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STRUCTURAL BIOLOGY

De novo macrocyclic peptides for inhibiting, stabilizing,
and probing the function of the retromer endosomal
trafficking complex

Kai-En Chen', Qian Guo't, Timothy A. Hill'2t, Yi Cui?, Amy K. Kendall*®, Zhe Yang3, Ryan J. Hall’,
Michael D. Healy‘, Joanna Sacharz®, Suzanne J. Norwood’, Sachini Fonseka’', Boyang Xie*>,
Robert C. Reid'?, Natalya Leneva't, Robert G. Parton'”’, Rajesh Ghai's, David A. Stroud®?,

David P. Fairlie"?, Hiroaki Sugag, Lauren P. Jackson*®, Rohan D. Teasdale®,

Toby Passioura”'®, Brett M. Collins'*

The retromer complex (Vps35-Vps26-Vps29) is essential for endosomal membrane trafficking and signaling. Muta-
tion of the retromer subunit Vps35 causes late-onset Parkinson'’s disease, while viral and bacterial pathogens can
hijack the complex during cellular infection. To modulate and probe its function, we have created a novel series
of macrocyclic peptides that bind retromer with high affinity and specificity. Crystal structures show that most of
the cyclic peptides bind to Vps29 via a Pro-Leu-containing sequence, structurally mimicking known interactors
such as TBC1D5 and blocking their interaction with retromer in vitro and in cells. By contrast, macrocyclic peptide
RT-L4 binds retromer at the Vps35-Vps26 interface and is a more effective molecular chaperone than reported
small molecules, suggesting a new therapeutic avenue for targeting retromer. Last, tagged peptides can be used
to probe the cellular localization of retromer and its functional interactions in cells, providing novel tools for
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studying retromer function.

INTRODUCTION
Endosomal compartments serve as central hubs for transmembrane
protein and lipid sorting and as platforms for cell signaling. Trans-
membrane protein cargos that arrive in the endosomal network via
endocytosis or anterograde trafficking are routed either for lyso-
somal degradation or recycling to other compartments including
the trans-Golgi network and the cell surface. Endosomal trafficking
thus plays a pivotal role in maintaining cellular homeostasis, and this
is controlled by a number of essential protein machineries (1-3).
The evolutionarily conserved retromer complex composed of
Vps26, Vps29, and Vps35 is a master regulator of endosomal dy-
namics responsible for cargo sorting and recycling within tubulo-
vesicular transport carriers (2, 4-8) and, in higher eukaryotes,
cooperates with an array of cargo adaptors and accessory proteins
to allow membrane recruitment, cargo sorting, and trafficking to
occur (2, 3, 9). The known cargo adaptors are derived from the sorting
nexin (SNX) protein family and include SNX3 and SNX27.
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Retromer mutation or dysregulation in humans leads to defec-
tive endosomal and lysosomal function implicated in neurode-
generative disorders including Parkinson’s disease (PD) (10-15),
Alzheimer’s disease (AD) (16-19), and amyotrophic lateral sclerosis
(ALS) (20). Retromer dysfunction affects endosomal and lysosomal
homeostasis in neurons and microglia in multiple ways (11, 21),
involving deficits in regulatory protein interactions such as WASH
and leucine-rich repeat kinase 2 (14, 22, 23), missorting of specific
endosomal cargos (10, 24-27), defects in mitochondrial function and
mitophagy (28-31), and other widespread deficiencies in lysosomal
and autophagic degradation of toxic material (14, 17, 19, 32-34).
Retromer is also a prominent target hijacked by intracellular patho-
gens to facilitate their transport and replication. This includes viruses
such as SARS-CoV-2 (severe acute respiratory syndrome corona-
virus 2), HIV, HCV (hepatitis C virus), and HPV (human papillo-
mavirus) (35-39) and intracellular bacteria such as Coxiella burnetii
and Legionella pneumophila (40-44). Mechanistic studies have shown
that the secreted effector protein RidL from L. pneumophila binds
directly to Vps29, competing with endogenous regulators TBC1D5
and VARP, inhibiting retromer-mediated cargo transport, and
supporting the growth of L. pneumophila in intracellular endosome-
derived vacuoles (40, 41, 43, 44). Similarly, the minor capsid protein
L2 from HPV is thought to hijack retromer-SNX3-mediated endo-
somal transport by mimicking sequence motifs found in endoge-
nous cargos such as the cation-independent mannose 6-phosphate
receptor (CI-MPR) and divalent metal transporter 1-II (DMT1-II)
(38, 45).

Given the importance of retromer in endosomal trafficking,
neurodegenerative disease, and cellular infection, there is substan-
tial interest in developing molecular approaches to either inhibit
or enhance retromer activity. Inhibition of retromer may provide
a novel avenue for targeting infectious pathogens. For example,
peptide-based inhibitors of retromer, derived from the HPV L2
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protein, are able to reduce infection by slowing the normal retro-
grade transport of incoming virions (38, 45). Conversely, because of
its neuroprotective role, retromer-binding “molecular chaperones”
may be used to enhance retromer function in diseases including
AD, PD, and ALS, with the goal of boosting normal endosome-
dependent clearance pathways to reduce accumulation of toxic
aggregates of proteins such as f amyloid (Ap), tau, and o-synuclein
(46, 47). Previously, a small molecule called R55 (also called TPT-
260) was identified, which can bind with modest affinity to retromer
at the interface between Vps35 and Vps29 and stabilize its structure
(48). This molecule has since been shown to have activity in stabi-
lizing retromer in cells and, as predicted, can enhance the transport
of essential receptors and reduce the accumulation of toxic mate-
rial including AP and a-synuclein in cell, fly, and mouse models
(33, 48-51). Recently, a derivative of R55 was found to improve
retromer stability and lysosomal dysfunction in a model of ALS
(20). Nonetheless, the low potency and specificity of these compounds
mean that other molecules are actively being sought.

We have adopted a screening strategy, referred to as the RaPID
(random nonstandard peptides integrated discovery) system, to
identify a series of eight de novo macrocyclic peptides with high
affinity and specificity for retromer, having either inhibitory or sta-
bilizing activities. These peptides bind to retromer with affinities
[dissociation constant (Kq)] ranging from 0.2 to 850 nM and can be
classified into two groups on the basis of their binding sites. Most
interact specifically with the Vps29 subunit, and crystal structures
show that these peptides associate with a highly conserved pocket
on Vps29 that is also used by the accessory proteins TBC1D5 and
VARP, as well as the bacterial protein RidL, and are potent inhibi-
tors of their binding. We also identified one peptide, RT-L4, that
shows in vitro activity as a molecular chaperone. RT-L4 stabilizes
retromer assembly via binding to the interface between Vps26 and
Vps35, does not disrupt retromer’s association with known accesso-
ry proteins and cargo adaptors, and indeed allosterically enhances
binding to several ligands including SNX27 and TBC1D5. Last, us-
ing reversible cell permeabilization and fluorescent peptides, we
demonstrate that they specifically colabel Vps35-positive endoso-
mal structures, can perturb endosomal recruitment of TBC1D5 by
retromer, and can be used as baits for isolating retromer from cells.
These macrocyclic peptides thus provide novel research tools and
suggest potential new avenues for developing therapeutic modifiers
of retromer function.

RESULTS

Identification of highly potent retromer-binding

macrocyclic peptides

The procedure of the RaPID system (Fig. 1A) exploits the diverse
molecular topology of macrocyclic peptide populations numbering
>10'* unique sequences to enrich for and amplify low-abundance,
high-affinity ligands (23, 52-55). We performed the RaPID selection
using purified His-tagged human retromer complex as bait: A
puromycin-linked semirandomized mRNA library, of the general
form AUG-(NNK),_15-UGC, was translated in an in vitro transla-
tion reaction to generate peptides covalently linked to their cognate
mRNAs through the puromycin moiety. Macrocyclization was
effected through genetic code reprogramming of initiating AUG
(methionine) codons to incorporate either N-chloroacetyl-L-tyrosine
(ClAc-1-Tyr) or N-chloroacetyl-p-tyrosine (ClAc-p-Tyr), leading
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to a spontaneous reaction with a downstream UGC-encoded cysteine
to form a library of thioether-bridged cyclic peptides each linked to
their cognate mRNA (total diversity of >10'* molecules). Retromer
ligands were then identified through iterative cycles of affinity se-
lection against immobilized retromer complex followed by reverse
transcription polymerase chain reaction (PCR) recovery, tran-
scription, and regeneration of peptide-mRNA fusion libraries, with
deconvolution of the final enriched library achieved through next-
generation sequencing.

We selected the four most abundant peptides from each of the
ClAc-L-Tyr- or ClAc-p-Tyr-initiated libraries (Fig. 1B, fig. S1, and
table S1) for further characterization, and each was synthesized using
standard 9-fluorenyl methoxycarbonyl (Fmoc) chemistry. These were
validated against the retromer complex by surface plasmon reso-
nance (SPR), and all were confirmed to bind very strongly to
retromer with affinities (Kgs) in the range of <0.2 to 30 nM (fig. S2).
Secondary SPR comparisons showed that these molecules also bound
the purified retromer complex from Danio rerio (zRetromer) (fig. S2)
and the thermophilic yeast Chaetomium thermophilum (ctRetromer)
with a similar range of binding affinities, indicating that they asso-
ciate with evolutionarily conserved sites in the complex.

Macrocyclic peptide binding to retromer was validated using
isothermal titration calorimetry (ITC). Among the eight cyclic pep-
tides tested, six were confirmed to bind retromer with nanomolar
binding affinity, while the peptides RT-D4 and RT-L3 were not suf-
ficiently soluble for ITC experiments (Fig. 1, C and D, and table S2).
Affinities for retromer measured by ITC were systematically lower
but correlated well with those measured by SPR, ranging from 25 to
850 nM. These affinities are comparable to or better than the high
affinities for the retromer binding regulatory protein TBC1D5
(220 nM) (56) or the bacterial effector RidL (150 nM) (43, 44).

The retromer structure consists of a long Vps35 o-helical sole-
noid, with Vps26A or Vps26B bound to the N terminus and Vps29
bound at the C terminus (Fig. 1E) (57-61). We examined the specific
subunits of retromer required for binding each of the cyclic pep-
tides by testing either Vps29 alone, Vps26A alone, the Vps35-Vps29
heterodimer, or subcomplexes of Vps26A with N-terminal fragments
of Vps35 (Fig. 1D and table S1). Full-length Vps35 is relatively
unstable on its own and was not tested separately. RT-D1, RT-D2,
RT-D3, RT-L1, and RT-L2 all bind specifically to either Vps29
alone or to the Vps35-Vps29 heterodimer, but not to Vps26A. Their
affinities for Vps29 alone were not significantly different to their
binding to the retromer holo-complex or Vps35-Vps29 heterodimer,
ranging from 8 to 783 nM. This indicates that they bind specifically
and exclusively to the Vps29 subunit. Although peptides RT-D4
and RT-L3 were not tested for binding specific subunits, it is likely
they also bind to Vps29 as they have a Pro-Leu motif that we show
below that mediates Vps29 interaction by the other five peptides
(Fig. 1, Band E).

