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Abstract 

 

The family of small heat shock proteins (sHSPs) are molecular chaperones that function 

in preventing protein aggregation induced by various cellular stresses (e.g., temperature, 

pH, oxidative stress). The sHSPs utilize an ATP-independent “holdase” function to 

sequester aggregation prone “clients” in soluble complexes where the client can later be 

released for refolding by ATP-dependent chaperones (e.g., HSP70/100 systems). 

Humans encode ten sHSPs with varying tissue expression patterns and functional 

demands. In addition to their roles in aggregation prevention, sHSPs help regulate a 

variety of other cellular processes, such as apoptosis, cytoskeletal dynamics, and cellular 

development. Because of these central roles, many human sHSPs are associated with 

human disease, in particular aggregation-related and age-related diseases, such as 

Alzheimer’s and Parkinson’s diseases, cataracts, and cardiovascular diseases. Despite 

decades of research, there remain major gaps in understanding the mechanisms of sHSP 

client sequestration and how these chaperone systems respond to saturating conditions 

of clientele. 

Unique and dynamic features of sHSP structure and function are exemplified in all 

kingdoms of life, where this family of chaperones exhibits diverse cellular roles with equally 

varied structural morphologies and characteristics. Through dynamic multi-domain 

interactions, many sHSPs form large and polydispersed oligomeric assemblies which 

respond to environmental conditions (e.g., temperature and pH) and client characteristics 

(e.g., size and destabilization). These dynamic assemblies are supported by an underlying 

propensity to rapidly exchange subunits between oligomers, with subunit exchange 

dynamics being a necessity for the chaperone function of many sHSPs. The high-degree 

of structural heterogeneity of sHSPs – via intrinsically disordered regions, polydisperse 

assemblies, subunit exchange dynamics, and heterogeneous client-binding interactions – 
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have delivered a challenge to defining mechanisms that enable these features and 

elucidating their “holdase” function. 

 The research presented in this dissertation set out to define mechanistic details of 

sHSP assembly and client-induced polydispersity/co-aggregation by leveraging single-

particle methods employed by electron (cryo-)microscopy. I developed a semi-automated 

approach to extract single-particle measurements of sHSP/client complexes imaged 

directly by electron microscopy, enabling the quantitative characterization of client induced 

co-aggregation of the eye lens sHSP 𝛼-crystallin (𝛼Ac and 𝛼Bc). These studies describe 

a conserved mechanism of quasi-ordered expansion and elongation of the sHSP scaffold 

that is induced upon increasing client saturation – providing novel mechanistic insight into 

the titration model of age-related cataract formation (Chapter 2). Then, using the archaeal 

sHSP (mjHSP16.5) as a model system, I harnessed the high-resolution capabilities of 

cryo-electron microscopy (Cryo-EM) to define, for the first time, an atomic-level description 

of sHSP client sequestration and induced polydispersity. These studies unveiled features 

of the elusive sHSP N-terminal domain that enable chaperone plasticity, and uncovered a 

process of client induced polarization of sHSP stability that facilitates directional 

elongation of sHSP/client complexes (Chapter 3). Together these results provide important 

structural details on how sHSPs assemble and respond to unfolding clientele and deliver 

long-sought high-resolution details of sHSP  chaperone function.
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CHAPTER 1: Structure & Function of small heat shock proteins

 

Sub-section 1: Overview of small heat shock proteins 

The family of small heat shock proteins (sHSPs) has evolved for stress response and 

plays supportive roles in cellular proteostasis across all domains of life1–4. (Figure 1a). 

sHSPs were first discovered through their upregulation during heat stress in Drosophila 

and later shown to provide chaperone activity during stress conditions in vitro5–7. sHSPs 

prevent irreversible aggregation of partially denatured proteins (clients) through an ATP 

independent “holdase” function that responds rapidly to many types of stress events (e.g., 

heat shock, pH stress, oxidative stress)5,8–13. Additionally, sHSPs are present under basal 

conditions with function pertaining to regulation of apoptosis and autophagy, cell cycle and 

development, mitochondrial proteostasis, and cytoskeletal structure14–25. The sHSPs are 

regulated at the transcriptional and translational levels to provide basal level pools of 

available chaperone and fast response mechanisms during cellular stress events26,27. 

Many sHSPs are additionally regulated through post-translational modification (e.g., 

phosphorylation, glycation) and hetero-oligomerization with other sHSPs which alter 

oligomer size and specificity of interactions toward clients14,28–34. The sHSPs have high 

selectivity to unfolding clientele and interact with an array of partially unfolded proteins 

when executing their chaperone function35–37. Importantly, sHSPs can maintain clientele 

in refolding competent states for downstream processing by ATP-dependent refolding 

machinery after stress conditions have subsided38–40. This prevention of aggregation and 

maintenance of client proteins by sHSPs is described as a ‘hold-ase’ function and provides 

a valuable mechanism for cells to respond to and recover from a myriad of stress events. 

Small heat shock proteins perform diverse roles throughout the body with numerous 

implications in health and disease. Humans encode ten sHSPs (HSPB1-10) that vary in 

their function and expression throughout the body (Figure 1b) and are referred to by 
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various names: HSPB1 (HSP27), HSPB2 (myotonic dystrophy kinase binding protein, 

MKBP), HSPB3 (HSP17), HSPB4 (𝛼A-crystallin, 𝛼Ac), HSPB5 (𝛼B-crystallin, 𝛼Bc), 

HSPB6 (HSP20), HSPB7 (cardiovascular Hsp, cvHsp), HSPB8 (HSP22), HSPB9 

(cancer/testis antigen 51, CT51), HSPB10 (outer dense fiber protein 1, ODFP1)41. Among 

these various isoforms, the 𝛼-crystallins (𝛼Ac and 𝛼Bc) of the eye lens were among the 

first sHSPs to be identified with aggregation prevention properties and have been perhaps 

the most well studied5,42–44.  

Some sHSPs exhibit wide expression and interaction with many cellular 

clients/substrates such as HSP27, 𝛼Bc, HSPB6, and HSPB8. Other human sHSPs display 

more selective expression and distinct roles such as 𝛼Ac in the eye lens, HSPB7 in cardiac 

tissue, and HSPB9-10 in testes. The sHSPs are of small size (12-43 kDa), although many 

form large oligomeric structures1. Overlapping expression of sHSPs can allow for hetero-

Figure 1: Overview of small heat shock protein diversity and association with human disease (a) 
Schematic overview of evolutionarily distant small heat shock proteins from all domains of life 
covering Vertebrates (HSPB1, HSPB4, and HSPB5, human), invertebrates (HSP17, C. elegans), 
plants (HSP21, A thaliana), fungus (HSP26, S. cerevisiae), Archaea (HSP16.5, M. jannaschii), 
bacteria (HSP16.3, M. tuberculosis and HSP17, E. coli) (b) Table describing the expression 
location and disease association for human HSPB1-10 (pictographic key below table) (c) 
Depiction of human sHSPs associated with cardiac (HSPB1,2,3,5,7), neuronal (HSPB1,2,3,5,6), 
and lenticular (HSPB4,5) age-related diseases in long lived tissues. 
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oligomerization with modulatory effects on function and client preference14,28,45. Due to the 

pleiotropic function of human sHSPs, mutation and dysregulation are associated with 

many diseases and their association with age-related diseases will likely become more 

relevant as the aged population rises and lifespans increases (Figure 1c)46–49. 

The wide distribution of sHSPs in the body is accompanied by a range of functional 

roles with some sHSPs being constitutively expressed in long-lived cells and tissues and 

playing multiple roles in cellular physiology and pathophysiology50. There are five sHSPs 

(HSPB1,5,6,7,8) expressed in cardiac and skeletal muscle through which mutation and 

dysregulation are linked to various disease51. For instance, 𝛼Bc shows high levels of 

expression in cardiac tissue and the 𝛼Bc-R120G mutant is directly related to desmin-

related cardiomyopthy16,52–56. Other abundantly expressed sHSPs in cardiac and smooth 

muscle are HSP27 and HSPB6 where they protect against ischemic and oxidative 

stress51,55,57,58. 

There is growing evidence for the role of sHSPs in development and protection 

throughout the central nervous system were a breakdown of proteostasis is a hallmark 

feature of many neurodegenerative diseases59. Multiple mutations in HSPB1 are directly 

associated with Charcot-Marie-Tooth disease type 2F – a degenerative nerve disease 

which impairs muscle size and strength23,60. Multiple in vitro studies have shown effective 

chaperone response by HSP27 and 𝛼Bc toward amyloid aggregating proteins related to 

neurodegenerative diseases such as tau and amyloid-𝛽 (Alzheimer’s disease, AD), 

polyglutamine (polyQ, Huntington’s disease), and 𝛼-synuclein (Parkinson’s disease)61–68. 

Further in vivo studies have shown roles for neuroprotection in mouse models and 

synaptogenesis in Drosophila69–72. HSP27 can efficiently modulate tau filament dynamics 

and rescues long-term potentiation in mouse models of tauopathy29. Recently, it was 

shown in human AD brain that HSP27 is secreted by astrocytes to the extracellular space 

during inflammatory response – showcasing an extracellular “non-cell-autonomous” role 
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in neuroprotection73. The diverse roles that sHSPs play in neuroprotection throughout life 

– from development through aging – highlight the importance of understanding these 

ubiquitous chaperones in disease.  

Perhaps the most well-known example of sHSP function is in the eye lens where 

high concentrations of 𝛼Ac and 𝛼Bc (~3:1 ratio) make up ~30-40% of soluble protein 

content, support lens transparency for vision, and help prevent cataract disease45,49,74–78. 

The lens 𝛼-crystallins have served as a model system for studying sHSP structure due to 

the seemingly simplified metabolism and proteome complexity of this system. 

Nevertheless, cataract is an incredibly diverse and complicated disease, with significant 

variation in location, heredity, age of onset, and environmental factors – leaving the full 

etiology of this disease left to be completely understood. There are diverse disruptions 

and age-related challenges to 𝛼-crystallin lenticular chaperone function that result in the 

formation of large protein aggregates and subsequent disruption of vision, leading to 

cataract -  the leading cause of blindness worldwide48,49,79–83. While 𝛼Ac resides in other 

tissues and ocular regions at low levels, expression is by far the most abundant in the 

lens84. In contrast, 𝛼Bc is one of the most widely expressed human sHSPs with abundance 

in the lens, heart/muscle, and brain70,75,85. Multiple mutations of 𝛼Ac (e.g., R49C) and 𝛼Bc 

(e.g., R120G) are associated with congenital cataract, resulting in early onset of the 

disease, and are listed in the online global cataract database Cat-Map86–88.  

In addition to displaying diverse roles in human health and disease, some sHSPs 

have shown intriguing connections to cancer biology for their roles in cancer proliferation 

and treatment resistance, making these proteins intriguing therapeutic targets89–92. 

Currently there are no drugs targeting sHSPs, due to challenges in gaining molecular level 

insight of their chaperone function. Many sHSPs exhibit extreme structural heterogeneity 

which has stymied a mechanistic understanding of their anti-aggregation properties and 
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how they interact with refolding and degradation pathways. Additional difficulties in 

targeting sHSPs arise from their importance in multiple cellular processes and the diverse 

array of clientele/substrates they bind. Overcoming these gaps in knowledge will require 

a detailed understanding of how sHSPs interact with clients and rigorous investigation into 

their function/misfunction in various disease states.

 

Sub-section 2: The 𝛼-crystallins: role in lens transparency and cataract 

The eye lens exhibits unique adaptions and challenges to maintaining proteostasis 

required for transparency and vision. The primary function of the lens is to focus light onto 

the retina with minimal aberration, providing clarity (or acuity) of vision (Figure 2). To 

achieve this role the lens must maintain both transparency and a high refractive index, 

utilizing unique physiological adaptations to accomplish this task. To reduce light 

scattering, lenticular tissue is avascular. Furthermore, the highly-elongated mature lens 

fiber cells shed their large cellular organelles, resulting in minimal metabolic function93–96. 

The cytosol of lens fiber cells also contain a high concentration of crystallin proteins – up 

to 450 mg/mL – which form a liquid crystalline state with unique structure and packing 

features that provide a high refractive index and yet also prevention complete 

crystallization at such high concentrations74,75,97. The lens crystallins are comprised of two 

protein families – the aforementioned 𝛼-crystallins and the 𝛽/𝛾-crystallins – which are 

distinct in their structure and function78,98,99. In addition to these major cytosolic 

components, lens fiber membranes host an abundance of aquaporins, gap junctions, 

adherins, and other integral membrane proteins to facilitate the lens micro-circulatory 

system within this avascular organ and contribute to formation of tight cell-to-cell junctional 

interactions that serve to further reduce light scattering100,101. 
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Lens fiber cells, once formed, continue to age throughout the organism’s lifetime. 

In the developing lens, there is a single layer of epithelial cells that divide and differentiate 

to form fiber cells (cortex region) which continuously envelop older fully mature fiber cells 

(core region)102 (Figure 2a). As a result, the most mature fiber cells within the lens core 

are as old as the organism and must remain functional throughout life to support vision. 

Because of the minimal metabolic function within mature fiber cells there is little reliance 

Figure 2: Age-related changes to the eye lens cellular structure and proteome modifications (a) 
Cartoon depiction of vertebrate lens highlighting the epithelial (youngest), cortex, and core (oldest) 
regions and loss of nuclei (black circles) from elongated lens fiber cells with age (b) Selected age-
related changes to lens covering increases in crystallin post-translational modification (PTM), 
oxidation, acidity, cholesterol, and calcium accompanied by decreases in soluble lens crystallins 
and available 𝛼-crystallin chaperones. (c) Graphical representation of 𝛼/𝛽/𝛾-crystallins showing 
approximate molecular weight, oligomerization states, major PTMs, and structure (dimer: 𝛼-
crystallin PDB 2n0k: , monomer: 𝛽-crystallins PDB 3lwk, 𝛾-crystallin PDB 2m3t) (d) Generalized 
schematic of the ”titration model” of age-related cataracts relating an increase in post-translational 
modifications and aggregation associated with decrease in chaperone capacity of lens 𝛼-
crystallins. 
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on protein synthesis, degradation, and refolding pathways. By the time lens fiber cells – 

and their constituent proteins – reach decades in age they have been faced with a variety 

of endogenous and exogenous stresses with potential impacts on protein stability and 

aggregation103. Age-related cellular changes – including increase in oxidation and acidity 

– chemically alter the lens crystallins which can decrease structural stability and alter 

surface charge properties49,80,82,104 (Figure 2b,c). Chemical damage to the lens proteome 

can therefore accumulate throughout a person’s lifetime, and multiple age-related 

modifications of lens crystallins have been identified in cataractous lenses including 

truncation, phosphorylation, deamidation, oxidation, isomerization, and glycation80,82,105–

108 (Figure 2c). Surprisingly, in vitro studies characterizing such modifications in 𝛼/𝛽/𝛾-

crystallins often reveal minimal disruption to the overall protein fold, yet still induce 

alterations in stability and aggregation propensity105,109–114. 

To overcome the challenges to long-term protein stability the lens has evolved the 

𝛼-crystallin (𝛼Ac/HSPB4 and 𝛼Bc/HSPB5) sHSP chaperone system, representing ~30-

40% of soluble lens protein78,115. As previously discussed, (see Sub-section 1), sHSPs are 

a class of molecular chaperones important in preventing aggregation of destabilized 

proteins (clients) through an ATP-independent “holdase” mechanism. First isolated from 

the lens in the late 1800s and later recognized as heat shock proteins, the function of 𝛼-

crystallins remained obscure until a hallmark paper by Horwitz in 1992 that showed the 

molecular chaperone function of the lens 𝛼-crystallins to prevent aggregation5,116. Since 

then the 𝛼-crystallins have been shown to prevent the chemical- or heat-induced 

aggregation of many native and non-native client proteins35,111,117–120. 

The “holdase” function of 𝛼-crystallins is thought to protect against age-related 

aggregation in the lens through the formation of soluble sHSP/client co-aggregates that 

delay large-scale aggregation events leading to cataract77,121. There is evidence from 
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mouse models that 𝛼-crystallins support lens transparency, especially the more abundant 

𝛼Ac122,123. Additionally, the polydisperse oligomeric structure of 𝛼-crystallins appears to be 

important for holdase function and may support lens transparency through structural and 

anti-crystallization properties49,124,125. Despite this importance to the physical properties of 

the lens and homeostasis, the polydisperse assemblies of 𝛼-crystallins and their 

interactions with native clients remain poorly understood, limiting mechanistic insights into 

the lens chaperone system. 

Based on prevailing evidence, the so-called ‘titration model’ of age-related cataract  

has been developed which describes the accumulation of destabilized lens proteins 

throughout life that eventually overwhelms the 𝛼-crystallin system, leading to irreversible 

chaperone-client co-aggregates capable of scattering light and progressively reducing 

vision77,108 (Figure 2d). This model is supported by multiple proteomics studies which 

identified an enrichment of modified 𝛼/𝛽/𝛾-crystallins in the insoluble fractions of 

cataractous lenses80,82,105,126–128. Additional in vitro investigations of sHSP function 

(including 𝛼-crystallins) show diminished chaperone efficiency with increasing amounts of 

client and a concentration dependent chaperone activity5,35,117,118. Recombinant mutations 

mimicking congenital cataract in 𝛽/𝛾-crystallins and age-related PTMs (with incorporation 

of multiple PTMs) have proven useful in understanding the types of clients prone to 

aggregation in the lens110–114. For example, mutation mimicking UV-damage of a 𝛾-

crystallin (gD-W130E) interacts with 𝛼-crystallins at physiological temperature and pH129–

131. Notably, co-aggregates of 𝛼-crystallins with clients formed in vitro and isolated high-

molecular weight aggregates from aged lenses share morphological similarities and  are 

notably distinct from apo-state 𝛼-crystallins (homomeric 𝛼Ac and 𝛼Bc) and 𝛼L-crystallin 

(heteromeric 𝛼Ac and 𝛼Bc) from younger lens tissue, respectively. These morphological 

differences include increased size, heterogeneity, and hydrophobicity as the 𝛼-crystallin 
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becomes saturated with client35,115,118. In addition, it is possible that morphological 

changes induced by saturation of 𝛼-crystallin chaperones would disrupt the relative 

abundance or nature of short-range interactions between soluble crystallins and promote 

their aggregation under the saturating conditions of the lens.  

Although other pathways to cataract are likely present, the titration model has 

become widely accepted for describing a major avenue toward age-related cataract. There 

has yet to be a treatment targeting the titration model for cataractogenesis and there are 

significant limitations in understanding the multiple pathways likely responsible for 

cataracts. For instance, the multitude of post-translational modifications identified in the 

lens make it difficult to discern those contributing to aggregation from those that may be 

adaptive toward preventing aggregation . Additionally, it remains difficult to study 𝛼-

crystallin interactions with 𝛽/𝛾-crystallins at physiological temperature, pH, and 

concentrations relevant to the lens due to their high-stability and evolved structures that 

limit stable interactions.  

Despite effective surgical treatment, much of the world remains susceptible to the 

impacts of cataract and associated blindness – demanding more accessible treatment 

options. Current animal models and in situ methods to investigate age-related cataract are 

limited in their applicability to human-age scales and spatiotemporal resolution, 

respectively. Developing treatments to prevent cataract will likely entail an understanding 

of 𝛼-crystallin chaperone function, client destabilization effects, and how these relate 

inside of the tightly packed and regulated environment of the lens. Newly developed 

models of cataract based on lens organoid culturing is a promising avenue for studying 

protein stability in the tightly packed lens, however the long-time scales associated with 

cataract formation may still impose limitations in their physiological relevance132,133. 

Cataract therapies to either prevent client destabilizing modifications or slow the co-

aggregation rate of 𝛼-crystallin/client complexes may provide promising avenues for 
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treating this widespread disease. Of note, the full etiology of cataract is likely diverse 

involving additional modes toward aggregation that involve disruption to the lens fiber 

membrane and the membrane protein-mediated micro-circulatory system of the lens.

 

Sub-section 3: The structure of sHSPs 

The sHSPs are an intriguing class of proteins from a structural biology point-of-

view, as many are capable of displaying a wide array of polymorphic states. All sHSPs 

share a conserved tripartite domain organization comprised of a ~70 residue central 𝛼-

crystallin domain (ACD), flanked by a dynamic N-terminal domain (NTD) and flexible C-

terminal domain (CTD) (Figure 3a,c)1,134. Multiple structural studies of the core ACD reveal 

8-9 𝛽-strands, arranged in an antiparallel immunoglobulin-like fold with one face of the 𝛽-

sandwich comprised of 𝛽4, 𝛽5, and 𝛽6/𝛽7 and the other face with 𝛽2, 𝛽3, 𝛽8, and 𝛽9135–

140. Many sHSPs readily dimerize and the dimer constitutes a basic structural unit that 

establishes larger oligomeric structures observed in many sHSPs (Figure 3b,c). Notably, 

the foundational ACD dimer is distinct between identified metazoan and non-metazoan 

sHSPs. This is due to variation in the number and arrangement of 𝛽-sheets in the ACD 

leading to dimerization along the extended 𝛽6+7 strand of metazoans (𝛽7-interface 

dimer), while non-metazoan dimerization occurs via swapping extended 𝛽5-7 loops (𝛽6-

swapped dimer) with a neighboring ACD (Fig3b, yellow 𝛽-strands). Functionally, the ACD 

is shown to contribute directly to chaperone function through interaction with amorphous 

and amyloid aggregating clients62–64,141. The ACD of 𝛼Ac contains a 19 residue segment 

that displays effective aggregation prevention deemed the “mini-chaperone”63,68,142,143. 

In contrast to the highly conserved ACD, the flanking CTD and NTD are much more 

variable in sequence, length and complexity1. The CTD is diverse among sHSPs, shown 

to play a role in maintaining structural flexibility and contains a high density of charged 
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residues that helps facilitate solubility. Additionally, a highly conserved IXI motif has been 

identified in the CTD of most sHSPs, which binds to a hydrophobic groove in the ACD of 

another protomer, contributing to high-order assembly (Figure 4a,c)4,125,144–146. 

The most diverse region of sHSP structure is the NTD, which a has variable length 

and is notably less conserved across species/isoforms1. Truncation of the NTD disrupts 

high-order oligomer formation and alters chaperone activity, showcasing the importance 

to structure and function of this domain125,146,147. Multiple human sHSPs have been 

isolated with phosphorylation of serine residues in the NTD. Mimicking phosphorylation in 

Figure 3: Small heat shock proteins share conserved and divergent features across all domains of 
life (a) Schematic representation of sHSP tripartite domain organization showing the N-terminal 
domain (NTD, gray), 𝛼-crystallin domain (ACD, blue), C-terminal domain (CTD, red), IXI-motifs 
(yellow), and phosphorylation prone NTDs (green). Bar lengths for each sHSP indicate relative 
primary sequence length. (b) Dimeric structure of non-metazoan (𝛽5-7 loop exchange) and 
metazoan (𝛽6+7 strand exchange) sHSPs. The exchanging loop and 𝛽-strand are highlighted 
yellow for HSP16.5 (PDB 1shs, non-metazoan) and 𝛼B-crystallin (PDB 2n0k, metazoan), 
respectively. (c) Selected sHSPs revealing partial N-terminal domain structure for human HSPB2/3 
(4mer), pea HSP16.9 (2mer from 12mer complex), archaeal HSP14 (2mer from 24mer complex), 
and bacterial AgsA (2mer from 24mer complex). Coloring scheme is the same used in panel (a) 
NTD:gray, ACD:blue, CTD:red, and IXI-motif:yellow. 
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vitro induced a shift toward smaller oligomer sizes, increased surface hydrophobicity, and 

modulated sHSP function in cells29–32,68. Despite the high-degree of variation within the NT 

Figure 4: Diverse oligomeric morphologies of sHSPs are supported by competing interactions of 
NTD, ACD, and CTD (a) Various oligomeric states of sHSPs covering double-discs (HSP16.9 and 
Sip1), cages (HSP16.5 and 𝛼A-crystallin), small oligomers (HSPB2/3 and HSPB8), and 
fiber/array formations (𝛼B-crystallin I3/5A and HSP17.9). Color scheme shown on top (NTD:gray, 
ACD:blue, CTD:red, IXI-motif:yellow) (b) Sequence alignment of the “Aromatic” and “Conserved” 
regions of the NTD and the CTD IXI-motif of archaeal HSP16.5 (M. jannaschii), bacterial HSP16.3 
(M. tuberculosis), yeast HSP26 (S. cerevisiae), and human HSPB1, HSPB4, and HSPB5. (c) 
Schematic representation of binding donor (IXI and ACD grooves) and acceptor (NTD-aromatic 
region (dark gray), NTD-conserved region (gray), and CTD IXI-motif (yellow)) regions of sHSPs 
that facilitate oligomerization. The dimer is represented in blue. 
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there are some conserved aspects, including what have been deemed the “aromatic 

region” and “conserved region” (Figure 4b)148,149. Multiple studies point to these regions 

as being important for the oligomeric structure and chaperone activity of sHSPs, likely 

through condensing subunits through hydrophobic interactions and facilitating 

polydispersity, respectively148–152. Mutation of an arginine in the conserved region altered 

the structure and function of multiple human sHSPs149–152. Intriguingly, albeit rare, an 

additional IXI-motif can be found in the NTD of some sHSPs, and shows importance for 

client interactions and modulation of oligomeric structure63,153. Remarkably, an 𝛼Bc-I3/5A 

mutant has been show to assemble reversibly into helical filaments with diminished 

chaperone activity145. The few studies revealing NTD structure uncover helical regions and 

multivalent interactions with the ACD137,140,145,154–156. Solved oligomeric structures suggest 

the NTD is less solvent exposed and likely clustered within cavities formed by caged/fiber 

assemblies or closely associated with other regions of the oligomer4,137,138,157. 

The sHSPs form diverse oligomeric assemblies existing as flat/disc-like (HSP16.9, 

HSPB2/3, ceSip1), cage-like (𝛼Ac, 𝛼Bc, mjHSP16.5, hsHSPB1, ceHSP17, E. coli 

IbpA/IbpB, scHSP26), and array/fibrillar (ehHSP18.5, salmonella AgsA) (Figure 4a) 

4,10,32,117,137,138,144,154,155,157–161. While some sHSP oligomers are mono-dispersed 

(mjHSP16.5, wheat HSP16.9), most others – including the aforementioned 𝛼-crystallins – 

form a polydisperse ensemble of oligomers. The quaternary assemblies of polydispersed 

sHSPs are fluid with subunit exchange and quaternary dynamics being an important 

aspect of chaperone function30,162–166. Subunit exchange is thought to expose hydrophobic 

regions to facilitate client interactions although some sHSPs exhibit chaperone activity 

regardless of modifications that limit subunit exchange (crosslinking, 

mutation/truncation)125,150,162,162,167. However, experiments on sHSP subunit exchange 

often involve fluorescent labeling which may alter polydispersity and oligomer 

assembly/disassembly and may not faithfully reflect the wildtype structure/function168. 
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Regulation by phosphorylation and/or pH can alter the size, subunit exchange kinetics, 

and stability of some sHSPs with associated effects on chaperone function30,32,139,169–171. 

Additional complexity in quaternary structure, exchange dynamics, and function arises via 

hetero-oligomerization14. 

The molecular level details of sHSP/client interactions are limited by the dynamic 

and heterogeneous nature of sHSPs, and evolutionary diversity has limited a universally 

applicable mechanistic understanding of their chaperone function. Despite these 

limitations, there have been multiple sHSP/client interactions observed that showcase the 

diverse morphological response of sHSPs during stress events and highlight some 

conserved features. For example, all three structural domains of sHSPs (NTD, ACD, and 

CTD) play some role in chaperone function, either through direct interactions with clients 

or through contribution to the dynamic assembly of sHSPs. Crosslinking mass-

spectrometric studies of the yeast sHSP HSP26 show diverse and widespread interactions 

with clientele, involving the NTD, ACD, and CTD172. Furthermore, it’s been reported that a 

10-residue segment in the middle of the NTD of 𝛼Ac and 𝛼Bc is responsible for differential 

chaperone activity between the two isoforms149.  

Despite inherent difficulties in studying heterogeneous protein structures there has 

been some progress in understanding how competing interactions across structural 

domains drives plasticity and polydispersity in mammalian sHSPs (Figure 4c). Human 

HSP27 and 𝛼Bc show prominent inter- and intra-molecular interactions between the NTD, 

ACD, and CTD in oligomer assembly and polydispersity65,148,149. Using structural restraints 

from mass spectrometry and nuclear magnetic resonance, a model has been proposed 

for polydispersity of 𝛼Bc oligomers through interconverting polyhedrons composed of 

monomer/dimer building blocks173. Polydispersity of the monodisperse mjHSP16.5 can be 

induced through insertion of an NTD peptide from human HSP27 and alteration of the 

sequence within this insert modulated the resulting oligomeric species174,175. The 
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polydispersity of 𝛼-crystallins has been well documented through various electron 

microscopy studies, and mass spectrometry has defined the range of the oligomeric 

ensemble of 𝛼B-crystallin (24 - 33mers)118,124. Despite what has been revealed about 

polydispersity in sHSPs there remains an incomplete mosaic view of how multiple 

interactions contribute to forming/interconverting oligomers. Characterizing polydispersity 

of sHSPs – in the absence and presence of clientele – will help develop a framework for 

how these diverse chaperones support proteostasis.

 

Sub-section 4: Client recognition and co-aggregation of sHSPs 

As mentioned in Sub-section 3, many sHSPs display diverse interactions with clients –  

utilizing the NTD, ACD, and CTD to maintain structural plasticity and prevent aggregation 

(Figure 5). While structural plasticity of sHSPs has been a major hurdle in mechanistically 

characterizing their chaperone mechanism, multiple clues to this process have been 

gleaned – with some general themes emerging related to client recognition and co-

aggregation. 

Figure 5: Generalized schematic representing sHSP “holdase” function in response to stress-
induced client unfolding. Cellular stress events and modifications disrupt functional protein folds 
which lead to partial unfolding of a prospective client (purple). sHSPs (yellow) recognize and bind 
partially unfolded clients, forming soluble co-aggregates which can transfer the client to ATP-
dependent refolding and degradation pathways. Conversely, in the eye lens sHSP/client co-
aggregation can lead to lens opacification and disrupted vision, known as cataract. 
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During cellular stress events, prospective destabilized clients emerge which are 

recognizable by the resulting exposure of multiple hydrophobic binding sites recognized 

by the sHSP172,176–178. The sHSPs show very little specificity, capable of acting on a wide 

range of cellular clients and form soluble sHSP/client co-aggregates in vivo36,37. When 

bound by sHSP, clients remain in a refolding competent state for downstream recovery by 

the HSP70 stress response system11,40,179. In vitro studies have shown multimodal binding 

and an increased affinity toward more energetically destabilized clients, possibly reflecting 

an adaptive trait for stress response. In a series of papers, Mchaourab, et al. propose a 

chaperone mechanism based on two-modes of client binding that trade-off binding affinity 

and capacity based on the level of client destabilization and chaperone saturation119,180–

182. Using a series of bimane-labeled T4-Lysozyme (T4L) mutants with known differences 

in ΔGunfolding, the researchers demonstrated under equilibrium conditions that 𝛼-crystallins 

can bind two distinct unfolded states of T4L – using the low-affinity/high-capacity binding 

mode for the more destabilized T4L state. In a follow-up study this was also demonstrated 

with the archaeal HSP16.5 – highlighting possible conserved features of sHSPs through 

distant domains of life183.  

sHSP/client co-aggregates play both physiological and pathophysiological roles 

within the cell (see Sub-section 2). While the structural complexity and heterogeneity of 

induced co-aggregates has hindered structural characterization at high resolution, several 

studies aimed at elucidating these formations have shed light on the client-induced co-

aggregation process. Mass spectrometric studies of pea HSP18.1 with the client firefly 

luciferase revealed over 300 sHSP/client complexes with varying stoichiometries that 

exhibit separate binding and augmentation stages of co-aggregation184. Chapter 2 of this 

dissertation describes a mechanism of expansion and elongation of 𝛼Ac, 𝛼Bc, and natively 

extracted ovine 𝛼Lc with the clients lysozyme and insulin to produce a continuum of co-

aggregate states, ranging from ~14 nm cages to 100 nm long fiber-like complexes and 



 

 17 

large (>300 nm) amorphous co-aggregates118. The co-aggregates identified in this work 

show striking resemblance to high-molecular weight aggregates isolated from the aged 

lens115. Client size and the compound binding of multiple clients influence the 

morphological rearrangements of sHSPs when confronted with unfolding client157,185,186. 

Recently, a novel method for studying sHSP co-aggregation was developed using single-

molecule fluorescence and TIRF-microscopy/photobleaching to uncover the 

stoichiometries of multiple 𝛼Bc/client complexes that support a two-mode co-aggregation 

process whereby an initial binding step is followed by recruitment of more sHSP 

subunits168. In a follow up study, Benesch, et al. show a similar mechanism with HSP27 

and that recruitment of additional sHSP subunits may be both chaperone and client 

dependent187. Together these studies convey inherent plasticity of sHSPs and sHSP/client 

complexes as an important and conserved feature of these chaperones. 

In addition to their canonical “holdase” function, some sHSPs further possess an 

“aggregase” function that promotes sHSP/client co-aggregation and cellular localization 

during stress events. Holdase and aggregase function HSP26 and HSP42 in S. cerevisiae 

are shown to provide different modes of client interaction, where HSP42 promotes the 

formation of larger co-aggregates under stress conditions188. HSP17 from C. elegans 

showed multifunctionality toward various clients with differential aggregation propensity 

and interaction with refoldases – providing further evidence of client influence on sHSP 

function189. The ability of sHSPs to form dynamic aggregates is also showcased in sHSP 

contributions to regulating phase separation inside of the cell. Human HSPB3 regulates 

the phase separation properties of HSPB2 in cells. Mutations in HSPB3 are associated 

with myopathy, and may be a consequence of disrupted HSPB2/3 hetero-oligomerization 

and subsequent formation of aberrant phase separation of HSPB2190,191. Human HSP27 

and HSPB8 are involved in the maintenance of stress granules – large membrane-

less/phase-separated organelles containing large amounts of untranslated mRNA and 
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RNA binding proteins – and are related to stress response and aging192,193. Deciphering 

the myriad sHSP/client interactions within cells and influence of client on co-aggregation 

will be crucial for understanding how sHSPs support proteostasis and facilitate robust 

stress protection and other diverse physiological roles. 

Despite decades of effort, there are still many open questions regarding 

fundamental aspects of sHSP chaperone function. Characterizing the structural transitions 

which accommodate client binding has remained challenging largely due to the 

heterogeneous nature of these interactions. For instance, previous EM studies indicate 

bound client resides on the inside of mjHSP16.5 oligomeric cage, effectively forming a 

steric border from the environment183. In contrast, a high-resolution structure of a 

monomeric plant sHSP bound to a native client highlights the diversity in holdase schemes 

among this diverse family of chaperones176. Moreover, the consequences of hetero-

oligomerization, co-aggregation, and client-binding promiscuity are all still not well 

understood. Understanding these processes will help drive translational studies to harness 

sHSPs as therapeutic targets/agents and as potential biomarkers for disease and aging. 

A major aim of this dissertation is to extend the current understanding of sHSP/client co-

aggregation and define pathways of co-aggregation relevant to cataract and other protein 

aggregation related diseases.

Sub-section 5: Single-particle approaches of electron microscopy to characterize 

the dynamic structure and function of sHSPs  

The aims of my dissertation research attempt to fill gaps in knowledge on the 

pathway from initial client binding by a sHSP to the ultimate formation of large sHSP/client 

co-aggregates relevant to light-scattering structures associated with cataract. The lens 𝛼-

crystallins are a model system for studying polydisperse sHSPs and their direct roles in 

supporting vision make them attractive therapeutic targets. The 𝛼-crystallins offer an 

interesting comparison of isoform and hetero-oligomeric modulation, while also utilizing 
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common sHSP mechanisms such as subunit exchange and polydispersity for chaperone 

function. Additional interest in this system lies in developing a foundational understanding 

for the molecular basis of aging and mechanisms that drive pathophysiological protein 

aggregation-related disease. 

My dissertation project started with a characterization of the client-induced co-

aggregation of 𝛼-crystallins (𝛼Ac and 𝛼Bc) with the model clients, lysozyme and insulin. 

These clients were chosen for their historical use in the field, and that they are relatively 

small in size (similar to 𝛽/𝛾-crystallins) and display similar aggregation kinetics upon 

disulfide reduction-induced unfolding at physiological temperature (37° C) and pH range 

(~ pH 7). Upon incubation with client under reducing conditions there was a noticeable 

shift in size and polydispersity of 𝛼A/client and 𝛼B/client complexes and a concentration 

dependent reduction in client aggregation/co-aggregation, similar to previous studies with 

other sHSPs. To overcome the obstacle of quantitatively characterizing the complex range 

of morphologies induced under these varying conditions and characterize the aggregation 

pathway of these sHSP/client systems, I developed an approach to analyze the size of 

individual sHSP/client particles visualized directly by electron microscopy (EM). The co-

aggregates formed by 𝛼Ac and 𝛼Bc displayed features indicative of a conserved 

mechanism of client-induced expansion and elongation, whereby chaperone/client co-

aggregates reached lengths up to 100 nm while maintaining widths of ~15-20 nm (similar 

to the initial apo-state). Further study of the 𝛼L-crystallin hetero-oligomer isolated from 

sheep lenses showed the client-induced elongation and expansion mechanism is 

preserved by these native assemblies. Overall, this work defines a conserved pathway of 

client-induced co-aggregation for 𝛼-crystallins with lysozyme and insulin and present a 

novel single-particle approach for characterizing the heterogeneous sHSP/client 

structures. This work is presented in Chapter 2: “The 𝛼-crystallin chaperones undergo a 
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quasi-ordered co-aggregation process in response to saturating client interaction” in the 

form published by the Journal of Molecular Biology118. 

