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Cafl, a chaperone-usher protein from Yersinia pestis, is a major protective antigen in the development of
subunit vaccines against plague. However, recombinant Cafl forms polymers of indeterminate size. We report
the conversion of Cafl from a polymer to a monomer by circular permutation of the gene. Biophysical
evaluation confirmed that the engineered Cafl was a folded monomer. We compared the immunogenicity of the
engineered monomer with polymeric Cafl in antigen presentation assays to CD4 T-cell hybridomas in vitro, as
well as in the induction of antibody responses and protection against subcutaneous challenge with Y. pestis in
vivo. In C57BL/6 mice, for which the major H-2°-restricted immunodominant CD4 T-cell epitopes were intact
in the engineered monomer, immunogenicity and protective efficacy were preserved, although antibody titers
were decreased 10-fold. Disruption of an H-2%-restricted immunodominant CD4 T-cell epitope during circular
permutation resulted in a compromised T-cell response, a low postvaccination antibody titer, and a lack of
protection of BALB/c mice. The use of circular permutation in vaccine design has not been reported previously.

Yersinia pestis is thought to be the etiological agent of epi-
demic diseases referred to as the Black Death over many
centuries (26). In recent years, infections with Y. pestis have
been reported on all continents except Australia (3). The dis-
covery of multiple antibiotic-resistant strains of Y. pestis in
Madagascar (13) and the possible use of Y. pestis as a biological
weapon has led to the classification of plague as a re-emerging
disease by the World Health Organization.

The virulence factor Cafl, encoded by the pFra plasmid of Y.
pestis, is induced to form a protein capsule during growth
above 33°C, and strains lacking Cafl show increased suscepti-
bility to phagocytosis by macrophages in vitro (11). However,
infection of experimental animals has not demonstrated a clear
role for Cafl in virulence in vivo (9, 26).

Current vaccines for Y. pestis consist of either killed whole
cells resulting from heat or formaldehyde treatment or live
attenuated strains. Killed whole cells require multiple doses,
induce frequent side effects, and incur large manufacturing
expenses under stringent microbiological containment condi-
tions (37). Live attenuated strains are also highly problematic
and are not licensed for use in humans (30). Protein subunit
vaccines can overcome many of these problems, and recombi-
nant forms, produced in a nonpathogenic strain, lead to a large
reduction in costs. Vaccination with recombinant Cafl (rCafl)
(20, 35) alone or in combination with other Y. pestis proteins
(37) confers protection against plague in mice (35). Sera from
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humans recovering from plague contain significant titers of
anti-Cafl antibodies (27), and the efficacy of vaccination with
Cafl in humans is being evaluated (38).

The design of new immunogens for effective, protective im-
munity is one of the “14 Grand Challenges in Global Health”
(28), and the extracellular chaperone-usher (CU) polymers
(36) are a large group of promising bacterial vaccine candi-
dates. The CU system secretes polymeric surface proteins from
many gram-negative bacteria, including human pathogens re-
sponsible for plague, meningitis, and urinary tract and gastro-
intestinal infections (31). CU polymers are composed of small
immunoglobulin-like subunits linked by a “donor strand
complementation” mechanism, in which a B-strand is donated
by the next molecule in the chain to create polymers of stable
monomers joined by noncovalent links (32). Naturally occur-
ring CU proteins generate defined structures (8, 25), whereas
recombinant CU proteins form either aggregated structures
(20) or vaccine-chaperone dimers (18) or are unstable (14).
Future development of protein therapeutics is being driven
toward easily assayed final products that are not defined simply
by the manufacturing process (5), and one important step is
the design of new regulatory-friendly protein therapeutics. A
homogenous quaternary structure is a major objective, and
prospective vaccines based upon isolated CU subunits do not
yet meet these criteria (40). Immunization of mice with Cafl
monomerized by heating in sodium dodecyl sulfate confers
limited protection in the mouse model (20), and it is not clear
whether denatured Cafl remains monomeric after injection.

