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Abstract Nutrient import across Gram-negative bacte-
ria’s outer membrane is powered by the proton-motive
force, delivered by the cytoplasmic membrane protein
complex ExbB-ExbD-TonB. Having purified the ExbB4—
ExbD, complex in the detergent dodecyl maltoside, we
substituted amphipol A8-35 for detergent, forming a water-
soluble membrane protein/amphipol complex. Properties of
the ExbB,—ExbD, complex in detergent or in amphipols
were compared by gel electrophoresis, size exclusion
chromatography, asymmetric flow field-flow fractionation,
thermal stability assays, and electron microscopy. Bound
detergent and fluorescently labeled amphipol were assayed
quantitatively by 1D NMR and analytical ultracentrifuga-
tion, respectively. The structural arrangement of ExbB,—
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ExbD, was examined by EM, small-angle X-ray scattering,
and small-angle neutron scattering using a deuterated am-
phipol. The amphipol-trapped ExbB,—ExbD, complex is
slightly larger than its detergent-solubilized counterpart.
We also investigated a different oligomeric form of the two
proteins, ExbBg—ExbD,, and propose a structural arrange-
ment of its transmembrane o-helical domains.
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Introduction

Gram-negative bacteria contain a cell envelope consisting
of an outer membrane (OM) and a cytoplasmic membrane
(CM), that are separated by the periplasm. The OM, acting
as a physical barrier between the external milieu and the
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cellular interior, is also the site of nutrient import. Small
nutrients (<600 Da) diffuse through porins, whereas larger
nutrients such as vitamin B, and iron-bound siderophores
must be actively imported by a special class of membrane
proteins (MPs): OM receptors (Nikaido 2003). The import
of these essential nutrients contributes to the establishment
of infection, making this process an attractive target for
therapeutic agents. Whereas different OM receptors facil-
itate transport of their respective nutrients, the necessary
energy comes from a common CM-embedded MP com-
plex: ExbB-ExbD-TonB (Braun et al. 1996). ExbB
(26.3 kDa) is considered to be the complex’s scaffolding
protein (Pramanik et al. 2010). It is predicted to feature
three transmembrane (TM) o-helices, with most of its
hydrophilic amino acids located in the cytoplasm (Baker
and Postle 2013; Kampfenkel and Braun 1993). ExbB
stabilizes TonB (26.0 kDa) and ExbD (15.5 kDa) via their
TM «-helical domains (Baker and Postle 2013). TonB and
ExbD are predicted to each have a short cytoplasmic
N-terminus, a single TM o-helix, and a C-terminus local-
ized in the periplasm (Chu et al. 2007; Kampfenkel and
Braun 1992). TonB spans the periplasm and links OM
receptors to the energy of the proton-motive force of the
CM (Krewulak and Vogel 2011; Pawelek et al. 2006).
However, ExbD is the only protein in the complex able to
respond to the proton-motive force (Ollis et al. 2012).
ExbB and ExbD have previously been shown to form
heterodimers (Jana et al. 2011) and have been co-purified
using affinity chromatography (Pramanik et al. 2011). The
latter study found ExbB to be mostly hexameric (ExbBg)
by laser-induced liquid bead ion desorption mass spec-
trometry (LILBID-MS), whereas the former study found it
to be tetrameric (ExbB,) by in vivo cross-linking.

We previously co-purified ExbB and ExbD by immo-
bilized metal ion affinity chromatography (IMAC) via an
engineered hexa-histidine tag (Hisq tag) at ExbD’s C-ter-
minus (16.7 kDa; Sverzhinsky et al. 2014). Whereas the
two proteins solubilized in n-dodecyl-f-p-maltopyranoside
(DDM) were electrophoretically pure, they formed multi-
ple complexes of varying stoichiometries. Screening of
various detergents concluded that DDM was the optimal
detergent in terms of monodispersity and long-term sta-
bility. The principal ExbB—ExbD complex had a stoichi-
ometry 4:2. The calculated 138.6 kDa of protein (based on
theoretical molecular masses) would comprise 14 TM
o-helices, forming a protein/detergent complex of
~240 kDa. After purifying a single monodisperse fraction
by size exclusion chromatography (SEC) and observing it
by negative stain electron microscopy (EM), we recon-
structed the ExbB,—ExbD, complex in three structural
states, the maps being resolved to ~21-27 A. The ExbD
periplasmic domain was unambiguously identified on one
side of the TM region, thereby localizing the bulky
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cytoplasmic domains of ExbB on the opposite side.
Whereas we were able to interpret the different structural
states in terms of domain flexibility, we wished to gain
structural information on the TM domains.

Amphipols (APols) are short amphipathic polymers
designed to substitute for detergents at the TM surface of
MPs, thereby keeping them water-soluble and stabilizing
them (Tribet et al. 1996; Popot et al. 2011; Zoonens and
Popot 2014). The most widely used and best-characterized
APol, called A8-35, is obtained by grafting randomly a
short polyacrylate main chain with ~25 % octylamine and
~40 % isopropylamine side chains, leaving ~35 % of the
carboxylates free (Tribet et al. 1996; Gohon et al. 2004,
2006). A8-35 molecules are polydisperse, with an average
mass of ~4.3 kDa (Giusti et al. 2014). In aqueous solu-
tions, above a concentration of ~0.002 g/L (Giusti et al.
2012), they self-organize (Perlmutter et al. 2014) into
globular, micelle-like particles with an average mass of
~40 kDa (Gohon et al. 2006). Trapping a MP in APols is
usually achieved by adding the APol to the detergent-sol-
ubilized MP and removing the detergent, e.g., by adsorp-
tion onto polystyrene beads (for detailed protocols, see
Zoonens et al. 2014). To a large extent, MP/APol com-
plexes can be handled in surfactant-free solutions as though
they were soluble proteins, and their structure studied by
such approaches as EM, small-angle X-ray and neutron
scattering (SAXS and SANS, respectively), NMR, and
analytical ultracentrifugation (AUC) (reviewed in Popot
et al. 2011; Zoonens and Popot 2014). However, the pre-
sence of a small excess of APol over that bound to the
protein is essential to preserving the monodispersity of the
complexes (Zoonens et al. 2007; Gohon et al. 2008; Ar-
unmanee et al. 2014; Charvolin et al. 2014; for a discus-
sion, see Zoonens and Popot 2014). Here, we compare
structural information gathered on APol-trapped and
DDM-solubilized ExbB-ExbD complexes.

