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Structural Basis of Dimeric Rasipl RA Domain Recognition of
the Ras Subfamily of GTP-Binding Proteins

Alexandre R. Gingras1:3", Wilma Puzon-McLaughlinl, Andrey A. Bobkov?, and Mark H.
Ginsberg?

1Department of Medicine, University of California San Diego, 9500 Gilman Drive, La Jolla, CA
92093, USA

2Sanford Burnham Prebys Medical Discovery Institute, 10901 North Torrey Pines Road, La Jolla,
CA 92037, USA

SUMMARY

Ras-interacting protein 1 (Rasipl) is an endothelial-specific Rapl and Ras effector, important for
vascular development and angiogenesis. Here, we report the crystal structure of the Rasipl RA
domain (RRA) alone, revealing the basis of dimerization, and in complex with Rap1 at 2.8 A
resolution. In contrast to most RA domains, RRA formed a dimer that can bind two Rapl (Kp =
0.9 uM) or Ras (Kp = 2.2 uM) molecules. We solved the Rap1-RRA complex and found that
Rasip1 binds Rapl in the Switch I region, and Rap1 binding induces few conformation changes to
Rasipl stabilizing a p strand and an unstructured loop. Our data explain how Rasipl can act as a
Rapl and Ras effector and show that Rasipl defines a subgroup of dimeric RA domains that could
mediate cooperative binding to membrane-associated Ras superfamily members.
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Rasip1 Ras-association (RA) domain is a dimer

INTRODUCTION

Endothelial cells (EC) line the entire circulatory system, and regulation of endothelial barrier
function is critical for homeostasis because increased endothelial permeability causes edema
or contributes to inflammation. Furthermore, breakdown of the endothelial barrier
contributes to diseases such as multiple sclerosis, cancer, and heart disease. Ras-interacting
protein 1 (Rasipl), also known as Rain, is an endothelial-specific protein essential for
endothelial barrier function, vascular integrity, and development (Wilson et al., 2013; Xu et
al., 2009, 2011). It possesses a Ras-association (RA) domain and was identified as an
effector of Rap and Ras (Mitin et al., 2004). A pool of Rasipl localizes to EC cell-cell
junctions in a Rapl-regulated manner, and the cytoplasmic tail of heart of glass (HEG1)
transmembrane receptor mediates this Rapl-dependent recruitment of Rasipl (de Kreuk et
al., 2016; Wilson et al., 2013). Rasip1 cooperates with its paralog, Radil, to inhibit RhoA
and its effector, Rho Kinase (ROCK) (Post et al., 2013). Radil is another Rap1 effector
required for Rapl-induced cell spreading that directly interacts with the RhoGAP
ArhGAP29. Rapl activity induces independent translocation of Rasipl and a Radil-
ArhGAP29 complex to the plasma membrane, and subsequently a multimeric complex is
formed with Rap-Rasipl-Radil-ArhGAP29 (Post et al., 2015).

Here, we used protein crystallography to determine the structural basis of the Rasipl RA
(RRA)-Rapl interaction. We find that RRA forms a dimer in solution with many
unstructured loops. The crystal structure of the RRA alone reveals the basis of dimerization
where an atypical three-residue antiparallel  sheet not found in other RA/UBQ domains is
formed at the dimer interface. Surprisingly, the crystal structure of the RRA-Rapl complex
shows a dimer bound to two Rapl molecules, one at each end, forming an elongated
complex. Comparison of the two structures shows that Rapl binding induces a small
conformational change in the Rasipl dimer by stabilizing a § strand and one of the
unstructured loops, but that most of the loops remain exposed for molecular interactions
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with other proteins. Furthermore, analysis of the Rasip1-Rapl binding interface does not
dictate a set of key residues providing Rap or Ras specificity. Our biochemical studies show
that RRA can indeed bind both Rap1 and Ras (Kp = 0.9 and 2.2 pM, respectively). We also
find that Radil RA domain behaves similarly to Rasipl; it is a dimer in solution and it can
bind both Rap and Ras (Kp = 1.2 and 3.9 UM, respectively). These data show that both
Rasipl and Radil have an atypical ubiquitin-like fold and form a novel subgroup of dimeric
RA domains that can engage either Rap or Ras, thereby mediating signaling from both
GTPases.

Rasipl Ras-Association Domain Has an Extended C Terminus and Forms a Stable Dimer in

Solution

Small GTP-binding proteins bind RA motifs contained within ubiquitin-like (UBQ)
domains, and Rasipl was predicted to contain such a fold. When we tried to express soluble
protein fragments based on the human Rasipl RA (RRA) domain boundaries, soluble
protein was only obtained in high yield after extending the domain C terminally to the
original RA domain boundary definition (UniProt: Q5U651, residues 144-259). The isolated
extended RRA (134-285) forms a dimer in solution as judged by size exclusion
chromatography (SEC) (de Kreuk et al., 2016). Our initial attempts to crystallize RRA
failed. To assess the reason for this failure, we purified the 1°N-labeled protein for nuclear
magnetic resonance (NMR) analysis. The SoFast-HMQC (sfHMQC) showed two peak
populations; the majority were broad with good chemical shift dispersion, and
approximately 30 were very sharp with poor dispersion. The broad peaks sharpened at
higher temperatures and a satisfactory sftHMQC could be obtained at 35°C (Figure 1A),
suggesting that the protein dimer and overall fold were very stable. NMR linewidths pointed
to an elongated dimer in solution: the increase in linewidth of the RA dimeric module was
greater than would be expected for a rigid globular domain of a similar size. Judging by the
number of sharp peaks, we predicted that approximately 30 residues were in unstructured
regions. We then performed limited proteolysis on the Rasipl RA domain and observed that,
after treatment with trypsin for 30 min, a stable fragment accumulated (Figure 1B). We
purified the dimeric RRA fragment after trypsin cleavage and observed that at least four
sharp resonances disappeared from the NMR spectrum and possibly a few more due to
clustering of overlapped peaks around the middle of the spectrum (arrowheads in Figure
1C). Based on the small change in mass by SDS-PAGE, we predicted that the protein was
cleaved after Argl40 at the N terminus; (1) the C terminus was not affected (green arrow in
Figure 1C), and (2) the Trp side-chain resonances were preserved after cleavage, indicating
that Trp281 at the C terminus was intact. Thus, the Rasip1l RA domain has an extended C
terminus, is a stable dimer in solution, contains many unstructured loops, and a short
unstructured N-terminal fragment can be released by trypsin cleavage.

