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Single-chain heteropolymers transport
protons selectively and rapidly
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Precise protein sequencing and folding are believed to generate the structure and

chemical diversity of natural channels'? both of which are essential to synthetically
achieve proton transport performance comparable to that seen in natural systems.
Geometrically defined channels have been fabricated using peptides, DNAs, carbon
nanotubes, sequence-defined polymers and organic frameworks* . However, none
of these channelsrivals the performance observed in their natural counterparts. Here
we show that without forming an atomically structured channel, four-monomer-
based random heteropolymers (RHPs)™* can mimic membrane proteins and exhibit
selective proton transportacross lipid bilayers at a rate similar to those of natural
proton channels. Statistical control over the monomer distributionin an RHP leads to
segmental heterogeneity in hydrophobicity, which facilitates the insertion of single
RHPsinto the lipid bilayers. It also results in bilayer-spanning segments containing
polar monomers that promote the formation of hydrogen-bonded chains™* for
proton transport. Our study demonstrates the importance of the adaptability that is
enabled by statistical similarity among RHP chains and of the modularity provided by
the chemical diversity of monomers, to achieve uniformbehaviour in heterogeneous
systems. Our results also validate statistical randomness as an unexplored approach
torealize protein-like behaviour at the single-polymer-chainlevel in a predictable

manner.

The monomer selection was based on previously designed RHPs™.
The two hydrophobic monomers, methyl methacrylate (MMA) and
2-ethylhexyl methacrylate (EHMA), promote RHP insertion into lipid
bilayers. Oligo(ethylene glycol) methyl ether methacrylate (OEGMA;
number average molecular weight, M, =500 Da) was included to tailor
the overall hydrophilicity and promote hydrogen-bonded chain (HBC)
formation™®*within the lipid bilayer for proton transport. 3-sulfopropyl
methacrylate potassium salt (SPMA) was used to reduce the aggrega-
tion propensity of the RHPs.

Although statistically random onawhole-chainlevel, each RHP chain
was composed of segments with a range of cumulative hydrophobici-
ties. The RHP sequences were generated using Compositional Drift, a
programbased on the Mayo-Lewis model, which considers the relative
concentrations and the reactivity ratios of each comonomer pair, and
on global monomer conversion”. Figure 1a shows 20 representative
sequences of the RHP (termed ‘RHPY’) with a feeding compositional
ratio of MMA:OEGMA:EHMA:SPMA = 5:2.5:2:0.5. Although the RHP1
sequencesare statistically random, the heterogeneity is obviousin the
cumulative hydrophobicity among different local segments within and

among RHP1chains. Thelocal hydrophobicity along an RHP1 chain can
be evaluated on the basis of the average hydrophilic-lipophilic balance
(HLB) value of asliding window (Fig. 1b)'®. An RHP chain can be broken
down into three types of segments according to the cumulative HLB
value: those that prefer water, the lipid bilayer and the interface (Fig. 1c).
With the same ensemble composition and statistical monomer distribu-
tion, individual RHP chains feature different sequences. However, those
types of segment are seen for all calculated RHP1sequences. The inser-
tion of RHP1into lipid bilayers was confirmed by fluorescenceimaging
and differential scanning calorimetry (DSC) measurements. Figure 1d
shows the confocal images of liposomes incubated with RHP1 end-
labelled with Texas Red dye. After washing offthe excess polymer, the
fluorescence signal from RHP1was detected near the lipid membranes
and overlapped with the signal from a premixed membrane-specific
dye (NBD-PE). The DSC results show the broadening of the lipid phase
transition in the RHP1-containing liposomes, confirming RHP1 inser-
tion, rather than only surface absorption (Extended Data Fig. 1a, b).
We ran all-atom explicit solvent molecular dynamics simulations
to visualize the distributions of RHP1 within a lipid bilayer (Fig. 1e,
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Fig.1|Segmental heterogeneityinRHP. a,
Simulated sequences of 20 RHP1 chains (degree of
polymerization, DP=130). MMA, EHMA, OEGMA
and SPMA are showninred, pink, blueand purple,
respectively. b, Hydrophilic (blue), long (red) and
short (grey) hydrophobicsegmentsinan RHP1
chain. Average HLB values for asliding window of 11
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Extended Data Fig. 2). Most hydrophilic side chains are found to pro-
trude into the water or near the membrane surfaces. Hydrophobic
segments are distributed within the bilayer, anchoring a few OEG side
chainstothe nonpolar region of the bilayer. Those segments are rather
static, and the OEG side chainsin the bilayer move at slower rates than
the ones in water (Supplementary Videos 1and 2). The inserted RHP1
promotes the formation of rather dynamic HBCs among OEGs, meth-
acrylate carbonyls and waters in the bilayer without adopting uniform
three-dimensional structures (Fig. 1f, Supplementary Videos 3 and 4)

and should act as ‘stepping stones’ to assist proton transport across
the bilayers.

