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Abstract: Transmembrane B-barrels (TMBs) are widely used for single molecule DNA
and RNA sequencing and have considerable potential for a broad range of sensing and
sequencing applications. Current engineering approaches for nanopore sensors are
limited to naturally occurring channels such as CsgG, which have evolved to carry out
functions very different from sensing, and hence provide sub-optimal starting points. In
contrast, de novo protein design can in principle create an unlimited number of new
nanopores with any desired properties. Here we describe a general approach to the
design of transmembrane B-barrel pores with different diameter and pore geometry.
NMR and crystallographic characterization shows that the designs are stably folded with
structures close to the design models. We report the first examples of de novo designed
TMBs with 10, 12 and 14 stranded B-barrels. The designs have distinct conductances
that correlate with their pore diameter, ranging from 110 pS (~0.5 nm pore diameter) to
430 pS (~1.1 nm pore diameter), and can be converted into sensitive small-molecule
sensors with high signal to noise ratio. The capability to generate on demand B-barrel
pores of defined geometry opens up fundamentally new opportunities for custom

engineering of sequencing and sensing technologies.

One sentence summary: De novo design enables the generation of stable and quite

transmembrane beta-barrel nanopores with tailored sizes, shapes and properties.
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Main text:

Transmembrane B-barrel (TMBs) nanopores formed by a circularly-closed single
B-sheet provide rigid scaffolds for the transport of molecules across cellular (e.g.
pore-forming toxins (7)) and organelle membranes (outer membranes of bacteria (2),
mitochondria (3) and chloroplast (4)). Engineering of naturally occurring nanopores has
enabled single-molecule enzymology (5), protein fingerprinting (6), the detection of
small molecules and biomarkers (7), and the sequencing of biological and synthetic
polymers (8). Of particular note is nanopore-based DNA sequencing (9), which has
enabled widely-accessible large-scale genomics, epigenomics and microbiological
analysis (70). Despite this success, the development of nanopore sensors for robust
analysis of molecules beyond DNA sequencing has so far been challenging. The
sensing properties of a nanopore for an analyte of interest can be modulated by
introducing mutations into the pore lumen that alter nanopore/analyte interactions (717).
It remains however challenging to identify a channel suitable for each of the many
applications of interest, because there is only a limited set of engineerable naturally
occuring nanopores, and these have mostly evolved for very different functions. Going
beyond nature, a conducting pore based on a B-hairpin peptide has been designed that
transports poly-lysine peptides (72). Such self-assembling B-hairpins are however not
suitable as a general approach to nanopore design, because it is challenging to control
the channel size and to assemble the pore in lipid membranes. Monomeric 8-stranded
TMBs have been designed that stably assemble in detergent and in lipid vesicles, but

they are too small to contain a central conducting channel (73).
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Encouraged by the success designing these narrow TMBs, we reasoned that de novo
protein design should provide a general approach to creating robust 3-barrel nanopore
scaffolds for a next generation of nanopore sensors. A key challenge in designing such
structures is that the polar-hydrophobic pattern characteristic of globular protein folds
must be inverted: the exterior must be largely nonpolar for membrane insertion, and the
interior must be largely polar to support a solvated conducting channel. Furthermore,
unlike globular proteins, the structure of TMBs must be specified in the vast majority by
short-range interactions between residues located on adjacent strands since there is no
close-packed core. Finally, the amphipathic B-strands are highly aggregation prone prior
to B-barrel assembly, and hence the design must strongly favor intra-chain rather than
inter-chain interactions during folding. We set out to develop general methods to
overcome these challenges and design stable monomeric channels with tunable pore

shapes, sizes, and single-channel conductance.

Computational design

We sought to build from scratch TMB backbones accommodating water-accessible
pores starting from the principles elucidated during the design of 8-stranded TMBs
lacking pores (73). To modulate the size of the pore, we increased the number of
B-strands (10, 12 and 14 strands) while keeping the transmembrane span and the
connectivity between B-strands (the shear number (74, 15)) constant. This resulted in
an increase of the average B-barrel diameter from 16.4 A for the previously designed 8
strand B-barrels (73) to 19.4 A (10 strands), 22.8 A (12 strands) and 26.4 A (14

strands) (Figure 1A, Figure S1). By comparison to 8-stranded TMBs, the diameters of
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the larger B3-barrels do not allow long-range sidechain contacts across the pores and the
structural properties of the pores (B-strand pairing, B-barrel shape) must be locally
encoded. Naturally-occurring TMBs typically feature long, disordered, loops on one side
of the barrel (16), which results in noisy electrophysiology recording and challenging
data interpretation when the pores are used for sensing applications (77, 18). To design
quiet pores and reduce the noise, we connected the B-strands on both sides of the
barrels with 2- and 3-residues (Figure S2) B-hairpins, the shortest loops we have
previously found to support TMB folding (73). The first-generation backbones
corresponding to these designs were assembled with the Rosetta BlueprintBDR (79)
application and had similar cylindrical shapes. Such cylindrical B-sheet configurations
are strained (20, 21) due to repulsion between side-chains packing the barrel lumen
(Figure 1C). Glycine kinks (glycine residues in extended positive-phi conformation (75))
were introduced into the blueprint to relieve the strain and to bend the -strands to form
corners in the B-barrel cross-section. We generated four blueprints with the same
topology but different glycine kink distributions to design 12-stranded [-barrel
backbones with square, triangle, rectangle or oval-shaped cross-sections (Figure S1). A
single glycine kink was used in corners of an angle of >= 90° and several adjacent
and/or stacked kinks were placed to form corners of < 90° (Figure 1B).
Sequence-agnostic TMB backbones incorporating these constraints were assembled in
silico and had the shapes expected based on the placement of the glycine kinks (Figure
1D).

A challenge for TMB design is to balance the optimization of the folded B-barrel state in

the membrane with delayed folding in water to reduce misfolding and aggregation that
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would prevent successful integration into a membrane bilayer (13, 22, 23). For the
8-stranded TMBs, this was achieved by incorporating local secondary-structure
frustration (24) to reduce premature formation of aggregation-prone B-strands prior to
full barrel assembly: hydrophobic amino acids were designed into the water-accessible
pore to disrupt the hydrophobic-polar amino acid alternation pattern characteristic of
amphipathic B-sheets. To test whether such balancing is necessary for larger B-barrel
designs that need to have water-accessible (and hence more polar) channels, we first
designed “optimal” 10 and 12-strand TMBs with only polar and charged amino acids
facing the pore. All 16 such designs failed to express in E. coli, as was previously
observed for similarly optimal 8-stranded TMB designs. We therefore set out to design
larger TMB nanopores incorporating local secondary structure frustration. In the
water-accessible pore, networks of polar residues were designed around the canonical
TMB folding motif Tyr-Gly-Asp/Glu (13, 25, 26) to optimize strong local B-register
defining interactions while alternating with patches of hydrophobic and small, disorder
promoting, residues (Gly, Ala, Ser). To compensate for the more hydrophilic pores in the
larger TMBs, we further reduced the B-sheet propensity by replacing a small number of
B-branched residues with Ser and Thr amino acids on the lipid-exposed surface.
Although it is perhaps counterintuitive to expose hydroxyl groups to the lipid
environment, model building indicated that Ser and Thr could form a hydrogen bond to
the B-strand backbone when placed in close proximity with a glycine kink, effectively
mimicking the backbone-water hydrogen bonds observed in strongly bent p-strands of

water-soluble B-barrels (Figure 1E).
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During combinatorial design of sequences for B-barrels of different size, we found that
the frequency of incorporation of each amino acid type strongly depended on the
curvature of the B-sheet. For each of the generated blueprints, we adjusted the Rosetta
solvation and reference energies (27) to achieve the desired balance of frustrated and
energetically-favorable contacts (Figure S3). Following several iterations of
combinatorial sequence design and structure relaxation, designs were selected based
on hydrogen bond network descriptors, secondary structure (28) and aggregation
propensities (29) (Figure S4). We previously found that AlphaFold2 (30) could
accurately predict the structures of designed TMBs even in the absence of evolution
information (from a single sequence input and without a multiple sequence alignment
(37)) when weak 3D contacts contained in the sequence were amplified by 48 rounds of
molecular model recycling through the prediction network, and that the confidence
assigned to the model (pIDDT) was a good discriminator of the sequences with higher
probability of experimentally folding (32). Therefore, we selected 4-10 designs per
blueprint for which AlphaFold2 predicted high-confidence structures closely matching

the design models (Figure S5).

Experimental characterization of TMB folding

We first tested two sets of TMBs with 10 (four designs) or 12 B-strands with a square
cross-section (nine designs). Genes were synthesized and the proteins were expressed
as inclusion bodies in E. coli to avoid the complexity of targeting the outer membrane
(33) (Figure 2A). Unlike the 16 “optimal” designs which all failed to express, most

sequences incorporating secondary structure frustration were expressed at high-levels
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(12/13, Figure S6). Since most naturally-occurring TMBs can fold in vitro (34), the
purified designs were solubilized in guanidine hydrochloride and refolded by slow
dilution into a buffer containing either detergent (fos-choline 12 (DPC) at a concentration
double the critical micellar concentration (CMC)) or synthetic lipid vesicles (Material &
Methods). As previously observed for the 8-stranded TMB designs, the standard
band-shift assay on cold SDS-PAGE used to assess folding of natural TMBs (35) was
not informative to identify properly folded synthetic TMBs (Figure S7). Instead, the
designs were characterized by size exclusion chromatography (SEC), far UV circular
dichroism (CD) in the presence of DPC detergent, and tryptophan fluorescence in
DUPC (C;,,PC) large unilamellar vesicles (LUVs). One 10-strand design (TMB10_163)
and one 12-strand design (TMB12_3) with predominantly monomeric SEC profiles
(Figure 2A), thermostable CD spectra characteristic of B-sheet (Figure 2B,C) and clear
shift of tryptophan fluorescence maximum from ~350 nm (unfolded proteins in 8 M urea
or in the absence of lipid) to ~330 nm (folded in LUVs) (Figure S8, S9) were selected for
further characterization by urea titration. Both designs showed sharp and reversible
folding/unfolding transitions in the presence of DUPC LUVs (Figure 2D) (mid-point urea
concentrations for folding (Cmf): 4.5 + 0.2 M and 5.5 + 0.2 M, respectively). The
equilibrium unfolding curves were fitted to a two-states transition, with the calculated
unfolding free energies (AG%) of -35.6 + 2.7 and -63.1 + 8.0 kJ/mol (for TMB10_165
and TMB12_3, respectively) in the range of natural (AG% -10 to -140 kJ/mol (36-39))
and previously designed 8-stranded TMBs (-38 and -56 kJ/mol (713)). To confirm that the
designs folded by integration into the bilayer rather than partial folding on its surface,

