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Abstract  1 

Small heat-shock proteins (sHSPs) are molecular chaperones that respond to cellular stresses to 2 

combat protein aggregation. HSP27 is a critical human sHSP that forms large, dynamic oligomers 3 

whose quaternary structures and chaperone activities depend on environmental factors. Upon 4 

exposure to cellular stresses such as heat shock or acidosis, HSP27 oligomers can dissociate 5 

into dimers and monomers, which leads to significantly enhanced chaperone activity. The 6 

structured core of the protein, the α-crystallin domain (ACD), forms dimers and can prevent the 7 

aggregation of substrate proteins to a similar degree as the full-length protein. When the ACD 8 

dimer dissociates into monomers, it partially unfolds and exhibits enhanced activity. Here, we 9 

used solution-state NMR spectroscopy to characterize the structure and dynamics of the HSP27 10 

ACD monomer. We show that the monomer is stabilized at low pH and exhibits considerable 11 

structural changes and backbone motions in the region responsible for dimerization. By analyzing 12 

the solvent accessible and buried surface areas of sHSP structures in the context of a database 13 

of dimers that are known to dissociate into disordered monomers, we predict that ACD dimers 14 

from sHSPs across all kingdoms of life may partially unfold upon dissociation. We propose a 15 

general model in which conditional disorder – the partial unfolding of ACDs upon monomerization 16 

– is a common mechanism for sHSP activity. 17 

  18 
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Introduction 1 

Small heat-shock proteins (sHSPs) comprise a class of ATP-independent molecular chaperones that are 2 

present in all kingdoms of life [1,2] and maintain cellular homeostasis by preventing the aggregation of 3 

partially unfolded or misfolded proteins [3,4]. In addition, human sHSPs play roles in regulating apoptosis 4 

and modulating the redox environment [5]. Given these essential biological roles, the dysregulation of 5 

sHSPs is implicated in cancer [6,7], cataract formation [8,9], and neurodegenerative diseases [10]. 6 

Moreover, disease-causing mutations in sHSPs have been directly linked to numerous myopathies 7 

including Charcot-Marie-Tooth disease and distal hereditary motor neuropathy [11,12].   8 

The amino-acid sequences of sHSPs, which themselves exhibit interesting physicochemical 9 

properties and contain significant amounts of intrinsic disorder  [13–16], encode for dynamic structures that 10 

drive the diverse functionality of sHSPs. Typically, human sHSPs assemble into large, often heterogenous 11 

oligomers that can respond to environmental cues [17,18]. Since the expression levels of numerous sHSPs 12 

are controlled by stress-inducible transcription factors [2], the oligomeric states of some sHSPs can be 13 

modulated by an increase in concentration upon stress-induced upregulation of expression. Moreover, 14 

changes in pH, temperature, oxidation state, and ionic strength can significantly increase or decrease the 15 

oligomeric size of sHSPs [19–23], and stress-induced activation of signaling kinases that phosphorylate 16 

certain sHSPs can decompose the large oligomers into monomers and dimers [24,25]. The disassembly of 17 

some sHSPs into their constituent subunits has been shown to enhance their ability to protect against 18 

substrate aggregation [24,26,27], suggesting that competition between the binding of self and others may 19 

play a role in chaperone function.  20 

The family of sHSPs is defined by an α-crystallin domain (ACD) that comprises ~90 residues and 21 

folds into an immunoglobulin-like β-sandwich [17]. ACDs readily dimerize with a low micromolar dissociation 22 

constant, and the organization of ACD dimers depends on the organism: metazoan ACDs dimerize through 23 

a long, anti-parallel β-sheet involving the β6+7 strand, whereas non-metazoan ACDs form domain-swapped 24 

dimers [17]. The ACDs of human sHSPs are generally flanked by disordered N- and C-terminal regions of 25 

low sequence conservation [14,15]. These regions vary in length among sHSPs but can exceed more than 26 

half of the total amino acid sequence, and their interactions with the ACD and other regions of sHSPs 27 

contribute to oligomerization [25,28,29]. Removal of both the N- and C-terminal regions prevents extensive 28 
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oligomerization, and high-resolution structures have been determined for numerous isolated ACD dimers 1 

[30–33]. Human ACDs often retain the ability to prevent the aggregation of substrate proteins in vitro 2 

[26,31,34], indicating that functional features of sHSPs are encoded within this domain. 3 

Among the 10 human sHSPs, HSP27 (HSPB1) is expressed in all tissues [2] and plays a key role 4 

in maintaining protein homeostasis. Full-length HSP27 comprises 205 residues (Fig. 1A) but assembles 5 

into large, polydisperse oligomers that have an average mass near 500 kDa [24]. Both the N- and C-terminal 6 

regions of HSP27 are involved in oligomerization, and these regions are predominantly intrinsically 7 

disordered [25,26,35]  (Fig. 1A). Removal of the terminal regions prevents the formation of large oligomers, 8 

leaving the isolated ACD that forms stable dimers (Fig. 1B) and can prevent the aggregation of substrate 9 

proteins in vitro [26,31,34]. Recently, we and others demonstrated that acidic conditions destabilize the 10 

HSP27 ACD dimer [26,36] and promote monomer formation [26]. Interestingly, we found that 11 

monomerization was coupled to an increase in chaperone activity for both the ACD and full-length protein 12 

[26], which suggests that structural rearrangements upon ACD dimer dissociation are related to activity. 13 

However, the structural details of the ACD dimer-to-monomer transition are only beginning to be unveiled, 14 

largely due to the unstable nature of ACD monomers at elevated concentrations and their low populations 15 

under most experimental conditions. 16 

Here, we investigated in detail the structural and dynamical transitions that occur upon dissociation 17 

of the HSP27 ACD dimer. Under acidic conditions, the ACD monomer exists in slow exchange alongside 18 

the acid-unfolded form, which enables a direct comparison of structural changes between the two states. 19 

13Cα and 13CO chemical shift perturbations identify large secondary structural changes between the ACD 20 

dimer and monomer that are primarily localized to the interfacial region spanning the residues H124-S137. 21 

The magnitude of the 13Cα secondary chemical shifts has significantly decreased in this region, suggesting 22 

that the ACD monomer is more unfolded. These data are supported by 15N relaxation rates and diminished 23 

1H-15N residual dipolar couplings (RDCs), which point to large amplitude backbone motions in the interfacial 24 

region. Finally, with structural bioinformatics, we assessed the generality of the partial unfolding of ACD 25 

monomers. We used previously established methods that can predict the magnitude of structural changes 26 

in a monomer upon dissociation from a complex [37,38] as well as discriminate between monomers that 27 

remain structured and those that unfold upon dissociation [39]. Using this approach, we calculated the ratio 28 
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of per-residue solvent accessible and buried surface areas of all known ACD dimers and compared these 1 

ratios to a database of dimers that are known to dissociate into either ordered or disordered monomers. 2 

Our results lead to the hypothesis that, upon dissociation from the dimer, sHSP ACD monomers from all 3 

kingdoms of life are likely to undergo a similar partial unfolding event as HSP27.   4 
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Results 1 

Here, we have investigated the isolated ACD (cHSP27) comprising residues 84-171 of human HSP27 (Fig. 2 

1B). While cHSP27 primarily exists as a dimer, it can access a monomeric form and unfolded state 3 

depending on the concentration and solution conditions (Fig. 1B, Fig. 1C). Our construct includes the 4 