In contrast to other peptides, RT-L4 did not bind to any of the
retromer subunits individually or to the Vps35-Vps29 dimer, but
rather only to subcomplexes that contained both Vps26A and Vps35
(Fig. 1C). N-terminal fragments of Vps35 in complex with Vps26A,
including Vps35;_390 and Vps35;_5,4, supported binding to the RT-
L4 peptide with a similar affinity to the retromer trimeric holo-
complex, while Vps35;_399 on its own did not (Fig. 1D). When
Vps35 was truncated to the shortest region still capable of Vps26A
interaction (Vps35;_172), a small but consistent decrease in binding
affinity was observed, suggesting that o helix 8 in Vps35 (residues
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Fig. 1. Cyclic peptides reveal strong binding characteristics with retromer. (A) Schematic diagram showing the RaPID system used to screen for cyclic peptides binding
to retromer. cDNA, complementary DNA; PCR, polymerase chain reaction. FIT, flexible in vitro translation. (B) Eight retromer-binding macrocyclic peptides were identified with
either CIAc-p-Tyr or CIAc-L-Tyr as initiating residues. (C) Binding of RT-D1, RT-D2, RT-D3, RT-L1, RT-L2, and RT-L4 with retromer (blue), Vps29 (light green), Vps26A (orange),
Vps29-Vps35 (red), and Vps26A-Vps35;1_39 (dark green) by ITC (DP indicates differential power). SPR binding curves for each peptide are shown in fig. S3. (D) ITC thermogram
showing that addition of o helix 8 and 9 of Vps35 (residues 173 to 224) contributes to RT-L4 binding affinity but is not essential for interaction. All ITC graphs represent the inte-
grated and normalized data fit with 1-to-1 ratio binding. The binding affinity (Ky) is given as means of at least three independent experiments (table S2). (E) Relative binding posi-
tion of each cyclic peptide to retromer based on the ITC measurements indicated on the structure of the mouse retromer complex [Protein Data Bank (PDB) ID: 6VAC] (67).

175 to 195) contributes to the binding but is not essential. Overall,
we have found that the cyclic peptides RT-D1, RT-D2, RT-D3,
RT-L1, and RT-L2 (and likely RT-D4 and RT-L3) bind specifically
to Vps29, but RT-L4 binding occurs at the interface between the

Vps26A and Vps35 subunits (Fig. 1E).
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Macrocyclic peptides bind to Vps29 through a conserved
site, mimicking endogenous accessory proteins

To understand the molecular basis of how the discovered macro-
cyclic peptides bind to retromer, we next cocrystallized Vps29
with RT-D1, RT-D2, RT-D3, RT-L1, and RT-L2. With extensive
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crystallization trials, we successfully solved structures of human
Vps29 in complex with RT-D1, RT-D2, RT-L1, and RT-L2 (Fig. 2
and table S3). For RT-D3, the complex structure was successfully
determined using Vps29 from C. thermophilum (ctVps29). In all
five complex structures, the conformation of Vps29 is highly similar
to apo Vps29 (root mean square deviation ranges from 0.6 to 1.3 A),
with cyclic peptide density clearly visible (Fig. 2A and fig. S3A).
Unexpectedly, although the precise details differed for each macro-
cyclic peptide, they all bound to the same hydrophobic surface groove
on Vps29 composed of multiple conserved residues including Leu?,
Leu™, Leu', Tyr'®, Tyr'®, and Val'”* (human numbering) (Fig. 2B).
This hydrophobic cavity is highly conserved throughout evolution
(Fig. 2B) and is located on the opposite surface of Vps29 relative to
the Vps35 binding region (Fig. 2C).

Each cyclic peptide adopts a different conformation when bound
to Vps29, as expected from their lack of sequence identity (Fig. 2D
and fig. S3B). However, a notable feature of all of the Vps29-binding
peptides is a Pro-Leu dipeptide motif present in a B-hairpin struc-
ture that inserts into the conserved hydrophobic site on Vps29 (Figs. 1B
and 2, D and E). Further analysis reveals the residue in front of the
Pro-Leu motif (position —1, with the Pro designated as position “0”)
that is important for stabilizing the B-hairpin-like configuration,
forming multiple hydrogen bonds with nearby residues including
the side chain hydroxyl group of Vps29 Tyr'®* (Fig. 2, D and E).
Notably, TBC1D5, VARP, and the bacterial hijacking molecule
RidL all engage Vps29 at the same site using a similar Pro-Leu
dipeptide at their core (Fig. 2F) (40, 43, 44, 56, 62, 63).

The Vps29-binding peptides that we have identified mimic the
interactions of endogenous and bacterial ligands but bind with
higher affinity. We assessed the importance of peptide cyclization
for this increased affinity using a linear version of RT-D1 and found
that this reduced the affinity by approximately sixfold to 0.76 uM
(fig. S3C). In addition to the core Pro-Leu dipeptide motif and the
cyclic structure, the residues at positions +4 to +7 of the peptides
also form extensive contacts with a surface groove composed of
Vps29 side chains Val'”?, Lysm, and Val'”4 (Fig. 2D and fig. S3B).
Again, using RT-D1 as an example, we found that mutations of
these residues (positions +4, +5, +7, and +8) to alanine significantly
reduced the affinity for retromer to ~2.2 uM (fig. S3C). This inter-
action network is shifted by 8 A toward Lys'®® in the ctVps29-RT-
D3 structure (equivalent to Arg'’® in human Vps29), which may
explain the weaker binding of ctVps29 to RT-D3 compared to human
Vps29 (Fig. 2D and fig. S3D). Another noteworthy observation was
found in the Vps29-RT-L1 structure, where a potential secondary
cyclic peptide binding pocket was identified, surrounded by helix 3
and Ile’" of Vps29 (fig. S3E), a region known to be required for
Vps35 binding. In this binding pocket, we found that two RT-L1
peptides are bound to each other, forming extensive contacts with
residues located on helix 3 and the adjacent loop region of Vps29
(fig. S3F). This binding of RT-L1 to a secondary site in Vps29 is likely
due to a crystallization-induced contact, but it could suggest a po-
tential site for targeting the Vps29-Vps35 interaction in the future.

The RT-L4 macrocyclic peptide is a molecular chaperone that
binds to the interface between Vps26A and Vps35

One of our initial goals was to identify potential molecular chaperones
that can stabilize the retromer complex; hence, we next assessed the
impact of the macrocyclic peptides on the thermal stability of retromer
using differential scanning fluorimetry (fig. S4A). The Vps29-binding
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peptides RT-D1, RT-D2, RT-D3, RT-L1, and RT-L2 all increased
the melting temperature (Ty,) of Vps29 upon addition of a 20-fold
molar excess (fig. S4A), consistent with their high affinities. In con-
trast, however, none of the Vps29-specific macrocyclic peptides had
a significant impact on the thermal stability of the trimeric retromer
holo-complex (fig. S4B). This suggests that increasing the thermal
stability of Vps29 alone is insufficient to enhance the stability of the
entire retromer complex in solution. In contrast, the addition of
RT-L4 resulted in a substantial 2° to 6.5°C enhancement in the Ty,
of the retromer holo-complex in a dose-dependent manner (Fig. 3A
and fig. S4, C and D). Similarly, the RT-L4 peptide resulted in an
8°C increase in Ty, for the Vps26A-Vps35;_399 subcomplex, and, as
expected in control experiments, it did not affect the thermal stability
of either Vps26A or Vps29 alone (fig. S4C). Using mass photometry,
we found that the retromer holo-complex was maintained at its
trimeric state upon the addition of cyclic peptides, suggesting that
the enhancement in the Ty, of the retromer was not the result of
high-order oligomer formation (fig. S5A). These results together
indicate that RT-L4 stabilizes retromer through its interaction at
the interface between Vps26A and Vps35, possibly by acting as a
molecular “staple” between the two subunits. In parallel, we also
compared the binding and thermal stability effect of RT-L4 against
the previously published retromer chaperone R55 and its deriva-
tive compound 2a (20, 48). Using ITC, we confirmed that both
chaperone R55 and compound 2a bind retromer, but with much
lower affinity than RT-L4 (table S4 and fig. S5B). While we observed
weak binding, we were unable to detect significant improvement in
the Ty, of retromer in the presence of either R55 or compound 2a
under the same experimental conditions as RT-L4 (fig. S5C). Even
in the presence of 1 mM R55 (>300-fold molar excess), little impact
on Retromer stability was detectable (fig. S5D), although a second
unfolding event was observed that might indicate partial stabiliza-
tion of the Vps29-Vps35 complex (20, 48). The difference is likely
explained by lower binding affinity of both R55 and compound 2a
to retromer. Our results thus indicate that RT-L4 can act as a potent
molecular stabilizer of retromer in vitro.

Next, we sought to map the exact binding region of RT-L4 to
better investigate the mechanism of its interaction and how this re-
sults in the enhanced thermal stability of retromer. Using ITC, we
found that RT-L4 binds to zRetromer with a K4 of 88 nM, which is
highly comparable to human retromer or the Vps26A-Vps35;_399
subcomplex (table S2 and fig. S6A). In contrast, RT-L4 binds with
lower affinity to ctRetromer with a K4 of 5 uM (table S2 and fig. S6B).
As our data indicated that RT-L4 binds to a site that is formed by a com-
bined interface on Vps35-Vps26A, streptavidin agarose beads coated
with biotinylated RT-L4 were used to pull down purified Vps26A-
Vps351-390, incorporating several specific point mutations, and this re-
vealed that peptide binding was abolished by a D128R mutation in Vps35
(Fig. 3B). The Asp'*® side chain is part of a conserved surface adjacent
to the Vps35-Vps26A interface (Fig. 3C) and makes a minor contact
with the extended N terminus of SNX3 when in a ternary complex with
the SNX3 adaptor and Q®[LV] sequence containing cargo peptides
(where Q and @ are aromatic and hydrophobic side chains) (3, 59). In
contrast, RT-L4 contains a number of aromatic residues that could
potentially contribute to high-affinity binding. Mutation of any of
these residues to alanine shows that they are essential for retromer
interaction (Fig. 3, D and E). Similarly, the linear form of RT-L4 was
unable to bind to retromer (Fig. 3D), suggesting that both aromatic
residues and peptide cyclization are critical for the interaction.
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ample. (C) Superimposition of the Vps29-RT-D1 peptide complex with the Vps29-Vps354g3-750 crystal structure (PDB ID: 2R17) (57). The cyclic peptides bind opposite to
the Vps35 interface. (D) Details of macrocyclic peptides in stick representation bound to Vps29. Schematic diagrams indicate the number of intermolecular contacts (salt
bridge, hydrogen bonds, and hydrophobic interactions) of each residue on the peptide with Vps29. The residues on the peptide with 0, 1, 2 and >3 contacts are shown in
gray, light green, green, and dark green boxes, respectively. Each peptide uses a core Pro-Leu sequence forming a B-hairpin, labeled as position 0 and 1 for reference.
Electron density for each peptide is shown in fig. S3. (E) Close-up of the B-hairpin conformation of the bound RT-D1 peptide. (F) TBC1D5 (PDB ID: 5GTU) (56), VARP (PDB
ID: 6TLO) (63), and RidL (PDB ID: 50SH) (43) bind to the same site of Vps29 using a similar B-hairpin composed of a Pro-Leu dipeptide sequence. For clarity, only the key
residues involved in the contact are shown. (G) ITC thermogram for the titration of RT-D1 (purple) and RT-D1 L7E (blue) with retromer showing the importance of Pro-Leu
motif in the interaction. The graph represents the integrated and normalized data fit with a 1-to-1 binding ratio.
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cryo-EM map of RT-L4-added retromer but not in the apo form. For clarity, D128 of V

