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Abstract1

Targeted protein degradation (TPD) has emerged as a powerful approach for re-2

moving (rather than inhibiting) proteins implicated in diseases. A key step in TPD3
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is the formation of an induced proximity complex where a degrader molecule recruits4

an E3 ligase to the protein of interest (POI), facilitating the transfer of ubiquitin to5

the POI and initiating the proteasomal degradation process. Here, we address three6

critical aspects of the TPD process using atomistic simulations: 1) formation of the7

ternary complex induced by a degrader molecule, 2) conformational heterogeneity of the8

ternary complex, and 3) degradation efficiency via the full Cullin Ring Ligase (CRL)9

macromolecular assembly. The novel approach described here combines experimen-10

tal biophysical data with molecular dynamics (MD) simulations to accurately predict11

ternary complex structures at atomic resolution. We integrate hydrogen-deuterium ex-12

change mass spectrometry (HDX-MS, which measures the solvent exposure of protein13

residues) with MD to improve the efficiency and accuracy of the ternary structure pre-14

dictions of the bromodomain of the cancer target SMARCA2 with the E3 ligase VHL,15

as mediated by three different degrader molecules. The simulations accurately repro-16

duce X-ray crystal structures – including a new structure that we determined in this17

work (PDB ID: 7S4E) – with root mean square deviations (RMSD) of 1.1 to 1.6 Å. The18

simulations also reveal a structural ensemble of low-energy conformations of the ternary19

complex. Snapshots from these simulations are used as seeds for additional simulations,20

where we perform 7.1 milliseconds of aggregate simulation time using Folding@home.21

The detailed free energy surface captures the crystal structure conformation within a22

low-energy basin and is consistent with solution-phase experimental data (HDX-MS23

and SAXS). Finally, we graft a structural ensemble of the ternary complexes onto the24

full CRL and perform enhanced sampling simulations, which suggest that differences25

in degradation efficiency may be related to the proximity distribution of lysine residues26

on the POI relative to the E2-loaded ubiquitin.27

1 Introduction28

Heterobifunctional degraders are a class of ligands that induce proximity between a29

target protein of interest (POI) and a E3 ubiquitin ligase, which can ultimately lead30
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to ubiquitination of the POI and its subsequent proteosomal degradation through a31

complex machinery of proteins.1 These degraders provide the opportunity of a novel32

therapeutic modality – single molecules induce catalytic turnover of the POI – and33

potentially offer an avenue for modulation of targets traditionally labeled as “undrug-34

gable” by classical therapeutic strategies.2–4 The subset of degraders classified as heter-35

obifunctionals consists of two separate moieties, the “warhead” and the “ligand”, joined36

by a “linker”; the warhead binds to the POI and the ligand binds to an E3 ligase such37

as Cereblon (CRBN),5–7 cIAP,8 KEAP1,9 and von Hippel-Lindau protein (VHL).10–1238

In each case it is the ability of the warhead-linker-ligand degrader molecule to induce39

a ternary complex that is critical for bridging the interaction between the POI and40

an E3 ligase (which can be the native or non-native degradation partner of the POI).41

Often key to the function of these molecules, cooperativity, i.e., the difference between42

the binding affinity of the ternary complex and those of its binary components, is a43

complex descriptor of these non-native interactions bridging the induced interface of44

the POI-E3 pair and it has strong correlation to degradation efficiency.45

The formation of the POI-degrader-E3 ternary complex is central to the targeted46

protein degradation (TPD) process, but how the formation of the ternary structure47

impacts protein degradation is still poorly understood, especially given the dynamic48

nature of the non-native induced proximity complex.13 X-ray crystallography – the pri-49

mary experimental technique for determining 3-dimensional structures of the ternary50

complex14 – provides a high resolution structure of a single conformational state, but51

a growing body of evidence suggests that the dynamic nature of the ternary struc-52

ture may not accurately represented by this lowest energy crystallization snapshot.53

For instance, a study of several heterobifunctional degraders, that induce proximity54

between VHL and SMARCA2, a BAF ATPase subunit, found that a positive cooper-55

ativity upon ternary complex formation leads to higher degradation efficiency.15 Fur-56

thermore, despite the fact that the different SMARCA2 degraders displayed different57

degrees of efficiency,15 the formed ternary complexes are nearly structurally identical,58

raising questions about the relationship between static structural representations of the59
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ternary complex and degradation efficiency. Moreover, further complicating the rela-60

tionship of cooperativity, structure and degradation, studies targeting the degradation61

of Burton Tyrosine Kinase (BTK) by CRBN or cIAP found that high degradation effi-62

ciencies can also be achieved through degrader molecules that induce a non-cooperative63

ternary complex, demonstrating a disconnect between binding affinity and degradation64

efficiency.16,1765

This and other findings18–20 suggest that degradation efficiency is more complex66

than can be understood through the thermodynamics of binding or through the analysis67

of static structures. As such, determining the dynamic ensemble of the ternary com-68

plex may reveal mechanistic insights to facilitate the design of more effective degrader69

molecules.14,21–2470

Our ultimate goal is to understand the structural and dynamic basis for differ-71

ences in degradation among a set of degrader molecules. Here, we specifically focus72

on three different VHL-recruiting degraders of SMARCA2 isoform 2, for which crystal73

structures already exist, i.e., PROTAC 1 (PDB ID: 6HAY) and PROTAC 2 (PDB ID:74

6HAX), or have been obtained as part of this study, namely ACBI1 (PDB ID: 7S4E),75

with cooperativity and degradation efficiency summarized in Table 1. To this end, we76

carry out MD simulations in combination with hydrogen-deuterium exchange mass-77

spectrometry (HDX-MS), shedding light on the dynamics of the ternary complexes78

beyond what is provided by static crystal structures. Specifically, we use “protection79

data” derived from HDX-MS as collective variables in weighted-ensemble MD simula-80

tions, enhancing both the speed and accuracy of the computational predictions. We81

also show the usefulness of HDX-MS data as constraints for protein-protein docking82

when higher throughput and lower resolution models are sought, such as when screening83

many degrader molecules. Furthermore, we introduce methodology, that includes long-84

timescale MD simulations augmented with small-angle X-ray scattering (SAXS) data85

and Markov state modeling, to determine the conformational free energy landscapes of86

the ternary complexes, which is the foundation for quantifying the populations of differ-87

ent conformational states. Finally, as an example of downstream use of these models,88
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we also model the entire cullin-RING ligase (CRL) assembly to explore structural and89

dynamic factors that may be associated with ubiquitination.90

Previous work to computationally predict ternary structures mostly consisted of91

protein-protein docking protocols, possibly followed by refinement of the initial struc-92

tures with molecular dynamics (MD) simulations to assess the stability of the predicted93

models.23–29 However, these docking protocols fail to predict high-resolution structures94

(sub-2.0 Å) with high fidelity, demonstrating the challenge associated with the gener-95

ation and selection of high-accuracy ternary structure models.96

Recently, Eron et al. demonstrated how ternary complex structures of BRD4 do97

not represent the biologically relevant conformer of the ternary complex induced with98

CRBN. These studies demonstrated the merit of HDX-MS and modeling revealed the99

dynamic nature and alternative conformations that helped explain the dramatically100

increased cooperativity, ternary complex formation and degradation of their molecule101

CFT-1297 compared to the literary standard, dBET6.30 The authors used the exper-102

imental data to improve protein-protein docking predictions, but they admit that the103

high flexibility of degrader-induced ternary complexes impedes a complete description104

of the bound conformations.105

This work offers unique insights into the dynamic nature of the ternary structure106

ensemble and that of the full CRL macromolecular assembly that could explain ubiq-107

uitination and downstream protein degradation. Our results can be used to guide the108

design of novel degrader molecules that induce a productive ternary complex ensem-109

ble. In particular, having a small set of high population ternary complex structures can110

provide an avenue for structure-based degrader design, particularly focused on linker111

design to improve different properties of the degrader. We make the simulation and112

experimental results available to the research community, including source codes and113

the release of a new X-ray crystal structure of ACBI1 with SMARCA2:VHL that has114

been deposited into the Protein Data Bank (PDB ID: 7S4E).115
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Table 1: Binding affinity (Kd), efficiencies (IC50, DC50), and cooperativity (α) of PROTAC
1, PROTAC 2, and ACBI1 degraders. Ternary IC50 and binary (SMARCA2) DC50 values
are reported; the cooperativity is the ratio of binary over ternary IC50. Table adapted from
Farnaby et al.15

Kd,VHL(nM) Kd,SMARCA2(nM) IC50 (nM) DC50 (nM) α

PROTAC 1 98 ± 26 4500 ± 480 205 ± 15 300 12
PROTAC 2 100 ± 10 770 ± 51 45 ± 9 N/A 18

ACBI1 250 ± 64 1800 ± 980 26 ± 3 6/3.3 30

2 Results116

2.1 Degraders with different efficiency induce similar ternary117

complex structures in X-ray crystallography.118

The ternary complexes of SMARCA2 isoform 2 (SMC2) and the VHL/ElonginC/ElonginB119

(VCB) complex induced by different heterobifunctional degraders have been studied120

extensively.23,31 In particular, PROTAC 1, PROTAC 2, and ACBI1 are three promi-121

nent degrader molecules that induce a ternary SMC2:VCB complex with quite different122

degradation efficiencies (see Table 1). Whereas crystal structures of the ternary com-123

plexes induced by PROTAC 1 (PDB ID: 6HAY) and PROTAC 2 (PDB ID: 6HAX)124

exist, none has been reported to date for ACBI1, the most potent degrader among125

them. Thus, we determined the structure of SMC2:VHL liganded by ACBI1 via X-126

ray crystallography. The structure was obtained by hanging drop vapor diffusion (see127

Methods)23 and solved by molecular replacement to 2.25 Å in the highest resolution128

shell (Supplementary Figure 20), using the PROTAC 2 (PDB ID:6HAX) crystal struc-129

ture as the search model (Figure 1a).130

ACBI1 bridges the induced interface, forming contacts with both proteins. Im-131

portantly, the ligand induces favorable contacts across the non-native interface, such132

as VCB:ARG69 and SMC2:PHE1463 (Figure 1 b,c). SMC2:ASN1464 maintains criti-133

cal bivalent contacts to the aminopyridazine group of ACBI1, positioning the terminal134

phenol group for pi stacking interactions with residues PHE1409 and TYR1421 (Figure135
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1b,c). On the VHL side of the interface, the interactions between TYR98 and ACBI1136

are consistent with those between the same residue and PROTAC 1 or PROTAC 2137

(Figure 1b,c).23138

Figure 1: Ternary complex of SMARCA2 and VHL/ElonginC/ElonginB (VCB) induced by
ACBI1 shows structural similarities with PROTAC 1 and PROTAC 2: a Overall perspective
of SMARCA2 Isoform 2 (green) and VCB (grey) induced by degrader molecule ACBI1
(bright orange). b ACBI1-induced interface contacts between SMARCA2 and VCB. The
proteins are shown in space-filling, the colors are as in a, annotated residues are among
those that make the highest number of contacts (see c). c A contact map for the interface
of the crystal structure. The circle size reflects the number of atoms (including hydrogen
atoms) participating in interactions. d Superposition of 6HAY (purple), 6HAX (salmon),
7S4E (green) by aligning VHL (grey) shows varied conformations of the warheads of the
three degraders PROTAC 1, PROTAC 2, or ACBI1 (up to 1.7 Å) resulting in alterations of
SMARCA2 within the ternary complex.

