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Abstract

RAP1 proteins belong to the RAS family of small GTPases that operate as molecular switches
by cycling between GDP-bound inactive and GTP-bound active states. The C-terminal anchors
of RAP1 proteins are known to direct membrane localization, but how these anchors organize
RAP1 on the plasma membrane (PM) has not been investigated. Using high-resolution imaging,
we show that RAP1A and RAP1B form spatially segregated nanoclusters on the inner leaflet

of the PM, with further lateral segregation between GDP-bound and GTP-bound proteins. The
C-terminal polybasic anchors of RAP1A and RAP1B differ in their amino acid sequences and
exhibit different lipid binding specificities, which can be modified by single-point mutations

in the respective polybasic domains (PBD). Molecular dynamics simulations reveal that single
PBD mutations substantially reduce the interactions of the membrane anchors with the PM lipid
phosphatidylserine. In summary, we show that aggregate lipid binding specificity encoded within
the C-terminal anchor determines PM association and nanoclustering of RAP1A and RAP1B.
Taken together with previous observations on RAC1 and KRAS, the study reveals that the PBD
sequences of small GTPase membrane anchors can encode distinct lipid binding specificities that
govern PM interactions.
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INTRODUCTION

RAPL1 proteins operate as binary switches that oscillate between inactive GDP-bound

and active GTP bound states to activate signaling cascades linked to wide-ranging

cellular functions including cell—cell junctions, endothelial barrier functions, and immune
activation.1® RAP1 is activated by guanine nucleotide exchange factors (GEFs) including
CalDAG-GEF1.5 RAP1-GTP then interacts with downstream effectors including RIAM to
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exert distinct cellular functions.” The conversion of RAP1-GTP to RAP1-GDP is facilitated
by GTPase activating proteins that include RAPGAP.8

To function, RAP1 proteins must be localized to the plasma membrane (PM) via a C-
terminal anchor containing a S-geranylgeranyl cysteine carboxymethyl ester and a polybasic
domain [polybasic domains (PBD)]. Similar PBDs are found in other small GTPases
including KRAS4B, RAC1, and CDC42. Distinct lipid binding specificities of KRAS and
RAC1 are encoded by these PBD membrane anchors. For instance, the PBD anchor of
KRAS specifically interacts with mixed acyl chain species of phosphatidylserine (POPS)
(PS), whereas the RAC1 PBD anchor exhibits strong affinity for phosphatidic acid (PA)
and phosphatidylinositol-trisphosphate (PIP3).%10 The highly specific interactions between
the C-terminal anchors and defined PM lipids result in the formation of nanoclusters. The
nanoclusters typically comprise 6-7 molecules, possess a lifetime of a half second,11-1°
and undergo nucleotidedependent lateral segregation. These lipid-based nanoclusters are
necessary for the activation of downstream signaling cascades.16:17 For example, reducing
the PM PS content has a profound effect on KRAS PM localization and function.18.19
Likewise, depleting PM PA or PIP3 mislocalizes RAC1 from the PM and impairs RAC1-
dependent micropinocytosis.10 It remains unclear whether similar mechanisms might also
operate for RAP1 proteins and regulate their PM localization and hence function.

RAP1 isoforms are encoded by two different genes: RAP1A and RAP1B. The two isoforms
share 95% sequence identity but exhibit distinct functions.29 The sequence differences are
confined to the C-terminus that includes the six residues that comprise the PBDs of the

two proteins. In this study, we combine site-specific mutagenesis, electron microscopy,
spatial mapping, and molecular simulations to show that RAP1 proteins assemble into
nanoclusters with distinct lipid compositions. The formation of these nanoclusters is driven
by interactions between specific amino acid residues within PBD anchors and defined PM
lipids. RAP1A and RAP1B nanoclusters exhibit differential lipid binding preferences and
sensitivities to point mutations within the PBD anchors, which are likely relevant to their
isoform specific functions.

RESULTS

RAP1A and RAP1B Form Nanoclusters on the PM.

To determine the nanoscale organization of RAP1A and RAP1B on PM, we employed
high-resolution spatial mapping. Intact PM sheets were prepared from baby hamster
kidney (BHK) cells expressing green fluorescent protein (GFP)-tagged wild-type (WT),
constitutively inactive GDP-bound (S17N), or constitutively active GTP-bound (G12V)
RAP1A or RAP1B. The PM sheets were fixed and labeled with 4.5 nm gold conjugated
anti-GFP antibodies and imaged by EM. The gold patterns were then analyzed using
univariate K-functions expressed as L(7) — . We use gold-labeling density (zm~2) to
quantify membrane recruitment and the maximum value of L(/) — r(=Lmax) t0 quantify
the extent of clustering. The results showed that RAP1A and RAP1B form nanoclusters
on the PM reflected by Lyax Values >1 (Figure 1A-G), mirroring RAC1 and KRAS
nanoclusters.1921 Wild-type RAP1A (RAP1A-WT) and constitutively GDP-bound RAP1A
(RAP1A-S17N) exhibited decreased PM binding compared with GTP-bound RAP1A
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(RAP1A-G12V) (Figure 1C). Likewise, PM binding of GDP-bound RAP1B (RAP1B-S17N)
was significantly lower than that of GTP bound-RAP1B (RAP1B-G12V), whereas wild-type
RAP1B (RAP1B-WT) showed PM binding equivalent to that of RAP1B-GTP (Figure 1F).
To test whether GTP-dependent PM localization is linked to effector binding, we generated
D38A mutants which block effector interactions of RAP1A and RAP1B.22 The D38A
mutation significantly reduced the extent of PM localization and nanoclustering of both
RAP1A and RAP1B (Figure S1A-D). These results show that PM localization of RAP1A
and RAP1B is enhanced in the activated GTP-bound state as a result of effector-dependent
interactions.

