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Abstract

Chlamydia trachomatis is a major bacterial pathogen throughout the world. Although antibiotic
therapy can be implemented in the case of early detection, a majority of the infections are
asymptomatic, requiring the development of preventive measures. Efforts have focused on the
production of a vaccine using the C. trachomatis major outer membrane protein (MOMP). MOMP
is purified in its native (n) trimeric form using the zwitterionic detergent Z3-14, but its stability in
detergent solutions is limited. Amphipols (APols) are synthetic polymers that can stabilize
membrane proteins (MPs) in detergent-free aqueous solutions. Preservation of protein structure
and optimization of exposure of the most effective antigenic regions can avoid vaccination with
misfolded, poorly protective protein. Previously, we showed that APols maintain nMOMP
secondary structure and that nMOMP/APol vaccine formulations elicit better protection than
formulations using either recombinant or nMOMP solubilized in Z3-14. To achieve a greater
understanding of the structural behavior and stability of nMOMP in APols, we have used several
spectroscopic techniques to characterize its secondary structure (circular dichroism), tertiary and
quaternary structures (immunochemistry and gel electrophoresis) and aggregation state (light

© Springer Science+Business Media New York 2014
Correspondence to: Melanie J. Cocco, ncocco@ici . edu.

Electronic supplementary material The online version of this article (doi:10.1007/s00232-014-9693-5) contains supplementary
material, which is available to authorized users.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Feinstein et al.

Page 2

scattering) as a function of temperature and time. We have also recorded NMR spectra of 15N-
labeled nMOMP and find that the exposed loops are detectable in APols but not in detergent. Our
analyses show that APols protect nMOMP much better than Z3-14 against denaturation due to
continuous heating, repeated freeze/thaw cycles, or extended storage at room temperature. These
results indicate that APols can help improve MP-based vaccine formulations.
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Introduction

Integral membrane proteins (MPs) are difficult to handle in vitro because they are not
soluble in aqueous solutions unless they are complexed by surfactants, most often
detergents. Detergents, however, destabilize most MPs (see e.g., refs. Bowie 2001; Garavito
and Ferguson-Miller 2001; Gohon and Popot 2003; Rosenbusch 2001). In 1996, a new class
of surfactants called “amphipols” (APols) was introduced as a less aggressive substitute to
detergents (Tribet et al. 1996). APols are synthetic amphipathic polymers that adsorb onto
the hydrophobic transmembrane surface of MPs and keep them both biochemically stable
and water-soluble in the absence of detergent. Over 40 integral MPs have been demonstrated
to be kept soluble in their native conformation using APols (Zoonens and Popot 2014). A8-
35, a polyacrylate-based APol, has previously been shown to preserve the secondary
structure of native MOMP (nMOMP) as assayed by circular dichroism (CD) (Tifrea et al.
2011). CD provides an easy measure of secondary structure content, allowing direct
comparison of the conformational state of the protein in various environments. A8-35 was
also observed to be advantageous as part of a vaccine formulation (Tifrea et al. 2011).
Specifically, when groups of mice were immunized using NMOMP or misfolded,
recombinant MOMP in complex with either detergent or A8-35, the mice vaccinated with
nMOMP/A8-35 complexes were significantly better protected against an intranasal
challenge with C. trachomatis than the other groups of animals. This higher protection most
likely results from a better preservation of the native structure of nNMOMP and/or from a
more efficient presentation of the antigen to the immune system, rather than from any
adjuvant effect of the APol (Tifrea et al. 2014, 2011). APols by themselves do not elicit
antibodies [(Popot et al. 2003) and unpublished observations].

