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SUMMARY

Predicting the risk of cancer mutations is critical for early detection and prevention, but differences 

in allelic severity of human carriers confound risk predictions. Here, we elucidate protein folding 

as a cellular mechanism driving differences in mutation severity of tumor suppressor BRCA1. 

Using a high-throughput protein-protein interaction assay, we show that protein-folding chaperone 

binding patterns predict the pathogenicity of variants in the BRCA1 C-terminal (BRCT) domain. 

HSP70 selectively binds 94% of pathogenic BRCA1-BRCT variants, most of which engage 

HSP70 more than HSP90. Remarkably, the magnitude of HSP70 binding linearly correlates with 

loss of folding and function. We identify a prevalent class of human hypomorphic BRCA1 

variants that bind moderately to chaperones and retain partial folding and function. Furthermore, 

chaperone binding signifies greater mutation penetrance and earlier cancer onset in the clinic. Our 

findings demonstrate the utility of chaperones as quantitative cellular biosensors of variant folding, 

phenotypic severity, and cancer risk.
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In brief

Gracia et al. show that the binding pattern of protein-folding chaperones to BRCA1 variant 

proteins predicts structure-function relationships and clinical outcomes. They find that the degree 

of HSP70 binding to variants correlates with age of cancer onset and identify a special class of 

hypomorphic BRCA1 mutations prevalent within human populations.

INTRODUCTION

Understanding how changes in genotype alter phenotypes is paramount to predicting cancer 

risk. However, the number of variants of uncertain clinical significance and discrepancies 

among commercial variant classification laboratories confound cancer risk predictions.1–

4 Furthermore, features of human heredity remain difficult to integrate into clinical 

practice, including reduced penetrance (likelihood of disease among individuals with similar 

genotypes), variable expressivity (differences in disease severity among patients with similar 

genotypes), and hypomorphism (partial loss of gene function).5–8 Indeed, the percentage 

of genetic variants in the ClinVar database currently classified as a practice guideline is 

miniscule (0.03%).9

Protein folding links the effect of coding mutations to disease because pathogenic mutations 

frequently disrupt protein structure. A fundamental aspect of protein structures are domains, 

which fold into specific 3D structures encoded by the primary amino acid sequence.10–13 

Folded domains tend to be only marginally more stable than unfolded domains,14,15 so 
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small changes in DNA sequence can disrupt structure and function. Indeed, pathogenic 

missense mutations cluster within globular protein domains.13,16 Moreover, the marginal 

thermodynamic stability of domain structures can sensitize proteins to disease-associated 

environmental factors.17–20 Hence, changes in protein folding may explain differences in the 

functional severity, penetrance, and expressivity of human mutations.

Several variant effect predictors (VEPs) can infer the pathogenicity of coding mutations.21–

24 Modern VEPs combine co-variation analyses and machine learning to predict variant 

effects.25–30 However, VEPs vary substantially in their accuracy and require experimental 

validation in a relevant system that can account for the crowdedness of the intracellular 

milieu, where most disease-associated proteins are found.31,32 Thus, a generalizable 

approach to measure changes in the folding of protein variants in a cellular context would 

greatly aid efforts to classify the clinical significance and disease risk of genetic variations.

Protein-folding chaperones (used interchangeably with “chaperones” herein) are highly 

conserved and abundant proteins that assist in the folding, maturation, localization, and 

degradation of proteins within cells.33–35 Two of the most abundant cytosolic chaperones, 

HSP70 and HSP90, fold a large fraction of the human proteome.36,37 Early in the folding 

cycle, HSP70 binds to stretches of amino acids that are highly hydrophobic and generally 

found in the core of globular domains.37 In contrast, HSP90 preferentially binds partially 

folded native-like proteins later in the folding cycle.38–40 Folded proteins are then released 

from HSP70 and HSP90 to recycle chaperones for additional rounds of chaperoning. The 

unique interaction specificities of HSP70 and HSP90 have proven useful for evaluating 

the impact of genetic and environmental factors on protein folding.41–44 Previously, we 

used HSP70 and HSP90 chaperone interactions to characterize disease-associated coding 

mutations in FANCA.19 Because hydrophobic polypeptides are exposed at early stages 

of folding, we hypothesized that HSP70 preferentially binds protein variants populating 

unfolded conformations that are functionally compromised. Consistent with this hypothesis, 

cells carrying FANCA (Fanconi Anemia complementation group A) protein variants that 

preferentially interact with HSP70 develop severe cellular phenotypes.19 Whether chaperone 

binding patterns can predict cancer risk of individuals carrying mutations in a cancer driver 

gene remains to be determined.

The tumor suppressor BRCA1 is essential to life.45 Thus, heterozygous individuals carrying 

a pathogenic BRCA1 mutation are ~5- to 10-fold more likely to develop breast, ovarian, 

pancreatic, and prostate cancers.5,46,47 The encoded BRCA1 protein suppresses tumor 

formation by regulating DNA damage checkpoint activation and assisting in repair of 

double-strand breaks in homology-directed repair (HDR).48–51 Thus, predicting the outcome 

of BRCA1 protein variants is critical to cancer risk management, diagnosis, and treatment. 

However, BRCA1 mutations have been associated with diverse functional consequences 

including separation of function,52,53 hypomorphic,54–56 and dominant-negative effects,57,58 

obscuring variant predictions in the clinic. Investigators have applied many independent 

high-throughput approaches to evaluate the effects of BRCA1 variations on protein function 

in vitro,59–63 but whether these data can integrate clinical features of human heredity or 

predict mutation-associated cancer risk remains unclear.
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Here, we use a high-throughput, quantitative protein-chaperone interaction platform 

(LUMIER) to test whether chaperone binding patterns predict structure-function 

relationships of BRCA1 variants and the clinical manifestations of BRCA1 mutations in 

carriers. We find that 94% of pathogenic variants in the BRCT domain of BRCA1 bind to 

HSP70 in cells. We show that increased chaperone binding reflects specific structural and 

functional disruptions induced by each variant. Specifically, the degree of chaperone binding 

is proportional to the structural and functional severity of the corresponding BRCA1 allele. 

We identify a class of BRCA1 variants that exhibit an intermediate chaperone interaction 

pattern, retain partial BRCA1 structure and function, and manifest hypomorphic functional 

consequences. Furthermore, patients carrying germline BRCA1 variants that bind HSP70 

manifest greater disease penetrance and earlier age of cancer onset. Patients carrying 

hypomorphic chaperone-engaged variants exhibit delayed cancer onset as compared to 

strong HSP70-bound variants, suggesting more variable clinical expression for partially 

folded variants.

RESULTS

Most pathogenic BRCA1-BRCT variants bind chaperones

A large percentage of the BRCA1 missense variants in ClinVar are of uncertain or 

conflicting clinical significance (Figure 1A). 93% of pathogenic missense mutations 

are within the N-terminal RING or C-terminal BRCT structured domains (Figure 1B). 

We expressed the BRCA1-RING and BRCA1-BRCT domains fused to a 33FLAG 

tag and measured chaperone interactions in living cells using a high-throughput co-

immunoprecipitation (coIP) assay (Figures 1C and 1D).41,64 We used NanoLuc luciferase-

tagged chaperones because they produced higher signal-to-noise ratios as compared to the 

Renilla luciferase system (Figure S1A). We validated NanoLuc chaperone binding patterns 

using a panel of established HSP70 and HSP90 clients and co-chaperones and observed 

chaperone binding patterns consistent with prior reports19 (Figure S1B). Unlike control 

proteins, the wild-type BRCA1-BRCT domain did not bind to either chaperone significantly 

(Figure S1C). These results suggest that the wild-type BRCA1-BRCT domain is well folded 

in cells. In contrast, the wild-type BRCA1-RING domain strongly interacted with HSP70 

and did not bind HSP90 (Figure S1D), suggesting that the BRCA1-RING domain does not 

fold independently in cells and likely relies on heterodimerization with the BARD1-RING 

for folding.49,63,65

We cloned a library of clinical variants in the BRCA1-BRCT domain and in the BRCA1-

RING domain and control variants not part of either domain and measured the binding 

of each variant to HSP70 and HSP90. Control variants had no effect on chaperone 

binding, except for a frameshifting variant predicted to introduce a new HSP70 binding site 

(P1575L fs*25; Table S1, ChaperISM DnaK variant predictions). In contrast, variants in the 

BRCA1-BRCT domain exhibited dramatic increases in chaperone binding that were highly 

reproducible (Figure S1E). Unlike BRCA1-BRCT variants, BRCA1-RING variants did not 

significantly alter chaperone binding, consistent with the wild-type BRCA1-RING domain 

not folding properly in our assay (Figure S1D). Thus, we focused on disease-associated 

BRCA1-BRCT variants in determining chaperone interactions.
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24 out of 31 pathogenic BRCA1-BRCT variants significantly interacted with HSP70 

and HSP90, whereas 9 out of 11 benign variants did not interact with either chaperone 

(Z score > 2.5; Figure 1E). Because chaperones are involved in the degradation of 

misfolded proteins,66,67 we tested if increased chaperone binding correlates with changes in 

protein abundance. We used a quantitative enzyme-linked immunosorbent assay (ELISA) to 

quantify BRCA1-BRCT variant pull-down for benign and pathogenic variants (Figure S1F). 

