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Short Report
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RND (resistance-nodulation-division) transporters are found in several Gram-negative bacteria
species. These proteins form a complex along with membrane fusion proteins and outer membrane
factors. This complex acts as an efflux pump, transporting several different molecules directly from
the cytoplasm to the extracellular medium. Although the crystallographic structure of each protein
of the complex is known, the complete complex assembly is not yet fully characterized. In 2014,
a model for the complete system, based upon a cryoelectron-microscopy map, was proposed. In
the present work, we propose an alternative model that also satisfies the volume obtained from
the cryoelectron-microscopy assay. In this model, the AcrA helical domains are interleaved to
the helical domains of the TolC protein, increasing the diameter of the formed pore. We believe
that this model represents a better model for RND-type efflux pump and might contribute to the
characterization of this system.
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Introduction

Multi-drug resistance systems, like the resistance-
nodulation-division RND-type efflux pump, play a crucial
role on the adaptation of bacteria to toxic environments and
are key components on cellular extrusion of structurally
diverse antimicrobials in Gram-negative bacteria.'

These systems are composed of at least three different
protein families. In Escherichia coli the AcrA-AcrB-TolC
complex is a model system for the RND-type pump. AcrB
is located at the inner membrane and is responsible for the
translocation of several compounds from the cytoplasm to
the periplasm, powered by a proton antiport mechanism.
AcrA, located at the periplasm, acts as an adaptor protein,
believed to assemble in a hexameric disposition. Finally,
TolC forms a pore across the outer membrane, connecting
the periplasm and the extracellular environment.>

Some authors have raised hypothesis regarding the
assembly of the complex AcrAB-TolC, nevertheless the
exact spatial conformation is still a matter of debate.*> In
2014, Du et al.® built AcrA-AcrB constructs and performed
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electron microscopy and cryo-electron microscopy assays
that provided significant understanding of the complete
pump assembly. It was proposed that TolC and AcrB are
connected by the association with AcrA and that the former
proteins make no direct contact, which is corroborated by
cryo-electron microscopy density map.

The model proposed by Du ef al.® was in good
agreement with previous works in what regarded the
3:6:3 stoichiometry ratio (AcrB:AcrA:TolC).” On the
other hand, the proposed model had some very interesting
novel features, as, for example, the fact that TolC and AcrB
made no direct contact. The AcrA-TolC contact interface,
as presented by the referred work, considered the TolC
coiled-coils to be located inside the AcrA-formed pore
lumen. This mode of interaction was based solely on the
cryo-EM data, despite the fact that crystallographic data for
the intermeshing cogwheel-to-cogwheel interaction of the
membrane fusion proteins (MFP) assembly was available.®

Furthermore, Du ef al.® took into consideration a
partially opened TolC trimer (PDB ID: 2XMN), which
his group modified to obtain a “fully opened” trimer,
based on a structure proposed by Koronakis et al.’ In this
work, nevertheless, we took additional crystallographic
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data into consideration, and produced an interface of still
wider diameter. Besides suggesting an alternate interface
model, we also present some hypothesis to explain how the
AcrA-TolC interaction facilitates the opening of the TolC
and stabilizes the whole assembly.

Experimental

The model of the complete system was based in several
alignment procedures. Special care was taken regarding
the AcrA-TolC interface. Uniprot accession codes for
the E. coli sequences of TolC, AcrA and AcrB were,
respectively, P02930, B610B3 and P31224. The templates
used in the comparative modeling were under PDB
accession codes 2XMN! (TolC, E. coli), 2F1IM'! (AcrA,
E. coli), 4CDI° (AcrB, E. coli) and 4DK0'? (MacA-for the
tip-to-tip interface between TolC and AcrA).

The E. coli AcrA structure from 2F1M PDB file was
in a dimeric state. We used the PyMol software to fit
its structure to the MacA-MexAo hybrid hexamer from
Actinobacillus actinomycetemcomitans (PDB ID 4DKO).
Both MacA and MexAa. are members of the membrane
fusion protein (MFP) family and are homologous to AcrA.
The resulting fitted hexameric AcrA structure was used as
a template for the next modeling step.