C137S mutation, which effectively mimics the reduced form of the wild-type ACD and prevents the formation 5 

of an inter-subunit disulfide bond [26].  6 

 7 

pH-induced unfolding of cHSP27 8 

Previously, we established that the Kd for cHSP27 dimerization at pH 7 is ca. 1 µM [26], which renders the 9 

population of free monomer below 5-10% at most NMR-tractable concentrations. Like αB-crystallin, the 10 

monomer-dimer equilibrium of cHSP27 is sensitive to pH [26,33,36], In the crystal structure of cHSP27, 11 

there are four histidine residues (Supplementary Fig. 1), with H124 and H131 situated at the dimer interface. 12 

Prior work has established that mutation of H124 to Lys, which attempts to mimic H124 protonation, 13 

promotes monomerization even at neutral pH  [26,36]. However, the H124K variant of cHSP27 is unstable 14 

and readily aggregates at NMR concentrations [26], thereby preventing high-resolution insight into the 15 

conformation of the monomer. 16 

  To find conditions suitable to characterize the cHSP27 monomer, we collected two-dimensional 17 

(2D) 1H-15N heteronuclear single quantum coherence (HSQC) spectra of cHSP27 as a function of pH (Fig. 18 

1C, Supplementary Fig. 1). At pH 7 and 250 µM, the sample is predominantly dimeric (Fig. 1C), whereas a 19 

mixture of monomer and dimer is evident at pH 6.5 (Supplementary Fig. 1). However, ~15 resonances from 20 

residues at the dimer interface and in the β5-strand become severely broadened at pH 6.5 and are not 21 

recovered by lowering the pH to 5 or 6 (Supplementary Fig. 1). Moreover, while the dimer at pH 7 is stable 22 

and amenable to NMR experiments at 250 µM and above over a prolonged period of time, the monomer at 23 

pH values of 6 and below is both severely exchange-broadened and prone to aggregation. Thus, we sought 24 

to identify conditions that lead to both a stable monomeric sample and high spectral quality.   25 

We obtained high-quality NMR spectra of the monomer at pH 4.2 and a protein concentration of 26 

150 uM (Fig. 1C). The 2D 1H-15N HSQC spectrum at 150 uM reveals the transition from predominantly 27 

folded dimer at pH 7 to a partially folded monomer at pH 4.2 (Fig. 1C). Increasing the protein concentration 28 
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to 450 µM at pH 4.2 severely decreased the spectral quality (Supplementary Fig. 2) and so we kept the 1 

concentration equal to or below 150 µM in all subsequent experiments described here at this pH. 2 

Importantly, we previously verified that the 15N chemical shifts measured directly from the monomer at pH 3 

4.2 closely resemble those of the monomer at pH 7, where the population of the monomer is only ~1% but 4 

was characterized using Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments [26]. Similar 5 

results have also been reported for for αB-crystallin [33], thus establishing that the monomer present at low 6 

pH resembles that at physiological conditions. 7 

Two sets of resonances for each residue were evident at pH 4.2 (Fig. 1C), indicating the presence 8 

of two structurally distinct conformations that slowly interconvert. We determined that the minor set of 9 

resonances originates from the acid-unfolded state, as the relative population of this form increases with 10 

decreasing pH (Fig. 1C). At pH 3.7, the populations of the monomeric and unfolded states are roughly equal 11 

(Fig. 1C), whereas at pH 3 the unfolded state is the only observable form (Fig. 1C).  12 

 13 

Structural characterization of the cHSP27 monomer 14 

The unfolded state of cHSP27 provides a useful internal standard against which we can compare chemical 15 

shifts and other structural parameters to the cHSP27 monomer. We assigned the backbone chemical shifts 16 

of unfolded cHSP27 at pH 3 using non-uniformly sampled (NUS) triple-resonance NMR experiments (Fig. 17 

2A). Only small deviations from the predicted, neighbor-corrected random coil chemical shifts [40] were 18 

observed (Supplementary Fig. 3), confirming that the protein is fully denatured at pH 3 (Fig. 2B-D). The 19 

transition from dimer to monomer occurs in the pH range that encompasses protonation of His side chains 20 

(pKa  values around 6), two of which are at the cHSP27 dimer interface, H124 and H131 (Supplementary 21 

Fig. 1). However, acid-induced unfolding of the cHSP27 monomer is likely caused by the protonation of 22 

Asp and Glu sidechains, which have respective pKa values around 4.2 and 3.6.  23 

At pH 3, only signals from the unfolded state were observed with no detectable monomer present. 24 

We therefore raised the pH to 4.1, where approximately 10% of the protein is unfolded, and used the pH 3 25 

assignments to guide assignment of the backbone chemical shifts from the lowly populated unfolded state. 26 

We obtained complete 1HN, 15N, 13Cα, and 13CO chemical shift assignments for both the monomer and the 27 

unfolded state at pH 4.1, as well as the dimer at pH 7. These datasets enabled us to calculate structural 28 
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changes that manifest between all three forms of cHSP27 (Fig. 2B-G), including the dimer-to-monomer, 1 

monomer-to-unfolded, and dimer-to-unfolded transitions. To this end, we calculated the combined, 2 

weighted 13Cα and 13CO chemical shift perturbations (CSPs) (equation 1, Methods), as these chemical 3 

shifts are faithful reporters on secondary structural changes.  4 

First, we assessed structural changes that manifest upon monomerization, i.e. between the 5 

monomeric and dimeric forms of cHSP27. The average value of the 13Cα and 13CO CSPs was 0.21 ppm, 6 

and the largest CSPs were observed for residues in the β5 and β6+7 strands (Fig. 2B, 2D):  R127, D129, 7 

G132, and I134 exhibited CSPs near or above 1 ppm, consistent with large structural changes in this region 8 

upon monomerization. In addition, small CSPs that are near or above the average value are found in the 9 

β2 and β3 strands (Fig. 2B), e.g. 0.22 ppm for S86 and 0.42 ppm for A92. As determined from previous 10 

NMR data [26], the β2 strand is likely only transiently formed in the dimer; however, based on the chemical 11 

shifts as well as 15N relaxation rates (vide infra), the β2 strand in the monomer has likely completely 12 

unfolded. Finally, there were no significant 13Cα and 13CO CSPs observed for residues L144-K171 (Fig. 13 

2B), demonstrating that this region in the monomer likely adopts essentially the same structure as that in 14 

the dimer. 15 

 Next, we compared changes to the secondary structure of monomeric and dimeric cHSP27. We 16 

therefore calculated the secondary chemical shifts (Δδ) for 13Cα (Fig. 2C). Δδ values report on secondary 17 

structure and were determined by calculating the difference between the chemical shift of the monomer or 18 

dimer and that of the unfolded state. Negative and positive values of ΔδCα respectively indicate β-strands 19 

and α-helices, whereas values near zero are indicative of disordered regions. Both the dimer and monomer 20 

exhibit very similar and negative ΔδCα values in the β3, β4, β8, and β9 strands (Fig. 2C), as expected for 21 

stable β-strands. By contrast, the region encompassing H124-I134 has significantly less negative ΔδCα 22 

values in the monomeric form (Fig. 2C), suggestive of decreased β-strand propensity, with ΔδCα 23 

differences between the dimer and monomer (ΔΔδCα) often exceeding +0.8 ppm (Fig. 2C, Fig. 2E). For 24 

example, the average ΔδCα values for the C-terminal portion of β5 (H124-Q128) and N-terminal portion of 25 

β6+7 have respectively decreased from -1.62 and -1 ppm in the dimer to -0.51 and -0.4 ppm in the monomer 26 

