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Protein pores play key roles in fundamental biological processes! and biotechnological
applications such as DNA nanopore sequencing®, and hence the design of pore-containing
proteins is of considerable scientific and biotechnological interest. Synthetic amphiphilic peptides
have been found to form ion channels®5, and there have been recent advances in de novo
membrane protein design’:8 and in redesigning naturally occurring channel-containing
proteins®19, However, the de novo design of stable, well-defined transmembrane protein pores
capable of conducting ions selectively or large enough to allow passage of small-molecule
fluorophores remains an outstanding challengel112, Here, we report the computational design of
protein pores formed by two concentric rings of a-helices that are stable and mono-disperse in
both water-soluble and transmembrane forms. Crystal structures of the water-soluble forms of a 12
helical and a 16 helical pore are close to the computational design models. Patch-clamp
electrophysiology experiments show that the transmembrane form of the 12-helix pore expressed
in insect cells allows passage of ions across the membrane with high selectivity for potassium over
sodium, which is blocked by specific chemical modification at the pore entrance. The
transmembrane form of the 16-helix pore, but not the 12-helix pore, allows passage of biotinylated
Alexa Fluor 488 when incorporated into liposomes using /n vitro protein synthesis. A cryo-EM
structure of the 16-helix transmembrane pore closely matches the design model. The ability to
produce structurally and functionally well-defined transmembrane pores opens the door to the
creation of designer pores for a wide variety of applications.

Recent work on de novo membrane protein design has focused on compact bundles of
helices without large central cavities’”8. De novo design of transmembrane proteins with
large pores presents a more stringent thermodynamic challenge, as there is a larger surface
area to volume ratio and hence a lower density of stabilizing interactions. As in many natural
protein pores, a homo-oligomeric architecture in which a cyclic arrangement of multiple
identical copies of a single subunit surrounds the pore is attractive for design as the subunit
need not be a large protein. Soluble single-ring coiled-coil assemblies of peptide helices
have been designed that surround central pores'3, but the transformation of soluble
oligomeric protein pores into their membrane counterparts is challenging because of the
altered thermodynamics of folding in the membrane and possible undesired interactions
between non-polar residues introduced to interact with lipids and those at intersubunit
interfaces. For example, the oligomerization state of coiled-coil assemblies has been shown
to be very sensitive to the placement of nonpolar residues!4, and hence nonpolar residues
incorporated to interact with the bilayer could substantially alter oligomeric state.

We set out to design transmembrane protein pores using a two-step approach. We reasoned
that protein pores formed from two concentric rings of a-helices containing buried hydrogen
bond networks for structural specificity could be stable in both soluble and, after resurfacing
the lipid exposed residues with membrane-compatible hydrophobic residues, transmembrane
forms. The increased interhelical interaction surfaces in such two-ring bundles could provide
greater stability than single-ring structures, particularly for larger pore sizes, and could act
together with buried hydrogen bond networks to yield greater structural robustness to
conversion between soluble and transmembrane forms. We then sought to design cylindrical
two-ring bundles consisting of a minimum of 12 closely packed helices that are assembled
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from 2—4 helix monomers, to avoid having to build such large structures from a single
polypeptide.

Designing an lon Channel

We explored the design of water-soluble pores containing helical bundles with a two-ring 6-
fold symmetric topology formed from monomeric subunits composed of an inner and outer
helix bridged with a short loop. Backbones were generated by sampling a-helical and
superhelical parameters of the assemblies using a generalization of the Crick coiled-coil
parameterization®-17 (see Supplementary Information). After backbone generation and loop
closure, we searched for hydrogen-bond networks across intermolecular interfaces using
Rosetta HBNet!® and carried out combinatorial sequence optimization for the remaining
residue positions keeping the polar networks found by HBNet fixed. The interfacial core
residues and backbone parameters of the inner helices were set to those of a previously
characterized “single-ring” helical bundlel3 to reduce the design space. Rosetta “fold-and-
dock”19 structure prediction calculations were used to investigate the extent to which the
designed sequences encode the design target topologies. Designs for which the lowest
energy sampled structures were close to the target design structures (Extended Data Fig. 1a)
were selected for experimental characterization.

We obtained synthetic genes encoding the selected designs and expressed them in
Escherichia coli (E. coli). All 3 hexameric designs selected for experimental validation were
well expressed and soluble in £. coliand purified efficiently by nickel-affinity
chromatography and size-exclusion chromatography (SEC). One of the designs was found to
form a single homogeneous species with the target oligomeric state using multiangle light
scattering (MALS, Extended Data Fig. 2a) and analytical ultracentrifugation (AUC,
Extended Data Fig. 1c). The circular dichroism (CD) spectrum of this hexameric design
(WSHCS6, water-soluble hairpin C6) was highly helical and stable to thermal denaturation up
to 95°C (Extended Data Fig. 1b). The small-angle X-ray scattering (SAXS) profile of
WSHC6 was close to that computed from the design model, suggesting that WSHCS6 folds
into the desired shape in solution (Extended Data Fig. 1d). We determined the crystal
structure of WSHC6 and found it to be close to the computational design model (Fig. 1a)
with a C-a RMSD of 0.89 A. A chain of discrete water molecules occupies the WSHC6
channel (Fig. 1b, Extended Data Fig. 1e); the narrowest constriction is at Leu51 with a
diameter of approximately 4 A as calculated by HOLEZ0,

