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ExbB Protein in the Cytoplasmic Membrane of Escherichia coli Forms a Stable Oligomer
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ABSTRACT: In Gram-negative bacteria like Escherichia coli the ExbB—ExbD—TonB protein complex is
anchored to the cytoplasmic membrane and is involved in energization of outer membrane transport. Outer
membrane proteins catalyze energy-coupled transport of scarce nutrients. Energy is derived from the
protonmotive force of the cytoplasmic membrane which is transferred through ExbB—ExbD—TonB to
the outer membrane transporters. Earlier studies showed that ExbB is the most abundant protein of the
ExbB—ExbD—TonB complex and stabilizes TonB and ExbD. To advance understanding of the role of ExbB
in the membrane organization of the ExbB—ExbD—TonB complex, His-tagged ExbB was solubilized with
decyl maltoside and purified to electrophoretic homogeneity. Its size and shape were determined by blue
native gel electrophoresis, size exclusion chromatography, transmission electron microscopy, and small-angle
X-ray scattering. Decyl maltoside bound to ExbB was quantified by the anthrone method that determines
the sugar moiety of decyl maltoside. The results obtained with the four methods consistently indicated that
isolated ExbB adopts a stable homooligomer with four to six monomers. We propose that the ExbB
homooligomer forms a platform on which ExbD and TonB are assembled to form the energy-transducing
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complex in the cytoplasmic membrane.

Nutrients pass through the outer membrane of Escherichia coli
by diffusion, facilitated diffusion, or energy-coupled transport.
Diffusion is mediated by permanently open porin proteins,
whereas energy-coupled transport is catalyzed by transport
proteins consisting of a §-barrel with a pore that is tightly closed
by a globular domain, called the plug. Such transport proteins
import heme, ferric siderophores, vitamin B,, nickel, carbohy-
drates, or protein toxins called colicins (reviewed in refs (1—5)).

For transport, the substrates must be released from their high-
affinity binding sites at the transport proteins, and the plug must
move to open a channel. The energy required by these reactions is
not generated in the outer membrane because the formation of a
transmembrane potential is prevented by the pores through
which compounds of <700 Da pass freely. Likewise, no energy-
generating systems that form energy-rich compounds, i.e., ATP,'
are found in the periplasm, the compartment between the outer
membrane and the cytoplasmic membrane. The energy required
for transport is rather derived from the electrochemical potential
of the cytoplasmic membrane through the action of the proteins
TonB, ExbB, and ExbD.

E. coli ExbB protein is predicted to have three transmembrane
segments in the cytoplasmic membrane with the N-terminus in
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the periplasm and the C-terminus in the cytoplasm (6). In
contrast, the periplasmic TonB and ExbD proteins have a single
N-terminal transmembrane domain through which they are
anchored to the cytoplasmic membrane (7, 8). The C-terminal
domain of TonB interacts with the outer membrane transport
proteins, as revealed by genetic suppressor analysis, cross-linking
between introduced cysteine residues, cross-linking with formal-
dehyde (/—5), and crystal structure determination of transport
proteins with bound C-terminal fragments of TonB (9, 10). The
three proteins presumably form a complex that reacts to the
protonmotive force across the cytoplasmic membrane, thereby
changing the complex conformation and in turn altering the
structure of the outer membrane transport proteins such that the
substrates are released from their binding sites and the pore in the
p-barrel is opened for the substrates to enter the periplasm.

Radiolabeling of the proteins has revealed that more ExbB
than ExbD and TonB is formed (/7), and a careful determination
of the protein concentrations in cells resulted in a 7:2:1 ratio for
ExbB:ExbD:TonB (12). It is unclear whether these numbers
reflect the stoichiometry of the proteins in the complex. These
three proteins are expected to interact as shown by stabilization
of TonB and ExbD by ExbB (//, 13). TonB forms dimers, as
demonstrated in vivo in an assay in which TonB is fused to ToxR
which in the dimeric form activates transcription of the ctx
cholera toxin gene (/4). Treatment of cells with formaldehyde did
not reveal any larger complexes than dimers of TonB, TonB with
ExbD, dimers of ExbB and ExbD, and dimers of ExbB with
ExbD (15). Cysteine cross-linking of ExbB and TonB depends
on an unimpaired response to the protonmotive force, which
indicates a functionally relevant dimerization (/6).

Since ExbB stabilizes TonB and ExbD and is synthesized in
surplus over these two proteins, we hypothesized that ExbB is the
scaffold for the entire complex. To investigate this hypothesis, we
analyzed the oligomeric structure of ExbB using size exclusion
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chromatography, small-angle X-ray scattering, spectroscopic,
and electron microscopic techniques.

