nature chemical biology

Article

https://doi.org/10.1038/s41589-024-01562-z

De novo-designed transmembrane proteins

bind and regulate a cytokine receptor

Received: 14 February 2023

Accepted: 25 January 2024

Published online: 13 March 2024

% Check for updates

Marco Mravic ®'?°0 7, Li He ® *°, Huong T. Kratochvil*, Hailin Hu®"',
Sarah E. Nick®", Weiya Bai®, Anne Edwards?®, Hyunil Jo', Yibing Wu',
Daniel DiMaio ® 3572/ & William F. DeGrado ®'

Transmembrane (TM) domains as simple as asingle span can perform
complex biological functions using entirely lipid-embedded chemical
features. Computational design has the potential to generate custom
tool molecules directly targeting membrane proteins at their functional
TMregions. Thus far, designed TM domain-targeting agents have been
limited to mimicking the binding modes and motifs of natural TM
interaction partners. Here, we demonstrate the design of de novo TM
proteins targeting the erythropoietin receptor (EpoR) TM domainina
custom binding topology competitive with receptor homodimerization.
The TM proteins expressed in mammalian cells complex with EpoR and
inhibit erythropoietin-induced cell proliferation. In vitro, the synthetic
TM domain complex outcompetes EpoR homodimerization. Structural

characterization reveals that the complexinvolves the intended amino acids
and agrees with our designed molecular model of antiparallel TM helices at
1:1stoichiometry. Thus, membrane protein TM regions can now be targeted
in custom-designed topologies.

Protein transmembrane (TM) domains execute diverse and essential
biological functions often through molecular features located deep
within the bilayer hydrophobic region. It would be advantageous to
have chemical biology tools targeting membrane proteins directly at
lipid-embedded sites, allowing manipulation of their functional and
structural states analogous to how antibodies and small molecules
have been applied to water-exposed protein regions'”.

Approaches for targeting TM regions exist but remain limited.
Truncated peptides mimicking natural TM sequences can perturb the
assembly of oligomeric complexes and multispanning proteins through
competition for native inter-TM domaininteractions®”. However, the
functional perturbations and membrane protein targets accessible by
simple mimic molecules are limited. Likewise, as peptides, TM domain
mimics have poor solubility and pharmacology, while as expressed

proteins they can fail to properly traffic or insert, thereby restricting
their molecular scope. Alternative approaches for TM polypeptide
engineering include rational chemical derivatization**'°, computa-
tional design" or screening expressed TM protein variant libraries'>>",
each offering distinct benefits and limitations.

Theoretically, structure-based computational design can direct
molecules to specific membrane protein regions with custom binding
modes to afford the potential of stabilizing or recognizing distinct
protein conformations. However, engineering TM protein com-
plexes has major challenges and sparse precedent, namely due to
due performance of models effectively estimating protein interac-
tion energetics in lipids', with noted recent developments™®. The
first proof-of-concept de novo design debuted the computed heli-
cal antimembrane protein (CHAMP) algorithm, wherein engineered
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TM peptides bound and selectively distinguished two highly similar
single-passintegrin TM domains via association of mutual high-affinity
TM GxxxG dimerization motifs presented onboth the binder and target
TM domains'". Computational design-informed mutagenesis was
recently shownto be effectiveinimproving the potency of natural TM
domain mimic polypeptidesinhibiting protein homo-oligomerization
events'®".

Until now, de novo computational designs have relied on encoding
TMassociation viamimicking a single known, highly stable interaction
motif. All designs (de novo or redesigns) have used a single topology:
parallel TM helices with type | insertion'®?°?, Thus, 15 years after the
initial proof of concept, both the binding modes and the spectrum of
membrane protein targets have remained extremely limited; compu-
tational design of TM-targeting polypeptides is still far from routine.

We sought to develop a generalizable workflow for computational
design of TM adapter complexes with customizable geometry. We
report several important technological advances in our design of
de novo TM proteins binding the type I single-span mouse erythro-
poietin (EPO) receptor (mEpoR) to inhibit signaling. Our goal was to
encode membrane-spanninginteraction partners having typellinser-
tionengaging mEpoRin anantiparallel TM helix topology, distinct from
that of the parallel native mEpoR homodimer (Fig.1a). Thus, our code
does not use the receptor’s native TM interactions as a starting point.
Second, our designed TMminiproteins canbe stably expressed by using
atitratable promoter to tune function in mammalian cells. Finally, we
showed that the expressed TM proteins caninhibit a signal-amplifying
receptor’*?, astrict functional requirement for our designs.

The designed TM proteins successfully associate with mEpoR
andinhibit EPO-EpoR signalingin mammalian cells. Characterization
invitro and in live cells reveals that this complex’s overall structure
agrees with the guiding design model of a heterodimeric antipar-
allel TM topology. This upgraded CHAMP software implementing
RosettaMP?* can design synthetic TM proteins adopting a specific
binding topology with atargeted membrane protein, holding promise
for complex tasks of molecular recognition within lipid membranes.

Results
Designing TM domains to bind EpoR in a custom topology
EpoRis a prototypical cytokine receptor whose TM domain contrib-
utes to both receptor homodimerization”? and conformational cou-
plingupon ligand binding®?’, activating the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway. The TM
domains of mEpoR only weakly homodimerize” %, mediating parallel
self-interaction via a ‘serine—leucine zipper’ SXXLXXX seven-residue
repeats (Fig. 1a-c)*°. In model membranes, designed TM peptides
hosting SXXLXXX sequence repeats spontaneously homodimerize,
strongly favoring parallel TM helix geometry like that of mEpoR*. How-
ever, within multispanning proteins, SXXLXXX patterns mediate TM
helix packing in both parallel and antiparallel geometries®. Thus, we
hypothesized that mEpoR’s TM domain presents a malleable molecular
surface susceptible to targeting via different geometries, ageometric
specificity challenge we posed to our algorithm.

mEpoR’s serine-leucine zipper also encompasses the
$230-S237-A244 seven-residue pattern of small residues repeated
every other helix turn. This small-X,-small pattern was queried
against our published structural database and globally clustered TM
helix-helix interaction geometries*>** and was found to be associ-
ated with acommon structural topology of tightly packing antipar-
allel TM helices with a shallow left-handed crossing. The consensus
small-X¢,-small amino acids directly line these interfaces, allowing for
closeapproachtothe partner helix’s backbone. From >100 nonredun-
dant natural examples of this two-helix TM interaction geometry, we
generated idealized backbone coordinates as the template for pro-
tein—proteininteraction design**: interhelical distance = 8.1 A, crossing
angle =-175 degrees, z offset = 2 A (Fig. 1b and Extended Data Fig. 1).

Thereislittle experimental evidence to date concerning the sequence-
structure principles for how to encode the antiparallel interaction of
small-X,-small TM domains®"**, contrasting with previous designs
that relied heavily on receptor mimicry” or well-known sequence
motifs for encoding TM interactions, for example, GxxxG"". Thus, we
tested the ability of the data-driven modeling approach to effectively
encode a CHAMP sequence de novo through specificcomplementary
interactions with the target’s unique TM molecular surface in defining
the desired complex.

First, the target TM domain (here, mEpoR) is modeled as anideal
a-helix embedded in an implicit membrane at an energy-optimized
depth and orientation®. Second, a polyalanine backbone model of
the putative CHAMP binding partner is built in a favorable helix-
helix conformation with the target, precisely positioned relative to
mEpoR’s small-X,-small pattern using the aforementioned data-mined
idealized antiparallel topology (Fig. 1b). Next, a flexible-backbone
side chain packing routine implemented with RosettaMP* designs
the CHAMP sequence, optimizing interactions with mEpoR’s TM
domain. Ofthe 24 embedded CHAMP residues, 13 were automatically
designated as ‘potentially interfacial’. The remaining ‘lipid-facing’
residues were semi-randomly assigned anapolar identity (isoleucine,
leucine, valine, phenylalanine) fixed throughout the design. The four
small-X,-small positions were limited to glycine, serine and alanine
identities given the bioinformatics data, while the nine remaining
interfacial residues sampled alimited lipid-friendly alphabet (glycine,
alanine, threonine, serine, valine, leucine, isoleucine, phenylalanine
or methionine). The sequence profile of the CHAMP designs is shown
inSupplementary Fig. 1.

The critical final step was ranking and selecting the designed
sequences according to the theoretical stability of the mEpoR-bound
complex. Given the documented poor accuracy of interaction energies
predicted by RosettaMP*, we instead ranked the models primarily
based on the lack of side chain packing voids—a model quality metric
commonplaceinsoluble protein structure prediction and design®. We
identified design models in the top 10% of Rosetta’s ‘PackStat’ score,
whose sequence profile and scores are displayed in Extended Data
Fig.1a,b, and thenreduced the selection to two prominent sequences
by sequence clustering (Supplementary Fig. 1). This completed the
rule-based selection of the highly similar anti-mEpoR CHAMP-1 and
CHAMP-2 sequences (Fig. 1c). Orthogonal ab initio prediction of
mEpoR-CHAMP complexes by ESMfold*° yielded close-packed mod-
els within 0.9-A backbone root mean square deviation of our designs
(Extended Data Fig. 1c), suggesting that this close-packed topology
is the lowest energy structure for these sequences. We also tested
a‘no-design’ control TM protein with a database-derived sequence
(Extended Data Fig. 1d-g) to probe the inherent binding specificity
for mEpoR’s TM domain encoded in a generic small-X,-small repeat.

Specific CHAMP algorithm adjustments” included (1) implemen-
tationin RosettaMP to increase user accessibility; (2) ranking designs
oninterface packing over Rosetta energy scores; and (3) using an ide-
alized structural bioinformatics-derived molecular model for the
CHAMP-mEpoR complex, versus natural templates. Finally, human
visual evaluationwas cited as critical in past designs"’ butintroduces
user disparities and limits reproducibility. Our adaptations automate
model building, designand final sequence ranked selection, facilitating
broader community use.

CHAMP TM complex with mEpoR inhibits EPO-induced
growth

To test the activity of these designed sequences, retroviral transduc-
tion was used to stably express Flag-tagged CHAMP TM proteins in
mouse BaF3 cells engineered to express mEpoR (BaF3/mEpoR cells),
which lack endogenous EpoR (Fig. 1c-e). Proliferation of BaF3/
mEpoR cells can be stimulated by the growth factors interleukin-3
(IL-3) (EpoR-independent) or EPO (EpoR-dependent). CHAMP protein
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Fig.1|Design of TM proteins binding to mEpoR. a, CHAMPs (blue) targeting
mEpoR’s TM domain (green) designed with antiparallel TM domain topology to
competitively inhibit mEpoR homodimerization and impair cross-membrane
activation of JAK-STAT signaling induced by EPO (pink) and JAK2 (purple).

b, CHAMP algorithm. mEpoR’s TM helix (green) is modeled. A binding
polyalanine CHAMP (blue) is positioned to mEpoR’s small-X-small motif
(orange, spheres) using a structural informatics approach modeling an idealized
helix-helix geometry based on data mining natural examples of the TM motif
(yellow, inset). De novo CHAMP sequences were designed with RosettaMP.

