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ABSTRACT: Diarrhea caused by Shigella, Salmonella, and Yersinia is an important public health problem, but development of safe and
effective vaccines against such diseases is challenging. A new antigen delivery platform called bacterium-like particles (BLPs) was explored
as a means for delivering protective antigens from the type Ill secretion systems (T3SS) of these pathogens. BLPs are peptidoglycan skeletons
derived from Lactococcus lactis that are safe for newborns and can carry multiple antigens. Hydrophobic T3SS translocator proteins were
fused to a peptidoglycan anchor (PA) for BLP attachment. The proteins and protein—BLP complexes associated with BLPs were characterized
and the resulting data used to create three-index empirical phase diagrams (EPDs). On the basis of these EPDs, IpaB (Shigella) and SipB
(Salmonella) behave distinctly from YopB (Yersinia) under different environmental stresses. Adding the PA domain appears to enhance the
stability of both the PA and translocator proteins, which was confirmed using differential scanning calorimetry, and although the particles
dominated the spectroscopic signals in the protein-loaded BLPs, structural changes in the proteins were still detected. The protein-BLPs
were most stable near neutral pH, but these proteins’ hydrophobicity made them sensitive to environmental stresses. © 2015 Wiley

Periodicals, Inc. and the American Pharmacists Association J Pharm Sci 104:4065-4073, 2015
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INTRODUCTION

Diarrheal infections are an important public health problem
and a major cause of morbidity globally, particularly in de-
veloping countries. Among the many pathogens causing infec-
tious diarrhea, Shigella, Salmonella, and Yersinia enterocolit-
ica are important because of their high morbidity rates, ease
of transmission, increasing incidence of antibiotic resistance,
and the current lack of effective vaccines.! Infants and young
children under 5 years are the most vulnerable to diarrheal dis-
ease because they can quickly succumb to severe dehydration.
Furthermore, repeated diarrheal episodes exacerbate malnu-
trition and can cause stunted growth and impaired cognitive
development.?

Like many other Gram-negative bacteria, Shigella spp,
Salmonella enterica, and Yersinia spp. all possess the type
IIT secretion system (T3SS) as a common virulence factor. The
T3SS has a syringe-like structure that forms an energized con-
duit for the injection of effector proteins into host cells via
a surface-localized needle. Located at the needle tip is a “tip
complex” that is responsible for protein secretion control and
consists of a tip protein and translocator proteins.’>* In the
presence of certain small molecule triggers, the first transloca-
tor is proposed to become localized externally to the tip protein
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where it then initiates contact with a host cell. These transloca-
tor proteins are IpaB, SipB, and YopB for Shigella, Salmonella,
and Yersinia, respectively. Because of their surface exposure
and essential roles in virulence, these T3SS proteins are at-
tractive targets for inclusion in a protective vaccine. More im-
portantly, as these proteins are very highly conserved at the
sequence level within a given genus, they have the potential
to be broad spectrum vaccine candidates capable of providing
serotype-independent protection.

Even without direct contact with contaminated water, chil-
dren can be infected by Shigella, Salmonella, and Yersinia ente-
rocolitica through contact with ill individuals via the fecal-oral
route. Thus, development of vaccines against these pathogens
is a critical need. Vaccination is one of the most effective pub-
lic health tools for the prevention of infectious diseases. For-
mulation of safe and effective vaccines for newborns and in-
fants against infectious disease, however, can be challenging.
Subunit vaccines are usually safe to administer but typically
require a suitable adjuvant and delivery system to increase
efficacy. A novel technology using modified Lactococcus lac-
tis cell wall particles as a platform for antigen delivery (re-
ferred to as bacterium-like particles or BLPs) has recently been
developed.>® L. lactis is a Gram-positive, nonpathogenic lactic
acid bacterium that is widely used in the production of dairy-
based food products and is considered a generally regarded
as safe entity.” L. lactis is one of the probiotics that has been
shown to be safe for children and even newborns.® BLPs are
produced from fresh L. lactis employing harsh acidic treatment
to remove the DNA, RNA, lipids, and almost all of the associ-
ated bacterial proteins, but the peptidoglycan envelope remains
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intact. The entire BLP production process is simple and rela-
tively inexpensive, and the final product is stable at room tem-
perature. BLPs can be administered at mucosal sites, which
is more “friendly” to infants than needle injection. In addition
to these desirable features, BLPs possess immune-stimulation
properties conveyed by the peptidoglycan nature of their struc-
ture that activates the innate immune system through TLR2-
mediated signaling.®!°

As a delivery system, a BLP provides a scaffold for carrying
multiple subunit antigens on its surface. To attach antigens to
the BLP surface, the antigens can be produced as fusions pro-
teins containing a peptidoglycan anchor (PA) domain that is
also derived from L. lactis. The recombinant antigen-P-A fusion
proteins are noncovalently bound to BLPs, but the association
is extremely tight.!! Because of the nature of the platform, a
single or multiple antigens can be displayed on a single BLP’s
surface or BLPs carrying different antigens can be mixed, al-
lowing the presentation of a wide variety of protein antigens
from different pathogens. The self-adjuvanting platform pro-
vided by BLPs has been employed for vaccine development
against different pathogens including pneumococcus, malaria,
RSV, and influenza virus.>1%-14

