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In numerous neurogenerative diseases, microtubule-associated protein tau forms fibrillar 

aggregates that are hallmarks of disease pathology. Small heat shock proteins (sHSPs) are ATP-

independent molecular chaperones that play a critical role in maintaining protein homeostasis. 

Two sHSPs, HSPB1 (Hsp27) and HSPB5 (aB-crystallin), are constitutively expressed in the 

brain and neurons. Here, we show that HSPB1 and HSPB5 delay tau aggregation in vitro through 

distinct mechanisms determined by their disordered N-terminal regions (NTRs). HSPB1 inhibits 

tau aggregation under non-stress conditions, whereas HSPB5 requires activation by pH acidosis. 

Using chimeric constructs in which small NTR subregions are swapped, we identify different 

functional regions within the NTRs that modulate chaperone function for tau. The regions 

identified contain known sites of phosphorylation, suggesting that they are also functional 

control points that respond to cellular stress conditions. To further define how NTR sequence 

features encode function, NTR-ACD interaction network is perturbed through domain swaps, 

mutation, and hetero-oligomerization. Our findings support a model in which specific functional 



 

motifs within disordered NTRs of sHSPs govern activity and client preference in response to 

cellular stress. Finally, this thesis presents a systematic framework for organizing sHSP NTRs 

into five distinct Function Regions (FR-A through FR-E) across ten human sHSPs. This work 

also establishes experimental tools for understanding sHSP oligomerization and function.  
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1. Introduction  

1.1 Small heat shock protein function and organization  

Small heat shock protein function  

Cells rely on an interconnected network of molecular chaperones to maintain protein 

homeostasis and prevent irreversible aggregation (1-2). Small heat shock proteins (sHSPs) are a 

first line of defense in maintaining a healthy cellular condition by stabilizing misfolding proteins 

in an ATP-independent manner. The misfolded protein, or “client”, is stabilized by an sHSP until 

it can subsequently refold spontaneously or through the action of ATP-dependent chaperones like 

Hsp70 (3). Expressed throughout human tissues (4), sHSPs are sensitive to cellular stress signals, 

including oxidation, post-translational modifications, acidosis, and heat shock. In response to 

stress signals, sHSPs undergo structural rearrangements to take on more active states where 

chaperone activity is enhanced (5-7).  

The natural propensity of sHSPs to delay protein aggregation makes them attractive 

therapeutic targets for protein aggregation diseases including tauopathies. Indeed, efforts have 

been made to design small molecules or peptides that bind to sHSPs in the hope of controllably 

activating their chaperone effect (8-9). However, such approaches are limited by an incomplete 

understanding of how sHSPs are structurally organized, how they transition between inactive and 

active states, and how they recognize client proteins. This lack of understanding stems from 

properties of sHSPs that make them not amenable to traditional biochemical/biophysical 

techniques: they are largely (>50%) disordered and form large, polydisperse ensembles of 

oligomers ranging from dimers to 40-mers.  
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Small heat shock protein architecture 

sHSPs are composed of three domains: a disordered N-terminal region (NTR), a 

conserved and folded α-crystallin domain (ACD), and a disordered C-terminal region (CTR) 

(Figure 1.1). Since the NTR and CTR that flank the ACD are highly disordered and flexible, 

isolated ACDs remain the only structurally characterized component of sHSPs. Despite the gap 

in structural understanding of the whole protein, several key interactions have been identified 

that may contribute to sHSP oligomerization and activity. Dimerization of ACDs is a 

foundational process in the assembly of higher-order oligomers. Structural studies revealed that 

the ACD dimer bears three defined grooves: one dimer groove at the interface between two ACD 

protomers, and two hydrophobic edge grooves formed by β4-β8 strands of each ACD protomer 

(10). Both central and edge grooves are thought to act as a binding template for potential binding 

partners, including but not limited to clients, co-chaperones, and other sHSP protomers (11). In 

basal (non-stressed) conditions, the NTRs of sHSPs have been described to be sequestered within 

oligomers through interactions with the ACD grooves (14). Despite having only three (1 central 

groove, 2 edge grooves) binding pockets, each ACD dimer unit has been shown to have multiple 

binding partners (clients, co-chaperones, inter-/intra-molecular interactions with other sHSP, 

etc.). The presence of more binding sequences than binding sites is thought to be a major 

contributor to the heterogeneity of sHSP oligomers. These interactions are relatively long-lived 

and not random; in some cases, they are also orientation-specific. The term “quasi-ordered” is 

used to describe this ensemble of heterogeneous yet specific interactions facilitated by the NTRs 

(11). This structural plasticity and dynamics, governed by networks of inter- and intra- 

interactions, make sHSP a challenging system to study.  
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Figure 1.1 Architecture of small heat shock protein. Each sHSP is comprised of three domains: 

the disordered NTR (orange), structured ACD (green), and short disordered CTR (blue). ACD is 

the only structured domain of the protein that forms IgG-like beta-sheet sandwich. Edge groove 

and Dimer interface groove are indicated in arrows.  

 

1.2 Functional sub-regions in human small heat shock protein NTRs  

Small heat shock proteins are notoriously difficult to study, truly a monster of a 

biochemical beast! One major challenge in the sHSP field is the high level of complexity in 

sHSP organization and the lack of a systematic framework for examining and identifying 

patterns that underlie specific functions or interactions. One of the most important functions of 

sHSPs is to intervene in protein aggregation. However, protein aggregation itself is an inherently 

heterogeneous process and is difficult to reproduce consistently. Small variations in buffer 

composition, temperature, or agitation, can alter aggregation kinetics, making comparisons 

across studies difficult. Adding to this complexity, sHSPs themselves are also sensitive to 

experimental conditions, as mentioned above. As a result, systematic comparisons are rarely 

performed for sHSPs, limiting the ability to understand general features of sHSP biology.   
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As highlighted in the previous section, we have a relatively strong understanding of the 

structured ACD, including the specific grooves involved in oligomerization and client binding. 

However, an increasing number of studies point to the intrinsically disordered N-terminal region 

(NTR) to be essential for nearly every aspect of sHSP behavior, from oligomer plasticity to 

specific client chaperone activity. Despite this, no unifying or systematic organizational 

framework exists for the NTRs across the 10 human sHSPs. Evidence presented in this thesis, 

along with many other studies (11-14), indicates that short NTR segments carry distinct 

functional roles and likely encode client-specific interaction modes. 

Identifying and systematically organizing these NTR-subregions would help reveal 

common sequence patterns, shared biophysical properties, and interactive or regulatory sites 

within sHSPs. Building a framework for systematic organization would be invaluable for 

understanding the diverse functions of the NTR, uncovering common regulatory mechanisms, 

and explaining how these proteins achieve specificity despite their dynamic and disordered 

nature. To address this gap, this chapter proposes an organization for the NTRs of the 10 human 

sHSP into subregions defined by short sequence elements with specific or unique motifs and 

biophysical characteristics. Organization of NTR sub-regions in HSPB1 has been previously 

described (11), but the selection of sub-regions was guided by peptides used for NMR studies. 

The sub-region definition used in Chapter 2 of my thesis is also based on the Clouser 2019 

framework (Figure 1.2). However, sub-regions selection was only specific to HSPB1 features, so 

we sought to develop an organization scheme applicable to all 10 human sHSPs. Some human 

sHSPs have almost no information available regarding their structure or functions. Here, 

selection of NTR sub-regions was determined based on similar sequence, function, or binding. 

The NTRs share a high proline content distributed throughout the sequence, thus each sub-region 
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(with some exceptions) commonly ends with a proline residue. The newly proposed subregions 

are termed Functional Regions A-E (Table 1), to imply that each sub-region is associated with a 

specific function, binding, sequence features, and empirical observations (including HDX-MS 

for proteins with available data). Defining the NTR sub-regions as functional regions enables a 

more systematic and idiosyncratic approach for identifying shared roles, motifs, and biophysical 

features. With the exception of HSPB1 and HSPB3, all human sHSPs contain 5 recognizable 

sub-regions (Functional Regions A-E). HSPB1 contains an extra Insertion region and HSPB3 

lacks FR-B. The hydrophobicity of each sub-region is also examined using the Hopp-Woods 

scale to better characterize shared intrinsic properties within their NTRs.  

 

Figure 1.2: Sequence alignment of HSPB1 and HSPB5 NTR residues used in Chapter 2 thesis. 

The NTRs of HSPB1 and HSPB5 are divided into 5-6 short subregions, following Clouser et al. 

nomenclature for HSPB1. 
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FR-A FR-B FR-C FR-D Insertion FR-E Tissue localization 

 HSPB1 1-14 15-25 26-34 35-57 58-71 72-94 ubiquitous 
HSPB2 1-9 10-21 22-30 31-51 - 52-61 skeletal muscle and 

heart 
HSPB3 1-14 

 
14-22 23-45 - 46-58 skeletal muscle and 

heart 
HSPB4 1-11 12-19 20-28 29-50 - 51-59 eye lens 
HSPB5 1-13 14-20 21-29 30-51 - 52-74 ubiquitous 
HSPB6 1-15 16-25 26-34 35-58 - 59-73 ubiquitous 
HSPB7 1-12 13-24 25-33 34-58 - 59-70 skeletal muscle and 

heart 
HSPB8 1-17 18-27 28-36 37-66 - 67-79 ubiquitous 
HSPB9 1-7 7-11 12-20 21-37 - 38-44 testis 
HSPB10 1-12 13-24 25-33 34-83 - 84-96 testis 

Table 1.1: NTR organized in functional regions A-E (FR). NTR residues are organized in 5 

different functional regions (FR) for all 10 human sHSPs. Tissue localization for each sHSP is 

also shown in the last row. HSPB1 and HSPB5, the two small heat shock proteins that are 

discussed in this thesis is highlighted in pink (HSPB1) and blue (HSPB5).  

 

Functional Region A (FR-A) 

Functional Region A (FR-A) has been referred to as the “Distal” region in prior work (11-14). 

FR-A comprises the most N-terminal portion of the sHSP and in several sHSPs (HSPB1,HSPB3 

HSPB5, HSPB6), FR-A has an “IxI” motif that has been implicated in binding the ACD edge 

groove (11). The presence of an IxI motif in FR-A is not universal across all human sHSPs and 

several proteins contain more than one IxI motif (Table 1.2). The motifs also differ among 

sHSPs: for example, FR-A of HSPB1 (6VPFLS) is not strictly an "IxI" but rather has alternating 

hydrophobic residues that could bind in a manner similar to the alternating Ile in IxI. A canonical 

IxI exists in HSPB3 (4IIL), HSPB4 (3VTI), and HSPB5 (3IAI). In addition, HSPB3 and HSPB6 

exhibit “double IxI” features in their FR-A (10IEIPV in HSPB3 and 3IPVPV in HSPB6) while 
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50% of the human sHSPs (HSPB2, HSPB7, HSPB8, HSPB9, HSPB10) lack an obvious IxI 

motif altogether. This variability suggests that while edge groove engagement is a broadly 

conserved feature of FR-A in 50% of human sHSPs, the specific sequence requirements to 

achieve this interaction are flexible. Further, IxI-mediated binding to the edge groove in some 

sHSPs might be weaker than in others due to differences in IxI sequence and affinity and/or 

differences in the properties of the ACD groove. Previous HDX-MS supports this interpretation, 

as FR-A exists in variable sequestration patterns across proteins or conditions (Chapter 2-3). In 

the case of HSPB1 and HSPB5 oligomers, FR-A peptides exhibit bimodal exchange behavior, 

suggesting existence of two major conformations: one in which FR-A is more protected, 

presumably because it is bound to the ACD edge groove and a second population in which FR-A 

is solvent exposed and dynamic (11,14,15). 

Sequence 
information 

Start 
residue 

Sequence End 
residue 

Theoretical 
pI 

HSPB1 1 MTERRVPFSLL RGP 14 11.70 

HSPB2 1 MSGRSVP HAHP 11 9.54 

HSPB3 1 MAKIILR HLIEIPV 14 8.52 

HSPB4 1 MD VTIQ HPWFKRT 13 8.52 

HSPB5 1 MD IAI HHPWIRRP 13 9.39 

HSPB6 1 MEIPVPVQPSWLRRA 15 9.35 

HSPB7 1 MSHRTSST  FRAERS 14 11.70 

HSPB8 1 MADGQMPFSCHYPSRLR 17 8.0 

HSPB9 1 MQRVGNTFSNE 11 5.75 

HSPB10 1 MAALSCLLDSVR 12 5.59 

Table 1.2: Sequence information for the FR-A regions, including residue numbers, amino acid 

sequence, and theoretical isoelectric point (pI). Sequence features are color coded within each 

FR-A sequence: positively charged residues (blue), negatively charged residues (red), proline 
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residues (purple), and aromatic residues (orange). The “IxI” sequence motif, which binds to the 

ACD edge groove, is shown in bold.  

 

 Analysis of FR-A hydrophobicity using the Hopp & Woods scale (Uniprot.org/ProtScale) 

reveals an overall pattern in which a hydrophobic segment spanning approximately residues 4-10 

is sandwiched between stretches of polar residues (Figure 1.3). The IxI motif often falls within 

this hydrophobic patch. This sequence organization may be a strategy used by IDRs where polar 

residues preserve disorder and solubility, while the hydrophobic patch holds motifs that serve as 

important interaction modules.  

 

Figure 1.3: Hydrophobicity plot of the FR-A region calculated using the Hopp & Woods scale 

using with the ProtScale function on UniPro.org. Positive values indicate hydrophilicity and 

negative values indicate hydrophobicity, as shown by the arrow on the left side of the figure. 
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Hydrophobicity value for each residue was calculated using a three residue sliding window, with 

individual amino acid values based on Hopp & Wood hydrophobicity scale (see Appendix Figure 

1). Residue numbers correspond to HSPB1, with residues from other sHSP aligned accordingly. 

Each sHSP is annotated in different colors as shown in the side legend. 

 

 FR-A is enriched in sequence features commonly associated with IDRs, including a high 

content of proline, polar, and charged residues (Table 1.3). Protein folding is discouraged in 

IDRs partly because their sequence composition is depleted in hydrophobic amino acids that can 

engage in intramolecular interactions (16). Enrichment of proline residues is also characteristic 

of IDRs. Proline has unique chemistry due to its cyclic side chain yet its effects on IDR 

ensembles remain highly debated. Prolines are generally considered disorder-promoting, due in 

part to steric effects that make chain dimensions more expanded and suppress transient helicity 

and beta-strand formation (17). Proline has also been shown to form polyproline II (PPII) 

structure, a helical secondary structural element with three residues per turn, that yields a locally 

expanded conformation (18-21). Conversely, recent work suggests that proline can have a dual 

role in IDR structure by not only promoting disorder but also compaction. Isolated prolines can 

promote local turns and increase intramolecular contacts, resulting in more compact ensembles 

(22-23). Thus, proline residues can influence disordered ensembles toward expansion or 

compaction depending on sequence and environmental context. In most FR-A sequences, 

prolines are relatively evenly distributed rather than clustered, with HSPB6 being the exception 

due to the high proline content within its IxI motif. Evenly spaced prolines may help to maintain 

FR-A in a disordered and soluble state by preventing secondary structure formation. 

Alternatively, these prolines may facilitate conformational switching by cis/trans isomerization, 
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allowing the region to sample bound and unbound conformations efficiently. While it is difficult 

to assign a single role to FR-A prolines without additional experiments, the conserved content of 

prolines across FR-A sequences highlights their importance in the dynamics and conformational 

plasticity of FR-A mediated interactions.    

sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

P-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 1 3 +2 - 0 P7,P14 1 

HSPB2 0 1 +1 - 2 P7, P11 0 

HSPB3 1 2 +1 - 1 P13 0 

HSPB4 1 2 +1 - 1 P8 2 

HSPB5 1 2 +1 - 2 P8, P13 1 

HSPB6 1 2 +1 - 0 P4, P6, P9 1 

HSPB7 1 3 +2 S7,S14 1  1 

HSPB8 1 2 +1 - 1 P7, P13 1 

HSPB9 1 1 0 - 0  1 

HSPB10 1 1 0 - 0  0 

Table 1.3: Sequence feature information for the FR-A regions, including numbers of charged 

residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic residues  

 

Another notable feature of FR-A in several sHSPs is the presence of an aromatic residue 

(W or F) followed by 1-2 basic residues near the C-terminal end of the sub-region, three residues 

after the IxI-motif. Examples include HSPB4 (9WFKR), HSPB5 (9WIRR), and HSPB6 

(11WLRR). Variants of this motif can be described generally as (ΦxRR, ΦxKK, ΦxRK (Φ = F, Y, 

or W)). Such motifs could strengthen intramolecular docking interactions for the bound FR-A 

population. Aromatic residues can stabilize binding through hydrophobic packing, π- π 

interactions, and cation- π (24-27), while adjacent basic residues (R/K) can bind with negatively 
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charged patches on the ACD surface. Together, these interactions could reinforce ACD binding in 

addition to the IxI binding with the ACD edge groove, thereby increasing the stability of the 

bound state. Further mapping of the ACD electrostatic landscape around the edge groove in 

which FR-A binds would be valuable for determining whether these residues contribute to 

differences in NTR sequestration between sHSPs.  

 

Functional Region B (FR-B) 

Functional region B (FR-B) had been described previously as the “Aromatic” region in 

HSPB1, as it contains an unusually high density of aromatic residues (11). FR-B is characterized 

by a distinctive grammar of aromatic residues interspersed among prolines (Table 1.4). This 

motif-like sequence is observed across several sHSPs, suggesting that FR-B may hold functional 

roles or interactions. The proline spacing in FR-B likely contributes to maintaining disorder, 

while aromatic residues could engage in numbers of interactions as stated in FR-A section. 

Aromatic residues in IDRs are frequently associated with transient intramolecular stabilization 

and, in some contexts, client binding (28). Based on the study presented in Chapter 2 of this 

thesis, FR-B is hypothesized to contribute directly to chaperone activity in vitro (14). FR-B is 

also a hotspot for regulatory elements, including phosphorylation sites and histidine in several 

sHSPs (Table 1.5). PTMs and pH-sensitive Histidine residues within IDRs have been proposed 

to edit the “grammar” of IDR ensembles by changing their sequence chemistry, hence 

modulating the conformation in a reversible and controllable way (29). In sHSPs, 

phosphorylation and histidine could represent mechanisms by which FR-B tunes the balance 

between NTR sequestration and exposure. Consistent with this model, in HSPB1, NMR 

experiments using  a peptide corresponding to FR-B show chemical shift perturbations in the 
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ACD upon peptide addition, and these perturbations are weakened when the analogous peptide is 

phosphorylated at S15 (11). In other words, FR-B appears to participate in NTR-ACD 

interactions and PTMs can regulate the equilibrium between bound and unbound NTR states.  

While there are some shared features in this region, the FR-B sequences are variable 

across the human sHSP. Some proteins, such as HSPB7, contain serine-repeats, while others like 

HSPB4 and HSPB5 are short and hydrophobic, and HSPB1 exhibits alternating 

hydrophobic/polar patterns (Figure 1.4). HSPB8 and HSPB10 are also different in this region, 

showing more charged residues and fewer hydrophobic/aromatic residues. FR-B is also absent in 

HSPB3 and HSPB9, suggesting that this region is not universally required and may instead 

provide protein-specific regulatory or functional roles.  

Sequence 
information 

Start 
residue 

Sequence End 
residue 

Theoretical 
pI 

HSPB1 15 SWDPFRDWYPH 25 5.19 

HSPB2 12 AT AEYEFANP 21 3.80 

HSPB3 - - - - 

HSPB4 14 LG P   FY P 19 5.52 

HSPB5 14 FF P   FHSP 20 6.74 

HSPB6 16 SA PLPGLSAP 25 5.24 

HSPB7 15 FHSSSSSSSS 24 6.74 

HSPB8 18 RDPFRDSPLS 27 5.96 

HSPB9 - - - - 

HSPB10 13 RDIKKVDRELRQ 24 9.98 

Table 1.4: Sequence information for the FR-B regions, including residue numbers, amino acid 

sequence, and theoretical isoelectric point (pI). Sequence features are color coded within each 
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FR-B sequence: positively charged residues (blue), negatively charged residues (red), proline 

residues (purple), and aromatic residues (orange).  

 

 

Figure 1.4: Hydrophobicity plot of the FR-B region calculated using the Hopp & Woods scale 

using with the ProtScale function on UniPro.org. Positive values indicate hydrophilicity and 

negative values indicate hydrophobicity, as shown by the arrow on the left side of the figure. 

Hydrophobicity value for each residue was calculated using a three residue sliding window, with 

individual amino acid values based on Hopp & Wood hydrophobicity scale (see Appendix Figure 

1). Residue numbers correspond to HSPB1, with residues from other sHSP aligned accordingly. 

Each sHSP is annotated in different colors as shown in the side legend. 
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sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

Phos-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 2 1 -1 S15 1 P18,P24 4 

HSPB2 2 0 -2 - 0 P21 2 

HSPB3 - - - - - - - 

HSPB4 0 0 0 - 1 P16,P19 2 

HSPB5 0 0 0 S19 1 P16, P20 3 

HSPB6 0 0 0 S16 0 P18, P20, P25 0 

HSPB7 0 0 0 - 1 - 1 

HSPB8 2 2 0 S24 0 P20, P25 1 

HSPB9 - - - - - - - 

HSPB10 3 5 +2 - 0 - 0 

Table 1.5: Sequence feature information for the FR-B regions, including numbers of charged 

residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic residues.  

 

Functional Region C (FR-C) 

Functional Region C (FR-C) is the most conserved region within the NTR across the sHSP 

family. This conservation suggests strong evolutionary pressure to preserve its role in sHSP 

architecture. FR-C commonly begins with serine, followed by a conserved arrangement of 

charged and hydrophobic residues, then often includes one or more phenylalanine and a small 

residue like glycine near the C-terminal end (Table 1.6, Figure 1.5). Unlike other functional NTR 

regions, FR-C contains no known phosphorylation sites and no histidines (Table 1.7). FR-Cs 

have been observed to bind to central grooves in several sHSPs (11,13). This suggests that FR-C 

is a key structural or functional element that is not itself regulated through pH or 

phosphorylation, but instead through binding to the ACD dimer interface. HSPB7 has the most 

divergent FR-C sequence in human sHSPs, suggesting either altered organization or reduced 
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reliance on this conserved interaction. More broadly, the high conservation of FR-C highlights 

this region as a core element of the quasi-order network shared across the sHSP family. Future 

experiments testing whether FR-C is exchangeable between sHSPs would provide insights into 

which protein-specific interactions govern sHSP structure and function.  

