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Summary

Cullin-RING E3 Ligases (CRLs) are elongated and bowed protein complexes that transfer
ubiquitin over 60 A to proteins targeted for proteasome degradation. One such CRL contains the
ankyrin repeat and SOCS box protein 9 (ASB9), which binds to and partially inhibits creatine
kinase (CK). While current models for the ASB9-CK complex contain some known interface
residues, the overall structure and precise interface of the ASB9-CK complex remains unknown.
Through an integrative modeling approach, we report a third generation model that reveals
precisely the interface interactions and also fits the shape of the ASB9-CK complex as determined
by SAXS. We constructed an atomic model for the entire CK-targeting CRL to uncover dominant
modes of motion that could permit ubiquitin transfer. Remarkably, only the correctly docked CK-
containing E3 ligase and not incorrectly docked structures permitted close approach of ubiquitin to
the CK substrate.
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Cullin-RING E3 Ligases (CRLs) are multi-protein complexes which transfer ubiquitin over 60 A to a protein doomed for degradation.
Schiffer et al. construct an atomic model for a CRL that ubiquitinates creatine kinase (CK) and uncover dominant modes of motion
that could permit ubiquitin transfer.
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Introduction

Ubiquitin-mediated degradation regulates cellular concentrations of proteins critical to
cellular function, including metabolic enzymes and signaling proteins. Cells have evolved to
conjugate ubiquitin to a substrate protein by a cascade of three enzymes: E1 ubiquitin-
activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin ligase. E3 ligases
catalyze the transfer of ubiquitin from E2 enzymes to protein substrates (Deshaies &
Joazeiro 2009), and after multiple rounds, the poly-ubiquitination of a protein substrate flags
it for destruction by the proteasome (Petroski & Deshaies 2005). Although over 600 human
E3 ligases have been identified, only a small percentage of E3 ligase structures have been
solved, and even less is known about the conformational dynamics of these multi-protein
complexes, despite being ubiquitous and attractive therapeutic targets against tumor
malignancies (Deshaies & Joazeiro 2009; Kerscher et al. 2006; Zhao & Sun 2013). The
Cullin-RING of E3 ligases (CRLs) are the most abundant types of E3 ligases and form an
extended multi-protein complex. Previous models of CRLs show a the distance of over 60 A
between ubiquitin, positioned on the C-terminal end of Cullin protein, and the target protein,
positioned at the N-terminal end the Cullin. Thus, substantial conformational changes must
be required for ubiquitin transfer (Thomas et al. 2013; Duda et al. 2008).

One such CRL contains the ankyrin repeat and suppressor of cytokine signaling (SOCS) box
protein 9 (ASB9), which forms the substrate recognition domain in an Elongin-Cullin-SOCS
box-type (ECS-type) E3 ligase. ASB9 interacts directly with the E3 ligase protein substrate,
creatine kinase, targeting it for ubiquitin-mediated degradation (Debrincat et al. 2007; Kwon
et al. 2010). As one of eighteen members of the ASB family, the largest family of SOCS box
containing proteins (Kohroki et al. 2005), ASB9 is composed of an intrinsically disordered
N-terminus, an ankyrin repeat domain and the SOCS box domain. While the SOCS box
interacts with Elongin B, Elongin C, and Cullin 5 in the E3 ligase complex (Thomas et al.
2013; Muniz et al. 2013), the ankyrin repeat domain and N-terminal disordered segment
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interact with creatine kinase (Fei et al. 2012; Balasubramaniam et al. 2015). Creatine kinases
play a critical role in the buffering of ATP/ADP ratios in excitable cells such as in
cardiomyocytes and neural cells, and as such are crucial for cellular homeostasis in the
vertebrate heart and brain (Wang et al. 2011; Bush et al. 2011).

