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SUMMARY

Ca%*-calmodulin (CaM) extracts KRas4B from the plasma membrane, suggesting that
KRas4B/CaM interaction plays a role in regulating Ras signaling. To gain mechanistic insight, we
provide a computational model, supported by experimental structural data, of farnesylated/
methylated KRas4B.1gs5 interacting with CaM in solution and at anionic membranes including
signaling lipids. Due to multiple interaction modes, we observe diverse conformational ensembles
of the KRas4B-CaM complex. A highly populated conformation reveals the catalytic domain
interacting with the N-lobe and the hypervariable region (HVR) wrapping around the linker with
the farnesyl docking to the extended CaM’s C-lobe pocket. Alternatively, KRas4B can interact
with collapsed CaM with the farnesyl penetrating CaM’s center. At anionic membranes, CaM
interacts with the catalytic domain with large fluctuations, drawing the HVR. Signaling lipids
establishing strong salt bridges with CaM prevent membrane departure. Membrane-interacting
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KRas4B-CaM complex can productively recruit phosphatidylinositol 3-kinase a (P13Ka.) to the
plasma membrane, serving as a coagent in activating PI3Ka/Akt signaling.

INTRODUCTION

Calmodulin (CaM) is a member of a family of calcium-binding proteins. It has 148 amino
acid residues and consists of two symmetric globular domains, the N-lobe and the C-lobe,
connected by a flexible central linker. CaM is a ubiquitous and highly versatile molecule
involved in many physiological processes (Stevens, 1983). CaM can convert its
conformation from a partially collapsed topology in the Ca?*-free state (Komeiji et al.,
2002) to a dumbbell-like, extended topology with four CaZ* loaded to the EF-hand motifs
(Babu et al., 1988). Although, there are more than 500 crystal structures currently available
for CaM, and still more to come, no crystal data for the conformation of CaM in complex
with KRas4B has been reported so far. Despite many efforts, it has been challenging to
obtain the “exact” conformation of KRas4B-CaM by crystallization due to large
fluctuations, stemming from the intrinsic, flexible nature of CaM’s central linker and the
unfolded nature of the KRas4B hypervariable region (HVR, KRas4B1g7.1gg). This results in
several conformational ensembles for the KRas4B-CaM complex accommodating multiple
conformations.

Recently, using explicit molecular dynamics (MD) simulations we provided possible modes
of the interaction of CaM with the HVR peptide taken from the C-terminal tail of KRas4B
(Jang et al., 2017). We used the chemical shift perturbation (CSP) data from NMR
experiments (Abraham et al., 2009; Chavan et al., 2013) to guide initial constructions of the
systems and presented atomistic models of the KRas4B HVR-CaM complex, illustrating that
CaM stably binds to the farnesylated and methylated (FME) HVR with high affinity. The
unfolded HVR is highly dynamic in the interaction with CaM, primarily targeting the CaM’s
acidic linker with its polybasic anchor and docking to the hydrophobic pockets at both
CaM’s lobes with the FME group. Isothermal titration calorimetry (Chavan et al., 2013)
verified that electrostatic attraction alone between the central linker and the polybasic region
is sufficient for the interaction (Erwin et al., 2016; Lopez-Alcala et al., 2008; Wu et al.,
2011), while the hydrophobic interaction by the farnesyl docking to the pockets imparts
stabilization of the complex. Our studies of the KRas4B HVR-CaM complex (Jang et al.,
2017) revealed that CaM can adopt both extended and collapsed compact globular
conformations in a dynamic assembly with KRas4B HVR via flexible-body motion.

It was reported that among the four KRas4A, KRas4B, NRas, and HRas isoforms (see
sequences in Figure S1), CaM exclusively interacts with KRas4B (Abraham et al., 2009;
Chavan et al., 2013; Jang et al., 2017; Villalonga et al., 2001; Wu et al., 2011), and can also
bind KRas4A which also has a polybasic region (Nussinov et al., 2016b), extracting it from
the membrane (Fivaz and Meyer, 2005; Sidhu et al., 2003; Sperlich et al., 2016). The
absence of the interaction between CaM and other Ras isoforms, such as HRas and NRas,
suggests that the interaction of CaM with Ras mainly involves the HVR, because the HVR
significantly differs among Ras isoforms. That is, KRas4B HVR acts as a binding partner
that is energetically favorable for CaM. Even though the CaM interaction with KRas4B
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appears to be nucleotide-dependent with selective binding to the guanosine triphosphate
(GTP)-bound KRas4B (Abraham et al., 2009; Chavan et al., 2013; Villalonga et al., 2001;
Wau et al., 2011), the interaction can be nucleotide-independent with binding to both GTP-
and guanosine diphosphate (GDP)-bound KRas4B (Agamasu et al., 2019; Fivaz and Meyer,
2005; Sidhu et al., 2003; Sperlich et al., 2016). To explain this apparent discrepancy, one can
consider the accessibility of the HVR in different KRas4B conformational states. When
GDP-bound, the catalytic domain sequesters the HVR, yielding an autoinhibited form of
KRas4B in solution (Chavan et al., 2015; Lu et al., 2015). At the membrane, the HVR-
induced autoinhibition may persist, burying the HVR in the interface between the catalytic
domain and the membrane surface (Jang et al., 2016a). The autoinhibited KRas4B state is
highly populated in the inactive GDP-bound state. However, there is also a minor species of
the GDP-bound HVR-liberated state (Jang et al., 2016a; Nussinov et al., 2018b). CaM
binding will shift the ensemble toward this HVR-accessible conformation, retaining the
equilibrium among the states. The size of this population depends on the environment,
which includes factors such as the solution, membrane composition, farnesyl insertion, and
orientation/localization of the catalytic domain at the membrane. This suggests that CaM can
bind to KRas4B even in the GDP-bound state when the HVR is in an accessible
conformation.

Of particular interest is the functional role of the KRas4B-CaM complex in proliferative cell
signaling. Two hypotheses have been put forward to explain the significance of Ca2*-CaM in
KRAS-driven cancer. In the first, KRas4B-specific binding to CaM reduces the number of
CaM molecules available to activate Ca2*-dependent protein kinase I (Wang et al., 2015),
suppressing non-canonical WNT signaling pathway and consequently leading to -
catenin/T-cell factor activation (Nussinov et al., 2016c¢). In the second scenario, CaM is an
integral component in the KRas4B interaction with phosphoinositide-3-kinase a (PI3Ka).
P13Ka produces phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which stimulates the
P13Ka/Akt/mammalian target of rapamycin pathway, regulating cell growth and survival,
cytoskeleton reorganization, and metabolism (Castellano and Downward, 2011).
Observations that CaM binds to PI3Ka activating it (Joyal et al., 1997; Wang et al., 2018;
Zhang et al., 2017, 2018) and KRas4B is the only Ras isoform to bind CaM (Abraham et al.,
2009; Chavan et al., 2013; Jang et al., 2017; Villalonga et al., 2001; Wu et al., 2011) suggest
that CaM and KRas4B are key players in stimulating the PI3Ka/Akt pathway in
adenocarcinoma cells with high calcium level (Sauter et al., 2015). This implicates the
fundamental significance of CaM in KRAS-driven adenocarcinoma, which can constitute
KRas4B-CaM complex a new drug discovery target.

