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ABSTRACT OF THE DISSERTATION 
 

Structural and mechanistic studies of the proline-rich domain of ALX 
 

 
by 

 

Ruben D. Elias 

 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2023 

Professor Lalit Deshmukh, Chair 
 

 

The biological roles and functional utility of disorder within proteins is poorly understood 

relative to globular domains despite the predicted presence of disorder within over 50% of the 

human proteome. Disorder is generally characterized to facilitate protein-protein interactions; 

however many biophysical investigations employ only a small fragment from a disordered region 

to characterize a given biological interaction, likely overlooking any possible contributions from 

the remainder of the disordered region. In this respect, this dissertation discusses biophysical 

characterization and mechanistic insights into the functions of the intact proline-rich domain 

belonging to ALIX, a central ESCRT component protein critical to the fundamental process of cell 

division. 
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Chapter 1 provides perspective over the biological roles of disordered proteins and proline-

rich domains, and relevant open questions surrounding the molecular biology of ALIX. Chapter 2 

begins an exploration of the ALIX proline-rich domain, describing its multifaceted interaction with 

partner TSG101-UEV domain, and its novel formation of phosphorylation-reversible amyloid. 

Chapter 3 continues with a characterization of the phosphorylation-dependent intramolecular 

association between ALIX Bro1 and proline-rich domains to modulate membrane binding and 

spatial localization of ALIX. Chapter 4 then concludes the present work on ALIX by characterizing 

the intact protein, focusing on the contributions of the proline-rich domain towards ALIX 

phosphorylation-reversible phase separation, and regulation of cytokinetic abscission machinery 

CHMP4B and CHMP4C. Altogether the observations made here display the propensity of the 

proline-rich domain of ALIX to mediate the formation of phosphorylation-reversible amyloids and 

condensates, and rationally propose biological functions and molecular mechanisms in which such 

behavior is utilized.  
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Chapter 1: Introduction 
 

1.1 Disordered proteins 
 

A foundational tenet of molecular biology is the causal link between the three-dimensional 

structure of a protein and its function. However, outside of this paradigm exists a large set of 

biologically active proteins with either minimal structural order, termed intrinsically disordered 

proteins (IDPs), or who are composed of both structured and intrinsically disordered regions 

(IDRs) (1). The amount of disorder in a given proteome is generally positively correlated with 

organism complexity (2-4), with an estimated >50% of the human proteome containing at least on 

extended IDR (5,6). IDPs and IDRs are broadly implicated in mediating complex signaling 

networks (7-11), where their structural plasticity facilitates protein-protein interactions (12) and 

complex regulation through posttranslational modification (13).  

Dysfunction of IDPs and IDRs, and the consequent dysregulation of their respective 

signaling networks, is a common feature in the development and progression of many cancers and 

neurodegenerative disease (9,14-17). Yet, our overall understanding of IDP and IDR function lags 

behind that of structured proteins, as their inherent lack of a defined three-dimensional structure 

excludes them from most modern technical advances in structural biology. In this lens, disordered 

proteins represent underutilized wells of information towards our overall understanding of diverse 

pathologies and cellular functions. In this dissertation, efforts are focused on studying a single type 

of IDR termed proline-rich domains. 

 

 

 



 
 

2 

1.2 Proline-rich domains 
 
While IDRs do not face the evolutionary pressure to maintain a globular fold and thus 

evolve at a faster rate than structured domains (18,19), proline is among the most frequent and 

most conserved residues found in disordered regions (20). Proline-rich domains (PRDs) are a 

common flavor of IDR, loosely defined as having ≥ 30% proline abundance and containing 

multiple short, repeating proline-rich motifs (21,22). Proline is the most disorder-promoting amino 

acid (23,24), and polyproline tracts favor the formation of rigid, extended loops termed polyproline 

II helices (25,26). As interactions between ordered and disordered proteins are primarily driven by 

hydrophobic contacts (25), the combined hydrophobic character of proline and conformational 

rigidity of proline-rich motifs define their propensity to act as signal recognition elements for 

common signaling modules such as SH3, WW, and UEV domains (11,21,27,28). The interest of 

this body of work centers around ALIX and its proline-rich domain, who functions as key 

component in cell division and cell proliferation networks, and whose depletion leads to 

incomplete cytokinesis and cell death (29,30). 

1.3 ALIX 
 
ALIX (Apoptosis-linked gene-2 interacting protein X, or PDCD6IP) is a multifunctional 

protein involved in membrane remodeling processes such as endocytosis (31), multivesicular body 

and exosome biogenesis (32-35), membrane repair (36-38), enveloped virus budding (39,40), and 

cytokinetic abscission (29,41-43). These processes are carried out by the evolutionarily conserved 

ESCRT pathway, composed of five distinct complexes termed ESCRT-0, -I, -II, -III, and the AAA 

ATPase Vps4 (44). In brief, ESCRTs -0, -I, and -II localize and recruit cargo and downstream 

ESCRT machinery to the affected phospholipid membrane, while ESCRT-III and VPS4 constrict 



 
 

3 

and sever the membrane. The propensity for ALIX to function through the ESCRT pathway in a 

wide spectrum of cellular process stems from its domain architecture (45,46). 

ALIX consists of three domains: structured N-terminal and central domains, respectively 

termed Bro1 and V, and an unstructured C-terminal PRD (47). The Bro1 domain localizes to late 

endosomal membranes through interaction with the phospholipid LBPA (48), and binds and 

activates ESCRT-III machinery, an interaction which defines an ESCRT-I and -II-independent 

arm of ESCRT initiation (49,50). The V domain recruits ubiquitylated cargoes (51,52) and a 

consensus motif YPXnL (where X is any amino acid and n=1-3) found in endogenous ESCRT-

associated proteins and exogenous retroviral Gag proteins (34,53,54). It can be summarized then 

that both the Bro1 and V domains drive the spatial localization of ALIX, downstream ESCRT 

factors, and cargoes, however the function of the C-terminal PRD appears more complex. 

Through its multiple proline-rich motifs, ALIX-PRD interacts with ESCRT-I machinery, 

calcium signaling proteins like ALG2, and multiple ubiquitous signaling modules such as SH3 and 

WW domains (21,55,56). ALIX-PRD is also implicated as an autoregulatory element, controlling 

the activity of ALIX by mediating an autoinhibited conformation (57-60) and directing ALIX 

multimerization (61,62). Multiple reports have observed that the phosphorylation of ALIX-PRD 

defines a change in activity, localization, binding interactions, and function of ALIX (56,63,64). 

Thus, the functional complexity of ALIX appears to be derived from its C-terminal PRD, however 

molecular details of how ALIX-PRD mediates these activities are sparse. 

1.4 Concluding remarks 
 
A molecular comprehension of protein function, down to the atomic level, is critical 

towards the complete understanding of disease pathology and production of effective therapies. 

The aim of this body of work is to provide molecular mechanisms for observed biological 
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phenomena and functions associated with the disordered PRD of ALIX. As intrinsically disordered 

proteins are refractory to many conventional structural and biophysical techniques, solution-state 

nuclear magnetic resonance (NMR), which excels at characterizing disordered proteins (65), was 

the workhorse technique utilized here. Throughout the investigations presented here, we uncover 

novel behaviors of ALIX mediated by its PRD, specifically the wholly reversible formation of 

phase-separated condensates and solid amyloid fibrils controlled by posttranslational modification, 

namely tyrosine phosphorylation. The dissolution of amyloid fibrils is particularly striking, as the 

sheer number of intermolecular interactions between individual monomer units which compose 

the amyloid fold has been demonstrated to impart a high degree of rigidity and stability to the 

superstructure (66,67). It should be noted, however, that ALIX has not yet been observed in vivo 

to utilize the amyloid fold during the course of its routine biological functions. However, the work 

presented here provides the foundations to consider and explore such a possibility.  

Similarly, these works lay out a framework to discover similarly labile or reversible 

amyloids. As such, further investigation within the Deshmukh group have identified and 

characterized a mechanism to dissolve amyloid fibrils derived from the PRD of annexin A11 (68). 

Similarity in primary sequence between the ALIX and annexin A11 PRDs suggests the existence 

of these behaviors in other similarly proline- and tyrosine rich IDRs such as that found in annexin 

A7. We anticipate further investigation into such IDRs will reveal a new family of proteins with 

the propensity to form labile, reversible, and functional amyloids and condensates, and define the 

molecular characteristics which encode for such behaviors. 
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Chapter 2: Proline-rich domain of human ALIX contains multiple TSG101-UEV 
interaction sites and forms phosphorylation-mediated reversible amyloids 

 

2.1 Introduction 

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 interactions 

(7-9). A PPII structure can tolerate various combinations of proline and non-proline 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 
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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 between 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 1H-detected NMR methods 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 comprising polymeric assemblies of charged multivesicular 

body proteins (CHMPs) and ATPase VPS4 are involved in membrane scission. ALIX, also known 

as programmed cell death 6 interacting 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 

adhesion, 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. 2.1 A). The Bro1 and 
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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 (Fig. 2.1.1) 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 biological 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, 

including heteronuclear NMR spectroscopy, fluorescence spectroscopy, 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 biophysical 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 dissolve at low temperatures (2 to 

6 °C) or upon Src kinase mediated hyperphosphorylation of ALIX-PRD. This reversible 
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polymerization is strikingly different from those exhibited by pathological amyloids, including the 

ones associated with Alzheimer’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 between tyrosine and proline residues, whereas phosphorylation-

mediated dissolution is governed by charge repulsion.  

 

 

 

 

 

 

 

 



 
 

15 

 
 

Figure 2.1: ALIX domain organization and summary of ALIX-PRD constructs used in the current 
work 

(A) Schematic of ALIX organization. Primary sequence of PRD is shown with prolines (∼30%) and 
tyrosines (∼9%) labeled in purple and red, respectively. (B) Recombinant PRD constructs, namely 
GB1-PRD703-868

Strep , GB1-PRD703-815
Strep , GB1-PRD703-800

Strep , and GB1-PRD800-868. The positions 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-PRD703-868

Strep  and 
GB1-PRD703-815

Strep  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 PRD703-800

Strep  and 
PRD800-868 are marked with arrows. (D) Amino acid composition of PRD703-800

Strep  (top) and PRD800-868 
(bottom). Vertical bars marked with orange and gray asterisks denote contributions from nonnative strep 
tag and remnant-glycine residues of TEV cleavage sites, respectively. 
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Figure 2.1.1: Primary sequence comparison of representative ALIX-PRDs among vertebrate species 

A blue to red gradient is used to denote conservation with blue and red colors depicting the least and the 
most conserved residues, respectively. The following sequences were used for analysis: H. sapiens (Uniprot 
accession no. Q8WUM4), M. mulatta (Uniprot accession no. H9Z3W8), M. musculus (Uniprot accession 
no. Q9WU78), G. gallus (Uniprot accession no. A0A1D5PLK6) and X. tropicalis (Uniprot accession no. 
Q5XGJ5). 
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2.2 Recombinant constructs 

The current work made use of two codon-optimized PRD constructs, namely the N-

terminal fragment, PRD703-800
Strep , and the C-terminal fragment, PRD800-868 (Fig. 2.1 B-D). This 

“divide-and-conquer” strategy was employed since we were unable to express intact full-length 

PRD as well as its shorter truncated counterpart in Escherichia coli (PRD703-868
Strep  and PRD703-815

Strep , 

respectively). Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2.1 

C) and liquid chromatography-electrospray ionization-time-of-flight mass spectrometry (LC-ESI-

TOFMS) (Fig. 2.2) analyses of the expression patterns of the latter two constructs revealed 

ribosomal stalling and subsequent 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 PRD703-868
Strep  and PRD703-815

Strep  did not express 

beyond 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 (6xHis) and a tobacco etch virus (TEV) protease cleavage site; GB1-

6xHis-TEV, hereafter referred to as GB1. In the case of PRD703-800
Strep , a non-cleavable 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. 2.1 D for the amino acid composition of the two 

PRD constructs used in current work). We also made use of recombinant human full-length Src 
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kinase and TSG101-UEV (see Fig. 2.2.1 for LC-ESI-TOFMS characterization of the constructs 

used in current work).  
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Figure 2.2: LC-ESI-TOFMS analysis of GB1-PRD703-868
Strep  expression in E. coli 

Recombinant expression of GB1-PRD703-868
Strep  construct produced truncated fragments due to ribosomal 

stalling arising from polyproline stretches. Mass-spectrometry analysis of these fragments revealed four 
problematic regions - 758PPP760, 769PSA771, 791GSAPPP796, and 799QGPPPP804 (underlined residues denote 
the termination residue for each fragment). 

 

 
 
Figure 2.2.1: LC-ESI-TOFMS analysis of recombinant constructs used in current study 

(A) PRD703-800
Strep , calculated mass: 10,764 Da; (B) PRD800-868, calculated mass: 8008.8 Da; (C) full-length 

human Src kinase, calculated mass: 61,635 Da. Mass-spectrometry analysis of Src revealed multiple 
(tyrosine) phosphorylated states, labeled in red (each phosphorylated tyrosine residue accounts for 
additional 80 Da); (D) TSG101-UEV, calculated mass:16,540 Da. 
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2.3 NMR analysis of PRD703-800
Strep  

PRD703-800
Strep  yielded a high-quality 1H-15N transverse relaxation-optimized spectroscopy-

heteronuclear single quantum coherence spectroscopy (TROSY-HSQC) spectrum (Fig. 2.3 A). 

The chemical shifts of the backbone amide proton resonances were clustered in a narrow 1 part 

per million (ppm) window (∼7.7 to ∼8.7 ppm), a hallmark of random-coil conformation. To 

further explore the structural propensity of PRD703-800
Strep  in solution, 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. 2.3 B). 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 (Fig. 2.3.1 A). Note that the 

chemical shifts of the last C-terminal residue, K808, were not considered for rms calculations. 

Δδ(13Cα) values, the best reporters of local secondary structure, were evenly distributed around 0 

ppm, indicative of a random-coil conformation. 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 (Fig. 2.3.1 B). 

For nearly all residues of PRD703-800
Strep , the population of PPII fell in the ∼20 to 30% range. A few 

notable exceptions were regions 752PQPPAR757 and 782AAP784, which showed elevated PPII 

propensities (∼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 
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these regions. These results are in excellent agreement with experimental CheZOD Z-scores (41), 

which indicated that nearly all residues of PRD703-800
Strep  are disordered with Z-scores of <3 (Fig. 

2.3.1 C). 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 PRD703-800
Strep  

were highly correlated with the random-coil 3JHNHα values predicted using nearest‐neighbor effects 

(42), with a Pearson’s correlation coefficient of ∼0.8 (Fig. 2.3.1 D). 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, indicating rapid backbone dynamics in the pico- to nanosecond regime (Fig. 2.3.1 E). 

Taken together, NMR results establish that PRD703-800
Strep  is disordered in solution with the lack of 

dominant PPII population(s).  
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Figure 2.3: NMR analyses of interactions of PRD703-800
Strep  with TSG101-UEV 

(A and B) Overlay of expanded regions of the 1H-15N TROSY (A) and 13C-15N CO-N (B) correlation spectra 
of 100 μM PRD703-800

Strep  in the absence (red) and presence (blue) of TSG101-UEV (molar ratio: 1:3). Some 
isolated cross-peaks that exhibit significant reduction in intensities on addition of TSG101-UEV are 
labeled. (C and D) The reduction in 1H-15N (C) and 13C′-15N (D) cross-peak intensities of PRD703-800

Strep  on 
addition of TSG101-UEV is indicative of intermediate exchange on the chemical-shift time scale. Color 
scheme is as follows: PRD703-800

Strep  + TSG101-UEV molar ratio: green, 1:0.25; magenta, 1:1.5; blue, 1:3. 
Affected regions are highlighted with semitransparent gray rectangles; primary sequences of each 
interacting PRD site (1, 2, and 3) are shown above the graphs, with recurring PTAP-like motifs underlined 
and labeled in dark purple. The position of the C-terminal strep tag (residues 801 to 808) is denoted by 
semitransparent orange rectangles.  
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Figure 2.3.1: NMR analyses of PRD703-800
Strep  

(A) Secondary chemical shifts of PRD703-800
Strep , namely Cα, C’, Cβ and N, were derived from random coil 

values and correction factors of Poulsen and co-workers (38,39). (B) Secondary structure population of 
PRD703-800

Strep  derived from the backbone shifts using δ2D (40). (C) Experimental CheZOD Z-scores (41,95). 
Residues of PRD703-800

Strep  which show Z-scores ≥ 3 are highlighted with semi-transparent grey rectangles 
(namely 703-705, 723, 734-739, 742, 784, 793-794). (D) Correlation plot of 3JHNHα couplings measured for 
PRD703-800

Strep  against random coil values predicted using the newly derived nearest‐neighbor effects (42). (E) 
Relaxation analysis of PRD703-800

Strep  construct. All spectra were recorded in an interleaved manner. The 
following relaxation delays were used: R1 (0, 120, 200, 360, 520, 680, 800, 1400 ms); R1ρ (0, 23, 55, 73, 
106, 145, 193, 260 ms). R2 is given by [R1ρ - R1 cos2(θ)/sin2(θ)] where θ is the angle between the effective 
spin-lock field and the external magnetic field (and a value of 90° represents a resonance exactly on-
resonance with the spin-lock field). The strength of the radiofrequency spin-lock field (νRF) employed in 
the R1ρ experiment was 1.5 kHz. Region highlighted in semi-transparent blue rectangle indicates the C-
terminal strep purification tag (residues 801-808). All data were acquired at a spectrometer 1H frequency 
of 800 MHz at 30 °C. 
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2.4 Interactions of NMR-visible PRD703-800
Strep  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 polyprotein (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 PRD703-800
Strep  and 

TSG101-UEV, we made use of NMR-titration experiments, where an increasing concentration of 

unlabeled TSG101-UEV was added to NMR-visible PRD703-800
Strep  (Fig. 2.3 A and B and Fig. 2.4). 

Significant reductions in 1HN/15N and 13C′/15N cross-peak intensities 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 (Fig. 

2.4). Surprisingly, two additional 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 explanation for these interactions. All three sites comprise sequentially similar 

motifs, namely 717PSAP720, 769PSAT772, and 790PGSAP794 (Fig. 2.3 C), which interact with 

TSG101-UEV. 15N-relaxation rates of PRD703-800
Strep  were measured as a function of TSG101-UEV 

concentration (Fig. 2.4.1). Interactions between PRD703-800
Strep  and TSG101-UEV are localized 

around the sites mentioned above as a significant increase in 15N-R2 rates on TSG101-UEV 
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addition was found only at these three interaction sites (Fig. 2.4.1 A and B). These results indicate 

that the TSG101-UEV-bound state of PRD703-800
Strep  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. Sedimentation studies of PRD703-800
Strep  and 

TSG101-UEV demonstrated that both proteins were monodisperse and monomeric (Fig. 2.4.2). 

Sedimentation velocity experiments on PRD703-800
Strep  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 PRD703-800
Strep  

(Fig. 2.4.3) and TSG101-UEV (Fig. 2.4.4), which showed that both proteins remain monodisperse 

at high concentrations with no indication of self-association. These results corroborate and confirm 

NMR-titration (cf., Fig. 2.3) and -relaxation data (cf., Fig. 2.4.1) and establish that the reduction 

in cross-peak intensities of PRD703-800
Strep  observed on the addition of unlabeled TSG101-UEV is due 

to the association of the two proteins.  
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Figure 2.4: NMR chemical shift analysis of PRD703-800
Strep  + TSG101-UEV interactions 

(A) 1HN/15N and (B) 13C’/15N chemical shift perturbation profiles of PRD703-800
Strep  upon addition of TSG101-

UEV (molar ratio= 1:3). Weighted combined 1HN/15N (ΔH/N) and 13C’/15N (ΔC’/N) chemical shift 
perturbations resulting from the addition of TSG101-UEV were calculated as follows: 
∆H/N=�(∆δHN)2+(0.154×∆δN)2�1/2

, where ∆δHN and ∆δN are the 1HN and 15N chemical shift differences in 

ppm, respectively, between free and bound states, whereas ∆C'/N= ��0.3 ×∆δC'�
2
+(0.154×∆δN)2�

1/2
, where 

∆δC' and ∆δN are the 13C’ and 15N chemical shift differences in ppm, respectively. Affected residues are 
highlighted with semi-transparent grey rectangles. Each interacting PRD site (1, 2, and 3) are shown above 
the panels. Region highlighted in semi-transparent orange rectangle indicates the C-terminal strep 
purification tag (residues 801-808). All data were acquired at a spectrometer 1H frequency of 800 MHz at 
30 °C. Buffer conditions were as follows: 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, 
2 mM EDTA. 
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Figure 2.4.1: NMR relaxation analysis of PRD703-800
Strep  + TSG101-UEV interactions 

(A) 15N-ΔR1 and ΔR2 profiles of PRD703-800
Strep  upon addition of TSG101-UEV (molar ratio = 1:5), where ΔR 

is the difference between Rbound and Rfree. Affected residues and the corresponding interacting site (1, 2, and 
3) are marked. Region highlighted in semi-transparent blue rectangle indicates the C-terminal strep 
purification tag (residues 801-808). (B) 15N-R2 rates of three most-affected PRD703-800

Strep  regions, each 
representing a distinct binding site (1, 2, and 3), plotted as a function of TSG101-UEV concentration and 
fitted with linear slope. All data were acquired at a spectrometer 1H frequency of 800 MHz at 30 °C. Buffer 
conditions were as follows: 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, 2 mM EDTA. 
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Figure 2.4.2: Characterization of PRD703-800
Strep  and TSG101-UEV by analytical ultracentrifugation 

(A - B) Sedimentation equilibrium analytical ultracentrifugation of PRD703-800
Strep  at a loading concentration 

of 70 μM (12 mm cell) collected at 30 ºC and rotor speeds of 12,000 (red), 22,000 (green), and 42,000 
(blue) rpm. Absorbance data collected at (A) 280 nm and (B) 250 nm were analyzed in terms of a single 
non-interacting species with mass conservation, returning a mass of 9.5 kDa consistent with a PRD703-800

Strep  
monomer. (C - D). Sedimentation equilibrium analytical ultracentrifugation of TSG101-UEV at a loading 
concentration of 22 μM (12 mm cell) collected at 30 °C and rotor speeds of 12,000 (red), 22,000 (green), 
and 42,000 (blue) rpm. Absorbance data collected at (C) 280 nm and (D) 250 nm were analyzed in terms 
of a single non-interacting species with mass conservation, returning a mass of 16.1 kDa consistent with a 
TSG101-UEV monomer. Solid lines in the sedimentation equilibrium plots show the global best-fits 
obtained, and residuals are depicted in the panels above the data plot. For clarity, only every third 
experimental data point is shown. Absorbance (E) and interference (F) sedimentation velocity c(s) profiles 
for 66 μM PRD703-800

Strep  (red) and 21 μM TSG101-UEV (blue) based on data collected at 20°C and 50,000 
rpm, showing the presence of pure, monodisperse, monomeric species.PRD703-800

Strep  is characterized by a 
sedimentation coefficient of 0.91 S with a molar mass of ~10.7 kDa, whereas TSG101-UEV is characterized 
by sedimentation coefficient of 1.75 S with a molar mass of ~17.0 kDa. Calculated monomer masses for 
PRD703-800

Strep  and TSG101-UEV are 10.764 kDa and 16.483 kDa, respectively. 
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Figure 2.4.3: Characterization of PRD703-800
Strep  at high concentrations by analytical ultracentrifugation 

Sedimentation equilibrium analytical ultracentrifugation of PRD703-800
Strep  at loading concentrations of (A - B) 

360 μM (3 mm cell), (C - D) 180 μM (3 mm cell), and (E and F) 90 μM (12 mm cell) collected at 30 ºC 
and rotor speeds of 12,000 (red), 22,000 (green), and 42,000 (blue) rpm. Absorbance data collected at 280 
nm (A, C, and D) and 250 nm (B, D, and F) were analyzed globally in terms of a single non-interacting 
species with mass conservation, returning a mass of 9.5 kDa consistent with a monomeric species. Solid 
lines show the global best-fits obtained, and residuals are depicted in the panels above the data plot. For 
clarity only every third data point is shown. 
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Figure 2.4.4: Characterization of TSG101-UEV at high concentrations by analytical 
ultracentrifugation 

Sedimentation equilibrium analytical ultracentrifugation of TSG101-UEV at loading concentrations of (A 
- B) 380 μM (1.5 mm cell), (C - D) 190 μM (3 mm cell), and (E and F) 95 μM (3 mm cell) collected at 30 
ºC and rotor speeds of 12,000 (red), 22,000 (green), and 42,000 (blue) rpm. Absorbance data collected at 
280 nm (A, C, and D) and 250 nm (B, D, and F) were analyzed globally in terms of a single non-interacting 
species with mass conservation, returning a mass of 15.3 kDa consistent with a monomeric species. This 
slightly smaller mass observed at high concentrations shows the onset of thermodynamic non-ideality. Solid 
lines show the global best-fits obtained, and residuals are depicted in the panels above the data plot. For 
clarity only every third data point is shown. 
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2.5 Interactions of NMR-visible TSG101-UEV with unlabeled PRD703-800
Strep  

To further explore TSG101-UEV + PRD703-800
Strep  interactions, NMR titration experiments 

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

PRD703-800
Strep  (Fig. 2.5 A). The solution conformation of TSG101-UEV in the absence of PRD703-800

Strep  

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 polyethylene glycol/hexanol alignment medium (48), and those calculated 

from X-ray coordinates of TSG101-UEV (Protein Data Bank [PDB] entry 3OBS) (44), indicating 

that the structure of TSG101-UEV remains unaltered in solution (Fig. 2.5.1). 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 PRD703-800
Strep  (Fig. 2.5 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 PRD703-800
Strep  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), 

supplemented 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 PRD703-800
Strep , site 1, 

was used as a PRD analog (residues 711 to 730). The lowest-energy structure from these 

calculations is shown in Fig. 2.5 D. This structure confirms that TSG101-UEV carries a single 

binding site for a PTAP-like motif. Therefore, among the three PTAP-like motifs of PRD703-800
Strep , 

namely 717PSAP720, 769PSAT772, and 790PGSAP794, only one can interact with one TSG101-UEV 

molecule at any given time.  
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Figure 2.5: NMR and structural analyses of interactions of TSG101-UEV with PRD703-800
Strep  

(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 PRD703-800

Strep  (molar ratio: 1:4). Some isolated 
cross-peaks that exhibit significant reduction in intensities upon addition of PRD703-800

Strep  are labeled. Cross-
peaks that undergo chemical-shift changes on addition of PRD703-800

Strep  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 PRD703-800

Strep . Affected regions are highlighted in semitransparent red rectangles 
(secondary structure elements are indicated above the graphs). Semitransparent 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 PRD703-800

Strep . 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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Figure 2.5.1: Backbone RDC analysis of TSG101-UEV 

Panel shows best-fit agreement obtained by singular value decomposition (SVD) between 1DNH RDCs 
measured in 5% PEG-hexanol (5) and those calculated from a high-resolution X-ray structure of TSG101-
UEV (1.5 Å, PDB ID: 3OBS) (23). The RDC R-factor, Rdip, is given by �〈(Dobs-Dcalc)〉2/〈�2Dobs

2�〉1/2�, 
where Dobs and Dcalc are the observed and calculated 1DNH RDC values, respectively (96). Data were 
acquired at a spectrometer 1H frequency of 600 MHz at 30 °C. Buffer conditions were as follows: 20 mM 
sodium phosphate, pH 6.5, 50 mM NaCl, and 1 mM TCEP. 
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2.6 Quantitative characterization of interactions of PRD703-800
Strep  with TSG101-UEV 

To quantitate PRD703-800
Strep  + TSG101-UEV interactions, we collected Carr-Purcell-

Meiboom-Gill (CPMG) relaxation dispersion experiments, 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 equations (53) yields the kinetic rate constants for the 

exchange process(es) and population(s) of the bound state(s). Fig. 2.6 A shows representative 15N-

CPMG relaxation dispersion profiles observed for each of the interaction site of NMR-visible 

PRD703-800
Strep  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 (Fig. 2.4), only a few PRD703-800
Strep  residues exhibited significant dispersions. 

Therefore, to aid the quantitative analysis, 15N-CPMG measurements were recorded on NMR-

visible PRD703-800
Strep  in the presence of 2- and 3-molar excess of unlabeled TSG101-UEV (one at a 

time; Fig. 2.6.1). Because only one site of PRD703-800
Strep  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 PRD703-800
Strep  (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. 2.6 A and Fig. 2.6.1. The 

kinetic parameters extracted from the fits are shown in Fig. 2.6 B (also see Table 2.1). 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 μM PRD703-800
Strep  + 500 

μMTSG101-UEV), the kon
app values were 344 ± 10 s-1 (site 1), 263 ± 42 s-1 (site 2), and 206 ± 105 

s-1 (site 3), where kon
app is the fitted pseudo first-order association rate constant. The exchange rate 
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constants, kex = kon
app + koff , between free and bound PRD703-800

Strep  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 kon
app values were comparable. The similarity 

of kon
app values is consistent with the observations that each PRD site is composed of sequentially 

similar PTAP-like motifs (cf., Fig. 2.3 C), whereas differences in the corresponding 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 PRD703-800
Strep  + 500 μM TSG101-UEV; see section 2.10.6 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 (Å~ 104 

M-1·s-1) for sites 1, 2, and 3, respectively; kon = kon
app× [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 (site 2), and 7.2 ± 3.7 mM (site 3), implying that site 1 of 

PRD703-800
Strep  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 

PRD703-800
Strep  (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 interactions 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). 
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In addition to a 1:1 stoichiometry where one PRD703-800
Strep  site is occupied by one TSG101-

UEV molecule, there exists a possibility that sites 1 and 2, which are ∼40 residues apart (cf., Fig. 

2.3 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 PRD703-800
Strep  site under the conditions of the experiment (100 

μM PRD703-800
Strep  + 500 μM TSG101-UEV) was calculated using corresponding KD values for each 

site and mass-action law (Fig. 2.6 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 PRD703-800
Strep  contains three 

PTAP-like motifs that compete for binding to TSG101-UEV, where site 1 is the primary site of 

interaction, 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. 
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Figure 2.6: Quantitative analyses of interactions of PRD703-800
Strep  with TSG101-UEV 

(A) Representative backbone 15N-CPMG relaxation dispersion profiles observed for 100 μM PRD703-800
Strep  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. 𝑘𝑘on

appis an apparent pseudo-first-order association rate constant that 
pertains to 100 μM PRD703-800

Strep  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 = kon

app/[L] and [L] is the concentration of unbound TSG101-UEV. (C) Populations of 1:1 
and 1:2 complexes formed between PRD703-800

Strep  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. 2.3 C). (D) 
Scheme depicting potential modes of interactions of PRD703-800

Strep  with TSG101-UEV; populations of bound 
sites are labeled. 
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Figure 2.6.1: 15N-CPMG analyses of interactions of PRD703-800
Strep  with TSG101-UEV 

(A) Backbone 15N-CPMG relaxation dispersion profiles observed for 100 μM PRD703-800
Strep on addition of 

TSG101-UEV (molar ratios = 1:3 and 1:2). Each interacting site (1, 2, and 3) is marked in circles. 
Dispersions were recorded at spectrometer frequency of 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) Comparison between 
experimentally measured residue-specific backbone 15N-R2 rates of PRD703-800

Strep  on addition of 5-molar 
equivalent of TSG101-UEV (magenta) and the corresponding rates obtained from CPMG fits (blue). 
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Table 2.1: Bound populations (pb), exchange rates (kon
app, kon and koff), and binding constants (KD) for 

PRD703-800
Strep  - TSG101-UEV interactions 

The optimized rate constants (kon
appand koff) were extracted directly from CPMG fits. The corresponding 

second-order association rate constants (kon) were calculated using the relationship kon
app = [L] × kon where 

[L] is the concentration of unbound TSG101-UEV. Under the conditions of the experiment, the amount of 
unbound TSG101-UEV was 453 μM (see section 2.10.6 for details). Bound fractions, pb, of each site were 
calculated using mass action law and the corresponding KD values (see section 2.10.6 for details). 
Experiments were carried out at spectrometer 1H frequency of 800 and 600 MHz at 30 °C. Buffer conditions 
were as follows: 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, 2 mM EDTA. Protein 
concentrations were as follows: 100 μM PRD703-800

Strep  + 500 μM TSG101-UEV (Note that CPMG 
measurements were also carried out on 100 μM PRD703-800

Strep  and 200 / 300 μM TSG101-UEV; one at a time). 
Each interacting site of PRD703-800

Strep  was fitted individually where all the CPMG data collected as function 
of increasing TSG101-UEV concentration were simultaneously fitted. koff was the shared optimized 
parameter for each site in the fits. The KD values are given by KD = koff / kon and have been appropriately 
rounded. Double-occupancy was estimated using the calculated KD values as per mass-action law (see 
section 2.10.6).  
 
