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Human apoptosis-linked gene-2 interacting protein X
(ALIX), a versatile adapter protein, regulates essential cellular
processes by shuttling between late endosomal membranes and
the cytosol, determined by its interactions with Src kinase.
Here, we investigate the molecular basis of these transitions
and the effects of tyrosine phosphorylation on the interplay
between structure, assembly, and intramolecular and inter-
molecular interactions of ALIX. As evidenced by transmission
electron microscopy, fluorescence and circular dichroism
spectroscopy, the proline-rich domain of ALIX, which encodes
binding epitopes of multiple cellular partners, formed rope-like
β-sheet–rich reversible amyloid fibrils that dissolved upon Src-
mediated phosphorylation and were restored on protein-
tyrosine phosphatase 1B–mediated dephosphorylation of its
conserved tyrosine residues. Analyses of the Bro1 domain of
ALIX by solution NMR spectroscopy elucidated the confor-
mational changes originating from its phosphorylation by Src
and established that Bro1 binds to hyperphosphorylated
proline-rich domain and to analogs of late endosomal mem-
branes via its highly basic surface. These results uncover the
autoinhibition mechanism that relocates ALIX to the cytosol
and the diverse roles played by tyrosine phosphorylation in
cellular and membrane functions of ALIX.

Human apoptosis-linked gene-2 interacting protein X
(ALIX) is a conserved adapter protein involved in essential
cellular processes, including endosomal protein sorting,
apoptosis, exosome biogenesis, and many others (1–4). ALIX
also regulates budding of diverse enveloped viruses, such as
HIV (5, 6) and Ebola (7). It comprises an amino (N)-terminal
Bro1 domain (residues 1–359), a central coiled-coil domain
termed V (residues 360–702), and a carboxy (C)-terminal
proline-rich domain (PRD; residues 703–868) (Fig. 1A). ALIX,
also known as programmed cell death 6 interacting protein
(PDCD6IP), undergoes tyrosine phosphorylation at multiple
sites, which regulates its cellular functions; it comprises 28
conserved tyrosine residues (8), among which 11 are localized
in the C-terminal portion of PRD, residues 803 to 846. ALIX
interacts with and is phosphorylated by Src kinase at late
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endosomal membranes (8, 9); ALIX–endosomal membrane
interactions are governed by its Bro1 domain, which binds to
negatively charged 2,20 lysobisphosphatidic acid (2,20 LBPA;
referred to as LBPA), a phospholipid found in late endosomes
(10–12). ALIX–Src interactions result in phosphorylation of
the Bro1 domain and hyperphosphorylation of the tyrosine-
rich portion of PRD (8, 9). These interactions promote
exosome secretion and cause ALIX to relocate from a
membrane-bound active conformation to a cytosolic inactive
state. Interdomain interactions between PRD and the up-
stream globular domains, Bro1 and V, are suggested to cause
ALIX autoinhibition in the cytosol (13, 14). Structural details
of these interactions are unclear because of the unavailability
of recombinant full-length ALIX, owing to difficulties in
expressing ALIX-PRD in bacteria and its disordered nature.
Intact ALIX was, however, successfully produced using a
baculovirus–insect cell expression system (14). ALIX-PRD
encodes binding epitopes of numerous cellular proteins (15),
and its hyperphosphorylation by Src affects its cellular in-
teractions (8). We recently discovered that the N-terminal
portion of ALIX-PRD (residues 703–800) is disordered,
whereas its C-terminal tyrosine-rich portion (residues
800–868) forms amyloid fibrils that disassemble on Src-
mediated hyperphosphorylation (16). However, the mecha-
nistic effects of tyrosine phosphorylation on cellular
redistribution and functions of ALIX are unclear.

Using recombinant ALIX domains and a range of biophysical
methods, including NMR, fluorescence, and circular dichroism
(CD) spectroscopy, mass spectrometry (MS), transmission elec-
tron microscopy (TEM), and dynamic light scattering (DLS), we
elucidate how tyrosine phosphorylation affects the interplay be-
tween ALIX conformation, assembly, and function (poor bacte-
rial expression and the overall size, �96 kDa, do not allow for a
similar study in the context of full-length ALIX). Codon opti-
mization coupled with a single-point mutation permitted
expression of full-lengthALIX-PRD in Escherichia coli.We show
that PRD forms reversibleβ-sheet–richfibrilsmodulated bypost-
translational modifications (PTMs), Src-mediated phos-
phorylation, and human protein-tyrosine phosphatase 1B
(PTP1B)–mediated dephosphorylation of its conserved tyrosine
residues. We establish that Bro1 binds to hyperphosphorylated
PRD and to analogs of late endosomal membranes. The close
correlation between the regions of Bro1 that associate with
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Figure 1. ALIX domain organization and summary of recombinant ALIX
constructs used in the current work. A, schematic of ALIX organization.
Primary sequence of the PRD is shown. B, recombinant ALIX constructs used
in the current work. Constructs 1 to 3 were obtained from Addgene;
accession no. 80641 (47), 17639 (48), and 42577 (49), respectively. Construct
4 is described in our previous work (16); Addgene accession no. 141344. The
positions of purification tags are marked. TEV protease cutting sites are
shown. The point mutation, P801G, of PRDStrep

703–868 is marked. C, SDS-PAGE
analysis of TEV-cleaved ALIX constructs; the order of the constructs is the
same as the one depicted in B. ALIX, apoptosis-linked gene-2 interacting
protein X; PRD, proline-rich domain; TEV, tobacco etch virus.

Structure-function studies of tyrosine phosphorylation of ALIX
hyperphosphorylated PRD and with anionic phospholipids elu-
cidates the underlying mechanism of PRD-mediated auto-
inhibition of ALIX–membrane interactions and how tyrosine
phosphorylation causes redistribution of ALIX away from late
endosomal membranes into the cytosol.

Results

Recombinant constructs

The current work made use of five recombinant ALIX
constructs (Fig. 1, B and C). These include constructs repre-
senting the individual Bro1 and V domains (residues 1–359
and 360–702, respectively), a construct comprising both the
Bro1 and V domains (residues 1–702; referred to as Bro1-V),
and two constructs representing the N-terminal portion of
PRD, PRDStrep

703–800 (residues 703–800), and the entire PRD,
PRDStrep

703–868 (residues 703–868); “Strep” denotes a noncleavable
C-terminal strep-affinity tag (17) that facilitated purification of
intact PRD constructs from their truncated fragments using
affinity chromatography. The latter are generated during het-
erologous expression of ALIX-PRD in E. coli because of
translational arrest induced by its polyproline motifs.
PRDStrep

703–868 carries a P801G point mutation to resolve issues
with protein expression in E. coli. We previously established
that the 800GPPYP804 segment of ALIX-PRD is responsible for
ribosomal stalling in E. coli, resulting in essentially no
expression of wildtype PRD beyond residue 801 (16). Note that
the effects of the P801G mutation on the cellular functions of
ALIX are currently not known. For paramagnetic NMR, three
cysteine variants of PRDStrep

703–868 were engineered (see below).
We also made use of full-length Src kinase and the catalytic
domain of PTP1B; see Figure S1 for liquid chromatography
(LC)–electrospray ionization (ESI)–time-of-flight (TOF)MS
analyses of constructs used in the current study.
2 J. Biol. Chem. (2021) 297(5) 101328
Reversible amyloid fibrils of PRDStrep
703–868

Using dye-binding assays with amyloid-specific probes,
thioflavin T (ThT) and congo red (CR), and TEM, we previ-
ously established that the C-terminal tyrosine-rich fragment of
ALIX-PRD (PRD800–868) forms rope-like fibrils that dissolve
into monomeric units on Src-mediated hyperphosphorylation
(16). Because of the poor solubility of PRD800–868 (<30 μM; pH
4.5–7), the data reported in our prior study were collected on a
fusion protein with an N-terminal solubility enhancement tag
comprising the B1 domain of protein G (GB1) (18). In contrast
to PRD800–868, PRD

Strep
703–868 was more soluble (�300 μM; pH

4.5–8), which allowed us to characterize its aggregation
properties and its interactions with Src in the absence of a GB1
tag. LC–ESI–TOFMS analyses of Src-mediated phosphoryla-
tion revealed the formation of hyperphosphorylated
PRDStrep

703–868 with phosphorylation of six to ten (out of 15)
tyrosine residues (Fig. 2A and Table S1). ThT emission assays
confirmed the presence of β-sheet–rich conformations for
PRDStrep

703–868 aggregates (Fig. 2B). Spectral-shift assays carried
out using CR demonstrated clear shifts toward 540 nm, further
validating their amyloidogenic nature (Fig. 2C). For these as-
says, the soluble N-terminal fragment, PRDStrep

703–800 (16) and
hyperphosphorylated PRDStrep

703–868 served as negative controls.
NMR analysis revealed a near-perfect superimposition of
1H–15N transverse relaxation optimized spectroscopy
(TROSY)–heteronuclear single quantum coherence (HSQC)
spectra of these two proteins, establishing Src-mediated
dissolution of PRDStrep

703–868 aggregates into NMR-amenable
soluble monomers and the complete lack of interactions be-
tween the N-terminal and C-terminal portions of PRD
(Fig. S2). Backbone resonance assignments of hyper-
phosphorylated PRDStrep

703–868 were not feasible owing to the
complexity and heterogeneity of its phosphorylation pattern.
However, a narrow chemical shift dispersion (�7.7–8.7 ppm)
suggested that the hyperphosphorylated PRDStrep

703–868 is disor-
dered in solution. TEM analyses revealed the presence of
rope-like unbranched PRDStrep

703–868 filaments, characteristic of
amyloid fibrils (Fig. 2D). CD spectroscopic data confirmed the
presence of β-sheet conformations in these fibrils (Fig. 2E),
corroborating the presence of amyloid structure. The corre-
sponding CD spectrum of hyperphosphorylated PRDStrep

703–868
validated its random-coil conformation.

