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The radiation-resistant bacterium Deinococcus radiodurans
is known as the world’s toughest bacterium. The S-layer of
D. radiodurans, consisting of several proteins on the surface of
the cellular envelope and intimately associated with the outer
membrane, has therefore been useful as a model for structural
and functional studies. Its main proteinaceous unit, the S-layer
deinoxanthin-binding complex (SDBC), is a hetero-oligomeric
assembly known to contribute to the resistance against envi-
ronmental stress and have porin functional features; however,
its precise structure is unknown. Here, we resolved the struc-
ture of the SDBC at ~2.5 A resolution by cryo-EM and assigned
the sequence of its main subunit, the protein DR_2577. This
structure is characterized by a pore region, a massive p-barrel
organization, a stalk region consisting of a trimeric coiled coil,
and a collar region at the base of the stalk. We show that each
monomer binds three Cu ions and one Fe ion and retains one
deinoxanthin molecule and two phosphoglycolipids, all exclu-
sive to D. radiodurans. Finally, electrophysiological character-
ization of the SDBC shows that it exhibits transport properties
with several amino acids. Taken together, these results high-
light the SDBC as a robust structure displaying both protection
and sieving functions that facilitates exchanges with the
environment.

Bacterial surface layers (S-layers) are proteinaceous re-
petitive assemblies characterized by crystalline regularity.
These structures coat the entire cell body and represent the
outermost barrier in the cell envelopes of many prokaryotes
(1, 2). The structural organization of these assemblies is
putatively considered to contribute to primary protection,
frequently supporting the resistance features in extrem-
ophiles (3-5). In spite of their interesting structures,
enigmatic functions, and exploitable properties, only a few
S-layers were extensively studied (6, 7) and for none of them,
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the proteinaceous features of their specific units are deeply
described. The radiation-resistant bacterium Deinococcus
radiodurans has been one of the most studied model or-
ganism for understanding the S-layers’ architecture at low-
middle resolution by several techniques (8—11). In the last
decade, a detailed characterization of the protein components
and their individual assemblies was facilitated by the devel-
opment of gentle isolation procedures. This new approach
allowed us to observe in greater detail the functional and
structural features of the S-layer from this bacterium (11, 12).
The D. radiodurans S-layer was found to result from the
repetitive assembly of three complexes (11). The main
component of this S-layer is the protein DR_2577 (SlpA),
which binds the xanthophyll carotenoid deinoxanthin and
was found to be part of a hetero-oligomeric complex
resulting in the main assembly named S-layer deinoxanthin-
binding complex (SDBC). The SDBC was extensively char-
acterized both functionally and biochemically providing
important information with respect to its stability, oligo-
merization, and spectral properties (13-17). In addition to
DR_2577, this complex was found to be composed of other
five different subunits, namely DR_2310, DR_0505,
DR_A0283, DR_A0282, and DR_A0281 (18). Here, we report
the high-resolution structure of the SDBC solved at ~2.5 A
resolution by cryo-EM single-particle analysis. The structure
shows in quasiatomic details the features of the largest
known porin so far, which appears to assemble as a trimer
forming three pores of ~64 A diameter each. From the
structural analysis, it emerges evidently the seamlessness
between the S-layer and the outer membrane of this bacte-
rium. Differently from other porins, this complex shows an
extended (~120 A) trimeric coiled-coil structure, the stalk
region, departing from the center of symmetry between the
three pores and toward the periplasm, possibly interacting
with the inner membrane. Finally, at the base of the stalk is
observed a large dynamic region, the collar. This last region
appears to be extremely dynamic so that in the present
analysis it remained unassigned and putatively ascribable to

J. Biol. Chem. (2022) 298(6) 102031 1

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2022.102031
https://orcid.org/0000-0002-3691-2699
Delta:1_given name
https://orcid.org/0000-0002-6298-7184
Delta:1_surname
https://orcid.org/0000-0003-0391-8290
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:dario.piano@unica.it
mailto:domenica.farci@umu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2022.102031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

ACCELERATED COMMUNICATION: The SDBC, high-resolution structure and function

one or more of the other known SDBC subunits. The typical
B-barrel organization is characterized by four metal-binding
sites for each pore (DR_2577 monomer), and interestingly,
the external interface between monomers is characterized by
the presence of two unique lipids of D. radiodurans with a
deinoxanthin molecule (14) located nearby and almost
facing the periplasmic side. Functional characterization of
the SDBC confirms its transport properties and, apart
from the previously shown nonselective permeation of ions
(11, 18), here we show its activity with different types
of amino acids. The present findings provide direct evidence
for the active functionality of this protein complex and its
S-layer, showing it as a sieved barrier able to protect
while allowing exchange and communication with the
environment.
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collar/stalk region
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Results
SDBC organization