A bioprotonic device (Fig. 2a) was used to probe proton transport
through a supported lipid bilayer (SLB) composed of POPE and POPG
(see Methods; POPE:POPG molar ratio, 3:1) ontop of aPd/PdH, contact,
which translates a proton current into an electronic current®. With
-200 mV (versus Ag/AgCl) applied to the Pd contact, incorporating
RHP1(RHPL:lipid molar ratio, 0.0005) into the SLB increased the current
of H" across the SLB withrespect to the SLB alone. After H* permeated

Nature | Vol 577 | 9 January 2020 | 217



Article

a Ag/AgCl
V<0 H e
29 20999
y ] -200 mv 40 mv
T ] |
LLTL) spess | - ——
H g & @ < 0—.,
BN - |
S :
o g
V>0 g B i_ 2 /-"’"'—j
He H S ! |
9 29099 £ | JEE |
® SLB+RHP1
TV -3 T T t 1
2999 ) IPRRS 0 200 400 600 800
H Time (s)
o
R
7.4 RHP1/POPC lipid ratio
e 0
b 731 o 0.00031 g
H* & e 0.00062 Il
7.2
> T e 000120 M -
&
oH77 HPTS S RAE U s
Kol PHE9  <Vin-K+ < &

704 | . ﬁ" i
oo i

KClI

6-8 T T T T T T
0 100 200 300 400 500
Time (s)
0.51
H+
© 0.4+
f=
£ 0.31
(]
T 0.2
EOJ_ Lr Na* K+ Rb* Cs*

Bl mim ﬁ

0.0 — —

Fig.2| Transmembrane proton transport. a, Voltage-driven proton transport
through RHPlincorporatedinanSLBonthe Pd/PdH,device.b, pHgradient-
driven proton flux through RHP1in the liposome. The arrow indicates the time
whenVinwas added. ¢, Inner pH changes to external alkali metal cations after
anincubationtime of 200 s without VIn (black bars). Thered bar denotes the pH
change with VInand external K'. Error barsare1s.d. (n=3). The RHP1-to-lipid
molarratiois 0.0017.

through the SLB, it was reduced at the Pd surface into H, which phys-
isorbed onto the Pd surface to form PdH,. When the voltage on the Pd
contact was switched from —200 mV to +40 mV, the positive voltage
oxidized Hinto H" and resulted ina positive proton current, i,;,, across
the SLB. A higher positive i, was also detected for the RHP1 contain-
ing SLB. Using these data, we calculated that adding RHP1 increased
the apparent membrane permeability of the SLB from 8.1x107°s™ to
1.6 x1072s%, Theresults confirm that RHP1 effectively promotes proton
transport across the SLB.

The protontransport was further evaluated using aliposome-based
fluorescence assay, in which the proton permeation was monitored
using a pH-sensitive fluorophore pyranine (HPTS). The pH change
was recorded from liposomes composed of the lipid POPC (see Meth-
ods; Fig. 2b) or the lipids POPE and POPG (POPE:POPG molar ratio,
3:1) (Extended Data Fig. 3a, b). Driven by a pH gradient of about 0.8,
enhancement in the proton flux was observed by adding RHP1 to the
liposome solutions, which was triggered by the K" ionophore valinomy-
cin (VIn) that dissipates membrane potentials. To quantify the proton
flux rate per RHP1 chain, we premixed the lipid and RHP1 before lipo-
some preparation and went through freeze-thaw cycles to promote
RHP1insertion. We assumed that all RHP1 chains contribute to the
proton transport and the calculated transport value represents the
lower limit of the RHP1 performance. The stopped-flow fluorescence
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Fig.3|Interaction of RHP1and the lipid bilayers. a, SANS profiles of d54-
DMPCliposomes containing RHP1(-19 kDa) in 86% D,0:H,0. The solvent signal
was subtracted. Solid lines denote a fit using a three-layer vesicle model for the
liposome and asphere model for the RHP1. b, Diffusion coefficients of the
Texas Red-labelled RHP1sin the liposome membrane as afunction of polymer
molecular weight (7,19,30 and 40 kDa). Error bars are1s.d. (n=6).c, Inner pH
changes of the liposomesincubated with RHP1over200 s after adding Vin.
Errorbarsarels.d. (n=3).

measurements show an initial proton flux per RHP10f 8.1+ 1.0 H*s™
under these conditions, corresponding to asingle-RHP1conductance
value of (4.4 £0.57) x10™ S (n=3, s.d.) (Extended Data Fig. 4a-d). This
is comparable to the value reported for the proton-selective channel
influenza virusM2,2.9 x107Sto 4.4 x 107 S, at pH 5.7 using a similar
assay®. As a control, the conductance of the proton/cation channel
gramicidin A (GramA) was measured to be (4.0 + 0.43) x10™¢S (n=3,
s.d.), in the same magnitude as the reported values of 1.2 x 10 S to
2.1x107'S (refs. 2??), Slowed proton transport was observed after
substituting D,0 for H,0 in this assay (Extended Data Fig. 4e). Theiso-
tope effect value of RHP1 (1.9) is larger than that of water pore channels
(1.6), where protons are transported along water wires via the Grot-
thuss mechanism®. The large isotope effect agrees with the proposed
transport pathway involving both RHP1 and water, rather than RHP1
forming a pore in the bilayer®?,

The insertion of RHP1 did not increase the water permeability
of the bilayer, confirming the absence of distinct membrane leak-
age (Extended Data Fig. 4f). The direction of proton transport was
varied to eliminate the snorkelling effect from the OEG side chains
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Fig.4|Sequence analyses of the RHPs. a, One set of hydrophobic segments
containing one OEGMA inan RHP1chain (DP=130).b, Statistical size
distribution of the hydrophobic segments containing one OEGMAin 4,500
simulated RHP1sequences. c, Number of such segments per polymer chain,
with the minimum segment size ranging from 5to 15. Segments of even

of bilayer-surface-absorbed RHP1 chains (Extended Data Fig. 3c). In
addition, an RHP1 derivative (RHP1,100) containingan OEGMA witha
longer side chain (M,=1,100 Da) was tested. Although it favours bilayer-
surface binding, RHP1,100 did not promote proton permeation under
the same conditions (Extended Data Figs. 1c, d, 3b).