 
 
 pb 

(%) 
kon

app 
(s-1) 

kon 
x 104 (M-1s-1) 

Koff 
(s-1) 

KD 

(mM) 
Residues used 

for fitting 
PRD703-800

Strep  + TSG101-UEV (1:1 complex) 

 
Site 1 

 

 
34 ± 3 

 
344 ± 10 

 
76± 2 

 
489 ± 11 

 
0.6 ± 0.02 

 
706, 713, 714, 
716, 724 
 

 
Site 2 

 

 
7± 2 

 
263 ± 42 

 
58 ± 9 

 
1941 ± 93 

 
3.3 ± 0.6 

 
770, 775, 778 

 
Site 3 

 

 
3 ± 3 

 
206 ± 105 

 
45 ± 3 

 
3281 ± 313 

 
7.2 ± 3.7 

 
787, 797 

PRD703-800
Strep  + TSG101-UEV (1:2 complex) 

 
Site 1 + 2 

 

 
5 ± 2 

     

 
Site 1 + 3 

 

 
2 ± 2 
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2.7 Amyloids and gels of CPRD 

In contrast to PRD703-800
Strep , which exhibited high solubility (soluble up to ∼2 mM), the C-

terminal portion, PRD800-868, was poorly soluble under aqueous conditions (<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 properties, 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 considered 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-PRD703-800
Strep , indicating the presence of amyloid structures for GB1-

PRD800-868 aggregates (Fig. 2.7 A). 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 amyloidogenic nature (Fig. 2.7 B). Analysis of GB1-PRD800-868 

aggregates by negative-stain EM elucidated that these aggregates consist of unbranched filaments, 

characteristic of amyloid fibrils (Fig. 2.7 C and D). After ∼3 d at room temperature under non-

agitated (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. 2.7 E). Analysis of GB1-PRD800-868 
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gel by negative-stain EM revealed a dense network of intertwined fibrils (Fig. 2.7 F). 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 kinetics using ThT fluorescence. The effects of the following 

experimental conditions on aggregation kinetics were monitored (one at a time): pH, ionic strength, 

protein concentration, and temperature (Fig. 2.7.1). GB1-PRD800-868 exhibited sigmoidal 

aggregation profiles, ThT signal against time, a hallmark of amyloid 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. 

2.7.1 A-D). To rule out the possible contributions from the GB1 fusion tag in PRD800-868 

aggregation, identical experiments were performed on GB1-PRD703-800
Strep  and on the GB1 tag itself, 

which showed no obvious ThT signals (Fig. 2.7.1 A). 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 aggregation was observed at pH 7.0 versus pH 6.5, 7.5 and 8.0 

(Fig. 2.7.1 A) and with 0 mM NaCl versus 250 and 500 mM NaCl (Fig. 2.7.1 B). Changes in the 

concentration of GB1-PRD800-868 did not affect its aggregation rates (Fig. 2.7.1 C; also see Fig. 

2.7.2 for measurements carried out under quiescent conditions, which show a similar trend). A 

significant increase in rates was observed upon an increase in temperature (Fig. 2.7.1 D). At 40 
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°C, a half-maximal signal was reached within ∼1 h (t1/2 = 1 h), whereas the corresponding t1/2 

values for 25, 30, and 35 °C were ∼11, ∼4, and ∼2 h, respectively. To further assess the impact 

of temperature on aggregation, ThT emission spectra were recorded (Fig. 2.7.1 E; n = 3). GB1-

PRD800-868 samples were incubated at 40 °C until the maximum ThT signal was reached (∼2 h), 

whereupon the temperature 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 reversible 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 filaments are 

stable at and above 8 °C (Fig. 2.7.3). A similar behavior was seen with GB1-PRD800-868 gel, which 

became fragile and liquid-like at 4 °C (Fig. 2.7.1 E, Lower). ThT measurements were also carried 

out on PRD800-868 (without the GB1 tag), which displayed characteristic sigmoidal profiles (Fig. 

2.7.1 F). Poor solubility of PRD800-868 resulted in significant variations between replicates and, 

therefore, precluded us from carrying out a thorough kinetic analysis. 
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Figure 2.7: Amyloid fibrils and gel formed by GB1-PRD800-868 

(A and B) Absorbance spectra of CR (A) and emission spectra of ThT (B) for aggregates formed by GB1-
PRD800-868 (red). GB1-PRD703-800

Strep  samples (blue) were used as controls. Raw data of three replicates (n = 
3) are plotted against wavelength (nm). (C and D) Negatively stained EM images of GB1-PRD800-868 
amyloid fibrils. (Scale bars, 200 nm.) (E) Formation of a gel by GB1-PRD800-868. To initiate the gel 
formation, a 0.1 mM GB1-PRD800-868 sample was kept at room temperature under quiescent conditions for 
∼3 d. (F) EM images of GB1-PRD800-868 gel. 
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Figure 2.7.1: Formation and dissolution of GB1-PRD800-868 amyloid fibrils 

(A-D) ThT fluorescence was monitored to determine the effects of pH (A), ionic strength (B), concentration 
(C), and temperature (D) on the aggregation kinetics of GB1-PRD800-868 (raw data of three replicates [n = 
3] are plotted against time). Control curves (dark red) (A) are collected using GB1-PRD703-800

Strep . Control 
experiments were also carried out on GB1 fusion tag and showed no ThT signal. For A-C, the measurements 
were carried out at 30 °C. (E) Dissolution of GB1-PRD800-868 amyloid fibrils at 4 °C. ThT emission spectra 
of GB1-PRD800-868 (n = 3). Samples were incubated at 40 °C for ∼2 h (0 and 2-h time points are shown in 
light and dark red, respectively). Temperature was dropped to 4 °C, and fluorescence was measured until 
the reading was stabilized (3 to 7 h; light-to-dark blue gradient). The blue and red gradient color bars denote 
incubation time at 4 and 40 °C, respectively. The gel formed by GB1-PRD800-868 at 40 °C became fragile at 
4 °C (E, Lower). ThT assays were also carried out on PRD800-868. Poor solubility of PRD800-868 resulted in 
large variations in kinetic curves (n = 2) (F). a.u., arbitrary units. 
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Figure 2.7.2: Aggregation kinetics of GB1-PRD800-868 under quiescent conditions 

ThT fluorescence were monitored under quiescent conditions to determine the effects of (A) pH and (B) 
concentration on the aggregation kinetics of GB1-PRD800-868 (raw data of two replicates, n = 2, are plotted 
against time). Experiment and buffer conditions were as follows: (A) pH 7.0 (50 mM sodium phosphate), 
7.5 (50 mM Tris) at [GB1-PRD800-868] = 0.075 mM, 30 ºC. In addition, each buffer contained 1 mM DTT 
and 1mM EDTA. (B) 50 mM sodium phosphate, pH 7.0, 1 mM DTT and 1mM EDTA at 30 ºC.  
 
 

 
 

Figure 2.7.3: Effect of temperature on aggregation kinetics of GB1-PRD800-868 

ThT fluorescence of GB1-PRD800-868 were monitored by fluorescence spectroscopy (plot shows raw data of 
two replicates, n = 2). Samples were incubated at 40 °C for ~2 h (0 and 2 h time points are shown in light 
and dark red, respectively). Temperature was dropped to a desired temperature (2, 6 and 8 °C, one at a time) 
and fluorescence were measured until the reading was stabilized (light to dark blue gradient). Buffer 
conditions were as follows: 50 mM sodium phosphate, pH 7.0, 1 mM DTT and 1mM EDTA at 30 ºC. 
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2.8 Src-mediated dissolution of GB1-PRD800-868 amyloid fibrils 

Src kinase 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 activity was measured using ADP-Glo assays (Fig. 2.8) 

and was found to be consistent with previous reports (64). PRD constructs, namely PRD703-800
Strep  and 

PRD800-868, were incubated 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 attenuates the 

migration of phosphorylated proteins, leading to a distinct separation of nonphosphorylated and 

phosphorylated species. Mobility shifts of phosphorylated PRD800-868 products were readily visible 

(Fig. 2.8.1 A). No such shifts were observed for PRD703-800
Strep , implying lack of phosphorylation 

(PRD703-800
Strep  and PRD800-868 contain 1 versus 14 tyrosines, respectively; cf., Fig. 2.1 A and D). To 

circumvent the poor solubility of PRD800-868, a kinase reaction was carried out on GB1-PRD800-868, 

and the corresponding 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. 2.8.1 A and Table 2.2). Src-mediated 

phosphorylation of PRD800-868 and the lack of phosphorylation of PRD703-800
Strep  were unambiguously 

confirmed by Western blotting and MS (Fig. 2.8.1 B-D, respectively). LC-ESI-TOFMS analyses 

of in vitro kinase reactions revealed the formation of hyperphosphorylated PRD800-868, elucidating 

phosphorylation of 9 (out of 18) and 4 (out of 14) tyrosine residues of GB1-PRD800-868 and PRD800-

868, respectively (Fig. 2.8.1 C and D and Table 2.2). LC-tandem MS (LC-MS/MS) sequencing of 

chymotrypsin-digested GB1-PRD800-868 revealed phosphorylation of the following PRD800-868 
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tyrosine residues upon Src treatment: 803, 806, 829, 833, and 837 (Fig. 2.8.1 C, Upper; also see 

Fig. 2.8.2). Finally, we note that nothing definitive 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. 2.1 D) 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 PRD703-800
Strep  + Src interactions, NMR-

titration experiments were carried out using NMR-visible PRD703-800
Strep  and unlabeled Src (Fig. 

2.8.3). 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 PRD703-800
Strep  on the addition of 3 molar 

equivalents of Src, indicating that full-length Src did not interact with PRD703-800
Strep . 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 

(Fig. 2.2.1 C) and, thus, likely exists in a clamped autoinhibited state (67). This closed 

conformation is expected to limit the access of the SH3 domain of Src to PRD703-800
Strep , leading to no 

noticeable in vitro interactions between the two proteins. In line with these observations, the study 

mentioned above demonstrated 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 

interactions in exosomes (63), in which active Src associated with ALIXPRD via its SH3 domain 

and these interactions were precluded by the clamped conformation of autoinhibited Src. 
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The impact of phosphorylation on the aggregation of GB1-PRD800-868 was assessed using 

fluorescence and NMR spectroscopy. For ThT assays (Fig. 2.8 E), 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. 2.7.1 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 observed as phosphorylation proceeded in real time. The dissolution 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. 2.8.1 F). These observations 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 phosphorylation results in the dissolution of GB1-

PRD800-868 fibrils. 

Src-mediated dissolution of GB1-PRD800-868 assemblies was further validated by NMR 

spectroscopy (Fig. 2.8.1 G). 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. 2.8.1 G, Inset), confirming the presence of very high-molecular-weight GB1-PRD800-868 

aggregates at t0. The reaction was allowed to proceed for 5 h, whereupon the same sample yielded 
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a well-dispersed, high-quality spectrum (Fig. 2.8.1 G). These observations established that 

phosphorylation dissolves 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, PRD703-800
Strep , is also disordered in solution. Taken together, the above observations 

corroborate and confirm that GB1-PRD800-868 forms reversible amyloid fibrils. 
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Figure 2.8: Quantification of recombinant Src kinase activity 

Activity of recombinant Src was measured using ADP-Glo assay. Data are expressed as means ± s.e.m. of 
three replicates. These results, especially specific activity against poly[4E:Y] kinase substrate, are 
consistent with previous reports (64). Buffer and experimental conditions were as follows: 50 mM Tris, pH 
7.5, 1 mM ATP, 5 mM MgCl2, 0.5 mM EDTA, 2 mM DTT, and 25 °C. 
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Figure 2.8.1: Dissolution of GB1-PRD800-868 amyloids upon Src-mediated tyrosine 
hyperphosphorylation 

(A-D) Characterization of in vitro phosphorylation of PRD constructs using Phos-tag SDS-PAGE (A), 
Western blotting (B), and MS (C and D). For Phos-tag gel, the following constructs, namely PRD703-800

Strep , 
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 PRD703-800

Strep  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 GB1-PRD800-868 along with phosphorylated 
tyrosines (dashed rectangle) are shown above the graph in (C). The numbers in red represent the number 
of phosphorylated tyrosines, labeled as pY (peaks marked with blue asterisks represent sodium/iron 
adducts; Table 2.2). (E-G) The impact of tyrosine phosphorylation on aggregation kinetics of GB1-PRD800-

868 was assessed using ThT assays (E and F) and NMR spectroscopy (G). For ThT assays (n = 3) (E), 150 
μM GB1-PRD800-868 samples were incubated at 30 °C with 2 mM ATP and varying concentrations of Src 
(molar ratios: 1:0.1 [gray], 1:0.02 [red], and 1:0.01 [green]). a.u., 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 incubated with Src (molar ratio: 1:0.1) in the presence 
of 2mMATP for 5 h at 30 °C. (G, Inset) Corresponding one-dimensional profiles of 15N-labeled GB1-
PRD800-868 recorded at 0 and 5 h (black and red, respectively) after addition of unlabeled Src and ATP.  
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Table 2.2: LC-ESI-TOFMS analysis of Src-mediated phosphorylation of GB1-PRD800-868 and PRD800-

868 constructs 

All masses are in Daltons. GB1-PRD800-868 and PRD800-868 contain 18 and 14 tyrosine residues, respectively. 
GB1-PRD800-868 and PRD800-868 samples were incubated with recombinant Src (molar ratio 5:1) at 30 °C for 
1 h. Reactions were quenched by heat-shock (90 °C) and the resultant mixtures were subjected to LC-ESI-
TOFMS analysis. Buffer conditions were as follows: 50 mM Tris, pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 5 
mM MgCl2, and 16 ng/μL of bovine serum albumin (BSA). Interactions between cleaved N-terminal fusion 
tag, GB1-6xHis-TEV, and Src were also analyzed by LC-ESI-TOFMS and revealed formation of 2 
phosphorylated adducts (note that GB1-6xHis-TEV contains 4 tyrosine residues). In addition to non- and 
phosphorylated products, the following adducts were observed for PRD800-868 sample (marked with blue 
asterisks in Fig. 2.7 D) - 8024 Da, 8190 Da and 8222 Da. These are most likely due to hydroxylation, and 
in the latter two cases, Na and Fe-adducts, respectively. Poor signal of PRD800-868 sample might also mean 
that these are artifacts of electrospray ionization.  
 
 
 
# pY Experimental GB1-PRD800-868 

calculated 
 

Difference Experimental 

 
PRD800-868 
calculated 

Difference 

0 18,370 18,370 0 8,009 8,009 0 

1 - 18,450 NA 8,088 8,089 -1 

2 - 18,530 NA 8,168 8,169 -1 

3 18,610 18,610 0 8,248 8,249 -1 

4 18,690 18,690 0 8,327 8,329 -2 

5 18,770 18,770 0 - - NA 

6 18,850 18,850 0 - - NA 

7 18,930 18,930 0 - - NA 

8 19,010 19,010 0 - - NA 

9 19,092 19,090 +2 - - NA 
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Figure 2.8.2: LC-MS/MS analyses of Src-mediated phosphorylation of GB1-PRD800-868 

(A - C) Panels show assignment of collision-induced dissociation (CID) fragment ions to the peptide 
primary sequence according to the standard nomenclature (97). The phosphorylated tyrosine residues are 
denoted in red. The bn and yn ions are denoted by the blue and red brackets, respectively. Residuals 
(observed spectral position minus calculated m/z) for each fragment ion peak are plotted below the panels. 
Figure was formatted using IPSA (98). 
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Figure 2.8.3: NMR analysis of PRD703-800

Strep  + Src kinase interactions 

Changes in (A) 1H/15N and (B) 13C’/15N cross-peak intensities upon addition of molar excess of Src to 
PRD703-800

Strep  sample. 2D 1H-15N TROSY-HSQC and 13C-15N CON experiments were recorded on uniformly 
15N and 15N/13C-labeled PRD703-800

Strep  sample (in the absence and the presence of molar excess of non-labeled 
Src kinase). Note that 13C-15N CON correlates the amide nitrogen with the carbonyl carbon of the preceding 
residue and thus is the experiment of choice to analyze proline-rich IDPs (18). Negligible changes in ratios 
of cross-peak intensities (except residues P754 and P759; 13C’/15N cross-peak intensity ratios of ~ 0.55 and 
~ 0.63, respectively), as well as chemical shifts (≤ 0.03 ppm) between the two proteins, indicate a lack of 
association between full-length Src and PRD703-800

Strep . Buffer and experimental conditions were as follows: 
20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM EDTA, 1 mM TCEP, and 30 °C. The concentration 
of isotopically labeled PRD703-800

Strep  was 25 μM, while concentration of non-labeled Src was 75 μM. Errors 
are given by {ratio x ((noise1/height1)2 + (noise2/height2)2)1/2}. 
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2.9 Concluding remarks 

In summary, we made use of two recombinant constructs (PRD703-800
Strep  and PRD800-868) to 

carry out a thorough characterization of ALIX-PRD in solution (Fig. 2.1). We performed a detailed 

NMR characterization of the conformational plasticity of PRD703-800
Strep  (a 98-residue polypeptide 

representing the N-terminal portion of ALIX-PRD) and carried out quantitative analyses of its 

interactions with TS˙G101-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).  

2.9.1 Interactions between ALIX-PRD and TSG101-UEV 

NMR-backbone chemical shifts, 3JHNHα couplings, and 15N-relaxation rates indicate that 

PRD703-800
Strep  is disordered in solution with no indication of any significant secondary-structure 

propensity (Fig. 2.3.1). NMR-titration experiments demonstrate that PRD703-800
Strep  contains three 

PTAP-like motifs, namely 717PSAP720, 769PSAT772, and 790PGSAP794, which compete for a single 

binding site on TSG101-UEV (Figs. 2.3, Fig.  2.5 and Fig. 2.4). 15N-relaxation measurements 

carried out on PRD703-800
Strep  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 PRD703-800
Strep  (Fig. 

2.4.1). Quantitative analyses of 15N-CPMG dispersion data (Fig. 2.6) 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-
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TSG101 interactions. They are also consistent with the fact that among the three PTAP-like motifs 

of ALIX-PRD, the 717PSAP720 motif is completely conserved among vertebrates (Fig. 2.1.1). 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 PRD703-800
Strep  and TSG101-UEV, as well as 

populations of higher-order complexes in which two PTAP-like motifs are simultaneously 

occupied by two TSG101-UEV molecules (steric hindrance between 769PSAT772 and 790PGSAP794 

motifs is likely to prevent a 1:3 stoichiometry between PRD703-800
Strep  and TSG101-UEV). We 

hypothesize that the conformational plasticity of disordered PRD703-800
Strep  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 carrying 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 multimerization 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.  
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2.9.2 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 intertwined fibrous network, 

respectively (Fig. 2.7). In addition, fibril formation yielded a characteristic ThT-fluorescence 

enhancement (Fig. 2.7.1). 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 

dissolution of amyloid fibrils. The discovery that temperature affects 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 effect 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. 2.7.1 C), 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. 2.1 D) 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 (Fig. 2.1.1), 

supports this hypothesis. It is further supported by the phosphorylation-mediated dissolution of 

amyloid fibrils (Fig. 2.8.1), 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. 2.8.1 F), which provides important clues about their 
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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.  

2.9.3 ALIX-PRD polymerization and ALIX function 

The ESCRT-III proteins, 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 assemblies of the C-terminal PRD will 

likely result in a multiplicative 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 
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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 PRD703-800
Strep  and unlabeled 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 cellular function(s) of these aggregates. 

From an application perspective, 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 biosensors, and others. 

 

2.10 Experimental procedures 

2.10.1 Data availability 

 The ALIX-PRD plasmids, namely PRD703-800
Strep and PRD800-868, have been deposited in the 

Addgene Repository, https://www.addgene.org/ (accession nos. 141344 [PRD703-800
Strep ] and 141345 

[PRD800-868]). The chemical-shift assignments of PRD703-800
Strep  have been deposited in the Biological 
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Magnetic Resonance Bank, http://www.bmrb.wisc.edu/ (accession no. 28111) (76). The 

coordinates of the docking model have been deposited in the Protein Model DataBase, 

http://srv00.recas.ba.infn.it/PMDB/ (accession no. PM0083242) (77). 

 

2.10.2 Materials 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) and arabinose were purchased from Sigma-

Aldrich (catalog no. 420322 and A3256, respectively). Thioflavin T (ThT) was purchased from 

Thermo Fisher Scientific (catalog no. AC211760050) and was dissolved in MilliQ water (MilliQ 

IQ 7000 purification system, Millipore-Sigma) at the concentration of 1 mM. Congo red (CR) was 

purchased from Sigma-Aldrich (catalog no. C6277) and was dissolved in MilliQ water at the 

concentration of 0.2% wt/vol. Adenosine 5'-triphosphate (ATP) was purchased as a 100 mM 

buffered solution, pH 7.5, from Thermo Fisher Scientific (catalog no. R1441) and was used 

without further modifications. Precast Phos-tag SDS-PAGE gels were purchased from VWR 

(catalog no. 103258-494). Phospho-tyrosine mouse monoclonal antibody was obtained from Cell 

Signaling Technology (catalog no. 9411). Secondary antibody, goat anti-mouse IgG, was obtained 

from Thermo Fisher Scientific (catalog no. G-21040). Pierce silver stain and ADP-Glo kinase 

assay kits were purchased from Thermo Fisher Scientific (catalog no. 24612) and Promega 

corporation (catalog no. V6930), respectively and were used according to the manufacturers’ 

protocols. Chymotrypsin was purchased from Sigma-Aldrich (catalog no. C4129) and dissolved 

in a buffer containing 1 mM HCl and 2 mM CaCl2, at the concentration of 2 mg/mL. Peptide 

substrate for Src kinase was obtained from Sigma-Aldrich (catalog no. P7244). Reagents for NMR 

isotopic enrichment were obtained from Cambridge Isotopes Laboratories (CIL) and Sigma-

Aldrich. 
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2.10.3 Recombinant Protein Expression and Purification 

Codon-optimized ALIX-PRD constructs (Uniprot accession no. Q8WUM4), namely GB1-

PRD703-868
Strep , GB1-PRD703-815

Strep , GB1-PRD703-800
Strep  and GB1-PRD800-868 were subcloned in pET11a 

(Novagen, EMD Millipore) and were expressed in BL21(DE3) competent cells (Agilent, catalog 

no. 200131). Note that GB1 implies the B1 domain of protein G (35), used to enhance the 

expression levels, followed by a polyhistidine (6xHis) affinity tag, and a tobacco etch virus (TEV) 

protease cleavage site. Wild-type full-length human Src kinase construct, pEX-Src-C-His; Uniprot 

accession no. P12931, was a generous gift from the van der Vliet Group (University of Vermont) 

and was used without further modifications. Src kinase was expressed in BL21-AI cells (Thermo 

Fisher Scientific, catalog no. C607003). TEV protease construct was a generous gift from David 

S. Waugh (National Cancer Institute, National Institutes of Health). Construct expressing UEV 

domain of TSG101 (Uniprot accession no. Q99816), hereafter referred to as TSG101-UEV, was a 

generous gift from the Tjandra Group (National Heart, Lung and Blood Institute, National 

Institutes of Health). 

GB1-PRD703-800
Strep  was expressed at 16 °C, whereas GB1-PRD800-868 was expressed at 37 °C. 

Briefly, cells were grown at 37 °C in 1 L Luria-Bertani (LB) medium (MP Biomedicals, catalog 

no. 3002-036) at natural isotopic abundance or minimal M9 medium for isotopic labeling. The 

latter contained 1 g/L 15NH4Cl (CIL) and/or 3 g/L 13C6-d-glucose (CIL) for 15N and 15N/13C 

labeling, respectively. For GB1-PRD703-800
Strep , ∼30 min prior to induction, the temperature of cell 

culture was reduced to 16 °C. Cells were induced with 1 mM IPTG at an optical density of A600 

∼0.8. For GB1-PRD800-868, cells were harvested ~4 h after induction, whereas for GB1-PRD703-800
Strep , 

cells were harvested after ~48 h. Full-length human Src kinase was expressed as described 
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previously (64). Briefly, cells were grown at 37 °C in 1 L Terrific Broth (TB) medium (Thermo 

Fisher Scientific, catalog no. BP9728) at natural isotopic abundance. About 30 min prior to 

induction, the temperature of cell culture was reduced to 16 °C. Cells were induced with 0.2 % 

wt/vol arabinose and 1 mM IPTG at an optical density of A600 ∼0.8 and were harvested ~24 h after 

induction. For TEV protease, cells were grown at 37 °C in 1 L LB medium and harvested ~3 h 

after induction with 1 mM IPTG. For TSG101-UEV, cells were grown at 37 °C in 1 L LB at natural 

isotopic abundance or M9 medium for isotopic labeling. The latter contained 0.3 g/L 2H/15N/13C 

Isogro (Sigma-Aldrich), 99.9% (vol/vol) 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% (vol/vol) D2O, 1g/L 15NH4Cl (CIL), and 3g/L 2H7,12C6-d-glucose (CIL) for 2H/15N labeling. 

Both PRD constructs, namely GB1-PRD703-800
Strep  and GB1-PRD800-868, were purified using a 

combination of affinity chromatography (ÄKTA Pure protein purification system, GE Healthcare) 

and reverse-phase HPLC (1260 Infinity II liquid chromatography system, Agilent Technologies). 

The cells were resuspended in a lysis buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl. 

For both constructs, cells were lysed by heat-shock (80 °C, ~5 minutes) and cleared by 

centrifugation (48,380 × g, 25 minutes). In the case of GB1-PRD703-800
Strep , lysis buffer also contained 

2 mM Ethylenediaminetetraacetic acid (EDTA). For GB1-PRD703-800
Strep , the cell lysate was loaded 

onto a Streptactin Sepharose column (GE Healthcare) and eluted in the same buffer containing 2.5 

mM d-desthiobiotin (Sigma-Aldrich). The eluted GB1-PRD703-800
Strep  protein was mixed with 

recombinant TEV protease (molar ratio 50:1) in the presence of 1 mM dithiothreitol (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 (NuPAGE 4-12% 

Bis-Tris gel; Thermo Fisher Scientific). Hydrolyzed product, PRD703-800
Strep , was further purified 
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using reverse-phase HPLC (Jupiter 10 μm C18 300 Å column; Phenomenex, catalog no. 00G-

4055-N0) with 5-55% acetonitrile gradient comprising 0.05% trifluoroacetic acid (TFA, Sigma-

Aldrich). The eluted protein was freeze-dried (Labconco -84 °C Benchtop Freeze Dryer) and was 

stored at -80 °C before use. For GB1-PRD800-868, the cell lysate was loaded onto a HisTrap column 

(GE Healthcare) with a 0-1 M imidazole gradient containing 50 mM Tris, pH 8.0, and 250 mM 

NaCl. The eluted protein was further purified using reverse phase HPLC (Jupiter 10 μm C18 300 

Å column) and was freeze-dried. The freeze-dried fraction was reconstituted in an aqueous buffer 

containing 50 mM Tris, pH 8.0, 250 mM NaCl and 1 mM DTT. The resultant solution was mixed 

with TEV protease (molar ratio 10:1). The proteolysis reaction was carried out at room temperature 

(~12 h) and produced a poorly soluble hydrolyzed product, PRD800-868. The corresponding PRD800-

868 precipitate was cleared by addition of 6 M guanidine hydrochloride to the reaction mixture. 

Reaction products were further purified using reverse phase HPLC (Jupiter 10 μm C18 300 Å 

column). The eluted PRD800-868 fractions were pooled, lyophilized, and stored at -80 °C. 

Lyophilized GB1-PRD800-868 and PRD800-868 samples were treated with ammonium hydroxide to 

break up amyloid aggregates (62). Briefly, lyophilized peptides were dissolved in 10% wt/vol 

ammonium hydroxide (Sigma-Aldrich) at the concentration of ~1 mg/mL. Samples were incubated 

at room temperature for ~5 minutes, followed by sonication (~5 minutes; Elmasonic P ultrasonic 

bath) and lyophilization. The freeze-dried salt-free fractions were reconstituted in an aqueous 

buffer containing 50 mM Tris, pH 7.5, 0.5 mM EDTA and 2 mM DTT. Purification of GB1-

PRD703-868
Strep  and GB1-PRD703-815

Strep  constructs revealed ribosomal stalling induced by polyproline 

stretches. We identified 4 problematic regions that resulted in production of truncated fragments 

(see Fig. 2.1.2). We were, therefore, unable to purify these two constructs, namely GB1-PRD703-868
Strep  

and GB1-PRD703-815
Strep . 
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For Src kinase, the cells were resuspended in a lysis buffer containing 50 mM Tris, pH 8.0, 

and 250 mM NaCl. Cells were lysed using a homogenizer, EmulsiFlex-C3 (Avestin), and cleared 

by centrifugation. Cell lysate was loaded onto a HisTrap column (GE Healthcare) with a 0-1 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 0-1 M NaCl gradient in a buffer 

containing 50 mM Tris, pH 8.0, and 5 mM β-mercaptoethanol (BME). The eluted fractions were 

pooled, concentrated (Amicon ultra-15, 30-kDa cutoff) and were 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 BME. Relevant fractions were pooled and concentrated to ~1 mg/mL (Amicon ultra-

15, 30-kDa cutoff). Samples were aliquoted and flash-frozen and were stored at -80 °C. 

For TEV protease, 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 centrifugation. Cell 

lysate was loaded onto a HisTrap column (GE Healthcare) with a 0-1 M imidazole gradient 

containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was concentrated (Amicon 

ultra-15, 10-kDa cutoff) 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, 10-kDa cutoff). TEV 

samples were aliquoted and flash-frozen and were stored at -80 °C. 

In the case of TSG101-UEV, 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 

centrifugation. Cell lysate was loaded onto a HisTrap column (GE Healthcare) with a 0-1 M 

imidazole gradient containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was 

concentrated (Amicon ultra-15, 10-kDa cutoff) and loaded onto a HiLoad 26/600 Superdex 75 pg 
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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 6xHis tag (molar ratio 50:1). Reaction was carried out at room temperature (~12 h) and 

was assessed for completion using SDS-PAGE. Reaction mixture was loaded back onto HisTrap 

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 concentrated (~10 mg/mL; Amicon ultra-15, 10-kDa cutoff) 

and flash-frozen and were stored at -80 °C. 

The above-mentioned purification schemes resulted in ≥ 99% pure proteins with the 

following yields: PRD703-800
Strep  (~40 mg / L), PRD800-868 (~15 mg / L), Src kinase (~5 mg / L) and 

TSG101-UEV (~10 mg / L); extreme care, however, is required while handling PRD constructs 

owing to their disordered nature and their susceptibility to proteolysis. 

All protein constructs were verified by MS. Briefly, an Agilent 6230 time-of-flight mass 

spectrometer (TOFMS) with Jet Stream electrospray ionization source (ESI) was used for liquid 

chromatography (LC)-ESI-TOFMS analysis. The Jet Stream ESI source was operated under 

positive 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, nebulizer pressure = 40 psi. The chromatographic separation 

was performed at room temperature on a Phenomenex Aeris Widepore XB-C18 column (2.1 mm 

ID x 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. Agilent MassHunter software 

was used for data acquisition and analysis and MagTran software was used for mass spectrum 

deconvolution (78). 
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2.10.4 NMR sample preparation 

All heteronuclear NMR experiments were carried out on uniformly 15N- or 15N/13C -labeled 

PRD samples (unless stated otherwise). PRD703-800
Strep  samples were reconstituted in a buffer 

containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA and 1 mM tris(2-

carboxyethyl) phosphine (TCEP; Sigma-Aldrich). In the case of GB1-PRD800-868 and PRD800-868, 

lyophilized samples were initially treated with ammonium hydroxide to break up large amyloid 

aggregates (see above) and were reconstituted in a buffer containing 50 mM Tris, pH 7.5, 0.5 mM 

EDTA, and 2 mM DTT. Uniformly 15N/2H- or 15N/13C/2H-labeled TSG101-UEV samples were 

prepared in a buffer containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA and 

1 mM TCEP. Aligned TSG101-UEV samples (0.2 mM) were prepared using 5% PEG-hexanol 

(79). All NMR samples contained 7% vol/vol D2O. 

 

2.10.5 NMR Spectroscopy 

All heteronuclear NMR experiments were carried out on uniformly 15N- or 15N/13C-labeled 

PRD samples (unless stated otherwise). PRD703-800
Strep  samples were reconstituted in a buffer 

containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA and 1 mM tris(2-

carboxyethyl) phosphine (TCEP; Sigma-Aldrich). In the case of GB1-PRD800-868 and PRD800-868, 

lyophilized samples were initially treated with ammonium hydroxide to break up large amyloid 

aggregates (see above) and were reconstituted in a buffer containing 50 mM Tris, pH 7.5, 0.5 mM 

EDTA, and 2 mM DTT. Uniformly 15N/2H- or 15N/13C/2H-labeled TSG101-UEV samples were 

prepared in a buffer containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM EDTA and 
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1 mM TCEP. Aligned TSG101-UEV samples (0.2 mM) were prepared using 5% PEG-hexanol 

(79). All NMR samples contained 7% vol/vol D2O. 

NMR Spectroscopy. All heteronuclear 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 (80) and analyzed using the CCPN software suite (81). 