The structure of the SDBC was solved at ~2.5 A resolution
and allowed the fitting of three copies of the protein DR_2577,
for which were assigned 949 residues of the sequence, from
serine 219 to phenylalanine 1167 (Fig. 1). The overall SDBC
structure is organized in distinct parts, which differ structur-
ally and dimensionally allowing to define three regions. The
main part of the pore region is characterized by a dominant f3-
barrel structure. This region consists of 30 -sheets that twist
and coil identifying a toroidal structure with a width of ~76 A
and a pore diameter of ~64 A (Fig. 1). From the side view, the
external face of each pore appears to retain native lipids
providing clear evidence of the extended immersion of this
part of the complex in the outer membrane. At the S-layer

pore region

stalk region

minor glomerular
protrusions

major glomerular
protrusions

Figure 1. SDBC map at 2.5 A resolution and resolved model. The SDBC map and the fitted model reveal a trimeric organization of the protein DR_2577
(chain A in yellow, chain B in green, and chain C in red). The images show the different regions of this complex named pore, collar, and stalk. At the upper
part of each pore region two glomerular protrusions emerge, a major and a minor one. A scale bar represents 50 A. OM, outer membrane; PP, periplasm;

SDBC, S-layer deinoxanthin-binding complex; SL, S-layer.
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side, each DR_2577 monomer has two glomerular protrusions,
a major and a minor, which partially occlude the top side of the
pore (Fig. 1). A characteristic property of these glomerular
regions is the tendency to be partially disordered with respect
to the rest of the complex. At the threefold symmetry axis, a
trimeric coiled coil defines the stalk region (Fig. 1). This region
departs from the central area of the trimeric assembly
extending for ~120 A into the periplasmic space and possibly
reaching the inner membrane (Fig. 1). Each of the three
DR_2577 monomers contributes with one alpha-helix at the N
terminus side (aa 218-254) to the trimeric coiled-coil. This
region is also very dynamic (18) and its distal part, even if
present in the map, remained unassigned for the first 218
amino acids of the DR_2577 sequence (Fig. 1). Finally, a collar
region of ~69 A length, also carrying a threefold symmetry, is
localized at the periplasmic side and sits at the base of the stalk
centered in the axis of symmetry (Fig. 1). This region of the
SDBC is also dynamic, and although the density map clearly
indicates a typical p-sandwich organization, the assignment of
some of the specific SDBC subunits and their fitting into the
final model was so far not possible (Fig. S1). As previously
reported (18), both the distal part of the stalk and the collar are

dynamic regions clearly identified in the 2D classification, but
it was not possible to resolve them, therefore are not present in
the model here shown.

Cofactors binding

Each monomeric component of the SDBC has different
binding sites for cofactors. In particular, four metal-binding
sites (I, II, III, and IV) for each monomer are localized in
different regions of the protein DR_2577 (Fig. 2). The site I
binds Cu and is at the interface between two monomers
involving the residues Aspssz of one monomer and Glugg; of
the other one (Fig. 2, inset). Of the remaining metal-binding
sites, II (Asps;s and Asps;3) and III (Aspyss, Aspsie, and
Serygy) bind Cu while the site IV (Aspsss, Asnggg, Asngg,
Aspage, and Gluyyo) binds Fe. These three sites are exclusive for
each monomer, hence are not shared at their interfaces (Fig. 2,
insets). It is worth mentioning that site III sits into the major
glomerular region of each monomer (Fig. 2, inset). Coordi-
nation and distances for each of the four binding sites sup-
ported the assignment of Cu in sites I, II, III, and Fe in site IV
(Fig. S2 and Table S1). The presence of these sites might be
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Figure 2. Metal-binding sites of the SDBC. The four metal-binding sites for each DR_2577 monomer are shown; in blue are depicted the three Cu atoms (|,
II, 1l) and in orange the single Fe atom (IV). Related interacting residues are indicated. In the upper inset is shown the interface between the three monomers
at the symmetry axis where the three binding sites for Fe (IV) are present. The inset in the middle shows the shared Cu-binding site (I) at the interface
between two monomers and another Cu-binding site (Il) in the same area but not shared. The inset in the bottom shows the last Cu-binding site (Ill)
characterized to be part of the major glomerular region. A scale bar represents 50 A. SDBC, S-layer deinoxanthin-binding complex.
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important for stabilizing the complex as previously reported
(16).