Small-angle neutron scattering (SANS) was used to characterize
the RHP1size and oligomeric state in alipid bilayer (Fig. 3a, Extended
DataFig.5). Owingto the large scattering length density (SLD) contrast
against RHP1, d54-DMPC (see Methods) was used to differentiate the
signal of RHP1 from that of the lipid background while still provid-
ing RHP1 proton transport activity (Extended Data Fig. 3d). The SANS
measurements provided an average RHP1 (about 19 kDa) radius of
2.2nm. The physical volume occupied by one dry RHP1 chain was cal-
culated to be about 32 nm?, assuming a polymer density of 1.0 gml™.
Using a sphere model for single RHP1 chains, the SANS results lead to
anaverage particlessize of about 45 nm?. Thus, the RHP1 chains formed
a unimolecular assembly under the experimental conditions used.
Fluorescence recovery after photobleaching (FRAP) measurements
were performed on the liposome surface using RHP1s with molecular
weights ranging from -7 kDa to -40 kDa (Fig.3b). Despite large fluctua-
tions in the measured diffusion rate (D), the correlation between D
and the RHP1 molecular weights further excludes extensive polymer
aggregation in the lipid bilayer. Additionally, in the proton transport
study, promoted proton transport was observed with RHP1-to-lipid
ratios increasing from O to 0.0017 (RHP1 concentration, 0-48 nM)
(Fig. 3¢). The trend of the pH increase is reversed at higher RHP1 con-
centration, probably owing to the formation of RHP1 oligomers that
were excluded fromthelipid bilayer. Together, these results confirmed
that the monomeric form of RHP1is the active species for the polymer
concentration window reported here.

Diffusion of alkali metal cations across alipid bilayer requiresa pore
sizelarger thanthesize of the dehydrated cations, whereas protons can
either diffuse through pores in the form of water-proton complexes
orbetransported without pores by hopping along HBCs™'. The ionic
selectivity of RHP1-based transport against other alkali metal cations
(includingLi*,Na*,K*,Rb"and Cs") was studied using an external cation
exchange approach® (Fig. 2c).Inthe presence of both protonand cation
gradients across the bilayer, no distinct co-transport of protons and
alkali metal ions was observed, which was manifested by minimal pH
changes in the interior of the liposomes. Such insensitivity indicates

numbers are omitted for clarity. d, Transport performance of the RHP variants,
evaluated using the liposome-based fluorescence assay (Fig. 2b). Inner pH
changes of the RHP-containing liposomes (RHP:lipid ratio of 0.0017) over 200 s
afteradding VIn.Errorbarsarels.d. (n=3).

that RHP1-based transport is highly selective towards protons. This
is consistent with the proposed HBC-based transport mechanism in
the transmembrane RHP1 segments and the unimolecular nature of
RHP1within the bilayer.

Animportant hallmark of RHPsis their sequence heterogeneity. Even
with the same ensemble composition and statistical monomer distri-
bution, individual RHP chains feature different sequences. However,
the statistical population and distribution of segments according to
cumulative hydrophobicity should remain the same. Despite the het-
erogeneity, RHP1shows consistent transport performance. This may
beattributed to the enhanced adaptability that is unavailable inmore
defined systems, and may be advantageous for achieving efficient
molecular transport. Analyses were performed to gaininsightinto the
interplay between differences in monomer sequences and similari-
ties in the statistical structure of segments (that is, similar statistical
parameters, which characterize the heterogeneity of segments) and
how these may affect the RHP1arrangementin lipid insertion and pro-
tontransport. Segments richin MMA and EHMA can be overall hydro-
phobic while stillincluding afew OEGMA monomers, and sufficiently
long to span across lipid bilayers. Similarly, there exist segments rich
inhydrophilic monomers thatinclude afew hydrophobic units, which
generally prefer the aqueous phase. Both are chemically heterogene-
ous but with distinctive cumulative hydrophobicities. Within each
RHP1 chain, there are also abundant segments that cannot be easily
assigned as overall hydrophobic or hydrophilic. Rather, their cumula-
tive chemical features vary substantially depending on the choice of
segment length and ending position. Nevertheless, they appear to be
generally amphiphilic and will probably have a short residence time
in either phase. Their rapid kinetics of insertion and desorption from
bilayers, instead of a static state, may also facilitate proton transport.

We hypothesize that the inclusion of a small amount of OEGMA in
the lipid bilayer core is a key requirement for the observed proton
transport. Analysing the hydrophobic segments including OEGMA
can be done with various criteria over the block length, number of
OEGMAs included and flanking monomer sequence. As one example,
Fig. 4a highlights the hydrophobic segments containing one OEGMA
inarepresentative RHP1 chain. Anin-house-developed program was
used to evaluate the length distribution of such segments in a total of
4,500 RHP1 (degree of polymerization, DP =130) sequences gener-
ated by Compositional Drift, considering compositional dispersity
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(Extended Data Fig. 6a). As seen in Fig.4b, RHP1 contains the segments
that fulfil the length requirement to span the lipid bilayers. The core
of a typical lipid bilayer (-2.7 nm for a POPC bilayer®*) can theoreti-
cally accommodate 11 MMA-based units in their fully extended form.
Within a certain length range, shorter and longer segments should
also be capable of integrating into the bilayer. RHP1 segments and
surrounding lipids can adjust their chain conformation and/or bilayer
thickness, respectively, to adapt to hydrophobic mismatch. Further
analysis, shown in Fig. 4c, suggests that there are a limited number
of such segments per RHP1 chain (DP =130). For example, an average
of three segments per polymer chain was counted with a segmental
length of >9, and two segments per chain with length >11. RHP1length
dispersity was also considered in the segment analyses. The statisti-
cal distribution of the segment size is less affected by the polymer
length variation once the RHP1is sufficiently long (DP > 40) (Extended
DataFig. 6b, c), although the segment numbers per chain have a posi-
tive correlation with the RHP1 chain length (Extended Data Fig. 6d).
We also used the probabilistic framework of the hidden Markov
model (HMM) to predict the transmembrane segments of RHP1
(Extended Data Fig. 7). The HMM investigation agrees with the afore-
mentioned sequence analysis, indicating that RHP1 chains are rich in
transmembrane segments and include those that allow OEGMAs to
embed in the bilayer core to facilitate proton transport. Such hydro-
phobic segments are limited in their population for the molecular
weight range studied here, thus forming a narrow crossing path for
proton transport.

