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SUMMARY

Hsp90 belongs to a family of some of the most highly
expressed heat shock proteins that function as mo-
lecular chaperones to protect the proteome not
only from the heat shock but also from other misfold-
ing events. As many client proteins of Hsp90 are
involved in oncogenesis, this chaperone has been
the focus of intense research efforts. Yet, we lack
structural information for how Hsp90 interacts with
co-chaperones and client proteins. Here, we devel-
oped a mass-spectrometry-based approach that
allowed quantitative measurements of in vitro and
in vivo effects of small-molecule inhibitors on
Hsp90 conformation, and interaction with co-chap-
erones and client proteins. From this analysis, we
were able to derive structural models for how
Hsp90 engages its interaction partners in vivo, and
how different drugs affect these structures. In addi-
tion, the methodology described here offers a new
approach to probe the effects of virtually any inhibi-
tor treatment on the proteome level.

INTRODUCTION

The cytosolic heat shock protein Hsp90 exists as two isoforms,

the inducible isoform Hsp90-alpha (HS90A) and the constitu-

tively expressed Hsp90-beta (HS90B). Hsp90 functions together

with multiple co-chaperones to maintain the integrity of a wide

variety of client proteins and is essential for cellular homeostasis

and viability (Li and Buchner, 2013; Sreedhar et al., 2004; Taipale

et al., 2010). Modulation of Hsp90 function exhibits therapeutic

potential for cancer and other diseases including cystic fibrosis,

viral infections, and neurodegenerative diseases (Brandt and

Blagg, 2009; Mayer et al., 2009; Taipale et al., 2010). Structurally,

Hsp90 proteins consist of three ordered domains, the N-terminal

domain (NTD), the middle domain (MD), and the C-terminal

domain (CTD), connected by flexible linker regions. The flexible

linkers facilitate interactions between domains necessary for

conformational rearrangement during the chaperone cycle

(Jahn et al., 2014). Hsp90 conformation is influenced by multiple

factors, including ATP binding, as well as interactions with co-

chaperones, client proteins, and small molecules (Krukenberg

et al., 2011; Li et al., 2012; Mayer et al., 2009). The majority of

Hsp90 inhibitors target the ATP binding pocket located in NTD,
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although a smaller subset of inhibitors targeting the CTD is

also available (Khandelwal et al., 2016). Specific binding sites

for most inhibitors are known, and what is also appreciated is

the fact that inhibitor binding in one domain can cause allosteric

conformational changes throughout the other domains (Donnelly

and Blagg, 2008; Krukenberg et al., 2011). Nevertheless, details

of how this happens and what specific structural changes occur

in full-length (FL) Hsp90 upon inhibitor treatment are still missing.

Advancement in understanding of structure-function rela-

tionships in Hsp90 has been hampered by its conformational

flexibility and difficulty in obtaining high-resolution structural in-

formation on FL protein, especially for human Hsp90 isoforms.

Furthermore, most biophysical studies on Hsp90 to date have

been carried out in vitro where conditions used may perturb

the natural equilibrium of populated conformers. For Hsp90,

the conformation, activity and affinity for NTD inhibitors is depen-

dent on the presence of multiple interaction partners and a

crowded molecular environment (Halpin et al., 2016). In fact,

Hsp90 interactions within cells are cell-type-dependent (Kamal

et al., 2003). Thus, new techniques that can provide information

on Hsp90 structural dynamics in vivo are needed to help answer

more physiologically relevant questions about how Hsp90 en-

gages its co-chaperones and clients, what conformations it sam-

ples in vivo, and how small-molecule inhibitors affect both the

Hsp90 interactome and its flexibility.

Chemical crosslinking with mass spectrometry (XL-MS) is an

emerging structural biology technique that provides information

on the molecular structure of proteins and protein complexes by

using chemical probes that report on the proximity of the two

residues that react with the probes, typically lysines (Leitner

et al., 2016). Information gained through XL-MS studies is often

complimentary to more traditional structural biology methods

such as X-ray crystallography, nuclear magnetic resonance,

and cryo-electron microscopy. In addition to finding utility in

resolving protein complex structures in purified protein systems,

XL-MS has been successfully employed to study protein struc-

tures and interactions in extremely complex biological samples

including cell lysates (Liu et al., 2015) and intact living cells (Cha-

vez et al., 2013; Weisbrod et al., 2013a).

Quantitative XL-MS (qXL-MS) combines XL-MS with quantita-

tive proteomics studies to provide information on changes in

protein conformations and interactions due to various conditions

or perturbations (Walzthoeni et al., 2015). Previously, we devel-

oped a qXL-MS approach combining protein interaction reporter

(PIR) technology (Tang and Bruce, 2010) with SILAC (stable

isotope labeling by amino acids in cell culture) to compare a

multi-drug resistant cancer cell phenotype with the drug sensi-

tive parental cell line (Chavez et al., 2015). Here, we extend these
er Ltd.
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D Figure 1. Experimental Flow Chart

(A) Cells are cultured in isotopically light/heavy

SILAC media. Cells were treated with either varying

concentrations of Hsp90 inhibitor or a vehicle

control.

(B) 1. PIR crosslinker is applied to a 1:1 mixture of

cells. 2. Cell lysis and crosslinked peptide enrich-

ment (strong cation exchange and avidin affinity

chromatography).

(C) 1. LC-MS analysis by ReACT to identify cross-

linked peptide pairs. 2. MS1-based quantification of

the light/heavy crosslinked peptides carried out on

the ReACT acquired data. 3. Selected crosslinked

peptides analyzed by targeted PRM.

(D) 1. The resulting data are compiled into a quanti-

tative interaction network (Figure 4) with edges as

quantified crosslinked peptide pairs and nodes as

relative protein levels from global SILAC measure-

ments. 2. Quantitative measurements on cross-

linkedpeptidesof interestwere trackedwith inhibitor

concentration. 3. Crosslinks are analyzed in the

context of existing PDB structures or homology-

generatedmodels. Appropriatemodels are selected

to reveal inhibitor-induced conformational changes.

