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Abstract

Mutations of the Ras proteins HRAS, KRAS4A, KRAS4B, and NRAS are associated with a high
percentage of all human cancers. The proteins are composed of highly homologous N-terminal catalytic
or globular domains, plus C-terminal hypervariable regions (HVRs). Post-translational modifications of all
RAS HVRs helps target RAS proteins to cellular membrane locations where they perform their signaling
functions. For the predominant KRAS4 isoform, KRAS4B, post-translational farnesylation and
carboxymethylation, along with a patch of HVR basic residues help foster membrane binding. Recent
investigations implicate membrane-bound RAS dimers, oligomers, and nanoclusters as landing pads for
effector proteins that relay RAS signals. The details of these RAS signaling platforms have not been
elucidated completely, in part due to the difficulties in preparing modified proteins. We have employed
properly farnesylated and carboxymethylated KRAS4B in lipid monolayer incubations to examine how
the proteins assemble on membranes. Our results reveal novel insights into to how KRAS4B may
organize on membranes.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Mutations of the KRAS, HRAS, and NRAS genes
are associated with a high percentage of all human
cancers [1–2]. The proteins encoded by these genes
are regulated by their binding to either guanosine
triphosphate (GTP) or guanosine diphosphate
(GDP) [1–4]. GTP-bound RAS (RAS-GTP) corre-
lates with the active form of the protein, and
activation can be stimulated by guanine exchange
factors (GEFs) that exchange GTP for GDP on the
GDP-bound form of RAS (RAS-GDP), or by resis-
tance to the actions of GTPase-activating proteins
(GAPs), which stimulate the conversion of RAS-GTP
to RAS-GDP [1–4]. RASmutations at codons 12, 13,
and 61 reduce GTPase activity, compromise GAP-
assisted activity, and stabilize RAS-GTP (Fig. 1)
[1–7]. In turn, the switch I (residues in the regions of
30–40) and switch II (residues 60–76) elements of
r Ltd. All rights reserved.
RAS-GTP proteins are able to bind to effector
proteins such as phosphoinositide 3-kinase (PI3K)
and RAF [1–2,5–7] that respectively promote the
AKT/mTOR and MAPK signaling pathways (Fig. 1)
[1–2,5–7].
Nucleotide, GEF,GAP, and effector binding occur on

the highly conserved catalytic or G domains of RAS
proteins (residues 1–165), but these interactions occur
at the plasma membrane (PM) due to the membrane
affinity of the C-terminal hypervariable regions (HVRs)
(residues 166–188; [8–12]). Whereas all four RAS
isoforms, HRAS, NRAS, KRAS4A, and KRAS4B, are
C-terminally farnesylated and carboxymethylated, their
HVR sequences are not conserved. Three of the
variants are singly (NRAS,KRAS4A) or doubly (HRAS)
palmitoylated, while the KRAS4B HVR is not palmitoy-
lated but carries a lysine-rich stretch, which is
postulated to bind to acidic phospholipids at the inner
leaflet of cell PMs (Fig. 1) [1–2,11,70].
Journal of Molecular Biology (2019) 431, 3706–3717
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The signaling cascades that involve PM-bound
RAS may be governed by interactions of single RAS
monomers, but increasing evidence suggests the
potential importance of RAS oligomers [6–7,13–29].
In particular, a number of investigations using a
variety of techniques have implicated RAS dimers as
the active signaling form of the protein [14–21]. This
correlates well with the observation that RAF
effectors require dimerization to promote down-
stream signaling [14,30–31]. Researchers also
have found that membrane-bound RAS proteins
assemble oligomeric nanoclusters that appear to
serve as platforms for RAS signaling, although the
specific nature of these nanoclusters remains to be
determined [21–29]. While structures of monomeric
RAS on lipid nanodiscs recently have been reported
[32–34], determination of how RAS proteins associ-
ate with each other on membranes has been
hampered by difficulties in the purification and
analysis of KRAS proteins with properly modified
HVRs [35–36]. We have circumvented these prob-
lems by purifying the dominant KRAS variant,
KRAS4B, from insect cells in its properly farnesy-
lated and carboxymethylated form (KRAS4B-FMe)
[35–36]. KRAS4B-FMe proteins loaded with either
GDP (KRAS-GDP) or the GTP analogue GppNHp
(KRAS-GppNHp) were assembled onto lipid mono-
layers [37–44] containing phosphatidylserine (PS)
and examined by transmission electron microscopy
(EM). Our results yield novel insights into to how
KRAS may organize in signaling nanoclusters on
membranes.
Fig. 1. Alignment of KRAS4B sequences. Shown is the cod
for Biotechnology Information sequence ID: NP_004976.2) wi
colored in purple and blue, residues associated with activatin
KRAS4B HVR is post-translationally processed by farnesylatio
and carboxymethylation of the farnesylated C-terminal cystein
identical to macaque (Macaca mulatta; NP_00124844.1), cow
NP_067259.4), rat (Rattus norvegicus; NP_113703.1), chicke
XP_01811022.1), and zebra fish (Danio rerio; NP_001003744.
Sequence variations among the shown vertebrate KRAS4B pr
conservative changes and red for non-conservative replacem
Results

