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A B S T R A C T   

Destabilizing mutations in small heat shock proteins (sHsps) are linked to multiple diseases; however, sHsps are 
conformationally dynamic, lack enzymatic function and have no endogenous chemical ligands. These factors 
render sHsps as classically “undruggable” targets and make it particularly challenging to identify molecules that 
might bind and stabilize them. To explore potential solutions, we designed a multi-pronged screening workflow 
involving a combination of computational and biophysical ligand-discovery platforms. Using the core domain of 
the sHsp family member Hsp27/HSPB1 (Hsp27c) as a target, we applied mixed solvent molecular dynamics 
(MixMD) to predict three possible binding sites, which we confirmed using NMR-based solvent mapping. Using 
this knowledge, we then used NMR spectroscopy to carry out a fragment-based drug discovery (FBDD) screen, 
ultimately identifying two fragments that bind to one of these sites. A medicinal chemistry effort improved the 
affinity of one fragment by ~50-fold (16 µM), while maintaining good ligand efficiency (~0.32 kcal/mol/non- 
hydrogen atom). Finally, we found that binding to this site partially restored the stability of disease-associated 
Hsp27 variants, in a redox-dependent manner. Together, these experiments suggest a new and unexpected 
binding site on Hsp27, which might be exploited to build chemical probes.   

1. Introduction 

Small heat shock proteins (sHsps) are a recondite class of ATP- 
independent molecular chaperones1,2 that aid in suppressing protein 
aggregation under stress conditions.3 It is thought that these chaperones 
bind to unfolded proteins, keeping them soluble until they can be 
refolded. Structurally, these chaperones are defined by a conserved 
α-crystallin core domain (ACD), flanked by disordered N- and C-terminal 
extensions.4 Each of these motifs are involved in extensive protein- 
protein interactions (PPIs). Specifically, the ACD is composed of six 
β-strands that form an immunoglobulin fold and two of these β-strands, 
associated in an antiparallel fashion, form a stable dimer interface. 
Additional contacts involving the N- and C-terminal extensions mediate 
higher-order assembly of these dimers into larger oligomers.5–8 In the
ory, this architecture creates potential opportunities for drug discovery, 
such as targeting the intra- or inter-molecular PPI surfaces. However, the 

sHSP oligomers are polydisperse (typically composed of 10–20 dimers) 
and dynamic in response to cellular stress.5,9 Thus, it is not clear which 
of the putative, transient pockets might allow chemical ligands to bind 
with good affinity. 

To explore these questions, we focused on heat shock protein 27 
(Hsp27/HSBP1). This member of the sHSP family is of interest because 
mutations in Hsp27’s ACD, including R127W and S135F, are closely 
linked to diseases, such as distal hereditary motor neuropathy and 
Charcot-Marie-Tooth diease.10,11 These mutations are known to desta
bilize Hsp27 oligomers and aberrantly increase its chaperone activity.12 

This observation is consistent with an emerging model in which smaller, 
less stable Hsp27 oligomers are more active,5,9 at least in some contexts. 
This idea is further supported by the fact that an intermolecular disulfide 
bond formed at Hsp27’s dimer interface is known to limit its confor
mational flexibility and, consistent with the model, decrease chaperone 
activity.13–15 Together, these observations suggest that one therapeutic 
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objective, at least in a subset of Hsp27-related diseases, may be to 
identify drug-like molecules that bind and partially restore the stability 
of disease-associated mutations, such as R127W and S135F. However, 
there are no known binding pocket(s) for small molecules on Hsp27. 

A number of techniques have been developed to identify binding 
sites on other “undruggable” targets, including computational methods 
for suggesting sites16 and fragment-based screening approaches.17 Here, 
we combine computational and experimental platforms towards the 
discovery of proof-of-principle ligands for Hsp27. Using this combina
tion of approaches, we identified a promising and previously unexplored 
binding site within Hsp27’s ACD and found that a chemical fragment 
(Kd > 1 mM) could be matured through a medicinal chemistry campaign 
to bind with good affinity (Kd ~ 16 µM) and ligand efficiency (0.32 kcal/ 
mol/non-hydrogen atom). Importantly, the resulting probe partially 
stabilized a disease-associated Hsp27 mutant in vitro, suggesting that 
this site might be tractable for further development. While additional 
work is required to increase affinity, these studies provide a starting 
point for Hsp27 drug discovery and, potentially, for exploration of other 
sHSPs. 

2. Results and discussion 

2.1. Identification of three binding sites on Hsp27c. 

A key challenge with Hsp27 is that binding sites for ligands are not 
known. To explore this question, we focused on the dimeric, Hsp27 core 
domain (Hsp27c; residues 79–176), because high-resolution structures 
are available6,8 and this region includes the disease-associated muta
tions, R127W and S135F. In this manuscript, we will use the numbering 
system of the Hsp27c domain to discuss these hereditary mutations, such 
that R127W in full length Hsp27 is referred to as R49W and S135F is 
S57F. In the Hsp27c structure, the S57F mutation is located on the dimer 

interface, while the R49W mutation is in a flexible region ~5 Å away 
(Fig. 1A, 1B). We were also interested in this region because Hsp27c’s 
dimer interface includes a single cysteine (Fig. 1C), and in the NMR 
structure, the cysteine from one protomer is located directly across from 
the cysteine of the other protomer. This cysteine gives Hsp27c redox 
sensing properties, through reversible formation of disulfide 
bonds.6,11,18 Thus, in addition to being structurally tractable for ligand 
discovery, Hsp27c is also a hotspot for disease-associated mutations and 
redox signaling. 

To identify putative binding sites on Hsp27c, we employed mixed- 
solvent molecular dynamics (MixMD). In a MixMD experiment, the 
structure is placed in a virtual box of mixed aqueous and organic solvent 
molecules.19,20 During a molecular dynamics (MD) simulation, these 
organic probes tend to cluster at putative ligand-binding pockets on the 
surface of the protein as they outcompete water.21 In the case of Hsp27c, 
we chose three organic solvent probes selected to represent drug-like 
interactions: acetonitrile (hydrophobic), pyrimidine (aromatic), and 
isopropanol (hydrogen-bond donating and accepting). The high- 
resolution structure of Hsp27c (PDB 2N3J) in the oxidized state was 
then used in a 20 ns MD simulation incorporating full protein flexibility. 
From this analysis, three distinct binding sites were highly occupied by 
each of the three solvent probes (Fig. 2A). One of the sites, labeled Site 1, 
corresponds to a symmetry-related groove at the “top” of the dimer 
interface. The second site (Site 2) was observed along the outer edge of 
the β-sandwich, in a pocket formed by the β4 and β8 strands. The third 
site (Site 3) occupied a concave pocket on the opposite side (“bottom”) 
of the dimer interface from Site 1. 

Computational methods for identifying binding sites are becoming 
used with greater frequency.16,21,22,24,25 However, few studies have 
attempted to correlate these findings with experiments. Experimental 
solvent mapping has been used to support computational predictions for 
drug-like fragments23; however, a prospective, side-by-side comparison 

B C

A

Fig. 1. Disease-relevant perturbations occur at or near the Hsp27c homodimer interface. A. cartoon representation of the Hsp27 core domain (termed ACD or 
Hsp27c) used in this work. Hsp27c residues 1–98 represent full-length Hsp27 residues 79–176 (PDB 2N3J) and Hsp27c residue numbering will be used throughout . 
Both Cys 59, which forms an intermolecular disulfide bond under certain conditions, and Ser 57are at the dimer interface. Another diseasedisease-associated mu
tation occurs at Arg 49 which is in a flexible region. The amide backbone for Arg 49 is ~5 Å from the Hsp27 dimer interface. B. Features of the primary sequence of 
the Hsp27c. C. APII register of the dimer interface, showing residue pairing. Red lines indicate cross-strand hydrogen bonding pairs in the APII register. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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using the same probe solvents has not, to our knowledge, been previ
ously reported. Towards that goal, we utilized HSQC NMR spectroscopy 
to perform the experimental equivalent of the MixMD study, titrating 
pyrimidine, isopropanol, or acetonitrile into a buffered solution of uni
formly 15N-labeled Hsp27c. The final concentrations of the solvents 
ranged from 5 to 30 mM. From the resulting spectra, backbone chemical 
shift perturbations (CSPs) exceeding two standard deviations (SD) were 
interpreted as a proximal solvent interaction. In these titrations, we 
found that each of the three solvents produced significant and defined 
CSPs. Strikingly, these CSPs clustered around the same three regions, 
Site 1, Site 2 and Site 3 (Fig. 2B), that were predicted from the MixMD 
simulations. Thus, both the computational and experimental studies 
aligned to suggest that there are at least three binding sites on Hsp27c. 

Before exploring the ‘druggability’ of these sites further, we explored 
whether any of them might be supported by literature reports. In crystal 
structures of a related ACD, we noticed that the crystallization additives 
methylpentanediol and sulfate populate Site 1, suggesting that this 
pocket sometimes binds small molecules in other sHSPs.26 Site 2 is 
located in a hydrophobic groove formed by the β4 and β8 strands of the 
core domain, which is known to be a hot-spot for intra- and inter- 
molecular protein-protein interactions (PPIs). For example, this region 

binds to an IXI palindromic motif, which is located in the C-terminal 
extension of Hsp27,5,27,28 to stabilize oligomers.27 In addition, the co- 
chaperone BAG3 also binds to Site 2, using its own IXI motifs.29 In 
contrast, we were unable to find any literature precedent for Site 3; 
therefore, we focused our efforts on the validation of this newly iden
tified site on Hsp27c. 