While the metal-binding sites are mainly in the internal part
of DR_2577, the other cofactors, characteristic of this complex
are localized at the external surface of the protein and at the
interface between the monomers and the outer membrane. In
this region are also present two molecules, one internal and
one external, of the a-galactosyl-phosphatidylglyceroylalkyl-
amine that differ from each other for the length of their alkyl
groups and are typical of D. radiodurans. At a distance of 7.5 A
from the external lipid it is localized a deinoxanthin molecule
sitting into a transversal groove of the P-barrel organization
almost facing the periplasm (Fig. 3).

The SDBC function

The SDBC was reconstituted in lipid bilayer membranes and
its transport properties were assessed. These functional tests
not only confirmed previous analyses that showed nonselective
transport properties using monovalent and divalent cations
(11, 18) but also highlighted the SDBC transport properties for
different types of charged amino acids. After assessing the
functional integrity of the complex in 100 mM KClI as previ-
ously reported (11, 18), we performed the same measurements

SL

oM

PP

but in presence of three different amino acids, lysine, arginine,
and glutamic acid. For these three amino acids, the SDBC was
found to have a single conductance unit G of 0.42 nS, 0.086 nS,
0.14 nS, respectively; a reversal potential Ve, (Agae = 400 mM)
of -19.9 mV, -21.1 mV, +15.9 mV, respectively, and corre-
sponding permeability ratios Pc,'/Pa,  of 1:3.1, 1:3.6, and
Pan /Pcy of 1:2.6, respectively (Fig. 4). In all cases, results
showed a clear transport activity indicating important prop-
erties of amino acids’ translocation for this S-layer complex.

Discussion

The structural characterization of the SDBC at high reso-
lution allowed to indicate specific functional features of the
SDBC. The main protein subunit of this complex, the
DR 2577, was known to bind the xanthophyll carotenoid
deinoxanthin, a feature that provides the protein and the
SDBC with the ability to protect the bacterium against UV
radiations (14) and desiccation (15) by quenching mechanisms.
It was also reported that when the DR_2577 is knocked out,
the stability of the entire cell envelope is compromised (19),
and the resulting mutants lose the capabilities of resistance to
desiccation and UV exposure (14). Recently, in situ studies
have shown how the SDBC complex is embedded in the

Figure 3. Deinoxanthin and lipid-binding sites of the SDBC. The images show side and top views of the model, and a side view of the map with details
of the deinoxanthin (DX) and the lipid-binding sites. DX is shown in pink and the two different lipids are shown in yellow, external lipid (EL), and orange, the
internal one (IL). The inset shows a detail of these sites. A scale bar represents 50 A. OM, outer membrane; PP, periplasm; SDBC, S-layer deinoxanthin-

binding complex; SL, S-layer.
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Figure 4. Electrophysiological assay. In the image are shown the transport properties of the SDBC inserted into a lipid bilayer for charged amino acids. A,
from left to right, are shown the reversal potential curves for LysCl, ArgCl, and GluNa for a A(Salt) = 400 mM. B, from left to right, are shown the channel
conductances associated to a sequence of stepwise insertions and the related membrane currents for the three different amino acids LysCl, ArgCl, and
GluNa at a concentration equal to 100 mM. The insets for each plot shown in (B) provide all the processing and statistical parameters used for calculating
the single-channel conductance (y0 = offset, xc = center, w = width, A = amplitude). SDBC, S-layer deinoxanthin-binding complex.

organization of the cell envelope (11). This observation not
only explains the dismantling of the cell envelope in DR_2577
KO mutants (19), which appears coarse and disaggregated, but
also agrees with the structural observation reported here,
which indicates the SDBC as an integral building block be-
tween outer membrane and S-layer (Fig. 1).

The SDBC is known to retain metal ions (16), and in the
present report four metal-binding sites were identified and
assigned to Cu and Fe (Fig. 2). In this respect, it must be
mentioned the strong limit on metal assignment for cryo-EM
unlikely X-ray crystallography (20).

The oligomerization properties of DR_2577 and the
resulting SDBC assembly were shown to be influenced by the
presence of iron (Fe**) and copper (Cu**) (16). Accordingly,
here we find one of the Cu-binding sites (I) localized and kept
in place by residues at the interface between monomers, sug-
gesting a direct stabilizing effect on the assembly (Fig. 2, inset).
The intramonomeric metal-binding sites, two assigned to Cu
(IT and III) and one to Fe (IV), might also be involved in the
structural stabilization of the SDBC but any other function
(e.g., contribution to protection mechanisms against oxidative
stress) cannot be excluded. It is worth mentioning that in the
structure, the appearance of other weak densities could puta-
tively indicate the presence of other ligands; however, these
densities are unassigned due to a limit in the current
resolution.

