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Ion transporters and channels are able to identify and act on specific substrates
among myriads of ions and molecules critical to cellular processes, such as
homeostasis, cell signalling, nutrient influx and drug efflux. Recently, we
designed Rocker, a minimalist model for Zn*" /H" co-transport. The success
of this effort suggests that de novo membrane protein design has now come
of age so as to serve a key approach towards probing the determinants of
membrane protein folding, assembly and function. Here, we review general
principles that can be used to design membrane proteins, with particular
reference to helical assemblies with transport function. We also provide new
functional and NMR data that probe the dynamic mechanism of conduction
through Rocker.

This article is part of the themed issue ‘Membrane pores: from structure
and assembly, to medicine and technology’.

1. Introduction

De novo design is an attractive approach to test and extend principles derived
from studying natural systems [1]. Water-soluble protein design has advanced
towards expanding the undiscovered fold space [2], catalytic function [3-5],
vaccines [6,7] and materials [8-12]. Although transmembrane (TM) protein
design has advanced less rapidly due to technical difficulties in experimental
verifications of designs [13], significant progress has been made [14,15].

Much work has focused on the design of helical peptides that self-associate
to form membrane-spanning helical bundles [14—-16]. These systems have been
useful for testing the principles of helix—helix association in membranes as well
as functions, including TM electron [17] and ion transport. One recent accom-
plishment from our group was the de novo design of Rocker (Transmembrane
Translocation Kinetics Enhancer), a 25-residue TM peptide that assembles
into a four-helix bundle capable of antiporting Zn** and protons [18]. Natural
proton-coupled transporters are believed to use a TM proton gradient to drive
active ligand transport by rocking between two states, the substrate-binding site
being alternately accessible to either side of the bilayer [18-22]. The binding
and release of substrates and protons induce conformational changes required
for active transport. In designing Rocker, we thus aimed to test this so-called
alternating-access model of proton-linked transport (figure 1). At a high
level, this goal required: (i) design and structure determination of a membrane
protein; (ii) positioning polar ionizable ligands, ordinarily excluded from mem-
branes, into the bilayer; (iii) linking proton binding to changes in metal ion
affinity; and (iv) control of dynamics to facilitate ion transport. X-ray crystallo-
graphy, solution NMR and SSNMR showed the bundle was comprised of two
tightly interacting pairs of helices that coalesce along a more dynamic interface

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Concepts used in the design of Rocker. Natural TM proteins shown in (a) [23—31] show pseudo twofold symmetry in their structures. (b) Principles used
in the design of Rocker, including a di-metal binding site similar to that found in DF proteins [32] ((b), far right). (c) The designed structure of tetrameric Rocker ((c),
white cartoon) superposed on the X-ray structure of the corresponding dimer in orange cartoon. PDB codes are in parentheses.

to form a tetramer. The tight interface is important for posi-
tioning the essential ligands, while the dynamic interface
enabled conformational transitions required for Zn*" trans-
location. As Zn>' ions diffuse down their concentration
gradients, protons are antiported.

In this paper, we first review fundamental principles that
can be used to design membrane proteins, with particular
emphasis on the principles used in the design of Rocker.
We then summarize recent experimental data on Rocker
and present previously unpublished data relating to its
proton flux and conformational dynamics.

2. Principles of membrane protein design

a-Helical TM proteins comprise 25-30% of all proteins

in several genomes [33]. Unlike water, the chemical

environment within the lipid bilayer, where these proteins
reside, is highly heterogeneous [34,35], confounding
both experiment [13] and design [14]. The residues pro-
jecting towards the membrane-inaccessible core of the
protein must compete with abundant lipid hydrocarbons,
so there is little hydrophobic driving force to stabilize the
regions of proteins that span the most apolar region of
the bilayer. The lipid-facing residues must adapt to the
depth-dependent hydrophobicity of the surroundings
[36]. To deconvolute this complexity in TM protein stab-
ility, Engelman and co-workers conceptualized folding as
a processes in which individual TM helices are inserted
[37-40] and assembled [41,42] in the two-stage folding
paradigm [41]. features required
for appropriate TM insertion, and then assembly into
folded structures.

We first consider
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(a) Transmembrane helix sequence and topology
Identifying the location and membrane-insertion orientation
of TM helices is the first challenge in the TM protein-folding
problem. For large natural proteins, the TM helix could gen-
erally be identified by finding a stretch of approximately 20
mostly hydrophobic residues, which form a helix with an
adequate length that could span across approximately 30 A
deep hydrocarbon core of the bilayer [43]. Polar group-
containing large sidechains are overrepresented at either
end of the helix, barring the flipping of the helix by anchoring
the polar side-chain atoms at the termini on to the lipid-
water interface, known as polar-atom snorkeling [44]. The
overall topology could be predicted using the limited
sequence-structure information found early on, such as
the Positive-Inside rule [45] that describes the propensity
for positively charged Lys or Arg residues to reside in the
cytosolic domains.