the kinetics of folding were recorded in DUPC (C;,.,PC) membranes, as well as in
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thicker DMPC (C,,PC) membranes. Dramatically decreased folding rates were
observed with DMPC compared with DUPC LUVs (Figure S10), consistent with integral
membrane folding. Encouraged by these results, we assessed the nanopore activity of
these two designs, based on their capacity to integrate spontaneously into planar
dipalmitoylphosphatidylcholine (DPhPC) membranes after dilution out of DPC micelles,
and to conduct Na* and CI ions. The 12-strand TMB12_3 inserted successfully into the
membrane, producing distinct jumps of current of reproducible intensities (Figure S11),
and had stable nanopore conductance. While the design TMB10_163 did not have
detectable nanopore activity, one variant (TMB10_165) featuring seven mutations on
the lipid-exposed surface (V721, V102T, V1141, A124L, 1126V, 1138V and 1144V,
designed using Rosetta (40)) inserted successfully into DPhPC membranes and was
able to conduct ions (Figure S11). TMB10_165 had increased stability by comparison to
TMB10_163, as shown by higher stability to protease digestion and more dispersed
NMR 'H-""N HSQC chemical shift in DPC micelles (Figure S12). Unlike some native
pores which can fall off from the membrane stochastically, these two pores remain
stably inserted over long periods of time with the longest recording acquired being 2
hours for the TMB12_3 design. Recording of the current-to-voltage response showed an
incremental increase in observed conductance under positive and negative changes of
voltage, indicative of stable transmembrane channels (I/V curves in Figure S11). Our
results on TMB10_163, TMB10_165, TMB12_3 and other TMB12 designs with less, to
no, detectable nanopore activity (Figure S14) suggest that membrane integration and

nanopore conductance require stable TMB folding in vitro.
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We next sought to solve the structures of the designs to assess the accuracy of the
computational design methods. While the design TMB10_165 did not form crystals in
the conditions screened, TMB10_163 formed crystals which diffracted to 2.5 A
resolution (Table S1). The seven surface-exposed mutations between TMB10_165 and
TMB10_163 are shown in Figure 3A. The four copies of the TMB10_163 in the
asymmetric units had a structure very similar to the original Rosetta design, with an
average RMSD of 1.4 A over all backbone heavy atoms (Figure 3B) and featured the
expected B-strand connectivity (shear number of 12). Although TMB10_163 nanopore
activity was not observed, analysis of its structure using PoreWalker (47) and MOLE 2.5
(42) indicated the presence of a water-accessible cylindrical pore with an average
diameter ranging from 4.2 to 5.3 A in the four subunits (Figure 3C, Figure S15),
matching the diameter of the pore calculated from TMB10_163 design model (4.6 A).
Most of the side-chains lining the pore had similar rotameric states in the crystal
structure and the design model, with remarkable similarity at the level of the designed
Tyr-Gly-Asp/Glu folding motifs (Figure 3D). We further determined the structure of
TMB12_3 by NMR spectroscopy. Optimization of the in vitro folding conditions showed
that the protein was structured in aqueous solution in LDAO detergent micelles, as
indicated by well-dispersed amide and side chain methyl spectra (Figure 3E, Figure
S16). Secondary chemical shifts indicated the presence of twelve B-strands arranged
into polypeptide segments expected from the design (Figure S17). Amide and side
chain methyl NOEs spanned a dense network of experimental connectivities that
reached around the barrel circumference and thus confirmed the correct arrangement of

the strands into the predicted barrel structure (Figure 3F). The TMB12_3 features the
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designed B-strands connectivity (shear number of 14) with the barrel closed by the
canonical antiparallel B1-12 seam (Figure 3G, Figure S18, Table S2). These
experimental structures demonstrate that our computational design method can design

TMB nanopores with precisely controlled shear, channel width and shape.

Electrophysiology

Encouraged by the success in designing 10- and 12-stranded B-barrels, we set out to
design TMBs with different numbers of B-strands and different shapes. We designed
12-stranded [-barrels with a triangular cross-section (eight designs), an oval
cross-section (seven designs), or a rectangular cross-section (nine designs), as well as
14 B-stranded [B-barrels (nine designs), incorporating the design features described
above for the 10- and 12-stranded TMBs. The designs were obtained as synthetic
genes and the proteins were again expressed in inclusion bodies. A relatively lower
fraction of 12-stranded TMB designs with a rectangular (4/9 designs) and oval (4/7
designs) cross-section showed a prominent expression band SDS-PAGE gel in
comparison to the square-shaped designs (8/9). This could be the result of less
homogeneous distribution of B-sheet destabilizing amino acids (which are easier to
introduce in bent than in flat B-sheet regions) in these designs, as suggested by a
higher density of strong B-sheet islands co-localizing with predicted early folding regions
(43) (Figure S19). The difficulty of de novo B-barrel design thus depends not only on the
size of the TMB pore but also on the shape encoded into the blueprint.

Because of the small number of designs pre-selected in silico thanks to the new

AlphaFold2 filter, we proceeded to screening designs for nanopore activity directly after
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validating their folding into monodispersed B-sheet structures in DPC micelles (Figure
S20). We evaluated the designs for their capacity to insert into planar membranes from
dilute detergent solution and form conducting pores (Figure 4). We obtained both 12
(three triangular-shaped, three oval-shaped and two rectangle-shaped) and 14 stranded
(two) TMBs that exhibited consistent and stable conductances at positive and negative
voltage (Fig 4, 3rd and 5th columns), with multiple sequential insertions corresponding
to current jumps of small integral multiples of the base pore conductance (Figure 4, 4th
column). Based on the intensities of the current jumps, we estimated the conductances
of single-channel events, which increased with pore size, as expected: the 10 stranded
TMB design described above had a conductance of 108 + 1.4 pS, which based on the
cylindrical pore access resistance model (44) corresponds to a nanopore diameter of
approximately 3.5 A. The 12-stranded designs had similar conductances to each other
(210-230 pS) despite their different shapes, consistent with a cylindrical nanopore of
around 5 A . The 14-stranded design had a conductance of 427 + 2.7 pS consistent with
a calculated pore diameter of 7 A. The predicted diameters are close to the average
expected diameters of 4.6 + 0.7 A, 9.4 + 0.8 A and 10.6 + 1.4 A (calculated along the
pore of TMB10_165, TMB12_3 and TMB14_8 design models, respectively, using MOLE
2.5 (42) (Figure S15)). In comparison to naturally-occurring pores used for sensing,
such as OmpG which undergoes both transient and complete occlusion events by its
solvent-exposed loops over a timescale of 100 ms (718, 45), our TMB designs show
remarkably quiet conductances, with no occlusion events detected over 10 sec
measurements (Figure S11). Varying the pore shape of the pore while keeping the size

constant (Figure 4, first column) did not have a large effect on monovalent ion
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conductance, likely because of the relatively large pore constrictions and the flexibility of
the long polar side-chains lining the channels (Figure S21). Nevertheless, we anticipate
that modulation of the nanopore shape and chemical lining should allow control over the

permeability of the pores to larger and more complex solutes in the future.

Conclusion

Our results demonstrate that it is now possible to systematically design transmembrane
B-barrels with conducting pores spanning a range of sizes and shapes. Despite the
inversion of the hydrophobic-polar core compared to globular proteins, and the almost
entirely local nature of the sidechain interactions, our approach enables TMB design
with atomic level precision, as highlighted by the close agreement between the
experimentally determined crystal and NMR structures and the corresponding design
models. Whereas the shapes of globular proteins are largely determined by the packing
of hydrophobic residues in a central core, the TMB shapes can be specified by strategic
placement of glycine residues at which bending takes place to reduce strain. As
previously observed for 8-stranded TMBs, a delicate balance between the optimization
of tertiary structure energy and negative design (introduction of locally frustrated
residues) to disfavor premature B-strand formation before membrane insertion was
critical for the expression of the larger TMB nanopores in E coli inclusion bodies. In
comparison with previously designed oligomeric protein nanopores - built from
self-assembling a-helical (46, 47) or B-hairpin peptides (72) - the nanopores presented
here have the advantage of being built from a single chain which enables controlled

assembly of monodisperse nanopores without alternative oligomeric states and much
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greater control over the shape and specific surface properties of the transmembrane
channel. While nanopore designs from oligomeric p-hairpins require lipid nanoparticles
for solubility and assemble under electric current at lipid-lipid interfaces (72), the
monomeric TMB designs fold efficiently into detergent micelles and lipid vesicles. The
stability of the monomeric designs enables their spontaneous insertion into planar lipid
membranes following dilution out of detergent micelles, opening the door to the use of
synthetic transmembrane nanopores in commercial flowcells developed for
single-molecule sensing and sequencing.

Monomeric integral TMBs such as OmpG have been turned into sensors by
incorporating analyte-recognition motifs (48, 49) or biotin-bound (50, 57) antibodies in
the solvent-exposed loops (7). However, the long disordered loops of naturally-occurring
TMBs result in noisy reading, and the engineering of quiet pores with shorter or mutated
loops has been a long-standing problem (17, 18, 45, 52). The TMBs described here
were designed with the shortest loops compatible with folding, and allow up to 2 hours
of quiet recording which would enable the detection and quantification of molecules at
low concentration. As illustrated in the accompanying manuscript, the stability and
robustness of the designed nanopore structures and conductances enables ready
conversion into ligand gated channels with considerably lower noise and more
comprehensible signal analysis than previously engineered channels.