Materials and Methods
Cloning and Expression

The E. coli exbBD operon was PCR amplified and cloned
into plasmid pQE60 containing an ampicillin-resistance
marker (QIAGEN) and appending a Hisg tag to the C-ter-
minus of ExbD. This plasmid was introduced into E. coli
strain M15, harboring the pREP4 plasmid containing a
kanamycin-resistance marker (QIAGEN) and encoding a
Lac repressor for strict expression of recombinant proteins.
E. coli M15 cells containing both plasmids were grown in
1 L of Terrific Broth supplemented with 50 pg/mL ampi-
cillin, 30 pg/mL kanamycin, 10 % (v/v) glycerol, and
potassium phosphate pH 8.0. Having reached an Agg of
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1.0-1.2 (shaking at 37 °C), 0.5 mM isopropyl-B-p-1-thi-
ogalactoside (Bio Vectra) was added to induce protein
expression for 4 h at 24 °C. Cells were sedimented and
stored at —20 °C until use.

Purification, Protein and Detergent Analysis

Thawed bacterial cell pellets were suspended in 25 mL
lysis buffer containing 50 mM Tris pH 8.0, 200 mM
NaCl, 5 mM MgCl,, 100 pg/mL DNAse I, 100 pg/mL
RNAse A, 10 pg/mL lysozyme, and one tablet of mini-
complete protease inhibitor cocktail (Roche). Cells were
lysed by two passages through an Emulsiflex homogenizer
(Avestin) at 17,500 kPa. Following removal of debris by
low-speed centrifugation, the supernatant was ultracentri-
fuged at 250,000xg for 1 h at 4 °C; membranes were
collected and then solubilized for 1.5 h at 4 °C in 25 mL
of solubilization buffer containing 50 mM Tris pH 7.5,
200 mM NaCl and 1 % (w/v) DDM (Glycon) with mini-
complete protease inhibitor cocktail. The solubilized
material was clarified (34,500xg centrifugation for
45 min) and applied onto 5 or 25-mL Profinity (Bio-Rad)
IMAC column equilibrated with 50 mM Tris pH 7.5,
200 mM NaCl, and 0.02 % (w/v) DDM. After a 35 mM
imidazole washing step, specifically-bound material was
eluted in 25 mM Tris pH 7.5, 100 mM NaCl, 200 mM
imidazole, and 0.02 % (w/v) DDM.

Protein concentrators with 150 kDa molecular weight
cut-off (IMWCO; Thermo Scientific) were used to con-
centrate protein samples (2,000xg centrifugations in a
Sorvall H-6000 hanging bucket rotor). Further purification
of concentrated material was done by preparative SEC
using a 24-mL (10 x 300 mm) Superose 6 GL (GE
Healthcare) column or a 120-mL (16 x 600 mm) Super-
dex 200 pg (GE Healthcare) column at 0.5 and 1.0 mL/min
flow-rates, respectively.

Protein was measured using the NanoDrop 1000
(Thermo Scientific) and appropriate ExbB-ExbD complex
extinction coefficients (Pace et al. 1995). Absorbance
readings greater than 1.0 were corrected where necessary
due to deviation from linearity of the Beer—Lambert law
(Aitken and Learmonth 2002).

To evaluate protein content, samples were analyzed by
SDS-PAGE separation followed by silver staining or by
Coomassie Blue G-250 staining. For the latter, relative
molar abundance was determined using the ImageJ software
suite (Schneider 2012). Migration distances were compared
to PageRuler protein standards (Thermo Scientific).

Detergent quantitation was performed as previously
described (Maslennikov et al. 2007). Samples were frac-
tionated on the Superose 6 SEC column in 25 mM glycine
pH 9, 150 mM NaCl, 0.02 % (w/v) DDM. Individual
fractions were diluted by 20 % (final volume 650 pL) with

an internal standard, 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS) solution in D,O (Sigma). 1D NMR spectra were
recorded at the Quebec and Eastern Canada NMR Facility
on a Varian INOVA 500 MHz spectrometer. Comparison
of integrated detergent peaks to integrated DSS standard
peaks allowed calculation of detergent concentration in
each fraction. Specifically, a single DSS peak resulting
from nine identical protons at 0 ppm was compared to a
single DDM peak resulting from the molecule’s three
protons on the terminal carbon at 0.84 ppm.

Amphipol-Trapping

IMAC-purified protein samples in DDM were supple-
mented with APol A8-35 (Anatrace) at a 1:5.6 protein/
APol mass ratio, rocked at 4 °C for 20 min, and DDM
removed by rocking incubation with a 64 x excess (wW/w)
BioBeads SM-2 (Bio-Rad) over DDM for 2 h at 4 °C
(Holloway 1973). Subsequent buffers contained 25 mM
Tris pH 7.5, 150 mM NaCl, no surfactant. Protein/APol
complexes were recovered in the supernatant following
ultracentrifugation at 100,000x g for 20 min.

For measurement of protein-bound APol, IMAC-puri-
fied protein samples were trapped with 7-nitro-1,2,3-ben-
zoxadiazole-4-yle (NBD-labeled) A8-35 (hereafter FAPol,
for ‘fluorescent APol’; synthesized by F. Giusti, UMR
7099; see Zoonens et al. 2007), diluted with commercial
(hydrogenated) APol in a 1:5 mass ratio. The specific
FAPol preparation contained ~1 molecule of NBD per
48 kDa of polymer (Zoonens et al. 2007). Its optical den-
sities in 20 mM Tris pH 8.5 and 100 mM NaCl at 280 and
490 nm were 0.0339 and 0.1008 L/(g cm), respectively,
before dilution with APol.

