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Functional and Structural Study of the Dimeric Inner Membrane
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Trieste, Area Science Park—Basovizza, Trieste, Italyc; Faculty of Life Sciences, University of Manchester, Manchester Interdisciplinary Biocentre, Manchester, United
Kingdomd; Division of Molecular Biosciences, Imperial College London, South Kensington, London, United Kingdome; Membrane Protein Lab, Diamond Light Source,
Harwell Science and Innovation Campus, Chilton, Oxfordshire, United Kingdomf; Rutherford Appleton Laboratory, Research Complex at Harwell, Didcot, Oxfordshire,
United Kingdomg

SbmA protein has been proposed as a dimeric secondary transporter. The protein is involved in the transport of microcins B17 and J25,
bleomycin, proline-rich antimicrobial peptides, antisense peptide phosphorodiamidate morpholino oligomers, and peptide nucleic
acids into the Escherichia coli cytoplasm. The sbmA homologue is found in a variety of bacteria, though the physiological role of the
protein is hitherto unknown. In this work, we carried out a functional and structural analysis to determine which amino acids are criti-
cal for the transport properties of SbmA. We created a set of 15 site-directed sbmA mutants in which single conserved amino acids were
replaced by glycine residues. Our work demonstrated that strains carrying the site-directed mutants V102G, F219G, and E276G had a
null phenotype for SbmA transport functions. In contrast, strains carrying the single point mutants W19G, W53G, F60G, S69G,
N155G, R190, L233G, A344G, T255G, N308G, and R385G showed transport capacities indistinguishable from those of strains harbor-
ing a wild-type sbmA. The strain carrying the Y116G mutant exhibited mixed phenotypic characteristics. We also demonstrated that
those sbmA mutants with severely impaired transport capacity showed a dominant negative phenotype. Electron microscopy data and
in silico three-dimensional (3D) homology modeling support the idea that SbmA forms a homodimeric complex, closely resembling
the membrane-spanning region of the ATP-binding cassette transporter family. Direct mapping of the sbmA single point mutants on
the protein surface allowed us to explain the observed phenotypic differences in transport ability.

SbmA is an inner membrane protein that would seem to be dis-
pensable for cell viability since no apparent growth phenotype

was found in sbmA mutants (1, 2). A physiological role of SbmA has
not been found yet; however, it is interesting that the protein is found
in a large number of organisms, including plant symbionts and ani-
mal pathogens in which the homologue protein has a relevant phe-
notype (3–5). In the legume endosymbiont Sinorhizobium meliloti,
the bacA gene encodes a 420-amino-acid protein that is 64% identical
to SbmA. Furthermore, SbmA is functionally interchangeable with S.
meliloti BacA (6). BacA is required for the development of S. meliloti
bacteroids within plant cells (4, 7) and for the resistance to nodule-
specific cysteine-rich antimicrobial peptides (NCR AMPs) produced
by host plants (8). Similarly, the Brucella abortus BacA was shown to
be essential for survival of this mammalian pathogen in macrophages
(9). BacA also favors chronic infections by B. abortus and Mycobacte-
rium tuberculosis in BALB/c mice (3). This suggests that the presence
of SbmA/BacA may offer bacteria adaptive advantages to persist in
different environments leading to the establishment of chronic inter-
actions, either infectious or endosymbiotic. Nevertheless, this could
be not a general rule since Ardissone et al. (10) showed that the ne-
cessity of BacA for bacteroid differentiation is restricted to specific
legume-Rhizobium interactions.

SbmA has been shown to transport structurally diverse sub-
strates such as microcin B17 (1), microcin J25 (11), bleomycin
(12, 13), the eukaryotic proline-rich peptides Bac7 and PR-39 (2,
14), the antisense peptide phosphorodiamidate morpholino oli-
gomers (15), and the peptide nucleic acids (PNAs) (16). Since the
only SbmA substrates hitherto reported are antimicrobial pep-

tides, it has not been possible to relate the transport ability of this
protein to the bacterial physiological functions.

The substrate multiplicity of SbmA and the absence of a deep
understanding of its physiological role made necessary comple-
mentary structural analyses aimed at figuring out the true nature
of this protein, which has been so far elusive. Initial bioinformatic
analyses of the SbmA amino acid sequence allowed classification
of the protein as a transmembrane domain (TMD), part of an
ABC (ATP-binding cassette) transporter that would require a yet-
unidentified nucleotide binding domain (NBD) to be fully func-
tional (5). Nevertheless, Runti et al., in the accompanying article
(17), did not find any putative NBD partner in Escherichia coli for
SbmA and showed that SbmA-mediated transport of Bac-7(1-35)
requires the transmembrane electrochemical proton gradient and
that it is independent of ATP hydrolysis.