We next sought to convert the stable and structurally well-defined WSHC6 pore into a
transmembrane hexameric pore (TMHCS6, transmembrane hairpin C6). We redesigned the
lipid exposed residues (see Supplementary Information) and incorporated one ring of six
glutamate residues (E-ring) and two rings of lysine residues (K-rings) at the openings of the
central channel on the extracellular and intracellular side, respectively, to create a polar
niche within the pore (Fig. 1c, Extended Data Fig. 3a—b). Similar rings are observed in the
calcium channel Orai21:22, The narrowest regions of the TMHCS pore in the design model
are the E-ring (3.3 A), the K-rings (4.3 A and 5.7 A), and two intervening rings of
hydrophobic leucine residues (L-rings, 3.6 A and 4.3 A) (Fig. 1c). A synthetic gene was
obtained for TMHCS6 and the protein was expressed in £. coli, extracted from the membrane
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fraction with detergent, and purified by affinity chromatography and SEC (Extended Data
Fig. 2¢c). TMHCS eluted as a single peak upon SEC, and CD measurements showed that the
design is a-helical and highly thermal stable with a CD spectrum at 95 °C similar to that at
25 °C (Fig. 1d). The protein sedimented as a hexamer in detergent solution in AUC
experiments, consistent with the design model (Fig. 1e). Electron microscopy of negatively
stained samples showed populations of particles with shape and size consistent with the
design model (Extended Data Fig. 3c).

To investigate ion conductance by TMHC6, we performed whole-cell patch-clamp
experiments on 7richoplusia niinsect cells (Hi5) expressing the designed transmembrane
proteins. Using extracellular (bath) and intracellular (electrode) solutions containing 100
mM NaCl and 100 mM NaF, respectively, the TMHC6 construct exhibited a symmetric
current/voltage relationship for inward and outward Na* current as a function of membrane
potential (Fig. 1f). Gadolinium ion (Gd3*), a potent blocker of cation channels, blocked
TMHCS6 from the extracellular side, reducing the ion conductance to nearly the control value
for untransfected cells (Fig. 1f). To test the ion selectivity, Hi5 cells expressing TMHC6
were bathed in a solution containing 100 mM of the chloride salt of the monovalent cations
K*, Na*, Cs*, and CH3NH3*. TMHC6 showed a significantly higher conductance for K*,
with a current density of 600 pA/pF at +100 mV. The selectivity order was K* (600 pA/pF)
>> CH3NH3* = Cs* (170 pA/pF) > Na* (60pA/pF) ~ Ba2* (54 pA/pF) (Fig. 1g). By
comparison, a previously designed transmembrane protein (TMHC2) without a pore8
yielded current density for K* of ~ 40 pA/pF at +100 mV, which was close to the
background (Extended Data Fig. 3d).

In the design model, the extracellular ring of six Glu44 residues is the site of cation entry
(Fig. 2a); we tested this hypothesis by site-directed mutagenesis and chemical modification.
Mutation of Glu44 to Phe (E44F) removed the negative charge at the extracellular entry to
the pore and reduced the conductance to 308+81 pA/pF, 51.3 % of the control (Extended
Data Fig. 3d). This reduction likely is a direct effect on ion traversal through the pore: the
E44F mutant is expressed at a similar level as the TMHCG6 parent (Extended Data Fig. 3f),
and the purified protein has a similar solution behavior as TMHC6 (Extended Data Fig. 2c).
To further test the importance of this site, we constructed the mutant E44H, which deletes
the negative charge in this position and adds a partial positive charge. The divalent cation
Cd2* blocks the conductance of TMHCS, and 3-fold higher Cd2* concentrations were
required to block the E44H mutant, likely because of the reduced electrostatic attraction
and/or disrupted metal coordination (Fig. 2b). To enable a chemical biology approach, we
constructed the mutant E44C, which removes the negative charge at the extracellular entry to
the pore and reduced the conductance to 360+36 pA/pF, 60% of the control. The chemical
reactivity of the substituted Cys residue allowed us to test sulfhydryl reagents as pore
blockers. We found that perfusion of negatively charged MTSES, positively charged
MTSET, and hydrophobic MTS-TBAE all completely blocked the ion conductance of the
TMHC6 E44C mutant within a few minutes under voltage clamp control (Fig. 2c, 2d). The
lack of dependence on charge or hydrophilicity suggests that these compounds function by
directly sterically blocking the pore. The blockage by these reagents is entirely dependent on
the introduced cysteine residue; they had no effect on the original TMHCS6 design lacking
the cysteine (Fig. 2c, 2d). To determine whether covalent modification had any global effect
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on the folding or assembly of the pore, we expressed and purified the TMHC6 E44C mutant
from E. coliand incubated it with MTSES. Covalent modification was observed by mass
spectrometry (Extended Data Fig. 3e), but there was no change in pore assembly or solution
behavior more generally (Extended Data Fig. 2d), further suggesting that chemical
modification blocks ion conductance by direct steric occlusion.

