which can be done in vitro
with systems such as cowpea chlorotic mottle virus (14).

The complexity of the apparently simple Qβ system is under-
scored by the fact that the observed variation in incorporation of
the capsid fusion protein requires simultaneous changes in two,
presumably unrelated, process parameters. Under nonstressing
protein expression conditions, we observed no effect with the
change in plasmid selection marker. Similarly, with the pET28
plasmid background, we observed only the expected decrease in
the level of OmpF expression.

Among the factors that may play a role are the following.
Osmotic stress increases the effective concentration of solutes
inside the cell, which can affect protein-protein (15) and
protein-nucleic acid interactions (11). Changes in ionic strength
resulting from transport mechanisms used by the cell to combat
osmotic stress can also influence virus assembly (16). Lastly, the

FIGURE 1: T7 vectors used to produce hybrid bacteriophage Qβ
virus-like particles after cotransformation of E. coli. pMB1 and
CloDF13 are noninteracting origins of replication; bla, aph, and
aadA are orthogonal selection markers.

FIGURE 2: (A) Comparison of Z domain fusion incorporation and
expression levels with variations in osmolytes and selection markers.
(B) Same comparisons in sucrose-supplemented media in the pre-
sence or absence of carbenicillin during IPTG-induced protein
expression. “Expressed” (blue) and “incorporated” (red) protein
levels are given per 180 total protein subunits. The x-axis values
represent the number of fusion proteins per 180 total (wild-type þ
fusion) that were either incorporated into particles (blue) or found in
samples of the culture isolated 4 h after induction, including both
VLPs and protein not incorporated into particles (blue). These values
would be the same if the assembly process was strictly stoichiometric.
At least three replicates were performed for each set of data points.
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expression of β-lactamase at high concentrations can unbalance
the cell envelope and induce an SOS response (17).

The newmethod for preparing chimeric Qβ virus-like particles
described here, and the observation that their composition can be
varied by manipulation of the conditions of cellular expression,
are useful for the practical construction of functional nanopar-
ticles. Rather than requiring genetic manipulation of transcrip-
tional and translational elements, polyvalency can be controlled,
at least empirically, through the addition of inexpensive solutes to
the growth medium. These results also comprise the first cases in
which VLP assembly is affected by such factors as resistance
markers and osmotic pressure. It is likely that the assembly of
natural virions, which are often hybrids of more than one capsid
protein variant, is optimized for particular cellular conditions.
Investigators wishing to produce VLPs or disrupt the production
of viruses in vivo may profitably take such factors into consi-
deration when designing their experiments.
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