Further advances in understanding the relation between the chemical properties of a
nanopore and the directed detection of an analyte in the pore lumen (771, 53, 54),
coupled with our new ability to design custom pores, opens up exciting new directions

for sequencing and sensing since the pore size and the side chains lining the pore can
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be designed specifically for the desired application. Unlike native pores, which are finite

in number, there is no limit on the number of distinct designed pores that can be

generated. De novo design now enables pore geometry and chemistry to be custom

built to be optimal for applications ranging from detection and selective transport of a

wide range of molecules of interest to biopolymer sequencing.
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Fig. 1: Sculpting B-barrel geometry. A. Pore diameter can be controlled through the
number of B-strands in the B-barrel blueprint. B. B-barrel 2D interaction map. Strong
bends in the B-strands (< 90° bend, right) is achieved by stacking several glycine kink
residues (yellow spheres) along the B-barrel axis, as opposed to placing one kink (>90°
bend, left). C-D. Cross-sections of explicitly assembled B-barrel backbones without
(cylinder, C) and with (D) glycine kinks. The C atoms of the residues facing the pore
are shown as sphere’s and colored based on their respective repulsion energy. Glycine
kinks positions are shown with arrows; placement at the corners of the embedded
rectangular, oval and triangular shapes (dashed lines in D) generates the desired
backbone geometries. E. Polar threonine residues are tolerated on the
membrane-exposed surface of TMBs (right) as they can form a hydrogen bond to the
backbone, mimicking the interactions with water molecules observed in similarly curved

areas of water-exposed B-strands (left).
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Fig. 2: Biophysical characterization of designed nanopores. Top row: 10-stranded
design (TMB10_163); Bottom row: 12-stranded design with a square cross-section
(TMB12_3). Both designs elute as one major species with retention time consistent with
a monomeric protein in complex with DPC detergent (A), show distinct negative maxima
in far UV CD spectra at 215 nm (B) that remain stable up to >70°C (D), and cooperative

and reversible folding/unfolding transitions in DUPC LUVs (obtained at 25°C) (D),
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Fig. 3: Experimentally determined nanopore structures closely align with the
computational design models. A. Seven surface mutations differentiate TMB10_163
from TMB10_165. B-D. Crystal structure of TMB10_163 B. backbone superposition C.
superposition of side-chains involved in key folding motifs in the lumen D.
cross-sections superposition with the water-accessible pore shown as a gray surface.
Water-molecules crystallized in the pore are shown as red spheres. E-G. TMB2_13
structure in  LDAO micelles. E. 2D ["N,'H]-TROSY NMR spectrum of
[U-?H,"®N]-TMB12_3 with sequence-specific resonance assignments. F. Long-range
NMR NOE contacts mapped to the expected TMB12_3 hydrogen bonds (dashed black
lines). Residues with amide assignment are shown in white and green, unassigned
residues are shown in ash gray. Residues with 3-sheet secondary structure are shown
as squares, all others as circles. Bold outlines indicate available methyl assignments.
NOE contacts are shown as red lines (long-range amide-amide, dashes indicating
diagonal overlap) and blue lines (contacts involving side chain methyl groups). G.

Ensemble of the 20 lowest energy solution NMR structures (B-sheets shown in brown).
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Fig. 4: Conductance of designed nanopores. A. TMB10_165, B. TMB12_3, C.
TMB12_oval 4, D. TMB12_rect 8, E. TMB12_tri_12, F. TMB14_8. i) Top view cartoon
representation. ii) Vertical cross sections of the pore. iii) single channel conductance

(smallest observed conductance jump). iv) sequential insertions of designed pore in
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planar lipid bilayer membrane from detergent solubilised sample at low concentrations.
v) histogram of smallest measured current jumps for each design up to 50 pA. The
applied voltage across the bilayer was 100mV and experiments were performed in a
buffer containing 500 mM NaCl. A gaussian fit was carried out for the single channel
current histograms for each design. For TMB10_165, 38 independent single channel
jumps were identified from 3 recordings to plot the histogram shown. Similarly, 44 single
channel insertions were identified for TMB12_3 (4 recordings), 29 insertions for
TMB12_oval_4 (3 recordings), 30 insertions for TMB12_rect 8 (3 recordings), 45
insertions for TMB12_tri_12 (5 recordings) and 32 insertions for TMB14_8 (3

recordings) to plot the above depicted histograms.
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Material & Methods

General purification of all designs

All designs were purified from E. coli following a similar protocol as described previously in
Vorobieva, Anastassia A., et al. "De novo design of transmembrane B barrels." Science
371.6531 (2021): eabc8182. Custom genes in a pET29b vector containing the kanamycin
resistance gene were ordered from IDT and chemically transformed into BL21(DE3)-Star cells.
All proteins were purified from inclusion body fractions following complete denaturation in 6M
GuCl (guanidine hydrochloride) buffer. Briefly, inclusion pellets were washed several times with
buffers containing 1% w/v of Triton X-100 and Brij-35 alternatively. A typically washing step
involved resuspension of the insoluble pellet in the appropriate buffer, brief sonication and
subsequent incubation for one hour at room temperature or overnight at 4°C. After solubilisation
of the pellet in GuCl, the protein was diluted to 80-100 uM and refolded in a buffer containing
25mM Tris-Cl at pH 8.0, 150 mM NaCl and 0.1% w/v DPC (dodecyl-phosphatidylcholine) either
using a dropwise dilution method or by spontaneous dilution to achieve a final GuCl
concentration of 0.3 M. The diluted buffer was concentrated after overnight incubation with
shaking at 4°C and run on a S200 Cytiva Superdex 200 column. Fractions at expected elution
volume were concentrated with a 10kDa cutoff filter and used for subsequent analysis.

Conductance measurement in planar lipid bilayers

All ion-conductance measurements were carried out using the Nanion Orbit 16TC instrument
(https://www.nanion.de/products/orbit-16-tc/) on MECA chips. Lipid stock solutions were freshly
made in dodecane at a final concentraton of 5 mg/mL. DPhPC
(di-phytanoyl-phosphatidylcholine) lipids were used for all experiments. Designed proteins were
diluted in a buffer containing 0.05 % DPC (~ 1 CMC), 25 mM Tris-Cl pH 8.0 and 150 mM NacCl
to a final concentration of ~100 nM. Subsequently, 0.5 pL or less of this stock was added to the
cis chamber of the chip containing 200 uL of buffer while simultaneously making lipid bilayers
using the in-built rotating stir-bar setup. All measurements were carried out at 25*C.
Spontaneous insertions were recorded over multiple rounds of bilayer formation. All chips were
washed with multiple rounds of ethanol and water and completely dried before testing
subsequent designs. A 500 mM NaCl buffer was used on both sides of the membrane for all
current recordings. Raw signals were recorded at a sampling frequency of 5 kHz. Only current
recordings from bilayers whose capacitances were in the range 15-25 pF were used for
subsequent analysis. The raw signals at 5 kHz were downsampled to 100 Hz using an 8-pole
bessel filter. Estimation of current jumps were carried out using a custom script with appropriate
thresholds. Current jumps larger than 2 times the smallest observed jump were discarded for
single channel histogram calculations for each design.

The current vs voltage readings for the three designs shown in Figure S13 were obtained using
a step voltage ramping method. The applied voltage was toggled between positive and negative
values starting from 25 mV while ramping the intensity by 25 mV during each positive cycle. The
currents were recorded for 5 seconds under each voltage change and their means were used
for the final plot. Measurements from three independent voltage ramping experiments were
combined to get the final data points for fitting and conductance estimation. For TMB10_165,
the voltages were only varied within the values of 150 and 75 for both positive and negative
cycles because the currents at lower voltages were too close to the baseline and difficult to
distinguish from baseline noise in this experimental setup.

Crystallography and structure determination of TMB10_163
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SEC purified sample was used for crystallization. The crystallization screening was performed
using a Mosquito LCP by STP Labtech. Crystals grew successfully in 3.25 M 1,6 hexanediol
and 0.01 M HEPES pH 7.5. Crystals were harvested directly from a screening tray, and flash
frozen in liquid nitrogen. X-ray diffraction was performed at ALS beamline 8.2.1, data were
processed with XDS (1), and merged/scaled using Pointless/Aimless in the CCP4 program suite
(2). The structure was phased by molecular replacement using the designed structure as the
search model by Phaser (3) and refined with Phenix (4). Following molecular replacement, the
models were improved, and efforts were made to reduce model bias. Structures were refined in
Phenix. Model building was performed using COOT (5). The final model was evaluated using
MolProbity (6). Data collection and refinement statistics are recorded in Table S1. Data
deposition, atomic coordinates, and structure factors reported in this paper have been deposited
in the Protein Data Bank (PDB), http://www.rcsb.org/ with accession code 8UZL.

TMB12_3 Expression for NMR. BL21(DE3) Lemo cells were transformed with a
pET29b-derived expression plasmid for TMB12_3. Cells were grown in M9 minimal medium and
expression was induced with 0.5 mM IPTG for 22h at 24°C. For expression of [U-99% 2H, "N,
3C]-labeled samples, M9 was prepared with D,O, ®NH,CI and deuterated-"*C-glucose. For the
expression of the [U-99%-°H, ®*N] labeled sample, M9 was prepared with D,O and "*NH,CI. For
the selectively labeled ['®N-Lys] and ['*N-Phe] samples, the desired '°N labeled amino acid was
added to the culture 45 min before induction.

Purification and Refolding of TMB12_3. Cells were lysed using a M110L from Microfluidics.
Inclusion bodies were isolated and dissolved in denaturing buffer (20 mM Tris/HCI pH 8, 150
mM NaCl, 6 M GuHCI), then dialyzed against H,O in a 10,000 MWCO dialysis membrane for 2
h, followed by centrifugation at 30,000 g to precipitate the protein. Precipitated TMB12_3 was
dissolved in 10 mM Tris/HCI pH 8, 7 M urea. Refolding was performed at 4°C by dropwise rapid
dilution into a stirred refolding buffer (20 mM Tris/HCI, 2 mM EDTA, 0.6 M L-Arg, 15 mM LDAO,
pH 10). The dilution ratio was set to 1:20 and after overnight stirring, the refolded protein was
dialyzed against 20 mM sodium phosphate buffer pH 6.8, 1 mM EDTA for 2h. The refolded
protein was concentrated with MWCO 10,000 and the sample was loaded on an S200 size
exclusion column, pre-equilibrated with 20 mM sodium phosphate buffer, 1 mM EDTA, 15 mM
LDAO. The fractions containing protein were pooled and concentrated using MWCO 10,000.