Predicting the insertion orientations for individual TM
helices has also become possible. Our analysis of growing
numbers of high-resolution membrane protein structures
revealed depth-dependent propensities for residues along
the TM helix [36,40]. Distribution of many residues between
the cytosolic- and extracellular-leaflet sides of helices is asym-
metric. Lys and Arg maintain their strong propensity to
reside at the cytosolic termini. Acidic residues were found
slightly enriched also in the cytosolic termini. Cysteine is
overrepresented at the extracellular termini where the
environment is non-reducing to allow disulphides. By only
using such sequence information, the correct topology
could be determined for 80% of TM helices with known
structure. The knowledge-based potential, Ez-3D, derived
from these distributions [40], accurately recapitulated the
protein orientations in OPM database [46].

(b) Transmembrane helix-interaction motifs

Analysis of the structural database has been extended to
discover frequently occurring TM helix-interaction motifs
[42,47]. Pairs of interacting helices from the structures of pri-
marily multi-span helical proteins were identified and
clustered based on geometric similarity. A total of 16 highly
recurrent pairs were identified, and sequence profiles could
be derived for the more frequently occurring helix interaction
geometries. Interestingly, the clusters display a fold space
similar to the most predominant water-soluble counterparts,
with a slight bias towards tighter helical distance, owing to
the higher tendency for small hydrophobic residues to be
selected for inter-helical packing in TM compared with
water-soluble proteins.

Feng & Barth [48] recently found that TM proteins could
be conceptualized as assemblies of helical trimers, most
of which could be clustered into six discrete motifs. The
motif-associated residues are predictors of the trimer unit
geometry. According to their computation, these residues
make up rigid regions within proteins, and provide a rela-
tively large contribution to protein stability when compared
with the non-motif residues. These results are consistent
with the experimental finding that TM proteins can adopt
conformational dynamics for function while maintaining
architectural stability consolidated via a strategically localized
folding core with well-packed residues, often including polar
interactions [49].

Helical packing motifs and their corresponding sequence
profiles can be used both in membrane protein structure pre-
diction as well as design. For example, we have developed a
method dubbed CHAMP (Computed Helical Anti Membrane
Protein) to design peptides that bind TM helical targets. The
computational procedure starts with the target TM helix
sequence, using position-dependent amino acid propensities
of common TM interaction motifs to predict a preferred geo-
metry for interaction with a second helix. Next, the sequence
of the CHAMP peptide is designed using side-chain repack-
ing algorithms to interact with the target in the predicted
structural motif. Using this method, we have designed
CHAMP peptides that bind the integrin oy, TM domain
[50,51].

(c) Experimental evaluation of helix—helix interaction

in transmembrane

A motif first found in glycophorin A (GpA) has been the sub-
ject of numerous early and ongoing investigations [35,39,52—
55]. The TM domain of this protein forms a tightly associating
parallel dimer featuring a GxxxG motif. The small Gly resi-
dues form a surface that allows close interaction of the
backbone of the helices within a dimer when they pack
with a right-handed crossing angle. In related motifs, the
Gly residues can be substituted for other small Ala or Ser resi-
dues. GxxxG is overrepresented in interacting TM helices,
and B-branched residues sometimes reside in the neigh-
bouring positions [56]. The presence of flanking B-branched
residues is reminiscent of the packing motif originally
found in GpA [53] and, more recently, in integrin o3
TM domain complex [57]. Small residues, namely, Gly, Ala
or Ser (GAS), occupy the corresponding positions for Gly in
GxxxG or Gly-Zipper in the structures for TM helix dimers
of several members of receptor tyrosine kinase (RTK)
family [58-64]. The tight packing of GAS in TM results in a
higher level of side-chain and main-chain burial compared
with water-soluble domains, highlighting the importance of
tight packing and weakly polar interactions in the absence
of a strong hydrophobic driving force for folding [65,66].
Recent calculation shows that parallel dimerization involving
GxxxG-like motifs optimizes the network and geometry of
interaction between Co-hydrogen and carbonyl (Ca-
H---O=C, or Coa H-bond) [59], suggesting Ca H-bond as a
driving force for TM helix interaction. GxxxG alone is not a
sufficient predictor for helix interaction, however, as the
sequence and membrane properties strongly
modulate the interaction propensity [67].

