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Dehydrins are disordered proteins that are expressed in plants as a response to embryogenesis and water-related stress. The
molecular function and structural action of the dehydrins are yet elusive, but increasing evidence points to a role in protecting
the structure and functional dynamics of cell membranes. An intriguing example is the cold-induced dehydrin Lti30 that binds to
membranes by its conserved K segments. Moreover, this binding can be regulated by pH and phosphorylation and shifts the
membrane phase transition to lower temperatures, consistent with the protein’s postulated function in cold stress. In this study,
we reveal how the Lti30-membrane interplay works structurally at atomic level resolution in Arabidopsis (Arabidopsis thaliana).
Nuclear magnetic resonance analysis suggests that negatively charged lipid head groups electrostatically capture the protein’s
disordered K segments, which locally fold up into a-helical segments on the membrane surface. Thus, Lti30 conforms to the
general theme of structure-function relationships by folding upon binding, in spite of its disordered, atypically hydrophilic and
repetitive sequence signatures. Moreover, the fixed and well-defined structure of the membrane-bound K segments suggests that
dehydrins have the molecular prerequisites for higher level binding specificity and regulation, raising new questions about the
complexity of their biological function.

Since rooted plants cannot flee environmental
changes, their fitness and survival have come to rely on
a series of molecular defense systems, reflected in ge-
nomes that are typically much larger than for animals
(Rafalski, 2002). One of the most basal tasks of this
defense is to manage cellular stress induced by desic-
cation, ionic strength, and thermal fluctuations. The
molecular response includes the production of osmo-
protectants, various sugars (Ingram and Bartels, 1996),
and up-regulated expression of dedicated stress pro-
teins like the intrinsically disordered dehydrins (Baker
et al., 1988; Nylander et al., 2001; Bomal et al., 2002;
Chakrabortee et al., 2007). Exactly how these stress
proteins function and interfere with the cellular pro-
cesses is yet unknown, but judging by their highly

conserved sequence signatures, their action seems to be
under precise molecular control (Close, 1996; Mouillon
et al., 2006; Graether and Boddington, 2014). Accord-
ingly, it is speculated that the dehydrins could have
evolved to selectively target and modulate the proper-
ties of other proteins (Hara et al., 2001; Kovacs et al.,
2008), DNA/RNA (Hara et al., 2009), or membranes
(Dure, 1993; Danyluk et al., 1998; Koag et al., 2003).

Membrane targeting has come to stand out as par-
ticularly interesting, as both the structure and phase
properties of lipid bilayers are known to depend criti-
cally on temperature and water content (Steponkus
and Lynch, 1989; Crowe and Crowe, 1992). Also, some
dehydrins are found to colocalize with membrane
surfaces (Danyluk et al., 1998; Puhakainen et al., 2004)
and bind to anionic phospholipids in vitro (Koag et al.,
2003, 2009; Kovacs et al., 2008; Eriksson et al., 2011).
Some of these interactions are driven by electrostatics
and depend on positively charged residues in the
dehydrin sequence pairingwith negatively charged lipid
head groups, following the same rules as other lipid-
binding proteins (Lemmon, 2008; Moravcevic et al.,
2010; Eriksson et al., 2011). A good example is the net
positively charged dehydrin Lti30 from Arabidopsis
(Arabidopsis thaliana), which binds membranes by rec-
ognizing the negatively charged head groups of phos-
pholipids (Eriksson et al., 2011). The consequence of this
membrane interaction is a decrease of the main lipid
phase transition by 2.5°C in vitro (Eriksson et al., 2011),
intriguingly matching the decreased survival tempera-
ture of 3°C observed upon Lti30 overexpression in
Arabidopsis (Puhakainen et al., 2004). Consistent effects
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on the membrane phase transition are reported for the
dehydrin K2 (Clarke et al., 2015). To achieve membrane
binding, Lti30 comprises not less than six copies of the
archetypical K segment (Fig. 1).However, theK segments
are not alone accountable for the Lti30-membrane in-
teraction, as binding also requires the protonation of
flanking pairs of His residues. In essence, these colo-
calized pairs of His residues form a pH-controlled af-
finity switch, which can be further fine-tuned by protein
phosphorylation (Eriksson et al., 2011). The complexity
of the Lti30-membrane interplay naturally raises ques-
tions about the possible involvement of binding-induced
folding (Arai et al., 2015; Wright and Dyson, 2015). Fol-
lowing general structure-function relationships, such
three-dimensional organization of a specific structure
would open up additional layers of target specificity and
modes of function (Lee et al., 2010; Vuzman and Levy,
2012) analogous to those observed for other intrinsically
disordered proteins (Kriwacki et al., 1996; Dunker and
Obradovic, 2001; Tompa, 2002; Borg et al., 2007; Sigalov
and Hendricks, 2009). Classical examples are found
among the transcription factors (Wright and Dyson,
2015), but there also are cases where local folding is in-
duced bymembrane binding (Jao et al., 2004; Jarvet et al.,
2007), resembling that of the dehydrins (Table I; Koag
et al., 2003; Rahman et al., 2010).
In this study, we shed new light on this issue by

identifying the generic physical-chemical features of the
membranes that govern Lti30 binding, its dynamics,
and, at atomic level resolution, the structural changes of
the K segments that accompany this membrane binding

(Fig. 1). The results show that, indeed, the anionic charges
of the lipid head groups electrostatically capture the
positively charged Lti30 K segments to establish a dy-
namic binding equilibrium. In the unbound state, the
K segment remains fully disordered, whereas in the
bound state, it turns into a fixed amphipathic helix that
floats on the membrane surface. Such direct observa-
tion of binding-mediated folding of a K segment pro-
vides not only a strict structural base for elucidating
stress-defense mechanisms but also points to the pos-
sibility that the functional repertoire of the dehydrin
proteins is larger than previously anticipated.