RAP1A and RAP1B Nanoclusters Spatially Segregate in a GTP-Dependent Manner.

Previous studies have shown that KRAS and RACL1 exhibit GTP-dependent
segregation.10.15.17 We therefore investigated whether this is the case for RAP1A and
RAP1B by using bivariate EM spatial mapping. PM sheets from BHK cells coexpressing
GFP-tagged RAP1-G12V and RFP-tagged RAP1-S17N were attached to the EM grids,
fixed, and labeled with 6 and 2 nm gold particles conjugated with anti-GFP and anti-RFP
antibodies, respectively. EM grids were then imaged, and gold particle distributions were
analyzed using bivariate K functions [Lpjy (/) — A and Ly;,-integrated (LBI) values as a
summary statistic. LBI values positively correlate with the extent of coclustering, with

LBI > 100 indicating significant coclustering of any two given gold populations. The

high LBI values in control experiments indicate that GFP-RAP1A-G12V is significantly
coclustered with RFP-RAP1A-G12V, and GFP-RAP1A-S17N is significantly coclustered
with RFP-RAP1A-S17N (Figure 1H). In contrast, GFP-RAP1A-G12V and RFP-RAP1A-
S17N exhibit a low LBI value, indicating spatial segregation between GDP and GTP bound
RAP1A (Figure 1H). By similar reasoning, GFP-RAP1B-G12V coclustered with RFP-
RAP1B-G12V, whereas RAP1B-WT colocalized with RAP1B-G12V, not RAP1B-S17N
(Figure 1H). An LBI value just above the confidence interval (~100) indicates that RAP1B-
G12V is minimally coclustered with RAP1B-S17N. Taken together, these data suggest

that unlike RAP1A, wild-type RAP1B may be substantially GTP-loaded under serum
replete conditions. In sum, these results indicate that both RAP1A and RAP1B undergo
GTP-dependent lateral segregation to form spatially distinct GTP and GDP nanoclusters.

RAP1A and RAP1B Exhibit Distinct Lipid Specificities.

The C-terminal anchors of RAP1A and RAP1B comprise a geranylgeranylated CAAX

motif and distinct adjacent PBDs (Figure 2D). We therefore examined the lipid specificities
of each C-terminal anchor. PM sheets were prepared from BHK cells coexpressing RFP-
RAP1A or RAP1B and a series of lipid probes for PS (GFP-LactC2),23 PA (GFP-PASS),24
phosphatidylinositol-bisphosphate (PIP,) (GFP-PH-PLC),2° PIP3 (GFP-PH-AKT),28 and
cholesterol (GFP-D4H).27 The PM sheets were then fixed and labeled with anti-GFP
coupled to 6 nm gold and anti-RFP coupled to 2 nm gold, imaged by EM and analyzed using
bivariate K-functions. RAP1A-G12V exhibited high LBI values with PS and PIP3 probes
and lower values with PIP2 and PA probes (Figure 2A), indicating nanoclusters enriched

in PS and PIP3 and to a lesser extent with PIP, and PA. Compared with RAP1A-WT,
colocalization of RAP1A-GTP with PS, PIP,, and PIP3 was significantly enhanced. RAP1B-
G12V and RAP1B-WT displayed high coclustering with cholesterol (GFP-D4H) and weak
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colocalization with all other lipids tested (Figure 2B). These differing lipid binding profiles
imply that RAP1A and RAP1B operate in spatially distinct nanoclusters on the PM, which
have different lipid compositions. Concordantly, following the experimental spatial mapping
approach of Figure 1, we indeed observe that GFP-RAP1A-G12V and RFP-RAP1B-G12V
do not cocluster on the PM (Figure 11).

Lipid Binding Specificities are Encoded in the Membrane Anchor of RAP1A and RAP1B.