For protein-based vaccines, a major concern regarding for-
mulation is stability in aqueous solution during storage and
transport. Temperature and pH are critical factors that influ-
ence protein stability. Naked BLPs are highly stable at room
temperature, but for BLPs with associated proteins, formula-
tion conditions are less established. Therefore, a variety of bio-
physical techniques are used here to characterize the stability
of the protein-containing complex as a function of pH and tem-
perature. The main techniques used here to monitor protein
structural state are circular dichroism (CD), intrinsic fluores-
cence, and static light scattering (SLS) spectroscopies. These
multiple methods give rise to large amounts of data, so the
findings generated here are summarized in three-index empiri-
cal phase diagrams (EPDs). Furthermore, to better understand
the effect of binding of PA fusion proteins to BLPs, we com-
pared the biophysical studies of T3SS proteins alone, fused with
the PA domain, and the fusion after attachment to BLPs. For
T3SS needle tip proteins, the PA domain was added at the C-
terminus, but this strategy led to poor expression and stability
for the translocator proteins (unpublished results). As a result,
the translocator proteins were designed with the PA domain at-
tached at their N-termini. Furthermore, IpaB, SipB, and YopB
are hydrophobic proteins and need to be coexpressed with their
specific chaperones (IpgC, SicA, and SycD, respectively). This
also applies to expression of PA-IpaB, PA-SipB, and PA—YopB.
After initial purification, the chaperones were removed using
the detergent lauryldimethylamine N-oxide (LDAQO), which is
also needed to maintain the solubility of the resulting individ-
ual translocator proteins. Thus, for the characterization of the
translocator proteins, the PA fusions and PA fusions associated
with BLPs, LDAO was present at all times.

MATERIAL AND METHODS

Generation of Plasmids for Expression of the First Translocator
Protein Genes in E. Coli

The ipaB, sipB, and yopB genes were amplified by PCR using
a 5 primer with Ndel restriction site and a 3’ primer with
BamHI restriction site. The PCR products were digested and
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ligated into pET15b. The constructed pET15b plasmids were
used to transform E. coli NovaBlue. The translocator protein
chaperone genes ipgC, sicA, and sycD were amplified by PCR
and ligated into pACYCDuet-1 that was used to cotransform
E. coli Tuner (DE3) for coexpression. Bacteria containing both
plasmids were selected using ampicillin and chloramphenicol.

Generation of Plasmids for Expression of PA-First Translocator
Protein Genes in E. Coli

The ipaB, sipB, and yopB genes were amplified by PCR
using a 5 primer with an Ndel restriction site and a 3
primer with a BamHI restriction site, whereas the pa (en-
coding the L. lactis PA peptide) was generated using both
5 primer and 3’ primers with Ndel sites. The PCR prod-
uct was digested and ligated into pET15b to form the pa-
ipaB, pa—sipB, and pa—yopB constructs. The resulting pET15b
was used to transform E. coli NovaBlue cells. The cognate
translocator protein chaperone genes ipgC, sicA, and sycD were
cloned into pACYCDuet-1. pa—-ipaB/pET15b+ipgC/pACYC-1 or
pa-sipB/pET15b+sicA/pACYC-Duet-1 were used to cotrans-
form E. coli tuner (DE3) for coexpression, whereas the pa—
yopB/pET15b+sycD/pACYC-Duet-1 that is transformed into
the E. coli C43 strain. Both plasmids were selected using ampi-
cillin and chloramphenicol.

Expression and Purification of the Translocator Proteins

IpaB and IpgC (IpaB/IpgC) were coexpressed using autoin-
duction media, whereas SipB/SicA and YopB/SycD were coex-
pressed using Terrific broth media. The proteins were puri-
fied using standard IMAC purification conditions. IpaB/IpgC
was further purified using hydrophobic interaction chromatog-
raphy, whereas SipB/SicA was further purified using anion
exchange chromatography. A second IMAC step was used for
all three proteins to remove chaperones using buffers contain-
ing LDAO. The final products were dialyzed into phosphate-
buffered saline (PBS) containing 0.05% (w/v) LDAO.

Expression and Purification of the PA-Translocator Proteins and
Production of Translocator Protein-BLPs

All three translocator proteins possessing a PA tag at their
N-termini were expressed using Terrific broth media. Har-
vested cells were lysed and the proteins were purified us-
ing standard IMAC procedures from the clarified supernatant.
PA-IpaB/IpgC and PA-SipB/SicA were further purified using
anion exchange chromatography followed by a second IMAC
with LDAO present to remove the chaperone. The final prod-
ucts were dialyzed into PBS containing 0.05% (w/v) LDAO.
PA—YopB/SycD was further purified using size-exclusion chro-
matography with PBS containing LDAO. The final translocator
protein products were incubated with naked BLPs at room tem-
perature for 2 h and washed thoroughly with PBS 0.05% (w/v)
LDAO.

Biophysical Characterization of the Protein Preparation

The translocator proteins and PA—translocator proteins used
in biophysical analyses were dialyzed into 20 mM citrate phos-
phate (CP) buffer containing LDAO at each pH from pH 3.0 to
8.0. The ionic strength of the buffer was adjusted to 0.15 using
NaCl. The dialyzed proteins were then filtered through 0.22-pm
Millex Syringe-driven filters. The concentration of the proteins
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was calculated based on UVagy absorbance and the individual
extinction coefficients (Supplemental Table 1). The concentra-
tions of PA—translocator proteins were adjusted to 0.15 mg/mL
and translocator proteins were adjusted to 0.3 mg/mL.