In the present study we evaluate the antigenicity of a stable
monomeric form of Cafl created by a protein engineering
technique known as circular permutation. Proteins with closely
spaced N and C termini can be treated as circular molecules
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FIG. 1. Design and creation of a folded monomeric Cafl protein. (A) Ribbon diagram of Cafl dimer (taken from PDB file 1P5U [40])
illustrating the donor strand complementation critical for correct folding of Cafl polymer. (B) Energy minimized model of cpCaf1 structure based
on 1P5U showing the engineered flexible linker (magenta) and repositioned N-terminal strand (red). (C) Schematic representation of rCafl and
its mutant derivatives. Amino acid residue numbering of the mature protein is used in the numbering scheme, and as in panel B the engineered
flexible linker is shown in magenta and repositioned N-terminal strand in red. (D) Superose 12 size exclusion chromatography of cpCafl (50 mM
phosphate buffer [pH 7.4]) produced a single peak corresponding to the expected monomer size. CpCaF1 (16.1 kDa) elutes at a volume of 14.25
ml compared to carbonic anhydrase (29 kDa, 13.75 ml) and bovine serum albumin (66 kDa; 12.25 ml). Native polymeric Cafl elutes in the void
volume 6 ml (21). The inset shows Coomassie blue-stained native polyacrylamide gel electrophoresis. Lane 1, molecular mass markers (in

kilodaltons); lane 2, purified cpCafl.

such that the existing termini can be joined with a short linker
sequence and new termini introduced in almost any surface
loop along the sequence. This has been used to investigate
the role of amino acid sequence upon protein folding and to
introduce new functions into existing proteins by adding
additional amino acids at the new termini. The situation in
polymeric Cafl is different since the N terminus of one

monomer is far from its own C terminus but very close to
that of its neighbor (Fig. 1A). Hence, by moving the N-
terminal strand to the C terminus we can try to mimic
polymeric structure in a monomeric format. Although many
circularly permuted proteins have been described (22), this
is the first immunological analysis of one that is a candidate
vaccine antigen.
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MATERIALS AND METHODS

Expression, purification, and cloning of cpCafl. All engineered versions of
Cafl were produced as Tol fusion proteins (1), and sequences for cloning into
pTol vectors were generated by PCR using the plasmid pAH34L (21) encoding
Cafl antigen (accession number X61996) as a template. The mature Cafl se-
quence (residues 1 to 149) was truncated at the N and C termini (Fig. 1C) to
create AN-Caf1(19-149) and AC-Caf1(1-122) deletion mutants, respectively, by
using specific primer pairs in a PCR. For circularly permuted Cafl (cpCafl), the
circular permutation method (Fig. 1B and C) attaches a copy of the donor strand
(residues 1 to 15; shown in red) to the C terminus of the target protein (cyan)
using a short linker (purple), while also removing the equivalent sequence from
the N terminus. Thus, the primary sequence of circularly permuted Cafl
(cpCafl) begins with the dipeptide glycine-serine (GS) (from the fusion protein
used to enhance expression levels (1), followed by the wild-type Cafl sequence
P, through S, 4. This is joined by a flexible linker (TGSGNG), to the stabilizing
strand removed from the original N terminus ("ADLTASTTATATLVE"). The
resulting protein which therefore consists of a shuffled wild-type sequence plus
linker has a predicted molecular mass of 16,181 Da, a pI of 4.61, and an €,g, value
of 5960 M~ ' cm ™.

Circular permutation using PCR was performed essentially as previously de-
scribed (22). Briefly, two copies of the gene coding for Cafl antigen (lacking
signal sequence) were amplified by PCR: one with the sequence coding for a
flexible N- to C-terminal linker (residues TGSGNG) at the 5" end and another
with the same sequence at the 3’ end. Overlap PCR created a tandem copy
joined by the linker connecting one N and one C terminus (16) which was cloned
into plasmid pGEM-T (Promega, United Kingdom). This was used as the PCR
template in a third PCR using two further primers that amplified the “cpCaf1”
region from P4 of the 5" DNA copy of Cafl to G5 of the 3’ copy of Cafl (via
the linker).

The resulting AN-Cafl, AC-Cafl, and cpCafl were cloned into pTolT in the
pTOL vector system (1) to produce a Tol-Cafl fusion protein separable by
thrombin cleavage.

For protein expression and purification, TUNER cells (Novagen, Nottingham,
United Kingdom) were transformed with pTolT-cpCafl. Cells were prepared
and harvested, and protein isolation was performed essentially as described
previously (1). Briefly, cells were grown at 37°C to an optical density at 600 nm
of ~0.6, induced with 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside), and
grown for ~18 h at 18°C. The cells were then sonicated, soluble cpCafl was
purified by using nitrilotriacetic acid agarose affinity (QIAGEN, United King-
dom), and thrombin cleavage was performed as described by Anderluh et al. (1).

