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The mechanosensitive channel YbiO has a
conductance equivalent to the largest gated pore
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Highlights
e YbiO can achieve a conductance of ~3 nS equivalent to the
largest gated-pore MscL

e Electrophysiological characterization of YbiO shows multiple
conducting states

e A structure of YbiO representing a subconducting state was
determined by cryo-EM
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In brief

Lane et al. demonstrate that the
mechanosensitive channel YbiO can
achieve conductances equivalent to the
largest gated-pore in nature when
subjected to membrane tension. Single-
channel analysis shows that YbiO has
multiple biologically relevant substates.
The pore dimensions of our YbiO
structure are consistent with a substate
identified in electrophysiology
recordings.
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SUMMARY

Bacterial mechanosensitive channels are divided into large (MscL) and small (MscS-like) conductance fam-
ilies. The function of MscS and MscL is to protect cells against osmotic shock by acting as pressure safety
valves. Within the MscS-like family, E. coli encodes much larger channels, such as YbiO, MscK, and MscM,
but their physiological role remains unclear. Compared to MscL their conductances are reported as 3-10
times lower. We show that YbiO can achieve a conductance of ~3 nS, and an equivalent pore opening
of > 25 A in diameter, equaling the known largest gated pore, MscL. We determine a cryoelectron microscopy
(cryo-EM) structure of YbiO in a sub-open conformation, demonstrating the existence of multiple substates.
One substate is consistent with the pore opening extent of our structure and the other matches states pre-
viously thought to resemble full openings. Our findings demonstrate surprising capabilities, hinting at new
physiological roles for YbiO and potentially other MscS-like channels.

INTRODUCTION

Membrane proteins have evolved alongside lipid molecules, and
consequently, their structure and function are altered by the
chemical and physical properties of the bilayer. For mechanosen-
sitive (MS) channels this lipid-protein relationship is even more
intimate, as these systems sense and respond to tension changes
in the bilayer, and direct interactions with the membrane have
been shown to be key in their gating mechanisms.'™ In bacteria,
seven MS channels (MscL, MscS, Ynal, YbdG, MscK, MscM, and
YbiO) have been identified.® These channels can be grouped
into two major families, MscL and the rest under the umbrella of
the MscS-like family. Bacterial MS channels sense changes in
lateral tension generated in the membrane during hyperosmotic
shock, allowing bacteria to release solutes to prevent cell
lysis.'®"'® However, their redundancy implies that some of these
channels may serve other fundamental roles in bacterial physi-
ology,""'* and several of them are known to be implicated in bac-
terial pathogenicity and possess additional functionalities.'>2°
For example, MscK is potassium dependent, and YbiO, MscK,
and MscM all have an additional periplasmic domain and an
extended transmembrane (TM) domain, the functional role of
which is unknown.”® Several models have been suggested for
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the sensing of membrane forces by an ion channel.” The most
substantiated model in bacterial and several eukaryotic channels
is the lipid-moves-first model,”> which provides a molecular basis
for the more general force-from-lipid principle.21 This entropy-
driven model proposes that there are membrane tension-sensitive
domains in MS channel proteins, which in the case of MscL and
MscS, exist as TM pockets which are directly implicated in their
mechanical sensing and response.*?>?° Notably, similar TM lipid
pockets also exist in larger MscS-like channels and are key to their
gating.?+ 28

Studies to address aspects of the YbiO channel structure and
function are extremely limited. As a member of the MscS-like su-
perfamily, YbiO is heptameric and this was evidenced in a partial
structure of its MscS-like domain.”** YbiO is predicted to have
11 TM helices per subunit. The MscS-like TM1 and TM2 are ex-
pected to form a flexible sensing paddle, with TM3 as the pore
lining helix and lipid pockets in between. The periplasmic domain
of YbiO has no sequence similarity outside of closely related
species.” Initial electrophysiological studies of YbiO have been
performed in protoplasts, reporting conductances in the range
of 16-19 pA (0.8-1.0 nS) with a pressure ratio (PMscL:PYbiO)
of ~1.16-1.21 required for gating.”** YbiO is induced by NaCl,
and its expression is dependent on RpoS.” RpoS is a sigma
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factor which are a group of proteins that regulate transcription in
bacteria in response to different environmental stimuli. RpoS
controls the synthesis of many stationary phases and osmoti-
cally induced genes and is a key regulator of the general stress
response in bacteria.”**' The complex regulation of YbiO is
not fully understood, but it is not incorporated into the membrane
at sufficiently high levels to afford protection from osmotic shock
under physiological conditions, which leaves open questions
about its primary function. Limited studies have suggested
that it potentially has a role in influencing the pathogenicity of
bacteria.””'® In one of these studies, Salmonella strains
associated with epidemic outbreaks were found to have 7
gene variants compared to non-epidemic-causing strains,
including a Gly602Arg single-nucleotide mutation in YbiO.!”
Therefore, further investigations into YbiO may identify it as a
potential target for antimicrobial resistance.