Our previous model of the KRas4B HVR-CaM complex was constructed in the absence of
the catalytic domain (Jang et al., 2017). To complete the picture of the interaction, we model
the FME KRas4B-CaM complex. We test our models by explicit solvent MD simulations,
and further confirm our results by NMR CSP and small-angle X-ray scattering (SAXS) data.
We find the catalytic domain interaction with CaM, which appears weak and transient, as
well as the strong HVR interaction, which drives the complex formation. In solution, the
SAXS envelop highlights a populated conformation of the KRas4B-CaM complex, with the
catalytic domain interacting with CaM’s N-lobe and the HVR spans the extended central
linker with the farnesyl docking to the C-lobe hydrophobic pocket, which is consistent with
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the NMR and MD observations. However, because of the highly flexible nature of CaM’s
linker and the KRas4B HVR, we suggest multiple modes of interactions of CaM with
KRas4B, presenting various conformational ensembles. CaM could extract KRas4B from
the plasma membrane (Fivaz and Meyer, 2005; Sidhu et al., 2003; Sperlich et al., 2016), but
signaling lipids such as phosphatidylinositol 4,5-bisphosphate (PIP,) and
phosphatidylinositol 5-phosphate (P15P) can prevent KRas4B departure from the membrane.
We suggest that the membrane-bound KRas4B-CaM complex can recruit PI3Ka to the
plasma membrane and regulate PI3Ka activation. Our structural data provide possible
conformational ensembles of the FME KRas4B-CaM complex in solution and at the
membrane in atomic detail.

The Interaction of the KRas4B Catalytic Domain with CaM

To assist the computational modeling in addressing the question of how KRas4B interacts
with CaM, we first identify those CaM residues involved in the interaction with KRas4B by
tracing the CSPs on the CaM residues from our earlier studies (Abraham et al., 2009;
Chavan et al., 2013). The most significant chemical shift changes induced by the catalytic
domain KRas4B1.166 0ccur in regions comprising the N-lobe (Thr5, 11e27, Thr28, Leu32,
Ala57, and Glu67) and the C-lobe (Phe92, Arg106, Met109, and Asn111) of CaM. With
full-length KRas4B1.1gg, the chemical shift changes occur in the N-lobe (Alal5, Thr29,
Leu32, Leu48, 11e52, and Glu67), the central linker (Asp78 and Thr79), and the C-lobe
(Phe92, Arg106, Met109, Thr110, Asnl11l, GIn143, Met144, and Met145) of CaM. The
significantly perturbed residues are mapped on two different crystal structures of CaM; one
with a stretched linker and the other one with a collapsed linker (Figure 1A). The NMR CSP
data illustrate that significant CSPs induced by the KRas4B catalytic domain are mainly
observed in both lobes of CaM. The absence of CSPs in the linker region suggests that
CaM’s acidic linker mainly targets the polybasic KRas4B HVR (Abraham et al., 2009;
Chavan et al., 2013; Jang et al., 2017). To classify KRas4B residues involved in the
interaction with CaM, we next performed *H-15N HSQC NMR spectra of KRas4B.1gg in
the GTP-y-S bound state and compared the spectra of KRas4B titration with CaM. Spectral
comparison reveals residues on KRas4B with significant CSPs caused by CaM (Figure 1B,
left panel). These can indicate the binding sites and conformational rearrangements due to
binding. Residues with significant CSPs are mapped on the KRas4B structure (Figure 1B,
right panel). In the KRas4B catalytic domain, the chemical shift changes occur in the p1
(Glu3 and Tyr4), al (Leu23 and GIn25), L2 (Val29), B2 (Lys42 and Val45), B3 (Thr50 and
Leu52), switch Il (Asp69), L5 (Glu76), L6 (Asn86), a3 (Lys88 and Arg97), L8 (Thr124),
and a5 (Asp154, Argl161, and I1e163) regions. We observed that the changes occur in many
regions of the catalytic domain, implicating multiple binding modes. The CSP data for both
the KRas4B and CaM residues were used in the initial construction of the KRas4B-CaM
complex.

Although NMR CSPs provide the important residues from broad ensembles of the KRas4B-
CaM interaction, detailed structural information for the molecular interaction is still
unavailable. To obtain the ensembles of the interaction between the KRas4B catalytic
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domain and CaM, we first used the Rosetta docking program (Kahraman et al., 2013; Sircar
et al., 2010) to predict the molecular interaction for constructing initial structures for the MD
simulation. In the molecular docking, we adopted two possible topologies of Ca2*-CaM
from crystal structures exhibiting stretched and collapsed central linkers. We generated
multiple decoys of the KRas4B1.156-CaM complex and collected the best representative
decoys based on the energy score. We obtained 60 different decoys of the KRas4B1.165-CaM
complex with extended CaM (Figure S2). Another set of 60 decoys of the complex was
obtained with collapsed CaM (Figure S3). To obtain the best configurations for MD
simulations, we screened these based on the NMR CSPs, which provided hints for the
interaction of the KRas4B catalytic domain with CaM (see the STAR Methods section for
details). From the predicted decoys, we obtained eight different initial configurations of
truncated KRas4B1.166-CaM complex: four configurations (configs. 1-4) with extended
CaM and four configurations (configs. 5-8) with collapsed CaM. We performed MD
simulations on the KRas4B1.1g6-CaM complexes in an aqueous environment. During the
simulations, we observed that there is a significant conformational change from the initial
conformation, while no immediate dissociation of CaM from the KRas4B catalytic domain
was observed (Figure S4). Except for config. 6, large fluctuations in the interaction energy
between the catalytic domain and CaM (Figure 2) indicate no specific binding mode of the
molecular interaction, suggesting that their interactions are transient. The averaged
interaction energies of KRas4B1.166 With CaM over four configurations containing extended
(configs. 1-4) and collapsed (configs. 5-8) CaMs are —193.3 + 128.0 and —215.7 + 61.0
kcal/mol, respectively. The absence of NMR CSPs on the CaM linker caused by the catalytic
domain (Abraham et al., 2009; Chavan et al., 2013) suggests that the catalytic domain
interacts with either lobe of CaM as in configs. 4, 5, 7, and 8, or both lobes of CaM at the
same time as in configs. 3 and 6, but not with the CaM linker. Intermolecular residue-residue
contact maps show that CaM in configs. 1 and 2 slightly involves its central linker in the
interaction with the catalytic domain (Figure S5), which represents unfavorable complex
conformations.

Post-translationally Modified KRas4B Can Secure the Interaction with CaM

Recently, we have demonstrated that the FME HVR peptide predominantly targets the acidic
linker of CaM, stabilizing the interaction via docking its farnesyl group into the hydrophobic
pockets of CaM’s lobes (Jang et al., 2017). To provide a complete model of the interaction
of KRas4B with CaM, we considered full-length KRas4B1.1g5-GTP in complex with CaM.
In the initial constructions, we adopted the conformations of the truncated KRas4B1._166-
CaM complex in configs. 1-8. The FME HVR was covalently connected to the catalytic
domain, representing the post-translational modification of Cys185 at the C terminus of
KRas4B. A total of eight initial configurations containing the extended (configs. 9-12) and
collapsed (configs. 13-16) CaMs were subjected to explicit MD simulations. During the
simulations, we observed that complexes with extended CaM undergo large conformational
changes (Figure 3, upper panel), yielding relatively large values of root-mean-squared
deviation (RMSD) with respect to their initial conformations, which are 7.6, 10.8, 19.3, and
21.5 A for configs. 9-12, respectively. The large values of RMSD are mainly due to
repositioning of CaM with respect to the catalytic domain of KRas4B. Remarkably, the
complex with extended CaM converges into two distinct molecular topologies. In configs. 9
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and 11, the molecular topology shows the catalytic domain interacting with the N-lobe of
CaM, and the HVR wrapping around the acidic linker domain with the farnesyl docking to
the hydrophobic pocket in the C-lobe of CaM. In contrast, configs. 10 and 12 exhibit the
molecular topology with the catalytic domain interacting with both lobes of CaM at the
same time, and the HVR wrapping around the acidic linker domain with the farnesyl
docking to the hydrophobic pocket in either lobe of CaM. The former molecular topology
resembles an “L”-shaped complex conformation that was suggested in previous studies
(Abraham et al., 2009; Chavan et al., 2013). For collapsed CaM, while the complex in
config. 13 shows large conformational changes, other complexes in configs. 14, 15, and 16
mostly retain their initial conformations (Figure 3, lower panel), yielding relatively small
values of RMSD, which are 14.2, 5.1, 6.5, and 4.0 A for configs. 13—16, respectively. These
complexes share a similar molecular topology in which the catalytic domain resides next to
CaM, and the HVR tail inserts into the core of CaM with the farnesyl sandwiched between
the hydrophobic pockets from both lobes.