Sequence 
information 

Start 
residue 

Sequence End 
residue 

Theoretical 
pI 

HSPB1 26 SRLFDQAFG 34 5.55 

HSPB2 22 SRLGEQRFG 30 9.31 

HSPB3 14 VRYQEEFEA 22 4.25 

HSPB4 20 SRLFDQFFG 28 5.55 

HSPB5 21 SRLFDQFFG 29 5.55 

HSPB6 26 GRLFDQRFG 34 9.60 

HSPB7 25 STSSSASRA 33 9.47 

HSPB8 28 SRLLDDGFG 36 4.21 

HSPB9 12 SRVASRCPS 20 10.35 

HSPB10 25 LRCIDEFST 33 4.37 

Table 1.6: Sequence information for the FR-C regions, including residue numbers, amino acid 

sequence, and theoretical isoelectric point (pI). Sequence features are color coded within each 

FR-C sequence: positively charged residues (blue), negatively charged residues (red), proline 

residues (purple), and aromatic residues (orange).  
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Figure 1.5: Hydrophobicity plot of the FR-C region calculated using the Hopp & Woods scale 

using with the ProtScale function on UniPro.org. Positive values indicate hydrophilicity and 

negative values indicate hydrophobicity, as shown by the arrow on the left side of the figure. 

Hydrophobicity value for each residue was calculated using a three residue sliding window, with 

individual amino acid values based on Hopp & Wood hydrophobicity scale (see Appendix Figure 

1). Residue numbers correspond to HSPB1, with residues from other sHSP aligned accordingly. 

Each sHSP is annotated in different colors as shown in the side legend. 
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sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

P-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 1 1 0 - 0 - 2 

HSPB2 1 2 +1 - 0 - 1 

HSPB3 3 1 -2 - 0 - 2 

HSPB4 1 1 0 - 0 - 3 

HSPB5 1 1 0 - 0 - 3 

HSPB6 1 2 +1 - 0 - 2 

HSPB7 0 1 +1 - 0 - 0 

HSPB8 2 1 -1 - 0 - 1 

HSPB9 0 2 +2 - 0 P19 0 

HSPB10 2 1 -1 - 0 - 1 

Table 1.7: Sequence feature information for the FR-C regions, including numbers of charged 

residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic residues.  

 

Functional Region D (FR-D) 

Functional Region (FR-D) corresponds to a region previously described in HSPB5 as a 

Long Hydrophobic and in HSPB1 as a “Trp-rich” region (11). FR-D contains multiple prolines, 

aromatic, and aliphatic residues, producing a strongly hydrophobic character relative to other 

NTR regions (Table 1.8). Hydrophobicity is broadly conserved across the sHSP, especially after 

the first ~7 residues of FR-D. The net charge of FR-D is slightly negative in most sHSPs, with 

HSPB1 having a neutral net charge and HSPB9 having a positive net charge. Although 

hydrophobic residues dominate, FR-D also contains charged residues that tend to cluster, 

particularly at the N-terminal end of the sequence. Notably, like FR-A, FR-D displays an 

alternating pattern of polar and hydrophobic residue patches, beginning with a short polar 

segment followed by an extended hydrophobic stretch (Figure 1.6). In most sHSPs, this 
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hydrophobic stretch contains multiple aromatic residues interspersed with prolines, similar to the 

pattern observed in FR-B. The sequence composition here may be supporting transient intra- 

inter-molecular interaction and/or client engagement. Indeed, FR-D of HSPB5 contains residues 

(“Critical region”) implicated in chaperone function and activation (12). The presence of 

hydrophobic elements in other sHSPs raises the possibility that FR-D provides a conserved 

client-binding surface or other functionally relevant interactions. At the same time, sequence 

differences within FR-D could give rise to divergent functions or client specificity in this region. 

FR-D also harbors phosphorylation sites in multiple sHSPs (HSPB4, HSPB5, HSPB7, and 

HSPB8) as well as histidines in some proteins, suggesting that this region may also be regulated 

by cellular conditions (Table 1.9).  

  



 19 

Sequence 
information 

Start 
residue 

Sequence End 
residue 

Theoretical 
pI 

HSPB1 35 LPRLPEEWSQWLGGSSWPGYV
RP 

57 6.14 

HSPB2 31 EGLLPEEIL  TPTLYHGYYV 
RP 

51 4.75 

HSPB3 23 RGLEDCRLDHALYALPGPTIV
DL 

45 4.66 

HSPB4 29 EGLFEYDLLPFLSSTISPYY 
RQ 

50 4.14 

HSPB5 30 EHLLESDLFP 
TSTSLSPFYLRP 

51 4.65 

HSPB6 35 EGLLEAELAALCP 
TTLAPYYLRAP 

58 4.25 

HSPB7 34 LPAQDPPMEKALSMFSDDFGS
FMRP 

58 4.23 

HSPB8 37 MDPFPDDLTASWPDWALPRLS
SAWPGTLRS 

66 4.14 

HSPB9 21 VGLAERNRVATMPVRLL 37 11.70 

HSPB10 34 RCLCDLYMHPYCCCDLHPYPY
CLCYSKRSRSCGLCDLYPCCL
CDYKLYCL 

83 7.57 

Table 1.8: Sequence information for the FR-D regions, including residue numbers, amino acid 

sequence, and theoretical isoelectric point (pI). Sequence features are color coded within each 

FR-D sequence: positively charged residues (blue), negatively charged residues (red), proline 

residues (purple), and aromatic residues (orange).  
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Figure 1.6: Hydrophobicity plot of the FR-D region calculated using the Hopp & Woods scale 

using with the ProtScale function on UniPro.org. Positive values indicate hydrophilicity and 

negative values indicate hydrophobicity, as shown by the arrow on the left side of the figure. 

Hydrophobicity value for each residue was calculated using a three residue sliding window, with 

individual amino acid values based on Hopp & Wood hydrophobicity scale (see Appendix Figure 

1). Residue numbers correspond to HSPB1, with residues from other sHSP aligned accordingly. 

Each sHSP is annotated in different colors as shown in the side legend. 
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sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

P-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 2 2 0 - 0 P36,P39,P52,P57 2 

HSPB2 3 1 -2 - 1 P35,P41,P51 3 

HSPB3 4 2 -2 - 1 P38,P40 1 

HSPB4 3 1 -2 S45 0 P38,P46 5 

HSPB5 3 1 -2 S45 1 P39,P46,P51 3 

HSPB6 3 1 -2 - 0 P47,P52,P58 2 

HSPB7 4 2 -2 S46,S49 0 P35,P39,P40,P58 3 

HSPB8 4 2 -2 S57,S63 0 P39,P41,P49,P54,P61 4 

HSPB9 1 3 +2 - 0 P33 0 

HSPB10 4 5 +1 - 2 P43,P51,P53,P72 8 

Table 1.9: Sequence feature information for the FR-D regions, including numbers of charged 

residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic residues.  

 

Functional Region E (FR-E) 

Functional Region (FR-E) lies at the boundary between the NTR and the ACD. This region 

represents one of the more interactive and heterogeneous regions of the sHSP sequence (Table 

1.10). FR-E is enriched in phosphorylation sites and in some sHSPs, histidines (Table 1.11). 

Partial structural information for FR-E has been captured in prior studies, because short NTR 

extensions are often included in “ACD-only” constructs used for crystallography or NMR (30-

33). These structures indicate that FR-E can adopt multiple conformational states, and in some 

contexts, can form beta-strand interactions that integrate into the ACD core while in others it 

remains disordered and untethered. FR-E sequences often contain a mixture of charged residues 

and small, flexible residues such as glycine and alanine, producing a polar region with 

conformational plasticity (Figure 1.7). Several sequence features may support this flexibility: 1) 
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abundant glycine could lower steric constraints within FR-E, accommodating either bound or 

unbound populations; and 2) in several sHSPs, FR-E holds clustered proline/aromatic sequences 

similar to those observed in FR-B and FR-D. HSPB1 differs substantially in this region, 

potentially due to the presence of unique insertion sequence preceding FR-E (discussed below). 

HSPB9 and HSPB10 are also unusual, with HSPB10 being positively charged across much of 

FR-E and HSPB9 having a net negative charge.  

Sequence 
information 

Start 
residue 

Sequence 
 

End 
residue 

Theoretical 
pI 

HSPB1 72 AYSRALSRQLSSGVSEIRHTA
DR 

94 10.67 

HSPB2 52 RAAPAGEGSRAGASELRLSEG
K 

73 8.74 

HSPB3 46 RKTRAAQSPPVDSAAETPPRE
GK 

68 9.98 

HSPB4 51 SLFR TVLDSGISEVRSDRDK 70 5.89 

HSPB5 52 PSFLRAPSWF 
DTGLSEMRLEKDR 

74 6.64 

HSPB6 59 SVALPVAQVPTDPGH 73 5.06 

HSPB7 59 HSEPLAFPARPGGAGNIKTLG
DA 

81 6.75 

HSPB8 67 GMVPRGPTATARFGVPAEGRT
PPPFPGEP 

95 9.51 

HSPB9 38 RDSPAAQEDNDHARDG 53 4.35 

HSPB10 84 RPSLRSLERKAIRIRAIEDEK
RELAKLRRTTNRILASSCCSS
NILGS 

128 10.78 

Table 1.10: Sequence information for the FR-E regions, including residue numbers, amino acid 

sequence, and theoretical isoelectric point (pI). Sequence features are color coded within each 

FR-E sequence: positively charged residues (blue), negatively charged residues (red), proline 

residues (purple), and aromatic residues (orange).  
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Figure 1.7: Hydrophobicity plot of the FR-E region calculated using the Hopp & Woods scale 

using with the ProtScale function on UniPro.org. Positive values indicate hydrophilicity and 

negative values indicate hydrophobicity, as shown by the arrow on the left side of the figure. 

Hydrophobicity value for each residue was calculated using a three residue sliding window, with 

individual amino acid values based on Hopp & Wood hydrophobicity scale (see Appendix Figure 

1). Residue numbers correspond to HSPB1, with residues from other sHSP aligned accordingly. 

Each sHSP is annotated in different colors as shown in the side legend. 
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sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

Phos-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 2 4 +2 S78,S82 1 - 1 

HSPB2 3 4 +1 - 0 P55 0 

HSPB3 3 5 -2 S53 0 P54,P55,P63,P64 0 

HSPB4 4 4 0 - 0 - 1 

HSPB5 4 4 0 S59 0 P52,P58 3 

HSPB6 1 0 1 - 1 P58,P63,P70 0 

HSPB7 2 2 0 S60 1 P62,P66,P69 1 

HSPB8 2 3 +1 - 0 8 total Prolines 2 

HSPB9 5 2 -3 - 1 P41 0 

HSPB10 5 11 +6 - 0 P85 0 

Table 1.11: Sequence feature information for the FR-E regions, including numbers of charged 

residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic residues.  

 

HSPB1 Insertion Region 

A major distinguishing feature of HSPB1 is the presence of an additional short segment within 

the NTR, referred to as the Insertion region (Table 1.12). This region is highly solvent exposed in 

HSPB1 as evidenced by HDX-MS (14). The HSPB1 Insertion region has been shown to 

modulate oligomeric assembly (34) and to increase heterogeneity and polydispersity of HSPB1 

(12). This segment is proline rich and aliphatic, and may introduce additional disorder or steric 

effects (Figure 1.8, Table 1.13). The sequence also appears to be highly soluble, consistent with 

the high exposure observed by HDX-MS. This property may explain the higher overall exposure 

of the HSPB1 NTR relative to HSPB5 (See Thesis Chapter 2). It is also noteworthy that the 

Insertion region is conserved across HSPB1 homologs, suggesting that it provides an 

evolutionarily conserved function specific to HSPB1. Although there do not appear to be any 
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other human sHSPs that contain an insertion region, further sequence analysis into whether if 

there are any similar sequences or “insertion” in other non-human sHSPs could be useful to 

better define the role of this peptide.  

Sequence 
information 

Start 
residue 

Sequence End 
residue 

Theoretical 
pI 

HSPB1 58 LPPAAIESPAVAAP 71 4.0 

Table 1.12: Sequence information for the HSPB1 insertion region, including residue numbers, 

amino acid sequence, and theoretical isoelectric point (pI). Sequence features are color coded: 

positively charged residues (blue), negatively charged residues (red), proline residues (purple), 

and aromatic residues (orange).  

 

 

Figure 1.8: Hydrophobicity plot of the HSPB1 Insertion region calculated using the Hopp & 

Woods scale using with the ProtScale function on UniPro.org. Positive values indicate 
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hydrophilicity and negative values indicate hydrophobicity, as shown by the arrow on the left 

side of the figure. Hydrophobicity value for each residue was calculated using a three residue 

sliding window, with individual amino acid values based on Hopp & Wood hydrophobicity scale 

(see Appendix Figure 1) 

 

sHSP - 
(E,D) 

+ 
(R,K) 

Net 
charge 

Phos-site Histidine Proline Aromatic 
(W,F,Y) 

HSPB1 1 0 -1 - 0 P59,P60,P66,P71 0 

Table 1.13: Sequence feature information for HSPB1 Insertion region, including numbers of 

charged residues, net charge, phosphorylation site (P-site), histidine, proline, and aromatic 

residues.  

 

1.3 Amyloidogenic protein tau as a client for HSPB1 and HSPB5 

To function properly, organisms have evolved mechanisms to manage misfolded proteins 

and aggregates. In healthy cells, these protective systems, including chaperones and clearance 

pathways, operate efficiently, maintaining cellular equilibrium. However, in aging or diseased 

organisms, these mechanisms begin to falter, allowing age-related pathologies to emerge. Among 

the most debilitating conditions affecting older populations are neurodegenerative diseases, such 

as Alzheimer’s disease. Alzheimer’s disease is marked by a progressive failure of proteostasis, 

where toxic species accumulate and cellular defense systems are unable to manage the burden. 

The molecular mechanisms underlying disease initiation and progression, as well as the cellular 

defenses against these toxic species, remain incompletely understood.  
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Although the full molecular basis of Alzheimer’s disease is not yet understood, decades 

of work highlight two defining neuropathological features: the formation of extracellular 

amyloid plaques composed of amyloid-beta (A-beta) peptide and neurofibrillary tangles 

composed of hyperphosphorylated tau protein (35-39). Both molecules accumulate in the brains 

of patients with neurodegenerative disease, but it remains debated whether these events are 

causative, and how they mechanistically contribute to brain degeneration (40-41). A-beta is a 

peptide generated from amyloid precursor protein (APP), a transmembrane protein that is 

cleaved by α- or β-secretases, a process thought to play roles in neuronal development and 

growth (42). Tau, a microtubule associated protein, is essential for maintaining neuronal 

microtubule stability and dynamics (43). In a set of neurogenerative diseases, tau becomes 

hyperphosphorylated and dissociates from microtubules to form amyloid fibrils that are 

hallmarks of disease pathology. These diseases are termed “tauopathies” and include Alzheimer’s 

disease and frontotemporal dementia (44). Due to the intrinsically disordered nature of tau that 

defies traditional structural biology tools and drug development pipeline, progress toward 

therapeutics that directly engage tau has been extremely challenging (45).  

Of 10 sHSP expressed in humans, HSPB1 (B1/Hsp27) and HSPB5 (B5/αB-crystallin) are 

two of the most abundant, and are both constitutively expressed in the brain and neurons (15-16). 

Not only are levels of HSPB1 and HSPB5 upregulated in Alzheimer’s disease, but these two 

proteins also colocalize with tau fibrils in tauopathy brains and have been shown to play 

protective roles against tauopathies (17-19). Despite these observations, the molecular 

mechanisms by which these sHSP recognize and chaperone tau remain poorly defined. Further 

understanding of how HSPB1 and HSPB5 play protective roles against tauopathies could help 

better understand the proteostasis system in disease and provide new avenues for therapeutics. 
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1.4 Scope of Thesis  

In this thesis, I compare HSPB1 and HSPB5 in their sequence features, structural 

organization, oligomeric assembly, and chaperone activity. By applying a shared set of 

experimental approaches across both proteins, I aim to build a mechanistic framework for how 

sHSPs encode client specificity and stress responsiveness within their quasi-ordered network. In 

Chapter 2, I examine the role of NTR-ACD interactions by disrupting these contacts via domain 

and targeted NTR sub-region swaps between HSPB1 and HSPB5. This strategy enabled the 

identification of NTR regions that contribute to oligomer assembly and chaperone function for 

tau aggregation. In Chapter 3, I perturb the quasi-ordered network using disease-associated 

mutations, blocking ACD edge groove (Bump mutation), and hetero-oligomerization between 

HSPB1 and HSPB5. These perturbations are used to test how disrupting specific interaction hubs 

alter sHSP architecture and how reorganization these interactions influence chaperone function. 

In these chapters, I characterize chaperone activity using in vitro tau aggregation assays to 

connect functional outcomes to structural changes. Structural changes are captured by Hydrogen-

deuterium exchange mass spectrometry (HDX-MS) to map changes in protection and 

accessibility across each domain. Mass photometry is used to quantify changes in oligomer size 

distributions in response to perturbations in NTR-ACD interactions. Together, these approaches 

allow for the relationship between structure and function to be examined in a sHSP system that is 

otherwise resistant to traditional high-resolution structural methods. Chapter 4 describes 

optimization and method development for the experimental techniques that were essential for 

uncovering multiple layers of sHSP structure and behavior.    

 Overall, the findings presented here challenge the notion that sHSPs operate through a 

single conserved mechanism. Instead, they support a modular model in which specific NTR 
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subregions confer client specificity and stress responsiveness, while the ACD provides a scaffold 

that regulates NTR exposure. The ACD may also directly contribute to client engagement 

(Chapter 4). In sum, the results presented here support a model in which sHSP chaperone activity 

is governed by regulated NTR exposure, shaped by sequence-encoded stress sensors and 

oligomeric scaffolding. This framework provides rationale for how sHSPs achieve client 

specificity, respond to environmental cues, and adapt to proteotoxic stress. It also opens new 

avenues for therapeutic intervention by targeting NTR–ACD interactions, modulating 

phosphorylation states, or designing molecules that mimic stress-induced conformational shifts. 

Understanding these mechanisms is essential not only for decoding sHSP biology, but also for 

harnessing their protective potential in neurodegenerative disease. 
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2. HSPB1 and HSPB5 Use Distinct Functional Regions to Chaperone Tau 

Parts of this chapter are adapted from a manuscript under review at Protein Science – [Mia 

Cervantes, Maria K. Janowska, Lisa M. Tuttle, Abhinav Nath, Rachel E. Klevit], [Function 

within Disorder: Small heat shock proteins use different functional regions to chaperone tau 

aggregation.]; Tau aggregation assays by MC, HDX-MS experiments performed by MC and 

MKJ, HDX-MS Bimodal analysis by LMT. 

2.1: Introduction 

Cells maintain proteostasis through coordinated systems that recognize, stabilize, and 

clear misfolded or aggregation-prone proteins. Failure in these systems contributes to age-related 

pathologies, most notably neurodegenerative diseases such as Alzheimer’s disease (AD). AD is 

the most prevalent of a class of neurodegenerative diseases known collectively as tauopathies in 

which toxic species of the microtubule-associated protein tau accumulate in brain and neurons 

(1). Tau is essential for neuronal microtubule stability and dynamics (2). In tauopathies including 

AD and fronto-temporal dementia, tau becomes hyperphosphorylated, dissociates from 

microtubules, and can assemble into amyloid fibrils that are hallmarks of disease pathology (3-

7). Due to its intrinsic disorder, tau defies traditional structural biology tools and drug 

development pipelines, making progress towards therapeutics that productively engage tau 

challenging. As a result, the molecular mechanisms underlying tau toxicity, and the cellular 

defenses that counter it, remain incompletely understood. 

Protein homeostasis is safeguarded by a network of molecular chaperones that suppress 

irreversible aggregation (8-9). Small heat shock proteins (sHSPs) are a first line of defense in 

maintaining a healthy proteome by stabilizing partly unfolded or misfolding proteins (“clients”) 

without ATP hydrolysis (10-11). Clients stabilized by sHSPs may refold spontaneously or may be 
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transferred to ATP-dependent chaperones like Hsp70 (12-13). sHSPs are constitutively expressed 

in many human tissues (14) and are sensitive to cellular stress signals, such as oxidation, post-

translational modifications, and acidosis. These cues trigger structural rearrangements that 

enhance chaperone activity (15-17), positioning sHSPs to function under both normal and stress 

conditions. 

sHSPs’ ability to delay protein aggregation without requiring ATP hydrolysis makes them 

attractive therapeutic targets for protein aggregation diseases. Indeed, efforts have been made to 

design small molecules or peptides that can bind to sHSPs to controllably activate their 

chaperone effect (18). However, progress has been limited by an incomplete understanding of 

both the structure and mechanisms of how sHSPs interact with clients and of the activation 

mechanisms. This gap stems from properties of sHSPs that make them challenging to traditional 

biochemical/biophysical techniques: they are >50% disordered and form ensembles of large 

polydisperse oligomers ranging from dimers to ~40-mers (19).  

All sHSPs share a tripartite architecture comprising a disordered N-terminal region 

(NTR), a folded α-crystallin domain (ACD), and a disordered C-terminal region (CTR). ACDs 

form dimers that serve as building blocks for higher order oligomers via inter-subunit 

interactions with NTRs and CTRs (20-21). Each ACD dimer presents three conserved surface 

grooves: a “Central” groove at the interface between two ACDs and two “Edge” grooves at 

opposing ends of a dimer. These grooves accommodate potential binding partners, including but 

not limited to short stretches of the NTRs and CTRs of other subunits within an oligomer (21-

24). Because multiple binding sequences can bind to each groove, oligomers contain more 

binding partners than binding sites, giving rise to heterogeneity in sHSP oligomers. This “quasi-
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ordered” organization sequesters disordered regions within oligomers and creates structural and 

dynamic plasticity that is thought to govern sHSP function (25). 