Previous studies showed that the lipid binding specificity of the KRAS C-terminal anchor
is encoded by the amino acid sequence of the PBD operating in concert with the prenyl
group. To investigate whether this is also the case for RAP1A, we sequentially mutated each
lysine to glutamine to generate RAP1A-G12V-K173Q, RAP1A-G12V-K174Q, RAP1A-
G12V-K175Q, RAP1A-G12V-K177Q, RAP1A-G12V-K178Q, and RAP1A-G12V-K179Q
(Figure 2C,) and repeated the lipid mapping experiments as described above. The heatmap
summary of these data shows that despite possessing an equal net charge, each of these
mutants exhibited distinct lipid binding specificities (Figure 2E). For example, nanoclusters
of RAP1A-G12V-K173Q displayed a significant reduction in the PIP3 content, a modest
albeit nonsignificant reduction in PS, PIP,, and PA and a modest but nonsignificant
enrichment with cholesterol compared to RAP1A-G12V (Figure 2E). RAP1A-G12V-K179Q
nanoclusters exhibited yet a different lipid composition, with both PS and cholesterol
significantly decreased compared to those of RAP1A-G12V (Figure 2E). We next replaced
all six lysine residues with arginine to create a 6R-PBD mutant. Despite having an equal
net charge, RAP1A-6R-G12V nanoclusters had a very different lipid composition to those
of RAP1A-G12V (Figure 2E). An interesting feature of the RAP1A PBD is the presence of
a proline residue that splits the polylysine sequence. To evaluate the impact of this proline
on lipid sorting, we mutated it to alanine: RAP1A-G12V-P176A exhibited reduced PS

and PIP3 interactions compared with RAP1A-G12V. To evaluate if the type of prenylation
affects lipid sorting specificity, we switched the CAAX motif from CLLL, which directs
geranylgeranylation, to CVLS, which directs farnesylation. RAP1A-G12V-CVLS exhibited
reduced binding to all lipids except PA, indicating a fundamentally different lipid binding
specificity of the PBD in the context of a farnesylated C-terminal cysteine (Figure 2E).

The PBD of geranylgeranylated RAP1B anchor contains three lysines and one arginine
(Figure 2D). Following a similar rationale to that for RAP1A, we conducted scanning
mutagenesis and lipid mapping analysis. Single lysine or arginine to glutamine
mutations generated RAP1B-G12V-K174Q, RAP1B-G12V-R176Q, RAP1B-G12V-K177Q,
and RAP1B-G12V-K178Q (Figure 2D). The heatmap summary of these data in Figure
2F shows that each of these mutant anchors exhibited different lipid-binding specificities
from the wild-type anchor. For example, PS and PIP, binding significantly decreased,
and cholesterol and PA binding significantly increased when K174 was mutated to Q.

In contrast, RAP1B-G12V-K178Q nanoclusters had a lower PIP, and PIP3 content but a
significant increase in the PS content. Replacing the three lysine residues with arginine
resulted in nanoclusters with an enriched PS and PA content but a reduced PIP, content
(Figure 2F). Replacing the geranylgeranyl anchor with farnesyl (RAP1B-G12V-CVLYS)
resulted in reduced interactions with all lipids except PS. These results show that lipid

JAm Chem Soc. Author manuscript; available in PMC 2024 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Araya et al.

Page 6

sorting specificity is encoded by the precise PBD sequence and prenyl group that comprise
the RAP1A and RAP1B anchors.

PM Localization of RAP1 is Determined by the Amino Acid Sequence of Membrane Anchor.

We next conducted a univariate EM analysis in BHK cells expressing each of the RAP1A
and RAP1B PBD mutants. Despite comparable protein levels in whole cell lysates (Figure
S1E), many mutants displayed altered PM binding and nanoclustering. We found that Lyax
and gold labeling density for RAP1A-G12V-K173Q, -K178Q, and -P176A were much
lower than those for RAP1A-G12V (Figure 3A,B), indicating impaired nanoclustering

and PM binding. Farnesylated RAP1A-G12V-CVLS also exhibited reduced PM binding
and clustering. By contrast RAP1A-G12V-K179Q exhibited reduced PM localization

but the protein that remained on the PM nanoclustered to the same extent as RAP1A-
G12V. RAP1B-G12V-K174Q and RAP1B-K178Q exhibited reduced PM localization and
clustering (Figure 3C) as did the phosphorylation mimicking mutant RAP1B-G12V-S179D
(Figure 3C), suggesting a role of serine phosphorylation in regulating RAP1B PM binding.
Farnesylated RAP1B-G12V-CVLS showed a reduced PM localization and nanoclustering
(Figure 3C). Overall, gold labeling density and Lax Values of each RAP1A PBD mutant are
highly correlated (Figure S2A). For RAP1B mutants, most PBD mutants exhibit diminished
clustering compared to RAP1B-G12V. An outlier is RAP1B-K178Q, which showed a
greater reduction in Lyay, Suggesting that the mutation might affect the interaction of

the C-terminal anchor with PM lipids primarily concerned with nanoclustering. Given that
K178Q exhibited significantly less PIP3 association, we conclude that PIP3 binding is likely
required for the nanoclustering of RAP1B. Taking these results together with the lipid
mapping analyses, we contend that the aggregate lipid binding specificity, encoded in the
PBD-prenyl anchors of RAP1A and RAP1B, determines the extent of PM binding and
nanoclustering.

Molecular Dynamics (MD) Simulations Reveal That Interaction of RAP1 Membrane Anchors
with Anionic PS Lipid is Sequence Dependent.

