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Abstract

The bestrophin family of calcium (Ca2*)-activated chloride (CI~) channels, which mediate the
influx and efflux of monovalent anions in response to the levels of intracellular Ca2*, comprises
four members in mammals (Best1-4). Here we report cryo-EM structures of bovine Best2 (bBest2)
bound and unbound by Ca?* at 2.4 A and 2.2 A, respectively. The bBest2 structure highlights four
previously underappreciated pore-lining residues specifically conserved in Best2, but not in Best1,
illustrating the differences between these paralogs. Structure-inspired electrophysiological analysis
reveals that, although the channel is sensitive to Ca2*, it has substantial Ca2*-independent activity
for CI~, reflecting the opening at the cytoplasmic restriction of the ion conducting pathway even
when Ca?* is absent. Moreover, the ion selectivity of bBest2 is controlled by multiple residues
including those involved in gating.
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Introduction

The bestrophin proteins are widely distributed, with representatives in most metazoans
including four in humans (hBest1-4), and also in other eukaryotes and prokaryotes?:2,
Although four bestrophin paralogs have been identified as members of the same family of
Ca%*-activated CI~ channels34, their channel properties and physiological functions differ.
For instance, Ca2*-independent activation has been reported for hBest2 but not hBest11.
Physiologically, Bestl is predominantly expressed in the retinal pigment epithelium (RPE)
of mammals®’, and mutations in the human BEST gene have been genetically linked to
retinal degenerative disorders®~14. By contrast, Best2 is localized to the basolateral plasma
membrane of nonpigmented ciliary epithelial (NPE) cells in mice and humans!>16, Best2~/~
mice exhibit changes in ocular aqueous flow and drainage, resulting in a reduction in intra-
ocular pressure (IOP)1°. As high IOP is a major risk factor of glaucoma, and lowering IOP
slows progression at both the early and late stages of the diseasel’~19, Best2 represents a
potential pharmaceutical target for glaucoma. Moreover, Best2 has been suggested to
regulate HCO3™ transport in colonic goblet cells and sweat glands2°21, reflecting the
versatility of anion-selective channels in conducting different anions and the physiological
importance of Best2. Therefore, a comprehensive characterization of Best2 holds
tremendous biomedical value.

Among all bestrophins, only the structures of two Bestl homologs, one from the bacterium
Klebsiella pneumoniae (KpBest) and the other from chicken (cBestl), have been solved in
previous studies?2-23, Both structures show that the pentameric Best1 channel has a flower
vase-shaped ion conducting pathway that protrudes ~50 A into the cytosolic domain. The
ion conducting pathway has two narrow restrictions, one (the “neck’) formed by three
conserved hydrophobic residues at the transmembrane pore, and the other (the “aperture”)
formed by a single residue located at the cytoplasmic exit, approximately 50 A below the
transmembrane region. Compelling evidence suggest that the neck and aperture play critical
roles in channel gating and anion selectivity?2-24. Sequence alignment between Best1 and
Best2 homologs indicates a high level of conservation in the neck, which is formed by the
same set of residues (176, F80 and F84) in cBestl, hBest1, hBest2 and bovine Best2
(bBest2). By contrast, the residue at the aperture varies among homologs: V205 in cBest1,
1205 in hBest1, S205 in hBest2 and mBest2, and G205 in bBest2. Notably, the similarity
between Best1 and Best2 in their primary sequences is not particularly high, as the sequence
identity shared by hBest1 and hBest2 is 44% overall, and 60% in their transmembrane
regions excluding the variable C-termini. Therefore, Best2 may have some unique structural
features not seen in Best1.

Here, we solved the high-resolution cryo-EM structures of bBest2 in the Ca2*-bound and
Ca%*-unbound states, at 2.4 A and 2.2 A, respectively, providing the first Best2 and the first
mammalian bestrophin structure. Remarkably, the bBest2 structure displays two distinct
features along the ion conducting pathway: firstly, despite conserved hydrophobic residues
at the neck, the aperture-forming residue dramatically changes from a hydrophobic | or V in
Bestl (KpBest 1180 and cBestl V205, respectively) to a positively charged K208 connecting
to a negatively charged E212 through a salt bridge in bBest2; secondly, two positively
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charged pore-facing residues- K265 and H91, form new structural landmarks in bBest2.
Moreover, structure-inspired electrophysiological characterization of bBest2 revealed that
the aperture is a size-sensitive Ca2*-activated gate that contributes to Best2’s unique Ca2*-
independent activity, while both K265 and H91, together with the neck and aperture, are
involved in ion selectivity of the channel.

Cryo-EM structures of bovine Best2

Previously, we purified bBest2 containing amino acids 1-406 (bBest21_4qg), which has 91%
sequence identity with hBest2 (Supplementary Fig. 1), and showed that bBest2;_4gg is
sufficient to conduct CI~ current at median Ca2* concentration?®. To elucidate the
architecture of Best2 channels, we solved the cryo-EM structures from bBest21_406 under
three Ca2* conditions: no (EGTA only), low (250 nM) and high (5 mM) Ca?* (Figure la—d,
Table 1, Extended Data Fig. 1-5 and Supplementary Fig. 2).

From a nominally Ca2*-free condition, we solved two distinct states, one at 2.2 A and
another at 2.3 A, both of which lacked a Ca2* ion in the known Ca2* binding site. The high
resolution of these maps revealed carbonyl groups, allowed placement of water molecules,
and facilitated unambiguous assignment of most side chains (Figure 1c). From the high Ca*
condition, we solved one state at 2.4 A, which was bound by Ca?*. From the low Ca%*
condition, two states were identified and solved at 3.0 A resolution, one similar to a Ca2*-
unbound state and the other identical to the high Ca%* state (Table 1, Extended Data Fig. 1-5
and Supplementary Fig. 2).

Overall, the structures are very similar to one another (root-mean-square deviation (RMSD)
= 0.3 A for Ca2*-unbound vs. -bound states from the low Ca2* condition), and resemble the
previously solved cBestl and KpBest (RMSD = 0.6 A comparing Ca%*-bound bBest2 to
Ca?*-bound closed cBest1, Fig. 1d and Extended Data Fig. 4a), indicating a high level of
conservation in the architecture of bestrophins. Residues 75-91 in the second
transmembrane domain line the ion conducting pore, reaffirming previous
electrophysiological results which predict a critical involvement of this helix in pore
function (Supplementary Fig. 1)26-28,

Similar to the KpBest and cBest1 structures, bBest2 showed two major permeation
constrictions in the ion conducting pathway: the neck and aperture (Fig. 1d). Remarkably,
although the neck is formed by the same set of hydrophobic residues (176, F80 and F84) in
bBest2 and cBestl with similar radii, neither position nor composition of the aperture is
conserved: a positively charged K208 together with a negatively charged E212 form the
tightest constriction to the ion conduction pathway within the cytosolic region of bBest2, in
sharp contrast to the hydrophobic aperture formed by V205 in cBest1 and 1180 in KpBest
(Fig. 1d—e). Moreover, the side chains of two positively charged residues, K265 and H91,
point to the ion conducting pore and form additional constrains (Fig. 1d—e). Notably, these
four residues are highly conserved in Best2, but not in Best1, Best3 or Best4.
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The Ca?*-sensing apparatus

Based on the bBest2 structures, three regions undergo Ca2*-dependent ordering: 1) a
conserved Ca%*-clasp previously identified in the cBest1 crystal structure, consisting of a
cluster of acidic residues (E300, D301, D302, D303 and D304) within a tight turn between
helix S4a and S4b (Supplementary Fig. 1, and Extended Data Fig. 4a, 4c and 5b); 2)
residues 2-23, comprising helix Sla and S1b (the “N-terminal extension”, Supplementary
Fig. 1, and Extended Data Fig. 4b and 5a); 3) the C-terminal extension, which includes
residues 340-368, and extends around the midsection of the cytosolic domain, past the
adjacent protomer, making contact with the next protomer over (Supplementary Fig. 1, and
Extended Data Fig. 4d and 5c). All three regions are well-ordered in the Ca2*-bound state
and partially or completely disordered in the Ca?*-unbound states (Extended Data Fig. 4b—d
and 5a—c). The first two regions are in direct contact with Ca?*, which is coordinated by the
acidic side chains from D301 and D304 of the Ca2*-clasp and by the backbone carbonyl
oxygen atoms from A10 and Q293.

Ca?* binding also stabilizes the transmembrane region, as the local resolution (Extended
Data Fig. 1-3), especially of helix S1c which is immediately adjacent to the Ca2*-dependent
Slaand Sib, is of higher quality in the Ca2*-bound state compared to Ca?*-unbound states.
It is likely that Ca2*-dependent stabilization of the N-terminal extension anchors Sic,
ordering it and constraining the transmembrane region.

