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Abstract Dehydrins are intrinsically unstructured pro-
teins that are expressed in plants experiencing extreme
environmental conditions such as drought or low temper-
ature. Although their role is not completely understood, it
has been suggested that they stabilize proteins and mem-
brane structures during environmental stress and also
sequester metals such as zinc. Here, we investigate two
dehydrins (denoted as TsDHN-1 and TsDHN-2) from
Thellungiella salsuginea. This plant is a crucifer that
thrives in the Canadian sub-Arctic (Yukon Territory) where
it grows on saline-rich soils and experiences periods of
both extreme cold and drought. We show using circular
dichroism and attenuated total reflection-Fourier transform
infrared spectroscopy that ordered secondary structure is
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induced and stabilized in these proteins, both in free and
vesicle-bound form, by association with zinc. In mem-
brane-associated form, both proteins have an increased
proportion of f-strand conformation induced by the cation,
in addition to the amphipathic «-helices formed by their
constituent K-segments. These results support the hypoth-
esis that dehydrins stabilize plant plasma and organellar
membranes in conditions of stress, and further that zinc
may be an important co-factor in stabilization. Whereas
dehydrins in the cytosol of a plant cell undergoing dehy-
dration or temperature stress form bulk hydrogels and
remain primarily disordered, dehydrins with specific
membrane- or protein-associations will have induced
ordered secondary structures.

Keywords Dehydrins - Late embryogenesis abundant
(LEA) - Cold tolerance - Drought tolerance -
Intrinsically-disordered protein - Induced folding -
Poly-proline type II - CD spectroscopy -

FTIR spectroscopy - ATR-FTIR spectroscopy

Abbreviations

ATR Attenuated total reflection

CD Circular dichroism spectroscopy

Chol Cholesterol

TsDHN-1  Acidic Thellungiella salsuginea dehydrin 1

TsDHN-2 Basic Thellungiella salsuginea dehydrin 2

ddH,O Distilled, deionised water

DGDG Digalactosyldiacylglycerol

DMPG 1, 2-dimyristoyl-sn-glycero-3-[phospho-rac-
(1-glycerol)]

FTIR Fourier transform infrared

HCA Hydrophobic cluster analysis

IDP Intrinsically disordered protein
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LEA Late embryogenesis abundant
MGDG Monogalactosyldiacylglycerol

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PI Phosphatidylinositol

PPII Poly-proline type II conformation
PS Phosphatidylserine

SQDG Sulfoquinovosyl diacylglycerol
Introduction

Many plants have evolved with the ability to withstand
environmental stresses such as low temperature and
drought. Some plants respond to these stresses by inducing
genes that encode the late embryogenesis-abundant (LEA)
proteins (Battaglia et al. 2008; Caramelo and Iusem 2009;
Hundertmark and Hincha 2008). Most LEA proteins are
intrinsically disordered proteins (IDPs, also referred to as
intrinsically unstructured proteins; Eom et al. 1996;
Goldgur et al. 2007; Hundertmark and Hincha 2008; Lisse
et al. 1996; Mouillon et al. 2006; Soulages et al. 2003;
Thalhammer et al. 2010; Tompa and Kovacs 2010). Such
proteins are distinguished by their lack of a defined tertiary
fold, but they adopt altered conformations in association
with other molecules or under different environmental
conditions (Mohan et al. 2009; Uversky 2009; Vucetic
et al. 2007; Xie et al. 2007a, b). The way in which LEA
proteins protect plants from environmental stress is not
completely understood, although numerous mechanisms
have been described (Battaglia et al. 2008; Rajesh and
Manickam 2006; Tunnacliffe and Wise 2007; Wise and
Tunnacliffe 2004). Amongst many macromolecular asso-
ciations, LEA proteins have been suggested to stabilize
plasma and organellar membranes (Beck et al. 2007;
Danyluk et al. 1998; Han et al. 1997; Hincha et al. 1990;
Ismail et al. 1999; Puhakainen et al. 2004; Steponkus et al.
1998; Thalhammer et al. 2010; Tolleter et al. 2007, 2010;
Zhang et al. 2010). This current study is performed within
the theme of membrane-stabilization by particular LEA
proteins called dehydrins.

