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SUMMARY

Target of Myb1 (TOM1) facilitates the transport of endosomal ubiquitinated proteins destined for lysosomal
degradation; however, the mechanisms regulating TOM1 during this process remain unknown. Here, we
identified an adjacent DXXLL motif-containing region to the TOM1 VHS domain, which enhances its affinity
for ubiquitin and can be modulated by phosphorylation. TOM1 is an endosomal phosphatidylinositol
5-phosphate (PtdIns5P) effector under Shigella flexneri infection. We pinpointed a consensus PtdIns5P-bind-
ing motif in the VHS domain. We show that PtdIns5P binding by TOM1 is pH-dependent, similarly observed in
its binding partner TOLLIP. Under acidic conditions, TOM1 retained its complex formation with TOLLIP, but
was unable to bind ubiquitin. S. flexneri infection inhibits pH-dependent endosomal maturation, leading to
reduced protein degradation. We propose a model wherein pumping of H* to the cytosolic side of endo-
somes contributes to the accumulation of TOM1, and possibly TOLLIP, at these sites, thereby promoting

PtdIins5P- and pH-dependent signaling, facilitating bacterial survival.

INTRODUCTION

Cells employ various mechanisms to regulate the activity of inte-
gral membrane-bound proteins, including ion channels, G pro-
tein-coupled receptors, and receptor kinases, thereby modu-
lating a wide array of intracellular signaling pathways. One of
these regulatory mechanisms involves the covalent modification
of membrane-bound receptors through a process known as
ubiquitination. This modification marks the receptors as cargo.
The attachment of ubiquitin molecules to these receptors serves
as a recognition signal for adaptor proteins, which play a role in
facilitating the sequestration and internalization of cargo through
vesicular trafficking. Upon reaching the early endosomes, the
cargo faces a crucial decision point. Cargo can either be directed
toward the endosomal/lysosomal pathway for degradation or it
may be returned to the plasma membrane for further engage-
ment in intracellular signaling.’

The degradation of cargo depends on the functionality of
transient adaptor protein assemblies at the surface of early en-
dosomes, collectively known as endosomal sorting complex
required for transport (ESCRT). These ESCRT protein com-

plexes, namely ESCRT-0, -I, and -Il, cooperatively transport
cargo due to the presence of ubiquitin-binding domains within
one or more proteins present in these assemblies. Furthermore,
components of the ESCRT machinery, such as ESCRT-IIl and
Vacuolar protein sorting 4 (Vps4), are responsible for budding
deubiquitinated cargo-containing intralumenal vesicles into the
lumen of the early endosomes, resulting in the formation of multi-
vesicular bodies." These multivesicular bodies subsequently
merge with late endosomes or lysosomes for cargo degradation.
Through this process, ubiquitination and protein-lipid interac-
tions play a pivotal role in coordinating the regulation of mem-
brane ftrafficking and the degradation of proteins within
lysosomes.?

The ESCRT-O0 protein target of Myb1 (TOM1) is committed to
facilitating the trafficking of endosomal cargo as evidenced by
its role in transporting the delta opioid receptor, the auxin carrier
protein, and interleukin-1 receptor to lysosomes; the latter re-
ceptor transportation requires TOM1 association with the Toll-in-
teracting protein (TOLLIP).® TOM1’s ability to transport cargo is
linked to its Vps27, HRS, and STAM (VHS) and GGA and
TOM1 (GAT) domains, both of which possess ubiquitin-binding
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properties. In addition to cargo recognition, the GAT domain also
mediates TOM1’s interaction with TOLLIP.** This interaction in-
hibits the binding of TOLLIP to phosphatidylinositol 3-phosphate
(PtdIns3P),° a phospholipid that serves as a platform for recruit-
ing TOLLIP at endosomal compartments. Interestingly, the
TOM1 GAT domain cannot simultaneously bind both TOLLIP
and ubiquitin,*® suggesting that TOM1 can also participate in
cargo trafficking independently of TOLLIP.

In addition to ubiquitin, the VHS domains of Golgi-localized,
gamma-ear-containing, ADP-ribosylation-factor-binding (GGA)
proteins recognize acidic-cluster dileucine (DXXLL) motifs
located at the C-termini of transmembrane receptors, mediating
their traffic between the trans-Golgi apparatus, and endo-
somes.” However, VHS-containing proteins TOM1, hepatocyte
growth factor-regulated tyrosine kinase substrate (HRS), and
signal transducing adaptor molecule 1/2 (STAM1/2) do not
bind to the C-terminal DXXLL motifs of transmembrane recep-
tors.® Furthermore, downstream of their hinge segments,
GGAs also present an internal DXXLL motif that modulates trans-
membrane receptor-binding by interacting in cis with VHS
domains.’

Pathogens are known to manipulate host phosphoinositides to
aid in their invasion, survival, evasion of the immune response,
and replication.'® During Shigella flexneri infection, the sorting
function of TOM1 can be downregulated in a phosphatidylinosi-
tol 5-phosphate (PtdIins5P)-dependent manner.'" S. flexneri in-
vades host cells by internalizing within a vacuole. The bacterium
disrupts and escapes from the vacuole by delivering the viru-
lence factor IpgD, '? a lipid phosphatase that increases endoso-
mal PtdIns5P levels by ~200-fold, using host cellular phosphati-
dylinositol 4,5-bisphosphate.'® The accumulation of PtdIns5P in
endosomes leads to TOM1 and ligand-free epidermal growth
factor receptor (EGFR) recruitment to these compartments.'’
Localization of TOM1 to endosomes depends on its VHS
domain, which displays a preference for binding to PtdIns5P.""
The presence of TOM1 at endosomes inhibits host endosomal
maturation and EGFR degradation, ultimately enhancing path-
ogen survival."' Intriguingly, a common PtdIns5P-dependent
mechanism appears to be at play in other pathogen infections
as well."* It remains unknown whether TOLLIP is hijacked during
bacterial invasion, however, there is evidence to suggest that
this could be the case. For instance, upon entry of Leishmania
donovani into host cells, TOLLIP is impaired, leading to the inhi-
bition of innate immunity and enabling parasite survival.'®

Here, we used a combination of isothermal titration calorim-
etry (ITC), nuclear magnetic resonance (NMR) spectroscopy,
and molecular dynamics (MD) simulations to investigate the
function of a highly conserved DXXLL-containing VHS-GAT
linker region in TOM1. We demonstrate that the DXXLL-contain-
ing region markedly enhanced ubiquitin binding to TOM1 VHS
through the induction of local conformational changes. Using
phosphomimetic mutations at the DXXLL region, we show that
ubiquitin binding is downregulated by TOM1 phosphorylation.
Moreover, we identified a Ptdins5P-binding motif in the TOM1
VHS domain and established that TOM1 binding to PtdIns5P is
pH-dependent, with the strongest binding occurring under
acidic conditions. The TOM1-binding partner, TOLLIP, was
also found to interact with PtdIns5P in a pH-dependent manner.
Thus, we propose that under normal physiological conditions,
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TOM1 is recruited to endosomes through its interaction
with PtdIns3P-bound TOLLIP, facilitating cargo clustering at
maturing endosomes. However, during bacterial infection, the
increased levels of PtdIins5P and the local acidic environment
in the cytosol favor the sequestration of TOM1, and possibly
TOLLIP, at the endosomal surface, thereby promoting bacterial
survival.

RESULTS

A DXXLL motif-containing region enhances binding of
VHS to ubiquitin

TOM1 functions as a ubiquitin-binding adaptor protein implicated
in cargo transport on the surface of endosomes. It comprises a
VHS domain followed by a central GAT domain, both of which
can bind ubiquitin, and a long C-terminal domain (CTD) (Fig-
ure 1A). Our ITC experiments revealed that TOM1 binds ubiquitin
exothermically with a dissociation constant (Kp) of ~40 uM and
best fit with a stoichiometry of two binding sites with similar affin-
ity for ubiquitin (Figure 1B; Table 1). Consistent with a previous
report,'® the isolated TOM1 VHS domain displayed weak binding
to ubiquitin with a Kp of ~500 pM, following a one-site binding
model (Figure 1C; Table 1). Conversely, the TOM1 GAT domain
bound ubiquitin with an estimated K, of ~100 puM (Figure 1D; Ta-
ble 1), which falls within the range of affinity estimated for the GGA
GAT domain interaction with ubiquitin, using the same methodol-
ogy."'” Hence, it appears that a region outside of the TOM1 VHS
domain contributes to the overall tighter binding of the protein
to ubiquitin. Binding to ubiquitin is independent of CTD, as its
deletion did not affect the TOM1 binding affinity for ubiquitin
(Table 1; Figure S1). An alignment of the sequence between the
VHS and GAT domains revealed that the first 20 amino acids
are highly conserved and contain a DXXLL motif, akin to those
found in other sorting proteins (TOM1 DXXLL region, residues
150-169) (Figure S1). Notably, a TOM1 construct comprising
the VHS domain followed by the DXXLL region (residues 11—
169) increased the affinity for ubiquitin about 8-fold, with a Kp of
~70 uM (Figure 1E; Table 1). To address the role of the DXXLL
motif in this function, we introduced alanine mutations at residues
D155, M158, and L159. Disruption of the DXXLL motif resulted in
4-fold reduction in the affinity of TOM1 VHS-DXXLL for ubiquitin
(Figure 1F), closely mirroring that of TOM1 VHS for ubiquitin
(Table 1). It is worth noting that the TOM1 DXXLL region alone
did not bind to ubiquitin (Figure S1) nor affected the GAT domain
binding properties (Figure S1) suggesting that it plays a structural
function in enhancing the affinity of TOM1 VHS for ubiquitin.

