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ABSTRACT: Targeted protein degradation is a promising
therapeutic strategy, spearheaded by the anti-myeloma drugs
lenalidomide and pomalidomide. These drugs stabilize very
efficiently the complex between the E3 ligase Cereblon (CRBN)
and several non-native client proteins (neo-substrates), including
the transcription factors Ikaros and Aiolos and the enzyme Caseine
Kinase 1α (CK1α,), resulting in their degradation. Although the
structures for these complexes have been determined, there are no
evident interactions that can account for the high efficiency of
formation of the ternary complex. We show that lenalidomide’s
stabilization of the CRBN−CK1α complex is largely due to
hydrophobic shielding of intermolecular hydrogen bonds. We also
find a quantitative relationship between hydrogen bond robustness
and binding affinities of the ternary complexes. These results pave the way to further understand cooperativity effects in drug-
induced protein−protein complexes and could help in the design of improved molecular glues and more efficient protein degraders.

■ INTRODUCTION
The concept of molecular glues (MGs) was introduced by
Zheng and co-workers1 to describe the stabilizing effect of the
plant hormone auxin on several complexes with the SCFTIR1
ubiquitin ligase complex. Subsequently, it has been revealed
that this mechanism is quite common in nature2−5 and that
even a number of widely used drugs, such as the
immunosuppressant drug Cyclosporin A6 or the anti-cancer
agents Paclitaxel7 and Indisulam,8 share a similar mechanism of
action. These findings have spurred interest in leveraging
selective stabilization of protein−protein interactions in drug
discovery. However, it has been repeatedly noted in the
literature9−11 that the discovery of MGs is too reliant on
serendipity and that the future development of successful MGs
as therapeutic agents ought to shift into more rational
approaches and further understanding of the molecular
mechanisms underpinning the ligand-induced stabilization of
protein−protein interactions. Contrary to traditional drug
discovery, which focuses on the formation of binary complexes,
rational development of MGs will require a detailed under-
standing of the formation of ternary complexes, which often
imply non-additive mechanisms.12 The physicochemical
factors underlying these mechanisms are usually difficult to
anticipate from structural analysis or common computer-aided
drug design protocols such as docking or virtual screening.3

Nonetheless, they are critical to the selective stabilization of
protein−protein complexes and must be understood to fully
exploit the therapeutic opportunities offered by MGs.
A landmark example of the potential of MGs to impact

human health is provided by thalidomide derivatives
lenalidomide and pomalidomide, so-called immunomodulatory
drugs (IMiDs), widely used in the treatment of multiple
myeloma. Only recently it was described that these molecules
induce the ubiquitination and degradation of the transcription
factors Ikaros (IKZF1) and Aiolos (IKZF3)13,14 and the
enzyme Casein Kinase 1α (CK1α)15 by stabilizing the complex
of these proteins with the E3 ligase Cereblon (CRBN),16

which is the substrate receptor of the CUL4−RBX1−DDB1
ubiquitin ligase complex (CRL4). IMiDs are accommodated in
a tryptophan cage in the substrate binding domain of CRBN,17

and structural evidence has shown that IKZF1,18 CK1α19 and
other proteins, collectively known as neo-substrates,20,21 bind
to the CRBN−IMiD interface, establishing a set of protein−
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protein interactions through a β-hairpin loop structure that
contains a glycine residue on the apex.5,18,19 Additionally, it
was recently described that the first-ever endogenous degron
moiety described (C-terminal cyclic imides) binds to the same
tryptophan cage, with structural features that closely resemble
those of IMiDs.22,23 Furthermore, another landmark study has
proposed that some IMiDs are able to increase neo-substrate
degradation by stabilizing a closed conformation of CRBN
responsible for binding neo-substrates.24 In parallel, in a recent
work, Cao et al.25 proposed that instead of creating new sets of
interactions, MGs in general, and IMiDs in particular, must be
able to stabilize pre-existing protein−protein interactions.
They support this hypothesis by demonstrating that
pomalidomide stabilizes the IKZF1−CRBN complex by
around 4-fold, while lenalidomide stabilizes the CK1α−

CRBN complex by around 30-fold. Analysis of the structural
data available seems to support this hypothesis, as the direct
intermolecular interactions between lenalidomide−CK1α19
and pomalidomide−IKZF118 are rather unremarkable and
thus cannot account for the increase in stability of the ternary
complex. Taken together, the aforementioned observations are
slowly uncovering the mechanistic intricacies of CRBN-based
targeted protein degradation, and all of them highlight the
importance that non-additive mechanisms play in these
interactions.12 There is currently great interest in discovering
new molecules able to engage CRBN to selectively degrade
pathology-related proteins.26−33 It would also be useful to
anticipate the range of neo-substrates that could potentially be
engaged with any given molecule, both to look for new
applications and to prevent undesired side effects.34−38