Some of the samples used for SANS/SAXS measure-
ments were trapped in AS8-35 with deuterated side
chains (DAPol; synthesized by F. Giusti). The contrast-
matching point of pure DAPol is ~85 % D,0O (Gohon
et al. 2004, 2006).

Analysis of Complex Size
Native Gel Electrophoresis

Native protein samples were analyzed by blue-native
PAGE (BN-PAGE) using 4-20 % acrylamide gradient gels
infused with 0.05 % (w/v) DDM. Samples, along with
protein standards (NativeMark, Life Technologies), were
run on ice at 100 V with cathode buffer (25 mM Tris and
192 mM glycine pH 8.8) containing 0.02 % (w/v) Coo-
massie Blue G-250. After 45 min, the blue cathode buffer
was replaced with clear cathode buffer and electrophoresis
was continued for 3 h at 200 V.
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Analytical Size Exclusion Chromatography

Stokes radii (Ry) of ExbB-ExbD complexes were com-
pared to protein standards of known Ry (Bio-Rad) by
analytical SEC using the Superose 6 column or a 24-mL
(10 x 300 mm) Superdex 200 GL (GE Healthcare) col-
umn at 0.5 mL/min flow-rates.

Asymmetric Flow Field-Flow Fractionation

Independent measures of Ry by different biophysical cri-
teria were achieved by asymmetric flow field-flow frac-
tionation (AF4). APol-trapped samples in buffer containing
25 mM Tris pH 7.5, 100 mM NacCl, and 50 mM imidazole
at 1.6 mg/mL were injected onto an AF2000 (Postnova
Analytics) linked to a SPD-20A UV-Vis detector (Shi-
madzu Corporation), multi-angle laser light scattering
(MALLYS) and quasi-elastic light scattering using a DAWN
HELEOS 8 (Wyatt Technology) at 658 nm. The separation
channel had a thickness of 350 pm, a length of 280 mm
and contained regenerated cellulose membrane with a
MWCO of 5 kDa. Elution peaks were analyzed with the
ASTRA software package (version 5.3.4.20; Wyatt Tech-
nology). Injection of the sample (20 pL) used a flow rate of
0.2 mL/min. Detector flow rate was kept constant at
0.5 mL/min. The total focusing period was 5 min with a
focus flow at 2.0 mL/min. The separation step began with a
cross flow of 1 mL/min for 15 min, then a linear decrease
to zero cross flow within 10 min, followed by 5 min of
zero cross flow. Experiments were carried out at room
temperature (23 °C).

Size Exclusion Chromatography with Multi-angle Laser
Light Scattering

Detergent-solubilized IMAC-purified samples were ana-
lyzed by MALLS coupled to the 120-mL Superdex 200
column (SEC-MALLS) using light scattering detectors at
656 nm (miniDAWN TREOS; Wyatt Technology) under
the control of an Alliance HPLC (Waters Corporation).
Inter-detector delay was corrected using aldolase (GE
Healthcare) in the ASTRA software package suite (version
5.3.4.18; Wyatt Technology). Total complex size was
measured using theoretical dn/dc values derived from mix-
tures of DDM (0.143 mL/g) (Roy et al. 2013; Salvay and
Ebel 2006) and protein (0.187 mL/g for most ExbB—-ExbD
stoichiometries based on SEDFIT (Schuck 2000) and con-
sidered the accepted value for MPs (Hayashi et al. 1989)).

Thermal Stability Assay

The thermal stability of IMAC-purified samples was
determined at the Membrane Protein Laboratory, Diamond
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Light Source as previously reported (Alexandrov et al.
2008). Thiol-specific fluorochrome N-[4-(7-diethylamino-
4-methyl-3-coumarinyl)phenyl]maleimide (CPM; Sigma)
was added to protein samples at a final concentration of
28 pg/mL. Fluorescence was measured in a 7500 Fast
Real-Time PCR System (AB Applied Biosystems), while
heating with a ramp rate of 1 °C/min up to 95 °C.

Electron Microscopy

SEC-purified protein was used to prepare grids for EM at the
Facility for Electron Microscopy Research, McGill Univer-
sity. DDM-solubilized samples from the 120-mL Superdex
200 column or APol-trapped samples from the 24-mL Su-
perose 6 column were adsorbed for 1 min on negatively glow-
discharged carbon-coated EM copper grids. After blotting
excess liquid, 5 pL of freshly prepared 1.5 % (w/v) uranyl
formate (pH 5) was added to the DDM-solubilized sample for
1.5 min and 5 pL of 2 % (w/v) uranyl acetate (pH 4) was
added to the APol-trapped sample for 1 min, then removed.
Digital micrographs were recorded on a FEI Tecnai G2 F20
having a Gatan Ultrascan 4 x 4 k Digital CCD Camera
System at a nominal magnification of 68,000x corresponding
to a pixel size 2.2 Aat specimen level. Images were recorded
at defocus between 1.5 and 3.5 pm.

Particles were selected using the software suite Signature
(Chen and Grigorieff 2007), boxed (128 x 128-pixel ima-
ges) and normalized with Xmipp (Scheres et al. 2008). Two-
dimensional (2D) class averages were created using the
program Iterative Stable Alignment and Clustering (Yang
et al. 2012).

Analytical Ultracentrifugation

SEC-purified samples were analyzed on a Beckman
Coulter XL-I analytical ultracentrifuge with an An-60 Ti
rotor, using 12-mm path length double channel center-
pieces and the UV-VIS optics detection system. The cen-
terpieces were filled with 390 pL. of FAPol-trapped
samples and 400 pL of reference buffer (25 mM Tris pH
7.5, 150 mM NaCl). Sedimentation velocity (SV) was
measured overnight at 40,000 rpm at 20 °C, recording at
dual wavelengths: 280 and 490 nm. c(s) analysis used
scans 6-324 (490 nm) and 7-325 (280 nm) in SEDFIT.
Allowing parameters to float resulted in a frictional ratio of
1.4 (280 nm data) and rmsd of 0.0041. Similar parameters
were applied to the 490 nm data, resulting in rmsd of
0.0053 (with a resolution = 200).