Of the ten human sHSPs, HSPB1 (Hsp27) and HSPB5 (αB-crystallin) are particularly 

abundant in brain and neurons (14, 26). Both are upregulated in AD, colocalize with tau fibrils in 

tauopathy brains, and exert protective roles against tau-mediated toxicity (27-32). Despite these 

shared properties, mechanisms by which HSPB1 and HSPB5 engage tau, and whether they do so 

through shared or different strategies remain unresolved.  

Here, we compare chaperone activities of HSPB1 and HSPB5 toward tau aggregation and 

define features that give rise to that activity. We aimed to disentangle two features of sHSP 

oligomers that together govern chaperone function: 1) the local structural organization that 

encodes for discrete chaperone-active regions and 2) the oligomerization of sHSPs that 

mediates the accessibility of specific regions. We find that HSPB1 suppresses tau aggregation 

under both normal and stress conditions and that HSPB5 requires stress-induced activation, for 

example, by pH to become effective. To identify the source of this difference, we focused on the 

NTRs, which are essential for tau chaperoning activity in HSPB1 (33). Using chimeric proteins, 

we show that scaffolding of intrinsically disordered regions within oligomers dictates chaperone 

potency. Finer-scaled chimeras in which short subregions of the NTRs were swapped between 

the two sHSPs identified specific regions that mediate activity. Integrating aggregation assays, 

NTR accessibility by Hydrogen-Deuterium Exchange (HDX-MS), and oligomeric size 

distributions by mass photometry (MP), we demonstrate that specific NTR subregions encode 

client-specific chaperone function. Together, the results provide a mechanistic framework for 

how sHSP oligomers tune their responses to aggregation-prone clients such as tau. 
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2.2: Results. 

2.2.1: HSPB1 and HSPB5 delay in vitro aggregation of tau using their disordered N-

terminal domains.  

HSPB1 can inhibit tau aggregation in a range of in vitro contexts (Freilich 2018; 33). HSPB5 is 

also constitutively present in neurons and most other cells (34), so we tested whether it can 

chaperone tau. To assess the chaperone activity of HSPB1 and HSPB5 towards tau aggregation, 

we performed in vitro assays in which fibrils are detected by Thioflavin T fluorescence. 

Spontaneous aggregation of tau is slow and requires an inducer to start aggregation. A sulfated 

polysaccharide, heparin, has traditionally been used to trigger aggregation of tau (35-37). 

However, while heparin is produced in mast cells and basophils, it is not in neurons (38-39). We 

used polyphosphate, a polyanionic chain of phosphate groups, to induce tau aggregation. 

Polyphosphate is present in neuronal cytoplasm and its levels increase with stress (40-41), thus 

providing a more realistic context for our in vitro studies. Under our assay conditions, 

polyphosphate induces tau aggregation faster than previously optimized conditions using heparin 

as the inducer (SI Figure 2). Both HSPB1 and HSPB5 delay tau aggregation, whether induced by 

heparin or polyphosphate. HSPB1 is more effective than HSPB5 under non-stress (“basal”) 

conditions (pH 7.5, 37Co; Figure 2.1 left).    
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Figure 2.1 - in vitro tau aggregation in the absence and presence of HSPB1 and HSPB5. 

Changes in Thioflavin T (ThT) dye fluorescence is monitored over the time-course of tau 

aggregation in presence and absence of sub-stoichiometric concentrations of HSPB1 or HSPB5. 

HSPB1 and HSPB5 chaperone polyphosphate-induced aggregation of tau at pH 7.5 (Left); 

HSPB5 becomes activated at pH 6.5 (Right). Both reactions are induced by 1 mg/mL 

polyphosphate using 5 μM Tau in presence and absence of 1.25 μM sHSP at 37 oC with agitation 

of the plate prior to each measurement. ThT fluorescence was recorded using excitation at 440 

nm and 485 nm emission (arbitrary units). Solid lines represent the average ThT fluorescence, 

with lighter shaded regions indicating the SEM from 4-6 replicates per condition.  

 

HSPB1 and HSPB5 are sensitive to environmental conditions. Among these, pH-

dependent activation is the best characterized and is associated with various stress conditions 

including those in aging neurons (42). As shown in Figure 2.1A (right panel), both HSPB1 and 

HSPB5 effectively delay tau aggregation at pH 6.5, despite more rapid aggregation of tau alone 
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under these conditions. Thus, HSPB1 and HSPB5 have similar chaperoning capacity towards 

tau, but HSPB5 activity is lower under basal conditions. 

The disordered NTR is required for HSPB1’s chaperone activity towards tau (33). When tau 

fibril formation was assessed in the presence of constructs lacking the NTR, “ACD-only” 

constructs of HSPB1 and HSPB5 both showed only modest chaperone activity at very high 

concentrations. At equivalent concentrations to full-length counterparts, the activities were 

negligible (SI Figure 2B-C). Thus, both HSPB1 and HSPB5 require their NTRs to effectively 

chaperone tau.  

2.2.2: Interplay of ordered ACD and disordered NTR modulates HSPB1 and HSPB5 

activity.  

Interactions between ACDs and NTRs within sHSP oligomers are thought to play a role 

in their mechanism of action. Surface grooves on ACD dimers scaffold multiple discrete regions 

within NTRs (21) through inter- and intra-molecular interactions that sequester certain regions 

and affect activity. Certain HSPB5 NTR regions are more exposed at pH 6.5 than at pH 7.5 (43). 

Based on the differential tau activity observed between HSPB1 and HSPB5 at pH 7.5, we 

hypothesized that HSPB5-ACD is more effective at sequestering its chaperone-active regions 

than HSPB1 under this condition, thereby limiting its chaperone activity.  

ACD swapping affects chaperone activity. To test this hypothesis, we created two chimeric 

proteins in which the ACDs were swapped: B151 (HSPB1 containing HSPB5-ACD) and B515 

(HSPB5 containing HSPB1-ACD). Strikingly, ACD swapping has opposite effects on tau 

chaperone activity. B151 is a better chaperone at pH 7.5 than WT-HSPB1 and B515 is a less 

effective chaperone than WT-HSPB5 (Figure 2.2A). Quantitatively, the time required to reach 

50% of the ThT signal at saturation (T50) increased by three hours for B151 compared to HSPB1, 
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while B515 reached T50 45 minutes earlier than HSPB5 (SI Figure 2D). These results suggest 

that the HSPB1 NTR is less effectively sequestered by the HSPB5 ACD and the HSPB5 NTR is 

likely better sequestered by the HSPB1 ACD of HSPB1. 

 

Figure 2.2. Exchanging the ACDs has opposite effects on HSPB1 and HSPB5 chaperone 

activities. (A) In vitro tau aggregation assay using ThT comparing WT activities of HSPB1 (Left) 

and HSPB5 to their ACD-swapped constructs (Right). Aggregation reactions are performed at 

pH 7.5, 37 oC using 5 μM Tau and 0.25 molar equivalent of small heat shock protein. Both 
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fibrilization reactions are induced with 1 mg/mL polyphosphate. Black arrows show direction of 

changes in activities going from WT to ACD-swapped construct. (B-C): Comparison of average 

deuteration uptake for the NTRs of HSPB1 and B151 (B) and HSPB5 and B515 (C). Average 

deuteration level calculated based on unimodal analysis is shown for corresponding residues. 

Figure 2.2B shows HSPB1-WT (pink) compared to B151 (purple) after 4 seconds incubation in 

deuterated buffer. Figure 2.2C shows equivalent for HSPB5-WT (blue) and B515 (dark blue). (D-

E):ACD-matched HDX-MS comparison of HSPB1 and HSPB5 WT vs ACD-swapped constructs. 

Figure 2.2D shows HSPB1-WT ACD (pink) compared to B515 ACD (dark blue). Figure 2.2E 

shows equivalent for HSPB5-WT (blue) and B151 ACD (purple).  

 

HDX-MS reveals altered NTR scaffolding in chimeras. To directly assess how ACDs identity 

influences NTR sequestration, we compared WT and chimeric constructs by single time point 

hydrogen-deuterium exchange mass spectrometry (HDX-MS). HDX-MS uniquely enables near-

residue-level interrogation of quasi-ordered polydisperse oligomers of sHSPs in their native 

state. Because NTR sequestration is most evident at very short exchange times, we performed 

analysis following a 4-second incubation in D2O-based buffer.  

Peptide-level data were aggregated to obtain near-residue-level fractional D-uptake 

values, using the approach described in (44), shown in Figure 2.2. To ensure comparison 

between identical sequences, data are plotted by region: NTR comparisons include WT-HSPB1 

versus B151 and WT-HSPB5 versus B515 (Figure 2.2B); ACD comparisons include WT-HSPB1 

versus B515 and WT-HSPB5 versus B151 (Figure 2.2C). Additional comparisons of overall 

exposure are provided in Figure S3. 
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Across all constructs, the ACD is the most protected region, displaying the lowest 

fractional D-uptake values. The only substantial perturbations within the ACD observed across 

constructs are near the NTR-ACD boundaries (84-100 for B1, 64-80 for B5): this region is more 

exposed in B151 compared to WT-HSPB5 (Figure 2.2C) and more protected in B515 compared 

to WT-HSPB1 (Figure 2.2D). The affected residues include those that form the β3-strand of the 

ACD β-sandwich (PDB: 4MJH, PDB: 2N0K). In some solved ACD structures, an additional β-

strand (“β2”) formed by residues at the C-terminal end of the NTR pairs with β3-strand (17, 44). 

Reduced protection of β3 in B151 suggests an incompatibility between the β2-forming sequence 

of HSPB1 and the β3 strand of HSPB5. Conversely, increased protection in B515 suggests that 

some region of the HSPB5 NTR interacts with the β3-strand of HSPB1 ACD. 

CTRs exposure is insensitive to ACD identity. The CTRs in HSPB1 and HSPB5 display high 

deuterium uptake at 4 seconds, consistent with their known disorder and accessibility in 

oligomers. Coverage across the CTRs was insufficient to allow more detailed analysis due to 

limited redundancy and resolution (SI Figure 4).  

NTR accessibility correlates with chaperone activity. Comparison of NTRs in their native context 

shows that HSPB1 NTR is substantially more solvent-exposed than HSPB5 NTR under identical 

conditions, with average fractional D-uptake values exceeding 0.5 for HSPB1 and below 0.5 for 

HSPB5 (compare the lighter traces in Figure 2.2B and 2.2C). ACD identity strongly modulates 

HSPB1 NTR exposure: in the B151chimera, the HSPB1 NTR exhibits increased fractional D-

uptake, consistent with the NTR being less effectively sequestered by the ACD of HSPB5 as 

inferred from the chaperone assay data. In contrast, HSPB5 NTR is comparatively less sensitive 

to ACD swapping. In the B515 chimera, we observe only modest and localized changes in 

fractional D-uptake values, including a small increase in protection of residues ~60-68 and 
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decreased protection in the vicinity of residues 35-48. Notably, B151, the chimera with the most 

prominent chaperone activity, displays the highest overall NTR exposure, and B515, which 

displays slightly lower chaperone activity than the WT-HSPB5, has a modest decrease in D-

uptake primarily in a single region, the “Boundary” region that links the NTR to the ACD. 

(Figure 2.2C and Figure 2.3B).   

2.2.3: Subregion-specific differences in NTR sequestration between HSPB1 and HSPB5 

Previous studies showed that HSPB1 and HSPB5 oligomers exhibit bimodal HDX behavior 

across their NTRs, reflecting conformational heterogeneity within quasi-ordered regions (21). 

Bimodal exchange indicates the presence of at least two distinct populations—more protected 

(slower exchanging) and more solvent-exposed (faster exchanging)—that correspond to 

sequestered versus exposed states. Here we analyze previously defined NTR subregions (Figure 

2.3A) in WT and ACD-swapped constructs. Although the roles of all subregions are not fully 

understood, several are known contributors to oligomer organization through their interactions 

with the ACD. The distal region engages the ACD edge groove, while the conserved and 

boundary regions interact with the ACD central groove. The Long Hydrophobic region has been 

implicated in modulating chaperone activity against γD‑crystallin, whereas the function of the 

aromatic region remains unclear. Thus, The NTR subregions carry 1) structural roles (via 

sequestration within the oligomer) and 2) encode elements of chaperone function. HDX‑MS 

provides a direct readout of the “structural” reorganization within oligomers that arises from 

differences in how each ACD variant sequesters the NTR. In the next sections we will describe 

structural changes in each subregion caused by ACD-swaps. 
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Figure 2.3. Comparison of the NTRs by subregion. (A) Sequence alignment of HSPB1 and 

HSPB5 NTR residues. The NTRs of HSPB1 and HSPB5 are divided into 5-6 short subregions, 

following Clouser 2019 nomenclature for HSPB1. All peptide data was aggregated to obtain 

near-residue-level fractional deuterium-uptake values, followed by bimodal analysis using the 

pyHXExpress workflow (44). Average fractional D-uptake for each NTR-subregion, calculated 

from the centroids of unimodal fits, is shown as circles (○). Deuteration levels of the two 

populations (slow and fast states) determined from bimodal analysis are plotted as diamonds (◇) 

in the corresponding color scheme. (C) Relative populations of the slow (pslow) and fast (pfast) 

exchange modes for each NTR-subregion, as well as for the ACD and CTR are shown.  

 

Across all four constructs, most NTR subregions display bimodal behavior, consistent with 

earlier reports. For each subregion, we extracted: 1) fractional D-uptake values for the slow- and 

fast-exchanging modes (diamond markers in Figure 2.3B), and 2) the relative populations of 
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these modes (pslow and pfast, where (pslow + pfast = 1.0)). Average D-uptake values from unimodal 

fits are also presented in Figure 2.3B and SI Figure 4. 

Overall, the most profound differences observed between a WT oligomer and its ACD-

swapped counterpart are for HSPB1 and B151. In B151, multiple NTR subregions show 

substantial increases in the population of fast-exchanging species, indicating increased numbers 

of exposed regions in the oligomeric ensemble. As well, the slower-exchanging population of the 

Distal and Boundary regions, known to be involved in key NTR-ACD interactions, show 

increased fractional D-uptake values. Hence, when the HSPB1 NTR is scaffolded by the HSPB5 

ACD, not only are exposed conformations more highly populated, but the slower-exchanging 

population is less well-sequestered. By comparison, the HSPB5 NTR is much less sensitive to 

the ACD identity, with B515 exhibiting only subtle changes in bimodal distribution metrics.  

Distal and Boundary regions are most sensitive to ACD identity. The Distal region displays the 

largest ACD-dependent effects. In B151, the fractional D-uptake value of the slower-exchanging 

population increases from ~0.3 to ~0.47 (Figure 2.3A) accompanied by a smaller increase in 

uptake for the fast population. Partitioning between the two states shifts dramatically, from 

approximately equal populations in WT-HSPB1 to a majority of the Distal region occupying 

solvent-exposed states in B151. Thus, a larger fraction of the HSPB1 Distal subregion is exposed 

in the context of HDPB5’s ACD and the protected population is less well sequestered. 

A similar trend is observed for the Boundary region at the C-terminal end of the NTR. In 

HSPB1 constructs, the unimodal fractional D-uptake increases from 0.81 to 0.91 upon ACD 

swap. In contrast, it decreases from 0.5 to 0.45 when the ACD is swapped in HSPB5. The 

differences in HSPB1’s Boundary subregion arise primarily from increased D-uptake of the 

slower-exchanging population, rather than a change in the partitioning between populations, 
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indicating that the slower-exchanging state of the HSPB1 Boundary region is less well 

sequestered by the HSPB5 ACD. 

Both the Distal and Boundary regions mediate key NTR-ACD interactions. The Distal 

region contains an “IxI” motif that inserts into the ACD Edge groove: HSPB5 carries a canonical 

3IAI motif and HSPB1 contains a non-canonical sequence of alternating hydrophobic residues, 

6VPFSL. The HDX results imply that this non-canonical motif is not well accommodated by the 

HSPB5 Edge groove. In contrast, the more conventional 3IAI motif in HSPB5 is effectively 

sequestered by the HSPB1 ACD.  

The Boundary region can form a β2 strand that aligns antiparallel to the β3 strand of the 

ACD at the dimer interface. Upon ACD swapping, deuteration patterns diverge: the Boundary 

region becomes more exposed in B151 but modestly gains protection in B515. While it is 

difficult to rationalize the behavior in specific structural terms, we note that the HDX trends of 

higher/lower Boundary region exposure correlate with higher/lower tau chaperone activity. 

Aromatic and conserved regions respond differently to ACD swapping. The Aromatic subregions 

which to date has no defined function, are affected by ACD identity but respond in distinct ways. 

In B151, the population of fast-exchanging peptides increases, while the slow mode takes up 

deuterium even more slowly. In B515, the population of exposed Aromatic region is decreased, 

while the fast-exchanging population takes up deuterium faster. Thus, a larger fraction of 

Aromatic regions is exposed in B151 than in WT HSPB1 oligomers and a smaller fraction is 

exposed in B515 than in WT HSPB5. 

In both WT oligomers, the Conserved region which binds to the ACD Central (dimer 

interface) groove is the most protected region of the NTR and a majority of conserved regions 

are sequestered (pslow > 0.5). In B151, the partitioning is altered, with more than half populating 
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more exposed states, indicating less effective sequestration of the HSPB1 Conserved region by 

HSPB5 ACD. 

HSPB1-specific Insertion subregion is largely insensitive to ACD identity. The Insertion region, 

unique to HSPB1, is mostly exposed, with only 26% sequestered. While its partitioning does not 

change in the context of the HSPB5 ACD, the sequestered population has a higher fractional D-

uptake value, indicating it is less accommodated by the heterologous ACD.  

2.2.4: Contributions of HSPB1 and HSPB5 NTR subregions in the delay of tau aggregation. 

The subregion-specific differences in NTR exposure observed by HDX-MS prompted us to ask 

whether exposure of particular NTR elements correlates with the ability to delay tau aggregation. 

To identify NTR subregions that contribute to tau chaperone activity, we generated a panel of 

subregion chimeras between HSPB1 and HSPB5 by swapping a single previously defined NTR 

subregion (Figure 2.3A). For each chimera, tau chaperone activity and oligomer size 

distributions were measured at pH 7.5 and pH 6.5. Chaperone activity is reported as the fold-

change in T50 relative to T50 for tau alone (“T50 fold-change”), with values for WT and the ACD-

swaps, B151 and B515, included as reference points (Figure 2.4A). This approach allowed us to 

assess the contributions of individual NTR elements within the oligomeric contexts imposed by 

each sHSP. 
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Figure 2.4. Effects of swapping individual subregions between HSPB1 and HSPB5. (A) Effects of 

swapping individual NTR sub-regions between HSPB1 and HSPB5 on tau chaperone activity. T50 

fold change values for NTR sub-region swapped constructs of HSPB1 and HSPB5 constructs for 

assays performed at pH 7.5 (Left) and at pH 6.5 (Right). Bar graphs represent the average T50 

values, with dotted lines representing the average T50 of HSPB1 and HSPB5 wild-types. T50 

values for samples containing HSPB1 or HSPB5 were normalized to T50 of tau-only controls 

from the corresponding assays. Error bars indicate the SEM of T50 values calculated from 2-3 

independent assays, with each assay containing 4-6 replicates. 

 

Subregion contributions under basal conditions. At pH 7.5, WT-HSPB1 is an effective chaperone 

and B151 is further activated. Among the subregion swaps in the HSPB1 context, the chimera 

containing the Aromatic region of HSPB5 (“HSPB1-(HSPB5 Aromatic)”) uniquely exhibited 

enhanced activity relative to WT-HSPB1. All other NTR subregion swaps resulted in reduced 

activity, yielding T50 fold-change lower than WT-HSPB1.  

At pH 7.5, WT-HSPB5 has only modest activity and swapping the ACD (B515) further 

decreases activity. Among the NTR subregion swaps, both the Conserved and Critical regions 
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enhance activity, although neither restored activity to the level of HSPB1. Notably, the 

Conserved regions of HSPB5 and HSPB1 differ by only two amino acid differences, yet this 

minimal difference is sufficient to tune chaperone activity. This parallels previous findings in 

which three amino-acid substitutions distinguish the chaperone activities of HSPB5 and lens-

specific sHSP, HSPB4 towards a lens client protein, gD-crystallin (46). 

Subregion contributions under activating conditions. At pH 6.5, both wild-type HSPB1 and 

HSPB5 are activated and exhibit comparable chaperone function, providing a baseline for 

evaluating the effects of subregion swaps. Despite already being in activated states, both proteins 

are further activated by specific swaps (Figure 2.4). The most pronounced effects arise from the 

Aromatic and Boundary regions, followed by the Critical and Conserved regions, with only weak 

or no effects in the Distal or Insertion region. 

Aromatic and Boundary regions dominate tau chaperoning activity. The Aromatic and Boundary 

swaps produce the strongest effects and these are reciprocal between the two analogous 

chimeras. HSPB1-(HSPB5 Aromatic) shows enhanced activity, while HSPB5-(HSPB1 Aromatic) 

has reduced activity. These results indicate that HSPB5’s Aromatic region carries intrinsic tau 

chaperone activity that can be transferred across oligomeric contexts. Consistent with this 

interpretation, the Aromatic swap is the only one that decreases HSPB5 activity under conditions 

where HPSB5 is activated. Furthermore, installation of the Aromatic region of HSPB5 into 

HSPB1 greatly enhances its activity. Altogether, the observations strongly point to a direct 

participation of the HSPB5 Aromatic subregion in tau chaperoning function. 

A similar reciprocal pattern is observed for the Boundary subregion. HSPB5-(HSPB1 

Boundary) has greatly enhanced activity, whereas HSPB1-(HSPB5 Boundary) has slightly 

reduced activity. Together with the HDX-MS data (above), these findings suggest that the 
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HSPB1 boundary region, particularly when less sequestered, contributes directly to tau 

chaperoning. Swapping either the Critical or Conserved regions also shift activity in opposite 

directions, but with only modest effects. In contrast, Distal region swaps have no measurable 

effect, despite the large ACD-dependent effects observed by HDX at basal condition. The lack of 

direct involvement of the Distal subregion in tau chaperoning is consistent with previous 

observations (33). The results show that it is not exposure of a subregion per se that leads to 

chaperone activity and that the nature/identity of the subregion matters.  

2.2.5: Oligomeric ensemble sizes of HSPB1 and HSPB5 constructs do not directly correlate 

with chaperone activities.  

sHSPs oligomer size distributions are sensitive to environmental conditions, post-translational 

modifications, and mutations (47-49) and have been proposed to influence chaperone function. 