Many vaccines use denatured material, which is not optimal. Although heat killing renders
microbes non-infective, it also damages components of the pathogen required to elicit the
most robust immune response. In addition, most vaccines require refrigeration to prevent
further degradation. The innately poor stability of many vaccines hampers their development
and use (Patois et al. 2011; Webby and Sandbulte 2008). Perturbations, including
temperature changes (e.g., exposure to heat and freeze/thaw cycles), as well as long storage
time, may affect the stability and efficacy of a vaccine. Developing vaccines with high heat
stability is essential to their implementation in the field (Kristensen et al. 2011). Freezing
proteins is common in the development, manufacturing, and storage of protein-based
therapeutics, in an attempt to slow down degradation (Kolhe et al. 2010). However, damage
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to the protein may occur at each freeze/thaw cycle, resulting in irreversible denaturation, and
aggregation once the protein has been returned to the solution phase (Jiang and Nail 1998;
Kueltzo et al. 2008; Strambini and Gabellieri 1996). Possible effects from freezing include:
cold denaturation (Franks and Hatley 1985; Griko et al. 1988), generation of and exposure
of the protein to ice-liquid interfaces (Chang et al. 1996; Kueltzo et al. 2008; Schwegman et
al. 2009), and freezing-induced concentration of the protein and solutes (Kueltzo et al.
2008), which can potentially lead to crystallization and pH shifts due to crystalline water
separating from the buffer (Akers et al. 1995; Kueltzo et al. 2008; Murase and Franks 1989).
Freezing-induced increases in salt concentration can reduce intermolecular repulsion (i.e.,
colloidal stability) between protein molecules via charge shielding, resulting in more
favorable intermolecular interactions that lead to aggregation (Kueltzo et al. 2008). In the
particular case of MP/detergent solutions, freezing induces a concentration of the detergent
in the liquid phase. This is deleterious, one of the most common causes of MP denaturation
being an increase in the volume of the micellar phase, into which stabilizing factors like
lipids become diluted (for an example, see ref. Breyton et al. 1997). In the subsequent
thawing, additional damaging effects can be caused by ice re-crystallization, which
introduces extra interfacial stresses (Cao et al. 2003; Zhang et al. 2011). The World Health
Organization recommends that an ideal vaccine should maintain a shelf life of 2 to 3 years
when stored between 2 and 8 °C (Kristensen et al. 2011). Storage time, however, increases
the likelihood of protein denaturation and aggregation (Weiss et al. 2009), and very few
MPs stand being kept in the presence of detergents for extended periods (see e.g., refs.
Bowie 2001; Garavito and Ferguson-Miller 2001; Gohon and Popot 2003; Rosenbusch
2001). APols have shown a remarkable capacity at extending the lifetime of MPs in solution
(see e.g., refs. Bazzacco et al. 2012; Champeil et al. 2000; Dahmane et al. 2009; Opaccic¢ et
al. 2014; Picard et al. 2006; Pocanschi et al. 2013). It is therefore of great interest to further
characterize the structural features of APol-trapped nMOMP and to gather information about
the preservation of the structure of the protein and the accessibility of its most effective
antigenic regions.

In the present work, we have examined to which extent APol A8-35, the best characterized
and most widely used APol (Gohon et al. 2006; Tribet et al. 1996; Zoonens and Popot
2014), can maintain nMOMP structure and solubility through exposure to heat, freeze/thaw
cycles, and storage over extended time. Multiple analytical tools, such as CD, sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), light scattering and UV
spectroscopy, can contribute to a better understanding of vaccine stability by detecting and
characterizing changes in the structure and aggregation state of antigenic proteins in
complex formulations (Patois et al. 2011; Sun et al. 2007). The results presented here
indicate that, as compared to the detergent-solubilized form, A8-35-trapped NMOMP is
more efficiently protected against denaturation due to heating or repeated freeze/thaw
cycles, and that its structure is preserved for much longer upon extended storage. The
vaccine formulation containing nMOMP/A8-35 complexes is structurally and physically
stable for at least 100 days at room temperature (RT). This represents a substantial
improvement in shelf life, which, judging from the generality of the stabilizing effects of
APols, is likely to hold for other MP-based vaccine formulations.
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Materials and Methods

Chemicals

Amphipol A8-35 (batches FGH15, FGH20 and FGH29) was synthesized, purified, and
characterized by F. Giusti (IBPC) as described in refs. (Gohon et al. 2006, 2004).

Preparation of Stocks of C. trachomatis MoPn

C. trachomatis biovar MoPn (strain Nigg Il; ATCC VR 123 also called Chlamydia
muridarum) was purchased from the American Type Culture Collection (Manassas, VA)
(Nigg 1942). To prepare stocks, Chlamydia was grown in tissue culture flasks using McCoy
cells. Eagle’s minimal essential medium was supplemented with 1 mg/ml of glucose, 50
pg/ml of gentamicin sulfate, and 1 pug/ml of cycloheximide. The stocks were stored at —70
°C in SPG (0.2 M sucrose, 0.02 M sodium phosphate, pH 7.2, and 0.005 M glutamic acid).

Purification of C. trachomatis MoPn Native MOMP

The extraction and purification of the native C. trachomatis MoPn nMOMP have been
described previously (Pal et al. 1997). Briefly, infected cell monolayers were centrifuged
and washed with PBS (pH 7.4). The pellet was resuspended in a solution containing 0.02 M
Tris (pH 7.4), 1.0 M NaCl, 0.012 M MgCls,, and 1 mM phenylmethylsulfonyl fluoride
(PMSF; Calbiochem, La Jolla, CA); sonicated to resuspend the elementary bodies (EB); and
incubated with 25 pg of DNase/ml for 2 h on ice with constant mixing. Following
ultracentrifugation (100,000xg), the pellet was resuspended in 0.2 M sodium phosphate
buffer (pH 5.5) containing 0.001 M each of EDTA and PMSF. The pellet was further
extracted with 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate (CHAPS;
Anatrace, Maumee, OH) and dithiothreitol (DTT; Roche Applied Sciences, Indianapolis,
IN) at final concentrations of 2 % and 0.1 M, respectively, for 2 h at 37 °C. Following
centrifugation (100,000xg), the pellet was extracted a second time with CHAPS for 1 h at 37
°C. The pellet of the second CHAPS extraction was re-extracted with 2 % n-tetradecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate (Z3-14; Anatrace) (Blake and Gotschlich 1984;
Jansen et al. 2000). After incubation at 37 °C for 2 h with constant mixing, the sample was
centrifuged (100,000xg), and the nMOMP was recovered in the supernatant. The nMOMP
was further purified using a 1 x 20 cm hydroxyapatite column, as described previously
(Caldwell et al. 1981), with the following modifications. The column was equilibrated with
0.02 M phosphate buffer (pH 5.5) containing 0.1 % Z3-14 and 0.001 M each of EDTA,
PMSF, and DTT. The column was eluted with a linear gradient of phosphate buffer from
0.02 M to 0.5 M containing 0.1 % Z3-14 and EDTA, PMSF, and DTT as indicated above.
The purity of the nMOMP preparation was assessed by gel electrophoresis. After extraction
and purification of the nMOMP with Z3-14, the detergent was exchanged for A8-35: APol
AB8-35 was added at a 2:1 mass ratio to protein, followed by the addition of Bio-Beads SM-2
(Bio-Rad) to remove the detergent.