To examine how KRAS proteins organize on
membranes, we adapted a lipid monolayer assembly
system [37–44]. Farnesylated and carboxymethy-
lated KRAS4B proteins loaded with either GDP
(KRAS-GDP) or a GTP analogue (KRAS-GppNHp)
were incubated beneath lipid monolayers containing
60% (w/w) phosphatidyl choline (PC), 20% choles-
terol, and 20% dioleoyl phosphatidylserine, lifted
onto EM grids, stained, and examined by transmis-
sion EM. In testing a variety of incubation parame-
ters, we found conditions that yielded organized
patches of membrane-bound KRAS-GppNHp (Fig.
2), but so far, we have not determined conditions that
have given organized KRAS-GDP arrays. Success-
ful KRAS-GppNHp incubations to date have required
the inclusion of 5% polyethyleneglycol, which is
incompatible with low-contrast cryo-EM imaging
[45–46], so we opted to examine the organization
of membrane-bound KRAS-GppNHp by negative-
stain EM [37–44].
Surprisingly, power spectra of Fourier transforms

from membrane-bound KRAS-GppNHp repeatedly
showed hexagonal patterns (Fig. 2B). In the repre-
sentative example shown, simple masking of reflec-
tions and back-transformation without any symmetry
constraints (p1) yielded a Fourier filtered [37–44]
image with an obvious trigonal appearance (Fig. 2C).
As shown, the unit cell here was a = 97.0 Å, b =
96.4Å, γ = 119.3°, and the arrays contained two
distinct types of protein trimer units (depicted in
ed proteins sequence of human KRAS4B (National Center
th helices 1–5 as indicated, switches I and II, respectively,
g mutations in gold, and the HVR in cyan. Note that the
n at cysteine 185, proteolytic removal of residues 186–188,
e. Note also that residues 1–120 of human KRAS4B are
(Bos taurus; NP_001103471.1), mouse (Mus musculus;

n (Gallus gallus; NP_001243091.1), frog (Xenopus laevis;
1) residues 1–120 except for the indicated frog residue 87.
oteins through residues 121–188 are indicated in green for
ents.



Fig. 2. Organization of KRAS-GppNHp proteins on membranes. KRAS-GppNHp proteins were assembled onto
membranes composed of 60% PC, 20% cholesterol, and 20% PS, lifted onto an EM grid, stained, and imaged (A). In panel
B, the Fourier transform of the image is depicted as a power spectrum, showing a lattice of reflections, with the 1,0 and 0,1
reflections as indicated. In panel C, the reflections in the Fourier transform were masked and back-transformed with no
symmetry constraints (p1), yielding a unit cell with real space dimensions of a = 97.0 Å, b = 96.4Å, and γ = 119.3°. In this
rendering, KRAS-GppNHp proteins are viewed perpendicular to the membrane and appear as bright white and fainter
white trimer units surrounding trigonally symmetric membrane regions.
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white, perpendicular to the membrane). To validate
this unexpected finding, Fourier transforms from
multiple untilted images of membrane-bound KRAS-
GppNHp were subjected to space group analysis, in
which phases of symmetry related reflections are
compared for all two-dimensional (2D) crystal space
groups [37–44,47]. The output of such an analysis is
given as phase residuals for phase matching for
each space group, where a phase residual of 0° is a
perfect match, and a residual of 90° reflects a
random match [47]. As illustrated in Table 1, the
trigonal (p3) space group clearly resulted in the best
Table 1. Space group fitting

Group Residual Group Residual Group Residual

p1 17.2 ± 1.3 c12a 54.5 ± 9.6 p422 53.9 ± 6.1
p2 55.8 ± 6.7 p222 56.4 ± 8.4 p4212 63.2 ± 3.9
p12b 51.5 ±10.4 p2221b 60.6 ± 5.3 p3 7.8 ± 4.0
p12a 54.5 ± 9.6 p2221a 68.0 ± 3.1 p312 38.5 ± 2.6
p121b 58.8 ± 4.2 p22121 63.3 ± 3.9 p321 37.1 ± 7.0
p121a 53.7 ± 7.3 c222 56.4 ± 8.4 p6 37.7 ± 7.1
c12b 51.5 ± 10.4 p4 46.3 ± 5.9 p622 50.0 ± 6.0