To identify the fibril core resistant to protease treatment, a
limited digestion of PRDStrep

703–868 fibrils was carried out using
proteinase K (PK) (Fig. 2, F and G). Based on band intensities
of the reaction mixture comprising intact protein and the
proteolyzed products monitored using SDS-PAGE (Fig. 2F),
we conclude that PRDStrep

703–868 fibrils are resistant to PK diges-
tion as the band for PRDStrep

703–868 persisted after �60 min of
incubation with PK, albeit at a lower intensity than the cor-
responding band at time 0. In contrast, the soluble PRDStrep

703–800
was completely hydrolyzed by PK within �5 min of the reac-
tion. LC–tandem MS (LC–MS/MS) analysis of PK digestion of
PRDStrep

703–868 fibrils revealed that the two most abundant frag-
ments were localized in the C-terminal region, residues 800 to
813 and 840 to 863 (Figs. 2G and S3), indicating that these
motifs likely participate in the formation of the fibril core. A
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Figure 2. Reversible amyloids of PRDStrep
703–868. A, LC–ESI–TOFMS analysis of Src-mediated phosphorylation of PRDStrep

703–868; the number of phosphorylated
tyrosine residues is marked in red. Emission spectra of ThT, a.u., arbitrary units (B) and absorbance spectra of CR, a.u., absorbance units (C) of PRDStrep

703–868

aggregates (blue); n = 3. PRDStrep
703–800 (green) and hyperphosphorylated PRDStrep

703–868 (red) were used as controls. D, negatively stained EM images of PRDStrep
703–868

fibrils. E, CD spectra of PRDStrep
703–868 fibrils (blue) and its hyperphosphorylated form (red). F, SDS-PAGE analysis of limited PK digestion of PRDStrep

703–868 fibrils and
monomeric PRDStrep

703–800. G, scheme of PK digestion and the results of LC–MS/MS analysis. H and I, the impact of tyrosine phosphorylation and dephos-
phorylation on aggregation kinetics of PRDStrep

703–868 assessed using ThT assays (30 �C). H, 100 μM PRDStrep
703–868 was incubated without Src for �3 h (n = 9). 10 μM

Src + 1 mM ATP were added to three samples (red), whereas the remaining received either 10 μM Src (blue) or 1 mM ATP (pink). I, 100 μM hyper-
phosphorylated PRDStrep

703–868 samples (n = 3) were incubated in the absence (red) and the presence (blue) of 50 nM PTP1B. J, scheme depicting potential mode
of formation and dissolution of PRDStrep

703–868 fibrils. CR, congo red; ESI, electrospray ionization; PK, proteinase K; PRD, proline-rich domain; PTP1B, protein-
tyrosine phosphatase 1B; ThT, thioflavin T.

Structure-function studies of tyrosine phosphorylation of ALIX
limited PK digestion (incubation time of �5 min) was also
performed on hyperphosphorylated PRDStrep

703–868, and the cor-
responding cleavage products were identified using LC–MS/
MS, which permitted identification of phosphorylated tyrosine
residues, namely 803, 806, 809, 812, 829, 833, 837, 846, and
854 (Fig. S4). Nothing definitive can be said about the phos-
phorylation status of the remaining tyrosine residues because
of sequencing coverage gaps arising from problems associated
with proteolytic digestion of PRDStrep

703–868. Note that the
tyrosine-rich portion of PRDStrep

703–868, residues 800 to 868,
carries no native lysine and arginine residues (cf., Fig. 1A) and,
thus, cannot be probed by traditional trypsin-based proteomics
(19). PK digestion of hyperphosphorylated PRDStrep

703–868 was not
analyzed by SDS-PAGE because of smearing of protein bands
owing to phosphorylation (20).

To assess the impact of tyrosine phosphorylation on
PRDStrep

703–868 polymerization, aggregation kinetics using ThT
fluorescence were monitored. PRDStrep

703–868 exhibited sigmoidal
aggregation profiles, a hallmark of fibril formation (Fig. 2H).
To establish Src-mediated dissolution of PRDStrep

703–868 fibrils, Src
and ATP were added to PRDStrep

703–868 samples upon reaching a
stationary phase (at �3 h; Fig. 2H), which resulted in a sig-
nificant loss of ThT signal with a corresponding half-life (t1/2)
of �0.2 h. The remaining PRDStrep

703–868 samples were mixed with
either Src or ATP and displayed no drop in ThT signals,
indicating that Src or ATP do not affect PRDStrep

703–868 fibrils.
Remarkably, judging by the rapid appearance of characteristic
sigmoidal ThT profiles (t1/2 �0.5 h; Fig. 2I), dephosphorylation
of hyperphosphorylated PRDStrep

703–868 by PTP1B resulted in
restoration of fibrils, whereas the hyperphosphorylated
PRDStrep

703–868 without PTP1B showed no sigmoidal ThT profile
(activity of recombinant PTP1B was measured using the
malachite green assay; Fig. S5. For Src, the activity was
measured using the ADP-Glo assay, described in our previous
work (16)). Although the exact identity of the phosphatase that
works in tandem with ALIX is not known, PTP1B was sug-
gested to regulate the endosomal sorting machinery (21).
These observations establish that PRDStrep

703–868 forms rope-like
β-sheet–rich fibrils that dissolve into soluble monomers on
hyperphosphorylation by Src and that the removal of phos-
phoryl groups via PTP1B culminates in the restoration of fi-
brils, making PRDStrep

703–868 a completely reversible amyloid
controlled by PTMs (Fig. 2J). In addition to PRD, Src is sug-
gested to phosphorylate the Bro1 domain of ALIX in vivo (8).
To characterize the impact of phosphorylation on Bro1, we
performed detailed NMR analyses of nonphosphorylated and
phosphorylated Bro1, described below.
NMR analysis of nonphosphorylated and phosphorylated
Bro1

ALIX–Src interactions are suggested to proceed in a step-
wise fashion in vivo, where Src first binds and phosphorylates
the highly conserved region, 312KKDNDFIY319, of the Bro1
domain, followed by hyperphosphorylation of the tyrosine-rich
portion of PRD, ultimately resulting in the relocation of ALIX
from late endosomal membranes to the cytosol (8). Src-
mediated phosphorylation of Bro1 was confirmed using
J. Biol. Chem. (2021) 297(5) 101328 3



Structure-function studies of tyrosine phosphorylation of ALIX
Western blotting (Fig. S6A). LC–ESI–TOFMS and LC–MS/
MS analyses established the formation of phosphorylated Bro1
and confirmed the phosphorylation of Y319 (Fig. S6, B and C,
respectively). To explore the impact of tyrosine phosphoryla-
tion on Bro1 at atomic resolution, we conducted a detailed
NMR investigation (Fig. 3). Although the overall size of Bro1 is
relatively large for solution NMR studies (�40 kDa), excellent
spectral quality was obtained by perdeuteration coupled with
TROSY (Fig. 3A), which allowed us to carry out nearly com-
plete backbone resonance assignments of Bro1. Based on an
excellent agreement between the secondary structure derived
from the assigned backbone chemical shifts (13Cα, 13Cβ, 13C0,
15N, and 1HN) using TALOS-N (22) with that obtained from
the three-dimensional crystal structure of Bro1 (Protein Data
Bank entry: 5WA1 (23); Fig. S7), we conclude that recombi-
nant Bro1 is well folded in solution. To probe structural and
conformational changes that take place in Bro1 upon Src-
mediated phosphorylation of Y319, 1HN/

15N chemical shift
perturbation mapping was utilized. NMR analyses of phos-
phorylated Bro1 revealed large 1HN/

15N chemical shift per-
turbations that arise from the introduction of a negatively
charged phosphoryl group (Fig. 3B). Mapping of these per-
turbations onto the crystal structure of Bro1 allowed identifi-
cation of regions affected by tyrosine phosphorylation
(Fig. 3C). All perturbations were localized in the regions
surrounding Y319, which further confirmed specific phos-
phorylation of Bro1 by Src. The heteronuclear 15N-{1H} NOE
data (Fig. 4) of nonphosphorylated and phosphorylated Bro1
indicated that the introduction of phosphoryl group did not
affect the local internal mobility of Bro1. Collectively, the
Figure 3. NMR characterization of nonphosphorylated and phosphorylat
(blue) and phosphorylated (red) Bro1. A few of the 1H–15N crosspeaks that un
Residues that exhibit resonance line broadening upon phosphorylation, nam
perturbation profile of Bro1 upon phosphorylation. Secondary structure eleme
and 300–328) that exhibit large chemical shift perturbations because of phos
Protein Data Bank entry 5WA1 in Xplor-NIH (65); tyrosine and a few of the res
shown in stick representation. Red ribbons represent residues that are most affe
phosphorylation site that could not be assigned unambiguously. Residues that
blue spheres. HSQC, heteronuclear single quantum coherence; NIH, National In

4 J. Biol. Chem. (2021) 297(5) 101328
aforementioned data established that Src-mediated phos-
phorylation of Bro1 at Y319 induces local changes.
Lack of interactions between PRDStrep
703– 800 and globular ALIX

domains

A prior study suggested that the N-terminal portion of PRD,
specifically the 717PSAP720 motif that interacts with the ubiq-
uitin E2 variant (UEV) domain of tumor-susceptibility gene
101, directly associates with the Src-binding region of Bro1
(13). PRD was also suggested to prevent the binding between
the V domain and the YPXnL consensus motifs (X = any
residue and n = 1–3) found in viral proteins, although mo-
lecular details of this inhibition were not determined (14). To
investigate interdomain interactions of ALIX, we carried out
1HN/

15N chemical shift perturbation mapping using
PRDStrep

703–800 and nonphosphorylated and phosphorylated Bro1
(Fig. 5). Negligible 1HN/

15N chemical shift perturbations were
observed for both nonphosphorylated and phosphorylated
NMR-visible Bro1, one at a time, upon the addition of three-
molar equivalents of PRDStrep

703–800 (Fig. 5, A and B, respectively),
indicating that Bro1 did not bind to PRDStrep

703–800. The corre-
sponding titration experiments carried out using NMR-visible
PRDStrep