RESULTS

Lti30 Shows Electrostatic Recognition of Lipid
Head Groups

Previous data showed that Lti30 interacts with highly
negatively charged vesicles (PC:PG ratio of 3:1; i.e. 25%
negatively charged) and assemble these into large
clusters. It was further shown that the binding is elec-
trostatic and regulated by the protonation of His resi-
dues in a pH-dependent way (Eriksson et al., 2011).
Full-length Lti30 binds and aggregates lipid vesicles
upon His protonation, starting at pH below the pKA
value of the bound state that is shifted to well above
8 (Eriksson et al., 2011). Accordingly, the pH titration of
Lti30 gives a binding midpoint around pH 7.5, where
50% of the vesicle aggregation effect is manifested.
Because of this flexibility in achieving suitable binding

Figure 1. Schematic image of disordered Lti30 binding to lipid (PC:PG) vesicles. Blue represents a positive charge and red
represents a negative charge. A, Sequence of Lti30 with K segments (boldface) and the positions of the K segments matching the
KLti30 peptide (gray boxes). B, Sequence of the KLti30 peptide. C, Binding equilibrium between Lti30 and lipid vesicles, where
attraction is influenced by charge. Binding is promoted by protonation of the flanking His pairs (Eriksson et al., 2011) and down-
regulated by phosphorylation of the K segment Thr residues (Eriksson et al., 2011). Upon Lti30 binding, the membrane phase
decreases 2.5˚C and the vesicles cluster into macroscopic aggregates (Eriksson et al., 2011). For size reference, Lti30 has an
extended length of 20 nm and the diameter of the vesicles is 100 nm. PC, Phosphatidylcholine; PG, phosphatidylglycerol.
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regimes in vitro, we opted here for pH 6.3 as the stan-
dard condition. The advantage is that pH 6.3 is close to
the pKA of the His residues in unbound Lti30. The other
pH of mechanistic interest is around the His pKA in the
membrane-bound state (i.e. above pH 8), but this is too
high to elucidate physiological action. In previous
studies, we examined the Lti30-lipid binding from aHis
perspective by varying the pH (Eriksson et al., 2011),
and here we expand the analysis by also varying the
membrane charge. Large unilamellar vesicles (LUVs)
were composed of DOPG (1%–40%) in the background
of the neutral zwitter-ionic DOPC (99%–60%) lipids.
The vesicles were rapidlymixedwith Lti30 in a stopped-
flow spectrophotometer to a final concentration of 0.5 mM

lipids and 3.5mMprotein at pH6.3, and the scattering effect
of the vesicle clusters formed was monitored either as
absorbance or fluorescence.

As seen in Figure 2, 2% negatively charged lipids are
adequate for Lti30 to bind and cluster the vesicles. The
intensity of the vesicle clustering increases when the
negative net charge of the vesicles is elevated to 3% but
seems to start to level off at 6% (Fig. 2). Hence, below
binding saturation, the binding is proportional to the
acidic charges of the vesicles. At a high negative net
charge of the vesicles (above 6%; i.e. at 25% and 40%
DOPG), the stopped-flow absorbance/fluorescence
signal changes character. This can be explained by re-
pulsion between the negative lipid head groups that

interfere with the cluster reactions. The large clusters
formed due to Lti30 binding are detectable with a light
microscope, and images of the clusters further support
the stopped-flow data (Fig. 3). The conclusion is that
Lti30 has a strong affinity for low concentrations of
negative lipids and needs only a few negative lipids to
bind and cluster vesicles. This indicates that Lti30 also
can bind to different cellular membranes in vivo, since
most of these contain higher concentrations of nega-
tively charged phospholipids than tested here (Uemura
et al., 1995). The proposition seems even more plausible
because the data presented here show vesicle cluster-
ing, a reaction secondary to lipid binding, and it is not
unlikely that binding of Lti30 could take place at even
lower vesicle charges.

Identification and His-Flank Regulation of the Membrane-
Binding Epitope

In previous studies (Eriksson et al., 2011; Petersen
et al., 2012), it was demonstrated that the membrane
binding of dehydrins is chiefly driven by the ubiquitous
K segments (Figs. 1 and 4). The consensus sequence for
these K segments is EKKGIMDKIKEKLPG, with slight
variations across the protein family (Close, 1996; Graether
and Boddington, 2014). We note here that the six K seg-
ments of Lti30 deviate from the consensus K segment by

Table I. Summary of dehydrins observed previously to bind lipid vesicles and reported corresponding structural transitions

Protein Plant Type of Lipid Gain of Structure References

DHN1 Zea mays PA (100%) a-Helix (CD) Koag et al. (2003)
Lti30 Arabidopsis PC:PG (3:1) a-Helix (NMR, FTIR) –
ERD10 Arabidopsis PC:PS (1:1) Disordered (CD) Kovacs et al. (2008)
ERD14 Arabidopsis PC:PS (1:1) Disordered (CD) Kovacs et al. (2008)
TsDHN1 Thellungiella salsuginea PC:PS:PI (33:47:20) b-Strand, a-helix (FTIR, CD) Rahman et al. (2010)
TsDHN2 Thellungiella salsuginea PC:PS:PI (33:47:20) b-Strand, a-helix (FTIR, CD) Rahman et al. (2010)
K2 Vitis riparia PC:PA (1:1) a-Helix (CD) Clarke et al. (2015)

