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Abstract In this work, we explored the acid-induced unfolding
pathway of non-porin outer membrane protein (OMP), an im-
munogenic protein from Salmonella Typhi, by monitoring the
conformational changes over a pH range of 1.0-7.0 by circular
dichroism, intrinsic fluorescence, ANS binding, acrylamide
quenching, and dynamic light scattering. The spectroscopic
measurements showed that OMP in its native state at pH 7.0
exists in more stable and compact conformation. In contrast, at
pH 2.0, OMP retains substantial amount of secondary structure,
disrupted side chain interactions, increased hydrodynamic radii,
and nearly four-fold increase in ANS fluorescence with respect
to the native state, indicating that MG state exists at pH 2.0.
Quenching of tryptophan fluorescence by acrylamide further
confirmed the accumulation of a partially unfolded state between
native and unfolded state. The effect of pH on the conformation
and thermostability of OMP points towards its heat resistance at
neutral pH (7,~69 °C at pH 7.0, monitored by change in
MREj,, 1m)- Acid unfolded state was also characterized by the
lack of a cooperative thermal transition. All these results sug-
gested that acid-induced unfolded state of OMP at pH 2.0 rep-
resented the molten globule state. The chemical denaturation
studies with GuHCI and urea as denaturants showed dissimilar
results. The chemical unfolding experiments showed that in both
far-UV CD and fluorescence measurements, GuHCI is more
efficient than urea. GuHCI is characterized by low Cy, (~1 M),
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while urea is characterized by high C,, (=3 M). The fully
unfolded states were reached at 2 M GuHCI and 4 M urea
concentration, respectively. This study adds to several key con-
siderations of importance in the development of therapeutic
agents against typhoid fever for clinical purposes.

Keywords Acid denaturation - Outer membrane protein -
Circular dichroism - Dynamic light scattering - Guanidine
hydrochloride denaturation - Molten globule - Sa/monella
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Introduction

Salmonella enterica subspecies enterica serovars Typhi and
Typhimurium are important human pathogens with distinctly
different lifestyles (Barquist et al. 2013). Salmonella species
cause typhoid fever and gastroenteritis in humans and pose a
global threat to human health (Valdez et al. 2009). This
potentially fatal systemic illness affects at least 21 million
people annually, primarily in developing countries (Barquist
et al. 2013; Bhutta and Threlfall 2009; Kothari et al. 2008).
Salmonella also infects a broad array of animals, resulting in
diseases ranging from gastroenteritis to life-threatening systemic
infections (Chiu et al. 2004; McClelland et al. 2001). The outer
membrane protein (OMP) from Gram-negative bacteria
(Salmonella Typhi) is a major immunogenic target to synovial
fluid lymphocytes of patients with reactive arthritis (ReA)undif-
ferentiated spondyloarthropathy (uSpA) (Pocanschi et al. 2013).

The OMPs of Gram-negative bacteria are synthesized in
the cytoplasm and have to cross the inner membrane before
being assembled into a correctly folded state in the outer
membrane. Proteins are usually unfolded by chemical and
physical treatments, which lead to alterations on their confor-
mations (Dobson 2003; Fersht and Daggett 2002). One of the
common methods of denaturing proteins is heating. Reports
on conformational state of the denatured proteins have varied
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from apparently fully unfolded to substantial remaining
structure (Goto et al. 1990). Unfolding caused by structural
changes of proteins significantly influences their function-
al properties and results in pathological consequences in
organisms (Lauren et al. 2009; Selkoe 2003; Tsigelny et al.
2008).

The structural stability and folding of OMP from Salmonella
Typhi have been poorly understood at the present stage. OMP
is involved in a wide range of physiological and disease pro-
cesses. Here, in this article, we report folding/unfolding behav-
ior of strategically important parasitic proteins and their struc-
tural consequence relevance, as well as the influence of the
conformation of protein through the formation of molten
globule state in acidic pH condition. We study the confor-
mational stability of OMP in acidic pH interval to try to
understand how the OMP can remain stable and functional
at acidic pH values.

Materials and methods

Recombinant OMP was purified from Gram-negative
Salmonella Typhi method described by Hamid and Jain
(2008). Guanidine hydrochloride (GuHCI) urea and 1-
anilino-8-napthalene sulfonate (ANS) were purchased
from Sigma Chemical Co. All other reagents used in
the study were of analytical grade.

pH-induced unfolding of OMP were carried out in 20 mM
of KCI-HCI (pH 0.8-1.6), Gly-HCI (pH 1.8-3.0), Na-acetate
(pH 3.5-5.0), and Na-phosphate (pH 6.0-7.0) buffers. All the
buffers were passed through 0.45-um filter. Protein samples
were incubated for 12 h at room temperature in different pH
before spectroscopic measurements were recorded.

