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a b s t r a c t

Shigella ssp cause bacillary dysentery (shigellosis) which has high global morbidity in young children and
the elderly. The virulence of Shigella relies upon a type III secretion system (T3SS) which injects host
altering effector proteins into targeted intestinal cells. The Shigella T3SS contains two components, in-
vasion plasmid antigen D (IpaD) and invasion plasmid antigen B (IpaB), that were previously identified as
broadly protective antigens. When IpaD and IpaB were co-expressed to give the DB fusion (DBF) protein,
vaccine efficacy was further improved. Biophysical characterization under various pH conditions showed
that DBF is most stable at pH 7 and 8 and loses its conformational integrity at 48 and 50 �C respectively.
Forced degradation studies revealed significant effects on the secondary structure, tertiary structure and
conformational stability of DBF. In the presence of phosphate buffers as well as other anionic excipients,
DBF demonstrated a concentration dependent conformational stabilization. Molecular docking revealed
potential polyanion binding sites in DBF that may interact with phytic acid. These sites can be exploited
to stabilize the DBF protein. This work highlights potential destabilizing and stabilizing factors, which not
only improves our understanding of the DBF protein but helps in future development of a stable Shigella
vaccine.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Introduction serotype-independent protective antigens. The Shigella T3SS con-
Shigella spp. are Gram-negative bacterial pathogens responsible
for approximately a half million cases of potentially severe dysen-
tery (shigellosis) annually.1 Across the genus, there are four species
(S. flexneri, S. sonnei, S. dysenteriae and S. boydii) that include over
50 unique LPS-based serotypes with new serotypes still being
identified. The type III secretion system (T3SS) is an essential
virulence factor for all Shigella spp., as well as many other Gram-
negative pathogens. Shigella uses its T3SS to promote bacterial
entry in colonic epithelial cells as an early step in establishing
infection.2,3 Because the structural proteins of the T3SS are highly
conserved among Shigella spp, those that are exposed are potential
Picking), middaugh@ku.edu

Inc. on behalf of the American Pha
tains two components, invasion plasmid antigen D (IpaD) and in-
vasion plasmid antigen B (IpaB), that were previously identified as
broadly protective antigens. Immunization with IpaD and IpaB
alone or as a fusion protein (DBF) has demonstrated protective ef-
ficacy in a mouse model of infection.4e7

To develop a stable DBF protein based vaccine formulation, it is
necessary to conduct a thorough biophysical characterization to
evaluate the stability of the fusion protein under various physical
and chemical stress conditions as a function of time.8 For protein
formulation development, forced degradation studies play a pivotal
role by influencing candidate selection, storage conditions, assay
development, and comparability studies. Here we investigated the
individual effects of certain stress conditions such as pH, temper-
ature, methionine (Met) oxidation, tryptophan (Trp) oxidation, and
asparagine (Asn) deamidation on the biophysical characteristics of
DBF. Evaluation of biophysical and biochemical properties of DBF
under such conditions will also provide an improved mechanistic
understanding of degradation effects on higher order structure, and
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a platform to characterize DBF for comparability assessment. In
addition, the information from these assays will help to make
rational decisions concerning formulation development, storage
conditions and shelf life of the DBF protein for future development.

Apart from external stresses, protein-protein interactions,
intramolecular interactions as well as protein ion interactions are
known to have significant effects on a protein's conformational
stability. Various salts (e.g. NaCl, Na2PO4),9,10 cationic compounds
and anionic compounds11 have been widely explored for their ef-
fect on the conformational and colloidal stability of proteins.
Anionic kosmotropes from the Hofmeister series often have a
marked stabilization effect on folded proteins.12 Ionsmay stabilize a
protein by a variety of indirect hydration mechanisms.13 Such
mechanisms may be entropically driven to produce stabilizing ef-
fects. It has also been reported that some proteins follow a reverse
Hofmeister series behavior due to their net charge,14 which is in fact
the result of their protein sequence and charged interacting sites.
Researchers have also reported that proteins may electrostatically
interact with ions at low concentrations resulting in destabilization,
but then stabilize at higher ion concentrations. In one study, RNAse
showed ion specific interactions at higher salt concentration that
shielded electrostatic forces which stabilized the protein.15 We
therefore explored various charged excipients to evaluate their
interaction and stabilization effects on DBF. Many degradation
pathways such as deamidation or oxidation are dependent on the
conformational flexibility, solvent exposure, pH, and temperature.
Optimizing the solution conditions with stabilizing salts or excip-
ients can inhibit such degradation pathways. In this study, we
evaluated phosphate buffer and several anionic and cationic ex-
cipients for their binding and stabilization effects on the DBF pro-
tein. In addition to the charged excipients, conventional GRAS
(generally recognized as safe) excipients such as sugars, polyols,
and surfactants were also examined. This work can serve as an
initial foundation for future development of a stable and highly
efficacious DBF protein formulations.

Material and Methods

Protein Preparation

Construction of the plasmid containing the gene for the DB
Fusion (DBF) and the protein purification methods have been re-
ported earlier,5 except for the modifications described here. DBF
expression strains were grown in a fed-batch mode using a 10 L
bench top bioreactor (Labfors 5, Infors USA Inc. MD) equipped with
polarographic dissolved oxygen sensor (pO2), pH probe (Hamilton
Company) and advanced fermentation software. Media, trace ele-
ments and other chemicals were prepared as per the manual pro-
vided by Infors USA Inc. [Annapolis Junction, MD]. Briefly, pre-
culture fluid was prepared by inoculating ~25 mL aliquots of
frozen glycerol stock into 50 mL of 1� Lysogeny broth (LB) sup-
plemented with chloramphenicol (34 mg/mL) and allowed to grow
overnight at 30 �C with shaking at 200 rpm. The inoculum was
made by transferring cells from a pre-culture to a 1000 mL of
Terrific broth (TB) medium with the same antibiotic and grown at
30 �C until reaching an OD 600 nmof ~2.5. In the next step, ~700mL
of inoculum was transferred to the sterilized fermenter containing
8 L of the TB medium with appropriate antibiotics. The culture
temperature was maintained at 30 �C and pH 7. Other parameters
like stirrer speed, gas mix, and flow were set in cascade mode as a
function of pO2 (40%). DBF/ipgC expression was induced by addi-
tion of 1 mM IPTG at an OD600 nm of ~25. After 3 h, bacteria were
collected by centrifugation, washed and resuspended in IMAC
binding buffer (20mM Tris pH 7.9, 500 mMNaCl, 10 mM imidazole)
having 0.1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF) and lysed in a microfluidizer at 18,000 psi
with three passes. The cellular debris was removed by centrifuga-
tion at 10,000 g for 30 min and the supernatant containing the
protein complex was purified as per the procedure reported
earlier.3 The molecular weight of DBF is 99,057 Da with extinction
coefficient of 48,360 M�1 cm�1, at 280 nm. LPS levels were deter-
mined using a NexGen PTS with EndoSafe cartridges (Charles River
Laboratories) and was <5 EU.

