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Structural insights into the main S-layer unit of Deinococcus
radiodurans reveal a massive protein complex with porin-like

features
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In the extremophile bacterium Deinococcus radiodurans,
the outermost surface layer is tightly connected with the
rest of the cell wall. This integrated organization provides a
compact structure that shields the bacterium against envi-
ronmental stresses. The fundamental unit of this surface
layer (S-layer) is the S-layer deinoxanthin-binding complex
(SDBC), which binds the carotenoid deinoxanthin and pro-
vides both, thermostability and UV radiation resistance.
However, the structural organization of the SDBC awaits elu-
cidation. Here, we report the isolation of the SDBC with a
gentle procedure consisting of lysozyme treatment and solu-
bilization with the nonionic detergent n-dodecyl-B-p-malto-
side, which preserved both hydrophilic and hydrophobic
components of the SDBC and allows the retention of several
minor subunits. As observed by low-resolution single-parti-
cle analysis, we show that the complex possesses a porin-like
structural organization, but is larger than other known
porins. We also noted that the main SDBC component, the
protein DR_2577, shares regions of similarity with known
porins. Moreover, results from electrophysiological assays
with membrane-reconstituted SDBC disclosed that it is a
nonselective channel that has some peculiar gating proper-
ties, but also exhibits behavior typically observed in pore-
forming proteins, such as porins and ionic transporters. The
functional properties of this system and its porin-like organi-
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zation provide information critical for understanding ion
permeability through the outer cell surface of S-layer—
carrying bacterial species.

In several groups of Bacteria and Archaea, the first line of
defense against environmental shocks consists of a protective
shield called the surface layer (S-layer).* This structure is
anchored and intimately connected to the underlying outer
membrane (1-7). S-layers appear as proteinaceous paracrystal-
line surfaces, and they are often associated with resistance to
extreme environmental conditions (8-12). Representing the
interface between cells and environments, S-layers are involved
in a wide variety of essential functions, including the cell adhe-
sion, the resistance to extreme conditions, and the maintenance
of cell shape and rigidity (4, 13—15). Therefore, to understand
how S-layers carrying bacteria interact with their environment,
it is essential to determine the arrangement and role of their
main outermost proteinaceous constituents. The properties of
S-layer proteins, such as stability, self-assembly, and isoporos-
ity (4), not only make them an interesting subject for studying
the defensive strategies used by bacteria, but also useful targets
with potential for nano- and biotechnological applications (16,
17). Despite their importance, there is a distinct lack of high-
resolution structural data available for these proteins. S-layers
were first observed in 1975 by EM (1), and subsequently, a large
amount of genetic and biochemical data has been generated on
S-layers from bacteria and archaea (1-10). The self-assembling
properties of these proteins naturally lend themselves to the
technique of electron crystallography, and many pioneering
studies have produced projection maps and 3D reconstructions
from reconstituted S-layer proteins (18). More recently, high-
resolution structural data have become available, in particular

“The abbreviations used are: S-layer, surface layer; SDBC, S-layer deinoxan-
thin-binding complex; B-DDM, n-dodecyl-B-p-maltoside; SEC, size-exclu-
sion chromatography; nS, nanosiemens; SLH, S-layer homology; Omp,
outer membrane protein; Opr, outer membrane porin; DPhPC, 1,2-di-
phytanoyl-sn-glycero-phosphatidylcholine; BN, Blue Native.
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by resolving the crystal structure of the main S-layer proteins
from Geobacillus stearothermophilus (19) and Caulobacter
crescentus (20).