In previous reports, based on the SbmA homologue BacA, it was
suggested that SbmA could have 7 TM helices (4, 5). However, a study
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in which the C terminus of E. coli inner transmembrane proteins was
fused to green fluorescent protein (GFP) revealed that the SbmA C
terminus is orientated to the cytoplasm (18). This observation is in
agreement with an SbmA model having 8 TM domains. In addition,
Runti et al. (17) by means of a two-hybrid assay showed that SbmA
forms homodimers and provided indirect evidence that both C and
N termini of SbmA are orientated to the cytoplasm.

In order to gain further insights into the nature of SbmA, we
pursued a study of the transport ability of this protein and inves-
tigated the structural determinants that might play a role in this
process. In this work, we show that single point mutations of the
SbmA sequence lead to differential transport properties for several
substrates. We also present a low-resolution molecular structure
of the transporter obtained by electron microscopy and a three-
dimensional (3D) in silico homology model. The structural infor-
mation supports the hypothesis that SbmA is a dimeric protein, as
reported by Runti et al. (17). Direct mapping of the sbmA single
point mutants on the protein surface allowed us to explain the
observed phenotypic differences in MccJ25, MccB17, bleomycin,
Bac7(1-16), and PR-39(1-18) transport ability. Furthermore,
among the SbmA mutants with null transport activity, three
showed negative dominance, suggesting that these amino acids
might affect the substrate transport or the protein dimerization.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The E. coli K-12 strains and
plasmids used in this work are described in Table 1. The minimal medium
used was M9 minimal salts with 0.2% glucose, 1 �g ml�1 vitamin B1, and
1 mM MgSO4. Alternatively, Mueller-Hinton (MH) broth (Difco) was
used. Solid medium contained 1.5% agar. When required, chloramphen-
icol or kanamycin was added at the final concentration of 30 �g ml�1.

Peptides. Bac7(1-16) and the dipyrromethene boron difluoride
(BODIPY) fluorescently labeled derivative Bac7(1-16)-BY have been pre-
pared as previously described (19). PR-39(1-18) has been prepared as

described previously (20). MccJ25 was purified by high-performance liq-
uid chromatography as previously described (21). MccB17 was obtained
according to the protocol described by Davagnino et al. (22). Bleomycin
(Fluka) was obtained from Sigma-Aldrich.

Construction of site-directed mutants. Site-directed mutagenesis was
carried out using the strategy previously described by LeVier and Walker (5).
Plasmid pMC01 carrying the E. coli sbmA gene, with the putative promoter
region 300 bp upstream from the start codon, was used as the template DNA.
All codons for the targeted amino acids were changed to GGA (glycine). The
derivative plasmids each harboring a different point mutated sbmA were
transformed into competent MC4100 and MC4100 �sbmA E. coli
(MCR100), and the resulting strains were named according to the mutation
present in the plasmid (amino acid replaced-position-glycine).

Sensitivity test. Sensitivity to antimicrobial compounds was tested by
a spot-on-lawn assay as follows. Double dilutions of different antimicro-
bials were spotted (10 �l) onto M9 plates and dried. Stationary-phase
culture aliquots (50 �l) were mixed with 3 ml of top agar (M9 containing
0.7% agar) and overlaid onto the plates. After overnight incubation, the
plates were examined for different degrees of inhibition.

The antibiotic stock solutions used in the assays were 470 �M MccJ25,
700 �M bleomycin, 312 �M Bac7(1-16), 212 �M PR-39, and 4.8 �M
MccB17.

Flow cytometric analysis. Uptake of BODIPY-labeled Bac7(1-16) in
E. coli cells was determined by flow cytometry using a Cytomics FC500
instrument (Beckman-Coulter, Inc.) equipped as previously described
(14). Cultures of mid-log-phase bacteria were harvested, diluted to 106

CFU ml�1 in MH broth, incubated with 0.25 �M Bac7(1-16)-BODIPY at
37°C for 10 min, and immediately analyzed. All experiments were con-
ducted in triplicate, and data were expressed as mean fluorescence inten-
sity (MFI) � standard deviation (SD). Data analysis was performed with
the FCS Express V3 software (De Novo Software, CA).

Membrane extraction. Overnight cultures of the defined strains were
diluted into 10 ml of fresh MH broth and grown until mid-log phase. The
cells were collected by centrifugation (2,200 � g, 10 min, 9°C) and washed
three times with 10 mM Tris-HCl, pH 8. The pellets were resuspended in
0.4 ml of 0.5 M sucrose in 10 mM Tris-HCl, pH 8. Lysozyme was added to
a final concentration of 20 �g ml�1, and the samples were incubated for
10 min at room temperature. After dilution of the sample 1:1 with 10 mM
Tris-HCl, pH 8, EDTA was added to a final concentration of 1 mM and the
samples were incubated for 10 min at room temperature. The cells were
washed three times with 0.25 M sucrose in 10 mM Tris-HCl, pH 8, and
then resuspended in 2 ml of 10 mM Tris-HCl, pH 8. Cells were disrupted
by three cycles of freezing-thawing, and lysed cells were centrifuged at
2,000 � g at room temperature for 10 min. MgSO4 and DNase were
sequentially added to the lysed cells to the respective final concentrations
of 20 mM and 0.1 mg ml�1. After 30 min of incubation at 37°C, the lysates
were centrifuged at 2,000 � g at room temperature for 10 min, and the
supernatant, corresponding to the cytoplasmic fraction, was discarded.
The membrane pellet was washed three times with 10 mM Tris-HCl, pH 8,
and resuspended in 1% Triton X-100. After incubation at 4°C for 10 min,
the total membrane extract in the supernatant was collected by centrifu-
gation at 16,000 � g for 10 min. Protein concentration was determined by
the bicinchoninic acid (BCA) assay (Pierce) according to the instructions
of the manufacturer.