context

Small residues are also important for antiparallel inter-
actions between TM helices. In one particularly frequently
occurring class of tightly interacting antiparallel TM helices,
the small amino acids are spaced every seven residues in a
repeating pattern of the sequence. When the small residue is a
Ser, the motif is designated a serine zipper [68], and synthetic
peptides incorporating this motif have a high propensity to
form antiparallel dimers [69]. In other work, a series of TM pep-
tides were synthesized with small residues at each ‘a” and Leu at
each ‘d’" position of the TM domain [70] (illustration on the left
panel in figure 1b). As the ‘a’ position changed from Val to Ala
to Gly, the helices had an increased propensity to form antipar-
allel heterodimers. Natural proteins also show a high
propensity for small GAS residues at position ‘a” in antiparallel
TM helix interaction [42].
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Hydrogen bonds between polar sidechains can help stabil-
ize the folds of membrane proteins [35,71]. The energetic
contributions to the protein stability by polar side-chain inter-
actions vary widely [72,73]. Ser is the most frequently
occurring polar residue in TM regions [56], yet their contri-
bution in Ser—zippers of designed TM helix dimerization
was no larger than the VDW packing by Ala substituted at
their positions [69]. Contrastingly, single Asn at the hydro-
carbon core drove dimeric and trimeric self-assemblies of
GCN4-based model peptides, including MS1 [74-76].

3. Design of proton channel peptides

De novo protein design has been extensively used to examine
the features required for efficient protein conduction.
For example, in early studies [77-85], we designed a series
of minimalist peptides intended to assemble into TM
bundles that mimic the conducting paths of ion channel pro-
teins, for which structures were not yet available. One
peptide with the sequence (LSLLLSL); self-assembled in
bilayers to form very proton-selective tetramers. Although
high-resolution structures were not solved at the time,
spectroscopic and electrophysiological experiments strongly
supported a tetrameric arrangement with the Ser residues
lining a pore that was impermeable to substances other
than water or protons. A more polar peptide with one
additional Ser per heptad, (LSSLLSL)3, also formed highly
proton-selective channels that were assigned to a tetrameric
association state. However, a second higher-conductance
state was also observed. A variety of studies indicated that
it corresponded to a hexameric channel that was mildly
selective for cations including Li", Na*, K*, Cs™ and guani-
dinium, with conductance and selectivity very similar to
that seen for the acetylcholine receptor channel. In the
recent molecular dynamics (MD) simulations of (LSLLLSL)3
and (LSLLLSL); in phospholipid bilayers, these peptides
remained stable in hexameric conformations, although the
strict rotational symmetry of the bundles was distorted in
individual snapshots along the trajectory [86].

4. Design of Rocker, a Zn*" proton antiporter

More recently, we addressed the more challenging goal of
designing a Zn%* proton antiporter that transports transition
metal ions using a dynamic mechanism, inspired by natural
transporters and facilitators (figure 1). Various complex
mechanisms for proton-dependent transport [87] share a
simple underlying principle: global structural change inter-
converts the substrate affinity and accessibility across the
bilayer during transport, alternating between binding of
the substrate at one side of the membrane and releasing
to the other side. Rigid/inflexible symmetric structures
would disallow rocking between states, whereas the fru-
strated symmetry found in natural transporters appears
better fit to facilitate the necessary structural changes.
Rocker is an abstract version of complex natural transporters
that use frustrated symmetry [88] to enable global rocking.

(a) Design of the backbone conformation and
metal-binding site of Rocker

To test the importance of frustrated symmetry, we chose a
very simple antiparallel four-helix bundle topology formed

by tetramerization of a single TM helix. The highest sym-
metry achievable for such an antiparallel tetramer is D,, a
dihedral symmetry group with a twofold rotational axis run-
ning down the axis of the bundle as well as two additional
twofold rotational axes orthogonal to the central twofold
axis (figure 2a). The axial twofold rotational symmetry axis
relates each of the diagonally disposed helices to one another,
while the other two orthogonal axes relate neighbouring
helices. Thus, each helix is geometrically equivalent in a
four-helix bundle with D, symmetry (figure 24). The next
lower-symmetry group would be C,, which has only a
single twofold symmetry axis (figure 2b). A C, four-helix
bundle has two geometrically non-equivalent helices; if the
sequence of each helix is identical, the overall bundle will
have two energetically equivalent conformations that may
facilitate ion translocation (figure 2b).