To examine how mutation of specific Lys or Arg residues to GlIn in the PBD may

affect interactions with lipids, we conducted atomistic MD simulation of RAP1A-K173Q,
RAP1A-K178Q, RAP1B-K174Q, and RAP1B-R176Q membrane anchors in a previously
characterized asymmetric phosphatidylcholine (POPC)/POPS bilayer?8 (Figure 4A). These
mutants were selected because they showed the largest impact on PM binding (Figure

3). Using the equilibrated portions of these trajectories (see Experimental Section), we
analyzed the anchors in terms of their bilayer adsorption propensities and interactions

with lipids and compared the results with data for wild-type RAP1A and RAP1B from
recently reported simulations.2? In all four simulations, the geranylgeranyl chain of the
anchors is fully inserted into the core of the bilayer, while the backbone is adsorbed into
the headgroup region (Figure 4B). Despite their overall flexibility, the anchors adopted a
specific organization on the bilayer surface (Figure S3). The RAP1B anchors are largely
extended and lie roughly flat on the bilayer surface, while those of RAP1A are curved with
residues in the middle of the peptides remaining distal from the bilayer surface (Figure
S3). In this regard, the mutant anchors share an overall similarity with their wild-type
counterparts, but there are also notable differences. To examine these differences in detail,
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we compared the time-averaged distributions of the number of hydrogen bonding (HB)
(Myg) and van der Waals contacts (A) between each anchor and the POPS and POPC lipids
(Figure 5A). A major consequence of the mutations on both RAP1A and RAP1B anchors

is a reduction in lipid selectivity, as can be seen from the smaller average AVyg per peptide
with POPS [Ag(PS)] in the mutants compared with the wild-type (Figure 5A). Nyg(PC)

is slightly increased in the RAP1A mutants and decreased or unchanged in the RAP1B
mutants. The mutations also have different effects on interactions of the anchors with lipid
tails, as assessed by A (Figure 5A): relative to the wild-type anchors, Ac(PS) has slightly
increased in RAP1A and decreased in RAP1B mutants while Nz(PC) is unchanged in the
former and slightly increased in the later.

The effects of the mutations on HB and vdW interactions cannot be ascribed solely to the
loss of a positive charge because the reduction in Ayg(PS) is greater than one, and the
magnitude of the change is different between RAP1A-K173Q and RAP1A-K178Q as well
as between RAP1B-K174Q and RAP1B-R176Q despite their equivalent net charge. For a
closer examination of this issue, we calculated the frequency of hydrogen bond interactions
of each Lys or Arg residue of the anchors with POPS headgroup oxygen atoms (Figure
5B). One can see that the mutations caused an overall reduction in HB with POPS, and
that the effect is not limited to the mutated residue or its vicinity. Taken together, we

find that a major impact of the selected PBD mutations to GIn was a reduction in the
preference for PS lipids, consistent with our observation from the EM spatial mapping of
RAP1A-G12V-K178Q (Figure 3C) and RAP1B-G12V-R176Q (Figure 3D).

Activation of RAP1 upon GTP binding promotes localization of RAP1 from perinuclear
areas to the PM in human and Drosophila immune cells.3%31 Our EM analysis is concordant
with these observations in that GTP-bound RAP1A and RAP1B proteins exhibited increased
PM association compared to that of the GDP-bound proteins. The subsequent lipid mapping
analyses further extended these findings to specific nanodomains of PM with defined

lipid compositions. RAP1A GTP nanoclusters showed enrichment with PS, PIP,, and

PIP3 compared to wild-type RAP1A.GDP nanoclusters. We also observed that RAP1A
PBD mutants, such as RAP1A-G12V-K173Q, RAP1A-G12V-K178Q, and RAP1A-G12V-
CVLS, which exhibited defects in PS or PIP3 binding, were depleted from the PM. Taken
together, these results strongly suggest that interactions with PS and PIP3 are essential for
RAP1A.GTP PM interactions. In this context, it is interesting to note that CaIDAG-GEFI, a
GEF for RAP1, directly associates with PIP, and P1P through its C1 domain,32 and lipid
binding domains for these same lipids are found in the RAP1 effector RIAM (RAP1-GTP
interacting adaptor molecule).33:34 A similar mode of action also operates for another RAP1
effector, talin, during integrin activation. PIP, and RAP1B synergistically recruit talin to

the PM,35:36 and the F1 domain and positively charged patches in F2 and F3 domains of
talin also independently bind to PIP,,35 the same lipids that are found enriched in RAP1B
nanoclusters here. Therefore, directly analogous to RAS nanoclusters,16:18.19 the PM lipids
recruited by RAP1A and RAP1B into nanoclusters generates lipid platforms which allows
for efficient GEF and effector recruitment, and likely facilitates signaling propagation.
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The backbone structure of wild-type RAP1A and RAP1B anchors observed during MD
simulations suggests that RAP1B is more extended and more effectively adsorbs into our
model membrane than RAP1A.29 MD simulations also suggest that all basic residues of the
Rap1B anchor, except K177, interact with the bilayer through high-frequency HBs with PS,
whereas some basic residues in the RAP1A PBD engage PS at lower frequencies (Figure
5B). On average, however, interactions of wild-type Rap1A and RAP1B anchors with lipids
through both HB and vdW contacts are similar (Figure 5A). By contrast, compared with
RAP1A, mutations in Rap1B PBD resulted in a greater loss of HBs and vdW contacts with
PS [smaller AMyg(PS) and N(PS) than the wild-type], coupled with an increase in Aiz(PC).
Therefore, PBD mutants that show reduced interaction with the head groups (Myg) and acyl
chains (A) of POPS seem to have greater effects on PM localization and nanoclustering