To address the role of the DXXLL region for TOM1 VHS function
in more detail, first, '®°N-labeled ubiquitin was titrated with
increasing concentrations of TOM1 VHS, without the DXXLL re-
gion, and two-dimensional heteronuclear single quantum
coherence (HSQC) experiments were recorded. In the presence
of TOM1 VHS, major chemical shift perturbations of ubiquitin res-
onances were observed for residues G47, K48, Q49, L50, E51,
and L71 (Figures 2A and S2), which make up the ubiquitin-binding
pocket (Figure 2B), in agreement with that observed for STAM
VHS."™ Next, to elucidate the structural basis for how the
DXXLL region enhances binding of the VHS domain to ubiquitin,
HSQC experiments were performed by titrating '>N-ubiquitin
with increasing concentrations of TOM1 VHS-DXXLL. Despite
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Figure 1. The TOM1 DXXLL region enhances VHS binding to ubiquitin
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(A) Domain organization of TOM1 and derived constructs. Numbers indicate the amino acid boundaries of the TOM1 domains.

(B-G) ITC thermograms for TOM1 (B), TOM1 VHS (C), TOM1 GAT (D), TOM1 VHS-DXXLL (E), TOM1 VHS-DXXLL D155A/M158A/L159A (F), and TOM1 S160D/
T164D (G) binding to ubiquitin. In all cases, top panel represents the ITC raw binding data for protein interactions, whereas the bottom is the integrated and
normalized data fit with a one set of sites binding model, with N fixed to either 1 or 2, depending upon the TOM1 construct tested. See also Figures S1-S3.

severe intensity loss of some of the ubiquitin resonances, the
TOM1 VHS-DXXLL binding site was observed to be overlapping
with the TOM1 VHS binding site (Figures 2C and S2). By calcu-
lating the intensity ratio of the resonance intensities of ubiquitin
after addition of the TOM1 VHS-DXXLL over the resonance
intensities of free ubiquitin, many ubiquitin resonances within
the VHS binding pocket were observed to undergo intensity
loss, specifically for a stretch of amino acids spanning residues
L43 to E51 (red bar, Figure 2D), suggesting a stronger affinity
interaction. By mapping these residues along with perturbed
amino acid resonances, an extended binding pocket (Figure 2E)
was observed. These results suggest that the presence of the
DXXLL region increases the number of contacts of the VHS
domain with ubiquitin.

To obtain structural input of the DXXLL region in TOM1 VHS,
we recorded a near-UV circular dichroism (CD) spectra of
TOM1 VHS and TOM1 VHS-DXXLL (residues 11-169). Data indi-
cate that the DXXLL region induces changes in the TOM1 VHS
spectrum spanning the aromatic band from 260 to 290 nm (Fig-
ure 3A). Although the DXXLL region contains one aromatic resi-
due (F151; Figure S1), the observed spectral differences are

indicative of a DXXLL region-mediated conformational change
in TOM1 VHS. This was subsequently confirmed by the evident
shift of most of the TOM1 VHS-DXXLL resonances in HSQC
spectra (Figure S3). To further interpret these structural changes,
we investigated whether the DXXLL region alters the stability of
the VHS domain through trypsin-limited proteolysis. Whereas
the VHS domain displayed trypsin susceptibility at the lowest
trypsin concentration tested, the presence of the DXXLL region
provided more resistance to the enzyme (Figure 3B), suggesting
that the DXXLL region increases the stability of the VHS domain.

The TOM1 structure was modeled at pH 7 using Robetta
(Figures S4 and S5; Table S1, and Video S1), exhibiting
97.15% of favored Ramachandran plots with only 1.02% classi-
fied as outliers. Analysis of the MD simulations of TOM1 showed
that the DXXLL region interacted with the VHS domain through
1000 ns (Figure 3C and Video S1). Immediately following post-
equilibration, T154 of the DXXLL motif formed a hydrogen
bond with Q122 of the VHS domain, L159 formed a hydrogen
bond with K79, T164 formed hydrogen bonds with both D38
and N80, and R167 formed a hydrogen bond with E42. (Fig-
ure 3C). At 300 ns, K79 established hydrogen bonds with D155
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Table 1. Thermodynamic parameters for the binding of the indicated TOM1 constructs to ubiquitin

N? Kp (M) AH (kcal/mol) AG (kcal/mol) -TAS (kcal/mol)

TOM1 2 44 +9 —7.7+0.7 —6.0 £ 0.1 1.8+ 0.6
TOM1 VHS 1 530 + 109 -43+13 —4.5+0.1 -02+1.4
TOM1 VHS-DXXLL 1 69 +9 -9.0+29 —-5.7+0.1 3328
TOM1 VHS-DXXLL mutant” 1 296 + 46 -34+04 —-4.8+0.1 1.5+£05
TOM1 DXXLL - - - - -

TOM1 GAT 1 1017 -3.3+£2.0 —-5.5+0.1 -22+20
TOM1 linker-GAT 1 98 + 20 —4.7+11 —-5.5+0.1 -08=+1.2
TOM1 ACTD 2 56 + 4 -8.2+0.8 —-5.8+0.1 24+08
TOM1 S160D/T164D 2 106 + 14 -2.8+0.1 —5.4+0.1 -2.6+£0.3

Values represent the mean of at least two independent experiments. Errors are displayed as standard deviation values.

AN, stoichiometry of binding.
PTOM1 VHS-DXXLL D155A/M158A/L159A.

and 1162 that were maintained throughout the simulation. T154
remained in contact with Q122 in addition to new hydrogen
bonds with S123 and D126, which were also maintained
throughout the simulation. These two regions provide the main
interactions which anchor the DXXLL region to the VHS domain.
Collectively, these interactions provide further insight into the
stability of the VHS and DXXLL regions and their contributions
to ubiquitin binding mechanisms.

TOM1 is phosphorylated simultaneously at residues S160 and
T164, downstream of the DXXLL motif (Figure S1), as identified
during the cell cycle.’ The phosphomimetic variant, TOM1
S160D/T164D, displayed a ~3-fold decrease in affinity for ubig-
uitin (Figure 1G; Table 1), suggesting that phosphorylation in the
DXXLL region diminishes TOM1’s function in cargo trafficking.
The phosphomimetic variant of TOM1 displayed minor tertiary
structural changes compared to its non-phosphorylated state
(Figure 4A). In agreement with this observation and after equili-
bration at pH 7, the phosphorylated structure of TOM1 pS160/
pT164 showed minor structural changes of a magnitude compa-
rable to those observed in the non-phosphorylated state.
Notably, there was an increase in polar contacts between the
linker region and the VHS domain when TOM1 was phosphory-
lated (Figure 4B). Both S160 and pS160 contacted K79 through
their backbone oxygens, whereas pT164 engaged with residues
M34, D38, and N80. Although contacts with D38 and N80 were
present in non-phosphorylated structures after equilibration,
they were transient throughout the simulation.

To gain further insights into the structural underpinning of the
intramolecular contacts observed in TOM1 pS160/pT164, we
also carried out HSQC titrations to identify the ubiquitin-binding
residues within the TOM1 VHS domain. Most of the chemical
shift changes in TOM1 VHS involved residues located primarily
on and around a-helix 2, including W30, 132, N33, E35, D38,
and 139 (Figures 4C and S6). To a lesser extent, resonance per-
turbations were also observed on a-helices 1, 4, and 5 such as
those for G14 (a-helix 1), V73 and K79 (a-helix 4), and V89 (a-he-
lix 5) (Figures 4C and S6). These results also align with structural
studies of the STAM1 VHS domain, revealing the significance of
W30, E35, and D38 in ubiquitin binding.”® MD simulations
showed that residue D38 made contacts with pT164, whereas
K79 interacted with both S160 and pS160 (Figure 4B). This sug-

4 Structure 32, 1-14, October 3, 2024

gests that the presence of pS160 and pT164 within the ubiquitin-
binding site in the VHS domain explains the observed reduction
in affinity of TOM1 S160D/T164D for ubiquitin (Figure 1G).

As the cargo trafficking function of TOM1 may be influenced
by phosphorylation within the DXXLL region, we asked whether
this post-translational modification can also impact TOLLIP
binding. Surface plasmon resonance (SPR) analysis indicated
that the binding affinity of TOM1 S160D/T164D to TOLLIP was
comparable to that measured for the TOM1-TOLLIP association
(Figure S3; Table S2).

Identification of the Ptdins5P binding site in the TOM1
VHS domain

Whereas VHS domains exhibit a common right-handed superhelix
consisting of eight helices, variations in ligand recognition arise
from nonconserved amino acids located at a-helices 6 and 8"
or the absence of a-helix 8.2% The diverse array of VHS functions
restricted to these regions is evident in NMR titrations of
the '°N-labeled TOM1 VHS domain with soluble dibutanoyl
PtdIns5P (Figures 5A and 5B). Leveraging nearly complete reso-
nance assignments of the protein,”* albeit weak, we have identi-
fied that the majority of TOM1 VHS residues perturbed by
PtdIns5P reside within two distinct regions, o-helices 5-6 and
a-helix 8. Among these, residues V89, E96, S97, V100, R101,
L104, D143, G148, and L149 exhibited the largest resonance per-
turbations (Figures 5A-5C). Alternatively, some of these chemical
shift perturbations may indicate local structural changes induced
by PtdIns5P binding. Nonetheless, all NMR resonance perturba-
tions appear to be confined to the second half of the VHS domain,
distinct from the ubiquitin-binding site (Figures 4C and S6). Further
analysis of the PtdIns5P-induced NMR chemical shift perturba-
tions of the TOM1 VHS domain suggests the involvement of a
region spanning residues 88-104 not only present in TOM1 ortho-
logs TOM1-L1and TOM1-L2, but also within the PtdIns5P-binding
motif identified in 41 unrelated proteins (Figure 5D).%

Binding of TOM1 to PtdIins5P is pH dependent

Consistent with our previous report,® full-length TOM1 exhibited
weak binding to soluble PtdIns5P (Figure S7). Furthermore, we
carried out an analysis of TOM1 binding to PtdIins5P-containing
liposomes with the liposome co-sedimentation assay. Under
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neutral pH conditions, TOM1 displayed poor binding to PtdIns5P,
with most of the protein remaining in the supernatant. However,
binding increased and gradually shifted to the pellet fraction as
the pH of the buffer decreased, reaching close to 100% binding
at pH 5 (Figures 6A and S8). A similar trend was observed for
PtdIins5P-free liposomes, but to a much lesser extent (Figure 6A),
suggesting that TOM1 exhibits increased nonspecific binding to
lipid bilayers as the pH decreases. This behavior was not observed
for the Vam7 PX domain, which binds to PtdIns3P,?* as the pro-
tein’s binding to the lipid decreased upon reducing the pH of the
buffer (Figures 6B, S7, and S9). To investigate whether the pH
dependence of TOM1 binding to PtdIns5P is related to its VHS
domain, we evaluated the binding of this region to the lipid. VHS
domain binding to PtdIns5P showed pH dependence, mirroring
the results obtained with TOM1 (Figures 6C and S8), but VHS
lacked binding to PtdIns5P-free liposomes, indicating that other
TOMT1 regions bind other lipids nonspecifically. Removal of CTD
(Figure 1A) mirrored the binding of TOM1 to PtdIns5P-containing
and PtdIns5P-free liposomes (Figures 6D, S7, and S9), suggesting
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Figure 2. Contribution of the DXXLL region
for the association of TOM1 VHS to ubiquitin
(A) Normalized chemical-shift perturbations in the
backbone amides of ubiquitin associated with
TOM1 VHS binding. The orange and red dashed
lines represent Aderage +1.0 X SD and
Adgayerage +1.5 X SD, respectively.

