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Abstract

:

Three decades of research have documented the spatiotemporal dynamics of RHO family GTPase membrane extraction regulated by guanine nucleotide dissociation inhibitors (GDIs), but the interplay of the kinetic mechanism and structural specificity of these interactions is as yet unresolved. To address this, we reconstituted the GDI-controlled spatial segregation of geranylgeranylated RHO protein RAC1 in vitro. Various biochemical and biophysical measurements provided unprecedented mechanistic details for GDI function with respect to RHO protein dynamics. We determined that membrane extraction of RHO GTPases by GDI occurs via a 3-step mechanism: (1) GDI non-specifically associates with the switch regions of the RHO GTPases; (2) an electrostatic switch determines the interaction specificity between the C-terminal polybasic region of RHO GTPases and two distinct negatively-charged clusters of GDI1; (3) a non-specific displacement of geranylgeranyl moiety from the membrane sequesters it into a hydrophobic cleft, effectively shielding it from the aqueous milieu. This study substantially extends the model for the mechanism of GDI-regulated RHO GTPase extraction from the membrane, and could have implications for clinical studies and drug development.
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1. Introduction


The RHO family GTPases, most prominently RAC1, CDC42, and RHOA, share two common functional characteristics, membrane anchorage and an on/off switch cycle [1]. They typically contain a conserved GDP/GTP binding domain, called G domain, and a C-terminal hypervariable region (HVR) ending with a consensus sequence known as CAAX (C is cysteine, A is any aliphatic amino acid, and X is any amino acid). Subcellular localization, which is critical for the biological activity of RHO GTPases, is achieved by a series of posttranslational modifications at the cysteine residue in the CAAX motif, including isoprenylation (geranylgeranyl or farnesyl), endoproteolysis and carboxyl methylation [2]. Membrane-associated RHO GTPases act then, with some exceptions [3], as molecular switches by cycling between an inactive GDP-bound state and an active GTP-bound state. This cycle underlies two critical intrinsic functions, GDP-GTP exchange and GTP hydrolysis, which induce structural rearrangements of two regions of the protein, called switch I and switch II [3] (encompassing amino acids 29–42 and 62–68, respectively) and is controlled by two classes of regulatory proteins, guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) [4]. RHO GTPases act as dynamic switches in many developmental and cellular contexts [5] by selectively binding to and activating structurally and functionally diverse effectors. This class of proteins activates a wide variety of downstream signaling cascades [6,7,8,9], thereby regulating many important physiological and pathophysiological processes in eukaryotic cells [10,11,12].



The spatial and temporal activation of RHO GTPases inside a cell is fundamental, for example, to the regulation of local movements and cell-cell contacts that are required for morphogenesis [12]. They are commonly found to cycle between two pools, a membrane-associated and a cytosolic pool. Given the fact that membrane attachment is a prerequisite for the signaling roles of this protein family, it is clear that reversible membrane translocation offers cells a means to regulate the location of the activation event. However, there is a serious handicap to such physical cycling for RHO GTPases. The highly hydrophobic geranylgeranyl (GG) moiety of RHO proteins renders them energetically unfavorable to partition into the cytosol as individual monomers. Post-translationally modified RHO proteins can only detach from membranes if they are assisted by RHO-specific guanine nucleotide dissociation inhibitors (GDIs), that shield the bulky lipid moieties from the aqueous environment of the cytosol [4,13].



In contrast to the tremendous number of the other regulatory proteins of the RHO family (74 GEFs and 66 GAPs) [14,15], only three GDIs exist in the human genome [16]. The GDI family includes the ubiquitously expressed GDI1 (or GDIα) [17], GDI2 (GDIβ, LY-GDI or D4-GDI), which is mainly found in hematopoietic tissue, particularly in B- and T-lymphocytes [18], and GDI3 (or GDIγ) that is preferentially expressed in brain, pancreas, lung, kidney, and testis [19]. Unlike the other two GDIs, GDI3 contains an N-terminal extension that confers anchorage into the membranes of Golgi vesicles [20]. As GDI3 is very similar to GDI1, it can form a complex with all the GDI1 targets [21]. GDI1 and GDI2 contain at their very N-terminus a large number of acidic residues which have been proposed to be essential for their function in the cell [22]. In addition to their physiological expression, GDIs are expressed in several human cancers, including breast, liver, ovarian, pancreatic and myeloid leukemia [13,18,23,24]. Changes in GDI expression levels have shown pro-tumorigenic or anti-tumorigenic effects, that are cell type- and tissue-dependent. One reason for these opposite effects is most probably due to our lack of understanding of the basic mechanism of GDI function and their binding specificities to the different RHO proteins.



Understanding the mechanisms by which signaling events are localized and the physiological consequences of spatial restriction are exerted, is one of the major challenges in cell biology. Comprehensive studies in the last three decades have provided insight into the structure and function of these regulators acting as a shuttle for the RHO GTPases [13,25,26,27]. The shuttling process, which considerably differs from the KRAS4BFar-PDEδ [28,29,30,31], involves the extraction of RHO GTPases from donor membranes, formation of cytosolic GDI-RHO GTPase complexes and delivery of RHO GTPases to the target membranes [13,27]. Accordingly, it has been proposed that GDI regulates the isoprenylation process in the cell [32]. GDI is known to extract RHO GTPases from the membrane, maintain them in an inactivated state, and protect them from both degradation and unspecific activation by RHO-specific GEFs [13,33,34]. Structural studies by different groups have revealed two sites of interaction between GDI and RHO GTPases [35,36,37,38,39]. First, an N-terminal region of the GDIs binds to the switch regions of RHO GTPases leading to the inhibition of both GDP dissociation and GTP hydrolysis. This step involves the Thr35 from the switch I region which would contact the Mg2+ ion and has an indispensable role in nucleotide binding of RHO GTPases. The Asp45 residue from the N-terminal region of the GDIs forms a hydrogen bond with this Thr35 residue of switch I region and increases the affinity for the bound GDP nucleotide, that may explain the preference of GDIs for GDP bound form of RHO proteins [37,38]. The first step positions the GDIs hydrophobic pocket toward the membrane surface. In the second step, the geranylgeranyl moiety of RHO GTPases moves out of the membrane and inserts into the hydrophobic pocket of the GDI molecule after which the formed complex moves to the cytosol [36,38]. The membrane release of CDC42•GDI1 complex occurs at a similar rate as the release of CDC42 alone, with the major effect of GDI1 being to impede the re-association of CDC42 with membranes [40]. Moreover, it has been reported that GDI1 binds the isoprenylated RAC1 and RHOA proteins with extremely high binding affinities 0.4 and 0.005 nanomolar affinity, respectively, as compared to non-isoprenylated proteins [41,42]. Although these studies have clearly demonstrated how GDIs interact with and serve as negative regulators of RHO GTPases, yet the basic mechanisms of how they pull the isoprenoid moiety from the membrane remain elusive.