Small-Angle X-ray and Neutron Scattering

SAXS data were collected at beamline X9 of the National
Synchrotron Light Source, using the standard solution
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scattering setup previously described (Allaire and Yang
2011). The samples were measured at 10 °C and the X-ray
energy was 13 keV. The 1D scattering profiles were obtained
using the pyXS software that performs all necessary data
corrections and buffer scattering subtraction (Yang 2013).
Measurements were recorded on supplemented protein/APol
complexes, free APols (9.1 mg/mL), and free DAPols
(9.1 mg/mL) using appropriate blank buffers.

SANS data were collected at the Bio-SANS beam line of
Oak Ridge National Laboratory (Lynn et al. 2006). The
protein solution samples and corresponding buffer back-
grounds were measured in 1-mm path length quartz cells at
~ 10 °C. The wavelength of the neutron was setto 1 = 6 A
with the wavelength spread AA/A = 15 %. Two detector-to-
sample distances, 1.1 and 6.8 m, were used to produce a
q range from ~0.008 to 0.4 AL falling into the relevant
length scale for protein studies. The scattered data were
collected by a 2-dimensional position-sensitive detector of
192 by 256 pixels developed by Oak Ridge National Lab-
oratory. The 1D profile I(g) versus ¢, where ¢ = 4z sin(6)//
and 20 is the scattering angle from the incident beam, was
obtained by azimuthally averaging from the 2D data, cor-
rected for detector’s electronic noise, ambient background
radiation, detector pixel sensitivity, geometry distortion, and
buffer background scattering. Data reduction was done
using Mantid software (mantidproject.org). A constant
background representing the difference in incoherent scat-
tering resulting from the differences in hydrogen content of
the samples and backgrounds was further subtracted from
the 1D profile. The ExbB-ExbD sample was dialyzed
against a buffer containing 85 % D,0O at 4 °C overnight
before SANS measurements. The 85 % D,O ratio was
selected to contrast match with the scattering length density
of DAPol (Gohon et al. 2004). The molecular weight of the
protein complex, therefore, can be determined from the
shape-independent function of the total scattering 1(0):

MW = .
C((pprozein - pbuﬁér) * VS)

(1)

where N4 is Avogadro’s number; C is the concentration of
the protein in solution. The neutron scattering length den-
sities of the protein and buffer are p,.oein and Ppyper,
respectively. V is the specific volume of the scattering
particle, which in this work has been estimated from the
protein specific volume of 0.74 cm®/g (Harpaz et al. 1994).
The radius of gyration (R,) was determined using Guinier
approximation (Heller 2010):

1(q) = 1(0)e~TR/3 (2)

where 1(0) is the forward scattering. The Guinier plot, a
linear fit of In(I(g)) versus q2 with the restriction of
g*R, < 1.3, is able to provide 1(0) and R,. Low-q data were

discarded due to the concern of minor contamination by
aggregates. The distance distribution function P(r) and
maximum dimension Dy, were obtained using the indirect
Fourier transform method implemented in the program
GNOM (Svergun 1992).

Results and Discussion

Solution Properties of ExbB-ExbD in DDM
versus ExbB-ExbD in APols

Following solubilization in 1 % DDM, protein/detergent

complexes were purified by IMAC and analyzed by SDS-
PAGE separation with silver staining (Fig. 1a; lane 4). The
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Fig. 1 ExbB-ExbD complexes are biochemically similar in DDM
and in APols. a Protein separation by SDS-PAGE followed by silver
staining identifies bands in total cell lysate (lane I), the soluble
fraction (lane 2) and the insoluble membrane fraction (lane 3). The
two prominent proteins, ExbB and ExbD (migrating to ~26 and
17 kDa, respectively) are the sole proteins present after IMAC
purification in DDM (lane 4) and following APol-trapping (lane 5).
b BN-PAGE separation of the same samples as in (a) shows a
prominent complex migrating close to the 242-kDa marker, with a
faint complex migrating slightly further than the 480-kDa marker.
The APol-trapped complex (lane 5) appears more polydispersed and
has a slightly retarded migration as compared to the DDM-solubilized
one (lane 4). M indicates molecular mass markers. ¢ By analytical
SEC using the 24-mL Superose 6 SEC column the DDM-solubilized
and APol-trapped complexes elute similarly. A minor leading
shoulder is discernible at ~13 mL. d An independent measurement
of Stokes radius by AF4-MALLS confirms the apparent sizes of
protein/APol complexes seen in (c). Later-eluting material has a
larger Rg
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sole proteins, migrating with M, of ~26 and ~ 17 kDa,
were submitted to mass spectrometry and identified as
ExbB and ExbD, respectively (data not shown). Consid-
ering that only ExbD is Hisg-tagged, the co-elution of
ExbB indicates that the two proteins form a complex. Once
separated by BN-PAGE, the principal protein/detergent
complex migrates close to the 242 kDa protein marker
(Fig. 1b; lane 4), consistent with the mass expected for an
ExbB4—ExbD, complex (138.6 kDa, based on theoretical
molecular masses) with detergent bound to it.

Addition of various amounts of AS8-35, followed by
detergent removal and centrifugation, indicated that an
APol/protein mass ratio of 5.6:1 ensured complete reten-
tion in solution of the detergent-free ExbB-ExbD com-
plexes. With regards to detergent removal, a 64:1 mass
ratio of BioBeads over DDM resulted in complete precip-
itation of the complexes in the absence of APol.