Based on a crystal structure of the ASB9/Elongin B, C (Figure 1), an initial model was
proposed for the interaction of ASB9 with a dimer of creatine kinase (CK) (Muniz et al.
2013). Our group then used an array of solution biophysical studies to obtain experimental
evidence of where CK docks on ASB9 and presented a revised model that aligned with our
experimental data (Balasubramaniam et al. 2015). Enzymatic assays indicated that the
ASB9-CK interaction retained half-the-sites reactivity, and our second-generation model
therefore had the intrinsically disordered N-terminus of ASB9 occluding the active site of
one CK monomer. Isothermal titration calorimetry (ITC) and surface plasmon resonance
(SPR) data revealed that the ankyrin repeat domain of ASB9 binds to CK with nM affinity,
and revealed that the N-terminal disordered residues contribute to even tighter affinity
(Balasubramaniam et al. 2015). Hydrogen-deuterium exchange mass spectrometry
(HDXMS) showed that when ASB9 binds CK residues 182-203 are protected
(Balasubramaniam et al. 2015). The second-generation model captured these biophysical
results including the interaction of the N-terminal repeats of ASB9 with the HDX protected
residues in one of the CK monomers.

Here, we use small angle X-ray scattering (SAXS), isothermal titration calorimetry (ITC),
pull-down assays, computational modeling and simulation to create and validate a third
generation model of the ASB9-CK interaction that not only captures the interaction
interface, but also the overall shape of the complex. We disrupt binding of ASB9 with CK
through mutations of residues predicted to be in the binding interface by the model. Finally,
we use this model to provide a description of the dynamic motions of ECS-type E3 ligase
complexes that enables ubiquitin transfer to the target protein. Our results are, to our
knowledge, the first to report an atomic-level mechanism that permits ubiquitin transfer in
CRLs, which are the largest family of E3 ligases, ubiquitinate almost 20% of proteins
degraded through the ubiquitin-mediate degradative pathway, and are an attractive
therapeutic target in cancer (Zhao & Sun 2013).

Results and Discussion

Isothermal titration calorimetry refines which regions of the N-terminal disordered
segment contribute to binding

Our second-generation model predicted that residues 1-18 were not in contact with CK
whereas residues 19-35 of the disordered N-terminus of ASB9 lay in one active site of CK.
To test whether this prediction was correct, we performed ITC experiments, titrating CK into
a truncated mutant of ASB9 that only contains residues predicted to be in the complex
interface from the docked poses, ASB9(19-252). Although the ¢ value was too high to
measure the K, the AH of the interaction was large, —19.2 kcal/mol, and could be
determined with a high degree of precision (Figure 2A). This enthalpic contribution fully
accounted for the CK interaction with ASB9, suggesting that residues 1-19, do not interact
with CK in the binding interface.
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Third generation docked model of the ASB9-CK complex

Based on our ITC results, the ASB9 structure (pdb 3D9H) was modified to include
structures of the intrinsically disordered residues 19-35 which were not present in the crystal
structure. Structures of ASB9(19-35) were generated with molecular dynamics (MD)
simulations and these trajectories showed that this region sampled elongated structures
similar to what was observed for the intrinsically disordered N-terminal 35 residues of
ASB9 as we have previously reported (Balasubramaniam et al. 2015).

The crystal structure of CK (pdb 3B6R) has one monomer of the dimer in an open
conformation and one in a closed conformation. As previously described in the second
generation docking, we generated an open-open dimer from the crystal structure coordinates
(Balasubramaniam et al. 2015). Based on the ITC results presented here, our current docked
model starting from further minimized and equilibrated structures of the ASB9 (19-252) and
of CK (open/open dimer).

Using the ZDOCK 3.0.2 server (Pierce et al. 2014), we obtained the top ten best docked
poses (Table S1). The top scoring model, which we refer to as ZDOCK-1, had a score of
1778 and the second highest scoring model, ZDOCK-2, had a score of 1425 indicating a
strong discrimination between the models. However all of the 10 poses appeared very
similar in the orientation of the ASB9 ARD with respect to the CK active site (Figure 2B).