Isotope labeling samples. The following samples were made: [U-99%-"°N]-TMB12_3 in LDAO,
[U-99%-2H, N, ™C]-TMB12_3 in LDAO, [U-99%-H,"*N; 99%-'HP CF-A; 99%-'H¢,'*C*-M;
99%-"H3 13C¥"-L;  99%-'HY!,3CY-V]-TMB12_3 in [U-99%-2H]-LDAO, ["*N-Lys]-TMB12_3 in
LDAO, [®N-Phe]-TMB12_3 in LDAO. The final sample conditions were 20 mM sodium
phosphate buffer, 1 mM EDTA, pH 6.8, 300-500 mM LDAO, 0.2—-1 mM TMB12_3.

NMR experiments. All experiments were carried out at 25°C on Bruker spectrometers
operating at field strengths of 700, 800 and 900 MHz. All spectrometers were equipped with a
cryogenic triple-resonance probe. The following experiments were recorded: 2D [N,
'H]-BEST-TROSY (7), 3D BEST-TROSY-HNCACB with 2H decoupling (7), 3D
['H,"H]-NOESY-""N-TROSY (8), 2D *C-Methyl-SOFAST (7), 3D ['H,'H]-NOESY-"*C-HMQC (9).

Structure calculation. Structure calculation was performed with CYANA 3.98.15 (70). All
spectra were processed and analyzed with NMRPipe (77) and ccpNMR version 3 (712). 129
dihedral constraints were derived by TALOS-N (73) from the experimentally determined C,, Cs,
N and HN chemical shifts. Only TALOS-N predictions classified as “strong” were used.
Tolerances were set to one standard deviation, capped at a maximum of 20°. A total of 213
experimental NOEs were obtained from 3D ['H,'H]-NOESY-"N-TROSY and 3D
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['H,"H]-NOESY-"*C-HMQC spectra. 48 Hydrogen bond constraints were inferred from the
measured NOE data with upper limits of 2.0 / 3.0 A and lower limits of 1.8 / 2.7 A for the HN...O
and N...O, respectively. In regions with sparse assignment, these constraints were inferred
indirectly from the experimentally established -strand topology (dashed black lines in Figure
3F). A total of 400 structures were calculated and the ensemble of 20 lowest energy structures
was selected. Ramachandran statistics of this ensemble showed 76.6% of residues in most
favored regions, 20.0% in allowed regions, 2.6% in generously allowed regions and 0.8% in
disallowed regions.

Calculating the theoretical diameters of nanopores. The diameters of the nanopores were
inferred from the observed single-channel conductance (G (nS)) using the access resistance
model (eq. 1), where R is the resistance, S the conductivity of the solution (S/m), d is the
diameter of the pore (nm) and L is the pore length (nm). The purely geometric model
approximates the properties of a cylindrical nanopore and assumes homogeneous solution,
pore and membrane neutrality and constant potential at the pore mouth.

_ _ snd’
G = 1/R = —; eq. 1

A pore length of 3.5 nm was used for all the calculations based on the total transmembrane
span of the TMB designs. The conductivity of a solution of 0.5 M NaCl was estimated to be 40.5
mS/cm based on the previously reported relationship between NaCl molarity and conductivity of
the solution.

Folding kinetics measured by tryptophan fluorescence. Protein samples were buffer
exchanged into unfolding buffer (50 mM glycine-NaOH pH 9.5, 8 M/10 M urea) using a 0.5 mL
ZebaSpin 7K MWCO desalting column. The concentration was determined by nanodrop. For
kinetic experiments, 15 pL of unfolded protein was added to 485 pL of pre-warmed (25 °C)
pre-fold buffer of LUVs in 50 mM glycine-NaOH, pH 9.5, in a QS quartz cuvette to give final
concentrations of 0.4 yM OMP, 600-3200 LPR (mol:mol), 0.24-4 M urea, 50 mM glycine-NaOH
pH 9.5. Immediately after mixing, a time based fluorescence scan was carried out on a PTI
QuantaMaster™ spectrofluorometer (Photon Technology International), controlled by FelixGX
v4.3 software, with excitation at 280 nm, and emission measured at 335 nm. The slit settings
were 0.5 nm for excitation, and 5 nm for emission, to minimize photobleaching. Integration was
set at 1 s between time points, and the temperature was maintained at 25 °C throughout.
Fluorescence emission spectra were measured by exciting tryptophan at 280 nm, and
measuring fluorescence emission between 300-400 nm, using the same slit-width settings as
above, with samples in urea concentrations between 0.24-9.9 M urea.

Circular dichroism in liposomes. Protein samples were prepared in a similar manner as for
the tryptophan fluorescence samples. Samples were made to a 600:1 (mol:mol) LPR, with final
concentrations of 4 uM TMB, 1.2 mM lipid-LUV, 0.24-8 M urea, 50 mM glycine-NaOH pH 9.5 in
a final reaction volume of 300 pL. The reaction was allowed to proceed overnight at 25 °C to
maximize the fraction of protein folded into the lipid-LUV bilayer. Controls were made where the
volume of substrate was replaced with 50 mM glycine-NaOH pH 9.5 and an appropriate volume
of urea to match the protein samples. These were used to normalize the data by subtracting
their CD signals from the CD signal from the protein containing samples. Measurements were
taken using 300 pL of sample in a 1 mm QS quartz cuvette, using a Chirascan plus CD
Spectrometer (Applied Photophysics). The bandwidth was set at 2.5 nm, and used adaptive
sampling to adjust the integration time for the optimal signal:noise. Four scans were averaged
between 260 nm to the lowest useable wavelength for each respective sample, which was the
point where the voltage reached its upper limit of 1000 V, after which the data became
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unusable. During temperature ramp experiments, only single scans were taken as the
temperature ranged between 25 °C and 87 °C.

Equilibrium denaturation analysis. To determine the urea dependence of TMB folding, urea
denatured TMBs in 50 mM glycine-NaOH pH 9.5, 10 M urea were diluted into DUPC LUVs at an
Lipid-to-Protein ratio (LPR) of 600:1 (mol/mol) to give a final concentration of 0.4 uM TMB in 50
mM glycine-NaOH pH 9.5 containing 2-9.9 M urea, and folding was allowed to proceed
overnight at 25°C. For urea dependence of unfolding, TMBs were folded in DUPC LUVs (LPR
600:1 (mol/mol)) in 50 mM glycine-NaOH pH 9.5, 2 M urea overnight at 25°C. Pre-folded TMBs
were then unfolded by dilution into 50 mM glycine-NaOH pH 9.5 containing 2-9 M urea to a final
TMB concentration of 0.4 uyM and incubated overnight at 25 °C. Tryptophan fluorescence
emission spectra were obtained using a PTlI QuantaMaster spectrofluorometer (Photon
Technology International) in QS quartz cuvettes with excitation slits set to 1 nm and emission
slits set to 5 nm. Fluorescence was excited at 280 nm and emission spectra were acquired
between 300-400 nm using a step size of 1 nm and an integration time 0.5 seconds. The
average wavelength between 325-375 nm was calculated using equation 2, where <A> is the
average wavelength, |, is the fluorescence intensity at a given wavelength, A is the wavelength,
and Y| is the sum of the intensity of the entire emission spectra.

*
21A A

<A> = — eq. 2

The experimental data were fitted to a 2-state transition model(74) to extract AG, (the Gibb’s
free energy for unfolding in the absence of denaturant), the m-value (my:) ,the global
dependence of AG, on the concentration of denaturant and C,, (the transition midpoint) based
on Obs; and Obs, (the observed <A> for the folded and unfolded states in the absence of
denaturant ([D]=0)), m; and m, (the linear dependence of Obs; and Obs, to [D]). The observed
<A> was corrected to account for the difference in quantum yield between the folded and
unfolded states based on the Q-factor (QF), which is calculated by taking the ratio of the
summed fluorescence intensities at the folded and unfolded states. R is the universal gas
constant and T is the absolute temperature.

De novo backbone assembly. The Rosetta blueprint representations of the beta-barrel
backbones were generated based on user input using a custom python script available on
GitHub https://github.com/vorobieva/demo_TMB_design/tree/master/generate _blueprint. The
script requires the SciPy and BioPython modules and generates a Rosetta blueprint (describing
local secondary structure and torsion angle bins per residue) and a Rosetta constraints file
(describing backbone-backbone hydrogen bonds in the barrel). Examples of blueprint and
constraints files used in this study are available on GitHub
https://github.com/vorobieva/demo_TMB_design/tree/master/12_strands_square/assemble_bac
kbones. The backbones were assembled based on such a blueprint and constraints file using
the Rosetta BluePrintBDR application (75), alternating between sampling of backbone
fragments and minimization with hydrogen bonds constraints. The highest-quality protein
backbones (250-500 backbones, based on Rosetta vdw, omega and rama prepro scores)
were selected as template for combinatorial sequence design.