Cartoon representations of protein conformations

that either decrease (green in heatmap), increase

(red inheatmap), ordonotchange (black inheatmap)

with increasing inhibitor concentration are shown.
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methods and apply qXL-MS tomonitor large-scale protein struc-

tural and interaction changes exhibited by Hsp90 in cells

upon inhibitor treatment. We use three well-known Hsp90 inhib-

itors, 17-N-allylamino-17-demethoxygeldanamycin (17-AAG),

XL-888, and novobiocin, at varying concentrations and demon-

strate that the technique allows quantification of crosslinked

peptide pairs either byMS1 based or targetedMS2 (parallel reac-

tion monitoring [PRM]) based methods. Our results provide

structural insight into the in vivo conformational dynamics of

Hsp90 upon inhibitor treatment, and help map dynamic interac-

tions between Hsp90 domains, differential Hsp90 homo- and

heterodimer formation, and co-chaperone and client interac-

tions. The results demonstrate that compact Hsp90 conforma-

tions, which have not been observed in human cells before,

result specifically when cells are treated with NTD Hsp90 inhib-

itors. A compact Hsp90 state has been proposed to potentially

represent a transition state (Mayer and Le Breton, 2015), and

our observations offer direct insights into the mechanism of cat-

alytic ATP hydrolysis critical for function. In addition, our findings

reveal that the CTD inhibitor, novobiocin, exhibits isoform-spe-

cific effects, as novobiocin treatment leads to the loss of

HS90B homodimer but not HS90A homodimer. Current critical

challenges for effective Hsp90 cancer therapies involve devel-

oping small molecules that inhibit Hsp90 but do not lead to in-

duction of HS90A, and other heat shock response elements.

Therefore, this isoform-specific observation and the ability to

quantify isoform-specific Hsp90 conformational changes pro-

vide the critical insight needed for future Hsp90 inhibitor devel-

opment efforts (Garcia-Carbonero et al., 2013; Khandelwal

et al., 2016; Sreedhar et al., 2004). Finally, our work lays out a

generally applicable strategy for applying qXL-MS to study

changes to protein structures and interactions as a result of

small-molecule inhibitor treatment in cells. PIR molecules are
peptide-based and can be synthesized and obtained through

many commercial sources. The PRM methods used here are

general and can be applied in any mass spectrometry laboratory

with modern mass spectrometry technologies, making this type

of analysis feasible even in core labs.

RESULTS AND DISCUSSION

Quantitative Crosslinking Approach to Study Hsp90
Inhibition in Cells
Using a qXL-MS approach (Chavez et al., 2015), we developed a

workflow to study conformational changes induced in Hsp90

due to inhibitor treatment in live cells (Figure 1). In this approach,

cells are cultured in isotopically light and heavy SILACmedia fol-

lowed by treatment with various concentrations of Hsp90 inhib-

itors or a vehicle control (Figure 1A). After inhibitor treatment,

cells are harvested and subjected to in vivo PIR crosslinking (Fig-

ure 1B). Cells are then lysed and the crosslinked protein is ex-

tracted and enzymatically digested with trypsin, after which

PIR crosslinked peptides are enriched using a combination of

strong cation exchange (SCX) chromatography and avidin affin-

ity chromatography. Samples enriched for crosslinked peptides

are analyzed by liquid chromatography-mass spectrometry (LC-

MS) utilizing a real-time adaptive method (ReACT) (Weisbrod

et al., 2013a), which specifically targets PIR crosslinked peptides

(Figure 1C). Upon identification of the crosslinked peptides,

signal from the light and heavy isotope partners is extracted

and used for relative quantification. Alternatively, previously

identified crosslinked peptides can be targeted with PRM anal-

ysis for quantitative measurements across many experimental

conditions. The resulting dataset contains quantitative informa-

tion on both intra-protein and inter-protein crosslinked peptides

and can be displayed as a quantitative interaction network
Cell Chemical Biology 23, 716–726, June 23, 2016 717



A

C D E

B Figure 2. Structural Changes to Hsp90 upon

17-AAG Treatment

(A) Crystal structures of the NTD of HS90A with

geldanamycin bound in the ATP binding pocket

(PDB: 1YET, blue ribbon) and in the apo form (PDB:

1YER, gray ribbon) (Stebbins et al., 1997).

Observed crosslinked residues K58-K112 (K53-

K107 HS90B) span the ATP binding pocket and are

indicated by colored space-filled residues.

(B) MS1 level extracted ion chromatograms from

biological replicates (forward and reverse SILAC)

for the isotopically light and heavy crosslinked

peptide pair linking K58 to K112 in HS90A.

Increased levels of this crosslinked peptide pair are

observed in the 17-AAG treated cells (500 nM)

versus cells treated with vehicle (DMSO).

(C) Full-length Phyre2-generated (Kelley et al.,

2015) homology model of HS90B representing an

open, extended conformation with minimal inter-

action between the NTD and MD. The model is

colored according to the domain structure (NTD,

cyan; MD, red; CTD, gray). Crosslinked residues

between the NTD and MD are labeled and con-

nected by red dashed lines.

(D) Model of HS90B generated by homology

modeling using a compact conformation of E. coli

HtpG (Shiau et al., 2006) as a template. Observed crosslinks between the NTD and MD were utilized as distance constraints (35 Å maximum) to guide molecular

docking of the domains resulting in a comparable compact conformation model (Figure S1D).