We observed that pathogenic BRCA1-BRCT variants were pulled down ~1.3-fold less (ΔZ 
scores ~1) than benign variants and the wild-type control (p ≤ 0.0001; Figure 1F; Table S1), 

suggesting that pathogenic variants were more prone to misfolding and degradation within 

the cell. Indeed, we observed increased binding to endogenous chaperones and decreased 

protein abundance for pathogenic BRCA1-BRCT variants using conventional coIP and 

western blotting (Figure S1G). These interactions were reproduced in three different BRCT-

containing BRCA1 fragments (Figure S1H), suggesting that chaperone binding reflects 

disruption of the BRCT domain structure. In silico predictions of variant stability using 

FoldX21 showed that 86% of pathogenic BRCT missense variants from ClinVar increased 

the Gibbs free energy of folding as compared to the wild type (Figure 1G; Table S2). Taken 

together, these results show that most pathogenic BRCA1-BRCT missense variants bind 

chaperones and are unstable in cells.

Next, we evaluated the HSP70/HSP90 chaperone binding preference of pathogenic BRCA1-

BRCT variants by generating normalized HSP interaction scores (Figure 1D). 94% of 

the pathogenic variants bound to HSP70 at least 1.5-fold more than the wild-type 

domain (HSP70 score ≥ 0.5, Figure 1H). Moreover, pathogenic BRCA1-BRCT variants 

were predominantly engaged by HSP70 over HSP90 (~71%), especially when compared 

with HSP90-engaged FANCA variants that retain protein function.19 In addition, ~29% 

of BRCA1-BRCT variants of unknown significance bound to either chaperone (HSP 

score ≥ 0.5; Figure 1H), suggesting that chaperone interaction patterns can help assign 

clinical significance to human BRCA1-BRCT variants. Notably, chaperone binding varied 

drastically among BRCA1-BRCT variants (1.5- to 11-fold increased binding relative to wild 

type). The broad diversity of chaperone binding patterns suggests that chaperones detect 

different types of BRCA1-BRCT folding variants.

Chaperone biosensors detect a diversity of protein-folding variants

Chaperone binding to BRCA1-BRCT variants appears to reflect changes in domain 

thermodynamic stability. However, HSP70 binding to variants may reflect an increased 

number of HSP70 binding motifs created by the mutation.37 We tested this using 

ChaperISM68 to identify HSP70 binding motifs in the wild-type and variant protein 

sequences. We observed no significant difference between variants predicted to have an 

increased number of DnaK binding sites (bacterial HSP70) compared to variants with no 

change in or fewer DnaK sites (Figures S2A and S2B; Table S1). These results suggest 

that increased HSP70 binding to BRCA1-BRCT variants reflects decreased domain stability. 

To test this, we compared chaperone binding with a protease sensitivity assay described 

previously.69–71 We grouped BRCA1-BRCT variants exhibiting increased sensitivity to 

protease cleavage and compared them with variants resistant to protease cleavage. In line 

with our findings described above, increased HSP70 binding and decreased amounts of 
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BRCA1-BRCT were pulled down (ELISA) for variants sensitive to protease digestion 

(Figure S2C).

Collectively, our data suggest that increased chaperone binding to BRCA1-BRCT variants 

generally reflects changes in the thermodynamic stability of each protein variant. To further 

validate this conjecture, we rationally designed BRCA1-BRCT variants (n = 49) to disrupt 

fundamental elements of protein structure and measured chaperone binding (Table S1). For 

this, we focused on secondary structure elements, hydrophobic interactions, and side-chain 

hydrogen bonds.

We targeted secondary structure elements observed in the BRCA1-BRCT crystal structure. 

Proline variants are typically not tolerated in α-helix secondary structures.72 Indeed, FoldX 

predicts strong structural disruptions when helical residues are mutated to proline as 

compared to alanine (Figure S2D). Additionally, proline is the most frequent pathogenic 

mutation reported for BRCA1-BRCT α-helical residues in ClinVar (5 out of 19; Table 

S2). We observed increased chaperone binding to the BRCA1-BRCT when prolines were 

swapped in at α-helices (V1665P, Y1666P, T1720P, and D1840P; Figure 2A). Similar 

results were obtained for charged variants in the BRCT β-sheets (V1687E and I1807E; 

Figure 2A). Notably, variants designed to disrupt α-helices or β-sheets were engaged 

predominantly to HSP70 (e.g., I1807E bound 2.1-fold more to HSP70 than to HSP90).

Hydrophobic interactions stabilize the core of folded domains.73 We rationally designed 11 

variants to target hydrophobic interactions. Replacing buried residues in the hydrophobic 

core with charged amino acids increased chaperone binding (Y1845D, Y1845E, M1783R, 

and M1783K; Figures 2B and S2E). In contrast, biochemically compatible variants did 

not increase chaperone binding (Y1845F and Y1845W) or weakly increased it (M1783A). 

Overall, we observed greater chaperone binding to variants in our library that mutate buried 

residues than to variants that mutate surface residues (Figures S2F).

Next, we tested if chaperone interactions can detect disruptions to hydrogen-bonding 

networks. Surface residues of the BRCA1-BRCT were targeted to avoid compromising other 

structural elements. T1685 forms side-chain hydrogen bonds with neighboring residues 

(Figure 2C). Two pathogenic variants in ClinVar block these hydrogen bonds (T1685A and 

T1685I), and both variants were predominantly engaged by HSP70. We tested if hydrogen 

bonds formed by the hydroxyl side chain of T1685 stabilize the structure by engineering 

a BRCA1-BRCT variant that preserves hydrogen bonding. Indeed, mutating T1685 to 

serine (T1685S) did not increase chaperone binding in two codon backgrounds. Hence, the 

hydroxyl side chain of T1685 coordinates local hydrogen bonds that stabilize the BRCA1-

BRCT structure. Furthermore, 9 out of 12 additional surface variants targeting side-chain 

hydrogen bonds showed increased chaperone binding (Figure S2G; Table S1). These results 

suggest that side-chain hydrogen bonds are surface determinants of BRCA1-BRCT folding.

There were examples where the effect of mutation on chaperone binding was difficult to 

explain quantitatively. For example, we mutated charged residues at the termini of α-helix 

1 to disrupt a potential helix dipole moment that supports protein structure.74,75 Chaperone 

binding was specifically increased to E1661K but not to other charge-swapping variants 
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(E1660K, E1661K, R1670E, and K1671E; Figure S2H). However, residue E1661 also forms 

hydrogen bonds via its side chain with K1690, T1658, and the pSXXF. Disruption of 

T1658 hydrogen bonds (T1658A, T1658N, and T1658S) did not increase chaperone binding 

(Figure S2H), suggesting minimal impact on BRCA1-BRCT folding. Notably, a variant that 

disrupts E1661 hydrogen bonds and does not introduce a charge swap (E1661A) bound 

HSP70 ~2-fold less than E1661K, suggesting that the E1661K variant disrupts the BRCA1-

BRCT structure via a complex mechanism. Although the mechanism of BRCA1-BRCT 

structure disruption by E1661K is unclear, the increased chaperone binding to the variant 

suggests it is clinically relevant. Indeed, E1661K has been observed in a human patient 

with cancer (skin cancer, non-melanoma), and the variant is annotated with conflicting 

interpretations of pathogenicity in ClinVar (Table S1).

Another set of variants that were difficult to interpret involved residues between the 

BRCA1-BRCT tandem subdomains. Two pathogenic variants in our library (A1708E 

and G1706E) introduced a charge within this groove, and both variants bound strongly 

to chaperones (Figure S2I). Interestingly, eight additional variants in this region 

increased chaperone binding to different degrees. Variants that preserve hydrophobicity 

or accommodate the steric constraints of the pocket interacted with chaperones only 

moderately (L1705I, L1705V, and G1706A) as compared to variants that introduce a charge 

(L1705K, L1705R, L1705D, A1708R, and F1704D). Notably, 3 of these variants were 

predominantly engaged by HSP90 (F1704D, G1706E, and A1708E), suggesting structural 

changes different from variants that selectively engaged HSP70. Hence, chaperones bind 

BRCA1-BRCT variants in different ways that reflect the structural effect of the specific 

mutation.

