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Proline-rich domains (PRDs) are among the most prevalent signal-
ing modules of eukaryotes but often unexplored by biophysical
techniques as their heterologous recombinant expression poses sig-
nificant difficulties. Using a “divide-and-conquer” approach, we pre-
sent a detailed investigation of a PRD (166 residues; ∼30% prolines)
belonging to a human protein ALIX, a versatile adaptor protein in-
volved in essential cellular processes including ESCRT-mediated
membrane remodeling, cell adhesion, and apoptosis. In solution,
the N-terminal fragment of ALIX-PRD is dynamically disordered. It
contains three tandem sequentially similar proline-rich motifs that
compete for a single binding site on its signaling partner, TSG101-
UEV, as evidenced by heteronuclear NMR spectroscopy. Global fit-
ting of relaxation dispersion data, measured as a function of
TSG101-UEV concentration, allowed precise quantitation of these
interactions. In contrast to the soluble N-terminal portion, the C-
terminal tyrosine-rich fragment of ALIX-PRD forms amyloid fibrils
and viscous gels validated using dye-binding assays with amyloid-
specific probes, congo red and thioflavin T (ThT), and visualized by
transmission electron microscopy. Remarkably, fibrils dissolve at
low temperatures (2 to 6 °C) or upon hyperphosphorylation with
Src kinase. Aggregation kinetics monitored by ThT fluorescence
shows that charge repulsion dictates phosphorylation-mediated fi-
bril dissolution and that the hydrophobic effect drives fibril forma-
tion. These data illuminate the mechanistic interplay between
interactions of ALIX-PRD with TSG101-UEV and polymerization of
ALIX-PRD and its central role in regulating ALIX function. This study
also demonstrates the broad functional repertoires of PRDs and un-
covers the impact of posttranslational modifications in the modula-
tion of reversible amyloids.

intrinsically disordered protein | posttranslational modifications |
amyloids | NMR | signal transduction

Proline-rich domains (PRDs) are ubiquitous in the eukaryotic
proteome and function as docking sites for a multitude of

signaling protein modules (1–4). Prolines are also favored in
intrinsically disordered proteins (IDPs), which lack a well-
defined structure (5, 6). The relative abundance of proline is
primarily due to its unusual structural properties. The proline
sidechain is fused to its backbone amide nitrogen, which imposes
unique conformational constraints and provides a distinct entropic
advantage for binding to its signaling partners. The most common
structure formed by consecutive proline residues is a left-handed
helix, termed polyproline type II (PPII), with an extended rigid
conformation that favors entropy-driven protein–protein interac-
tions (7–9). A PPII structure can tolerate various combinations of
proline and nonproline residues without compromising its structural
integrity. PRDs are predicted to be disordered (10) and contain
strategically placed short segments comprising proline residues and
polyproline stretches. These contiguous functional segments,
termed linear motifs (11), maintain the structural plasticity of PRDs

where the presence of prolines results in extended conformations,
rendering the linear motifs accessible for interactions with their
signaling partners. A typical PRD contains sequentially similar
linear epitopes, and this multivalency results in an increase in the
avidity of protein–protein interactions and solution-to-gel phase
transitions (12). Such interactions have been less studied in the
context of intracellular signaling networks as compared with the
interactions between extracellular ligands and their receptors,
namely antibody–receptor and carbohydrate–lectin systems
(13–15). To make use of ubiquitous PRDs, eukaryotes employ an
array of proline-recognition domains (16, 17), which comprise
several well-known motifs, including Src homology 3 (SH3), WW,
GYF, and ubiquitin E2 variant (UEV), as well as many others. The
interactions between proline-recognition domains and PRDs create
dynamic signaling networks where a PRD can rapidly switch be-
tween binding partners and form multivalent complexes that dictate
cell growth, transcription, cell signaling, and other essential cellular
functions. Despite their importance, however, PRDs are usually
removed from the protein constructs used for X-ray crystallography
and NMR studies, due to the problems associated with their
recombinant expression and their lack of structure. Since prolines
lack amide protons, they are not amenable to conventional
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1H-detected NMRmethods used to study IDPs at atomic resolution
(18). As a result, there are clear gaps in our current understanding
of how PRDs regulate cellular functions.
The apoptosis-linked gene-2 interacting protein X (ALIX), a

human cellular protein, functions within the endosomal-sorting
complexes required for transport (ESCRT) pathway (19, 20).
The ESCRT pathway comprises a collection of proteins that form
polymeric filaments and mediates membrane scission to facilitate
cytokinetic abscission, biogenesis of multivesicular bodies, plasma
membrane repair, and budding of enveloped viruses such as HIV-
1 and Ebola. The ESCRT machinery consists of five functionally
distinct protein complexes, ESCRT-0, -I, -II, and -III and AAA
ATPase VPS4. ESCRT-0, -I, and -II are involved in sorting
ubiquitinated proteins to endosomes. ESCRT-III filaments com-
prising polymeric assemblies of charged multivesicular body pro-
teins (CHMPs) and ATPase VPS4 are involved in membrane
scission. ALIX, also known as programmed cell death 6 interact-
ing protein (PDCD6IP), interacts with ESCRT-I protein tumor-
susceptibility gene 101 (TSG101) and recruits ESCRT-III proteins
to carry out membrane scission. In addition to ESCRT-mediated
membrane remodeling, ALIX is involved in apoptosis, cell adhe-
sion, and endocytosis (21). ALIX consists of an amino (N)-terminal
Bro1 domain, a central V-domain, and a carboxy (C)-terminal PRD
containing ∼30% prolines (Fig. 1A). The Bro1 and V domains have
been extensively studied by structural methods (22, 23). Relatively
little is known about the PRD, despite its functional importance.
ALIX-PRD is highly conserved among vertebrates (SI Appendix,
Fig. S1) and is known to interact with multiple binding partners
(21), including the UEV domain of TSG101 (TSG101-UEV) (24,
25), tyrosine kinases such as Src (26) and Hck (27), endocytic
proteins endophilins (28), and many others. The interactions
between ALIX-PRD and TSG101-UEV are mediated by the