Ca?*-dependent and independent activities of Best2

Ca?*-independent channel activity has been reported for hBest21, but not for any of the other
bestrophin homologs, suggesting a distinctive characteristic of Best2 channels. However, the
data supporting Ca%*-independent activity of hBest2 were not shown, while Best2 has never
been compared side by side with Best1 in both the absence and presence of Ca?*. To address
these deficits, WT hBest1 and hBest2 were individually introduced into HEK293 cells,
which do not have any endogenous Ca%*-activated CI~ channels on the plasma membrane?®,
and subjected to whole-cell patch clamp. Both hBest1 and hBest2 conducted CI™ currents
which were significantly enhanced by 1.2 pM intracellular Ca2* ([Ca%*];) compared to those
at 0 [Ca2*];, respectively (Fig. 2a—d). Importantly, hBest2 displayed robust current even at 0
[Ca?*]; (54 + 18 pA/pF, Fig. 2d and 2h), in sharp contrast to the tiny current by hBest1
which did not differ significantly from untransfected control under this condition (4 + 1
pAJ/pF, Fig. 2b and 2h). Therefore, unlike hBest1 whose channel activity absolutely requires
Ca?*, hBest2 is partially functional even in the absence of Ca?*.

To test whether bBest2 also has Ca2*-independent activity, WT bBest2 and C-terminus
truncated bBest21_406 Were individually transfected into HEK293 cells for patch clamp.
Consistent with results from hBest2, both bBest2 and bBest2;_49g conducted significantly
bigger currents at 0 [Ca2*]; (13 + 4 pA/pF vs. 18 + 6 pA/pF) compared to untransfected
controls (2 + 0.5 pA/pF, Fig. 2e-h), and the currents dramatically increased in amplitude as
[Ca?*]; was raised to 1.2 pM (Fig. 2f-h).

The structure models suggest distinct apertures in Bestl and Best2. To functionally verify
this difference, we swapped the residue 205 by generating hBest1 1205S and 1205G
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(mimicking hBest2 and bBest2, respectively), and hBest2 S2051 and bBest2 G205l
(mimicking hBest1). Mutant channels were individually expressed in HEK293 cells and
tested by patch clamp. Cells overexpressing hBest1 1205S or 1205G died quickly after
incubating in patch external solution, suggesting that the mutant channels were constantly
open. By contrast, cells expressing hBest2 S2051 or bBest2 G205I conducted currents
similar to their WT counterparts in the absence of Ca2*, but the currents could no longer be
stimulated by Ca?* (Extended Data Fig. 6a—c). These results clearly indicate that Best1 and
Best2 have different gating mechanisms at the aperture, in accord with the structural models
(Fig. 1d).

Ca?*-sensitivity and ion selectivity of bBest2

To profile the Ca2*-sensitivity of bBest2, we performed patch clamp in HEK293 cells
transiently transfected with bBest2 across a range of free [Ca2*];. As expected, the
amplitudes of recorded CI~ currents were apparently sensitive to [Ca?*]; (Fig. 3a-b). A plot
of peak current (evoked with a +100 mV step pulse) as a function of [CaZ*]; displayed robust
Ca?*-dependent activation with the Ca2* half maximal effective concentration (ECsp) at 26
nM (Fig. 3b), which is comparable with that of cBest1, but much smaller than that of
mBest2 (230 nM) or Xenopus Best2 (xBest2, 210~228 nM)24:27:30,

To characterize the ion selectivity of bBest2 to different anions, we measured the reversal
potentials (Eye,) with 120 mM CI~ in the intracellular solution and 120 mM CI~, Br~, |7, or
SCN~ in the extracellular solution. Notably, when CI™ was in the extracellular solution, the
measured Ee, (1.2 + 0.6 mV) was very close to the theoretical Ee, (0 mV) calculated by
Nernst equation, validating our experimental setup. The Es for Br~, I” and SCN™ indicated
the same anionic permeability order of SCN™ > I~ > Br~ > CI~ as that of mBest2 and cBestl
(Fig. 3c and Extended Data Fig. 6d-h)2427. The permeability of an ion reflects the ease with
which the ion enters the channel?. The permeability ratios in relative to CI~ (Px/Pcy),
calculated by the shift in Eg, of the current under bi-ionic conditions, were 8.00 for SCN™,
1.99 for I7, and 1.23 for Br~ (Fig. 3d), very similar to these of mBest2 but noticeably lower
than these of cBest12427. Moreover, bBest2 also exhibited a much higher relative
permeability to cation (Pna/Pc) = 0.45, Fig 3c—d), compared to hBestl (Pna/Pci = 0.03) and
cBestl (Pk/Pc = 0.05)23.24, Together, these results indicate that Best2 channels are
generally less ion-selective than Bestl channels.

Although the substitution of extracellular CI~ with Br~, I7, or SCN™ all caused a shift of Eqy
towards the same direction (Fig. 3c—d), the influence on the channel conductance, which
reflects the interaction of the permeant ion with the channel?’, was very different. In
particular, the current amplitude was enhanced by Br~, unaltered by 17, and reduced by SCN
~ (Fig. 3c), suggesting that the relative conductivity of bBest2 for anions is Br~ > I” = CI™ >
SCNT, distinct from that of cBestl (SCN™ > I~ > Br~ > CI7) or mBest2 (I” > Br~ > CI™ >
SCN™)24.27_Interestingly, the conductance of bBest2 in both inward and outward directions
was dramatically increased by extracellular Br~, but reduced by extracellular SCN™ (Fig.
3c), suggesting that Br~ and SCN™ have a positive and negative influence in bBest2
conductance, respectively.
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The neck, but not the aperture, is a Ca2*-dependent gate for CI~

We recently showed that both the neck and aperture in hBest1 are Ca2*-dependent gates for
CI73L, To investigate their roles in bBest2 channel gating, we performed alanine substitution
for the residue(s) at the neck (176 A/FB0A/F84A, 3A) or the aperture (K208A) (Fig. 4a—b).
As alanine has a much shorter side chain compared to isoleucine, phenylalanine or lysine,
the substitution is predicted to impair channel gating at the corresponding restriction by
mimicking a constantly open state, allowing us to separate the function of the two
restrictions. Mutant channels were individually expressed in HEK293 cells and tested by
patch clamp. The mutants were comparable to the WT in both overall and membrane
expression levels (Extended Data Fig. 7). Remarkably, 1.2 uM [Ca2*]; significantly
stimulated the current from the K208A mutant, but the current from the 3A mutant was
substantial even without Ca2* and irresponsive to Ca2* (Fig. 4a—b), suggesting that only the
neck, but not the aperture, functions as a Ca2*-dependent gate for CI~. Moreover, the K208A
mutant was indistinguishable from the WT in terms of current amplitude and Ca2*-
dependence (Fig. 4b and 4e), again suggesting that the aperture is not a gate for CI~
(Extended Data Fig. 8a). Consistent with this idea, both the Ca?*-bound and Ca2*-unbound
bBest2 structures capture a bound ion density within the aperture at the level of K208,
possibly representing the passing CI~ (Fig. 4c and Extended Data Fig. 9). To further
investigate the aperture, we made an alanine substitution at E212, which forms a salt bridge
with K208 and may be important for maintaining the open position of K208 (Fig. 4c).
Interestingly, the E212A mutant conducted CI™ currents significantly larger than those from
untransfected controls and similar to those from WT bBest2 in the absence of Ca2*, but
could no longer be stimulated by Ca?* (Fig. 4d—e). This suggests a critical role of E212 in
controlling the size of the aperture, possibly by pulling K208 away from the central axis and
maintaining dilation at the cytosolic restriction in the presence of Ca2*.

The aperture, but not the neck, is a Ca2*-dependent gate for CH3SO3~

We recently found that hBestl conducts the big anion methanesulfonate™ (CH3SO37)31,
which has a radius of 2.6 A in the dehydrated form. To probe the pore opening capacity of
bBest2, we replaced CI™ in the external solution with CH3SO3™. Substantial outward
CH3S03~ current was recorded even in the absence of Ca2*, and was significantly enhanced
by 1.2 uM [Ca?*]; (Fig. 5a—b), indicating that both the neck and aperture in bBest2 (radii =
1.1 Aand 2.2 A respectively, Fig. 1d—e) must be dilated to a miminum radius of 2.6 A upon
either spontaneous or Ca%*-dependent channel opening. Moreover, the relative permeability
of CH3SO3™ in bBest2 was right-shifted (Fig. 5b), indicating that CH3SO3™ is less
permeable than CI™ (Fig. 3d).