Despite differences in the linker compositions, the protein-protein interface induced139

by ACBI1 is structurally similar to that induced by PROTACs 1 or 223 (see Figure140

1d). There are more distal changes in the orientation of SMARCA2 with respect to141
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VCB due to the minor differences in the linker compositions, e.g. the ACBI1 linker has142

one additional ether group compared to the PROTAC 2 linker, which yields a slight143

1.7 Å twist of ACBI1 compared to the other two degraders, resulting in a subtle 5 Å144

“swing” of the protein in the crystal structure (Figure 1d).145

Overall, the structural similarity of the protein-protein interface does not align146

with the markedly different degradation efficiency obtained15 suggesting that the (dy-147

namic) ensemble of ternary complex structures may be fairly different among them.148

Consistent with other studies,17,32 this implies that “crystallographic snapshots” are149

not suitable to provide a holistic view of the ensemble of all possible ternary complex150

structures in solution, but merely represent a subset of the relevant conformations fa-151

vored by crystallization.33 Consequently, such X-ray structures cannot fully capture152

the dynamic nature of the degrader-induced ternary complexes, which play a pivotal153

role in biological activity and degradation efficiencies.17,32154

2.2 Hydrogen Deuterium Exchange Reveals Extended Protein-155

Protein Interfaces156

In order to assess the impact of different degrader molecules on the dynamic nature157

of the SMC2:VCB interactions,we performed hydrogen-deuterium exchange of the re-158

spective APO, binary and ternary (complex) species, thus characterizing the induced159

protein-protein interface in solution.30 This approach is a promising alternative to pre-160

vious attempts at characterizing degrader ternary complexes that employed multiple161

crystal structures,32 NMR,17 and SAXS coupled with various forms of modeling. Based162

on previously established protocols,34–36 and with the knowledge of binding constants163

for each of the three degraders, the assay was designed to optimize the complex forma-164

tion of 80% or greater to obtain maximal exchange of the ternary complexes. The com-165

plexes were subsequently subjected to on-line pepsin digestion and optimized for 100%166

sequence coverage (see supplementary Fig. 22) of each protein within the complex and167

stable deuterium exchange (see supplementary Figs. 23-26). To ascertain the changes in168
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solvent protection in the binary or ternary complex, the peptide-specific uptake of the169

APO or binary species was subtracted from that of the corresponding like peptides in170

the binary or ternary state (referred to as Binary∆APO and Ternary∆Binary), respec-171

tively. The results are summarized in difference plots that highlight the statistically172

significant (95% or 98% confidence interval) changes in D2O uptake (see Figure 2a-d for173

the SMC2:VCB complex induced by ACBI). Importantly, protection during HDX-MS174

arises due to changes in the environment around the observed residues, which could be175

a result of direct occlusion of solvent or conformational changes.37176

Figure 2a reveals that large regions of SMC2 become protected upon ternary com-177

plex formation (see Ternary∆Binary difference plot). These stretches of protected178

residues, e.g. amino acids 1409-1422 and 1456-1470, overlap with the ligand binding179

site based on the ternary complex structure published in this work (7S4E) and those180

published previously (6HAY, 6HAX), which confirms the similarity of the ternary com-181

plex interface among the three degrader molecules discussed above. Additionally, there182

are also stretches of protected amino acids, 1394-1407, that are too distant from the183

established binding interface to result from complex formation (Figure 2a and f). Inter-184

estingly, the Binary∆APO difference plot shows that under our experimental conditions185

the ligand concentration is close to the dissociation constant KD = 10µM23), as there186

is minimal difference between the exchange of SMC2 in presence and in absence of the187

ligand (Figure 2a and e).188

Large regions of VHL are protected in the presence of the ligand as indicated by189

the Binary∆APO difference plot (Figure 2b and e). The most protected residues in the190

binary state are centered around amino acids 87-116, which include all 9 residues in the191

ligand binding site of VHL. In the presence of SMC2 (see Figure 2b, Ternary∆Binary192

difference plot), much of the allosteric network due to ligand binding can be sub-193

tracted away leaving only the most significantly protected residues induced by ternary194

complex formation (Figure 2b and f). In particular, residues 60-72, which house the195

critical interaction of ARG69 show significant protection due to ternary complex for-196

mation (Figure 2b and f). Taken together, this data underscores the importance of197
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Figure 2: ACBI1-induced ternary complex formation of SMC2:VCB leads to protection of
specific sites:a-d, SMARCA2 isoform 2(a), VHL(b), Elongin C(c), and Elongin B(d) mon-
itored for hydrogen-deuterium exchange over time. The difference plots of each protein in
the binary and ternary states are generated by subtracting the deuterium exchange of like
peptides of the APO or binary from the binary or ternary states (defined as Binary∆APO
and Ternary∆Binary), respectively. Regions that exchange significantly less than the com-
parative state are depicted in blue (negative), whereas regions that exchange significantly
more appear in red (positive). The resultant difference plots of the binary (e), or ternary
complex (f) were mapped onto the structure 7S4E. The experiments were repeated on 2
separate days. All raw relative uptake plots of the deuterium exchange for each state and
experiment can be found in the supplementary material (Supplementary Figures 38−88).
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cooperativity driving the formation of the ternary complex for molecules with poor198

binding affinity to the POI. Under the same conditions as the binary SMC2 experi-199

ments, ligand binding and resultant changes in deuterium exchange are only observed200

on SMC2 in the presence of the E3 VHL.201

Additionally, we observe protection of residues 166-176 and residues 187-201 on202

VHL (Figure 2b and f) as well as some regions on Elongin B and C that show protection203

upon ternary complex formation (see Figure 2c and d). Although these sites are distal204

from the binding interface, they spatially align with one another when mapped onto the205

structure (Figure 2c) potentially uncovering a critical network of allosteric changes38206

induced by ACBI1 that may play a role in downstream positioning of SMARCA2 to207

the E2 in the CRL complex.208

Studying the solution state dynamics of the protein and protein complexes uncovers209

key details that are missed by crystallographic snap shots. As many of the crystallo-210

graphic contacts are nearly identical between the different degrader molecules, there211

must be critical interactions being underrepresented in this way. Utilizing HDX-MS212

or other solution state derived data as restraints in modeling and simulation opens a213

pathway from a single accepted protein conformer to a vast ensemble of protein com-214

plexes. Production of high accuracy protein ensembles enables alternative routes for215

design, optimization and mechanism of action studies for degrader and molecular glues.216

2.3 HDX data enhance weighted ensemble simulations of217

ternary complex formation218

We simulate the formation of SMC2:VHL degrader ternary complexes using weighted219

ensemble simulations (WES), where a set of weighted trajectories (called ”walkers”)220

are evolved in parallel providing a means to compute non-equilibrium properties and221

predict likely binding pathways. Specifically, we apply the WESTPA software, which222

discretizes sampling space into bins along pre-defined collective variables (CVs). While223

this path sampling strategy has been employed before for tasks such as protein-protein224
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binding,39 it is noteworthy that the current simulations are not informed by any struc-225

tural data about the ternary complex interface from X-ray crystallography experiments.226

Starting from a dissociated configuration, in which the degrader molecule (e.g.,227

PROTAC 2) is bound to VHL, yet both are clearly apart from SMC2 (initial separation228

distance ∼ 20 Å), the formation of ternary aggregates is simulated yielding complexes229

with interface structures well comparable to that obtained experimentally (PDB ID:230

6HAX). For this simulation, we used observables such as the number of atomic contacts231

or the distance between the target (SMC2) and ligase (VHL) proteins or the warhead-232

RMSD (w-RMSD) with respect to the crystal structure of the target-warhead complex233

as CVs and we assessed the quality of bound complexes by a different metric, namely234

the interface-RMSD (I-RMSD)40 of each walker with respect to a reference ternary235

structure (see Methods for all simulation details).236

An ensemble of bound ternary complexes with I-RMSD < 2 Å can be simulated237

within an aggregate simulation time of ∼ 5 µs. Remarkably, when introducing as a238

CV the number of contacts formed by the protected residues, as determined by the239

HDX-MS experiments described above, the fraction of ternary complexes with an I-240

RMSD < 2 Å is markedly higher compared to simulations, in which any protein-protein241

contacts were considered (see Figure 3). Movie S1 shows the continuous trajectory of242

one such ternary complex binding event. This improvement illustrates the significance243

of merging high-performance computer simulations, that generate a wealth of molecu-244

lar structures, with solution-phase experimental methods, that capture the inherently245

dynamic nature of degrader ternary complexes. In this regard, the synergy of WE246

simulations with HDX-MS is a particularly interesting example where the path sam-247

pling algorithm is furnished with a fairly simple parameter, derived from experimental248

measurements. We call this integrated approach WES+HDX throughout this work.249

While the WES discussed above reliably produce the ternary complex, the algo-250

rithm is expensive due to the use of two CVs and an increasing number of walkers.251