N-terminal portion of PRD, which is also implicated in the
autoinhibition of ALIX (29). The C-terminal tyrosine-rich portion
of PRD is implicated in ALIX multimerization (30). The biolog-
ical importance of ALIX-PRD and the lack of prior biophysical
studies make it a prototypical system to study the mechanistic role
of PRDs in cell signaling.
By dividing it into two recombinant constructs, representing

the N- and the C-terminal portions of ALIX-PRD, we carry out a
detailed investigation using a range of biophysical methods, in-
cluding heteronuclear NMR spectroscopy, fluorescence spec-
troscopy, analytical ultracentrifugation (AUC), negative-stain
electron microscopy (EM), and mass spectrometry (MS). Note
that poor bacterial expression (31) and the overall size of the
full-length protein (∼96 kDa) do not allow for a similar bio-
physical investigation of PRD in the context of full-length ALIX.
We show that the three tandem proline-rich motifs of the
N-terminal portion of ALIX-PRD compete for binding with
TSG101-UEV, suggesting that a PRD-mediated multimerization
of ALIX will result in enhanced functional affinity for its binding
partner, TSG101-UEV. We demonstrate that the C-terminal
tyrosine-rich portion of ALIX-PRD forms amyloid fibrils and
viscous gels under near-physiological conditions, as evidenced by
dye-binding assays with amyloid-specific probes, congo red (CR)
and thioflavin T (ThT), and visualized by negative-stain EM.
Remarkably, the fibril formation is reversible as the fibrils dis-
solve at low temperatures (2 to 6 °C) or upon Src kinase-
mediated hyperphosphorylation of ALIX-PRD. This reversible
polymerization is strikingly different from those exhibited by
pathological amyloids, including the ones associated with Alz-
heimer’s and Parkinson’s diseases that resist disassembly. We
show that amyloid formation is driven by the hydrophobic effect,
likely mediated by intra- and intermolecular interactions be-
tween tyrosine and proline residues, whereas phosphorylation-
mediated dissolution is governed by charge repulsion.

Results and Discussion
Recombinant Constructs.The current work made use of two codon-
optimized PRD constructs, namely the N-terminal fragment,
PRDStrep

703−800, and the C-terminal fragment, PRD800–868 (Fig. 1 B–D).
This “divide-and-conquer” strategy was employed since we were
unable to express intact full-length PRD as well as its shorter trun-
cated counterpart in Escherichia coli (PRDStrep

703−868 and PRDStrep
703−815,

respectively). Sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis (SDS-PAGE) (Fig. 1C) and liquid chromatography–
electrospray ionization–time-of-flight mass spectrometry (LC-ESI-
TOFMS) (SI Appendix, Fig. S2) analyses of the expression patterns
of the latter two constructs revealed ribosomal stalling and subse-
quent translational arrest induced by polyproline stretches that are
ubiquitous in ALIX-PRD, with regions 758PPPP761 and 801PPYP804

being particularly problematic. Essentially no intact proteins were
produced as both PRDStrep

703−868 and PRDStrep
703−815 did not express be-

yond residue P801. These results agree with prior reports that show
that translation of consecutive proline residues leads to ribosomal
stalling (32–34). Each PRD construct carried a cleavable N-terminal
fusion tag comprising B1 domain of protein G, GB1 (35), followed
by a polyhistidine affinity tag (6×His) and a tobacco etch virus
(TEV) protease cleavage site; GB1–6×His–TEV, hereafter referred
to as GB1. In the case of PRDStrep

703−800, a noncleavable strep affinity
tag (36) was engineered at the C terminus (801WSHPQFEK808),
which served two purposes. It allowed a ready separation of intact
protein from its truncated fragments using affinity chromatography
and facilitated precise measurements of protein concentrations using
ultraviolet absorbance; extinction coefficient at 280 nm (37): 6,970
versus 1,280 M−1cm−1, with and without the C-terminal strep tag,
respectively (see Fig. 1D for the amino acid composition of the two
PRD constructs used in current work). We also made use of
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Fig. 1. ALIX domain organization and summary of ALIX-PRD constructs
used in the current work. (A) Schematic of ALIX organization. Primary se-
quence of PRD is shown with prolines (∼30%) and tyrosines (∼9%) labeled in
purple and red, respectively. (B) Recombinant PRD constructs, namely GB1–
PRDStrep

703−868, GB1–PRDStrep
703−815, GB1–PRDStrep

703−800, and GB1–PRD800–868. The po-
sitions of purification tags, 6×His and strep, are marked (primary sequence
of strep tag is shown). TEV protease cutting sites are shown in gray and
marked with dashed lines and scissors. Recombinant expression of GB1–
PRDStrep

703−868 and GB1–PRDStrep
703−815 resulted in truncated fragments because of

ribosomal stalling induced by polyproline stretches, especially at residue
P801, marked by a red circle and vertical red line. (C) SDS-PAGE analysis of
purified PRD constructs [16% wt/vol tris(hydroxymethyl)aminomethane–
glycine gel]; the order of GB1–PRD fusion constructs is the same as the one
depicted in B. TEV-cleaved products, namely PRDStrep

703−800 and PRD800–868, are
marked with arrows. (D) Amino acid composition of PRDStrep

703−800 (Top) and
PRD800–868 (Bottom). Vertical bars marked with orange and gray asterisks
denote contributions from nonnative strep tag and remnant-glycine resi-
dues of TEV cleavage sites, respectively.

Elias et al. PNAS | September 29, 2020 | vol. 117 | no. 39 | 24275

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010635117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010635117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2010635117/-/DCSupplemental


recombinant human full-length Src kinase and TSG101-UEV (see
SI Appendix, Fig. S3 for LC-ESI-TOFMS characterization of the
constructs used in current work).

NMR Analysis of PRDStrep
703−800. PRDStrep

703−800 yielded a high-quality
1H-15N transverse relaxation-optimized spectroscopy–heteronuclear
single quantum coherence spectroscopy (TROSY-HSQC) spectrum
(Fig. 2A). The chemical shifts of the backbone amide proton res-
onances were clustered in a narrow 1 part per million (ppm) win-
dow (∼7.7 to ∼8.7 ppm), a hallmark of random-coil conformation.
To further explore the structural propensity of PRDStrep

703−800 in so-
lution, we recorded NMR-backbone chemical shifts, three bond
3JHNHα couplings, and 15N-longitudinal and transverse relaxation
rates (R1 and R2, respectively). Nearly complete (∼97%) backbone
resonance assignments were achieved using a combination of three-
dimensional conventional 1H-detected and modern 13C-detected
NMR methods (18) (Fig. 2B). Differences between observed
chemical shifts and the corresponding random-coil values, referred

to as secondary chemical shifts (Δδ), are sensitive indicators of local
secondary structure. By using the random-coil values corrected for
pH, ionic strength, and temperature (38, 39), rms values of 0.19,
0.35, 0.29, and 0.64 ppm were obtained for secondary chemical
shifts of 13Cα, 13Cβ, 13C′, and 15N, respectively (SI Appendix, Fig.
S4A). Note that the chemical shifts of the last C-terminal resi-
due, K808, were not considered for rms calculations. Δδ(13Cα) val-
ues, the best reporters of local secondary structure, were evenly
distributed around 0 ppm, indicative of a random-coil conforma-
tion. The absence of structural ordering was confirmed by analysis
of backbone chemical shifts using the program δ2D (40), which
yielded low values of the average secondary-structure propensities,
∼2% of α-helix and ∼11% of β-sheet (SI Appendix, Fig. S4B). For
nearly all residues of PRDStrep

703−800, the population of PPII fell in
the ∼20 to 30% range. A few notable exceptions were regions
752PQPPAR757 and 782AAP784, which showed elevated PPII pro-
pensities (∼30 to 40%). Finally, nothing definitive can be said
about the conformation of the two polyproline stretches, namely
758PPPP761 and 794PPP796, due to the lack of δ2D predictions for
these regions. These results are in excellent agreement with ex-
perimental CheZOD Z-scores (41), which indicated that nearly all
residues of PRDStrep