In summary, the results described in this section showed that chaperones bind BRCA1-

BRCT variants that disrupt protein structure. We assessed the accuracy of chaperone 

binding as a detector of structure disruption using criteria to classify “disruptor” and “no 

effect” variants (Table S1; STAR Methods, selection and characterization of variants). For 

rationally designed variants, we correctly assigned 44 out of 49 variants, amounting to a 

total accuracy rate of 90% (Figure 2D). Using the same criteria for variants of unknown 

clinical significance in ClinVar, we accurately assigned 88 out of 109 variants, amounting 

to a total accuracy rate of 81% (Figure 2E). In conclusion, increased chaperone binding 

can help identify BRCA1-BRCT variants that disrupt domain structure, even when the 

mechanism of disruption is ambiguous.

The degree of chaperone binding is proportional to the severity of BRCA1 mutation

The large variation of increased chaperone binding to BRCA1-BRCT variants compelled 

us to examine whether the degree of chaperone binding reflects fractional loss of BRCA1-

BRCT structure. We quantified the maximal increase in chaperone binding to BRCA1-

BRCT variants by generating 13 double variants. The inclusion of single variants that do 

not bind chaperones did not change binding (e.g., F1695L/M1775K compared to M1775K; 

Figure S3A). Combining two variants that both interacted moderately with HSP70 increased 

chaperone binding to the double variant (S1655F/M1775K, ~4.3-fold increased binding 

relative to single variants). In contrast, combining two single variants that interacted strongly 
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with HSP70 only weakly increased binding, indicating an upper limit on HSP70 binding 

to BRCA1-BRCT variants (C1697R/D1840P and V1687E/G1788V; ~1.5-fold increased 

binding relative to single variants; Figure S3A). These results suggest that maximal 

chaperone binding in our assay reflects complete structural disruption of the BRCA1-BRCT 

domain.

Below the upper limit of chaperone binding, we observed a positive correlation between 

chaperone binding to each BRCA1-BRCT missense variant and the predicted increase 

in Gibbs free energy of folding in silico (R2 = 0.51; Figure 3A). This correlation was 

reproduced when using empirically derived stability measures for 18 recombinant BRCA1-

BRCT variants purified from Escherichia coli (R2 = 0.55; Figure 3B).76 In addition, 10 

variants that were insoluble in E. coli interacted strongly with HSP70. We observed similar 

results when evaluating HSP90 binding scores to BRCA1-BRCT variants (Figures S3B and 

S3C). These data suggest that strong HSP70 binding to variants reflects a severely disrupted 

BRCA1-BRCT domain, whereas intermediate chaperone binding to BRCA1-BRCT variants 

generally reflects partial structure disruption.

To test if the degree of chaperone binding is proportional to the functional (phenotypic) 

severity of the corresponding BRCA1 protein variant, we collected BRCA1 functional 

data from the neXtProt server.77 This database catalogs the functional severity of BRCA1 

variants measured in many different assays and laboratories as a qualitative “phenotypic 

intensity” with four classifications: functional, mild, moderate, and severe (573 unique 

entries for variants in our library; Table S3A). Using these phenotypic intensity classes, we 

observed progressive increases in HSP70 binding that paralleled increasing aggregation or 

degradation propensity of the variants (Figure 3C). Importantly, we observed the same trend 

in HSP70 binding when comparing the phenotypic intensity with the BRCA1-BRCT variant 

effect on transcriptional activation, cell localization, and cell viability (Figures 3D, S3D, and 

S3E). These relationships cannot be explained by assay saturation because HSP70 binding 

for each mutant was well within the linear regime (Figures 3E and S3F). Taken together, 

these results suggest that the degree of chaperone binding to BRCA1-BRCT variants reflects 

the functional severity of BRCA1 mutants.

To further examine this relationship, we collected functional data from two deep mutational 

scanning cell-based assays (Table S3B). We compared the degree of HSP70 binding with 

growth defect scores induced by BRCA1 missense mutations at the endogenous BRCA1 
gene locus in HAP1 cells.60 We observed functional defects that increased progressively 

with the magnitude of HSP70 binding (Figure 3F). Moreover, BRCA1-BRCT variants 

that bound moderately to HSP70 conferred intermediate effects on the growth phenotype. 

We observed a similar relationship when investigating the effect of BRCA1 mutation on 

HDR efficiency in HeLa cells (Figure 3G)62 or when binning BRCA1-BRCT variant data 

using FoldX predictions (Figures S3G and S3H). Furthermore, there was a strong positive 

correlation between the functional defect induced by BRCA1 mutations and the magnitude 

of HSP70 binding to the encoded variants (HAP1: R2 = 0.52, HeLa: R2 = 0.49; Figures S3I 

and S3J). These data further suggest that the degree of chaperone binding to BRCA1-BRCT 

domain variants is proportional to the phenotypic severity of the full-length BRCA1 variant 

in cells.

Gracia et al. Page 8

Cell Rep. Author manuscript; available in PMC 2024 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



However, chaperone binding was not increased for all deleterious BRCA1-BRCT variants. 

25% of the variants that induced growth defects in HAP1 cells did not bind HSP70 (35% 

in the HeLa HDR assay). We hypothesized that these mutants impair BRCA1 function in 

a manner independent of structure disruption (Figures S3I and S3J). Indeed, we found four 

missense variants that compromised splice sites.78 In addition, six variants may interfere 

with pSXXF binding to the BRCT domain because these variants occurred at residues 

protected from solvent when the pSXXF was present in the crystal structure (“pSXXF 

protected”). Five additional surface variants were not pSXXF protected, suggesting that the 

variant disrupts function through a mechanism independent of pSXXF binding. Together, 

these variants were designated as “contact” because the defect in BRCA1-BRCT function 

is likely attributable to the loss of protein-partner binding, not domain structure disruption 

(15% of functionally impaired variants in HAP1 and 19% in HeLa; Figure S3K). Notably, 

we also observed moderate chaperone binding to certain variants that mutate these contact 

residues (e.g., S1655F, R1699W, M1775K, and M1775R), suggesting these variants partially 

disrupt domain folding, in agreement with previous reports.71,76,79 Thus, integrating 

chaperone interactions with functional data can help distinguish true contact mutations from 

complex mutations that disrupt both protein-partner interactions and domain structure.

Taken together, the findings described in this section highlight the ability of chaperones 

to gauge the functional severity of structure-disrupting BRCA1 mutations in cells. After 

aggregating all functional data from the neXtProt server, we found that 68% of variants 

that bind weakly to HSP70 are functional and 39% of those that bind moderately confer 

mild or moderate defects, whereas 65% of variants that bind strongly exhibit severe 

functional defects (Figure 3H; Table S3). We conclude that the degree of chaperone 

binding to BRCA1-BRCT variants is generally proportional to the phenotypic severity of 

the corresponding BRCA1 mutation.

Chaperones identify diverse classes of pathogenic BRCA1 variations in humans

To ascertain the prevalence of BRCA1 variants that bind moderately to HSP70 in humans, 

we compared chaperone binding across diverse clinical and population studies. BRCA1 

missense variants that bind moderately to chaperones are abundant and equally prevalent 

in patients with cancer and the general population (Figure 4A). After combining missense 

variants from ClinVar (unknown clinical significance only), The Cancer Genome Atlas 

(TCGA),80,81 and the gnomAD population database,3 we observed that 18% of the variants 

moderately bound HSP70 and 12% strongly bound HSP70. Variants that bound moderately 

to HSP70 were also prevalent in all subpopulations cataloged in gnomAD (Figure S4A). 

In addition, moderate HSP70 interactors were the most abundant group of hypomorphic 

BRCA1-BRCT missense variants observed in cell-based deep mutational scans (Figure 4B; 

Table S3B).60,62 Furthermore, variants that bound moderately were slightly more abundant 

than variants that bound strongly to HSP70 for unknown variants in ClinVar (Figure S4B). 

Thus, variants exhibiting moderate HSP70 binding are abundant and relevant alleles in 

humans.