Diffraction patterns obtained as calculated Fourier transforms from
seven KRas-GppNHp untilted 2D crystals of proteins assembled
onto PC-cholesterol-PS membranes were indexed, boxed, and
unbent as described in the Methods section. Statistics for space
group fitting were obtained using the 2dx ALLSPACE program
which compares the phases of diffraction pattern reflections for
internal consistency with 2D space groups, and outputs phase
residuals for each space group fit. Using this algorithm, a perfect fi
gives a phase residual of 0°, while a random fit yields a 90° phase
residual. Note that because internal phase residual comparisons
are not relevant with the primitive (p1) space group, the phase
residual for p1 is on the basis of signal-to-noise ratios of observed
amplitudes. Each untilted 2D crystal examined gave p3 as the
optimal space group, and as shown, the averaged phase residua
for the p3 space group is significantly less than all other space
groups.
,

t

l

match, and every individual KRAS-GppNHp 2D
array examined gave p3 as the optimal space group.
Based on the space group analysis above, we

performed a merge of untilted data sets, assuming
p3 symmetry as described in the Methods section.
The averaged p3 unit cell was a = b = 97.9 + 5.0 Å, γ
= 120.0 + 4.8°, and the merge to 20 Å resolution
gave a phase residual [47] of 8.1°. Our merged 2D
projection image (Fig. 3) was consistent with our
initial results (Fig. 1). As viewed perpendicular to the
membrane with protein regions rendered in white,
two types of trimer units again were apparent, one of
higher density (indicated by the thick lined triangle)
and another of lower density (indicated by the thin
lined triangle). Based on these data, we speculated
that the higher-density units might represent globular
or catalytic domain trimers, while the lower-density
units might be HVR trimers.
We undertook a three-dimensional (3D) recon-

struction of the membrane-bound KRAS-GppNHp
arrays using standard methodologies (see Methods)
[39–43,47]. Briefly, data from 55 images taken from
0 to 59.2° tilt were merged assuming p3 symmetry to
20 Å resolution, yielding a phase residual of 8.2°. To
verify membrane orientation, we performed a 3D
merge in parallel of the myristoylated HIV-1 MA
protein, for which the membrane orientation is known
[43–44]. Final 3D reconstruction volumes are
depicted in Fig. 4. At high stringency (2σ), putative
KRAS-GppNHp globular (G) and HVR (H) densities
viewed perpendicularly from the membrane side
(Fig. 4B) appeared as disconnected trimer units.
However, on reduction of the contour level to 1σ,
connections between G and H units became
apparent (Fig. 4A). These results support the
interpretation that membrane-bound KRAS-
GppNHp globular units trimerize with different
partners than their HVRs. Figure 4, panel C, shows
the KRAS-GppNHp surfaces depicted in mesh,



Fig. 3. 2D reconstruction of KRAS-GppNHp proteins
assembled on membranes. 2D crystals of KRAS-GppNHp
proteins assembled on PS-containing membranes were
prepared, processed, and imaged described in the
Methods section. From a set of seven crystals, Fourier
transform amplitude and phase data were merged
assuming p3 symmetry. The averaged unit cell was a =
b = 97.9 + 5.0 Å, γ = 120.0 + 4.8°. The merge was
performed to a resolution of 20 Å using reflections of IQ b
6, and the phase residual for the merge was 8.1°, where 0°
indicates perfect matching and 90° indicates random
matching. Protein areas appear white and are viewed
perpendicular to the membrane. Bright and faint trimer
units, respectively, are outlined with thick- and thin-lined
triangles.

Fig. 4. 3D reconstruction of membrane-bound KRAS-G
assembled on membranes were imaged at defocus values o
from 55 images were merged assuming p3 symmetry and bac
with a phase residual of 8.2°, where 0° indicates perfect m
orientation was determined by performing a merge on a k
perpendicularly from the membrane side at contours of 1 and 2
viewed from the membrane side, slightly tilted (C), and from the
proximity and density values, one putative globular (G) doma
panel are indicated. Note that this arrangement shows putat
globular domain trimers.
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viewed from the membrane side, slightly tilted, while
panel D gives the view parallel to the membrane,
with the membrane side up. As rendered here, the
putative HVR units appear ~1.5 nm closer to the
plane of the membrane than the globular units.
Given the unexpected observation of membrane-