703−800 are disordered with Z-scores of <3 (SI
Appendix, Fig. S4C). Note that the 734GHAPTP739 motif showed
slightly elevated Z-scores (∼3 to 6), indicating a possible presence
of a transient ordered structure in that region. 3JHNHα couplings of
PRDStrep

703−800 were highly correlated with the random-coil 3JHNHα val-
ues predicted using nearest‐neighbor effects (42), with a Pearson’s
correlation coefficient of ∼0.8 (SI Appendix, Fig. S4D). Analysis of
15N-relaxation rates, measured at 800 MHz at 30 °C, revealed
average R1 and R2 values of ∼1.2 and ∼2.1 s−1, respectively, in-
dicating rapid backbone dynamics in the pico- to nanosecond re-
gime (SI Appendix, Fig. S4E). Taken together, NMR results
establish that PRDStrep

703−800 is disordered in solution with the lack of
dominant PPII population(s).

Interactions of NMR-Visible PRDStrep
703−800 with Unlabeled TSG101-UEV.

TSG101-UEV binds to P(T/S)AP motifs found in both cellular
and viral proteins, including the p6 domain of HIV-1 Gag poly-
protein (43). Direct interactions between the 717PSAP720 motif of
ALIX-PRD and TSG101-UEV were reported using yeast-two
hybrid and surface plasmon resonance (SPR) measurements
(25). The latter were carried out using recombinant TSG101-UEV
and an 11-residue peptide analog of ALIX-PRD, PRD714–723, and
yielded an equilibrium dissociation constant, KD, of 142 ± 0.5 μM.
To explore interactions between PRDStrep

703−800 and TSG101-UEV,
we made use of NMR-titration experiments, where an increasing
concentration of unlabeled TSG101-UEV was added to NMR-
visible PRDStrep

703−800 (Fig. 2 A and B and SI Appendix, Fig. S5).
Significant reductions in 1HN/

15N and 13C′/15N cross-peak inten-
sities were observed for residues surrounding the 717PSAP720 motif
on the addition of unlabeled TSG101-UEV, a manifestation of
intermediate-exchange regime on the chemical-shift time scale.
The affected PRD region encompassed residues 711 to 734. As
expected for an intermediate-exchange regime, only a few residues
exhibited small but detectable 1HN/

15N and 13C′/15N chemical-
shift perturbations (SI Appendix, Fig. S5). Surprisingly, two addi-
tional regions (residues 766 to 780 and 787 to 800) exhibited
significant reductions in cross-peak intensities on the addition of
TSG101-UEV, indicative of secondary interactions. Examination
of primary sequences of all three affected PRD regions, namely
residues 711 to 734, 766 to 780, and 787 to 800 (hereafter referred
to as sites 1, 2, and 3, respectively), revealed a plausible expla-
nation for these interactions. All three sites comprise sequentially
similar motifs, namely 717PSAP720, 769PSAT772, and 790PGSAP794

(Fig. 2C), which interact with TSG101-UEV. 15N-relaxation rates
of PRDStrep

703−800 were measured as a function of TSG101-UEV
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concentration (SI Appendix, Fig. S6). Interactions between
PRDStrep

703−800 and TSG101-UEV are localized around the sites
mentioned above as a significant increase in 15N-R2 rates on
TSG101-UEV addition was found only at these three interaction
sites (SI Appendix, Fig. S6 A and B). These results indicate that
the TSG101-UEV–bound state of PRDStrep

703−800 is dynamically
disordered, with local ordering around the three interaction
sites. These observations are in excellent agreement with the
X-ray structure of the complex between TSG101-UEV and HIV-
1 p6 analog comprising the PTAP motif (44) as the entire nine-
residue p6 analog (PEPTAPPEE) was visualized in an extended
conformation in the binding groove of TSG101-UEV. Sedi-
mentation studies of PRDStrep

703−800 and TSG101-UEV demon-
strated that both proteins were monodisperse and monomeric
(SI Appendix, Fig. S7). Sedimentation velocity experiments on
PRDStrep

703−800 returned a best-fit frictional ratio of ∼2.0, indicative
of an IDP. In contrast, the frictional ratio for TSG101-UEV was
∼1.3, a value typical for globular proteins. We also carried out
sedimentation-equilibrium experiments on PRDStrep

703−800 (SI Ap-
pendix, Fig. S8) and TSG101-UEV (SI Appendix, Fig. S9), which
showed that both proteins remain monodisperse at high con-
centrations with no indication of self-association. These results
corroborate and confirm NMR-titration (cf., Fig. 2) and -relax-
ation data (cf., SI Appendix, Fig. S6) and establish that the re-
duction in cross-peak intensities of PRDStrep

703−800 observed on the
addition of unlabeled TSG101-UEV is due to the association of
the two proteins.

Interactions of NMR-Visible TSG101-UEV with Unlabeled PRDStrep
703−800.

To further explore TSG101-UEV + PRDStrep
703−800 interactions, NMR-

titration experiments were carried out on NMR-visible TSG101-
UEV in the absence and presence of unlabeled PRDStrep

703−800 (Fig. 3A).
The solution conformation of TSG101-UEV in the absence of
PRDStrep

703−800 was assessed using residual dipolar couplings (RDCs),

which provide information on orientations of bond vectors (45–47).
Excellent agreement was observed between the backbone amide
(1DNH) RDCs, measured in polyethyleneglycol/hexanol alignment
medium (48), and those calculated from X-ray coordinates of
TSG101-UEV (Protein Data Bank [PDB] entry 3OBS) (44), indi-
cating that the structure of TSG101-UEV remains unaltered in so-
lution (SI Appendix, Fig. S10). A significant reduction in 1HN/

15N
cross-peak intensities and small 1HN/

15N chemical-shift perturbations
(∼0.05 to 0.1 ppm) were observed for the following TSG101-UEV
regions on the addition of 4 molar equivalents of PRDStrep

703−800
(Fig. 3 B and C): residues 32 to 34, 58 to 69, 87 to 103, 110 to 111,
and 134 to 144. Comparison of these results against X-ray/NMR
complexes of TSG101-UEV + HIV-1 p6 analogs (43, 44) revealed
that PRDStrep

703−800 occupies the same binding pocket of TSG101-UEV
as that of the HIV-1 p6 peptide. We, therefore, carried out docking
calculations using the X-ray structure of TSG101-UEV + HIV-1 p6
peptide complex as a template (PDB entry 3OBU) (44), supple-
mented by distance restraints derived from NMR-titration data in
Xplor-NIH (49). To simplify calculations, only a large fragment of
one of the interacting sites of PRDStrep

703−800, site 1, was used as a PRD
analog (residues 711 to 730). The lowest-energy structure from these
calculations is shown in Fig. 3D. This structure confirms that
TSG101-UEV carries a single binding site for a PTAP-like motif.
Therefore, among the three PTAP-like motifs of PRDStrep

703−800, namely
717PSAP720, 769PSAT772, and 790PGSAP794, only one can interact with
one TSG101-UEV molecule at any given time.