High-resolution CryoEM is a potentially powerful tool for characterizing the 

structural heterogeneity presented by sHSPs to uncover molecular mechanism of their 

chaperone function. I attempted to resolve the structures of various oligomeric states of 

apo-state 𝛼Bc by CryoEM. After multiple datasets and sample optimizations, I ultimately 

faced challenges from the continuum of compositional/conformational heterogeneity that 

could not be overcome by current methods (discussed further in Appendix Chapter I).  

Realizing these intractable difficulties and understanding the conserved features of 

distantly related sHSPs, I pivoted my focus to the monodispersed archaeal sHSP 

(mjHSP16.5) as a simplified system to address questions concerning the role of the NTD 

in facilitating high-order oligomerization and client-induced co-aggregation (Chapter 3). 

The structure of mjHSP16.5 was first published in 1998 and further published EM 

structures demonstrate the formation of a similar cage structure and two-mode binding to 

that of the 𝛼-crystallins138,183,194. Therefore, it was expected that principles of oligomer 

formation facilitated by the NTD and induced polydispersity present in mjHSP16.5/client 

complexes would provide relevant insight to how other oligomeric sHSPs assemble & 

function.  

In previously determined high-resolution structures of mjHSP16.5, details of the 

NTD have been limited or completely unresolved138,194. I was able to obtain a CryoEM 

dataset of the apo-state of mjHSP16.5, and resolved the structure to 2.3-2.5Å resolution, 

which revealed helical density in the cavity of the cage and lining the inside of the ACD 

dimer interface belonging to the NTD – providing the first insights into the  role of this 

domain in facilitating high-order oligomerization. Furthermore, I showed the apo-state 

caged-assembly adopts multiple conformational states that vary in size through various 

modes of stretching and expansion that are accompanied by NTD rearrangements. The 
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newly recognized features were of sufficient quality for atomic modeling and uncovered a 

putative “Phenylalanine-shuffling” mechanism proposed to stabilize oligomerization and 

conformational plasticity. Further structure-guided mutational studies of these conserved 

regions provide further evidence for their role in stabilizing oligomers and guiding co-

aggregate formation. 

CryoEM analysis was performed on mjHSP16.5 incubated with lysozyme at 75° C 

– functionally relevant temperatures to mjHSP16.5 and where lysozyme (Tm ~80C) is 

destabilized, but not fully unfolded. Single-particle analysis of this specimen unveiled 

multiple chaperone/client oligomeric states (26mer, 32mer, 34mer, and 36mer) that could 

be fully resolved. These are the first high-resolution structures for client-bound sHSP 

complexes and highlight mechanisms of dimer capture/insertion, CTD dynamics/client-

binding, and maintenance of a cage-like structure in sequestering destabilized lysozyme 

client(s) to prevent aggregation. Comparative analysis of the multiple client-bound states 

provided evidence for an induced polarization of oligomeric stability (stable->unstable), 

yielding key insight into a mechanism for client-induced elongation. This work is described 

in Chapter 3: Structural mechanisms of small heat shock protein client sequestration and 

induced polydispersity” and presented in the form that is planned for submission for 

publication. 

In addition to these primary works, my interest in the functional role of protein 

dynamics and polydispersity was applied to a collaboration with Professor Ulli Bayer’s 

laboratory (University Colorado, Anschutz), applying single-particle methods in EM to 

characterize the structure of the Calcium-calmodulin dependent protein kinase II (CaMKII). 

CaMKII is the most abundant protein in neurons and plays an intriguing role in synaptic 

plasticity, long-term potentiation/depression, and memory formation195. I applied EM 

imaging and single-particle analysis methods to characterize the dynamic CaMKII𝛽 

structure, building on my previous characterization of CaMKII𝛼 and provided a statistical 
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representation of CaMKII structural dynamics. This work revealed a novel 16mer 

oligomeric state of CaMKII𝛽 and inter-holoenzyme and intra-holoenzyme dimerization 

between regulatory domains with implications into high-order CaMKII clustering observed 

under ischemic conditions. This work showcased the ability of single-particle EM 

approaches to study dynamic protein assemblies and supported functional experiments 

from the Bayer laboratory to both validate and extend their findings on the activation 

mechanisms of CaMKII. The structural characterization and comparison of CaMKII alpha 

and beta isoforms is presented in Appendix Chapter 2 as the manuscript “Conserved and 

divergent features of neuronal CaMKII holoenzyme structure, function, and high-order 

assembly” as published in Cell Reports196.
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Chapter 2: The α-crystallin chaperones undergo a quasi-ordered co-

aggregation process in response to saturating client interaction 
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ABSTRACT 

 

Small heat shock proteins (sHSPs) are ATP-independent chaperones vital to cellular 

proteostasis, preventing protein aggregation events linked to various human diseases 

including cataract. The α-crystallins, αA-crystallin (αAc) and αB-crystallin (αBc), represent 

archetypal sHSPs that exhibit complex polydispersed oligomeric assemblies and rapid 

subunit exchange dynamics. Yet, our understanding of how this plasticity contributes to 

chaperone function remains poorly understood. Using biochemical and biophysical 

analyses combined with single-particle electron microscopy (EM), we examined structural 

changes in αAc, αBc and native heteromeric lens α-crystallins (αLc) in their apo-states 

and at varying degree of chaperone saturation leading to co-aggregation, using lysozyme 

and insulin as model clients. Quantitative single-particle analysis unveiled a continuous 

spectrum of oligomeric states formed during the co-aggregation process, marked by 

significant client-triggered expansion and quasi-ordered elongation of the sHSP oligomeric 

scaffold, whereby the native cage-like sHSP assembly displays a directional growth to 

accommodate saturating conditions of client sequestration. These structural modifications 

culminated in an apparent amorphous collapse of chaperone-client complexes, resulting 

in the creation of co-aggregates capable of scattering visible light. Intriguingly, these co-

aggregates maintain internal morphological features of highly elongated sHSP oligomers 

with striking resemblance to polymeric α-crystallin species isolated from aged lens tissue. 

This mechanism appears consistent across αAc, αBc and αLc, albeit with varying degrees 

of susceptibility to client-induced co-aggregation. Importantly, our findings suggest that 

client-induced co-aggregation follows a distinctive mechanistic and quasi-ordered 

trajectory, distinct from a purely amorphous process. These insights reshape our 

understanding of the physiological and pathophysiological co-aggregation processes of α-

crystallins, carrying potential implications for a pathway toward cataract formation. 
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INTRODUCTION 

 

The α-crystallins (αA- and αB-isoforms) are prototypical members of the small heat shock 

protein (sHSP) family of ATP-independent chaperones, with key roles in cellular 

proteostasis5,197 sHSPs counteract detrimental protein aggregation events implicated in 

various human diseases, including cataract formation198. Humans have ten sHSP proteins 

(HSPB1-10) that are differentially expressed throughout the body, functioning as holdases 

and serving as initial responders to diverse forms of cellular stress199. αA-crystallin (αAc; 

aka HSPB4, 19.8 kDa) and αB-crystallin (αBc; aka HSPB5, 20.2 kDa) are abundantly 

expressed in the eye lens, where they form heteromeric co-assemblies that ensure 

transparency for vision5,76,98. While αAc is primarily found in the lens, αBc exhibits 

ubiquitous expression, with high levels in cardiac and neuronal tissues200. Consequently, 

αBc is associated with a number of diseases, including cataract, myopathies, 

neuropathies, protein folding disorders (e.g., Parkinson’s and Alzheimer’s), and some 

cancers201,202. Despite their significance, our mechanistic understanding of how these 

sHSPs function as chaperones remains limited, due in part to their complex structural 

dynamics and molecular organization. 

Some sHSPs, including the α-crystallins, exhibit polydispersed high-order 

oligomeric assemblies, marked by dynamic subunit interactions that are pivotal for their 

biological roles124,203–207. The core domain shared among sHSP subunits, the α-crystallin 

domain (ACD), is flanked by a variable N-terminal domain (NTD) and a flexible C-terminal 

domain (CTD) (Fig. 1A). These domains orchestrate multivalent interactions, facilitating 

the formation of high-order oligomers117,148,149,158,160,208–211. αAc and αBc oligomers consist 

of approximately 12 to 48 subunits and exhibit rapid subunit exchange 

dynamics117,124,205,212–216. This dynamic behavior underpins a high degree of structural 

plasticity among these sHSPs that is thought to enable the recognition and sequestration 
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of a wide spectrum of destabilized client proteins. It is hypothesized that smaller 

assemblies or exchanging subunits are the more active states that recognize destabilized 

clients, while high-order oligomers are involved in sequestering and storing misfolded (or 

destabilized) clients168,182,217,218. In this stored form, the client is maintained in a refolding-

competent state that may be recovered by ATP-dependent chaperones like 

HSP70/HSP4038,219–221. 

Notably, sHSP sequestration of destabilized proteins does not preclude formation 

of insoluble aggregates. Saturating binding conditions can lead to chaperone-client co-

aggregates, while still enabling functional recovery of the client, in contrast to misfolding 

client aggregates formed without sHSPs11,222,223. Multiple factors influence sHSP/client co-

aggregation, including stress conditions (i.e., temperature, oxidation, pH), sHSP:client 

ratio, and the identity of the client leading to distinct morphologies of varying sizes35,157,224. 

The extreme degree of structural heterogeneity associated with this co-aggregation 

process has posed significant challenges to structural analysis and extraction of 

mechanistic principles associated with sHSP client sequestration and co-aggregation. In 

the context of the eye lens, which lacks protein turnover and ATP-dependent refolding 

pathways49, the α-crystallin system can become overwhelmed in old age and result in 

formation of both soluble and insoluble light-scattering sHSP/client co-aggregates (i.e., 

cataract), the leading cause of global vision loss83. While this phenomenon has been 

studied in vitro and presumed to be amorphous in nature, the structural morphology of the 

light-scattering aggregates has not been systematically analyzed110,111,225. 

Here, our objective was to quantitatively delineate the structural and morphological 

transformations of α-crystallins (αAc and αBc) during client-induced co-aggregation. We 

systematically compared αAc, αBc and native heteromeric lens α-crystallins (αLc) in their 

apo-states and across various stages of client-induced aggregation, employing the model 

clients lysozyme and insulin. These model clients allowed for the determination of the 
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induced morphological changes to the chaperone without the complicating factor of stress-

inducing conditions (e.g., elevated temperature, low pH, oxidation, etc.) known to influence 

sHSP conformational states160,205,216,226. To surmount the complexities arising from 

structural heterogeneity, we devised a single-particle electron microscopy (EM) image 

analysis workflow, enabling quantification of sHSP morphologies at the individual particle 

level. Through a combination of light-scattering methods, biochemical analysis, and direct 

visualization through single-particle EM, we unveiled a continuous spectrum of oligomeric 

states, whereby the basal-state sHSP caged-like assemblies undergo a remarkable 

degree of oligomeric reorganization that appear as both expansion and elongation, or 

directional growth of the sHSP oligomer, in response to unfolding client. These changes 

culminated in the amorphous collapse of chaperone-client co-aggregates, which had the 

capacity to scatter light. The co-aggregates that are formed share striking similarity to 

polymeric species of α-crystallin isolated from aged lens tissue115. Importantly, these 

observations imply a mechanistic foundation that is shared between homomeric αAc and 

αBc, as well as native heteromeric αLc chaperones, and characterized by a quasi-ordered 

co-aggregation pathway that is clearly distinct from a purely amorphous process. Our 

findings provide new insights into the morphological transitions of α-crystallins during 

client-induced aggregation, shedding light on processes crucial for cellular proteostasis 

and age-related cataract formation. 

 

RESULTS  

Single-particle analysis reveals full extent of αA- and αB-crystallin polydispersity  

To establish a baseline for our comparative study, we examined αAc and αBc under 

conditions resembling their basal apo-state. We employed size-exclusion chromatography 

(SEC), dynamic light scattering (DLS), and single-particle analysis using negative stain 
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electron microscopy (NS-EM). Full-length human αAc and αBc were expressed in E. coli 

and isolated biochemically without engineered purification tags (Supplemental Fig. 1 and 

Methods). To ensure consistency and account for environmental factors known to affect 

sHSP structure, we prepared purified samples in buffer at pH 7.4 supplemented with 

chelators (EDTA and EGTA) to remove trace amounts of divalent cations226. Prior to 

analysis, the samples were equilibrated overnight (~16 hours) at 37° C to equilibrate 

exchange dynamics205,216. Human αAc contains two cysteine residues (C131 and C142), 

Fig. 1: Structural analysis of polydispersed apo-states of αA- and αB-crystallin. A. 
Comparison of primary sequence homology between various mammalian αA- (αAc, red) and αB-
crystallins (αBc, blue) (see Methods). Coloring indicates positions that are conserved in both αAc 
and αBc (dark shading), within αAc or αBc (light shading), and non-conserved (white). Gaps are 
indicated with a dash. Annotations for secondary structure and domain organization are indicated. 
B. Overlay of representative size exclusion chromatography (SEC) elution profiles for αAc (red) 
and αBc (blue). C. Boxplots displaying hydrodynamic radii (RH) of αAc (red) and αBc (blue) 
determined by dynamic light scattering (n = 3). D. Representative 2D class averages of negatively 
stained αAc (top) and αBc (bottom) oligomeric assemblies (scale bar = 20 nm). E. Left: 
Representative micrograph of αBc oligomers (scale bar = 100 nm, zoom scale bar = 20 nm). Right: 
Representative image showing isolated particles from the same micrograph following single-
particle distribution analysis using the developed FIJI workflow (see also Supplemental Fig. 2). F. 
Raincloud plot showing the distributions of Feret diameters of αAc (red) and αBc (blue) oligomers 
extracted from NS-EM images using our single-particle distribution analysis workflow shown in 
panel E. Feret diameters for major population modes centered around 14 nm and 28 nm are 
indicated. 
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which readily form disulfide bridges under oxidative conditions in vitro and produce larger 

oligomers that can transfer disulfides to clientele to assist chaperone function160. To limit 

such complications, αAc was kept under reducing conditions during purification using DTT 

and during functional assays and structural analyses using TCEP. 

Using solution-state analysis by SEC, we observed that αAc forms slightly smaller 

and more polydispersed assemblies compared to αBc. The apparent molecular weights 

(m.w) of αAc and αBc, as determined by SEC, were approximately 440 kDa and 470 kDa, 

respectively. This finding is in line with the radius of hydration (RH) values obtained from 

dynamic light scattering (DLS), which measured 8.1 ± 1.0 nm for αAc and 8.5 ± 0.3 nm for 

αBc (mean ± sd; p = 0.5, t-test) (Fig. 1 B-C and Supplemental Fig. 1). 

To further characterize their structural properties, we employed NS-EM and 2D 

classification methods for single-particle analysis (Fig. 1D and Supplemental Fig. 1). The 

resulting 2D classes revealed that both αAc and αBc adopt a range of polydispersed 

oligomeric assemblies, exhibiting expected caged-like morphologies. Notably, αAc 

displayed a broader range of diameters (12.6 – 21.3 nm) within the resolved 2D classes 

compared to αBc (~14.3 – 21.3 nm), although this difference was not statistically 

significant. While many of the assemblies observed in the NS-EM images appeared 

approximately spherical in projection, some 2D classes depicted complexes with oblique 

or irregular shapes. Although some of the variation can be attributed to different viewing 

angles of the complexes; overall, these results are consistent with the ability of both αAc 

and αBc to adopt diverse oligomeric states, as described in previous EM studies158,160,227. 

The high degree of polydispersity and structural heterogeneity exhibited by sHSPs 

poses practical limitations on commonly applied single-particle 2D image classification 

and averaging methods. The outputs of these methods discretize continuum ensembles, 

which is not ideal for analyzing such systems196,228,229. To overcome these limitations, we 

employed a relatively simple and accessible workflow using available image processing 
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tools in FIJI230. This approach enabled the extraction of structural descriptors from 

individual complexes (e.g., diameter, circumference, surface area, etc.), without 

employing signal averaging methods, and allowed for quantitatively describing the 

polydispersity of sHSPs at the individual particle level (see Fig. 1E, Supplemental Fig. 2 

and Methods). While various structural descriptors could be obtained using this method, 

we focused on utilizing Feret diameter (i.e., maximal particle diameter) as the primary 

descriptor of particle morphology in this study. 

Feret diameters of individual particles were extracted from NS-EM micrographs of 

both αAc and αBc (Fig. 1F). To statistically compare the distribution of particle diameters, 

we employed a two-sample Kolmogorov-Smirnov test (K-S test). The population 

distributions of both αAc and αBc were found to be bimodal. The most populated mode for 

αAc was centered at 14.4 nm, slightly smaller than the primary mode of 14.8 nm observed 

for αBc. Both datasets exhibited a second mode centered at approximately 28 nm. While 

the population of αBc particles appeared as Boltzmann-like distributions, those of αAc 

displayed noticeable tails weighted toward smaller species and a prevalence of larger 

species compared to αBc. This dispersion is indicative of a greater degree of 

polydispersity in αAc. Consequently, the mean and standard deviation of particle 

diameters for αAc (17.4 ± 11.7 nm; mean ± sd) were larger than those for αBc (15.3 ± 3.5 

nm), with a significant difference (p < 0.0001, K-S test). Importantly, the single-particle 

measurements and the extent of variation (i.e., polydispersity) observed in αAc and αBc 

were consistent with our 2D classification results and DLS measurements obtained under 

solution-state conditions.  

This single-particle distribution analysis offers a valuable advantage by providing 

quantitative information about rare states that were not well captured by 2D-class 

averaging or other ensemble measurements (SEC, DLS). This analysis revealed the 

presence of both very small and very large assemblies sampled by both αAc and αBc 
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isoforms, with diameters ranging from approximately 5 nm to over 90 nm for αBc and over 

250 nm for αAc (Fig. 1F). As noted, both αAc and αBc exhibited an additional minor, yet 

significant, population with Feret diameters of approximately 28 nm, which is roughly twice 

the diameter of the most populated modes. Upon closer examination of the raw 

micrographs, it became apparent that this population resulted from two oligomers 

positioned in close contact, which were unresolved by our segmentation approach. This 

observation suggests the possibility of a true population of "kissing oligomers" or it could 

be attributed to particle crowding on the EM grid (Fig. 1F, asterisk, see Discussion). 

Based on these results, we concluded that our approach to single-particle 

distribution analysis of NS-EM images was effective at quantitatively describing and 

discriminating nuanced differences in sHSP structure and degree of polydispersity. With 

this development, we aimed to apply this constellation of methods to investigate the 

structural changes and dynamics of αAc and αBc in response to client interactions. 

 

αA- and αB-crystallin display different degrees of susceptibility to client-induced 

co-aggregation  

For comparative functional analysis, αAc and αBc were assessed using aggregation 

suppression assays, monitored by light-scattering (turbidity) at 360 nm. Following the 

functional assays, the chaperone-client complexes were then directly subjected to 

structural characterization by SEC and DLS, without prior filtering or centrifugation (Fig. 

2). We utilized lysozyme (lyso) as a model client due to its molecular weight (14.4 kDa), 

which is similar to the clients found in the eye lens, such as β/γ-crystallins. Unlike native 

clients, lysozyme readily unfolds at physiological pH (7.4) and temperature (37° C) in the 

presence of a reducing agent (TCEP), allowing for a controlled analysis of the structural 

effects induced on the chaperone complexes. This allowed us to determine the basal 

mechanism of action of the chaperone without the complication of altering environmental 
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conditions (such as heat or pH) that are known to affect sHSP structure226. It should be 

Fig. 2. Chaperone activity and structural characterization of α-crystallin/lysozyme 
complexes and co-aggregates. A,B. Aggregation suppression assays against unfolding 
lysozyme (Lys) client conducted with varying molar ratios of αAc (red traces, panel A) and αBc 
(blue traces, panel B). Turbidity measurements at 360 nm were used to monitor aggregation. 
Lysozyme-only conditions (0:1 ratio) are shown in black. Left: Raw turbidity traces with mean ± std 
displayed. Right: Histograms showing overall percent protection (relative reduction of turbidity 
compared to lysozyme only) with error bars representing ± std (n = 4 – 7). C,D. Overlay of size 
exclusion chromatography (SEC) elution profiles for αAc (red, panel C) and αBc (blue, panel D) 
chaperone/client complexes formed after aggregation suppression assays. The apparent molecular 
weights (m.w.) of major elution peaks are indicated. E,F. SDS-PAGE analysis of elution fractions 
from SEC for the 2:1 and 4:1 ratios of αAc (panel e) and αBc (panel f). Protein bands corresponding 
to the presence of αAc or αBc chaperone and lysozyme (Lys) are marked. G,H. Size distribution 
analysis from dynamic light scattering (DLS) measurements of chaperone/client co-aggregates 
formed between αAc/lysozyme (panel G) and αBc/lysozyme (panel H) at varying chaperone:client 
ratios of 4:1, 2:1, 1:1, and 1:0 (negative control). The measurements were taken after 2 hours of 
initiating aggregation suppression assays, as shown in Fig. 2A,B. Particle size measurements were 
binned at 1-10 nm, 10-100 nm, 100-300 nm, and >300 nm. Bar plots show mean ± sem (n = 3). 
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noted that the ratios of chaperone to client 

used in these experiments do not directly  

correlate with the stoichiometry of the 

formed chaperone/client complexes, as the 

aggregation suppression assays are 

conducted under non-equilibrium 

conditions. However, the observed dose-

dependent response of chaperone 

concentrations suggests that at lower 

chaperone-client ratios, the chaperone is 

relatively more saturated by the binding of 

unfolding (or destabilized) client.  

Under control conditions with 10 μM 

lysozyme alone (0:1 ratio of 

chaperone:client), we observed consistent 

aggregation kinetics of the client, with a t1/2 

of 33 ± 2 minutes (mean ± sem) for the αAc 

assay and 35 ± 3 minutes for the αBc assay 

(Fig. 2A, B; grey lines). In contrast, when 

αAc and αBc (pre-equilibrated at 37° C for 

~16 hours) were prepared alone and in the 

presence of TCEP (i.e., apo-state 

conditions, or 1:0 ratio), no aggregation was 

observed under the same conditions (Fig. 2A, B). Furthermore, incubating αAc or αBc 

with lysozyme but without reducing agent also did not result in aggregation under these 

conditions (data not shown). 

ratio % protection (n) t1/2 (min)
lysozyme -- (8) 33 ± 2

6:1 91 ± 1 (4) --
4:1 76 ± 3 (8) 46 ± 3
2:1 58 ± 6 (8) 54 ± 2

1.5:1 42 ± 4 (4) 48 ± 2
1:1 5 ± 3 (8) 48 ± 3

0.5:1 -20 ± 4 (8) 37 ± 3

ratio % protection (n) t1/2 (min)
lysozyme -- (8) 35 ± 3

4:1 98.8 ± 0.2 (7) --
2:1 96 ± 1 (7) --
1:1 87 ± 2 (7) 65 ± 2

0.5:1 32 ± 2 (7) 65 ± 2
0.25:1 17 ± 3 (7) 60 ± 1

ratio % protection (n) t1/2 (min)
lysozyme -- (4) 37 ± 1

4:1 91.4 ± 0.3 (4) 45 ± 6
2:1 54 ± 4 (4) 65 ± 4
1:1 1 ± 5 (4) 55.5 ± 0.3

ratio % protection (n) t1/2 (min)
insulin -- (8) 23 ± 4

αAc:insulin (0.5:1) 41.7 ± 0.1 (7) 25 ± 3
αBc:insulin (0.2:1) 46.7 ± 0.1 (7) 15 ± 1

αAc/lysozyme

αBc/lysozyme

αLc/lysozyme

Insulin aggregation

Table 1: Summary of chaperone 
aggregation suppression assay results for 
α-crystallin/client complexes. Chaperone 
activity of αAc, αBc, and αLc toward the 
aggregation of reduced lysozyme (10 µM) and 
reduced insulin (40 µM) at 37° C at various 
chaperone:client ratios, showing percent 
protection as a measure of the chaperone’s 
ability to suppress turbidity, number of 
technical replicates (n) for each ratio, and the 
time (minutes) of half aggregation (t1/2). 
Percent protection was calculated as the 
average ± sem turbidity of each ratio 
compared to the average turbidity obtained for 
client-only conditions for each biological 
replicate. Values for t1/2 were determined as 
the average ± sem time at which turbidity 
reached half the maximal value for each 
technical replicate.  
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When lysozyme was treated with a reducing agent in the presence of pre-

equilibrated αAc, nearly complete aggregation suppression (~92% protection) was 

achieved at a molar ratio of 6:1 (chaperone:client), with a decreasing degree of protection 

at lower ratios (Fig. 2A,B and Table 1). At a ratio of 1:1, αAc showed only ~5% protection, 

but there was still a significant delay in the aggregation kinetics compared to lysozyme 

alone (t1/2 = 48 ± 3 min, p < 0.0001). Notably, at even more saturating levels of the client 

(0.5:1), turbidity was enhanced beyond the lysozyme-only conditions, indicated by 

negative protection values of approximately -20%. This negative protection (i.e., scattering 

beyond lysozyme alone) is interpreted to reflect the increased scattering caused by the 

formation of large co-aggregates between αAc and lysozyme in addition to free lysozyme 

aggregates that escaped chaperone capture (see below).  

In comparison, αBc exhibited ~99% protection at a ratio of only 4:1 

(chaperone:client) and ~96% protection at a 2:1 ratio (Fig. 2B). At a ratio of 1:1 (where 

αAc showed 5% protection), αBc displayed ~87% protection and still exhibited ~17% 

protection even at a sub-stoichiometric ratio of 0.25:1, along with a significant delay in 

aggregation kinetics compared to lysozyme only conditions (t1/2 = 40 ± 1 min, p < 0.0001). 

Fitting of these data provide a half-maximal protection ratio for αAc of 1.8 versus the 

substantially lower value of 0.7 for αBc, representative of the higher chaperone efficacy 

against lysozyme (Supplemental Fig. 4). 

Representative conditions from the completed chaperone assays were then 

subjected to SEC to demonstrate binding and characterize changes in structure and/or 

polydispersity at different chaperone-client ratios. When αAc was present at higher 

chaperone ratios (6:1 and 4:1), the major SEC peak was shifted to a higher apparent 

molecular weight of ~800 kDa compared to the apo-state (~430 kDa). Additionally, a small 

left-hand shoulder peak appeared at approximately 2.5 MDa appeared, as well as a minor 

void peak that is indicative of high-molecular weight species (Fig. 2C). At lower chaperone 
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ratios, there was a progressive increase in peak broadening, indicating higher 

polydispersity, accompanied by the loss of the ~430 kDa peak and a shift towards the ~2.5 

MDa and void peaks (Fig. 2C). 

Under conditions where αBc provided complete protection against reduced 

lysozyme (4:1 ratio), the SEC profile exhibited a relatively Gaussian shape, but with a shift 

towards higher molecular weight of ~640 kDa compared to ~470 kDa for the apo-state. 

There was also an overall increase in peak broadening, indicating increased polydispersity 

(Fig. 2D). No significant void peak was observed under these conditions, which is 

consistent with the complete suppression of light-scattering at 360 nm. At the lower ratio 

of 2:1, the major SEC peak shifted further to an average m.w. ~1.5 MDa, accompanied by 

even greater peak broadening. Additionally, a small void peak was observed, consistent 

with minor contribution to scattering at 360 nm under these conditions. These observations 

are very similar to what we have previously observed between αAc and native lens client 

protein, bB2-crystallin111. 

When αBc was applied to SEC at the lowest ratio (1:1), a major peak centered at 

an apparent m.w. ~600 kDa was observed, accompanied by a noticeable left-hand 

shoulder at m.w. ~1.7 MDa. However, no significant void peak was observed under this 

condition. Initially, this result seemed unexpected, as larger molecular weight species were 

anticipated under more saturating client conditions. Nevertheless, this consistent 

observation suggests that larger aggregates formed under these conditions were not 

entering the SEC column. This notion is supported by the lack of SEC elution profiles for 

samples prepared at lower chaperone:client ratios for both αAc (e.g., 0.5:1) and αBc (e.g., 

0.5:1 or 0.25:1), as well as by the subsequent detection of high molecular weight species 

by DLS and NS-EM discussed below. Analysis of the elution fractions by SDS-PAGE 

confirmed the presence of both lysozyme and αAc or αBc in the resolved SEC peaks 
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(shown for the 2:1 and 4:1 ratios in Fig. 2E,F), indicating the formation of relatively stable 

and long-lived complexes under these conditions.  

 

Saturating client conditions induce structural transitions toward light-scattering α-

crystallin/lysozyme co-aggregates.  

To further evaluate the structural effects of client binding, we analyzed apo-αAc, apo-αBc, 

and their complexes with lysozyme at representative chaperone:client ratios using DLS. 

The data were binned into four size ranges based on the radius of hydration (RH): 1-10 

nm, 10-100 nm, 100-300 nm, and >300 nm (Fig. 2G,H and Supplemental Fig. 3). Under 

control conditions (1:0 ratios), apo-αAc and apo-αBc were predominantly within the 1-10 

nm RH bin (97.4 ± 1.9% and 99.8 ± 0.2%, respectively; mean ± sem). At a 4:1 

chaperone:client ratio, both αAc and αBc showed the emergence of larger species and 

increased polydispersity, as indicated by populations in multiple RH bins compared to the 

apo-states. The RH distribution of αAc/lysozyme complexes under these conditions was 

82.3 ± 8.6% (10-100 nm), 14.9 ± 8.3% (100-300 nm), and 0.7 ± 0.7% (>300 nm). Similarly, 

for αBc, there was a major population in the 10-100 nm bin, but also a persistence of 

species in the 1-10 nm bin, with populations represented by RH values of 13.7 ± 13.7% (1-

10 nm), 82.8 ± 13.0% (10-100 nm), and 3.6 ± 2.8% (>300 nm) under the same conditions. 

At a 2:1 ratio, αAc and αBc populations are both shifted to larger species. The 

majority of αAc/lysozyme complexes are found in the 100-300 nm bin (67.7 ± 15.3%), with 

a significant population in the >300 nm bin (28.8 ± 16.9%). Under these conditions, 

αBc/lysozyme complexes are predominantly in the 10-100 nm bin (76.5 ± 23.5%), but with 

a notable population in the 100-300 nm category (23.5 ± 23.5%). At a 1:1 ratio, the majority 

of αAc/lysozyme complexes have an RH >300 nm (82.3 ± 3.7%), consistent with significant 

light scattering at 360 nm. Only small populations are observed in the 10-100 nm (12.3 ± 

6.0%) and 100-300 nm bins (5.5 ± 5.5%). For αBc/lysozyme complexes under these same 
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conditions, significant populations are also found at >300 nm (32.6 ± 32.6%), but the most 

populated states fall into the 100-300 nm bin (66.7 ± 33.3%). The presence of >300 nm 

species in αBc is consistent with the light scattering observed at 360 nm in the turbidity 

assays. These findings support the idea that the SEC profile obtained under this condition 

is anomalous, likely due to the selective removal of larger species by the column filter. 

 

Single-particle analysis by EM reveals an expansion, elongation and amorphous 

collapse chaperone mechanism 

We next proceeded to apply our single-particle EM analysis workflow, as described above, 

to obtain a more detailed and quantitative morphological characterization of the client-

induced aggregation states of αAc and αBc (Fig. 3 and Table 2). To statistically compare 

the cumulative Feret diameter distributions between different chaperone:client ratios, we 

employed the Kolmogorov-Smirnov test (K-S test, two-sample).  

NS-EM datasets were analyzed for αAc/lysozyme complexes formed at 4:1, 2:1, 

and 1:1 chaperone:client ratios (Fig. 3A-D and Supplemental Fig. 5). At the higher 

chaperone ratio of 4:1 (representing the least saturating client conditions imaged by NS-

EM), it was evident that the sequestration of lysozyme led to a variety of polymorphic 

structures. These structures appeared as enlarged spherical-like complexes with 

diameters ranging from approximately 20 to 50 nm, with average Feret diameter of 21.2 ± 

0.2 nm (mean ± sem) being significantly larger than the apo-αAc structures (17.4 ± 0.1, p 

< 0.0001; K-S test) (Fig. 3A,D). In addition, an emergence of elongated structures, 

measuring as much as 100 nm long and ~15 to 20 nm wide, were also observed. 

Morphologically, these largest complexes appeared consistent with the formation of highly 

elongated and/or daisy-chained (i.e., interlinked) chaperone complexes (see Fig 3A, 

insets), covering a continuous range of lengths ~30 to 100 nm. The degree of 

morphological changes observed suggest a client-induced reorganization of the sHSP 
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oligomeric state(s) may be used to accommodate varying degrees of client sequestration 

(see Discussion). 

At the more saturating 2:1 chaperone:client ratio, the formation of expanded and 

elongated αAc/lysozyme complexes was even more pronounced (Fig. 3B,D). These 

complexes exhibited an average Feret diameter of 24.0 ± 0.3 nm, which was significantly 

larger than both the apo-state and the 4:1 condition (p < 0.0001; KS test) (Fig. 3D). 

Morphologically, the most elongated complexes reached lengths of approximately 125 nm 

Figure 3: Quantitative structural analysis of αAc and αBc/Lysozyme complex formation and 
co-aggregation by single-particle EM.  A-C. Representative micrographs of negatively stained 
αAc/lysozyme complexes and co-aggregates formed at varying chaperone:client ratios of 40 µM:10 
µM (panel A, 4:1), 20 µM:10 µM (panel B, 2:1), and 10 µM:10 µM (panel C, 1:1), scale bar = 100 
nm.  Example co-aggregates from each condition are boxed and zoomed (insets, scale bar = 25 
nm). D. Raincloud plot showing single-particle distributions of Feret diameters extracted for apo-
αAc (control) and various chaperone/client complexes and co-aggregates isolated from NS-EM 
datasets for the 40 µM:10 µM, 20 µM:10 µM, and 10 µM:10 µM chaperone:client ratios. E-G. 
Representative micrographs of negatively stained αBc/lysozyme complexes and co-aggregates 
formed at varying chaperone:client ratios of 40 µM:10 µM (panel E, 4:1), 20 µM:10 µM (panel F, 
2:1), and 10 µM:10 µM (panel G, 1:1), scale bar = 100 nm. Example co-aggregates from each 
condition are boxed and zoomed (insets, scale bar = 25 nm). H. Raincloud plot showing single-
particle distributions of Feret diameters extracted for apo-αAc (control) and various 
chaperone/client complexes and co-aggregates isolated from NS-EM datasets for the 4:1, 2:1, and 
1:1 chaperone:client ratios. Measurements were taken after 2 hours of initiating aggregation 
suppression assays, as shown in Fig. 2A,B. KS test, **** p < 0.0001 
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before they appeared to undergo a collapse, resulting in the formation of larger and 

seemingly more amorphous aggregates (see Fig. 3B, insets).  

At a chaperone-client ratio of 1:1, where αAc's chaperone activity is significantly 

diminished, large amorphous aggregates become predominant, reaching sizes exceeding 

hundreds of nanometers and approaching 1 μm (Fig. 3C,D). The formation of these large 

complexes correlates with the significant light scattering observed at 360 nm under these 

conditions, surpassing the scattering observed for lysozyme alone (see Fig. 2A). 

Morphologically, these structures retain the elongated (or daisy-chained) features 

observed at higher chaperone-client ratios, indicating the collapse of highly elongated 

chaperone/client complexes (compare Fig. 3B and 3C, insets). These co-aggregates 

Nparticles (images)Area range (nm2)Area (nm2)Feret range (nm)Feret (nm)

αAc/lysozyme

13889 (30)10 - 14390181.4 ± 2.84 - 29917.4 ± 0.11:0 (apo)

5846 (8)12 - 6642248.2 ± 3.35 - 17021.2 ± 0.24:1

2757 (8)16 - 3498302.8 ± 6.26 - 13724.0 ± 0.32:1

3381 (10)25 - 15490367.0 ± 13.76 - 23525.0 ± 0.41:1

αBc/lysozyme

17192 (43)10 - 2607140.5 ± 0.44 - 9715.3 ± 0.021:0 (apo)

3793 (8)44 - 6068349.8 ± 7.29 - 17726.5 ± 0.34:1

1421 (8)23 - 2748398.8 ± 8.77 - 11528.0 ± 0.42:1

342 (22)32 - 11291324.5 ± 108.211 - 32050.7 ± 2.01:1

αLc/lysozyme

3691 (9)10 - 3610254.8 ± 3.74 - 10820.7 ± 0.21:0 (apo)

2574 (6)10 - 12659451.7 ± 16.05 - 26929.5 ± 0.54:1

4566 (10)10 - 41904318.7 ± 12.24 - 42923.5 ± 0.32:1

1191 (7)11 - 64539614.6 ± 69.64 - 54429.5 ± 0.91:1

αAc/insulin

5750 (9)10 - 3747157.9 ± 2.45 - 14416.5 ± 0.10.5:1

αBc/insulin

6659 (9)90 - 13711277.1 ± 5.812 - 29024.0 ± 0.20.2:1

Table 2: Summary of single particle morphology analysis extracted from NS-EM 
micrographs for α-crystallin/client complexes. Feret diameter and Area values represent the 
mean ± sem obtained from measurements for individual apo-state α-crystallin oligomers (1:0) and 
α-crystallin/client complexes and co-aggregates obtained at chaperone:client ratios indicated. 
Values were obtained using the single-particle distribution analysis workflow described in Methods 
and Supplemental Fig. 2.  
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exhibit distinct morphology from the plaque-like aggregates formed by lysozyme alone 

(refer to Supplemental Fig. 3). Additionally, smaller irregularly shaped species with 

diameters of approximately 7-12 nm are prevalent under these conditions (Fig. 3C,D). 

