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The Arabidosis dehydrin Rab18 is expressed in response to drought and the phytohormone ABA.  
As a clue to a general dehydrin function, some dehydrins are found to interact in an orderly 
manner with negatively-charged lipids, supporting the idea of a key role in safeguarding 
membrane integrity.  Interaction between dehydrins and membranes studied so far has been 
driven by general electrostatic attractions.  Here, we report on specific binding of Rab18 with 
inositol lipids, especially PI(4,5)P2.  This binding is not purely under the control of global protein 
electrostatics since Rab18 fails to bind to lipid vesicles with a high negative net charge 
(DOPC:DOPG, 3:1).  Instead, Rab18 binds strongly to inositol lipids even at low negative vesicle 
net charge (i.e. DOPC:DOPI(4,5)P2, 98:2).  Further, Rab18 show a high specificity to inositol 
lipids with a phosphate in the 5th position on the inositol ring i.e. PI(5)P and PI(4,5)P2 whereas a 
phosphate at 3rd position restrains Rab18 binding (i.e. PI(4,5)P2>PI(3,5)P2>PI(3,4)P2 and 
PI(5)P>> PI(3)P).  Moreover, Rab18 specificity to inositol lipids is mainly augmented by the Arg 
in the protein sequence and when all six Arg are replaced by Lys is the binding of Rab18 to 
PI(4,5)P2 almost abolished.  The two Arg preceding the first K-seg  (Rab18Arg125-126) are key 
residues in binding PI(4,5)P2 and the mechanistic implication of these Arg is elucidated.  We put 
forward the idea that Rab18 is a conditional peripheral membrane protein that sense and respond 
to lipid alterations at membrane surfaces during stress.   Moreover, by binding to PI(4,5)P2 Rab18 
could take part in the regulation of different cellular processes, showing a new role of dehydrins 
as regulators of plant stress.  A possible role of Rab18 in the regulation of ABA induced stomata 
movements are presented. 



INTRODUCTION 
 
Plants must be able to adapt and respond efficiently to changes in their environment by various 
cellular reactions that involve membranes, proteins and signal messengers.  Dehydrins are 
intrinsically disordered proteins (Mouillon et al., 2006; Mouillon et al., 2008; Graether and 
Boddington 2014) expressed in high amounts during various water related stresses in plants 
(Nylander et al., 2001).  The prevailing hypothesis for function of these proteins is a general safe-
guarding of different cellular structure for example membranes or other proteins that could be 
destabilized due to stress conditions and supports of both propositions can be found in the 
literature (Hincha and Thalhammer 2012).  Some dehydrins are found to interact in an orderly 
manner with negative-charged lipids (Kovacs et al., 2008; Eriksson et al., 2011; Clarke et al., 
2015; Atkinson et al., 2016; Eriksson et al., 2016).  We have earlier reported that lipid binding of 
the dehydrin Lti30 is modulated electrostatically, by global and local protein net charge, under the 
control of histidine protonation (Eriksson et al., 2011).  Here we focus on the dehydrins Rab18 
with a protein net charge that indicates that it could weakly interact with negatively charged 
vesicles (Eriksson et al., 2011).  However, when experimentally tested, the net charge of Rab18 
needs to be reinforced by full histidine protonation at low pH (4.0) in order to bind and aggregate 
DOPC:DOPG (3:1) vesicles.  Rab18 is not only expressed in response to drought but also to the 
plant stress phytohormone ABA and the Rab18 gene is commonly used as a marker of ABA 
induced stress condition (Lang and Palva 1992).  In un stressed plants is Rab18 is mostly found in 
the guard cells (Nylander et al., 2001).  Under stress is the intra-cellular localization of Rab18 
shifted from a distinct nuclearous in unstressed cells to more general cytosolic or possible 
membrane bound in stressed cells (Nylander et al., 2001).  A similar change in intra cellular 
localization is seen with another ABA induced dehydrin from maize, Rab17, that also share high 
sequence similarities with Rab18 (Riera et al., 2004).  An enhanced synthesis of low abundant 
lipids is sometimes observed during plant stress and the lipid compositions of membranes have 
been shown to alter rapidly in response to stress (Wang and Chapman 2013; Hou et al., 2016).)  
For example, phosphatidyl inositol lipids and phosphatic acid (PA) are known to increase in plant 
membranes due to drought, salt or temperature stress, implying a functional role in the stress 
response (van Leeuwen et al., 2007; Vermeer et al., 2009; Heilmann and Heilmann 2015; Hou et 
al., 2016).  It should be noted that the role and occurrence of inositol lipids varies between 
different organisms.  In animal systems is PI(4,5)P2 an important source of the signal transduction 
molecules Ins(1,4,5)P3 and diacylglycerol (DAG).  The Ins(1,4,5)P3 regulate another second 
messenger namely the intra cellular calcium concentration by activate intracellular ion channels 
(Mikoshiba 2007).  However, PI(4,5)P2 also specifically bind to target proteins and thereby alter 
their location, from cytosolic to membrane bound, which in turn alter their function.  The function 
of some PI(4,5)P2 binding proteins, for example MARCKs, seems to be to bind and sequester 
several PI(4,5)P2 and thereby prevent them from diffuse freely in the membrane or to interact 
with other targets (Caroni 2001; Musse et al., 2008).  Inositol lipids are found in plant 
membranes, although some of them in much lower amounts as compared to animal cells (van 
Leeuwen et al., 2007; Vermeer et al., 2009).  In plants is the role of PI(4,5)P2 as part of a signal 
transduction chain elusive and no Ins(1,4,5)P3 binding proteins has yet been found.  However 
several other functions of PI(4,5)P2 and other inositol lipids has been reported such as membrane 
trafficking and remodeling, exocytosis and endocytosis, regulation of stomata movements or as 
regulator of the actin cytoskeleton (Hou et al., 2016) 
When experimentally testing if lipid-binding dehydrins interact with the negatively charged 
inositol lipids we found that Lti30 did so as predicted by its protein net charge.  Notably, Rab18 
that fail to bind DOPC:DOPG (3:1) vesicles with a high negative net charge, bound and 
aggregated DOPC: DOPI(4,5)P2 (98:2) vesicles that were substantially less negative in 
comparison.  From this we could conclude that Rab18 specific interact with inositol lipids and not 
solely by electrostatic binding.  Moreover, Rab18 is able to distinguish between different 