In the presence of HVR with the farnesyl, KRas4B secures the interaction with CaM,
because the HVR with the farnesyl docking stably anchors to the core of CaM, which
provides a robust hinge point. Compared with the interaction of the catalytic domain lacking
the HVR with CaM, more residues contribute to intermolecular contacts due to the secure
interaction (Figure 4). For all configurations, the HVR exhibits high probability to contact
CaM. Almost all polybasic Lys residues at the anchor region of HVR (residues 175-180)
participate in the interaction with CaM. As observed in our previous studies for the KRas4B
HVR-CaM complex (Jang et al., 2017), the electrostatic interaction of HVR with CaM is a
major driving force to stabilize the KRas4B1_1g5-CaM complex (Figure S6). In addition to
the HVR, the catalytic domain also participates in the interaction with CaM. For the
catalytic domain, the most probable CaM contacts occur in the p2 (Val45), L3 (Asp47), B3
(Glu49 and Thr50), L7 (Glul07 and Asp108), a4 (Lys128, GIn131, Asp132, and Argl135 to
Tyrl37), B6 (Pro140 to Glu143), and a5 (Asp154, Tyrl57, Thrl58, Argl61, Lys165, and
His166) regions. Among them, the highest-frequency residues are Asp47, Thr50, Asp108,
GInl131, Asp132, Argl35, Aspl54, Thr158, Argl61, Lys165, and His166. For CaM, high-
frequency residues averaged over all configurations with high probability to contact KRas4B
occur in the N-lobe (GIn8, Glull, Alal5, Leul8, Ala46, Glu47, Asp50, Met51, Asn53 to
Val55, and Glu67), the central linker region (Met71 to Ala88), and the C-lobe (Val91,
Phe92, Asnl111, Leull2, and GIn143 to Lys148). Among them, the highest-frequency
residues are Glull, Asp50, Asn53, Glu54, Val55, Met71, Arg74, Lys75, Asp78, Thr79,
Ser81, Glu82, Glu83, Glu84, 11e85, Glu87, Ala88, Val9l, Phe92, Leull2, Met145, Thr146,
and Lys148. Some highest-frequency residues in both the KRas4B catalytic domain and
CaM are also confirmed by significant NMR CSPs.

To quantify the interaction of KRas4B with CaM, we calculated separately the interaction
energies of the KRas4B catalytic domain, HVR, and farnesyl group with CaM (Figure 5A).
The averaged total interaction energies of KRas4B1.1g5 with CaM over four configurations
containing the extended (configs. 9-12) and collapsed (configs. 13-16) CaMs are —988.0 £
89.8 and —1,088.7 £ 196.5 kcal/mol, respectively. These include the averaged interaction
energies of the HVR, -792.8 £ 59.9 and —804.7 + 138.4 kcal/mol for the extended and
collapsed CaMs, respectively. These interaction energies are highly comparable with the
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average interaction energy of ~1,000 kcal/mol for the KRas4B HVR-CaM complex (Jang et
al., 2017), suggesting that, quantitatively, the HVR dominates the interaction with CaM. To
quantify the conformations of the KRas4B_1g5-CaM complex, we calculated the binding
free energy of the complex using molecular mechanics combined with the generalized Born
(GB) and surface area continuum solvation (MMGBSA). We calculated the solvation free
energy based on the GB employing the GBSW module (Im et al., 2003) of the CHARMM
program (Brooks et al., 2009). We obtained the entropy contribution to the binding free
energy from the principal moment of inertia combined with the quasiharmonic mode
calculation in the VIBRAN module of the CHARMM program (Brooks et al., 2009). The
number of vectors (mode) to calculate the vibrational analysis is set to NATOMX3, where
NATOM denotes the number of atoms. Our calculations closely followed the protocol
reported in previous studies (Jang et al., 2016b, 2017; Liao et al., 2018; Muratcioglu et al.,
2017; Ozdemir et al., 2018a, 2018b; Zhang et al., 2017, 2018). In the calculations, we
observed the lowest values of the binding free energy for configs. 10 and 11 with the
extended CaM topology and for configs. 14 and 16 with the collapsed compact CaM
topology (Figure 5B). These configurations illustrate that the catalytic domain strongly
contributes to the binding free energy for the interaction (Figure 5A). Although these
configurations can be designated as the most stable complex, they do not represent the
highly populated ensembles of the complex conformation. Since the HVR mainly
contributes to the interaction and the catalytic domain contributes only transiently, multiple
modes of KRas4B-CaM association can be possible. Furthermore, the values of the binding
free energy are rather similar for all configurations overlapping within their error range,
suggesting that these are all possible ensembles of the complex conformations.

SAXS Data Unveil a Unique Molecular Topology for the KRas4B-CaM Complex

The MD studies provide a discrete set of conformational ensembles, because MD is unable
to render all possible ensembles from the NMR observations owing to a lack of macroscopic
samplings for the broad ensembles of the states. To render the highly populated
conformation to further confirm our models, we obtained FME KRas4B from the Ras
initiative team at the NCI (Gillette et al., 2015) and generated SAXS envelopes for the FME
KRas4B1.1g5-CaM complex, delineating the conformation of the complex. The envelope of
the species was generated using ab /initio methods provided by the DAMMIF package. A tri-
lobed envelope was constructed from an average of 15 envelopes (Figure 6A). The
reproducibility of these calculations is high, with a normalized spatial disparity (NSD) value
less than 1 (NSD = 0.58 + 0.03). The generated envelope from the SAXS data shows three
major lobes within the envelope. The larger lobe represents the KRas4B catalytic domain,
and the two smaller lobes represent an extended conformation of CaM, constituting the L-
shaped molecular topology for the complex as observed in the MD studies. To retrieve the
envelope for the structure, we confined the KRas4B1_1g5-CaM complex into the SAXS
envelop, generating three different SAXS models, SM-1, SM-2, and SM-3 (see the STAR
Methods section for details). The theoretical scattering of the envelope was back calculated
and compared with the experimental data, resulting in a y2 > 3, with excellent fit to the data
at low resolution and significant deviation in the high-resolution range (Figure 6B). The
SAXS data were collected at two different concentrations, 5 and 10 mg/mL. Figure 6C plots
the two datasets with error bars and Figure 6D shows the two datasets superimposed after
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scaling the 5 mg/mL dataset by a factor of 2. This gives us confidence that the sample
concentrations were measured correctly, and that aggregation is unlikely to be a contributing
factor. The theoretical scattering curves of the models show much better fits extending to the
higher-resolution data, as expected if the models reasonably represent the major species in
solution. SM-I fits the experimental data with 2 = 2.14 and SM-2 with x2 = 1.84.