With the multiple attempts to cocrystallize RT-L4 without success,
we further explored the site where RT-L4 binds retromer using single-
particle cryo-electron microscopy (cryo-EM). In previous work,
wild-type retromer was found to form a mixed population of hete-
trotrimers and multiple higher-order oligomers in vitreous ice, so
we used an established mutant called “3KE retromer” (point muta-
tions E615A/D616A/E617A in Vps35) that favors the heterotrimeric
species over higher-order oligomers for our analyses (61). We de-
termined structures of both apo- and RT-L4-bound 3KE retromer
under the same conditions to ascertain whether the RT-L4 binding
site could be identified (Fig. 3, F to H; fig. S6, C to F; and table S5). At
the current resolution, we detected no structural differences between
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ps35 is highlighted in red. DMSO, dimethyl sulfoxide.

wild-type heterotrimer (61) and the 3KE mutant. Comparison of our
reconstructions indicates that there is additional density at the Vps26-
Vps35 interface in the presence of the RT-L4 peptide, although the
estimated resolution of apo and RT-L4/retromer structures (~5.9 A;
0.143 Fourier Shell Correction (FSC) cutoff in RELION) is too low
to unambiguously assign peptide density (Fig. 3, F to H, and fig. S6,
C and D). Overall, our cryo-EM data show that there are no gross
structural changes in retromer induced by the RT-L4 peptide, and,
although not conclusive, these reconstructions provide support for
our biophysical and mutagenesis data, indicating that RT-L4 binds
and stabilizes retromer at the Vps26/Vps35 interface. Higher-
resolution data will be required, however, to unambiguously identify
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specific residues in both retromer and the peptide that mediate the
interaction.

The impact of cyclic peptides on the interactions between
retromer and known regulatory proteins

Given the high affinity and specificity of the macrocyclic peptides
for retromer, it was critical to assess their potential effects on
retromer’s interaction with essential regulatory, accessory, and adap-
tor proteins. We used RT-L4, with its distinct affinity for the Vps26-
Vps35 complex, and RT-D3 as a representative Vps29-binding
peptide and tested retromer binding proteins for which binding
mechanisms were known including TBC1D5 (56), SNX3 (59), Fam21
(64), SNX27 (65), and the bacterial hijacking molecule RidL
(40, 43, 44) (Fig. 4, A to E, and fig. S7A). Glutathione S-transferase
(GST)-tagged TBC domain of human TBC1D5 (TBC1D57pc) bound
retromer in pulldowns, and this interaction was inhibited by addi-
tion of RT-D3 as expected on the basis of their overlapping binding
site (Fig. 4A). A similar result was observed using ITC, where we
observed binding between TBC1D5rpc and retromer with a K4 of
370 nM [consistent with previous reports (56)], while binding was
undetectable in the presence of competing RT-D3 (Fig. 4B and table
S6). The same inhibitory effect was also observed for the N-terminal
region of the bacterial effector RidL (RidL;-,36) (fig. S7A). In con-
trast, while the addition of RT-D3 blocked retromer from interacting
with TBC1D57pc or RidL as would be predicted from their overlap-
ping binding sites, it had no impact on retromer binding to either
SNX27 or SNX3, as assessed in pulldowns and ITC experiments
(Fig. 4, A, C, and D). Note that, for ITC and pull-down experiments
with SNX3, we found that it was necessary to include a synthetic
peptide corresponding to DMT1-1I550_563 containing a Q®[LV]
cargo motif (where Q is an aromatic side chain and @ is a hydro-
phobic side chain) (59). In the absence of this peptide, we could not
detect binding of SNX3 to retromer, likely because SNX3 and cargo
motifs form a codependent binding interface with the retromer com-
plex (3, 59). To our surprise, the addition of RT-D3 modestly affected
retromer binding to Fam21 C-terminal leucine-phenylalanine-acidic
(LFa) repeats 19 to 21 (Fig. 4, A and E), a sequence known to associate
with a C-terminal region of Vps35 (22, 64). It is therefore likely that
Vps29 contributes partially to the binding of LFa sequences of Fam21
as previously reported (66) and RT-D3 either directly competes with
Fam?21 or allosterically affects the Fam21 binding site. These results
were further validated using qualitative pulldowns from HeLa cell ly-
sates with biotinylated RT-D3 peptide, where specific loss of TBC1D5
and VARP binding was seen, without any effect on the association of
other retromer ligands SNX27, Fam21, SNX3, and SNX27 (Fig. 4F).
Together, our data indicate that RT-D3 can specifically inhibit bind-
ing to TBC1D5 and, most likely, will also compete with other proteins
such as VARP and RidL that bind to the same conserved hydrophobic
cavity on Vps29.

In contrast to RT-D3, we found that the RT-L4 peptide had little
negative impact on the interaction of retromer with any ligands
tested. In GST pulldowns using purified proteins or using biotinylated
peptides and HeLa lysates, retromer was able to interact with TBC1D5,
VARP, Fam21, SNX27, and the SNX3-DMT1-II complex in the
presence of RT-L4 (Fig. 4, A and E). By ITC, we found that the affin-
ity and enthalpy of binding between retromer for either SNX27ppy,
TBC1D57pc, or Fam21g;9_gz; Were substantially improved by the
addition of RT-L4 (Fig. 4, B, D, and E; fig. S7B; and table S6). The
enhancement of retromer binding to TBC1D5tpc by RT-L4 also
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led to a slight improvement of guanosine triphosphatase (GTPase)
activating protein (GAP)-stimulated guanosine triphosphate (GTP)
hydrolysis of Rab7a (fig. S7, C and D). In the case of SNX27, the
binding between SNX27ppz and PDZ-dependent cargo peptide,
PTHRGsg6-503, was also further improved to a Kg of 700 nM by the
presence of RT-L4 (Fig. 4G). This suggests that the stabilization of
retromer by RT-L4 may be able to enhance binding to some of its
key partners, promote GAP activity, and possibly also improve cargo
recognition. However, we did observe a modest reduction in the
binding affinity of retromer for the SNX3-DMT1-II complex from
154 to 230 uM in the presence of RT-L4 (Fig. 4C and table S6). We
speculate that there may be a small degree of overlap between the
binding site for RT-L4 and the first part of the N-terminal loop of
SNX3, although not enough to markedly perturb the interaction.
Given this subtle change, however, we then asked whether the pep-
tide would perturb the interactions between retromer and SNX3 in
the presence of a lipid membrane. To do this, we performed a lipo-
some binding assay, where we fused a palmitoylated fatty acid to the
N terminus of a cargo peptide. For these experiments, we used a
sequence derived from the CI-MPR (CI-MPR3347_2376) and allowed
it to insert into liposomes composed of Folch I lipids supplemented
with the SNX3-binding phosphatidylinositol-3-phosphate (PtdIns3P)
(Fig. 4H and fig. S7, E and F). In our control experiments, we found
that SNX3 alone was capable of binding Folch I-PtdIns3P liposomes
both in the presence and absence of cargo peptide. In contrast, retromer
only bound stably to PtdIns3P-containing liposomes when both
SNX3 and cargo peptides were added, similar to previous studies
(67). In the presence of RT-L4, we observed a subtle reduction of
retromer binding to SNX3-CI-MPR cargo-PtdIns3P liposomes,
consistent with the slightly lower affinity observed by ITC (fig. S7G).
In summary, peptides binding to Vps29 have a strong and specific
impact on a subset of retromer-associated proteins including TBC1D5
and VARP, without affecting interactions that occur near the Vps35-
Vps26 interface (Fig. 41). The stabilizing RT-L4 peptide does not
prevent binding of any known ligands (Fig. 4I), which is an impor-
tant property of a potential molecular chaperone, although it does
have subtle effects on these interactions depending on their respec-
tive binding sites.

RT-L4 reveals an unexpected autoinhibitory role
for the C-terminal disordered tails of Vps26A and Vps26B
During our analyses of RT-L4, we noted that it showed a lower
binding affinity for the paralogous Vps26B-Vps35;_39 subcomplex
when compared to Vps26A-Vps35;_39 (Fig. 5A and table S2). Ac-
cording to the sequence alignment of Vps26, the residues responsi-
ble for Vps35 interaction are highly conserved (fig. S8, A and B),
while the extended C-terminal tails (residues 298 to 327 in Vps26A)
are highly divergent apart from the QRF/YE motif (Fig. 5B and fig.
S8A). Notably, when the disordered C-terminal domains of either
Vps26A or Vps26B are removed (Vps26AAC and Vps26BAC, re-
spectively), the binding affinity for RT-L4 is increased to ~40 nM Ky
and is now identical for both subcomplexes (Fig. 5A). We also find
a similar improved affinity of RT-L4 for C. thermophilum retromer
when the tail of Vps26 is removed (fig. S9). This shows that the
C-terminal tails of Vps26A and Vps26B have an autoinhibitory
effect on binding to RT-L4, with the Vps26B C terminus more
strongly inhibiting the interaction.

Given that the RT-14 peptide also subtly affects binding of retromer
to SNX3 and cargos, we were interested to determine whether the
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Fig. 4. The effect of cyclic peptides on the interaction of retromer with known regulatory and adaptor proteins. (A) Interactions of retromer with TBC1D5, SNX3,
SNX27, and Fam21 in the presence of either RT-D3 or RT-L4. GST-TBC1D5+1gc and GST-Fam21g;9.r21 Were used as baits for retromer, while GST-tagged retromer (Vps29
subunit) was used as bait for SNX3 and SNX27. (B) ITC measurement of TBC1D57gc, (€) SNX3 (with DMT1-lls50-s6s present), (D) SNX27ppz, and (E) GST-Fam21gy9-r21 With
retromer in the presence or absence of RT-D3 or RT-L4. (F) Hela cell lysates were incubated with streptavidin agarose coated with biotinylated RT-D3 or RT-L4 and bound
proteins subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting with antibodies against indicated proteins. (G) ITC measurement of PTHRsgs_503
cargo peptide (97) with SNX27ppz alone (yellow), retromer + RT-L4 (red), retromer + SNX27ppz (green), and retromer + SNX27ppz + RT-L4 (blue). RT-L4 allosterically
enhances the affinity of retromer + SNX27ppz for cargo. The cargo peptide binds to SNX27. All ITC graphs represent the integrated and normalized data fit with a 1-to-1
binding ratio. The binding affinity (Kq) is given as means of at least two independent experiments. (H) Liposome binding assay of retromer with membrane-associated
SNX3-cargo complex in the presence of cyclic peptides. Multilamellar vesicles were composed of either control PC/PE lipids or Folch | lipids containing added PtdIns(3)P
and N-terminal palmitoylated CI-MPR3347-2376 peptide (schematic diagram on top). “S” and “P” indicate unbound supernatant and bound pellet, respectively. Control
experiments are shown in fig. S7 (B and C). (1) Schematic summarizing the effects of RT-D3 and RT-L4 on retromer engagement with known regulatory, adaptor,
and bacterial effector proteins.
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Fig. 5. An autoinhibitory role for the disordered C-terminal tail of Vps26 in binding RT-L4 and SNX3. (A) ITC thermogram for the titration of RT-L4 with Vps35;_399
subcomplex with either full-length or C-terminal-truncated Vps26A and Vps26B paralogs. (B) Sequence alignment of the C-terminal region of Vps26 highlighting the
low-sequence similarity of the unstructured C-terminal tail apart from the QRF/YE motif highlighted with a blue box. Sites of phosphorylation are indicated in circle
(www.phosphosite.org) (68). Hs, Homo sapiens; Dr, D. rerio; Ct, C. thermophilum; Pf, Plasmodium falciparum; Sc, Saccharomyces cerevisiae. (C) ITC measurement of SNX3
binding to native, phosphomimetic (pm), and C-terminal tail-truncated (AC) versions of Vps26A/B-Vps351_399 subcomplexes. In each case, the presence of DMT1-Il cargo
peptide was required to detect SNX3 binding. (D) ITC measurement of SNX3 binding to QRFE-AAAA mutant Vps26A-Vps351_390. ITC thermograms in (A), (C), and (D) represent
the integrated and normalized data fit with a 1-to-1 binding ratio. (E) Summary of binding affinities of SNX3 for each Vps26A/B-Vps35;_399 subcomplex in the presence of
DMT1-lIs50-568 cargo peptide. For clarity, the association constant (K,) is shown. The binding affinity is given as means of at least two independent experiments.