These smaller species resemble previously described aggregates of reduced lysozyme231 

and likely represent unbound lysozyme aggregates or also possibly unsaturated 

αAc/lysozyme complexes (compare to Supplemental Fig. 3). Notably, since αAc is no 

longer efficient in chaperoning at these saturated levels of client, the presence of unbound 

lysozyme and aggregates that evade chaperone sequestration is expected. The significant 

population of these smaller species contributes to a mean Feret diameter of 25.0 ± 0.4 nm 

in this dataset, which is comparable to the 2:1 condition. However, the increased 

polydispersity in this data leads to a significant difference in the distribution of Feret 

diameters between these two conditions (p < 0.0001; KS test). 

Qualitatively, the morphological appearance of αBc/lysozyme complexes observed 

under different client conditions closely resembles those obtained for αAc at varying client 

ratios, indicating a conserved mechanism of client sequestration (Fig. 3E-H and 

Supplemental Fig. 6). However, quantitative comparisons reveal distinct differences that 

likely reflect the variations in chaperone efficacy towards the model client, lysozyme. At a 

4:1 chaperone-client ratio, Feret diameter measurements demonstrate a significant 

increase in the polydispersity of particle size distribution compared to apo-αBc conditions 

(26.5 ± 0.3 nm vs. 15.3 ± 0.02 nm, respectively, p < 0.0001; K-S test) (Fig. 3H). 

Morphologically, the most prevalent structures formed under these conditions are 

characterized by roughly spherical oligomers similar to apo-αBc (Fig. 3E), with the 

emergence of some elongated (or daisy-chained) complexes (Fig. 3E, insets). 

At a ratio of 2:1, morphological differences compared to apo-αBc become more 

apparent. The size and polydispersity of complexes, as indicated by distribution of Feret 

diameters, increases significantly compared to the 4:1 condition (28.0 ± 0.4 nm vs. 26.5 ± 
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0.3 nm; p < 0.0001; K-S test). In contrast to the 4:1 condition, oligomers most similar in 

size to apo-state appear to no longer be significantly populated (Fig. 3H, dotted line), 

consistent with our solution-state DLS data. Similar to αAc, highly elongated complexes 

become prevalent and are readily observed in the raw micrographs, including examples 

where elongated complexes appear collapsed on themselves to form more amorphous-

like aggregates (Fig. 3F, insets).  

Finally, when αBc was imaged under the most saturating conditions (1:1 ratio) 

using NS-EM, we observed the prevalence of very large aggregates with diameters 

reaching 100’s of nanometers (Fig. 3G). These co-aggregates also appeared as highly 

elongated or daisy-chained chaperones that had collapsed onto themselves, forming more 

amorphous-like structures. However, in contrast to αAc under the same conditions, there 

was a notable absence of smaller oligomers. Additionally, the size distribution of 

αBc/lysozyme complexes at this ratio appear multimodal with distinct peaks in the 50 – 

100 nm diameter range. The comparative absence of smaller species contributed to an 

increased Feret diameter of 50.7 ± 37.7 nm as compared to αAc/lysozyme complexes at 

the same 1:1 ratio (25.0 ± 21.1 nm, p < 0.0001; K-S test). These findings are consistent 

with the enhanced efficacy of chaperone activity exhibited by αBc and the high degree of 

protection against light-scattering under these conditions (~87% protection, Fig. 2B). 

 

Client-induced expansion, elongation and amorphous collapse is preserved with an 

alternative client. 

The aggregation protection and co-assembly of sHSPs with client vary depending on 

stress conditions and the unfolding client35,224. To extend our analysis, we aimed to discern 

if the client-induced structural alterations observed in αAc and αBc were preserved when 

employing an alternative client protein. We utilized bovine insulin as a model client in these 

experiments, due to its smaller molecular weight compared to lysozyme (5.7 kDa versus 
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14.4 kDa). Importantly to this study, insulin can be comparably induced to unfold under 

reducing conditions, thus permitting the consistency of all other experimental parameters, 

including pH, salt concentrations, and temperature, to those employed in the lysozyme 

experiments. Under these established conditions, insulin (40 µM) displayed reproducible 

aggregation kinetics, with t1/2 values of 23 ± 4 minutes (Table 1). 

For structural examination, we conducted chaperone protection assays under 

conditions that induced approximately half-maximal protection by αAc (0.5:1 

chaperone:client ratio, yielding ~42% protection) and αBc (0.2:1 chaperone:client ratio, 

yielding ~47% protection), as depicted in Fig. 4A,B. Notably, αAc produced a statistically 

non-significant reduction in aggregation kinetics, with t1/2 values of 25 ± 3 min (p = 0.7) 

(Table 1). Conversely, while αBc demonstrated a delayed initiation of aggregation (as 

evidenced by a right-shifted turbidity trace in Fig. 4B), the overall aggregation kinetics 

were mildly enhanced compared to insulin alone, with t1/2 values of 15 ± 1 min, however 

this difference was not statistically significant (p = 0.13). Consistent with observations from 

lysozyme assays, αBc exhibited higher chaperone efficacy relative to αAc against insulin 

aggregation. However, both αAc and αBc demonstrated an enhanced capacity for insulin 

compared to lysozyme, indicated by the relative differences in half maximal protection 

ratios, potentially reflecting the reduced size of the client protein. However, it is noted that 

this propensity may also be modulated by other factors, such as the differential 

aggregation kinetics characteristic of the clients. 

Under these effective conditions, both αAc and αBc exhibited similar client-induced 

structural transformations, as assessed by SEC and NS-EM. By SEC analysis, both αAc 

and αBc conditions yielded nearly indistinguishable elution profiles, typified by a 

predominant major peak centered at an apparent m.w. of 595 kDa, with a pronounced left-

handed tail that extended toward the void (Fig. 4C,D). Both conditions also generated a 

substantial void peak, signaling the formation of high molecular weight co-aggregates. 



 

 44 

Morphological evaluations by NS-EM corroborated these SEC data, with a major 

population of complexes exhibiting Feret diameters and spherical morphologies that 

resemble their respective apo-states (Fig. 4E-J, Supplemental Fig. 7 and Table 2). 

Moreover, the induction of polydispersed populations of higher molecular weight species 

was also observed. These larger complexes adopted morphologies that appear as 

expanded spherical structures, highly elongated complexes, as well as larger more 

amorphous co-aggregates measuring more than 100 nm in diameter (Fig. 4E-H, insets). 

These larger structures displayed internal features that were consistent with the collapse 

of highly elongated sHSP/client morphologies. Collectively, the array of induced 

Figure 4: Quantitative structural characterization of α-crystallin/insulin complexes and co-
aggregates by single-particle EM. A,B. Aggregation suppression assays against unfolding insulin 
(Ins, 40 µM, n = 8) client conducted under conditions providing approximately half-maximal 
protection with αAc (0.5:1 chaperone:client ratio, red traces) and αBc (0.2:1 chaperone:client ratio, 
blue traces), respectively. Insulin-only conditions (0:1 ratio) are shown in black. Raw turbidity traces 
with mean ± std displayed (n = 7). C,D. Overlay of size exclusion chromatography (SEC) elution 
profiles for αAc/Insulin (red) and αBc/Insulin (blue), respectively, formed after aggregation 
suppression assays. αAc and αBc only conditions overlayed for comparison (gray). The apparent 
molecular weights (m.w.) of major elution peaks are indicated. E-H. Representative micrographs of 
negatively stained αAc/insulin complexes (panels E and F) and αBc/insulin complexes (panels G 
and H) formed after aggregation suppression assays, scale bar = 100 nm. Example co-aggregates 
from each condition are boxed and zoomed (insets, scale bar = 25 nm). I,J. Raincloud plots 
showing single-particle distributions of Feret diameters extracted from the NS-EM datasets and 
compared to apo-αAc and apo-αBc, respectively. KS test, **** p < 0.0001.  
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assemblies appeared qualitatively comparable to the polymorphic structures induced by 

lysozyme when subjected to analogous levels of unfolding client saturation (see also, 

Supplemental Fig. 5-7).  

The population of complexes exceeding 100 nm in diameter was notably more 

abundant in the αBc-treated sample, aligning with a more substantial void fraction 

detected by SEC. Quantitatively, this was reflected in an overall mean Feret diameter for 

αBc/insulin complexes, which was significantly larger compared to the apo-state (p < 

0.0001; K-S test) (Fig. 4J). In contrast, the mean Feret diameter for αAc/insulin complexes 

was significantly smaller compared to the apo-state (p < 0.0001; K-S test) (Fig. 4I). This 

observation is attributable to the considerable population of smaller complexes identified 

in these conditions, measuring less than 10 nm in diameter. This pattern mirrors the 

behavior noted for αAc in the presence of lysozyme under saturating conditions and might 

similarly signify a composite of smaller chaperone complexes and/or aggregated insulin 

that escaped chaperone protection. 

 

Native heteromeric lens α-crystallins exhibit a similar chaperone mechanism, with 

diminished activity toward the model client lysozyme. 

In the mammalian lens, αAc and αBc co-assemble with an approximate 3:1 stoichiometry 

(αAc:αBc)5,76. Previous studies suggest heteromeric assembly of α-crystallins may 

augment the overall structure, dynamics, and chaperone activity, compared to the 

homomeric counterparts45,232,233. Thus, we aimed to ascertain whether native lens α-

crystallin complexes (αLc) exhibit a similar type of elongation and expansion chaperone 

mechanism that was characterized for the homomeric sHSPs. For these investigations, 

αLc was purified to homogeneity from lens cortical fiber cells (ovine) using methods 

adapted from previously described protocols and verified to contain a mixture of both αAc 

and αBc (see Methods and Supplemental Fig. 1). For all functional and structural 
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analyses, αLc was prepared in our standard reaction buffer (20 mM HEPES, pH 7.4, 100 

mM NaCl, and 1 mM EDTA) and pre-equilibrated at 37° C for approximately 16 hours. 

Under control conditions, αLc alone (i.e., apo-state conditions, or a 1:0 ratio), exhibited no 

aggregation over a 120-minute observation period in the presence of TCEP. Moreover, 

incubating αLc with lysozyme at 37° C, in the absence of a reducing agent, did not result 

in aggregation (data not shown). 

In the presence of reduced lysozyme (10 µM), αLc exhibited characteristic 

concentration-dependent suppression of light-scattering at 1:1, 2:1, and 4:1 molar ratios 

of chaperone to client (Fig. 5A,B and Table 1). At a 4:1 ratio, αLc achieved nearly 

complete aggregation suppression (~91% protection). Moderate suppression was 

observed at a 2:1 ratio (~54% protection), and at a 1:1 ratio, αLc offered minimal protection 

after 120 minutes (~1% protection). Notably, even at a 1:1 ratio, αLc significantly delayed 

the aggregation kinetics compared to lysozyme alone (t1/2 = 55.5 ± 0.3 min versus 37.0 ± 

1.1 min; p < 0.001). The fitting of these data yields a half-maximal protection ratio of 1.9 

(Supplemental Fig. 4), which was higher than that of either αAc or αBc, suggesting αLc 

has a reduced chaperone efficacy toward lysozyme compared to the recombinant 

isoforms. 

Structural analysis by SEC revealed that apo-αLc assemblies were substantially 

larger than both apo-αAc and apo-αBc, with an apparent m.w. of approximately 1 MDa. 

When completed chaperone activity reactions were analyzed by SEC, the elution profiles 

displayed characteristics most similar to αAc (compare Fig. 5C and Fig. 2C). SDS-PAGE 

analysis of the major SEC elution peaks at the 4:1 and 2:1 chaperone:client 

stoichiometries confirmed the presence of αLc (αAc and αBc) and lysozyme, indicative of 

stable complex formation (Fig. 5D). At the highest chaperone:client ratio (4:1), there was 

a primary elution peak that was shifted slightly towards a higher molecular weight as 

compared to apo-αLc (apparent m.w. ~1.2 MDa). This peak overlapped with a broad peak 
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centered at an apparent m.w. of ~3.4 MDa as well as a prominent void peak. At the 2:1 

and 1:1 chaperone:client ratios, the SEC elution profiles appeared similar, with a broad 

plateau peak starting at an apparent m.w. of ~1 MDa extending to the void volume, 

alongside a prominent void peak, indicative of significant polydispersity and formation of 

high molecular weight species.  

Figure 5: Chaperone activity and structural characterization of native lens α-
crystallin/lysozyme complexes and co-aggregates. A. Aggregation suppression assays against 
unfolding lysozyme (Lys, 10 µM) client conducted with varying chaperone:client molar ratios of 
native lens α-crystallin (αLc) (purple traces). Turbidity measurements at 360 nm were used to 
monitor aggregation. Lysozyme-only conditions (0:1 ratio) shown in black. Raw turbidity traces with 
mean ± std displayed. B. Histogram showing overall percent protection with error bars representing 
± std (n = 4). C. Overlay of size exclusion chromatography (SEC) elution profiles for αLc (purple) 
chaperone/client complexes formed after aggregation suppression assays. The apparent molecular 
weights (m.w.) of major elution peaks are indicated. D. SDS-PAGE analysis of purified αLc (left), 
and elution fractions from SEC for the 2:1 (middle) and 4:1 (right) chaperone:client ratios. Protein 
bands corresponding to the presence of αAc and αBc chaperone and lysozyme (Lys) are marked. 
E. Raincloud plot showing a summary of single-particle distributions of Feret diameters extracted 
from NS-EM datasets for αLc (control) and various chaperone/client complexes and co-aggregates 
for the 4:1, 2:1, and 1:1 chaperone:client ratios. KS test, **** p < 0.0001; *** p < 0.001 (4:1 and 2:1 
comparison).  F-I. Representative micrographs of negatively stained αLc chaperone (panel F) and 
αLc/lysozyme complexes and co-aggregates formed at varying chaperone:client ratios of 4:1 (panel 
G), 2:1 (panel H), and 1:1 (panel I), scale bar = 100 nm. Insets in panel F, showing zoomed views 
of apo-state αLc chaperones. Insets in panels G-I, showing zoomed views of example co-
aggregates from each condition (insets, scale bar = 25 nm).  
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Morphological analysis by NS-EM confirmed αLc adopts a similar structure and 

follows a client-induced mechanism of expansion, elongation, and amorphous collapse, 

akin to what was observed for the homomeric sHSPs (Fig. 5E-I, Supplemental Fig. 8 and 

Table 2). Single-particle distribution analysis of the apo-αLc complexes exhibited a 

bimodal distribution consistent with the apo-states of αAc and αBc (Fig. 5E and F, insets). 

The major population of particles displayed a slightly larger Feret diameter of 16.9 nm as 

compared to apo-αAc and apo-αBc, aligning with the SEC data. Moreover, the second 

mode in this population exhibited a Feret diameter of ~ 31 nm, approximately twice the 

diameter of single chaperone complexes. NS-EM images captured at the highest 

chaperone:client ratio (4:1) revealed that the majority of particles maintained a spherical 

morphology similar to the apo-state. Additionally, a multimodal population of larger 

complexes emerged, characterized by morphologies that appeared expanded and/or 

highly elongated states with dimensions of up to 100 nm in length while maintaining a 

width of ~15 to 20 nm. Under these conditions, there was also the appearance of larger 

aggregates, reaching over 100 nm in diameter, which exhibited a more amorphous or 

collapsed morphology (Fig 5E and G, insets). 

At the 2:1 chaperone:client ratio, the detected morphologies appeared somewhat 

similar to those in the 4:1 conditions, comprising a significant population of apo-like 

structures as well as elongated and high molecular weight co-aggregates (Fig 5E and H, 

insets). However, under the most saturating conditions (1:1 ratio), the spherical apo-like 

structures become less prevalent, with most complexes manifesting as highly elongated 

structures and large amorphous co-aggregates (Fig 5E and H, insets). Co-aggregates in 

these conditions were observed exceeding 400 nm in diameter, aligning with the 

substantial light-scattering detected. The larger co-aggregates maintained internal 

morphological features indicative of an amorphous collapse (or clustering) of highly 

elongated sHSP/client complexes, similar to those observed for αAc and αBc. Notably, 
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under these saturating conditions, there was also an emergence of a significant population 

of smaller complexes, measuring less than 10 nm in diameter. Again, likely attributed to a 

composite of smaller chaperone complexes and/or aggregated lysozyme that escaped 

chaperone protection. 

 

DISCUSSION 

In this study, we demonstrated that the α-crystallins utilize an "expansion and elongation 

mechanism" to accommodate increasing levels of client sequestration. This mechanism 

involves the formation of highly elongated chaperone/client co-assemblies that can reach 

lengths of up to ~125 nm that maintain a relatively constant width of ~15 to 20 nm, followed 

by an ultimate collapse or folding onto themselves, resulting in the formation of larger 

amorphous co-aggregates reaching 1 μm in size. The degree of morphological changes 

suggest client-sequestration is capable of inducing high-order reorganization of the sHSP 

oligomeric assembly, resulting in formation of both larger cage-like assemblies and highly 

elongated oligomeric formations (discussed in detail below). This expansion and 

elongation process is shared by both αAc and αBc, indicating a conserved mechanism, 

and found to be preserved when these isoforms are co-assembled as hetero-oligomers 

isolated from native lens fiber cells. However, we also observed isoform-specific features 

that correlated with differences in chaperone activities of these two isoforms towards the 

chemically-induced unfolding of model clients, lysozyme and insulin. Importantly, the 

quasi-ordered structural transitions observed along the client-induced co-aggregation 

pathway suggests that this process is mechanistically controlled and distinct from 

uncontrolled, purely amorphous protein aggregation. Further investigation of this 

mechanism could have broad implications for understanding the physiological response 

of α-crystallin sHSPs to extreme cell stress and the pathophysiology of cataract-

associated light-scattering aggregate formations. 
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Under our experimental conditions, αAc, αBc and αLc exhibited distinct 

morphological variability in their apo-states, with Feret diameters in the range of 

approximately ~10 to ~20 nm. Notably, αAc displayed a higher degree of polydispersity, 

with a wider range of smaller and larger assemblies compared to αBc. αLc exhibited 

distinct structural features, but most comparable to aAc, consistent with the predominance 

of this isoform in our native preparations. These findings align with previous structural 

studies by electron microscopy76,117,158,160,203,209,227  and solution-state methods234,235, and 

underscores the notion that α-crystallins can adopt a continuum of stoichiometric and 

quaternary structural arrangements contributing to the challenges in defining their high-

resolution structures that have long eluded investigators despite decades of effort203,236.  

The polydispersity of sHSPs is believed to be facilitated by rapid subunit or dimer 

exchange dynamics205,213–215,236, which have led to a "traveling subunit" model to explain 

this mechanism. Structures corresponding to individual subunits or dimers are expected 

to have maximal diameters of approximately 5 – 7 nm237–239. While such species were not 

detected by SEC or DLS, our single-particle EM data did isolate a small but significant 

population of structures in this size range for the apo-state datasets (~4%, ~1% and 0.4% 

for αAc, αBc, and αLc respectively). This observation further supports the strength of this 

single-particle approach and is consistent with the notion that isolated monomer or dimer 

species are not long-lived and represent only a minor population at equilibrium under the 

tested conditions205. Alternatively, or in addition, subunit or dimer exchange may occur 

through direct engagement between oligomers, at least under certain conditions. In this 

context, we also observed a significant population of apo-state αAc, αBc and αLc species 

with a diameter of approximately 28 nm (31 nm for αLc) using single-particle EM. Upon 

closer examination of raw micrographs, these species appeared consistent with the 

presence of "kissing oligomers". Although it is possible that this observation is influenced 

by the sample preparation conditions for NS-EM that might produce random placement of 
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particles in close-proximity, it is also a possibility that such direct interactions between 

oligomers could effectively facilitate subunit exchange. Further exploration into the 

mechanism(s) of subunit exchange is still needed to fully resolve these possibilities. 

The most notable distinction between the two α-crystallin isoforms was their 

differential chaperone activities towards both lysozyme and insulin, in agreement with 

previous studies that αBc displays a significantly higher efficacy compared to αAc toward 

many clients at 37° C35,149,240. Morphologically, these functional differences are reflected 

in the greater polydispersity and larger chaperone/client complex formation by αAc under 

comparable client saturation conditions, as evidenced by SEC, light-scattering, and NS-

EM analyses. Analysis of αAc at the highest conditions of client saturation resulted in light-

scattering behavior that surpassed lysozyme alone. Based on our morphological analysis 

by NS-EM, this behavior was attributed to the combination of aggregating lysozyme and 

the presence of large chaperone/client co-aggregates. A similar phenomenon has also 

observed with native lens clients but had not been fully explained110,111,225,241.  

Despite differences in their chaperone activities shown here, αAc, αBc and αLc all 

exhibited similar response mechanisms when confronted with unfolded (or destabilized) 

client proteins. Indeed, understanding of these differences in chaperone efficacy 

contributes to a more comprehensive understanding of the chaperone-response 

mechanism revealed by the structural characterizations in this study. Under conditions of 

high chaperone protection, such as the 4:1 chaperone-client ratio for αBc, chaperone 

complexes exhibit a morphology resembling the spherical cage-like apo-state oligomer, 

with slightly expanded spherical/oblique cage-like structures and the emergence of some 

elongated assemblies. This suggests only minor perturbation to the basal-state sHSP 

assembly is induced under minimal conditions of client sequestration. Shape analysis 

suggests that an overall spherical expansion of the chaperone in response to client 

persists up to a Feret diameter of approximately 20-30 nm, while significantly larger 



 

 52 

species take on an elongated morphology. Under intermediate conditions of client 

challenge (both lysozyme and insulin), highly elongated structures become predominant, 

and beyond an extension of approximately 125 nm, these structures appear to collapse 

onto themselves, forming amorphous-like structures that can reach sizes exceeding 

hundreds of nanometers in diameter. Ultimately, under conditions of overwhelming client 

interaction, such as the 1:1 ratio condition for αAc and αLc using lysozyme, large 

chaperone-client co-aggregates exceeding 1 μm in size are formed. In addition, NS-EM 

images obtained under these conditions show a prevalence of small aggregates that are 

expected to be un-bound lysozyme aggregates. This assertion is based on comparison to 

lysozyme-only controls (Supplemental Fig. 3) and the expectation that the chaperone’s 

capacity has been fully depleted under these conditions. However, we also cannot exclude 

the possibility of the presence of smaller unbound (or inactive) chaperone assemblies 

under these conditions. 

Overall, these observations are consistent with the general notion that many 

sHSPs form large heterogenous complexes with unfolding clients that are morphologically 

distinct from apo-state sHSPs and from aggregated clients formed in the absence of sHSP. 

The influence of clientele on aggregation protection and the co-aggregation process has 

been previously described for other sHSPs using various clients35,157,186,224. For instance, 

the sHSPs yeast HSP26 and murine HSP25 formed co-aggregates with distinct 

morphological features in response to different unfolding clients (citrate synthase, 

rhodanese, α-glucosidase, and insulin)224 [41]. Despite variation across clients, the 

morphological features of co-aggregates where qualitatively similar between HSP26 and 

HSP25 with each client. Notably, co-aggregates of HSP26/insulin and HSP25/insulin were 

described as “fibrous, network-like structures with diameters ~15 – 20 nm”. In this current 

study we describe co-aggregates of αAc/insulin and αBc/insulin with similar morphologies, 

demonstrating that identity of unfolding client may have similar influences on the co-
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aggregation process of different sHSPs. Surprisingly, our results show a very similar 

morphological co-aggregation processes for αAc and αBc when challenged with either 

lysozyme or insulin. One explanation for this conservation may be due to the similar small 

size of these clients (~14 kDa for lysozyme and ~6 kDa for insulin). Indeed, client size was 

shown to influence the polydispersity of complexes formed by other stress induced 

proteins (e.g., HSP18.1, DegP)186,242. Future studies aimed at characterizing the influence 

of client size on the co-aggregation of α-crystallins could provide valuable insights to 

understanding the potential diversity of their chaperone response mechanism(s). 

The mechanistic details underlying the elongation of the chaperone/client co-

assemblies observed in this study remain unclear due to limitations of resolution inherent 

to NS-EM methods and the possibility for multiple potential pathways that could contribute 

to the formation of the observed structures. One possibility is the formation of elongated 

chaperone complexes through a daisy-chain type mechanism, where associated 

chaperone complexes may be interconnected by binding to common client proteins. 

Indeed, many of the elongated morphologies observed in our NS-EM analysis appeared 

as polymeric spherical (caged) assemblies interlinked in a directional manner. Under this 

proposed scenario, a portion of the client may be trapped between chaperone cages or 

on the periphery of the cage, and thus remain more exposed than a client completely 

internalized by the sHSP cage. Such exposure may support more efficient recovery by 

refolding chaperones243,244. While the relevance of this scenario to lens biology is limited 

since fiber cells lack refolding machinery, it may reflect a more general feature of these 

sHSPs. Another proposed possibility is that the chaperone undergoes oligomeric 

remodeling to accommodate client sequestration, involving subunit exchange to facilitate 

oligomeric growth in a directional fashion184,218. Under this scenario, the sHSP architecture 

may function as a scaffold that can continuously adapt to the entrapped cargo in order to 

facilitate high-capacity binding under increasingly saturating conditions. It is also 
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conceivable that elongated chaperone complexes are formed through a combination of 

these mechanisms. Notably, remarkably similar elongated morphologies for αAc and αBc 

have been observed upon heating245, suggesting this structural transition is innate to these 

sHSP assemblies. However, a comprehensive understanding of these possibilities will 

require further investigation. 

Overall, the findings in this study provide valuable insights into the sequestration 

of destabilized client proteins by the dynamic α-crystallin system and the formation of 

chaperone-client co-aggregates under conditions of overwhelming client challenge. In the 

context of the eye lens, the chaperone to client ratio will ultimately determine the efficiency 

of the sHSP system. In old age, as destabilized clients become more prevalent and α-

crystallins become depleted, the balance will ultimately be pushed toward co-aggregation 

and formation of light-scattering opacities responsible for cataract and vision loss. 

Alternatively, the induced changes in sHSP structure may significantly alter the delicate 

balance of short-range interactions within the super-saturated environment of the lens 

leading to loss of transparency75,128. Therapeutic approaches targeting the preservation of 

intact chaperone in the lens may therefore be beneficial in preventing this global vision 

problem. Moreover, the results here suggest a definable mechanistic basis for client-

induced co-aggregation, which might ultimately be inhibited by pharmacological 

intervention. Further exploration into the universality of the expansion-elongation 

mechanism across different client types, sHSP systems, and stress conditions such as 

temperature and oxidation will undoubtedly provide a more robust understanding of the 

sHSP co-aggregation mechanism. The single-particle analysis methods presented in this 

study offer an accessible and effective approach to structurally characterize and 

quantitatively compare such conditions.  
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Limitations of the study 

While addressing the limitations of this work, it is important to note several aspects of the 

NS-EM analysis that could potentially impact interpretation. Specimens prepared for NS-

EM are necessarily prepared under dilute concentrations, placed on a solid carbon support 

and undergo dehydration before imaging, which might influence the formation and 

morphology of the observed amorphous aggregates. Additionally, the single-particle 

distribution analysis workflow utilized has certain selection criteria and segmentation 

limitations in our experience, making it difficult to analyze extremely large aggregates 

(e.g., greater than ~1 μm), potentially leading to an underestimation of such species 

formed under highly saturated client conditions. Furthermore, this approach cannot 

distinguish between chaperone/client complexes and unbound client aggregates, which 

may be present in the most saturated conditions observed for αAc. Despite these 

limitations, the substantial agreement of results obtained by this approach with solution-

state DLS measurements and previous studies supports its utility. 
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METHODS 

Expression and purification of recombinant αA- and αB-crystallin 

Expression and purification of αAc and αBc was adapted from Horwitz5. Recombinant 

human αAc and αBc in the expression vector pET3d were heterologously expressed in E. 

coli BL21(DE3) cells. Cells were grown at 37° C in LB media supplemented with ampicillin 

until reaching OD600 of 0.7 – 1.0. For αAc, expression was induced with 1 mM isopropyl b-

D-1-thiogalactopyranoside (IPTG) followed by overnight expression at 18° C. For αBc, 

expression was induced with 1 mM IPTG for four hours at 37° C. Cells were harvested by 

centrifugation at 15,000 x g for 15 min at 4° C and resuspended in lysis buffer, containing: 

20 mM Tris-HCl (pH 7.4 for αAc and pH 8.0 for αBc) aliquoted and frozen at -20° C.  

For purification, a freshly thawed cell suspension was supplemented with 0.5 mM 

1,4-dithiothreitol (DTT) and 0.1 mM PMSF, lysed by sonication, and cleared by 

ultracentrifugation at 165,000 r.c.f. for 30 min at 4° C to remove cellular debris. The 

supernatant was treated with DNase I (~400 units, Thermo Scientific) for 30 min on ice 

and passed through a 0.22 µm filter. The clarified lysate was loaded onto a gel filtration 

column packed with sephacryl 300 resin (S-300; Pharmacia) equilibrated in 20 mM Tris-

HCl and 1 mM EDTA (pH 7.4 for αAc and pH 8.0 for αBc). Gel filtration fractions were 

assessed by SDS-PAGE and fractions containing αAc or αBc were pooled and 

supplemented with 0.5 mM DTT. The pooled fractions were further purified by anion 

exchange chromatography (MonoQ; GE Healthcare) equilibrated in buffer containing: 20 

mM Tris-HCl, 1 mM EGTA and 0.16 mM EDTA (pH 7.4 for αAc and pH 8.0 for αBc) and 

eluted with a 1 M NaCl gradient. Fractions pertaining to the elution peak for αAc or αBc 

were pooled, concentrated to 2 mL using a centrifugal device (Vivaspin, 100,000 kDa 

m.w.c.o.), and loaded onto a Superose 6 size exclusion chromatography (SEC) column 

(GE Healthcare) equilibrated in 20 mM HEPES (pH 7.4), 100 mM NaCl, and 2 mM EDTA. 

Fractions containing αAc or αBc were pooled and concentrated to ~60 – 100 mM with a 
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100,000 m.w.c.o. spin concentrator (Vivaspin), aliquoted, flash frozen in liquid nitrogen, 

and stored at -80° C. Protein purity was assessed by SDS-PAGE and concentrations were 

determined by UV absorbance at 280 nm using the extinction coefficients 16,507 M-1cm-1 

(αAc) and 19,000 M-1cm-1 (αBc). Due to the tendency of α-crystallin to co-purify with 

nucleic acids the ratio of A280/A260 was determined as >1.5 on purified samples. To 

maintain αAc in a reduced state, 0.5 mM DTT was added to the purified protein. Protein 

specimens were flash frozen and stored at -80°C for later use or incubated at 37° C for 

immediate use. 

 

Isolation of native α-crystallins from ovine lenses 

Whole lamb eyes were purchased from Wolverine Packing Co. (Detroit, MI) and Nebraska 

Scientific (Omaha, NE) and whole lenses were extracted immediately using a dissection 

scalpel and stored at -80° C. Cortical lens fiber cells were separated from core lens fiber 

cells with a dissection scalpel. Cortical lens fiber tissue was suspended in lysis buffer (10 

mM Tris, 5 mM EDTA, 5 mM EGTA, pH 8.0) at a 1:1 ratio (v/v) and lysed with a glass 

dounce homogenizer. The cell lysate was centrifuged at 165,000 x g for 20 minutes at 4°C 

and the supernatant was collected for further purification. Supernatant was loaded onto a 

SEC column packed with sephacryl 300 resin (S-300; Pharmacia) equilibrated with 20 mM 

Tris-HCl, 1 mM EDTA, pH 7.4. The central fraction of the sizing peak containing native αLc 

(containing a mixture of αAc and αBc, as determined by SDS-PAGE) was loaded onto a 

Superose 6 SEC column (GE Healthcare) equilibrated with 20 mM HEPES, 100 mM NaCl, 

2 mM EDTA (pH 7.4). Purified αLc was quantified using the extinction coefficient 17,125 

M-1cm-1 (assuming a 3:1 ratio of αA:αB). Fractions containing αLc were pooled and 

supplemented with DTT (0.5 mM) to maintain a reducing environment. Freshly purified 

αLc was then flash frozen and stored at -80°C for later use or incubated at 37° C for 

immediate use. 
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Chaperone aggregation suppression assays 

Aggregation assays were performed in a Nunc clear bottom 384 well plate 

(ThermoScientific) in 20 mM HEPES, 100 mM NaCl, 2 mM EDTA (pH 7.4) and 2mM tris(2-

carboxyethyl)phosphine (TCEP). Lysozyme (Fisher, MS grade) and insulin (Sigma Aldrich, 

bovine pancreas) were used as an unfolding client and held at a constant concentration 

of 10 µM (lysozyme) and 40 µM (insulin) for all reactions. Freshly purified (or freshly 

thawed) samples of αAc, αBc, or αLc were incubated at 37° C overnight to equilibrate 

quaternary structure prior to performing the aggregation assays. The reduction induced 

aggregation of 10 µM lysozyme was monitored in the absence and presence of varying 

chaperone concentrations between 60 – 5 µM for αAc (i.e., chaperone:client ratios of 6:1, 

4:1, 2:1, 1.5:1, 1:1, and 0.5:1); 40 – 2.5 µM for αBc (i.e., chaperone:client ratios of 4:1, 

2:1, 1:1, 0.5:1, and 0.25:1); and 40 – 10 µM for native αLc (i.e., chaperone:client ratios of 

4:1, 2:1, and 1:1). The reduction induced aggregation of 40 µM insulin was monitored in 

the absence and presence of varying ratios of αAc and αBc at chaperone:client ratios 

corresponding to approximately half-maximal protection based on turbidity readings (0.5:1 

for αAc and 0.2:1 for αBc).  

Chaperone/client mixtures were incubated at 37° C for 15 min followed by the 

addition of TCEP (2mM final concentration) to initiate lysozyme and insulin unfolding. 

Turbidity at 360 nm was measured on a Tecan Infinite M200 Pro with a constant 

temperature of 37° C for 120 minutes. Aliquots of pooled aggregation reactions were set 

aside for SDS-PAGE and negative stain EM (NS-EM). The remainder of the pooled 

reactions were loaded onto a Superose 6 SEC column (GE Healthcare) equilibrated with 

20 mM HEPES, 100 mM NaCl, and 2 mM EDTA (pH 7.4) to assess the size of soluble 

chaperone/client co-aggregates. The pooled reactions were not filtered or centrifuged prior 

to SEC analysis. The Superose 6 column (24 mL bed volume) was calibrated using a 
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commercial calibration kit (Biorad) containing thyroglobulin (670 kDa), g-globulin (158 

kDa), Ovalbumin (44 kDa), myoglobin (17 kDa), vitamin B12 (1.35 kDa). The Superose 6 

void volume was determined using dextran blue 2000. Aliquots of each size exclusion 

fraction were taken for SDS-PAGE to determine the co-elution profile of the chaperone 

and client. 

Statistical analysis comparing αAc, αBc, and αL chaperone activity assays was 

performed in excel and all visual interpretation of the data was done using matplotlib based 

libraries in python. Raw turbidity data was processed by subtracting the baseline of each 

replicate and normalizing to the average turbidity of reduced client-only replicates. 

Turbidity assays were replicated with 1-3 biological replicates and 4-8 technical replicates 

for each ratio. An F-test was performed comparing isoforms at each ratio, followed by a 

two-sample t-test. Aggregation half-times (t1/2) were determined as the time point 

corresponding to half maximal absorbance for each replicate. Statistical comparison of t1/2 

values between chaperone:client ratios were done with a two-sample t-test. The half-

maximal ratio for aggregation suppression for the lysozyme assays was determined by 

fitting a sigmoidal curve (Scikit learn) of percent protection against chaperone:client ratio. 

 

Dynamic light scattering measurements 

All DLS measurements were performed at 37° C in an Aurora 384 well plate on a Wyatt 

DynaPro plate reader III (Wyatt Technology, Santa Barbara, USA) equipped with an 830 

nm laser and 150º DLS detector angle. Light scattering measurements were acquired over 

10 seconds and processed in Dynamics software v7.10.1 (Wyatt). Protein samples were 

mixed and incubated at 37° C for 15 minutes before the addition of TCEP (2 mM final 

concentration) to initiate lysozyme unfolding. The aggregation of 10 µM lysozyme in the 

presence of αAc or αBc (40 µM, 20 µM, and 10 µM) was monitored by DLS for 120 minutes 

(n=3). These concentrations were the same used in turbidity analysis. Additionally, it was 
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shown that the aggregation of 10 µM lysozyme alone was below the limit of detection on 

the DLS instrument and ensured that DLS measurements were monitoring the apo-state 

αAc and αBc oligomers and/or their co-aggregates formed with lysozyme. Due to the small 

size of lysozyme, control DLS measurements of reduced and oxidized lysozyme in the 

absence of αAc or αBc were performed at 100 µM with 20 mM TCEP to provide reliable 

measurement of the hydrodynamic radii within the instrument’s limit of detection. 

