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Targeted protein degradation (TPD) is a promising approach in drug discovery
for degrading proteins implicated in diseases. A key step in this process is the
formation of a ternary complex where a heterobifunctional molecule induces
proximity of an E3 ligase to a protein of interest (POI), thus facilitating ubi-
quitin transfer to the POL. In this work, we characterize 3 steps in the TPD
process. (1) We simulate the ternary complex formation of SMARCA2 bro-
modomain and VHL E3 ligase by combining hydrogen-deuterium exchange
mass spectrometry with weighted ensemble molecular dynamics (MD). (2) We
characterize the conformational heterogeneity of the ternary complex using
Hamiltonian replica exchange simulations and small-angle X-ray scattering. (3)
We assess the ubiquitination of the POI in the context of the full Cullin-RING
Ligase, confirming experimental ubiquitinomics results. Differences in degra-
dation efficiency can be explained by the proximity of lysine residues on the

POI relative to ubiquitin.

Heterobifunctional degraders are a class of molecules that induce
proximity between a target protein of interest (POI) and a E3 ubiquitin
ligase, which can lead to ubiquitination of the POI and its subsequent
proteosomal degradation through a complex machinery of proteins’.
Degrader molecules provide the opportunity of a novel therapeutic
modality as compared with traditional small molecule inhibitors—sin-
gle molecules induce catalytic turnover of the POl and potentially offer
an avenue for modulation of targets traditionally labeled as undrug-
gable by classical therapeutic strategies**. Heterobifunctional degra-
ders consist of two separate protein binding moieties (the warhead
and the E3-ligand) joined by a linker. The warhead binds to the POI (and
we note that the degrader molecules studied here all have a non-
covalently binding warhead) and the E3-ligand binds to an E3 ubiquitin
ligase such as Cereblon (CRBN)®, clAP®, KEAPY’, von Hippel-Lindau
protein (VHL)®’, or, potentially, to any of the more than 600 known E3
ubiquitin ligases®. The ternary complex induced by the E3-ligand-
linker-warhead degrader molecule is critical for bridging the interac-
tions between the POl and a ubiquitin ligase (which can be the native or

a non-native degradation partner of the POI). An important con-
sideration when assessing putative degrader molecules is the coop-
erativity of the ternary complex, i.e., the difference between the
binding affinity of the ternary complex and the binary components,
which can influence degradation efficiency. The cooperativity is
thought to result from interactions across the induced interface of the
POI-ligase pair™.

The formation of the POI-degrader-ligase ternary complex is
central to the targeted protein degradation (TPD) process, but how the
formation of the ternary structure impacts protein degradation is still
poorly understood, especially given the dynamic nature of the
complex' X-ray crystallography of the ternary complex® provides a
high-resolution structure of a single conformational state, but a
growing body of evidence suggests that the dynamic nature of the
ternary structure may not be accurately represented by this lowest
energy crystallization snapshot. For instance, a study of several het-
erobifunctional degraders found that different degraders displayed
different degrees of efficiency, although the corresponding ternary
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complex structures are nearly identical, thus raising questions about
the static structural representations of the ternary complex and
degradation efficiency. Studies targeting the degradation of Burton
Tyrosine Kinase (BTK) by CRBN or cIAP found that high degradation
efficiencies can also be achieved through degrader molecules that
induce a non-cooperative ternary complex, demonstrating a dis-
connect between binding affinity and degradation efficiency™. It
appears that for degraders that bind with relatively weak affinity
(-1 M) to either the target or the ligase, cooperativity is crucial to
optimize degradation. On the other hand, for degraders with very high
binding affinity (low nM) to the target or the ligase, cooperativity is less
crucial.