Taken together, the high ion selectivity, specific inhibition by multivalent cations, and
complete block by MTS reagents acting at the extracellular entry to the pore strongly
suggest that ion passage is through the designed central transmembrane pore. Leak
conductances would not be expected to have these properties. Like some naturally occurring
channels, such as the physiologically important store-operated calcium channel Orai23,
single channel recordings on TMHCG did not yield clear signals. The single channel
conductance may be too low, perhaps because of the central non-polar lined portion of the
pore.

Why is TMHCS6 selective for K*? The residue composition and structure of the conductive
channel of TMHC6 design are reminiscent of calcium-selective Orai channels, but the
selectivity filter(s) of Orai may be too large to selectively conduct dehydrated potassium
ions. The TMHCG pore diameter of 3.3 A is more tuned for the conductance of partially
dehydrated K*, as in natural potassium channels, in which K* interacts directly with
backbone carbonyls lining the pore without intervening equatorial waters of hydration24. In
contrast, voltage-gated sodium and calcium channels, which conduct hydrated Na* and
Ca2*25.26 have pores that are 4.6 A in diameter, well designed for hydrated sodium and
calcium ions?>=27 but not for K*. The ability to design transmembrane pores de novo lays
the foundation for broad exploration of the pore diameters and chemical interactions that are
required for selective conductance of a wide range of ions. This understanding should enable
the design of channels which directly modulate cell function. As a first step in this direction,
we expressed TMHCS in a yeast strain that requires potassium for growth, and we found that
TMHCS6 considerably boosted the growth rate in a K* dependent fashion (Extended Data
Fig. 4).

Building a Larger Transmembrane Nanopore

To explore the generation of larger transmembrane pores capable of transporting organic
molecules larger than single ions, we designed water-soluble helical bundles with 8-fold
symmetry using an approach similar to that described above for WSHC6 except that a
starting “single-ring” template was not employed; instead, the structure and sequence of the
inner ring of helices was sampled de novo in parallel with those of the outer ring. We
obtained synthetic genes encoding selected octameric pore designs and expressed them in £.
coli. Four of five of the octameric designs were well expressed and soluble in £. coli, and
they could be purified by nickel-affinity chromatography and SEC. However, none of the
designs populated only the target octameric state. There are only small differences in
interface geometry between C7, C8 and C9 assemblies (the angles between subunits are 51°,
45° and 40°, respectively), and mixtures were observed for most of the designs. We reasoned
that achieving a well-defined C8 state would require more precise interface definition;
therefore, we carried out a second round of C8 designs with larger intersubunit interaction
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surface areas (Extended Data Fig. 5a—b) and more hydrogen bond networks across the
interface. Ten of 15 of the second-round designs were expressed and soluble in £. coli, and
two were found to be mono-disperse and octameric by MALS (Extended Data Fig. 2b). One
of the two was further confirmed by AUC (Extended Data Fig. 1h). The CD spectrum of the
AUC-verified octameric design (WSHC8, water-soluble hairpin C8) was highly helical with
a melting temperature of 85°C (Extended Data Fig. 1g). There was again excellent
agreement of the experimental and calculated SAXS profiles indicating that WSHCS8 folds
into the desired shape in solution (Extended Data Fig. 1i).

We determined the crystal structure for WSHCS8 (Fig. 3a—b) and found that the C-a RMSD
values between the crystal structure and the design model for the monomeric subunit and the
full octameric pore were 0.97 A and 2.51 A, respectively. The larger deviation compared to
WSHCE is caused by the slight tilting of the hairpin monomers along the superhelical axis of
the complex (Extended Data Fig. 1j). As in the design model, the structure contains a long
and continuous central channel with an inner diameter of approximately 10 A as calculated
by HOLE. We converted WSHCS8 into an octameric membrane-spanning pore (TMHCS) by
redesigning the membrane exposed and pore facing residues of the crystal structure (see
Supplementary Information, Extended Data Fig. 5¢c—d). The design model has a central pore
with a diameter of 10 A and a transmembrane span of 31 A. A gene encoding TMHCS8 was
synthesized, the protein expressed in £. coli, and the membrane fraction purified and
solubilized in detergent. Following affinity chromatography, the protein eluted as a
monodisperse peak on SEC (Extended Data Fig. 2e). CD measurements showed that
TMHCS had the expected a-helical secondary structure with a melting temperature of 75°C
(Extended Data Fig. 5e). AUC experiments showed that TMHC8 formed complexes with a
molecular weight (MW) of 98.9 kDa, which lies in between the MWs of a 14-helix heptamer
and a 16-helix octamer (Extended Data Fig. 5g). To resolve this ambiguity, we linked two
monomers of TMHCS together using a short loop to create a four-helix subunit. This
redesign, TMH4C4 (Fig. 3d), was purified to homogeneity using nickel-affinity
chromatography and SEC (Extended Data Fig. 2f). CD spectroscopy showed that TMH4C4
was fully a-helical and thermally stable up to 95°C (Extended Data Fig. 5f). AUC
experiments showed that TMH4C4 sedimented as a tetramer in detergent solution consistent
with the 16-helix design model (Extended Data Fig. 5h).