Ithas been observed previously that, in detergent solution,
ExbB and ExbD co-purify primarily in the 4:2 stoichiometry,
but they may form oligomers with other stoichiometries.
Trapping the IMAC-purified sample in A8-35 resulted in the
same oligomers, without any change in their relative distri-
bution. DDM-solubilized and APol-trapped post-IMAC
complexes had identical profiles upon denaturing SDS-
PAGE (Fig. la; lanes 4 and 5). The principal complex
migrated to a comparable distance by BN-PAGE separation
(Fig. 1b; lane 5). However, the band of APol-trapped com-
plex is slightly broader, suggesting greater size and/or charge
polydispersity. It also migrated to a slightly higher apparent
MW with respect to DDM-solubilized protein. This differ-
ence in size of the complex was reflected by analytical SEC
(Fig. 1c). Compared to the apparent Rg of 6.2 nm for DDM-
solubilized complex, the APol-trapped complex has a Rg of
6.5 nm. Because interactions of MP/A8-35 complexes with
the resin of SEC columns have been shown to affect elution
volumes (Zoonens et al. 2007), it was deemed interesting to
examine the behavior of the complexes by AF4. This
emerging technique, usually applied to polymers in aqueous
solution (Giddings 1993; Wagner et al. 2014), separates
particles not by interaction with a stationary phase, but solely
between the particles and an external physical field, in this
case buffer cross flow (Colfen and Antonietti 2000). The
APol-trapped complex radius was confirmed by AF4 cou-
pled to MALLS, resulting in an average of 7.0 = 0.9 nm and
a median of 6.7 nm (Fig. 1d). Late-eluting particles at
~7 min, due to stronger retention by the cross flow, had
relatively larger Stokes radii (discussed below).

Stabilization of ExbB—ExbD Complexes by Transfer
to A8-35

MPs as a rule gain stability when trapped in APols (Popot
et al. 2011; Zoonens and Popot 2014). The CPM assay
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was used to compare the thermal stability of DDM-solu-
bilized versus A8-35-trapped ExbB-ExbD complexes.
ExbD has no cysteine residues, but ExbB contains a single
cysteine residue in its first TM o-helix (Baker and Postle
2013) that has been exploited as a sensor for the status of
overall unfolding (Alexandrov et al. 2008). DDM-solubi-
lized ExbB-ExbD has a melting temperature of 47 °C.
A8-35-trapped ExbB-ExbD is significantly more ther-
mally stable, with a T}, of 63 °C (data not shown). This
16-degree increase is larger than that (~ 11 °C) observed
with a G protein-coupled receptor, the BLT1 receptor of
leukotriene B,. A8-35-trapped BLT1 is completely stable
over a three-week period at 4 °C, whereas, over the same
period, detergent-solubilized BLT1 loses about 50 % of
its ligand-binding activity (Dahmane et al. 2009). On this
basis, A8-35-trapped ExbB-ExbD can be expected to
have a much longer shelf life than its DDM-solubilized
form.

Electron Microscopy Investigation of the Complexes

The APol-trapped and DDM-solubilized forms of ExbB,—
ExbD, were compared by EM. In an earlier study, the
DDM-solubilized complex obtained after fractionation on a
120-mL Superdex 200 SEC column was studied after
staining with uranyl formate (Sverzhinsky et al. 2014). In
the present work, APol-trapped ExbB-ExbD was purified
on a 24-mL Superose 6 SEC column and the pooled peak
fractions stained with uranyl acetate (Fig. 2a). The APol-
trapped particles are virtually indistinguishable from the
DDM-solubilized particles (Fig. 2a, b; white circles,
enlarged in the insets), except that the Superose 6 SEC
purification did not fully remove the larger oligomers
(Fig. 2a; yellow circle). 2D image analysis revealed that,
despite the use of a different metal stain (Ohi et al. 2004),
the APol-trapped ExbB,—ExbD, displayed features com-
mon to the DDM-solubilized particles (Fig. 2c). A thick
(~4 x 10 nm) central density, previously identified as the
TM region (red brackets), is expected to contain 14 TM o-
helices (12 from ExbB and 2 from ExbD), plus the bound
surfactant. Previous labeling experiments using Ni—-NTA-
Nanogold differentiated between the cytoplasmic and
periplasmic sides of the TM region, identifying the peri-
plasmic domain (comprising almost exclusively the ExbD
C-terminus) as the sole extension from the TM region seen
in Fig. 2c (upper panel). This density is not consistently
observable in side views (cf. Fig. 2c, central panel), pre-
sumably because the C-termini are usually not dimerized,
in which case their mass is insufficient for detection by
negative stain EM. The cytoplasmic side of the TM region
contains the cytoplasmic loops and C-termini of 4 ExbB
molecules, interacting as a dimer of dimers, with some
flexibility.
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Fig. 2 Electron microscopy of APol-trapped ExbB-ExbD matches
structural features of the DDM-solubilized complex. APol-trapped
(a) and DDM-solubilized (b) electron micrographs display similar
particles (white circles, enlarged in the insets). APol-trapped samples,
which were purified on a 24-mL Superose 6 SEC column, also show a
minority of larger oligomers (yellow circle). ¢ Two-dimensional class
averages of the APol-trapped ExbB,—ExbD, complex identify the TM
region (red brackets), the structurally dynamic periplasmic domain
(isolated extension in the upper panel), and the cytoplasmic domains
(upper and central panels). The lower panel is a bottom view showing
the ring-like arrangement of the cytoplasmic domains. d APol-trapped
ExbB,~ExbD, shows all characteristic conformations of the DDM-
solubilized complex. e The larger oligomer has a longer dimension
than the complex in (c¢) as seen from the bottom (upper panel) and
oblique (lower panel) orientations

Class averages of APol-trapped ExbB4—ExbD, revealed
similar dimensions as the DDM-solubilized complex:
9.0-10.1 nm diameter across (presumably the width in the
membrane plane) and 10.8-12.5 nm long. Considering that
we found class averages of APol-trapped ExbB4—ExbD, in
all of the characteristic DDM-solubilized conformations
(Fig. 2d), we extrapolated our interpretation of coordinated
rearrangements to the APol-trapped complex. Briefly, we
hypothesize that the cytoplasmic domains assemble into a
tetramer, forming a ring at the distal end (Fig. 2c lower
panel) when ExbD’s periplasmic domains are not dimer-
ized, and therefore, not observable by negative stain EM.
Upon dimerization of the periplasmic domains, the cyto-
plasmic domains rearrange into two thicker densities (each
comprising two ExbB cytoplasmic domains) that form a
compact arrangement at the distal end (Sverzhinsky et al.
2014). With the observation that the dimerized ExbD
periplasmic domain is found in multiple positions with
respect to the TM region, we conclude that the ExbB-—

ExbD complex possesses intrinsic conformational flexi-
bility, which is most likely necessary for function (Ollis
et al. 2012). APols appear to permit this flexibility.