Protein concentration determination

Stock of OMP prepared in 20-mM sodium phosphate buffer,
pH 7.0, and protein concentration determined from the value
of molar extinction coefficient 42,650 M ' cm ! at 280 nm.
The molar extinction coefficient were obtained by entering the
amino acid sequence in ExPASy-ProtParam tool (http://web.
expasy.org/protparam) using 49 kDa molecular weight
(Hamid and Jain 2008).

Circular dichroic measurements

CD measurements were carried out with a Jasco spectropo-
larimeter (J-815) equipped with a Jasco Peltier-type tempera-
ture controller (PTC-424S/15). The instrument was calibrated
with D-10-camphorsulphonic acid. Spectra collected in a cell
of 1 mm were 4 uM for far-UV CD with scan speed of 100 nm/
min and response time of 1 s. Each spectrum was the average
of two scans. The raw CD data obtained in millidegrees were
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converted to mean residue ellipticity (MRE) in degrees square
centimeter per decimole, which is defined as

Oops(mdeg)

MRE = —— =7
100xnxCxl

(1)

where O, is the CD in millidegrees, # is the number of amino
acid residues, / is the path length of the cell, and C is the molar
concentration. Helical content was calculated from the mean
residue ellipticity (MRE) values at 222 nm using the following
equation as described by Chen et al. (1972):

(2)

MRE — 2,340
%0 — helix = ( 222 nm_ % ) 100

30,300

The chemical denaturation experiment was done by equil-
ibrating individual samples of OMP (4 pM) with various
GuHCI and urea concentrations at pH 7.0 for 12 h at 25 °C.

The stock solution of 8 M GuHCI was prepared in 20-mM
sodium phosphate buffer, pH 7.0, and change in pH was
adjusted with KOH solution. Ten-molar urea solution was
prepared in the above buffer (pH 7.0). The concentration of
GuHCl and urea was determined using Mettler Toledo
(Refracto 30PX). The AN value is the difference in refractive
index between the GuHCI and urea solution and the buffer
without GuHCI and urea. This AN value allows the determi-
nation of GuHCI and urea concentration according to the
following equation (Pace 1986):

[GUHCI] = 57.147(AN) + 38.68(AN)*~91.60(AN)*  (3)

[Urea] = 117.66(AN) + 29.753(AN)*~185.56(AN)*  (4)

Data analysis of protein unfolding

Chemical and thermal denaturation data from CD and fluo-
rescence spectroscopy were analyzed on the basis of two-state
unfolding model. For a single-step unfolding process, N2U,
where N is the native state and U is the unfolded state; the
equilibrium constant, K, is

_Ju
fn

with f;, and f; being the molar fraction of U and N, respectively.

Ky

(5)

(Yobs_Yn)

fd = (Yu_Yn)

(6)
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where Yy, Yy, and Y, represent the observed property, the
property of the native state, and the property of unfolded state,
respectively.

The change in free energy of unfolding in water AGy is
obtained by the linear extrapolation model (Pace and Shaw
2000):

AG, = —RTInK, (7)
and
AG = AG-m(D) (8)

where m is the experimental measure of the dependence of AG,,
on denaturant, R is the gas constant (1.987 cal K™' mol "), and
T is the absolute temperature in Kelvin.

According to Egs. 5-8, AG and m-values are obtained by
nonlinear curve fitting to the transition curves. In the above
fitting, the linear dependencies of f, and f, on denaturant
(GuHCl, urea concentrations, and temperature) were also
taken into consideration.

Tryptophanyl fluorescence measurements

Fluorescence measurements were performed on a Hitachi
Spectrofluorometer (F-4500). The fluorescence spectra were
measured at 25+0.1 °C with a 1 cm path length cell. The
fluorescence was measured by exciting the protein at 280 nm,
and emission spectra were recorded in the range of 300—
400 nm. Both the excitation and emission slits were set at
10 nm. Protein concentration was kept at 4 pM.

ANS binding measurements

A stock solution of ANS was prepared in distilled water, and
its concentration was determined using molar extinction co-
efficient of £,,=5,000 M ! cm ! at 350 nm. For ANS binding
experiments, the molar ratio of protein to ANS was 1:20. The
excitation wavelength was set at 380 nm, and the emission
spectra were taken in the range of 400-600 nm. Both the
excitation and emission slits were set at 10 nm. Protein con-
centration was kept at 4 uM.