To investigate possible correlations between chaperone function and oligomer size, we compared 

the molecular weight distributions of WT and chimeric oligomers using mass photometry. 
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Figure 2.5: Effects of subregion swaps on oligomeric size. The molecular weight distributions of 

HSPB1 and HSPB5 constructs are measured by Mass Photometry. Each measurement is 

conducted at 1 μM final total concentration of sHSP using dilution-free measurements. The 

samples are incubated for 3 hours at 37 oC at the final concentration in PBS under reducing 
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condition at the appropriate pH. The mass photometer is calibrated using beta-amylase prior to 

the measurements. Solid line is drawn at the calculated average molecular weight of the large 

oligomers, with the dashed lines placed at ± 2 standard deviations from the mean.  

 

Baseline oligomeric distributions at pH 7.5. At pH 7.5, where HSPB1 is the more active 

chaperone, HSPB1 oligomers are markedly more polydisperse than those of HSPB5 (Figure 2.5A 

& B). HSPB1 displays a bimodal distribution of large oligomers (Average molecular weight 406 

kDa or ~20mers) and smaller species including tetramers. In contrast, HSPB5 forms a single, 

relatively narrow distribution centered around 443 kDa, with no detectable species below ~250 

kDa. These differences suggest weaker inter-subunit interactions within HSPB1 homo-oligomers 

compared to those of HSPB5.  

Effects of NTR subregion swaps at pH 7.5. To determine whether NTR swaps influence 

oligomerization, we examined the size distributions of all NTR-swap chimeras at pH 7.5. HSPB5 

constructs were largely insensitive to NTR subregion swaps, with the exception of the Critical 

subregion swap, which results in a pronounced increase in ensemble size (WT = 443kDa vs. 

critical swap = 978kDa). In contrast, HSPB1 constructs were highly sensitive, with the relative 

populations of the smaller and larger-sized species changing in virtually every case. Aromatic 

and Critical swaps increase the population of larger oligomers, while Distal, Conserved, and 

Boundary swaps favor smaller species. Notably, replacing HSPB1’s Aromatic region with that of 

HSPB5 yielded a unimodal distribution resembling that of WT-HSPB5.  

pH-dependent effects at pH 6.5. Both WT oligomers display a pH-dependent increase in 

oligomeric size, forming larger species at pH 6.5. Under these activating conditions, HSPB5 

constructs become more sensitive to changes within the NTR. Critical and Aromatic swaps shift 
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distributions to higher molecular weight, while Boundary and Insertion swaps favor smaller 

oligomeric species. Notably, introduction of the unique Insertion region or the Boundary region 

of HSPB1 into HSPB5 broadens the size distributions, producing profiles more characteristic of 

HSPB1 oligomers. In contrast, HSPB1 constructs at pH 6.5 show changes in both ensemble 

shape and molecular weight distribution, with no consistent trend across swaps. 

Lack of correlation between oligomeric size and activity. Several prior studies have proposed a 

relationship between sHSP oligomer size and chaperone activity (48, 50). While isolated 

observations in our dataset could be interpreted as supporting such a correlation—for example 

B151 exhibits both enhanced activity and smaller oligomers relative to WT-HSPB1—analysis 

across the full dataset of constructs and conditions reveals no consistent relationship between 

oligomer size or polydispersity and tau chaperone activity. 

 

2.3: Discussion 

Our results demonstrate that HSPB1 and HSPB5 suppress tau aggregation through distinct, 

sequence-encoded strategies that are implemented by differential exposure of their N-terminal 

regions (NTRs). This divergence reflects a broader principle of sHSP function: chaperone 

activity is governed not simply by the presence of functional domains, but by how intrinsically 

disordered regions are scaffolded, sequestered, and released within dynamic oligomeric 

assemblies. 

Division of labor between HSPB1 and HSPB5 

HSPB1 suppresses tau aggregation under basal conditions, whereas HSPB5 requires stress-

induced activation such as lowered pH to become effective. As both proteins are constitutively 

expressed in neurons, this behavior suggests a functional division of labor. HSPB1 may provide 
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continuous, long-term protection against tau misfolding, while HSPB5 functions as a rapidly 

deployable reserve that is mobilized under acute stress. Upon activation, HSPB5 becomes as 

effective as HSPB1, transiently boosting cellular protection when proteotoxic stress escalates. 

Sequence-encoded NTR accessibility 

These functional differences arise largely from intrinsic properties of the NTRs. HSPB5’s NTR 

is more hydrophobic and histidine-rich, favoring sequestration at neutral pH and conferring 

sensitivity across a physiologically relevant pH range. In contrast, HSPB1’s more polar NTR is 

less sequestered under basal conditions. Importantly, these properties are retained in NTR-ACD 

chimeras, demonstrating that solvent accessibility is encoded primarily in NTR sequence rather 

than imposed by ACD identity. 

NTR-ACD interactions tune activation 

The observations from the ACD-swaps can be rationalized in terms of known NTR-ACD intra-

subunit interactions that can tune NTR accessibility and activity. 

The Distal region of HSPB1, containing a non-canonical “IxI” motif (6VPFSL) shows balanced 

exposure in its native context but becomes predominantly exposed when paired with the HSPB5 

ACD. This suggests that the HSPB1 ACD edge groove has evolved to accommodate its unusual 

Distal “IxI” motif, whereas the HSPB5 ACD does not. On the other hand, the canonical IxI motif 

in the HSPB5 Distal sub-region (3IAI) is efficiently sequestered by both ACD edge grooves. This 

difference likely promotes greater NTR release and thus activity in HSPB1 under basal 

conditions, while HSPB5’s knob-into-hole IxI interaction enables sequestration until stress 

triggers activation. Notably, the same ACD grooves that bind NTR motifs also engage co-

chaperones and clients, including tau, pointing to shared mechanisms for activation. 
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A second regulatory layer involves the Boundary region, which can form an additional β-strand 

(β2) by pairing with the ACD β3 strand. Disrupted pairing in chimeras correlates with increased 

NTR exposure and enhanced activity, suggesting that HSPB1 and HSPB5 NTR-ACD boundary 

may exist in different conformations at basal state: HSPB1 NTR boundary sub-region is mostly 

pointing away from the ACD, thereby enhancing overall NTR exposure, whereas HSPB5’s β2 

strand patches with the ACD’s β3 strand, thus decreasing overall exposure of HSPB5 NTRs.  

Such subtle changes in NTR-ACD interactions can tune exposure within the oligomers, and thus 

activity of HSPB1 and HSPB5. 

Modular determinants of tau specificity 

Sub-region swaps reveal that tau chaperone activity is not evenly distributed across the NTR but 

rather is concentrated in specific subregions. Notably, installation of the Aromatic region of 

HSPB5 (12RPFFPFHSP20) into HSPB1 greatly enhanced tau chaperone activity while 

replacement of that sequence with the HSPB1 Aromatic sequence led to a loss of chaperone 

activity in HSPB5 (Figure 2.4). Installation of the HSPB1 Boundary region 

(71PAYSRALSRQLSS83) into HSPB5 led to a similar enhancement of its activity and the 

reciprocal swap led to decreased activity. These effects are most apparent under activating 

conditions at pH 6.5, when NTRs are more exposed. 

Although these regions differ substantially in sequence composition, both may function either as 

direct tau-binding sites or as regulatory hubs that integrate environmental signals. The Aromatic 

region of HSPB5 has a His residue that could enable pH-dependent activation and both the 

Aromatic and Boundary regions contain the phosphorylation sites that activate HSPB1 and 

HSPB5 (S15, S78, S82 in HSPB1; S19, S59 in HSPB5). Notably, across the ten human sHSPs, 

phosphorylation sites cluster in the Boundary and Aromatic regions, suggesting that the positions 
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and properties of these subregions within otherwise variable NTRs have conserved modulatory 

mechanisms. 

Our findings support a modular model in which different NTR sub-regions confer specificity 

toward distinct aggregation pathways. The Aromatic region of HSPB5 governs tau aggregation 

suppression, whereas the Critical region of HSPB5 drives protection of γD-crystallin aggregation 

in the eye lens (47). Tau and γD-crystallin undergo different aggregation pathways, forming 

fibrils and amorphous aggregates, respectively. We propose that the ability to engage different 

types of clients and their early-aggregating species may therefore arise from a diversity of 

sequences (subregions) within sHSP NTRs that can be reconfigured to meet a variety of cellular 

conditions and clients. 

Disease relevance 

This framework also provides insight into disease mutations. Prior HDX-MS studies of HSPB1 

disease variants show altered exposure across multiple NTR sub-regions, with a shared increase 

in Boundary region accessibility (21). These mutations may therefore dysregulate a key 

structural control point that links oligomer architecture to chaperone output. The formation of 

hetero-oligomers between HSPB1 and HSPB5 (51-53) further suggests that cells may 

dynamically tune NTR accessibility in response to client load or stress. 

 

2.4: Conclusions 

In summary, our data define a mechanism in which sHSP chaperone activity emerges from 

dynamic, modular exposure of NTR sub-regions embedded within a quasi-ordered oligomeric 

network. Sequence-encoded stress sensors and ACD-mediated scaffolding jointly determine 

which regions are exposed, when, and to what extent. This model explains how sHSPs achieve 
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both client specificity and environmental responsiveness, and why certain clients may be 

preferentially protected under defined cellular conditions. More broadly, it identifies NTR-ACD 

interactions and NTR sub-regions as promising targets for therapeutic strategies aimed at 

modulating sHSP function in neurodegenerative disease. 

 

2.5: Materials and methods. 

Protein expression and purification 

Tau4RD was expressed in Escherichia coli BL21 DE3 cells (New England BioLabs (NEB)). The 

cells were grown at 37 oC until reaching an OD600 of 0.6-0.8, then induced overnight with 1 mM 

IPTG with the temperature adjusted to 16 oC. Cells were harvested by centrifugation and 

resuspended in 50 mM Tris-base, 500 mM NaCl, 10 mM Imidazole (Buffer A). Cells were lysed 

by a homogenizer after adding DNase, RNase, PMSF, and HIS-protease inhibitor. The lysed cells 

were centrifuged then the lysate was filtered (0.45 μM) and applied to HisTrap column 

equilibrated in Buffer A. Bound proteins were eluted by Nickel elution buffer (Buffer A + 250 

mM Imidazole). HIS-TEV protease was added to elutant and dialyzed overnight in Buffer A with 

2 mM DTT added. Dialyzed protein was reapplied to HisTrap column to collect the protein 

without the His-tag to be concentrated to ~6 mL. The concentrated protein was injected 2mL at a 

time on sdx200 column in final buffer containing 25 mM NaPi, 100 mM NaCl, 0.5 mM EDTA, 2 

mM. Fractions containing the protein was pooled and concentrated with a 3,000 kDa Molecular 

Weight Cut Off (MWCO) Amicon Ultra Centrifugal Filter.  

HSPB1 and HSPB5 constructs were expressed in Escherichia coli BL21 DE3 cells (New 

England BioLabs (NEB)). The cells were grown at 37 oC until reaching an OD600 of 0.6-0.8, then 

induced overnight with 500 μM IPTG with the temperature adjusted to 22 oC. Cells were 



 59 

harvested by centrifugation and resuspended in lysis buffer (20 mM Tris-base, 100 mM NaCl, 1 

mM EDTA, pH 7.5). Cells were lysed by a homogenizer in presence of DNase, RNase, 

lysozyme, and protease-inhibitor. HSPB1 purification was performed by Ni-NTA, following the 

tau purification protocol, but the tag cleavage was performed with SENP1. Following dialysis 

and tag-cleavage, HSPB1 sample was desalted into 20mM Tris Buffer at pH 8.0 using a 5mL 

HiTrap Desalting column, then loaded on to a 5 mL HiTrap Q High Performance column and 

eluted over a 100 mL gradient into the same buffer containing 1 M NaCl. The sample was then 

concentrated using a 10,000 kDa MWCO Amicon Ultra Centrifugal Filter before size exclusion 

chromatography.  HSPB5 purification protocol was followed as described previously (46).  

Fibril formation assays 

Fibrilization assay of Tau was performed on a low-binding 96-well plate using a CLARIOstar 

microplate reader. Each reaction contained 200 μL of sample with 5 μM Tau4RD, 1 mg/mL 

polyphosphate, 130 μM Thioflavin T (ThT), and 1.25 μM of chaperones in 25 mM NaPi, 20 mM 

NaCl, 0.5 mM EDTA, and 5 mM DTT buffer. The plate reader was shaken for 1 minute prior to 

fluorescent measurement at 440 nm excitation with 485 nm emission every 2.5 minutes. The 

enhanced dynamic range setting was applied to sample measurements. Each condition was 

performed in 4-6 replicates. Samples containing either HSPB1 or HSPB5 were pre-incubated in 

buffer and ThT for 3 hours at the same assay setting to let the oligomers and ThT come to an 

equilibrium on the plate reader. Tau4RD and polyphosphate were added after 3 hours to initiate 

the aggregation reaction.  

Hydrogen-deuterium exchange mass spectrometry 

All samples were incubated at 37 °C for 3 hours in water-based buffer and then cooled to room 

temperature before undergoing deuterium exchange. HSPB1 and HSPB5 constructs (0.04 
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mg/mL) were incubated at room temperature in 85% D2O-based PBS pH 7.5 buffer for 4 

seconds. Fully deuterated samples were made by incubating protein in 85% D2O + 6 M 

guanidium-hydrochloride buffer at 90 °C for 30 mins. Exchange was quenched by addition of 

ice-cold quench buffer (1.6% formic acid) and samples were flash frozen in liquid nitrogen. 

Samples were automatically thawed, digested by immobilized Nepenthesin-2, and injected on a 

Waters Synapt G2-Si instrument using a setup built in house around the LEAP PAL system (54). 

HSPB5 peptides were identified by MS/MS on a Thermo Orbitrap Fusion Tribrid instrument and 

MSE on a Waters Synapt G2-Si followed by data analysis using ProteinProspector (UCSF) or 

ProteinLynx Global SERVER (Waters). The quality of peptides were assessed in HDExaminer 

3.0 (Sierra Analytics). All peptide data was aggregated to achieve near-residue level resolution, 

and the fractional deuterium uptake was analyzed following pyHXExpress workflow for 

unimodal and multimodal analysis (44). 

Mass Photometry 

All samples were incubated at 37 oC for 3 hours in phosphate-based buffer (25 mM NaPi, 150 

mM NaCl, 0.5 mM EDTA, 5 mM DTT at a pH of either 6.5 or 7.5) at a final concentration of 1 

μM. Prior to sample preparation and incubation, the buffers were filtered using 3 kDa Millipore 

Amicon Ultracentrifugal filter. A Refeyn TwoMP mass photometer (Refeyn Ltd., UK) was used 

to analyze the sHSP samples. Beta-amylase was used to calibrate for molecular weights by 

assigning 56 kDa monomeric peak, 112 kDa dimeric peak, and 224 kDa tetrameric peaks. For 

sHSP measurements, 20 μL of 1 μM total protein sample was directly added to the coverslip 

using dilution free measurement. Each measurement was recorded over two minutes and fit to a 

Gaussian curve fit in Prism 10 (GraphPad Software, Boston, MA) for molecular weight 

determination of oligomeric species present.  
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3. Perturbation of the sHSP quasi-ordered network by altering NTR-ACD interactions 

3.1 Introduction 

Small heat shock (sHSP) oligomers are assembled not by a single rigid interface, but by 

multitudes of dynamic contacts distributed across all three domains: the disordered NTR, the 

structured ACD, and the short disordered CTR. Together, these interactions produce “quasi-

order” assemblies that are heterogeneous and dynamic, yet not random in which binding is 

governed by sequence features, preferred orientations, and competition for binding sites (1). The 

ACD is the only folded domain of sHSPs and serves as a central interaction hub. Within an ACD 

dimer, three prominent binding grooves are defined: one central groove formed at the dimer 

interface and two edge grooves (one per ACD monomer). These binding grooves act as scaffolds 

for both inter-and intra-molecular interactions, leading to higher-ordered oligomerization of 

sHSP as well binding clients and co-chaperones (2). Moreover, occupancy of these binding 

grooves is often mediated by short “IxI” motifs, making the ACD groove key nodes in the quasi-

order network (Figure 3.1).  

One of the well characterized ACD-mediated interactions involves CTR “IxI” motifs, 

which bind to the ACD edge groove and promote oligomerization (3-4). In sHSPs lacking an IxI 

motif in the CTR such as HSPB6, ability to form higher-order oligomers is diminished (5). Both 

HSPB1 and HSPB5 contain CTR IxI motifs, but their sequences differ: HSPB1 has a non-

canonical motif (ITIPV), whereas HSPB5 contains a more canonical IxI motif (IPI). Similar IxI 

motifs are also present within the long disordered NTR of sHSPs, and these motifs can compete 

for the same edge groove. In HSPB1, NTR IxI motif is non-canonical and consists of alternating 

hydrophobic residues (VPFSL), whereas HSPB5 again contains a more canonical motif (IAI). 

Beyond the interactions within the sHSP oligomers, IxI motifs are also present in clients and co-
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chaperones, including tau and Bag3, and these motifs have been shown to engage the ACD edge 

groove (6-7). Thus, the edge groove can accommodate multiple binders, not limited to sHSP 

protomers, and is important for sHSP oligomerization and client/co-chaperone engagement 

(Figure 3.1).  

 

Figure 3.1: ACD edge groove mediated knob-into-hole interactions by “IxI” motif of binding 

partners. ACD structure (PDB: 4MJH) shows edge groove binding site where interaction of 

multiple binding partners has been observed. Binding partners (HSPB1, HSPB5, Tau, and Bag3 

proteins) “IxI” containing motif is shown, with the motif sequence underlined.  

 

Other than edge groove binding, the ACD dimer interface (central groove) is a prominent 

binding site for the NTR. Current experimental data (HDX-MS and NMR) indicates that the 

primary binder to this region is the conserved NTR sub-region FR-C (1,8). Further, local 

unfolding of residues within ACD dimer interface has been observed in HSPB1, and release of 

the resulting ACD monomer has been proposed to correlate with increased chaperone activity (9-

11). In addition to FR-C, FR-E at the C-terminal end of the NTR has been shown to fill in parts 
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of the dimer interface (1,8). FR-E holds phosphorylation sites and has been implicated in 

delaying tau aggregation in vitro (12). These observations highlight the central groove as another 

important regulatory site that can influence both oligomer architecture and function.   

In addition to groove-mediated binding, the highly disordered and interactive NTR also 

engages additional ACD surfaces and loops outside the defined grooves (1). NTR-NTR 

interactions are also prominent in both HSPB1 and HSPB5 and are thought to contribute to the 

dynamics and organization of sHSP oligomers (13-15). Together, these contacts form a quasi-

order network in which multiple transient interactions coexist, compete, and redistribute 

depending on sequence, domain accessibility and environmental conditions.  

In Chapter 2, several key NTR-ACD interactions in HSPB1 and HSPB5 were identified 

as major determinants of both oligomer organization and tau chaperone function. Building on 

this framework, Chapter 3 tests how disrupting specific nodes within this quasi-order network 

alters sHSP structure, oligomerization, and tau chaperone function. The same experimental 

approaches used in Chapter 2 are applied here to delineate these effects, including HDX-MS to 

monitor local structure, ThT tau aggregation assays to quantify chaperone function, and mass 

photometry to assess oligomer size distributions. Three different perturbation strategies are 

explored. First (Chapter 3.2.1), HSPB1 disease-associated mutations in the NTR are examined to 

probe how a single mutation within the NTR alters the entire sHSP dynamics. Second (Chapter 

3.2.2), an ACD “bump” mutation is introduced to disrupt edge groove binding and test how loss 

of this binding site on the ACD template reshapes oligomers organization and quasi-order 

network. Finally (Chapter 3.2.3), hetero-oligomerization between HSPB1 and HSPB5 is 

investigated as a biologically relevant mechanism for modulating interactions, accessibility of 
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binders, and activity. Together, these experiments aim to refine a mechanistic model for how 

sHSPs encode functional organization through a dynamic but defined interaction network.  

 

3.2 Results  

3.2.1 B1 NTR Disease Mutation 

Previous work from our lab used HDX-MS to examine how HSPB1 disease-association 

mutations in three key NTR sub-regions in FR-C, FR-D, and FR-E regions (G34R, P39L, G84R) 

alter local structure and dynamics (Figure 3.2). The disease mutant in FR-C (G34R) showed 

largest perturbation in the region where the mutation is introduced as well deprotection at the 

NTR-ACD boundary (residues 80-100). G84R also showed increased deuteration in the region of 

the mutation within the boundary sequence, as well as FR-C. P39L, a disease mutant in FR-D 

was the only disease mutant tested where overall protection increased, except in FR-E where it 

becomes slightly more exposed. Although each mutation led to varying effects on NTR dynamics 

and accessibility, a shared trend emerged: the boundary region (FR-E) shows increased exposure 

in all three mutants. This observation is consistent with results from Chapter 2, where increased 

exposure of the boundary region (FR-E) was correlated with enhanced HSPB1 chaperone 

function toward tau aggregation.  
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Figure 3.2: HDX-MS analysis of HSPB1 disease mutations, compared to HSPB1-WT at 3-second 

early timepoint. The deuteration difference from HSPB1-WT for each disease mutant is shown 

for each peptide. (Data from Clouser 2019) 

 

 No functional assays were reported for HSPB1 disease associated mutations in (Clouser 

2019), so I tested whether the increased exposure of FR-E in the HSPB1 disease mutants also 

translates to increased chaperone function using in vitro ThT tau aggregation assay (Figure 

3.3A). All three mutations increased overall chaperone activity relative to HSPB1-WT, but each 

led to distinct aggregation kinetics. G34R in FR-C did not alter its T50 vastly, yet it consistently 

reduced the final ThT fluorescence plateau across all aggregation assays with G34R. A reduced 

ThT plateau signal suggests decreased total fibril formation, including aggregated tau and co-

aggregated HSPB1 species. G34R also showed widespread NTR deprotection by HDX-MS, 

except for peptides in FR-D, suggesting higher overall NTR accessibility that may suppress tau 

aggregation.  