(B) Surface structure of ubiquitin showing residues
perturbed by TOM1 VHS with the color codes
indicated in (A).

(C) Normalized chemical-shift perturbations in the
backbone amides of ubiquitin associated with the
TOM1 VHS-DXXLL. The colored dashed lines are
defined in (A). *L50 could be identified by adjusting
the phase value.

(D) Resonance intensity ratios for ubiquitin after
the addition of TOM1 VHS-DXXLL. In (A), (C), and
(D), secondary structure of ubiquitin is indicated
on top.

(E) Two views of the surface structure of ubiquitin
showing residues perturbed by the TOM1 VHS-
DXXLL interaction. Residues with normalized
chemical shift changes over Adayerage + (1.5 X SD)
and Adayerage + (1 X SD) are colored with red and
orange, respectively. Residues that underwent line
broadening are highlighted in yellow. See also
Figures S1-S3.
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that the GAT domain contributes to the
nonspecific lipid binding of TOM1, in line
with previous observations."' Unfortu-
nately, evaluation of the TOM1 GAT
domain and TOM1 AVHS (residues 150-
493) could not be performed as these pro-
teins displayed very poor solubility at
acidic pH.

To investigate whether the preference of
TOM1 for binding to PtdIns5P at acidic
pH conditions is due to a conformational
change in the protein, we carried out
near-UV CD structural analysis. However,
due to the limited solubility of TOM1 for CD analysis under acidic
conditions, we performed structural analysis using the isolated
VHS domain. Near-UV CD data revealed no discernible major
structural changes as the protein transitioned from neutral to
acidic conditions (Figure 6E). TOM1 is a monomer at neutral pH
conditions (Figure S10). Gel filtration experiments revealed that
the protein retains its monomeric state under acidic conditions
(Figure S10). To confirm this observation, we performed 1000 ns
MD simulations of monomeric TOM1 at pH 5 and compared simu-
lation results with those performed at a neutral pH (Video S1). The
TOM1 VHS domain and linker region exhibited similar contacts un-
der both pH conditions. However, while the linker and CTD remain
in contact throughout the simulation time at pH 7, these regions
did not interact at pH 5. In addition, the VHS and GAT domains re-
mained in contact at pH 7, but they separated at approximately
350 ns. Within 400 ns MD simulation of TOM1 at pH 5, it was
observed that the location of the PtdIns5P-binding region of the
VHS domain, spanning residues 88-104, remains similarly posi-
tioned relevant to VHS compared to its location at neutral pH.
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To pinpoint the critical TOM1 VHS PtdIns5P-interacting resi-
dues within the PtdIns5P-binding motif, as identified by NMR,
we screened an array of mutants using Ptdins5P-containing lipo-
somes under acidic conditions. Of note, confirmation of the
PtdIns5P-binding pocket in TOM1 VHS through HSQC titrations
could not be carried out at pH 5 due to the insolubility of the free
lipid under acidic conditions. Mutation at R101 significantly
reduced PtdIns5P binding, and additional mutation at S97
further decreased binding (Figures 6F, S11, and S12). Mutations
at L104, at the edge of PtdIns5P-binding motif, and at R146 and
K147, both situated around a-helix 8, did not impact PtdIns5P
binding (Figures 6F, S11, and S12). Structural analysis of the
R101D and S97A/R101D PtdIns5P-binding mutants indicated
that mutations did not alter the secondary structure of TOM1
VHS; hence, their functionality alone was targeted (Figure S11).
Collectively, the PtdIns5P binding site on TOM1 VHS is situated
at the boundaries of a-helices 5 and 6, with residue R101 likely
engaging with the phosphoinositide head group through electro-
static contacts.

Under acidic conditions, TOM1 maintains its binding to
TOLLIP, whereas its binding to ubiquitin is abolished

The ubiquitin machinery plays a crucial role in the host cellular
defense program against bacterial infection. Shigella has
evolved ubiquitin ligase-like enzymes that selectively exploit
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< Trypsin (C) Four snapshots of the MD simulation of TOM1

at 0 (i), 300 (i), 600 (jii), and 1000 ns (iv). Contacts
are denoted by black dashed lines. The DXXLL
region is highlighted dark red, VHS in dark blue,
and CTD in yellow. See also Figures S4-S6 and
Table S1.

the host ubiquitin system to their advan-
tage.”® Interestingly, TOM1 did not
interact with ubiquitin under acidic condi-
tions (Figures 7A and S138), suggesting
that TOM1 is committed to PtdIns5P-
dependent membrane binding.

The protein-protein docking analysis of
ubiquitin to the TOM1 VHS-linker-GAT
region revealed differences in docking
behavior between pH 7 and 5 (Figure S14).
Ubiquitin exhibited more favorable dock-
ing at pH 7 compared to pH 5, with tightly
clustered poses observed in two replicate
simulations at pH 7, whereas poor clus-
tering was observed for all pH 5 struc-
tures, in agreement with the lack of inter-
action noted using ITC (Figure 7A). The
interaction fingerprinting analysis of these
docked poses showed good agreement
between replicate 1 and 2 of TOM1 struc-
tures at pH 7. Ubiquitin displayed a preference for docking in
specific regions of the VHS domain, such as residues 34-47,
78-85, and 125-132 (Figure S15), in close agreement with our
NMR data (Figure 4C). In addition, ubiquitin interacted with
TOM1 residues 159-172 (linker) and 298-306 (GAT) (Figure S15).
In replicate 1, common independent interactions were observed
with residues 180-184 and 238-245, while in replicate 2 inde-
pendent interactions were found with residues 191-196. How-
ever, replicate 3 showed fewer interactions in these regions,
with a higher frequency of outliers. In pH 5 replicate simulations
for TOM1 interaction with ubiquitin, an infrequent but consistent
interaction region spanning residues 230-270 of TOM1 was
identified (Figure S15).

TOLLIP is also recognized as a cargo transporter, displaying a
very strong affinity for TOM1° (Table S2). To investigate whether
TOLLIP maintains its binding capability with TOM1 under acidic
conditions, we intended to carry out ITC and SPR analysis. How-
ever, due to the limited solubility of TOLLIP at pH 5, these
methods were not feasible. Instead, we employed gel filtration
analysis to evaluate the formation of the protein complex. Our
data revealed that TOLLIP retained its dimeric state at pH 5°7
(Figure S16). Furthermore, we observed that TOM1 interacts
with TOLLIP under both neutral and acidic conditions, resulting
in the formation of a complex in both cases (Figure 7B) and
that the TOM1 VHS domain was dispensable for interaction
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Figure 4. Structural impact of phosphorylation of the DXXLL region
in TOM1

(A) Near-UV CD spectra of TOM1 (black) and TOM1 S160D/T164D (red).

(B) Zoom-in view of the phosphorylated TOM1 VHS-linker region contacts at
pH 7. The equilibrated structure of phosphorylated TOM1 is shown. Contacts
are highlighted by black dashed lines, with VHS represented in dark blue, the
linker region in salmon, and CTD in yellow.

(C) Histogram representing the normalized chemical-shift perturbations in the
backbone amides of TOM1 VHS at 3-fold excess of ubiquitin. The orange and
red dashed lines represent Ad,yerage + (1.0 X SD) and Adayerage + (1.5 X SD),
respectively. Secondary structure of TOM1 VHS is indicated on top. See also
Figure S3 and Table S2.

with TOLLIP at acidic conditions (Figure S16). Altogether, our
findings suggest that even when TOM1 forms a complex with
TOLLIP under acidic conditions, the VHS domain remains
involved in binding to PtdIns5P.

TOLLIP exhibits broad preference for binding to phosphoino-
sitides.?® Therefore, we evaluated the pH-dependent PtdIns5P-
binding properties of TOLLIP. TOLLIP bound Ptdins5P at
physiological pH (Figures 7C and S17), consistent with previous
findings.?® Interestingly, binding of TOLLIP to the phosphoinosi-
tide was significantly enhanced under acidic conditions, similar

¢? CellPress

to that observed with TOM1 (Figure 6A), albeit the enhancement
displayed was gradual (Figures 7C and S17).

Next, we asked whether the TOM1-TOLLIP complex could
also associate to PtdIns5P under acidic conditions. To address
this, we cross-linked these proteins at a 1:1 molar ratio, incu-
bated them in the absence or presence of PtdIns5P liposomes
at acidic conditions, and visualized the resulting centrifuged
fractions using SDS-PAGE. The crosslinked TOM1-TOLLIP
complex showed significant binding to PtdIns5P liposomes un-
der these conditions (Figures 7D and S17). Considering the
contribution of the TOM1 GAT domain to nonspecific binding
(Figure 6A), these findings support the observation that the
TOM1 GAT domain is committed to binding to the TOLLIP C2
and TBD regions.® Taken all together, we propose a model in
which, under physiological conditions (Figure 8A), TOM1 is re-
cruited by PtdIns3P-bound TOLLIP at endosomal compart-
ments, favoring cargo clustering at maturing endosomes. The
DXXLL region, downstream of the VHS domain, enhances ubig-
uitin interactions, which in turn, are modulated by phosphoryla-
tion of the DXXLL region. Under bacterial infection conditions,
however, PtdIns5P accumulates at endosomes (Figure 8B). We
propose that PtdIns5P accumulation stimulates Na*/H*
exchanger (NHE) activation, increasing lumenal pH with a
concomitant reduction of endosomal maturation. Accumulation
of PtdIns5P and local acidic environment favor TOM1 and,
possibly TOLLIP, sequestration, which promote ligand-indepen-
dent EGFR receptor-mediated signaling and cell survival.