Nature and Organization of the Larger ExbB—ExbD
Oligomer

Two-dimensional classification of EM particles also shed
light on the larger oligomer of ExbB—ExbD that purifies
along with the ExbB,—ExbD, complex. Figure 2e shows a
bottom view (upper panel) and an oblique view (lower
panel) of the APol-trapped larger oligomer that is longer
(13.2 nm) than the 4:2 complex. This larger oligomer was
seen by BN-PAGE (Fig. 1b; faint upper band), by analyt-
ical SEC (Fig. Ic; shoulder at ~14 mL) and by AF4
(Fig. 1d; increased particle sizes at ~7 min). To quantitate
the size of this protein/detergent complex, we performed a
SEC-MALLS experiment on the DDM-solubilized IMAC-
purified ExbB—ExbD complex using the 120-mL Superdex
200 SEC column (Fig. 3a). With composite dn/dc values
based on an approximate detergent contribution of 37 %
(see below), the larger oligomer was found to have a
molecular mass of 407.3 £ 5.7 kDa. This estimate is
supported by BN-PAGE of the post-IMAC protein
(Fig. 3b; lane 1), as well as pooled SEC fractions of this
peak (Fig. 3b; lane 2). The soluble marker proteins form an
excellent regression curve (R2 = 0.9999), leading to an
estimate of 382 kDa for the larger oligomer, potentially
(Wasiak et al. 2002) a slight underestimate. Whereas this
SEC column led to a greater separation of different olig-
omers of ExbB-ExbD than the 24-mL Superose 6 column,
overlapping elution peaks representing these oligomers
could not be resolved for quantitative Coomassie staining.
However, the average of two fractions containing the elu-
tion peak of the larger oligomer (Fig. 3a; arrowheads)
revealed an ExbB:ExbD molar ratio of ~3:2 (Fig. 3c).
Considering the ~380-405 kDa protein/detergent com-
plex and taking into account probable detergent contribu-
tion, this ratio corresponds to a 6:4 stoichiometry (ExbBg—
ExbDy,), calculated to comprise 224.7 kDa of protein.
Hexameric ExbB has previously been identified using
LILBID-MS (Pramanik et al. 2011), among other stoichi-
ometries, when ExbB-Hisq and ExbD-Strepll (both C-ter-
minal) were co-purified. The elution of the larger oligomer
just before the main peak on the same SEC column (24-mL
Superose 6; Fig. 1c) is virtually identical in the two studies.
However, Pramanik et al. did not observe any oligomeric
ExbD, despite in vivo cross-linking evidence (Ollis and
Postle 2011). The ExbB¢—ExbD, stoichiometry may facil-
itate sequestration of partially formed subunits for rapid
assembly upon substrate binding to OM receptors, or it
may represent another active stoichiometry in vivo. If
ExbB and ExbD function akin to their flagellar homologues
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Fig. 3 A minority of ExbB-ExbD complexes form a larger oligomer
of 6:4 stoichiometry. DDM-solubilized ExbB-ExbD predominantly
forms a 4:2 complex (~ 240 kDa) but also forms a larger oligomer
(~380-405 kDa) as seen by SEC-MALLS (a) and BN-PAGE (b).
When analyzed by BN-PAGE, this complex migrates to ~380 kDa
(asterisk) in the pre-SEC sample (lane 1) and in pooled SEC fractions
(lane 2). M shows molecular mass markers. ¢ A molar ratio of 3
ExbB: 2 ExbD was quantitated from Coomassie staining of isolated
fractions (arrowheads in (a)) separated by SDS-PAGE, indicative of a

MotA and MotB, respectively, there may be diffusion of
ExbB in and out of active complexes (Leake et al. 2006).
Studies have also shown that other ExbB—ExbD homo-
logues, the TolQ-TolR complexes, are present in a 4—6:2
stoichiometry (Cascales et al. 2001). Investigations into the
organization of their multiple TM o-helices have proposed
a model where the TolQ TM «-helices are found on the
periphery and the TolR TM o-helices in the interior in the
Tol system (Cascales et al. 2001; Zhang et al. 2009).
Similar models have been advocated (Braun et al. 2003) for
the MotA,—MotB, complex and (Wille et al. 2013) for the
recently identified homologues SiiB4,—SiiA, from Salmo-
nella that function in type I secretion system-mediated
adhesion and invasion of epithelial cells. In accordance
with these homologous models, and by extrapolation from
our EM data (Fig. 2e), we propose a possible arrangement
of TM a-helices in the ExbB4~ExbD, (Fig. 3d, f) and the
ExbB¢—ExbD, (Fig. 3e, g) complexes. This potential lay-
out resembles the larger oligomer observed by EM and
would explain why ExbD tetramers have never been

@ Springer

ExbB¢—ExbD, complex. Based on EM observations and models
proposed by others, a hypothetical arrangement of TM a-helices is
shown for the ExbB,~ExbD, (d) and ExbBs—ExbD, (e) complexes.
TM o-helices were then modeled into our EM map of (f) ExbB,—
ExbD, and a potential model of (g) ExbBs—ExbD,. f, g The models
are shown as bottom views (upper panels) and oblique views (lower
panels); for clarity, ExbB TM o-helices are colored blue and ExbD
TM a-helices green

identified. Furthermore, these oligomers would enable
rapid formation of active complexes with the cellular sur-
plus of ExbB (Higgs et al. 2002).