The protein—BLPs were centrifuged and resuspended in CP
buffer containing LDAO at one unit pH intervals from 3 to 8.
The ionic strength of the buffer was adjusted to 0.15 with NaCl.
The centrifugation—resupsension process was repeated three
times to thoroughly wash the protein—BLPs and equilibrate
the pH. All the protein—-BLPs samples were diluted to contain
1 mg BLP/mL. This corresponded to 0.12 mg/mL for PA-IpaB,
0.11 mg/mL of PA-SipB, and 0.07 mg/mL of PA-YopB, because
of protein-specific binding capacities.

Far-UV CD Spectroscopy

Circular dichroism spectra of all protein samples at each pH
(3.0-8.0) were measured using a Jasco J-815 CD spectrome-
ter equipped with a six-position Peltier temperature controller.
The spectra were collected from 260 to 190 nm at 10°C at a
scanning speed of 50 nm/min, 1.0 nm resolution, and three
data acquisitions. Thermal unfolding was measured by collect-
ing the CD signal at 222 nm (225 nm for proteins bound to
BLPs) every 2.5°C from 10°C to 90°C, employing a tempera-
ture ramp rate of 15°C/h. Samples were equilibrated to the
target temperature (°0.1°C) for 5 s prior to each data point mea-
surement. Each sample was measured in triplicate and buffer
blanks were subtracted prior to data analysis. The data for the
proteins were converted to molar ellipticity using Jasco Spec-
tra Manager (Jasco Inc., Easton, MD) and Origin 8.6 software
(Origin Labs Corp., Northhampton, MA).

Intrinsic Tryptophan Fluorescence Spectroscopy

Intrinsic tryptophan (Trp) fluorescence spectra of all the sam-
ples were obtained using a Photon Technology International
(PTD) spectrofluorometer (Birmingham, New Jersey) equipped
with a turreted 4-position Peltier-controlled cell holder (Quan-
tum Northwest, Washington). Trp residues were excited selec-
tively at 295 nm, and the emission spectra were acquired from
300 to 400 nm employing a step size of 1 nm and a 0.5-s in-
tegration time. The emission spectra were collected in 1-cm
pathlength cuvettes every 2.5°C as a function of temperature
from 10°C to 85°C using a 3-min equilibration time. The sam-
ples were measured in triplicates and spectra of blank buffers
at each pH were subtracted from the sample spectra. Peak posi-
tions were obtained using a mean spectral center of mass (msm)
method using Origin 8.6 software (Origin Labs). The emission
peak position calculated by the msm method are shifted higher
by 10-14 nm from actual peak positions; however, the data
obtained by this method display improved signal to noise ratio.

Static Light Scattering

Static light scattering provides a measure of thermally induced
protein aggregation. These measurements were acquired si-
multaneously with intrinsic Trp fluorescence measurements
using a second detector oriented 180° from the fluorescence pho-
tomultiplier tube but still 90° relative to the excitation source.
Light scattering intensity at 295 nm was monitored as a func-
tion of temperature every 2.5°C over a temperature range of
10°C-85°C. Buffer scans were subtracted from the sample read-
ings prior to data analysis.
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Three-Index EPDs

The multivariant thermal stability data acquired from the mul-
tiple techniques for each protein sample were summarized for
global analysis using a three-index EPD to provide a compre-
hensive overview of the data using a standardized red, green,
and blue (RGB) color scheme.’® Briefly, the degree of struc-
tural changes as a function of different environmental stress
conditions is calculated for each data set. In this study, the sec-
ondary structural index was calculated from the 222-nm CD
molar ellipticity (225 nm for proteins associated with BLPs),
the tertiary structural index was calculated from intrinsic Trp
fluorescence peak position, and the quaternary structure index
(aggregation) was calculated from the SLS data. The values for
the structural indices were normalized from 0 to 1. For sec-
ondary and tertiary structure, 1 represents native structure,
whereas 0 represents extensively altered structure. However,
for the aggregation index, 0 indicates no aggregation, whereas
1 indicates the maximum extent of aggregation. Each of the
structural indices was assigned to a color in a standardized
RGB color scheme. Secondary structure was assigned to red
color, whereas tertiary structure was assigned to green. Aggre-
gation was assigned to blue color and minimal or no aggregation
was assigned to black. The EPDs represented physical states of
the protein at each pH-temperature condition examined using
a combination of the color scheme, whereas each RGB compo-
nent can be seen in the right hand panels next to the associated
EPD.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed using
an Auto-VP capillary differential scanning calorimeter (Micro-
Cal/Malvern Instruments, Worcestershire, United Kingdom)
equipped with Tantalum sample and reference cells. The cells
were pressurized with dry nitrogen at approximately 65 psi.
Two water—water scans were taken prior to the reference and
sample scans. Scans were completed from 10°C to 100°C using
a scan rate of 60°C/h and a concentration of 2 mg/mL. The
syringe, injector, and cells were cleaned prior to each scan.
Reference subtraction and concentration normalization were
performed using the instrument software.

RESULTS
Biophysical Characterization of IpaB, SipB, and YopB

The translocator proteins IpaB, SipB, and YopB were coex-
pressed with their chaperones that were removed with the
detergent LDAQ.!® The biophysical characterization of these
proteins was conducted in the presence of LDAO to maintain
each protein’s solubility. For IpaB and SipB, minor chemical
degradation was seen using SDS-PAGE analysis at pH 3, and
this was even more pronounced for PA-IpaB and PA-SipB. To
reduce the complexity and focus on the effect the PA domain
brings to these proteins, pH 3 was eliminated from the study
for these proteins. In contrast, no degradation was seen for
YopB, so it was studied at pH 3-8. Far-UV CD spectroscopy for
the translocator proteins revealed double minima at 208 and
222 nm under each pH condition, indicating dominant «-helical
content (Supplemental Figs. S1A, S2A, and S3A). Thus, as seen
previously for a fusion protein consisting of Shigella IpaD (tip
protein) and IpaB (called DB fusion or DBF),'6 the presence
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of LDAO seemed to have a stabilizing effect at low pH for the
translocator proteins.