DISCUSSION

TOM1 recognizes cargo through its ubiquitin-binding VHS and
GAT domains. We identified a highly conserved region down-
stream of the VHS domain containing a canonical DXXLL motif,
known for its role in protein sorting in unrelated proteins.” This
motif specifically enhanced the affinity of the TOM1 VHS domain
for ubiquitin to levels comparable to the GAT domain. TOM1 dis-
played even higher ubiquitin binding affinity, in line with what was
observed in GGA3, where its VHS and GAT domains coopera-
tively bind to ubiquitin, but unlike TOM1, the individual VHS
and GAT domains of GGA3 show limited or no ubiquitin
binding.?°

The length of the linker region in tandem with ubiquitin inter-
acting motifs of proteins plays a crucial role in their ability to
bind ubiquitin chains.*%*" Interestingly, the linker sequence be-
tween the GGAS3 VHS and GAT domains consists of 24 amino
acids, whereas the TOM1 VHS-GAT linker spans 66 amino
acids. Unlike TOM1, the GGAS linker region contains 9 proline
residues out of 24, suggesting a likely disordered nature.
Thus, this region in TOM1 may facilitate cooperativity between
the VHS and GAT domains, allowing for greater flexibility
to accommodate ubiquitin binding. Our MD simulations of
TOM1 revealed dynamic behavior in the DXXLL, GAT, and
CTD regions, with VHS displaying comparatively much lower
mobility (Figure S4; Video S1). The longer linker sequence in
TOM1 suggests that its VHS and GAT domains could bind ubig-
uitin moieties independently. The decoupling of the TOM1 VHS
and GAT domains may be favored by the outward orientation of
the a-helix 8 in the VHS domain, influencing the conformation
of the interdomain linker.

Structure 32, 1-14, October 3, 2024 7




Please cite this article in press as: Xiong et al., An internal linker and pH biosensing by phosphatidylinositol 5-phosphate regulate the function of the
ESCRT-0 component TOM1, Structure (2024), https://doi.org/10.1016/j.str.2024.08.003

- ¢? CellPress

A
o ®@YR101T H . *N-TOM1 VHS : PrdinssP
103 6 o o
o %o AN
N o o ® \‘\ ! s 124

7L JR1468 -\
s ° 77N,
S - ° & N %
£ |oed of LT olEIENge
[72] o P ~
= 115 4@ 89
g D143 e L104 . .,.‘ng.m
€ Ly
@ 119 E%@. £ aR1ace
5 V100 B @@‘ »
"E 123 B ‘@0 oz . Brod

127 4 R LA GIMQ

131 -

T T T T
10 9 8 7 6
1H chemical shift (ppm)

C

Structure

'*N-TOM1 VHS : Ptdins5P (1: 4) o

Normalized chemical shift change (ppm)

75
Residue number

O— G-
® LVASQDFVESVLVRTIL 104
0 LIVKKEFVKENLVKLLN 106
3 LVANRDFIDSVLVKNYI 104
7 IVGLPNVGKSTFFNVLT 43
28 LVGPNGAGKSTLLKLLT 444
55 VVGESGLGKSTLINSLF 71
3 IVAHVDHGKSTLADRLL
12 VIGHVDSGKSTTTGHLI
F264 44 MVGLPARGKTYISKKLT
PTPRS 1557 VHCSAGVGRTGCFIVID
PTPRS 1878 VHCSAGVGRTGVFITLS
138 AMARTGSGKTACFLLPM

IVGPAGTGKSTLF

PtdIns5P consensus motif

Figure 5. Identification of the Ptdins5P-binding site in the TOM1 VHS domain

(A) Overlay of HSQC spectra of the 'H-">N TOM1 VHS domain in the absence (red) and presence of 2- (cyan) and 4-fold (black) of water-soluble PtdIns5P. Inset:
Close-up view of the chemical shift changes for V89, R101, L104, D143, and R146.

(B) Histogram representing the normalized chemical-shift perturbations in the backbone amides of TOM1 VHS at 4-fold excess of PtdIns5P. The orange and red
dashed lines represent Ad,yerage + (1.0 X SD) and Adayerage + (1.5 X SD), respectively. Secondary structure of TOM1 VHS is indicated on top.

(C) Two views of the cartoon/surface structure of the TOM1 VHS domain showing residues perturbed by PtdIins5P.

(D) Sequence alignment of proteins containing PtdIns5P consensus motifs. Residues conserved across sequences are shaded in light blue. The conserved GK
sequence is highlighted in yellow. The consensus PtdIns5P sequence reported by Herianto et al.”® is shown in red. OLA1, obg-like ATPase 1; ABCF2, ATP-
binding cassette sub-family F member 2; SEPT7, septin 7; GUF1, GTP-binding elongation factor 1; EF1A1, elongation factor 1 alpha 1; F264, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 4; PTPRS, receptor-type tyrosine-protein phosphatase S; DDX54, ATP-dependent RNA helicase DDX54. The secondary
structure of TOM1 is shown on top of the alignment. See also Figures S7 and S11.

Our data show that the ubiquitin binding site in TOM1 VHS
maps in and around a-helices 2 and 4 (Figure 4C), representing
a conserved feature of VHS domains.?® Similarly, the TOM1
VHS domain binding site in ubiquitin, located on and around
B-strand 4 (Figures 2A and 2B), is a conserved feature.?° The
DXXLL region markedly enhances the affinity of the VHS
domain for ubiquitin, likely through additional interactions
involving a-helix 1, 349, and the flexible C-terminal region of ubig-
uitin (Figure 2C).

The VHS domain of the GGA protein family has been reported
to interact with DXXLL motifs present in membrane recep-
tors.®>>* This interaction is proposed to occur by the motif pro-
truding into the groove of the VHS domain, formed between
a-helices 6 and 8, through hydrophobic interactions with resi-
dues located at the base of this binding pocket.*>* In the
case of TOM1, such interactions may promote VHS-ubiquitin in-
teractions for cargo sorting when the GAT domain is not avail-
able for this purpose. TOM1 binds TOLLIP through its GAT
domain, which in turn associates with the TOLLIP TBD and C2
domains.® Consequently, when TOM1 is in a TOLLIP-bound
state, the TOM1 GAT domain is unlikely to bind ubiquitin moi-
eties. This underscores the critical role of the DXXLL region in
cargo transport by TOM1, particularly when in complex with

8 Structure 32, 1-14, October 3, 2024

TOLLIP. The function of the DXXLL region of TOM1 may be regu-
lated by phosphorylation at S160 and T164,'° further evidenced
by the weakened ubiquitin interaction observed when phospho-
mimetics were used (Figure 1G). Phosphorylation of TOM1 did
not alter TOLLIP binding, which reinforces our findings indicating
that the GAT domain, which is necessary and sufficient for
TOLLIP binding,® is not regulated for ubiquitin binding by the
DXXLL region. However, it remains plausible that phosphoryla-
tion of TOM1 in the DXXLL region could lead to post-translational
modifications or subcellular relocalization of TOLLIP to other
protein complexes.*®

Early studies on the TOM1 VHS domain revealed a positively
charged patch on one side, encompassing a-helices 3, 4, 6,
and 7, and a negatively charged region, around a-helix 2, on
the opposite side.*® Although a-helix 8 points away from the
structure, the space between a-helix 8 and a-helices 6 and 7 is
enriched with hydrophobic residues. In our present study,
NMR experiments identified a PtdIns5P binding groove primarily
formed by TOM1 VHS residues located on a-helix 6. Comparison
between the Ptdins5P-binding region of TOM1 VHS and the pro-
posed Ptdins5P-interacting consensus motif°® reveals that
TOM?1 VHS displays a canonical PtdIns5P-binding region, lack-
ing the consensus GK sequence found in the Walker A motif
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(A) Left, Analysis of the liposome co-sedimentation assay for TOM1 with Ptdins5P-containing and PtdIns5P-free liposomes or TOM1 alone. S, supernatant; P,
pellet. Right, quantification of the intensity of the TOM1 bands obtained by densitometry.

(B) Quantification of the intensity of the Vam7p PX domain bands under the indicated experimental conditions.

(C) Left, Analysis of the liposome co-sedimentation assay for the TOM1 VHS domain with PtdIns5P-containing and PtdIns5P-free liposomes or TOM1 VHS alone.
S, supernatant; P, pellet. Right, quantification of the intensity of the TOM1 VHS bands obtained by densitometry.

(D) Quantification of the intensity of the TOM1 ACTD bands under the indicated experimental conditions. In all cases, data represent the mean of at least three

independent experiments.

(E) Overlay of near-UV CD spectra of TOM1 VHS at pHs 7.3 (black) and 5.0 (red).
(F) Quantification of the intensity of the TOM1 VHS domain and mutants for PtdIns5P binding at pH 5.0. When indicated, error bars represent the standard
deviation from at least three independent experiments. “p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. See also Figures S7-S12.

and, based on our NMR data, likely extended by an additional
four residues (Figure 5D). Nevertheless, the identified
PtdIins5P-binding motif in TOM1 remains conserved among
members of the TOM1 family proteins, such as TOM1-L1 and
TOM1-L2 (Figure 5D). Also, this motif shares common residues
with other VHS-containing proteins, including GGA1 and
GGA3, which bear the consensus GK sequence.’” Taken
together, data suggest that, in addition to TOM1, other VHS-con-
taining proteins could recognize phosphoinositides under condi-
tions such as local acidification states.