Far-UV Circular Dichroism (CD)

CD Spectra in the far UV regionwere obtained using a Chirascan-
plus CD Spectrophotometer (Applied Photophysics, UK) equipped
with a Peltier controlled six cell holder. DBF (0.1mg/mL)was loaded
into a 1-mm quartz cuvette and spectra were obtained in the far UV
region (190e260 nm) in 1 nm increments with 1 s per data point
integration time. To evaluate thermal melting, a temperature ramp
was imposed from 10 to 90 �C (acquisition at every 2.5 �C) with an
equilibration of 2 min at each temperature. After acquisition at
90 �C, DBF protein samples were cooled to 10 �C and rescanned.

Intrinsic Tryptophan Fluorescence

A fluorescence plate-reader (Fluorescence Innovations, Minne-
apolis, MN) equipped with a tunable pulsed dye laser, a tempera-
ture controlled 384-well sample holder (Torrey Pines Scientific,
Carlsbad, CA), and a high-speed digitizer was used to obtain
Intrinsic tryptophan fluorescence spectra. Experimental samples
were loaded into a Hard-Shell 384-well PCR plates. Two microliter
silicon oil (Thermo Fisher Scientific, Waltham, MA) was added to
prevent sample evaporation during temperature ramps. Samples
were excited at 295 nm and steady state emission spectra were
collected using a charged coupled device detector from 310 nm to
400 nm. Fluorescence moment (mean center of spectra mass peak
position or MSM peak position) was reported. Temperature ramps
were set from 10 to 95 �C with an increment of 1 �C per step and an
equilibration time of 60 s at each temperature. Moment (MSM peak
position) were plotted as a function of temperature and first de-
rivative of the resulting data was used to calculate the melting
temperature (Tm) using Origin 7.0 (OriginLab; Northampton, MA).

Differential Scanning Calorimetry (DSC)

DBF protein samples (0.4 mg/mL) under various experimental
conditions were evaluated for thermal and overall conformational
stability with a MicroCal VP-Capillary DSC (Malvern, UK). DBF
protein samples (400 mL) were added into a 96well plate and stored
in a temperature controlled (5 �C) auto-sampler. Samples were
scanned from 10 to 110 �C at a 1

�
C/min rate. The acquired data was

analyzed and processed using Origin 7.0 software (OriginLab;
Northampton, MA).

Fourier-Transform Infrared (FT-IR) Spectroscopy

A Tensor-27 FT-IR spectrometer (Bruker, Billerica, MA) equipped
with a Bio-ATR cell was used for FT-IR spectroscopic analysis. Liquid
nitrogenwas used to cool the detector and a continuous N2 gas flow
was used to purge the interferometer. A total of 256 scans were
recorded from 4000 to 900 cm�1 at a 4 cm�1 resolution at 10 �C.
The background spectra from each experimental buffer condition
were subtracted from the sample spectra. Acquired spectra were
processed for atmospheric compensation, baseline adjustment, and
normalization by OPUS V6.5 (Bruker, Billerica, MA) software.
Deconvolution of the amide I region of the acquired spectra from
various experimental conditions were performed by Python script
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where the data set was processed by mixed Gaussian/Lorentzian
bands. Similarly, the second derivative of each spectrum was
calculated, and peaks were identified for secondary structure
content.
DBF Protein Sample Preparation

To evaluate the effect of pH, DBF protein (1 mg/mL) was buffer
exchanged into citrate-phosphate buffer ranging from pH 4 to 8 by
Amicon® Ultra Centrifugal Filters of 30 KDa molecular cut-off
(MilliporeSigma™). All samples contained 0.05% Lauryldimethyl-
amine N-oxide (LDAO) as described previously.3 After 2 h of incu-
bation at room temperature, samples were analyzed for
conformational and thermal stability using CD and DSC.

DBF protein in 20 mM MOPS buffer (0.05% LDAO) was prepared
and divided into three groups. One group was kept as control with
no phosphate and the other two groups were supplemented with
sodium phosphate to achieve 1, 10, and 100 mM final phosphate
concentration. Similarly, DBF was also formulated with increasing
NaCl (1, 10 and 100 mM) concentration to examine the impact of
ionic strength on the stability of DBF.
Forced Degradation of DBF Protein

To evaluate methionine oxidation, H2O2 (3% w/w) was added to
the DBF stock solution. The resulting solution was aliquoted into 4
groups (n ¼ 3). Each group was evaluated for the effect of tem-
perature (4 �C and 37 �C) and time (at days 2 and 5) on the
oxidation of DBF. After each individual timepoint (days 2 and 5),
200 mM Met solution was added to quench the oxidation reaction.
DBF protein formulated in 20 mM MPOS, 0.05% LDAO, pH 7.4 was
used as control and incubated at 37 �C for five days. Protein samples
were then buffer exchanged into 20 mM MOPS (0.05% LDAO) at 7.4
pH, aliquoted, and frozen at �80 �C until evaluation.

Tryptophan oxidation was performed by incubating the DBF
protein with 2,20Azobis (2-methylpropionamidine) dihydro-
chloride (AAPH; 2 mg/mL). The molar ratio of protein:AAPH was
kept at 1:100. To protect the Met residues in DBF from oxidation,
DL-Met (10 mg/mL) was added to the solution. The resulting so-
lutions were divided into the groups described above. After each
timepoint, the samples were buffer exchanged into 20 mM MOPS
(0.05% LDAO) at 7.4 pH, aliquoted, and stored at �80 �C until
evaluation.