Preparation and Purification of 1°N-Labeled Native MOMP

To label the NMOMP with 12N, following infection, the McCoy monolayers were cultured
with BioExpress® 2000 (U-1°N) insect cell media (Cambridge Isotopes Laboratories, Inc)
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supplemented with 1 mg/ml of glucose, 50 pug/ml of gentamicin sulfate, and 1 pg/ml of
cycloheximide. The nMOMP was extracted as described above and its trimeric state was
confirmed by SDS-PAGE. The NMR samples were prepared in a volume of 300 pL with 10
% D,0, 100 mM sodium phosphate, pH 7.4; 300 yM NMOMP in 25 mM
dodecylphosphocholine (DPC) and 300 uM nMOMP with 24 mg/ml APol A8-35.

Samples were stored in inert, non-breathable scintillation vials. The scintillation vials were
kept tightly sealed and in opaque boxes at RT or in a 4 °C refrigerator. Prior to opening, the
vials were vortexed very briefly to homogenize the mixture. The sample was collected into
the bottom of the vial by gentle tapping and carefully removed using a gel loading tip prior
to being transferred quickly into the CD cuvette. After measurement, the sample was
withdrawn from the cuvette again with a gel loading tip and quickly deposited back into the
storage vial.

Samples were stored in the same inert, non-breathable scintillation vials as in the shelf life
study in an opaque box at =80 °C. The vials were allowed to come to RT by warming in
hand. Prior to opening, the vials were vortexed very briefly to homogenize the mixture. The
sample was collected into the bottom of the vial by gentle tapping and carefully removed
using a gel loading tip prior to being transferred quickly into the CD cuvette. After
measurement, the sample was withdrawn from the cuvette again with a gel loading tip and
quickly deposited back into the storage vial.

Stability at 55 °C

The sample was stored as the shelf-life samples were (4 °C). For the experiment, the sample
was placed in a heat block set to 55 °C. Prior to measurement, the vial was inverted and
vortexed. An aliquot was removed and placed into the CD cuvette, with the CD temperature
regulator set to RT. A CD spectrum was measured, and the sample was returned to vial in
the heat block.

CD Spectroscopy

SDS-PAGE

The secondary structure of the purified nMOMP trimer was analyzed by CD spectroscopy in
the far-UV (185-270 nm) region (Minetti et al. 1997). The samples were analyzed at 1.0 nm
wavelength intervals using a JASCO (Easton, MD) model 720 CD spectropolarimeter at a
scan speed of 50 nm/min and an average response time of 2 s. A total of 10 consecutive
scans were accumulated. The samples were analyzed at 22 °C using a 1-mm path-length cell
(Hellma USA, Plainview, NY). Buffer alone (60 mM sodium phosphate, pH = 7.8) was used
as a blank.

The apparent M, and purity of nMOMP were determined by 10 % tricine-SDS-PAGE, 25
mM DTT as previously described (Schagger and von Jagow 1987; Tifrea et al. 2011). Band
intensities were quantified using the ImageJ software suite (Schneider et al. 2012).
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Western Blots

Western blot analyses were performed using nitrocellulose membranes as previously
described (Pal et al. 2002). nMOMP was loaded onto a 17.5-cm-wide minislab gel and
resolved by 10 % SDS-PAGE. Ascite fluid containing monoclonal antibody (mAb)
MoPn-18b was diluted with PBS containing 0.05 % Tween-20 and 10 % fetal bovine serum.
mAb MoPn-18b, which binds to a conformational epitope, was used to probe the trimer of
NMOMP (Sun et al. 2007).

UV/Visible Spectroscopy

The absorbance from 200-400 nm was measured at RT using a DU800 UV/Visible
spectrophotometer (Beckman Coulter). The contribution at 320 nm (i.e., scattering) was
subtracted from the absorbance at 280 nm, and the protein concentration was computed
using the extinction coefficient 62380 M~ cm™1.