This and other findings™'® suggest that degradation efficiency is
more complex than can be understood through the thermodynamics
of binding or the analysis of static structures. As such, determining the
dynamic ensemble of the ternary complex may reveal mechanistic
insights to facilitate the design of more effective degrader
molecules™”*%, Previous work to computationally predict ternary
structures has primarily consisted of protein-protein docking proto-
cols with rigid protein structures, possibly followed by refinement of
the initial structures with molecular dynamics (MD) simulations to
assess the stability of the predicted models'®?°. However, these
docking protocols fail to predict experimentally determined struc-
tures with high fidelity and they neglect the aforementioned dynamic
nature of the ternary structure, highlighting the challenge associated
with the generation of ternary structure models.

Recently, Eron et al., using HDX-MS, demonstrated how ternary
complex structures of BRD4 do not represent the biologically relevant
conformer of the ternary complex induced with CRBN. Molecular
modeling revealed the dynamic nature and alternative conformations,
which helped explain the dramatically increased cooperativity, ternary
complex formation, and degradation of their molecule, CFT-1297,
compared to the literature standard, dBET6”. The authors use
experimental data to improve protein-protein docking predictions,
but they admit that the high flexibility of degrader-induced ternary
complexes impedes a complete description of the bound conforma-
tions using their approach.

The goal of our work here is to understand the structural and
dynamic basis of targeted protein degradation and ultimately design
molecules for synthesis. We specifically focus on three different VHL-
recruiting degraders of SMARCA2, for which crystal structures exist.
PROTAC 1 (PDB ID: 6HAY*) and PROTAC 2 (PDB ID: 6HAX'®) have been
solved previously and ACBI1 (PDB ID: 7S4E) was solved and deposited
as part of this work. The cooperativities and degradation efficiencies
for each of these molecules are summarized in Supplementary Table 1.
We carry out MD simulations in combination with hydrogen-
deuterium exchange mass-spectrometry (HDX-MS), shedding light
on the dynamics of the ternary complexes beyond what is provided by
static crystal structures. Specifically, we use protection data derived
from HDX-MS as collective variables in weighted-ensemble MD simu-
lations that predict ternary complex conformations, enhancing both
the speed and accuracy of the computational predictions. We also
show the usefulness of HDX-MS data as constraints for
protein—-protein docking when higher throughput and lower resolu-
tion models are sought, such as when screening many degrader
molecules. Furthermore, we introduce methods that include long-
timescale MD simulations augmented with small-angle X-ray scattering
(SAXS) data and Markov state modeling to determine the conforma-
tional free energy landscapes of the ternary complexes, which is the
foundation for quantifying the populations of different conforma-
tional states. Finally, as an example of downstream use of these
models, we assemble the entire Cullin-RING ligase (CRL) to explore
structural and dynamic factors that may be associated with ubiquiti-
nation. Mass spectrometry-based proteomics experiments validate the
predicted ubiquitination of several lysines of SMARCA2 induced by

ACBIl, supporting the use of the CRL model as a criterion for
explaining degradation.

This work offers insights into the dynamic nature of the ternary
structure ensemble and that of the full CRL macromolecular assembly
that could explain ubiquitination and downstream protein degrada-
tion. Our results can be used to guide the design of novel degrader
molecules that induce a productive ternary complex ensemble. In
particular, having a small set of high-population ternary complex
structures can provide an avenue for structure-based degrader dis-
covery, particularly focused on the design of linkers that improve
drug-like properties of the degrader molecule while maintaining or
improving the aspects of the ternary structure ensemble that lead to
ubiquitination.

Results

Different degraders induce similar ternary complex crystal
structures

The ternary complexes of the bromodomain of SMARCA2 isoform 2
(is02-SMARCA2®®) and the VHL/Elongin C/Elongin B (VCB) complex
induced by different heterobifunctional degraders have been studied
extensively'®. In particular, PROTAC 1, PROTAC 2, and ACBI1 are three
degrader molecules that induce a ternary SMARCA2°":VCB complex
with quite different degradation efficiencies (see Supplementary
Table 1). Whereas crystal structures of the ternary complexes induced
by PROTAC1(PDB ID: 6HAY) and PROTAC 2 (PDB ID: 6HAX) exist, none
has been reported to date for ACBI1, the most potent degrader among
them. Thus, we determined the structure of SMARCA2®":VCB liganded
by ACBI1 via X-ray crystallography (see electron density map of the
ternary complex interface in Supplementary Fig. 1). The structure was
obtained by hanging drop vapor diffusion (see X-ray structure deter-
mination of is02-SMARCA2®°:ACBI1:VCB complex in the Methods for
more details)’® and solved by molecular replacement to 2.25 A in the
highest resolution shell (Supplementary Table 2), using the PROTAC 2
crystal structure (PDB ID: 6HAX) as the search model (Fig. 1a).