Expression of the designed larger transmembrane nanopore in insect cells resulted in cell
death, probably because of induced cell permeability, and hence we were unable to assess
the channel activity in these cells. Instead, we used a liposome-based assay coupled to /n
vitro protein synthesis?8-30, TMHC6 and TMH4C4 were produced inside liposomes
containing streptavidin, and biotinylated Alexa Fluor 488 (MW ~1 kDa) was added outside
(Fig. 3e). /n vitro synthesized TMHC6 and TMH4C4 had similar elution volumes as the
bacterially expressed and purified proteins when analyzed by SEC (Extended Data Fig. 6a).
Consistent with the much larger pore radius of TMH4C4 compared to TMHCG6, we observed
considerably more accumulation of dye within proteoliposomes containing TMH4C4 than in
proteoliposomes containing an equal ratio of TMHCS6, or empty liposomes (Fig. 3f,
Extended Data Fig. 6b,c,e). The narrowest dimension of the head group of the fluorophore is
approximately 12 A (Extended Data Fig. 6d), while the nominal diameter of the constriction
region of the TMH4C4 pore is estimated to be 10 A by HOLE, thermal fluctuations of the
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side chains and backbone likely allow for permeation by the fluorophore. In contrast, the 3.3
A constriction of TMHCS is far too narrow to allow fluorophore passage. Increasing the size
of the fluorescent conjugate to 4.6 kDa by inserting poly adenine oligo DNA (A11) between
Alexa Fluor 488 and biotin blocked passage through both the TMHC6 or TMH4C4 pores

(Fig. 3g), consistent with the estimated hydrodynamic diameter of this compound of 30 AL,

Seeking to obtain an overall structure of the 16-helix transmembrane channel, we used
cryogenic electron microscopy (cryo-EM) to determine the three-dimensional (3D) structure
of TMH4C4. The protein was concentrated to ~6 mg/ml, applied to EM grids, and cryo-EM
images collected and processed following standard protocols (Extended Data Fig. 7a—¢). To
avoid potential bias, C1 symmetry was applied for automatic image processing and
classification, which yielded a dominant 16-helix form containing ~40% of all the 3D
classified particles, with the most continuous and intact map among all classes. Further
classification and refinement focused on this set of particles resulted in a 5.9 A resolution
map from 64,739 (out of a total of 1,559,110 for 3D classification) selected particles (Fig.
4a, Extended Data Fig. 7d—e). The cryo-EM structure clearly shows the formation of a 16-
helix assembly with a large central pore, consistent with the design model built from the
crystal structure of the soluble form (Fig. 4a). Density encircling the membrane-spanning
region likely originates from surrounding detergent molecules (Extended Data Fig. 7e—f). A
structure model of TMH4C4 built based on the EM map (Fig. 4a—b) had some deviation
among the four protomers so the tetramer is not perfectly symmetric (Fig. 4c), but the
central pore-containing 16-helix structure corresponding to the original TMH4C4 design is
clearly resolved, and aligns well to the design model (Fig. 4b).

Conclusion

Our advances in designing structurally well defined transmembrane pores (for comparison to
previous de novo membrane protein designs, see Extended Data Fig. 8), like advances in
protein design generally8-10:32 poth inform our understanding of general principles of
protein biophysics, and open the door for a wide range of applications. From the membrane
protein folding perspective, our success in designing transmembrane homo-oligomeric
structures with hydrogen bond network containing subunit interfaces suggests that the
combination of the substantial buried surface area and polarity of the interaction surfaces
makes them robust to changes in the surrounding environment and reduces confounding
effects resulting from the interactions with the purely hydrophobic lipid facing residues
during folding. This approach allows the construction of quite substantial pores with
environments very different from that of the surrounding lipids: the TMHCG pore clearly
shows selective transmembrane ion conductance, and the 10 A diameter TMH4C4 pore
clearly evident in the cryo-EM structure is lined with polar residues and provides passage to
solutes as large as biotinylated Alexa Fluor 488.

Our strategy of first designing soluble pore-containing structures, and then converting the
stable designs into transmembrane proteins following crystal structure determination,
leverages the considerably more straightforward structural characterization of soluble
proteins as a key step toward building complex transmembrane proteins with a high success
rate (see the Supplementary Information). Building on the channels described in this paper,
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custom design now provides a platform to understanding the underlying chemistry and
physics of solute permeation and selectivity by modulating pore structures and selectivity
filters in ways that are not possible with native channels, and also enables a wide range of
applications. For example, in nanotechnology, custom designed pores could provide new
routes to generating membranes with selective permeabilities, sensing molecules in the
environment, and controlling cellular behaviour.