molecular variants of PIP2s with a preferred binding to PIP2 lipids with a phosphate at position 5 
on the inositol lipid head group.  A phosphate in position 3 on the inositol is directly inhibitory.  
This is in particular evident when binding to the two monophosphate inositol lipids PI(5)P and 
PI(3)P is compared; binding to PI(5)P is high whereas no binding of Rab18 to PI(3)P can be 
monitored.  As a clue to the binding mechanism certain Arg (R125 and R126) in combination with a 
K-segment, are found crucial for the PI(4,5)P2 binding.  A requirement of a basic effector domain 
of at least 4 amino acids in a row predicted needed for PI(4,5)P2 binding of disordered proteins 
(McLaughlin and Murray 2005).  In the case of Rab18 is the basic effector domain fulfilled by –
RRKK125-128.  However, in contrast to other disordered inositol binding proteins in general, are 
the Arg residues in Rab18 not exchangeable for Lys residues (McLaughlin and Murray 2005)If 
the two key Arg are exchanged for Lys is the PI(4,5)P2 binding almost lost.  Also additional 
factors such as calcium ions or phosphorylation of Rab18 further tune PI(4,5)P2 binding by a 
decreased interaction.  With the observation by others (Nylander et al., 2001) that Rab18 
expression is mainly in guard cells is the functional implication of Rab18/ PI(4,5)P2 binding in 
guard cells discussed, mainly in the view as participants in ABA induced guard cell closure. 
In conclusion Rab18 bind inositol lipids, in particular PI(4,5)P2 with specific interactions that 
involves two Arg residues.  The unique and highly specific binding of Rab18 to PI(4,5)P2 implies 
a new function of dehydrins – in regulation of cellular reactions.  Rab18 may represent an link 
between drought stress, PI(4,5)P2 binding and guard cell movements. 
  



RESULTS 
 
Rab18 shows specific recognition of inositol lipids.  Previous data examined the dehydrin Lti30 
interactions to negatively charged vesicles and how Lti30 assembled these into large clusters.  It 
was further shown that the binding is electrostatic and regulated by protonation of histidines in a 
pH dependent way (Eriksson et al., 2011). Moreover, upon lipid binding the K-segment induce 
helical structure (Eriksson et al., 2016).  In contrast to this, we here show that Rab18s interaction 
to lipid surfaces are not under the control of electrostatics.  A schematic picture of the 
experimental set up is presented in figure 1.  In figure 2, Rab18 fail to bind to PC:PG (3:1) 
vesicles with a high negative net charge but bind and aggregates vesicles that contain only 2 % 
PI(4,5)P2 with a much lower net charge (PC: PI(4,5)P2, 98:2).  When lipid binding experiments 
were repeated with 2% PI (phosphatidylinositol), no binding is monitored (Figure 2).  The PI 
vesicles have a lower net charge (approx. -2) compared to PI(4,5)P2 (approx. -6).  In summary, 
the binding experiments show that binding is not solely driven by electrostatic interactions and 
that Rab18 have a specificity towards PI(4,5)P2.  To verify this, another lipid binding dehydrins, 
Lti30, were examined in the same way as Rab18.  Lti30 was also found to bind the different 
inositol lipids, however electrostatic forces drive the binding in this case.  When binding was 
tested to vesicles with the same net charge, but composed of different lipid composition, binding 
was almost identical (Supplementary Figure 1).  For example, when PI(4,5)P2 concentration 2 % 
(PI(4,5)P2:PG, 98:2) Lti30 binding is identical to that of vesicles composed of 6% PG (PC:PG, 
94:6) which gives similar vesicle net charge (Supplementary Figure 1).   
 
Rab18 recognise the position of phosphates on the inositol ring of PIP2 and PIPs head groups. To 
further establish the specificity of Rab18, binding to three different isoforms of PIP2 were 
monitored (i.e. PI(3,4)P2, PI(3,5)P2 and PI(4,5)P2 ) (Figure 3).  The binding was strongest to 
PI(4,5)P2  and lowest towards PI(3,4)P2, i.e.  PI(4,5)P2 >PI(3,5)P2 >PI(3,4)P2 .  From this it is 
clear that Rab18 not only bind PIP2 with high specificity but also it seems as if a phosphate on the 
inositol ring in position 5 are beneficial for binding whereas a phosphate in position 3 is 
inhibiting.  To test this suggestion, Rab18 binding to PI(3)P and PI(5)P were compared (Figure 
4).  As seen in Figure 4A, Rab18 strongly bind PI(5)P in contrast to PI(3)P where no Rab18 
binding could be monitored.  The lipid PI(4)P with the same fatty acid composition (DO di –oleic 
18:1) of the lipid used in this study is not commercially available and could therefore not be 
tested.  When comparing Rab18 interactions to the different inositol lipids including a phosphate 
in the 5th position, it becomes obvious that a phosphate in position 3 on the inositol ring is 
constraining Rab18 binding (Figure 4B).  
 