Dehydrins: intrinsically disordered group 2 LEA
proteins

The group 2 LEA proteins are also known as dehydrins
(Allagulova et al. 2003; Battaglia et al. 2008; Beck et al.
2007; Campbell and Close 1997; Close 1997; Garay-Arroyo
et al. 2000; Kosova et al. 2007, 2008; Mouillon et al. 2006;
Puhakainen et al. 2004; Zhu et al. 2000). Dehydrins contain
three conserved sequences: the K-segment, a lysine-rich
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domain that has the potential for electrostatic and hydro-
phobic interactions with membranes attributed to the for-
mation of amphipathic o-helices (Allagulova et al. 2003;
Bravo et al. 2003; Campbell and Close 1997; Close 1997;
Koag et al. 2003, 2009; Rorat et al. 2006); the S-segment, a
serine-rich domain which may be phosphorylated, modu-
lating the dehydrin protein’s ability to bind ligands such as
metal ions (Alsheikh et al. 2003; Heyen et al. 2002); and the
Y-segment, which is found at the N-terminus and is similar
to the nucleotide-binding sites of plant and bacterial chap-
erone proteins (Allagulova et al. 2003; Battaglia et al. 2008;
Campbell and Close 1997; Close 1997; Jepson and Close
1995). Dehydrins can be categorised into different classes
based on their combination of K, S, and Y segments, and
some are interspersed with ¢ segments. On this basis,
several major classes have been previously described
(K, SK,, K,.S, Y, SK», and Y;,K,) (Allagulova et al. 2003;
Battaglia et al. 2007; Campbell and Close 1997; Close
1997).

Dehydrins in the cytosol of plant cells form highly stable
hydrated gels and remain primarily disordered (Mouillon
et al. 2008; Tompa et al. 2006; Wolkers et al. 2001). How-
ever, the K-segment forms an amphipathic a-helix that can
associate with membrane surfaces (Allagulova et al. 2003;
Rorat et al. 2006). Association of dehydrins with detergents
and lipids can lead to ordered secondary structure (Ceccardi
etal. 1994; Ismail et al. 1999; Koag et al. 2003, 2009; Kovacs
et al. 2008; Rahman et al. 2010; Soulages et al. 2002;
Soulages et al. 2003). (See also reference (Thalhammer et al.
2010) which is a study of intrinsically disordered group 3
LEA proteins interacting with lipid membranes, and refer-
ence (Tolleter et al. 2010) on a mitochondrial LEA protein.)
Citrus dehydrins are known to have a scavenging role against
hydroxyl and peroxyl radicals that are generated in plants
during environmental stress (Hara et al. 2004; Ueda et al.
2003), a role that has been suggested to involve metal- and
DNA-binding (Hara et al. 2005, 2009; Kalifa et al. 2004;
Rom et al. 2006). The metals reported to interact with citrus
dehydrins, by virtue of histidine-rich domains, are Fe™,
Co”, Ni”, Cu2+, and Zn”, but not Mg”, Ca2+, and Mn?*
(Hara et al. 2005). However, Ca®"-binding has been reported
for other dehydrins and shown to depend on their phos-
phorylation state (Alsheikh et al. 2003; Heyen et al. 2002). In
general, then, the associations of dehydrins with Ca?" and
Zn*" appear to be the most physiologically significant, and
we focus on the latter cation in this study (Goldgur et al.
2007; Hara et al. 2005, 2009; Rom et al. 2006).

Thellungiella salsuginea dehydrins
We report here on studies of two dehydrin proteins TsDHN-1

and TsDHN-2 derived from the plant Thellungiella
salsuginea (salt-lick mustard, saltwater cress; also called



Dehydrin-zinc interactions

1487

A Acidic dehydrin TsDHN-1

1 MAEEYKNASE EFKNVPEHET TPKISTTEEP
51 KPQETTTPLE SEFEHKAQIS EPPAFVAKHE
101 VEEEENKPSL FDKLHRSSSS SSSSSDEEGE
151 TEEENKGVMD KIKEKFPHAK KTEDDHAPVV
201 GHGKKPEDSP VVDTAPVVET ATPITAEHSA
251 HAKGTEEMEK KEKESDA
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B Basic dehydrin TsDHN-2

1 MASYQNRPGA QATDEYGNPM QQLDEYGNPI GGVGATGGGG AGYGTGGGYG
51 GGATGGEGYG TGALGAGAGA RHHGQEQLHK EGGGGLGGML HRSGSGSSSS
101
151
201

MMDKIKDKLP GGGGR

SEDDGQGGRR KKGITQKIKE KLPGQHDQSG QSQGMGMGTT TGYDAGGYGG
QHHEKKGITD KIKEKLPGQD QSGQSQGMGM GATTGYDAGG YGGERHEKKG

Fig. 1 Amino acid sequences and classification of Thellungiella
salsuginea dehydrins (a) TsDHN-1 (acidic, 267 residues, M,
30,140.3 Da, theoretical pI 5.25, net charge —19 at neutral pH) and
(b) TsDHN-2 (basic, 215 residues, M, 21,435.1 Da, theoretical pl
7.91, net charge +1 at neutral pH). In each panel, two representations
are used. First, the sequences are given with the following colour
scheme: (red P and acidic residues D, E, N, Q; blue basic residues H,
K, R; green hydrophobic residues V, L, I, F, W, M, Y; and black for
all other residues G, S, T, C, A). Shaded regions show our
interpretation of Y, S, and K motifs for both proteins, with additional
glycine-rich ¢ segments for TsDHN-2. Second, each primary
structure representation is visually enhanced via hydrophobic cluster
analysis (HCA) (Callebaut et al. 1997; Gaboriaud et al. 1987), using
symbols (opened square T; opened square with dot S; filled diamond
G; asterisk P), and colours (red P and acidic residues D, E, N, Q; blue