In this study, we investigated the interaction between the three GDI proteins and various members of the RHO GTPase family using structure-function evaluation as well as kinetic and equilibrium measurements. We found clear specificity for the RHO GTPase-GDI interactions, and substantially extended the existing model for binding and membrane extraction of RHO GTPases by GDI1. We found, that: (1) the geranylgeranyl moiety is dispensable for RAC1-GDI1 interaction, (2) seven out twelve RHO family GTPases did not interact with GDI1, (3) a conserved G domain is not rate-limiting for the GDI1 binding, (4) RAC1 polybasic motif dictates GDI1 binding, (5) electrostatic pincer residues of GDI1 grasp RAC1 HVR, and (5) GDI1 buckles RAC1 into its site.




2. Results and Discussion


2.1. Geranylgeranyl Moiety Is Dispensable for RAC1-GDI1 Interaction


To understand the impact of the isoprenyl moiety of RAC1 on GDI1 binding, we compared the biochemical properties of geranylgeranylated RAC1 (RAC1GG) from insect cells and non-isoprenylated RAC1 full-length (RAC1FL) from Escherichia coli. Previous mass spectrometric analysis and liposome sedimentation of intact RAC1GG, compared to RAC1FL, have revealed a fully modified RAC1GG by geranylgeranylation [34]. Unless otherwise stated, the unmodified RAC1 purified from E. coli is designated as RAC1FL, the modified RAC1 purified from insect cells as RAC1GG, and the unmutated (wild-type) RAC1 as RAC1WT in cell-based experiments.



We determined the GDI association rates with both RAC1GG and RAC1FL using a stopped-flow fluorometric assay. Figure 1A shows a rapid decrease in fluorescence after mixing GDI1 with the RAC1 proteins, which is directly related to the association reaction between the RAC1-GDI1 pairs. Observed rate constants (kobs) obtained by a single exponential fitting increased linearly as a function of the GDI1 concentrations (Figure 1B), and yielded similar association rate constants (kon) for both RAC1GG and RAC1FL. The dissociation of the GDI1 from mdGDP-bound RAC1 proteins was measured in a displacement experiment. Observed single exponential fluorescence increase yielded respective dissociation rate constants (koff), which differ only 3-fold (Figure 1C). Notably, the RAC1GG-GDI1 interaction showed a biphasic behavior (double exponential kinetics); particularly for the off-rate, an initial rapid increase in fluorescence was followed by a slow plateau phase, which can be attributed to the GG moiety of RAC1GG. Calculated dissociation constants (Kd) from the ratio of the koff and kon values (Figure 1D) unexpectedly revealed only a 7-fold higher affinity for RAC1GG vs. RAC1FL.



Instead of the simple exponential decrease seen with GAP, there is an initial rapid increase in fluorescence followed by a decrease at a rate similar to that seen at high GAP concentrations. The first phase of the reaction is concentration-dependent, whereas the second is less obviously so. This suggests that an initial association between the proteins leads to an increase in fluorescence, which then decreases on mant-GTP hydrolysis (and consequent dissociation of the proteins) to a level below that of the starting level, in agreement with the observation that the fluorescence of Ras‚mant-GDP is lower than that of Ras‚mant-GTP. This interpretation means that the mechanism cannot be treated as a very rapid initial equilibration followed by a relatively slow cleavage step, which is the underlying assumption in the analysis of the data obtained with GAP.



This result clearly contradicts existing models which have suggested that the isoprenyl moiety of the RHO GTPases contributes to orders of magnitude higher binding affinity for GDI as compared to unmodified RHO GTPases [41,42]. The studies have determined Kd values of 0.4 nM and 5 pM for the interaction of GDI1 with prenylated RAC1 and RHOA, respectively, as compared to the 180 nanomolar Kd value determined in our study. The reason for the extraordinarily large differences between the binding affinities obviously lies in the proteins and the type of fluorescence reporter groups used in each case. On the one hand, we and Tnimov et al. applied native GDI1 while Newcombe et al. [41] used a coumarin-labeled GDI1 at position cysteine 79, which is actually buried and located in the back side of the C-terminal geranylgeranyl binding domain (GGBD); this modification at this position can drastically alter the confirmation and consequently its biochemical properties of GDI1. On the other hand, native RAC1GG purified from insect cells was used by Newcombe et al. as well as in this study, Tnimov et al. [42] used a cell-free modification approach of RHOAFL and purified geranylgeranyl transferase I and nitrobenzoxadiazole (NBD)-labeled geranyl-pyrophosphate [1]. In this way, the nature of the isoprenyl moiety and the absence of further posttranslational modifications by specific proteolytic removal of the terminal three residues, and carboxylmethylation of prenylted cysteine residue, are largely different from native RHOAGG.



Kinetic and equilibrium data revealed that the RAC1-GDI1 interaction is not markedly dependent on the presence of the geranylgeranyl moiety. The binding affinities determined for the RAC1-GDI1 interaction by three different methods indicate that GDI1 binds to non-isoprenylated RAC1 as efficiently as it does to isoprenylated RAC1; RAC1GG exhibited only 2.5 to 4.6-fold lower Kd values compared to RAC1FL. Evidently, these data clearly challenge the current regulatory model that the isoprenyl moiety at the C-terminus of RHO GTPases contributes to several orders higher binding affinity of GDI1.



The data presented in this study on similar binding affinity of GDI1 for RAC1GG and RAC1FL is not surprising for two reasons: (1) It is evident that GDI1 recognizes and binds regions of RAC1 other than the geranylgeranyl moiety in the cell because the latter is inserted into the lipid bilayer and anchors the RAC1 to cellular membranes. Thus, binding of the geranylgeranyl moiety by GDI1 cannot be rate-limiting. (2) GDI1 may not get into a situation where it competes for prenylated and nonprenylated RAC1 simply because nonprenylated RHO GTPases, such as RAC1, may not exist in cells; this has not been reported to our knowledge. Our data can provide an indication of the interaction specificity of GDIs for RHO GTPases. Therefore, we thoroughly investigated the specificity and the structure-function relationships of the three GDIs and various RHO GTPases.