Quantitative Characterization of Interactions of PRDStrep
703−800 with TSG101-UEV.

To quantitate PRDStrep
703−800 + TSG101-UEV interactions, we collected

Carr−Purcell−Meiboom−Gill (CPMG) relaxation dispersion ex-
periments, which probe exchange between free and bound states
on a time scale ranging from ∼0.1 to 10 ms (50–52). Analysis of
CPMG profiles via propagation of the Bloch–McConnell equa-
tions (53) yields the kinetic rate constants for the exchange pro-
cess(es) and population(s) of the bound state(s). Fig. 4A shows
representative 15N-CPMG relaxation dispersion profiles observed for

A

B

C

D

Fig. 3. NMR and structural analyses of interactions of TSG101-UEV with PRDStrep
703−800. (A) Overlay of expanded region of the 1H-15N TROSY correlation spectra

of 15N/2H-labeled 100 μM TSG101-UEV in the absence (red) and presence (blue) of PRDStrep
703−800 (molar ratio: 1:4). Some isolated cross-peaks that exhibit sig-

nificant reduction in intensities upon addition of PRDStrep
703−800 are labeled. Cross-peaks that undergo chemical-shift changes on addition of PRDStrep

703−800 are
marked by circles. (B and C) The reduction in 1H-15N cross-peak intensities (B) and the perturbations in 1HN/

15N chemical shifts (C) of TSG101-UEV on addition
of PRDStrep

703−800. Affected regions are highlighted in semitransparent red rectangles (secondary structure elements are indicated above the graphs). Semi-
transparent gray rectangles and dashed blue lines indicate the residues that could not be assigned unambiguously. (D) A ribbon diagram of model of TSG101-
UEV + PRD711–730 complex. TSG101-UEV and PRD711–730 are colored in white and blue, respectively. Regions marked in red represent residues of TSG101-UEV
that are most affected on addition of PRDStrep

703−800. Gray ribbons indicate residues around the binding site that could not be assigned unambiguously. For
PRD711–730, the side chains of individual residues are also shown; 717PSAP720 motif (site 1) is marked with dark purple labels.
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each of the interaction site of NMR-visible PRDStrep
703−800 in the presence

of 5-molar excess of unlabeled TSG101-UEV; the corresponding
profiles in the absence of TSG101-UEV are flat. Consistent with
1HN/

15N chemical-shift perturbation data (SI Appendix, Fig. S5),
only a few PRDStrep

703−800 residues exhibited significant dispersions.
Therefore, to aid the quantitative analysis, 15N-CPMG mea-
surements were recorded on NMR-visible PRDStrep

703−800 in the
presence of 2- and 3-molar excess of unlabeled TSG101-UEV
(one at a time; SI Appendix, Fig. S11). Because only one site of
PRDStrep

703−800 can interact with one TSG101-UEV at any given time,
dispersion profiles for each interaction site were fit independently
to a two-state exchange model, A↔ B, comprising a free (State A)
and a bound PRDStrep

703−800 (State B). For each PRD site, all of the
CPMG data collected as a function of increasing TSG101-UEV
concentration were fit simultaneously. The results of the CPMG
fits are shown in Fig. 4A and SI Appendix, Fig. S11. The kinetic
parameters extracted from the fits are shown in Fig. 4B (also see
SI Appendix, Table S1). The values of fitted dissociation rate
constants, koff, were 489 ± 11 s−1 (site 1) versus 1,941± 93 s−1 (site 2),
and 3,281 ± 313 s−1 (site 3). Under the conditions of the experiment
(100 μMPRDStrep

703−800 + 500 μMTSG101-UEV), the kappon values were
344 ± 10 s−1 (site 1), 263 ± 42 s−1 (site 2), and 206 ± 105 s−1 (site 3),

where kappon is the fitted pseudo first-order association rate con-
stant. The exchange rate constants, kex = kappon + koff , between free
and bound PRDStrep

703−800 were ∼830 s−1 (site 1), ∼2,200 s−1 (site 2),
and ∼3,500 s−1 (site 3), indicating that the exchange at site 1 is ∼3
and ∼4 times slower than at sites 2 and 3, respectively. This is
largely because the koff rates for each PRD site were significantly
different even though the corresponding kappon values were com-
parable. The similarity of kappon values is consistent with the ob-
servations that each PRD site is composed of sequentially similar
PTAP-like motifs (cf., Fig. 2C), whereas differences in the corre-
sponding koff rates can be attributed to the fact that, although
similar, sites 1, 2, and 3 are not identical to one another. The total
amount of unbound TSG101-UEV was calculated to be 453 μM
under the conditions of the experiment (100 μM PRDStrep

703−800 +
500 μM TSG101-UEV; see SI Appendix, SI Materials and Methods
for additional details). Because only one PRD site can bind to one
TSG101-UEV at any given time, second-order association rate
constants (kon) were readily computed to be 76 ± 2, 58 ± 9, and
45 ± 23 (× 104 M−1·s−1) for sites 1, 2, and 3, respectively;
kon = kappon =[L], where [L] is the concentration of unbound
TSG101-UEV. The resultant equilibrium dissociation constant,
KD = koff/kon, values were 0.64 ± 0.02 mM (site 1), 3.3 ± 0.6 mM

A

B C

D

Fig. 4. Quantitative analyses of interactions of PRDStrep
703−800 with TSG101-UEV. (A) Representative backbone 15N-CPMG relaxation dispersion profiles observed

for 100 μM PRDStrep
703−800 on addition of TSG101-UEV (molar ratio: 1:5); dispersions were recorded at 600 MHz (red) and 800 MHz (blue). The experimental data

are displayed as circles, and the solid lines represent the global best fits to a two-state exchange model. Control relaxation dispersions at 800 MHz obtained in
the absence of TSG101-UEV are shown in black. For the control data, black lines are used to guide the eye. (B) Summary of kinetic parameters obtained upon
globally best fitting all CPMG data to a two-site exchange mode. Each interacting site (1, 2, and 3) is fit individually. kapp

on is an apparent pseudo–first-order
association rate constant that pertains to 100 μM PRDStrep

703−800 and 500 μM TSG101-UEV used in the CPMG experiments. koff is the dissociation rate constant. The
equilibrium dissociation constant, KD, for each individual site is given by koff/kon, where kon = kapp

on =[L] and [L] is the concentration of unbound TSG101-UEV.
(C) Populations of 1:1 and 1:2 complexes formed between PRDStrep

703−800 and TSG101-UEV, calculated using KD values for each individual PRD site and mass-action
law. Note that sites 2 and 3 are mutually exclusive as they cannot simultaneously interact with two TSG101-UEV molecules due to steric hindrance (cf., Fig. 2C).
(D) Scheme depicting potential modes of interactions of PRDStrep