Arginines in the Rab18 sequence are key residues in the binding mechanism. 
When comparing the composition of the amino acids sequence of Rab18 with dehydrins in 
general, one unusual feature is found, the presence of Arg residues (Figure 1).  Although 
dehydrins in general are highly charged proteins, is the positive charge amino acid almost without 
exception contributed by Lys.  To test what contribution to the binding specificity the Arg of 
Rab18 withholds, all six Arg where exchanged to Lys by site-directed mutations, Rab18RallK 
(Figure 5).  In Rab18RallK is both the length of the protein and the local as global charges 
distribution kept intact as in Rab18.  The binding of Rab18RallK is strongly decreased compared to 
that of Rab18 (Figure 5).  It is known that the main membrane binding site of dehydrins is the K-
segment, or extended versions of the K-segment (Eriksson et al., 2011).  In the case of Rab18, 
there are two K-segments positioned at the C- terminal end of the protein (Figure 1).  The first 
one are extended with one Arg and followed by a second that replace a Glu in the consensus K-
segment (Arg125 and Arg126) (Figure 1).  The second K-segment does not include any Arg and the 
remaining four Arg are spread out in the sequence (Figure 1).  The two Arg125 and Arg126 were 
exchanged to Lys by site-directed mutations (Rab18R125,126K) to test their contribution to PI(4,5)P2 



binding specificity by (Figure 5).  The data clearly show a decreased binding of Rab18R125,126K, 
almost to a level comparable to the Rab18RallK mutant (Figure 5).  Our conclusion is that the two 
Arg125 and Arg126 are key residues in Rab18 ability to bind and also to distinguish the position 
phosphates on the inositol head group apart.   
That Arg are key residues to distinguish the position phosphates on the inositol apart is further 
manifested in the vesicle aggregation experiments.  Here, the ability of Rab18 and Rab18RallK to 
aggregate vesicles is monitored by light microscope (Figure 6).  The pictures show that Rab18 
greatly aggregates lipid vesicles that contain PI(4,5)P2, to a lesser extent vesicles that contain 
PI(3,5)P2 whereas no aggregates are found with PI(3,4)P2 vesicles (Figure 6).  These data are in 
line with the stopped flow binding data (Figures 2 and 3).  As the six Arg are exchanged for Lys 
in Rab18RallK is the aggregation capacity decreased and no aggregation is found with either 
PI(4,5)P2 or PI(3,4)P2 vesicles.  However, some aggregates are found in the presence of PI(3,5)P2 
in the presence of Rab18RallK, again indicating the importance of Arg in the binding specificity.  
When comparing these data with the stopped flow binding data, binding of Rab18RallK to both 
PI(4,5)P2 or PI(3,5)P2 vesicles decreased at short time scales (sec) (Supplementary figure 2).  At 
longer time scale, as in the case of vesicle aggregation that are monitored by minute time scale, 
aggregation of P(3,5)P2 vesicles by Rab18RallK are detected (Figure 6).  
 
Phosphorylation of Rab18 and the presence of calcium decrease PI(4,5)P2 binding. Inositol 
binding proteins are main players in signal transduction chains and in control of various cellular 
reactions in many organisms.  The signal transduction pathway often involves steps that are 
regulated by phosphorylation (Kadamur and Ross 2013). Also the increase of calcium ions is part 
of the PI(4,5)P2 signal transduction pathway and increased cytosolic calcium in turn bind and 
activate target proteins.  Phosphorylation of other disordered PI(4,5)P2 binding proteins, such as 
the mammal MARCKS protein, has been shown to be a membrane binding off switch (Kim et al., 
1994).  The Rab18 sequence contain several phosphorylation’s sites with the S-segments (Figure 
1) being the most probably phosphorylation site (ref rab17/DHN1 pek).  We have earlier 
predicted that Rab18 is phosphorylated in vitro by different kinases such as casein kinase C and 
PKC (Eriksson et al., 2011).  To test if binding of Rab18 to PI(4,5)P2 vesicles is altered by 
phosphorylation, PI(4,5)P2 binding of phosphorylated Rab18 (Rab18P) were tested (Figure 7).  
The binding of Rab18P is decreased but not diminished and the binding kinetics seems faster.  
The cause of this could be an additive contribution of negative charges by phosphates that 
increase the repelling forces/attractions between the protein and lipid vesicles.  Notably, the 
vesicle aggregation propensity of Rab18 is strongly influenced by phosphorylation and no vesicle 
aggregates could be detected by light microscope with Rab18P (Supplementary Figure 3). 
 
Dehydrins are known to coordinate different metal ions such as calcium (Heyen et al., 2002).  
Since calcium and PI(4,5)P2 , as mentioned above, are suggested to have key role in membrane 
binding and in PI(4,5)P2 signaling events in other eukaryotic organisms (Monteiro et al., 2014), 
the binding of Rab18 to PI(4,5)P2 vesicles in the presence of calcium ions, as a possible 
cofactors, was tested.  Rab18 binding is extensively decreased in the presence of calcium to a 
level of approximate 25% of that without calcium (Figure 7).  The binding kinetics is slightly 
increased in the presence of calcium.  Again, as in the case with Rab18P, Rab18 are not able to 
aggregate vesicles in the presence of calcium (Supplementary Figure 3) suggesting a decreased 
aggregation propensity in the presence of calcium.  A similar decrease in net binding in the 
presence of calcium is also seen with PI(3,5)P2  or PI(3,4)P2 vesicles (Supplementary Figure 4).  
The combined effect of phosphorylated Rab18 binding PI(4,5)P2 in the presence of calcium was 
also tested.  In this case, phosphorylation of Rab18 seems to compensate to some degree for the 
negative effect of calcium (Figure 7).  This could partly be explained by that fact that 
phosphorylation could help to coordinate calcium ions in such way that it is beneficial to lipid 



binding.  Again, no vesicle aggregates could be detected by light microscope (Supplementary 
Figure 3).   
 