Acrylamide quenching experiments

In the quenching experiments, aliquots of 2 M quencher stock
solution were added to protein solutions (4 uM) to achieve the
desired range of quencher concentration (0.01-0.2 M). Exci-
tation wavelength was set at 295 nm in order to excite trypto-
phan residues only, and the emission spectrum was recorded

in the range of 300-400 nm. The decrease in fluorescence
intensity was analyzed by using the Stern—Volmer equation:

14K ©)

where F, and F are the fluorescence intensities of the protein
in the absence and presence of quenchers. Ky, is the quenching
constant, which was determined from the slope of the Stern—
Volmer plot at lower concentrations of quencher, whereas [Q]
is the molar concentration of the quencher.

Dynamic light scattering (DLS) measurements

Dynamic light scattering (DLS) measurements were carried
out at 830 nm by using DynaPro-TC-04 DLS equipment
(Protein Solutions, Wyatt Technology, Santa Barbara, CA,
USA).

Samples were filtered through a microfilter (Whatman
International, Maidstone, UK) having an average pore size
of 0.22 um to remove any unwanted particles or aggregates.
The filtered samples are directly transferred into a 12-pl black
quartz cell, and protein concentration was 10 uM. For the
detail of the methodology, refer to Rabbani et al. (2011).

Calorimetric measurements

Thermal denaturation experiments were conducted on a VP-
DSC microcalorimeter (MicroCal, Northampton, MA, USA)
at 20 mM pH 7.0 (Na-phosphate buffer) and pH 2.0 (Gly-HCI
buffer). The DSC scans were run between 30 °C and 80 °C ata
rate of 1.0 °C min™'. The experiments were performed using
10 uM OMP. The heat capacity curves, midpoint temperature
(T}), calorimetric enthalpy (AH,,), and van't Hoff enthalpy
(AH,y) were analyzed using Origin 7.0 software.

Results
Molecular modeling study

OMP from Salmonella Typhi is a monomer of about 49 kDa
and 447-amino acid residues long. As there is not any high
resolved full-length structure of OMP from Salmonella Typhi
in the Protein Data Bank, the protein was modeled by Phyre2
(Kelley and Sternberg 2009) by using the sequence as given in
Supplementary Figure S1. For such a large intact protein, part
of'the structure was generated based on the remote homology/
fold recognition approach by taking the template of Dnad
from Bacillus subtilis (2 V79), whereas the rest 366 residues
were built by ab initio method. Predicted 3D models were
verified by PROCHECK (Laskowski et al. 1993), and valida-
tion of stereo-chemical quality of the model was performed
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through ERRAT, PDBSUM, and Verify3D. The structure was
visualized by PyMol version 0.99 (DeLano 2002). Most pro-
teins, however, possess multiple Trp residues, and the overall
protein emission, naturally, yields only average information
on the protein structure. OMP is a multitryptophan-containing
protein (Trp88, 138, 176, 324, and 366). Trp&8 is located at
the central part of helix 1 region. Trp138 is located at the large
N-terminal helix (Fig. 1). The even distributions of the five
Trp in OMP make Trp fluorescence an excellent probe for
monitoring the structural changes of the protein. Analysis of
the accessible surface area of these Trp by the InterProSurf
(Negi et al. 2007) indicates the following accessibility order:
Trpl176>Trp366>Trp38>Trp324>Trp88. Out of the total ac-
cessible surface area (29,413 A?) of the OMP, apolar residues
contribute in greater extent (19,761 A?) than the polar residues
(9,651 A?). Supplementary Figure S2 demonstrated the distri-
bution of OMP amino acid residues. In Supplementary
Figure S3, Ramachandran plot analysis showed that 67.5 %
of all residues are located in the most favored regions, 22.6 %
are in additionally allowed regions, 4.4 % residues fell in
generously allowed regions, and 5.5 % are in disallowed
regions (Table S1 Supplementary information).

Acid denaturation of OMP

Secondary structure conformational alterations monitored
by far-UV CD measurements

The regular secondary structures (oc-helix and {3-sheets) are
known to exhibit characteristic CD spectra in the far-UV
(250-200 nm) range from which secondary structural content
of the protein can be determined (Rabbani et al. 2011). The
far-UV CD spectra of OMP were recorded over the pH range
1.0-7.0 to investigate the influence of pH on protein structure
as shown in Fig. 2a. OMP at pH 7.0 exhibited the well
characteristic spectra of «-helical proteins (minima at 222
and 208 nm) as shown in Fig. 2a. The secondary structural