To examine the gating of CH3SO3~, we examined the bBest2 3A and K208A mutants with
CH3SO3 in the external solution. Remarkably, 1.2 uM [Ca2*]; significantly stimulated
CH3SO03™ currents from the 3A mutant, but not from the K208A mutant (Fig. 5¢c—e),
suggesting that only the aperture but not the neck is a Ca2*-dependent gate for CH3SO3~
(Extended Data Fig. 8b). This is in sharp contrast to the case of CI~, where only the neck but
not the aperture serves as a Ca2*-dependent gate (Extended Data Fig. 8a).
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Then, how can the neck serve as a gate for CI~, but not the bigger CH3SO3™? We reasoned
that this may reflect a “tfrans” promotive effect of CH3SO3™ on the neck, which was
illustrated by the increased CI™ efflux upon the addition of CH3SO3™ in the external solution
and was previously observed in hBest13L. Indeed, replacing CI~ in the external solution with
CH3SO3™ resulted in a strong increase of not only outward current (CH3SO3™ influx) but
also inward current (CI™ efflux) in WT bBest2, indicating that CH3SO3™ on the external side
of the channel promotes CI~ outward movement from the intracellular side in #rans (Fig. 5b
and 5f). Consistent with the results from hBest131, the CH3SO3™-promoted trans effect was
abolished in the bBest2 3A mutant, but retained in the K208A mutant (Fig. 5f). Moreover,
substantial CH3SO3™ currents, but not CI™ currents, were recorded with the aperture
deficient bBest2 K208A mutant in the absence of Ca2* (Fig. 4b and 5c). These results
strongly suggest that CH3SO3™ promotes opening of the neck (Extended Data Fig. 8b).

Both the aperture and neck are Ca?*-dependent gates for I~

The Ca?*-dependent gating effect of the bBest2 aperture on CH3SO3~ but not CI~ is
consistent with our bBest2 structure model, in which the size of the closed aperture (radius
2.2 A) is bigger than CI~ (radius 1.8 A) but smaller than CH3SO3™ (radius 2.6 A). To further
investigate the size of the bBest2 aperture, we examined the gating of 17, which has a bigger
radius (2.2 A) and better permeability than CI~ (Fig. 3c—d). When CI~ in the external
solution was replaced with 17, 1.2 uM [Ca2*); significantly stimulated I~ currents from not
only WT bBest2, but also from the K208A and 3A mutants (Fig. 6a—d), suggesting that both
the neck and aperture are Ca2*-dependent gates for I~. Consistent with this idea, I~ currents
from the 3A and K208A mutants are substantially bigger than those from WT bBest2, both
in the absence and presence of Ca2* (Fig. 6d). Notably, only the outward currents (reflecting
I~ influx), but not the inward currents (reflecting CI~ efflux), from the neck-deficient 3A
mutant were stimulated by Ca2* (Fig. 6b), reaffirming that the aperture of bBest2 is a Ca2*-
dependent gate for I~ but not for CI~ (Extended Data Fig. 8).

Critical residues for anion selectivity

To investigate the contributions of the neck and aperture to bBest2 ion selectivity (Fig. 7a),
we examined bBest2 K208A and 3A mutants by patch clamp with different external
solutions. The K208A and 3A mutants exhibited decreased relative permeability for I~ and
SCNT, respectively, but the permeability for other anions remained unaltered (Fig. 7b—e and
Extended Data Fig. 6h). This is in sharp contrast to the results from cBest1, where anion
selectivity was completely eliminated by alanine substitution at the aperture (V205A), but
intact in the 3A mutant??,

Our bBest2 model predicts that K265 and H91, which are specifically conserved in Best2,
may contribute to the channel activity and ion selectivity. K265 is located at the extracellular
entrance of the bBest2 transmembrane pore, forming a local narrow point that is absent from
the cBest1 and KpBest structures (Fig. 7a). The local resolution at the extracellular entrance
to the channel is relatively poor compared to the rest of the channel (Extended Data Fig. 1),
suggesting that K265 is dynamically flexible. H91 is located right below the neck with side
chains pointing to the ion conducting pathway (Fig. 1d and 7a). To examine the role(s) of
K265 and H91 in ion selectivity, we generated the respective alanine substitution mutants,
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K265A and H91A, which expressed at similar levels on the cell membrane as the WT
(Extended Data Fig. 7). When examined by patch clamp, both K265A and H91A mutants
displayed significantly decreased selectivity for SCN™, while the K265A mutant also
exhibited reduced selectivity for I~ (Fig. 7f—i and Extended Data Fig. 6h). These results
suggest a critical involvement of both K265 and H91 in bBest2 ion selectivity. In contrast, an
alanine substitution outside of the pore region, G199A, did not affect the ion selectivity of
the channel (Extended Data Fig. 6h).

Discussion

Here, we solved high-resolution structures of Best2 with the bovine homolog bBest2 under
three Ca2* conditions. Overall, a high level of similarity is seen between the Best2 and
previously documented Best1 structures, including the CaZ*-binding clasp and flower vase
shaped ion conducting pathway. On the other hand, the bBest2 structure also shows unique
features at the aperture, highlighted by the K208-E212 salt bridge and K208 with anion
bound, and additional narrow points formed by K265 and H91 in the ion conducting
pathway. Structure-inspired functional analyses reveal that the aperture in bBest2 is a Ca2*-
dependent and size-selective gate, while all restrictions in the ion conducting pathway,
including the neck, aperture, and newly identified K265 and H91, are involved in ion
selectivity.

The neck and aperture are the two main structural restrictions in the channel ion conducting
pathway previously identified in the bacterial and chicken Best1 homologs2223, Now our
bBest2 model has extended this structural conservation to the Best2 paralog and to mammals
in general. Functionally, the neck and aperture play critical roles in Ca?*-dependent gating
and ion selectivity of Best123:24:31.32_ Our results indicate that these designated
functionalities are conserved in Best2. However, unlike its counterpart in hBest1, the
aperture of bBest2 is a Ca2*-dependent gate only for large anions such as I~ and CH3SO3",
but not for the relatively smaller CI~ (Fig. 4-6 and Extended Data Fig. 8). As a result, in the
absence of Ca?* bBest2 is conductive for CI~, but not for I~ (Fig. 4, Fig. 6 and Extended
Data Fig. 8). This size-selective feature fits well with the bBest2 structure, in which the
opening of the “closed” aperture (radius 2.2 A) is apparently bigger than a dehydrated CI~
(1.8 A). Consistent with this idea, a bound ion density is present in the aperture of all bBest2
cryo-EM maps (Extended Data Fig. 9), irrespective of Ca2*, potentially representing a CI~
(present in the cryo-EM sample buffer) passing through the “closed” aperture.

The Ca?*-independent channel activity for CI™ raises the important question about the
substrate anion(s) of bBest2 /n vivo. Although Best2 was originally identified as a CI™
channel, compelling evidence suggests that it mediates transport of HCO3™~, which is bigger
than CI~ (radius 2.2-2.3 A vs. 1.8 A), in colonic goblet cells and sweat glands20:21,
Moreover, Best2 is expressed in the basolateral plasma membrane of NPE cells, where it
regulates IOP5.16. As an anion channel, Best2 could regulate 10P directly by mediating CI~
transport, which has been suggested to be the rate-limiting factor of aqueous humor
formation in the eye33:34, or indirectly by mediating HCO3~ transport, which affects
intracellular and intraocular pH. The permeability and conductance of HCO3™ in hBest1,
hBest2 and mBest2 were previously documented after heterologous expression: all three
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channels are highly permeable to HCO3™ (PHcos/Pci ~0.44 for hBestl, and 0.6-0.7 for
hBest2 and mBest2), and have similar conductance for HCO3™ and CI™ (GHco3/Gc = 0.9 —
1.1)35. However, the physiological role of Best2 in conducting CI~ or HCO3™ in NPE cells
has not been directly demonstrated.

Previous studies suggested that the aperture (V205) in cBest1 (radius 1.3 A) does not
contribute to the Ca*-dependent gating of CI~, and a Ca2*-independent “breathing”
mechanism was proposed?2. Our results suggest that Ca2*-dependent activation of the
aperture is at play for large ions including I~ and CH3SO3™, even in bBest2 whose aperture
has a much bigger opening than that of cBest1 (radius 2.2 A vs. 1.3 A). Therefore, we
suspect that the aperture in cBest1 is a Ca2*-dependent gate for bigger halides such as Br~
and I”. Although the hBest1 structure has not been solved, the presence of a bulky isoleucine
at the aperture (1205) predicts a small opening in the closed state, potentially similar to its
counterpart in KpBest (1180, radius 0.9 A). Supporting this idea, the hBest1 aperture is a
Ca?*-dependent gate for CI=31, We propose that Ca?*-binding triggers the dilation of the
aperture in all mammalian bestrophins, but Ca2*-dependent gating is only effective when the
size of the passing anion is bigger than the closed aperture after taking “breathing” into
account (Extended Data Fig. 8).

On the other hand, the role of the neck as a major Ca2*-dependent gate appears to be clear
and conserved among all examined Best1 and Best2 homologs?4:31:32. Notably, the neck
serves as a gate for CI~, Br™ and I, but not for the bigger CH3SO3™ due to a #rans promotive
effect: the addition of CH3SO3™ in the external solution enhances not only the influx of
CH3SO037, but also the efflux of CI™. This trans effect was observed in the WT and aperture
alanine substitution mutant (K208A), but not in the neck alanine substitution mutant (3A),
suggesting that the neck, but not the aperture, is activated by CH3SO3™. Notably, trans effect
has been documented for CaZ*-activated CI~ channels?7:36, and is suggested to reflect the
influence of the ion, CH3SO3™ in this case, on channel gating (Extended Data Fig. 8)31.

