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Upon binding to thalidomide and other immunomodulatory
drugs, the E3 ligase substrate receptor cereblon (CRBN)
promotes proteosomal destruction by engaging the DDB1–
CUL4A–Roc1–RBX1 E3 ubiquitin ligase in human cells but not
in mouse cells, suggesting that sequence variations in CRBN
may cause its inactivation. Therapeutically, CRBN engagers
have the potential for broad applications in cancer and immune
therapy by specifically reducing protein expression through tar-
geted ubiquitin-mediated degradation. To examine the effects
of defined sequence changes on CRBN’s activity, we performed a
comprehensive study using complementary theoretical, bio-
physical, and biological assays aimed at understanding CRBN’s
nonprimate sequence variations. With a series of recombinant
thalidomide-binding domain (TBD) proteins, we show that
CRBN sequence variants retain their drug-binding properties to
both classical immunomodulatory drugs and dBET1, a chemical
compound and targeting ligand designed to degrade bromodo-
main-containing 4 (BRD4) via a CRBN-dependent mechanism. We
further show that dBET1 stimulates CRBN’s E3 ubiquitin–
conjugating function and degrades BRD4 in both mouse and
humancells.This insightpavesthewayforstudiesofCRBN-depen-
dent proteasome-targeting molecules in nonprimate models and
provides a new understanding of CRBN’s substrate-recruiting
function.

Cereblon (CRBN)4 binds to thalidomide and other immuno-
modulatory drugs, including lenalidomide (Len) and pomalido-
mide (Pom), and is one of many DDB1 and CUL4-associated
factors (DCAFs) that target specific protein substrates for ubiq-
uitylation and proteasome-mediated degradation by the
DDB1–CUL4A–Roc1–RBX1 E3 ubiquitin ligase complex (Fig.
S1A) (1–3). Despite their teratogenic properties (4), immuno-
modulatory compounds have antineoplastic activity in multiple
myeloma (5), myelodysplastic syndrome (MDS) associated
with a somatically acquired deletion in chromosome 5 (del(5q)
MDS) (6), and B cell malignancies (7–9) based on the substrates
that are selected for proteosomal destruction by the bridging
actions of these small molecules (Fig. S1A) (1, 2, 10 –13). Len,
Pom, and a newer derivative CC-122 (avadomide) (14) also
potentiate the activation of T cells. Although this function has
been studied less thoroughly, it is thought that the drug-in-
duced proteosome-mediated degradation of transcriptional
repressors of T cells, Ikaros and Aiolos, may be necessary for
this response in addition to their defined role in antineoplastic
activity (Fig. S1A) (15–17). Unlike human cells, mouse cells are
resistant to these compounds, including antiproliferative mul-
tiple myeloma (18) and thalidomide-associated teratogenicity
(19). Whereas the overall amino acid sequence of mouse CRBN
is highly conserved (Fig. S1B), and it forms the DDB1 interac-
tion (3), minor species–related sequence variations in the tha-
lidomide-binding domain (TBD) of CRBN are thought to lead
to nonconserved drug binding or altered E3 ligase recruitment
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changed to isoleucine in mouse (Ile-391), has been reported to
render mouse CRBN unable to degrade Ikaros, Aiolos, and
CK1� binding through a �-hairpin–loop motif that is recog-
nized only when CRBN is complexed with the immunomodu-
latory drugs (20). Therefore, a dysfunctional drug-induced sub-
strate requirement possibly mediates drug resistance (20). Thus
far, conservation of mouse CRBN’s E3 ubiquitin–ligating func-
tion has not been definitely shown due to this loss of function,
as the native ligands that are regulated through this pathway
are poorly defined. Moreover, drug-binding affinity due to the
V388I variant has not been studied in detail. A better under-
standing of this defect is important for future drug discovery
efforts aimed at controlling intracellular protein degradation
and understanding CRBN’s endogenous role as an E3 ubiquitin
ligase substrate receptor.

Here, we focused our analysis on nonprimate CRBN. Using
drug binding assays to several CRBN sequence variants, we
investigate whether these structural changes are likely to result
in functional inactivation. We focused on CRBN’s substrate
recruiting function in mouse and human T cells, as this is
poorly studied and important for defining applications in
immune therapy. Both the Bradner and Crews laboratories
conjugated JQ1, an established chemical inhibitor of bromodo-
main and extraterminal domain (BET) family members, to a
thalidomide analog to promote the CRBN-dependent degrada-
tion of BRD4 (21, 22) Linkage of the BET-binding ligand (JQ1 or
OTX-015) to an IMiD redirects CRBN-E3 ligase activity toward
BRD4, allowing for analysis of different substrates through a
similar TBD-dependent mechanism (Fig. S1). Moreover, the E3
ubiquitin protein–targeting approach, coined proteolysis tar-
geting chimera (PROTAC) (23–25), may be broadly applied
clinically and experimentally to study the function of proteins
that are difficult to target and in cells that are insensitive to
genome editing techniques. Here, we use a PROTAC probe to
investigate cellular engagement of an immunomodulatory drug
with mouse CRBN. Collectively, our findings are important to
understand sequence variants of CRBN and provide the first
investigation of the E3 ubiquitin ligase substrate-conjugating
function of CRBN in a nonprimate vertebrate model.

Results

Resistance of mouse cells to immunomodulatory compounds

Comparative analyses of CRBN sequences from representa-
tive vertebrate species revealed that Ile-391 is conserved among
many nonprimate mammals (mouse, rat, dog, manatee, and
opossum), birds (chicken and zebra finch), reptiles (alligator),
amphibians (Xenopus), bony fish (zebrafish and spotted gar),
and cartilaginous fish (whale shark) (Fig. S1B) (26). Interest-
ingly, both chicken and zebrafish are susceptible to thalido-
mide-induced teratogenicity despite expressing the Ile-391 var-
iant (3). In contrast, Val-388 is present in all examined primate
sequences (human, chimpanzee, gorilla, orangutan, gibbon,
macaque, baboon, green monkey, squirrel monkey, marmoset,
tarsier, and Sunda flying lemur) with the exception of the gray
mouse lemur sequence, which encodes Ile in this position (Fig.
S1B). Therefore, Val-388 is a recently derived feature present in
most primates.