In Deinococcus, a complex-layered cell envelope supports a
proteinaceous S-layer (21). Among the Deinococcus species,
Deinococcus radiodurans has been extensively studied for its
extreme radioresistant features and its S-layer (22—-27). These
studies resulted in a wealth of biochemical data and structural
information obtained by different techniques such as EM, elec-
tron crystallography, and atomic force microscopy (21, 28-31).
These data provided a detailed overview of the S-layer struc-
tural arrangement identifying a characteristic organization and
a system of regular pores, which has been shown to switch from
an open to a closed state (32). On its surface, this S-layer
appears as a hexagonal paracrystalline plane that covers the
outer membrane (28, 32, 33), but molecular details of its attach-
ment to and assembly within the underlying cell envelope
remain unknown. The S-layer of D. radiodurans was thought to
be mostly composed of a single polypeptide, the protein
DR_2508, that forms closely-packed particles on the outer sur-
face. Because of the symmetry of this complex, these unitary
particles are called hexagonally-packed intermediates (28, 34).
On the contrary, it has been recently shown that several protein
complexes are actually involved in the organization of this
S-layer (33). In particular, the protein DR_2577, also known as
SIpA, has been identified as a main S-layer protein pivotally
contributing to the integrity of the cell envelope (33, 35, 36). On
the basis of these new observations, the model for this S-layer
was reviewed showing not only the main biochemical, struc-
tural, and functional role played by the protein DR_2577 (11,
12, 33, 36, 37) but also that one of the multiprotein complexes
composing this S-layer could span both the inner and the outer
membrane (33). These observations comply with a model
where the S-layer of D. radiodurans is one part of a much more
complex structure, which is believed to be a sequence of layers
stacked upon the external surface of the outer membrane (28,
35). Therefore, the revised model implies an integrated organi-
zation of the cell wall layers, in which the regularity of the
S-layer could be extended to the layers below (33). Recently, it
was also shown that the protein DR_2577 is not only the main
S-layer component, but also that it functionalizes this structure
by binding the carotenoid deinoxanthin (11, 12). This protein
complex, called S-layer deinoxanthin binding complex (SDBC),
behaves as a shield against UV radiation and stabilizes the
S-layer and the bacterium against thermal stress (11, 12). In this
study, starting from homogeneous cell wall fragments, we have
isolated the SDBC with a new procedure characterized by con-
ditions more gentle than previously reported. This procedure
preserves both the hydrophilic and hydrophobic component of
the SDBC allowing the retention of several minor subunits.
Here, we demonstrate the following. (i) The SDBC is organized
in a porin-like structure, but has larger dimensions if compared
with other known porins. (ii) The main component of the com-
plex, the protein DR_2577, shares regions of similarity with
known porins. (iii) The complex shows a behavior typically
observed in pore-forming proteins, such as porins and ionic
transporters, when subjected to electrophysiology assays. (iv)
The SDBC has minor subunits that might be auxiliary to the
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transport of small molecules and ions across the cell wall.
Among these points, considering that the primary sequence of
S-layer proteins is typically poorly conserved, except for the
S-layer homology domain (SLH) (38), the significant similarity
between porins and regions of DR_2577 is of primary relevance.
Accordingly, this similarity and the related structural and func-
tional features identified for the SDBC are presented here tak-
ing into account that the S-layer proteins are the evolutive
result of recombination events (38 —40), thus bringing a great
structural and functional species-specific variability. The data
shown here provide the first insights on the relationship
between structure and function of the SDBC, adding important
elements in our understanding of this S-layer and its interaction
with the rest of the cell wall.

Results

SDBC isolated under mild conditions retains several minor
subunits

After lysozyme treatment, to isolate and identify the main
S-layer complexes, we have subjected the cell wall fragments to
a mild solubilization with the nonionic detergent 3-DDM,
which was also kept in all the buffers subsequently used. Before
solubilization, the quality of the cell wall fragments was evalu-
ated by transmission EM (Fig. 1), and after solubilization, the
quality was evaluated by SDS-PAGE (Fig. 2). The soluble frac-
tion was subjected to a first step of ion-exchange chromatogra-
phy, through which a main peak composed of several fractions
could be isolated (elution peak P, Fig. S1a). The quality of the
fractions was confirmed by the characteristic pink color of the
SDBC and a reproducible pattern of bands on SDS-PAGE (Fig.
S1a). The fractions were then pooled, concentrated, and sub-
jected to a step of size-exclusion chromatography (SEC), which
eventually allowed us to obtain pure SDBC samples carrying a
high molecular weight and retaining the carotenoid deinoxan-
thin (Fig. S1b). Both these properties are in line with previous
reports that have described the SDBC as a hexameric complex
of the protein DR_2577 (36) with the carotenoid deinoxanthin
bound to it (41). This mild procedure also allowed the isolation
of the SDBC complex bound to its minor subunits, as observed
by a characteristic and reproducible pattern of bands associated
with the dominant and heavier DR_2577 band in SDS-PAGE
(Fig. 2). Contrary to this procedure, the previously reported one
(36) allows the only isolation of DR_2577 hexamers, the homo-
oligomeric component of the SDBC. The rationale of these dif-
ferences will be discussed below.

Main S-layer complex of D. radiodurans has a porin-like shape
but carries a higher mass with respect to porins

To further characterize this hetero-oligomeric form of the
SDBC, the pool of fractions collected by SEC was subsequently
analyzed by negative stain EM. Images of this sample revealed a
homogeneous field of the same particle, which appeared to be a
large complex exhibiting a strong 3-fold symmetry (Fig. 3a).
From the 2D average, top views of particles appeared with a
triangular shape, having a 20-nm side, and with the surface
organized into three pores according to what seems to be a
3-fold symmetry (no symmetry was imposed during processing,
see Fig. 3b and Fig. S2), as also observable on tilted top views
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Figure 1. Electron micrograph of isolated cell wall fragments. Negatively-stained samples show the integrity of the cell wall fragments and their typical
regular repetition of units; insets are positioned to show side-view detail (top left) and top-view detail (bottom right) of the structural units’ repetition. Scale bars

are indicated.

(Fig. 3¢ and Fig. S2). Side views and tilted side views of this
complex showed a typical needle structure departing from the
center of the triangle corresponding to its 3-fold symmetry axis
(Fig. 3, c—e, and Fig. S2). In this respect, side views have a thick-
ness of ~3.5 nm and can be classified into two categories: par-
ticles with extra arch-shaped densities stabilizing the needle-
like domain and keeping it straight (Fig. 3e and Fig. S2), and
particles where the absence of these extra densities led to the
random bending of the needle-like domain (Fig. 3d and Fig. S2).
Bottom views were difficult to obtain in large numbers (Fig. 3f),
possibly due to the needle-like structure present on the top side
of the complex, which might induce a preferential orientation.
The mass of this complex was estimated by several approaches
(Table 1) showing it in all cases to be >800 kDa. The overall
structure of this complex strongly resembles a porin, but is
several times bigger (42).