Total lysate preparation. One milliliter of mid-log-phase-grown bac-
teria was pelleted in a 2-ml tube by centrifugation at 8,000 � g for 5 min and
resuspended in the appropriate volume of sample buffer (3% SDS [wt/vol],
0.1 M dithiothreitol [DTT], 7.5% glycerol [wt/vol], 0.0125% bromophenol
blue in 0.125 M Tris-HCl, pH 6.8) in order to normalize the concentration of
cells per ml. Bacteria were then lysed by freezing them at �20°C, sonicating
them for 10 s at 35 kHz, and heating them at 80°C for 10 min.

Western blotting. After being resolved by SDS-PAGE, the proteins
were transferred to a nitrocellulose membrane using a semidry transfer
apparatus (Bio-Rad) at 20 V for 30 min and the membrane was stained
with Ponceau Red. For the detection, the membrane was blocked over-

TABLE 1 Bacterial strains and plasmids used in this work

Strain or plasmid Characteristics
Source or
reference

Bacterial strains
MC4100 F� araD139 �(argF-lac)205 �� rpsL150 (Smr)

ftbB5301 relA1 deoC1 pstF25
CGSCa

MCR100 MC4100 �sbmA 41

Plasmids
pMC01 Cmr; pACYCDuet-1 vector with sbmA gene

including its putative promoter region
(300 bp upstream of start codon).

This study

pVC01 Kmr; pET28b(�) vector with sbmA gene
including its putative promoter region
(300 bp upstream of start codon).

This study

pW19G sbmAW19G in pACYCDuet-1 This study
pW53G sbmAW53G in pACYCDuet-1 This study
pF60G sbmAF60G in pACYCDuet-1 This study
pS79G sbmAS79G in pACYCDuet-1 This study
pV102G sbmAV102G in pACYCDuet-1 This study
pY116G sbmAY116G in pACYCDuet-1 This study
pN155G sbmAN155G in pACYCDuet-1 This study
pR190G sbmAR190G in pACYCDuet-1 This study
pF219G sbmAF219G in pACYCDuet-1 This study
pL233G sbmAL233G in pACYCDuet-1 This study
pT255G sbmAT255G in pACYCDuet-1 This study
pE276G sbmAE276G in pACYCDuet-1 This study
pN308G sbmAN308G in pACYCDuet-1 This study
pA344G sbmAA344G in pACYCDuet-1 This study
pR385G sbmAR385G in pACYCDuet-1 This study

a CGSC, E. coli Genetic Stock Center.
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night in 5% milk powder in TBST solution (40 mM Tris-HCl, pH 7.5, 200
mM NaCl, 0.1% [vol/vol] Tween 20) at 4°C and then incubated for 1.5 h
at room temperature with the rabbit anti-SbmA antibody (17) at a titer of
1:2,000. The membrane was washed and incubated for 1 h at room tem-
perature with the goat anti-rabbit secondary antibody conjugated to
horseradish peroxidase (HRP) (GE Healthcare) at a titer of 1:2,000. The
detection of HRP was performed using the ECL Plus kit (Amersham).

Bioinformatic analysis, homology modeling, and homodimer
model generation. The IUPred (23) web server was used, based on the
amino acid sequence of SbmA, to evaluate the occurrence of intrinsically
unstructured/disordered regions.

Two web-based servers (SWISS-MODEL [24] and I-TASSER [25])
were exploited to build a 3D homology model of the full-length E. coli
SbmA (P0AFY6 [SBMA_ECOLI]) protomer. The STRIDE program (26)
was used for the assignment of the secondary structure given the atomic
coordinates of the protein homology model.

The top-scored models generated were then ranked and validated by
the protein model quality predictors ProQ (27) and AIDE (28).

The best model resulting from this comparison was chosen to generate
the SbmA homodimeric assembly. Namely, the coordinates of the mod-
eled SbmA protomer were structurally aligned to the two subunits of the
template structure of the multidrug ABC transporter Sav1866 from Staph-
ylococcus aureus in complex with AMP-PNP (Protein Data Bank [PDB] ID
2ONJ) (29) by using the PyMOL Align tool (30).