703−800 with TSG101-UEV; populations of bound sites are labeled.
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(site 2), and 7.2 ± 3.7 mM (site 3), implying that site 1 of
PRDStrep

703−800 is the primary site of interaction, whereas sites 2 and
3 are secondary. Note that the KD reported here for site 1
(∼0.64 mM; measured at 30 °C) is approximately five times
weaker than that reported in a previous study (25) carried out
using a peptide analog of ALIX-PRD (∼0.14 mM; measured
using SPR at 20 °C). The discrepancy in binding affinity observed
between intact PRDStrep

703−800 (this work) versus its peptide analog
(PRD714–723) (25) can be attributed to differences in constructs
and experimental conditions, specifically the temperature. These
findings are consistent with our earlier investigations of interac-
tions between HIV-1 Gag and protease, which demonstrated that
native substrates often interact weakly with their binding partners
compared with the corresponding peptide analogs (51, 54).
In addition to a 1:1 stoichiometry where one PRDStrep

703−800 site is
occupied by one TSG101-UEV molecule, there exists a possi-
bility that sites 1 and 2, which are ∼40 residues apart (cf., Fig. 2 C
and D), can be occupied by two TSG101-UEV molecules at any
given time: a 1:2 stoichiometry. Similarly, sites 1 and 3 are ∼50
residues apart and can thus form a 1:2 complex. Sites 2 and 3,
however, are mutually exclusive as they are separated by ∼10
residues and, therefore, cannot simultaneously interact with two
TSG101-UEV molecules due to steric hindrance. The total
percentage occupancy of each PRDStrep

703−800 site under the condi-
tions of the experiment (100 μM PRDStrep

703−800 + 500 μM TSG101-
UEV) was calculated using corresponding KD values for each site
and mass-action law (Fig. 4 C and D). The bound populations for
the 1:1 complex were 34 ± 3% (site 1), 7 ± 2% (site 2), and 3 ±
3% (site 3), and for the 1:2 complex were 5 ± 2% (site 1 + site 2)
and 2 ± 2% (site 1 + site 3). The above observations establish that
PRDStrep

703−800 contains three PTAP-like motifs that compete for
binding to TSG101-UEV, where site 1 is the primary site of in-
teraction, and sites 2 and 3 are secondary. The C-terminal portion
of PRD is implicated in multimerization of ALIX (30) (see
Amyloids and Gels of PRD800-868), indicating that in the event of
ALIX multimerization, the sites mentioned above are likely to
increase the functional affinity of ALIX-PRD for its interactions
with TSG101.

Amyloids and Gels of PRD800–868. In contrast to PRDStrep
703−800, which

exhibited high solubility (soluble up to ∼2 mM), the C-terminal
portion, PRD800–868, was poorly soluble under aqueous condi-
tions (<30 μM; pH 4.5 to 7). The presence of an N-terminal GB1
fusion tag, often employed to overcome protein solubility and
stability issues (55, 56), greatly improved the solubility of
PRD800–868 (soluble up to ∼0.5 mM). Due to its favorable prop-
erties, including small size, high solubility, and extreme thermal
stability, and because it usually does not influence structural
characteristics of the tagged partner, the GB1 tag is often consid-
ered to be an ideal solubility-enhancement tag. The use of GB1
fusion construct allowed us to collect highly reproducible data and
characterize aggregation properties of PRD800–868 (a serendipitous
observation during purification of recombinant PRD800–868 revealed
its aggregation-prone behavior). Spectral-shift assays were carried
out using an amyloid-specific dye, CR, to explore the possibility that
GB1–PRD800–868 aggregates were amyloidogenic (57). Clear shifts
toward 540 nm were observed for aggregates of GB1–PRD800–868 in
contrast to its N-terminal soluble counterpart, GB1–PRDStrep

703−800,
indicating the presence of amyloid structures for GB1–PRD800–868
aggregates (Fig. 5A). Emission assays carried out using ThT (58),
another amyloid-specific dye that is thought to form ordered arrays
along the lengths of fibrils, leading to increase in its fluorescence,
indicated the presence of cross–β-sheet conformations (59) for
GB1–PRD800–868 aggregates, corroborating their amyloido-
genic nature (Fig. 5B). Analysis of GB1–PRD800–868 aggregates
by negative-stain EM elucidated that these aggregates consist of

unbranched filaments, characteristic of amyloid fibrils (Fig. 5 C and
D). After ∼3 d at room temperature under nonagitated (quiescent)
conditions, GB1–PRD800–868 aggregates coalesced to form a dense
gel. Upon inverting the tube, the GB1–PRD800–868 solution remained
at the bottom of the tube instead of falling into the cap, indicating a
significant increase in viscosity (Fig. 5E). Analysis of GB1–
PRD800–868 gel by negative-stain EM revealed a dense network of
intertwined fibrils (Fig. 5F). Note that the gel-forming behavior of
GB1–PRD800–868 is consistent with a wide variety of amyloid-forming
polypeptides that have been shown to form hydrogels (60).
To validate and gain a mechanistic understanding of GB1–

PRD800–868 amyloid formation, we monitored aggregation ki-
netics using ThT fluorescence. The effects of the following ex-
perimental conditions on aggregation kinetics were monitored
(one at a time): pH, ionic strength, protein concentration, and
temperature (Fig. 6). GB1–PRD800–868 exhibited sigmoidal ag-
gregation profiles, ThT signal against time, a hallmark of amy-
loid formation (61). Most profiles displayed an initial dip in ThT
signals, followed by a small lag phase, a robust growth phase, and
a final plateau. High-quality data were obtained with continuous
linear shaking with essentially no variations between replicates
(raw data of three replicates from one plate are shown, n = 3;
Fig. 6 A–D). To rule out the possible contributions from the GB1
fusion tag in PRD800–868 aggregation, identical experiments were
performed on GB1–PRDStrep