Immunomodulatory drug–induced ubiquitin-mediated deg-
radation of Ikaros and Aiolos (encoded by IKZF1 and IKZF3,
respectively) (1, 27) appears sufficient to augment IL-2 produc-
tion by T cells (28) in the absence and presence of anti-CD28
co-stimulation (15, 29, 30). In Len-treated human T cells stim-
ulated with anti-CD3� antibody to cross-link the T-cell recep-
tor (TCR), levels of IL2 mRNA (Fig. S2A) and protein (Fig. S2B)
were significantly increased relative to DMSO (vehicle)-treated
cells. Comparing purified human (Fig. 1A) and mouse T cells
(Fig. 1B) pretreated with vehicle or 10 �M Len, only human T
cells displayed the expected Len-induced increase in IL-2 when
stimulated in the absence (Fig. 1, A and B) or presence (Fig. S2,
C and D) of anti-CD28 antibody using doses of anti-CD3� that
ranged from 0.01 to 10 �M.

Thalidomide, Len, and Pom’s antiproliferative effects in mul-
tiple myeloma cell lines also reportedly differ based on the pres-
ence of mouse CRBN (18, 20, 31). In U266 (Table S1), H929

Figure 1. Mouse cells are resistant to immunomodulatory drugs. Shown
are T cells purified from healthy donor peripheral blood mononuclear cells (A)
or from mouse spleens of C57BL/6j mice (B) and stimulated in the presence of
increasing concentrations of anti-CD3� antibody in the presence of 10 �M Len
or vehicle control (DMSO) without anti-CD28. IL-2 production was deter-
mined from the culture supernatant by ELISA. The human MM1.S (C) or mouse
5TGM1 (D) multiple myeloma cells were cultured for 7 days with increasing
concentrations of Len, Pom, and vehicle (DMSO). Percentage relative cell via-
bility is shown. E, Western blot analysis of Ikaros, CRBN, and �-actin (loading
control) in human and mouse T cells stimulated with anti-CD3� 5 �g/ml � 1
�g/ml anti-CD28 antibody for 24 h with DMSO and 10 and 20 �M lenalido-
mide and pomalidomide. Results are representative of three independent
experiments. Statistical analysis was conducted using ANOVA, followed by
Dunnett’s multiple comparison test. *, p � 0.05; ***, p � 0.001 (see also Fig.
S2). Error bars, S.D.
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(Table S1), and MM1.S multiple myeloma cell lines (Fig. 1C and
Table S1), the antiproliferative effects (IC50 values) of Pom
ranged from 0.05 to 0.51 �M, and for Len, they ranged from 1.5
to 10 �M. In contrast, the mouse multiple myeloma cell line
5TGM1 was resistant to immunomodulatory drugs (Fig. 2D
and Table S1). Further, Ikaros protein expression was unaf-
fected in primary mouse T cells versus almost completely
depleted in human cells (Fig. 1E), as predicted from previous
structural and functional studies in multiple myeloma cell lines
and in the Ba/F3 mouse lymphoma cell line (13, 20).

Thalidomide-binding domain of CRBN has a conserved
immunomodulatory compound– binding motif

Next, the sequence variants of CRBN were studied in more
detail. Based on crystal structures, immunomodulatory com-
pounds bind to a conserved pocket within the C-terminal TBD
of CRBN (Fig. S1 and Fig. 2A) (32, 33). These interactions are
governed by hydrogen bonding, aromatic quadrupole, and van
der Waals interactions. Analysis of the X-ray crystal structures
of CRBN (human (hCRBN), mouse (mCRBN), and chicken
(gCRBN)) in complex with thalidomide, Len, and Pom, respec-
tively (Fig. 2A), shows negligible variations of root mean square
deviation (RMSD) between the inhibitor poses. Thus, an in-

depth theoretical investigation of the molecular binding
mechanics of immunomodulatory compounds in complex with
CRBN was conducted to explore possible differences in drug
interactions between mouse and human CRBN caused by
induced fit or protein flexibility.

For molecular dynamics (MD), simulations of the crystal
structures of hCRBN (Protein Data Bank (PDB) code 4TZ4)
(32) and gCRBN (PDB codes 4CI1, 4CI2, and 4CI3) (32) in com-
plex with DDB1 were used. The crystal structure of mCRBN
(PDB codes 4TZC and 4TZU) (33) is monomeric and truncated
to contain only the TBD (108 defined residues compared with
380 defined residues for hCRBN and gCRBN) and is not suita-
ble for computational modeling. The amino acid differences in
mouse CRBN (when compared with human CRBN) include
C366S, E377V (which may be specific to rodents), and V388I
(Fig. 1B). Therefore, to further increase sampling and deter-
mine any structural dependence on these residues, the original
hCRBN sequence of the equilibrated representative structure
was mutated to the mouse sequence. The mCRBN analog and
hmCRBN hybrid developed from the hCRBN system is capable
of reproducing the crystal ligand poses of mCRBN (PDB codes
4TZC and 4TZU) with minimal conformational deviation (Fig.

Figure 2. Structure of cereblon is conserved across different species. A, ribbon overlays of human (purple; PDB code 4TZ4) and chicken (blue; PDB code 4CI2)
X-ray crystal structures and post-MD structure of mouse (yellow; PDB code 4TZ4) cereblon. Human immunomodulatory drug– binding site residues His-378,
Trp-380, Trp-386, and Phe-402 and ligands thalidomide (yellow), lenalidomide (green) and pomalidomide (blue) are shown for reference. B, superposition of
ligand poses of lenalidomide for the post-MD equilibrated systems of the CRBN thalidomide-binding site after IFD for hCRBN (red), hmCRBN (green), and gCRBN
(orange), shown with the post-MD equilibrated protein structure of hCRBN (red) for reference. C, overlays of human and mouse cereblon show nonconserved
residues Ile-391 for mCRBN (human Val-388), Val-380 for mCRBN (human Glu-377) (mouse shown in italic type) (see also Fig. S3).
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2C) and was used for modeling purposes. Binding modes do not
appear to differ between models and compounds, as there are
no significant differences in RMSD calculations between X-ray
crystal binding poses (Table S2) and post-MD equilibrated
models (Figs. 2, B and C). Induced-fit docking (IFD) also pre-
dicts no observable difference in binding affinity between mod-
els and compounds (Table S2). All poses are within 1.8 Å
RMSD, which is the expected threshold for the IFD protocol
(34).