According to the information gained, segmental heterogeneity
afforded by four distinct monomers appears to be a key design fea-
ture that is necessary to capture several critical features of natural
channels with regards to proton transport. Experimentally, none of
the three-monomer-based RHPs shows efficient transport activity
(Extended Data Fig. 3b). It is reasonable to believe that a statistical
design approach should also lead to other RHPs with proton trans-
port properties. We synthesized a series of RHP variants, varying the
MMA:EHMA ratio from 3.5:3.5to 7:0. The overall fraction of these two
hydrophobic monomers remains the same in order to maintain similar
segmental distributions. The RHPs within the compositional range of
4:3to 6:1 MMA:EHMA could promote proton transport, albeit with
different performances (Fig. 4d). RHP1 (MMA:EHMA = 5:2) elicits the
best proton permeation, whereas either increasing or decreasing the
portion of EHMA reduces the overall transport performance. Shifting
the MMA:EHMA ratio should alter the capability of polymer insertion
into lipid bilayers by changing the overall polymer hydrophobicity/
hydrophilicity and the balance between polymer-polymer and poly-
mer-lipidinteractions. Decreasing the MMA:EHMA ratio increases the
occurrence of EHMA monomers distributed adjacent to each other.
With a bulky ethyl hexyl side-chain, local abundance of EHMA would
alsosterically hinder the interplay between the polymer carbonyland
water/OEGMA, affecting the proton transport efficiency (Extended
DataFig. 6e, 6f).

The present study confirms that exploring and manipulating the
segmental heterogeneity in RHPs at the single-chainlevelis feasible and
effective to mimic protein-like behaviour. Considering the vast number
of monomers available and recentadvancesin polymer chemistry, the
possibility to generate RHP-based functional materials'**% and even-
tually marry the synthetic and biological fields are almost unlimited.
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Methods

Materials
ChemicalswerepurchasedfromSigmaAldrichandFisherScientificunless
otherwise noted. Phospholipids were purchased from Avanti Polar Lipids
Inc.,including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(sodiumsalt) (POPG), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d54-DMPC). Water
was Milli-Q-grade water (18.2 MQ cm).

RHP syntheses

RHPs were synthesized as described previously™. Azobisisobutyroni-
trile was recrystallized from ethanol. Inhibitors were removed using
cryodistillation (methyl methacrylate, 2-ethylhexyl methacrylate) or
by passing over a column of neutral alumina (ethylene glycol methyl
ether methacrylate (M, = 500 g mol™). 3-sulfopropyl methacrylate
potassium salt (98%), ethyl-2(phenylcarbanothioylthio)-2-phenylac-
etate (98%), trioxane and solvents were used as received. Polymeriza-
tionsolutions were prepared and transferred to 20-ml glass ampules.
These solutions were subjected to four freeze-pump-thaw cycles
and then flame-sealed at ~-50 mtorr. Polymerizations were carried
outat 80 °Cfor typically 6-12 h. The ampules were then quenched in
liquid nitrogen and opened. Polymers were precipitated by dropwise
addition tostirring pentane and then transferred to 3,500 molecular-
weight cut-off centrifuge filters (Amicon), washed five times using
water and lyophilized.

'H nuclear magnetic resonance (NMR) spectra were obtained with
either a Bruker Avance 400 spectrometer (400 MHz) using a 5-mm
Z-gradient broadband observe probe, a Bruker Avance AV 500 spec-
trometer (500 MHz) using a Z-gradient triple broadband inverse detec-
tion probe, or aBruker Avance AV 600 spectrometer (600 MHz) using
a Z-gradient triple broadband inverse detection probe. Monomer
conversion was measured on crude reaction mixtures in DMSO-d,,
using trioxane as an internal standard. The RHPs were characterized
using gel permeation chromatography with an Agilent 1260 Infin-
ity series instrument equipped with two Agilent PolyPore columns
(300 mm x 7.5mm), calibrated using poly(ethylene glycol) standards.
Dimethylformamide with 0.05M LiBr was used as eluent at 0.7 mlmin™
at 50 °C. Analyte samples at 2 mg ml™ were filtered through 0.2-pm
polytetrafluoroethylene membranes (VWR) before injection (20 pl).
The physiochemical properties of the synthesized RHPs are listed in
Extended Data Table 1.

Preparation of large unilamellar vesicles

2.5mg of POPC or amixture of POPE and POPG (3:1 molar ratio) was dis-
solvedinchloroformand subjected to solvent removal to make alipid
film, whichwas dried in vacuum overnight. The lipids were rehydrated
by a 0.5 ml inner buffer (10 mM HEPES-KOH, pH 6.9,100 mM KClI) at
37 °Cfor1h. 0.5 mM pyranine was included in the inner buffer in the
pyranine assay. The resulting suspension was subject to six cycles of
freeze-thawing using a dry ice-ethanol bath and a 37 °C water bath.
Large unilamellar vesicles (LUVs) were generated by extruding 11 times
through a 400-nm polycarbonate membrane followed by a200-nm
polycarbonate membrane. Free dye was removed using a Sephadex
G-25 desalting column (GE healthcare). LUV formation was confirmed
using dynamic light scattering and transmission electron microscopy.
The LUVs composed of POPE+POPG and of POPC only had diameters
0f182+16 nmand 189 + 9 nm, respectively. The lipids were quantified
using the Stewart method®.