SM-3 is a hybrid model with the catalytic domain (residues 1-166) plus the HVR linker
(residues 167-173) from SM-2, and the HVR anchor (residues 174-185) from previous
simulations of the HVR-CaM complex (config. 1 of Jang et al., 2017) (Figure 7A). This
hybrid model was based on good overlap between residues 173 and 175 upon superposition
of the CaM structure in the two models. We observed that the alignment of the HVR in
SM-2 and the simulated HVR occurs before the residues interact directly with the CaM
linker (Figure S7). While the KRas4B catalytic domain resides in CaM’s N-lobe, the HVR
in the two models approaches CaM’s C-lobe from the opposite sides of the linker, with the
farnesyl group entering straight into the hydrophobic pocket in the C-lobe. SM-3 fits the
SAXS data with x2 = 2.12 (Figure 7B). Surprisingly, in terms of their x 2 values, the best fit
between the three models is SM-2 in which the farnesyl group is not bound in the
hydrophobic pocket of CaM’s C-lobe, but instead is positioned between the N- and C-lobes
(Figure 6A). However, the fit is even better if the FME group is removed from SM-2, which
lowers the XZ value to 1.76. This indicates that the FME group is unlikely to be positioned
correctly in SM-2. Using the minimal ensemble search feature of the FoXS server (Pelikan
et al., 2009; Schneidman-Duhovny et al., 2016), we found that a combined model with
weighted functions of 75% contribution from SM-2 and 25% contribution from SM-3
lowered the overall 2 value of the fit to 1.69. Removing the farnesyl modification from
SM-2 further lowered the Xz value of this balance to 1.65. These results support a highly
dynamic complex that may sample conformations represented in both models, although the
question of which side the HVR enters to interact with the C-terminal lobe is left unresolved
due to the low resolution of the data.

CaM Interaction with KRas4B at the Anionic Lipid Bilayers Implicating Membrane

Extraction

We previously demonstrated that CaM extracted the FME HVR peptide from the
phospholipid bilayers (Jang et al., 2017). To monitor how CaM attacks KRas4B at the
membranes, we further performed all-atom MD simulations on the KRas4B1.1g5-CaM
complex at the membranes. Four different types of the anionic lipid bilayers, DOPC:DOPS,
DOPC:DOPS:DOPA, DOPC:DOPS:7PIP,, and DOPC:DOPS:PI5P bilayers were employed
in the simulations. The double-composition bilayer (hereafter referred to PS bilayer) has a
molar ratio 4:1, and all triple-composition bilayers (PA, PIP,, and PI5P bilayers) have the
same molar ratio of 32:7:1. To observe the efficiency of lipid composition-dependent action
of CaM, we used the same initial membrane-anchored KRas4B_1g5-GTP conformation that
was taken from previous studies (config. 1 of Jang et al., 2016a). At the starting point,
extended CaM was located next to KRas4B, with its linker facing the HVR. The farnesyl
was pre-inserted into the bilayer, and no direct contacts between the CaM linker and the
polybasic HVR were assigned. Remarkably, during the simulations we observed that CaM
continuously wrestles with the KRas4B catalytic domain, pushing it to intercept the HVR
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underneath it (Figure 8A). In the PS and PA bilayers, CaM constantly pursues the HVR to
pull out the anchor portion including the farnesyl. However, we did not observe complete
removal of the HVR from the bilayer due to a limited simulation timescale. We anticipate
that CaM eventually shifts the equilibrium toward successful extraction of the HVR from the
anionic bilayers and leaves the membrane (Fivaz and Meyer, 2005; Sidhu et al., 2003;
Sperlich et al., 2016). In the PIP, and PI15P bilayers with signaling lipids, CaM significantly
overturns the KRas4B catalytic domain. This action is efficient, with CaM easily snatching
the polybasic HVR using its acidic linker, while confining the catalytic domain to the
membrane surface. We observed that CaM extracts the HVR from PIP, and PI5P bilayers
slightly better than from PS and PA bilayers (Figure 8B). In the PI5P bilayer, the farnesyl is
almost extracted to the nearby bilayer surface. Notably, the farnesyl insertion is highly
reversible due to the ¢/s conformation in the unsaturated carbon chain (Nussinov et al.,
2016b), suggesting that it can be populated either in the hydrophobic core of the bilayer or
on the bilayer surface.

Interestingly, CaM is involved in strong salt bridge interactions with the signaling lipids,
PIP, and PI5P. In the PIP, bilayer, the CaM residues, Arg90 and Lys94, participate in salt
bridge interactions with PIP,, and Lys115 forms a salt bridge with DOPS (Figure 9A). In the
PI5P bilayer, Lys115 interacts with PI5P through a salt bridge (Figure 9B). However, we did
not observe any salt bridge interaction of CaM with anionic lipids in bilayers containing
only DOPS and DOPA. This suggests that the signaling lipids promote the interaction of
CaM with the anionic bilayers. The salt bridge may provide a pivot point that allows CaM to
draw efficiently the HVR from the anionic bilayers. The HVR also coordinates with the
signaling lipids; two PIP, and one PI5P interact with the HVR during the simulations
(Figure S8).

DISCUSSION

Here, we decipher an unsolved structural mystery of the KRas4B interaction with Ca2*-CaM
using explicit MD simulations, NMR CSPs, and SAXS experiments. The initial models for
the KRas4B catalytic domain interacting with CaM were compared with structural data from
the NMR experiments (Abraham et al., 2009; Chavan et al., 2013). We observe that the
interaction of the catalytic domain on its own with CaM is weak and highly transient. The
binding interface in the KRas4B1.165-CaM complex appears to be highly dynamic,
suggesting that multiple modes of the complex conformation are possible. This is in line
with the lack of crystal data for the conformation of the KRas4B-CaM complex. When CaM
interacts with C-terminal truncated KRas4B, the significantly perturbed residues on CaM
can be found in both N- and C-lobes of CaM, but not in its central linker. This indicates that
CaM preserves its acidic linker for the polybasic KRas4B HVR.

FME KRas4B;.1g5 secures the interaction with CaM via strong electrostatic attraction
between the HVR and CaM, which is consistent with our earlier observations (Chavan et al.,
2013; Jang et al., 2017). The farnesyl docking to the hydrophobic pockets located in either
of CaM’s lobes imparts stabilization of the KRas4B;.1g5-CaM complex. In the complex, the
HVR is dominant in the interaction with CaM compared with the catalytic domain,
suggesting that the HVR should lead to formation of the complex. When the polybasic HVR
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interacts with the acidic linker, the farnesyl tail can dock into either lobe of CaM. This
determines the location of the catalytic domain that interacts with CaM’s lobe, yielding
distinct molecular topologies of the complex. For the complex with extended CaM, the
catalytic domain mainly resides next to CaM’s N-lobe, exhibiting the L-shaped molecular
topology of the complex. In this topology, the farnesyl docks to the C-lobe hydrophobic
pocket. The L-shaped topology was suggested in previous NMR studies (Abraham et al.,
2009; Chavan et al., 2013) and verified by the current MD simulations and SAXS
experiments. However, we also observe that the catalytic domain interacts with both lobes of
the extended CaM at the same time as seen in config. 10. This molecular topology of the
complex can explain why the significantly perturbed residues are also found in the C-lobe of
CaM. We speculate that concurrent interactions of both lobes with the catalytic domain can
induce flexibility in the central linker, promoting a compact conformation of CaM. The
complex with collapsed CaM yields a unique topology, with the farnesyl penetrating the
center of CaM and the catalytic domain extending from the edge of the HVR linker. In this
topology, the farnesyl is sandwiched between the hydrophobic pockets from both lobes, and
the adjacent catalytic domain interacts with both lobes at the same time. Because CaM
presents variable conformations owing to the flexible linker, it is possible that CaM can
collapse and wrap around the farnesylated HVR. It has been observed that a lipidated
peptide modified with myristoyl in complex with the collapsed CaM is an unstructured, non-
helical motif (Matsubara et al., 2004), as the KRas4B HVR.