Both P39L and G84R showed three different phases in the aggregation kinetics: 1) the lag 

phase is delayed and the slope of elongation rate is also decreased, 2) after ~500minutes, the 

elongation rate increased and led to rapid formation of aggregates, 3) a plateau is reached within 
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the next 200 minutes. Such multi-phase behavior is consistent with a model in which these 

mutants delay nucleus formation but are less effective at suppressing aggregation once fibril 

elongation begins. Among all three mutants tested, only P39L produced higher level of ThT-

binding species at the end of the reaction that exceeds WT, inferring co-aggregation of tau with 

HSPB1 oligomers. Additional experiments to quantify soluble and insoluble materials at the end 

of aggregation (e.g., SDS-PAGE) would help clarify the correlation of ThT signal and co-

aggregation. Such mechanism of action aligns with prior work (7), which proposed that HSPB1 

delays tau aggregation by maintaining tau in a soluble, monomeric state for longer durations.   

  

Figure 3.3: Effects of HSPB1 disease association mutation on chaperone function and oligomer 

size distribution. (A) In vitro aggregation assay of tau in presence of HSPB1 disease mutants. 

Reactions are induced by 1mg/mL polyphosphate at pH 7.5; 37oC with 5𝜇M Tau4RD with 

1.25𝜇M sHSP. ThT fluorescence values are recorded every 2.5minutes while agitating prior to 

each measurement. (B) Molecular weight distribution of HSPB1 WT and disease mutant 

oligomers, measured by mass photometer. Each measurement is at 1𝜇M final concentration of 

HSPB1 monomer in aggregation buffer with 20mM NaCl concentration under reducing 
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condition. The counts were recorded for two minutes using buffer-free method on mass 

photometer. The molecular weight distribution is calculated by fitting the normalized counts to 

Gaussian model with two populations.   

  

Despite varied effects in local structure and activity, mass photometry revealed that G34R and 

G84R largely preserved WT-like oligomer distribution (Figure 3.3B). The molecular weight 

distributions of both G34R and G84R maintained the typical HSPB1 bimodal distribution with 

slightly higher average molecular weights and polydispersity (i.e. increased 𝜎) in both 

populations. On the other hand, P39L destabilized the larger oligomeric population, increasing 

the average molecular weight by ~12 subunits with a much broader polydispersity. The increased 

oligomer heterogeneity may contribute to P39L’s apparent propensity to co-aggregate with tau, 

as the oligomers may be less stable. Importantly, as shown in Chapter 2, oligomer size 

distribution alone does not directly predict chaperone activity, and that local structural 

accessibility within the NTR, particularly in FR-E, play a more dominant regulatory role in 

tuning HSPB1 chaperone function.  
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B1NTR 
Disease 

Activity Molecular 
Weight 

Sub-regions with 
inc. exposure 

Sub-regions with 
dec. exposure 

Sub-regions with 
no change 

G34R  570kDa +/- 
172 

(97%) 

FR-A, FR-B, FR-
C, FR-E 

Start of insertion FR-D, Insertion  

P39L  648kDa +/- 
213 

(83%) 

FR-E FR-A, FR-B FR-
C, FR-D, start of 

insertion 

Insertion 

G84R  483kDa +/- 
170 

FR-C, FR-E FR-A, FR-B,  
start of insertion 

Insertion 

Table 3.1: Summary of observations from HDX-MS, aggregation assay, and mass photometry for 

HSPB1 disease mutations tested compared to the HSPB1-WT.  

  

The increased exposure of the FR-E across all three HSPB1 disease mutations could 

reflect a reduced secondary structure at this site. Some of the residues in the boundary region can 

form a β-strand structure, termed β2 and when engaged to β3 of the ACD, β2 will comprise part 

of the Central Groove at the dimer interface, altering its shape and properties. ACD-only 

structures that include parts of the boundary β2  residues (PDB:4NJH and 2N3J; 16-17) show β2 

to exist in two different conformations (Figure 3.4): 1) a protected conformation in which β2 

forms β-sheet interactions with ACD β3, and 2) an “open” conformation in which β2 extends 

away from the ACD instead of engaging β3 strand (Figure 3.4). A shift toward the open 

conformation, or lack of secondary structure formation in turn would lead to more accessible 

NTR, specifically in the boundary sequence to chaperone tau aggregation. In support of this 

model, residues corresponding the ACD β3 also experienced increased deuterium uptake across 

all three mutants. In both G34R and G84R, FR-C also showed increased D-uptake. As previously 

stated, NTR sequence in the FR-C binds to the ACD central groove that is also occupied by β2/3 

in protected conformation. These paired changes in exposure suggest lack of β2/3 engagement, 

thus a shift toward an “open” conformation associated with increased chaperone activity.  
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Figure 3.4: Pymol structure of one ACD monomer each from PDB: 4MJH and PDB:2N3J. In the 

NMR structure (PDB: 2N3J), boundary regions are pointing away from the ACD in the “open” 

boundary region conformation (Right). In the crystal structure (PDB: 4MJH),  β2 and β3 

residues are engaged in β-sheet structure formation, leading to “protected” boundary. 

 

In contrast, P39L show increased deuterium uptake in the NTR boundary without a 

paired increase in FR-C exposure, as observed for G34R or G84R. This implies that P39L 

mutation may impose a different structural rearrangement that does not primarily operate through 

changes in β2/3 interaction. However, it is important to note that substitution of proline with 

leucine at site 39 may increase local helical propensity and reduce deuterium uptake through 

altered backbone dynamics.  

These results further reinforce the boundary region (FR-E) as a critical regulatory 

element for HSPB1 chaperone activity toward tau. G34R and G84R, which directly or indirectly 

perturb boundary β2/3 engagement, appear to follow the mechanism proposed in Chapter 2 in 

which boundary exposure modulates NTR accessibility and activity. Although P39L does not 

show the same paired FR-C/FR-E exposure pattern, it still enhances FR-E exposure and overall 
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activity. Additional analysis on P39L HSPB1 oligomers also points to altered subunit exchange 

rate, increased local secondary (helical and/or β-sheet) structure and assembly that is unique to 

P39L (Clouser 2019; thesis), thus further investigation is needed to better understand the effects 

P39L mutation on HSPB1 oligomers.  

 

3.2.2 The disruption of NTR-ACD interaction by a “Bump” mutation 

The bump mutation was designed previously by our lab (18) to study the role of ACD 

edge grooves in sHSP oligomerization. The ACD edge groove is created by β4 and β8 strands of 

the structured ACD, creating a binding site for hydrophobic moieties through hydrophobic-

hydrophobic interactions (Figure 3.5). In particular, the edge grooves bind “IxI” motifs, 

originally thought to involve two Ile residues but now known more generally as sequences with 

alternating hydrophobic residues. These interactions occur in both the CTR and NTR of sHSPs 

(5,7,19) and are thought to mediate inter-subunit interactions that contribute to oligomer 

assembly. Edge groove binding can be disrupted by introducing a bump mutation at a highly 

conserved Serine in β8 (S155Q in B1, S135Q in B5), where a bulkier glutamine sterically 

occludes the groove, thus preventing binding partners from engaging the site (2). Such binding 

partners are not limited to its inter-/intra-sHSP protomers but also include clients with 

hydrophobic patches and co-chaperones (Figure 3.5). As a result, the bump mutation serves as a 

useful tool to interrogate how ACD edge groove interactions influence oligomer structure and 

chaperone function.  
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Figure 3.5: Pymol structure of HSPB1ACD (PDB: 4MJH) that shows edge grooves created by  

β4 and β8 strands (pink) and the conserved Serine 155 that is mutated to Glutamate (S155Q) in 

bump mutation.  

 

The edge groove was initially considered a potential target site for therapeutics by 

modulating sHSP activity (20-21). However, experimental data indicate that binding does not 

directly translate to chaperone function. Previous work demonstrated that tau binds both to the 

ACD edge groove and to sites within the NTR of HSPB1 through IxI motifs (Figure 3.1). 

However, only interactions involving the NTR lead to productive chaperone activity, whereas 

ACD binding is uncorrelated with chaperone function (20-21). Introducing the bump mutation to 

abrogate binding to the ACD edge groove led to enhanced chaperone activity of HSPB1 toward 

tau. This leads to a mechanism in which release of the disordered NTR from ACD edge groove 

binding enhances chaperone activity toward tau. In this model, blocking the edge groove 

prevents sequestration of distal NTR, thereby increasing the accessibility of NTR regions 

responsible for client engagement (Figure 3.6). However, not much is understood about what this 

“release of NTR” means. Specifically, it is unclear whether the bump mutation causes the NTR 

to become globally exposed, or instead triggers more localized reorganization while keeping 
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other oligomeric organization intact. In this sub-chapter, I attempt to address two key questions 

that remain: 1) Is bump activation a general mechanism shared across sHSPs? 2) How does 

abrogating the edge groove reorganize oligomer structure and local dynamics?   

 

Figure 3.6: A cartoon representation of how the bump mutation is predicted to change sHSP 

structure and their NTR accessibility. Upon the addition of the bump mutation, NTRs bound to 

the ACD edge groove become unbound, or released. The cartoon specifically represents intra-

dimer interaction for simplicity, but inter-dimer interactions exit within oligomers.  

 

First, I confirmed that tau binds specifically to the ACD edge groove in both HSPB1 and 

HSPB5, indicating conserved client binding site in these two proteins (Figure 3.7). By NMR, 

15N-labeled ACD constructs of HSPB1 and HSPB5 both showed specific chemical shift 

perturbations in residues associated with the edge groove. This binding is abrogated upon 

introducing a bump mutation to each ACD (S155Q for B1, S135Q for B5), further confirming 

the edge groove to be a binding site for client tau.  
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Figure 3.7: (NMR) Chemical shift perturbations (CSPs) observed in HSQC spectrum of 200𝜇M 

N15-labeld B1ACD and B5ACD in presence of 400𝜇M Tau4RD are shown in black. CSPs for N15-

labed Bump constructs for 200𝜇M B1ACD and B5ACD in presence of 400𝜇M Tau is shown in 

pink (B1ACD Bump) and blue (B5ACD Bump) 

 

In addition to the analogous client binding site, the introduction of the bump mutation 

had similar effects on the chaperone function of HSPB1 and HSPB5. The bump mutation 

enhanced the ability of both proteins to delay tau aggregation (Figure 3.8; left). The bump 

mutation was also introduced into ACD-swapped constructs (B151 and B515) to test whether the 

effect is generalizable across different NTR-ACD parings. Similar to the WT proteins, the bump 

mutation significantly enhanced activity in both chimeras (Figure 3.8; right). In B151, tau 

aggregation was prevented for over 16 hours (the timescale of our in vitro assay), and in B515, 

the T50 value increased by ~4.5 hours (Figure 3.8; bottom panels). The increased chaperone 

activities by bump are consistent with the prevailing model that blocking the edge groove 

disrupts distal NTR sequestration and increases accessibility of chaperone-active NTR elements.  
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Figure 3.8: in vitro tau aggregation in presence of HSPB1 and HSPB5 bump mutants. Top panels 

represent tau aggregation in presence of HSPB1 and HSPB5 bump mutants (Left) and their 

ACD-swapped bumps. Bottom panel shows the same data, analyzed by their T50 values in 

comparison with their WT-counterparts. All assays are conducted using 5𝜇M Tau with 1.25𝜇M 

sHSP at 37oC at pH 7.5. 

 

To assess changes in overall oligomer distributions, sHSP molecular weight distributions were 

measured using mass photometry (MP). MP reports the molecular weight distribution of 

heterogenous protein assemblies in solution (More detail in Chapter 4). Measurements were 

performed at 1μM of total protein concentration in PBS at pH 7.5. It is important to note that 
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sHSPs are sensitive to buffer conditions, including ionic strengths in the buffer (salt 

concentration) and pH. Disruption of the edge groove can have at least two consequences for 

oligomerization: 1) loss of CTR-IxI binding and 2) loss of NTR IxI binding. The bump mutation 

caused a notable shift in HSPB1 oligomer organization, reducing polydispersity and resulting in 

a narrower molecular weight distribution (Figure 3.9; left). This shift likely reflects disruption of 

the edge groove mediated interactions that contribute to recruitment and stabilization of larger 

oligomers. In contrast, the HSPB5 oligomer distribution was largely unaffected by the bump 

mutation, though it became slightly more heterogeneous based on an increased 𝜎 value (Figure 

3.9; right). The effects of the bump mutation in the ACD-swapped constructs followed trends 

observed in their NTR identity. B515 remained in uniform oligomer distribution and was 

unaffected by the bump mutation. In B151, the bump mutation led to disassembly of the large 

oligomer population and instead showed an increase in the proportion of smaller oligomeric 

species (population 1 in B151 and B151 Bump). Overall, these MP results indicate that the bump 

mutation has different effects on HSBP1 and HSPB5 oligomer assemblies: the oligomer state of 

HSPB5 constructs were less impacted by domain swaps or bump mutation, while HSPB1’s 

ability to form larger oligomers is diminished, suggesting that its oligomerization depends more 

on edge groove interactions. They also shed light on fundamental differences in the HSPB1 and 

HSPB5 NTRs: HSPB5 NTRs holistically drive oligomerization and no specific interactions with 

the ACD are primary drivers, whereas HSPB1 oligomerization is more dependent on having 

access to the edge groove.  
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Figure 3.9: Molecular weight distribution of HSPB1 and HSPB5 WT vs bump mutant oligomers 

measured by mass photometry. HSPB1 constructs on the right; HSPB5 constructs on the left for 

comparison .Measurements were performed using the dilution-free method in PBS pH 7.5 buffer 

at 1𝜇M sHSP. 

 

To gain deeper structural insight into how the bump mutation alters local structures, we 

performed HDX-MS at 4-second time-point for both WT- and ACD-swapped constructs of 

HSPB1 and HSPB5. Analysis was performed based using fractional deuteration (fractional 

uptake relative to the theoretical maximum number of total deuterons). Across all constructs, 

overall HDX-MS patterns were consistent with expected domain architecture: a protected 
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structured ACD (slow exchange), a highly solvent exposed CTR (fast exchange), and NTR 

showed sub-region-specific behavior (Figure 3.10). Despite the substantial functional changes 

observed in tau aggregation assays, HDX-MS perturbations were relatively subtle overall. Still, 

statistically significant (p=0.05) changes in peptide deuteration were observed in specific 

regions. To better define the effects, a summary of regions with statistically significant changes 

upon bump mutation is displayed in Table 3.2. Fractional deuterium uptake is defined relative to 

the theoretical maximum number of total deuterons. Color indicates magnitude of deprotection: 

red, changes in uptake from control (Δuptake) >0.5; light orange, Δuptake≤0.5; blank cells 

indicate no statistically significant change. 
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Figure 3.10: Paired HDX-MS peptide analysis for bump mutant constructs of HSPB1 and 

HSPB5, categorized by their domains. The same peptides are matched from paired dataset with 

WT constructs shown in blue with their respective bump pair in red. The median value of each 

domain and its shift in the bump mutant is indicated with red lines.  

 FR-A FR
-B 

FR
-C 

FR
-D 

Insertion FR
-E 

β3, β4, 
loop3/4 

β5 Dimer 
Interface 

Loop 
7/8 

β8/9 Loop 
9/CTR 

HSPB1 
Bump 

            

HSPB5 
Bump 

     NA        

B151 
Bump 

            

B515 
Bump 

     NA        

Table 3.2: Summary of specific NTR, ACD, or CTR subregions that experience statistically 

significant differences in peptide deuteriation. Color indicates magnitude of deprotection: red, 

changes in uptake from control (Δ fractional uptake) >0.5; light orange, Δuptake≤0.5; blank cells 

indicate no statistically significant change. 



 88 

The CTR becomes more exposed upon bump mutation in all constructs  

The interaction between the CTR IXI motif and the ACD edge groove is a well-studied 

mechanism for subunit recruitment in sHSPs (19). Disrupting the edge groove by bump mutation 

would be predicted to reduce CTR sequestration and increase CTR accessibility in solution 

according to our model. Indeed, the bump mutation increased deuterium uptake in CTR peptides 

across all four constructs. Average fractional D2O uptake (fD-uptake) increased by ~0.04 in 

HSPB1 CTR peptides, and ~0.05 in HSPB5 CTR peptides. Similar CTR exposure changes were 

also observed in both ACD-swapped constructs. While these changes appear small, most of the 

CTR is already highly exposed even in WT oligomers, so large shifts are not expected. This 

strongly supports a common mechanism in which the bump mutation disrupts CTR IxI binding 

to the ACD edge groove, thus releasing the CTR.  

Effects of bump mutation on ACD and NTR local structure.  

In contrast to the CTR that showed a consistent pattern across constructs, NTR 

perturbations differed between HSPB1 and HSPB5. HSPB1 exhibited no statistically significant 

changes in NTR upon bump mutation, whereas HSPB5, B151 and B515 (B5-containing 

constructs) showed increased deuterium uptake in all NTR sub-regions except FR-C. FR-C is 

conserved throughout sHSP, and FR-C interaction with the dimer interface is presumably 

maintained regardless of bump mutation. In HSPB5 and B515, the largest deprotection was seen 

in the FR-A and FR-B. Deprotection in this region suggests altered interaction between HSPB5 

NTR IxI motif and the ACD edge groove due to the bump mutation. In addition, FR-D which 

contains “critical residues”, implicated in modulating HSPB5 chaperone function, showed 

increased exposure in HSPB5 and B5 containing chimeras (B151 and B515). 
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In addition to NTR effects, the bump mutation increased overall deuterium uptake in the 

ACD for all constructs. In HSPB1, the bump mutation caused deprotection at ACD residues 95-

126 and 142-154. These residues encompass β3, loop3/4, β5, and loop7/8. A similar pattern is 

observed in B151 bump, where residues 90-124 corresponding to β3, loop3/4, and β5 become 

more exposed. In HSPB5 constructs, only ACD residues 72-92 increased fD-uptake in HSPB5-

Bump, but B515-Bump led to increased exposure throughout the ACD. In all constructs, shared 

deprotection mapped to β3, loop3/4, and β4. This region has been implicated in regulating NTR 

accessibility (12), and in HSPB1 specifically, loop3/4 has been shown to interact with NTR FR-

B residues in NMR experiments (1). Furthermore, deprotection was also observed in the NTR 

FR-E region in HSPB5 containing constructs, consistent with altered β-sheet interaction (β2/β3) 

at the NTR-ACD boundary as described in Chapter 2. In addition to perturbation in the early 

ACD residues, adjacent β5 residues in all constructs except HSPB5 become deprotected. Overall, 

the bump mutation alters both NTR and ACD local structure and increases accessibility within 

oligomers. Moreover, these data suggest that the HSPB5NTR engages more strongly and/or 

more frequently in interactions that depend on the ACD edge groove, whereas solvent exposed 

HSPB1 NTR may be interacting with its edge groove more transiently under these conditions. 

Our initial model (Figure 3.6) predicted that abrogating edge groove interaction would 

lead to complete release of the NTR but instead, the structural effects appear more subtle and 

specific. Results here support a refined model in which the bump mutation disrupts specific edge 

groove dependent interactions, particularly those involving IxI motifs, leading to partial release 

of distal NTR regions rather than complete NTR dissociation from the ACD. In HSPB5, this 

partial release is detectable by HDX-MS at early time points, whereas in HSPB1, NTR changes 

may be too subtle to resolve at a single early time point. Additionally, previous HDX-MS 
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analyses of HSPB1 and HSPB5 revealed bimodality in several NTR regions, including FR-A 

(1,12,23). Analysis by average fractional uptake method instead of bimodal analysis may obscure 

population-specific changes (i.e. bound vs unbound NTR states). It is also noteworthy that bump 

mutation caused shared increased D-uptake in early ACD sequence even at the 4-second time 

point. Because the ACD is typically well protected and often requires longer exchange with 

deuterons to resolve changes. This suggests that bump mutation can rapidly influence local 

structure and/or dynamics of distal NTR, ACD, and CTR IxI motif.  

   

3.2.3 Hetero-oligomerization of HSPB1 and HSPB5 

 The heterogeneity of small heat shock proteins (sHSPs) extends beyond the formation of 

homo-oligomeric assemblies. In addition to forming distinct homo-oligomers, HSPB1 and 

HSPB5 are co-localized and co-expressed in cells (24-28), including in neurons, and have been 

shown to spontaneously hetero-oligomerize in vitro (29-30). Both proteins are present not only in 

normal tissues but also in pathological tissues from patients with neurodegenerative diseases (31-

33). This suggests functional cooperation between these two sHSPs under physiological and 

stress conditions. However, the structural organization and functional consequences of HSPB1-

HSPB5 hetero-oligomerization remain poorly defined. In this section, I characterize hetero-

oligomeric species formed by HSPB1 and HSPB5 in vitro, and examine how hetero-

oligomerization alters their assembly, activity, accessibility, and molecular interactions 

underlying these effects.  
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Interaction of HSPB1 and HSPB5 produce hetero-oligomers in vitro with distinct features  

 To characterize hetero-oligomerization of HSPB1 and HSPB5 in vitro, we examined 

whether mixing these two proteins results in assemblies that are distinct from their respective 

homo-oligomers. We employed two complementary, label-free, solution-based techniques: 

analytical sizing exclusion chromatography using a Superose 6 10/300 GL column (aSEC) and 

mass photometry (MP). While both methods report on oligomer size and heterogeneity, they 

probe different physical properties of the sample and operate at different concentration ranges, 

which is particularly relevant given the concentration dependence of HSPB1 oligomers. 

Analytical SEC separates samples based on hydrodynamic radius as they move through porous 

polymer beads. Mass photometer outputs molecular mass distributions of individual particles in 

solution using interferometric light scattering of single molecules that bind to a glass surface. 

Together, these techniques provide orthogonal views of oligomer size, mass, and polydispersity.  

Intriguingly, aSEC elution profile and MP measurements produced apparently conflicting 

results. By aSEC, the elution profile of a HSPB1-HSPB5 mixture does resemble the predicted 

profile for two non-interacting species. Paradoxically, the elution profile appears to resemble that 

of HSPB5 homo-oligomers (Figure 3.11A). MP similarly shows that a 1:1 mixture assembles 

into a distribution more similar to HSPB5 (Figure 3.11B). This discrepancy in oligomer size 

between aSEC and MP could be due to differences in their interactions with the aSEC resin. 