We chose to design a helical bundle with two metal-
binding sites per four-helix bundle. In earlier work, we had
designed series of water-soluble proteins (designated DF for
Due Ferro) that bind di-Fe(II/III) and di-Zn*" ions in a site
comprised of 2 His and 4 Glu sidechains (H2E4 site) [89].
An attractive feature of the DF proteins is that the Glu side-
chains on the interior of the protein have very high pKa
values, such that they release protons when metal ions bind
to the site. Thus, protonation and metal-binding are thermo-
dynamically linked, providing a basis for driving transport of
protons using a Zn%* gradient, or vice versa.

Rocker contains two dimetal-binding sites per a four-helix
bundle. As in DF, the site is comprised of two His and four
Glu residues, although the arrangement of these sidechains
was redesigned in Rocker to support its different symmetry
(see below). To avoid falling into a deep energy well with
metal ions bound in both H2E4 sites in a fully symmetrical
protein, we aimed to stabilize the C,-symmetric state relative
to the D,-symmetric state. In this way, binding of di-Zn*" to
one site would substantially decrease the affinity of the
second site (i.e. the sites would exhibit negative cooperativ-
ity). Thus, we were presented with the challenge of
designing a single TM helix that would prefer to form a C,
rather than D,-symmetrical tetramer.

As discussed below, we used the principle of compu-
tational negative design to stabilize the C, over the D,
structure [90]. This requires the generation of backbone coor-
dinates for the C, and D, bundles, which was accomplished
using simple parametric models for four-helix bundles
[91,92]. The natural topology for modelling the D,-symmetric
state was as the antiparallel four-helix coiled coil—a motif
in which helices gently wind around a central axis in a
super-helical manner, creating D, symmetry [91,92]. In this
undesired state, two equivalent H2E4 sites would be
formed by the coalescence of Glu4 and His7 in one pair of
opposing chains with Glul8 from the remaining pair oriented
anti-parallel to the first (figure 2). Each H2E4 site was
designed to bind two Zn*" ions, with two bridging Glu side-
chains and two chelating sidechains. The two His sidechains
are oriented trans to one another, whereas they are oriented in
a cis geometry in the DF protein.

The C,-symmetric structure was designed by straighten-
ing the curved helices at one of the two metal sites into
idealized straight helices (figure 2). While the H2E4 site
where the helices were straightened retained the metal-
binding geometry, the second H2E4 at the other end of the
bundle was distorted and incapable of metal binding.
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(b)

chain A = chain A chainB <=

Chain B/

Chajn B’

chain B Chain A

Figure 2. Design of principles used in the construction of the fold for Rocker. The highest symmetry for an antiparallel four-helix bundle is D,, as shown in (a). The
positions of the three mutually orthogonal twofold symmetry axes are shown as ovals, and the N-termini are designated by the letter N. Glu and His residues were
positioned at three locations of the helix (E4, H7 and E18) such that they would form two di-metal —binding sites in an antiparallel four-helix bundle. (b) Binding of
metal ion to only one of the sites decreases the symmetry to (5, making two of the helices non-equivalent (red versus green shading). The resulting structure has
two energetically degenerate conformations, which should be in dynamic equilibrium. A major goal in designing the sequence of Rocker was to introduce negative

cooperativity, such that they would prefer the C, conformation.

Because the two ends of the structure are different, the
bundle is no longer fully symmetric. If the sequence preferen-
tially stabilizes this C,-symmetric state, the protein should be
able to rock between the two off-symmetric conformations.

(b) Design of the sequence of Rocker

The specific backbone configurations to represent the above
D,- and Cy-symmetric topologies were chosen by meeting
two constraints: (i) favourable metal coordination geometry
at H2E4 sites, and (ii) high designability of the two different
helix-helix interfaces in the bundle. The latter was aimed at
assuring, prior to the beginning of sequence design, that the
defined backbone configurations can, in fact, be stabilized
with natural amino acids and thus represent relevant states.
The constraint was met by ensuring that interface fragments
from respective structures represented geometries richly
populated in the structural database [18,93,94].

Having defined the representative structural templates,
the overall design procedure was split into two stages. In
the first stage, we sought to find a set of sequences predicted
to insert into the membrane and associate into an anti-parallel
four-helix bundle with one H2E4 site organized at each end.
The calculations in this stage used the EZ membrane poten-
tial to model membrane solubility [36,40] and standard
molecular mechanics with the rotamer approximation to
ensure favourable packing in the bundle [18]. Thus, the
goal of this stage was to provide general stability to the
membrane-inserted four-helix—bundle topology.