Size exclusion chromatography was performed at a constant flow rate of 0.5
ml/min using a Superose 12 column (GE Healthcare) and cpCafl in 50 mM
phosphate buffer (pH 7.4), and native polyacrylamide gel electrophoresis
(PAGE) was performed using an 8 to 25% gel. Matrix-assisted laser desorption
ionization—time of flight (MALDI-TOF) analysis of cpCaf1 was performed using
an Applied Biosystems Voyager DE STR.

Structural analysis. The circular dichroism (CD) of Cafl samples was ana-
lyzed by using a JASCO-810 spectropolarimeter (JASCO UK, Ltd., Essex,
United Kingdom). For far-UV CD, samples were diluted to ~0.5 mg/ml in 50
mM phosphate buffer (pH 7.4), and a 0.1-mm-path-length cuvette was used. For
far-UV CD thermal analysis, protein samples were diluted to ~0.1 mg/ml and
analyzed in a 1-mm capped cuvette at 210 nm over a gradient of increasing
temperature (1°C/min). The CD spectra changed very little between 5 and 30°C;
thus, 30°C was used in the normalization procedure as fully folded, and 95°C was
normalized as fully unfolded. Exact amino acid concentrations were calculated by
using molar extinction coefficients.

Differential scanning calorimetry was performed by using a Micro-Cal VP-
DSC (cell volume of 0.52 ml; MicroCal Europe, Milton Keynes, United King-
dom). Samples were scanned with a scan rate of 1°C/min, and a filtering period
of 16 s with protein at 0.25 to 0.45 mg/ml and an appropriate buffer in the
reference cell. All solutions were gently degassed prior to use. The data were
corrected for the buffer baseline (buffer scans performed under identical condi-
tions) and analyzed by using standard MicroCal ORIGIN V.7 software.

The intrinsic fluorescence of 20 pg of each protein diluted in 400 pl of 50 mM
phosphate buffer (pH 7.4) was measured with an excitation wavelength of 280
nm, and emission data were collected from 295 to 450 nm in a Cary Eclipse
fluorometer (Varian, Victoria, Australia) with excitation and emission band-
widths of 5 nm. An appropriate buffer spectrum was subtracted.

Immunogenicity of cpCafl. Cells were grown in culture medium (RPMI 1640
medium containing 3 mM L-glutamine, 50 wM 2-mercaptoethanol, 10% [vol/vol]
fetal bovine serum, and 30 pg of gentamicin [Sigma, United Kingdom]/ml).
Macrophages were grown from femoral bone marrow cells of BALB/c (H-2) and
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BALB.B (H-2") mice in the presence of macrophage colony-stimulating factor as
described previously (12) and activated by treatment overnight with 1 ng of
gamma interferon (R&D Systems, Abingdon, United Kingdom)/ml before use as
antigen-presenting cells in T-cell assays. The T-cell hybridomas specific for four
epitopes of Cafl (7-21/AY, 48-61/A®, 123-136/AY, and 134-147/AP) have been
described elsewhere (23).

Macrophages (4 X 10%/well) in flat-bottom 96-well microtiter plates were fixed
in 1% paraformaldehyde for 4 min and washed either before or after treatment
with Cafl antigen, cpCafl, or the relevant synthetic peptides for 5 h. T-cell
hybridoma cells (4 X 10*well) were added, and the plates were incubated for
24 h before culture supernatants were collected. The response of T-cell hybrid-
omas was measured as the interleukin-2 content of supernatants measured in a
bioassay as the proliferation of CTLL-2 cells (3 x 10*well) for 24 h, including
38.4 kBq of [*H]thymidine (specific activity, 74 GBg/mmol; Amersham Interna-
tional, Plc, Buckinghamshire, United Kingdom). The radioactivity was quanti-
tated by using a direct beta counter (Matrix 9600; Packard Instrument Company,
Meridan, CT). The results were plotted as the mean counts per minute of
triplicate wells * the standard deviation, which was considered to be propor-
tional to the T-cell response. Experiments were repeated at least twice, and
essentially the same results were obtained. Linear regression analysis was per-
formed on the plots of T-cell hybridoma responses to determine whether the
slope of the antigen titrations deviated significantly from zero, using Prism
version 4.0 (GraphPad Software, Inc., San Diego, CA).