Additionally, aSEC involves dilution of samples as they pass through the resin (~10-fold), 

whereas MP does not. I hypothesize that the HSPB5-like elution profile observed by aSEC arises 

from increased exposure of disordered B5NTRs or CTRs, which may interact with the resin as it 

passes through the column. Furthermore, HSPB1-HSPB5 mixtures were analyzed across varying 

stoichiometric ratios. MP measurements showed that increasing HSPB1 content resulted in larger 
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average MW and increased polydispersity, whereas increasing HSPB5 content reduced both 

parameters, while still yielding assemblies larger than HSPB5 homo-oligomers (Figure 3.11B). 

This continuous, ratio-dependent shift in MW and heterogeneity supports the conclusion that 

HSBP1-HSPB5 assemblies represent a unique class of oligomers, distinct from either homo-

oligomer species.  

 

Figure 3.11: Oligomer size and distribution of HSPB1-HSPB5 hetero-oligomers. (A) Analytical 

sizing exclusion chromatography with GE Superose 6 10/30L of HSPB1, HSPB5 homo- and 

heter-oligomers. 200𝜇M of each sHSP is injected at pH 7.5. B) Molecular weight distribution of 

sHSP hetero- and homo-oligomers of HSPB1 and HSPB5 measured by mass photometry. Mixture 

of HSPB1 and HSPB5 led to formation of distinct species that is more heterogeneous and 
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polydisperse compared to their homo-oligomers. They are also ratio depended, where 

polydispersity and size increased with increasing HSPB1 content. Controls of concentrations of 

HSPB1 (C)  and HSPB5 (D) tested are shown on the bottom panels for each concentration 

range. Measurements are performed at total protein concentration of 1𝜇M by dilution-free 

method at pH 7.5 in PBS post 3 hour incubation at the final concentration. 

 

Activity of HSPB1-HSPB5 hetero-oligomers toward tau aggregation  

Given the clear evidence of hetero-oligomerization, we wondered how chaperone 

function of both HSPB1 and HSPB5 is affected by hetero-oligomerization. For some sHSP 

pairings, such as HSPB4-HSPB5 in the eye lens, hetero-oligomer stoichiometries are well 

defined in vivo (34). However, the relative abundance and stoichiometry of HSPB1-HSPB5 

hetero-oligomers in cells are not well established and likely change in response to changing 

cellular conditions. To capture a range of potential assemblies, we tested equimolar ratio (1:1), as 

well as 3-fold excess of either HSPB1 or HSPB5 for tau aggregation assays. In the range of 

concentrations tested (2.5𝜇M – 0.625𝜇M sHSP for 5𝜇M Tau), chaperone activities of HSPB1 

and HSPB5 homo-oligomers showed only minimal changes in chaperone activity with increasing 

sHSP concentration (Figure 3.12; bottom). When HSPB1 and HSPB5 were mixed at a 1:1 ratio, 

the overall chaperone activity was intermediate between that of the two homo-oligomers. 

Increasing the proportion of either HSPB1 or HSPB5 shifted activity toward that of the dominant 

species (Figure 3.12; top). These results suggest that hetero-oligomerization partially attenuates 

HSPB1 chaperone activity for tau while simultaneously enhancing HSPB5 activity. In other 

words, parts of HSPB1’s tau chaperoning function appear to be shielded by the presence of 

HSPB5, whereas HSPB5 becomes activated through association with HSPB1. This tunability of 
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chaperone function through hetero-oligomerization provides a potential mechanism by which 

cells fine-tune sHSP in response to cellular stress.  
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Figure 3.12: Chaperone function of HSPB1-HSPB5 hetero-oligomers toward in vitro tau 

aggregation. Top) Comparison of HSPB1 and HSPB5 hetero-oligomer mixtures. All mixtures 

contained total sHSP of 2.5𝜇M with 5𝜇M tau aggregation reaction. 1:1 equal ratio mixture is at 

1.25𝜇M:1.25𝜇M; 3:1 mixture used 1.875𝜇M:0.625𝜇M concentration. Bottom) Chaperone 

function of HSPB1 and HSPB5 homo-oligomers at the same concentration range tested. Darker 

shade indicates higher concentration in both panels with tested concentration of 2.5𝜇M, 

1.875𝜇M, 1.25𝜇M, and 0.625𝜇M sHSP concentration. The chaperone functions at each 

concentration are also shown.  

 

Hetero-oligomerization alters NTR accessibility in HSPB1 and HSPB5 

We next investigated how hetero-oligomerization alters the accessibility of specific NTR 

subregions in HSPB1 and HSPB5. In both HSPB1 and HSPB5 homo-oligomers, NTR 
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accessibility is regulated by networks of NTR-ACD interactions within the oligomer, controlling 

exposure of functional regions involved in client binding. To our surprise, hetero-oligomerization 

produced reciprocal global effects on the two proteins. Overall NTR exposure decreased in 

HSPB1, whereas NTR exposure increased in HSPB5 (Figure 3.13A). Under basal conditions, 

HSPB1 NTRs are generally more solvent exposed and accessible to tau, while HSPB5 NTRs are 

more sequestered (12,14). The reversal of this trend in hetero-oligomers suggests that 

reorganization of intermolecular interactions within the mixed oligomers redistributes NTR 

accessibility.  
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Figure 3.13: NTR sub-region Exposure by HDX-MS at 5-second time point. All peptide data was 

aggregated to obtain near-residue-level fractional deuterium-uptake values, followed by bimodal 

analysis using the pyHXExpress workflow (35). (A) Average fractional D-uptake for each NTR-

subregion, calculated from the centroids of unimodal fits, is shown as circles (○). Deuteration 

levels of the two populations (slow and fast states) determined from bimodal analysis are plotted 

as diamonds (◇) in the corresponding color scheme. Homo-oligomers are shown as pink for 

HSPB1-WT; blue for HSPB5-WT; and the hetero-oligomers shown in different shades of purple. 
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Comparisons are made for each NTR-subregions between the HSPB1 or HSPB5 peptides in 

homo- vs hetero-oligomer context. (B) Relative populations of the slow (pslow) exchange modes 

for each NTR-subregion are shown are shown for HSPB1 (left) and HSPB5 (right), comparing 

homo- and hetero-oligomer conditions. 

 

To quantify these effects of hetero-oligomerization of HSPB1 and HSPB5 on specific NTR sub-

regions, the peptide data for each sub-region were aggregated to obtain average fractional 

deuteration-uptake (fD-uptake) for each NTR subregion (Figure 3.13A). All NTR subregions 

exhibited reciprocal behavior upon hetero-oligomerization: HSPB1 became more protected, 

while HSPB5 became more exposed.  

FR-A and FR-B showed similar magnitudes of reciprocal change in fD-uptake. In 

HSPB1, fD-uptake decreased from 0.66 to 0.58 in FR-A and 0.52 to 0.48 in FR-B. In contrast, 

HSPB5 exhibited increased fD-uptake (0.33 to 0.45 in FR-A; 0.34 to 0.43 in FR-B). FR-A 

contains the “IxI” motif, which mediates binding to the ACD edge groove and scaffolds the 

NTRs in the oligomer in both proteins. The reciprocal pattern observed here suggests that 

HSPB1 and HSPB5 compete for edge groove interactions, with HSPB1 gaining access to HSPB5 

ACD binding sites previously occupied by HSPB5 NTR. Both FR-A and FR-B peptides display 

bimodality attributed to existence of two states: a solvent exposed (fast-exchange) state and a 

more protected (slow-exchange) species, presumably reflecting differences in ACD binding. In 

HSPB1, there is no substantial change in distribution of bound/unbound states between homo- 

and hetero-oligomers. On the contrary, HSPB5 has a higher population of protected species in 

homo-oligomers but shifted toward approximately having higher population of unprotected 

species upon hetero-oligomerization (Figure 3.13B).   
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FR-C corresponds to the conserved NTR sequence capable of binding the ACD dimer 

interface. FR-C showed the least perturbation within the NTRs for both proteins, indicating that 

this region remains largely protected and scaffolded in both homo- and hetero-oligomers. HSPB5 

FR-C is the most well-protected region across all mixtures and remained unimodal (i.e. 

essentially all is highly protected).  

FR-D exhibited the largest deprotection in HSPB5, with fD-uptake increasing from 0.36 

to 0.55, while HSPB1 became more protected (0.70 to 0.60). This region of HSPB5 has been 

implicated in holding chaperone function for another client gamma-D, highlighting how hetero-

oligomerization can expose functionally relevant regions by reorganizing oligomeric 

interactions. In line with this notion, the unprotected population of HSPB5 FR-D substantially 

increases upon hetero-oligomerization. In HSPB1, an insertion sequence that is highly solvent 

exposed by HDX-MS also became more protected in hetero-oligomers (0.86 to 0.78), consistent 

with global HSPB1 NTR protection. 

Finally, FR-E showed pronounced reciprocal changes and is the only NTR sub-region 

with higher average fD-uptake in HSPB5 than HSPB1. In HSPB1, FR-E shifted from  

predominantly fast-exchange peptides in homo-oligomers to a mixed fast/slow population, with 

average fD-uptake decreasing from 0.77 to 0.59, which is the largest protection change observed 

in HSPB1. In contrast, HSPB5 FR-E became more exposed, with fD-uptake increasing from 0.53 

to 0.67 and exists as a unimodal fast-exchange state. This pattern suggests that upon hetero-

oligomerization, HSPB1 FR-E forms β-sheet interaction with an ACD (Chapter 2) to gain overall 

NTR protection. In HSPB5, β2/β3 interactions could be out-competed by HSPB1 FR-E, leading 

to untethering of its NTR to become more solvent accessible. Indeed, FR-E has been proposed to 

act as a regulatory hub that alters NTR conformation through forming β-sheet interaction with 
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parts of the ACD as discussed in Chapter 2. Overall, these structural changes align well with the 

intermediate chaperone activity observed for hetero-oligomers in tau aggregation assay. 

Moreover, HSPB5 regions with proposed chaperone activity (FR-B for tau; FR-D for gamma-D) 

are deprotected whereas HSPB1’s FR-E that’s active for tau become more protected.  

NTR Distal “IxI” can bind to either HSPB1 or HSPB5 ACD 

To dissect the interactions governing hetero-oligomerization, we examined distal NTR-

ACD interactions mediated by IxI motifs in FR-A. Peptides from HSPB1 and HSPB5 containing 

the FR-A IxI motif were titrated into 15N-labeled ACD-only constructs of each protein and 

analyzed by NMR (Figure 3.14). For both ACDs, peptide addition induced chemical shift 

perturbations localized primarily to the edge groove. In general, addition of the HSPB5 peptide 

to HSPB1-ACD caused larger perturbations than addition of HSPB1 peptides. Thus, 

HSPB1ACD binds the HSPB1 distal peptide more weakly than the HSPB5 distal peptide. 

Complementary experiments performed with 15N-labeled HSPB5 ACD showed that HSPB5 

binds its own distal IxI motif approximately 10-fold more strongly than the HSPB1 IxI motif 

(data not shown). Together, these NMR results indicate that HSPB1 NTR IxI motif is a weaker 

binder to both ACDs, likely due to its unusual IxI sequence.  
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Figure 3.14: NMR distal peptide titration experiments on N15-labeld HSPB1-ACD. HSPB1-ACD 

residues showing chemical shift perturbation or peak disappearances are shown for addition of 

HSPB1 distal peptides up to 5x molar excess or HSPB5 distal peptides up to 3x molar excess, 

due to solubility. All experiments are performed using 200𝜇M ACD on 500Hz Tess NMR at pH 

7.5. Corresponding color legend for peptide concentration added is shown.  

 

Bump effects on HSPB1-HSPB5 hetero-oligomers  

 To further probe the role of ACD edge groove binding, we applied a bump strategy 

presented above (Section 3.2.2) to selectively disrupt IxI-edge groove interaction. The effect of 

each bump mutation was evaluated by mass photometer for size and aggregation assay for 

activity. First, MP revealed that eliminating either edge groove alone did not dramatically disrupt 
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hetero-oligomer formation (Figure 3.15; left). Removing the HSBP5 edge groove slightly 

reduced average molecular weight and increased polydispersity, while eliminating the HSPB1 

edge groove led to the formation of smaller oligomer population, but most oligomer species 

stayed in the larger oligomer (89% total population in large oligomer). However, simultaneously 

blocking both edge grooves destabilized larger oligomers, producing a smaller tetramer-like 

species, making up about 83% of total distribution. These results indicate that either edge groove 

can compensate to support hetero-oligomer assembly, but loss of both interactions compromises 

oligomer stability. Intriguingly, tau aggregation assays showed that hetero-oligomers lacking 

both edge grooves exhibited the highest chaperone activity (Figure 3.15; right). Assemblies with 

only one edge groove disrupted displayed intermediate activity between WT-heterooligomers and 

double-bump hetero-oligomers. These findings, together with HDX-MS and NMR data suggest 

that abrogating NTR-ACD interactions by taking away the edge groove further rearranges the 

oligomers, enhancing activity. Further investigation of other functional NTR sub-region binding 

to ACD is needed to create a full picture of sHSP interactome within hetero-oligomers.  

 

Figure 3.15: Consequences of bump mutation in HSPB1-HSPB5 hetero-oligomerization. (Left): 

Molecular weight distribution of HSBP1-HSPB5 hetero-oligomers mixes with WT and Bump 



 103 

mutation combinations, measured by mass photometry. 1𝜇M total sHSP is tested with equal ratio 

(0.5𝜇M+0.5𝜇M) of each species incubated for three hours prior to the measurements. (Right): in 

vitro tau aggregation assay in presence of HSPB1-HSPB5 hetero-oligomer bump mutants. 2𝜇M 

total sHSP concentrations were added to 5𝜇M tau aggregation assay at 37oC, induced by 

polyphosphate.  

 

ACD-ACD hetero-dimerization 

For both homo-oligomers, homo-dimerization of two ACD units is an important step in 

assembling sHSP oligomers. Previous NMR studies from our lab demonstrated that HSPB1 and 

HSPB5 ACDs can form hetero-dimers. Using 15N-labeled HSPB5 ACD-only construct, titrating 

unlabeled HSPB1 ACD showed chemical shift perturbations, specifically at the dimer interface 

(data not shown). Thus in hetero-oligomers, three potential dimeric units exist: 1) HSPB1 homo-

dimers, 2) HSPB5 homo-dimers, 3) HSPB1-HSPB5 hetero-dimers. Further investigation of 

affinities for homo- vs hetero-dimerization of the ACD could help parse out how by hetero-

oligomerization reorganizes assembly.  

NTR-NTR interactions happen between HSPB1 and HSPB5 (BPA) 

 In addition to interactions facilitated by ACD, NTR-NTR contacts provide another layer 

of complexity (34). Crosslinking experiments using  BPA incorporated throughout the NTRs of 

HSPB1 and HSPB5 revealed additional crosslinks upon hetero-oligomerization. Further 

optimization is needed to better optimize reproducible crosslinks (Discussed further in chapter 

4), but BPA-XL-MS analysis of hetero-dimers could further reveal key interactions within the 

hetero-oligomer network.  



 104 

3.3 Discussion  

In this chapter, NTR-ACD interactions were disrupted in several ways to better define 

how the quasi-order network within the sHSPs is established, maintained and modulated. 

Because sHSP oligomers are heterogeneous and highly dynamic, features that complicate 

analysis by traditional structural methods, we used a layered set of complementary approaches. 

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) was used to assess local structural 

protection and dynamics, mass photometry (MP) to quantify oligomer distributions, and tau 

aggregation assays to evaluate how such perturbations translated into altered chaperone function. 

Across all perturbations tested, HSPB1 and HSPB5 responded in distinct ways, revealing both 

conserved and protein-specific features of their quasi-order networks.  

First, HSPB1 disease-associated mutations in the NTR produced variable and site-

specific consequences. Rather than globally destabilizing oligomer or uniformly increasing NTR 

exposure, each disease mutation altered protection patterns in a way that depended strongly on 

its location and interaction within the NTR. This reinforces the idea that NTR contains multiple 

sub-regions that participate in specific NTR-ACD interaction networks that are also 

interconnected. 

Second, perturbation of the ACD edge groove using the bump strategy produced different 

effects in HSPB1 versus HSPB5. In HSPB1, abrogation of edge groove interactions destabilized 

the larger oligomeric species, shifting the distribution toward smaller assemblies. In contrast, 

HSPB5 maintained its overall oligomeric distribution despite losing the analogous groove, 

indicating that HSPB5 oligomers are either less reliant on edge groove binding or are stabilized 

through compensatory interactions like NTR-NTR, other NTR-ACD contacts, or the conserved 

region mainly drives oligomerization in HSPB5. In other words, the drive of HSPB5 NTR to be 
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sequestered is so strong that it has multiple pathways to achieve protection. Although both 

proteins can be activated by bump mutation, divergent effects on oligomerization highlight 

different intrinsic properties of HPSB1 and HSPB5. The difference in HSPB1 and HSPB5’s 

response to bump mutation suggests that activation and oligomerization are not obligatorily 

linked and that two proteins employ distinct strategies for tuning oligomer architecture and 

activity. HDX-MS further revealed that the bump mutation exposes the CTR but does not simply 

“free” the NTR by removing a binding site as originally presumed (Figure 3.6). Instead, 

perturbations propagated into the ACD. Specifically, decreased protection was consistently 

observed at residues within β3/β4 and loop3/4 across all bump constructs tested. Similar to the 

observation of the ACD-swaps, increased exposure in FR-E could reflect reduced β2/β3 

interactions at the NTR-ACD boundary (12). While further bimodal analysis or longer exchange 

time may be needed, the NTR also experiences deprotection, especially at the N-terminal distal 

end (FR-A and FR-B) in HSPB5 containing species (HSPB5 bump, B515 bump, B151 bump). 

However, these structural changes are modest compared to the dramatic functional effects of the 

bump mutation. Although many mechanistic models have emphasized the NTR, these results 

show the ACD-local changes can also contribute to activated response and that disrupting edge 

groove availability triggers rearrangement of multiple interaction nodes simultaneously. Because 

edge groove binding is central to the architecture of the oligomer, its perturbation likely forces 

redistribution of NTR and CTR interactions, changes in ACD dynamics, and altered competition 

for binding sites. As a result, it may be difficult to reduce the consequences of bump mutation to 

a single structural event given such interconnectivity within the sHSP oligomers.  

In a realistic cellular context, it is unlikely that all edge grooves in oligomers would 

become simultaneously unavailable, as occurs with the bump mutation. Instead, edge groove 
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occupancy by a client protein or co-chaperone likely occurs transiently at a subset of sites. Such 

edge groove binding event could trigger local rearrangements and competition among potential 

binders. Given the transient nature of sHSP interactions with each subunit, higher affinity 

binding with clients or co-chaperones would be able to rearrange the oligomers. This would 

allow for either 1) release of subunits from the oligomers to generate more solvent-exposed 

active forms, as proposed in some models (9,11), and/or 2) stabilization of client binding within 

the oligomer through edge groove by sequestering misfolded proteins until re-folding activity by 

ATP-dependent chaperones.  

 Finally, HSPB1-HSPB5 hetero-oligomerization produced intriguing trends: the dominant 

effects seen at early-time point were localized within the NTRs, and these effects moved in 

opposite direction for the two proteins. Hetero-oligomerization of HSPB1 and HSPB5 is a 

biologically relevant process as two proteins are co-expressed and co-localized in cells, and they 

spontaneously form hetero-oligomers in vitro. MP and aSEC confirmed formation of a distinct 

hetero-oligomeric species that is larger and more polydisperse than either homo-oligomers. The 

distribution is dependent on stoichiometry: increasing the HSPB1 content promoted larger, more 

polydisperse assemblies, whereas increasing HPSB5 shifted the population to the opposite 

pattern. HDX-MS showed that in hetero-oligomer, the HSPB1 NTR becomes globally more 

protected, while the HSPB5 NTR becomes more exposed. This pattern is striking when 

compared to the ACD-swapped chimeras analyzed previously in Chapter 2. In the ACD-swapped 

constructs, introducing the HSPB5 ACD into HSPB1 scaffold increased HSPB1 NTR exposure 

(B151), whereas the HSPB5 NTR showed minimal perturbation in the reciprocal chimera 

(B515). By contrast, in the heterooligomers, the presence of additional HSPB5 subunits leads to 

increased protection of the HSPB1 NTR, while presence of HSPB1 drives deprotection of the 
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HSPB5 NTR. This discrepancy suggests that hetero-oligomerization cannot be explained solely 

as a simple sum of heterotypic NTR-ACD binding possibilities. Instead, it indicates that the 

ensemble of interactions favored in a mixed oligomers differs from what is possible in a tethered 

NTR-ACD chimera. In the ACD-swapped chimeras, the NTR and ACD are connected, enforcing 

proximity even when interactions are not optimal. In hetero-oligomers, by contrast, all binding 

surfaces are present and interactions are governed by competition and energetic preferences 

across the ensemble. In addition, hetero-oligomer mixtures allow heterotypic NTR-NTR 

interactions between HSPB1 and HSPB5, which is absent in the ACD-swapped oligomers. The 

hetero-oligomer therefore reveals which interactions are favored when the system is allowed to 

self-organize in its preferred fashion. Functionally, these data are consistent with hetero-

oligomerization as a potential regulatory mechanism used by sHSP. In the heterooligomer 

context, regions previously associated with chaperone function in HSPB5 (FR-B and FR-D) 

become more exposed, consistent with increased activity. In contrast, HSPB1 experiences 

protection in its chaperone active region (FR-E), consistent with relative inhibition of HSPB1 

activity. These findings suggest that mixing HSPB1 and HSPB5 could tune the balance of 

chaperone function in cells by redistributing exposure of specific NTR functional regions across 

subunits. In cells, this balance could be further modulated by PTMs, stress conditions, or 

dynamic exchange of subunits between hetero- and homo-oligomer pools.  