Three technical replicates were carried out for each reaction. Hydrodynamic radii 

and percent mass were calculated using the Dynamics software regularization fitting 

algorithm for polydisperse samples. For comparative analysis, hydrodynamic radii and 

their corresponding percent mass were binned into one of four bins: 1-10 nm, 10-100 nm, 

100-300 nm, and 300+ nm. The average and standard error of the mean were calculated 

for each bin of each reaction.  

 

Negative stain electron microscopy 

For NS-EM performed on the apo-state chaperones, samples containing only purified αAc, 

αBc, or αLc were pooled from SEC and diluted to ~2 – 3 µM in 20 mM HEPES (pH 7.4), 

100 mM NaCl, and 2 mM EDTA (αAc and αLc samples also contained 1 mM DTT). Sample 

grids of chaperone/client mixtures at or below 2:1 ratio were prepared directly from the 

aggregation reactions without dilution, while the 4:1 reactions were diluted 2x with dilution 

buffer. For each sample, a 3 µL drop was applied to carbon coated 400 mesh copper grids 

(Ted Pella) that were glow discharged at 15 mA for 1 min. Excess protein was blotted with 

filter paper, washed twice with ultra-pure water, stained with freshly prepared (0.75% wt 

vol-1) uranyl formate (SPI-Chem), blotted, and dried with laminar air flow. 

Negatively stained EM specimens were imaged on a 120 kV TEM (Tecnai T12, 

FEI) and micrographs were collected on a 2K x 2K CCD camera (Eagle, FEI) at a nominal 

magnification of 49,000 x at the specimen level. All micrographs were collected with a 
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defocus range of ~1.5 – 2.5 µm and calibrated pixel sizes of 4.37 Å/pixel for apo-state αBc 

(n = 43) and 4.401 Å per pixel for apo-state αAc (n = 30), apo-state aLc (n=9), 

αAc:lysozyme 4:1/2:1/1:1 (n = 8/8/10), αBc:lysozyme 4:1/2:1/1:1 (n = 8/8/22), aL:lysozyme 

4:1/2:1/1:1 (n=6/10/7), aAc:insulin 0.5:1 (n=9), and aBc:insulin 0.2:1 (n=9) reactions.  

 

Single particle EM image analysis 

Two-dimensional (2D) class averages were obtained as follows. Micrographs for apo-state 

αAc and αBc (equilibrated at 37° C for ~16 hours) were pre-processed in EMAN 2.91246 

by screening for astigmatism and drift based on Thon rings of Fourier transforms following 

manual CTF fitting. Particles were picked with EMAN’s interactive particle picker and 

extracted with box sizes of 72 x 72 pixels for apo-state αAc (10405 particles) and αBc 

(14502 particles). The phase flipped particle stack from EMAN2.91 was normalized using 

relion_image_handler and imported into RELION3.0247. Reference-free 2D classification 

was performed on the CTF-corrected images in RELION3.0 using a mask size of 200 – 

250 Å. 

Single-particle morphological analysis developed for this work was performed in 

FIJI230 using full micrographs of the apo-state αAc, αBc, and αLc, 4:1, 2:1, and 1:1 

reactions of αAc, αBc, and αLc with lysozyme, 0.5:1 reaction of αAc and insulin, and 0.2:1 

reaction of αBc and insulin. An FFT bandpass filter was applied to each image stack using 

the default filter settings in FIJI (filter large structures at 40 pixels, filter small structures at 

3 pixels, 5% tolerance, auto scale after filtering, saturate image when autoscaling). Next, 

the maximum filter was used with a default radius of 2 pixels followed by background 

subtraction (rolling ball radius of 25 - 50 pixels) was used on each micrograph stack. The 

filtered and background subtracted micrographs were subsequently binarized (with dark 

background). Background noise removal with the Remove Outliers tool and 
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erosion/dilation of binarized segments were tuned to optimize segmentation results (see 

Supplemental Figs. 2, 5-8).  

The FIJI Analyze Particles tool was used to collect Feret diameter measurements. 

Images of numbered particle outlines were generated along with a table of particle 

analysis measurements. The number of particles analyzed for each sample were: 13889 

for apo-αAc, 5846 for αAc:lysozyme 4:1, 2757 for αAc:lysozyme 2:1, 3381 for 

αA:lysozyme 1:1, 17192 for apo-αBc, 3793 for 4:1 αBc:lysozyme, 1421 for αBc:lysozyme 

2:1, and 342 for αB:lysozyme 1:1, 3401 for apo-αLc, 2271 for 4:1 αLc/lysozyme, 4187 for 

2:1 αLc:lysozyme, 1224 for 1:1 αLc:lysozyme, 5750 for 0.5:1 aAc:insulin, and 6018 for 

0.2:1 αBc:insulin. A two-sample Kolmogorov-Smirnov test (K-S test) was performed in 

python (Scipy.stats) used to statistically compare the distributions of Feret diameter 

measurements between isoforms and at sHSP:lysozyme ratios and between αAc or αBc 

with and without insulin. 

 

Sequence alignment of α-crystallin homologs 

Amino acid sequences of αA-crystallin and αB-crystallin (human (P02489 and P02511), 

bovine (P02470 and P02510), and canine (P68280 and A0A8C0JXJ4)) were aligned using 

ClustalW in Jalview 2.11.2.7248 and shaded to indicate positions that are conserved in both 

αAc and αBc (dark shading), within αAc or αBc (light shading), and non-conserved (white). 

Gaps are indicated with a dash. Annotation of secondary structure (β-sheets) displays the 

consensus of three X-ray crystallographic structures of αB-crystallin (PDB 2WJ7237, PDB 

2Y1Y238, and PDB 3L1G239, using MODELLER249 in ChimeraX1.15250. 

 

Statistical analysis and data representation 

All statistical descriptors (mean, standard deviation, standard error of the mean, mode) 

were calculated using the python based open-source software SciPy251. The presented 
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ranges for Area and Feret diameter (Table 2) were calculated by truncating the bottom 

2.5% and top 2.5% of the distribution to remove potential outliers. Two-sample 

Kolmogorov-Smirnov tests (K-S test) were done in SciPy. F-tests and T-tests for turbidity 

data were done either in Microsoft Excel or SciPy. Curve fitting to determine half-maximal 

protection ratios against lysozyme was done by using the scipy.optimize.curve_fit program 

(method=’lm’) to fit data to the equation 𝑦 = !
"#$!"($!$%)

+ 𝑏. All data plots were generated 

using libraries in python3, except the raincloud plots made in R Studio.  

 

Data Availability 

Raw data used for structural analysis, electron micrographs and processed image files, 

are provided on zenodo doi: 10.5281/zenodo.8240041.  
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SUPPLEMENTAL FIGURES & LEGENDS 
 
Supplemental Figure 1 

 
Supplemental Figure 1. Biochemical isolation and structural assessment of apo-
state α-crystallins. A,B. SDS-PAGE gels of purified αA- and αB-crystallin (panel A, 15% 

gel) and native αL-crystallin (panel B, 17.5% gel) with molecular weight (MW) positions 

annotated (kDa). Note, the gel in panel B was run at higher percent acrylamide to resolve 

the αA and αB bands present in the native heteromeric assembly.  C. Standard calibration 

curve of Sepharose-6 size exclusion column using calibration standards (Biorad # 

1511901; MW range of 1.35 – 670 kDa) and Dextran Blue (DB2000) for void volume (Vo) 

determination, plotted as log (MW) versus ratio of elution volume (Ve) over Vo. D-F. 
Representative NS-EM micrographs of purified apo-αAc, apo-αBc and apo-αLc (scale bar 

= 100 nm). 
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Supplemental Figure 2 

 
Supplemental Figure 2. Image processing workflow applied to NS-EM micrographs 
for the morphological analysis of individual sHSP complexes and co-aggregates 
applied using the software FIJI. Example workflow shows representative co-aggregates 

of αAc/lysozyme at a 2:1 chaperone:client ratio. Top row of images include examples of 

cage-like morphologies and the bottom row shows an example of a larger co-aggregate 

(scale bar = 20 nm). Step 1, shows original raw micrograph with an effective pixel size of 

4.40 Å/pixel. Step 2, shows result of FFT band-pass filter with applied settings: (filter large 

structures at 40 pixels, filter small structures at 3 pixels, 5% tolerance, auto scale after 

filtering, saturate image when autoscaling). Step 3, shows result of applied maximum filter 

set to a default radius of 2 pixels. Step 4, shows result of background subtraction (rolling 

ball radius of 25 - 50 pixels). Step 5, shows the result of binarization (with dark 

background). Step 6, shows the result of removing background noise by tuning of the 

radius parameter in the Remove Outliers tool, and erosion/dilation of binarized segments. 

Step 7, shows the final result of particle contours used for morphology analysis using the 

FIJI Analyze Particles tool.   
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Supplemental Figure 3 

 
Supplemental Figure 3. Dynamic light scattering measurements of α-
crystallin/lysozyme reactions and micrograph of aggregated lysozyme. A,B. Mass 

% histogram of hydrodynamic radii (RH) obtained by dynamic light scattering (DLS) with 

autocorrelation function (ACF) for a single technical replicate shown for each experiment 

(inset). Representative data for αAc (panel A) and αBc (panel B) and results of aggregation 

suppression assays using reduced lysozyme at varying chaperone:client ratios are shown. 

C,D. Representative NS-EM micrograph of reduced lysozyme showing examples of 

smaller aggregates (panel C, scale bar = 100 nm) and large plaque-like aggregates (panel 

D, scale bar = 1 µm).   
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Supplemental Figure 4 

 
Supplemental Figure 4. Half-maximal ratio analysis for α-crystallin/lysozyme 
chaperone assays. A-C. Raw percent protection values were plotted and fit to a sigmoidal 

curve to determine the half-maximal % protection ratios for αAc/lysozyme (panel A), 

αBc/lysozyme (panel B), and αLc/lysozyme (panel C).  
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Supplemental Figure 5 

 
Supplemental Figure 5. Representative micrographs and single-particle shape 
analysis for αAc/lysozyme complexes. Representative micrographs of negatively 

stained αAc/lysozyme complexes and co-aggregates formed at varying chaperone:client 

ratios of 4:1, 2:1, and 1:1, scale bar = 100 nm (top), and resulting single-particle 

morphology profiles obtained from FIJI analysis (bottom).   
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Supplemental Figure 6 

 
Supplemental Figure 6. Representative micrographs and single-particle shape 
analysis for αBc/lysozyme complexes. Representative micrographs of negatively 

stained αBc/lysozyme complexes and co-aggregates formed at varying chaperone:client 

ratios of 4:1, 2:1, and 1:1, scale bar = 100 nm (top), and resulting single-particle 

morphology profiles obtained from FIJI analysis (bottom). 
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Supplemental Figure 7 

 
Supplemental Figure 7. Representative micrographs and single-particle shape 
analysis for αAc and αBc/insulin complexes. Representative micrographs of negatively 

stained αAc and αBc/lysozyme complexes and co-aggregates formed at varying 

chaperone:client ratios of 0.5:1 and 0.2:1, respectively (scale bar = 100 nm) (top), and 

resulting single-particle morphology profiles obtained from FIJI analysis (bottom). 
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Supplemental Figure 8 

 
Supplemental Figure 8. Representative micrographs and single-particle shape 
analysis for αLc/lysozyme complexes. Representative micrographs of negatively 

stained αLc/lysozyme complexes and co-aggregates formed at varying chaperone:client 

ratios of 4:1, 2:1, and 1:1, scale bar = 100 nm (top), and resulting single-particle 

morphology profiles obtained from FIJI analysis (bottom). 
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ABSTRACT 

Small heat shock proteins (sHSPs) are ATP-independent molecular chaperones that support 

proteostasis during cellular stress events that promote protein unfolding and aggregation. 

Mechanistic insights into how sHSPs dynamically assemble and sequester destabilized 

client proteins have been limited, due to client-induced polydispersity of sHSP/client 

complexes and heterogeneous protein-protein interactions that guide sHSP assembly. Here, 

we present Cryo-EM structures of a model sHSP (mjHSP16.5) in the absence and presence 

of a destabilized client at suMicient resolution for atomic model building of multiple 

oligomeric states. Interrogation of structural details coupled with functional mutation 

studies suggest the dynamic mjHSP16.5 N-terminal domain – in particular conserved 

hydrophobic regions – play a critical role in chaperone assembly, plasticity, and client 

sequestration. Engagement and sequestration of destabilized client under equilibrium 

conditions induced an ensemble of higher-order sHSP/client states, facilitated by the 

intrinsic plasticity of multiple sHSP subunit interactions also resolved in the apo-state. Client 

engagement results in polarization of stability across the mjHSP16.5 scaMold, proposed to 

facilitate a directional elongation mechanism to enhance client-capacity. While formation of 

some higher-order sHSP/client states appear to form through simple addition of dimeric 

subunits into newly formed geometrical features, other states suggest the existence of 

multiple sHSP/client assembly pathways. Together, these results provide long-sought insight 

into the chaperone function of sHSPs and showcase the relationship between polydispersity 

and client-sequestration under stress conditions.  
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INTRODUCTION 

The small heat shock proteins (sHSPs) are a diverse family of ATP-independent 

molecular chaperones that play a major role in proteostasis and aggregation prevention 

across all domains of life252,253. Many sHSPs act as first responders to cellular stress and 

utilize a “holdase” chaperone function by forming soluble chaperone/client complexes5,203. 

sHSPs preferentially bind destabilized states of a wide range of clientele through 

recognition of non-native protein folds and retain clients in partially unfolded or refolding 

competent states12,35,40,179. Additionally, sHSPs maintain other important cellular functions 

including regulation of apoptosis and cellular life cycle, cytoskeletal protection, and 

vertebrate vision15,49,57,254. Activation of sHSP function occurs in response to various 

cellular stress including high/low temperatures, pH changes, and oxidative stress. 

Mutation, upregulation, and dysregulation of human sHSPs (e.g., HSPB1/HSP27, 

HSPB5/𝛼B-crystallin, and HSPB6) are associated with diverse disease states including 

various myopathies, cardiac diseases, and aggregopathies (Alzheimer’s disease, 

Parkinson’s disease, cataract)46,54,55,87,255. The association of sHSPs with human diseases 

make them intriguing pharmacological targets, however major difficulties in understanding 

heterogeneous sHSP assemblies and diverse client interactions have limited molecular 

level insights into their chaperone mechanism. 

The sHSPs are relatively small (12-43 kDa) and many form large oligomeric 

structures from 200-800+ kDa. sHSPs share a tripartite domain architecture of a central 

𝛼-crystallin domain (ACD) flanked by a largely disordered N-terminal domain (NTD) and a 

flexible C-terminal domain (CTD)252. The monomeric structure of most sHSPs consists of 

two anti-parallel 𝛽-sheets of ~7-9 𝛽-strands with evolutionary divergence in 𝛽-strand 

arrangement that give rise to distinct dimeric structures between metazoan (𝛽6+7-strand 

exchange) and non-metazoan (𝛽5+6 loop/𝛽7-strand exchange) lineages. sHSPs 

representing all domains of life have exhibited dimer tethering to produce high-order 
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oligomeric states through interactions of a conserved Ile-X-Ile (IXI) motif in the CTD 

binding to a hydrophobic pocket (𝛽4/𝛽8-groove) of a neighboring protomer’s ACD137,138,154. 

The NTD of sHSPs exhibits lower sequence conservation and extreme structural flexibility 

while supporting structure and function through high-order oligomerization and client 

interactions1,63,256–258. Characterization of the sHSP NTD is missing or incomplete from 

many structural studies due to flexibility and the mechanism(s) by which it supports 

oligomerization and chaperone function are not fully known. 

The first high-resolution structure of a fully assembled oligomeric sHSP was 

HSP16.5 from the thermophilic archaeon Methanocaldococcus jannaschii (mjHSP16.5), 

which formed an octahedrally symmetric cage with a diameter of ~12 nm comprised of 12 

ACD dimers tethered by canonical ACD/CTD interactions138. The NTDs (residues 1-32) 

where unresolved and attributed to flexibility of this region, however the structure supports 

the notion of the NTD residing inside of the cage. Subsequent studies have described the 

NTD of mjHSP16.5 to adopt multiple conformations (residues 24-33) within the cage and 

possible 𝛼-helical segments (residues 13-24)194,259. Previously characterized structural 

aspects of NTD inter-/intra-molecular interactions among various sHSP assemblies 

include interaction with the ACD, short helical segments, and binding to client 

proteins63,137,154,260,261. Cage-like structures are conserved in archaeal, bacterial, viral, and 

eukaryotic sHSPs, along with other morphologies (e.g., disc-like, fibrillar), as well as low-

order dimer/tetramers – showcasing the diversity of the sHSP structural 

landscape4,10,137,138,144,153–155,158,160,161,260,261. Many sHSPs exhibit a polydisperse ensemble 

of oligomeric states with subunit exchange dynamics that are enhanced under stress 

conditions or as a constituent aspect of oligomerization under non-stress conditions, 

depending on the sHSP125,158,186. Polydispersity has delivered a challenge to structural 

characterization of many sHSPs, often yielding low-resolution depictions of limited 
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interpretability, yet this level of plasticity is an essential characteristic of sHSP holdase 

function. 

The role of sHSPs in preventing client aggregation involves mechanisms to 

recognize aggregation prone clients and facilitate a means of sequestering the bound 

client from other destabilized proteins, thus preventing aggregation. The chaperone 

function of mjHSP16.5 provides a well-studied example of how structural plasticity is 

needed for efficient response to stress-induced client unfolding. Subunit exchange of 

mjHSP16.5 is not detected below temperatures of 60° C (well below the physiological 

temperature for this thermophilic species) and results in a greatly depleted chaperone 

efficiency, requiring 20- to 80-fold excess of mjHSP16.5 to prevent the aggregation of 

client262,263. At higher temperatures, above 60° C, mjHSP16.5 exhibited subunit exchange 

kinetics (0.067 min-1 at 68° C) and proficient client aggregation protection262. Many sHSPs 

display similar relationships between subunit exchange kinetics and temperature, likely 

reflecting coupled structure/function dynamics during stress events8,165,264. High-resolution 

mechanistic details of sHSP/client co-aggregation remain largely unknown and are limited 

by heterogeneity and structural complexity of sHSP/client complexes and the influence of 

clientele (size, destabilization) on co-aggregation. 

Here we utilized single-particle Cryo-EM to uncover structural details of the 

mjHSP16.5 in the apo-state and various client-induced oligomeric states contributing to 

the sequestration of a model client, lysozyme. Characterization of the apo-state 24-mer 

demonstrated a dynamic behavior (modes of stretching and expansion) that had not been 

captured previously. Significant regions of the NTD could be resolved in the apo-state and 

describe a putative mechanism involving a conserved Phe-rich region supporting oligomer 

assembly and plasticity, as well as a role in client-induced polydispersity that is supported 

by mutagenesis studies. Cryo-EM analysis of mjHSP16.5/lysozyme complexes formed 

under equilibrium-state conditions of heat-induced client destabilization (i.e., at ~75° C, 
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just below the melting temperature of lysozyme) revealed an ensemble of induced 

oligomeric states of the sHSP scaffold (24 – 36mers), whereas similar transformations 

were not observed in the absence of client. These structures describe a 

polarization/elongation mechanism, suggesting directional recruitment of dimer/client 

units and stability of the sHSP/client complex amidst increasing clientele. Together, these 

findings provide long-sought structural insights into the mechanistic coupling of sHSP 

polydispersity and chaperone function. 

 

RESULTS 

NTD mediates plasticity of mjHSP16.5 cages 

For structural and functional characterization, mjHSP16.5 was recombinantly 

expressed in E. coli and purified to homogeneity without tags (Supplementary Fig. 1). 

Purified mjHSP16.5 in the apo-state was incubated at 37° C (apo-37) for ~16 hours and 

75° C for 2 hours (apo-75) before vitrification for Cryo-EM data collection, resulting in 

16,214 movies for single-particle analysis for apo-37 and 6,460 micrographs for apo-75. 

These temperatures correspond to inactive and chaperone-competent states of 

mjHSP16.5, respectively.  

For the apo-37 dataset, 2D classification (Supplementary Fig. 2, 3a) showed 

monodisperse cage-like complexes of uniform diameter (~12 nm). A non-symmetric 

consensus refinement yielded a 3.01 Å reconstruction exhibiting the cage-like structure of 

a mjHSP16.5 24-mer agreeing with previous structural studies138,194. The twelve dimeric 

building blocks display canonical 𝛽5+6 loop exchange architecture of non-metazoan 

sHSPs and ACD-groove/CTD-IXI tethering interactions between neighboring dimers. The 

asymmetric reconstruction also showed a mix of disordered and helical density within the 

cage cavity, with density lining the inner-ACD surface attributed to the NTD. Throughout 

multi-class ab initio generation and subsequent heterogeneous classification, it became 
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apparent that there were two similar, yet distinct, cage sizes present in the dataset. 

Figure 1: Single-particle Cryo-EM analysis of mjHSP16.5 in the absence and presence of 
destabilized client (a) mjHSP16.5 apo-state displayed conformational dynamics, described by 
modes of stretching and expansion that were identified by Cryo-EM 3D variability analysis. 
Asymmetric Cryo-EM density maps displayed in slice view to show the central cavity, with ACDs 
colored in blue and internal density belonging to the NTD colored in gray (b) Resolved contracted 
(left) and expanded (right) states of mjHSP16.5 apo-state (37° C). (left) Atomic models depicted in 
cartoon representation (ACD:blue, CTD:red, IXI-motif:yellow). (right) Central slice of the 
corresponding Cryo-EM density map with the NTD density colored in gray and ACD colored in blue 
(c) sHSP dimeric unit of the expanded state with NTD region colored the same as in (b) and 
throughout Fig.1 (see color key) (d) Atomic models of NTD helical regions 𝛼1 (residues 11-19, left) 
and 𝛼2 (residues 21-24, right) with various residues labeled for orientation purposes (e) Atomic 
model and Cryo-EM map (semi-transparent) showing the ACD/NTD pocket pertaining to ACD 
residues (Phe42, Pro44, and Pro100) and Pro22 region of the NTD that fits into the ACD “pocket” 
(f) Atomic models (top) and Cryo-EM density maps (bottom) of the 24mer, 26mer, 32mer, 34mer, 
and 36mer states obtained in the presence of destabilized lysozyme (75° C incubation for 2 hours). 
The resolutions and particles count for each oligomeric state indicated (bottom). Color key: NTD in 
light gray, ACD in blue, CTD in red, IXI-motif in yellow, and unmodeled density in dark gray. 
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Principal component modes of 3D variability uncovered cage stretching and expansion 

modes of dynamics accompanied by rearrangement of NTD density within the cage 

(Figure 1a and Supplementary Fig. 3d). Further classification and refinement with 

octahedral symmetry yielded a contracted state refined at 2.50 Å resolution and an 

expanded state at 2.35 Å resolution (Supplementary Fig. 3b,c). Both of the octahedral 

reconstructions show strong helical density inside the cage along with NTD density lining 

the inner-ACD surface (Figure 1b, internal slice views). The apo-75 dataset resulted in a 

similar octahedral 24mer cage reconstruction at 2.86 Å resolution with 24 helical densities 

within the cage and similar stretching/expansion modes (Supplementary Fig. 4). 

The high-resolution reconstructions of the contracted and expanded states allowed 

for model building of the complete ACD, CTD and NTD residues 11-32 for each 

state/condition (Figure 1b-e). The expanded state of apo-37 is used for discussion and 

visualization in figures, selected for its higher resolution and particle count within the 

dataset. While some differences in the NTDs are uncovered between each of the apo-

state models, the overall topology of the NTD is shared, consisting of a helix-turn-helix-

turn-𝛽sheet (where secondary elements are denoted: 𝛼1 (residues 11-19), 𝛼2 (residues 

21-24), and 𝛽0 (residues 30-32). The dimeric building blocks shows domain-swapped 

interactions between 𝛼1s with potential stabilizing interactions provided by charged                

residues (Glu12 and Lys16, Figure 1c,d). The semi-helical 𝛼2 region displays intra-dimer 

hydrogen bonding potential between Thr21 of one chain and Thr21 of the opposing chain 

(C𝛽 distance 3.1 Å, apo-37 expanded state) (Figure 1d). Additionally, within this region 

Pro22 abuts (<5 Å distances) the inner surface of the ACD forming an “inner ACD pocket” 

with Phe42, Pro44, and Pro100 from each chain in the dimer (Figure 1e). Additional intra-
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dimer Van der Waals contacts occur between Met28 (chain A) and Phe19 (chain B) with 

C𝛾(Met28)-C𝛾(Phe19) distance of 4.5 Å (apo-37, expanded state). 

To better understand the structural differences leading to expansion/contraction of 

the mjHSP16.5 cage, a C𝛼 root-means-square-deviation (RMSD) comparison was 

performed between monomers of each state (contracted/expanded) in the apo-37 dataset 

(Figure 2a). There is high agreement between superimposed dimer ACDs of the 

contracted and expanded states (overall RMSD 0.326 Å), with much of the variation 

localized to NTD residues reaching up to 1.5 Å deviation. The helical conformation of NTD 

𝛼1 remains nearly constant, with overall distance of 13.5 Å and 13.7 Å in the contracted 

and expanded states, respectively (intra-subunit C𝛼 distances of Phe11-Ala20) (Figure 

2b, yellow lines). However, the NTD segments within a dimer reside closer together in the 

contracted versus expanded state, where the inter-subunit Lys16-Lys16 C𝛼 distances 

between dimer chains is 9.5Å in the contracted state and extends to 10.3 Å in the 

expanded state (0.8 Å displacement) (Figure 2b, red lines). The apo-75 model shows 

distinct a NTD arrangement from the apo-37 models, with Phe11-Ala20 C𝛼 distance of 

11.0 Å and helical separation at Met14 C𝛼 of 6.6 Å (Supplemental Fig. 4f). The use of Met 

14 (vs. Lys16) provided the closest approach in both cases, corresponding to helical 

rotation with interdimer helix distance tightening. Additionally, density for NTD 𝛼1 – 

specifically density corresponding to Phe18 and Phe19 – was weaker in the apo-75 model 

(Supplemental Fig 4b,h). This may reflect intra-dimer competition of Phe18 and Phe19 

(chain A) with Met28 (chain B) (Supplemental Fig. 4f), disrupting the Phe19/Met28 

interaction observed in the apo-37 contracted and expanded states (Supplementary Fig. 

3h).  

 In addition to these NTD interactions resolved in the octahedral reconstructions, 

the non-symmetric consensus reconstruction retained the “inner ACD pocket” interactions 
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throughout the oligomer as determined by the prevalence of density corresponding to 

Figure 2: Conserved Phe residues within the NTD are critical to sHSP assembly, stability and 
chaperone function (a) C𝛼 root-mean square standard deviation (RMSD, colored) comparison 
between the contracted and expanded states of the apo-37 dataset. (b) Distance measurements 
between NTDs from neighboring chains within a dimer (NTA and NTB) for the contracted and 
expanded states. Measurements were made between C𝛼 atoms of Lys16 of each chain, and 
between Phe11 with Ala20 within a chain (c) Sequence alignment (top) of “aromatic” and “conserved” 
regions within the NTD of various small heat shock proteins (mjHSP16.5, M. tuberculosis HSP16.3, 
S. cerevisiae HSP26, and human hsHSPB1 (HSP27), hsHSPB4 (𝛼A-crystallin), and hsHSPB5 (𝛼B-
crystallin). Phe residues of mjHSP16.5 mutated in this study are highlighted. Pseudo-atomic model 
(bottom) of full NTDs within a dimer (chains A and B) with each Phe residue labeled (d) 
Hydrodynamic radii of major populations detected by DLS for mjHSP16.5 wildtype and NTD variants 
(F15A, F15/18/19A) in the absence (apo) or presence of lysozyme (12:1 and 2:1, chaperone:client 
ratios) after incubation at 75° C for 2 hours. The F2/7/11/15/18/19A mutant experiment was 
performed at 25° C, and only for the apo-state (e) Electron micrographs of negatively stained 
specimens and associated Feret diameters obtained from single-particle measurements for 
mjHSP16.5 wildtype and mutants (F15A and F15/18/19A) in the presence (12:1 and 2:1) and 
absence (apo) of lysozyme after incubation at 75°C for 2 hours. Scale bar is 50 nm. 
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Pro22. The cavity density is heterogeneous, with some density connecting opposite sides 

of the cage. Intermediate reconstructions from variability analysis display NTD interactions 

that dynamically move through the inner cavity, suggesting multiple transient interactions 

between NTDs (Supplementary Fig. 2d). Together, these novel NTD interactions support 

both dimer stability and high-order oligomer assembly – and further support the notion that 

sHSP NTDs are highly dynamic and facilitate sHSP oligomer plasticity. 

 

Conserved phenylalanine-rich regions mediate oligomeric stability 

In mjHSP16.5, each NTD contains six phenylalanine (Phe) residues 

(F2/7/11/15/18/19) for a total of 144 Phe residues, providing a rich environment for non-

specific transient interactions within the 24mer cage cavity. The 𝛼1 motif corresponds to 

the sHSP NTD “conserved region” where Phe residues spaced 3-4 residues 

(Phe11/15/18/19) apart are found highly conserved throughout species (including human, 

Figure 2c). Multiple Phe-based pi-pi/cation-pi interactions would be favorable for heat 

stability in the native high-temperature environment of this sHSP (up to 120° C) while 

providing non-specific interactions to support plasticity/dynamics necessary for chaperone 

function265,266. 

To interrogate the role of these conserved Phe residues, we generated three 

variants that replace Phe with Ala within the NTD: F15A (mj-1x), F15/18/19A (mj-3x), and 

F2/7/11/15/18/19A (mj-6x) to assess the role of these residues in structure and function. 

Deletion constructs of the NTD at positions 20 and 32 (mj-NTDΔ20 and mj-NTDΔ32) did 

not yield soluble protein during expression and purification and were not used for 

structural/functional characterization. The F15A variant (mj-1x) resides in the middle of the 

NTD 𝛼1 helical region between prospective pi-stacking partners F11, F18, and F19, while 

the mj-3x and mj-6x variants would eliminate Phe residues throughout the “conserved” 

region and all NTD Phe residues (including both the unresolved “aromatic” region and a1 
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“conserved” region), respectively. The mj-1x and mj-3x variants provided high yields of 

purified protein sufficient to perform experiments, however the diminished solubility of the 

mj-6x variant lead to low yields following purification, limiting some of the analysis on this 

variant. The purified mj-1x and mj-3x variants had approximately the same size as 

wildtype, as determined by dynamic light scattering (75° C) with hydrodynamic radii 

(average ± sem) of 6.1 ± 0.1 nm (n=5) and 5.8 ± 0.1 nm (n=6), respectively, versus 6.0 ± 

0.1 nm for wildtype (n=8, Figure 2d). The hydrodynamic radius of mj-6x at 25° C was 8.3 

± 0.3 nm (n=3), significantly larger than mj-wt, mj-1x, and mj-3x (p < 0.0005, Figure 2d). 

mj-6x had greatly diminished heat stability, requiring a lower temperature for DLS 

measurements, with a determined aggregation temperature around 60° C (n=2, 

Supplemental Fig. 1f) while mj-1x and mj-3x maintained solubility up to 85° C (highest 

temperature tested, Supplemental Fig. 1f)  at 75° C for over two hours. The mj-3x variant 

exhibited a slight decrease in radius leading to a full decrease of ~1 nm between 75-85° 

C These results suggest a minimal number of Phe residues needed for the canonical 

24mer assembly and that the intrinsically disordered “aromatic” region is especially 

important for 24mer stability.  

Single-particle size analysis by negative stain EM (NS-EM) provides a means to 

statistically characterize and compare sHSP morphology at a per-particle level, by 

analyzing single-particles directly from raw NS-EM micrographs and automated 

measurement of each particle’s longest axis (i.e., Feret diameter). The main modes of 

Feret diameter were similar for wt-apo (11.9 nm), mj-1x (12.2 nm), and mj-3x (10.7 nm), 

while the overall distributions were significantly different (p < 0.0005, K-S test, Figure 2e). 

These measurements agree with the hydrodynamic radii measured by DLS while allowing 

visualization of additional high-order assemblies (clusters) of mjHSP16.5. The  mj-1x and  

mj-3x particles exhibit the canonical spherical cage-like morphology of mjHSP16.5 (wt-

apo) while existing as both isolated particles and in clusters with other spherical oligomers. 
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Surprisingly, clusters formed by wt-apo and mj-1x can reach >100 nm in size while the 

constituent oligomers retain the same size/morphology as the isolated particles – 

suggesting minimal disruption to the cage-like structure upon clustering. Larger clusters 

of mj-3x appear more amorphous and irregular compared to wt-apo and mj-1x particles. 

Intriguingly, mj-6x displayed ring like structures of ~20 nm in diameter in addition to smaller 

spherical particles, as well as thin filamentous structures ~2 nm across that formed 

extensive networks (Supplementary Fig. 1d,e). Due to background interference from the 

filamentous structures, the mj-6x micrographs could not be assessed by the single-particle 

size analysis workflow. Hand measurements of 100 particles gave an average (± sem) 

diameter of 21.3 ± 2.3 nm, indicating substantial impact to the native quaternary structure.  

 

Client-induced polydispersity of mjHSP16.5 

To investigate mjHSP16.5 chaperone function, we sought to establish equilibrium 

binding conditions where the client is not yet unfolded – but has increased sampling of 

partially unfolded states – as this is most reproducible and best represents early stress 

conditions expected in the cell. Hen egg lysozyme (14.3 kDa) was chosen as a suitable 

binding partner of mjHSP16.5 under these conditions as it has a reported melting 

temperature (Tm ~75° C), well above temperatures necessary for subunit exchange and 

chaperone function of mjHSP16.5 (~60° C)262,267. mjHSP16.5 was shown to have no 

protection against the reduction-induced aggregation of lysozyme at 37° C and that 

lysozyme can maintain solubility (no aggregation) up to ~80° C (Supplemental Fig. 5a,b). 

Binding assays were performed at 12:1 and 2:1 chaperone:client ratios, with mjHSP16.5 

at either 120 µM or 20 µM, respectively, and lysozyme constant at 10 µM.  Components 

were incubated at 75° C for 2 hours, and hydrodynamic radii monitored by DLS. For 

comparison, complexes were also formed with mjHSP16.5 variants and lysozyme at 75° 

C for 2hr at a 12:1 sHSP:client ratio. The mj-1x/lyso 12:1 reaction yielded complexes of 
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similar size to mj-wt/lyso at this same ratio, measuring 6.3 ± 0.1 nm, 99.5 mass% (n=10) 

for mj-wt/lyso and 6.3 ± 0.1 nm, 99.4 mass% (n=6) for mj-1x/lyso. In contrast, mj-3x/lyso 

complexes were significantly different from wildtype (7.0 ± 0.3 nm, 92.4 mass%, p > 0.05, 

n=6) (Figure 2d and Supplementary Fig. 5c). Incubation of mjHSP16.5 variants with 

lysozyme at 2:1 ratio (20 µM sHSP:10 µM lysozyme) resulted in complexes with larger 

hydrodynamic radii for mj-1x/lyso (7.6 ± 0.6 nm, 99.7 mass%, n=5) and mj-3x/lyso (8.8 ± 

0.9 nm, 67.1 mass%, n=6) compared to mj-wt/lyso complexes (7.2 ± 0.2, 97.2 mass%), 

although these differences were not significantly different. Stable complex formation was 

confirmed for all reactions by size-exclusion chromatography (SEC) and SDS-PAGE, 

which also showed increased size and polydispersity following incubation with client 

(Supplemental Fig. 5 d-j).  

Single-particle size analysis by NS-EM of mjHSP16.5 with lysozyme displayed 

increased size and polydispersity of co-aggregates compared to the apo-states for mj-wt, 

mj-1x, and mj-3x – in agreement with hydrodynamic radii measured by DLS (Figure 2e). 

For mj-wt the primary Feret diameter mode increased from 11.9 nm (wt-apo) to 13.9 nm 

and 14.4 nm for the 12:1 and 2:1 ratios, respectively. The mj-1x and mj-3x variants showed 

similar responses to lysozyme binding at 12:1 and 2:1 ratios, with primary Feret diameter 

mode increases to 14.5 nm (12:1 and 2:1 mj-1x), 14.0 nm (12:1 mj-3x) and 14.5 (2:1 mj-

3x). The size distribution of apo-state oligomers and lysozyme-bound states formed by mj-

1x and mj-3x are significantly different from mj-wt apo-state and client-bound states (p < 

0.0005, KS test). Morphologically, client-bound states formed by mj-wt, mj-1x, and mj-3x 

exhibit morphological expansion, elongation, and clustering. Similar to the apo-states, 

clustered co-aggregates of mj-wt and mj-1x with lysozyme retain morphological 

appearance of apo-like spherical assemblies (~10-15 nm diameter) while closely packed 

together. The clusters formed by mj-3x appear more amorphous, lacking the apo-like 

spherical cage morphologies, potentially reflecting the loss of stable NTD interactions. In 
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summary, mutation of one (mj-1x) or three (mj-3x) NTD “conserved region” Phe residues 

resulted in increased size and polydispersity of mjHSP16.5 client-bound states, while 

mutations of all NTD Phe residues (mj-6x) increased the apo-state size while diminishing 

the temperature stability of this thermophilic sHSP.  