Analysis of ASB9-CK complex scattering profiles

We collected SAXS data for both ASB9(19-252)-CK and ASB9(1-252)-CK and both
yielded scattering profiles with monotonically decaying scattering as a function of the
scattering vector ¢ and calculated Rq of 33.1 A and 32.4 A respectively (Figure 3A). We
used the Debye formula for spherical scatters (Schneidman-Duhovny et al. 2011;
Schneidman-Duhovny et al. 2013) to compute the SAXS profile from the ZDOCK-1 and
ZDOCK-2 poses. The profile calculated from the ZDOCK-1 pose agreed with both the
ASB9(19-252)-CK and the ASB9(1-252)-CK complexes, with 2 of 1.79 and 1.21, and Rg
of 31.84 A and 32.38 A respectively. The profile calculated from the ZDOCK-2 pose
showed poor agreement with the ASB9(19-252)-CK complex having a x2 of 7.34 and Rg of
31.90 but agreed with the ASB9(1-252)-CK complex, with 32 of 1.21 and Ry of 32.15 A.
Other protein-protein docking servers, such as RosettaDock (Lyskov & Gray 2008),
FOXSDock (Schneidman-Duhovny et al. 2011), and ClusPro2.0 (Kozakov et al. 2013;
Comeau et al. 2004) were also used and attained poses similar to the ZDOCK-1 and
ZDOCK-2 poses, but agreement as assessed by x2 was not as good as for the ZDOCK-1
pose (Figure S1, Tables S1-S4). We chose to further explore the ZDOCK-1, which agreed
best with the ASB9(19-252)-CK complex and the ZDOCK-2 pose, which agreed best with
the ASB9(1-252)-CK complexes. Because the ZDOCK-1 pose agreed better with the SAXS
profiles than poses from other docking servers, these were not pursued further.

The ZDOCK-1 and ZDOCK-2 poses appeared highly similar, with both poses showing the
intrinsically disordered residues 22-35 interacting with one open active site in CK. However,
the strong variation in y2 agreement with the SAXS data for the ASB9(19-252)-CK complex
suggested significant differences. Indeed, when further analyzed, the total buried surface
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area in the ZDOCK-1 structure was 3,970 A2, whereas only 2901 A2 was buried in the
ZDOCK-2 pose. The buried surface area in the ZDOCK-1 pose also involved many more
interacting side chains including ASB9 residues D36, W37, E42, 145, and H46 of ank1 and
L78 of ank2 which interact with the active site loop of the occluded CK monomer. Residues
S35 and P39 interact with the HDX-protected residues of that same CK monomer while
residues H48, Q49, L50, N54, L55, and Q59 of ank1 and H81 and S83 of ank2 interact with
the HDX-protected residues of the open CK monomer. Additionally, ASB9 residues A67,
D68, H69, A100, D101 W102, E131, D133, L134, 1164, S165 and H166 interact with active
site loops of the occluded CK monomer (Figure 4A). The large amount of buried surface
area is consistent with the very tight binding interaction (Balasubramaniam et al. 2015;
Chothia & Janin 1975; Chakravarty et al. 2013). In the ZDOCK-2 pose, only residues W37
and W60 of ASB9 ank 1 interact with HDX-protected residues of the occluded CK active
site. Additionally, residues H69, V98, T99, W102, E131, L134, D133, 1164, S165, and H166
interact with the CK active site loops (Figure 4B).

ZDOCK-1 and ZDOCK-2 poses converge to similar binding interface in MD simulations

To test the stability and understand the structural dynamics of the ASB9-CK complex, we
performed all-atom molecular dynamics (MD) simulations initiated from the atomic
structures of the ZDOCK-1 and ZDOCK-2 poses. We simulated ASB9(22-252) and not
ASB9(19-252), because in both the ZDOCK-1 and ZDOCK-2 poses, ASB9 residue R22 is
the last N-terminal residue to lie within the CK open cleft, and we wished to avoid issues
with force fields in oversampling collapsed structures of intrinsically disordered proteins
(Henriques et al. 2015). Simulations were performed in triplicate for both the ZDOCK-1 and
ZDOCK-2 poses.

Within tens of nanoseconds, the structures from the ZDOCK-2 simulations relaxed to an
ASB9-CK interface that mimicked the ZDOCK-1 pose, while the interface of the ZDOCK-1
pose was maintained for over 300 ns of simulation (Figure 5, Movie 1). The relaxation of the
ZDOCK-2 structures was measured with all-atom RMSD of the most critical interface
residues from ASB9 (see below, residues D32, W36, 145, L50, 175, W102) and internal
distances between residues implicated in the complex interface in the ZDOCK-1 pose
(Figure 5A, Movie 1 and Fig S1). The internal distance between ASB9 residues 145 and L78
and CK active site loop residues P67 and Y68 relaxes to and is maintained at between 4-6 A
in all three parallel simulations from the ASB9(22-252)-CK complex (Figure 5A). A similar
relaxation occurs for the internal distances between the center of mass of ank1 and CK
residue V198, which is a residue in one of the HDXMS protected peptides (Movie 1, Fig
S1).