2.2. Validation of Site 3 through fragment-based drug discovery. 

To explore Site 3, we applied protein-observed, fragment-based drug 
design (FBDD) by NMR. In this approach, low molecular weight frag
ments are expected to bind weakly, but with high ligand efficiency, 
causing measurable perturbations in the chemical shift values for amino 
acid residues at or near the binding site.17 One advantage of FBDD by 
NMR is that the fragment-binding sites are identified as part of the 
routine screening process; here allowing us to specifically search for 
those that perturb residues in Site 3. In the initial experiments, uni
formly 15N-labeled Hsp27c was used in a protein-observed HSQC screen 
of the Maybridge RO3 library of ~1000 fragment molecules. To increase 
throughput, we multiplexed the fragments in groups of 20, using 125 μM 
Hsp27c and 250 μM of each fragment (Fig. 3A). We found that thirty- 
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Fig. 2. Identification of cryptic binding sites on Hsp27c. A. Surface rendering of the NMR structure of Hsp27c, showing three regions where each solvent probe was 
highly localized. The sites are labeled as indicated in the order in which they were occupied (i.e. site 1 was most highly occupied by all three solvents and site 3 was 
the least occupied). B. Cartoon rendering of NMR structure of Hsp27c , showing MixMD solvent probe occupancy maps and backbone chemical shift perturbations for 
solvent mapping NMR experiment. Backbone shifts were considered significant if they exceeded two standard deviations of the 5 mM data set for each solvent. 
Significant shift perturbations are shown for the 10 mM (0.08% v/v) pyrimidine, 20 mM (0.12% v/v) isopropanol, and 10 mM (0.04% v/v) acetonitrile 
concentrations. 
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three mixtures exhibited large (>8 Hz) CSPs. Hit rates from NMR-based 
FBDD screens are sometimes used as a metric for the potential ‘drugg
ability’ of a protein target. For example, in Hajduk’s influential analysis, 
targets producing experimental NMR hit rates higher than 0.2% are 
associated with subsequent medicinal chemistry campaigns that tend to 
result in optimized hits with tight affinity (<300 nM).30 Here, for a li
brary of 1000 fragments, that value would be expected to be ~2 hits, so 
we were encouraged by the relatively high number of active mixtures in 
the Hsp27c screen. To identify the active fragment(s) within these 
mixtures, the six pools with the strongest CSPs were then deconvoluted 

by testing the ~110 isolated fragments. This process identified 4 po
tential hit molecules (0.4%), again suggesting that Site 3 of Hsp27c 
might be more druggable than previously envisioned. 

Next, we re-synthesized the four hit molecules using known synthetic 
routes (Fig. 3B). Synthesis of compound 1 proceeded from Suzuki 
coupling (scheme 1), while compound 2 was afforded by thionation of a 
commercial starting material, followed by ring closing of the thiazole 
(scheme 2). The third molecule was synthesized by base-catalyzed C–S 
coupling, yielding compound 3 as a mixture of stereoisomers. This 
compound was then isolated as 78% E-olefin (scheme 3a; compound 

Fig. 3. Identification of molecules that bind Site 3 by NMR fragment-based screens. A. The screening workflow of the NMR-based fragment screen against Hsp27c B. 
Synthetic schemes used to resynthesize fresh powders of each of the four hits. 
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3a). Finally, the remaining hit fragment, compound 4, was synthesized 
though a Williamson ether coupling, followed by reduction to the ani
line (scheme 4). These molecules were characterized for identity and 
purity and then tested in the NMR assay. In these experiments, neither 
compound 1 nor 2 bound to Hsp27c (data not shown), suggesting that 
they are either false positives or have very weak affinity. Likewise, the E- 
olefin compound 3a did not bind to Hsp27c by NMR, prompting us to 
explore whether the stereochemistry around the olefin might be mis
annotated in the library. Upon inspecting the 1H spectra from the orig
inal screening sample, we noted that the 3JHH coupling constant for the 
alkenyl protons was characteristic of the Z-olefin (Figure S1), prompt
ing us to synthesize the Z-olefin (compound 3b) via an alternate syn
thetic route (100% ee; scheme 3b). Indeed, the Z-olefin weakly bound 
Hsp27c (data not shown). Finally, we found that compound 4 bound 
Hsp27c in STD-NMR experiments (Figure S2) and produced strong CSPs 
in both Site 1 and Site 3 by HSQC NMR studies (data not shown). Based 
on these results, we focused on creating analogs of compound 4. 

2.3. Exploring the structure-activity relationships of ligands to Site 3. 

To probe whether Site 3 could bind tightly to ligands, we created a 
library of 48 analogues of compound 4. Briefly, analogs were synthe
sized using the known route (see Fig. 3B; scheme 4), varying the sub
stitutions on the rings adjacent the bridging ether. In addition, we 
supplemented this synthetic effort with the purchase of commercial 
analogs (denoted with an asterisk, Table 1; Table S2). In the initial tests, 

each molecule was dissolved in DMSO and screened at a single con
centration (250 µM) in the HSQC NMR binding assay. If significant (>8 
Hz) CSPs were observed relative to the vehicle control, then a full 
titration series was performed. When possible, a plot of CSPs versus 
concentration was fit with a hyperbolic one-site binding model to extract 
an apparent affinity (Kd) (Table 1; Figure S3). 

Binding of compound 4 was not saturable during titration (up to 1 
mM), suggesting weak binding. However, we found that the unreduced 
nitropyridine at the 3-position, compound 5, bound more tightly, giving 
saturable curves in the HSQC titration and an apparent affinity of ~177 
μM (Table 1). Moving the nitro substitution to the 5-position (compound 
6) resulted in a further improvement in affinity (~63 μM). In the context 
of the 5-nitro substitution, replacement of the pyridine ring with a 
benzyl had little effect (~69 µM; compound 8), suggesting that the 
heteroatom is not required. Likewise, removing a fluoro-group (com
pound 7) did not significantly alter affinity (~65 µM). However, 
removing both the pyridine nitrogen and the fluoro group (compound 9) 
resulted in a modest boost in affinity (~23 µM). Appending nitro groups 
at both the 3- and 5- positions did not improve on this affinity (com
pound 10; ~47 µM) and neither did moving the single fluoro group from 
the p- to m-position (compound 11; ~80 µM). Finally, we tested the 
effects of adding both nitro and both fluoro groups (compound 12) and 
found that this analog had a promising Kd (~16 µM). This fragment 
represents a ~50-fold improvement in affinity from the original hit. 
Importantly for FBDD, the ligand efficiency31,32 (compound 12; LE =
0.32 kcal/mol/non-hydrogen atom) was not significantly decreased 

Table 1 
Structure Activity Relationship for Compound 4 Analogsabaligs. An asterisk refers to purchased compounds.  

Compound Structure HSQC 
Affinity 

Ligand Efficiency (kcal/mol/ 
non-H attom) 

Compound Structure HSQC 
Affinity 

Ligand Efficiency (kcal/mol/ 
non-H attom) 

4 >1 mM – 28 No Binding – 

5 177 ± 16 
µM 

0.29 29 No Binding – 

6 63 ± 3 µM 0.32 30 No Binding – 

7 64 ± 7 µM 0.34 31* No Binding – 

8 68 ± 9 µM 0.32 32 No Binding – 

9 22 ± 5 µM 0.38 43 No Binding – 

10 47 ± 10 µM 0.30 44 No Binding – 

11 80 µM – 46 No Binding – 

12 16 ± 2 µM 0.32 47 No Binding – 

13* 70 µM – 48 No Binding – 

24 No Binding – 49 No Binding – 

25 No Binding – 50* No Binding – 

26 No Binding – 51* No Binding – 

27 No Binding –      
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during this optimization. 
The analogs tested thus far suggested that the position of the nitro 

and fluoro groups might be more important than their electronic prop
erties. To further probe that idea, we synthesized compound 13, shifting 
one of the nitro groups, and found that it had significantly worse affinity 
(70 µM). Similarly, shuffling the fluorines on the right-hand ring resul
ted in compounds 25–27, which did not bind. Together, these results 
suggested that the position of the substituents is indeed important. To 
explore possible steric effects further, we designed and tested a series of 
additional analogs with larger substitutions. Interestingly, a nitrile could 
be accommodated in the 4-position (compound 17), but a tri
fluoromethyl group cannot (compound 37). Replacement of the fluo
rines with other halogens, a trifluoromethyl group, methyl groups, an 
aldehyde, or a carboxylic acid was poorly tolerated (compounds 24, 
28–32). Thus, only small substitutions seemed to be accepted on this 
side of the molecule. Next, we explored the effects of the bridging ether; 
replacing it with a sulfur or nitrogen atom (compounds 43 and 44) 
removed activity, perhaps because the permissible orientations of the 
two planar rings relative to one another are affected. Similarly, insertion 
of a carbonyl, as in compounds 46 or 47, abolished binding. We hy
pothesized that introducing a third ring system might allow for 
expanding beyond the pocket, so created compounds 48–51; however, 
no CSPs were observed from these larger molecules. Together, the initial 
structure-activity relationships (SAR) suggest that this pocket in Site 3 
might have restricted size. In summary, the best molecule from this 
campaign was compound 12 (1-(2,4-difluorophenoxy)-2,4-dinitroben
zene), which we used to further explore Site 3. 

