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Dehydrins are intrinsically disordered proteins expressed under water-
related stress in plants.  As a clue to their 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.  We 
have earlier reported that this lipid interaction is modulated electrostatically.  
Of particular interest is the pronounced effect of local charge that shed light 
on how dehydrin function is regulated in vivo.  In this study we test the 
generality of this proposition on four dehydrins from Arabidopsis thaliana 
representing different dehydrin subgroups.  The results show that membrane 
interaction of dehydrins in their apo state is correlated to their protein net 
charge.  Also, we explore further putative regulation mechanism by 
investigating the additive role of ion coordination and phosphorylation on 
membrane binding.  The results show that coordination of Ca2+ and Zn2+ 
have markedly different effects.  Coordination of Ca2+ augments mainly the 
membrane affinity of dehydrins that already bind lipids in their apo states 
(Lti30 and Rab18).  Coordination of Zn2+, on the other hand, induces 
membrane binding and vesicle assembly of all tested proteins, also those that 
fail to bind membranes in the absence of metal ions (Cor47 or Lti29).  
Finally, we observe that the effect of Ca2+ is effectively enhanced by 
phosphorylation.  The observations corroborate the idea of a sensitive and 
multifaceted regulatory mechanism of the dehydrin function in stressed plant 
cells but point also at a functional diversity.  
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INTRODUCTION 
 
Plants are adapted to live in a continuously changing environment.  Sudden 
changes in water availability or temperature damage the cellular structures, 
such as membranes and proteins, whose integrity and colloidal properties are 
fundamental for plant function and survival.  To endure environmental 
fluctuations, plants have evolved several different backup systems, e.g. 
recruitment of dedicated stress proteins, production of compatible solutes 
and an altered gene regulation of the metabolism (Ingram and Bartels 1996; 
Thomashow 1999; Hasegawa et al. 2000; Tunnacliffe and Wise 2007). A 
family of stress proteins unique to the plant cell is the dehydrins, i.e. group 2 
of the of LEA proteins, expressed vigorously in response to desiccation, 
salinification and lowered temperatures (Close 1996; Garay-Arroyo et al. 
2000; Tunnacliffe and Wise 2007; Graether and Boddington 2014).  An 
outstanding feature of the dehydrins is their content of short sequence 
repeats, which also form the basis for their classification (Close 1996) 
(Figure 1).  All dehydrins contain at least one copy of the highly conserved 
K-segment (K-seg), (EKKGIMDKIKEKLPG) (Close 1996).  Moreover, the 
dehydrins lack fixed 3D structure in solution and display all the sequence 
characteristics of ‘intrinsically disordered’ proteins (Lisse et al. 1996; 
Soulages et al. 2003; Mouillon et al. 2006; Sun et al. 2013; Graether and 
Boddington 2014).  This disordered nature of the dehydrins seems also to 
persist under crowded conditions mimicking those inside stressed cells 
(Mouillon et al. 2008).  In other cases, many disordered proteins are seen to 
adapt unique structure upon binding to cellular targets, i.e. folding is induced 
by the presentation of a suitable binding template (Uversky et al. 2005).  An 
analogous structural induction is at play in activation of the dehydrins during 
membrane binding, the conserved K-segment locally folds into an 
amphipathic a-helix that floats on the membrane surface (Eriksson et al. 
2016).  On the whole, the dehydrin sequences seem selected for 
withstanding global collapse, pointing at a functional mode of the K-
segments and other segments as ‘hooks on a string’ spatially linking or 
coating their interaction targets (Eriksson et al. 2011).  Although the 
molecular action and interaction targets of the dehydrins are yet up for 
speculation, they have been shown to interact potently with membranes, 
modulating their phase properties and cross assembly (Danyluk et al. 1998; 
Hara et al. 2001; Koag et al. 2003; Kovacs et al. 2008; Tompa and Fuxreiter 
2008; Eriksson et al. 2011; Petersen et al. 2012; Rahman et al. 2013; Clarke 
et al. 2015; Eriksson et al. 2016; Atkinson et al. 2016).  Other speculations 
include water capturing (Close 1996; Rinne et al. 1999), action as metal 
sequestering “sponges” (Heyen et al. 2002; Alsheikh et al. 2003) and protein 
chaperoning (Kovacs et al. 2008; Hughes et al. 2013). 
 
In support of membrane involvement, we have previously observed that the 
dehydrin Lti30 binds to phospholipid vesicles and subsequently aggregates 
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these into macroscopic supra-molecular structures in vitro (Eriksson et al. 
2011; Eriksson et al. 2016).  In addition, the strength and structural outcome 
of this vesicle interaction respond sensitively to side-chain phosphorylation 
and pH, via protonation of ‘histidine switches’ co-localised with the 
protein’s K-segments (Eriksson et al. 2011).  Taken together, these 
physiologically interesting modulators implicate a fine-tuned regulatory 
mechanism based on protein charge and detailed composition of the 
conserved sequence segments (Eriksson et al. 2011).  The question is then if 
the broad range of net charge (approx. -20 to +30) (Eriksson et al. 2011) and 
sequence composition (Close 1996; Graether and Boddington 2014) 
observed across the whole dehydrin family – which, after all, is remarkable 
sequence-diverse – are coupled to a similarly broad functional response.  
That is, are individual dehydrin proteins dedicated to different physio-
chemical windows across a more complex and adaptable stress response?  
To test the idea of such functional variability among the dehydrins, we have 
in this study compared the membrane-binding capacity of the four dehydrins 
Cor47, Lti29, Lti30 and Rab18, representing 3 different subgroups in the 
dehydrin family (Figure 1).  Our benchmark is the well-characterised Lti30 
(Eriksson et al. 2011; Eriksson et al. 2016).   
The results show that only two out of the four dehydrins binds to lipid 
vesicles in their unmodified apo form:  the cold induced Lti30 and the 
drought/ABA-induced Rab18.  The two drought-induced SK3 dehydrins 
Cor47 and Lti29 do not interact with lipids of any kind, not even when all 
their histidines are protonated at pH 4.3.  However, this situation changes 
upon addition of divalent metal ions.  Coordination of Zn2+ induces 
membrane binding and vesicle assembly of all tested proteins, also those that 
fail to associate with membranes in the absence of metal ions (Cor47 or 
Lti29).  In contrast, coordination of Ca2+ augments mainly the membrane 
affinity of dehydrins that already bind lipids in the absence of metal ions 
(Lti30 and Rab18).  Finally, phosphorylated versions of the dehydrins were 
tested for lipid binding both in the absence and presence of Zn2+ and Ca2+ 
ions.  The main observation is that the modest effect of Ca2+ on lipid binding 
is effectively enhanced by phosphorylation but only effect dehydrins that 
already bind lipids (Lti30 and Rab18).  In summary, these data shows that; 
1. Lipid binding without additional factors is not a ubiquitous trait among 
dehydrins and is correlated to their protein net charge. 2. The presence of 
Zn2+ ions prevail lipid binding of dehydrins.  3. Ca2+ ions only influenced 
lipid interacting dehydrins (Rab18 and Lti30).  4. Phosphorylation does not 
induce lipid binding of the non-binding Cor47 and Lti29, pointing at a 
sensitive and multifaceted regulatory mechanism of the dehydrin function in 
stressed plant cells. 
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RESULTS 
 