Although Val-388 of hCRBN recruits Ikaros, Aiolos, and
CK1� upon immunomodulatory compound binding (20), the
side chain is �6 Å away from the immunomodulatory drug, and
it is thus unlikely to alter binding affinity to the drugs. The
second distinct amino acid is Glu-377, which in the mouse is
Val-380 and could establish a weak hydrogen bond with Len’s
amino group. However, hydrogen-bond analysis (Fig. S3) of
MD simulations suggests that minimal interaction occurs
between this residue and bound immunomodulatory drugs,

mainly due to the backbone dihedral strain tending to force the
charged carboxyl moiety away from the binding site.

Immunomodulatory compound binding is conserved in CRBN
sequence variants

Amino acids in mouse CRBN–TBD at Val-380 (equivalent to
human Glu-377) and Ile-391 (equivalent to human Val-388)
(Fig. 3, A–C) appear to have no relevance in the structure or
corresponding immunomodulatory drug– binding interaction
based on theoretical modeling. To test the effects of these two
nonconserved amino acids on binding affinity, the recombinant
human TBD motif (residues 319 – 425) was expressed in Esch-
erichia coli (Fig. S4A) and mutated to the mouse variants (Fig. 3,
A–C). Immunomodulatory drug binding was then analyzed
using two distinct assays, an intrinsic tryptophan fluorescence
assay (IF) (Fig. 3, D–G) and isothermal titration calorimetry
(ITC) (Fig. 3, H–K). The C366S amino acid mutation was not
studied in binding assays, as it is more than 20 Å away from the

Figure 3. Human and mouse CRBN binds IMiDs with similar affinities. A, sequence alignment of human CRBN and human-to-mouse mutations. Mutations
introduced to convert human to mouse are highlighted in red. B, IMiD interaction in the hydrophobic binding pocket. C, lenalidomide (green) interacts with the
TBD site (gray) through hydrogen bonds (dashed black lines) with backbone residues His-378, Ser-379, and Trp-380 van der Waals interactions (dashed green
lines) that occur with the side chains of Trp-380, Trp-386, Trp-400, and Phe-402 (mouse: Trp-383, Trp-389, Trp-403, and Phe-405). The two residues differing
between the human and the mouse proteins are highlighted in cyan. Shown are titration of human TBD WT (D), E377V (E), V388I (F), and E377V/V388I
(hmCRBN–TBD) (G) to lenalidomide (red), pomalidomide (green), thalidomide (blue), and phthalimide (black) by intrinsic tryptophan fluorescence assay. KD
values were calculated based on the magnitude of fluorescence differences (1 � F/F0). H–K, isothermal titration calorimetry saturation curve using Len for
human TBD and mutants (see also Figs. S3–S5 and Table 1). Error bars, S.D.
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immunomodulatory drug– binding pocket. The TBD is struc-
turally stabilized by four cysteine residues (Cys-323, Cys-326,
Cys-391, and Cys-394) that coordinate a single zinc ion (32, 33),
located �18 Å from the drug-interacting site. To gain insights
into the role of zinc, mutations in the CXXC domain of the TBD
were also generated. Mutating any of the cysteine residues
resulted in insoluble protein that aggregated in inclusion bodies
(Fig. S4B). This is indicative of misfolding due to loss of Zn2� ion
coordination. To rule out improper folding or destabilization, a
zincon assay (35) was performed on purified protein of all
expressed recombinant CRBN–TBD proteins. These analyses
revealed a 1:1 stoichiometric ratio of Zn2� bound to the TBD
recombinant protein (Fig. S4, C–F). Moreover, protein secondary
structure consistent with proper folding was also evident using CD
(data not shown). Both IF (Fig. 3, D–G) and ITC (Fig. 3 (H–K) and
Fig. S5) analyses demonstrated similar KD values at equilibrium for
thalidomide and the immunomodulatory compounds tested in
binding to WT, E377V, V388I, and E377V/V388I hmCRBN–TBD
(Table 1) with no binding observed by phthalimide (Fig. S5, I–L),
used as a negative control.

To assess the impact of binding pocket residues, Ala mutations
of two residues were generated (Table 1) (7, 26, 27) to test the
impact of hydrogen bond formation and hydrophobic interaction
with Trp-380. The W380A mutation completely abolished ligand
interactions. Although His-378 forms two hydrogen bonds with
the glutarimide ring (Fig. 3C), mutating this residue to Ala did not
impact binding. This suggests that the backbone carbonyl of
H378A retains the hydrogen bond interaction with the NH group
of the glutarimide ring. To further probe the role of His-378 side
chain in immunomodulatory drug binding, we conducted a pH
dependence study to measure the binding affinity of Len to
CRBN–TBD by ITC. The KD values measured at pH 4.5, 5.5, 6.5,
and 7.5 are 21.4 � 3, 23.7 � 8, 23.8 � 7, and 11.3 � 2 �M, respec-
tively. Thus, protonation and deprotonation of the His-378 imid-
azole group has no impact on immunomodulatory drug binding to
the TBD.

N-terminal stabilization of CRBN–immunomodulatory
compound interactions

Finally, we compared binding affinities of Len to CRBN–
TBD and full-length CRBN–DDB1 protein complex using ITC

to assess the impact of residues outside of the TBD. The full-length
CRBN–DDB1 complex displayed a KD value of 0.64 �M � 0.24 �M

(pH 7.0) (Fig. 4A). This affinity is similar to published data using a
fluorescence polarization-based assay (32). Moreover, these
results are consistent with a single binding site within the protein
complex. To gain more insight into immunomodulatory com-
pound binding to CRBN–TBD, we synthesized N-methyl-Len as a
negative control, where the N-methyl group of the glutarimide
ring is predicted to cause steric hindrance in the binding pocket
(Fig. S6) and lacks the key hydrogen bond donor to His-378. As
expected, N-methyl-Len did not bind to either the CRBN–TBD
or CRBN–DDB1 complex (Fig. 4B), as measured by ITC, indi-
cating that the complex– drug interaction is mediated predom-
inantly by the glutarimide binding pocket of the TBD. Interest-
ingly, the binding affinity of Len to the CRBN–TBD is about
30-fold lower than the full-length CRBN–DDB1 complex.
Moreover, full-length CRBN and CRBN–TBD have endo-
thermic and exothermic reactions, respectively. Therefore,
residues in the full-length protein appear to augment protein-
ligand interactions in the binding pocket.

