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Article
KRAS Prenylation Is Required for Bivalent Binding
with Calmodulin in a Nucleotide-Independent
Manner
Constance Agamasu,1 Rodolfo Ghirlando,2 Troy Taylor,1 Simon Messing,1 Timothy H. Tran,1 Lakshman Bindu,1

Marco Tonelli,3 Dwight V. Nissley,1 Frank McCormick,4 and Andrew G. Stephen1,*
1NCI RAS Initiative, Cancer Research Technology Program, Frederick National Laboratory for Cancer Research, Leidos Biomedical Research,
Inc., Frederick, Maryland; 2Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes
of Health, Bethesda, Maryland; 3National Magnetic Resource Facility at Madison, Biochemistry Department, University of Wisconsin-Madison,
Madison, Wisconsin; and 4Diller Family Comprehensive Cancer Center, University of California, San Francisco, California
ABSTRACT Deregulation of KRAS4b signaling pathway has been implicated in 30% of all cancers. Membrane localization of
KRAS4b is an essential step for the initiation of the downstream signaling cascades that guide various cellular mechanisms.
KRAS4b plasma membrane (PM) binding is mediated by the insertion of a prenylated moiety that is attached to the terminal
carboxy-methylated cysteine, in addition to electrostatic interactions of its positively charged hypervariable region with anionic
lipids. Calmodulin (CaM) has been suggested to selectively bind KRAS4b to act as a negative regulator of the RAS/mitogen-
activated protein kinase (MAPK) signaling pathway by displacing KRAS4b from the membrane. However, the mechanism by
which CaM can recognize and displace KRAS4b from the membrane is not well understood. In this study, we employed biophys-
ical and structural techniques to characterize this mechanism in detail. We show that KRAS4b prenylation is required for
binding to CaM and that the hydrophobic pockets of CaM can accommodate the prenylated region of KRAS4b, which might
represent a novel CaM-binding motif. Remarkably, prenylated KRAS4b forms a 2:1 stoichiometric complex with CaM in a
nucleotide-independent manner. The interaction between prenylated KRAS4b and CaM is enthalpically driven, and electrostatic
interactions also contribute to the formation of the complex. The prenylated KRAS4b terminal KSKTKC-farnesylation and
carboxy-methylation is sufficient for binding and defines the minimal CaM-binding motif. This is the same region implicated in
membrane and phosphodiesterase6-d binding. Finally, we provide a structure-based docking model by which CaM binds to pre-
nylated KRAS4b. Our data provide new insights into the KRAS4b-CaM interaction and suggest a possible mechanism whereby
CaM can regulate KRAS4b membrane localization.
INTRODUCTION
RAS GTPases belong to a family of guanine-nucleotide-
binding proteins that are regulators of cell function
and play a key role in cell signaling. RAS proteins are
regulated by guanine nucleotide exchange factors and
GTPase activating proteins, enabling them to function as
molecular switches, cycling between an inactive guanine
diphosphate (GDP)-bound and active GTP-bound forms.
In their active form, RAS proteins bind to various
effectors such as RAF and phosphoinositide 3-kinase
(PI3K) and leads to downstream activation of the PI3K/
MAPK pathways.
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The four isoforms of RAS, HRAS, NRAS, and the splice
variants KRAS4a and KRAS4b, share a high degree of
sequence and structural homology in their N-terminal glob-
ular domain (G-domain). However, they exhibit a wide vari-
ation in their C-terminal hypervariable region (HVR).
Membrane targeting of RAS proteins is essential for initia-
tion of the downstream signaling cascade. Membrane
targeting of RAS occurs by post-translational prenylation
of the C-terminal cysteine (Cys185) via farnesylation and
carboxy-methylation (FMe), allowing for insertion of this
lipidated tail into the plasma membrane (PM). Aside from
farnesylation, additional modifications in the HVR region
of the other RAS isoforms have been shown to play a role
in targeting RAS proteins into different PM microdomains.
Specifically, a single palmitoyl chain is added for NRAS
and KRAS4a, whereas two palmitoyl chains are added to
HRAS on cysteines in their respective HVR, which allows
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them to be associated with ordered lipid microdomains
(2–4). In contrast, KRAS4b does not undergo additional
lipid modification and thus is targeted to disordered lipid
microdomains, in which its positively charged HVR binds
to anionic lipids (5,6).

In addition to binding to anionic lipids, the HVR of
KRAS4b has also been proposed to selectively bind to
calmodulin (CaM) (1) and regulate KRAS activity in can-
cer cells (1,7). CaM is a small ubiquitous calcium
(Ca2þ)-binding protein and acts as a negative regulator of
the KRAS/MAPK signaling pathway by sequestering
KRAS from the membrane (8). The inhibition of CaM
with an antagonist in serum-starved NIH-3T3 and normal
rat kidney eptithelial cells restored activation of the RAS/
MAPK pathway (1). Among the four RAS isoforms, CaM
was shown to selectively bind to KRAS4b in a nucleo-
tide-dependent manner in vivo (1,7). The mechanism by
which CaM can selectively recognize only KRAS4b but
not the other RAS isoforms remains unclear given their
high degree of sequence and structural similarity in the
G-domain. Previous studies show that CaM binds to the
G-domain of KRAS4b in a nucleotide-dependent manner
(9), whereas another study reveals that the HVR contains
the CaM-binding domain motif (10–12). Structurally,
CaM is composed of two pseudosymmetrical EF-hand do-
mains at its N- and C-termini that are joined together by a
flexible central linker (13). Binding of Ca2þ to CaM trig-
gers a conformational change that exposes a methionine-
rich hydrophobic pocket on each EF domain, enabling
it to bind to a target for a specific response (14,15).
CaM-binding motifs are typically composed of short heli-
cal hydrophobic regions (16,17), a motif that is not present
in unprenylated KRAS4b (Fig. 1), suggesting that CaM
binds to KRAS4b in a noncanonical manner.

To gain insight into this binding mechanism, we utilized
an array of techniques to characterize the interaction be-
tween KRAS4b and CaM. Here, we demonstrate that the
KRAS4b-CaM interaction is driven primarily by the FMe
modification of KRAS4b and the hydrophobic pockets of
CaM at the N- and C-termini. Favorable electrostatic inter-
actions between the last five residues of KRAS4b (KSKTK)
1050 Biophysical Journal 116, 1049–1063, March 19, 2019
and the central linker of CaM also contribute to the binding.
Interestingly, prenylated KRAS4b CaM forms a tight
2:1 stoichiometric complex with CaM in a nucleotide-
independent fashion, with no detectable interaction of the
G-domain. Finally, we show that CaM outcompetes a mem-
brane mimetic for binding to KRAS4b because of its higher
affinity for KRAS4b and, hence, can displace KRAS4b from
the membrane.
MATERIALS AND METHODS

Cloning of recombinant proteins

The expression construct for pMSP1D1 (#20061; Addgene, Cambridge,

MA) was generously provided by Steve Sligar (University of Illinois at

Urbana-Champaign, Champaign, IL). Gateway entry clones for human

CaM were generated by standard cloning methods and incorporated an

upstream tobacco etch virus 18 protease cleavage site (ENLYFQG) to

permit tag removal. Entry clones include amino acids 2–148 (full-length

CaM), 2–80 (N-terminal domain), or 76–148 (C-terminal domain). An

avi-tagged full-length CaM clone was generated by introducing an avi

sequence (LNDIFEAQKIEWG) between the tobacco etch virus (TEV)

sequence and amino acids 2–148 of CaM. Sequence-validated gateway en-

try clones were subcloned into PDest-527 (His6 fusion) gateway destination

vectors (#11518; Addgene) to produce the final Escherichia coli expression

clones (19). Baculovirus expression vectors for production of fully

prenylated KRAS4b have been previously described (20).
Escherichia coli expression of recombinant
proteins

The BL21 STAR (rne131) E. coli strain containing the DE3 lysogen and

rare transfer RNAs (pRare plasmid, CmR) was transformed with the expres-

sion plasmids (His6-TEV-POI, AmpR) for the CaM constructs and ex-

pressed as in Taylor et al. (19). For proper biotinylation of avi-Hs.CaM, a

BL21 STAR DE3 (rne131) strain harboring a KanR version of pRare and

a plasmid expressing biotin ligase (pBirA, CamR) were used, and

200 mMD-biotin was added 1 h before induction. pMSP1D1 was expressed

as in Travers et al (48). 15N CaM was expressed as in (16) through seed

growth, and then 2% of the seed culture was collected and centrifuged at

3000 � g for 10 min at 25�C. The supernatant was decanted, and the pellet
was resuspended with 50 mL of T-20052 medium (25 mM Na2HPO4,