SDBC shares a region of local homology with porins

To understand whether the structural porin-like features
were also related to the presence of functional domains, the
similarity between porins and the DR_2577, the main SDBC
component in mass and subunits (Fig. 2), was estimated. In
particular, the DR_2577 sequence was compared with the porin
Omp38 (Uniprot ID, Q6RYW5) from Acinetobacter baumannii
and the porin O (OprO, Uniprot ID, P32977) from Pseudomo-
nas aeruginosa, both organisms that carry an S-layer (43-45).
The alignment with the Omp38 showed a local similarity of
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~28% from residues 376 to 763, whereas a blind analysis with
the HHpred software (see below details) gave, for the same
DR _2577 region, a local similarity of ~21% with the Porin O
(46). Among these two proteins, only Porin O has a tertiary
structure (Protein Data Bank code 4rjw) comparable with
the DR_2577 predicted structure (Fig. 4) (37). This result
supported a possible porin-like function suggesting further
investigations.

SDBC retains subunits that may be essential for gating
substrates in/out of the cell

Concentrated SDBC samples showed a typical pattern of
bands, suggesting the SDBC to interact with other minor sub-
units, thereby supporting the hypothesis of being a hetero-olig-
omeric complex in vivo. To clarify this, the whole subunits,
including the less represented ones, were identified through
mass spectrometry analyses. A summary of the protein entries
identified for each SDBC component resolved by SDS-PAGE
(Fig. 2) is reported in Tables 2 and Table S1. Apart from the
presence of DR_2577 strongly associated with band 1 (B1), we
observed several other unknown proteins associated with the
other bands. In detail, band 2 (B2) was identified as a metallo-
peptidase coded by the gene DR_2310, and band 3 (B3) was
identified as a 5'-nucleotidase protein coded by the gene
DR_0505. The remaining three bands (B4, B5, and B6) were
identified as proteins coded by a pool of three genes associated
with the same operon, and they are named DR_A0283,
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Figure 2. SDS-PAGE of the isolated samples: cell wall fragments and
SDBC. Lane CW (cell walls) shows a typical pattern of bands from the isolated
cell wall fragments shown in Fig. 1; lane SDBC shows the typical pattern of
bands constituting the main SDBC pool isolated by SEC. This sample results in
a heavier dominant band (B7) and five less-represented bands (from B2 to B6);
the equivalence of each SDBC band in the cell wall samples is also shown.
Lane M indicates the protein standard and the respective molecular weights;
the level and mass of each marker band is also indicated on the right side of
the SDBC lane. The dashes show the correspondence between the compo-
nents of the cell wall fragments and those of the SDBC.

DR_A0282,and DR_A0281. Among these operonic genes, only
the DR_A0283, a probable subtilase-type serine protease, has
an assigned function, and the remaining two are uncharacter-
ized proteins having similarity with peptidases (Table 2). Taken
together, the MS analysis suggested the SDBC minor subunits
to be related to the processing of complex substrates (e.g. pro-
teins) before their transport as simple units (e.g. amino acids).

SDBC is a channel with peculiar gating properties

To evaluate its pore-forming ability, we have reconstituted
the SDBC into lipid bilayer membranes composed of 1,2-di-
phytanoyl-sn-glycero-phosphatidylcholine (DPhPC). Prelimi-
nary tests performed in 1 M KCl indicated that the SDBC forms
highly conductive channels (~10-20 nS; data not shown).
Hence, we have chosen to study these channels at an ion con-
centration of 100 mm. Sufficient membrane current increments
(AI,) due to channel insertions were observed under three
types of electrolyte solutions (KCl, LiCl, and CH;COOK) and
allowed to calculate the SDBC conductance at a membrane
potential (V) of 20 mV (AGgppc = AL,/ V, ; Figs. 5 and 6). The
calculated minimum conductance and the related total number
of channel insertions were both estimated as indicated in Table
3. In some cases, channel insertion rates were rapid, reaching a
total membrane current of ~100 pA (Fig. 5, insets), whereas in
LiCl the amount of total insertions and their rates were found to
be much lower (Fig. 5).

SASBMB
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At times, the inserted channels showed a behavior of a fast
flickering gating to a lower conductance state (Fig. 6). The gat-
ing-related conductance for these cases is indicated in Table 3.
By observing the step increments associated with channel
insertions, it emerges that the SDBC does not have a well-de-
fined state. In fact, stepwise insertions yielded an increase in the
membrane current mostly ranging from ~5-6 to ~50—60 pA,
which corresponds to a conductance of ~0.25-0.30 to ~2.5—
3.0 nS, for all the electrolyte species studied (Fig. 7).

Information about the single SDBC unit conductance was
obtained from a pool of more than 100 channel insertions (Fig.
7). As shown in the histograms of Fig. 7, the SDBC conduc-
tances are widely distributed for all three electrolyte solutions
(binning ~0.25—0.30 nS).