Acquired ubiquitin-proximity ligation in mouse cells establishes
conserved ligase functions of mouse and human CRBN variants

The substrate-recruiting function of CRBN was then inves-
tigated using dBET1, which maintains the CRBN–TBD target-
ing domain but switches the substrate-recruitment domain to
recognize BRD4 and other JQ1-associated targets (21). Using IF
(Fig. 5A), the saturation binding curves for dBET1 are similar to
that of Len, whereas, as expected, JQ1 alone does not bind to the
CRBN–TBD. The structures of dBET1 and N-methyl-dBET1
(used as a negative control, based on the results of N-methyl-
Len) are provided in Fig. 5B to show the CRBN- and BET-
targeting groups. Moreover, N-methyl-dBET1 confirms that
this analog is interacting with similar residues in the TBD. Next,
the function of dBET1 in activated human T cells was assessed,
and results are shown in Fig. 5 (C–G); statistical analysis is pro-
vided in Table S3. Unlike Len and Pom, which activate T cells,
BRD4 and c-Myc inhibition is expected to induce cell death or
functionally repress these cells, as they are critical mediators of
T-cell proliferation and survival (36, 37). Relative viability of
activated T cells is reduced by dBET1 treatment compared with

Table 1
Binding affinity (KD, [�M]) of immunomodulatory compounds to WT and mutant human CRBN-TBD determined using ITC and fluorescence
intensity assay
Data represent mean � S.D. FI, fluorescence intensity; NB, non-binding; NP, not performed.

TBD Assay
KD

Lenalidomide Pomalidomide Thalidomide Phthalimide dBET1

hCRBN ITC 11 � 3 16 � 4 65 � 40 NB NP
FI 13 � 2 16 � 3 38 � 12 NB 16 � 2

hCRBN-H378A ITC 22 � 3 35 � 8 37.4 � 10 NB NP
FI 27 � 4 22 � 6 74 � 20 NB NP

hCRBN-W380A ITC NB NB NB NB NP
FI NB NB NB NB NP

hCRBN-E377V ITC 9.6 � 2 35 � 9 97 � 100 NB NP
FI 22 � 2 30 � 7 36 � 8 NB NP

hCRBN-V388I ITC 10 � 1 28 � 7 43 � 20 NB NP
FI 14 � 4 16 � 4 39 � 1 NB 13 � 2

hmCRBN-E377V/V388I ITC 14 � 2 8 � 2 34 � 2 NB NP
FI 13 � 3 19 � 4 30 � 8 NB NP
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DMSO and is more active relative to treatment with increasing
doses of JQ1 (Fig. 5C), suggesting that growth suppression by
the heterobifunctional conjugate is superior to JQ1, as shown
previously in leukemia cells (21). Importantly, decreased BRD4
protein expression is only evident with dBET1 treatment,
whereas both dBET1 and JQ1 suppress the activation of c-Myc
protein expression by Western blot analysis (Fig. 5D) and flow
cytometry (Fig. 5E; summary of data in Fig. 5F), as expected,
through BRD4 functional repression. Notably, the effect on
BRD4 is reversed by incubation with N-methyl-dBET1 at doses
of 0.1–10 �M. Repression of c-Myc at very high doses of
N-methyl-dBET1 is consistent with activity of the JQ1-target-
ing molecule (Fig. 5, D and F). From these results, we conclude
that human T cells respond to dBET1 through interactions that
are mediated by the hydrophobic pocket of the CRBN–TBD.
Finally, the suppressive effects observed with dBET1 treatment
shows that the CRBN-targeting molecule in this compound is
no longer activating IL-2, as shown in Len and Pom (Fig. 5G).

Next, saturation binding curves of V388I-TBD mutant
titrated with Len (KD � 15.6 � 2.2 �M), dBET1 (KD � 26.0 � 2.1

�M), and N-methyl-dBET1 (nonbinding control) show that the
mode and binding affinity of dBET1 are similar to those of
the human-TBD protein (Table 1 and Fig. 6A). Mouse T cells
were purified from Crbn�/� and Crbn�/� mice and used to
evaluate the role of mouse CRBN in BRD4 degradation (Fig. 6, B
and C), activation-induced proliferation, viability, and c-Myc
and CD98 (Myc target gene) (Fig. 6, D–G) expression in
response to dBET1 treatment (Fig. 5B). TCR stimulation with
anti-CD3� � anti-CD28 is required for the induction of c-myc
in primary mouse T cells (data not shown). Both JQ1 and
dBET1 suppressed c-Myc in activated T cells, but the reduction
in protein expression of BRD4 was only observed after dBET1
treatment in Crbn�/� mouse T cells, consistent with protea-
some engagement (Fig. 6B) through a CRBN-dependent mech-
anism. Pomalidomide treatment failed to impact BRD4 expres-
sion and further supports redirection of CRBN’s ubiquitin-
conjugating function through JQ1. To assess whether dBET1 is
interacting directly with the TBD of mouse CRBN in vivo, an
assay was performed using mouse Crbn�/� T cells treated with
Pom in the presence and absence of dBET1. Results shown in