Fig. 1 Cartoon representation of OMP as drawn in PyMol. The poly-
peptide backbone composed by «-helices is shown by coiled ribbons and
are connected by loops. The five Trp residues (W88, W138, W176,
W324, and W366) are presented in white stick
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Fig.2 aFar-UV CD spectra of OMP atpH 7.0, 4.0, 3.5, 2.4, and 2.0, and
6.0 M GuHCl denatured state, respectively. b Effect of pH on MRE25
of OMP at different pH (open circles) and 6.0M GuHCI (closed circles)

contents estimated from the Chen et al. method (Eq. 2) are
tabulated in Table 1. Figure 2b shows the percent loss of o-
helical structures for OMP as pH changes from 7.0 to 1.0. The
average helical contents of OMP remained equal up to pH 5.0.
At pH 7.0, the OMP shows higher helicity (35 %) as com-
pared to the OMP at acidic pH. There is a steady decrease in
helicity values for pH 6.0 (33 %), pH 5.0 (32 %), and pH 2.0
(26 %). This suggests that neutral pH has a greater secondary
structural integrity and stability as compared to the acid ones.
However, at very low pH 2.0, all the proteins got unfolded by
losing their native secondary structure. Further, the 6,0/652,
ratio for the OMP appears nearly identical from pH 7.0 to 2.0,
which is between 0.92 and 0.95 (Table 1). The ratio of 6,pg/

Table 1 Far-UV CD spectroscopic properties of OMP at different pH
and under denatured condition

State pH MREp3 nm MREp) nm  0-helix (%) 0208/0222
Native 7.0 7,617 —8,239 35 0.92
Molten globule 2.0 —6,169 —5,602 26 1.10

6.0 M GuHC1 7.0 - -1,072 11 —
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055, possibly depends on structural packing of proteins. It varies
from 0.8 to 5.0 for the native proteins, while it ranges only from
1.1 to 1.4 for the molten globule (MG) state. The obtained
values of 6,g/6>, ratio for pH 2.0 are within the reported range
for various proteins (Vassilenko and Uversky 2002).

Tertiary structure conformational alterations monitored
by tryptophan fluorescence measurements

Intrinsic protein fluorescence, using tryptophan (Trp) as a
reporter, provides a sensitive measure of protein tertiary struc-
ture and is widely used in protein folding studies. The micro-
environmental modifications of OMP aromatic residues due to
denaturation by pH were studied by monitoring the changes in
the fluorescence spectra as a function of pH. In proteins, Trp is
highly sensitive to the polarity of its surrounding environment,
and OMP is a muti-Trp-containing protein. The native protein
showed an emission maximum at 340 nm suggesting the
solvent exposure of some of the Trp residues is in the hydro-
phobic core of the protein at native condition (Fig. 3a). At
pH 2.0, FI was reduced to 53 % along with a red shift of 10 nm
indicating that Trp microenvironment became polar. Probably
the structural perturbation (as observed in CD results) has
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Fig. 3 a Intrinsic fluorescence spectra of OMP at pH 7.0 and 2.0, and
6.0 M GuHCl denatured, respectively. b Changes in intrinsic fluorescence
at 340 nm (closed squares) vs. Amax (open squares) of OMP at different pH

fetched some of the Trp residues in a polar environment
resulting in formation of a partially unfolded state at pH 2.0.
Progressive lowering of pH led to rise in A\, (wavelength
maxima). The \.x for 6.0 M GuHCI denatured state was red
shifted to 355 nm with concomitant decrease in FI indicating
that Trp residues are maximally exposed to the solvent.
Figure 3b summarizes pH-dependent changes in FI and A«
of OMP. A significant decline in FI and increase in ., was
noticed between pH 7.0 and pH 2.0. As pH was lowered
further from pH 2.0, the FI at 340 nm began to increase,
crossing a value of 30 at pH 1.0 and finally reaching 32 at
pH 1.0 with simultaneous increase in \,,x. These observations
suggest that protein conformation under acidic conditions is
different from native and 6.0 M GuHCI denatured state. This
means that tryptophan fluorescence maxima are dependent on
the hydrophobicity of the surrounding environment.