First, we needed to verify that compound 12 bound preferably to Site 
3. In the HSQC titration series, addition of 12 induced CSPs on both the 
“top” and “bottom” of the ACD dimer (Fig. 4B). Thus, to distinguish Site 
1 from Site 3, we mutated residues in these pockets and tested binding of 
12 to the mutants. First, we confirmed that the mutants were folded 
properly, as determined by HSQC spectra (Figure S4). Strikingly, we 
found that several mutations in Site 3 reduced (e.g. H46A) or completely 
abolished (e.g. R58A, F60A, and R62A) binding (Figure 5). Conversely, 
mutations in Site 1 (C59A, T61L, L21A) had only minor effects on the 
apparent binding affinity (2–4 fold). Residues V23A and I56A in Site 3 

also seemed to play less important roles (affinity weakened by only ~4- 
fold). These studies suggest that compound 12 engages Site 3, likely via 
contacts with residues H46, R58, F60, and R62. To further support this 
idea, we also docked compound 12 to Hsp27c, with the best pose 
showing interactions between the molecule and the side chains of R58, 
F60 and R62 (Figure S5). Together, these findings indicate that Site 3 is 
a bona fide ligand-binding pocket, which could be suitable for further 
fragment expansion. 

2.4. Ligand binding to Site 3 partially stabilizes Hsp27 mutants. 

To evaluate the consequences of compound 12 binding, we measured 
its effects on the stability of full length Hsp27 by Differential Scanning 
Fluorimetry (DSF). In a typical DSF assay, an environmentally sensitive 
dye, such as 1-anilinonapthalene-8-sufonic acid (1,8-ANS), is mixed 
with the protein and heated, such that the fluorescence vs temperature 
curve can be used to determine the protein’s apparent melting temper
ature (Tma) (Figure S6A). In the case of more complex proteins, such as 
those forming oligomers,33,34 it is common for multiple Tma values to be 
observed (Figure S6B). In both cases, it is expected that ligand binding 
would increase the Tma (ΔTma) (Figure S6C), where the ligand could 
theoretically affect Tma1, Tma2 or both. Given the known effects of both 
oxidation and mutation on Hsp27 stability, we recognized DSF as a 
potentially powerful tool to probe effects of compound 12 under com
binations of different redox and mutational states. 

As a first step, we compared the DSF curves from wild type (WT) 
Hsp27 and the corresponding S57F and R49W mutants (Figure S7). As 
expected, fitting the DSF data for Hsp27 using DSFWorld35 resulted in at 
least two distinguishable melting transitions: Tma1 (~55 ◦C) and Tma2 
(~67 ◦C). This result is consistent with observations from circular di
chroism (CD) experiments, performed on either Hsp27 and its mouse 
homolog Hsp25,36,37 in which two melting transitions were also re
ported. Although it is difficult to ascribe specific structural states to 
these melting transitions, the low temperature transition (Tma1) might 
correlate with perturbations of the oligomer structure, while the high 
temperature transition (Tma2) is proposed to correlate with unfolding of 
the Hsp27 monomer. Regardless, we considered the two melting 
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Fig. 4. Compound 12 binds at the Hsp27c dimer interface. A. Backbone chemical shift perturbations from 12 (1-(2,4-difluorophenoxy)-2,4-dinitrobenzene) binding 
to Hsp27c reveal that it binds at the dimer interface. The final concentrations of 12 and Hsp27c were 250 μM (5% DMSO) and 125 μM respectively (red). DMSO was 
added to the control condition to achieve a final concentratin of 5% (blue). B. Residues that exhibit chemical shift perturbations (CSPs) upon 12 addition mapped 
onto Hsp27c (PDB: 2N3J). CSPs more than 2 standard deviations are colored red, and residues that are perturbed between 1 and 2 standard deviations are colored 
salmon. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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transitions (Tma1 and Tma2) to be potentially diagnostic of Hsp27 
structure and stability. 

Using DSF, we explored the effects of the disease-associated muta
tions, S57F and R49W, on melting transitions. As mentioned above, 
S57F and R49W are known to decrease oligomer size12,14; thus, we 
hypothesized that they might produce lower Tma1 and/or Tma2 values. 
Indeed, the S57F mutant showed a dramatic decrease (~8 ◦C) in both 
Tma values relative to the WT protein (Table 2; Fig. 6A). Interestingly, 
the R49W mutant only had one observable Tma. It is known that R49W 
adopts a less stable, monomeric state12,14; thus, it is possible that the two 
transitions overlap under these conditions. Regardless, the single 
observed Tma for R49W was not significantly different from WT Hsp27 
(Table 2; Fig. 6A), suggesting that the DSF assay may only be sensitive 
enough to study a subset of disease-associated Hsp27 mutants. 

Next, we explored whether compound 12 might partially stabilize 
the Hsp27 proteins, especially S57F. However, when we treated Hsp27c 
(WT) or the S57F and R49W mutants with compound 12 (10 µM), there 
was minimal effect on the mutants (here, defined as <2 ◦C) and a modest 
decrease in Tma1 and Tma2 for the WT (~3 to 4 ◦C; Fig. 6B). While this 
result was initially surprising, we noted that these experiments were 
performed using the oxidized form of Hsp27c, in which the intra- 
protomer disulfide might be expected to stabilize the system. Thus, we 
decided to ask whether compound 12 might impact the mutants in the 

physiologically relevant, reduced state. In the presence of DTT, the S57F 
mutant was again dramatically unstable (~4 to 6 ◦C) compared to WT 
(Fig. 6C). Interestingly, in the reduced state, the sample of R49W yielded 
two clear melting transitions (Tma1 and Tma2), which were both un
changed from the WT. Finally, when we treated these samples with 
compound 12 (10 µM), it stabilized S57F (~3 to 4 ◦C) and modestly 
stabilized R49W (0.6 to 2.4 ◦C), with little effect on WT (Fig. 6D). 
Together, the results of these DSF experiments show that compound 12 
could partially restore the stability of S57F Hsp27, suggesting that Site 3 
might be a good choice for further development. 

3. Summary and conclusion 

The identification of druggable sites is a challenge in complex, dy
namic systems, such as Hsp27. Indeed, many promising drug targets, 
including protein complexes and proteins with high intrinsic disorder, 
share this issue.38 Both computational and experimental methods have 
been developed to identify potentially druggable sites in these types of 
systems systems. Here, we sought to combine these methods to identify 
and exploit putative sites on Hsp27c. Of the HSPs, Hsp27 is a particu
larly interesting drug target39–45 and multiple therapeutic modalities 
have been explored to inhibit this protein, including antisense oligo
nucleotides,42 peptide aptamers46,47 and small molecules.48,49 However, 
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and 125 μM, respectively. Residues that contribute to 12 were mapped onto the Hsp27c structure (PDB 2N3J), with residues indispensible for binding shown in blue 
and residues with a large, but not obligate contribution to 12 binding shown in cyan. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
Effect of compound 12 on Hsp27 apparent melting temperature.  

Oxidized Hsp27  

Tma1 (◦C) Tma1 + 12 (◦C) △Tma1 (◦C) △Tma1 p-value Tma2 (◦C) Tma2 + 12 (◦C) △Tma2 (◦C) △Tma2 p-value 

WT 55.5 ± 0.5 53.3 ± 1.6 − 3.1 0.132 67.3 ± 0.5 63.1 ± 1.9 − 4.2 0.021 
S57F 47.2 ± 0.1 46.8 ± 0.1 − 0.4 0.014 60.5 ± 0.3 60.7 ± 1.2 0.1 0.857 
R49W 56.4 ± 0.9 58.3 ± 1.3 1.9 0.107 ND ND ND ND  

Reduced Hsp27  

Tma1 (◦C) Tma1 + 12 (◦C) △Tma1 (◦C) △Tma1 p-value Tma2 (◦C) Tma2 + 12 (◦C) △Tma2 (◦C) △Tma2 p-value 

WT 54.5 ± 0.1 53.5 ± 0.6 − 1.0 0.040 66.4 ± 0.4 67.1 ± 0.4 0.7 0.100 
S57F 48.5 ± 0.5 51.8 ± 1.5 3.3 0.023 62.2 ± 2.5 62.2 ± 2.5 4.3 0.133 
R49W 54.3 ± 0.1 54.9 ± 0.2 0.6 0.006 66. ± 1.1 69.1 ± 0.5 2.4 0.029  
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druggable binding sites on Hsp27 had not been well defined, which 
limits efforts at structure-based design. 

In this work, we identified three binding sites on the surface of 
Hsp27’s ACD and discovered a scaffold that binds to the previously 
uncharacterized, Site 3. We also performed initial optimization of the 
lead fragment to produce a ligand, compound 12, with good affinity 
(~16 µM) and promising ligand efficiency (0.32 kcal/mol/non- 
hydrogen atom). The discovery of ligands that bind Site 3 is especially 
advantageous due to its location at the Hsp27 dimer interface. Cysteine 
disulfide formation and the disease-associated mutation S57F both occur 
at the dimer interface, each causing changes in the overall stability and, 
as a result, the chaperone activity of the protein. DSF experiments 
showed that compound 12 partially stabilizes the S57F Hsp27 mutant, 
dependent on its redox state, highlighting the potential utility of com
pound 12 as a pharmacological chaperone. Future work will be needed 
to develop the affinity and selectivity of these chemical ligands, which 
we speculate represent a valuable starting point for the optimization of 
useful Hsp27 probes. 