Interestingly, although SCN™ has a similar size as I~, Best2-mediated SCN™ currents were
much smaller than I~ currents at the same [Ca2*];. This observation may be attributed to
SCN sticking to the channel, which depends on a conserved S7926-28, Consistent with this
idea, a recent study described a cBest1 structure in which the pore-lining helix at the neck
rotates upon activation32, moving F80 away from the pore, widening the constriction and
exposing S79 to the solvent within the transmembrane pore.

In our ion selectivity experiments, Na* was used as the cation in all patch solutions, and was
taken into account when Py/P¢ (X = CH3SOg3, Br, I or SCN) was calculated. As CH3SO3™ is
the least permeable ion among all those tested in this study, the existence of permeable Na*
in the patch solution would theoretically have the most interference on the calculated
Pchasoa/Pc. To test this possibility, we used impermeable NMDG™ as the cation to re-
examine Pchssos/Pcr. The resultant Pcpssos/Pc) values from both approaches were
consistent (Extended Data Fig. 6g), validating our ion selectivity results. However, it should
be noted that using impermeable NMDG™ as the cation is a more stringent condition for ion
selectivity experiments.
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The neck and aperture are structural landmarks in all three available high-resolution
bestrophin models, solved from KpBest, cBestl and bBest2. Notably, a higher level of
conservation is seen at the neck, which consists of three hydrophobic I or F residues in these
species, as compared to the aperture, which changes from a hydrophobic | or V in KpBest/
cBest1 to a positively charged K in bBest2. Further sequence alignment with more vertebrate
bestrophin homologs reveals a unique composition of the Best2 aperture (Supplementary
Fig. 3): 1) the neck forming residues 176, F80 and F84 are perfectly conserved in all
examined vertebrate bestrophins; 2) among the four paralogs, only Best2 does not have a
hydrophaobic | or V at the 205 position; 3) all examined vertebrate Best2 homologs have a
positively charged K208 and a negatively charged E212, which are connected through a salt
bridge and form the aperture in bBest2. Taken together, we predict that Best3 and Best4 both
have a hydrophobic | or V aperture mirroring that of Best1, while the unique aperture of
Best2 underlies distinct functionality of the channel, such as Ca2*-independent activity,
compared to the other three paralogs.

Previous studies indicate important involvement of the neck and aperture in Ca2*-dependent
gating and anion selectivity; however, a consensus has not been established. A clear
separation of function was reported with cBest1, where Ca2*-dependent gating and anion
selectivity are solely controlled by the neck and aperture, respectively?4. By contrast, studies
from other species suggest the involvement of both constrictions in these functionalities23:31,
Our results from bBest2 support the latter scenario (Fig. 4-7).

HEK?293 cells authenticated by short tandem repeat DNA profiling were kindly gifted from
Dr. David Yule at University of Rochester. DMEM (4.5 g L™ glucose, Corning 10013CV)
supplemented with 10% FBS and 100 pg ml~1 penicillin-streptomycin was used for
HEK?293 cell culture. No mycoplasma contamination was found by DAPI staining.

20-24 hours before transfection, HEK293 cells were detached by treatment with 0.25%
trypsin for 5 minutes at room temperature and split into new 3.5-cm culture dishes at 50%
confluency. PolyJet transfection reagent (SignaGen SL100688) was used to transfect
HEK?293 cells with plasmids bearing the indicated WT or mutant channels (1 pg). The
transfection mix was removed after 6-8 hours, and cells were washed with PBS and cultured
in supplemented DMEM. 24 hours after transfection, cells were detached by trypsin and
split onto fibronectin-coated glass coverslips for patch clamp?”’.

Immunoblotting

HEK?293 cells transiently expressing CFP tagged bBest2 WT and mutant channels were
harvested 48 hours post transfection. The M-PER Mammalian Protein Extraction Reagent
(Thermo Fisher Scientific 78501) and Mem-PER Plus Membrane Protein Extraction Kit
(Thermo Fisher Scientific 89842) were used to prepare the total cell lysates and membrane-
associated proteins, respectively. The samples were mixed with Laemmli buffer and
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denatured at 95°C for 5 minutes, followed by SDS-PAGE and wet transfer to nitrocellulose
membranes. Immunoblotting was performed with GFP primary antibody (1:1,000, Thermo
Fisher Scientific A-6455) and fluorophore-conjugated secondary antibody (1:10,000, LI-
COR Biosciences 926-68071), and subsequently detected by infrared imaging. p-actin
loading control was detected by a monoclonal primary antibody (1:1,000, Thermo Fisher
Scientific MA5-15739) and HRP-conjugated secondary antibody (1:10,000, Thermo Fisher
Scientific 04-6020), followed by ECL.

Electrophysiology

Electrophysiological analyses were conducted 72-96 hours after transfection. Whole-cell
patch clamp recording was performed with an EPC10 patch clamp amplifier (HEKA
Electronics) controlled by Patchmaster (HEKA). Micropipettes were pulled and fashioned
from filamented 1.5 mm thin-walled glass (WPI Instruments), and filled with internal
solution containing (in mM): 130 CsCl, 1 MgCl,, 10 EGTA, 10 HEPES (pH 7.4, adjusted by
CsOH) for Fig. 2 and Figs. 4-6. The desired free Ca* concentration was obtained by adding
CaCly (maxchelator.stanford.edu/CaMgATPEGTA-TS.htm). Series resistance was typically
1.5-2.5 MQ, with no electronic series resistance compensation. The recipe of external
solution was (in mM): 140 NaCl, 5 KCI, 2 CaCl,, 1 MgCl,, 10 HEPES (pH 7.4, adjusted by
NaOH) and 15 glucose for Figs. 2 and 4. For Ca*-dependent conductance measurement
with different anions, when replacing CI~ with X (X =17 or CH3SO3") in Figs. 5-6, the
external solution was 120 NaX and 10 HEPES (pH 7.4, adjusted by NaOH). For ion
selectivity experiments, when replacing CI~ with X (X = Br~, I7, SCN™ or CH3SO3") in
Figs. 3 and 7, the internal solution was 120 NaCl, 0.21 EGTA, 10 HEPES (pH 7.4, adjusted
by NaOH). The desired free Ca?* concentration (1.2 uM) was obtained by adding CaCls.
The external solution was 120 NaX and 10 HEPES (pH 7.4, adjusted by NaOH). When
measuring the relative Na* to CI~ permeability, the external solution was 30 NaCl and 10
HEPES (pH 7.4, adjusted by NaOH). In control experiments, both the internal and external
solutions (pH 7.4) were adjusted by NMDG in Extended Data Fig. 6f; 120 NMDG-CI and
NMDG-CH3SOj3 instead of NaCl and NaCH3SO3 were added in the internal and external
solutions, respectively, in Extended Data Fig. 6g. Solution osmolarity was 290~310 mOsm/L
with glucose, and ~5 mOsm lower in the internal solutions than the external solutions of the
same experiment. The low and high Ca2* solutions in the same set of experiments were
adjusted to have the exact same osmolarity.

Traces were acquired at a repetition interval of 4 s28. Currents were sampled at 25 kHz and
filtered at 5 or 10 kHz. 1-V curves were generated from a group of step potentials (—100 to
+100 mV from a holding potential of 0 mV). Experiments were conducted at room
temperature (23 + 2 °C). Liquid junction potentials were measured and corrected using
HEKA built-in functions. Solution changes were performed manually.

Molecular cloning

All constructs were made by site-directed mutagenesis PCR with the In-fusion Cloning Kit
(Clontech) and verified by sequencing.
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Protein production and purification

HEK?293-F cells were gifted from Dr. Ravi Kalathur. To produce bBest21_406, HEK293-F
cells were infected with BacMam baculoviruses bearing bBest21_406 (MOI = 5), and
cultured at 37 °C for 72-96 hours before harvesting3’. 10 mM sodium butyrate was added to
HEK?293-F culture 24 hours post infection.

Cells were harvested by centrifugation at 200 g in 4°C and stored at —80°C until use. Cell
pellets were resuspended in a buffer containing 50 mM HEPES (pH 7.8), 300 mM NacCl, 5%
glycerol, 20 mM imidazole, 1 mM PMSF, EDTA-free protease inhibitor cocktail (Sigma
S8830), and 0.5 mM TCEP, and lysed using an emulsiflex-C3 high pressure homogenizer
(Avestin). The cell lysate was incubated with a final concentration of 2% (w/v) n-Dodecy! B-
D-maltopyranoside (DDM) (Anatrace) for 1 hour at 20°C with gentle rocking. The non-
dissolved content was pelleted by ultracentrifugation at 150,000 g in 4°C for 30 min. The
supernatant was carefully collected and loaded to a pre-equilibrated 5 mL HisTrap Ni2*-
NTA affinity column (GE Healthcare). After 13 column-volume buffer wash, the protein was
eluted with a buffer containing 25 mM HEPES (pH 7.8), 200 mM NaCl, 5% glycerol, 500
mM imidazole, 0.1 mM TCEP and 0.05% (w/v) DDM. The resulting samples were
concentrated with 100 kDa centrifugal filter units (Amicon Ultra-15, Millipore) to a final
volume of 400-500 pL for size-exclusion chromatography with a Superdex-200 column by
HPLC (AKTA pure 25, GE Healthcare). The desired free CaZ* concentration was obtained
by adding CaCl, and EGTA (maxchelator.stanford.edu/CaMgATPEGTA-TS.htm).