(E) Plot comparing calculated Euclidean Ca-Ca distances for HS90B crosslinks mapped onto the open (C) and compact (D) conformation models. Points on the

plot represent crosslinked peptides and are colored according to their measured log2(17-AAG/DMSO) ratio. Large increases in abundance levels were observed

for the links between K107 in the NTD and K347, K350, and K435 in the MD during cellular treatment with 17-AAG indicated by the red color of these points. The

plot is divided into quadrants (numbered 1–4). Points in quadrant 1 are consistent with both the extended and compact models. Points in quadrant 2 are

consistent with the compact model but not possible with the extended model. The Euclidean Ca-Ca distances for these three crosslinks exceeds the maximum

distance of the crosslinker (35 Å) when mapped onto the extended model and are only possible in the compact conformation (see also Figures S1 and S3).
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(Figure 1D). Changes in levels of intra-protein crosslinked pep-

tides indicate conformational changes of a protein, while

changes in inter-protein crosslinked peptides can indicate

conformational changes to a protein complex and/or protein

interaction level changes. Crosslinked peptides whose levels

correlate with the concentration of inhibitor used can be focused

on to glean insight into inhibitor-induced changes to protein

structures and interactions.

17-AAG Treatment Shifts the Equilibrium between
Hsp90 Conformers
Structurally, Hsp90 accommodates multiple conformations dur-

ing the chaperone cycle, which includes protein loading, ATP

binding and hydrolysis, co-chaperone binding, and client protein

release (Jahn et al., 2014). In-vitro-based evidence suggests that

Hsp90 exists as an ensemble of conformers in dynamic equilib-

rium, influenced by interactions with nucleotides and proteins

(Mayer et al., 2009; Shiau et al., 2006; Southworth and Agard,

2008). ATP hydrolysis drives conformational rearrangement of

Hsp90 necessary for its chaperone function and many Hsp90 in-

hibitors, including 17-AAG, competitively bind to the ATP pocket

(Jego et al., 2013).We know fromprevious studies that binding of

the NTD inhibitors, such as 17-AAG, leads to closing of the L2

loop region in the substrate binding pocket, and additional evi-

dence suggests more widespread conformational changes

throughout the molecule occur (Phillips et al., 2007), but we

lack a more detailed picture of what happens in the context of

the FL human Hsp90.
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Our qXL-MS approach applied on HeLa cells, with andwithout

17-AAG treatment, led to the identification of 3,323 crosslinked

peptide pairs originating from 893 proteins, including 135 cross-

links involving Hsp90 (Table S1). Of the 3,323 total crosslinked

peptides, 2,582 were quantified between cells with and without

17-AAG treatment. The direct impact of cellular 17-AAG treat-

ment (500 nM) on Hsp90 conformation was apparent from the

qXL-MS data as illustrated in Figures 2A–2E. Our in vivo data

support conclusions drawn from previous structural analysis

showing that an analog of 17-AAG, geldanamycin, induces an

NTD conformational shift of the L2 loop region leading to a

change in the orientation of K112, which flips nearly 180�

bringing it into proximity of K58 (Figure 2A; PDB: 1YET, 1YER)

(Stebbins et al., 1997). Strikingly, this conformational change is

observable by quantitative measurements of the crosslink be-

tween residues K58 and K112 of HS90A for both forward and

reverse SILAC extracted ion chromatograms in Figure 2B.

In addition, we see clear evidence of 17-AAG-induced confor-

mational changes that go beyond the NTD. In order to rationalize

our crosslinking results in the context of FL Hsp90 structure, we

generated a model for the open, extended conformation of

HS90B using homology modeling with Phyre2 (Kelley et al.,

2015) (Figure 2C). Agreement between observed crosslinked

residues and model structures was examined using protein con-

tact maps and XLMap (Schweppe et al., 2015a). Mapping of the

identified Hsp90 intra-protein crosslinked sites (Table S1) onto

the model in Figure 2C revealed that most crosslinked sites are

in excellent agreement with the model. However, the model in



A

B

C Figure 3. Differential Effects of 17-AAG on

Hsp90 Beta In Vivo versus In Vitro

(A) Venn diagram of HS90B crosslinked peptide

pairs from in vitro crosslinking versus in vivo

crosslinking experiments. See Tables S1 and S2 for

a full list of crosslinked peptides identified from

in vivo and in vitro experiments.

(B) Domain-level crosslink maps, generated

with XiNET(Combe et al., 2015), for HS90B ill-

ustrating the location of crosslinks found exclu-

sively from in vivo crosslinking, found both in vivo

and in vitro, and those found only from in vitro

crosslinking.

(C) Bar chart comparing the effects of 500 nM

17-AAG treatment on cells, or isolated HS90B, on

the levels of selected HS90B crosslinked peptide

pairs. Cartoon representations of HS90B confor-

mations (including dimerization, closing of the ATP

binding pocket lid, and NTD-MD interaction) cor-

responding with selected crosslinked peptides are

shown below the bar chart.
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which NTD, MD, and CTD are arranged in a linear fashion could

not explain linkages between the NTD HS90B K107 (equivalent

position to HS90A K112 discussed above) with the MD at

K347, K350, and at K435, indicated by the dotted red lines in Fig-

ure 2C. In addition, these three crosslinks are not consistent with

a model based on the yeast structure (PDB: 2CG9) representing

the closed conformation of Hsp90 (Figure S1). Instead, we per-

formed an additional round of modeling using our crosslink

data in combination with the structure of a compact conforma-

tion of E. coli HtpG (Shiau et al., 2006). The structure presented

in Figure 2D is consistent with inter-domain links and agrees with

the conformational rearrangement that results in a compact

state with increased interaction between the NTD and MD. The

levels of observed crosslinked peptides K107-K350, K107-

K354, and K107-K435 strongly increasedwith 17-AAG treatment

(Figure 2E), indicating an increase in the relative abundance of

Hsp90 conformers represented by Figure 2D.