METHODS

Cloning and in Vivo Functional Analysis. The exbB—exbD
genes were amplified from E. coli genomic DNA by PCR with the
forward primer CCTGGAGATACACCATGGGTAATA and
the reverse primer AGGGAATTCTACTTTACTTCTCGAA-
TTGAGGATGCGACCATTTGGCGGTTTCTTCGCCGA.
The amplified PCR products were cloned between the Ncol and
EcoRlI restriction sites of vector pET28a by restriction digestion,
ligation, and transformation to generate pAP44, which encodes
wild-type ExbB and ExbD with a C-terminal Strepll tag. The
ribosomal binding site of exbD was optimized by inverse PCR of
pAP44 with primers TTTTGTGCGACACGAACCGGATG
and ATTACGCGCAGGATAAGGAGAATCCGATGGCA-
ATGCA to generate pAP05, which was further subjected to
inverse PCR with primers TTTTGTGCGACACGAACCGGA-
TG and ATTACGCGCAGGACACCATCACCATCACCA-
TACAGGATAAGGAGAATCCGATGG to generate pAP06,
where the wild-type E. coli ExbB sequence is extended at the
C-terminal end by eight amino acids (Hisg-Thr-Gly). Plasmid
pAP06 was subjected to PCR with primers TGAGAATTCCG-
GCTGCTAACAAAG and TCGGAATTCTCCTTATCCTG-
TATG to yield pAP09, which removes exbD and encodes the
Hisg affinity-tagged ExbB. The plasmids were introduced into
E. coli C43 AexbB by transformation. E. coli C43 AexbB was
constructed by P1 phage transduction from Keio collection strain
exbB::kan of E. coli K-12 BW25113 and subsequent removal of
the kanamycin resistance marker using the site-specific FLP/
FRT recombination system (/7). Resistance to kanamycin was
used to select transformants. The correctness of the mutant
constructs and clones was verified by PCR and DNA sequencing.
Activity of ExbB in vivo was examined by placing filter paper
disks soaked with various concentrations of colicin M and
albomycin onto agar plates seeded with E. coli C43 AexbB trans-
formed with the plasmid constructs expressing various combina-
tions of ExbB alone or with ExbD.

Protein Expression, Solubilization, and Purification.
Cells of E. coli C43 AexbB harboring plasmid pAP09 were grown
overnight at 37 °C in 200 mL of LB medium (10 g of tryptone, 5 g
of yeast extract, 10 g of NaCl per liter). The overnight culture was
used to inoculate 5 L of LB medium. The culture was incubated
with aeration at 37 °C to an ODggq 1, Of 0.8. Synthesis of ExbB
was induced by adding 1 mM isopropyl 5-p-thiogalactopyrano-
side (IPTG), and incubation was continued for 4 h at 30 °C. Cells
were harvested by centrifugation, and the pellet was frozen at
—80 °C until used. The cell pellet was suspended in 30 mL of
TBSG (20 mM Tris, pH 8, 200 mM NaCl, 10% glycerol, | mM
PMSF), and cells were disrupted by three passages through a
French pressure cell at 15000 psi. Intact cells were removed by
centrifugation at 4000g for 10 min, and the membrane fraction
was pelleted by centrifugation at 186000g for 60 min, washed
with TBSG supplemented with 0.5 M NaCl, and then suspended
in 40 mL of TBSG with 1% decyl maltoside for 3 h at 4 °C. The
insoluble membrane fraction was removed by centrifugation at
186000g for 60 min, and the supernatant was loaded onto a
20 mL nickel—nitrilotriacetate—agarose column equilibrated
with TBSG containing 0.1% decyl maltoside (DM). The column
was washed with 40 mL of TBSG/0.1% decyl maltoside, and the
bound protein was eluted with a gradient of 0—200 mM
imidazole in TBSG/0.1% decyl maltoside. The fractions were
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monitored at Apgynm. The peak fractions were pooled and
concentrated to 7 mL with Amicon 50 kDa filters, loaded onto
a Superdex 200 (26/60) column equilibrated with TBSG/0.1%
decyl maltoside, and chromatographed with the same buffer. The
collected fractions were concentrated and kept frozen at —80 °C
until used.

Protein Electrophoresis. Proteins samples were regularly
checked under denaturing reducing conditions by the standard
Laemmli SDS—PAGE system (/8). Blue native PAGE for native
protein complexes were run on 4—16% bis-Tris native precast
gels (Invitrogen) for 6 h at 200 V (19).

Analytical Size Exclusion Chromatography. Analytical
size exclusion chromatography was performed on GE Healthcare
10/300 GL columns prepacked with Superose 6 or Superdex 200
matrix. Protein samples (200 uL) were loaded onto the column
preequilibrated with TBSG buffer with or without 0.1% decyl
maltoside and were separated by running one column volume
(24 mL) of the same buffer. Thyroglobulin (M, 669000), ferritin
(M, 440000), catalase (M, 240000), conalbumin (M, 75000),
bovine serum albumin (M, 67000), egg albumin (M, 45000),
equine myoglobin (M, 18000), RNase A (M, 14000), and cyto-
chrome ¢ (M, 12000) were used as molecular mass standards.