2.2. Conserved G Domain Is Not Rate-Limiting for the GDI1 Binding


The above findings prompted us to unambiguously challenge the paradigm of RAC1 regulation by GDI1. To this end, we investigated the interactions of the three GDI paralogs, GDI1, GDI2 and GDI3, with various non-isoprenylated members of the RHO GTPase family (Table S1; Figure S1). GDI3 was purified as an N-terminal truncated variant lacking the amphipathic helix (amino acids or aa 1-20). Kinetics of association of the GDIs (2 µM) with 0.2 µM mdGDP-bound RHO GTPase was monitored under the same conditions as described above for RAC1. Calculated kobs values for each measurement (Figure S2) were plotted as bar charts in Figure 2A, which clearly show that all three GDIs associated with RAC1, RAC3, RHOG and RHOA under the experimental conditions but apparently not with RAC2, CDC42, TC10, TCL, RHOB, RHOC, RHOD and RIF. GDI2 and GDI3 showed significantly faster association with RAC3 as compared to GDI1. Most remarkably, unlike GDI1 and GDI3, GDI2 was able to bind RAC2. These results clearly indicate for the very first time that GDIs can discriminate between the RHO GTPases by interacting with some but not all the RHO proteins.



To examine binding properties, the respective association rate constants (kon) and the dissociation rate constants (koff) were determined for the interaction of GDI1 with RAC1, RAC3, RHOG and RHOA, and GDI2 with RAC2 under conditions described above (Figure 1A–D and Figure S3A). All kinetic parameters along with calculated dissociation constants (Kd) are summarized in Figure 2B. The data are very similar for the GDI1 interaction with RAC1, RAC3, RHOG and RHOA with Kd values between 0.9 and 3.2 µM. However, GDI2 interactions exhibited similar rate constants for RAC1 and RAC3, which were significantly different from that of GDI1 (Figure 2B). GDI2 exhibited more than 10-fold faster kon values and up to 4-fold slower koff values. GDI2-RAC2 interaction was characterized by a much slower rate of association as compared to RAC1 and RAC3, resulting in a binding affinity of 18.8 µM under the given experimental conditions (Figure 2B).



The biochemical characterization together with structural studies has shown that the RAC paralogs exhibit different properties concerning ligand– and protein–protein interactions [43]. Whereas RAC1 and RAC3 behave almost identically, RAC2 revealed a 25-fold lower nucleotide affinity because of a decreased nucleotide association rate, a slightly higher PAK1 (p21 activated kinase-1, a downstream effector for RAC1 and CDC42) binding affinity, and a significant increase in GEF-catalyzed nucleotide dissociation. These aberrant properties most likely are the consequence of different conformational flexibilities in the switch I region [44].



To understand this result, we have performed integrated sequence-structure analysis for all available GDI structures in complex with RHO GTPases (Table S2) and identified amino acids of the G domain (aa 1–176) involved in RHO GTPase-GDI interactions shown as an interaction matrix in Figure 2C. It reveals that almost all of them are indentical in different RHO GTPases. GDIs appear to mainly contact RHO GTPases through the switch I and II regions, and the α-helix 3 (shown in grey). The same is true also for the GDIs, which apply identical residues, with a few exceptions, to contact RHO GTPases. A major part of the contacts stems from the N-terminal switch binding domain (SWBD in green) and some from the GGBD (in orange; Figure 2D,E). So, identical contact sites do not explain the observed differences in kinetic measurements and this finding rather suggests a GDI1 modulatory region outside the G domain, namely the HVR.



A comparison of available structures of the RAC1-GDI1 and RAC2-GDI2 complexes revealed a rather high sequence similarity [35,36]. An inspection of full interaction matrix revealed very few amino acid deviations within the RAC G domains (Y/F89) and GDI paralogs (A/P/G31, E/K/R53, A/T/V54; Figure S4). However, Y98 in RAC1 and RAC3 undergoes contacts with H23 and V25 of GDI1 which may not be achieved by F89 in RAC2, that may only contact V25 but not S23. Among the deviations in GDIs, the loop containing A/G31 in GDI1 and GDI3 is in close vicinity of D65/R66 of RAC paralogs, which may, in the case of P31 in RAC2, adopt a different orientation and thereby influence RAC2-GDI2 binding. Residues in SWBD, such as E53 and A54 (GDI1 numbering), appear to be critical for RHO GTPase-GDI interaction. The double mutation of L55/L56 to serines in GDI1 has been shown to drastically decrease its affinity for RAC1 [45].



The interaction matrix showed a conserved interface between RHO GTPases and GDIs, but the missing parts of most structures are, on the one hand, the C-terminal HVR (178–190 aa in RAC1; Figure 2E) [46], and on the other hand, the N-terminal of the GDIs (1–25 aa in GDI1; Figure 2D) [22]. The crystal structure of the RAC1GG•GDP•GDI1 complex (PDB code: 1HH4) has remarkably provided the first evidence for the existence of a network of electrostatic interactions between these otherwise highly flexible regions [35]. Accordingly, GDI1 obviously supplies two sets of negatively charged residues to grasp the polybasic motif of RAC1 HVR. These are E109, D140, E163 and E164 of GDI1 GGBD across from E17, E19, E20, D21 and E22 at the flexible NTA of GDI1 (Figure 2E). Thus, it seems that GDI1 applies an electrostatic pincer towards the polybasic motif of RAC1 and extracts it from the membrane. This mechanistic model was next investigated in-depth.




2.3. RAC1 Polybasic Motif Dictates GDI1 Binding


A sequence analysis of HVRs of GDI1 associating RHO GTPases (‘binders’) versus those with no observed GDI1 association (‘non-binders’) showed clear differences in both numbers and relative positions of positively charged residues (Figure 3A). To examine the impact of HVR on the RHO GTPase-GDI1 interaction, we measured the kinetics of GDI1 association with different HVR variants of RAC1 and RAC2. Remarkably, a loss of RAC1 association was observed with a C-terminal truncated variant lacking HVR-CAAX (RAC1ΔC10) as well as KRKRK-to-EEEEE (RAC15xE; charge-reversal variant) and KRKRK-to-QQKRA (RAC1-to-RAC2 or RAC1RAC2 variant). In contrast, a gain of GDI association with RAC2 was observed with QQKRA-to-KRKRK (RAC2-to-RAC1 or RAC2RAC1 variant; Figure 3B). These findings were verified by fluorescence polarization experiments (Figure S3A) and obtained data summarized in Figure 3C revealed that (1) RAC1ΔC10 yet bound GDI1 with a 26-fold lower affinity as compared to RAC1, (2) RAC15xE, binding to GDI1 was yet observed with a very low affinity while this was not possible for RAC1RAC2, and (3) RAC2RAC1 did, in contrast to RAC2, bind GDI1 with an almost similar affinity as determined for RAC1. Taken together aided HVR alteration can completely abolish GDI1 association with RAC1 and revert GDI1 association with RAC2.