703–800 and unlabeled nonphosphorylated and phosphor-
ylated Bro1 yielded negligible chemical shift changes (Fig. 5C),
confirming the lack of Bro1–PRDStrep

703–800 interactions. To
determine the involvement of the V domain, titration experi-
ments were carried out using NMR-visible PRDStrep

703–800, in the
absence and presence of three-molar equivalents of V and
Bro1-V constructs (one at a time). Minimal chemical shift
ed Bro1. A, overlay of 1H–15N TROSY–HSQC spectra of nonphosphorylated
dergo chemical shift changes on phosphorylation are labeled and circled.
ely G271, H320, and D321, are labeled in blue. B, 1HN/

15N chemical shift
nts are indicated above the panel. Red rectangles indicate residues (261–280
phorylation. C, a ribbon diagram of phosphorylated Bro1 constructed using
idues that undergo large chemical shift changes upon phosphorylation are
cted because of phosphorylation. Gray ribbons indicate residues around the
undergo resonance line broadening upon phosphorylation are depicted as
stitutes of Health; TROSY, transverse relaxation optimized spectroscopy.
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Structure-function studies of tyrosine phosphorylation of ALIX
changes indicated that V and Bro1-V constructs did not bind
to PRDStrep

703–800 (Fig. 5C). Experiments using NMR-visible V and
Bro1-V constructs were not viable since both produced poor-
quality NMR spectra, likely because of the open–close tran-
sitions of the V domain in solution (14). Collectively, these
observations indicated that Bro1 and V domains did not
interact with PRDStrep

703–800. These findings are consistent with
the fact that unlike proline-recognition domains such as UEV
(24, 25), Bro1 domains have not been known to bind to
proline-rich motifs, and that ALIX-PRD carries no YPXnL
consensus motif recognized by the V domain. Finally, nothing
definitive can be said about the interactions of intact
PRDStrep

703–868 with Bro1 and V domains in solution because of its
propensity to form fibrils. We, however, uncovered novel in-
teractions between Bro1 and hyperphosphorylated PRDStrep

703–868,
which are described below.
Interactions between Bro1 and hyperphosphorylated
PRDStrep

703–868

Src-mediated hyperphosphorylation of PRD relocates ALIX
from late endosomal membranes to the cytosol (8), indicating
a likely competition between hyperphosphorylated PRD and
membranes for association with the phospholipids-binding
region(s) of Bro1. To test this hypothesis and identify con-
tacts between Bro1 and hyperphosphorylated PRDStrep

703–868, we
made use of intermolecular paramagnetic relaxation
enhancement (PRE) (26). The magnitude of the PRE effect is
very large owing to the large magnetic moment of the unpaired
electron of the paramagnetic label and is proportional to the
<r−6> paramagnetic label—proton distance, which enables the
detection of sparsely populated (as low as 0.5–1% in favorable
cases) encounter complexes between binding partners (27).
The paramagnetic nitroxide spin label (1-oxyl-2,2,5,5-
tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate
(MTSL) was introduced at four separate sites on hyper-
phosphorylated PRDStrep

703–868 via disulfide linkages (Fig. S8A;
also see Fig. S8B and Table S1 for LC–ESI–TOFMS analysis of
MTSL conjugated products). These four sites were the native
cysteine residue of PRDStrep

703–868, C813, and three engineered
sites, S712C, A756C, and S863C (Fig. 6A; in all cysteine vari-
ants, C813 was mutated to a serine). Site C813 lies adjacent to
a cluster of tyrosine residues that are phosphorylated by Src
(cf., Fig. S4). Sites S712C and A756C are located near the motif
that binds to tumor-susceptibility gene 101-UEV (residues
717–720; (16)) and in the highly basic region of PRD (residues
756–767; theoretical isoelectric point �12), respectively. Site
S863C is located at the extreme C terminus of PRD and is
adjacent to 864YY865 (cf., Fig. 1A); we were unable to detect the
phosphorylation status of these two tyrosine residues because
of sequencing coverage gaps.

Intermolecular PRE (1HN–Γ2) profiles observed for NMR-
visible Bro1 in the presence of paramagnetically labeled
hyperphosphorylated PRDStrep

703–868 and its cysteine variants are
shown in Figure 6B. When the paramagnetic label was located
at site S712C of PRDStrep

703–868, two lone ≥25 s−1 PREs were
observed (residues 233 and 336 of Bro1), whereas no strong
PRE of ≥25 s−1 were seen when the label was conjugated to site
A756C of PRDStrep

703–868. These minimal intermolecular PRE ef-
fects indicate that interactions of Bro1 with sites S712C and
A756C of PRDStrep

703–868 are negligible. These observations vali-
date the results of our NMR titration experiments, which
demonstrated that the isolated Bro1 did not associate with the
N-terminal portion of PRD and rule out transient association
between the highly basic region of PRD encompassing site
A756C and electronegative surface accessible regions of Bro1.
When the paramagnetic label was located at site C813 of
PRDStrep

703–868, strong PREs (≥25 s−1) were observed for several
Bro1 residues, with residues 91, 114, 116, and 233 completely
J. Biol. Chem. (2021) 297(5) 101328 5
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Figure 6. PRE mapping of Bro1–hyperphosphorylated PRDStrep
703–868 interactions. A, schematic of PRDStrep

703–868; vertical lines indicate the location of the four
independent conjugation sites and of the P801G mutation (green). The location of phosphorylated tyrosine residues is shown. B, intermolecular PREs
observed on 2H/15N-labeled Bro1 (200 μM) arising from MTSL label conjugated to hyperphosphorylated PRDStrep

703–868 at four specific sites; Bro1 to PRDStrep
703–868

molar ratio = 1:1. Conjugation of MTSL at site C813 produced a noticeable intermolecular PRE; residues with intermolecular PREs above the background are
labeled and indicated by purple bars. PREs too large (>60 s−1) to be accurately measured are plotted as 60 s−1. The remaining three conjugation sites did not
generate large intermolecular PREs; a few exceptions are labeled. C, ribbon representation of Bro1; residues that exhibit large PREs (≥25 s−1) with spin label at
site C813 are depicted as purple spheres; residues that were completely broadened out are marked with asterisks. Y319 is shown in a stick representation.
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red, negative. PRD, proline-rich domain; PRE, paramagnetic relaxation enhancement; MTSL, (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl)
methanethiosulfonate.
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broadened out. These observations indicate that the spin label
is in the close vicinity of the aforementioned Bro1 residues,
possibly because of its proximity to phosphorylated tyrosine
residues of PRDStrep

703–868 that likely drive the interdomain elec-
trostatic association. No strong PREs (≥25 s−1) were observed
with the paramagnetic label at site S863C of PRDStrep

703–868,
indicating minimal interactions with this site, perhaps because
tyrosine residues located next to this site (864YY865) are not
phosphorylated by Src. Control experiments carried out using
either free water-soluble paramagnetic nitroxide label, 4-
hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL), or
an unrelated MTSL-conjugated protein, apo maltose-binding
protein carrying an E38C point mutation (MBP-E38C),
showed no significant intermolecular PRE effects (Fig. S9).
These results establish that the intermolecular PREs obtained
6 J. Biol. Chem. (2021) 297(5) 101328
for Bro1 with label at site C813 of hyperphosphorylated
PRDStrep

703–868 arise from a specific association of this site with
Bro1 and not from preferential binding of the paramagnetic
label to Bro1.

A quantitative interpretation of the strong intermolecular
PREs obtained with paramagnetic label conjugated to site
C813 is not plausible owing to the disordered nature of
hyperphosphorylated PRDStrep

703–868 and the complexity of phos-
phorylation pattern (cf., Fig. S8B), culminating in a highly
dynamic encounter complex with Bro1. The experimental
manifestation of this dynamic complex is the approximately
uniform and elevated 1H–Γ2 PRE background of �10 to 15 s−1

(Fig. 6B; for the other three sites of PRDStrep
703–868, this back-

ground is relatively lower, �5–10 s−1 and stems from random
collisions of these three sites with surface accessible sites of
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Bro1). Mapping these substantial PREs on to the crystal
structure of Bro1, however, allowed us to identify the prefer-
ential mode of interactions between hyperphosphorylated
PRDStrep

703–868 and Bro1. Two clusters of intermolecular contacts
can be discerned (Fig. 6C), both residing on the two arms of
the convex face of Bro1. For comparison, the molecular surface
of Bro1 color coded according to electrostatic potential
calculated using APBS software (Adaptive Poisson-Boltzmann
Solver) (28) is shown in Figure 6D. One contact site comprises
the N-terminal portion of Bro1, residues 13, 16, 17, 52, 59, 61,
91, 92, 114, 116, and 118. Because three of these residues were
completely broadened out in the presence of paramagnetically
labeled hyperphosphorylated PRDStrep

703–868, we speculate that
this cluster makes primary contact with paramagnetically
labeled site C813. This cluster has a strong basic character and,
therefore, can electrostatically associate with hyper-
phosphorylated PRDStrep

703–868, further validating that the inter-
domain interactions are governed by phosphorylated tyrosine
residues of PRD. The other contact site comprises residues
203, 209, 229, 233, 241, 246, 248, 296, and 297, and residue 3,
which lies in close vicinity of this cluster. Because of a less
pronounced electropositive surface, we hypothesize that this
Bro1 cluster serves as a secondary contact site with hyper-
phosphorylated PRDStrep

703–868. Technical difficulties prevented us
from measuring intermolecular PREs on phosphorylated Bro1
owing to a significant precipitation observed upon mixing
phosphorylated Bro1 with paramagnetically labeled hyper-
phosphorylated PRDStrep

703–868. However, since Y319 of Bro1 is
located away from the two Bro1 regions that interact with
hyperphosphorylated PRDStrep

703–868 (Fig. 6C), we predict that
Bro1 phosphorylation will have a negligible effect on the as-
sociation of these two domains. Collectively, the aforemen-
tioned observations establish that site C813 of
hyperphosphorylated PRDStrep

703–868, which lies adjacent to a
group of phosphorylated tyrosine residues, transiently in-
teracts with two electropositive regions of Bro1.
Interactions between Bro1 and analogs of late endosomal
membranes

To identify the phospholipid-binding region(s) of Bro1, we
made use of NMR titration experiments, where unilamellar lipid
vesicles were mixed with NMR-visible Bro1. To mimic the
composition of late endosomal membranes, extruded vesicles
were made using 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), and LBPA. We also made use
of zwitterionic vesicles comprising POPC and POPE and
negatively charged vesicles composed of POPC, POPE, and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS).
Note that eukaryotic membranes, including those of late
endosomes, are highly complex and that the vesicles used here
represent an artificial system. However, the latter offer the most
native-like local membrane environment and, therefore, are
often considered simplified models of cellular membranes (29).
The size distribution of vesicles, in the absence and presence of
Bro1, was measured by DLS and found to be homogenous with
mean diameters ranging from 130 to 150 nm (Fig. S10). A
previous study suggested that the binding of divalent calcium to
Bro1 was necessary for Bro1–membrane interactions (11).
However, negligible chemical shift changes were observed for
Bro1 resonances in the presence of a molar excess of calcium,
which ruled out Bro1–calcium interactions (Fig. S11).