in RAP1B than that in RAP1A. A key feature of the dynamic lipid anchors is that point
mutations cause changes in conformational plasticity of the peptides such that their effect

is not limited to the site of mutation alone but rather extends to the overall conformational
ensembles sampled. It is their effect on the aggregate HBs and vdW contacts that modulates
affinity for the PM. Therefore, the effect of the point mutations should be viewed beyond a
direct side chain-lipid interaction but rather as an effect on the global structure and dynamics
of the anchors.

Despite these differences, the PBD of RAP1A and RAP1B shows similar trends in PM and
lipid binding. Specifically, we found that reduction of the net positive charge at the PBD

by one through a single-point mutation of selected PBD residues resulted in a significant
reduction in interactions with POPS lipids. However, the regulation of lipid specificity is
beyond simple electrostatics. First, each K to Q, or R to Q mutant exhibited a different lipid
composition from the wild-type and among the mutants. Despite altered lipid specificity,
many arginine mutants including RAP1A.K174Q, RAP1A.K175Q, and RAP1B.K178Q
maintained PM association, suggesting that each lysine is nonequivalent in determining

PM targeting. Furthermore, RAP1 anchor mutants that replace all lysine residues with
arginine (RAP1A-G12V-6R and RAP1B-G12V-3R) exhibited distinct lipid sorting from
that of RAP1-G12V with a wild-type PBD. Moreover, replacing the geranylgeranyl group
with the farnesyl group that contains shorter alkyl chains (CVLS mutants) again generates
nanoclusters with strikingly different lipid compositions. These mutants also displayed
impaired PM association compared with RAP1 with wild-type anchors, which is likely
attributed to decreased hydrophobicity by switching from 20-carbon geranylgeranyl to
15-carbon farnesyl groups. We concluded that PM binding and nanoclustering of RAP1
proteins are likely determined by the aggregate lipid specificity that is encoded in

the geranylgeranylpolybasic membrane anchors. The observation extends our previous
observations in KRAS and RAC11921 to small GTPases with similar C-terminal polybasic
anchors, revealing a universal principle that localizes these proteins to the PM, and possibly
other intracellular lipid bilayers. Effector site mutants RAP1A/B-G12V-D38A exhibited
reduced PM association, mirroring the distribution pattern of GDP-bound RAP1. These
results have shown that the PM localization of activated GTP-bound RAP1A and B is
enhanced by binding to cognate effectors. Interestingly, this recalls previous results with
RAB proteins including RAB6 where it was first shown that the anchor and effector domains
cooperate for correct subcellular localization.3” As discussed above, the spatial organization
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of small GTPases on the PM is driven by interactions between lipid-modified HVR anchors
and phospholipids at the PM, with G-domains playing no direct roles.1® In the context of
the extensive literature on KRAS, we propose that while binding to effectors increases the
PM abundance of GTP-loaded RAP1, such interactions are unlikely to regulate the lateral
segregation of RAP1 isoforms, which is determined by specific HVR sequence that encodes
unique lipid binding specificities. Further studies will be required, however, to formally
demonstrate this proposition.

PM localization of small GTPases may involve PDES&, a cytosolic chaperone that solubilizes
the small GTPase after internalization from the PM and returns it back to the PM through
a complex mechanism that involves vesicular trafficking by the recycling endosome.38-40
Structural analyses show that for geranylgeranylated GTPases, the hydrophobic pocket
within the immunoglobulin-like S-sandwich fold of PDE 6 fully accommodates the
prenylated cysteine but then only interacts with the four adjacent amino acids of the HVR.
Therefore, the amino residues that interact with PDE & are Lys!78-Lys179-Ser180.Cys181 for
RAP1A and Lys178-Serl179-Serl80.Cys18l for RAP1B. In this context, replacing a lysine
with the marginally smaller amino acid glutamine (RAP1A-K178Q and -K179Q) greatly
reduced PM abundance of RAP1A, even though the Glu would be readily accommodated
in the Lys pocket, conversely replacing the lysines with much larger amino acid, arginines
(RAP1A-6R), that would not be readily accommodated in the lysine pocket and hence would
be expected to disrupt PDE 6 binding that had no effect on RAP1A PM localization. These
considerations imply that there is no correlation between PDE & binding and the anchor
mutations that can account for changes in the RAP1A PM interactions. Concordantly, the
confocal imaging analysis did not reveal significant colocalization between each RAP1
mutant and PDE & (Figure S2B). Together, these results and known structural biology of
PDE & argue against a model in which PM loss of RAP1A/B mutants is caused by impaired
PDE & binding. However, we cannot rule out the possibility that unknown chaperons might
regulate the PM trafficking of RAP1, and that interactions with such proteins could be
impacted by the HVR mutations.