Each of the homodimeric assemblies (wild-type [wt] SbmA and the
SbmA point mutants) was subjected to 4,000 steps of steepest-descent in
vacuo energy minimization, followed by 10,000 steps of conjugate gradi-
ent in vacuo energy minimization using GROMACS 4.5 (31).

Analysis of the in vacuo energy-minimized models was carried out by
visual inspection using the PyMOL molecular graphics system (30) and
assessed by the Protein Interfaces, Surfaces, and Assemblies (PISA) at the
European Bioinformatic Institute (32).

Electron microscopy. SbmA protein was purified in dodecyl-maltopy-
ranoside as described in the work of Runti et al. (17). Electron microscopy and
negative staining (see Fig. S2 in the supplemental material, left panel) were
carried out as described before (33). The supplemental table (Table S1) gives
details on the size of the data sets used and other image processing details.

SbmA samples were diluted in purification buffer to about 50 �g ml�1 before
incubation with glow-discharged copper-carbon 400-mesh/in grids (Agar
Scientific) for 30 s. The excess liquid was blotted away with Whatman no. 1
filter paper, and then the grid was washed twice with distilled water. Finally,
the grid was incubated with 4% uranyl acetate solution for 30 s before blotting
and drying in air. Grids were inserted into a Jeol JEM-1200 transmission
electron microscope operating at 100 kV, equipped with a 2 k Gatan Orius
charge-coupled device (CCD) camera (15-�m pixel size). Images were pro-
cessed using the EMAN1 software suite. Particles were picked using an auto-
boxer routine, and then the defocus was determined and the contrast transfer
function was corrected (34) using the ctfit program in the EMAN suite. After
correction, a high-pass filter of 1/150 Å�1 was applied to remove low-fre-
quency information and also a low-pass filter was applied to a cutoff resolu-
tion of 1/15 Å�1. After reference-free class averages were generated (see
Fig.S2, right panel, in the supplemental material), the angular orientations of
the characteristic views were determined using a Fourier common-line rou-
tine (35) and a starting model was calculated by back-projecting the class
averages (36). Iterative refinement was carried out against the starting model
(10 iterations), and after this number of iterations of refinement, the Fourier
shell correlation (FSC) curve between successive iterations ceased to improve.
The final 3D maps were viewed using the Chimera software, and atomic
coordinates and models were fitted using the Chimera fit-to-map routine
(37).

RESULTS AND DISCUSSION
Selection of highly conserved amino acids of SbmA for muta-
tion. Based on the sequence analysis, 15 highly conserved amino
acids (see Fig. S1 in the supplemental material) were chosen to be
mutated. In particular, amino acids W53, S79, Y116, N155, R190,
F219, T255, N308, and R385 in SbmA were selected based on their
position equivalency to S. meliloti BacA amino acids W57, S83,
Y120, N159, R194, F223, T259, N312, and R389, respectively,
which were previously selected for mutation and analyzed only for
bleomycin transport ability (5). The E276 residue was mutated
based on its relevance in SbmA-mediated transport of the trun-
cated proline-rich peptide Bac7(1-35) (14). Finally, five additional

TABLE 2 Sensitivity of E. coli strain MCR100 carrying site-directed sbmA mutants

Strain

MIC (�M), comparisona

MccJ25 MccB17 Bleomycin Bac7(1-16) PR-39(1-18)

MC4100 0.91 0.3 5.5 39 26.5
MCR100 R R 21.8 156 106
MCR100(pMC01) 0.455 0.15 1.4 9.75 13.25
MCR100(pW19G) 0.455 	 0.15 	 1.4 	 9.75 	 26.5 	
MCR100(pW53G) 0.455 	 0.15 	 1.4 	 19.5 	 13.25 	
MCR100(pF60G) 0.455 	 0.15 	 1.4 	 19.5 	 32 	
MCR100(pS79G) 0.455 	 0.15 	 1.4 	 19.5 	 13.25 	
MCR100(pV102G) R X R X R X 156 X 106 X
MCR100(pY116G) 0.455 	 1.22 3.41 782 532
MCR100(pN155G) 0.455 	 0.15 	 1.4 	 9.75 	 26.5 	
MCR100(pR190G) 0.455 	 0.15 	 1.4 	 19.5 	 13.25 	
MCR100(pF219G) R X R X 5.52 156 X 106 X
MCR100(pL233G) 0.455 	 0.15 	 1.4 	 19.5 	 13.25 	
MCR100(pT255G) 0.455 	 0.15 	 1.4 	 19.5 	 26.5 	
MCR100(pE276G) R X R X 21.8 X 392 106 X
MCR100(pN308G) 0.455 	 0.15 	 1.4 	 19.5 	 13.25 	
MCR100(pA344G) 0.455 	 0.15 	 1.4 	 19.5 	 26.5 	
MCR100(pR385G) 0.455 	 0.15 	 1.4 	 19.5 	 26.5 	
a Results are given as a concentration of the last dilution which produced a clear halo. Representative results of one of three independent experiments are shown. Abbreviations and symbols:
R, no inhibition observed at the highest concentration assayed (stock solution); X, the SbmA-mediated transport was abolished, and the sensitivity value was identical to that of an �sbmA
strain;2, the strain showed a significantly decreased sensitivity compared to the strain transformed with the wild-type plasmid pMC01; 	, the strain showed the same sensitivity as that of
the control strain MCR100(pMC01) or the difference was no greater than 1 dilution;1, the strain showed a significantly increased sensitivity compared to the control.
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highly conserved amino acids in the SbmA/BacA aligned se-
quences (W19, F60, V102, L233, and A344) were selected to widen
the analysis of point mutations to cover different regions of the
protein (see Fig. S1).