Thellungiella halophila) (Wong et al. 2005). This plant is a
member of the Brassicaceae family and has been proposed as
a new model plant for research on abiotic stress tolerance
(Amtmann 2009; Griffith et al. 2007; Inan et al. 2004; Pedras
and Zheng 2010). The classification of TsDHN-1 (acidic,
calculated pl 5.25) is conservatively S;Kj3, or YS;K, if one
interprets two additional segments more liberally; for
TsDHN-2 (slightly basic, calculated pI 7.91), the classifi-
cation is conservatively Y,SKj3 or potentially Y;S;Kj, with
roughly 9 glycine-rich ¢ segments as well (Fig. 1). The

basic residues H, K, R; green hydrophobic residues V, L, I, F, W,
M, Y; and black for all other residues G, S, T, C, A). The Y, K, S,
and ¢ segments are marked. The Y (consensus sequence (V/T)D
(E/Q)YGNP), K (consensus sequence EKKGIMDKIKEKLPG), S
(run of 5 or 6 Ser, a phosphorylation sink), and ¢ (run of polar
residues, many Gly) segments are identified. At the amino terminus of
each sequence is a Y-like segment that we denote Y'. Dehydrin
TsDHN-1 can be classified as S;K3, or possibly Y;S;K, if one
includes the lysine-rich cluster (denoted K') that does not exactly
match the consensus, and if one includes the Y-like segment
(denoted Y’) at the amino-terminus. By the same reasoning, dehydrin
TsDHN-2 can be classified as Y,S1K3¢9, or possibly Y3S;K3¢q. The
sequence panels in this figure have been partially adapted from
Rahman et al. (2010). This figure is available in colour in the web
version of the article

cloning, over-expression, purification, and first character-
ization of recombinant TsDHN-1 and TsDHN-2 have been
recently described (Rahman et al. 2010). These proteins were
also shown to undergo partial ordering in association with
membranes of various lipid compositions, mimicking the
plant plasma, mitochondrial, and chloroplast membranes.
Reducing the temperature also appeared to induce and/or
stabilize ordered secondary structure.

We extend our first study here by investigating the
effects of zinc on the secondary structures of TSDHN-1 and
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TsDHN-2 in both free and membrane-associated form
(using lipid compositions mimicking the plasma, mito-
chondrial, and chloroplast membranes). Using circular
dichroism (CD) and attenuated total reflection (ATR)-
Fourier transform infrared (FTIR) spectroscopy, we
demonstrate that membrane- and/or zinc-association sig-
nificantly increases the proportion of ordered secondary
structure in each protein (induced disorder-to-order tran-
sition), and further that low temperatures increase the
degree of order of each dehydrin. These results support the
hypothesis that dehydrins stabilize plant outer and organ-
ellar membranes in conditions of reduced water content
such as low temperature, and further that zinc sequestration
may be an important co-factor in stabilization.

Materials and methods
Materials

Most chemicals were reagent grade and acquired from
either Fisher Scientific (Unionville, ON) or Sigma—Aldrich
(Oakville, ON). Electrophoresis grade chemicals were
purchased from ICN Biomedicals (Costa Mesa, CA) or
Bio-Rad Laboratories (Mississauga, ON). Protein over-
expression, purification, and reconstitution were performed
as previously described (Rahman et al. 2010). The stable
isotopic compound D,O was obtained from Cambridge
Isotope Laboratories (C.I.L., Andover, MA). The lipids
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DMPG), phosphatidylinositol (PI), phosphatidylserine
(PS), and cholesterol (Chol) were obtained from Avanti
Polar Lipids (Alabaster, AL). The lipids DGDG (diga-
lactosyldiacylglycerol), MGDG (monogalactosyldiacyl-
glycerol), and SQDG (sulfonoquinovosyl diacylglycerol)
were obtained from Lipid Products (Nutfield Nurseries,
Redhill, Surrey, UK).

Protein over-expression and purification

The TsDHN-1 and TsDHN-2 proteins were purified as
previously described (Rahman et al. 2010). Protein prepa-
rations were dialyzed extensively against 50 mM ammo-
nium bicarbonate (pH 7.3), which is volatile, and were
lyophilized for long-term storage. There were thus no salts
in the lyophilized proteins, and they were reconstituted by
dissolving them in a suitable buffer. Here, the TsDHN-1
and TsDHN-2 samples were dissolved in HEPES buffer
(20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at a
concentration of 10 mg/ml (0.36 and 0.48 mM, respec-
tively). Since these proteins lacked tryptophanyl residues,
the extinction coefficients were exceedingly low and the
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protein concentration was determined by weighing lyoph-
ilized proteins in large scale (~ 10 mg) and aliquotting
known amounts. Protein solutions were stored at —20°C.