(Table 1). These data indicate that the β3, β4, β8, and β9 strands are similar between the monomer and 27 
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dimer, but the C-terminal portion of β5, L5,6+7, and the N-terminal portion of β6+7 are more disordered in 1 

the monomer. 2 

 3 
Backbone dynamics of the cHSP27 monomer 4 

Having established that at low pH the cHSP27 monomer exists in slow exchange with a small population 5 

of an acid-unfolded state, we characterized both conformations simultaneously using NMR experiments 6 

that are sensitive to backbone motions. We recorded TROSY-based 15N longitudinal (Fig. 3A, 3B) and 7 

transverse (Fig. 3C, 3D) relaxation rates (R1 and R2) and heteronuclear nuclear Overhauser effects (15N{1H} 8 

NOEs) (Fig. 3E) in both the cHSP27 dimer and monomer to quantify the amplitude of backbone dynamics. 9 

These spin relaxation parameters are effective probes of molecular motions on the pico-nanosecond 10 

timescale, as well as the global correlation time of a molecule. The 15N R2/R1 ratios enabled us to determine 11 

the isotropic rotational correlation time (τC) of the monomer (eqn 2, Methods), which at 6.0 ± 0.8 ns (Fig. 12 

3F) for a spherical particle yields a hydrodynamic radius (eqn 3, Methods) of 17.1 ± 2.3 Å at 15 °C. These 13 

values are consistent with a 9.8 kDa protein where empirical equations predict a hydrodynamic radius of 14 

17.3 Å for a globular protein of this size [41]. In comparison, our 15N spin relaxation experiments on the 15 

cHSP27 dimer at pH 7 yield a τC value of 12.5 ± 1.6 ns (Fig. 3E), which is consistent with a 2 x 9.8 kDa 16 

protein at 15 °C. Assuming a spherical particle, the calculated hydration radius of 21.8 ± 2.8 Å agrees 17 

closely with the 21.1 Å radius expected from empirical equations [41]. Our 15N spin relaxation 18 

measurements unambiguously establish that the cHSP27 sample at low pH is monomeric.  19 

 The raw 15N relaxation data offer additional insight into the backbone motions in the cHSP27 20 

monomer. The N-terminal residues V85-D93 exhibit very low R2 rates and 15N{1H} NOEs that are indicative 21 

of high mobility (Fig. 3C, 3D, 3E), demonstrating that the β2 strand is certainly not formed in the monomer. 22 

Similarly, the 15N relaxation rates in the dimer also indicate that the β2 strand is not stably formed, as this 23 

region has 15N{1H} NOE values below 0.1 and R2 rates near 5 s-1 (10 s-1 for I88) at 600 MHz (Fig. 3C, 3E). 24 

Thus, while the low pH of the buffer used to study the monomeric sample may have impacted the 25 

conformational dynamics of the β2 strand, the fact that the β2 strand is also not formed in the dimer 26 

suggests that it is only marginally stable. These results agree with previous NMR data on ACD of the similar 27 

protein αB-crystallin, in which it was found that the β2 strand was not formed in solution [42]. 28 
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Additional differences between the backbone dynamics of the monomer and dimer are evident 1 

based on the R1 rates (Fig. 3A, 3B). R1 rates are sensitive to nanosecond motions, but tumbling that occurs 2 

on a similar timescale can obscure the detection of nanosecond dynamics [43]. In the dimer, locally elevated 3 

R1 rates are observed for four regions: the loops between the β2/β3 (L2,3) and β3/β4 (L3,4) strands, the short 4 

helix between β3/β4, and residues E126-D129 at the dimer interface. However, since the R1 rates for the 5 

monomer are flat beyond the N-terminus, we can infer that the backbone motions in L2,3, L3,4, the helix 6 

between β3/β4, and E126-D129 take place on the nanosecond timescale and encroach upon the overall 7 

rotational correlation time of the monomer. Furthermore, our 15N{1H} and R2 data indicate that residues 8 

R127-R136 in the monomer become more mobile on the picosecond timescale. This is evidenced by 9 

15N{1H} NOE values that are all below 0.6 at 600 MHz (Fig. 3E) and a local minimum in the R2 rates at G132 10 

(Fig. 3C, 3D). Overall, the 15N relaxation data on the monomer are consistent with our chemical shift 11 

analysis above (Fig. 2) and indicate that the interfacial region partially unfolds and becomes more mobile 12 

upon dissociation.  13 

 To gain additional insight into the backbone dynamics of the cHSP27 monomer, we fit our 15N 14 

relaxation to Lipari-Szabo models [44] that describe the amplitude and timescale of internal motions. The 15 

generalized squared order parameter, S2, respectively varies from 0 to 1 for a fully disordered and a 16 

completely rigid bond vector, and an internal correlation time (τe) captures rapid motions on the ps 17 

timescale. Regions of stable secondary structure in globular proteins typically have S2 values near 0.9, 18 

while S2 values in flexible loops and termini can reach 0.6 and below. When we fit the 15N relaxation data 19 

from the monomer to Lipari-Szabo models, we find that data from the residues in the interfacial region 20 

cannot be fit with a global τc and local τe values; rather, these residues require local τc values near 2 ns. 21 

Across the rest of the monomer, excluding the dynamic residues at the interface and those at the N-22 

terminus, we find that the average τc value obtained from our Lipari-Szabo modeling is 5.89 ± 0.80 ns 23 

(Supplementary Figure 4), which closely agrees with the global τc that we obtained from analysis of the 24 

trimmed 15N R2/R1 ratios (6.0 ± 0.8 ns). Moreover, when we compare the S2 values of the monomer to the 25 

dimer, we find that the loop between β2/β3 and the interfacial region spanning residues R127-F138 show 26 

the largest differences in S2 values. Indeed, the dimer shows some flexibility in the loop between the 27 

β5/β6+7 strands, as evidenced by locally diminished S2 values for E130-G132 (ca. 0.75); however, the 28 
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monomer exhibits considerably more flexibility in this region and the adjacent residues, indicating that the 1 

C-terminal region of β5 and the N-terminal region of β6+7 are not stably formed. We note that the Lipari-2 

Szabo analysis requires a clear separation in the timescales of motion, and therefore our fitted parameters 3 

for the monomer may be prone to error. The raw relaxation data, however, indicate that the interfacial region 4 

exhibits larger amplitude backbone motions with rapid timescale motions. 5 

 6 

Residual dipolar couplings provide additional structural insight 7 

In order to better characterize the structural changes that occur upon cHSP27 monomerization, we 8 

recorded 1H-15N residual dipolar couplings (RDCs), which report on N-H bond vector orientations within a 9 

common reference frame [45]. We partially aligned samples of the cHSP27 dimer or monomer in solutions 10 

of PEG-hexanol (Methods) and measured N-H RDCs (1DNH) using standard methods [46] (Fig. 4). To 11 

accurately determine the alignment tensor of the dimer (Table 2), we first fit a subset of the measured RDCs 12 

to the crystal structure of the cHSP27 dimer (PDB: 4mjh). Since the crystal structure is only available at a 13 

resolution of 2.6 Å, and thus contains considerable structural noise [47], we chose residues in well-defined 14 

regions of secondary structure and without evidence of exchange, measured previously [26], in order to 15 

better define the alignment tensor. Thus, we fit 2 x 19 couplings to 38 N-H bond vectors in the cHSP27 16 

crystal structure to obtain the alignment tensor (Table 2).  For the RDCs that were not used to determine 17 

the alignment tensor, the correlation between measured and predicted 1DNH values is reasonable, with 18 

deviations in some residues (Figure 4B) indicating different orientations of these N-H bond vectors in 19 

solution. For n = 45 residues in secondary structural elements, the Q factor (eqn 4, Methods) [48], or 20 

agreement between the measured RDCs and the predictions based on the crystal structure, is 37% 21 