These results highlight that some crosslinked sites are more

structurally informative than others, and that, depending on the

number of populated conformations for a given protein, qXL-

MS can be used to differentiate between conformers in an

ensemble based on the location of crosslinked sites and vari-

ance in their levels. Our results are in line with the observation

that 17-AAG mimics the binding of ADP (Roe et al., 1999), and

contacts between NTD and MD that are required for ATP hydro-

lysis (Cunningham et al., 2008). The results also agree with the

observation of a recent study which found that MD residues,

including and surrounding K347 of HS90B, were labeled by an

ATP acyl phosphate probe (Nordin et al., 2015). Nordin et al.

concluded that the ATP acyl phosphate probe identified a novel,

highly conserved conformational state of Hsp90, and although

no model was provided, their data are in excellent agreement

with our results of a compact conformation that is enriched

upon 17-AAG binding. Similarly, Phillips et al. (2007) provide

hydrogen-deuterium exchange MS evidence that treatment of

isolated HS90Bwith the NTD inhibitors 17-dimethylaminoethyla-
mino-17-demethoxygeldanamycin and radicicol results in stabi-

lization of a condensed conformation. Interestingly, treatment

with 500 nM 17-AAG on isolated HS90B in vitro did not produce

the same level of increased interaction between the NTD andMD

as observed in cells (Figure 3). Crosslinking of HS90B in vitro

resulted in the identification of 89 crosslinked peptide pairs con-

taining 54 non-redundant site-to-site links (Table S2). A compar-

ison of the site-to-site linkages in Hsp90 observed from in vivo

and in vitro crosslinking can be seen in Figure 3A. The relative

positions of these crosslinks on the domain structures of

HS90B can be seen in Figure 3B. Interestingly, the crosslinks

unique to the in vitro experiments exist primarily in the MD and

CTD. Quantification of selected crosslinked peptides represent-

ing the HS90B homodimer (K435-K435), the NTD-MD interaction

(K107-K354 and K107-K435), and the closing of the NTD ATP

binding pocket (K53-K107) between in vivo and in vitro crosslink-

ing conditions is shown in Figure 3C. These results revealed a

striking difference in conformational and interaction changes ex-

hibited by HS90B in vivo that were not observed under in vitro

conditions with 500 nM 17-AAG treatment. Neither the closing

of the NTD ATP binding pocket (Figure 2A) nor the compact

conformation observed with increased NTD-MD interaction (Fig-

ure 2D) were similarly observed in vitro. Taken together, these re-

sults highlight the importance of the cellular environment, where

molecular crowding and protein-protein interactions play a crit-

ical role in the conformation and interactions of Hsp90 that is

absent with purified Hsp90 (Ellis, 2001; Halpin et al., 2016; Kamal

et al., 2003).

Quantitative Network Analysis Reveals Broad Impact of
17-AAG Treatment on the Hsp90 Interactome
A quantitative interaction network containing 893 cross-

linked proteins was constructed from the qXL-MS data, illus-

trating the extensive impact of Hsp90 inhibition on protein

structures and interactions in cells, and is publicly availa-

ble within XLinkDB (http://xlinkdb.gs.washington.edu/xlinkdb/,
Cell Chemical Biology 23, 716–726, June 23, 2016 719
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Figure 4. Quantitative Edgotype Network of 17-AAG Treatment in HeLa Cells

Hsp90 subnetwork including 17 proteins identified as directly crosslinked to Hsp90 displayed at the crosslinked peptide level. The full protein interaction network

is available in Figure S2. Nodes represent non-redundant crosslinked peptides and are grouped in circular clusters according to their protein of origin. Nodes are

colored according to the measured relative protein abundance between cells treated with 500 nM 17-AAG for 18 hr versus DMSO control by global SILAC

analysis. Blue nodes represent proteins for which no signal was obtained by global SILAC analysis. Edges represent crosslinks between two peptides and are

colored according to their measured log2(17-AAG/DMSO) values. All data on the crosslinked peptides used to construct this network are included in Table S1.
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network name = ChavezChemBiol2016_BruceLab), as well as in

Table S1 and Figure S2 (Schweppe et al., 2016; Zheng et al.,

2013). The crosslinked proteins spanned a wide range of cellular

abundance (Kulak et al., 2014) (Figures S3A and S3B). A Hsp90

subnetwork, extracted from the full network (Figure S2), shown in

Figure 4, schematically represents the location of all identified

crosslinked peptides (K residues) found in HS90A and HS90B,

and their interaction partners. Here nodes represent crosslinked

sites and edges represent crosslinks connecting these sites.

Nodes are colored according to the relative protein abundance

measured by global SILAC analysis, while the edge color repre-

sents the quantitative measurements on the crosslinked pep-

tides. The two isoforms of Hsp90 share 87% sequence identity,

with HS90A containing 80 total lysine residues (29 crosslinked)

and HS90B containing 76 lysine residues (38 crosslinked) (Fig-

ure S4) Analysis of the crosslinked sites revealed hot spots for in-

teractions including the sites in the MD (K443 of HS90A and

K435 of HS90B) involved in multiple client protein interactions

as well as interactions with STIP1 and HS71A. Comparing all

Hsp90 crosslinked sites listed in Figure 4 with known sites of

posttranslational modifications (PTMs), such as acetylation,

ubiquitination, methylation, and succinylation (Mollapour and
720 Cell Chemical Biology 23, 716–726, June 23, 2016
Neckers, 2012), revealed a high level of overlap ([25/29] HS90A

and [32/38] HS90B), suggesting higher exposure and reactivity

of these Lys residues, which also makes them more likely to be

crosslinked (Figure S4).

XLinkDB was used to query the entire PDB for available struc-

tures. A total of 1,245 of 3,323 crosslinked peptide pairs were

mapped onto 333 PDB structures (Table S3) and showed excel-

lent agreement with existing structural data, with a median

Euclidean Ca-Ca distance of 16 Å and over 95% measuring

less than 35 Å (Figure S3C). Crosslinked peptides were quanti-

fied using SILAC as previously demonstrated (Chavez et al.,

2015), and confidence intervals (a = 0.05) were calculated for

crosslinked peptides withmeasured ratios across biological rep-

licates (Table S1). Perturbations to the network at both the edge

and node levels were observed due to 17-AAG treatment and are

indicated by node and edge colors (Figure 4). This included the

strong induction of Hsp70 (HS71A) expression, a well-known ef-

fect of Hsp90 inhibition (Zou et al., 1998), visible at the node and

edge levels. A total of 135 crosslinked peptide pairs that we de-

tected are directly involved in HS90A and HS90B and represent

inter- and intra-protein crosslinks (Figure 4). Seventeen proteins

were directly crosslinked to Hsp90, all of which are knownHsp90
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B

C Figure 5. Sites of Hsp90 Interaction for

Co-Chaperone and Client Proteins

(A) HS90A domain structure indicating Lys sites of

interaction observed for co-chaperone and client

proteins.