25 mM KH2PO4, 50 mM 15NH4Cl, 5 mM Na2SO4, 2 mM MgSO4,

50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2-4H2O, 10 mM ZnSO4-7H2O,

2 mM CoCl2-6H2O, 2 mM CuCl2-2H2O, 2 mM NiCl2-6H2O, 2 mM

Na2MoO4-2H2O, 2 mM Na2SeO3-5H2O, 2 mM H3BO3, 216 mM
FIGURE 1 A schematic representation of

KRAS4b and CaM domains.
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glycerol, 2.8 mM glucose, and 5.6 mM a-lactose) by gentle mixing and

used to inoculate 2 L of T-20052 medium in a 3-L BioFlo 110 bioreactor

(Eppendorf/New Brunswick Scientific, Edison, NJ). The culture was

grown at 37�Cwith the airflow set at 2.0 LPMwhile the agitation was main-

tained at 481 rotations per minute (rpm). When the OD600 reached 1.0–1.5

(�7–8 h), the culture was chilled to 20�C and grown overnight (�16 addi-

tional hours), and the cells were collected by centrifugation (5000 � g for

10 min at 4�C). The cell pellet was immediately frozen at �80�C.
Insect expression of recombinant proteins

Throughout, insect cells were grown in appropriately sized Optimum

Growth Flasks (Thomson Instrument, Oceanside, CA) using serum free-

900 III medium (Thermo Fisher Scientific, Carlsbad, CA). Baculovirus

stocks were created by transfecting serum free-9 cultures with bacmid

DNA using Cellfectin II transfection reagent (Thermo Fisher Scientific).

Titers of baculovirus stocks were determined using a ViroCyt 3100 (Sarto-

rius, Göttingen, Germany). 24 h before infection, Tni-FNL cells were set at

8 � 105 cells/mL and set to shake at 100–110 rpm at 27�C for 24 h. On the

day of the infection, the cell count was determined, the virus was added to

a multiplicity of infection of 3, and the infected cultures were shaken at

100–110 rpm at 21�C for 72 h. After 72 h, the cultures were centrifuged

at 1100 � g for 15 min at 4�C, the supernatants discarded, and the pellets

stored at �80�C.
Expression of 15N-labeled KRAS-FMe

15N culture media was prepared as per the manufacturer’s recommendations

with modifications. Specifically, after bringing the solution to the correct

final volume, the solution was stirred at 37�C for an additional hour, pH

adjusted, filter sterilized in a biosafety cabinet hood using a 0.45–0.2 mM

Sartopore 2 300 cm2 (Sartorius) inline filter, and collected in a sterile 1-L

bottle. 24 h before expression, a Tni-FNL seed culture was split 1:2 with

fresh nonlabeled media (CGM-2000-N) from Cambridge Isotope Labora-

tories (Tewksbury, MA) to keep cells in log phase growth. On the day of

infection, prepared 15N-labeling insect media was prewarmed at 27�C for

2–3 h. The cell count was determined, the amount of culture necessary

for expression was centrifuged at 400 � g for 6 min, the supernatant was

discarded, the cell pellet was suspended in the desired volume of pre-

warmed 15N-labeling insect media, and the cells were shaken for 30 min

at 27�C. After 30 min, the cell count was determined, the virus was added

to a multiplicity of infection of 3, and the infected cultures were shaken

at 100–110 rpm at 21�C for 72 h. After 72 h, the cultures were centrifuged

at 1100 � g for 15 min at 4�C, the supernatants were discarded, and the

pellets were stored at �80�C.
Protein purification

All proteins were purified on next generation chromatography systems

(Bio-Rad Laboratories, Hercules, CA). Purification of KRAS-FMe and
15N-KRAS-FMe were as in Gillette et al. (20). avi-CaM, CaM, CaM-N

(1–80), and CaM-C (76–148) were expressed and purified as noted for pro-

teins of the form His6-MBP-TEV-POI in (21), with the addition of an ion

exchange step. Specifically, after the second immobilized metal affinity

chromatography column, the proteins were dialyzed overnight against

20 mM Tris-HCl (pH 8.5), 10 mM EDTA, and 1 mM tris(2-carboxyethyl)

phosphinehydrochloride (TCEP) (buffer A), loaded onto a HiTrap Q HP

column (GE Healthcare, Chicago, IL) equilibrated in buffer A, and eluted

using a 10 column volume gradient from 0 to 350 mM NaCl in buffer A.

Positive fractions were pooled, and the pools were concentrated to an

appropriate volume for injection onto a 16/60 Superdex S-75 (GE Health-

care) column equilibrated and run in 20 mM HEPES (pH 7.3), 150 mM

NaCl, and 5 mM CaCl2.
Nucleotide exchange

Nucleotide loading was performed by first exchanging GDP-bound

KRAS4b into ammonium phosphatase buffer containing 40 mM Tris-HCl

(pH 8.0), 200 mM (NH4)2SO4, and 0.1 mM ZnCl2. Next, 20 mL of alkaline

phosphatase beads and a 10:1 molar ratio of nonhydrolysable analog of

GTP, GMPPNP (referred to here as GNP), were then added and incubated

at 25�C for 3 h. Alkaline phosphatase beads were removed by filtering it out

with a 0.22-micron centrifugal filter tube and spun at 14,000 rpm for 5 min.

30 mMMgCl2 and a 5:1 molar ratio of GNP were then added and incubated

at 25�C for an additional 2 h. GNP-bound KRAS4b was further purified by

HiPrep 26/10 desalting column (GE Healthcare) to remove excess nucleo-

tide. The efficiency of nucleotide exchange of KRAS was determined using

high-performance liquid chromatography (HPLC). Specifically, KRAS

samples were diluted into 0.1 M K2HPO4 and 1 mM tetrabutyl ammonium

hydrogen sulfate (buffer A) and injected onto an Ultrasphere 5 ODS, 250�
4.6 mm column (Hichrom, Berkshire, UK) on a Waters e2695 Alliance

HPLC System (Waters, Milford, MA). Bound nucleotides were eluted using

a linear gradient of buffer A containing 30% acetonitrile at a flow rate of

0.6 mL/min. Standards of GDP and GppNHp were included to validate

the identity of nucleotide bound to KRAS. GNP-bound KRAS4b was

routinely >95% pure as measured by this assay.
Sedimentation velocity analytical
ultracentrifugation

Sedimentation velocity experiments were carried out at 50,000 rpm and

20�C on a Beckman Coulter ProteomeLab XL-I analytical ultracentrifuge

(Beckman Coulter, Brea, CA) and An50-Ti rotor following standard proto-

cols (22). Samples, as described below, were loaded in 12- or 3-mm two-

channel centerpiece cells, and sedimentation data were collected using the

absorbance (280 nm) and interference (655 nm) optical detection systems.