Figure 4. Lenalidomide binds to the TBD and CRBN–DDB1 protein complex. ITC binding curves of lenalidomide (A and C) and N-methyl-lenalidomide (B
and D) titrated with CRBN–DDB1 complex (A and B) and CRBN–TBD (C and D). E and F, schematic view of lenalidomide interaction in the binding pocket of
full-length human cereblon; human full-length CRBN (salmon) and DDB1 (blue) with bound lenalidomide (magenta) (PDB code 5FQD) superimposed with
mouse TBD-CRBN (cyan) (PDB code 4TZU). Hydrogen bonds and hydrophobic interactions are shown in red and black dashed lines, respectively (see also Fig.
S6). Data in figure represent mean � S.D.
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Figure 5. Functional activity of lenalidomide, JQ1, and dBET1 in human T cells and binding affinities of JQ1, dBET1, and Len to human CRBN. A,
saturation binding curves of human TBD WT titrated with lenalidomide (KD � 15.6 � 2.2), JQ1 (no binding), dBET1 (KD � 26.0 � 2.1), and N-methyl-dBET1 (no
binding) by fluorescence assay (see also Table 1 for a summary of all KD values). B, structure of dBET1 and N-methyl-dBET1. C, human T cells purified from
peripheral blood mononuclear cells from healthy donors and stimulated with anti-CD3�/CD28. At the time of TCR stimulation, DMSO (vehicle control), the
indicated concentrations of JQ1 and dBET1, 10 �M Len, and 10 �M Pom were added to the cell cultures. Cell viability was determined after 72 h by flow
cytometry using Zombie NIRTM staining. D, Western blot analysis for expression of BRD4, CRBN, c-Myc, and vinculin in human T cells stimulated with anti-CD3�/
CD28 and treated simultaneously with vehicle (DMSO, 0.1%), JQ1, dBET1 (10 �M), and N-methyl-dBET1 (10 �M) for 48 h. Unstimulated cells are not shown in D.
E, c-Myc expression by flow cytometry (histogram data) is shown following 48-h stimulation with anti-CD3�/CD28. Drug treatments and doses are indicated.
Expression of c-Myc requires stimulation based on comparison with unstimulated cells (unstim). Values represent percent positive relative to unstimulated cells
based on gate (dotted line). F, quantification of flow data shown in E represented as percentage of DMSO. Bar height is the mean of individual values shown
representative of three independent experiments. Error bars, S.D. from an exemplary experiment. G, unstimulated (unstim) or anti-CD3�/CD28 –stimulated T
cells were treated with 10 �M Len, 10 �M Pom, and the indicated doses of JQ1 or dBET1. ELISAs were used to quantify IL-2 concentrations (pg/ml) from
supernatants harvested at 48 h. Results shown are representative of three independent experiments. Bar height, mean of individual values; error bars, S.D. from
an exemplary experiment. Results of statistical analysis are provided in Table S3.
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Fig. 6C show that at high concentrations of Pom (10-fold
excess), the impact of dBET1 on c-Myc and BRD4 expression
was reversed, suggesting that dBET1 is directly engaging the
TBD of mouse CRBN. We next examined proliferation (i.e.
division index) measured by dilution of cell trace violet (CTV)
using methods described previously (38), expression of a c-Myc
target gene (CD98), and viability using flow cytometry (Fig. 6D).
Histograms (Fig. 6D) and summarized results (Fig. 6, E–G) show
that the division index (based on CTV data) and CD98 expression
(median fluoresce intensity (MFI)) are induced through activation
(unstimulated versus DMSO) and that there is a differential
response to dBET1 treatment in Crbn�/� and Crbn�/� T cells at

0.1 and 1 �M. The suppression of T cells at 10 �M is probably
related to the JQ1-targeting molecule, because proliferation,
c-Myc–regulated CD98 expression, and viability were suppressed
independently of CRBN expression. Moreover, BRD4 degradation
by dBET1 is similar in MM1.S human and 5TGM1 mouse multi-
ple myeloma cells, confirming the conserved ubiquitin-conju-
gating functions of CRBN (Fig. S7).

Discussion

CRBN was first identified in mild autosomal recessive non-
syndromic intellectual disability (39) but has poorly defined
physiological functions. Interactions have been reported with

Figure 6. Functional activity of lenalidomide, pomalidomide, JQ1, and dBET1 in mouse T cells. A, saturation binding curves of human V388I mutant TBD
titrated with lenalidomide (KD � 18 � 4), JQ1 (no binding), dBET1 (KD � 18 � 3), and N-methyl-dBET1 (no binding) by fluorescence assay (see also Table 1). B,
mouse T cells purified from spleens of C57BL/6j mice with homozygous deletion of Crbn and WT littermates were stimulated with anti-CD3�/CD28 in the
presence of 0.1% DMSO (vehicle control), 10 �M Pom, 10 �M JQ1, or 10 �M dBET1. Western blots for BRD4, c-Myc, CRBN, and vinculin (loading control)
expression are shown. C, Western blot analysis showing expression of BRD4, c-Myc, and vinculin from Crbn�/� T cells stimulated with anti-CD3�/CD28 for 12 h
with the indicated doses of dBET1, Pom, or combined treatment. D, purified Crbn�/� and Crbn�/� mouse T cells stimulated with anti-CD3�/CD28 and treated
with 0.1% DMSO (vehicle control), 10 �M Len, 10 �M Pom, 10 �M JQ1, or increasing doses of dBET1 for 72 h. Histogram plots from one experiment show
proliferation (determined by dilution of CTV) and CD98 expression of T cells. E, proliferation index based on CTV data was used to calculate the amount of
proliferation using an algorithm available with Flowjo analysis software (Tree Star). F, expression of CD98 was calculated relative to unstimulated cells using
gates shown based on mean fluorescence intensities (MFI) of T cells as shown in D. G, cell viability was determined after 72 h by flow cytometry using Zombie
NIRTM staining. Results shown are representative of three independent experiments. Bar height represents mean of individual values, and error bars represent
S.D. from an exemplary experiment. Results of statistical analysis are provided in Table S4.
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the AMP-activated protein kinase �1 subunit (40), TAK1–
TRAF6 (41), and CD147–MCT1 complex (42), where CRBN
plays ubiquitin-independent roles in pathway regulation. The
mechanistic underpinnings for induced limb deformities in
chickens and zebrafish, but not in mice, appears dependent on
sequence differences in mouse CRBN (20), which brings into
question whether these differences in CRBN render it function-
ally inactive. Although reference CRBN sequences for nearly all
examined primates possess Val-388, according to the Exome
Aggregation Consortium, the Ile-391 variant occurs in humans
at a frequency of 0.005% (rs756414303). Our data show that
mutating Val-388 to Ile (V388I) does not alter binding affinity
to the immunomodulatory compounds, suggesting that the
contact between the immunomodulatory drug and the CRBN–
TBD is maintained and potentially functionally active.

When bound to immunomodulatory drugs (Len, Pom, and
CC-122), CRBN induces the destruction of three substrates,
Ikaros, Aiolos, and CK1� (13), via a Val-388 interaction (1). In T
cells, the IKZF-family transcription factors repress IL2 so that
ubiquitin-mediated destruction may be responsible for pro-
moting T cell activation (13, 16). Our data solidify the mecha-
nistic involvement of CRBN Ile-391 in drug resistance in mouse
cell lines, as suggested previously by the finding that overex-
pression of hCRBN with Val-388, but not Ile-391, in Ba/F3 cells
was sufficient to restore Ikaros protein destruction (13, 20).