Of the largest E. coli MscS-like channels (11 TM helices per
subunit) only MscK has been structurally characterized in both
a closed and open state.”® MscK is unique due to the require-
ment of external ions (K*, Rb*, or Cs*) in addition to lateral ten-
sion for gating.®*>*® MscK is the largest known bacterial MS
channel and has a significantly larger (~500 residues) periplas-
mic domain than YbiO, and like YbiO, has 11 TM helices per sub-
unit (e.g., 77 TM helices per channel).?®**=% The structures
show that MscK comprises three layers: a C-terminal cyto-
plasmic domain, a curved TM domain, and an N-terminal peri-
plasmic ring.?® As has been seen for Ynal, YbiO, and MSLA1,
the cytoplasmic domain is structurally conserved.?*?>*":38 The
periplasmic domain of YbiO is unlikely to form the helical bundles
seen in MscK, as it has a significantly smaller number of resi-
dues, lacks sequence similarity outside closely related species,’
and AlphaFold®® analysis gives low confidence scores for the
modeling of this region (Figure S9). In MscK, there is a curvature
in the arrangement of the TM helices, reminiscent of that seen in
Piezo channels.?® Several plant MscS-like channels, such as
MSL1, MSL10, and FLYC1 have been structurally character-
ized,2>273749-42 gnd their extended TM domains also feature
variable degrees of membrane curvature, with MSL1 particularly
presenting high TM curvature in the closed state, which flattens
upon opening, suggesting a role in sensing and responding to
curvature changes in membranes.®’

Here, we report single-channel conductances of the YbiO
channel in giant unilamellar vesicles (GUVs), equivalent to that
of MscL, currently the largest known gated pore in nature. Our
findings create a precedent for other MscS-like channels to be
revisited to identify their unique biophysical properties and roles.
We also report additional single-channel activities of lower con-
ductances, which resemble biologically relevant substates of
YbiO, previously assigned as full channel openings. Finally, we
determine a cryoelectron microscopy (cryo-EM) structure of
the heptameric YbiO channel, consistent with one of these inter-
mediate sub-open states (PDB: 9GO3, EMDB:51489).

RESULTS

Single-channel YbiO recordings show equivalent
conductances to MscL-like openings

Limited electrophysiological studies of YbiO have been done
in protoplasts which reported conductance in the range of
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16-19 pA (0.8-1.0 nS) with a pressure ratio (PMscL:PYbiO) of
~1.16-1.21 required for gating.”*° Studies of MscK and MscM
in spheroplasts have also shown conductances of ~0.9 nS and
~0.3 nS respectively.” 2% We purified recombinantly expressed
wild-type (WT) YbiO and reconstituted the protein into Soy-PC
giant unilamellar vesicles (GUVs) for functional characterization
by single channel electrophysiology. We selected the GUV set-
up because, despite being technically challenging, it allows the
study of pure and monodisperse YbiO in the absence of other
cellular and membrane components. We also used Soy-PC,
which is an established lipid system for the study of bacterial
MS ion channels.?>**~*7 Prior to YbiO recordings, we first per-
formed control measurements under applied tension of empty
GUVs and GUVs loaded with WT MscS (Figure S1). No activities
were detected following the application of negative pressure in
empty GUVs (Figure S1A). Control patch-clamp electrophysi-
ology measurements of WT MscS channels in GUVs of the
same lipid composition were consistent with biologically relevant
MscS activities previously reported in a variety of systems (e.g.,
spheroplasts, protoplasts, and GUVs) (Figure S1B).%*%47:48 We
then reconstituted WT YbiO into Soy-PC GUVs for electrophys-
iological characterization under applied tension. While we
initially observed comparable conductances to those previously
reported in protoplasts for YbiO in our GUVs set up,”** and here
defined as “S,”, we also observed an additional range of signif-
icantly larger single channel conductances consistent with the
presence of multiple intermediate states, as previously shown
for both MscS and MscL.?*#¢4°~*1 These larger conductances
are defined as subconducting state S; and fully open (FO).
Conductances of 0.57 nS (+0.10) (Sy) (n = 4), 2.09 nS (+0.40)
(S1) (n = 4), and 2.97 nS (x0.36) (FO) (n = 5) were measured for
WT YbiO (Figures 1 and S7). The pressure activation threshold
required for full channel opening was 90 + 34.1 mmHg. Interest-
ingly, all the full openings we observed from independent GUV
patches (n = 5, YbiO) were acquired at substantially higher pres-
sure thresholds than the ones required for MscS and other
MscS-like channels. This is consistent with electrophysiology
studies on YbiO in spheroplasts that required near MscL pres-
sure thresholds to reach its reported ~1 nS conductance.” Con-
ductances for S, and S; were 0.57 nS (x0.10) (n = 4) and 2.09 nS
(£0.40) (n = 4) with pressure thresholds of 92.5 mmHg (+31.1)
and 70 mmHg (+30), respectively (Figures 1 and S7). A summary
of these values can be found in the supplemental (Table S2).