703−800 and on the GB1 tag itself, which
showed no obvious ThT signals (Fig. 6A). ThT signals of GB1–
PRD800–868 samples at zero time point (t0) were considerably
higher than the corresponding controls, indicating the presence of
substantial GB1–PRD800–868 aggregates at t0. The lyophilized
GB1–PRD800–868 samples were treated with ammonium hydroxide
to produce an aggregate-free solution (62); however, this method
was not fully effective and did not result in complete solubilization
and disaggregation of GB1–PRD800–868 samples. Faster aggrega-
tion was observed at pH 7.0 versus pH 6.5, 7.5 and 8.0 (Fig. 6A)
and with 0 mM NaCl versus 250 and 500 mM NaCl (Fig. 6B).
Changes in the concentration of GB1–PRD800–868 did not affect
its aggregation rates (Fig. 6C; also see SI Appendix, Fig. S12 for
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measurements carried out under quiescent conditions, which show
a similar trend). A significant increase in rates was observed upon
an increase in temperature (Fig. 6D). At 40 °C, a half-maximal
signal was reached within ∼1 h (t1/2 = 1 h), whereas the corre-
sponding t1/2 values for 25, 30, and 35 °C were ∼11, ∼4, and ∼2 h,
respectively. To further assess the impact of temperature on ag-
gregation, ThT emission spectra were recorded (Fig. 6E; n = 3).
GB1–PRD800–868 samples were incubated at 40 °C until the
maximum ThT signal was reached (∼2 h), whereupon the tem-
perature was reduced to 4 °C. Surprisingly, ThT signals of GB1–
PRD800–868 amyloid fibrils decreased as a function of time at 4 °C
(incubation time: ∼4 h), indicating that PRD800–868 forms revers-
ible amyloids. Similar measurements carried out at 2, 6, 8, and
10 °C showed a slightly faster dissolution rate at 2 °C compared
with 4 °C (incubation time: ∼3 h) and essentially no decrease in
ThT signals at 8 and 10 °C, indicating that the PRD800–868 fila-
ments are stable at and above 8 °C (SI Appendix, Fig. S13). A
similar behavior was seen with GB1–PRD800–868 gel, which be-
came fragile and liquid-like at 4 °C (Fig. 6 E, Lower). ThT mea-
surements were also carried out on PRD800–868 (without the GB1
tag), which displayed characteristic sigmoidal profiles (Fig. 6F).
Poor solubility of PRD800–868 resulted in significant variations

between replicates and, therefore, precluded us from carrying out
a thorough kinetic analysis.

Src-Mediated Dissolution of GB1–PRD800–868 Amyloid Fibrils. Src ki-
nase was shown to hyperphosphorylate ALIX-PRD, culminating
in a cellular redistribution of ALIX and initiating the formation
of ESCRT-mediated intraluminal vesicles (26, 63). To study
Src–PRD interactions, we carried out in vitro phosphorylation
reactions using full-length Src. Recombinant full-length Src ac-
tivity was measured using ADP-Glo assays (SI Appendix, Fig.
S14) and was found to be consistent with previous reports (64).
PRD constructs, namely PRDStrep

703−800 and PRD800–868, were incu-
bated with Src in the presence of adenosine triphosphate (ATP)
(30 °C; incubation time: 5 h), and the products were monitored
using Phos-tag SDS-PAGE (65). The latter is a modified version
of SDS-PAGE that carries a phosphate-binding tag, which atten-
uates the migration of phosphorylated proteins, leading to a dis-
tinct separation of nonphosphorylated and phosphorylated
species. Mobility shifts of phosphorylated PRD800–868 products
were readily visible (Fig. 7A). No such shifts were observed for
PRDStrep

703−800, implying lack of phosphorylation (PRDStrep
703−800 and

PRD800–868 contain 1 versus 14 tyrosines, respectively; cf., Fig. 1 A
and D). To circumvent the poor solubility of PRD800–868, a kinase
reaction was carried out on GB1–PRD800–868, and the corre-
sponding mobility shifts indicated its phosphorylation. However, a
control reaction carried out on the GB1 fusion tag revealed that
the tag itself, comprising four tyrosines, undergoes residual
phosphorylation in the presence of Src (Fig. 7A and SI Appendix,
Table S2). Src-mediated phosphorylation of PRD800–868 and the
lack of phosphorylation of PRDStrep

703−800 were unambiguously con-
firmed by Western blotting and MS (Fig. 7 B–D, respectively).
LC-ESI-TOFMS analyses of in vitro kinase reactions revealed the
formation of hyperphosphorylated PRD800–868, elucidating phos-
phorylation of 9 (out of 18) and 4 (out of 14) tyrosine residues of
GB1–PRD800–868 and PRD800–868, respectively (Fig. 7 C and D
and SI Appendix, Table S2). LC–tandem MS (LC-MS/MS) se-
quencing of chymotrypsin-digested GB1–PRD800–868 revealed
phosphorylation of the following PRD800–868 tyrosine residues
upon Src treatment: 803, 806, 829, 833, and 837 (Fig. 7 C, Upper;
also see SI Appendix, Fig. S15). Finally, we note that nothing de-
finitive can be said about the phosphorylation status of remaining
tyrosine residues of PRD800–868, namely 809, 812, 821, 824, 826,
846, 854, 864, and 865, because of sequencing coverage gaps
arising from problems associated with proteolytic digestion of
PRD800–868, which carries no native lysine and arginine residues
(cf., Fig. 1D) and, thus, is not amenable to traditional trypsin-
based proteomics (66).
A previous report suggested direct interactions between the

SH3 domain of Src and the 752PQPPAR757 motif of ALIX-PRD (26).
To investigate PRDStrep

703−800 + Src interactions, NMR-titration experi-
ments were carried out using NMR-visible PRDStrep

703−800 and unlabeled
Src (SI Appendix, Fig. S16). With a minor exception of residues P754
and P759 (13C′/15N cross-peak intensity ratios of ∼0.55 and ∼0.63,
respectively), no discernible 1HN/

15N and 13C′/15N cross-peak
intensity changes and chemical-shift perturbations were observed
for PRDStrep

703−800 on the addition of 3 molar equivalents of Src, in-
dicating that full-length Src did not interact with PRDStrep

703−800. The
apparent discrepancy between these two results can be attributed to
the use of full-length Src (this work) versus the isolated SH3 domain
of Src (26). Recombinant Src is phosphorylated at multiple sites
(SI Appendix, Fig. S3C) and, thus, likely exists in a clamped auto-
inhibited state (67). This closed conformation is expected to limit
the access of the SH3 domain of Src to PRDStrep

703−800, leading to no
noticeable in vitro interactions between the two proteins. In line
with these observations, the study mentioned above demonstrated
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that a constitutively active form of full-length Src that exists in an
open conformation could interact with ALIX in Src−/−/Yes−/−/
Fyn−/− (SYF) mouse embryo fibroblasts (26). Our results are in
agreement with a recently proposed model of Src–ALIX interac-
tions in exosomes (63), in which active Src associated with ALIX-
PRD via its SH3 domain and these interactions were precluded by
the clamped conformation of autoinhibited Src.
The impact of phosphorylation on the aggregation of GB1–