SDBC is a nonselective channel

Next, we have investigated the ion selectivity of the SDBC by
measuring the reversal potential (V). A lipid bilayer was
formed and kept in contact with a 100 mwm salt solution on both
sides of a bilayer carrying a multitude of channels. In these
conditions, a current—voltage (/-V) recording of this multi-
channel state was captured by varying the V,, values from +50
to —50 in decrements of AV,, = 10 mV, and its profile was
treated as the blank (no salt gradient). Subsequently, identical
I-V measurements were performed while changing the salt
concentration on one side of the membrane with constant
increments (A[salt] = 100 mm). The reversal potential was
determined by comparing this /-V profile with that of the
blank. The V,,, values at different electrolytes concentrations
(KCl, LiCl, and CH;COOK) were plotted and compared (Fig. 8).
The V,., is described according to the Goldman-Hodgkin-Katz
(GHK) Equation 1, where the selectivity of the channel is
expressed as the ratio of the permeabilities of the anion and the

cation (P, /P, _).

RT PC[C+]out + |:)A[A_]in
= (Egq. 1)

Vier = F I\ pic,, + PAA Towe

The permeability ratios reflect the effective mobilities of the
ions inside the channel (). Accordingly, for an ion-selective
channel, the permeability ratio is expected to be different from
the ratio of the bulk mobilities (1" /u”,_) of the ions (47).
For KCl, a permeability ratio of ~1.06 (P, /P,_ = 1:0.94) was
obtained, which indicates a rather nonselective channel (1", /
P, = 1:1). It is worthy to note that the permeability ratios
obtained for LiCl, ~0.53 (P;;./Po_ = 1:1.86), and for
CH;COOK, ~1.67 (Px /Pcricoo— = 1:0.6), directly reflect the
ratios of the corresponding bulk mobilities of these ions; hence,
it can be concluded that the channels are nonselective.

Discussion

The results described here challenge the previous mono-pro-
tein model for this S-layer (21). In particular, they confirm and
reinforce a new model in which the S-layer structural units are
composed of several proteins and integrated with the entire
bacterial cell wall (33). The main architectural unit is composed
of a planar hetero-oligomeric complex where the protein
DR_2577 is the primary component. This protein was previ-

J. Biol. Chem. (2020) 295(13) 42244236 4227
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Figure 3. Electron micrographs and selected 2D class averages of the SDBC. The SDBC sample appears homogeneously composed of a single particle that
can be appreciated in different orientations (a). Particles delimited by the yellow circles show typical side views, and particles in the red circles show typical top
views of the SDBC. Detail of the SDBC particle observed from a top view (b), from a partially tilted side view (c), from a side view (d and e), and finally from a

bottom view (f) is shown. Scale bars are indicated.

Table 1
Molecular weight of the SDBC
The molecular weight of the SDBC was estimated by two different methods.

Method Estimated mass
kDa
Size-exclusion chromatography” >750
BN-PAGE” ~800

“ Data were calculated according to Farci et al. (36).

ously shown to be organized into homohexameric complexes
based on trimeric assemblies of stable dimers (36), and it was
found to have an essential role in the formation and stability of
this S-layer (11, 12, 35). Moreover, the binding of the carote-
noid cofactor deinoxanthin to DR_2577 has been shown to pro-
tect D. radiodurans from UV radiation, especially under desic-
cation conditions, and to confer thermostability, eventually
highlighting the functional relevance of DR 2577 on this
S-layer (11, 12). In this work, the SDBC was isolated in presence
of amild detergent in low concentrations. These soft conditions
allowed the retention of several minor subunits, previously not
detected (36) and here identified as coded by the genes
DR_2310, DR _0505, DR_A0281, DR_A0282, and DR_A0283
(Table 2). Although for two of these subunits, DR_A0281 and
the DR_A0282, the function is unknown but showing similarity
with peptidases, the DR_A0283 is identified as a probable sub-
tilase-type serine protease; accordingly, these three proteins
appear as essential components for chopping proteins into
amino acids, suggesting a possible auxiliary role for the SDBC
function. Moreover, the proteins DR_0505, a 5'-nucleotidase,
and the DR_2310, a metallopeptidase, were previously identi-
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fied as part of the DNA Processing Complex (33, 48), also sug-
gesting an ancillary role for the SDBC function of transport
across the outer membrane. The present procedure allows us to
isolate an SDBC retaining its auxiliary subunits, while only the
isolation of DR_2577 hexamers was previously reported (36).
These differences cannot be simply explained in terms of mild-
ness of the procedure used here with respect to the one previ-
ously described. In fact, the latter was performed in absence of
detergents; hence, the extraction was not chemically based but
was physically based by using a French pressure cell, letting only
the most hydrophilic fraction pass in solution, which was only
composed of DR_2577 hexamers (36). Here, the whole isolation
is performed in the presence of the mild detergent 3-DDM, and
during the solubilization of cell wall fragments also the most
hydrophobic components are solubilized and retained by the
SDBC (e.g. the auxiliary subunits).

In EM the cell wall of D. radiodurans appears as a single
dense structure around 30 nm thick, which includes a layer of
sugars, the S-layer, the outer membrane, the periplasm, and the
inner membrane (21). In this context is placed the SDBC that,
inclusive of its auxiliary subunits, exhibits a triangle-like struc-
ture with an apparent 3-fold symmetry delineated by three
pores (Fig. 3). This structural feature is typically observed in
porins such as Omp, Opr (outer membrane porin), the outer
membrane receptor, and others (42). Each SDBC particle had a
triangular shape with a 20-nm side and ~3.5-nm height, sug-
gesting that this complex does not span both membranes, but it
is rather limited to the outer membrane, further hinting for
porin-related structural properties. However, this complex was

SASBMB
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Opro

5 nm

Figure 4. Comparison between the predicted structure of the DR_2577 and the OprO from P. aeruginosa. Whereas the size of the two proteins is
extremely different, a visual comparison of their structure recalls a similar tertiary organization. The side view for the two structures is shown. The scale bar is

reported on the image.