Structural characterization of YbiO in a sub-open state
using cryo-EM

To explore YbiO’s structural architecture and the conformational
rearrangements that were occurring to give rise to a wide range
of ion conductances, we employed cryo-EM and determined the
structure of YbiO (Table 1). In our solved structure the channel
adopts a previously unseen state, as judged by the pore diam-
eter at the constriction site and shifts in TM helices (Figure 2D).
The previously reported structure of YbiO (7A46) only had part
of TM1 and TM2 modeled, without the connecting loops.**
Therefore, our structure is the most complete to date as it has al-
lowed for the determination of multiple previously unresolved TM
residues. In the cryo-EM micrographs and the 2D classes (Fig-
ure 2F), consistent with other structures of MscS-like channels,
a cone-like shape of the extended TM domain is visible, but
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Figure 1. Representative patch-clamp re-
cordings of YbiO reconstituted into Soy-
PC GUVs, recorded at +30 mV membrane
potential

“n” is the number of individual patches.

(A) Representative recording of the fully open state
of YbiO measured in GUVs. This state has a mean
conductance of 2.97 nS (+0.36) (n = 5) where “n” is
the number of individual patches. The scale bar
corresponds to 20 pA and 150 ms. Figure 1A is
related to Figure S2 as both measurements are
from the same patch. Figure 1A represents the first
stable opening at 100 mmHg. Figure S2 shows
the initial activity observed at 80 mmHg, but the

20 pA

150 ms

I |
‘m ’\fh“; ‘r I‘ﬂ” |

channel did not achieve a stable opening for the
entire duration of tension application, requiring
higher pressure for this.

(B) Representative recording for the subconduct-
ing Sy state measured in GUVs. This state has a
mean conductance of 2.09 nS (+0.40) (n = 4). The
scale bar corresponds to 30 pA and 300 ms.

(C) Represents recordings of the subconducting
S, state of YbiO, with several channels tran-
sitioning into this S, state following the application
of pressure. This state is close to one previously
reported for YbiO in spheroplasts’ and has a mean
conductance of 0.57 nS (+0.10) (n = 4). The scale
bar corresponds to 20 pA and 300 ms.

pore opening and could be linked to
distinct functional states (Figure S3).
Structural alignment of our YbiO struc-

high-resolution information is lacking, likely because of the high
flexibility of the outer TM helices. A similar lack of density for the
outer helices has previously been reported in a cryo-EM struc-
ture of the smaller of MscS-like channel Ynal.>* 2D classes of
YbiO where the TM domain is at different angles (Figure 2F) sug-
gest YbiO could respond to membrane curvature changes. From
our cryo-EM map, a model of the MscS-like core, including the
entire cytoplasmic domain and multiple TM segments could be
built. In the TM domain, we were able to model TM3A and B,
TM2, and most of TM1 with the connecting loops between these
helices and newly register a large number of the residues within
the helices (Figure 3). The TM domain contains the pore-lining
helix TM3B which controls the channel gate and the extent of
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ture with the previously reported struc-
ture (PDB: 7A46), and comparison of
HOLE pore diameter analysis, suggest
our structure is in a different state
(Figures 2D and 2E).24:°°

Flegler et al. (2020) reported a partial
structure of YbiO in a closed-like state.
However, Channel Annotation Package
(CHAP) and molecular dynamic (MD)
simulation analysis suggested the pore
was hydrated and ion-conducting.?*°°
Comparison of the YbiO model with
closed MscS (PDB: 6VYK), showed that
the overall core structure is conserved
with a cytoplasmic vestibule domain,
pore-forming TM3 helix, and the paddle
formed by TM1 and TM2 (RMSD = 3.043) (Figure S8).>**° This
is also in agreement with the published structure of Ynal and
MscK.?**® Compared to closed MscS, TM1 and TM2 are similar
but rotated by ~20°-25° and are tilted slightly away from the
central axis of the pore (Figure S8). It was previously predicted
that YbiO has a 19-residue loop between TM1 and TM2 in com-
parison to a 6-residue loop in MscS.2* However, our structural
data are inconsistent with this prediction, as the TM1-TM2
loop is half the size in our current YbiO model, with the rest form-
ing part of ordered TM helices. Interestingly, there is extra non-
protein density in the coulomb potential map which sits between
TM1 and TM2 from one chain (e.g., A) and TM2 of the neigh-
boring chain (e.g., B) (Figure 2C). While the overall resolution of

20 pA

300 ms
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Table 1. Cryo-EM data collection parameters
WT YbiO GDN/CHS
GDN/CHS 0.042/0.0042

Detergent concentration (%)