Combinatorial TMB sequence design. De novo [(-barrel backbones assembled using the
Rosetta coarse-grained centroid model were subject to one round of fast atomistic refinement of
the backbones with the Rosetta full-atom model (ref2015 energy function with limited
sampling depth -nstruct 1 and limited sequence space). The Tyr-Gly-Asp/Glu TMB folding
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motifs were then designed into the structures using the HBNet (76) Rosetta application, which
finds all possible positions of the hydrogen bond acceptor residue in the motif (Asp or Glu)
based on defined tyrosine positions. The refined TMB backbones were used as templates for
several rounds of combinatorial sequence design, alternating between the water-accessible
pore (two rounds of design) and the lipid-exposed surface (three rounds of designs) using
re-fitted energy functions (see below). Rosetta resfiles were used to define the set of amino
acids sampled at each position in the protein. The surface-exposed residues were constrained
to mostly hydrophobic amino acids while all amino acids but PRO and CYS were allowed at
pore-lining positions. The B-turn residues were designed using previously identified canonical
TMB B-turn sequences (Figure S2). At each iteration of sequence optimization, the whole
population of designs was analyzed, population-wide selection metrics were computed (see
below) and around 10 % of the designs were selected to be used as input for the next iteration.
After an iteration of pore-residue design, the outputs were selected based on backbone quality
metrics (Rosetta omega, rama prepro, hbond 1r bb scores) and on the computed total
and hbond_sc energies of the hydrogen bond acceptor residues in the Tyr-Gly-Asp/Glu folding
motifs. After an iteration of surface-exposed residue design, the outputs were selected based on
Rosetta total energy and on the retention of the Tyr-Asp/Glu interactions in the designed
folding motifs (which are repacked while the surface residues are designed). The resfiles used
in this study to generate the different TMB architectures are available on GitHub
(https://github.com/vorobieva/demo_TMB_design/tree/master). A complete description of the
design pipeline, analysis scripts and example inputs are available on GitHub
(https://github.com/vorobieva/demo TMB_design/tree/master).

Re-fitted TMB-specific energy functions. To fine-tune the amino acid propensities to
TMB-specific statistics, the Rosetta reference energy function (ref2015) was modified by
testing several variations of weights on one representative TMB backbone. To generate an
energy function to design the water-accessible pore-lining residues, the weight of the Rosetta
full-atom solvation energy (fasol), electrostatic energy (faelec) and of the reference
energies of small disorder-promoting amino acids (ALA and SER) were systematically varied.
The scoring function used for subsequent sequence design was selected based on the closest
match between the resulting designed sequences and naturally-occurring TMB sequences at
the level of the overall hydropathy of the pore and the frequency of ALA and SER amino acids.
To generate an energy function to design the lipid-exposed surface residues, the weight of the
Rosetta full-atom solvation energy and of the reference energies of large hydrophobic (PHE)
and of small disorder-promoting amino acids (GLY and ALA) were systematically varied. A
scoring function was selected based on the closest match between the resulting designed
sequences and naturally-occurring TMB sequences at the level of the overall hydropathy of the
surface and the frequency of ALA and GLY amino acids.

Comparison of the scoring weights optimized to design the pore residues of TMB12s designs

TMB12 square TMB12 oval TMB12 rectangle ref2015
fasol 0.9 0.9 0.9 1.0
faelec 1.4 1.45 1.45 1.0
ALA refE 0.4 -0.6 -0.6 1.32468
SER refE -1.2 -1.8 -1.8 -0.28969
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Designs validation and selection. The final designs were filtered based on the desired
balance between local secondary structure frustration (B-sheet propensity of the sequence
between 30 % and 50 % (predicted with RaptorX (77)) and aggregation propensity score
predicted with Tango (78) smaller than 1500) and sequence-encoded tertiary structure. The
sequence/structure compatibility was assessed based on the capacity of AlphaFold2 (719) to fold
the sequence into the designed TMB structure in single sequence mode (no multiple sequence
align input) and using 48 recycles through the network. Selected predictions had AlphaFold2
pIDDT scores higher than 0.8 and showed high structure similar to the expected design model
when superimposed with TMAIlign (20), with calculated Root Mean Square Deviations (RMSD)
of less than 2.1 A.
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Supplementary Table

Table S1. X-ray diffraction data collection and refinement statistics

TMB10_163 (8UZL)

Resolution range 49.92 -2.5(2.58 - 2.5)
Space group P 2,
Unit cell 55.62, 52.55, 100.05, 90, 93.67, 90
Unique reflections 20045 (1961)
Multiplicity 4.3 (4.5)
Completeness (%) 98.87 (98.54)
Mean I/sigma (I) 4.26 (0.36)
Wilson B-factor 43.07
R-merge 0.1255 (0.9234)
R-pim 0.06884 (0.4931)
CCy; 0.99 (0.832)
Reflections used in refinement 20021 (1960)
R-work 0.2272 (0.3356)
R-free 0.2624 (0.3828)
Number of non-hydrogen atoms 4535
macromolecules 4420
ligands 16
solvent 99
Protein residues 568
RMS (bonds) 0.002
RMS (angles) 0.45
Ramachandran favored (%) 96.96
Ramachandran allowed (%) 3.04
Ramachandran outliers (%) 0.00
Average B-factor 52.26
macromolecules 52.31
ligands 52.13
solvent 50.48

Statistics for the highest-resolution shell are shown in parentheses.
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Table S2. NMR and refinement statistics for TMB12_3 in LDAO micelles

TMB12 3

NMR distance and dihedral constraints 442
Distance constraints 313

Total NOE 213

Intra-residue 22

Inter-residue 191

Sequential (|i—j] = 1) 80

Medium-range (Ji —j| < 4) 24

Long-range (|i —j] > 5) 109

Intermolecular 0

Hydrogen bonds 100
Total dihedral angle restraints 129

f 63

y 66
Structure statistics
Violations (mean and s.d.)

Distance constraints (A) 0.02 +/- 0.07

Dihedral angle constraints (°) 26+/-13

Max. dihedral angle violation (°) 19 +/-12

Max. distance constraint violation (A) 0.46 +/- 0.21
Deviations from idealized geometry 0
Average pairwise r.m.s. deviation* (A)

Heavy 3.23

Backbone 2.54

* Calculated among 20 refined structures
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bioRxiv preprint doi: https://doi.org/10.1101/2023.12.20.572500; this version posted December 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Design Amino Acid Expression | CD (DPC SEC (DPC Conductance | BLAST
Sequence micelles) micelles) E-value*
TMB10_163 | MRTSPGTKPYVKVRW | Yes Negative Mono- No No match
NTDNTVAVAFGAETD maxima CD | dispersed
YKLAPYLKTGVATET spectra monomer
EYNNSSLVKTGTEVK at 215 nm
TAYRLGPNAALETVV
RYNTDNTFGVEVAIE
YRLEPDLSVAPGTRW
NNSSLLAPYIKIKYK
LGPDLDVVTTIAYNT
DNTVGIETKVAYKTD
TMB10_164 | MRTSPGTKPYVKVRW | Yes Negative Major No 0.011
NTDNTVAVAVGAETD maxima CD monomer (voltage-de
YKLAPYLKTGVATEV spectra pendent
EYNNSSLTKAGTEVK at 215 nm channel)
TAYRLGPNAALEVVV
RYNTDNTFGVEVAIE
YRLGPELSIAPGVRW
NNSSLLAPYLKIKYK
LGPDLDIVTTIAYNT
DNTVGIETKIAYKTD
TMB10_165 | MRTSPGTKPYVKVRW | Yes Negative Major Yes No match
NTDNTVAVAFGAETD maxima CD monomer
YKLAPYLKTGVATET spectra
EYNNSSLVKTGTEVK at 215 nm
TAYRLGPNAALEVVV
RYNTDNTFGVEVAIE
YRLEPDLSVAPGVRW
NNSSLLAPYVKIKYK
LGPNADIVTTIAYNT
DNTIGIETKIAYKTD
TMB10_166 | MRTSPGTKPYVKVRW | Yes Negative Mono- Yes No match
NTDNTVAVAFGAETD maxima CD | dispersed
YKLAPYLKTGVATET spectra monomer
EYNNSSLVKTGTEVK at 215 nm
TAYRLGPNAALETVV
RYNTDNTFGVEVAIE
YRLEPDLSVAPGVRW
NNSSLLAPYVKIKYK
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LGPDLDVVTTIAYNT
DNTVGIETKIAYKTD

TMB12_0

MQOQEKPGSAEGGTRTL
YNTDNTLKSGGYGVY
VLSPELVLFAAYFWN
NSSLQEFVAGAKYKL
SPYLETEVHLRYNTD
NTFAVDVTTEGEYPV
SPELKFRPGATYRWN
NSSLNKLRPYLKVEY
KLSPDLKGVVEVQYN
TDNTVLVWEGATYKL
SPDLEVTVMYGWNNS
SLNWLLVDVKYKLSE

Yes

Negative
maxima CD
spectra
at 215 nm

Major
monomer

No match

TMB12 2

MQODRPGTLKVGGRTV
YNTDNTFKSGGYAVY
VLTPDLAGKTKYEWN
NSSLOSFEFGGQYKL
SPYARTEVSVQYNTD
NTVKFRVVVEGEYPL
SPNLRAFPGAEYVWN
NSSLNKLFPYLRFEY
DLSPELLGRLEFWYN
TDNTFKVKLGAEYKL
TPNLSVLVMYGWNNS
SLOEFETETRYDLSS

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

No match

TMB12_3

MQODKPGSAKAGGWTT
YNTDNTFKGGSYAKY
VLSPNLALKGEYEWN
NSSLNSFKAGAEYVA
TPYLKTEVMTEYNTD
NTFRVTVVTEGRYPV
DPNLELFPGGWYTWN
NSSLNKGAPYTRAEY
KLTPDLKLLSQVVYN
TDNTFKEDTGLEYKL
SPNLKVKFEYGWNNS
SLNEFTVQFEYDLSS

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

Yes

No match

TMB12_4

MODKPGTVKGGGKGQ
YNTDNTVKGGGYAVY
TLSPDLSGKTEYLWN
NSSLQELRVGARYRL
SPYLETDVEVAYNTD
NTFVLRVDTRGEYPL
SPELKLFPGAKYAWN
NSSLOKGSPYATFEVY
HADPNLLEFKVTFRYN
TDNTVEVEVGAEYKL
SPNLSTFTAYGWNNS
SLNWVRVETRYLEFTY