Simulations provide new insight into the dynamics of CK that explain the protection of CK
residues A182 to F192 (peptide 1 from HDXMS) and residues L193 to L203 (peptide 2 from
HDXMS) in the helix-coil-helix region, located in front of the substrate-binding pocket,
when in complex with ASB9. In the ZDOCK1 pose, ank1 of ASB9 binds directly to peptide
2 in both CK monomers. However, ASB9 does not bind directly to the CK peptide 1 in
either CK monomer. Our simulations demonstrate that nanosecond motions lead to helix
cracking causing exposure of residues E183 to L187 to exchange. This cracking is

Structure. Author manuscript; available in PMC 2017 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schiffer et al. Page 6

significantly dampened when ASB9 is bound to CK, and likely accounts for the protection
of these residues previously reported with HDXMS (Balasubramaniam et al. 2015).

Residues critical to the ASB9-CK interaction verified with mutagenesis

Structures from the ZDOCKZ1 simulation were clustered based on backbone RMSD (Figure
6A), and the cluster centroids were analyzed with the Robetta Alanine Scan server
(Kortemme et al. 2002; Kortemme & Baker 2004) to predict the contributions of individual
residues to the binding free energy of the ASB9-CK complex (Figure 6B). Residues that
were previously found to be important in the ASB9-CK interaction, including D32, 145, and
L78, were predicted to have a high AAG between the alanine mutant and wild-type residue.
Additionally, residues W37, L50, and W102 were also predicted to have a high AAG and are
highly conserved amongst ASB9 variants. Pull-down assays on these mutants revealed that,
indeed residues W37, 145, L50, L78 and W102 are critical to the interaction of ASB9 with
CK (Figure 6C). Thus, theoretical alanine scanning (Kortemme & Baker 2002; Kortemme et
al. 2004) of the MD ensemble of ASB9-CK accurately predicted the key and necessary
residues in the binding interface of the ASB9-CK complex.

Mechanism of ubiquitin-transfer to CK

With our experimentally validated model for the ASB9-CK complex, we constructed a
complete model of the CK-targeting ECS-type E3 ligase, to uncover the conformational
change necessary for ubiquitin transfer to CK. The E3 ligase model containing full-length
ASB9, Elongins B and C, Cullin 5, Nedd8, Rbx1, E2, and ubiquitin but without the CK
substrate was built as previously described (Muniz et al. 2013). The CK dimer was then
added to this model based on our validated ZDOCK1 pose. To model the distance between
the active thioester bond of E2-ubiquitin and lysines on CK, the ankyrin repeat domain of
ASB9 from the E3 ligase model was aligned with the ankyrin repeat domain of ASB9 from
the ZDOCK1 model. A distance of 82 A was measured between the active thioester bond
and the closest lysine on CK (Figure 7A).

The large distance between ubiquitin and CK in our E3 ligase model suggests the need for a
large conformational change in the transfer of ubiquitin, and we found that calculating the
theoretical motions of this E3 ligase model based on the structure alone provided incredible
insight. We performed elastic network model analysis of our E3 ligase model to decipher if
any slow mations of this multi-domain protein complex could be predicted (Zheng &
Doniach 2003). Indeed, the slowest and most dominant normal mode observed in our E3
ligase model involves the coordinated folding of the Rbx1 linker domain with the bending of
Cullin 5, and to a lesser extent Elongin C and ankyrin repeats 4-6 of ASB9 (Fig S2, S3),
bringing the active thioester of E2-ubiquitin within 5.2 A of the nearest lysine in CK (Figure
7B).