¢, TM sequences of mEpoR (leucine zipper repeat, bolded; small-X,-small,
orange) and Flag-tagged synthetic TM constructs: no-design control (red)

and CHAMPs (blue). Protein—protein interface, pink. Asterisks designate key
differences. d, Mouse BaF3/mEpoR cell counts on day 6 in IL-3-free medium with
0.06 Uml™ EPO stimulating proliferation when expressing the empty vector

or synthetic TM domain constructs (vector, n =13; CHAMP-1,n =9 (P < 0.001);
CHAMP-2,n=5(P<0.001); no-design TM, n = 4; mEpoR-TM, n = 3; where nis the
number of biological replicates). Error bars, standard error. Asterisks indicate
Pvalues reaching <0.05 from two-tailed unpaired Welch’s t-test compared with
empty vector transduced cell counts. e, Flag-tagged TM proteins pull down HA-
tagged mEpoR after co-expression in BaF3/mEpoR cells (representative of n = 3).
IB, immunoblot; IP,immunoprecipitated.

expressiondid notinduce proliferationinthe absence of IL-3and EPO
(Extended DataFig.2a), indicating alack of EPO-independent mEpoR
activation. Additionally, IL-3-induced proliferation was not reduced by
the designed TM proteins (Extended Data Fig. 2b), showing that their
expression is not cytotoxic.

We next assayed whether the designed TM proteins impair cell pro-
liferation due to EPO-induced EpoR activation. Over 8 days, EPO-treated
BaF3/mEpoR cells expressing CHAMP-1and CHAMP-2 exhibited signifi-
cantly reduced proliferation with final cell counts reaching 38% + 5% and
40% + 6% (average * s.e.m., n = 6), respectively, versus cells transduced
with an empty vector (P < 0.05). (Fig. 1d). EPO-treated BaF3/mEpoR
cells expressing the no-design control small-X,-small-containing
TM protein, a type | mEpoR TM domain mimic protein or an unre-
lated mouse platelet-derived growth factor 3 receptor (PDGFBR)
TM domain protein construct* did not show inhibited proliferation
(Fig.1d, Extended DataFig.2c,d and Supplementary Table1). Thus, only

the designed CHAMP proteins exerted dominant-negativeinhibitionon
mEpoR-dependent proliferation induced by EPO. When human EpoR
(hEpoR) was expressed instead of mEpoR, CHAMP protein expres-
sion did not hamper EPO-stimulated proliferation (Extended Data
Fig.2e).Similarly, CHAMP-1and CHAMP-2 expression failed to inhibit
EPO-stimulated proliferation in cells expressing the ‘mhm-EpoR’ chi-
mera (which consists of mEpoR’s water-soluble domains but the TM
domain from hEpoR; Extended Data Fig. 2f,g). This specificity for the
mEpoR TM domainis remarkable, given that hEpoR differs from mEpoR
by only three mid-spanning residues.

We next used co-immunoprecipitation to test whether the TM
proteins physically associate with mEpoR. Detergent lysates of BaF3/
mEpoR cells expressing CHAMPs or the no design control proteins
(Flag tagged at the N terminus) were immunoprecipitated with an
anti-Flag antibody followed by immunoblotting with an antihemag-
glutinin (HA) antibody recognizing HA-tagged mEpoR. The anti-Flag
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Fig.2|Denovo TM domains target mEpoR in the intended dimeric
antiparallel type Il topology. a, Top, equilibrium thiol-disulfide exchange
wherein mEpoR-TM peptide with an N-terminal cysteine (green) and each
designed TM peptide with a C-terminal cysteine (blue) were reversibly oxidized
by mixed glutathione in POPC small unilamellar vesicles (1:50 peptide to lipid
ratio). Middle, legend of disulfide-bonded species: mEpoR homodimer (green),
antiparallel CHAMP-mEpoR heterodimer (purple), TM design homodimer
(blue). Bottom, molar fractions of covalent dimer species (parts of awhole

plot) quantified by HPLC (Supplementary Fig.1; n = 3). Blue, N terminus; red, C
terminus. b, Competitive thiol-disulfide exchange (detailed scheme in Extended
DataFig.3). Top, legend of peptides. Biotin-nCys—-mEpoR-TM peptide (green)
reconstituted with both nCys-CHAMP-1(red) and cCys—CHAMP-1 (purple) was
reversibly oxidized all together in C14-Betaine micelles, testing the preference for

parallel and antiparallel dimeric species, respectively. Bottom, covalent species
captured (streptavidin beads) were reduced, eluted as monomeric peptides and
quantified by HPLC (representative of n = 3). ¢, Split GFP complementation assay
and flow cytometry of BaF3 cells expressing mEpoR-GFP1-10 or hEpoR-GFP1-10
in the presence or absence of co-expressed N-terminal GFP11-CHAMP-1 fusion
(representative of n = 3 trials). GFP reconstitution indicates GFP11 cytoplasmic
localization and CHAMP-1type Il TM orientation. d, mEpoR:CHAMP-1
stoichiometry. Dots represent the mean relative (Rel.) donor fluorescence
emission quenching of 1.5 uM 7-diethylamino-4-methylcoumerin-labeled
mEpoR-TM peptide titrated with fluorescein-labeled CHAMP-1in C14B at a fixed
equimolar total peptide concentration (n = 3; bars, standard error). Theoretical
FRET curves overlaid for monomer, dimer (1:1) and trimer (2:1) assemblies.

antibody pulled down mEpoR only from cells expressing CHAMP-1
and CHAMP-2 (Fig. 1e), indicating that these proteins formed a stable
complexwith mEpoR. The small TM proteins did not affect expression
levels of mEpoR.

Topology of the CHAMP-1/mEpoR TM complex matches

the design

We next characterized whether the complex formed with mEpoR’s
TM domain in vitro conforms to the intended structure designed
computationally: TM helices bound in an antiparallel geometry at 1:1
stoichiometry, which outcompete mEpoR TM homodimerization.
First, wetested the relative association of mEpoR’s TM domain and the
designed TM sequences as cysteine-containing synthetic peptidesin
model membranes through an established equilibrium thiol-disulfide
exchange assay monitoring relative cysteine reactivity due tononcova-
lent complex formation (Fig. 2a)****. Each of the designed TM peptides
(with a C-terminal cysteine) was reconstituted with an mEpoR TM
domain peptide (with an N-terminal cysteine, mEpoR-TM) in basic
buffered solution at a 1:100 peptide to detergent or lipid molar

ratio. Following glutathione-assisted reversible oxidation, all the
disulfide-bonded dimer species were separated and quantified by
reverse-phase high-performance liquid chromatography (RP-HPLC)
(Supplementary Fig. 1). In either dodecylphosphocholine (DPC)
micelles (Extended Data Fig. 3a) or 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) small unilamellar vesicles (Fig. 2a), the
CHAMP-1, CHAMP-2 and no-design control peptides showed a strong
nonrandom preference to form N-to-C disulfide-bonded heterodimers
with mEpoR-TM, at 2.5-fold- to 16-fold-higher propensity than mEpoR
homodimer formation. Thus, the three de novo small-X,-small TM
peptides form stable antiparallel complexes in vitro with mEpoR-TM
that outcompete its parallel self-interaction.

Then, we performed a second thiol-disulfide exchange experi-
ment (workflow in Extended Data Fig. 3b,c) to test whether CHAMP-1
prefers parallel versus antiparallel helix orientation in complex with
mEpoR (not directly probed in the previous assay). We measured
whether CHAMP-1 peptide with an N-terminal or C-terminal cysteine
(nCys—-CHAMP-1, cCys-CHAMP-1) more readily forms disulfide bonds
with biotinylated mEpoR-TM peptide with an N-terminal cysteine
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Fig.3|Expression of designed TM protein CHAMP-1inhibits the EPO-mEpoR
signaling cascade. a, Dox repression of Flag-tagged CHAMP-1 expression levels
from atetracycline-responsive promoter in BaF3/mEpoR cells expressing the tTA
tetracycline transactivator, measured by SDS-PAGE and anti-Flagimmunoblot of
cells treated with Dox titration. Performed once (n =1). Actinis a loading control.
V, empty vector. b, Mean number of cells after growth in medium supplemented
with 0.06 U mlI™ EPO treated with 0,100 or 200 pg ml™ Dox for cells expressing
CHAMP-1compared to empty vector (pTight) transduced cells (from left to right,
P=0.002,0.002and 0.037, respectively; n = 3). Bars, standard error; P-values
from unpaired Welch’s t-test. ¢, Mean number of BaF3/mEpoR cells expressing
CHAMP-1after incubation for 6 days in medium containing EPO concentrations
0f0.06,0.12,0.18 and 0.24 U ml™ (from left to right, P= 0.033,0.025,0.003

and 0.08, respectively; unpaired two-tailed Welch’s t-test; n = 4 replicate
experiments) relative to the number of cells not transduced with CHAMP-1
similarly treated with EPO. d, BaF3/mEpoR cell extracts having CHAMP-1
expression and/or 1U mI™ EPO treatment for 10 min subjected to SDS-PAGE and
immunoblotted with antibodies recognizing either phosphorylated or total JAK2
or STATS5 (n=1).**P< 0.05.

(biotin—-nCys—-mEpoR) in detergent solution (Fig.2b). A three-peptide
mixture of a 2:2:1 molar ratio of nCys—CHAMP-1, cCys—CHAMP-1 and
nCys—-mEpoR was first reconstituted in micellar solution at a 40:1
molar ratio of myristyl sulfobetaine (C14B) detergent to total peptide
and then subjected to reversible glutathione-assisted oxidation fol-
lowed by low -pH quenching. Next, biotin—-nCys—-mEpoR-containing
species were bound to streptavidin beads, also capturing covalently
disulfide-bonded TM peptides. After extensive washing, the beads
were treated with areducing agent to elute the TM peptides captured
viadisulfide, which were then collected and quantified as monomeric
species by RP-HPLC. cCys-CHAMP-1represented >60% of the total
peptide captured by disulfide bond formation to biotin—-nCys—-mEpoR
(Fig.2b), whichis more than threefold more than either nCys—-CHAMP-1
or biotin-nCys—mEpoR. Thus, invitro, the TM helices of the CHAMP-1-
mEpoR complexshowed a strong preference for antiparallel topology.

To assess the TM topology and antiparallel TM orientation of
CHAMP-1withmEpoRinacellular context, we used split green fluores-
centprotein (GFP) complementationin BaF3 cells. Fluorescenceis gen-
erated when two nonfluorescent fragments of GFP (GFP1-10 and GFP11)
are in the same cellular compartment in proper proximity and orien-
tation for stable reconstitution (Fig. 2c)**. Control experiments with
hEpoR-GFP1-10 or mEpoR-GFP1-10 fusions (via ashort flexible linker
replacing EpoR’s C-terminal cytoplasmic domain) expressed alone in
BaF3 cells showed low background cellular mean fluorescence intensity
(MFI) (2.5 x 10) (Fig. 2c). We then co-expressed Flag-tagged CHAMP-1
with GFP11fused to the N or C terminus with hEpoR-GFP1-10 or mEpoR~-
GFP1-10. Co-expression of the N-terminal GFP-11-CHAMP-1fusion with
mEpoR-GFP1-10 led to a more than fourfold higher MFI than that of
cells expressing mEpoR-GFP1-10 alone or the CHAMP-1 fusion alone
(Fig.2cand Extended Data Fig. 4a), indicating successful cytoplasmic

GFP11 localization and complex formation. We also confirmed com-
plex formation between mEpoR-GFP1-10 and GFP11-CHAMP-1 by
co-immunoprecipitation (Extended Data Fig. 4b). Co-expression
of GFP-11-CHAMP-1 with hEpoR-GFP1-10 yielded a smaller twofold
increasein MFI (Fig. 2c), despite mEpoR-GFP1-10 and hEpoR-GFP1-10
being expressed at similar levels (Extended Data Fig. 4c), consistent
withthe preference of CHAMP-1for mEpoR versus hEpoRinthe growth
inhibition assay. In mEpoR-GFP1-10 expressing cells, fluorescence was
notincreased by expression of alternative noninteracting TM domains
(fromglycophorin A or ErbB2) fused at their cytoplasmic end to GFP11
(Extended Data Fig. 4a), although the ErbB2 TM domain fusion could
complement ErbB2-GFP1-10 as expected (Extended DataFig. 4d). The
C-terminal CHAMP-1-GFP-11fusion was not expressed at adetectable
leveland did notincrease fluorescence (Extended Data Fig.4a,b). These
resultsindicate that asubstantial population of the de novo CHAMP-1
adoptstypell TMinsertion (cytoplasmic N terminus) and antiparallel
helix interaction with mEpoR-GFP1-10 in mammalian cell membranes,
asintended insilico.