To achieve Asparagine (Asn) deamidation, stock DBF proteinwas
buffer exchanged intoTris buffer (pH 9.5). Aftermixing, the solution
was aliquoted and stored at 4 �C or 40 �C. At various timepoints
such as Day 3, 5, and 7, samples were collected and buffer
exchanged in 20 mM MOPS (0.05% LDAO) at 7.4 pH, aliquoted, and
stored at�80 �C until evaluation. DBF protein formulated in 10 mM
MPOS, 0.05% LDAO, pH 7.4 was used as control and incubated at
40 �C for seven days.
SDS-PAGE

Samples from forced degradation studies such as Asn deami-
dation, Met oxidation, and Trp oxidation were mixed with 4�
laemmli buffer with or without dithiothreitol (DTT). Control,
reduced, and non-reduced protein samples were heated at 90 C for
10min. After centrifugation at 14,000�g for 2 min, 20 mL of samples
were loaded into the wells of NuPAGE™ 4e12% Bis-Tris Protein
Gels. Samples were run for 75 min at 150 V in NuPAGE MOPS SDS
Running Buffer. Gels were stained with Coomassie blue and de-
stained with water before imaging.
Hydrophobic Interaction Chromatography

Separation of DBF protein based on the hydrophobicity was
performed using a TSKgel Phenyl-5PW, 10 mm, 7.5 mm ID � 7.5 cm
column and Shimadzu HPLC system. DBF protein samples from
various groupswere diluted to 2mg/mL in 50mMPhosphate buffer
(pH 7.4), 0.05% LDAO, pH 7.4 and mixed with equal volumes of 2 M
ammonium sulfate solution. The resulting 1 mg/mL DBF was
injected into the column equilibrated with Phosphate buffer
(elution buffer). After an initial 4 min isocratic step of 1 M
ammonium sulfate run, followed by a negative gradient of 1 M
ammonium sulfate was run for 20 min at a flow rate of 0.5 mL/min,
to elute the DBF protein based on their retention behavior (hy-
drophobicity). Area under the curve was calculated for each peak
between the void volume and end of run. The chemically modified
species were reported in percent.

Imaged Capillary Isoelectric Focusing

To evaluate the charge variants of DBF protein after forced
deamidation at pH 9.5, capillary isoelectric focusing was per-
formed. DBF protein samples were diluted inwater to 1mg/mL. The
protein was mixed with 1% methyl cellulose (ProteinSimple),
3e10% Pharmalyte (GE Healthcare), 500 mM DTT (DL-Dithio-
threitol) (Sigma Aldrich), and appropriate pI markers of 4.6 and 9.5
(ProteinSimple). Next, the diluted samples were injected into a
fluorocarbon-coated capillary cartridge using an iCE3 (Pro-
teinSimple) system autoinjector. Samples were prefocused for
1 min at 1500 V and then focused for 5 min at 3000 V followed by
wash period of 90 s. The focusing patterns were then captured by a
CCD camera at 280 nm.

Size Exclusion Chromatography

Size exclusion chromatography was used to investigate the
formation of higher molecular weight species (aggregates) and low
molecular weight species (fragments) after forced degradation of
DBF protein. A Shimadzu HPLC system was used equipped with
UVevis (214 nm and 280 nm) and fluorescence detector
(excitation ¼ 295 nm and emission ¼ 330 mn). Samples were
diluted in 50 mM Phosphate buffer (pH 7) and injected with the
help of autoinjector in a TSKgel G3000SWXL column
(7.8 mm � 300 mm) along with a TSKgel SWXL guard column
(6.0 mm� 40 mm) from Tosoh Bioscience (King of Prussia, PA). The
flow ratewas kept 0.7 mL/min, and samples were held at 5 �C in the
auto sampler.

DBF Protein Binding to Alhydrogel

DBF proteins solutions were prepared in various concentrations
ranging from 2.5 mg/mL to 0.075 mg/mL. DBF protein solution was
added to Alhydrogel stock of 2 mg/mL, prepared in MOPS buffer
(0.05% LDAO) supplemented with various phosphate concentra-
tions at a 1:1 (v/v) ratio to achieve a final Alhydrogel concentration
of 1 mg/mL. The samples were mixed by vortexing and incubated at
room temperature for 24 h. Suspension was resuspended by vor-
texing and centrifuged at 2000�g to separate the unbound DBF
protein from Alhydrogel. Unbound DBF protein was quantitated
from the supernatant using bicinchoninic acid (BCA) assay.

After determining the concentration of free DBF protein (Ce), the
amount of bound DBF protein (Co) was calculated (CoeCe). The
amount of bound DBF protein per mg of aluminum (Qe) was
calculated by dividing CoeCe by the amount of Alhydrogel used (i.e.,
50 mg). Finally, Langmuir isotherms were generated by plotting Qe
vs Ce and the linear form of the isotherm obtained by plotting Ce/Qe
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vs Ce. The linear form of the Langmuir isotherm was further
analyzed to obtain the adsorptive capacity (Qm) from the slope and
adsorptive/Langmuir coefficient (KL) from the y intercept of the
fitted straight line.

Size and Zeta Potential

DBF protein formulated with varying concentrations of phos-
phate buffers was evaluated for its effect on the size and zeta po-
tential of the Alhydrogel based formulation. Alhydrogel and DBF
protein were formulated in 20 mM MOPS buffer (0.05% LDAO)
supplemented with various phosphate concentration (1, 10 and
100mM). The resulting suspensionwas analyzed in aMalvern Helix
instrument (Malvern Instruments, Malvern, UK) for average zeta
potential. One mL of sample was placed in a plastic disposable
capillary cell with gold electrodes and zeta potentials measured
with a 632 nm laser in a 173� backscatter configuration. The mea-
surements were performed for three independent samples with six
analytical replicates each.

The size distribution of the DBF-Alhydrogel suspension formed
in the presence of different phosphate concentrations was deter-
mined by using a Malvern Mastersizer 3000 (Malvern Instruments,
Malvern, UK). Background measurement was taken by adding 6 mL
of dH2O to the sample chamber. Three hundred microliter of
Alhydrogel-DBF (Alhydrogel at 1 mg/mL) formulation sample was
injected for each measurement to achieve ~4% total light obscura-
tion. A refractive index of 1.57 was used for Alhydrogel in Mie
scattering calculations for the determination of size. Size distribu-
tions were reported by number percent. Three individual replicates
were measured for each sample with an average of ten analytical
replicates for each run.

Effect of Anions and Cations on Stability of DBF Protein

DBF protein stock solution (1mg/mL) was mixedwith anionic or
cationic excipients at 10� and 0.5� (by weight) concentrations
with respect to the protein concentration. Final concentration of
protein was maintained at 0.5 mg/mL. Anionic excipients used in
the study were dextran sulfate, heparin sulfate and phytic acid
whereas, cationic excipients used in this study were polyarginine,
Protamine, and 1,4-Diaminobutane dihydrochloride (DABC or Pu-
trescine dihydrochloride). The solution mixtures were incubated at
room temperature for 2 h before investigation.

Molecular Docking of DBF Protein

Structures of IpaD, PDB ID's 3R9V16 and 5VXJ,17 and IpaB, PDB ID
5WKQ,18 were downloaded and prepared using the Schrodinger
Protein Preparation Wizard to add hydrogens, identify protein
protonation states, optimize hydrogen bonding, and so forth.19 The
protonation state of phytic acid were predicted using LigPrep as
well,19 with one of the three states being dramatically better than
the others. The hydrogen bond optimized structures, along with
phytic acid, were prepared using AutoDockTools, and grid di-
mensions that would contain the entire protein were identified.
Phytic acid was docked into each structure 1000 times with an
exhaustiveness setting of 10. Of the 10,000 poses reported, the top
1000 were retrieved to identify potential sites for further explora-
tion. Additionally, with IpaB, other potential sites were identified by
visual inspection for clusters of cationic residues.