(B) HS90B domain structure indicating Lys sites of

interaction observed for co-chaperone and client

proteins.

(C) Model of the HS90A-STIP1 complex ge-

nerated through crosslinked site distance

constraint-guided molecular docking. HS90A is

displayed as a surface-filled model, color coded

by domain as in (A). The binding interface of

STIP1 on HS90A is indicated in green. Cross-

linked lysine residues K209 and K443 of HS90A

and K486 and K513 of STIP1 are red space-filled

residues connected by red dashed lines. The

ribbon model for STIP1 is color coded by domain

(STI1 2domain, dark blue; TPR2b domain,

magenta; TPR2a domain, gold; TPR1 domain,

black; STI1 1 domain, light blue).
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interactors in the Picard database (Echeverria et al., 2011),

including co-chaperones CDC37, STIP1, HS71A, CHRD1, and

several client proteins (Figures 4, 5A, and 5B). Hsp90 crosslinked

sites involved in inter-protein interactions were observed in all

three major domains of Hsp90 with several sites unique to either

the alpha or beta isoform (Figures 5A and 5B).

Inter-protein crosslinks were used as distance constraints to

aid molecular docking of Hsp90 and the 17 crosslinked inter-

actors. XLMap (Schweppe et al., 2015a) was used to select

representative models for 17 proteins in complex with Hsp90

(Figure S5). A representative model for the HS90A-STIP1 com-

plex is shown in Figure 5C. Crosslinked sites between STIP1

and the NTD and MD of Hsp90 agree with proposed sites of

interaction (Li et al., 2012). The crosslink between K443 in the

MD of HS90A and K513 of STIP1 was observed with increased

levels (average log2[17-AAG/DMSO] = 1.7) across the concen-

tration range of 100 nM to 1000 nM 17-AAG, in agreement with

the previous observation of increased Hsp90-STIP1 interaction

with geldanamycin treatment (Gano and Simon, 2010). Further-

more, interaction with STIP1 has been shown to increase

Hsp90 binding affinity for 17-AAG (Kamal et al., 2003).

Concentration-dependent analysis of edges was performed

by tracking the relative abundance of the crosslinked peptides

in Table S1 with 17-AAG treatment from 0 to 1,000 nM. K-means

clustering analysis was used as an unbiased method to identify

trends in edge level changes with increasing drug concentration

(Figure 6A and Table S1). K-means clustering of the 17-AAG

titration data was accomplished using the R package kml (Gen-

olini and Falissard, 2011). The R package kml is a tool designed

to work specifically on trajectories. It works by clustering corre-

lated continuous variables, in this case log2 ratios for crosslinked

peptides across 17-AAG concentrations into distinct groups of

categorical variables. 1,505 edges were consistently quantified

across multiple concentrations of 17-AAG and clustered into

six different groups as shown Figure 6A. Clusters for specific

crosslinks are indicated in Table S1. The colored lines in the chart
of Figure 6B represent mean trajectories, or trends, for clusters

of crosslinked peptide pairs and correspond with clusters in

the adjoining heatmap (Figure 6A), as indicated with color-coded

bars on the right side. The percentage of the 1,505 edges that

cluster into each group is indicated above the chart. From this,

it can be seen that the majority of edges do not change with

17-AAG concentration (clusters 1 and 2, total = 56%). For

example, intermolecular crosslinks between the TRiC chapero-

nin proteins TCPA and TCPQ and the Hsp90 B-B homodimer

are insensitive to 17-AAG (Figure S6C). Notably, several cross-

linked peptides grouped into clusters 4 and 6 display an increase

in abundance with increasing 17-AAG concentration, including

the intermolecular crosslinks that are resultant from HS90A ho-

modimer and HS90A-B heterodimer formation, as well as intra-

molecular crosslinks within both heat shock protein HS105 and

the Hsp90 co-chaperone STIP1 (Figure S6B). Together these re-

sults indicate that 17-AAG treatment leads to increased HS90A

homodimer and HS90A-B heterodimer formation, without

affecting HS90B homodimer, consistent with previous reports

(Csermely et al., 1998; Sreedhar et al., 2004). On the other

hand, cluster 5 in Figure 6B revealed that treatment with

17-AAG also led to decreased levels of a group of crosslinked

peptide pairs. This cluster includes crosslinks within the Hsp90

client protein EGFR (Figure S6D). The intramolecular EGFR

K728-K739 crosslink that displayed decreased levels with

17-AAG is proximal to an eight amino acid segment shown to

be critical for interaction with Hsp90 and for the destabilization

of EGFR in cells treated with geldanamycin (Ahsan et al., 2013)

(Figure S6E). Our dataset contains rich information on what hap-

pens to the Hsp90 interactome and other parts of the proteome

when cells are exposed to 17-AAG. Due to space limitations, we

are not able to comment on all of these specifically, and we invite

the reader to examine our data closely, and encourage them to

get in touch with us if they have any questions. Overall, we like

to stress that these results constitute the first large-scale visual-

ization of dynamic changes in protein structures and interactions
Cell Chemical Biology 23, 716–726, June 23, 2016 721
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Figure 6. Quantification of CrosslinkedPep-

tide Pairs across 17-AAG Concentrations

(A and B) Heatmap and corresponding line graph

indicating six clusters of crosslinked peptides re-

sulting from K-means clustering of observed

log2(17-AAG/DMSO) SILAC ratios versus 17-AAG

concentration. Clusters in the heatmap are indi-

cated with colored bars on the right, correspond-

ing to the colored trace in the plot (B). A plot with

the traces for all crosslinked peptides submitted to

K-means clustering analysis is included in Fig-

ure S6A.