The thermal stability of each protein’s secondary structure
was determined by monitoring the CD signal (molar ellipticity
at 222 nm) as a function of temperature (Supplemental Figs.
S1B, S2B, and S3B). The secondary structure signal of IpaB
at pH 4-6 indicated a gradual transition in the CD data as the
temperature was increased, whereas a sharper transition at pH
7 and 8 was observed between 45°C and 50°C. A partially un-
folded state was reached at all pH values after reaching 90°C.
Interestingly, when the protein was cooled after the thermal
melt, it exhibited a CD spectrum identical to the one observed
before the melt (data not shown). This indicates that in the
presence of LDAO, IpaB recovers its secondary structure when
cooled. A similar pattern was seen for SipB, although there
were less obvious transitions. On the contrary, the amount of
secondary structure of YopB appeared to be less at each pH
tested based on the lower initial CD signal at 10°C. Neverthe-
less, clear thermal transitions in the YopB secondary structure
were observed at approximately 60°C-70°C at pH 5, 6, and 7. In
contrast, gradual changes in secondary structure content were
observed as the temperature was raised at pH 3, 4, and 8.

Changes in the tertiary structure of the proteins were moni-
tored using intrinsic fluorescence peak position as a function of
pH and temperature (Supplemental Figs. S1C, S2C, and S3C).
For IpaB, the initial peak position at 10°C at pH 4 and 5 was
observed to be slightly higher (by 1 nm) than at pH 7 and 8, in-
dicating possible minor structural perturbation of IpaB under
low pH conditions. The opposite pattern, however, was seen for
SipB and YopB. In agreement with the CD data, IpaB displayed
a pronounced red shift in the Trp peak position at all pH values
as the temperature was increased with transitions occurring
at approximately 50°C, suggesting loss of tertiary structure
(Fig. S1C). Meanwhile, an increase in peak position was ob-
served for SipB, suggesting a gradual and probably small
change in tertiary structure occurs in response to the thermal
stress. For YopB, transition trends similar to those seen at ele-
vated temperatures in the CD unfolding curves were observed,
although no sharp transitions were seen.

Static light scattering was performed simultaneously with
the intrinsic fluorescence measurements to determine the ag-
gregation state of IpaB, SipB, and YopB as a function of pH and
temperature (Supplemental Figs. S1D, S2D, and S3D). LDAO
has been shown to prevent aggregation of the DB fusion.!® IpaB
and SipB were also found to largely resist thermally induced
aggregation in the presence of LDAO. No significant increase in
light scattering was observed for SipB regardless of tempera-
ture and pH, indicating no aggregation occurred. Notably, IpaB
showed a slight increase in the light scattering intensity as
the thermal stress was increased at pH 7 and 8. Although the
signal changes were relatively small, the transition tempera-
tures appeared to match those seen using the other techniques.
At no time were visible aggregates observed. In contrast to
IpaB and SipB, a relatively higher light scattering signal was
observed at 10°C for YopB. An onset of aggregation was then
observed at approximately 60°C at pH 5 for YopB that resulted
in a further increase in the scattering intensity. The SLS data
also revealed a rapid decrease in the scattering intensity for
YopB at approximately 60°C and above at pH 6 and 7, proba-
bly as a result of aggregation/precipitation, which is consistent
with destabilization of YopB. Interestingly, no abrupt change
in the SLS intensity was observed at pH 3, 4, and 8, and the
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Figure 1. Three-index EPDs with LDAO present for IpaB (a), SipB
(b), and YopB (c), representing the conformational stability of the
translocator proteins as a function of pH and temperature. The red,
green, and blue panels at the right define individual component indices
for secondary structure (CD), tertiary structure (fluorescence peak po-
sition), and aggregation behavior (LS), respectively.

light scattering intensity decreased initially in all cases as the
temperature was raised from 10°C to 20°C. It is possible that
this is because of the formation of micelles by LDAO that dis-
perse with increasing temperature, although this was not seen
for IpaB or SipB. Another possibility is that because of the
dynamic nature of YopB, it may have already formed soluble
aggregates or oligomers that disperse as the temperature is
raised!’; however, the importance of this observed decrease in
SLS may be minimal because of the relatively large errors seen
for the measurements at these lower temperatures.