Binding of Zn*" by TsDHN-1 and TsDHN-2:
isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
carried out using a VP-ITC instrument from Microcal Inc.
(Northampton, MA). Lyophilized variants of TsDHN-1 and
TsDHN-2 were dissolved in buffer (20 mM HEPES-
NaOH, pH 7.3, 100 mM NaCl), and extensively dialyzed
against the same solution (at least 2 changes). Following
the dialysis, the protein was filtered (0.22 um pore size)
and the concentration was estimated using a bicinchoninic
acid assay (BCA), where TsDHN-1 and TsDHN-2 at
known concentrations were used as standards. The stock
solutions of 5 mM ZnCl, or 2.5 mM ZnCl, were prepared
in the same buffer prior to each experiment. Samples were
degassed in a Thermovac (Northhampton, MA) at 23°C for
10 min. The Zn”*" solution was injected into the sample
cell, containing 100 uM of TsDHN-1 or TsDHN-2 variant
in the above solution. Typically, for TsDHN-1, the titra-
tions were carried out with a preliminary injection of 2 pl
followed by 29 injections of 10 pl of 5 mM ZnCl,, with a
300-s spacing between each injection. For TsDHN-2, the
titrations were carried out with a preliminary injection of
3 ul followed by 24 injections of 5 pl of 2.5 mM ZnCl,,
and then 17 injections of 7 pl of 2.5 mM ZnCl, with a
300-s spacing between each injection. All experiments
were carried out in triplicate at 23°C.

Before analysis, data from the preliminary 3 pl injec-
tions were discarded, and heats of dilution of the ligand
into solution of 20 mM HEPES-NaOH, pH 7.3, 100 mM
NaCl (in the absence of protein) were subtracted from the
Zn*" into TsDHN-1/TsDHN-2 titration experiments. In
the analyses presented here, the last several points in the
titration curves were fitted with linear regression for the
purpose of baseline correction. The corrected data were
integrated and plotted as a function of the molar ratio, and
the binding isotherms obtained were fitted to the Origin
“one set of sites” model for both proteins (Origin 5.0,
Microcal) (cf., Majava et al. 2008; Tong et al. 2006;
Velazquez-Campoy et al. 2004).

Circular dichroism spectroscopy

The effects of Zn>" on the protein secondary structure in
buffer alone (in 20 mM HEPES-NaOH, pH 7.3, 100 mM
NaCl) were studied by CD spectroscopy on a JASCO J-815
spectropolarimeter (Japan Scientific, Tokyo), equipped
with a re-circulating water bath. The scan rates were
50 nm/min, and the band resolution was 1 nm. The protein
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concentration was 1.4 mg/ml (0.047 mM) for TsDHN-1
(M, = 30.1 kDa), and 1.3 mg/ml (0.06 mM) for TsDHN-2
(M, = 21.4 kDa). The sample volume was 70 pl in a
demountable quartz cuvette with a path-length of 0.01 cm.
The CD experiments in the presence of Zn*" were done
with a molar protein to Zn’* ratio of 1:10, in order to
ensure saturation of all binding sites. The CD spectra were
collected from 30 to 5°C with 5°C intervals. Four succes-
sive scans were recorded, the sample blank was subtracted,
and the scans were averaged. The data averaging and
smoothing (using the Savitzky-Golay algorithm) operations
were accomplished with OriginPro (Version 8, OriginLab
Corporation, Northampton, MA).

Lipid vesicle preparation and protein reconstitution
for ATR-FTIR spectroscopy

Various lipid stocks in chloroform or in chloro-
form:H,O:methanol (1:2:1 by volume) mixtures were
prepared at the desired mass ratio. The solvent was then
evaporated under a mild flow of nitrogen gas and subse-
quently kept under vacuum overnight for complete removal
of the residual solvent. Lipid mixtures (10 mg) were
rehydrated in 1 ml buffer (20 mM HEPES—-NaOH, pH 7.3,
100 mM NaCl) at room temperature overnight with
vigorous shaking and three freeze—thaw cycles.

Large unilamellar vesicles (LUVs) were formed by
extruding lipid mixtures (61 times at 45°C) through a
polycarbonate membrane with a 100-nm pore size. The
lipid compositions were chosen to mimic one of the
following plant membranes: plasma (PC:PS:PI, 33:47:20
by wt%), mitochondrial (PC:PS:PE:Chol, 27:25:29:20
by wt%), or chloroplast (MGDG:DGDG:SQDG:PC:
DMPG:PI, 51:26:7:3:9:1 by wt%) (Harwood 1980). The
sizes of vesicles were measured to be approximately
100 nm, using a dynamic light scattering (DLS) Zetasizer
Nano-S model ZEN1600 instrument (633 nm “red” laser;
Malvern Instruments).

For reconstitution, the desired amount of protein (in
20 mM HEPES—NaOH, pH 7.3, 100 mM NaCl) was added
to the LUVs at a lipid-to-protein ratio of 1:1 by weight. The
protein-LUV complexes were used within 1 h of prepara-
tion for FTIR measurements. The lipid-to-protein ratio was
chosen to assure a significant signal-to-noise ratio.