Figure 1. H-bond dissociation energy profiles in the presence and absence of lenalidomide at the CRBN−CK1α interface. A. Detailed view of
the CK1α−CRBN dimeric interface (left) and its ternary complex with lenalidomide (right). B. Energy profile of the CRBNW400−CK1αN39 H-bond
in the absence (top) and presence (bottom) of lenalidomide. C. Energy profile of the CRBNH357−CK1αT38 H-bond in the absence (top) and
presence (bottom) of lenalidomide. D. Energy profile of the CRBNN351−CK1αI37 H-bond in the absence (top) and presence (bottom) of
lenalidomide. Starting computational models were built from the crystallographic structure with PDB ID: 5FQD.
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Understanding the physicochemical factors that govern the
direct CRBN engagement of its neo-substrates is therefore
essential to streamline the development of novel CRBN-based
degraders and to make it less reliant on trial and error. In this
work, we use biomolecular simulations to evidence that the
stabilization effect exerted by lenalidomide in the complex
between CRBN and CK1α relies on its ability to increase the
structural stability of three key H-bonds at the CRBN−CK1α
interface. Using data for four different mutants of CK1α, we
demonstrate that the robustness of these three H-bonds
directly correlates with the stability of the ternary CRBN−
lenalidomide−CK1α complex, even when mutations do not
directly disturb the ability of either protein to establish these
interactions. The underlying mechanism is proposed to depend
on the capacity of lenalidomide to provide hydrophobic
shielding to pre-existing protein−protein hydrogen bonds, thus
increasing the structural, kinetic and thermodynamic stability
of the complex. Beyond its relevance to the design of novel
CRBN-based degraders, we anticipate that this may be a
general mechanism that can be exploited for the future rational
development of MGs.

■ RESULTS
The Presence of Lenalidomide Results in Stronger H-

Bond Interactions at the CRBN−CK1α Interface.
Examination of the protein−protein interface of the CRBN−
lenalidomide−CK1α complex reveals that there are three
protein−protein hydrogen bonds between the 36−42 β-hairpin
loop of CK1α and the C-terminal domain of CRBN (Figure
S1). Namely, the side chains of CRBN residues N351, H357
and W400 engage the backbone carbonyl oxygens of the CK1α
residues I37, T38 and N39, respectively. These interactions,
hereafter referred to as CRBNN351−CK1αI37, CRBNH357−
CK1αT38 and CRBNW400−CK1αN39, respectively, have been
demonstrated to be key for the recruitment of CK1α by
CRBN.19 However, there is no evident factor precluding the
formation of these interactions in the absence of lenalidomide,
which is in line with the hypothesis of stabilization of pre-
existing protein−protein complexes put forward by Cao and
co-workers.25 Previous works have shown that most stable
receptor−ligand complexes display at least one robust and
hard-to-break intermolecular H-bond,39−41 and the importance
of these interactions has also been highlighted as a main player
in protein structural stability.42,43 Therefore, we investigated
the energetic cost of independently breaking each of the H-
bonds identified at the CRBN−CK1α interface (Figure 1)

combining steered molecular dynamics and the Jarzynski’s
equality.44,45 In brief, as summarized in Figure S2, after careful
equilibration, each H-bond is forced to undergo separation
from 2.5 to 5.0 Å, measuring the work needed to carry out the
process. For each H-bond, we repeat the steered molecular
dynamics 100 times, and the work profiles are Boltzmann-
averaged (Jarzynski equality) to obtain an accurate potential of
mean force (PMF). Note that the PMF reflects the influence of
the whole system (proteins, ligand and solvent) on the
interaction that is being assessed.
Although convergence of sampling is usually a concern when

applying the Jarzynski relationship, the reduced number of
degrees of freedom that the system can access during sampling
of the short distance required to break a H-bond (2.5 Å) allows
us to calculate the PMF of H-bond breakage (PMFHB_break)
with sufficient accuracy as to distinguish strong from weak H-
bond interactions, similarly to what we and others have
previously reported in the literature for other systems.40,46,47

By comparing the values of PMFHB_break, we established that, in
the absence of lenalidomide, the stronger H-bond is
CRBNN351−CK1αI37 (PMFHB_break = 6.4 ± 0.1 kcal/mol),
followed by the CRBNH357−CK1αT38 interaction (PMFHB_break
= 3.7 ± 0.6 kcal/mol) and the CRBNW400−CK1αN39
interaction (PMFHB_break = 2.3 ± 0.3 kcal/mol). The presence
of lenalidomide at the interface causes a large increase in the
energy necessary to break the three H-bonds, with estimated
PMFHB_break = 10.9 ± 0.1, 6.3 ± 0.3 and 11.0 ± 0.4 kcal/mol
for the CRBNN351−CK1αI37, CRBNH357−CK1αT38 and
CRBNW400−CK1αN39 interactions, respectively (Table 1).
The higher energy required to break the interactions results
in an increased stiffness of the three H-bonds. This effect is
reflected in the narrower distribution of interaction lengths at
the interface displayed by the ternary complex with respect to
the CRBN−CK1α system during three independent equili-
brium MD trajectories of 100 ns (Figure S3). We examined the
3D structure of the ternary complex to obtain clues about the
stabilization of the investigated H-bonds. The only direct H-
bond between lenalidomide and CRBN (the carbonyl group of
the oxoisoindol moiety with the side chain of N351) is
insufficiently connected to the protein−protein H-bonds to
suggest that it can cause a concerted change in the interaction
network. Instead, the increased stability may be explained by
the change of local environment around the H-bonds. Indeed,
it has been previously shown that incoming water molecules
catalyze the rupture of solvent-exposed H-bonds by decreasing
the energetic barrier required to bring apart donor and

Table 1. Summary of the Absolute and Relative PMFHB_break Values (in kcal mol−1) for the CRBN−CK1α Systems Considered
in This Worka

H-bond wtCK1α,
(CRBN−CK1α) wtCK1α No LEN I35GCK1α I37ECK1α N39GCK1α G40NCK1α
W400−N39 10.9 ± 0.3 2.3 ± 0.3 10.3 ± 0.3 10.7 ± 0.3 6.3 ± 0.4 −0.4 ± 1.2

(−8.6 ± 0.6) (−0.6 ± 0.6) (−0.2 ± 0.6) (−4.6 ± 0.7) (−11.3 ± 1.5)
H357−T38 6.2 ± 0.3 3.7 ± 0.6 5.8 ± 0.2 5.2 ± 0.2 4.5 ± 0.1 6.2 ± 0.3