Sequential 1H, 15N, and 13C backbone resonance assignments of TSG101-UEV and PRD703-800
Strep  

were carried out using conventional transverse relaxation optimized (TROSY)-based through-

bond three-dimensional (3D) triple resonance experiments (82). For PRD703-800
Strep , unambiguous 

assignments were made possible through a use of 3D (HACA)N(CA)CON experiment (18), which 

correlates the carbonyl carbon and amide-nitrogen of each residue with the amide-nitrogen of 

preceding residue and is, therefore, an optimal experiment to study proline-rich sequences. Apart 

from 3 residues (D703, S729 and H735), the entire backbone could be readily assigned using this 

strategy (~97% completion). NMR chemical shift perturbation experiments were carried out using 

0.1 mM 15N-labeled PRD703-800
Strep  and non-labeled TSG101-UEV (0.025 mM - 0.5 mM). Identical 

experiments were carried out using 0.1 mM 15N/13C-labeled PRD703-800
Strep  and 0.3 mM TSG101-UEV 

with the help of 2D 13C-15N CON correlation experiment (18). Chemical shift perturbation 

experiments were also carried out between 0.1 mM 2H/15N-labeled TSG101-UEV and 0.4 mM 

non-labeled PRD703-800
Strep . 3JHNHα couplings were measured on uniformly 15N-labeled 0.5 mM 

PRD703-800
Strep  sample with the help of a newly developed WATERGATE-optimized 2D TROSY 

pulse sequence (83). 15N-R1 and R1ρ measurements (84) were carried out on uniformly 15N-labeled 

0.1 mM PRD703-800
Strep  samples (in the absence and presence of TSG101-UEV; 0.05, 0.1, 0.15, 0.2, 

0.3 and 0.5 mM). 15N-Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersions were recorded 
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on 0.1 mM PRD703-800
Strep  samples (in the absence and presence of non-labeled TSG101-UEV; 0.2, 

0.3 and 0.5 mM; one at a time) at two static spectrometer fields (600 and 800 MHz) with a constant-

time period of 120 ms using a pulse scheme with amide proton decoupling that monitors the rates 

of in-phase 15N coherences (85). Backbone amide (1DNH) RDCs were measured on 0.2 mM 2H/15N-

labeled TSG101-UEV using the TROSY-based ARTSY technique (86) and analyzed using Xplor-

NIH (59). Effect of tyrosine phosphorylation on the aggregation state of GB1-PRD800-868 was 

monitored using 1H-15N TROSY-HSQC spectra recorded at two time points (0 h and 5 h after 

mixing with Src and ATP). Corresponding spectrum of the fusion tag (GB1-6xHis-TEV) in the 

presence of Src was recorded under identical experimental conditions. 

 

2.10.6 Analysis of 15N CPMG relaxation dispersions 

Note that three tandem proline-rich motifs of PRD703-800
Strep  interact with one binding site on 

TSG101-UEV. As a result, 15N CPMG relaxation dispersion profiles for each interacting site were 

fit independently. For each site, dispersion data, collected as a function of increasing TSG101-

UEV concentration (cf. section 2.10.5), were fit globally to a two-state exchange model (A ↔ B) 

using an in-house MATLAB script (MathWorks Inc.) that is based on our previously published 

reports (51, 52), by numerically solving the McConnell equations (53); see the text below. 

Briefly, for each interacting PRD site, dispersion data collected using increasing 

concentration of TSG101-UEV were fit simultaneously by minimizing the following sum of 

squared differences between the observed (‘obs’) and calculated (‘calc’) values of the experimental 

observables, using an in-house MATLAB script (MathWorks Inc.) – 
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FPRD-site #=α1∑ ∑ ∑ �
R2,  PRD-Site #+TSG101-UEV 

obs, i, k, j -R
2,  PRD-Site #+TSG101-UEV 

calc, i, k, j

σ
R2,PRD-Site #+TSG101-UEV

obs, i,j,k
�2

jki    (S1) 

 

where R2,n denotes the R2
A of sample n; the subscript i refers to residue numbers of PRD703-800

Strep -

Site # (where Site # = Site 1 / 2 / 3), the subscript k refers to CPMG RF field strengths used for 

PRD703-800
Strep -Site #, and the subscripts j refers to 1H spectrometer frequency (600 and 800 MHz). 

The space of residue-specific fitted parameters describing PRD703-800
Strep -Site # and TSG101-UEV 

interactions (Eq. S1) comprised: �R2;PRD-Site #
800 ;R2;PRD-Site #

600 ;ΔϖB� where R2 denotes the intrinsic 

transverse relaxation rate of the state A and 800 and 600 denote 1H spectrometer fields; and Δ𝜛𝜛𝐵𝐵 

is the difference in chemical shifts between the bound and free PRD703-800
Strep -Site #. The set of global 

parameters included: {kAB;kBA}. The dissociation rate constant, kBA, was dynamically ‘shared’ for 

all dispersion data collected as a function of increasing TSG101-UEV concentration. The 

uncertainties in the values of the optimized parameters, corresponding to confidence intervals of 

± 1 standard deviation were determined from the Jacobian matrix of the non-linear fit. 

Convergence of the solution was confirmed by varying initial values for all parameters and 

obtaining the same solution within reported uncertainties.  

 According to NMR titration data (cf. Fig. 2.3 C), sites 1 and 2 of PRD703-800
Strep  are ~40 residue 

apart and can thus likely be occupied by two TSG101-UEV molecules at any given time (1:2 

complex). Similarly, sites 1 and 3 are ~50 residues apart and can thus form a 1:2 complex. Sites 2 

and 3, however, are separated by only a few residues and therefore, cannot simultaneously interact 

with two TSG101-UEV molecules due to steric hindrance (see Figure 2.6 D). 
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The total amount of free TSG101-UEV under the conditions of the experiment (100 μM 

PRD703-800
Strep  and 500 μM TSG101-UEV) was estimated as follows. To simplify the calculation, we 

assumed formation of 1:1 complex. For a 1:1 complex, the total amount of Free PRD703-800
Strep  can be 

calculated using the relationship S2: 

 

Unbound PRD703-800
Strep = 1

1+�kon
app

koff
�

site 1
+�kon

app

koff
�

site 2
+�kon

app

koff
�

site 3    (S2) 

 

Note that S2 is derived using the following two relationships: 

 

Unbound PRD703-868
Strep +Site1Bound+Site2Bound+Site3Bound=1    (S3) 

 

Site#Bound= �kon
app

koff
�

Site#
× Unbound PRD800-868

Strep    (S4) 

 

where Site # = Site 1 / 2 / 3. 

 By substituting the appropriate rate constants in S2, the amount of unbound PRD703-800
Strep  , in 

the context of 1:1 complex, was calculated to be ~53%. The total amount of bound PRD703-800
Strep  

was, therefore, ~47%, where Unbound PRD703-800
Strep  + Bound PRD703-800

Strep  = 1. Under the conditions 

of the experiment (100 μM PRD703-800
Strep  and 500 μM TSG101-UEV), the total amount of free 

TSG101-UEV, therefore, is 453 μM. Note that the above calculations do not take into account 1:2 

complex whereupon both sites 1 and 2 or sites 1 and 3 of PRD703-800
Strep  are simultaneously occupied 

by two TSG101-UEV molecules. However, the total amount of free TSG101-UEV can be 
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accurately calculated using the above method. This is because, the presence of 1:2 complex will 

alter the total amount of free PRD703-800
Strep  but will not change the total amount of free TSG101-UEV 

as one will need to take into account and correct for the formation of 1:2 complex. 

Using above information, the values of second-order association rate constant (𝑘𝑘𝑜𝑜𝑜𝑜) were 

readily computed to be 76 ± 2, 58 ± 9 and 45 ± 23 (× 104 M-1⋅s-1) for sites 1, 2 and 3, respectively; 

where kon=kon
app / [free TSG101-UEV], where [free TSG101-UEV] is the concentration of free 

TSG101-UEV (453 μM). The resultant equilibrium dissociation constant, KD= koff
kon

, values were 

0.64 ± 0.02 mM (site 1), 3.34 ± 0.56 mM (site 2) and 7.23 ± 3.74 mM (site 3). 

The percent occupancy of each PRD703-800
Strep  site (Site 1, 2 and 3) was calculated using the 

equilibrium dissociation constants (Figure 2.6 B). As sites 2 and 3 are mutually exclusive - i.e., 

cannot be occupied by two TSG101-UEV molecules at the same time (scheme above) - we 

calculated the cumulative dissociation constant for sites 2 and 3 to be 2285 μM by using the 

relationship: 

 

Cumulative KD
Site 2+Site 3= �KD

Site 2×KD
Site 3

KD
Site 2+KD

Site 3�     (S5) 

 

 Using mass-action law and KD
Site 1 = 643 μM; Cumulative KD

Site 2+Site 3 = 2285 μM, the 

percent occupancy of each site can be calculated as follows: 

 

Site 1Bound=34%; Site 2/3Bound=10%;(Site 1+Site 2/3)Bound=7%  (S6) 
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Using the ratios of individual dissociation constants for sites 2 and 3, we deconvolute the 

percent occupancy of 1:1 complex to be 7 % (site 2) and 3 % (site 3). Similarly, for 1:2 complex, 

percent occupancy of sites 1 and 2 is 5 % and the corresponding occupancy for sites 1 and 3 is 2 

% (Figure 2.6 C). 

 

2.10.7 Sedimentation velocity analytical ultracentrifugation 

Sedimentation velocity experiments were carried out at 50,000 rpm and 20 °C on a 

Beckman Coulter ProteomeLab XL-I analytical ultracentrifuge and An50-Ti rotor following 

standard protocols (87). Stock solutions of PRD703-800
Strep  and TSG101-UEV, dialyzed into buffer 

containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, and 2 mM EDTA, were 

diluted to 66 μM and 22 μM, respectively, and loaded in 12 mm two-channel centerpiece cells. 

Sedimentation data were collected using the absorbance (280 nm) and interference (655 nm) 

optical detection systems. Time corrected (88) data were analyzed in SEDFIT 16.2b (89) in terms 

of a continuous c(s) distribution of sedimenting species with a maximum entropy regularization 

confidence interval of 0.68. The solution density, solution viscosity, and protein partial specific 

volume were calculated based on their composition in SEDNTERP (90). Sedimentation 

coefficients were corrected to standard conditions in water at 20 °C, s20,w. 

 

2.10.8 Sedimentation equilibrium analytical ultracentrifugation 

Sedimentation equilibrium experiments were carried out at 30 °C and 12,000, 22,000, and 

42,000 rpm on a Beckman Optima XL-A analytical ultracentrifuge and An50-Ti rotor following 

standard protocols (87). Stock solutions of PRD703-800
Strep  and TSG101-UEV, dialyzed into a buffer 

containing 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, and 2 mM EDTA, were 
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diluted and loaded in two-channel centerpiece cells, and sedimentation data were collected using 

the absorbance (280 nm and 250 nm) optical detection system. Low concentration experiments 

were carried using 70 μM PRD703-800
Strep  and 22 μM TSG101-UEV loaded in 12 mm two-channel 

centerpiece cells. Data were analyzed globally in terms of a non-interacting single species with 

implicit mass conservation in SEDPHAT 15.2c essentially as described (91). The buffer solution 

density and protein partial specific volume were calculated based on the composition using 

SEDNTERP (21). High concentration experiments were carried out in a similar manner. Solutions 

of 360 μM, 180 μM, and 90 μM PRD703-800
Strep  were loaded in 3 mm, 3 mm, and 12 mm pathlength 

cells, respectively. Samples of 380 μM, 190 μM, and 95 μM TSG101-UEV were loaded in 1.5 mm 

(titanium centerpiece, Nanolytics GmBH), 3 mm, and 3 mm pathlength cells, respectively. Each 

dataset was analyzed globally in terms of a non-interacting single species with implicit mass 

conservation, as above. 

 

2.10.9 Docking calculations 

Docking calculations were performed in Xplor-NIH (59). Interfacial residues of TSG101-

UEV were identified from NMR titration experiments, namely residues 32-34, 58-69, 87-103, 110-

111, and 134-144. Using PosDiffPot of Xplor-NIH, the backbone heavy atom coordinates of these 

regions were restrained to lie within 0.1 Å rmsd of the reference X-ray structure of TSG101-UEV 

in complex with HIV-1 p6 analog (PDB ID 3OBU) (44). Atoms missing from the X-ray structure 

were added in with correct covalent geometry. Ambiguous distance restraints were applied 

between PRD711-730 and interacting regions of TSG101-UEV. For each Cα atom of PRD711-730, a 

distance restraint was added specifying a distance of 2 - 5 Å to any atom in an interacting region 

of TSG101-UEV. Similar distance restraints were applied between each Cα of interacting regions 



 
 

74 

of TSG101-UEV to any PRD711-730 atoms. The PosDiffPot and distance restraints were applied 

along with the following Xplor-NIH energy terms: the TorsionDB potential of mean force, the 

HBPot hydrogen bond geometry term (92) and the RepelPot term (to prevent atomic overlap). 

Bond, bond angle, and improper angle terms were also included. During structure calculations, 

non-interacting regions of TSG101-UEV were held fixed in space. For initial high-temperature 

molecular dynamics and subsequent simulated annealing, calculations were performed using the 

torsion angle degrees of freedom of the interfacial regions of TSG101-UEV and PRD711-730. For 

each of the 10 structures computed, the active torsion angles were first randomized and high 

temperature molecular dynamics run with randomized initial velocities appropriate to 3500 °K for 

1000 steps. Simulated annealing was then performed using an initial temperature of 3500 °K, a 

final temperature of 25 °K, and temperature increment of 12.5 °K. At each temperature, molecular 

dynamics were run for the shorter of 100 steps or 0.2 ps. After simulated annealing, gradient 

minimization was performed in the Cartesian space of the atoms not held fixed in space. The lowest 

energy resulting structure was selected. 

 

2.10.10 Tyrosine phosphorylation 

Src-mediated in vitro tyrosine phosphorylation of PRD703-800
Strep  and GB1-PRD800-868, as well 

as PRD800-868 and the fusion tag, GB1-6xHis-TEV, were monitored using Phos-tag electrophoresis, 

western blotting, LC-ESI-TOFMS, LC-MS/MS, and NMR (cf. section 2.10.5). For Phos-tag SDS-

PAGE gels, proteins were visualized by silver staining. For western blotting, reaction mixtures 

separated using electrophoresis were transferred onto a PVDF membrane (Thermo Fisher 

Scientific, catalog no. LC2005) using a wet-transfer Mini Blot Module (Thermo Fisher Scientific, 

catalog no. B1000). For subsequent blocking and antibody incubation, an iBind automated western 
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system (Thermo Fisher Scientific, catalog no. SLF1000) was used. The following primary and 

secondary antibodies were used for detection, phospho-tyrosine mouse, and goat anti-mouse HRP 

antibody. Phosphorylated products were visualized using 1-Step Ultra TMB-Blotting Solution 

(Thermo Fisher Scientific, catalog no. 37574). Src activity was measured using ADP-Glo kinase 

assay. 

For LC-MS/MS analysis, phosphorylated GB1-PRD800-868 was digested using 

chymotrypsin (GB1-PRD800-868 to chymotrypsin molar ration 50:1; total incubation time: ~90 min 

at room temperature). LC-MS/MS analysis was carried out by 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 5 μm). The inner diameter (ID) of capillary 

was 100 μm and the stationary phase was packed with a pressure device to a length of 80 mm. The 

column was equilibrated using Agilent 1100 HPLC pump, solvent A = 100% HPLC-grade water 

with 0.1% formic acid and solvent B = 100% acetonitrile with several 10-90% solvent B step 

gradients. The chymotrypsin-digested sample of phosphorylated GB1-PRD800-868 was loaded on 

the column by a pressure device (2.4 μl of a 5 μM solution in 1% acetonitrile and 0.1% formic 

acid). The LC gradient program was 1- 34% solvent B in 66 minutes, followed by 6 minutes of 

90% B, followed by 1% B at 95 minutes. Data acquisition method parameters were as follows: the 

capillary LC was positioned in the Thermo nanoelectrospray interface (NSI) with settings of 1.55 

kV source voltage, 40 V capillary voltage, 140 V tube lens, and 165 °C capillary temperature. For 

the ion trap, 3 micro scans and the Fourier transform (FT) spectra, 2 micro scans were averaged. 

There were seven scan events per cycle (6.5 s), one FT scan (resolution 30,000) from 200-1600 

m/z, followed by six ion trap, data dependent collision induced dissociation (CID) MS/MS scans. 

Dynamic exclusion was enabled with duration 40 s and repeat count of 2. The ion trap CID scans 
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had isolation width of 2.0 m/z and normalized collision energy of 35. Data analysis method 

parameters peptide sequence matches (PSM) were found using the OpenMS workflow (93) with 

the MS-GF + PSM search algorithm (26). The false discovery rate was set to 5%. Up to two post-

translational modifications (PTM) per peptide were allowed for the search. Phosphorylation of 

tyrosine was the most prevalent PTM observed. 

 

2.10.11 Congo Red (CR) assay 

CR was dissolved in MilliQ water (0.2% wt/vol stock solution). The stock was filtered 

through 0.22 μm filter and used immediately. GB1-PRD703-800
Strep  and GB1-PRD800-868 samples, 100 

μM each, were incubated overnight at room temperature and were mixed with CR stock solution 

in the morning (100:1 dilution, protein vs. CR). The mixtures were incubated at room temperature 

for ~45 min. Absorption spectra were measured using an Agilent Cary 50 Bio UV-Vis 

spectrophotometer (1-cm quartz cuvette). 

 

2.10.12 Fibril Formation and Dissolution Kinetics 

Aggregation and dissolution experiments were performed on GB1-PRD800-868 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, the following conditions were varied 

(one at a time): pH 6.5 (50 mM sodium phosphate), 7.0 (50 mM sodium phosphate), 7.5 (50 mM 
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Tris) and 8 (50 mM Tris) at [GB1-PRD800-868] = 0.075 mM and 0 mM NaCl; ionic strength (0, 250, 

and 500 mM NaCl; 50 mM sodium phosphate, pH = 7.0, temperature = 30 °C, [GB1-PRD800-868] 

= 0.075 mM), concentration (0.05, 0.075, 0.1, 0.125, and 0.15 mM, 50 mM sodium phosphate, pH 

= 7.0, 0 mM NaCl, temperature = 30 °C) and temperature (25, 30, 35, and 40 °C; 50 mM sodium 

phosphate, pH = 7.0, 0 mM NaCl and [GB1-PRD800-868] = 0.075 mM). Each buffer also contained 

1 mM DTT and 1 mM EDTA. GB1-PRD800-868 was poorly soluble below pH 6.5 (theoretical 

isoelectric point = 5.96). The effect of lower temperatures (2 - 10 °C) on aggregation was assessed 

using Agilent Cary Eclipse Fluorescence spectrophotometer. 3×150 μL of 0.1 mM GB1-PRD800-

868, samples were incubated at 40 °C for ~2 h (50 mM sodium phosphate, pH 7.0, 1 mM DTT and 

1 mM EDTA; micro quartz cuvettes). During incubation, ThT fluorescence readings were 

measured every 30 minutes. Upon reaching a maximum signal, temperature was dropped from 40 

°C to a desired temperature point (2, 4, 6, 8 and 10 °C; one at a time). ThT signals were measured 

every 30 minutes until a stable reading was reached. 

 

2.10.13 Transmission electron microscopy (TEM) 

Aggregated GB1-PRD800-868 and PRD800-868 samples, ∼2 mg/mL in 50 mM sodium 

phosphate, pH 7, 1 mM EDTA and 1 mM DTT, were applied to the TEM grids (400-mesh formvar 

and carbon coated copper, Electron Microscopy Sciences, catalog no. FCF400-Cu). 1 min after 

deposition, the sample solution was wicked with filter paper, followed by a quick wash with 3 μL 

of water and addition of 3-5 drops of 2% wt/vol aqueous uranyl acetate solution. The uranyl acetate 

was wicked immediately with a filter paper and grids were air dried at room temperature. TEM 

was carried out using a FEI Tecnai F-20 microscope operated at 200 kV and images were recorded 

on a 4k x 4k TVIPS camera. 
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Chapter 3: Mechanistic roles of tyrosine phosphorylation in reversible amyloids, 
autoinhibition, and endosomal membrane association of ALIX 

 

3.1 Introduction 

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. 3.1 A). 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 endosomal membranes (8, 9); ALIX–

endosomal membrane interactions are governed by its Bro1 domain, which binds to negatively 

charged 2,2' lysobisphosphatidic acid (2,2' 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 upstream 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 
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expression system (14). ALIX-PRD encodes binding epitopes of numerous cellular proteins (15), 

and its hyperphosphorylation by Src affects its cellular interactions (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 mechanistic 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 

electron microscopy (TEM), and dynamic light scattering (DLS), we elucidate how tyrosine 

phosphorylation affects the interplay between ALIX conformation, assembly, and function (poor 

bacterial expression and the overall size, ~96 kDa, do not allow for a similar study in the context 

of full-length ALIX). Codon optimization coupled with a single-point mutation permitted 

expression of full-length ALIX-PRD in Escherichia coli (E. coli). We show that PRD forms 

reversible β-sheet rich fibrils modulated by posttranslational modifications (PTMs), Src-mediated 

phosphorylation 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 hyperphosphorylated PRD and with anionic 

phospholipids elucidates the underlying mechanism of PRD-mediated autoinhibition of ALIX – 

membrane interactions and how tyrosine phosphorylation causes redistribution of ALIX away 

from late endosomal membranes into the cytosol.  
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Figure 3.1: 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 – 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 PRD703-868

Strep  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). 
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3.2 Recombinant constructs 

The current work made use of five recombinant ALIX constructs (Fig. 3.1 B-C). These 

include constructs representing 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, PRD703-800
Strep  (residues 

703–800), and the entire PRD, PRD703-868
Strep  (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 heterologous 

expression of ALIX-PRD in E. coli due to translational arrest induced by its 5 polyproline motifs. 

PRD703-868
Strep  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 wild-type 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 PRD703-868
Strep  were engineered (see 

below). We also made use of full-length Src kinase and the catalytic domain of PTP1B; see Fig. 

3.2 for liquid chromatography–electrospray ionization–time-of-flight MS (LCESI- TOFMS) 

analyses of constructs used in current study.  

ss 
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Figure 3.2: LC-ESI-TOFMS analysis of recombinant protein constructs used in current study 

(A) Bro1, calculated mass: 40.231 kDa; (B) V, calculated mass: 38.912 kDa; (C) Bro1-V, calculated mass: 
78.957 kDa; (D) PRD703-868

Strep , calculated mass: 18.544 kDa; (E) PRD703-868
Strep -S712C,C813S, calculated mass: 

18.544 kDa; (F) PRD703-868
Strep -A756C,C813S, calculated mass: 18.560 kDa; (G) PRD703-868

Strep -S863C,C813S, 
calculated mass: 18.544 kDa; (H) MBP-E38C, calculated mass: 40.624 kDa; (I) catalytic domain of PTP1B, 
calculated mass: 35.747 kDa. The masses of the following two constructs, and full-length Src, are reported 
in our previous work (16).  
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3.3 Reversible amyloid fibrils of PRD 

Using dye-binding assays with amyloid-specific probes, thioflavin T (ThT) and congo red 

(CR), and TEM, we previously 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 to 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, 

PRD703-868
Strep  was more soluble (~300 μM; pH 4.5 to 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 phosphorylation revealed the formation of hyperphosphorylated 

PRD703-868
Strep  with phosphorylation of 6 to 10 (out of 15) tyrosine residues (Fig. 3.3 A and Table 3.1). 

ThT emission assays confirmed the presence of β-sheet rich conformations for PRD703-868
Strep  

aggregates (Fig. 3.3 B). Spectral-shift assays carried out using CR demonstrated clear shifts toward 

540 nm, further validating their amyloidogenic nature (Fig. 3.3 C). For these assays, the soluble 

N-terminal fragment, PRD703-800
Strep  (16), and hyperphosphorylated PRD703-868

Strep  served as negative 

controls. NMR analysis revealed a near-perfect superimposition of 1H-15N TROSYHSQC spectra 

of these two proteins, establishing Src-mediated dissolution of PRD703-868
Strep  aggregates into NMR-

amenable soluble monomers and the complete lack of interactions between the N- and C-terminal 

portions of PRD (Fig. 3.3.1). Backbone resonance assignments of hyperphosphorylated PRD703-868
Strep  

were not feasible owing to the complexity and the heterogeneity of its phosphorylation pattern. 

However, a narrow chemical shift dispersion (~7.7–8.7 ppm) suggested that the 

hyperphosphorylated PRD703-868
Strep  is disordered in solution. TEM analyses revealed the presence of 
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rope-like unbranched PRD703-868
Strep  filaments, characteristic of amyloid fibrils (Fig. 3.3 D). CD 

spectroscopic data confirmed the presence of β-sheet conformations in these fibrils (Fig. 3.3 E), 

corroborating the presence of amyloid structure. The corresponding CD spectrum of 

hyperphosphorylated PRD703-868
Strep  validated its random-coil conformation.  

To identify the fibril core resistant to protease treatment, a limited digestion of PRD703-868
Strep  

fibrils was carried out using proteinase K (PK), Figs 3.3 F-G. Based on band intensities of the 

reaction mixture comprising intact protein and the proteolyzed products monitored using SDS-

PAGE (Fig. 3.3 F), we conclude that PRD703-868
Strep  fibrils are resistant to PK digestion as the band 

for PRD703-868
Strep  persisted after ~60 min of incubation with PK, albeit at a lower intensity than the 

corresponding band at time 0. In contrast, the soluble PRD703-800
Strep  was completely hydrolyzed by 

PK within ~5 min of the reaction. LC-tandem MS (LC-MS/MS) analysis of PK-digestion of 

PRD703-868
Strep  fibrils revealed that the two most abundant fragments were localized in the C-terminal 

region, residues 800–813 and 840–863 (Fig. 3.3 G and Fig. 3.3.2), indicating that these motifs 

likely participate in the formation of the fibril core. A limited PK digestion (incubation time ~5 

min) was also performed on hyperphosphorylated PRD703-868
Strep  and the corresponding 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. 3.3.3). Nothing 

definitive can be said about the phosphorylation status of the remaining tyrosine residues, because 

of sequencing coverage gaps arising from problems associated with proteolytic digestion of 

PRD703-868
Strep  . Note that the tyrosine-rich portion of PRD703-868

Strep  , residues 800–868, carries no native 

lysine and arginine residues (cf., Fig. 3.1 A) and, thus, cannot be probed by traditional trypsin-
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based proteomics (19). PK digestion of hyperphosphorylated PRD703-868
Strep  was not analyzed by 

SDS-PAGE due to smearing of protein bands owing to phosphorylation (20).  

To assess the impact of tyrosine phosphorylation on PRD703-868
Strep  polymerization, 

aggregation kinetics using ThT fluorescence were monitored. PRD703-868
Strep  exhibited sigmoidal 

aggregation profiles, a hallmark of fibril formation (Fig. 3.3 H). To establish Src-mediated 

dissolution of PRD703-868
Strep  fibrils, Src and ATP were added to PRD703-868

Strep  samples upon reaching a 

stationary phase (at ~3 h; Fig. 3.3 H), which resulted in a significant loss of ThT signal with a 

corresponding half-life (t1/2) of ∼0.2 h. The remaining PRD703-868
Strep  samples were mixed with either 

Src or ATP and displayed no drop in ThT signals, indicating that Src or ATP do not affect 

PRD703-868
Strep  fibrils. Remarkably, judging by the rapid appearance of characteristic sigmoidal ThT 

profiles (t1/2 ~0.5 h; Fig. 3.3 I), dephosphorylation of hyperphosphorylated PRD703-868
Strep  by PTP1B 

resulted in restoration of fibrils while the hyperphosphorylated PRD703-868
Strep  without PTP1B showed 

no sigmoidal ThT profile [activity of recombinant PTP1B was measured using the malachite green 

assay; Fig. 3.3.4. 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 suggested to regulate the endosomal sorting machinery (21). 

These observations establish that PRD703-868
Strep  forms rope-like β-sheet rich fibrils that dissolve into 

soluble monomers on hyperphosphorylation by Src and that the removal of phosphoryl groups via 

PTP1B culminates in the restoration of fibrils, making PRD703-868
Strep  a completely reversible amyloid 

controlled by PTMs (Fig. 3.3 J). In addition to PRD, Src is suggested to phosphorylate the Bro1 

domain of ALIX in vivo (8). To characterize the impact of phosphorylation on Bro1, we carried 

out detailed NMR analyses of non- and phosphorylated Bro1, described below.  
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Figure 3.3: Reversible amyloids of PRD703-868
Strep  

(A) LC-ESI-TOFMS analysis of Src-mediated phosphorylation of PRD703-868
Strep ; the number of 

phosphorylated tyrosine residues is marked in red. Emission spectra of ThT (B) and absorbance spectra of 
CR (C) of PRD703-868

Strep  aggregates (blue); n = 3, a.u., absorbance units. PRD703-800
Strep  (green), and 

hyperphosphorylated PRD703-868
Strep  (red) were used as controls. (D) Negatively stained EM images of Strep 

PRD703-868
Strep . (E) CD spectra of PRD703-868

Strep  fibrils (blue) and its hyperphosphorylated form (red). (F) SDS-
PAGE analysis of limited PK digestion of PRD703-868

Strep  fibrils and monomeric PRD703-800
Strep . (G) Scheme of 

PK digestion and the results of LC-MS/MS analysis. (H-I) The impact of tyrosine phosphorylation and 
dephosphorylation on aggregation kinetics of PRD703-868

Strep  assessed using ThT assays (30 °C; a.u., arbitrary 
units). (H) 100 μM PRD703-868

Strep  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 hyperphosphorylated PRD703-868

Strep  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 
PRD703-868

Strep .  
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Table 3.1: LC-ESI-TOFMS analysis of Src-mediated hyperphosphorylation of PRD703-868
Strep  and MTSL 

spin labeling of hyperphosphorylated PRD703-868
Strep  

All masses are in Daltons. PRD703-868
Strep  contains 15 tyrosine residues (calculated mass: 18,544 Da; cf. Fig 

3.2 D). Each phosphorylated residue accounts for an additional 80 daltons. PRD703-868
Strep  samples were 

incubated with recombinant Src (molar ratio 5:1) at 30 °C for 1 h. Reactions were quenched by heat-shock 
(90 °C) and the resultant mixtures were subjected to LC-ESI-TOFMS analysis. Buffer conditions were as 
follows: 50 mM Tris, pH 7.5, 5 mM MgCl2, 2 mM DTT, 1 mM ATP. Each MTSL addition accounts for an 
additional 184 daltons. Hyperphosphorylated samples were incubated with MTSL (protein to MTSL molar 
ratio: 1:10) at room temperature for ~12 h. The excess of unreacted spin label was removed using the HiPrep 
26/10 Desalting column (GE Healthcare) and the resultant protein was subjected to LC-ESI-TOFMS 
analysis.  
 
 
 
                Src + PRD703-868

Strep     pY-PRD703-868
Strep  + MSTL  

 
# pY Experimental Calculated 

 
Difference Experimental 

 
Calculated Difference 

1 NA 18,624 - NA 18,808 - 

2 NA 18,704 - NA 18,888 - 

3 NA 18,784 - NA 18,968 - 

4 NA 18,864 - NA 19,048 - 

5 NA 18,944 - 19,127 19,128 -1 

6 19,024 19,024 0 19,208 19,208 0 

7 19,104 19,104 0 19,286 19,288 -2 

8 19,184 19,184 0 19,369 19,368 1 

9 19,264 19,264 0 19,488 19,488 0 

10 19,344 19,344 0 NA 19,528 0 
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Figure 3.3.1: NMR analysis of hyperphosphorylated PRD703-868
Strep  

Overlay of expanded regions of the 1H-15N TROSY-HSQC correlation spectra of PRD703-868
Strep  (blue) and 

hyperphosphorylated PRD703-868
Strep  (red); 100 μM each. Some of the isolated cross-peaks of are labelled. The 

backbone resonance assignments of are taken from our previous work (16), biological magnetic resonance 
bank (BMRB) accession no. 28111. The cross-peaks corresponding to the C-terminal strep tag 
(WSHPQFEK) of are marked with asterisks. Backbone resonance assignments of hyperphosphorylated 
PRD703-868

Strep  were not feasible owing to the complexity and the heterogeneity of its phosphorylation pattern. 
All data were acquired at a spectrometer 1H frequency of 800 MHz at 30 °C. Buffer conditions were as 
follows: 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, and 2 mM EDTA.  
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Figure 3.3.2: LC-MS/MS analysis of PK-digestion of PRD703-868
Strep  fibrils 

(A-B) Panels show the assignment of collision-induced dissociation (CID) fragment ions to the peptide 
primary sequence according to the standard nomenclature (60). The bn and yn ions are denoted by the blue 
and red brackets, respectively. Residuals (observed spectral position minus calculated m/z) for each 
fragment ion peak are plotted below the panels. The figure was formatted using IPSA (61). Also see Table 
3.2 for the list of search parameters used for analyses and Supplementary Files for the list of all peptides 
that were identified.  PRD703-868

Strep .  
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Figure 3.3.3: LC-MS/MS analysis of PK-digestion of hyperphosphorylated PRD703-868
Strep  

(A-G) Panels show the assignment of collision-induced dissociation (CID) fragment ions to the peptide 
primary sequence. The bn and yn ions are denoted by the blue and red brackets, respectively. Phosphorylated 
tyrosine residues are denoted in red. Residuals (observed spectral position minus calculated m/z) for each 
fragment ion peak are plotted below the panels. The figure was formatted using IPSA (61). Also see Table 
3.2 for the list of search parameters used for analyses and Supplementary Files for the list of all peptides 
that were identified. The above results are in excellent agreement with our previous results of LC-MS/MS 
analysis of chymotrypsin digested hyperphosphorylated PRD800-868 (16).  
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Figure 3.3.4: Quantification of PTP1B activity 

The activity of the catalytic domain of recombinant PTP1B was measured using a malachite green 
phosphate detection assay kit (R&D systems, Inc). Data are expressed as means ± s.e.m. of three replicates. 
The specific activity against the control tyrosine phosphatase substrate (62); primary sequence: 
DADEpYPLIPQQG, where pY is phosphorylated tyrosine, is similar to the value reported by R&D 
systems, Inc for their commercially available PTP1B (>15 nmol/min/μg). Buffer and experimental 
conditions were as follows: 20 mM HEPES, pH 7.5, 1 mM DTT, 1 mM EDTA, and 30 °C.  
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3.4 NMR analysis of nonphosphorylated and phosphorylated Bro1 

ALIX - Src interactions are suggested to proceed in a stepwise 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 western blotting (Fig. 3.4 A). LC-ESI-TOFMS and 

LC-MS/MS analyses established the formation of phosphorylated Bro1 and confirmed the 

phosphorylation of Y319 (Fig. 3.4 B and C, respectively). To explore the impact of tyrosine 

phosphorylation on Bro1 at atomic resolution, we carried out a detailed NMR investigation (Fig. 