First, 5 mM Zn*" in 20 mM HEPES-NaOH, pH 7.3,
100 mM NaCl was added to the protein solution to achieve a
concentration of 0.36 mM for TsDHN-1 and 0.48 mM for
TsDHN-2 (to reach the molar zinc to protein ratio of 10:1).
After allowing the proteins to interact with Zn*" for 5 min at
room temperature, LUVs were added to reach a protein-lipid
ratio of 1:1 (wt:wt), followed by a further incubation of
10-15 min at room temperature. After incubation, the pro-
tein-LUV complexes (with or without Zn*") were spun

down in a table-top centrifuge at 14,000 rpm (18,000 g) for
1 h. After removing the supernatant, the aggregate was used
for ATR-FTIR analysis.

Attenuated total reflection-Fourier transform infrared
spectroscopy

The effects of Zn>" on the protein secondary structure
when associated with membranes were studied with a
Bruker Optics Vertex 70 FTIR spectrometer equipped with
a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector. A vertical PIKE MIRacle Micro ATR accessory
(PIKE Technologies, Madison, WI) combined with a
1-reflection diamond ATR crystal unit with a diameter of
6 mm was used. The crystal was cleaned by isopropanol,
followed by double-distilled H,O. The crystal surface was
dried under nitrogen flow before use. All experiments were
conducted at room temperature (~22°C). For each spec-
trum, 1,000 interferograms were collected and Fourier-
transformed to give a resolution of 2 cm™'. To minimize
the spectral contributions from atmospheric water vapour,
the optic and sample compartments of the spectrometer
were purged continuously with dry nitrogen.

Aliquots of about 30 pl of this protein-lipid complex
solution were added onto a one-reflection diamond ATR
crystal one at a time, followed by 45 min incubation in a
desiccator under vacuum to form a dry film. A second layer
of deposition was necessary to yield a high signal-to-noise
ratio spectrum with the amide I signal around 0.6 O.D.
(optical density). Spectra ranging from 950 to 1,750 cm™'
were collected while a stream of nitrogen gas, containing
rich D,O vapour, flowed over the sample on the crystal
with the aid of a home-built bubbler. The spectra, collected
after the complete H,O/D,O exchange, were used for
secondary structure analysis. The completion of H,O/D,O
exchange was confirmed when the spectra in the amide II
region did not change further. A typical measurement
needed about 90 to 120 ng of either TsDHN-1 or
TsDHN-2.

ATR-FTIR data analysis

The overlapping bands in the ATR-FTIR spectra were
resolved by Fourier self-deconvolution (FSD) using OM-
NIC software (Thermo Fisher Scientific, Waltham, MA).
The bandwidth at half-height was set to 15 cm™", and the
enhancement value was set to 1.8. The number and the
location of peaks of the secondary structure components
were verified by the second derivative method using the
PeakFit program (version 4.12, Seasolve Software Inc., San
Jose, CA). The conditions were chosen to minimize the
increase in noise, and the appearance of side chain lobes,
while achieving maximum band narrowing.
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The wavenumbers of these component bands were
subsequently used in the PeakFit program as input
parameters for curve-fitting analysis of the amide I original
spectrum. The parameters were left free to adjust itera-
tively, with each wavenumber restricted to vary within a
range of £2 cm™' (Arrondo et al. 1993). The amide I
region (~ 1,600 to ~ 1,700 cm™") arises due to the peptide
backbone C=0 stretching, and some in-plane N—H bending
in a pure H,O environment. Since all the FTIR measure-
ments were done here in a saturated D,O environment, the
band located between 1,600 and 1,700 cm~! can be con-
sidered to be due to C=O stretching only.

Results and discussion
Metal-binding by dehydrins: physiological significance

Hydroxyl peroxyl radicals are generated in plants during
environmental stress. Citrus dehydrins are known to have a
scavenging role against hydroxyl radicals and peroxyl
radicals (Ueda et al. 2003). It has been suggested that citrus
dehydrins play this role through metal ion binding (Hara
et al. 2005, 2009), by virtue of their enhanced proportion of
histidyl residues (Herzer et al. 2003; Kruger et al. 2002;
Svensson et al. 2000). The metal-binding activity of the
citrus dehydrin CuCOR15 has been studied by immobilized
metal affinity chromatography, showing the importance of
a double-His and a His-X3-His motifs (Hara et al. 2005,
2009). It had been previously shown that a double-His
motif binds metal ions more strongly than a single His
residue (Gusman et al. 2001).

In turn, the physiological significance of metal-binding
by dehydrins has been proposed to revolve around DNA-
binding. One of the best-characterized DNA-binding
motifs is present in the C,H,-type zinc finger proteins, of
which 176 members have been revealed by in silico anal-
ysis to be present in Arabidopsis thaliana (Englbrecht et al.
2004). Most (about two-thirds) of these proteins are plant-
specific. Plant zinc finger domains differ from those found
in yeast and animals by being separated by long spacers of
various length and sequences, instead of being clustered.
They also contain a conserved QALGGH motif (not found
in yeast or animals), which has been shown to have a
crucial role in DNA binding in vitro.