bound KRAS-GppNHp trimers, we examined 249
KRAS, HRAS, and NRAS protein crystal structures
from the RCSB database [48] for the occurrence of
trimers (see the Methods section). Of the 112 KRAS
structures examined, 46 from seven different space
groups showed symmetric KRAS trimers of four
different types [5,49–60] that we refer to as trimers
A–D. Examples are shown in Fig. 5, where the top
row represents A type trimers, the second and third
rows plus 5OCG [54] represent B type trimers, C
type trimers are illustrated by 5OCG(2)—a second
type of trimer in the 5OCG unit cell, and 4EPT [50] is
the only representative of D type trimers. Symmetric
trimers also were observed in one of the two NRAS
crystal structures, and in 55 of 135 HRAS structures
(see Methods). Notably all HRAS trimers, whether
liganded or not, are of type B, and 51 of the 55 are of
space group H 3 2. An example of one HRAS-
GppNHp trimer bound to the RAS binding domain
(RBD) [61] of RAF is illustrated in the bottom left
ppNHp. Crystalline areas of KRAS-GppNHp proteins
f −0.6 to −1.4 microns, and tilt angles up to 59.2°. Data
k-transformed to yield a 3D density map at 20 Å resolution
atching and 90° indicates random matching. Membrane
nown data set in parallel. Panels A and B are viewed
σ, respectively. Panels C and D are contoured at 1 σ and
side, with the membrane side up (D). Based on membrane
in trimer and one hypervariable (H) domain trimer in each
ive HVRs trimerizing with different partners than putative



Fig. 5. Comparison of RAS protein trimers. Globular RAS protein trimers extracted from the unit cells of the indicated
PDB files are depicted as solid cyan surfaces. N-terminal residues are colored green, C-terminal residues are colored red,
switch I residues are colored purple, and switch II residues are colored blue. The bottom-right structure (4G0N) derives
from the crystal structure of wild-type HRAS-GppNHp bound to the RBD of Raf (colored in yellow). All others derive from
crystal structures of KRAS4B reported in multiple publications representing six different 3D crystal space groups as
described in the Methods section. The size bar (bottom left) indicates 50 Å. Note that 5OCG and 5OCG(2) are two different
trimer forms corresponding respectively to 5OCG unit cell chains 4–6 and 1–3. Due to similarities in trimer packing, we
refer to the top row as representative of trimer type A, and the second and third rows (plus 5OCG) as trimer type B, 5OCG
(2) as C, and 4EPT as D.
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panel of Fig. 5 (4G0N), with the RBD colored in
yellow.
At the resolution of our membrane-bound KRAS-

GppNHp reconstruction, it is impossible to determine
what type of KRAS trimer might correspond to our
observed densities. Nevertheless, to get a rough
estimate as to how x-ray crystal trimers might be
accommodated by the membrane-bound KRAS-
GppNHp volumes, we hand-fitted the B type trimer
from chains 7–9 of the unit cell of G12D KRAS-
GppNHp [Protein Data Bank (PDB) 6GOF] [60] to
our putative globular domain KRas-GppNHp densi-
ties such that switch I and II residues point away from
the membrane (Fig. 6). Even given the coarseness
of this approach and without accounting for the
shrinkage of processed negatively stained



Fig. 6. Fitting of KRAS4B to the 3D density map of membrane-bound KRAS-GppNHp. Chains 7–9 of the unit cell of
G12D KRAS-GppNHp (PDB 6GOF) are depicted as cyan ribbons, with N-terminal residues in green, C-terminal residues
in red, switch I residues in purple, and switch II residues in blue. They were hand-fitted to putative globular KRAS-GppNHp
volumes such that switch I and II residues face away from the membrane. Panel A is viewed perpendicularly from the
membrane side, while panel B is viewed from the opposite side. Note that we have not corrected for shrinkage of
negatively stained samples.
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structures relative to fully hydrated structures
[62–66], we believe it is evident that the trimer
units we observe correspond to KRAS trimers.
These results are discussed below.
Discussion

In our analysis of KRAS proteins assembled on
membranes composed of PC, cholesterol, and PS,
we were unable to find conditions where KRAS-GDP
assembled organized arrays, but found that KRAS-
GppNHp assembled 2D crystalline areas that were
compatible with image analysis (Figs. 2–4). While
our inability to obtain organized membrane-bound
KRAS-GDP structures may have implications as to
the nature of how KRAS-GDP binds membranes,
further efforts will be needed to test this possibility,
particularly given that KRAS-GDP trimers have been
observed in x-ray crystal structures (see the
Methods section). For KRAS-GppNHp, the obvious
unexpected finding was the observation of trimer
units in which putative KRAS globular domains
associate with different partners than the putative
HVRs.
To date, high-resolution structures for membrane-