Detector Falcon 4i

Energy filter (eV) 10

Voltage (kV) 300

Defous range (um) -1.0, -1.2, -1.4, -1.6, —1.8, —2.0
Magnification (X) 165000

Pixel size (A) 0.74

Dose per physical pixel/second 6.02/6.37/6.59°
(e s7") per second

Total dose (e/Az) 66/70.8/65.8%
Initial particle images 1.7 million
Final particle images 147K
Resolution (A) 3.15

AMultiple individual data collections from the same grid were combined
following particle extraction.

the map is 3.15 A (Figure S5B), the resolution drops to 4-4.5 Ain
this region and therefore we could not unambiguously assign this
density (Figures 2C and S5C). However, the location of this addi-
tional non-protein density within the TM domain between helices
TM2 and TMS3 is consistent with lipid density also found in many
other MscS-like and MscL channels, where lipids present in
pockets formed between TM helices play a key role in mechan-
ical sensing and response, '+?:*%:22724,26,28,37,38,57

Both the constricting residues that are the final stopping
point for hydration and conduction of the ion channel could
be visualized—L549 and F553 (Figures 3C and 3D). These res-
idues are close to the cytoplasmic domain of the protein and at
the interface of the inner-membrane plane, and their side
chains point into the pore axis and form the narrowest points.
Pore analysis using HOLE®® shows that our structure has a
pore diameter of ~9.5 A at the narrowest point F553. Such a
diameter could allow for water molecules to pass through,
therefore suggesting our structure is not fully closed. HOLE
analysis of the closed-like structure (PDB: 7A46) revealed a
smaller diameter at the pore constriction site (~6.7 A),
compared to our structure (PDB: 9GO3); however, computa-
tional electrophysiology experiments within their study sug-
gested the closed-like channel was able to conduct ions, and
this was accompanied by slight rotation of the TM helices,
consistent with the state not being completely closed.”® Our
structure presents an increase in pore diameter of ~2.8 A
compared to the previous closed-like structure and is consis-
tent with a sub-open state.® Structures resembling closed
states of MscS, such as PDB: 20AU and PDB: 6VYK, have
pore diameters of ~4.95 A and ~5.34 A, respectively, at the
tightest constricting residue (L105).%*°® Our YbiO structure
has a substantially increased pore diameter compared to
both closed MscS states and the previously reported YbiO
closed-like state (PDB: 7A46), which had rotation in the TM he-
lices, consistent with it not being fully closed. On this basis, our
YDbiO structure (PDB: 9GO3) most likely resembles an interme-
diate state and is more consistent with the electrophysiological
S, state. According to the ~3 nS single channel conductance
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we recorded here, a YbiO FO state is estimated to have a
pore diameter of >25 A, based on previous calculations for
MSCL.45’51’59

A single G602R mutation in YbiO has been associated
with increased pathogenicity of bacteria.'” At a resolution of
~2.8 A, we can visualize this region in our structure and conclude
that this mutation site sits on a loop across the cytoplasmic por-
tals and remains unchanged between the closed-like (PDB:
7A46) and sub-open (PDB: 9GO3) YbiO structures (Figures 3B
and 3F), with little movement occurring within the cytoplasmic
domains between the two states.** This suggests that this region
is probably unaffected by channel gating and any functional ef-
fects associated with this site may be due to the charges and/
or additional bulkiness this particular mutation introduces.

DISCUSSION

Seven MS channels have been identified in E. coli, and the
smaller channel proteins MscL and MscS provide the majority
of protection against osmotic shock. So far, the rest of the larger
E. coli MscS-like channel proteins seem to have a redundant role
in this function.”®'* Structural and functional studies of the
larger members are very limited.®°"®? Recently, the structure of
the larger E. coli MscS-like channel MscK was determined.?®
This channel showed changes in the curvature of its TM domain
between two states, forming a dome-like structure which is remi-
niscent of that seen for the eukaryotic Piezo channels.®*~%° YbiO
is predicted to have the same number of TM helices as MscK and
likely a dome-like indentation in the TM domain. Our 2D classes
for YbiO show substantial changes in the curvature of the TM
domain (Figure 2F). This structural architecture is also consistent
with other eukaryotic MscS-like channels that possess extended
TM domains found in plants and fungi.?>2"-*%37-5" Curvature
dependence may be a key characteristic among the larger mem-
bers of the MscS-like superfamily. According to the entropy-
driven lipid-moves-first model,?***’ lipid movement from TM
pockets formed by their TM3/TM2, is expected to play a central
role in the mechanisms of these larger channels, however, it may
also be that membrane curvature has a synergistic effect in
channel gating.?*26-28:68