(−2.5 ± 0.9) (−0.4 ± 0.5) (−1.0 ± 0.5) (−1.7 ± 0.4) (0.0 ± 0.6)
N351−I37 10.9 ± 0.1 6.5 ± 0.2 8.4 ± 0.2 6.8 ± 0.3 6.2 ± 0.6 5.8 ± 1.0

(−4.4 ± 0.3) (−2.5 ± 0.3) (−4.1 ± 0.4) (−4.7 ± 0.7) (−5.1 ± 1.1)

∑PMFHB_break 28.0 ± 0.7 12.4 ± 1.1 24.5 ± 0.7 22.7 ± 0.8 16.9 ± 1.1 12.4 ± 2.4
(−15.6 ± 1.8) (−3.5 ± 1.4) (−5.3 ± 1.5) (−11.1 ± 1.8) (−15.6 ± 3.1)

aRelative values (in parentheses) are shown with respect to the CRBN−LEN−CK1α complex. Error estimates were obtained by bootstrapping 10
times the W profiles used to estimate the PMF.
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acceptor.39,48 Based on these observations, we hypothesized
that the main role of lenalidomide will be to create a
hydrophobic environment around the protein−protein inter-
face that effectively shields the H-bonds from incoming water
molecules.

Reinforced H-Bonds Display Increased Hydrophobic
Shielding at the CRBN−CK1α Interface. To probe our
hypothesis that lenalidomide stabilizes the CRBN−CK1α
complex mainly by hydrophobic shielding49 effects, we studied
the changes in the local environment of the three key H-bonds
at the interface upon binding of the MG. The radial
distribution function (RDF) provides the average number of
water molecules found around a certain atom with respect to
what would be expected on the bulk solvent during the course
of a molecular dynamics simulation.

Therefore, it can be used as a proxy to estimate the solvent
exposure of certain atoms or residues. We determined the RDF
of the backbone carbonyl groups of CK1α in molecular
dynamics of both the CRBN−CK1α and CRBN−lenalido-
mide−CK1α complexes (Figure 2), in which the H-bond
distances for the three key interactions were kept between 2.5
and 3.5 Å using flat bottom restraints (100 simulations of 10 ns
for each of the H-bonds, total aggregated time of 3 μs; see the
Methods section for further details). As expected for atoms at
the interface of the protein−protein complex, their water
exposure is relatively low. However, there was a noticeable
reduction in the RDF around the backbone carbonyl of N39
(from 0.3 in the binary complex to 0 in the ternary complex).
Furthermore, the RDFs around the CRBNN351−CK1αI37 and
the CRBNW400−CK1αN39 H-bonds for radii below 5 Å drop to
0 in the presence of lenalidomide. On the other hand, the

Figure 2. Radial distribution function (RDF) of water molecules around the backbone carbonyl oxygen of CK1α involved in the key CRBN−
CK1α H-bonds. The blue line represents values for the two-body complex CRBN−CK1α, and the orange line represents values for the three-body
complex CRBN−lenalidomide−CK1α.

Figure 3. H-bond dissociation energy profiles in the presence and absence of lenalidomide at the CRBN−CK1α interface. Detailed view of the
CRBN−lenalidomide−CK1α interface for I35GCK1α, I37ECK1α, N39GCK1α and G40NCK1α and associated PMFHB_break profiles for CRBNW400−
CK1αN39 (top), CRBNH357−CK1αT38 (middle) and CRBNN351−CK1αI37 (bottom). PMFHB_break profiles for CRBN−lenalidomide−wtCK1α (dark
gray) and the CRBN−wtCK1α (light gray) are included for reference. Starting computational models were built from the crystallographic structure
with PDB ID: 5FQD.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01692
J. Med. Chem. 2023, 66, 6037−6046

6040

https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c01692?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reduction in the RDF for the CRBNH357−CK1αT38 H-bond�
the interaction that is least reinforced by the presence of
lenalidomide�is relatively minor.

H-Bond Robustness Correlates with the Measured
Stability of CRBN−Lenalidomide−MUTCK1α Complexes.
Petzold et al. reported that the ternary complexes between
CRBN−lenalidomide and CK1α mutants I35GCK1α, I37ECK1α,
N39GCK1α and G40NCK1α displayed decreasing stability.19 On
the one hand, residue 40 in CK1α is analogous to residue N62
in CK2α, which is not susceptible to IMiD-induced CRBN-
dependent degradation. On the other hand, residues 35−39
are the CK1α residues located at the interface with
lenalidomide and CRBN, but, as mentioned, polar interactions
with CRBN are established through the carbonyl oxygens of
the protein backbone, while the side chains seem to only
establish non-specific van der Waals contacts; hence, the
stability of the ternary complex should be relatively insensitive
to the nature of the side chain. Furthermore, the side chain of
the glutamate residue in the I37ECK1α could be expected to
establish additional polar contacts with CRBN residues H353
and Y355. Consequently, the decrease in stability of the ternary
complex for the mutants of CK1α was not easily anticipated
from the structural data. We therefore investigated whether the
robustness of the H-bonds at the interface on these ternary
complexes was diminished with respect to that of the CRBN−
lenalidomide−CK1α complex (Figure 3 and Table 1).
Analysis of the energetic profiles of H-bond breakage