(C) Chart displaying the 17-AAG concentration-

dependent response of several crosslinked pep-

tides as measured by targeted PRM analysis. As

observed with MS1-based SILAC quantification,

crosslinked peptides from the HS90A homodimer,

HS90A/B heterodimer, and NTD-MD interactions

for HS90A and HS90B all displayed increased

relative levels with increasing concentration of

17-AAG. In contrast, the crosslink specific for the

HS90B homodimer and MD-CTD interaction in

HS90B displayed no change in levels in response

to 17-AAG treatment. Error bars represent 3 3 SD

resulting from triplicate measurements of two

biological preparations.

(D) PRM transitions monitored for the HS90A/B

heterodimer crosslink (K443 HS90A-K435 HS90B) at 500 nM 17-AAG. Colored bars represent the transitions for released peptide ions or long-arm ions formed

after MS2 cleavage of the labile PIR bonds. See Figure S7 for further explanation of the fragment ions used for PRM transitions.

(E) PRM transitions monitored for the HS90B homodimer crosslink (K435-K435) at 500 nM 17-AAG.
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in cells during drug treatment, and offer new insight onmolecular

pharmacology from the inside of cells.

Targeted quantitative MS methods are currently shaping the

proteomics field, allowing for consistent and reproducible mea-

surements to be made across biological samples (Peterson

et al., 2012; Picotti and Aebersold, 2012). To confirm the concen-

tration dependence of the crosslinks measured above, selected

crosslinks involving Hsp90 were subjected to targeted quantifi-

cation using a high-sensitivity PRM method. PRM quantification

was accomplished by extracting the chromatographic peak

areas for the fragment ions resulting from the dissociation of

one or two of the engineered labile bonds in the PIR crosslinker

for both the light and heavy SILAC precursor ions (Figure S7).

PRM analysis confirmed the MS1 based quantitative results dis-

cussed above, indicating a strong 17-AAGconcentration-depen-

dent increase in theHS90A homodimer, andNTD-MD interaction

crosslinked sites (K107-K350 and K107-K435) in HS90B (Figures

6C and 6D). Meanwhile, the relative abundance of the HS90B

homodimer remained unchanged (Figures 6C and 6E). PRM

quantification of crosslinked peptide pairs within Hsp90 high-

lights a new capability to interrogate protein conformational

changes in cells. Furthermore, crosslinked peptide pairs identi-

fied in this study, as well as other recent studies using PIR tech-

nology (Chavez et al., 2013, 2015; Navare et al., 2015; Schweppe

et al., 2015b; Weisbrod et al., 2013a), now serve as a resource

that can be readily targeted and quantified with high sensitivity

and accuracy, greatly facilitating future qXL-MS experiments.

Targeted Quantification of Crosslinked Peptides
Reveals Drug-Specific Changes in Hsp90 Structures
To demonstrate the capability of our method to provide quantifi-

cation of drug-specific changes in Hsp90 structure, we targeted
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selected crosslinked peptide pairs identified from the 17-AAG

dataset in cells treated with two additional Hsp90 inhibitors,

namely the NTD binding, ATP-competitive inhibitor XL888 (Bus-

senius et al., 2012) and the CTD binding inhibitor novobiocin

(Marcu et al., 2000; Matts et al., 2011). As illustrated in Figure 7,

targeted quantification of crosslinked peptides reveals drug-

specific changes to the Hsp90 structure. Novobiocin displays

a distinct profile compared with the two NTD, ATP-competitive

inhibitors, 17-AAG and XL888, yet we observe the closing of

the ATP binding pocket by all three drugs, evidenced by

increased levels of the K53-K107 crosslink. Although novobiocin

binds only to the second Hsp90 ATP binding pocket located in

the CTD (Matts et al., 2011), it competitively inhibits binding of

other small molecules to the NTD ATP binding pocket (Marcu

et al., 2000), likely through induced conformational changes.

The qXL-MS results presented here support this idea, indicating

that novobiocin treatment results in a closing of the NTD ATP

binding pocket precluding binding of ATP or ATP-competitive

NTD inhibitors. These NTD inhibitors displayed similar profiles

including increased levels of the HS90A homodimer, HS90A-B

heterodimer, and increased interaction between the NTD and

MD, while novobiocin treatment led to a decrease of the

HS90B homodimer, along with slightly decreased HS90A-B het-

erodimer levels and decreased interactions between the NTD

and MD (Figure 7). Decreased interaction between the NTD

and MD would be expected when Hsp90 is in the extended

conformation in agreement with a previously proposed model

of novobiocin binding (Matts et al., 2011). CTD inhibitors have

been shown to interfere with Hsp90 dimerization (Allan et al.,

2006), and our data indicate that novobiocin selectively inhibits

HS90B dimerization, in agreement with its weaker dimerization

potential compared with HS90A (Csermely et al., 1998; Sreedhar



Figure 7. Targeted Quantification of Selected Hsp90 Crosslinked Peptides with Multiple Inhibitor Treatment

Bar plot indicating the differential quantitative values for selected crosslinked peptide pairs measured by targeted PRM analysis. Treatment of HeLa cells with the

NTD binding Hsp90 inhibitors 17-AAG (yellow bars) and XL888 (diagonal striped yellow bars) result in similar responses, while the CTD binding inhibitor

novobiocin (purple bars) displays a unique response. Cartoon representations of Hsp90 conformers are included above the corresponding bars. Red arrows

indicate an increase in quantified crosslink levels supportive of a particular conformation with inhibitor treatment (NTD inhibitor and/or CTD inhibitor), while green

arrows indicate a decrease in quantified crosslink levels associated with a particular conformation. Crosslinked peptides identifying forms of dimerized Hsp90

(HS90A K443-K443, HS90B K435-K435, and HS90A-HS90B K443-K435) displayed differential levels between inhibitor types. 17-AAG and XL888 lead to

increased levels of HS90A homodimer and themixed A-B heterodimer while having no effect on the HS90B homodimer. Novobiocin did not change HS90A dimer

levels but decreased the HS90B homodimer and mixed A-B heterodimer levels. Crosslinked peptides between the NTD and MD representing a compact form of

Hsp90 (K107-and K350, K354 and K435) increasedwith 17-AAG and XL888 but decreasedwith novobiocin treatment. The crosslinked peptide spanning the NTD

ATP binding pocket (K53-K107) increased with all inhibitors.
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et al., 2004). On the other hand, treatment with the NTD inhibi-

tors, 17-AAG and XL888, led to increased levels of HS90A homo-

dimer and the HS90A-B heterodimer while having no effect on

the HS90B homodimer, reflecting the induced heat shock

response observed with Hsp90 inhibitors (Butler et al., 2015).