Crystal Structure of the Atypical Rasipl RA Domain Dimer

The human Rasipl RA domain was purified after trypsin cleavage and crystallized. The
structure (PDB: 5KHQ) was solved and refined to 2.8 A resolution with an Ry of 23.4%
and Rk 0f 26.2% (Table 1). The asymmetric unit contained two RA domains forming an
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atypical dimer not found in most other RA/UBQ domains (Figure 2B) and each monomer
was almost identical (root-mean-square deviation [RMSD] = 0.36 AZ; Figure 3A). The RRA
had a UBQ fold (Figure 3B) similar to other Ras-association domains such as RalGDS
(Figure 3C), with two unusual features: (1) it had a short three-residue 5 strand inserted at
the C terminus of the a2 helix important for dimer formation, and (2) an extra C-terminal
a3 helix after the 6 strand or 5 strand in the RA/UBQ fold. The RRA amphipathic a3
helix packed against a small hydrophobic interface on the p4 strand was composed of
Leu?26 and Val228, which explained why the domain had to be extended at the C terminus.
The current RRA model excludes many residues; 141-142 (N terminus), 154-158 (loop p1-
B2), 187-197 (loop a1-B3), 212-220 (loop P3-p4), and 268-285 (C terminus, not part of the
RRA) as highlighted in Figures 2A and 2C, and many side chains were also poorly defined
in the electron density map. Of the 144 amino acids, 45 loop residues were not observed in
the electron density map. This observation was in agreement with the NMR spectrum, which
showed at the least 30 sharp peaks. Thus, the Rasipl RA domain contained atypical features
not found in other RA domains: (1) a p5 strand inserted after the a.2 helix, (2) an additional
C-terminal a3 helix, and (iii) many unstructured loops (Figure 2A).

The dimer was stabilized by an extensive interface burying 15.9% (975 A?) of the total
surface area of each monomer (Figure 2C). A short three-residue antiparallel p sheet was
formed by the B5 strand from each molecule, involving backbone hydrogen bonds between
Trp?42, Arg?43, and Ala24* (Figure 2D). Furthermore, the Trp242 side chain was found near
Trp?42 from the other monomer, creating a small hydrophobic interface (Figure 2D).
Interestingly, the dimer interface included the side chains of Arg22’ and Glu233, forming a
salt bridge within the same RRA monomer, not across the dimer, and they packed against the
same amino acid pair from the opposite monomer in an antiparallel fashion (Figure 2E). The
surface charge representation of the dimer interface highlighted the presence of a relatively
hydrophilic dimer interface (Figure 2F). Thus, the crystal structure of the Rasipl RA domain
shows a dimer that is stabilized by (1) the two Trp242 side chains forming a small
hydrophobic interface, (2) a short antiparallel p sheet formed by 5 strands, and (3) a salt
bridge between Arg?2” and Glu233, allowing tighter packing of the dimer interface.

Rasipl RA Domain Dimer Binds Two Rapl Molecules

Analysis of the RRA crystal structure dimer showed that the two RA-binding matifs, located
in the B2 strand of Rasipl, were available for binding and positioned at each end of the
dimer, suggesting it could bind two Rapl molecules. We previously showed using SEC that
RRA formed a complex with GMP-PNP (a GTP analog)-bound Rap1 at equimolar
concentration (de Kreuk et al., 2016). Isothermal titration calorimetry (ITC) measured Kp =
0.77 £ 0.09 uM for the interaction with a stoichiometry constant of N = 1.22, in agreement
with a stoichiometry of 1, showing that each Rasipl RA domain monomer could bind a
Rap1 molecule. NMR titrations using 1°N-labeled Rasip1 showed that, upon Rap1 binding,
all the well-dispersed peaks disappeared from the spectrum and only the sharp ones
remained (Figure 4A). This suggested that the core of the protein was in complex with Rapl
and that most of the loop residues were not involved in the interaction and remained
unstructured (~37 sharp peaks) (Figure 4B) and therefore available for other interactions.
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Thus, a RRA dimer binds to two Rapl molecules and contains numerous unstructured
regions that remain unstructured after Rap1 binding.