No structural transitions of Rab18 by phosphatidylinositol binding. Structure of Rab18 in 
presence of PC:PIP2 vesicles was monitored by CD spectroscopy.  No structural changes could be 
monitored with PIP2 vesicles indicating that Rab18 stays disordered when bound to 
phosphatidylinositol lipids (Supplementary Figure 5).  This is in agreement with another 
dehydrins, DHN1, that showed no structural change in the presence of DOPC:DOPA vesicles 
(Koag et al., 2003).   
  
Binding of Rab18 to PI(4,5)P2 vesicles in the presence of Ins(1,4,5)P3. In animal cells, the soluble 
Ins(1,4,5)P3 is cleaved off from PI(4,5)P2 by phospholipase C leaving DAG in the membrane.  In 
some of these systems are proteins binding to PI(4,5)P2 inhibited by the soluble Ins(1,4,5)P3 since 
they seem to bind the free inositol as good as if the inositol ring is still attached to the lipid.  
When Rab18 was pre-incubated with Ins(1,4,5)P3 and then allow to bind PI(4,5)P2 only a minor 
effect on binding was detected. The binding kinetics is slow down somewhat but not much effect 
on net binding could be monitored (Supplementary Figure 6). It should be noted that only a high 
fixed concentration of Ins(1,4,5)P3 was tested and no titration experiment were conducted, 
however incubation times (minute time scale) are well beyond interaction times. 
  



 
DISCUSSION 
 
Plant membranes rapidly adapt their lipid composition under stress in order to meet physical 
constraints, to accomplish for signal transduction or to enable membrane anchoring of proteins.  
As part of this response, lipids that do not commonly occur in membranes can transiently increase 
to achieve a function.  For example, phosphatic acid (PA) and inositol containing lipids are 
known to increase during drought and salt stress in plant membranes (Hou et al., 2016).  In 
addition, also temperature stress, wounding and osmotic stress are known to elevate the levels of 
different inositol lipids (Heilmann and Heilmann 2015).  In other organisms than plants is the 
functional capacity of PI(4,5)P2 not only linked to signal transduction but also to the ability to 
targeting proteins to membranes.  These proteins bind PI(4,5)P2 through different protein 
domains, including PH, tubby and C2 among others, most of which are found also in plants (Hou 
et al., 2016).  This anchoring may affect both the localization, density as activity of both the 
protein and PI(4,5)P2 and the PI(4,5)P2–protein interactions is known to regulate several vital cell 
functions such as ion channel activity, the anchoring of actin filament, membrane ruffle 
formation, endocytosis, fission of endocytic pits and clathrin un-coating (McLaughlin et al., 2002; 
Suh and Hille 2008; Antonescu et al., 2011; Koch and Holt 2012).  Disordered proteins lacking a 
fixed structure can also interact with PI(4,5)P2 but by short polybasic regions i.e. four basic 
residue in sequence (McLaughlin and Murray 2005) and thereby have similar function as the 
folded proteins (Hansen 2015). 
 
Rab18 and PI(4,5)P2 binding – the first dehydrin to make a specific binding  
Some stress-induced dehydrins, such as Lti30, interacts with membranes by electrostatic 
interactions.  The binding mechanism of Lti30 involves protonation of histidines that function as 
a pH dependent switch (Eriksson et al., 2011).  The drought and ABA induced dehydrin Rab18 
also interacts with membranes by electrostatics but only when all histidines in the sequence are 
fully protonated i.e. at pH 4.0 (Eriksson et al., 2011).  However, at pH 6.3, when only 
approximate 50% of the histidines are protonated, Rab18 fails to bind electrostatically, even when 
the net charges of the lipid vesicles are high (Figure 2).  Notably, at the same pH Rab18 binds 
strongly to vesicles with low content of PI(4,5)P2 (2%) although these vesicles have a much lower 
negative net charge.  By comparing the interaction of Rab18 to different isoforms of PIP2, Rab18 
showed high specificity towards PI(4,5)P2 (Figure 3) but failed to bind to vesicles with PI(3,4)P2 
(Figure 3).  Moreover, by comparing Rab18 binding to different phosphatidyl monophosphates 
(PIPs) it could be concluded that a phosphate in position 5 (PI(5)P) is beneficial for Rab18 
binding whereas a phosphate in position 3 (PI(3)P) is directly inhibitory.  In conclusion, Rab18 is 
specific towards inositol containing lipids by being sensitive to the position of the phosphates on 
the inositol ring.  In contrast, Lti30 also interact with PI(4,5)P2 vesicles but the binding is found 
to be electrostatic and not specific since Lti30 bind PG and PI(4,5)P2 vesicles to the same degree 
if they have the same net charge (Supplementary Figure 1).   
 
Arg 125 and 126 are key residues in PI(4,5)P2 binding. How come then that the Rab18 can bind 
inositol lipids with high specificity whereas Lti30 cannot?  Both are disordered proteins and 
therefore lack fixed binding sites.  There are no indications of structural transitions as Rab18 bind 
PI(4,5)P2 and hence a fixed binding site is in the case of Rab18 unlikely (Supplementary Figure 
5).  In the case when other disordered proteins bind PI(4,5)P2, such as the MARCKS protein 
(Glaser et al., 1996), the binding request a short stretch of at least 4 basic amino acids 
(McLaughlin and Murray 2005).  In Rab18, this is fulfilled by one Arg extension of the first K-
segment ( –RRKK-) (Figure 1).  Notably, Arg residues are often involved in structured/folded 
inositol lipid binding sites but this amino acid is rarely found among dehydrins where positive 
charges most often are contributed by Lys.  Rab18 have a total of six Arg in the sequence and to 