C-terminal tails of Vps26 might also influence SNX3 interactions.
Intriguingly, SNX3 (in the presence of DMTI-II cargo) binds to
Vps26AAC-Vps35;_39 with a significantly increased affinity com-
pared to full-length Vps26A-Vps35;_39 (Fig. 5C and table S7). This
suggests that there is a self-association of the C-terminal tail that
weakens the SNX3-cargo interaction. Previous proteomics have
shown that the C-terminal disordered sequences of human and
mouse Vps26A and Vps26B can be phosphorylated, although the
role of these posttranslational modifications and their regulation
have not been studied (Fig. 5B) (68). We engineered a Vps26A vari-
ant with three phosphomimetic mutations in its C-terminal tail and
tested the affinity of the Vps35;_390/Vps26A phosphomimic com-
plex for SNX3 in the presence of DMT1-II by ITC (Fig. 5C). This
mutant showed an enhanced affinity to the cargo-adaptor complex,
although not to quite the extent of the complete removal of the
Vps26A tail. Similar enhancement of binding to the SNX3 cargo-
adaptor complex was also observed when we mutated the conserved
QREFE motif of Vps26A to polyalanine (Fig. 5, D and E). Our data
suggest that the tails of Vps26A and Vps26B play an unexpected
autoinhibitory role in the interaction of retromer with the SNX3
adaptor and associated cargos such as DMT1-1I and CI-MPR in vitro,
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and, potentially, phosphorylation of these tails could enhance SNX3-
cargo interactions. The observation that Vps26B is more strongly
autoinhibited than Vps26A might explain previous studies showing
that the CI-MPR can only bind to Retromer containing Vps26B with
the tail removed (69). However, this will require further studies of
their interactions in situ to be confirmed.

Macrocyclic peptides as molecular probes to study
retromer-mediated endosomal trafficking

With established mechanisms of binding in vitro, we sought to
assess the basic utility of these macrocyclic peptides as novel molec-
ular tools for the study of retromer. In the first instance, we exam-
ined their use as fluorescent probes of retromer localization in cells
(Fig. 6). As the peptides were not membrane permeable for cellular
uptake, we used a reversible cell permeabilization approach with the
pore-forming bacterial toxin streptolysin O (SLO) (70). After per-
meabilization, cells were treated with fluorescein isothiocyanate
(FITC)-labeled RT-D3 and RT-L4 and then processed for imaging
and colabeling with specific endosomal markers. In the absence of
SLO permeabilization, no intracellular fluorescence was detected
for the FITC-labeled peptides, indicating that they are not crossing
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Fig. 6. Macrocyclic peptides can be used to study retromer localization in cells. (A) Specific targeting of endosomal structures by SLO-delivered cyclic peptides. HeLa
cells transiently expressing SNX1-mCherry were exposed to SLO at 37°C for 9 min before incubating with the cyclic peptide RT-D3-FITC or RT-L4-FITC on ice for 5 min.
Permeabilized cells were recovered in the recovery medium containing Hoechst 33342 for 20 min and then fixed in 4% paraformaldehyde (PFA). The negative control
(=SLO) shows no labeling of intracellular structures. Scale bars, 10 um. Graphs show the fluorescence intensity of RT-D3-FITC or RT-L4-FITC in HeLa cells (means + SEM).
Two-tailed Student’s t test was used to determine the statistical significance (n=3). **P <0.01. A.U,, arbitrary units. (B) HeLa cells transiently expressing Vps35-mCherry
were labeled by SLO-delivered cyclic peptide RT-D3-FITC or RT-L4-FITC, fixed in 4% PFA, and imaged by Airyscan superresolution microscopy. Scale bars, 5 um. (C) HeLa
cells treated with SLO-delivered RT-D3-FITC, RT-L4-FITC, or N,N'-dimethylformamide (DMF) control were incubated in recovery medium for 2 hours, fixed in ice-cold
methanol, and coimmunolabeled with antibodies against endogenous TBC1D5 and SNX1, followed by Alexa Fluor-conjugated fluorescent secondary antibodies. Scale
bars, 10 um. The colocalization between TBC1D5 and SNX1 was quantified by Pearson’s correlation coefficient and was represented in the graph (means + SEM). Two-tailed
Student’s t test was used to determine the statistical significance (n = 3). ****P <0.0001; ns, not significant.

the membrane or being nonspecifically internalized into the lumen of
endosomal compartments (Fig. 6A). In permeabilized cells, however,
both FITC-labeled RT-D3 and RT-L4 were recruited to endosomal
structures labeled with SNX1 (Fig. 6A). Using Airyscan superresolution
microscopy, we found that the peptides also colabeled endosomal
structures marked with mCherry-tagged Vps35 (Fig. 6B). Last, we
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examined the impact of the peptides on the endosomal recruitment
of TBC1D5, which has previously been shown to depend on inter-
action with retromer (40, 43, 44, 56, 71). As expected, addition of
unlabeled RT-L4 had no discernible effect on TBC1D5 localization;
however, RT-D3, which binds to the same site on Vps29 as TBC1D5,
caused significant dispersal of TBC1D5 from endosomal structures
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(Fig. 6C). In orthogonal experiments, we adapted an electroporation
approach to deliver peptides to cells (72) and observed a similar inhi-
bition of retromer-dependent TBC1D5 localization using electro-
poration (fig. S10). Overall, our data suggest that the retromer-binding
macrocyclic peptides are capable of acting as molecular probes for
retromer localization.

DISCUSSION
De novo macrocyclic peptides that target the retromer
endosomal trafficking complex
In this work, the versatile RaPID screen was used to identify a series
of potent retromer-targeting macrocyclic peptides. These bind with
high affinity and specificity to retromer using two distinct evolu-
tionarily conserved binding sites on either Vps29 or at the interface
between Vps26 and Vps35. The cyclic peptides in the inhibitor sub-
group (RT-D1,RT-D2, RT-D3, RT-L1, and RT-L2) reveal strong bind-
ing through the highly conserved surface groove of Vps29, lying on
the opposite surface to that bound by the Vps35 subunit. Detailed
structural analyses showed that these cyclic peptide inhibitors all form
a B-hairpin configuration with a core Pro-Leu motif. These Vps29-
binding cyclic peptides are effective at blocking association with
TBC1D5, VARP, and the bacterial hijacking molecule RidL, which
are known to bind the same site using a similar B-hairpin structure
(40, 43, 44). 1t is intriguing that all the Vps29-binding peptides have
been selected for the presence of this Pro-Leu dipeptide and that this
peptide has also evolved to mediate binding of endogenous ligands
of the retromer complex such as TBC1D5, VARP, and RidL. The
de novo macrocyclic peptide screening has therefore inadvertently
identified an evolutionarily conserved binding mechanism, and pre-
vious screens of Bromodomain and Extra-Terminal (BET) domain-
binding peptides also uncovered sequence preferences that partly
mimicked known endogenous ligands (73). Given that Vps29 is also
a component of the retriever complex, a Retromer-related assembly
containing homologous subunits Vps35L and Vps26C (74, 75), these
cyclic peptide inhibitors may also provide tools for studies of retriever.
However, known retromer interactors such as TBC1D5 or VARP
that depend on Vps29 for association have not been detected in re-
triever interactomes (74), so whether the same binding site in Vps29
is accessible within the retriever complex remains to be confirmed.
Among the identified macrocyclic peptides, RT-L4 binds specifi-
cally to the interface between the N-terminal domain of Vps35 and
the C-terminal subdomain of Vps26 and is the sole molecule to show
a significant ability to stabilize the retromer complex. In the recent
cryo-EM structure of mammalian retromer, it was found that Vps26
and the N-terminal portion of Vps35 exhibit substantial flexibility
compared with other regions of the complex (61). We speculate that
the improved thermal stability of retromer in the presence of RT-L4
may be partly due to reduced flexibility in these two subunits. The
RT-L4 peptide did not inhibit the binding of retromer to its essential
interacting partners including SNX27, Fam21, TBC1D5, and VARP
and in fact led to a general increase in their binding affinity in vitro.
RT-L4 did have a minor effect however on binding of retromer to
SNX3 and Q®[LV] motif-containing cargo, consistent with the fact
that the RT-L4 binding site partially overlaps with the site where the
N-terminal disordered domain of SNX3 engages Vps26 and Vps35
(59). Certainly, the impact of RT-L4 on the ability of the retromer to
form the membrane-associated arches with SNX3 and Q®[LV]
motif-containing cargo (76) will need to be tested.
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Macrocyclic peptides as molecular tools for the study of
retromer function

The series of macrocyclic peptides found here provide novel molec-
ular probes for the study of retromer and endosomal trafficking.
First, using a simple reversible permeabilization approach, we have
successfully delivered the cyclic peptides RT-D3 and RT-L4 into
cells and find that they are specifically targeted to the retromer-positive
endosomal structures. Thus, the peptides can be used to examine
endogenous retromer localization in situ and could feasibly be used
to study retromer in live cells or using superresolution approaches
with different types of fluorescent dyes apart from the simple FITC
labeling strategy used here. The RT-D3 peptide also affects recruitment
of proteins such as TBC1D5 that depend on binding to the Vps29
subunit of the complex, and therefore could be used to probe the im-
pact of acutely disrupting this interaction in the future. In addition
to studying the localization of retromer, the RT-L4 peptide pro-
vided a highly specific substrate for purification of the retromer
complex from cells and, in the future, could be useful for proteomic
studies of retromer in diverse cells, tissues, and organisms. We also
envisage that these peptides will provide tools for enhancing retromer
stability for future structural studies of its interactions with accessory
and regulatory proteins by cryo-EM and x-ray crystallography.