It is very difficult to predict the exact conformations of CaM when it interacts with binding
partners. CaM is most often in the collapsed conformation when bound to a-helical peptides
(Gifford et al., 2012; Meador et al., 1992; Yamauchi et al., 2003). Alternatively, CaM also
adopts an extended conformation in complex with binding proteins (Deng et al., 2013;
Killock et al., 2009; Lopez-Alcala et al., 2008). Here, we provide possible modes of the
interaction of KRas4B with both the extended and collapsed CaMs in atomic detail. When
Ca?* is loaded to the EF hands, CaM (Holo-CaM) adopts an extended dumbbell-like shape
(Babu et al., 1988). Without binding partners, the extended CaM should be populated in
solution. Thus, the extended CaM first recognizes a membrane-anchored KRas4B as a
binding target (Figure 10). At the membrane, CaM attracts the KRas4B HVR through strong
electrostatic interactions, ultimately detaching the HVR and the farnesyl tail from the
membrane. Depending on the lipid compositions, CaM can successfully extract KRas4B
from the membrane, translocating it to the endomembrane. In the cytosol, the fluctuations
determine the conformation of the membrane-unbound KRas4B-CaM complex, shifting the
equilibrium to the L-shaped molecular topology of the complex. However,
phosphatidylinositol lipids can prevent the departure of KRas4B through direct interactions
with CaM and the HVR. It was reported that PIP, can stably bind to CaM in complex SK
channels at the membrane (Logothetis et al., 2015; Zhang et al., 2014).

Ras predominantly exists as dimers or nanoclusters (Nussinov et al., 2019a, 2019b), and Raf
activation requires Ras nanoclustering. However, PI3K activation does not require Ras
nanoclusters; Ras monomers can activate PI3K (Nussinov et al., 2019a). CaM can isolate
Ras from nanoclusters. Here, we propose that the membrane-bound KRas4B-CaM complex
can contribute to two independent mechanisms in PI3Ka activation (Figure 10). We
speculate that, under physiological conditions, CaM can deliver KRas4B to PI3Ka, which is
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activated by binding to the phosphorylated C-terminal tyrosine motif (pYxxM) in receptor
tyrosine kinase (RTK). PI3Ka is activated by stimulated RTK, which can release the
inhibitory N- and C-terminal Src homology 2 (SH2) domains from the catalytic subunit. The
high-affinity interaction of the SH2 domains with the phosphorylated tyrosine motif disrupts
the p85a.-p110a subunit interactions in PI3Ka (Nolte et al., 1996; Pauptit et al., 2001). It
was observed that nSH2 release is a prerequisite for PI3Ka activation (Joyal et al., 1997; Yu
et al., 1998; Zhang et al., 2019a, 2019b). PI3Ka is fully activated by RTK and Ras, which
stabilizes PI3Ka at the membrane in a catalytically productive state. In adenocarcinoma of
KRAS-driven cancer (Nussinov et al., 2015, 2016a), both CaM and KRas4B play a role in
stimulating PI3Ka/Akt signaling (Liao et al., 2006; Nussinov et al., 2015, 2016a, 2016c,
2018a). In the absence of RTK, Ca2*-CaM can also deliver KRas4B to RTK-independent,
activated P13Ka.. Early evidence pointed to the direct interaction of CaM with the SH2
domains (Joyal et al., 1997), followed by recent observations that phosphorylated CaM at
Tyr99 binds the nSH2 domain (Zhang et al., 2017), replacing the missing RTK signal (Wang
et al., 2018; Zhang et al., 2017, 2018). PI3Ka can be activated by pCaM, which interacts
with the nSH2 domain of the p85a subunit, releasing autoinhibition on the p110a subunit
(Zhang et al., 2019a, 2019b). Membrane-attached CaM by phosphatidylinositol lipid
sequesters the cSH2 domain reducing the fluctuations (Joyal et al., 1997; Wang et al., 2018;
Zhang et al., 2018). Finally, KRas4B stabilizes PI3Ka at the membrane at a favored
orientation, fully activating it. Notably, in KRas4B-driven pancreatic cancer epidermal
growth factor receptor is often overexpressed (Lemoine et al., 1992; Oliveira-Cunha et al.,
2011), particularly in late stages, resulting in a higher population of stimulated receptors,
which may obviate or collaborate with pCaM in PI3Ka activation.

Detailed structural information of KRas4B in complex with CaM is useful to understand the
mechanism of KRas4B regulation of the PI3Ka/Akt pathway. We envision that, by shifting
the conformational equilibrium, CaM can “extract” KRas4B from the membrane (Fivaz and
Meyer, 2005; Sidhu et al., 2003; Sperlich et al., 2016), or possibly recruit KRas4B to the
plasma membrane with a role similar to the delta subunit of the cGMP phosphodiesterase
from retinal rod cells (PDES). PDES targets the farnesyl group of Ras proteins in a
nucleotide-independent manner (Chandra et al., 2011; Muratcioglu et al., 2017) and is
involved in Ras delivery to the plasma membrane (Schmick et al., 2014; Weise et al., 2012).

To conclude, we combine comprehensive experimental techniques of NMR CSPs and SAXS
envelops with atomistic simulation to obtain realistic conformations of the KRas4B-CaM
complex and propose its functional role in connection with PI3Ka in cell proliferation. We
present multiple modes of the interaction of KRas4B in complex with CaM. In solution, the
KRas4B-CaM conformation is highly fluctuating, visiting different conformational
ensembles depending on CaM’s conformational states. The highly populated ensembles
reveal that the catalytic domain interacts with the N-lobe and the farnesyl docks to the C-
lobe hydrophobic pocket of the extended CaM, yielding the L-shaped molecular topology.
Our structural data provide detailed information on how CaM assembles to form a complex
with KRas4B, and how it targets the polybasic HVR-accessible conformation facilitating the
KRas4B extraction from the membrane. Understanding the role of CaM at the membrane in
conjunction with the PI3Ka/Akt pathway is crucial for providing a putative drug discovery
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target in PI3K activation by oncogenic KRas4B. Recently our detailed simulations also
proposed a PI3Ka isoform-specific putative drug pocket (Zhang et al., 2019a, 2019b).

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Ruth Nussinov (NussinoR@mail.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Both pRSF1b-RalA and pET15b-CaM were expressed in in BL21(DE3) cells.

METHOD DETAILS

NMR 1H-15N HSQC—The 1H-1°N heteronuclear single quantum coherence (HSQC) NMR
experiments were performed on a 900 MHz Avance Spectrometer (Bruker Biospin, Billerica,
MA) equipped with a cryogenic probe. All experiments were carried out at 25°C. The buffer
conditions were as follows: 10% D,0, 50 mM Tris-Citrate (pH 6.5), 50 mM NaCl, 5 mM
MgCl,, 20 mM CaCl, and 2 mM B-mercaptoethanol. Two-dimensional 1H-1°N HSQC
spectra of 15N KRas4B1.1gg Were acquired at a protein concentration of 100 M in the
absence or presence of the unlabeled CaM at a molar ratio 1:1.

For KRas4B1.1gg, the HSQC peaks were identified according to the NMR assignments
published before (Abraham et al., 2009; Chavan et al., 2013). NMR data were processed
with NMRPipe (Delaglio et al., 1995). The observed amide resonance chemical shift
perturbations were calculated using the equation as we have done previously (Abraham et
al., 2009; Chavan et al., 2013),

(Aé,r.,)2 + (AéN)2 / 25 (Equation 1)
ASNH = 5 ,

where A and Ay are the observed chemical shift changes for 1H and 15N. The chemical
shift changes above average plus one standard deviation were considered statistically
significant, as commonly done in NMR studies.