elucidate the role of Arg residues in PI(4,5)P2 binding these were exchanges for Lys by site-
directed mutations to keep both protein length and charge distribution intact.  As a consequence 
of this is the PI(4,5)P2 binding almost lost (Figure 5).  Since the K-segments are involved in 
membrane binding of dehydrins, a second mutation where made where only the two Arg 
preceding the first Rab18 K-segment, arg125 and arg126, where exchanged for Lys (i.e. –RRKK- 
to –KKKK-).  The binding are similar to that of the Rab18RallK mutant and shows that these two 
Args are indeed the key residues for PI(4,5)P2 specificity.  In comparison, Lti30 does not only 
lack Args, but also the 4 basic residues in a row requirement is not fulfilled since any positive 
charged stretch in the sequence involves protonated histidines and is interrupted by a negative 
charge for example –HHEKK-.  In other dehydrins i.e. Lti29, there are longer basic stretches but 
all of these lack Arg and consists of Lys residues only and when tested Lti29 do not bind to 
PI(4,5)P2 vesicles (DOPC: PI(4,5)P2,  96:4 (data not shown).  It should be pointed out that Lti29 is 
a strongly negatively net charged dehydrin and no lipid binding has been reported for this 
dehydrin.  But why are Arg required for PI(4,5)P2 binding, and why does not Lys “do the trick” ?  
Li et al. (2013) compared, by a fully atomistic molecular dynamics simulation, the interactions of 
Lys and Arg with PC vesicles.  They clearly demonstrated that Lys would be deprotonated in the 
membrane, whereas Arg would maintain its charge.  Their simulations also reveal that Arg 
attracts more phosphate and water in the membrane, and can form extensive H-bonding with its 
five H-bond donors to stabilize Arg–phosphate clusters.  This leads to enhanced interfacial 
binding favoring Arg over Lys in protein-lipid binding (Li et al., 2013).   
 
Rab18 binding PI(4,5)P2- similarities to other proteins? The binding to PI(4,5)P2 by Rab18 show 
similarities in some respects to the disordered MARCKS and GAP43 proteins, but is in other 
respects also similar to that that of the folded PH domain of some PI(4,5)P2 binding proteins 
(Lomasney et al., 1996; McLaughlin et al., 2002).  MARCKS represent a disordered protein that 
is anchored to the plasma membrane by a N-terminal myristate but the protein is also able to 
electrostatically interact with phospholipids through a basic effector domain.  MARCKS has been 
shown to be able to reversibly sequestering three PI(4,5)P2 molecules.  The similarities to the 
MARCKS and GAP43 originates in the lack of a fix binding site and Rab18 does not seem to 
structurally respond to PI(4,5)P2 binding but stays disordered when bound (Supplementary Figure 
5).  Moreover, MARCKS and GAP43 both bind by a basic amino acid stretches of 4 residues in a 
row regardless if it is Arg or Lys residues, whereas in the case of Rab18 binding is lost when Arg 
are exchanged for Lys.  The main binding site of Rab18 for PI(4,5)P2 involves Arg125 and 
Arg126, but if the second K-segment also can bind to PI(4,5)P2 or other lipids when Rab18 is 
anchored to the membrane is not yet tested.  In the case of Lti30, and assuming that any of its 6 
K-segments can bind one PI(4,5)P2 electrostatically, it may be possible that Lti30 can sequester 
more than one PI(4,5)P2, but this proposition is not experimentally tested yet.  Since Rab18 bind 
PI(4,5)P2 with high specificity through specific bounds, Rab18 is also similar to proteins that 
binds PI(4,5)P2 via folded PH-domains.  The prevailing function of the PH-domain is to be an 
anchor for peripheral membrane proteins.  From these comparisons, we draw the conclusion that 
Rab18 is an disordered conditional peripheral protein anchored to the membrane by binding 
PI(4,5)P2.  
Phosphorylation of Rab18 and calcium ions tune PI(4,5)P2 binding. Phosphorylation and calcium 
ions play key role in cellular signaling mainly by altering proteins local electrostatics.  Both are 
known to alter proteins conformations and as a consequence, their potential interaction ability.  
We have predicted earlier that Rab18 can be phosphorylated by different kinases (Eriksson et al., 
2011). Here, experiments show that phosphorylated Rab18 (Rab18P) still binds PI(4,5)P2 but to a 
slightly reduced level.  However, the vesicle aggregation propensity is lowered by 
phosphorylation and no aggregates can be detected with Rab18P by light microscope 
(Supplementary Figure 3).  Interestingly, Rab18 have a high sequence similarity with the Maize 
dehydrin Rab17 (DHN1), where the PI(4,5)P2 binding Arg containing K-segment and preceding 



S-segment are almost 100% identical (Supplementary Figure 7).  Riera et al. (2004) found that 
the intracellular dynamics of Rab17 (DHN1) are regulated by phosphorylation by cytokinase 2 
(CK2) (Riera et al., 2004).  Rab17 and CKII were distributed over the cytoplasm and nucleus.  
However only phosphorylated Rab17 could be transported out of the nucleoli into the cytoplasm 
(Riera et al., 2004).  Work by others showed that the serine stretch (S-segment) of Rab17 is the 
main target for phosphorylation (i.e. Ser78-Ser84) (Jiang and Wang 2004).  With the identical 
sequence in both the S-segment as in the following PI(4,5)P2 binding K-segment (Supplementary 
Figure 7) it is tempting to speculate that these two dehydrins have a similar PI(4,5)P2 binding, 
phosphorylation and cellular function.   
 