Remarkably, the dominant normal modes which bring the ubiquitin close to its CK substrate
were not observed in elastic network models of the CK-E3 ligase models constructed with
the ZDOCK-2 structure. Instead, the normal mode that achieved any proximity was a
twisting motion, however the ubiquitin and CK remained over 50A apart (Figure 7C). In
addition, models that did not include the substrate, CK, were also incapable of motions that
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brought the ubiquitin close to ASB9. Thus, not only did our latest model fit with all of the
experimental data, it was the only one that moved in a manner consistent with the function
of the entire E3 ligase, ubiquitin transfer. To our knowledge, this is the first reported model
that suggests how CRLs transfer ubiquitin over 60 A. Our model strongly suggests that
correct substrate docking is required to initiate the large-scale motions necessary for
ubiquitin transfer in ASB-containing E3 ligases.

Materials and methods

Materials and methods used in this study for mutagenesis, protein purification, isothermal
titration calorimetry, creatine kinase assay, and protein docking were previously reported
(Balasubramaniam et al. 2015). Here, the same method was used for performing protein
docking experiments as previously reported, except that the starting structures of
ASB9(1-252) and CK(open/open) were minimized and equilibrated to sample more
favorable side-chain and hydrogen-bond orientations with Maestro (Schrodinger Release
2015-4).

Small Angle X-ray Scattering

Proteins were purified as previously described (Balasubramaniam et al. 2015), concentrated
to 2 mg/mL for ASB9(1-252)-CK complex, and 3 mg/mL for the ASB9(19-252)-CK
complex, and sent out to the SIBYLS Beamline for analysis.

Molecular Dynamics Simulations

Three parallel ASB9(1-252)-CK (CK in complex with ASB9) and ASB9(22-252)-CK
simulations starting from the ZDOCK-1 and ZDOCK-2 poses were performed using the
AMBER ff99SB force field (Hornak 2006) in TIP3P (Jorgensen et al. 1983) water box. The
orthorhombic water-box around the hetero-trimer was built with dimensions listed below in
Table 1, with periodic boundary conditions were prepared in maestro (Schrodinger Release
2015-4). The N-termini and C-termini were capped with acetyl and methyl groups
respectively. The total system included a low (0.15 M) concentration of sodium chloride in
water and 36 Na* to neutralize. The protonation states of the system at pH 7.0 was
performed with PROPKA (Li et al. 2005). Simulations were performed with NVIDIA
GK110 (GeForce GTX Titan) GPU using the CUDA version of PMEMD in AMBER12
(Hornak 2006; Case et al. 2005). The simulations were relaxed using 119,000 steps of
energy minimization. For 3000 steps, only hydrogens were minimized with 100.0 kcal/
A2xmol of restraint, 500 steps of steepest descent algorithm-based minimization and 2500
steps of conjugate-gradient algorithm-based minimization. Following, all hydrogens and
waters were minimized in 6000 steps. All waters, hydrogens and protein side chains were
minimized during the next 40,000 steps of minimization. The last 70,000 steps of
minimization, all atoms were minimized. Following minimization, the system was heated to
303.15K in 4000 steps with a 4.0 kcal/A2xmol restraint on the protein backbone atoms.
Three equilibration steps were then performed, each totaling 250 ps of simulation in which
all of the backbone atoms except ASB9(1-35) were restrained with 3.0 kcal/A2xmol, 2.0
kcal/A2xmol, and finally 1.0 kcal/A2xmol of force. Long-range electrostatics were
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calculated using particle mesh Ewald (PME) method (Case et al. 2005), with a 10 A cutoff
and a 1.2 A grid spacing.

Three simulations initiated from the CK homodimer (PDB 3DRB), and five simulations
initiated from maestro (Schrodinger Release 2015-4) built ASB9 (19-35) were performed
with the same force field, water model, salt concentration, and simulation conditions as
described for the ASB9-CK simulations above. The net charge of the solute was counter-
balanced with the addition of 30 Na* ions for the CK homo-dimer and no counterbalance
was needed for the ASB9 (19-35) system. The orthorhombic boundary conditions for CK
homodimer were 89.57 A x 87.0 A x 117.2 A, with a total of 86,108 atoms in the system.
The cubic boundary conditions for ASB9 (19-35) were 73.4 x 73.5 x 73.4 A per side, with a
total of 32,623 atoms in the system. The CK homo-dimer structure was taken from the pdb
3DRB (Bong et al. 2008). The ligands were removed from the structure since all of the
experiments were performed on apo CK homo-dimer. Residues 1-5 were not resolved in the
crystal structure and were not built into the CK homo-dimer since the location of these
residues varies among CK analogs (Lahiri et al. 2002; Rao et al. 1998; Shen et al. 2001; Tisi
et al. 2001) and important for interactions with other proteins but not for CK's interaction
with ASB9.