The second stage aimed to encode specificity towards the
Co-symmetric state relative to the D, alternative, using nega-
tive design. Towards this end, metal-binding constraints were
used to define thermodynamic ensembles around the repre-
sentative structure of each state—i.e. the Cy-symmetric
ensemble was defined by constraining for metal coordination
at one end of the bundle, but no such possibility at the other
end. Similarly, the D,-symmetric ensemble was defined by
requiring that both ends support metal coordination. These

ensembles were then used in conjunction with MD-based
free-energy calculations [95] to screen sequences emergent
form the first stage for those with a preference towards C, sym-
metry [18]. We found that due to the homo-tetrameric nature
of the bundle, the higher D, symmetry was generally preferred
with C,-preferring sequences rare. However, a recurring theme
among a handful of sequences that did exhibit C, preference
was two very different helix—helix interfaces: a tight/narrow
interface lined with Ala residues that remained stable in MD,
and a looser/wider interface rich in Phe residues that was
much more dynamic. Rocker was chosen as the sequence
with the strongest C, preference among those that exhibited
sufficient room in the core to support the passage of an ion.

(c) Comparison of the design of Rocker with natural

transporters

Our strategy borrows from the alternating-access theory in the
adoption of frustrated symmetry as a design principle. How-
ever, there are a number of differences between the expected
mechanism for Rocker and that of native alternating-access
transporters. The great majority of natural proteins that conduct
via alternating access have a single ligand-binding site near the
centre of the bilayer, while we used two sites in our design.
Also, most transporters have two tightly packed ‘gaskets’ that
alternately open and close to maintain a tightly sealed struc-
ture. The hydrophobic packing near the ends of the bundle
of Rocker was less extensive than in natural proteins, which
may lead to weaker coupling between the transport of protons
and metal ions than in native counterparts.

5. Characterization of Rocker
(a) Structural studies

As expected from design, Rocker forms a four-helix bundle in
micelles and bilayers [18]. Sedimentation equilibrium of the
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peptide in density-matched detergent micelles indicated that
Rocker formed a tight dimer, which was in equilibrium with
a tetramer. The tetrameric species was strongly stabilized in
the presence of 7Zn**, and NMR studies confirmed that
Zn*" bound directly to the protein ligands. NMR titrations
of Zn*" into micelle-bound Rocker showed metal-binding
stoichiometry of two Zn”" per tetramer, indicating the satur-
ation of only one of the two potential Zn”*" sites. Only at very
high Zn>* was the second site bound, confirming that the
designed negative cooperativity between the sites had been
achieved. We have been unable to crystallize the protein in
the tetrameric state, possibly because the tetramer is exces-
sively dynamic (by design). Nevertheless, the structure of the
dimeric form, determined by X-ray crystallography, showed
the two helices interacting in a tight Ala-coil interaction,
as anticipated by design.

Using solid-state NMR, we also probed the structure in
phospholipid membranes, which are a more favourable
environment for assembly when compared with micelles
[69,96,97]. These experiments confirmed that Rocker formed
tetramers in bilayers, and that spectral shifts upon addition
of Zn*" were consistent with binding. Distance measure-
ments were also consistent with the designed structure. In
particular, inter-residue distances within the DMPC-bound
apo Rocker monitored by '"F CODEX of para '*F-Phe at pos-
ition 19 using solid-state NMR verified the wide interface
formed by Phenylalanine residues at positions 10 and 14
(F1o and Fyy).

(b) Functional measurements

When reconstituted in large unilamellar lipid vesicles, Rocker
demonstrated a substrate-specific antiporter-like function
[18]. Rocker moved first-row transition metal ions, Zn*"
and Co?", across the bilayer, but not the hard divalent-
metal cation, Ca®*. These findings are consistent with the
ligand environment of designed H2E4 sites [89,98-101],
which approximately follows the Irving Williams series
[102] for metal-binding affinity. Substituting Glu4 and
Glul8 in H2E4 with GIn eliminated the Zn*" transport
activity, corroborating the intended mode of binding and
transport. Rocker harnessed the concentration gradient of
Zn** to antiport H' against the H'-concentration gradient,
and vice versa, displaying active co-transport function.