Time-corrected data (23) were analyzed in SEDFIT 15.01c (24) in terms

of a continuous c(s) distribution of sedimenting species with a maximal en-

tropy regularization of 0.68. The solution density, solution viscosity, and

protein partial specific volumes were calculated based on the composition

in SEDNTERP (25). Protein extinction coefficients at 280 nm and refractive

index increments, which were used to determine the interference signal

increments, were calculated based on their composition (26). In the case

of KRAS, the calculated extinction coefficients do not account for the bound

nucleotide. A partial specific volume of 0.981 cm3/g and refractive index of

0.146 cm3/g was used for the lipid portion of the nanodisc (27,28). Samples

of CaM, CaM-C, CaM-N, GDP-bound KRAS4b-FMe 2-185, GNP-bound

KRAS4b-FMe 2-185, GDP-bound KRAS4b 2-185, GNP-bound KRAS4b

2-185, GDP-bound KRAS4b 2-169, and GNP-bound KRAS4b 2-169 were

studied in 20 mM HEPES (pH 7.2), 150 mM NaCl, 1 mM CaCl2, 1 mM

MgCl2, and 1 mM TCEP. KRAS samples were analyzed individually at

5 or 10 mM, and CaM, CaM-C, and CaM-N samples were studied at concen-

trations in the range of 30–70 mM. Interference signals for the individual spe-

cies were utilized to determine concentrations of the stock solutions as well

as the corresponding absorbance extinction coefficients at 280 nm. Samples

of MSP1D1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) 70:30 empty nano-

discs, also in 20 mM HEPES (pH 7.2), 150 mM NaCl, 1 mM CaCl2,

1 mM MgCl2, and 1 mM TCEP, were characterized at 5 mM. Mixtures of

CaM/KRAS4b-FMe, CaM-N/KRAS4b-FMe, CaM-C/KRAS4b-FMe, nano-

discs/KRAS4b-FMe, and CaM/nanodiscs:KRAS4b-FMe as described in

the manuscript were prepared by mixing the appropriate quantities of stock

solutions of the various components. Fresh stock solutions prepared for each

experiment were first characterized by sedimentation velocity to verify

purity and determine concentration. Sedimentation experiments to determine

the affinity of CaM-C and CaM-N for GDP-bound KRAS4b-FMe were

carried out by preparing samples of 3 mM GDP-bound KRAS4b-FMe with

increasing concentrations of CaM-N or CaM-C. The c(s) distributions

obtained were integrated to provide the weight-average sedimentation
Biophysical Journal 116, 1049–1063, March 19, 2019 1051
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coefficient Sw. The absorbance and interference Sw isotherms were analyzed

in terms of an AþB¼AB heteroassociationmodel in SEDPHAT 13.0a (29)

to obtain the interaction affinity. Similar experiments were carried out for

CaM. Here, samples of 3 and 6 mM KRAS-4b-FMe were prepared with

increasing concentrations of CaM, and samples of 6 mMCaMwere prepared

with increasing concentrations of GDP KRAS4b-FMe. The Sw isotherms

obtained were analyzed globally in SEDPHAT 13.0a in terms of a two-

site equilibrium model A þ B þ B ¼ AB þ B ¼ BA þ B ¼ BAB with

two nonsymmetric sites and microscopic K. In this model, sedimentation

coefficients for the free species and 1:1 complexes were fixed to experimen-

tally observed values. Affinities for the formation of the 1:1 complex with

the N- and C-terminus of CaM were fixed to values determined with

CaM-C and CaM-N, above. The sedimentation coefficient for the 2:1

KRAS4b-FMe/CaM complex and co-operativity parameter, reflecting the

effects of bound KRAS4b-FMe on the binding of second KRAS-4b-FMe,

was refined.
Analysis of the weighted-average sedimentation
coefficient isotherms

The weighted-average (or signal-average) sedimentation coefficient, Sw, is a

powerful tool for the study of interacting systems. It is obtained by the inte-
Sw;lðfctotgÞ ¼ h20;w

�
1� yexprexp

�

hexp

�
1� y20;wr20;w

��

εAcAsA þ εBcBsB þ ðεA þ εBÞKABðcAcBÞsAB þ ðεA þ εBÞKBAðcAcBÞsBA þ ðεA þ 2εBÞK2ðKAB þ KBAÞðcAcBÞsABB
εAcA;tot þ εBcB;tot

:

(4)
gration of the continuous c(s) distribution and reflects the average

transport contributions from all species in solution as described in Zhao

et al. (30):

Sw;lðfck;totgÞ ¼
P

i

εi;lsici
P

k

εk;lck
; (1)

where ck,tot is the total concentration of each of the components k, εi,l is

the absorption coefficient at wavelength l for species i or the corre-

sponding interference signal increment, si is the sedimentation

coefficient of species i, and ci is the molar concentration of species i

for the given total concentrations of the components. In the case of

the A þ B ¼ AB heteroassociation between CaM-N or CaM-C with

GDP-bound KRAS4b-FMe, weighted-average sedimentation coeffi-

cients were obtained at different loading concentrations and loaded

into SEDPHAT 13.0a for nonlinear regression to determine the interac-

tion affinity. To utilize SEDPHAT and combine Sw isotherms from

different experiments, all sedimentation coefficients are corrected to

standard conditions:

Sw;lðfck;totgÞ ¼ h20;w

�
1� yexprexp

�

hexp

�
1� y20;wr20;w

�

P

i

εi;lsici
P

k

εk;lck
; (2)

where r, h, and y are the solvent density, solvent viscosity, and protein par-

tial specific volume, with the subscripts exp and 20,w denoting the experi-

mental and standard conditions in water at 20�C, respectively. Mass action

law determines the molar concentration of each species, and in the case of

the A þ B ¼ AB heteroassociation,
1052 Biophysical Journal 116, 1049–1063, March 19, 2019
Sw;lðfctotgÞ¼
h20;w

�
1� yexprexp

�

hexp

�
1� y20;wr20;w

�

� εAcAsA þ εBcBsB þ ðεA þ εBÞKABðcAcBÞsAB
εAcA;tot þ εBcB;tot

;

(3)

where subscripts A, B, and AB refer to CaM-C and CaM-N, GDP-bound

KRAS4b-FMe, and their 1:1 complex, respectively, and KAB is the equilib-

rium association constant. Absorbance and interference Sw binding iso-

therms were globally fitted to separate forms of Eq. 3, depending on the

optical detection system, to obtain KAB. Sedimentation and absorbance

extinction coefficients and interference signal increments for CaM-C,

CaM-N, and GDP-bound KRAS4b-FMe were kept fixed in the analysis,

and the sedimentation coefficients for the 1:1 complexes converged to

expected values. The formation of the 1:2 CaM/GDP KRAS4b-FMe com-

plex was modeled in a similar manner using a two-site equilibrium model

A þ B þ B ¼ AB þ B ¼ BA þ B ¼ BAB with two nonsymmetric sites

and microscopic K:

Here, distinction is made between GDP-bound KRAS4b-FMe binding to

the C- (complex AB, affinity KAB) and N- (complex BA, affinity KBA)
termini of full-length CaM. As above, absorbance and interference Sw bind-

ing isotherms were globally fitted to Eq. 4, this time to obtain the macro-

scopic binding affinity K2 describing the formation of the 1:2 complex

from both 1:1 complexes. In addition to the sedimentation and absorbance

extinction coefficients and interference signal increments for CaM-C,

CaM-N, and GDP-bound KRAS4b-FMe, the values of microscopic associ-

ation constants KAB and KBA and sedimentation coefficients sAB and sBA
were kept fixed in the analysis, with the latter values obtained from the

A þ B ¼ AB heteroassociation analyses of GDP-bound KRAS4b-FMe

with CaM-N or CaM-C. The sedimentation coefficients for the 1:2 complex

converged to expected values.

In the absence of any co-operativity, the macroscopic constant K2,

K2 ¼ KABKBA

KAB þ KBA

; (5)

and differences in the refined value of K2 are expressed in terms of a coop-

erativity parameter. Both the A þ B ¼ AB heteroassociation and two-site
equilibrium A þ B þ B ¼ AB þ B ¼ BA þ B ¼ BAB with two nonsym-

metric sites and microscopic K models are used as implemented in

SEDPHAT.
Surface plasmon resonance

Surface plasmon resonance (SPR) binding experiments were performed on a

Biacore T200 Instrument (GE Healthcare). The binding of GNP- and GDP-

bound KRAS4b-FMe to CaM, CaM-C, and CaM-N were carried out as fol-

lows. Neutravidin was amine coupled to the carboxymethylated dextran

surface of a CM5 sensor chip (GE Healthcare) using standard amine coupling

chemistry. The surface was activated with 0.1 M N-hydroxysuccinimide and
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0.4 M N-ethyl-N0-(3-dimethylaminopropyl) carbodiimide at a flow rate of

20 mL/min. Neutravidin was diluted to 20 mg/mL in 10 mM sodium acetate

(pH 4.5) and injected on all four flow cells until a density of�5000 response

units was attached. Activated amine groups were quenched with an injection

of 1 M ethanolamine (pH 8.0). CaM, CaM-C, and CaM-N with an avi-tag

was capture on flow cells 2, 3, and 4, respectively. Flow cell 1 was used

for referencing purposes. After protein capture, a series of buffer injections

were performed in the running buffer 20 mM HEPES (pH 7.2), 50,150, or

500 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, and 1 mM TCEP to establish

a stable baseline. KRAS4b-FMe was diluted in running buffer from 10 to

0.08 mM. At the end of the experiments, bound KRAS4b-FMe was removed

by a 30-s injection of 1 M NaCl. The data were fitted using the Biacore T200

evaluation software using a single-site binding model as described below:

Req ¼ Conc � Rmax

Concþ KD
þ RI; (6)

where Req is the response units measured at a specific concentration, Rmax

is the maximal binding capacity of the surface, and RI is the bulk refractive

index contribution in the sample. For the membrane competition experi-

ments, anti-His6 monoclonal antibody (Abcam, Cambridge, MA) was

coupled to the CM5 sensor chip and activated as described above. Approx-

imately 2500 RU of nanodisc composed of 50% POPC and 50% POPS was

captured onto flow cell 2, and flow cell 1 was used for referencing purposes.