Circular Dichroism (CD) Spectroscopy. CD spectra of
purified ExbB in TBSG/0.1% decyl maltoside were recorded on a
JASCO J-810 spectropolarimeter using a 1 mm path length
quartz cell at 20 °C. The far-UV spectrum of the protein
(0.6 mg mL™") at wavelengths between 260 and 200 nm was
recorded with a step resolution of 0.5 nm, a time constant of 1 s,
a sensitivity of 10 mdeg, a scan speed of 200 nm min~", and a
spectral bandwidth of 5 nm. To reduce random error and noise,
five scans were averaged for each spectrum. Background spectra
were recorded from the TBSG/0.1% decyl maltoside buffer.

Quantification of Detergent Bound to Protein. The malto-
side headgroup was used to quantify the detergent using the
anthrone colorimetric method (20, 21). Briefly, 50 uL each of
standard decyl maltoside solutions, water, equilibration buffer,
and various dilutions of protein samples in decyl maltoside were
added to separate reaction tubes with 1.5 mL of 0.4% anthrone
solution in 80% sulfuric acid. The closed tubes were heated for
20 min at 90 °C. After the tubes were cooled to room tempera-
ture, the absorbance at 622 nm was recorded. Standard curves
were derived from the absorbance values plotted against known
amounts of decyl maltoside. A linear trend line fit equation was
derived from the standard curve, from which the total amounts of
decyl maltoside present in the equilibration buffer and in protein
samples were calculated. Detergent bound to protein was derived
by subtracting the amount of free detergent present in equilibra-
tion buffer from the total detergent present in the protein sample.

Small-Angle X-ray Scattering (SAXS). SAXS data were
collected at the ESRF (Grenoble, France) at beamline ID02 with
a sample-to-detector distance of 2 m. The wavelength of the
incoming beam was 0.108 nm (12 keV), covering a ¢ range of
0.04—3.2 nm ™' following the experimental procedure described
in refs (22—24). The data were collected by a high-sensitivity
fiber-optic-coupled CCD (FReLoN) detector placed in an evac-
uated flight tube. The protein samples were thoroughly dialyzed
with a 50 kDa cutoff membrane against TBSG» (20 mM Tris, pH
8,200 mM NaCl, 2% glycerol, | mM PMSF) buffer with 0.08%
decyl maltoside. The protein solutions were loaded using a flow-
through capillary cell of ~2 mm diameter with a wall thickness of
approximately 50 um. No variation of SAXS profiles caused by
radiation damage was observed during ten successive exposures



Article

of 0.1 s. The incident and transmitted beam intensities were
simultaneously recorded with each SAXS pattern with an
exposure time of 0.3 s. The two-dimensional scattering intensity
data were azimuthally averaged to obtain one-dimensional
intensity profiles using an in-house software at the beamline (25).
The recorded intensity, /, is expressed as a function of momentum
transfer, ¢ = 4 sin 6/, where 260 denotes the scattering angle
and 1 denotes the wavelength of the incident beam (26). The
absolute intensity was calibrated by the cross section of water as
the standard using the equation:

I(q) = dz(q)/dgsample = {](Q)samplc/l(o)walcr}{dz/dgwaler}

where 1(¢)sample 1s the scattering intensity of the sample solution
after correction and 1(0)y,; 1S the scattering intensity of water
extrapolated to the origin. d/dQyae: =0.01632 cm ™ is the con-
stant scattering intensity of water at 293 K (27).

Scattering data were primarily analyzed using the ATSAS soft-
ware package (28). At sufficient low-¢ range (¢R, < 1.3), the
scattering intensity can be approximated by the Guinier law: In
I(g)=1n 1(0) — (Rgzqz)/ 3, where 1(0) is the forward scattering and
R, is the radius of gyration (26, 29).

Transmission Electron Microscopy. Purified ExbB in
TBSG/0.1% decyl maltoside at a concentration of 5 ug mL ™"
was spotted onto glow-discharged carbon-coated 400 mesh
copper grids. The protein was allowed to stick to the grid for
2 min before blotting the excess buffer. After the grids were
washed twice with 0.1% decyl maltoside in water, the grids were
soaked in 1% uranyl acetate for 1 min. Excess uranyl acetate was
carefully blotted, and the grids were air-dried before they were
viewed under an FEI T12 microscope. Grids were examined at
eucentric height at an acceleration voltage of 120 kV with a
nominal magnification of 49000—120000x. Micrographs were
recorded digitally on a charge-coupled device mounted on the
microscope. The micrographs were analyzed using ImagelJ soft-
ware (30).