Figure 2. Stopped-flowdata of Lti30 binding and clustering of PC:PG lipid vesicles (LUVs). Lti30 at 3.5mMwas rapidlymixedwith
0.5 mM PC:PG vesicles at a 1:142 protein:lipid ratio. Binding of positively charged Lti30 promotes vesicle clustering, monitored
by scattering at 400 nm. The process depends on the LUV net negative charge, which was varied between PG (1%–40%) and PC
(99%–60%). A, Scattering at 400 nm. B, Absorbance at 400 nm. C, Scattering amplitude at 400 nm at 0.5 s, indicating two binding
modes.
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being less charged: the Lti30 segments are close to neutral
at pH 7, whereas the consensus segment shows a net
charge of +2 (Figs. 1 and 4). Moreover, the K segments of
Lti30 are allflankedbyHis residues. TheseHisflanks occur
to varied extents across the dehydrin family and have been
implicated as pH switches in the regulation of membrane
binding (Eriksson et al., 2011). In essence, the increased
positive charge from protonated His flanks activates
binding, whereas deprotonation leads to dissociation
(Eriksson et al., 2011). To examine the action of such reg-
ulation in Lti30, we constructed three peptide models: (1)
the consensusK segment (KC); (2) the consensusK segment
with flanking His residues (KHH-C-HH); and (3) the K seg-
ment of Lti30 with flanking His residues (KLti30; Fig. 4).
The latter occurs twice in the Lti30 sequence and differs
only marginally from the protein’s remaining four K
segments (Fig. 1), whose charges vary in the same range
as KLti30. Interestingly, these results show that both
KHH-C-HH and KLti30 bind membranes in a pH-dependent
manner, whereas KC that lacks the His flanks fails to
bind in this model system (Fig. 4). Accordingly, theHis
flanks seem to be a functional feature of the K segment
by providing extra positive charges to boost the in-
teraction with the negatively charged membrane. Se-
quence comparison shows, consistently, that His
flanks often are colocalizedwith the K segments across
the dehydrin family, pointing to the possibility that the
regulation of membrane binding by protonation is a
widespread feature of the stress response (Eriksson
et al., 2011). For further discussion of His flanks and
the overall atypical positive net charge of dehydrins,
see Eriksson et al. (2011). From the binding data in
Figures 2 and 4, we conclude that the K segments of
Lti30 play a key role in the vesicle binding of the full-
length protein and that this binding is modulated both
by the negative charge density of the membrane and
the protonation state of the flanking His residues.

Lti30 Changes Structure upon Membrane Binding as
Measured by Fourier Transform Infrared Spectroscopy

As vesicle clustering causes high background noise in
the UV region, the structural response of Lti30 upon

membrane association cannot be followed by conven-
tional techniques like CD. Instead, we use here Fourier
transform infrared (FTIR) spectroscopy, which targets
conformation-sensitive vibrations associated with much
longer wavelengths in the infrared regime. Following
standard procedures, we use the second derivative of the
absorption spectrum to identify peak positions, as this
enables easier differentiation between overlapping bands.
The negative bands in the second derivative spectra
correspond to the component bands in the original

Figure 3. Light microscopy analysis of the Lti30-induced clustering of PC:PG LUVs. Lti30 (14 mM) was used in the presence of
LUVs (1.4 mM) with 1%, 3%, or 25% PG at pH 6.3. The protein:lipid ratio is 1:100. The schematic cartoons show a reductionist
interpretation of the data: Lti30 (blue) and LUVs with increasing content of negatively charged PG (red). A, Lti30 and PC:PG
(99:1): no visible clusters. B, Lti30 and PC:PG (97:3): small dispersed clusters less than 5 mm. C, Lti30 and PC:PG (75:25): clear
macroscopic clusters larger than 5 mm (reduced magnification).

Figure 4. Vesicle clustering by titration of various K-segments correlates
to peptide net charge. Clustering of lipid vesicles was measured by
absorbance at 400nm and peptide net charge was calculated at http://
protcalc.sourceforge.net. A, Titration of different K-segments into 0.5mM
PC:PG vesicles (1:3) at pH 6.3 (blue lines) and pH 4.3 (red lines). The
vesicle clustering follows peptide net charge. KLti30 represent the dom-
inating type of K-segment in Lti30, KC is the consensus K-segment and
KHHCHH is KC with the addition of histidine flanks. KC fail to bind vesicles
regardless of pH, showing the regulatory impact of positively charged
histidine flanks. B, Peptide sequences, with positively and negative
residues in blue and red, respectively.
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absorption spectra. Figure 5 shows the second deriva-
tive spectra of the amide I9 vibrations of the peptide
backbone,which report on secondary structure.A strong
band at 1,644 cm21 and a weak band at 1,673 cm21 at
both pH 5 and 8.6 indicate random coil structure (Fig.
5A). When lipid vesicles are added, the protein amide
I9 spectrum remains largely unchanged, with both the
main band near 1,644 cm21 and the shoulder near
1,673 cm21 being present. However, structural changes
become obvious upon subtraction of the protein spec-
trum from the spectrum of the protein-vesicle mixture.
Subtractions of the second derivative spectra show
negative features near 1,680 and 1,630 cm21, indicating
additional absorption when Lti30 interacts with mem-
branes (Fig. 5, B and C, black traces).

These changes can be perceived in two ways: (1) as
the appearance of distinct absorption bands near 1,680
and 1,630 cm21; and (2) as a modification of the struc-
tures sampled in the random coil state of Lti30, leading
to a broadening of the main band at 1,644 cm21 and an
enhanced shoulder at 1,673 cm21. Both cases indicate
that the ensemble of Lti30 structures, or the range of
interaction strengths, alters upon interaction with ves-
icles. For example, interactions with protein carbonyls
might be strengthened due to interactions with charges
of the lipid head groups. Regarding the nature of the
ensemble alteration, the additional absorption near
1,680 cm21 is characteristic for turns, short helices, or
the high-wave-number component of antiparallel
b-sheets (Nevskaya and Chirgadze, 1976; Goormaghtigh
et al., 1994; Barth and Zscherp, 2002) and that near
1,630 cm21 is characteristic for b-sheets or solvated
a-helices (Martinez and Millhauser, 1995; Reisdorf and
Krimm, 1996; Williams et al., 1996; Yoder et al., 1997;
Barth and Zscherp, 2002). Assignment of the spectral
changes to b-sheet formation is disfavored by the gen-
erally low susceptibility of monomeric Lti30 to form
antiparallel b-sheets (Battaglia et al., 2008; Koag et al.,
2009; Thalhammer et al., 2010). At pH 5, we observe the
appearance of a signal at 1,655 cm21, which is charac-
teristic of a-helices as found in globular proteins
(Goormaghtigh et al., 1994; Barth and Zscherp, 2002).

This 1,655 cm21 feature is in agreement with the notion
that Lti30 partially folds into regular, dehydrated heli-
cal segments upon interaction with vesicles.