After nanodisc capture, KRAS4b-FMe at 10 mM was injected followed by

10 mM of either CaM, CaM-C, CaM-N, apo-CaM, and buffer. At the end of

the injection, bound KRAS4b-FMe was removed by a 60-s injection of

100 mM phosphoric acid.
Size exclusion chromatography with multiangle
light scattering

Size exclusion chromatography with multiangle light scattering (SEC-

MALS) data were collected using an Agilent 1260 HPLC system (Agilent

Technologies, Santa Clara, CA), attached to a WYATT DAWNHELEOS-II

MALS instrument and a Wyatt Optilab rEX differential refractometer

(Wyatt Technology, Santa Barbara, CA). For separation, the KRAS4b-

FMe/CaM complex was loaded onto a superdex 200 10/300 column

(GE Healthcare) in a buffer containing 20 mM Hepes (pH 7.2), 150 mM

NaCl, 1 mM CaCl2, 1 mM MgCl2, and 1 mM TCEP. Data were analyzed

using the ASTRAVI software (Wyatt Technology).
Membrane nanodisc preparation

An MSP1D1 nanodisc with a diameter of �100 Å was prepared as

described (32). POPC and POPS (Avanti Polar Lipids, Alabaster, AL)

were stored as stock chloroform solutions. After evaporation, POPC and

POPS (at a molar ration of 70:30 or 50:50) were resuspended in a buffer

containing 10 mM Tris (pH 7.4), 100 mM NaCl, 100 mM sodium cholate,

and 0.01% sodium azide. Several freeze-thaw cycles were used to properly

redissolve the phospholipids into buffer. Sodium cholate was removed

from the nanodisc using Bio-Beads (Bio-Rad Laboratories). Nanodiscs

were further purified by gel filtration on a superdex 200 10/300 gL column

(GE Healthcare).
Circular dichroism

CaM and KSKTKC-FMe were exchanged into buffer containing 5 mM

CaCl2 (pH 7.0). Proteins were quantified by ultraviolet absorbance using

ε280 ¼ 19,685 M�1cm�1. Circular dichroism (CD) spectra were collected

on a Chirascan Plus (Applied Photophysics, Arlington, VA) at 25�C from

250 to 190 nm with a 1 nm step and bandwidth, time per point 1 s, 1 mm

pathlength, and 0.1 mg/mL protein. Buffer blank was autosubtracted
from each spectrum, and three were averaged, from which mean residue

ellipticity was calculated using the concentration, pathlength, and number

of amino acid residues in the polypeptide chain with the program software.
Peptide synthesis

KSKTKC-FMe, AAAAC-FMe, KSKTKC-geranyl methylated (GMe), and

KSKTKC-prenyl methylated (PMe) were purchased from AnaSpec (Fre-

mont, CA). Peptide sequences and molecular weight were confirmed via

mass spectrometry.
NMR spectroscopy

NMR data were collected on an Agilent 800 MHz and Bruker Avance II

500, 600, and 900 MHz spectrometer at 35�C, processed with NMRPIPE

(33), and analyzed via CCPN Analysis (18) or NMR-FAM Sparky (35).

Proton, carbon and nitrogen NMR chemical shifts for CaM are reported

elsewhere (36,37). Proton, carbon, and nitrogen chemical shifts for

KRAS4b are reported here (31). The backbone resonances of CaM bound

to KRAS4b-FMe were assigned using standard triple resonance data

(HNCACB and CBCACONH), and 15N-edited HSQC-NOESY data were

collected at 35�C on 250 mM samples in a buffer containing 20 mMHEPES

(pH 6.5), 100 mMNaCl, 5 mMCaCl2, 1 mMMgCl2, and 1 mMTCEP-HCl.

Combined 1H-15N chemical shift changes were calculated asDdHN (ppm)¼
[(DdH)

2 þ (DdN/5)
2]1/2, where DdH and DdN are the 1H and 15N chemical

shift changes, respectively. The criterion for the selection of significantly

affected residues was an average plus one SD of all DdHN values.
Isothermal titration calorimetry

The binding affinities of KRAS4b-FMe, HVR-FMe, KSKTKC-FMe,

AAAAC-FMe, KSKTKC-GMe, and KSKTKC-PMewere determined using

a MicroCal PEAQ-isothermal titration calorimetry (ITC) (Malvern Panalyt-

ical, Westborough, MA). All ITC experiments were performed in a buffer

containing 20 mM HEPES (pH 7.2), 150 mM NaCl, 1 mM MgCl2, 1 mM

CaCl2, and 1 mM TCEP-HCL. CaM at either 200 or 500 mM or 1 mM

was titrated into 50 mM of KRAS4b-FMe, HVR-FMe, and KSKTKC-

FMe, 30 mM of KSKTKC-GMe, and 25 mM of AAAAC-FMe and

KSKTKC-PMe. The heat of the reaction was measured at 25�C for 19

injections, and the heats of dilution were measured by titrating CaM

into buffer. Data analysis was performed using a nonlinear least square

algorithm incorporated into the MicroCal PEAQ-ITC analysis software

applying the ‘‘single set of identical sites’’ fitting model (Malvern

Panalytical).
Structural docking

The complex structure was manually modeled in Coot (38) and rendered in

Pymol (Schrödinger, New York, NY).
RESULTS AND DISCUSSION

Prenylation is required for the binding of KRAS4b
to CaM, and the interaction is nucleotide
independent

To survey the interaction of CaM with KRAS4b, 30 mM
CaM and 20 mM of GDP-bound and GNP-bound unpreny-
lated and preynlated KRAS4b (Fig. 1; Fig. S1) were mixed
and analyzed by sedimentation velocity analytical ultracen-
trifugation (SV-AUC). Each batch of protein used was
Biophysical Journal 116, 1049–1063, March 19, 2019 1053
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individually characterized and found to be monodisperse
and monomeric with sedimentation coefficients and esti-
mated molar masses shown in Table S1. In contrast to pre-
viously published data, which show that CaM binds to
unprenylated forms of KRAS4b (10–12), our studies detect
no binding between CaM and unprenylated KRAS4b
(Fig. S1). Evidence for complex formation was found only
with GDP-bound and GNP-bound prenylated KRAS4b-
FMe (Fig. 2 A; Fig. S1 B). Furthermore, the equivalent sed-
imenting c(s) values of both GDP- and GNP-bound
KRAS4b-FMe/CaM complexes suggest that the interaction
is nucleotide independent (Fig. 2 A). To investigate the
nucleotide-independent interaction, binding affinities of
GDP-bound KRAS4b-FMe and GNP-bound KRAS4b-FMe
to CaM were obtained via SPR. As shown in Fig. 2, B–D,
GDP-bound KRAS4b-FMe and GNP-bound KRAS4b-FMe
loaded onto avi-CaM yielded Kd values of 0.4 and
0.5 mM, respectively. Because these binding affinities are
similar, the SPR data support that CaM binds to KRAS4b-
FMe in a nucleotide-independent manner.
KRAS4b-FMe binds to CaM with a 2:1
stoichiometry