Generating Initial Configurations of KRas4B-CaM Complex for Explicit MD
Simulations—We used the Rosetta docking program (Kahraman et al., 2013; Sircar et al.,
2010) to generate initial configurations of KRas4B-CaM. The crystal structure of KRas4B
catalytic domain (PDB code: 3GFT, residues 1-166) was docked to two Ca2*-loaded CaM
crystal structures (PDB codes: 1CLL (Chattopadhyaya et al., 1992) and 1CDL (Meador et
al., 1992)). The KRas4B is GppNHp (a GTP analog)-loaded, with a point mutation Q61H,
which was converted to wild-type. For CaMs, 1CLL is an isolated CaM with an extended
linker, and 1CDL is a collapsed CaM with a flexible linker. The compact globular CaM
contains a binding partner, known as a CaM binding a-chain domain (residues 1731-1749)
from myosin light chain kinase (MY LK), smooth muscle. Multiple decoys were generated to
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predict the KRas4B catalytic domain interaction with CaM by the Rosetta docking program
(Kahraman et al., 2013; Sircar et al., 2010). Initially, we collected 60 decoys based on the
energy score for each conformation of CaM and then screened these based on the NMR CSP
data. We counted residue contacts for both the KRas4B and CaM residues with significant
CSPs involved in the interaction. We further ensured that the initial configurations are
feasible for implementing the full-length simulations by checking whether the farnesyl
group in the HVR tail is able to dock into the hydrophobic pockets of either lobes of CaM.
An example of such catalytic domain orientation shows that for the decoy #6 with the
extended CaM, the farnesyl is unreachable to the hydrophobic pockets due the limited length
of the HVR. The farnesyl docking is a prerequisite for the KRas4B—CaM interaction
(Abraham et al., 2009; Chavan et al., 2013; Jang et al., 2017). For each conformation of
CaM, we selected initial configurations of KRas4B1_166—CaM complex; four configurations
(Configs. 1-4) with the extended CaM and four configurations (Configs. 5-8) with the
collapsed CaM. Further to represent FME KRas4B;.1gs5 interacting with CaM, the HVR was
constructed for Configs. 1-8 to model KRas4B1_1g5-CaM complex. A total of eight initial
configurations of the complex with the extended CaM (Configs. 9-12) and collapsed CaM
(Configs. 13-16) were generated. In KRas4B HVR, the Cys-185 residue was modified with
both farnesylation and methylation. The tail of the farnesyl group initially faced either
hydrophobic pockets in both CaM’s lobes.

Atomistic Molecular Dynamics Simulations—A total of sixteen initial configurations
were subject to the MD simulations in aqueous environment; KRas4B;.1g6 interacting with
four extended and four collapsed CaMs and FME KRas4B1_1g5 interacting with four
extended and four collapsed CaMs. In addition to these, four simulations were performed for
FME KRas4B;.1gs5 interacting with the extended CaM at the membranes, composed of four
different types of anionic lipid bilayers; DOPC:DOPS (molar ratio 4:1),
DOPC:DOPS:DOPA (molar ratio 32:7:1), DOPC:DOPS: PIP, (molar ratio 32:7:1), and
DOPC:DOPS:PI5P (molar ratio 32:7:1). We used the membrane-anchored KRas4B1.1g5-
GTP conformation from previous studies (Jang et al., 2016a) in the initial construction at the
membrane.

Our simulations closely followed the same protocol as in our previous works (Chavan et al.,
2015; Jang et al., 2015; Jang et al., 2017; Jang et al., 2016a; Jang et al., 2016b; Liao et al.,
2018; Lu et al., 2015; Lu et al., 2016; Muratcioglu et al., 2017; Ozdemir et al., 2018a;
2018b; Zhang et al., 2017; Zhang et al., 2019a, 2019b; Zhang et al., 2018). The solution
simulations were performed with the modified TIP3P water model that constitutes the
isometric unit cell box containing the complex. Na* and CI~ were added, to neutralize
system, but also to satisfy a total ion concentration near 100 mM. We employed the updated
CHARMM all-atom additive force field (Brooks et al., 2009) (version C36) for constructing
the set of starting points and relaxing the systems to a production-ready stage. The anionic
lipid bilayers were generated using the bilayer building protocol as described in our previous
publications (Jang et al., 2015, 2016a, 2016b). A series of minimization cycles were
performed for the solvents around the harmonically restrained protein complex. The pre-
equilibrium simulations for 2 ns were performed on each configuration system with the
restrained backbones of KRas4B and CaM until the solvent reached 310 K. At the final pre-
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equilibrium stage, the harmonic restraints on the backbones of KRas4B and CaM were
gradually removed through dynamic cycles with the full Ewald electrostatics calculation.
This ensured that the protein complex adapts to the surrounding heat bath. The production
runs were performed with the Langevin temperature control that maintains the constant
temperature at 310 K and the Nosé-Hoover Langevin piston pressure control that sustains
the pressure at 1 atm. Each independent simulation was performed for 1 ps, which gives rise
to a total of 20 ps simulations. The NAMD parallel-computing code (Phillips et al., 2005) on
a Biowulf cluster at the National Institutes of Health (Bethesda, MD) was employed for the
production runs.

Expression and Purification of CaM—The cDNA for Chicken CaM (amino acid
sequence identical to that of human CaM) provided by Prof. Joshua Wand was inserted into
the pET15b vector. CaM was expressed in BL21(DE3) cells co-transformed with the
pRSF1b-RalA and pET15b-CaM vectors so that the two proteins were expressed
simultaneously. This was done to enhance the RalA yield in the soluble fraction in
experiments originally used to study the RalA/CaM interaction. Glycerol stocks were stored
at —80°C.

For the expression and purification of CaM, a 200 mL culture of BL21 cells with both the
RalA and CaM expressing plasmids was grown overnight at 37°C in LB broth containing
ampicillin (50 mg/L) and kanamycin (36 mg/L), with shaking at 225 rpm. This overnight
culture was used to inoculate six Erlenmeyer flasks containing 1 L of LB broth (30 mL
culture/1 L LB broth). The fresh cultures were grown at 37°C with shaking for 2-3 hours,
until the ODggg reached 0.600-0.800. Protein expression was induced with 1 mM IPTG and
allowed to grow for 3-5 hours at 30°C. The cell pellet was harvested by centrifugation at
9000 rpm for 20 min. Atypical cell pellet yield was around 13-20 grams, stored at —80°C.

The frozen cell pellet was suspended in 50 mL of low salt buffer (20 mM HEPES pH 7.5, 50
mM NaCl, 5 MgCl,, 0.1 mM EGTA, 1 mM DTT, 20 uM GDP, and 2% glycerol) in the
presence of protease inhibitors (2 pg/mL antipain, 1 ug/mL leupeptin and 1 W/mL pepstatin
A). Resuspension took about 1-2 hours on ice. The cells were sonicated on ice for a total of
5 min in cycles of 30 seconds at 15 mV and 30 seconds pauses. The lysed cells were
centrifuged for 30 min at 15,000 rpm at 4 °C. The soluble fraction was pooled on ice and
filtered through 0.45 micrometer filters. The filtered lysate was loaded into a 150 mL super
loop and subjected to separation on a Hi Prep QFF column using a 0-40% gradient of high
salt buffer (identical to the low salt buffer but containing 1 M NacCl). Fractions containing
CaM were identified by SDS-PAGE and pooled on ice. The remaining fractions were
discarded. CaM was further purified via hydrophobic interaction chromatography (HIC).
Calcium chloride was added to the pooled CaM fractions to 15 mM prior to loading into a
150 mL superloop (20-30 mL of protein solution). A HiPrep Phenyl FF was equilibrated
with CaM buffer A (50 mM HEPES pH 7.5 and 1 mM CacCly) prior to protein injection.
After the injection of CaM, the column was washed first with CaM buffer A and then with
CaM buffer B (same as CaM buffer A containing 0.5 M NaCl), and then CaM buffer A
again. Elution of purified CaM occurred during a 0-100% gradient of CaM elution buffer (50
mM HEPES pH 7.5, 10 mM EGTA). Fractions containing purified CaM were identified via
SDS-PAGE, pooled on ice and CaCl, was added to 15 mM to improve CaM stability. The
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CaM yield was typically 60-100 mg. The protein was concentrated to about 10 mg/mL,
flash-frozen and stored at —80°C in 100 pL aliquots.