RESULTS

In Vivo Activity of His-Tagged ExbB. ExbB with an N- or
C-terminal Hisg tag was cloned on plasmids and introduced into
the E. coli C43 AexbB deletion mutant by transformation to
test whether the recombinant protein restored ExbB-dependent
activities. Transformants were tested for sensitivity to albomycin
and colicin M which require the ExbB function for killing cells.
N-Terminally His-tagged ExbB was inactive, presumably be-
cause the His tag interfered with translocation of the ExbB
N-terminus across the cytoplasmic membrane (6), whereas wild-
type ExbB and C-terminally His-tagged ExbB partially comple-
mented E. coli C43 AexbB. Coexpression of ExbD along with
wild-type ExbB or C-terminally His-tagged ExbB from the
plasmid restored wild-type level sensitivity to albomycin and
colicin M in E. coli C43 AexbB. The requirement for coexpression
of ExbD was probably caused by a low level of chromosomally
encoded ExbD in the mutant. Although the exbB gene was
excised in frame and the common promoter of exbB exbD was
retained, expression of ExbD was apparently reduced. The follow-
ing studies were performed with functionally active C-terminally
tagged ExbB.

Overexpression, Solubilization, and Isolation of ExbB.
After induction of exbB transcription with IPTG in E. coli C43
AexbB pAP09 at 30 °C, the ExbB(Hise) protein was enriched in
the membrane fraction (Figure 1A, lane 5). The protein could be
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FIGURE 1: Expression and purification of ExbB. (A) Whole cell
proteins and purified proteins were separated by SDS—PAGE and
stained with Coommassie blue. Lanes: 1, standard denatured pro-
teins; 2, uninduced cells; 3, induced, overexpressing cells; 4, cell lysate
free of membranes; 5, membrane fraction; 6, purified ExbB. (B) Blue
native electrophoresis stained with Coommassie blue. Lanes: 1,
standard native proteins; 2, purified ExbB; 3, decyl maltoside soluble
proteins from ExbB overexpressing cell membranes; the ExbB band is
indicated by an arrow.

solubilized with 1% decyl maltoside, undecyl maltoside, octyl
glucoside, cymal5, dodecylphosphocholine, or dodecyldimethyl-
amine N-oxide, whereas dodecyl maltoside, Triton X-100, tetra-
decyldimethylamine N-oxide, decyldimethylphosphine oxide, and
CHAPS poorly solubilized ExbB at or below 1% concentration
(data not shown). Decyl maltoside was chosen for further experi-
ments as it can easily be removed by dialysis and behaves neutral
during purification procedures. ExbB solubilized with 1% decyl
maltoside from the membrane fraction was chromatographed on
a nickel—nitriloacetate—agarose column and was eluted between
100 and 150 mM imidazole in TBSG—0.1% decyl maltoside.
Pooled fractions were passed through a preparation-grade Super-
dex 200 size exclusion column. The major elution peak at 280 nm
contained a near homogeneous ExbB protein preparation
(Figure 1A, lane 6, and FigurelB, lane 2).

Estimation of the Size of ExbB by Blue Native PAGE.
Blue native electrophoresis has recently gained much attention
for the analysis of nondissociated protein complexes of the cyto-
plasm and membranes (3/—33). We used this method to estimate
the size of freshly prepared ExbB and to assess its stability during
the purification process. The electrophoretic mobility of freshly
solubilized ExbB was identical to catalase (M, 240000) used as
marker protein, whereas purified ExbB showed a somewhat
higher mobility (Figure 1B). We attribute the slight discrepancy
in the size of freshly extracted and the purified sample to hydro-
phobic membrane components which stay bound to ExbB during
electrophoresis. Recently, it has been shown that Coomassie blue
replaces bound detergent on o-helical membrane protein com-
plexes during blue native electrophoresis which renders them
a size approximately 1.8 times larger than that of a soluble
protein (37). For the estimation of the size of ExbB we took this
finding into account and arrived at a relative molecular mass of
110000—130000 which accounts for 4—4.8 monomers.

We also examined the native state of purified ExbB by CD
spectroscopy. ExbB assumes a secondary structure rich in o-helix
as predicted by in silico analysis, which is expected due to its three
transmembrane segments. The CD spectra showed prominent
double negative signature peaks of o-helix content of the purified
protein (Figure 2), suggesting that purified ExbB retains a
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FiGuRre 2: Circular dichroism of ExbB. The mean residue ellipticity
of the ExbB—decyl maltoside sample is plotted against the applied
wavelength (nm).

secondary structure consistent with that predicted for a trans-
membrane protein when in complex with decyl maltoside.

Size Determination of ExbB in Detergent by Size Ex-
clusion Chromatography. The size of the purified protein
detergent complex was determined by analytical size exclusion
chromatography on Superdex 200 and Superose 6 columns,
which differ somewhat in size exclusion limits and matrix. The
columns were calibrated with proteins of known relative mole-
cular mass, solubilized in TBSG buffer with and without 0.1%
decyl maltoside. The elution position of the soluble standard
proteins on Superdex 200 (10/300) was not altered by the pres-
ence of decyl maltoside, except for catalase and egg white
albumin which eluted 0.01 column volumes later in the presence
of decyl maltoside. Purified ExtoB—DM complex eluted as a
single peak between ferritin (M, 440000) and catalase (M,
240000) from both columns (Figure 3). A linear trend line fit
equation was derived from the plot of log relative molecular mass
versus V./V; (elution volume/total column volume) of the stan-
dard proteins chromatographed without detergent. Detergent-
solubilized ExbB eluted from the Superdex 200 column at
0.43 V,/V, and from the Superose 6 column at 0.61 V/V; from
which a relative molecular mass of 290000—310000 was derived.
This calculated molecular mass for ExbB—DM is much larger
than expected for monomeric ExbB with a molecular mass of
27268 indicating a homooligomeric state of ExbB.