bound RAS oligomers are not available, and some
results suggest that RAS remains monomeric on
membranes [71]. Nevertheless, accumulated evi-
dence supports the notion that RAS proteins
organize as signaling nanoclusters on membranes
[14–29]. Notably, RAS immunogold EM labeling
results suggest that nanoclusters are approximately
10 nm in diameter, and modeling efforts have
implicated RAS residues K101 and E107 in cluster-
ing [21,23,29]. Imaging, biochemical, and genetic
investigations suggest that RAS dimers may be the
basic units of signaling nanoclusters [6–7,21–29],
although higher-order oligomers have been modeled
[29]. A number of different dimer interfaces have
been proposed [7,18–21,29], with recent evidence
supporting the importance of dimers involving RAS
helices 3 and 4 (α3–α4) [29,34] or helices 4 and 5
(α4–α5) [15,18–20]. Nevertheless, ample evidence
also supports arguments for the dynamic remodeling
of RAS complexes through different conformations
and orientations [21,27,29].
Given the available data, we envision several

alternatives for our observation of membrane-bound
KRAS-GppNHp trimers. A trivial explanation is that
our results do not reflect a biological reality, because
we employed purified proteins in an artificial system.
One argument against this is that our incubations
occurred in aqueous solution, beneath a conven-
tional membrane of PC, chlolesterol, and PS, and
that similar approaches with other proteins have
yielded biologically relevant structural data
[37–47,67]. A second point worthy of note is that of
the 249 RAS structures we examined from the
RCSB databank, 102 from seven different space
groups showed symmetric trimers, while non-
symmetric RAS trimers also were observed.
Assuming that membrane-bound KRAS trimers

are biologically relevant, a simple model is that they
correspond to active signaling platforms. Except for
the type D trimers where switch I regions form trimer
interfaces (see Fig. 5, 4EPT); all other symmetric
RAS trimers can be oriented so as to present switch I
and II residues as landing pads for effector binding
and oligomerization (Fig. 5). In this orientation,
occupation of two of the three trimer effector binding
sites by RAF RBDs may be envisioned to result in
RAF dimerization and activation [1–4,14,30–31].
The predominant KRAS trimer A and B forms both
have available effector binding site regions but differ
in their interface regions. As shown in Fig. 7, A type
trimer interface residues (in yellow) include Q25,
N26, H27, D30, Q131, K147, T148, and Q150, while



Fig. 7. Analysis of trimer interfaces. The structures of KRAS trimers type A (A, 6GOG) and B (B, 5OCG chains 4–6) are
depicted with effector lobes (residues 1–86) in magenta and allosteric lobes (residues 87–186) in cyan, and with previously
predicted oligomer interface residues indicated as follows: K101, green; E107, orange; D154, red; and R161, blue. Trimer
interface residues are indicated in yellow. For panel A, these correspond to Q25, N26, H27, D30, Q131, K147, T148, and
Q150. For panel B, they are T87, K88, E91, P121, S122, R123, T124, and S136. Labels of visible interface residues
correspond to residue numbers without asterisks when the residue derives from the top monomer and with asterisks when
the residue derives from the bottom right monomer. Panel C shows a ribbon diagram of KRAS(G12A)-GppNHp (PDB
5VPY) chains 7A,B (purple), 8A,B (yellow), 9A,B (blue), with B chains on top. As shown, upper and lower trimer units
dimerize via α4 (orange) plus α5 (red) interfaces. Panels D–E show only chains 7B, 8B, and 9B from PDB 5VPY fitted to
the structure of the lipid nanodisc-bound KRAS monomer in the exposed form (PDB 2MSC; in bronze), viewed parallel (D)
and perpendicular (E) to the membrane. Chains are colored as in panel C, but with α4 helices in orange and α5 helices in
red. Note that for panels D and E, switch regions are oriented away from the lipid nanodisc. The size bar indicates 50 Å for
all panels.
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B type trimer interface residues include T87, K88,
E91, P121, S122, R123, T124, and S136. Both of
these sets of interface residues are largely con-
served among vertebrate KRAS4B homologues,
except for a residue 87 T to I substitution in the
frog homologue, and a residue 124 T to N substition
in the zebra fish form (Fig. 1). Also, for both trimer A
and B forms, residues K101 (green) and E107
(orange), predicted to facilitate enhanced signaling
via nanocluster formation [23,29], are accessible for
possible interactions with other trimers. In contrast,
residues D154 (red) and R161 (blue) in the α4–α5
region localize to the interfaces of type A trimers (Fig.
7A) but are accessible in type B trimers (Fig. 7B).
Indeed, a number of KRAS crystal structures, such
as that for KRAS(G12A)-GppNHp (Fig. 7C) [5], show
members of type B trimers connected to additional
KRAS proteins via α4–α5 dimer interfaces.
Remarkably, the same α4–α5 interface that is
modeled to foster RAS dimerization [15,18–20] also
has been reported to mediate one of two types of
RAS binding to membranes [28,32–33]. Specifically,
fluorescence resonance energy transfer and molec-
ular dynamic studies, as well as NMR spectrometry
analyses of RAS bound to nanodiscs indicate two
separate modes of RAS binding to membranes
[28,32–33]. In this “balance” model [28], the “occlud-
ed” form has membrane interface residues that
include β1, β2, β3, α2, and the C-terminal portion of
α3, but the α4–α5 interface is available for dimer-
ization [28,32–33]. In contrast, the “exposed,” or
“signaling-competent” form places α4–α5 against
the membrane, but leaves switch I and II residues
exposed [28,32–33] (Fig. 7D–E). Of particular
interest is that B form trimers readily match the
exposed form of membrane-bound RAS. Indeed, the