Cryo-EM sample preparation

For the EGTA and 5 mM Ca?* datasets, bBest2 was purified as previously described with a
few modifications. After nickel elution in DDM, imidazole was removed by buffer exchange
on a 15mL concentrator. TEV protease was added for 2-5 hours and the cleaved GFP with
10x his tag and TEV (with 6x his tag) was removed by incubation with nickel slurry. bBest2
left in the flow through was concentrated to 3 mg mL~1 and amphipol PMAL-C8 (Anatrace)
was added at a protein:amphipol mass ratio of 1:4. After 1-3 hours incubation with PMAL-
C8 rocking at 4 °C, activated SM-2 Bio-Beads (Bio-Rad) were added and incubated rocking
overnight to remove detergent. On the next morning, fresh Bio-Beads were added for about
30 minutes to ensure the complete removal of detergent and the protein was injected onto a
Superdex-200 in gel filtration buffer lacking detergent (200 mM NaCl, 40 mM HEPES, 0.1
mM TCEP, pH 7.8). The peak corresponding to pentameric bBest2 was concentrated for grid
preparation (Vivaspin 500, 100,000 MWCO PES, sartorius). Grids were prepared with
protein at 0.5-0.8 mg mL~1 in gel filtration buffer. As bBest2 exhibits preferred orientation
(top views only) in both amphipols tested (A8-35 and PMAL-C8) and in nanodisc, various
additives were tested for the ability to improve the angular distribution and it was
determined that addition of 0.1-0.2 % PMAL-CS8 to the protein directly prior to vitrification
resulted in excellent particle distribution and an abundance of side views, allowing 3D
reconstruction. 3 pL of protein was mixed with appropriate stock solutions to generate final
concentrations of 5 mM CaCl, or 20 mM EGTA, followed by addition of PMAL-C8 to a
final concentration of 0.1-0.2 %. 3 UL of the protein mixture was added to plasma-treated
UltrAuFoil R0.6/1 holey gold grid (EMS) at 12 °C and 100% humidity, incubated for 10-15
s, and then blotted for 6-12 s and plunged into liquid ethane cooled by liquid nitrogen with a

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Owiji et al.

Page 13

Vitrobot Mark IV. For the EGTA state, care was taken to use calcium-free filter paper
(Whatman quantitative ashless filter paper Grade #40, WHA1440150) and Whatman #1 was
used for the high Ca?* state. In all cases, two filter papers were used on the right side of the
Vitrobot arm (same side as protein addition) with one paper on the left, which reduced the
blotting time.

For the 250 nM Ca?*dataset, pure protein in DDM was transferred to amphipol A8-35
(Anatrace) for 4 hours with gentle agitation at 4 °C, followed by overnight incubation with
SM-2 Bio-Beads (Bio-Rad) to remove the detergent. On the next day, the protein in A8-35
was further purified by a final round of size exclusion chromatography with a Superdex-200
column in the absence of detergent. The peak corresponding to pentameric bBest2 was
concentrated to 0.5-0.8 mg mL~1 and 2.8 pL was applied to a plasma-treated UltrAuFoil
R0.6/1 holey gold grid (EMS) using a Vitrobot Mark IV (ThermoFisher) after addition of
appropriate EGTA and Ca2* mixture. The initial sample in A8-35 exhibited highly preferred
orientation (top views only) and addition of 0.06 mM DDM to the protein-amphipol
complex immediately prior to grid application was found to fix the issue.

Cryo-EM data collection

All datasets were collected on a Titan Krios (Thermo-Fisher) with K2 or K3 direct electron
detector (Gatan) using Leginon for automated data collection38.

The 20 mM EGTA state was imaged on “Krios1” at the Simons Electron Microscopy
Center, a part of the New York Structural Biology Center. 4,314 movies were collected on
the K2 direct electron detector (Gatan) at 22,500x mag, corresponding to a physical pixel
size of 1.07 A/pix, with a total dose of 69.67 e~/AZ and a nominal defocus range of 0.8 to
1.5 um. Ice thickness was monitored as previously described and targets were chosen in ice
ranging in thickness from 20 to 100 nm?3.

The 5 mM Ca?* state was imaged on “Krios Z” at Columbia University, which is equipped
with a K3 direct electron detector (Gatan) and energy filter. 5,700 movies were collected at
105,000x mag, corresponding to a physical pixel size of 0.83 A/pix, with a total dose of 58 e
~/A2 and a nominal defocus range from 0.8 to 1.4 pm.

The 250 nM Ca2* state was imaged on “Krios 1” at the Simons Electron Microscopy Center,
a part of the New York Structural Biology Center. 6,781 movies were collected on the K2
direct electron detector (Gatan) at 29,000x mag, corresponding to a physical pixel size of
0.83 A/pix with a total dose of 73.14 /A2 and a nominal defocus range from 1.50 to 2.50
um.

Cryo-EM image processing

EGTA dataset movies were imported to cryoSPARC2 (v2.12.4) for processing. Movies were
aligned using patch motion correction, followed by CTF estimation by Patch CTF.
Templates were generated by blob-based autopicking on a small subset of micrographs.
These particles underwent a few rounds of 2D classification to generate clean 2D classes for
template-based autopicking, which resulted in picking 3,714,156 particles from 4,314
micrographs. Particles underwent multiple rounds of 2D classification with binning to
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remove “bad” particles, consisting of particles that may be from thick ice, damaged, adhered
and denatured at the air-water interface, and those which may not correspond to protein at all
(ice, gold, etc). From initial 2D classification, 935,352 particles were selected for further 3D
classification at a pixel size of ~1.67 A/pix. Particles underwent ab initio reconstruction and
homogeneous refinement to 3.43 A, followed by heterogeneous refinement into four classes.
One class exhibited excellent features while the other three displayed artifacts or non-
continuous helices. The good class, consisting of 562,619 particles underwent homogeneous
refinement and particles were extracted without binning. The particles were extracted with a
box size of 200 pixels and underwent ab /nitio reconstruction followed by homogeneous
refinement to 2.24 A. Heterogeneous refinement into four classes revealed one class with
excellent features and semi-ordered N-terminal extension (Class #4, 287,708 particles) and
another class with disordered N-terminal extension (Class #2, 124,043 particles). The class
with ordered N-terminal extension underwent homogeneous refinement to 2.31 A, followed
by local motion correction in cryoSPARC2 (2.12.4) using a box size of 256 pixels. Particles
underwent ab /nito reconstruction and “Refinement NEW” with per-particle defocus
optimiation and per-group CTF optimization (tilt, trefoil, spherical aberration, and tetrafoil)
to 2.19 A, followed by Non-uniform refinement to 2.19 A. Particles were symmetry
expanded and underwent local refinement (with Non-Uniform Refinement, lowpass 8 A)
using the same refinement mask from Non-uniform refinement, resulting in a map at overall
2.17 A resolution. This map underwent density modification in Phenix (ResolveCryoEM,
phenix-dev-3699) and was resampled on a finer grid using new Cryo-EM tools (Sharpen/
Blur Map) in Coot 0.9-pre with a sharpening factor of —2 and resample factor of 3.0,
resulting in @ map with final voxel size of 0.35 A2/vox40. The map with disordered N-
terminal extension was processed in a similar manner. 124,043 particles from heterogeneous
refinement underwent homogeneous refinement to 2.55 A. Particles underwent local motion
correction in cryoSPARC?2 (2.12.4) using a box size of 256 pixels, followed by ab initio
reconstruction and “Refinement NEW” with per-particle defocus optimiation and per-group
CTF optimization (tilt, trefoil, spherical aberration, and tetrafoil) to 2.36 A, followed by
Non-Uniform refinement to 2.36 A. Particles were symmetry expanded and underwent local
refinement (with Non-Uniform Refinement, lowpass 8 A) using the same refinement mask
from Non-Uniform refinement, resulting in a map at overall 2.33 A resolution. The map was
filtered according to local resolution from blocres as implemented in cryoSPARC2 (2.12.4)
and was resampled on a finer grid in Coot with a sharpening factor of —2 and resample factor
of 3.0.57