We hypothesized that BRCA1 variations that increased chaperone binding are subject 

to purifying selection in humans because increased chaperone binding correlates with 
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loss of protein function. To test this, we compared allele frequencies in gnomAD3 for 

variants that increased chaperone binding with those that maintain wild-type-like chaperone 

interactions. Notably, variants that bound moderately or strongly to chaperones were 23-fold 

less abundant than variants that did not bind chaperones (Figure S4C), suggesting that 

both variant groups are subject to purifying selection. However, these differences in allele 

frequencies were not significant, likely owing to the abundance of rare BRCA1 variants in 

the gnomAD database or the possible influence of unaccounted risk factors. In contrast, 

variants observed in tumors that bound chaperones have allelic frequencies similar to those 

that do not bind chaperones, suggesting reduced purifying selection of mutants in tumors 

(Figure S4D).

To identify structural mechanisms driving partial folding of human hypomorphic variants, 

we investigated variants moderately bound by HSP70 to search for structural commonalities. 

We hierarchically grouped missense BRCA1 variants into structural effect classes based 

on functional data, structural features, and stability predictions (see STAR Methods). For 

example, known protease-sensitive mutants were ranked as “structural disruption” followed 

by “pSXXF/contact” because these variants can be confidently assigned. We compared 

structural effect classes with variants expected to severely disrupt the BRCA1-BRCT 

domain structure (Table S3B). We observed weak and moderate HSP70 binding for variants 

expected to accommodate the structure, variants within the hydrophobic pSXXF groove, and 

variants that disrupt long-range interactions (Figures 4C and S4E). Interestingly, variants 

that interacted moderately with HSP70 were abundant in all BRCT structural effect classes 

we analyzed and found throughout the domain. Hence, hypomorphic structure-disrupting 

variations in humans may be inherent to protein-structured domains.

To compare the accuracy of chaperone interactions with other indicators of pathogenicity, 

we used receiver operating characteristic (ROC) curves (Table S3B). HSP70 binding 

classified ClinVar variants with near-perfect accuracy (Figures 4D and S4F; area under 

the curve [AUC] 0.94). Similar results were obtained using HAP1 cells60 (AUC, 0.98). 

Moreover, next-generation VEPs27–30 performed equally well (AlphaMissense AUC 0.95) 

and correlated well with HSP70 binding (Figures S4G–S4J). Notably, the performance 

of pathogenicity algorithms decreased when partial loss-of-function BRCA1 variants 

were included using integrated neXtProt data (Figure 4E). In contrast, HSP70 binding 

outperformed all other pathogenicity metrics when mild, moderate, and ambiguous variants 

were assigned as pathogenic (AUC 0.95). Indeed, chaperone binding performed well 

regardless of how mild, moderate, and ambiguous variants were assigned in the target 

dataset (Figure 4F). We did not compare HAP1 function scores to neXtProt data to avoid 

the confounding effects of splice variants. In summary, these results suggest that quantitative 

chaperone interactions can be used to identify pathogenic variants and hypomorphic alleles 

in humans.

Chaperone binding patterns stratify cancer risk and variant expressivity of human BRCA1 
carriers

To determine if chaperone binding can elucidate the cancer risk of BRCA1 mutation 

carriers, we collected familial penetrance likelihood data for heritable BRCA1 variants 
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from the Leiden Open Variation Database.82 Breast cancer risk was markedly higher in 

carriers of BRCA1 mutations that moderately or strongly increased HSP70 binding to 

the BRCA1-BRCT domain (Figures 5A and S5A–S5C; Table S4). Notably, four highly 

penetrant variants that moderately bound HSP70 mutated residues near the pSXXF binding 

site (D1692H, R1699W, M1775K, and M1775R), suggesting that pSXXF cleft disruption 

drives increased penetrance in carriers. In contrast, two highly penetrant variants not in 

proximity to the pSXXF cleft were moderately bound by HSP70 (V1736A and M1783T; 

Table S1), suggesting that partial disruption of the BRCT domain structure drives increased 

penetrance. Hence, BRCA1-BRCT variants that compromise domain folding, even partially, 

can increase the likelihood of cancer development.

To test if chaperone interactions predict mutation expressivity in the clinic, we evaluated 

an independent cohort of 1,106 BRCA1 carriers who underwent clinical genetic testing 

at The University of Texas MD Anderson Cancer Center (Table S5).83,84 Breast cancer 

developed in 71% of the individuals in this cohort, and the remainder were negative at 

the time of examination (Figures S5D and S5E). Patient survival was not significantly 

different when binning BRCA1 carriers based on HSP70 binding (p = 0.20; Figure S5F). 

The lack of significance is likely due to the small number of deaths that have occurred since 

the inception of this prospective cohort (~79% survival for patients carrying variants that 

bound HSP70). To improve statistical power, we tested the relationship between increased 

chaperone binding and age of disease onset, which was collected for each patient with 

cancer at the time of diagnosis.

We hypothesized that individuals who developed cancer earlier in life carry a BRCA1 
variant that is more functionally compromised. Indeed, patients carrying nonsense BRCA1 
mutations developed cancer earlier than those carrying missense mutations (Figure 5B). In 

addition, missense mutations within the BRCT and RING domains resulted in earlier age of 

onset (Figure 5C). Strikingly, patients with breast cancer carrying BRCA1-BRCT variants 

that bound strongly to HSP70 were diagnosed 12 years earlier (median age of onset) than 

those carrying weakly HSP70-bound mutants (Figure 5D). Interestingly, BRCA1-BRCT 

variants that moderately bound HSP70 were associated with delayed cancer onset (median, 8 

years) as compared to strongly HSP70-bound variants. FoldX predictions, HAP1 functional 

data, and next-generation VEPs27–30 also showed a delay in disease onset for patients 

carrying variants that partially disrupt structure or function (Figures S5G–S5L). These 

results demonstrate that hypomorphic, moderately HSP70-bound variants are an important, 

phenotypically distinct class of pathogenic BRCA1 variations in humans. We conclude that 

the degree of chaperone binding can be used to detect the penetrance and expressivity of 

cancer variations in humans, enabling stratification of mutation-associated cancer risk in 

BRCA1 carriers.

DISCUSSION

A major barrier to increasing the clinical relevance of genetic variations is linking the 

molecular mechanisms of mutations to their clinical manifestations. Here, we present a 

high-throughput approach to precisely quantify structure-function relationships based on 

physical interactions between protein variants and ancient solutions to the protein-folding 
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problem, protein-folding chaperones. This approach delineated loss of protein folding as the 

cellular mechanism driving loss of function and its corresponding effect on cancer risk for 

mutations in the BRCA1-BRCT domain.

HSP70 and HSP90 recognize non-native polypeptides during folding.34,35 We hypothesized 

that chaperones can be used as biosensors to infer the structural and phenotypic effects of 

mutations, thus bypassing the need for fully understanding structure-function relationships 

in the cell. Chaperone interactions facilitated classification of otherwise indistinguishable 

BRCA1 mutations into discrete functional groups based on the pattern of chaperone 

binding to the encoded variant. Severely compromised BRCA1 variants bound strongly 

to chaperones, and BRCA1’s tumor-suppressive function was impaired through full-length 

BRCA1 degradation. Even the absence of chaperone binding to variants was informative 

when compared with available functional data, revealing true contact mutants that disrupt 

protein-partner interactions without affecting BRCA1-BRCT domain structure. This is 

important considering that different variations of the same residue can manifest different 

diseases and clinical severities. Indeed, one such natural BRCA1 variant, R1699Q, does not 

bind chaperones and confers intermediate cancer risk and Fanconi anemia-like symptoms.85–

88 However, a different variant at the same position, R1699W, binds moderately to 

chaperones and partially folds.76 Predicting the clinical manifestations of such similar 

protein-coding variations may be achievable using protein-folding chaperone interactions 

in cells.

Importantly, the degree of increased chaperone binding is proportional to the structural and 

functional defect induced by mutation. Variants exhibiting moderately increased chaperone 

binding were a signature of hypomorphic allelic severity. These mutants partially fold and 

function, thereby leading to partial or mild defects in function and intermediate phenotypic 

effects. BRCA1 hypomorphs have been identified and suggested to play a role in cancer 

predisposition (germline variants) and PARP inhibitor resistance (somatic mutations).54,85,91 

However, a majority of known hypomorphs arise due to separation-of-function activity. 

In contrast, we find that partial loss of BRCT folding results in hypomorphic clinical 

outcomes in cells and humans. We show that these BRCA1-BRCT hypomorphs predis-

pose individuals to breast cancer with high-penetrance yet variable disease expressivity, as 

reflected in the age of onset.