Docking was performed at each site using Schrodinger Glide
with extended precision (XP), with the top 10 poses for each ligand
state maintained.20e22 To enhance the sampling, the following
settings were changed from default: 50,000 poses per ligand in the
initial docking phase, a scoring window of one thousand, one
thousand poses were kept for minimization of initial poses,
enhanced sampling was selected, and 20 post-docking minimiza-
tions were performed. Additionally, intramolecular hydrogen
bonds were rewarded. For the sites that had poses, the top scoring
unique poses were refined using Prime.23,24

Excipient Screening

Select FDA approved pharmaceutical excipients for parenteral
injection (listed in the FDA inactive ingredient guide 28) were
screened. These excipients included salts, polyols, alcohols, sugars,
detergents, proteins, amino acids, and polymers. DBF protein
(1 mg/mL) was mixed with respective excipients and incubated at
4 �C overnight. List of excipients and concentrations are listed in the
supplementary Table 2.

Statistical Analysis and Graphing

GraphPad Prism 8 software (San Diego, CA) was used for sta-
tistical analysis. All data were presented as mean ± SD. Comparison
between three or more groups was performed using a one-way
analysis of variance (ANOVA) with Tuckey's Post Hoc test. p < 0.05
was considered statistically significant.

Results and Discussion

Effect of pH on Secondary Structure of DBF

The Far-UV CD spectra of DBF shows double minima at 208 nm
and 222 nm (Fig. 1A), suggesting dominance of alpha helical sec-
ondary structure when formulated with 20 mM MOPS and 0.05%
LDAO. The CD spectra showed a similar double minima shape at pH
6, 7, and 8. At pH 4 and 5, however, diminishing (almost total loss)
of minima at 208 nm suggested extensive conformational changes
of DBF at acidic pH values. Such loss of a 208-nm minimum is
assumed to reflect extensive loss of a helical structure.25 This is
confirmed by the loss of negative ellipticity at 222 nm minimum,
further reflecting major conformational changes at acidic pH. The
CD spectra from each sample at various pH conditions were
deconvoluted and secondary structure content were quantitated
using the BeStSel program.26 As shown in Fig. 1B, regular a helical
(helix 1) structures were absent in DBF at pH 4 and 5. Moreover, the
regular a helical (helix 1) content increased significantly from pH 5
to 8. At pH 4e6, nearly 5e6% distorted helical structures were
observed in comparison to >15% at pH 7 and 8. In addition, a sig-
nificant rise in b turn content suggests extensive conformational
changes in DBF at acidic pH. Some visible precipitation was also
observed at pH 4, 5 and 6 (data not shown).

The CD signal at 222 nm was monitored for each individual pH
group (pH 4 to 8) at temperatures from 10 to 90 �C to evaluate the
effect of temperature on the overall secondary structure stability of
DBF (Fig. 1C). A decrease in negative ellipticity was observed in all
the samples as a function of temperature with different unfolding
patterns. DBF protein demonstrated single thermal transition at
~42 �C with a melting temperature (Tm) of ~48 and 50 �C at pH 7
and 8 respectively, whereas at pH 4 no thermal transition was
observed. Despite significantly lower molar ellipticity, DBF showed
a small transition at 52 �C at pH 5. These observations indicated the
need for neutral to slightly basic pH for conformational stability of
DBF.

Effect of pH on Thermal Stability of DBF Protein

To investigate the thermal and conformational stability of DBF at
various pH conditions, differential scanning calorimetry (DSC) was



Fig. 1. Effect of pH (4e8) on the conformational stability of DBF. (A) CD spectra of DBF in various pH conditions; (B) Secondary structure content of DBF in different pH conditions;
(C) Mean Residue ellipticity at 222 nm plotted for DBF protein as a function of temperature; (D) Representative DSC thermograms of DBF protein at various pH; (E) Quantitated
melting temperature of DBF at pH 7 and 8.
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performed. Fig. 1D illustrates the baseline corrected thermograms
of DBF protein at pH 6, 7, and 8. The Tm of DBF at pH 7 and 8 was
observed to be 47.9 and 50.2 �C respectively. In contrast, a minor
thermal transitionwas observedwith a Tm close to 80 �C at pH 6. No
thermal transitions were observed at the lower pH values.
Forced Oxidation of DBF Protein

Major oxidation sensitive amino acids include His, Met, Cys, Tyr,
and Trp. In the present study, proteinwas incubated with hydrogen
peroxide (H2O2) and 2,20-Azobis (2-methylpropionamidine) dihy-
drochloride (AAPH) that can selectively modify Met and Trp resi-
dues respectively. AAPH also generates alkyl radicals that catalyze
the formation of reactive oxygen species, which often oxidizes Trp
residues. Such oxidations can arise from many sources during
formulation development, storage, or transportation. The resulting
degradants can alter bioactivity and the conformation of thera-
peutic proteins.8,27 Control DBF was examined by non-reducible
SDS-PAGE and multiple high molecular weight species (HMWS)
were observed after exposure to AAPH or peroxide (Fig. 2A). These
self-associated HMWS were found to be reducible by DTT (Fig. 2B),
resulting in singular band for the DBF protein. This suggests that
intermolecular covalent disulfide interactions are responsible for
formation of the HMWS for DBF. For future formulation develop-
ment, successful masking of these cysteine molecules by adding
reducing agent may inhibit these covalent interactions.
It is known that depending on the incubation temperature, H2O2
may form hydroxyl radicals or superoxide anion radicals.28 There-
fore, we conducted degradation studies at two different tempera-
tures, 4 �C and 37 �C. In presence of H2O2 and AAPH, the bands on
SDS PAGE protein gels appeared consistent with the control at 4 �C
incubation (Fig. 2). In contrast, incubation at 37 �C showed signif-
icant degradation. This suggests that the rate of Met and Trp
oxidation mediated degradation are highly temperature depen-
dent. Protein bands produced by Met oxidation show a linear trend
of diminishing protein gel band intensity with time. As shown in
Fig. 2, degradation of BDF protein due to H2O2 mediated Met
oxidation at 37 �C increased significantly from day 2e5. In addition,
AAPH mediated Trp oxidation resulted in formation of higher
molecular weight species (probably aggregates) that did not
migrate into the gel and remained at the gel interface (Fig. 2). This
data shows that the surface exposed Trp residues that are easily
accessible to the external environment containing AAPH are
significantly altered, which led to aggregation of the DBF protein.
Fluorescence emission spectra of DBF showed an early MSM fluo-
rescence peak at 345 nm at 10 �C suggesting partially surface
exposed Trp residues (Fig. 4, Spectra not shown) at both incubation
samples (4 �C and 37 �C). Apparently, 37 �C incubation resulted in
higher AAPH exposure and a higher degree of degradation on day
2 at 37 �C. This is evident in the fluorescence melt curve (Fig. 4) and
SDS PAGE analysis (Fig. 2A and B).