Therefore, to more systematically study the formation of ternary complexes with all252

three degraders, i.e., ACBI1, PROTAC 1 and PROTAC 2, we employ the bin-less WE253
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variant ’Resampling of Ensembles by Variation Optimization’ (or REVO),41 which254

maximizes an objective function called the trajectory variation, defined using a sum of255

walker-walker distances (see Methods). Specifically, we simulate the ternary complex256

formation using a distance metric composed of a weighted combination of w-RMSD,257

differences in contacts between the target and ligase protected residues, and the differ-258

ences in contacts between the target and the PROTAC.259

We ran seven independent REVO simulations to predict the ternary complex of260

PROTAC 2 for an aggregate simulation time of 12.5µs and three such simulations261

totaling ∼ 6 µs for both PROTAC 1 and ACBI1. These simulations had 48 walkers262

each and were run for 2000 cycles at 20 ps per cycle. In all simulations, bound ternary263

complexes were formed with minimum I-RMSDs of 0.5 Å for ACBI1, 0.7 Å for PROTAC264

1, and 1.1 Å for PROTAC 2, respectively.265

To highlight the sampling ability of WE simulations, Figure 5a compares the min-266

imum I-RMSD of the SMC2:PROTAC2:VHL simulation with that from vanilla MD267

simulations of the same system as a function of aggregate simulation time. While the268

minimum I-RMSD converges to 2.5 Å across the 7 REVO simulations within 0.2µs269

of aggregate simulation time (Fig. 5 A). In comparison, the I-RMSD for vanilla MD270

remains as high as 10 Å after 1.4µs of simulation.271

The very high prediction accuracy of the WES+HDX simulations is illustrated for272

the SMC2:PROTAC2:VHL system in Figure 4. Examples of predicted structures are273

visualized in Figure 4a,b. The contact maps presented in Figure 4c have been obtained274

by the Arpeggio software42 applied to the ternary interfaces of the experimental co-275

crystal structure (top panel) and to the lowest I-RMSD structure produced by the276

WES+HDX simulations (bottom panel). Each point reflects the degree of interaction,277

revealing an interaction pattern from the WES+HDX simulations that is comparable to278

that from experiment. The near-perfect alignment (I-RMSD = 1.1 Å) of one sampled279

conformation with the co-crystallized structure shown in Figure 4d further emphasizes280

that the interactions of ternary degrader complexes observed experimentally can be281

recaptured by WES+HDX.282
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Six out of seven of the SMC2:PROTAC2:VHL simulations observed binding events283

for a total of 3278 unique observations. In order to assess the degree of heterogeneity284

within this ensemble, we clustered the WE results into 500 macrostates with a k-means285

algorithm using the Cα−Cα distances between the ligase and target protected residues.286

As expected, all low I-RMSD states have low values of w-RMSD (Figure 5b). States287

with high free energies, i.e., above 1.5 kcal/mol, have large I-RMSDs, ranging from 1.5288

to 30 Å. However, the I-RMSD distribution among the 20 low free energy states below289

0.5 kcal/mol is significantly tighter, ranging from 1.1 to 9.2Å with an average value of290

3.7 Å and 12 out of 20 states even having an I-RMSD below 3 Å.291

We predict binding rate constants for the three different PROTACs directly from292

WES+HDX simulations using the probability flux into a bound state (I-RMSD <293

2 Å). While the predicted rates for PROTAC 1 and ACBI1 are on the same order294

of magnitude as in experiments (Figure 5c), we predict a significantly slower binding295

rate for PROTAC 2, which is not yet determined experimentally. However, for all296

three rates there are large uncertainties, as has previously been observed in WE rate297

calculations.43,44 Better statistics can be achieved by longer simulation times or the use298

of recently proposed algorithms that converge these rates more efficiently,45,46 which299

is beyond the scope of this work.300

In most of the analysis above, we have used the I-RMSD with respect to a reference301

structure as an observable to assess the quality of structures obtained from WES+HDX302

simulations. However, such reference structures, usually obtained from experiment,303

may not be readily available. Thus, it is desirable to determine the usefulness of304

other features to predict the ternary complex formation. To this end, we filtered the305

ensemble of simulated SMC2:PROTAC2:VHL structures for bound complexes with w-306

RMSD < 2 Å and > 30 contacts between protected residues (see Figure 6a). Among307

these, the bulk of the density was limited to I-RMSD values between 1 and 4 Å, with308

90% below 3 Å and 43% even below 2 Å (Figure 6b), indicating that parameters such309

as the warhead-RMSD and the number of contacts between protected residues may310

well aid in characterizing bound ternary complexes.311
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The simulations presented above stem from the physics-based formulation of molec-312

ular dynamics, which comes with an elevated computational cost (e.g. three REVO313

simulation replicas required around 300 A40 GPU hours). As the WES+HDX results314

reveal, the associated level of detail allows an entire ensemble of ternary complexes,315

including many conformations with a pronounced protein interface, to be generated ab316

initio, i.e., from a fairly dissociated state and with no additional information on the317

protein-protein binding pose. Such unbiased simulations of ternary complex formation318

are key to understanding important interactions underlying degrader selectivity and319

cooperativity.320
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Figure 3: Comparison of WESTPA simulations with and without data from HDX-MS experi-
ments. I-RMSD probability densities are shown for ternary complexes with a warhead RMSD
< 2 Å and > 30 contacts between protected residues. Structures sampled by WES+HDX
(red) have almost exclusively an I-RMSD value < 2 Å, whereas those from WE simulations
without any information from HDX (blue) are widely distributed.
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d
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WES + HDX

c

PDB: 6HAX

Figure 4: Illustration of the representative prediction produced by REVO simulation and its
comparison to the co-crystallized structure (PDB ID: 6HAX) (a) predicted ternary structure
with I-RMSD=1.1 Å; (b) detail of the binding interface; (c) contact maps for the interfaces
of co-crystallized and predicted structures. The circle size reflects the number of atoms (in-
cluding hydrogens) participating in interactions; (d) structurally aligned prediction (green)
and co-crystallized structure (pink) with a detailed PROTAC 2 comparison shown.
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Figure 5: Assessing ternary complex formation. (a) The minimum I-RMSD over time during
the simulation for the REVO simulations of the PROTAC2 system. Each green line indicates
one replica and the black line is the average between all runs. The blue line indicates the
I-RMSD for a vanilla molecular dynamics simulation. (b) A scatter plot of the free energy
vs the I-RMSD of each of the 500 clusters from the PROTAC 2 simulations. The circles are
colored by w-RMSD. (c) The predicted binding rates for PROTAC 1 system (purple) and
the ACBI1 system (green). The black line is the experimental on rate determined via SPR.
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Table 2: Comparison of kon rates between simulation and experiment for the ACBI1 PRO-
TAC 1, and PROTAC 2 systems. The experimental rate for PROTAC 2 has not been
determined yet.

PROTAC Predicted Rate (M−1s−1) Experimental Rate (M−1s−1)
ACBI1 3 ∗ 105 ± 2 ∗ 105 2.4 ∗ 105

PROTAC 1 10 ∗ 105 ± 8 ∗ 105 2.9 ∗ 105

PROTAC 2 2.2 ∗ 102 ± 1.7 ∗ 102 N/A

2.4 HDX-MS improves prediction of ternary complex us-321

ing docking322

Molecular docking is a very popular method for high-throughput predictions of bind-323

ing poses, that follows a protocol of sampling, searching, and scoring these predictions.324

Considering the computational cost of the WES+HDX method described above, dock-325

ing is a viable alternative to the simulation approach in obtaining different conforma-326

tions of the flexible degrader ternary complexes in a less resource-intensive and more327

timely fashion.328

To demonstrate the usefulness of HDX-MS data for more accurate structural pre-329

dictions, we show that incorporating experimentally retrieved distance restraints into330

the docking protocol significantly improves its ability to predict ternary complexes of331

high quality (see detailed comparisons in Supplementary Figures 1 and 2)). In par-332

ticular, it is striking how strongly the incorporation of HDX-MS data can boost the333

accuracy of the docking protocol among the highest-ranked docking poses.334

In contrast to recent work,30 our docking method uses HDX-MS data to impose335

additional distance restraints at the sampling stage (instead of post-sampling scoring).336

Also, differently from the distance restraints derived from chemical cross-linking exper-337

iments,47 our approach is based on the statistics of the length of the linker in a degrader338

molecule. Application of the HDX-MS data for re-ranking of the docking predictions,339

as described by Eron et al.,30 may lead to a more quantitative assessment of struc-340

tures. Discussion of the interplay of HDX-MS-derived restraints and HDX-MS-based341

re-rankings in docking is beyond the scope of the present work.342
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Although WES+HDX consistently outperforms the HDX-enhanced docking routine343

(see Figure 6), docking, in combination with HDX-MS, is a useful tool for the quick344

filtering of a large number of degrader designs considering the significantly less com-345

putational cost of this approach (75 CPU hours for 3 independent replicas compared346

to 300 A40 GPU hours for the WES method).347

2.5 Flexibility of Ternary Complex Revealed by HREMD348

Simulations and Validation by SAXS Experiments349

HDX-MS measurements revealed substantial flexibility of the ternary protein com-350

plexes studied here. To further study their conformational heterogeneity, we per-351

formed atomistic Hamiltonian replica-exchange MD (HREMD) simulations to augment352

the experiments and explore the structural diversity of multiple SMC2:VHL ternary353

degrader-protein complexes (see Supplementary Table 2). HREMD is a parallel tem-354

pering simulation method that efficiently samples large conformational changes of pro-355

teins in aqueous solution and, therefore, is a promising strategy to study the protein-356

protein interactions and the flexibility of degraders in ternary complexes (see Methods357

4.10). To ensure the HREMD-generated ensembles are accurate and reliable, we val-358

idate simulations of two large complexes (SMC2-isoform1/isoform2:ACBI1:VCB) by359

directly comparing against the size exclusion chromatography coupled to small-angle360