No

No match
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TMB12_5

MQOKKPGDLEGGTQVK
YNTDNTEFVEGGYAEY
VLSPELSLRGKYDWN
NSSLQVFRGGATYKL
SPYLKVTFLGEYNTD
NTARGAVVFEGEYPL
SPNLVLFPGAQYDWN
NSSLNKGKPYLRVVY
DLSPELKLVVEFWYN
TDNTFKVEVGTKYKL
SPNLELFVWYGWNNS
SLNEFVADLRYQLTP

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

No

No match

TMB12_6

MEDKPGTAKGGGETK
YNTDNTLDVGGYGEY
VLTPELKGFTRYVWN
NSSLOSLEVGATYKL
SPYARVTVSVEYNTD
NTAALKVTVEVEYPL
SPNAFTVPGATYVWN
NSSLQKGFPYTLEVY
QVSPDLVLEVMVVYN
TDNTLTLFFGGEYRL
SPNLSTRTAYGWNNS
SLNWVRTETRYDLSS

Yes

Void
(aggregat
e)

No match

TMB12_7

METKPGSVWGGGEAK
YNTDNTFEAGGYGEY
HLTPNLTAFGQYMWN
NSSLQKARGGLTYWL
SPYARVTVEVEYNTD
NTVTLEVVFEVEYPV
TPELVLVPGAQYEWN
NSSLNSLKPYLVVEY
KLSPDLVGKVVEVYN
TDNTFQVWEGAVYQL
SPNLEVEVMYGWNNS
SLNELKTRVEYLLSM

Yes

Void
(aggregat
e)

No match

TMB12_8

MODSKGSVRSGTEGE
YNTDNTAKGGTYTTY
VVTPDLEVTVKYEWN
NSSLNRTEVGATYRV
SPYARTTVSVKYNTD
NTVKEFDVTVEGDYPL
SPNLKTHPGATYTWN
NSSLNKLSPYTTVKY
KLSPQLVGKVTFRYN
TDNTVEVWEFGAEYQL
SPELVVEGAYGWNNS
SLOKFKGRTEYQLTP

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

No match
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TMB12_9

MQOEKPGSLRAGTEFR
YNTDNTFSLGFYAWY
QLSPNLVGFAKYEWN
NSSLNVFEAGAKYKL
SPYLETVVSVVYNTD
NTAKLKVRTESEYPL
SPNLRLRPGADYEWN
NSSLOKAFPYLTTEY
KLSPDLVGKTTEVYN
TDNTVKVVAGALYKL
TPNLEVEFLYGWNNS
SLNETVVREDYVLTP

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

Yes

No match

TMB12_tri
0

MGSPGRTEVRGEGGY
NTDNTEWGVVEFWYE
ASPNLSPYVRYKWGK
SSKNVGWPGGRYKAS
PDAEVDVEVGYNTDN
TVVFRVTLREFFYDAS
PNAKPYGEFTYEWGK
SSKNKSMVYGGAKYK
ASPGAEVDFKGGYNT
DNTFQGTVVEWYRLS
PNAMGYGRYTWGKSS
KNEFTGGGKYVGSE

Yes

Major
monomer

No

No match

TMB12_tri
4

MGSSQSPGRTETRTE
GGYNTDNTVKAVTVT
FYDLSPNAQPYVVYE
WGKSSKNKGEPGGQY
RLSPDAWVDVRVGYN
TDNTVEFLVVEFQFWY
DASPDLKPYGEFWYK
WGKSSKNKGAVYGGA
KYRLSPNAEVEFKGG
YNTDNTLEASVVEWY
RLSPGAEGYGKYDWG
KSSKNAFFGGGKYVG
SE

Yes

Mostly
void
(aggregat
e) but
has
monomeric
peak

Yes

No match

TMB12_tri
_12

MGSQGSPGRTEVTFE
GGYNTDNTAWAATREF
KYQASPNAEPYVEYK
WGKSSKNVGWPGGKY
KLSPDAETDTRTGYN
TDNTLRVETETVEWY
DASPDAKPYVRERYV
WGKSSKNKGAVYFGG
KYKLSPNAEVEVEGG
YNTDNTLEGRVEFRY
RGSPNLEGYVVYLWG
KSSKNEFTGGGTYVG
SD

Yes

Negative
maxima CD
spectra
at 215 nm

Mono-
dispersed
monomer

Yes

No match
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TMB12_tri
53

MGSPGEGLVRTMVGY
NTDNTVEVKTEFWYV
LSPDAFPYLRYKWGK
SSKNESSPGGTYRLS
PDAETTAEAGYNTDN
TLKVVVSTTEFFYDAS
PNLKPYVTFTYKWGK
SSKNKFEVYFGGEYK
LSPNARSVTEVGYNT
DNTAWAETKTEYQGS
PNVKGVVEYFWGKSS
KNQFWEFGGEYRGSN

Yes

Mono-
dispersed
monomer

Yes

No match

TMB12_tri
28

MGSGDSPGVSEGRLK
FGYNTDNTAWVEVEV
WYWASPNLVPYVKYK
WGKSSKNDFKPGGRY
KLSPDAELDASGGYN
TDNTLKADVQLDFWY
DASPNLKPYVREVYK
WGKSSKNKFKVYFEFGG
KYKLSPGAESEFEVG
YNTDNTAEVRVRFKY
RGSPNAWVVVQYDWG
KSSKNDGESGVDYKG
SE

Yes

Monomeric
and
higher
order
oligomeri
c peaks

No

No match

TMB12_tri
_14

MGSEDSPGRGETLVM
TGYNTDNTAETRGET
WYQLSPDEFVPYLRYK
WGKSSKNEFWPGGTY
KLSPDAEVTFEVGYN
TDNTLKFRVEFKVEY
TATPDLHPYGEVKYE
WGKSSKNKGAVYGGG
KYRLSPNAEGDVQGG
YNTDNTVELTFRFFY
VGSPNLVGVVEYTWG
KSSKNEFWFGGKYLG
SD

Yes

Mostly
void
(aggregat
e) but
has
monomeric
peak

No

No match

TMB12 tri
_36

MGSQPSPGQGESLVK
VGYNTDNTADVTVEF
WYVASPNLVPYAVYT
WGKSSKNKFEPGAKY
KLSPDAWVDVKVGYN
TDNTAWAESVAEFWY
KATPDLEPYVVEVYR
WGKSSKNKFEVYFGG
RYKLSPNAELDTVTG
YNTDNTVVTTSQLDY
WLSPNALLVVRYTWG

Yes

Major
oligomeri
c peak

No

No match
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KSSKNRVESGVKYKL
SE

TMB12_tri
_32

MGSGGSPGQTEVKTE
TGYNTDNTVDTVVEF
WYVVSPDLVPYEVYF
WGKSSKNKFEPGGQY
KLSPDAWVDTRGGYN
TDNTLEGKTVVEFWY
DASPDAKPYVQFHYE
WGKSSKNKFKVYFGG
RYRLSPNAELDAATG
YNTDNTVVTVVQFDY
QGSPGLVGYVRYVWG
KSSKNKEVEGGKYRG
SE

Yes

Major
monomer

No match

TMB12_ova
11

MGSESRQGSLGAYVR
FVYNTDNTAEVGPGF
EYEASPHLWVQVDVG
WNNSSLVKFSVETSY
KSPDGLEVKVGGEYN
TDNTARGKVEVVEWY
TLSPDLHPYGKVQYF
WNNSSLNKGKPGGGF
VYKLSPHAEFKFETG
YNTDNTVEVHEFWTDY
KASPELEFSSGGVWN
NSSLARTETRAKYKL
TP

Weak

0.003
(Signaling
mucin HKR1
[Mizuhopect
en
yessonsis])

TMB12_ova
12

MGSQDKPGTAGGYFR
AKYNTDNTAEAGPGG
VYVLTPDLKLEVEFG
WNNSSLFKLKVFADY
KSPDGVDEFRSGTEYN
TDNTAETQFEVLEWY
SVSPEFNPYGKFEYR
WNNSSLNKAKPGGGA
EYTFSPDLKVWTETG
YNTDNTAETTVVVKY
RLSPDLEVQTGTTWN
NSSLVEFVTEVWYKA
SD

Yes

Major
monomer

Yes

No match

TMB12_ ova
13

MGSQPKPGDLGTYLE
VEYNTDNTAKTGPGA
VYVLSPHLAVETKSG
WNNSSLLEVTASLKY
ETPDGVVVEVGGTYN
TDNTLDLETDVEFWY
TLSPHLHPYGRLRYE
WNNSSLNKAQPGGGA
LYVLSPHLRTRVDTG

Yes

Major
monomer,
minor
oligomer

Yes

No match
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YNTDNTVKVKVETDY
VVSPHVQVRVGGEWN
NSSLEKTVVQFWYKL
TE

TMB12 ova
14

MGSQDSQGDLGGYLR
VEYNTDNTAWVGPGG
KYVLSPHAELDVAAG
WNNSSLLWTEVAVVY
WSPDGVQVKLGTRYN
TDNTVSTKLEVLEWY
LLSPHLRPYGKTEYQ
WNNSSLNKTRPGGGF
QYDLSPHLATQFEAG
YNTDNTAVAKVKTVY
QLSPDAKVEGGTQWN
NSSLVKFESQVDYKL
SS

Yes

Negative
maxima CD
spectra
at 215 nm

Major
monomer

Yes

No match

TMB12 ova
15

MGSQDSQGDAGGYFR
VEYNTDNTFWAGPGG
KYALSPHLFLDVAAG
WNNSSLLKFDFHVKY
FSPDGLEVQVGETYN
TDNTLVFEVVVVEWY
DLSPHVKPYGRLEYR
WNNSSLNKFFPGGGA
RYKLSPDLEVQADSG
YNTDNTASTRFETVY
KVSPEAEFKAGGQWN
NSSLFKFQSQFDYKA
SS

No match

TMB12_ova
16

MGSQSNPGTLGAYFR
AVYNTDNTFEAGPGF
EYELTPDLHTQVDVG
WNNSSLVKFTVETTY
KTPDGVEFTEFGGTYN
TDNTVVLLVVVVEWY
DLTPDLKPYGKTEYW
WNNSSLNKVRPGGGF
VYRLSPHLATRVDVG
YNTDNTLEVKVSTKY
DLTPHAEFEAGTEWN
NSSLVRFEAVLKYKL
SE