Figure 5, B and C, also shows the second derivative
spectra of the vesicles alone (red traces), which are
distinctly different from those of the protein-vesicle
mixtures. In particular, differences are observed at
1,750 to 1,700 cm21, where the carbonyl-stretching vi-
brations of the lipids absorb. These vibrations are sen-
sitive to hydrogen bonding and other parameters that
affect the interfacial region of the lipids (Lewis and
McElhaney, 2013). The band above 1,740 cm21 stems
from non-hydrogen-bonded C=O groups, while the band
below 1,730 cm21 comes from hydrogen-bonded C=O
groups. When protein is present, the bands are farther
apart. The downshift of the band below 1,730 cm21 can be
explained by stronger hydrogen-bonded C=O groups.
Moreover, the Lti30 interaction decreases the amplitude
of the band below 1,730 cm21. Conclusions regarding
the number of hydrogen-bonded C=O groups, how-
ever, cannot be based on amplitudes in second deriv-
ative spectra alone, as these also depend on the
bandwidths of the component bands. Therefore, we
analyzed baseline-corrected absorption spectra in two
ways: (1) we integrated the two sides of the lipid C=O
band (i.e. above 1,645 and below 1,625 cm21 for non-
hydrogen-bonded and hydrogen-bonded groups, re-
spectively); and (2) we fitted the lipid band with three
component bands near 1,723, 1,736, and 1,646 cm21.
The results show that the changes in band areas were
only a few percent, indicating that there is no significant
change in the number of hydrogen-bonded lipid car-
bonyls upon the addition of Lti30. The fits also confirm
that the low-wave-number band of hydrogen-bonded
C=O groups is downshifted in the presence of protein.
Accordingly, in the absence of lipid vesicles, Lti30 dis-
plays the characteristic fingerprint of a fully disordered
chain (Fig. 5A), consistent with previous reports
(Mouillon et al., 2006, 2008). Then, upon interaction
with DMPC:DMPG vesicles, Lti30 undergoes a con-
formational shift coupled to perturbation of the lipid
bilayer (Fig. 5, B and C). The protein perturbs the lipid

Figure 5. FTIR spectra of Lti30 only and mixed with PC:PG vesicles. A, Second derivative infrared absorption spectra of Lti30
alone in the amide I region at pH 5 (black) and pH 8.6 (red). B and C, Corresponding spectra of vesicles alone (red line) and the
Lti30-vesicle mix (black line) at pH 5 and 8.6, respectively.
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bilayer as demonstrated by spectral changes of the lipid
carbonyls and causes stronger hydrogen bonding to
these groups.

NMR-Monitored Folding of the Conserved K Segment
Flanked by His Residues

To map out at atomic resolution the structural
changes accompanying the membrane binding of
Lti30, we used NMR. As a means to optimize structural
resolution, we focused on the interaction between the
KLti30 segment peptide with flanking His residues
(VHHEKKGMTEKVMEQLPGHHG; Eriksson et al.,
2011), which has been shown previously to drive the
Lti30-membrane association, and bicelles (i.e. mixed
micelles of DMPC/DMPG lipids and the detergent 1,2-
dihexanoyl-sn-glycero-3-phosphocoline [DHPC]). Un-
der the conditions in these experiments, these bicelles
form disc-shaped ellipsoids with a relatively flat lipid
bilayer surrounded peripherally by DHPC molecules
(Andersson and Mäler, 2005; Lind et al., 2008). The
free KLti30 is soluble in buffer and gives a good one-
dimensional 1H-NMR spectrum, typical for a fully
disordered peptide (Fig. 6). Upon the addition of
bicelles, however, the chemical shift signatures of the
KLti30 segment spectra undergo distinct alterations
consistent with binding (Fig. 6). Notably, these spectra

show no peaks corresponding to those of the isolated K
segment, meaning either that 100% of the peptides are
bound to the bicelles or that the peptides are in fast,
dynamic exchange between free and bound confor-
mations where the observed chemical shifts are the
population-weighted averages. In support of a scenario
with dynamic exchange between free and bound
peptide, the NMR spectra in bicelle solution show
quite narrow line width. In contrast, a homogenous
population of tightly bound species would display
significant line broadening, as the protein would be
slaved to the slower motions of the large bicelles. To
clarify this issue, we determined the translational
diffusion coefficient (Dt) of the isolated KLti30 seg-
ment in buffer as well as in bicellar solution. As the
magnitude of Dt is linked directly to the size of the
diffusing object, small unbound KLti30 segments are
expected to diffuse faster (Dfree

t ) than the much larger
bicelles (Dbicelle

t ). Thus, if all KLti30 segments are firmly
bound to the bicelles (i.e. codiffuse), Dt should be
the same for both (i.e. approximately Dbicelle

t ). In the
case of a dynamic exchange, on the other hand, the
observedDt for theK

Lti30 segment (DOBS
t ) is thepopulation-

weighted mean of the diffusion of free peptide and the
bicelle. The population of bound K segments (pbound) at
every given time point then can be calculated from

Figure 6. Structural analysis of membrane-bound KLti30 peptide byNMR. A, The five best structures of bicelle-bound KLti30 peptide
from 1H-NMR constraints, where the central nine residues of the peptide adopt a fixed a-helix, whereas the N and C termini are
more disordered. B, Secondary structure propensity (SSP) from 1Ha, 1HN, and 1Hb chemical shifts, where positive values show
the induced a-helix in the central part of the peptide. Negative secondary structure propensity values indicate extended con-
formation in theN-terminal region of the peptide. C,DeterminedNOE connectivity between peptide residues along the KLti30. The
ordered n+3 couplings within the residue segment Gly-7 to Gln-15 are the hallmark of the a-helical structure.
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pbound ¼ DOBS
t 2Dfree

t

Dbicelle
t 2Dfree

t

In 100% D2O at 25°C, the unbound KLti30 segment
yields Dfree

t = 1.42 6 0.01 10210 m2 s21 and the bicelles
yield Dbicelle

t = 0.48 6 0.01 10210 m2 s21, as determined
with PFG NMR diffusion experiments (Fig. 5). The un-
bound KLti30 segment shows a diffusion coefficient that
is in good agreement with the expected value for an
unfolded peptide in D2O (Danielsson et al., 2002). In
bicelle solution, however, the KLti30 segment yields
DOBS