Preparation of giant unilamellar vesicles
Giant unilamellar vesicles (GUVs) for microscopy and FRAP inves-
tigations were prepared using a reported agarose-based hydration

method®. 300 pl of 1% melted agarose solution (low melt; gelling
temperature, T, = 26 °C; melting temperature, T,, < 65 °C; electroen-
dosmosis, EEO < 0.12) was added to a cover glass (22 mm x 22 mm)
and dried on a hotplate. 80 pg POPCin chloroform was evenly spread
ontheagarose film. The chloroform was removed under vacuum. The
film was covered by a 1-mI HEPES buffer (10 mM HEPES-KOH, pH 6.9)
to induce GUV growth for 0.5 h. Liposomes were released by gentle
pipetting and immobilized into a thin layer of 0.5% agarose on a glass
slide for microscopy investigations.

Interactions between RHPs and liposomes

Confocal fluorescence imaging. RHPs were end-modified with a
Texas Red fluorescent dye via thiol-maleimide chemistry. GUVs doped
with NBD-PE (100:1 molar ratio) were incubated with the Texas Red-
labelled RHP1s (2,000:1 molar ratio) for 0.5 h. Unbound polymers
wererinsed off right beforeimaging. The imaging was performed ona
Zeiss LSM 880 with a 63x (numerical aperture, NA, 1.4) oil or 20x (NA,
1.0) water-immersion objectives and one Airy unit. Lasers at 488 nm
and 594 nm were employed to excite the NBD and Texas Red, respec-
tively. Fluorescence signals were collected in the 500-550 nm and
605-655nm bands.

DSC investigation. DSC thermograms probing the lipid phase transi-
tionwere acquired using a VP-MicroCal calorimeter (GE). The samples
and buffers were equilibrated at 5 °C for 30 min and heated from 5 °C
to 40 °C at arate of 1°C min™. The heating and cooling process was
repeated for several cycles. The buffer or the RHP-containing buffers
were used as the background. The full-width at half-maximum of the
peak was obtained with baseline correction using the Origin software
(Microcal).

FRAP measurement. FRAP experiments were conducted using Texas
Red-labelled RHP1containing-GUVs. Five prebleach images were taken
at an attenuated laser intensity (0.5%, 561 nm). Subsequently, pho-
tobleaching was performed through a circular region of interest of
nominal radius 3 pm and 20 bleaching iterations using the 514-nmand
561-nmlaser lines at maximum intensity. After bleaching, recovery was
monitored from the subsequent 95 frames with the excitation switched
back to the attenuated intensity. A background scan and bleaching
under the same conditions were conducted for FRAP curve correc-
tion. Therecovery curves were fitted and the diffusion coefficient was
obtained as reported previously°.

Molecular dynamics simulation

All-atom explicit solvent molecular dynamics simulation. The
simulations were performed using GROMACS (5.0.7)* with the
CHARMM 36m force field**** and the recommended TIP3P water
model, the structure of which was constrained using the SETTLE
algorithm®**, RHP1 sequences (DP = 40) were created by varying
the random seed with fixed component ratios. The initially extended
RHP1 chains were first equilibrated in vacuum for 0.1 ns until they
collapsed. Each RHP1 was then embedded at the centre of a bilayer
with 120 POPC lipids. 7,200 water molecules were then added with
approximately 0.1 M KCI. The initial structure (Extended Data Fig. 2d)
was created using Packmol*®. This process mimics the experimental
procedures used to promote RHP1insertion by premixing RHP1and
lipid and the freeze-thawing process used to create transient pores
on the membranes.

The potential energy was minimized, followed by equilibration
using the NPT ensemble (constant particle number, pressure and tem-
perature). Torelax thelipid bilayer, the Z-dimensional coordinates of
all of the POPC atoms were constrained for 0.1 ns using a force con-
stant of 1,000 k) mol™ nm™, followed by an exclusive constraint of the
POPC phosphorous atoms for 0.1 ns. The equilibration simulation
was performed at 310.15K for 300 ns. Inthe production simulation at
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298.15K, the Nose-Hoover algorithm was employed to separately cou-
ple the temperatures of the polymer-POPC complex and the others.
Semiisotropic pressure coupling (Py,=P,=1bar; time constant, 5.0 ps;
compressibility 4.5 x 107 bar™) was applied via the Parrinello-Rah-
man algorithm®. The neighbour search was performed up to 1.2 nm.
The short-range Coulomb interactions were calculated up to 1.2 nm
using the particle mesh Ewald method*** for the long-range electro-
static interactions. The Lennard-Jones 12-6 potential was switched
off from 0.8 nm to 1.2 nm with the force switching method. These
parameters have been recommended for the accurate reproduction
of the original CHARMM simulations on lipid membrane systems*’.
A simulation integration time step of 2 fs was employed, with all the
hydrogen-involved covalent bond lengths constrained. Each produc-
tionsimulation was performed for 500 ns, with the final configuration
presentedin Extended DataFig.2d. The convergence of the simulations
was confirmed by the area per lipid and the polymer-lipid interac-
tions (Extended Data Fig. 2e). The HBCs were visualized using the
package VMD*.