Our studies of the RT-L4 peptide binding to the Vps26-Vps35
interface revealed an autoinhibitory role for the C terminus of the
Vps26A and Vps26B paralogs. Removal of their divergent C-terminal
tails significantly increased the affinity of both retromer complexes
for the RT-L4 peptide to similar levels, leading us to then test the
impact of the Vps26A and Vps26B tail domains on binding to the
SNX3-DMT1-II cargo-adaptor complex, a native ligand that engages
Retromer at a similar location. Again, removal of the C-terminal
disordered domains significantly improved the affinity of retromer
for SNX3-DMT1-II, confirming that their autoinhibitory activity
has a functional importance. Furthermore, this may be regulated by
phosphorylation of the Vps26A and Vps26B tails, as phosphomimetic
mutants have a higher affinity for SNX3-DMT1-II than the wild-
type proteins. Since the discovery of the Vps26B paralog of Vps26A,
it was clear that the most significant difference between the two
proteins was the sequence of their C-terminal domains (77, 78).
Later, it was shown that Vps26A but not Vps26B retromer bound to
the SNX3-dependent cargo CI-MPR; however, CI-MPR binding
and trafficking by Vps26B were restored when its tail was deleted
(69). Our data demonstrate a direct role for both the Vps26A and
Vps26B tails in negatively regulating the binding of SNX3-cargo
in vitro, with the Vps26B tail having a more potent autoinhibitory
sequence than that of Vps26A. This suggests that an activating
switch such as phosphorylation of Vps26 proteins or binding of
another regulatory protein may promote the recruitment of SNX3-
cargo complexes by retromer in cells, although the specific nature of
this switch remains to be determined.

Toward therapeutic targeting of retromer

Endolysosomal trafficking and regulation of proteostasis is emerg-
ing as an attractive target in the treatment of a range of diseases,
including neurodegenerative disorders such as AD and PD, infec-
tion by viral and bacterial pathogens, and other diseases affected by
defective endosomal signaling such as cancer. There is an increas-
ing interest in developing molecules for both inhibition and en-
hancement of retromer activity in these processes (11, 79, 80). As
shown previously, peptides that target retromer and compete with

110f 20



SCIENCE ADVANCES | RESEARCH ARTICLE

the viral L2 protein can reduce HPV infection in cell and animal models
(38, 45, 81), while a small molecule with retromer chaperoning activ-
ity can reduce cellular accumulation of toxic material causing neuro-
degeneration (33, 46-51, 82-86). However, these peptides and small
molecules have only a relatively low affinity for retromer, and their
specificities and pharmacological profiles are essentially unknown.

Because of their typically high affinity and larger surface area
coverage, macrocyclic peptides are emerging as an important class
of molecules for the design of new drugs and molecular probes tar-
geting proteins and protein-protein interactions, often considered
difficult using traditional small-molecule approaches (54, 87-90).
The peptides that we have found can be classified as either retromer
inhibitors or stabilizers, and we provide a comprehensive biochemical
and structural explanation for how each cyclic peptide associates
with retromer and affects its native molecular interactions. The
retromer inhibitors that we identified were able to potently block
TBC1D5, VARP, and bacterial effector RidL binding, suggesting
that this conserved site in retromer is primed for targeting by
peptide- or small molecule-based inhibition. The stabilizing peptide
RT-L4 enhanced retromer association with known regulatory pro-
teins. In particular, the enhancement of binding between retromer
and Fam21 of the WASH complex by RT-L4 suggests the potential use
of RT-14 to rescue the binding caused by the PD-linked Vps35 D620N
mutant. The RT-L4 peptide has much higher affinity and capacity
to stabilize retromer in vitro compared to the previously reported
small-molecule chaperones R55 (48) and its derivative compound 2a
(20). This highlights the potential of targeting the Vps26 and Vps35
interface for the design of novel pharmacological chaperones of
retromer in future studies. While the macrocyclic peptides described
here are potential leads for therapeutic targeting of retromer, notable
hurdles will include cell permeability, oral availability, and an ability
to cross the blood-brain barrier when targeting neurological diseases.
However, new approaches show promise in overcoming these bar-
riers, including the use of nonstandard amino acids with novel activ-
ities and solubility profiles, coupling to various cell-targeting peptides,
and novel delivery methods (90-93). Alternatively, the peptides found
here could provide the basis for competitive screening for drug-like
molecules that target the same binding sites.

In summary, we have identified a series of retromer-targeting
macrocyclic peptides and demonstrate their potential for retromer
inhibition and activation on the basis of a comprehensive under-
standing of their different mechanisms of action. They will be a
valuable resource for the study of retromer function at the cellular
and molecular levels and represent promising leads for the targeting
of retromer in a variety of diseases caused by dysregulation or dis-
ruption of the endosomal membrane trafficking system.

MATERIALS AND METHODS

Chemicals and antibodies

Rabbit polyclonal anti-TBC1D5 was purchased from Proteintech
(17078-1-AP). Goat polyclonal TBC1D5 antibody was from Santa
Cruz Biotechnology (sc-99661). Mouse monoclonal anti-SNX1 was
purchased from BD Transduction Laboratories (611483). Rabbit
polyclonal Vps26A antibody was from Abcam (ab23892). Mouse
monoclonal anti-o-tubulin (clone DM1A; T9026) was purchased from
Sigma-Aldrich. Goat polyclonal anti-Vps35 (NB100-1397) was pur-
chased from Novus Biologicals. Secondary donkey anti-mouse immu-
noglobulin G (IgG) Alexa Fluor 647 (A31571) and donkey anti-rabbit
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IgG Alexa Fluor 555 (A31572) were purchased from Thermo Fisher
Scientific. The linear peptides DMT1-1I550_565 (AQPELYLLNTM-
DADSLVSR), CI-MPR2347,2375, and palmitoylated CI—MPR2347,2375
with N-terminal di-lysine (KKSNVSYKYSKVNKEEETDENETEWL-
MEEIQ) were synthesized by GenScript (USA).

Molecular biology and cloning

pmCherry-SNX1 was generated by subcloning the full-length open
reading frame of human SNX1 from pEGFP-SNX1 described previ-
ously (94), into the multiple cloning site of pmCherry-C1. pmCherry-
Vps35 was generated by subcloning the full-length open reading
frame of human Vps35 from pEGFP-Vps35 described previously
(10), into the multiple cloning site of pmCherry-NI1.

For bacterial expression, retromer constructs encoding full-length
human and zebrafish Vps29, Vps26A, and Vps35 were cloned into
either pET28a and pGEX4T-2 vectors as described previously (60, 95).
C. thermophilum Vps29, Vps26, and Vps35 were also cloned using
a protocol described previously (58). In all cases, Vps26A was cloned
as an N-terminal Hisg-tag fusion protein, and Vps29 was cloned into
a pGEX4T-2 vector as a cleavable N-terminal GST fusion protein.
For mouse Vps26B, full-length complementary DNA (cDNA) was
inserted into pMW172Kan vector (77). For the truncation constructs,
the DNA sequence encoding the N-terminal part of Vps35 (Vps351-172,
Vps351-224, and Vps35;_399) was cloned into pGEX4T-2 vector. The
Vps26 AC-term. tail (AC) constructs (Vps26Ag_n93 and Vps26B;7_296)
were cloned into pET28a vector containing Hise-tag. Full-length
Vps26A phosphomimetic (pm) mutant (substituted S315E, S318E,
and S321E), Vps26Aqrre-aaaa (substituted residues 311 to 314 to
alanine), and Vps26B pm mutant (S302E, S304E, S311E, S319E, T325E,
S327E, and S330E substitution) were synthetic genes by GenScript
(USA). cDNA encoding full-length human SNX3 was cloned into
PGEXA4T-2 vector. Similarly, the cDNA encoding the human Fam21
LFa motif repeats 19 to 21 was cloned into pGEX4T-2 vector. The
TBC domain of human TBC1D5 was cloned into the pMCSG9 vector
containing an N-terminal GST and a tobacco etch virus (TEV) pro-
tease cleavage site. Full-length mouse SNX27 was cloned into the
PMCSG?7 vector containing an N-terminal His and a TEV cleavage
site (96). The PDZ domain of mouse SNX27 was cloned into the
PGEX4T?2 vector similar to the one described previously (97). cDNA
encoding L. pneumophila effector RidL residues 1 to 236 was also
cloned into the pGEX4T2 vector. Full-length human Rab7a was
cloned into pET28a vector. Site-directed mutagenesis was performed
to generate mutant constructs with custom-designed primers. All
constructs were verified using DNA sequencing.

RaPID screening

For the first round of RaPID selection, an mRNA library was generated
by T7 polymerase-mediated in vitro transcription of a PCR-assembled
DNA template, purified by polyacrylamide gel electrophoresis (PAGE),
and covalently ligated to a puromycin-linked oligonucleotide with
T4 RNA ligase. Puro-linked mRNA library (1.2 uM) was translated
in a 150-pl in vitro translation reaction (genetically reprogrammed
to incorporate L- or D-CIAC-Tyr in place of the initiator formylme-
thionine) at 37°C for 30 min. Peptide-mRNA fusion molecules were
released from the ribosome by treatment with 17 mM EDTA for 30 min
at 37°C, reverse-transcribed using moloney murine leukemia virus
(M-MLV) reverse transcriptase (H-) (Promega) at 42°C for 1 hour,
and buffer-exchanged to Tris-buffered saline with Tween 20 (TBS-T)
using Sephadex G-25. The resulting cyclic peptide-mRNA:cDNA
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library was counter-selected three times against His Pull-Down
Dynabeads (Thermo Fisher Scientific) and affinity-selected against
200 nM bead-immobilized retromer for 30 min at 4°C, with the
beads washed three times with TBS-T, overlaid with 0.1% Triton
X-100, and heated to 95°C to elute the cDNA for recovery by PCR.

For the second and subsequent rounds of selection, the translation
reaction was scaled down to 2.5 pl of total volume, and six iterative
counter-selections using uncoated beads were conducted before af-
finity selection against retromer. Following five iterative rounds of
selection, retromer ligands were identified by sequencing the final
enriched cDNA using a MiSeq sequencer (Illumina).

Synthesis of cyclic peptides

Untagged peptides were synthesized at 25 uM scale on NovaPEG Rink
Amide resin (0.53 mmol/g) using Fmoc-based chemistry on a Syro I
peptide synthesizer (Biotage). Fmoc-protected amino acid (6 equiv-
alents, eq.), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (6 eq.), hydroxybenzotriazole (6 eq.), and diso-
propylethylamine (DIPEA; 12 eq.) with 30 min of coupling cycles.
Deprotection of fmoc was achieved with 40% piperidine/N,N’-
dimethylformamide (DMF) for 1 x 3 min and then 1 x 12 min. Chlo-
roacetic acid was coupled manually after the final deprotection using
the same conditions.