ANS binding experiments for interactions with exposed
hydrophobic patches in OMP

ANS mainly binds to the structured and solvent accessible
hydrophobic surface of proteins resulting in increase in fluo-
rescence intensity with a substantial blue shift of the emission
maxima. The folding and unfolding stages of the protein
passing through various intermediates can thus be captured
by ANS fluorescence experiments (Varshney et al. 2010).
Here, we study the pH-induced structural changes in OMP
by ANS fluorescence spectroscopy. The ANS emission max-
imum was recorded at 495 nm for native OMP at pH 7.0. This
proves that native OMP has a compact structure with less
hydrophobic surfaces exposed for ANS binding. However,
at pH 2.0, the ANS emission maximum got shifted to
485 nm indicating greater solvent exposure of the hydropho-
bic patches of OMP as compared to native OMP (Fig. 4a). The
fluorescence intensity of the ANS spectrum of OMP is at
480 nm as shown in Fig. 4b. This proves that during acid
denaturation, some of the solvent-exposed hydrophobic
patches of OMP become inaccessible. The ANS binding to
OMP increases with a drop in pH values from 7.0 to 2.0, which
reveals greater solvent exposure of hydrophobic patches. How-
ever, below pH 2.0, the effect gets suddenly reversed showing
decreased fluorescence intensity. Thus, less hydrophobic re-
gions of OMP are now being exposed to solvent. At pH 2.0,
OMP possibly attains an intermediate state with the maximum
fluorescence intensity and a large solvent-exposed hydrophobic
region. At pH 7.0, there was less ANS binding as a conse-
quence of the disordered or unfolded structure.

Acrylamide quenching studies for tryptophan accessibility
Acrylamide quenching of tryptophan fluorescence serves as a

convenient method to probe tryptophan environments in pro-
teins (Ahmad et al. 2012). Figure 5a shows a Stern—Volmer
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Fig. 4 ANS binding to OMP at pH 7.0 and 2.0, and 6.0 M GuHCl
denatured, respectively. b Change in extrinsic fluorescence at 480 nm of
OMP at different pH (open squares) and 6.0 M GuHCl (closed squares)

plot of acrylamide quenching of tryptophans of native, molten
globule (MG) state, and the unfolded protein in 6.0 M GuHCL
The slope (Kg,) of such plots is related to the degree of
exposure (accessibility) of the tryptophans. Table 2 shows
the quenching parameters obtained by analyzing the Stern—
Volmer plots. The Stern—Volmer constant (K,) for the native
OMP was found to be 8.3 M '. However, the value of Ky, for
the molten globule state is 12 M ™', The Stern—Volmer plot
indicates that the aromatic amino acids at pH 2.0 are more
exposed compared to the native folded conformation at
pH 7.0; therefore, tryptophan fluorescence is quenched more
in the case of the former. For the fully denatured protein in
6.0 M GuHCI, the K, value becomes quite large, being
16 M, respectively, indicating a large increase in solvent
exposure of tryptophan residues.

OMP self-association monitored by dynamic light scattering
Before DLS, measurements of OMP samples were incubated

at 25 °C for 12 h to achieve the desired unfolded state under
different pH condition and in 6.0 M GuHCI denatured states.
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cence of OMP. b Trends of the translational diffusion coefficients (D& ©

and the hydrodynamic radii (R},) for OMP as a function of pH

It has been observed that R;, values of native OMP at pH 7.0
are 4.1 nm. The DLS results indicated a markedly reduced Ry,
suggesting that the major component of OMP may consist of
monomer. In contrast, OMP prepared in pH 2.0 exhibits a
much larger size (12.2 nm) and a significantly higher percent
polydispersity. The results indicated that the effect of pH may
reflect some type of conformational changes upon lowering
the pH favors self-association of OMP. Maximum Ry
(23.8 nm) was observed for 6.0 M GuHCI denatured state

Table 2 Summary of the results of intrinsic and extrinsic fluorescence at
different pH and under denatured condition analysis of OMP

State pH Intrinsic ANS binding Acrylamide
fluorescence quenching
FI340 )‘max FI480 )‘max st
(m)  (m) (m) (m) (M)
Native 70 57 340 35 495 8.3

Molten globule 2.0 27 350 150 485 12
6.0 MGuHCI 7.0 20 355 21 520 16

Summary of parameters obtained from Stern—Volmer analysis (Eq. 9) of
the solute quenching studies of OMP
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indicating the existence of a remarkably unfolded and expand-
ed conformation. A similar pattern was observed in apparent
molecular weight for pH-induced unfolding of OMP (Table 3),
while hydrodynamic radii and translational diffusion coeffi-
cient (D), which describes the property of molecules in
solution phase, are inversely associated to each other. As a
result, the values for DY, followed the opposite pattern with
respect to R}, (Fig. 5b). A low value of polydispersity
(P4~20 %) suggests the existence of an almost homogenous
species and that protein behaved as monomer under all the

conditions studied.