To date, the smallest size MS channel in bacteria, MscL, is
known to form the largest gated pore in nature. MscL is pre-
dicted to have an open pore diameter of 28-40 A with a
measured conductance of ~3 nS, allowing the passing of small
(~10 kDa) proteins through its non-selective pore,”®®® making
it an ideal system for biotechnological exploitations.”® As of
now, these pore openings were thought to be unique with no
other single-channel gated pore having the structural capability
to reach these ion conductance values. YbiO is one of the largest
members of the MscS family, but data for its role in bacterial
physiology is scarce. Previously, YbiO’s activity was examined
in protoplasts and maximum openings of ~1 nS were recorded,
like those of MscS, but a higher-pressure activation threshold
was required.” The conductance of the channel has never
been tested on monodisperse purified channel proteins reconsti-
tuted in giant unilamellar vesicles (GUVs), devoid of other
membrane proteins. Surprisingly, in our electrophysiology GUV
experiments we observed that at high (close to lytic) tension,
YbiO presents very large openings, equal to that of the single
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Figure 2. Cryo-EM structure of the heptameric YbiO
channel in a sub-open state

(A) Coulomb potential map of YbiO with a global resolution of
3.15 A viewed from the membrane plane and from the cyto-
plasmic side when rotated 90°.

(B) Overall model of YbiO shown in ribbons from the mem-
brane plane and from the cytoplasmic side when rotated 90°.
The YbiO monomer is colored in gray (PDB: 9GO3).

(C) Non-protein density between the TM helices of YbiO. The
YbiO modeled TM helices are shown overlayed with the
Coulomb potential map. Density in front and behind the non-
protein density is cropped using the side view tool in Chi-
meraX°? to allow visualization.

(D) HOLE analysis of the pores of the sub-open state in purple
and the closed-like state (PDB: 7A46) in gray.

(E) Alignment of the YbiO model (this study, purple, PDB:
9GO03) with the published model (PDB: 7A46) of YbiO (light
blue) from the side (left) and cytoplasmic view (right) to show
the pore constricting residue (F553). The side view tool in
UCSF Chimera®® was used to remove the cytoplasmic
domain and the ends of the TM helices to improve visuali-
zation.

(F) 2D classes show the dome-like indentation in the TM
domain of YbiO and the change in the curvature of the TM
domain. Classes showing different spacing between oppo-
site sides of the TM domain are highlighted with red squares.
These 2D classes are taken from a different data collection
than the 3D reconstruction reported here. For this alternative
data collection, YbiO was solubilized in LMNG/CHS (0.007 %/
0.0007%) detergent.



Structure

channel conductances seen for the largest gated pore to date,
MscL. This unique functional behavior is unprecedented and
has not been observed in any MscS-like family members of a
similar size and architecture, including MscK and MscM. Our
findings could now pave the way for further exploring the bio-
physical properties of other orthologous members in bacteria,
plants, parasites, and fungi.®®“%°"-"" Potentially other larger
members of the MscS-like family could also present larger con-
ductances than previously seen in protoplasts, and systematic
testing of purified channel proteins in GUVs would allow this to
be demonstrated. When the unique biophysical properties of
these large, gated pores are investigated and realized, they
could then be exploited in biotechnological and antimicrobial ap-
plications, like MscL.”®
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Figure 3. Structural analysis of the hepta-
meric YbiO channel

(A) The built model (PDB: 9GO3) is superimposed
with the unsharpened density map.

(B) A close-up of the cytoplasmic portal showing
the location of G602R mutation. The model (PDB:
9GO03) is overlaid with the sharpened map and
residue colored in lime green.

(C) Periplasmic view of YbiO shows residue L549
(lime green) with the model overlaid with the
sharpened map. The side view tool in UCSF
Chimera®® was used to remove the cytoplasmic
domain to improve visualization.

(D) Periplasmic view of YbiO showing the tightest
constriction residue, F553 (lime green), with the
model overlaid with the sharpened map. The side
view tool in UCSF Chimera® was used to remove
the cytoplasmic domain to improve visualization.
(E) TM1 and TM2 with connecting loop overlaid
with the unsharpened map.

(F) Structural alignment of our sub-open structure
(PDB: 9GO3) in purple with the closed-like structure
of YbiO (PDB: 7A46) in light blue showing little
global movements occur in the cytoplasmic domain
when transitioning toward a more open state.