(Supplementary Fig. 5) and matches expectations for a 2.6-Å structure [49]. The Q factor increases to 49% 22 

when all residues are included in the analysis (Supplementary Fig. 5), which is to be expected due to the 23 

poorly defined atomic positions of N-H bond vectors in loop regions and the known flexibility of the β2-24 

strand [50]. 25 

 For the monomer, we determined its alignment tensor (Table 2) by fitting a subset of our measured 26 

values of 1DNH to chain A of the dimer structure (PDB: 4mjh), henceforth referred to as the “rigid body 27 

monomer”. Since the residues L144-K171 are essentially unchanged between the monomer and dimer 28 
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(Fig. 2B, Fig. 3E), we fit 19 couplings from a subset of these residues and those in the β3- and β4-strands 1 

to 19 N-H bond vectors to determine the alignment tensor (Table 2). For many residues, the back-calculated 2 

values of 1DNH using the rigid body monomer closely matched the measured values (Fig. 4D), yielding a Q 3 

factor of 23% for n = 33 residues in regions of secondary structure (Supplementary Fig. 5). However, the 4 

region spanning E125-S137 showed substantial deviations between the predicted and measured values 5 

(Fig. 4D), with lower values of 1DNH than expected from the rigid body monomer structure. This region, 6 

encompassing the C-terminal portion of β5, L5,6+7, and the N-terminal portion of β6+7, therefore samples 7 

different conformations in solution relative to the rigid body monomer. Interestingly, the RDCs from residues 8 

just up or downstream of this region, namely E119-H124 in the N-terminal portion of β5 and F138-T143 in 9 

the C-terminus of β6+7, agree well with the back-calculated values and have respective RMSD values 10 

(predicted vs. measured) of 2.5 and 3.2 Hz. These results indicate that the respective conformations of the 11 

N- and C-terminal portions of β5 and β6+7 in solution resemble that of the rigid body monomer, whereas 12 

the intervening region has become more disordered. Combined with the decreased values of ΔδCα (Fig. 13 

2C) and diminished hetNOEs and S2 values (Fig. 3E, 3F) in the interfacial region, our RDCs measurements 14 

point to a more flexible conformation with lower values of 1DNH due to dynamical averaging. 15 

 16 

Disordered monomers in other sHSPs 17 

In light of our findings above, and given the conserved structural features of ACDs, we wondered if the 18 

dissociation-induced unfolding of ACD dimer interfaces may be a general feature of this class of chaperone. 19 

Previous structural bioinformatics studies have demonstrated that the solvent accessible surface area 20 

(SASA) of a protein relative to that expected from its molecular weight can be used to predict the magnitude 21 

of structural rearrangements that occur upon complex formation or dissociation [37,38]. In addition, per-22 

residue calculations of the SASA and buried surface area (BSA) for proteins in a complex can discriminate 23 

between oligomers that dissociate into ordered or disordered monomers [39]. We used these metrics to 24 

assess whether ACD dimers from other sHSPs would also partially unfold upon dissociation.  25 

First, we computed the ratio of per-residue SASA and per-residue BSA, henceforth referred to as 26 

the disorder index, for dimers that are known to dissociate into disordered monomers. These dimers were 27 

extracted from the Mutual Folding Induced Binding (MFIB) database [51]. The disorder indices of these 28 
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dimers sample a distribution centered at 2.2 with the vast majority falling between 1.5 and 3 (Fig. 5A). We 1 

next calculated the same metrics for dimers that are known to dissociate into structured monomers. The 2 

distribution of disorder indices for these dimers is shifted to significantly lower values, with the center near 3 

1.2 and the range spanning 0.9-1.5 (Fig. 5A).   4 

Having established that the disorder index is a valuable metric to discriminate between dimers that 5 

dissociate into ordered or disordered monomers, we then calculated the disorder indices for 39 structures 6 

of sHSPs or their ACDs (Fig. 5A). Remarkably, the distribution of disorder indices for ACD dimers is 7 

centered around 1.8 (Fig. 5A), including human HSP27 (1.69), human αB-crystallin (2.03), C. elegans Sip1 8 

(1.89), and archaeal Hsp16.5 (1.74), indicating that the monomers likely undergo at least partial unfolding. 9 

The range of disorder indices for ACDs spans 1.4-2.2, which slightly overlaps with some of the dimers 10 

known to dissociate into structured monomers; however, the overlap between disordered monomers and 11 

the sHSPs is significantly larger (Fig. 5A). Importantly, the disorder index is not significantly changed when 12 

considering other structural regions outside of the ACD: e.g. for the structure of the 24-mer of Hsp16.5 from 13 

M. janaschii, the disorder index for the full-length protein is 1.76 compared to 1.75 when analyzing only the 14 

ACD. Similarly, for Hsp16.9 that has been crystallized as a 12-mer, the disorder index for the full-length 15 

protein is 2.2 compared to 2.0 for the ACD only. These values were similar to the disorder indices calculated 16 

for the Arc repressor (2.01), a non-covalent dimer that adopts a disordered molten globule conformation 17 

upon dissociation [52]; the transactivation domain of p53 in complex with the NCBD of CBP (2.52) [53]; and 18 

HdeA (1.90), an E. coli molecular chaperone that exists as an inactive dimer, but dissociates into disordered 19 

monomers that are highly active [54]. This analysis suggests therefore that the partial unfolding of sHSP 20 

ACD dimers upon dissociation may be a general property of sHSPs. 21 

 22 

  23 
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Discussion 1 
 2 
Here, we have studied the structure and dynamics of the HSP27 ACD monomer in solution by means of 3 

NMR spectroscopy. Given that most ACD dimers reportedly have dissociation constants in the low µM 4 

range (e.g. 1-5 µM), there is likely a significant monomeric fraction inside cells where, notwithstanding 5 

molecular crowding conditions, the protein concentration is expected to be significantly below the 6 

dimerization Kd [55]. Moreover, monomeric ACDs exist within oligomeric full-length sHSPs, as odd-7 

numbered oligomers have been routinely detected by in vitro mass spectrometry experiments 8 

[18,21,24,26]. However, while numerous studies have interrogated the structures and biophysical 9 

properties of ACD dimers, much less focus has been placed on the monomeric state of this domain [26,27]. 10 

To our knowledge, our study represents the most comprehensive characterization of an ACD monomer to-11 

date and outlines potentially general protocols and methods that can be used to investigate monomeric 12 

ACDs from other sHSPs. The conditional disorder that is encoded within ACD dimers adds to the growing 13 

significance of the role of intrinsic disorder within sHSPs and functional disorder within molecular 14 

chaperones [56,57]. In particular, conditional disorder and structural plasticity seem widespread within the 15 

family of ATP-independent chaperones [58]. 16 

 Our NMR data highlight the structural plasticity that exists within the dimer interface of HSP27, 17 

encompassing the region H124-S137 that has partially unfolded upon monomerization. While we have 18 

characterized the monomer here in a low pH buffer, previous NMR measurements indicate that the structure 19 

of the monomer at pH 7 is similar to that at low pH [26]. However, since the population of the monomer at 20 

pH 7 is only ~1%, we lowered the pH to increase the abundance, and allow hence direct observation, of 21 

the partially unfolded monomeric state. Collectively, the 13Cα and 13CO CSPs, 13Cα secondary chemical 22 

shifts, N-H RDCs, and 15N relaxation rates point to a more disordered region in the monomer. These data 23 

conclusively establish that the dimer interface becomes highly dynamic and flexible in the monomeric state. 24 