Crystal Structure of the Rasipl RA Domain Dimer Bound to Two Rapl Molecules

The human Rasipl RA domain after trypsin cleavage in complex with human Rap1B
(residues 1-167) was purified by SEC and crystallized. We determined the Rasipl-Rapl
complex structure to 2.78 A resolution (PDB: 5KHO) with an Rk 0f 20.5% and Ree Of
28.6% (Table 1). The asymmetric unit contained one Rasipl RA domain dimer bound to two
Rapl molecules (Figure 5A), and the two individual RA-Rapl were almost identical (RMSD
=0.51 A). Similar to the free RA domain structure, the current Rasipl RA domain model
excludes many residues, 141-142 (N terminus), 186-195 (loop a1-p3), 212-220 (loop pB3-
B4), and 268-285 (C terminus), and many side chains were also poorly defined in the
electron density map. This observation was in agreement with the NMR spectrum of the
complex, which showed that most of the sharp peaks remained sharp when in complex with
Rapl; this suggested that the unstructured loops remained unstructured in the complex. The
asymmetric unit contained two Rapl molecules for which we observed good electron
density, with the exception of residues 62 and 63 in the switch Il region: Rasipl did not
interact with switch Il. In the crystal structure, the Rasipl-Rapl complex was stabilized by
an extensive interface, burying 533.5 A2 of the total surface area of each molecule. Thus, the
Rasipl RA domain dimer binds two Rapl molecules, and the majority of Rasipl1 loops
remained unstructured.

Rapl Binding to Rasipl RA Domain Stabilizes the RRA p2 Strand and the B1-B2 Loop

Rasipl True

Because we had solved the structure of the Rasipl RA domain dimer alone, we had the
opportunity to examine the effect of Rapl binding on the structure of the RA domain. The
major binding determinant was mediated by main-chain and side-chain interactions across a
newly formed antiparallel p sheet composed of B2 strand from Rap1, also called switch I,
and B2 strand from the Rasip1 RA domain (Figure 5B). Interestingly, Asn60 made a
hydrogen bond with Rap1-Ser3, extending the p2 strand from the Rasip1 by a few residues
at the N terminus, in comparison with the free protein structure. Also the Rasipl p1-p2 loop
was stabilized by Alal%6 and Gly18, making hydrogen bonds with Rap1 (Figure 5C), and an
electron density was observed for residues 154-158. As summarized in Figure 6A, most of
the residues involved in the interaction were centered around Rasipl p2 strand and Rapl
switch 1. Rasipl Argl82 is located at the bottom of a1 helix and makes a hydrogen bond
with the backbone carbonyl group of Rap1 Pro34, but most importantly the side chain is
sitting into an acidic pocket on the surface of Rapl (Figure 5C). Thus, Rasipl binding to
Rap1 stabilized the Rasipl B2 strand and the p1-B2 loop, otherwise inducing no other
structural changes.

Rapl or Ras Binding Domain? Structural Analysis

Mitin et al. (2004) showed that Rasipl RA binds Rap1A, HRas, and KRas, but not RhoA,
and suggested that Rasip1 may not be an exclusive effector for Ras-mediated signaling in
cells. The structure described in this study created the opportunity to examine the Rasipl RA
domain specificity for Rapl versus HRas; the amino acid sequences of the two GTPases are
very similar, exhibiting 57.5% identity for residues 1 to 167. A first look at the surface
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charge of both Rapl and HRas, as seen from the Rasipl binding interface (Figures 6B and
6C), shows very little difference. Analysis of the Rasip1-Rap1 interface using COCOMAPS
(Vangone et al., 2011) identifies many hydrogen bonds between the two proteins, and many
residues are buried by formation of the complex as summarized in Figure 6A. The difference
between Rapl and HRas within the Rasipl binding interface is limited to one residue as
highlighted in Figure 6A, i.e., Rap1-Val?* and HRas-lle24. Furthermore, this is the only
difference found in the Rasipl binding interface for most of the Ras subfamily members;
RaplA,B and K,N,H-Ras (Figure 6D). We noted that this small difference would not predict
specific binding to either Rapl or HRas.

Since there was no obvious structural feature in the Rasipl RA domain pointing to Rapl or
Ras binding specificity, we tested binding of the Rasipl RA domain to both Rap1B and
HRas using SEC. Both proteins formed a complex with the Rasipl RA domain; Rapl
binding induced a clear shift toward a smaller volume of elution (V,), indicating the
formation of the complex (Figure 7A), while HRas showed a smaller shift toward an
increased V. (Figure 7B). Persistence of a complex through the SEC column implies that the
proteins physically interact and equilibrate quickly enough to associate on a scale of minutes
to hours. SEC is sensitive to both on and off rates; a differentiated early peak corresponds to
high-nanomolar binding, and an early shoulder usually corresponds to low- to mid-
micromolar affinity of binding (Mayer et al., 2009). This suggested that Rasip1 bound to
both Rapl and HRas, but that it has higher affinity for Rap1.

We then quantified the binding affinity of the interactions by ITC to determine whether the
binding affinities are the same or different. The Rasipl RA domain bound Rapl with Kp =
0.9 £ 0.2 uM (Figure 7C); and also HRas with Kp = 2.2 + 0.5 pM (Figure 7D) (Table 2).
Furthermore, the stoichiometry constant measured for both complexes (Table 2) was in
agreement with a stoichiometry of 1 and showed that each Rasipl monomer could bind one
ligand, or that a dimer can bind two simultaneously. The ITC data were in agreement with
the SEC data, showing that the Rasipl RA domain binds both Rapl and HRas with very
similar affinity. Interestingly, our structural analysis suggested that Rasip1 would not show
specificity for either protein and the biochemical data showed that there was a minor
difference. The difference in AG between Rapl and HRas binding was of 0.4 kcal/mol,
which was consistent with a maximum one hydrogen bond difference or less between the
two complexes. Depending on geometry and environment, the hydrogen bond free-energy
content is between 1 and 5 kcal/mol. Thus, our structural and biochemical analyses of RRA
suggested that it might be an effector for both Rap and Ras-mediated signaling in cells.