showed that N39GCK1α and G40NCK1α displayed the greatest
alterations, both with ΔPMFHB_break in excess of 4 kcal/mol
not only for the proximal CRBNW400−CK1αN39 interaction but
also for the distal CRBNN351−CK1αI37 H-bond. In the case of
the CRBNH357−CK1αT38 interaction, there was a lesser
reduction in N39GCK1α (ΔPMFHB_break = 1.7 kcal/mol),
while in the case of G40NCK1α, the latter interaction was not
affected. In fact, besides N39GCK1α, the effect of mutations on
the CRBNH357−CK1αT38 interaction was within the estimated
uncertainty margins (ΔPMFHB_break = 0.0 ± 0.6, −0.4 ± 0.5
and 1.0 ± 0.5 kcal/mol for the G40NCK1α, I35GCK1α and
I37ECK1α mutants, respectively). For the I35GCK1α and
I37ECK1α mutants, only the CRBNN351−CK1αI37 was signifi-
cantly weakened with respect to the wild-type (wt) complex,
displaying ΔPMFHB_break = 2.5 ± 0.3 kcal/mol and 4.1 ± 0.4
kcal/mol, respectively. Therefore, all mutants displayed at least
equally but often more robust H-bonds than the complex
between CRBN and CK1α without lenalidomide, but the
breaking energy profile with respect to the wt ternary complex
was weakened for at least one of the H-bonds in all the cases.
While there is no experimental value that can be linked

directly with the calculated ΔPMFHB_break for the breaking of
singular H-bonds, we hypothesized that the observed variation
in the energy required for breaking the three interactions at the
CRBN−CK1α interface may inform about the stability of the
resulting ternary complex with lenalidomide. To probe this
possibility, we first established that there was no co-
dependence between the breakages of the three hydrogen
bonds (Figure S4); therefore, the energy required to break all
three bonds could be approximated by adding the individual
PMFHB_break values. We found that the sum of PMFHB_break for
the three key H-bonds in each of the complexes between
CRBN and CK1α was correlated with its estimated binding
affinity (R2 = 0.94, Figure 4).

Weakening of the Three H-Bond Interactions Stems
from Better Accessibility of Water Molecules to the
Protein−Protein Interface. Having established the correla-
tion between the strength of the hydrogen bonds at the
CRBN−lenalidomide−CK1α interface and the stability of the
ternary complex, we next investigated the molecular determi-
nants that could account for the reduced strength of the
hydrogen bonds displayed by the four single-point CK1α
mutants. We determined the RDF of water molecules around
the H-bonds and compared them with the RDF profiles
obtained for the binary and ternary complexes of CK1α
(Figure S5). All the mutants displayed RDF profiles closer to
the ternary complex than to the binary complex. Nevertheless,
the profile obtained for the ternary complex involving the
N39GCK1α mutant was very different from the one obtained for
the wt CK1α, with increased RDF values with respect to the
latter in the areas of the first and second solvation shells for
both the CRBNH357−CK1αT38 and the CRBNW400−CK1αN39
H-bonds, while the remaining H-bond (the farthest from the
mutation point) only displayed differences beyond 6 Å. Similar
patterns were observed in the profiles obtained for the
I35GCK1α and I37ECK1α mutants, where the closest H-bond
was the most affected by the change, although in these cases
the differences were only observed in the second solvation shell
region. In contrast with the stark decrease in PMFHB_break, the
profiles for the remaining mutant G40NCK1α were indistin-
guishable from the profiles of the ternary complex with the wt
CK1α. Intrigued by this apparent discrepancy, we visualized
the trajectories and identified that, regardless of the system
involved, low breaking profiles corresponded with those in
which at least one water molecule entered the protein−protein

Figure 4. Correlation plot between the sum of the PMFHB_break
values for the three H-bonds for different variants of CK1α with
respect to ΔGbin calculated from KD estimations. The PMFHB_break
was taken at the end point of the PMF profile, and error bars were
obtained by bootstrapping of the W profiles. PMFHB_break values are
reported in Table 1. ΔGbin was obtained by transforming the KD
values fitted using data from ref 19, and error bars were obtained by
error propagation. The reproduced [CRBN]−520/490 nm TR-FRET
ratio plot is provided in Figure S10, and experimental values are
provided in Tables S1 and S2.
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interface from the bulk and established an H-bond with the
carbonyl atom previously involved in the protein−protein
interaction, while high work profiles corresponded with H-
bond breakages in which water molecules did not access the
protein−protein interface or did not establish an H-bond
(Supplementary Movie S1). While loss of hydrophobic
shielding of the protein−protein hydrogen bonds is ultimately
responsible for the loss of stability, the subjacent causes may be
diverse and non-obvious. For the mutations involving
introduction of a glycine residue (I35G and N39G), a change
in the intrinsic conformational preferences of the loop may
partially explain our results (Figure S6). For I37ECK1α, the
charged side chain perturbs the local water distribution,
particularly in the second shell of solvation (Figure S5), and it
is conceivable that it facilitates hydration of the N351−I37
hydrogen bond once it starts to dissociate. For G40NCK1α, we
hypothesized that the higher rate of access of water molecules
to the protein−protein interface in the case of the G40NCK1α
may be related to a worse hydrophobic packing of
lenalidomide’s core against the bulkier and more flexible
asparagine side chain than against the glycine residue in
position 40. We therefore measured the average distance
between lenalidomide’s center of mass and the α carbon of
residue 40 of CK1α in all the mutants and in the wt (Figure
S7). The average distance was estimated to be ca. 4.8 Å for all
the systems but G40NCK1α, in which the average distance was
closer to 5.8 Å.
Considering the results, we propose that lenalidomide (and

by extension other IMiDs) enables the degradation of CK1α
and other CRBN neo-substrates by strengthening the pre-
existing H-bonds at the interface, which results in a complex
stable enough as to be tagged by ubiquitination (Figure 5).
The reinforcement of the H-bonds seems to be related to the
ability of IMiDs to hinder access of water molecules to the
protein−protein interface, and hence, their effectiveness is very
susceptible to single-point mutations that increase the flow of

water into the interface, by means of either local or long-range
effects (Figure 5). The parameters controlling solvent
accessibility can vary from one system to the next, and they
may affect the bound (equilibrium) state or may only become
apparent during the dissociation process (out of equilibrium),
but in all cases, the free energy of hydrogen bond rupture can
be readily calculated using SMD simulations.