Figure 1 represents schematically the alignment
procedure. The AcrA structure in the PDB entry 2FIM
contains the B-barrel domain, the lipoyl domain and the
o-helical hairpin, but lacks the membrane proximal domain,
which is crucial for the assembly and activity of the pump.
The MP domain was modeled based on the 4DKO structure,
along with the helical hairpin that formed the TolC-AcrA
interface (Figure 1b, green boxes). Therefore, two different
PDB templates were used to model the AcrA sequence in
five different segments. The first (residues 40-50), third
(residues 118-156) and fifth (residues 300-363) segments
were based on the 4DKO structure. The second (residues
53-117) and fourth (residues 157-299) segments were based
on the 2F1M structure (Figure 1a).

The TolC trimer was modeled mainly based on the
2XMN structure (Figure 1b, yellow box), but the interface
formed by TolC and AcrA proteins was modeled based
on the MacA cristallographic structure (PDB ID: 4DKO)
(Figure 1b, black box). This step was achieved by manually
aligning the two different helical hairpins from the TolC
sequence to a single hairpin from two MacA monomers.
Two different PDB templates were also used to model
the TolC sequence also in five different segments. The
first (residues 23-149), third (residues 189-366) and fifth
(residues 406-450) segments were based on the 2XMN
structure. The second (residues 150-188) and fourth
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(residues 367-405) segments were based on the 4DKO
structure (Figure 1a).

The full AcrB sequence (residues 1-1037) was modeled
based on the crystallographic structure of E. coli AcrB
(PDB ID: 4CDI) (Figure 1b, red box). Identity, similarity
and coverage data are reported in Table 1.

The AcrA-Tolc complex was fitted into the cryo-EM
map using the CHIMERA® software, along with the AcrB
trimer in order to build a complete template, which was
then used to build 100 model candidates for the whole
efflux pump.

All models were built using MODELLER' software.
The produced models were evaluated using DOPE® score
and stereochemical criteria such as Ramachandran plot
(Figure 2) and G-factors, using the Procheck!¢ program.
The model presenting the smallest overall stereochemical
deviation and the lowest DOPE score was selected for
further analysis (Figure 3).

Results and Discussion

Our hypothesis is that this interface is not composed by
externally located AcrA and internally located TolC a-helical
hairpins as proposed before, but by a well-organized,
interposed disposition of those domains (Figure 4a). This
structure is suggested by the crystallographic organization
of the MacA protomers found in the 4DKO structure, which
interact tip-to-tip.®1?

This mode of interaction, in which the TolC tips interact
directly with the tips of AcrA, seems to favor specifically
the hydrophobic interactions between the involved
residues. The TAcrA-TolC interface is composed by a
large number of residues bearing hydrophobic side chains.
There are 17 hydrophobic residues on each TolC chain and
3 hydrophobic residues in each AcrA monomer, totalizing
51 residues on the TolC edge (Figure 4a, gray spheres) and
18 residues on the AcrA edge (Figure 4a, white spheres). In
our proposed structure, the hydrophobic interaction should
be the major driving force for the assembly and stabilization
of this interface.

Another interesting feature of the model proposed
here consists on the fact that TolC pore diameter is
approximately twice as large as the pore described in the
TolC crystallographic structure under PDB accession code
2XMN (Figure 4b, gray surface). The increased diameter
(from 13.5 10 29.0 A) upon TolC-AcrA association, would
admit the translocation of larger molecules, which is in
agreement with other strong and recent experimental
evidences.!”?