The results clearly demonstrate the critical role of the polybasic motif of RAC1 in determining GDI1 binding. It seems that both an increase of overall positive charge in HVR of RAC2 and the distance of the basic residues from the geranylgeranyl site strongly reinforce GDI1 binding affinity. We hypothesize that the GDI1 selectively binds RAC1 polybasic motif to pull the GG moiety from the plasma membrane and direct it into the hydrophobic cavity of its GGBD.



The relative position and the order of the basic residues in HVR seem to contribute to the formation of an electrostatic network (Figure 2E) that may significantly stabilize GDI1 interaction with, for example, RAC1 and RAC3 but not RAC2. Synthetic peptides containing the polybasic motifs of RAC1 (aa 178–188), but not RAC2 (178–188), have been shown to inhibit NADPH oxidase activity in a RAC1-dependent system, and interfere with the translocation of RAC1 proteins to the plasma membrane [47]. While the geranylgeranyl moiety mediates membrane anchorage, the polybasic motif of RAC1 interacts with plasma membrane phosphoinositides and stabilizes its proper orientation [48].



Considering the amino acid sequence identity of the G domain on the one hand (Figure 2C), and the sequence similarities among the hypervariable regions on the other (Figure 3A), it is striking that seven out twelve RHO family GTPases do not interact with GDI1 (Figure 2A). For example, the HVRs of RHOA versus RHOC and RAC3 versus CDC42 look very similar, and yet GDI1 binds one but not the other, under the same experimental condition in this study. An in-depth analysis of the RAC1 and RAC2 variants revealed that the HVR polybasic motif dictates GDI1 binding (Figure 3B,C). The number of positively charged residues appears not to be a binding determining factor since the HVR polybasic motif of the nonbinder RHOC has a higher positive net charge as compared to the binder RHOA (Figure 3A). This is also true if comparing the binder RAC3 with the nonbinder CDC42, which exhibits a much larger amino acid variability with their HVRs. Thus, we assume at this stage that, not the number of positive charges but rather the position of the basic residues relative to the C-terminal cysteine determines the bilateral binding selectivity of the HVR polybasic motif by the negatively charged residues of both GGBD and NTA (Figure 2D,E). This may be the reason for TC10 and RHOD not to interact with GDI1 related to the distance of the polybasic motif to the C-terminal Cysteine (Figure 3A). Notably, Gosser et al. has reported a binding affinity of 1.6 nM between unmodified CDC42 and GDI1, which significantly impaired upon N-terminal deletions of GDI [49]. This value is three orders of magnitude lower than the Kd values we have obtained from kinetic and equilibrium measurements (Figure 1). Gosser et al. have used in addition to mGDP-bound CDC42 also a fluorescein-conjugated GDI at position cysteine 79, which is actually buried and located in the back side of the GGBD; this modification at this position can drastically alter the confirmation and consequently int biochemical properties of GDI1. Moreover, residues next to the positively charged residues within the HVR seem to play a role, too. Glutamines in RAC2 and RIF seem to be deleterious for the interaction with GDI1. Glutamate 181 in CDC42 may exert electrostatic repulsive effects on the GDI binding (Figure 3A). Serine 185 is a phosphorylation site on CDC42, regulating its translocation to the cytosol by favoring its interaction with GDI1 [50]. Future studies will shed light on these issues.




2.4. Electrostatic Pincer Residues of GDI1 Grasp RAC1 HVR


GDI1 function appears to be driven and controlled by electrostatic forces, that attract the polybasic motif of RAC1. To examine this mechanism, we generated different deletion and charge reversal variants of GDI1 and measured both their binding capabilities to RAC1GG and RAC1FL, as well as their functional properties to displace RAC1GG from PIP-enriched synthetic liposomes. GDI1E121K, which apparently does not contact RAC1 HVR but the switch 2 region (Figure 2E), was used as a control. Kinetic analysis showed that most GDI variants are disabled in associating with RAC1 (Figure 4A). Substitutions of D140, E163 and E164 for lysines or deletion of the N-terminal and very C-terminal amino acids significantly impaired GDI1 binding to isoprenylated and non-isoprenylated RAC1, as compared to GDI1WT. The most drastic effects were observed with 25 and 58 amino acids deleted at the N-terminus (∆N25 and ∆N58) on the one hand, and double (E163K and E164K or 2E > 2K) and triple (E140K, E163K and E164K or 3E > 3K) mutations, on the other, which did not bind to the RAC proteins under the experimental conditions. Fluorescence polarization measurements verified that most GDI1 variants were yet able to bind RAC1FL, but with up to 145-fold lower binding affinities compared to GDI1WT (Figure 4B). RAC1 binding was completely abolished in the case of ∆N58 and 3E > 3K variants. GDI1ΔN58 not only lacks the very N-terminal acidic resides, that are integral elements of the electrostatic pincer function, but also the switch binding domain (SWBD), which forms multiple contacts with the RAC1 switch regions (Figure 2C,D). GDI13E>3K most likely creates intermolecular charge repulsion towards positively changed HVR.



To analyze the function of the GDI variants in extracting RAC1GG from the liposomes, we performed a liposome sedimentation assay established previously [34]. Therefore, we mixed PIP-enriched liposomes (200 µm in diameter) with GDP-bound RAC1GG and isolated liposome-bound RAC1GG from the pellet fraction (Figure 4D, first lane) after sedimentation. Next, 1 µM of RAC1GG•GDP bound to liposomes was mixed with 2 µM of GDI1 WT and its variants (2 µM, respectively) to measure their ability to displace RAC1GG from the liposomes. Figure 4D shows that GDI1WT quantitatively displaced RAC1GG from the liposomes. In contrast, the majority of the GDI1 variants revealed a significant reduction in their activities, consistently with the kinetic and equilibrium measurements (Figure 4A–C). Particularly, GDI1ΔN58 and GDI13E>3K were completely disabled in binding and extracting RAC1GG from the liposomes, strongly supporting the notion that GDI1 supplies an electrostatic pincer to grasp RAC1 and pull it out from the plasma membrane. Moreover, GDI1E121K and GDI12E>2K remained partially associated with liposomes and were sedimented in the pellet fraction (Figure 4D). The fact that these GDI1 variants were able to bind to RAC1GG on the liposomes but could not extract it from the liposomes strongly suggests that an electrostatics-guided binding and extraction mechanism is impaired unilaterally. We think that binding of the GDI1 GGBD with the RAC1 HVR takes it away from its membrane association and release additional basic residues on HVR for the interaction with the negatively charged residues of the GDI1 NTA (the so-called electrostatic pincer; Figure 5). Loss of the GGBD-HVR interaction at this step obviously disabled the GDI1 variants (GDI1E121K and GDI12E>2K), that is associated with RAC1GG on the liposomes, to extract RAC1GG from the membrane.