Along with the intrinsically disordered N- and C-terminal regions, the partially unfolded dimer interface 25 

contributes to making HSP27 a “conditionally disordered” [56] molecular chaperone. In large HSP27 26 

oligomers, we note that the N-terminal region, while disordered, likely retains some structure because this 27 

region is undetectable in solution-state NMR spectra of the wild-type protein, whereas the C-terminal region 28 

is always observed [35]. By contrast, the N-terminal region can be readily detected in NMR spectra of the 29 
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dimeric full-length protein [25] under conditions where biochemical studies have established that the N-1 

terminus becomes more solvent exposed [59]. Therefore, both the N-terminal region and the dimer interface 2 

become more disordered under conditions that promote oligomer dissociation, rendering HSP27 a 3 

“conditionally disordered” chaperone. Importantly, the interfacial region that we found partially unfolds is 4 

primarily comprised of polar and charged residues, which account for 13 of the 14 residues, of which six 5 

are charged. This site could potentially be used by HSP27 to interact with unfolded substrates in an 6 

electrostatic manner, which would allow for interactions over a longer range. Such electrostatic interactions 7 

could be vital for the early-stage role of sHSPs in recognizing the initial steps of protein misfolding. A long-8 

range, electrostatic-based substrate recognition mechanism has been established for the ATP-independent 9 

molecular chaperone Spy [60]. It will be interesting to establish whether HSP27 or related sHSPs indeed 10 

use their partially unfolded interfacial region to bind substrates and if the chaperone activity or substrate 11 

interaction is impacted by the addition of increasing concentrations of salt. A disordered, 8-residue peptide 12 

from the β6+7 strand of the chaperone αB-crystallin is known to prevent the aggregation of substrate 13 

proteins [61], pointing to a potential functional role for the disordered interfacial region of the monomer. 14 

 Our 15N relaxation measurements point to nanosecond timescale motions in functionally important 15 

regions of HSP27. For example, the key residues S78 and S82, whose phosphorylation impact HSP27 16 

oligomeric assembly and function [24], lie just N-terminal of L2,3. Since L2,3 is known to transiently interact 17 

with other regions of HSP27, such as L3,4 [50], the nanosecond motions in L2,3 may impact on the 18 

conformation of the β2 strand and the overall accessibility of S78 and S82. Similarly, the R1 rates point to 19 

nanosecond motions at the dimer interface at E126-D129. In the crystal structure, the residues E126-D129 20 

residues form inter-protomer salt bridges between E126 and K141’ and D129 and R140’ (where ’ refers to 21 

the other protomer) that stabilize the dimer interface. In solution, however, the residues E126-D129 in the 22 

dimer appear mobile on the nanosecond timescale. There are multiple disease-causing mutations that fall 23 

in this region of HSP27, including R127W and Q128R, and it is tempting to speculate that perturbations to 24 

the local backbone motions may play a role in dysregulation of the protein in disease. 25 

 26 

 27 
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 ACD dimers share structural features and therefore the mechanism of partial unfolding upon 1 

monomerization may be similar in sHSPs from other organisms. We assessed this more generally through 2 

structural bioinformatics, which led to our prediction that ACD dimers indeed have a high tendency to unfold 3 

upon dissociation. Further experiments are required to test this hypothesis. However, since sHSPs and 4 

ACDs are found in all kingdoms of life, the structural plasticity that is encoded within the ACD, such that the 5 

interfacial region appears only to be structured when contacting another subunit is present, could be 6 

widespread and conserved across evolution. While the primary sequences of disordered regions are 7 

typically not positionally conserved [62], the interfacial region of sHSPs is conserved among orthologues 8 

and suggests that the additional constraint of being structured in ACD dimers establishes positional 9 

sequence conservation. Along these lines, it is interesting to note that the amino acid compositions of ACDs 10 

lie at the boundary of those for structured and disordered proteins [15], suggesting that the physiochemical 11 

properties of these amphipathic domains are useful for the chaperone mechanism of sHSPs.  12 

However, not all sHSP monomers are known to exhibit an increased ability to prevent substrate 13 

aggregation, as has recently been established for two plant sHSPs that were disulfide cross-linked across 14 

their dimer interface yet remained more active than the reduced forms [63]. The polydisperse nature of 15 

human sHSPs renders them particularly challenging to investigate at the biochemical and atomic levels, 16 

and the monomer represents but one oligomeric form of sHSPs. The oligomeric states of sHSPs involve 17 

coupled equilibria that shift not just with concentration but also environmental factors, including pH and 18 

post-translational modifications. As such, multiple oligomeric forms are likely relevant to function, and 19 

regulation thereof. Under acidosis, the lower pH values are likely to promote monomer formation, but 20 

multiple modes of interaction between disparate regions of sHSPs, e.g. NTD-ACD, ACD-ACD, ACD-CTR, 21 

contributes to a complicated oligomerization mechanism that also allows larger oligomers to form under 22 

such conditions [36]. Our investigation of the structural and dynamical properties of the HSP27 ACD 23 

monomer offers a step forward toward understanding one of the more elusive conformations of sHSPs. 24 

Future work toward establishing the specific mechanisms of sHSP chaperone activity and substrate binding 25 

will prove essential in elucidating the role of partial ACD unfolding.  26 

 27 
  28 
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Methods 1 
 2 

Protein expression and purification 3 

The cHSP27 construct used here includes residues G84–K171 of human HSP27 (HSPB1) and included 4 

the C137S mutation to prevent disulfide bond formation. As described previously [26], the C137S mutation 5 

does not perturb the structure or dynamics of the cHSP27 dimer and effectively mimics the reduced state 6 

of the protein. The expression plasmid contains an N-terminal hexahistidine tag followed by a tobacco etch 7 

virus (TEV) protease cleavage site. The Gly overhang following TEV protease cleavage corresponds to 8 

G84 in the HSP27 amino acid sequence.  9 

cHSP27 was expressed as described previously [26]. Briefly, BL21(DE3) cells were transformed 10 

with the expression plasmid (Kanamycin resistant) and grown in the presence of 30 µg/mL Kanamycin. 11 

Following overnight growth at 37 °C with shaking, the cells were pelleted and resuspended in M9 Minimal 12 

Medium containing the relevant isotopes for NMR studies. For 2H, 13C, 15N-labeled cHSP27 samples, the 13 

medium was prepared in D2O (Cambridge Isotope Laboratories, Boston, MA) and contained 15N ammonium 14 

chloride (Sigma-Aldrich) and 2H/13C d-glucose (Cambridge Isotope Laboratories) as the sources of 15 

deuterium, nitrogen, and carbon. The medium was supplemented with 1 g/L of 2H, 13C, 15N-labeled ISOGRO 16 

(Sigma-Aldrich). The cells grew at 37 °C with shaking until reaching an OD of ca. 1, after which 1 mM IPTG 17 

was added to the culture and protein was expressed at 37 °C for 4 hours. Cells were then pelleted and 18 

stored at -80°C until use. Protein purification followed protocols outlined previously including purification 19 

over a Ni2+ resin column, cleavage of the His-tag by His-tagged TEV protease and separation by reverse 20 

Ni2+ affinity purification, and gel filtration chromatography [26].  21 

 22 

Disorder prediction 23 

The amino acid sequence of HSP27, UniProt ID P04792, was used as input for the software programs 24 

DISOPRED3 [64], IUPred2A [65], and ESpritz [66]. Default parameters were used for each software to 25 

predict the disordered regions of HSP27. Changing C137 to Ser, as in the C137S mutation used for our 26 

NMR studies, only slightly increases the predicted levels of disorder around this residue. The values for 27 

wild-type HSP27 are reported in Figure 1. 28 

 29 
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NMR spectroscopy 1 

For NMR spectra of the dimer, cHSP27 samples were dissolved in pH 7 buffer containing 30 mM sodium 2 

phosphate and 2 mM EDTA, with 6% D2O added for the lock. The pH of this buffer was lowered to 4.2, 4.1, 3 