4. Experimental section 

4.1. Mixed-solvent molecular dynamics (MixMD) 

MixMD simulations were conducted as described previously.6,20,21 

Briefly, the Hsp27c NMR structure (PDB 2N3J) was surrounded with a 9- 
Å layer of cosolvent molecules (acetonitrile, isopropanol, or pyrimidine) 
and placed in a box of TIP3P water.50 The number of water molecules in 
each cosolvent simulation was adjusted such that a ratio of 5% cosol
vent:water was achieved. 

The force field parameters for the probes were obtained from our 
previous work51 and simulations were carried out in AMBER 1252 using 

the FF99SB force field.53 The SHAKE algorithm54 was used to restrain 
bonds to hydrogen atoms, and a time step of 2 fs was used to integrate 
the equations of motion. Particle Mesh Ewald approximation as imple
mented for GPUs, PMEMCUDA55 was used. Non-bonded interactions 
were limited to a 10-Å cutoff, and the Anderson Thermostat56 was used 
to maintain temperature at 303 K (to match the temperature of the 
HSQC experiment). Hsp27c was subjected to an equilibration protocol to 
gradually increase the temperature and allow proper relaxation of all the 
atoms in the system. Using the NPT approach, ten simulations with 20 ns 
of sampling for each were performed with Hsp27c and acetonitrile, 
isopropanol, and pyrimidine separately. A total of 600 ns of sampling 
was obtained. 

The last five nanoseconds of the ten runs for each probe (the final 50 
ns of sampling) were analyzed. The location of all atoms in the probe 
were binned onto a 0.5-Å grid, centered on the protein using the Ptraj57 

module of Amber Tools. The binned data was then converted to sigma 
values by subtracting the mean grid value from each grid point and 
dividing it by the standard deviation of all the grid points. This approach 
allowed us to visualize the propensity of a probe binding at a particular 
location akin to electron density. This normalization process allowed us 
to compare results across the three cosolvent simulations. The processed 
grids were then contoured at a value of 20σ to locate binding sites in our 
MixMD simulations. A high sigma value denotes heavily occupied sites. 

4.2. Protein purification 

This purification method was adapted from protocols kindly pro
vided by the Klevit laboratory for expressing Hsp27c (residues 79–176 of 
full-length Hsp27). Terrific broth was inoculated with fresh overnight 
cultures of BL21 (DE3) cells containing the plasmids. Cultures were 
grown at 37 ◦C with shaking at 150 rpm for 4–5 h, to an OD600 of ~1.0. 

Fig. 6. Differential Scanning Fluoremetry of disease-associated mutants of Hsp27 with compound 12. All DSF experiments were conducted in 384-well format. Each 
well received 7 uL of 10 uM Hsp27c in 50 mM NaPO4, pH 7.4, 700 mM NaCI, 50 mM LiCI (A and B) with the addition of 5 mM DTT (C and D). Environmentally 
senstive dye 1,8-ANS was added for a final concentration of 100 uM and 12 was added to achieve a final concentration of 10 uM (1% DMSO). Control wells lacking 12 
contained a final concentration of 1% DMSO. Plates were heated from 25 ◦C to 95 ◦C in 1 ◦C increments, equilibrated for 130 s at each high temperature, cooled to 
25 ◦C, and held for 10 sec at 25 ◦C prior to imaging with a single 10 s exposure for each temperature reading. All conditions were tested in triplicate and relationships 
were analyzed using an unpaired t-test in Prism GraphPad software (p-value: 0.120 (ns), 0.033 (*), 0.002 (**), <0.001 (***). P-values were adjusted for multiple 
comparisons using the Holm-Sidak method. A. Comparison of thermal stability between the oxidized states of wildtype, S57F and R49W Hsp27. B. Comparison of 
oxidized Hsp27c thermal stability in the presence and absense of 12. C. Comparison of thermal stability between the reduced states of wildtype, S57F and R49W 
Hsp27. D. Comparison of reduced Hsp27 thermal stability in the presence and absense of 12. 
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After cooling to room temperature for about one hour, cultures were 
induced with 1 mL of 1 M IPTG (a final concentration of 1 mM). Lower 
concentrations of IPTG resulted in poor expression levels. Cultures were 
allowed to induce overnight at room temperature for about 18 h, cells 
were harvested by centrifugation 4000 rpm for 10 min and pellets were 
stored at − 80 ◦C until ready to purify. To lyse the cells, pellets were first 
suspended in 30 mL of lysis buffer per liter of cells using vortexing and 
pipetting. Lysis buffer contained 20 mM Tris, 100 mM NaCl, 10 mM 
EDTA, pH 8.0, and Roche Complete protease inhibitor (one mini tablet 
per 100 mL of buffer). The cells were lysed by two passes of micro
fluidization or 5 × 30 sec of sonication. The lysate was clarified by 
centrifugation at 15,000 rpm for 30 min, the supernatant was decanted, 
and PMSF was added to a final concentration of 300 μM. The protein was 
then subjected to a two-step ammonium sulfate precipitation as follows: 
Ammonium sulfate was slowly added to a final concentration of 16.9% 
(w/v). The salt was allowed to dissolve completely and the mixture was 
allowed to stir for an additional ten minutes at room temperature. The 
resulting mixture was centrifuged at 15,000 rpm for 30 min, the su
pernatant was decanted, and an additional 16.9% (w/v) ammonium 
sulfate was added to the supernatant. After stirring for ten minutes at 
room temperature, the resulting mixture was again centrifuged at 
15,000 rpm for 30 min, resulting in precipitation of the sHsp protein in 
the pellet. Pellets were resuspended into MonoQ buffer A (20 mM Tris, 
pH 8.0) and dialyzed into 4 L of buffer A overnight. Protein was purified 
by MonoQ anion exchange chromatography with a gradient of 0 to 1 M 
NaCl over 20 column volumes. The wild-type proteins eluted at around 
150 mM NaCl. Fractions containing protein were pooled and concen
trated, then subjected to size exclusion chromatography using a Super
Dex75 column in 50 mM NaPi, pH 7.5, 100 mM NaCl. Hsp27 core 
domain mutants were purified using the protocol for the wildtype pro
tein, except that for mutations that changed the charge of the protein, 
the NaCl gradient used in the MonoQ purification step was altered 
accordingly. The R127W and S135F mutants are from the numbering 
sequence in the full length Hsp27 proteins. In the Hsp27c, these muta
tion residues are R49W and S57F. 

4.3. NMR studies 

HSQC spectra were acquired at 30 ◦C on a 600 MHz Bruker Avance II 
spectrometer equipped with cryoprobe, running Topspin version 2.1, or 
a Bruker DRX500 with a QCI Z-axis gradient cryoprobe, running Topspin 
version 1.3. Spectra were acquired on samples containing 150–200 µM 
Hsp27 core domain in 50 mM NaPi, pH 7.5, 100 mM NaCl at 30 ◦C and 
always compared to solvent-controlled reference spectra. 256 scans 
were acquired per t1 values and spectral widths of 1500 Hz and 9615 Hz 
were used in the 1H and 15N dimensions, respectively. Processing and 
spectral visualization was performed using rNMR58 and Sparky.59 In the 
screen, the core Maybridge Ro3 collection (R3W010; Supplemental 
Table S1) of 1000 fragments was used. 

4.4. Differential Scanning Fluorimetry (DSF) 

DSF experiments were performed using a Thermofluor instrument (a 
generous gift from Johnson & Johnson) in Abgene black 384-well PCR 
plates. Each well received 7 μL of 10 μM Hsp27 in 50 mM NaPO4, pH 
7.4, 700 mM NaCl, 50 mM LiCl, and 100 μM 1,8-ANS, with test com
pounds added via pin tool (200 nL) to achieve final concentrations be
tween 20 and 40 μM (1% DMSO). The chemical library was composed of 
the Spectrum MS2000 and NCC collections of known bioactives. Re
actions were covered with silicon oil to limit evaporation. The plates 
were measured in up/down mode, which was empirically determined to 
give better signal-to-noise than the continuous ramp mode. Plates were 
heated from 65 ◦C to 80 ◦C in 1 ◦C increments, equilibrated for 130 s at 
each high temperature, cooled to 25 ◦C, and held for 10 sec at 25 ◦C prior 
to imaging with a single 10 s exposure for each temperature reading. 
Curves were fit using a sigmoid equation DSFWorld.35 

4.5. Synthetic procedures and analytical characterization 

1H NMR spectra were obtained on Varian 300 MHz and 400 MHz 
spectrometers with CDCl3 or d6-DMSO as solvent, and chemical shifts 
are recorded in δ ppm. Mass spectrometry analysis was performed using 
a Micromass LCT with electrospray ionization. 

4.6. Chemistry 

4.6.1. General chemistry methods 
1H NMR spectra were obtained on Varian 300 MHz and 400 MHz 

spectrometers with CDCl3 or d6-DMSO as solvent, and chemical shifts 
are recorded in δ ppm). 