YFP-RAC1 and FLAG-GDI1 variants were ectopically expressed in HUVECs to analyze the molecular basis of their interactions using immunofluorescence (Figure 4E and Figure S9). In the absence of FLAG-GDI1, YFP-RAC1 was both localized in the cytoplasm and at the plasma membrane (arrowhead). When either GDI1WT or GDI∆N15 were co-expressed, RAC1 was extracted from the plasma membrane and resided in the cytoplasm. In contrast, GDI∆N25 and GDI2E>2K interestingly co-localized with RAC1 at the plasma membrane (arrow head), supporting above data that they still bind RAC1, however were disabled in displacing it from the membrane (Figure 4D). The RAC1 localization pattern in co-expression with GDIΔN25 and GDI2E>2K was similar to the RAC1 localization in the absence of GDI. In contrast, RAC15xE was exclusively cytosolic both in the absence of GDI1 and in the presence of GDIΔN15, GDI∆N25, and GDI2E>2K. Co-expression of GDI1 and RAC15xE seemed to result in the localization of RAC15xE in the perinuclear structure. Similar to RAC1, co-expression of RAC15xE without GDI or with GDIΔN25 and GDI2E>2K resulted in a similar RAC1 localization. Furthermore, GDIΔN25 co-localization was stronger when co-expressed with RAC15xE in comparison to its co-expression with RAC1, which is due to the reduction of repulsion that exists between 25 N-terminal amino acids of GDI and HVR of RAC15xE.



Both GGBD and NTA of GDI1 provide negatively charged residues as the basic building block of the electrostatic pincer of GDI that grips the RAC1 HVR, pulls the geranylgeranyl moiety out of the membrane and push it into the hydrophobic cavity of GGBD (Figure 5). A prerequisite for ensuring the pincer function is the preceding association of GDI1 via SWBD and also GGBD (Figure 2C). GDI1 variants that lacks negatively charged residues in GGBD (GDI2E>2K) or NTA (GDI∆N25) are able to recognize and bind RAC1GG but are disabled in displacing RAC1GG from the membrane.



The results above are consistent with previous findings and support the concept of an electrostatic pincer mechanism on a subset of RHO family GTPases. An early NMR study has shown that deletion of the highly flexible N-terminal region of GDI1 impairs its ability to extract RAC1 from the plasma membrane in HeLa cells [51]. Mutations of R186 to cysteine in CDC42 HVR has very recently been shown to disrupt its interaction with GDI1 in patients with a novel autoimmune hematological disorder [52]. Thus, electrostatic complementarity between GGBD with the corresponding negative potentials, as shown in this study, and the polybasic region of RAC1, on the one side, and the negative potentials of the N-terminal, rather flexible NTA moving towards the polybasic region from the other side, obviously provide the required forces to facilitate RAC1 displacement from the membrane [35,36,51,53].




2.5. GDI1 Buckles RAC1 into Its Site


A closer look into the RAC1GG-GDP-GDI1 complex (PDB code: 1HH4) revealed that the very terminal regions of GDI1 may undergo an electrostatic interaction and thus tighten the complex and avoid dissociation. To examine this hypothesis, we functionally analyzed two flanking deletion variants of GDI1 regarding RAC1 binding and membrane extraction. Kinetic analysis showed that the association rate of GDI1ΔN15 and GDI1ΔC6 were drastically slowed down up to 24-fold, especially for mGDP-bound RAC1GG (Figure 4A). Equilibrium measurements of these terminally deleted variants revealed a massive reduction in the Kd values of 440- and 140-fold, respectively, as compared to GDI1WT (Figure 4B). These GDI1 variants also exhibited a reduced activity in RAC1GG extraction from the liposomes (Figure 4D).



Our findings revealed that completing the RAC1-GDI1 interaction is seemingly based on electrostatic steering, selectively dictated by charge-charge interactions. This mechanism is notably represented by almost identical koff rates, and more than 100-fold difference in the kon rate for interaction of GDI wt, ΔN15 and ΔC6 with RAC1 (Figure 4C). The kinetic values disclose, for example, the significance of these negatively charged residues of the very N-terminus of GDI1 (E3, E5 and E9; GDI1 residues 1-8 are not visible in the RAC1-GDI1 structure; Figure 2D,E and Figure 4B) in closing up the RAC1 membrane extraction and shielding the geranylgeranyl moiety. Moreover, GDI1ΔC6 exhibited similar attributes to GDI1ΔN15 and GDI1E121K in terms of RAC1 binding capability but has a different effect on RAC1 extraction from the liposomes (Figure 4D). This suggests that the CT motif may have additional roles beyond stabilizing the RAC1GG-GDI1 complex through an intramolecular NTA-CT interaction.



These data about the roles of the very N-terminal and C-terminal regions of GDI1, which may hold true for GDI2 and GDI3 due to sequence similarities (Figure 2E), strongly suggest that these regions may act as a ‘buckle’ that connects them and safeguards RAC1-bound state of the GDI.





3. Conclusions


This study elucidated a distinct and specific mode of GDI function that holds true for only a subset of RHO GTPases. Our data uncovered a latent set of interactions between RAC1 and GDI1, which add additional insight into the multi-step process that facilitates membrane extraction and inhibition of RAC1 activation. We thus hypothesize that GDI1 binds first with its SWBD to the highly conserved switch regions [4] of RAC1GG on the membrane and then by the GGBD the RAC1 HVR associated with the negatively charged phospholipids (Figure 5A,B) [48]. This step may initiate an electrostatic steering mechanism, which, resulting from long-range charge-charge interactions, determines selective recognition of the HVR positive potentials by the GDI1 NTA negative potentials (Figure 5C). This process may generate the required force to pull the geranylgeranyl moiety from the membrane and place it into the GGBD hydrophobic cleft. A last step may be locking RAC1GG-GDI1 interaction through the very terminal residues of GDI1 NTA and CT (Figure 5D).



An electrostatic steering mechanism has been previously demonstrated for the interaction between CDC42 and WASP [54,55], and VWF and GPIbα [56]. It results from long-range charge-charge interactions, and dictates selective bimolecular recognition. Notably, electrostatic steering forces control the accelerated association reaction of two molecules, but not the dissociation reaction [54]. This small list of interactions can now be extended to interactions between GDIs and RHO GTPases, such as RAC1.