On addition of POPC/POPE/LBPA vesicles (molar ratio of
6:3:1) to 100 μM NMR-visible Bro1 (protein to lipid molar
ratio: 1:30), �20 to 30% resonance broadening was observed
for a majority of 1H–15N cross peaks of Bro1 (Fig. S12A; no
chemical shift perturbations and new resonances were
observed upon addition of vesicles to Bro1). When LBPA
concentration was increased in a stepwise fashion (10, 12.5,
and 15 mol% of LBPA; Fig. S12, A–C), crosspeaks of Bro1 were
progressively attenuated. These results indicate the formation
of a high–molecular weight complex between Bro1 and lipid
vesicles and an increase in the vesicle-bound population of
Bro1 as a function of LBPA concentration; all NMR mea-
surements were carried out using the same protein to lipid
molar ratio of 1:30. The reductions in 1H–15N cross-peak
volumes of Bro1 as a function of increasing LBPA concen-
tration (Bro1 + POPC/POPE/LBPA vesicles, molar ratio
5.5:3:1.5 versus Bro1 + POPC/POPE/LBPA vesicles, molar
ratio 6:3:1) are plotted in Figure 7A, which permitted identi-
fication of the most affected residues that likely associate
directly with LBPA-enriched particles. The solvent-exposed
motif, residues 101KGSLFGGSVK110, of the extended loop
that connects the two β-strands of Bro1 was predicted to insert
into LBPA-enriched membranes (11). Although reduction of
cross-peak volumes was observed for residues 104 to 106, the
other residues of this exposed motif were comparatively less
affected in the presence of lipid particles, with G107 being the
least affected residue (Figs. 7A and S12). A quantitative anal-
ysis of the attenuation of 1H–15N cross-peak volumes of G107
as a function of increasing LBPA concentration revealed the
ratios of �1 and �0.8 between 12.5 versus 10 and 15 versus
10 mol% of LBPA, respectively (�20% attenuation; Fig. 7B).
On the other hand, the most affected Bro1 residues, S13 and
G55, exhibited �60% attenuation in their cross-peak volumes
as a function of increasing LBPA concentration. These ob-
servations rule out the insertion of this exposed loop into the
vesicles since in the event of such insertion, the corresponding
residues would exhibit a significantly greater resonance line
broadening. Mapping of the most affected Bro1 residues in the
presence of LBPA-enriched particles onto the crystal structure
of Bro1 revealed two clusters, localized on two arms of the
convex face of Bro1, which likely make direct contacts with
lipid particles (Fig. 7, C and D). Cluster 1 comprised residues
10, 13, 14, 17, 54, 55, 98, 184, and 185, whereas residues 6, 239,
241, 250, 279, 283, 290, 301, 329, and 322 formed cluster 2.
Residues 27 to 28 and two extreme C-terminal residues, 352 to
353, were outliers, likely because of nonspecific association
with the lipid particles. Y319 of Bro1 is located away from both
clusters that interact with lipid particles. A near-perfect match
was observed with the pattern and the magnitude of attenua-
tion of resonances of nonphosphorylated and phosphorylated
Bro1 (one at a time) in the presence of LPBA-enriched
J. Biol. Chem. (2021) 297(5) 101328 7
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particles, indicating that Src-mediated phosphorylation of
Bro1 plays no major role in interactions with phospholipids
(Fig. S13). A close agreement between the two clusters that
interact with lipid vesicles and the electropositive regions of
Bro1 (cf., Figs. 6C and 7, C and D) indicated that interactions
between Bro1 and lipid particles were primarily governed by
the negative charge of LBPA. To confirm the electrostatic
nature of these interactions, similar titration experiments were
carried out using Bro1, in the absence and presence of zwit-
terionic and negatively charged vesicles (POPC/POPE and
POPC/POPE/POPS, one at a time, Fig. S14, A and B, respec-
tively). Negligible signal reductions were observed with zwit-
terionic vesicles (POPC/POPE molar ratio 7:3). These results
also rule out the role of viscosity on attenuation of Bro1 res-
onances in the presence of vesicles. Negatively charged POPC/
POPE/POPS particles (molar ratio of 5.5:3:1.5) produced a
very similar attenuation profile as that of Bro1 + POPC/POPE/
LBPA vesicles, indicating that ionic interactions drive the as-
sociation between Bro1 and lipid particles. Finally, we note
that despite similarities, the magnitude of cross-peak attenu-
ation is greater with LBPA than POPS particles (cf., Figs. S12C
and S14B, respectively), indicating a stronger association of
Bro1 with LBPA-enriched particles.

Discussion

In summary, we establish that tyrosine phosphorylation of
ALIX-PRD plays a critical role in its polymerization and that
8 J. Biol. Chem. (2021) 297(5) 101328
hyperphosphorylated PRD likely competes with anionic
phospholipids for binding to the Bro1 domain. These data
elucidate the underlying mechanism by which tyrosine phos-
phorylation triggers the cellular redistribution of ALIX and its
impact on intramolecular and intermolecular associations that
dictate the broad functional repertoire of ALIX in cell
signaling.

PRDStrep
703–868 exhibited remarkable aggregation properties and

formed β-sheet–rich amyloid fibrils that dissolved on Src
kinase–mediated phosphorylation and reassembled on
PTP1B-mediated dephosphorylation of its conserved tyrosine
residues. LC–MS/MS analyses of PK digestion of PRDStrep

703–868
fibrils revealed two protected fragments, residues 800 to 813
and 840 to 863, that likely form the fibril core. The motif
encompassing residues 800 to 813 of PRD encodes epitopes of
two binding partners, centrosomal protein of 55 kDa (CEP55),
which is a mitotic phosphoprotein involved in cytokinetic
abscission (30), and apoptosis linked gene-2 (ALG-2), which is
a calcium-binding protein necessary for cell death (31). We
speculate that the formation of ALIX fibrils provides a strin-
gent regulatory control as the binding epitopes required for the
recruitment of CEP55 and ALG-2 will be unavailable because
of their involvement in fibril formation, whereas Src-mediated
disassembly of ALIX fibrils will allow for the subsequent
recruitment of CEP55 and ALG-2 by ALIX. In line with these
hypotheses, a cellular study uncovered that inhibition of the
focal adhesion kinase–Src signaling pathway affected the



Structure-function studies of tyrosine phosphorylation of ALIX
timing of CEP55 recruitment at the midbody and blocked
cytokinetic abscission (32). Src-mediated hyper-
phosphorylation of PRD results in a heterogenous phosphor-
ylation pattern in vitro. This complexity may provide
additional regulatory control for ALIX-mediated ALG2
recruitment and subsequent cell death. This is because the
tyrosine residues of the PRD motif, residues 800 to 813, were
shown to be critical for ALG2 association (33). The C-terminal
residues of PRD (residues 832–868, especially motif
852PSYP855) were shown to be essential for ALIX multi-
merization in vivo (30). These observations are consistent with
our in vitro findings that residues 840 to 863 of PRD are
involved in fibril formation. The filament-forming components
of the endosomal sorting complexes required for transport
pathway known as charged multivesicular body proteins
(CHMPs) recruit ALIX through its Bro1 domain to endosomal
membranes (34, 35). Conversely, ALIX-Bro1 recruits and nu-
cleates CHMPs (36), which are the main drivers of endosomal
sorting complexes required for transport-mediated membrane
remodeling. We predict that the formation of PRD fibrils will
likely result in a multiplicative increase in the binding affinity
between Bro1 and CHMPs, culminating in nucleation and
polymerization of CHMPs. These observations make a strong
case for the existence of PRD-mediated ALIX assemblies
in vivo and suggest a vital role of PTMs in regulating the
timing of the recruitment of signaling partners of ALIX.