4.6.2. Synthesis of fragment screening hits 1–4 

4.6.2.1. 3-(thiophen-2-yl)aniline (1). Compound 1 was synthesized ac
cording to reported conditions.60 Briefly, 3-bromoaniline (0.172 g, 1.0 
mmol, 1.0 eq) was dissolved in 10 mL THF to give a clear solution. 
Potassium carbonate (0.415 g, 3.0 mmol, 3.0 eq) dissolved in 2 mL H2O 
was added, followed by 2-thienylboronic acid (0.166 g, 1.3 mmol, 1.3 
eq). Tetrakis(triphenylphosphine)palladium(0) (0.034 g, 0.03 mmol, 
0.03 eq) was then added, and the reaction solution was heated to reflux 
at 80 ◦C for 12 h until TLC in 50:50 hexanes:EtOAc indicated completion 
(Rf = 0.5); staining with ρ-anisaldehyde gave a purple spot for product. 
EtOAc (100 mL) was added to the reaction and it was extracted with H2O 
(3 × 35 mL), then brine (1 × 35 mL), dried with Na2SO4, filtered, and 
evaporated under rotary vacuum to give a reddish brown oil. The crude 
product was purified by silica gel chromatography in 75:25 hexanes: 
EtOAc; pure fractions were combined and evaporated under reduced 
pressure to yield 1 as a bright yellow crystalline solid (144 mg, 83%): MS 
m/z 176.1 (M + H); 1H NMR (400 MHz, d6-DMSO): δ 7.67,7.61 (m, 5H), 
7.28 (d, 1H), 7.17 (t, J = 4 Hz, 1H). 

4.6.2.2. 2,3-dichlorobenzothioamide. 2,3-dichlorobenzothiamide was 
synthesized according to published conditions.61 2,3-dichlorobenza
mide (192 mg, 1.0 mmol, 1 eq) was dissolved in 20 mL anhydrous 
THF and Lawesson’s reagent (445 mg, 1.1 mmol, 1.1 eq) was added. The 
reaction was heated to reflux for 5 h, then evaporated under rotary 
vacuum, washed with 3 N HCl (10 mL), and neutralized with saturated 
NaHCO3 (30 mL) before extracting with CH2Cl2 (3 × 40 mL). The crude 
product was purified by silica gel chromatography in 80:20 hexanes: 
EtOAc to give 2,3-dichlorobenzothioamide as a yellow oil (183 mg, 
88%; a repeat reaction gave 146 mg, 72%): MS m/z 206.0 (M + H); 1H 
NMR (400 MHz, d6-DMSO): δ 8.08 (bs, 1H), 7.46 (d, J = 7.6, 2H), 
7.24,7.19 (m, 2H). 

4.6.2.3. 2-(2,3-dichlorophenyl)thiazole-4-carboxylic acid (2). Com
pound 2 was synthesized according to reported conditions.62 2,3- 
dichlorobenzothioamide (210 mg, 1.02 mmol, 1 eq) was dissolved in 
6 mL anhydrous THF, and bromopyruvic acid (170 mg, 1.02 mmol, 1 eq) 
was added. The solution was heated to reflux at 70 ◦C for 14 h, then 
cooled to room temperature and evaporated under reduced pressure. 
The resulting solid 2 was recrystallized from EtOAc (40 mL) to yield pale 
peach crystals (72 mg, 48%): 1H NMR (400 MHz, d6-DMSO): δ 13.22 (s, 
1H), 8.70 (s, 1H), 8.11 (dd, J = 7.9, 1.4 Hz, 1H), 7.4 (dd, J = 8.0, 1.4 Hz, 
1H), 7.58,7.56 (m, 1H). 

4.6.2.4. (E)-3-(styrylthio)propanoic acid (3, E-olefin). 3-mercaptopro
prionic acid (174 μL, 2 mmol, 2 eq) was brought up in 12 mL THF and 
triethylamine (0.55 mL, 4 mmol, 4 eq) was added, followed by β-bro
mostyrene (128 μL, 1 mmol, 1 eq). The mixture was heated to reflux 
while stirring for 1 h until TLC in 2.5% MeOH/CH2Cl2 + 0.05% AcOH 
indicated completion and the formation of a white precipitate was 
observed, which was thought to be the triethylamine HBr salt. This 
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precipitate was filtered and rinsed with CH2Cl2 and the supernatant was 
stripped to give a clear oil. The crude material was purified by silica gel 
chromatography in 1.7% MeOH/CH2Cl2 to yield 3a as 86% E-olefin 
(61.6 mg, 30%): 1H NMR (400 MHz, CDCl3): δ 11.2 (bs, 1H), 7.29,7.17 
(m, 5H), 6.68 (d, J = 15.5 Hz, 1H), 6.52 (d, J = 15.5 Hz, 1H), 3.02 (t, J =
7.23, 2H), 1.66 (t, J = 7.80, 2H). 

4.6.2.5. 2,3-dibromo-3-phenylpropanoic acid. Trans-cinnamic acid (1.0 
g, 6.8 mmol, 1 eq) was dissolved in CHCl3 (25 mL), and bromine (0.35 
mL, 6.8 mmol, 1 eq) was added. The solution was heated to reflux for 30 
min, with immediate formation of a precipitate upon heating, then 
cooled to 0 ◦C. The white precipitate was filtered and washed with cold 
CHCl3 (25 mL) and dried to give pure 2,3-dibromo-3-phenylpropanoic 
acid 2.075 g, 83%; a repeat reaction gave 1.88 g, 78%): MS m/z 308.2 
(M + H). 1H NMR (400 MHz, d6-DMSO): δ 13.7 (bs, 1H), 7.62 (d, J = 7.2 
Hz, 2H), 7.37 (dd, J = 8, 1.6 Hz, 3H), 5.53 (d, J = 11.7 Hz, 1H), 5.31 (d, 
J = 11.7 Hz, 1H). 

4.6.2.6. (Z)-(2-bromovinyl)benzene. 2,3-dibromo-3-phenylpropanoic 
acid (300 mg, 0.97 mmol, 1 eq) was dissolved in 10 mL of acetone dried 
over molecular sieves and Na2SO4. Potassium carbonate (300 mg, 2.2 
mmol, 2.2 eq) was added, and the resulting suspension was heated to 
reflux at 80 ◦C for one hour until TLC (5% MeOH/CH2Cl2) indicated the 
absence of the starting material acid. The reaction mixture was evapo
rated under rotary vacuum to give an oily white solid, which was dis
solved in CH2Cl2 (20 mL) and washed with aqueous 1 N HCl (3 × 30 
mL). The combined aqueous layers were back-extracted with CH2Cl2 (3 
× 20 mL) and the combined organic layers were washed with brine (30 
mL) and dried with Na2SO4. Evaporation gave (Z)-(2-bromovinyl)ben
zene as a clear oil requiring no further purification (646 mg, 88%; a 
repeat reaction gave 470 mg, 64%): 1H NMR (400 MHz, d6-DMSO): δ 
7.71 (d, J = 7.6 Hz, 2H),(7.419,7.344 (m, 3H), 7.087 (d, J = 7.8 Hz, 1H), 
6.449 (d, J = 8.0 Hz, 1H). 

4.6.2.7. (Z)-3-styrylthio)propanoic acid (3, Z-olefin). 3-mercaptopro
prionic acid (349 μL, 4 mmol, 2 eq) was brought up in toluene (10 mL) 
and triethylamine (0.87 mL, 6.3 mmol, 3 eq) and added slowly via 
addition funnel to a mixture of (Z)-(2-bromovinyl)benzene (0.384 g, 2.1 
mmol, 1 eq) and tetrakis(triphenylphosphine)palladium(0) (0.116 g, 
0.1 mmol, 0.05 eq) in toluene (10 mL). The mixture was heated to 90 ◦C 
under a reflux condenser while stirring for 12 h until TLC in 2.5% 
MeOH/CH2Cl2 with AcOH indicated completion. The toluene was 
evaporated under rotary vacuum as an azeotrope with CH2Cl2 and the 
dried material was extracted from H2O with CH2Cl2 (3 × 30 mL), dried 
with brine (30 mL) and Na2SO4. The crude product was a crude yellow 
oil which was purified by column chromatography on silica gel using a 
gradient of 0 to 2.5% MeOH in CH2Cl2. The product ((Z)-3-styrylthio) 
propanoic acid was isolated as a white solid (161 mg, 37%; a repeat 
reaction on a larger scale gave 414 mg, 41%). 1H NMR (400 MHz, d6- 
DMSO): δ 12.34 (bs, 1H), 7.62,7.53 (m, 1H), 7.41,7.18 (m, 3H), 6.48 (d, 
J = 11.0 Hz, 1H), 6.44 (d, J = 10.9 Hz, 1H), 3.00 (t, J = 6.99, 2H), 2.60 
(t, J = 6.95, 2H). 

4.6.2.8. 2-(2,4-difluorophenoxy)-3-nitropyridine. 2-(2,4-difluor
ophenoxy)-3-nitropyridine was synthesized according to published 
conditions63. 2-chloropyridine (0.476 g, 3 mmol, 1 eq) and 2,4-difluor
ophenol (0.28 mL, 3 mmol, 1 eq) were combined in acetone (20 mL) 
with potassium carbonate (0.48 g, 3.45 mmol, 1.15 eq) and heated to 
reflux for 6 h. The mixture was acidified with 1 N HCl and extracted with 
ether (3 × 30 mL). The combined organic layers were dried with brine 
(20 mL) and Na2SO4, filtered, and the solvents were evaporated under 
reduced pressure to give a yellow oil. Addition of ~2 drops H2O induced 
crystallization of the crude material, which was recrystallized from 
isopropanol to give 2-(2,4-difluorophenoxy)-3-nitropyridine as yellow 
crystalline solid (307 mg, 41%; a repeat reaction on a smaller scale gave 

71 mg, 47%). MS m/z 253.1 (M + H); 1H NMR (400 MHz, d6-DMSO): δ 
8.60 (d, J = 9.6, 1H), 8.41 (d, J = 4.8, 1H), 7.51,7.40 (m, 3H), 7.17 (t, J 
= 9.6, 1H). 