3.4.1). 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. 3.4.1 A), 

which allowed us to carry out nearly complete backbone resonance assignments of Bro1. Based 

on an excellent agreement between the secondary structure derived from the assigned backbone 

chemical shifts (13Cα, 13Cβ, 13C′, 15N, and 1HN) using TALOS-N (22) with that obtained from the 

three-dimensional crystal structure of Bro1 [Protein Data Bank (PDB) entry 5WA1 (23); Fig. 

3.4.2], we conclude that recombinant 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 phosphorylated Bro1 

revealed large 1HN/15N chemical shift perturbations that arise from the introduction of a negatively 

charged phosphoryl group (Fig. 3.4.1 B). Mapping of these perturbations onto the crystal structure 

of Bro1 allowed identification of regions affected by tyrosine phosphorylation (Fig. 3.4.1 C). All 

perturbations were localized in the regions surrounding Y319, which further confirmed specific 

phosphorylation of Bro1 by Src. The heteronuclear 15N-{1H} NOE data (Fig. 3.4.3) of non- and 
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phosphorylated Bro1 indicated that the introduction of phosphoryl group did not affect the local 

internal mobility of Bro1. Collectively, the above data established that Src-mediated 

phosphorylation of Bro1 at Y319 induces local changes.  
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Figure 3.4: Analyses of Src-mediated in vitro phosphorylation of Bro1 

(A) Time course of Src-mediated in vitro phosphorylation of Bro1 by western blotting. The 
concentration of Bro1 was 50 μM; the number in parenthesis represent the molar ratio of Bro1 to 
Src. (B) LC-ESI-TOFMS and (C) LC-MS/MS analyses of phosphorylated Bro1 revealed that Bro1 
is monophosphorylated by Src at residue 319 (note that Bro1 carries 12 native tyrosine residues; 
cf. Fig 3C). For panel C, residuals (observed spectral position minus calculated m/z) for each 
fragment ion peak are plotted below the panel. The phosphorylated tyrosine residue (Y319) is 
denoted in red. The figure was formatted using IPSA (61). Also see Table 3.2 for the list of search 
parameters used for analyses and Supplementary Files for the list of all peptides that were 
identified. Buffer and experimental conditions were as follows: 50 mM Tris, pH 7.5, 1 mM ATP, 
5 mM MgCl2, 0.5 mM EDTA, 2 mM DTT, and 30 °C.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

104 

 
 

Figure 3.4.1: NMR characterization of nonphosphorylated and phosphorylated Bro1 

(A) Overlay of 1H–15N TROSY–HSQC spectra of nonphosphorylated (blue) and phosphorylated 
(red) Bro1. A few of the 1H–15N crosspeaks that undergo chemical shift changes on 
phosphorylation are labeled and circled. Residues that exhibit resonance line broadening upon 
phosphorylation, namely G271, H320, and D321, are labeled in blue. (B) 1HN/15N chemical shift 
perturbation profile of Bro1 upon phosphorylation. Secondary structure elements are indicated 
above the panel. Red rectangles indicate residues (261–280 and 300–328) that exhibit large 
chemical shift perturbations because of phosphorylation. (C) A ribbon diagram of phosphorylated 
Bro1 constructed using Protein Data Bank entry 5WA1 in Xplor-NIH (65); Y319 and a few of the 
residues that undergo large chemical shift changes upon phosphorylation are shown in stick 
representation. Red ribbons represent residues that are most affected because of phosphorylation. 
Gray ribbons indicate residues around the phosphorylation site that could not be assigned 
unambiguously. Residues that undergo resonance line broadening upon phosphorylation are 
depicted as blue spheres.  
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Figure 3.4.2: NMR and X-ray derived secondary structure elements of Bro1 

Secondary structure probability, α helix in red and β strand in green, derived from the backbone 
chemical shifts (13Cα, 13Cβ, 13C′, 15N, and 1HN) of Bro1 using TALOS-N (22). The numbers on the 
top of the panel represent motifs constituting the corresponding secondary structure elements; the 
numbers in parenthesis are the corresponding motifs obtained from the coordinates of the X-ray 
structure of Bro1, Protein Data Bank (PDB) entry 5WA1 (23). Note that in contrast to X-ray, NMR 
chemical shifts predicted ordered strand conformations for several residues of the extreme N- and 
C-termini, specifically residues 4-7, 12-16, 333-340, 344-348, and 352-353 (marked in blue semi-
transparent rectangles; only predictions with probability greater than 0.5 are highlighted). Semi-
transparent gray rectangles mark missing predictions for residues 314-317 that could not be 
assigned unambiguously. Note that the low helical probability of residues 253-256 is due to the 
lack of availability of backbone carbon chemical shifts in that region. 
 

 

 
Figure 3.4.3: 15N-{1H} heteronuclear NOE data for nonphosphorylated and phosphorylated Bro1 

Regions with high local mobility on the nanosecond time scale, 15N–{1H} NOE < 0.5, are labeled 
and marked with semi-transparent gray rectangles. The location of Y319 is indicated by a vertical 
dashed line. All data were acquired with 500 μM 2H/15N labeled proteins at a spectrometer 1H 
frequency of 800 MHz at 30 °C.  
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3.5 Lack of interactions between PRD and globular ALIX domains 

A prior study suggested that the N-terminal portion of PRD, specifically the 717PSAP720 

motif that interacts with the ubiquitin E2 variant domain of tumor-susceptibility gene 101 

(TSG101-UEV), 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 molecular details of this inhibition were not 

determined (14). To investigate interdomain interactions of ALIX, we carried out 1HN/15N 

chemical shift perturbation mapping using PRD703-800
Strep  and non- and phosphorylated Bro1 (Fig. 

3.5). Negligible 1HN/15N chemical-shift perturbations were observed for both non- and 

phosphorylated NMR-visible Bro1, one at a time, upon the addition of three molar equivalents of 

PRD703-800
Strep  (Fig. 3.5 A-B, respectively), indicating that Bro1 did not bind to PRD703-800

Strep . The 

corresponding titration experiments carried out using NMR-visible PRD703-800
Strep  and unlabeled non- 

and phosphorylated Bro1 yielded negligible chemical-shift changes (Fig. 3.5 C), confirming the 

lack of Bro1 - PRD703-800
Strep  interactions. To determine the involvement of the V domain, titration 

experiments were carried out using NMR-visible PRD703-800
Strep , in the absence and presence of 3 

molar equivalents of V and Bro1-V constructs (one at a time). Minimal chemical shift changes 

indicated that V and Bro1-V constructs did not bind to PRD703-800
Strep  (Fig. 3.5 C). Experiments using 

NMR-visible V and Bro1-V constructs were not viable since both produced poor-quality NMR 

spectra, likely due to the open-close transitions of the V-domain in solution (14). Collectively, 

these observations indicated that Bro1 and V domains did not interact with PRD703-800
Strep . 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 
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the interactions of intact PRD703-868
Strep  with Bro1 and V domains in solution because of its propensity 

to form fibrils. We, however, uncovered novel interactions between Bro1 and 

hyperphosphorylated PRD703-868
Strep , which are described below.  
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Figure 3.5: Lack of association between PRD and globular ALIX domains 

1HN/15N chemical shift perturbation profiles of (A) non-phosphorylated and (B) phosphorylated 
2H/15N-labeled Bro1 on addition of three-molar equivalent of non-labeled PRD703-800

Strep . (C) 1HN/15N 
chemical shift perturbation profiles of 15N-labeled PRD703-800

Strep  on addition of non-labeled Bro1 
(blue), phosphorylated Bro1 (red), V (black), and Bro-V (dark green); one at a time, PRD703-800

Strep  to 
globular ALIX domains molar ratio = 1:3. Region highlighted in semitransparent orange rectangle 
indicates the location of the C-terminal strep purification tag (residues 801-808).  
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3.6 Interactions between Bro1 and hyperphosphorylated PRD 

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 phospholipid binding region(s) of Bro1. To test this 

hypothesis and identify contacts between Bro1 and hyperphosphorylated PRD703-868
Strep , 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 hyperphosphorylated PRD703-868
Strep  via disulfide linkages (Fig. 3.6 A; also see Fig. 

3.6 B and Table 3.1 for LC-ESI-TOFMS analysis of MTSL conjugated products). These four sites 

were the native cysteine residue of PRD703-868
Strep , C813, and three engineered sites, S712C, A756C, 

and S863C (Fig. 3.6.1 A; in all cysteine variants, C813 was mutated to a serine). Site C813 lies 

adjacent to a cluster of tyrosine residues that are phosphorylated by Src (cf. Fig. 3.3.3). Sites S712C 

and A756C are located near the motif that binds to TSG101-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. 3.1 

A); 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 PRD703-868
Strep  and its cysteine variants are shown in 
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Fig. 3.6.1 B. When the paramagnetic label was located at site S712C of PRD703-868
Strep , 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 PRD703-868
Strep . These minimal intermolecular 

PRE effects indicate that interactions of Bro1 with sites S712C and A756C of PRD703-868
Strep  are 

negligible. These observations validate 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 PRD703-868
Strep , strong PREs (≥ 25 s-1) were observed for several Bro1 residues, with 

residues 91, 114, 116, and 233 completely broadened out. These observations indicate that the spin 

label is in the close vicinity of the above Bro1 residues, possibly due to its proximity to 

phosphorylated tyrosine residues of PRD703-868
Strep  that likely drive the interdomain electrostatic 

association. No strong PREs (≥ 25 s-1) were observed with the paramagnetic label at site S863C of 

PRD703-868
Strep , 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 a E38C point mutation (MBP-E38C), showed no significant 

intermolecular PRE effects (Fig. 3.6.2). These results establish that the intermolecular PREs 

obtained for Bro1 with label at site C813 of hyperphosphorylated PRD703-868
Strep  arise from a specific 

association of this site with Bro1 and not from preferential binding of the paramagnetic label to 

Bro1.   
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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 PRD703-868
Strep  and the complexity of phosphorylation pattern (cf. Fig. 3.6 B), 

culminating in a highly dynamic encounter complex with Bro1. The experimental manifestation 

of this dynamic complex is the approximately uniform, elevated 1H-Γ2 PRE background of ∼10 – 

15 s−1 (Fig. 3.6.1 B; for the other three sites of PRD703-868
Strep , this background is relatively lower, ~5 

– 10 s-1, and stems from random collisions of these three sites with surface accessible sites of 

Bro1). Mapping these substantial PREs on to the crystal structure of Bro1, however, allowed us to 

identify the preferential mode of interactions between hyperphosphorylated PRD703-868
Strep  and Bro1. 

Two clusters of intermolecular contacts can be discerned (Fig. 3.6.1 C), 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 software APBS (28) is shown in Fig. 3.6.1 D. 

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 PRD703-868
Strep , 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 hyperphosphorylated SPRD703-868
Strep , further 

validating that the interdomain 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 hyperphosphorylated PRD703-868
Strep . Technical difficulties prevented us from measuring 

intermolecular PREs on phosphorylated Bro1 owing to a significant precipitation observed upon 
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mixing phosphorylated Bro1 with paramagnetically labeled hyperphosphorylated PRD703-868
Strep . 

However, since Y319 of Bro1 is located away from the two Bro1 regions that interact with 

hyperphosphorylated PRD703-868
Strep  (Fig. 3.6.1 C), we predict that Bro1 phosphorylation will have a 

negligible effect on the association of these two domains. Collectively, the above observations 

establish that site C813 of hyperphosphorylated PRD703-868
Strep , which lies adjacent to a group of 

phosphorylated tyrosine residues, transiently interacts with two electropositive regions of Bro1.  
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Figure 3.6: Site-specific spin labeling of hyperphosphorylated PRD703-868
Strep  with MTSL 

(A) Schematic of the conjugation reaction between hyperphosphorylated PRD703-868
Strep  and nitroxide 

spin label, MTSL. (B) LC-ESI-TOFMS analysis of MTSL-labeled hyperphosphorylated. Each 
peak in the deconvoluted spectrum represents a conjugated product carrying one MTSL moiety; 
the numbers in red represent the number of phosphorylated tyrosine residues (see Table 3.1 for 
additional details). 
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Figure 3.6.1: PRE mapping of Bro1-hyperphosphorylated PRD interactions 

(A) Schematic of PRD703-868
Strep ; 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 PRD703-868

Strep  at four specific sites; Bro1 to PRD703-868
Strep  molar 

ratio = 1:1. Conjugation of MTSL at site C813 produced a noticeable intermolecular PREs; 
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. (D) Molecular surface of Bro1 (in the same 
orientation as C) color coded according to electrostatic potential; ± 5 kT with blue, positive; white, 
neutral; and red, negative. 
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Figure 3.6.2: Intermolecular PRE controls 

Negative PRE controls (red vertical bars) are provided by the intermolecular PRE profiles 
observed on 15N/2H-labeled Bro1 upon addition of (A) water soluble TEMPOL; the structure of 
TEMPOL is shown in panel B, and (C) apo-maltose binding protein (MBP-E38C) conjugated to 
a paramagnetic MTSL probe. Secondary structure elements of Bro1 are indicated above the panels. 
A few small solvent PREs with 1HN-Γ2 values in the range of 5–10 s−1 are observed with TEMPOL 
owing to random collisions at solvent-exposed, surface accessible sites of Bro1. All PREs observed 
with either TEMPOL or MBP-E38C-MTSL are much smaller than those observed with 
hyperphosphorylated PRD703-868

Strep  labeled with MTSL at site C813 (cf. Fig. 3.6.1 B, top right). The 
concentration of Bro1 was 200 μM. The numbers in parenthesis represent the molar ratios of Bro1 
to TEMPOL / Bro1 to MTSL-tagged MBP-E38C. Buffer conditions were as follows: 20 mM 
sodium phosphate, pH 6.5, 50 mM NaCl, and 2 mM EDTA. All data were acquired at a 
spectrometer 1H frequency of 800 MHz at 30 °C using a two-time point method (26,27). (D) 
Ribbon representation of wild-type open form of apo MBP; Protein Data Bank (PDB) entry: 1FQA 
(63). Residue E38, located on the surface of MBP, is shown in stick representation.  
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3.7 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-Lserine (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 was found to be homogenous with 

mean diameters ranging from 130 – 150 nm (Fig. 3.7). 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. 3.7.1).  

On addition of POPC/POPE/LBPA vesicles (molar ratio 6:3:1) to 100 μM NMR visible 

Bro1 (protein to lipid molar ratio: 1:30), ~20-30% resonance broadening was observed for a 

majority of 1H-15N cross peaks of Bro1 (Fig. 3.7.2 A; 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 percent of LBPA; Fig. 3.7.2 A-C), cross-

peaks 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 
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population of Bro1 as a function of LBPA concentration; all NMR measurements 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 concentration (Bro1 + POPC/POPE/LBPA vesicles, 

molar ratio 5.5:3:1.5 vs. Bro1 + POPC/POPE/LBPA vesicles, molar ratio 6:3:1) are plotted in Fig. 

3.7.3 A, which permitted identification 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 104-106, 

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. 3.7.3 A and 3.7.2). A quantitative 

analysis 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 vs. 10 and 15 vs. 10 mol percent of 

LBPA, respectively (~20% attenuation; Fig. 3.7.3 B). 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 observations 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. 3.7.3 C-D). Cluster 1 comprised residues 10, 13, 14, 17, 54, 55, 98, 184, and 185, 

while residues 6, 239, 241, 250, 279, 283, 290, 301, 329, and 322 formed cluster 2. Residues 27-

28 and two extreme C-terminal residues, 352-353, were outliers, likely due to non-specific 

association with the lipid particles. Y319 of Bro1 is located away from both clusters that interact 
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with lipid particles. A near-perfect match was observed with the pattern and the magnitude of 

attenuation of resonances of non- and phosphorylated Bro1 (one at a time) in the presence of 

LPBA-enriched particles, indicating that Src-mediated phosphorylation of Bro1 plays no major 

role in interactions with phospholipids (Fig. 3.7.4). A close agreement between the two clusters 

that interact with lipid vesicles and the electropositive regions of Bro1 (cf. Fig. 3.6.1 C and Fig. 

3.7.3 C-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 zwitterionic and 

negatively charged vesicles (POPC/POPE and POPC/POPE/POPS, one at a time, Fig. 3.7.5 A and 

B, respectively). Negligible signal reductions were observed with zwitterionic vesicles 

(POPC/POPE molar ratio 7:3). These results also rule out the role of viscosity on attenuation of 

Bro1 resonances in the presence of vesicles. Negatively charged POPC/POPE/POPS particles 

(molar ratio 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 association between Bro1 

and lipid particles. Finally, we note that despite similarities, the magnitude of cross-peak 

attenuation is greater with LBPA than POPS particles (cf. Fig. 3.7.2 C and Fig. 3.7.5 B, 

respectively), indicating a stronger association of Bro1 with LBPA-enriched particles.  
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Figure 3.7: Characterization of the size distribution of lipid vesicles by DLS 

The following lipid vesicle compositions were used for DLS analyses, namely (A) negatively 
charged POPC/POPE/LBPA (5.5:3:1.5); (B) zwitterionic POPC/POPE (7:3); and (C) negatively 
charged, POPC/POPE/POPS (5.5:3:1.5); the numbers in parenthesis represent molar ratios of 
phospholipids. DLS measurements were carried out on 25 μM vesicles, in the absence (blue) and 
the presence of Bro1 (red); protein to lipid ratio of 1:1. The mean diameters of POPC/POPE/LBPA 
vesicles were ~150 and ~140 nm, in the absence and presence of Bro1, respectively. Zwitterionic 
POPC/POPE vesicles were ~150 and ~140 nm in diameter, in the absence and presence of Bro1, 
respectively. POPC/POPE/POPS vesicles were ~150 and ~130 nm in diameter, in the absence and 
presence of Bro1, respectively. Note that the POPC/POPE/LBPA vesicles revealed the presence 
of a small fraction of very large aggregates (>1 μm) in the presence of Bro1, indicating a likely 
structural rearrangement induced by Bro1 in these vesicles resulting in the formation of larger 
assemblies.  
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Figure 3.7.1: NMR analysis of the lack of interactions between Bro1 and calcium 

Overlay of expanded regions of 1H-15N TROSY-HSQC spectra of Bro1, in the absence (blue) and 
presence of molar excess of CaCl2 (red), revealed negligible chemical shift perturbations and 
cross-peak attenuation. Due to the incompatibility of phosphate buffer with polyvalent cations 
(10), experiments were carried out in the following buffer at 30 °C, 20 mM MES, pH 6.5, 50 mM 
NaCl, and 1mM TCEP.  
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Figure 3.7.2: NMR analyses of the association of Bro1 with LBPA-enriched lipid vesicles 

The panels represent ratios of 1H-15N cross-peak volumes of Bro1 in the presence of LBPA-
enriched lipid vesicles as compared to free Bro1. The following three vesicle compositions were 
used: POPC/POPE/LBPA molar ratios of (A) 6:3:1, (B) 5.75:3:1.25, and (C) 5.5:3:1.5. G107 of 
the flexible extended loop that remains relatively less affected in the presence of lipid particles is 
marked. All data were acquired at a spectrometer 1H frequency of 800 MHz at 30 °C. Buffer 
conditions were as follows: 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, and 2 
mM EDTA. The concentration of 2H/15N labeled Bro1 was 100 μM with a protein to lipid molar 
ratio of 1:30. 
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Figure 3.7.3: Interaction of Bro1 with LBPA enriched lipid vesicles 

(A) Reduction in cross-peak volumes of 2H/15N-labeled Bro1 (100 μM) as a function of increasing 
amount of LBPA; Bro1 + POPC/POPE/LBPA vesicles (5.5:3:1.5 vs. 6:3:1), the numbers in 
parenthesis represent the molar ratio of each phospholipid in vesicles. Bro1 to lipid molar ratio = 
1:30. Semitransparent purple rectangles indicate residues that exhibit significant attenuation (≤ 
0.3) in the presence of increasing concentrations of LBPA. A semitransparent green rectangle 
marks the location of the flexible loop connecting the two β-strands; G107 is marked. (B) Relative 
changes in cross-peak volumes of three representative residues as a function of increasing 
concentration of LBPA. The ratios of cross-peak volumes were obtained by recording three 1H-
15N TROSY-HSQC spectra of Bro1 in the presence of vesicles containing increasing amounts of 
LBPA. The following vesicle compositions were used: POPC/POPE/LBPA molar ratios 6:3:1, 
5.75:3:1.25, and 5.5:3:1.5. (C-D) Ribbon representation of Bro1 in two different orientations; the 
most affected residues upon association with LBPA-enriched vesicles are depicted as purple 
spheres. Y319 is shown in a stick representation. The extended loop connecting the two β- strands 
is marked in green.  
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Figure 3.7.4: Comparison of the association between non- and phosphorylated Bro1 and LBPA-
enriched lipid vesicles 

Comparison of the reduction in 1HN/15N cross-peak volumes of 2H/15Nlabeled 100 μM non-
phosphorylated (blue circles) and phosphorylated (red triangles) Bro1 in the presence of 
POPC/POPE/LBPA vesicles; protein to lipid molar ratio 1:30. The ratios of cross-peak volumes 
were obtained by recording two 1H-15N TROSY-HSQC correlation spectra of non- and – 
phosphorylated Bro1 (one at a time) in the presence of vesicles containing increasing amounts of 
LBPA; the following vesicle compositions were used: POPC/POPE/LBPA molar ratios of 6:3:1 
and 5.5:3:1.5. The location of Y319 is indicated by a vertical dashed line. All data were acquired 
at a spectrometer 1H frequency of 800 MHz at 30 °C. Buffer conditions were as follows: 20 mM 
sodium phosphate, pH 6.5, 50 mM NaCl, 1 mM TCEP, and 2 mM EDTA.  
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Figure 3.7.5: Changes in 1HN/15N cross-peak volumes of Bro1 on addition of zwitterionic and 
negatively charged lipid vesicles 

(A) No significant reductions were observed in cross-peak volumes of Bro1 in the presence of 
zwitterionic POPC/POPE (molar ratio of 7:3) vesicles, indicative of the lack of interactions 
between Bro1 and zwitterionic lipid particles. (B) Several regions of Bro1 showed a significant 
reduction in cross-peak volumes on the addition of negatively charged POPC/POPE/POPS 
vesicles (molar ratio of 5.5:3:1.5). All data were acquired at a spectrometer 1H frequency of 800 
MHz at 30 °C. Buffer conditions were as follows: 20 mM sodium phosphate, pH 6.5, 50 mM 
NaCl, 1 mM TCEP, and 2 mM EDTA. The concentration of 2H/15N labeled Bro1 was 100 μM 
with a protein to lipid molar ratio of 1:30.  
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3.8 Discussion 

In summary, we establish that tyrosine phosphorylation of ALIX-PRD plays a critical role 

in its polymerization and that hyperphosphorylated PRD likely competes with anionic 

phospholipids for binding to the Bro1 domain. These data elucidate the underlying mechanism by 

which tyrosine phosphorylation triggers the cellular redistribution of ALIX and its impact on intra-

and intermolecular associations that dictate the broad functional repertoire of ALIX in cell 

signaling.  

PRD703-868
Strep  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 PRD703-868
Strep  fibrils revealed two protected fragments, residues 800-813 and 840-863, 

that likely form the fibril core. The motif encompassing residues 800-813 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 stringent regulatory control as the binding epitopes required for the 

recruitment of CEP55 and ALG-2 will be unavailable due to their involvement in fibril formation, 

while 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 timing of CEP55 

recruitment at the midbody and blocked cytokinetic abscission (32). Src-mediated 

hyperphosphorylation of PRD results in a heterogenous phosphorylation pattern in vitro. This 

complexity may provide additional regulatory control for ALIX-mediated ALG2 recruitment and 
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subsequent cell death. This is because the tyrosine residues of the PRD motif, residues 800-813, 

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 multimerization in 

vivo (30). These observations are consistent with our in vitro findings that residues 840-863 of 

PRD are involved in fibril formation. The filament-forming components of the endosomal sorting 

complexes required for transport (ESCRT) pathway known as charged multivesicular body 

proteins (CHMPs) recruit ALIX through its Bro1 domain to endosomal membranes (34,35). 

Conversely, ALIX-Bro1 recruits and nucleates CHMPs (36), which are the main drivers of 

ESCRT-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. Conformational 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 interdomain association between PRD703-800
Strep  and Bro1. These results are contradictory to a 

previous study, which indicated that the N-terminal portion of the PRD of intact ALIX associates 

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 interactions 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 investigation (14) vs. the use of crude extracts in the cellular 
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study (13), and the likely involvement of additional factors such as avidity effects due to 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 

due to 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 electrostatic 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 800-813, is likely involved in fibril formation, these intramolecular 

interactions will not be plausible in PRD-mediated ALIX assemblies. The biophysical study 

mentioned above uncovered that the presence of PRD results in inhibition of the binding of the V-

domain to YPXnL motifs in monomeric full-length ALIX (14). Although NMR experiments 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 electrostatic interactions 

localized on the same basic surface of Bro1 that comes into direct contact with 
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hyperphosphorylated PRD. Competition between intra- and intermolecular interactions are, thus, 

likely to redistribute ALIX away from late endosomal membranes to the cytosol. These 

observations are consistent with a recent in vivo study which demonstrated that deletion of PRD 

facilitated ALIX membrane association (37). Phosphorylation of Bro1 was found to play no major 

role in interactions between Bro1 and anionic lipid vesicles, nor is it likely involved in the 

interdomain interactions with hyperphosphorylated 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 above 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 corresponding endosomal membrane remodeling. ALIX – Src interactions at late endosomal 

membranes will result in phosphorylation of Bro1 and PRD of ALIX and shift the equilibrium 

towards monomeric ALIX. The hyperphosphorylated PRD will then compete against late 

endosomal membranes for binding to Bro1, culminating in a redistribution 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 and higher-order organisms (40-43). These discoveries have led to the 

emergence of a new narrative, which posits that amyloidogenesis represents a functional phase 

transition, similar to the one found in nature between gas, liquid, and solid phases, and suggests 
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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 cytotoxicity. Given the prevalence of phosphorylation in eukaryotes (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.  

 

3.9 Experimental procedures 

3.9 .1 Data availability 

Plasmids of full-length ALIX-PRD, PRD703-868
Strep , and its cysteine variants, namely 

PRD703-800
Strep -S712C, C813S; PRD703-800

Strep -A756C,C813S; and PRD703-800
Strep -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 been deposited 

in the Biological Magnetic Resonance Bank, https://bmrb.io/ (accession no. 50707). LC–MS/MS 

data were deposited to the MassIVE data repository, https://massive.ucsd.edu/ (accession no. 

MSV000088057).  

3.9.2 Materials 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) and arabinose were purchased from Sigma-

Aldrich (catalog no. 420322 and A3256, respectively). ThT was purchased from Thermo Fisher 
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Scientific (catalog no. AC211760050). CR was purchased from Sigma-Aldrich (catalog 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 anti-mouse IgG, was obtained from 

Thermo Fisher Scientific (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 Scientific (catalog no. 

25530049). Reagents for NMR isotopic enrichment were obtained from Cambridge Isotopes 

Laboratories (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 

purchased 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, respectively). LBPA was purchased from Thermo Fisher Scientific (catalog 

no. 50720538). 

3.9.3 Recombinant protein expression and purification 

Codon-optimized (Genewiz, Inc.) ALIX-PRD constructs (Uniprot accession no. 

Q8WUM4), GB1-PRD703-868
Strep  and GB1-PRD703-800

Strep , were subcloned in pET11a (Novagen, EMD 

Millipore) and expressed in BL21(DE3) competent cells (Agilent, catalog no. 200131). Cysteine 

variants of GB1-PRD703-868
Strep  used for paramagnetic NMR measurements were generated using site-

directed mutagenesis. The recombinant constructs representing globular ALIX domains, namely 

Bro1 (residues 1-359), V (residues 359-702), and Bro1-V (residues 1-702), were obtained from 

Addgene, accession no. 80641 (47), 17639 (48), and 42577 (49), respectively. The human Src 
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kinase construct (Uniprot accession no. P12931) comprising a C-terminal 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, National Institutes of Health). 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, National Institutes of Health). MBP-E38C was 

expressed in BL21-CodonPlus (DE3)-RIPL competent cells (Agilent, catalog no. 230280).  

ALIX-PRD constructs, GB1-PRD703-868
Strep  and its cysteine variants, and GB1-PRD703-800

Strep  

were expressed at 16 °C. Briefly, cells were grown at 37 °C in 1 L Luria-Bertani (LB) medium 

(MP Biomedicals, catalog no. 3002-036) at natural isotopic abundance 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 optical density of A600 ∼0.8 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 

(TB) medium (Thermo Fisher Scientific, catalog no. BP9728) at natural isotopic abundance. About 

30 min prior to induction, the temperature of cell culture was reduced to 16 °C. Cells were induced 

with 0.2 % wt/vol arabinose and 1 mM IPTG at an optical density of A600 ∼0.8 and harvested ~24 

h after induction. 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, the temperature of cell culture was reduced 

to 16 °C. Cells were induced with 1 mM IPTG at an optical density of A600 ∼0.8 and harvested 
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~24 h after induction. 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 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% (vol/vol) 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% (vol/vol) D2O (CIL), 1g/L 15NH4Cl (CIL), and 3g/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 optical density of 

A600 ∼0.8 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 

Infinity II liquid chromatography system, Agilent Technologies). The purification protocol for 

GB1-PRD703-800
Strep  is described in our previous work (16). Briefly, the cells were resuspended in a 

lysis buffer containing 50 mM tris(hydroxymethyl)aminomethane (Tris), pH 8.0, 2 mM 

Ethylenediaminetetraacetic acid (EDTA), and 250 mM NaCl. Cells were lysed by heat-shock (80 

°C, ~5 minutes) and cleared by centrifugation (48,380 × g, 25 minutes). 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-PRD703-800
Strep  protein was 

mixed with recombinant TEV protease (molar ratio 50:1) in the presence of 1 mM dithiothreitol 

(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 sodium dodecyl sulfate 
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polyacrylamide gel electrophoresis (SDS-PAGE; Bolt 4-12% Bis-Tris gel; Thermo Fisher 

Scientific). The hydrolyzed product, PRD703-800
Strep , was further purified using reverse-phase HPLC 

(Jupiter 10 μm C18 300 Å column; Phenomenex, catalog no. 00G-4055-N0) with a 5-55% 

acetonitrile gradient comprising 0.05% trifluoroacetic acid (TFA, Sigma-Aldrich). The eluted 

protein was freeze-dried (Labconco -84 °C Benchtop Freeze Dryer) and was stored at -80 °C before 

use. For GB1-PRD703-868
Strep  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 10 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, preequilibrated 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 recombinant TEV protease (molar ratio 

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 was assessed for completion 

by SDS-PAGE. The hydrolyzed product, PRD703-868
Strep , was further purified using reverse phase 

HPLC (Jupiter 10 μm C18 300 Å column) using a 25-37% acetonitrile gradient comprising 0.1% 

TFA. The eluted PRD703-868
Strep  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 
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were lysed using an EmulsiFlex-C3 and cleared by centrifugation. The cell lysate was loaded onto 

a HisTrap column (GE Healthcare) with a 0–1 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 0–1 M NaCl gradient in a buffer containing 50 mM Tris, pH 8.0, and 5 mM β- 

mercaptoethanol (BME). The eluted fractions were pooled, concentrated (Amicon ultra-15, 30- 

kDa cutoff), and loaded onto a HiLoad 26/600 Superdex 75 pg column (GE Healthcare) 

preequilibrated with 50 mM Tris, pH 7.5, 250 mM NaCl, and 5 mM BME. Relevant fractions were 

pooled and concentrated to ~1 mg/mL (Amicon ultra-15, 30-kDa cutoff). Samples were aliquoted, 

flash-frozen, and stored at -80 °C.  