Boal et al. reported that the TOM1 VHS domain binds phos-
phoinositides, exhibiting strong preference for PtdIns5P,
whereas the GAT domain binds nonspecifically to monophos-
phorylated phosphatidylinositols.”” However, no data are

available for the full-length protein. Our liposome co-sedimen-
tation assays revealed that TOM1 significantly binds Ptdins5P
under acidic conditions. The major contributor for this associ-
ation is the VHS domain, whereas the GAT domain displays
nonspecific binding to lipid bilayers, consistent with previous
findings.” Upon host invasion, S. flexneri secretes IpgD,
resulting in the endosomal accumulation of PtdIns5P. By an
unknown mechanism, accumulation of PtdIins5P blocks endo-
somal maturation, impairing the lysosomal degradative
pathway.'' Endosomal maturation relies on the capacity of
endosomes to acidify their lumenal pH, primarily mediated
by the V-type H*-ATPase pumps, with NHEs contributing by
expelling protons while allowing Na* ions to enter the endoso-
mal lumen.®® Inhibition of endosome maturation involves the
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Figure 7. Additional features of TOM1 and TOLLIP at acidic conditions
(A) ITC analysis for the interaction of TOM1 with ubiquitin at acidic conditions.

(B) Left, Analysis of the liposome co-sedimentation assay for TOLLIP with PtdIns5P-containing and PtdIns5P-free liposomes or TOLLIP alone. S, supernatant; P,
pellet. Right, quantification of the intensity of the TOLLIP bands obtained by densitometry.
(C) Size-exclusion chromatogram showing the elution profile of the TOM1-TOLLIP complex at pHs 7.3 (black) and 5.0 (red). Ve, elution volume. Right, Analysis of

the fractions of each peak at pHs 7.3 (top) and 5.0 (bottom).

(D) Binding of the TOM1-TOLLIP crosslinked complex to PtdIins5P at pH 5.0 evaluated through the liposome co-sedimentation assay. In all cases, data represent
the results of three independent experiments and error bars, when indicated, represent their standard deviation. **p < 0.01; **p < 0.001. See also

Figures S13-S17.

activation of NHEs.* The regulatory function of NHEs in main-
taining intracellular pH is dependent on phosphoinositi-
des.*>*" Interestingly, the activity of Nhx1, a yeast endosomal
NHE, is essential for the targeting of the phosphoinositide-
binding cargo trafficking protein Vps27p to the endosomal
surface.*® Similarly, the mammalian cargo trafficking protein
HRS is preferentially targeted to the endosomal membrane
surface under local acidic conditions,*® aligning with our pro-
posed model (Figure 8B). Delivery of TOM1 to Ptdins5P-en-
riched endosomes blocks EGFR degradation as well as
fluid-phase endocytosis.'" Thus, it is plausible that TOM1 is
recruited to a PtdIns5P- and NHE-enriched region of the cyto-
solic leaflet of endosomes, where it facilitates ligand-indepen-
dent EGFR signaling from these organelles used by S.flexneri
for host cell survival.

By mutating residues located on a-helix 3 (K48, R52, K58, and
K59), Boal et al. observed a reduction in the binding of the VHS
domain to PtdIns5P, and to a lesser degree, to other phosphati-
dylinositol monophosphates.”’ However, it is reasonable to
argue that mutagenesis of these residues may disrupt the sec-

10 Structure 32, 1-14, October 3, 2024

ondary structure of the VHS domain, potentially leading to a
loss of lipid binding due to structural perturbations. Instead, we
targeted residues in the VHS domain whose NMR resonances
were severely perturbed by the addition of Ptdins5P. Mutations
at S97 and R101 within a-helix 6, significantly affected lipid bind-
ing without altering the structure of the VHS domain under acidic
conditions, supporting the identification of the PtdIns5P-inter-
acting motif in the TOM1 VHS domain.

The EEA1 FYVE and the FAPP1 PH domains bind phosphoino-
sitides in a pH-dependent manner, with the strongest interaction
occurring under low pH conditions.***° In both cases, this
behavior is driven by histidine residues, which undergo proton-
ation under acidic conditions. We explored this possibility by re-
placing H65 and H114, within the TOM1 VHS domain, with
alanine, and performed the liposome co-sedimentation assay
at pH 5. Binding to Ptdins5P remained unchanged compared
to that observed for the TOM1 VHS domain (data not shown).
Recent studies suggest that phosphatidylinositol monophos-
phates are particularly sensitive to pH.“® Changes in pH, along
with lipid composition in membranes, severely affect the
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domain, enhances ubiquitin interactions. Phosphorylation at the indicated sites downregulates TOM1-mediated cargo trafficking. Right, under bacterial infection
conditions, PtdIns5P accumulates at early endosomes. Endosomal maturation is impaired by the activity of the phosphoinositide-dependent NHE pump.
Ubiquitination processes are subverted by bacterial effectors. Ptdins5P accumulation favors TOM1 and TOLLIP sequestration, promoting ligand-independent

receptor-mediated signaling and cell survival.

ionization properties of phosphatidylinositol monophosphates.
For example, phosphatidylethanolamine reduces the pKa2
values of the phosphatidylinositol monophosphates.*® There-
fore, it is possible that, under acidic conditions, the binding of
TOM1 to Ptdins5P might depend on both pH-dependent confor-
mational changes of the protein, as observed in CD spectra (Fig-
ure 6D), and the membrane lipid composition.

Under acidic conditions, we showed that TOM1 was unable to
bind ubiquitin. Unfortunately, we were unable to test this function
in TOLLIP, as the protein exhibited limited solubility for the con-
centration required for ITC analysis. Nevertheless, the TOM1
result aligns with the observed delay in endosomal maturation
and reduced ubiquitin-dependent protein turnover under
S. flexneri infection."" Furthermore, we found that, under acidic
conditions, TOLLIP also displayed preferential binding to
PtdIns5P and bound to TOM1, which, as a complex, retained
its ability to bind to the phosphoinositide. This suggests the pos-
sibility that TOLLIP is also sequestered at endosomal compart-
ments during S. flexneri infection (Figure 8B). As highlighted by
Hurley and colleagues, VHS domains likely serve as “low effi-
ciency membrane-binding domains”.*® In the case of TOM1,
this deficiency in membrane binding could be compensated by
high-affinity partners such as TOLLIP.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. cloni® 10G Biosearch Technologies Cat# 60107-1
Escherichia coli Rosetta Novagen/Sigma-Aldrich Cat# 70953
Escherichia coli Rosetta (DE3) Novagen/Sigma-Aldrich Cat# 70954
Chemicals, peptides, and recombinant proteins

1,2-dioleoyl-sn-glycero-3-phosphocholine AVANTI Lipids Cat#850375
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine AVANTI Lipids Cat#850725C
30% Acrylamide/Bis solution, 19:1 BioRad Cat#1610156
Ammonium chloride'*N Cambridge Isotope Laboratories, Inc. Cat#NLM-467
Benzamidine Research Products International Corp. Cat#B12000
Bis-sulfosuccinimidyl substrate ThermoScientific Cat#21580
Citric acid (D4) Cambridge Isotope Laboratories Cat#DLM-3487
Deuterium oxide Cambridge Isotope Laboratories, Inc. Cat#DLM-4
Dibutanoyl PtdIins5P Echelon Biosciences Cat#P-5004
Dipalmitoyl PtdIns3P Echelon Biosciences Cat#P-3016
Dipalmitoyl PtdIns5P Echelon Biosciences Cat#P-5016
DL-1,4-Dithiothreitol (D10) Cambridge Isotope Laboratories, Inc. Cat#DLM-2622
DL-dithiothreitol, Cleland’s Reagent GoldBio Cat#DTT50
DXXLL peptide (EFPMTDLDMLSPIHTPQRTV) Biomatik

Glutaraldehyde MP Biologicals Cat#198595
Glutathione agarose resin GoldBio Cat#G-250
His60 Ni Superflow resin TaKaRa Cat# 635662
Imidazole Acros Organics Cat#301872500
Isopropyl-B-D-thiogalactopryanoside Chem-Impex Int’l Inc. Cat#00194
Lysozyme Sigma-Aldrich Cat#L6876
pET28a Sigma-Aldrich Cat#69864
pGEX4T3 Cytiva Cat#28954552
PGEX6P1 Cytiva Cat#28954648
Reduced glutathione BioBasic Cat#GB0229
Thrombin MP Biomedicals Cat#154163
Tris (D11) Cambridge Isotope Laboratories, Inc. Cat#DLM-1814
Triton X-100 MP Biomedicals Cat#04807426-CF
Trypsin Millipore Sigma Cat#T6567
Tween 20 MP Biomedicals Cat#500-018-3

Critical commercial assays

BCA Protein Assay Kit

Pierce, ThermoScientific

Cat#23227

Deposited data

Human TOM1 sequence

Human Ubiquitin structure

Yamakami et al.®

Vijay-Kumar et al.*”

National Center for Biotechnology
Information NM_001135732.2

Protein DataBank: 1UBQ

Software and algorithms

AlphaFold
CHARMMS36m forcefield
CHARMM-modified TIP3P

Jumper et al.*®

Huang et al.*®
Durell®®

https://alphafold.ebi.ac.uk
https://academiccharmm.org
https://academiccharmm.org
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Excel v16.83 Microsoft https://www.microsoft.com/
en-us/microsoft-365/excel

GROMACS 2020.4 Abraham et al.”" https://www.gromacs.org/

GROMACS analysis package
lllustrator v28.3

Imaged

ImagelLab

MicroCal PEAQ-ITC analysis software
Mnova 14.0.0

ProSA

PyMOL 2.5.4.

Robetta

Schrédinger Maestro 13.9
Sparky

Spectra Analysis Software (CD)

Maestro
Adobe

BioRad

Malvern Panalytical
MestrelLab
Wiederstein et al.>”
Schrédinger

Baek et al.”®
Schrédinger

Lee et al.*®

Jasco

https://www.gromacs.org/
https://www.adobe.com
https://imagej.nih.gov/ij/
https://www.bio-rad.com
https://www.malvernpanalytical.com
https://mestrelab.com
https://www.hsls.pitt.edu
https://pymol.org
https://robetta.bakerlab.org
https://www.schrodinger.com
https://www.cgl.ucsf.edu/home/sparky/
https://jascoinc.com

Swiss-Model Benkert et al.”* https://swissmodel.expasy.org/

Unicorn 5.11 Cytiva Life Sciences https://www.cytivalifesciences.com
Verify3D Bower et al.”® https://www.doe-mbi.ucla.edu/verify3d/
Other

200-nm polycarbonate membrane
HiLoad 16/600 Superdex 200
HiLoad 16/600 Superdex 75
NiD200M chip

Cytiva, Whatman Nuclepore

Cytiva Life Sciences
Cytiva Life Sciences
Xantec

Cat#10417004
Cat#28-9893-35
Cat#28-9893-33
Cat#SCB NiD200M

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel G. S.