The data presented herein may have broad applicability for cancer therapy. Determining 

whether HSP70-engaged BRCA1 variants hypersensitize tumors to genotoxic agents 

warrants investigation. Moreover, it would be interesting to see if variants that partially 

disrupt BRCA1-BRCT domain folding are buffered by protein-folding chaperones, 

imparting increased sensitivity to environmental stressors for individuals carrying these 

variants in their genome. Indeed, R1699W binds to HSP90 and has been previously 

characterized as a temperature-sensitive mutant.89,90 Hence, establishing a framework to 

accurately predict the effects of these BRCA1 variations on protein folding using chaperone 

interactions would further improve risk stratification in carriers and therapeutic options for 

patients. We propose parsing variations in disease-relevant genes by chaperone binding as 

a powerful strategy with broad applicability for risk stratification and precision medicine 

applications.
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Limitations of the study

A limitation of this study is that the target variant dataset must map to globular domains 

to allow for the interrogation of changes in chaperone binding across different variants. 

Fortunately, more than 60% of residues in the human proteome are found in globular 

domains.13 Another limitation exists in the detection threshold of our assay. For example, 

we did not detect chaperone binding to the wild-type BRCA1-BRCT, but there may be a 

rare populated state of chaperone-bound molecules or transient chaperone interactions that 

we cannot detect. For this reason, stabilizing the wild-type BRCA1-BRCT by mutation 

is not measurable directly in our assay. Instead, our approach can be used to identify 

compensatory mutations that manifest reduced or wild-type-like chaperone binding in the 

context of a destabilizing mutation that increases chaperone binding.19 Indeed, there are 

instances where decreases in chaperone binding to variants are informative, such as upon 

binding of a co-factor or compound that induces protein stabilization42 or a mutation that 

changes an intrinsically disordered protein into a well-structured protein. In summary, our 

study highlights the utility of chaperone binding patterns as predictors of mutation severity 

and cancer risk in humans.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Requests for further information or reagents may be directed to the lead 

contact, Georgios I. Karras (gkarras@mdanderson.org).

Materials availability—Plasmids generated in this study will be made available upon 

request by contacting the lead author.

Data and code availability

• Chaperone interaction data generated in this study have been made publicly 

available through Mendeley. https://data.mendeley.com/drafts/rmj7fwm6n7

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Mammalian cells—Stable HEK293T cell lines expressing N-terminally tagged NanoLuc-

chaperones (HSP70/HSPA8 or HSP90/HSP90AB1) were maintained in 10-cm petri dishes 

(Corning, 08–772–22) at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium 

(Corning, 10–013-CV) supplemented with 10% fetal bovine serum (Sigma-Aldrich, F2442) 

and Pen-Strep (Gibco, 15140–122). Cells were collected using treatment with Accumax 

(Innovative Cell Technologies, AM-105) at 37°C for 15–20 min and dilution in media. Cell 

lines were routinely tested for mycoplasma contamination (Lonza, LT07–318) and validated 

using STR fingerprinting by the MD Anderson Cytogenetics and Cell Authentication Core.
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Patient data curation—Patients were identified in a prospectively maintained database 

after approval by the MD Anderson institutional review board. Informed consent was 

obtained from all human subjects. Germline BRCA1 genetic test results from 1996 to 2023 

and age of cancer diagnosis were included in this study. De-identified patient data were 

curated to exclude ambiguous clinical data from the study. Genomic alterations reported 

by clinicians were cross-referenced to the human BRCA1 sequence taken from NCBI to 

validate mutations (GenBank: NM_007294.4). Genomic alterations in BRCA1 were then 

categorized as frameshift, gene deletion, in-frame deletion, intronic, large deletion, large 

duplication, large insertion, missense, nonsense, splice site, synonymous, or undeterminable 

(15 of 1,121 individuals (1.3%) had undeterminable alterations and were filtered out). 

Kaplan-Meier survivor curves were generated using artificial censorship at 20 years to 

observe patient survival probability on a reasonable timescale after cancer diagnosis. For 

patients that had developed multiple cancers at different times, the lowest age was used 

as the age of first cancer diagnosis. When comparing age of first cancer diagnosis among 

groups in the cohort, one-tailed Mann-Whitney (unpaired nonparametric) t-tests were used 

to test for significantly decreased age of cancer onset. Most of the patients in this cohort 

were White female (~49%) given that breast cancer is the predominant diagnosis among 

female individuals with BRCA1 mutations and most relevant to their health. In our analysis 

using HSP70 binding and age of first cancer diagnosis, the racial diversity (~2% Native 

American, ~2% Other, ~4% Asian, ~23% African American, ~30% Hispanic, ~39% White) 

was much greater than that in the entire cohort, suggesting that race did not substantially 

influence our chaperone binding age of onset results.

METHOD DETAILS

Plasmids and cloning—Plasmids containing human BRCA1 cDNA were a gift from 

Junjie Chen (Addgene, Plasmid #99394). The BRCT and RING variant libraries were cloned 

by amplification of the C-terminal (residues 1,314–1,863) or N-terminal (residues 1–324) 

region of BRCA1 using primers (Sigma-Aldrich) designed with attB handles compatible 

with Gateway cloning. PCR products were purified using agarose gel extraction (Takara 

Bio, 740609), and BP clonase (Invitrogen, 11789) was used to insert BRCT fragments into 

the entry vector pDONR221. Next, two-step PCR-mediated site-directed mutagenesis was 

performed using Phusion High-Fidelity DNA Polymerase (New England BioLabs, M0530), 

and primers containing the mutation of interest were used to generate mutant BRCA1 

fragments flanked by attL sequences for LR clonase reactions (Invitrogen, 11791). Inserts 

were cloned into pcDNA3.1 expression vectors encoding tags (N-terminal, 3xFLAG-V5; 

C-terminal, V5–3xFLAG) and then propagated using transformation into DH5α bacteria and 

isolation of single colonies on LB plates supplemented with ampicillin. Plasmids were mini-

prepped (Promega, A1222) and validated using restriction enzyme digestion and Sanger 

sequencing.

LUMIER with BACON—LUMIER with bait control (BACON) was carried out as 

described previously using automated liquid handling robots (Biotek, EL406; TECAN, 

Freedom EVO).41,64 Each experiment included eight replicates of wild-type BRCA1-BRCT 

and four replicates of the RING wild-type plasmid DNA as well as controls to assess 

reproducibility. Plasmid DNA (700 ng) was arrayed in round-bottom 96-well plates 
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(Corning, 353227) and mixed with 200 μL of PEI MAX (Polysciences, 24765) with 

OptiMEM (Gibco, 319850) at a ratio of 1:100 (10 μg/mL final). This DNA transfection 

mix was then evenly distributed to four flat-bottom 96-well plates (two per HSP70 or 

HSP90 cell line; Corning, 3598) and incubated at room temperature for 20 min. Reverse 

transfection was then performed by adding 100 μL of chaperone luciferase-fused stable 

cells to the DNA transfection mix in flat-bottom 96-well plates at a density of 30,000–

50,000 cells per well in duplicate plates. Cells were grown for 2 days, washed three times 

with PBS using an automated Biotek plate washer and incubated with lysis buffer (50 

mM HEPES-KOH, pH 8.0, 150 mM NaCl, 10 mM MgCl2, 20 mM NaMo, 0.7% Triton 

X-100, 5% glycerol) supplemented with protease inhibitors (Leupeptin, Sigma-Aldrich, 

11034626001; Aprotinin, Santa Cruz Biotechnology, sc3595; Pepstatin A, VWR, 97064–

248; PMSF, Sigma-Aldrich, 7110), phosphatase inhibitors (Sodium Orthovanadate, New 

England BioLabs, P0758; Sodium Fluoride, Sigma-Aldrich, S7920), RNAse A (Fisher 

Scientific, EN0531) and Benzonase (MilliporeSigma, 70664) for 5 min at room temperature. 

Lysates were transferred to 384-well plates pre-coated in-house with anti-FLAG antibodies 

(Sigma-Aldrich, F1804). To test different concentrations of cell lysates pulled-down, lysates 

were diluted with non-transfected cell extracts to minimize effects on protein folding related 

to molecular crowding. Lysates were incubated at 4°C for 3 h with gentle rocking and then 

washed six times in 4°C HENG buffer (50 mM HEPES-KOH, pH 8.0, 150 mM NaCl, 2 

mM EDTA, pH 8.0, 20 mM NaMo, 0.5% Triton X-100, 5% glycerol). 20 μL of luciferase 

substrate mix was diluted 200x for NanoLuc substrate (Promega, N11) and 100x dilution 

for RenillaLuc substrate (Promega, E28) using a reaction buffer (20 mM Tris HCl, pH 7.5, 

1 mM EDTA, 150 mM KCl, 0.5% Tergitol NP9) and added to all wells. Luminescence 

readings were taken using a 400 to 700-nm filter equipped to an EnVision Plate Reader 

(PerkinElmer). For BACON, the luciferase reagent was dumped into a sink, and 30 μL 

of anti-FLAG-coupled horseradish peroxidase (abcam, ab1238) diluted at 1:10,000 in an 

ELISA buffer (PBS, 5% Tween 20, 1% goat serum (Sigma-Aldrich, G9023) was added to 

all wells, and incubated for 90 min at room temperature with gentle rocking. Wells were 

washed six times with PBST (0.05% Tween 20), 30 μL of ELISA Supersignal ELISA 

chemiluminescent substrate (Thermo Scientific, 370) was added and the absorbance was 

read.