3713Organization of KRAS4B on membranes
same KRAS(G12A)GppNHp trimer from Fig. 7C
appears to form an acceptable fit to the KRAS bound
to lipid nanodiscs in the exposed form [32] (Fig. 7D–
E). Notably, such an orientation also appears
compatible with KRAS trimer binding to membrane-
associated RAF cysteine-rich domains in models
based on solution data of RAS–cysteine-rich domain
associations [69].
What might be the role of KRAS trimerization in the

exposed state? We speculate that trimer assembly
could function to lock KRAS monomers into the
exposed, signaling-competent conformation. In con-
trast, if it is assumed that α4–α5 dimers act as
signaling platforms [15,18–20], B form trimerization
might squelch signaling. In either case, trimer-based
nanoclustering also might be involved. In this regard,
it is important to note that effector proteins and
constituents of membrane microdomains are likely to
be major regulators of these processes [31,72–76].
At this point, we believe that a number of extensions
to our studies are worth pursuing. We are actively
investigating alternative lipid monolayer incubation
parameters with RAS protein variants and effectors
to find other crystal forms, and conditions compatible
with cryo-EM analysis. It also would seem worth-
while to investigate mutations at residues predicted
to be at trimer interfaces for their effects on
oligomerization and RAS signaling.
Methods

Protein preparation

Recombinant farnesylated and carboxymethy-
lated KRAS4B (KRAS-FMe) was expressed in Tni-
FNL insect cells as outlined by Gillette et al. [35].
Cells lysis and protein purification followed the
protocol of Agamasu et al. [36]. As purified, KRAS-
FMe is bound with GDP (KRAS-GDP). Exchange
into GppNHp to generate KRAS-GppNHp was
performed as described by Agamasu et al. [36],
and the efficiency of exchange was evaluated by
high-pressure liquid chromatography [35]. KRAS4B-
FMe-GppNHp (KRAS-GppNHp) and KRAS4B-FMe-
GDP (KRAS-GDP) proteins were stored at −80 C° in
20 mM Hepes (pH 7.3), 300 mM NaCl, 1 mM tris(2-
carboyethyl)phosphine, and 5 mM MgCl2.

Membrane incubations and EM

For membrane monolayer incubations [37–44], 8
μl drops of 64 uM KRAS-GDP or KRAS-GppNHp
protein in buffer [25 mM sodium acetate (pH 6.0),
375 mM NaCl, 5 mM Hepes, 1.25 mM MgCl2, 1.25
mM β-mercaptoethanol, 0.25 mM tris(2-carboyethyl)
phosphine, 5% polyethyleneglycol 6000] were de-
posited onto glass slides and overlayed with 1.1 μl of
lipid mix composed of 150 μg/ml egg PC (Avanti), 50
μg/ml dioleoyl phosphatidylserine (Avanti), and 50
μg/ml cholesterol (Sigma) in 1:1 chlorofom/hexane.
Incubations were performed for 18–72 h at 4 °C in
sealed 15-cm-diameter plastic dishes, humidified
with blotter paper wetted with 12.5 mM sodium
acetate (pH 6.0) and 150 mM NaCl. After incuba-
tions, samples were lifted onto lacey EM grids (Ted
Pella) rinsed 30 s on drops of distilled water, wicked,
stained 45–60 s with 1.33% (wt/vol) uranyl acetate
(Sigma), wicked, and dried.
Samples were imaged under low-dose conditions at

120 keV on theOHSUMultiscale Microscopy Core FEI
Tecnai transmission electron microscope, which is
equipped with an Eagle 4 megapixel charge coupled
device multiscan camera and has a spherical aberra-
tion (Cs) of 6.3 mm. Images were taken at tilt angles
from 0 to 59.2°, at 3.19Å/pixel, and at defocus values
between −600 and −1400 nm, in which the first zero of
the contrast transfer function is beyond 20 Å resolution.
Images were collected as tagged image format files
and analyzed as described below.