Groups of six BALB/c or C57BL/6 mice were immunized intramuscularly with
10 pg of rCafl adsorbed to the adjuvant Alhydrogel on days 1 and 21, blood
samples were obtained on day 28 after primary immunization, and anti-Cafl
antibodies were measured by enzyme-linked immunosorbent assay (ELISA)
using wells coated with rCafl and endpoint titers defined as the serum dilution,
yielding an absorbance of 0.1 above background, as described previously (39).

Mice were subcutaneously challenged with 58 CFU per mouse of Y. pestis
strain GB (one median lethal dose is ~1 CFU/mouse for BALB/c mice and <5
CFU/mouse for C57BL/6 mice) on day 37 after primary immunization. Mice
were observed for 14 days postchallenge to determine their protected status.

Binding of the protective anti-rCafl monoclonal antibody F104AG1 (2) to
rCafl and cpCafl was determined by ELISA. Duplicate wells of microtiter
96-well immunoassay plates (Immulon 1; Dynex Technologies, Southampton,
United Kingdom) were coated with a range of doses of rCafl, cpCafl, or
recombinant V antigen of Y. pestis as a negative control in 15 mM Na,CO;, 35
mM NaHCO;, and 3 mM NaNj; (pH 9.3) and incubated at 4°C for 18 h. Plates
were washed in 200 mM Tris-HCI-190 mM NaCl-0.05% Tween 20 (pH 7.4),
blocked in 5% bovine serum albumin-0.9% NaCl for 1 h at room tempera-
ture, and washed again before incubation for 1 h with 0.64 pg of F104AG1
monoclonal antibody/ml (determined by titration) diluted in 0.5% bovine
serum albumin-0.9% NaCl. Plates were washed again and incubated for 1 h
with 1:1,000 goat anti-mouse immunoglobulin G (IgG)-peroxidase conjugate
(Sigma Chemical Co.) diluted in 0.5% bovine serum albumin—0.9% NaCl; the
reaction was then developed with the liquid substrate system 2,2'-azino-bis(3-
ethylbenzthiazoline-5-sulfonic acid) (Sigma Chemical Co.), and the absor-
bance was measured at 405 nm.

RESULTS

Creation of monomeric Cafl by truncation and circular
permutation. Using the published crystal structure of Cafl
(Fig. 1A), we designed a monomeric circularly permutated
form of Cafl, termed cpCafl, in which the N-terminal donor
strand was relocated after a flexible linker to the C terminus,
substituting for the strand donated by the neighboring mono-
mer (Fig. 1B and C). Size exclusion chromatography and na-
tive gel electrophoresis demonstrated that cpCafl was a mono-
mer of the expected size (Fig. 1D and inset).

Solution structure of cpCafl. The structures of monomeric
cpCafl and polymeric rCafl (20) were compared by biophysical
analyses. Far-UV CD spectroscopy measures the protein second-
ary structure, and the immunoglobulin-type fold of rCafl gives
rise to a distinctive CD spectrum with 210-nm negative and
198-nm positive maxima (Fig. 2A). rCafl heated at >95°C for >5
min displays a strongly negative spectrum typical of denatured
proteins. The CD spectrum of cpCafl closely resembles the dis-
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FIG. 2. Structural similarity of cpCafl and rCafl. (A) Far-UV CD
spectra of ~0.5 mg of rCafl, C-terminal deletion mutant (AC-Cafl),
native cpCafl, and heat-denatured cpCafl (>95°C for >5 min, path
length of 0.2 nm)/ml. (B) Intrinsic fluorescence of cpCafl and rCafl
(Nex [excitation wavelength] = 280 nm). The \ ., (peak wavelength)
and \,, (barycentric mean emission wavelength of 295 to 450 nm)
values are shown. (C) Normalized CD intensity at 210 nm (30—95°C
at 1°C/min) of ~0.1 mg of cpCafl and rCafl/ml. The midpoints (7,,)
were 83°C for rCafl and 76.2°C for cpCafl. The inset shows differential
scanning calorimetry of 0.25 to 0.45 mg/ml at 1°C/min for cpCaf1 (solid
line) and rCafl (dashed line). (D) Coomassie blue-stained sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of an overnight di-
gestion of heat-denatured (>95°C for >5 min) cpCafl and native
cpCafl (in phosphate-buffered saline [pH 7.4]) with V8 protease and
chymotrypsin. A total of 10 pg of cpCafl was incubated with either 0.5
wg of V8 protease or 0.03 pg of chymotrypsin.
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tinctive spectrum of folded polymeric rCafl (20) but demon-
strates a smaller intensity. This may indicate that some of the Cafl
CD signal results from stabilization in the polymeric state. That
the two proteins share a similar fold was further supported by
comparison of their fluorescence emission spectra, which are es-
sentially identical (Fig. 2B).