Co-IP—Co-IP was carried out using agarose-linked anti-FLAG beads (Sigma-Aldrich, 

F2426). 400,000 parental HEK293T cells were seeded in 6-well plates (Corning, 3506) 

on Day 0. On Day 1, forward transfection was performed by mixing 3,200 ng of DNA 

packaged with 400 μL of OptiMEM combined with 8 μL of Lipofectamine2000 following 

incubation times recommended by the manufacturer (Invitrogen, 11668). On day 3, cells 

were lysed on ice for 20 min with ice-cold LUMIER lysis buffer. Samples were then 

centrifuged at 14,000xg for 10 min at 4°C, and a soluble fraction was mixed with pre-

washed anti-FLAG beads and gently mixed for 3 h at 4°C. Beads were then washed four 

times with ice-cold lysis buffer and proteins were eluted using 150 μg of 3xFLAG peptide 

competitor (Biomatik, 56305) and gentle rocking for 30 min at room temperature. Eluates 

were then collected and mixed 1:1 with a urea/SDS protein sample buffer followed by 65°C 

incubation for 5 min.
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Western blotting—Denatured protein samples were loaded on pre-cast 4–12% SDS-

PAGE gels (Invitrogen, WG1402) and resolved for 1.5 h at 160 V in SDS-MOPS 

buffer (Invitrogen, NP0001). Proteins were transferred to PVDF membranes (Bio-Rad 

Laboratories, 1620177) with wet transfer using tris-glycine buffer supplemented with 10% 

fresh methanol. Membranes were blocked in 5% milk (Lab Scientific, M0841) prepared 

in PBST (0.05% Tween 20) and incubated with corresponding antibodies described in key 

resources table. Membranes were washed three times with PBST for 5 min each before 

incubation with anti-mouse secondary antibodies (Sigma-Aldrich, F1804) for at least 60 

min, and then washed again before development using horseradish peroxidase substrate 

(Millipore, WBKLS0) and visualized using a Chemidoc MP imaging system (Bio-Rad 

Laboratories).

In silico predictions of variant effects—DnaK (bacterial HSP70) binding sites were 

predicted using ChaperISM.68 The algorithm was run using qualitative mode prediction, 

and the number of binding sites predicted for variants was compared with predictions of 

the wild-type sequence. Variants were then grouped into three bins: unchanged (number 

of binding sites “stayed same”), more sites (“more binding sites” or “existing site became 

larger”), and fewer sites (“less binding sites” or “existing site became smaller”). Variants 

that resulted in out of frame translated polypeptides were designated as “new out of 

frame sites” or “no new out of frame sites” depending on ChaperISM prediction of the 

frameshifted variant. The number of DnaK sites predicted for these variants could not be 

directly compared with the wild-type because the protein sequence length was different. 

DnaK binding sites were also predicted using the LIMBO algorithm,92 and no significant 

difference in chaperone binding was observed when comparing variants in DnaK predicted 

sites with variants not within predicted sites.

FoldX (version 5.0)21 was used to build variant models and calculate the stability of 

BRCT variants relative to the wild-type (PDB: 1t29). First, the wild-type structure was 

repaired using “RepairPDB”. Next, variant models were built using “BuildModel” with the 

NumberofRuns parameter set to five to derive averages and standard deviations. ΔΔG values 

relative to the corresponding wild-type model generated for each variant were extracted. 

Variants at G1738 were not shown in the figures owing to abnormally high ΔΔG values 

arising from modeling errors. Unless otherwise noted, all FoldX data shown were obtained 

from predictions made without the pSXXF.

Mutation pathogenicity predictions were collected using PolyPhen223 with the HumDiv 

classifier model, GRCh37/hg19 genome assembly and canonical transcript settings. 

SIFT93 predictions were made using the UniProt-SwissProt_2010_09 database, a median 

conservation score of 3.00 and sequences with more than 90% identity removed from 

predictions. LIST-S294 was used to generate mutation pathogenicity predictions enhanced 

by taxonomy-based sorting using the full-length BRCA1 sequence. SuSPect95 variant 

pathogenicity predictions were obtained using the full-length BRCA1 sequence. ESM1b,30 

AlphaMissense,29 EVE27 and VARITY28 variant predictions were obtained from their 

corresponding webservers.
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Secondary structure predictions were obtained using the STRIDE web portal96 and the 

BRCT crystal structure repaired by FoldX (PDB: 1t29). B-factors for each amino acid 

were extracted using the swift.cmbi web portal, again using the crystal structure repaired 

by FoldX. PONDR97 was used to calculate residue disorder using the full-length BRCA1 

sequence and the VL-XT predictor. SASA values were collected from the GetArea 

webserver98 using PDB files repaired by FoldX with the radius of water probe set to 

1.4Å and without gradient calculations. SABLE99 was used to predict solvent accessibility 

and secondary structure using the full-length BRCA1 sequence with the predictor type 

set to include Approximator (Exposure Pred). The secondary structure of the BRCA1 

sequence was also predicted by JPRED4100 using the 1,314–1,863 BRCA1 sequence. For 

sequence-based secondary structure predictions (SABLE and JPRED4), α-helix and β-sheet 

predictions were summed to generate a parameter that reflects the probability of a secondary 

structure at a given residue.

Selection and characterization of variants—BRCA1 variants were extracted from 

ClinVar and curated to filter for single missense mutations. Variants were called pathogenic 

or benign including “likely” classifications if the review status was at least ‘two-gold-stars’. 

Variants we classified as “unknown” included entries in ClinVar annotated as uncertain 

significance, conflicting interpretations, not provided or ‘one-gold-star’ review status. All 

ClinVar BRCT missense variants were tested using FoldX and variants were selected to 

represent benign and pathogenic variant groups. 11 out of 19 benign and 31 out of 56 

pathogenic BRCA1-BRCT missense mutants from ClinVar were cloned. This included a 

majority of the BRCA1-BRCT missense variants from ClinVar (56%); thus, our variant 

library reflects the entire BRCT ClinVar missense mutant dataset. Additionally, variants 

were extracted from cBioPortal using the “curated set of non-redundant studies” dataset. 

BRCA1 variants were extracted for 13 cancer types in TCGA (KICH, KIRP, COAD, BRCA, 

LUAD, LUSC, PAAD, PRAD, LIHC, HNSC, BLCA, KIRC and READ). gnomAD variants 

were extracted from the v2.1.1 dataset. Variants extracted from cBioPortal, TCGA and 

gnomAD were filtered using FoldX to select for mutations predicted to either disrupt or have 

no effect on protein structure.

To test if chaperones detect changes in thermodynamic stability, a subset of ClinVar variants 

(n = 44) were compared with previously published protease sensitivity data.71 A protease-

sensitive variant group was generated using a < 30% protease resistance cutoff (relative to 

wild-type). These data were compared with a control group of variants that behaved similar 

to the wild-type in all assays (> 70% cutoff). Variants that exhibited partial sensitivity to 

protease digestion or ambiguous functional effects were not included in these comparisons. 

49 variants were rationally designed using BRCA1-BRCT crystal structures to disrupt or 

support protein folding (interactions we investigated were validated in five BRCA1-BRCT 

crystal structures). ProteinTools101 was run using the BRCA1-BRCT PDB repaired by 

FoldX without the pSXXF to identify residues involved in hydrophobic networks, side 

chain hydrogen bond networks (including salt bridges) and long-range interactions (BRCT 

structure contact map). Residues in the crystal structure were defined as buried (SASA < 

10%), intermediate (10% < SASA < 30%), or surface (SASA >= 30%). Surface folding 

determinants were defined as surface or intermediate variants (SASA > 10%) that disrupted 
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side chain hydrogen bonds and bound to HSP70 (HSP70 score > 0.5), excluding proline 

variants introduced within α-helices which are expected to disrupt α-helix secondary 

structures.