No

No match

TMB12_ova
1.7

MGSEDKSGSAGSYLR
VQYNTDNTVKLEPGS
EYTLSPHLDTRVAVG
WNNSSLASLKVSTVY
RTPDGVEVEAGGEYN
TDNTVDGVLRVQTQY
QASPHLEFPYTRTEYR

Yes

Major
oligomer

No match
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WNNSSLNRSKPGGGEF
FYSVSPHLQFEVEVG
YNTDNTEVVEVETRY
RVSPDVETKVGAAWN
NSSLLSLVAETKYKL
SE

TMB12_rec
t 1

MGSQDKPGSAGGYAF
VGYNNSSLIEFQAGA
QYVITPHLKTDVRVG
YNTDNTIKVEVKVKY
KSPDGIEVEVKGEWN
NSSLAATEVWAGAEY
SLTPELHPYARAGYR
WNNSSLNKPKGEAGA
KYVLSPHARADVKTG
YNTDNTIETEVTVQY
QISPHAGGQVTVKWN
NSSLVEVWVGGRYQL
SE

Weak

No match

TMB12_rec
t 2

MGSQEKPGSAGGYAQ
VGYNNSSLIKFEAGA
QYVITPHLKVDLRVG
YNTDNTIEVSLRTSY
STPDGIDVSVEVQWN
NSSLAAVEVQTGVWY
SLTPHIHPYASAGYR
WNNSSLNKPFAEAGL
LYKLSPHAEAELRTG
YNTDNTIRVELTVRY
QLSPHLGTWAKTRWN
NSSLVETWAGAKYQL
SE

No

No match

TMB12 rec
t 3

MGSQDKPGSLGAYAQ
VGYNNSSLIEFQAGL
EYVITPHLKTWLDAG
YNTDNTAKGAVVVEY
KTPDGIETRVRLEWN
NSSLEFKLDVKTGVMY
SLTPHIHPYAAVGYT
WNNSSLNKPKVEAGT
KYVISPHLQVDVKVG
YNTDNTIEFQVDVWY
QVSPDAGGWASVKWN
NSSLLEVWAGGKYQL
SE

Weak

No match

TMB12_rec
t 4

MGSSEQPGSAGAYAM
TGYNNSSLIQTEVGG
EYVITPHLKTRVETG
YNTDNTARTEVETEY
FSPDGAVAKVKAVWN

Yes

Major
monomer,
minor
oligomer

Yes

0.038
(multicoppe
r oxidase
domain-cont
aining
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NSSLAELLVVGGAQY
FVSPDFFPYAMGGYK
WNNSSLNKPVGVAGA
KYRLSPHAWLKVEGG
YNTDNTAELKVRAEY
QISPEIGLLAQVDWN
NSSLVEVKAGAKYKL
SY

protein
[Verrucomic
robiaceae

bacterium])

TMB12_rec
t 5

MGSSEVPGSAGGYSK
TGYNNSSLARTETGA
DYVLSPHLVVQVAVG
YNTDNTAELVVRVKY
ETPDGIEFEVEVVWN
NSSLIKFRAMTGAWY
SLSPHLFPYAKAGYV
WNNSSLNRPQAFAGA
QYLLSPDLWLDVFGG
YNTDNTIKLEVRVQY
WLSPDLGTEAEVVWN
NSSLVWVFAGAKYKI
SD

Yes

Mostly
void
(aggregat
e), has
monomeric
peak

No match

TMB12_rec
t_6

MGSQPKPGSAGGYAA
VGYNNSSLAKVEVGA
EYQISPHAHVRLSTG
YNTDNTAETVLVVVY
ESPDGLRVKVVLRWN
NSSLVQVEVMAGGLY
VITPHLKPYSMAGYV
WNNSSLNKPKGDGGA
DYDISPDAQTKVSVG
YNTDNTVELVVRVEY
RISPDAGGFVEVKWN
NSSLVEVKVGGKYKI
SW

No match

TMB12_rec
t 7

MGSSSRPGSIGLYAE
TGYNNSSLAKTDAGG
VYQISPHLKTWEAVG
YNTDNTFSGRVQTKY
DDPDGFHVSVKTEWN
NSSLVSFEVKAGAMY
QISPHAQPYAATGYQ
WNNSSLNSPFVEVGA
RYWISPHAFVDVAVG
YNTDNTEVLEVTVEY
QVSPDAGGWATGKWN
NSSLAETWAGGEYVI
DP

Weak

No match

TMB12 rec
t_8

MGSEKKPGSAGAYAR
AGYNNSSLIVGDAGG
KYVISPHLETEVRVG

Yes

Negative
maxima CD

Mostly
void
(aggregat

Yes

No match
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YNTDNTAKLVVKVVY
ETPDGAFVEVEVVWN
NSSLISVVVSAGAWY
DLDPHIKPYAQAGYQ
WNNSSLNKPFAWAGA
RYFISPDLEVDTATG
YNTDNTFKLKTAVKY
RLSPEAGLRFETVWN
NSSLVEVWAGTEYKL
SE

spectra
at 215 nm

e), has
monomeric
peak

TMB12 rec
t 9

MGSQKKPGTAGTYAE
TGYNNSSLAVTRGGT
RYVISPHAELDVSGG
YNTDNTAFATVTVDY
WITPDGIEFKVTVTWN
NSSLAKVVVEAGAWY
DLSPDAKPYVKGGYE
WNNSSLNKPFGKAGA
EYKVSPDLKVQVELG
YNTDNTEFEFLRVQVDY
KLSPHLGLKVETNWN
NSSLAETWVGAEYQL
TP

Yes

Mostly
void
(aggregat
e), has
monomeric
peak

No

No match

TMB14_1

MGSESEKDEDVGVEY
KKYDNQETEKRVYAK
QKKSDKNELGVDYKK
KSDNKTEKSVRYKYR
YDDKLEVKVEYKKDS
DDKDDLKVEVEYKRS
DNAKLKAQYDKDKSD
KWKVDVGGDYRIKKS
EKSSLTPGGKLDVDK
SRKVKLEPYARYEYK
MSERSKADVELKADS
DDKKQVDLKYSYKDS
DKSKVDVKASFQKDS
KWDAGVEVRYKKS

0.0005
(oligogalac
turonate-sp
ecific
porin KdgM
family
protein
[Kluyvera
ascorbetal)

TMB14_2

MGSKSEKSSSVGVEY
SKKDDQDTEKRVYAK
QKKDKDNELGVEYKK
KSDDKTEKKVDYKYK
YSKELEVKVDYKKDS
DDKDELYVEVDYKRS
SKAYLKAKYRKDDKD
DWSVSVGGKYEIKKS
EKSYLEPGGELTVDD
KNKVDLRPDARYKYK
ESKDSEADVRLEAQD
KDRKSVELEYRYRTD
DKSDVRVKADEDKDS
QYKAGVEVKYDDD

Yes

Mostly
void
(aggregat
e), has
monomeric
peak

Yes

No match



https://doi.org/10.1101/2023.12.20.572500
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.20.572500; this version posted December 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

TMB14_4 MGSKQEKDTKVGVRY | No N.D. N.D. N.D. No match
QOKKKDDDTELDLEAK
ORKDDKLELGVRYKY
KSDSSWSLEVDLKYT
ESDKLDVELSYEYKD
DSKKSLDLKVDYKRS
KDAKLSASAKAEDDS
KWSVSVGGQYRIKQS
EKSYLEPGGSVDVDS
SNKVDLKPYVRYRYK
RSEKSEAGVEFGKSD
KDKKEVKEDYKYEQD
SRSYLDLEYRKDKDD
DSEWGFKYEYDDS

TMB14_5 MGSDSSSKEDVSVKY | Yes N.D. Void No No match
SKDKRNKSRVSVEVK (aggregat
QEQDSSNSLKVRYDK e)
EDDDKSSVELGYEQD
DDDKNKLKADVRKDK
DDDVELEARYEYKRD
QYLYLEAQYKKKKDS
KYSLNVGGYYKIPLA
DKLEVEPGGDVKYDD
DSKKKLSPYVRVKYQ
KDSNAEAGAEYKADE
DKKSKLKLKLRYKED
KDADVELEYEKDSDD
KSEVGVRVKYRKD

TMB14_6 MGSSDKKDDELEVEY No N.D. N.D. N.D. No match
SKDDKSKKSLSVKLK
YKQDKDLDLEVEYRK
DSDDKNDLRLGLKYR
EDKKLELEASVKKDK
DNKVELKAELRYKRD
SYLKLYASAKARDDS
KSELEVGGDYKVPYS
DKLYLEPGGSVKYYD
DSKSELKPYVKAEYK
TDKDAKAEADYEAKE
DDKKELKVRLDYKED
KDSEVSLKYRADKDN
RKEVGVKYKYKKD

TMB14_7 MGSESDSKERLRVEY | No N.D. N.D. N.D. No match
KQDSDNENEVSVELE
QKQDSSLDLRVEYKQ
KDDDRNSVKLGLDYK
QDSRLKLYAEVEYYK
DQSVELEAQLEYKED
KDLELYAKYKYKDDS
KWTLEVGGKYKEPKA
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KDLEVEPGGSVDYYK
DSKSKLNPSVRLEYK
EDDKAYADAYLQADD
KSQWKLDVKLKYKLD
KDAEVDLKYSADDKN
KNSVGVELTYKKE

TMB14_8

MGSREKKDTKVSVKY
SKDDKDDSETSVRLE
YKEDDKLALGVQYKK
KSDDSSSTKVDLRYD
SDDKLKLEAAVEKKD
DSRTETEAKLEYKED
SYLKLYAKYKKDSDD
KYSLEVGGKYRVPKA
KDLKVEPGGSVEYYK
DSKYKVKPSVRLEYK
TDKDARAGVYLEADS
DKSWKLTADLEYKLD
YNSRLRLEYEADDKN
KSSVGVELEYKYD

Yes

Negative
maxima CD
spectra
at 215 nm

Major
monomer

Yes

0.012
(unnamed
protein
product
[Psylliodes
chrysocepha
la])