Nine parallel simulations were performed with nine different poly-
mer chains (Extended Data Fig. 2a). Five chains were found to span
the bilayer roughly symmetrically (Fig. 1e, Extended DataFig. 2b). The
other four chains were found near the membrane-water interfaces. We
believe that multiple factorsinfluence theinsertion of RHP1, including
the overall monomer distributions along the RHP1 chain, the chain
length and the transient RHP1 conformations. The sequence analysis
showed that the average number of hydrophobic segments per RHP1
chainincreases with longer chain lengths. For relatively short RHP1
chains (DP=40; greenlinein Extended DataFig. 6d), itis not surprising
that not all of the nine different chains span through the lipid bilayer
inthese simulations.

Protontransport on LUVs

Transport on LUVs. With excitation at both 460 nm and 415 nm, the
ratio of pyranine emission (/) at 510 nm (/o 460//cxa15) Was monitored to
probe the inner pH change over time. The tested fluorescence ratios
of pyranine in the lumen of the LUVs were linearly proportional to
pH values in the range 6.4-7.4. Purified LUV solutions were diluted
ten times into the 1-ml sample with an outside buffer (10 mM HEPES-
KOH pH 7.7,100 mM KCI). Proper amounts of the RHP solutions at
0.1or 1.0 mg ml™ were added into the LUV solutions with continu-
ous stirring. After incubation for 5 min, /,4,//,;s was monitored over
500s.3 pl of 10 uM Vin in ethanol was added at 100 s to trigger the
proton flux. To evaluate theion selectivity of RHP1, purified solutions
of RHP1-containing LUV were diluted ten timesin 1 ml of outside buffers
containing one type of alkali metal cation (10 MM HEPES-KOH pH 7.7,
100 mM MCI, M =Li, Na, K, Rb, Cs). Without VIn, changes in the inner
pH were recorded over 200 s. The fluorescent measurements were
performed on a Perkin EImer KSS55 fluorescence spectrometer and a
micro-cuvette under constantstirring.

Transportinvestigation on stopped-flow fluorimeter

Proton transport rate. RHP1 and the lipids were premixed in chloro-
form before LUV preparation. Purified RHP1-containing LUV solu-
tions were diluted 33 times with the inner solution and mixed with
30 nM VIn. 15 pl of the RHP1-VIn-LUV mixture in the inner solution
was rapidly exposed to 15 pl of the outside solution using the AutoSF
120 stopped-flow fluorimeter (KinTek) at a flow rate of § mI min™. With
excitation at460 nm, the emission of the encapsulated pyranine was
monitored as a function of time using a 520 nm/20 nm fluorescence
filter. To evaluate the isotope effect of the proton transport, a similar
proton transport experiment was performed by substituting D,O for
H,0, including in the LUV preparation and purification processes. A
deuterated base was used to titrate the pD. The pD value was meas-
ured using a glass pH electrode and corrected by adding 0.4 to the
pHreadout. The isotope effect value was obtained from the ratio of

the conductanceinthe H,0 assay to thatinthe D,0-based assay. The
initial pH change rate was fitted to obtain the conductance of the
channels or RHP1 and the permeability of membranes, using equa-
tions reported previously?.

Water transport. LUVs were prepared in asimilar way as for the proton
transportassay, using 20 mM HEPES-KOH, pH 7.5,100 mM KCl contain-
ing10 mM carboxyfluorescein. The LUVs were purified using the same
buffer without the dye. Using stopped-flow fluorescence at 7 °C, the
channel- or RHP1-containing LUVs in this inner solution were rapidly
exposed to an outside solution (20 mM HEPES-KOH, pH 7.5,100 mM
KCI, 100 mM sucrose) and subjected to a fluorescence measurement
with excitation at 490 nm and the 520 nm/20 nm filter. The relative
volume was linearly related to the relative fluorescence at the pre-
sent conditions. The fluorescence quenching curves for the shrinking
liposomes were fitted with a single-exponential function. The osmotic
water permeability was calculated as described previously***,

RHP conformationinliposomes

SANS investigation. SANS measurements were conducted at the
GP-SANS instrument of the High Flux Isotope Reactor at Oak Ridge
National Laboratory**and at the NG7 instrument of the National Insti-
tute of Standards and Technology. The sample-to-detector distances
were set to generate a range of momentum transfer, g, from 0.004 to
0.6 A", where g=4msin/A, where 20 denotes the scattering angle from
the incident beam. The wavelength A is 5 A for NG7 and 4.75 A for GP-
SANS. Small unilamellar vesicles (SUVs) composed of d54-DMPC were
prepared as described above, using 86 vol% D,0 in H,0 and a100-nm
membrane. The SLD of the 86% D,0 theoretically matches the average
SLD of d54-DMPC. Although 100% contrast match cannot be achieved
owingto the deuterated lipid tail and H-based lipid head, using 86% D,0
dampens the SANS signals from the liposome. The SANS measurements
were performed at 37 °C in 2-mm-path-length quartz cells using solu-
tions of the SUVs. The 2D scattering results were azimuthally averaged
to produce one-dimensional SANS curves. The data were modelled
using a three-shell vesicle model for the RHP1-free SUVs and a sphere
model for the free RHP1. Asum of these two models was used to fit the
SANS profiles of the SUV-RHP1samples. All datafitting was performed
using the SASView program (version 4.2.0, http://www.sasview.org/).

Sequence analyses

HLB. The HLB value was used to evaluate the solubility of monomer
side-chains through group contribution theory. Using the equation
HLB =7+ 3; n,HLB; where n;is the number of the ith chemical groupin
the molecule with corresponding value HLB,. The HLB value for each
monomer side chain was estimated as: HLB(MMA) = 8.45,
HLB(EHMA) =5.12, HLB(OEGMA) =11.4 and HLB(SPMA) =18.5. Alower
HLB value denotes higher hydrophobicity and a higher value means
greater hydrophilicity. A Python program was created to continu-
ously calculate the average segmental HLB values for awindow sliding
from the alpha to the omega ends of the simulated RHP1 chains. The
window advanced by one monomer each time. We used a span contain-
ing odd numbers of monomers, and assigned the average HLB value of
that span to its middle monomer. For instance, for the window of 11
monomers shown in Fig. 1b, the average HLB value of the span from
monomer 1to monomer 11 was calculated and plotted at monomer
position 6. The next HLB value, corresponding to the span from mon-
omer 2 to monomer 12, was plotted at monomer position 7.