Previous reports indicate that unprenylated KRAS4b binds
to CaM with a 1:1 stoichiometry (10–12). Yet, as demon-
strated in Fig. 2 A, the sedimentation properties of the
faster sedimenting species observed correlate with the
CaM and KRAS4b loading concentrations and their
ratios, suggesting that the KRAS4b-FMe-CaM stoichiom-
FIGURE 2 GDP- and GNP-bound KRAS4b-FMe binds to CaM in a nucleo

normalized absorbance c(s) profiles for solutions containing 42 mM CaM (g

KRAS4b-FMe (blue). C(s) distributions for mixtures of 20 mM KRAS4b-FMe a

as long dash and short dash plots, respectively. Red plots are data for GDP-bound

Shown are SPR binding kinetics of 10–0.2 mM GDP- and GNP-bound KRAS4b

respectively. (D) Fits of the steady-state binding isotherms derived from the SP
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etry is not 1:1. We therefore employed SV-AUC and SEC-
MALS to characterize the stoichiometric states of the
KRAS4b-FMe-CaM complex in solution. SV-AUC exper-
iments carried out with mixtures of 20 mM KRAS4b-FMe
and 40 mM CaM show a predominant species at 4.06 S,
with an estimated mass of 59.3 kDa consistent with a
2:1 KRAS4b-FMe-CaM complex (Fig. S2 A). Various
titrations were carried out with full-length CaM (Fig. S2
A), all of which supported the binding of the 2:1 stoichi-
ometry. The combined Sw isotherms were fit to a
two-site binding model, in which the sites are not equiv-
alent, corresponding to the two domains of CaM. The
microscopic binding constants for these sites were fixed
to values determined individually with CaM-N and
CaM-C (see below) to obtain a favorable cooperative
term of �1.9 kcal/mol (Fig. 3 A), suggesting either a
KRAS4b-FMe/KRAS4b-FMe interaction within the com-
plex or a CaM conformational change that favors the
binding of a second KRAS4b-FMe. Poor fits were
obtained when these isotherms were modeled for a 1:1
interaction.

SEC-MALS is a complementary method to SV-AUC for
accurate molar mass determination that is independent of
the shape and elution time from the column. Therefore, to
validate the mass of the complex, a mixture of 40 mM
CaM and 100 mM KRAS4b-FMe was characterized by
SEC-MALS and yielded an experimental molar mass of
57 kDa for the monodisperse complex, consistent with a
2:1 KRAS4b-FMe/CaM complex as observed in the SV-
AUC experiments (Fig. 3 B).
tide-independent manner. (A) Shown are the sedimentation velocity and

reen), 8 mM GDP-bound KRAS4b-FMe (red), and 10 mM GNP-bound

nd 40 mM CaM as well as 14 mM KRAS4b-FMe and 6 mM CaM are shown

KRAS4b-FMe, and blue plots are for GNP-bound KRAS4b-FMe. (B and C)

-FMe to avi-CaM. Data were fit and yielded Kd values of 0.4 and 0.5 mM,

R data are shown.



FIGURE 3 KRAS4b-FMe forms a 2:1 complex with CaM. (A) Shown are the absorbance (blue) and interference (red) Sw isotherms for the titration of CaM

into 3 mM GDP-bound KRAS4b-FMe (left panel) and 6 mM GDP-bound KRAS4b-FMe (center panel) as well as the titration of GDP-bound KRAS4b-FMe

into 6 mMCaM (right panel). Experimental data (circles) were fitted globally to a two-site equilibrium model with two nonsymmetric sites and microscopic

K as described in the text to obtain the isotherms shown (solid lines). (B) MALS analysis was performed on GDP-bound KRAS4b-FMe-CaM complex eluted

from an SEC column. The absolute molar mass versus elution time displays a monodisperse peak at 57 kDa.

Insights into the KRAS4b-CaM Interaction
Conclusively, to establish whether CaM binds to two spe-
cies of KRAS4b-FMe, we truncated CaM into two individual
subdomains, CaM-N and CaM-C, and tested their binding to
KRAS4b-FMe. SV-AUC experiments in which increasing
amounts of CaM-C or CaM-N were added to 3 or 5 mM
GDP-bound KRAS4b-FMe, respectively, led to c(s) profiles
consistent with the formation of a 1:1 complex (Fig. S2 B).
Fitting the Sw isotherms using a 1:1 binding model returned
an affinity (Kd) of 0.4 mM for CaM-C binding to GDP-bound
KRAS4b-FMe (Fig. 4 A). Similar studies with CaM-N
(Fig. S2 C) indicated a weaker binding affinity of 4 mM
(Fig. 4 B). Comparable affinities of CaM-C and CaM-N bind-
ing to GDP-bound and GNP-bound KRAS4b-FMe were also
obtained via SPR, as seen in Fig. 4, C–E and Table S2. No
differences in binding affinity were observed between
CaM-C and CaM-N with GDP-bound and GNP-bound
KRAS4b-FMe, further supporting nucleotide-independent
binding. Collectively, our data demonstrate that KRAS4b-
FMe binds to CaM with a 2:1 stoichiometry.
Electrostatic interactions also contribute to
KRAS4b-FMe/CaM interaction

In addition to the confirmed interaction between the hydro-
phobic farnesyl group of KRAS4b and the hydrophobic
pockets of CaM, the acidic central linker of CaM has been
shown to play an essential role in the stabilization of
CaM-protein complexes (39,40). Furthermore, KRAS4b
contains a highly basic HVR region (Fig. 1), which may
bind to the central acidic linker of CaM. Although our
AUC and ITC data so far indicate that CaM does not bind
to unprenylated KRAS4b (Fig. S1), we wanted to determine
what role, if any, additional HVR electrostatic interactions
may contribute to CaM binding of KRAS4b. To modulate
the strength of electrostatic interaction of this, we injected
KRAS4b-FMe onto avi-CaM at 50, 150, and 500 mM
NaCl (Fig. 5 A) and show that the Kd values decrease by
�30-fold over this salt concentration (Fig. 5 B). Therefore,
although the FMe is required for binding, our data indicate
that favorable electrostatic interactions also contribute to the
stabilization of the KRAS4b-FMe/CaM complex.
HVR-FMe contains the CaM-binding motif

To identify the binding interface between KRAS4b-FMe and
CaMbinding, we have utilized NMR chemical shift perturba-
tions (CSPs) detected by two-dimensional (2D) 1H-15N heter-
onuclear single quantum coherence (HSQC) experiments.
2D HSQC experiments can be used to determine residues
that are involved in the binding interface in addition to any
Biophysical Journal 116, 1049–1063, March 19, 2019 1055



FIGURE 4 KRAS4b-FMe forms a 1:1 complex

with CaM-N and CaM-C. (A) Shown are the absor-

bance (blue) and interference (red) Sw isotherms

for the titration of CaM-C into 3 mM GDP-bound

KRAS4b-FMe. Experimental data (circles) were

fitted to an A þ B ¼ AB heteroassociation model

to obtain the best-fit isotherms shown (solid lines).

(B) Shown are the absorbance (blue) and interfer-

ence (red) Sw isotherms for the titration of

CaM-N into 3 mM GDP-bound KRAS4b-FMe.

Experimental data (circles) were fitted to an

A þ B ¼ AB heteroassociation model to obtain

the best-fit isotherms shown (solid lines). Sedimen-

tation velocity c(s) profiles for these isotherms are

shown in Supporting Materials and Methods. (C)

Shown are SPR binding kinetics of 10–0.2 mM

GDP and GNP-bound KRAS4b-FMe to avi-

CaM-C. Data were fit using a one-site model and

yielded Kd values of �0.6 mM for both GDP-

and GNP-bound KRAS4b-FMe to CaM-C. (D)

Shown are SPR binding kinetics of 10–0.2 mM

GDP- and GNP-bound KRAS4b-FMe to avi-

CaM-N. Data were fit using a one-site model and

yielded Kd values of �2 mM for both GDP- and

GNP-bound KRAS4b-FMe to CaM-N. (E) Fits of

the steady-state binding isotherms derived from

the SPR data are shown.
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conformational changes that might occur upon binding.
Consistent with our AUC and ITC data (Fig. S1), no CSP or
line broadening was observed when 500 mMCaMwas added
to 50 mM 15N-labeled unprenylated GDP- and GNP-bound
KRAS4b (Fig. S3). Because of the molecular weight of
the KRAS4b-FMe/CaM complex (�57 kDa), we collected
2D 1H-15N transverse relaxation optimized spectroscopy
(TROSY)-HSQC tailored toward protein(s) with relatively
high molecular weights. NMR data were collected only for
15N GDP-bound KRAS4b-FMe titrated with CaM because
FIGURE 5 Electrostatic interactions contribute to KRAS4b-FMe/CaM bindin

150, and 500 mM NaCl is shown. (B) Data were fit using a one-site model and
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our earlier data demonstrated that CaM binds to KRAS4b-
FMe in a nucleotide-independent manner (Figs. 2 and 4).
The 1H-15N TROSY-HSQC data obtained upon titration of
CaM into 15N GDP-bound KRAS4b-FMe are shown in
Fig. 6 A. Peaks arising from the FMe region of KRAS4b are
not observed in these HSQC experiments; however, modest
CSPs (>0.05) are observed for subsets of signals correspond-
ing to the peaks within the HVR (green). The most perturbed
region (K180, S181, K182, T183, K184, C185) (Fig. 6 A)
corresponds to the residues proximal to the FMe moiety.
g. (A) Steady-state binding of GDP-bound KRAS4b-FMe to avi-CaM at 50,

yielded Kd values of 0.1, 0.4, and 6 mM, respectively.