Radil RA Domain: Structure Comparison

We previously noted that Rasipl and Radil had a highly conserved sequence (31% identity)
(de Kreuk et al., 2016). Indeed, a Radil crystal structure also showed a dimer (PDB: 3EC8)
and the two structures could be superimposed (Figure 3D; RMSD 1.85 AZ for the dimer or
1.14 AZ for monomers). Two main differences were observed with the Rasip1 structure at
the N and C termini (Figure 3D). First, the Radil N terminus contained the tobacco etch
virus (TEV) cleavage sequence, forming an artificial extra p strand next to the p4 stand,
extending the B sheet (Figure 3E). Second, the C-terminal a helix in the Radil structure is
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much longer and stacked against the altered N terminus of the other molecule in the dimer,
also altering the angle (Figure 3E). However, the Rap1l binding site located in the p2 strand
of both structures looked almost identical, and only two amino acids were different; Rasipl
Alal%9 Asn160 equivalent in Radil are Thr’6, His’”. Thus, both Rasipl and Radil RA
domain structures are dimeric, and their Rap1 binding sites were almost identical.

Radil RA Domain Also Binds Rap1 and HRas with Comparable Affinity

Radil is a paralog of Rasipl. Since there was no obvious structural feature in the Rasipl RA
domain pointing to Rapl or Ras binding specificity, we also tested binding of the Radil RA
domain to both Rap1B and HRas using SEC. Similar to Rasipl, both proteins formed a
complex with the Radil RA domain; Rap1 binding showed a prominent shift toward a
smaller V, due to the formation of the complex (Figure 8A), while HRas showed a smaller
shift toward an increased V. (Figure 8B). This datum suggested that Radil could bind both
Rapl and HRas. Using ITC, we found that the Radil RA domain bound Rap1 with Kp = 1.2
+ 0.1 pM (Figure 8C) and HRas with Kp = 3.9 £ 0.9 uM (Figure 8D) (Table 2). Again, the
binding stoichiometry constant observed for both complexes (Table 2) was in agreement
with a stoichiometry of 1 and showed that each Radil monomer could bind one ligand, or
that a dimer can bind two simultaneously. The ITC data were in agreement with the SEC
data, showing that the Radil RA domain binds both HRas and Rapl1 with comparable
affinity. As for Rasipl, our structural analysis suggested that Radil would not show high
specificity for either protein, and the biochemical data showed that there was only a minor
difference. The difference in AG between Rapl and HRas binding was 0.6 kcal/mol, which
was consistent with a maximum one hydrogen bond difference or less between the two
GTPases (Sheu et al., 2003). Thus, our structural and biochemical analysis of Radil
suggested that, like Rasipl, it could be an effector for both Rap- and Ras-mediated signaling
in cells.

DISCUSSION

The capacity of Rasipl to bind Rapl is important for the recruitment of Rasipl to EC cell-
cell junctions and to stabilize them. Here, we report the first crystal structure of Rasipl in
the form of the isolated RA domain, which adopts an atypical ubiquitin-like (UBQ) fold
different to other RA-domain-containing proteins with a unique feature of being a dimer.
The dimer is stabilized by the p5 strand, not found in other RA/UBQ domains, which
mediates an antiparallel B sheet with a B5-B5” topology. The dimer is stable in solution as
determined by SEC and NMR linewidth. The Rasipl RA domain contains many
unstructured loops as demonstrated by both the presence of many sharp peaks in the NMR
sfHMQC and the absence of electron density in the crystal structure. It is possible that those
unstructured loops are binding sites for protein-protein interactions. The dimer is stabilized
by (1) a short antiparallel B sheet formed by the 5 strand of each molecule, (2) the side
chain of Trp242 of both chains forming a small hydrophobic interface, and (3) an intra-chain
salt bridge between Arg?2’ and Glu223 that allows tighter packing of the dimer interface. An
early study on Rasipl, called Rain at the time, using residues 120-233 reported that the
protein was unstable and no affinity for Rap1 and HRas could be measured (Wohlgemuth et
al., 2005). This can now be explained due to the premature stop of the domain exposing a
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hydrophobic surface on the B4 strand hindering correct folding; an additional amphipathic
C-terminal a3 helix not found in other RA/UBQ domains is necessary to mask the
hydrophobic interface. Taken together, our results show that Rasipl contains an atypical p5
strand and a.3 helix, not found in other RA/UBQ domains, necessary for correct folding and
dimer formation.

Our biochemical data show that the Rasipl RA domain dimer can bind two Rapl molecules:
(1) we observe a shift by SEC until an equimolar concentration of monomers is achieved,
and (2) ITC titrations show a stoichiometry of 1 for the interaction. We purified the Rasip1-
Rapl complex, and we report, to our knowledge, the first crystal structure of a dimeric RA
domain in complex with two GTP-binding proteins of the Ras subfamily, one bound at each
end of the dimer. The major binding determinant is mediated by a newly formed antiparallel
B sheet involving main-chain and side-chain interactions between the Rasipl p2 strand and
Rapl switch | p2-strand. Comparison of the Rasipl RA domain structures shows that Rapl
binding induces only a few changes to the overall structure of the RA domain. Overall, the
B2 strand and the B1-p2 loop of Rasipl are stabilized in the complex by hydrogen bonds
with Rapl. Thus, Rasipl RA domain folds as a dimer and binds two Rap1l GTP-binding
proteins, and these data define the structure of a protein complex that regulates vascular
integrity and development.

