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Summary

The high immunogenicity of peptides displayed in dense repetitive arrays on virus-like particles
makes recombinant VLPs promising vaccine carriers. Here we describe a platform for vaccine
development based on the VLPs of RNA bacteriophage MS2. It serves for the engineered display of
specific peptide sequences, but will also allow the construction of random peptide libraries from
which specific binding activities can be recovered by affinity selection. Peptides representing the V3
loop of HIV gp120 and the ECL2 loop of the HIV coreceptor, CCR5, were inserted into a surface
loop of MS2 coat protein. Both insertions disrupted coat VLP assembly, apparently by interfering
with protein folding, but these defects were efficiently suppressed by genetically fusing coat protein's
two identical polypeptides into a single-chain dimer. The resulting VLPs displayed the V3 and ECL2
peptides on their surfaces where they showed the potent immunogenicity that is the hallmark of VLP-
displayed antigens. Experiments with random-sequence peptide libraries show the single-chain dimer
to be highly tolerant of 6-, 8- and 10-amino acid insertions. Not only do MS2 VLPs support the
display of a wide diversity of peptides in a highly immunogenic format, but they also encapsidate
the MRNAs that direct their synthesis, thus establishing the genotype/phenotype linkage necessary
for recovery of affinity selected sequences. The single-chain MS2 VVLP therefore unites in a single
structural platform the selective power of phage display with the high immunogenicity of VLPs.
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Introduction

Many viral structural proteins have the intrinsic ability to self-assemble into virus-like particles
(VLPs) that closely resemble authentic virions. VLPs make good vaccines because the
regularity of capsid structure presents viral epitopes as dense repetitive arrays, which are highly
stimulatory to B-cells 12 Foreign epitopes displayed on VLPs by chemical conjugation or
genetic fusion also show high immunogenicity. In fact, antigens presented in these formats are
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S0 immunogenic that antibody responses can be elicited even against self-antigens, thus
overcomm_)q the tolerance mechanisms that normally prevent the induction of autoantibodies
345 and raising the possibility that, in addition to the obvious infectious disease
appllcatlons, recombinant VLP-based vaccines could replace therapeutic monoclonal
antibodies as treatments for some diseases.

For maximum utility as a vaccine development platform, we think a VLP-display system should
possess the following characteristics. First, to ensure high immunogenicity, including the
ability to elicit antibodies to self-antigens, foreign peptides should be displayed as dense
repetitive arrays on the VLP surface. Second, since display will normally be accomplished by
genetic insertion of foreign sequences into a viral structural protein, a display site must be
identified that is highly tolerant of diverse peptide insertions. Unfortunately, the effects on
protein folding of such insertions, even in surface loops, are largely unpredictable and result
frequently in folding failures. Third, the VLP should encapsidate the nucleic acid that encodes
the viral protein-peptide fusion, thus enabling recovery of affinity selected sequences from
complex peptide or antigen fragment libraries. This would allow a single VLP structural
platform to serve both as an immunogen, and for epitope selection and evolution.

Most existing display platforms exhibit limitations with respect to these features. For example,
the filamentous phages that form the basis of the most widely used display methods permit
affinity selection from peptide libraries, but do not readily support the presentation of foreign
peptides at the high densities required for potent |mmunogen|0|ty . On the other hand, VLP
systems able to present peptides at high density - Hepatitis B Virus core partlcles for example
- do not tolerate diverse peptide insertions without extensive engineering 910, and have not
yet been made to encap5|date their codin sequences Other viral systems, mcluding adeno-
associated virus 11 and bacteriophage A have been adapted for high density display, but
the immunogenicities of the particles have not been reported.

VLPs of the RNA bacteriophage MS2 offer a number of advantages for peptide display. The
icosahedral shell can assemble spontaneously from a single coat protein expressed from a
plasmid in E. coli. It is highly amenable to genetic manipulation +°: 4, is easily purified in
large amounts 14 and the existence of detailed structural information facilitates genetic
engineering 15 Moreover, it is a normal function of coat protein to encapsidate its own mRNA,
which can be extracted from the assembled particle and amplified by reverse transcription and
polymerase chain reaction. Coat protein's so-called AB-loop is a logical site for peptide dlsglay
because it protrudes prominently from the VLP surface, but despite some successes

18;19;20 insertions here frequently disruPt the ability of coat protein to correctly fold, leading
to aggregation or proteolytic degradation .We prewouslg/ produced a version of coat protein
in which the subunits of the dimer are genetically fused 16: 21, The so-called * ‘single-chain
dimer” possesses greatly increased resistance to chemical denaturation and to the destabilizing
effects of mutations 21: 22 Here we show that the single-chain dimer tolerates the insertion
of a wide variety of peptides, that they are highly immunogenic when presented in the MS2
VLP format, and that the VLPs efficiently package the RNAs that direct their synthesis.