Linear peptides were cleaved from resin with trifluoroacetic
acid (TFA)/triisopropylsilane (TIS)/H,O/ethanedithiol (EDT)
(92.5:2.5:2.5:2.5) for more than 2 hours. Crude peptides were pre-
cipitated and washed (five times with cold Et,0), redissolved in di-
methyl sulfoxide (DMSO), and cyclized by adding DIPEA until basic,
followed by incubating at room temperature. Cyclic peptides were
acidified, diluted to 50% DMSO with water, and purified by reversed-
phase high-performance liquid chromatography (RP-HPLC) using
a Chromolith C18 column with a gradient of 10 to 70% buffer B
(99.9% CH3CN/0.1% TFA in buffer A and 0.1% TFA in water) over
40 min and lyophilized, before the TFA salt was exchanged to HCI
by triplicate lyophilization from 5 mM aqueous HCL

Synthesis of biotinylated and FITC-labeled cyclic peptides
Biotin- and FITC-labeled peptides were synthesized (100 M scale) on
Rink Amide 4-methylbenzhydrylamine (MBHA) resin (0.6 mmol/g)
using Fmoc-based chemistry and a peptide synthesizer (Symphony,
Protein Technologies) Fmoc-Lys(Mtt)-OH in position 1. Fmoc-
protected amino acid (4 eq.), 2-(6-chloro-1H-benzotriazole-1-
y1)-1,1,3,3 tetramethylaminium hexafluorophosphate (4 eq.), and
DIPEA (4 eq.) were used in 2 x 30 min coupling cycles. Fmoc de-
protection was achieved by treatment with 1:2 piperidine/DMF
for 2 x 3 min. Chloroacetic acid was coupled manually after the
final deprotection using chloroacetic acid (4 eq.) and 2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uraniumhexafluorophos-
phate methanaminium (HATU) (4 eq.), as well as DIPEA (4 eq.)
in DMF. Selective side chain deprotection of the methyl trityl (Mtt)
group on lysine was achieved using 3% TFA in dichloromethane
(5 x 2 min). Biotin was coupled using biotin HATU (2 eq.) and DIPEA
in DMF. FITC was coupled using FITC (2 eq.) and DIPEA.

Linear peptides were cleaved from the resin by treatment with TFA/
TIS/H,0 (95:2.5:2.5) for 2 hours. The crude peptides were precipitated
and washed with cold Et,O, redissolved in 50% acetonitrile/0.05%
TFA in water, and lyophilized. Peptides were purified by RP-HPLC
using a Phenomenex Luna C18 column eluting at a flow rate of
20 ml/min and a gradient of 20 to 70% buffer B (90% CH3;CN/10%
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H,0/0.1% TFA in buffer A and 0.1% TFA in water) over 30 min
and lyophilized.

Cyclization to form the thioether was achieved by dissolving the
linear peptide in DMF with DIPEA (10 eq.), and the reaction was
monitored by ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS). After no more linear peptide was detected,
DMF was removed in vacuo, and the cyclic peptide was purified
by RP-HPLC using a Phenomenex Luna C18 column eluting at a
flow rate of 20 ml/min and a gradient of 20 to 70% buffer B (90%
CH3CN/10% H,0/0.1% TFA in buffer A and 0.1% TFA in water)
over 30 min and lyophilized.

Peptides were characterized, and purity was determined by ana-
lytical RP-UPLC and UPLC-MS methods. UPLC was performed
on Shimadzu Nexere UPLC with photodiode array (PDA) using an
Agilent Eclipse plus C18 Rapid Resolution High Definition (RRHD)
1.8 pm, 2.1 x 100 mm UPLC column, and a gradient of 0 to 80%
buffer B (90% CH3;CN/10% H,0/0.1% TFA in buffer A and 0.1%
TFA in water) over 6 min. UPLC-MS was performed on the Shimadzu
Nexere UPLC system connected to a LCMS-2020 single quadrupole
mass spectrometer using an Phenomenex Aeris Peptide 1.7 um
XB-C18 column 50 x 2.1 mm and a gradient of 0 to 80% buffer B
(90% CH3CN/10% H,0/0.1% formic acid in buffer A and 0.1% formic
acid in water) over 6 min.

Cell culture and transfection

HeLa cells (American Type Culture Collection, CCL-2) were main-
tained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS) and 2 mM t-glutamine (Thermo Fisher Scientific) in
a humidified 37°C incubator with 5% CO,. Transfection was
performed using Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

Peptide delivery by reversible permeabilization and indirect
fluorescence microscopy and image analysis

Reversible permeabilization of HeLa cells with SLO (25,000 to
50,000 U; Sigma-Aldrich) was performed as previously described
(98). Briefly, an aliquot of SLO stock was reduced by 10 mM dithio-
threitol (DTT) (Sigma-Aldrich) for 20 min at 37°C and then diluted
to working concentration (200x) in Dulbecco’s phosphate-buffered
saline (DPBS) containing 1 mM MgCl,. HeLa cells grown on cover-
slips were incubated in the SLO-containing solution for 9 min at
37°C, washed twice with DPBS containing 1 mM MgCl,, and then
incubated with ice-cold transport buffer [140 mM NaCl, 5 mM KCl,
1 mM MgCl,, 10 mM Hepes, and 10 mM glucose (pH 7.4)] contain-
ing fluorescent peptides (5 ug/ml) on ice for 5 min. After labeling,
the cells were washed with ice-cold transport buffer twice and incu-
bated with the recovery medium (DMEM, 10% FBS, 1.8 mM CaCl,,
and without antibiotics) for 20 min at 37°C. Cells were fixed with
4% paraformaldehyde (PFA) or ice-cold methanol and subjected
for microscopy analysis.

HeLa cells grown on coverslips were routinely fixed and perme-
abilized in ice-cold methanol for 5 min at —20°C, unless otherwise
cited. After blocking with 2% bovine serum albumin (BSA) in PBS
for 30 min, cells were labeled with anti-TBC1D5 (1:200) and anti-
SNXI1 (1:100) for 1 hour at room temperature followed by the incu-
bation with Alexa Fluor 555- and Alexa Fluor 647-conjugated
secondary antibodies. Coverslips were mounted on glass micro-
scope slides using the Fluorescence Mounting Medium (Dako), and
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the images were taken at room temperature using the Leica DMi8
SP8 inverted confocal microscope equipped with 63x Plan Apo-
chromatic objectives or the Zeiss LSM 880 Axiovert 200 inverted
confocal microscope with Airyscan FAST detector equipped with
63x Plan Apochromatic objectives. For quantification, images were
taken from multiple random positions for each sample.

Images were processed using Image] software. Colocalization
analysis was performed as described previously (99). Briefly, single
cells were segregated from fields of view by generating regions of
interest (ROIs), cropped, split into separated channels, and applied
for threshold processing. Colocalization analysis was conducted on
three independent experiments and represented as Pearson’s cor-
relation coefficient. Colocalization values were exported to R studio
and tabulated accordingly.

Peptide electroporation and indirect fluorescence
microscopy and image analysis
Peptide electroporation was performed on the Neon Transfection
System from Thermo Fisher Scientific according to manufacturer’s
instructions, adapting the protein electroporation strategy of Alex et al.
(72). Briefly, aliquots of 3 x 10° HeLa cells were pelleted and re-
suspended in 10 pl of the electroporation buffer R (Thermo Fisher
Scientific). The RT-D3 peptide or a scrambled RT-D3 control pep-
tide were then mixed with cell suspensions to reach the final con-
centrations of 20 pM, while cell suspensions alone served as mock
controls. The peptide/cell suspension mixtures were loaded with
10-pl Neon Pipette Tips (Thermo Fisher Scientific) and electro-
porated with two pulses at 1000 V for 35 ms. Electroporated cells
were then transferred onto poly-L-lysine-coated glass coverslips in
a 12-well plate containing the complete DMEM to allow recovery
for 16 to 18 hours.

Cells grown on coverslips were fixed with 4% PFA in PBS for
15 min followed by permeabilization and blocking with 0.1% sapo-
nin in 2% BSA/PBS for 20 min. Cells were then labeled with the diluted
goat polyclonal TBC1D5 antibody (1:100) and rabbit polyclonal
Vps26A antibody (1:500) in 0.1% saponin followed by the corre-
sponding fluorescently conjugated secondary antibodies for 1 hour
at room temperature. Coverslips were mounted on glass micro-
scope slides using the Fluorescence Mounting Medium (Dako), and
the images were taken using a Leica DMi8 SP8 inverted confocal
microscope equipped a 63x Plan Apochromatic 1.4 numerical aper-
ture oil objective. Images were processed using Fiji/Image] soft-
ware, and the colocalization analysis was performed using the Fiji/
Image] EzColocalization plugin. Briefly, ~60 individual cells for
each condition were randomly selected and cropped to generate
and record ROIs. The selected ROI was then split into the separate
channels and threshold applied before colocalization analysis by
Pearson’s correlation coefficient. Statistical analysis and graph gen-
eration were performed using Prism9 (GraphPad) software. Error bars
on the graphs represent +SEM. All P values were calculated using a
Student’s ¢ test, and P < 0.05 was considered as statistically significant.

Recombinant protein expression and purification

All the retromer constructs were expressed using BL21 Star (DE3) cells
and induced by the addition of isopropyl-B-p-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM at an ODgq (optical den-
sity at 600 nm) of ~0.8. The temperature was then reduced to 18°C
and incubated overnight. To obtain the retromer trimer complex
(including human, zebrafish and C. thermophilum), full-length
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GST-tagged Vps29 coexpressed with Vps35 was mixed with the cell
pellet of Vps26A and lysed through a Constant System TS-Series
cell disruptor in lysis buffer containing 50 mM Hepes (pH 7.5),
200 mM NacCl, 5% glycerol, benzamidine (50 ug/ml), and deoxyribo-
nuclease I (DNase I). The homogenate was cleared by centrifugation
and loaded onto Talon resin (Clonetech) for purification. To obtain
the correct stoichiometry ratio of the retromer complex, the puri-
fied elution from the Talon resin was further passed through the
glutathione Sepharose (GE Healthcare). Removal of the GST-tag
from human and zebrafish Vps29 was performed using on-column
cleavage with thrombin (Sigma-Aldrich) overnight at 4°C. For
C. thermophilum Vps29, the GST-tag was cleaved using PreScission
protease overnight at 4°C. The flow-through containing the retromer
complex with GST-tag removed was further purified using size ex-
clusion chromatography (SEC) on a Superdex 200 column equili-
brated with a buffer containing 50 mM Hepes (pH 7.5), 200 mM NaCl,
5% glycerol, and 0.5 mM tris (2-carboxyethyl) phosphine (TCEP).
Production of retromer individual subunits (Vps29, Vps26A, and
Vps35) and subcomplexes (Vps29-Vps35, Vps26A-Vps35;,_172,
Vp826A-VpS351,224, VPSZ6A-VPS351,390) VP526AAC—term. taﬂ-VpS35 1-390>
Vps26A,m-Vps351_390, VPS26 Aqrre-aaaa-VPS351-390, VPs26B-
Vps351_390, VPS26BAC-term. tail- V PS351-390, and Vps26B - Vps351_390)
were expressed and purified under the same method. Briefly, glu-
tathione Sepharose was used for Vps29, Vps35, and subcomplexes
purification, and Talon resin was applied for Vps26A.