As for the free protein, no electron density can be observed for most of the Rasipl loops,
suggesting that they remain unfolded in the complex. To support this observation, analysis of
the NMR sfHMQC linewidth of Rasipl in the complex shows that the core of the Rasipl
dimer is in complex with Rap1 and that most of the loop residues remain free and flexible.
Those flexible loops are likely binding sites for protein-protein interactions, and Rap1-
binding to the RA domain could regulate this binding, for example, by restricting access to
certain loops such as the B1-p2 loop. Moreover, there is a predicted forkhead-associated
(FHA) and a dilute (DIL) domain at the C terminus of the RA domain in both Rasipl and
Radil proteins, so it is possible that the FHA domain folds back onto the RA domain,
interacting with one of those loops. Upon Rap1l or Ras binding, a conformation change in
the protein could expose a binding site in the FHA domain leading to, for example, HEG1
receptor binding and membrane localization of Rasipl (de Kreuk et al., 2016). Considering
that Rasipl is a homodimer, the affinity of Rasip1l to certain ligands, such as transmembrane
proteins like HEG1, should be increased by the multivalence of the dimer and possibly
induce clustering of those receptors.

The structure described in this study gives us the opportunity to identify residues on the
surface of Rasipl and Rapl that establish the effector specificity in the Ras subfamily of
GTP-binding proteins, as we did previously for the KRIT1 FERM domain (Gingras et al.,
2013) and others for Raf (Nassar et al., 1996). However, to our surprise, using the published
crystal structures of different Rap and Ras proteins, we could not find a salt bridge or a
hydrogen bond that would favor one member of the family. Mitin et al. (2004) suggested that
Rasipl may not be an exclusive effector for Ras-mediated signaling in cells; they observed
binding to Rap1A, HRas, and KRas, but not RhoA. Using SEC and ITC, we find that the
Rasipl RA domain can bind both Rapl and HRas (Kp = 0.9 and 2.2 uM, respectively) with
comparable affinity. An extensive in vitro biochemical study by Wohlgemuth et al. (2005)
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with many RA-domain-containing proteins showed that, as a general rule, a 10-fold
difference in affinity between Rapl and HRas is observed, and that MRas behaves more or
less similarly to HRas. Furthermore, an average AG difference of ~1.5 kcal/mol is sufficient
to provide this specificity, which is approximately one hydrogen bond difference. Depending
on the geometry and environment, the hydrogen bond free-energy content is estimated to be
between 0.5 and 8 kcal/mol (Sheu et al., 2003). The difference in AG between Rapl and
HRas for Rasipl binding was low (0.4 kcal/mol), which is consistent with a maximum one
hydrogen bond difference or less between the two complexes. Thus, our structural and
biochemical analysis of Rasipl1 suggested that it can be an effector for both Rap- and Ras-
mediated signaling in cells.

It is arguable whether or not the relative affinities of the isolated domains for Ras or Rap,
measured in vitro, reflect the specificity of that interaction in vivo. In the case of Rasipl,
there is strong evidence that it acts together with Rap in vascular development (Post et al.,
2013; Wilson et al., 2013; Xu et al., 2011), consistent with our affinity measurements. Also,
although both Ras and Rap interact with full-length Rasip1, as shown by co-precipitation
studies (Mitin et al., 2004), Rap recruits and co-localizes with Rasip1 at the plasma
membrane (Post et al., 2015). Less work has been done on the Ras interaction with Rasip1,
but interestingly, both KRas and Rasipl have been shown to play an important role in
endothelial tubulogenesis (Norden et al., 2016); more studies will need to investigate this
potential connection. Rasipl shows no specificity toward Rap and Ras in vitro, and we could
not create a structure-guided mutant of Rasip1 that would selectively bind to either Rap or
Ras to help these investigations. We previously showed Arg182 to be important by
mutagenesis where Rasip1(R182E) exhibited a markedly reduced affinity for Rapl (de
Kreuk et al., 2016). This mutation creates repulsion between the negatively charged
glutamate side chain of the mutant and the Rap1 surface. However, this mutant also blocks
binding to Ras, thus it can be used to study the downstream effects of Rasipl binding to Rap
and/or Ras in vivo.

In our search for an explanation for the low specificity of Rasipl toward members of the Ras
subfamily of GTP-binding proteins, we investigated Radil for comparison. The Radil RA
domain has a high sequence identity with the Rasipl RA domain and was shown to bind Rap
and not H-, N-, or K-Ras by co-precipitation studies (Smolen et al., 2007). To our surprise,
we also found that the dimeric Radil RA domain binds both Rap and Ras in vitro (Kp = 1.2
and 3.9 uM, respectively) with similar affinity as observed with Rasipl. Similar to Rasip1,
there is strong evidence that Radil is an effector of Rap (Post et al., 2013, 2015), but little
evidence on whether it can also function as a Ras effector in vivo. Interestingly, Radil was
described as an AF6-like protein (also called afadin) and AF6, which contains two N-
terminal RA domains, also interacts with both Ras and Rap (Boettner et al., 2000; Kuriyama
et al., 1996; Zhang et al., 2005).