Code availability

All program code is in Rosetta distribution (https://www.rosettacommons.org). Example
design protocols are provided in the Supplementary Information.

Data availability
Coordinates and structure files have been deposited to the Protein Data Bank with accession
codes 6TJ1 (WSHCS6, P2,22,), 6TMS (WSHCS6, P1), and 6035 (WSHC8). An EM map of
TMHA4C4 and the associated structure model have been deposited in the Electron
Microscopy Data Bank and Protein Data Bank with the following accession codes:
EMD-30126 and PDB 6M6Z.
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Extended Data Fig. 1 |. Design and characterization of water-soluble pores.
(a & f) Design models (insets) and energy versus RMSD plots generated from Rosetta “fold-

and-dock” structure prediction calculations. The predicted structures converge on the design
models with RMSD values less than 2.0 A. Structures in the alternative energy minima at
large RMSD positions also recapitulate the design models but with chain identities in the
RMSD calculations reversed. (b & g) Wavelength-scan and temperature-scan (insets) CD
spectra. WSHC6 does not melt up to 95°C, while WSHCS8 has a melting temperature of
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85°C. The overlap of the pre- and post-annealing CD spectra indicates that the thermal
denaturation is reversible. (c & h) Representative analytical ultracentrifugation
sedimentation-equilibrium curves at three different rotor speeds for WSHC6 and WSHCS,
0.2 OD23p and 0.3 OD»3q in PBS (pH 7.4), respectively. The determined oligomeric states
match those of the design models. (d & i) Small-angle X-ray Scattering (SAXS)
characterization. The experimental scattering profiles (black) are similar to scattering
profiles computed from the design models (red). (€) The chain of water molecules in the
pore of WSHCS crystal structure (red spheres) is verified by processing the data and refining
the structure in the P1 space group. (j) Overlay of the crystal structure (blue) and the design
model (gray) of WSHCS8. Helices are more tilted in the crystal structure than in the design
model.
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Extended Data Fig. 2 |. Representative SEC and SDS-PAGE of the designed proteins.
(a & b) WSHC6 and WSHC8. MWs are determined by coupling SEC with MALS. (c)

TMHCS6 and E44F mutants. (d) TMHC6 E44C mutant treated or untreated with MTSES
reagent. (€) TMHCS. (f) TMH4C4. These experiments were repeated twice with similar

results.
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Extended Data Fig. 3 |. Comparisons between WSHC6 and TMHC6 and additional
characterizations of TMHC6 and mutants.

(a) Sequence alignment of TMHC6 with WSHCS. (b) Pore-lining residues in WSHC6 and
TMHCS6. Top row: overlay of the crystal structure (colors) and the design model (gray) of
WSHCS6. The pore is lined with alternating leucine (red layer) and isoleucine (blue layer)
residues. Bottom row: the TMHCS6 pore is lined with E44 ring (red layer) and K65 ring (blue
layer) at the extracellular and intracellular sides, respectively. (c) Negative stain EM for
TMHC6 in amphipols. Protein particles on the EM grid showed round shape and size
consistent with the design model (scale bar at the bottom left, 1200 nm). Inset: close-up view
of representative particles; each side of the particle frames represent 12.8 nm. (d) Disrupting
mutation in the TMHCG6 pore entrance reduces the current. The E44F single mutant reduced
the K* current to half of that for TMHC6. TMHC2, a previously designed transmembrane
protein without a pore, does not conduct ions across the membrane. 3 cells were measured
for each protein and the mean (data points) and standard error of measurement (s.e.m., error
bars) are plotted. (€) The covalent modification of TMHC6 E44C mutant by MTSES. Mass-
spectrometry results show that there is a 140 Da increase in molecular weight for the mutant
after MTSES treatment, in agreement with the predicted value. (f) Expression of TMHC6
and mutants in insect cells for the whole-cell patch-clamp experiments. The same amount of
cells were loaded into the gel and the expression levels for two variants were examined by
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western blot. The E44F mutant had similar, if not higher, expression level as TMHCS6. The
E44C mutant expressed at a slightly lower level compared to TMHCG6. These experiments
were repeated three times with similar results.

TMHC6, 7mM Na+
a MCS, 7mM Na+ b
1 1
09 —e—omMKcl —e—OmM KCI
08 —e—1mMKCl —e—1mMKdl
07 ~&—2.5mM KCl 25mMKCI
06 SmM Kl SmM KCI
8
30 —e—7.5mMKCl —e—7.5mMKCl
g
© 04 —e—10mMKCl —e—10mMKCl
—&—25mM KCI —e—25mM KCl
03
—&—50mM KCI —&—50mM KCI
02
——75mM KCI —8—75mMKCl
01
——100mM KCI —8— 100mM KCI
o 0
o 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40
Time (hour) Time (hour)
c MCS, 100mM KCl d TMHC6, 100mM Kl
1 1
09 09
08 08
07 0.7
06 — 06
g
g - —o—7mM Na+ ] —e—7mM Na+
2 05 > d 05
Q o —o—107mM Na+ a ——107mM Na+
o 04 ol o 04
: P 257mM Na+ i 257mM Na+
03 507mM Na+ 03 507mM Na+
02 / 02
01 = 0.1

0 5 10 15 20 25 30 35 a0 [ 5 10 15 20 25 30 35 a0
Time (hour) Time (hour)

Extended Data Fig. 4 |. The expression of TMHC6 complements a yeast strain defective of K*
uptake.