For the catalytic domain of PTP1B, 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 0–1 M 

imidazole gradient containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was 

concentrated (Amicon ultra-15, 10-kDa cutoff) 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 50:1) in the presence 

of 1 mM DTT to hydrolyze the N-terminal polyhistidine (6xHis) affinity tag. The proteolysis 

reaction was carried out at room temperature (~12 h) and was assessed for completion by 

SDSPAGE. 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 chromatography (HiLoad 26/600 Superdex 75 pg column; GE 

healthcare). Relevant fractions were concentrated (~3 mg/mL; Amicon ultra-15, 10-kDa cutoff), 

flash-frozen, and stored at -80 °C.  
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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 0–1 M imidazole gradient containing 50 

mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was concentrated (Amicon ultra-15, 10- 

kDa cutoff) and loaded onto a HiLoad 26/600 Superdex 75 pg column (GE Healthcare) 

preequilibrated 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, 10-kDa cutoff). 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 centrifugation. 

The cell lysate was loaded onto a HisTrap column (GE Healthcare) with a 0–1 M imidazole 

gradient containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was concentrated 

(Amicon ultra-15, 10-kDa cutoff) 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 

10xHis affinity tag (molar ratio 5:1). Proteolysis was carried out at room temperature (~48 h) and 

was 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.  
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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 

0–10 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, 10-kDa cutoff) 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 GST affinity tag (molar ratio 50:1). Proteolysis was carried 

out at room temperature (~12 h) and was 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, 10-kDa cutoff), 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 0–1 M 

imidazole gradient containing 50 mM Tris, pH 8.0, and 250 mM NaCl. The eluted protein was 

concentrated (Amicon ultra-15, 30-kDa cutoff) 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 6xHis affinity tag (molar ratio 5:1). Proteolysis was carried out at room temperature 

(~48 h) and was 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, 
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concentrated, and further purified by size exclusion chromatography (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 0–10 mM maltose gradient containing 50 mM Tris, pH 8.0, 1 mM DTT, and 250 mM NaCl. 

The eluted protein was concentrated (Amicon ultra-15, 30-kDa cutoff) 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 concentrated to ~10 mg/mL (Amicon 

ultra-15, 30-kDa cutoff). The samples were aliquoted and flash-frozen and stored at -80 °C.  

The above-mentioned purification schemes resulted in ≥ 99% pure proteins with the 

following yields: PRD703-800
Strep  (~40 mg / L), PRD703-868

Strep  (~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). 

 

3.9.4 MS analyses 

All protein constructs, the end-products of in vitro phosphorylation, 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 spectrometer with Jet Stream ESI was used for LC-

ESI-TOFMS analysis. The Jet Stream ESI source was operated under positive 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, nebulizer pressure = 40 psi. The chromatographic separation was performed at room 

temperature on a Phenomenex Aeris Widepore XB-C18 column (2.1 mm ID x 50 mm length, 3.6 
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μm particle size). HPLC-grade water and acetonitrile were used as mobile phases A and B, 

respectively. Each phase also carried 0.1% TFA. Agilent MassHunter software was used for data 

acquisition and analysis and MagTran software was used for mass spectrum deconvolution (52).  

 

3.9.5 PK digestion 

Fibrils of PRD703-868
Strep  and soluble PRD703-800

Strep  (~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). Reactions were also analyzed by LC-MS/MS using 

our previously 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 5 

μm). The inner diameter (ID) 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 10-90% solvent B step gradients. The PK-digested sample of PRD703-868
Strep  

fibrils 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- 34% 

solvent B in 66 minutes, followed by 6 minutes of 90% B, followed by 1% B at 95 minutes. Data 

acquisition method parameters were as follows: the capillary LC was positioned in the Thermo 

nanoelectrospray interface (NSI) with a 1.55 kV source voltage, 48 V capillary voltage, 85 V tube 

lens, and 165 °C capillary temperature. For the ion trap, 3 micro scans and the Fourier transform 
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(FT) spectra, 2 micro scans were averaged. There were seven scan events per cycle (6.5 s), one FT 

scan (resolution 30,000) from 200-1600 m/z, followed by six ion trap, data dependent collision 

induced dissociation (CID) MS/MS scans. Dynamic exclusion was enabled with duration of 40 s 

and a repeat count of 2. The ion trap CID 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 (PSM) 

were found using the OpenMS workflow (53) with the MS-GF + PSM 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 3.2, while Supplementary 

Files lists all peptides identified by these analyses.  
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Table 3.2: List of search parameters used for LC-MS/MS analyses (see Figs. 3.3.2, 3.3.3, and 3.4 C) 

 
Search Parameters Name / Entry / Value 

 
Peaklist generating software 

 
MSConvert Proteowizard (version 3.0.21033 64-bit) 

Search engine Knime (version 3.6.0 v201807100937) workflow manager 
with OpenMS-2.3.0 with MSGFplus adaptor 11/10/2017  

Sequence database Uniprot accession no. Q8WUM4; entry version 197 (02 
Jun 2021)  

Database entries searched Only Uniprot accession no. Q8WUM4 

Proteases used PK (non-specific cleavage)  
trypsin (cleaves C-terminal to arginine or lysine except 
when followed by a proline)  

Missed / non-specific cleavages permitted PK: minimum peptide length 6, maximum 60  
Trypsin: minimum peptide length 4, maximum 50  

Fixed modifications considered None 

Variable modifications considered PK: phosphotyrosine, deamidated(N)  
Trypsin: phosphotyrosine, deamidated(N), phosphoserine, 
phosphothreonine  

Mass tolerance for precursor ions 10 parts per million of precursor ion m/z 

Mass tolerance for fragment ions 1 m/z 

Threshold score/Expectation value optimized global SpecEValue score ≤ 0.01 

False discovery rate 0.05; estimated from OpenMS FalseDiscoveryRate node 
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3.9.6 Tyrosine phosphorylation 

Lyophilized PRD703-868
Strep  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 PRD703-868
Strep  solution (50 μM) was mixed 

with 1 mM ATP and ~5 μM Src. The phosphorylation 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 PRD703-868
Strep  were pooled, and excess ATP/ADP were removed using a HiPrep 

26/10 Desalting column (GE Healthcare) pre-equilibrated with 20 mM sodium phosphate, pH 6.5, 

50 mM NaCl, 2 mM EDTA, and 1 mM TCEP (Sigma-Aldrich).  

The eluted fractions of Bro1 and Src from a sizing column were mixed; Bro1 to Src molar 

ratio: ~5:1. The resultant mixture was concentrated to a final volume of ~7 mL (Amicon ultra-15, 

30-kDa cutoff) and dialyzed against a buffer containing 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 proceed for ~18 h at room temperature with one buffer 

change at ~4 h time point in the dialysis. Phosphorylated Bro1 was purified from the mixture using 

the procedure mentioned above. 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 50:1; incubation time: ~90 min, room temperature). 

Hyperphosphorylated PRD703-868
Strep  samples were digested using PK (PRD703-868

Strep  to PK molar ratio 

of 1000:1; incubation time: ~5 min, 37 °C). LC-MS/MS analyses were carried out using a similar 

procedure as the one used to identify products of PK digestion of PRD703-868
Strep  fibrils. Up to two 

PTMs per peptide were allowed for the search. Phosphorylation of tyrosine was the most prevalent 

PTM observed (also see Table 3.2 and Supplementary Files). For Bro1, phosphorylation was also 
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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).  

3.9.7 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 temperature 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 (~3 times, 60 s each). The multilamellar vesicle solutions were 

extruded through a 100 nm diameter polycarbonate membrane (Whatman, GE Healthcare) using 

an extrusion kit (Avanti Polar Lipids, Inc.) and used immediately for NMR and size measurements.  

 

3.9.8 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, US) instrument operating at a wavelength 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).  
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3.9.9 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 vs. 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.  

 

3.9.10 NMR sample preparation 

Samples of 15N-labeled PRD703-800
Strep , 15N-labeled hyperphosphorylated PRD703-868

Strep , 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 prepared using 20 mM MES, pH 6.5, 50 mM NaCl, 2mM EDTA, 

and 1mM TCEP. All NMR samples contained 7% vol/vol D2O.  

 

3.9.11 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 assignments of non- and phosphorylated Bro1 samples were carried out using 

conventional TROSY-based three-dimensional triple resonance experiments (58). TROSY-based 
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15N-{1H} NOE measurements (59) were carried out on 2H/15N-labeled non- and phosphorylated 

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 preceded by an additional 1 s recovery time. Chemical 

shift perturbation experiments were carried out using 15N-labeled PRD703-800
Strep  and non-labeled 

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

PRD703-800
Strep  and 300 μM Bro1 and V (one at a time) and PRD703-800

Strep  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- and phosphorylated Bro1 and non-labeled 300 μM 

PRD703-800
Strep . Perturbations were calculated as follows: ∆H/N={(∆δHN)2+(0.154×∆δN)2}1/2, where 

ΔδHN and ΔδN are the 1HN and 15N chemical shift differences in ppm, 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 nonphosphorylated Bro1, in the absence and presence of 5 mM 

CaCl2. Intermolecular transverse 1HN-Γ2 PRE rates were obtained by mixing 200 μM 2H/15N-

labeled Bro1 with 200 μM MTSL/MTS labeled hyperphosphorylated PRD703-868
Strep  and its cysteine 

variants (note that the corresponding PRE measurements on phosphorylated Bro1 were not feasible 

due to the limited solubility of phosphorylated Bro1 and MTSL-tagged hyperphosphorylated 

PRD703-868
Strep  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 

measurements 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 
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2H/15N-labeled non-phosphorylated Bro1 served as a diamagnetic control. NMR titration 

experiments between 2H/15N-labeled non- and phosphorylated Bro1 and neutral and negatively 

charged lipid vesicles were carried out using 100 μM protein (protein to lipid molar ratio: 1:30). 

TROSY-HSQC correlation spectra were recorded on non- and phosphorylated Bro1 in the absence 

and presence of unilamellar lipid vesicles. The following vesicles 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).  

 

3.9.12 CR assay 

CR was dissolved in MilliQ water (MilliQ IQ 7000 purification system, Millipore-Sigma). 

CR stock solution (0.2% wt/vol) was filtered through a 0.22 μm filter and used immediately. 100 

μM solutions of non- and phosphorylated PRD703-868
Strep  and PRD703-800

Strep  were incubated overnight at 

room temperature and were mixed with CR stock solution in the morning (100:1 dilution, protein 

vs. CR). The mixtures were incubated at room temperature for ~45 min. Absorption spectra were 

measured using an Agilent Cary 50 Bio UV-Vis spectrophotometer (1- cm quartz cuvette).  

 

3.9.13 Fibril formation and dissolution kinetics 

Aggregation and dissolution experiments were performed at 30 °C on PRD703-868
Strep  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 
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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 PRD703-868
Strep  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, 1 mM 

EDTA. For Src-mediated fibril dissolution experiments, lyophilized PRD703-868
Strep  was reconstituted 

in a buffer containing 50 mM Tris, pH 7.5, 5 mM MgCl2, 2 mM DTT, and 0.5 mM EDTA 

(PRD703-868
Strep  = 100 μM). ThT signals as a function of time were recorded till the samples (n = 9) 

reached a stationary phase; total incubation time: ~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 PRD703-868
Strep  was also assessed using ThT emission spectra recorded 

on Agilent Cary Eclipse Fluorescence spectrophotometer. ThT fluorescence was recorded of 

3×100 μL of 100 μM Strep PRD703-868
Strep  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 PRD703-868
Strep  and the soluble N-terminal fragment, PRD703-800

Strep , 

which served as negative controls.  

 

3.9.14 TEM 

PRD703-868
Strep  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 

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). 1 min after deposition, the sample solution was wicked with 
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filter paper, followed by a quick wash with 3 μL of water and the addition of 3–5 drops of 2% 

wt/vol aqueous uranyl acetate solution. The uranyl acetate was wicked immediately with a filter 

paper, and the grids were air dried at room temperature. TEM images were acquired using a JEOL 

JEM-1400Plus transmission electron microscope (JEOL, Peabody, MA) and recorded on a Gatan 

OneView digital camera (Gatan, Pleasanton, CA).  

 

3.9.15 CD spectroscopy 

CD measurements (178–280 nm, 1 nm data pitch, continuous scanning with 1 nm 

bandwidth, 60 nm/min, and ten accumulations) with 0.1 mg/mL non- and phosphorylated 

PRD703-868
Strep  were carried out in 2-mm-quartz cuvettes (Starna Cells Inc) using an Aviv model 215 

spectrometer. 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 = 

pathlength (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.  
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Chapter 4: Reversible phase separation of ESCRT-protein ALIX through tyrosine 
phosphorylation 

 

4.1 Introduction 

Cytokinetic abscission, the final step of cell division, is tightly regulated and coordinated 

with chromosome segregation to ensure accurate distribution of genetic material (1). In animal 

cells, it is carried out by the endosomal sorting complex required for transport (ESCRT) 

machinery, which severs a membranous intercellular bridge, comprising a microtubule-rich 

structure called the midbody (2). Five functionally distinct ESCRT factors/complexes, namely 

apoptosis-linked gene-2 interacting protein X (ALIX), ESCRT-37 I, -II, -III, and ATPase vacuolar 

protein sorting-associated protein 4 (VPS4), are sequentially recruited to the midbody with the 

localization of charged multivesicular body protein 4B (CHMP4B), a late-acting ESCRT-III 

paralog that polymerizes into membrane-40 constricting filaments, initiating the final separation 

of the daughter cells (Fig. 4.1). The early-acting ESCRT components, tumor susceptibility gene 

101 (TSG101; ESCRT-I) and ALIX, are initially recruited to the midbody by the microtubule-

bundling centrosomal protein of 55 kDa (CEP55). ALIX (Fig. 4.1.1 A), the central regulator of 

abscission, performs multiple functions. ALIX binds to TSG101, thereby initiating TSG101-

mediated recruitment of CHMP4B to the midbody. ALIX also facilitates an alternative CHMP4B 

recruitment pathway as its Bro1 domain binds to the extreme C-terminal motifs of CHMP4 

paralogs (3). Moreover, ALIX promotes closed-to-open transitions of inactive cytosolic CHMP4 

monomers by a yet unknown mechanism, triggering their polymerization required for abscission 

(4). In response to chromosome segregation defects and mitotic errors, a conserved Aurora-B 

kinase dependent mechanism known as the “abscission checkpoint” (NoCut pathway in yeast) 

arrests the abscission to prevent the accumulation of DNA damage (5-7). Unlike CHMP4B, which 
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is indispensable for cytokinetic membrane fission, its paralog, CHMP4C, is instrumental in 

maintaining the checkpoint (8). The latter depends on its interactions with ALIX, as an allele of 

CHMP4C (with A232T point-mutation) defective in binding to ALIX overrides the checkpoint, 

resulting in increased susceptibility to several cancers, including ovarian cancer (9, 10).  

The abscission timing depends on the differential spatiotemporal distribution of ALIX and 

CHMP4 paralogs. In these regards, cytoplasmic compartments termed “abscission checkpoint 

bodies” (ACBs), which form during stress conditions that activate the checkpoint, were recently 

discovered (11). These ACBs stem from cytoplasmic structures known as mitotic interchromatin 

granules (MIGs), which, in turn, originate from nuclear speckles, the nuclear compartments 

associated with active transcription sites (12). Phase separation of biomolecules into membraneless 

compartments serves numerous functions, including sequestration and storage of cellular factors 

(13-16). Both MIGs and nuclear speckles exhibit liquid-liquid phase separation characteristics (17, 

18). A prolonged abscission checkpoint induces the transition of MIGs into ACBs. The latter 

confine multiple abscission factors, including ALIX, CHMP4B, CHMP4C, and Aurora-B, thus 

delaying the localization of ALIX and, consequently, the ALIX-mediated localization of CHMP4B 

at the midbody (11). ALIX maintains the integrity of ACBs, as depletion of ALIX was shown to 

reduce their size substantially (11). Additionally, the recruitment of ALIX contributes to the 

biogenesis of ACBs from MIGs. However, the mechanism(s) by which ALIX maintains the 

integrity of ACBs and orchestrates their transformation from MIGs is unclear. Moreover, even 

though Src-kinase-mediated phosphorylation of ALIX regulates its cellular functions (19), Src-

signaling is required for successful abscission (20), and protein-tyrosine phosphatase 1B (PTP1B) 

targets the ESCRT machinery (21), the interplay between reversible tyrosine phosphorylation of 

ALIX and the biogenesis and stability of ACBs is not known. A mechanistic understanding of 
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these processes will provide crucial insights into how order is achieved in the last step of cell 

division as well as the impact and role of posttranslational modifications (PTMs) in regulating the 

timing of protein compartmentalization.  

Here we describe our discovery of ALIX’s phase separation in vivo and in vitro. We show 

that condensates of recombinant ALIX readily confine CHMP4 paralogs, CHMP4B and 

CHMP4C. Nuclear magnetic resonance (NMR) measurements provided mechanistic insights into 

how ALIX triggers CHMP4 activation needed for membrane scission. The formation and 

dissolution of condensates of recombinant ALIX could be tuned by PTP1B and Src. Thus, we 

propose that phase separation of ALIX will play a vital role in the biogenesis of ACBs and in 

maintaining their integrity, and that upon resolution of the checkpoint, Src-mediated dissolution 

of ALIX assemblies will re-route ALIX from ACBs to the midbody, thereby controlling the 

abscission timing. 
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Figure 4.1: The endosomal sorting complex required for transport (ESCRT) machinery in 
cytokinetic abscission  

Schematic of the recruitment pathways of ESCRT-factors to the midbody, derived from prior biochemical, 
cellular, and functional results (6, 7). ALIX and TSG101 are recruited to the midbody by CEP55. However, 
abscission can also proceed via CEP55-independent pathways (78, 79); not shown. 
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Figure 4.1.1: Phase separation of recombinant ALIX 

(A) Schematic of ALIX comprising Bro1, V, and PRD (red and blue ribbons and dashed black lines, 
respectively), derived from the X-ray structure of Bro1-V domains (71); numbers in parentheses signify 
ALIX residues. The functional motifs of ALIX relevant to current study are marked and labeled (19, 22, 
23). The model also depicts a CHMP4C analog (magenta ribbon) in its Bro1-bound form, obtained from 
the X-ray structure of Bro1–CHMP4C peptide complex (10). (B) ALIX constructs (Fig. 4.1.2) tested in 
phase separation experiments. Each construct is designated by a circled number. The positions of the strep 
tags, the P801G mutations, and Alexa-Fluor488 labeling sites are marked. Remnant residues of the TEV 
protease cleavage sites are labeled in purple. (C) SDS-PAGE analysis of ALIX constructs; throughout the 
figure, the circled numbers signify the constructs shown in panel B. (D and E) Microscopy images of 
droplets made by ALIX constructs; PRD703-800

Strep  (construct 3) did not phase separate. (F) Box plot of the size 
distribution of condensates of ALIX1-868*

Strep  (blue), PRD703-868*
Strep  Strep (gray) and PRD800-868

Strep  (orange); n ≥ 
1900. (G) Representative montage of the slow fusion of ALIX1-868*

Strep  condensates. (H) Quantitative analysis 
of the co-partitioning of 20 μM ThT dye in freshly prepared condensates (n ≥ 25) of ALIX constructs, same 
color scheme as panel F. Top: representative images of the corresponding condensates. (I) Representative 
TEM image of an aged PRD703-868*

Strep  Strep droplet; incubation time ~2 days at room temperature. (J) FRAP 
analysis with the solid line and shaded region representing the mean and SD, respectively (n = 3). The right 
panels show the fluorescence of representative condensates of ALIX1-868*

Strep  and PRD800-868
Strep  at different time 

points. All phase-separation experiments were performed at room temperature in 20 mM HEPES, pH 7.5, 
50 mM NaCl, 1 mM DTT, 1 mM EDTA, and 5% (w/v) PEG-4000, with 50 μM proteins. For ALIX-PRD 
constructs, lyophilized polypeptides were dissolved in a buffer containing 20 mM CAPS, pH 10, and 50 
mM NaCl, followed by a rapid dilution in the above-mentioned buffer.   
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Figure 4.1.2: Constructs used in current study 

(A) List of constructs used in current study. Constructs 1, 2, 4–12, and 16 were custom-synthesized from 
Azenta Life Sciences. Note that GB1-6xHis denotes B1 domain of protein G, GB1 (57), used to enhance 
protein expression levels, followed by a spacer sequence, a polyhistidine (6xHis) affinity tag, and a TEV 
protease cleavage site. Constructs 1–12 and 16 were subcloned in pET11a and expressed in BL21(DE3) 
competent cells (Agilent). Constructs 3 and 14 were obtained from the Addgene repository [accession no. 
80641 (3) and 102719 (56), respectively]. Constructs 1, 2, 5, 7, 9–13, and 17 were deposited in the Addgene 
repository as a part of the current study (accession no. 180024, 180025, 180029, 180023, 180027, 190783, 
190784, 199242, 180026, and 186793 respectively). Constructs 4, 6, and 8 were deposited in the Addgene 
repository as a part of our published works (22, 23) [accession no. 164444, 141344, and 141345, 
respectively]. Constructs 14 and 16 were generous gifts from Albert van der Vliet (University of Vermont), 
and G. Marius Clore (NIH). Src kinase (construct 14) was expressed in BL21-AI cells (Thermo Fisher 
Scientific). (B) Analysis of recombinant proteins using liquid chromatography–electrospray ionization–
time-of-flight mass spectrometry (LC–ESI–TOFMS). Masses of constructs 3, 4, 6, 8, and 14–16 were 
reported in our previously published works (22, 23). 
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4.2 ALIX condensates and identification of its phase separation motif 

We sought to determine the phase separation characteristics of recombinant ALIX because 

the extreme C-terminal portion of its disordered proline-rich domain (PRD; Fig. 4.1.1 A) formed 

β-sheet-rich amyloid fibrils (22, 23), and amyloidogenic sequences may phase separate (13, 14). 

Heterologous expression of ALIX in Escherichia coli (E. coli) is hampered by its PRD, which 

induces ribosomal stalling (22). We resolved these expression issues by introducing a point 

mutation, P801G, in its PRD, which enabled a high-yield expression of recombinant ALIX (~40 

mg/1 L of bacterial culture). This P801G substitution likely works by altering the 800GPP802 motif 

of ALIX, which is known to induce polyproline-mediated ribosomal stalling in bacteria (24). Note 

that we previously used this substitution to produce milligram quantities of recombinant ALIX-

PRD (23). The P801G substitution resides in the CEP55-binding motif of ALIX-PRD, residues 

797–808 (25). Mutated ALIX-PRD, however, retained its CEP55 binding ability (see below), 

likely because structurally dynamic PRDs can often tolerate combinations of various residues 

without compromising their functional integrity (22). The following constructs were used to test 

phase separation of ALIX (Fig. 4.1.1 B–C): full-length ALIX (ALIX1-868*
Strep ), a construct 

representing its PRD (PRD703-868*
Strep ), and two constructs representing the N-terminal soluble portion 

and the C-terminal amyloidogenic portion of its PRD (PRD703-800
Strep  and PRD800-868

Strep , respectively); 

the numbers signify ALIX residues, the asterisk denotes P801G mutation, and Strep indicates a C-

terminal strep tag (26), which facilitated rapid protein purification using affinity chromatography 

and Alexa-Fluor488 labeling (Methods).  

ALIX1-868*
Strep  was monomeric by analytical ultracentrifugation (AUC; Fig. 4.2), consistent 

with a prior study that reported that ALIX made using insect cells was monomeric (27). Its 
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solution, however, became turbid in the presence of a molecular crowder polyethylene glycol 4000 

(PEG-4000), and subsequent examination by microscopy revealed its spherical condensates (Fig. 

4.1.1 D). To disaggregate fibrils, lyophilized ALIX-PRD constructs were dissolved in a basic (pH 

10) buffer (28, 29). Upon rapid dilution to physiological pH conditions (pH 7.5) in the presence of 

PEG-4000, PRD703-868*
Strep , and its truncated counterpart, PRD800-868

Strep , also condensed into droplets 

(Fig. 4.1.1 E). Additionally, PRD800-868
Strep  formed condensates without PEG-4000 (Fig. 4.2.1), 

suggesting that it is responsible for ALIX’s phase separation. In contrast, PRD703-800
Strep  did not phase 

separate under any conditions tested, consistent with our prior observations that this portion of 

ALIX-PRD is non-amyloidogenic and highly soluble (22). The median diameters of condensates 

of ALIX1-868*
Strep , PRD703-868*

Strep , and PRD800-868
Strep  (50 μM each) were ~5, ~1.5, and ~0.5 μm, respectively 

(Fig. 4.1.1 F), establishing that ALIX condensates were larger than those of its PRD. 

Corresponding ALIX constructs without strep tags also formed condensates (Fig. 4.2.2), ruling out 

the contribution of the strep tag in ALIX’s phase separation. Although we occasionally observed 

a fusion of freshly prepared ALIX1-868*
Strep  droplets, the corresponding timescales were in minutes 

and resulted in the formation of uneven oblong structures (Fig. 4.1.11 G), suggesting the presence 

of viscous liquids in these condensates. A varying degree of co-partitioning of amyloid-sensitive 

dye, thioflavin T (ThT), was detected in freshly prepared condensates, with low ThT partitioning 

in ALIX1-868*
Strep  droplets vs. a robust partitioning in condensates of ALIX-PRD constructs, 

PRD703-868*
Strep  and PRD800-868

Strep  (Fig. 4.1.1 H and Fig. 4.2.3), indicating the presence of amyloid fibrils 

in the latter cases. Such fibrils could be occasionally visualized in aged droplets of PRD703-868*
Strep  

using transmission electron microscopy (TEM; Fig. 4.1.1 I). Little to no fluorescence recoveries 

after photobleaching (FRAP) were observed for the freshly prepared condensates of ALIX 
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constructs (Fig. 4.1.1 J), which established their partially solid/gel-like character. About 40% 

average recovery (in 60 s) was observed for PRD800-868
Strep  as opposed to ≤ _20% recoveries for 

PRD703-868*
Strep  and ALIX1-868*

Strep , indicating that the cycling between soluble and phase-separated states 

was relatively more hindered in larger ALIX constructs, perhaps due to their increased gelation 

stemming from the presence of additional intermolecular interactions. Biological condensates 

often exhibit such nondynamic phases, which are implicated in cellular and pathological processes 

(13). Note that because of the spherical morphology of condensates of ALIX constructs (cf. Fig. 

4.1.1 D–E), there exists a possibility that these droplets are initially liquid-like but then rapidly 

transition into nondynamic phases within a few minutes of their preparation. Collectively, these 

results establish that recombinant ALIX phase separates under crowding conditions and the phase-

separation motif likely resides in the amyloidogenic portion of its PRD.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

163 

 

 
 

Figure 4.2: Recombinant ALIX is monomeric in solution 

Absorbance sedimentation c(s) profile of ALIX1-868*
Strep  at 30 ºC, establishing the presence of a monodispersed 

monomeric species.   
 
 

 
 

Figure 4.2.1: Phase separation of PRD800-868
Strep  in the absence of PEG-4000 

Representative microscopy images of Alexa-Fluor488-labeled PRD800-868
Strep  droplets; DIC = differential 

interference contrast.    
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Figure 4.2.2: Phase separation of ALIX constructs in the absence of strep tags 

(A) List of ALIX constructs used to rule out the contribution of the strep tag in its phase separation, namely 
ALIX1– 868*, PRD703–868*, and PRD800–868 (constructs 1, 2, and 3, respectively). Remnant non-native residues 
of the TEV protease cleavage sites are labeled in purple. The location of P801G mutation is marked with 
pink vertical line. (B) DIC images of droplets made by each ALIX constructs. (C) Box plot of the size 
distribution of condensates made by each construct, n ≥ 950. Median diameters of the condensates were as 
follows: ~4 μm (ALIX1–868*), ~2 μm (PRD703–868*), and 0.5 μm (PRD800–868).    
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Figure 4.2.3: Differential co-localization of Thioflavin T (ThT) in ALIX condensates 

Representative microscopy images depicting a varying degree of co-partitioning of amyloid-sensitive dye, 
ThT, in condensates made by (A) ALIX1-868*

Strep , (B) PRD703-868*
Strep , and (C) PRD800-868

Strep . Experimental and buffer 
conditions are the same as described in Fig. 4.2 caption. The concentration of ThT was 20 μM. Images were 
taken immediately after the formation of condensates.    
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4.3 Phase separation of ALIX living cells 

Next, we examined phase separation of ALIX in mammalian cells. Overexpression of 

ALIX1–868* tagged with a fluorescent protein mNeonGreen (30) [ALIX1-868*
mNG , Fig. 4.3 A] in human 

embryonic kidney (HEK) 293T cells resulted in the formation of submicron-scale puncta, which 

could be visualized using live-cell fluorescence microscopy (Fig. 4.3 B and Fig. 4.3.1). Puncta 

were observed in ~20% of the representative imaged cells, with a median value of ~8 

puncta/punctated cell (Fig. 4.3 C). To determine the impact of the P801G mutation on the phase 

separation of ALIX, similar experiments were performed with mNeonGreen-tagged wild-type 

ALIX (ALIX1-868
mNG ), which also exhibited puncta formation with ~7 puncta/punctated cell (Fig. 4.3 

B–C), demonstrating that ALIX’s phase separation is not influenced by the P801G mutation. In 

contrast, overexpression of mNeonGreen-tagged ALIX lacking the PRD (ALIX1-702
mNG ) resulted in 

an almost complete loss of puncta formation (Fig. 4.3 B–C), confirming that the PRD of ALIX is 

necessary for its phase separation. In-cell FRAP experiments carried out on ALIX1-868*
mNG  puncta 

corroborated our in vitro results with negligible fluorescence recovery (Fig. 4.3 D), establishing 

their nondynamic nature. These results show that ALIX forms condensates in living cells and the 

PRD is required for its phase separation.  
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Figure 4.3: Phase separation of ALIX in HEK293T cells 

(A) Schematic of ALIX constructs used for cellular experiments. Each construct is designated by a circled 
number and carries fluorescent protein, mNeonGreen (mNG), at the C-terminus; all constructs lack the 
strep tag. (B) Representative microscopy images of HEK293T cells overexpressing the three ALIX 
constructs shown in panel A (also see Fig. 4.3.1). For ALIX1-868*

mNG  and ALIX1-868
mNG  (constructs 1 and 2, 

respectively), about 20% protein population was colocalized in puncta, i.e., distinct fluorescence green 
spots (>300 representative cells, n = 5, for ALIX1-868*

mNG , >200 cells, n = 3 for ALIX1-868
mNG ). For ALIX1-702

mNG  
lacking the PRD (construct 3), this phase separation is significantly abrogated (about 10% of representative 
cells with puncta, >400 cells, n = 3). (C) Box plot of the number of puncta observed per cell for each ALIX 
construct shown in panel A; only a representative population of cells containing puncta were used for 
analysis. (D) In-cell FRAP analysis of the condensates formed by ALIX1-868*

mNG  (construct 1). Almost a 
complete lack of fluorescence recovery over time (~10% recovery in 180 s) confirms nondynamic nature 
of cellular ALIX condensates. 
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Figure 4.3.1: Expression levels of three ALIX constructs in HEK293T cells determined by 
fluorescence microscopy 

To quantify fluorescence intensities stemming from the expression of ALIX constructs, namely ALIX1-868*
mNG , 

ALIX1-868
mNG , and ALIX1-702

mNG  (see Fig. 4.3 A for construct design), the background fluorescence intensity of a 
cell-free region was subtracted from the emission intensities of ALIX expressing cells. 
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4.4 Co-partitioning of CHMP4 paralogs in ALIX condensates 

Since cellular ACBs contained CHMP4C and CHMP4B (11), we used their recombinant 

counterparts, namely CHMP4C121-233
S191C  and CHMP4B121-224

S184C , to determine their co-partitioning in 

condensates of ALIX constructs (Fig. 4.4 A–B). Both CHMP4 constructs used here lacked their 

filament-forming core domains (residues 1–120) and carried a non-native cysteine residue that 

enabled labeling with fluorescent dyes. To assess co-partitioning of CHMP4C121-233
S191C  in ALIX1-868*

Strep  

condensates, the two proteins were mixed, and phase-separation was induced by the addition of 

PEG-4000. CHMP4C121-233
S191C  colocalization in these condensates was immediate and readily visible 

by florescence microscopy (Fig. 4.4 C and Fig. 4.4.1 A), suggesting that ALIX retained its 

structure in these condensates and could thus recruit its binding partners. Surprisingly, 

CHMP4C121-233
S191C  also co-partitioned in PRD703-868*

Strep  condensates (Fig. 4.4 D and Fig. 4.4.1 B), 

whereas no such colocalization was observed in PRD800-868
Strep  droplets (Fig. 4.4 E and Fig. 4.4.1 C). 

Similar results, i.e., robust colocalization in ALIX1-868*
Strep  and PRD703-868*

Strep  condensates but no 

colocalization in PRD800-868
Strep  droplets, were obtained using CHMP4B121-224

S184C  (Fig. 4.4 F–G, and Fig. 