Although the C,H, type zinc finger proteins are
well characterized with regard to their zinc-dependent
DNA-binding activity, recent studies have suggested that
dehydrins (which are not zinc finger proteins) also have zinc-
enhanced DNA-binding activity. For example, five histidine
residues near the N-terminus of the tomato abscisic acid
stress ripening protein ASR1 were first suggested to be
responsible for its DNA-binding, in the absence of any other
well-known DNA-binding motif (Kalifa et al. 2004). Sub-
sequently, the central or C-terminal regions were also shown
to play a role (Rom et al. 2006). Zinc-dependent DNA-
binding activity was also observed in the citrus dehydrin
CuCOR15, with other cations (Mg”, Ca’™, Mn”) having
little or no effect (Goldgur et al. 2007; Hara et al. 2009).
Furthermore, zinc induces ordered secondary structure in
both the CuCOR15 and Apo-ASRI1 dehydrins, further
examples of ligand-induced order in IDPs. We concentrate in
this study on the interactions of Thellungiella dehydrins with
zinc in the absence and presence of membranes.

Binding of Zn** by TsDHN-1 and TsDHN-2:
isothermal titration calorimetry

The association of TsDHN-1 or TsDHN-2 with Zn>* was
elucidated by isothermal titration calorimetry. Figure 2 pre-
sents results from a typical ITC experiment, which was per-
formed in triplicate for each dehydrin protein. In each
experimental run, Zn>" was injected into the sample cell
containing a known amount of TsDHN-1 or TsDHN-2 to
reach the final protein to ligand molar ratio of 1-11 or 1-5,
respectively. The Origin Microcal software for isothermal
titration calorimetry integrates the areas under the peaks in
isothermal titration curves to obtain the change in heat (g;)
associated with ligand injection. Throughout the experiment,
the total concentrations of reactants, [M,]; and [M,]y, are
known and used as independent variables. Nonlinear regres-
sion analysis of g;, the dependent variable, allows estimation
of the thermodynamic parameters (K, and AH and, thus,
AS) as follows. First, we used the following (Eq. 1):

qi :VAH([M1M2]i_[M1M2]i—l)7 (1)

where AH is the enthalpy of binding of reactants M; and
M, in the constant calorimetric cell volume (V) during
titration i. The analytical solution for the concentration of
complex MM, upon titration i is described by Eq. 2:

2
1 +n[M2]T,iKa[M1]T,i\/(1 + ”[MZ]T,iKa + Ka[Ml]T,i) *4”[M2]T,iK§[M1}T,i

M M,|.=
(M M), K,
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Fig. 2 Isothermal titration calorimetry (ITC) of the interaction of
zinc with (a) TsDHN-1, and (b) TsDHN-2, in 20 mM HEPES-NaOH,
pH 7.3, 100 mM NaCl. The isothermal titration calorimetry curves for
both proteins were fitted to a model representing one set of binding
sites. Thermodynamic parameters thereby derived are given in
Tables 1 and 2

where r is the number of independent binding sites, [M/]7;
and [M,]r; are the total concentrations of macromolecule
and ligand, respectively, in the cell after injection
i. Finally, AS is calculated from Eq. 3:

AG = —RTInK, = AH — TAS (3)

The Origin 5.0 software package (Microcal option)
applies the above equations to fit the binding isotherm. The
data were fitted to the Origin “one set of sites” model for
both proteins, although the “two sets of independent sites”
model was also investigated for TsDHN-1 (cf., Majava
et al. 2008; Tong et al. 2006; Velazquez-Campoy et al.
2004). The parameters derived from these fittings are
summarized in Tables 1 and 2 (Velazquez-Campoy et al.
2004; Wiseman et al. 1989). Standard errors originated
from the fitting procedures at the 95% confidence level in
the determination of the parameters.

We first describe the data and analysis for TsDHN-1.
According to the isothermal titration curve obtained for
titration of TSDHN-1 with Zn*", the binding sites in this
protein could not be completely saturated with Zn>"
(Fig. 2a). The last six points in the isothermal titration
curve were linearly fitted to determine the heat of dilutions

and were subtracted from the raw data. Therefore, even
though we are confident here about the values for n and K,
that are calculated for TsDHN-1 (Table 1), we do not
consider that either the AH or —TAS values are reliable
(cf., Velazquez-Campoy et al. 2004). These data were fitted
to the “one set of sites model”, but could also be fitted to a
binding model with two sets of binding sites (Tong et al.
2006; Velazquez-Campoy et al. 2004). Here, for simplicity,
we present the results only with the “one set of sites
model”, which yielded n = 2.3 (meaning at least 2 zinc
ions per protein, and a dissociation constant also in the low-
micromolar range, 45 utM. Most probably for TsDHN-1,
after the first two sites are saturated, less specific binding of
Zn** occurs.