X-ray scattering (SEC-SAXS) data, see Figure 7a.361

The excellent agreement (χ2 = 1.55 and χ2 = 1.23 for SMC2-isoform1/isoform2:ACBI1:VCB362

respectively, where χ2 is defined in Eq. 11) between SAXS profiles obtained from363

experiment and such calculated from simulations shows that the HREMD simula-364

tions captured the long timescale conformational ensembles to experimental accu-365

racy. Furthermore, the ensemble-averaged Rg of two complexes from simulations366

are in excellent agreement to Rg values obtained using Guinier approximation (Eq.367

1) to the experimental SAXS data (Supplementary Figure 12), Rg = 33.4±0.4 Å368

and 32.3±0.3 Å for SMC2-isoform1/isoform2:ACBI1:VCB, respectively.The histograms369
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Figure 6: Comparing the bound ensembles determined by docking and REVO simulations
with information from HDX-MS for the PDB ID 6HAX ternary complex. The REVO bound
ensemble is defined as structures below a warhead RMSD of 2 Å and more than 30 contacts
between the target and ligase interface. The docking bound basin is defined as the top-100
structures as determined by Rosetta-scoring. (a) Probability density function distributions
of I-RMSD values for the bound ensembles. (b) The percent of structures in the predicted
bound ensembles below specific I-RMSD thresholds (2 Å, 2.5 Å, and 3 Å).
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of Rg (calculated from atomic coordinates using Eq. 2) suggest that ternary com-370

plexes are flexible in solution leading to a change in overall conformation compared to371

their simulation starting structures (homology model and crystal structure of SMC2-372

isoform1/isoform2:ACBI1:VCB, respectively), see Figure 7b. These results illustrate373

the need for an enhanced sampling method, such as HREMD, to rigorously probe the374

conformational changes of the inherently flexible ternary degrader complexes375

2.6 Conformational sampling of ternary complexes376

We quantify the free energy landscape of the ternary complexes using data from our377

HREMD simulations. We use principle component analysis (PCA) of the distances be-378

tween interface residues observed in our HREMD simulations to identify high-variance379

collective variables (see Methods). The probability distribution of these high-variance380

features allows us to determine a more easily interpretable free energy landscape from381

our simulation data than would be possible otherwise. We find that the landscape of382

each protein complex contained several local minima differing by only a few kcal/mol.383

Using k-means clustering in the PCA feature space, we then identify distinct clusters384

of conformations. Cluster centers roughly correspond to local minima in the free energy385

landscape, see Supplementary Figure 14. The clusters identified by k-means are con-386

sistent with our HDX-MS protection data: Figure 8 shows that interface residues that387

were found to be protected in HDX-MS experiments are observed to interact in either388

the most populated or second most populated cluster identified by k-means. Notably,389

this analysis shows that in the second most populated structure of Iso1-ACBI1-VCB,390

the helix formed by the 17 residue extension of isoform 1-SMARCA2 interacts with a391

beta sheet of VHL, Figure 8d, in accordance with HDX-MS experiments that found392

this beta sheet to be protected in presence of Iso1, but not in the presence of Iso2. Sim-393

ilarly, highly populated structures of Iso2-ACBI1-VHL and Iso2-PROTAC2-VHL show394

contact between residues that were observed to be protected in HDX-MS experiments395

with these PROTACs, but not with PROTAC 1, while the most populated structure396

of PROTAC 1 does not show these contacts.397
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Figure 7: SAXS profiles and structural ensembles of SMC2-isoform1/isoform2:ACBI1:VCB
complexes. (a) Comparison of theoretical and experimental SAXS profiles, SAXS in-
tensity vs. q. (b) The histograms of Rg of SMC2-isoform1:ACBI1:VCB (red) and
SMC2-isoform2:ACBI1:VCB (blue) complexes calculated from HREMD simulations. The
inverted red and blue triangles are the Rg values of starting structures of SMC2-
isoform1/isoform2:ACBI1:VCB from homology model and crystallography respectively.
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Figure 8: Most populated structures of SMARCA2 bound to VHL with different degrader
molecules, identified by dimension reduction and clustering of HREMD simulation data.
(a-d) Colors of VHL and SMARCA2 represent HDX-MS protection in the presence of the
degrader molecules relative to the situation in the absence of the degrader. The second
ranked structures of c PROTAC 2 and d isoform 1 SMARCA2 are displayed and support
our HDX-MS data, whereas the top three structures are included in Supplementary Figure
15. Elongin B and Elongin C are also included in panel d. e The top structures of ternary
complexes are compared after aligning VHL to illustrate conformational differences among
top structures of ternary complexes.
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Figure 9: a Conformational free energy landscape as a function of the first two tICA features
of SMARCA2-PROTAC2-VHL ternary complex inferred from a Markov state model (MSM).
The ensemble of bound states from REVO simulations is shown as blue points; the crystal
structure (PDB ID 6HAX) is shown as a red X. In this projection, states II and V are close to
state I. b Network diagram of the coarse-grained MSM calculated using a lag time of 50 ns,
with the stationary probabilities associated with each state indicated. c Mean first-passage
times to transition (MFPT) from one state in the MSM to another. Numbers indicate
predicted MFPTs in µs. d-e Comparison of the crystal structure (gray) with the lowest free
energy state (cyan) and a metastable state (orange) predicted by the MSM. Arrows indicate
a change of orientation relative to d.
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We selected 98 representative structures from HREMD data to use as initial con-398

figurations for Folding@home (F@H) simulations of SMC2 Iso2-PROTAC2-VHL. Each399

initial condition was cloned 100 times and run for ∼ 650 ns, for a total of ∼ 6 ms of sim-400

ulation data. These independent MD trajectories provide the basis for fitting a Markov401

state model (MSM),48 which provides a full thermodynamic and kinetic description of402

the system and allow for the prediction of experimental observables of interest.49 We403

used time-lagged independent component analysis (tICA)50 to determine the collective404

variables with the slowest dynamics. The distance between points in the tICA feature405

space corresponds roughly to kinetic distance.406

The MSM predicts a stationary probability distribution on tICA space that is in407

general different from the empirical distribution of our simulation data. Interestingly,408

the MSM predicts that the the crystal structure of PROTAC 2 is 1.5 kcal/mol higher in409

free energy than the global free energy minimum, while the bound structures obtained410

from our REVO simulations are ∼ 1.5 − 3.5 kcal/mol above the global minimum,411

Figure 9a-c. The model also predicts a metastable state with free energy 2.2 kcal/mol412

(Figure 9e).413

This model is coarse-grained to obtain a five-state MSM, of which the following414

three states are of particular interest: the global minimum state (or state I) with415

a stationary probability of 0.63, the metastable state III with 0.10 probability, and416

state IV, to which the experimental crystal structure can be assigned and which has417

a stationary probability of 0.05. The global minimum state differs from the crystal418

structure 6HAX by an I-RMSD of 3.6 Å, while the metastable state has an I-RMSD of419

4.4 Å relative to the crystal structure. The global minimum state is stabilized by a large420

number of protein-protein contacts (Supplementary Figure 16). Contacts between VHL421

and PROTAC 2 are largely unchanged between the metastable and global minimum422

states, likely due to the tight interaction between VHL and the PROTAC. On the other423

hand, the metastable state lacks contacts between PROTAC 2 and ARG29, ASN90,424

and ILE96 of SMARCA2. The area of the binding interface was substantially increased425

in both the metastable and global minimum states relative to the crystal structure: the426
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global minimum state had a buried surface area of 2962 Å
2
, compared to 2800 Å

2
for427

the metastable state and 2369 Å
2
for the crystal structure.428

We repeated this procedure with 900µs of F@H data of SMC2 Iso2-PROTAC 1-429

VHL and 500µs of F@H data of SMC2 Iso2-ACBI1-VHL (Supplementary Figures 17430

and 18). The resultant MSMs predicted that the crystal structure of the SMC2 Iso2-431

PROTAC 1-VHL system is 2.2 kcal/mol higher than the free energy minimum, while432

the crystal structure of the Iso2-ACBI1-VHL system is only 0.7 kcal/mol higher in433

energy than the ground state. Coarse-graining the PROTAC 1 model yielded a two-434

state MSM, while a three-state MSM was obtained for the ACBI1 system. In both435

cases, the crystal structure falls into the most probable macro-state. Interestingly, in436

the ground state predicted by the PROTAC 1 MSM, SMARCA2 is rotated relative to437

VHL, similar to the PROTAC 2 ground state, while in the ground state of the ACBI1438

system, the position of SMARCA2 is similar to that in the crystal structure for all439

three ternary complexes.440

2.7 Identifying the ubiquitination zone for Cullin-RING441

Ligase with VHL and SMARCA2442

In addition to simulating the ternary complex formation and associated dynamics,443

a more complete understanding of the ubiquitination process should involve the full444

Cullin-RING E3 ubiquitin ligase (CRL). To do this, we study different degrader molecules445

in the context of the full Cullin-RING E3 ubiquitin ligase (CRL) along with the POI.446

Here, we study the position different solvent-exposed lysine residues from the POI rela-447

tive to the ubiquitination zone of the CRL macromolecular assembly, specifically focus-448

ing on the probability of POI lysine residue density within this zone. The hypothesis449

is that the ubiquitination rate depends on the probability of finding a lysine residue in450

the ubiquitination zone. As such, this analysis can provide insights on the degradation451

potency of degrader molecules. First, we built an entire E2-E3 complex for CRL-VHL452

in its activated form using a recently obtained structure of the active form of the closely453
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related CRL-βTrCP as reference51 (see Methods). Second, we used the meta-eABF454

simulation approach (see Methods) to sample CRL open-closed conformations in the455

presence of SMARCA2. These conformations were then used as reference states to456

superimpose structures from HREMD simulations of VHL:degrader:SMARCA2 on the457

active state of the CRL-VHL, allowing us to obtain Lys densities from SMARCA2 in458

the ubiquitination zone of the CRL-VHL. Comparing the Lys densities of the three de-459

graders (10), we observe that ACBI1 places the most Lys density in the ubiquitination460

zone of CRL-VHL, followed by PROTAC 2 and PROTAC 1. This order of Lys density461

in the ubiquitination zone agrees with the experimentally observed degradation data.15462