High Ca?* dataset movies were imported to cryoSPARC2 (v2.12.4) for processing. 5,700
movies were aligned using patch motion correction, followed by CTF estimation by Patch
CTF. Nearly 2,000 micrographs were overfocused, likely due to deformation of the grid and
inaccurate z-focusing. Only the micrographs with estimated resolution 3.5 A or better were
kept for further processing and overfocused images were removed, leaving 3,418 good
micrographs. Templates were generated by blob-based autopicking on a small subset of
micrographs and these particles underwent a few rounds of 2D classification to generate
clean 2D classes for template-based autopicking, which resulted in picking 3,734,960
particles from 3,418 micrographs. Particles were extracted with binning and underwent
multiple rounds of 2D classification to remove “bad” particles. From initial 2D
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classification, 1,737,124 particles were selected for further 3D classification at a pixel size
of ~1.43 A/pix. These particles underwent ab initio reconstruction, followed by
heterogeneous refinement into 6 classes. The three best classes were combined for
homogeneous refinement to 2.93 A. Particles were extracted without binning at the original
pixel size of 0.83 A/pix and underwent ab initio reconstruction, followed by “Refinement
NEW” with per-particle defocus optimization to 2.85 A. Particles underwent local motion
correction (per-particle motion correction) with a box size of 340 pixels, followed by ab
initio reconstruction and “Refinement NEW” with per-particle defocus optimization and per-
group CTF parameter optimization for tilt, trefoil, spherical aberration, and tetrafoil, which
refined to 2.39 A. Heterogeneous refinement was performed and the class with best features
and highest number of particles was chosen for the final homogeneous refinement to 2.36 A.
This map underwent density modification in Phenix (ResolveCryoEM, phenix-dev-3699)
and was resampled on a finer grid using new Cryo-EM tools (Sharpen/Blur Map) in Coot
0.9-pre with a sharpening factor of —2 and resampling factor of 2.0 and, resulting in final
voxel size of 0.41 A2/vox40

For the 250 nM Ca?* state, frame alignment and dose-weighting were performed using
UCSF MotionCor2 in 5 x 5 patches?!. CTF was estimated with gCTF on non-dose-weighted
micrographs®2. Automated particle picking was performed in Relion using 2D class
templates obtained from manually picked particles?3. Particles were binned to 4 A/pix
during extraction and imported to cryoSPARC for initial 2D classification*4. Multiple
rounds of 2D classification were performed to remove bad particles, such as ice, detergent,
gold and low-resolution protein particles from thick ice. 3D ab initio reconstruction was
performed, followed by homogeneous refinement with C5 symmetry. Particles were then re-
centered and extracted in Relion without binning with a final pixel size of 0.83 A/pix.
Particles were then imported to cryoSPARC v2 (2.11) for further processing. Unbinned
particles underwent one round of 2D classification, followed by 3D ab initio reconstruction,
heterogeneous refinement, homogeneous refinement, and non-uniform refinement. Initial
reconstructions processed with C1 symmetry exhibited C5 symmetry and subsequent
processing was carried out with C5 symmetry enforced. Heterogeneous refinement into four
classes was performed on the initial ab /nitio reconstruction, resulting in one “good” class
which could be refined to high resolution and had densities for each helix, as well as three
“bad” classes, which could not be further refined beyond 8 A and which lacked densities for
expected helices. The good class consisted of 33,348 particles and was refined to 3.00 A
with homogeneous refinement. The resulting maps had strong densities for residues 24 to
340, while the N- and C-termini had weak density, indicating possible heterogeneity in this
region. Heterogeneous refinement into two classes resulted in one class with strong density
for the N-terminus, moderate density for the C-terminus, and good density for residues 301—
304 of the acidic Ca2*-clasp (consisting of 18,972 particles), as well as one class which
lacked these densities (consisting of 14,376 particles). The class with strong densities for the
N- and C-termini, and Ca?*-clasp underwent homogeneous refinement to 3.08 A, followed
by non-uniform refinement to 3.04 A. The class with disordered N-terminus and C-terminus
underwent homogeneous refinement to 3.27 A, followed by non-uniform refinement to 3.11
A. The particles were transferred to Relion with the aid of pyem, reconstructed using
Relion_reconstruct, post-processed, and underwent CTF refinement (per-particle
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defocus)*>46. CTFrefined particles were then imported to cryoSPARC v2 for a final round
of non-uniform refinement. The Ca2*-bound class was refined to 3.00 A, while the Ca2*-
unbound class was refined to 3.03 A. The final Ca2*-bound map was obtained by performing
post-processing in Relion3.0, while the final Ca2*-unbound map was obtained by
performing local filtering in cryoSPARC v2.

All reported resolutions were computed by cryoSPARC v2 with tight mask using the gold
standard Fourier shell correlation (FSC) of 0.143. As further validation, 3DFSC was used to
assess the directional anisotropy of the samples and the sphericity was found to be
acceptable (>0.9) for each sample.

Model building and refinement

A homology model for bBest2 was generated using the Swiss-Model server from the
chicken Best1 crystal structure (PDB 4RDQ)2247-51 Using this homology model as a
starting point, real space refinement was performed in Phenix2, followed by manual
adjustment in Coot®3. Real space refinement was performed iteratively in Coot and Phenix
until the final model was generated. Water molecules were added manually in Coot for the
three maps with best resolution (high Ca2* map and both maps from the Ca2*-free
condition).

The model was validated using comprehensive validation tools in Phenix, including the use
of MolProbity to assess geometry constraints®*, phenix.mtriage to compute the map-to-
model FSC®5, and EMRinger to assess model fit>6. Local resolution estimation was
performed using the blocres package from Bsoft®’, as implemented in cryoSPARC v2.

All structure figures were generated with PyMOL or UCSF Chimera®8. HOLE was used to
compute the pore dimensions, while Caver3.0 was used to generate pore densities for
figures®®.

Electrophysiological data collection and analyses

Whole-cell patch clamp data were processed off-line in Patchmaster. Statistical analyses
were performed using built-in functions in Origin. A sufficient number of samples were
examined to reach statistical conclusion according to the specific method utilized in that
experiment.

The X~ to CI™ relative permeability (Px/Pc) was calculated according to the Goldman-
Hodgkin-Katz equation taking Pna/Pc into account. The relative CH3SO37/CI™ (with
CH3SO3™ or CI™ in the external solution) inward movement (outward current) conductance
(GcH3s03 with ex-CcH3s03 /Gl with ex-c1) Was measured as slope conductance at the reversal
potential plus 50 mV, and CH3SO3™ current was multiplied by 1.2 to compensate for the
concentration difference. The trans effect, representing the relative CI~ (with CH3SO3™ or ClI
~ in the external solution) outward movement (inward current) conductance

(Gel with ex-cH3503/Gcl with ex-c1), Was measured as slope conductance at the reversal
potential minus 50 mV.
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Statistics and Reproducibility

A sufficient number of samples were examined to reach statistical conclusion according to
the specific method utilized in that experiment. Statistically significant differences (P <
0.05) between means of two groups were determined by two-tailed Student #test. Data are
presented as means + s.e.m.

Reporting Summary Statement

Further information on experimental design is available in the Nature Research Reporting
Summary linked to this article.

Data Availability

Atomic models are available through the Protein Data Bank with accessions codes 6V X5,
6V X6, 6V X7, 6VX8 and 6V X9; cryo-EM reconstructions are available through the EMDB
with accession codes EMD-21430, EMD-21431, EMD-21432, EMD-21433 and
EMD-21434.

Source data for Figure 2—7 are available with the paper online.

Extended Data
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Extended Data Fig. 1. Structure determination of bBest2 with 250 nM ca?*.
(a, b) FSC curve for masked and unmasked map generated by cryoSPARC v2 non-uniform

refinement for Ca2*-bound (a) and Ca2*-unbound (b) states. (c, d) Local resolution
estimation calculated by blocres as implemented in cryoSPARC v2 for Ca%*-bound (c) and
Ca2*-unbound (d) states. (e) Viewing angles for particles contributing to final map as
implemented by pyem star2bild script for Ca2*-bound state. (f) Analysis of sphericity of
final maps by 3DFSC server to assess directional anisotropy of specimens with slightly
preferred orientation for Ca2*-bound state. (g, h) The same format for the Ca2*-unbound
state. Blue histogram indicates percentage of per angle FSC. Red solid line indicates
directional FSC and green dashed line indicates +/- 1 standard deviation from mean of
directional FSC. (i, j) Map v. Model FSC curve with and without mask as implemented by
Phenix.validation package for Ca2*-bound (i) and Ca2*-unbound (j) states.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Owiji et al.