These findings are likely relevant to previous observations that RAP1A and RAP1B

play distinct roles in tissue-specific contexts and even in the same cells. For instance,
RAP1A, but not RAP1B, is the primary isoform that localizes to and regulates endothelial
cell junctions.2 The relative contribution of each isoform to the EC junctions might be
explained by the specific lipid composition at the junctions. In this context, cholesterol,
which we have shown to be significantly enriched in RAP1A clusters, has been implicated in
the regulation of cell-cell adhesion.*!

CONCLUSIONS

In conclusion, this study reveals that the C-terminal anchors of RAP1 proteins, which

direct membrane localization, play a critical role in organizing RAP1 on the PM. High-
resolution imaging demonstrates that RAP1A and RAP1B form distinct nanoclusters on

the inner leaflet of the PM, with GDP-bound and GTP-bound proteins showing further
lateral segregation. PM localization of RAP1 is enhanced by effector binding such that GTP-
bound RAP1A and 1B are significantly enriched on the PM compared to the GDP-bound
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proteins. The C-terminal polybasic anchors of RAP1A and RAP1B, differing in amino acid
sequence, exhibit unique lipid binding specificities. These specificities can be altered by
single- or multiple-point mutations in the PBD. MD simulations indicate that these single
PBD mutations significantly diminish interactions between the membrane anchors and the
PM lipid POPS. Therefore, the lipid binding specificity encoded within the C-terminal
anchor determines the PM association and nanoclustering of RAP1A and RAP1B. This
study, in conjunction with previous findings on RAC1 and KRAS, further advances the
premise that the primary PBD sequences of small GTPase membrane anchors encode
distinct lipid binding specificities that dictate PM interactions. These in turn, may account
for the isoform-specific functions of RAP1A and RAP1B.

EXPERIMENTAL SECTION

Plasmids.

Wild-type and G12V RAP1A and RAP1B plasmids were gifted by Dr. Mark Philips at
NYU. Single-site and multiple-site RAP1 PBD mutants were designed with the QuikChange
Prime Web site of Agilent. The PBD mutant constructs were generated using a QuikChange
site-directed mutagenesis kit (# 200517) by Agilent. GFP-LactC2 was provided by Sergio
Grinstein (The Hospital for Sick Children, Toronto, Canada). GFP-PASS, GFP-PH-AKT,
and GFP-PLCé were provided by Guangwei Du at the University of Texas Health Science
Center, Houston, Texas.

Cell Culture and Transfection.

BHK cells were purchased from ATCC and routinely tested for the mycoplasma. The cells
were cultured in DMEM medium containing 10% bovine calf serum and maintained in 37
°C 5% CO» humidified incubators. For cell transfection, BHK cells were seeded at 70%
confluence on day 1. The next day, BHK cells were transfected with constructs for RAP1 or
lipid probes using lipofectamine. On day 3, PM sheets of transfected BHK cells were fixed
for subsequent EM analyses.

Transmission Electron Microscopy.

For univariate analyses, apical and lateral PM sheets of BHK cells were prepared and fixed
with 4% PFA and 0.1% glutaraldehyde and labeled with anti-GFP antibodies conjugated
with 4.5 nm gold or RFP antibodies conjugated with 2 nm gold. Images were then taken
using a JEOL JEM-1400 transmission EM at 100,000x magnification. Image J was used to
process the images and to assign xand y coordinates to gold particles in a 1 zm? area of
interest on a PM sheet. Ripley’s K-function was used to quantify the spatial distribution of
gold particles under the null hypothesis that all gold points distribute randomly (A and B).

K(r)=an=2 3 w,1(|lx - x| < 7)
i#j
(A)
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L(r)—-r= @—

®)

where K(r) = the univariate K-function for a pattern of /7 points in a selected PM area of A;
r=length scale with the range of 1 < r< 240 nm evaluated at increments of 1 nm; Il- is the
Euclidean distance; 1(-) is the indicator function with a value of 1 if ILx;— xfl < 7, and a value
of 0 otherwise; and W,-/‘l is the fraction of the circumference of a circle with center x;and
radius ILx;— xjl contained within area A, rendering an unbiased edge correction for points at
the edge of the study area. K{(/) is transformed into L(7) — r, which is then normalized on the
99% confidence interval (99% C.1.) estimated via Monte Carlo simulations. Under the null
hypothesis of complete spatial randomness, L(r) — r= 0 for all values of r. Values of L(/)

— rexceeding the confidence interval indicates significant clustering at that value of 7. The
maximum value of the L(7) — rfunction, (Lmax) i an unbiased summary parameter that can
be used to quantify the extent of clustering.12 At least 12 PM sheets were imaged, analyzed,
and pooled. To evaluate the differences between replicated point patterns, a Bootstrap test
was employed as described in C

D=
i

Il Pos

f w(rn K (r) - K(r) 2dr
1 10

©

where m(1) = r2, K{n = weighted mean K-function of the ith group of size n; and K(/) =
combined weighted mean K-function of all the groups being compared (g). The observed
value of D was ranked against 1000 Monte Carlo simulated values of D calculated using
a set of residual K-functions derived from each K{1),12:42 the rank is an estimate of the
probability that the null hypothesis of equivalence can be rejected.