Capelluto (capellut@vt.edu).

Materials availability

All plasmids used in this study will be made available upon request. The study did not generate other new or unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request. Full SDS-PAGE gel images are available in this
paper’s supplemental information (Figures S8, S9, S12, and S17).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
The following bacterial strain was used in this study: Escherichia coli Rosetta strain.
METHOD DETAILS

Cloning and mutagenesis

The cDNA construct expressing human TOM1 VHS domain (residues 11-149), TOM1 VHS-DXXLL (residues 11-169), and Vam7p PX
domain (residues 2-134) were cloned into pGEX4T3. Constructs expressing human TOM1,° TOM1 ACTD (residues 1-309), TOM1
GAT (residues 215-309), TOM1 linker-GAT (150-309), and human TOLLIP® were cloned into pGEX6P1. TOM1 was also cloned
into a pET28a vector.® Human ubiquitin, cloned into pET24d was a gift from Dr. Julie Forman-Kay, University of Toronto. PCR-based
site-directed mutagenesis was introduced into TOM1 and TOM1 VHS constructs. The list of primers used in this study is shown in
Table S3.
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Protein expression and purification

Proteins were expressed in an Escherichia coli Rosetta strain. The GST-tagged proteins (TOM1, truncated forms of TOM1, TOM1
domains and related mutations, and TOLLIP), His-tagged proteins (TOM1 and ubiquitin), and the uniformly ">N-labeled TOM1 con-
structs and ubiquitin were overexpressed and purified as previously reported.?**” Cell pellets were harvested and lysed by the addi-
tion of 0.1 mg/mL lysozyme and 0.1% Triton X-100 in a buffer containing 50 mM Tris-HCI (pH 7.3), 500 mM NaCl, 1 mM 1,4-dithio-
threitol, and 5 mM benzamidine. The lysate further underwent sonication and centrifugation. The resultant supernatant was collected
and incubated with glutathione affinity beads (for GST-tagged proteins; Gold Biotechnology) or Ni-NTA beads (for His-tagged pro-
teins; Clontech). Fusion proteins were eluted off the beads by the addition of either 100 mM reduced glutathione, pH 7 (for GST-
tagged proteins) or 500 mM imidazole, pH 8 (for His-tagged proteins). When required, His tags were removed by addition of tobacco
etch virus protease (substrate to protease w:w = 10:1), whereas GST tags were removed using 200 units of thrombin/L culture, over-
night at 4°C (for constructs cloned into pGEX4T3) or HRV-3C protease (200 pg/L culture) overnight at 4°C (for constructs cloned into
pGEX6P1). Removal of protein aggregates or degradation products was achieved by an additional purification step using size-exclu-
sion chromatography columns driven by an AKTA Pure FPLC system (Cytiva). Protein concentrations were determined with corre-
sponding extinction coefficients at the absorbance of 280 nm using NanoDrop (Thermo Scientific, USA). In the case of ubiquitin and
the TOM1 GAT domain, both of which lack aromatic residues, the concentrations were determined using the extinction coefficients
of 1280 M~ "'mm~" at 280 nm (ubiquitin) and 13,301.8 M~'mm~" at 214 nm (TOM1 GAT) using NanoDrop and bicinchoninic acid
(BCA) assay following manufacturers protocol (Pierce, Thermo Fisher). The DXXLL peptide (TOM1 residues 150-EFPMTDLDML
SPIHTPQRTV-169) was synthesized as HCI salt form (Biomatik).

Isothermal titration calorimetry

ITC measurements were carried out using a MicroCal PEAQ (Malvern). Proteins were prepared in 20 mM HEPES (pH 7.3) and 150 mM
KCl or 20 mM citrate (pH 5.0) and 150 mM KCI. Ligand was placed in the syringe at a concentration of 5mM (pH 7.3) or 1 mM (pH 5.0),
whereas the protein was placed in the cell at a concentration of 50 uM (pH 7.3) or 10 uM (pH 5.0). The experiments were carried out at
25°C with 13 injections of 3 uL each, and reference power of 10 pcal. Measurements were carried out at least in duplicate. The re-
ported heats of binding were established by integrating the experimental peaks after adjusting the effect of heat dilution of ligands
into buffer in a control measurement. The integrated heat data were analyzed with MicroCal PEAQ-ITC analysis software.

NMR spectroscopy

NMR experiments were performed on a Bruker Avance Ill 600 MHz equipped with a TCI Prodigy probe at 25°C. An HSQC of
"SN-labeled indicated proteins (100 uM) was collected in the absence and presence of the indicated unlabeled ligands. NMR chem-
ical shifts changes were analyzed using Sparky”® and the spectra images were processed using Mnova. The normalized chemical
shift perturbations, induced by ligands, were estimated using the following equation®:

) VRLE )
AS(Th, 150) = [(A614)%+(A615y) /6} Equation 1

The chemical shift positions have been mapped with the backbone' H,'® C, and'® N chemical shift assignments for human Ub
(BMRB: 15410)*® and for TOM1 VHS (BMRB: 26806).>*

Circular dichroism

CD structural analysis of the proteins was performed using a Jasco J-815 spectropolarimeter. Proteins were prepared in 5 mM so-
dium citrate (pH 7.3 and 5.0) and 50 mM kF. Five-accumulated far-UV CD measurements were acquired using 5-8 uM protein in a
1-mm path length quartz cell using a bandwidth of 1-nm and a response time of 1 s, a D.I.T. of 0.5 s, and a scan speed of 50 nm/min
from 190 to 260 nm. Five-accumulated near-UV CD spectra of protein (200-300 uM) were acquired at 50 nm/min from 270 to 350 nm.
In both cases, a scan of the buffer was subtracted from the corresponding averaged spectra. Near-UV data were further processed
through smoothing using the Savitzky-Golay filter. All spectra were then converted to molar ellipticity units using Spectra Analysis
software. For the comparison of TOM1 VHS to TOM1 VHS-DXXLL, conversion to mean residue ellipticity was performed to account
for differences in molecular weights.

Limited trypsin proteolysis

Ten ng of TOM1 VHS (residues 11-149) or TOM1 VHS-DXXLL (residues 11-169) and varying concentrations of trypsin (0.040-
0.625 pg/uL; Millipore Sigma) were incubated for 30 min at room temperature and the reaction quenched by adding SDS-PAGE
loading buffer. Samples were loaded onto a 15% Acrylamide SDS-PAGE and analyzed using Bio-Rad ImageLab.

Molecular dynamics simulations

Multiple TOM1 models were created using Robetta®” and AlphaFold.*® The reference sequence of the protein was retrieved from the
National Center for Biotechnology Information, accession number NM_001135732.2.°% The top models from each method were vali-
dated and compared using Verify3D,%>** ProSA,° and Swiss-Model structural assessments.®'*°*"%? The Robetta model of TOM1
was determined to be the best model and was used for subsequent simulation and analysis.
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The GROMACS 2020.4°%°° software suite was used for all MD simulations. The CHARMM36m forcefield®® and the CHARMM-
modified TIP3P®*® water model were applied. Two systems were built with residue and peptide termini protonated according to
their canonical states at pH 5 and 7. The systems were built in a cubic box (2629 nm3) with a minimum solute-box distance of
1 nm and contained 150 mM KCI to achieve a net neutral charge and to mimic physiological conditions.

Energy minimization was performed with the steepest descent algorithm®® with a maximum force constraint of 1000 kJ/mol nm.
Three replicate systems at both pH 5 and 7 were individually equilibrated at constant volume and temperature (NVT), then constant
pressure and temperature (NPT), while restraining heavy atoms. NVT equilibration used the modified Berendsen temperature
coupling method®” at a temperature of 298 K for 100 ps. Next, isothermal-isobaric conditions of 298 K and 1 bar were applied for
100 ps using the Berendsen pressure coupling method.®”

Atom restraints were removed, and periodic boundary conditions were applied to all MD simulations. A short-range cutoff of 1.2 nm
was applied to all nonbonded interactions. Long-range interactions were calculated using the particle mesh Ewald (PME) method®®-%°
using cubic interpolation and a Fourier grid spacing of 0.16 nm. An integration timestep of 2 fs was used along with the fourth order
P-LINCS algorithm’® to constrain all bonds. The modified Berendsen temperature coupling method, Parrinello-Rahman pressure
coupling method” "2 at 298 K and 1 bar respectively, and the Verlet cutoff scheme’® were used for all production MD simulations.
Periodic boundary conditions were employed. van der Waals forces were computed with the Lennard-Jones equation and smoothly
switched to zero from 1.0 to 1.2 nm. After the initial production MD simulation, the six replicates were each extended to 1000 ns, for a
total of 3 us of simulation time per pH.

Trajectories were analyzed with root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), protein secondary
structure (DSSP), solvent accessible surface area (SASA), density, volume, and free energy by using the GROMACS analysis pack-
age’* and in-house scripts. A clustering analysis was conducted over the last 200 ns of the simulation using the Gromos algorithm
with a rms cutoff of 0.3 nm.

The effects of phosphorylation on protein conformation were investigated by modifying S160 to phosphoserine (pS160) and T164
to phosphothreonine (pT164) using Schrédinger Maestro 13.9.”° These modifications were introduced individually and simulta-
neously at pH 7. The structures were processed using the same NVT, NPT, energy minimization, and production simulations using
GROMACS, without the extended simulation protocol applied to the initial replicates. RMSD analyses were conducted to compare
the mutated structure with the processed structure.