SAXS Data Collection and Analysis—Purified FME KRas4B bound to the GTP
analogue GppNHp was provided by the NCI Ras initiative team (Gillette et al., 2015). The
concentrations of CaM and KRas4B were determined via the Bradford assay, the two
proteins were combined on ice in a 1:1 molar ratio and the solution diluted to 5 mL with
dialysis buffer (20 mM HEPES pH 7.0, 25 mM NaCl, 1 mM CaCl,, 1 mM MgCl, and 1mM
DTE). The complex solution was then dialyzed overnight (18 hours) at 4°C with stirring and
concentrated via centrifugation to either 5 mg/mL or 10 mg/mL. We collected data at 5
mg/mL and 10 mg/mL and detected no significant differences in the data or the resulting
envelopes. The samples were held for 1-2 days at 4°C prior to SAXS data collection.

SAXS data on the KRas4B-GppNHp-CaM complex at concentrations of 5 mg/mL and 10
mg/mL were collected at the Cornell High Energy Synchrotron Source (CHESS) at Cornell
University (Ithaca, NY). Five 2s frames of data were combined (10s total exposure time) and
buffer subtracted against five 2s frames corresponding to scattering of buffer alone. The
ATSAS program package was used for all SAXS data analysis, including Guinier and
Distance Distribution analysis, and molecular envelope construction.

The scattering average reconstruction envelope was visualized using two programs: PyMOL
(DeLano, 2002) and Chimera (Pettersen et al., 2004). To generate the envelope surface in
PyMOL, the dummy atoms within the envelope are visualized as spheres (sphere radius of
2.5 A). The surface of the sphere model is then rendered with a solvent radius of 3 A. In
Chimera, the surface of the dummy atom model is rendered with the ‘molmap’ command
with a resolution of 15 A,

Construction of SAXS Models for FME KRas4B—CaM Complex—The KRas4B-
PDES crystal structure (PDB code: 5TAR) (Dharmaiah et al., 2016) was selected to provide
coordinates for the KRas4B HVR group. Water molecules, GDP, and the PDES were
removed from the coordinate file and the remaining KRas4B was manually fit into the
PyMOL rendering of the SAXS envelope, which contains a large spherical lobe that nicely
fits the KRas4B catalytic domain and two smaller lobes that we associate with the N- and C-
lobes of CaM connected by the linker region. This envelope supports the extended
conformation of Ca2*-CaM (PDB code: 3CLN) (Babu et al., 1988).

Since the catalytic domain in the complex with PDES (Dharmaiah et al., 2016) is bound to
GDP, the crystal structure of KRas4B1_166 bound to GppCH»p (PDB code: 5UK?9) (Parker et
al., 2018) was aligned with the catalytic domain from 5TAR to appropriately model the
active KRas4B state. Residues 1-166 were then removed from the coordinates with 5TAR,
creating a hybrid model of the catalytic domain of KRas4B-GppCHop from 5UK9 and the
HVR coordinates from 5TAR. The GppCHyp was replaced with GTP. This model,
containing the farnesyl group, was manually docked onto the CaM structure in the extended
conformation (PDB code: 3CLN) guided in part by previously published NMR chemical
shifts (Abraham et al., 2009) and by visual fit to the SAXS envelop, which helped determine
the angle between the extended CaM molecule and the KRas4B catalytic domain. In this
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model, referred to as SAXS model 1 (SM-1), the farnesyl group interacts with the CaM C-
lobe outside of the hydrophobic core, and the N-lobe interacts with residues in the catalytic
domain. SM-1 was subjected to a mild annealing protocol to relieve clashes, using NAMD
(Phillips et al., 2005) with the CHARMM all-atom additive force field (37). The model was
solvated in a water box large enough so that no protein atom is less than 10 A from the edge
of the box and ionized to a final concentration of 0.15 M NaCl. The simulation was slowly
heated from 100 K to 500 K in a stepwise manner and then cooled down to 100 K in an
identical number of steps. The final frame of this simulation was taken as SM-2.

In order to position the farnesyl group in the C-lobe hydrophobic core, eight previously
published KRas4B HVR-CaM models (Jang et al., 2017) were aligned with the CaM
structure in both SM-1 and SM-2. Configuration 1 of the HYR-CaM model (Jang et al.,
2017) was selected for modeling the farnesyl group based on the observation that the HVR
in this simulation model overlapped well with that of SM-2 once the CaM structures in the
two models were superimposed (Figure S7). Residues 173-175 of the HVR were particularly
well aligned in SM-2 and the Configuration 1 of the HVR-CaM structure (Jang et al., 2017).
Thus, the CaM coordinates and residues 174 through the C-terminal end of KRas4B were
deleted from SM-2 and replaced by the HVR-CaM coordinates of Configuration 1 (Jang et
al., 2017) from the simulations, resulting in SM-3. This hybrid model, with the KRas4B
catalytic domain bound to GTP and the HVR-CaM from Configuration 1 (Jang et al., 2017)
oriented by the overlap of HVR residues 173-175, showed an excellent visual fit to the
SAXS envelope.

While a manual fit to the SAXS envelope was used to guide the construction of the HVR-
CaM models, the final models were computationally fit to the SAXS envelope using
Chimera (Pettersen et al., 2004), which places the model within a mesh representation of the
scattering envelope. The envelope rendering, and fit of the protein models, were performed
using the “fit” function of the mol map program. Through this process, bias of the envelope
fit carried over through a manual process is minimized.

Fit between Model Theoretical Scattering Curves and Experimental Data
Using FOXS-MES—The models described above were subjected to analysis using the
programs FoXS and MultiFoXS (Pelikan et al., 2009; Schneidman-Duhovny et al., 2016).
Simply put, a theoretical SAXS scattering curve is calculated from a set of PDB coordinates
and compared to the experimental scattering. The fit between these two curves is measured
as a x 2 value, where the lower the value, the better the agreement between the theoretical
and experimental curves. In general, we consider a x2 of 1 or less to be excellent, 1-2 is
okay, above 2 is not good (Rodi et al., 2007). The MES (multiple ensemble scattering)
capabilities of MultiFoXS can optimize the weight of multiple models to produce a best fit
of a theoretical scattering curve to experimental data in the case of a flexible protein
sampling multiple conformations. Of the single SM-1,2, and 3, the lowest scoring complex
structure is that of represented by SM-2. However, a mix of SM-2 and SM-3 in a ratio of
75%:25% weighing functions provides the best XZ value, consistent with more than one
conformational state in solution.
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QUANTIFICATION AND STATISTICAL ANALYSIS

In analysis of the MD simulation trajectories, the first 100 ns trajectories of initial transients
were removed, and thus averages were taken afterward. The same CHARMM programming
package (Brooks et al., 2009) as used in the initial construction was employed for analyzing
the simulated trajectories. The CAHRMM program (Brooks et al., 2009) calculated the
interaction energy of KRas4B with CaM. In the binding free energy calculation using
molecular mechanics combined with the generalized Born (GB) and surface area continuum
solvation (MMGBSA), the solvation free energy was calculated by the GB using the GBSW
module (Im et al., 2003) of the CHARMM program (Brooks et al., 2009).

DATA AND CODE AVAILABILITY

The accession numbers for the atomic coordinates and structure factors reported in this
paper are PDB: 1CLL (CaM), 1CDL (CaM), 3CLN (CaM), 3GFT (KRas4B), 5TARX
(KRas4B), 5UK9 (KRas4B).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KRas4B Residue KRas4B, ,¢;-GTP (3GFT)

Figure 1. NMR CSPs and Mapping on the Structure
(A) NMR CSPs of residues by truncated KRas4B1.16¢ (red sticks) and by full-length

KRas4B_1gg (light blue sticks) mapped onto the crystal structures of CaM with a stretched
central linker (PDB: 1CLL) (left panel) and a collapsed linker (PDB: 1CDL) (right panel).
The light green sticks denote the perturbed residues by both truncated and full-length
KRas4B.