Our data demonstrated that GDI1 binds essentially similarly to prenylated and nonprenylated RAC1. This is plausible since the geranylgeranyl moiety of RAC1 is inserted into the cellular lipid bilayer and simply prevented from protein interactions. So, what could be the biological implication of the finding that GDI1 binds essentially similarly to RAC1 with and without a geranylgeranyl moiety? The answer probably lies in the specificity of GDIs for RHO GTPases. Our protein interaction and structure-function studies revealed the following insights: (1) The activities of three GDIs do not differ considerably (Figure 2A), pointing to their cell-type specific expression patterns on the one hand and their subcellular localization on the other, providing two GDIs, e.g., GDI1 and GDI3, are expressed at the same time in the same cell. GDI2 showed the highest kon value for RAC2, associating up to 6-fold faster than RAC1 and RAC3. (2) The three GDIs exhibited a clear specificity for the RAC-like proteins, RAC1, RAC2, RAC3 and RHOG, as well as for RHOA, under the experimental conditions used in this study. A systematic analysis of the sequence-structure-function relationships of the RHO GTPase-RHOGDI interaction identified the C-terminal HVR of the RHO GTPases as the key element that ascertains the GDI specificity. (3) Neither GDI1 nor GDI3 but GDI2 exhibited clear selectivity for RAC2, even though this interaction is one of the weakest interactions measured in this study (Figure 2A,B). To explain the RAC2-GDI2 interaction selectivity, which can preferably take place in the hematopoietic system [57,58]. we inspected the RHO GTPase-GDI interaction matrix in detail and found amino acids in GDI2 deviating from those in GDI1 and GDI3, namely Pro28, Leu35, Met38, Asp39, Ala139 and Phe141 (Figure S3). The latter two residues which undergo contact to RHO GTPase HVR may be critical as changes in HVR such as RAC1-to-RAC2 and RAC2-to-RAC1 clearly affected their interaction with GDI1 (Figure 3B,C). This notion goes along with our other data and confirms the central role of HVR in the interaction with GDIs.



Spatiotemporal activation of RHO proteins requires that various regulators are orchestrated. GDI as a membrane cycling factor regulates the state of activation of RHO proteins by displacing them from different membranes and masking them from their activation by GEFs or proteasomal degradation [13,59]. Specific binding of the GDI proteins toward RAC1 in the terms of fast-kinetic elucidates a new mechanism through electrostatic steering between HVR of RAC1 and negatively charged N-terminus of GDI (Figure 5). Nevertheless, HVR determines the kinetics of membrane localization of RHO GTPases [48]. There are genuine data, which showed RAC1 with a strong polybasic region that would be mainly targeted to plasma membrane, but RAC2 and CDC42 with a weaker polybasic region remain in endomembranes [60]. In this context, the high affinity of RAC1 membrane binding calls for a tighter interaction with GDI in order to extract it from membranes.



A number of modulatory proteins and enzyme activities may facilitate or block the GDI-regulated RAC1 extraction from the membrane. A group of proteins that associate with the C-terminal HVR of RAC1 and may interfere with the RhoGDI function, includes CMS/CD2AP [46], β-PIX [61], Pacsin2 [62], NMP1 [63], smgGDS [64], and CaM [65]. The dissociation of RAC1 from GDI1 and its (re)association with the cell membrane still remain unclear.



There are several modulators proposed to fulfill these functions. Potential RhoGDI displacement factors include the neurotrophin receptor p75 (p75NTR) and TROY [66,67,68], and members of the ezrin/radixin/moesin (ERM) protein family [69,70,71]. Other factors that directly modulate the RhoGDI functions are coronin-1A [72,73], syndecan 4-synectin complex [74], the GAP domain of the RHO regulators BCR and ABR [75,76] and phospholipids, such as phosphoinositide (3,4,5)-trisphosphate (PIP3) [77]. Phosphorylation of GDI1 by PAK1 at Ser101 and Ser174 has been shown to mediate its dissociation from RAC1 but not RHOA [78]. However, the mechanistic details of such GDI modulators or displacement factors remain unclear.



Enzyme activities that control posttranslational modifications, including phosphorylation, acetylation and sumoylation, add an additional level of complexity to cellular biochemistry and the regulation of the GDI function. 14-3-3τ, a member of the 14-3-3 family, has been shown to promote tumor cell invasion and metastasis by binding to and inhibiting GDI1 [23]. 14-3-3τ binds phosphorylated GDI1 and interferes with its association with RHO proteins, thereby promoting epidermal growth factor (EGF)-induced RHO protein activation. GDI acetylation has also been shown to affect the RHO GTPase-GDI interactions [79], while GDI sumoylation increases this interaction [79,80], which is negatively regulated by the physical interaction of XIAP with GDI [81]. Ubiquitination of GDI by GRAIL, an E3 ligase, does not lead to proteolytic degradation but rather to stabilization of GDI [82].



The structure of uncomplexed GDI1 is yet unknown, raising yet unresolved questions about how the flexible NTA of GDI1 is stabilized and whether GDI1 undergoes conformational changes to open up the hydrophobic cavity of its GGBD.



Very recently, we identified a novel motif in the very C-terminal end of GRB2, consisting of four amino acids, that appears to play a key role in the allosteric regulation of GRB2 signaling from activated receptors to SOS1 activation [83]. It is remarkable that deletion of the CT motif of GDI1 completely abolished the GDI1-induced displacement of RAC1 from the liposomes. We propose that this motif physically binds terminal amino acids of GDI1 NTA and ultimately locks the formed RAC1GG-GDI1 complex. However, the CT motif may also contribute to the electrostatic pincer function, by pulling RAC1GG out of the membrane.



While the RAC1 G domain mediates regulation and signaling [4], its HVR, modulated by various posttranslational modifications, finetunes intracellular trafficking, compartmentalization, subcellular localization, interactions, and membrane association by interacting with a variety of proteins [46]. Given this knowledge and the results presented in this study, a crucial and interesting area for future research, is to examine modulatory mechanisms, controlling RAC1 function, which impinges on its C-terminal region. Last but not least, unraveling of the molecular basis of RAC1 regulation may aid in understanding a variety of diseases with the implication of RAC1 deregulation and dysfunction, including atherosclerosis, diabetes and cancer [84].