As expected, using dBET1, there was no Ikaros degradation
in mouse T cells or mouse myeloma cell lines. However, we
found that dBET1 impressively reduced the expression of BRD4
in both human and mouse cells. Therefore, proximity-associ-
ated ubiquitin-conjugating functions of mouse and human
CRBN are confirmed using dBET1. Crbn�/� T cells demon-
strated that dBET1 functions through a CRBN–TBD– depen-
dent process. Competition with Pom further suggests that the
TBD of human and mouse CRBN have similar binding modes
for immunomodulatory compounds, suggesting that there is
both structural and functional conservation. Thus, the endog-
enous E3 ubiquitin ligase activity and assembly of the CRBN–
DDB1–CUL4A– containing complex are fundamentally con-
served across the vertebrate lineage, including the mouse, and
probably other species, expressing Ile-391. Moreover, other
sequence variants present in mouse CRBN, including differ-
ence in the N terminus, fail to impact its substrate-recruiting
functions when targeting BRD4. This observation, along with
the high degree of CRBN conservation, indicates that selective
pressure has maintained the overall structure and function in
CRBN for over 400 million years.

Using ITC and fluorescence-based binding assays, we estab-
lish that the dissociation constants of thalidomide and other
immunomodulatory compounds to mouse CRBN are similar to
human CRBN, which is consistent with analysis of the crystal
structure of human CRBN–DDB1 in complex with Len (32, 33).
As suggested previously (32), the W380A mutant completely
abolished binding, which confirms that this is one of the key
residues of the binding pocket. Trp-380 also appears to work
synergistically with other binding pocket residues (Trp-386,
Trp-400, and Phe-402) for ligand interaction. The KD values of
immunomodulatory compounds in complex with the human
TBD (amino acids 319 – 425) are in the micromolar range, sim-

ilar to those of Caenorhabditis elegans and Magnetospirillum
gryphiswaldense (43). Based on the conserved CRBN structure,
we synthesized N-methyl derivatives of Len and dBET1, which
proved useful in assessing the functional contribution of this
ligand interaction in vivo in mouse and human cells.

Here, we show an interesting reliance of the rigid TBD-bind-
ing pocket on N-terminal sequences, which plays a previously
unappreciated role in optimal ligand binding. A conformational
change in full-length CRBN–DDB1 may occur upon ligand
binding, as shown by the difference in their 	H and 	S values
(Fig. 4). Notably, the CRBN–DDB1 complex and CRBN–TBD
show a marked difference in Len-binding affinity by ITC. In
fact, a closer inspection of the crystal structure of full-length
CRBN in complex with Len illustrates that a disordered loop in
the TBD consisting of residues Asn-351, Pro-352, and His-353
stabilizes the interaction of Len. Asn-351 forms a hydrogen
bond to a carbonyl oxygen of Len’s isoindolinone ring, and both
Pro-352 and His-353 form hydrophobic interactions with the
aromatic system of the immunomodulatory drug (Fig. 4E).
Importantly, the mouse TBD crystal structure shows poor elec-
tron density in this loop structure, suggesting that it is a highly
unstructured and dynamic region. Alternatively, other residues
outside the TBD could have stabilized this loop. The side chain
of Gln-100, which is located in the LON domain of CRBN,
forms a weak hydrogen bond interaction to the �2NH group of
His-378. This in turn positions the �1NH of His-378 as a hydro-
gen donor to the immunomodulatory drugs. These important
structural domains should be further investigated in immuno-
modulatory drug discovery.

Collectively, our results suggest that PROTAC molecules
and possibly other CRBN-bound compounds may adopt an
active conformation that is susceptible to CRBN-directed,
cullin–RING E3 ligase–mediated polyubiquitination in mouse
cells. PROTAC molecules are designed to harness the CRBN-
binding properties of IMiDs and initiate the degradation of onco-
genic targets. Several IMiD-based BET-targeting PROTACs, such
as dBET-1, ARV-825, and BETd-260 have been developed to
potently degrade BRD4 (22, 44, 45). Intracellular protein degrada-
tion of FK506-binding protein (FKBP12) was also achieved by a
conjugate of thalidomide (21, 46), but originally, methionine
aminopeptidase-2 (MetAP-2) (25), estradiol, and dihydroxytes-
tosterone were degraded by engaging the Skp1–Cullin–F-box
(SCF) ubiquitin ligase through a 10-amino acid phosphopep-
tide derived from I�B� (23, 47). PROTAC with specificity for
the von Hippel–Lindau ubiquitin ligase E3 have also been
developed (48, 49). Recently, BRD4 and ERK1/2 degradation
was induced by the interaction of two smaller precursors
molecules that undergo intracellular self-assembly, which
improves solubility and cellular permeability of thalidomide-
containing PROTAC inhibitors (50). Importantly, our studies
establish that mouse platforms can indeed be used for
preclinical development of dBET1 and possibly other
PROTAC-based chemical degraders that are designed to redi-
rect CRBN’s substrate-binding function toward specified
endogenous proteins (21, 23, 25, 44, 50, 51). Toxicology and
functional testing of such agents in rodents and mouse tumor
models may yield important preclinical information.
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Experimental procedures

Animals and cell lines

Germ line Crbn-deficient mice (Crbn�/�) were described
previously (39), and gene deletion was confirmed using WT and
Crbn-KO–specific primers. C57BL/6 (Crbn�/�) mice were
purchased from Jackson Laboratory (Farmington, CT) and
were then bred to Crbn�/� mice. Crbn�/� and Crbn�/� litter-
mates from Crbn�/� intercrosses were used for our studies.
Mice were maintained and bred at the H. Lee Moffitt Cancer
Center and Research Institute under a protocol approved by the
institutional animal care and use committee. The human mul-
tiple myeloma cells, including U266, H929, and MM1.S, and the
mouse multiple myeloma cell line 5TGM1 were generous gifts
of Drs. Ken Shain and Connor Lynch (Moffitt Cancer Center,
Tampa, FL). All cell lines were mycoplasma-free and se-
quence-verified.