(B) NMR CSPs of residues in full-length KRas4B1.1gg in the GTP-y-S bound state by CaM
(left panel), and mapping of the perturbed residues on the crystal structure (PDB: 3GFT) of
the catalytic domain of KRas4B (right panel). In the structure, hydrophobic, hydrophilic,
positively charged, and negatively charged residues are marked by black, green, blue, and
red letters, respectively.
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Figure 2. Averaged Total I nteraction Energies of Truncated KRas4B1.166 With CaM

In the box graphs, the red and black lines denote the mean and median values, respectively.
Whiskers above and below the box denote the 90th and 10th percentiles.
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Figure 3. Simulated Configurations of KRas4B1.1g5-CaM Complex
Snapshots representing the initial (upper panel of each configuration), final (middle panel of

each configuration), and superimposition of the initial and final structures (lower panel of
each configuration) for the FME KRas4B;.1g5-CaM complex. In the superimpositions,
initial structures are shown as white transparent cartoons.
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Figure 4. Intermolecular Residue-Residue Contacts Between FME KRas4B4.1g5 and CaM
For two intermolecular residues 7and j, the probability of contact for the distance between

the Ciﬂ - c{i atom (C is used for Gly residue) with cutoff 10 A was calculated.
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Figure5. Interaction Energy and Binding Free Energy
(A) Averaged interaction energies of the catalytic domain, HVR, and farnesyl of FME

KRas4B1.1g5 with CaM. Error bars indicate standard deviation.

(B) Binding free energy for the FME KRas4B.1gs5 interaction with CaM. In the calculation,
gas phase contribution, the solvation energy contribution, and the entropic contribution
combines the average binding free energy. In the box graphs, the red and black lines denote
the mean and median values, respectively. Whiskers above and below the box denote the
90th and 10th percentiles.
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Figure 6. SAXS Model 2 of KRasAB-CaM Complex
(A) Proposed SAXS model 2 (SM-2) of the KRas4B1.1g5-CaM complex. An averaged ab

initio model constructed from the SAXS data is superimposed with the proposed model of
FME KRas4B1.1g5-GppNHp (dark blue) in complex with CaM (light blue).

(B) The SAXS data (open circles) are plotted with the theoretical scattering curves of the
envelope (green), SM-1 (red), and SM-2 (blue). The fit of SM-2 (X2 = 1.84) against the
experimental data is significantly better than those for SM-1 (XZ = 2.14) or the envelope (X2
> 3).

(C) The SAXS data are plotted with explicit error for two concentrations of FME
KRas4B1_1g5-CaM samples (5 mg/mL, brown, and 10 mg/mL, purple). The experimental
scattering curves between the two samples are nearly identical.

(D) The SAXS of the two samples are plotted, with a scaling factor of 1.98 applied to the 5
mg/mL data. The scaling of the 5 mg/mL data by a factor of nearly 2 for optimal alignment
with the 10 mg/mL scattering curve suggests that the concentrations of the complexes were
correctly characterized, with no protein aggregation. The two curves superimpose well with
the same features, indicating that the two samples contain the same species.
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Figure 7. SAXSModel 3 of KRas4B-CaM Complex

(A) Proposed SAXS model 3 (SM-3) of the KRas4B1.1g5-CaM complex. SM-3 was aligned
within the calculated envelope of FME KRas4B1.1g5-GppNHp SAXS data. The hybrid
model of full-length KRas4B1.1g5 (dark blue) and CaM (light blue) is shown in the SAXS

envelope.

(B) The experimental SAXS data (open circles) is plotted with theoretical scattering of
SM-3 (green, XZ =2.12), and a weighed theoretical scattering of SM-3 (25%) and SM-2
(75%) (pink, XZ = 1.65). The theoretical scattering of SM-2 (blue) is also plotted for
comparison. Weighing calculations were performed in MultiFoXS (Schneidman-Duhovny et

al., 2016).
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Figure 8. KRas4B Interaction with CaM at the Membrane
(A) Time-series of snapshots of FME KRas4B.1gs5 interacting with CaM at the anionic lipid

bilayers composed of DOPC:DOPS (molar ratio 4:1), DOPC:DOPS:DOPA (molar ratio
32:7:1), DOPC: DOPS:PIP; (molar ratio 32:7:1), and DOPC:DOPS: PI5P (molar ratio
32:7:1) lipids in the liquid phase. In the cartoons, the KRas4B catalytic domain, HVR, and
farnesyl are shown in light blue, dark blue, and yellow, respectively, and CaM is shown in
red.

(B) The deviation, Az, from the averaged phosphate atoms position at the upper bilayer
leaflet for the center of mass of the KRas4B catalytic domain (left panel), HVR (middle
panel), and CA atom of Cys185 (right panel) at the anionic PS, PA, PIP,, and PI5P bilayers.
The location of the bilayer surface can be defined +5 A from Az= 0. Error bars indicate
standard deviation.
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Figure 9. CaM Interaction with Signaling Lipids
Snapshots depicting the interaction of CaM with signaling lipids at the (A) PIP,

(DOPC:DOPS:PIP, with molar ratio 32:7:1) and (B) PI5P (DOPC:DOPS:PI5P with molar
ratio 32:7:1) bilayers. Red dotted lines highlight the salt bridge interaction.
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Figure 10. A Schematic Diagram Illustrating the Role of KRas4B and CaM in Promoting PI3Ka
Activation

CaM extracts KRas4B from the plasma membrane for intracellular translocation. Signaling
lipids, such as PIP, and PI5P may prevent the event, constraining the complex at the
membrane. In KRAS-driven adenocarcinoma, the KRas4B-CaM complex recruits PI3Ka to
the membrane, substituting the missing RTK signal.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

cDNA for Chicken CaM Prof. Joshua Wand N/A

FME KRas4B bound to GppNHp NCI Ras initiative team N/A
Deposited Data

IC_Zr{stal structure of CaM with extended Chattopadhyaya et al., 1992 PDB: 1CLL
inker

Crystal structure of CaM with collapsed Meador et al., 1992 PDB: 1CDL
linker in complex with MYLK peptide

Crystal structure of CaM with extended Babu et al., 1988 PDB: 3CLN
linker

Crystal structure of KRas4B https://doi.org/10.2210/pdb3GFT/pdb PDB: 3GFT
Crystal structure of KRas4B in complex Dharmaiah et al., 2016 PDB: 5TAR

with PDES

Crystal structure of KRas4B Parker et al., 2018 PDB: 5UK9
Experimental Models: Cell Lines

BL21(DE3) This paper N/A

Software and Algorithms

Rosetta docking program
CHARMM programming package
NAMD 2.12

The ATSAS program

PyMOL
Chimera

FoXS and MultiFoXS programs

(Kahraman et al., 2013; Sircar et al., 2010)
(Brooks et al., 2009)

(Phillips et al., 2005)

Cornell High Energy Synchrotron Source

(CHESS) at Cornell University (Ithaca, NY)

(DeLano, 2002)
(Pettersen et al., 2004)

(Pelikan et al., 2009; Schneidman-Duhovny et

al., 2016)

https://www.rosettacommons.org/software
https://www.charmm.org/
http://www.ks.uiuc.edu/Research/namd/

https://www.chess.cornell.edu/

https://pymol.org/2/
https://www.cgl.ucsf.edu/chimera/

https://modbase.compbio.ucsf.edu/modbase-
cgi/index.cgi
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