Dehydrin – lipid interaction measured by BIACORE.  Four recombinant 
dehydrins from Arabidopsis i.e. Cor47, Lti29, Lti30 and Rab18 (Figure 1), 
were tested for membrane binding by BIACORE as described in (Eriksson 
et al. 2011).  Amino-acid sequences of the four dehydrins, together with a 
schematic picture of how the conserved segments are distributed along their 
sequences and a schematic picture of the experimental set up are shown in 
Figure 1 and Supplementary Figure 1 (amino acid sequences).  In the 
BIACORE experiments, immobilised phospholipids were either tested pure, 
or mixed with the neutral PC (phosphatidyl-cholin), at a 1:3 molar ratio of 
phospholipid:PC.  Representative BIACORE sensograms monitoring the 
interaction between the dehydrins and phosphatidyl-glycerol (PG) vesicles 
are presented in Supplementary Figure 2.  The data shows that only Lti30 
and Rab18 display clear lipid-binding affinity (>600 RU), whereas Cor47 
and Lti29 do not interact with any of the tested lipids (Figure 2).  Although 
the net interaction of Rab18 is overall weaker than that of Lti30, the two 
proteins display similar binding trend with respect to the composition of 
lipids. This is especially clear with the negatively charged phospholipids PA 
(phosphatic-acid), PS (phosphatidyl-serin) and PG.  On this basis we 
conclude, that it is the dehydrin net charge, rather than the number of 
conserved K-segments, that is the main determinant of lipid binding in these 
experiments (Table 1).  
 
Capacity to aggregate lipid vesicles and thylakoid membrane.  The 
dehydrin’s ability to assemble lipid vesicles and thylakoids into macro 
aggregates was tested microscopically and by pull-down assays (Figure 3).  
Data shows that Lti30 induce pronounced aggregation of vesicles and 
thylakoids whereas Rab18, Lti29 and Cor47 yield no effect.  The lipid 
binding of Rab18 revealed in the BIACORE experiments seems thus not 
sufficient to aggregate vesicles.  Based on the finding that net charge is the 
main contributor to lipid binding in BIACORE, we repeated the aggregation 
experiments at pH 4.3.  At this pH all histidines are expected to be 
protonated and, hence, the protein’s overall charge substantially increased 
(Supplementary Table 1).  For Rab18, the increased positive charge 
promotes clear vesicular aggregation (Supplementary Figure 3).  However, 
protonation of Lti29 and Cor47 histidines at pH 4.3 was not enough to 
change also these two proteins to lipid binding or vesicle aggregation 
(Supplementary Figure 3).  To examine if the intermediate lipid affinity of 
Rab18 at pH 6.3 (Figure 3) still leads to association the vesicle surface, 
albeit too weak to induce aggregation, we implemented pull-down 
experiment.  Consistent with both BIACORE and aggregation data, Rab18 is 
found evenly distributed between the pulled-down membrane fraction and 
the supernatant.  As expected, the strong binder Lti30 is almost entirely 
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pulled to the membrane fraction whereas, again, Cor47 and Lti29 remain 
soluble in solution (Figure 3). 
 
Modulation of lipid binding by Zn2 +coordination.  It is well known that 
dehydrins coordinate metal ions, possibly by their high content of histidines.  
This character is also effectively employed in dehydrin purification 
(Svensson et al. 2000).  Such metal coordination is expected to make the net 
charge of dehydrins more positive, in addition to inducing local structural 
restrictions of the polypeptide chain.  To see to what extent these Zn2 +-
binding effects alter lipid binding, the dehydrins were titrated into a fixed 
composition of lipid vesicles and 1 mM of either ZnCl2 or CaCl2 (Figure 4 
and Figure 5).  Aggregation was then measured by means of absorbance 
(Figure 4) and followed by light microscope (Figure 5).  Notably, the 
experiments show that all four dehydrins induce or increase vesicle 
aggregation when Zn2+ is included in the assays (Figure 4 and Figure 5).  
The same, but even stronger effect, was seen for CuCl2 since Cu also 
precipitated all dehydrins in solution even in the absence of vesicles.  As 
control we established further that Zn2+ on its own is not able to aggregate 
vesicles: induced aggregation occurs only in the presence dehydrins.  
Remarkably, Zn2+ switches the two non-lipid binders Lti29 and Cor47 to 
potent vesicle aggregators implicating that the modulation is strong.  This is 
the only experimental condition where lipid binding by these two dehydrins 
is noticed.  Correspondingly, Zn2+ augments also the potency of Lti30 and 
Rab18 by substantially decreasing the protein concentrations needed for 
vesicle aggregation.  The same trend is manifested in the pull-down 
experiments (Figure 5).  
 

Modulation of lipid binding by Ca2 +coordination.  Following the procedures 
above, we examined also the effect of Ca2+ ions on the dehydrin lipid 
binding.  Interestingly, the presence of Ca2+ ions seems to slightly decrease 
the dehydrin-vesicle affinity whilst increasing the relaxation kinetics for 
vesicle aggregation.  Compared with Zn2+, the pull-down data shows that 
Ca2+ shifts for all dehydrins the occupancy from the membrane phase 
towards solution (Figure 5); Lti30 and to some extent also Rab18, become 
poised in dynamic equilibrium between the aggregated and soluble phase.  
Together with the faster response in the Rab18-vesicle titration assay this 
suggest that the decreased affinity in the presence of Ca2+ stems from faster 
dissociation, following the reductionist assumption that the system 
relaxation is the sum of the forwards (binding) and reverse (dissociation) 
rate constants.  This effect is particularly pronounced for Rab18 where the 
equilibrium occupancy shifts most across the two phases towards more 
soluble (Figure 5).  In the case of Cor47 and Lti29 no corresponding 
relaxation data can be acquired because they completely fail to associate 
vesicles in the presence of 1 mM Ca2+.  Finally, it should be noted that the 
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low salt concentration in these experiments are not expected to modulate 
binding simply by ionic strength, consistent with NaCl controls showing no 
corresponding effects.  Also, we observe that the size of the Rab18-vesicle 
aggregates formed in the presence of Ca2+ are smaller than those induced by 
simply decreasing pH (Supplementary Figure 3 and Supplementary Figure 
4).  
 