Insertion of the ECL2 and V3 peptides in the coat protein AB-loop

The surface accessibility and regular geometric spacing of the AB-loop in the MS2 VLP make
it an attractive site for the display of foreign peptides (Figure 1). We inserted two model
peptides that in their natural environments are found in exposed loops. One was derived from
the V3 loop of the HIV envelope protein of the lab-adapted strain, HIV-1, 5. Its core sequence
is relatively conserved among HIV isolates, and this epitope is a target of neutralizing
antibodies 23. The other peptide comes from the second extracellular loop (ECL2) of the
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macaque chemokine receptor, CCR5. In addition to its role in immune chemotaxis, CCR5 is
a major HIV coreceptor. This particular sequence represents a region of ECL2 referred to as
the undecapeptidyl arch (UPA) and is involved in HIV entry into cells 24

To facilitate peptide insertion we constructed plasmid pMCTK2. It is similar to our previously
described pCT119 14 put, following the example of Mastico et al. 17 was engineered to
contain a Kpn 1 site in the AB-loop-encoding sequence (Figure 2A). We then inserted duplex
oligonucleotides (Figure 2B) encoding the 10-amino acid V3 and ECL2 peptides. Because
insertion at Kpn I results in duplication of codons 14 and 15, the length of coat protein was
actually increased by a total of twelve amino acids. The resulting plasmids, pMCTK2-ECL2
and pMCTK2-V3 express the recombinant coat proteins from the E. coli lac promoter. A
western blot of the soluble and insoluble fractions of crude cell lysates (Figure 3A) shows that
the wild-type protein was abundantly produced in predominantly soluble form, but neither of
the recombinant proteins was present in detectable quantities. It should be noted that if the AB-
loop represented a single immunodominant epitope on wild-type MS2, our failure to detect
these proteins could reflect insertional inactivation of the epitope, and consequent inability of
our antiserum to bind. This cannot be case, however, since we show below that single-chain
dimers with peptide insertions in both AB-loops are readily visualized by Western Blot. It
seems likely, therefore, that the absence of these proteins is due to proteolytic degradation as
a secondary consequence of a severe folding defect.

Functional tests confirmed that the V3 and ECL2 recombinants are defective. Coat protein
normally serves as a translational repressor, shutting off synthesis of the viral replicase by
binding an 20-nucleotide RNA hairpin containing its ribosome binding site (the so-called
translational operator). Fusing this sequence to the E. coli lacZ gene on the plasmid called
pRZ5 14 provides a simple means of assessing translational repressor activity of coat protein
variants. Cells containing pRZ5 form white colonies on x-gal plates when they express
functional coat protein, but non-functional coat protein variants yield blue colonies. Neither
the ECL2- nor V3-containing recombinant proteins inhibited p-galactosidase synthesis at all,
indicating a complete failure to repress translation (Table I).

The defects are corrected in single-chain dimers

Figure 1C shows the structure of the coat protein dimer and illustrates the structural basis for
construction of a single-chain dimer. Note the physical proximity of the C-terminus of one
subunit to the N-terminus of the other. We previously demonstrated that genetic fusion of the
two chains into single-chain dimers greatly protects the protein against the destabilizing effects
of amino acid substitutions and chemical denaturants 16: 17: 21 | an effort to suppress the
defects imparted by the ECL2 and V3 insertions, we constructed two types of single-chain
dimer; one has a foreign peptide in both AB-loops, and the other contains the peptide in only
its C-terminal half (Figure 2A).

We assessed the expression of the single-chain proteins by western blot (Figure 3A). When
present in both AB-loops, the single-chain dimer seemed to revert partially the defects caused
by the foreign peptides in the conventional dimer. The recombinant proteins were now
detectable, but they were found predominantly as insoluble aggregates, suggesting that they
were mostly misfolded. A folding failure is also consistent with an inability to repress
translation (Table I). However, when the foreign peptides were incorporated into only the
downstream copy of the single-chain dimer's two AB-loops the defect was fully corrected. The
proteins were produced in normal amounts, were found mostly in the soluble fraction of the
cell, and they repressed translation just like wild-type (Table I).

The elution of the ECL2 and V3 single-chain proteins from Sepharose CL-4B at the same
position as authentic MS2 virus is another indication that the recombinant proteins assemble
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normally into VLPs (Figure 3B), and also provides a means to purify the ECL2 and V3
recombinant VLPs 14, Analysis by SDS-polyacrylamide gel electrophoresis shows that the
VLPs contain only traces of contaminating cellular proteins (not shown). Electrophoresis of
the VLPs in an agarose gel under native conditions is shown in Figure 3C. As expected of a
properly assembled VLP, each contains RNA (it stains with ethidium bromide) and exhibits
an altered electrophoretic mobility due to the charge differences conferred by the ECL2 and
V3 peptides (Figure 2B). Staining of the gel with the protein stain Coomassie Brilliant Blue
shows the same pattern. The mobility of the capsid produced by the unmodified single-chain
dimer (p2MCTKQ) is slightly greater than that shown by the wild-type VLP produced from
pPMCTK, perhaps because subunit fusion reduces by half the number of positively charged N-
termini, which happen to reside near the VLP surface where they can influence mobility.

Recombinant VVLPs were further characterized using a monoclonal antibody (mAb) (MAbIIIB-
V3-13) that recognizes the V3 epitope and polyclonal sera raised against the ECL2 peptide.
MADbIIIB-V3-13 specifically bound to purified V3-VLPs immobilized on an ELISA plate, but
not to wild-type MS2 VLPs or ECL2-VLPs (Figure 4A), showing that the inserted V'3 sequence
is exposed on the surface of recombinant VLPs in a form competent for recognition by the
monoclonal antibody. Similarly, polyclonal anti-ECL2 sera bound specifically to the ECL2
VLPs, but not to MS2 VLPs (Figure 4B).