4.6.2.9. 2-(2,4-difluorophenoxy)pyridin-3-amine (4). Compound 4 was 
synthesized according to published conditions.63 2-(2,4-difluor
ophenoxy)-3-nitropyridine (150 mg, 0.60 mmol, 1 eq) was dissolved in 
4 mL THF. A solution of sodium dithionite (Na2S2O4, 1.5 g, 8.6 mmol, 
14.5 eq) in 14.6 mL H2O was added, and the mixture was allowed to stir 
at room temperature for 2.5 h at which point TLC in 80:20 hexanes: 
EtOAc indicated completion. The reaction mixture was quenched with 
saturated NaHCO3 (10 mL) and extracted with CH2Cl2 (3 × 15 mL), 
dried with brine (30 mL) and Na2SO4. Evaporation of solvent under 
reduced pressure gave pure product 4(as a white solid which was used 
without further purification (50 mg, 37%; a repeat reaction on a larger 
scale gave 156 mg, 30%): 1H NMR (400 MHz, d6-DMSO): δ 7.40,7.29 
(m, 2H), 7.12 (dd, J = 4.70, 1.17, 1H), 7.11,6.82 (m, 2H), 8.20 (dd, J =
7.82, 4.70, 1H), 5.29 (s, 1H). 

4.6.3. Synthesis of analogues of fragment screening hit 4 

4.6.3.1. General procedure for electrophilic aromatic substitutions. The 
substituted chlorobenzene 1.1 mmol, (1 eq) was dissolved in anhydrous 
DMF (2.5 mL) and the phenol component (1.1 mmol, 1 eq) was added. 
Cesium carbonate (1.3 mmol, 1.15 eq) was then added, and the reaction 
was allowed to proceed at room temperature until TLC indicated 
completion. Upon completion, the reaction mixture was filtered to 
remove the cesium carbonate, acidified with the addition of 1 N HCl and 
extracted with CH2Cl2. The organic layers were washed with brine and 
dried with Na2SO4. Typically, the crude products were recrystallized 
from iPrOH or EtOAc, and the yield and characterization is reported for 
only the first crop of crystals. Where recrystallizations failed, products 
were purified by silica gel chromatography as indicated. 

4.6.3.2. 2-(2,4-difluorophenoxy)-5-nitropyridine (6). Compound 6 was 
synthesized according to an adapted protocol. To a solution of 2-chloro- 
5-nitropyridine (0.951 g, 6 mmol, 1 eq) in acetone (40 mL) was added 
2,4-difluorophenol (0.56 mL, 6 mmol, 1 eq) and potassium carbonate 
(0.954 g, 6.9 mmol, 1.15 eq). The reaction mixture was heated to reflux 
overnight and then worked up according to the general protocol. The 
product was recrystallized from iPrOH to give pale yellow needles (1.10 
g, 73%). 1H NMR (400 MHz, d6-DMSO): δ 9.02 (d, J = 2.8 Hz, 1H), 8.66 
(dd, J = 9.0, 2.7 Hz, 1H), 7.54, 7.40 (m, 2H), 7.2 (t, J = 8 Hz, 1H). 

4.6.3.3. 2-(4-fluorophenoxy)-5-nitropyridine (7). Compound 7 was 
recrystallized from iPrOH to give a yellow solid (96 mg, 46%): 1H NMR 
(400 MHz, d6-DMSO): δ 9.03 (d, J = 2.8 Hz, 1H), 8.62 (dd, J = 9.4, 2.8 
Hz, 1H), 7.31,7.27 (m, 5H). 

4.6.3.4. 2,4-difluoro-1-(4-nitrophenoxy)benzene (8). Compound 8 was 
purified by silica gel column chromatography using 2% EtOAc in hex
anes as eluent to give a clear oil (65 mg, 33%): 1H NMR (400 MHz, d6- 
DMSO): 8.24 (d, J = 8.8 Hz, 2H), 7.58,7.46 (m, 2H), 7.25,7.19 (m, 1H), 
7.15 (d, J = 9.2 Hz, 2H). 

4.6.3.5. 1-(4-fluorophenoxy)-2,4-dinitrobenzene (10). Compound 9 was 
recrystallized from iPrOH (107 mg, 50%): 1H NMR (400 MHz, d6- 
DMSO): δ 8.9 (s, 1H), 8.46,8.42 (m, 1H), 7.41,7.34 (m,4H), 7.18,7.15 
(m, 1H). 

4.6.3.6. 1-(2-fluorophenoxy)-2,4-dinitrobenzene (11). Compound 11 
was recrystallized from iPrOH to give a yellow crystalline solid (165 mg, 
53%): 1H NMR (400 MHz, d6-DMSO): 8.90 (d, J = 2.4 Hz, 1H), 8.44 (dd, 
J = 9.2, 2.4 Hz, 1H), 7.54,7.33 (m, 4H), 7.17 (d, J = 9.2 Hz, 1H). 
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4.6.3.7. 1-(2,4-difluorophenoxy)-2,4-dinitrobenzene (12). Compound 12 
was recrystallized from iPrOH at 30 ◦C overnight to give yellow needles 
(170 mg, 75%; a repeat reaction on a larger scale yielded 2.70 g, 62%): 
1H NMR (400 MHz, d6-DMSO): δ 8.9 (d, J = 2.4 Hz, 1H), 8.43 (dd, J = 8, 
2 Hz, 2H), 7.68, 

7.57 (m, 2H), 7.30,7.22 (m, 2H). 

4.6.3.8. 2-(2,4-difluorophenoxy)-1,3-dinitrobenzene (13). Compound 13 
was recrystallized from iPrOH to give a yellow powder (94 mg, 42%): 1H 
NMR (400 MHz, d6-DMSO): δ 7.69 (d, J = 5.6 Hz, 2H), 6.98 (t, J = 5.6, 
1H), 6.69,6.65 (m, 1H), 6.23,6.18 (m, 2H). 

4.6.3.9. phenoxy-3-nitro-pyridine (19). Compound 19 was synthesized 
according to an adapted protocol. To a solution of 2-chloro-5-nitropyri
dine (0.476 g, 3 mmol, 1 eq) in acetone (20 mL) was added phenol (0.28 
mL, 3 mmol, 1 eq) and potassium carbonate (0.350 g, 3.45 mmol, 1.15 
eq). The reaction mixture was heated to reflux overnight and then 
worked up according to the general protocol. The product was recrys
tallized from EtOAc (313 mg, 48%): 1H NMR (400 MHz, d6-DMSO): δ 
8.56 (dd, J = 8, 1.6 Hz, 1H), 8.39 (dd, J = 4.8, 1.6 Hz, 1H), 7.42 (t, J =
7.6, 2H), 7.36 (dd, J = 8, 4.8 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.20 (d, J 
= 7.6 Hz, 2H). 

4.6.3.10. 6-(2,4-difluorophenoxy)pyridine-3-amine (20). Compound 20 
was synthesized from 2-(2,4,-ifluorophenoxy-5-nitropyridine using the 
same procedure used to prepare 4 and recrystallized from iPrOH to give 
21 (90.6 mg, 23%): 1H NMR (400 MHz, d6-DMSO): δ 7.41,7.34 (m, 2H), 
7.24 (dd, J = 14.8, 9.2 Hz, 1H), 7.10,7.06 (m, 2H), 6.82 (d, J = 8.8, 1H), 
5.04 (s, 2H). 

4.6.3.11. 2-phenoxypyridin-3-amine (23). Compound 23 was synthe
sized from 3-nitro-phenoxypyridine using the same procedure used to 
prepare 4 and was used without further purification (24.7 mg, 22%): 1H 
NMR (400 MHz, d6-DMSO): δ 7.37 (t, J = 7.6 Hz, 2H), 7.31 (dd, J = 4.8, 
1.2 Hz, 1H), 7.14 (t, J = 7.2 Hz, 1H), 7.07 (m, 3H), 6.86 (dd, J = 7.6, 4.8 
Hz, 1H), 5.23 (s, 2H). 

4.6.3.12. 2-(4-iodophenoxy)-3-nitropyridine (24). Compound 24 was 
synthesized according to an adapted protocol. To a solution of 2-chloro- 
5-nitropyridine (0.476 g, 3 mmol, 1 eq) in acetone (20 mL) was added 4- 
iodophenol (0.66 g, 3 mmol, 1 eq) and potassium carbonate (0.350 g, 
3.45 mmol, 1.15 eq). The reaction mixture was heated to reflux over
night and then worked up according to the general protocol. The 
product was recrystallized from iPrOH (412 mg, 40%). 1H NMR (400 
MHz, d6-DMSO): δ 8.59 (d, J = 8 Hz, 1H), 8.42 (d, J = 4.8 Hz, 1H), 7.79 
(d, J = 8.8 Hz, 2H), 7.4 (dd, J = 8, 4.8 Hz, 1H), 7.07 (d, J = 8.4, 2H). 