Variants were predicted to bind (disruptor) or not bind (no effect) to chaperones based on 

criteria that considered the biochemical properties of the wild-type BRCA1-BRCT residue 

and variant. Variants predicted to disrupt structure and bind chaperones included 1) prolines 

in α-helices, 2) truncations within the BRCT domain (e.g., D1778G fs*27), 3) buried 

variants (SASA < 10%) that introduced charged side chains, 4) buried variants that decrease 

hydrophobicity (e.g., V1713A), 5) buried variants that introduced steric clashes (e.g., 

M1783W), 6) hydrophobic network residues mutated to charged variants and 7) disruptions 

to side chain hydrogen bonding. Variants predicted to have no effect on chaperone binding 

were 1) complete BRCT deletions and mutations outside the BRCT domain (e.g., P1575L 

fs*25), 2) hydrophobic swaps at buried positions (e.g., V1719L), 3) isosteric and quasi-

isosteric swaps at buried positions (e.g., D1692N), 4) variants that maintain wild-type side 

chain hydrogen bonds and 5) all remaining surface variants (SASA > 10%). Variants were 

considered to decrease hydrophobicity if they lost at least two carbon-containing side chain 

groups. Buried variants were considered to create a steric clash when the side chain was 

increased by at least two functional groups. Variants were called isosteric if the mutant 

structure was the same as the wild-type residue (e.g., aspartate mutated to asparagine). 

Quasi-isosteric variants differed by one functional group.

BRCA1 mutation data were collected from high-throughput variant screens measured in 

HAP160 or HeLa62 cell systems. For HDR assays taken from HeLa cells, average BRCA1 

siRNA function scores were used. False-negative variants were defined as variants that 

do not bind HSP70 (interaction score < 0.5) and exhibit intermediate or complete loss 

of function in either HAP1 cell fitness or HeLa HDR assays. Contact mutants were 

false-negative variants that were either pSXXF protected or surface as follows. Residues 

designated as “pSXXF protected” were identified using ΔSASA values after comparing 

SASA in the presence and absence of the pSXXF (ΔSASA > 5%). Surface BRCT residues, 

excluding those near the pSXXF, were identified using SASA values calculated in the 

presence of the pSXXF (SASA >= 30%). Also, a large collection of BRCA1 functional 

data was extracted from the neXtProt server.77 Each functional assay in this server classifies 

the effect of BRCA1 variants relative to wild-type as “phenotypic intensity” (none, mild, 

moderate or severe effect). The functional assays were grouped into eight assay groups: 

1) aggregation/degradation, 2) cell localization, 3) cell viability, 4) DNA repair, 5) genome 

stability, 6) genotoxic stress, 7) protein-partner interaction and 8) transcriptional activation. 

In our analysis, variants with multiple entries corresponding to the same functional assay 

group were included because they represent a unique measurement from an independent 

publication for those variants. A stacked bar graph was generated by collecting all 

phenotypic intensity counts for variants in our library, splitting variants into bins according 

to the degree of HSP70 binding and calculating the percentage of variants associated with 

each phenotypic intensity.

Human alleles were classified as functional, hypomorphic, or severe using HAP1 cell fitness 

and HDR cell-based variant data60,62 considering the following possibilities: 1) functional 
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in both assays, 2) functional in one assay with no data available for the second assay, 3) 

functional in one assay and intermediate in the second assay, 4) functional in one assay 

and loss of function in the second assay, 5) intermediate in both assays, 6) intermediate 

in one assay and no data available for the second assay, 7) intermediate in one assay 

and loss of function in the second assay, 8) loss of function in one assay and no data 

available in the second assay and 9) loss of function in both assays. Groups 1 and 2 were 

designated “functional”, groups 3–6 were designated “hypomorphic” and groups 7–9 were 

designated “loss of function”. The structural features of hypomorphic BRCA1 variants 

that bound moderately to chaperones were compared by binning variants into structural 

effect classes. Because some variants can fit into more than one class (e.g., A1708P 

introduces a proline in an alpha helix but also disrupts inter-subdomain interactions) a 

hierarchical variant assignment protocol was developed to avoid redundancies. Variants were 

grouped into structural classes in the following order: 1) protease-sensitive, 2) pSXXF 

protected (defined above) and other surface contact mutants, 3) helix-breaking prolines/

charged variants in β-sheets/buried charged variants/buried loss of hydrophobicity, 4) inter-

subdomain interactions, 5) disrupted hydrogen bonding, 6) buried hydrophobic swap/quasi-

isosteric/isosteric swaps, 7) FoldX ΔΔG values greater than 5 kcal/mol, 8) non-BRCT and 9) 

other. Groups 1, 3 and 7 were combined into a “structural disruption” bin, groups 4 and 5 

were combined into a “long-range” bin and group 6 was denoted “structural fit”. Residues 

participating in long-range interactions were defined as being at least 50 amino acids apart in 

primary sequence and within 5Å in the BRCT contact map.

QUANTIFICATION AND STATISTICAL ANALYSIS

Chaperone interaction scores—Raw data were log2–transformed and background 

subtracted separately using the average of non-transfected wells taken from each individual 

experiment. Stable HSP70 and HSP90 cell line values were background subtracted 

separately owing to differences in the luminescence background signal of each cell 

line. Luminescence and ELISA z-scores were generated by normalizing log2-transformed 

values to the log2 average and standard deviation of all non-transfected wells across all 

experiments. Next, ELISA z-scores were compared to filter out data when the amount of bait 

protein purified varied from the median value for all experiments (cutoff Z score < −2.5 or Z 
score > 2.5; ~1–2% of wells excluded). After these exclusions, log2 background subtracted 

values were averaged across all experiments to generate log2 SNRs. Variant chaperone 

interaction scores were generated by subtracting the luminescence log2 SNR by ELISA 

log2 SNR to normalize for slight differences in the amount of BRCA1-BRCT variants after 

pull-down. Variant normalized values were then subtracted from the average of all wild-type 

normalized values to generate HSP interaction scores.

To determine chaperone interaction preference (HSP70 vs. HSP90), the normalized 

chaperone interaction scores were converted to interaction z-scores by normalizing the 

overall HSP scores to the standard deviation for all HSP70 and HSP90 interaction 

scores. First, variants that did not bind to either chaperone (HSP interaction Z score < 

2.5) were identified. Second, variants that only bound to HSP70 or HSP90 significantly 

were designated HSP70>HSP90 and HSP90RHSP70, respectively. Third, for variants that 

exhibited increased binding to both HSP70 and HSP90, the ΔHSP interaction Z score 
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(70 minus 90) was used to designate variants as HSP70>HSP90 (ΔHSP Z score > 1) or 

HSP90≥HSP70 (ΔHSP Z score < 1).

BRCA1 missense variant data were binned according to the magnitude of chaperone binding 

to test if variants that bound HSP70 to a moderate degree reflected partial loss-of-function 

BRCA1 variants. Frameshifting and truncating variants were excluded because the degree 

of chaperone binding cannot be directly compared with the wild-type BRCA1-BRCT 

owing to a change in the length of the protein variants. In addition to the binning of 

BRCA1-BRCT variants shown in the main text, additional grouping strategies were used 

to test if the moderate chaperone binding variant group was apparent for different binning 

approaches. Despite small differences in the significance, all of our conclusions were robust 

to independent binning strategies, including binning according to HSP90 interaction scores 

(HSP90 < 0.5, weak; 0.5 < HSP90 < 2, moderate; HSP90 > 2, strong), HSP70 interaction 

quartiles (Q1/Q2, weak; Q3, moderate; Q4, strong), luminescence signal z-scores (Z score 

< 2.5, weak; 2.5 < Z score < 5, moderate; Z score > 5, strong), hybrid quartile and z-scores 

(Q1/Q2, Z score < 2.5, weak; Q3, Z score > 2.5, moderate; Q4, strong) and various HSP70 

interaction score cutoffs (HSP70 < 1, weak; 1 < HSP70 < 2, moderate; HSP70 > 2, strong or 

HSP70 < 1.3, weak; 1.3 < HSP70 < 2.7, moderate; HSP70 > 2.7, strong).

ROC analysis—ROC curves were generated using the ROCR package in RStudio. SASA 

and FoldX predictions without the pSXXF were used. FoldX predictions for variants at 

G1738 were set to 20 kcal/mol to account for abnormally high ΔΔG values arising from 

modeling errors (this improved FoldX parameter predictions by preventing outlier-driven 

scaling bias). For the ELISA parameter, a minimum threshold was set also to prevent 

outlier-driven scaling bias (this improved ELISA parameter predictions). SASA (GetArea 

and SABLE), B-factor values, secondary structure predictions (both JPRED and SABLE) 

and disorder predictions (PONDR) were based on the wild-type BRCT residue and did not 

take into account the variants. The data were trimmed so that all variants had predictions 

available for all parameters tested (ClinVar target dataset, n = 47; neXtProt target dataset, 

n = 74). For ROC curve analysis using ClinVar as the ground truth, ‘one-gold-star’ review 

status entries were considered, including “likely” classifications to avoid data trimming. 