NMR Spectroscopy

Results

NMR 15N HSQC data were acquired on a Varian Inova 800 MHz spectrometer (160 scans,
1,024 points, 48 increments). Data processing was performed using NMR Pipe (Delaglio et
al. 1995).

nNMOMP was prepared in Zwittergent 3-14 (Z3-14) and part of it transferred to APol A8-
35. These two preparations were compared with regards to shelf-life at 4 °C and RT,
resistance to freeze/thaw, and thermostability. In addition, NMR spectroscopy was used to
characterize structural features of NMOMP in either A8-35 or the NMR-compatible
zwitterionic detergent DPC.

Trapping with A8-35 Extends the Shelf Life of nMOMP

Duplicate samples of nMOMP/A8-35 and nMOMP/Z3-14 were kept at RT or at 4 °C for up
to 100 days. Secondary structure was monitored by measuring CD spectra at regular
intervals (twice daily for the first week, once weekly for a month, once monthly for the last
2 months). CD spectra for all samples were collected at 22 °C. Because the native trimer of
NMOMP resists SDS at RT (Sun et al. 2007), preservation of the native tertiary and
quaternary structures could be assayed, after 72 and 100 days, by SDS-PAGE followed by
silver staining or labeling with a conformation-sensitive monoclonal antibody (mAb
MoPn-18b) (Sun et al. 2007).

APols provide increased stabilization of nMOMP structure compared to detergent,
especially at RT. The secondary structure of nMOMP stored at 4 °C is retained similarly in
both APols and detergent. Specifically, at 4 °C the shape of the CD spectra of nMOMP in
A8-35 does not change appreciably over a period of 100 days, suggesting that the f-sheet
content does not vary (Fig. 1a). A similar effect is found in the CD spectra for nMOMP/Z3-
14 stored at 4 °C (Fig. 1b). Upon storage at RT, however, CD spectra show a dramatic
difference between APol-trapped and detergent-solubilized samples. Specifically, CD
spectra of the nMOMP/Z3-14 sample stored at RT reveal the progressive formation of
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helical structure (Fig. 1d). It has been shown previously that nMOMP/Z3-14 acquires a-
helicity upon denaturation by heating above 52 °C (Tifrea et al. 2011). Although aggregation
causes light scattering that perturbs the CD spectra in Fig. 1d, data are reliable above 218
nm and denaturation can be monitored by measuring the extent of helix formation from the
ellipticity at 222 nm. Figure 1e shows that substantial denaturation occurs within 1 month
for the NMOMP/Z3-14 sample kept at RT. Whether kept at 4 °C or RT, the protein/
detergent complexes show signs of aggregation, as reflected by their turbidity at 320 nm
(Fig. 1f), this phenomenon being strongest for the sample stored at RT. In contrast, CD
spectra of NMOMP in A8-35 at 4 °C or RT change only slightly, suggesting that the f-barrel
structure of NMOMP is well retained over time (Fig. 1c). Absorbance at 320 nm does not
reveal any aggregation in these samples. Together, these results indicate that the ability of
APols to protect the secondary structure of nNMOMP and prevent its aggregation clearly
exceeds that of detergent when the sample is kept at RT for months.

Electrophoresis and immunablotting data indicate that n(MOMP maintains its tertiary and
quaternary structures better when in complex with A8-35 than in detergent solution. Over
time, nNMOMP/A8-35 stored at 4 °C consistently migrates as a trimer upon SDS-PAGE,
forming a characteristic band at M, ~ 66 kDa (Fig. 2b, d). This band is detectable by a
monoclonal antibody (mAb MoPn-18b) that recognizes specifically the native fold (Sun et
al. 2007) (Fig. 2a, c) at 72 and 100 days. In contrast, for nMOMP/Z3-14 samples kept at 4
°C, SDS-PAGE performed at 72 and 100 days reveal the presence of monomer bands (Fig.
2b, d), which are not recognized by mAb MoPn-18b (Fig. 2a, c). Samples kept at RT show
the largest differences between nMOMP/A8-35 and nMOMP/Z3-14: after 72 days, ~34 %
of the latter sample has become monomer (Fig. 2b). This sample continues to degrade over
time, with the predominant species being monomeric (~57 %) after 100 days. Remarkably,
at the 100-day point, the trimer is no longer recognized by mAb MoPn-18b (Figs. 2¢ and
S1). Thus, the native structure of the remaining trimer becomes altered when the protein is
kept in detergent solution. In contrast, APol-trapped samples remain trimeric and are
recognized by mAb MoPn-18b whether stored at 4 °C or RT throughout the 3.3-month
period of study.