Modulation of lipid binding by phosphorylation.  The observation that many 
dehydrins undergo phosphorylation in vivo (Goday et al. 1994) points at the 
possibility that post-translational phosphorylation is involved in their 
functional regulation.  Dehydrin phosphorylation is also readily achieved in 
vitro (Alsheikh et al. 2003; Riera et al. 2004; Mouillon et al. 2008).  To 
examine the effects of phosphorylation on membrane binding the 
experiments were repeated once again with phosphorylated Rab18, Cor47 
and Lti29, and analysed back-to-back with previously published 
phosphorylation data of Lti30 based on the same protocols (Figure 6 and 
Figure 7).  In the case of Rab18, phosphorylation shifts lipid binding 
towards lower protein concentration in the titration experiments (Figure 6), 
consistent with previous observations with Lti30 (Eriksson et al. 2011). 
Moreover, phosphorylation decreases the size of the Rab18- and Lti30-
vesicle aggregates to a point where they are at the limit of being discernable 
by light microscopy (data not shown), whilst still giving strong scattering in 
the titration analysis (Figure 6) (Eriksson et al. 2011). The weaker lipid 
binders Cor47 and Lti29, on the other hand, show no response to 
phosphorylation and remain monomeric in vesicle solution.  Since 
phosphorylation yields increased net negative repulsive charge, the lack of 
effect on lipid binding of these already net negative dehydrins is not 
surprising, c.f. Table 1.  Finally we used CD to test if phosphorylation 
affects the structures of the free Lti29 and Cor47 monomers.  The results 
show that both proteins remains globally disordered also in their 
phosphorylated form (Figure 7), consistent with previous data on Rab18 and 
Lti30 (Mouillon et al. 2008; Eriksson et al. 2011)  
 
Effects of phosphorylation-ion interplay.  A priory, the impact of charged 
entities like ions and phosphorylation is expected to show some coupling as 
they - within the specific context of each dehydrin sequence - are likely to 
compete for overlapping sets of residues.  This coupling is also evident from 
the observation that some dehydrins alter their ion coordination when 
phosphorylated (Alsheikh et al. 2003).  To examine the impact of such 
coupling in this system, the lipid-binding experiments were extended to 
monitor effects of Zn2+ and Ca2+ on phosphorylated dehydrins.  The titration 
assay shows that the effect of Zn2+ on phosphorylated Rab18 follows 
precisely that of the non-phosphorylated protein, i.e. the binding response is 
strongly augmented (Figure 6).  Interestingly, the same strong augmentation 
is obtained with Ca2+ and phosphorylated Rab18, contrasting the relatively 
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modest effect of Ca2+ on non-phosphorylated Rab18 (Figure 6).  
Phosphorylation makes Ca2+ as potent as Zn2+, revealing the existence of 
synergistic, non-additive effects: Rab18 phosphorylation appears to 
‘activate’ Ca2+ control.  Equally strikingly, phosphorylation completely 
mitigates the Zn2+-induced vesicle binding and aggregation of Cor47 (Figure 
7).  The same reversed modulation is observed in pull-down data for Lti29, 
albeit less pronounced by leaving binding signal in the titration assay 
(Figure 6).  Again, CD analysis indicates no structural changes of the 
proteins monomeric structures accompanying the modulating effect (Figure 
7).  
 
Structural change upon SDS titration is not a good indicator of lipid 
binding.  The structural response of proteins to SDS is commonly used as 
indicator of lipid-binding propensity.  Several dehydrins are reported to 
collapse into helical structure in the presence of SDS (Ismail et al. 1999; 
Hara et al. 2001; Koag et al. 2003), following the generic properties of 
polypeptide chain (Tanford 1970).  To test the membrane-binding 
predictability of SDS in this system, we titrated SDS into pure solutions of 
Lti30, Rab18, Lti29 and Cor47 and monitored the structural response by CD 
(Supplementary Figure 5).  In essence, the results distinguish three types of 
response behaviour.  First, the potent lipid binder Lti30 undergoes a three-
state structural transition, with an early increase (up) of the 200 nm 
ellipticity around [SDS] ≈ 0.1 mM, accompanied by a decrease (down) in 
the 220 nm ellipticity at 1mM (Supplementary Figure 5).  Second, the 
structure of Rab18 remains remarkably unaffected by SDS throughout the 
tested 0.1 to 10 mM range.  Finally, the non-lipid binding Cor47 and Lti29 
display archetypical two-state transitions between disordered to more helical 
structure, with a midpoint around [SDS] ≈ 3 mM and an iso-elliptic point at 
205nm.  Our conclusion is, accordingly, that there is no clear correlation 
between structural response to SDS and lipid-binding propensity for 
dehydrins examined here.  
 
Dehydrated structures of dehydrins.   Some Lea-proteins have been showed 
to form almost exclusively a-helixes when dehydrated (Thalhammer et al. 
2010).  To test the generality among dehydrins of different segment 
composition to induced structure when dehydrated, we aired dried solutions 
of Lti30, Rab18, Lti29 and Cor47 and followed structural changes by CD.  
The result gave a clear picture, all four proteins form helixes in the 
dehydrated form that are easily switched back to disordered conformations 
upon rehydration (Supplementary figure 6).  Interestingly no or little signal 
was lost even upon repeated cycles of drying.  Notably, when the disordered 
protein, Sml1, from Yeast was given the same treatment, this protein fail to 
form helixes but seems to form more b-sheet conformation.  Moreover, part 
of the Sml1 protein sample seems to precipitate due to the treatment 
(Supplementary figure 7).  Hence it seems as if dehydrins are better adapted 
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to repetitions of dehydration followed by rehydration as compared to other 
disordered proteins. 
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DISCUSSION 
 