Thermostability monitored by circular dichroism
spectroscopy and differential scanning calorimetry (DSC)
measurements

Temperature-induced denaturation of the OMP secondary
structures were monitored by following the loss of ellipticity
at 222 nm using CD spectroscopy. The temperature at mid-
point of temperature (7},) was determined by fitting the tem-
perature dependence of ellipticity into a two-state folding—
unfolding reaction mechanism model. Most of the proteins are
characterized by well-defined three-dimensional structures,
which in general exist only within the limits of specific envi-
ronmental conditions. Outside these conditions, proteins ex-
hibit denatured and structurally unfolded states. Ellipticity
plots, at 222 nm, are shown, as a function of temperature,
together with the two-state model fits (Eq. 5). The thermal
stability curve of OMP at pH 7.0 and pH 2.0 shows that the
greatest thermal stability is observed near neutral pH. This
result indicates cooperativity at pH 7.0 and absence of
cooperativity as expected for a non-compact structure at
pH 2.0. At pH 7.0, the secondary structure of OMP was found
to be unperturbed up to 50 °C (Fig. 6a). At pH 7.0, the curve
shows a single-phase transition having estimated 7;,, of 69 °C.
OMP at pH 2.0 appears to be less stable than the native OMP
with a melting temperature (7;,) of ~40 °C. These results
suggest that ordered and more stable secondary occurs at
neutral pH, while at pH 2.0, OMP becomes disordered and
thermally less stable. Therefore, this considers that the classi-
cal acid-induced molten globule state of OMP exists at pH 2.0.

Table 3 pH dependence comparison of the hydrodynamic radii (R},) and
translational diffusion coefficients (D% ©) from dynamic light scattering
(DLS) experiments describing different states of OMP

State pH  App. R, D% Cx1077 Py (%)
MW. (mm) (cm’ ")
(kDa)
Native 7.0 51 41 469 183
Molten globule 2.0 79 12.2 191 17.3
6.0 M GuHCl 70 164 238 175 19.5
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Fig. 6 a Temperature-induced denaturation profile showing changes in
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OMP: at 10 pM, and at pH 7.0 and 2.0. b GuHCI and urea-induced
unfolding of OMP at pH 7.0. Unfolding transition monitored by follow-
ing the changes in MRE,», y and Flzgg

To further investigate the process of thermal denatur-
ation, DSC was applied to monitor the heat capacity
change of OMP during the thermal unfolding process.
OMP exhibits pre-transition and post-transition baseline
change. Figure 6a shows that there is one peak with a
maximum at 78 °C, from 30 °C to 90 °C in the heat
capacity transition curve of 10 uM OMP at pH 7.0 in
sodium phosphate buffer with a scan rate of 60 °C/h
(Fig. 6a). A simulated curve using the van't Hoff equation
based on a two-state transition fits this DSC curve well.
The AH,., estimated directly from the DSC curve is
50 kcal/mol, which is close to the van't Hoff enthalpy
(AH,y) (51 kcal/mol). As expected, the acid unfolded
MG state (pH 2.0) shows no thermal transition observed
by DSC; it may be because of the unordered tertiary
structure of OMP as shown in Fig. 6a. Similar results
were obtained by far-UV CD spectroscopy for secondary
structure of OMP.
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Effect of guanidinium hydrochloride (GuHCI) and urea

Equilibrium denaturation studies by far-UV CD
measurements

The far-UV CD senses secondary structure of the protein and
serves as a useful technique to probe the secondary structure
characteristics of the species involved during protein
unfolding/folding. The chemical stability of OMP was inves-
tigated using chaotropic agents such as urea and guanidinium
hydrochloride (GuHCI)-induced unfolding (Andersen et al.
2012). Figure 6b shows the GuHCI and urea unfolding curves,
monitored using far-UV CD spectroscopy, and can be fitted by
a two-state model using Eq. 5. Inspection of the individual
curves yields denaturant concentrations at the midpoint of the
transitions, Cy,, of 1.0 M for the GuHCI. The further addition
of GuHCI up to 2.0 M led to the complete disruption of
structure of native OMP (pH 7.0). Likewise, midpoint dena-
turant concentrations (Cy,) of 3.1 M urea were found for OMP
(Table 4). Further addition of GuHCl to 3.1 M led to the loss
of structure (Fig. 6b) as the MRE,», ., completely
disappeared. OMP is quite stable in the presence of 1.5 M
urea than the GuHCI 0.5 M since the MRE,,, ., signal of the
OMP is essentially distinguishable and very different from
that of unfolded protein under folded conditions. The chemi-
cal denaturant urea is highly cooperative in the change of
secondary structure.