3.7, and 3.0 to shift the dimer-monomer and monomer-unfolded equilibria to the monomer and unfolded 4 

states. Samples of cHSP27 monomer were generally kept to 150 µM or below to minimize the adverse 5 

effects observed at higher concentrations that arise from inter-molecular contacts (Supplementary Fig. 1), 6 

which eventually lead to aggregation of the monomer [26]. NMR spectra were recorded on 600 or 900 MHz 7 

Bruker Avance-III spectrometers equipped with z-axis pulsed field gradient cryogenic probes. All NMR 8 

spectra were processed with NMRPipe [67] and visualized with NMRFAM-Sparky [68]. For experiments 9 

that required quantitation of intensities, peak shapes were fit with the program FuDA [69].  10 

 11 

Backbone resonance assignments    12 

Backbone resonance assignments are available for the oxidized form of the cHSP27 dimer [26,32] (BMRB 13 

Entries 27046 and 25645). We previously assigned the backbone resonances of the C137S dimer and 14 

monomer [26], but extended our assignments here to study of the unfolded state in equilibrium with the 15 

monomer. The monomer samples used for NMR analyses were perdeuterated to enhance spectral 16 

resolution and exploit the more favorable relaxation properties. We therefore recollected assignment 17 

spectra on the cHSP27 dimer to enable direct comparison of the chemical shifts and avoid potential artifacts 18 

introduced by large one-bond deuterium isotope shifts [70] and the dependence of deuterium isotope shifts 19 

on secondary structure [71]. 3D HNCA and HNCO experiments were recorded at 600 MHz on 2H, 13C, 15N-20 

labeled samples of cHSP27 dimer (pH 7), cHSP27 monomer (pH 4.1), and acid-unfolded cHSP27 (pH 3). 21 

The triple resonance spectra were recorded with non-uniform sampling in the indirect dimensions with a 22 

sparsity of 10% prior to extension of the time domains. The full spectra were reconstructed with SMILE [72]. 23 

For the dimer and monomer, the HNCO (HNCA) spectra were acquired with acquisition times of 49.3 ms 24 

(49.3 ms), 33.1 ms (11.0 ms), and 127.8 ms (122.9 ms) for the t1 (15N), t2 (13CO or 13Cα), and t3 (1H) 25 

dimensions, respectively. Similar acquisition times were used for the unfolded state, except for a longer 26 

maximum acquisition time in the t1 (15N) dimension. In total, we obtained complete backbone assignments 27 

for the cHSP27 monomer, excluding the extreme N-terminus G84 and P145, which is adjacent to P146 and 28 
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therefore invisible in these HN-based 3D experiments. The complete list of assignments includes 87 13Cα, 1 

80 13CO, 80 15N, and 80 1HN chemical shifts and has been deposited to the BMRB (Entry 28034).  2 

 3 

The combined, weighted 13Cα and 13CO CSPs were determined using the following equation: 4 

13Cα + 13CO CSP = !"
#
(∆&'

(

")
+ ∆&+(

,
)	    (eq. 1) 5 

 6 

Backbone dynamics 7 

Using previously described pulse sequences [73], we recorded heteronuclear TROSY-based 15N 8 

longitudinal (R1), transverse (R1ρ), and heteronuclear 15N{1H} NOE relaxation data on the cHSP27 dimer, 9 

monomer, and unfolded state. 15N R1 and R1ρ data were collected on spectrometers operating at 1H 10 

frequencies of 600 and 900 MHz; however, 15N{1H} data were only recorded at 600 MHz. The samples 11 

were uniformly labeled with 2H, 13C, and 15N and prepared at protein concentrations of 1 mM in 30 mM 12 

sodium phosphate and 2 mM EDTA, with 6% D2O added for the lock, at pH 7 buffer (dimer) or 0.1 mM in 13 

the same buffer at pH 4.2 (monomer plus unfolded). The temperature was set to 15 °C for these 14 

experiments. The relaxation experiments were acquired with acquisition times of 46.8 ms (t1, 15N) and 81.1 15 

ms (t2, 1H) with 7 delay times ranging from 0.31-2.33 s (dimer, R1) and 10-80 ms (dimer, R1ρ) to 0.23-1.55 16 

s (monomer, R1) to 10-200 ms (monomer, R1ρ). Errors in the derived relaxation rates were obtained from 17 

fitting. R1ρ measurements were performed using a spin-lock field strength of 1 kHz and the reported R2 18 

values were derived from the known relation and corrected for the off-resonance titled field using R2 = 19 

R1ρ/sin2θ – R1/tan2θ, where θ = arctan(ω1/Ω) with ω1 the spin-lock field and Ω the 15N resonance offset. To 20 

fit Lipari-Szabo models [74,75], we used ModelFree version 4.20 that was available in the NMRbox [76] 21 

virtual machine. The rotational correlation times (τc) were derived from analysis of the 15N R2/R1 ratios for 22 

residues that did not show evidence of significant ps-ns or µs-ms dynamics [77,78].  23 

To estimate τc from the R2/R1 ratios and calculate the Rh for an assumed spherical particle, we used 24 

the following equations: 25 

𝜏0 ≈ 	
!6𝑇"𝑇#

− 7	

4𝜋𝜈9
							(eq. 2) 26 
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 1 

𝑅? = 	 A
3𝑘D𝜏0	
4𝜋𝜂

F
							(eq. 3) 2 

 3 

Where 𝜈9 is the Larmor frequency of 15N (here 60.848 MHz), 𝑘D is Boltzmann’s constant, and 𝜂 is the 4 

viscosity of water (1.1373 cP at 15 °C). By substituting 𝜏0 into eq. 3, we are able to obtain an estimate for 5 

the Rh of the particle with the assumption that the particle is spherical. 6 

 The 15N relaxation data at 600 and 900 MHz were fit to Lipari-Szabo models using Modelfree4.20 7 

[79] within the NMRbox [76]. The length of the N-H bond vector was set to 1.02 Å and the 15N CSA value 8 

was set at –160 ppm. Since no high-resolution structure of the cHSP27 monomer is available, we fit its 9 

relaxation data assuming an isotropic rotational diffusion tensor. A global rotational correlation time (τc) of 10 

6 ± 0.8 ns was determined from 15N R2/R1 ratios (eqn 2). Residues with evidence of ps-ns and µs-ms 11 

motions, as respectively determined by 15N{1H} NOEs < 0.65 and R2 values greater than 1.5<R2> + 1 12 

standard deviation, were excluded from this analysis. Preliminary Lipari-Szabo modeling using global 13 

rotational correlation times within a range of 5-7 ns showed that the relaxation data from the interfacial 14 

region could not be adequately described alongside the rest of the molecule, even when including 15 

parameters to account for rapid internal motions (τe) on the picosecond timescale and exchange (Rex) 16 

contributions to R2. Thus, we fit the data using a local τc for each residue that could vary between 1 and 7 17 

ns, alongside a τe parameter to account for more rapid motions faster than 100 ps and Rex to account for 18 

exchange. Excluding the dynamic residues at the N-terminus (V85-R94) and the interfacial region (E125-19 

S137), the average value of the locally fit τc is 5.89 ± 0.80 ns (Supplementary Fig. 4), which agrees well 20 

with the global τc determined from R2/R1 ratios. Only 21 of 77 residues required a τe parameter and only 7 21 

required Rex. Notably, 6 of the 7 residues requiring Rex were in the interfacial region between Q128 and 22 

S137 (Supplementary Fig. 4). We fit the 15N relaxation data from the cHSP27 dimer to Lipari-Szabo models 23 

using an isotropic rotational diffusion tensor with τc set to 12.5 ns. This proved to describe the measured 24 

relaxation data, and therefore locally varying τc values were not employed.  25 

 26 
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Residual dipolar couplings 1 