The structural characteristics and dynamics of the Bro1
domain were assessed using NMR spectroscopy. Conforma-
tional changes stemming from Src-mediated phosphorylation
of residue Y319 of Bro1 were found to be localized around this
tyrosine. NMR titration experiments ruled out the inter-
domain association between PRDStrep

703–800 and Bro1. These re-
sults are contradictory to a previous study, which indicated
that the N-terminal portion of the PRD of intact ALIX asso-
ciates with the Bro1 domain and inhibits its interaction with
CHMPs (13). Our results agree with a previous biophysical
study that used full-length ALIX produced in insect cells and
found that the presence of PRD did not influence the in-
teractions between intact ALIX and peptide analogs of CHMPs
(14). The discrepancy between these two studies was attributed
to the use of pure monomeric ALIX in the biophysical inves-
tigation (14) versus the use of crude extracts in the cellular
study (13) and the likely involvement of additional factors such
as avidity effects because of ALIX and CHMP oligomerization
influencing their association. Because highly sensitive PRE
experiments also ruled out the association between Bro1 and
the N-terminal portion of PRD at sites S712C and A756C, we
argue that the cellular results of intramolecular association
between the N-terminal portion of PRD and Bro1 and the
corresponding prevention of Bro1 binding to CHMPs (13)
could have been influenced by other adapter proteins present
in crude cell extracts. Note that fibril formation was not
observed in full-length ALIX made using insect cells (14),
likely because of potential unaccounted PTMs such as
hyperphosphorylation of PRD or because the globular domains
of ALIX increase the critical concentration required for its
fibrillization.
Paramagnetic NMR measurements revealed transient elec-
trostatic interactions between Bro1 and hyperphosphorylated
PRD. In intact ALIX, these interdomain interactions will likely
be substantially stronger owing to their intramolecular nature.
These interactions stem from a specific association between
site C813 of hyperphosphorylated PRD and the basic surface of
Bro1 and are governed by a patch of phosphorylated tyrosine
residues encompassing residue C813. Since the same motif,
residues 800 to 813, is likely involved in fibril formation, these
intramolecular interactions will not be plausible in PRD-
mediated ALIX assemblies. The biophysical study mentioned
previously uncovered that the presence of PRD results in in-
hibition of the binding of the V domain to YPXnL motifs in
monomeric full-length ALIX (14). Although NMR experi-
ments rule out the association between the N-terminal portion
of PRD and the V domain, interdomain association between
Bro1 and hyperphosphorylated PRD in full-length ALIX can
likely interfere with the interactions of the V domain with its
binding partners. NMR titration experiments between Bro1
and LBPA-enriched lipid vesicles revealed that these electro-
static interactions localized on the same basic surface of Bro1
that comes into direct contact with hyperphosphorylated PRD.
Competition between intramolecular and intermolecular in-
teractions is, thus, likely to redistribute ALIX away from late
endosomal membranes to the cytosol. These observations are
consistent with a recent in vivo study that demonstrated that
deletion of PRD facilitated ALIX membrane association (37).
Phosphorylation of Bro1 neither was found to play a major role
in interactions between Bro1 and anionic lipid vesicles nor is it
likely involved in the interdomain interactions with hyper-
phosphorylated PRD. Even though the Src-binding motif
represents the most conserved set of residues in mammalian
Bro1 domains, mutation of Y319 of the yeast Bro1 ortholog
had no effect on multivesicular body sorting (38). Our results
are consistent with this observation and indicate that the
phosphorylation of this residue is linked to other functions in
mammalian cells that do not involve membrane associations.

Altogether, the aforementioned results indicate that the
PTM-mediated formation and dissolution of ALIX amyloids
will provide a strict spatiotemporal control on the recruitment
of its binding partners involved in cytokinesis and apoptosis
and will likely control nucleation of CHMPs and the corre-
sponding endosomal membrane remodeling. ALIX–Src in-
teractions at late endosomal membranes will result in
phosphorylation of Bro1 and PRD of ALIX and shift the
equilibrium toward monomeric ALIX. The hyper-
phosphorylated PRD will then compete against late endosomal
membranes for binding to Bro1, culminating in a redistribu-
tion of ALIX back to the cytosol. Finally, we note that amyloids
are commonly associated with proteinopathies, including
Alzheimer’s and Parkinson’s diseases (39). Recent discoveries
of functional amyloids have challenged this perception by
elucidating the physiological roles of amyloids and their
ubiquitous distribution in lower order and higher order or-
ganisms (40–43). These discoveries have led to the emergence
of a new narrative, which posits that amyloidogenesis repre-
sents a functional phase transition, similar to the one found in
J. Biol. Chem. (2021) 297(5) 101328 9
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nature between gas, liquid, and solid phases, and suggests that
cells may harness many useful characteristics of amyloids,
including extreme stability, avidity, prion-like replication, and
many others. Exactly how cells generate physiological amyloids
without succumbing to pathology is not known. One suggested
mechanism is the dissolution of amyloids, often through
chaperones or changes in pH. The modulation of amyloids via
PTMs described here, specifically a rapid disassembly and
assembly of fibrils through tyrosine phosphorylation and
dephosphorylation, respectively, represents another elegant
mechanism with which cells may control the associated cyto-
toxicity. Given the prevalence of phosphorylation in eukary-
otes (44) and that many proteins are prone to aggregation (45,
46), we hypothesize that such regulatory control on amyloid
production is widespread, allowing eukaryotic cells to escape
the cytotoxic effects of functional amyloids.

Experimental procedures

Materials

IPTG and arabinose were purchased from Sigma–Aldrich
(catalog no. 420322 and A3256, respectively). ThT was pur-
chased from Thermo Fisher Scientific (catalog no.
AC211760050). CR was purchased from Sigma–Aldrich (cat-
alog no. C6277). Buffered ATP solution (pH 7.5) was obtained
from Thermo Fisher Scientific (catalog no. R1441). Phospho-
tyrosine mouse monoclonal antibody was obtained from Cell
Signaling Technology (catalog no. 9411). Secondary antibody,
goat antimouse IgG, was obtained from Thermo Fisher Sci-
entific (catalog no. G-21040). The malachite green phosphate
detection kit and PTP1B substrate were purchased from R&D
Systems, Inc (catalog no. DY996 and ES006, respectively). PK
solution (20 mg/ml) was purchased from Thermo Fisher Sci-
entific (catalog no. 25530049). Reagents for NMR isotopic
enrichment were obtained from Cambridge Isotopes Labora-
tories (CIL) and Sigma–Aldrich. Paramagnetic MTSL and its
diamagnetic counterpart, (1-acetoxy-2,2,5,5-tetramethyl-δ-3-
pyrroline-3-methyl) methanethiosulfonate (MTS), were pur-
chased from Toronto Research Chemicals, Inc (catalog no.
O875000 and A167900, respectively). TEMPOL was purchased
from Sigma–Aldrich (catalog no. 176141). Phospholipids,
POPC, POPE, and POPS were purchased from Avanti Polar
Lipids, Inc (catalog no. 850457C, 850757C, 840034C, respec-
tively). LBPA was purchased from Thermo Fisher Scientific
(catalog no. 50720538).

Recombinant protein expression and purification

Codon-optimized (Genewiz, Inc) ALIX-PRD constructs
(UniProt accession no. Q8WUM4), GB1� PRDStrep

703–868 and
GB1� PRDStrep

703–800, were subcloned in pET11a (Novagen, EMD
Millipore) and expressed in BL21(DE3) competent cells (Agi-
lent; catalog no. 200131). Cysteine variants of
GB1� PRDStrep

703–868 used for paramagnetic NMR measurements
were generated using site-directed mutagenesis. The recom-
binant constructs representing globular ALIX domains,
namely Bro1 (residues 1–359), V (residues 359–702), and
Bro1-V (residues 1–702), were obtained from Addgene,
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accession no. 80641 (47), 17639 (48), and 42577 (49), respec-
tively. The human Src kinase construct (UniProt accession no.
P12931) comprising a C-terminal tobacco etch virus (TEV)-
cleavable polyhistidine tag, pEX-Src-C-His, was a generous gift
from the van der Vliet Group (University of Vermont) and was
expressed in BL21-AI cells (Thermo Fisher Scientific; catalog
no. C607003). The construct representing the catalytic domain
of human PTP1B (residues 1–301; UniProt accession no.
P18031) was obtained from Addgene, accession no. 102719
(50) and expressed in BL21(DE3) competent cells. The TEV
protease construct was a generous gift from David S. Waugh
(National Cancer Institute, the National Institutes of Health
[NIH]). The construct of MBP-E38C (UniProt accession no.
P0AEX9) was a generous gift from G. Marius Clore (National
Institute of Diabetes and Digestive and Kidney Diseases, the
NIH). MBP-E38C was expressed in BL21-CodonPlus (DE3)-
RIPL competent cells (Agilent; catalog no. 230280).

ALIX-PRD constructs, GB1� PRDStrep
703–868 and its cysteine

variants and GB1� PRDStrep
703–800 were expressed at 16 �C.

Briefly, cells were grown at 37 �C in 1 L LB medium (MP
Biomedicals; catalog no. 3002-036) at natural isotopic abun-
dance or minimal M9 medium for isotopic labeling. The latter
contained 1 g/l 15NH4Cl (CIL) for

15N labeling. About 30 min
prior to induction, the temperature of cell culture was reduced
to 16 �C. Cells were induced with 1 mM IPTG at an absor-
bance of �0.8 at 600 nm and harvested after �48 h. Src kinase
was expressed according to our previous protocol (16). Briefly,
cells were grown at 37 �C in 1 L terrific broth medium
(Thermo Fisher Scientific; catalog no. BP9728) at natural iso-
topic abundance. About 30 min prior to induction, the tem-
perature of cell culture was reduced to 16 �C. Cells were
induced with 0.2% w/v arabinose and 1 mM IPTG at an
absorbance of �0.8 at 600 nm and harvested �24 h after in-
duction. The catalytic domain of PTP1B was expressed at 16
�C. Cells were grown at 37 �C in 1 L LB medium and �30 min
prior to induction, and the temperature of cell culture was
reduced to 16 �C. Cells were induced with 1 mM IPTG at an
absorbance of �0.8 at 600 nm and harvested �24 h after in-
duction. For TEV protease, cells were grown at 37 �C in 1 L LB
medium and harvested �4 h after induction with 1 mM IPTG.
The recombinant constructs of globular ALIX domains,
namely Bro1, V, and Bro1-V, were expressed at 16 �C. Cells
were grown at 37 �C in 1 L LB medium at natural isotopic
abundance or in the case of Bro1, in M9 medium for isotopic
labeling. The latter contained 0.3 g/l 2H/15N/13C Isogro
(Sigma–Aldrich), 99.9% (v/v) deuterium oxide (D2O; CIL), 1 g/
l 15NH4Cl (CIL), and 3 g/l 2H7,

13C6-D-glucose (Sigma–Aldrich)
for 2H/15N/13C labeling and 0.3 g/l 2H/15N Isogro (Sigma–
Aldrich), 99.9% (v/v) deuterium oxide (CIL), 1 g/l 15NH4Cl
(CIL), and 3 g/l 2H7,

12C6-D-glucose (CIL) for 2H/15N labeling.
About 30 min prior to induction, the temperature of cell
culture was reduced to 16 �C. Cells were induced with 1 mM
IPTG at an absorbance of �0.8 at 600 nm and harvested after
�24 h.