FIGURE 6 CaM disrupts KRAS4b

G-domain-HVR interaction. (A) 2D
1H-15N TROSY-HSQC spectra were

obtained from GDP-bound 15N-labeled

KRAS4b-FMe (70 mM) in the free

(black) and CaM-bound (magenta)

states. Amide signals that exhibited

chemical shift changes in the G-domain

of KRAS4b (blue) and HVR (green) are

highlighted. (B) Selected region of 2D
1H-15N TROSY-HSQC spectra was ob-

tained of a GDP-bound 15N-labeled

KRAS4b-FMe in the free (black) over-

laid with CaM-bound (magenta) states

and free GDP-bound 15N-labeled

KRAS 2-169 (blue).

Insights into the KRAS4b-CaM Interaction
Although our data infer that CaM primarily binds to the
HVR-FMe region of KRAS4b, an additional subset of peaks
within the G-domain (blue) are also perturbed upon CaM
binding. These residues (L6, G10, T35, I36, E37, S39,
G60, Y64, S65, A66, M67, Q70, E76, T71, T74, H94,
Y96, S106, and V109), which correspond to switch I,
switch II, and helix 2 and 3 regions of KRAS4b, have
been proposed to be within the interface of the KRAS4b
G-domain/HVR interaction (31). Therefore, the perturba-
tions observed within these regions might be attributed to
some disruption of KRAS4b G-domain-HVR interaction
by the binding of CaM to the farnesyl group and a part of
the HVR. To evaluate this, 1H-15N HSQC spectra was
collected for free 15N KRAS4b 2-169 (blue) and overlaid
with the spectra of free 15N KRAS4b 2-185-FMe (black)
and 1:1 15N KRAS4b-2-185-FMe/CaM spectra (magenta)
(Fig. 6 B). The perturbed G-domain peaks in the 15N
KRAS4b-FMe-CaM complex (magenta) matches with
those of free 15N GDP-bound KRAS4b 2-169 (blue), indi-
cating that the perturbations observed within the G-domain
are caused by CaM sequestering the HVR-FMe away from
the G-domain.
KSKTKC-FMe is the minimal CaM-binding motif

Although we do not observe the binding of CaM to unpreny-
lated KRAS4b, our NMR data show that the HVR is per-
turbed upon CaM binding (Fig. 6 A). This observation
might be ascribed to two factors: favorable electrostatic in-
teractions that occur upon CaM binding to the FMe and/or
CaM-induced conformational changes within the HVR
upon binding to FMe. We have shown that electrostatic
interactions contribute to the stabilization of the complex
(Fig. 5). To gain insight into which part of the HVR is
involved in CaM binding, we carried out ITC experiments
in which CaM was titrated into various KRAS4b constructs,
including a peptide representing the most perturbed region
near the farnesyl group KSKTKC-FMe based on the NMR
measurements. In addition to providing binding affinities,
ITC also measures thermodynamic properties, which pro-
vide insight into the noncovalent forces governing the inter-
action. ITC data collected for the titration of CaM into
KRAS4b-FMe clearly support the binding of more than
one KRAS4b-FMe to CaM (Fig. 7 A). Unfortunately, we
were unable to model our data in terms of two nonsym-
metric sites. We therefore took advantage of the pseudosym-
metrical nature of the CaM-N and the CaM-C lobe and were
able to fit our ITC data of CaM binding to KRAS4b variants
using the PEAQ-ITC single set of identical sites fitting
the model to obtain apparent binding affinities (Table S3).
As demonstrated in Fig. 7 A, the binding of CaM
to KRAS4b-FMe is exothermic with an effective Kd of
0.3 mM. The binding affinity measured using ITC is consis-
tent with that obtained from AUC and SPR (Kd values
ranging from �0.3 to 0.4 mM for KRAS4b-FMe binding
to CaM). To further establish the affinities obtained from
the AUC and SPR that show that CaM-C binds better than
CaM-N to KRAS4b-FMe, we collected data upon titration
of CaM-C or CaM-N into GDP-bound KRAS4b-FMe. As
shown in Fig. 7, B and C and Table S2, binding affinities
obtained from ITC are consistent with what we obtained
from AUC and SPR. To investigate whether carboxymethyla-
tion also played a role in the KRAS4b/CaM interaction,
we titrated CaM into KRAS-farnesyl and obtained a
weaker binding affinity of 1.5 mM, a fourfold decrease
form KRAS4b-FMe, indicating that the carboxymethylation
is required for the interaction of KRAS4b and CaM
(Fig. 7 D). To determine whether the penultimate five
Biophysical Journal 116, 1049–1063, March 19, 2019 1057



FIGURE 7 KSKTKC-FMe is the minimal CaM-

binding domain. (A) ITC data obtained for GDP-

bound KRAS4b-FMe binding to CaM. (B) ITC

data obtained for GDP-bound KRAS4b-FMe bind-

ing to CaM-C. (C) ITC data obtained for GDP-

bound KRAS4b-FMe binding to CaM-N. ITC

data obtained for (D) GDP-bound KRAS4b-farne-

syl, (E) GDP-bound KRAS4b 2-180 (AAAAC)-

farnesyl, (F) HVR-FMe, (G) KSKTKC-FMe, (H)

KSKTKC-GMe, (I) and KSTKTC-PMe binding

to CaM. Fit data yielded Kd values of 0.3, 0.5, 4,

2, 10, 0.3, 0.4, 3, and 30 mM, respectively.
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residues of the HVR (KSKTK) were crucial for binding, we
mutated those residues to alanine in full-length KRAS4b-far-
nesyl and tested binding via ITC. Titration of CaM into
KRAS4b-2-180 (AAAAC)-farnesyl led to a weaker binding
affinity of 10 mM, demonstrating that the last five residues
of HVR are critical for CaM binding (Fig. 7 E). Titration
of CaM into HVR-FMe and KSKTKC-FMe are also
exothermic and enthalpically driven with binding affinities
of 0.3 and 0.4 mM, respectively (Fig. 7, F and G). The
same binding affinity is measured for KSKTKC-FMe,
HVR-FMe, and KRAS4b-FMe binding to CaM, consistent
with our data indicating no role of the G-domain in binding
to CaM.