Expression and purification of GST-SNX3, GST-Fam21gj9_ga1,
GST-TBC1D57pc, GST-SNX27ppy, His-SNX27, GST-RidL;_,36, and
His-Rab7a were performed using similar methods as described pre-
viously (56, 59, 96, 97). Cell pellets were lysed with a Constant System
TS-Series cell disruptor using the same buffer as retromer. All pro-
teins were passed through either Talon resin or glutathione Sepharose
depending on the affinity tag. Removal of fusion tag was performed
on column overnight using either thrombin for SNX3 and RidL,_;3¢
or TEV protease for SNX27ppz and TBC1D57gc. The flow-through
samples containing GST-tag removed SNX3, RidL,_»35, TBC1D573c,
and SNX27ppy, were further purified using SEC in the same way as
Retromer. For His-tagged SNX27 and His-Rab7a, the fractions eluted
from Talon resin was further purified by SEC directly using the same
buffer as described above. Similarly, the GST-tagged Fam21g;9-r2;
eluted from glutathione Sepharose was directly injected into SEC
for final purification.

Retromer 3KE construct design, expression, and purification has
previously been described (61). Briefly, retromer plasmids were
cotransformed into BL21(DE3) Rosetta2 pLysS cells (Millipore).
Cells were grown to ODg between 0.8 and 1.0 and induced for 16
to 20 hours at 20°C with 0.4 mM IPTG. Cells were lysed using a
disruptor (Constant Systems Limited). Protein was purified in 10 mM
tris-HCI (pH 8.0), 200 mM NaCl, and 2 mM BME using glutathione
Sepharose (GE Healthcare). Protein was cleaved overnight using
thrombin (Recothrom, The Medicines Company) at room tem-
perature and batch-eluted in buffer. Retromer was further purified
by gel filtration on a Superdex $200 10/300 column (GE Healthcare)
into 10 mM tris-HCI (pH 8.0) and 200 mM NaCl.

Biotinylated cyclic peptide pull-down assay

Culture dishes (15 cm) with HeLa cells at approximately 90% con-
fluency were washed with PBS and lysed by the lysis buffer contain-
ing 50 mM Hepes (pH 7.5), 200 mM NaCl, 1% Triton X-100, DNase
I (25 ug/ml), and one protease inhibitor cocktail tablet per 50 ml of
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lysis buffer. Soluble and insoluble fractions were separated by cen-
trifugation at 13,000g for 20 min at 4°C. After centrifugation, super-
natant was then added to the streptavidin agarose (Thermo Fisher
Scientific) preincubated with 140 pM of either biotinylated RT-D3
or biotinylated RT-L4 cyclic peptides for 2 hours at 4°C. Both cyclic
peptides were carefully prepared without forming precipitation be-
fore mixing with streptavidin agarose.

In the case of capturing SNX3, roughly 5 pM of DMT1-1I550_56s
peptide was added to the supernatant before mixing with the
streptavidin agarose. Beads were then spun down at 2000g for 2 min
and washed five times with washing buffer containing 50 mM Hepes
(pH 7.5), 200 mM NaCl, 5% glycerol, 0.05% Triton X-100, and 0.5 mM
TCEP. Bound complex was eluted from the streptavidin agarose by
boiling in 100 mM DTT-added SDS loading buffer (Life Science)
and subjected to SDS-PAGE analysis and Western blotting.

RT-L4 binding site screening assay

Mapping the potential binding region of RT-L4 was carried out using
purified Vps26A, Vps35;_390, Vps26-Vps35;_3g subcomplex, and the
associated mutants. First, 10 uM purified proteins was incubated with
fresh streptavidin agarose containing either 100 uM RT-L4 or equiv-
alent percentage (v/v) of DMSO. The mixture was incubated in bind-
ing buffer containing 50 mM Hepes (pH 7.5), 200 mM NacCl, 5%
glycerol, and 0.5 mM TCEP for 30 min at 4°C. Beads were then washed
three times with binding buffers followed by SDS-PAGE analysis.

GST pull-down assay

GST pull-down assay was carried out using either GST-tagged
retromer, GST-Fam21g;9.r21, 0r GST-TBC1D57p¢ as bait protein.
For pull-down assays containing either SNX27 or SNX3 + DMT1-
II550-545 peptide, GST-tagged retromer and GST alone were first incu-
bated with fresh glutathione Sepharose bead for 2 hours at 4°C. To
avoid precipitation caused by cyclic peptides, SNX3/SNX27-cyclic
peptides mixture were centrifuged at 17,000 rpm for 20 min at 4°C
before added into the glutathione Sepharose bead samples. The re-
action mixtures were incubated for at least 4 hours in binding buffer
containing 50 mM Hepes (pH 7.5), 200 mM NaCl, 5% glycerol, 0.1%
Triton X-100, and 0.5 mM TCEP. Beads were then washed four times
with binding buffers, and samples of beads were analyzed by SDS-
PAGE. Retromer-TBC1D5 and retromer-Fam21 pull-down assays
were performed using identical protocol as described above. For
retromer-TBC1D5 pull-down assay, GST-TBC1D5tpc was used to
differentiate GST-Vps29 and TBC1D51pc on the SDS-PAGE.

Crystallization and data collection

Crystallization screening was performed using a hanging-drop
vapor diffusion method under a 96-well format at 20°C. To cocrys-
tallize Vps29 with cyclic peptides, 1.5-fold molar excess of the RT-
D1, RT-D2, RT-D3, RT-L1, and RT-L2 peptides were added separately
to the purified hVps29 to a final concentration of 14 mg/ml. Initial
crystals were obtained in hVps29-RT-D1, hVps29-RT-D2, and
hVps29-RT-L2 complex samples. For hVps29-RT-D1, plate shape
crystals were observed in many different commercial screen condi-
tions, but the best quality crystals were obtained in a condition
comprising 3.5 M sodium formate. For hVps29-RT-D2, the opti-
mized crystals were obtained by streak-seeding crystals grown in
0.1 M potassium thiocyanate, 30% polyethylene glycol monomethyl
ether 2000 (PEG 2000 MME) into the same condition prepared
with protein at 8 mg/ml. For hVps29-RT-L2 sample, precipitation
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was observed after the addition of the cyclic peptide. Precipitation
was removed by centrifugation, and diamond-shaped crystals were
obtained after overnight incubation in condition consisted of 0.1 M
Hepes (pH 7.0), 1 M succinic, and 1% PEG-2000 MME. Initial
attempts to cocrystallize hVps29-RT-D3 and hVps29-RT-L1 were
unsuccessful. For hVps29-RT-L1, small long needle-shaped crys-
tals were observed in condition consisted of 1.4 M sodium malonate
(pH 6.0) using protein (26 mg/ml) with 1.5-fold molar excess of
RT-L1 and 10-fold molar excess of 18-crown-6. Diffraction quality
crystals were obtained by streak-seeding crystals grown in 26 mg/ml
into the same condition prepared with protein at 15.5 mg/ml. To
grow crystals containing RT-D3, we substituted hVps29 to ctVps29
and managed to obtain diffraction-quality crystals in condition
consisted of 0.18 M ammonium citrate dibasic and 20% PEG-3350
using protein (14 mg/ml) with twofold molar excess RT-D3. Before
data collection, all the crystals were soaked in the appropriate cryo-
protectant solutions. X-ray diffraction data were measured on the
MX1 and MX2 beamlines at the Australian Synchrotron at 100 K.

Crystal structure determination

All the data collected were indexed and integrated by AutoXDS
(100) and scaled using Aimless (101). Crystal structures of hVps29-
RT-D1, hVps29-RT-D2, ctVps29-RT-D3, hVps29-RT-L1, and
hVps29-RT-L2 were solved by molecular replacement using Phaser
(102) with native hVps29 crystal structure [Protein Data Bank
(PDB) ID: 1W24] as the initial model. The initial electron density
map obtained from the best solution guided the locations of the cy-
clic peptides and 18-crown-6. Structure refinement was performed
using the PHENIX suite (103) with iterative rebuilding of the model.
The refined model was manually rebuilded using Coot guided by
F, — F, difference maps. Coordinates for p-tyrosine and sulfany-
lacetic acid linking N terminus and C terminus of the peptides were
generated using LIBCHECK from Coot. The quality and geometry
of the refined structures were evaluated using MolProbity (104).
Data collection and refinement statistics are summarized in table S3.
Sequence conservation was based on a T-Coffee multiple sequence
alignment (105) and calculated using the ConSurf Server (106).
Structure comparison was analyzed using DALI (107), and molecular
figures were generated using PyMOL.

Surface plasmon resonance

SPR experiments were conducted at room temperature using a
Biacore T200 instrument (Cytiva) in HBS-P+ buffer [10 mM Hepes,
150 mM NaCl, and 0.05% (v/v) surfactant P20 (pH 7.4)] containing
0.1% (v/v) DMSO. Human or zebrafish retromer (100 nM) was im-
mobilized on a Ni**-primed Series S Sensor Chip nitrilotriacetic
acid (NTA) (Cytiva) following the manufacturer’s instructions. A
single-cycle kinetics protocol involving five 120-s injections of pep-
tide as analyte at a flow rate of 60 ul min~' was used, with kinetics
determined using a 1:1 binding model.

Isothermal titration calorimetry

ITC experiments were conducted at 25°C using a MicroCal PEAQ-
ITC (Malvern) in buffer containing 50 mM Hepes (pH 7.4), 200 mM
NaCl, 5% glycerol, and 0.5 mM TCEP. Cyclic peptides in the range
of 120 to 300 uM were titrated into 6 to 20 uM retromer, sub-
complexes, or individual subunits. The interaction of retromer and
TBC1D57pc in the presence of cyclic peptide was carried out by
titrating 80 uM TBC1D5tp¢ into 6 uM retromer + 30 uM of either
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RT-D3 or RT-L4. In the native control, the cyclic peptide was
substituted with equivalent percentage (v/v) of DMSO. Under the same
experimental condition, 180 uM RidL;_,35 was titrated into 9 uM
retromer with 72 uM RT-D3 or equivalent percentage (v/v) of
DMSO. Similarly, the effect of the cyclic peptides on the interaction
of retromer and SNX27ppz was performed by titrating 1.3 mM
SNX27ppyz into 30 uM retromer + 150 uM of either RT-D3 or RT-L4.
The interaction of retromer and Fam21 was performed by titrating
300 uM GST-Fam21gj9_gy; into 12 uM retromer + 60 uM of either
RT-D3 or RT-L4. In the case of SNX3, 1.2 mM SNX3 was titrated
into 12 uM retromer + 180 uM DMT1-1I550_s¢s peptide + 60 uM of
either RT-D3 or RT-L4. Similarly, 1.2 mM SNX3 was titrated into
12 uM retromer + 180 uM CI-MPRj347-2376 peptide to examine its
effect on retromer and SNX3 interaction. To ensure that RT-L4
binds specifically only to retromer but not the accessory proteins,
90 uM RT-14 was titrated into 7 uM retromer, TBC1D51pc, SNX3,
or SNX27 using the buffer described above. The effect of Vps26
C-terminal disordered tail on RT-L4 and SNX3 binding was first
performed by titrating 90 uM RT-14 into 8 uM Vps26A/B-Vps35;_3g9
or Vps26A/BAc.-term. tail- VP$351-390 subcomplexes. In the case of SNX3
binding, 970 uM SNX3 was titrated into 17 pM full-length (FL), pm
mutant, QRFE-AAAA, or AC Vps26A/B-Vps35;_390 subcomplexes
with and without 255 uM DMT1-1ls50_ses peptide. For the retromer,
R55, and compound 2a interactions, 120 to 540 uM freshly prepared
R55 or compound 2a was titrated into 9 to 16 pM retromer using
the same buffer as the cyclic peptide ITC experiments.