(a) SGY 1528 with an empty vector MCS grew slowly when K* concentration was lower
than 5 mM. Observed growth rate showed dependency on extracellular K* concentration. (b)
SGY1528 supplemented with the TMHC6 gene rescued the yeast growth at lower
extracellular K* concentrations (1 mM - 5 mM) and showed increased growth rates at higher
extracellular K* concentrations (7.5 mM - 100 mM). (c & d) With increasing concentrations
of extracellular Na*, TMHCS6 yeast showed decreased growth rate (d) in comparison with
the insensitive growth rates of MCS yeast (c). These results suggest that TMHCG6 conducts K
*+ and complements the defective K* uptake in strain SGY1528; this rescuing effect is
sensitive to extracellular Na* concentrations indicating an increased Na* permeability. A
detailed method section is described in Supplementary Materials. The minimal medium and
the seeding process are carefully designed to not contain or bring in potassium. The
background K* concentration should be low, which is suggested by the sharp difference
between curves for 0 and 1 mM K™ in the TMHCG case.
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Extended Data Fig. 5 |. Design and additional characterizations of the designed 16-helix pores.
(a & b) Design models from the first and second rounds of water-soluble designs. The

monomers of the first round designs (a, 70 amino acids) are considerably smaller than those
of the second round (b, 100 amino acids). (c) Sequence alignment of TMHC8 with WSHCS.
(d) Pore-lining residues in WSHC8 and TMH4C4. The crystal and cryoEM structures are in
colors. The design models are in gray. Top row: The lumen of WSHCS8 pore is freely water-
accessible, so the residues inside the pore are all polar. Shown in the figure are three
representative layers of the pore-lining residues in the crystal structure, GIu69 ring (red),
Lys80 ring (blue), and Glu87 (orange). The missing heavy atoms of these flexible residues
are built using Rosetta with backbone constraints. Bottom row: three pore-lining layers in
the cryo-EM structure of TMH4C4 corresponding to the three layers in the top row. Glu69
and Glu87 are replaced with glutamine and leucine, respectively. (e & f) CD spectra and
thermal stability of 16-helix transmembrane pores. An unfolding transition is observed at
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~75°C for TMHCS (€). TMHA4CA4 (f) is thermally stable up until 95°C. (g & h)
Representative AUC sedimentation-equilibrium curves of 16-helix transmembrane
nanopores. By fitting the data globally as a single ideal species in solution, TMHCS is
shown to form complexes with a MW of 98.9 kDa, which is in between the MWs of a
heptamer and an octamer. The MW of TMH4C4 is determined to be 98.1 kDa, very close to
the MW of a tetramer. ‘MW (D)’ refers to the molecular weight of the oligomer design and
‘MW (E)’ refers to the molecular weight determined in the experiment.
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Extended Data Fig. 6 |. In vitro protein synthesis and characterizations of TMHC6 and
TMHA4C4.

(a) SEC analyses of TMHC6 and TMH4C4 purified from £. coli (top) and synthesized in
vitro (middle and bottom). (b) The /n vitro synthesized products were analyzed by SDS-
PAGE and autoradiography®1. The means of three independent experiments are shown. The
error bars indicate s.e.m.. (c) EmrE, one of the £. coli derived membrane proteins, showed
strong interaction with LUV while GusA, soluble enzyme, did not. For TMHC6 and
TMHA4C4, fraction interacting with LUV was found to be 25.9% and 17.6%, respectively,
among synthesized, indicating that the fraction associated with the membrane is similar
between them. The mean of four independent experiments are shown. The error bars indicate
s.e.m.. Student’s paired t-Test with a two-sided distribution was used to calculate the p
values (*p<0.05, **p<0.01; from the left to right p=1.65x107%, 0.0357, 0.0040, 0.0024). (d)
The narrowest dimension of the head group of Alexa Fluor 488-biocytin is approximately 12
A. The Van der Waals radius of nitrogen atoms is 1.55 A. (€) Representative original data for
Fig. 3f. Data of approximately 15,000 to 20,000 particles are shown. Similar results were
obtained with 7 independent experiments. (f) Flow Cytometry data of the liposomes with
pores made of a-hemolysin (AH). Time courses of the median values of the histogram of
AF488/0A647 fluorescence, which represents the concentration of the Alexa Fluor 488
inside the liposome are shown. The means of three independent experiments are plotted with
the error bars indicating the s.e.m.. (g) Representative original data of (f). Similar results
were obtained with 3 independent experiments.
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Extended Data Fig. 7 |. Cryo-EM resolution estimation and data processing.
(a) Exemplary cryo-EM micrograph of purified TMH4C4 after drift correction and dose-