The biophysical properties of the translocator proteins were
collectively analyzed using three-index EPDs (Fig. 1). For IpaB
(Fig. 1a), lower temperature regions at pH 7 and 8 (region 1)
represent the most properly folded state as observed by the
CD signal and fluorescence peak position. Region 2 represents
a partially unfolded state of the protein as indicated by the
higher Trp peak position observed in low pH environments.
Minor aggregation caused by thermal stress is suggested in
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region 3. It is noted that the minimal increase in the light scat-
tering intensity, reflecting formation of soluble aggregates that
were not detected visually, was still depicted in the EPD as a
transition in the structural state. The EPD for SipB (Fig. 1b)
showed gradual changes in color and no aggregation regard-
less of the pH conditions. There were thus only two regions
indicated for SipB with region 1 (properly folded state) span-
ning the entire pH range up to 40°C to 45°C and region 2 seen
at higher temperatures. Interestingly, according to the EPD,
the most stable region for YopB (region 1; Fig. 1c) appeared
to be at around pH 5 up to approximately 60°C. This is prob-
ably because of the high transition temperature seen for the
YopB secondary structure at this pH. It should be noted, how-
ever, that YopB also showed a tendency to aggregate at this
pH based on increased light scattering. Region 2 (pH 3-5, from
60°C up to 85°C) may represent a partially unfolded and/or ag-
gregated state of the protein at higher temperatures, whereas
region 3 (pH 6-8) represented continuation of region 1 at ele-
vated temperatures (from 25°C to 85°C). A clustering analysis
algorithm!® differentiated region 3 from region 1 probably as a
result of the higher Trp peak position and the slight decrease in
light scattering intensity seen between 10°C and 20°C for YopB
at pH 6-8. Visible aggregates were formed under region 4 condi-
tions, indicating unfolding of YopB. The color patterns seen for
YopB look very different from those of IpaB and SipB, which is
probably because of the complexity in the SLS data as described
above.

Biophysical Characterization of PA-IpaB, PA-SipB, and PA-YopB

The PA domain used to anchor the translocator proteins to the
BLPs was engineered at the N-terminus of the proteins because
the addition of PA to the C-terminus led to poor expression and
degradation. LDAO continued to be included to maintain the
solubility of the proteins after the chaperones were removed.
These PA—translocator fusion proteins were characterized to
determine any influence of the addition of PA domain on the
physical stability of the translocator proteins. Chemical degra-
dation was observed for PA-IpaB and PA-SipB at pH 3 as
determined by SDS-PAGE, so this condition was again omit-
ted from the study. PA-YopB formed visible aggregates when
dialyzed at pH 3-5, so only pH 6-8 was included in the study
for this fusion protein. This finding indicated that at lowered
pH, the condition that appeared to give YopB alone its best sta-
bility, the protein was destabilized by the addition of the PA
domain.

Far-UV CD spectroscopy was used to monitor the secondary
structure content of PA-IpaB, PA-SipB, and PA-YopB (Sup-
plemental Figs. S4A, S5A, and S6A). Once again, double min-
ima at 208 and 222 nm were observed suggesting that there
was conservation of the a-helical secondary structure within
these translocator fusion proteins. To monitor retention of the
a-helical structure as a function of temperature, the molar el-
lipticity at 222 nm was monitored (Supplemental Figs. S4B,
S5B, and S6B). For PA-IpaB, the molar ellipticity signal grad-
ually decreased with increasing thermal stress regardless of
pH until it reached approximately 50°C, suggesting gradual
and partial loss of secondary structure. At pH 6-8, there was a
minor transition at about 50 °C followed by a major transition
at approximately 60°C that indicated a substantial structural
alteration. Meanwhile, the secondary structure continued to be
gradually lost at pH 4 and 5 as the temperature was increased.
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No such apparent conformational change for IpaB alone was
observed at higher temperatures (Supplemental Fig. S1B). PA-
SipB showed patterns similar to PA-IpaB but at different pH
conditions in that the protein at pH 4 and 8 resisted the rapid
structural changes caused by thermal stress, whereas the un-
folding transitions were observed from pH 5 to 7 between 45°C
and 50°C (Supplemental Fig. S5B). In contrast to PA-IpaB and
PA-SipB, the secondary structure of PA-YopB was found to
be very sensitive to changes in pH and temperature of the so-
lution. The secondary structure of PA-YopB started unfolding
at approximately 28°C and underwent a second subtle transi-
tion at approximately 60°C (seen as a leveling off of the signal
change) regardless of pH. For all three proteins, addition of
the relatively small PA domain had at least some effect on the
secondary structure.

The tertiary structural stability of PA—translocator proteins,
as determined by fluorescence peak position, appeared to be
significantly influenced by the addition of the PA tag in com-
parison to each translocator protein alone (Supplemental Figs.
S4C, S5C, and S6C). A somewhat similar pattern was observed
for all three proteins that started with a gradual red shift fol-
lowed by a blue shift prior to unfolding. As the temperature
initially started to increase, the tertiary structure appeared
to be perturbed for each fusion protein as indicated by a red
shift in the Trp peak position. This red shift was followed by a
blue shift as the temperature was raised, probably as a result
of the burying of Trp residues as a result of aggregation. The
aggregation corresponding to the blue shift was confirmed by
the SLS data (Supplemental Figs. S4D, S5D, and S6D). When
considered separately, PA—IpaB at all pH values started to lose
tertiary structure and aggregate between 40°C and 50°C. The
extent of the blue shift was observed to lessen as the pH of
the environment was lowered. PA—SipB exhibited a similar
pattern, although the onset of aggregation started at approxi-
mately 30°C. Interestingly, PA-IpaB and PA-SipB underwent
significant aggregation under neutral rather than acidic pH
conditions. PA—YopB appeared to be the least stable as it lost
tertiary structure and aggregated starting near 20°C at each
pH.