For bivariate analyses, PM sheets of BHK cells stably expressing GFP-tagged lipid probes
and RFP-tagged RAP1 constructs were fixed and stained sequentially with anti-GFP 6 nm
gold and ant-RFP 2 nm gold conjugated antibodies before being imaged and analyzed. Gold
particles and colocalizations were calculated with bivariate K-functions (eqs D-G)

Kon(r) = (1 + 1)~ [mKeo(r) + m Ko ()]

©

ni
. .
Knlr) = e 20 21 w1 (|} = x| < 7)
ISP

E)
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"y
A ns
Kalr) =y Xy X (=) <)
J =

R

Kyi(r
Lbiv(r) —r= hﬂ.( ) —-r

(G)

where Ky (/) is the weighted mean of two individual bivariate K-functions with Kjs(7)
which evaluates the spatial distribution of big gold particles relative to each small gold
particle and Kgu(7) which evaluates the spatial distribution of small gold particles relative

to each big gold particle. Ky () is transformed to Ly;,(r) — rand normalized to the 95%
confidence interval (95% C.1.) estimated under Monte Carlo simulations. Under the null
hypothesis, Ly (/) — r= 0 at all values of rindicates no spatial interactions between two gold
populations. Positive deviation of the Ly;,(7) — rexceeding the confidence interval indicates
significant colocalizations of two gold patterns at that value of . To quantify the extent of
coclustering, area-under-the- Ly, (7) — rcurve over a defined scale length (10 < r< 110 nm)
was calculated using the following equation and was termed as Ly;,(7) — rintegrated or LBI

(H)

110
LBI = / Std Ly, (r) — rdr
10

(H)

At least 15 PM sheets were imaged, analyzed, and pooled. LBI values =100 indicate
significant coclustering of the two gold patterns, and LBI <100 indicates no coclustering

of the two-point patterns. Although the pooled LBI data are shown as mean + SEM, the

LBI parameter is not normally distributed. Therefore, statistical differences between the
replicated bivariate-point patterns were evaluated by the same Bootstrap test described above

©).

MD Simulations.

We conducted MD simulations on RAP1A-K173Q, RAP1A-K178Q, RAP1B-K174Q, and
RAP1B-R176Q in an asymmetric bilayer of POPC and POPS lipids. The protocols for
system construction, simulation setup and execution, and trajectory analysis were the

same as described recently for the simulation of RAP1A-WT and RAP1B-WT. Briefly,

we mutated the relevant Lys or Arg residue on previously geranylgeranylated and oxo-
methylated peptide structures to Gln using VMD?*3 (see Figure 4A). We then attached
three copies of each mutant peptide to the POPS-containing monolayer of a preequilibrated
and TIP3P-solvated bilayer, as described previously.28:2% The resulting 61,000-64,000
atom systems, exemplified in Figure 4B, were equilibrated as described previously2® and
simulated for 5 15 each on Anton 2, with trajectory frames saved every 100 ps for analysis.
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Evaluation of time-dependent structural properties such as membrane thickness, root-mean-
square derivation, and bilayer adsorption of the peptides showed that each system is fully
stabilized within 2.5 15. We therefore used the second half of each simulation for the
analysis of equilibrium properties of the peptide-bilayer complex, with emphasis on peptide—
lipid interactions assessed by the average numbers of hydrogen bond (AVyg) and vdW (Ag)
contacts or residue-POPS HB frequencies (Figure 5). The results were then compared with
data for the wild-type RAP1A and RAP1B membrane anchors from previous simulations,2®
using the same 2.5-5 /s trajectory segment as in the current analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RAP1A and RAP1B proteins form PM nanoclusters. (A) Representative EM images (1 zm?)