3 Discussion463

The formation of a ternary complex via a degrader molecule is a critical step in tar-464

geted protein degradation. However, accurately predicting ternary complexes has posed465

challenges to the field due to the size of the system, the conformational flexibility, the466

timescales for biological motions, and the limited understanding of the solution-phase467

structural ensemble. The ability to accurately predict the formation of ternary com-468

plexes and the corresponding structural ensembles would enable more precise optimiza-469

tion of degrader molecules (e.g. linkers and attachment points) and facilitate structure470

activity relationship studies, thus improving rational degrader design.471

Here, we studied three different degrader molecules of SMARCA2 with VHL that472

have similar thermodynamic binding profiles and crystal structure conformations but473

different degradation efficiencies. Consistent with previous observations, the crystal474

structure of ACBI1 determined in this work (PDB ID: 7S4E) revealed a conformation475

nearly identical to its two closest analogs PROTAC 1 (PDB: 6HAY) and PROTAC 2476

(PDB: 6HAX). The overall structural similarity of these complexes, yet different degra-477

dation profiles, highlights one of the critical challenges in degrader optimization. The478

approach we describe here combines MD simulations with biophysical experiments,479

leading to accurate dynamic ternary structure predictions and a detailed mechanistic480
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Figure 10: Degrader dependent SMARCA2 Lys densities in the CRL-VHL ubiquitination
zone. a. Active form of CRL-VHL with bound SMARCA2 and E2-ubiquitin with open CRL
conformation. b. same as a with a closed conformation of CRL generated by meta-eABF
simulations. c. Distance of Lys residues (side-chain nitrogen atom) from SMARCA2 to the
C-terminus glycine C atom of ubiquitin for three different degraders. d. Density of Lys
residues in 3D space near ubiquitination zone of CRL-VHL.
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understanding of the characteristics that impact binding selectivity, cooperativity, and481

degrader efficiency. We show that hydrogen deuterium mass spectrometry (HDX-MS)482

and small-angle X-ray scattering (SAXS) provide a dynamic description of the ternary483

complex, in contrast to static x-ray crystal structures, leading to insights regarding the484

solution state ensemble of ternary degrader complexes. This novel approach, where485

we integrate data from the biophysical experiments with weighted ensemble (WE) MD486

simulations, uncovered atomic level differences among distinct conformations adopted487

by the ternary complexes. For example, we found that the X-ray structures represent488

only one of many low energy conformations within the dynamic ternary structural en-489

semble: the crystal structures of ACBI1, PROTAC 2 and PROTAC 1 are 0.9 kcal/mol,490

1.5 kcal/mol and 2.0 kcal/mol higher in energy than their corresponding global min-491

ima conformation, respectively. Other low-energy structures found on the free energy492

landscapes can be used as starting points for degrader design or for more sophisti-493

cated analyses, such as predicting ubiquitination probability of a particular degrader494

molecule state.495

The data from HDX-MS experiments is used as collective variables for weighted496

ensemble (WE) simulations, which provide atomic level resolution of the binding pro-497

cess and of the ternary complex conformational ensemble (< 2 Å I-RMSD). Different498

WE resampling algorithms (i.e., WESTPA, that uses bins along CVs, and the bin-499

less REVO method) can efficiently simulate the binding of ternary degrader complexes500

when augmented with information on distinct solvent-protected residues from HDX-501

MS. This novel combination of simulation and experiment leads to improved predic-502

tions of ternary degrader complexes (see Supplementary Figure 10 for a comparison503

of the simulation and docking methods with and without information from HDX-MS504

experiments). Further improvements being explored in our group include optimizing505

parameters for the WE simulations and using the HDX-MS data for scoring structures,506

similar to recent work by Eron and coworkers.30 We are also working on ubiquitination507

mapping experiments to validate the ubiquitination probability predictions.508

The methodology described here relies on advanced physics-based simulations and509
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solution-phase biophysical experiments. Because the methodology is based on physical510

principles without the need for training data, we expect the approach to be transferable511

to other POI-E3 ligase ternary complexes with induced proximity degrader molecules.512

Efforts in our group are underway to expand the application to more ligands in the513

SMARCA2/VLH system and to other POI/E3 combinations. We believe that the514

predictive simulations described here will increase the efficiency of molecular design for515

TPD.516

We make source code, simulation results, and experimental data from this work517

publicly available for researchers to further advance the field of induced proximity518

modulation.519

4 Methods520

4.1 Cloning, expression and purification of SMARCA2521

and VHL/EloB/C522

The SMARCA2 gene from Homo sapiens was custom-synthesized at Genscript with N-523

terminal GST tag (Ciulli 2019 Nature ChemBio) and thrombin protease cleavage site.524

The synthetic gene comprising the SMARCA2 (UniProt accession number P51531-1;525

residues 1373-1511) was cloned into pET28 vector to create plasmid pL-477. The second526

construct of SMARCA2 with deletion 1400-1417 (UniProt accession number P51531-2)527

was created as pL-478. For biotinylated SMARCA2, AVI-tag was gene synthesized at528

C-terminus of pL-478 to create pL-479. The VHL gene from Homo sapiens was custom-529

synthesized with N-terminal His6 tag15 and thrombin protease cleavage site. The530

synthetic gene comprising the VHL (UniProt accession number P40337; residues 54-531

213) was cloned into pET28 vector to create plasmid pL-476. ElonginB and ElonginC532

gene from Homo sapiens was custom-synthesized with AVI-tag at C-terminus of EloB.22533

The synthetic genes comprising the EloB (UniProt accession number Q15370; residues534

1-104) and EloC (UniProt accession number Q15369; residues 17-112) were cloned into535
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pCDFDuet vector to create plasmid pL-474. For protein structural study, AVI-tag was536

deleted in pL-474 to create pL-524.537

For SMARCA2 protein expression, the plasmid was transformed into BL21(DE3)538

and plated on Luria-Bertani (LB) medium containing 50 µg/ml kanamycin at 37 °C539

overnight. A single colony of BL21(DE3)/pL-477 or BL21(DE3)/pL-478 was inoculated540

into a 100-ml culture of LB containing 50 µg/ml kanamycin and grown overnight at541

37 °C. The overnight culture was diluted to OD600=0.1 in 2 x 1-liter of Terrific Broth542

medium containing 50 µg/ml kanamycin and grown at 37 °C with aeration to mid-543

logarithmic phase (OD600 = 1). The culture was incubated on ice for 30 minutes and544

transferred to 16 °C. IPTG was then added to a final concentration in each culture of545

0.3 mM. After overnight induction at 16 °C, the cells were harvested by centrifugation546

at 5,000 xg for 15 min at 4 °C. The frozen cell paste from 2 L of cell culture was547

suspended in 50 ml of Buffer A consisting of 50 mM HEPES (pH 7.5), 0.5 M NaCl, 5548

mM DTT, 5% (v/v) glycerol, supplemented with 1 protease inhibitor cocktail tablet549

(Roche Molecular Biochemical) per 50 ml buffer. Cells were disrupted by Avestin550

C3 at 20,000 psi twice at 4 ºC, and the crude extract was centrifuged at 39,000 xg551

(JA-17 rotor, Beckman-Coulter) for 30 min at 4 ºC. Two ml Glutathione Sepharose552

4 B (Cytiva) was added into the supernatant and mixed at 4 ºC for 1 hour, washed553

with Buffer A and eluted with 20 mM reduced glutathione (Sigma). The protein554

concentration was measured by Bradford assay, and GST-tag was cleaved by thrombin555

(1:100) at 4 ºC overnight during dialysis against 1 L of Buffer B (20 mM HEPES, pH556

7.5, 150 mM NaCl, 1mM DTT). The sample was concentrated to 3 ml and applied at a557

flow rate of 1.0 ml/min to a 120-ml Superdex 75 (HR 16/60) (Cytiva) pre-equilibrated558

with Buffer B. The fractions containing SMARCA2 were pooled and concentrated559

by Amicon® Ultracel-3K (Millipore). The protein concentration was determined by560

OD280 and characterized by SDS-PAGE analysis and analytical LC-MS. The protein561

was stored at –80 ºC.562

For VHL/EloB/C protein expression, the plasmids were co-transformed into BL21(DE3)563

and plated on Luria-Bertani (LB) medium containing 50 µg/ml kanamycin and 50564
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µg/ml streptomycin at 37 °C overnight. A single colony of BL21(DE3)/pL-476/474565

or BL21(DE3)/pL-476/524 was inoculated into a 100-ml culture of LB containing 50566

µg/ml kanamycin and 50 µg/ml streptomycin and grown overnight at 37 °C. The567

overnight culture was diluted to OD600=0.1 in 6 x 1-liter of Terrific Broth medium568

containing 50 µg/ml kanamycin and 50 µg/ml streptomycin and grown at 37 °C with569

aeration to mid-logarithmic phase (OD600 = 1). The culture was incubated on ice for570

30 minutes and transferred to 18 °C. IPTG was then added to a final concentration of571

0.3 mM in each culture. After overnight induction at 18 °C, the cells were harvested572

by centrifugation at 5,000 g for 15 min at 4 °C. The frozen cell paste from 6 L of cell573

culture was suspended in 150 ml of Buffer C consisting of 50 mM HEPES (pH 7.5),574

0.5 M NaCl, 10 mM imidazole, 1 mM TCEP, 5% (v/v) glycerol, supplemented with575

1 protease inhibitor cocktail tablet (Roche Molecular Biochemical) per 50 ml buffer.576

Cells were disrupted by Avestin C3 at 20,000 psi twice at 4 ºC, and the crude ex-577

tract was centrifuged at 17000 g (JA-17 rotor, Beckman-Coulter) for 30 min at 4 ºC.578

Ten ml Ni Sepharose 6 FastFlow (Cytiva) was added into the supernatant and mixed579

at 4 ºC for 1 hour, washed with Buffer C containing 25 mM imidazole and eluted580

with 300 mM imidazole. The protein concentration was measured by Bradford assay.581

For protein crystallization, His-tag was cleaved by thrombin (1:100) at 4 ºC overnight582

during dialysis against 1 L of Buffer D (20 mM HEPES, pH 7.5, 150 mM NaCl, 1583

mM DTT). The sample was concentrated to 3ml and applied at a flow rate of 1.0584

ml/min to a 120-ml Superdex 75 (HR 16/60) (Cytiva) pre-equilibrated with Buffer D.585