Page 19

1? GSFSC Resolution: 2.174 B GSFSC Resolution: 2.334
0.8} - - 0.8 -
06H No Mask (2.74) : T o e = 06H NaMaisk(B,lA) : ) Lo v R e e

| — sphercal 254) [ 1 fsc=0.5 (2.3 A) : : T || seherical 2.8d) |f50=0.5 (2.6 A)\

— Loose (2.24) * + + — Loose (2.54) T q

1 | 1027 I I WSO SES— . (. o TR N gad= Mont2al)  licmioninaoemmincNsin [ ¥ meions
" || — Corrected (2.24) | : : : A " || — corrected (2.34) | : :
(i — — “fsc=0.143 (2.2 A) )| ISR— e fsc=0.143 (2.3 A)
o0 i i i i 00 i i i i

DC 144 6.94 4.64 3.44 2.74 2.34 DC 144 6.94 4.64 3.44 2.74 2.34

Local Resolution (A)

f  Sphericity = 0.965

)

8

Directional Fourier Shell Correlation

Parcantana of Por Anals FSC (%)

o1 0z 03 04

Spatial Frequehcy (A

1 Map v. Model

0.8

Fourier Shell Correlation

]

c
kel
=
£
£
o
O
©
<
w
=
Kl
=
=
(o]
L

0.6 05

0.4

0.2

——Unmasked ==-Masked
0 Y NEPVS

0 01 02 03 04 05 06
Spatial Frequency (A)

=

Sphericity = 0.937

Percentage of Per Angle FSC (%)

o1 02 o3

1 Map v. Model

0.8

0.6

04

0.4

0.2

0 ——Unmasked ==-Masked

Directional Fourier Shell Correlation

Spatial Frequency (A)

0 01 02 03 04
Spatial Frequency (A™)

Extended Data Fig. 2. Structure determination of bBest2 with EGTA only.
In the same format as Extended Data Figure 2. Left(a, ¢, e, f, i), Ca?*-unbound state 1 (N-

terminus partially disordered); right (b, d, g, h, j), Ca?*-unbound state 2 (N-terminus

completely disordered).

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Owiji et al.

Page 20
alo GSFSC Resolution: 2.364
: : ] : —  No Mask (34)
: : —  Spherical (2.84)
0_8 b ssvesalsissvaiivdaannssiinSersnnT N s v iv ......... — [optE (ZSA)
\ —  Tight (2.44)
: : ! : — Corrected (2.44)
0_6_ ................ A = ” B SR SR R ™ - -
fsc=0.5 (2.7 A) :
04k b ,,,,,,,,,, .......... o, 1, (- _ ........................
o2f o f50=0.143 24 A) NN\
N L e ‘ :
DC 144 7.4 474 354 284 244 24 184 Local Resolution (A)
e S 1 Map v. Model
Sphericity = 0.984 =
g v g 208
3 E 5
i s §os 05
- 5 Doa
o 2 M =
%" g @
g . 3 5 0.2
I 8 =
§ g =} 0 i
o £ o
A @ ® 5 L o 01 02 03 04 05 06
Spatial Frequency (A) Spatial Frequency (A"

Extended Data Fig. 3. Structure determination of bBest2 with 5 mM ca?t,
In the same format as Extended Data Figure 2 and 3. (a) FSC curve generated in

cryoSPARC. (b) Local resolution from blocres. (c) Viewing angles for particles contributing
to final map. (d) Analysis of sphericity. (e) Map v. Model FSC curve with and without mask.
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Extended Data Fig. 4. Representative cryo-EM density for the two bBest2 cryo-EM structures
with 250 nM Ca?*

(a) Architecture of an individual bBest2 protomer (/ef?) and cBestl protomer (4RDQ, righi),
both Ca2*-bound and color-coded by segments in accordance with Supplementary Figure 1.
(b-h) Representative map densities for indicated regions are shown with the corresponding
atomic model. The Ca2*-bound state (ordered N-terminus) and Ca2*-unbound state
(completely disordered N-terminus) structures are shown in orange (/ef?) and blue (righi),
respectively. Green dot, a Ca2* ion. (i, j) Stereo images of bBest2, presenting the aperture
region for divergent “wall-eyed” viewing. Orange, Ca*-bound (i); blue, Ca2*-unbound (j).
Green dot, a CI™ ion
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e

Extended Data Fig. 5. Representative cryo-EM density for bBest2 cryo-EM structures with
EGTA only and 5 mM Ca?*.

(a-g) Representative map densities for indicated regions are shown with the corresponding
atomic model. The Ca2*-unbound state 1 (partially disordered N-terminus, EGTA only),
Ca2*-unbound state 2 (completely disordered N-terminus, EGTA only) and Ca%*-bound state
(ordered N-terminus, 5 mM Ca?*) structures are shown in green (/eff), pumpkin (middle)
and purple (righd, respectively. Green dot, a Ca2* ion.
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Extended Data Fig. 6. Critical residues in Bestl and Best2.
(a, b) Population steady-state current density-voltage relationships from HEK293 cells
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expressing hBest2 S2051 (a) or bBest2 G205l (b) in the absence (gray) and presence (black)

of 1.2 uM [Ca2*];; n= 9-20 for each point. (c) Bar chart showing the steady-state current
densities from HEK293 cells expressing the indicated Bestl and Best2 channels in the
absence (gray) and presence (black) of 1.2 uM [Ca?*];, n= 5-20 for each bar. *~< 0.05
compared to currents without Ca2* under the same condition, using two-tailed unpaired
Student ¢test. (d, e) Population steady-state current density-voltage relationships from

HEK293 cells expressing WT bBest2 in the presence of 1.2 pM [Ca?*]; with 120 mM NaCl

in the internal solution, and 30 mM NacCl (d) or 120 mM NaSCN (e) in the external solut
n=>5 for each point. (f) Population steady-state current density-voltage relationships from

ion;

HEK?293 cells expressing WT bBest2 in the presence of 1.2 uM [Ca?*]; with 120 and 30 mM

NaCl in the internal and external solutions, respectively. Results from solutions buffered
with NMDG (open circle) were compared to those from solutions buffered with NaOH
(solid circle, the same data set as in d); n=5-6 for each point. (g) Population steady-state
current density-voltage relationships from HEK293 cells expressing WT bBest2 in the
presence of 1.2 pM [Ca?*]; with 120 mM NMDG-CI and NMDG-CH3S03 in the internal
and external solutions, respectively (open circle), compared to results from 120 mM NaC

and NaCH3SOg in the internal and external solutions, respectively (solid circle); n= 5-6 for
each point. (h) Reversal potentials from HEK293 cells expressing bBest2 WT, 3A, HI1A,
G199A, K208A and K265A. n=5-18 for each point, the same color labels as in Figure 3d.

The graphs are plotted using the same set of data as in Figure 3 and 7. All error bars in th
figure represent s.e.m.
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Extended Data Fig. 7. Expression and membrane trafficking of bBest2 mutants.
(a) Top, Western blot showing the transient expression levels of bBest2 WT and mutants in

HEK293 whole-cell lysate; Bottom, p-Actin loading control from the same gel. (b) 7op, cell
surface expression levels of bBest2 WT and mutants in HEK293 cells were detected by
immunoblotting. Membrane extractions were generated from the same batch of cell pellets
as in a; Bottom, quantitation of the levels of bBest2 in plasma membrane from three
independent experiments. Data were normalized to the global bBest2 level and then
compared to WT. All error bars in this figure represent s.e.m.
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208A
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(c). The number indicates the radius (A) of the dehydrated anion. The thickness of the

arrows reflect conductance of the channel.
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Extended Data Fig. 9. A putative anion binding site within the aperture of bBest2.
Left the molecular model of bBest2. Right, representative map densities with the

corresponding atomic model for EGTA Ca%*-unbound state 1 (green), EGTA Ca?*-unbound
state 2 (pumpkin), and 5 mM Ca2*-bound state (purple). () Map processed with C5
symmetry, view from inside the channel towards the aperture, as depicted in the ribbon
cartoon (/ef?). (b) Map processed with C5 symmetry, view from the side of the aperture,
sliced to exclude one protomer, as depicted in the ribbon cartoon (/ef?). (c) Map processed
with C1 symmetry using the same particle set as its respective C5 map above, same view as
ina.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryo-EM structure of bBest2 and comparison to cBestl and KpBest.
(a) Side view of cryo-EM density map (Ca2*-bound state) at overall 2.4 A resolution (/ef?)