In order to perform a comparative analysis of the contribution
to transport activity between SbmA and its homologues, the selected
conserved amino acids were replaced by glycine as previously ex-
ploited with BacA (5), although this type of substitution could likely
introduce structural flexibility. Subsequently, we determined if these
substitutions affected the internalization of several AMPs.

Functional study of SbmA based on mutant transport ability.
Sensitivity to microcins B17 and J25, bleomycin, and PR-AMP
Bac7(1-16) and PR-39 was used as an indicator of the transport ability
of different point-mutated SbmAs. For all compounds tested, W19G,
W53G, F60G, S79G, N155G, R190G, L233G, N308G, A344G, and
R385G mutant strains had a susceptibility equivalent to that of the
control strain MCR100(pMC01), which harbors a wild-type copy of
sbmA in plasmid pMC01 (Table 2). In contrast, the V102G strain had
the same behavior as the MCR100 (�sbmA) strain in showing no
sensitivity to all the antibiotic peptides tested, suggesting that this

mutation impairs SbmA-mediated transport. Similarly, the E276G
strain was resistant to MccB17, MccJ25, bleomycin, and PR-39 and
displayed a 4-fold-reduced sensitivity to Bac7(1-16) compared to that
of the control (MCR100 pMC01). The F219G mutant strain also
showed no sensitivity to MccJ25, MccB17, Bac7(1-16), and PR-39,
although it maintained the sensitivity to bleomycin. Curiously, the
Y116G mutant strain showed an increased sensitivity to bleomycin
but at the same time was less sensitive to MccB17, Bac7(1-16), and
PR-39 and showed no variation in susceptibility to MccJ25. Finally,
the T255G strain alone had no significant reduction in sensitivity to
Bac7 peptide, since only one dilution difference was observed.

The uptake of a fluorescent derivative of Bac7(1-16) linked to a
BODIPY dye, Bac7(1-16)-BY, was used as direct evidence of
SbmA transport activity. Figure 1A shows that the peptide uptake
in V102G, E276G, and F219G mutants was dramatically reduced
at a level comparable to that of the sbmA null mutant MCR100. As
expected, complementing MCR100 with plasmid pMC01 bearing
a wild-type (wt) sbmA increased Bac7(1-16)-BY uptake beyond
the levels observed for the strain harboring a chromosomal wild-
type copy of sbmA. The Y116G strain had a reduced Bac7(1-

FIG 1 Transport capacity and expression of the SbmA mutants. (A) Uptake of Bac7(1-16)-BY in E. coli strain MCR100 carrying site-directed mutants of sbmA
measured as MFI. Results are the means of three independent experiments with SDs. (B) Western blot analysis of the membrane protein fractions of the different
mutants. Three micrograms of proteins was loaded onto the SDS-PAGE gel. Western blot analysis was performed by using a polyclonal anti-SbmA antibody. The
lower panel shows Coomassie blue staining as a quantitative control. Results are representative of two independent experiments.
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16)-BY internalization (Fig. 1A), which is in agreement with the
sensitivity assay results (Table 2). While the T255G strain was
slightly more resistant to Bac7(1-16), it showed no significant re-
duction in the Bac7(1-16)-BY uptake level (Fig. 1A). These results
confirm a good correlation between the flow cytometric experi-
ments and the MIC values.

To exclude the possibility that the reduced or null transport phe-
notype of V102G, E276G, and F219G strains was due to an altered
expression of SbmA, Western blot analyses on both total protein ly-
sates (data not shown) and inner membrane fractions were carried
out (Fig. 1B). The results (Fig. 1B) indicate that SbmA mutants were
correctly associated with the membrane fraction and that their ex-
pression levels were similar to that of the wild-type protein (encoded
in the pMC01 plasmid), confirming that the phenotypes observed
were a consequence of an altered SbmA functionality.