Next we determined the hydrodynamic radius (Ry,) of the
standard proteins chromatographed on the size exclusion column
and compared it with the elution position of the ExbB—detergent
complex. The ExbB eluted between native catalase (R, = 5.3 nm)
and native ferritin (R, = 6.2 nm) corresponding to an Ry, of
6.1 nm. For folded proteins of the size of ExbB (252 residues) the
empirical value of Ry, is 2.4 nm which extends to 5.2 nm on
complete denaturation (34). The likely explanation for the larger
Ry, value is decyl maltoside bound to ExbB and oligomerization
of ExbB.

Electron Microscopic Estimation of the Shape and Size
Distribution of ExbB. The estimate of the relative molecular
mass from size exclusion chromatography is based on the
assumption that the shape and density of ExbB are equivalent
to the used standard proteins. To gain knowledge of the actual
size distribution and homogeneity of purified ExbB complex, the
purified protein was stained with uranyl acetate and inspected
under the electron microscope. Throughout the grid, nearly
circular particle projections (Figure 4A) with a mean diameter
of 10.5 nm were observed (Figure 4B). This finding supports the
assumption that purified ExbB forms homogeneous homooligo-
mers on which the relative molecular mass of ExbB was
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FIGURE 3: Analytical size exclusion chromatography of ExbB. ExbB
in decyl maltoside was chromatographed on a Superose 6 (10/300)
GL column with TBSG buffer. The elution was monitored by
absorption at 280 nm. The elution volume is given as the fraction
of the column volume. ExbB-containing elution peaks are marked by
an arrow. The numbers outside parentheses indicate the oligomeriza-
tion number; » = number not determined.
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FIGURE 4: Electron microscopy of ExbB. (A) Detergent-solubilized
ExbB sample negatively stained with uranyl acetate and viewed at
120000 x magnification. (B) Diameter distribution of uranyl acetate-
stained ExbB particles. The plot represents 170 randomly picked
particles, from which a mean diameter of 10.4 nm (standard deviation
1.6 nm) and a maximum diameter of 14.4 nm were derived.

calculated with the data obtained from size exclusion chroma-
tography and blue native gel electrophoresis.

Determination of Detergent Bound to ExbB. For the
estimation of the stoichiometry of the ExbB complex, it was
necessary to determine the amount of detergent bound to the
protein. We took advantage of the maltoside headgroup of
decyl maltoside and measured the sugar content using the
anthrone colorimetric method (20, 21). We observed a dose-
dependent linear increase in absorbance at 10—120 ug of decyl
maltoside (data not shown). The protein content of the
samples was quantified spectrophotometrically using the ex-
tinction coefficient of 20970 at 280 nm computed from the
amino acid sequence with the Expasy ProtParam webtool (35).
The ExbB—decyl maltoside complex contained 42 + 2% (w/w)
decyl maltoside, i.e., 38—44 molecules of decyl maltoside per
ExbB molecule.
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Analysis of the Size and Shape of ExbB in Detergent
Using Small-Angle X-ray Scattering (SAXS). The results
obtained from size exclusion chromatography and electron
microscopy indicated that the isolated ExbB is oligomeric and
contains bound decyl maltoside. To confirm the monodispersity
and folding state of the purified protein in complex with detergent
and to gain a scale-independent measure on the size and shape of
the complex, we used SAXS. The individual scattering density of
the protein and the detergent along with their mass contributions
in the complex was used to determine the relative molecular
mass of the complex.

We recorded the SAXS profile from purified ExbB in complex
with decyl maltoside at six different protein concentrations
ranging from 1.09 to 14.77 mg mL™" dissolved in TBSG, buffer
with decyl maltoside. We have extensively dialyzed the protein
samples against TBSG, buffer with 0.08 % decyl maltoside, which
is just below its critical micelle concentration (36), to reduce
the signal noise from free micelle while keeping the protein in
solution. The scattering of the dialyzing buffer was subtracted
from the sample scattering. The experimental SAXS profiles of
the samples are shown in Figure 5, where the recorded scattering
intensity was plotted against the momentum transfer ¢. Guinier
plots of In I(¢) against ¢°, with a ¢ range satisfying the Guinier
approximation gR, < 1.3 (29), gave a very good linear relation-
ship throughout the measured protein concentration range
(Figure 6). This suggested monodispersity and concentration-
independent stability of the complex. The radius of gyration R,
and the forward intensity /(0) for each sample were calculated
using the GNOM application (Table 1). The dynamic stability of
the ExbB—decyl maltoside complex in solution at various con-
centrations was visually assessed from the Kratky plot of the
SAXS profiles by plotting ¢*I against ¢ (Figure 7A). The plot
assumes the typical bell shape, as expected for a globular particle
(26, 37). In addition, the pair-distance distribution function, P(r)
(Figure 7B), of the SAXS profiles was computed by indirect
Fourier transformation using the GNOM application (38). P(r) is
an inverse Fourier transform of scattering intensity and repre-
sents the summation of all the distances, r, between every pair of
atoms within the protein and approaches zero at the maximum
linear dimension of the particle (Dy,ax). The P(r) distribution
plots suggested a discoid shape for the sample particles with a
maximum dimension Dy, of 11—15 nm (Table 1).