■ DISCUSSION
This work demonstrates that the presence of lenalidomide at
the CRBN−CK1α interface results in a significant increase in
the free energy required to break three key H-bond
interactions at the protein−protein interface (Figure 1). It
also highlights the sensitivity of this effect to point mutations,
even when they do not directly hinder the formation of the H-
bonds (Figure 3 and Table 1). Interestingly, we detect an
important correlation (squared Pearson R value of 0.94)
between the cumulative strength of the three hydrogen bonds
and the energy of binding derived from the observed KD. In
principle, there is no reason why the binding energies derived
from KD measurements (an equilibrium property) and the
breaking energies of H-bonds (which as computed are an out
of equilibrium property) should be correlated. However, we
propose that the correlation is not spurious and instead reflects
two key mechanistic aspects of the interaction between CRBN
and CK1α. First is that the CK1α point mutations studied are
not likely to affect the kon of the complexes, which makes the
observed decreases of affinity almost exclusively dependent on
changes of the koff. Second, and more crucially, the outstanding
correlation between the free energy of H-bonds rupture and
the observed affinity indicates that the dissociation of these
complexes follows a rather simple two-state mechanism, where
breaking the H-bonds at the interface is the rate-limiting step.
Under these circumstances, the PMFHB_break is the major
contributor to changes in the koff and can inform about the
equilibrium constant. This observation, together with the

Figure 5. Proposed mechanism underlying the stabilization of the CRBN−CK1α complex by lenalidomide and the effect of mutations in the
CK1α sequence. Lenalidomide hinders water accessibility to the CRBN−CK1α interface, increasing the strength of H-bonds. Mutations that alter
water accessibility to the interface diminish the stability of the ternary complex. Starting computational models were built from the crystallographic
structure with PDB ID: 5FQD.
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dramatic effect that lenalidomide has on the stability of the
interaction between CRBN and CK1α (>100 fold decrease in
apparent KD), underscores the potential that rationally
designed MGs could hold for the modulation of protein−
protein interactions in biomedical and biotechnological
settings.
Regarding the underlying mechanism, deconvoluting all the

different factors that result in increased or decreased PMF
profiles is not straightforward because they encapsulate effects
derived from both bonded (such as backbone flexibility or
side-chain rotamer preferences) and non-bonded (such as
water accessibility to the interacting groups) contributions. In
practice, this means that the resulting PMF profiles capture
subtle differences in protein behavior that are difficult to
anticipate from structural analysis. For example, our results
indicate that mutations to glycine may result in a more flexible
loop in CKα that may partially account for the decreased
stability of the ternary complex with respect to the wt.
However, backbone flexibility cannot explain the decrease in
the stability of the ternary complex involving G40NCK1α and
I37ECK1α (Figure S5). In that sense, we have shown that, when
bound to the CRBN−CK1α interface, lenalidomide severely
hinders water accessibility to the key protein−protein
hydrogen bonds, as demonstrated by the stark decrease in
the RDF value (Figure 2). This hydrophobic shielding effect
seems to be a main driver in the stabilization effect triggered by
lenalidomide, and thus it could be considered to play a major
role in the non-additive effects observed for this compound. It
has been previously reported that relatively minor alterations of
the H-bond environment can significantly alter H-bond
lifetimes.39,48,50 This effect is also entirely consistent with the
stabilization of pre-existing interactions put forward by Cao
and co-workers,25 and it is expected that a similar mechanism
underlies the degradation of other CRBN neo-substrates such
as Ikaros and Aiolos and is shared by other IMiDs such as
pomalidomide (Figure 5). Beyond CRBN-related systems, by
analyzing the crystallographic structures available in the PDB,
we hypothesize that a similar effect underlies the recently
described cannabidiol-dependent stabilization of a dual-nano-
body sensor25 (PDB ID: 7TE8) and the long-standing puzzle
of the fucsicoccin-dependent stabilization of interactions
involving 14-3-3 proteins (PDB ID: 3P1S)51 (Figure S8).
Interestingly, evaluating water accessibility to the protein
interface is not enough to anticipate H-bond strength. While
the changes triggered by the I35GCK1α, I37ECK1α and
N39GCK1α mutations can be rationalized on the basis of local
changes to the environment of the H-bond, the behavior
observed for G40NCK1α is rather unexpected, as an increase in
the size and hydrophobicity of the side chain results in better
access of water molecules to the protein−protein interface
during the H-bond rupture process that is not anticipated by
RDF profiles of the complexes in equilibrium. The effect of the
G40N mutation is also in contrast with the effect of the N39G
mutation, given that the reverse mutation yields a similar
outcome. Therefore, our results stress that, though often
neglected, changes in the protein−protein interactions caused
by the presence of MGs are as important as the direct
interactions between the MGs and the proteins. We propose
that our results complement the most recent discoveries in the
function and structure−activity relationships for CRBN,22−24
describing an atomistic rationale that anticipates the
susceptibility of a given neo-substrate to form a stable ternary
complex with CRBN and a putative MG. We postulate that