Analysis of the Cafl structure (40) indicated that simple
truncation of the Cafl protein might also prevent polymeriza-
tion. We created C-terminal (AC-Cafl 1-122) and N-terminal
(AN-Cafl 19-149) deletion mutants of Cafl. Of the two trun-
cated proteins, only AC-Cafl could be purified successfully. It
was natively monomeric but showed the CD spectrum of a fully
unfolded protein (Fig. 2A).

Most stably folded proteins are cooperative structures that
thermally unfold over a small temperature range, whereas
poorly folded polypeptides show more gradual temperature
effects. To test our hypothesis that the fold and stability of
cpCafl resemble those of Cafl, the thermal stability was mea-
sured by CD and differential scanning calorimetry. The results
show (Fig. 2C) that both proteins show highly cooperative
unfolding. Measured by CD, monomeric cpCaf1 unfolds with a
transition temperature (7,,) of 82°C compared to rCafl at
86°C. Similarly, differential scanning calorimetry showed the
T, (79.8°C versus 88.4°C) and integrated calorimetric enthalpy
of unfolding (AH,,,) (81.4 versus 121 kcal mol ') of cpCafl to
be less than for rCafl. Detailed interpretation of these data
was prevented by the irreversibility of the thermal unfolding,
but it shows that cpCafl has adopted a cooperatively folded
single-domain structure similar to rCafl but with a reduced
stability. This may be due to the removal of stabilizing inter-
molecular contacts compared to the polymer or to effects of
the linker design (see below). However, the monomeric cpCaf1
is clearly a close structural mimic of wild-type rCafl and is,
even with a slightly reduced unfolding temperature, sufficiently
stable for use in vivo. Unfolded proteins are very sensitive to the
action of proteolytic enzymes (proteases), thus affecting their sta-
bility and antigen processing behavior but, as expected, the stably
folded cpCafl was, like rCafl, resistant to protease digestion (Fig.
2D). These data are similar to those obtained from other mono-
merized CU proteins, such as the FimH-FimC hybrid protein (4)
and the very similar scCafl recently reported by Zavaliov et al.
(41), neither of which have been subjected to immunological
investigation.

Immunogenicity of cpCafl. We mapped the major immuno-
dominant major histocompatibility complex (MHC) class II-
restricted epitopes of rCafl in two inbred strains of mice (23).
Two H-2%-restricted epitopes were recognized by CD4 T cells
from BALB/c mice and two H-2’-restricted epitopes by
C57BL/6 mice. One H-2-restricted epitope (Cafl,_,,) was dis-
rupted between residues 15 and 16 by insertion of the linker
during circular permutation This allowed investigation of the
impact of this epitope on the immunogenicity of cpCafl in
mice of the H-2¢ haplotype compared to H-2" mice for which
both immunodominant epitopes are intact in cpCafl.