Equilibrium denaturation studies by tryptophan fluorescence
measurements

Fluorescence spectra provide a sensitive means to characterize
proteins and their conformations. The spectrum is determined
mainly by the polarity of the environment of the tryptophan
and tyrosine residues and by their specific interactions (Royer

Table 4 Chemical unfolding parameters of OMP at pH 7.0

Parameter GuHCl Urea

CD222 nm Cooperative Cooperative
Cn M) 1.0 3.1
AG%(Kkeal mol ") 4.0 35

m-value (kcal mol ' M ") 3.6 1.1

Fl340 nm Cooperative Cooperative
Cn (M) 0.95 32
AGY(keal mol™ ") 25 6.2

m-value (kcal mol ' M ") 2.7 1.9

Values of C,, AGy,, and m values for GuHCI and urea induced unfolding
of OMP are obtained from Eqs. 5—8

AGy is change in unfolding free energy in the absence of denaturant
Cy, is midpoint concentration

m-value is the denaturant dependence of the Gibbs free energy
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2006). In this regard, the changes in both fluorescence wave-
length and intensity were used to calculate the thermodynamic
parameters of the unfolding process. The GuHCl-induced
equilibrium unfolding transition of OMP was studied by in-
trinsic tryptophan fluorescence spectroscopy (Fig. 6b). Dena-
turation of OMP was monitored by measurement of intrinsic
tryptophan fluorescence of the GuHCl-treated samples. The
GuHCI and urea induced breakdown of the native tertiary
structure (Fls40 nm). The stability of the OMP suggests the
significant differences between the dependencies of the free
energy of unfolding upon denaturant. The corresponding
values in the absence of denaturant (AG]) were 2.5 and
6.2 kcal mol™" for GuHCI and urea, respectively. The “m
values” were very dissimilar at pH 7.0 for GuHCI and urea
(2.7 and 1.9 kcal mol' M), which suggests that almost the
same states are involved in the unfolding transition. The Cy,
values under identical conditions were 0.95 and 3.2 M for
GuHCI and urea, respectively, at pH 7.0 (Table 4). The dif-
ferences in obtained results clearly show that GuHCI acts as a
stronger denaturant than urea. This is a nontrivial observation
since in general GuHCI is more efficient than urea in both
dissociation and unfolding of proteins.

Discussion

The structural characterization of OMP at different pH condi-
tions is of great importance since this protein comes across
varying pH conditions during its course of passage through
the injectisome, at the interface of the host cell or within host
cell environment (Yu et al. 2010). In the present work, we
have attempted to reveal the conformational changes of OMP
with gradual pH transitions, which can help us to better
understand their mode of action in the infection process. Like
other membrane pore-forming toxins, OMP also possibly
undergoes structural reorientation at low pH ranges to attain
competence for membrane penetration (Chenal et al. 2002;
Faudry et al. 2006; Lindeberg et al. 2000).

The use of several biochemical and biophysical techniques
has allowed us to study the conformational stability of OMP
and the description of its unfolding pathway in the presence of
different acidic pH values, chemical, and thermal denaturants.
Exploring the structure and dynamics of intermediates of
folding pathway is necessary not only to understand the
mechanism of the protein folding but also to shed light on
many natural or disease-related processes and biotechnologi-
cal applications. Therefore, unfolding behavior and kinetics
were studied for OMP as a model for bacterial protein. In the
far-UV CD region, native OMP revealed two well-resolved
negative peaks at 208 and 222 nm. The CD signals at 222 nm
were more prominent, indicating high level of structural in-
tegrity of the protein. Significantly larger changes were ob-
served in the CD spectra recorded at pH 2.0, suggesting the



Appl Microbiol Biotechnol (2014) 98:2533-2543

2541

occurrence of a pH-induced unfolding transition in this pH
range. The OMP loses all of its secondary structural integrity
around 2 M GuHCl or 4 M urea, as it is evident by complete
disappearance of all the characteristic peaks in far-UV CD
spectra measurements. In principle, unfolded states are rather
heterogeneous, and the mechanisms leading to unfolded states
are rather different for thermal, pH, or GuHCI and urea-
induced unfolding (Ahmad et al. 2011).

Loss of tertiary structure of the protein was monitored by
intrinsic tryptophan fluorescence spectroscopy. Solutions of
OMP were excited at 295 nm; this shows fluorescence emis-
sion maximum (Ap,x) at 340 nm in the native state, whereas it
shifts to 355 nm with 60—65 % drop in intensity under com-
plete chemical denatured conditions. Similar shifts in A, for
various proteins under chemical-induced denaturation have
been reported previously (Charalambous et al. 2009;
Cremades et al. 2008; Devaraneni et al. 2012). Consequently,
atpH 7.0, the tryptophan of OMP remains partially exposed to
the solvent, as evident from the tryptophan emission spec-
trum. The OMP at pH 7.0 shows A« at 340 nm, indicating
greater solvent exposure of the tryptophan residues. The fluo-
rescence spectroscopic results also suggest that OMP acts
differently with changing pH conditions both as individual
protein and in the complex form with ANS. The existence of
OMP as a molten globule is confirmed by large exposed hydro-
phobic patches on the protein from our ANS binding studies.