1H-15N RDCs were recorded using gradient-enhanced IPAP-HSQC spectra [80] at 900 MHz under both 2 

isotropic and anisotropic conditions where scalar couplings (1JNH) or scalar and dipolar couplings (1JNH + 3 

1DNH) are respectively active. Partial alignment of the cHSP27 dimer (0.78 mM) was achieved with 4 

preparation of a liquid crystalline 4.3% (v/v) mixture of C12E5 poly-ethylene-glycol (PEG)/hexanol [81] in 5 

buffer containing 30 mM sodium phosphate, 2 mM EDTA, and 6% D2O at pH 7. Similar preparation of a 6 

4.3% (v/v) PEG-hexanol liquid crystalline mixture was performed to align the cHSP27 monomer in the same 7 

buffer with a pH of 4.1. Both datasets were recorded at 25 °C. The couplings were calculated by measuring 8 

the difference in 15N chemical shifts in the IP/AP HSQC spectra, and then computing the difference in these 9 

values between aligned and unaligned samples. 10 

The alignment tensor of the cHSP27 dimer was determined by singular value decomposition (SVD) 11 

fitting of couplings to the 2.6-Å crystal structure of the dimer (PDB: 4mjh) using the DC program from the 12 

NMRPipe package and the webserver for dipolar coupling analyses 13 

(https://spin.niddk.nih.gov/bax/nmrserver/dc/). Protons were added to the structure using the PDB Utility 14 

webserver (https://spin.niddk.nih.gov/bax/nmrserver/pdbutil/sa.html). Since the crystal structure of cHSP27 15 

was co-crystallized with an eight-residue peptide bound between the β4 and β8 strands, we removed these 16 

chains (B, D) from the PDB file. To ensure accurate determination of the alignment tensor, only residues in 17 

well-structured regions of the dimer without evidence of exchange, as determined by previous 18 

measurements of 15N CPMG relaxation dispersion [26], were fit. These included residues in the β3 (V97, 19 

S98, L99, D100), β4 (V111, K112, T113, K114), β8 (S154, S155, L157, S158), and β9 (T162, T164, V165, 20 

E166, A167) strands, as well as residues in the rigid loop between β6+7 and β8 (Q152, V153), which 21 

collectively cover a large portion of the molecule. Due to the symmetric nature of the cHSP27 dimer, such 22 

that only one set of resonances is observed in its 2D 1H-15N HSQC spectrum, these 19 couplings were fit 23 

to 2 x 19 N-H bond vectors in the crystal structure. From the fitted alignment tensor and the crystal structure, 24 

values of 1DNH were calculated and compared to the remaining experimentally measured values. A similar 25 

procedure was used to analyze RDCs measured for the cHSP27 monomer, except that the PDB structure 26 

entailed chain A from the crystal structure of the dimer (PDB: 4mjh). The same set of residues was used to 27 

fit the alignment tensor of the monomer, and both alignment tensors are reported in Table 2. For both sets 28 
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of couplings, we calculated a Q factor [48] to assess the quality of the agreement between the 1 

experimentally measured RDCs and those predicted from the structures: 2 

 3 

𝑄 =	

A∑ I 𝐷KLM,O" − 𝐷LM,O" P#Q
O

𝑛 	

A∑ 𝐷KLM,O" #Q
O

𝑛

						(eq. 4) 4 

Where the summation includes the total number of residues with measured RDCs that are present in the 5 

crystal structure (i = 1, 2, 3, … , n), and therefore enable a prediction. The accent atop the RDC notation, 6 

𝐷KLM,O" , indicates a measured value while its absence indicates a predicted value.  7 

 8 

Disorder index 9 

We obtained oligomers known to dissociate into disordered monomers from the Mutual Folding Induced 10 

Binding (MFIB) database [51] and used the Proteins, Interfaces, Structures, and Assemblies (PISA) 11 

interface for rapid calculation of structural properties [82]. Since the ACDs exist as dimers, we restricted 12 

the analysis of oligomers in MFIB to dimers, leading to a total of 133 homo- and hetero-dimers. Since each 13 

dimer contains two subunits, we therefore had a total of 266 monomer structures in the set of dimers that 14 

dissociate into disordered monomers. The set of dimers that dissociate into structured monomers was 15 

obtained from a previous analysis of oligomers [39] and totaled 42 dimers or 84 monomer structures. Each 16 

complex was subjected to a PISA Interface analysis, which computes the SASA and BSA for each chain in 17 

the dimer. The disorder index is then computed by taking the ration of the per-residue SASA and per-18 

residue BSA, i.e. the total SASA for a given chain divided by the total number of residues (per-residue 19 

SASA) and the BSA caused by complex formation divided by the total number of residues that comprise 20 

the interface (per-residue BSA). An in-house Python script was written to interface with the PISA webserver 21 

to access pre-calculated results for most of the complexes, which enabled rapid calculation of structural 22 

properties.  23 
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The PDB codes associated with dimers that dissociate into ordered monomers are:  12AS, 1A3C, 1 

1A4I, 1A4U, 1AA7, 1AD3, 1ADE, 1AFW, 1AJS, 1AMK, 1AOR, 1AQ6, 1AUO, 1B5E, 1B8A, 1B8J, 1BAM, 2 

1BD0, 1BIF, 1BIQ, 1BIS, 1BJW, 1BKP, 1BMD, 1BRW, 1BSL, 1BXG, 1BXK, 1CG2, 1CHM, 1CNZ, 1COZ, 3 

1CSH, 1CTT, 1CVU, 1DAA, 1DOR, 1DGP, 1EBH, 1F13, 1HJR, 1TAR. 4 

The PDB codes associated with dimers that dissociate into disordered monomers are:  1A93, 1AOI, 5 

1ARQ, 1AY9, 1B2P, 1B8K, 1B8M, 1B98, 1BET, 1BFM, 1BND, 1CI6, 1CMB, 1CZ3, 1D7M, 1DBD, 1DHM, 6 

1DIP, 1EJP, 1ET1, 1ETY, 1F66, 1F9F, 1GVP, 1HBW, 1HV2, 1IC2, 1JB6, 1JUN, 1K3Y, 1KBH, 1KJ1, 1KRL, 7 

1MKH, 1MNT, 1NO4, 1OHV, 1P94, 1PD3, 1PZQ, 1Q2H, 1Q68, 1R05, 1R6R, 1R8P, 1U35, 1UII, 1UIX, 8 

1UUJ, 1UWO, 1VCQ, 1WU9, 1X93, 1XOU, 1YGT, 1ZL8, 2ADL, 2AN7, 2ARO, 2AYE, 2B9C, 2B9D, 2C52, 9 

2C9V, 2CPG, 2D04, 2EZW, 2F8N, 2GSR, 2HJD, 2IJK, 2JEE, 2K1O, 2K29, 2K42, 2K6S, 2L14, 2LFH, 10 

2LHK, 2LNH, 2MH3, 2MMV, 2MV7, 2N4Q, 2NQB, 2ODK, 2OQQ, 2Q6Q, 2W1O, 2YAL, 2YFW, 3A0E, 11 

3B0B, 3B0C, 3FRW, 3G1C, 3HNW, 3HRY, 3HS2, 3KOR, 3KZ5, 3L32, 3M1E, 3MEZ, 3NQJ, 3SSI, 3SSU, 12 

3V9R, 3WA9, 3WAA, 3WRP, 3X1U, 4AFL, 4ATH, 4AYA, 4BEH, 4BRY, 4CFG, 4EC7, 4EFV, 4H3O, 4ME7, 13 

4NE3, 4P1M, 4Q14, 4RP3, 4U5T, 4W4K, 4WR4, 4Z5T, 5D5G, 5FIY. 14 

The PDB codes associated with structures of sHSPs or their ACDs are: 1GME, 1GME_ACD, 1SHS, 15 