ACBI1 bridges the induced interface, forming contacts with both
proteins. Importantly, the degrader induces favorable contacts across
the non-native interface, such as VHL:R69 and SMARCA2°":F1463
(Fig. 1b, c). SMARCA2°":N1464 maintains critical bivalent contacts to
the aminopyridazine group of ACBII, positioning the terminal phenol
group for pi-stacking interactions with residues F1409 and Y1421
(Fig. 1b, c). On the ligase side of the interface, the interactions between
Y98 and ACBI1 are consistent with those between the same residue and
PROTAC 1 or PROTAC 2 (Fig. 1b, ¢)*.

Despite differences in the linker compositions, the
protein-protein interface induced by ACBII is structurally similar to
that induced by PROTACs 1 or 2'¢ (Fig. 1d). A slight 1.7 A twist of ACBI1
compared to the other two degraders, which can be ascribed to their
minor differences (e.g. the ACBI1 linker has one additional ether group
compared to the PROTAC 2 linker), results in a subtle swing of the
protein in the crystal structure (Fig. 1d). However, the major
protein—-protein interface contacts are the same (Supplementary
Fig. 2) and the structural differences do not align with the markedly
different degradation efficiencies obtained'®, suggesting that the cor-
responding (dynamic) ensembles of induced ternary complexes may
be fairly different and therefore responsible for the degradation dif-
ferential between PROTAC 1, PROTAC 2, and ACBIL. Consistent with
other studies'%, this implies that crystallographic snapshots are not
suitable to provide a holistic view of the ensemble of all possible
ternary complex structures in solution, but merely represent a subset
of the relevant conformations favored by crystallization.

Hydrogen-deuterium exchange reveals extended
protein-protein interfaces

In order to assess the impact of different degrader molecules on the
dynamic nature of interactions at the SMARCA2PP:VHL interface,
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Fig. 1| Ternary complex of SMARCA2® and VHL/Elongin C/Elongin B (VCB)
induced by ACBI1 shows structural similarities to those induced by PROTAC 1
and PROTAC 2. a Overall perspective of SMARCA2®" and the VCB complex induced
by degrader molecule ACBI1 (shown as yellow stick representation). b ACBII-
induced interface contacts between SMARCA2®® and VHL. Annotated residues are
among those that make the highest number of contacts (see panel c). ¢ A contact
map for the interface of the crystal structure (obtained by the Arpeggio software’).

Contacts are indicated when 10 atomic contacts (i.e., distance < 4.5 A) are present.
d Superposition of the crystal structures of PROTAC 1 (PDB ID: 6HAY, purple),
PROTAC 2 (6HAX, salmon), and ACBI1 (7SE4, green) by aligning VHL (orange sur-
face representation) shows varied conformations of the three degraders (up to
2.0 A at the warhead), resulting in minor alterations of SMARCA2®® within the
ternary complex.

we performed hydrogen-deuterium exchange (HDX) mass spectro-
metry experiments on the respective APO (i.e., either SMARCA2® or
VCB), binary (i.e., either protein bound to a degrader) and ternary (i.e.,
SMARCA2:degrader:VCB complex) species (see Supplementary
Tables 3-7) to characterize the induced protein-protein interfaces in
solution”. This approach is a promising alternative to previous
attempts at characterizing degrader ternary complexes that employed
multiple crystal structures?, NMR™, and SAXS coupled with various
forms of modeling. In addition, there exists a wealth of knowledge for
the integration of HDX-MS coupled with computational modeling®.
Importantly, changes in the rate of deuterium incorporation are
dependent on factors like pH, temperature, solvent occlusion and
molecular interactions like hydrogen bonding®. Since we control the
temperature and pH using robotics systems, that enable precise tem-
poral control over D,O exposure, we can probe the effects of (binary
and ternary) complex formation on hydrogen bonding and solvent