Along with the large openings, we
also observed two more dominant
subconducting states, one of which
is similar in its unitary to those recorded
in  protoplasts.”**  Subconducting
states have been previously seen in
MscS and MscL and are key to their
mechanical sensing and response
mechanisms,’#%46:49.50.72-74 |t ig there-
fore not unusual that we see multiple
states present for YbiO. When proto-
plasts (or spheroplasts) are used in
electrophysiology studies of E. coli MS
channels, MscL is often used as a refer-
ence system. Therefore, fully open
states of MscS-like channels, such as
YbiO, may often be hindered or misi-
dentified by the similar conductance of
the MscL channel. Additionally, differ-
ences have been commonly seen in
the electrophysiological profile and tension thresholds of other
MS ion channels between spheroplasts and liposomes.*”+*®
While Soy-PC GUVs are an established system for the
electrophysiological characterization of mechanosensitive
ion channels,?>***" these lipids are different from those
present in the cell membrane of E. coli. This could potentially
affect the electrophysiological characteristics of YbiO,
though this is unlikely to lead to the presence of larger open-
ings exclusively in GUVs, since the same lipid system has
been used by us for E. coli MscS here (Figure S1B) and in
several other studies, and no higher than ~1 nS conductance
has ever been reported.”*™’ Future work could use the
MJF641 strain to confirm the presence of these large
openings.’
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While we expect lipid exchange from TM pockets to play a role
in the mechanisms of these larger channels, this may also be
associated with changes in membrane curvature. TMs 5-11 are
a feature of the larger E. coli MscS-like members, and could
potentially be involved in curvature sensing, a property which
has been suggested for other MscS-like channels with additional
TM helices. Substantial curvature changes in the TM domain of
the protein are evidenced by our 2D classes for YbiO so it may
be that this is a key characteristic of the larger MscS-like channels
(Figure 2F). The overall architecture of the cytoplasmic domain ap-
pears to be conserved across the MscS-like family. The G602R
mutation in Salmonella YbiO may be associated with increased
pathogenicity of bacteria. The equivalent position in E. coli YbiO
is G604. In the structure, this site sits on a loop across the cyto-
plasmic portals, and our structure reveals that is not altered during
a transition from the closed-like to sub-open state, suggesting the
pathogenicity effects observed may not be linked to channel
gating, but local changes in the amino acid properties. These por-
tals are associated with the regulation of ion selectivity and the
regulation of conductance in MscS and other MscS-like chan-
nels.?>*""*~® Single-point mutations have been made in the cyto-
plasmic portal loop in FLYC1. Sequence alignments give no sim-
ilarity but structurally one mutation is in a similar location to G604
in YbiO (K624E) and this mutation results in a remarkable 3-fold
decrease in channel conductance.®” The G604R mutation may
alter the ion conductance properties, as it is likely that portals
also form part of the permeation pathway in YbiO.

We believe our structure represents an intermediate state in
the activation pathway of YbiO. In our structure, the channel
adopts a sub-open conformation, with a larger pore diameter
than the previously reported closed-like structure, which was
able to conduct ions in computational electrophysiology experi-
ments.”* Membrane compression may be required to obtain a
fully closed structure of a non-conducting YbiO, while mimicking
tension conditions in vitro may be necessary to obtain larger
opening forms of the channel. Indeed, recent studies showed
that it is possible to mimic tension conditions within lipid scaf-
folds (i.e., nanodiscs and liposomes) using cyclodextrins, which
induce controlled lipid depletion and stabilized functional states
of MscS.*®*"7 Structural analysis of MscS using electron para-
magnetic resonance (EPR) spectroscopy and X-ray crystallog-
raphy, demonstrated the channel is open in detergent,”®"° while
mostly closed in lipid membranes.*®° Other studies have sug-
gested that in the closed state, the MscS channel pore may be
occupied by lipids, and this may also be the case in the YbiO
channel.®'~%% However, YbiO and MscS structures so far, except
for one, have used detergent for extraction and this may remove
lipids from the channel pore.?*°8:60:62.79.81.83.84 Eytyre work
could explore the use of extraction polymers for the structural
characterization of the YbiO channels in a more native-like lipid
environment.®%858 Overall, the rotation of TM helices in the Fle-
gler et al. structure (PDB: 7A46) indicates the structure was not
fully closed,”* and the ~2.8 A increase in the pore diameter in
our structure (PDB: 9GO3) compared to this, suggests that our
structure resembles an intermediate substate, with pore dimen-
sions consistent with the S, state reported here.

Despite recent advances in the structural determination of
bacterial MS channels,?*?°*® and successful monitoring of their
cellular localization,®” their functional roles remain poorly under-
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stood. The larger MscS-like channels may have subtler roles in
osmoregulation, but additional functions are also likely.'*'*
Several of these channels have also been implicated in bacterial
pathogenicity but the specific mechanisms for this are un-
known. *1""1 Some MS channels have also been linked to bio-
film formation, but this has not been fully investigated.®®®°
Further work using multidisciplinary approaches is needed to un-
derstand the functional roles, particularly of the larger members
of the MscS-like superfamily in bacteria. To this end, our work
sheds light on the unique biophysical properties of a large
MscS-like channel representative, with equivalent pore open-
ings to MscL, placing YbiO as one of the largest gated pores in
nature. Our findings have direct implications for other members
of the MscS-like family, which could be studied under a similar
set-up to identify analogous or unique properties, paving the
way for their biotechnological and antimicrobial exploitation.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

MJF612 E. coli strain

Levina et al.’
Edwards et al.”