 

Cryo-EM of mjHSP16.5/lysozyme chaperone complexes 

We next sought to determine high-resolution structures of the client-bound state(s) 

for wildtype mjHSP16.5 formed with lysozyme at the 12:1 ratio (sHSP:client) as this gave 

similar sizes (hydrodynamic radius and Feret diameter) to the apo-state, suggesting a 

more tractable target for high-resolution analysis. Furthermore, the binding temperature 

and low client saturation conditions attempted to mimic possible client binding events 

under early stress conditions, where partially unfolded transitions states of a client are 

recognized and sequestered by the chaperone. The 12:1 reaction was vitrified following 

complex formation at 75° C for 2 hours and Cryo-EM data collection resulted in 13,276 

movies for single-particle analysis (Supplementary Fig. 6). 2D classification and multi-

class ab initio model generation made it apparent there was a range of induced 

mjHSP16.5 oligomeric states present under these conditions (Supplementary Fig. 6, 7a). 

Ultimately, five different structures were resolved corresponding to a mjHSP16.5 24mer 

(2.60 Å), 26mer (3.65 Å), 32mer (4.37 Å), 34mer (4.71 Å), and 36mer (4.01 Å) at sufficient 

resolution for model building of the ACD and CTD regions (Figure 1f and Supplementary 

Fig. 7b). These models showcase new structural features (windows and axes) compared 

to the canonical 24mer and the dynamic ability to assemble into diverse morphologies 

using fundamental building blocks (ACD dimers coupled through flexible CTD tethering). 

The volume of internal density of each oligomeric state increases from 24mer to 36mer, 

presumably reflecting an increased client sequestration capacity of the higher oligomeric 

states. However, this internal region in all of the maps remained at lower resolution – likely 
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reflecting extensive heterogeneity/disorder of the NTD/client and/or non-specific binding 

of the client lysozyme (Figure 1f). The resolved 24mer was very similar to the apo-states 

described for apo-37 and apo-75 with comparable NTD densities as well as 

stretching/expansion variability modes – possibly representing an unbound oligomeric 

state for mjHSP16.5 (Supplementary Fig 6). This notion is further supported by the minimal 

vacant volume within the apo-state that would limit capacity for the ~14 kDa client. 

 

A Flexible CTD enables client-induced sHSP polydispersity  

C𝛼 RMSD of the component subunits was measured to assess the flexibility of the 

CTD in tethering ACD dimers into various cage assemblies. Due to CTD dynamics and 

limited resolvability, the 26mer, 32mer, and 34mer C𝛼 RMSD measurements only include 

22, 31, and 33 subunits, respectively (Figure 3a). For comparison, RMSD analysis showed 

minimal C𝛼 deviation within the core ACD region in all cases, similar to the apo-state 

(Figure 2a). In contrast, the CTD appears to adopt a continuum of states within the various 

assemblies, with two primary modes of CTD extension that are most clearly separated in 

the symmetric 36-mer resulting in ~10 Å C𝛼 deviation of the CTD IXI-motif (Figure 3a, far 

left). In addition to the canonical 24mer 3-fold windows (~530 Å2) and 4-fold axes (Figure 

3b), the flexible interactions of the CTD support a novel 4-fold window (~3000 Å2) and 3-

fold axis in the 26mer; 4-fold windows (~2700 Å2) and new 5-fold axes in the 32mer and 

34mer; and elongated 4-fold windows (~2000 Å2) and 4-fold axes in the 36mer (Figure 

3b). The conformations of the CTD influence canonical 3-fold windows and newly 

identified 5-fold axes (CTD downward mode, as shown in Figure 3a) in addition to the new 

4-fold windows present in the higher-order states (CTD upward modes, as shown in Figure 

3a). Newly inserted dimers resulted in multiple non-canonical CTD interactions, including 

evidence of diffuse CTD/𝛽4-𝛽8 groove binding and CTDs oriented inward toward the 
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internal density of the cage, and thus possibly interacting with client (Supplementary Fig. 

7c). 

Oligomers of mjHSP16.5 are supported by contacts within the ACD dimer (intra-

dimer), between ACD dimers (inter-dimer), and through canonical ACD/CTD (𝛽4/𝛽8-

Figure 3: Flexible CTD interactions facilitate multiple oligomeric states that correlate with 
weakened inter-protomer contacts (a) Comparison of C𝛼 RMSDs of protomers within each 
oligomer state obtained in the presence of lysozyme (24mer, 26mer, 32mer, 34mer, and 36mer). 
RMSD values indicated by color (bottom). (b) Windows and axes adopted by the 24mer (canonical 
3-fold window/4-fold axis), and non-canonical states formed by the 26mer (4-fold window/3-fold 
axis), 32 and 34mer (4-fold window/5-fold axis), and 36mer (4-fold window/4-fold axis). sHSP 
depicted as density generated from the atomic models (corresponding to 10 Å resolution) and 
colored to highlight the specified features. (c) Box and whisker plots showing measurements of the 
buried solvent accessible surface areas (SASA, interfaces) of protomers for atomic models of apo-
37 (contracted and expanded), apo-75, and each oligomeric state from the mjHSP16.5/lysozyme 
dataset. Interfaces corresponding to the ACD intra-/inter-dimer interface and  ACD/CTD 
interaction. Inlays, depict residues buried in the interface (blue for ACD dimer interface and Inter-
dimer interface, red for ACD/CTD interface).  
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groove) tethering interactions. To assess the extent of these interactions, the buried 

solvent-accessible surface area (SASA) was calculated for residues 33-147 for 

comparison across all oligomeric states (Figure 3c). The apo-state models showed an 

average (± s.e.m.) buried surface area involving intra-dimer interactions (along the 

ACD/ACD interface) of 1700 ± 1.4 Å2, 1699 ± 1.1 Å2, and 1717 ± 3.9 for the contracted 

(apo-37), expanded (apo-37), and apo-75 models, respectively. The average (± s.e.m.) 

ACD dimer buried surface area of the 24mer from the dataset with lysozyme is similar to 

apo-37, measuring 1701 ± 3.1 Å2, while the 26mer, 32mer, 34mer, and 36mer showed 

decreased ACD buried surface areas, measuring 1643 ± 9.6 Å2, 1638 ± 13.4 Å2, 1668 ± 

13 Å2, and 1612 ± 7.0 Å2, respectively. The inter-dimer interface is smaller and reflects 

contacts between 𝛽5 and 𝛽7 strands of one dimeric protomer with the 𝛽5+6 loop of a 

neighboring dimeric protomer (Figure 3c, middle). The contracted and expanded states of 

apo-37 had inter-dimer interfaces of 133 ± 0.2 Å2 and 112 ± 0.3 Å2, respectively, while the 

apo-75 inter-dimer interface was 132 ± 1.4 Å2. In the presence of lysozyme, the 24mer, 

26mer, 32mer, and 34mer had a general decrease in the inter-dimeric interface (188 ± 1.0 

Å2, 117 ± 3.7 Å2, 119 ± 13.4 Å2, and 124 ± 3.6 Å2, respectively). The 36mer inter-dimer 

interface was 133 ± 2.8 Å2, similar to the apo-37 contracted state and apo-75. Oligomers 

from the dataset with lysozyme show a general decrease in intra-dimer interactions with 

increases in oligomeric size, while the inter-dimer interactions initially decrease (24mer to 

25mer) before increasing in the 32mer, 34mer, and 36mer.	CTD-IXI tethering interactions 

with a neighboring ACD b4/8 groove had an average (± s.e.m.) buried surface area of 669 

± 0.1 Å2 and 644 ± 0.2 Å2 for the apo-37 contracted and expanded models, respectively, 

while the apo-75 and 24mer in the presence of lysozyme were 642 ± 2.4 Å2 and 653 ± 0.8 

Å2, respectively. This same buried surface area of the 26mer, 32mer, 34mer, and 36mer 

exhibited a marked decrease compared to the 24mer states, measuring 530 ± 23 Å2, 551 

± 11.7 Å2, 555 ± 15.6 Å2, and 574 ± 10.0 Å2, respectively. This observation is attributed to 
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alternative CTD conformations in these higher-order assemblies. Overall, comparing the 

24mer models to the 26 – 36mer models in the client-bound dataset there was a decrease 

in the average buried surface area of ~2 - 5% for the intra-dimer interface, ~13% increase 

of the inter-dimer interface, and ~12 - 17% decrease for the ACD/CTE tethering interface.	

 

sHSP polarization/elongation drives “holdase” activity 

Local resolution Cryo-EM maps were generated from asymmetric reconstructions 

of each oligomeric state in the mjHSP16.5/lysozyme dataset for assessment of regional 

stability and comparative analysis across the various assembly states (Figure 4). The 

24mer reconstruction obtained in the presence of lysozyme showed limited variation in 

resolution over the ACD/CTD regions, with local resolution variance < 3 Å , while the 

internal NTD/client density measured lower resolution (< 4.5 Å), however the internal 

density was uninterpretable. The 26mer, 32mer, and 34mer show extensive resolution 

variation across the ACD/CTD cage scaffold, resulting in a high resolution (~3-4 Å) region 

(i.e., most well defined) localized around a single canonical 4-fold axis accompanied by a 

continuous decrease in resolution moving across the elongated cage morphologies, 

reaching ~9-10 Å resolution. The asymmetric 36mer reconstruction is of overall lower 

resolution, due to limited number of particles in this class, but shows a more uniform 

resolution distribution across the elongated scaffold (~7-8 Å). By aligning the most 

structured side of each cage, it is possible to make some inference as to which dimers are 

likely inserted based on the arrangement of windows and axes between the complexes. 

Of note, there was no evidence of monomer insertion, suggesting the dimer as the primary 

exchanging subunit. 

Based on these observations, it is suggested that initial events of client 

sequestration (producing a 26mer) effectively polarize the stability of the cage across the 

long axis and may provide a means for further directional elongation and non-stochastic 
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client-induced formation of higher-order oligomers. The transition from 24mer to 26mer 

involves insertion of a dimer through disassembly of a canonical 4-fold axis in the 24mer 

to produce 2 larger 4-fold windows and two unstable 3-fold axes. Variability analysis of the 

26mer uncovered extensive dynamics of the newly inserted dimer with high flexibility 

Figure 4: Local resolution analysis of mjHSP16.5/lysozyme complexes reveal polarized 
stability across each oligomeric state. (a) The Cryo-EM density map of each oligomeric state is 
depicted along a 4-fold axis (top), an internal slice view (middle), and a 180° rotation (bottom),  with 
map density colored according to the resolution range (indicated). Scale bar is 50 Å. (b) Cartoon 
representation of proposed mechanisms of sHSP client sequestration by seeding, patching 
(dimer/client insertion), and directional elongation.  
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between the two new 3-fold axes. No bona fide 28mer or 30mer populations could be 

classified out of the Cryo-EM dataset. It is possible that additional dimer/clients needed to 

stably occupy the large 4-fold windows assembled in the 26mer (effectively removing the 

unstable 3-fold axes) to form a more stable 32mer and is either highly cooperative or that 

a pre-formed hexamer is required to assemble the 32mer from the 26mer. A plausible 

transition from a 32mer to a 34mer was directly uncovered by 3D variability analysis and 

would involve insertion of a dimer into a large 4-fold window of the 32mer to produce two 

3-fold windows and another 5-fold axis. Intriguingly, there does not appear to be a simple 

or direct dimer insertion path to go from the 34mer to the 36mer. This transition would 

involve disassembly of two 5-fold axes and rearrangement of multiple dimers to 

accommodate another dimer/client unit. It is possible that the 36mer assembled through 

an alternative pathway (discussed below) than that suggested to be followed by the 26mer, 

32mer, and 34mer. Interestingly, with the potential existence of multiple pathways of client-

sequestration, ultimately formation of elongated caged-assemblies where one dimension 

is longer than the perpendicular dimension appears to be favored.  

 

DISCUSSION 

 

Insights into the apo-state dynamics of HSP16.5 

Here we describe previously unresolved portions of the client-interacting NTD of 

mjHSP16.5 and provide multiple high-resolution structures of client-bound sHSP 

oligomers, providing unprecedented insight into the mechanism of sHSP structural 

plasticity and client sequestration of this archetypal chaperone. In mjHSP16.5 the NTD 

provides additional inter-dimer stabilizing interactions through helices 𝛼1 (“conserved 

region”) and 𝛼2, with conserved Phe residues stabilizing the amphipathic 𝛼1 interactions. 

Variability analysis of mjHSP16.5 in the apo-state proposes conformational dynamics of 
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the caged-assembly that involve order-to-disorder transitions of 𝛼1 within the NTD 

associated with expansion and stretching modes of motion – facilitating conformational 

plasticity within the 24mer apo-state. In addition, our Cryo-EM results show the distal 

region of the NTD (residues 1-10 containing the “aromatic region”) remains disordered 

with observed features that suggest a role in facilitating long-range interactions between 

NTDs across the internal cavity of the oligomeric cage. The crystal structure of the 

eukaryotic (plant) sHSP HSP16.9 resolved 6/12 NTDs where Phe pi-pi stacking potential 

is present within and between NTD helices of protomers across the dodecameric (12mer) 

disc – providing long-range stabilization across the oligomeric structure137.  

We show that progressive ablation of conserved NTD Phe residues in mjHSP16.5 

promoted the formation of larger and more amorphous complexes formed with lysozyme 

(F15/18/19A, mj-3x variant) and attenuated the stability of the oligomer 

(F2/7/11/15/18/19A, mj-6x variant) leading to a mixture of larger spherical oligomers and 

thin filamentous aggregates. The “aromatic” and “conserved” regions in the NTD of sHSPs 

may support oligomerization and dynamics by providing multiple hydrophobic and non-

specific interacting sequences that effectively condense subunits into a larger assembly 

while facilitating oligomeric plasticity. Previous studies show the “aromatic region” of 

mjHSP16.5 to play a role in oligomerization and client interaction, where truncation of the 

first 12 residues resulted in smaller oligomers (hexamers) with diminished chaperone 

protection257. The “conserved region” of human 𝛼-crystallins (𝛼A and 𝛼B isoforms) has 

been predicted to adopt an amphipathic helix, while deletion or mutation of conserved 

residues in this region alter oligomeric size, thermal stability, and chaperone activity150,212. 

Similar results were reported for human HSPB6 where targeted disruption of the 

conserved region enhanced chaperone activity and altered the dimeric structure of 

HSPB6153. Other sHSP structures have identified inter-subunit aromatic-aromatic and 

cation-pi interactions with structure guided mutagenic studies, supporting a role for Phe 
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residues in structure/function137,261. Overall, hydrophobic interactions provided by 

conserved regions within the NTD of evolutionarily distant sHSPs appears to play a pivotal 

role in structure and function of these chaperones, likely in combination with other inter-

subunit interactions (e.g.,  ACD/ACD and ACD/CTD-IXI tethering). 

 

Mechanisms of client sequestration and induced polydispersity 

The array of sHSP/client states uncovered in this study suggest the primary 

building block for mjHSP16.5 is a dimer, which are tethered together by flexible CTDs to 

form a caged scaffolding that can accommodate sequestered clientele through the 

addition of dimeric subunits that increase capacity of the internal cavity and promote 

formation of new cage features (windows and axes). The induced sHSP polydispersity is 

coupled to a polarization of cage stability and increased solvent exposure of the internal 

cavity. The internal cavity of the 24mer is nearly filled with density belonging to the NTD, 

and thus appears incapable of sequestering clients as large as lysozyme (14 kDa). 

However, even a modest transition to a 26mer induces an increase of the internal non-

NTD volume by ~100% (50 nm3 in the 24mer and 100 nm3 in the 26mer), sufficient to 

sequester the client. The concomitant increase in the cavity volume established by the 

formation of higher-order assemblies (34, 36mers) would facilitate higher capacity client 

binding, enabling a single sHSP complex to sequester multiple clients or clients of variable 

size.  

The unresolved nature of the client density in this work is consistent with either 

extensive client unfolding in the sHSP-bound state or multiple transient binding 

interactions that prevented alignment for 3D reconstruction. An unforeseen impact of 

client-sequestration was the induced polarization of stability in the sHSP scaffold (shown 

by local resolution and analysis of binding interfaces). Phosphorylation of HSP26 was 

suggested to activate chaperone function and induce a polarity in the overall cage-like 
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structure32. This localized destabilization may be critical for the chaperone mechanism, for 

example, by providing “hot spots” for additional client insertion or enabling the access and 

reversible release of clients to downstream refolding machinery268. 

While these results provide many new insights into how client-induced sHSP 

polydispersity is achieved, many mechanistic details are still unclear. Binding of a model 

client by mjHSP16.5 required high-temperature, consistent with requirement for subunit 

exchange dynamics262. Therefore, it is possible that dimer subunits leave the apo-state, 

recognize destabilized client, and return the client cargo to the caged-assembly; effectively 

building higher-order states in a sequential and directional (polarized) manner – deemed 

“elongation” of the sHSP scaffold. Once initial client binding occurs (forming the 26mer) 

there are large 4-fold windows in which new dimers could be inserted, or “patched”, onto 

the complex. This was supported through 3D variability analysis, suggesting a simple 

transition from the 32mer to the 34mer that could occur via dimer “patching” onto a large 

4-fold window. Increased exposure of the internal cavity along these 4-fold windows may 

enable hydrophobic interactions between NTDs within the cage and with exchanging or 

unbound NTDs/clients. Indeed, previous studies have proposed that larger complexes 

formed by mjHSP16.5 exhibit increased affinity toward clientele that was attributed to 

increased hydrophobic surface area174,175.  

It is also conceivable that newly formed complexes between clients and 

exchanging sHSP dimers could seed de novo assembly, by recruiting other exchanging 

subunits or subunit/client complexes, and the most energetically favorable sHSP scaffold 

architecture would be determined by client characteristics (aggregation state/size and 

degree of unfolding) that seeded the interaction. Our structural data are also consistent 

with this “seeding” model. For example, it remains unclear how transition from the 34mer 

to the 36mer may be achieved by simple addition of a dimer into the 4-fold window without 

substantial rearrangements of the 34mer scaffold (disrupting two 5-fold axes). This seeded 
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assembly model is supported by recent single-molecule fluorescence experiments on 𝛼B-

crystallin and HSP27 where initial client binding is followed by additional subunit 

recruitment, with differences between the two sHSPs indicating chaperone specific 

variation in this mechanism168,269. Additionally, the only previous high-resolution structure 

of a sHSP/client complex depicted a monomeric subunit of plant HSP21 binding a native 

client to form a soluble complex176. Of note, these mechanistic models (elongation, 

patching, and seeding) are not mutually exclusive and could all contribute to the overall 

complexity of sHSP sequestration mechanisms. Future studies targeted at trapping the 

transition states involved in client-sequestration will be needed to fully resolve these 

mechanistic details. 

 

Concluding remarks 

A major hurdle in understanding sHSP chaperone mechanisms has been the 

heterogeneous and polydisperse nature of sHSP/client complexes. We show that 

mjHSP16.5 is a model system for studying polydispersity in relation to chaperone function 

and may potentially be harnessed in guiding future studies addressing structure/function 

of other sHSPs. Structural characterization of mjHSP16.5 under varying amounts of client 

saturation and with different client types will help decipher the molecular determinants of 

client binding and the diversity of sHSP sequestration mechanisms. Future efforts to 

explore sHSP/client complexation in the cellular context may yield insight for targeting the 

co-aggregation pathway in sHSP-related diseases (i.e., cataract, Alzheimer’s disease, 

cardiac diseases, myopathies) and cancer treatment resistance87,90,270. 
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Methods 

 

Construction of expression plasmids 

The gene sequence of wildtype mjHSP16.5 (GENID: 1451140) was codon-optimized for 

bacterial expression and encoded into a pET23a(+) expression vector and sequences 

encoding variants within the N-terminal domain of mjHSP16.5: F15A (mj-1x), F15/18/19A 

(mj-3x), F2/5/11/15/18/19 (mj-6x), deletion of residues 1-32 (mj-D32, introduces Met1 at 

position 32), and deletion of residues 1-20 (mj-D20, introduces Met1 at position 20) were 

encoded into the pET21a(+) vector (Genscript). Protein expression constructs used in this 

study did not contain solubility or purification tags. Full plasmid sequencing 

(Plasmidsaurus, Eugene, OR) confirmed the correct gene sequence, insertion site, and 

placement of mutations/truncations. 

 

Expression and purification of mjHSP16.5 wildtype and variants 

Wildtype (mj-wt) and variant constructs (mj-1x, mj-3x, mj-6x, mj-D32, and mj-D20) of 

mjHSP16.5 were expressed in bacteria and purified using the same protocols (modified 

from Quinlan, at al.271). Briefly, E. coli BL21(DE3) was used as an expression host for all 

constructs and the growth media (LB) was supplemented with ampicillin (0.5 mM). Cells 

were grown at 37° C to an optical density (A.U. at 600 nm) of 0.6 – 1.0 and expression 

was induced with 1 mM isopropyl 𝛽-D-1-thiogalactosidase (IPTG). Cells were harvested 

by centrifugation (4,000 r.c.f for 15 min at 4° C) after 3-4 hours post-induction at 37° C. 

Pelleted cells were resuspended in 20 mM Tris-HCl (pH 8.0), aliquoted, and frozen at -80° 

C for further use. 
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For purification of each protein construct, cell suspensions were thawed and 

supplemented with 1,4-dithioreitol (DTT, 0.5 mM final concentration) and 

phenylmethylsulfonyl fluoride (PMSF, 0.1 mM final concentration), lysed by sonication on 

ice (70% amplitude, 6 rounds of 30s on/off), supplemented with additional PMSF (0.2 mM 

final concentration), and cellular debris cleared by ultracentrifugation at 165,000 r.c.f for 

30 minutes at 4° C. The supernatant was supplemented with NaCl (1M final concentration) 

and 20 mM Tris-HCl (pH 8.0) and incubated in an 80° C water bath for 30 minutes (V = 20 

mL). The heated lysate was recovered on ice for 5 minutes and denatured protein was 

pelleted by ultracentrifugation at 165,000 r.c.f for 30 minutes at 4° C. The supernatant was 

collected, DNase I (~400 units, Thermo Scientific) was added and incubated for 30 

minutes on ice before being filter at 0.22 µm prior to chromatography. The clarified lysate 

was applied to a gel filtration chromatography column (S300 resin; Pharmacia) 

equilibrated with 20 mM Tris-HCl (pH 8.0), 1 mM EDTA and 0.5 mM DTT. Fractions from 

gel filtration were assessed via SDS-PAGE and fractions containing mjHSP16.5 (wildtype 

or mutants) were pooled and supplemented with DTT (0.5 mM final concentration). The 

pooled fractions were loaded onto a MonoQ anion exchange column (GE Healthcare) 

equilibrated with buffer A (20 mM Tris-HCl (pH 8.0), 0.16 mM EDTA, and 1 mM EGTA) and 

eluted with a NaCl gradient (buffer A with 1 M NaCl). Eluted fractions containing the target 

mjHSP16.5 construct were pooled, concentrated to a volume of ~2 mL with a 100,000 kDa 

cutoff spin concentrator (Vivaspin), and loaded onto a Superose 6 size-exclusion 

chromatography (SEC) column equilibrated with 20 mM HEPES (pH 7.4), 2 mM EDTA, 2 

mM EGTA, and 100 mM NaCl. Fractions containing purified mjHSP16.5 constructs were 

pooled, aliquoted and either flash frozen in liquid nitrogen and stored at -80° C for later 

use or incubated at 37° C (wildtype) or 4° C (mutants) for immediate use. Nucleic acid 

contamination was assessed by monitoring UV absorbance ratio of 280/260 nm with all 

purified protein having ratios >1.5, indicating minimal co-purification of nucleic acids. The 
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concentration of purified protein was determined by UV absorbance at 280 nm using the 

extinction coefficient 8,257 M-1cm-1 143. The variants mj-D20 and mj-D32 resulted in 

insoluble protein and was not purified for downstream analyses. 

 

Aggregation assays of reduced lysozyme at 37° C 

All aggregation assays were performed in reaction buffer containing 20 mM HEPES (pH 

7.4), 2 mM EDTA, 2 mM EGTA, and 100 mM NaCl. Aggregation of hen egg-white lysozyme 

(Fisher, MS grade) was induced with the addition of 2 mM tris(2-carboxyethyl)phosphine 

(TCEP) at 37° C. Lysozyme (10 µM) aggregation by TCEP was monitored in the presence 

of 120 µM (12:1 ratio) and 20 µM (2:1 ratio)) or absence of mj-wt. Chaperone/client 

mixtures were allowed to equilibrate at 37° C for 15 minutes prior to the addition of TCEP 

(2 mM final concentration). Turbidity measurements were monitored by absorption at 360 

nm, collected in 384-well plates (Nucleon, flat black, clear bottom) on a Tecan Infinite M 

NANO+ for 2 hours at 37° C.  

 

Heat induced aggregation and binding assays with lysozyme at 75° C 

Dynamic light scattering (DLS) measurements were performed in an Aurora 384 well plate 

on a Wyatt DynaPro plate reader III (Wyatt Technology, Santa Barabara, USA) operating 

with an 830 nm laser and 150° DLS detector angle. All measurements were acquired with 

five reads and 10s acquisition time in the Dynamics software v7.10.1 (Wyatt). To determine 

the aggregation temperature of lysozyme, the hydrodynamic radius in solution was 

monitored using DLS while ramping temperature from 25° to 85° C at 0.91° C/min (n = 3). 

Due to the small size of lysozyme (~2 nm radius) the working concentration of 10 µM was 

not detectable and 100 µM was used to determine the aggregation temperature. Likewise, 

lysozyme at 50 and 100 µM was monitored by DLS at a constant 75° C for 2 hours to show 

no immediate (<1 hour) aggregation at these temperatures. For binding assays, lysozyme 
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(10 µM) was incubated in the presence and absence of mjHSP16.5 wildtype, mj-1x, and 

mj-3x at 120 µM (12:1 ratio) and 20 µM (2:1 ratio) at 75° C for 2 hours in 20 mM HEPES 

(pH 7.4), 2 mM EDTA, 2 mM EGTA, and 100 mM NaCl. Prior to incubation at 75° C the 

mixed samples were incubated at 25° C for 30 minutes. Additionally, samples of 

mjHSP16.5 were measured by DLS in the absence of lysozyme at 25° C (mj-6x), or 37° 

C, 75° C, or through a temperature ramp from 25 – 85° C at a rate of 0.49° C min-1 (mj-wt, 

mj-1x, mj-3x: 120 µM, n=3). The aggregation temperature of mj-6x was determined using 

a heat ramp of 0.3 °C/min from 25-85°C. Replicates of DLS readings were pooled for 

downstream analyses (SEC/SDS-PAGE, NS-EM, Cryo-EM). The average ± sem was 

calculated for the hydrodynamic radius of combined replicates across trials for each 

sample. Statistical significance was assessed by completing a F-test for variability 

followed by a Student’s T-test (equal/unequal variance depending on F-test results). 

 

Size-exclusion chromatography  

Following binding assays performed at 75° C, pooled DLS replicates of wt/1x/3x-apo, 

wt/1x/3x-2:1, and wt/1x/3x-12:1) were loaded (125 µL injection) onto a Superose 6 SEC 

column equilibrated with 20 mM HEPES (pH 7.4), 2 mM EDTA, 2 mM EGTA, and 100 mM 

NaCl. Elution peaks were monitored by SDS-PAGE (17.5% acrylamide) and protein bands 

were visualized by silver staining. 

 

Negative stain EM and single-particle morphology analysis 

Purified apo-state mjHSP16.5 was incubated at 37° C for approximately 16 hr and diluted 

to ~3 µM in dilution buffer containing 20 mM HEPES (pH 7.4), 100 mM NaCl, 2 mM EDTA, 

and 2 mM EGTA. Chaperone assay reaction products of mj-wt, mj-1x, and mj-3x in the 

absence (apo) and presence of lysozyme (12:1 and 2:1 chaperone:client ratios) prepared 

at 75° C were recovered on ice and diluted to ~ 3 µM (mjHSP16.5 concentration) with 
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dilution buffer. Carbon coated 400 mesh copper EM grid (Ted Pella) were glow discharged 

at 15 mA for 1 min prior to sample application. For each sample 3 µL of sample was applied 

to the grid and excess protein/buffer was blotted with filter paper, washed twice with 

ultrapure water, stained with freshly prepared (0.75% wt vol-1) uranyl formate (SPI-Chem), 

blotted with filter paper, and dried with laminar air flow. Grids of chaperone reactions were 

set within 30 minutes following ice recovery (to quench subunit exchange dynamics) 

following complex formation at 75° C. Negatively stained specimens were imaged on a 

120 kV TEM (Tecnai T12, FEI) equipped with either a 2K x 2K CCD camera (Eagle, FEI) 

at a nominal magnification of 49,000 and a calibrated pixel size of 4.414 Å pixel-1 (mj-wt 

apo, 12:1, 2:1) or an AMT camera (model XR16) using the AMT Image Capture Engine 

(v602.591j) at a nominal magnification of 30,000 with a calibrated pixel size of 3.991 Å 

pixel-1. Micrographs were collected with a defocus range from 1.5 – 2.2 µm.  

 

Single-particle morphology analysis was performed as previously described118. Briefly, 

unprocessed micrographs were imported into FIJI230 and the scale was set based on the 

calibrated pixel size of the micrograph. Micrographs were filtered using the fast-Fourier 

transform based bandpass filter with default settings (filter large structures at 40 pixels, 

filter small structures at 3 pixels, 5% tolerance, auto scale after filtering, saturate image 

when autoscaling) followed by a maximum filter (radius of 2 pixels) and background 

subtraction (rolling ball radius of 25-50 pixels). The filtered and background subtracted 

micrographs were binarized (dark background) and segmentation was optimized using the 

Remove Outliers tool and erosion/dilation of binary segments tools. Processed 

micrographs were compared to the raw micrograph during optimization of binary 

segments. The Analyze Particles tool was used for automated determination of Feret 

diameter of each segment within a minimum particle area of 50 nm2. Feret diameters are 
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presented as raincloud plots generated in R Studio (v4.0.5). Statistical analysis was done 

in Excel (average ± sem) and Scipy251 (Kolmogorov-Smirnov test). 

 

Cryo-electron microscopy data collection 

Prior to vitrification, samples were incubated for >16 hr at 37° C (apo-37C) or for 2 hours 

at 75° C (reaction products from DLS experiments) in the absence and presence of 

lysozyme (apo-75C and mj:lyso-75C at a 12:1 ratio). 3 µL of each sample (~1 mg/mL) was 

applied to a freshly glow discharged (15mA, 1 min) holey carbon copper grid (apo-37C: 

Cflat (EMS) R1.2/1.3, apo-75C and mj:lyso-75C samples: Quantifoil R2/1, 400 mesh). 

Grids were blotted (1 – 1.5 s) at room temperature and 90% humidity and plunge froze 

into liquid ethane on a Vitrobot Mark IV (FEI, Thermo Fisher Scientific). Image datasets 

were collected at the Pacific Northwest Cryo-EM Center (NIH, Portland, OR) on a 300 kV 

Titan Krios equipped with a K3 detector (Gatan) using SerialEM272. Movies were collected 

in super-resolution mode at a calibrated physical/super-resolution pixel size of 0.788/0.394 

Å pixel-1 (apo-37C sample), 1.0125/0.50625 Å pixel-1 (apo-75C sample), and 

1.0655/0.53275 Å pixel-1 (mj:lyso-75C) with a total dose rate of ~40 e— Å-2 over 70 frames 

for the apo-37C sample and ~50 e— Å-2 over 50 frames for apo-75C and mj:lyso-75C. 

Movies were collected over a defocus range of 1.0 – 2.5 µm. The apo-75C and mj:lyso-

75C samples were collected using a GIF energy filter (Gatan) with a 10 eV slit width.  

 

Cryo-EM image processing of apo-state mjHSP16.5 (37° C) 

All steps of Cryo-EM image processing were performed in CryoSPARC v3.3.1273. A dataset 

of 16,214 micrographs for mjHSP16.5 (apo-37C) was preprocessed with Patch Motion 

Correction (micrographs binned 2x, 0.788 Å pixel-1) and Patch CTF estimation. Low quality 

micrographs were removed based on CTF resolution fit, A subset of 100 micrographs was 

subjected to blob picking (120-160 Å diameter) to yield a particle set of ~3.4 million 
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particles extracted with binning (2.46 Å pixel-1). Noisy particles and low occupancy classes 

were removed by 2D classification to give a set of 1,170,772 M particles used for multi-

class ab initio model generation with 4 classes and maximum resolution of 6 Å. Multi-class 

ab initio generation yielded 2 good classes (1,060,133 M total particles) corresponding to 

24-mer caged assemblies with slightly different diameters. Further rounds of 2D  yielded 

968,458 particles that were again subjected multi-class ab initio reconstruction (3 classes), 

yielding two distinct classes of 24meric cages with 441,253 particles in class 1 (expanded 

state) and 421,283 particles in class 2 (contracted state). A consensus refinement of re-

extracted particles (1.05 Å pixel-1) of the combined classes (862,436 particles) without 

symmetry (C1) yielded a consensus reconstruction at 2.99 Å resolution. 2D classification 

and heterogeneous refinement (C1, 6 classes) and removal of low occupancy classes 

yielded 630,757 particles which refined with octahedral (O) symmetry to 2.44 Å. 

 

A C1 consensus refinement of the 630,757 particle stack was used as input for 3D 

Variability analysis with 3 orthogonal principal modes and a filter resolution of 5 Å274. 

Additionally, this particle set was expanded with octahedral (O) symmetry (15,136,968 

expanded particles) and used for 3D Variability analysis with 3 orthogonal principal modes 

and a filter resolution of 5 Å. These particles were subjected to heterogeneous refinement 

with four classes which gave two high occupancy classes at ~2.7 Å resolution (expanded 

state: 257,168 particles; contracted state: 205,181 particles). Separate cleanup of the two 

particle sets was done by 2D classification yielding final non-uniform refinements (O 

symmetry) of 2.35 Å for the expanded state (256,929 particles) and 2.50 Å for the 

contracted state (186,720 particles).  

 

Cryo-EM image processing of apo-state mjHSP16.5 (75° C) 
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All steps of Cryo-EM image processing were performed in CryoSPARC 4.4.1273. The full 

dataset of 6,460 micrographs for mjHSP16.5 apo-75C was preprocessed with Patch 

Motion Correction (micrographs binned by 2x, 1.0125 Å pixel-1) and Patch CTF estimation. 

The resulting micrographs were culled based on CTF estimation resolution, relative ice 

thickness, and average intensity to yield 6,186 micrographs carried forward for particle 

picking. Blob particle picking on the full micrograph stack generated ~2.4 million picks that 

were extracted at 2.373 Å pixel-1 and cleaned up by two rounds of 2D classification to yield 

185,806 particles for further analysis. Results from multi-class ab initio generation (4 

classes) were input into a heterogeneous refinement (C1 symmetry, 4 classes) which 

yielded two cage-like maps at 5.69 Å (54,739 particles, set 1) and 4.92 Å (99,715 particles, 

set 2) resolution. Particles from these two classes were combined and re-extracted at 

1.187 Å pixel-1 and the pooled particle set (153,807 particles) were reconstructed with O 

symmetry to 2.86 Å. Results from a C1 consensus non-uniform refinement were input into 

a 3D Variability analysis with three orthogonal principal modes and a filter resolution of 5 

Å274.  

 

Cryo-EM image processing of mjHSP16.5/lysozyme complexes (12:1 ratio) 

All steps of Cryo-EM image processing were performed in CryoSPARC v4.2.1-4.4.1273. 

The full dataset of 13,276 movies for mj:lyso-75C was preprocessed with Patch Motion 

correction (micrographs binned by 2x, 1.0655 Å pixel-1) and Patch CTF estimation. The 

micrographs were culled based on CTF estimation resolution, relative ice thickness, and 

average intensity to yield 12,704 micrographs carried forward for particle picking. Blob 

picking (120 – 220 Å diameter) on a subset of 500 micrographs to yield 197,163 particles. 

Particles were extracted at 2.5 Å pixel-1, submitted to 2D classification, and the resulting 

good classes were used as 2D templates for particle picking. Inspection of template-based 

picks resulted in 8,446,808 particles that were subjected to two rounds of 2D classification 
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to yield 3,055,664 good particles which were then extracted at 3.33 Å pixel-1. This particle 

set was used as input for a multi-class ab initio job (8 classes, initial resolution 80 Å). The 

resulting eight ab initio models along with the full good particle stack were input into a 

heterogeneous refinement job which gave six good classes (2,826,578 total particles) and 

two noisy classes. A second round of heterogeneous refinement was performed using the 

six good maps/particles and the two noisy maps (to assist removing noisy particles) which 

generated four good classes identified as a 24mer (985,163 particles), 26mer (450,391 

particles), 32mer (653,689 particles), and a 36mer oligomeric states (242,970 particles) 

that were used for further analysis.  