Lastly, to determine whether CaM could accommodate
the whole farnesyl group, we have generated two different
constructs, KSKTKC-PMe, which contains a prenyl group,
10 hydrocarbon units shorter than the farnesyl group, and
KSKTC-GMe, which contains a geranyl group, five hydro-
carbon units shorter than the farnesyl group. As shown in
Fig. 7, H and I, the decrease in affinity from FMe-GMe-
PMe (0.4 mM � 3 mM � 30 mM) demonstrates that CaM
1058 Biophysical Journal 116, 1049–1063, March 19, 2019
binds most tightly to the farnesyl group, indicating that it
accommodates the entire farnesyl moiety. Collectively, our
data show that CaM specifically binds the farnesyl group,
and the primary binding determinant in KRAS4b appears
to be KSKTKC-FMe.
KRAS4b-FMe induces major changes in CaM

To identify the CaM-interacting interface, we collected NMR
data of the reverse HSQC experiments with 15N-labeled CaM
constructs titrated with unlabeled KRAS4b. To confirm our
data that demonstrate that KRAS4b-FMe binds to both lobes
of CaM, we collected NMR data upon the titration of GDP-
bound KRAS-FMe into CaM-C and CaM-N (Fig. S4).
Comparison of the CSP obtained from the titration experi-
ment suggests that CaM-C contains a larger interface than
CaM-N (Fig. S4, C–F). This could likely explain why
KRAS4b-FMe has a higher affinity to CaM-C over CaM-
N. Next, to further confirm whether prenylation is required
for KRAS4b to bind to full-length CaM, we titrated both un-
prenylated and prenylated GDP-bound and GNP-bound



Insights into the KRAS4b-CaM Interaction
KRAS4b into full-length CaM. As expected, titration of
500 mM of unprenylated GDP-bound KRAS4b and GNP-
bound KRAS4b into 50 mM 15N CaM did not show any per-
turbations in the HSQC spectra (Fig. S5).

Because of the relatively large size of the complex
(�57 kDa), titration ofKRAS4b-FMe into 15N-CaM led to se-
vere line broadening and the loss of most of the signals (data
not shown). Therefore, the HSQC data were collected with
the minimal CaM-binding motif of KRAS4b and KSKTKC-
FMe to probe into CaM/KSKTKC-FMe interaction.

As shown in Fig. 8, most CaM peaks exhibit extensive
CSP upon titration with KSKTKC-FMe. The affected re-
gions correspond to residues located throughout the CaM
structure (Fig. 8, B and C). Also, severe line broadening
led to the disappearance of most the signals of the central
linker of CaM (orange) and regions around the hydrophobic
pockets of both CaM-N and CaM-C (Fig. 8 B). Based on the
relatively small size of the KSTKC-FMe/CaM complex
(�17 kDa), the loss of signals may be accounted for by
some of the following factors: an intermediate and/or slow
exchange between the free and bound states on an NMR
timescale, a large conformational change reflecting second-
ary-tertiary structural rearrangement, or a global allosteric
change in the conformation of CaM upon binding to
KSKTKC-FMe. To determine which factor contributes to
the severe broadening, we first titrated KSKTKC-FMe up
to 10:1 into 15N CaM. However, no further changes in the
spectra were observed with the titration of additional
KSKTKC-FMe. Furthermore, varying the temperature
from 16 to 50�C did not lead to clear improvement of the
signal intensity (data not shown), suggesting that the line
broadening is not due to the complex being in an intermedi-
ate and/or slow exchange form.

Next, to find out whether binding of KSKTKC-FMe to
CaM leads to secondary structural rearrangement of CaM,
we collected CD data of CaM and the KSKTKC-FMe/
CaM complex. As shown in Fig. S6, CaM maintains its he-
lical structure upon interacting with KSTKTC-FMe. This
FIGURE 8 KRAS4b-FMe inducesmajor changes

in CaM. (A) 2D 1H-15N TROSY-HSQC spectra ob-

tained of a 15N-labeled CaM (200 mM) in the free

(black) and KSKTKC-FMe bound (red states) are

shown. The amide signals that exhibited significant

chemical shift changes correspond to residues

throughout the N- and C-terminal lobes as well as

the central linker of CaM. (B) Shown is a histogram

of normalized 1H-15N chemical shift changes versus

residue number calculated from the HSQC spectra

for CaM upon the addition of KSKTKC-FMe.

(C) Shown is the surface representation of

CaM structure (Protein Data Bank (PDB): 3CLN)

highlighting residues that exhibited substantial

(>0.1 ppm) chemical shift changes. Residues that

were significantly perturbed in CaM-N (blue), cen-

tral linker (orange), and CaM-C (magenta) regions

have been highlighted.
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indicates that KSKTKC-FMe does not induce secondary
structural rearrangements in CaM, and therefore, we postu-
late that the effect we observed in the HSQC spectra is most
likely due to a global conformational change in CaM.
CaM outcompetes membrane mimetics for
binding to KRAS4b-FMe

The CaM-binding motif, KSKTKC-FMe, is also part of the
HVR that interacts with membranes (5,6). Therefore, we
wanted to assess whether CaM could compete with the
membrane for KRAS4b-FMe binding. Competition experi-
ments between CaM and membranes for KRAS4b-FMe
binding were carried out using AUC and SPR. First, SV-
AUC experiments on mixtures of KRAS4b-FMe and nano-
discs composed of MSP1D1 70:30 POPC/POPS at a 4:1
molar ratio resulted in c(s) profiles that show fast sediment-
ing complexes at 4–7 S (Fig. 9 A). These appear to be 1:1,
2:1, and higher-order complexes of KRAS4b-FMe bound
to the nanodisc. The addition of 1:1 equivalents of CaM
(per KRAS4b-FMe) appeared to abrogate the interaction
of KRAS4b-FMe with the nanodisc, based on the loss of
the faster sedimenting material, suggesting that CaM can
compete with the membrane for bound KRAS4b-FMe.
The loss of the faster sedimenting species implies that
CaM can remove bound KRAS4b-FMe from the membrane
and/or sequesters the FMe away from rebinding.

To further examine this, we used SPR to determine if CaM
could extract KRAS4b-FMe that was prebound to a nanodisc.
Previous work by Sperlich et al. showed that CaM could
extract GDP-bound KRAS4b-FMe but not GNP-bound
KRAS4b-FMe from liposomes (41). Based on our data that
show the nucleotide-independent binding of CaM to KRAS,
this result may be due to the large size and heterogeneity of
the liposome preparations. The advantage of using nanodiscs
over liposomes is that nanodiscs are homogenous, and the
lipid ratio can be precisely controlled (32). To validate this
experimental design, we first injected buffer and apo-CaM
(black) onto GDP-bound nanodisc, and CaM (blue) onto GNP-bound nanodisc.

buffer and apo-CaM do not.
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onto KRAS4b-FMe bound to nanodiscs (Fig. 9B). No change
in the dissociation rate of the KRAS-FMe from the nanodisc
was observed, implying that apo-CaM are unable to disrupt
the KRAS4b-FMe/nanodisc complex. However, the addition
of CaM onto GDP- and GNP-bound forms of KRAS4b-
FMe prebound to immobilized nanodiscs led to a significant
increase in the dissociation rate of KRAS-FMe, resulting in
an almost complete loss of KRAS-FMe from the nanodisc,
suggesting that CaM can displace KRAS4b-FMe in a nucleo-
tide-independent manner.
CONCLUSIONS

Membrane localization of KRAS4b is required for its initi-
ation of the downstream signaling pathways. The farnesyl
chain, in addition to the positively charged HVR of
KRAS4b, is essential for the KRAS4b-membrane interac-
tion (5,6). Among all the RAS isoforms, CaM was shown
to exclusively bind to KRAS4b and displace it from the
membrane (5–7). Before this study, the mechanism for
this process was not well established. Until the recent
high-yield production of fully prenylated KRAS4b-FMe
(20), previous studies attempting to characterize KRAS4b-
CaM interaction used only the G-domain or the unpreny-
lated form of KRAS4b (7–10). In other methods for
producing prenylated KRAS4b protein, S-farnesylation of
the C-terminal cysteine was synthesized by a combination
of expressed protein ligation and lipopeptide synthesis
(9,33). However, KRAS proteins produced by these
methods may not accurately represent the prenylated form
found in mammalian cells.

In this work, we believe that we present the first study that
characterizes the interaction between fully prenylated
KRAS4b-FMe and CaM using multiple biochemical, bio-
physical, and structural techniques. We have shown that
CaM binds tightly to KRAS4b-FMe in a nucleotide-inde-
pendent manner. Our observation of the nucleotide-indepen-
dent binding mode was unexpected based on the previous
FIGURE 9 CaM displaces membrane-bound

GDP- and GNP-bound KRAS4b-FMe. (A) Left:

shown are the sedimentation velocity absorbance

c(s) profiles for 42 mM CaM (gray), 9 mM GDP-

bound KRAS4b-FMe (green), 4.5 mM MSP1D1

70:30 POPC/POPS nanodisc (black), and mix-

tures of 2.5 mM nanodisc and 10 mM GDP-bound

KRAS4b-FMe without (blue) and with 11 mM

CaM (red). Shown are the sedimentation velocity

absorbance c(s) profiles for mixtures of 10 mM

nanodisc and 40 mM GDP-bound KRAS4b-FMe

without (purple) and with 44 mM CaM (red).