APols Help nMOMP Retain g-Barrel and Trimeric Structure During Multiple —-80 °C Freeze/
Thaw Cycles

Freezing a protein sample can sometimes cause irreversible damage to the protein fold, as
well as aggregation. This is particularly frequent for MPs kept in detergent solutions,
presumably due to the increase of the detergent concentration in the fluid phase during
freezing. A8-35 has been found to protect bacteriorhodopsin (BR) from denaturation during
freezing and thawing (Gohon et al. 2008). To examine whether this would hold for nMOMP,
samples of NMOMP/A8-35 and nMOMP/Z3-14 were frozen by placement in a —=80 °C
freezer (slow freeze, not flash frozen) and then thawed at RT. The secondary structure was
monitored by CD (performed at 22 °C) after each cycle, at >4 h intervals, allowing the
sample to completely refreeze (Fig. 3a, b). Tertiary and quaternary structures were assayed
after ten cycles by silver-stained SDS-PAGE (Fig. 3c-f).
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CD spectra for the freezing/thawing of nMOMP in either APol or detergent (Fig. 3a, b)
overlap fairly well, indicating that repeated freeze/thaw cycles have very little effect on the
total secondary structure. In addition, we saw no evidence for aggregation (absorbance at
320 nm) for either sample. However, SDS-PAGE reveals an increase in the amount of
monomeric species and higher-order aggregates in the NMOMP/Z3-14 sample, but not in
the NMOMP/A8-35 one, after 10 freeze/thaw cycles (Fig. 3d, f). In fact, we have noticed
that more concentrated nMOMP/Z3-14 solutions stored frozen for vaccine preparation lose
the ability to bind mAb MoPn-18b antibodies upon repeated freeze/thaw cycles. Thus, the
damaging effects of freezing become more pronounced for solutions with high protein
concentrations. In comparison to detergent solutions of the same protein concentration,
APol-trapped nMOMP retains its secondary, tertiary, and quaternary structures despite
multiple freeze/thaw cycles.

APols Increase the Resistance of nMOMP to Heating

Some climates incur very hot temperatures and samples inadvertently left in vehicles can
also be warmed significantly above RT. Previously, we measured the denaturation
temperature of nMOMP solubilized in Z3-14 and found that denaturation becomes
detectable around 44 °C, whereas A8-35-trapped nMOMP is stable up to at least 78 °C
(Tifrea et al. 2011). To examine whether APols could help maintain nMOMP structure over
extended periods of exposure to moderate heat, a sample of NMOMP/A8-35 was kept at 55
°C (131 °F) for 4 days. CD spectra were collected at regular intervals at 22 °C (once in the
morning and once in the afternoon, resulting in intervals spaced at alternating periods of 8
and 16 h). Figure 4 shows that heating over time causes a shift of the spectra to more
negative ellipticity and wider troughs consistent with the formation of a-helical
conformation. An increase of helical content has been similarly observed during thermal
denaturation of NMOMP/Z3-14 (Tifrea et al. 2011). Notably, there is little loss of structure
at the first time point; thus APols are able to maintain the nMOMP fold for at least 8 h at 55
°C.

APols Provide Better Solution NMR Spectra of nMOMP than Detergents

NMR can be used to assess structural features of proteins in solution. For large proteins, this
requires that the sample be labeled with an appropriate stable isotope. To incorporate 1°N
labels into C. trachomatis proteins requires growing mammalian cells in media containing
suitably labeled amino acids. Chlamydiae are obligate intracellular parasites; they invade
and reproduce within a host cell. In contrast to other bacteria, Chlamydiae require
metabolites and amino acids to be provided by their host (Allan and Pearce 1983; Moulder
1974). In fact, various Chlamydiae species modulate host cell membranes so that the host
will absorb amino acids more readily from the surrounding media (Harper et al. 2000).
Consequently, we have found it possible to produce C. trachomatis in mammalian cell
culture using commercially available insect cell media containing labeled amino acids and
obtain very good ([95 %) incorporation of label into nMOMP. Using this strategy, we
prepared fully 1°N-labeled nMOMP. The protein was purified as described for unlabeled
nMOMP, after which Z3-14 was exchanged either for DPC, a detergent classically used for
solution NMR studies of MPs, or for A8-35.
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We previously assessed the quality of nMOMP NMR spectra in other detergents; side chain
tryptophan signals were not observable in either Z3-14 (Tifrea et al. 2014) or in octyl-f#
glucoside (OG) at 35 °C. Although DPC is often a convenient surfactant for MP NMR
studies, spectra of 1°N-labeled nMOMP in DPC contained only a few peaks corresponding
to side-chain resonances in the HSQC spectrum and a few weak backbone amide peaks (Fig.
5a). A CD spectrum of this sample confirms that the protein f-structure is maintained in
DPC (Fig 5a inset). The NMR data shown in Fig. 5a were measured at 35 °C to optimize
tumbling time but maintain a temperature below the melting temperature of the protein in a
similar detergent (Z3-14). Heating this nMOMP/DPC sample to 70 °C for 10 min, then
cooling back to 35 °C, converted the trimer to monomer. About 19 backbone signals can be
recognized in the HSQC of heated monomeric nMOMP in DPC (Fig. 5b). In contrast, 1°N-
labeled nMOMP in A8-35 gave much better spectra at the same temperature where
nMOMP/DPC spectra were collected, 35 °C (Fig. 5¢). These signals fall within the random
coil region and are likely to arise from accessible loops on the exposed surface of NMOMP.
Since APols confer substantial thermal stabilization to this protein, we were able to heat the
nNMOMP/A8-35 sample and perform NMR measurements at 50 °C (Fig. 5d). We found
improved spectra under these conditions where ~90 signals are apparent, reporting on ~25 %
of the protein. Although increasing temperature causes some peaks to disappear because of
increased exchange with the solvent, new, broader peaks appear, most likely providing a
glimpse of the structured region of the protein in proximity to the loops. Signals apparent at
50 °C, therefore, probably report on regions most likely to be recognized by the immune
system.