We used antigen presentation to T-cell hybridomas in vitro
as a sensitive technique to study the role of cpCafl structure in
antigenicity (23, 24). We measured the responses of Cafl-
specific T-cell hybridomas to cpCafl and rCafl presented by
bone marrow macrophages. A T-cell hybridoma specific for
Cafl,_,, recognized rCafl but not cpCafl (Fig. 3A), confirming
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FIG. 3. T-cell hybridoma responses to cpCafl in vitro. Response of F1-specific T-cell hybridomas to rCafl, cpCafl, and synthetic peptides
presented by bone marrow macrophages measured as the amount of interleukin-2 released and detected in bioassay using tritiated thymidine
incorporation in CTLL-2 cells. Macrophages were fixed in paraformaldehyde either before (A, C, E, and G) or after (B, D, F, and H)
incubation with a molar dose range of antigens that were either intact or heat denatured by boiling. The relevant synthetic peptide for each
of four F1 epitopes were used as positive controls, and cells incubated in the absence of antigen (“0” on the x axis) were the negative control.
Linear regression analysis was applied to the antigen titrations shown in the figure to determine whether the slope of the titrations deviated
significantly from zero. The slope of the titrations of responses to cpCafl were significantly different from zero in panels D, F, and H, with
P values of =0.0025, but not in panels C, E, and G. The slopes were also significantly different from zero for responses to boiled cpCafl in
panels C to H, with P values of <0.01.
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TABLE 1. Antibody responses and survival after challenge
of mice in vivo®

Challenge (no. Mean = SEM
Group Mouse of survivors/
total no.) Iz/g;[,;])) Antibody titer
cpCafl BALB/c 1/6 9.6 = 0.60 1:83 = 30
C57BL/6 6/6 >14 1:1,967 = 463
rCafl BALB/c 6/6 >14 1:15,333 £ 3,291
C57BL/6 6/6 >14 1:13,333 + 3,955
AC-Cafl BALB/c 0/6 45=*13 ND
C57BL/6 1/6 53 +0.61 1:75 = 25
Adjuvant only BALB/c 0/6 3.8 £0.54 ND
C57BL/6 0/6 53*+0.33 ND

“ Groups of six BALB/c or C57BL/6 mice were immunized intramuscularly
with 10 pg of rCafl, cpCafl, or AC-Cafl antigen adsorbed to Alhydrogel adju-
vant on days 1 and 21 and bled on day 28. Anti-Cafl1 antibody was measured by
ELISA, and the results are expressed as the mean IgG endpoint titers. The same
mice were challenged with 58 CFU per mouse of Y. pestis strain GB (one median
lethal dose is ~1 CFU/mouse for BALB/c mice and <5 CFU/mouse in C57BL/6
mice) on day 37 after primary immunization. Mice were observed for 14 days
postchallenge to determine their protected status. The number of animals sur-
viving at 14 days is reported. MTTD, mean time to death. ND, not detectable.

disruption of the epitope in cpCafl. T-cell hybridoma re-
sponses to the remaining H-2%-restricted epitope (123-136), as
well as both H-2"-restricted epitopes (48-61 and 134-147), con-
firmed their integrity in cpCafl (Fig. 3D, F, and H). Fixing of
antigen-presenting cells prevents the uptake and processing of
folded proteins for presentation to T cells, affecting responses
to denatured proteins or to synthetic peptides to a much lesser
degree (15, 24, 29). We fixed macrophages either before (pre-
fixed, Fig. 3C, E, and G) or after (postfixed, Fig. 3D, F, and H),
adding rCafl or cpCafl, to determine whether uptake and
processing were required. Postfixed macrophages presented
epitopes 48-61, 123-136, and 134-147 from intact rCafl and
intact cpCafl to a similar degree, and responses to denatured
rCafl and cpCafl were greater than those seen to the intact
antigens (Fig. 3D, F, and H). In contrast, prefixed macro-
phages failed to present intact cpCafl or rCafl but presented
all three epitopes when cpCafl or rCafl were heat denatured
immediately prior to the assay, as expected of unfolded protein
antigens (Fig. 3C, E, and G). In fact, responses to heat-dena-
tured rCafl were of the same magnitude as the responses to
synthetic peptides representing each epitope. These results
show that intact cpCafl, like rCafl, behaves as a folded protein
in antigen presentation assays.

Immunization with cpCafl induced anti-rCafl IgG antibod-
ies (Table 1). The mean titers of cpCafl-immunized C57BL/6
mice were ~10-fold lower than those immunized with rCafl,
and the titers were more than 100-fold lower in cpCafl-immu-
nized mice than in rCafl-immunized BALB/c mice (Table 1).