PRD800–868 was assessed using fluorescence and NMR spec-
troscopy. For ThT assays (Fig. 7E), 150 μM GB1–PRD800–868
samples were incubated with varying amounts of Src (1.5, 3, and
15 μM) and 2 mMATP (pH 7.5). As seen above (cf., Fig. 6 A–D),
ThT signals at t0 were considerably higher than the baseline
levels, likely due to the presence of preexisting GB1–PRD800–868
aggregates. However, a complete loss of ThT signals was ob-
served as phosphorylation proceeded in real time. The dissolu-
tion rates were proportional to the amount of Src and, therefore,
to the rate of phosphorylation. Half-lives of GB1–PRD800–868
aggregates were as follows: ∼1.5, ∼1.0, and ∼0.6 h at 30 °C for
samples containing 1.5, 3, and 15 μMSrc, respectively. Corresponding
control experiments carried out on GB1–PRD800–868 + Src samples
(without ATP) displayed characteristic sigmoidal profiles, indicating
that the presence of Src per se does not hinder GB1–PRD800–868
aggregation. In a separate experiment, 3 μM Src + 2 mM ATP was
added to 150 μM GB1–PRD800–868 samples upon reaching a

stationary phase, which resulted in a significant loss of ThT signal
with the corresponding half-life of ∼1 h (Fig. 7F). These observa-
tions indicate that both preformed GB1–PRD800–868 aggregates at
t0 as well as aggregates formed in the plateau phase are susceptible
to Src-mediated dissolution and establish that Src-mediated phos-
phorylation results in the dissolution of GB1–PRD800–868 fibrils.
Src-mediated dissolution of GB1–PRD800–868 assemblies was

further validated by NMR spectroscopy (Fig. 7G). Two 15N-1H
TROSY-HSQC spectra were recorded on 15N-labeled GB1–
PRD800–868 in the presence of Src and ATP. The spectrum recorded
at t0 exhibited spectroscopic signs of aggregation, i.e., resonances were
broadened beyond the limits of detection (Fig. 7G, Inset), confirming
the presence of very high-molecular-weight GB1–PRD800–868 aggre-
gates at t0. The reaction was allowed to proceed for 5 h, whereupon
the same sample yielded a well-dispersed, high-quality spectrum
(Fig. 7G). These observations established that phosphorylation dis-
solves GB1–PRD800–868 amyloids into NMR-amenable species that
are likely monomeric. Control experiments were carried out on the
GB1 fusion tag in the presence of Src and ATP under identical
conditions. A near-perfect superimposition of spectra of these two
proteins, phosphorylated GB1–PRD800–868 against phosphorylated
GB1 tag, allowed a ready identification of PRD800–868 resonances. A
narrow backbone amide proton dispersion of PRD800–868 cross-peaks,
∼7.3 to ∼8.7 ppm, revealed that (phosphorylated) PRD800–868, like its
N-terminal counterpart, PRDStrep

703−800, is also disordered in solution.
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constructs using Phos-tag SDS-PAGE (A), Western blotting (B), and MS (C and D). For Phos-tag gel, the following constructs, namely PRDStrep

703−800, GB1–
PRD800–868, PRD800–868, and the GB1 tag, were incubated with Src (substrate to kinase molar ratio: 1:0.01). Phosphorylated products were visualized by silver
staining and are marked by pink asterisks. (B) In vitro phosphorylation of PRDStrep

703−800 and PRD800–868 by Western blotting. (C and D) LC-ESI-TOFMS and LC-MS/MS
analyses of in vitro phosphorylation reactions revealed hyperphosphorylated states of GB1–PRD800–868 (C) and PRD800–868 (D). A schematic representation of
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arbitrary units. Control experiments were carried out on a GB1–PRD800–868 + Src mixture in the absence of ATP (black; molar ratio: 1:0.1). (F) Samples of 150 μM
GB1–PRD800–868 were incubated at 30 °C without Src (n = 5) for ∼11 h. Src + ATP were then added to three samples (red), whereas the remaining two (black)
received only Src. G shows the overlay of expanded regions of the 1H-15N TROSY-HSQC spectra of phosphorylated GB1–PRD800–868 (red) and the phosphorylated
GB1 tag (blue). Both were incubatedwith Src (molar ratio: 1:0.1) in the presence of 2 mMATP for 5 h at 30 °C. (G, Inset) Corresponding one-dimensional profiles of
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Taken together, the above observations corroborate and confirm that
GB1–PRD800–868 forms reversible amyloid fibrils.

Concluding Remarks
In summary, we made use of two recombinant constructs
(PRDStrep

703−800 and PRD800–868) to carry out a thorough charac-
terization of ALIX-PRD in solution (Fig. 1). We performed a
detailed NMR characterization of the conformational plasticity
of PRDStrep

703−800 (a 98-residue polypeptide representing the
N-terminal portion of ALIX-PRD) and carried out quantitative
analyses of its interactions with TSG101-UEV. In addition, we
uncovered remarkable aggregation properties of PRD800–868 (a
69-residue polypeptide representing the tyrosine-rich C-terminal
portion of ALIX-PRD), which forms amyloids under near-
physiological conditions that dissolve upon posttranslational
modifications (Src-mediated tyrosine phosphorylation) or at low
temperatures (2 to 6 °C).

Interactions between ALIX-PRD and TSG101-UEV. NMR-backbone
chemical shifts, 3JHNHα couplings, and 15N-relaxation rates indi-
cate that PRDStrep

703−800 is disordered in solution with no indication of
any significant secondary-structure propensity (SI Appendix, Fig. S4).
NMR-titration experiments demonstrate that PRDStrep

703−800 contains
three PTAP-like motifs, namely 717PSAP720, 769PSAT772, and
790PGSAP794, which compete for a single binding site on TSG101-
UEV (Figs. 2 and 3 and SI Appendix, Fig. S5). 15N-relaxation mea-
surements carried out on PRDStrep

703−800 in the presence of TSG101-
UEV show a lack of global ordering upon complex formation
but point to local ordering around the interaction sites of PRDStrep

703−800
(SI Appendix, Fig. S6). Quantitative analyses of 15N-CPMG disper-
sion data (Fig. 4) indicate low-affinity interactions for each of the
three PTAP-like motifs (∼0.6 to ∼7 mM) and elucidate that the
N-terminal 717PSAP720 motif is the primary site of interaction,
whereas the other two sites, 769PSAT772 and 790PGSAP794, are
secondary. These observations are in excellent agreement with
a previous in vivo study (30), which indicated that mutations in
the 717PSAP720 motif did not abolish ALIX–TSG101 interac-
tions. They are also consistent with the fact that among the three
PTAP-like motifs of ALIX-PRD, the 717PSAP720 motif is com-
pletely conserved among vertebrates (SI Appendix, Fig. S1). The
analyses of CPMG dispersions allowed us to quantitate the
amount of complex formed between each of the three PTAP-like
motifs in the context of PRDStrep

703−800 and TSG101-UEV, as well as
populations of higher-order complexes in which two PTAP-like
motifs are simultaneously occupied by two TSG101-UEV mole-
cules (steric hindrance between 769PSAT772 and 790PGSAP794 mo-
tifs is likely to prevent a 1:3 stoichiometry between PRDStrep

703−800 and
TSG101-UEV). We hypothesize that the conformational plasticity
of disordered PRDStrep

703−800 will provide plausible opportunities for
its unbound PTAP-like motifs to (re)bind before they diffuse
out of proximity of TSG101-UEV. Since the C-terminal PRD
forms amyloidogenic aggregates, in the event of PRD-mediated
oligomerization of ALIX, we predict that ALIX oligomers will
exhibit a markedly increased binding affinity to TSG101-UEV.
These observations agree with a prior in vivo study (30), which
showed that the multimerization-deficient ALIX constructs car-
rying the C-terminal PRD deletions and mutations were unable to
interact with TSG101 despite comprising all three PTAP-like
motifs mentioned above. Moreover, restoration of ALIX multi-
merization via a chimeric attachment of a GCN4 leucine zipper
was shown to reinstate binding to TSG101. The lack of in vivo
interactions between monomeric ALIX and TSG101 confirms the
ultraweak nature of these interactions. The additive effect of
multivalency is likely responsible for generating detectable in vivo
interactions between the two proteins upon ALIX oligomerization.