Finally, we used a fluorescence resonance energy transfer
(FRET)-based fluorescence quenching method**® to determine
the stoichiometry of the CHAMP-1-mEpoR complex in detergent
micelles. Increasing molar ratios of fluorescein-5-maleimide-labeled
CHAMP-1 (acceptor) peptide to diethylamino-4-methylcoumarin-
3-maleimide-labeled mEpoR (donor) peptide were reconstituted in
C14B micelles (constant180:1detergent to total peptide ratio). Quench-
ing of donor emission was observed, decaying linearly to half-maximum
intensity atal:1acceptortodonor ratio (Fig.2d). Comparing this FRET
behavior to theory (Extended Data Fig. 5a,b)***” suggests that the TM
peptides form a nearly full-occupancy complex of 1:1 stoichiometry
under these conditions (0.3% mol fraction CHAMP-1in detergent).
Concentrating the TM peptides by decreasing the detergent to peptide
ratio (100:1) did not cause additional quenching, but further dilution
of the complex (250:1) slightly reduced fluorescence decay, linearly
increasing the monomer fraction (Extended DataFig. 5¢,d). These data
indicate that the fluorophore-labeled CHAMP-1-mEpoR-TM complex
is hetero-dimeric as designed.

CHAMP-1inhibits EpoR signaling in a sequence-dependent
manner

For CHAMP-1, we investigated the sequence features and the mecha-
nism driving its function. Expression under a titratable doxycycline
(Dox)-repressible promoter in BaF3/mEpoR cells showed that inhibi-
tion of EPO-induced proliferation was dose-dependent and tunable
by CHAMP expression levels (Fig. 3a,b). Likewise, theinhibitory effect
was negatively correlated with the concentration of stimulatory EPO
(0t00.24 U ml™), asexpected (Fig. 3c). Phosphorylation-specificimmu-
noblotting showed that EPO-stimulated tyrosine phosphorylation
of JAK2 and STATS5, downstream effectors of EpoR, was reduced by
CHAMP-1 expression (Fig. 3d), indicating that CHAMP-1inhibits the
EPO-mEpoR cross-membrane signaling axis.

Next, we used mutagenesis to identify amino acids in the mEpoR
and CHAMP-1 TM domains required for this inhibition. We first
measured the effect of mEpoR mutants containing single-and double-
amino acid substitutions from hEpoR at the three dissimilar TM posi-
tions (Fig. 4a,b). Compared to the 58% + 5% reduction of the final
cell count after 6 days upon CHAMP-1 expression in cells express-
ing wild-type mEpoR (n =10), CHAMP-1 showed similar potency in
mEpoR-L235V-expressing cells (55% +15% reduction) and modestly
dampened inhibition in mEpoR-S237L-expressing cells (43% + 8%).
L238V-expressing cells showed significantly reduced responsive-
ness to CHAMP-1 (20% + 11% reduction in proliferation; P < 0.003).
S$237L/1L238V-expressing cells were not inhibited (1% + 13% reduction),
while L235V/S237L-expressing cells and L235V/L238V-expressing
cells were still partially inhibited by CHAMP-1(27% + 4% and 26% + 8%
reduction, respectively).
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Fig.4|Sequence-specificinteraction between mEpoR and CHAMP-1.

a, Wild-type sequences for core TM regions of mEpoR, hEpoR and CHAMP-1.
Dissimilar residues between mEpoR and hEpoR are indicated by bold letters and
red asterisks. Mutated CHAMP-1residues expected to be in contact with mEpoR
from the design model include those in the small-X,-small repeat S1-S8-G15-G22
(red) and other amino acids atintermediate helix turns (orange). b, BaF3 cells
stably expressing mEpoR mutants with single or double mEpoR-to-hEpoR
amino acid substitutions co-expressed with wild-type CHAMP-1were cultured in
medium supplemented with 0.06 U ml™ EPO. Day 6 mean cell counts are shown
asapercentage, relative to the number of cells of wild-type BaF3/mEpoR/ cells
with EPO-stimulation and CHAMP-1 expression (n = 3; bars, standard error) with
significant increases denoted by asterisks; one-tailed Student’s ¢-test. P-values:
L235V,0.390; S237L, 0.082; 1238V, 0.002; L235V/S237L, 0.005; L235V/L238V,
0.005; S237L/L238V,<0.001. ¢, BaF3/mEpoR cells stably expressing CHAMP-1
mutants were cultured in medium supplemented with 0.06 UmlI™ EPO. Mean cell
countsatday 6 are shown normalized to the number of cells in the absence of
CHAMP-1expression (n = 3; bars, standard error). Asterisks denote a significant
decreaseininhibitory potency relative to wild-type CHAMP-1 (increase in cell
count, normalized to vector-only control) using a one-tailed Student’s ¢-test,
P-values: S1Q, 0.488; S8Q, 0.001; S8D, <0.001; S8E, <0.001; S8N, 0.001; T19Q,
0.013; I-I-I-1, 0.035; V11F, 0.23; M12I, 0.454; L13A, <0.001; L14A, 0.178.d, Design
model of mEpoR (green) and CHAMP-1 (cyan) TM complex with residues subjected
to mutation labeled. Top, mEpoR (sticks) and red Caatoms (spheres); bottom,
CHAMP-1with Caatoms (spheres) colored asina. WT, wild-type. **P < 0.05.

Similarly, a panel of CHAMP-1 mutants was tested (Fig. 4a,c).
Mutants S8Q, S8N, S8D and S8E lost all inhibitory potency; cells pro-
liferated indistinguishably from cells transduced with empty vector.
CHAMP-1-T19Q was modestly lessinhibitory than CHAMP-1(30% + 8%
reductionin cell count compared to parental BaF3/mEpoR cells lack-
ing CHAMP-1, P=0.01). The S1Q was completely tolerated, inducing
inhibition similar to that with wild-type CHAMP-1(58% + 7%, P < 0.001).
Interestingly, even though CHAMP-1-S8Q failed to inhibit proliferation,
this mutant still co-immunoprecipitated mEpoR (Extended Data Fig.
6a). The S8Q, S8N, S8D and S8E mutants could lose their potency dueto
reduced interaction with EpoR or alower monomeric pool of CHAMP-1,
giventhat strongly polar membrane-embedded side chains often drive
TM domainself-association in adepth-dependent manner*s, CHAMP-1
and CHAMP-2 differ at positions 11 and 12, with sequences of VM and
AA, respectively, highlighting additional tolerated amino acids. We
also explored apolar disruptive mutations. CHAMP-1 small-X¢-small
residues S1-S8-G15-G22 were mutated to eitherisoleucine (11-18-115-122
(I-I-1-1)) or leucine (L1-L8-L15-L22 (L-L-L-L)). I-I-I- CHAMP-1 exhibited

significantly lower inhibitory potency, with a 34% + 28% reduction
in cell number versus the 58% reduction due to CHAMP-1 (P < 0.05),
but interestingly the mutant did not completely abolish activity
(Fig. 4c). By contrast, L-L-L-L lost inhibitory potency and instead
induced EPO-independent proliferation similar to previously engi-
neered polyleucine TM proteins (Extended Data Fig. 2a)*’. We also
tested point mutations at four consecutive positions, V11-L14, in an
attempt to define the CHAMP-1 helix register binding mEpoR. V11F
showed significantly impaired inhibitory activity (24% + 3% reduction
inproliferation, P < 0.05), whereas M12l and L14A exhibited only mod-
estlyreduced potency relative to CHAMP-1and the differences did not
reach statistical significance (54% + 9% and 36% + 16%, respectively).
L13A, having the lowest expression level, showed noinhibition (1% + 3%;
Extended DataFig. 6b). Thus, mutagenesis did not identify a helix regis-
ter, as the mostimpactful substitutions, V11F and L13A, lie on opposite
faces of CHAMP-1's TM helix. Interestingly, abinitio predicted*° models
of each point mutant (Extended Data Fig. 6¢,d) adopted backbone
conformations nearly identical to thatin the native complex, revealing
that the conformations for the mutated side chains may be tolerated
within the interface. By contrast, the I-I-I-l mutant is predicted not to
interact with mEpoR. Many factors, such as mutant expression level
(Extended DataFig. 6e), membrane trafficking or reduced monomeric
availability may be responsible for an apparent reductionin potency,
but these are factors that we did not rigorously quantify. While many
substitutions are tolerated, changes at the small-X-small motif, as well
as other sites, mitigate CHAMP-1’s ability to inhibit mEpoR.

Solution NMR characterizing CHAMP-1interaction
withmEpoR

We next measured solution nuclear magnetic resonance (NMR)
spectra for isotope-labeled mEpoR TM peptides in the presence of
unlabeled CHAMP-1 peptides, and this was repeated for several con-
structs and membrane mimics (Supplementary Tables 2 and 3). To
clearly differentiate chemical perturbations due to CHAMP-1binding
in each situation, we also systematically titrated detergent or bicelle
concentration with mEpoR TM alone in parallel to identify spectral
changes inherent to its monomer-homodimer equilibrium. First, we
recorded ["H-®*N]-HSQC spectra of U-*N-labeled mEpoR-TMl1 recon-
stituted with and without 1.3 molar equivalents of CHAMP-1in C14B
micelle conditions mimicking our FRET experiment (180:1 detergent
to peptide ratio) (800 MHz, 45 °C, pH 5.2) (Supplementary Fig. 2).
New peaks emerged distinct from mEpoR’s homodimer resonances,
indicating a slow-exchanging CHAMP-1-bound mEpoR population.
A second mEpoR construct (mEpoR-TM2) and a different CHAMP-1
peptide having polar TM-flanking sequences were similarly assayed
(Supplementary Table 2). CHAMP-1titration to [U-*N]JmEpoR-TM2
in C14B induced fast-exchanging chemical shift perturbations, while
mEpoR-TM2’s monomer-homodimer equilibriumin C14B wasin slow
exchange (Extended Data Fig. 7). In 1,2-dimyristoyl-sn-glycero-3-p
hosphocholine (DPMC)/1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) g = 0.3 bicelles, fast-exchanging chemical shift perturbations
were observed for both bicelleand CHAMP-1titrations, yet they differed
indirectionality (Extended DataFig. 8), allowing assignment of distinct
monomeric, homodimeric and heterodimeric shifts. In DPC micelles,
mEpoR-TM2’s well-dispersed monomeric 'H-"N resonances under-
went distinct slow-exchanging behavior upon titration of CHAMP-1
(Fig. 5a-c) and lowered DPC concentration, allowing unambiguous
classification of homodimer and heterodimer states (Extended Data
Figs. 9 and 10). Thus, mEpoR and CHAMP-1 assembled for all model
membranes and peptide construct combinations tested, albeit vary-
ing in exchange behavior. The CHAMP-1-mEpoR-TM2 complex could
be isolated as the major species with spectra suitable for resonance
assignment, with DPC giving the best spectral properties with an excess
of both detergent (>400:1 DPC to mEpoR) and CHAMP-1 (>1.5 mol %,
or 6-8 equivalents).
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Fig.5|Solution NMR of the side chain-mediated CHAMP-1-mEpoR complex
inDPC micelles. a, nEpoR-TM2 sequence and ['H-°N]-HSQC spectrain [?H]-DPC
at 200 uM U-®N,C,'H with 40 mM sodium acetate pH 5.2,20 mM NaCl, 0.5 mM
EDTA and 5 mM dithiothreitol (DTT) (45 °C, 800 MHz). Monomeric (green; peaks,
X’s) and CHAMP-1-bound states (blue; 1 mol %) were independently assigned*®*.
b, ['H-*C]-HSQC spectra of mEpoR-TM2 monomer (green) and CHAMP-1-bound
(red) states from a have widespread differences: chemical shift perturbations
(cyan arrows); new or broadened peaks (cyan asterisks). Top inset (5x contour),