Table 2
SDBC subunit composition identified by MS

Mass spectrometry analysis performed on the bands resolved by SDS-PAGE of the pure SDBC. The analysis identified the main protein subunits of this complex.

SDS-PAGE Uniprot
band Gene identifier Mass iBAQ score Protein name Function and properties
kDa

Bl DR 2577 Q9RRB6 124 3.8le™™ S-layer protein A (SIpA) Carotenoid-binding protein UVC/UVB protection (Farci et al. (11));
thermostability (Farci et al. (12));
porin (this study)

B2 DR 2310 Q9RS17 84 1.18e*1° Uncharacterized protein Probable metallopeptidase ~ DPC proteins—DNA processing (Kota

B3 DR_0505 Q9RX10 60 4.70e™? 5'-nucleotidase family protein Nucleotidase and Misra (48) and Farci et al. (33))

B4 DR_A0283 QI9RYMS8 77 7.80e™? Probable subtilase-type serine Probable peptidase Operon with unknown function (Farci

protease et al. (33))
B5 DR_A0282 Q9RYMY 55 6.71e™? Uncharacterized protein Probable peptidase”
B6 DR_A0281 Q9RYNO 11 1.42¢*1° Uncharacterized protein Probable peptidase”

“ Possible function was inferred from blast analysis.

found to be 4 -7 times bigger than a typically-known porin and
has a characteristic needle-like structure departing from its
center, which may appear bent in some particles (Fig. 3, c—e,
and Fig. S2). This structure may possess the essential function
of hooking the above-placed layer of sugars. According to the
well-known structure—function relationship of proteins (49),
structural features hinting at the possible porin-like function
associated with the SDBC were also tested and confirmed by
bioinformatic analyses. Given that minor auxiliary subunits
contribute to the complex for ~27% with respect to both
amino acid sequences and molecular mass, the only DR_2577
primary structure was analyzed for sequence and structural

SASBMB

similarity against well-characterized porins such as Omp38 and
OprO from the S-layer—carrying bacteria A. baumannii and
P. aeruginosa, respectively. This analysis showed that the core
of the DR_2577 sequence is the hot spot of the similarity. This
region of the primary sequence contains the typically-con-
served sites related to the function of porins (Fig. S3) and has
their characteristic secondary structure (42). Moreover, the
structural homology model for this region strictly matches with
previous studies assigning to it a 3-barrel structure (12, 37). It
has to be emphasized that S-layer proteins are the result of
recombination events (38, 39, 40); thus, except for their SLH
domain (38), they are characterized by highly-variable struc-
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Figure 5. Stepwise insertions of the SDBC. Stepwise increases of membrane current at a membrane potential of 20 mV. Stepwise insertions of the SDBC in
100 mm of KCl (a), LiCl (b), and CH;COOK (c) are shown. Insets show the detail where fast insertions are resolvable and where insertions with varied conductances

are observed. The signals were filtered at 1000 Hz.
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Figure 6. Gating states of the SDBC. Segments of current traces from multiple channel insertions and related gating behavior at 100 mm concentrations of
KCl, LiCl, and CH;COOK are shown. Channel insertions, gated states, and their detail are depicted for KCl (a), LiCl (b), and CH;COOK (c). For all subfigures, insets
i and ii show the current histograms for the lower and higher conductance states, respectively. The histograms are areas normalized and fit to Gaussians to

distinguish the sub-gated states. The signals are filtered at 1000 Hz.

Table 3
Channel conductance estimated for the SDBC

The minimum conductance and the related total number of channel insertions are
shown. See text for the interpretation of gating.

Total no. of
Minimum Estimated Ion channel
unit of conductance selectivity  insertions
Electrolyte conductance® from gating® (Panion) analyzed
nS nS

KCl 0.3 3 0.94 269
LiCl 0.25 2.5 1.86 158
CH,COOK 0.3 3 0.6 310

“ Channel conductance was estimated from the minimal unit of conductance
observed.

 Channel conductance was estimated from the gating pattern of the channel
insertions.

tures and functions, allowing the presence of domains that are
species-specific either for basic physiological functions (e.g.
exchanges with the environment) or for unique resistance
properties (e.g. defense against adverse environmental condi-
tions or invasion of a host) (4, 11-15). Accordingly, we can
assume that the similarity between the DR_2577 and the two
porins mentioned above is a true hint toward the functionality
of the SDBC and thus of this specific S-layer. If we compare the
SDBC with widely-studied porins, it can be noticed that they
show a characteristic conductance of ~1-4 nS, in 1 M KCl, as
well as a sharp distribution around their single-channel con-
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ductance in multichannel insertion assays (50, 51), properties
that are not present in the SDBC. Differently, the striking SDBC
feature is that its conductance distribution is quite large even
though the minimal conductance (G,,) step is assumed to be
the single-channel conductance at 100 mum electrolyte concen-
tration (e.g G,, =~0.25 nS; Fig. 6).