Hydrophobic segments. A Python program was used to analyse the
length and number of hydrophobic segments containing one OEGMA
inthe RHPs. The hydrophobic embedded OEGMA was set to be two or
more monomers away from the ends of the segments. The number of
uninterrupted hydrophobic monomers on both sides of an OEGMA
was counted.
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Segment prediction

HMM prediction. The HMM has a successful history in describing la-
tent statistical structures and incorporating various constraints, de-
spiteits limitation in duration modelling. Given an observable output
sequence of length T (for example, y= (¥, ¥», ..., ¥1)), the basic goal for
an HMM* is to infer the corresponding hidden state sequence of the
same length, g=(q,, 95, ..., ¢p). In our study, y;denotes the monomers
and g, represents the states defined above: state 1, state 2 and state 3.
The HMM parameters include:

1. The initial probabilities of each state, 4 = {m;}, where m;= P(q, = i)
andiistheindex for the three different hidden states (thatis,i=1,2,3).

2.Thetransition probability matrixA={a;}, where a;=P(q,.,=/1q,= i),
thatis, the probability of next step beinginstatej(j=1,2,3) if currently
itisinstatei.

3. The emission probability matrix B = {b;} is defined as
b;=P(y,=jlq,=i), wherejis the index for the four different types of
monomers (thatis,j=1,2,3,4).

Then the joint probability of states (thatis, g=(q,, ¢, ..., ¢1))) and
observed outputs (thatis,y=(y,,>, ..., ¥7)) can be written as:

T-1
PO, @) =1y by, nz bgy 44, bay,
t=

The Baum-Welch algorithm* is typically used to find the unknown
parameters4,A and B, and the Viterbialgorithm* is used to determine
the optimal state path for each observed sequence.

The unobserved states represent the three possible regions on RHP1s
that prefer water, the lipid-water interface, or the core of lipid bilay-
ers, and states 1, 2 and 3 denote the corresponding hidden states. We
implemented a third-order HMM in which (i) the transitions between
states were modelled by a third-order Markov chain and (ii) third-
order emission probabilities were used to characterize the monomer
preferencesin different RHP1regions and to model the dependencies
between neighbouring monomers—that s, the probability of generat-
ingamonomer ata positionwould depend not only onthe hidden state
at that position, but also on the states at the previous two positions.
Additionally, we incorporated the following rules in the HMM to bet-
ter approximate reality and facilitate parameter inference (Extended
DataFig. 7b):

1. Despite the ambiguous criteria for defining a state-3 segment, we
began with segments full of hydrophobic monomers and hydrophobic
segments containing one OEGMA.

2. To differentiate between OEGMAs included in a state-3 segment
and those adjacent to such segments, the OEGMA included was set to
be at least two monomers away from the ends of the segments.

3.0wingtothe high polarity, SPMA was fixed to appear only in state
linthe current setup.

4. Hydrophobic segments (states 2 and 3) end with hydrophilic
monomers (OEGMA and/or SPMA). Those boundary monomers, if
notincludedin anextended state-3 segment (thatis, the OEGMA within
along hydrophobic segment), were considered to be in state 1. We
note that when a length constraint for state 3 has to be incorporated
(as shown in Extended Data Fig. 7b), the design of the HMM would
be more challenging and the HMM might not perfectly represent the
observed data distribution.

Proton transport on SLBs

Transport on an SLB. SUVs were prepared in a similar way to the
LUVs, except for using a 100-nm extrusion membrane. 150 pl of
2.5 mg ml™ SUVs was deposited on a clean Pd contact and incubat-
ed overnight with mild agitation to facilitate formation of the SLB.
Unfused SUVs were washed off using the liposome buffer. The SLB
formation was verified by liquid atomic force microscopy charac-
terization (Extended Data Fig. 8a). The fresh SLB was covered with

150 pl of 0.05 mg ml™ RHP1 solution for 30 min. The RHP1-SLB so-
lution was subjected to a liposome buffer rinse to remove free poly-
mers. Current-voltage and cyclic voltammetry measurements were
performed on a home-built system (Extended Data Fig. 8b), and
the membrane permeability was fitted using a model described
previously”.

Data availability

The data supporting the findings of this study, as well as descriptions
ofthe methodologies used inthe code, are available within the article
and the Extended Dataitems. For reproduction purposes, the raw data
used to generate the figures and input scripts used to produce the
simulations are available from the Dryad Digital Repository (https://
doi.org/10.6078/D1VX0B).

Code availability

All custom scripts (sequence analyses and HMM) are available from
the corresponding author upon request.
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RHP1 chains monomer sequences
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Extended DataFig.2|All-atom molecular dynamics simulations.
a, Sequences of the nine RHP1 chains used in the simulations. b, Snapshot of
the 2nd-5th RHP1chainsinthe POPClipid bilayer in the simulations. MMA,

EHMA, OEGMA and SPMA are colouredred, pink, blue and purple, respectively.