Each DR_2577 monomer binds deinoxanthin, a xanthophyll
typical of D. radiodurans. Deinoxanthin is positioned into a
transversal groove of the -barrel organization, in proximity
but aside from the monomer interface and almost at the

SASBMB

periplasmic side (Fig. 3). While in the present structure the
resolution of the maps allow to clearly assign a single binding
site for this cofactor, similar grooves surrounding the SDBC at
low values of sigma show elongated densities, which could be
deinoxanthin molecules, but they were difficult to assign due
to poor definition of the map (Fig. S3). This observation may
also indicate a partial loss of the deinoxanthin molecules
during solubilization, suggesting that this xanthophyll may be
organized as a belt surrounding the whole complex. Dein-
oxanthin was reported to be important for contributing to the
extreme resistance of this bacterium. In particular, it was
shown that it acts not only as an antioxidant scavenger for
reactive oxygen species and radicals by a chemoprotective
mechanism but also by a photoprotective one where the high
frequency photons in the UVC are quenched as heat and
fluorescence (14). These mechanisms explained how through
the SDBC the bacterium has the ability to grow under UV
light. The protein DR_2577 has an exceptionally high content
in phenylalanine and tyrosine residues that, in agreement with
previous observation, act as antennas able to absorb UVC
photons possibly involved in the mechanism of quenching
(14). Here, we observe the majority of these residues localized
at the external surface of the complex near to the deinoxanthin
and also to the empty grooves where it was not possible to
clearly assign densities to the deinoxanthin (Figs S3 and S4).
It is also very interesting the stable presence in the structure
of specific phosphoglycolipids described a few decades ago as
unique for this bacterium (21-24) and to which was also
assigned a putative role in the resistance features of this bac-
terium. In the present structure, they appear tightly associated
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along the interface between monomers and in close proximity
with the deinoxanthin molecule. The high occupancy of these
molecules and their position strongly suggest a possible role in
sustaining the xanthophyll function, but currently, this rela-
tionship remains to be demonstrated.

Finally, the transport properties of the SDBC for charged
molecules, such as amino acids rather than just atomic ions
(Fig. 4), are confirmed by the dimensions of the pores, which
compared to common porins, such as OmpF (25), are inter-
estingly larger (~64 A for DR_2577 versus ~20 A for OmpF).
This fact points toward the physiological importance of the
SDBC in assisting and allowing the exchange of substances,
including nutrients, with the surrounding environment. In this
context, the presence of metal ions might also influence the
transport of charged molecules by modulating the electro-
statics of the pore surface (26, 27). Further experiments are
currently ongoing to shed a light on these dynamics.

The results shown here not only elucidate the structural and
functional details of a peculiar S-layer protein assembly but
also opens up to applications in biomedicine for exploiting
similar structures in pathogenic bacteria as new antimicrobial
targets and in nanotechnologies as new nanoporous molecular
machines exploitable for next generation sequencing.

Experimental procedures
Cell culturing and SDBC purification

D. radiodurans (strain R1; ATCC 13939) was cultivated in
tryptone glucose yeast extract broth at 30 °C for 24 h as
describe in (12). The cell envelope isolation and SDBC puri-
fication were performed according to (11, 18) with no modi-
fications. In these studies, all chromatography columns were
subjected to the ReGenFix procedure (https://www.regenfix.
eu/) for regeneration and calibration prior use.

Cryo-EM

The whole sample preparation and data acquisition were
done at CEITEC MU. The 3.5 ul of SDBC sample (5 mg/ml)
was applied to freshly glow-discharged transmission electron
microscopy grids (Protochips, Cu, 300 mesh, R1.2/1.3) and
vitrified into liquid ethane using ThermoScientific Vitrobot
Mark IV (4 °C, 100% rel. humidity, 30 s waiting time, 3 s
blotting time). The grids were subsequently mounted into the
Autogrid cartridges and loaded to a FEI Talos Arctica (Ther-
moScientific) transmission electron microscope for screening
prior to data acquisition. The SDBC data were collected using
a FEI Titan Krios operated at 300 kV using the SerialEM
software (https://bio3d.colorado.edu/SerialEM/; 28). The mi-
croscope was aligned for fringe-free imaging. The data were
collected on the K2 direct electron detection camera (Gatan)
positioned behind the Gatan Imaging Filter at the calibrated
pixel size of 0.818 A/px (nominal magnification of 1,650,00x).
The energy selecting slit was set to 10 eV. The data froma 5.0 s
exposure were saved into 40 frames containing overall dose of
55 e/A% The dataset comprised 9594 movies in total. The
image defocus was set to to vary between —-0.5 pm and -1 pum.