The MARCKS protein reversibly sequestering three PI(4,5)P2 molecules as it bind the plasma 
membrane.  However, at high calcium levels does MARCKS affinity for calmodulin (CaM) 
increase and MARCKS becomes cytosolic and releases the PIP2s that can diffuse freely in the 
plasma membrane again (McLaughlin et al., 2005).  In contrast, it is also known from other 
systems that some PIP2 binding proteins also have calcium binding sites and cooperative binding 
has been reported (Monteiro et al., 2014).  Dehydrins are known to bind different metals 
(Svensson et al., 2000; Heyen et al., 2002) and but in the case of Rab18 we could not detect any 
cooperative effect on PI(4,5)P2 binding, instead the interaction was lowered in the presence of 
calcium and vesicle aggregation was abolished (Figure 6 and Supplementary Figure 3).  
Membranes are perturbed by ions such as calcium that interact with the lipid head-groups and by 
this reduce the dipole potential and effect lipid head group hydration (Alsop et al., 2016).  For 
example it is known that model membranes strongly bind Ca2+ ions, where most Ca2+ ions are 
found coordinated in membrane by four lipid oxygen’s and two water molecules (Yang et al., 
2015).  This would weaken the electrostatic attraction of the membrane towards proteins.  On the 
other hand coordination of ions by the protein could reversely increase the proteins attraction to 
membranes and some dehydrins are known to coordinate more ions in the phosphorylated state 
(Heyen et al 2002). The combined effect on PI(4,5)P2 binding of Rab18P and calcium showed 
that phosphorylated Rab18 somewhat restored the decrease in binding capacity caused by calcium 
(Figure 6 and Supplementary Figure 3).    
 
Rab18 a dehydrin involved in regulation? Rab18 are expressed in guard cells.  But what is the 
function of the supposed membrane anchored Rab18 in guard cells during stress?  Closing of the 
guard-cell aperture is a key response to draught-related plant stress, but how these guard-cell 
movements are regulated at molecular level is not fully understood (Hubbard et al., 2012).  ABA 
is a plant stress phytohormone induced by drought and one of ABA responses is guard cell 
closure to avoid plant dehydration (Kim et al., 2010).  Rab18 expression is up-regulated in 
Arabidopsis guard cells in response to ABA (Nylander et al., 2001).  The guard cells respond to 
ABA by an increase in cytosolic Ca2+ concentration followed by a guard cell closure.  The precise 
pathway linking increased Ca2+ levels and guard cell closure is not fully understood, but most 
probably involves several Ca2+-binding proteins, ion channels and inositol lipids.  After ABA 
treatment is Rab18 translocate out of the guard-cell nuclei to become cytosolic (Nylander et al., 
2001).  This translocation could bear similarities with that of Rab17; Rab18 is phosphorylated by 
one of many kinases activated by ABA and Rab18 is released from the nucleus in a similar way 
as the Rab17 (Riera et al., 2004).  In studies of plant guard cells, applied PH-domains has been 
seen to be able to regulate anion channel by binding to PI(4,5)P2 and by this suggested to prevent 
the lipid to interact with the channels and thereby alter their activity (Lee et al., 2007).  The 
inhibition was overcome by addition of exogenous PI(4,5)P2.  Since the major localization of 
Rab18 protein after stress seem to be the in the cytosol of guard cells (Nylander et al., 2001) it is 
tempting to speculate that Rab18 could have the same effect as the PH-domain i.e. Rab18 would 
be able to bind the PI(4,5)P2 and prevent them from interact with the ion channels and thereby 
affecting guard cell movements (Figure 8).  Other phosphoinositides found in guard cells are 



PI(3,5)P2, PI(3)P and PI(4)P (see Figure 8 and references therein).  Arabidopsis mutant plants that 
could not produce PI(3,5)P2 were found to have disturbed stomata closure (Bak et al., 2013) again 
pointing at an involvement of PIP2s in stomata cell movements.  PI(3,5)P2 is supposed to regulate 
acidification of vacuoles, important for guard cell movements (Bak et al., 2013).  It is not known 
if PI(3,5)P2 can be found in both leaflets of the vacuole membrane and if Rab18 could bind to the 
vacuole membrane through PI(3,5)P2.  PI(3)P are also found in the vacuole membrane and are 
suggested to prevent vacuole fusion and hence in the presence of PI(3)P the guard cells stays 
open.  In the guard cells plasma membrane PI(3)P and PI(4)P are known to regulate actin 
reorganization involved in guard cell closure (Choi Y et al., 2008). 
 

There are several are other interesting links between dehydrins, stress and inositol lipids, for 
example phosphorylated dehydrins have been shown to assemble actin into filament (Rahman et 
al., 2011) and knockout an inositol polyphosphate 5-phosphatases showed impaired actin 
organization (Rahman et al., 2011).  Moreover, it is known that salt stress induced endocytosis in 
plants that involves clathrin-coated vesicles.  The endocytosis was impaired when PI(4,5)P2 
synthesis were knocked out suggesting a role for PI(4,5)P2 in vesicle transport (Konig et al., 
2008; Ischebeck et al., 2013).  Moreover, heat stress increased inositol lipids in the plasma 
membrane, nuclear envelope, nucleolus and in punctate cytoplasmic structures (Mishkind et al., 
2009) compartments were Rab18 can be found.  However, as pointed out above, if any of these 
reaction pathways indeed involves Rab18 needs to experimentally verified.  Consider the 
arguments above, Rab18 may represent an important link between stress, PI(4,5)P2 binding and 
guard cell/cellular functions.  The unique and highly specific binding of Rab18 to PI(4,5)P2 
implies a new function of dehydrins – as regulator of cellular reactions. 
 