Rocker is not as efficient as natural transporters in terms
of the rate of Zn*" transport or efficient use of a proton gra-
dient to pump Zn>*. While the Ky value of 280 + 90 pM in
Michaelis—Menten kinetics for Zn>" transport by Rocker
was comparable to the Ky of 105 uM Zn*" for the natural
zinc-transporter ZitB [103,104], the maximum velocity
(Vimax) was 1 Zn%" min~! per tetramer in the designed trans-
porter, approximately 100 times slower compared with the
Vimax Of 142 Zn** min~! per protein for ZitB. The H" : Zn*"
antiport molar ratio of 4 : 1 when Zn*" drives Rocker to anti-
port H' changes to 240 : 1 when H™ drives Rocker to antiport
Zn** into the vesicle. In our previous work, we hypothesized
that the relatively inefficient coupling between protons and
Zn** resulted from Rocker’s lack of a hydrophobic gasket
that might prevent non-coupled leaky flux of protons.

To assess this possibility, here we describe the pH-
dependence of proton conduction. Rocker was reconstituted
in phospholipid vesicles, as in our earlier work. The initial
pH of the vesicle interior was held at 6.8, while the outer

pH :~45t0~8
E 30 Rocker
Q
%’ pH, :6.8
g
z 60 —
S H*indicator
2
St
Q
_g‘ -0- LUV Ctrl + no metal ion
£ 404 Rocker +no metal ion
E‘ -4 Rocker + 100 mM K*, no Zn?*
3 Rocker + | mM Zn?*
g
2
= 20
g
'y interior pH 6.8
jan)
By o
0 BA-gh-5a S8-4

T T
45 50 55 60 65 70 75 80
exterior pH

Figure 3. Zn>" is required for proton conduction mediated by Rocker. The
initial rates of H-flux into large unilamellar vesicles at an interior pH of 6.8
are plotted as a function of the exterior pH. LUV reconstituted with Rocker
and preloaded with HPTS Ht-indicator was monitored via stop-flow fluor-
escence flux assay. Fitted curve and traces are shown as solid and dashed
lines, respectively.

pH was varied from 4.5 to 8. In the absence of Zn’",
Rocker did not conduct H" (figure 3). Thus, Rocker must
be primed with Zn®" for H" conduction to occur. In the
presence of 1 mM Zn>", the proton conduction curve is
well described by saturable Michaelis—Menten kinetics,
with a maximum flux of 141 + 8 H* s} per tetramer. The
Michaelis—Menten kinetics are consistent with a transpor-
ter-like mechanism in which protons are specifically bound
in the channel, and the levelling of the rate at high proton
concentration (low pH) indicates that the protein does not
act as a simple non-selective pore. For a simple pore, one
would expect the rate to rise linearly over this range of
proton concentration [77,80-82,105,106]. For transporters in
which protons are bound to ionizable sidechains and then
released during a conductance cycle, the rate saturates due
to rate-determining proton dissociation and/or a slow con-
formational change. Indeed, the rate of shuttling for Rocker
is close to the values of 50-200 proton st per tetramer,
estimated for the TM four-helix bundle of a bona fide
H"-channel, M2, from influenza A virus [107].

In summary, we find protons diffuse through Rocker at a
rate that is consistent with a binding—unbinding mechanism
that involves protonation of His or Glu residues along the
conductance path. Significantly, proton flux through Rocker
requires Zn*, which has been shown to stabilize the tetra-
mer. Because Zn>" is not conducted at as high a rate as
protons, we speculate that the protons can diffuse past the
Zn>" ions, probably by transiently protonating a Glu or His
ligand in the pore.

(c) Conformational dynamics of Rocker
The conformational dynamics of Rocker in phospholipid
bilayers have been probed using solid-state NMR [18], using
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peptide labelled with 13C at four positions (Ag, I15, I1 and Ayy).
In DMPC bilayers, the one-dimensional *C peak positions
were found to be invariant over a wide range of temperature
from —40 to 40°C in CP-MAS of both apo and Zn**-bound
Rocker in DMPC, indicating a stable bundle. The dynamics in
both the absence and presence of Zn>" increased with tempera-
ture, indicated by peak broadening. Zn>" binding decreased the
rigidity of the structure across the Ag and L, at the interface,
indicated by weaker 2D Ag—L9 1BC-13C correlation cross
peak upon adding Zn*". Dephasing of *C~"H dipolar coup-
ling in both apo and Zn*"-bound Rocker was also indicative
of dynamics on a microsecond time-scale.

Here, we describe previously unpublished results of sol-
ution NMR experiments on Rocker labelled with N at six
positions (Ag, A1z, L3, F14, Ags and Ly¢) in isotropic bicelles.
Tetramerization detected in DPC detergent by AUC is
expected to be more predominant in a bicelle that better
mimics the bilayer than micelles do. Access to multiple differ-
ent NMR field strengths allows interrogation of dynamics on
the microsecond-to-millisecond time-scale. The intensities of
the peaks in the 5N HSQC spectra of apo Rocker decrease
when the magnetic field is changed from 600 to 900 MHz
(figure 4a). One peak, in particular, is almost completely
absent at 900 MHz. The near-complete loss of this signal
without the appearance of a new resonance or additional
broadening is indicative of conformational exchange with a
state that is not visible by NMR.