Overall these results demonstrate the potential of quantitative

crosslinking to sample drug-specific conformational effects on

Hsp90 in cells.

Conclusion
In this study, we have demonstrated the ability of qXL-MS to

determine structural dynamics of Hsp90 and its interactions

in vivo. We observed that 17-AAG induces conformational rear-

rangement of Hsp90, which includes closing of the ATP binding

pocket, increased interaction between the NTD and MD in a

compact conformation, and increased homodimer formation in

HS90A but not HS90B, as well as increased HS90A-HS90B het-
erodimer formation. Structural information on interactions be-

tween Hsp90 and co-chaperone and client proteins provided

by qXL-MS aided construction of protein complex models. The

interaction interfaces defined by these models could aid the

development of new inhibitors that target specific Hsp90 com-

plexes, either competitively or as interfacial inhibitors (Pommier

and Marchand, 2012). Targeted quantification of crosslinked

peptides with a PRM method was demonstrated, and excellent

agreement with SILAC MS1-based quantification was observed.

Targeted PRManalysis alleviates the requirement for specialized

methods, such as ReACT, for analysis of crosslinked peptides

Therefore, the crosslinked peptides identified in this study can

serve as a resource for many labs and future studies to readily

target specific crosslinked peptides as markers for protein inter-

actions and conformations under a multitude of conditions. This

potential was demonstrated here by targeting selected Hsp90

crosslinked peptides in cells treated with two additional Hsp90
Cell Chemical Biology 23, 716–726, June 23, 2016 723
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inhibitors, namely XL-888 and novobiocin. The NTD inhibitors

17-AAG and XL888 induced similar conformational changes in

Hsp90 as 17-AAG, while the CTD inhibitor novobiocin produced

a unique conformational profile. The methods and the crosslinks

identified in this network could have a broad impact on the quest

to identify and develop new Hsp90 inhibitors. Furthermore, the

approach in this study should be generalizable to many addi-

tional pharmacological agents, thereby providing a new tool for

researchers to visualize the impact of drugs on protein interac-

tions and structures. Preliminary results indicate quantification

of the alpha-beta tubulin interaction with taxol treatment is

possible (Figures S3D and S3E), supporting the ability to extend

the analytical approach demonstrated here to other protein drug

targets.
SIGNIFICANCE

Here we used qXL-MS to reveal for the first time in vivo dy-

namics of protein conformations and interactions resultant

from drug treatment on cells. We focused on structural dy-

namics of a key cancer therapeutic target, Hsp90, its co-

chaperones, and client proteins resultant from treatment

with Hsp90 inhibitors. Hsp90 exists in cells as an ensemble

of structurally distinct conformers. Our results demonstrate

that in vivo chemical crosslinking can detect conformational

shifts to this ensemble including closing of the NTD ATP

binding pocket in Hsp90 with inhibitor treatment, in agree-

ment with existing structural knowledge of Hsp90. New

insight on the in vivo structural regulation of Hsp90 is re-

vealed from the observed crosslinked sites between the

NTD and MD, indicating a compact conformation of Hsp90

that strongly increases with NTD inhibitors 17-AAG and

XL888. In contrast, the CTD inhibitor novobiocin decreased

the relative abundance of these crosslinked sites indicating

a shift in the conformer equilibrium to amore extended form.

Furthermore, isoform-specific effects were visualized

including increased levels in the HS90A homodimer and

HS90A-HS90B heterodimer with NTD inhibitors and a

decrease in HS90Bhomodimerwith CTD inhibitor treatment.

Our study demonstrates that relative levels of crosslinked

peptides can correlate with varying inhibitor concentration

treatment in cells, and crosslinked peptides are amenable

to targeted quantitative mass spectrometric analysis facili-

tating future studies. Crosslinked sites for Hsp90 co-chaper-

ones STIP1, Hsp70, CHRD1, and CDC37 as well as 13 client

proteins enabled experimentally driven complex model pre-

diction. These models reveal new insight on how these pro-

teins bind Hsp90 and the conformational dependence of

these interactions. Taken together, our results suggest the

application of themethodology demonstrated here provides

a new tool to visualize structural dynamics of protein struc-

tures and interactions in cells and can have a broad impact

in many areas focused on protein function and inhibition.
EXPERIMENTAL PROCEDURES

Cell Culture

HeLa cells were seeded at a density of 53 106 cells into 150mmculture dishes

with 20 ml of SILAC DMEM containing either isotopically light L-lysine and
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L-arginine or isotopically heavy 13C6
15N2-L-lysine and 13C6-L-arginine

(Silantes) and supplemented with 10% dialyzed fetal bovine serum (Valley

Biomedical) and 1% penicillin/streptomycin (Fisher Scientific). Cells were

treated with various concentrations (100, 250, 500, 1,000 nM) of 17-AAG

(tanespimycin; Cayman Chemicals), 300 nM XL888 (Selleckchem), 400 mM

novobiocin (Sigma), or 0.1% v/v DMSO for 18 hr before harvesting with 5 ml

of PBS containing 5 mM EDTA. Cells were washed with PBS and pelleted

by centrifugation at 300 3 g for 3 min and suspended in 170 mM Na2HPO4

(pH 8.0) for chemical crosslinking.