  



MATERIALS AND METHODS 
 
Protein expression and purification. Glycerol stocks of the E. coli strain were made and 100 µl 
was spread on Luria agar plates with 150 µg carbencillin and grown at 37 °C overnight. The 
suspended cells were added to 2 L of Luria-Bertani medium containing 50 µg mL-1 carbencillin 
and kept at 37 °C. Expression was induced when optical density 600 nm was 0.6-0.7 by 1 mM 
isopropyl-β-D-thiogalactopyranoside and kept at 23 °C overnight. Bacterial cells were harvest by 
centrifugation at 6000 rpm for 15 min. The pellets from 2 L cultures was suspended in 50 mL of 
20 mM Na2HPO4, pH 7.2 and 150 mM NaCl, 1 mM phenylmethylsulfonyl flourid and 1 tablet 
Complete (Roche). Cells were sonicated for 5 x 1 min on ice and 30 min centrifugation at 18 000 
rpm followed. The supernatant was heat precipitated in 80 °C water bath for 30 min, followed by 
30 min centrifugation at 18 000 rpm. The supernatant was diluted 1:2 with 1:2 with 20 mM 
Na2HPO4, pH 7.2, 1.88 M NaCl and 1 mM phenylmethylsulfonyl fluoride before purification 
started with metal ion chromatography. The sample was loaded on a 5 mL HiTrap IDA-Sepharos 
column (GE Healthcare) charged with 21 mg CuSO4. Equilibration of the column was made with 
5 volumes of 20 mM Na2HPO4, pH 7.2, and 1.0 M NaCl. 40 volumes of the same buffer were 
used to wash off unbound sample. Fractions of 5 mL were collected for analysis during the whole 
run. Elution was made with 2 M NH4Cl in 20 mM Na2HPO4, pH 7.2, and 1.0 M NaCl in one step. 
The column was equilibrated with 10 volumes of 20 mM Na2HPO4, pH 7.2, followed by elution 
of the copper with 10 mM EDTA in 20 mM Na2HPO4, pH 7.2. The Rab18 dehydrin was 
precipitated with 80 % (NH4)2SO4 at 4°C over night and the protein was collected by 18 000 rpm 
centrifugation for 45 min. Rab18 was suspended in 2.5 mL 5 mM MES, pH 6.3. The dehydrin 
was desalted on two PD-10 columns (GE Healtcare). Purity was analyzed by Ready Gel SDS-
PAGE (Bio-Rad) and protein quantification was determined by Bicinchoninic acid assay (Sigma-
Aldrich). For the variants Rab18RallK  and Rab18R125,126K mutagenesis were performed with 
QuikChangeTM site-directed mutagenesis kit from Stratagene (Agilent Technologies). Primers 
were purchased from Eurofins MWG Operon, the mutations were confirmed by sequencing by 
Eurofins MWG Operon.  
 
Large unilamellar vesicles. All lipids were purchased from Avanti polar lipids. All vesicles were 
prepared with an extrusion method. Different mix of lipids were dissolved in chloroform and 
dried under a gentle flow of nitrogen for 4 h. Lipid film was solved in 5 mM MES, pH 6.3, 
followed by vortexing for 10 min. To reduce lamellarity five freeze thaw cycles in liquid nitrogen 
pursued. Lipid solution was extruded 20 times through a hand-driven extruder with 0.1 µm pore-
size polycarbonate filter (Avanti Lipids). The vesicle size was measured on an ALV/CGS-3 
compact goniometer system (ALV) with a helium-neon laser (632.8 nm), with a scattering angle 
of 150 °.  
 
Stopped-Flow measurements. Stopped flow measurements were monitored with an SX.18-MW 
stopped-flow fluorimeter (Applied Photophysics) with an excitation at 400 nm. All experiments 
was performed in room temperature in 5 mM MES, pH 6.3. Protein concentration after mixing 
was 8.1 µM and the lipid concentration was 0.5 mM. For the InsP3 binding study 16.2 µM Rab18 
was mixed with 100 µM InsP3 in 5 mM MES pH 6.3 and incubated at room temperature for one 
hour. The Rab18:InsP3 solution was mixed in the stopped flow with vesicles PI(4,5)P2:PC (4:96). 
The final concentration in the mixing cell was 8.1 µM Rab18, 50 µM IP3 and the lipid 
concentration was 0.5 mM. 
 
Light microscopic images. An inverted Zeiss Axiovert 40 CFL microscope equipped with a 
digital Aciocam ICc1 camera at 10x magnification was used to examine light pictures. A solution 



of dehydrin (16.2 µM) together with lipid vesicles (1.4 mM) was placed on a glass slide, three 
images per droplet were examined. 
 
Phosphorylation. Rab18 (108 µM) was phosphorylated by Casein kinase II (5.4 units/mL) from 
rat liver (Sigma-Aldrich) in 1mM ATP, 50 mM KCl, 10 mM MgCl2 and 20 mM Tris-HCl, pH 7.5 
for 4 hours, room temperature. The phosphorylation grade of Rab18 was tested with P32 isotope 
labeling by adding 0.5 µL of 0.2 mM ATP32 to the Rab18-kinase solution and examined on Ready 
Gel SDS-PAGE (BioRad). The radioactivity of the samples was detected with FLA-3000g (Fuji 
Photo Film).   
  



FIGURE LEGENDS 
 
Figure 1 . Schematic picture of Rab18 binding to PIP2. A. Experimental model with the key 
Arginines in box. Picture of vesicle aggregates with Rab18 or Rab18RalllK. B. The five 
phosphoinositides experimentally tested for Rab18 binding. C. Protein sequence of Rab18 with 
Arg in bold  blue, Y-seg red in S-seg in green and K-seg in blue. 
 