Immunogenicity of the ECL2 and V3 recombinants

The abilities of purified recombinant ECL2- and VV3-VLPs to induce antibodies against the
target sequences were assessed by immunization of C57BI1/6 mice. Sera were tested for IgG
antibodies specific for either the V3 or ECL2 peptides by end-point dilution ELISA. Mice
immunized with V3-VLPs or ECL2-VLPs developed high titer (>10%) 1gG responses against
the corresponding peptide, but not against the heterologous peptide (Figure 4C). No peptide-
reactive antibodies were detected in sera from wild-type MS2 VLP-immunized mice. As with
other VLP-based immunogens, high titer antibodies were induced without the use of exogenous
adjuvants; coadministration of FA boosted 1gG levels only slightly.

We next examined whether induced anti-V3 antibodies bound to full-length native protein.
Because monoclonal antibodies that bind to this region of V3 have HIV neutralizing activity
23 we tested whether sera from V3-VLP immunized mice could inhibit HIV infection. Pooled
sera from V3-VLP immunized mice, control sera, or two different HIV neutralizing
monoclonal antibodies were preincubated with approximately 100 infectious HIV-1|
particles, which were then used to infect an HIV indicator cell line (MAGI cells). Control sera
from mice immunized with wild-type MS2 VLPs had no HIV neutralizing activity whereas
sera from V3-VLP immunized mice neutralized HIV (~75% neutralization at a 1:10 sera
dilution) (Figure 4D). The more potent neutralizing activity displayed by the anti-V3 mAb
(MADIIB V3-13) is consistent with the ~10-fold higher V3-peptide ELISA binding activity
of this mADb relative to the V3-VLP sera (data not shown).

The ability of ECL2-VLPs to elicit antibodies that bind native CCR5 was tested by flow
cytometry. Macaque CCR5 was expressed on 293T cells by transient transfection with a rhesus
macaque CCR5 expression vector (pc.Rh.CCR5), and the binding of mouse 1gG was measured
relative to mock-transfected cells. As shown in Figure 4E, sera from ECL2-VLP immunized
mice bound to CCR5-transfected cells (relative to mock-transfected cells) whereas sera from
control mice did not, demonstrating that anti-ECL2 antibodies bind native CCR5.

Testing the single-chain dimer's tolerance of random peptide insertions

We created a library of random 6-amino acid insertions in the AB-loop of pMCTK2 (wild-type
coat) and of 6-, 8-, and 10-amino acids in the second AB-loop of p2MCTK3 (the single-chain
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dimer). This was accomplished by insertion of 6, 8 or 10 copies of the sequence NNY, where
N=any nucleotide, and Y=C or T. Random NNY triplets produce codons for 15 of the 20 amino
acids, and although such libraries cannot encode lys, glu, gin, trp and met, they create
considerable diversity while avoiding the introduction of stop codons. The libraries were
introduced into strain CSH41F-/pRZ5 and plated on X-Gal plates for the blue/white
translational repression test. The results dramatically illustrated the importance of subunit
fusion. In the case of the pMCTK2 6-mer library only 2% of colonies were white, showing
that only rarely is a 6-mer insertion tolerated in the AB-loop of the conventional dimer. On the
other hand, in the single-chain dimer 96% of 6-mer, 94% of 8-mer, and 92% of 10-mer
insertions gave functional translational repressors. From each of these libraries we randomly
selected 12 blue recombinants for sequence analysis, and, in the 6-mer and 8-mer libraries,
found that about half the defective clones (5/12 and 6/12, respectively) had frameshift
mutations (presumably caused by occasional errors during synthesis of the NNY primers), or
were the products of anomolous ligation events. One quarter (3/12) of the defective 10-mer
clones also had frameshift mutations. Thus, in each library a significant percentage of
repressor-defective clones were not the results of failure to tolerate peptide insertions, but had
other defects.

Visual inspection of the small percentage of sequences that resulted in folding failures
immediately led to the impression that they are enriched in hydrophobic amino acids. This
intuition was confirmed when all the peptide sequences were joined together (on paper) into a
single 662-amino polypeptide, with the tolerated sequences (residues 1-482) and non-tolerated
sequences (residues 483-662) grouped together. A Kyte-Doolittle hydrophobicity plot 25; 26
shows a distinct transition to higher average hydrophobicity at the white/blue junction (Figure
5).

White clones were picked from each of the 6-mer, 8-mer and 10-mer libraries and subjected
to analysis of their abilities to support the synthesis of properly assembled VVLPs. Sonicated
cell lysates were subjected to agarose gel electrophoresis, and VLPs were visualized by
ethidium bromide staining (upper half of each set in Figure 6) and by a Western Blot probed
stained with anti-MS2 serum and alkaline phosphatase-conjugated anti-rabbit 1gG (lower half
of each set). The mobilities of the recombinant VVLPs are diverse, because, as sequence analysis
shows, most of the inserted peptides contain at least one charged amino acid. Importantly,
tolerance of insertions is high: 100% (21/21) of 6-mer clones, and 87% (20/23) 8-mer clones
contained a detectable VVLP, while the frequency of successful 10-mers was 80% (16/20).