 The initial particle set pertaining to the 24mer oligomeric state (985,163 particles) 

was cleaned up by 2D classification to produce a particle set of 960,040 that was extracted 

at 1.25 Å pixel-1 and input into 3D Variability analysis with three orthogonal principal modes 

and filter resolution of 5 Å274. Intermediate mode analysis of the first component was done 

with five intermediate maps and particles were used as inputs for heterogeneous 

refinement which produced two classes below 4 Å resolution. These two classes were 

pooled and refined (non-uniform refinement) without applied symmetry to 2.60 Å 

resolution. 

 The particle set associated with the 26mer oligomeric state class (450,391 

particles) was extracted at ~1.2x binning (1.25 Å pixel-1) followed by global CTF refinement 

and non-uniform refinement without symmetry (C1) to 3.65 Å. 3D variability analysis was 

performed with three orthogonal principal modes and intermediates analysis of the three 

components generated five intermediates states that refined to ~4 – 8.5 Å resolution 

without imposed symmetry (C1).  

The 32mer oligomeric state particle set (653,689 particles) was extracted at 1.25 

Å pixel-1 and cleaned up by 2D classification to give 645,384 particles that refined without 

applied symmetry to 4.80 Å resolution. 3D variability analysis was performed with three 
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orthogonal principal modes at a filter resolution of 5 Å, followed by intermediates analysis 

to generate five intermediates states that were used as input for heterogeneous 

refinement274. Heterogeneous refinement produced two classes below 7 Å resolution that 

corresponded to a 32mer state (244,887) and a 34mer state (202,648) that refined (non-

uniform refinement) without symmetry (C1) to 4.37 Å and 4.79 Å, respectively. The 34mer 

particles went through global CTF refinement and a final non-uniform refinement (C1) to 

yield a 4.71 Å final map. 

 The 3x binned particle set for the 36-subunit cage class (242,970) was refined with 

(D3) and without (C1) symmetry and the resulting maps were used as input for a 

heterogeneous refinement (C1) with two classes (40 Å initial lowpass filter) and generated 

one class displaying D3 symmetric features at 8.27 Å resolution with 111,271 particles. 

Low quality particles were removed by 2D classification resulting in 85,180 particles that 

refined to 4.50 Å resolution with D3 symmetry. This particle set was expanded with D3 

symmetry to yield 511,080 particles that were subjected to local refinement (C1) resulting 

in a 4.30 Å reconstruction. Output from local refinement was used as input for 3D 

Variability with three orthogonal principal modes and a filter resolution of 5 Å274. 

Intermediate mode analysis (five intermediates) of the principal components resulted in 

five intermediate maps with corresponding particle sets that where input for 3D 

classification without alignment (5 classes). A highly populated class containing 144,177 

particles was used for local refinement (C1) resulting in a final reconstruction of the 36-

subunit cage structure at 4.01 Å resolution. A reconstruction without symmetry (C1) of the 

expanded particles was refined to 6.39 Å and used for local resolution analysis. Local 

resolution estimation of the final refined maps of each oligomeric state was performed in 

CryoSPARC using default parameters and resolution-based coloring of each map was 

done in ChimeraX (v1.7)250,275,276.  
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Atomic Modeling and Validation 

Atomic model building into the mjHSP16.5 apo-state (37° C) in both contracted and 

expanded states was initiated using a dimer model from the previously published crystal 

structure of mjHSP16.5 (PDB ID: 1SHS138). Final maps (O symmetric) corresponding to 

the contracted and expanded cages were sharpened using Phenix AutoSharpen277. 

Dimers were initially fit as rigid bodies into each map using in ChimeraX to produce a 

24meric model and model refinement was done using phenix real space refinement with 

secondary structure and NCS restraints278. Atomic model building of NTD residues 11-32 

for the contracted and expanded states were built in COOT as a polyalanine chain, refined, 

and side chains added before further refinement and side chain adjustment. Iterative 

manual and automatic model refinement was done in COOT and Phenix (real space 

refinement) using secondary structure and NCS restraints.  

The final 24mer map (C1) from the mjHSP16.5/lysozyme (75°C) dataset was 

sharpened using Phenix AutoSharpen and model building was initiated by rigidly fitting the 

expanded model from the apo-37C dataset with deletion of residues 11-26277,278. Real-

space refinement was performed in Phenix using reference model and secondary 

structure restraints. The final 24mer model contained residues 27-147.  All subsequent 

model building was initiated using a dimer model from the 24mer rigidly fit into the final 

26mer, 32mer, 34mer, and 36mer maps. For each oligomeric state various deletions of 

NTD and CTD residues of the monomers were done to agree with resolved map density 

and iterative manual remodeling of CTDs to fit the map density was performed in COOT 

and ISOLDE along with real-space refinement in Phenix278–280. Model building of the 

26mer state rigidly fit 13 dimers into the unsharpened 26mer map with truncations yielding 

22 chains with residues 34-147 and 4 chains with residues 34-139. Sixteen dimers were 

refined in the sharpened (Phenix local anisotropic sharpening) 32mer map, resulting in 31 

chains with residues 31-147 and one chain with residues 35-143. For the 34mer state 17 
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dimers refined into a Phenix auto-sharpened map, resulting in 33 chains covering residues 

33-147 and one chain with residues 35-143. The 36mer state model was built with 18 

refined dimers fit into a Phenix AutoSharpened map with 36 chains covering residues 31-

147. For all models, validation of model refinement and map-to-model fit was done using 

Phenix validation and the PDB validation server277. 

 For visualization of unmodeled density, final maps were low-pass filtered at 7 Å 

resolution and density corresponding to the atomic models of each state were generated 

using the molmap (7 Å) function in ChimeraX v1.17.1250,275,276. Density corresponding to 

the 7 Å molmaps were subtracted from the respective 7 Å low-pass filtered Cryo-EM maps 

to generate a subtracted map containing the unmodeled internal density. C𝛼 RMSD 

calculations were generated in ChimeraX using only chains with full CTDs (through 

residue 147) resulting in 24 chains for the 24mer, 22 chains for the 26mer, 31 chains for 

the 32mer, 33 chains for the 34mer, and 36 chains for the 36mer. Coloring based on RMSD 

and local resolution was done in ChimeraX with the color by attributes and surface color 

utilities, respectively. Buried surface areas for the ACD-dimer interface, inter-dimer 

interface, and the canonical CTD/ACD-groove interface were calculated using the 

Interfaces function in ChimeraX with default settings except areaCutoff set to 100 Å2. For 

visualization, modelling of NTD residues 1-10 was (Fig 2c) was done by extension of 

residues distally from residue 11 of the contracted model and subsequent addition of side 

chains in COOT279.  Measurement of the internal volume density (at ~2𝜎) was performed 

in ChimeraX (v1.7) by subtracting cage density using molmaps generated at 7 Å and the 

volume subtraction tool.
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Supplementary Figures 

 

Supplementary Fig. 1: Purified mjHSP16.5 constructs used in this study. (a) Size-exclusion 
chromatography traces for apo-states of mjHSP16.5 wildtype (mj-wt) and NTD variants (mj-1x, mj-
3x, and mj-6x) (b) SDS-PAGE visualized by silver staining of purified mj-wt, mj-1x, mj-3x, and mj-
6x (c) Negative-stain electron microscopy (NS-EM) of apo-state mjHSP16.5 after heating at 37° C 
(~16 hours) and 75° C (2 hours) (d) NS-EM of apo-state mj-1x and mj-3x (75° C)  and mj-6x (25° 
C) (e) NS-EM of mj-6x at two dilutions displaying the dilution of background fibers (~2 nm wide) 
that were prevalent in this sample. (f) Temperature ramp from 25-85° C for mj-1x, mj-3x, and mj-6x 
and corresponding hydrodynamic radius showing mj-6x aggregation around 55-60° C. 
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Supplementary Fig. 2: Single-particle Cryo-EM processing workflows for the mjHSP16.5 
apo-37 and apo-75 datasets. Overview of preprocessing, 2D/3D classification, ab initio model 
generation, 3D refinement, and 3D variability analysis steps. Particle count numbers, pixel sizes, 
symmetries, and resolutions are noted were appropriate. 
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Supplementary Fig. 3: Resolution assessment and 3D variability analysis of the apo-37 
Cryo-EM dataset (a) Representative 2D classes showing multiple views of the canonical 24mer 
caged assembly (b,c) Fourier Shell Correlation (FSC) plots of the contracted and expanded states 
displaying the CryoSPARC generated FSC plot of the corrected map (red), and the unmasked map 
to model FSC (light blue) and masked map to model FSC (dark blue) generated by Phenix. (d) 
Intermediate reconstructions for the stretching and expansion principal component modes 
identified from 3D variability analysis in CryoSPARC, shown along 4-fold axis (top) and internal 
slice view (bottom) (e) Principal component modes from 3D variability analysis with and without 
symmetry expansion of the consensus particle set, displayed as heat maps of density variability 
across each mode (f,g) Segmented views of the model-to-map fit for the contracted and expanded 
atomic models. (h) Interaction of Phe19 and Met28 (shown as space-filling model) between dimeric 
protomers (A and B). 
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Supplementary Fig. 4: Resolution assessment and 3D variability analysis of the apo-75 
Cryo-EM dataset. (a) Representative 2D classes showing multiple views of the canonical 24mer 
caged assembly. (b) Consensus 3D reconstruction of apo-75 with octahedral (O) symmetry 
imposed, shown from canonical 3-fold axis of the 24mer (left) and slice view displaying internal 
density (right) showing helical density from the NTD protruding toward the center of the cage. (c) 
Fourier shell correlation plot of apo-75 reconstruction show in (b) generated by CryoSPARC (d) 
Principal component modes from 3D variability analysis displayed as heat maps of density 
variability across each mode. (e) Atomic model for residues 11-147 fit into sharpened Cryo-EM 
density map. (f) Intra- (Phe11-Ala20) and Inter- (Met14-Met14) protomer measurements of NTD 
helix 𝛼1. (g) Left Map and model showing putative competition between Phe18 and Phe19 with 
Met28 between dimeric protomer chains (A and B). Right Map without model showing weak density 
at base of NTD helix 𝛼1. 
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Supplementary Fig. 5: Chaperone-client binding assays for mjHSP16.5 wildtype (mj-wt) and 
NTD variants (mj-1x: F15A; mj-3x: F15/18/19A). (a) Overlay of turbidity traces at 37° C for ratios 
of mj-wt to lysozyme (12:1, 6:1, 2:1, and 1:1), mj-wt alone (light blue), and lysozyme alone (gray). 
For these conditions, lysozyme unfolding was initiated with reducing conditions. (b) Bulk 
hydrodynamic radius of lysozyme, under non-reducing conditions, measured from 25° C to 85° C 
by dynamic light scattering showing aggregation occurring at temperatures above ~80° C. Trace 
shows average and s.d. of n=3 replicates. (c) Histograms showing binned hydrodynamic radii (1-
10 nm, 10-100 nm, 100-300 nm, and 300+ nm bins) and associated percent mass for mj-wt, mj-1x, 
and mj-3x in the presence and absence of lysozyme, under non-reducing conditions, after 
incubation at 75° C for two hours (d-f) Size-exclusion chromatography (SEC) traces for mj-wt (d), 
mj-1x (e), and mj-3x (f) with lysozyme (12:1 and 2:1 chaperone:client ratios) and in the apo-state 
after incubation at 75° C for two hours (h-j) SDS-PAGE analysis of fractions collected from SEC 
runs of mj-wt, mj-1x, and m-3x with lysozyme (12:1 and 2:1 ratios), respectively. Protein bands 
corresponding the mjHSP16.5 (mj) and lysozyme (lys) indicated. 
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Supplementary Fig. 6: Single-particle Cryo-EM processing workflow for the 
mjHSP16.5/lysozyme dataset. Overview of preprocessing, 2D/3D classification, ab initio model 
generation, 3D refinement, and 3D variability analysis steps. Particle count numbers, pixel sizes, 
symmetries, and resolutions are noted were appropriate. Outlined boxes are color coded to 
match ab initio models and corresponding downstream processing for each oligomeric state. 
Final maps used for model building are noted 
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Supplementary Fig. 7: Resolution assessment and non-canonical ACD/CTD interactions 
obtained from mjHSP16.5/lysozyme Cryo-EM dataset. (a) Representative 2D classes of each 
resolved oligomeric state (24, 26, 32, 34 and 36mers) (b) Fourier Shell Correlation (FSC) plots of 
each oligomeric state (24, 26, 32, 34 and 36mers) displaying the CryoSPARC generated FSC plot 
of the corrected map (red), and unmasked map to model FSC generated (light blue) and masked 
map to model FSC (dark blue) generated by Phenix. (c) Non-canonical interactions of the C-
terminal domain (CTD, red) and IXI-motif (yellow) from mjHSP16.5/lysozyme complexes showing 
association with the 𝛼-crystallin domain (ACD, blue) depicting inward orientation (left); and 
diffuse/variable interactions (right). Models are depicted in cartoon form and fit into the Cryo-EM 
density maps (semi-transparent). Diffuse/variable interactions are shown with fit into both low 
threshold (yellow) and high threshold (gray) map densities due to resolution variation in this region. 
 
 



 

 117 

Supplementary Table 1  
 
 

 
 
 
Single-particle analysis from the NS-EM datasets (Area and Fere diameter) and DLS 
(hydrodynamic radius and corresponding percent mass) measurements of mjHSP16.5 wildtype 
and NTD variants obtained in the presence and absence of client lysozyme. NS-EM grids were 
prepared following two hour incubation at 75° C. The exception is for 6x-apo which was done at 
25° C due to reduced thermal stability and measurements obtained by hand (n=100). 
Measurements are presented as average ± s.e.m. 
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Supplementary Table 2  
 
 

 
 
Summary of single-particle Cryo-EM data collection, processing, model building, and validation 
for maps and models. 
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Chapter 4: Endless Forms Most Beautiful: Determining structural mechanisms of 

small heat shock protein polydispersity and client sequestration 

 

A central theme in biology is that structure determines function. Small heat shock proteins 

(sHSPs) are a class of molecular chaperones which play out this structure/function 

relationship as molecular transformers capable of adopting diverse morphologies in 

response to various functional and physiological demands. Utilizing an ATP-independent 

“holdase” function, sHSPs prevent irreversible protein aggregation events potentiated by 

conditions of cellular stress (e.g., heat, pH change, oxidation)5,8–13. The ubiquitous 

importance of this function is highlighted by the fact that sHSPs are expressed across all 

domains of life – sharing a conserved domain organization consisting of a central 𝛼-

crystallin domain (ACD) surrounded by relatively disordered N-terminal (NTD) and C-

terminal (CTD) domains that facilitate diverse oligomerization states1,134. Humans encode 

ten sHSPs with quaternary structure ranging from dimers (HSPB6) and tetramers 

(HSPB2/3) to polydisperse ensembles of 12 – 48mers (HSPB1, 𝛼-crystallins)41. Moreover, 

mutation and dysregulation of human sHSPs that impact their structure/oligomerization 

state is associated with multiple diseases, specifically aggregation diseases 

(aggregopathies) such as Alzheimer’s disease, Parkinson’s disease, and cataract 

(discussed further in Chapter 1 of  this dissertation)77,270. Many of these disease states are 

associated with older age – making sHSPs important disease-related subjects as the aged 

population rises with increases in life expectancy of the world’s population. 

This dissertation set out to define structural mechanisms driving sHSP “holdase” 

function in the prevention of irreversible protein aggregation events. For decades, sHSPs 

have provided unique challenges to structural biologists through their diverse and dynamic 

structures, limiting a detailed understanding of how they engage with destabilized proteins 

(clients) while maintaining their own structural integrity during stress events. Early gel 
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filtration and electron microscopy (EM) studies of the vertebrate 𝛼L-crystallin (𝛼A- and 𝛼B-

crystallin hetero-oligomers) sHSPs isolated from bovine lenses provided early indications 

of the heterogenous morphologies adopted by these sHSPs76. Later on, EM three-

dimensional (3D) reconstruction studies of 𝛼-crystallin by Horwitz, et al in 1998 depicted 

a caged-like assembly, interpreted as a 32mer, appearing as a hollow sphere of ~11 nm 

in diameter resolved to ~40 Å resolution212. Despite advances in CryoEM since these 

seminal studies, 3D reconstructions of 𝛼A- and 𝛼B-crystallin have been limited to low-

resolution pseudo-atomic models, limited by the high-degree of underlying structural 

heterogeneity and polydispersity of these proteins158,160. The heterogeneity of 𝛼-

crystallins, and other sHSPs, further increases upon client binding, where sHSP/client 

complexes can reach >100 nm in diameter and produce hundreds of complexes with 

varying chaperone:client stoichiometries32,118,184,186,224. 

Chapter 2 of this dissertation describes work characterizing a conserved  mechanism 

of quasi-ordered expansion and elongation of 𝛼-crystallins with the clients lysozyme and 

insulin118. To overcome difficulties in quantitively characterizing the high-degree of 

structural heterogeneity displayed by these sHSP/client complexes, I developed a single-

particle size measurement approach to analyze thousands of individual sHSP and 

sHSP/client particles directly from negative stain EM micrographs. Together with other 

solution-state biophysical techniques (size-exclusion chromatography and dynamic light 

scattering) I showed how recombinantly expressed 𝛼A-crystallin and 𝛼B-crystallin can 

sequester increasing amounts of unfolding client proteins by forming highly elongated 

particles (~15 nm wide and up to 125 nm long). This elongation mechanism appeared to 

persist, up to a point before an amorphous collapse of the elongated particles occurred at 

under saturating conditions of clientele. This mechanism of client sequestration was also 

observed for native 𝛼L-crystallin (hetero-oligomer of 𝛼A- and 𝛼B-crystallin) isolated from 
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sheep lenses with the client lysozyme, showing mechanistic conservation of the native 

hetero-oligomeric sHSP. Through development of a new single-particle analysis approach 

this work provided a quantitative description of how 𝛼-crystallins morphologically adapt to 

unfolded client, describing mechanisms of quasi-ordered client-induced co-aggregation 

utilized by the lens chaperone system to prevent aggregation.    

An overarching theme of this dissertation is the use of single-particle EM methods to 

characterize heterogeneous sHSP structures. Advances in cryoelectron microscopy 

(CryoEM) over the past decade, as well as NIH supported national CryoEM facilities, have 

provided structural biologists with an incredible tool to analyze protein structure and 

dynamics281,282. Appendix Chapter 1 describes multiple attempts to determine high-

resolution structures of 𝛼A- and 𝛼B-crystallin homo-oligomers. Various approaches were 

taken to classify distinct oligomeric states, in attempt to define these to high-resolution, 

with both unbiased methods as well as approaches using enforced symmetry 

(tetrahedral). While the latter yielded similar results to previously proposed models of an 

𝛼B-crystallin 24mer158,256, the underlying dynamics and polydispersity of 𝛼-crystallins 

prevented all attempts at uncovering high-resolution structural details and the symmetric 

results that were obtained were deemed to likely be the result of initial model and 

symmetry biases applied during image processing (unpublished). Future attempts to 

determine the structures of 𝛼-crystallins by CryoEM may benefit from biochemical 

approaches to quench some of the underlying dynamics that have made this system 

prohibitive, such as crosslinking/fractionation techniques (GraFIX) and processing single-

particle CryoEM datasets of different fractions283.  

Structural aspects of the 𝛼-crystallins (e.g.,  domain organization, dimerization, caged-

like high-order oligomers, polydispersity, subunit exchange dynamics) are shared by 

evolutionarily distant sHSPs, including HSP26 from yeast, IbpA/B from E. coli, and 

HSP16.5 from the thermophilic archaeon Methanocaldococcus jannaschii 
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(mjHSP16.5)134. The first high-resolution structure of an oligomeric sHSP was of 

mjHSP16.5, depicting a hollow 24mer octahedrally symmetric cage, however, this 

crystallographic structure did not resolve the first 32 amino acids (the NTD), attributed to 

dynamic conformations of this region within the 24mer cage138. Indeed, many high-

resolution structures of full-length sHSPs are missing (fully or partially) the NTD – leaving 

gaps in knowledge on how this domain supports oligomerization137,155,260,284. The NTD of 

sHSPs contains two conserved regions rich in hydrophobic residues that provide structural 

dynamics and client interactions, yet how these regions impart key elements of structure 

and function has remained unclear149–152,285.  

Given the established tractability of the mjHSP16.5 system, I set out to use modern 

approaches of CryoEM to determine high-resolution structural details of the NTD to better 

understand its role in oligomerization, polydispersity, and client-induced co-aggregation 

(Chapter 3). Single-particle CryoEM of the apo-state mjHSP16.5 revealed underlying 

structural plasticity that had not been appreciated by previous crystallographic structures 

and identified both stretching and expansion modes of oligomeric dynamics while also 

resolving key portions of the NTD involved in oligomerization, including the phenylalanine 

(Phe) rich “conserved” region. This domain appears to be key to the structural plasticity of 

mjHSP16.5, as the NTD appeared to sample multiple transient hydrophobic interactions 

(pi-pi/cation-pi) within the 24mer cage cavity. Structure-guided mutagenic studies targeting 

these NTD Phe residues supported a functional role for maintaining oligomeric stability 

and complex formation with the client lysozyme. These results provide long-sought 

structural and functional details on the role of these conserved hydrophobic regions in the 

NTD. 

Having recognized the potential of this system, single-particle CryoEM was then used 

to analyze complexes of wildtype mjHSP16.5 formed with the model client lysozyme, 

under equilibrium-state conditions of temperature-induced client destabilization. I was able 
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to resolve five complexes corresponding to a 24mer, 26mer, 32mer, 34mer, and 36mer. 

These represent the first high-resolution structures of an oligomeric sHSP bound to an 

unfolded client and uncovered multiple aspects of structural mechanics used to 

accommodate clientele. First, the resolved 24mers likely represent unbound (apo) 

oligomers and allude to a mechanism by which client sequestration retains a significant 

population of unbound chaperones, providing an available pool for prolonged or intensified 

stress events. Client sequestration is enabled through dimer/client insertion, leading to 

polarization of the sHSP cage’s stability and establishing a destabilized end primed for 

future client binding/subunit exchange events. This directional priming for future client 

binding would drive preformed sHSP/client complexes by lowering the energetic barrier to 

attain additional clients (selectively leaving a pool of apo-state oligomers). This 

mechanism of client-induced polarization leads to an elongation of the sHSP/client 

complex and likely utilizes multiple pathways in the formation of higher-order assemblies. 

This was evidenced by the unique geometry of the 36mer, suggesting this state likely 

arises from a different dimer/client insertion pathway than the 32-34mers.  

Together, the results put forward in this dissertation support a role for morphological, 

directional elongation of sHSPs as a key mechanistic principle enabling high-capacity 

sequestration of destabilized clientele. Elongated sHSP/client co-aggregated structures 

described in Chapter 2 on the 𝛼-crystallins are morphologically similar to those isolated 

from aged lenses, supporting the physiological relevance of these morphologies118. 

Mechanisms of directional elongation uncovered for 𝛼-crystallins and mjHSP16.5 with 

client may provide multiple biological benefits, including concentrating/packaging multiple 

clientele for downstream refolding by HSP70/100 systems (for efficient recovery from 

stress) and/or establishing primed “hotspots” for future binding events that could allow for 

a pool of apo-state oligomers to be retained for future stress events. Client-induced co-

aggregation of sHSPs is known to be influenced by client specific characteristics (e.g., 
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size and stability) and directional elongation may be one of multiple co-aggregation 

processes adopted by sHSPs176,224. Further investigation into the influence of varying 

client types and how the stress induced aggregation is initiated (e.g., heat, oxidation, pH) 

will help shed light on the wide spectrum of sequestration mechanisms likely present 

among sHSP/client systems.  

Expanding our understanding of the structural landscape of sHSPs will require new 

tools for characterizing heterogeneous protein samples and a strict adherence in the field 

to standardized experimental conditions in order to faithfully apply the “structure 

determines function” principle of biology. For instance, it is important to keep in mind both 

the structural sensitivities of sHSPs to experimental conditions (pH, temperature, 

concentration, buffer conditions, etc.) and the delicate interplay of multiple domains 

involved in multivalent interactions that guide oligomerization, polydispersity, and 

chaperone function. Terminal tags (for purification or fluorescence imaging) may disrupt 

these interactions with consequences on structure and function of the sHSP. The methods 

described throughout this dissertation can be used on other sHSP/client systems to 

quantitatively describe this structural landscape from nanometer (single-particles size 

analysis by EM) to sub-nanometer (single-particle CryoEM) scales of resolution. 

Additionally,  in vitro characterizations of sHSP/client complexes can be used as a 

template to assist future imagining of sHSP systems at work in situ using emerging 

techniques in cryoelectron tomography (CryoET) which could give cellular context to this 

co-aggregation process and may uncover new sHSP-assisted pathways of aggregation 

mediation and stress recovery286. 

To conclude, sHSP structure seemingly provides boundless fodder for the structural 

biologist’s mind through their display of conformational (intrinsic disorder) and 

compositional (polydispersity) heterogeneity, hetero-oligomerization, and intriguing array 

of structural states (i.e., cages, discs, fibers, arrays). Indeed, the number of sHSP 
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structures I have viewed during experiments described in this dissertation likely count in 

the tens of thousands. Continued efforts to unravel the multifaceted nature of sHSPs –  

and determine ways to target sHSPs pharmacologically –  will have profound 

consequences on aggregation-related diseases and the people effected by them. 



 

 126 

APPENDIX CHAPTER 1: Single-particle CryoEM datasets of 𝛼A- and 𝛼B-crystallin 

demonstrate high levels of oligomeric heterogeneity 

 

An initial focus of this dissertation was targeted at characterizing the structure and 

polydispersity of the 𝛼-crystallins by CryoEM. In their apo-states under non-stress 

conditions, 𝛼A- and 𝛼B-crystallin exist as an ensemble of oligomers, ranging from dimers 

to >40mers, with an average of ~26 and 28 subunits, respectively. Subunits can freely 

exchange between oligomeric states, maintaining a level of plasticity important for their 

function as molecular chaperones162,287. One of the first described models of 𝛼-crystallin 

structure comes from Augusteyn and Koretz in 1987 depicting a “protein micelle” model, 

depicting individual subunits with hydrophobic faces arranged towards to interior of the 

oligomeric “aggregates” and hydrophilic surfaces toward the exterior288. The first reported 

3D structure of an 𝛼-crystallin was in 1998 by Haley, Horwitz, and Stewart of a 40 Å 

CryoEM reconstruction of 𝛼B-crystallin that was described as a 32mer forming a hollow 

cage212. More recently, multiple models of a 24meric 𝛼B-crystallin oligomer with 

tetrahedral symmetry have been proposed117,158,211,256. These models depict similar 

arrangements of 12 dimeric units tethered by canonical ACD/CTD-IXI interactions, 

however distinct locations of the variable NTD (surface exposed or buried) have been 

proposed in these structures. Indeed, the NTD of 𝛼-crystallins has evaded structural 

characterization and is likely a consequence of intrinsic disorder and variable competing 

interactions that have been described for this domain. More recently, three CryoEM 

structures of 𝛼A-crystallin were reported, corresponding to a 12mer (9.2 Å), 16mer (9.8 

Å), and 20mer (9.0 Å) with D3, D4, and D5 symmetries, respectively, that depict hollow 

barrel-like structures made of ACD dimer units160. However, despite the imposed high-

symmetry of these reconstructions, the low resolution achieved suggest underlying 
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structural heterogeneity that likely does not conform to a definable symmetric morphology. 

Regardless, these studies showcase the difficulties in defining molecular mechanisms of 

𝛼-crystallin oligomerization and polydispersity. 

Over the past ten years the field of CryoEM has undergone profound advances in 

image acquisition hardware, data collection strategies, and image analysis algorithms that 

have enabled routine determination of protein structures under near native conditions at 

high resolution (<3.5 Å), suitable for de novo atomic modeling282,289. Additionally, CryoEM 

has been effective at resolving heterogeneous and polydisperse assemblies by 

harnessing various classification techniques4,290. At the beginning of my PhD program, I 

set out to determine high resolution structures of heterologously expressed human 𝛼B-

crystallin using modern techniques in CryoEM. Initial CryoEM datasets showed extreme 

heterogeneity in 2D classification (blurry and misaligned) and resulted in uninterpretable 

3D reconstructions where half of the particle was low-resolution density, and the other half 

was noise. Despite significant efforts to improve the quality of the sample, size of the 

image dataset, and various methods for resolving heterogeneity by image processing, the 

resolution of these maps remained low, and classification attempts were not successful at 

isolating any definable state(s) (Figure 1a,b).  

Using a published tetrahedral structure of the 24mer (PDB ID 2YGD) as an initial 

model, I was able to isolate a subset of particles (~27,000) that refined to ~6Å resolution 

with applied tetrahedral symmetry (i.e., using similar approach to previous studies) (Figure 
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1c). However, the region 

of the map corresponding 

to an ACD dimer was too 

small for a good fit. 

Overall, the results were 

deemed uninterpretable 

for pseudo-atomic 

modelling. 

A second, larger 

dataset was collected in 

hopes that more data 

would help classify and 

align the multiple 

oligomeric states known 

to be present in the 

sample. Classification in 

2D gave similar results to 

the first dataset (blurry 

and unaligned classes) (Figure 2a). Although 3D reconstruction results were somewhat 

improved compared to the first dataset with more diverse classes (Figure 2b), it was 

apparent that underlying heterogeneity and polydispersity of 𝛼B-crystallin was limiting 

image analysis, resulting in uninterpretable results. Tetrahedral symmetry was applied 

during 3D classification in hopes of isolating a sub-population of particles conforming to 

this symmetry. The resulting tetrahedral reconstructions (Figure 2c) share similar general 

Figure 1: Single-particle CryoEM analysis of 𝛼B-crystallin (dataset #1): (a) 
Representative results from 2d classification of 𝛼B-crystallin (b) Four 
representative classes from heterogeneous refinement of 𝛼B-crystallin with 90° 
rotation (c) Reconstruction of 𝛼B-crystallin with imposed tetrahedral symmetry 
viewed from 3-fold window (left), 3-fold axis (middle) and cutaway view of central 
cavity (right) 
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features to previously 

proposed 24mer 

models (3-fold windows 

and axes). However, 

these reconstructions 

remained at low-

resolution and the 

imposition of symmetry 

in attempt of “fishing 

out” a 24mer resulted in 

ambiguous and 

untrustworthy results 

that were deemed to be 

likely a result of 

overfitting and initial 

model bias291,292.  

A CryoEM dataset 

was also collected on 

heterologously 

expressed human 𝛼A-

crystallin and resulted 

in similarly heterogeneous morphologies as judged by 2D and 3D classification results 

(data not shown). As performed with the 𝛼B-crystallin data, symmetries were imposed 

similar to those described for the published low-resolution models of 𝛼A-crystallin that 

were able to generate similar barrel-shaped cages at low resolution. However, again, 

Figure 1: Single-particle CryoEM analysis of 𝛼B-crystallin (dataset #2): (a) Results 
from 2d classification of 𝛼B-crystallin (b) Twelve resulting classes from 
heterogeneous refinement of 𝛼B-crystallin (c) Reconstruction of 𝛼B-crystallin with 
imposed tetrahedral symmetry viewed from 3-fold window (left), 3-fold axis 
(middle) and cutaway view of central cavity (right) 
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these results were also interpreted as potential overfitting and likely influenced by initial 

model bias.  

For both the 𝛼A- and 𝛼B-crystallin datasets, multiple schemes of non-symmetric 3D 

classification and refinement were unable to uncover a sub-population of particles suitable 

for high-resolution characterization. For all datasets, image processing was primarily 

performed in both RELION and CryoSPARC with some analysis attempted in EMAN2 (2D 

classification) and cisTEM (2D and 3D classification)246,273,293–295. Results from EMAN and 

cisTEM are not discussed in detail, however they agree with results from RELION and 

CryoSPARC that extreme heterogeneity is a major limitation to analyzing these datasets.  

 

Some details of the image processing strategies attempted in this work are briefly 

described below: 

• 2D classification: Attempts to improve classification and alignment in 2D 

classification included varying the number of classes (50 – 300), adjusting 

alignment resolution (3 – 20 Å), and iterative sub-classification where similar sized 

classes were grouped and subsequently re-classified.  

• 3D classification/Heterogeneous refinement and multi-class ab initio generation: 

Attempts to improve results in 3D classification were similar to those for 2D 

classification (variable number of classes, resolution limit adjustment, and sub-

classification). Additional strategies included “spiking” initial classes with a 

tetrahedrally symmetric model to pull out a subset of symmetric particles (if they 

were in fact present), use of various symmetries (tetrahedral and octahedral for 

𝛼Bc; D3, D4, and D5 for 𝛼Ac), lowpass filtering of initial models (12 – 80 Å), limiting 

final resolution (4 – 20 Å), adjustment of the T value in RELION processing, and 

including a noise map as one of the initial models to remove possible junk particles 

from the data.  
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• 3D refinement: Attempts to improve 3D refinement (symmetric and non-symmetric) 

included various static and dynamic masking, filtering and resolution limitations, 

and adjustment of T value in RELION. Additionally, I attempted various signal 

subtraction and local refinement strategies on sub-regions of non-symmetric maps 

with high density regions and the “hexameric” unit of the tetrahedral 

reconstructions (𝛼Bc datasets). 

 

 Overall, the results of multiple CryoEM datasets of apo-state, unmodified 𝛼A- and 

𝛼B-crystallin were insufficient in characterizing their polydisperse structures beyond the 

fact that there exists extreme structural heterogeneity in their oligomeric ensembles. 

These results imply the possibility of a full continuum of conformational (flexibility) and 

compositional heterogeneity (polydispersity) – questioning what an 𝛼-crystallin “structure” 

actually is! 

Regardless, multiple tools exist that may improve sample homogeneity, albeit at the 

expense of functionally relevant structural dynamics. Some of these strategies are listed 

here (ordered according to increased difficulty of method) to guide future attempts at 

sample preparation of 𝛼-crystallins (and other polydisperse sHSPs) for single-particle 

 𝛼Bc dataset #1 𝛼Bc dataset #2 𝛼Ac dataset 

Voltage 200 300 300 

Electron exposure (e-/Å2) 50 50 50 

Defocus range 0.8 – 2.5 0.5 – 1.8 0.5 – 1.8 

Micrographs (No.) 1,717 3,015 10,332 

Pixel size (Å/pixel) 1.1974 1.031 0.7984 

    

Table 1: Summary of data collection for single-particle CryoEM of two 𝛼B-crystallin datasets and one 𝛼A-crystallin dataset 
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CryoEM analysis. Each of these strategies would benefit from larger datasets (5-10 million 

particles) to boost the signal of flexible and low-occupancy oligomeric states: 

o Incorporate novel image processing pipelines based on machine learning: 

Multiple approaches to separating out heterogeneous CryoEM datasets 

have been put forward in recent years (CryoDRGN, e2gmm) which may 

prove useful in classifying 𝛼-crystallin particles296–298. Some limitations may 

arise from the need of a good initial model; however some ab initio methods 

are currently available in CryoDRGN.  

o Brute force method: New schemes for collecting CryoEM data allow for fast 

acquisition and large resulting datasets. A major obstacle in CryoEM image 

analysis is overcoming the low signal to noise ratio of individual particle 

images. Collecting a sufficiently large dataset (possibly 10-20 million 

particles) could help by providing more raw data on the low-population 

states spread across the ensemble of oligomers. To overcome the large 

computational requirements needed for processing such a large dataset, 

the initial processing would need to be “chunked” into sub-groups and/or 

binned down to decrease raw image size. The early stages of classifying 

such a large dataset would benefit from binned data so the classification 

and alignment would focus on low resolution features defined by size and 

possible sub-oligomeric structures (i.e., dimers, hexamers).   

o Chemical and/or genetically encoded crosslinking: Non-specific chemical 

crosslinkers of various lengths (glutaraldehyde, BS3, NHS) may help limit 

flexibility and improve resulting image classification and alignment of 

individual oligomeric states. Moreover, novel genetically encoded 

crosslinkers utilizing non-canonical amino acids may provide similar 

improvements while maintaining native-like interactions. For instance, the 
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photoactivatable p-benzoyl-L-phenylalanine (BPA) could be encoded in 

place of phenylalanine residues in the dynamic NTD to effectively capture 

“bound” conformations of this region and limit “transition” conformations 

where the NTD is transitioning between self-binding sites299. 

o Crosslinking in combination with differential centrifugation: There are a few 

modern approaches to combining chemical crosslinking (described above) 

with centrifugation to isolate heterogeneous morphologies suitable for high-

resolution single-particle CryoEM analysis. These methods include GraFix 

and AgarFix which utilize a glycerol or agar gradient (respectively) 

centrifugation step to crosslink, separate, and isolate biomolecules283,300. 