of 4.5 nm gold particles coupled to anti-GFP antibodies on PM sheets. Intact PM sheets
were prepared from BHK cells expressing GFP-RAP1A-G12V or GFP-RAP1B-G12V and
labeled with 4.5 nm gold-anti-GFP. Coordinates of each gold particle were used to generate
digitalized images of the gold point patterns that are color-coded in red. (B-D) PM sheets
of BHK cells expressing GFP-RAP1A-G12V, -wild-type (WT) or S17N were immunogold
labeled and imaged by EM. Univariate K-functions were used to analyze the gold patterns.
(B) Plots of weighted mean standardized univariate K-function are shown. Values of L(/) -
rabove the 99% confidence interval (C.1) indicate significant clustering. (C) PM binding of
GFP-RAP1A-G12V, -WT or S17N was quantified as mean gold labeling intensity (+SEM;
(n=12-17) for each condition). Student #tests were used to evaluate statistical differences
between mean gold labeling density of GFP-RAP1A-G12V and GFP-RAP1A-WT or S17N
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(***p<0.001). (D) Peak value of L() — r (=Lmax) Was used to summarize the extent of
nanoclustering. Lyax values are means £ SEM (/7= 10-15). The significance of differences
from control Ly,x values were analyzed using bootstrap tests. (E-G) The EM experiments
in (B—C) were repeated in BHK cells expressing GFP-RAP1B-G12V, -WT or S17N (n= 16—
27). Weighted mean univariate K-functions (E), mean gold labeling densities (F) and Lmax
values (G) for GFP-RAP1B-G12V, -WT or S17N are shown. (H) PM sheets from BHK cells
coexpressing GFP- and RFP-RAP1A/B constructs were labeled with 6 nm gold-anti-GFP
and 2 nm gold-anti-RFP and visualized by EM. Colocalization of GFP- and RFP-RAP1
proteins were analyzed by integrated bivariate K-functions (=LBI). The green dotted lines
indicate 95% C.I. LBI values above the C.I (>100) indicate significant coclustering (+SEM,;
(n= 12) for each condition). (1) The bivariate EM experiment in (H) was repeated in BHK
cells coexpressing GFP-RAP1A and RFP-RAP1B, or GFP-RAP1B and RFP-RAP1B. LBI
values are means +SEM [(n = 10-14) for each condition]. Bootstrap tests were used to
evaluate the significance of statistical differences (*p < 0.05).
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Differential lipid sorting specificities are encoded in the membrane anchors of RAP1
proteins. (A,B) PM sheets of BHK cells coexpressing RFP-tagged wild-type (RFP-RAP1-
WT) or GTP-bound mutant RAP1 (RFP-RAP1-G12V) with a GFP-tagged lipid probe for
PS (GFP-LactC2), PIP2 (GFP-PLCS6), PIP3 (GFP-AKT), PA (GFP-PASS), or cholesterol
(GFP-D4H) were labeled with 6 nm gold-anti-GFP and 2 nm gold-anti-RFP and imaged by
EM. Bivariate coclustering analysis of the two gold populations yields LBI values [+SEM,
(n=12) for each condition] which reflect the lipid binding preferences of RAP1A (A) or
RAP1B (B). (C,D) Details of mutations made in the RAP1A and RAP1B membrane anchor
domains. (E,F) Heatmaps were generated using mean LBI values to quantify coclustering
between each RFP-PBD mutant and each GFP-lipid probe. For each lipid probe, the LBI
value for wild-type anchor construct (RAP1-G12V) was assigned as midpoint (marked in
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white) with lower or higher LBI values marked in blue or red, respectively. Bootstrap tests
were used to evaluate the significance of statistical differences (*p < 0.05, and **p < 0.01).
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Figure 3.
RAP1 PBD mutants exhibit different PM binding affinities. (A—-D) PM sheets of BHK cells

expressing GFP-RAP1A or RAP1B anchor mutants were labeled with 4.5 nm gold-anti-GFP
and analyzed by EM. PM localization was quantified as mean gold labeling intensity per 1
4m? and is shown as mean + SEM (A,C), and the extent of nanoclustering is summarized as
Lmax (Mean £ SEM, n= 12) (B,D). (A-D) Significant differences between Lo Values for
RAP1 PBD wild-type (RAP1-G12V) and each anchor mutants were evaluated in bootstrap
tests (*p < 0.05, and **p < 0.01), and differences in gold labeling density were evaluated in
two-tailed ttests (*p < 0.05, and **p < 0.01).
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Figure 4.
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Simulation setup and bilayer adsorption of RAP1A and RAP1B membrane anchor mutants.
(A) Sequence of the RAP1A and RAP1B membrane anchors with basic residues in blue,
acidic in red, polar in green, and hydrophobic residues in black. The underlined Lys or

Arg residues were mutated to GIn, and the C-terminal Cys residue is carboxymethylated
following geranylgeranylation. (B) Example of MD simulation setup, with three peptides
embedded in the mixed-lipid leaflet of an asymmetric model membrane composed of POPC
(gray) and POPS lipids (red). Lipid phosphorus atoms are shown in vdW spheres and

the peptides (in this case RAP1A WT) in licorice colored as shown in panel A except

for the prenylated Cys residue, which is in yellow. Water and ions are shown as a blue
surface. (C) Snapshots at the start (¢#= 0 48) and end (=5 y5) of the MD simulations

of membrane-embedded wild-type and indicated mutant RAP1A and RAP1B membrane
anchors, showing complete adsorption of the peptides on the bilayer surface at the end of
the simulation. Only lipid phosphorus atoms, peptide backbone, and prenyl chains are shown
colored as in panel B while the rest of the atoms are omitted for clarity.
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Figure 5.
Interactions of RAP1A and RAP1B with lipids. (A) Distribution of peptide-lipid HB (AVyg)

and van der Waals (vdW) contacts (A) per peptide separately for POPC (gray) and

POPS (black). HB was defined with a donor—acceptor distance cutoff of 3.1 A and a
donor-hydrogen-acceptor angle cutoff of 30° and included all polar and charged side chains
and lipid headgroup oxygen atoms. Aic was computed using a carbon—carbon distance cutoff
of 4 A and included all nonpolar side-chain carbons (including the prenylated cysteines) and
lipid acyl chain carbon atoms. (B) Heatmap of normalized HB frequency (HB) between the
PBD Lys or Arg side chains with POPS headgroup oxygen atoms.
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