Protein-protein docking of ubiquitin (PDB ID: 1UBQ)*’ to the TOM1 VHS-linker-GAT region of the dominant structure of each simu-
lation was performed in Schrodinger Maestro 13.9 using PIPER. Ten thousand ubiquitin rotations were probed, and the 30 best dock-
ing poses were exported for analysis. The best poses were optimized, and binding energies were calculated in Schrodinger Maestro
13.9 using MM-GBSA. An interaction fingerprint analysis was performed to determine residues involved in binding.

Initial starting structures, dominant morphology structure files from simulation, and parameter files can be found on Open Science
Framework (https://www.cos.io). Images of the protein were created with PyMOL 2.5.4.”°

Surface plasmon resonance

A Xantec NiD200M chip was employed to assess the binding of His-TOM1 or His-TOM1 S160D/T164D to TOLLIP on a Biacore X-100
system (Cytiva). A multi-cycle experiment was carried out following the Biacore kinetics/affinity assay workflow. Initially, the sensor
chip was conditioned with 5 mM NiCl, in a buffer containing 10 mM HEPES (pH 7.0), 150 mM NaCl and supplemented with 50 uM
EDTA and 0.005% Tween 20. All proteins were prepared in the same buffer. Subsequently, each His-TOM1 protein was introduced to
the chip at a concentration of 20 nM, followed by a wash cycle using 3 mM EDTA to remove excess of protein. Three start-up cycles
with buffer alone were performed prior to testing TOLLIP at concentrations ranging from 1 to 30 nM, with each concentration tested in
individual cycles. Each cycle concluded with a regeneration step employing 100 mM NaOH with a contact time of 180 s to restore the
original baseline before the subsequent cycle. The resulting SPR traces were analyzed using a two-state reaction model. In this
model, a protein binding event is measured by the equilibrium association constant Ky, (Ky, = ka1/kg4). Upon binding, the protein dis-
plays a structural change, which is estimated by the equilibrium constant Keont [Keont = Kaz/Kaz and Kq = Kg(1 + Kgong) = 1/Kp]."®

Liposome co-sedimentation assay

Liposomes were composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) (Avanti Lipids) (70:30 ratio) with or without 20% dipalmitoyl Ptdins5P (Echelon Biosciences and Cayman Chemical).
For Vam7p PX experiments, liposomes contained 10% dipalmitoyl PtdIins3P (Echelon Biosciences). DOPC and DOPE were dis-
solved in chloroform:methanol (1:1), whereas PtdIns5P and PtdIns3P were solubilized in chloroform:methanol:water (65:35:4). Lipid
mixtures were dried under N, (g) to form a thin film and placed in a desiccator under vacuum for at least 2 h. Lipids were then resus-
pended in pre-warmed (60C) buffers with the following compositions: 20 mM Tris (pH 7.3) and 100 mM NaCl; 20 mM sodium citrate
(pH 5.0, 5.2, 5.5, and 6.0) and 100 mM NaCl at a concentration of 2 mg/mL and allowed to hydrate for 1 h at 60°C. Lipid mixtures were
vortexed every 10 min to avoid formation of clumps. After hydration, the liposomes were subjected to five freeze/thaw cycles using N,
(L) and a water bath at 60°C. Liposomes were extruded through a mini-extruder (Avanti Polar Lipids) at 60°C using a 200-nm poly-
carbonate membrane (Whatman Nuclepore). Proteins were in 20 mM buffer, at appropriate pH, and 100 mM NaCl. Liposomes were
mixed with 20 pg of the indicated protein and incubated for 1 h at room temperature. Suspensions were centrifuged for 1 h at
180,000xg at 20°C in an MLA-150 rotor using a Beckman Coulter Optima Max-XP. Resultant pellets were resuspended in the
same volume of buffer as the original suspension. Samples were loaded on an SDS-PAGE and resultant Coomassie Blue stained
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bands were imaged using a Bio-Rad GelDoc Go Imaging System and analyzed using ImagedJ software. Error bars represent the stan-
dard deviation of at least three independent experiments.

Chemical crosslinking

Crosslinking experiments were performed using either bis-sulfosuccinimidyl substrate (BS,® Thermo Scientific) or glutaraldehyde
(MP Biologicals). In each case, His-TOM1 and GST (6 ng each) were prepared in a buffer containing 20 mM HEPES (pH 7.3) and
150 mM KCI. Proteins were then incubated with the respective crosslinkers at their specified concentrations for 30 min at room tem-
perature, followed by the addition of 40 mM Tris for 15 min to quench the reactions. Samples were analyzed by SDS-PAGE. For the
TOM1-TOLLIP complex, prior to the co-sedimentation assay, TOM1 and TOLLIP were co-purified as described previously and incu-
bated with 5 mM BS®for 1.5 h on ice. The reaction was terminated by adding 25 mM Tris. Subsequently, the resulting protein solution
was injected into a Superdex 200 column to purify the target complex from unwanted aggregates and monomers.

Analytical size-exclusion chromatography

Analytical size exclusion chromatography was conducted on purified samples with HiLoad 16/600 Superdex columns (Superdex 75
and 200) connected to an AKTA Pure unit with a continuous flow rate of 1 mL/min. Columns were calibrated with size-exclusion
marker calibration kits, spanning the ranges of 1,355-150,000 Da (Superdex 75) and 12,384-480,000 Da (Superdex 200) (Sigma-
Aldrich), to determine the apparent molecular masses of the observed species. The columns were equilibrated with 20 mM
HEPES (pH 7.3) and 150 mM KCI or with 20 mM sodium citrate (pH 5.0) and 150 mM KCI. Each experiment was replicated at least
twice.

Visualization
Figures were designed using Microsoft Excel v16.83 and Adobe lllustrator v28.3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out using the two-tailed unpaired t-test for all liposome co-sedimentation assays. Summarized data
were depicted in figures as mean + SD from at least two independent experiments. Statistical significance was established as

*hk

p < 0.001, **p < 0.01, and *p < 0.05.
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Figure S1. The function of the DXXLL-containing region in TOM1, related to Figures 1 and 2. (A)
Sequence alignment of the linker region of TOM1 proteins from the indicated organisms. The highly
conserved DXXLL regions (residues 150-169 in human TOM1) is highlighted with a black box. (B)
Sequence alignment among proteins containing DXXLL motifs (shaded in blue) with the reported
phosphorylation sites labeled in red. hCIC7, human chloride channel 7; mLRP9, mouse low-density
lipoprotein receptor-related protein 9; hLRP12, human low-density lipoprotein receptor-related protein 12;
hGGA, human Golgi-localized, gamma adaptin ear-containing, ARF-binding; hCI-MPR, human cation-
independent mannose 6-phosphate receptor. (C-E) Calorimetric titration curves for the association of TOM1
ACTD (C), TOM1 DXXLL (D) and TOM1 linker-GAT (E) to ubiquitin. The upper and lower panels depict the
heat change produced upon binding (ucal/sec), and the integrated binding heat change over the
ligand/protein ratio (kcal/mol injectant). Bindings were subtracted with the heat of corresponding ligand to



buffer and best fit with a one set of sites binding model, with stoichiometry (N) fixed to either 1 or 2,
depending upon the TOM1 construct tested.
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Figure S2. The TOM1 DXXLL region promotes additional contacts for the interaction of TOM1 VHS
with ubiquitin, related to Figures 1 and 2. (A) Overlay of "H-">N HSQC spectra of H-"5N ubiquitin in the
absence (red) and presence of 1- (cyan) and 2-fold (black) of TOM1 VHS. (B) Overlay of 'H-'>N HSQC
spectra of 'H-"°N ubiquitin in the absence (red) and presence of 1- (cyan) and 2-fold (black) of TOM1 VHS-

DXXLL. In both panels, chemical shifts undergoing perturbations are boxed and labeled with the
corresponding residue.
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Figure S3. The DXXLL region promotes local conformational changes in the TOM1 VHS domain,
related to Figures 1, 2, and 4. (A) Overlay of 'H-"SN HSQC spectra of SN-TOM1 VHS (11-149; red) and
SN-TOM1 VHS-DXXLL (11-169; black). (B-C) SPR sensorgrams for the interaction of TOLLIP with TOM1
(B) and TOM1 S160D/T164D (C).
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Figure S4. Structural properties of TOM1 at pH 7 and 5, related to Figure 3. (A) Changes of the
structure of TOM1 at pH 7 (top) and pH 5 (bottom) over time compared to initial structure. Left to right, root-
mean-square deviation (RMSD) of backbone atoms; root-mean-square fluctuation (RMSF) for all atoms of
TOM1 residues; root-mean-square deviation (RMSD) of TOM1 residues over time compared to initial
structure. (B) Dominant morphology of TOM1 at pH 7 (top) and pH 5 (bottom). Representative dominant
protein conformation of each replicate, determined by clustering the last 200 ns of the simulation with an
RMS cutoff of 0.3 nm. Color codes are as follows: VHS domain: dark blue; DXXLL region: dark red; GAT
domain: purple; Ptdins5P-binding site: light blue; CTD: yellow; non-domain loops: cyan.
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Figure S5. Additional properties of TOM1 at pH 7 and 5, related to Figure 3. (A) Solvent accessible
surface area (SASA) of TOM1 at pH 7 (1) and pH 5 (lll). The average solvent accessible surface area (nm?)
of TOM1 replicates at pH 7 (II) and pH 5 (IV). (B) Clustering distributions of TOM1 structures at pH 7 (l)
and pH 5 (Ill) at the last 200 ns of the simulation with an RMS cutoff of 0.3 nm. The RMS distribution of

TOM1at pH 7 (Il) and pH 5 (IV).
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Figure S6. Identification of the ubiquitin-binding site in the TOM1 VHS domain, related to Figure 3.
(A) Overlay of "H-">N HSQC spectra of the 'H-""N TOM1 VHS domain in the absence (red) and presence
of 1- (cyan) and 3-fold (black) of ubiquitin. (B) A view of the cartoon/surface structure of the TOM1 VHS
domain showing residues perturbed by ubiquitin.
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Figure S7. pH-dependent lipid binding properties of TOM1, related to Figures 5 and 6. (A) Calorimetric
titration curves for the association of TOM1 to PtdIns5P at pH 7.3. (B) Liposome co-sedimentation assay
of the Vam7p PX domain, used as a control, with Ptdins3P-containing (top) or -free (middle) liposomes, or
no liposomes (bottom) at the indicated pH values. S, supernatant; P, pellet. (C) Liposome co-sedimentation
assay of TOM1 ACTD with PtdIns5P-containing (top) or -free (middle) liposomes, or no liposomes (bottom)
at the indicated pH values. S, supernatant; P, pellet.