Protection of BALB/c and C57BL/6 mice immunized with
rCafl or cpCafl in adjuvant was determined by challenge with
a lethal dose of Y. pestis, and their survival was compared to
nonimmunized and AC-Cafl-immunized mice. C57BL/6 mice
were fully protected by cpCafl against lethal Y. pestis challenge
(Table 1). In contrast, the majority of BALB/c mice immunized
with the cpCafl protein did not survive challenge. Finally, we
showed that a previously characterized protective anti-Cafl
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monoclonal antibody (2) bound cpCafl efficiently, although
~5-fold less well than it bound rCafl, by ELISA (Fig. 4). The
specificity of the antibody was confirmed by the lack of binding
to recombinant V antigen of Y. pestis.

DISCUSSION

We have used circular permutation to engineer a folded
monomeric form of the bacterial chaperone-usher protein
Cafl from Yersinia pestis. We compared the immunogenicity of
the engineered monomer with polymeric Cafl in antigen pre-
sentation assays to CD4 T-cell hybridomas in vitro as well as in
the induction of antibody responses and protection against
challenge with Y. pestis in vivo.

The structures of rCafl and cpCafl were compared by bio-
physical analysis, and cpCafl was shown to be monomeric by
size exclusion chromatography and native polyacrylamide gel
electrophoresis, providing clear evidence for the monomeric
state of cpCafl and contrasting with the evidence for aggrega-
tion obtained for rCafl (20). Far-UV CD measurements
showed that the secondary structures of cpCafl and rCafl were
very similar. The intrinsic fluorescence spectra also suggested
that the aromatic residues of cpCafl are in an environment
very similar to that of the equivalent residues in rCafl; this is
particularly significant since two of the four tyrosines in the
Cafl sequence interact with the amino-terminal “donor
strand” known to be essential for the stability of the polymeric
Cafl structure (40). Both rCafl and cpCafl showed coopera-
tive behavior by rapidly unfolding over a small temperature
range, which is indicative of a single stable fold. The results of
differential scanning calorimetry also confirmed the similarity
of rCafl and cpCafl. However, the calorimetric enthalpy of the
unfolding transition was less in cpCafl, indicating a reduced
number of stabilizing interactions. The loss of stabilizing inter-
molecular contacts (Fig. 1A and B) is the most obvious expla-
nation of the reduction in thermal stability compared to rCafl,
but linker design (Fig. 1B and C) could also play a role. The
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FIG. 4. Recognition of rCafl and cpCafl by a protective monoclo-
nal anti-Cafl antibody. Plates were coated with the dose range shown
of rCafl, cpCafl, or V antigen of Y. pestis as a negative control;
incubated with 0.64 pg of the protective monoclonal antibody F1-04-
A-F1/ml; and developed by ELISA as described in Materials and
Methods. The results are plotted as the mean absorbance at 405 nm for
duplicate wells.
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linker, designed to allow the translated strand flexibility to fold
in the IgG domain, is longer than in a recently reported cp
protein, scCafl (41), and linker size has been linked to changes
in stability (17). Intact cpCafl and rCafl were both resistant to
proteolysis unless thermally denatured, a finding consistent
with the retention of native structure by cpCafl.

We investigated the immunogenicity of cpCafl in vitro using
T-cell hybridomas specific for four previously defined MHC
class II-restricted CD4 T-cell epitopes within Cafl (23). The
primary sequences of rCafl and cpCafl are almost the same
except that in cpCafl the amino-terminal amino acids 1 to 15
were relocated to the carboxy terminus separated by the 6-amino-
acid linker. The Cafl epitope 7-20 was thus disrupted in
cpCafl, a finding consistent with the absence of response to
cpCafl by a T-cell hybridoma specific for the epitope 7-20.
T-cell hybridomas specific for the remaining three epitopes
responded to cpCafl presented by macrophages, confirming
that these epitopes were intact in cpCafl. An unusual feature
of antigen presentation of rCafl is that T-cell responses to all
of the major epitopes are low compared to the synthetic pep-
tide controls, in contrast to our reported responses to other
microbial antigens (24). This low response pattern of rCafl is
retained by cpCafl and is consistent with the property of re-
sistance to proteolysis of rCafl and that of cpCafl, which we
show in Fig. 2D. The presentation of MHC class II-restricted
T-cell epitopes usually requires the uptake and processing of
intact proteins, whereas denaturation by heat or chemical sub-
stitution allows presentation of the same epitopes by fixed
antigen-presenting cells resulting from binding cell surface
MHC molecules in the absence of antigen uptake or processing
(7, 33, 34). Macrophages fixed before antigen exposure were
unable to present any of the three epitopes from rCafl and
cpCafl, whereas prior heat denaturation permitted presenta-
tion of the three epitopes with an efficiency similar to that of
the synthetic peptides. Collectively, both the pattern of antigen
presentation and resistance to proteolysis show that cpCafl
behaves similarly to intact folded rCafl.