exposure. To ascertain the changes in solvent protection in the binary
or ternary complex, the uptake of the APO or binary species is sub-
tracted from that of the corresponding binary or ternary states
(referred to as BinaryAAPO and TernaryABinary), respectively. The
results are summarized in difference plots that highlight the statisti-
cally significant (95% or 98% confidence interval) changes in deuterium
uptake (see Supplementary Fig. 37a-d for the SMARCA2®":VCB com-
plex induced by ACBII).

Figure 2a reveals that large regions of SMARCA2®® become pro-
tected upon ternary complex formation induced by ACBI1 (see Ter-
naryABinary difference plot). These stretches of protected residues,
e.g., amino acids 1409-1422 and 1456-1470, overlap with the warhead
binding site based on the ternary complex structure published in this
work (7S4E) and those published previously (6HAY, 6HAX), which
confirms the similarity of the ternary complex interface among the
three degrader molecules discussed above. In addition, there are also
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Fig. 2 | HDX-MS reveals an extended interface of the ACBIl-induced SMAR-

CA2°P:VHL ternary complex compared to crystallographic data. a SMARCA2®°
HDX difference plots covering residues 1408-1424. Binary as compared to the APO,
and ternary as compared to the binary states reveal increased protection induced
by the presence of ACBI1 and VCB complex. b VHL HDX difference plots covering
residues 52-76. Binary compared to APO and ternary compared to binary states of
the VHL subunit highlighting extended exchange patterns due to the presence of

Exposure

the ternary complex. ¢ Exchange patterns induced by the binary and ternary forms
of the complex superimposed on the crystal structure (PDB ID: 7S4E). d Binary-
specific induced HD exchange near the E3-ligand and warhead binding sites of VHL
and SMARCA2"®P, e Ternary-specific induced HD exchange near the E3-ligand and
warhead binding sites of VHL and SMARCA2®®. f Proposed solution-state extended
protein interface that may take advantage of salt-bridge interactions to increase
cooperativity of the protein-protein complex.
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stretches of protected amino acids, 1394-1407, that are too distant
from the established binding interface to result from complex for-
mation (Fig. 2a, f).

Importantly, the HDX-MS experiments enable us to monitor the
impact of cooperativity on ternary complex formation. For instance,
the BinaryAAPO plot of SMARCA2® reveals minimal differences (left
column in Fig. 2a), suggesting a comparable amount of protection
upon ACBII-binding to SMARCA2®. However, it should be kept in
mind that, in our experiments, the concentrations of SMARCA2°®® and
ACBI1 (both at ~15 uM after dilution, see “Methods”) are close to their
dissociation constant, K, =10 uM'®, which, based on standard enzyme
complex calculations, means that ~45% of the solutes form a binary
complex. This is far less than the 80% threshold required to measure
the effect of binding events on deuterium exchange (see “Methods”),
providing a rational explanation for the aforementioned highly similar
protection patterns of the APO and the binary states that, as a matter of
fact, result from the frequent binding and unbinding events in the
binary system. Central to the theme of cooperativity, adding only VCB
(<15 pM, see “Methods”) to SMARCA2®° and ACBI1, under the very same
experimental conditions as in the SMARCA2®P:ACBI1 binary system,
yields strong protection of distinct regions on SMARCA2®® (Fig. 2c).
Obviously, the presence of VCB alone limits the observed deuterium
exchange (indicated by the TernaryABinary plot in the right column of
Fig. 2a), suggesting that the ligase forms (non-native) contacts with
SMARCA2P, which stabilize the interactions with ACBI1 in a coopera-
tive fashion, and, consequently, greatly reduce the amount of ACBI1
required to elicit a binding response on SMARCA2®P. It is important to
note that, while cooperativity induced by VHL is enhancing the ability
of SMARCA2®® to bind ACBIL, the resultant protection on SMARCA2EP
within the ternary complex is a mixture of both binary and ternary
protection effects. Nevertheless, these considerations illuminate the
crucial role of cooperativity in degrader-induced targeted protein
degradation.