N/A

Chemicals, peptides, and recombinant proteins

N-Dodecyl-b-D-Maltopyranoside (DDM),
anagrade

Anatrace or Glycon

Cat# D310 or D97002

Glyco-diosgenin (GDN) Anatrace Cat# GDN101
Lauryl Maltose Neopentyl Glycol (LMNG) Anatrace Cat# NG310
Cholesteryl Hemisuccinate Tris Salt (CHS) Anatrace Cat# CH210
Soy L-a-phosphatidylcholine (Soy-PC) Anatrace Cat# 441601
Deposited data

Atomic coordinates and structural This study PDB: 9GO3
factors: YbiO

CryoEM map This study EMDB: 51489
Atomic coordinates and structural factors: Flegler et al.** PDB: 7A46
closed-like YbiO

Atomic coordinates and structural factors: Steinbacher et al.*® PDB: 20AU
closed MscS

Atomic coordinates and structural factors: Zhang et al.*® PDB: 6VYK
closed MscS

Recombinant DNA

Plasmid: pTrcYbiOxHis6 plasmid Edwards et al.” N/A

Software and algorithms

Relion 3.1

MotionCor2
CtfFind
CrYOLO 1.5.6

CryoSPARC 3.1.1

Zivanov et al.?%"

Zheng et al.”?

Rohou et al.”

Wagner et al.*

Punjani et al.”

https://relion.readthedocs.io/en/release-3.
1/Installation.html

N/A
N/A

https://cryolo.readthedocs.io/en/stable/
installation.html

https://cryosparc.com/docs

HOLE Smart et al.”® https://www.holeprogram.org/

pClamp 10 Molecular Devices https://support.moleculardevices.com/s/
article/Axon-pCLAMP-10-
Electrophysiology-Data-Acquisition-
Analysis-Software-Download-Page

Other

Proteus X-spinner 2.5 PES membrane,
(100 kDa MWCO)

Ni-NTA Agarose Resin
Superose 6 Increase 10/300 GL column

Molecular Dimensions

Invitrogen
Cytiva

Cat# PAL-X-100-24

Cat# R901-15
Cat# 29091596

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plasmid propagation was performed using DH5a competent E. coli cells plated on Luria Broth (LB) agar (37°C) or inoculated in LB
liquid media (37°C, 200 RPM); both grown overnight in the presence of a selective antibiotic. Recombinant E. coli YbiO was produced
in E. coli MJF612 cultured in LB Broth supplemented with selective antibiotic overnight (25°C, 200 RPM) following IPTG induction
(final concentration 0.8 mM) at an OD600 ~0.8. Full details are available in the STAR Methods text.
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METHOD DETAILS

Protein expression

The pTrcYbiOH6 plasmid was used for expression. The plasmid was transformed into chemically competent MJF612 E. coli cells.
3 x 50 mL falcon tube containing ~12 mL of LB media was inoculated with a single MJF612 colony or glycerol stock containing
the pTrcYbiOH6 WT or mutant plasmid and grown overnight at 37°C, 180 rpm. 17 mL of overnight culture was added to 2 x 2 L
pre-culture flasks containing 500 mL LB media and incubated at 37°C, 180 rpm. The pre-cultures were grown to an OD600 of
0.6, then 50 mL was taken from the cultures and placed into 16 x 2 L flasks containing 500 mL and incubated at 37°C, 180 rpm.
The bacteria were then grown to an OD600 of 0.8, induced with 0.8 mM IPTG and then incubated overnight at 30°C, 180 rpm. Cells
were harvested by centrifugation at 5000 x g and stored at -80°C, until further use.

Protein purification

Following protein expression, cell pellets were resuspended in phosphate-buffered saline and subjected to lysis using a cell disrupter
at 30 kpsi. To remove cell debris the suspension was centrifuged at 5000 x g for 1 hr and the resulting supernatant was centrifuged
again at 100,000 x gfor 1 h. The membrane pellet was resuspended and solubilized in a buffer containing 50 mM sodium phosphate
at pH 7.5, 300 mM NaCl, 10% v/v glycerol, 20 mM imidazole, and 1.0% w/v DDM and incubated at 4°C for 1 h. The sample was then
centrifuged at 100,000 x g for 20 min in an ultracentrifuge to remove insoluble contaminants. The supernatant was passed through a
Ni2*-NTA column containing 1 mL of Ni?*-NTA beads. The column was then washed with 15 mL wash buffer containing 50 mM so-
dium phosphate at pH 7.5, 300 mM NaCl, 25 mM imidazole and detergent (0.021% GDN/0.0021% CHS). The protein was then eluted
from the column with 6 mL of wash buffer supplemented with 300 mM imidazole. Finally, the protein was subjected to SEC using a
Superose 6 Increase 10/300 column (GE Healthcare) equilibrated with a buffer containing 50 mM sodium phosphate pH 7.5, 300 mM
NaCl and detergent (0.021% GDN/0.0021% CHS). For the generation of the 2D classes reported in Figure 2F, the same process was
followed with the exception that YbiO was solubilised in 0.007%/0.0007% LMNG/CHS. CHS is a cholesterol analogue, and the bac-
terial cell membrane does not contain cholesterol-like lipids. We looked at the addition of CHS because it is often paired with LMNG
and GDN in structural cryoEM studies and it appeared to increase the stability and homogeneity of the YbiO sample.