It was previously reported by Mattiuzzo et al. (14) that the
SbmA E276K mutant displayed a sensitivity reduction to the eu-

karyotic peptides Bac7 and PR-39. In addition, LeVier and Walker
(5) showed that the R284G mutation in S. meliloti BacA had a null
phenotype for BacA-associated functions. The BacA R284 is lo-
cated at a 3-amino-acid distance from the E280 residue, which
is equivalent to SbmA E276. We observed that the SbmA E276G
derivative has a null transport for all SbmA substrates assayed,
a result that was expected considering that E276 would be lo-
cated in a protein region critical for functionality. Similar phe-
notypes were found with the V102G and F219G substitutions.
In concordance, the F223G substitution in S. meliloti BacA
(equivalent to SbmA F219) has behavior similar to that of the
bacA null mutant (5). Finally, the Y116G mutation (equivalent
to the Y120 residue of S. meliloti BacA) (5) showed a dissimilar
transport ability depending on the substrate used (Table 2).
These observations are consistent with the differential sensitiv-
ity phenotype with respect to bleomycin and gentamicin as
observed for the Y120G mutant in S. meliloti (5).

FIG 2 Secondary structure comparison of the two SbmA homology models, obtained by I-TASSER and SWISS-MODEL and extracted by STRIDE. Residues at
the interface of the models of the SbmA homodimer are highlighted in gray, while black circles and stars indicate residues involved in salt bridges and in hydrogen
bonds, respectively. Residues that have been selected for mutagenesis are underlined. H, alpha-helix; G, 3-helix (3/10 helix); T, hydrogen-bonded turn; TM,
transmembrane helix; L, loop; IC, intracellular; EC, extracellular.
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Three-dimensional homology model of SbmA. In the absence
of an experimentally determined high-resolution structure of
SbmA, a homology-based model may provide sufficient structural
details to gain insights on its assembly and biological activity.

Prediction of the SbmA primary sequence in terms of disorder
propensity (data not shown) was carried out by using the web
server IUPred, which is based on pairwise energy content esti-
mated from amino acid composition. No disordered regions, es-
pecially in terms of context-independent global disorder, were
detected. Only a few carboxy-terminal residues were predicted to
be flexible in terms of short, context-dependent, disordered re-
gions.

Therefore, homology-based protein modeling was performed
on the full-length amino acid sequence of E. coli SbmA. Two web-
based servers (see Materials and Methods) produced reliable
models that were further analyzed. Both models were based on
proteins belonging to the ABC transporter family, whose architec-
ture comprises two domains: a transmembrane domain (TMD)
and a regulatory intracellular (IC) domain (NBD). The closer ho-
mologues of SbmA, employed as the templates by the two web-
based homology modeling servers, were the TMDs of two mem-
bers of the ABC transporter family. The NBD is lacking in SbmA
and therefore was omitted.

The model generated by SWISS-MODEL (24) was obtained by
a two-step procedure. At first, the automated mode used as the
template the fitted model of the multidrug ABC transporter
Sav1866 in the human cystic fibrosis transmembrane conductance
regulator electron microscopy map EMD-1966 (PDB ID 4A82)
(38). Then in order to improve the resulting model, the crystallo-
graphic structure of the same protein in complex with AMP-PNP
(PDB ID 2ONJ) (29) was resubmitted as the template in advanced
mode. The newly generated model of SbmA, encompassing resi-
dues 71 to 392, still missed the N-terminal region. Out of the four
models obtained by the threading approach used by I-TASSER
(25), the one ranked with the best confidence score (C-score 	
�1.96) was based on the coordinates of the uncharacterized ABC
transporter ATP-binding protein TM_0288 (PDB ID 3QF4) (39)
and comprised the full-length SbmA protein. It is interesting that
the two homology models, obtained by SWISS-MODEL and I-
TASSER, respectively, concur in the TM helix architecture char-
acterized by an eight-membrane-spanning domain with both the
N- and the C-terminal regions facing the intracellular (IC) space
(Fig. 2). The protein model quality evaluation scores of the
SWISS-MODEL and I-TASSER models, based on root mean
square deviation (RMSD), TM, LG score, and MaxSub, using
ProQ (27) and AIDE (28), pinpointed the best-ranked model gen-
erated by I-TASSER as the most suitable candidate to reconstruct
the homodimer. Indeed, the I-TASSER model showed a predicted
RMSD of 0.69 Å instead of 2.35 Å, a predicted TM score of 0.69
instead of 0.62, a predicted LG score of 4.161 instead of 2.820, and
a predicted MaxSub score of 0.396 instead of 0.217 if compared to
the model obtained by SWISS-MODEL.