The fractions containing VHL/EloB/C were pooled and concentrated by Amicon®586

Ultracel-10K (Millipore). The protein concentration was determined by OD280 and587

characterized by SDS-PAGE analysis and analytical LC-MS. The protein was stored at588

–80 ºC. For SPR assay, 10 mg VHL/EloB/C protein complex was incubated with BirA589

(1:20), 1 mM ATP and 0.5 mM Biotin and 10mM MgCl2 at 4 ºC overnight, removed590

free ATP and Biotin by 120-ml Superdex 75 (HR 16/60) with the same procedure as591

above, and confirmed the biotinylation by LC/MS.592
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4.2 Hydrogen Deuterium Exchange Mass Spectrometry593

Our HDX analyses were performed as reported previously with minor modifications.34,36,52594

HDX experiments were performed using a protein stock at the initial concentration of595

200 µM of SMARCA2, VCB in the APO, binary (200 µM PROTAC ACBI1) and596

ternary (200 µM PROTAC ACBI1) states in 50 mM HEPES, pH 7.4, 150 mM NaCl,597

1 mM TCEP, 2% DMSO in H2O. The protein samples were injected into the nanoAC-598

QUITY system equipped with HDX technology for UPLC separation (Waters Corp.53)599

to generate mapping experiments used to assess sequence coverage. Generated maps600

were used for all subsequent exchange experiments. HDX was performed by diluting601

the initial 200 µM protein stock 13-fold with D2O (Cambridge Isotopes) containing602

buffer (10 mM phosphate, pD 7.4, 150 mM NaCl) and incubated at 10 °C for various603

time points (0.5, 5, 30 min). At the designated time point, an aliquot from the exchang-604

ing experiment was sampled and diluted 1:13 into D2O quenching buffer containing605

(100 mM phosphate, pH 2.1, 50 mM NaCl, 3M GuHCl) at 1 °C. The process was606

repeated at all time points, including for non-deuterated samples in H2O-containing607

buffers. Quenched samples were injected into a 5-µm BEH 2.1 X 30-mm Enzymate-608

immobilized pepsin column (Waters Corp.) at 100 µl/min in 0.1% formic acid at 10 °C609

and then incubated for 4.5 min for on-column digestion. Peptides were collected at 0 °C610

on a C18 VanGuard trap column (1.7 µm X 30 mm) (Waters Corp.) for desalting with611

0.1% formic acid in H2O and then subsequently separated with an in-line 1.8µMHss612

T3 C18 2.1 X 30-mm nanoACQUITY UPLC column (Waters Corp.) for a 10-min gra-613

dient ranging from 0.1% formic acid to acetonitrile (7 min, 5–35%; 1 min, 35–85%; 2614

min hold 85% acetonitrile) at 40 µl/min at 0 °C. Fragments were mass-analyzed using615

the Synapt G2Si ESL-Q-ToF mass spectrometer (Waters Corp.). Between injections,616

a pepsin-wash step was performed to minimize peptide carryover. Mass and collision-617

induced dissociation in data-independent acquisition mode (MSE) and ProteinLynx618

Global Server (PLGS) version 3.0 software (Waters Corp.) were used to identify the619

peptides in the non-deuterated mapping experiments and analyzed in the same fash-620

ion as HDX experiments. Mapping experiments generated from PLGS were imported621
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into the DynamX version 3.0 (Waters Corp.) with quality thresholds of MS1 signal622

intensity of 5000, maximum sequence length of 25 amino acids, minimum products623

2.0, minimum products per amino acid of 0.3, minimum PLGS score of 6.0. Auto-624

mated results were inspected manually to ensure the corresponding m/z and isotopic625

distributions at various charge states were assigned to the corresponding peptides in all626

proteins (SMARCA2, VHL, ElonC, ElonB). DynamX was utilized to generate the rel-627

ative deuterium incorporation plots and HDX heat map for each peptide. The relative628

deuterium uptake of common peptides was determined by subtracting the weighted-629

average mass of the centroid of the non-deuterated control samples from the deuterated630

samples at each time point. All experiments were made under the same experimental631

conditions negating the need for back-exchange calculations but therefore are reported632

as relative.37 All HDX experiments were performed twice, on 2 separate days, and a633

98 and 95% confidence limit of uncertainty was applied to calculate the mean rela-634

tive deuterium uptake of each data set. Mean relative deuterium uptake thresholds635

were calculated as described previously.34,36,52 Differences in deuterium uptake that636

exceeded the error of the datasets were considered significant.637

4.3 SEC-SAXS experiments638

SAXS data were collected with an AKTAmicro (GE Healthcare) FPLC coupled to a639

BioXolver L SAXS system (Xenocs) that utilized an Excillum MetalJet D2+ X-ray640

source operating at a wavelength of 1.34 Å. We measured two protein complex sam-641

ples,642

(i) SMARCA2-isoform1:ACBI1:VCB, and643

(ii) SMARCA2-isoform2:ACBI1:VCB.644

The scattering data was detected on PILATUS3 300 K (Dectris) detector with a re-645

sulting q range of 0.0134 – 0.5793 Å−1. To ensure the resulting scattering profile is646

solely due to complexes with all four protein chains and a degrader, and devoid of647

contributions from binary or uncomplexed proteins, size exclusion chromatography is648

coupled to SAXS (SEC-SAXS). The elution peak 1 of the SEC profile is assigned to the649
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ternary complexes, whereas peak 2 is attributed to binary or uncomplexed proteins,650

respectively (Supplementary Figure 11). The SEC-SAXS data for each sample was651

collected by loading 500 µL of the ternary complex formed by addition of equimolar652

concentrations (275 µM) of SMARCA2, VCB and ACBI1, onto a Superdex 200 In-653

crease 10/30 equilibrated with 20 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT654

at 20 ◦C. The solution scattering data was collected as a continuous 60 second data-655

frame measurements with a flow rate of 0.05 mL/min. The average scattering profile656

of all frames within the elution peak 1 was calculated and subtracted from the average657

buffer scattering to yield the scattering data of the protein complex. The final SAXS658

profile of each ternary complex (Figure 7a) was determined from the average scattering659

signal from the sample in the elution peak 1, where the relatively large variability in the660

calculated radius of gyration, Rg (red solid/open circles in Supplementary Figure 11).661

This indicates that complexes are dynamic or flexible. Data reduction was performed662

using the BioXTAS RAW 2.0.3 software.54 Rg was estimated from experimental an663

SAXS curve using the Guinier approximation,664

I(q) ≈ I(0)e
−q2Rg

2

3 , for q → 0 (1)

where I(q) and I(0) are the measured SAXS intensity and forward scattering intensity665

at q=0, respectively. q is the magnitude of scattering vector given by, q = 4πsinθ/λ,666

where 2θ is the scattering angle and λ is the wavelength of incident beam. The linear667

region in ln(I(q)) vs. q2 was fitted at low-q values such that qmaxRg ≤1.3 to estimate668

Rg, where qmax is the maximum q-value in the Guinier fit (Supplementary Figure 12).669

On the other hand, Rg of the protein complex in simulation was directly calculated670

from atomic coordinates using following relation,671

Rg =

√

∑

imi ‖ri‖
2

∑

imi

(2)

where mi is the mass of ith atom and ri is the position of ith atom with respect to the672

center of mass of the molecule.673
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4.4 Molecular dynamics simulations674

The initial coordinates of the system were obtained from X-ray crystal structures PDB675

ID 6HAX, 6HAY, or 7S4E, respectively. The missing atoms were added using the LEaP676

module in AMBER20. The AMBER ff14SB force field55 was employed for the protein677

and the PROTAC force field parameters were generated using in-house programs for678

all MD simulations in this study. The explicit solvent was modeled using TIP3P water679

encapsulating the solute in a rectangular box. Counter ions were added to the system680

to enforce neutrality. Langevin dynamics was used to maintain the temperature at681

300K and the collision frequency was set to 2.0 ps−1. The SHAKE algorithm was682

utilized so that 2 fs time step could be achieved.683

A step-wise equilibration protocol was used prior to running the production phase684

of the Molecular Dynamics simulations. First, a minimization was performed with a685

positional restraint of 5 kcal mol−1 Å−2 applied to all solute heavy atoms followed by a686

fully unrestrained minimization. Each minimization was composed of 500 steps of the687

steepest decent followed by 2000 steps of conjugate gradient. Using 5 kcal mol−1 Å−2
688

positional restraint on the heavy atoms of the solute, the system was linearly heated689

from 50 to 300 K for a duration of 500 ps (NVT ensemble) followed by a density690

equilibration of 750 ps (NPT ensemble). Over the course of five 250 ps simulations,691

the restraints on the heavy atoms of the systems were reduced from 5 to 0.1 kcal mol−1
692

Å−2. Then, a 500 ps simulation was run with a positional restraint of 0.1 kcal mol−1
693

Å−2 on the backbone atoms followed by a fully unrestrained 5 ns simulation.694

Three independent regular MD simulations were performed for each of the three695

bound degrader complexes for up 1 µs. Structures obtained from these simulations696

were clustered into 25 groups based on their structural similarity. One representative697

structure from each cluster (along with the experimentally obtained crystal structure)698

were used as the set of reference ternary complexes for the evaluation of bound complex699

predictions by WE simulations or docking.700
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4.5 Isoform 1 homology model701

Since no suitable X-ray structure for SMARCA2 isoform 1 BRD domain is available702

in the PDB, we have used the YASARA (Yet Another Scientific Artificial Reality703

Application) homology modeling module (YASARA Biosciences GmbH) to build a704

high-resolution model of SMARCA2 isoform 1 from its amino acid sequence.This was705

used as a model for the binding of the warhead to SMARCA2 isoform1, although706

the final prediction reported here came from our simulations. The sequence that was707

used is Uniprot P51531-1 (residues 1373- 1493) has an additional 17 aa loop compared708

to P51531-2 (missing loop at 1400-1417). As a template for homology modeling, we709

used the structure from the PDB ID 6HAY. Once the model was completed, an Amber710

minimization, which restrained all heavy atoms except the loop residues, was run. This711

ensured that the residues in the loop do not overlap and assume a stable secondary712

structure conformation. Minimization did not show major side-chain movements in713

the final minimized output which further suggested that the structure was stable714