In addition to the UEV domain, full-length TSG101 comprises
a coiled-coil domain that is shown to form tetrameric assemblies
in solution (68). Based on these observations, we predict a
dramatic increase in avidity for interactions between ALIX
oligomers and TSG101 tetramers in vivo.

Amyloid Fibrils of ALIX-PRD. The amyloid fibrils and gel of
PRD800–868, visualized by negative-stain EM, revealed rope-like
unbranched assemblies and a dense phase comprising an inter-
twined fibrous network, respectively (Fig. 5). In addition, fibril
formation yielded a characteristic ThT-fluorescence enhance-
ment (Fig. 6). Aggregation kinetics of PRD800–868, monitored by
ThT fluorescence, show that aggregation is influenced by pH and
ionic strength (faster aggregation at pH 7.0 and zero ionic
strength) as well as by temperature, with high temperatures
promoting aggregation (∼10-fold increase in aggregation at 40
versus 25 °C) and low temperatures (2 to 6 °C), promoting dis-
solution of amyloid fibrils. The discovery that temperature af-
fects aggregation kinetics highlights the potential role of the
hydrophobic effect in the formation of PRD800–868 fibrils. It is
well known that the clustering of hydrophobic groups in polar
solvents gives rise to a temperature-dependent hydrophobic ef-
fect that peaks between 30 and 80 °C and becomes weaker at
lower and higher temperatures (69). Since the initial protein
concentration did not affect the aggregation rates (Fig. 6C), we
hypothesize that aggregation of PRD800–868 is primarily governed
by a monomer-independent secondary-nucleation step in the
form of fibril fragmentation (61). Further, we speculate that the
presence of ∼20% tyrosines in PRD800–868 (Fig. 1D) drives its
fibril formation through extensive stacking of aromatic rings of
tyrosine residues accompanied by hydrophobic CH/π tyrosine–proline
interactions (70). The remarkable conservation of PRD800–868 among
vertebrates, with a near-complete conservation of tyrosine and
proline residues (SI Appendix, Fig. S1), supports this hypothesis. It
is further supported by the phosphorylation-mediated dissolution
of amyloid fibrils (Fig. 7), where the introduction of negatively
charged phosphate groups creates charge repulsion. Surprisingly,
aggregates formed at the stationary phase are also susceptible to
phosphorylation-mediated dissolution (Fig. 7F), which provides
important clues about their structure. We hypothesize that a few
tyrosine residues are solvent-exposed in PRD800–868 aggregates
and, therefore, accessible for Src-mediated phosphorylation.
Charge–repulsion created by phosphorylation of these tyrosine
residues will likely initiate the disassembly. We hypothesize that
both soluble and insoluble aggregates are present at the stationary
phase and that the soluble aggregates are amenable to Src-
mediated dissolution, whereas insoluble fibrils are inaccessible to
Src. This hypothesis is supported by the fact that the addition of an
Src + ATP mixture to PRD800–868 samples at the stationary phase
does not culminate in a complete loss of ThT signal, indicating the
presence of residual fibrils in the PRD800–868 samples.

ALIX-PRD Polymerization and ALIX Function. The ESCRT-III pro-
teins, CHMPs, polymerize into filamentous structures and are
the main drivers of ESCRT-mediated membrane remodeling
(19, 20). Note that the CHMP4 paralogues (CHMP4A and -B;
Snf7 in yeast) are the most abundant components of ESCRT-III.
The CHMP4 proteins exist as soluble monomers in solution and,
therefore, need to be activated. This is achieved by nucleation
factors, which trigger the polymerization of CHMP4. ALIX is a
well-known nucleator factor of CHMP4 proteins (71). The
N-terminal Bro1 domain of ALIX directly binds to and nucleates
CHMP4 (72). The Bro1 domain interacts with lysobisphosphatidic
acid, a phospholipid found in late endosomes, which allows ALIX
to mediate the highly selective recruitment of CHMP4 paralogs to
late endosomes (73). Based on our results, we predict that the
oligomerization of ALIX mediated by the amyloidogenic assem-
blies of the C-terminal PRD will likely result in a multiplicative
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increase in binding affinity between the Bro1 domain and CHMP4
proteins, resulting in nucleation and polymerization of CHMP4.
ALIX colocalizes with active Src in endosomal membranes (63).
This ultimately drives the relocation of ALIX to the cytoplasm and
reduces its association with its binding partners (26). Our results
are in excellent agreement with this in vivo study as we show that
hyperphosphorylation of PRD800–868 by Src shifts the equilibrium
toward soluble monomeric species. Finally, we note that the
N-terminal portion of ALIX-PRD is implicated in interdomain
interactions with the N-terminal Bro1 domain, resulting in a
closed conformation of ALIX (29). The preliminary NMR-titration
experiments carried out using NMR-visible PRDStrep

703−800 and unla-
beled recombinant Bro1 domain did not yield any noticeable
in vitro interactions between these two domains. Therefore, we
cannot say anything definitive about these interdomain interactions
of ALIX.
PRDs are often viewed as a collection of proline-rich motifs

that serve as points of interactions for their signaling partners.
Data presented here provide detailed quantitative analyses of
interactions of a PRD with its binding partner. Our data also
show that a PRD can form reversible amyloids and viscous gels.
An array of “functional” amyloids that play physiological roles in
humans have recently been identified, and a few of them have
been shown to dissolve under physiological conditions (74).
Further investigation is needed to determine whether amyloid
formation of ALIX occurs in vivo and to uncover the exact cel-
lular function(s) of these aggregates. From an application per-
spective, however, a reversible amyloid is of great significance for
the development of novel biopolymers (75) that can be used for
targeted drug delivery, tissue engineering, development of bio-
sensors, and others.

Experimental Procedures
Full details relating to expression and purification of recombinant proteins;
NMR, AUC, fluorescence spectroscopy, MS, and EM measurements; global
fitting of relaxation dispersion data; X-ray and NMR-based docking calcu-
lations; in vitro kinase assays are provided in SI Appendix, SI Materials
and Methods.

Data Availability. The ALIX-PRD plasmids, namely PRDStrep
703−800 and PRD800–868,

have been deposited in the Addgene Repository, https://www.addgene.org/

(accession nos. 141344 [PRDStrep
703−800] and 141345 [PRD800–868]). The chemical-shift

assignments of PRDStrep
703−800 have been deposited in the Biological Magnetic Res-

onance Bank, http://www.bmrb.wisc.edu/ (accession no. 28111) (76). The coor-
dinates of the docking model have been deposited in the Protein Model
DataBase, http://srv00.recas.ba.infn.it/PMDB/ (accession no. PM0083242) (77).
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