MS2 VLPs encapsidate their mRNAs

Plasmids called pETCT and pET2CTdI-13 use the T7 promoter and transcription terminator
to express wild-type coat protein and the single-chain dimer, respectively, from transcripts of
predicted lengths of about 580 and 970 nucleotides. We purified their VLPs from bacteria,
extracted the RNAs and subjected them to denaturing agarose gel electrophoresis 27 The
ethidium-bromide-stained gel (Figure 7, left panel) shows that each VLP contains a dominant
species comigrating with RNA markers produced by T7 transcription in vitro of the same
PETCT and pET2CTdl-13 plasmids. Three other RNAs were also run as molecular weight
markers and as hybridization controls. Two were genome RNAs extracted from the purified
MS2 (3,569 nucleotides) and Qp phages (4,220 nucleotides), and another, about 650
nucleotides long, was produced by transcription in vitro of a plasmid containing HCV core
sequences. A Northern Blot probed with a 32P-labeled synthetic coat sense strand-specific
oligonucleotide verifies the identities of the encapsidated RNAs; only RNAs expected to
contain the coat coding sequence hybridize with the probe (Figure 7A, right). Thus, MS2 VLPs
efficiently encapsidate RNAs whose characteristics suggest they represent the same RNAs that
direct coat protein synthesis.
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We wanted to verify that peptide-displaying recombinant VLPs also encapsidated their
mMRNAs. Using constructs similar to pETCT and pET2CT we synthesized in bacteria VLPs
corresponding to the wild-type single-chain dimer with Kpn I in its second AB-loop
(PET2NMKS3), and its V3 and ECL2 derivatives (bET2NM-V3 and pET2NM-ECL2). The
VLPs were purified and their RNAs extracted as described in Materials and Methods. Figure
7B shows agarose gel electrophoresis of these RNAs. Some of the RNAs shown in Figure 7A,
namely those extracted from QB and MS2 virions, and from the pETCT and pET2CT VLPs,
were run in this gel for comparision. The ethidium bromide-stained gel (left panel) shows that
the V3 and ECL2 recombinants encapsidated the same coat-specific RNA species as pETCT
and p2CT. Note also the small decrease in mobility of the V3 and ECL2 RNAsS, consistent with
the insertion of peptide-encoding sequences. Although the presence of a variable quantity of
non-coat RNA is apparent in most samples, the most abundant single species is the coat-specific
RNA in each case. A Northern Blot of a duplicate gel probed with the coat sense-strand-specific
oligonucleotide (right panel) shows that the encapsidated RNAs are indeed coat-specific.
Furthermore, RNA extracted from a peptide-displaying VLP was subjected to reverse
transcription and polymerase chain reaction, and the nucleotide sequence of the product was
determined. It was found to contain the peptide-encoding nucleotide sequence. Thus, VLPs
faithfully encapsidate their mRNAs.

Discussion

The AB-loop is a natural location for peptide display, because it protrudes prominently from
the MS2 VLP surface. Although correct folding of wild-type coat protein is usually prevented
by AB-loop insertions, the single-chain dimer tolerates them. Insertion of either the V3 or
ECL2 peptide into the AB-loop of wild-type coat protein resulted in a failure even to synthesize
detectable amounts of the protein, but insertion of the same peptides into one AB-loop of the
single-chain dimer yielded a protein that folded and assembled in a manner virtually
indistinguishable from wild-type. The importance of subunit fusion was confirmed by the
functional consequences of inserting random-sequence peptides. In the conventional dimer
only 2% of random 6-mer insertions were functional for translational repression, but in the
single-chain dimer between 93% and 98% (corrected for frameshift errors) of 6-mer, 8-mer or
10-mer insertions were fully competent repressors. Of these, a high proportion (80-100%
depending on peptide insertion length) also produced a VLP.

The increased stability of the single-chain coat protein dimer is one example of a general
approach to protein stabilization. In several other cases it was demonstrated that the covalent
joining of subunits can stabilize the folded structures of oligomeric proteins 28;29;30 1 coat
protein the folding unit appears to be the dimer itself, since inspection of its three-dimensional
structure (Figure 1) shows that each monomer's native conformation depends on association
with its companion subunit. The covalent tethering of the two dimer halves likely reduces the
entropy of the unfolded state, thus favoring the native structure. Another way of looking at it
is to realize that when unfolded, the effective concentration of the two “monomers” of a single-
chain dimer is high compared to that available to the conventional dimer at any normally
attainable protein concentration, thus perturbing the folding-unfolding equilibrium in favor of
the folded state.

Of course, a perfect platform for peptide library construction would show universal tolerance
of insertions. While the single-chain coat protein does not quite achieve that objective, it does
accommodate impressive peptide diversity. It is notable that many of the non-tolerated
sequences are highly enriched in hydrophobic amino acids. The fact that most protein epitopes
are themselves surface loops and naturally show a reduced incidence of hydrophobic residues,
ameliorates concerns over the under-representation of such sequences in our VLP libraries.
The use of an oligonucleotide synthesis method that controls codon frequencies to better mimic
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the amino acid comgositions of natural proteins should result in an even higher frequency of
tolerated insertions 31; 32, Furthermore, we suspect it is possible to produce additional
engineered or randomly generated mutational variants of coat protein that, like the single-chain
dimer, globally suppress the disruptive effects of the relatively few intolerable peptides. Even
while we work toward the goal of a truly universal peptide display platform, however, we note
that existing phage display systems are themselves subject to so-called library censorship
isgugi; they also eliminate peptides whose sequences are inconsistent with viral morphogenesis

’

The necessity of displaying peptides in only one of the two halves of the coat protein dimer
means that display density on our VVLP is reduced by half, from 180 copies to 90. Since the
high immunogenicity of recombinant VLPs is apparently due to the presentation of epitopes
as dense repetitive arrays, we worried they might show reduced immunogenicity. However,
the V3 and ECL2 VLPs induced specific high titer antibody responses, similar to those obtained
using peptides displayed at even higher densities by chemical conjugation to RNA phage and
Human Papilloma Virus (HPV) VLPs 35, These results are consistent with immunogenicity
studies in which the density of epitope display was systematically varied on HPV VLPs; a 50%
reduction of target density had minimal effects on immunogenicity 4,