Next, we used hydrophobic interaction chromatography to
evaluate the extent of oxidized DBF protein in presence of H2O2 and



Fig. 2. Forced Met and Trp oxidation of DBF in the presence of H2O2 and AAPH analyzed by (A) Non-reduced SDS-PAGE; (B) Reduced SDS-PAGE; (C) Percent oxidized species; (D)
Percent main species evaluated by quantitating the area under the curve of the HIC chromatogram; (E) high molecular weight species, (F) main species, and (G) low molecular
weight species respectively, quantitated from the area under the curve of SE-HPLC chromatogram.
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AAPH. As shown in Fig. 2C and D, DBF protein incubated with H2O2
at 4 �C showed no significant difference in oxidation species for-
mation on Day 5 in comparison to the control sample. Although,
AAPH showed greater degradation at 4 �C compared to samples
incubated with H2O2, the difference on Day 5 was not significant. In
contrast, DBF incubated with H2O2 at 37 �C and AAPH at 37 �C
resulted in nearly 6e8% oxidation on day 5. This also agrees with
the SDS-PAGE analysis and demonstrates that the extent of oxida-
tion is highly temperature dependent.

Size exclusion chromatography (SEC) was used to further eval-
uate the impact of oxidation and higher temperature on the ag-
gregation of the DBF protein. In comparison to the control, DBF
incubated with AAPH demonstrated significantly higher aggrega-
tion. As shown in Fig. 2F, High molecular weight species (HMW)
increased to ~60% in presence of AAPH on day 5. In contrast, H2O2
incubated samples resulted in approximately 18% HMW species
formation on day 5. This data confirmed the statement above that
Trp oxidation leads to greater degree of aggregation in DBF in
comparison to the Met oxidation.

We compared the far-UV CD spectra of Met oxidized (H2O2)
DBF protein with the unmodified DBF (To) and control DBF incu-
bated at 37 �C for 5 days to examine for potential conformational
changes. The slight increase in negative ellipticity with H2O2
oxidation suggests small secondary structural changes (Fig. 3A).
Deconvolution of the CD spectra revealed a small increase in a
helical content from ~15% to ~20% at both temperatures (Fig. 3B).
In the presence of AAPH, the negative ellipticity changed at every
incubation temperature and time point. This also suggests
conformational changes with time (Fig. 3C). Deconvolution of the
spectra revealed that the a helical content increased after 2 days



Fig. 3. Effect of forced oxidation on the secondary structure of DBF at 4� and 37 �C for 2 and 5 days. A DBF control is designated as T0. CD spectra of DBF oxidized by H2O2 (A) or
AAPH (C); Secondary structure content of DBF after oxidation with H2O2 (B) or AAPH (D).
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of incubation in AAPH but leveled back to the control values on
day 5 at both temperatures (4 �C and 37 �C). In the presence of
AAPH, antiparallel b structures increased under both temperature
conditions and time points suggesting that the oxidation of Trp
residue has greater conformational impact on the DBF protein
than Met oxidation.

Effect of Oxidation on the Tertiary Structure of DBF

To evaluate the effect of oxidation on the tertiary structure
stability of DBF, the intrinsic tryptophan fluorescence moment as a
function of temperature was monitored. The goal of this study was
to examine the changes in the unfolding pattern of DBF after se-
lective forced oxidation. DBF contains four Trp residues located in
the IpaD portion (W135, W177, W226, and W279) and one Trp
residue in the IpaB portion (W439). As shown in Fig. 4AeD, DBF at
T0 showed no intrinsic Trp fluorescence melting transition after
various forms of oxidation as a function of temperature. This is
consistent with previously published report.3 In contrast, DBF
incubated with H2O2 and AAPH showed a consistent early thermal
transition at 33.9 �C at both incubation temperatures (4 �C and
37 �C) and timepoints (Day 2 and 5) suggesting a destabilization
effect of oxidation. A second thermal transition observed at
73e74 �C was also present at all incubation temperatures and time
points except for DBF treated with AAPH at 37 �C for 5 days.
Moreover, for AAPH oxidized samples, the thermal transition pat-
terns were different on day 5 of incubation at 4 �C and 37 �C. In the
4 �C group, after the first thermal transition at ~33 �C, a significant
blue shift was observed which plateaued at ~341 nm followed by a
second transition at 80.9 �C (Fig. 4C). This significant blue shift and
increase in the second transition may be attributed to the change in
the Trp microenvironment to a relatively more hydrophobic region
in the three-dimensional structure of DBF. The blue shift was even
more significant in samples at day 5, which was restored after the
second thermal transition at ~60 �C (Fig. 4D). A red shift followed by
a blue shift could possibly be the result of change of microenvi-
ronment of Trp at different temperatures and a 2-phase unfolding
of protein. At the first thermal transition, Trp moved to the rela-
tively non-polar interior of the protein resulting in a blue shift
followed by another transition at 60 �C resulting in restoration of
Trp to more polar exterior microenvironment. This study suggests
that the Trp residues in particular regions play a vital role in the
conformational stability of the DBF protein and should be protected
by formulation strategies.



Fig. 4. Effect of forced oxidation on the tertiary structure of DBF protein at various incubation conditions (days and temperature). The fluorescence moment is plotted as a function
of temperature for DBF protein oxidized by (A) H2O2 at 4 �C, (B) H2O2 at 37 �C, (C) AAPH at 4 �C, (D) AAPH at 37 �C. The DBF control is indicated as T0.
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Forced Deamidation of the DBF Protein

Deamidation of Asn residues under basic pH conditions form
succinimide, which upon hydrolysis yields aspartate (Asp) and
isoaspartate residues (IsoAsp). In addition to forming acidic iso-
forms, this reaction may lead to covalent crosslinking. To study the
effect of deamidation on formation of reducible and non-reducible
cross-linked species, SDS PAGE was used (Fig. 5A). As discussed
previously, DBF forms covalent cross-linked disulfide species hav-
ing a higher molecular weight. These crosslinked species were
easily reduced with DTT as shown in Fig. 5B. Despite reductionwith
DTT, sharp bands of dimer species were visible at 4 �C incubation
samples. This suggests the presence of noncovalent interactions. As
shown in Fig. 5A and B, cumulative DBF protein band intensity kept
decreasing with time at both incubation conditions (4 �C and
40 �C). Moreover, lower molecular weight bands begin to appear on
day 3 (40 �C) with diminishing main band intensity as a function of
incubation time (Fig. 5A and B). This suggests that the deamidation
of DBF is temperature dependent with a lower rate of degradation
at 4 �C incubation.