T-cell isolation, activation, and drug treatments

Human polyclonal CD3� T cells or CD8� T cells were iso-
lated from peripheral blood donations to the Southwest Florida
Blood Services. Because personal identifying information is
unavailable, the research was deemed nonhuman research.
Human and mouse T cells were isolated from Crbn�/� and
Crbn�/� splenocytes by immunomagnetic negative selection
(Miltenyi Biotec, San Diego, CA), and �95% purity was con-
firmed by flow cytometry. For drug treatment experiments,
12-well flat bottom plates were coated with 5 �g/ml anti-CD3�

(clone HIT3a (eBioscience) or clone (145-2C11)) in 1
 PBS at
37 °C for 60 min. Cells were plated at 2– 4 
 106 cells/well with
anti-CD28 (clone CD28.2 (eBioscience) or clone 37.51 (eBiosci-
ence)). Following 12 h of activation, the cells were treated with
DMSO (0.1%, Sigma-Aldrich), Len (10 �M) (Celgene, NJ), Pom
(Sigma-Aldrich), and JQ1 (doses indicated) (catalog no.
SML0974, Sigma-Aldrich). N-Methyl-Len, dBET1, and N-
methyl-dBET1 were all synthesized at the Moffitt Cancer
Center (described in the supporting material) and used at the
doses indicated. After 12 h of drug treatment, cells were
harvested, and protein levels were examined by Western blot
analysis. For proliferation experiments using mouse T cells,
0.1–10 �g/ml anti-CD3� (clone 145-2C11, eBioscience) was
used with cells plated with and without anti-CD28 for 72 h.
Cytokine expression was determined using supernatants
that were harvested at 24 or 48 h and quantified from stan-
dard curves by ELISA according to the manufacturer’s pro-
tocol. Kits were purchased from eBioscience (IL-2) and R&D
Systems for other cytokines. For functional analysis of T cells
treated with JQ1, murine CD3� T cells from Crbn�/� and
Crbn�/� splenocytes and human T cells were labeled with
5–10 �M CellTrace Violet (C34557, Thermo Fisher Scien-
tific) and activated with 5 �g/ml anti-CD3� and 1 �g/ml
anti-CD28 for 72 h in round-bottom 96-well plates. Cells
were stained with CD98-PE (clone RL388, Biolegend),
7-aminoactinomycin D (BD Pharmingen), and the Zombie
NIRTM fixable viability kit (catalog no. 423105, Biolegend)
and analyzed on a BD LSRII flow cytometer.

Quantitative real-time PCR

Isolated T cells from Crbn�/� and Crbn�/� mice were lysed
and homogenized (Qiashredder, Qiagen), and total RNA was
extracted (RNeasy, Qiagen) according to the manufacturer’s
protocol. Complementary DNA was generated from isolated
RNA (iScript cDNA synthesis kit, Bio-Rad). RNA expression
was analyzed by quantitative real-time PCR using Taqman Uni-
versal PCR Master Mix for Taqman probes (Thermo Fisher
Scientific) against (cDNA) c-Myc (Mm00487804_m1) and
(cDNA) �2 M (Mm00437762_m1). Samples were run on an
Applied Biosystems 7900 HT and Sequence Detection Systems
software.

Treatment of multiple myeloma cells

Mouse and human multiple myeloma cell lines were plated at
2– 4 
 106 cells/well in a 12-well plate with various concentra-
tions of Len and Pom. To confirm target degradation, the cells
were treated with varying concentrations of dBET1 (0, 0.01, 0.1,
1, and 10 �M) for 12–24 h. Following drug treatment, protein
levels were examined by Western blot analysis relative to vinculin
or �-actin to normalize for protein expression. For proliferation
studies, 1–2 
 104 cells/well were seeded in a 96-well plate and
were treated with using the CCK8 (cell-counting-8) kit (Dojindo,
Rockville, MD) according to the manufacturer’s protocol.

General chemistry information

All reagents were purchased from commercial suppliers and
used without further purification (except where mentioned
otherwise). 1H NMR spectra were recorded on an Agilent-Var-
ian Mercury 400-MHz spectrometer with DMSO-d6 as the sol-
vent. All coupling constants are measured in hertz, and the
chemical shifts (�H) are quoted in parts per million relative to
TMS (�0), which was used as the internal standard. High-reso-
lution MS was carried out on an Agilent 6210 LC-MS (electro-
spray ionization-TOF) system. HPLC analysis was performed
using a JASCO HPLC system equipped with a PU-2089 Plus
quaternary gradient pump and a UV-2075 Plus UV-visible
detector, using an Alltech Kromasil C-18 column (150 
 4.6
mm, 5 �m) and an Agilent Eclipse XDB-C18 column (150 
 4.6
mm, 5 �m). The purities of the final compounds used for the
biochemical and functional studies were �95% as measured by
HPLC. Melting points were recorded on an Optimelt auto-
mated melting point system (Stanford Research Systems). TLC
was performed using silica gel 60 F254 plates (Thermo Fisher
Scientific), with observation under UV when necessary. Anhy-
drous dimethylformamide was used as purchased from Sigma-
Aldrich. Burdick and Jackson HPLC-grade solvents were pur-
chased from VWR for HPLC, HPLC-MS, and high-resolution
mass analysis. dBET1 (HPLC purity 98%) was prepared from
JQ1 as described (21). Detailed information about the synthesis
of N-methyl-Len, and N-methyl-dBET1 synthesis are provided
in the supporting material.

Cloning, protein expression, and purification

The full-length hCRBN protein (isoform 1) in complex with
DDB1 was a generous gift from Celgene Corp. (San Diego, CA).
The gene coding for the human TBD (amino acids 319 – 425)
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was synthesized and subcloned into the BamHI-NotI restric-
tion sites of the pGEX-6P-1 vector by GeneArt� gene synthesis.
The gene was engineered with silent mutations that utilize the
favored E. coli codons. TBD E377V, V388I, H378A, and W380A
mutations were performed using PCR. Details of primer
sequences are provided in the supporting material. Mutations
were confirmed by sequencing. The recombinant DNA plas-
mids were transformed into E. coli RosettaTM 2(DE3)pLysS
competent cells (EMD Millipore, Billerica, MA) for subsequent
protein expression. The GST-tagged TBD proteins linked with
PreScission protease proteolytic site were expressed and puri-
fied as follows. A single colony of freshly transformed cells was
cultured at 37 °C for 16 h in 5 ml of Luria–Bertani (Thermo
Fisher Scientific) medium containing 100 �g/ml ampicillin
(Sigma-Aldrich) and 34 �g/ml chloramphenicol (Sigma-
Aldrich). 1 ml of the culture was then used to inoculate 25 ml of
Terrific Broth–phosphate medium (Thermo Fisher Scientific)
with 100 �g/ml ampicillin at 37 °C for 16 h. The culture was
then transferred to 1.5 liters of Terrific Broth–phosphate
medium supplemented with 50 �M ZnCl2 (Sigma-Aldrich). The
resultant culture was incubated with continuous shaking at 250
rpm to an A600 of 0.70 and then induced with isopropyl-�-D-
thiogalactopyranoside (0.5 mM final concentration; Thermo
Fisher Scientific) at 16 °C for 20 h before harvesting by centrif-
ugation at 6000 rpm for 30 min. The cells were lysed by homog-
enization in 50 mM Tris (pH 8.0; Sigma-Aldrich), 500 mM NaCl
(Thermo Fisher Scientific), 1 mM TCEP (Sigma-Aldrich), 0.1%
Triton X-100 (Sigma-Aldrich), 10 �M ZnCl2 (Acros Organics,
Thermo Fisher Scientific), and protease inhibitor mixture
(Roche Applied Science). The protein was then purified by
affinity chromatography on an AKTA Explorer or AKTA Puri-
fier (GE Healthcare Life Sciences) using a GSH-Sepharose
matrix (GE Healthcare) pre-equilibrated with 50 mM Tris (pH
8.0), 500 mM NaCl, 1 mM TCEP, and 10 �M ZnCl2 and eluted
with the same buffer with the addition of 10 mM reduced GSH
(Sigma-Aldrich). Purity of the protein in the different fractions
was determined by SDS-PAGE, and the best fractions were
pooled. GST was cleaved from the pooled GST-TBD fractions
by digestion with PreScission protease at 4 °C for 4 h. GST was
removed from the resultant digest by a second round of GST
affinity chromatography. Proteins were further purified by
size-exclusion chromatography in a Superdex 75 column (GE
Healthcare Life Sciences). Fractions with �90% purity were
pooled, concentrated by ultrafiltration (10K Amicon tubes,
EMD Millipore), and stored at �80 °C.