/24 25
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V17 Cy2-Hy2 peak shift. ¢, Target epitope residues. Left, shift perturbation of
T24 Cf (cyanarrow), new unassigned peaks (cyan asterisks), and broadening
of T11 Ca/CPB and T24 Ca resonances. Right, shift perturbation of S20 CB-Hf
resonance, alongside broadening of S13 Ca, S13 Cf3 and S20 Ca.. d, Two-
dimensional F1-[®C]-edited/F3-[*C,"N]-filtered HSQC-NOESY spectrum.
Transferred NOE crosspeaks indicate direct contact between mEpoR-TM2 BC
atoms, for example, leucine Ca and CHAMP-1"*N/"*C-attached protons, for
example, backbone amide proton(s).

In [?’H]-DPC, we characterized how CHAMP-1 binding alters
mEpoR-TM2’s side chain environment. We first assigned [U-"N,
BC]-labeled mEpoR-TM2’s monomeric state in excess [*H]-DPC using
triple-resonance HNCA and HNCB spectra followed by (H)CC(CO)NH
and H(CC)(CO)NH backbone-side chain TOCSY spectra to separate
heavily overlapping 'H-*C spectral regions (Supplementary Figs 3-5,
and Supplementary Tables4 and 5). For resonances of the mEpoR-TM2-
CHAMP-1complex, we independently repeated backbone and partial
side chain assignments (Supplementary Fig. 5 and Supplementary
Tables 4 and 5). Comparison of monomeric versus CHAMP-1-bound
mEpoR-TM2 ['H-2C]-HSQC spectra showed induced broadening of
select peaks, newresonances and widespread chemical shift perturba-
tions across diverse side chain chemical groups (Fig. 5b,c and Extended
DataFig.10). Numerous mEpoR side chains in close interaction (<4 A)
with CHAMP-1in our design model experienced substantial changes,
including V17 Cy2 (shift; Fig. 5b, inset, and Extended Data Fig. 10d),
119 Cy1 (broadening; Extended Data Fig.10b), 119 Cy2 (shift; Extended
Data Fig.10a), T24 Cp (shift; Fig. 5c, left, and Extended Data Fig. 10g),
S13 and S20 overlapping Ca atom (broadening; Fig. 5c, right, and
Extended DataFig.10e) and S20 Cp (shift; Fig. 5¢, right, and Extended
Data Fig. 10e). Induced 'H-"*C chemical shift perturbations upon
CHAMP-1binding were similar to those of homodimeric mEpoR in
about 50% of resonances, including numerous assigned (for example,

V17, A27,S30, H31 and R32) and unassigned peaks (Extended Data
Fig.10b—-d,i). Likewise, CHAMP-1induced many shift and intensity
perturbations distinct from mEpoR homodimerization, including
at mEpoR-TM2 residues contacting CHAMP-1 in the design model
(19,119,520 and T24; Extended DataFig.10b,e,g) and membrane-proximal
residues (H3, W4, N5 and P7; Extended Data Fig. 10f,h).

Interestingly, per-residue shift perturbations (A6) to mEpoR-TM2’s
BCa atoms exhibited a clear pattern of three to four residue periodic-
ity (Fig. 6a) mirrored to a lesser extent by 'H-*N A (Supplementary
Fig. 7), possibly indicating its helical register and interaction surface
with CHAMP-1. Notably, these A§ perturbations were roughly in phase
with the interhelical Ca-Ca distances between mEpoR and CHAMP-1
within the core of our design model (Fig. 6a). mEpoR-TM2 Ca atoms
withthelargest ASwere closest to CHAMP-1, while the least perturbed
residues were lipid-facing. However, this correlation was not exact and
became out of phase toward both helix termini, suggesting a slightly
different CHAMP-1packing angle. A thorough comparison of side chain
resonances along the mEpoR-TM2 TM helix was obfuscated by spectral
overlaps, particularly for leucine residues. All the unambiguously
assigned resonances with substantial spectral changes are plotted on
mEpoR’sstructurein Fig. 6b. While CHAMP-1binding had a dispersed
impact, the majority of highly perturbed side chain atoms lie at the helix
face expected to bind CHAMP-1 (for example, V17,119, S20 and T24).
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Fig. 6 | Mapping the CHAMP-1-mEpoR TM interface from chemical shift
perturbations. a, Helical periodicity in mEpoR-TM2 Ca shift perturbation upon
CHAMP-1binding and its agreement with expected CHAMP-1-mEpoR Ca-Ca
distances from the design model, plotted as normalized interhelical closeness
(NIC; Methods), a metric tracking the minimum interhelical Ca—-Ca distance

for each residue in the model of the complex. b, Left, CHAMP-1 (cyan) and
mEpoR (green) design model noting protein-facing and lipid-facing side chains
(sticks) and targeted small-X;-small repeats (red). Middle, perturbed Ca atoms
(scaled spheres, green-red color scale) lie on one face of mEpoR’s TM a-helix,
overlapping the targeted epitope and CHAMP-1interface; minimally perturbed
Caatoms are lipid-facing in the design model. Right, perturbed side chain atoms
enriched at one helix face, including V17,520 and T24.

Finally, we measured direct interatomic interaction between
['H,"*C,”N]-mEpoR-TM2 and unlabeled CHAMP-1in [*H]-DPC through
anF1-[*CJ-edited/F3-[*C,"N]-filtered HSQC-NOESY experiment. Inter-
molecular transfer resonances were observed between *C-attached
protons (mEpoR) and *C- or “N-attached protons (CHAMP-1) in the
two-dimensional projection spectrum (Fig. 5d). One crosspeak could
be attributed to a CHAMP-1 amide proton (8.14 ppm) interacting
with an mEpoR-TM2 leucine ®*Ca (58.4 ppm). Overlap of many leu-
cine Ca peaks prevented unambiguous residue-specific assignment
(Extended Data Fig. 10c). Nonetheless, these results indicate that
the complex between CHAMP-1and mEpoR-TM2in DPCis direct and
features tight backbone-backbone packing as in the small-X,-small-
mediated design.

Discussion

Here, we develop and successfully demonstrate amore automated and
distinctimplementation of the CHAMP algorithm wherein membrane
protein-specific bioinformatics data guide the design of de novo TM
domainsto bind atarget protein with conformational specificity. The
mini-membrane proteins exhibit exquisite molecular recognitionin cel-
lular lipid bilayers, discriminating between the highly similar hEpoR and
mEpoR. To assess whether our procedure encoded theintended custom
binding mode with the mEpoR TM domain, we undertook rigorous
biophysical characterization. Overall, the CHAMP-1-mEpoR complex
invitroandinvivois consistent with theintended nonnative 1:1 heter-
odimericantiparallel TM topology designedinsilico. The TM complex
forms readily and is stable in vitro across diverse membrane mimics,
elevated temperatures and pH, —attributed to an extensive interaction
network. Notably, CHAMP-1's robust side chain-mediated binding con-
trasts with that of past library-selected synthetic EpoR-activating TM

domains, which co-immunoprecipitated EpoR butinduced negligible
side chain chemical shift perturbations in analogous TM fragment
solution NMR experiments®®*,

The precise structure and side chains stabilizing the complex
are not fully clear and consistent between our cellular and biophysi-
cal data. NMR spectra in DPC micelles show that residues 1236 and
S237 of mEpoR are most strongly perturbed (that is, 119 and S20
of the mEpoR-TM2 peptide) along with V234 (V17) and T241 (T24).
These residues constitute a continuous helix face shared with the
mEpoR TMssurface (S230-S237-A244) that we targeted in our design,
implying their interaction with CHAMP-1 (Fig. 6b). Yet, inhibition by
CHAMP-1in BaF3 cells was most sensitive to mEpoR substitutions
at L238 and S237, but not 1236, suggesting that the former residues
contact CHAMP-1. Notably, both sets of experiments are consist-
ent with S237 participating in the complex. However, the TM helix
register implied by interface mapping using activity measurements
in living cells differs between solution NMR perturbations in DPC.
Residues L238 and 1236 lie on opposite faces of mEpoR’s TM domain
(-200° helix rotation apart) and thus cannot both simultaneously
contact monomeric CHAMP-1.Itis possible that different conforma-
tions of TM helix packing and ensembles of interacting amino acids
exist in each distinct chemical environment. There is precedent for
similar behavior, with integrin 3 having alternative TM interfaces
inferred from experiments performed in human versus bacterial
cellmembranes™.

On CHAMP-1, substitutions at small-X,-small positions reduced
or reversed CHAMP-1’s influence on BaF3/mEpoR cell proliferation,
indicating that small-X,-small residues are important for interac-
tion. V11F, in phase with the small-X,-small motif, slightly reduced
inhibition. However, the L13A substitution on the opposite helix
face fully abrogated inhibition. Changes at adjacent sites (L14A, M12]
and V11A-M12A within CHAMP-2) had minimal effect. Interestingly,
the negative-control design assembled into antiparallel complexes
with mEpoR-TM in vitro, suggesting that the small-X,-small motif is
sufficient toencode interaction. However, this TM protein control did
not co-immunoprecipitate with mEpoR or inhibit signaling in BaF3/
mEpoR cells, indicating that this sequence is missing features critical
forinvivointeraction and activity in the cellular environment. Con-
versely, S8Q was notinhibitory, butstillimmunoprecipitated mEpoR.
Thus, the exact structure-activity relationship of our designed TM
domains remains difficult to parse from inhibition in vivo. Thisis not
entirely surprising, as many important membrane protein properties
that affect anti-EpoR activity in cells can be altered upon TM protein
mutation, including expression level, cell surface trafficking, addi-
tional competitive TM interactions (self-assembly or off-target), etc.
Nonetheless, the intended mEpoR signaling inhibition mechanism
of CHAMP-1, TM binding in an antiparallel orientation, was success-
fully encoded.