(B) Shown is a normalized SPR sensogram of sin-

gle injection of GDP- and GNP-bound KRAS4b-

FMe (20 mM) onto immobilized MSP1D1: 50:50

POPC/POPS nanodisc followed by injection

of buffer (orange), apo-CaM (magenta), CaM

Notice that CaM can displace KRAS4b-FMe from the membrane, whereas
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publications that reported a nucleotide-dependent binding
event between KRAS4b and CaM (7–10). However, given
the high degree of sequence and structural homology in
the G-domain of all RAS isoforms, the ability for CaM to
selectively bind to KRAS4b suggests that the recognition
motif is likely to be within the HVR. To support this hypoth-
esis, we present data that demonstrate that the G-domain is
not involved in the KRAS4b-FMe-CaM interaction but
rather the farnesyl moiety is the primary determinant for
KRAS4b binding to CaM (Fig. 2).

A noteworthy finding obtained in our current studywas that
KRAS4b-FMe forms a 2:1 complexwith CaM (Figs. 2 and 3).
This findingwas unpredicted, but considering the pseudosym-
metrical nature of theN- andC-termini ofCaM, the hydropho-
bic pockets of CaM-N and CaM-C subdomain could each
accommodate one farnesyl group of KRAS4b. In many
CaM-binding motifs, the CaM-C lobe has been shown to
bind tighter to targets than the CaM-N lobe (39,40,42).
Here, we also demonstrate that the affinity for KRAS4b-
FMe to CaM-C is much tighter than CaM-N (Fig. 4). Based
on the cooperative factors obtained for CaM binding to
KRAS4b-FMe from our AUC data, we postulate that
KRAS4b-FMe binds to the CaM-C lobe first and induces
conformational changes in CaM, which then enhances the
binding of a second KRAS4b-FMe to the CaM-N lobe.

It has been widely reported that CaM-binding targets tend
to be short helical and hydrophobic peptides, but emerging
studies show that CaM binds to other targets in noncanoni-
cal ways (16,17). It was previously shown that CaM binds
to the lipidated myristoyl peptide corresponding to the
N-terminal domain of CAP-23/NAP (22,43). Recently, it
was reported that CaM interacts with two loops on Akt
pleckstrin homology domain adjacent to its lipid binding
site (39,44). Here, we believe that CaM can accommodate
the entire farnesyl moiety (Fig. 7), which represents another
novel CaM-binding mode. In addition to the binding of the
farnesyl moiety to the hydrophobic pockets of CaM, the last
five residues of KRAS4b (KSKTK) were shown to be
crucial for the KRAS4b-FMe-CaM interaction because
mutation of these residues to alanine attenuated CaM bind-
ing (Fig. 7). These mostly basic residues that are replaced by
neutral residues in HRAS (CMSCK) and NRAS (CMGLP)
also contain an additional palmitoyl moiety on another Cys
residue located in that region. The placement of this extra
palmitoyl group close to the CaM-binding site could poten-
tially sterically hinder and prevent CaM from binding to
these proteins. A combination of the neutral amino acids
and the possible steric clash with the palmitoyl group could
likely explain why CaM binds to KRAS4b but not the other
RAS isoforms.

Interestingly, the CaM-binding domain KSKTKC-FMe
represents the same motif shown in the structure of
KRAS4b-FMe binding to phosphodiesterase6-d (PDE6d)
(21). PDE6d has been shown to play a primary role in
KRAS trafficking and membrane localization in cells by
binding the prenylated HVR and sequestering it away
from the cytosol (45). There is evidence that KRAS still
gets transported to the PM when PDE6d is depleted in cells
(46). This infers that other proteins bind and transport
KRAS from the cytoplasm to the PM in the absence of
PDE6d. In support of this, CaM was shown to translocate
KRAS but not HRAS from the PM to the Golgi complex
and then to early-recycling endosomes in response to
neuronal activity in hippocampal neuronal cells (Fig. 7).
The recent crystal structure of KRAS4b-FMe in complex
with PDE6d revealed a large hydrophobic pocket, which
binds to the entire farnesyl moiety and thus is able to
sequester it away from the cytosol (21).

This implies that KRAS trafficking partnersmust contain a
hydrophobic pocket that can accommodate the farnesyl chain
to traffic it from the endoplasmic reticulum to the PM and
vice versa. Our ITC data show that the binding affinity of
CaM to KRAS4b is tightest with the farnesyl compared to
the 10-carbon geranyl and five-carbon prenyl group, respec-
tively (Fig. 7). This indicates that CaM is capable of binding
to the entire farnesyl group (Fig. 10) to sequester it away from
the cytoplasm just like PDE6d. Our docking model suggests
that CaM can indeed accommodate the entire farnesyl group.
FIGURE 10 Proposed structural docking model

of CaM-KRAS4b interaction. (A) Cartoon showing

two methylated and farnesylated KRAS4b subunits

(PDB: 5TAR), color-coded magenta and cyan,

modeled into two hydrophobic pockets of the

pseudosymmetrical N- and C-terminal domains

of calmodulin structure, color-coded green (PDB:

2MGU). The last five residues of KRAS4b

(181–185) critical for binding to calmodulin and

the hydrophobic residues in the hydrophobic

pockets of calmodulin are shown in blue and yel-

low sticks, respectively. The farnesyl group cova-

lently linked to the last residue of KRAS4b is

also shown in sticks, having the same color as its

respective KRAS protein subunit. (B) A surface

representation of the structural model shown in

(A) with the last residue of KRAS4b (185) and

the farnesyl group displayed as sticks is given.
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In addition, the last five residues of KRAS4b could make a
favorable electrostatic interaction with the acidic regions of
CaM (Fig. 10). Based on this, we hypothesize that CaM
may play an additional role in translocating KRAS4b from
and to the membrane.

Previous studies have shown that CaM is able to disso-
ciate KRAS from membranes. However, the mechanism
by which this occurs is not well understood. Based on pre-
vious data, two different mechanisms have been proposed:
1) CaM binds to KRAS4b-FMe that has been spontaneously
released from the membrane and sequesters it from rebind-
ing to the membrane, and 2) CaM is able to actively bind to
KRAS4b-FMe, which is still bound to the membrane. Our
data show that CaM binds tightly to the prenylated HVR
with a Kd of �0.3 mM. The prenylated HVR is the same re-
gion of KRAS4b required for membrane binding (5,6).
Therefore, we wanted to assess whether CaM could compete
with the membrane for binding to KRAS4b. Using AUC and
SPR data (Fig. 9), we show that CaM can disrupt mem-
brane-bound KRAS4b-FMe and prevent it from rebinding
to the membrane (Fig. 9).

The ability ofCaMto bind to amembrane-boundKRAS4b-
FMe suggests that there is a CaM recognition motif of
KRAS4b-FMe available evenwhenKRAS4b-FMe is inserted
into themembrane.BecauseCaMdoesnot bind tomembranes
(data not shown) or the unprenylated form of KRAS4b, this
implies that a portion of the farnesyl tail must be solvent
exposed to allowCaM to interact with it. A similar hypothesis
was proposed for a myristoylated Src peptide in which they
show that only 10 carbons of the myristoyl chain was inserted
into the bilayers, with the first four carbons being solvent
exposed to interact with the lipid headgroups (47). Based on
this observation, we propose that CaM binds to a solvent-
exposed portion of the membrane-bound KRAS4b-FMe
group, perhaps the first five-carbon prenyl group (Fig. 7),
which leads to the disruption of KRAS4b-FMewith themem-
brane and the subsequent release of KRAS4b-FMe into the
hydrophobic pockets of CaM. Because of a tighter affinity
of CaM to KRAS4b-FMe over the nanodiscs (Kd �2 mM)
(20), CaM is then able to sequester it away andprevent rebind-
ing to the membrane.

Collectively, our data provide new insights into the
KRAS4b-CaM interaction and show that membrane locali-
zation of KRAS4b via CaM is important in understanding
the regulation of KRAS4b.
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