Molecular Dynamics Analysis

Backbone RMSD-based conformational clustering was performed using the gromos
algorithm (Daura et al. 1999) with GROMACS 4.0.5 (Hess 2008) software. For the ASB9-
CK systems, atomic coordinates were extracted at every 6 ps and aligned to the backbone
atoms of the CK monomer with ASB9's D32 docked into its active site. Various RMSD
cutoffs for the entire backbone (1.25 A, 1.55 A, 1.7 A, 2.1 A) and 2.1 A for consistency as
this produced the best clustering for the 25 ns simulations. After calculating the RMSD
distance matrix, the gromos algorithm clusters the structures and determines the cluster
centroid as previously described (Demir et al. 2011).

The number of hydrogen bonds formed between each residue’s backbone amide and oxygen
water in the simulation was performed through the use of in-house python scripts and cpptraj
(Roe & Cheatham 111 2013). The standard cpptraj settings for angle and distance definitions
for a hydrogen bond were used. Each frame of the trajectory was considered and the total
number of hydrogen bond contacts was tallied and reported as a percentage of the total
frames in the simulation.

Robetta analysis

Robetta analysis (Kim et al. 2004) was performed on each cluster centroid of the above
described 2.1 A RMSD-based clustering without specifying any mutation list.

Mutational analysis of Robetta results

CKB, cloned into a pET11a vector, and N-terminal His-tagged ASB9 (35-252) mutants,
cloned into a pHis8 vector, were coexpresssed in £. coli BL21(DE3) cells. ASB9 mutants
W3T7A, 145A, 145R, L50A, L78A, L78R and W102A were generated by site-directed
mutagenesis from the ASB9 (35-252) construct. Cells were grown at 37° C to an OD of 0.7,
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and induced with 0.4 mM isopropyl B-D-1-thiogalactopyranoside overnight at 18° C in 50
mL LB medium. The cell pellet was resuspended in 2 mL of buffer A (50mM Tris-HCI pH
8.0, 50mM NaCl, 20 mM imidazole, 1 mM DTT, 0.5 mM PMSF), sonicated on ice and
centrifuged for 20 min at 4° C and 14,000 rpm. The supernatant was loaded onto a 1 mL
HisTrap HP (GE Healthcare) column at 4° C equilibrated with buffer A, then washed with 2
mL of buffer A and eluted with 3 mL of buffer A supplemented with 500 mM imidazole.
Then, 20 uL aliquots of each purification step (supernatant, SN; flow-through, FT; wash, W;
elution, E) were analyzed by SDS-PAGE with 15% polyacrylamide gels.

Elastic Network Model

The CK Cullin-5 E3 Ubiquitin Ligase complex was built was previously described (Thomas
et al. 2013), with the ASB9(19-252)-CK complex of the equilibrated ZDOCK-1 pose, the
equilibrated ZDOCK-2 pose, and cluster centroids from both simulations. The various E3
Ligases were uploaded to the AD-ENM (Elastic Network Model) server (Zheng & Brooks
2005). For the output specification, 10 of the lowest modes were output, with amplitude of
displacement per mode of 24, and 30 frames generated. For the parameters settings, a 0 A
distance for coarse-graining was chosen as well as a 15 A distance cutoff for elastic
interaction between CA atoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Protein-protein docked models of ASB9-CK align with new ITC and
SAXS data.

Simulations from these models converge to a similar complex interface.

Key residues in this interface are validated with mutagenesis and pull-
down assays.

A dominant mode of motion of the CK-targeting E3 ligase is revealed.
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Structures of (A) the ankyrin repeat and SOCS box protein 9 (ASB9, PDB 3ZKJ) and (B)
the creatine kinase homo-dimer made up of two open monomers (PDB 3DRB).