We demonstrated the design of small expressible TM proteins
completely from scratch to control interaction topology and effec-
tively perturb a signal-amplifying surface receptor. The CHAMP-1
sequence may serve asanovel tool complementing existing engineered
water-soluble and TM polypeptides for studying the EPO receptor’s
signal conduction mechanism**° and its role in erythropoiesis and
other activities”. The technological advances described here should
facilitate accessibility and increasing complexity in design of tool
molecules targeting diverse membrane proteins directly at their bio-
active TMregions.
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Methods

Computational design

A 25-residue ideal a-helix was used to build an initial model for the
monomeric mEpoR TM domain using RosettaMP’s FastRelax proto-
col implemented in RosettaScripts*® to calculate the lowest energy
orientationinanimplicitbilayer. All simulations with RosettaMP used
the score function weights: mpframework_smooth_fa_2012 (ref. 32).
The second interacting CHAMP helix was built from mining curing a
database of interacting pairs of TM domain helices present in natu-
ral membrane protein X-ray structures®, specifically, ‘Cluster 6" of
close-packing antiparallel TM helices with aleft-handed crossing from
thiswork. This cluster contained 141 natural TM helix—helix examples
of unique sequence. These pairs of TM sequences were subsequently
filtered into those having three consecutive small-X(-small repeats
and that were at least 22 residues long, for both helices. Six TM helix
pairs matched these criteria. For these six structures, we calculated the
best-fit coiled-coil parameters of their backbone coordinatesto Crick’s
coiled-coil equations for the special case of antiparallel symmetry
implemented using the coiled-coil Crick parameterization (CCCP)
octave source code described in ref. 34. Parameters representative
of the helix—helix geometries (listed in the main text) were used to
generate de novo coordinates for the correspondingidealized dimeric
antiparallel coiled coil using the same code from ref. 34. One helix
was superposed onto the mEpoR TM domain model in the register of
the small-X,-small motif, thus creating a knowledge-based template
positioning the second polyalanine CHAMP helix.

Sequence design rotamer trials were performed using RosettaMP,
implementing Rosetta LayerDesign, by packing the side chain rotamer
trials first at core positions, then at interface boundary positions and
finally at noninterface positions. Then, a FastRelax step followed,
including minimization, rotamer repacking (fixed side chain iden-
tity) and rigid body re-orientation of the TM domain complex in the
implicit bilayer. The designation of each CHAMP residue (interface
orlipid-facing) and the sequence logo outputs are shownin Extended
Data Fig. 1b. Small-X,-small motif interface positions were limited to
alanine, serine or glycine. Interface positions at alternate helix turns
were limited to alanine, serine, threonine, valine, isoleucine, methio-
nine, leucine and phenylalanine. Lipid-facing residues were allowed
to be selected from this alphabet during the Rosetta modeling, but
identities were later reassigned using an automated script selecting
apolaramino acids at random from aweighted probability distribution
as previously described": alanine, isoleucine, valine and phenylalanine
at 10% probability and leucine at 60% probability, with no additional
Ala-X-Ala or Ala-X;-Ala motifs being allowed to form at lipid-facing
positions. Each model was evaluated for the absence of large packing
voids at the helix—helix interface by RosettaHoles*, that is, the Pack-
Stat filter and its total Rosetta energy, taking the top 10% of PackStat
scores for subsequent selection. These top sequences were clustered
hierarchically using the BLOSOM matrix corresponding to the average
pairwise sequence identity of the sequences (BLOSOMSS).

Three clusters of CHAMP designs resulted, and the top-ranked
sequence by PackStat score was automatically suggested for experi-
mental testing by the analysis script. One CHAMP cluster differed
from the other two by having serine rather than glycine at the final
small-X¢-small position, which induced nonideal helix geometry in the
mEpoR TM domain. Thus, we chose not to test this design or cluster,
making this the only application of human intervention from visual-
izing molecular models. The top sequences from the remaining two
clusters constituted CHAMP-1and CHAMP-2, which differ only at two
non-small-X¢-small mid-spanning positions (Fig.1). Both CHAMP-1and
CHAMP-2 minimized molecular models had a pair of interhelical hydro-
genbond networks engaging mEpoR’s serine and threonine side chains
(Extended Data Fig. 1c). All steps were performed using scripts that
automated the decision-making process using the above-described
rules for model building, design, ranking and sequence selection.

The no-design TM domain sequence was derived from a
‘rules’-based selection based on interface residues directly extracted
from two TM domains interacting via small-X,-small motifs within a
natural membrane protein, detailed in Extended Data Fig.1d-g. From
the set of structurally clustered antiparallel TM helix-helix interactions
used for CHAMP design, six curated natural examples, we modeled
and searched whether threading mEpoR’s sequence on each of the
12 TM domains resulted in a clash with the adjacent TM helix using
Rosetta fixed-backbone rotamer repacking (‘fixbb’). Only 1 of the 12
possible mEpoR-threaded model cases had no steric clashes with the
adjacent natural TM domain: TM domains 1 and 2 of the photosys-
tem Il light-harvesting complex (PSII, PDB:3BZ1) chain B. mEpoR was
threaded onto TM2 but showed essentially no homology to this PSII TM
span (<22% sequence identity; Extended Data Fig. 1e). The sequence
of the no-design control TM protein was derived from the interface
residues of the PSII chain B TM1, replacing PSII lipid-facing residues
with semi-randomly selected apolar amino acids as described above
(Extended Data Fig. 1f,g). No sequence changes were modeled to opti-
mize theinterface withmEpoR. Two residues, alanine and leucine, were
added to the C terminus to extend the TM domain to match CHAMP
sequence designs in the number of small-X,-small residues at four,
while ensuring that alanine was not the last apolar residue. The final
no-design control sequence and the natural source TM1from PS Il had
48% sequence identity.

Constructs for protein expression were designed such that the
N terminus and Flag tag could be in the cytoplasm and a neutral C ter-
minus was far enough past the TM domain that the charged carboxylic
acid was in the lumen. Synthetic peptides of CHAMP-1 were designed
specific to each experiment, varying the composition of polar resi-
dues flanking the TM domain and usually including a tryptophan for
spectroscopic detection.

The ESMfold* server was used to predict ab initio the lowest
energy structures of mEpoR and CHAMP complexes, connecting TM
domainsequences with aten-residue polyglycine flexible linker. ESM-
fold was preferred to OmegaFold because the latter predicted noninter-
acting helices, and ESMfold was preferred to AlphaFold2 because the
former has superior performancein the absence of multiple-sequence
alignmentdata. Predictions performed with a20-glycine linker gave the
samestructures. Thus, parallel helix orientationis a possible outcome
but was not predicted.

Peptide synthesis and purification

TM peptides were synthesized by solid-state fmoc microwave synthesis
with ChemMatrix rink amide resin (Biotage) using a Biotage Initia-
tior+Alstra, cleaved using atrifluoroacetic acid (TFA) cocktail (Sigma)
from solid-phase resin, and then purified by RP-HPLC as previously
described”. All peptides were produced as C-terminal carboxamides
with free amino N termini, except for biotin-nCys—mEpoR. Precur-
sor nCys—mEpoR peptide was labeled at its free amino N terminus
as a protected peptide on resin with NHS-biotin (Sigma) by swelling
the resin with dimethylformamide (DMF), adding 10 equivalents of
N,N-di-isopropylethylamine, and then adding 1.5 molar equivalents of
NHS-biotin dissolved in minimal DMF and stirring at room temperature
for 45 min, performed twice. Peptides were purified by RP-HPLC using
a C4 prep column (10-pm, 214TP, Vydac) using a linear gradient of
solvent A (water, 0.1% TFA) and solvent B (60/30/9.9/0.1isopropanol/
acetonitrile/water/TFA). Peptide purity of >95% was achievedin all cases
and confirmed using analytical HPLC (C4, Vydac). Correct product
masses were confirmed by MALDI mass spectrometry using the matrix
«-cyano-4-hydroxycinnamic acid (Sigma).

Peptides for fluorescence quenching, cCys—CHAMP-1and nCys-
mEpoR, were labelled in solution with fluorescein-5-maleimide and
(diethylamino-4-methylcoumarin-3-yl)maleimide, respectively
(Anatrace). Then, 4 mg of lyophilized peptide was dissolved with 10
molar equivalents of maleimide-derivatized fluorophorein1 ml of DMF,
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and 0.2 ml of water with pH 7 HEPES buffer (final, 25 mM), followed by
incubating the reaction overnight at room temperature under nitrogen
gas on a rotating shaker. The fluorescently labeled peptide products
were purified by HPLC as described above.

FRET-based fluorescence quenching of TM peptides
Following published protocols®, donor (diethylamino-
4-methylcoumarin-3-yl)maleimide)-labeled mEpoR TM peptide was
reconstituted at different donor-to-CHAMP-1acceptor molar ratios at
afixed total peptide concentration across the titration, fixed peptide
to detergent ratio, and total ratio of mEpoR to CHAMP-1at equimolar.
mEpoR from atrifluoroethanol (TFE, Sigma) stock solution was mixed
with a separate ethanol stock solution of unlabeled CHAMP-1 and
fluorescein-5-maleimide-labeled CHAMP-1toyield final concentrations
of 1.5 uM labeled donor mEpoR and 1.5 uM total CHAMP-1 (combined
unlabeled and acceptor-labeled) alongside different amounts of C14B
(0.5 mM (-100:1 detergent to peptide), 0.725 mM (~175:1) or 0.95 mM
(-250:1)). For C14B, CMC = 0.2 mM and has 90 detergent monomers
per micelle. The organic solvent peptide-detergent mixtures were
evaporated under vacuum and then reconstituted in 50 mM Tris-HCI
pH 8,100 mM NaCl, 0.5 mM EDTA and 5 mM Tris(2-carboxyethyl)phos-
phine (TCEP) and subjected to bath sonication, vortexed, equilibrated
overnightinthe darkandthenaliquotedintriplicate into 96-well black
round-bottom plates and read in a SpectraMax H5 via monochroma-
tor (Molecular Devices). Fluorescence emission scans were recorded
upon excitation at 410 nm (435-nm cut-off). Donor relative ration
fluorescence intensity (460 nm) was monitored for samples reconsti-
tuted with increasing molar ratios of labeled CHAMP-1acceptor (with
compensating unlabeled CHAMP-1removed).

Theoretical equations for FRET-based donor emission decay
across donor/acceptor titration for oligomeric complexes of different
stoichiometry (monomer, dimer, trimer, etc.) were plotted using clas-
sic theoretical equations*®*. A crowding factor was calculated based
on C14B concentrationin the micelle phase and estimated peptide per
micelleratio using Poisson statistics, accounting for additional donor
quenching from nonspecific micelle co-occupation or collision.

Thiol-disulfide equilibrium exchange

Thetwo peptide mixture samples were prepared by mixing a TFE stock
solution of nCys—-mEpoR, anethanol stock solution of cCys—designed
TM peptide and a methanol stock solution of either DPC or POPCto a
final total peptide to detergent ratio of 1:100 and equimolar peptide
ratio. Solutions were dried under nitrogen gas and vacuum overnight
and then reconstituted at a100 pM concentration of each peptide in
100 mM Tris-HCI pH 8.6, 100 mM KCIl and 1 mM EDTA with 0.45 mM
oxidized glutathione (GSSG) and 1.05 mM reduced glutathione (GSH)
toinitiate reversible redox conditions. After overnight equilibration,
samples were quenched with HCI (0.1 M final concentration). Reac-
tion mixtures were separated by analytical RP-HPLC using a C4 col-
umn (Vydac 214 TP, 5 pm) and quantified by integration of ultraviolet
(UV) chromatogram peaks to quantify the relative species fractions of
disulfide-bonded dimer species: homodimers and heterodimers. The
identity of each species was confirmed by mass spectrometry.