t = 0.97 6 0.03 10210 m2 s21, suggesting a dynamic
equilibrium where, at each moment, 48% of the pep-
tides are bound to the bicelle. Thus, the peptide is in
unremitting exchange between the bound and free
states, which is fast on the NMR time scale, both on
the chemical shift time scale and the diffusion time
scale. Although the chemical shifts induced upon
bicelle binding are moderate at the level of population
average (Fig. 6), we conclude from the diffusion data
that the chemical shift perturbations of the bound pop-
ulation are twice the observed values and, conse-
quently, in line with the folding of the KLti30 segment
into an ordered structure. To determine at atomic reso-
lution the structure of the membrane-bound KLti30, we
used deuterated bicelles and two-dimensional NMR.
The results reveal six aHi-

NHi+3 nuclear Overhauser effect
(NOE) couplings in the central part of the KLti30 segment
(Fig. 6C), constraining residues Gly-7 to Gln-15 into a
well-ordered a-helix, when bound to bicelles (Figs. 6
and 7).

The secondary chemical shifts that report on sec-
ondary structure formation (Marsh et al., 2006) show
approximately 40% fully formed helix at any given time
point, in line with a dynamic equilibrium between the
bound and free states, in good agreement with diffu-
sion data. Interestingly, this helical structure shows

archetypical amphipathic characteristics, with one polar
and one hydrophobic side stretching along its length.
The amphipathic properties of the short helix together
with the fast-exchanging dynamic equilibrium between
bound and free peptides are consistent with the struc-
tured peptide positioned on the surface of the bicelle.
Manually positioning the KLti30 segment structure into a
lipid bilayer positions the a-helix parallel to the mem-
brane plane, with the hydrophobic side chains an-
choring into the apolar regions of the lipids and the
polar/charged side chains facing the solvent and the
hydrophilic environment of the lipid head groups (Fig.
7). The His residues of KLti30 are not part of the helix but
are in good position to form electrostatic contacts with
the lipids. The induced folding of the conserved KLti30

segment suggests a mechanism for reversible binding
to negatively charged membranes. This reversible
binding corresponds well to that observed for several
other intrinsically disordered proteins upon binding
specific protein targets (Jao et al., 2004; Ulmer and Bax,
2005; Ulmer et al., 2005). Moreover, a seemingly anal-
ogous helix induction was observed recently by NMR
for the dehydrin K2 upon binding to SDS micelles
(Clarke et al., 2015), pointing to the possibility that this
mode of membrane interaction is a general feature of
the conserved K segments.

DISCUSSION

Forces Driving Lti30-Membrane Binding

To maintain in-cell solubility and freedom of move-
ment, biomolecules like proteins, membranes, and
DNA/RNA as a rule carry a net negative charge
(Kurnik et al., 2012). In the few cases where proteins
violate this principle of general negative repulsion by
being net positive, this has been linked to functional

Figure 7. Atomic resolution struc-
ture of the membrane-binding do-
main of Lti30. A to C, Atomic model
of the membrane-binding KLti30 seg-
ment of Lti30, in side, diagonal, and
front views, respectively. Positively
charged residues are in blue, nega-
tively charged residues are in red, and
the hydrophobic side of the amphi-
pathic a-helix faces downward. D,
NMR diffusion data of KLti30 alone,
bicelles alone, and KLti30 mixed with
bicelles, verifying KLti30 micelle bind-
ing. a.u., Arbitrary units. E, Model of
the positioning of the His-flanked
KLti30 segment into a lipid bilayer (PC:
PG 98:2 mix), using periodic bound-
ary conditions. Consistent with the
binding data in Figures 2 to 5, the
positive side chains H2, H3, K5, and
K6 coordinate the negative charge of a
PG head group.
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binding. Typical examples are the positively charged
proteins associating with DNA/RNA (Ellenberger
et al., 1992; Niessing et al., 2004) and also local distri-
butions of positive side chains controlling transmem-
brane protein topology (von Heijne, 2006), membrane
binding (McLaughlin and Murray, 2005; Moravcevic
et al., 2010), molecular dyes (Lira-De León et al., 2013),
and protein-protein interaction (Sinha and Smith-Gill,
2002; Müller et al., 2003; Bartels et al., 2011). In this
context, it is intriguing that Lti30, as well as some other
members of the dehydrin family, stand out not only as
intrinsically disordered but also as net positively
charged (Supplemental Table S1; Eriksson et al., 2011).
The positive charges of these proteins are clustered in
repetitive and highly conserved sequence segments
(Fig. 1) that sometimes have the benefit of flanking His
residues, allowing local charge tuning (Supplemental
Table S1; Eriksson et al., 2011). Together with the reg-
ulation of membrane binding/net charge by phospho-
rylation (Eriksson et al., 2011) and metal binding
(Svensson et al., 2000; Alsheikh et al., 2003), this sets the
stage for an intricate physiological function. In this
study, we focus on the interaction between Lti30 and
membranes, addressing the protein’s putative function
in membrane protection during environmental stress
(Steponkus et al., 1998). The results show that the Lti30-
membrane binding and macroscopic clustering of ves-
icles respond to the density of negatively charged
DOPG lipids (Figs. 2 and 3). Accordingly, the interac-
tion between Lti30 and membranes is partly controlled
by electrostatics, where the affinity can be regulated
by either protonation of the His residues flanking
the protein’s K segments (Eriksson et al., 2011) or by
changing the negative potential of the membrane. An
interesting detail here is that Lti30 manages to cluster
LUVs even upon increasing their DOPG content to 40%,
and the intervesicular repulsion must be substantial
(Fig. 2). Even though the spatial arrangement between
protein and vesicles under these conditions is yet un-
clear, the vesicular integrity seems to be maintained in
the clusters, as they do not leak calcein (Eriksson et al.,
2011) and are readily redispersed upon deprotonation
of Lti30 His residues at pH 9 (Supplemental Fig. S1).
Also, Lti30-induced clustering of purified thylakoids
is reversed by increased ionic strength (Supplemental
Fig. S1). Taken together, these findings point to an ef-
ficient and responsive mode of operation, as would
be expected if membrane binding is part of Lti30’s
physiological action.