Discussion

Identifying conditions that improve the solubility and stability of vaccine components can be
time-consuming, but making this investment early in the process of vaccine development
can limit the risk of reformulation, extra clinical trials, and additional regulatory approvals.
Furthermore, once deployed in the field, structurally stabilized vaccines promote expanded
immunization coverage, reliable protection, reduced waste, and lowered inventory turnover
(Kristensen et al. 2011). As mentioned above, there are several conditions that may affect
the stability and solubility of a vaccine. Specifically, both freezing and heat are detrimental
to the stability of most vaccines (Kristensen et al. 2011; Patois et al. 2011), and, over long
time periods, aggregation is a factor that may affect the solubility of any vaccine (Cai et al.
2009). To better understand and assess the structural properties and stability of proteins as
pharmaceuticals, biophysical methods have been widely employed (Fan et al. 2007;
Salnikova et al. 2008). In the present study, a combination of methods including CD,
electrophoresis, Western blotting, and light scattering measurements was used to gain
critical information concerning the stability of Chlamydia nMOMP, an important vaccine
candidate. In addition, conditions were explored for studying the structure of nMOMP by
solution NMR spectroscopy.

By all metrics assessed here, APol A8-35 confers superior stability to NMOMP as compared
to the detergent Zwittergent 3—14. Most significantly, nMOMP/A8-35 samples can be kept

at RT for at least 100 days, whereas nMOMP/Z3-14 samples denature and aggregate within
1 month. CD spectra reveal that APol-trapped nMOMP stored at RT retains native-like
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secondary structure content, and Western blots using the conformation-specific antibody
mAb MoPn-18b confirm that the protein retains its native fold. The two kinds of
measurements are highly complementary, because CD is likely to report mainly on the
stability of the transmembrane f-barrel, whereas recognition by mAb MoPn-18b is more
likely to depend on the conformation of extramembrane loops. Trapping with APols also
allows for sample freezing with improved stability compared to detergents, a feature that is
particularly useful for long-term storage. In addition, NMOMP/A8-35 samples can be heated
to 55 °C for at least 8 h without change in secondary structure. In contrast, NMOMP/Z3-14
samples start denaturing at ~44 °C. The data presented here support and expand previously
published data, both for nMOMP and APols. For instance, earlier studies have shown that
the conformation of nMOMP solubilized in detergent contains predominantly (~40 %) £
sheet secondary structure (Sun et al. 2007), and that, when transferred to APols, the protein
retains the same secondary, tertiary and quaternary structures, with improved thermal
stability (Tifrea et al. 2011).

MP stabilization by APols is a rather general phenomenon, which has been observed, for
instance, for the f~barrel outer membrane protein OmpA from Escherichia coli (Pocanschi
et al. 2013), as well as for a-helical MPs such as the sarcoplasmic calcium pump (Champeil
et al. 2000; Picard et al. 2006), BR (Dahmane et al. 2013; Gohon et al. 2008; Tribet et al.
1996), and several G protein-coupled receptors (Dahmane et al. 2009). In brief, three factors
are thought to contribute to the mildness of APols toward MPs (for a more extended
discussion, see refs. Popot 2010; Popot et al. 2011): (i) because the critical association
concentration of APols is very low (Giusti et al. 2012), APols can keep MPs soluble at very
low concentrations of free APol, which, as compared to detergents, lowers the volume of
surfactant particles into which stabilizing cofactors such as lipids can become diluted
(Zoonens et al. 2007); (ii) at a given concentration, APols are less inactivating than
detergents, probably in part because they interfere less with stabilizing protein/protein and
protein/lipid interactions (Popot et al. 2011); and (iii) APols appear to damp conformational
excursions of MP transmembrane domains that can initiate denaturation (Picard et al. 2006;
Popot et al. 2003, 2011). In keeping with this view, it has been shown that the stabilization
of OmpA by A8-35 against denaturation by urea is a kinetic, not a thermodynamic
phenomenon: the native state is not intrinsically more stable, but the kinetics of denaturation
is severely slowed down after trapping by the APol, due to a higher free-energy activation
barrier (Pocanschi et al. 2013). Also consistent with this scenario is the fact that, in
molecular dynamics simulation of OmpX complexed either by A8-35 or by the detergent
dihexanoylphosphatidylcholine, conformational excursions of the s-barrel and loops are
restricted in the presence of APol as compared to the detergent (Perlmutter et al. 2014).