Quantitation of Bound Surfactant

Purification of ExbB-ExbD began by solubilizing total
membranes in 1 % DDM. Subsequent manipulations used
buffers supplemented with 0.02 % DDM. To determine the
concentration of detergent in protein-containing samples,
1D NMR spectra were recorded for fractions of SEC-
purified complexes. Fractions containing only the running
buffer were found to contain 0.018 %+ 0.002 % DDM. In
combination with parallel protein assays, these experiments
revealed two peaks of signal, the first of which is the
protein/detergent complex (Fig. 4a). By comparing protein
concentrations to detergent concentrations, the protein/
detergent complex was estimated to contain 37.1 £ 7.6 %
detergent in mass. This value is similar to previous mea-
surements carried out on ExbB-ExbD (35 %) using a
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Fig. 4 Quantitation of (a) DDM and (b) APols associated with
ExbB-ExbD. a SEC fractions of post-IMAC protein were assayed for
protein (absorbance; gray bars) and DDM (1D NMR; black bars).
The first of two peaks of DDM signal is associated with protein
elution. The second peak is attributable to free DDM micelles and/or
lipids. b c¢(s) analyses of sedimentation velocity data following
protein-trapping and supplementation with fluorescent APol identifies
a protein/APol complex (6.9 S) and the free APol (1.4-1.5 S).
Comparison of protein to each surfactant shows that more APol than
DDM binds the ExbB,~ExbD, complex

different assay (Pramanik et al. 2011). We cannot exclude,
however, that some of the quantitated signal (originating
from the hydrogen atoms of the terminal methyl group of
the detergent’s hydrophobic tail) may include some con-
tribution of the acyl chains of endogenous lipids. It is
unlikely, however, that those influence very much our
estimate of ~82 kDa (~ 160 molecules) of DDM per
139-kDa ExbB,4—ExbD, complex, or an overall mass of
~220 kDa, consistent with BN-PAGE estimates
(~240 kDa).

To estimate the amount of APol bound to ExbB,—
ExbD,, the complex was trapped with a 5:1 mixture of
unlabeled A8-35 and NBD-labeled A8-35 (FAPol) (Zoon-
ens et al. 2007), followed by preparative SEC (120-mL
Superdex 200) so as to obtain a monodisperse complex.
FAPol, and by extension total APol, was quantitated by its
absorption peak at 490 nm (Zoonens et al. 2007) (Fig. S1).
Based on assumptions of APol binding (and later revised to
the quantitated value), it was empirically determined that
using a 3.2-3.5-mass ratio of APol over protein prevents

minor aggregation of ExbB,—ExbD, (Fig. S2). To investi-
gate how much APol is actually bound, this APol-supple-
mented material was analyzed by SV AUC, with detection
at 280 and 490 nm to quantitate the relative protein and
APol content, respectively (Ebel 2011). Due to the low
absorbance at 490 nm and substantial signals from multiple
species, the continuous distribution (c(s)) analysis was
performed using the 280-nm data, and the resulting model
fit parameters used for the 490-nm c(s) analysis (Fig. 4b).
The major species at 280 nm (6.9 S) corresponds to the
ExbB,—ExbD, complex together with the APol mixture,
the latter’s diffuse signal observable at 490 nm. The non-
bound APol mixture at 1.4-1.5 S can be seen at 490 nm but
absorbs slightly at 280 nm. This sedimentation coefficient
is similar to that previously reported for free A8-35 parti-
cles (Gohon et al. 2006). After correcting for FAPol
absorbance at 280 nm, we calculated that the preparation
contains ~3.2 g of total APol per g of total protein, con-
firming the empirical supplementation of SEC-purified
protein/APol complex. At the 6.9 S peak, complex-asso-
ciated APol represents 1.2-1.5 g per g of protein. Some
uncertainty arises from the low signal at 490 nm and
applying the 280-nm fit parameters to the 490-nm data.
Attempts at fitting the 490-nm data independently led to
inconsistent results of peak integration. The apparent Rg
calculated for the free APol particles (2.2 nm) is smaller
than the 3.15 nm previously reported (Gohon et al. 2006),
reflecting difficulties in obtaining a unique solution for the
frictional ratio, possibly due to the presence of endogenous
lipids. For this reason, sedimentation data were only used
to estimate the mass ratio of APol/protein, which is similar
to that found in other studies (Zoonens et al. 2007). A ratio
of 12-15g APol per g protein corresponds to
167-208 kDa, resulting in a calculated mass of
305-347 kDa for the ExbB,—ExbD,/APol complex. This
amount of bound APols is on the high side for a complex
with 14 predicted TM «-helices, compared to bacterio-
rhodopsin (7 o-helices), which binds ~ 54 kDa of A8-35
(Gohon et al. 2008). Whereas bacteriorhodopsin is a helical
bundle, the proposed TM o-helix arrangement of ExbB—
ExbD (Fig. 3d) would be more convoluted, as seen for the
TRPVI1 complex (Liao et al. 2014), and therefore, bind
more APols. These values are consistent with BN-PAGE
mass estimates (Fig. 1b, lane 5), taking into account that
Coomassie-bound MPs tend to migrate further than their
soluble protein counterparts (Heuberger et al. 2002; Wittig
et al. 2010) and that the presence of the negatively charged
A8-35 may accelerate the migration.

Small-Angle Scattering of Protein/APol Complexes

SAXS and SANS provided independent information about
the dimensions and shape of the ExbB,—ExbD, complex
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Fig. 5 Analysis by SAXS and SANS of the ExbB-ExbD/APol
complex. a SAXS (black diamonds) and SANS (red circles)
scattering data collected from APol-trapped protein. The SAXS
contribution from free APol particles (green triangles) was subtracted
to give the scattering intensity that corresponds to the APol-trapped
protein complex alone (blue squares). The SAXS data are not
normalized to absolute scale. b Guinier fit to the SAXS (blue squares)