Figure 1.
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Figure 2. N-terminal residues of ASB9 form half of the binding interface between ASB9 and CK
(A) ITC thermogram and fit for 37 uM CK (dimer concentration) (in syringe) binding to 5

UM ASB9(19-252) (in cell). (B) Residues of the intrinsically disordered N-terminus of
ASB9 (blue) loop through the active site of CK (green) in our third generation docked
model. (C) Overlay of 6 of our best docked models from the third generation docking.
ZDOCKT1 (blue) and ZDOCK?2 (orange) poses of ASB9 are shown for reference. CK dimer
(green/brown) is depicted in a surface model, with active site loops (yellow) and HDXMS
protected residues (red) similarly depicted.
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Figure 3. Docked structures align with SAXS profiles for the ASB9(1-252) complex with CK and
for the ASB9(19-252) complex with CK

(A) SAXS profiles for ASB9(1-252)-CK complex (black) and for ASB9(19-252)-CK
complex (grey) are shown as scatter plot. Theoretical scattering profiles for the ZDOCK1
pose, with or without residues 1-18, are shown in blue. Theoretical scattering profiles for the
ZDOCK?2 pose, with or without residues 1-18, are shown in orange. (B) Relative orientation
of the ankyrin repeat domain of ASB9 in the ZDOCK1 (blue) or ZDOCK?2 (orange) pose
respectively. HDXMS protected residues (red) and active site loops (yellow) of CK are
shown for reference.
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Figure 4. Residues from ASB9 involved in the binding interface for the third generation model
(A) Residues from ASB9 in the ZDOCK?1 pose include D32, S35, W37, 145, Q49, L50,

D68, H69, L78, W102, D133, L134, 1164, and H166. (B) Residues for ASB9 in the
ZDOCK?2 pose include D32, W37, W60, H69, V98, W102, E131, D133, 1164, and H166..
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Figure 5. Simulations from the best docked poses (ZDOCK1, ZDOCK?2) converge to a similar
binding interface and provide an explanation for HDX protection of CK residues by ASB9

(A) Root Mean Squared Distance (RMSD) of all atoms in residues in the ZDOCK1
interface, W37, 145, L50, L78, and W102, measured over three separate MD trajectories
starting from the ZDOCK2 pose. Within a few ns, the RMSDs all decrease to <5 A in all
three simulations, and are maintained under 5 A in two of the three simulations. (B)
Percentages of amide hydrogen bonding with water is reported for residues of peptide 1 in
CK from simulation of ASB9(1-252) in complex with CK, simulations of ASB9(22-252) in
complex with CK, and simulations of CK alone in solution. (C) Figures showing the initial
and final distances between ASB9 and CK residues in the ZDOCK2 simulation compared to
the distance of the ZDOCKZ1 pose. This interface eventually converges to a very similar
interface. (D) For reference, the structures of the ZDOCKZ1 pose and ZDOCK2 pose.
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ASB9 Average Sequence Sequence

residue AAG Conserve Variety
D32 1.61£0.25 15/18 G
V34 1.11 £0.14 16/18 E
D36 2.59 +0.84 16/18 Y
W37 117 £0.24 17/18 -
145 0.70 £0.10 14/18 L,V
Q49 1.78 £0.68 118 L,V
L50 1.46 £0.12 18/18 -
L78 0.70 £0.37 18/18 %
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Figure 6. MD simulations reveal which residues are most important in the binding interface and
show mobility of active site residues

(A) Cluster centroids of the ASB9(22-252)-CK simulations. (B) Robetta alanine scan results
reported as an average over all cluster centroids. (B) Pull-down assays of indicated alanaine
mutants reveals that CK is not pull down sufficiently by any of these mutants.
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Figure 7. The CK-targeting ECS-type E3 ligase motion revealed by elastic network model
(A) Surface representation of E3 ligase colored based on the mobility of residues in elastic

network model. (B) Lowest-frequency normal mode of E3 ligase model, built with the
ZDOCK-1 pose for the ASB9-CK complex, brings active thioester of E2-ubiquitin within
5.2 A of a CK lysine. (C) Normal mode of E3 ligase model, built with the ZDOCK-2 pose
for the ASB9-CK complex, brings the active thioester of E2-ubiquitin closest to a CK lysine,
within ~ 50 A.
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ASB9(1-252)-CK ZDOCK1
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