Relative Molecular Mass of the Complex As Determined
by SAXS. The forward intensity /(0) in absolute intensity
obtained from the Guinier analysis is related to the molecular
mass as M,=I(0)N4/(cv*Ap?), where N is the Avogadro number
(6.022 x 10%), ¢is the concentration of the protein complex in mg
mL ™", v s the specific volume of the protein complex, and Ap is
the difference of the electron density between the protein complex
and the buffer solution. The 7(0) was measured for the Ex-
bB—decyl maltoside complex, whereas the protein concentration
C, was determined for ExbB without detergent using the
theoretical extinction coefficient. The real concentration of
the complex must therefore be corrected for the contribution of
the detergent. The correction was made using the equation ¢ =
C,,/0.58, as the detergent fraction in the complex is 42% (w/w),
where ¢ is the concentration of ExbB—decyl maltoside and C,, is
the concentration of ExbB without decyl maltoside. The partial
specific volume of ExbB was calculated from the amino acid
sequence of ExbB to be 0.7446 mL g~ ' using the SEDNTERP
application based on the Cohn—Edsall method (39, 40). The
partial specific volume of decyl maltoside is 0.8 mL g~ ' (41).
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following concentrations (mg mL~"): 1.09 (black), 3.22 (blue), 5.22
(green), 7.67 (yellow), 10.13 (orange), and 14.77 (red).

1.5 1

_w
e s oeee e SR
- -W
0.5 M
-15 ’N\ha

-2.5 T T )

0 0.03 0.06 0.09
g% (nm?)

In/(g) (cm™)

FIGURE 6: Guinier plots for SAXS data on ExbB samples. The
natural logarithm of I(q) was plotted against the ¢ within a ¢
range of 0.08—0.29, which is valid in the Guinier approximation of
R, <4.5 nm. Individual data points were determined at protein con-
centrations (mgmL~") of (a) 1.09, (b) 3.22, (¢) 5.22, (d) 7.67, (¢) 10.13,
and () 14.77 and fitted to a linear trend line.

The specific volume of the complex, v = 0.768 mL g ', was
calculated from the mass fractions of decyl maltoside and ExbB
in the complex. The electron scattering density p was calculated
for decyl maltoside, ExbB, and solvent (2% glycerol in water)
using macros developed by the NIST center for neutron scatter-
ing research (42) and Irena SAS macros (43). The difference
in electron scattering density (Ap) between the solvent and
the protein/detergent complex was calculated to be 2.431 x
10" cm ™2 The relative molecular mass of the complex was
calculated directly for each SAXS profile to be 194000—230000
(Table 1). Taking into account the mass contribution of the
detergent and the molecular mass of ExbB, the complex consists
of four to five monomers.

DISCUSSION

Energy-coupled transport across the outer membrane involves
energy generation in the cytoplasmic membrane, where the
ExbB—ExbD—TonB protein complex responds in an unknown
way to the energized state of the cytoplasmic membrane and
transfer energy from the cytoplasmic membrane to the transport
proteins in the outer membrane. Response of the TonB structure
to energization has been demonstrated (8). To understand this
energy transduction process, knowledge of the structure of this
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Table 1: SAXS-Derived Parameters of the ExbB—Detergent Complex*

protein (mg mL™") R, (nm) 1(0)/ Ceomplex (cm?-mg ") Diax (nm) M., ExoB—DM M., ExbB no. of monomers
1.09 4.71 0.133 15 229821 133296 4.89
3.22 4.62 0.128 12.5 220320 127786 4.69
5.22 4.58 0.123 12 213284 123705 4.54
7.67 4.53 0.121 12 208765 121084 4.44
10.13 4.48 0.117 11.5 202184 117267 4.30
14.77 4.35 0.112 11 193552 112260 4.12
at infinite dilution: 0.133 229255 132968 4.88

“The radius of gyration (Ry), the forward scattering intensity [/(0)], and the maximum dimension (Dy,y) were calculated using GNOM. The concentration of
the protein—detergent complex (Ceomplex) Was calculated from the sample absorbance at 280 nm for protein and considering the bound detergent fraction. The
relative molecular mass of the ExbB with bound detergent and without detergent was determined as described in the Methods section. The number of

monomers derived from the calculated molecular mass of 27268 for ExbB.
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FIGURE 7: ExbB shape parameters derived from SAXS profiles. (A)
Kratky plot of detergent-solubilized ExbB. Experimental solution
SAXS intensity /(¢) of ExbB samples was normalized for protein
concentration to visually compare the Kratky plot for ExbB samples
atconcentrations (mgmL ") of 1.09(...), 3.22 (----), and 5.22 (—). (B)
P(r) distribution functions for ExbB. The interatomic distance dis-
tribution was computed using GNOM on experimental SAXS
profiles at ExbB protein concentrations (mg mL™") of 1.09 (---),
3.22(---), and 5.22 (—), and a D, of 12—15 nm was obtained.

protein complex is essential. In this work, we focused on ExbB
since it is the predominantly expressed protein of the com-
plex (11, 13).