Environmental stresses such as those used in this study are
physiologically relevant. Significant urea concentrations are
known to accumulate in cells and in the mammalian renal
medulla (kidney), reaching levels that alter functional and
structural properties of intracellular proteins (Elam et al.
2013). The two denaturants act differently since GuHCI is a
salt while urea is a neutral molecule. For example, more
compact structures of the acid unfolded states as compared
to chemical unfolded states would also explain more exposed
tryptophan residues which exhibit greater red shifts. OMP
demonstrates environment-dependent variation in unfolding
pathways (Fig. 6b). Chemical-induced denaturation leads to
complete unfolding of the protein. Furthermore, the confor-
mational scrambling of both unfolded states might be different
due to different mechanisms of denaturing the proteins. It is
obvious that this also may have different effects on the micro-
environment of tryptophan residues. Such general observa-
tions were also found to be true for the unfolding process of
OMP.

Molecular size characterized by DLS measurement proves
the low pH-induced unfolding leads to the monomeric asso-
ciation with an intermediate state, due to structural relaxation
in protein molecule. This is related to the fact that DLS
technique detects global changes of the protein molecule.
Our DLS data show that the lowering of pH values in the
order pH 7.0>pH 6.0>pH 5.0>pH 4.0>pH 3.0>pH 2.0 fa-
vors the unfolding process led by an increase in hydrodynamic

radii. Our present results are consistent with previous obser-
vations, based on DLS, enhanced ANS binding, retention of
significant secondary structures, and disrupted tertiary struc-
ture. All these results suggested that the acid-induced state of
OMP at pH 2.0 is characterized as molten globule state.

The thermal investigation is previously not reported for
OMP, so this study opens up a new dimension for research
with the possibility of obtaining new insight in similar
classes of proteins. This probably allows the protein to
fold and function in even challenging environment that
may differ from its normal environment under certain
circumstances. Such ability might have also helped pro-
teins to survive evolutionary selection pressure and even to
attain environment-specific conformations since we now
know that most proteins acquire closely similar conforma-
tions instead of a unique conformation.

To further explore if the thermal unfolding reaction was
reversible or not, the sample was heated at a constant heating
rate. After the thermal denaturation transitions went to com-
pletion, the OMP solutions were cooled down to 20 °C at the
same scan speed, and further, the OMP samples are heated up
to 90 °C. From the obtained results, it is clear that the second-
ary structures of the native polypeptide were not recovered
after the sample was cooled down to the initial temperature by
MRE,», ,m measurements. Similarly, no detectable recovery
in the secondary structures was observed for other heating
rates (data not shown). These results indicate that thermal
unfolding of OMP is highly irreversible. The irreversible
process seems to be the more common case for most proteins,
such as peroxidase (Zamorano et al. 2009), triose phosphate
isomerase (Shi et al. 2008), x-amylase (Sugahara et al. 2013),
yeast hexokinase B (Ramshini et al. 2008), and latex amine
oxidase (Amani et al. 2007).

Salmonella Typhi is a pathogenic bacterium that causes a
number of infectious diseases such as gastroenteritis and
typhoid fever (Kaur and Jain 2012). Before orally ingested
enteric pathogens Salmonella can reach their target host cells,
they must first survive their encounter with the low pH of the
human stomach, approximately pH 2.0 following a fast. The
low pH of the gastric environment provides Sa/monella Typhi
the ability to survive at low pH. This is an extremely hostile
environment, thus Salmonella contains multiple inducible
systems to aid in survival at low pH (Brenneman et al. 2013;
Kaur and Jain 2012). Enteric pathogens, in order to gain
entrance into the intestine and cause disease, must survive
the acid pH of the stomach. Pathogenic species that prefer to
grow at neutral pH exhibit widely varying abilities to survive
pH extremes. However, there is increasing evidence that mol-
ten globules are common and that they play a key role in a
wide variety of physiological processes, including transloca-
tion across membranes, increased affinity for membranes,
binding to liposome and phospholipids, protein trafficking,
extracellular secretion, and the control and regulation of the
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cell cycle (Morrow et al. 2002). Structural stability can also be
seen in Diphtheria toxin T and SARS-CoV main protease,
while other proteins, such as human alkaline phosphatase,
human apolipoprotein E, and malic enzyme, have been shown
to undergo a significant molten globule transition state during
the unfolding process (Chang et al. 2007; Hung and Chang
2001; Morrow et al. 2002; Rodnin et al. 2008). In addition, the
development of methods to fold integral membrane proteins to
their active form is of significant technological importance.
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