Our data on both Rasipl and Radil point to a dimeric RA domain subfamily that can bind
both Rap and Ras in vitro. The fact that the RA domain is a dimer is important, since the Ras
subfamily member are attached to the membrane by prenylation and palmitoylation on their
CAAX box. This can provide a membrane anchor for Rasipl and, since the dimeric RA
domain can bind two molecules, the affinity for two ligands attached to the membrane will
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cooperatively augment. Furthermore, it is also possible that Rasip1 will bind one Rap and
one Ras simultaneously to create membrane nanoclusters of Ras subfamily GTP-binding
proteins. Interestingly, Ras-GTP forms dimers at the membrane to activate the MAPK
pathway (Nan et al., 2015), so it is possible that Rasipl binding to two molecules promotes
Ras and/or Rap dimerization and possible activation of specific pathways in vivo.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

Human RA domains of Rasipl (residues 134-285) and Radil (residues 51-193) were cloned
into the pETM-11 (His-tagged, EMBL) vector and were expressed in Escherichia coli BL21
Star (DE3) cultured in lysogeny broth medium or in minimal medium for 1°N-labeled
samples for NMR. Recombinant His-tagged RA domain polypeptides were purified by
nickel-affinity chromatography following standard procedures. The His-tag was removed by
cleavage with TEV protease overnight, and the protein was further purified by SEC using a
Superdex-75 (16/600) column (GE Healthcare). The protein concentration for RA domain
monomers was assessed using a molar absorption coefficient of Epgg = 24,980 M~ for
Rasip1 and 15,470 M~1 for Radil.

Human Rapl isoform Rap1B (residues 1-167) and HRas (residues 1-189) cloned into pTAC
vector in the £. colistrain CK600K was the generous gift of Professor Alfred Wittinghofer
(Max Planck Institute of Molecular Physiology, Germany). Cultures were grown at 37°C
until they reached an Aggg of 0.8, transferred to an 18°C shaker for 1 hr, and then induced
with 1 mM isopropyl p-D-1-thiogalactopyranoside overnight. Untagged GTPases were
purified by ion exchange, followed by Superdex-75 (26/600) gel filtration. The column was
pre-equilibrated and run with 20 mM Tris, 150 mM NaCl, 3 mM MgCl,, and 2 mM DTT
(pH 7.4; TBS-MD). Nucleotide exchange for GMP-PNP (guanosine 5°-[B,y-
imido]triphosphate) was achieved as described by John et al. (1990) using the non-EDTA-
containing approach. The final sample was buffer exchanged using a PD-10 column in TBS-
MD buffer before freezing. The protein concentration was assessed using a molar absorption
coefficient of Epgg = 18,450 M~1 for HRas-GTP and 19,480 M~ for Rap1B-GTP as
reported by Tucker et al. (1986).

RA Domains Binding to Rapl and HRas by Size Exclusion Chromatography

SEC of recombinant RA domains with Rap1B and HRas was performed using a
Superdex-75 (10/300) GL at room temperature. The proteins, 50 UM each, were mixed in a
volume of 100 pL and incubated for 30 min at room temperature before loading onto the
column, which was pre-equilibrated with and run with TBS-MD (pH 7.4).

Purification of Rasip1 after Trypsin Treatment

Recombinant His-tagged Rasipl RA domain was purified by nickel-affinity chromatography
as described above. The protein was exchanged into 20 mM Tris, 150 mM NaCl, 2 mM DTT
(pH 7.4; TBS-D) using a HiPrep (26/10) desalting column (GE Healthcare). A total of 48
mg of Rasipl in TBS-D buffer supplemented with 2 mM CaCl, was digested with 20 pg of
trypsin for 5 hr at 30° C (ratio of 1:2,500; Promega VV511A). The solution was then
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incubated in 50 uL of trypsin inhibitor agarose (Sigma T0637) for 15 min at room
temperature. The beads were pelleted by centrifugation and the suspension loaded onto a
Superdex-75 (16/600) column equilibrated in TBS-D buffer. The final protein concentration
was determined using a molar absorption coefficient of Epgg = 24,980 M~ for Rasip1,
which was partially accurate since the protein lost ~2 kDa as determined by SDS-PAGE, but
no tryptophan residue based on NMR.

Purification of the Trypsin-Treated Rasipl-Rapl Complex

Equal molar concentrations of trypsin-treated Rasipl RA domain and GMP-PNP loaded
Rap1B were mixed and loaded on a Superdex-75 (16/600). The column was pre-equilibrated
and run with 20 mM Tris, 50 mM NaCl, 3 mM MgCl,, and 2 mM DTT (pH 8). The final
complex concentration was determined using a molar absorption coefficient of Epgg =
39,420 M1 for the Rasip1-Rap1B complex.

Isothermal Titration Calorimetry

ITC experiments were performed using an ITC200 microcalorimeter (MicroCal) at 23°C.
All proteins were dialyzed into 20 mM sodium phosphate, 200 mM NaCl, 3 mM MgCl,, 1
mM tris(2-carboxyethyl)phosphine, 0.1 mM GMP-PNP (pH 6.5) before performing the
experiment. During each titration, 19 injections of 2 uL of HRas or Rap1 (between 0.34 and
1 mM) were made to cells containing Rasipl or Radil (between 30 and 80 uM). ITC data
were analyzed by fitting to a single-site binding equation using MicroCal Origin software.
The SE reported is based on two different titrations using the same protein samples.