PRD constructs were purified using a combination of affinity
chromatography (ÄKTA Pure and Start Protein Purification
Systems; GE Healthcare) and reverse-phase HPLC (1260
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Infinity II Liquid Chromatography System; Agilent Technol-
ogies). The purification protocol for GB1� PRDStrep

703–800 is
described in our previous work (16). Briefly, the cells were
resuspended in a lysis buffer containing 50 mM Tris(hydrox-
ymethyl)aminomethane (Tris), pH 8.0, 2 mM EDTA, and
250 mM NaCl. Cells were lysed by heat shock (80 �C, �5 min)
and cleared by centrifugation (48,380g, 25 min). The cell lysate
was loaded onto a Streptactin Sepharose column (GE
Healthcare), pre-equilibrated with a running buffer containing
50 mM Tris, pH 8.0, 2 mM EDTA, and 250 mM NaCl, and
eluted in the same buffer containing 2.5 mM D-desthiobiotin
(Sigma–Aldrich). The eluted GB1� PRDStrep

703–800 protein was
mixed with recombinant TEV protease (molar ratio of 50:1) in
the presence of 1 mM DTT (Sigma–Aldrich) to hydrolyze the
N-terminal GB1 solubility tag. Proteolysis was allowed to
proceed at room temperature for �12 h and was assessed for
completion by SDS-PAGE; Bolt 4–12% bis–Tris gel (Thermo
Fisher Scientific). The hydrolyzed product, PRDStrep

703–800, was
further purified using reverse-phase HPLC (Jupiter 10 μm C18
300 Å column; Phenomenex, catalog no. 00G-4055-N0) with a
5 to 55% acetonitrile gradient comprising 0.05% TFA (Sigma–
Aldrich). The eluted protein was freeze dried (Labconco −84
�C Benchtop Freeze Dryer) and stored at −80 �C before use.
For GB1� PRDStrep

703–868 and its cysteine variants, the cells were
resuspended in a denaturing buffer containing 50 mM Tris, pH
8.0, and 6 M guanidine hydrochloride (Sigma–Aldrich). Cells
were lysed using a homogenizer, EmulsiFlex-C3 (Avestin) and
cleared by centrifugation. The cell lysate was filtered through a
0.45 μm vacuum-driven filtration device (Stericup; Sigma–
Aldrich) and loaded onto a HisTrap column (GE Healthcare),
pre-equilibrated with a denaturing buffer containing 50 mM
Tris, pH 8.0, and 6 M guanidine hydrochloride. The bound
protein was washed with ten column volumes of refolding
buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl and
eluted in the same buffer containing 0.5 M imidazole (Sigma–
Aldrich). The eluted protein was loaded onto a Streptactin
Sepharose column, pre-equilibrated with a running buffer
containing 50 mM Tris, pH 8.0, 2 mM EDTA, and 250 mM
NaCl, and eluted in the same buffer containing 2.5 mM D-
desthiobiotin. The resultant elution was mixed with recom-
binant TEV protease (molar ratio of 100:1) in the presence of
1 mM DTT to hydrolyze the N-terminal GB1 solubility tag.
The proteolysis reaction was carried out at room temperature
(�12 h) and assessed for completion by SDS-PAGE. The hy-
drolyzed product, PRDStrep

703–868, was further purified using
reverse-phase HPLC (Jupiter 10 μm C18 300 Å column) using
a 25 to 37% acetonitrile gradient comprising 0.1% TFA. The
eluted PRDStrep

703–868 fractions were pooled, lyophilized, and
stored at −80 �C.

The purification protocol for Src kinase is described in our
previous work (16). Briefly, the cells were resuspended in a
lysis buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
Cells were lysed using an EmulsiFlex-C3 and cleared by
centrifugation. The cell lysate was loaded onto a HisTrap
column (GE Healthcare) with a 0 to 1 M imidazole gradient
containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted
protein was loaded onto a Q Sepharose HP column (GE
Healthcare) with a 0 to 1 M NaCl gradient in a buffer con-
taining 50 mM Tris, pH 8.0, and 5 mM β-mercaptoethanol.
The eluted fractions were pooled, concentrated (Amicon
Ultra-15; cutoff of 30 kDa), and loaded onto a HiLoad 26/600
Superdex 75 pg column (GE Healthcare) pre-equilibrated with
50 mM Tris, pH 7.5, 250 mM NaCl, and 5 mM β-mercap-
toethanol. Relevant fractions were pooled and concentrated to
�1 mg/ml (Amicon Ultra-15; cutoff of 30 kDa). Samples were
aliquoted, flash frozen, and stored at −80 �C.

For the catalytic domain of PTP1B, the cells were resus-
pended in a lysis buffer containing 50 mM Tris, pH 8.0, and
250 mM NaCl. Cells were lysed using an EmulsiFlex-C3 and
cleared by centrifugation. The cell lysate was loaded onto a
HisTrap column (GE Healthcare) with a 0 to 1 M imidazole
gradient containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
The eluted protein was concentrated (Amicon Ultra-15; cutoff
of 10 kDa) and loaded onto a HiLoad 26/600 Superdex 75 pg
column (GE Healthcare) pre-equilibrated with 50 mM Tris,
pH 8, and 250 mM NaCl. Relevant fractions were pooled and
mixed with recombinant TEV protease (molar ratio of 50:1) in
the presence of 1 mM DTT to hydrolyze the N-terminal pol-
yhistidine (6× His) affinity tag. The proteolysis reaction was
carried out at room temperature (�12 h) and assessed for
completion by SDS-PAGE. The reaction mixture was loaded
back onto a HisTrap column (GE Healthcare). The resultant
flow-through fractions of hydrolyzed PTP1B were pooled,
concentrated, and further purified by size exclusion chroma-
tography (HiLoad 26/600 Superdex 75 pg column; GE
Healthcare). Relevant fractions were concentrated (�3 mg/ml;
Amicon Ultra-15; cutoff of 10 kDa), flash frozen, and stored
at −80 �C.

The purification protocol for TEV protease is described in
our previous works (16, 51). Briefly, the cells were resuspended
in a lysis buffer containing 50 mM Tris, pH 8.0, and 250 mM
NaCl. Cells were lysed using an EmulsiFlex-C3 and cleared by
centrifugation. The cell lysate was loaded onto a HisTrap
column (GE Healthcare) with a 0 to 1 M imidazole gradient
containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted
protein was concentrated (Amicon Ultra-15; cutoff of 10 kDa)
and loaded onto a HiLoad 26/600 Superdex 75 pg column (GE
Healthcare) pre-equilibrated with 50 mM Tris, pH 8, 250 mM
NaCl, and 1 mM DTT. Relevant fractions were pooled and
concentrated to �1 mg/ml (Amicon Ultra-15; cutoff of 10
kDa). The samples were aliquoted, flash frozen, and stored
at −80 �C.

For the Bro1 domain, the cells were resuspended in a lysis
buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
Cells were lysed using EmulsiFlex-C3 and cleared by centri-
fugation. The cell lysate was loaded onto a HisTrap column
(GE Healthcare) with a 0 to 1 M imidazole gradient containing
50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein
was concentrated (Amicon Ultra-15; cutoff of 10 kDa) and
loaded onto a HiLoad 26/600 Superdex 75 pg column (GE
Healthcare) pre-equilibrated with 50 mM Tris, pH 8, 250 mM
NaCl, and 1 mM DTT. Relevant fractions were pooled and
mixed with recombinant TEV protease to cleave off the
N-terminal 10× His affinity tag (molar ratio of 5:1). Proteolysis
J. Biol. Chem. (2021) 297(5) 101328 11
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was carried out at room temperature (�48 h) and assessed for
completion using SDS-PAGE. The reaction mixture was
loaded back onto a HisTrap column (GE Healthcare). The
resultant flow-through fractions of hydrolyzed Bro1 were
pooled, concentrated, and further purified by size exclusion
chromatography (HiLoad 26/600 Superdex 75 pg column; GE
Healthcare). Relevant Bro1 fractions were pooled and stored
at −80 �C.

For the V domain, the cells were resuspended in a lysis
buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
Cells were lysed using an EmulsiFlex-C3 and cleared by
centrifugation. Cell lysate was loaded onto a Glutathione
Sepharose 4 Fast Flow column (GE Healthcare) with a 0 to
10 mM L-glutathione (Sigma–Aldrich) gradient containing
50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein
was concentrated (Amicon Ultra-15, cutoff of 10 kDa) and
loaded onto a HiLoad 26/600 Superdex 75 pg column (GE
Healthcare) pre-equilibrated with 50 mM Tris, pH 8, 250 mM
NaCl, and 1 mM DTT. Relevant fractions were pooled and
mixed with recombinant TEV protease to cleave off the N-
terminal glutathione-S-transferase affinity tag (molar ratio of
50:1). Proteolysis was carried out at room temperature (�12 h)
and assessed for completion using SDS-PAGE. The reaction
mixture was loaded back onto a Glutathione Sepharose 4 Fast
Flow column (GE Healthcare). The resultant flow-through
fractions were pooled, concentrated, and further purified by
size exclusion chromatography (HiLoad 26/600 Superdex 75
pg column; GE Healthcare). Relevant fractions were pooled,
concentrated (�10 mg/ml; Amicon Ultra-15; cutoff of 10 kDa),
and stored at −80 �C.

For the Bro1-V construct, the cells were resuspended in a
lysis buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
Cells were lysed using an EmulsiFlex-C3 and cleared by
centrifugation. The cell lysate was loaded onto a HisTrap
column (GE Healthcare) with a 0 to 1 M imidazole gradient
containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted
protein was concentrated (Amicon Ultra-15; cutoff of 30 kDa)
and loaded onto a HiLoad 26/600 Superdex 200 pg column
(GE Healthcare) pre-equilibrated with 50 mM Tris, pH 8,
250 mM NaCl, and 1 mM DTT. Relevant fractions were
pooled and mixed with recombinant TEV protease to cleave
off the N-terminal 6× His affinity tag (molar ratio of 5:1).
Proteolysis was carried out at room temperature (�48 h) and
assessed for completion using SDS-PAGE. The reaction
mixture was loaded back onto the HisTrap column (GE
Healthcare). The resultant flow-through fractions were pooled,
concentrated, and further purified by size exclusion chroma-
tography (HiLoad 26/600 Superdex 200 pg column; GE
Healthcare). Relevant fractions were pooled and stored
at −80 �C.