For HAP1 ROC curves using ClinVar as the target dataset, a separate run was performed 

to avoid further trimming of the dataset (ClinVar target, n = 44). For ROC curve analysis 

using aggregated data from the neXtProt server as the ground truth, the mode functional 

consequence for each mutant was used to designate variants in the target dataset as 

benign or pathogenic. For variants with a mode severity of mild, moderate, or multi-modal 

(“ambiguous”), multiple ROC curves were generated, whereby mild/moderate/ambiguous 

variants were systematically designated either benign or pathogenic. The HAP1 parameter 

was not run against the neXtProt target dataset owing to large discrepancies arising from 

splice site variants that were largely undetected by neXtProt assays that use BRCA1 cDNA.

Statistical analysis—Statistical analyses are described at the end of each figure legend. 

Analyses were performed using the GraphPad Prism software package. Significance was 

defined as p ≤ 0.05 (indicated by a single *).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Chaperones detect an abundance of pathogenic folding variants of BRCA1-

BRCT

• The degree of chaperone binding reflects structural and phenotypic severity

• Chaperones identify hypomorphic mutations and contact variants

• Chaperone interactions indicate the penetrance and expressivity of BRCA1 
alleles
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Figure 1. Most pathogenic BRCA1-BRCT variants bind chaperones
(A and B) BRCA1 mutations cataloged in ClinVar (accessed April 27, 2023).9

(A) Clinical significance of BRCA1 mutations grouped by mutation type.

(B) Location of pathogenic missense mutations cataloged in ClinVar with at least a “two-

gold-star” review status (n = 285).

(C) C-terminal BRCA1 3×FLAG-tagged truncation construct used for LUMIER. The two 

BRCT subdomains are colored (orange and wheat). pSXXF denotes the BRCT binding 

phosphopeptide (BACH1). Protein Data Bank (PDB): 1T29.

(D) LUMIER with BACON (bait control) approach to quantify chaperone interactions in 

HEK293T cells. Diagram was created with BioRender.

(E) Chaperone binding to benign and pathogenic BRCA1-BRCT variants in ClinVar 

(including “likely” classifications). Z scores were calculated by averaging non-transfected 

wells to illustrate the significance of the data. Dashed line indicates the threshold for a 
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statistically significant signal (Z score > 2.5). Wild-type BRCA1-BRCT values are shown as 

green-filled triangles. Chaps, chaperones; Patho., pathogenic.

(F) BRCA1-BRCT variant levels after pull-down detected by ELISA.

(G) Variant ΔΔG values (kcal/mol) predicted by FoldX relative to the wild-type value (ΔΔG 

= 0). Dashed line indicates the threshold for structure disruption (ΔΔG > 2).

(H) HSP70/HSP90 interaction preferences. Diagonal shows the identity line. The unknown 

group includes variants annotated as having uncertain significance, no significance 

provided, conflicting interpretations, or “one-gold-star” review status. FANCA variants 

and a frameshifted (fs) variant encoding an additional out-of-frame HSP70 site shown for 

comparison.

Statistical significance was determined using two-tailed Mann-Whitney t test (E–G). ****p 

≤ 0.0001. Data are presented as mean values from at least two independent experiments.
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Figure 2. Chaperone biosensors detect a diversity of protein-folding variants
(A) Variants targeting secondary structure elements in the BRCA1-BRCT domain.

(B) Y1845 variants that disrupt or support hydrophobic interactions. FoldX ΔΔG predictions 

for each variant are shown.

(C) T1685 variants that disrupt or support side-chain hydrogen bonding. Two different 

T1685S codons were tested because these codons previously exhibited different functional 

effects.60

(D and E) Chaperone binding predictions to the BRCA1-BRCT variant library. The 

“disruptor” bin includes variants that introduce prolines in α-helices; truncations within 

the BRCT domain; buried variants that introduce a charge, decrease hydrophobicity, or 

create a steric clash; and charged variants that mutate residues in hydrophobic networks 

or disrupt side-chain hydrogen bonding. The “no effect” bin includes variants that fully 

delete the BRCT domain; variants outside the BRCT domain; buried variants that retain 

hydrophobicity; isosteric or quasi-isosteric variants; variants that maintain side-chain 

hydrogen bonds; and other surface variants not included prior. Dashed line indicates the 

cutoff for binding (HSP70 score > 0.5). (E) excluded variants previously characterized using 

protease sensitivity.71

Statistical significance was determined using a two-tailed Mann-Whitney t test. ****p 

≤ 0.0001. Data are presented as mean ± standard deviation values from at least two 

independent experiments.
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Figure 3. The degree of chaperone binding is proportional to the severity of BRCA1 mutation
(A and B) Correlation of HSP70 binding with BRCA1-BRCT variant stability. Horizontal 

dashed line is the average of four double variants that combine strongly chaperone-bound 

single variants. Vertical dashed line reflects the upper limit of stability measurements owing 

to variant insolubility. The correlations were fit to a linear regression within the linear 

regime (FoldX: < 10 kcal/mol, empirical: < 5 kcal/mol). G1788V was not fit because the 

stability measurement for this variant was previously reported as contradictory.76

(C and D) HSP70 binding binned according to the functional effect class measured using 

aggregation/degradation or transcriptional activation assays.77

(E) Linear correlation of HSP70 binding and variant levels (ELISA) at different 

concentrations of cell lysates pulled down. Dashed lines indicate the average LUMIER and 

ELISA signals observed under our standard assay conditions for variants that bound strongly 

to HSP70.

(F and G) BRCA1 variant function in HAP160 (cell fitness) or HeLa62 (HDR) cells binned 

according to the degree of HSP70 binding.

(H) Integrated functional data from neXtProt binned by the magnitude of HSP70 binding. 

Percentages calculated using the percentage of variants associated with each HSP70 binding 

magnitude and phenotype intensity.77 Func., functional.

Statistical significance was determined using Kruskal-Wallis ANOVA test (C, D, F, and G) 

or chi-squared test (H). ****p ≤ 0.0001, **p ≤ 0.01, and *p ≤ 0.05. Data are presented as 

mean ± standard deviation values from at least two independent experiments.
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Figure 4. Chaperones identify diverse classes of pathogenic BRCA1 variations in humans
(A) HSP70 interaction scores for natural human variants observed in patients with cancer 

(ClinVar9 and cBioPortal/TCGA80,81) or the general population (gno-mAD3). Unknown 

(unk.) includes variants annotated as having uncertain significance, no significance provided, 

conflicting interpretations, or one-gold-star review status.

(B) The functional severity60,62 of natural BRCA1-BRCT variants grouped by the degree of 

HSP70 binding. LoF, loss of function.

(C) HSP70 binding to natural BRCA1-BRCT human variants binned by the predicted effect 

on domain structure. Variants were ranked using an informed hierarchical approach (see 

STAR Methods). Moderate HSP70-bound variants are colored magenta and overlaid onto 

the BRCT crystal structure. An example long-range interaction that coordinates the two 

BRCT subdomains is indicated with an arrow. Struct., structure.

(D and E) ROC curves using pathogenicity annotated in ClinVar (D) or mode phenotypic 

intensity annotated in neXtProt (E) as the target datasets. The neXtProt curves designate 

mild, moderate, and ambiguous (multimodal) variants as pathogenic.

(F) The observed AUCs when mild, moderate, and ambiguous variants in the neXtProt target 

dataset were designated benign or pathogenic.

Statistical significance was determined using Kruskal-Wallis ANOVA test (A and C) or 

chi-squared test (B). ****p ≤ 0.0001 and **p ≤ 0.01. ns, not significant. Data are presented 

as mean values from at least two independent experiments.
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Figure 5. Chaperone binding patterns stratify cancer risk and variant expressivity of human 
BRCA1 carriers
(A) BRCA1 mutation penetrance likelihood binned by the magnitude of HSP70 binding. 

Data shown were obtained from the Leiden Open Variation Database (LOVD) (accessed 

April 24, 2023).82

(B–D) Age of first cancer diagnosis for patients carrying BRCA1 mutations binned by 

mutation type (B), missense mutations in domains (C), and the degree of HSP70 binding 

(D).

Statistical significance was determined using two-tailed (A) or one-tailed (B–D) Mann-

Whitney t test. ****p ≤ 0.0001, **p ≤ 0.01, and *p ≤ 0.05. The number of variants in 

each bin is shown in parentheses. Data are presented as mean values from at least two 

independent experiments.
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