Structure of Membrane-Bound Lti30: The Full-
Length Protein

Following general structure-function relationships,
the question is, to what extent does the interaction be-
tween Lti30 andmembranes involve specificity in terms
of uniquely ordered protein structure? To shed light on
this issue, we used FTIR spectroscopy to probe for the
induction of secondary structure. An advantage of this

technique is that it can resolve subtle rearrangements of
the protein backbone in dense vesicle solutions where
light scattering renders conventional CD unsuitable.
The results show that the Lti30 structure changes from
overall random coil to partly helical upon vesicle binding
(Fig. 5). Coil-to-helix transitions, as a phenomenon, have
been observed previously for dehydrins when dehydra-
tion was simulated with glycerol and polyethylene glycol
(Mouillon et al., 2008) and Late Embryogenesis Abundant
(LEA) proteins (Battaglia et al., 2008; Thalhammer et al.,
2010) in desiccated samples, reflecting the generic way
any protein would satisfy backbone hydrogen-bonding
constraints in the absence of water (Tanford, 1970). Sim-
ilarly, dehydrins and LEA proteins tend to increase their
helical content when lowering the water potential by
osmolytic titration (Battaglia et al., 2008; Mouillon et al.,
2008). In our case, however, the situation seems different,
as Lti30 forms helices upon binding to a putatively
physiological target in aqueous solution. This indicates
that the structural response of Lti30 yields functional
specificity above that exerted by the electrostatics alone.

Structure and Dynamics of Membrane-Bound Lti30: KLti30

The molecular details of the membrane-induced
folding of Lti30 are revealed by the NMR structure of
the bicelle-associated KLti30 segment (Figs. 6 and 7).
Corroborating FTIR data of the full-length protein, the
NMR structure of the bicelle-bound peptide shows a
well-ordered a-helix stretching locally along residues of
the KLti30 segment (i.e. Gly-7 to Gln-15). Flanking this
helical unit are the segments VHHEKK at the N-terminal
end and LPGHH at the C-terminal end, neither of which
indicates a fixed structural order (Fig. 6). The helical
structure also comprises clear amphipathic sidedness,
guiding the positioning of the K segment to the mem-
brane surface (Figs. 6 and 7). Judging by the disordered
character of the unbound KLti30 segment, this docking
could then occur either by conformational selection of
preformed helical segments or by induced folding upon
binding, according to the fly-casting mechanism (Trizac
et al., 2010). In either case, the NMR data show that the
membrane-associated state is in rapid equilibrium (re-
laxation time faster than approximately 300 s21) with the
unbound disordered state of the KLti30 segment, in-
dicating a swift dynamic response. Even if the NMR
analysis was done under conditions where the KLti30 seg-
ment does not promote bicelle clustering, it is reasonable
to assume that such sandwiching of thea-helical structure
between membrane surfaces will significantly reduce its
binding dynamics. Thus, the membrane clustering in
Figure 3 and Supplemental Figure S2 may be promoted
by the amphipathic KLti30 segment helix binding hydro-
phobically to one vesicle and electrostatically to the other,
possibly with the aid of the pH-tunable, flanking His
residues (Lee et al., 2005; Eriksson et al., 2011). Although
this idea remains to be tested, it is clear from the ordered
structure of the KLti30 segment in Figures 6 and 7 that Lti30
has potential for a higher degree of binding specificity and
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diversity of targets than were explored in this study. How
such specificity can be achieved is exemplified by the zinc
fingers (Klug, 2010), protein-protein interaction (Matthews
et al., 2009), and the YscU protein (Weise et al., 2014).

Implications for Biological Function

In addition to the ubiquitous K segment, some
dehydrins also contain conserved segments such as the
Y and S segments; the final segment composition for
each dehydrin also gives the subgroup (i.e. K, SK, YSK,
KS, and YK; Close, 1996). In linewith a broad functional
repertoire of the dehydrin proteins, it has been ob-
served that different combinations of conserved seg-
ments are recruited at different types of physiological
stresses: lowered temperature triggers the expression of
K, SK, and KS subfamily dehydrins (Nylander et al.,
2001; Graether and Boddington, 2014), whereas drought
or increased salt exposure triggers the expression of
YSK dehydrins (Nylander et al., 2001; Graether and
Boddington, 2014). Considering also the ability to
regulate the action of individual segments, the dehydrins
may be seen functionally as a permuted set of Swiss
Army knives (Alexander et al., 2013), expressed as
needed and adjusted to their specific tasks by protonation
(Eriksson et al., 2011), posttranslational phosphorylation
(Alsheikh et al., 2003; Jiang and Wang, 2004), and metal
binding (Svensson et al., 2000; Hara et al., 2005). When it
comes to the molecular mechanism, it is suggested in this
study that the K segment fulfills a role in attaching to
membranes (Fig. 6). Regarding the role of the other types
of segments, there is yet no structural information at
hand. Even so, the S segment has been identified as a key
phosphorylation site (Plana et al., 1991; Graether and
Boddington, 2014) that not only modulates the protein
global charge but also enables Ca2+ binding (Alsheikh
et al., 2005). Phosphorylation of the S segment is further
found to spatially relocate the dehydrin action bymoving
the proteins out of the cell nucleus (Riera et al., 2004). The
role of the Y segment, on the other hand, is currentlymore
difficult to envisage. From sequence BLAST, it is notable
that the Y segment shows similarity to the ATP-binding
motifs of the chaperones GroEL and GroES (Martin et al.,
1993), hinting at a role in molecular recognition. The
dehydrin MtCAs31, which comprises two Y and four K
segments, likewise has been observed to interact with the
stress-associated ICE transcription factor, yielding de-
creased numbers of stomata in leaves (Xie et al., 2012; Peng
et al., 2014). In addition to the K, S, and Y segments, some
dehydrins also contain H repeats found to control homo-
dimerization (Hernández-Sánchez et al., 2014) as well as
charge segments implicated in nuclear targeting and DNA
binding (Hara et al., 2005; Rosales et al., 2014). Interest-
ingly, these charge segments show further sequence simi-
larity to a linker region in HSP90 (Mouillon et al., 2006).