The biotin capture thiol-disulfide exchange procedure was
performed to isolate only the mEpoR-containing species from the
nine possible monomeric or disulfide-bonded species when three
cysteine-containing peptides (nCys-mEpoR, cCys—CHAMP-1, nCys—
CHAMP-1) were mixed for competitive reversible oxidation. Peptides
were co-dissolved with detergentin TFE, dried under a gaseous nitro-
genstream, lyophilized and reconstituted inanaqueous solution. Bioti-
nylated nCys-mEpoR was reconstituted at 100 uM with fourfold molar
excess of CHAMP, 200 uM nCys—CHAMP-1and 200 pM cCys—-CHAMP-1,
in20 mM C14B (40:1detergent to total peptide ratio) in 20 mM Tris pH
8and 50 mM NacCl, as well as3 mMglutathione (5:1, [GSH]/[GSSG]), and
then allowed to undergo reversible oxidation overnight. TM peptide

oxidation was confirmed by SDS-PAGE (Extended Data Fig. 3c). The
mixture was quenched by the addition of concentrated sodium acetate
(lowering the pHto4.5) and boundinbatch to streptavidin-conjugated
biotinbeads overnight, capturingafraction of the biotin-nCys—-mEpoR
monomeric and disulfide-bonded species. Noncovalently associated
TM peptides were washed from the beads with excess detergent to
increase the detergent/protein ratio and the dilution in the micelle
phase, facilitating dissociation from bound mEpoR-TM peptide:
5 bead volumes, 5 times, 200 mM C14B, 100 mM sodium acetate,
50 mM NacCl. Peptides that were disulfide bonded to mEpoR were
eluted from the beads by washing with10 mM TCEP added to the same
high-C14B-content buffer, reducing disulfide bonds and also dilut-
ing noncovalent TM peptide interactions. The eluted material was
separated by analytical RP-HPLC using alinear solvent gradientona C4
column, integrating the UV chromatogram to quantify relative species
mole fractions as described above.

Expression of isotope-enriched mEpoR TM domain fragments
The sequence encoding the mEpoR TM domain fused either to
His-tagged T4 lysozyme (cysteine-free mutant) with a throm-
bin cleavage site or to His-tagged SUMO with a sequence-specific
nickel-assisted cleavage (SNAC) site®° was cloned into a pET28 vector.
Proteins were expressed in BL21(DE3) in M9 minimal medium sup-
plemented with 0.5 g [*N]NH,CI, (Cambridge Isotopes) and 0.2 g of
isotope-enriched ISOGROW (Sigma) per liter of culture, with or without
3 g of [BC]p-glucose replacing natural p-glucose (Sigma). Cells were
induced with 0.4 mM IPTG at an optical density of 0.8 followed by
overnight growth at 30 °C or 37 °C. Pelleted cells were suspended ina
lysis buffer for solubilizing inclusion bodies: 8 M urea, 0.5 mM EDTA,
50 mM sodium phosphate pH 7.5, 2% (w/v) SDS. Cycles of tip sonica-
tion (10 min) and rotary shaking (30 min) were repeated until a clear
homogeneous (nonviscous) solution was achieved. After centrifuga-
tion (30 min, 35,000g), the lysate was poured over agravity column of
Ni-NTA agarose resin (HisPur, Thermo Fisher). Resin was washed with
10 column volumes of detergent-free lysis buffer and then washed
with 4 column volumes of 25 mMimidazole detergent-free lysis buffer
before elutionin lysis buffer containing 1% SDS and 250 mMimidazole.
For thrombin cleavage, the eluted protein was repeatedly concen-
trated, the buffer was exchanged to remove excess SDS into 50 mM
Tris pH 8,100 mM NaCl with 0.1% n-Dodecyl-B-D-maltoside using a
30-kDa centrifugal filter (EMD Millipore) and the sample subjected to
overnight dialysis using a20-kDamembrane (Slide-a-lyzer, Thermo) for
trace SDS removal. For SNAC peptide tag self-cleavage, imidazole was
removed (<0.5 mM) from the protein sample using a10-kDa centrifugal
filter and the sample was buffer exchanged into 100 mM N-cyclohexyl-
2-aminoethanesulfonic acid (CHES) pH 8.5, 100 mM NaCl, with NiCl,
addedtoreach a2 mMfinal concentration. Dueto the high residual SDS
content, SNAC cleavage was performed at 42 °C for >95% completion
in24-36 h. The cleaved isotope-enriched mEpoR TM domain peptide
was then purified by RP-HPLC and lyophilized (-10 mg of peptide per
1-liter culture).

Solution NMR in membrane mimics

Isotopically enriched mEpoR-TM fragments in TFE stock solution of
known concentration were combined with synthetic CHAMP-1 pep-
tides (ethanol) along with lipid or detergent, dried under a nitrogen
gas stream and further dried under vacuum. Samples were recon-
stituted in NMR buffer (40 mM sodium acetate pH 5.2, 20 mM NacCl,
0.5mM EDTA, 10 mM DTT, 5% (v/v) D,0) and then sonicated, filtered
(0.2-um) and transferred to a 3-mm Shigemi tube. Spectra of labeled
mEpoR fragments with and without CHAMP were recorded at 45 °C
on a Bruker 800-MHz spectrometer with cryogenic triple-resonance
probes: ['H-"N]-and ['H-*C]-HSQC, HNCA, HNCB, (H)CC(CO)NH, H(CC)
(CO)NH, [®C]-edited NOESY-HSQC and [*C]-edited/["*C,"N]-filtered
HSQC-NOSEY according to Bruker’s standard pulse sequences.
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In addition, HNCA and HN(CO)CA spectra were recorded for a sam-
ple comprising 800 mM [?H]-DPC, 2 mM ['H,*N,*CImEpoR-TM2 and
12 mM unlabeled CHAMP-1 on a Bruker 900-MHz spectrometer with
atriple-resonance cryogenic probe. Spectra were processed in NMR-
Pipe*’. Assignment and analysis were performed using Sparky*®.
Chemicalshift perturbation at Ca atoms was normalized (0 to1) to
the largest induced shift value and plotted on the monomeric TM helix
of mEpoR (Fig. 6), thus scaling the relative sphere size and color (green,
least perturbed; red, most perturbed) of each Cacatom. For side chain
atoms, 'Hor ®C atoms with measured shift perturbation were splitinto
three groups according to the magnitude of the perturbation (green,
least perturbed; yellow, modestly perturbed; red, most perturbed), not
including resonances broadened beyond detection (S13, T11).

Cloning and vectors for mammalian cell expression

The HA-tagged hEpoR and HA-tagged mEpoR genes were originally
obtained from S. Constantinescu (Ludwig Institute) and subcloned
into pMSCV-neo (Clontech) using EcoRI and Hpal restriction sites.
The chimeric mhm-EpoR and mEpoR mutants containing point muta-
tionsinthe mEpoR TM were constructed using double-stranded DNA
gBlock gene fragments (Integrated DNA Technologies), as previ-
ously described®. The construct encoding the human PDGF-BR TM
domain flanked by a signal sequence was described previously*. The
hEpoR-GFP1-10 fusion protein was constructed by replacing the
C-terminus of hEpoR downstream of residue 258 witha10-amino acid
flexible linker (GGSGGGGSGG) followed by the sequence encoding
the GFP1-10 fragment (residues 1-215) using DNA gBlock gene frag-
ments and Bglll restriction sites. The mEpoR-GFP1-10 fusion protein
was constructed by replacing the sequence encoding hEpoR,_,ss in
hEpoR-GFP1-10 with the sequence encoding mEpoR,_,s, using DNA
gBlock gene fragments and Hpal and BstBl restriction sites. Similarly,
GFP1-10 was fused after the TM domain of ErbB2. All noninducible
GFP11 fusion proteins were constructed by cloning DNA gBlock gene
fragmentsinto pMSCV-neo by using EcoRland Xhol restriction sites.
The Dox-responsive ErbB2-TM-GFP11 was constructed by cloning
DNA gBlock gene fragments into pTight-puro by using BamHI and
EcoRlIrestrictionsites. The general structure of the ErbB2-TM-GFP-11
and glycophorin A TM-GFP11 proteins takes the form hEpoR signal
peptide-TM domain-GFP11.

Cells, retroviral infections and growth inhibition assays
Human embryonic kidney (HEK) 293 T cells were maintained in
DMEM-10: DMEM supplemented with 10% FBS (Gemini Bioprod-
ucts), 4 mM L-glutamine, 20 mM HEPES (pH 7.3) and 1x penicillin/
streptomycin (P-S). To produce retrovirus stocks, 2 pg pantropic
pVSV-G (Clontech), 3 pg pCL- (Imgenex) and 5 pug of the retroviral
expression plasmid of interest were mixed with 250 pl of 2x HEBS.
Then, 250 pl of 0.25 M calcium chloride was added to each mixture
while bubbling. The mixture (-500 pl) was incubated for 20 min at
room temperature and then added dropwise to 2.0 x 106293 T cells
plated the day before in 100-mm tissue culture dishes in DMEM-10.
The cells were incubated with the transfection mixture for 6-8 h at
37 °Cand the medium wasreplaced with 5 ml fresh DMEM-10. The cells
were incubated for another 48 h at 37 °C and then the viral superna-
tant was harvested, filtered through a 0.45-um filter (Millipore) and
either used immediately or stored at =80 °C.

MouselL-3-dependent BaF3 and derivative cellswere maintainedin
RPMI-10 medium: RPMI-1640 supplemented with10% heat-inactivated
FBS, 5% WEHI-3B cell-conditioned medium (as the source of IL-3),
4 mML-glutamine, 0.06 mM 3-mercaptoethanol and 1x P-S. BaF3 cells
expressing mEpoR, hEpoR and all EpoR mutants and chimeras were
generated by infecting BaF3 cells with pMSCV-neo vector containing
thedesired HA-tagged EpoR gene. BaF3 cells (5 x 10°) were washed with
PBS and thenresuspendedin 500 pl of RPMI-10 medium with 4 pg ml™
polybrene. Then, either 500 pl of retroviral supernatant or 500 pl of

DMEM-10 for mockinfectionwas added to the re-suspended cells and
then incubated for 8 h at 37 °C. After incubation, 9 ml of RPMI-10 was
added and the cells wereincubated overnight at 37 °C before selection
in 1 mg ml™ G418. Wild-type and mutant CHAMP proteins cloned in
MSCV-purowereintroduced into cells by infection, followed by selec-
tionin1pg ml™ puromycin.

For proliferation assays, 2 x 10° BaF3 and derivative cells express-
ing the appropriate genes were washed in PBS three times to remove
IL-3. Cell pellets were resuspended in 10 ml RPMI-10 lacking WEHI-3B
cell-conditioned medium but supplemented with 0.06 U mI™ human
EPO (Epoetin Alfa, Amgen). Viable cells were counted 6-8 days after
IL-3 removal. All growth inhibition assays were performed in at least
threeindependentbiological replicates (thatis,independentinfections
to express TM proteins). All reported experiments included positive
and negative controls that performed as expected, and no outliers in
these experiments were excluded. All graphs show average cell counts
+s.e.m. The statistical significance of differences between control and
experimental samples was evaluated by either one-tailed or two-tailed
Student’s ¢-tests with unequal variance, performed using the TTEST
function in Microsoft Excel (2013).