The new proposed model also satisfied the Cryo-EM
map volume described by Du ef al.® as seen in Figure 4c.
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Figure 1. (a) Schematic representation of the alignment procedure. The colored bars represent the sequences retrieved from UniProt:P31224 (AcrB) inred,
B6I0B3 (AcrA) in green and P02930 (TolC) in yellow. The black segments over dashed lines represent the regions of the sequence that were employed in
the alignment procedure. The aligned segments spans are shown under the colored bars; (b) cartoon representation of each template structure, with boxes
highlighting the regions that were used as templates. The red box consists of the template used to model AcrB sequence. The set of green boxes represents
the regions used to model the AcrA sequence and the set of yellow boxes are the regions used to model TolC sequence. The black box, highlights the new
model for the interface region between AcrA and TolC; (c) whole constructed model in cartoon and surface representations. The TolC trimer is colored
in yellow, the AcrA hexameric assembly is colored in dark and light green (identical sequences) and the AcrB trimer in red. The gray bars represent the
polar groups of the inner membrane (IM) and outer membrane (OM), the space delimited between the central bars depicts the periplasmic space (PS).

Table 1. Identity, similarity and coverage values for the performed alignments

AcrB AcrA TolC
Template
1/ % S/ % C/% 1/ % S/ % C/% 1/ % S/ % C/ %
4CDI 99 99 98
2FIM 91 91 61
2XMN 99 99 100
4DKO0O 28 41 76 35 43 9

I: identity; S: similarity; C: coverage.
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Figure 2. Ramachandran plot: 88.9% of the residues are in the most
favored region (cyan) 9.4% are in the allowed region (light blue), 0.8%
in the generously allowed region (gray) and 0.9% in disallowed regions.
Black squares correspond to non-glycine residues inside the permitted
regions, while red squares correspond to the non-glycine residues outside
the permitted regions. Black triangles correspond to glycine residues.
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Figure 3. Dope scores and G-factors calculated for 100 generated models.
The model displayed in Figures 1 and 4 corresponds to the upper left point.

The Cryo-EM map is colored in gray while TolC, AcrA
and AcrB protomers are colored in yellow, green and
red ribbons, respectively. The TolC-AcrA interface is
co-localized with the thickening of the volume described
by the map, which may be explained by the intercalation
of the o-helical hairpins.

Finally, Figure 4d schematically represents the main
structural difference between the model proposed in this
work and the model proposed previously. The yellow
and green circles represent the TolC and AcrA chains,
respectively. The model proposed previously presents the
AcrA helical structures encircling the TolC coiled-coils
(Figure 4d-left). On the other hand, the model proposed
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here presents an interleaved pattern which matches the
cogwheel-to-cogwheel pattern described in the literature
for the interface formed by the MacA homododecamer
(Figure 4d-right).

(c)
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Figure 4. (a) Contact interface between the TolC protomers (in yellow) and
the AcrA protomers (in green). The hydrophobic residues that form this
interface are highlighted in a sphere representation. Residues that belong
to the TolC protomers are colored in dark grey, whilst residues that belong
to the AcrA protomers are colored in white. The interface region was
modeled using the crystallographic structure of MacA (PDB code 4DKO0),
which consists of a homododecameric assembly presenting a tip-to-tip
interaction between the helical domains; (b) superposition of the TolC
trimers: the crystallographic structure under PDB ID 2XMN (represented
as grey surface) and the new proposed model, colored by chain (in green,
magenta and cyan spheres). The pore diameter was measured as the
distance from the -carbon of V370 from chains A (green) and B (cyan);
(c) complete structure of AcrB-AcrA-TolC complex superimposed to the
Cryo-EM map volume. The AcrB are colored in red, AcrA in green and
TolC in yellow. The tip-to-tip arrangement between AcrA and TolC helical
domains is compatible with the bulge in the Cryo-EM map, located at the
interface region. This superimposition was achieved using the Chimera
software; (d) schematic representation of the different spatial arrangement
of the helical domains of AcrA (green) and TolC (yellow). On the left,
the representation of the model proposed by Du ef al.® and on the right
the model proposed in this work.

Conclusions

The assembly of this macrocomplex has been a matter of
debate for almost a decade. The growing body of evidence



Vol. 27, No. 12,2016

has shed light upon the overall organization of the complete
efflux pump. Nevertheless, the local organization of several
interfacial domains still lacks a complete description. We
believe that this model might help better characterize this
system and consequently, help to elucidate the mechanisms
involved in the efflux carried out by RND-type pumps.
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