Several physical dimensions of the cell will be af-
fected by desiccation, such as the shape and proximity
of membrane structures. As a consequence, desiccation
also is expected to alter the dynamics of membrane

fusion and budding, distort phase transitions, and
contribute to topological frustration. By binding to
membranes, the role of Lti30 may be to interfere in the
progression of any of these processes in order to keep
the membranes biologically viable. Regardless of func-
tional mode, the elements of recognition with the cellular
target are likely to be the conserved segments, such as the
K segment of Lti30 (Fig. 7). Taken together, the diversity
of conserved sequence segments among the dehydrins
points to a complex and versatile biological function,
evolvable in a simplemodular fashion tomeet newneeds.
A pressing task now is to establish how the intriguing
behavior of dehydrins in vitro translates to the crowded
conditions in vivo, where other putative interaction
partners will likely compete with, and modulate, mem-
brane binding. Also, it remains to be determined the ex-
tent to which the observed behavior in vitro reflects true
functional traits or simply reports on the generic pro-
pensities of unstructured proteins (Thalhammer et al.,
2014; Popova et al., 2015). In any case, themolecular clues
emerging from this and other studies stand out as a solid
base for mapping out in detail how this unique class of
disordered proteins works, and can be rationally inter-
fered with, in stressed plant cells.

MATERIALS AND METHODS

Protein Production

Expression, purification, and identification of the recombinant Arabidopsis
(Arabidopsis thaliana) dehydrin Lti30 were performed as described by Svensson
et al. (2000) with minor changes. Glycerol stocks of the Escherichia coli strain
were made, and 150 mL was spread on Luria agar plates with 150 mg of am-
picillin and grown at 37°C overnight. The cells were suspended and added to
2 L of Luria-Bertani medium containing 50 mg mL21 ampicillin and kept at
37°C. Expression was induced at an optical density at 600 nm of 0.6 to 0.7 by
adding 1 mM isopropyl-b-D-thiogalactopyranoside and kept at 23°C overnight.
Cells were harvested by centrifugation at 6,000 rpm for 15 min. The pellet from
1-L cultures was suspended in 25mL of 20 mM Na2HPO4, pH 7.2, 150 mMNaCl,
1 mM phenylmethylsulfonyl fluoride, and one tablet of Complete (Roche). Cells
were sonicated for five 1-min periods on ice followed by centrifugation at 18,000
rpm for 30min. The supernatant was placed in an 80°C water bath for 30min to
precipitate heat-denatured proteins and then centrifuged at 18,000 rpm for
30 min. Lti30 was purified by metal ion affinity chromatography. The super-
natant from heat precipitation was diluted 1:2 with 20 mM Na2HPO4, pH 7.2,
1.88 M NaCl, and 1 mM phenylmethylsulfonyl fluoride. The sample was loaded
on a 5-mLHiTrap IDA-Sepharos column (GEHealthcare) chargedwith 7 mL of
3 mg mL21 CuSO4. The column was equilibrated with 5 volumes of 20 mM

Na2HPO4, pH 7.2, and 1 M NaCl. The same buffer (40 volumes) was used to
wash off unbound sample from the column. Fractions of 5mLwere collected for
analysis during the whole run. Elutionwas performedwith 2 MNH4Cl in 20mM

Na2HPO4, pH 7.2, and 1 M NaCl in one step. The column was then 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. Precipitation of protein was
performed with 80% (NH4)2SO4 overnight, and protein was collected by cen-
trifugation at 18,000 rpm for 45 min. Lti30 pellet was suspended with 2.5 mL of
5 mM MES, pH 6.3, and, in the case of FTIR spectroscopy, 2.5 mL of D2O. The
protein was desalted on two PD-10 columns (GE Healthcare). Purity was an-
alyzed by the Ready Gel SDS-PAGE system (Bio-Rad). Protein quantification
was measured with the bicinchoninic acid assay (Sigma-Aldrich).

Preparation of LUVs and Bicelles

All lipids were purchased from Avanti Polar Lipids. LUVs of DOPC:DOPG
were prepared with an extrusion method. The lipids were dissolved in chlo-
roform, and lipid mixtures were dried under a gentle flow of liquid nitrogen for
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3 to 4 h. The lipid film was solved in 5 mM MES, pH 6.3, and then vortexed for
10 min; for FTIR experiments, the lipids were solved in 10 mM potassium
phosphate in D2O at pH 5 and 8.6. Five 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-mm pore-size polycarbonate filter. The
measurements of size distribution of the LUVs produced were done on a ALV/
CGS-3 compact goniometer system (ALV) with a helium-neon laser (632.8 nm),
with a scattering angle of 150°. Bicelles for NMR measurements were prepared
with DHPC as a detergent. DMPC:DMPG (4:1) lipids were used to provide the
bilayer of the bicelles. Bicelleswith q=0.3 (q= {[DMPC]+[DMPG]}/[DHPC],where
q equals themolar ratio of lipids and detergents) were prepared bymixing DMPC:
DMPG (4:1) with 20 mM potassium phosphate, pH 6.3. The mixture was vortexed
followed by centrifugation at 13,300 rpm for 1 min, and this cycle was repeated
until the solution looked homogenous. DHPC was added, and the centrifugation
cycle was repeated until a clear nonviscous lipid solution was obtained.