One of coat protein's normal functions is to package the viral genome RNA that encodes it.
This is normally assumed to occur through the specific interaction of coat protein with its RNA
target, the translational operator of the replicase cistron. In this view, the same RNA-protein
interaction responsible for translational repression also initiates RNA encapsidation and virus
assembly. Consistent with this notion, the operator (or pac site) confers enhanced packagability
to a heterologous RNA 36, Others have taken advantage of coat protein's encapsidation activity
to incorporate specific RNAs into VLPs where they are resistant to RNase degradation 37,
Some may find it surprising that pETCT and pET2CTdl-13 produce VLPs that efficiently
encapsidate their own RNAs even though the translational operator sequence is not present.
However, even before conducting the experiments described here, there were already
indications that packaging does not absolutely require the coat protein-translational operator
interaction. For example, MS2 viral variants whose mutant operators show no detectable ability
to bind coat protein are viable 38 Moreover, a plasmid expressing a portion of the MS2 genome
containing only maturase and coat sequences, and lacking the putative pac site produces a VLP
that packages its mMRNA (unpublished observations). Recently Bundy et al. also showed that
MS?2 coat protein expressed from plasmids similar to ours efficiently encapsidated its own
RNA even though no translational operator was present 39, Perhaps the coat sequence itself
contains an unidentified pac signal, or maybe our VLP RNAs are preferentially encapsidated
through their sheer abundance, rather than by a specific RNA-protein recognition event.
Alternatively, a high local concentration of newly synthesized coat protein in the vicinity of
its MRNA on the ribosome might result in cis encapsidation. It should be noted that although
coat-specific RNA is the most prevalent single species, VLPs also contain variable quantities
of host RNAs. Experiments are underway to determine whether the presence of the translational
operator can further enhance the specificity of encapsidation.

Whatever the packaging mechanism, it is clear that each individual member of a VLP library
can be expected to encapsidate the mRNA that encodes it and its guest peptide, thus providing
the phenotype-genotype linkage essential to any phage display-like technology, and making
possible the affinity-selection of ligands for specific antibodies (or other receptors) from
libraries of random-sequence peptides or antigen fragments. Reverse transcription and
amplification by polymerase chain reaction of RNAs extracted from affinity selected VLPs
will allow the recovery of the selected sequences, which can then be subjected to additional
cycles of synthesis, assembly and selection as needed. Therefore, MS2 VLPs should provide
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the means both to identify epitopes and to present them directly to the immune system at high
density on a single structural platform.

Materials and Methods

Plasmid construction

A PCR overlap extension method 40 introduced two silent nucleotide changes in codons 14
and 15 of the coat sequence and a unique Kpnl site into the MS2 coat gene of pMCT, a plasmid
nearly identical to the previously described pCT119 14 The new construct iis called pPMCTK2.
Synthetic duplex oligonucleotides (from Integrated DNA Technologies, see Figure 2B)
encoding the ECL2 and V3 peptides were inserted into the Kpn I site. DNA sequence analysis
of the resulting recombinants confirmed the presence of the designed sequences. We call these
plasmids pMCTK-ECL2 and pMCTK-V3 (Figure 2A).

The various single-chain dimer versions of the pMCTK-ECL2 and -V3 recombinants (Figure
2A) were produced by duplication of the wild-type and recombinant coat sequences. Briefly,
the upstream half was produced by PCR amplification using a 5’ primer that anneals to plasmid
sequences upstream of the coat sequence, and a downstream primer that creates a Bgl | site at
the 3’-end of the coding sequence. This fragment was digested at the new Bgl | site and at the
Hind 111 site in the upstream plasmid sequence. The downstream half was synthesized using a
primer that creates a Bgl | site at the 5’-end of the coding sequence, and a 3'-primer that anneals
to plasmid sequences downstream of coat. This fragment was digested at the Bgl | site at the
5’-end of this PCR fragment and at a Bam HlI site present in plasmid sequences downstream
of coat. These two DNAs were then joined by ligation to a vector fragment derived by Hind
I11 - Bam HI cleavage of pMCT and introduced into E. coli by transformation. The resulting
plasmids contain a duplication of the coat sequence, with the C-terminal amino acid of the
upstream copy fused to amino acid 2 of the downstream sequence. This arrangement is identical
to that found in the previously constructed p2CT-dI13 21, but with two conservative amino
acid substitutions to accommodate the introduction of the Bgl | site, whose presence at the
junction simplifies single-chain dimer construction. The plasmid p2MCTKS3 was constructed
by a similar process. It provides a single-chain dimer with a unique Kpn | site in the AB-loop
of its downstream half.