Construction and analysis of inducible cell lines

BaF3 cells were transduced to express an engineered version of the
tetracycline-controlled transactivator protein, tTA-Advance (tTA), via
retroviralinfection with the pRetroX-Tet-Off Advanced (Clontech) vec-
tor and selection with 1 mg ml™ G418. CHAMP-1or ErbB2-TM clonedin
the expressionvector pRetroX-TIGHT-puro (Clontech) was introduced
into cells expressing tTAby retroviral infection and selection with1 pg
ml™ puromycin. HA-mEpoR was retrovirally transduced with pMSCV-
neo (Clontech) and selected with 0.6 Uml™ human EPO (Epoetin Alfa,
Amgen) in the absence of IL-3.

To assess expression levels of the CHAMP proteins, BaF3/mEpoR/
tTA cells expressing a CHAMP protein were grown in 10-ml cultures
in RPMI-10/IL-3 medium in the absence of Dox or supplemented
with 100 or 200 pg mI™ Dox for 48 h. Cells were pelleted in the pres-
ence of 1 mM phenylmethylsulfonyl fluoride (PMSF) for 10 min at
1,500 r.p.m. at 4 °C. Cell extracts were prepared and 20-30 pg of
total protein was electrophoresed. After transfer to 0.2-um polyvi-
nylidene fluoride (PVDF) membranes and blocking in 5% milkin TBST
(20 mM Tris, 150 mM NaCl, 0.1% Tween 20), the blots were incubated
overnight at 4 °C with 1:1,000 anti-Flag-HRP (Sigma-Aldrich) in 5%
milk in TBST. Blots were then washed and visualized using enhanced
chemiluminescence.

For proliferation assays, BaF3/mEpoR/tTA cells expressing CHAMP
proteins were first cultured in 10 ml of RPMI-10/IL-3 medium in the
absence of Dox or supplemented with 100 or 200 pg ml™ Dox for 48 h.
Then, 2 x 10° BaF3 cells were washed in PBS, resuspended in IL-3-free
medium supplemented with the same concentration of Dox and
0.06 U ml™ human EPO, and counted as described above.

Immunoprecipitation and immunoblotting

To assess protein phosphorylation, BaF3 cells and their derivatives
were first starved in RPMI-10 IL-3-free medium for 3 h at 37 °C and
were then acutely stimulated with 1 U mI™ EPO for 10 min at 37 °C.
Cellswere then washed twice with ice-cold PBS containing1 mM PMSF.
For phosphotyrosine and phospho-protein blots, 1x HALT protease
and phosphatase inhibitor cocktail (Thermo Scientific) and 500 pM
hydrogen peroxide-activated sodium metavanadate were also added
to the wash solution. Cells were lysed in Flag-lysis buffer (50 mM Tris
pH 7.4,150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented
with protease and phosphatase inhibitors as described above. All
lysates were incubated on ice for 20 min, followed by centrifugation
at14,000 r.p.m. for 30 min at 4 °C. The total protein concentration of
the supernatants was determined using a bicinchoninic acid (BCA)
protein assay kit (Pierce).
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To immunoprecipitate Flag-tagged CHAMP peptides, 50 pl of
anti-FLAG M2 matrix gel (Sigma-Aldrich) was added to 0.5 mg of total
protein and rotated overnight at 4 °C. Immunoprecipitated sam-
ples were washed four times with 1 mI NET-N buffer (100 mM NaCl,
0.1mM EDTA, 20 mM Tris-HCI pH 8.0, 0.1% Nonidet P-40) supple-
mented with protease inhibitors as above, pelleted and resuspendedin
2x Laemmli sample buffer (2x SB) supplemented with 200 mM DDT
and 5% B-mercaptoethanol (3-ME). Precipitated proteins and whole
cell lysates were heated at 95 °C for 5 min and then resolved by SDS—
PAGE on 7.5%, 10% or 20% polyacrylamide gels according to the size
of the protein of interest. The resolving gel was then transferred by
electrophoresis to a 0.2-um nitrocellulose or PVDF membrane and
0.09% SDS was added to the transfer buffer for membranes used to
detect phosphorylated proteins.

Membranes were blocked withgentle agitation for 2hatroom tem-
perature in 5% nonfat dry milk in TBST. To detect the phosphorylated
forms of JAK2 and STATS, anti-phospho-JAK2 (Tyr1008) (clone D4AS8,
Cell Signaling) and anti-phospho-STATS5 (Y694) (9351, Cell Signaling)
were used. Todetect the totalJAK2 and STATS, anti-JAK2 (clone D2E12,
CellSignaling) and anti-STATS5 (9363, Cell Signaling) were used. A horse-
radish peroxidase (HRP)-conjugated mouse anti-HA antibody (clone
6E2, Cell Signaling) was used to detect HA-tagged EpoR and all EpoR
mutants. All antibodies were used at a 1:1,000 dilution. Membranes
were incubated overnight with gentle agitation in primary antibody
at 4 °C, washed five times in TBST and then incubated with gentle
agitation for 1hatroom temperaturein a1:10,000 dilution of donkey
anti-mouse or donkey anti-rabbit HRP (Jackson Immunoresearch), as
appropriate. To re-probe membranes, they were stripped in Restore
Western Stripping Buffer (Thermo Scientific) for 15 min at room tem-
perature with gentle agitation, washed five times in TBST, blocked in
5% milk in TBST for 1 h at room temperature and incubated overnight
at4 °Cwithantibody, as described above. Membranes were incubated
with Super Signal West Pico or Femto chemiluminescent substrate
(Pierce) to detect protein bands.

Split GFP complementation assay

BaF3 cells were transduced to express the GFP1-10 fragment fused
to EpoR, the GFP11 fragment fused to CHAMP-1, or both. The EpoR-
GFP1-10 fusion protein consists of (from the N terminus to the
Cterminus) residues 1-258 from hEpoR or residues 1-257 from mEpoR,
a 10-amino acid flexible linker (GGSGGGGSGG) and the GFP1-10
segment. The GFP11-NI1 fusion proteins consist of (from the N terminus
to the C terminus) a Flag tag, the GFP11 segment (residues 216-231),
a GGG linker and the CHAMP-1 sequence. For flow cytometry, 5 x 10°
cells were collected by centrifugation at 1,000 r.p.m. for 10 min at
4 °Candthenwashedincold PBS and resuspendedin 300 pl cold PBS.
Cells were then analyzed on a CytoFLEX equipped with a green laser
and the data were plotted in FlowJo.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Chemical shift datahave been uploaded to BMRB, with entry assigned
accession number 51401. Source data are provided with this paper.

Code availability

Custom scripts for molecular model building, Rosetta design configu-
ration files, example command lines, intermediate files, and analysis
scripts forranking Rosetta output files are publicly available and hosted
on a GitHub repository, including Rosetta. The uploaded software is
compatible with the latest version of Rosetta: https://github.com/
mmravic314/CHAMP2023/.
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Extended Data Fig. 1| Protein design and ranking of output anti-mEpoR
CHAMP sequences. (a) Scatter plot of each sequence design trajectory,
showing each resulting model’s Rosetta energy and RosettaHolesl interface
packing voids ‘Packstat’ score®. Red dashed box represents designed proteins
with Rosetta energy less than the mean and top 10% of Packstat. (b) Sequence
logo CHAMP designs. Below denotes positions designed or fixed. Black
hyphen, lipid-facing position fixed to an apolar residues (AFILV); red X, any
lipid-friendly residue (GATSVLIFM); orange X, small-X,-small positions (GAS).
Residues in hydrogen bonds with mEpoR are denoted as1and 2 with purple
andred squares, respectively. (c) Left, model of CHAMP-1/mEpoR TM domain
complex of antiparallel helices (green, mEpoR; cyan, CHAMP). Two key hydrogen
inter-helical bond groups denoted in purple and red squares, numbered as in
(b). Right, ESMfold ab initio predicted model of the complex (gray) overlaid,
agreeingin helix register and sidechain interactions. (d) Rules-based selection

ofthe ‘No Design’ control TM sequence based on TM domain helix-helix pairs
filtered from a database of antiparallel left-handed close-packing having the
small-X,-small consensus sequence®. More details in Methods. The mEpoR
sequence was threaded onto one helix aligned with the small-X,-small motif
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(PDB:3bzl, chain B), comprised of TM1and 2. mEpoR could be threaded onto
TM2, which has only 22% sequence identity. Orange, small-X,-small positions.
(f) Schematic of selecting the ‘No Design’ sequence based Photosystem 11 TM
domainlinterfaceresidues. Orange spheres, small-X-small positions. (g)
Final sequence selection of the ‘No Design’ sequence (interface residues in red
retained, purple ransomized lipid-facing positions randomized) and comparison
to the Photosystem Il source TM domain.
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Extended Data Fig. 2| Effects of exogenous synthetic TM proteins on EpoR
expressing BaF3 cells. (a) BaF3/mEpoR cells transduced with empty vector or
aTM proteins (CHAMP-1, CHAMP-1, No Design TM, or CHAMP-1mutant ‘L-L-L-L’)
grownin media not treated with IL-3 and EPO. The number of live cells at day 4 is
shown for asingle experiment (n =1). EPO-treated cells transduced only empty
vector are the positive control for EPOR-dependent proliferation. (b) Mean cell
counts onday 4 of BaF3/mEpoR cell proliferating in medium supplemented
withIL-3 (5% WEHI-conditioned medium as source) stably expressing empty
vector (n=2), CHAMP-1(n=2), CHAMP-1(n = 2), or No Design TM (n =1) with
barsrepresenting standard error. (c) Mean live cell count of BaF3/mEpoR

cells expressing empty vector, ashort mEpoR TM domain protein construct,

or aprevious published PDGFBR TM domain construct (Ref. 41) after 8-day
incubation in medium supplemented with 0.06 U/mLEPO (n = 3). Error bars as
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standard error. (d) Upper, western blots of BaF3/mEpoR cells stably expressing
the mEpoR TM construct (C20 cytoplasmic epitope antibody) and PDGFBR TM
construct. The PDGFBR TM construct was firstimmunoprecipitated to increase
concentration thenimmunoblotted using PDGFBR-targeted rabbit anti-serum
(C-terminal epitope) as in Ref. 41. Performed once (n =1). (e) BaF3/hEPOR cells
expressing empty vector, CHAMP-1, CHAMP-1, or No Design TM were incubated
for four days in medium supplemented with 0.06 U/mL EPO. The number of live
cellsis shown for asingle experiment (n =1). (f) mhmEpoR construct having the
cytoplasmic and extracellular domain sequences of mEpoR but the TM domain of
hEpoR. (g) Mean live cell count of BaF3/mhmEpoR cells expressing empty vector,
CHAMP-1, CHAMP-1, or No Design TM after 8-day incubation with 0.06 U/mL EPO
(n=23).Error barsshow standard error.
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Extended Data Fig. 3 | See next page for caption.
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Extended DataFig. 3| Schematic and SDS-PAGE of the three peptide
thiol-disulfide exchange with biotin capture. (a) Thio-disulfide