Thylakoid Membrane Preparation

Forty grams of spinach (Spinacia oleracea) and 100 mL of 0.3 M Suc, 5 mM

MgCl2, and 50 mM sodium phosphate, pH 7.4, were placed in a cold mixer and
mixed for 5 3 10 s. The solution was filtered and centrifuged at 3,000 rpm for
3 min at 4°C. The pellet was suspended in 30 mL of 0.3 M Suc, 5 mM MgCl2, and
50mM sodium phosphate, pH 7.4, and centrifuged at 4,500 for 5 min at 4°C. The
solution was homogenized in 30 mL of 5 mM MgCl2, 5 mM NaCl, and 10 mM

sodium phosphate, pH 7.4, and centrifuged at 4,500 rpm for 5 min at 4°C. The
pellet was homogenized in 12 mL of 0.1 M Suc, 5 mM MgCl2, 5 mM NaCl, and
10 mM phosphate, pH 7.4.

Stopped-Flow Measurements

Scattering of protein-lipid cluster formation was monitored on an SX.18-MV
stopped-flowfluorimeter (AppliedPhotophysics). Excitationwasat 400nm, and
all measurements were done at room temperature in 5mMMES, pH 6.3. Protein
concentration after mixing was 3.5 mM, and lipid concentration was 0.5 mM.

Absorbance Measurements

Absorbance measurements were performed on an Ultrospec 3300 pro
(Amersham) at 400 nm and 25°C.

Light Microscopy Images

To examine light microscopy images, an inverted Zeiss Axiovert 40 CFL
microscope equipped with a digital Aciocam ICc1 camera at 103magnification
was used. A solution of Lti30 (14mM) together with vesicles (1.4 mM) was placed
on a glass slide, and three images per droplet were examined.

FTIR Spectroscopy

All samples were prepared with 10mM potassium phosphate in D2O at pH 5
or 8.6. Samples containing Lti30 had a concentration of 0.2 mM, and samples
containing lipids of DOPC:DOPG (3:1) had a concentration of 8 mM. Samples of
3 mL were deposited on a CaF2 window with a trough of 55 mm, covered with a
flat CaF2 window, and placed in the spectrometer. Infrared spectra were recorded
with a Tensor 37 Fourier transform spectrometer (Bruker Optics) equipped with a
liquid N2-cooled HgCdTe detector and continuously purged with CO2-free, dry
air. Samples were mounted on a two-position sample shuttle, which allowed for
interleaved acquisition of sample and background spectra. A wait time of 15 min
was allowed after inserting the sample to ensure complete purging. All mea-
surements were made at room temperature. Interferograms were recorded at a
resolution of 2 cm21, apodized using a three-term Blackman-Harris apodization
function, and Fourier transformed with a zero-filling factor of 2. Sixteen consecu-
tive interferograms were averaged to obtain a single sample or background
spectrum. Infrared spectra were recorded and analyzed using the OPUS software
from the instrument manufacturer. Second derivative spectra were calculated
using a smoothing length of 13 data points (approximately 13 cm21).

NMR

In all NMR experiments, we used an unlabeled synthesized peptide, and
the experiments where performed at 298 K on a Bruker Avance 600-MHz

spectrometer equipped with a room-temperature probe with z-gradients.
To obtain proton assignments, we recorded two homonuclear TOCSY
experiments with 80- and 100-ms Hartman-Hahn mixing times (Bax and
Davis, 1985a) and two homonuclear NOESY experiments with 150- and
250-ms mixing times (Bax and Davis, 1985b; Hwang and Shaka, 1995). The
NOESY experiments also were used for the identification of long-range
contacts. All two-dimensional experiments were recorded with 512 in-
crements in the indirect detected dimension and used excitation sculpting
to reduce the water signal. Processing was performed in NMRPipe
(Delaglio et al., 1995), and analysis was performed using Sparky (T.D.
Goddard and D.G. Kneller, SPARKY 3, University of California, San
Francisco).

The structure was generated with PEP-fold (Maupetit et al., 2009) using six
experimentally determined (i, i+3) HaHN distances as constraints when gen-
erating the structure. The obtained coarse-grained structure was further energy
minimized using the Yasara force field (Krieger et al., 2009), and the best five
structures were selected as representative models for KLti30 peptide structure in
membrane mimetica. The PDB representation of the double-layered lipid
membrane was generated using the CHARMM-GUI membrane builder (Jo
et al., 2007, 2008, 2009; Wu et al., 2014).

Diffusion experiments were performed in 100% D2O at 298 K. A list of 16
linearly spaced gradient strengths was used. Gradient pulse length was set to
5 ms, and diffusion time was set to 100 ms. Diffusion coefficients were obtained
by integration of the aromatic side chain protons.

Estimation of the End-to-End Distance of the Vesicle-
Bound Lti30

The size dimension of Lti30 located on a vesicle surface was estimated as the
end-to-end distance of a self-avoiding random walk of a bead-on-a-string Ca

model on a two-dimensional surface. The overall dimensions (e.g. radius of
gyration) scales similarly to the end-to-end distance. Here, we model the
protein by a chain of n = 193 spheres with 3.5-Å diameter, linked by 3.88-Å-
long bonds. No overlap of the spheres is allowed. As Lti30 is an intrinsically
disordered protein, the size is a distribution of sizes rather than a well-
defined value. To estimate the distribution, we calculated 104 chains, using
an in-house script, and found that the end-to-end distance, as expected,
follow a skewed Gaussian distribution where the mean end-to-end distance
is 7.5 6 3.5 nm. In the vesicle-bound state, Lti30 coordinates the charged
lipid head groups, and as these are sparsely and evenly distributed over
the vesicle surface, we assume Lti30 to be significantly more extended than
a random Gaussian chain. Therefore, to estimate the length distribution
on such vesicles, we only included the 2% most extended conforma-
tions of the ensemble. This subensemble has a mean end-to end-distance of
20.4 6 2.5 nm.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number Lti30: NP_190666.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effects of NaCl on thylakoid and LUV clustering
by Lti30 and KLti30.

Supplemental Figure S2. Light microscopy analysis of the K segment-
induced clustering of PC:PG LUVs.

Supplemental Figure S3. FTIR spectra of Lti30, lipid vesicles, or a mix of
Lti30 and vesicles (raw data).

Supplemental Table S1. Summary of positive net charge among LEA
proteins.
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