4.6.3.13. 1-(3-fluorophenoxy)-2,4-dinitrobenzene (25). Compound 25 
was recrystallized from iPrOH to give pale peach crystals (126 mg, 
41%):(1H NMR 400 MHz, d6-DMSO): δ 8.90 (d, J = 2.8 Hz, 1H), 8.47 
(dd, J = 9.2, 2.8 Hz, 1H), 7.57 (dd, J = 15.2, 8 Hz, 1H), 7.31,7.19 (m, 
3H), 7.13 (d, J = 7.6 Hz, 1H). 

4.6.3.14. 1-(2,4-dinitrophenoxy)-2,3,4-trifluorobenzene (26). Com
pound 26 was slowly recrystallized from iPrOH overnight at 30 ◦C to 
give pale yellow crystals (165 mg, 47%): 1H NMR (400 MHz, d6-DMSO): 
δ 8.92 (d, J = 2.8 Hz, 1H), 8.44 (dd, J = 9.2, 2.8 Hz, 1H), 7.55,7.39 (m, 
3H). 

4.6.3.15. 3-(2,4-dinitrophenoxy)-1,2,4,5-tetrafluorobenzene (27). Com
pound 27 was recrystallized from iPrOH to give cream colored crystals 
(88 mg, 43%): 1H NMR (400 MHz, d6-DMSO): δ 8.95 (d, J = 2.8 Hz, 1H), 
8.46 (dd, J = 9.6, 2.8 Hz, 1H), 8.11,8.02 (m, 1H), 7.65 (d, J = 9.6 Hz, 
1H). 

4.6.3.16. 2,4-dichloro-1-(2,4-dinitrophenoxy)benzene (28). Compound 
28 was recrystallized from iPrOH to give a pale yellow solid (230 mg, 
100%): 1H NMR (400 MHz, d6-DMSO): δ 8.93 (d, J = 2.4 Hz, 1H), 8.43 
(dd, J = 9.2, 2.4 Hz, 1H), 7.94 (d, J = 2 Hz, 1H), 7.63,7.53 (m, 2H), 7.18 
(d, J = 9.2 Hz, 1H). 

4.6.3.17. 2,4-dinitro 1-(4-(trifluoromethyl)phenoxy)-benzene (29). 
Compound 29 was recrystallized from iPrOH to give iridescent yellow 
crystals (132 mg, 52%): 1H NMR (400 MHz, d6-DMSO): δ 8.11 (s, 1H), 
7.67 (d, J = 6 Hz, 1H), 7.07 (d, J = 5.2 Hz, 2H), 6.64 (d, J = 5.6 Hz, 2H), 
6.58 (d, J = 6.4, 1H). 

4.6.3.18. 1-(2,4-dimethylphenoxy)-2,4-dinitrobenzene (30). Compound 
30 was recrystallized from iPrOH to give fine yellow crystals (60 mg, 
19%): 1H NMR (400 MHz, d6-DMSO): δ 8.89 (d, J = 2 Hz, 1H), 8.41 (dd, 
J = 9.2, 2 Hz, 1H). 7.25 (s, 1H), 7.16 (d, J = 8 Hz, 1H), 7.09 (d, J = 8.4 
Hz, 1H), 6.93 (d, J = 9.6 Hz, 1H). 

4.6.3.19. 4-(2,4-dinitrophenoxy)benzaldehyde (31). Compound 31 was 
recrystallized from iPrOH to give a pale yellow solid (154 mg, 69%): 1H 
NMR (400 MHz, d6-DMSO): δ 10.01 (s, 1H), 8.94 (d, J = 2.8, 1H), 8.52 
(dd, J = 9.6, 2.8 Hz, 1H), 8.05 (dd, J = 6.4, 2.0 Hz, 2H), 7.43 (m, 3H). 

4.6.3.20. 4-(2,4-dinitrophenoxy)benzoic acid (32). Compound 32 was 
purified by silica gel column chromatography using 50:50 hexanes: 
EtOAc, then recrystallized from iPrOH to give a yellow solid (62 mg, 
21%): 1H NMR (400 MHz, d6-DMSO): 13.08 (s, 1H), 8.95,8.90 (m, 1H), 
8.53,8.46 (m, 1H), 8.26 (t, J = 8.8 Hz, 2H), 8.05 (m, 3H). 

4.6.3.21. 2-(2,4-dinitrophenoxy-naphthalene (34). Compound 34 was 
recrystallized from iPrOH to give yellow crystals (137 mg, 40%): 1H 
NMR (400 MHz, d6-DMSO): δ 8.93 (d, J = 2.4 Hz, 1H), 8.43 (dd, J = 8.8 
Hz, 2.4, 1H), 8.10 (d, J = 8.8 Hz, 1H), 8.0 (d, J = 7.6 Hz, 1H), 7.9 (d, J =
7.6 Hz, 1H), 7.81 (s, 1H), 7.61,7.54 (m, 2H), 7.45 (dd, J = 8.8, 2 Hz, 1H), 
7.25 (d, J = 9.2 Hz, 1H). 

4.6.3.22. 1-(2,4-dinitrophenoxy)naphthalene (35). Compound 35 was 
synthesized on a smaller scale from 1-napthol (38 mg, 0.26 mmol, 1 eq) 
and 1-chloro-2,4-dinitrobenzene (53 mg, 0.26 mmol, 1 eq) with cesium 
carbonate (98 mg, 0.3 mmol, 1.15 eq) and worked up as described in the 
general procedure. The product was recrystallized from iPrOH to give a 
yellow-orange solid (39 mg, 48%): 1H NMR (400 MHz, d6-DMSO): δ 8.97 
(d, J = 2.4 Hz, 1H), 8.37 (dd, J = 9.2, 2.8 Hz, 1H), 8.10 (d, J = 8 Hz, 1H), 
7.98 (d, J = 8 Hz, 1H), 7.92 (d, J = 8 Hz, 1H), 7.65,7.61 (m, 3H), 7.45 (d, 
J = 7.2 Hz, 1H), 7.01 (d, J = 9.6 Hz, 1H). 

4.6.3.23. 5-(2,4-dinitrophenoxy)-1H-indole (36). Compound 36 was 
purified by column chromatography in 100% CH2Cl2 which gave 
incomplete separation. Only fractions that appeared to contain pure 
product (by TLC) were pooled, from which the product was isolated (42 
mg, 18% purified yield): 1H NMR (400 MHz, d6-DMSO): 9.12 (s, 1H), 
8.94 (s, 1H), 8.66,8.63 (m, 1H), 8.05 (dd, J = 8.8, 1.6 Hz, 1H), 7.45 (t, J 
= 2.8, 1H), 7.05 (d, J = 8.4, 1H), 6.98 (s, 1H), 6.7 (d, J = 8.8, 1H), 6.66 
(s, 1H). 

4.6.3.24. 2-(2,4-dinitrophenoxy)-6-methylpyridine (39). Compound 39 
was recrystallized from iPrOH to give pale yellow needles (159 mg, 
75%): 1H NMR (400 MHz, d6-DMSO): δ 8.86 (d, J = 2.8 Hz, 1H), 8.70 
(dd, J = 9.2 Hz, 2.4 Hz, 1H), 7.86 (t, J = 7.6 Hz, 1H), 7.70 (d, J = 9.2 Hz, 
1H), 7.11 (d, J = 7.6 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 2.26 (s, 3H). 

4.6.3.25. 1-(3,5-dimethylphenoxy)-2,4-difluorobenzene (40). Compound 
40 was synthesized via a Chan-Lam coupling. To a stirring suspension of 
copper (II) acetate monohydrate (300 mg, 1.5 mmol, 1.5 eq) in CH2Cl2 
(10 mL) containing molecular sieves was added 2,4-difluorophenol (95 
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μL, 1 mmol, 1 eq), pyridine (161 μL, 2 mmol, 2 eq), and 3,5-dimethyl
phenylboronic acid (330 mg, 2.2 mmol, 2.2 eq). The reaction was 
allowed to proceed at room temperature open to the air overnight (12 
h), then filtered through Celite, acidified with 1 N HCl (20 mL) and 
extracted with in CH2Cl2 (3 × 20 mL). The organic layers were washed 
with brine and dried with Na2SO4, then evaporated under rotary vac
uum to leave the crude product as a brown oil. The product was purified 
by silica gel chromatography using 5% EtOAc in hexanes as eluent to 
yield 40 as a pale yellow-orange oil (18 mg, 8%): 1H NMR (400 MHz, d6- 
DMSO): δ 7.46,7.43 (m, 1H), 7.25,7.19 (m, 1H), 7.12,7.07 (m, 1H), 6.73 
(s, 1H), 6.55 (s, 2H), 2.22 (s, 6H). 

4.6.3.26. 2-((2,4-dinitrophenyl)thio)pyridine (41). Compound 41 was 
synthesized according to the general procedure for electrophilic aro
matic substitutions using 2-mercaptopyridine in place of a substituted 
phenol. The product was recrystallized from iPrOH to give yellow nee
dles (184 mg, 86%): MS m/z 278.4 (M + H); 1H NMR (400 MHz, d6- 
DMSO): δ8.9 (d, J = 3.65, 1H), 8.68,8.66 (m, 1H), 8.37 (dd, J = 8.8, 2.5 
Hz, 1H), 7.98,7.96 (m, 1H), 7.79 (d, J = 7.82 Hz, 1H), 7.53 (dd, J = 7.6, 
4.9 Hz, 1H), 7.44 (d, J = 9.0, 1H). 