Although the most commonly proposed function of plant dehydrins during 
stress is as membrane stabilisers, it is not clear if membrane binding is a 
mandatory attribute to all dehydrins.  But although by definition all dehydrins 
have at least one copy of the highly conserved K-segment, suggested to be the 
main lipid binding feature (Close 1996), the rest of their sequences shows a 
remarkably variation.  Experimental in vitro data in support of this proposition 
is plentiful (Danyluk et al. 1998; Koag et al. 2003; Kovacs et al. 2008; Koag et 
al. 2009; Rahman et al. 2010; Eriksson et al. 2011; Petersen et al. 2012; Clarke 
et al. 2015; Eriksson et al. 2016; Atkinson et al. 2016).  Here we test the 
generality of lipid binding in vitro, by examine four dehydrins that represent 
three different dehydrin subgroups and sequence signatures.  The results from 
the experiments are clear; there is no direct correlation to the occurrences of K-
segments and lipid binding (Figure 2 and 4).  Instead, it seems as if membrane 
interaction in vitro of dehydrins in their apo state can be explained by 
electrostatics, i.e. dehydrins with a negative net charge (low pI) do a much 
weaker interaction or does not bind membrane at all as compared with those 
with positive net charge (high pI) (Figure 2 and Table1).  Deletion of K-
segments has been shown to abolish lipid binding (Koag et al. 2009; Petersen 
et al. 2012) probably since the K-segment usually is positive and adds to the 
positive net charge of the protein.  We recently tested the lipid binding of short 
peptides of K-segment variants and the conclusion from these experiments 
where that a K-segment with a net charge of +3,5 is not enough to bind and 
aggregate lipid vesicles whereas +4,5 is (Eriksson et al. 2016a).  Hence, the net 
charges of the K-segment in play with other nearby sequence features decide 
how likely the sequence will bind membranes (Graether and Boddington 2014; 
Eriksson et al. 2016).  It should be noted that binding and aggregation are two 
separate events, but with this simple rule of thumb of the net charge we 
calculated the charge of all K-segments in the four dehydrins.  From this is it 
only Rab18 that have a K-segment at pH 7.0 that would be able to bind lipids 
(Supplementary Table 1).  If we extend the prediction to include also two 
amino acids in both directions of the K-segments and calculate net charge also 
at pH 6.3 and pH 4.3 we can predict that, for example, the isolated K segments 
of Cor47 would bind and aggregate lipid vesicles in vitro.  When 
experimentally tested the full-length Cor47 fail to bind and aggregate vesicles 
even at pH 4,3 (Supplementary Figure 2).  The conclusion is that K-segments 
in combination with other sequence signatures, such as overall net charge, 
dictates lipid binding in vitro.  Following this, in vivo, additional factors may 
need to bind to the “non –binders” and turn them into “binders”, alternatively, 
the conserved sequences are specific binding sites that tune the activity of 
dehydrins.  As reported earlier, one such major factor is protonation of 
histidines as shown for the membrane interaction of Lti30 and predicted for 
others (Eriksson et al. 2011).  Here we tested this proposition experimentally 
and show that our earlier prediction holds, only if the number of histidines are 
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high enough can protonation of them switch the total net charge of the 
dehydrins towards the positive end and membrane binding take place.  Hence, 
in this study, not only Lti30 but also protonated Rab18 (at pH 4.3) bind and 
aggregate lipid vesicles (Supplementary Figure 3).  In contrast, Cor47 and 
Lti29 do not aggregate membranes at pH 4.3 despite high histidine contents 
(Supplementary Figure 3).  In the case of Cor47 and Lti29, is the number of 
protonated histidines simply not enough to change protein charge to net 
positive. 
 
Additional factors that tune membrane binding; Ca2+ and Zn2+coordination 
Metal ions are mandatory for normal cellular activity.  Ions such as Na+, K+ 
and Ca2+ can exist in relative high concentrations and take part in the 
regulation of cell polarization, signal transduction and action potentials.  Metal 
ions such as Mg2+, Zn2+ or Fe2+ are usually only found in trace amounts but are 
important for the functions of specific enzymes. 
The ability of dehydrins to coordinate different ions has been suggested as one 
of their functions during stress, by this they would bind up potential harmful 
ions (Hara et al. 2005; Xu et al. 2008).  In addition, Zn2+ has also been shown 
to promote DNA binding of a Citrus dehydrin (Hara et al. 2009).  However, 
coordination of Ca2+ or Zn2+ may also alter membrane interaction by either 
introduce local structural restrictions of the polypeptide chain or by simply 
alter protein net charge.  Ions effects on membranes are not fully understood 
but follow a general Hofmeister series i.e. the effect cannot simply be 
explained by ion charge.  Membranes are perturbed by ions that interact with 
the lipid head-groups and by this reduce the dipole potential and also effect 
lipid head group hydration (Alsop et al. 2016).  This means that i; ions could 
be coordinated by proteins only and thereby alter binding affinity or ii; only be 
coordinated by the membrane and by this alter the binding affinity of proteins 
or iii; ions could be coordinated by both protein and membrane to give a 
cooperative effect on binding. 
 
When compared, our results show that coordination Ca2+ and Zn2+ have 
markedly different effects on membrane binding of dehydrins.  Coordination 
of Ca2+ augments mainly the membrane affinity of dehydrins that already bind 
lipids in the absence of metal ions (Lti30 and Rab18), whereas coordination of 
Zn2+ induces membrane binding and vesicle assembly of all tested proteins, 
also those that fail to associate with membranes in the absence of metal ions 
(Cor47 or Lti29).  However, a concentration of 1mM Zn2+ is needed to induce 
vesicle aggregation by Cor47, a concentration that is likely to be non 
physiological (Supplementary Figure 8).  Zn2+ has been shown to induce 
conformational changes to dehydrins when lipid bound (Rahman et al. 2011a).  
As all dehydrins in this study strongly aggregated lipid vesicles in the presence 
of Zn2+ it was not possible to follow conformational changes by CD.  Since 
both Cor47 and Lti29 aggregate vesicles in the presence of Zn2+ (but Zn2+ 
alone does not), a disordered protein unrelated to plant stress or membrane 
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binding, yeast Sml1, was tested for vesicle aggregation (Supplementary Figure 
7). The Sml1 has a negative net charge of -5 and only one histidine in the 
sequence.  Sml1 also aggregates vesicles in the presence of Zn2+.  If membrane 
affinity mainly stems from coordination of Zn2+ ions by the polypeptide chains 
histidines, Sml1 would simply not be able to bind vesicles.  Zn2+ is known to 
bind to DOPC membranes by interaction to the glycerol groups and by this 
strongly increase the hydration of the membrane (Alsop et al. 2016).  This 
would also alter the overall charge of the membrane that would become less 
negative.  This in combination with Zn2+ coordination by the proteins makes it 
possible for negative proteins such as Cor47, Lti29 or Sml1 to bind the 
membranes surfaces since the aggregates are only detectable in the presence of 
proteins.  Since Sml1 also aggregates vesicles in the presence of Zn2+ and 
considering the high concentration needed in the case of Cor47 is the 
physiological relevance Zn2+ as factor that tune membrane binding of 
dehydrins uncertain.  
   