Protein Expression, Purification and Functional Assays

To test the recombinant proteins for translational repressor activity, each plasmid was
introduced into E. coli strain CSH41F containing the translational repression reporter plasmid
called pRZ5 14 and plated on LB medium containing the B-galactosidase chromogenic
substrate, 5--bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal). To determine the expression
levels of recombinant proteins and their solubilities, cell lysates from 1 ml overnight cultures
were separated into soluble and insoluble fractions and subjected to SDS-gel electrophoresis
(see ref. 16 for details). Contents of the gel were transferred to a nitrocellulose membrane and
probed with rabbit anti-MS2 serum and alkaline phosphatase-conjugated goat anti-rabbit 1gG
antibodies. The coat proteins encoded in p2MCTK3, p2MCTK-ECL2 and p2MCTK-V3 were
purified to greater than 90% purity by chromatography in Sepharose CL-4B using methods
described previously 14,

Rapid assessment of a recombinant protein's ability to assemble into a VLP was performed by
electrophoresis of sonicated cell lysates (from 1ml overnight cultures) in gels of 1% agarose
in 50mM potassium phosphate, pH7.5 13 Gels were stained with ethidium bromide to reveal
the presence of VLPs, which contain host RNAs. The identity of the VLPs was then confirmed
by transferring the contents of the gel to nitrocellulose and probing with rabbit anti-MS2 serum
and an alkaline phosphatase-labeled second antibody.
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Libraries of random sequence peptides

To insert random DNA sequences encoding 6-, 8- and 10-amino acid peptides into the AB-
loop, the primers described below were used to amplify a coat fragment from pMCT in three
different PCR reactions. Three different 5'-primers [called (NNY)g, (NNY)g and (NNY)0]
attach at codon 14 a Kpn I site and 6, 8 or 10 randomized codons of sequence NNY (where
N=A,C,G, or T and Y=T or C). Each reaction employed a single 3'-primer that annealed
downstream of a Bam Hl site in the plasmid vector. The resulting PCR products were digested
with Kpn I and Bam HI, gel purified and ligated to the similarly digested vector fragments of
p2MCTK3 or pMCTK2. These were introduced by transformation into strain CSH41F-
containing plasmid pRZ5 14 and plated on LB medium containing X-gal. Control ligations
containing only vector DNA gave rise to at least 1000-fold fewer colonies than those that
contained an insert fragment. After overnight incubation at 37°C the relative numbers of blue
and white colonies obtained were determined. Properly folded coat proteins repress translation
of B-galactosidase and yield white colonies. From each library 24 white and 12 blue colonies
were picked to two different 1 ml cultures in LB medium and grown overnight with shaking
at 37°C. Note that after sequence analysis, a few white clones in were dropped from the
analysis. A few either lacked a peptide insertion or contained mutations at secondary sites
which might complicate interpretation of results. One set of cultures was used for plasmid
isolation and DNA sequence analysis. The other was lysed by sonication and subjected to
agarose gel electrophoresis as described above. VLPs were visualized by ethidium bromide
staining and by blotting to nitrocellulose and probing with rabbit anti-MS2 serum and alkaline
phosphatase-conjugated goat anti-rabbit 1gG.

Packaging of coat-specific RNAs

The Xba | - Bam HI fragments of plasmids pCT119 13 and p2CTdlI-13 21 were inserted into
the T7 expression vector, pET3d 41 coat protein expression was induced by IPTG in bacterial
strain BL21(DE3)/pLysS using standard methods, and VVLPs were extracted and purified by
Sepharose CL-4B chromatography 14 followed by centrifugation to equilibrium in CsCl
gradients (1.40g/cc starting density) at 40,000 rpm in the SW50.1 rotor. RNAs were extracted
from VLPs using phenol/chloroform and applied to a 1.5% agarose gel containing
formaldehyde 21 The gel was blotted to nitrocellulose and probed with a coat-specific
synthetic oligonucleotide (5'-CGAGTTAGAGCTGATCCATTCAGCGACCCC-3)
complementary to the sense-strand and labeled at its 5'-end with 32P. Control RNAs were
produced by transcription of pETCT and pET2CTdI-13 in vitro using T7 RNA polymerase.

Immunization and characterization of antisera

Antisera were prepared by inoculating C57BI/6 mice with 15 ug wild-type MS2 VLPs, 15 nug
MS2-VV3 VLPs, or 15 ng MS2-ECL2 VLPs. Mice were inoculated intramuscularly three times
at 2-week intervals. Sera were collected prior to each injection and 2 weeks after the final boost.
When adjuvant was used, antigen was diluted 1:1 in complete Freund's adjuvant (CFA,; initial
injection) or incomplete Freund's adjuvant (IFA; subsequent boosts) immediately prior to the
injection. All animal care was in accordance with the National Institutes of Health and
University of New Mexico guidelines. Antibody titers were determined by ELISA using
peptides corresponding to the target sequences. A V3 peptide (RIQRGPGRAFVTGK;
synthesized by Commonwealth Biotechnologies, Chantilly, VA) was conjugated to KLH using
a carbodiimide crosslinker (Pierce). A cyclic peptide corresponding to macaque CCR5 ECL2
(C1D2R3S4Q5R6E7GgLgH19Y 11 T12G13, in which Gly13 was linked to Asp2 through a
dipeptide spacer; synthesized by Celtek Peptides, Nashville TN) was conjugated to avidin using
a heterobifunctional crosslinker (SMPH; Pierce). Conjugated peptides were immobilized (at
200 ng/well) onto Immulon Il ELISA plates (Dynex Technologies, Chantilly, VA) overnight
at 4°C and then wells were blocked with PBS plus 0.5% non-fat dry milk for 2h at room
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temperature. Mouse serum was serially diluted in PBS-0.5% milk and applied to wells for 2.5h
at room temperature. Reactivity to antigen was determined using horseradish peroxidase
(HRP)-labeled goat anti-mouse 1gG (Jackson Immunoresearch, West Grove, PA) at a 1:2000
dilution in blocking buffer as a secondary antibody. Upon development, optical densities were
read at 405 nm using an OpSys MR plate reader (Thermo Labsystems, Waltham, MA).
ODyjg5 values that were greater than twice background (usually >0.080) were considered
positive.