Dehydrin TsDHN-2 associated with Zn*™ at a 1:1 M
ratio (Fig. 2b; Table 2). For this protein, the last five points
in the isothermal titration curve were linearly fitted to
determine the heat of dilutions and were subtracted from
the raw data (Fig. 2b). The data were fitted to the Origin
“one set of sites” model (Majava et al. 2008), yielding
n = 1.03 (essentially 1 zinc ion per protein) and a disso-
ciation constant in the low-micromolar range, 26 uM
(Table 2). The association was accompanied by a decrease
in AH and AG, suggesting that these interactions are
enthalpy driven, and probably predominantly electrostatic.
The slight increase of entropy may be due to the release of
previously oriented water of solvation (Pierce et al. 1999;
Sobhany and Negishi 2006).

Effect of Zn*" on the TsDHN-1 and TsDHN-2
structures: CD spectroscopy

We studied the effects of Zn>" on the secondary structure
compositions of TsDHN-1 and TsDHN-2 by CD spec-
troscopy of the proteins in buffer alone (Figs. 3, 4). There
was no detectable precipitation or aggregation of either
protein upon addition of cation. At 30°C and in the absence
of Zn>", a deep trough at 197 nm is observed for both
TsDHN-1 and TsDHN-2 (Figs. 3a, 4a), indicating that
these proteins are mostly random coil under these condi-
tions, with the TsDHN-2 being slightly more ordered than
TsDHN-1. This trough shifts towards 205 nm and becomes
weaker with decreasing temperature, suggesting a slight
cold-stabilization of ordered structure.

Table 1 Thermodynamic parameters for association of TsDHN-1 with Zn*"

n K, M

AH (kcal mol™1)

—TAS (kcal mol™!)

2.3 +0.07 (22 £02) x 10*

—3.04 £ 0.01 (not reliable)

2.8 (not reliable)

Standard errors originated from the fitting procedures at the 95% confidence level in the determination of the parameters

* All three parameters (1, K,, and AH) were iterated to produce the best fit to the experimental data using a model representing one set of binding

sites
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Table 2 Thermodynamic parameters for association of TsDHN-2 with Zn>"

n* K, MY

AH (kcal mol™!) —TAS (kcal mol™!)

1.03 £ 0.03 (3.9 £ 0.4) x 10*

—-2.85 £ 0.11 3.6

Standard errors originated from the fitting procedures at the 95% confidence level in the determination of the parameters

* All three parameters (1, K,, and AH) were iterated to produce the best fit to the experimental data using a model representing one set of binding

sites

A
2 _'g TsDHN-1
* 5 0
3 & o, o
L~ X348 bgg § X 30°C
= Xvog B B, o8 (m]
oo ° Vv g<155?<§3vg oo o,
=5 51 ° AAZV§<>g<>§VZAOgD o 25°c
o £ % SalixAtoge A 2°C
£ ”2 10> v we
w8 U1 . e o 15°c
] 4] o DD e
T8 o, oe? e
g 20-15 1 - >sc

200 210 220 230 240
Wavelength, nm

C
s, 10 TSDHN-1+ Zn"- TsDHN-1 at 30°C
* 3
2% 8
S~
e
= © 64
m g
o <
S 41
wn Q
& 8
=5 7]
] [
=2 9 . . . '

200 210 220 230 240
Wavelength, nm

Fig. 3 Solution CD spectra of TsDHN-1 in 20 mM HEPES-NaOH,
pH 7.3, 100 mM NaCl, in the a absence and b presence of 7Zn’*, at
different temperatures. ¢, d The differences of CD spectra obtained at

For TsDHN-1, in the presence of 7Zn**, the CD
spectra do not change as dramatically with decreasing
temperature as in its absence, suggesting structural sta-
bilization by this cation (compare Fig. 3a with b). In
Fig. 3b, the negative minimum at 197 nm is much
weaker in the presence of Zn>" than in the absence of
Zn*"  (Fig. 3a). The difference spectrum (Fig. 3c,
obtained by subtracting the spectrum in the absence of
Zn*" from the spectrum in the presence of Zn’"), sug-
gests that ordered secondary structures (probably f-turn
and f-sheet) are induced in this dehydrin by the presence
of Zn*" at 30°C (Fig. 3c). At low temperature, the
presence of Zn®>" resulted in a redistribution of second-
ary structure components rather than inducing ordered
secondary structures (Fig. 3d).
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For TsDHN-2 (Fig. 4b), the addition of Zn>" again
rendered the spectra insensitive to temperature. The dif-
ference spectra (Fig. 4c, d) obtained by subtracting the
spectrum in the absence of Zn>" from the spectrum in the
presence of Zn>", suggest, that in contrast to TsDHN-1,
ordered secondary structures are induced at higher tem-
perature, but only redistribution of secondary structures
occurs in the presence of Zn>" at lower temperature.

It has become apparent in recent years that the left-
handed poly-proline type II (PPII) conformation is an
important component of intrinsically disordered proteins
(reviewed in Harauz and Libich 2009; Polverini et al. 2008;
Rath et al. 2005). The CD spectrum of the poly-proline
type II conformation is characterized by a positive maxi-
mum at 223 nm and a negative minimum at 197 nm.