4.6.3.27. 2,4-dinitro-N-phenylaniline (42). Compound 42 was recrys
tallized from iPrOH to give fuzzy, deep orange crystals (48 mg, 24%): 1H 
NMR (400 MHz, d6-DMSO): δ 10.16 (s, 1H), 8.89 (d, J = 2.4 Hz, 1H), 
8.22 (dd, J = 9.60, 2.44, 1H), 7.52 (t, J = 7.6 Hz, 2H) 7.40,7.35 (m, 3H), 
7.10 (d, J = 9.6 Hz, 1H). 

4.6.3.28. (2,4-difluorophenyl)(2,4-dinitrophenyl)sulfane (43). Com
pound 43 was synthesized according to the general procedure but with 
2,4-difluorothiophenol instead of a phenol. The reaction proceeded 
more quickly than the analogous reactions with phenols, requiring only 
2 h at room temperature to proceed to completion by TLC (50:50 EtOAc: 
hexanes). The product was worked up according to the general pro
cedure and the recrystallized with iPrOH to yield pure 43 (1.56, 76%): 
1H NMR (400 MHz, d6-DMSO): δ 8.89 (s, 1H),(8.31 (d, 1H), 7.91,7.80 
(m, 1H), 7.63,7.59 (m, 1H), 7.37,7.33 (m, 1H), 7.05 (d, J = 9.2H, 1H). 

4.6.3.29. N-(2,4-difluorophenyl)-2,4-dinitroaniline (44). Compound 44 
was synthesized according to the general procedure but with 2,4-difluor
oaniline instead of a phenol and triethylamine as the base. The product 
was worked up according to the general protocol and used without 
further purification: 44 (1.56, 76%): 1H NMR (400 MHz, d6-DMSO): δ 
8.92 (d, 1H), 8.48,8.43 (m, 2H), 7.68,7.62 (m, 2H), 7.45 (d, 1H), 7.37 (d, 
1H), 7.29 (d, 1H). 

4.6.3.30. Methyl 4-(4-fluorophenoxy)benzoate (45). Compound 43 was 
synthesized via a Chan-Lam coupling. To a stirring suspension of 4- 
methoxycarbonylphenylboronic acid (32 mg, 0.18 mmol, 1 eq) in 
anhydrous CH2Cl2 (3.5 mL) containing 4. To molecular sieves was added 
4-fluorophenol (40 mg, 0.39 mmol, 2.2 eq), pyridine (31 μL, 0.36 mmol, 
2 eq), and copper (II) acetate (48 mg, 0.267 mmol). The reaction was 
allowed to proceed at room temperature open to the air for 6 h, then was 
filtered through Celite, acidified with 1 N HCl (20 mL) and extracted 
with in CH2Cl2 (3 × 20 mL). The organic layers were washed with brine 
and dried with Na2SO4, then evaporated under rotary vacuum to leave 
the crude product as a brownish oil. The product was purified by silica 
gel chromatography using 5% EtOAc in hexanes as eluent to yield 45 as 
a colorless oil, which crystallized upon standing (68 mg, 82%): 1H NMR 
(400 MHz, d6-DMSO): δ 7.94 (d, J = 8.8 Hz, 2H), 7.30,7.26 (m, 2H), 
7.19,7.16 (m, 2H), 7.01 (d, J = 8.8 Hz, 2H). 

4.6.3.31. 2,4-difluorophenyl 4-nitrobenzoate (46). 4-nitrobenzoyl chlo
ride (2 g, 10.8 mmol, 1 eq) was dissolved in CH2Cl2 (40 mL). 2,4-difluor
ophenol (1.5 g, 11.9 mmol, 1.1 eq) was then added, followed by 
triethylamine (1.82 mL, 14.0 mmol, 1.3 eq). The reaction was allowed to 

stir at RT for 8 h, then worked up by addition of saturated aqueous 
NaHCO3 (50 mL) and extracted with CH2Cl2 (3 × 30 mL). The combined 
organic layers were washed with brine and dried with Na2SO4, then 
evaporated under rotary vacuum to leave the crude product as a yellow 
powdery solid, which was recrystallized from iPrOH to yield pure 44 
(1.93 g, 64%; a repeat reaction on a larger scale yielded 4.91 g, 81%): 1H 
NMR (400 MHz, d6-DMSO): δ 8.4 (d, J = 10 Hz, 4H), 7.61,7.53 (m 2H), 
7.23 (s, 1H). 

4.6.3.32. 2,4-dinitrophenyl 2,4-difluorobenzoate (47). 2,4-dinitrophenol 
stabilized with water (2.4 g, ~12.4 mmol, ~1.1 eq) was added to a 100 
mL round-bottomed flask and dissolved in CH2Cl2 (40 mL). Activated 
powdered molecular sieves (4 Å) were added to absorb the water from 
the reagent. 2,4-difluorobenzoyl chloride (1.4 mL, 11.3 mmol, 1 eq) was 
added via syringe, followed by triethylamine (1.82 mL, 14.0 mmol, 1.3 
eq). The color of the solution immediately lightened from a vivid yellow 
to a pale yellow. The reaction was allowed to stir at RT for 8 h, then was 
worked up by addition of saturated aqueous NaHCO3 (50 mL) and 
extracted with CH2Cl2 (3 × 30 mL). The combined organic layers were 
washed with brine and dried with Na2SO4, then evaporated under rotary 
vacuum to leave the crude product as a bright yellow solid, which was 
recrystallized from iPrOH to yield pure 47 as yellow needles (2.44 g, 
66%): 1H NMR (400 MHz, d6-DMSO): δ 8.93 (d, J = 2.4 Hz, 1H), 8.71 
(dd, J = 9.2, 3.2 Hz, 1H), 8.28,8.22 (m, 1H), 8.00 (d, J = 8.8 Hz, 1H), 
7.60,7.55 (m, 1H), 7.40,7.35 (m, 1H). 

4.6.3.33. 4,4′-((4,6-dinitro-1,3-phenylene)bis(oxy))bis(1,3-difluor
obenzene) (48). Compound 48 was synthesized according to the general 
procedure for electrophilic aromatic substitutions, except that 2.5 eq of 
2,4-difluorophenol (1.0 mL, 10.5 mmol) and 4 eq of cesium carbonate 
(5.5 g, 16.9 mmol) were reacted with 1,5-dichloro-2,4-dinitrobenzene 
(1.0 g, 4.2 mmol, 1 eq) in DMF (40 mL). TLC in 90:10 hexanes:EtOAc 
indicated that the reaction was complete after stirring for about 15 min 
at RT, at which point the reaction mixture was filtered to remove the 
cesium carbonate, acidified with the addition of 1 N HCl (100 mL) and 
extracted with EtOAc (3 × 40 mL). The organic layers were washed with 
brine and dried with Na2SO4. The crude product was recrystallized from 
isopropanol to yield 48 as pale yellow crystals (1.13 g, 63%): 1H NMR 
(400 MHz, d6-DMSO): δ 8.98 (s, 1H), 7.55,7.49 (m, 2H), 7.46,7.40 (m, 
2H), 7.17,7.15 (m, 2H), 6.43 (s, 1H). 

4.6.3.34. 1,4-bis(2,4-dinitrophenoxy)benzene (49). 1-chloro-2,4-dini
trobenzene (3.7 g, 18.2 mmol, 2 eq) was dissolved in DMF (50 mL) and 
hydroquinone (1 g, 9.1 mmol, 1 eq) was added. Triethylamine (0.78 mL, 
20 mmol, 2.2 eq) was added, which caused a color change from bright 
yellow-orange through red, then brown, then green. After 3 h of stirring 
at RT TLC in 50:50 EtOAc:hexanes still showed starting material 1- 
chloro-2,4-dinitrobenzene, but also showed several other spots, so the 
reaction was stopped. The pH of the reaction mixture was determined to 
be 5.5, so it was neutralized with the addition of saturated aqueous 
NaHCO3 (50 mL) and extracted with EtOAc (3 × 40 mL). The organic 
layers were washed with brine and dried with Na2SO4. The crude 
product was recrystallized from isopropanol to yield 49 (720 mg, 18%): 
1H NMR (400 MHz, d6-DMSO): δ 8.92 (d, J = 2.8 Hz, 1H), 8.46 (dd, J =
9.6, 2.8 Hz, 2H), 7.45 (s, 4H), 7.31 (dd, J = 9.6, 2.8 Hz, 2H). 
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3 Kappé G, et al. The human genome encodes 10 alpha-crystallin-related small heat 
shock proteins: HspB1-10. Cell Stress Chaperones. 2003;9. 

4 Kriehuber T, et al. Independent evolution of the core domain and its flanking 
sequences in small heat shock proteins. FASEB J. 2010;24:3633–3642. 

5 Jehle S, et al. Solid-state NMR and SAXS studies provide a structural basis for the 
activation of αB-crystallin oligomers. Nat Struct Mol Biol. 2010;17:1037–1042. 

6 Rajagopal P, Liu Y, Shi L, Clouser AF, Klevit RE. Structure of the α-crystallin domain 
from the redox-sensitive chaperone, HSPB1. J Biomol NMR. 2015;63:223–228. 
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