The role of calcium as an important second messenger during plant stress is 
unquestionable, by linking external signals to intracellular responses (Knight 
2000; Mahajan et al. 2008).  Under normal conditions, cytosolic calcium 
concentration is typically low (10-200nM) but increases transiently during 
various stresses (Mahajan and Tuteja 2005; Reddy et al. 2011).  The sensors 
can for example be calcium binding proteins that becomes activated to bind 
specific targets.  Several such calcium binding proteins involved in plant stress 
has been reported, for example SYT1, a protein involved in membrane 
resealing during freezing stress.  Notably, this protein showed a calcium 
dependent lipid binding (Yamazaki et al. 2008; Yamazaki et al. 2010).  
Rahman et al (2011) reported that a dehydrin structurally respond to Ca2+ by 
induce polyproline conformation (Rahman et al. 2011).  No structural changes 
could be monitored in respond to Ca2+ of non-lipid binders Cor47 and Lti29 in 
this study.  In the case of Lti30 and Rab18, again due to heavily vesicle 
aggregation, structural changes monitored by CD was not achievable.  
However, there is a difference between the lipid binding dehydrins and the 
non-binding dehydrins in the calcium response; both Rab18 and Lti30 
aggregates vesicles at lower protein concentrations as compared to without 
calcium.  This effect was absent in the case of the non-lipid binding dehydrins 
(Figure 7).  However from the pull-down experiments, it seems as if the 
presence of Ca2+ ions slightly decrease the dehydrin-vesicle affinity whilst 
increasing the relaxation kinetics for vesicle aggregation. 
Hence, Ca2+ shifts the occupancy for all dehydrins from the membrane phase 
towards solution.  Lti30 and Rab18 are found in dynamic equilibrium between 
the vesicle bound and soluble phase and the effect stems from faster 
dissociation rate of Rab18 and Lti30.  
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 
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molecules (Yang et al. 2015).  This would in a similar way as Zn2+ decrease 
the negative charge of the membrane and partly explain the observed effect. 
 
Additional factors that adjust membrane binding; phosphorylation. 
Phosphorylation by protein kinases is one of the most common and important 
regulatory mechanisms for protein activity, function and translocation. 
Dehydrin sequence compositions include several tyrosine and serine residues 
predicted sites as for phosphorylation by different kinases such as CKI, CKII 
and PKC (Goday et al. 1994; Vlad et al. 2008a; Eriksson et al. 2011) and 
dehydrins are found to be phosphorylated both in vivo as in vitro (Alsheikh et 
al. 2003; Jiang and Wang 2004).  Moreover phosphorylation has also been 
shown to promote ion binding of some dehydrins such as in the case of ERD10 
and VCaB45 (Heyen et al. 2002; Alsheikh et al. 2005).  It is not yet clear 
which kinases are responsible for phosphorylation of dehydrins in vivo but it is 
not unlikely that different kinases are involved as a step to further regulate the 
stress response.  The proposition is supported by the growing number of 
kinases involved in cellular signalling during plant stresses.  For example, the 
SnRK2-family of kinases are activated by salt, drought and involved in ABA 
signalling (Kobayashi et al. 2004; Umezawa et al. 2004).  And even more 
intriguing, specific SnRK2 kinases are predicted to have dehydrins as substrate 
(Vlad et al. 2008) and these kinases are shown to translocate from the cytosol 
to membranes in response to salt stress in Arabidopsis roots (McLoughlin et al. 
2012).  Following our hypothesis that phosphorylation change net protein 
charge and our prediction was that phosphorylation would modulate binding of 
Rab18 and Lti30 but not switch Cor47 and Lti29 into lipid binders.  This is 
experimentally confirmed with the observation that Rab18 and Lti30 are more 
efficient in vesicle aggregation when phosphorylated (Figure 6).  This is in 
agreement with the phosphorylated versions of Ts DHN-1 and TsDhN2 that 
are suggested to have a stronger membrane adhering ability as monitored by 
FTIR (Rahman et al. 2011).  In the case of Rab18, it is possible that 
phosphorylation, with the S-segment being predicted to be highly 
phosphorylated by SnRK2-10 kinase (Vlad et al. 2008) and located close to the 
first K-segment in the sequence, could by negative repulsive place the vesicle 
binding K-segment in a position that favours binding.   Moreover, we observe 
that the modest effect of Ca2+ on Rab18 ability to bind vesicles is effectively 
enhanced by phosphorylation.  This point at an existence of synergistic, non-
additive effects: phosphorylation appears to ‘activate’ Ca2+ control in the case 
of Rab18.  It has been reported the dehydrins VCaB45 and ERD14 binds up to 
100 times more Ca2+ when phosphorylated (Heyen et al. 2002; Alsheikh et al. 
2003).  Also, in contrast to Rab18 response, phosphorylation seems to 
completely abolish the Zn2+-induced vesicle binding and aggregation of Cor47 
(Figure 7).   
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Dehydrins structural responses to SDS and dehydration. Structural transition in 
the presence of SDS is commonly used as an indication for membrane binding 
of proteins.  This proposition does not hold for membrane binding of dehydrins 
in their apo state since the two non-membrane dehydrins Cor47 and Lti29 
easily formed helixes upon SDS titration.  It should be noted that the structural 
response differed among the dehydrins in this study and showed three different 
behaviours; the strong lipid binding Lti30 showed a three-state transition with 
the first transition at very low SDS concentrations.  The structural response of 
Rab18 to SDS is minor where as the non-binder Cor47 and Lti29 followed a 
more normal two state transition but with structural transition at high SDS 
concentrations (mM).  The three-state transition of Lti30 is similar to that of 
the amyloid b peptide (Ab) that also show a SDS concentration dependent 
transition.  Notably, in the case of Ab peptide is the intermediate b structure 
rich-state the most aggregation prone state (Abelein et al. 2013).  In the case of 
Lti30 we have not detected any aggregation. When the structure upon more or 
less complete dehydration was compared, all dehydrins showed an almost 
identical induction of helixes upon drying in line with other dehydrins and 
LEA protein (Tolleter et al. 2007; Tunnacliffe et al. 2010; Hand et al. 2011; 
Hincha and Thalhammer 2012).  Also inline with other reports, they all easily 
regained their disordered structure when rehydrated.  Notably, the disordered 
yeast Sml1 did not follow the same structural transitions as the dehydrins and 
formed more beta structure when dried.  Moreover, Sml1 did no regain its fully 
disordered structure upon rehydration.  Hence, dehydrins seems to be better 
adapted to be able to switch between structural transitions upon drying without 
precipitating compared to other disordered proteins.   
In summary, these data shows that; Lipid binding without additional factors is 
not a ubiquitous trait among dehydrins.  The presence of Zn2+ ions prevail lipid 
binding of dehydrins.  Ca2+ ions only influenced lipid interacting dehydrins 
(Rab18 and Lti30).  Phosphorylation does not induce lipid binding of the non-
binding Cor47 and Lti29, pointing at a sensitive and multifaceted regulatory 
mechanism of the dehydrin function in stressed plant cells. 
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MATERIALS AND METHODS 
 