The immunogenicity of cpCafl in vivo was investigated by
measuring antibodies that bound rCafl in serum from mice
immunized with either cpCafl or rCafl. Immunization with
cpCafl and rCafl induced similar antibody titers that were
within an order of magnitude in C57BL/6 mice, but titers were
100-fold less in cpCafl-immunized BALB/c mice. In protection
experiments, all C57BL/6 mice immunized with either cpCafl
or rCafl were protected against a lethal challenge with Y.
pestis. However, BALB/c mice immunized with cpCafl were
much more susceptible since only one mouse survived com-
pared to the survival of all BALB/c immunized with rCafl.
Serum antibody induced by cpCafl was measured against na-
tive rCafl in ELISA, showing that antibody responses were
largely cross-reactive between cpCafl and rCafl. However, the
slightly lower antibody titers in cpCafl-immunized mice may
reflect a limitation on the degree of cross-reactivity, or it might
be a result of polymeric rCafl being more immunogenic than
the monomeric form. In support of the former view, we showed
that a previously characterized protective anti-Cafl monoclo-
nal antibody (2) bound cpCafl, demonstrating that an im-
portant protective antibody epitope of Cafl is preserved in
cpCafl. However, binding was ~5-fold weaker than to rCafl,
suggesting the antibody was not fully cross-reactive.

INFECT. IMMUN.

The lower anti-Cafl antibody titer and lack of protection in
BALB/c mice may result from reduced T-cell help after immu-
nization with cpCafl, which lacks one of the two immunodom-
inant H-2%restricted T-cell epitopes identified in this haplo-
type (23). In contrast, higher antibody titers and protection in
cpCafl-immunized C57BL/6 mice were consistent with the
presence of both immunodominant H-2°-restricted T-cell
epitopes in cpCafl. It has previously been reported that a
threshold number of immunodominant helper T-cell epitopes
are required to stimulate IgG responses to conformational
antibody epitopes from the same antigen (10). Antibody re-
sponses to conformational epitopes are thought to correlate
with the efficacy of protection, as shown in a number of exper-
imental infection models (15). Hence, it is unlikely that the
presence of only one of the two major helper T-cell epitopes of
Cafl can provide the threshold level of T-cell help to induce
protective antibody responses against Y. pestis challenge in
BALB/c mice. An alternative explanation, that cpCafl lacks
the complete repertoire of conformational Cafl antibody
epitopes required for protection of BALB/c mice, is unlikely
given that C57BL/6 mice were fully protected by cpCafl. Fur-
thermore, the carboxy-terminal truncate AC-Cafl is also un-
folded, as well as lacking one epitope from each of the MHC
haplotypes, which is consistent with its inability to protect
either strain of mice. Since monomeric truncates lose structure
and immunogenicity, whereas rCafl is immunogenic and poly-
meric, the circular permutation approach is currently the only
method to make immunogenic monomers. Although our stud-
ies on cpCafl have shown that folded monomeric versions of
CU proteins can be protective, it has also revealed the impor-
tance of maintaining the original linear epitopes of the wild
type. This could be achieved in cpCafl by simply extending the
protein to include a complete N terminus; however, such a
loose peptide would be prone to protease digestion and not
meet our design criteria of wild-type-like stability. We are
currently investigating other designs which may overcome this
limitation and provide a more immunogenic protein.

In conclusion, previous work on circularly permuted pro-
teins was restricted to the study of enzymes (6, 19), whereas
our objective was to create circularly permuted Cafl as the
model for a new family of antibacterial vaccines. We generated
a circularly permuted monomeric form of Cafl of Y. pestis that
retains the structural and immunogenic characteristics of poly-
meric Cafl, demonstrating the successful application of pro-
tein engineering by circular permutation to vaccine design.
Stable monomers of polymeric microbial proteins could pro-
vide candidate subunit vaccines against a wide range of micro-
bial infections.
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