Considering the previously described DR_2577 structure
(Fig. 4) (12, 37), and the small weighted contribution of the
auxiliary subunits in the SDBC, the DR_2577 hexamer can be
identified as the main contributor to the SDBC pore regions
(Fig. 3b). Furthermore, considering that a DR_2577 hexamer
results from an assembly of three stable dimers (36), we can
hypothesize that each DR_2577 dimer contributes to a single
pore. Consequently, it is natural to look for the dimer as a sin-
gular unit conductance (G;) in multiples of three (G;:3G;:3nG;).
However, only a heterogeneous pattern in conductance was
observed (Fig. 7). This behavior was attributed to the self-as-
sembling properties of the SDBC; thus, given the measured G,
~0.25 nS, the singular unit conductance should sit within 0.25
and 0.5 nS.

Interestingly, in some signal recordings, a fast-flickering gat-
ing behavior of the SDBC can be observed (Fig. 6) in conjunc-
tion with an almost uniform stepwise increment per channel
insertion (A" = AP"“H3COOK <60 pA and A" ' ~50 pA).
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Figure 8. Reversal potential curves of SDBC channels for three different
salt species. Black boxes represent KCl, red circles represent CH;COOK, and
blue triangles represent LiCl. The lines are fits to the GHK Equation 1.

As more channels are inserted, more sub-states are distinctly
separated by a specific conductance as evidenced in Fig. 6a
(insets i and ii).

After the first and second insertions, current traces in KCl
are characterized by a fast-flickering conductance state where
the current trace fluctuates by 6 pA. However, after the third
channel insertion, the trace shows a fast-flickering state with
two distinct sub-states separated by 6 pA. Traces of recordings
performed in CH,COOK show a similar behavior, whereas in
the case of LiCl, these substrates are separated by a fluctuation
of 5 pA (Fig. 6a, insets i and ii). Within the light of this infor-
mation, it can be concluded that a single functional SDBC unit
has a large open channel conductance state with a sub-gated
state of AG 5, AGrizcoo®™ ™ = 0.30 nS and AG 2 =
0.25 nS, and as more channels are inserted, it is possible to
distinguish more of these particular substrates. This fact would
indicate that if a trace with one sub-conductance state describes
a single channel, then a state with two sub-conductance states
describes two channels and so forth. Accordingly, the single-
channel conductance of an SDBC unit is Ggppc<“
Gsppc P99 =3 nS and Ggpp ! ~2.5 nS; alternatively,
given the similarity between the conductance magnitude
drop due to the flickering events (Fig. 6) and the lowest
amount of conductance observed by channel insertions (Fig.
6, eg. AG®' ~ G_..), the flickering can be assumed as
caused by the complete gating (closure) of a single unit of the
SDBC. As more channels are inserted in the bilayer, more of
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these completely gating channels are encountered, and
hence the single-channel conductance of an SDBC unit is
GSDBCKCI = Gappc H3COOK ~0.3 nS and GSDBCLiCl ~0.25
nS. However, considering the relevance of the SDBC self-
assembling properties and the stepwise insertions data here
shown, it is more likely that the smaller conductance steps
reflect the unit conductance and that the higher conduct-
ance levels result from insertions of SDBC higher oligomeric
assemblies.

Finally, the reversal potential measurements indicate that the
channel is nonselective in relation to the large channel conduc-
tances (Table 3). The extent to which the charges are screened
by a channel primarily depends on four factors: (i) the amount
and strength of the surface charges on the channel; (ii) the size
of the channel lumen where the bulk flow of ions occurs; (iii) the
presence of constriction zones within the channel; and (iv) the
concentration of ions in solution. At room temperature, for a
monovalent electrolyte species the Debye-Length (A,), a mea-
sure expressed in nanometers of screened charged surfaces dis-
tance, is given by A, (nm) = 0.304/[M]"/%. Being [M] the molar
concentration of the electrolyte (100 mm), it results that A ~1
nm. From the experimental conductance, we can evaluate the
dimension of the pore assuming a simple diffusion process, in
agreement with the low selectivity measured. From Ghai et al.
(52), we applied the extracted equation P = D/L to calculate P,
the permeability coefficient (nm/ns), by using the diffusion
constant D for ions (D = 3 nm?/ns) and the geometrical length
of the channel (L = 3.5 nm), finally estimating a radius range 0.4
nm < R < 1.2 nm. Hence, our results suggest that the channel
lumen is larger than OmpF or OprO (0.3 nm < R < 0.5 nm) (46,
52) with the possible presence of weak surface charges on the
channel.

In D. radiodurans, the continuity of self-assembled SDBC
units forming the characteristic S-layer organization is an
essential requirement for its fitness (11, 12, 35). However, the
mechanism by which such a continuous proteinaceous barrier
is also able to ensure permeability and allow the passage of
nutrients has never been addressed. The reported SDBC find-
ings present the S-layer not only as a defensive barrier providing
the specific resistance capabilities of this bacterium, but also as
a “breathing membrane” allowing the normal exchange of sub-
stances in/out of the cell. There are increasing evidences for
large protein complexes forming integral parts of cell envelopes
from both eubacteria and archaebacteria (53-56). Accordingly,
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because S-layers have been identified in a large number of bac-
terial species, it would be interesting to speculate whether in
other organisms they also contain large complexes as main con-
stituents and, if so, whether these complexes carry one or more
specific functions of resistance together with the functions of
permeability.