Across all perturbations tested in this chapter, several consistent trends emerged that 

clarify conserved features of the quasi-order network. First, FR-C remained well protected, 

presumably by maintaining binding to the central groove. Notably, FR-C is perturbed by disease 

associated HSPB1 mutations: it becomes more exposed in G34 and G84 mutants and more 

protected in P39L. The fact that clinically relevant mutations perturb this highly conserved 
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interaction suggests that destabilization of the FR-C-central groove interaction may be 

particularly disruptive to oligomer regulation. These results suggest that FR-C and central groove 

binding represents one of the more stable and conserved interactions in the sHSP quasi-order 

network. Second, IxI mediated contacts in both the NTR (FR-A) and in the CTR were sensitive 

across essentially all perturbations. Rather than being static anchors, these IxI motifs appear to 

change binding in response to direct or allosteric changes, contributing to the plasticity of 

oligomer architecture. Third, exposure of FR-E and corresponding interacting ACD residues 

consistently correlated with changes in chaperone activity. All three disease-associated HSPB1 

mutants showed increased activity accompanied by increased FR-E exposure. Similarly, most 

bump constructs (with the exception of HSPB1 bump) showed increased FR-E exposure, and all 

bump constructs showed increased exposure in the ACD residues corresponding to β3/β4 and 

loop3/4 region. Finally, in hetero-oligomers, FR-E exposure shifted in opposite directions for 

HSPB1 and HSPB5: HSPB1 FR-E became more protected and HSPB5 FR-E became solvent 

accessible. Together, these results suggest that FR-E accessibility may serve as structural 

indicator of sHSP activation across various perturbations in their oligomer network. Indeed, FR-

E is a hotspot for phosphorylation sites (Table 1.11; S78 and S82 in HSPB1, S59 in HSPB5) that 

could modulate accessibility of this region.  

Finally, these data reinforce that oligomer size alone is not well correlated with chaperone 

function. In multiple contexts, substantial changes in oligomer distributions occurred without 

proportional changes in activity, and conversely, significant changes in activity were observed 

without large changes in oligomer size. Thus, oligomer size is best understood as being a 

consequence of altered networks and accessibility of sHSP, and not a direct determinant of 

function. Function is instead more closely tied to which NTR and ACD residues are accessible 
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within the ensemble. Certain interactions, like FR-C binding to the ACD are maintained across 

diverse perturbations, while other regions (FR-E and IxI mediated interactions) behave as 

tunable nodes that shift accessibility and function. HSPB1 and HSPB5 respond differently to the 

same disruption (like bump) and reach distinct structural and oligomeric outcomes. These results 

emphasize that sHSP regulation emerges from a distributed interaction network responds to 

stress, mutation, PTMs, or hetero-oligomerization.  

 

3.5 Materials and Methods 

Analytical sizing exclusion chromatography (aSEC) 

All aSEC experiments were performed on an GE AKTA Purifier equipped with a Superose 6 

10/300 GL column and a 100 μL sample loop in MOPS 150 at pH 7.5 at room temperature (∼25 

°C) with samples preincubated at 37 °C for three hours. 

2D NMR 

NMR samples contained 200M 15N-labeled ACD-only construct protein in pH 7.5 buffer 

containing 25 mM sodium phosphate, 150 mM sodium chloride, 2 mM DTT, and 0.5 mM 

EDTA. Spectra were collected at on a 500MHz Bruker magnet at 30oC. Data were processed 

using NMRpipe and analyzed with NMRViewJ. Peak broadening was quantified by dividing the 

intensity of each peak in the bound spectrum by the intensity of the corresponding peak in the 

unbound spectrum. Chemical shift perturbations were then quantified for analysis. For tau NMR 

experiments, up to 400μM (2x molar ratio) of tau (K18 construct) was titrated. The distal 

peptides were purchased from Genscript and dissolved in NMR buffer before mixing with 15N-

labeld ACD for measurement.  
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HDX-MS, MP, and in vitro tau aggregation assays were performed as described in Chapter 2 

Methods and materials section.  

 

Author Contribution: HDX-MS of HSPB1 disease mutants (Figure 3.2) were performed by 

Amanda Clouser, HDX-MS of HSPB1-HSPB5 hetero-oligomers (Figure 3.13) was performed by 

Maria Janowska and Natalie Stone, analyzed by Lisa Tuttle. Analytical sizing experiment of 

HSPB1-HSPB5 (Figure 3.11A) was performed by Brian Pham. All other experiments in this 

chapter were performed by Mia Cervantes.  
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4. Method Development for sHSP Characterization  

4.1 Introduction 

 The inherent heterogeneity and polydispersity of small heat shock proteins (sHSPs) allow 

them to adapt to a wide range of client proteins and cellular conditions. However, these same 

features make sHSPs particularly challenging to characterize using traditional structural biology 

approaches. As a result, alternative and complementary methods are required to probe their 

structure, organization, and function. sHSPs exhibit multiple layers of structural and functional 

complexity, each of which can be interrogated using different experimental techniques. In this 

chapter, I describe the development and optimization of techniques that were critical for 

investigating the structure and function of HSPB1 and HSPB5, as presented in Chapters 2-3. 

These methods enabled the analysis of sHSP behavior across different oligomeric states, 

activation conditions, and interactions with the client tau. Additionally, I describe different 

purification protocols optimized for HSPB1 to improve yield and efficiency. The combination of 

work outlined in this chapter provided the foundation for exploring multiple layers of HSPB1 

and HSPB5 behavior that would not have been accessible using a single experimental approach. 

 

4.2 Results 

4.2.1 Method development and optimization of B1 purification protocol 

When I joined the lab, the existing HSPB1 purification protocol was suboptimal and 

consistently yielded lower total protein than HSPB5. For example, one notable difference was 

the cell lysis step: HSPB1 purification relied on detergent-based lysis, whereas HSPB5 

purification employed a pressure-based mechanical disruption method commonly used in our 
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lab. The HSPB1 purification protocol had been inherited from earlier work and had not been 

systematically revisited or optimized in several years.  

To improve overall yield and streamline HSPB1 production, I first tested whether HSPB1 

purification could be improved by adapting the HSPB5 native protein purification workflow with 

appropriate modifications. These modifications were guided by known differences in the 

biophysical properties of HSPB1 and included adjusting the total ammonium sulfate 

concentration used for protein precipitation, as well as optimizing the salt gradients applied 

during DEAE and HiTrapQ anion-exchange chromatography (Table 4.1). These adjustments led 

to a substantial improvement in HSPB1 yield while maintaining high purity in the final sample.  

Although adapting the HSPB5 workflow improved HSPB1’s yield, previous work (1) 

reported successful purification of HSPB1 constructs using affinity tags, which substantially 

reduces both the time and complexity of purification compared to our existing protocol. To take 

advantage of this approach, I cloned both full-length and the isolated ACD into a new expression 

vector, pET-24b(+), containing an N-terminal His-SUMO fusion tag, using Gibson Assembly. 

The His-SUMO system is widely used due to its ability to enhance protein solubility and its 

highly specific cleavage by the protease SENP1 (2). Importantly, this system also enables a more 

streamlined and user-friendly purification pipeline, which is particularly valuable for training 

undergraduate researchers with limited time or protein purification experience.   

Using these new constructs, I developed two updated HSPB1 purification protocols: a 

long and a short version, summarized in Table 4.1. The long version spans 2-3 days and includes 

an overnight dialysis step, followed by sizing in anion-exchange buffer, anion-exchange 

chromatography (HiTrapQ), and final buffer exchange or overnight dialysis into the storage  

buffer. This “long” protocol is designed to accommodate undergraduate students with time 
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constraints, as daily time commitment is flexible. The short version can be completed within 1-2 

days, as it omits the overnight dialysis step. Instead, samples proceed directly from SENP1 

cleavage to desalting, anion-exchange chromatography, and final size-exclusion chromatography 

into the storage buffer. The omission of the overnight dialysis step can be justified by reports 

showing that SENP1 cleavage reaches maximum efficiency within 15 minutes (2), allowing for a 

more rapid purification workflow without compromising protein quality. 

 Original version Short Version Long version 
Vector pET23a; pET151d pET-24b(+) pET-24b(+) 
Growth 

Condition 
0.5L LB + 1mM IPTG 1L LB + 0.5mM IPTG 1L LB + 0.5mM IPTG 

Cell Lysis Chemical (detergent) French Press or 
homogenizer 

Frech Press or 
homogenizer 

Purification 
Workflow 

1. Ammonium Sulfate 
Precipitation 

2. Desalting (G25) 
3. Anion-exchange 

(DEAE and 
HitrapQ) 

4. Size exclusion 
chromatography  

1. Nickel affinity 
chromatography  

2. SENP1 tag cleavage 
for 15-minutes  

3. Desalting (G25) 
4. Anion-exchange 

(HitrapQ) 
5. Size exclusion 

chromatography 

1. Nickel affinity 
chromatography  

2. Overnight dialysis 
SENP1 tag cleavage 

3. Size exclusion 
chromatography 

4. Anion-exchange 
(HitrapQ) 

5. Buffer exchange or 
dialysis  

Purification 
timeline 

3-4 days 1-2 days 2-3 days 

Table 4.1: Table organization of three different HSPB1 purification protocols. The description of 

both previous and new vectors and purification information are summarized. Details are shown 

for the original purification protocol, and the updated short and long versions.  

 

4.2.2 Production and uses of BPA Incorporation in HSPB1 and HSPB6 

The genetic code expansion system unlocks new avenues for manipulating biological 

system in ways that enable novel functional insights (3-4). In the Klevit lab, the noncanonical 
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UV-crosslinkable amino acid, p-benzoyl-L-phenylalanine (BPA) has been particularly powerful 

for dissecting the tangled and dynamic interactions of small heat shock proteins (5-7). Using 

amber codon suppression technology, BPA can be introduced at a specific residue along the 

sequence of sHSP. Upon UV irradiation, BPA will react to form a covalent bond if there is an 

interacting CH bond present in proximity (8). Subsequent analysis of crosslinked peptides via 

mass spectrometry allows for residue-level identification of crosslinks present within the HSPB5 

oligomers. In collaboration with the Bush lab in UW Chemistry, the BPA crosslink mass 

spectrometry (BPA-XL-MS) workflow has been streamlined and optimized for several positions 

within the HSPB5 NTR, establishing this approach as a robust tool in our system (9). Previous 

studies using BPA-XL-MS in HSPB5 have provided critical insights into NTR-ACD interactions 

and client engagement, including interactions with tubulin and other substrates (5-7). The 

technology’s capacity to resolve transient and heterogeneous contacts that are difficult to chapter 

using traditional structural methods highlight the unique opportunity to expand this toolkit 

further.   

Given the demonstrated usefulness of BPA incorporation in HSPB5, I sought to expand 

the toolkit by generating a broader panel of BPA-containing constructs across multiple sHSPs. 

As described in Chapter 3.3 and in other work, hetero-oligomers form between B1, B5 and B6, 

and each pairing produces distinct oligomeric distributions and functional behaviors (10-12). Our 

lab has also collected structural information on both homo- and hetero-oligomers of these sHSP 

pairs using HDX-MS (Chapter 3.3). Adding complementary crosslinking data provides an 

additional layer of structural information, enabling a more detailed understanding of how the 

network of interactions within sHSPs is reorganized upon hetero-oligomerization.  
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To expand our BPA toolkit, I tested 9 positions in full-length HSPB1 and 4 positions in 

full-length HSPB6. Protein concentrations for all BPA-containing variants were quantified using 

BCA assays. The BPA positions, crosslinking outcomes (See Appendix SI Figure 6), and notes 

on protein expression and purification are summarized in Table 4.2.  

BPA 
Mutant 

Sub-
region 

Concentration 
(μM) 

Crosslinked? 
(Y/N) 

Notes 

B1 T2 FR-A 67 Y Good final product and crosslink, but 
too short for mass spec analysis 

B1 F8 FR-A <10 N Not enough final product to test for 
crosslinks; previous F8 mutant 

purifications showed challenges 
B1 L11 FR-A 164 Y Good final product and crosslink 
B1 W16 FR-B 240 Y Good final product and crosslink 
B1 W22 FR-B 525 Y Good final product and crosslink 
B1 F29 FR-C NA NA Plasmid available for this mutant, but 

not yet purified or tested 
B1 W42 FR-D 135 Y Good final product and crosslink 
B1 W51 FR-D 110 Y Good final product and crosslink 
B1 L77 FR-E 248 N Multiple purification attempts, all led to 

unstable/cleaved final products with no 
UV reaction  

B1 L81 FR-E 457 Y Monomer purification product and 
crosslinked dimer is broad on gel  

B6 W11 FR-A 415 N Multiple purification attempts, all led to 
cleaved product (smaller MW) with 

unsuccessful crosslinking 
B6 L22 FR-B 82 Y Good final product and crosslink 
B6 F29 FR-C 198 Y Good final product and crosslink 
B6 Y53 FR-D 32 Y Very low concentration and crosslink 

efficiency 
Table 4.2: Summary of HSPB1 and HSPB6 BPA-containing mutants. Cells shaded in pink show 

detail of HSPB1 BPA-containing mutants, and pale-orange show HSPB6 BPA mutants. 

Information on BPA position, functional region, concentration, crosslink, and purification are 

detailed in the table.  
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While further optimization will be required to achieve high confidence crosslinks for  

HSPB1 and HSPB6 BPA samples, initial mass spectrometry analyses performed by Lucas 

Narisawa (PhD student in the Bush Lab) showed a promising start. Crosslink bands on mass spec 

contained peptides from  HSPB1 and HSPB6 with BPA incorporated, but several early 

challenges emerged in identifying the specific crosslinked residues. For HSPB1 BPA-XL-MS 

experiments, a high local density of aromatic residues led to poor proteolytic cleavage and 

reduced resolution in the FR-B and FR-D sub-regions. Despite these challenges, incorporation of 

BPAs into HSPB1 and HSPB6 broadened our experimental toolkit and allowed for asking new 

mechanistic questions that we could not probe previously. In the following section, I present one 

such example using HSPB1 BPA constructs to better characterize changes in NTR-ACD 

interactions upon introducing the bump mutation. The bump mutation abrogates binding to ACD 

edge grooves that can typically harbor sHSP protomers and clients. One of the well characterized 

interactions involves NTR “IxI” motif binding to the ACD edge groove as discussed in Chapter 

3.   

To better understand how the bump mutation affects the ACD’s ability to scaffold its 

NTR, we quantified direct NTR-ACD interactions using 4 different BPA sites within the NTRs 

of HSPB1 and HSPB5. By placing BPAs at multiple NTR sites, we were able to compare 

crosslinking efficiencies between different NTR functional regions. Upon UV exposure, BPA 

forms a crosslink with interacting amino acids within ~3Å, with no specific amino acid 

preference, allowing for broader and unbiased coverage of crosslinks. A schematic of the 

experimental design is shown in Figure 4.1. Briefly, BPA-containing sHSP oligomers were UV-

irradiated in the presence of isolated ACD-only constructs (WT or bump), then the new NTR-

ACD crosslink is identified by SDS-PAGE. Crosslinks were quantified from three independent 
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SDS-PAGE images obtained from the same crosslinking reactions for each mutant. In this 

experiment, we quantified crosslinks formed between BPA in NTRs and ACD-only constructs 

(WT vs bump) to determine how the bump mutation influences NTR-ACD interaction. The 

crosslinks were quantified from three independent SDS-PAGE images from the same crosslink 

reactions for each mutant. This experimental approach allows direct comparison of how each FR 

in HSPB1 and HSPB5 is influenced by the bump mutation. Prior work from our lab 

demonstrated  that recruitment of an isolated ACD dimer into sHSP oligomers occurs through 

two mechanisms: 1) interactions between the CTR IXI motif and the edge groove, and 2) subunit 

exchange into and out of oligomers through monomer exchange at the dimer interface level. 

Incorporation of the bump mutation significantly reduced ACD recruitment, highlighting the 

importance of edge groove availability for sHSP oligomerization (13). 

 

Figure 4.1 A schematic of BPA experimental set up to quantify crosslink band formed between 

BPA at the HSPB1 or HSPB5 NTRs with ACD -WT and -Bump. 1) A photoreactive non-canonical 
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amino acid, BPA is genetically incorporated throughout the NTRs of HSPB1 and HSPB5. The 

BPA-containing oligomers are mixed and incubated with isolated ACD (WT or Bump); 2) The 

mixture is exposed UV irradiation for 30 minutes so the BPA can crosslink with a nearby residue; 

3) 3 independent SDS-PAGE is performed to accurately quantify a gel band corresponding to 

crosslinked NTR-ACD species  

 

For HSPB1-BPA mutants, crosslink efficiency depended strongly on the BPA insertion 

site (Figure 4.2). HSPB1 W16-BPA (FR-B) did not show abundant crosslinking to HSPB1ACD-

WT. In contrast, the two BPA sites within FR-D exhibited different crosslinking reactions: W42-

BPA crosslinked substantially more efficiently than W51-BPA. Although both residues are 

located within FR-D, they are separated by 9 residues, which can represent a meaningful spatial 

separation in an intrinsically disordered region. This difference could be due to how interactive 

the neighboring regions of W42-BPA and W51-BPA are with the ACD. W42-BPA is positioned 

near the conserved region (FR-C) previously shown to bind the ACD dimer interface groove 

(14), which could explain its higher reactivity toward HSPB1 ACD. By contrast, W51-BPA lies 

closer to the insertion region that is expected to be highly solvent-exposed and does not form 

sustained contact with the ACD, resulting in lower crosslinking efficiency. Surprisingly, HSPB1 

L81BPA (FR-E) showed the highest crosslinking efficiency across all samples tested. This 

suggests that FR-E boundary region forms frequent or persistent contacts with the ACD under 

these conditions. For HSPB5-BPA mutants, the most efficient crosslink was observed at W9-BPA 

(FR-A). In contrast, F28-BPA (FR-C), F48-BPA (FR-D), and F61-BPA (FR-E) all exhibited 

similarly low crosslinking reactivity to B5ACD-WT, with F48-BPA showing a slightly higher 

signal relative to the other two sites.  
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Figure 4.2: NTR-ACD BPA crosslink reactions quantified by BPA incorporated in NTR of HSPB1 

(Left) and HSPB5 (Right). Each BPA-containing mutant were mixed with ACD-only constructs, 

both WT and Bump of each ACD. The intensity of crosslink band formed between HSPB1 or 

HSPB5 BPA and ACD constructs were quantified between three replicate gel samples. 

 

To test the role of the ACD edge groove in mediating NTR-ACD interactions, we 

introduced the bump mutation into the ACD. Across all BPA sites tested in both HSPB1 and 

HSPB5, the bump mutation caused a significant decrease in the intensity of NTR-ACD crosslink 

bands. This broad reduction in NTR-ACD crosslinking reinforces that the bump mutation 

weakens NTR-ACD contacts and the availability of the edge groove is crucial for efficient 

subunit recruitment. Intriguingly, a subset of crosslinks persisted in the presence of the bump 

mutation, including HSPB1 W42-BPA and L81-BPA, and to a much lesser extent HSPB5 W9-

BPA. The high reactivity of the HSPB1 L81-BPA mutant, observed for both B1ACD and bump, 

aligns with previous findings that the B1NTR boundary region binds the dimer interface (14). 
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The persistence of these signals means that some NTR-ACD interactions remain possible even 

when edge groove interactions are disrupted. The residual crosslinking is consistent with subunit 

incorporation mechanisms that are less dependent on the edge groove, such as monomer 

exchange.  

Further, I quantified hetero-oligomer crosslinking reactions in which HSPB1-BPA 

variants were crosslinked to HSPB5ACD (WT or bump), and conversely HSPB5-BPA variants 

were crosslinked to HSPB1ACD (WT or bump). These experiments revealed striking asymmetry 

between HSPB1 and HSBP5. All HSPB1-BPA mutants crosslinked efficiently to HSPB5ACD, 

with W42-BPA producing the most abundant crosslinks. Notably, W42-BPA crosslink to 

HSPB5ACD was preserved even in the bump mutant, although with reduced efficiency. In 

contrast, HSPB5-BPA mutants exhibited substantially weaker crosslinking to HSPB1ACD 

compared to HSPB5ACD, and these NTR-ACD crosslinks were nearly abolished upon 

introduction of the bump mutation into HSPB1ACD. 

Overall, all BPA sites tested in HSPB1 and HSPB5 displayed reduced crosslinking in the 

bump mutant, confirming that the bump mutation broadly weakens NTR-ACD interactions. This 

effect was more pronounced in HSPB5BPA mutants, correlating with HSPB5’s greater sensitivity 

to activation by the bump mutation compared to HSPB1. The sensitivity and resolution of BPA 

crosslinking as shown here highlights the wealth of residue-level information that is accessible 

by BPA-XL-MS technology for heterogenous samples like sHSPs.  
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4.2.3. Mass Photometry Method development and optimization for sHSP  

Mass photometry (MP) has emerged as a powerful technique for determining the molecular 

weight and distribution of biological complexes using label-free, solution-based measurements. 

MP captures the optical contrast generated as single molecule species in the solution bind to a 

glass-coverslip surface. The contrast observed is directly proportional to the mass of individual 

molecules, so this results in accurate molecular weight measurements even for highly 

heterogeneous samples (15). Historically, obtaining comparable information has been both labor 

and time intensive, relying on techniques such as SEC-MALS, analytical ultracentrifugation, or 

native mass spectrometry (15). In addition, light-scattering based techniques such as DLS are 

inherently biased toward larger species (16). MP bypasses many of these challenges: 

measurements are fast, require little sample, and are not intrinsically biased toward higher 

molecular weight assemblies. Several comprehensive reviews and protocols now outline best 

practices for MP measurements (17).  

Here, I describe the method development and experimental challenges encountered in 

applying MP to characterize the oligomeric properties of small heat shock proteins HSPB1 and 

HSPB5. This work includes optimization of sample preparation, refinement of data acquisition 

workflows, and the establishment of a set of practical “rules” and best practices that proved 

essential for obtaining reproducible sHSP molecular weight distributions by MP.  

The first priority was to establish consistency in preparation of core reagents, including 

standardizing the coverslip cleaning and buffer preparation protocol, as detailed in the Method 

section of Chapter 2. With these steps in place, I optimized the full MP workflow to ensure 

reproducibility across multiple days, protein stocks, and different users of the instrument, which 

were especially important considering the inherent heterogeneity of sHSP oligomers. During 
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these optimizations, I observed an unexpected discrepancy: measurements of HSPB1 differed 

between users, even when identical protein stocks at the same concentrations were used (Figure 

4.3; Top left and middle). Interestingly, HSPB5 measurements were consistent across replicates 

under either pH conditions (Figure 4.3; Top right), indicating that the variability was specific to 

HSPB1 oligomers. Specifically, the average molecular weight observed in my hands was smaller 

(~350kDa) compared to another user’s measurement of the same sample (~450kDa). Since 

HSPB1 oligomerization is known to be concentration dependent (18), I initially hypothesized 

that sample dilution during the standard MP workflow might contribute to this variability. To 

address this, I adopted a dilution-free MP protocol in which sHSPs were pre-incubated at the 

final 1μM concentration in buffer before being added directly to the sample well. While this 

approach improved overall reproducibility, user-to-user differences persisted, prompting 

investigation of other factors that might influence MP measurements. 
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Figure 4.3: Molecular weight distribution of HSPB1 and HSPB5 oligomers under different 

conditions measured by mass photometry during method development. (Top) 1𝜇M sHSP 

measurement of HSPB1 and HSPB5 at pH 7.5 and pH 6.5. Replicates were tested from the same 

sample stock, and/or solution. HSPB1 showed variability in molecular weight distribution at 

both pH conditions, while HSBP5 showed reproducible oligomeric distribution. (Bottom Left) 

1𝜇M HSPB1 sample equilbrated in multiple buffer conditions to evaluate the effect of buffer 

condition on MP measuremetns. Variable MW were seen for low salt and high salt buffers. 