6 . Biol. Chem. (2022) 298(6) 102031

Data analysis

The movies were first corrected for the drift during data
acquisition using program MotionCor2 (29) and the contrast
transfer function (CTF) parameters were estimated using
GCTF (30). The images with astigmatism larger than 2500 A
and estimated resolution based on the contrast transfer func-
tion fit analysis worse than 4.0 A were excluded from subse-
quent data analysis. A set of 20 micrographs was randomly
selected from dataset for manual particle picking using
e2boxer.py program (31). The manually picked particles were
used for generation of the model for automated particle
picking using program CrYOLO (32). The overall number of
670,560 particles were extracted from the dose-weighted mi-
crographs using Relion3.1 (33) and imported in CryoSPARC
(https://cryosparc.com/; 34) for the reference-free 2D classifi-
cation. The damaged particles were further removed using the
ab initio reconstruction task in CryoSPARC. Finally, 252,122
particles were selected for the model refinement using the C3
symmetry, which was followed by defocus refinement and
another round of 3D refinement, which resulted in 2.54 A
cryo-EM map (according to the FSC(0.143) criteria). Finally,
another round of the 3D refinement was performed without
imposing the symmetry, which provided 2.88 A cryo-EM map.
A de novo model was built using Coot software (https://www?2.
mrc-lmb.cam.ac.uk/personal/pemsley/coot/; 35), and the
resulting model was refined with the Phenix software (http://
www.phenix-online.org/; 36). Metal assignment was per-
formed using the metal-binding site validation server
(CheckMyMetal) (20). Model visualization and fittings were
done using the Chimera software (https://www.cgl.ucsf.edu/
chimera/; 37).

Electrophysiology assay

Electrophysiology measurements were performed according
to (11). Bilayer lipid membranes were formed in a 100 pm
diameter aperture of a 25 um thick Teflon partition separating
a two-compartment Teflon chamber (2.5 ml each). The Teflon
membrane was pretreated with a hexadecane/hexane solution
(1% v/v), and both chambers were filled with a different buffer
solution depending on the condition tested (100 mM ArgCl,
10 mM Hepes, pH 7.0; 100 mM GluNa, 10 mM Hepes, pH 7.0;
100 mM LysCl, 10 mM Hepes, pH 6.0). Lipids (10 ul of DPhPC
dissolved in n-pentane at a final concentration of 5 mg/ml)
were added in proximity of the aperture allowing the bilayers
formation. After bilayer formation, the SDBC sample was
added into the cis-side of the chamber, which was considered
the virtual ground. For reversal potential (V,,,) measurements
calomel electrodes were used. First, a current—voltage (I-V)
recording of this multichannel state was captured by varying
the V,, from +50 to -50 in decrements of AV,, = 10 mV and its
profile was treated as the blank (no salt gradient). Next,
identical I-V measurements were performed but changing the
salt concentration on the trans-side of the membrane with
A(Salt) = 400 mM. The reversal potential was determined by
comparing this I-V profile with that of the blank, and the

SASBMB
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values were then fitted to Goldman—Hodgkin-Katz (Equa-
tion 1), where the selectivity of the channel is expressed as the
ratio of the permeabilities of the anion and the cation (Pc/Pp
or P A/ p C).

RT
Em = ? ln(

Z?PC[I’IC]O + Z]mPA[IJAL
Z?PC[HCL + Z;HPA[HA]Q

1)

For the measurements, a MultiClamp 700A computer
controlled current and voltage clamp was used. Output signals
were filtered by a low-pass Bessel filter at 10 kHz and saved at
a sampling frequency of 50 kHz using an Axon Digidata 1440A
digitizer (Molecular Devices, LLC). Data acquisition and ana-
lyses were performed using, a homemade LabVIEW (National
Instruments), Clampfit 10.0.3 (Molecular Devices, LLC), and
Origin Lab 2018 (Northampton).

Resource availability

Primary data are available upon reasonable request to the
lead contact.

Data availability

The SDBC maps, the coordinates files, FSC data, and other
relevant information about data acquisition and processing
have been deposited in the Electron Microscopy Data Bank:
for the SDBC with C3 symmetry, 2.54 A resolution, EMD-
14715 and PDB ID-7ZGY; for the SDBC with C1 symmetry,
2.88 A resolution, EMD-14714 and PDB ID-7ZGX. All data
will be made publicly available upon acceptance of the
manuscript.
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information.
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