Protein expression and purification.  Expression and purification of the 
recombinant Arabidopsis thaliana dehydrins Cor47, Lti29, Lti30 and Rab18 
were performed as described by (Svensson et al. 2000), with minor changes. 
Glycerol stocks of the Escherichia coli strains were made and 150 µl was 
spread on Luria agar plates with 150 µg carbencillin and grown 37 °C 
overnight.  The cells were suspended and added to 2 L of Luria-Bertani 
medium containing 50 µg/mL carbencillin and kept at 37 °C.  Expression 
was induced at OD600 of 0.6-0.7 by adding 1 mM isopropyl B-D-
thiogalactopyranoside and kept at 23 °C over night.  Cells were harvested by 
centrifugation at 6000 rpm for 15 min.  The pellet from 1 L cultures was 
suspended in 25 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 five 1-minute periods on ice followed by centrifugation at 18 
000 rpm for 30 minutes.  The supernatant was placed in 80 °C water bath for 
30 minutes, to precipitate heat-denatured proteins, and then centrifuged at 18 
000 rpm for 30 minutes.  
Dehydrins were purified by metal ion affinity chromatography.  The 
supernatant from heat precipitations were diluted 1:2 with 20 mM Na2HPO4, 
pH 7.2, 1.88 M NaCl and 1 mM phenylmethylsulfonyl fluoride.  The 
samples were loaded on a 5-mL HiTrap IDA-Sepharos column (GE 
Healthcare) charged with 7 mL of 3 mg/mL CuSO4.  The column was 
equilibrated with 5 volumes of 20 mM Na2HPO4, pH 7.2, and 1.0 M NaCl.  
The same buffer (40 volumes) was used to wash off unbound sample from 

the column followed by 2 M NH4Cl in 20 mM Na2HPO4, pH 7.2, and 1.0 M 
NaCl.  Fractions of 5 mL were collected for analysis during the whole run. 
The column was then equilibrated with 10 volumes of 20 mM Na2HPO4, pH 
7.2, followed by elution of dehydrin and copper with 10 mM EDTA in 20 
mM Na2HPO4, pH 7.2. Precipitation of protein was performed with 80% 
(NH4)2SO4 over night and protein was collected by centrifugation at 18 000 
rpm for 45 minutes. Protein pellets were suspended with 2.5 mL of 5 mM 
MES, pH 6.3.  The protein was desalted on 2 PD-10 columns (GE 
Healthcare). Purity was analysed by Ready gel SDS-PAGE system (Biorad).  
Protein quantification was measured with bicinchoninic acid assay (Sigma-
Aldrich).  
Preparation of Liposomes for biacore. 1,2-Dioleoyl-sn-Glycero-3-
Ethylphosphocholine DOPC  (Avanti Polar Lipids, Alabaster, AL) was used 
to optimize the assay conditions with respect to the Biacore surface capacity. 
To assess the influence of the headgroup on dehydrin/liposome interactions, 
DOPC and three other lipids were selected that differed only in their 
headgroup: 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-
glycero-3-[phospho- -serine] (DOPS), and 1,2-dioleoyl-sn-glycero-3-
[Phospho-rac-(1-glycerol)] (DOPG). Aliquots of lipids, solubilised in 
chloroform, were dried under an N2 stream, vacuum dried for 2 h, and either 
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used immediately or stored in sealed N2-filled pouches at  -80 °C for up to 3 
weeks. Dried lipids were resuspended to a concentration of 10 mM in 1 mL 
running buffer. Liposomes were prepared by sonication in a MSE Soniprep 
150 (3 x 10 min at 10 µ amplitude using a 3 mm microtip probe) and then 
purified by ultracentrifugation at 100.000g for 40 min.  
 
Dehydrin –phospholipid interaction studies; SPR (Biacore).  Studies of the 
interaction between various dehydrins and phospholipids were conducted by 
Biacore as described earlier (Eriksson et al 2011).  The technique has been 
used systematically to study various biomolecular interactions such as lipids 
or proteins (Besenicar et al. 2006).  In the dehydrin-phospholipid recognition 
studies, the phospholipids vesicles were immobilized on the sensor L1 chip 
surfaces and the dehydrins served as the soluble analytes.  As a control, BSA 
was utilized, as dehydrins should not recognize it.  Four flow cells can 
simultaneously be used in Biacore experiments.  The lipid binding L1 chip 
has four lipid binding surfaces corresponding to the flow cells.  Three of the 
surfaces are covered with different lipid vesicles and the fourth unmodified 
(lipid-free) flow cells served as reference and control surface.  The same 
dehydrin sample is run at the same time in all four cells. Sensor Chip L1 
(Biacore AB) was used for analysis. The sensor chip consists of a 
carboxymethyldextran hydrogel derivatized with lipophilic alkanes. 
Typically, liposomes were diluted in running buffer (0.05–2mM) and 
captured to saturation (5 min) across isolated flow cells at 2 µl/min. 
Unmodified (lipid-free) flow cells served as reference and control surfaces. 
Fresh liposomes were injected for each compound to ensure that analysis 
was unaffected by previous compound injections. The flow system, except 
the sensor surface, was washed with 4:6 v/v isopropanol/50 mM NaOH after 
each liposome injection to minimize carryover from previous injections. A 
slight upward drift in the liposome baseline can be minimized by choosing 
long liposome injection times, low flow rates during capturing and 
introducing wait time after liposome immobilization. A liposome injection 
time of 7.5 min, at 2 µl/min, was chosen to achieve a stable liposome surface 
and maintain low liposome consumption. Reproducibility of liposome 
immobilization levels on Biacore.   Liposomes were reproducibly 
immobilized to levels of about 7400 ± 90 RU for DOPC and about 6500 ± 
160 RU for the mixtures of DOPC with negatively charged DO (di-oleic 
acid, 18:1) phosphate lipids.  For DMPC the immobilization level was about 
6700 ± 70 RU and for the mixtures of DMPC with negatively charged DM 
(di-myristic acid, 14:0) phosphate lipids about 6200 ± 130 RU (data not 
shown).  DM lipids were used in the solid state experiments and run on 
Biacore as a control.  Typically, 10 liposome injections were made per assay 
with relative standard deviations of 1.0 – 2.05 %.  BSA binds strongly to the 
dextran matrix of the L1 sensor chips, but weakly to lipid bilayers (Erb et al. 
2000).  Therefore BSA was used as an indicator for coverage of the dextran 
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matrix with lipids.  After liposome binding, a 10 µl injection of 0,1 mg/ml 
BSA resulted in an increased signal of 39 ± 29 as compared to 563 ± 46 RU 
for dextran matrix in the absence of lipid (Supplementary Figure 2).  Since 
the dehydrin-binding responses (RUdh) were linearly related to the lipid 
capture level (RUlipid,) an appropriate correction for cycle-to-cycle 
variability in lipid capture levels was achieved by dividing RUdh by RUlipid.  
When comparing the different dehydrins, response data were also divided by 
the molecular weight of the dehydrins under investigation (MWdh).  
Normalized response data were then multiplied by an arbitrary scaling factor 
of 106 to return the value to one that resembled an "RU." "Scaled responses" 
were therefore given in units of 106 RUdh/(MWdh RUlipid) as shown in 
Supplementary Figure 3. 
 