For apo MBP-E38C, the cells were resuspended in a lysis
buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl.
Cells were lysed using an EmulsiFlex-C3 and cleared by
centrifugation. Cell lysate was loaded onto an Amylose resin
column (New England BioLabs, Inc) with a 0 to 10 mM
maltose gradient containing 50 mM Tris, pH 8.0, 1 mM DTT,
and 250 mM NaCl. The eluted protein was concentrated
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(Amicon Ultra-15; cutoff of 30 kDa) and loaded onto a HiLoad
26/600 Superdex 75 pg column (GE Healthcare) pre-
equilibrated with 50 mM Tris, pH 8, 1 mM DTT, and
250 mM NaCl. Relevant fractions were pooled and concen-
trated to �10 mg/ml (Amicon Ultra-15; cutoff of 30 kDa). The
samples were aliquoted and flash frozen and stored at −80 �C.

The aforementioned purification schemes resulted in ≥99%
pure proteins with the following yields: PRDStrep

703–800 (�40 mg/l),
PRDStrep

703–868 (�25 mg/l), Src (�5 mg/l), PTP1B (�45 mg/l),
Bro1 (�50 mg/l), V (�45 mg/l), Bro1-V (�40 mg/l), and MBP-
E38C (�10 mg/l).

MS analyses

All protein constructs, the end products of in vitro phos-
phorylation, and site-specific spin labeling reactions (see
below) were verified by MS using our previously published
protocols (16, 51). Briefly, an Agilent 6230 TOF-mass spec-
trometer with Jet Stream ESI was used for LC–ESI–TOFMS
analysis. The Jet Stream ESI source was operated under posi-
tive ion mode with the following parameters: VCap = 3500 V,
fragmentor voltage = 175 V, drying gas temperature = 325 �C,
sheath gas temperature = 325 �C, drying gas flow rate = 10 l/
min, sheath gas flow rate = 10 l/min, and nebulizer pressure =
40 psi. The chromatographic separation was performed at
room temperature on a Phenomenex Aeris Widepore XB-C18
column (2.1 mm inner diameter × 50 mm length, 3.6 μm
particle size). HPLC-grade water and acetonitrile were used as
mobile phases A and B, respectively. Each phase also carried
0.1% TFA. MassHunter software (Agilent) was used for data
acquisition and analysis, and MagTran software (Amgen, Inc)
was used for mass spectrum deconvolution (52).

PK digestion

Fibrils of PRDStrep
703–868 and soluble PRDStrep

703–800 (�40 μM each)
were incubated with PK (1 μg/ml) in a buffer comprising
50 mM Tris, pH 8, 1 mM DTT, and 0.5 mM EDTA (37 �C,
�60 min). Aliquots were taken at regular intervals and heated
at 100 �C for �3 min to inactivate PK. The reactions were
assessed using SDS-PAGE, visualized using PageBlue staining
solution (Thermo Fisher Scientific; catalog no. 24620). Re-
actions were also analyzed by LC–MS/MS using our previ-
ously published protocol (16). Briefly, LC–MS/MS analysis was
carried out by the nanoLC-Orbitrap XL spectrometer. A fused
silica capillary LC column (pulled to a tip with a Sutter P-2000
laser capillary puller) was packed with Agilent Zorbax resin
(C18; particle size of 5 μm). The inner diameter of the capillary
was 100 μm, and the stationary phase was packed with a
pressure device to a length of 70 mm. The column was
equilibrated using an Agilent 1100 HPLC pump, solvent A =
100% HPLC-grade water with 0.1% formic acid and solvent B =
100% acetonitrile with several 10 to 90% solvent B step gra-
dients. The PK-digested sample of PRDStrep

703–868fibrils was
diluted by a factor of 100 with 2% acetonitrile and 0.1% formic
acid and loaded on the column by a pressure device (2.1 μl; �2
pmol on column). The LC gradient program was 1 to 34%
solvent B in 66 min, followed by 6 min of 90% B, followed by



Structure-function studies of tyrosine phosphorylation of ALIX
1% B at 95 min. Data acquisition method parameters were as
follows: the capillary LC was positioned in the Thermo
nanoelectrospray interface with a 1.55 kV source voltage, 48 V
capillary voltage, 85 V tube lens, and 165 �C capillary tem-
perature. For the ion trap, three micro scans and the FT
spectra, two micro scans were averaged. There were seven scan
events per cycle (6.5 s), one FT scan (resolution of 30,000)
from 200 to 1600m/z, followed by six ion trap, data-dependent
collision-induced dissociation MS/MS scans. Dynamic exclu-
sion was enabled with duration of 40 s and a repeat count of 2.
The ion trap collision-induced dissociation scans had an
isolation width of 2.0 m/z and a normalized collision energy of
35. The data analysis method was as follows: peptide sequence
matches were found using the OpenMS workflow (53) with the
MS-GF + peptide sequence match search algorithm (54). The
false discovery rate was set to 5%. The enzyme parameter was
set to “Unspecific cleavage.” The search parameters used for
LC–MS/MS analyses are tabulated in Table S2, whereas
Table S3 lists all peptides identified by these analyses.
Tyrosine phosphorylation

Lyophilized PRDStrep
703–868 was reconstituted in a buffer

comprising 50 mM Tris, pH 7.5, 5 mM MgCl2, 2 mM DTT,
and 0.5 mM EDTA. The resultant PRDStrep

703–868 solution (50 μM)
was mixed with 1 mM ATP and �5 μM Src. The phosphor-
ylation reaction was allowed to proceed for �12 h at 30 �C. Src
was then removed from the reaction mixture using a HisTrap
column (GE Healthcare) pre-equilibrated with 50 mM Tris,
pH 8, and 250 mM NaCl. The resultant flow-through fractions
of phosphorylated PRDStrep

703–868 were pooled, and excess ATP/
ADP were removed using a HiPrep 26/10 Desalting column
(GE Healthcare) pre-equilibrated with 20 mM sodium phos-
phate, pH 6.5, 50 mM NaCl, 2 mM EDTA, and 1 mM Tris(2-
carboxyethyl)phosphine (Sigma–Aldrich).

The eluted fractions of Bro1 and Src from a sizing column
were mixed; Bro1 to Src molar ratio of �5:1. The resultant
mixture was concentrated to a final volume of �7 ml (Amicon
Ultra-15; cutoff of 30 kDa) and dialyzed against a buffer con-
taining 50 mM Tris, pH 8, 2 mM ATP, 5 mM MgCl2, 2 mM
DTT, and 0.5 mM EDTA (Slide-A-Lyzer G2 dialysis cassettes;
Thermo Fisher Scientific). The reaction was allowed to pro-
ceed for �18 h at room temperature with one buffer change at
a time point of �4 h in the dialysis. Phosphorylated Bro1 was
purified from the mixture using the procedure mentioned
previously. The status of phosphorylation was assessed using
LC–ESI–TOFMS, LC–MS/MS, and NMR. For LC–MS/MS,
phosphorylated Bro1 was digested using trypsin (Bro1 to
trypsin molar ratio of 50:1; incubation time of �90 min, and
room temperature). Hyperphosphorylated PRDStrep

703–868 samples
were digested using PK (PRDStrep

703–868 to PK molar ratio of
1000:1; incubation time of �5 min, 37 �C). LC–MS/MS ana-
lyses were carried out using a similar procedure as the one
used to identify products of PK digestion of PRDStrep

703–868 fibrils.
Up to two PTMs per peptide were allowed for the search.
Phosphorylation of tyrosine was the most prevalent PTM
observed (also see Tables S2 and S3). For Bro1,
phosphorylation was also assessed using Western blotting.
Bro1 + Src reaction mixture separated using electrophoresis
was transferred onto a 0.45 μm nitrocellulose membrane
(Thermo Fisher Scientific; catalog no. LC2001) using a wet-
transfer Mini Blot Module (Thermo Fisher Scientific; catalog
no. B1000). Procedures for blotting and subsequent product
visualization are described previously (16).

Large unilamellar lipid vesicles

Lipid vesicles were prepared according to the protocols
published by Jiang et al. (55). Briefly, lipids were stored in
chloroform/methanol (2:1) stock solutions at −20 �C. Lipid
films were prepared by drying the appropriate amounts of
stock solutions under a stream of dry nitrogen followed by
vacuum desiccation (vacuum oven; VWR) at room tempera-
ture for �2 h to remove traces of organic solvents. The
resultant lipid films were hydrated using appropriate volumes
of buffer containing 20 mM sodium phosphate, pH 6.5, 50 mM
NaCl, 1 mM EDTA, and 1 mM TCEP and subjected to vortex
mixing (approximately three times, 60 s each). The multi-
lamellar vesicle solutions were extruded through a 100 nm
diameter polycarbonate membrane (Whatman, GE Health-
care) using an extrusion kit (Avanti Polar Lipids, Inc) and used
immediately for NMR and size measurements.

DLS

The size distribution of lipid vesicles was determined by
DLS at 25 �C using 25 μM vesicles, with and without 25 μM
Bro1. Measurements were performed using the Zetasizer Nano
ZS (Malvern Instruments) instrument operating at a wave-
length of 633 nm. The measurements were repeated 15 times
after a 1 min temperature equilibration. A cumulant fit and a
sphere model were used to obtain the average hydrodynamic
radius (130–150 nm).