Image analysis

Image analysis steps followed previously described
procedures [37–47], employing the 2dx image pro-
cessing package [47]. Note that while not ordered
areas of KRAS-GDP proteins were observed in our
trials, numerous crystalline patches of KRAS-GppNHp
proteins were observed on multiple grids. Ordered
areas of KRAS-GppNHp proteins in 55 images were
boxed, Fourier transformed, indexed, and unbent. For
generation of Fourier-filtered, unsymmetrized images
of untilted samples (Fig. 2), amplitudes andphases files
were back-transformed to a resolution of 20 Å. Space
groupanalysis to 20Åwas calculated in 3° phaseorigin
search steps for seven zero-tilt images using the 2dx
version of ALLSPACE [47], which compares the
phases of Fourier transform reflections for internal
consistency with 2D space groups (or by amplitude
comparisons for the p1 space group), and outputs a
phase residual, where a perfect fit gives a residual of 0°
and a random fit gives a residual of 90°. Each untilted
2D crystal examined was assigned p3 as the optimal
space group, and average space group fits are
presented in Table 1.
Trigonal (p3) unit cell parameters were calculated

from the positions of 1,0 and0,1 reflections in the power
spectra of zero tilt images and yielded an averaged real
space unit cell of a = b = 97.9 + 5.0 Å, γ = 120.0 + 4.8°.
2D merging of untilted data to 20 Å resolution was
performed using reflections of IQ b 6 [47] and phase
origin search steps starting at 3° and ending at 0.5°.
The final phase residual for the 2Dmergewas8.1°, and
the averaged 2D unit cell was depicted from 2dx output
with protein areas indicated in white. For generation of
the KRAS-GppNHp 3D map, the 55 tilted plus untilted
image files were merged as above, assuming p3
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symmetry, a zwindow of 0.0002 Å−1, and a z thickness
of 250 Å. Phase origin search steps initially were 3.0°,
and then refined to 0.5°. For the 3D reconstruction, a
phase residual of 8.2°wasobtained, andmerged lattice
line data were binned using 2dx and exported into
CCP4 MAP image format for visualization using the
Chimera software package [68], whichwas used for the
generation of Figs. 3–6. To verify membrane orienta-
tion, we performed a parallel merging on a data set
collected for the myristoylated HIV-1 matrix (MA)
protein, for which the membrane orientation is known
[43–44]. The final 3D volumeswere depicted as solid or
mesh surfaces in 2 × 2 unit cells unit cells at the
indicated threshold (sigma, σ) values.
For comparison with x-ray crystal structure data, the

unit cells for all available KRAS4B structures in the
RCSB protein data bank [48], whether liganded or not,
were examined for the occurence of symmetric trimer
types A–D, in which interface regions are defined
roughly as follows:A:α4–β6–α5 residueswith neighbor
α1, switch 1, loop 118–122, and loop 145–151
residues; B: central α3–α4 residues with neighbor
loop 118–125 andN-terminal α3–α4 residues; C: α5N-
terminal residueswith neighborα5C-terminal residues,
and β1 and β3 N-terminal residues, and β2 C-terminal
residues with their neighbors; and D: switch 1 residues
with neighbor loop 116–125 and N-terminal α3
residues. Thus, the following PDB files (in unit cell
form)wereexaminedandare superscripteda, b, c, or d,
according to the trimer type observed: 3GFTa, 4DSNb,