Aggregation propensity of DBF due to deamidation stress was
evaluated by SEC. In comparison to the control samples, DBF
incubated at pH 9.5 demonstrated similar trend of aggregation. In
fact, it was evident that the aggregation of DBF is temperature
dependent, not pH (Fig. 5C and D). Both samples, incubated in pH
7.4 and 9.5, demonstrated approximately 58e60% HMW species on
day 7. At 4 C, DBF incubated at 9.5 pH showed 8% HMW species
(Data not shown).

To evaluate the presence of acidic species (Asp or IsoAsp) after
deamidation of DBF at pH 9.5, capillary isoelectric focusing (cIEF)
was used. After 3 days of incubation in pH 9.5 at 40 �C, ~25% of DBF
resulted in acidic species (Fig. 5 E). This deamidation trend
increased with time and reached 43% on day 7. The rate of
deamidation was significantly lower in case of lower temperature
(4 �C). Only 8.3% acidic species were formed after 7-day incubation
at 4 �C in pH 9.5. Interestingly, control DBF incubated in pH 7.4 at
40 �C showed no deamidation until day 7. Acidic species percent
grew from zero to 24% on day 7 (Fig. 5 E). This data also suggests
that the temperature plays an important role in the degradation of
the DBF protein.

Effect of Deamidation on Higher Order Structure

Secondary structure may also be affected by the modification of
Asn residues and their deamidation, whichmay impact the stability
of the protein. Using circular dichroism, we investigated the
changes in the secondary structure of DBF protein after forced
deamidation conditions (Fig. 6). At both temperatures (4 �C and
40 �C), a reduction in negative ellipticity was observed, which
suggests enhanced disorder in the secondary structure of DBF
(Fig. 6A and C). At 4 �C and 40 �C, the regular helical and distorted
helical content decreased with time until. The opposite trend was
observed with respect to the b structures. Parallel and anti-parallel
b structures increased with time. In comparison to the T0 sample,
the minimum at 208 nm showed a more pronounced reduction
with time. Deconvolution of the CD spectra revealed that a reduc-
tion in a helical content and an increase in right twisted anti-
parallel b structures, indicating a major conformational change
during deamidation at 40 �C with incubation time. DBF control
incubated at 40 �C in pH 7.4 showed no significant changes in
comparison to the T0 sample.

The intrinsic tryptophan fluorescence moment as a function of
temperature was plotted for DBF at various incubation times
(Fig. 7). All samples showed a consistent thermal transition at 34 �C
observed in oxidized samples, whereas control DBF showed no
thermal transitions. At 4 �C (Fig. 7A), the fluorescence moment



Fig. 5. Forced Asn deamidation of DBF at pH 9.5 at 4 �C or 40 �C for 3, 5, and 7 days. (A) Non-reduced SDS-PAGE; (B) Reduced SDS-PAGE; (C) Percent of main species; (D) Percent of
high molecular weight species; (E) Percent of low molecular weight species evaluated by quantitating the area under the curve of SE-HPLC chromatogram; (F) Percent of acidic
species calculated by quantifying the area under the curve of the cIEF chromatogram from samples incubated under various conditions. DBF sample incubated with 10 mM MOPS,
0.05% LDAO, pH 7.4 at 40 �C was used as a control.
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undergoes a blue shift as temperature rises from 34 �C. This pla-
teaued at 60 �C and 324 nm suggesting Trp sidechain movement to
a more hydrophobic region. On day 5, although having a similar
thermal transition, the blue shift plateaued at 65 �C and 335 nm.
This relative red shift indicates that the protein undergoes signifi-
cant tertiary structural rearrangements with time leading to
different thermal unfolding pattern. Interestingly, on day 7, the
thermal unfolding event restores as day 3. Under 40 �C conditions
(Fig. 7B), two distinct and consistent thermal transitions were
observed at ~33 �C and 75 �C. The thermal unfolding pattern of Day
3 and day 5 are almost identical, where the blue shift after the first
transition plateaus at 50 �C and 346 nm. Interestingly, on day 7, the
blue shift after the first thermal transition plateaus at 49 �C and
344 nm. This relatively higher blue shift of samples incubated for 7
days suggest greater tertiary structural alterations in comparison to
day 3 and 5.
Effect of Phosphate on DBF Protein Stability

The DBF protein was formulated in 20 mM MOPS (0.05% LDAO)
with varying amounts of phosphate to evaluate the effect of anionic
phosphate on the stability of DBF. Thermal stability of the resulting



Fig. 6. Effect of forced deamidation on the secondary structure of DBF at 4 �C and 40 �C for 3, 5, and 7 days. CD spectra of DBF deamidated at pH 9.5 at (A) 4 �C and (C) 40 �C;
Secondary structure content of DBF protein after deamidation at pH 9.5 at (B) 4 �C and (D) 40 �C. A DBF control is used for comparison and marked as T0.
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formulations was examined using differential scanning calorim-
etry. As shown in Fig. 8A and B, the melting temperature (Tm)
increased from ~50 �C to 57.5 �C with linearly increasing phosphate
concentration (1, 10 and 100 mM) in the solution. Such a significant
increase in Tm can be attributed to an ionic strength effect, Debye
Hückle charge shielding or binding of phosphate ions to the DBF
protein.
Fig. 7. Effect of forced deamidation on the tertiary structure of DBF at various incubation co
temperature for DBF deamidated at (A) 4 �C, and (B) 40 �C. The DBF control is marked as T
The effect of phosphate on the secondary structure of the pro-
tein was also evaluated by circular dichroism (CD). Fig. 8C shows
the mean residue ellipticity (MRE) of DBF formulated in different
phosphate concentrations. DBF showed a distinctive double mini-
mum in the presence of phosphate with only slight changes in
molar ellipticity. The negative molar ellipticity of DBF increased
with increasing phosphate concentrations. This is indicative of
nditions (Days and Temperature). The fluorescence moment is plotted as a function of
0.