Zincon assay

All chemicals used in this assay were purchased from Sigma-
Aldrich. The assay was adapted from previously published
methods (35). A zinc concentration standard curve was pre-
pared in 50 mM borate buffer, pH 9.0, containing 4 M NaCl, 8 M

urea, and 40 �M zincon (2-carboxy-2�-hydroxy-5�-sulfo-
formazylbenzene) dye. Purified proteins were acidified with
300 mM HCl to facilitate the release of the zinc ions bound to
the protein. The protein polypeptide was separated from the
water-soluble layer by centrifugation. The solution was then
spiked with 10 –20 �M zinc sulfate. Absorption spectra between
400 and 750 nm were recorded. �max of free zincon and zincon–

zinc complex were measured at 480 and 620 – 630 nm, respec-
tively. Absorbance at 630 nm of different zinc concentrations
was used to generate the linear regression curve. The concen-
tration of zinc-containing protein was extrapolated based on
the linear regression curve.

ITC

The binding of CRBN–DDB1 complex and CRBN–TBD WT
and mutant variants to immunomodulatory compounds was
analyzed with a MicroCal iTC200 titration calorimeter
(Malvern, Westborough, MA). The compound phthalimide
was used as the negative control. The proteins were rebuffered
into binding buffer (50 mM HEPES (pH 7.5, Sigma-Aldrich), 200
mM NaCl, 0.1 mM TCEP, and 0.6% DMSO). For the titrations of
the protein constructs, a total of 19 aliquots (2.05 �l each) of the
respective compounds (�600 �M) were injected into 200 �l of
the protein solutions (40 �M) at 25 °C. The ITC cell mixture was
constantly stirred at 1000 rpm and recorded for 160 s between
injections at low feedback. The corrected heat values were fit-
ted using a nonlinear least square curve-fitting algorithm
(Microcal Origin version 7.0, OriginLab, Northampton, MA) to
obtain binding constants (KD) and values for n (number of bind-
ing sites), 	H (enthalpy), and 	S (entropy).

Intrinsic tryptophan fluorescence assay

Binding of compounds to WT and mutant TBD was moni-
tored by fluorescence spectroscopy, using an adapted previ-
ously published method (14, 43). All chemicals used in this
assay were purchased from Sigma-Aldrich unless otherwise
stated. In this assay, changes in emission spectra are induced by
interactions of these compounds with the three Trp residues
(Trp-380, Trp-386, and Trp-400) in the binding site (32, 33).
TBD proteins (final concentration, 10 �M) were incubated with
varying final concentrations (0 –750 �M) of compounds in assay
buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 0.1% Pluronic-F127,
and 1 mM TCEP) to a final volume of 40 �l in a black 96-well
half-area plate (Corning, Inc.). A 0.5% final DMSO concentra-
tion was used in each well. Samples were excited at 280 nm, and
fluorescence emission intensities were measured at 340 nm
using a Wallac Envision 2102 multilabel plate reader (Perkin-
Elmer Life Sciences). All measurements were done in triplicate
and corrected for inner filter effect to subtract for ligand-asso-
ciated fluorescence, as described (52). The magnitude of fluo-
rescence difference (1 � F/F0) was measured, where F is the
fluorescence emission at a given concentration of ligand; F0 is
the intrinsic fluorescence intensity of 10 �M TBD protein alone.
Graph plotting and curve fitting to obtain apparent dissociation
constant (KD) values were calculated by fitting the relative
change in intrinsic fluorescence at 340 nm (1 � F/F0) versus
ligand concentration to a nonlinear regression with one-site
binding hyperbola with GraphPad Prism (GraphPad Software,
La Jolla, CA).

Theoretical calculations

The preparation of the protein systems for hCRBN (PDB
code 4TZ4 (32), mCRBN (PDB codes 4TZC and 4TZU) (32),
and gCRBN (PDB codes 4CI1, 4CI2, and 4CI3) (33) were done
using the Schrödinger software suite (Maestro, version 9.7,
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Schrödinger, LLC, New York). Protein structure coordinates
were downloaded from the PDB (53, 54) and prepared with
the Protein Preparation Wizard (PrepWizard) in Maestro
(Schrödinger Suite 2014-1 Protein Preparation Wizard; Epik
version 2.7, Schrödinger; Impact version 6.2, Schrödinger;
Prime version 3.5, Schrödinger) (55). Final system equilibration
was determined by the observation of asymptotic behavior of
the potential energy, RMSD, and Rg profiles and visual inspec-
tion of trajectories guided by root mean square fluctuation pro-
files (supporting material provides additional detailed settings).
MD simulations were performed with the Desmond MD pro-
gram with additional details provided in the supporting Mate-
rials and Methods (Desmond Molecular Dynamics System, ver-
sion 3). After equilibration was determined, a hierarchical
average linkage clustering method based on RMSD was utilized
to determine an average representative structure for each equil-
ibrated system. The program PROPKA was then implemented
again on the equilibrated structures to test the consistency of
side chain protonation states at pH 7.4 (supporting Materials
and Methods provides details for characterization of the ioni-
zation states for certain side chains).
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