exchange experiment Fig. 2a repeated with peptide reconstituted in
dodecylphosphocholine (DPC) detergent micelles, showing similar results. Bars
represent fraction of total integrated peak area of each species’ peak in the HPLC
UV chromatogram, representative of 3 experiments; error bars bootstrapped
from the 5% curve fitting error to HPLC UV peaks. (b) Workflow for equilibrium
thiol-disulfide exchange modified for biotin capture and isolation of only
mEpoR-containing disulfide bonded TM dimers, followed by reduction and
quantification of the interacting TM helices by reverse phase high-performance
liquid chromatography (RP-HPLC). SA, Streptavidin; GSSG, GSH, oxidized and

reduced glutathione, respectively; Eq., equilibrium. (c) Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of equilibrated oxidized TM
peptides in 20 mM myristyl sulfobetaine (C14B) micelles (lanes 1, 5), or purified
peptides (lanes 2, 3, 4) reduced in 10 molar equivalents of tris(2-carboxyethyl)
phosphine (TCEP), performed once (n =1). Lane 1, mixture of 100 uM
Biotinylated nCys-mEpoR with 4-fold molar excess of CHAMP - 2 equivalents
of eachnCys-CHAMP1 and cCys-CHAMP1 V2 oxidized overnight at amolar ratio
of oxidized to reduced glutathione of 0.2. Lane 5,100 uM Biotinylated nCys-
mEpoR alone oxidized under the same conditions. Green arrows denote mEpoR
monomer and dimer bands. Ox., oxidizing conditions; Mon., Monomer; kDa,
kilodaltons; Rxn., Reaction.
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Extended Data Fig. 4 | Control split GFP protein complement experiments.
(a) Left, flow cytometry histogram showing fluorescence of parental BaF3

cells and BaF3 cells expressing mEpoR-GFP1-10 and GFP11-CHAMP-1together

or separately. Right, flow cytometry histogram showing fluorescence of
BaF3/mEpoR-GFP1-10 cells co-expressing empty vector, GFP11-CHAMP-1, a
GlycophorinA (GpA) TM domain construct fused at its c-terminus to GFP11, or
ErbB2 TM domain construct fused to GFP11 at its c-terminus (Supplementary
Table1). (b) Extracts were prepared from mEpoR-GFP1-10 cells expressing empty
vector or FLAG-tagged CHAMP-1with a fused N-terminal GFP11 (GFP11-CHAMP-1)
or afused C-terminal GFP11 (CHAMP-1-GFP11). Extracts were subjected to SDS-
PAGE directly (input) or after immunoprecipitation with anti-FLAG antibody,
whichrecognizes both FLAG-tagged CHAMP-1proteins. Performed once (n=1).

Blots were probed with antibodies that recognize FLAG to detect the CHAMP-1
proteins or HA to detect HA-tagged mEpoR-GFP1-10. (c) Extracts from cells
expressing either the mEpoR or the hEpoR C-terminally fused to GFP1-10 were
subjected to SDS-PAGE and immunoblotted with antibodies that recognize HA
fused to EpoR or actin as aloading control. Performed once (n =1). The numbers
below the lanes are the relative expression of the EpoR normalized to actin. (d)
BaF3 (tTa) cells expressing ErbB2 C-terminally fused to GFP1-10 transduced with
empty pTight vector or pTight containing the TM domain of ErbB2 fused to
GFP11 (ErbB2TM-GFP11). Flow cytometry was performed on cellsincubated in
1nMdoxycycline to repress ErbB2TM-GFP11 (left panel) orin 1 pM doxycycline
expressing ErbB2TM-GFP11 (right panel).
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Extended DataFig. 5| Fluorescence quenching of labeled-mEpoR by
CHAMP-1in C14B micelles at different peptide:detergent ratios and
theoretical FRET from non-specific peptide crowding effects. (a) Theoretical
FRET curves expected for monomeric (Mon.), dimeric, and trimeric complexes
are plotted as solid lines. Dotted lines represent FRET curves of each potential
oligomerization state also including the micelle crowding factor, which
accounts for the contribution to quenching from non-specific co-habitation

of donor and acceptor TM peptides in the same micelle, which we modeled as a
Poission distribution dependent on the peptide to detergent molar ratio and the
detergent’s aggregation number (molecules per micelle). The expected FRET
curves with the micelle crowding factor at 1:100 peptide to detergent ratio mole
ratiois displayed, given the estimated aggegration number for C14B of 90. (b)

[Acceptor] / [Donor]

Theoretical FRET curves with the micelle crowding factor 1:175 peptide: C14B
molar ratio, plotted as in panel a. (c) Dots represent mean relative (Rel.) 460 nm
fluorescence emission of 1.5 uM 7-diethylamino-4-methylcoumerin-labeled
(DACM-labelled) mEpoR TM peptide (n = 3,independent samples; standard error
bars) decaying linearly due to FRET quenching as fluorescein-labeled CHAMP-1
istitrated. Samples were reconstituted in C14-betaine with a detergent to total
peptide ratio of 100:1 (1.1 micelles per total peptide) in SO mM Tris-HCIpH 8,
100 mM NaCl, 0.5 mM EDTA, 5 mM TCEP buffer at fixed equimolar total peptide
concentration across the donor titration. (d) Mean fluorescence emission of
analogous experiment and plot details as in panel ¢, but reconstituted at a
detergent to total peptide ratio of 250:1 (2.8 micelles per total peptide).
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Extended Data Fig. 6| CHAMP-1 mutagenesis and ab initio prediction of
CHAMP-1 mutant complexes. (a) Extracts from BaF3/mEpoR expressing empty
vector or FLAG-tagged CHAMP-1 or mutant SQ8 were immunoprecipitated with
anti-FLAG, subjected to SDS-PAGE, and probed with anti-HA to detect HA-tagged
mEpoR. Bottom panel shows samples without prior immunoprecipitation.

(b) Western blots of extracts of BaF3/mEpoR cells stably expressing wildtype

or mutant CHAMP-1. Blots were probed with antibodies recognizing CHAMP
(anti-FLAG), mEpoR (anti-HA), and actin as aloading control. Performed

O CHAMP
“I-I'I-I”

S11-S8l-
G151-G22|

once (n=1). (c) ESMfold predictions of CHAMP-1and mutants with the mEpoR
TM domain. Left, mEpoR (green) with CHAMP-1wildtype (WT, cyan). Right,
predictions for the EpoR/CHAMP-1complex baring point mutations on CHAMP-1:
V1IF (orange), M12I (pink), L13A (magenta), L14A (yellow), overlain with the
wildtype complex. (d) Top view of point mutant predictions of CHAMP-1in
complex with mEpoR, overlain and colored as in panel c. (e) ESMfold prediction
of mEpoR (green) with CHAMP-1‘I-I-I-I' mutant (gray, lle in sticks) results in two
distant non-interacting helices.
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Extended DataFig. 7| *"N mEpoR-TM2 monomer-homodimer behavior in
Cl4-Betaine micelles and binding to CHAMP-1. (a) The '"H-*N HSQC spectra of
0.3 mM*N mEpoR-TM2at 45 °C, pH 5.2, and 800 MHz when diluted in myristyl-
sulfobetaine (C14B) micelles at 180 and 520 molar equivalents of detergent

(54 mM, red; 156 mM, green). The more concentrated sample (180x, red) shows
astrong second set of peaks emerging in exchange that is slow on the NMR time
scale, likely representing the mEpoR-TM2 in the homodimeric state. Right inset,
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example pair of related, interconverting peaks dependent on the detergent
concentration. (b) Titration of 1,2, 3, 4, and 6 molar equivalents (eqv.) of CHAMP
(navy, dark green, red, purple, black, respectively) to 0.3 mM *N mEpoR-TM2
where additional C14-Bis added alongside each eqv. CHAMP to maintain a
constant molar ratio of C14-B to total peptide of 180:1. Reference spectra (no
CHAMP, green) in (b) is predominantly the monomeric species at 520:1ratio C14-
B:mEpoR-TM2. Insets track shifting resonances at lower contour.
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Extended Data Fig. 8| mEpoR-TM2 monomer-homodimer equilibrium

and binding to CHAMP-1in DHPC/DMPC q = 0.3 bicelles. (a) 'H-"NHQSC
spectral changes of 0.5 mM “N-mEpoR-TM2 at 45 °C, pH 5.2, and 800 MHz
upon titration of DMPC/DMPC q = 0.3 bicelles at 38%, 13%, and 3% (w/v) at
constant mEpoR-TM2 (navy, green, red, respectively). (b) "H-*N HQSC spectral
changes titration of of 0.5 mM“*N-mEpoR-TM2 at 45 °C, pH 5.2, and 800 MHz
upon titration of1,2,3,and 4 molar equivalent (eqv.) unlabeled CHAMP (cyan,
orange, maroon, red, respectively) at a constant bicelle concentration of 10%.
Spectra are overlaid on the CHAMP-free reference spectrain 10% bicelles. Both
the mEpoR homo-oligomer (likely homodimer, panel a) and mEpoR-CHAMP

8.2 8.0 7.8
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heterodimer complex (panel b) exhibit chemical shift perturbation relative to
monomer resonances with ‘fast’ chemical exchange. Numbered resonances
denote key induced chemical shift changes that differ significantly between the
two different types of titrations, differentiating that mEpoR-TM2 experiences
distinct chemical environment in the mEpoR homodimer state versus in complex
with CHAMP. Peaks1, 2, 3, 6 and 7 do not shift as mEpoR converts from monomer
to homodimer, but shift significantly upon CHAMP binding. Peak 4 shifts upon
homodimerization but not upon CHAMP binding. Peak 5 shifts in different
directions in panel a versus panel b. Lowercase letters denote resonances
experiencing peak shift similar between panel aand panel b.
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Extended Data Fig. 9 | mEpoR Monomer-Homodimer equilibrium in DPC. (c) Examples of newly emerging peaks (starred, bolded residues in panel a) of the
(a) Assigned "H-"N HSQC spectrum of 0.1 mM N mEpoR at high DPC molar ratio mEpoR TM homodimer species upon reduction of DPC detergent concentration,
(600x, green) with the spectrum at low DPC concentration (50x, red) overlaid; titrated at 600,200,100, 75, and 50 molar ratios of detergent to TM peptide,
thelatter [DPC] concentration corresponds to approximately 1 TM peptide showing the mEpoR TM peptide monomer-homodimer equilibriain the absence
per 1 micelle. Recorded at 45 °C, 800 MHz, pH 5.2, with the predominantly of CHAMP. Further concentrating mEpoR-TM2 to only 25x DPC molar ratio results
monomer spectra (green) contoured 10-fold higher than the largely homodimer inasparse spectrum suggestive on peptide aggregation, where only 2 peaks (R32
spectra (red). (b) SDS-PAGE of mEpoR showing non-covalent monomer-dimer and R33) are observed. M, monomer (green arrow); D, dimer, (red arrow).

equilibrium, representative gel of n = 3 replicate lanes. Mon, monomer.
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Extended Data Fig. 10 | Comparison of 'H->C HSQC spectra of mEpoR-TM2
from monomeric (green), CHAMP-1-bound (red), and partially homodimeric
(purple) samples. (a-i) Different spectral regions perturbed. More monomeric
resonances assigned from backbone-backbone and backbone sidechain

experiments. Noted heterodimer assignments were derived independently by
backbone-backbone, backbone-sidechain, and *N-edited NOESY. Cyan inset,
location of the isolated >C resonance having a transfer NOE to a “N-attached
amide 'H peaks in the 13C-edited/"C,N-filtered HSQC-NOESY (Fig. 5).
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