4.6 Unbound System Preparation715

The ternary complexes were unbound “manually” by separating the corresponding716

VHL-PROTAC complex from SMARCA2 by 20 − 40Å (depending on the system).717

The simulation box of these unbound systems were then solvated with explicit waters718

and counter ions were added to neutralize their net charge. The ACBI1 system has719

24, 093 water molecules, 9 chlorine ions. The PROTAC 1 system has 21191 water720

molecules and 10 chlorine ions. The PROTAC 2 simulations has 31, 567 water atoms721

and 9 chlorine ions. All systems were placed in rectangular boxes, with dimensions:722

123Å x 76Å x 98Å for the ACBI1 system 131Å x 84Å x 84Å for the PROTAC 1 system723

and 144Å x 89Å x 91Å for the PROTAC 2 system.724
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4.7 WESTPA simulations725

The binding of ternary complexes was simulated using weighted ensemble methods.726

With WESTPA, short simulations sample in parallel a conformational space divided727

into bins based on pre-defined collective variables (CVs). Each bin may contain a728

number (M) of trajectory “walkers”, i, that carry a certain weight (wi). The simu-729

lations run for a relatively short time (τ = 50ps), after which trajectories are either730

replicated, if their number per bin is < M , or they are merged, if there are > M731

trajectories per bin. Importantly, the sum of all wi equals 1 in any iteration, i.e.,732

the trajectory replication and merging operations correspond to an unbiased statistical733

resampling of the underlying distribution.56 Detailed description about the WE path734

sampling algorithms and the WESTPA software can be found elsewhere.57–59735

The unbound systems described above were taken as the starting configuration for736

each binding simulation with the GPU-accelerated version of the AMBER molecular737

dynamics package.60 To ensure the PROTAC remains bound to the VHL protein during738

these simulations, a modest (1 kcal mol−1 Å−2) flat-bottom position restraint was739

enforced between the center of masses of the ligand and protein binding site heavy740

atoms. All other MD simulation parameters were as described above741

For each of the three systems, two WESTPA simulations were performed: one for742

the initial formation of the ternary complex and one for the refinement of the binding743

interactions. In each case, M was set to 5 and two collective variables (CV1 and CV2)744

were defined to assess progress.745

In the first set of simulations, CV1 was defined as the warhead-RMSD, or w-RMSD,746

of the PROTAC warhead with respect to the corresponding crystal structure of the747

bound complex. CV2 was a combination of two observables; it was either defined to be748

the number of native atomic contacts between the warhead and the SMARCA2 binding749

interface or, if the binding sites were so distant that no contacts were formed, it was750

defined as the distance of the binding partners, i.e., SMARCA2 and the VHL-PROTAC751

binary complex. Contacts were counted between non-hydrogen atoms within a radius752

of 4.5 Å and, to ensure that CV2 is defined along one linear dimension, the contact753
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counts were scaled by -1. This selection of CV1 and CV2 with an appropriate binning754

allowed the separated binding partners to assemble, during the WESTPA simulations,755

into ternary complexes that are similar to the corresponding crystal structures, which756

were used for w-RMSD and native contact calculations.757

In the refinement simulations, both CV1 and CV2 were contact counts. CV1 was the758

number of heavy-atom contacts between two proteins, whereas CV2 was the number of759

heavy-atom contacts between both proteins and the PROTAC. When augmenting the760

WE simulations with HDX-MS data, only the protected residues of the two proteins,761

as informed by the corresponding experiments, were taken into consideration for the762

contact counts of both CVs.763

The ensemble of predicted bound structures was evaluated by comparing the distri-764

butions of minimum interface-RMSDs (I-RMSDs) with respect to the set of reference765

ternary complexes, where the interface is defined by SMC2 and VHL residues within766

10Å. Furthermore, to obtain a subset of reliable predictions, these I-RMSD distri-767

butions only contain structures with w-RMSD < 2Å and > 30 contacts between any768

residues of the two proteins or, in the case of employing HDX data, between the pro-769

tected residues of the two proteins.770

4.8 REVO-epsilon Weighted Ensemble method771

We also applied a variant of the weighted ensemble algorithm, REVO. We will describe772

the application of the REVO algorithm as it pertains to this study, but a more de-773

tailed explanation can be found in previous works. The goal of the REVO resampling774

algorithm is to maximize the variation function defined as:775

V =
∑

i

Vi =
∑

i

∑

j

(

dij
d0

)α

φiφj (3)

where Vi is the walker variation, dij is the distance between walkers i and j deter-776

mined using a specific distance metric, d0 is the characteristic distance used to make777

the distance term dimensionless, set to 0.148 for all simulations, the α is used to deter-778
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mine how influential the distances are to the walker variation and was set to 6 for all779

the simulations. The novelty terms φi and φj are defined as: φi = log(wi)− log
(

pmin

100

)

.780

The minimum weight, pmin, allowed during the simulation was 10−50. Cloning was at-781

tempted for the walker with the highest variance, Vi when the weights of the resultant782

clones would be larger than pmin, provided it is within distance ǫ of the walker with the783

maximal progress towards binding of the ternary complex. The two walkers selected784

for merging were within a distance of 2 (̊A) and have a combined weight larger than785

the maximal weight allowed, pmax, which was set to 0.1 for all REVO simulations. The786

merge pair also needed to minimize:787

Vjwi − Viwj

wi + wj

(4)

If the proposed merging and cloning operations increase the total variance of the788

simulation, the operations are performed and we repeat this process until the variation789

can no longer be increased.790

Three different distance metrics were used while simulating the PROTAC 2 system:791

Using the warhead RMSD to the crystal structure, maximizing the contact strength792

(defined below) between protected residues identified by HDX data, and a linear com-793

bination of the warhead RMSD, contact strength between HDX-protected residues,794

and the contact strength between SMARCA2 and the degrader. The simulations for795

the other systems used the last distance metric exclusively. To compute the warhead796

RMSD distance metric, we aligned to the binding site atoms on SMARCA2, defined as797

atoms that were within 8 Å of the warhead in the crystal structure. Then the RMSD798

was calculated between the warhead in each frame and the crystal structure. The dis-799

tance between a set of walkers i and j is defined as: d = | 1
RMSDi

− 1
RMSDj

|. The contact800

strength is defined by determining the distances between residues. We calculate the801

minimum distance between the residues and use the following to determine the contact802

strength:803
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strength =
1

1 + e−k(r−r0)
(5)

where k is the steepness of the curve, r is the minimum distance between any 2804

residues and r0 is the distance we want a contact strength of 0.5. We used 10 for k805

and 5 Å for r0. The total contact strength was the sum of all residue-residue contact806

strengths. The distance between walkers i and j was calculated by: d = |csi − csj |807

where cs is the contact strength of a given walker.808

All REVO simulations were run using OpenMM v.7.5.0. Simulation details are as809

described above. The degrader-VHL interface was restrained to maintain the complex810

during the simulation by using a OpenMM custom centroid force defined as:811

CentroidForce = k ∗ (dist− edist)2 (6)

where the dist is the distance between the center of mass of PROTAC and the center of812

mass of VHL and the edist is the distance between the center of mass of PROTAC and813

center of mass of VHL of the crystal structure, and k is a constant set to 2 kcal/mol ∗814

Å2.815

4.9 Ternary complex docking protocol816

Following27,29 (Methods 4 and 4b) and,26 we assume that high fidelity structures of817

SMC2:warhead and VHL:ligand are known and available to be used in protein–protein818

docking. This docking of two proteins with bound PROTAC moieties is performed in819

the absence of the linker. The conformations of linker are sampled independently with820

an in-house developed protocol that uses implementation of fast quantum mechanical821

methods, CREST.61–63 Differently from the docking protocols described in,26,27,29 we822

make use of distance restraints derived either from the end-to-end distances of the823

sampled conformations of linker, or from the HDX-MS data. Thus, before running824

the protein-protein docking, we generate an ensemble of conformers for linkers and825

calculate the mean (x0) and standard deviation (sd) for the end-to-end distance. This826
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information is then used to set the distance restraints in the RosettaDock software:64,65827

f1(x) = (
x− x0
sd

)2, (7)

where x is the distance between a pair of atoms in a candidate docking pose (the pair828

of atoms is specified as the attachment points of the linker to warhead and ligand).829

When information about the protected residues is available from HDX-MS experi-830

ments, we used them to set up a set of additional distance restraints:831

f2,i(x) =
1

1 + exp(−m · (x− x0))
− 0.5, (8)

where i is the index of a protected residue, x0 is the center of the sigmoid function and832

m is its slope. As above, x0 value was set to be the mean end-to-end distance calculated833

over the ensemble of linker conformers. The value of m was set to be 2.0 in all the834

performed docking experiments. The type of RosettaDock-restraint is SiteConstraint,835

with specification of Cα atom for each protected residue and the chain-ID of partnering836

protein (i.e., x in Eq.(8) is the distance of Cα atom from the partnering protein). Thus,837

the total restraint-term used in docking takes the form:838

frestr.(x) = w · (f1(x) +
∑

i

f2,i(x)), (9)

where w = 10 is the weight of this additional score function term.839

RosettaDock implements a Monte Carlo-based multi-scale docking algorithm that840

samples both rigid-body orientation and side-chain conformations. The distance-based841

scoring terms, Eq. (9), bias sampling towards those docking poses that are compatible842

with specified restraints. This limits the number of output docking structures, as only843

those ones that pass the Metropolis criterion with the additional term of Eq. (9) will844

be considered.845

Once the docking poses are generated with RosettaDock, all the pre-generated con-846

formations of the linker are structurally aligned onto each of the docking predictions.26847
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Only those structures that satisfy the RMS-threshold value of ≤ 0.3 Å are saved as848

PDB files. All the docking predictions are re-ranked by the values of Rosetta Interface849

score (Isc). The produced ternary structures are examined for clashes, minimized and850

submitted for further investigations with Molecular Dynamics methods. Details about851

running the described docking protocol can be found in Supplementary Material.852