Crystallization of the Trypsin-Treated Rasipl RA Domain and Rasipl-Rapl Complex

The purified trypsin-treated Rasipl RA domain and trypsin-treated Rasipl-Rapl complex
were concentrated to 4.67 and 3.63 mg/mL, respectively. Crystals were grown at room
temperature using the sitting-drop method by mixing equal volumes of protein complex and
reservoir solution (2 + 2 pL). The reservoir solution contained (Rasipl) 1.25-1.5 M
ammonium sulfate, 100 mM 2-(N-morpholino)ethanesulfonic acid (MES; pH 6.0), and
(Rasip1l-Rapl) 14-19% PEG 8K, 200 mM calcium acetate, 100 mM MES (pH 6.5). The
crystals were briefly transferred to reservoir solution containing 20% glycerol before
freezing in liquid nitrogen.

Structure Determination

Diffraction data for the Rasipl RA domain and RRA-Rap1 complex were collected at
Stanford Synchrotron Radiation Lightsource experimental station 12-2. All crystals
displayed strong to severe anisotropy of diffraction in two directions, where reflection
intensities extend in one direction to higher resolution than in other directions, so we relied
on the CC* to assess data quality (Karplus and Diederichs, 2012).

The data were processed with XDS (Kabsch, 2010). For the Rasip1-Rapl complex, initial
phases were determined using the structure of human Rapl1B, excluding the nucleotide
(PDB: 4HDQ), chain B) with Phaser; all the software used are part of the CCP4 software
suite (Collaborative Computational ProjectNumber 4, 1994). Two copies of Rap1B were
found, clear electron density was observed for the nonhydrolyzable GTP analog GMP-PNP,
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and it was very apparent that the Rap1 was bound to Rasipl by the presence of a newly
formed antiparallel B sheet formed by strand 2 from Rap1, also called switch I, and a
strand from Rasipl. The GMP-PNP (GNP) was docked into the model, many residues of
Raspl were built manually using Coot near Rapl switch I, and cycles of maximum
likelihood refinement in Refmac5 were performed. It became very apparent from that point
that the Rap1 was bound to GMP-PNP and the quality of the map improved significantly.
The model was then optimized using cycles of manual refinement with Coot and maximum
likelihood refinement in Refmacb.

The structure of the Rasipl was solved by molecular replacement using Phaser with the
structure of the Rasipl dimer from the Rasip1-Rapl complex.
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Highlights

. We solved the crystal structure of Raispl RA domain (RRA) and in
complex with Rapl

. In contrast to most RA domains, RRA has an extended C terminus and
forms a dimer

. The RRA dimer can bind two Rapl or Ras molecules (Kp = 0.9 and 2.2
UM, respectively)

. Rapl binding via its switch | domain induces few conformation

changes in RRA
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Figure 1. Rasipl RA Domain Is a Stable Dimer in Solution with Many Unfolded Loops
(A) 1H,15N-sfHMQC spectrum (308K, 600 MHz) of 217 uM Rasipl RA domain. Two

populations of peaks were observed; the majority broad with good dispersion and many
sharp with poor dispersion.

(B) Incubation of the Rasipl RA domain with trypsin (250:1 w/w) at different time intervals.
A stable fragment was accumulating after 30 min (~2 kDa smaller).

(C) 1H,15N-sfHMQC spectra (298K, 600 MHz) of 300 uM Rasipl RA domain after
cleavage with TEV (red) or trypsin (blue). The green arrow highlights the C terminus
resonance and the black arrows the resonances that disappeared after trypsin treatment.
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Figure 2. Crystal structure of the Rasipl RA Domain Dimer
(A) Sequence of human Rasipl RA domain with secondary and tertiary structure elements

highlighted.

(B-F) Cartoon representation of the Rasipl dimer with one monomer shown in green and
the other in gray.

(B) Side view of the dimer with a surface representation of one of the monomers.

(C) View of one monomer on top of the other one. The secondary structure elements of a
monomer are labeled. The missing loop and terminus residues in the crystal structure are
shown in brackets (total of 45).

(D) View of the dimer interface with a focus on the p5 strands of each monomer forming a
short three-residue antiparallel  sheet. The side chains of Trp242 are also making a small
hydrophobic interface.
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(E) Different view of the dimer interface with a focus on the side chains of Glu233 and
Arg227 making a salt bridge within the same molecule. They also pack against the same
amino acid pair from the opposite monomer in an antiparallel way.

(F) Top view of the dimer interface as shown in (C) with a surface charge representation of
one of the monomers to highlight the relatively hydrophilic dimer interface.
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Figure 3. Proteins Containing RA and UBQ Domains
(A-C) Superimposition of the Rasipl RA domain monomer, as a green ribbon diagram, with

(A) the second Rasipl RA domain in the dimer (gray); (B) ubiquitin (PDB: 1AAR; red); (C)
RalGDS (PDB: 1LFD; blue).

(D and E) Superimposition of the RA domain dimer of Rasipl with Radil (PDB: 3ECS; red
and blue). (D) Radil has extended N and C termini in comparison with Rasipl. (E) The
Radil crystal structure contains the N-terminal TEV cleavage sequence forming an artificial
extra p strand. The B strand alters the angle of the C-terminal helix.
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Figure 4. Most Rasipl RA Domain Unfolded Loops Are Not Involved in the Rapl Interaction
(A) 1H,15N-sfHMQC spectra (298K, 600 MHz) of 160 uM Rasip1 RA domain in the free

form (red) and in the presence of 250 UM Rapl (~1.5-fold excess, blue). Almost all the
broad peaks with good dispersion disappeared upon complex formation.