Collecting multiple CryoEM datasets of various fractions from differential 

centrifugation could limit the amount of heterogeneity in each dataset to 

boost classification and alignment, while comparison across datasets may 

help characterize multiple oligomeric states.  

o Initial model generation from tomographic data: The same sample grid 

used for collecting single-particle CryoEM data could be used for collection 

of cryoelectron tomography (CryoET) data to reconstruct low resolution 

initial models for single-particle analysis301. New strategies in CryoET data 

processing are capable of classifying heterogeneity of biomolecules, 

however there may be limitations in doing so for the 𝛼-crystallins due to the 

size of their complexes286,293,302. Additionally, this strategy would likely 

require a large amount of CryoET data collection and processing, which is 

not a minor task.
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Methods 

Sample preparation and data collection for single-particle CryoEM of 𝛼A-crystallin 

and 𝛼B-crystallin 

Wildtype 𝛼A- and 𝛼B-crystallin were prepared as described in Chapter 2 of this 

dissertation. For CryoEM, 3 µL of sample (~1.1 mg/mL) was loaded onto freshly glow 

discharged (15 mA, 1 min) copper mesh EM grids (Quatifoil R1.2/1.3), blotted for 3 – 3.5 

s and plunge frozen into liquid ethane. The first dataset of 𝛼Bc was collected on a 200 kV 

Arctica (FEI/ThermoFisher) cryoelectron transmission microscope with a total dose of 50 

e-/Å2 for a total of 1,717 micrographs at a pixel size of 1.1974 Å/pixel. The second dataset 

of 𝛼Bc was collected on a 300 kV Titan Krios (FEI/ThermoFisher) cryoelectron 

transmission microscope with a total dose of 50 e-/Å2 for a total of 3,115 micrographs at a 

pixel size of 1.031 Å/pixel. The 𝛼Ac dataset was collected on a 300 kV Titan Krios 

cryoelectron transmission microscope with a total dose of 50 e-/Å2 for a total of 10,332 

micrographs at a pixel size of 0.7984 Å/pixel. All datasets were collected automatically 

after target picking in SerialEM272. 

 

Single-particle CryoEM image analysis of 𝛼Ac and 𝛼Bc datasets 

For each dataset (𝛼Ac dataset and 𝛼Bc datasets #1 and #2) image processing was 

primarily performed in RELION3246,273,294,295 and CryoSPARC v2,3273 (data shown in 

figures) with some 2D classification attempted and in EMAN2246 and some 2D/3D 

classification attempted in cisTEM295 (𝛼Bc dataset #1 only, data not shown). For the 

RELION workflow raw movies were aligned with motioncor2 and CTF estimation was done 

using GCTF. 2D classification, ab initio model generation, and 3D classification were done 

on binned particles (2x and 4x binning) with adjustment of the T parameter (2 – 75). For 

the CryoSPARC workflow movies were motion corrected and CTF estimation was done in 
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CryoSPARC (v2,3). All subsequent processing (2D classification, heterogeneous 

refinement, homogeneous/non-uniform refinement) was done on 2x or 4x binned particles. 

Additional processing in CryoSPARC included particle subtraction and local refinement of 

the tetrahedral particle stack (𝛼Bc dataset 2) and implementation of D3, D4, and D5 

symmetries for the 𝛼Ac dataset. Visualization of reconstructions was done in ChimeraX 

(v1.17)275. 
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SUMMARY: 

Neuronal CaMKII holoenzymes (α- and β-isoforms) enable molecular signal computation 

underlying learning and memory, but also mediate excitotoxic neuronal death. Here, we 

provide a comparative analysis of these signaling devices, using single particle EM in 

combination with biochemical and live-cell imaging studies. In the basal state, both 

isoforms assembled mainly as 12-mers (but also 14-mers, and even 16-mers for the β-

isoform). CaMKIIα and β-isoforms adopted an ensemble of extended activatable states 

(with average radius of 12.6 versus 16.8 nm, respectively), characterized by multiple 

transient intra- and inter-holoenzyme interactions associated with distinct functional 

properties. The extended state of CaMKIIβ allowed EM analysis to directly resolve intra-

holoenzyme kinase-domain dimers that could enable the cooperative activation 

mechanism by calmodulin, which was found for both isoforms. Surprisingly, high-order 

CaMKII clustering mediated by inter-holoenzyme kinase-domain dimerization was 

reduced for the β isoform for both basal and excitotoxicity-induced clusters, both in vitro 

and in neurons. 

 

Keywords: CaMKII; holoenzyme; structure; activation; autophosphorylation; clustering  
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INTRODUCTION 

The Ca2+/calmodulin(CaM)-dependent protein kinase II (CaMKII) is a major mediator of 

long-term plasticity at excitatory glutamatergic synapses in the hippocampus that is 

required for learning and memory303–305. Beyond these physiological functions, CaMKII 

also mediates the glutamate excitotoxicity that kills neurons during ischemia306–308. Both 

synaptic plasticity and excitotoxic cell death require the 12-meric CaMKII holoenzyme 

structure for at least two key regulatory functions: i) autophosphorylation at T286 

(pT286)307,309–311, which occurs between subunits within a holoenzyme312 and enables 

detection of stimulation frequency313; and ii) binding to the NMDA-type glutamate receptor 

subunit GluN2B314–316, which also requires the holoenzyme structure317,318 and mediates 

CaMKII accumulation at synapses during LTP and excitotoxic insults315,316,319. Both pT286 

and GluN2B binding require an initial stimulus by Ca2+/CaM, but then maintain partial 

“autonomous” kinase activity even after Ca2+/CaM has dissociated303,319,320. By contrast, 

the Ca2+/CaM-induced clustering of multiple holoenzymes into higher order aggregates is 

thought to restrict kinase activity321. This aggregation requires ischemia-related conditions 

(such as low pH and higher ADP than ATP concentration) and mediates the extrasynaptic 

clustering in response to excitotoxic stimuli321–324, but may contribute also to the synaptic 

accumulation in response to LTP stimuli325.  

Together, these holoenzyme functions are thought to provide essential 

mechanisms for information processing and storage303,326,327. Thus, elucidating the CaMKII 

holoenzyme structure that enables these mechanisms has been of long-standing interest, 

with the first electron microscopy (EM) studies performed over 30 years ago328,329. CaMKII 

holoenzymes are oligomeric assemblies, with each subunit containing an N-terminal 

kinase domain, followed by a variable internal linker region that connects to a C-terminal 

association (or hub) domain that is responsible for oligomerization. More recently, a high-

resolution crystal structure showed the 12-meric holoenzyme in a compact conformation, 
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with the N-terminal kinase domains folding back onto the association domain that forms a 

central hub complex330. Notably, this compact conformation is not activation-competent 

(as the CaM binding regulatory region is buried), and transition between the compact and 

an extended conformation provided a potential regulatory mechanism for cooperative 

activation by CaM. However, subsequent studies indicated that the vast majority of kinase 

domains are in the activation-competent extended conformation (>95%), both in vitro and 

in intact cells331,332, indicating that cooperativity must be mediated by a different 

mechanism.  

To gain deeper insight into the conserved structural and functional features of CaMKII 

holoenzymes, we performed a comparative single-particle EM analysis to CaMKIIβ, the 

second most prevalent isoform in neurons333–336. As we have previously described for the 

α isoform331, the association domains of the β isoform form a rigid central hub capable of 

adopting multiple stoichiometries, whereas their kinase domains where primarily extended 

away from the hub in an activation-competent and highly flexible manner (see Figure 1). 

Within the ensemble of conformational states detected by single particle analysis, our 

study revealed several intriguing similarities and differences between these isoforms, 

including formation of higher order holoenzyme clusters, which are thought to increase in 

response to ischemic or excitotoxic insults323,324. In addition, we found the first direct 

evidence for dimer formation between kinase domains of the same holoenzyme, a 

structural feature that can mediate the cooperative activation by CaM found here for both 

CaMKIIα and β isoforms. Thus, our analysis of CaMKIIβ revealed not only isoform-specific 

differences, but also generally conserved themes of CaMKII regulation that are facilitated 

by a dynamic ensemble of multiple transient interactions supported by the holoenzyme 

architecture. 

 

RESULTS  
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The dodecameric 

CaMKIIβ 

holoenzyme adopts 

an extended kinase 

radius 

We have shown 

previously that the 

CaMKIIα holoenzyme 

adopts a predominant 

dodecameric (12-

mer) assembly, with 

an extended and 

flexible activatable-

state conformation as 

visualized by 

negative stain 

electron microscopy 

(NSEM)331. This 12-

meric assembly is 

organized by a 

central and well-ordered hub domain complex, with 12 kinase domains displayed in an 

extended fashion via an intrinsically disordered flexible linker domain (Figure 1A). For 

comparative structural analysis, CaMKIIβ holoenzymes were expressed in eukaryotic cells 

(Sf9), purified by chromatographic methods and prepared for NSEM using the same 

protocols previously described for CaMKIIα. Isolated holoenzymes show no signs of 

proteolytic degradation by SDS-PAGE (Figure 1B), and CaMKIIβ specimens produced 

Figure 1: Comparative structural analysis of CaMKII holoenzymes 
resolved by single particle EM. (A) Diagram showing the major 
difference in CaMKIIα and CaMKIIβ domain architecture is within the 
length of their respective disordered linker domains. (B) SDS-PAGE gel 
showing full-length CaMKIIα and CaMKIIβ isoforms purified from Sf9 
cells migrate at the expected molecular weights and display no sign of 
proteolytic degradation. (C) Electron micrograph of negatively stained 
CaMKIIβ holoenzymes. Individual complexes are indicated by white 
circles. Scale bar = 100 nm.  
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well-resolved assemblies resembling the same “flower-like” appearance of CaMKIIα 

holoenzyme structures observed by NSEM (Figure 1C,D). A defined central ring of density 

corresponding to the hub domain (~11 nm diameter) was clearly resolved, surrounded by 

an array of smaller densities, “the petals,” corresponding to tethered kinase domains 

(diameter ~5 nm) (Figure 1C,D). However, despite an overall structural similarity, the 

peripheral kinase domains associated with CaMKIIβ holoenzymes were qualitatively more 

extended and heterogeneously configured around the hub domain, as compared to 

CaMKIIα holoenzymes. Although the disordered linker domain is not resolvable by NSEM, 

these differences are consistent with the primary divergence in amino acid sequence 

between CaMKII isoforms, where in CaMKIIβ the linker domain is ~92 residues long (as 

compared to ~31 residue linker in CaMKIIα)335,336 (Figure 1A).  

For both CaMKIIα and β, the flexible linker region facilitates the formation of a 

variety (or continuum) of conformational states that are not directly amenable to traditional 

EM image classification and averaging methods. Therefore, for quantitative 

characterization and comparative analysis between holoenzyme structures, we took 

advantage of the high-contrast of NSEM imaging to conduct a series of measurements 

and statistical analyses conducted directly on individual holoenzyme particle images 

obtained from raw micrographs331 (Figure 1D,E). In the first set of measurements, the 

radial extension for each kinase domain (i.e., kinase radius) was obtained by measuring 

from the center of the hub complex to the center of each kinase domain, and this 

measurement was then appended by 2.25 nm to account for the approximate radius of 

the kinase domain (Figure 1E,F). For both isoforms, the distribution of kinase domain radii 

obtained from ~1000 particle measurements for each isoform appears randomly 

positioned with apparent gaussian distribution (Figure 1E). However, the average kinase 

radius of CaMKIIβ is significantly larger at ~16.8 nm (± 0.1 SEM) as compared to CaMKIIα 

assemblies ~12.6 nm (± 0.05 SEM) (P < 0.001). Since the linker domain is not directly 
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visible by NSEM, the edge-to-edge distance separating the kinase domain and hub 

domain may be used as an approximation of the linker extension of ~2.7 nm for CaMKIIα 

and ~6.8 nm for β. These values are consistent with random chain polymer models 

(traditional random walk model) based on the differences in amino acid lengths of the 

respective linker domains337, and further support the idea that CaMKII kinase domains are 

freely tethered to the central hub domain by intrinsically disordered linker regions. Based 

on these measurements, a 95% confidence of kinase domain positioning can be expected 

to span a radius of up to ~16 nm for CaMKIIα holoenzymes and up to ~23 nm for β 

holoenzymes (Figure 1F). 

CaMKII holoenzymes can adopt a ‘compact state’ involving kinase-hub domain 

interaction, but only a minor fraction of CaMKIIα holoenzymes was found in this 

conformation330–332. From our analysis in Figure 1E, a kinase domain radius measured 

less than ~10 nm would potentially place a kinase domain in steric contact with the central 

hub complex. Consistent with our previous analysis, CaMKIIα holoenzymes showed only 

a small fraction of individual subunits with kinase domain radii that fall within this category 

(~3% of kinase domains with radius < 10 nm331 and Figure 1E). In comparison, CaMKIIβ 

displayed less than 1% of kinase domains with radius < 10 nm observed by NSEM (Figure 

1E), indicating that a ‘compact state’ is at most only sparsely populated.  

 

Autophosphorylation of pT286 in CaMKIIα versus pT287 in CaMKIIβ 

The extended radius of the CaMKIIβ compared to the α holoenzyme would lead to a lower 

local concentration of kinase domains within the space occupied by a holoenzyme, based 

on simple geometric considerations (~1.0 mM versus ~2.3 mM; see Figure S1). Thus, we 

decided to directly compare CaMKIIα versus β purified holoenzymes for 

autophosphorylation at T286 (in α) or T287 (in β), which occurs as an inter-subunit intra-

holoenzyme reaction312,338,339. In vitro kinase stimulation with Ca2+/CaM resulted fast 
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autophosphorylation for both CaMKIIα and β, with no significant differences between T286 

and T287 detected throughout the reaction time-course (Figure S1). Taken together, these 

results indicate that the significant difference in the proximity of kinase domains in 

CaMKIIβ versus CaMKIIα does not significantly affect autophosphorylation kinetics of the 

holoenzymes.  

 

CaMKIIβ forms multimeric assemblies of 12 – 16-mers 

Early EM studies had already indicated that CaMKIIα forms mainly 12-mers, but some 

studies suggested a smaller number of subunits, particularly for the β isoform328,329. Thus, 

we decided to further compare the stoichiometry of CaMKIIα versus β holoenzymes, by 

quantifying the symmetry of their hub domain assemblies. We performed focused 2D 

image classification on the NSEM datasets for both isoforms by applying a circular mask 

Figure 2: Comparative analysis of CaMKII holoenzyme stoichiometries resolved by 
single particle EM. (A and B) Single particle EM image classification and analysis of the central 
hub domain of CaMKIIα and CaMKIIβ holoenzymes, respectively. Left, Focused EM class 
averages obtained using an applied image mask (15 nm outer diameter) and without applied 
symmetry. Middle left and right, display symmetrized versions of the EM classes as indicated 
and with resolved features annotated (blue outline). Right, displays 2D back-projections from 
atomic models of hub assemblies displayed in panel (C), filtered to 30 Å. Scale bar = 10 nm. 
(C) Left, atomic model of a dodecameric (12-mer) hub domain (blue surface representation, 
PDBID 5IG3 (Bhattacharyya et al., 2016), center, heptadecameric (14-mer) hub domain 
(PDBID 1HKX (Hoelz et al., 2003), and right, pseudo-atomic model of the putative 
hexadecameric (16-mer) hub domain resolved in panel A. (D) Population of CaMKII 
holoenzyme stoichiometries resolved by single particle EM. For the CaMKIIα dataset n=10,902 
and for the CaMKIIβ dataset n=17,347. The 16-mer was not detected (n.d.) in the smaller 
CaMKIIα image dataset. 
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to remove signal from the peripheral kinase domains and focus the image alignment 

procedures on the central hub domain (Figure 2A,B). The results of this analysis showed 

a predominance of particles displaying 6-fold radial symmetry, with dimensions and 

structural features matching 2D-projections the dodecameric (12-mer) hub assembly, 

representing 88% of the population for CaMKIIα and ~92.7% for β (Figure 2A–D). For both 

isoforms, a smaller but significant population of hub domains displaying 7-fold radial 

symmetry were also observed, corresponding to ~5.2% of the population for CaMKIIα and 

~5.5% for β holoenzymes (Figure 2A–D). The dimensions of 7-fold symmetric hubs class 

averages were also consistent with 2D-projections of a previously published 

crystallographic model of an isolated tetradecameric (14-mer) hub assembly340 (Figure 

2A–C).  

Remarkably, an additional minor population of hub domain structures was detected 

with clear 8-fold symmetry in the CaMKIIβ image dataset, constituting ~0.4% of the 

population (Figure 2B–D). The dimensions of the detected 16-mer hub are ~13 nm in outer 

diameter and central pore measuring ~4 nm in diameter (Figure 2B). Pseudo-atomic 

modeling of hub domain subunits, restricted by the dimensions of the 8-fold symmetric 

projection average, show a reasonable fit, with minimal steric overlap between 

neighboring subunits, resulting in a putative hexadecameric (16-mer) hub model (Figure 

2C). This putative model produces 2D back-projections matching the experimental density 

(Figure 2B). 16-mer assemblies were not detected in the CaMKIIα dataset. However, given 

the small population of 16-mers observed for CaMKIIβ, it is possible that this species was 

simply not detectable by image classification due to the significantly smaller image dataset 

obtained for CaMKIIα. Nevertheless, inherent differences between isoforms cannot be 

ruled out.  

It is also noteworthy that smaller assemblies (e.g., 8 – 10mers) were not detected 

in either dataset. Given the ability of our focused image classification approach to detect 
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populations that represent < 1% of species present, it is likely that the CaMKII hub domain 

is not capable of supporting such configurations under basal-state conditions (at least to 

any appreciable degree). 

 

Resolution of kinase-domain dimers within intact CaMKIIβ holoenzymes 

Kinase-kinase domain pairing interactions have been proposed as a potential mechanism 

for CaMKII cooperative activation by Ca2+/CaM. Indeed, such dimers have been observed 

in crystals of the kinase domain341, however, they have not yet been directly detected in 

context of the intact holoenzyme. To assess for the presence of kinase domain 

dimerization in the context of CaMKII holoenzymes, the separation distance (center-to-

center) between nearest neighbor kinase domains were measured on individual particle 

EM images (Figure 3A). For CaMKIIα holoenzymes, the average separation distance was 

5.9 nm (± 0.05 SEM), with a near gaussian distribution (Figure 3A, grey). This value is 

consistent with our previous analysis and with solution-state FRET studies conducted on 

CaMKIIα holoenzymes331,342, and indicates that the majority of kinase domains are non-

interacting331. However, an appreciable fraction of kinase separation distances (~19%) 

measured less than 4.5 nm, the distance we had previously assigned as the cut-off for 

potential kinase domain pairing within the context of the holoenzyme331. The cut-off 

distance was based on the 2–3 nm radius of a kinase domain and represents a 

compromise in stringency: There is a potential for dimers that appear to exceed this 4.5 

nm distance, but not all kinase domain pairs within this distance are likely to represent 

bona fide dimers. For CaMKIIβ holoenzymes, the average kinase separation distance is 

significantly larger 9.4 nm (± 0.2 SEM) (Figure 3A, yellow), presumably facilitated by the 

longer linker domain. Notably, the distribution is skewed from a random gaussian 
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distribution, toward 

shorter separation 

distances, with the 

most populated 

distance bin of 4.5 – 

5.0 nm (Figure 3A). 

The deviation from 

random distribution 

toward shorter 

separation distances 

may reflect intrinsic 

interactions between 

neighboring kinase 

domains. The 

fraction of CaMKIIβ 

kinase domain pairs 

within 5 nm distance 

was 15%; the 

fraction within the 

maximally possible 

interaction distance 

of 6 nm was 28%; and within our original more stringent 4.5 nm cut-off was 8%. While 

these data are consistent with the majority of kinase domains adopting a non-interacting 

configuration, a significant fraction of CaMKIIβ kinase domains are localized within the 

potential steric contact distance, indicating that kinase-domain pairing may represent a 

significant population of both CaMKIIα and β holoenzyme structures.  

Figure 3: Kinase domain dimers resolved in the CaMKIIβ by single 
particle EM. (A) Histogram of measured distance separating neighboring 
kinase domains (center-to-center) obtained for CaMKIIα (grey, n=930) 
and CaMKIIβ (yellow, n=926) particles, bin = 5 Å. Grey lines represent a 
gaussian fit to the data. Inset, illustrating distances were obtained from 
raw particle images in EM micrographs. (B and C) Single particle EM 
image classification and analysis of CaMKIIβ holoenzymes with an 
applied mask to remove contribution of the hub domain during the 
alignment procedure (13.5 nm diameter). Panel (B), isolated kinase 
domains appear as punctate densities of ~4–5 nm in diameter. Only a 
subset of all 12 kinase domains could be resolved in class averages 
(typically 2 to ~7), due to spatial heterogeneity of kinase domain positions 
present within the population of CaMKIIβ holoenzymes. Panel (C), class 
averages displaying additionally resolve bilobed densities with 
approximate dimensions of ~10 x 5 nm (indicated by white squares). 
Scale bar = 10 nm in panels A and B. (D) Top row, zoom view of bilobed 
densities resolved in class averages in panel c, and bottom row, with fitted 
crystallographic structure of the C. elegans CaMKIIα kinase/regulatory 
domain (yellow/red ribbon; PDBID 2BDW (Rosenberg et al., 2005) 
previously shown to form a dimeric interface involving the regulatory 
domain (red). (E) Putative model depicting an equilibrium of states 
involving independent kinase domains (PDBID 2VZ6 (Rellos et al., 2010) 
and kinase domain dimer (PDBID 2BDW (Rosenberg et al., 2005)) 
proposed to be present in the context of the CaMKII holoenzyme. The 
regulatory domain (red) in the dimerized state becomes more ordered 
and occluded from CaM binding. Scale bar = 5 nm in panels C and D. 
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To further support this evaluation, we conducted focused 2D image classification 

on CaMKIIβ kinase domains, this time by masking away the central density of the hub 

domain prior to image alignment (Figure 3B,C). The results of this analysis produced two 

distinct groups of 2D class averages. The first group appears to resolve isolated densities 

of ~4–5 nm diameter, corresponding to a subset of the individual kinase domains 

belonging to a single holoenzyme (Figure 3B). Notably, all 12 kinase domains were not 

completely resolved in any of these 2D class averages obtained from CaMKIIβ 

holoenzymes, due to the continuum of kinase domain configurations supported by the 

extended linker region. In the second group of 2D class averages displayed in Figure 3C, 

larger elongated densities of ~10 x 5 nm are resolved in addition to the ~4–5 nm individual 

kinase domain densities. These larger densities have a distinct bi-lobed appearance and 

dimensions consistent with the crystalized kinase domain dimer structure (Figure 3D,E)341. 

For CaMKIIα, apparent kinase domain dimers were previously resolved in individual 

particle images331; however, such structures could not be resolved by 2D classification 

procedures. We attribute this to limitations associated with local crowding of neighboring 

kinase domains present in this isoform which could interfere with image classification. 

Taken together, these data support the notion that CaMKII kinase domains are capable of 

forming dimers within the context of the holoenzyme assembly in both CaMKIIα and 

CaMKIIβ isoforms and may represent ~8–28% of kinase domains organized by the 

CaMKII holoenzyme structure (Figure 3E).  

 

CaMKIIα and β differ in CaM activation constant but not in activation cooperativity 

The kinase domain dimers that were found previously in a crystal of the kinase domain341, 

and potentially here in context of the holoenzyme (see Figure 3), are formed by low-affinity 

coiled-coil interactions between two regulatory domains; then binding of Ca2+/CaM to one 

regulatory domain would disrupt the interaction and thereby facilitate binding also to the 
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other regulatory domain. This could explain the cooperative activation of CaMKII by 

CaM330,331. To directly compare CaM activation of CaMKIIα versus β purified holoenzymes, 

we used our established kinase activity assay that measures phosphorylation of the 

peptide substrate syntide-2343,344. Consistent with previous reports313,345, CaMKIIβ was 

more sensitive to Ca2+/CaM-stimulation than CaMKIIα (EC50 of 15 nM compared to 30 

nM; Figure 3F, 3G and Figure S2). However, the Hill slope was indistinguishable between 

the isoforms and was determined to be ~1.6 for both (Figure 3H and Figure S2). Such Hill 

slopes between 1 and 2 are consistent with dimer formation of some but not all kinase 

domains within a holoenzyme, and would indicate that dimer formation is equal between 

α and β. Indeed, even though the dimer structure was resolved in 2D average classes only 

for CaMKIIβ but not α (see Figure 3 and Myers, et al.331), the percentage of kinase domains 

that are close enough for potential dimer formation are comparable for both α and β 

isoforms (19% and 8–28%, respectively), and arguably within the degree of uncertainty 

based on the limitations of our approach (see Discussion).   

 

CaMKIIα and β form higher order holoenzyme clusters both in vitro and in neurons 

Whereas kinase domain-dimers within a holoenzyme may contribute to cooperative 

CaMKII activation, an inter-holoenzyme kinase domain-dimer formation is thought to 

mediate higher order clustering of CaMKII holoenzymes (although the proposed 

dimerization mechanisms differ)323,324. Some clustering can occur basally in neurons and 

small clusters were also observed on our EM grids, with ~56–58% of holoenzymes 

potentially interacting to form holoenzyme pairs and/or higher-order clusters (Figure S3). 

However, clustering at extrasynaptic sites is majorly enhanced by ischemic 

conditions322,324,325. Additionally, clustering may contribute to the CaMKII accumulation at 

excitatory spine synapses during both LTP and ischemia325, although CaMKII binding to 

GluN2B is at least a co-requirement for both315,316,319. CaMKIIβ has been described to be 
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incompetent for the ischemia-related clustering (at least in vitro323), but seemed to form at 

least some basal clusters (see Figure S3). Thus, we decided to directly compare the 

clustering of CaMKIIα versus β in dissociated hippocampal neurons. For live-imaging of 

synaptic versus extrasynaptic clustering, synapses were identified by expressing 

intrabodies against the synaptic marker proteins PSD95 and gephyrin, to simultaneously 

label excitatory and inhibitory synapses, as we have described recently315,346; the YFP-

tagged CaMKII isoforms were expressed to visualize clustering before and after 

excitotoxic glutamate insults (100 µM for 5 min). CaMKII clusters were detected 

extrasynaptically, both basally and after stimulation (Figure 4). For both isoforms, 

excitotoxic stimulation significantly increased extrasynaptic clustering (Figure 4A,C) and 

enrichment at excitatory synapses (Figure 4B,C). As previously described for the α 

isoform315, no clustering at inhibitory synapses was observed for CaMKIIβ (Figure S4).  

 

Homomeric CaMKIIβ holoenzymes show less propensity for higher order clustering 

Figure 4: Clustering of CaMKIIα and CaMKIIβ induced by prolonged glutamate in wild-type 
neurons. Quantifications show mean + SEM.  *p<0.05, **p<0.01, ****p<0.0001. (A) Quantification 
of extra-synaptic clusters induced by excitotoxic glutamate (100 µM glutamate, 5 min) in WT 
cultured hippocampal neurons (DIV 15-17) (two-way repeated-measures ANOVA, Bonferroni’s 
test: ****p<0.0001 for CaMKIIα pre vs. post, n=15; **p=0.0049 for CaMKIIβ pre vs. post, n=17). 
(B) Quantification of excitatory synapse enrichment induced by excitotoxic glutamate (100 µM 
glutamate, 5 min) in WT cultured hippocampal neurons (DIV 15-17) (two-way repeated-measures 
ANOVA, Bonferroni’s test: *p=0.0457 for CaMKIIα pre vs. post, n=14; **p<0.0001 for CaMKIIβ pre 
vs. post, n=16; **p=0.0078 for post CaMKIIα vs. post CaMKIIβ). (C) Representative confocal 
images show overexpressed CaMKIIα (left) or CaMKIIβ (right), endogenous PSD95 (in red) to 
mark excitatory synapses, and endogenous gephyrin (in blue) to mark inhibitory synapses.  
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Somewhat surprisingly, CaMKIIα and β showed the same level of extrasynaptic clustering 

in hippocampal neurons (Figure 4), even though CaMKIIβ has been described to be 

incompetent for ischemia-related clustering in vitro323. Thus, we decided to compare these 

isoforms also in our in vitro clustering assay. Ischemic conditions were mimicked by 

addition of Ca2+/CaM and ADP at a low pH of 6.5; then cluster formation was assessed by 

differential centrifugation324. While some amount of both CaMKIIα and β was detected in 

the 16,000xg pellet under basal conditions, this amount dramatically increased under 

ischemic conditions only for CaMKIIα but not β (Figure 5A,B). The CaMKIIβ isoform 

appeared to show 

some minor 

increase in 

clustering, but this 

was not significant. 

By contrast, in 

100,000x g pellets, 

both isoforms 

showed a 

significant increase 

in precipitation 

under ischemic 

conditions (Fig 

5C,D). 

Nonetheless, the 

induced 

precipitation of 

CaMKIIβ was 

Figure 5: CaMKIIβ self-aggregates less than CaMKIIα in vitro. 
Quantifications show mean ± SEM. ***p<0.001. (A) Representative 
immunoblots for CaMKIIα and CaMKIIβ. Aggregates were detected in 
16,000xg pellets following incubation in 2 mM Ca2+, 1 µM CaM, and 1 
mM ADP at low pH (6.4) for 5 min at room-temperature. Control samples 
were incubated in 50 mM EGTA at pH 7.4. (B) Quantification of change 
in pellet enrichment (control samples normalized to 1). Only CaMKIIα 
showed significant clustering under aggregation conditions, compared to 
control (two-way ANOVA, Bonferroni’s test: ****p<0.0001 for CaMKIIα). 
CaMKIIβ shows significantly less self-aggregation compared to CaMKIIα 
(two-way ANOVA, Bonferroni’s test: ***p=0.0004). (C) Representative 
immunoblots for CaMKIIα and CaMKIIβ. Aggregates were detected in 
100,000xg pellets following incubation in 2 mM Ca2+, 1 µM CaM, and 1 
mM ADP at low pH (6.4) for 5 min at room-temperature. Control samples 
were incubated in 50 mM EGTA at pH 7.4. (D) Quantification of change 
in pellet enrichment (control samples normalized to 1). Both CaMKIIα and 
CaMKIIβ showed significant clustering under aggregation conditions, 
compared to control (two-way ANOVA, Bonferroni’s test: ****p<0.0001 for 
CaMKIIα; ***p=0.0004 for CaMKIIβ). Furthermore, CaMKIIβ shows 
greater self-aggregation in 100,000xg pellets compared to 16,000xg 
pellets (two-way ANOVA, Bonferroni’s test: ****p<0.0001). However, 
CaMKIIβ still shows significantly lower self-aggregation than CaMKIIα 
even after 100,000xg (two-way ANOVA; Bonferroni’s test: ***p=0.0003).  
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significantly less than that of CaMKIIα after either centrifugation speed (Figure 5B,D). 

These results suggest that both isoforms can cluster in vitro, but that CaMKIIβ forms less 

and/or smaller-sized clusters than the α isoform.  

 Then why was clustering of CaMKIIα and β indistinguishable in WT neurons? One 

possibility was that CaMKIIβ might efficiently co-cluster with endogenous CaMKIIα. Thus, 

we decided to test if mixing CaMKIIβ with CaMKIIα can lead to detection of significant 

CaMKIIβ clustering even at the lower centrifugation speed. When mixed at equal amounts 

(0.25 μM each, to total CaMKII concentration of 0.5 μM used in the other in vitro 

experiments), no significant CaMKIIβ co-clustering was detected (Figure 5E,F). However, 

significant co-clustering of CaMKIIβ was detected when CaMKII concentration was 

increased with an excess of CaMKIIα (1.5 μM) over CaMKIIβ (0.5 μM), an isoform ratio 

similar as found in neurons (Figure 5G,H). Under these conditions, CaMKIIα still appeared 

to precipitate more than CaMKIIβ, however, this apparent difference was not statistically 

significant (p=0.053). When the isoforms were instead co-expressed (in order to allow 

Figure 6: Clustering of CaMKIIα and CaMKIIβ induced by prolonged glutamate in CaMKIIα 
KO neurons. Error bars indicate SEM in all panels. **p<0.01, ****p<0.0001. (A) Quantification of 
extra-synaptic clusters induced by excitotoxic glutamate (100 µM glutamate, 5 min) in CaMKIIα KO 
cultured hippocampal neurons (DIV 15-17) (two-way repeated-measures ANOVA, Bonferroni’s test: 
****p<0.0001 for CaMKIIα pre vs. post, n=15; **p=0.0021 for CaMKIIβ pre vs. post, n=20; 
**p=0.0019 for pre CaMKIIα vs. pre CaMKIIβ; ****p<0.0001 for post CaMKIIα vs. post CaMKIIβ). 
(B) Quantification of excitatory synapse enrichment induced by excitotoxic glutamate (100 µM 
glutamate, 5 min) in CaMKIIα KO cultured hippocampal neurons (DIV 15-17) (two-way repeated-
measures ANOVA, Bonferroni’s test: **p=0.0025 for CaMKIIα pre vs. post, n=11; ****p<0.0001 for 
CaMKIIβ pre vs. post, n=11; *p=0.0242 for pre CaMKIIα vs. pre CaMKIIβ **p=0.0051 for post 
CaMKIIα vs. post CaMKIIβ). (C) Representative confocal images show overexpressed CaMKIIα 
(left) or CaMKIIβ (right), endogenous PSD95 (in red) to mark excitatory synapses, and endogenous 
gephyrin (in blue) to mark inhibitory synapses.  
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formation of heteromeric holoenzymes), both isoforms precipitated significantly and to an 

equal extent, as expected (Figure S5).  

In order to further test the possibility that CaMKIIβ co-clusters with CaMKIIα in 

neurons, the clustering experiments were repeated in neurons cultured from CaMKIIα KO 

mice. In the absence of endogenous CaMKIIα, YFP-CaMKIIβ still clustered both basally 

and after excitotoxic glutamate insults, but to a significantly lesser extent than YFP-

CaMKIIα (Figure 6 and Figure S6). Furthermore, the extrasynaptic CaMKIIβ clustering 

was significantly lower in the CaMKIIα KO neurons compared to WT neurons (Figure 

S6H). By contrast, in dendritic spines the basal enrichment of CaMKIIβ, but not CaMKIIα, 

was higher in the CaMKIIα KO neurons compared to WT neurons (see Figure S6E,F). 

This could be an indirect effect of the lower extrasynaptic clustering, or it might be caused 

more directly by the preferential interaction of CaMKIIβ with F-actin, which is enriched in 

dendritic spines347–350.  

Together, our in vitro experiments with purified protein and our imaging 

experiments in neurons show that CaMKIIβ can form clusters also on its own, but to a 

significantly lesser extent than the CaMKIIα isoform.  

 

DISCUSSION  

Our comparative structure-function analysis of the CaMKIIα and β holoenzymes revealed 

notable distinctions between these two major neuronal isoforms, including both expected 

and unexpected structural differences. Perhaps more importantly, it also revealed 

common structural features of CaMKII that are applicable to the regulation of both 

isoforms. Specifically, these include a highly dynamic activatable-state conformation, the 

ability to adopt several oligomeric assemblies (mainly 12-mers, but also 14- and 16-meric 

holoenzymes) as well as high-order clusters of holoenzymes, and the detection of kinase 

domain dimer interactions within CaMKIIβ holoenzymes, a mechanism that could mediate 



 

 153 

the cooperative activation by CaM for all CaMKII isoforms (see Figure 7). As delineated 

below, these findings provided both answers and new questions.   

 

Holoenzyme expansion and autophosphorylation kinetics 

 The most obvious difference between the CaMKIIα and β holoenzyme was in their 

radius of expansion, both in their average radius (12.6 vs 16.8 nm) and in their maximal 

radius (16 vs 23 nm). This difference appears to be also the most predictable one, based 

on the different 

lengths of their 

variable linker regions 

that tethers the kinase 

domains to the hub 

formed by the 

association domains. 