Large regions of VHL are protected in the presence of the E3-ligand
too, as indicated by the corresponding BinaryAAPO difference plot (see
left column in Fig. 2b). The most protected residues in the binary state
are centered around amino acids 87-116, which include all nine residues
in the E3-ligand binding site of VHL. In the presence of SMARCA2®" (see
TernaryABinary difference plot in the right column in Fig. 2b), much of
the allosteric network due to E3-ligand binding can be subtracted away
leaving only the most significantly protected residues induced by tern-
ary complex formation (Fig. 2b, d). In particular, residues 60-72, which
house the critical interaction of R69, show significant protection due to
ternary complex formation (Fig. 2b, d). Moreover, we observe protec-
tion of residues 166-176 and residues 187-201 on VHL (see Supple-
mentary Fig. 37 b, ) as well as some regions on Elongin B and C upon
ternary complex formation (see Supplementary Fig. 37c, d). Although
these sites are distal from the binding interface, they can be proximal to
each other as their mapping onto the ternary complex crystal structure
reveals (Fig. 2c). This suggests that conformational changes of the VCB
ligase in ternary complex may exist, that differ from those in its APO or
binary state, potentially giving rise to allosteric effects® that play a role
in the ACBIl-induced arrangement of SMARCA?2 in the full Cullin-RING
ligase complex.

The difference between HDX-MS binary and ternary SMARCA25°
experiments reveals that the interactions at the protein-protein
interface help stabilize the ternary complex. Many of the charged
interface residues, that are solvent-exposed and outside the range of
traditional hydrogen bonding or salt-bridge interactions (>6.3 A) in the
corresponding X-ray crystal structure (e.g. K1416, E1420, E1423 on
SMARCA2®® and R60, R64 on VHL) are determined to be protected
based on the HDX-MS results (Fig. 2e). In fact, the protected, charged
interface residues of SMARCA2® lie outside the direct warhead bind-
ing pocket in the crystal structure of the ternary complex. Interest-
ingly, R60 through R64 on VHL are protected in the ternary complex

for a longer duration than in the binary complex alone. This enhanced
protection across the interface suggests that conformational rearran-
gements are responsible for protein-protein interactions. Our simu-
lations presented below (see “Results” section “The structural
determinants of degrader ternary complex formation”) support this
hypothesis, finding contacts between several of these charged inter-
face residues. These results further underscore the importance of
cooperativity driving the formation of the ternary complex for ligases
with poor binding affinity to the POI.

Interestingly, we find that isol-SMARCA2®":ACBI1:VCB shows a
slightly different protection pattern from iso2-SMARCA2":ACBI1:VCB,
mainly in that residues G104 through L116 of VHL show significant
protection in the former compared to the latter ternary complex. In
our crystal structure of the iso2-SMARCA2°":ACBI1:VCB system, these
protected residues are close to the site where the additional 17 resi-
dues of isol-SMARCA2® appear, suggesting that the protected resi-
dues in VHL may be interacting with these residues that are not present
in is02-SMARCA2°®P. Consistent with this hypothesis, residues 11414
N1417 of the isol-SMARCA2°®® extension show some protection in the
ternary complex.

Studying the solution-state dynamics of degrader ternary com-
plexes uncovers key details that are missed by crystallographic snap-
shots alone. As many of the crystallographic contacts are nearly
identical between the different degrader molecules, important inter-
actions may be underrepresented in the crystal structure, such as
those between charged interface residues or residues distal from the
binding site identified to be significantly protected upon ternary
complex formation. Therefore, utilizing HDX-MS information, or other
data derived from solution-state experiments, as restraints in model-
ing and simulation opens a pathway from a single accepted protein
structure to a vast ensemble of conformations. Production of accurate
ternary complex ensembles enables alternative routes for the design,
optimization, and mechanism-of-action studies of heterobifunctional
degraders.