4.10 HREMD simulation853

The details of Hamiltonian replica-exchange MD (HREMD)66,67 can be found in the854

Supplementary Material (Supplementary Figures 13 and 14, and Table 2). For all855

HREMD simulations, we chose the effective temperatures, T0 = 300 K and Tmax = 425856

K such that the Hamiltonian scaling parameter, λ0 = 1.00 and λmin = 0.71 for the low-857

est and the highest rank replicas respectively. We estimated the number of replicas (n)858

in such a way that the average exchange probabilities (p) between neighboring replicas859

were in the range of 0.3 to 0.4. We used n=20 and n=24 for SMC2:degrader:VHL860

and SMC2:degrader:VCB respectively. Each simulation was run for 0.5 µs/replica,861

and a snapshot of a complex was saved every 5 ps (total 100,001 frames per replica).862

Finally, we performed all the analyses on only the lowest rank replica that ran with863

original/unscaled Hamiltonian.864

We assessed the efficiency of sampling by observing (i) the values of p, (ii) a good865

overlap of histograms of potential energy between adjacent replicas (Supplementary866

Figure 13), and (iii) a mixing of exchange of coordinates across all the replicas (Sup-867

plementary Figure 14).868

4.11 Conformational free energy landscape determination869

In order to quantify to the conformational free energy landscape, we performed dimen-870

sion reduction of our simulation trajectories using principle component analysis (PCA).871

First, the simulation trajectories were featurized by calculating interfacial residue con-872

tact distances. Pairs of residues were identified as part of the interface if they passed873
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within 5 Å of each other during the simulation trajectory, where the distance between874

two residues was defined as the distance between their closest heavy atoms. PCA was875

then used to identify the features that contributed most to the variance by diagonal-876

izing the covariance matrix; for each simulated system, the number of features used in877

our analysis was chosen as that which explained at least 95% of the variance.878

After projecting the simulation data onto the resultant feature space, snapshots879

were clustered using the k-means algorithm. The number of clusters k was chosen880

using the “elbow-method”, i.e. by visually identifying the point at which the marginal881

effect of an additional cluster was significantly reduced. In cases where no “elbow”882

could be unambiguously identified, k was chosen to be the number of local maxima883

of the probability distribution in the PCA feature space. Interestingly, the centroids884

determined by k-means approximately coincided with such local maxima, consistent885

with the interpretation of the centroids as local minima in the free energy landscape.886

To prepare the Folding@home simulations, HREMD data were featurized with in-887

terface distances and its dimensionality reduced with PCA as described above. The888

trajectory was then clustered into 98 k-means states, whose cluster centers were selected889

as ’seeds’ for Folding@home massively parallel simulations. The simulation systems and890

parameters were kept the same as for HREMD and loaded into OpenMM where they891

were energy minimized and equilibrated for 5 ns in the NPT ensemble (T = 310 K, p892

= 1 atm) using the openmmtools Langevin BAOAB integrator with 2 fs timestep. 100893

trajectories with random starting velocities were then initialized on Folding@home for894

each of the seeds. The final dataset consists of 9800 trajectories, 5.7 milliseconds of895

aggregate simulation time, and 650 ns median trajectory length. This dataset is made896

publicly available at:897

https://console.cloud.google.com/storage/browser/paperdata.898

For computational efficiency, the data was strided to 5 ns/frame, featurized with899

closest heavy atom interface distances (as described above), and projected into tICA900

space at lag time 5 ns using commute mapping. The dimensionality of the dataset901

was reduced to 339 dimensions, keeping the number of tICs necessary to explain 95%902
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of kinetic variance. The resulting tICA space was discretized into 1000 microstates903

using k-means. The Markov state model (MSM) was then estimated from the result-904

ing discretized trajectories at lag time 50 ns using a minimum number of counts for905

ergodic trimming (i.e. the ’mincount connectivity’ argument in PyEMMA) of 4, as906

the default setting resulted in a trapped state whose connectivity between simulation907

sub-ensembles starting from two different seeds was observed only due to clustering908

noise. The validity of the MSM was confirmed by plotting the populations from raw909

MD counts vs. equilibrium populations from the MSM, which is a useful test, espe-910

cially when multiple seeds are used and the issue of connectivity is paramount. A911

hidden Markov model (HMM) was then computed using 5 macrostates to coarse-grain912

the transition matrix.913

4.12 Comparison of HREMD to SAXS experiment914

We validated the HREMD-generated ensembles of SMC2-isoform1/isoform2:ACBI1:VCB915

complexes by directly comparing to the experimental SAXS data. The theoretical916

SAXS profile was computed from each snapshot from the HREMD simulation tra-917

jectory using CRYSOL68 available in a software package ATSAS.69 The following918

CRYSOL command was used: crysol < filename.pdb > −lm 20 −sm 0.5 −ns 201919

−un 1 −eh −dro 0.03. To expedite the writing of PDBs from HREMD trajectory and920

calculation of SAXS profiles, we used the multiprocessing functionality implemented921

in a Python package idpflex.70 The ensemble-averaged theoretical SAXS profile was922

determined as below,923

< I(q) >=
1

n

n
∑

i=1

Ii(q) (10)

where n = 100,001 is the total number of frames in HREMD trajectory of each complex.924

The ensemble-averaged theoretical SAXS profile was compared to experiment (Figure925

7c) by minimizing chi-square (χ2) given by,926
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χ2 =
1

(m− 1)

m
∑

i=1

{

[

< Iexpt(qi) > −(c < Icalc(qi) > +b)
]

σexpt(qi)

}2

(11)

where < Iexpt(q) > and < Icalc(q) > are the ensemble-averaged experimental and927

theoretical SAXS intensities respectively, m is the number of experimental q points, c928

is a scaling factor, b is a constant background, and σexpt is the error in Iexpt(q).929

4.13 Cullin-RING E3 ubiquitin ligase (CRL) simulations930

to explore activation931

To study the impact of different bifunctional molecules on ubiquitination, first we932

constructed an active form of the Cullin-RING E3 ubiquitin ligase (CRL) with VHL and933

grafted it onto the ternary structures from the VHL-degrader-SMARCA2 simulations934

described above. We used targeted MD simulations (TMD)71 to drive the activation of935

the CLR based on the active structure of a homologous E3 ligase, CRL-βTrCP (PDB936

ID 6TTU).51 The full CRL-VHL system was built using PDB IDs 1LQB and 5N4W937

including VHL, ElonginB, ElonginC, Cullin2, and RBX1.11,72 NEDD8 was placed near938

residue Lys689 of the CRL where neddylation occurs.939

As the collective variable for TMD, we used the residue-based RMSD of the last940

˜70 Cα atoms of the Cullin C-terminus (where neddylation and subsequent activation941

occur) of Cullin1 from the 6TTU structure51 as the reference state and modeled Cullin2942

from its inactive form in the 5N4W structure to this reference state. In addition, the943

Cα atoms of the entire NEDD8 protein from the 6TTU structure was also used as a944

reference structure during TMD. Residues 135 to 425 from Cullin2 and corresponding945

residues from Cullin1 were used for alignment during TMD. The force constant for946

TMD was set to 30 kJ/mol/nm2. The system in a rectangular simulation box with947

a total number of ˜500K atoms and an ionic concentration of 0.120 M using KCl.948

Hydrogen mass repartitioning (HMR) was used to enable 4 fs timestep simulations949

using the the AMBER ff14SB force field parameters. The TMD structure was then950
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used to build the entire complex for CRL-VHL-Degrader-SMARCA2. The system also951

included E2 and ubiquitin from the 6TTU structure. This system was solvated in952

a truncated octahedral box to avoid protein rotation during simulation and it was953

equilibrated for about 30 ns before subsequent meta-eABF simulations for identifying954

the ubiquitination zone.955

4.14 Meta-eABF simulations on full Cullin-RING E3 ubiq-956

uitin ligases (CRL) complex957

We employ an advanced path-based simulation method that combines metadynamics958

with extended adaptive biasing force (meta-eABF) to study the dynamic nature of959

the full CRL-VHL-degrader-SMARCA2 complex and generate a diverse set of putative960

closed conformations that place the E2-loaded ubiquitin close to lysine residues on961

SMARCA2. The results from the meta-eABF simulation are used to seed additional962

simulations for unbiased ensemble-scale sampling.963

Detailed description of the meta-eABF algorithm and its variants can be found964

elsewhere,73–76 but for clarity we present a brief account here. Similar to adaptive965

biasing force (ABF) methods, meta-eABF simulations also utilize adaptive free energy966

biasing force to enhance sampling along one or more collective variables (CVs), but967

the practical implementation is different. Meta-eABF evokes the extended Lagrangian968

formalism of ABF whereby an auxiliary simulation is introduced with a small number969

of degrees of freedom equal to the number of CVs, and each real CV is associated with970

its so-called fictitious counterpart in the low-dimensional auxiliary simulation. The971

real CV is tethered to its fictitious CV via a stiff spring with a large force constant and972

the adaptive biasing force is equal to the running average of the negative of the spring973

force. The biasing force is only applied to the fictitious CV, which in turn “drags” the974

real simulation along the real CV via the spring by periodically injecting the instan-975

taneous spring force back into the real simulation. Moreover, the main tenet of the976

meta-eABF method is employing metadynamics (MtD) or well-tempered metadynam-977
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ics (WTM) to enhance sampling of the fictitious CV itself. The combined approach978

provides advantages from both MtD/WTM and eABF.979

For CRL-VHL closure we chose a single CV, the center-of-mass (COM) distance be-980

tween SMARCA2 and E2 ligase-ubiquitin (E2-Ub) complex. The initial COM distance981

after relaxation was ∼65 Å, and we ran 40 ns of meta-eABF simulation biasing the982

COM distance between 25-75 Å. During this simulation we saw multiple ring closing-983

opening events with the last frame representing a slightly open conformation with984

COM distance ∼36 Å. We then continued the meta-eABF simulation for another 80985

ns but narrowing the bias range on the COM distance to 25-40 Å in order to focus986

the sampling on closed or nearly closed conformations. The simulations were run using987

OpenMM 7.577 interfaced with PLUMED 2.7.78988
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