Cryo electron microscopy

For 3D structural determination of YbiO, 1.2/1.3 carbon Quantifoils and 1.2/1.3 UltrAuFoil were glow discharged using a Cressington
208 glow discharger. The YbiO protein sample (1-1.2 mg/mL) in a buffer (50 mM Na-phosphate buffer pH 7.5, 300 mM NaCl pH 7.5,
detergent) was added to grids in the humidity chamber of the Vitrobot. The vitroblot blotted the grids with a blotting force of 6 and a
blot time of 3 sec and transferred the grid into liquid ethane. The grid was quickly transferred from ethane to liquid nitrogen and into a
puc for storage. An FEI Titan Krios with a Falcon IV and Selectris energy filter, or a Gatan K2 direct electron detector (ABSL, University
of Leeds) were used for screening and data acquisition. Data were collected at 300 kV with a pixel size of 0.74. Motion correction and
CTF estimation were done on-the-fly using the RELION 3.1 implementation of MotionCor2 and CtfFind.?>°® CrYOLO 1.5.6 was used
for particle picking using a trained model for my particles and particles were imported into RELION 3.1 for extraction.®* Extracted
particles were imported into CryoSPARC 3.1.1 for the remainder of the image processing pipelines.®®> C7 symmetry was used for
3D refinement. An overview of the processing pipeline is shown in Figure S6. For the generation of the 2D classes reported in Fig-
ure 2F, the same process was followed with the exception that YbiO was solubilised in 0.007%/0.0007 % LMNG/CHS.

Pore analysis using HOLE

The pore diameter along the channel axis for ion channel structures was determined using HOLE.*® Coordinates for the Co. carbon of
the constricting residue on each of the chains were averaged for use as the cpoint in HOLE, a central starting point in the channel for
analysis. The constricting residue with the smallest pore diameter was used as the cpoint. The constricting residue was F553 for
YbiO. A simple.rad radius file was used for specifying the Van der Waals radii for each atom.

Reconstitution into proteoliposomes

Protocols for the reconstitution of MS channels (i.e. YbiO and MscS) in liposomes followed here, were previously described.?>“® In
brief, 200 pL of a 10 mg/mL 20% Soy PC (Avanti) stock dissolved in chloroform was dried in a small glass vial under nitrogen flow.
While drying the lipids, the vial was slowly rotated until a thin lipid layer film was formed. 500 pL of lipid buffer (containing 50 mM
sodium phosphate buffer of pH 7.5 and 300 mM NaCl) was added into the vial, and the mixture was sonicated for 30 min until the
solution was transparent. After addition of DDM at a final concentration of 0.02%, purified protein samples and liposome solutions
were mixed in a weight ratio (1:150) at RT for 1 h. Lipid buffer was left incubating with 300 mg of prewetted Bio-beads (Bio-Rad) at 4°C
overnight. After removal of Bio-beads, the mixture was centrifuged at 100,000 x g for 1 h. The resulting proteoliposome pellets were
resuspended in 80 pL of lipid buffer, flash frozen in liquid-N5 in 10 pL aliquots and stored at -80°C for future use.

GUV formation and electrophysiology

Detailed protocols have been previously described here.?*“® Briefly, proteoliposome were formed and pelleted. For the YbiO only
experiments the protein:lipid molar ratio was 1:50. Pellet aliquots were thawed at RT, one day before the recordings, dehydrated
overnight in a desiccator at 4°C and then rehydrated for 2 h at RT in rehydration buffer (50 mM sodium phosphate buffer pH 7.5,
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300 mM NaCl, and 400 mM sucrose). 5 pL of the buffer containing GUVs was added to the centre of a small petri dish (containing
2.5 mL of working solution: 5 mM HEPES pH 7.2, adjusted with KOH, 200 mM KClI, and 40 mM MgCl,). Proteoliposomes were sub-
sequently collapsed in working solution and formed new giant blisters. Symmetrical ionic solutions were used in all recordings. Patch
pipettes were pulled from thick-walled borosilicate glass capillaries (World Precision Instruments), which when filled with working
solution had resistances of 3-6 MQ. Single-channel currents were amplified using an Axopatch 200B amplifier (Molecular Devices).
The currents were filtered at 1 kHz and sampled at 10 kHz with a Digidata 1440A using pClamp 10 software. Negative pressures were
applied using a high-speed pressure clamp (HSPC-1, ALA Sciences). A constant voltage of +30 mV was applied.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the electrophysiology experiments, amplitude histogram with Gaussian fit enabled the calculation of single-channel conductance
in Clampfit 10.7. In the main text and figures, n represents individual patches. Conductance and pressure threshold values represent
the mean and standard deviation.

CryoEM data collection and processing were performed as described in the cryo electron microscopy section of the method
details using CryoSPARC3.1.1,%° RELION 3.1,°' MotionCor2,%> CTFFind,®® and crYOLO.%* Cryo-EM data collection and refinement
statistics are summarized in Tables 1 and S1.
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