Preparation of LUVs.  All lipids were purchased from Avanti Polar Lipids. 
LUVs of DOPC:DOPG were prepared with an extrusion method. The lipids 
were dissolved in chloroform and dried under a gentle flow of fluid nitrogen 
for 3-4 hours. The lipid film was solved in 5 mM MES pH 6.3 or 10 mM of 
potassium phosphate pH 4.3, followed by 10 minutes of vortexing. 5 freeze 
thaw cycles in liquid nitrogen to reduce lamellarity followed and then the 
lipid solution was extruded 20 times through a hand-driven extruder with 0.1 
µm pore-size polycarbonate filter.  
 
Preparation of thylakoids. Forty grams of spinach (Spinacia oleracea) and 
100 mL of 0.3 M Sucrose, 5 mM MgCl2 and 50 mM Na-phosphate, pH 7.4 
was placed in a cold mixer and mixed for 5 x 10 s. The solution was filtered 
and centrifuged at 3000 rpm for 3 min, 4 °C. The pellet was suspended in 30 
mL of 0.3 M sucrose, 5 mM MgCl2 and 50 mM Na-phosphate pH 7.4 and 
centrifuged at 4500 for 5 min, 4 °C. The solution was homogenized in 30 
mL 5 mM MgCl2, 5 mM NaCl and 10 mM Na-phosphate, pH 7.4 and 
centrifuged at 4500 rpm for 5 min, 4 °C. The pellet was homogenized in 12 
mL of 0.1 M sucrose, 5 mM MgCl2, 5 mM NaCl and 10 mM phosphate, pH 
7.4. 
 
Light microscopic pictures. To examine light microscopic pictures an 
inverted Zeiss Axiovert 40 CFL microscope equipped with a digital 
Aciocam ICc1 camera at 10 times magnification was used. Solutions of 
dehydrins (0.3 mg/mL for lipid vesicles, 0.2 mg/mL for thylakoids) and 
vesicles (1.4 mM) or thylakoids (2 mg/mL) were added on a glass slide and 
three images per droplet were examined. 
 
Absorbance measurements. Absorbance measurements were performed on 
an Ultrospec 3300 pro (Amersham) at 400 nm and at 25 °C. 
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Pull down. 100 µl dehydrin (0.15 mg/ml) with or without CaCl2 or ZnCl2 
was mixed with PCPG (3:1) vesicles (1.4 mM). Samples were centrifuged at 
12 000 rpm for 20 min. 10 ml of the supernatant were mixed 1:1 with SDS-
PAGE cocktail.  Pellets were solved with 100 mL buffer and 10 mL was 
mixed 1:1 with SDS-PAGE cocktail. Samples were boiled and loaded on an 
anyKd SDS-PAGE gel (Biorad). 
 
Phosphorylation of dehydrins. Cor47, Lti29 and Rab18 (2 mg/mL) were 
phosphorylated by 5.4 units/mL of casein kinase II (CKII) from rat liver 
(Sigma) in 1mM ATP, 50 mM KCl, 10 mM MgCl2 and 20 mM Tris-HCl, 
pH 7.5 for 4 hours, room temperature. Lti30 was phosphorylated with 4.76 
units/mL protein kinase C (PKC) from rat brain (Merck) in 1 mM ATP, 10 
mM MgCl2, 2 mM CaCl2, 2 mM EGTA and 20 mM Tris-HCl, pH 7.5 for 4 
hours at room temperature. The phosphorylation grade of the dehydrins was 
tested with P32 isotope labelling by adding 0.5 uL of 0.2 mM ATP32 to the 
dehydrin-kinase solution and runned on SDS-PAGE gels. The radioactivity 
of the samples was detected with FLA-3000g (Fuji Photo Film).   
 
CD analysis. Far-UV CD spectra were recorded on a Jasco J-815 CD 
spectrometer (Jasco Inc.) with a scan rate of 20 nm per min at 0.2-nm 
resolution and 20 mdeg sensitivity. All runs were performed at 25 °C, unless 
otherwise stated. All CD spectra are presented as mean ellipticity per 
residue. For CD spectra of dried dehydrins, 60 µL dehydrin (0.6 mg/mL) in 
5 mM mes pH 6.3 was dried for 24 hours on a slide cuvette. Rehydration 
was made with 60 µL H2O. SDS experiments were reordered on a  
Chirascan CD spectrometer (Applied Photophysics) with a scan rate of 20 
nm per min at 0.2-nm resolution and 20 mdeg sensitivity and 0-10 mM SDS 
was titrated into the cuvette. 
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FIGURE LEGENDS 
 
Figure 1.  A: Schematic picture of the dehydrins with their conserved 
segments and B: the experimental set up. 
 
Figure 2.  Summary of the Biacore results of interaction between Lti30, 
Rab18, Cor47 and Lti29 and different lipids.  Out of the four dehydrins, only 
Lti30 and Rab18 interact with lipid surfaces. Both Lti30 and Rab18  binds 
stronger as the negatively charge of the lipids is increased.  The interaction 
of Cor47 and Lti29 with any tested lipid are negligible . In the case of mixed 
lipids, the ratio are always 3:1 (PC: other lipid, molar ratio) and fatty acids 
are in all cases oleic acid (18:1). For experimental details please see the 
materials and methods section. 
 
Figure 3.   A: Light microscopic pictures of dehydrins in the presence of 
either thylakoids (left) or PCPG lipid vesicles (right) to demonstrate their 
aggregation capacity.  B: Lipid vesicle pull-down experiments with 
dehydrins and PCPG LUVs. A: Thylakoids alone or in the presence of 
dehydrins (left row) and PCPG LUVs alone or in the presence of dehydrins 
(right row). The pictures shows that only Lti30 is able to aggregate 
thylakoids or PCPG LUVs at pH 6.3, although Rab18 show some lipid 
binding at this pH in other experiments. Dehydrin concentrations are 0.2 
mg/ml and thylakoids 2.0 mg/ml.  In the lipid vesicles experiments, the 
dehydrin concentrations are 0.3 mg/ml and lipid vesicles 1.4 mM 
DOPC:DOPG (3:1 molar ratio) LUVs (100 nm), at a protein:lipid ratio of 
1:100.  The size bar is 50 µM. B: Dehydrins (0.2 mg/ml) were incubated 
with PCPG LUVs (1.4 mM DOPC:DOPG 3:1, molar ratio, size 100 nm) for 
20 min at pH 6.3. The LUVs were pelleted and samples from both the 
vesicle pellet (v) and solution (s) were put on an SDS gel. Lti30 is only 
found in the vesicle pellet, whereas Rab18 are found both in the vesicle 
pellet and as free protein in solution. Cor47 and Lti29 are only found as 
soluble protein in solution. 
 