In this context, it is important to highlight that pathogenic
bacteria, such as Bacillus anthracis (57, 58), Helicobacter pylori
(59), Yersinia pestis (60), Campylobacter fetus (61), and many
others, contain S-layers that are essential components in adhe-
sion of bacterial cells to their hosts and in their resistance to
extreme conditions (57, 58, 61). In particular, it is worth men-
tioning the case of A. baumannii, the Omp of which improves
the adhesion to the host contributing to its high infectivity and
its increasing antibiotic resistance. Both these properties are
strictly related to the low permeability of its outer membrane
(15, 62). This fact implies that a proper understanding of the
S-layer architecture will be important for developing new strat-
egies against these pathogens.

The multiple functionality of the SDBC and its peculiar
properties suggests a much more complex machinery in-
volved in the physiology of this S-layer. In biology, structural
models occurring in highly-repeated units are always related
to a functional specialization. In this system, so far, it can be
appreciated that the only resulting functional output are the
gating properties; however, the primary functional reason of
this organization still remains unclear. Further studies will
follow to find greater details about the structure and func-
tion of this system to finally unveil what remains hidden
from us by nature.

Experimental procedures
Bacterial strain and growth conditions

D. radiodurans strain R1 (ATCC 13939) was grown in tryp-
tone/glucose/yeast extract broth (TGY) (63) for 24 h at 30 °C,
with shaking at 250 rpm. Cells were harvested by centrifuging
the bacterial cultures at 5000 X g for 10 min at 4 °C and resus-
pended in buffer A (50 mM Na phosphate, pH 7.8).

Membrane preparation

Whole-cell membrane fractions were purified at 4 °C
according to Farci et al. (33). Cells were resuspended in
buffer A, treated with DNase, and disrupted using a French
pressure cell. Unlysed cells were removed by low-speed cen-
trifugation (4 °C, two times at 2000 X g for 10 min). The final
supernatant was centrifuged again (4 °C, 48,000 X g for 10
min), and the pink pellet, consisting of cell walls fragments,
was resuspended in 10 ml of buffer A. To remove surface
polysaccharides, the membrane suspension was incubated
under agitation (800 rpm) with 100 ug/mllysozyme for 8 h at
30 °C. The membrane suspension was then washed three
times in buffer A by cycles of resuspension/centrifugation
(4 °C, 48,000 X g for 10 min).

Membrane solubilization

Before the final resuspension, cell wall fragments were
weighed. The mass of the cell wall fragments fraction was
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assumed to be the total protein mass. The measured mass was
used for calculating the detergent concentration for solubiliza-
tion. Cell wall fragments were solubilized by agitation in 1%
(w/v) B-DDM at room temperature for 3—4 h with a final pro-
tein concentration of 3—5 mg/ml. The solution was then cen-
trifuged at 48,000 X g at 10 °C for 10 min to remove insoluble
material.

SDBC isolation

The supernatant obtained was processed by two stages of
chromatography. The solubilized sample was injected on an
anion-exchange chromatography column (Hiload HP, GE
Healthcare, Uppsala, Sweden) equilibrated in buffer B (50 mm
Na phosphate, pH 7.4, 0.05% (w/v) B-DDM), and after a step of
binding and washing, the bound components were eluted in a
gradient of 0 —100% buffer C (50 mm Na phosphate, pH 7.4, 2.5
M NaCl, 0.05% (w/v) B-DDM). The SDBC fractions were first
identified by their typical pink color and, subsequently, by
denaturing electrophoresis. Next, the SDBC pool was concen-
trated using a Vivaspin 20 ultrafiltration membrane with a 100-
kDa cutoff (GE Healthcare). The obtained sample was loaded
on a Superose 6 column (Superose 6 10/300GL, GE Healthcare)
previously equilibrated in its mobile phase (buffer B). Whole
equilibrations and the runs were performed at a flow rate of
0.5 ml/min. The molecular weight of the SDBC complex
resolved by the size-exclusion chromatography was estimated
as reported previously (36).

Bioinformatic analysis

The Universal Protein Knowledgebase (UniProt) server
(RRID:SCR_002380) (64, 65) was used for obtaining the
DR_2577 (Q9RRB6), the Omp38 (Q6RYW5), and the OprO
(P32977) sequences. The HHpred software from the Toolkit
in the Tubingen suite was used for blind protein homology
detection based on sequence and structurally accurate pre-
diction, and the Clustal Omega tool from the same suite was
used for sequence alignment (RRID:SCR_010276) (66 —69).
The structural prediction was done by using the RaptorX
suite (RRID:SCR_018118) (70). Molecular graphics images
were produced using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco (71).

PAGE

For denaturing SDS-PAGE, 10% (w/v) separating poly-
acrylamide/urea gels with 4% (w/v) stacking gels were used
(72). Samples were denatured with Rotiload (Roth) at room
temperature before loading, and after the electrophoretic
separation, the gels were stained with Coomassie Brilliant
Blue G-250. Blue Native (BN) gel electrophoresis was carried
out using 3—12% (w/v) continuous gradient gels (36, 73). The
cell wall fragments were mixed with 0.25 volume of Coomas-
sie Blue Solution 5% (v/v), Serva Blue G, 750 mM aminocap-
roic acid, and 35% (w/v) sucrose. Electrophoresis was carried
out at 205 V for 5 h at 4 °C. The molecular weight of the
SDBC complex resolved by BN-PAGEs was estimated as
reported previously (36).