After energy minimization, the modeled homodimer of SbmA
shows a quite-extended interface involving mainly helices TM4
and TM7, with major contributions of the regions of TM5 and
TM6 closer to the intracellular (IC) space and of the regions of
TM3 and TM8 closer to the extracellular (EC) space. The ho-
modimer interface buries an accessible total surface area �ASAtotal

of 4,830.9 Å2 engaging 232 residues (highlighted in gray in Fig. 2),
209 belonging to transmembrane helices, 16 to IC loops, 3 to EC

FIG 3 Mapping silent mutations on the SbmA model. Different clusters of
silent mutations are depicted in purple on the model of the SbmA homodimer
(the two protomers are in green and cyan, respectively). For clarity, each res-
idue is represented only in one protomer. (A) N155 (side view); (B) W19, W53,
F60, L233, T255, and N308 (side view); (C) A344 (top view from the periplas-
mic side of the substrate binding site); (D) S79, R190, and R385 (bottom view
from the cytoplasmic side of the substrate binding site). Figures were produced
by PyMOL (DeLano Scientific) (30).
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loops, and 4 to the C-terminal region. Among the 232 residues, 16
are engaged in a hydrogen-bonding network and 8 in the forma-
tion of 6 salt bridges (highlighted respectively by black circles and
stars in Fig. 2).

The proposed model of the SbmA homodimer correctly ex-
plains the biological effects of the selected mutations (underlined
in Fig. 2).

Overall, the pools of silent mutations for the transport pheno-
type (Table 2 and Fig. 3) do not fall in the interface of the ho-
modimer nor are they involved in intramolecular interactions
within helices of the protomer. The only exception is residue N155
(Fig. 3A), which is located at the interface between the TM3 and
TM4 helices. However, these helices are loosely packed and there-
fore their interactions are likely to be not crucial as far as the

FIG 4 Mapping null mutations on the SbmA model. Different clusters of null mutations are depicted in orange on the model of the SbmA homodimer (the two
protomers are in green and cyan, respectively). For clarity, each residue is represented only on one protomer. (A) Y116 (top view from the periplasmic side of the
substrate binding site); (B) E276 (bottom view from the cytoplasmic side of the substrate binding site); (C and D) V102 and F219 (side view and a detail of the
hydrophobic zipper, respectively). Figures were produced by PyMOL (DeLano Scientific) (30).

Corbalan et al.

5358 jb.asm.org Journal of Bacteriology

 on N
ovem

ber 11, 2013 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org
http://jb.asm.org/
http://jb.asm.org/


folding and/or stability of the protomer is concerned. One cluster
of silent mutations (W19G, W53G, F60G, L233G, T255G, and
N308G) maps on different TM helices with their side chains ori-
ented toward the membrane (Fig. 3B). A second cluster of muta-
tions lies on loop L5 (A344G) that is exposed to the periplasmic
space (Fig. 3C), on loop L2 (S79G) on the cytoplasmic side (Fig.
3D), and on the inner (R190G) or outer (R385G) side of the trans-
porter.

All the mutations that have an impact on the biological activity
of SbmA (Table 2 and Fig. 1A), in contrast, are involved in the
stability of the assembly of the homodimer (Fig. 4). In particular,
a cluster of mutations (Y116G and E276G) is part of the interface
between protomers (Fig. 2 and 4A and B), with E276 directly en-
gaging in a hydrogen bond that mediates the dimer interface. Sim-
ilarly, the R284G mutation in S. meliloti BacA, reported to be
associated with a functional BacA null phenotype (5), involves a
conserved residue that in SbmA model (R280) is not only part of
the interface between protomers but is also engaged in a salt bridge
that mediates the dimer interface.

Besides their role in the stability of the dimer, both residues
(Y116G and E276G) are located in the inner side of the substrate
binding cavity. Y116 may play a key role (steric hindrance) in
regulating the substrate binding cavity accessibility, acting as a
gate on the periplasmic compartment. This is consistent with the
dissimilar transport ability observed with the Y116G mutant (Ta-
ble 2) and with the differential sensitivity phenotypes in respect to
bleomycin and gentamicin observed with the positional equiva-
lent Y120G mutant in S. meliloti BacA (5). E276 instead is buried
in the substrate binding cavity lined with aromatic residues and
plays an additional key role in determining a high net negative
charge that can electrostatically attract proline-rich antimicrobial
peptides that are highly cationic.

A second cluster of mutations is likely to be indirectly involved
in the homodimer formation. Indeed, residues V102 and F219
(Fig. 4C) are involved in the same hydrophobic zipper (Fig. 4D)
that mediates not only the packing between the TM3 and TM5
helices, therefore playing a role in the protomer folding, but also
their relative positions, which should result in a proper orienta-
tion of TM3 and TM5 toward the periplasm and cytoplasm, re-
spectively, for the homodimer formation. In concordance, the S.
meliloti BacA equivalent substitution F223G, which was predicted
to be located at the end of TM5, showed no BacA-associated phe-
notype (5).