(B) Focus on the ~37 sharp peaks with poor dispersion left from the Rasipl spectrum after
Rapl binding.
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Figure 5. Crystal Structure of the Rasipl RA Domain Bound to Two Rapl Molecules
Cartoon representation of the Rasipl dimer (green and gray monomers) bound to two Rapl

molecules (yellow and magenta).

(A) Side view of the Rasipl RA domain dimer bound to two Rapl. A new extended
antiparallel B sheet across the 2 strand of Rasipl and the B2 strand of Rap1l is formed.
(B) View of the key hydrogen bonds at the Rasip1-Rapl binding interface, with a focus on
the interactions across the newly formed  sheet.

(C) Top view of the binding interface on the surface charge representation of Rapl. The
Rasip1 residues making hydrogen bonds with Rap1 are labeled. The Rasip1 Argl82 side
chain is sitting into an acidic pocket on the surface of Rap1.
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Figure 6. The Rapl Binding Interface for Rasipl Is Highly Homologous to HRas
(A) Summary of the Rasip1-Rapl interactions as identified using COCOMAPS. The upper

section shows the hydrogen bonds between the two proteins and the lower section shows the
residues buried by formation of the complex. HRas is very similar to Rapl, and the residues
that are different are highlighted in red.

(B) View of the Rasipl RA domain on the surface electrostatic potential representation of
Rapl.

(C) View of the Rasipl RA domain on the surface electrostatic potential representation of
HRas.

(D) Sequence alignment of the effector region between proteins of the Ras subfamily of
GTP-binding proteins. The residues that come in contact with Rasipl are highlighted in blue
and the red arrow points to the amino acid that is different between the two sequences.
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Figure 7. Rasipl RA Domain Binds Rapl and HRas with Comparable Affinity
(A and B) Binding of the Rasipl RA domain to (A) Rapl or (B) HRas was analyzed on a

Superdex-75 (10/300) GL gel filtration column at room temperature. Incubation of both
GTPases with Rasip1 resulted in the formation of a complex with an increased Ve (50 pM
each). The arrow in (B) indicates the difference in elution between the Rapl and HRas
complexes.

(C and D) Calorimetric titration of the Rasipl RA domain in the cell with (C) Rapl bound to
GMP-PNP or (D) HRas bound to GMP-PNP. We performed each experiment two times and
obtained similar results.
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Figure 8. Radil RA Domain Also Binds Rapl and HRas with Comparable Affinity
(A and B) Binding of the Radil RA domain to (A) Rapl or (B) HRas was analyzed on a

Superdex-75 (10/300) GL gel filtration column at room temperature. Incubation of both
GTPases with Radil resulted in the formation of a complex with an increased V. (50 pM
each). The arrow in (B) indicates the difference in elution between the Rapl and HRas
complexes.

(C and D) Calorimetric titration of the Radil RA domain in the cell with (C) Rap1 bound to
GMP-PNP or (D) HRas bound to GMP-PNP. We performed each experiment two times and
obtained similar results.
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Table 1

Data Collection and Refinement Statistics for the Rasipl RA Domain Alone and Bound to Rapl

Rasipl RA (PDB: 5KHQ)

Rasipl RA-Rapl (PDB: 5KHO)

Data Collection

Space group P6,22

P2,2,2

Cell dimensions

abcA) 89.2,89.2,178.0

101.6, 154.7, 38.9

a, By (%) 90.0, 90.0, 120.0

90.0, 90.0, 90.0

Resolution (A) a

50.0-2.8 (3.0-2.8)

50-2.78 (2.99-2.78)%

ccy? 100.0 (95.1)¢ 99.9 (73.0)%
R meas 0.109 (2.871)7 0.075 (1.533)%
Vel 26.4 (2.1)° 19.3(1.5)%
Completeness (%) 995 (97.6)3 995 (98.5)'3
Redundancy 248 (25'7)51 83 (8.3)51
Refinement

Resolution (A) 47.1-2.8 48.2-2.78
No. reflections 10,332 15,232
Ruord Riree 23.4/26.2 20.5/28.6
No. atoms 1,573 4,132
Protein 1,558 4,048
Ligand/ion 6 72

Water 9 14

B factors 105.2 914

Protein 107.6 96.8
Ligand/ion 97.1 89.3

Water 91.8 79.8

RMSD

Bond lengths (A) 0.009 0.009

Bond angles (°) 1.485 1.397
Ramachandran (%)

Favored, allowed, outliers 98.4,1.6,0 93.7,5.5,0.8

a.. . . .
Highest resolution shell is shown in parentheses.

bAs defined in XDS.

Structure. Author manuscript; available in PMC 2017 December 06.

Page 24



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gingras et al.

Table 2

Thermodynamic Parameters Obtained from ITC Titrations

Kp (UM) N AH (cal/mol)  AS (cal/mol K)  -TAS (cal/mol)  AG (cal/mol)
Rasipl versusRapl 09+0.2 1.22+0.01 -3,400 100 16.2+05 -4,800 + 200 —8,200 + 300
Rasipl versusHras 2.2+05 1.20+0.06 -3,700 + 500 142 -4,100 = 600 -7,800 + 1,100
Radil versusRapl  1.2+0.1 1.04+0.05 -6,500+ 100 53+0.2 -1,600 + 100 —8,100 + 500
Radil versus Hras 39+09 121+£005 -5500=+100 6.8+0.1 —-2000 + 100 —7,500 + 400

The SE reported is based on two different titrations using the same protein samples.
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