Based on the average 

holoenzyme radii, we 

calculated a local 

concentration of 

kinases domains, 

within the space 

occupied by a 

holoenzyme, to be 2 

mM for CaMKIIα and 

1 mM for β. However, 

there was no 

apparent difference in 
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the kinetics of the 

regulatory T286/T287 

autophosphorylation 

that occurs between 

the subunits of a 

holoenzyme. While 

this result seemed 

counterintuitive at 

first glance, (i) it is 

predicted by simple 

Michaelis-Menten 

kinetics351, although 

(ii) simple Michaelis-

Menten kinetics 

should not 

necessarily be 

expected for this 

autophosphorylation reaction. When T286 is presented as an exogenous substrate on a 

peptide, its Km is ~10 µM344; with this Km and with 2 versus 1 mM substrate concentration, 

Michaelis-Menten kinetics predicts reaction speeds of 99.50% vs 99.01% of Vmax, i.e. a 

miniscule difference that cannot be resolved in our analyses. However, within the CaMKII 

holoenzyme, Michaelis-Menten kinetics would break down at least after the first or second 

autophosphorylation reaction, due to the significant substrate depletion. Additionally, there 

could have been distinct steric positioning of kinase domains in the CaMKIIα versus β 

holoenzyme due to differences in linker length that could either facilitate or reduce the 

inter-subunit autophosphorylation. Indeed, the recently described differences in inhibitory 

Figure 7: Overview of structural states supported by CaMKII 
holoenzymes under basal and ischemic conditions. (A) Illustration of 
the 12-meric CaMKIIα holoenzyme under basal conditions, where a 
flexible linker region (grey) supports a continuum of extended 
configurations of kinase domains (yellow) with an average radius of 12.6 
± 1.6 nm (SEM), from the center of the hub domain (blue). The halo of 
yellow density represents the variability in kinase domain positioning 
observed at the single particle level.(B) Top, Oligomeric states of the hub 
domain resolved by single particle EM, with the 12-mer most populated 
(88%), followed by the 14-mer (5.2%) and the 16-mer was not detected 
(n.d.). Bottom Left, Kinase domains where predominantly resolved as 
monomers (81%), with a significant population resolved as putative 
dimers (<< 19%*). Asterisk indicates that this value is likely over 
estimated due to artifacts associated with local crowding in the CaMKIIα 
isoform (see main text). Bottom Right, The majority of kinase domains 
were resolved in an extended state (97%), with a small subset of subunits 
were localized within contact distance of the hub domain, consistent with 
a compact state (< 3%). (C) The 12-meric CaMKIIβ holoenzyme, 
displayed as in panel A, supported a significantly larger extension of 
kinase domain configurations under basal conditions, as compared to 
CaMKIIα, with an average radius of 16.8 ± 3.3 nm (SEM) facilitated by 
the longer linker region. (D) Top, CaMKIIβ hub domains were resolved 
predominantly as 12-mers (93%), followed by a 14-mers (5.5%), as well 
as a novel 16-meric state (0.4%). Bottom Left, Kinase domains where 
also predominantly resolved as monomers (92%), with a significant 
population resolved as putative dimers (< 8%), (Bottom Right) while the 
compact state is consistent with only < 1% of the population of subunits. 
(E and F) Illustrate high-order clustering of holoenzymes detected under 
basal and ischemic conditions for CaMKIIα (E) and CaMKIIβ (F). Under 
basal conditions, both isoforms form small clusters or pairs of 
holoenzymes mediated by kinase domain interactions (58% for CaMKIIα 
and 56% for CaMKIIβ). Under ischemic conditions induced in cells or in 
vitro, there is a shift in the equilibrium toward higher-order clusters, where 
CaMKIIα clustering was found to be significantly greater than for 
CaMKIIβ.  
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autophosphorylation at T305/306 in CaMKIIα versus T306/307 in CaMKIIβ have been 

attributed to the different linker lengths352. However, whereas T286 autophosphorylation 

occurs exclusively in trans between two subunits of a holoenzyme312,339, the T305/306 

autophosphorylation can occur both in trans and in cis309,353. Similarly, the different linker 

lengths in the CaMKIIα versus β isoforms may also affect steric accessibility to external 

substrate proteins, particularly when the holoenzymes are anchored at postsynaptic 

protein scaffolds.     

 

Higher order assemblies and subcellular CaMKII targeting 

 A more surprising difference was the reduced propensity of CaMKIIβ to form higher 

order clusters under ischemic conditions, both in vitro and within neurons. While it has 

been previously reported that CaMKIIβ lacks excitotoxicity/ischemia-related clustering323, 

the longer linker in CaMKIIβ should instead have been expected to facilitate this clustering:  

In the α isoform, clustering is thought to be mediated by kinase-domain pairing between 

holoenzymes321,324, and a longer linker should facilitate such inter-holoenzyme pairings. 

The explanation might be that CaMKIIβ can form such pairings, but that the smaller 

CaMKIIα holoenzymes can pack into larger and/or denser clusters (see Figure 7E,F). 

Indeed, this notion is supported by the preferential detection of CaMKIIβ in vitro clustering 

by high- versus low-speed centrifugation (a fact that may also explain the previous failure 

to detect these clusters at all). Furthermore, while extra-synaptic CaMKIIβ clustering was 

significantly less compared to CaMKIIα, a significant level of clustering was observed also 

for the β isoform, even in CaMKIIα knockout neurons.  

Notably, together with the decrease in extra-synaptic clusters, we observed an 

increase in synaptic CaMKIIβ clusters. This result appears to be in conflict with the notion 

that the inter-holoenzyme aggregation mediates clustering not only at extra-synaptic sites 

but also at synapses325, a form of subcellular CaMKII movement that is thought to be 
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important in LTP314,316,354–356. It is well established that CaMKII movement to excitatory 

synapses requires CaMKII binding to the NMDA-receptor subunit GluN2B315,316,319. 

However, this does not rule out the possibility that holoenzyme aggregation contributes to 

this targeting. Furthermore, the reduced propensity of CaMKIIβ to cluster at extra-synaptic 

sites does not fully rule out the possibility that its clustering could be enhanced at synaptic 

sites. For instance, the larger holoenzyme radius and less dense clusters of CaMKIIβ 

might be favorable within the protein-concentrated environment at postsynaptic densities 

at excitatory synapses. Nonetheless, our results indicate that the higher-order aggregation 

of CaMKII holoenzymes plays a more important role in cluster formation at extra-synaptic 

versus synaptic sites.  

The function of extra-synaptic CaMKII clustering is still unclear, but it has been 

proposed to provide neuro-protection by curbing the over-activation of CaMKII after 

excitotoxicity/ischemia321,357. This mechanism is clearly insufficient to completely prevent 

the neuronal cell death after excitotoxic/ischemic insults, but CaMKII inhibition can indeed 

protect neurons in mouse models of stroke or global cerebral ischemia307,308. Further, the 

CaMKII T286A mutation increases clustering324,325 and decreases neuronal cell death307. 

However, this correlation allows only limited conclusions, as the T286A mutation also 

prevents generation of Ca2+-independent autonomous CaMKII activity.   

 

Multivalent interactions within the holoenzymes and cooperative CaMKII regulation 

 While kinase domain interactions between holoenzymes are thought to mediate 

the aggregation of holoenzymes into higher-order assemblies, our results here show the 

first direct evidence of kinase domain dimer formation also within the holoenzyme. 

Previous FRET studies have suggested kinase domain dimers are supported by the 

CaMKII holoenzyme in cells, but direct detection of dimer formation was not resolved in 

these studies342,358,359. Dimer formation was directly observed in the first crystal structure 
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of a CaMKII kinases domain (specifically for a C. elegans CaMKII that was truncated after 

the regulatory domain)341. The low affinity of this interaction (Kd > 100 µM) could be 

sufficient to support dimer formation based on the 1 – 2 mM concentration of kinase 

domains within a holoenzyme. Kinase domain dimerization has also been observed 

biochemically for isolated kinase domains of all four human isoforms, with similarly low-

affinity (Kd’s ~200 – 600 µM)360. However, it was entirely unclear if such dimer formation 

would be possible for kinase domains that are tethered to the central hub of association 

domains within the holoenzyme. The extended state of CaMKIIβ holoenzymes facilitated 

the ability to directly resolve kinase domain dimers by EM; while this did not allow detailed 

resolution of the dimerization surface, the defined bi-lobed densities are consistent with 

the crystallized CaMKII kinase domain dimer structure.  

 The putative population of kinase domain dimers for CaMKIIα and β were 

determined to be ~19% and ~8%, respectively, based on single particle distance 

measurements and the average center-to-center distance of ~4.5 nm separating the two 

subunits in the crystal structure of the kinase domain dimer (see Fig. 3E). However, when 

considering slightly different distance cut-offs of up to 5 – 6 Å (the difference of 

approximately one to three pixels in our micrographs) our data suggest dimer population 

in these two isoforms might be more similar than these reported values, with a likely range 

of ~8 – 30% kinase domain dimers for both isoforms. If CaMKIIα and β holoenzymes 

contain similar fractions of dimerized kinase domains, both isoforms should show a similar 

level of cooperative activation by CaM, as was indeed observed here. The dimers are 

proposed to generate cooperativity, as they are thought to be formed via interactions of 

the CaM-binding regulatory domains341. Thus, when CaM binds to one subunit, it would 

disrupt the dimer and thereby also facilitate binding to the other subunit. While this kinase 

domain dimerization predicts the observed cooperativity, it also raises some questions. 
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How could a relatively minor fraction of dimers (e.g., ~8 – 30%) cause cooperativity with 

a relatively large Hill coefficient of 1.6?   

 An additional, or alternative, proposed mechanism for the cooperativity lies in a 

compact conformation in which a kinase domain folds back onto its own association 

domain330. A recent elegant cryo-EM study indeed directly demonstrated the existence of 

this conformation332, whereas our previous and current studies could only set an upper 

limit to its prevalence331. However, with less than 3% of subunits in the compact state, this 

maximal prevalence is extremely low and consistent to all of the studies331,332, which 

makes it an even less likely candidate mechanism for the observed cooperativity than the 

kinase domain dimers.  

 Then, a more likely “neighbor effect” may be that kinase domain dimerization (or 

disruption of the dimer) affects CaM binding not only to the dimer itself, but also to the 

neighboring subunits. In this way, one single kinase domain dimer could potentiate CaM 

binding to half of the subunits within a 12-meric CaMKII holoenzyme, i.e. the dimer pair 

itself plus its four neighbors. A similar model was proposed previously, but assumed that 

the neighbors would also be dimers330; however, with the observed lower occurrence of 

dimers, the model would have to be modified to include effects also on non-dimerized 

neighbors. Indeed, such a model is consistent with the emerging view of CaMKII 

holoenzyme structure, one that is not constrained by a single defined state, but rather a 

highly dynamic conformational ensemble characterized by multiple transient low-affinity 

interactions (see Figure 7).  

An intriguing comparison can be made to other systems hallmarked by multivalent 

low-affinity interactions organized by intrinsically disordered protein domains that are 

capable of forming biomolecular condensates361. We suggest that the unique structural 

and biophysical properties of the CaMKII holoenzyme structure (e.g., high local 

concentration of multivalent binding modes) may facilitate the formation of a molecular-
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scale condensate, at least from a conceptual point of view. Condensates (i.e., liquid-liquid 

phase separation or LLPS) have emerged as a novel regulatory mechanism at 

synapses362 and the CaMKII interaction with GluN2B has recently been shown to support 

condensate formation363. What is intriguing about this analogy of individual CaMKII 

holoenzymes to condensates is that the dissolution of biomolecular condensates is highly 

cooperative364,365. Such a model could explain how activation of CaMKII holoenzymes can 

achieve a higher degree of cooperativity than would be expected based on the extent of 

kinase domain dimers. Notably, some studies have described Hill coefficients for CaMKII 

activation by CaM that are even higher than the Hill coefficient of ~1.6 reported here330,341. 

In a model analogous to molecular condensates, each kinase domain would exist in an 

equilibrium between rapidly exchanging interactions involving multiple neighboring kinase 

or hub domains, a notion supported by the flexibility of kinase domain positioning with the 

holoenzymes. The activation of one kinase domain would then disrupt the interaction with 

multiple neighboring kinase domains, leading to the cooperative collapse or dissolution of 

the basal-state. While there is currently no direct evidence that a kinase domain dimer (or 

kinase-hub complex) can affect the positioning of neighboring kinase domains within the 

holoenzyme, such a proposition appears to be at least more plausible than what can be 

explained by any single-defined state of CaMKII. 

 

Beyond the 12-mer: Outlook for future studies 

The oligomeric state of CaMKII holoenzyme is clearly important for facilitating its 

physiological roles Ca2+-frequency detection and in regulating LTP and LDP310–313. The 

predominant state of both CaMKIIα and β holoenzymes is the 12-meric assembly (see 

Figure 2 and Myers, et al 2017331). However, both holoenzymes can also support 14-meric 

assemblies, and here we show that CaMKIIβ can even support a 16-meric assembly. To 

our knowledge, such a high oligomeric state of the CaMKII hub domain has so far not 
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been detected in metazoans. Interestingly, bacteria and algae species contain orphan 

proteins with sequence and structural homology to CaMKII hub domains, that adopt 16- 

to 20-mers366. Crystallographic analysis of the hub-like assembly from Chlamydomonas 

reinhardtii revealed an 18-meric structure with striking similarity to CaMKII hub 

assemblies, but with increased hydrogen-bonding at the lateral subunit interface. 

Remarkably, when these hydrogen-bonding residues were incorporated into the CaMKIIα 

hub domain it assembled as 14- and 16-mers366. It is currently unclear if wildtype CaMKIIα 

holoenzymes support a 16-meric assembly, but if it can it is likely a very minor population 

as we have found that this state only represents ~0.4% of the population in CaMKIIβ 

holoenzymes under basal-conditions, and both isoforms lack the hydrogen-bonding 

potential identified in the algae hub-like assembly.  

These observations raise the important question as to what is the functional 

significance of higher-order oligomeric states of the CaMKII holoenzyme?  It has recently 

been shown that under activating conditions, CaMKII subunits (dimeric pairs) are capable 

of undergoing exchange between other activated or non-activated holoenzymes367,368. 

While subunit exchange was minimal under basal conditions, it is possible that the small 

population of 14-mer/16-mers represented high-energy intermediate states involved in the 

subunit exchange mechanism. Activation of the CaMKII holoenzyme is thought to 

destabilize the hub complex, through interactions with the regulatory domain367–369. Thus, 

the 14-mer and 16-mer states could also provide a storage mechanism for pools of 

potentiated subunits to be released under activating conditions. Intriguingly, this subunit-

exchange mechanism has been proposed to enable the propagation of CaMKII activation 

and other neuronal plasticity mechanisms that could play important roles in learning and 

memory303,370. Future studies will be needed to further test these hypotheses, and to shed 

light on the mechanistic basis for how such regulatory functions are achieved.   
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Limitations of the study 

In addition to the technical and conceptual limitations described above, it should be noted 

that the observations of structural behavior of CaMKII holoenzymes by EM are made 

under dilute in vitro conditions. While significant effort was made to correlate these 

behaviors to functional and/or structural phenomena inside cells, there are many factors 

within a native cellular environment (e.g., temperature, molecular crowding, interactions 

with cognate binding partners, etc.) that may augment the structural features and/or 

dynamical properties of CaMKII holoenzymes that are described in this work. Future 

studies will be targeted at defining how these cellular conditions contribute to the 

molecular plasticity and functional properties of CaMKII.  
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STAR METHODS 

KEY RESOURCES TABLE 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

CaMKII pan Genetex GTX127939; RRID: 
AB_2492051 

CaMKIIα Made in house CBα2; RRID: 
AB_2533032 

CaMKIIβ Made in house CBβ1; RRID: 
AB_2533045 

pT286 Phospho-Solutions p1005-286; RRID: 
AB_2492051 

Rabbit GE Healthcare NA934V; RRID: 
AB_772206 

Mouse GE Healthcare NA931V; RRID: 
AB_772210 

Chemicals, peptides, and recombinant proteins 

Glutamate Sigma 6106-04-3 

Papain Worthington LS 03126 

Lipofectamine 2000 Invitrogen 11668027 

B-27 supplement GIBCO 17504044 

complete protease inhibitor 
cocktail  

Roche 1187380001 

Microcystin-LR  Calbiochem 475815 

Uranyl formate SPI-Chem 16984-59-1 

Sodium hydroxide Fisher Scientific 1310-73-2,497-19-8 

Calmodulin Made in house CaM 

Ca2+/CaM-dependent kinase II 
α 

Made in house CaMKIIα 

Ca2+/CaM-dependent kinase II 
β 

Made in house CaMKIIβ 

Critical commercial assays 

Pierce BCA protein assay Thermo Fisher 23225 

SuperSignal West Femto Thermo Fisher 34095 

Deposited data 

Raw and analyzed data This paper Mendeley Data, V1, doi: 
10.17632/35gf4sjxmb.1  
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Experimental models: organisms/strains 

Rat: Sprague-Dawley Charles River 
Laboratory 

 

Mouse: wild type: C57BL/6 Charles River 
Laboratory 

 

Mouse: CaMKIIα KO: C57BL/6 (Coultrap et al., 2014)  

Recombinant DNA 

PSD-95-FingR-GFP (Gross et al., 2013)  RRID: Addgene_46295 

Gephyrin-FingR-GFP (Gross et al., 2013) RRID: Addgene_46296 

YFP-CaMKIIα (Bayer et al., 2006; 
Shen and Meyer, 1999) 

N/A 

YFP-CaMKIIβ Made in house N/A 

Software and algorithms 

Slidebook 6.0 Intelligent Imaging 
Innovations (3i) 

RRID:SCR_014300 

Prism 7.0 Graphpad RRID: SCR_002798 

AlphaEase FC 4.0 Alpha Innotech N/A 

ImageJ NIH RRID:SCR_003070 

EMAN2.1 NIH RRID:SCR_018867 

RELION3.0b MRC (United Kingdom) RRID:SCR_016274 

UCSF Chimera NIH RRID:SCR_004097 

Python 3 Python Software 
Foundation 

RRID:SCR_008394 

Microsoft Excel Microsoft RRID:SCR_016137 

Other 

400 mesh, 3.0 mm O.D. 
copper grid 

PELCO 1GC400 

 

LEAD CONTACT  

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Steve L. Reichow (reichow@pdx.edu).  

 

MATERIALS AVAILABILITY  

This study did not generate new unique reagents. 
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DATA AND CODE AVAILABILITY  

• Raw and analyzed data contributing to this work have been deposited at Mendeley 

and are publicly available as of the date of publication. The DOI is listed in the key 

resources table. Microscopy data reported in this paper will be shared by the lead 

contact upon request.  

• This study does not report original code.  

• Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Hippocampal cultured neurons 

Mixed sex pups from homozygous mice (P1-2; on a C57BL/6 background) were used to 

prepare dissociated hippocampal cultures for live imaging. The CaMKII KO mice were 

described previously310. To prepare primary hippocampal neurons from WT or mutant 

mice, hippocampi were dissected from mixed sex mouse pups (P1-2), dissociated in 

papain for 30 min, and plated at 200-300,000 cells/mL for imaging. At DIV 14-15, neurons 

were transfected with 1 μg total cDNA per well using Lipofectamine 2000 (Invitrogen). At 

DIV 16-17, neurons were treated and imaged. All animal procedures were approved by 

the Institutional Animal Care and Use Committee (IACUC) of the University of Colorado 

Anschutz Medical Campus and were carried out in accordance with NIH best practices for 

animal use. All animals were housed in ventilated cages on a 12 h light/ 12 h dark cycle 

and were provided ad libitum access to food and water.  
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METHOD DETAILS 

DNA constructs 

CaMKIIα and β constructs are based on a pcDNA3 backbone (Addgene #13033). For 

imaging studies, the YFP-CaMKII constructs contained N-terminal fusion to an EYFP with 

its A206 mutated to reduce dimerization of the YFP, as described previously317,371. For the 

biochemical self-association studies with co-expressed isoforms, the YFP tag was 

removed. All CaMKIIα and β used here were the respective major splice variants in adult 

mammalian brain of each isoform, i.e. α, not αB; and β, not β’, βe, βe’, or βM etc.335. 

Expression vectors for the GFP-labeled FingR intrabodies targeting PSD-95 and gephyrin 

were kindly provided by Dr. Donald Arnold (University of Southern California, Los Angeles, 

CA, USA) as previously characterized372,373. The fluorophore label was exchanged using 

Gibson Assembly to contain the following tags in place of GFP: PSD-95-FingR-mTurquois 

and gephyrin-FingR-mCherry. 

 

CaMKII and CaM purification 

For biochemistry and electron microscopy, homomeric rodent CaMKIIα and β 

holoenzymes were expressed in eukaryotic Sf9 cells via baculovirus and purified using a 

phosphor-cellulose column followed by a CaM-sepharose column; CaM was purified after 

expression in BL21 bacteria374,375. The heteromeric CaMKII used in Fig. S5 was generated 

by co-expression in HEK293 cells and purified using the CaM-sepharose step374. 

 

Electron microscopy 

Full length purified CaMKIIβ holoenzymes were prepared for negative stain EM by diluting 

a freshly thawed aliquot of protein (1:40 vol vol-1) in EM buffer containing 50 mM HEPES 

(pH 7.4), 120 mM KCl and 0.5 mM EGTA. A 3 µL drop of the diluted specimen (~0.35 µM 

holoenzyme concentration) was applied to a glow-discharged continuous carbon coated 
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EM grid (Ted Pella). Excess protein was removed by blotting with filter paper and washing 

twice with EM buffer. The specimen was then stained with freshly prepared (0.75% wt vol-

1) uranyl formate (SPI-Chem), blotted and dried with laminar air flow. 

Negatively stained specimens were visualized on a 120kV TEM (Tecnai iCorr, FEI) 

and digital micrographs were manually collected on a 2K x 2K CCD camera (Eagle, FEI) 

at a nominal magnification of 49,000 x at the specimen level. Micrographs were collected 

with a calibrated pixel size of 4.37 Å and defocus of 1.5 – 2.5 µm. A total of 907 

micrographs were collected and screened for astigmatism and drift based on Thon rings 

in the power spectra after determination of contrast transfer function (CTF) parameters in 

EMAN2.1246. 17,347 single particles images were manually picked in EMAN 2.1 and 

extracted with a box size of 144 x 144 pixels. Boxed images used for single particle 

analysis were of isolated holoenzymes that were not associated with neighboring 

holoenzymes (such as the particles examined for clustering). Reference-free 2D 

classification and variance analysis was conducted in RELION3.0b376 on CTF-corrected 

(phase-flipped), using various masking strategies: holoenzyme = 55.0 nm mask, hub 

domain = 15.0 nm mask, and kinase domains = inner mask 13.5 nm, without applied 

symmetry. For comparative analysis, the previously acquired negative stain EM dataset of 

10,902 untilted CaMKIIα single-particle images331  was reprocessed in EMAN 2.1 and 

RELION3.0b, as described above using a box size of 128 x 128 pixels.  

 

Single particle measurements and statistical analysis 

Statistical analyses of individual holoenzyme particle dimensions were obtained from 

particle lengths using the measurement tool in EMAN2.1, as previously described331. A 

radius of extension for individual kinase subunits (n = 926 measurements obtained from 

95 holoenzymes) was determined by measuring the distance from the center of the pore 

in the hub domain complex to the center of each peripheral density corresponding to the 
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kinase domains. For each of these measurements, a distance of 2.25 nm was appended 

(corresponding to the average radius of the kinase domain) to yield a value that represents 

the full extension of the kinase domain. Inter-molecular kinase separation was determined 

by measuring from the center of one peripheral kinase density to the center of the nearest 

clockwise neighboring kinase density. For the linker extension analysis, the hub average 

radius (5.5 nm) and the kinase average radius (2.25 nm) was subtracted from the raw hub 

to kinase radius measurements, as a representative distance of linker extension and 

comparison to random chain polymer models (traditional random walk model)337. The local 

concentration of kinase domains in the context of a single dodecameric holoenzyme was 

determined by assuming a spherical volume with the radius corresponding to the average 

radius extension for each isoform ± 2 x standard deviation appended. To analyze 

intermolecular clustering of holoenzymes, a random subset of raw micrographs was 

visually inspected for CaMKIIα (1207 particles) and CaMKIIβ (1255 particles) by counting 

the total number of holoenzymes and the number of non-clustering holoenzymes 

(designated as being separated by at least ~1.5 times the particle diameter from a nearest 

neighbor). For statistical comparisons, an F-test was performed to determine the 

difference in sample variances, followed by a T-test (two sample assuming unequal 

variances). All statistical analysis and graphical interpretations were done using libraries 

in python 3. 

 

Pseudo-atomic modeling of the CaMKII 16-meric hub assembly and back-projection 

analysis 

A pseudo-atomic model of the hexadecameric (16-mer) CaMKII hub assembly was built 

manually, using the atomic coordinates corresponding to a vertical hub dimer extracted 

from the previously published dodecameric assembly (PDB 5IG3)367, with an applied C8 

symmetry (overall D8 symmetry) that was adjusted to approximately fit within the 
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experimental 2D class average density following C8 symmetry averaging (outer diameter 

of ~13 nm) and to obtain minimal steric overlap between neighboring hub domains. For 

comparing with 2D class averages, hub models where filtered to 3.0 nm and 2D back 

projections were generated in RELION377. 

 

Live imaging of hippocampal cultured neurons 

All images were acquired using an Axio Observer microscope (Carl Zeiss) fitted with a 63x 

Plan-Apo/1.4 numerical aperture objective, using 445, 515, 561, and 647 nm laser 

excitation and a CSU-XI spinning disk confocal scan head (Yokogawa) coupled to an 

Evolve 512 EM-CCD camera (Photometrics). During image acquisition, neurons were 

maintained at 34°C in 10 mM HEPES-buffered neuronal media. After baseline imaging 

(‘pre’), cells were treated with 100 μM glutamate and imaged 5 min later (‘post’). Tertiary 

dendrites from pyramidal spiny neurons were selected from maximum intensity projections 

of confocal Z stacks. Slidebook 6.0 software (Intelligent Imaging Innovations [3i]) was used 

to analyze CaMKII-YFP at excitatory (PSD-95) and inhibitory (gephyrin) synapses. 

Specifically, the mean YFP intensity at PSD-95 or gephyrin threshold masks on a given 

dendrite was divided by the mean YFP intensity of a line drawn in the adjacent dendritic 

shaft. ImageJ (National Institute of Health) was used to analyze CaMKII at extra-synaptic 

sites. Specifically, the thresholded mask for PSD-95 puncta was subtracted from the 

CaMKII channel and the remaining CaMKII clusters (0.1 μm<cluster<1.0 μm) were 

quantified as number per 10 μm dendrite. 

 

CaMKII in vitro reactions 

CaMKII self-associations assays were performed similar to previous work (Vest et al., 

2009). Purified CaMKII (0.5 μM or as indicated) was pre-cleared by ultracentrifugation 

(100,000 x g) at 4 °C for 45 min, then combined with 25 mM PIPES pH 6.4, 20 mM KCl, 
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10 mM MgCl2, 0.1 mg/mL bovine serum albumin, 0.1% Tween 20, 0.5 mM dithiothreitol, 2 

mM CaCl2, 1 μM CaM, and 1 mM ADP. Control samples were instead combined with 25 

mM PIPES pH 7.4, 20 mM KCl, 10 mM MgCl2, 0.1 mg/mL bovine serum albumin, 0.1% 

Tween 20, 0.5 mM dithiothreitol, and 50 mM EGTA. The mixtures were prepared on ice 

and then incubated for 5 min at room temperature prior to centrifugation (16,000 x g) or 

ultracentrifugation (100,000 x g) at 4 °C for 30 min. CaMKII in the supernatant and pellet 

was detected via immunoblot. 

For autophosphorylation assays, purified CaMKII (0.1 uM) was pre-cleared by 

ultracentrifugation (100,000 x g) at 4 °C for 45 min, then combined with 25 mM PIPES pH 

7.1, 10 mM MgCl2, 0.1 mg/mL bovine serum albumin, 4 mM CaCl2, 3 μM CaM, and 1 mM 

ATP. The mixtures were prepared on ice and then incubated at 30 °C for 0 sec, 30 sec, 

180 sec, or 15 min. Autophosphorylation at pT286-CaMKIIα and pT287-CaMKIIβ was 

detected via immunoblot. 

For kinase activity assays, purified CaMKII (2.5 nM) was combined with 50 mM 

PIPES pH 7.1, 10 mM MgCl2, 0.1 mg/mL bovine serum albumin, 1 mM CaCl2, 100 µM [γ-

32P] ATP, 75 µM syntide-2 substrate peptide, and 0.6 nM to 6 μM CaM. The mixtures 

were prepared on ice and then pre-incubated at 30 °C for 5 min. CaMKII was added and 

the reaction was allowed to progress for 1 min at 30 °C. To stop the reaction, 40 μL of 

the 50 μL reaction mixture was spotted onto P81 cation exchange chromatography 

paper (Whatman) squares. After extensive washes with water, phosphorylation of the 

substrate peptide bound to the P81 paper was measured by liquid scintillation counting. 

CaMKII activity (Vm; reactions/kinase/min) was quantified as a fraction of maximal 

activity (Vmax) for each experiment. Data were fitted using a non-linear regression with 

variable slope. 

 

SDS-PAGE and immunoblot         
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Protein content was determined using the Pierce BCA protein assay (Thermo Fisher). 4-

10 μg of total protein in Laemmli sample buffer was resolved by SDS-PAGE on 9% 

polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membrane at 24 V 

for 1-2 h at 4°C in transfer buffer containing: 12% MeOH, 25 mM Tris, and 192 mM glycine. 

All membranes were blocked in 5% nonfat dried milk in TBS-T (20 mM Tris pH 7.4, 150 

mM NaCl, 0.1% Tween 20) before primary antibody incubation for 2 h at room temperature 

or overnight at 4°C. Antibodies and dilutions were as follows: rabbit anti-CaMKII (Genetex; 

1:1000), mouse anti-CaMKIIα (in house CBα2; 1:1000), mouse anti- CaMKIIβ (in house 

CBβ1; 1:1000), and anti-pT286 (Phospho-Solutions; 1:2000). Blots were then washed in 

TBS-T, incubated in horseradish peroxidase-labeled goat anti-rabbit or goat anti-mouse 

antibodies (GE Healthcare; 1:10,000) for 1 h at room temperature, and washed again in 

TBS-T. Immunoreactive signal was visualized by chemiluminescence (Super Signal West 

Femto, Thermo Fisher) using the Chemi-Imager 4400 system (Alpha-Innotech). 

Densitometry analysis was performed using ImageJ (National Institute of Health), with all 

samples normalized to control conditions on the same gel.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Structural measurement data are shown as mean ± SEM, with standard deviation or 95% 

confidence interval were indicated using Microsoft Excel or SciPy. Comparisons between 

isoforms for kinase radius and separation measurements were done with a f-test to 

determine sample variance differences, followed by a t-test (two sampled assuming 

unequal variance). Functional data are shown as mean ± SEM and analyzed using Prism 

(GraphPad) software. Comparisons between pre- and post-glutamate images in neurons 

were analyzed using repeated measures two-way ANOVA with Bonferroni’s post-hoc test. 

Self-association assays with purified CaMKII were analyzed using two-way ANOVA with 

Bonferroni’s post-hoc test. Kinase activity assays to assess CaM dose/response were 
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analyzed using extra-sum-of-squares F-test. Comparisons in WT neurons at inhibitory 

synapses were analyzed using paired, two-tailed Student’s t-test. Statistical significance 

and sample size (n) are indicated in the figure legends.
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SUPPLEMENTAL FIGURES AND LEGENDS 

 
Figure S1: Effect of local kinase domain concentration on pT286-CaMKIIα and 
pT287-CaMKIIβ in vitro kinetics. Quantifications show mean ± SEM. (A) Estimated local 
kinase concentration in CaMKIIα (left) and CaMKIIβ (right) holoenzymes. Calculations 
assume individual kinase domains (12 per holoenzyme) may occupy a spherical volume 
that is approximated by the average radius of the holoenzyme complex. (B) 
Representative immunoblots showing autophosphorylated T286-CaMKIIα (left) and T287-
CaMKIIβ (right) after 0 sec, 30 sec, 180 sec, and 15 min at 30° C. Reactions were 
performed with 100 nM purified kinase in buffered solution containing 2 mM Ca2+, 3 µM 
CaM, 10 mM Mg2+ and 1 mM ATP. (C) Quantified time-course of normalized pT286-
CaMKIIα versus pT287-CaMKIIβ (n=4). Solid lines through the data points represent 
nonlinear best-fits.  
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Figure S2: CaMKIIα and CaMKIIβ activation by CaM: individual experiments. 
Quantifications show mean ± SEM. ***p<0.001, ****p<0.0001. In vitro CaMKII activity in 
response to varying Ca2+/CaM (0.6 nM to 6 µM CaM). The two curve fits shown are based 
on data from independent reactions: experiment 1 (top) and experiment 2 (bottom). Both 
experiments demonstrated a Hill slope >1 for CaMKII, with no differences detected 
between α and β isoforms (extra-sum-of-squares F-test, p=0.3619 for experiment 1 and 
p=0.4921 for experiment 2). However, both experiments showed a reduced EC50 for 
CaMKIIβ compared to α (extra-sum-of-squares F-test, ***p=0.006 for experiment 1 and 
****p<0.0001 for experiment 2).  
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Figure S3: EM analysis of CaMKII holoenzyme clustering under basal conditions. (A 
and B) Top, representative EM images showing apparent holoenzyme paring for CaMKIIα 
and CaMKIIβ, respectively. Bottom, displays annotated representation of resolved 
holoenzyme domains, with the hub domain represented as blue outline and kinase 
domains as yellow circles. (C and D) Top, representative EM images showing apparent 
high-order clustering of holoenzymes (3 or more) for CaMKIIα and CaMKIIβ, respectively 
(dotted outlines). Bottom, annotated representation of resolved holoenzyme domains, as 
in panels (A) and (B), with holoenzyme clusters indicated by dotted outline. Scale bar = 
50 nm in panels (A – D). (E) Percentage of paired/clustered holoenzymes as assigned by 
visual inspection of micrographs for CaMKIIα and CaMKIIβ image datasets (n=1,207 
particles for CaMKIIα and 1,255 particles for CaMKIIβ), indicate an approximately equal 
propensity for holoenzyme clustering between these two isoforms under basal-state 
conditions. 
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Figure S4: CaMKIIβ does not move to inhibitory synapses following prolonged 
glutamate. Quantifications show mean ± SEM. (A) Quantification of inhibitory synapse 
enrichment induced by excitotoxic glutamate (100 µM glutamate, 5 min) in WT cultured 
hippocampal neurons (paired two-tailed t-test: p=0.4689). (B) Representative confocal 
images show overexpressed CaMKIIβ, endogenous PSD95 (in red) to mark excitatory 
synapses, and endogenous gephyrin (in blue) to mark inhibitory synapses.  
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Figure S5: Aggregation in heteromeric CaMKII𝛼/𝛽	holoenzymes. Related to Figure 
5. Quantifications show mean ± SEM. ***p<0.001. Aggregation was induced by 2 mM 
Ca2+, 1 μM CaM, and 1 mM ADP at low pH (6.4) for 5 min at room-temperature. Control 
samples were incubated in 50 mM EGTA at pH 7.4 and normalized to 1. (A) 
Representative immunoblot for CaMKIIα/β heteromers. CaMKIIα and CaMKIIβ were co-
expressed in HEK-293 cells at 3:1 α:β, then homogenized and purified via CaM-
sepharose. Aggregates were detected in 16,000xg pellets. (B) Quantification of change in 
pellet enrichment. Both CaMKIIα and CaMKIIβ showed significant clustering under 
aggregation conditions in 3:1 co-expressed heteromers, compared to control (two-way 
ANOVA, Bonferroni’s test: **p=0.0047 for CaMKIIα; *p=0.0416 for CaMKIIβ). No 
significant differences in self-aggregation levels were detected between CaMKIIα and 
CaMKIIβ (two-way ANOVA, Bonferroni’s test, n.s.: p=0.2266).  
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Figure S6: CaMKII movement normalized and compared by genotype. Panels A-D 
show CaMKIIα vs. CaMKIIβ isoform comparison after normalizing to baseline. Panels E-
H show WT vs. CaMKIIα KO genotype comparison. Quantifications show mean ± SEM. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (A) CaMKIIα vs. CaMKIIβ movement to 
excitatory synapses in WT (two-way repeated-measures ANOVA, Bonferroni’s test: 
**p=0.0012 for pre vs. post in CaMKIIα; **p=0.0017 for pre vs. post in CaMKIIβ). (B) 
CaMKIIα vs. CaMKIIβ clustering at extra-synaptic cluster sites in WT (two-way repeated-
measures ANOVA, Bonferroni’s test: ***p=0.0001 for pre vs. post in CaMKIIα; **p=0.0035 
for pre vs. post in CaMKIIβ). (C) CaMKIIα vs. CaMKIIβ movement to excitatory synapses 
in CaMKIIα KO (two-way repeated-measures ANOVA, Bonferroni’s test: ***p=0.0001 for 
pre vs. post in CaMKIIα; **p=0.0017 for pre vs. post in CaMKIIβ). (D) CaMKIIα vs. CaMKIIβ 
clustering at extra-synaptic cluster sites in CaMKIIα KO (two-way repeated-measures 
ANOVA, Bonferroni’s test: **p=0.0004 for pre vs. post in CaMKIIα; **p=0.0007 for pre vs. 
post in CaMKIIβ). (E) CaMKIIα movement to excitatory synapses in WT vs. CaMKIIα KO 
(two-way repeated-measures ANOVA, Bonferroni’s test: **p=0.0018 for pre vs. post in WT; 
****p<0.0001 for pre vs. post in CaMKIIα KO; *p=0.0344 for post WT vs. post CaMKIIα 
KO). (F) CaMKIIβ movement to excitatory synapses in WT vs. CaMKIIα KO (two-way 
repeated-measures ANOVA, Bonferroni’s test: ****p<0.0001 for pre vs. post in WT; 
**p=0.0024 for pre vs. post in CaMKIIα KO; *p=0.0230 for pre WT vs. pre CaMKIIα KO; 
*p=0.0078 for post WT vs. post CaMKIIα KO). (G) CaMKIIα extra-synaptic clustering in 
WT vs. CaMKIIα KO (two-way repeated-measures ANOVA, Bonferroni’s test: 
****p<0.0001 for pre vs. post in WT; *p=0.0179 for pre vs. post in CaMKIIα KO). (H) 
CaMKIIβ extra-synaptic clustering in WT vs. CaMKIIα KO (two-way repeated-measures 
ANOVA, Bonferroni’s test: ****p<0.0001 for pre vs. post in WT; **p=0.0058 for pre vs. post 
in CaMKIIα KO; *p=0.0303 for pre WT vs. pre CaMKIIα KO; **p=0.0015 for post WT vs. 
post CaMKIIα KO). 
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