SASBMB


https://scicrunch.org/resolver/RRID:SCR_002380
https://scicrunch.org/resolver/RRID:SCR_010276

Electron microscopy and data processing

Five microliters of purified SIpA complexes in solution was
applied to copper EM grids (EMS200-Cu) covered with a
20-nm carbon film, which were glow-discharged for 30 s with a
5-mA current before specimen application. Excess sample was
removed after 1 min by blotting (Whatman No. 1 filter paper)
for 1- 2 s, and the grid was immediately stained with 5 ul of 2%
uranyl acetate for 1 min and blotted to remove excess stain. A
large data set of optimized and negatively-stained specimen
grids was acquired with a Tecnai F20 microscope (Thermo
Fisher Scientific) operating at an accelerating voltage of 200 kV,
with a FEI Eagle 4K CCD camera, at a magnification of 72,539
ssX and a pixel size of 1.93 A. Altogether, 564 micrographs
were acquired with defocus ranging from 2 to 5 um. After qual-
ity inspection and determination of contrast transfer function
parameters with the GCTF program (74), micrographs were
subjected to particle picking. Approximately 87,312 particles
were semi-automatically picked with the e2boxer.py routine of
the EMAN?2 program (75) and subjected to five rounds of 2D
classification using Relion 1.4 (76), with 3X 120, 80, and 20
classes, respectively, which reduced the data set to 29,414 par-
ticles. All 2D classifications comprised 25 iterations, and no
symmetry was imposed. The presented resolution of the class
averages corresponds to the lowest signal-to-noise ratio (SNR)
value (=1) indicated in the *model.star file and the resulting
output from the last iteration of the final 2D classification. The
number of particles contributing to the class averages was also
found in the *model.star files.

Mass spectrometry

Protein identification by mass spectrometry from bands in
SDS-PAGE was essentially performed as described in Hanie-
wicz et al. (77). Briefly, bands of interest were subjected to in-gel
digestion after reduction (with DTT) and alkylation (with
iodoacetamide) using sequencing-grade modified trypsin.
Extracted peptides were analyzed by LC-MS/MS using a nano-
Acquity UPLC system (Waters) coupled to an Orbitrap Fusion
Lumos (Thermo Fisher Scientific) mass spectrometer. Data
analysis was performed with the software MaxQuant (version
1.5.3.28) (78), and raw files from the MS were searched using
the Andromeda search engine (79) against a species-specific
Uniprot database (D. radiodurans, June 2019, 3120 entries)
with a list of common contaminants appended. The mass error
tolerance for the full scan MS spectra was set at 20 ppm and for
the MS/MS spectra at 0.5 Da. Trypsin specificity (no cleavage if
Lys/Arg followed by Pro) was used for the search, with a maxi-
mum of two missed cleavages allowed. The search included the
following modifications: carbamidomethyl (cysteine, fixed),
oxidation (methionine, variable), and N-terminal acetyl (pro-
tein, variable). A filter of an Andromeda score of 40 for a protein
to be identified was applied. Peptides and protein hits were
filtered at a false discovery rate of 1% using a target-decoy strat-
egy (80). No proteins are reported with fewer than two peptides
per protein in at least one of the bands (Table S1). The inten-
sity-based absolute quantification (iBAQ) values were used to
determine the most abundant protein per gel band from the
analysis.
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Electrophysiology assays

Channel recording apparatus consisted of a two-compart-
ment Teflon chamber (~2.5 ml each) separated by a 25-um-
thick Teflon partition with an aperture of diameter ~100 uwm
for membrane formation. Bilayer lipid membranes were
formed from DPhPC using the monolayer opposition tech-
nique (81). The aperture was pretreated with a hexadecane/
hexane solution (1% v/v) and left for ~20 min to achieve solvent
evaporation. The trans- and cis-sides of the chambers were
filled with buffer solution (100 mm KCl, 10 mm HEPES, pH 7.0),
and 10 pl of lipid in pentane (5 mg/ml) was added to both sides
of the chamber allowing bilayers to form. Channel reconstitu-
tion was achieved by the addition of purified SDBC into the
cis-side of the chamber. A volume of 0.5 ul of SDBC stock
solutions (1 mg/ml) was diluted ~10° times by a solution of
Genapol (1.1% v/v). Channel current traces were recorded with
Ag/AgCl electrodes in agarose salt bridges containing 3 M KCl
or with calomel electrodes containing a salt bridge (Metrohm
AQG) in the case of reversal potential measurements. The cis-
side of the chamber was considered the virtual ground, and
measurements were done using the Axopatch 200B (Molecular
Devices, LLC) patch-clamp amplifier in V-clamp mode (whole-
cell B = 1) with a CV-203BU headstage. The output signal was
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 analysis was per-
formed with Clampfit 11.0.3 (Molecular Devices, LLC) and Ori-
gin Lab 2018 (Northampton, MA). For acquisition and analysis
of reversal potential measurements, a homemade LabVIEW
(National Instruments) was used.

Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (84) part-
ner repository (82, 83) with the dataset identifier PXD015568.
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