4.4.1 A–C). These observations indicate that in addition to Bro1, ALIX harbors a second binding 

site for CHMP4 paralogs (see below), which likely resides in the N-terminal portion of its PRD 

(residues 703–800), and that the CHMP4 constructs tested here do not phase separate on their own 

under these experimental conditions. Experiments performed using an unrelated maltose-binding 

protein (MBP28-396
E64C ) that is not known to interact with ALIX demonstrated that it did not colocalize 

in condensates of ALIX constructs (Fig. 4.4 I–K), establishing that the colocalization of CHMP4 

proteins in ALIX1-868*
Strep  condensates stems from their specific association with ALIX. Additionally, 

the two CHMP4 paralogs could simultaneously co-partition inside ALIX1-868*
Strep  condensates (Fig. 
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4.4 L). The latter showed minimal changes in respective fluorescence intensities after 2 h (Fig. 4.4 

M), demonstrating that CHMP4 proteins remained confined within these condensates. Thus, we 

argue that ALIX’s ability to phase separate and selectively recruit CHMP4 paralogs will likely be 

vital contributing factors to the biogenesis and stability of cellular ACBs, explaining prior in vivo 

observations that showed that depletion of ALIX resulted in ~50% reduction in their volume (11).  
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Figure 4.4: Colocalization of recombinant CHMP4 paralogs in condensates of ALIX constructs 

(A) ALIX and CHMP4 constructs used for co-localization experiments. Each construct is designated by a 
circled number. The positions of point mutations and the fluorophore conjugation sites are marked. Non-
native residues are labeled in purple. Construct representing maltose binding protein (MBP28-396

E64C ; construct 
6) was used as a negative control. (B) Primary sequence comparison of the C-terminal portions of CHMP4B 
and CHMP4C (UniProt entries: Q9H444 and Q96CF2, respectively). Purple asterisks denote the locations 
of engineered non-native cysteine residues. The unique insert region of CHMP4C (residues 201–218) is 
marked. Representative microscopy images and fluorescence intensity profiles showing the co-localization 
(or the lack thereof) of ATTO-647N labeled (C–E) CHMP4C121-233

S191C , (F–G) CHMP4B121-224
S184C , and (I–K) 

MBP28-396
E64C  in the condensates made by Alexa-Fluor488-labeled ALIX constructs, namely ALIX1-868*

Strep  
(panels C, F, and I) , PRD703-868*

Strep  (panels D, G, and J), and PRD800-868
Strep  (panels E, H, and K). Uniform co-

partitioning of CHMP4 paralogs in condensates of ALIX1-868*
Strep  and PRD703-868*

Strep  Strep was observed among 
all analyzed samples (n ≥ 3 with ≥ 100 condensates per sample); also see Fig. 4.4.1 for panoramic images 
showing co-partitioning (or the lack thereof) of CHMP4 paralogs in condensates made by ALIX constructs, 
Fig. 4.4.2 for images at the respective fluorescent channels of droplets of ALIX-PRD constructs, and Fig. 
4.4.3 for colocalization of an extended fragment of CEP55 in PRD703-868*

Strep  droplets. (L) Representative 
microscopy images and fluorescence intensity profiles showing the co-localization of ATTO-647N labeled 
CHMP4C121-233

S191C , and ATTO-390 labeled CHMP4B121-224
S184C  in freshly prepared condensates of Alexa-

Fluor488 labeled ALIX1-868*
Strep . (M) Microscopy images and intensity profiles of the droplets shown in panel 

L upon incubation at room temperature for 2 h. White arrows mark the condensates that were used to 
generate the fluorescence intensity profiles. The individual proteins were first mixed, followed by the 
addition of 5% (w/v) PEG-4000 to induce phase separation. Experimental and buffer conditions were the 
same as described in Fig. 4.1.1 caption. Concentrations of ALIX constructs were 50 μM and the partner 
proteins were at 1 μM.  
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Figure 4.4.1: Panoramic images showing co-partitioning (or the lack thereof) of CHMP4 paralogs in 
condensates made by ALIX constructs 

Representative fluorescence microscopy images showing colocalization of ATTO-647N labeled CHMP4 
paralogs, CHMP4C121-233

S191C  and CHMP4B121-224
S184C , in Alexa-Fluor488-labeled droplets of (A) ALIX1-868*

Strep , (B) 
PRD703-868*

Strep , and a lack of their colocalization in Alexa-Fluor488-labeled PRD800-868
Strep  droplets (C). 

Colocalization or lack thereof of CHMP4 paralogs was verified over n ≥ 3 replicates (≥ 100 condensates 
per sample).  
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Figure 4.4.2: Co-partitioning of CHMP4 paralogs in condensates made by ALIX-PRD constructs 

Representative fluorescence microscopy images showing colocalization of ATTO- 647N labeled CHMP4 
paralogs, CHMP4C121-233

S191C  and CHMP4B121-224
S184C , in Alexa-Fluor488-labeled PRD703-868*

Strep  droplets (A and C), 
and a lack of their colocalization in Alexa-Fluor488- labeled PRD800-868

Strep  droplets (B and D).  
 
 

 
 

Figure 4.4.3: Co-partitioning of CEP55 in PRD703-868*
Strep  condensates 

(A) Representative fluorescence microscopy images showing colocalization of CEP55160-216
S215C  in PRD703-868*

Strep  
droplets. (B) Corresponding fluorescence intensity profiles. The binding interface between the two proteins 
was mapped by X-ray crystallography [PDB entry: 3E1R (25)] and comprises residues 178–195 of CEP55 
and 797–808 of ALIX-PRD. A ready colocalization of CEP55160-216

S215C  in PRD703-868*
Strep  droplets, indicates that 

P801G mutation did not interfere with these interactions.  
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4.5 NMR analysis of ALIX-CHMP4 interactions 

To investigate ALIX–CHMP4 interactions, NMR titration experiments were performed 

where 3-molar equivalents of unlabeled CHMP4C121-233
S191C  or CHMP4B121-224

S184C  were added to 15N/2H-

labeled Bro1; corresponding experiments using ALIX1-868*
Strep  were not feasible owing to its large 

molecular size (~100 kDa), which resulted in severe line broadening. Using NMR spectroscopy, 

we previously established that Bro1 retains its fold in solution (23). On the addition of CHMP4 

proteins, large 1HN/15N chemical-shift perturbations [ΔH/N ∼0.05–0.47 parts per million (ppm)] 

were observed for residues 54–72, 135–156, 201–227, and 333–349 of Bro1 (Fig. 4.5 A and Fig. 

4.5.1). Fig. 4.5 B maps these perturbations onto the X-ray structure of the Bro1–CHMP4C peptide 

complex (10). Although the CHMP4C constructs used for these two studies were different, 

extended fragment for NMR (residues 121–233) vs. a peptide analog for X-ray (residues 221–

233), there was an excellent agreement between their results as most chemical shift perturbations 

were localized in and around the X-ray binding interface between Bro1 and the CHMP4C peptide. 

However, two Bro1 regions that showed large perturbations with CHMP4C121-233
S191C  (residues 54–72 

and 347–349) were located ~15–25 Å away from the C-terminus of the CHMP4C peptide (cf. Fig. 

4.5 B). These observations suggest that in addition to the binding site comprising the extreme C-

terminal CHMP4C motif (residues 221–233), Bro1 binds to additional motif(s) present in residues 

121–220 of CHMP4C121-233
S191C . Because 1HN/15N chemical shift perturbations in Bro1 resonances 

upon the addition of CHMP4B121-224
S184C  were similar to those obtained using CHMP4C121-233

S191C  (cf. Fig. 

4.5 A) and since the C-terminal motifs of CHMP4B (residues 207–224) and CHMP4C (residues 

221–233) bind to the same Bro1 site as determined by X-ray crystallography (3), we conclude that 

Bro1 also binds to additional motif(s) localized in residues 121–206 of CHMP4B121-224
S184C .  
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To uncover the existence of interactions between the N-terminal portion of ALIX-PRD 

(residues 703–800) and CHMP4 paralogs, as suggested by our microscopy results (cf. Fig. 4.4 C–

H), we performed titration experiments using unlabeled CHMP4 proteins and NMR-visible 

PRD703-800
Strep . This region of ALIX-PRD is unstructured in its free form (22). The addition of 3-

molar equivalent of CHMP4C121-233
S191C  or CHMP4B121-224

S184C  resulted in small but noticeable 1HN/15N 

and 13C’/15N chemical shift changes in PRD703-800
Strep  resonances, ΔH/N and ΔC’/N of 0.01–0.04 and 

0.01–0.03 ppm, respectively (Fig. 4.5 C and Figs. 4.5.2–4.5.3). The affected PRD region 

encompassed residues 734–768, which overlaps with Src-kinase binding site on PRD [residues 

752–757, cf. Fig. 4.1.1 A (19)]. This motif is highly basic owing to multiple arginine residues 

[theoretical isoelectric point (31), pI, ~12]. In contrast, both CHMP4 proteins used in this work are 

anionic (theoretical pI: 4–5). Since NMR experiments were performed at pH 6.5 (Methods), 

PRD703-800
Strep  likely binds to CHMP4 proteins via electrostatic interactions. Because the 1HN/15N 

chemical shift changes observed for PRD703-800
Strep –CHMP4 interactions were smaller than those 

observed for Bro1–CHMP4 interactions, we conclude that the binding between PRD703-800
Strep  and 

CHMP4 paralogs is weaker than Bro1–CHMP4 association, and that CHMP4-bound PRD703-800
Strep  

remains disordered. Altogether, NMR titration experiments uncovered the existence of additional 

interactions between ALIX domains (Bro1 and PRD) and CHMP4 constructs. 
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Figure 4.5: NMR analysis of ALIX-CHMP4 interactions 

(A) 1HN/15N chemical shift perturbation profiles of 100 μM 15N/2H-labeled Bro1 on addition of 300 μM 
unlabeled CHMP4 constructs; CHMP4C121-233

S191C  (upper; blue) and CHMP4B121-224
S184C  (lower; red). Secondary 

structure elements are indicated above the panel. Red rectangles indicate regions that exhibit large chemical 
shift perturbations, a few of the affected residues are labeled. Dashed lines indicate proline residues or 
residues that could not be assigned unambiguously. (B) Ribbon diagram of the X-ray structure of the 
complex between Bro1 (white ribbons) and CHMP4C peptide analog [light blue ribbons] (10). Bro1 motifs 
that undergo large chemical shift changes in the presence of CHMP4C121-233

S191C  (panel A, upper) are marked 
in red ribbons. A few affected residues are depicted by blue spheres. Gray ribbons indicate residues around 
the interaction site that could not be assigned unambiguously. Dashed magenta lines mark the distances 
between two representative Bro1 residues (L68 and Q349) and the C-terminus of the CHMP4C peptide 
analog. (C) 1HN/15N and 13C’/15N chemical shift perturbation profiles of 150 μM 15N/13C-labeled PRD703-800

Strep  
in the presence of 450 μM unlabeled CHMP4 constructs, the same color scheme as panel A. The primary 
sequence of the affected region (residues 734–768), marked by semitransparent red rectangles, is shown 
above the graphs. The position of the C-terminal Strep tag (residues 801–808) is denoted by semitransparent 
gray rectangles. All NMR experiments were performed at 30 ºC in 20 mM sodium phosphate, pH 6.5, 1 
mM TCEP, and 2 mM EDTA at a spectrometer 1H frequency of 800 MHz.  
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Figure 4.5.1: NMR analysis of interactions between ALIX-Bro1 and CHMP4 paralogs 

Overlay of expanded region of the 1H-15N TROSY-HSQC correlation spectra of 15N/2H-labeled 100 μM 
Bro1 in the absence (red) and presence (blue) of 300 μM CHMP4 paralogs, namely (A) CHMP4C121-233

S191C  
and (B) CHMP4B121-224

S184C . Some isolated cross-peaks of Bro1 that exhibit changes in chemical shifts upon 
addition of CHMP4 paralogs are labeled. Folded cross-peaks of residue V54 are marked by asterisks. Buffer 
and experimental conditions were as follows: 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM 
EDTA at 30 ºC.   
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Figure 4.5.2: NMR analysis of interactions between PRD703-800

Strep  and CHMP4 paralogs. 

Overlay of expanded region of the 1H-15N TROSY-HSQC correlation spectra of 15N/13C-labeled 150 μM 
PRD703-800

Strep  in the absence (blue) and presence (red) of 450 μM CHMP4 paralogs, namely (A) 
CHMP4C121-233

S191C  and (B) CHMP4B121-224
S184C . Assignments of each cross-peaks are shown in panel A. Cross-

peaks of the residues that undergo chemical shift changes upon addition of CHMP4 constructs are marked 
by arrows. Non-native residues of the C-terminal Strep tag are labeled in 15 green. Buffer and experimental 
conditions were as follows: 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM EDTA at 30 ºC.  
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Figure 4.5.3: NMR analysis of interactions between PRD703-800

Strep  and CHMP4C121-233
S191C   

Overlay of expanded region of the 13C-15N CON correlation spectra of 15N/13C-labeled 150 μM PRD703-800
Strep  

in the absence (blue) and presence (red) of 450 μM CHMP4C121-233
S191C . Note that the above-mentioned 

concentrations were chosen because of the following: (1) poor sensitivity of the carbon-detected 13C-15N 
CON experiment as compared to its proton-detected counterpart (69); and (2) the addition of > 450 μM 
CHMP4 paralogs to 150 μM PRD703-800

Strep  led to sample precipitation. Cross-peaks of the residues that 
undergo chemical shift changes upon addition of CHMP4C121-233

S191C  are marked. Cross-peaks of non-native 
residues of the C-terminal strep tag are labeled in green. Buffer and experimental conditions were as 
follows: 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM EDTA at 30 °C. 
 

 

 

 

 



 
 

181 

4.6 Conformation and dynamics of CHMP4 paralogs in solution 

To further explore interactions between CHMP4 paralogs and ALIX, we first analyzed 

CHMP4C121-233
S191C  and CHMP4B121-224

S184C  in their free forms. The structures of CHMP4 paralogs are 

not available as they are refractory to crystallography. Based on the structures of homologs, 

sequence-based and AlphaFold predictions, the CHMP4 paralogs are suggested to comprise six 

helices (α1–α6, Fig. 4.6 A and Fig. 4.6.1), with α1–α3 spanning their filament-forming N-terminal 

core domains (residues 1–120), and α4–α6 localized in their C-terminal tails (2, 4, 32-34). 

Cytosolic CHMP4 proteins are hypothesized to be in a closed conformation, because of 

intramolecular interactions between α5 and α1–α2. In the presence of activation factors (e.g., 

ALIX), CHMP4 paralogs likely undergo a conformational rearrangement, involving the 

dissociation of α5 from α1–α2, followed by merging α2 with α3, and a reorganization of their C-

termini, triggering their subsequent polymerization. Surprisingly, far-ultraviolet (UV) circular 

dichroism (CD) spectra of CHMP4C121-233
S191C  and CHMP4B121-224

S184C  showed that both were largely 

disordered (Fig. 4.6 B). However, a slight dip at ~222 nm UV wavelength indicated that 

CHMP4C121-233
S191C  exhibited a greater helical propensity than CHMP4B121-224

S184C . These results were 

confirmed by AUC experiments (Fig. 4.6 C), which established that these two constructs yielded 

notably different best-fit frictional ratios (1.8 and 2.3 for CHMP4C121-233
S191C  and CHMP4B121-224

S184C , 

respectively), despite being different by only ~1 kDa. Consequently, both proteins were 

monomeric, with no indication of self-association, and although both were largely disordered, 

CHMP4C121-233
S191C  exhibited a more compact conformation than CHMP4B121-224

S184C . 

Both CHMP4C121-233
S191C  and CHMP4B121-224

S184C  yielded high-quality 1H-15N transverse 

relaxation optimized spectroscopy–heteronuclear single quantum coherence (TROSY-HSQC) 

spectra and a narrow dispersion of chemical shifts of their backbone amide proton resonances (7.5–
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8.8 ppm) indicated disordered conformations (Fig. 4.6.2). To further explore their conformational 

propensities, we recorded backbone chemical shifts, 3JHN-Hα couplings, and 15N-transverse 

relaxation rates (R2). Secondary chemical shifts (Δδ), the differences between experimental and 

the corresponding predicted random-coil values (35, 36), are shown in Fig. 4.6.3. The region 

between residues 163–179 of CHMP4C121-233
S191C  that corresponds to the predicted α5 motif in full-

length CHMP4C exhibited elevated Δδ(13Cα) values (0.5–1.5 ppm), indicating a stable helical 

conformation in this region; Δδ(13Cα) values are the best reporters of local secondary structure. In 

contrast, Δδ(13Cα) values of CHMP4B121-224
S184C  were evenly distributed ~0 ppm, indicative of a 

random-coil conformation. To further examine these conformational differences, the secondary 

structures of CHMP4C121-233
S191C  and CHMP4B121-224

S184C  were determined from experimental backbone 

chemical shifts using TALOS-N (37); Fig. 4.6 D–E, upper. The helical propensity for residues 

163–179 of CHMP4C121-233
S191C  ranged between 0.6–0.96, confirming a stable helix in this region. In 

contrast, the helical propensity of residues 163–181 in CHMP4B121-224
S184C  was 0.13–0.49, indicative 

of a transient helical character, even though the primary sequence of this region is nearly identical 

to that of CHMP4C121-233
S191C  (cf. Fig. 4.4 B); helical propensities of residues 177–179 were 0.13–

0.22, suggesting a possible bend at this location. These observations were complemented by 

experimental 3JHN-Hα couplings (Fig. 4.6 D, middle), which showed largely helical values ranging 

between 3.5–5.5 Hz for residues 161–178 of CHMP4C121-233
S191C  that deviated considerably from the 

corresponding random coil values (~7 Hz) predicted using nearest‐neighbor effects (38). 

Additionally, the 15N-R2 values of residues 159–182, measured at 800 MHz at 30 °C, were 

uniformly elevated (6–8 s-1; Fig. 4.6 D, lower), which established an ordered conformation of this 

motif. In contrast, residues 163–181 of CHMP4B121-224
S184C  exhibited non-helical 3JHN-Hα couplings 

(~7 Hz), and slightly elevated 15N-R2 values (2–4 s-1), indicating a lack of stable helical 
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configuration (Fig. 4.6 E). Residues 130–133 and 140–143 (α4), 207–209 (insert), and 225–230 

(α6) of CHMP4C121-233
S191C  exhibited helical propensities ranging between 0.25–0.56 (Fig. 4.6 D, 

upper), indicating that these motifs possess lower propensities for spontaneous helix formation 

than the region between residues 163–179 (α5); the labels in parentheses denote the corresponding 

proposed regions in full-length CHMP4C. Most notable among these were a few residues of the 

insert region of CHMP4C121-233
S191C  that showed helical 3JHN-Hα couplings (~5 Hz, Fig. 4.6 D, middle), 

slightly elevated 15N-R2 values (~4 s-1, Fig. 4.6 D, lower) and Δδ(13Cα) shifts (~0.3 ppm, Fig. 

4.6.3 A), indicating a partially ordered helix. This insert is highly basic owing to the presence of 

multiple arginine residues (theoretical pI ~12.5). It therefore may transiently interact with other 

acidic motifs of CHMP4C121-233
S191C , e.g., residues 163–179 (theoretical pI ~3.7), stabilizing their 

conformation, and that the absence of this insert in CHMP4B121-224
S184C  may result in a lack of a stable 

helix in the region between residues 163–181. To confirm these long-range contacts, we performed 

intramolecular paramagnetic relaxation enhancement (PRE) experiments (39-41) on two 

CHMP4C mutants, CHMP4C121-233
G154C  and CHMP4C121-233

M165C  (Fig. 4.6 F and Fig. 4.6.4). The 

attachment of a paramagnetic nitroxide spin label, (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-

methyl) methanethiosulfonate [MTSL], at individual residues C154 and C165 resulted in local 

signal attenuation and a notable attenuation in the 1HN/15N cross-peaks of residues 200–212, 

confirming the transient long-range interactions between the acidic residues encompassing the α5 

motif of CHMP4C and the basic residues of its insert. These findings are consistent with our AUC 

data (cf. Fig. 4.6 C), which showed that among the two CHMP4 paralogs, CHMP4C is more 

compact. For CHMP4B121-224
S184C , in addition to the motif 163–181 (α5), residues 129–133 (α4) and 

217–217 (α6) showed helical propensities ranging between 0.25–0.5 (Fig. 4.6 E, upper), indicating 

transient helices. Thus, both CHMP4 paralogs tested here are largely disordered with residual 
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helical propensities (Fig. 4.6 G), apart from the α5 motif of CHMP4C that forms a stable helix and 

the presence of transient long-range interactions between the basic residues of its insert and acidic 

residues in and around its α5 motif. Disordered proteins or regions are vital signaling hubs as their 

lack of structure facilitates dynamic protein–protein interactions of modest affinity but high 

specificity (42, 43). We argue that disordered C-terminal tails of CHMP4 paralogs will provide 

multiple interaction motifs and facilitate the formation of metastable CHMP4 filaments essential 

for membrane scission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

185 

Figure 4.6: Conformation and dynamics of CHMP4 paralogs in solution 

(A) Hypothetical models of inactive and active conformations of full-length CHMP4 paralogs (2, 4, 31, 
32), originally described by Vietri et al (2); MIM = MIT interacting motif, which binds to the MIT domain 
containing proteins [e.g., VPS4] (62), MIR = membrane insertion region. Helix α5 (pink) is likely 
responsible for the autoinhibition of CHMP4 paralogs. (B) Far-UV CD spectra with the solid line and 
shaded region representing the mean and SD, respectively (5 scans) and (C) absorbance sedimentation c(s) 
profiles of CHMP4C121-233

S191C  (blue), and CHMP4B121-224
S184C  (red). Arrow points to the dip at ~222 nm in the CD 

spectrum of CHMP4C121-233
S191C . The concentrations of proteins were ~10 and ~40 μM for CD and AUC, 

respectively. NMR analysis of (D) CHMP4C121-233
S191C  and (E) CHMP4B121-224

S184C , including TALOS-N derived 
helical propensities obtained from the assigned backbone chemical shifts (upper), a comparison between 
experimental 3JHN-Hα scalar couplings against random coil values (middle), and 15N-R2 profiles measured at 
30 ºC (also see Table 4.1). Unlike CHMP4B121-224

S184C , CHMP4C121-233
S191C  showed greater helical propensity for 

residues 163–179; highlighted by semitransparent magenta rectangle. The corresponding drop in 3JHN-Hα 
couplings and elevated 15N-R2 values of this region confirmed the presence of a stable helix. The unique 
insert region of CHMP4C121-233

S191C  (cf. Fig. 4.4 B) exhibited deviation from random coil 3JHN-Hα couplings and 
elevated 15N-R2 values (highlighted by semitransparent magenta rectangles), indicating a residual helical 
structure. Additionally, residues of the regions showing elevated TALOS-N derived helical propensities 
(ranging between 0.25–0.56), indicating transient helical structures, are labeled. (F) Evidence of transient 
long-range interactions in CHMP4C paralog using experimental PRE profiles of CHMP4C121-233

G154C  (upper) 
and CHMP4C121-233

M165C  (lower). The locations of paramagnetic label, MTSL, are marked with dashed vertical 
lines. (G) Schematic of CHMP4C121-233

S191C  (blue), and CHMP4B121-224
S184C  (red) based on NMR results. Transient 

and stable helices are depicted as gray and magenta cylinders, respectively; numbers denote the 
corresponding residues. The positions of CHMP4 helices, based on the proposed models of full-length 
proteins (cf. panel A), are in parentheses.  

 



 
 

186 

 
 

 

 

 

 

 



 
 

187 

Table 4.1: Residue-specific NMR parameters of CHMP4 fragments in free form 

All NMR data were acquired at 30 °C in buffer containing 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, 
and 2 mM EDTA. Helical propensities (α prop.) were calculated using Talos-N (37) from assigned 
backbone chemical shifts, namely 13Cα, 13Cβ, 13C’, 15N, and 1HN. Experimental 3JHN-Hα couplings were 
measured using WATERGATE-optimized 2D TROSY pulse sequence (67). Corresponding random coil 
values were predicted using the nearest‐neighbor effects corrected for temperature (38). Experimental 3JHN-

Hα couplings of overlapped residues and glycines were not considered. 15N R1ρ measurements were carried 
out at 800 MHz on 0.5 mM proteins. Overlapped residues or residues that undergo resonance broadening 
due to rapid exchange were not considered.  
 
 

CHMP4C121-233
S191C

 CHMP4B121-224
S184C  

 
Res. α  

prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1)  Res. α  
prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1) 
 
 

E121 0.178 6.591 6.138 1.229 ± 0.036  D121 0.128 6.926 6.778 1.147 ± 0.037 
N122 0.072 7.037 7.426 1.392 ± 0.041  N122 0.032 7.214 7.306 1.288 ± 0.042 
M123 0.054 6.988 7.426 1.613 ± 0.044  M123 0.015 6.988 7.394 1.553 ± 0.037 
D124 0.035 6.989 7.258 2.010 ± 0.033  D124 0.027 6.972 7.394 1.705 ± 0.029 
L125 0.063 6.902 7.178 1.858 ± 0.021  I125 0.047 7.764 7.482 1.724 ± 0.019 
N126 0.151 7.418 7.554 1.975 ± 0.036  D126 0.076 6.897 7.218 1.884 ± 0.022 
K127 0.065 6.802 7.346 2.027 ± 0.029  K127 0.025 6.742 7.57 1.926 ± 0.020 
I128 0.062 7.528 7.634 2.251 ± 0.020  V128 0.056 7.661 7.57 1.906 ± 0.017 
D129 0.206 7.181 7.01 2.828 ± 0.025  D129 0.335 6.927 6.954 2.253 ± 0.023 
D130 0.368 7.042 7.178 2.322 ± 0.026  E130 0.331 6.707 6.69 2.112 ± 0.012 
L131 0.366 6.727 7.306 3.205 ± 0.028  L131 0.346 6.55 7.218 2.290 ± 0.022 
M132 0.247 7.07 7.258 2.801 ± 0.024  M132 0.263 7.07 7.57 2.811 ± 0.022 
Q133 0.303 6.958 7.258 2.464 ± 0.031  Q133 0.282 7.101 7.218 2.397 ± 0.022 
E134 0.09 6.429 6.93 2.846 ± 0.021  D134 0.179 6.764 7.13 2.218 ± 0.032 
I135 0.032 7.441 7.594 2.771 ± 0.022  I135 0.084 7.722 7.57 2.115 ± 0.019 
T136 0.038 7.747 7.842 2.816 ± 0.032  A136 0.075 6.119 6.154 2.525 ± 0.026 
E137 0.041 6.498 6.89 2.726 ± 0.031  D137 0.046 6.746 6.954 2.140 ± 0.034 
Q138 0.046 6.781 7.178 2.665 ± 0.033  Q138 0.034 6.958 7.306 2.094 ± 0.027 
Q139 0.063 6.893 7.258 2.632 ± 0.026  Q139 0.071 6.75 7.042 2.149 ± 0.030 
D140 0.083 6.764 7.218 2.656 ± 0.024  E140 0.204 6.446 6.69 2.366 ± 0.025 
I141 0.306 7.722 7.386 2.693 ± 0.024  L141 0.293 6.771 6.866 2.405 ± 0.020 
A142 0.22 5.923 6.01 3.391 ± 0.021  A142 0.146 6.057 6.154 2.312 ± 0.022 
Q143 0.283 6.916 6.97 2.977 ± 0.034  E143 0.186 6.464 6.69 2.248 ± 0.030 
E144 0.122 6.429 6.842 2.979 ± 0.026  E144 0.07 6.513 6.69 – 
I145 0.149 7.517 6.97 3.304 ± 0.025  I145 0.051 7.517 7.57 2.323 ± 0.023 
S146 0.143 6.957 6.97 3.417 ± 0.035  S146 0.038 6.954 6.69 2.540 ± 0.042 
E147 0.182 6.59 6.426 3.384 ± 0.034  T147 0.038 7.634 7.746 2.326 ± 0.043 
A148 0.153 6.091 5.762 3.423 ± 0.037  A148 0.026 5.955 5.978 2.449 ± 0.033 
F149 0.129 7.208 7.138 3.256 ± 0.030  I149 0.017 7.599 7.746 2.114 ± 0.030 
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Table 4.1: Residue-specific NMR parameters of CHMP4 fragments in free form (continued) 
 

CHMP4C121-233
S191C

 CHMP4B121-224
S184C  

 
Res. α  

prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1)  Res. α  
prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1) 

 
S150 0.08 7.146 6.762 3.261 ± 0.045  S150 0.017 6.816 6.954 2.248 ± 0.030 
Q151 0.097 6.809 7.178 3.333 ± 0.035  K151 0.015 6.772 7.218 2.332 ± 0.034 
R152 0.035 6.692 7.514 3.257 ± 0.028  P152 0.003 – – – 
V153 0.023 7.749 7.722 3.257 ± 0.029  V153 0.017 7.623 7.218 2.175 ± 0.021 
G154 0.008 – – 3.191 ± 0.031  G154 0.00 – – 2.277 ± 0.026 
F155 0.017 7.349 7.554 3.009 ± 0.027  F155 0.019 7.349 7.13 2.122 ± 0.035 
G156 0.008 – – 2.886 ± 0.035  G156 0.009 – – 2.002 ± 0.037 
D157 0.015 7.049 7.218 3.236 ± 0.032  E157 0.023 6.571 7.218 2.140 ± 0.024 
D158 0.03 7.33 7.426 3.327 ± 0.037  E158 0.038 6.818 7.042 2.156 ± 0.020 
F159 0.024 7.373 7.258 4.193 ± 0.037  F159 0.036 7.196 7.746 2.393 ± 0.020 
D160 0.021 7.28 7.258 4.413 ± 0.028  D160 0.006 7.28 7.394 2.561 ± 0.030 
E161 0.11 6.702 5.306 4.940 ± 0.027  E161 0.036 6.702 6.514 2.814 ± 0.028 
D162 0.451 6.717 7.05 3.836 ± 0.029  D162 0.091 6.717 6.866 3.349 ± 0.018 
E163 0.757 6.707 5.642 6.061 ± 0.033  E163 0.319 6.707 6.69 3.191 ± 0.022 
L164 0.812 6.55 5.554 6.162 ± 0.012  L164 0.471 6.55 6.602 3.331 ± 0.025 
M165 0.718 7.224 6.474 5.720 ± 0.027  M165 0.388 7.224 7.394 2.893 ± 0.023 
A166 0.748 5.779 – –  A166 0.434 5.779 5.626 3.729 ± 0.022 
E167 0.756 6.612 5.346 6.018 ± 0.044  E167 0.448 6.612 6.602 3.438 ± 0.029 
L168 0.865 6.67 – –  L168 0.485 6.67 6.954 3.673 ± 0.010 
E169 0.865 6.784 4.185 6.490 ± 0.027  E169 0.433 6.784 6.602 3.857 ± 0.016 
E170 0.894 6.53 4.265 7.811 ± 0.086  E170 0.487 6.53 6.778 2.422 ± 0.029 
L171 0.919 6.67 3.929 6.906 ± 0.039  L171 0.481 6.67 6.602 3.639 ± 0.024 
E172 0.888 6.731 4.969 6.333 ± 0.033  E172 0.252 6.731 6.778 3.663 ± 0.021 
Q173 0.896 6.834 4.137 7.075 ± 0.053  Q173 0.371 6.834 6.602 2.276 ± 0.022 
E174 0.937 6.298 3.513 6.429 ± 0.034  E174 0.446 6.298 6.69 2.473 ± 0.010 
E175 0.964 6.53 4.889 6.305 ± 0.040  E175 0.387 6.53 7.042 3.689 ± 0.021 
L176 0.934 6.725 3.977 6.176 ± 0.024  L176 0.378 6.813 6.242 3.244 ± 0.027 
N177 0.793 7.418 5.386 4.959 ± 0.042  D177 0.131 6.978 – 2.916 ± 0.025 
K178 0.692 6.53 5.306 5.760 ± 0.044  K178 0.14 6.779 6.154 3.544 ± 0.035 
K179 0.529 6.368 5.89 4.599 ± 0.036  N179 0.221 7.246 6.866 3.429 ± 0.035 
M180 0.192 6.659 6.098 5.012 ± 0.030  L180 0.418 6.942 8.282 2.956 ± 0.013 
T181 0.07 7.605 7.05 4.275 ± 0.045  L181 0.356 7.072 7.13 2.802 ± 0.020 
N182 0.05 7.457 6.594 4.457 ± 0.031  E182 0.176 6.915 6.954 2.680 ± 0.022 
I183 0.031 7.436 7.554 3.437 ± 0.029  I183 0.03 7.557 7.842 2.324 ± 0.023 
R184 0.009 7.227 8.09 3.914 ± 0.036  C184 0.007 7.294 7.658 2.375 ± 0.038 
L185 0.014 6.853 7.218 3.679 ± 0.027  G185 0.005 – – 2.090 ± 0.044 
P186 0.012 – – –  P186 0.017 – – – 
N187 0.02 7.114 7.138 3.257 ± 0.028  E187 0.017 6.318 6.69 2.317 ± 0.032 
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Table 4.1: Residue-specific NMR parameters of CHMP4 fragments in free form (continued) 
 

CHMP4C121-233
S191C

 CHMP4B121-224
S184C  

 
Res. α  

prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1)  Res. α  
prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1) 

 
V188 0.005 7.819 7.97 3.052 ± 0.036  T188 0.017 7.444 7.746 2.270 ± 0.033 
S190 0.012 6.688 6.031 3.000 ± 0.039  P190 0.003 – – – 
C191 0.02 7.046 – –  L191 0.004 6.727 6.954 2.471 ± 0.010 
S192 0.011 7.103 6.542 2.833 ± 0.047  P192 0.009 – – – 
L193 0.023 6.895 7.218 3.045 ± 0.038  N193 0.019 7.114 7.394 2.266 ± 0.051 
N198 0.015 6.964 6.858 3.511 ± 0.035  A198 0.01 6.124 6.514 2.566 ± 0.034 
R199 0.012 6.741 6.57 3.635 ± 0.028  L199 0.01 6.87 7.218 2.430 ± 0.031 
K200 0.008 6.73 6.978 3.042 ± 0.025  P200 0.008 – – – 
P201 0.018 – – –  S201 0.005 6.434 6.602 2.325 ± 0.054 
G202 0.015 – – 3.711 ± 0.035  K202 0.012 6.772 6.866 2.516 ± 0.036 
M203 0.022 6.983 5.033 –  P203 0.011 – – – 
S204 0.019 6.833 4.553 3.392 ± 0.049  A204 0.009 5.453 5.626 2.422 ± 0.037 
S205 0.028 6.74 6.33 3.558 ± 0.074  K205 0.012 6.488 6.69 2.609 ± 0.021 
T206 0.066 7.634 6.05 3.962 ± 0.061  K206 0.022 6.347 6.242 2.861 ± 0.037 
A207 0.283 5.692 4.553 4.416 ± 0.042  K207 0.136 6.488 5.274 2.987 ± 0.038 
R208 0.27 6.708 6.17 4.210 ± 0.035  E208 0.291 6.323 5.626 3.171 ± 0.032 
R209 0.324 6.896 5.93 4.457 ± 0.042  E209 0.223 6.382 7.042 2.824 ± 0.038 
S210 0.103 6.569 5.202 4.304 ± 0.036  E210 0.108 6.525 6.514 2.316 ± 0.025 
R211 0.08 6.966 4.385 4.272 ± 0.040  D211 0.041 6.86 7.042 2.398 ± 0.034 
A212 0.123 5.821 6.57 3.828 ± 0.037  D212 0.042 7.037 6.514 2.408 ± 0.032 
A213 0.083 5.81 4.873 3.195 ± 0.040  D213 0.119 6.774 – 2.916 ± 0.025 
S214 0.047 6.791 6.05 2.839 ± 0.049  M214 0.419 6.757 7.13 2.487 ± 0.026 
S215 0.044 6.69 5.762 –  K215 – 6.671 – – 
Q216 0.045 6.809 6.938 2.900 ± 0.030  E216 0.472 6.471 – – 
R217 0.064 6.775 7.058 2.761 ± 0.034  L217 0.293 6.67 6.954 2.310 ± 0.023 
A218 0.117 5.72 6.05 2.935 ± 0.027  E218 0.088 6.839 6.602 2.138 ± 0.023 
E219 0.125 6.464 6.53 2.794 ± 0.028  N219 0.023 7.638 7.482 1.983 ± 0.043 
E220 0.098 6.382 7.058 3.179 ± 0.029  W220 0.03 6.863 6.514 1.806 ± 0.033 
E221 0.053 6.525 7.138 2.363 ± 0.029  A221 0.031 6.331 6.514 1.768 ± 0.032 
D222 0.046 6.86 7.178 2.652 ± 0.023  G222 0.021 – – 1.387 ± 0.029 
D223 0.232 7.037 – –  S223 0.128 6.705 7.546 1.218 ± 0.040 
D224 0.214 7.025 6.898 2.921 ± 0.025  M224 0.333 6.926 7.762 0.826 ± 0.007 
I225 0.559 7.48 7.138 2.941 ± 0.022  – – – – – 
K226 0.529 6.815 6.738 3.117 ± 0.023  – – – – – 
Q227 0.486 6.923 6.938 2.897 ± 0.032  – – – – – 
L228 0.296 6.687 7.258 2.411 ± 0.027  – – – – – 
A229 0.292 6.158 – –  – – – – – 
A230 0.336 6.218 6.858 2.292 ± 0.029  – – – – – 
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Table 4.1: Residue-specific NMR parameters of CHMP4 fragments in free form (continued) 
 

CHMP4C121-233
S191C

 CHMP4B121-224
S184C  

 
Res. α  

prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1)  Res. α  
prop. 