HDX data enhance weighted ensemble simulations of ternary
complex formation

We simulate the formation of iso2-SMARCA2®:VHL degrader ternary
complexes using weighted ensemble (WE) simulations, where a set of
weighted trajectories are evolved in parallel along pre-defined collec-
tive variables, providing a means to compute non-equilibrium prop-
erties and predict likely binding pathways*. This path-sampling
strategy can sample rare events by orders of magnitude more effi-
ciently than conventional MD simulations and it has been employed
before for tasks such as protein—protein®” and protein-ligand binding?®.
It is noteworthy, however, that our simulations are not informed by
any structural data about the ternary complex interface from X-ray
crystallography experiments.

Starting from a dissociated configuration, in which the degrader
molecule is bound to VHL, yet both are clearly apart from SMARCA25”
(initial separation distance -20 A), the formation of ternary aggregates
is simulated yielding complexes with interface structures well com-
parable to those obtained experimentally, which are generally
located in the low free energy basins. For these simulations, we use a
collective variable defined by the number of atomic contacts and
the warhead-RMSD (w-RMSD) with respect to the crystal structure of
the target-warhead complex (see the “Methods” section "WE-HDX
simulations”).

As HDX experiments show, and our simulations of ternary com-
plexes below confirm, the ternary complex exists as a dynamic
ensemble of multiple conformations, of which the X-ray structure is a
snapshot. Thus, we assess the quality of bound complexes by the
minimum interface-RMSD (I-RMSD)* of each simulated aggregate with
respect to a set of structurally diverse reference ternary structures (see
Supplementary Fig. 5). This set of distinct structures is obtained from
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long-timescale (>1ps) brute-force MD simulations, thus allowing a
comparison to a variety of possible ternary complexes and not merely
to a single experimental reference structure. We provide detailed
descriptions of the methodology and the evaluation of all simulations
performed in the Supplementary Information.

Protein-protein encounter complexes, i.e., the formation of pro-
tein contacts, are usually observed within 500 ns of aggregate simu-
lation time. An ensemble of about 500 bound ternary complexes with a
minimum I-RMSD < 2 A can usually be obtained after -2 ps, which takes
~12 days using a single A40 GPU per simulation but is highly paralle-
lizable to more GPUs.

Remarkably, when introducing as a collective variable the number
of contacts formed by the protected residues (see Supplementary
Table 8), as determined by the HDX-MS experiments described above,
the prediction accuracy of ternary complex formation is significantly
improved compared to simulations in which any protein-protein
contacts were considered (see Supplementary Figs. 3 and 4). Supple-
mentary Movie 1 (see Supplementary Table 15) shows the continuous
trajectory of one such ternary complex binding event, where the
addition of protected-residue contacts enhances the ternary complex
binding.

We note that the use of HDX-MS data in our approach is rather
qualitative, as the simulations are solely informed by the existence of
specific interaction sites and not by the degree of those interactions.
HDX rate constants are not estimated during the simulations as often
performed in quantitative approaches that combine HDX-MS experi-
ments with simulation®. Rather, our method falls in the category of
simulations guided by HDX-MS data, in which qualitative correlations
between simulation and experiment are attempted to be established”
(see Supplementary Note 1). We present a particularly interesting
example of synergy between molecular simulations and HDX-MS
experiments, in which the path-sampling algorithm is furnished with a
fairly simple parameter derived from the experimental measurements,
i.e., the contact numbers between distinct sites. We call this integrated
approach WE-HDX. Despite its simplicity, WE-HDX seems particularly
appropriate for the formation of ternary complexes that have distinct
contacts across their binding interface.