The EPDs of PA-IpaB and PA-SipB showed similar patterns
(Figs. 2a and 2b). Region 1 represented the most native-like
state at all pH values below about 40°C-50°C. Partial unfold-
ing indicated by the fading of the red color was represented in
region 2 for PA-IpaB and the related regions 2 and 3 for PA—
SipB. Meanwhile, region 3 (PA-IpaB) and region 4 (PA-SipB)
near neutral pH and over 50°C clearly showed some unfolding
of the proteins along with the presence of aggregation. Three
regions were defined for PA—YopB, but the overall stability at
the pH values tested (near neutral pH) seemed to be increased
by the addition of the PA domain. Region 1 (at pH 6-8, up to
~30°C) represented the most stable form, whereas region 2 (pH
68, from 30°C up to 65°C) indicated a loss of protein structure
and the formation of aggregates. Complete aggregation and set-
tling down of visible aggregates occurred in region 3. PA—YopB
is clearly much less stable than the other two as observed by
the lower onset of aggregation temperature (~30°C), which is
easily seen in the EPD (Fig. 2¢) as blue-colored regions 2 and
3. The overall structural stability of the translocator proteins
was strongly influenced by the addition of the PA domain, even
in the presence of LDAO, which was shown to maintain con-
formational stability of the translocator proteins alone. Among
the three proteins, YopB was most adversely influenced by the
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Figure 2. Three-index EPDs with LDAO present for PA-IpaB (a),
PA-SipB (b), and PA-YopB (c), representing the conformational stabil-
ity of the PA—translocator proteins as a function of pH and temperature.
The red, green, and blue panels at the right define individual compo-
nent indices for secondary structure (CD), tertiary structure (fluores-
cence peak position), and aggregation behavior (LS), respectively.

presence of the PA domain at low pH, although at neutral pH
it appeared to be somewhat more thermostable than the YopB
alone.

Determining the Effect of Genetic Fusion on PA and Translocator
Protein Stability Using DSC

Although the spectroscopic methods used for generating EPDs
for the PA—translocator protein complexes indicated differences
in behavior for each of the translocator proteins following fusion
with the PA anchor, these methods do not distinguish between
the contributions made by each part of the fusion to the fi-
nal spectroscopic signals. This is especially true for CD signals
where both proteins have predominantly a-helical signals (see
Supplemental Figs. Sla, S2a, S3a, and S7a) and therefore it
would be difficult to determine how each influences the sta-
bility of the resulting fusion. To overcome this potential prob-
lem, DSC was used at pH 7 to compare the transitions occur-
ring within PA alone, the translocator proteins alone, and the
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Table 1. Structural Transitions Determined Using Differential
Scanning Calorimetry

Observed Transition Temperature (°C)*

Protein Transition 1 Transition 2 Transition 3
PA alone® 36.54 + 0.52 40.37 £ 0.27 85.64 +0.41
IpaB alone 48.03 £+ 0.06 Not observed Not observed
PA-IpaB 49.11 £ 0.24 51.84 +£0.18 88.23 £ 0.04
SipB alone 39.61 +0.19 Not observed Not observed
PA-SipB 41.09 £+ 0.10 44.00 £+ 0.20 85.43 +£0.21
YopB alone 34.00 + 1.00 40.00 £+ 0.00 Not observed
PA—YopB 43.91 +0.10 47.00 + 0.24 84.29 + 0.40

%Data shown are an average of a minimum of two separate scans (see Supple-
mental Information) £SD. All measurements were obtained at pH 7.0 in 20 mM
citrate phosphate buffer with an ionic strength of 0.15 using NaCl as was per-
formed for the spectroscopic analyses.

®The peptidoglycan anchor (PA) domain was prepared in the absence of a
fused translocator partner to determine its behavior alone in solution.

PA—translocator fusions. When DSC was performed on PA
alone, three endotherms were observed with two major peaks
near 40°C and a very minor one near 85°C (Table 1; Supplemen-
tal Fig. S8). The major peaks were at lower temperatures than
the major transitions seen by CD analysis, but did correspond
to minor transitions seen by CD and fluorescence spectroscopy
(see Supplemental Figs. S7 and S8). Because the major tran-
sitions seen by DSC did not precisely correlate with the major
transition seen in secondary structure by CD spectroscopy, it
is possible that the DSC signals represent transition to a less
tightly packed structure or a molten globule-like state prior to
loss of secondary structure.

When DSC was used to analyze each translocator protein, a
single peak was observed for IpaB and SipB with one major and
a minor peak observed for YopB (Table 1; Supplemental Figs.
S9-S11). Interestingly, when the PA—translocator protein fu-
sions were analyzed by DSC, three endotherms were observed
rather than the expected four (or five) where three are con-
tributed by the PA and the others by the translocator protein.
It would be unexpected for the translocator signal to be com-
pletely lost by this method, but when the two major peaks of
these fusions were closely examined, it was found that they
occurred at temperatures higher than PA alone and for the
translocator proteins alone (Table 1). These data indicate that
the fusions actually appear to be more stable overall than ei-
ther of the individual components. This mutual stabilization
was not anticipated; however, it was significant and was rel-
atively consistent for each of the three translocator proteins.
On the contrary, stabilization of the PA portion of the PA-IpaB
fusion was substantial with the two peaks going from 37°C and
40°C to 49°C and 52°C, respectively (Table 1; Supplemental
Figs. S8 and S9). Thus, it appears that PA and the translocator
proteins have a mutually stabilizing effect when analyzed by
DSC.