3JHN-Hα 

  Pred.    Exp. 

15N-R2 (s-1) 

 
W231 0.199 6.821 7.426 1.813 ± 0.029  – – – – – 
A232 0.168 6.221 7.098 1.611 ± 0.025  – – – – – 
T233 0.333 7.606 8.106 0.914 ± 0.010  – – – – – 
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Figure 4.6.1: Predicted structural organization of human CHMP4 paralogs 

Predictions based on primary sequence [CHMP4A, upper (33)] or AlphaFold (34) [CHMP4B, middle, and 
CHMP4C, lower]. Cylinders and labels represent the corresponding CHMP4 helices (α1–α6) whereas 
numbers above the cylinders represent corresponding CHMP4 residues. Note that among the three CHMP4 
paralogs, cellular functions of CHMP4A are not known.  
 



 
 

192 

  
 

Figure 4.6.2: NMR spectra of CHMP4 paralogs 

Expanded regions of the 1H-15N TROSY-HSQC correlation spectra of 15N-labeled (A) CHMP4C121-233
S191C  

(blue) and (B) CHMP4B121-224
S184C  (red). Some of the isolated cross-peaks are marked. Folded cross-peak of 

residue G222 (CHMP4B121-224
S184C ) is marked with an asterisk. Buffer and experimental conditions were as 

follows: 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM EDTA at 30 ºC. Protein concentrations 
were 0.5 mM each.  
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Figure 4.6.3: NMR analysis of CHMP4 paralogs 

Secondary chemical shifts (Δδ), 13Cα, 13C’, 13Cβ and 15N, of (A) CHMP4C121-233
S191C , and (B) CHMP4B121-224

S184C , 
derived from assigned backbone chemical shifts and the corresponding random coil values and correction 
factors of Poulsen and co-workers (35, 36). The region between residues 163–179 of CHMP4C121-233

S191C , 
which forms a stable helix, is highlighted in semi-transparent blue rectangles. The Cβ chemical shifts of 
engineered cysteine residues, namely C191 of CHMP4C121-233

S191C  and C184 of CHMP4B121-224
S184C , were ca. 28 

ppm, indicating that these two residues were reduced in solution (80). Δδ(15N) of G222 of CHMP4B121-224
S184C  

was not considered because of its folded cross-peak (cf. Fig. 4.6.2).   
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Figure 4.6.4: NMR-PRE analysis of the transient long-range interactions in CHMP4C constructs 

Overlay of expanded regions of 1H-15N TROSY-HSQC spectra of diamagnetic MTS-labeled (blue) and 
paramagnetic MTSL-labeled (red) (A) CHMP4C121-233

G154C  and (B) CHMP4C121-233
M165C . A few of the isolated 

cross-peaks that undergo significant signal attenuation (1H- 15N cross-peak heights ratio < 0.25) due to the 
PRE effect are labeled; note that intramolecular PREs are exquisitely sensitive and have thus been used to 
identify transient long-range interactions in disordered proteins (39-41, 81, 82). All spectra were recorded 
at 800 MHz at 30 ºC. Buffer conditions were as follows: 20 mM sodium phosphate, pH 6.5, and 2 mM 
EDTA. Protein concentrations were 0.2 mM each.   
 
 
 
 



 
 

195 

4.7 Mechanism of ALIX-mediated CHMP4 activation 

To further explore CHMP4–ALIX interactions, we performed NMR titration experiments 

where increasing concentrations of Bro1 or PRD703-800
Strep  were added to NMR-visible CHMP4 

constructs. Reductions in 1HN/15N cross-peak heights of 150 μM 15N-labeled CHMP4 proteins 

were observed with unlabeled Bro1 (Fig. 4.7 A–B and Fig. 4.7.1 A–B). Specifically, the cross-

peaks of the α6 motifs of CHMP4C121-233
S191C  and CHMP4B121-224

S184C  (residues 220–233 and 209–224, 

respectively) were completely attenuated in the presence of 75 μM Bro1, indicating that these 

motifs represent high-affinity Bro1-binding sites. These results agree with a study that showed that 

residues 221–233 of CHMP4C and residues 207–224 of CHMP4B bind to Bro1 (3). Surprisingly, 

upon a stepwise increase in Bro1 concentration (75, 150, and 450 μM of Bro1; Fig. 4.7 A–B), the 

cross-peaks of residues 160–180 (α5) of CHMP4C121-233
S191C  and residues 153–183 (α5) of 

CHMP4B121-224
S184C  were progressively attenuated, establishing that these α5-motifs represent low-

affinity sites for Bro1. These results are in excellent agreement with the above observations that 

showed that residues 54–72 and 347–349 of Bro1 bind to motifs located in the N-terminal portions 

of CHMP4 constructs (cf. Fig. 4.5 A–B). TALOS-N derived helical propensities obtained from 

the backbone chemical shifts of CHMP4 paralogs in the presence of Bro1 are shown in Fig. 4.7.2 

A–B. Extensive line broadening precluded a detailed analysis of the helical propensities of the 

high and low-affinity CHMP4 sites in their Bro1-bound forms, and no noticeable changes were 

observed in regions that did not bind to Bro1. However, a gradual increase in 15N-ΔR2 values of 

residues surrounding the high and low-affinity sites indicates that these motifs are likely ordered 

in the presence of Bro1 (Fig. 4.7.2 C–D). Note that the high-affinity sites (α6 motifs) of CHMP4 

paralogs form ordered helices with Bro1 as evidenced by X-ray crystallography (3) [cf. Fig. 4.1.1 
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A] and that 15N-ΔR2 or lifetime line broadening (44, 45) are the differences observed in 15N-R2 

values of CHMP4 fragments with and without Bro1. 

The titration experiments performed on 150 μM 15N-labeled CHMP4 proteins and 

unlabeled PRD703-800
Strep  (75, 150, and 450 μM) yielded negligible 1HN/15N cross-peak attenuation but 

large chemical shift perturbations, especially with 450 μM PRD703-800
Strep , a manifestation of fast 

exchange on the chemical shift time scale (ΔH/N ~0.13–0.5 ppm; Fig. 4.7 C–D and Fig. 4.7.1 C–

D). These chemical shift changes were considerably larger than the small perturbations observed 

for samples comprising 150 μM 15N-labeled PRD703-800
Strep  and 450 μM unlabeled CHMP4 paralogs 

(cf. Fig. 4.5 C), indicating that although CHMP4-bound PRD703-800
Strep  remains disordered, the 

CHMP4 motifs that bind to PRD703-800
Strep  form ordered bound conformations. The large chemical 

shift changes (ΔH/N ≥ 0.125 ppm) observed in samples comprising 150 μM CHMP4 proteins and 

450 μM PRD703-800
Strep  were localized at residues 134–146, 152, 164–175 of CHMP4C121-233

S191C  and 

residues 140–143 and 162–179 of CHMP4B121-224
S184C  (cf. Fig. 4.7 C–D). In comparison, the C-

terminal portions, residues 180 onwards, of both CHMP4 constructs showed minimal 

perturbations. A noticeable increase in TALOS-N-derived helical propensities (≥ 0.5) for residues 

130–132 and 142–149 (α4) of CHMP4C121-233
S191C  and residues 162–177 (α5) of CHMP4B121-224

S184C  were 

observed with PRD703-800
Strep  (Fig. 4.7 E–F). Furthermore, residues of the α5 motif of CHMP4C121-233

S191C  

that formed a stable helix in free form (cf. Fig. 4.6 D, upper), also displayed increased helicity in 

the presence of PRD703-800
Strep , especially for residues 163–170 (helical propensity ~1). No marked 

changes in helicity were observed for the C-terminal portions, residues 180 onwards, of either 

CHMP4 constructs in the presence of PRD703-800
Strep . Elevated 15N-ΔR2 values (≥ 2.5 s-1) were 

obtained for residues 132–153 (α4) and 161–180 (α5) of CHMP4C121-233
S191C  and residues 161–180 
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(α5) of CHMP4B121-224
S184C  in the presence of PRD703-800

Strep  (Fig. 4.7 G–H), establishing an increased 

ordering of their bound conformations. Therefore, in contrast to CHMP4B121-224
S184C  where the binding 

to PRD703-800
Strep  is localized around the α5 motif, the binding interface involves a substantially larger 

N-terminal portion of CHMP4C121-233
S191C , namely α4 and α5 motifs, perhaps because folding of α5 

helix is a prerequisite for the interactions of CHMP4 paralogs with ALIX-PRD. Because residues 

734–768 of PRD703-800
Strep  exhibit chemical shift changes with CHMP4 proteins (cf. Fig. 4.5 C), we 

conclude that residues 734–768 of ALIX-PRD bind to the above-mentioned N-terminal CHMP4 

motifs. These results establish a large gain in helicity and structural order for CHMP4 paralogs 

upon their interactions with ALIX-PRD. To determine whether residual CHMP4 helices play a 

role in binding to ALIX-PRD, a phenomenon known as conformational selection or folding before 

binding (46-48), would require an extensive kinetic analysis, which is ongoing in our laboratory. 

The results of titration experiments performed on samples comprising 30 μM 15N/2H-

labeled CHMP4 constructs and 90 μM unlabeled ALIX1-868*
Strep  are shown in Fig. 4.7 I–J; unlike 

measurements mentioned-above, these experiments were carried out at lower concentrations to 

account for the increase in viscosity with ALIX1-868*
Strep . A complete attenuation of 1HN/15N cross-

peak heights of residues 165–173 (α5) and 220–233 (α6) of CHMP4C121-233
S191C  and residues 161–174 

(α5) and 210–224 (α6) of CHMP4B121-224
S184C  was observed with ALIX1-868*

Strep . These results 

complement the above findings and confirm that ALIX binds to both α5 and α6 motifs of CHMP4 

paralogs. To gain mechanistic insights, we generated an additional CHMP4C construct, 

CHMP4C121-233
S191C,AAA, that carried three alanine substitutions in its α6 motif (I225A, L228A, and 

W231A; Fig. 4.7, Upper). A single alanine substitution for each of these three highly conserved 

hydrophobic residues was previously shown to abolish α6 (CHMP4) – Bro1 (ALIX) interactions 
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(3). The results of NMR titration experiments carried out using 30 μM 15N/2H-labeled 

CHMP4C121-233
S191C,AAA, with and without 90 μM unlabeled ALIX1-868*

Strep  are shown in Figs. 4.7 K and 

4.7.3. As expected, the cross-peaks of the α6 motif of CHMP4C121-233
S191C,AAA, did not show any signal 

attenuation or chemical shift perturbations in the presence of ALIX1-868*
Strep . Resonances of residues 

163–172 (α5), however, underwent signal attenuation, albeit to a lower extent as compared to 

CHMP4C121-233
S191C  + ALIX1-868*

Strep  titration. These observations establish that, in the absence of α6 – 

ALIX1-868*
Strep  hydrophobic interactions, the anionic α5 motif of CHMP4C can independently bind to 

ALIX. Thus, we propose that ALIX and full-length CHMP4 interactions will comprise 

hydrophobic (high-affinity) and electrostatic (low-affinity) associations, involving the α6 and α5 

motifs of CHMP4 paralogs and Bro1 and PRD of ALIX (Fig. 4.7 L). These intermolecular 

interactions will, in turn, prevent the intramolecular association between α5 and the N-terminal 

CHMP4 motifs (α1–α2), thereby triggering the cascade of conformational changes resulting in 

CHMP4 activation (cf. Fig. 4.6 A). The thermodynamics of binding between CHMP4 paralogs 

and ALIX1-868*
Strep  were characterized by isothermal titration calorimetry (ITC; Fig. 4.7 M-N). 

Excellent agreement was obtained by fitting the experimental isotherms to an independent-sites 

binding model in the software NanoAnalyze (TA Instruments), yielding the equilibrium 

dissociation constants, KD, of 0.6 ± 0.1 μM for CHMP4C121-233
S191C  – ALIX1-868*

Strep  and 0.9 ± 0.1 μM for 

CHMP4B121-224
S184C  – ALIX1-868*

Strep  interactions (Table 4.2). Experimentally determined values of the 

parameter n (where n is the number of binding sites) were very close to unity, which established a 

1:1 stoichiometry of these interactions. Similar KD values were obtained for the interactions of 

Bro1 with CHMP4C121-233
S191C  and CHMP4B121-224

S184C  (0.9 ± 0.1, and 1.0 ± 0.2 μM, respectively; Table 

4.2), implying that the association of CHMP4 paralogs and ALIX is primarily governed by the 
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Bro1 domain and that the interactions with ALIX-PRD are considerably weaker, consistent with 

the above NMR results. To determine the impact of salt on these interactions, we carried out 

additional ITC measurements in the presence of 150 mM NaCl, yielding a KD of 6.1 ± 0.7 μM for 

CHMP4C121-233
S191C  – ALIX1-868*

Strep  interactions (Table 4.2). Similar ITC measurements carried out in 

the presence of 150 mM NaCl did not detect any noticeable CHMP4C121-233
S191C,AAA – ALIX1-868*

Strep  

interactions, which further confirmed the electrostatic association between the anionic α5 motif of 

CHMP4C and ALIX (Table 4.2). Overall, the above measured KD values are notably stronger than 

those reported in a previous study (3), which used surface plasmon resonance to characterize the 

binding between CHMP4 analogs mimicking the α6 motifs and Bro1 (KD ~40 μM), further 

corroborating that both α5 and α6 motifs of CHMP4 paralogs bind to ALIX (and Bro1), and that 

this larger binding interface is responsible for the increased binding affinity observed here. 
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Figure 4.7: NMR and IITC analyses of CHMP4-ITC interactions 

(Upper) Schemes of constructs used in these experiments. The reduction in 1HN/
15N cross-peak heights of 

150 μM 15N-labeled (A) CHMP4C121-233
S191C  and (B) CHMP4B121-224

S184C  as a function of increasing amount of 
unlabeled Bro1. The color scheme is as follows: CHMP4 fragments + Bro1 molar ratio = 1:0.5 (magenta), 
1:1 (green), and 1:3 (blue). The perturbations in 1HN/15N chemical shifts of 150 μM 15N-labeled (C) 
CHMP4C121-233

S191C  and (D) CHMP4B121-224
S184C  as a function of increasing amount of unlabeled PRD703-800

Strep ; same 
color scheme as panels A and B. Dashed lines indicate proline residues or residues that could not be 
assigned unambiguously. TALOS-N derived helical propensities of (E) CHMP4C121-233

S191C  and (F) 
CHMP4B121-224

S184C , in the presence (blue bars) and absence (red lines; also see Fig. 4.6 D–E, upper) of 
PRD703-800

Strep . Missing residues are shown as gaps. 15N-ΔR2 profiles measured on (G) CHMP4C121-233
S191C  + 

PRD703-800
Strep  and (H) CHMP4B121-224

S184C  + PRD703-800
Strep  samples at 800 MHz (30 ºC); 15N-ΔR2, lifetime line 

broadening (44, 45), are the differences observed in 15N-R2 values of CHMP4 fragments recorded with and 
without PRD703-800

Strep . Protein concentrations were 150 μM 15N-labeled CHMP4 paralogs and 450 μM 
unlabeled PRD703-800

Strep ; also see Fig. 4.6 D–E (lower) for 15N-R2 values of CHMP4 fragments recorded in 
the absence of PRD703-800

Strep . The reduction in 1HN/15N cross-peak heights of 30 μM 15N/2H-labeled (I) 
CHMP4C121-233

S191C , (J) CHMP4B121-224
S184C , and (K) CHMP4C121-233

S191C,AAA in the presence of 90 μM unlabeled 
ALIX1-868*

Strep . In all panels, the affected regions are highlighted with semitransparent red rectangles. (L) 
Scheme summarizing ALIX–CHMP4 interactions found in this study. ITC analyses of the titrations of 500 
μM (M) CHMP4C121-233

S191C  and (N) CHMP4B121-224
S184C  into 50 μM ALIX1-868*

Strep ; also see Table 4.2. 
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Table 4.2: Summary of thermodynamic parameters for the interactions between CHMP4 paralogs 
and ALIX1-868*

Strep  /Bro1 obtained by fitting ITC data to independent sites model  
 
All ITC measurements were performed at 25 °C; ΔH = enthalpy and -TΔS = entropy of dissociation. Errors 
were calculated from two-three independent titrations, performed by varying the concentrations of involved 
proteins. To determine the impact of salt on ALIX1-868*

Strep  – CHMP4C interactions, additional ITC 
measurements were carried out in the presence of 150 mM sodium chloride; note that all other ITC 
measurements were carried out in the absence of sodium chloride. For ALIX1-868*

Strep  –  CHMP4C121-233
S191C,AAA 

interactions, the sample concentrations were 1500 μM CHMP4C121-233
S191C,AAA and 300 μM ALIX1-868*

Strep . All 
remaining measurements were preformed using 300-500 μM CHMP4 paralogs, CHMP4C121-233

S191C  and 
CHMP4B121-224

S184C , and 30-50 μM ALIX1-868*
Strep  or Bro1. 

 
 

 KD 
(μM) 

n ΔH 
(kcal/mol) 

-TΔS 
(kcal/mol) 

CHMP4C121-233
S191C       

+ ALIX1-868*
Strep  0.6 ± 0.1 1.00 ± 0.02 -4.8 ± 0.2 -3.7 ± 0.3 

+ALIX1-868*
Strep  (with 150 mM NaCl) 6.1 ± 0.7 1.09 ± 0.01 -3.0 ± 0.2 -4.1 ± 0.3 

+ Bro1 0.9 ± 0.1 1.20 ± 0.1 -5.0 ± 0.1 -3.3 ± 0.1 

 
CHMP4B121-224

S184C       

+ ALIX1-868*
Strep  0.9 ± 0.1 1.05 ± 0.04 -6.4 ± 0.8 -1.8 ± 0.9 

+ Bro1 1.0 ± 0.2 1.07 ± 0.06 -6.7 ± 0.03 -1.6 ± 0.1 

 
 
CHMP4C121-233

S191C,AAA  
    

+ ALIX1-868*
Strep  No binding was detected 
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Figure 4.7.1: NMR analysis of interactions between CHMP4 paralogs and ALIX domains 

Overlay of expanded regions of the 1H-15N TROSY-HSQC correlation spectra of 15N-labeled (A and C) 
CHMP4C121-233

S191C  and (B and D) CHMP4B121-224
S184C  in the absence and presence of unlabeled ALIX domains, 

namely Bro1 and PRD703-800
Strep . The concentrations of CHMP4 paralogs were 150 μM. The color scheme is 

as follows: CHMP4 paralogs in free form = light red, in the presence of 75, 150, and 450 μM of Bro1 / 
PRD703-800

Strep  = dark red, green, and blue, respectively. A few of cross-peaks are marked. Cross-peaks of the 
residues that undergo chemical shift changes upon addition of PRD703-800

Strep  are marked by arrows. Folded 
cross-peaks of residue G222 (CHMP4B121-224

S184C ) are marked with asterisks.  
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Figure 4.7.2: NMR analysis of CHMP4–Bro1 interactions 

TALOS-N (37) derived helical propensities of (A) CHMP4C121-233
S191C  and (B) CHMP4B121-224

S184C , in the 
presence (blue bars) and absence (red lines) of Bro1; obtained from the corresponding assigned backbone 
chemical shifts, namely 13Cα, 13Cβ, 13C’, 15N, and 1HN. Residues that undergo resonance-line broadening in 
the presence of Bro1 are marked by semi-transparent grey rectangles. 15N-ΔR2 profiles of (C) 
CHMP4C121-233

S191C  + Bro1 and (D) CHMP4B121-224
S184C  + Bro1 samples at 800 MHz (30 °C). Protein 

concentrations were as follows: 150 μM 15N-labeled CHMP4 paralogs and 450 μM non-labeled Bro1.  
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Figure 4.7.3: NMR analysis of CHMP4C121-233
S191C,AAA–ALIX1-868*

Strep  interactions 

Overlay of expanded regions of the 1H-15N TROSY-HSQC correlation spectra of 30 μM 15N/2H-labeled 
CHMP4C121-233

S191C,AAA in the absence (blue) and presence (red) of 90 μM unlabeled ALIX1-868*
Strep . A few of the 

cross-peaks of α5 motif that show signal attenuation upon addition of ALIX1-868*
Strep  are marked in green (1H-

15N cross-peak heights ratio = 0.25–0.5). Cross-peaks of α6 motif that did not show any signal attenuation 
are marked in magenta. A few other cross-peaks that show chemical shift perturbations are marked in black. 
Inset: Corresponding 1HN/15N chemical shift perturbation profile; semi-transparent blue rectangles indicate 
regions that exhibit chemical shift perturbations (ΔH/N ≥ 0.0125 ppm). Spectra were acquired at a 
spectrometer 1H frequency of 800 MHz (30 °C). Buffer conditions were the same as those described in Fig. 
4.5 caption. 
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4.8 Modulation of ALIX condensates by tyrosine phosphorylation and the impact of 

CHMP4C sequestration 

Cellular ACBs are regulated by PTMs, specifically by Aurora-B-mediated (serine) 

phosphorylation of CHMP4C (11). Furthermore, ALIX-PRD fibrils dissolve and reform upon 

reversible tyrosine phosphorylation mediated by Src and PTP1B (22, 23). Hence, we asked if these 

PTMs can modulate ALIX1-868*
Strep  condensates and the subsequent impact of the confinement of 

CHMP4 paralogs. Src-mediated hyperphosphorylation of ALIX1-868*
Strep  was confirmed by western 

blotting and mass spectrometry (MS; Fig. 4.8 A–B). To explore the impact of tyrosine 

phosphorylation on ALIX’s phase separation, 5 μM Src and 5 mM adenosine triphosphate (ATP) 

were mixed with ALIX1-868*
Strep  condensates (50 μM), and the resultant changes in droplet 

morphologies were visualized by fluorescence microscopy (Fig. 4.8.1 A). After ~10 min., bursts 

of fluorescent light were seen emanating from larger ALIX1-868*
Strep  droplets (≥ 5 μm in diameter), 

likely due to the disintegration of condensates into soluble species upon phosphorylation 

(Supplementary Files). After 30 min, no droplets were visible. Similar experiments performed 

without Src or ATP revealed minimal alterations in droplet morphologies with time (Fig. 4.8 C–

D), thereby ruling out photobleaching as the cause of the droplet disappearance observed for 

samples mixed with both Src and ATP. These results were confirmed by turbidity assays (Fig. 

4.8.1 B). Unlike negative controls, ALIX1-868*
Strep  droplets without Src or ATP that displayed no 

changes in turbidity, a rapid loss of turbidity was observed in ALIX1-868*
Strep  droplets mixed with Src 

and ATP with a half-time (t1/2) of ∼5 min, confirming the breakdown of higher-order ALIX 

multimers into soluble species upon phosphorylation. Because condensates of ALIX constructs 

displayed gel-like properties (e.g., slow fusion and little FRAP recovery), we propose that Src 
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accesses and phosphorylates the outer edges of these droplets, causing the phosphorylated species 

to slowly leach out, as evidenced by a gradual decrease in the droplet size with time; 

Supplementary Files captured using total internal reflection fluorescence (TIRF) microscopy. 

Hyperphosphorylated ALIX1-868*
Strep  (50 μM) did not phase separate with PEG-4000 (Fig. 4.8.1 C). 

The addition of 50 nM PTP1B, however, resulted in the reformation of condensates as 

dephosphorylation proceeded in real-time; the latter was confirmed by western blotting (Fig. 4.8 

E). The corresponding sigmoidal increase in turbidity (t1/2 ∼15 min) corroborated the restoration 

of condensates upon dephosphorylation, whereas samples without PTP1B showed no noticeable 

increase in turbidity (Fig. 4.8.1 D). These results establish that reversible tyrosine phosphorylation 

modulates ALIX’s phase separation. 

To assess the changes in Src-mediated dissolution of ALIX condensates comprising 

CHMP4 proteins, we performed microscopy experiments and turbidity assays on ALIX1-868*
Strep  

condensates containing increasing concentrations of CHMP4C121-233
S191C . These measurements were 

performed using 0.5 μM Src (as opposed to 5 μM Src that was used in above experiments). Under 

these conditions, a gradual loss of turbidity was observed in ALIX1-868*
Strep  condensates in the absence 

of CHMP4C121-233
S191C  (t1/2 ∼35 min; Fig. 4.8.1 E). In the presence of 2.5 and 10 μM CHMP4C121-233

S191C , 

the corresponding changes in turbidity were progressively minimal. Specifically, 10 μM 

CHMP4C121-233
S191C  in ALIX1-868*

Strep  condensates resulted in minimal alterations in droplet morphology 

and turbidity over a 90 min time-course (Fig. 4.8.1 E and Fig. 4.8.2). Therefore, the sequestration 

of CHMP4C in ALIX droplets modulates their Src-mediated dissolution (Fig. 4.8.1F), perhaps 

because both CHMP4C and Src compete for overlapping binding sites on ALIX-PRD (cf. Fig. 

4.1.1 A and 4.5 C). To test this, we analyzed the changes in Src-mediated phosphorylation of 

ALIX1-868*
Strep  condensates in the absence and presence of equimolar amount of CHMP4C121-233

S191C  using 
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western blotting (Fig. 4.8.3). Unlike the sample without CHMP4C121-233
S191C , a large decrease in band 

intensities of phosphorylated ALIX1-868*
Strep  was observed in the presence of CHMP4C121-233

S191C , 

establishing that colocalization of CHMP4C in ALIX droplets inhibits ALIX’s phosphorylation 

by Src. We thus propose that the dissolution of ALIX aggregates confined within cellular ACBs 

can be tuned by changes in Src kinase expression and activity, further supporting the important 

role of Src-family kinases in cytokinetic abscission. 
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Figure 4.8: Dissolution and formation of ALIX condensates upon reversible tyrosine phosphorylation 

(A) Time course of Src-mediated in vitro phosphorylation of ALIX1-868*
Strep  by western blotting (the primary 

and secondary antibodies were phospho-tyrosine mouse monoclonal and goat anti-mouse IgG, 
respectively). The numbers in parenthesis represent the concentrations of ALIX1-868*

Strep , Src, and ATP used 
for this experiment, namely 50 μM, 500 nM, and 5 mM, respectively. The gel-band for phosphorylated 
(pY) ALIX1-868*

Strep  Strep is marked. Note that the corresponding band of phosphorylated Src is not detected 
because of its low nanomolar concentration, and that ALIX1-868*

Strep  migrates anomalously on 4–12% Bis-Tris 
SDS-PAGE gel, likely due to its disordered PRD. (B) LC–ESI–TOFMS analysis of phosphorylated 
ALIX1-868*

Strep  revealed hyperphosphorylated state of ALIX1-868*
Strep  [ALIX carries 33 native tyrosine residues 

among which 11 are localized in the C-terminal portion of its PRD, residues 803 to 846 (23)]. The numbers 
in red represent the number of phosphorylated tyrosine residues, labeled as pY. The numbers in parentheses 
represent the corresponding masses in kDa. Representative control microscopy images establishing the lack 
of dissolution of Alexa-Fluor488- labeled ALIX1-868*

Strep  Strep condensates in the absence of (C) Src, and (D) 
ATP. (E) Time course of dephosphorylation of 50 μM hyperphosphorylated ALIX1-868*

Strep  by 50 nM PTP1B 
monitored by western blotting. The buffer conditions were as follows: 50 mM Tris, pH 7.5, 50 mM NaCl, 
2 mM DTT, 5 mM MgCl2 for the kinase reaction, and 20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM DTT, 
1 mM EDTA for the phosphatase reaction. Both reactions were carried out at room temperature. 
Additionally, the phase-separation experiments shown in panels C and D were carried out in the presence 
of 5% (w/v) PEG-4000.   
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Figure 4.8.1: Dissolution and formation of ALIX condensates upon reversible tyrosine 
phosphorylation 

(A) Time course of the dissolution of ALIX1-868*
Strep  Strep condensates upon Src-mediated phosphorylation, 

monitored by fluorescence microscopy. The concentrations of ALIX1-868*
Strep , Src, and ATP are specified in 

parenthesis. (B) Dissolution kinetics of ALIX1-868*
Strep  condensates monitored by turbidity assay (OD330 nm). 

The solid line and shaded region represent the mean and SD, respectively (n = 3). ALIX1-868*
Strep  condensates 

were incubated with Src + ATP (red), only Src (black), and only ATP (magenta); proteins and ATP 
concentrations were the same as in panel A. (C) PTP1B-mediated dephosphorylation of 
hyperphosphorylated ALIX1-868*

Strep  (labeled as pY) resulted in the formation of ALIX1-868*
Strep  condensates. 