1SHS_ACD, 2BOL, 2H50_ACD, 2KLR, 2N0K, 2N3J, 2WJ5, 2WJ7, 2Y1Y, 2Y1Z, 2Y22, 3AAB, 3GLA, 3GT6, 16 

3GUF, 3L1G, 3N3E, 3Q9P, 3Q9Q, 3VQK_ACD, 3VQL, 3VQL_ACD, 3W1Z_ACD, 4FEI, 4JUS_ACD, 17 

4LUM, 4M5S, 4M5T, 4MJH, 4RZK, 4YE0, 4ZJ9, 5DS1, 5DS2, 5J7N, 5ZS3. The codes with “_ACD” indicate 18 

that the ACD was extracted from this PDB file and analyzed alone to avoid contributions from other regions 19 

of the sHSP.  20 
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Figure Legends 1 

Fig. 1:  Domain architecture of HSP27 and NMR spectra of its ACD in various states. (A) Linear 2 
domain depiction of HSP27 with numbers corresponding to domain boundaries. The predicted disorder 3 
based on the amino acid sequence is shown below, with values of 1 and 0 respectively corresponding to 4 
disordered and ordered. A horizontal line at 0.5 has been added for clarity. (B) The cHSP27 construct 5 
contains the α-crystallin domain with the C137S mutation to prevent disulfide bond formation. Middle:  6 
crystal structure of the dimeric ACD (PDB: 4mjh) with the β-strands β2 through β9 indicated. Bottom: 7 
cHSP27 exists as a dimer (green), monomers (purple), and an unfolded form (black). (C) The equilibrium 8 
arrows in panel B are strongly affected by pH. 2D 1H-15N HSQC spectra of 2H, 13C, 15N-labeled cHSP27 as 9 
a function of pH. The percentage of dimer (D), monomer (M), and unfolded (U) are indicated in the lower-10 
right of each spectrum. All spectra were recorded at 14.1 T and 25 °C and contoured at 10-fold the noise 11 
level (except panel D). Negative contours are shown in lighter colors in each spectrum. 12 
 13 
 14 
Fig. 2:  Structural changes upon ACD monomerization and unfolding. (A) Projection of a 3D HNCA 15 
spectrum of 2H,13C,15N-labeled cHSP27 at pH 3 along the 1H and 15N dimensions. Resonance assignments 16 
are indicated. The inset contains overlaid spectra of cHSP27 at pH 3 (black) and pH 4.2 (purple), with 17 
resonance assignments for the unfolded state or monomer at pH 4.2 respectively indicated with a 18 
superscript U or M. Combined and weighted 13CO and 13Cα chemical shift perturbations (CSPs) for (B) the 19 
dimer at pH 7 vs. the monomer at pH 4.1, (D) the monomer at pH 4.1 vs. the unfolded state at pH 4.1, and 20 
(F) the dimer at pH 7 vs. the unfolded state at pH 4.1. The results from these panels are mapped onto the 21 
structure of the cHSP27 dimer (PDB: 4mjh) in C, E, and G with the indicated cut-off in CSP value. (H) 22 
Secondary 13Cα chemical shifts (Δδ13Cα) for the monomer (purple) at pH 4.1 and dimer (green) at pH 7. 23 
Negative values indicate β-strands. (I) Residues with large changes (|Δδ13Cαdimer - Δδ13Cαmonomer| > 0.8 24 
ppm) are indicated on the structure of the cHSP27 dimer. 25 
 26 
 27 
Fig. 3:  Backbone dynamics of the cHSP27 dimer and monomer. 15N spin relaxation data recorded on 28 
the cHSP27 dimer at pH 7 (green) and cHSP27 monomer at pH 4.2 (purple). 15N R1 rates recorded at a 29 
static magnetic field strength of (A) 600 and (B) 900 MHz, 15N R1ρ rates that were converted to R2 rates at 30 
(C) 600 and (D) 900 MHz, and {1H}-15N NOEs measured at 600 MHz (E). The R2/R1 ratios for residues 31 
without evidence of ps-ns or µs-ms dynamics were used to calculate the isotropic rotational correlation 32 
times for the cHSP27 dimer and monomer (F).  33 

 34 

Fig. 4:  Structural analysis of the cHSP27 dimer and monomer with RDCs. 1H-15N residual dipolar 35 
couplings (RDCs) for the cHSP27 dimer (A) or monomer (C) aligned in the presence of 4.3% (v/v) PEG-36 
hexanol. The grey box indicates the region with large 13Cα and 13CO CSPs. RDCs from residues in well-37 
defined regions of secondary structure were used to determine the alignment tensor that was then used to 38 
back-calculate predicted RDCs based on the crystal structure of the dimer (B) or one chain from the dimer 39 
(D). Outliers are indicated on the correlation plot. For the dimer, the outliers likely originate from structural 40 
noise in the 2.6-Å crystal structure. For the monomer, outliers largely cluster to the β5, L5,6+7, and β6+7 41 
regions, indicative of a structural rearrangement relative to the crystal structure. 42 

Fig. 5:  Partial unfolding upon ACD dimer dissociation is likely a general property. (A) Disorder 43 
indices, calculated as the ratio of per-residue SASA to per-residue BSA of each protein in a complex, 44 
discriminate between dimers that dissociate into ordered (green) or disordered (purple) monomers. sHSP 45 
ACDs (black) largely overlap with the disordered monomers, suggesting that ACD monomers undergo at 46 
least partial unfolding upon dissociation. The structures depict examples from the various groups:  BamHI 47 
endonuclease (1.12), HspA (3GLA; 1.67), Hsp16.5 (1SHS; 1.75), Arc repressor (1ARQ; 2.01), αB-crystallin 48 
(2KLR; 2.03), p53 TAD bound to NCBD (2L14; 2.52), HPV E7 CR3 domain (2B9D; 2.87), and the DNA-49 
binding domain of Trp repressor (3WRP; 3.00). (B) Structures of ACD dimers from all kingdoms of life, only 50 
one chain from the dimer is shown here for clarity. The protein and organism names are listed under each 51 
structure. 52 
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Table Legends 1 

Table 1. Combined, weighted 13Cα and 13CO chemical shift perturbations for the cHSP27 monomer 2 
and dimer upon unfolding. For each β-strand, the associated residues and average chemical shift 3 
perturbation ± one standard deviation are listed. The <> brackets indicate the average value and the 4 
superscript N and C respectively refer to the N- and C-terminal portions of the indicated strand. M, D, and U 5 
stand for the monomeric, dimeric, and unfolded forms of cHSP27, respectively. The ΔCSP and ΔΔδ symbols 6 
refer to the difference between the CSP and Δδ values (dimer–monomer). 7 

 8 

Table 2. Alignment tensors of the cHSP27 dimer and monomer in 4.3% PEG-hexanol. The measured 9 
values of 1DNH for either the cHSP27 dimer or monomer were fit to the crystal structure (PDB: 4mjh) using 10 
SVD to determine the magnitude (Da) and rhombicity (R) of the alignment tensor, as well the Euler angles 11 
(α, β, γ) that describe its orientation relative to the molecular frame. The magnitude reported here (DaNH) 12 
has been normalized to the N-H couplings. The number of couplings used to determine the alignment tensor 13 
are indicated in the final column, with 19 x 2 indicating the symmetric nature of the cHSP27 dimer. 14 

 15 

 16 