As a result of these various effects, transferring a MP from a detergent solution to APols
generally improves its stability, often in a dramatic fashion. For instance, the lifetime of the
calcium ATPase in the absence of calcium ions (whose removal destabilizes the
transmembrane helix bundle) increases by ~60 x upon transfer from the detergent CgE1> to
APol A8-35 (Champeil et al. 2000). The thermostability of the leukotriene B4 LTB1
receptor is increased by ~11 °C upon transfer from a detergent/lipid to an A8-35/lipid
environment, with the result that it retains full activity over a period of 3 weeks at 4 °C,
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instead of losing half of it (Dahmane et al. 2009). At 40 °C, BR is highly stabilized by A8—
35, denaturing by <10 % over a week, while under the same conditions the protein in
octylthioglucoside is completely inactivated in a few hours (Popot 2010; Popot et al. 2003,
2011). The extent of thermostabilization of BR by A8-35 has not been precisely measured,
but it is probably ~10-15 °C (Dahmane et al. 2013). That of nMOMP being at least 30 °C
(Tifrea et al. 2011)—the highest observed to-date for any MP—, one can expect a dramatic
improvement of its shelf-life, as indeed observed in the present work. BR/A8-35 complexes
have also been subjected to repeated freeze/thaw cycles, without denaturing the protein [ref.
(Gohon et al. 2008), and unpublished data], which also tallies with the present observations
on nMOMP.

APols have proven remarkable tools for studying MPs by solution NMR (reviewed in refs.
Elter et al. 2014; Planchard et al. 2014). As of today, the approach has been applied to five
MPs, three f-barrel ones, OmpX (Bazzacco et al. 2012; Catoire et al. 2010b, 2009; Etzkorn
et al. 2014) and the transmembrane domains of OmpA from E. coli (Dahmane et al. 2011;
Zoonens et al. 2005) and from Klebsiella pneumoniae (Planchard et al. 2014; Renault 2008),
and two a-helical ones, BR (Etzkorn et al. 2013, 2014; Raschle et al. 2010) and the LTB2
leukotriene receptor (Catoire et al. 2011, 2010a).Whereas MP/APol complexes are slightly
bigger objects than the smallest MP/detergent ones, and therefore solution NMR spectra at a
given temperature can be slightly less well resolved (Planchard et al. 2014; Zoonens et al.
2005), this is more than compensated for by the higher stability of APol-trapped MPs, as
well as by the relative ease with which A8-35 can be partially (Gohon et al. 2004) or totally
(Giusti et al. 2014) deuterated, giving access, for instance, to the determination of 1H-1H
distances by nuclear Overhauser effect measurements (Catoire et al. 2010b; Planchard et al.
2014).

The lack of signals in the NMR spectrum of nMOMP/DPC complexes most likely results
from a combination of slow trimer tumbling and unfortunate protein dynamics; detergent
micelles are very dynamic environments that can allow for conformational heterogeneity.
Membrane protein NMR spectra can vary significantly depending on the detergent used.
Among the three detergents we have tested so far, spectra of NMOMP in DPC showed
improvement compared to Z3-14 or OG, but spectra of NMOMP/A8-35 are far superior to
these three detergents. Similarly, BR/A8-35 complexes give slightly better spectra than
BR/DDM ones (Etzkorn et al. 2013). Furthermore, MD simulations of OmpX/A8-35 vs.
OmpX/DHPC complexes show the effect of the APol on protein dynamics as a decrease in
range of motion of the /-barrel and loops (Perlmutter et al. 2014). The adsorption of APols
onto the hydrophobic protein surface normally imbedded in the lipid-bilayer could similarly
restrict NMOMP protein dynamics; a decrease in conformational exchange could account for
the improved NMR spectra compared to detergent. Moreover, with APols it is possible to
collect NMR data on nMOMP at a higher temperature, which shortens the relatively long
motional correlation times for the trimer in solution. Marked improvements of nMOMP/A8-
35 NMR spectra are indeed seen at higher temperatures not attainable with the detergent
sample.

Regions of the protein that are most accessible to solvent are most likely to have increased
flexibility and give observable signals in solution NMR spectra; it is expected that the sharp
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signals we observe arise from exposed loops. The NMR spectra of nMOMP solubilized in
APols are encouraging in defining protein loops that serve as the epitopes in developing
immunity. Wagner and colleagues, who have compared the signals from BR in nanodisks,
A8-35 and DDM, conclude that the transmembrane region is essentially the same, but the
loops are slightly different (Etzkorn et al. 2013). In comparing spectra of nMOMP in
detergent and APols, it appears that more protein is solvent-accessible in APol preparations.
Five of the eight Trp indole NH signals are visible in APols, but no strong Trp signals
appear in the spectra of the detergent-solubilized preparations we have tested. The increased
exposure we see for Trp rings is most interesting, since these aromatic groups are known to
partition within the headgroup region of phospholipids. The APols used here do not contain
phosphocholine and would not be expected to interact with aromatic groups as detergents or
lipids that contain phosphocholine can. This is reminiscent of the observation that a
polyhistidine tag fused to the N-terminus of BR partitions into the polar head region of
DDM micelles or DMPC-based nanodisks, but not in that of A8-35 (Etzkorn et al. 2014).
This is a fortunate situation, as increased exposure of membrane protein surface could prove
highly advantageous in vaccine development.