For this study we constructed ExbB His-tagged at the C-
terminus for purification that was active in energy-dependent
killing of cells by albomycin and colicin M. It could be over-
expressed without harmful effects on host cells. ExbB was
successfully solubilized and purified from the membrane fraction.
SDS—PAGE revealed no TonB and no ExbD in purified ExbB.
The chromosomal exb B deletion strain with reduced synthesis of
ExbD was used for transformation with plasmid-encoded exbB
to isolate ExbB. Natural synthesis of TonB is much lower than
ExbB. Furthermore, lack of stoichiometric amounts of ExbB,
ExbD, and TonB may have reduced the stability of ExbD and
TonB. In addition, it is likely that the in vivo complex of the three
proteins dissociated during solubilization in 1% decyl maltoside
and only ExbB formed a stable complex. ExbB—decyl maltoside

chromatographed as a single peak on Superose 6 and Superdex
200 columns at a position which corresponded to a relative
molecular mass of 300000 £ 10000 and a hydrodynamic radius of
6.1 nm. The standard proteins used to calibrate the columns
contained no or negligible amounts of bound detergent, whereas
for ExbB a detergent content of 42% (w/w) was determined. For
the calculation of the relative molecular mass of ExbB oligomer
without detergent, the detergent content was subtracted, which
resulted in a relative molecular mass of 185000, which is probably
an overestimation as the average density of proteins (1.4 gmL™")
is higher than that of the detergent decyl maltoside (1.25 gmL™")
(41). The hydrodynamic radius is the more relevant property in
size exclusion chromatography. A protein—detergent complex
of hydrodynamic radius of 6.1 nm would have a lower relative
molecular mass than for a protein with identical R;,. The number
of 6.5 monomers per oligomer is thus somewhat too high but still
in the range of the numbers derived from SAXS and electron
microscopy.

In blue native electrophoresis purified ExbB migrated as a
protein with a molecular mass of 210000. Blue native electro-
phoresis s a reliable method for the analysis of protein complexes
with respect to composition, oligomeric state, and relative molec-
ular mass. For the membrane protein complexes, it was shown
that Coomassie brilliant blue replaces the detergent dodecyl
maltoside during blue native gel electrophoresis (3/). Empirical
correction for the Coomassie dye bound to ExbB by the conver-
sion factor 1.8 (3/) resulted in 4—4.8 ExbB monomers per ExbB
oligomer.

In a proteome survey of E. coli cells by blue native electro-
phoresis, denaturing electrophoresis, and mass spectrometry,
multimeric ExbB was identified among 256 homomultimers of
the entire proteome (33) and among 156 membrane proteins (32).
A recent study of E. coli ExbB by analytical ultracentrifugation
sedimentation velocity indicated a globular compact particle
which, however, was monomeric (44). In contrast to our study,
ExbB was solubilized with 3% dodecyl maltoside, whereas we
used 1% decyl maltoside for solubilization and 0.1% decyl
maltoside for the further studies. With long exposure of 2%
dodecyl maltoside we also observed dissociation of oligomeric
ExbB into smaller subunits. Our observation on purified ExbB by
size exclusion chromatography and blue native electrophoresis
along with the a-helix-rich signal recorded in CD spectroscopy
strongly suggests that the purified ExbB oligomeric complex
represents the native structure that in the isolated form is
oligomeric with four to six monomers.

To gain additional and independent information on the
relative molecular mass of ExbB oligomer with bound detergent,
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we used SAXS. This method relies on electron density contrast
and can be measured on an absolute scale. To rule out possible
concentration-dependent dynamic oligomerization of ExbB,
SAXS data were collected at protein concentrations of
1.09—14.77 mg mL™". The P(r) distribution plot and the Kratky
plot (Figure 7) derived from all measured ExbB concentrations
were superimposable at low ¢ values, which suggested a stable
complex of defined size and shape. At lower protein concentra-
tions, R, and Dy, were progressively higher (Table 1). The
SAXS data confirmed the homogeneity and dynamic stability of
the sample and suggested a compact folded particle with an
oblate to discoid shape for which a radius of gyration of
4.35—4.71 nm was calculated. This value is consistent with the
hydrodynamic radius of 6.1 nm derived from size exclusion
chromatography and a mean radius of 5.25 nm deduced from
electron microscopy. The SAXS data reveal for the ExbB—decyl
maltoside complex a relative molecular mass of 194000—230000.
Here a relative molecular mass of 230000 refers to an infinitely
dilute solution, which after correction for the bound detergent
results in an estimate of 4.9 monomers per ExbB oligomer. A
quantitative comparison of the data obtained with the four
methods would require knowledge of the shape of ExbB. Never-
theless, observations from all of the applied experiments are
largely consistent with the conclusion that ExbB—decyl malto-
side forms a stable complex and assume an oblate to discoid
shape, presumably with a detergent belt around the hydrophobic
surface through which ExbB is inserted in the cytoplasmic
membrane.