Figure 4.  Dehydrin binding lipids in presence of Zn2+ or Ca2+A: Dehydrins 
titrated into a 1.4 mM PCPG vesicle solution (PC:PG 3:1, molar ratio) with 
vesicle aggregation measured by absorbance at 400 nm.  B: Dehydrins 
titrated into a lipid vesicle solution as in A with the addition of 1mM ZnCl2 
to the vesicle solution.  C: Dehydrins titrated into a lipid vesicle solution as 
in A with the addition of 1mM CaCl2 to the vesicle solution. All experiments 
at pH 6.3. 
 
Figure 5.   A: Light microscopic pictures of dehydrins and  PCPG lipid 
vesicles (3:1) in the presence of Zn2+ or Ca2+ ions. B: Lipid vesicle pull-
down experiments in the presence of Zn2+ or Ca2+ ions. A: 1mM ZnCl2 (left 
row) or CaCl2 (right row) were added  to the dehydrin/lipid vesicle solution. 
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In the presence Zn2+, all four dehydrins forms vesicle aggregates whereas in 
the presence of Ca2+ only Lti30 and Rab18 are able to form aggregates (see 
Supplementary Figure 4 for Rab18 aggregates at 40 x magnification). The 
data are supported by the pull-down experiments in B where all dehydrins 
are found in the vesicle pellet in the presence of Zn2+.  In the presence of 
Ca2+ only Lti30 and Rab18 are pelleted with the lipid vesicles. 
 
Figure 6.  Phosphorylated Dehydrins binding lipids in presence of Zn2+ or 
Ca2+. Phosphorylated Rab18 titrated into a 1.4 mM PCPG (PC:PG 3:1, 
molar ratio) vesicle solution including with the addition of 1 mM ZnCl2 (A) 
or  1 mM CaCl2 (B).  Vesicle aggregation measured by absorbance at 400 
nm at pH 6.3.  The non-phosphorylated dehydrins are plotted as controls.  
See Figure 7 for corresponding results with Cor47 and Lti29.  C. SDS gel of 
pull down experiments with phosphorylated dehydrins and 1.4 mM PCPG 
(PC:PG 3:1, molar ratio) vesicles in the presence of 1 mM ZnCl2 or 1 mM  
CaCl2. 
 
Figure 7.  A and C; Phosphorylated Cor47 and Lti29 binding lipids in 
presence of Zn2+ or Ca2+.  B and D; Structural response of Cor47 and Lti29 
to 1 mM Zn2+ or Ca2+ monitored by CD. Phosphorylated dehydrins titrated 
into a 1.4 mM PCPG (PC:PG 3:1, molar ratio) vesicle solution including 
with the addition of  1mM ZnCl2 or  1 mM CaCl2 (A and C).Vesicle 
aggregation measured by absorbance at 400 nm (pH 6.3).  The non  
phosphorylated dehydrins are plotted as controls. CD spectra of 
phosphorylated  
Cor47 (B) and phosphorylated Lti29 (D) (in absence of lipids) in 1 mM 
ZnCl2 or 1 mM 
CaCl2 showing the weak structural response.  
 
Supplementary Figure 1. Amino acid sequences of Cor47, Lti29, Lti30 and 
Rab18.  
The archetypical  K-segment is written in blue, the S- and the Y- segments, 
if present in the sequences, are written in green and red respectively and the 
charged peptide in purple. 
 
Supplementary Figure 2. Dehydrin  binding to DOPG phospholipids on 
Biacore L1 chip. Results from Biacore runs of the dehydrins Lti30, Rab18, 
Cor47 and Lti29 and DOPG lipids.   
 
Supplementary Figure 3. Light microscopic picture of Rab18, Lti29, Cor47 
and PCPG 
aggregates at pH 4.3. Protein concentration is 0.3 mg/ml and lipid vesicles 
1.4 mM PC:PG (3:1 molar ratio) LUVs (100 nm) at a protein:lipid ratio of 
1:100.   Size bar is 50 µm. 
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Supplementary Figure 4.   Light microscopic picture at 40 times 
magnification of Rab18 and PCPG in the presence of Ca2+.  Size bar is 25 
µm. 
 
Supplementary Figure 5. Structural response of of the dehydrins to SDS 
titration (0-10 mM).  A-D:  CD spectra of dehydrin in SDS. With A and C 
representing two non lipid binding dehydrins and B and D  representing lipid 
binding dehydrins. Lti30 (D) showing a two state structural transition and 
showing a more complex and faster (within 0.1mM SDS) structural 
transition in comparison to Lti29 and Cor47.  Rab18 (B) lack stuctural 
response to SDS. E: The mean CD signal between 195 and 200 nm for all 
four dehydrins is shown to highlight the fast response of Lti30.  
 
Supplementary Figure 6. CD spectra of dehydrins in solution, after being 
dried (24 h) and after re-hydration. CD spectra of A: Cor47, B: Lti29, C: 
Rab18 and D:Lti30 either in solution (  ⎯   ) , after dried by air (  --  ) and 
after rehydration ( ⎯ ) in buffer.  The data shows a structural transition from 
a disordered state for proteins in solution to a mixed helix/beta structure in 
the dried state.  This mixed helix/beta state is reversed back to disordered 
state when the dehydrins are rehydrated in water.  
 
Supplementary Figure 7.  Control experiments with disordered Yeast Sml1 
to test the 
generality of Zn2+ or Ca2+ induced vesicle aggregation. A: Sml1  titrated into 
1.4 mM PCPG (PC:PG 3:1, molar ratio) vesicle solution in presence of Zn2+ 
or Ca2+ (both at 1 mM).  Vesicle aggregation measured by absorbance at 400 
nm. B: CD spectra of Sml1 either in solution ( ⎯  ) , after dried by air (  -- ) 
and after rehydration ( ⋅⋅⋅ ) in buffer.  
 
Supplementary Figure 8.  Cor47 binding lipids in presence of Zn2+. A: 
Cor47  titrated into 1.4 mM PCPG (PC:PG 3:1, molar ratio) vesicle solution 
in presence of Zn2+ at different concentrations.  Any vesicle aggregation 
measured by absorbance at 400 nm. 
 
Supplementary Table 1. K-segment sequences of the four dehydrins in this 
study with flanking histidines in bold, along with their pIs, total no of 
histidines, net charge at pH 7.0 or 4.3 and observed lipid binding at pH 6.3. 
 
Supplementary Table 2.   K-segment sequences of Cor47 and Lti29 with 
flanking 
amino-acids in bold, along with net charge at pH 4.3, 6.3 or 7.0. 
 
Supplementary Table 3. K-segment sequences of Lti30 and Rab18 with 
flanking amino-acids in bold, along with net charge at pH 4.3, 6.3 and 7.0. 
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