weighting. All the micrographs were with similar results. (b) Class averages after the final
round of 2D classification sorted in descending order by the number of particles in each
class. The white scale bar in the bottom right panel indicates 10 nm. (c) Angular distribution
plot for the final reconstruction from two different views. (d) The gold-standard Fourier
shell correlation (FSC) curves for the 3D reconstruction. Deriving map resolution from FSC
= 0.143 is indicated. (€) Processing of 2,166 EM micrographs resulted in a total number of
2,146,524 TMHA4C4 particles. After a 2D sub-classification, 3D classifications and
refinement, a final dataset containing 64,739 particles was used for 3D auto-refinement
within Relion 3.0. Local resolution of TMH4C4 was determined within Relion 3.0.
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Coloured full views (lower lane) from two different orientations illustrate the resolution of
different regions in the protein. The low resolution “belt” in the right panel indicates the
density for detergents. (f) EM density from 213,654 particles. An EM map (gray) from the
second round of 3D classification from 213,654 particles (€) is shown in three perpendicular
views. Superposition of the cryo-EM structure of TMH4C4 (cyan) to the map shows a good

fit.

TMHC2 TMHC3

Rocker TMHC6

TMH4C4

Extended Data Fig. 8 |. Advancesin membrane protein design: from compact helical bundlesto

transmembrane pores.

(a-b) Surface view of previously reported de novo designed transmembrane proteins’-8. (c)
Surface view of designer transmembrane pores described in this study. Central pores with

different sizes are visible.

Extended Data Table 1 |
Crystallographic statistics for WSHC6 and WSHCS.

WSHC6 WSHC6 WSHC8
Data collection
Space group P2,22, P1 P2,2,2
Cell dimensions
a b c(A) 45.72,54.13,79.17 45.88,54.33,79.33 59.44, 103.68, 72.98
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WSHC6 WSHC6 WSHC8

a,b,g(° 90, 90, 90 89.80, 90.08, 89.77 90, 90, 90
Resolution (A) 45.7-2.35 54.2-2.6 34.4-2.4(2.49 - 2.4)
Reym OF Rrerge 0.114 (0.561) 0.145 (0.648) 0.192 (1.698)
/sl 10.7 (L5), 8.6 (0.7), 96 (25)"  5.0(1.4), 4.9 (1.0), 7.0 2.6)” 8.3 (1.4)
Completeness (%) 95.3 (95.6) 98.7 (98.7) 99.6 (99.4)
Redundancy 2.8(2.9) 3.0(3.0) 7.0(7.2)
Refinement
Resolution (A) 40.0-24 20-2.6 344-24
No. reflections 14091 44867 18183
Ruork ! Riree 0.254/0.288 0.279/0.287 0.261/0.298
No. atoms 1641 7215 2931

Protein 1608 6674 2914

Ligand/ion

Water 33 541 17
B-factors 67.9 48.0 59.4

Protein 68.3 46.5 59.5

Ligand/ion 41.6

Water 49.0 57.0 43.8
R.m.s. deviations

Bond lengths (A)  0.004 0.095 0.002

Bond angles (°) 0.86 2.57 0.37

*
Data for WSHC6 and WSHCS structures were collected from a single crystal. Values in parentheses are for the highest-

resolution shell.

#I/o(l) (along a*, b* and c* axes)

Extended Data Table 2 |

Cryo-EM Image Processing Statistics for TMH4CA4.

TMH4cC4
(EMD-30126)
(PDB-6M62Z)

Data collection and processing

EM equipment
Magnification

VWoltage (kV)

Detector

Energy Filter

Electron exposure (e~/A?)
Defocus range (um)

Pixel size (f\)

Initial particle images (no.)
Final particle images (no.)
Symmetry imposed

Map resolution (A)

Titan Krios (Thermo Fisher Scientific)

81,000
300 kV
Gatan K3 Summit

Gatan GIF Quantum, 20 eV slit

50
-12~-22
1.087
2,146,524
64,739

C1

59
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TMH4C4
(EM D-30126)
(PDB-6M6Z)
FSC threshold 0.143
Map resolution range (A) 52-7.2

Refinement

Initial model used (PDB code) n/a (de novo)

Model resolution ()i) 7.7
FSC threshold 0.5
Map sharpening B factor (10\2) -292

Model composition

Non-hydrogen atoms 6600
Protein residues 804
Ligands n/a
R.m.s. deviations
Bond lengths (A) 0.016
Bond angles (°) 13
B factors (A2)
Protein 169.4
Ligand n/a
Validation
MolProbity score 0.52
Clashscore 0.05
Poor rotamers (%) 0

Ramachandran plot

Favored (%) 99.63
Allowed (%) 100
Disallowed (%) 0

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The X-ray crystal structure of the water-soluble hexameric WSHC6 and theion
conductivity of the 12-helix TMHCG6 transmembr ane channel.