Significant field-dependent changes in intensity are also
seen in response to the addition of Zn>". Titration of Zn*"
led to pronounced decreases in intensity of the peaks without
affecting the peak width (figure 4b). Surprisingly, different
titration curves are seen for each labelled amide. Some
peaks decrease in intensity by more than a factor of two
before the sample is half-saturated, suggesting that Zn>*
can exchange between binding sites of the same or different
bundles, giving rise to exchange processes that specifically
affect some of the proton’s resonances. Other peaks show
behaviour similar to that previously reported in micelles, in
which a saturable binding curve is observed with a limiting
stoichiometry of two Zn®' per tetramer. Field effects are
again observed, with much a greater loss in peak intensity
seen at 900 MHz when compared with 500 MHz.

A full understanding of this complex behaviour would
require deeper investigation. Clearly, there are numerous
phenomena leading to peak intensity decrease, ranging
from conformational dynamics that can be seen in the apo
and Zn*"-bound forms of the protein to metal binding/
unbinding kinetics within or between tetramers that are
seen at intermediate metal ion concentrations. However, the
observation of field-dependent effects strongly suggests that
the protein exists in an equilibrium between a state with
well-resolved spectra and one with dynamic properties that
preclude direct detection. The field dependence most prob-
ably indicates that the chemical shifts of specific amides
differ between the two states. Assuming a typical proton
chemical shift of 1 ppm, rates on the order of high micro-
second to low millisecond are calculated. This is similar to
the rate of proton exchange seen in the proton channel
measurement. It is also interesting to note that the dynamics
on this time-scale increase in the presence of zinc ions at both
intermediate as well as saturating Zn>" concentrations. These
findings provide support for a dynamic rocking mechanism
of proton conduction.

6. Discussion

Structural biophysics of TM proteins has steadily grown since
the first TM protein crystal structure was published in 1985
[108], 3 decades after the first X-ray structure of a water-
soluble protein was determined at atomic resolution [109].
Similarly, there has been a large temporal gap in our under-
standing of the principles of membrane protein structure,
and in testing this understanding by designing membrane
proteins entirely from scratch. The design of Rocker demon-
strated a significant milestone in de novo design. It
represents the first example of the successful design of a
membrane protein with a predetermined structure, and, for
the first time, demonstrated the design of an energetic land-
scape to support a dynamic functional mechanism. Clearly,
the de novo design of complex architectures with predefined
functional dynamics is in the realm of possibility. The
future of membrane protein design is limited only by the
creativity and audacity of future young scientists entering
the field—and their ability to fire the imagination of funding
agencies that support their work.

7. Experimental methods

(a) Materials
Peptides were synthesized as C-terminal amides using Fmoc
solid-phase chemistry and purified as trifluoroacetate salts by
HPLC using a C4 reverse-phase prep column. Lyophilized
peptides dissolved in ethanol or isopropanol stock were
kept at less than —60°C for reconstitution in experiments.
Reagents used in experiments include POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine), POPG  (1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), DMPC (1,2-
dimyritoyl-sn-glycero-3-phosphocholine, cholesterol, DPC
(n-dodecylphosphocholine), deuterated DPC, DHPC (1,2-dihexa-
noyl-sn-glycero-3-phosphocholine) (Avanti Polar Lipids); OG
(n-Octyl-B-p-Glucopyranoside (Affymetrix); K" ionophore valino-
mycin, protonophore CCCP (carbonyl cyanide m-chlorophenyl
hydrazone); HPTS fluorescent dye; vesicle-impermeable
control cation N-methyl p-glucamonium and fluorescent
quencher DPX (Invitrogen).