Fig. 8. Effect of ionic strength of salts in the solution on the conformational stability of DBF. (A) A representative thermogram of DBF protein in presence of 1-, 10- and 100-mM
phosphate. (B) The change in melting temperature (DTm) of DBF is shown as a function of the phosphate concentration in the solution. (C) CD spectra of DBF in the presence of 1-,
10- and 100-mM phosphate. (D) Molar residue ellipticity at 222 nm is plotted as a function of temperature. (E) Molar residue ellipticity at 208 nm is plotted as a function of
temperature. (F) Representative thermograms of DBF are shown in the presence of 1, 10 and 100 mM NaCl. (G) Changes in melting temperature (DTm) of DBF as a function of NaCl
concentration.
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formation of more ordered secondary structure. The minimum at
222 nm did not change with further increases in phosphate con-
centration, but significant change was observed at the 208 mini-
mum. A pronounced 208 nm band suggests significant
conformational changes in the a domain of DBF after interaction
with phosphate anion. To examine the effect of phosphate on
thermal stability, the ellipticity at 222 nm as a function of tem-
perature was monitored in presence of different phosphate con-
centrations (Fig. 8D). The Tm increased by approximately 4 �C,
suggesting a thermal stabilization effect by 10 mM phosphate. In
contrast, the Tm value increased by only 1� when the phosphate
concentration increased from 10 to 100 mM. This suggests the
saturation of binding sites by phosphate ions. The change in ellip-
ticity was also monitored at 208 nm as function of temperature. As
shown in Fig. 8E, DBF in absence of phosphate showed multiple
small transitions which reduced with increasing phosphate con-
centration in solution. This demonstrates that the phosphate an-
ions provide conformational stability to the DBF protein by
affecting the early thermal transitions of the protein.

To see if this stabilization is an ionic strength or Debye Hückle
charge shielding effect, we incubated the DBF protein with
increasing concentrations of NaCl (10 and 100 mM). As shown in
Fig. 8F and G, the Tm values reduced slightly with increasing NaCl
concentration, suggesting strongly that the stabilization was, in



Fig. 9. Effect of phosphate on the secondary and quaternary structure of the DBF protein. (A) Deconvoluted amide I region of FTIR spectra of the DBF in the presence of various
phosphate concentrations; (B) Secondary structure content calculated for the DBF protein in presence of various phosphate concentrations; (C) Average particle size of DBF protein
formulated at various phosphate concentrations.
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fact, the result of phosphate ion interacting with anion binding sites
within DBF. After the thermal melting analysis up to 90 �C at
various phosphate concentrations, DBF (with 0.05% LDAO) samples
were cooled back to 10 �C and CD spectra was acquired (Fig. S1).
Both spectra, before and after thermal unfolding, were superim-
posable suggesting that the DBF protein retains its secondary
structure as described previously by Chen et al.3 It is also note-
worthy that inclusion of phosphate does not influence this refold-
ing behavior.

As phosphate binding provided thermal and secondary struc-
ture stability, FTIR was used to quantitate the secondary structure
content. The FTIR spectra of the amide I region was deconvoluted
for quantitation. As shown in Fig. 9 A-B, the secondary structure did
not change with 10 mM phosphate addition to the solution. In
contrast, significant changes in the secondary structure were
observed at 100 mM phosphate concentration. The a helical con-
tent significantly reduced from ~45% to ~37% and b sheet content
doubled from ~14% to 28% in 100 mM phosphate. Deconvoluted
FTIR spectra in Fig. 9 (100 mM Phosphate) showed increased
intramolecular b structures (1631e1626 cm�1). We believe that this
trend would have increased with further increase in phosphate
concentration in the formulation. This can be attributed to stronger
intramolecular hydrogen bonding. Although, we did not investigate
further increase in the phosphate ion, we presume that the protein
would start to aggregate or precipitate. Researchers have demon-
strated that the shifting of b structures to lower wavenumber is
attributed to the inter or intramolecular b-sheet structures leading
to aggregation of the molecule.29 Interestingly, phosphate binding
also resulted in slight decrease in the hydrodynamic radius of the
DBF protein, but the change of statistically insignificant (Fig. 9C).

Another possible explanation could be that the salts affect
proteins’ structural stability by either interacting with the protein
or by changing the water structure. We demonstrated that phos-
phate interacts with the DBF protein but due to kosmotropic nature
of the phosphate ions (Hofmeister series), at higher concentration
water hydration structure formation is inhibited. This results in
dehydration and increased intermolecular interactions. However,
we did not notice any enthalpic change (DH) due to phosphate
concentration.

Effect of Phosphate on DBF Protein Binding on Alhydrogel

In the presence of anions, such as phosphate, modulation of the
surface charge of the adjuvant Alhydrogel can be achieved.30 We
therefore anticipated that the presence of anions such as phosphate
in the DBF protein formulationwould have an impact on its binding
to Alhydrogel. We added DBF protein (0.05% LDAO) with 0, 10, and
100 mM phosphate to Alhydrogel. As expected, a decrease in the
binding of DBF protein to Alhydrogel was observed with increasing
phosphate concentration (Fig. S2A-B). The nonlinear curve gener-
ated by increasing the DBF amount added versus DBF amount
boundwas fitted and the binding affinity and binding capacity were
calculated using a Langmuir isotherm (Fig. S2B). A decreasing trend
of DBF protein binding affinity and binding capacity toward



Fig. 10. Effect of Anionic excipients on the stabilization of the DBF protein. Concentration normalized DSC thermogram of DBF in presence of 0.5� and 10� (by weight) of anionic
excipients such as dextran sulfate (A), heparin sulfate (B), and phytic acid (C). (D) The change in Tm of DBF is shownwith varying weight ratios of anionic excipients. (E) The change
in Tonset of the DBF protein is shown with varying weight ratios of anionic excipients. (F) The melting temperature (Tm) of DBF is shown as a function of phytic acid concentration
and monitored by differential scanning calorimetry.
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Alhydrogel was also observed with increasing phosphate concen-
tration (Fig. S2 C-D). Although, 0 mM and 10 mM phosphate groups
were statistically insignificant in terms of binding affinity and
capacity.

The surface properties of the Alhydrogel in the presence of
phosphate were also analyzed. The mean particle diameter was
approximately 1.5 mm at all phosphate concentrations except 1 mM
phosphate the where size increased to ~2.4 mm (Fig. S3 A-B). The
change in size is attributed to the surface zeta potential of the
Alhydrogel in the presence of different phosphate concentrations.
In the absence of phosphate, the zeta potential was observed to be
~16.2 mV, which reached approximately �30 and �25 mV at 10-
and 100-mM phosphate concentrations, respectively (Fig. S3 C). At
1 mM phosphate, however, the Zeta potential was near neutral,
i.e. þ0.4 mV. At neutral charge, the attractive force among particles
dominates and results in larger particles at 1 mM phosphate con-
centration. In contrast, at 0, 10- and 100-mM phosphate concen-
tration, repulsive forces dominated and led to smaller sizes.