instead of solely focusing on maximizing affinity, computer-
aided drug design strategies for MGs should also aim at
maximizing protein−protein interactions by hydrophobic
shielding of polar interactions. Analogous strategies should
also be investigated for other types of interactions. In this work
we demonstrate that an easy-to-implement SMD-based
protocol is enough to predict stabilization of H-bonds which,
in this particular system, offer an excellent predictor of the
thermodynamic stability of the ternary complex. Nevertheless,
our work focuses on a particular stage of the CRBN-dependent
degradation mechanism and, therefore, is an additional piece of
a complex puzzle that has to account for other effects before
and after the ternary complex formation, such as allosteric
effects or degradation susceptibility of the neo-substrate. It also
remains to be investigated if these results will transfer to other
MGs systems, but the incorporation of the described
mechanistic insights into drug design workflows may assist
much-needed rational approaches to the design of future MGs.

■ METHODS
Molecular Simulations Setup. Lenalidomide was built using the

Molecular Operating Environment software package.52 Models for the
CRBN and CK1α were built starting from the crystallographic
structure PDB ID: 5FQD,53 downloaded from the Protein Data
Bank.54−56 Standard protein preparation protocols were followed,
including the removal of duplicated proteins, crystallization buffer
compounds and salts. Additionally, the DNA damage-binding protein
1 was removed in all systems, and the appropriate capping groups
were added to the terminal residues of CRBN. Mutants of CK1α were
obtained with the mutagenesis wizard tool in PyMOl.57,58 The
ff14SB59 and gaff260 force fields were used to assign atom types for
the protein and the lenalidomide, respectively. Partial charges for
lenalidomide were derived using the RESP61,62 protocol at the HF/6-
31G(d) level of theory, as calculated with Gaussian09. The Zn2+
cation bound to CRBN was modeled using the out-of-center dummy
model.63 Each system was solvated on a truncated octahedral box of
TIP3P64,65 water molecules, and the appropriate numbers of
counterions were added to achieve charge neutrality, accounting for
simulation systems of approximately 100 000 atoms. Each system was
then minimized in three stages: First, the position of water molecules
was minimized, combining 3500 steps of steepest descent and 6500
steps of conjugate gradient, while the position of the proteins and
ligand atoms was restrained using a harmonic potential with force
constant of 5.0 kcal mol−1 Å−2. Next, side chains and water molecules
were minimized using 4500 steps of steepest descent, followed by
7500 steps of conjugate gradient, while the atoms of lenalidomide and
the Zn2+ cation were restrained with a harmonic potential using the
same force constant. The systems were then heated in the NVT
ensemble from 100 to 298 K in three stages of 250 ps (100−150 K,
150−250 K, 250−298 K), while retaining the harmonic restraints to
lenalidomide and the Zn2+ cation, and subsequently their density was
equilibrated to 1 bar for 1 ns in the NPT ensemble. During the
equilibration and subsequent production and steered molecular
dynamics trajectories, temperature control was achieved using a
Langevin thermostat (with a collision frequency of 3 ps−1), and a
Berendesen barostat was used to control the pressure when simulating
in the NPT ensemble. SHAKE66 was applied to all atoms involving
hydrogen to allow for a time step of 2 fs, and all simulations were
performed with the CUDA accelerated version of PMEMD.67

Equilibrium Molecular Dynamics Protocol. The equilibrium
MD trajectories for the CRBN−CK1α, CRBN−CK1α−Lenalidomide
and the MUTCK1α were run using a common protocol. In brief, three
independent trajectories with velocities assigned at 298 K using
different seed numbers were started from the equilibrated structures.
Each production run consisted of 100 ns (complex simulations) or
200 ns (CK1α systems) run in the NPT ensemble, using a Langevin
thermostat and a Montecarlo barostat to control temperature and
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pressure, respectively. SHAKE66 was applied to all atoms involving
hydrogen to allow for a time step of 2 fs, and all simulations were
performed with the CUDA accelerated version of PMEMD.67

Steered Molecular Dynamics Protocol. The stability of each
H-bond in each system was assessed using 100 independent canonical
ensemble SMD trajectories conducted in three stages (Figure S2).
First, new velocities were assigned to the equilibrated structure using a
different random seed number at 298 K and a MD trajectory was
performed for 10 ns, using flat-bottom restraints to keep the three
protein−protein H-bonds at the interface between 2.5 and 3.5 Å,
using a force constant of 60 kcal/mol Å2. Second, the final
configuration of each trajectory was then used as a starting structure
for a short (1 ns) SMD simulation in which the donor and acceptor
involved in one of the H-bonds were brought to a distance of 2.5 Å.
Third, a 5-ns-long SMD trajectory was started, in which the distance
between donor and acceptor was increased at a rate of 0.5 Å/ns, using
a spring constant of 500 kcal/mol·Å2 to ensure the applicability of the
stiff spring approximation.68 The PMFHB_break was then computed
leveraging the Jarzynki’s equality,69,70 eq 1.

e eG k T W k T/ /iB B= (1)

where the right-hand term corresponds to the ensemble average of
exponential work values obtained in non-equilibrium conditions.
From the above equation, for every increase of 0.0005 Å in the H-
bond distance, the PMFHB_break was obtained using expression 2,

k T
N

PMF ln
e

i

N W k T

HB break B
1

/i
HB break
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=_
=

_

(2)

where Wi
HB_break refers to the work value of the ith independent SMD

trajectory and N is the number of independent SMD trajectories (N =
100 in this work). Error estimations for the PMFHB_break profiles were
obtained by bootstrapping 10 times at each distance point the set of
WHB_break values. Convergence of the PMFHB_break at 5 Å of H-bond
(Figure S9) distance was evaluated combining subsampling and
bootstrapping.