(a) Superposition of backbones of the crystal structure (blue) and the design model (gray) of
WSHCS6. The C-a RMSD between the crystal structure and the design model is 0.89 A. (b)
The cross section of the WSHCG6 channel. A chain of water molecules (red) occupies the
central pore (Extended Data Fig. 1e). (c) TMHC6 channel model. The permeation path,
calculated by HOLEZ?O, is illustrated by the blue surface in the left panel. Constriction sites
along the channel are the E-ring (E44), the K-rings (K65, K68), and two intervening L-rings
(L51, L58). Right: the radius of the pore along the permeation path. (d) CD spectra and
temperature melt (inset) of the TMHCG6 channel. No apparent unfolding transition is
observed up to 95°C. Re25°C spectrum is taken when the sample cools back to 25°C after
the thermal melt scan. () AUC sedimentation-equilibrium curves at three different rotor
speeds for TMHCS6 yield a measured molecular weight of ~58 kDa consistent with the
designed hexamer. “MW (D)” and “MW (E)” indicate the molecular weight of the oligomer
design and that calculated from the experiment, respectively. (f) Conductivity in whole-cell
patch-clamp experiment on insect cells expressing TMHC6. The channel blocker Gd3*
diminished ion conductance to that of untransfected cells. (g) TMHC6 has considerably
higher conductance for K* than Na*, Cs*, CH3NH3* and Ba2*. 10 cells were measured for
each permeant ion species and the mean (data points) and standard error of measurement
(s.e.m., error bars) are plotted.
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Figure 2. Blocking of the ion conductance of TMHC6 with site-directed mutagenesis and
chemical biology.

(a) The extracellular ring of six Glu44 residues (E-ring, shown as sticks) is a likely site for
cation entry. (b) Cd2* blocking of the potassium conductance of TMHC6 and the E44H
mutant. 3-fold higher Cd2* concentrations were required to block the E44H mutant
compared to the original design, likely because of the reduced electrostatic attraction. 3 cells
were measured for each concentration and the mean (data points) and s.e.m. (error bars) are
plotted. (c,d) Blocking of the conductance of the TMHC6 E44C mutant using cysteine
reactive reagents. In panel (c), y axis shows the current amplitude and x axis indicates the
time scale. Negatively charged MTSES, positively charged MTSET, and hydrophobic MTS-
TBAE all completely blocked the ion conductance of the E44C mutant within a few minutes
under voltage clamp control, while they had no effect on TMHCES itself in control
experiments. 9 cells for the control and 3 cells for each reagent were measured and the bars
represent the mean of the measurements.
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Figure 3. The X-ray crystal structure of water-soluble WSHCS8 and the characterization of the
16-helix TMHA4C4 transmembrane channel.

(a & b) Superposition of the full octameric assemblies and the monomeric subunits of the
crystal structure (blue) and the design model (gray) of WSHC8. The C-a RMSD is 2.51 A
and 0.97 A, respectively. The larger deviation for the octamer is caused by the slight tilting
of the hairpin monomers along the superhelical axis of the complex. (c) The cross section of
the WSHCS8 channel. (d) TMH4C4 model with 16 transmembrane helices. The electrostatic
surface of the neutral transmembrane regions is in gray. (€) Liposome permeability assay.
Membrane channels are generated by /n vitrotranslation inside streptavidin containing
liposomes, biotin-labeled fluorescent dyes are added to the surrounding buffer, and the
amount of dye trapped inside the liposomes is measured by flow cytometry. (f & g)
TMHA4C4 functions as a size-dependent transmembrane sieve. Incorporation of TMH4C4
into liposomes allowed the accumulation of the 1 kDa but not 4.6 kDa fluorescent dye, while
TMHCS disallowed both. Time courses of the median values of the histogram of Alexa
Fluor 488/Ovalbumin conjugated to Alexa Fluor 647 (AF488/0A647) fluorescence
(Extended Data Fig. 6e) which represents the concentration of the Alexa Fluor 488 inside
the liposome are shown. For (f & g), the error bars indicate s.e.m. (7= 7; the means of the
obtained median values are shown). Student’s paired t-Test with a two-sided distribution was
used to calculate the pvalues; *£=0.0128 (right) and 0.0220 (left). In control experiments
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performed with a-hemolysin (AH) from Staphylococcus aureus, a well-studied channel
forming protein33 with a pore constriction of ~15 A; only the smaller dye accumulated
(Extended Data Fig. 6f—g), suggesting that, as intended, the assay measures solute passage
through the transmembrane pores.
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Figure 4. Cryo-EM of the 16-helix TMH4C4 transmembrane channel.
(a) Cryo-EM density (gray surface) and structure model (colored ribbon) of the 16-helix

TMHA4C4 protein. EM maps, generated in Chimera34, are shown in two perpendicular views.
(b) Superposition of the cryo-EM structure (colored) and design model based on the crystal
structure of the soluble form (gray) of TMH4C4. (c) Structure alignment of the four
protomers in one tetrameric cryo-EM structure of TMH4CA4.
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