Fig. 6A- PtdIns5P-binding of TOM1 at different pH conditions
pH55
pH 7.3 pH 6.0

pH5.2 pH 5.0

Fig. 6C- PtdIns5P-binding of the TOM1 VHS domain at different pH conditions
pH7.3

‘ ‘ ‘ | | | pH 6.0 pH5.5
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Figure S8. Source data for Figure 6. Full SDS-PAGE gel images corresponding to cropped images shown
in Figure 6.




Fig. S7B- PtdIins3P-binding of the Vam7p PX domain at different pH conditions
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Fig. S7C- PtdIns5P-binding of TOM1 ACTD at different pH conditions
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Figure S9. Source data for Figure S7. Full SDS-PAGE gel images corresponding to cropped images
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Figure S10. TOM1 does not aggregate nor oligomerize at acidic conditions, related to Figure 6. (A-
B) TOM1 was incubated in the absence and presence of the indicated BS® (A) and glutaraldehyde (B)
concentrations at pH 7.3. Oligomer formation was tracked using SDS-PAGE. In both conditions, GST was
used as a control. (C) Left, size-exclusion chromatogram obtained from a Superdex 200 column, showing
the elution profile of TOM1 at pH 7.3 (black) and pH 5.0 (red). The molecular mass of TOM1 could not be
estimated due to the CTD-promoted extended shape of the protein. Ve, elution volume. Right, SDS-PAGE
analysis of the fractions of each peak at pH 7.3 (top) and pH 5.0 (bottom). § Degradation products.
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Figure S11. Key Ptdins5P-interacting residues in TOM1 VHS, related to Figures 5 and 6. (A) Liposome
co-sedimentation analysis of TOM1 VHS and the indicated mutants using SDS-PAGE. S, supernatant; P,
pellet. (B) Far-UV CD spectra of TOM1 VHS and the indicated PtdIns5P-binding mutants.



Fig. S11A- Ptdins5P-binding of TOM1 VHS and mutants at pH 5.0

WT R101D R101D

S97A/R101D L104R

Figure S12. Source data for Figure S11. Full SDS-PAGE gel images corresponding to cropped images
shown in Figure S9.



STTTFTRITE

Differential power (ucal/sec)

-06 Time (min)

0 5 10 1 20

-0.5 -

Heat of injection
(kcal/mol injectant)

1.5 |

Molar ratio

Figure $13. Binding of ubiquitin to TOM1 at pH 7.3 can still be detected at lower TOM1 concentration,
related to Figure 7. Calorimetric titration curves for the association of ubiquitin (1 mM) to TOM1 (10 uM).
The upper and lower panels depict the heat change produced upon binding (pcal/sec), and the integrated
binding heat change over the ligand/protein ratio (kcal/mol injectant), respectively. The estimated Ko for this
interaction, using the stoichiometry of binding (N) of 2, was 46.0 £ 5.2 yM.
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Figure S14. TOM1 (VHS-linker-GAT)-ubiquitin docking poses cluster structures to pH 7 and 5,
related to Figure 7. Ubiquitin PDB ID: 1UBQ. The 30 best ubiquitin docking poses are shown on the VHS-
linker-GAT region (highlighted in cyan) of the dominant cluster structure for each simulation.
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TOM1-Ubiquitin Docking Interaction Fingerprints (pH 5 Cluster Structures)
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Figure S15. Analysis of the TOM1 interaction with ubiquitin at pH 7 and 5 using docking interaction
fingerprints, related to Figure 7. TOM1 (VHS-linker-GAT)-ubiquitin docking interaction fingerprints at pH
7 (A)and 5 (B). In each case, the interacting residues of TOM1 are shown for the 30 best ubiquitin docking
positions to the dominant cluster structure of each replicate. The histogram above displays the number of
times each TOM1 residue was involved in ubiquitin docking.
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Figure S16. Features of TOLLIP at acidic conditions, related to Figure 7. (A) Left, size-exclusion
chromatogram obtained from a Superdex 200 column, showing the elution profile of TOLLIP at pH 7.3
(black) and pH 5.0 (red). Ve, elution volume. Right, SDS-PAGE analysis of the fractions of each peak at
pH 7.3 (top) and pH 5.0 (bottom). (B) Size-exclusion chromatogram obtained from a Superdex 200 column,
showing the elution profile of the TOM1 VHS domain and TOLLIP at pH 5.0. Ve, elution volume. Right,
SDS-PAGE analysis of the fractions of each peak.



Fig. 7C- PtdIns5P-binding of TOLLIP at different pH conditions

pH 5.5

pH7.3 pH 6.0

pHS.2 pH 5.0

Fig. 7D- PtdIns5P-binding of cross-linked TOM1-TOLLIP at pH 5

Figure S17. Source data for Figure 7. Full SDS-PAGE gel images corresponding to cropped images
shown in Figure 7.



pH5(VHS) pH7(VHS) pH5(GAT) pH7(GAT) pH5(CTD) pH7(CTD)

Replicate 1 ‘ 1.06 0.98 1.23 0.98 11.48 8.96
Replicate 2 ‘ 0.96 1.15 1.12 0.76 8.44 10.46
Replicate 3 ‘ 1.03 1.23 1.29 0.87 13.10 14.61

Table S1. Structural alignment RMSD calculations of TOM1 MD cluster conformations to their initial
conformations for each replicate simulation at the indicated pH values, related to Figure 3.
Calculations are shown for TOM1 VHS, GAT, and CTD domain alignments.



Interaction Kb Chi?

(M)
TOM1-TOLLIP ‘ 3.3x10™ 1.0

TOM1 S160D/T164D-TOLLIP ‘ 34x10" 33

Table S2. The role of phosphorylation in the TOM1 DXXLL-containing region for TOLLIP binding,
related to Figure 4. Kinetic parameters for the binding of TOM1 and TOM1 S160D/T164D to TOLLIP.
Values represent the mean of at least two independent experiments.



Primer name
TOM1 VHS, forward

TOM1 VHS, reverse

TOM1 GAT, forward

TOM1 GAT, reverse

TOM1 VHS-DXXLL, forward
TOM1 VHS-DXXLL, reverse
TOM1 ACTD, forward

Primer sequence
5 CGCGGATCCTCTCCAGTGGGACAGCGCATCGAGAAAGCC &

5 CCGGAATTCGCCCTACAGGCCTTTCCTCCGCAGGTCCTC 3’
5 GCTCTAGAAAGGAGATATACCATGGAACAGATTGGGAAGCTG 3

5 CCATCGATGGTCTGGCCTGTTCGGAACCG 3

5 CGCGGATCCTCTCCAGTGGGACAGCGCATCGAGAAAGCC 3’
5 CCGGAATTCCTACACGGTCCTCTGGGGTGTGTGG 3’

5 CGCGGATCCATGGACTTTCTCCTGGGGAACCCGTTC 3

TOM1 ACTD, reverse

TOM1 linker-GAT, forward
TOM1 linker-GAT, reverse
TOM1 R101D, forward

TOM1 R101D, reverse

TOM1 S97A/R101D, forward
TOM1 S97A/R101D, reverse
TOM1 L104R, forward

TOM1 L104R, reverse

TOM1 R146A, forward

TOM1 R146A, reverse

TOM1 K147D, forward

TOM1 K147D, reverse

TOM1 M158A, forward

TOM1 M158A, reverse

TOM1 M158A/L159A, forward
TOM1 M158A/L159A, reverse
TOM1 D155A/M158A/L159A,
forward

TOM1 D155A/M158A/L159A,
reverse

TOM1 T164D, forward

TOM1 T164D, reverse

TOM1 S160D/T164D, forward
TOM1 S160D/T164D, reverse

5 CCGGAATTCCTAGGTCTGGCCTGTTCGGAACCG 3’
5 CGCGGATCCGAGTTCCCCATGACTGAC 3'

5 CCGGAATTCCTAGGTCTGGCCTGTTCGGAACCG 3’
5' GAGAGTGTGCTGGTGGACACCATCCTGCCCAAG 3'
5' CTTGGGCAGGATGGTGTCCACCAGCACACTCTC 3'

5 GACTTCGTGGAGGCTGTGCTGGTGGACACCATCCTGCCC 3
5' GGGCAGGATGGTGTCCACCAGCACAGCCTCCACGAAGTC 3'

5' GGTGAGGACCATCCGGCCCAAGAACAAC 3

5 GTTGTTCTTGGGCCGGATGGTCCTCACC 3'

5' CTATGAGGACCTGCGGGCGAAAGGCCTGTAGGG 3'
5' CCCTACAGGCCTTTCGCCCGCAGGTCCTCATAG 3'
5' GACCTGCGGAGGGACGGCCTGTAGG 3

5' CCTACAGGCCGTCCCTCCGCAGGTC 3'

5' GACTGACCTGGACGCGCTGTCACCCATC 3'

5' GATGGGTGACAGCGCGTCCAGGTCAGTC 3'

5' GACCTGGACGCGGCGTCACCCATCCAC 3

5' GTGGATGGGTGACGCCGCGTCCAGGTC 3'

5' GTTCCCCATGACTGCCCTGGACGCGGCG 3

5' CGCCGCGTCCAGGGCAGTCATGGGGAAC 3'

5' GTCACCCATCCACGATCCCCAGAGGACCG 3'
5' CGGTCCTCTGGGGATCGTGGATGGGTGAC 3'
5' GACCTGGACATGCTGGATCCCATCCACGATCCC 3'
5' GGGATCGTGGATGGGATCCAGCATGTCCAGGTC 3'

Table S3. Primers used in this work, related to STAR Methods.
Custom primers, which were desalted, were purchased from Thermo Fisher Scientific.
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