TMB14_9

MGSKEKKKTKVEVSY
YKDDDDQSRTSVRLE
YDLDKDLKLGVEYTK
KDDDSSSTQVRLEYK
ODKKLDLEASVQKKK
DSDTRTSAELKYKRD
SYLDLYAKYEKKSDD
RYRLEVGGKYSVPLA
KDLKVDPGGSVEYYK
DSKKKVSPSVKLRYR
KDDKADAGVDLRAYE
DSSWKLKAYLKYKED
KKSSLELEYEADSKN
KSQVGVKLRYEED

No match

*Protein BLAST search was performed against the non-redundant (nr) protein sequences
database. The lowest E-value corresponding to a naturally-occurring protein is given. In
addition, many designs were matched to previously-published de novo designed 8-stranded

TMBs with < 50 % sequence identity.
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Supplementary Figures
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Figure S1: Six new B-barrel blueprints were generated here: one B-barrel of 10 strands (N=10)
and a shear number of 12 (S=12), one B-barrel of 14 strands (N=14) and a shear number of 16
(S=16) and three B-barrels of 12 strands (N=12) and a shear number of 14 (S=14). The residues
facing the B-barrel lumen and surface are shown as gray and white circles, respectively. Glycine
kinks are shown as red circles and are facing the lumen. The tyrosine residues belonging to the
Tyr-Gly-Asp/Glu folding motif are shown in orange.
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Type | G B-turn
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'S

N-terminus
7

C-terminus

TMB design OmpG (PDB ID 2x9k)

Type | B-turn

Figure S2: The B-strands of de novo designed TMBs are connected with short 3-turns on both
sides of the barrel: cis-hairpins (N- and C-termini side) are connected with canonical type |
B-turns preceded by a B-bulge; frans-hairpins are connected with type | B-turns directly followed
by a G-bulge. By comparison, naturally-occurring TMBs (exemplified here by OmpG, right)
feature mostly long, disordered, loops on the trans side.
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Figure S3: Amino acid composition of the membrane exposed surface of designed beta-barrel
pores. Y-axis is calculated composition among all types of amino acids in the interface and
buried region for each design respectively. The red dots are averaged amino acid compositions
for the indicated amino acids in the respective regions over all transmembrane beta-barrel
proteins in the OPM (Outer Membrane Protein) database.
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Figure S4: A. Predictions of beta-sheet propensities using RaptorX for different designs. B.
GRAVY hydropathy values for the different types of designs and their differences between the
pore lining core and surface exposed residues.
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Figure S5. A. Mean pLDDT values for the different types of designs predicted from single
sequence without MSA using Alphafold2 and the 5 models. B. Best predicted structures from
Alphafold2 for a given type of design (shown in color). The Alphafold2 structures are colored by
per residue pLDDT values.
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Figure S6: Coomassie stained SDS-PAGE gels showing expression bands for the different
designs from insoluble fractions of corresponding lysed cell pellets.
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Figure S7: De novo designed TMBs do not exhibit the heat-modifiable behavior on cold
SDS-PAGE gel characteristic of folded natural TMBs. No shift in band positions were observed
after boiling the samples refolded in DUPC large unilamellar vesicles (LUVs). Band shifts after
boiling (red rectangles) were observed only in conditions where the native 3-barrel fold can not
form (8 M urea with or without lipids).
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Figure S8: Biophysical characterisation of TMB10 designs (right: design models) for folding in
DUPC LUVs. Tryptophan fluorescence spectra (left) and far-UV CD spectra (center) are shown
for re-folded proteins in the presence of LUVs and 2M urea (allows TMB folding while reducing
aggregation in water), in 8 M urea in the presence of LUVs and in 8 M urea in the absence of
lipids. TMB10_163 was selected for further characterization (teal), as it demonstrated a clear
fluorescence A.., shift and change in B-sheet structure content between 2 M urea, 8 M urea,
and no lipid conditions.


https://doi.org/10.1101/2023.12.20.572500
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.20.572500; this version posted December 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Tryptophane
fluorescence spectra

Tryptophane

fluorescence spectra CDspectra  Design models

CD spectra  Design models

N g

TMB12_0

TMB12_2

TMB12_3

TMB12_5

Figure S9: Biophysical characterisation of TMB12 designs with a square shape (right: design
models) for folding in DUPC LUVs. Tryptophan fluorescence spectra (left) and far-UV CD
spectra (center) are shown for re-folded proteins in the presence of LUVs and 2M urea (allows
TMB folding while reducing aggregation in water), in 8 M urea in the presence of LUVs and in 8
M urea in the absence of lipids. TMB12_3 was selected for further characterization (teal), as it
demonstrated a clear fluorescence A, shift and change in B-sheet structure content between 2
M urea, 8 M urea, and no lipid conditions. Similar spectra are observed for the TMB12_9
design, suggesting that the design is also folding into a TMB structure.
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Figure S10: Folding kinetics of designs TMB10_163 (A) and TMB12_3 (B) in DUPC (blue lines)
and DMPC (red lines) LUVs at 30°C and monitored by intrinsic tryptophan fluorescence. The
difference in folding rates associated with the length of the lipid chain is consistent with
intramembrane folding.
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Figure S11: Raw unfiltered current traces of one example for each different type of pores
recorded at 5kHz sampling rate. Applied voltage is 100 mV and the cis and trans buffer for all
conditions is 500mM NaCl. Different noise levels are a result of the different bilayer
capacitances at the time of recording and noise from adjacent cavities in the MECA recording
chip from Nanion. 10s reads show characteristics of stable non-gating pores in the membrane.
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Figure S12: Relative stability of TMB10 designs (163-166). (A) Designs TMB10_165 and
TMB10_166 feature well dispersed NMR 'H-">N HSQC spectra. (B-C) Trypsin and chymotrypsin
challenge reveals differences in stability between designs, with TMB10_165 showing the highest
stability to both proteases. (D) The designs differ only by 2-9 residues on the lipid-exposed
surface, introduced using Rosetta.


https://doi.org/10.1101/2023.12.20.572500
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.20.572500; this version posted December 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A. TMB10_165 B. TMB12_3 C. TMB14_8

4
20 ; o o R
1
5 ! 30 6
10
3 20 )
- = <
:to; s ¢ E" 10 £ 2
2 o < = °
g g o 2 o
3 -5 =1 =1
CJ (]
] O 0 © 20
-10{ ¢ .
-20 —40
_15 (]
_ -60{ ¢
20 ¢ 30
~100 -50 100 150 ~100 -5 50 100 -100 -5

0 0 50 100
Voltage (mV)

Vgltage (rr?\ol) ° Voltagoe (mV)
Figure S13: Current vs Voltage plots for three designs pertaining to TMB10_165, TMB12_3 and
TMB14_8 pores. All measurements were carried out in 500mM NaCl solution (symmetric across

bilayer).
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Figure S14: Designs TMB12_5 and TMB12_9 both feature SEC elution profiles consistent with
predominantly monomeric TMB12 designs (A). However, only TMB12_9 has a dispersed NMR
'H-">N HSQC spectrum in DPC micelles indicative of a folded TMB (B), despite yielding far-UV
CD spectra characteristic of B-sheet proteins in DPC micelles (C) that remain stable up to 95°C
(D). TMB12_9 cooperatively and reversibly folds/unfolds in DUPC LUVs with a similar CmF to
TMB12_3 (5.7 = 0.3 M) but with a less sharp transition and hence lower unfolding free energy
(E). Stable nanopore activity was observed for designs TMB12_3 (stable signal) and TMB12_9
(gated signal suggesting lower stability) (F). No nanopore activity could be observed for
TMB12_5, despite several attempts to insert it into DphPC membranes.
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Figure S15: MOLE 2.5 pore size calculations (left), charge and hydrophobicity profiles (right) for
designs TMB10_165 (A), TMB12_3 (B) and TMB14 (C).
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Figure S16: 2D ["*C,"H]-HMQC of AMLV-"H"*C-methyl-labeled TMB12_3 in LDAO.
Sequence-specific resonance assignments are indicated.
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Figure S$17: Secondary chemical shifts of TMB12_3 from sequence-specific resonance
assignments. Consecutive stretches of large negative values indicate the presence of (3-strand
secondary structure. The positions of the 12 B-strands are indicated by blue lines.
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Figure S18: Strips from the 3D ['H,'H]-NOESY-"*N-TROSY experiment of TM12_3 in LDAO
micelles. Strips were taken for the residue pairs involved in the antiparallel 1312 pairing. The
NOE cross peaks are connected to the diagonal peaks by blue dashed lines.
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Figure $19: ESM noise ramp (in silico melting (27) simulations) plots for (A) square-shaped
TMB12 designs and (B) rectangle-shaped designs (curves colored by protein expression level,
as defined in Figure S6. red=strongly expressed; orange=weakly expressed; gray=no
expression). The rectangle-shaped designs feature more residual secondary structure at the
end of simulations (highlighted by a dashed rectangle). Closer analysis of the ESM simulations
show that the regions of melting-resistant secondary structure correspond to the long sides of
the designed rectangular TMB12 structures (C). These regions (highlighted with red lines) have
higher pIDDT scores (D, left) and lower pAE scores (D, right) after 85 % of the sequence is
masked to the ESMFold language module. They co-localize with early-folding regions predicted
with EFoldmine (22) (early-folding score surpassing the 0.5 threshold, highlighted with red lines)
(E).
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Figure S20: Characterisation of designed TMB pores. A. TMB10_165, B. TMB12_3, C.
TMB12_oval_4, D. TMB12_rect 8, E. TMB12_tri_12, F. TMB14_8. i) Respective cartoons
indicating top view of the designs. ii) Size Exclusion Chromatography plots for all designs
carried out in a buffer containing 0.1% w/v DPC detergent. iii) Corresponding CD plots and iv)
temperature ramp plots from 25°C to 95°C.
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Figure S21: Pore lining amino acid compositions of the different types of designs. Y-axis
indicates the percent fraction of the total number of a specific amino-acid within all pore-lining
residues.
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