Chemical Crosslinking of SILAC Cells

Isotopically light and heavy cells weremixed in equal numbers (23 107 cells) in

biological replicates (duplicates of each treatment condition, total = 10 biolog-

ical samples), either light 17-AAG treated/heavy control or light control/heavy

17-AAG treated, before adding the PIR crosslinker (biotin aspartate proline-N-

hydroxyphthalamide [BDP-NHP]), synthesized by solid-phase peptide synthe-

sis as previously described (Weisbrod et al., 2013a), from a concentrated stock

solution (333mM) in DMSO to a final concentration of 10mM. The reaction was

carried out at room temperature for 1 hr with constant mixing. The reaction

time of 1 hr allows time for over 99% of the crosslinker to react based

on the measured half-life of 7.5 min. After 1 hr, the cells were pelleted by

centrifugation at 300 3 g for 3 min and the supernatant was removed, and

the crosslinking reaction was quenched by suspending the cell pellet in

0.1 M NH4HCO3 (pH 8.0).

Chemical Crosslinking Purified HS90B In Vitro

Recombinant HS90B (ENZO) was incubated with 500 nM 17-AAG or equiva-

lent volume of DMSO on ice for 30 min. Crosslinking was performed with

1 mM BDP-NHP for 1 hr at room temperature. The protein was reduced, alky-

lated, digested, and prepped for LC-MS as described in the Supplemental

Experimental Procedures.

Cell Lysis and Crosslinked Peptide Sample Preparation

Crosslinked cells were lysed by suspending the cell pellet in ice-cold 8 M urea

solution in 0.1MTris buffer (pH 8.0). The sample was sonicated using aGE-130

ultrasonic processor, followed by reduction, alkylation, and tryptic digestion.

Resulting peptideswere fractionated by SCX chromatography using an Agilent

1200 series high-performance liquid chromatography system equipped with a

2503 10.0 mm column packed with Luna 5 mm diameter, 100 Å pore size par-

ticles (Phenomenex). Crosslinked peptides from SCX fractions were further

enriched usingUltraLinkmonomeric avidin (Thermo). The enriched crosslinked

peptide sample was concentrated by vacuum centrifugation and stored at

�80�C until LC-MS analysis.

LC-MSn Analysis of Crosslinked Peptide Pairs

PIR crosslinked peptides were analyzed in technical triplicate by LC-MS using

a Waters NanoAcquity UPLC coupled to a Thermo Velos Fourier transform ion

cyclotron resonance mass spectrometer (Weisbrod et al., 2013b) and a real-

time adaptive, targeted mass spectrometry method developed for PIR cross-

linked peptides (ReACT) (Weisbrod et al., 2013a). Peptides were separated by

reversed-phase chromatography. Eluting peptide ions with a charge state of

four or greater were selected for high-resolution MS2 analysis in the ICR cell

where an on-the-fly check of the observed fragment ion masses against the

PIR mass relationship (mass precursor = mass reporter ion + mass peptide

1 + mass peptide 2) is performed. Masses that satisfied the PIR relationship

within a tolerance of 20 ppm mass error triggered subsequent low-resolution

MS3 analyses of the released crosslinked peptide ions.

Parallel Reaction Monitoring Quantification of Crosslinked Peptides

Samples containing PIR crosslinked peptides were analyzed using a targeted

PRM method on an Easy-nLC (Thermo) coupled to a Q-Exactive Plus mass

spectrometer (Thermo). Peptides were separated by reversed-phase chroma-

tography before being analyzed by a Q-Exactive Plus mass spectrometer

operated using a PRM method targeting selected crosslinked peptides with

the following parameters: resolution = 17,500 FWHM (full peak width

measured at half peak maximum) resolving power at m/z 200, AGC target =

23 105 ions, maximum ion time = 50ms, isolation window = 3m/z, normalized

collisional energy = 25.
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Identification and of Quantification of Crosslinked Peptides

ReACT generated MS3 spectra containing peptide fragmentation information

were searched against a subset of the UniProt reference proteome database

for Homo sapiens containing both forward and reverse protein sequences

(7,030 total sequences) using Comet (version 2015.01) (Eng et al., 2015). The

3,515 proteins included in the subset database were identified as putative

PIR reactive proteins through a stage 1 database approach as previously

described (Chavez et al., 2015). The global false discovery rate was estimated

to be%1.5%by taking the ratio of decoy crosslinked peptide pairs (either con-

taining one or two reverse peptide sequencematches that passed filters) to the

total number of crosslinked peptide pairs.

Relative quantitative analysis of crosslinked peptide pairs between 17-AAG-

treated and DMSO control conditions was performed using MassChroQ (Valot

et al., 2011).

For statistical analysis, peak area output from MassChroQ was analyzed

using R. Log2 ratios for 17-AAG/DMSO peak areas were calculated and the

distribution of log2 ratios was median centered. For crosslinked peptides

with multiple ratios, the SD and 95% confidence interval was calculated.

K-means clustering of the 17-AAG titration data was accomplished using

the R package kml (Genolini and Falissard, 2011). Heatmap images were

generated with Java Treeview (Saldanha, 2004).

Molecular Docking and Complex Model Selection

For proteins crosslinked to Hsp90without complete structural data in the PDB,

Phyre2was used in intensivemodelingmode to generate FL structural models.

Rigid-body docking based on complimentary shape criteria was performed

using PatchDock (Schneidman-Duhovny et al., 2005). Distance constraints

based on observed crosslinks were used (0–35 Å between the Ca atoms of

the crosslinked lysines). For each complex, the top 100 docking results were

analyzed by an updated algorithm based on the R package XLMap (Schweppe

et al., 2015a) called XLComplex, provided free online at http://brucelab.gs.

washington.edu/software.html.

Further descriptions of protocols can be found in the Supplemental Exper-

imental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.chembiol.2016.05.012.
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