Site-specific spin labeling

MTSL and MTS were reconstituted in ethanol (Sigma–
Aldrich) to a final concentration of �100 mM and mixed with
the protein of interest at a molar ratio of 10:1 (spin label versus
protein). The spin labeling reaction was allowed to proceed in
the dark for �12 h at room temperature and assessed for
completion using LC–ESI–TOFMS. The excess of unreacted
spin label was removed using the HiPrep 26/10 Desalting
column (GE Healthcare) pre-equilibrated with 20 mM sodium
phosphate, pH 6.5, 50 mM NaCl, and 2 mM EDTA. The
resultant protein fractions were pooled, concentrated, and
immediately used for NMR measurements.

NMR sample preparation

Samples of 15N-labeled PRDStrep
703–800,

15N-labeled hyper-
phosphorylated PRDStrep

703–868, and 15N/2H- or 15N/13C/2H-
labeled Bro1 were prepared in a buffer comprising 20 mM
sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM EDTA, and
1 mM TCEP. For paramagnetic NMR, the samples were
prepared in an identical buffer without TCEP. To assess the
interactions between calcium and Bro1, samples were
J. Biol. Chem. (2021) 297(5) 101328 13
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prepared using 20 mM MES, pH 6.5, 50 mM NaCl, 2 mM
EDTA, and 1 mM TCEP. All NMR samples contained 7% v/v
D2O.

NMR spectroscopy

All NMR experiments were carried out at 30 �C on Bruker
600 and 800 MHz spectrometers equipped with z-gradient
triple resonance cryoprobes. Spectra were processed using
NMRPipe (56) and analyzed using the CCPN software suite
(57). Sequential 1H, 15N, and 13C backbone resonance as-
signments of nonphosphorylated and phosphorylated Bro1
samples were carried out using conventional TROSY-based
three-dimensional triple resonance experiments (58).
TROSY-based 15N{1H} NOE measurements (59) were carried
out on 2H/15N-labeled nonphosphorylated and phosphory-
lated Bro1 samples at 800 MHz. The 15N-{1H} NOE and
reference spectra were recorded with a 6 s saturation time for
the NOE measurement and an equivalent recovery time for the
reference measurement in an interleaved manner, each pre-
ceded by an additional recovery time of 1 s. Chemical shift
perturbation experiments were carried out using 15N-labeled
PRDStrep

703–800and nonlabeled Bro1, V, and Bro1-V (one at a time).
The following protein concentrations were used: 100 μM
PRDStrep

703–800 and 300 μM Bro1 and V (one at a time) and 25 μM
PRDStrep

703–800 and 75 μM Bro1-V (the latter is due to the limited
solubility of Bro1-V construct). Similar measurements were
carried out using uniformly 2H/15N-labeled 100 μM non-
phosphorylated and phosphorylated Bro1 and nonlabeled
300 μM PRDStrep

703–800. Perturbations were calculated as follows:
ΔH/N = {(ΔδHN)2+ (0.154 × ΔδN)

2}1/2, where ΔδHN and ΔδN
are the 1HN and 15N chemical shift differences in parts per
million, respectively, between free and bound states. To
determine the effect of calcium on Bro1, titration experiments
were carried out using 2H/15N-labeled 100 μM non-
phosphorylated Bro1, in the absence and presence of 5 mM
CaCl2. Intermolecular transverse 1HN–Γ2 PRE rates were ob-
tained by mixing 200 μM 2H/15N-labeled Bro1 with 200 μM
MTSL/MTS-labeled hyperphosphorylated PRDStrep

703–868 and its
cysteine variants (note that the corresponding PRE measure-
ments on phosphorylated Bro1 were not feasible because of
the limited solubility of phosphorylated Bro1 and MTSL-
tagged hyperphosphorylated PRDStrep

703–868 mixture). Transverse
1HN–Γ2 PRE rates were measured from the differences in the
transverse 1HN–R2 relaxation rates between the paramagnetic
and diamagnetic samples as described previously (26, 27). Two
time points (separated by 30 ms) were used for the measure-
ments of 1HN–R2 rates, and the errors in the 1HN–Γ2 PRE rates
were calculated as described previously (26). Negative control
experiments were carried out using 200 μM 2H-/15N-labeled
Bro1 and 2 mM TEMPOL and 200 μM MTSL-labeled MBP-
E38C. For these experiments, 200 μM 2H/15N-labeled non-
phosphorylated Bro1 served as a diamagnetic control. NMR
titration experiments between 2H-/15N-labeled non-
phosphorylated and phosphorylated Bro1 and neutral and
negatively charged lipid vesicles were carried out using 100 μM
protein (protein to lipid molar ratio of 1:30). TROSY–HSQC
correlation spectra were recorded on nonphosphorylated and
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phosphorylated Bro1 in the absence and presence of uni-
lamellar lipid vesicles. The following vesicle compositions were
used; the numbers in parenthesis represent the molar ratios of
phospholipids: POPC/POPE (7:3), POPC/POPE/POPS
(5.5:3:1.5), POPC/POPE/LBPA (6:3:1), POPC/POPE/LBPA
(5.75:3:1.25), and POPC/POPE/LBPA (5.5:3:1.5).

CR assay

CR was dissolved in MilliQ water (MilliQ IQ 7000 purifi-
cation system; Millipore–Sigma). CR stock solution (0.2% w/v)
was filtered through a 0.22 μm filter and used immediately.
About 100 μM solutions of nonphosphorylated and phos-
phorylatedPRDStrep

703–868 and PRDStrep
703–800 were incubated over-

night at room temperature and mixed with CR stock solution
in the morning (100:1 dilution; protein versus CR). The mix-
tures were incubated at room temperature for �45 min. Ab-
sorption spectra were measured using an Agilent Cary 50 Bio
UV–Vis spectrophotometer (quartz cuvette of 1 cm).

Fibril formation and dissolution kinetics

Aggregation and dissolution experiments were performed at
30 �C on PRDStrep

703–868 samples in sealed 96-well flat bottom
plates (Corning; catalog no. 3370) containing 100 μl sample
per well (three replicates of each sample [n = 3] were placed in
separate wells, and ThT fluorescence was measured through
the top and bottom of the plate). Measurements were carried
out with continuous linear shaking (3.5 mm, 411.3 rpm) using
a microplate reader (Infinite M Plex; Tecan). ThT (10 μM)
fluorescence was recorded as a function of time; excitation and
emission wavelengths were 415 and 480 nm, respectively. For
aggregation experiments, ThT signals as a function of time
were recorded on 100 μM hyperphosphorylated PRDStrep

703–868
samples, in the absence and presence of 50 nM PTP1B. The
buffer conditions were as follows: 20 mM Hepes, pH 7.5,
1 mM DTT, and 1 mM EDTA. For Src-mediated fibril
dissolution experiments, lyophilized PRDStrep

703–868 was recon-
stituted in a buffer containing 50 mM Tris, pH 7.5, 5 mM
MgCl2, 2 mM DTT, and 0.5 mM EDTA (PRDStrep

703–868 =
100 μM). ThT signals as a function of time were recorded till
the samples (n = 9) reached a stationary phase; total incubation
time of �3 h, whereupon 1 μM of recombinant Src and 1 mM
ATP were added to three samples, whereas the others were
mixed with either 1 μM Src or 1 mM ATP. Fibril formation of
PRDStrep

703–868 was also assessed using ThT emission spectra
recorded on Agilent Cary Eclipse Fluorescence spectropho-
tometer. ThT fluorescence was recorded of 3 × 100 μl of
100 μM PRDStrep

703–868 samples at 30 �C after �2 h incubation
(20 mM Hepes, pH 7.5, 1 mM DTT, and 1 mM EDTA; micro
quartz cuvettes). Similar measurements were recorded on
hyperphosphorylated PRDStrep

703–868 and the soluble N-terminal
fragment, PRDStrep

703–800, which served as negative controls.

TEM

PRDStrep
703–868 samples, �1.2 mg/ml, were incubated at 30 �C in

20 mM sodium phosphate, pH 7.0, 50 mM NaCl, 1 mM TCEP,
and 1 mM EDTA. Aggregated samples were subjected to
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sonication (�10 min; Elmasonic P ultrasonic bath) and diluted
to �0.2 mg/ml immediately before application to the TEM
grids (400-mesh formvar and carbon-coated copper; Electron
Microscopy Sciences; catalog no. FCF400-Cu). About 1 min
after deposition, the sample solution was wicked with filter
paper, followed by a quick wash with 3 μl of water and the
addition of three to five drops of 2% w/v aqueous uranyl ac-
etate solution. The uranyl acetate was wicked immediately
with a filter paper, and the grids were air dried at room tem-
perature. TEM images were acquired using a JEOL JEM-
1400Plus transmission electron microscope (JEOL) and
recorded on a Gatan OneView digital camera (Gatan).

CD spectroscopy

CD measurements (178–280 nm, 1 nm data pitch, contin-
uous scanning with 1 nm bandwidth, 60 nm/min, and ten
accumulations) with 0.1 mg/ml nonphosphorylated and
phosphorylated PRDStrep

703–868 were carried out in 2 mm quartz
cuvettes (Starna Cells, Inc) using an Aviv model 215 spec-
trometer. The molar ellipticity was calculated using the
equation: [θ]molar = 100 * MW * θ/cl, where MW = molecular
weight, θ = CD signal (mdeg), c = concentration (mg/ml), and
l = path length (cm). The buffer and experimental conditions
were as follows: 10 mM sodium phosphate, pH 7.0, 1 mM
TCEP, 1 mM EDTA, and 25 �C.

Data availability

Plasmids of full-length ALIX-PRD, PRDStrep
703–868, and its

cysteine variants, namely PRDStrep
703–868 � S712C; C813S,

PRDStrep
703–868 � A756C; C813S, andPRDStrep

703–868� S863C; C813S,
have been deposited in the Addgene repository, https://www.
addgene.org/ (accession nos. 164444, 164445, 164446, and
164447, respectively). The chemical shift assignments of Bro1
have beendeposited in theBiologicalMagnetic ResonanceBank,
https://bmrb.io/ (accession no. 50707). LC–MS/MS data were
deposited to the MassIVE data repository, https://massive.ucsd.
edu/ (accession no. MSV000088057).
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tion (16, 22, 23, 26, 27, 60–64).
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