In conclusion, APol A8-35 has been demonstrated to be effective both at keeping
Chlamydia nMOMP soluble and at stabilizing its secondary, tertiary and quaternary
structures through extreme changes in temperature, as well as being superior to the
zwitterionic detergent Z3-14 for maintaining structural integrity and solubility over
extended storage time. Therefore, the use of APols should be considered for the formulation
of membrane protein vaccines and for other applications that require stabilizing the structure
of MPs. In addition, APols seem to offer interesting perspectives for the structural study of
nMOMP by solution NMR.
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Amphipols extend the shelf life of NMOMP at RT and 4 °C. CD spectra of nMOMP in A8—
35 (a) and in Z3-14 (b); in both surfactants, nNMOMP was kept at 4 °C except for
approximately 10 min during each measurement at 22 °C. CD spectra of NMOMP in A8-35
(c) and in Z3-14 (d); in both surfactants, NMOMP was kept at RT. Protein aggregation
resulted in light scattering in d; low-wavelength data were removed where light scattering
was significant. Black 1 day, orange 12 days, green 21 days, blue-gray 28 days, red 35 days,
dark blue 72 days, purple 100 days. e Denaturation of MOMP was previously shown to
generate helical secondary structure with a decrease in ellipticity at 222 nm (Tifrea et al.
2011). Here, the ellipticity at 222 nm is plotted as a measure of the loss of f-barrel structure.
f Protein aggregation of the shelf-life samples was assessed as light scattering at 320 nm.
Blue diamonds A8-35, 4 °C; open squares Z3-14, 4 °C; open triangles A8-35, RT; black
circles Z3-14, RT (Color figure online)
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Fig. 2.

Integrity of the tertiary and quaternary structures of NMOMP samples in either A8-35 or
Z3-14, stored either at room temperature or at 4 °C, as monitored by SDS-PAGE and
Western blotting. Native trimers and denatured monomers are indicated by (t) and (m),
respectively. Although the molecular mass of the MOMP monomer is ~40 kDa, it is well
established that the trimer migrates as ~66 kDa in SDS (Sun et al. 2007). a Western blot
probed with mAb MoPn-18b and b corresponding silver-stained gel of nMOMP at RT and
at 4 °C after 72 days. ¢ Western blot probed with mAb MoPn-18b and d corresponding
silver-stained SDS-PAGE of nMOMP at RT and at 4 °C after 100 days. By 100 days,
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substantial monomer forms in both detergent samples but none is detected in the APol
sample (d). cand d panels assembled from larger gel shown in supplemental Fig. S1.
Samples were incubated with DTT prior to electrophoresis
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Amphipols help NMOMP retain f-barrel and trimeric structure during multiple freeze (-80
°C)/thaw cycles. The CD spectra taken at regular intervals for a, nNMOMP/A8-35 and b,
NMOMP/Z3-14 are shown. The sample was kept at 22 °C for approximately 10 min. during
each measurement. Black = no freezing; orange = 1 freeze/thaw cycle, blue-gray = 2 cycles,
purple = 3 cycles, red = 4 cycles, dark blue = 5 cycles, green = 6 cycles, magenta =7
cycles, gray = 8 cycles, turquoise = 9 cycles, light blue = 10 cycles, silver-stained SDS-
PAGE of nMOMP/A8-35 before (c) and after 10 freeze/thaw cycles (d); the trimer migrates
at ~66 kDa; a small amount of monomer ~40 kDa is present at the beginning of the
experiment; silver-stained gel of NMOMP/Z3-14 before (€) and after 10 freeze/thaw cycles
(f); monomer band at 40 kDa and higher-order aggregates become prominent for the
detergent sample after repeated freeze/thaw (f) but are not apparent in the APol-trapped
sample (d) (Color figure online)
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Ar%phipols help NMOMP retain f-structure during prolonged heating. CD spectra of
nMOMP/A8-35 kept at 55 °C over time. For approximately 10 min during each
measurement, the sample temperature was 22 °C, then returned promptly to 55 °C. Blue = tg,
red=8h, green=24 h, purple=32 h, cyan =72 h, orange = 80 h, blue-gray =96 h. If a
MOMP vaccine formulated with APols is inadvertently heated, these data show that the
protein structure will be maintained for at least 8 h (Color figure online)
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800-MHz NMR 15N HSQC spectra of 0.3 mM nMOMP solubilized in DPC or trapped with
A8-35, 90 % H,0/10 % D,0, 100 mM sodium phosphate, pH 7.4. A single 1°N-labeled
nMOMP preparation was split and transferred into either DPC or A8-35. a Trimeric
nMOMP/DPC, 35 °C. Inset: CD spectrum of this sample. b nMOMP/DPC, 35 °C after
heating to 70 °C for 10 min to generate the monomer; NMR HSQC collected at 35 °C. ¢
HSQC of nMOMP/A8-35, 35 °C. d HSQC of nMOMP/A8-35, 50 °C. Trp indole NH
signals resonate between 10.0-10.5 ppm in the IH dimension. Complex with APols results
in better NMOMP spectra. Since APols stabilize the protein, NMR experiments can be
performed at higher temperatures resulting in further improvement
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