Biophysical Characterization of IpaB-BLP, SipB-BLP,
and YopB-BLP

For all of the proteins associated with BLPs, the BLP particles
tended to dominate the spectroscopic signals. Because of prob-
lems with either protein degradation or early aggregation of the
PA—translocator proteins as mentioned previously, IpaB-BLP
and SipB-BLP complexes were only characterized from pH 4
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to 8, whereas YopB—BLP was again studied from pH 6 to 8. The
far-UV CD spectra at 10°C for all the tip-BLPs also showed a
single dominant minimum at approximately 225 nm (Supple-
mental Figs. S12A, S13A, and S14A) with much less signal seen
at pH 4 and 5 for IpaB-BLPs, and pH 4-6 for SipB-BLPs. As a
general trend for IpaB-BLPs and SipB-BLPs, the CD signals at
pH 4 and 5 decreased immediately after thermal stress was ap-
plied. Higher transition temperatures were recorded for both
proteins in neutral pH environments; however, it was lower
than that seen for the protein—PA fusions alone (Supplemen-
tal Figs. S12B and S13B). Transitions were clearly evident
as observed by sharp decrease in signals for the IpaB-BLP
and SipB-BLP complexes. Furthermore, the secondary struc-
ture appeared to be completely lost after the unfolding process
was complete. The YopB-BLPs, however, behaved very differ-
ently with the overall secondary structure retained throughout
the process without significant transitions (Supplemental Fig.
S14B). Moreover, the secondary structure of YopB-BLPs was
better maintained at pH 8.

The integrity of the protein—-BLP complexes was examined
with regard to the tertiary structure of the proteins using in-
trinsic fluorescence peak position. (Supplemental Figs. S12C,
S13C, and S14C). For IpaB-BLPs and SipB-BLPs, the peak
of the Trp fluorescence spectra displayed a gradual redshift
as the thermal stress was increased. Essentially, in agree-
ment with the CD data, both complexes displayed improved
physical stability around neutral pH when compared with
lower pH environments. This instability at lower pH was
more evident for SipB-BLPs than for IpaB—-BLPs. Nonethe-
less, the tertiary structure of the complex was observed to
be stable up to approximately 40°C at pH 7 and 8. Mean-
while, the tertiary structure of YopB—BLPs seemed to be main-
tained relatively well as no sharp transition was evident in
the peak position data for YopB—BLPs with increasing thermal
stress.

Aggregation of the protein—~BLPs complex was again moni-
tored using SLS spectroscopy. The IpaB-BLPs and SipB-BLPs
(Supplemental Figs. S12D and S13D) demonstrated a rapid
drop in signal that was attributed to the protein aggregating,
thus causing the BLPs to precipitate and fall out of solution.
Such a precipitation event leading to loss of BLPs from the so-
lution was not observed in a previous study when these same
analyses were applied to BLPs alone.'® Interestingly, a sharp
drop in intensity was observed for YopB-BLPs followed by a
leveling off to produce a gradual decrease without complete
settling of the BLPs unlike the other two protein—-BLP com-
plexes (Supplemental Fig. S14D). This unusual behavior might
indicate a self-limited structural change occurring at lower tem-
peratures at the beginning and the protein retaining this state
as the temperature continues to rise. In general, the integrity
of the protein—-BLP systems was found to be best maintained
under neutral pH conditions.

The three-index EPDs for IpaB-BLP and SipB-BLP exhib-
ited similar patterns with only two defined regions (Figs. 3a and
3b). Region 1 at neutral pH and up to 40°C represented a more
native-like state as indicated by the CD, fluorescence peak, and
SLS panels on the right. At pH 4 and 5, however, the EPDs de-
tected less to almost no secondary structure as observed by
the CD data. Sharp color transitions were observed as stress
was applied that led to settling out of the precipitated protein—
BLPs complexes. The rest of the EPD was defined as region
2 with blue color indicating an aggregated state. As observed
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Figure 3. Three-index EPDs with LDAO present for IpaB-BLPs (a),
SipB-BLPs, (b) and YopB-BLPs (c), representing the conformational
stability of the translocator proteins associated with BLPs as a function
of pH and temperature. The red, green, and blue panels at the right
define individual component indices for secondary structure (CD), ter-
tiary structure (fluorescence peak position), and aggregation behavior
(SLS), respectively.

earlier, the YopB-BLPs behaved differently than IpaB-BLPs
and SipB-BLPs. Following an initial decrease in light scatter-
ing signal, the sample started to quickly enter an aggregated
state. Meanwhile, the color changes in secondary and tertiary
panels arise from the gradual, though detectable, transitions
in the CD and peak position signals. The rather small region
1 thus represents the most stable state, whereas regions 2, 3,
and 4 represent varying degrees of structural perturbation that
arise from the combined effects of the different secondary and
tertiary structure states seen under different environmental
stresses.

One thing to note concerning the EPDs for BLP-containing
complexes is the complexity of these systems and the domi-
nance of the particles in the resulting spectroscopic signals.
Unfortunately, the complexity is rather overwhelming even
for other biophysical methods (e.g., calorimetry). Nevertheless,
translocator proteins on the surface of BLPs can dramatically
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alter the solution behavior of these particles as shown by their
precipitation under conditions expected to push the proteins
into an aggregative state (Supplemental Figs. S15D, S16D, and
S17D). No such precipitation with subsequent settling out of
solution occurs for BLPs alone as was previously reported.®
Thus, SLS is probably the best indicator of BLP complex stabil-
ity, whereas the other methods used here provide a better pic-
ture of the behavior of the fusion proteins prior to being bound
to the BLPs. With regard to the stability of the translocators as
they are fused to PA and then loaded onto BLPs, supplemental
figures are provided for each translocator alone, as it is fused
with PA and then as the fusion is bound to the BLPs at pH
7 to allow a direct comparison (Supplemental Figs. S15-S17).
The pH 7 condition was selected for these figures because neu-
tral or near-neutral conditions appeared to provide the most
stable environment across the board for these proteins. These
figures are derived from the earlier supplemental figures, but
are shown here because they provide a direct comparison of
how fusion with PA and anchoring to the BLP surface affects
each of the proteins. The individual spectroscopy data do not
seem to show that fusion with PA has an obvious stabilizing
effect on translocator proteins; however, this does appear to be
the case at neutral pH according the EPDs and this is con-
sistent with the DSC measurements for each translocator and
PA-translocator fusion.