Representative microscopy images at three time points are shown. (D) Kinetics of the formation of 
ALIX1-868*

Strep  condensates monitored by turbidity assay. pY-ALIX1-868*
Strep  (50 μM) was incubated with (blue) 

and without (red) PTP1B (50 nM), n = 3. (E) The changes in dissolution rates of ALIX1-868*
Strep  condensates 

as a function of increasing concentration of CHMP4C121-233
S191C , monitored by turbidity assay (n = 3). The 

concentrations of ALIX1-868*
Strep , Src, and ATP are noted in parenthesis. The concentrations of CHMP4C121-233

S191C  
were as follows: 0 (red), 2.5 (orange), and 10 μM (blue). Inset: A representative microscopy image of 
ALIX1-868*

Strep  droplets in the presence of 10 μM CHMP4C121-233
S191C  upon 90 min incubation; also see Fig. 4.8 

for images at the respective fluorescent channels as a function of time, and Fig. 4.8.2 for western blot 
analysis of changes in Src-mediated phosphorylation of ALIX1-868*

Strep  droplets with and without 
CHMP4C121-233

S191C . (F) Schematic of modulation of Src-mediated dissolution of ALIX condensates by 
CHMP4C. All above experiments were carried out at room temperature with 5% (w/v) PEG-4000. Buffer 
conditions are described in section 4.11.13. For fluorescence microscopy experiments, ALIX1-868*

Strep  and 
CHMP4C121-233

S191C  were labeled with Alexa-Fluor488 and ATTO-647N, respectively.  
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Figure 4.8.2: Time-course of the lack of Src-mediated dissolution of ALIX1-868*
Strep  droplets in the 

presence of CHMP4C121-233
S191C  

Representative confocal images of Alexa-Fluor488-labeled ALIX1-868*
Strep  condensates comprising 

CHMP4C121-233
S191C  at three time points, namely 0 min (A), 45 min (B), and 90 min (C). The following 

concentrations were used: 50 μM ALIX1-868*
Strep , 10 μM CHMP4C121-233

S191C , 500 nM Src, and 5 mM ATP in the 
presence of 5% (w/v) PEG-4000. 
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Figure 4.8.3: Western blot analysis of the changes in Src-mediated phosphorylation of ALIX1-868*
Strep  

droplets with and without  CHMP4C121-233
S191C  

The primary and secondary antibodies were phospho-tyrosine mouse monoclonal and IRDye 800CW goat 
anti-mouse IgG, respectively. Blot was visualized using the Odyssey XF imaging system (LICOR 
Biosciences). The gel-bands for phosphorylated (pY) ALIX1-868*

Strep  and Src are marked. The following protein 
concentrations were used: 50 μM ALIX1-868*

Strep  with and without 50 μM CHMP4C121-233
S191C , and 5 μM Src. 

Buffer and experimental conditions were as follows: 50 mM Tris, pH 7.5, 50 mM NaCl, 5 mM MgCl2, 2 
mM DTT, 5 mM ATP, 5% (w/v) PEG-4000, and room temperature. 
 
 

 
 
 
 
 
 
 
 



 
 

213 

4.9 Concluding remarks 

In summary, ALIX phase separates into gel-like condensates in vitro and in vivo, mediated 

by the amyloidogenic portion of its PRD. Recombinant CHMP4B and CHMP4C readily colocalize 

in ALIX condensates. Both CHMP4 paralogs used in this study are largely disordered, except for 

the α5 motif of the CHMP4C, which forms a stable helix. ALIX binds to α5 and α6 motifs of 

CHMP4 proteins, elucidating the molecular basis of ALIX-mediated CHMP4 activation as the 

intermolecular ALIX–CHMP4 interactions will likely relieve intramolecular autoinhibitory 

interactions between α5 and α1–α2 motifs in full-length CHMP4 proteins, thereby triggering their 

activation. ALIX condensates are modulated by PTMs where tyrosine hyperphosphorylation and 

dephosphorylation of ALIX via Src and PTP1B lead to their dissolution and reformation. Based 

on these results, we argue that PTM-mediated phase separation of ALIX will contribute to the 

biogenesis and stability of cellular ACBs and propose a model to illustrate how ALIX’s 

aggregation can control abscission timing (Fig. 4.9). Additionally, we note that the formation of 

phase-separated cellular compartments is primarily driven by the multivalent interactions of the 

sequestered biomolecules, often involving associations of their disordered regions (13). Eukaryotic 

PRDs frequently form such multivalent complexes due to their disordered nature and favorable 

binding properties (22). PRDs are also known to modulate cellular phase separation. For example, 

a recent report established that the PRD of microtubule-associated protein Tau drives its phase 

separation in vivo (49). Moreover, aromatic residues that are interspersed in the disordered protein 

regions promote phase separation through π-π stacking. In these regards, the importance of tyrosine 

residues was established by mutation and deletion studies (50-52) as well as by solution NMR 

analyses (53). PTMs, including tyrosine phosphorylation, are also known to regulate the formation 

and dissolution of biomolecular condensates. For example, phosphorylation of tyrosine residues 
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in RNA-binding proteins, namely cell cycle associated protein 1 [CAPRIN1] (54) and 

heterogeneous nuclear ribonucleoprotein 2 [hnRNPA2] (55), was shown to modulate their phase 

separation properties. The results presented here are in excellent agreement with these known 

observations. This is because the amyloidogenic portion of ALIX is enriched with proline and 

tyrosine residues (29% and 20%, respectively), which likely promote its phase separation via 

hydrophobic interactions, and that the introduction of negatively charged phosphoryl groups on 

tyrosine residues creates charge-charge repulsions, leading to condensate disassembly upon Src-

mediated phosphorylation. Hence, the condensates of recombinant ALIX can likely be described 

as simple coacervates, driven by the intermolecular associations of the amyloidogenic portion of 

its PRD. Additionally, the above observations suggest how the stability and composition of cellular 

condensates can be modulated by reversible tyrosine phosphorylation. While a detailed structural 

investigation of these intermolecular associations in vitro and their dynamic interplay with the 

corresponding PTMs will provide vital physical insights and is a topic of ongoing investigation in 

our laboratory, we note that the mechanism of the formation and dissolution of such condensates 

in vivo will be staggeringly more complex. Altogether, the results presented in this study uncover 

the phase separation of ALIX and its plausible role in regulating the timing of cell division. 
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Figure 4.9: Proposed role of ALIX’s phase separation in regulation of abscission 

Based on the findings of current study and prior results (10, 11, 20, 73), we hypothesize that phase 
separation of non-phosphorylated (non-pY) ALIX will play a vital role in the biogenesis and stability of 
ACBs during the active abscission checkpoint (although PTP1B was used in current study, the exact identity 
of the tyrosine phosphatase that dephosphorylates ALIX in vivo is not known; noted with a question mark). 
The sequestration of ALIX in ACBs will delay the localization of ALIX and subsequently ALIX-mediated 
localization of CHMP4B at the midbody. We propose that upon the resolution of the checkpoint, 
hyperphosphorylation (pY) of ALIX by Src kinase will dissolve ALIX assemblies into monomers. 
Subsequent localization of hyperphosphorylated ALIX monomers at the midbody would result in ALIX-
mediated localization of CHMP4B. ALIX, like other early-acting ESCRT-I factors that assemble into a 
scaffolding platform (74), may also polymerize into higher-order assemblies (marked by a question mark), 
facilitating the polymerization of CHMP4B filaments and thereby, CHMP4B-mediated membrane scission. 
We recently showed that monoubiquitination of ALIX via NEDD4-family E3 ligases, namely WWP2 and 
NEDD4L, promoted its fibrilization in vitro (75). Note that, like many ESCRT-proteins, ALIX is 
monoubiquitinated in vivo, which is important for its cellular functions (76, 77). Red dashed arrows 
represent known pathological aberrations in the shown processes, including the ovarian cancer-
predisposing CHMP4C mutation that overrides the checkpoint due to its defective association with ALIX 
(10) and ALIX-depletion that results in multinucleated cells (73).  
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4.11 Experimental procedures 

4.11.1 Data availability 

All ALIX, CHMP4, and CEP55 plasmids tested in this study have been deposited in the 

Addgene repository, https://www.addgene.org (accession no. 180023 [PRD800-868
Strep ], 180024 

[ALIX1-868*
Strep ], 180025 [ALIX1–868*], 191191 [ALIX1-868

mNGS], 191192 [ALIX1-868*
mNG ], 191193 

[ALIX1-702
mNG ], 180026 [CHMP4B121-224

S184C ], 180027 [CHMP4C121-233
S191C ], 190783 [CHMP4C121-233

G154C ], 

190784 [CHMP4C121-233
M165C ], 199242 [CHMP4C121-233

S191C,AAA], 180029 [PRD703-868*], and 186793 

[CEP55160-216
S215C ]). Note that the remaining ALIX constructs were deposited in the Addgene 

repository as a part of our previously published works (22, 23) (accession no. 164444 

[PRD703-868*
Strep ], 141344 [PRD703-800

Strep ], and 141345 [PRD800–868]). The chemical shift assignments of 

CHMP4B121-224
S184C  and CHMP4C121-233

S191C  have been deposited in the Biological Magnetic Resonance 

Bank, https://bmrb.io (accession no. 51513 and 51514).  

 

4.11.2 Materials 

PEG-4000 was purchased from Sigma-Aldrich (catalog no. 81240). Streptavidin Alexa- 

Fluor488 conjugate was purchased from Thermo Fisher Scientific (catalog no. S32354). ATTO-

390 maleimide, ATTO-488 NHS ester, and ATTO-647N maleimide were purchased from ATTO-

TEC GmbH (catalog no. AD 390-41, AD 488-31, and AD 647N-41, respectively) and were 

dissolved in DMF at a concentration of 10 mM. ATP was purchased from Sigma-Aldrich (catalog 

no. A2383) and was dissolved and buffered in 100 mM Tris, pH 7.5, at a concentration of 100 

mM. The phospho-tyrosine mouse monoclonal antibody was purchased from Cell Signaling 

Technology (catalog no. 9411). The secondary antibodies goat anti-mouse IgG and IRDye 800CW 

were purchased from Thermo Fisher Scientific (catalog no. G-21040 and NC9401841, 
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respectively). SDS-PAGE gels were purchased from Thermo Fisher Scientific (4–12% Bis-Tris 

gels, catalog no. NW04122BOX). Reagents for NMR isotopic enrichment were obtained from 

Cambridge isotope laboratories and Sigma-Aldrich. MTSL and MTS were purchased from 

Toronto Research Chemicals, Inc. (catalog no. O875000 and A167900, respectively).  

 

4.11.3 Recombinant protein expression and purification 

Codon-optimized constructs, ALIX1-868*
Strep , ALIX1–868*, PRD703–868*, PRD800-868

Strep , 

CHMP4C121-233
S191C , CHMP4C121-233

G154C , CHMP4C121-233
M165C , CHMP4C121-233

S191C,AAA, CHMP4B121-224
S184C , and 

CEP55160-216
S215C  were custom-synthesized from Azenta Life Sciences. The remaining constructs, 

PRD703-868*
Strep , PRD703-800

Strep , and PRD800–868, were reported in our previous works (22, 23). ALIX-

Bro1 and PTP1B were obtained from the Addgene repository, accession nos. 80641 (3) and 

102719 (56), respectively. Constructs of Src kinase, MBP28-396
E64C , and TEV protease were generous 

gifts from Albert van der Vliet (University of Vermont), G. Marius Clore (NIH), and David S. 

Waugh (NIH), respectively. See Fig. 4.1.2 for the design and subcloning of each recombinant 

construct tested in this study.  

Src kinase, PTP1B, PRD703-868*
Strep , PRD703-800

Strep , TEV protease, and MBP28-396
E64C  were expressed 

as described previously (22, 23, 45). All remaining constructs were expressed at 16 °C. Cells were 

grown at 37 °C in 1 L LB medium (MP Biomedicals, catalog no. 3002-036) at natural isotopic 

abundance or minimal M9 medium (22, 23) for isotopic labeling. About 30 min before induction, 

the temperature of the 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.  

The purification schemes of ALIX-Bro1, Src kinase, PTP1B, and TEV protease are 

described previously (22, 23, 45). For ALIX1-868*
Strep , cells were resuspended in a lysis buffer 
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containing 50 mM Tris, pH 8.0, 250 mM NaCl, 1 mM EDTA, and 1 mM DTT. Cells were lysed 

using EmulsiFlex-C3 (Avestin) before being cleared by centrifugation (48,380g, 30 min). The 

resultant supernatant was loaded onto a Strep-Tactin Sepharose column (Cytiva), pre-equilibrated 

with lysis buffer, and eluted in the same buffer containing 2.5 mM desthiobiotin. Eluted protein 

was diluted with a running buffer containing 50 mM Tris, pH 8.0, and 5 mM BME, and loaded 

onto a Q-Sepharose HP column (Cytiva) with a 0–1 M NaCl gradient in the same running buffer. 

Eluted protein was concentrated (Amicon ultra- 15, 30-kDa cutoff, EMD Millipore) and loaded 

onto a HiLoad 26/600 Superdex 200 pg column (Cytiva) pre-equilibrated with 50 mM Tris, pH 

8.0, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT. Relevant fractions were pooled, flash-frozen, 

and stored at -80°C. For the corresponding construct without the Strep tag, ALIX1–868*, a similar 

protocol was used. The cell lysate was initially loaded onto a HisTrap column (Cytiva) pre-

equilibrated with the lysis buffer mentioned-above (sans DTT) and eluted with a 0–1 M imidazole 

gradient. Eluted protein was further purified using a Q-Sepharose HP column as described above. 

Relevant fractions were mixed with TEV protease (molar ratio of 5:1) to cleave off the N terminal 

GB1 fusion tag. Proteolysis was performed at room temperature (~12 h) and assessed for 

completion using SDS-PAGE. The reaction mixture was loaded back onto a HisTrap column. The 

flow-through fractions of the hydrolyzed product were pooled, concentrated, and further purified 

using the above-mentioned sizing column, and subsequently stored at -80°C.  

A purification scheme like the one used for ALIX1–868* was used for CEP55160-216
S215C  and the 

CHMP4 constructs. Proteins were initially purified by nickel affinity chromatography (HisTrap 

column, Cytiva) followed by size exclusion chromatography (HiLoad 26/600 Superdex 75-pg 

column, Cytiva). The resultant fractions were mixed with TEV protease to cleave the N-terminal 



 
 

219 

GB1 fusion tag. After completion of proteolysis, the reaction mixture was purified using nickel 

affinity and size exclusion chromatography.  

ALIX-PRD constructs, PRD703-868*
Strep , PRD703-800

Strep , and PRD800–868, were purified by a 

combination of affinity chromatography and reverse-phase HPLC, as described previously (22, 

23). A protocol similar to the one used for PRD703-868*
Strep  was used for purification of PRD800-868

Strep . 

Cells resuspended in 50 mM Tris, pH 8.0, and 6 M GdmCl were lysed by heat shock (80 °C for 5 

min, followed by 10 min on ice) 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, pre-equilibrated with lysis buffer. The bound protein was washed with 10 column volumes 

of refolding buffer containing 50 mM Tris, pH 8.0, and 250 mM NaCl, and eluted in the same 

buffer using a 0–1 M imidazole gradient. Eluted fractions were pooled and mixed with 

recombinant TEV protease (molar ratio 50:1) to cleave off the N-terminal GB1 fusion tag. Upon 

completion of proteolysis (assessed using SDS-PAGE gel), the precipitated product was 

solubilized in 3 M GdmCl and 5% (v/v) DMSO, and further purified using reverse phase HPLC 

(Jupiter 10 μm C18 300 Å column) using a 25–37% acetonitrile gradient comprising 0.1% TFA. 

Pooled eluted fractions were lyophilized and stored at -80 °C.  

All protein constructs were verified by MS as described before (22, 23, 45).  

 

4.11.4 Sedimentation velocity AUC 

Sedimentation velocity experiments on ALIX1-868*
Strep  Strep and CHMP4 paralogs were 

carried out at 50,000 rpm and 30 °C on a Beckman Coulter ProteomeLab XL-I analytical 

ultracentrifuge and An50-Ti rotor following standard protocols (59). Stock solutions of proteins, 

dialyzed into a buffer containing 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM 
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EDTA, were diluted to ~40 μM, and loaded into 12 mm two-channel centerpiece cells. 

Sedimentation data were collected using optical detection systems for absorbance (280 nm) and 

interference (655 nm) and analyzed using our published protocols (22, 60-62). 

 

4.11.5 Fluorophore labeling 

CHMP4C121-233
S191C , CHMP4B121-224

S184C , and MBP28-396
E64C  were mixed with a 4-molar equivalent 

of ATTO-647N maleimide in 20 mM HEPES, pH 7.5, 50 mM NaCl, and 1 mM EDTA. The 

reaction was allowed to proceed for ~30 min before being quenched by the addition of 50- molar 

equivalent of BME. Unreacted dye was removed using a PD MidiTrap G-25 desalting column 

(Cytiva). A similar procedure was used to conjugate ATTO-390 to CHMP4B121-224
S184C . For TIRF 

microscopy, PRD703-868*
Strep  Strep was conjugated to ATTO-488 NHS ester. PRD703-868*

Strep  Strep was 

mixed with a 4-molar equivalent of ATTO-488 NHS ester in 50 mM HEPES, pH 7.5, and 20% 

(v/v) DMSO. The reaction was allowed to proceed for ~30 min, followed by the addition of 6 M 

GdmCl. The unreacted dye was removed by dialyzing the reaction mixture in 20 mM CAPS, pH 

10, and 50 mM NaCl (Slide-A-Lyzer G2 dialysis cassettes, Thermo Fisher Scientific). The 

fluorophore labeling efficiencies of CHMP4C121-233
S191C , CHMP4B121-224

S184C  and PRD703-868*
Strep  were 

determined by UV-Vis absorbance (~95% efficiency in all samples). For Alexa-Fluor488 labeling, 

0.2 mg/mL Streptavidin Alexa-Fluor488 conjugate was added to ALIX constructs carrying a C-

terminal strep tag (the concentrations of ALIX constructs were 50 μM each). To monitor Src-

mediated dissolution of ALIX1-868*
Strep  condensates, the concentration of Alexa-Fluor488 conjugate 

was lowered to 0.02 mg/mL.  
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4.11.6 Phase separation of ALIX constructs 

ALIX constructs (ALIX1-868*
Strep  and ALIX1–868*), were dialyzed in 20 mM HEPES, pH 7.5, 

50 mM NaCl, 1 mM DTT, and 1 mM EDTA. Phase separation was initiated by the addition of 5% 

(w/v) PEG-4000. In all samples, the protein concentration was maintained at 50 μM. For ALIX-

PRD constructs, PRD703-868*
Strep , PRD703-800

Strep  and PRD800-868
Strep , lyophilized samples were reconstituted 

in 20 mM CAPS, pH 10, and 50 mM NaCl and concentrated to ~2 mM stock solutions. Phase 

separation was induced by a rapid dilution of corresponding samples in the above-mentioned 

HEPES buffer comprising 5% (w/v) PEG-4000 to a final protein concentration of 50 μM.  

 

4.11.7 Microscopy 

Condensate samples were applied to microscope slides (Thermo Fisher Scientific; catalog 

no. 12-550-003) and sandwiched between coverslips (VWR; catalog no. 48366-227). Slides were 

incubated for 5 min at room temperature before imaging to allow condensates to adhere to the 

glass surface. DIC microscopy was performed on a Nikon Ti2 widefield microscope equipped with 

a DS-Qi2 CMOS camera and a 100x/1.49NA oil DIC N2 Objective. The sample was excited by a 

395/470/640 nm laser controlled by a Lumencor SpectraX for imaging of ATTO-390, Alexa-

Fluor488, and ATTO-647N, respectively.  

To determine the particle size, the condensates of ALIX1-868*
Strep , PRD703-868*

Strep , and PRD800-868
Strep  

were imaged in multiple 3x3 tile sets where each tile spanned an area of 100x100 μm2. Particles 

of an area ≥ 0.08 μm2 (with fluorescence above background) were identified using the analyze 

particles function in Fiji/ImageJ (63), and their diameters were determined assuming circular 

morphologies. For the corresponding constructs without the strep tag, particles were identified 

using condensate edges. To quantify ThT colocalization within the condensates, condensates of 
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ALIX1-868*
Strep , PRD703-868*

Strep , and PRD800-868
Strep  were prepared with 20 μM ThT and imaged immediately 

using a 470 nm laser. Images for each construct were collected under identical laser power, gain, 

and exposure time to facilitate a quantitative comparison of ThT fluorescence.  

In vitro FRAP experiments were performed on a Nikon point scanning confocal C2 with 2 

GaAsP PMTs using a Plan Apo λ 60x/1.4 NA oil objective. Data collection consisted of six pre-

photobleaching frames excited at 0.5% 488 nm laser power, followed by photobleaching with 2 

iterations of 50% 488 nm laser power directed at the bleaching area for 10 s, and subsequently 

excited at 0.2% 488 nm laser power at 0.5 s intervals for 120 frames as post-photobleaching 

frames. Images were corrected for background fluorescence and intensity from the bleached region 

was normalized against an unbleached region on a nearby condensate of similar size.  

Timelapse images of ALIX1-868*
Strep  + Src + ATP and pY-ALIX1-868*

Strep  + PTP1B reactions were 

acquired using an EVOS-M5000 imaging system (Thermo Fisher Scientific) equipped with a 

PlanApo N 60X oil objective and GFP and TagBFP LED cubes. All the above microscopy images 

were collected at ambient temperature and analyzed with Fiji/ImageJ (63).  

TIRF microscopy for timelapse imaging of Src-mediated dissolution of PRD703-868*
Strep  

condensates was performed on a Nikon Eclipse Ti2-E equipped with an iXon Ultra 897 EMCCD 

camera (Andor) and Apo TIRF 60x/1.49 NA Oil DIC N2 Objective. The TIRF angle was 

controlled by the N-STORM illumination arm in the Nikon Elements software. The sample was 

excited by a 488 nm laser (10% laser power) controlled by an Agilent laser box. The excitation 

light is reflected by a quad dichroic and the emission is filtered by a quad emission filter (emission 

window 502–549 nm). Images were acquired at 15 s intervals for 1.5 h. The spinning disk pinhole 

was 50 μm. 
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4.11.8 Living cells 

Plasmid of mNeonGreen in pcDNA3.1 was generated by PCR amplification from 

pmNeonGreen-N1 (Allele Biotechnology) using appropriate primers (Table 4.3). The 

BamHI/EcoRI digested PCR product was then ligated into BamHI/EcoRI-digested pcDNA3.1 

backbone. Plasmids of ALIX1-868*
mNG  and ALIX1-702

mNG  were generated from ALIX1-868*
Strep  plasmid by 

amplifying the respective segments using PCR and appropriate primers (Table 4.3). The resultant 

products were inserted into pcDNA3.1-mNG vector using Gibson assembly protocol and HiFi 

DNA assembly master mix (New England Biolabs; catalog no. E2621S). Plasmid of ALIX1-868
mNG  

was generated from ALIX1-868*
mNG  using PCR and appropriate primers containing the point mutation 

primers (Table 4.3). All three ALIX constructs were verified by Sanger sequencing (Azenta Life 

Sciences).  

HEK293T cells (ATCC, catalog no. CRL-3216) were cultured in Dulbecco’s modified 

Eagle medium (Thermo Fisher Scientific, catalog no. 11-885-084) containing 4.5 g/l glucose, 10% 

fetal bovine serum (Thermo Fisher Scientific, catalog no. 26-140-079), and 1% v/v penicillin-

streptomycin (Thermo Fisher Scientific, catalog no. 15-140-122). Cells were grown in humidified 

incubators (Heracell150) at 37 °C and with 5% carbon dioxide. Cells were checked for 

mycoplasma using Hoechst staining (Thermo Fisher Scientific; catalog no. 62249). For 

microscopy imaging, cells were plated on 35 mm glass-bottomed dishes (Cellvis, catalog no. D35-

14-1.5-N). Cells were transfected 2–24 h with 500 ng of plasmid after plating using 1.5 μL PolyJet 

in vitro DNA transfection reagent (SignaGen Laboratories; catalog no. SL100688) and imaged 

~24 h after transfection. Cell density was 50–80% confluent on the day of transfection.  

For all live-cell imaging experiments, cells were washed and incubated in Hanks’ balanced 

salt solution (Thermo Fisher Scientific; catalog no. 14065056) buffered with 20 mM HEPES, pH 
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7.4, and supplemented with 2 g/l glucose. Images were acquired on a Zeiss AxioObserver Z7 

microscope equipped with a 40x1.4 N./A. oil-immersion objective, Prime 95B sCMOS camera 

(Photometrics) controlled by MetaFluor fluorescence ratio imaging software (Molecular Devices, 

LLC). Imaging was performed using the ET480/30x excitation filter with a T505dcxr dichroic 

mirror, and a ET535/50x emission filter. All filters were alternated by a Lambda 10-2 filter-

changer (Sutter Instruments). Exposure times ranged between 50–500 ms. Raw fluorescence 

images were corrected by subtracting the background fluorescence intensity of a cell-free region 

from the emission intensities of ALIX-expressing cells. 

In-cell FRAP experiments were performed on a Nikon Ti2 C2 confocal microscope 

equipped with a CSU-X1 spinning disc (Yokogawa), a 100x1.49 NA oil objective (Nikon), and 

405/488/561/640 nm laser lines, dual Prime 95B sCMOS camera (Teledyne photometrics), 

Okolabs stage-top incubator, and OptiMicroscan FRAP box (Mad City Labs Inc.). The selected 

condensates were bleached for 500 ms with 405 nm laser (100% power) and observed using 488 

nm laser and a single bandpass filter (525/36 nm) every 1 s for 3 min post-bleaching. Intensity data 

was collected using NISElements and normalized.  
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Table 4.3 Primers used for mammalian expression 

 
Construct Forward primer Reverse primer 

pmNeonGreenN1 TAAGCTTGGTACCGAGCT 
CGGATCCATGGTGAGCAA 
GGGCGAG 

ACTGTGCTGGATATCTGCA 
GAATTCCATCACATCGGTA 
AAGGC 

ALIX1-868*
mNG   CTGGCTAGCGTTTAAACT 

TAAGCTTATGCATCACCA 
TCACCATCATGG 

CTGGCTAGCGTTTAAACT 
TAAGCTTATGCATCACCA 
TCACCATCATGG 

ALIX1-702
mNG   CTGGCTAGCGTTTAAACT 

TAAGCTTATGCATCACCA 
TCACCATCATGG 

CCTCGCCCTTGCTCACCA 
TGGATCCGCGTTCGGTTT 
TGCG 

 
ALIX1-868

mNG (for P801G mutation) 
 
GCCCCCCATATCCGACGTAC 

 
GTCGGATATGGGGGGCCTTG 

 

4.11.9 CD spectroscopy 

CD measurements (178–280 nm, 1 nm data pitch, continuous scanning with 1 nm 

bandwidth, 60 nm/min, and 5 accumulations) with ~10 μM CHMP4 paralogs in 10 mM sodium 

phosphate, pH 6.5, were carried out in 1 mm quartz cuvettes (Thermo Fisher Scientific; catalog 

no. NC9651589) using an Aviv model 215 spectrometer. CD data were analyzed as described 

previously (23).  

 

4.11.10 NMR Spectroscopy 

Samples of 15N-labeled or 15N/13C-labeled or 15N/2H or 15N/2H/13C-labeled CHMP4 

constructs, 15N/13C-labeled PRD703-800
Strep , and 15N/2H-labeled or 15N/13C/2H-labeled Bro1 were 

prepared in a buffer comprising 20 mM sodium phosphate, pH 6.5, 1 mM TCEP, and 2 mM EDTA. 

An identical buffer (sans TCEP) was used for intramolecular PRE experiments. All NMR samples 

contained 7% (v/v) deuterium oxide (D2O). 
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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 

(64) and analyzed using the CCPN software suite (65). Sequential 1H, 15N, and 13C backbone 

resonance assignments of CHMP4 constructs, in the absence and presence of Bro1/PRD703-800
Strep , 

were carried out using TROSY-based three-dimensional (3D) triple resonance experiments (66). 

3JHN-Hα couplings were measured on uniformly 15N-labeled CHMP4 paralogs (0.5 mM each) using 

a WATERGATE-optimized 2D TROSY pulse sequence (67). 15N-R1 and R1ρ measurements (68) 

were carried out on uniformly 15N-labeled CHMP4 paralogs (0.5 mM each) at 800 MHz using our 

previously described protocol (45). Intramolecular PREs were measured on two CHMP4C 

constructs (CHMP4C121-233
G154C  and CHMP4C121-233

M165C ) from the peak height ratios between two 2D 1H-

15N TROSY-HSQC spectra with paramagnetic (MTSL-labeled) and diamagnetic (labeled with 

acetylated diamagnetic analog of MTSL) samples, 0.2 mM each. The procedure for site-specific 

spin labeling is described in our previous work (23). Lifetime line-broadening (ΔR2) values of 

CHMP4 constructs are given by the difference in 15N-R2 values obtained in the presence and 

absence of ALIX domains, Bro1 and PRD703-800
Strep . NMR chemical shift perturbation experiments 

were performed using 0.15 mM 15N-labeled CHMP4 constructs and unlabeled Bro1 and 

PRD703-800
Strep  (0.075–0.45 mM). Similar experiments were carried out using 30 μM 15N/2H-labeled 

CHMP4 constructs, namely CHMP4C121-233
S191C , CHMP4C121-233

S191C,AAA, and CHMP4B121-224
S184C , and 90 μM 

unlabeled ALIX1-868*
Strep . Perturbations were calculated as follows: 

∆H/N={(∆δHN)2+(0.154×∆δN)2}1/2, where ΔδHN and ΔδN are the 1HN and 15N chemical shift 

differences in ppm, respectively, between free and bound states. Additionally, chemical shift 

perturbation experiments were performed using 0.1 mM 15N/2H-labeled Bro1 domain and 0.3 mM 

unlabeled CHMP4 constructs. The backbone resonance assignments for Bro1 were taken from our 
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previously published work (23) and further confirmed using TROSY-based 3D HNCA and HNCO 

experiments performed on samples comprising 0.5 mM 15N/2H/13C-labeled Bro1 and 1 mM 

CHMP4 paralogs, CHMP4C121-233
S191C  and CHMP4B121-224

S184C . Similar experiments were carried out 

using 0.15 mM 15N/13C-labeled PRD703-800
Strep  and 0.45 mM unlabeled CHMP4 constructs. Because 

of its high proline content (108 amino acids, ~28% proline residues), identical measurements were 

performed using 2D 13C-15N CON correlation experiments (69). The backbone resonance 

assignments for PRD703-800
Strep  were obtained from our published work (22). ΔH/N perturbations were 

calculated using the above-described formula. ΔC’/N perturbations were calculated using 

∆C'/N= ��0.3 ×∆δC'�
2
+(0.154×∆δN)2�

1/2
, where ∆δC' and ∆δN are the 13C’ and 15N chemical shift 

differences in ppm, respectively, between free and bound states. 

 

4.11.11 Isothermal titration calorimetry (ITC) 

ITC measurements were performed using a low-volume Affinity ITC calorimeter (TA 

Instruments). 1.6–2.6 μl aliquots of solutions containing between 300–500 μM CHMP4 paralogs, 

CHMP4C121-233
S191C  and CHMP4B121-224

S184C , were individually injected (20 injections) into a cell 

containing 30–50 μM ALIX1-868*
Strep  or Bro1. The experiments were performed at 25°C in the same 

buffer that was used for NMR measurements. Additional measurements of interactions between 

CHMP4C121-233
S191C  or CHMP4C121-233

S191C,AAA and ALIX1-868*
Strep  were carried out in the presence of 150 mM 

NaCl (the remaining buffer composition was the same as above). Note that for CHMP4C121-233
S191C,AAA 

– ALIX1-868*
Strep  interactions, the protein concentrations were 1500 μM CHMP4C121-233

S191C,AAA and 300 

μM ALIX1-868*
Strep . Results were analyzed using NanoAnalyze software (TA Instruments). 



 
 

228 

4.11.12 TEM 

The solution comprising condensates of 50 μM PRD703-868*
Strep  was incubated at room 

temperature for two days. TEM sample was prepared using our published protocol (70). TEM 

images were acquired using a JEM-1400Plus transmission electron microscope (JEOL) and 

recorded on a OneView digital camera (Gatan).  

 

4.11.13 Reversible tyrosine phosphorylation of ALIX 

To produce hyperphosphorylated (pY) ALIX1-868*
Strep , 50 μM ALIX1-868*

Strep , 5 μM Src, and 5 

mM ATP were mixed in a buffer containing 50 mM Tris (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 

and 2 mM DTT. The reaction was allowed to proceed for ∼18 h at 30 °C. Src was removed from 

the reaction mixture using a HisTrap column (Cytiva) pre-equilibrated with 50 mM Tris, pH 8, 

and 50 mM NaCl. The resultant flow-through fractions of pYALIX1-868*
Strep  were pooled, and excess 

ATP and ADP were removed using a HiPrep 26/10 Desalting column (Cytiva) pre-equilibrated 

with 20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA.  

The reaction mixtures comprising ALIX1-868*
Strep  + Src + ATP and pY-ALIX1-868*

Strep  + PTP1B 

(and corresponding control samples) were loaded into 1 mm quartz cuvettes (Starna Cells, Inc.) 

and turbidity measurements were recorded at OD330 nm every 30 s using an Agilent Cary 50 Bio 

UV-Vis spectrophotometer. Reversible tyrosine phosphorylation of ALIX1-868*
Strep  was also assessed 

using western blotting using our published protocol (22, 23).  
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