Figure 2. Rab18 bind strongly to PI(4,5)P2. The lipid binding of Rab18 monitored with lipid 
vesicles composed of DOPC:DOPG ( 3:1, 25 % negative charge), DOPC:DOPI (98:2, 2 % 
negative charge) DOPC:DOPI(4,5)P2 (96:4, 12 % negative charge) or DOPC:DOPI(4,5)P2 (98:2, 
6 % negative charge). Rab18 show a strong specific binding to PI(4,5)P2 . No or weak interaction 
with vesicles composed of either DOPC:DOPI 98:2 or DOPC:DOPG 3:1 is monitored. The 
binding in not under the control of electrostatics only since Rab18 fails to bind DOPC:DOPG 
vesicles  (3:1, 25 % negative) but strongly binds to vesicles with PI (4,5)P2 (6 % or 12 
%negative). 
 
Figure 3. Rab18 binding to different isoforms of PIP2s. Rab18 shows high a specificity towards 
PI(4,5)P2 with a fast interaction (i.e. within 5s). A slower interaction with PI(3,5)P2 is also 
recorded but less strong as compared to PI(4,5)P2. The interaction of Rab18 with  PI(3,4)P2 is less 
than 10 % of that of PI(4,5)P2 binding. 
The binding specificity of Rab18 is PI(4,5)P2 >PI(3,5)P2 >PI(3,4)P2  (DOPC:DOPIP2 96:4). 
 
Figure 4. Comparison of Rab18 binding to different isoforms of PIPs. (A) and inositol lipids with 
a phosphate in position 5 on the inositol ring (B). A: Rab18 shows high a specificity towards PI 
(5)P and in contrast do not bind PI(3)P. B: When vesicles with the same net charged is compared 
it is clear that a phosphate in position 4 on the inositol head group increases the binding of Rab18 
to lipid vesicles whereas a phosphate in position 3 inhibits Rab18 binding.  
  
Figure 5. Mutation of all arginine to lysine in the Rab18 protein sequence abolish PI(4,5)P2 
binding. A: Site directed mutation of Rab18 (Rab18 RallK),  where the six Arg are mutated to six 
Lys show a substantial decreased PI(4,5)P2  binding highlighting the importance of Arg residues 
in Rab18 specificity towards PI4,5P2 . B: The protein sequence of Rab18 with the six Arg that is 
replaced by site-directed mutation to Lysine bold. 
 
Figure 6. Differences in vesicle aggregation propensity between Rab18 and Rab18RallK. Mutation 
of all Arg to Lys residues in the Rab18 protein sequence abolish PI(4,5)P2 binding and vesicle 
aggregation. The effect is less pronounced when binding to PI(3,5)P2. No aggregation is found 
with PI(3,4)P2 vesicles in the presence of either protein. Rab18 binding to A: PI(4,5)P2, B: 
PI(3,5)P2 or C: PI(3,4)P2 and Rab18RallK binding to  D: PI(4,5)P2, E: PI(3,5)P2 or F: PI(3,4)P2 . 
Size bar 50 µM. 
 
Figure 7.  Phosphorylation and Ca2+  further tune lipid binding of Rab18 to PI(4,5)P2.The 
presence of calcium (red lines) is inhibitory on Rab18 binding to PI(4,5)P2 regardless of 
phosphorylation status of Rab18. Phosphorylation of Rab18 on PI(4,5)P2 binding accelerates the 
interaction as the same time as the binding is decreased. Some of the inhibitory effect caused by 
calcium is compensated for by phosphorylation. 
    
Figure 8. Phosphoinositides in guard cells and their functions. Proposed function for Rab18 in 
ABA mediated guard cells closure: Rab18 bind PI(4,5)P2 in the plasma membrane and thereby  
prevent the lipid from interact with anion channels. The channels are activated and the guard cell 
close. 



 
Supplementary figure 1. Lti30 binding to PC:PI(4,5)P2 (98:2) vesicles or   
to PC:PG (94:6). 
 
Supplementary figure 2. Binding of Rab18RallK to PI(4,5)P2 or PI(3,5)P2 at long time scale. Some 
binding of Rab18RallK to PI(3,5)P2  is monitored at long time scale (min) whereas the binding to 
PI(4,5)P2 stays low. (PC:PIP2,  96:4). This is in agreement of vesicle aggregation detected by light 
microscope (Figure 5). 
 
Supplementary figure 3. Differences in vesicle aggregation propensity between Rab18 and 
Rab18P and additional effects of calcium. The vesicle aggregation propensity of Rab18 
(PC:PI(4,5)P2, 96:4) is strongly declined if Rab18 is phosphorylated or in the presence of 
calcium.   Rab18 binding to A: PI(4,5)P2,B: PI(4,5)P2 + calcium or phosphorylated Rab18 
(Rab18-P) binding to C: PI(4,5)P2 or D: PI(4,5)P2 + calcium.  Size bar 50 µM. 
 
Supplementary figure 4. A restraining effect of Rab18 binding in the presence of Ca2+ is also 
found with PC:PI(3,4)P2 (96:4) and PC:PI(3,5)P2 (96:4) vesicles. 
 
Supplementary figure 5. Rab18 show no structural changes upon vesicle binding. Rab18 0.6 
mg/ml 1 mM lipids 5 mM MES pH 6.3. 
    
Supplementary figure 6. The effect of Ins(1,4,5)P3 on Rab18 binding to PI (4,5)P2.To test if 
Rab18 bind free Ins(1,4,5)P3 with high affinity, Rab18 were incubated with Ins(1,4,5)P3 prior to 
vesicle binding experiments. 0.5 mM lipids + 0.15 mg/ml Rab18 + 50 µM InsP3. 
 
Supplementary figure 7.  Comparison of Rab18 K-segment (top) including Arg with that from 
Rab17 (DHN1) (below) from Maize. 
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