and the relative arrangement of its protein and surfactant
components. After trapping in hydrogenated APol, protein/
APol complexes were purified on a 120-mL Superdex 200
SEC column. Pooled fractions containing monodisperse
complexes were concentrated in 150-kDa MWCO con-
centrators and supplemented with deuterated AS8-35
(DAPol; Gohon et al. 2004, 2006). The resulting mixture
contained a total APol (APol + DAPol) mass ratio of
11.4:1, with the deuterated component in excess by 8.5-
fold (calculated using 1.2 g of bound APol per g protein).
This large excess was chosen to ensure that the DAPol is
the dominant APol, thus providing for contrast matching at
a high percentage of D,O (the contrast-matching point of
APol is ~23.5 % D,O, that of DAPol ~85 %; Gohon
et al. 2004). Unexpectedly, the addition of excess APol
resulted in the appearance of minor amounts of smaller
complexes, as detected by analytical SEC and AUC (data
not shown). These complexes of ~3.5 and 5 nm Rg first
appeared after ~1 week and tended to increase in pro-
portion as a function of total APol concentration in sam-
ples. This suggests that interactions between the protein
components of the complex are labile, so that complexes
with lower stoichiometries of ExbB—ExbD are produced
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and SOANS (red circles) data shown in (a). The resultant R, Vaellues are
37.3 A for the SAXS data (protein + bound APol) and 33.8 A for the
SANS data (protein alone). ¢ The P(r) functions derived from the data
in (a). The solid lines shown in (a) represent the inverse transform of
the P(r) functions. The two P(r) functions are scaled for clarity. The
Dyax values are 106 A for both

upon exposure to an excess of APol, potentially due to
collisions between free APol molecules with protein/APol
complexes (Zoonens et al. 2007). The smaller complexes,
however, were present in minor amounts and were esti-
mated to have little influence on SAXS and SANS
measurements.

SAXS measurements of diluted APol and DAPol solu-
tions showed similar scattering profiles (Fig. S3) with R, of
~2.4 nm, agreeing with values found by SANS (Gohon
et al. 2006). The diluted APol-supplemented protein/APol
scattering profile is shown in Fig. 5a. The scattering con-
tribution from free APol particles, determined by scaling
the free APol scattering intensity by a factor of 2.5, was
then subtracted from total scattering by the protein/APol
sample. The amount of matched free APol was compared
to the supplemented protein/APol complex (leaving only
bound APol), resulting in a APol/protein mass ratio of 1.3,
consistent with our AUC results. Owing to contrast
matching, the SANS intensity does not contain contribu-
tions from either the free or the bound APol (Fig. 5a). The
two sets of small-angle scattering data were compared in
terms of R, (Fig. 5b) and P(r) (Fig. 5c). As expected, the
SAXS data of the protein/APol complex resulted in a larger
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Fig. 6 Shape modeling results of small-angle scattering data and
comparison with EM observations. After averaging multiple DAM-
MIN reconstructions and selecting only high-occupancy positions, we
compare the SANS-derived (a) and SAXS-derived (b) bead models to
a composite map of EM structural states. These models are consistent

R, (373 A) than that of the contrast-matched SANS data
(33.8 ;\). However, both measurements showed similar
D« values (106 A), suggesting that the decrease in R,
was localized to the shorter axis of our ExbB,~ExbD, EM
models, identified as the TM region (Fig. 2c; red bracket).

Shape modeling of the SAXS and SANS data was
performed using DAMMIN (Svergun 1999). For the
SANS data shape modeling, 20 individual models were
generated and averaged together following standard pro-
cedures (Volkov and Svergun 2003), resulting in the total
spread region (TSR). As the TSR represents the sum of all
computational outcomes, they were reduced to the bead
positions most frequently occupied by the models (most
populated volume). The cut-off volume for this reduction
was chosen to match the molecular weight based on
scattering (see Eq. 1 in Materials and Methods). The
contrast-matched SANS data, contributed only by the
protein, yielded a molecular mass of 127 & 13 kDa,
consistent with expectations. This value was used to
establish the cut-off volume of 1.56 x 10° A% of the
average SANS model. The SAXS data shape modeling
followed a similar protocol, but, due to the non-uniform
electron density in the complex, neither the molecular
weight nor a cut-off volume could be determined. For
consistency, the same fraction of the TSR was used as for
the SANS data. Fig. 6 compares the SANS-derived
(Fig. 6a) and the SAXS-derived (Fig. 6b) bead models to a
composite EM map (shown as a gray mesh). This map
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with each other: they have similar size along the y-axis and the overall
dimensions of these models are compatible with the EM composite
map. The SAXS model occupies a larger volume due to the
contribution of APol. The SANS model contains less volume in the
TM region due to contrast matching the APol

combines the three structural states that the ExbB4~ExbD,
complex adopts in detergent (not weight-averaged). Since
APols allow this conformational flexibility (Fig. 2d), it is
expected that the scattering data lead to a weight-averaged
mixture of the dynamic states. Given that the SAXS-
derived DAMMIN model is not expected to correctly
represent the electron density difference between protein
and APol, Fig. 6b can only confirm the general dimen-
sions of the EM composite model. In contrast, Fig. 6a
shows the model of protein-only contributions from scat-
tering data; there is substantially less volume in the TM
region compared to Fig. 6b (where the extra volume is
APol) and to the EM composite map (where the extra
volume is detergent). Also, reducing the TSR cut-off
volume (data not shown) reveals a hole below the TM
region that resembles the structural state where the ExbB
cytoplasmic domains form a dimer of dimers. Further-
more, the SANS model contains two extensions (extended
and membrane-parallel) of volume occupying approxi-
mately the same positions as the ExbD C-terminus dimer
in the EM maps. Considering that these DAMMIN models
represent a cut-off occupancy average of multiple possible
reconstructions and that the final shape is usually slightly
distorted for globular particles with small cavities (Volkov
and Svergun 2003), small-angle scattering by ExbBy—
ExbD,/APol complexes appears largely consistent with
EM observations and will be valuable in future studies of
the ExbB-ExbD-TonB complexes.
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Conclusion

Studies of MPs usually begin by thorough screening of
various detergents. Each membrane protein will have its
own ideal surfactant for the anticipated studies; which
surfactant will be best tolerated varies from one protein to
the next. As a complement to studies of ExbB—ExbD in our
optimal detergent, we investigated similarities and differ-
ences of the MP complex in APols. In the case study
presented here, we document the contribution of APols to
increased thermal stability, report that they permit crucial
conformational changes thought to be linked to in vivo
function, and explore their use for small-angle studies of
ExbB,—ExbD, complexes with the protein stabilized and
the surfactant contrast matched.
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