(Bottom Right) Measuremetns of HSPB1 using the dilution-free method in the low salt buffer 

showed increased reprodubicility in MW distribution.  
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Further investigation revealed that users were preparing MP buffers with different salt 

concentrations, or ionic strengths. Specifically, I had been using a low-salt aggregation buffer 

(20mM NaCl), whereas others used PBS containing 150mM NaCl (Figure 4.3; Bottom left). To 

directly test whether salt concentration influenced the measurements, I incubated both HSPB1 

and HSPB5 in buffers of varying ionic strength and analyzed them using the dilution-free 

method. As shown in Figure 4.4, only HSPB1 displayed clear shifts in overall molecular weight 

as a function of salt concentration. This result not only explains the variation of MW observed 

for HSPB1 samples but also demonstrates that HSPB1 oligomeric distributions are sensitive to 

ionic strength. In contrast, HSPB5 was unaffected by changes in salt concentration. HSPB1 

oligomer’s sensitivity to ionic strength suggests that formation of larger oligomers at higher salt 

concentration is hydrophobically driven, whereas HSPB5 is unaffected. Such differences 

highlight the differences in their NTR properties HSPB1 and HSPB5, as described in Chapter 1 

and 2.  

 

Figure 4.4: Molecular weight distribution of HSPB1 and HSPB5 oligomers under different ionic 

strength in the buffer measured by mass photometer. 1𝜇M total sHSP were incubated in 
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phosphate-based buffer with varying NaCl salt concentrations. HSPB1 experienced sensitivity to 

changes in ionic strength in the buffer (left) but HSPB5 remained unchanged (Right).  

 

Beyond static measurements, MP’s capacity to be relatively high throughput enabled rapid 

measurements of sHSP oligomeric assemblies. One application addressed the question of how 

quickly HSPB1 and HSPB5 form stable homo- and hetero-oligomeric assemblies. To probe this, 

I prepared time-course samples in which HSPB1 and/or HSPB5 were mixed and incubated for 

defined time intervals prior to MP analysis. These experiments were designed to answer two 

questions: 1) How rapidly HSPB1 and HSPB5 homo-oligomers reach equilibrium, and 2) how 

quickly hetero-oligomerization occurs between HSPB1 and HSBP5.  

 

Figure 4.5: Molecular weight measurements of HSPB1 and HSPB5 homo- and hetero-oligomers 

over the typical 3 hour incubation time. Top: Homo-oligomers of HSPB1 (left) and HSPB5 

(middle) were incubated for varying time-intervals (0min; 3min; 5mim; 10min; 15min; 30min; 

45min; 1hr; 2hr; 3hr) at 37oC while shaking. Same data is shown for their hetero-oligomer 

assembly (right).  
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Under standard experimental conditions, sHSP samples are typically incubated at 37oC 

for 3 hours to allow oligomer rearrangement and subunit exchange to reach equilibrium. 

Strikingly, MP measurements revealed that both homo- and hetero-oligomeric assemblies 

exhibited characteristics of near-equilibrated oligomers even prior to incubation at time = 0 

(Figure 4.5). From time 0 (mixed on ice right before MP measurement), HSPB1 displayed a 

bimodal distribution of smaller and larger oligomers, whereas HSPB5 and HSPB1-HSBP5 

hetero-oligomers were predominantly composed of large oligomer assemblies. By 30 minutes, 

only minimal changes in oligomeric distributions were observed, with subtle rearrangements 

continuing until the 3 hour time point. These data demonstrate that both homo- and hetero-

oligomeric assemblies of HSPB1 and HSBP5 form rapidly and show no bias for homo- versus 

hetero-oligomerization. The rapid attainment of near-equilibrium oligomeric distribution 

suggests that oligomerization is strongly favored for both proteins. Moreover, the comparable 

assembly time observed for homo- and hetero-oligomer formation indicate that neither HSPB1 

nor HSPB5 exhibits a strong intrinsic preference for remaining exclusively in homo-oligomeric 

states. Instead, their ability to readily form hetero-oligomers appears to be encoded in their 

biological properties, supporting the importance of their cooperative sHSP function in 

maintaining proteostasis under cellular stress.  

 

4.2.4 In vitro tau aggregation assay development and optimization 

Monitoring the in vitro fibrilization of tau using the amyloid-sensitive dye Thioflavin T 

(ThT) is one of the most widely used approaches for quantifying protein aggregation kinetics 

(19). Previous work established a standardized ThT assay to evaluate how HSPB1 delays the 

onset of tau aggregation (20). However, a major limitation of this assay was that it could only be 
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performed using HSPB1 dimer constructs, as native oligomeric HSPB1 produced background 

fluorescence due to direct interactions with ThT. While such dimeric constructs are useful for 

structural NMR studies, they require the introduction of multiple mutations (3 NTR 

phosphomimics and a GxG mutation in the CTR) and therefore may not accurately represent the 

sHSP species present in cells. In addition, spontaneous in vitro aggregation of tau is slow and 

typically requires a polyanion inducer to initiate aggregation. Traditionally, a sulfated 

polysaccharide, heparin is used to trigger in vitro aggregation of tau (21). However, heparin is 

produced in mast cells and basophils (22), raising concerns about its physiological relevance in 

neuronal tau aggregation. In this section, I describe a series of assay modifications implemented 

to address these limitations. I also discuss additional experimental capabilities enabled by the 

installation of a new plate reader in lab (CLARIOstar) and how these advances led to the 

proposal of an additional aggregation inhibition mechanism by sHSPs beyond those previously 

described in Chapter 2.   

Optimization of a biologically relevant tau aggregation inducer, polyphosphate (pP) 

My first goal was to optimize the use of a more biologically relevant inducer of tau 

aggregation. In place of heparin, I used polyphosphate, a polyanion with chains of phosphate 

groups, to induce tau aggregation. Polyphosphate is present in the cytoplasm of neurons and its 

levels increase with stress, thus providing a more realistic context for in vitro aggregation studies 

(23). Previous work has demonstrated that polyphosphate effectively induces in vitro tau 

aggregation (24). To identify the optimal assay conditions, I tested a range of polyphosphate 

concentrations at both pH 7.5 and pH 6.5. Since commercial polyphosphate stocks contain 

heterogeneous chain lengths and therefore lack a defined molecular weight, concentrations are 

reported in the units of mg/mL. Polyphosphate concentrations ranging from 10ng/mL and 
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5mg/mL were added to 5μM tau and successfully induced in vitro tau aggregation under both pH 

conditions (Figure 4.6). In the range of polyphosphate concentrations tested, polyphosphate 

exhibited biphasic effects on tau aggregation kinetics where mid-range concentration was 

optimal: at lower concentrations, polyphosphate accelerates nucleation and shortens the lag 

phase, whereas higher concentrations slow aggregation likely due to excessive charge screening 

and nonspecific interactions (23). To balance the need for a measurable lag phase that would 

allow for sHSP to interact with early tau aggregation species, while achieving robust 

fibrillization at both pH values, a final polyphosphate concentration of 1mg/mL was selected. 

Therefore, all subsequent aggregation assays described in my work were induced using 1mg/mL 

polyphosphate.  

 

Figure 4.6: in vitro tau aggregation induced by a range of polyphosphate concentrations at pH 

7.5 (Left); and pH 6.5 (Right). 5𝜇M tau is added in a reaction at 37 oC with agitation every 2.5 

minutes, with 4 replicates per condition.  
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In vitro tau aggregation with oligomeric HSPB1 and HSPB5 

Next, I optimized the addition of oligomeric HSPB1 and HSPB5 in the ThT aggregation 

assay. In prior studies, only dimeric sHSP constructs were compatible with ThT measurements 

due to background fluorescence. This issue was resolved by pre-incubating sHSPs with ThT dye 

at 37oC for 3 hours, directly in the sample wells, to allow the system to reach equilibrium prior to 

initiating tau aggregation. All assays were performed in low-binding 96-well plates to minimize 

nonspecific binding of sHSPs to the well surface. After the completion of each run, background 

fluorescence from sHSP-only controls was subtracted during data analysis to account for ThT 

signals from sHSP-ThT dye interactions.  

Improved sensitivity with the CLAIOstar Plate Reader   

Most of my early aggregation assays were performed using the Nath lab plate reader (HT 

Synergy). The lab later acquired a new plate reader (CLARIOstar), prompting a direct 

comparison of ThT fluorescence sensitivity between the two instruments. Identical assay plates 

were prepared on the same day and measured tau aggregation at varying concentration on both 

plate readers (Figure 4.7). The increased sensitivity of the CLARIOstar was immediately 

apparent, likely due to its ability to automatically optimize detector gain, whereas the HT 

Synergy plate reader required manual gain selection. As a result, CLARIOstar showed subtle 

differences in tau aggregation kinetics across conditions and improved reproducibility between 

replicates. All subsequent ThT aggregation assays were conducted using the CLARIOstar plate 

reader to achieve improved reproducibility and sensitivity.  
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Figure 4.7: Comparison of in vitro tau aggregation performed on the HT Synergy (Left) and 

CLARIOstar (Right). Two duplicate plates with the same sample preparation were tested on two 

different instruments.  

 

Time-resolved sHSP addition using automated injection 

With the CLAIOStar plate reader system, one of the added features is the programmable 

auto-injection arms. This enabled time-resolved addition of sHSPs at specific time points during 

the aggregation reaction. While similar experiments were previously performed manually (25), 

manual injection is is labor-intensive and could introduce variability. The automated injection 

system allowed precise and reproducible addition of sHSPs at defined stages of aggregation, 

allowing new mechanistic questions to be asked.  

Two primary technical challenges were optimized for automated injection of sHSPs.  

First, sHSP injection perturbed ThT fluorescence when it is added due to its interaction with ThT. 

This issue was addressed by including buffer-only injection controls to normalize the baseline. 

Second, samples were prone to evaporation during long overnight measurements because the 

wells needed to remain accessible to the injection arm and therefore could not be covered. 
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Evaporation was minimized by adding buffer to inter-well spaces and filling unused wells to 

reduce uneven evaporation across the plate.  

ACD monomer may participate in fibril capping to suppress tau aggregation   

Previous work showed that HSPB1 dimers are effective only when added during early 

aggregation stages, with little chaperone effect when added during elongation stage (24). To 

determine whether this mechanism extends to full-length oligomers of HSPB1 and HSPB5, I 

added each protein at multiple stages of tau aggregation using the auto-injection system. At pH 

7.5, both HSPB1 and HSPB5 exhibited progressively diminished chaperone activity when added 

later in the reaction, with minimal effects when added during elongation (Figure 4.8; Top 

panels). These results are consistent with prevailing model that sHSPs primarily target early 

aggregation species. In contrast, under activating condition at pH 6.5, addition of either HSPB1 

or HSPB5 produced substantially stronger inhibition of tau aggregation (Figure 4.8; middle 

panels). Remarkably, even when added during the elongation phase, both proteins significantly 

slowed fibril growth. This observation suggests that pH acidosis activates additional chaperone 

mechanism beyond early-stage sequestration by the NTRs. To distinguish whether these effects 

arose from altered tau aggregation kinetics at pH 6.5 versus intrinsic changes in sHSP activity, I 

repeated these experiments using pH-activating mutants (H124K for HSPB1 and H104K for 

HSPB5) at pH 7.5. This allowed testing of activated HSPB1 and HSBP5 mutants without 

changing tau aggregation kinetics due to lowered pH. These mutations have been structurally 

characterized by NMR in ACD-only constructs (26-27). Introducing these “pH mimicking “ 

mutations led to ACD conformational changes that are structurally equivalent to the ACD 

structure at pH 6.5. In both cases, the pH-mimicking mutants exhibited strong chaperone activity 

when added during both the lag and elongation stages of tau aggregation (Figure 4.8; bottom 
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panels). These results indicate that the pH activated sHSPs hold additional inhibitory effects on 

tau aggregation.  

 

 

 

Figure 4.8: in vitro tau ThT aggregation assays using the automated injection arms for time-

resolved addition of sHSP at lag and elongation phase. (Top left) WT-HSPB1 FL was added to 

pH 7.5 tau aggregation reaction at the start, early/late lag phase, and early/late elongation 
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phase. Arrows represent the time of injection of sHSP. Reactions are performed at 37 Co with 

5𝜇M Tau induced with 1mg/mL polyphosphate, with 1𝜇M sHSP added. The equivalent results are 

shown for WT-HSPB5 at pH 7.5 (Top Right); WT-HSPB1 at pH 6.5 (Middle Left); WT-HSPB5 at 

pH 6.5 (Middle Right); HSPB1-H124K at pH 7.5 (Bottom Left); HSPB5-H104K (Bottom Right). 

All sHSPs injected were at 1𝜇M monomer concentration.  

 

Previous work (28) demonstrated that ACD-only constructs of HSPB1 and HSPB5 can 

exhibit chaperone activity toward model clients via a “fibril-capping” mechanism. Structural 

analysis has shown that acidic pH can destabilize the ACD dimer interface (29), particularly the 

long 𝛽6/𝛽7 strands, promoting ACD monomerization (Figure 4.9). Such “ACD monomers” are 

hypothesized to bind to fibril ends through beta-sheet formation with the dimer interface. 

Moreover, HSPB1 contains a cysteine at its dimer interface that has been proposed to function as 

an oxidative switch. As shown in Chapter 2, ACD-only constructs exhibit minimal activity at pH 

7.5 unless at high concentrations. To test if the ACD becomes activated under pH acidosis, ACD-

only constructs were added at multiple stages throughout tau aggregation at pH 6.5. To better 

visualize the magnitude of ACD-dependent effects, a 1x molar ratio of ACD was used throughout 

tau aggregation, since the ACD effect is relatively small at concentrations compared to full-

length oligomers. Under activating conditions at pH 6.5, ACD-only constructs of both HSPB1 

and HSPB5 slowed elongation regardless of when they were added during the aggregation 

reaction (Figure 4.10). This suggests that pH activation could help expose the ACD dimer 

interface, enabling a fibril capping mechanism through direct interaction with growing tau fibrils. 

The chaperone mechanism proposed here could occur from within an oligomer and/or from 

dissociated subunits that recruit clients.  
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Figure 4.9: Proposed transition of ACD dimer to monomer under acidic condition. PDB:2N0K 

structure of HSPB5-WT ACD Dimer solved at a neutral pH condition (Left). Under activating 

low pH condition, it has been hypothesized that ACD can become unstable and monomerize, 

exposing the long 𝛽6 and 𝛽7 strands to be available to 𝛽-sheet structures of aggregation fibrils.  

 

Figure 4.10: Chaperone function of ACD-only constructs added at different aggregation time 

points. Addition of 1x WT-HSPB1 ACD-only construct at the start, early/late lag phase, and 

early/late elongation phase of tau aggregation at pH 6.5 (Left). Same experiments were repeated 

for 1x WT-HSPB5 ACD-only construct (Right). 5𝜇M tau aggregation is induced by 

polyphosphate at pH 6.5; 37oC in presence of 1x molar ratio (5𝜇M) ACD added at varying time 

points. 
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While MP reports the heterogeneous sHSP oligomeric species, its MW detection limit is 

30-40kDa, so ACD monomers are too small to be accurately measured. Instead, the elution 

profiles of ACD-only constructs were analyzed by analytical size-exclusion chromatography (GE 

Superose 6 10/300 GL) at pH 7.5 and pH 6.5 (Figure 4.11) to characterize pH-dependent shifts in 

ACD monomerization. Both HSPB1-ACD and HSPB5 were injected onto the column at 4 

different concentrations (250μM, 100μM, 50μM, 25μM) under both pH conditions. The resulting 

aSEC elution profiles provide information on changes in the monomer-dimer equilibrium as a 

funcytion of concentration and how this equilibrium shifts with changes in pH. At pH 7.5, 

HSPB1 ACD showed no detectable change in elution volume as a function of ACD 

concentration, while the HSPB5 ACD exhibited a slight shift toward smaller size. In contrast, at 

pH 6.5, both HSPB1 and HSPB5 ACDs eluted as progressively smaller populations with 

decreasing concentration and overall, eluted at later volume compared to pH 7.5. These results 

suggest that acidic pH promotes dissociation of ACD dimers into monomers across the 

concentration range tested. This destabilization of the ACD dimer is in line with the hypothesized 

ACD structural rearrangement shown in Figure 4.8. The proposed fibril-capping mechanism can 

also be tested by quantifying tau fibrils formed in the presence or absence of activated sHSPs and 

comparing fibril length distributions. If fibril capping mechanism operates as predicted by the 

hypothesis, shorter fibrils would be expected in the presence of activated sHSPs capable of 

binding the 𝛽-sheet structure at fibril ends. Experiments of this type would further elucidate the 

diverse mechanisms by which sHSPs exert their chaperone function. 
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Figure 4.11: Analytical sizing elution profile for HSPB1 and HSPB5 ACD-only constructs at pH 

7.5 or pH 6.5. The elution profile is shown for highest concentration at the top, with lowest 

concentration on the bottom. A280 absorbance were normalized for each sample and a line is 

draw for the lowest concentration elution peak.    

 

Collectively, these results support a multilayered model of sHSP chaperone function. 

Under basal conditions, HSPB1 and HSPB5 predominantly suppress early tau aggregation 

through NTR-mediated interactions. Specific functional regions within the NTR (FR-E in 

HSPB1 and FR-B in HSPB) serve as regulatory hubs for phosphorylation and pH sensing to help 
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“open” chaperone function (Mechanism 1; Figure 4.12, Left). Upon activation, or during chronic 

stress, conformational rearrangements not only enhance NTR accessibility but also expose 

chaperone-active surfaces within the ACD, particularly at the dimer interface (Mechanism 2; 

Figure 4.12, Right). While the ACD contributes less strongly than the NTRs and require higher 

local concentrations, its ability to cap fibril ends provides an additional layer of protection by 

directly suppressing elongation. This dual targeting of both soluble and fibrillar tau species may 

help explain how sHSPs adapt to diverse aggregation phases and client types, including both 

fibrillar (tau, A𝛽 peptides) and amorphous substrates (gamma-D, tubulin).  

 

Figure 4.12: Proposed mechanisms of sHSP chaperone mechanism. (Left) Mechanism 1 prevents 

tau aggregation using specific NTR sub-regions. (Right) Activated chaperone function is 

proposed to be involved in fibril capping to suppress elongation rate in Mechanism 2.  

 

 The approaches described here were foundational for testing hypotheses throughout this 

thesis. The methods developed and optimized in this chapter were specifically designed to 

overcome key challenges posed by sHSPs, including oligomer polydispersity and heterogeneity. 
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These efforts will allow for future investigations that examine sHSPs from multiple perspective 

in a systematic manner to parse out functionally relevant interactions and structural features.  
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APPENDIX 

Amino acid scale values: 

Amino Acid Hydrophobicity scale value 
Ala -0.500 
Arg 3.000 
Asn 0.200 
Asp 3.000 
Cys -1.000 
Gln 0.200 
Glu 3.000 
Gly 0.000 
His -0.500 
Ile -1.800 
Leu -1.800 
Lys 3.000 
Met -1.300 
Phe -2.500 
Pro 0.000 
Ser 0.300 
Thr -0.400 
Trp -3.400 
Tyr -2.300 
Val -1.500 

 

Supplementary Figure 1 (Chapter 1): Amino acid scale: Hydrophilicity used for NTR 

Function regions of 10 human small heat shock proteins. The values used are based on the 

following published work: Author(s): Hopp T.P., Woods K.R. Reference: Proc. Natl. Acad. Sci. 

U.S.A. 78:3824-3828(1981). 

 



 

Supplemental Figure 2 (Chapter 2): A) HSPB1 and HSPB5 chaperone heparin-induced 

aggregation of tau. B) ACD-only constructs at the equivalent concentration at 1.25M show no 

chaperone function. 5M Tau aggregation is induced by 1mg/mL polyphosphate. C) T50 dose 

response curves for both Full-length and ACD-only constructs of HSPB1 and HSPB5, plotted on 

a log scale. Both Full-length constructs reach near saturation by 10M or maximum 

concentration tested. HSPB5 ACD shows some titratable activity at high concentration, but the 



chaperone activities of both ACDs are much lower compared to equivalent concentrations of 

their full-length counterparts. D) Calculated T50 values of HSPB1 and HSPB5 constructs 

chaperone activity measured by ThT assay. SEM of 6 replicates are shown as error bars. 

 

 

Supplemental Figure 3 (Chapter 2): HDX-MS full length comparison. Average deuteration 

level calculated based on unimodal analysis is shown for corresponding residues. Comparison of 

the full-length sequence for HSPB1-WT (pink) and B151 (purple) are shown in the Lef panel. 

Comparison of HSPB5-WT (blue) and B515 (dark blue) are shown in the Right panel. Dashed 

lines correspond to NTR sub-regions, ACD, and CTR residue boundaries.  

 



 

Supplemental Figure 4 (Chapter 2): HDX-MS Redundancy: The redundancy and resolution of 

peptides along the sequence are shown for HSPB1WT, HSPB151, HSPB5WT and HSPB515. 

Regions where there are no coverage or Proline residues depicted in black.   

 



 

Supplemental Figure 5 (Chapter 2): Bimodal analysis of HSPB1 and HSPB5 constructs. 

Average fractional deuterium uptake for each NTR sub-regions, ACD, and CTR (Top). Fractional 

deuterium uptake for the slower exchanging population (middle) and fast exchanging population 

(bottom).  

 

 



50M 

 

Supplemental Figure 6 (Chapter 4): HSPB1 and HSPB6 BPA crosslink reactions by SDS-

PAGE after UV-Crosslink reactions. 