HIV neutralization was measured using the MAGI-CCRS5 indicator cell line. These cells and
the MAGI-CCR?5 assay are described in more detail by Chackerian et al. 42 0one hour prior to
infection, dilutions of mouse sera were incubated with approximately 100 infectious
HIV-1 A virus particles in a total volume of 50 uL at 37°C. The virus-antibody mixture was
then added to wells in a total volume of 200 L in the presence of 10 ug/mL DEAE-Dextran
(Sigma-Aldrich, St. Louis, MO). After 2h at 37°C, virus and antibody were removed from each
well and replaced with 0.5 mL of media. Two days after infection, cells were fixed, washed,
and stained for B-galactosidase activity, as described previously 43,

Binding of mouse serum IgG to native CCR5 was tested by flow cytometry. 293T cells were
transiently transfected with a rhesus macaque CCR5-encoding expression vector [pc.Rh-
CCR5; 4 ]. Cells were detached from the monolayer using 5 mM EDTA and then washed three
times in staining buffer (PBS plus 0.5% BSA). To remove antibodies that bound non-
specifically to cells, sera was preincubated with untransfected 293T cells (10° cells for every
5 uL of sera) for 45 min at 4°C. Sera was removed from cells and then incubated with CCR5-
or mock-transfected cells. Approximately 10° cells were resuspended in 50 pl of staining buffer
plus 10 uL of mouse sera for 30 min at 4°C. After washing three times with staining buffer,
cells were resuspended in 50 ul of staining buffer plus 250 ng of fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse IgG (Jackson Immunoresearch) and then incubated for 30 min
at 4°C. As a control, cells were stained with secondary antibody alone or with a phycoerythrin
(PE)-labeled anti-CCR5 monoclonal antibody (3A9; BD Pharmingen). Before analysis, cells
were washed twice more with staining buffer and resuspended in 0.5 ml of staining buffer.
Specific binding was measured relative to mock-transfected cells.
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Figure 1.

(A) Structure of the MS2 coat protein dimer seen edge-on, with its polypeptide chains in red
and green and the AB-loops in gold. (B) A portion of the MS2 VLP showing the arrangment
of subunits around the 5-fold and quasi-6-fold symmetry axes and the arrangement of the AB-
loops (in gold). (C) Structure of the MS2 coat protein dimer as viewed from outside the VLP.
Note the proximity of the N- and C-termini of the two polypeptides. Images were produced
using imol software, available at http://www.pirx.com/iMol/.
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PMCTK2

p2MCTK3

pPMCTK-ECLZ2 or V3

p2MCTK-2ECL2 or 2V3

p2MCTK-ECL2 or V3

ECL2

G T R S Q R E G L H Y T G T
T CGCAGCCAGCGCGAAGGCTTGCATTATACC GGTACC

CCATGA GCGTCGGTCGCGCTTCCGAACGTAATATGG C

V3

G T I Q@ R G P G R A F V G T
T ATTCAGCGCGGCCCGGGCCGCGCGTTTGTG GGTACC

GCATGA TAAGTCGCGCCGGGCCCGGCGCGCAAACAC C

Figure 2.

(A) Arrangements of the coat protein reading frames on the plasmids used in this experiment.
All express coat protein from the lac promoter. pMCTK is similar to the previously described
pCT119 (5), but has silent mutations in codons 14 and 15 that introduce the Kpn I site (indicated
by the arrow). p2MCTK3 expresses a single-chain dimer version of the protein with the Kpn
| site in the C-terminal half of the single-chain dimer. Black boxes represent the ECL2 or V3
peptide insertions in the various plasmid derivatives. (B) Amino acid sequences (one-letter
code) of the ECL2 and V3 peptides (top lines) and of the annealed oligonucleotides that encode
them.
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Figure 3.

(A) Western blot analysis of the proteins produced by the various constructs described in the
text and illustrated schematically here. In each case, a cell lysate was produced by sonication
and then segregated into soluble (S) and insoluble (or pellet, P) fractions by centrifugation.
Coat proteins were visualized using rabbit anti-MS2 serum and an alkaline phosphatase-labeled
second antibody. (B) Elution of coat proteins from Sepharose CL-4B. Cell extracts were
applied to the column and the coat protein content of individual fractions was determined by
SDS-polyacrylamide gel electrophoresis. Proteins were visualized in the gel both by
Coomassie Blue staining and by Western Blot, and the quantity of coat in each fraction was
determined by densitometry. Authentic MS2 virus (not shown) co-elutes with VLPs. (C)
Agarose gel electrophoresis of purified bacteriophage MS2 and the VLPs produced by the
single-chain dimer construct and by the ECL2 and V3 recombinant VVLPs. Protein was stained
with Coomassie Blue R250 (left). Because the VLPs contain RNA they can also be visualized
with ethidium bromide (at right).
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Figure 4.