Effect of Polyanions on the Stability of DBF Protein

To validate the stabilization of DBF protein structure by various
anionic phosphate molecules, we investigated few anionic excipi-
ents such as sulfated polysaccharides (heparin sulfate and dextran
sulfate) and a phosphate rich small molecule (phytic acid). We
hypothesized that the DBF protein has certain anion binding sites
that upon binding with anions favors structural stability. Anionic
excipients at varying concentrations, 0.5� and 10� (by weight),
were incubated with DBF. DSC analysis (Fig. 10) revealed that each
molecule had a unique thermal stabilizing effect. Dextran sulfate
and Heparin sulfate, being larger polyanionic molecules produced a
significant increase in Tm at 0.5� concentration. Phytic acid, how-
ever, showed a concentration dependent stabilization effect,
increasing the Tm by 1.8 �C and 7.8 �C at 0.5� and 10� concentra-
tions, respectively. The data shown in Fig. 10A and B suggests that
the larger polyanionic molecules such as dextran sulfate and hep-
arin were highly effective at lower concentrations (0.5�) in
improving the physical stability of the protein. To explore this
phenomenon, concentration dependent thermal unfolding was
monitored in the presence of phytic acid. As shown in Fig. 10 F, the
Tm as a function of phytic acid (ligand) concentration showed a
non-linear thermal stabilization pattern with escalating ligand
concentration. The Tm values gradually increased from 50 �C at
0.25 mg/mL to 57.5 �C at 20 mg/mL phytic acid concentration. In
contrast, dextran sulfate demonstrated very efficient thermal sta-
bilization as the Tm reached 56 �C at 0.02 mg/mL concentration and
plateaued at 57 �C at 0.3 mg/mL concentration (Fig. S4). This shows
a remarkable stabilization effect of larger anionic excipients at
nearly 1/10th of the concentration in comparison to the smaller
anionic molecules like phytic acid.



Fig. 11. Effect of Cationic excipients on the conformational stabilization of the DBF Protein. (A) Concentration normalized DSC thermogram of DBF in the presence of 0.5� and 10�
(by weight) of polyarginine, diaminobutane dihydrochloride (DABC or putrescine-HCl), and Protamine; (B) Change in Tm of DBF at varying weight ratios of cationic excipients; (C)
Change in Tonset of the DBF protein with varying weight ratio of cationic excipients.

Fig. 12. Potential phytic acid interaction sites on IpaD (A and B) and IpaB (C) identified by global docking and visual inspection. One thousand independent Autodock Vina runs were
also performed against the proteolytically truncated IpaD structure (A) and its longer structure (B). The top one thousand poses clustered to 3 or 4 sites on the protein surface as
shown. One thousand independent Autodock Vina runs were performed against IpaB (C). The top one thousand poses clustered to 3 sites on the protein surface (sites 1, 2, and 3).
Visual inspection for clusters of positively charged amino acids identified three other sites (sites 4, 5, and 6).
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Fig. 13. Excipient screening by monitoring thermal unfolding of DBF in the presence of
various excipients. Average change in melting temperature (DTm) at which the folded
and unfolded protein reach equilibrium are reported and ordered from excipient
inducing lowest to highest stabilization.
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As the binding of anions to specific sites in DBF showed prom-
ising physical stabilization of the protein, we also investigated the
effect of cationic excipients. DBF protein formulated with 0.5� and
10� concentration (by weight) of poly-arginine, 1,4-diaminobutane
dihydrochloride (DABC or putrescine HCl) and protamine sulfate
were analyzed using DSC and any change in Tmwas monitored. As
shown in Fig. 11, there was very little effect on the DBF protein's
thermal stability. The Tonset values (Fig. 11C) were reduced with all
three excipients suggesting that in presence of cations, the thermal
unfolding is faster in comparison to the protein in its native envi-
ronment or MOPS buffer. As shown in Fig. 11B, the Tm values in the
presence of 0.5� poly-arginine concentration reduced stability by
0.8 �C and increased by 0.7 �C at 10� concentration. In contrast, the
small cationic molecule, putrescine showed a small but significant
stabilization effect by increasing the Tm by 0.2 �C and 1.2 �C at 0.5�
and 10� concentration respectively. The data suggests that, despite
having many anionic amino acids in the sequence, DBF lacks large
cation-binding sites that could stabilize the protein further upon
binding with cationic excipients. According to the observations
above, cations must be interacting either by weakly increasing the
overall stability of the DBF protein structure or by altering the free
energy change associatedwith hydration of the newly exposed core
after thermal unfolding.31

Phytic acid was modeled into two structures of IpaD and one
structure of IpaB. One thousand independent Autodock Vina
docking runs were performed for grids fully encompassing IpaD,
proteolitically truncated IpaD, and IpaB. The top 1000 scoring poses
clustered into 3 or 4 locations on each of the structures (Fig. 12). All
of the proteins were also visually inspected for clusters of cationic
residues, and an additional 3 sites were identified on the IpaB
surface (Fig.12). At the 13 sites identified across the three structures
(see Supplemental Table S1), local docking was performed using
the Extra Precision (XP) mode in Glide by Schrodinger. The highest
scoring unique poses at each site were selected for full atom
refinement of the ligand and any residue within 8 Å using Prime
MMGBSA.

Though poses at each site had similar scores using AutoDock
Vina, there was a wide range in Glide XP docking scores. Each
structure had at least one site that had docking score
below �8 kcal/mol, with several sites having moderately good
docking scores between �7 and �8 kcal/mol, while some sites had
a docking score as low as �2.7 kcal/mol. In general, the top scoring
models at each site featured numerous hydrogen bonds between
the phytic acid and the protein, as well as several internal hydrogen
bonds within the phytic acid. What distinguished the high scoring
from low scoring sites was salt bridge interactions. Sites with better
scores could make three or four salt bridge interactions, while the
sites with the worse scores were unable to make more than one
(data not shown).

Excipient Screening

We used DSC as the assay of choice for excipient screening
because of its robust nature. Several GRAS (generally regarded as
safe) excipients fromvarious amino acids, polyols, chelators, sugars,
etc. were evaluated for their effect on melting temperature of DBF.
In addition to anionic excipients, PS-80, poloxamer 188, and small
cationic excipients (arginine HCl and Putrescine) showed stabili-
zation effects by improving the Tm significantly (Fig.13). In contrast,
Trehalose, Sucrose, Glycerol, EDTA, NaCl, Glycine, Urea, etc. alone
showed destabilization effects.

Conclusion

This work provides an improved understanding toward various
degradation mechanisms and how such mechanisms can be
analyzed. Unique impacts of forced degradation on the DBF protein
analyzed by various biophysical tools should prove to be very
critical in future formulation development and comparability
assessment. Moreover, the stabilization effect of phosphate and
other anionic excipients on DBF protein unveiled unique interac-
tion mechanisms, which can be further exploited for formulating a
stable DBF protein-based vaccine.
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