Structural features of SbmA transporter obtained by elec-
tron microscopy. In order to obtain structural information on the
SbmA transporter and to validate our homology model, we ana-
lyzed the protein by negative-stain electron microscopy single-
particle reconstruction. SbmA was purified in dodecyl maltoside
(17), and after being negatively stained, it appeared homogeneous
under the electron microscope. The size of the particles was
around 8 nm in diameter. We have recently shown that SbmA is
capable of forming dimers both in vivo and in vitro (17), and the
dimensions of the particles observed were consistent with such a
quaternary structure. The Coulomb density maps presented in
this study were calculated with 2-fold symmetry applied through-
out (Fig. 5). Initial classification of the particle set (see Fig. S2 in
the supplemental material) indicated that detergent-purified
SbmA forms dimers. Since the SbmA dimer is only 2 by 46 kDa,
which is relatively small, even for negative-stain electron micros-
copy, we also used a C-terminal GFP fusion construct as a guide to

locate the periplasmic and cytoplasmic portions of the particles
(Fig. 5c). The resolution of the structures was calculated to be 1/19
Å�1 for SbmA and 1/21 Å�1 for SbmA-GFP, using a 0.5 Fourier
shell correlation coefficient cutoff (see Fig. S3). The envelope por-
tion that corresponds to SbmA is similar in the two reconstruc-
tions. The size of the SbmA dimer is 80 Å by 50 Å across and about
70 Å along the 2-fold axis, which is assumed to be perpendicular to
the membrane plane (Fig. 5).

From the envelope reconstruction, the periplasmic face of the
SbmA envelope appears featureless whereas the cytoplasmic face
appears to be wider and with extra density on either side than the
periplasmic end, suggesting that SbmA could be in an inward
open or occluded state. We suspect that the protein is probably in
an inward occluded state; however, at the resolution of the recon-
structions we would not expect to observe any translocation path-
ways. The current resolution prohibits us from identifying poten-
tial domains apart from the GFP tag, which is clearly delineated by
comparison with the protein after tag removal. The coordinates of

FIG 5 3D reconstructions obtained by electron microscopy of negatively
stained SbmA particles. (a) Reconstruction of SbmA after removal of the GFP
tag. (b) Views equivalent to panel a where the front of the structure has been
sliced away to reveal internal details. (c) Structure of SbmA with GFP still
attached (yellow mesh) and without it (blue surface). The purple ribbon trace
shows the GFP structure fitted into the additional density. (d) The I-TASSER-
derived model for the SbmA dimer has been fitted into the reconstruction
lacking GFP.
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the theoretical 3D model could be fitted inside the envelope with-
out any manipulation. The current model does not occupy all the
density of the envelope, and this could be due to detergent contri-
butions to the size of the envelope (Fig. 5b).

Dominant negative character of sbmA mutants with null
transport activity. The production of a nonfunctional variant of a
protein along with the wild-type form of it can lead to a dominant
negative mutant when proteins involved form dimeric or multi-
meric complexes. Formation of mutant/wild-type protein com-
plexes causes the loss of the wild-type function (40). LeVier and
Walker (5) proposed that BacA might form dimers in order to be
functional, since they observed that several mutant proteins, hav-
ing altered phenotypes, affected the wild-type functionality of
BacA when coexpressed (5). In addition, a previous report indi-
cated that the E276K SbmA mutant exhibited negative dominance
with respect to the transport of Bac7(1-35) and PR-39 (14). Con-
sidering our structural data, and since it was reported elsewhere
that SbmA forms homodimers (17), we used a dominant negative
assay with SbmA mutants to assess which amino acids participate
in SbmA dimerization. The dominant negative character of SbmA
mutants having a null phenotype regarding the transport of
MccJ25, MccB17, bleomycin, Bac7(1-16), and PR-39 was evalu-
ated.

E. coli strain MC4100 cotransformed with pVC01 plasmid
(carrying the wild-type sbmA allele) and with either pV102G,
pF219G, or pE276G was used to determine the sensitivity to the
above-mentioned AMPs. All the mutants were clearly dominant
(Table 3). Given that F219G, V102G, and E276G abolish or signif-
icantly reduce the substrate transport in strains having the
wild-type copy of sbmA, we can assume that these mutants
might favor the assembly of nonfunctional dimers, or even
prevent dimerization. Structural data from 3D homology mod-
eling suggest that these three amino acids might be involved in
the SbmA dimerization. However, further analyses are re-
quired for a deeper understanding of amino acid participation
in SbmA assembly and function.

Conclusions. In this work, we correlate structural data with
functional traits of SbmA. Our observations are relevant given the
elusive structural and physiological nature of this inner mem-
brane protein. Purification of SbmA allowed electron microscopy,
which along with the 3D homology model supported the
dimerization evidence found by Runti et al. (17). In addition,
structural evidence is consistent with SbmA having 8 TM domains
with both N- and C-terminal ends facing the cytoplasm. Further-
more, we identified key amino acids in SbmA, likely involved in
substrate transport or the protein dimerization. Overall, in this

work we show structural and functional data that could contribute
to the understanding of the cellular role that this protein plays.
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