(b) Liposome flux assay of Rocker
Ion flux was tested in lipid vesicles reconstituted with pre-
determined number of Rocker bundles (see electronic
supplementary material, Methods). The vesicles, reconsti-
tuted in interior buffers, and washed in exterior buffers by
size exclusion, are mixed with assay buffers in stopped-
flow to initiate ion flux. Upon initiating the flux, the change
in the intravesicular ion concentration is monitored by detect-
ing the fluorescence of preloaded membrane-impermeable
dye. Initial rates of ion flux were evaluated prior to build-
up of an electrical potential. The pH of all buffers (interior,
exterior and assay buffers) was adjusted using 5mM
MOPSO; and the ionic strength and osmolarity, using
100 mM K,SO,, or 80 mM vesicle-impermeable non-metal
control salt, N-methyl D-glucamonium sulphate. Zinc sul-
phate at a concentration of 0 or 1 mM was included to test
the effect of Zn>" binding on proton conduction by Rocker.
Each interior buffer consisted 500 pM HPTS to be encap-
sulated in vesicles. The exterior buffer was identical to the
respective interior buffer, except the HPTS was not included
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Figure 4. Backbone conformational dynamics of Rocker in bicelles probed by NMR. (@) "N HSQC spectra for apo Rocker in bicelles at magnetic-field strength of 600
and 900 MHz. (b) Superposition of HSQC spectra from "N-labelled Rocker in bicelles in increasing Zn>™ (upper panel) at 900 MHz. The lower panel shows the peak
intensities plotted as a function of increasing Zn*" for the six protons. (¢) In the presence of four equivalences of Zn>™ per a tetramer, peaks labelled 1 and 6 in (b)
decrease in intensity to almost below the level of detection at 500 MHz, and all but one peak is lost from the spectrum at 900 MHz.

in the exterior buffer. The respective assay buffer is identical
to the corresponding exterior buffer, except the assay buffer
varied the pH from 4.5 to 8 to allow the generation of
proton concentration gradient across the bilayer. To generate
a standard curve for encapsulated HPTS, LUV standards
were prepared. Aliquots of LUVs preloaded with HPTS
and potassium were incubated with equal volumes of
assay buffers containing 800 nM CCCP and 800 nM valino-
mycin with varying pHs for 30 min to allow the interior
and exterior pHs to equilibrate. The emission spectra of
each sample were determined at above two excitation wave-
lengths by using the TEACAN infinite M1000 plate reader;
and the pH values, by the Thermo Orion pH meter equipped
with a Pinnacle semi-micro pH electrode. To generate
HPTS/pH calibration, the ratio of integrals of emission spec-
tra at the two excitations (F4s5/Fa15) was plotted against the
corresponding pH values. The best-fitting curve is described
by [H*] =5.29(3.19/(Fss5/Fs5) — 1) obtained by nonlinear
curve fitting to describe the plots obtained for the HPTS/
pH calibration (electronic supplementary material, figure S1).

The KinetAsyst Stopped-Flow system was used to moni-
tor H* flux at 18°C. Equal volumes of the proteoliposome
sample and assay buffer are loaded into two separate
mixing syringes, and ion flux is initiated by instantaneously
injecting 75 pl of each reactant through the mixing cell simul-
taneously. For monitoring proton, vesicles preloaded with
HPTS were excited at 455 and 415 nm, and emissions at the
wavelength greater than 500 nm were recorded using a
500 nm long-wave pass filter. The ratio of emission intensities
at two excitation wavelengths (Fss55/F416) decreases with
decreasing pH. The initial interior pH calculated from the
unprocessed stopped-flow data deviated from the known
interior pH and approached the exterior pH, suggesting the
presence of HPTS on the vesicle exterior probably due to
incomplete washing of the vesicles by spin size exclusion.

To gauge the proton flux, the measured F,s5/F416 data were
corrected to account for any unwashed HPTS (see electronic
supplementary material, Methods).

(c) Solutions nuclear magnetic resonance

The Rocker peptide that contained 15N-labelled amino acids at
the positions Ala8, Alal2, Leul3, Phel4, Alal5 and Leul6 was
synthesized by Fmoc solid-phase chemistry, and purified in a
trifluoroacetate salt form by reverse-phase HPLC.

For two-dimensional ’N-'H HSQC spectra of I5N-
labelled Rocker, the peptide at a final concentration of
1mM in isotropic bicelle solution comprising 50 mM
DMPC, 150 mM DHPC, 50 mM KCl, 10 mM HEPES pH 7,
10% D,O with varying concentration of ZnSO, was monitored
in 500, 600 or 900 MHz NMR spectrometer at 45°C. The spec-
tra were recorded with the standard bruker pulse sequence
trosyetf3gpsi with t; max = 64—95ms, t max = 27-69 ms, 16-32
scans. 'H chemical shift was referenced with respect to residual
water peak at 4.60 ppm and 15N chemical shift was referenced
indirectly via gyromagnetic ratios. The two-dimensional spec-
tra were processed and analysed using the program nmrPipe
[110]. Time domain data of the °N indirect dimension were
doubled by linear prediction. Time domain data were multi-
plied by sine square bell window functions shifted by 90°
and zero-filled once before Fourier transformation.
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