Analysis of immune responses to recombinant VLPs. (A) An anti-V3 mAb binds to V3-VLPs,
but not ECL2-VLPs or wild-type MS2 VLPs. Dilutions of MAbIIIB-V3-13 were reacted with
500 ng/well of V3-VLPs, wild-type MS2 VLPs, or ECL2-VLPs. Binding was detected using
a horseradish peroxidase-labeled goat anti-mouse 1gG secondary followed by development
with ABTS. Reactivity was measured by optical density at 405 nm (OD4gs). (B) Polyclonal
sera raised against a cyclic ECL2 peptide binds to ECL2-VLPs, but not MS2 VLPs. Dilutions
of sera from a mouse immunized with the cyclic ECL2 peptide (chemically conjugated to
Qp bacteriophage) were reacted with immobilized VLPs on an ELISA plate. Binding was
detected as described above. (C) IgG antibody responses in C57BI/6 mice immunized with
wild-type MS2 VLPs, V3-VLPs, or ECL2-VLPs. End-point dilution ELISA titers against a
peptide representing a portion of the V3 loop from HIV|_a, (left panel), or a peptide representing
the CCR5 ECL2 undecapeptidyl arch (UPA) (right panel) in serum from mice immunized three
times with each VLP type. VLPs were administered either in the presence of complete Freund's
adjuvant (CFA) or without adjuvant (NA). Results are from sera obtained 7 days after the third
vaccination. Each data point represents the antibody titer from an individual mouse. Lines
represent the geometric mean titer for each group. (D) Neutralization of HIV-1 p, infection
of the MAGI-CCRS5 indicator cell line using sera from mice immunized with V3-VLPs.
Approximately 100 infectious virus particles were incubated with dilutions of pooled sera from
mice immunized with wild-type MS2 VLPs, pooled sera from mice immunized with VV3-VLPs,
or the HIV neutralizing mAbs V3-13 or b12 (a potent neutralizing monoclonal antibody that
recognizes an epitope outside of the V3 domain) for 1h and then added to target cells. Two
days after infection, infected cells were scored by counting the number of blue cells in each
well. Inhibition of HIV infection was determined by comparing the number of blue (infected)
nuclei in the presence of antibody versus the number of blue nuclei in the absence of antibody.
Data represents the average of two different experiments; error bars show the standard error
of the mean. (E) Flow cytometric analysis of antibody binding to transiently transfected 293T
cells. Cells were mock-transfected (shaded histogram) or transfected with pc.Rh-CCRS5 (thick
solid line) and then incubated with (upper left) a PE-labeled anti-CCR5 mAb (3A9), (upper
right) secondary antibody alone, (lower left) sera from a mouse immunized with wild-type
MS2 VLPs, or (lower right) sera from a mouse immunized with ECL2-VLPs.
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Figure 5.

A hydrophobicity plot by the method of Kyte and Doolittle of a hypothetical protein produced
by arbitrarily joining into a single long sequence all the random peptide sequences that resulted
in a repressor-competent coat protein (residues 1-482) and those that interfered with repressor
function (residues 483-662). Note the transition at about amino acid 483, indicating a
substantially higher average hydrophobicity of peptides that interfere with coat protein folding.

J Mol Biol. Author manuscript; available in PMC 2009 June 27.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Peabody et al. Page 20

<
™
85
Q
38
oo

EthBr

ENNY S emners S e

| T
e » ., Ss. Blot

8NNY EthBr

Blot

e T

LY el
..-. ......"

10NNY EthBr

poll W ' Blot
g ¢

Figure 6.

Electrophoresis on agarose gel of VLPs found in crude lysates of cells producing a coat proteins
with different random 6-, 8- or 10-amino acid insertions. The first two lanes of each gel are
controls: pUCter3 produces no coat protein, while p2MCTK3 is the single-chain dimer
construct without a peptide insertion. Ethidium bromide-stained gels (upper half of each set)
and blots probed with anti-MS2 serum (lower half of each set) are shown.
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Figure 7.

(A) Agarose gel electrophoresis of VLP-encapsdated RNAs. The left panel shows the ethidium
bromide stained gel. A Northern Blot probed with a labeled MS2 coat-specfic oligonucleotide
is shown in the right panel. “CT VLP” and “2CT VLP” refer to the RNAs extracted from
conventional and single-chain dimer VLPs respectively. “CT in vitro” and “2CT in vitro” refer
to the products of transcription in vitro of the same plasmids that produced the VVLPs in bacteria.
The in vitro transcription product of a similar plasmid containing HCV core sequences (*“core
in vitro™) was also run for comparison. MS2 and QB RNAs were obtained by extraction from
the purified phages. (B) Agarose gel electorphoresis and Northern Blot of RNAs encapsidated
in VLPs expressed from pET2NMK and its V3- and ECL2-dieplaying derivatives. Some of
the same RNAs in (A) are also shown for comparision.
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Translational repressor activities of the various V3 and ECL2 recombinants as reflected in the relative blueness of
colonies on X-Gal plates. Controls are pUCter3, which produces no coat protein and fails to repress, and pCT119 and
p2MCTK3, which respectively produce wild-type coat protein and the single-chain dimer, and repress efficiently.

Blueness on XGﬂ

pUCter3

+++

pCT119

p2MCTK3

pCT-ECL?2

+++

pCT-V3

+++

p2M-ECL 2-2

+++

p2M-V3-2

+++

p2M-ECL2-1]

p2M-V3-1
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Table Il
The percentages of 6-mer, 8-mer and 10-mer AB-loop insertions that result in functional translational repressors (white
colonies on X-Gal plates). Plasmid pMCTK2 produces a conventional coat protein dimer, while p2MCTK3
incorporates the insertions in the second AB-loop of a single-chain dimer. (nd = not determined).

Percent White Colonies
pMCTK?2 p2MCTK3|
(NNY)g 2 96
(NNY)g nd 94
(NNY), nd 92
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