In all cases, the experiments were performed with an initial 0.4 pl
(not used in data processing) followed by 12 serial injections of 3.22 ul
each with 180-s intervals. Data were analyzed with Malvern soft-
ware package by fitting and normalized data to a single-site bind-
ing model, yielding the thermodynamic parameters K4, AH, AG,
and —TAS for all binding experiments. The stoichiometry was re-
fined initially, and if the value was close to 1, then N was set to ex-
actly 1.0 for calculation. All experiments were performed at least in
triplicate to check for reproducibility of the data.

Differential scanning fluorimetry

Thermal unfolding experiments were carried out through preferential
binding of a fluorophore to unfolded protein using a ViiA7 real-time
PCR instrument (Applied Biosystems). Briefly, 0.4 mg/ml of freshly
purified retromer, subcomplex, and individual subunits was pre-
incubated with 20 to 60 molar excess of cyclic peptides, R55, or com-
pound 2a for at least 30 min on ice followed by centrifugation at
17,000 rpm for 20 min at 4°C to remove all possible precipitation. To
measure thermal denaturation, freshly prepared SYPRO orange dye
(Life Science) was then added to protein-cyclic peptide complex mix-
ture to a final concentration of five times before loaded into the 96-well
plate. Relative fluorescence units were measured from 25° to 90°C
using the ROX dye calibration setting at 1°C increments. Experiments
were performed with four replicates, and T}, was calculated using
Boltzmann sigmoidal in Prism version 8.0.1 (GraphPad Software).

Mass photometry

Molecular mass measurement of retromer in the presence of cyclic
peptide was performed using a Refeyn OneMP mass photometer
(Refeyn Ltd). Briefly, 10 pl of standard buffer containing 50 mM
Hepes (pH 7.5) and 200 mM NaCl was applied. Next, 1 ul of 50 nM
retromer + RT-D3 and RT-L4 cyclic peptide was added to the drop
to a final concentration of 5 nM, and 10,000 frames were recorded.

Chen et al., Sci. Adv. 7, eabg4007 (2021) 1 December 2021

Calibration was performed using three protein standards (i.e., 66,
146, and 480 kDa) (Thermo Fisher Scientific).

GTPase activity assay

The Rab7 GAP activity of TBC1D5 in the presence of retromer
and cyclic peptides was carried out using the GTPase-Glo assay kit
(Promega) according to the manufacturer’s instructions. Briefly, 10 uM
Rab7a containing 10 uM GTP and 1 mM DTT in GTPase/ GAP buffer
was incubated with 3 uM TBC1D5tpc, 6 UM retromer, and 60 uM
cyclic peptides or equivalent percentage (v/v) of DMSO for 60 min at
room temperature. For the Rab7a-only experiment, 10 uM Rab7a was
incubated with 60 uM cyclic peptides without TBC1D5rpc or retromer.
Similarily, TBC1D5rgc-only experiments were performed by incubating
10 uM Rab7a with 3 uM TBC1D57pc and 60 uM cyclic peptides with-
out retromer. Opposite reactions were also prepared for retromer
only experiments. To complete the GTPase reaction, an equal volume
of the reconstituted GTPase-Glo reagent containing 5 uM adenosine
diphosphate was then added to the reaction mix and incubated for a
further 30 min at room temperature. The luminescence of residual
GTP after GTPase reaction was measured by adding detection reagent
to the reaction mix and recorded using an Infinite M1000 PRO multi-
mode microplate reader (Tecan) at 25°C.

Cryo-EM grid preparation and data collection

For cryo-EM of retromer + RT-14, retromer 3KE at a final concentra-
tion of 0.5 mM in 20 mM tris (pH 8.0)/100 mM NaCl/2 mM DTT was
combined with RT-L4 at a final concentration of 0.1 mM, incubated for
1 hour, and spun briefly in a tabletop centrifuge. Two microliters of
the sample was applied to freshly glow-discharged Quantifoil 1.2/1.3
300 mesh grids, and the grids were vitrified in liquid ethane using a
Thermo Fisher Scientific Mark IV Vitrobot, using a 3.5-s blot time at
100% humidity and 20°C. Four thousand seven hundred ninety-one
micrographs were collected on a Thermo Fisher Scientific FEI Titan
Krios G3i microscope in the Center for Structural Biology’s Cryo-EM
Facility at Vanderbilt. The microscope was operated at 300 keV and was
equipped with a Thermo Fisher Scientific Falcon 3 direct electron detec-
tor camera. The nominal magnification used during data collection was
x120,000, and the pixel size was 0.6811 A per pixel. The total electron
dose was 50 e /A% and micrographs were collected at +30° tilts. Data
collection was accomplished using EPU (Thermo Fisher Scientific).

For cryo-EM of apo retromer, 2 ul of wild-type retromer at a
concentration of 0.5 mM in 20 mM tris (pH 8.0)/100 mM NaCl/2
mM DTT was applied to freshly glow-discharged QUANTIFOIL
1.2/1.3 300 mesh grids, and the grids were vitrified in liquid ethane
using a Thermo Fisher Scientific Mark IV Vitrobot, using a 2-s blot
time at 100% humidity and 8°C. Eight hundred ninety-one micro-
graphs were collected on a Thermo Fisher Scientific FEI Titan Krios
microscope at the National Resource for Automated Molecular Mi-
croscopy (NRAMM). The microscope was operated at 300 keV and
was equipped with a Gatan BioQuantum energy filter with a slit
width of 20 eV and a Gatan K2 Summit direct electron detector
camera. The nominal magnification used during data collection was
x105,000, and the pixel size was 1.0691 A per pixel. The total elec-
tron dose was 73.92 ¢ /A%, and micrographs were collected at +15°
tilts. Data collection was accomplished using Leginon (108).

Single-particle cryo-EM image and data processing
All images were motion-corrected using MotionCor2 (109). Micro-
graphs from the apo retromer data collection were rescaled to
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match the pixel size (1.096 A per pixel) from published data collec-
tions (61) using an NRAMM script written for MotionCor2. The
contrast transfer function (CTF) of each micrograph was determined
using Getf (110). Defocus values for the retromer/RT-L4 data varied
between —0.8 and —2.6 um; defocus values for the apo retromer data
varied between —0.8 and —4.7 um. RELION-3 (111) was used for all
image processing unless otherwise indicated.

Retromer/RT-L4 processing

Micrographs were autopicked using a 20-A low-passfiltered three-
dimensional (3D) model that had been produced in early rounds
of processing, and this template-based autopicking identified
968,806 particles. Multiple rounds of 2D classification yielded
171,270 particles suitable to continue to 3D classification. The same
3D model used for autopicking was filtered to 60 A and used as an
initial model for 3D classification. The particles underwent multiple
rounds of CTF refinement and Bayesian polishing to produce a
final set of 28,083 particles suitable for 3D refinement and postpro-
cessing. The final masked model had a resolution of 5.9 A and a
RELION-determined B factor of —88.

Apo Retromer processing

Data giving rise to the published apo retromer reconstruction
lacked tilted views (table S5); an additional dataset (table S5, data
collection #3) was collected to add tilted views and to improve the
reconstruction for this study. Several thousand particles were man-
ually selected from dataset #3 (table S5) to perform initial 2D classi-
fication and produce templates for autopicking. Template-based
autopicking identified 207,026 particles, which were subjected to
initial 2D and 3D classification and refinement as well as CTF
refinement. Particles (250,500) from data collection #1 and #2 (table
S5) retromer datasets (61) were imported to combine with data col-
lection #3. Multiple rounds of 2D classification yielded 72,795 par-
ticles suitable to continue to 3D classification. Initial models for 3D
classification (61) were filtered to 60-A resolution for use in these
experiments. The particles underwent multiple rounds of CTF re-
finement and Bayesian polishing to produce a final set of 43,808
particles suitable for 3D refinement and postprocessing. The final
masked model had a resolution of 4.9 A and a RELION-determined
B factor of —113.799.

For both reconstructions, rigid-body docking and map visual-
ization were performed in Chimera (112) using the Fit in Map rou-
tine. Models for N-VPS35 and VPS26A subunits were obtained
from PDB 5F0].

Liposome preparation

Sucrose-loaded liposome binding assay were performed using the
standard extrusion method with some modification (113). Briefly,
cargo-loaded Folch liposomes were made by mixing 25 ul of N-terminal
palmitoylated CI-MPR»347_2376 peptide (4 mg/ml), 50 ul of Folch
fraction I (Sigma-Aldrich) (10 mg/ml), and 50 ul of di-C16 PtdIns(3)P
(1 mg/ml) (Echelon Biosciences), each freshly prepared in chloro-
form, to a total volume of 500 ul of chloroform. The solution was
dried down on the walls of a mini round-bottom flask under a N,
stream and left overnight in a vacuum desiccator to yield a lipid
film. This yields liposomes with a final PtdIns(3)P ratio of 10% (w/v).
For PC/PE liposome, 50 pl of stock (10 mg/ml) of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl phosphatidylethanolamine (POPE) in a 9:1 ratio (Avanti
Polar Lipids) was freshly prepared in a 500-pl volume, and lipid
films formed using the same method as Folch liposomes. This
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results in a POPC/POPE liposome in a 90:10% (w/v) ratio. To form
multilamellar vesicles (MLVs), the lipid films were hydrated with a
buffer comprising 20 mM Hepes (pH 7.5) and 220 mM sucrose with
agitation, followed by 10 cycles of rapid freeze-thaw. The sucrose-
loaded heavy MLVs were centrifuged at 180,000¢ for 30 min at 4°C
using an Optima TL benchtop ultracentrifuge (Beckman Coulter).
The resulting pellets were buffer-exchanged by resuspension into
the assay buffer comprising 50 mM Hepes (pH 7.5), 125 mM NaCl,
and 0.5 mM TCEP. To avoid buffer mismatch, the protein samples
were also buffer-exchanged into the same buffer.

Liposome binding assays

The binding assay was performed in a total volume of 80 ul com-
prising 40 ul of sucrose-loaded MLVs and 7 uM retromer, 7 uM
SNX3, or 7 uM retromer-SNX3 mixture in a 1-to-1 ratio. The reac-
tion mixtures were incubated at room temperature for 15 min fol-
lowed by centrifugation at 36,000¢ using an Optima TL benchtop
ultracentrifuge (Beckman Coulter) for 15 min at 4°C. The superna-
tant and pelleted fractions were then carefully separated. The pellet
was then resuspended in 80 pl of buffer containing 50 mM Hepes
(pH 7.5), 125 mM NacCl, and 0.5 mM TCEP before analyzed
by SDS-PAGE.

Statistics

Statistical analysis was completed in R studio using dplyr, ggplot2,
and ggpubr packages. Error bars on graphs were represented as the
SEM (+SEM). P values were calculated using the two-tailed Student’s
t test. P < 0.05 was considered as significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg4007

View/request a protocol for this paper from Bio-protocol.
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