Calculation of Water Radial Distribution Function and
Ramachandran Plots. The RDF of water molecules around the
backbone carbonyl oxygen of the CK1α residues involved in the
interaction with CRBN and the Phi/Psi angles of the CK1α loops
were calculated using cpptraj.71,72 The RDF was calculated from the
first step of the SMD protocol (equilibration with restraints to keep all
three H-bonds formed), corresponding to a simulation time of 1 μs
(100 simulations × 10 ns) per system. The RDF considered the range
between 0 and 10 Å from the atom of interest and used a bin spacing
value of 0.1 Å.

Experimental Data Sourcing and Analysis. Time-resolved
fluorescence resonance energy transfer (TR-FRET) data points were
extracted from Petzold et al.53 using WebPlotDigitizer v4.5,73 and
analysis was performed with the Graphpad Prism 8 software.74 Data
points were adjusted to a non-linear regression curve, achieving
binding saturation. The maximum ratio value obtained for the
CRBN−CK1α−lenalidomide ternary complex was used as the
constrained maximum signal (Ymax) in all the conditions to determine
the KD.
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Fisicoquímica, Facultat de Farmac̀ia i Cieǹcies de
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(43) Vogel, R.; Mahalingam, M.; Lüdeke, S.; Huber, T.; Siebert, F.;
Sakmar, T. P. Functional Role of the “Ionic Lock”�An Interhelical
Hydrogen-Bond Network in Family A Heptahelical Receptors. J. Mol.
Biol. 2008, 380 (4), 648−655.
(44) Park, S.; Schulten, K. Calculating potentials of mean force from
steered molecular dynamics simulations. J. Chem. Phys. 2004, 120
(13), 5946−5961.
(45) Xiong, H.; Crespo, A.; Marti, M.; Estrin, D.; Roitberg, A. E.
Free energy calculations with non-equilibrium methods: Applications
of the Jarzynski relationship. Theor. Chem. Acc. 2006, 116 (1−3),
338−346.
(46) Colizzi, F.; Perozzo, R.; Scapozza, L.; Recanatini, M.; Cavalli, A.
Single-Molecule Pulling Simulations Can Discern Active from Inactive
Enzyme Inhibitors. J. Am. Chem. Soc. 2010, 132 (21), 7361−7371.
(47) Bernardi, R. C.; Melo, M. C. R.; Schulten, K. Enhanced
sampling techniques in molecular dynamics simulations of biological
systems. Biochim. Biophys. Acta 2015, 1850 (5), 872−877.
(48) Nilsson, L. M.; Thomas, W. E.; Sokurenko, E v; Vogel, V.
Beyond Induced-Fit Receptor-Ligand Interactions: Structural
Changes that Can Significantly Extend Bond Lifetimes. Structure
2008, 16 (7), 1047−1058.
(49) Böhm, H. J.; Klebe, G. What Can We Learn from Molecular
Recognition in Protein−Ligand Complexes for the Design of New
Drugs. Angew. Chem., Int. Ed. Engl. 1996, 35 (22), 2588.
(50) Pan, A. C.; Borhani, D. W.; Dror, R. O.; Shaw, D. E. Molecular
determinants of drug-receptor binding kinetics. Drug Discov. Today
2013, 18 (13−14), 667.
(51) Anders, C.; Higuchi, Y.; Koschinsky, K.; et al. A semisynthetic
fusicoccane stabilizes a protein-protein interaction and enhances the
expression of K+ channels at the cell surface. Chem. Biol. 2013, 20 (4),
583.
(52) Molecular Operating Environment (MOE), 2019.01; Chemical
Computing Group, 2019.
(53) Petzold, G.; Fischer, E. S.; Thomä, N. H. Structural basis of
lenalidomide-induced CK1α degradation by the CRL4 CRBN
ubiquitin ligase. Nature 2016, 532 (7597), 127−130.
(54) Berman, H. M.; Westbrook, J.; Feng, Z.; et al. The Protein Data
Bank. Nucleic Acids Res. 2000, 28 (1), 235−242.
(55) Burley, S. K.; Berman, H. M.; Christie, C.; et al. RCSB Protein
Data Bank: Sustaining a living digital data resource that enables
breakthroughs in scientific research and biomedical education. Protein
Sci. 2018, 27 (1), 316−330.