c, 4DSOb,c, 4DSTb,c, 4DSUb,c, 4EPRb, 4EPTd, 4EPV,
4EPW, 4EPX, 4EPY, 4L8Gb, 4LDJ, 4LPKb, 4LRWb,
4LUC, 4LV6, 4LYF, 4LYH, 4LYJ, 4M1O, 4M1S, 4M1T,
4M1W, 4M1Y 4M21, 4M22, 4NMM, 4OBE, 4PZY,
4PZZ, 4Q01, 4Q02, 4Q03, 4QL3, 4TQ9, 4TQA,
4WA7b, 5F2E, 5KYKa, 5MLAb, 5MLB, 5O2S, 5O2T,
5OCGb,c, 5OCOa, 5OCTa, 5TAR, 5TB5, 5UFE, 5UFQ,
5UK9, 5UQWb, 5US4b, 5USJ, 5V6S, 5V6V, 5V71b,
5V9Lb, 5V9Ob, 5V9U, 5VBM, 5VBZ, 5VP7b, 5VPIb,
5VPYb, 5VPZb, 5VQ0b, 5VQ1b, 5VQ2b, 5VQ6b,
5VQ8b, 5W22b, 5WHA, 5WHB, 5WHD, 5WHE,
5WLB, 5WPL, 5WPM, 5XCO, 5YXZ, 5YY1, 6ARKb,
6ASA, 6ASE, 6B0V, 6B0Y, 6BP1, 6EPL, 6EPM,
6EPN, 6EPO, 6EPP, 6F76a, 6FA1a, 6FA2a, 6FA3a,
6FA4a, 6GODb,c, 6GOEb,c, 6GOFb,c, 6GOGa, 6GOM
a, 6GQTa, 6GQWa, 6GQXa, 6GQYa, 6H46, 6H47,
6N2J, and 6N2K. Note that the 46 PDB files showing
KRAS4B trimers (out of 112 PDBs) represent the
seven space groupsC 1 2 1, H 3, H 3 2, P 21 21 21, P 2
3, P 3, P 63. Note additionally that all (15 of 15) of the
KRAS4B A type trimers were bound to GTP or GTP
analogues, as were 13 of 30 B trimers, and 7 of 8 C
trimers, while the single D type trimer was GDP bound.
We also observed one of two NRAS PDB files (5UHV,
3CON) showingB type trimers (3CON;P63), aswell as
55 out of 135 HRAS PDB files showing B type trimers,
as follows: 1IAQ, 1K8Rb, 1NVU, 1NVV, 1NVW, 1NVX,
1P2S, 1P2T, 1P2U, 1P2V, 1XCM, 1XD2, 1XJ0b,
1ZVQb, 1ZW6b, 2C5L, 2CE2, 2CL0b, 2CL6, 2CL7,
2CLC, 2CLD, 2EVW, 2QUZb, 2RGAb, 2RGBb, 2RGC
b, 2RGDb, 2RGEb, 2RGG, 2UZI, 2VH5, 2X1Vb,
3DDC, 3I3Sb, 3K8Yb, 3K9L, 3K9N, 3KKMb, 3KKN,
3KUDb, 3L8Yb, 3L8Zb, 3LBHb, 3LBIb, 3LBNb, 3LO5b,
3OIUb, 3OIVb, 3OIWb, 3RRYb, 3RRZb, 3RS0b, 3RS2
b, 3RS3b, 3RS4b, 3RS5b, 3RS7b, 3RSLb, 3RSOb,
3TGP,3V4Fb, 4DLRb, 4DLSb, 4DLTb, 4DLUb, 4DLVb,
4DLWb, 4DLXb, 4DLYb, 4DLZb, 4DOT, 4DPZ, 4EFL,
4EFM, 4EFN, 4FA0, 4G0Nb, 4G3Xb, 4K81, 4L9Sb,
4L9Wb, 4NYI, 4NYJ, 4NYM, 4Q21, 4RSG, 4URU,
4URV, 4URW, 4URX, 4URY, 4URZ, 4US0, 4US1,
4US2, 4XVQ, 4XVR, 5B2Zb, 5B30b, 5E95, 5VBEb,
5VBZ, 5WDOb, 5WDPb, 5WDQb, 5WFO, 5WFP,
5WFQ, 5WFR, 5WPL, 5X9S, 6AMB, 6AXG, 6BVI,
6BVJ, 6BVK, 6BVL, 6BVM, 6CUO, 6CUP, 6CUR,
6D55, 6D56, 6D59, 6D5E, 6D5G, 6D5H, 6D5J, 6D5L,
6D5M, 6D5V, 6D5W, 6E4F, and 6Q21. Of the HRAS
crystals showing trimers, 51 are space groupH3 2, two
areP 3 2 1, and oneeach areP 63 and I 2 2 2. Note that
α4–α5 interface dimers [15,18–20] were also observed
for all of the HRAS unit or supercells that showed
trimers, with the exception of PDB 2X1V. In contrast,
only 13 of the 46 KRAS crystals that show trimers also
show α4–α5 interface dimers (4EPR, 5US4, 5VP7,
5VPI, 5VPY, 5VPZ, 5VQ0, 5VQ1, 5VQ2, 5VQ6, 5VQ8,
5W22, 6ARK).
For presentation, 15 KRAS4B trimer units reported in

multiple separate publications [5,49–60] and represent-
ing six space groups were extracted from the unit cells
in PDB files and depicted as solid cyan surfaceswithN-
terminal residues colored green, C-terminal residues
colored red, switch I residues [30–40] colored purple,
and switch II residues [60–76] colored blue. We also
represented the trimer unit from wild-type HRAS-
GppNHp bound to the RBD of RAF [61] using the
same color scheme, but with the RBD colored yellow.
For fitting of the trimer unit from G12D KRAS-GppNHp
(chains 7–9 of PDB 6GOF; space group P 3 2 1; [60]),
the proteins were represented as ribbons using the
same color scheme as described above. Trimers were
hand-fitted to the putative KRAS-GppNHp globular
volume derived from our 3D reconstruction such that
switch I and II residues face away from the membrane.
Note that we have not corrected for the shrinkage of
negatively stained samples during preparation and
imaging [62–66], relative to fully hydrated samples.
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