4. Materials and Methods


4.1. Constructs


Different variants pGEX vectors (pGEX2T and pGEX4T-1) encoding an N-terminal glutathione S-transferase (GST) fusion protein were used to overexpress human GDI1 (acc. no. D13989), GDI2 (acc. no. P52566), and GDI3 (acc. no. Q99819) as well as human RHO-related genes, i.e., RAC1 (acc. no. P63000; aa 1-179), RAC2 (acc. no. P15153; aa 1-192), RAC3 (acc. no. P60763; aa 1-192), RHOG (acc. no. P84095; aa 1-178), RHOA (acc. no. P61586; aa 1-181), RHOB (acc. no. P62745; aa 1-181), RHOC (acc. no. P08134; aa 1-181), CDC42 (acc. no. P60953; aa 1-178), TC10 (acc. no. P17081; aa 2-193), RIF (acc. no. Q9HBH0; aa 1-195), and mouse RHOD (acc. no. P97348; aa 2-193). For baculovirus-insect cell expression, human RAC1 was subcloned into pFastBacHTB vector (Invitrogen, Carlsbad, CA, USA) and fused with an N-terminal hexa-histidine (6xHis) tag. For expression in human cells, RAC1 and GDI1 variants were cloned in pEYFP and pcDNA-FLAG vectors. All RHO GTPase and GDI variants were generated by PCR-based site-directed mutagenesis as described [85].




4.2. Proteins


All proteins were produced using Escherichia coli and baculovirus-insect cell expression system as described [34]. Glutathione S-transferase (GST) fusion proteins were isolated by affinity chromatography on a glutathione Sepharose column in the first step and purified by size exclusion chromatography after proteolytic cleavage of GST in the second step [86]. His-tagged proteins were isolated from SF9 insect cells, using affinity chromatography on Ni-NTA columns. The quality of the proteins was analyzed by 12% SDS-PAGE. Protein concentrations were determined using Bradford reagent (Coomassie dye reagent; Sigma, (Steinheim, Germany)), and the GDP concentration in the case of purified RHO GTPases was determined using HPLC [87]. Nucleotide-free RHO proteins were prepared using alkaline phosphatase (Sigma Aldrich, Deisenhofen, Germany)and phosphodiesterase (Sigma Aldrich, Deisenhofen, Germany) at 4 °C as previously described [87]. RHO GTPases were loaded with 2-deoxy-3-O-N-methylanthraniloyl GDP (mdGDP); the fluorescent reporter group methyl-anthraniloyl (m) was attached to the 3′-OH group, and can, due to the lack 2′-OH, not isomerize between 2′- and 3-OH groups as compared to mGDP [88].




4.3. Liposome Assays


The liposomes were freshly prepared to perform liposome sedimentation as described [34]. Briefly, liposome assays were performed by mixing and incubating the liposomes and purified RAC1 proteins. The mixtures were incubated for different time points and centrifuged at different speeds to separate the liposome pellets and supernatants for optimizing the centrifuging force. The liposomes were prepared as a lipid mixture (194 μg), containing 39% (w/w) phosphatidylethanolamine (PE), 16% (w/w) phosphatidylcholine (PC), 36% (w/w) phosphatidylserine (PS), 4% (w/w) sphingomyelin (SM), and 5% (w/w) phosphatidylinositol 4,5-bisphosphate (PIP2), and phosphatidylinositol 3,4,5-trisphosphate (PIP3), that was dried using light nitrogen stream. The lipids were purchased from Sigma-Aldrich (Munich, Germany). Obtained lipid film was hydrated with 300 μL of a buffer, containing 30 mM HEPES-NaOH pH 7.4, 50 mM NaCl, 3 mM DTT, 5 mM MgCl2. Sonication (20 s with minimal power, 50% off and 50% on) was employed finally to form liposomes, which were ultimately extruded through a filter with a pore size of 0.2 µm.




4.4. Fluorescence Measurements


Kinetics and equilibrium measurements were performed as described [86]. Briefly, all fluorescence measurements were performed at 25 °C in buffer containing 30 mM Tris/HCl, pH 7.5, 10 mM K2HPO4/KH2PO4, pH 7.5, 5 mM MgCl2, and 3 mM Dithiothreitol (DTT). The association of mdGDP-bound RHO GTPases (0.2 µM) with RHOGDIs (2 µM or increasing concentrations) was measured in a time-dependent manner using a stopped-flow instrument SF-61, HiTech Scientific (TgK Scientific Limited, Bradford, UK) and SX20 MV, Applied Photophysics (Leatherhead, UK). Emission was detected through a cutoff filter of 408 nm. The observed rate constants were calculated by fitting the data as single exponential decay using the GraFit program (Erithacus software, Staines, UK). Dissociation experiments were performed by displacing the bound GDI from the complex upon adding excess unlabeled GDP-bound RHO proteins. Fluorescence polarization experiments were performed in a Fluoromax 4 fluorimeter (Horiba Jobin Yvon, France) in polarization mode by titrating increasing amounts of different variants of GDI1 to mdGDP-bound RHO proteins (0.2 µM) in a total volume of 200 µL. An excitation wavelength of 360 nm and an emission wavelength of 450 nm were used. The Kd values were calculated by fitting the concentration-dependent binding curve using a quadratic ligand binding equation.




4.5. Sequence and Structural Analysis


Sequence alignments were performed with the BioEdit program using the ClustalW algorithm [89]. The intermolecular contacts were determined (<4.0 Å) between the GDIs and RHO GTPases using available RHO GTPase-GDI complex structures in the Protein Data Bank. A python code has been written using BioPython modules (pairwise2 and SubsMat.MatrixInfo) [90] to calculate inter-molecular distances in PDB structures between the pairs of residues as interaction matrix and synchronise them with sequence alignments of RHO GTPases and GDIs respectively. All structural representations were generated using PyMOL viewer [91].