Lipidsareshowningrey colour. ¢, Representative HBCs in the transmembrane
regions of RHP1s. The oxygen and hydrogen atoms of water molecules are
colouredred and white, respectively. Hydrogen bonds are shown with red
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and final (right) RHP1 conformations in the simulations. The RHP1chainis
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simulations. Top, area per lipid as a function of the simulation time. Bottom,
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RHP1sasafunction of simulation time. Different colours denote the results
from five parallel molecular dynamics simulations.
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respectively. ¢, pH gradient-driven proton flux in the influx and outflux
directions. RHP1was added to the solutions of preformed LUVs. d, pH gradient-
driven proton flux through RHP1in DMPC SUVs at 37 °C. RHP1-containing SUVs
were prepared asindicated in the Methods section ‘SANS investigation’ using
H,0-based buffers, withan RHP1:DMPC ratio of 0.001.
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Extended DataFig.4 | Proton and water transportrates. a, Representative
stopped-flow fluorescence traces of RHP1-containing POPC LUVs after rapid
exposure to abuffer of ahigher pHvalue. Theinitial and final equilibrated pH
valuesare 6.85and 7.35, respectively. VIn was added before the measurements.
b, Calculated permeability values of RHP1-containing LUVs at various RHP1-to-
lipid ratios. Error barsare1s.d. (n=3).c,d, Conductance (c) and initial proton
transportrate (d) per RHP1chain at various RHP1-to-lipid ratios. Error bars are
1s.d.(n=3).e,Stopped-flow fluorescence traces of RHP1-containing LUVs after
rapid exposure to abuffer of a higher pH or pD value. Theinitial and final
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equilibrated pHvalues are 6.85and 7.35, respectively, for the H,0-based assay.
Theinitialand final pD values are 7.25and 7.75, respectively, for the D,O-based
assay. ViInwas added to the RHP1-containing LUV solutions, except for the
GramA-containing LUVs. f, Osmotic water permeability of VIn, GramA and
RHP1+VIninPOPC LUVsat 7 °C.VIn (K* channel) and GramA (proton/cations/
water channel) are the negative and positive controls, respectively. GramA, Vin
and RHP1were added to the solutions of preformed LUVs. ‘Premixed’ denotes

premixing of RHP1and the lipid before the preparation of LUVs. Error bars are
1s.d.(n=7).
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Extended DataFig.5|SANSinvestigations.a, SANS profiles of free RHP1in
86% D,0. The solid line denotes a fit using a polydisperse sphere model for
RHP1.The signal of the solvent has beensubtractedinthe presented curves.
b, Schematicillustration of the three-shell vesicle model for the SUV, showing
theregionsof theliposome core (core), inner bilayer headgroup (shell 1), lipid
bilayer core (shell 2) and outer bilayer headgroup (shell 3). ¢, Structural
parameters obtained by fitting the SANS data with the three-shell vesicle
modelfortheliposome and the polydisperse sphere model for RHP1.

Parameters that were fixed during the fitting are denoted with ‘f’; RMS
represents root mean square. SLDs that were fixed were determined from the
known sample composition, includingwhen RHP1was presentin the bilayer,
because the concentration was too low toimpact the SLD value of shells
significantly. The SLD values used for the liposome core, for shells 1,2, 3 and for
thesolventare5.41,1.88,6.84,1.88and 5.41x10"°A2, respectively. The SLD
value for RHP1is1.4 x107¢ A2in the sphere model.
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Extended DataFig. 6| Sequence analyses of RHPs. a, Statistical distribution containone OEGMA with segment size >11. e, Statistical size distributions of

of number of OEGMA monomers per RHP1chainsinthe 4,500 simulated RHP1 blocks of EHMA (pink) and MMA (red) within hydrophobic segments
sequences (DP=130). This distributionreflects the compositional dispersityin ~ containing one OEGMA in RHP variants. Results are shown for hydrophobic
RHP1chains. b, Statistical size distribution of hydrophobic segments with one segments with segment size >11. f, Schematicillustration of five EHMA

OEGMA in RHP1s of various chain lengths ranging from DP=40t0200. The monomersdistributed at theend of aninserted RHP1chaininamolecular
number of chains (4,500) was kept constant for each DP analysis. ¢, Normalized dynamics simulation. EHMA, MMA and OEGMA are coloured pink, red and blue,
profiles of the size distributioninb. d, Number of hydrophobic segments per respectively. Lipids are omitted for clarity.

chainatvarious chainlengths. The counted hydrophobic segments here
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Extended Data Table 1| Physical-chemical properties of RHPs

MMA EHMA OEGMA SPMA Mn(kg/mol)* Mn(kg/mol)t Bt

RHP1 50 (50.8) 20 (21.5) 25 (24.1) 5(3.7) 306 29.0 13
RHP70+0 70 (72.1) 0 (0) 25 (23.1) 5(4.8) 18.0 20.2 14
RHP60+10 60 (61.9) 10 (10.0) 25 (23.5) 5 (4.6) 185 21.0 13
RHP55+15 55 (51.9) 15 (12.2) 25 (33.3) 5(2.5) 28.0 336 16
RHP40+30 40 (40.4) 30 (30.3) 25 (24.3) 5 (5.0) 265 22.0 13
RHP35+35 35 (36.1) 35 (36.4) 25 (23.8) 5(3.8) 40.0 51.1 13
RHPwoSP 53 21 26 0 29.2 444 13
RHPwoM 0 40 50 10 356 459 12
RHP1-7k 50 20 25 5 7.0 16.3 12
RHP1-19k 50 20 25 5 187 18.8 14
RHP1-40k 50 20 25 5 406 402 13
RHP1,100 50 20 25 5 57.8 1.2

*Determined by NMR.

tMeasured by gel permeation chromatography, using PEG standards for calibration.

*Numbers in parentheses are the monomer compositions determined by *C NMR (150 MHz).
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