To systematically study the formation of SMARCA2®:VHL ternary
complexes with all three degraders, we run seven independent WE-
HDX simulations with PROTAC 2 for an aggregate simulation time of
12.5 ps and three such simulations totaling -6 ps for both PROTAC 1
and ACBIL. The difference in the number of simulations is due to the
greater flexibility of the PROTAC 2 ternary complexes, compared to
the other two degraders. Ensembles of bound ternary complexes were
formed with minimum I-RMSDs of 0.5 A for ACBIL, 0.7 A for PROTAC1,
and 1.1A for PROTAC 2, respectively.

To highlight the sampling ability of WE-HDX simulations, Figure 3a
compares the minimum I-RMSD of the SMARCA2®":PROTAC 2:VHL
simulation with that from vanilla MD simulations of the same system as
a function of aggregate simulation time. While the minimum I-RMSD
converges to 2.5 A in the WE-HDX simulations within 0.5 pis of aggregate
simulation time, that for the vanilla MD remains as high as 10 A after 1.4
Ks of simulation.

The very high prediction accuracy of the WE-HDX simulations is
illustrated for the SMARCA2®P:PROTAC 2:VHL system in Fig. 4. One
example of a predicted structure is visualized in Fig. 4a, b. The contact
maps presented in Fig. 4c compare the ternary interface of the
experimental crystal structure to that of the minimum I-RMSD struc-
ture produced by the WE-HDX simulations. Each point reflects the
degree of interaction, revealing an interaction pattern from the WE-
HDX simulations that is comparable to that from experiment. The
near-perfect alignment (minimum I-RMSD=11A) of one sampled
conformation with the crystal structure shown in Fig. 4d further
emphasizes that the interactions of degrader ternary complexes
observed experimentally can be recaptured by WE-HDX.
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Fig. 3 | Assessing ternary complex formation. a The minimum I-RMSD over time
during the WE-HDX simulations of the PROTAC 2 system. Each green line indicates
one replica (n=7) and the black line is the average between all runs. The blue line
indicates the minimum I-RMSD for a vanilla molecular dynamics simulation. b A
scatter plot of the free energy vs the minimum I-RMSD of each of the 500 clusters
from the PROTAC 2 simulations. The circles are colored by w-RMSD. ¢ The pre-
dicted binding rates for the PROTAC 1 system (purple) and the ACBII system
(green). The black line is the experimental binding rate determined via SPR. Source
data are provided as a Source Data file.

Six out of seven of the SMARCA2®P:PROTAC 2:VHL simulations
produced binding events for a total of 3278 uniquely bound ternary
complexes. In order to assess the degree of heterogeneity within this
ensemble, we clustered the WE-HDX results into 500 macrostates with
a k-means algorithm using the C,-C, distances between the ligase and
target protected residues. As expected, all states with a low minimum
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Fig. 4 | Illustration of one representative prediction of SMARCA2"*°:PROTAC
2:VHL produced by WE-HDX simulations and its comparison to the crystal
structure (PDB ID: 6HAX). a A simulated ternary structure with minimum I-
RMSD =1.1A. SMARCA2™ (purple) and VHL (orange) are shown in cartoon and
transparent surface representations and PROTAC 2 is shown in stick

representation. b Structural details of the binding interface. Annotated residues are
among those that make the highest number of contacts (see panel c). ¢ A contact
map of the interfaces from the crystal (salmon) and the simulated structure (pur-
ple). d Structural alignment of the simulated (purple) with the crystal structure
(salmon) with a detailed PROTAC 2 comparison.

I-RMSD have low values of w-RMSD too (Fig. 3b). States with high free
energies, i.e., above 1.5 kcal mol™, have large minimum I-RMSDs, ran-
ging from 1.5 to 30 A. However, the minimum I-RMSD distribution
among the 20 low free energy states below 0.5kcal mol™ is sig-
nificantly tighter, ranging from 11 to 9.2 A with an average value of
3.7A and 12 out of the 20 states even having a minimum I-RMSD
below 3 A.

We predict ternary complex binding rate constants for the three
different degraders directly from WE-HDX simulations using the
probability flux into a bound state (minimum I-RMSD < 2 A). While the
predicted rates for PROTAC 1 and ACBI1 are on the same order of
magnitude as in experiments (Fig. 3c), we predict a signif