4.6. Nucleofection and Immunofluorescence Analysis


pYFP-RAC1 and pcDNA3-FLAG-GDI1 plasmids were microporated into HUVECs using the 4D-NucleofectorTM system (Lonza, Cologne, Germany) according to the manufacturer’s instructions. After transfection, cells were seeded on fibronectin-coated (5 μg/mL) 2 cm2 glass coverslips (Thermo Scientific, Menzel-gläser, Germany) and were fixed after 24 h for immunofluorescence analysis. After fixing with warm (37 °C) 4% paraformaldehyde in phosphate buffered saline (PBS) for 15 min followed by three washes with PBS, coverslips were mounted on Mowiol4-88/DABCO solution (Calbiochem, Sigma Aldrich). Cells were permeabilized with 0,2% triton X-100 in PBS for 3 min and blocked for 30 min with 1% HSA in PBS. Hereafter, coverslips were stained with primary anti-FLAG antibody (Sigma, # F7425) in 1% HSA/PBS over night at 4 °C. After washing with PBS, coverslips were incubated with Alexa® 555-conjugated anti-rabbit antibody (# A-31572; Scientific Life Technologies, Darmstadt, Germany) for 1 h at room temperature. Coverslips were mounted with Mowiol4-88/DABCO solution (Calbiochem, Sigma Aldrich). Confocal scanning laser microscopy was performed on a Nikon A1R confocal microscope (Nikon Instruments, Amsterdam, The Netherlands). Cells with moderate expression of the constructs and no aberrant phenotype from non-transfected neighboring cells were imaged. A z-stack image with a total thickness of 2 µm was acquired and images were equally adjusted using ImageJ (Li-CORE Biosciences (Bad Homburg, Germany). The max z-projection is shown with a scale bar representing 50 µm.
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Figure 1. RAC1GG and RAC1FL bind with a similar affinity to GDI1. (A) Association of GDI1 (4 µM) with RAC1GG and non-isoprenylated RAC1FL (0.2 µM, respectively). (B–D) Quantitative measurements of GDI1 interaction with RAC1GG and RAC1FL led to the calculation of the individual binding constants, association rate constant or kon (B), dissociation rate constant or koff (C), and dissociation constant or Kd directly from the koff/kon ratio (D). (E) Titration of increasing GDI1 concentrations to RAC1GG and non-isoprenylated RAC1FL (0.2 µM, respectively), using fluorescence polarization, resulted in the determination of the equilibrium Kd values. 
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Figure 2. Biochemical and structural view into the RHO GTPase-GDI interactions. (A) Kinetics of association of 2 µM GDI proteins (GDI1, GDI2 and GDI3ΔN20) with 0.2 µM mdGDP-bound RHO GTPases (twelve different proteins) was only monitored for RAC1, RAC3, RHOG and RHOA using stopped-flow fluorimetry. GDI2 but not GDI1 and GDI3 associated with RAC2. No binding was observed (n. b. o.) for the other GTPases. Obtained kobs values are the average of four to six independent fluorescence measurements, consisting of 1000 data points each (mean ± S.D.). Kinetic data are shown in Figure S2. (B) Individual rate constants were determined, under the same conditions as shown in Figure 1A–C, for the interaction of GDI1 with RAC1, RAC3, RHOG and RHOA, and GDI2 with RAC1, RAC2 and RAC3, respectively. Kinetic data were derived from the average of four to six independent measurements (mean ±S.D.). Kinetic data are shown in Figure S3. (C) An interaction matrix of the GDI proteins with twelve RHO family GTPases is generated to determine the frequency of contacts in respective structures. (see Table S2; for more detail see Figure S4). It comprises the amino acid sequence alignments of the RHO proteins (lower left panel) and the GDIs (upper right panel), respectively. Each element corresponds to a possible interaction of RHO residues (row; RAC numbering) and GDI residues (column; GDI1 numbering). The number of actual contact sites between RHO and GDI proteins (with distances of 4 Å or less) were calculated and are indicated with numbers for matrix elements between 1 and 9. (D) A detailed view into the structure (PDB code: 1HH4) of GDP-bound RAC1GG (grey ribbon) in complex with GDI1 (surface representation) revealed that the basic HVR (blue) is sandwiched between a series of acidic residues of GDI1 supplied by NTA (purple) and GGBD (orange). (E) Schematic diagrams of the domain organizations of GDI1 and RAC1GG illustrate their detailed boundaries. Amino acid sequence alignments of the N-terminal arm (NTA; 25 amino acids) and the C-terminal six residues of the GDI proteins (boxed) highlight negatively and positively charged residues (red and blue). Colors are the same in (D). 
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Figure 3. RAC1 HVR generates a selective and high affinity interaction toward GDI1. (A) A sequence alignment of hypervariable region (HVR) of RHO GTPases shows significant differences in the frequency of the basic residues (blue). GDI-binding proteins are shown in bold. Critical amino acid deviations in RAC2 are shown in orange. The isoprenylation site (cysteine 189 in RAC1) is highlighted in bold. (B) Kinetics of GDI1 association were measured by mixing RAC1 and RAC2 variants (0.2 µM, respectively) with 2 µM GDI1. (C) Kd values for the RHO GTPase-GDI1 interaction were determined by titrating RAC1 and RAC2 variants (0.2 µM, respectively) with increasing concentrations of GDI1 using fluorescence polarization (see Figure S5 for more details). 
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Figure 4. RHOGDI1 grasps basic HVR of RAC1 with multiple negatively charged residues. (A) Kinetics of association of 2 µM GDI1 variants with 0.2 µM mdGDP-bound RAC1 was monitored using stopped-flow fluorimetry. The obtained data are the average of four to six independent measurements (mean ± S.D.). Kinetic data are shown in Figure S6. (B) Kd values for the interaction between the GDI1 variants and mdGDP-bound RAC1 were determined by fluorescence polarization (See Figure S7 for more details). (C) Individual rate constants were determined, under the same conditions as shown in Figure 1A–C, for the interaction of RAC1 with GDI1 WT, ΔN15 and ΔC6, respectively. Kinetic data were derived from the average of four to six independent measurements (mean ± S.D.). (D) GDI1 variants are, in contrast to GDI1WT, impaired in extracting RAC1GG from PIP-enriched synthetic liposomes. The graphs represent densitometric analysis of three independent liposome sedimentation experiments (see Figure S8). Data are expressed as the mean of triplicate experiments ± standard deviation (unpaired t-test, * p < 0.05, ** p < 0.01, and *** p < 0.001). (E) FLAG-GDI1 variants were not able to extract YFP-RAC1 from the plasma membrane of HUVECs. All individual images are illustrated in Figure S9. Scale bar represents 50 µm. Arrow point to colocalization of RAC1 and GDI1 at the membrane ruffles. 
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Figure 5. Schematic models of GDI1-regulated RAC1 extraction from the cell membrane. (A) GDI1 SWBD (green) recognizes and binds the switch regions of RAC1 to initiate its extraction from the membrane. (B) This step is followed by the electrostatic attraction of RAC1 polybasic region through the negatively charged GGBD (orange) and probably also NTA (purple). (C) NTA and GGBD are integral elements of the electrostatic pincer function, creating intermolecular charge attraction forces towards positively changed HVR. (D) This electrostatic steering mechanism rounds off the GDI1-mediated RAC1 extraction from the membrane by locking the geranylgeranylated C-terminus of RAC1 through the terminal charged regions of GDI1, and safeguarding RAC1GG -bound state of the GDI. Coloring is the same as the coloring of GDI1 and RAC1 structures shown in Figure 2D,E. Positive charges are schematically shown as + and negative electrostatics as −. For more details, see the discussion and conclusions. 
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