(56) Goodsell, D. S.; Zardecki, C.; Di Costanzo, L.; et al. RCSB
Protein Data Bank: Enabling biomedical research and drug discovery.
Protein Sci. 2020, 29 (1), 52−65.
(57) Delano, W. L. The PyMOL Molecular Graphics System. CCP4
Newsl. Protein Crystallogr. 2002, No. 1, 40.
(58) DeLano, W. L. The PyMOL Molecular Graphics System, Version
2.3; Schrödinger LLC, 2020.
(59) Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.;
Hauser, K. E.; Simmerling, C. ff14SB: Improving the Accuracy of
Protein Side Chain and Backbone Parameters from ff99SB. J. Chem.
Theory Comput. 2015, 11, 3696−3713.
(60) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D.
A. Development and testing of a general Amber force field. J. Comput.
Chem. 2004, 25, 1157−1174.
(61) Bayly, C. C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P a. A
well-behaved electrostatic potential based method using charge
restraints for deriving atomic charges: the RESP model. J. Phys.
Chem. 1993, 97, 10269−10280.
(62) Fox, T.; Kollman, P a. Application of the RESP Methodology in
the Parametrization of Organic Solvents. J. Phys. Chem. B 1998, 102
(41), 8070−8079.
(63) Duarte, F.; Bauer, P.; Barrozo, A.; et al. Force field independent
metal parameters using a nonbonded dummy model. J. Phys. Chem. B
2014, 118 (16), 4351−4362.
(64) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79 (2), 926−935.
(65) Mark, P.; Nilsson, L. Structure and dynamics of the TIP3P,
SPC, and SPC/E water models at 298 K. J. Phys. Chem. A 2001, 105
(43), 9954−9960.
(66) Kräutler, V.; Van Gunsteren, W. F.; Hünenberger, P. H. A fast
SHAKE algorithm to solve distance constraint equations for small
molecules in molecular dynamics simulations. J. Comput. Chem. 2001,
22 (5), 501−508.
(67) Salomon-Ferrer, R.; Goetz, A. W.; Poole, D.; le Grand, S.;
Walker, R. C. Routine microsecond molecular dynamics simulations
with AMBER on GPUs. 2. Explicit solvent particle mesh ewald. J.
Chem. Theory Comput. 2013, 9 (9), 3878−3888.
(68) Park, S.; Khalili-Araghi, F.; Tajkhorshid, E.; Schulten, K. Free
energy calculation from steered molecular dynamics simulations using
Jarzynski’s equality. J. Chem. Phys. 2003, 119 (6), 3559.
(69) Jarzynski, C. Equilibrium free-energy differences from non-
equilibrium measurements: A master-equation approach. Phys. Rev. E
1997, 56 (5), 5018.
(70) Jarzynski, C. Nonequilibrium equality for free energy
differences. Phys. Rev. Lett. 1997, 78 (14), 2690.
(71) Roe, D. R.; Cheatham, T. E. Parallelization of CPPTRAJ
enables large scale analysis of molecular dynamics trajectory data. J.
Comput. Chem. 2018, 39 (25), 2110−2117.
(72) Roe, D. R.; Cheatham, T. E., III. PTRAJ and CPPTRAJ:
Software for processing and analysis of molecular dynamics trajectory
data. J. Chem. Theory Comput. 2013, 9 (7), 3084−3095.
(73) Rohatgi, A. WebPlotDigitizer version 4.4, 2020; https://
automeris.io/WebPlotDigitizer.
(74) Motulsky, H. GraphPad Statistics Guide; GraphPad Software
Inc., 2020.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01692
J. Med. Chem. 2023, 66, 6037−6046

6046

https://doi.org/10.1126/science.1177319
https://doi.org/10.1126/science.1177319
https://doi.org/10.15252/embj.2020105375
https://doi.org/10.15252/embj.2020105375
https://doi.org/10.15252/embj.2020105375
https://doi.org/10.1021/jacs.1c11920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-27818-z
https://doi.org/10.1038/s41467-021-27818-z
https://doi.org/10.1038/s41467-021-27818-z
https://doi.org/10.1038/s41467-021-27818-z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207494u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207494u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207494u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2660
https://doi.org/10.1038/nchem.2660
https://doi.org/10.1038/s42004-019-0205-5
https://doi.org/10.1038/s42004-019-0205-5
https://doi.org/10.1038/s42004-019-0205-5
https://doi.org/10.1016/j.csbj.2022.04.025
https://doi.org/10.1016/j.csbj.2022.04.025
https://doi.org/10.1016/j.jmb.2008.05.022
https://doi.org/10.1016/j.jmb.2008.05.022
https://doi.org/10.1063/1.1651473
https://doi.org/10.1063/1.1651473
https://doi.org/10.1007/s00214-005-0072-2
https://doi.org/10.1007/s00214-005-0072-2
https://doi.org/10.1021/ja100259r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja100259r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbagen.2014.10.019
https://doi.org/10.1016/j.bbagen.2014.10.019
https://doi.org/10.1016/j.bbagen.2014.10.019
https://doi.org/10.1016/j.str.2008.03.012
https://doi.org/10.1016/j.str.2008.03.012
https://doi.org/10.1002/anie.199625881
https://doi.org/10.1002/anie.199625881
https://doi.org/10.1002/anie.199625881
https://doi.org/10.1016/j.drudis.2013.02.007
https://doi.org/10.1016/j.drudis.2013.02.007
https://doi.org/10.1016/j.chembiol.2013.03.015
https://doi.org/10.1016/j.chembiol.2013.03.015
https://doi.org/10.1016/j.chembiol.2013.03.015
https://doi.org/10.1038/nature16979
https://doi.org/10.1038/nature16979
https://doi.org/10.1038/nature16979
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1002/pro.3331
https://doi.org/10.1002/pro.3331
https://doi.org/10.1002/pro.3331
https://doi.org/10.1002/pro.3730
https://doi.org/10.1002/pro.3730
https://doi.org/10.1021/acs.jctc.5b00255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9717655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9717655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501737x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501737x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003020w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1096-987X(20010415)22:5<501::AID-JCC1021>3.0.CO;2-V
https://doi.org/10.1002/1096-987X(20010415)22:5<501::AID-JCC1021>3.0.CO;2-V
https://doi.org/10.1002/1096-987X(20010415)22:5<501::AID-JCC1021>3.0.CO;2-V
https://doi.org/10.1021/ct400314y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400314y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1590311
https://doi.org/10.1063/1.1590311
https://doi.org/10.1063/1.1590311
https://doi.org/10.1103/PhysRevE.56.5018
https://doi.org/10.1103/PhysRevE.56.5018
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1002/jcc.25382
https://doi.org/10.1002/jcc.25382
https://doi.org/10.1021/ct400341p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400341p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400341p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