DISCUSSION

Bacterium-like particles represent a potentially valuable pre-
sentation platform for protein subunit vaccines as they present
antigen in a polymeric form with a peptidoglycan shell that
serves as an intrinsic adjuvant that stimulates innate immune
pathways.® In this study, we used a variety of biophysical tech-
niques to characterize the solution properties of T3SS translo-
cator proteins from S. flexneri, S. typhimurium, and Y. entero-
colitica incorporated into a novel BLP vaccine platform. These
translocator proteins are potential protective antigens against
infections caused by their corresponding bacterial pathogens.?°
Thus, we conducted this stability study to determine whether
future formulation studies (required to optimize vaccine deliv-
ery and efficacy) are possible. Biophysical techniques such as
CD, intrinsic fluorescence, and SLS spectroscopies were used to
assess the structural stability of these proteins alone, as fusion
proteins with a PA domain, and the latter after association with
BLP particles. The acquired data sets were then summarized
in a three-index EPD to allow comprehensive visualization of
the physical states of the proteins in response to varying pH
and temperature conditions.

These translocator proteins also play essential roles in the
virulence of their respective pathogens by creating a pore in
target cell membranes and, in some cases, acting directly as
effector proteins that alter host cell activities.?! In their dual
roles, they are attractive as vaccine targets, although their hy-
drophobic nature necessitates inclusion of a detergent to main-
tain solubility. The mild detergent LDAO was used here for
preparing all three hydrophobic translocator proteins based on
its success with IpaB.?? Moreover, LDAO has been shown to
inhibit dramatic structural alterations and aggregation in pre-
vious studies on of a DB fusion protein vaccine candidate.!®
This indeed appears to be the case for IpaB and SipB that
retained many of their structural properties in response to
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thermal stress in the presence of LDAO. When compared, IpaB
and SipB were found to behave similarly, whereas YopB dis-
played different biophysical properties, consistent with the first
two belonging to one T3SS family and the latter belonging to
another based on sequence similarities and the behavior of their
respective T3SS needle tip proteins.'®

For all the three translocator proteins, the addition of a 25-
kDa PA domain at the C-terminus led to destabilization as
determined by their degradation during purification (data not
shown). Therefore, the PA domain was fused to the N-terminus
of each protein. Once again, PA-IpaB and PA-SipB behaved
similarly relative to each other. Both displayed slightly differ-
ent structural behavior, however, relative to the proteins lack-
ing the PA domain, according to the EPDs. PA—YopB displayed
the most dramatic change in behavior relative to the translo-
cator lacking the PA domain. It appears from the EPD that
PA—YopB may be stabilized by the addition of the small 25 kDa
PA domain when under neutral pH conditions. It was dramat-
ically destabilized, however, under acid pH conditions. Thus,
it appears that the presence of an N-terminal PA domain has
the greatest effect on YopB, which may be related to the fact
that this translocator appears to be less stable in solution than
its Shigella and Salmonella counterparts, even when LDAO is
present.

Once each protein was associated with the BLPs, the par-
ticles dominated the spectroscopic signals, especially with re-
gard to aggregation. This is probably because of the fact that
the particulate nature of the BLPs allowed what would oth-
erwise be soluble aggregates to form large clumps that could
quickly settle out of solution. Nevertheless, useful data related
to each protein’s structural behavior could still be acquired. All
of the BLP complexes were compromised at low pH, although
the IpaB-BLPs and SipB-BLPs were reasonably thermostable
at neutral pH. In contrast, the EPD of the YopB-BLP sug-
gests that this antigen presentation platform is inherently un-
stable for this protein and is prone to aggregation under all
pH conditions tested. Thus, it is possible that the BLP plat-
form may provide a useful means for antigen presentation in
vaccines against Shigella and Salmonella infection, but work
remains to stabilize this system for presentation of Yersinia
translocator proteins. It should be noted, however, that an-
other Yersinia-protective antigen is the T3SS needle tip protein
(LerV) and it remained stable'® and provided mice with pro-
tection from lethal challenge by the system pathogen Yersinia
pestis.0

In this study, a diverse set of biophysical data was collected
for compilation into three-index EPDs to assess the utility of
the BLP platform for presentation of T3SS translocator protein-
based vaccines. The results suggest that vaccines to protect
against shigellosis and salmonellosis using the BLP presen-
tation platform are certainly possible. Much work, however,
remains to stabilize YopB when associated with BLP surfaces.
The fact that YopB is less stable in solution containing LDAO
than IpaB and SipB probably has a role in its behavior as
part of BLP particles. It is possible that different detergents
may help stabilize YopB for use in the BLP system and it is
likely that this will also be the case for the presentations of
other translocator proteins from the Yersinia T3SS family (e.g.,
PopB from Pseudomonas aeruginosa). Despite these observa-
tions with YopB, the BLP platform does appear to be potentially
useful in future vaccine studies involving T3SS translocator
proteins.
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