The number of four to six ExbB monomers in the stable
oligomeric state determined in this work is smaller than suggested
from the cellular content of the ExbB, ExbD, and TonB proteins
which were found in a 7:2:1 ratio (/2). Whether this ratio reflects
the stoichiometry of the entire complex or includes fractions of
free ExbB not bound to the complex is not known. Cross-linking
studies with formaldehyde have identified homodimers of ExbB,
ExbD, and TonB and heterodimers of TonB with ExbD and
ExbB with ExbD (12, 15, 16). Larger ExbB oligomers were not
cross-linked, possibly because of the low yield of cross-linked
products which complicates identification of complexes larger
than dimers. TonB homodimer formation has also been shown
for the fusion protein of TonB with the DNA-binding domain of
the ToxR transcriptional activator which is only active as a
dimer (/4). If TonB in the ExtbB—ExbD—TonB complex is in the
dimer form and the ratio of 7:2:1 applies, the complex would
contain 14 ExbB monomers. During initial ExbB assembly the
natural surplus of ExbB over ExbD and TonB most likely results
in binding of ExbB monomers to each other without participa-
tion of ExbD and TonB. The oligomer we found may therefore
form the foundation upon which the full complex is built by
addition of ExbD, TonB, and additional ExbB monomers
resulting in a biologically functional complex which may have
a 7:2:1 or 14:4:2 stoichiometry.

E. coli contains two other systems that use the protonmotive
force to carry out a mechanical function similar to that of
ExbB—ExbD—TonB. The Tol system acts similarly to the Ton
system (45). The proteins TolQ and TolR exhibit sequence
similarities to ExbB and ExbD, respectively (46), and TolQ—
TolR has the same transmembrane topology as ExbB—ExbD
(6,47). TolQ and TolR can even partially replace the functions of
ExbB and ExbD (48). TolA, the functional homologue of TonB,
differs in sequence, but the N-terminal membrane-anchored
portion fused to an N-terminally truncated TonB yields a
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functional TonB (49). It is assumed that TolA, TolQ, and TolR
form a complex in the cytoplasmic membrane similar to that of
TonB, ExbB, and ExbD. The size of this Tol complex has not
been determined, but the proteins have been found in the ratios
TolR:TolA 2:1 and TolQ:TolR 3:1 (45, 50). A probable TolQ:
TolR:TolA stoichiometry of 4:2:1 has been proposed (45), with
TolQ, like its homologue ExbB, as the most prominent pro-
tein (11, 13).

The second system similar to the Exb—Ton system is formed
by the MotA and MotB proteins which in the cytoplasmic
membrane build the stator of the flagellar motor driven by the
protonmotive force. MotA shows sequence similarities to ExbB
and TolQ, and MotB to ExbD and TolR; a homologue of TonB
and TolA is lacking. Coexpressed MotA and MotB in detergent
have been isolated and chromatographed on a size exclusion
column. Compared with the elution of soluble standard proteins,
the MotAB complex eluted at a position corresponding to a
relative molecular mass of 300000. To determine the ratio of
MotA and MotB, the proteins were labeled with [**S]methionine
and separated by gel electrophoresis, and the radioactivity was
counted. The MotA:MotB ratio was 2:1, and a MotA;MotB,
stoichiometry was derived for the complex (57). This stoichiom-
etry was used to calculate the numbers of stators per motor. Total
internal reflection fluorescence microscopy of MotB labeled with
green fluorescent protein (GFP—MotB) revealed 22 copies of
GFP—MotB, which is consistent with 11 stators, each containing
two MotB molecules. Interestingly, the fluorescence measure-
ments disclosed diffusion of MotB in the membrane and rapid
exchange with the motor (52). Such a dynamics may also apply
for the ExXbB—ExbD—TonB complex. The stable ExbB complex
isolated and characterized in this work may represent the core
on which the entire complex is assembled.

The structure of the ExXbB—ExbD—TonB protein complex is a
prerequisite to understand its way of function. As a first step, we
isolated the most abundant protein of the complex, ExbB, from
the cytoplasmic membrane and purified it to electrophoretic
homogeneity. The protein was stable and formed a homooligo-
mer with a defined shape and size. Since it was purified free of
ExbD and TonB, we conclude that the oligomer is the basic core
to which TonB and ExbD bind. During formation of the
ExbB—ExbD—TonB complex additional ExbB monomers may
be added to the heterooligomer.
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