and model (righd. (b) Cytosolic view of cryo-EM density map (Ca%*-bound state, /eff) and
model (right). (c) Example densities from the Ca2*-unbound (EGTA only) map exhibiting
high resolution features, including carbonyl groups, water molecules (red spheres), and holes
in aromatic groups. (d) Side view of two opposing (144°) protomers from each channel with
the ion permeation pathway visualized as a solid surface by the Caver3.0 program. Major
constrictions to the ion permeation pathway are shown as sticks with residue labels on the
left. Dashed lines indicate approximate boundaries of the transmembrane domains. (€)
Analysis of the ion permeation pathway radius (CaZ*-bound state) as calculated by the
HOLE program.
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Figure 2. Ca2+-dependent CI™ current mediated by Bestl and Best2.
(a-f) Representative current traces in the presence of 1.2 uM [Ca2*]; (a, c, &), and population

steady-state current density-voltage relationships (b, d, f) in the absence (gray) and presence
(black) of 1.2 uM [Ca?*]; from HEK?293 cells expressing hBest1 (a-b), hBest2 (c-d) or
bBest21_406 (e-f); n= 5-6 for each point. *~ < 0.05 compared to currents without Ca2*, using
two-tailed unpaired Student ftest. Scale bar, 300 pA (a), 1 nA (c, €), and 150 ms (a, c, ).
\Voltage protocol used to elicit currents is shown in /nset. (g) Population steady-state current
density-voltage relationships from HEK293 cells expressing bBest2 in the absence (gray)
and presence (black) of 1.2 uM [Ca?*];; n= 10-12 for each point. *P < 0.05 compared to
currents without Ca2*, using two-tailed unpaired Student test. (h) Bar chart showing the
steady-state current densities from HEK293 cells expressing the indicated channels in the
absence and presence of 1.2 uM [Ca2*];, n= 5-12 for each bar. *P < 0.05 compared to
currents without Ca2* under the same condition, using two-tailed unpaired Student #test. All
error bars in this figure represent s.e.m. Data are available as Source Data 1.
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Figure 3. Ca2*-dependence and ion selectivity of bBest2.
(a) Representative current traces recorded from HEK?293 cells expressing bBest2 at various

free [Ca2*];s. Scale bar, 350 pA, 150 ms. (b) Ca2*-dependent channel activity. Steady-state
current density was recorded at +100 mV plotted vs. free [Ca2*]; and fitted to the Hill
equation (solid line); n= 5-6 for each point. (c) Population steady-state current density-
voltage relationships with substituted external solutions; n= 5-8 for each point. Blue: 120
mM NaBr, green: 120 mM Nal, purple: 120 mM NaSCN, yellow: 30 mM NacCl in the
external solutions. (d) Relative ion permeability ratios (Px/Pc|) of bBest2. Px/P¢| was
calculated from the Goldman-Hodgkin-Katz equation taking Pya/Pc| into account. Same
colors as c¢. Red: 120 mM NaCH3S0Os3, and black: 120 mM NacCl in the external solutions.
All error bars in this figure represent s.e.m. Data are available as Source Data 2.
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Figure 4. The role of the neck and aperture in Ca2+-dependent gating of CI™.
(a, b) Representative current traces in the presence of 1.2 uM [Ca2*];, and population

steady-state current density-voltage relationships in the absence (gray) and presence (black)
of 1.2 pM [Ca?*]; from HEK293 cells expressing bBest2 3A (a) or K208A (b); n= 13-19 for
each point. *~< 0.05 compared to currents without Ca2*, using two-tailed unpaired Student
ttest. Scale bar, 500 pA, 150 ms. (c) Interactions between K208 and E212 at the aperture.
Dotted black lines illustrate salt bridges. Brown dot, a CI~ ion. (d) Population steady-state
current density-voltage relationships from HEK293 cells expressing bBest2 E212A in the
absence (gray) and presence (black) of 1.2 uM [Ca2*];; n= 10-11 for each point. (¢) Bar
chart showing the steady-state current densities from HEK293 cells expressing the indicated
bBest2 derivatives in the absence and presence of 1.2 uM [Ca2*];, n= 1019 for each bar. *P
< 0.05 compared to currents without Ca2* under the same condition, using two-tailed
unpaired Student ftest. All error bars in this figure represent s.e.m. Data are available as
Source Data 3.
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Figure 5. The role of the neck and aperture in Ca2+-dependent gating of CH3SO3-.
(a) Representative WT current traces in the presence of 1.2 uM [Ca2*];, with CH3SO3™ in

the external solution. Scale bar, 1.5 nA, 150 ms. (b, c) Population steady-state current
density-voltage relationships from HEK293 cells expressing the WT bBest2 (b) or the
K208A mutant (c) in the absence (light magenta) and presence (red) of 1.2 uM [Ca%*];; n=
5-12 for each point. *P < 0.05 compared to currents without Ca2*, using two-tailed unpaired
Student ¢test. (d) Bar chart showing the steady-state current densities from HEK?293 cells
expressing the indicated bBest2 derivatives in the absence (light magenta) and presence (red)
of 1.2 pM [Ca?*];, n= 5-18 for each bar. *P < 0.05 compared to currents without Ca* under
the same condition, using two-tailed unpaired Student ztest. (¢) Population steady-state
current density-voltage relationships from HEK?293 cells expressing bBest2 3A in the
absence (light magenta) and presence (red) of 1.2 pM [Ca?*];; n= 14-18 for each point. *P<
0.05 compared to currents without Ca2*, using two-tailed unpaired Student rtest. (f) Relative
ion conductance ratios (Gx/Gc¢|) measured as slope conductance at the reversal potential
plus 50 mV (CH3SO3~/CI~, red) or minus 50 mV (CI7/CI~, black) in the presence of 1.2 yM
[Ca?*];, n= 5-18 for each bar. All error bars in this figure represent s.e.m. Data are available

as Source Data 4.
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Figure 6. The role of the neck and aperture in Ca2+-dependent gating of I™.
(a-c) Population steady-state current density-voltage relationships from HEK293 cells

expressing bBest2 WT (a), 3A (b) or K208A (c) in the absence (light cyan) and presence
(green) of 1.2 UM [Ca2*];; n= 6-18 for each point. *P < 0.05 compared to currents without
Ca?*, using two-tailed unpaired Student rtest. (d) Bar chart showing the steady-state current
densities in the absence and presence of 1.2 uM [Ca2*];, n= 6-18 for each bar. *P < 0.05
compared to currents with Ca2* under the same condition, using two-tailed unpaired Student
ttest. All error bars in this figure represent s.e.m. Data are available as Source Data 5.
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Figure 7. Critical residues for the ion selectivity of bBest2.
(a) Ribbon diagram of a bBest2 protomer is shown with the extracellular side on the top.

The side chains of critical residues are in red. (b-i) Population steady-state current density-
voltage relationships with substituted external solutions (b, d, f, h), and relative ion
permeability ratios (Px/Pcy) (c, €, g, i) from HEK293 cells expressing bBest2 K208A (b, c),
3A (d, e), K265A (f, g) or H91A (h, i). Px/Pc| was calculated from the Goldman-Hodgkin-
Katz equation taking Pna/Pc) into account. n= 5-18 for each point, the same color labels as
in Figure 3d. Data are available as Source Data 6.
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Table 1.

Cryo-EM data collection, refinement and validation statistics

Page 37

bestrophin-2
Ca?*-unbound
state 1 (EGTA

bestrophin-2
Ca?*-unbound
state 2 (EGTA

bestrophin-2 Ca?*-
bound state (5 mM
Ca2+)

bestrophin-2 Ca?*-
bound state (250
nM Ca?*)

bestrophin-2
Ca2*-unbound
state (250 nM

only) only) (EMD-21432,PDB  (EMD-21431,PDB  Ca?")
(EMD-21434, (EMD-21433, 6VX7) 6VX6) (EMD-21430,
PDB 6VX9) PDB 6VX8) PDB 6VX5)
Data collection and
processing
Magnification 22,500 22,500 105,000 29,000 29,000
Voltage (kV) 300 300 300 300 300
Electron exposure (e/A2%) 69.67 69.67 58.00 73.14 73.14
Defocus range (um) 0.8-1.5 0.8-1.5 0.8-1.4 15-25 1.5-25
Pixel size (A) 1.07 1.07 0.83 0.83 0.83
Symmetry imposed C5 C5 C5 C5 C5
Initial particle images (no.) 3,714,156 3,714,156 3,734,960 5,236,545 5,236,545
Final particle images (no.) 280,524 120,642 332,270 18,971 14,376
Map resolution (A) 2.17 2.33 2.36 3.00 3.03
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.15-5.50 2.15-6.20 2.20-6.00 2.50-9.00 2.50-10.00
Refinement
Initial model used (PDB 6VX6 6V X6 6V X6 4RDQ 6VX6
code)
Model resolution (A) 221 2.46 2.50 3.14 3.28
FSC threshold 0.5 0.5 0.5 0.5 0.5
Model composition
Nonhydrogen atoms 15,471 13,816 15,526 15,061 13,056
Protein residues 1,825 1,620 1,830 1,830 1,575
Ligands 1(cr) 1(CI) 6 (5 Ca2*, 1CI") 6 (5 Ca2*, 1CI") 1(Cr)
Bfactors (A2)
Protein 34.46 33.21 9.09 58.99 123.48
Ligand 22.59 50.00 2.59 50.00 50.00
R.m.s. deviations
Bond lengths (&) 0.009 (0) 0.010 (0) 0.008 (0) 0.005 (0) 1.106 (0)
Bond angles (°) 1.268 (0) 1.300 (0) 1.003 (0) 1.126 (5) 0.007 (0)
Validation
MolProbity score 1.65 1.79 1.80 1.24 1.46
Clashscore 7.07 7.43 5.78 4.74 4.78
Poor rotamers (%) 0.95 2.86 2.52 0.94 0.22
Ramachandran plot
Favored (%) 96.14 97.83 96.98 98.08 96.61
Allowed (%) 3.86 217 3.02 1.92 3.39
Disallowed (%) 0 0 0 0 0
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