Dehydrin-zinc interactions

>

n =)
: A

Mean Residue Ellipticity x 10°
)

(Degrees cm” dmol”' Residue™)

o
9

190 200 210 220 230 240

Wavelength, nm

@)

3

TsDHN-2+ Zn’'- TsDHN-2 at 30°C

Mean Residue Ellipticity x 10
(Degrees cm’ dmol” Residue™ )

-2 T T T T T T

190 200 210 220 230 240
Wavelength, nm

Fig. 4 Solution CD spectra of TSDHN-2 in 20 mM HEPES-NaOH,
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different temperatures. ¢, d The differences of CD spectra obtained at

However, in many cases the negative minimum due to the
o-helical component masks the positive maximum at
223 nm. The PPII conformation is thus best discerned by
comparing CD spectra over a range of temperatures (Shi
et al. 2002a, b). A temperature-difference spectrum,
obtained by subtracting the high-temperature spectrum
from the low-temperature one, allows for the “amplifica-
tion” of the signal from the PPII helix. Here, neither of the
difference spectra obtained by subtracting the 30°C spectra
from the 5°C spectra of TsDHN-1 and TsDHN-2 (Fig. 5)
suggests the presence of the PPII conformation under the
particular conditions (pH, temperature, ionic strength)
examined here.

Rationale for choice of lipids for LUV preparation

The major plant membrane lipid components are glyco-
lipids and phospholipids, with composition depending on
the type of organelle. The plant plasma membrane con-
tains mostly phospholipids, with negligible amounts of
other lipids. On the other hand, the predominant lipids in
plant chloroplast membranes are glycolipids, or galac-
tolipids such as monogalactosyldiglyceride (MGDG),
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30 and 5°C, respectively (spectrum with zinc minus spectrum without
zinc at particular temperature). In the presence of zinc, there is a gain
of ordered secondary structure at 30°C under these conditions

digalactosyldiglyceride (DGDG), and sulfolipid (SQDG)
(Harwood 1980). Different environmental conditions,
such as the pH of the soil and low temperature, have
been shown to influence the ratio of the galactolipids
(Velikova et al. 2002). The presence of galactolipids is
crucial for plant growth under normal phosphate-limiting
conditions. However, it has been reported that MGDG
destabilizes plant lipid during cold stress (Hincha et al.
1998; Novitskaya et al. 2000). The ratio of different
lipids also varies depending on the tissue type and
affects the activities of enzymes such as phospholipase A
(Vishwanath et al. 1996). In this and in our previous
study (Rahman et al. 2010), we thus compared the
interactions of Thellungiella dehydrins with membranes
of different lipid compositions in order to gain a broader
perspective on their potential roles in different plant cell
compartments.

Effect of Zn*" on the membrane-reconstituted TsDHN- 1
and TsDHN-2 structures: ATR-FTIR spectroscopy

Since large lipid-protein aggregates cannot be studied by
solution CD spectroscopy, ATR-FTIR spectroscopy was
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Fig. 5 The differences of solution CD spectra obtained in the
presence of zinc at 5 and 30°C (lower temperature spectrum minus
higher temperature spectrum) for (a) TsDHN-1, and (b) TsDHN-2,
discounting the presence of a zinc-induced (or zinc-stabilized) poly-
proline type II (PPII) conformation in TsDHN-1 and TsDHN-2 in
solution

applied to study the effect of Zn*" on the membrane-
associated TsDHN-1 and TsDHN-2 proteins. The proce-
dure of peak-fitting is illustrated in Fig. 6.

Our first experiment was a control to see the effects of
the cation on the lipids alone. The ATR-FTIR spectra of
LUVs derived from lipid mixtures mimicking the compo-
sitions of plasma, chloroplast, or mitochondrial membranes
all collected in the absence of protein, contained v(C=0),
symmetric J(CH,), and asymmetric 6(CH,) modes at
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1,734, 1,465, and 1,414 cm_l, respectively (Fig. 7a—c). In
the presence of Zn”, an additional peak at 1,593 cm”!
was observed. None of the LUV-alone (no protein) spectra
showed significant absorption in the amide region, except
for that mimicking the mitochondrial membrane (Fig. 7c).
For these LUVs, there is a new unique band located at
around 1,620 cm™! due to the y(COO™) of PS, which shifts
to 1,640 cm™" upon addition of Zn>". The LUV samples
mimicking the composition of plasma and mitochondrial
membranes became more compact (condensed acyl chains)
upon interaction with Zn®", due to charge screening,
causing them to attach more strongly to the ATR crys-
tal (cf., Smith et al. 2010). This effect is indicated by
larger carbonyl lipid peak areas in the presence of Zn>"
(Fig. 7a, c).

The addition of Zn*" to either membrane-reconstituted
TsDHN-1 or TsDHN-2 caused significant changes in the
ATR-FTIR spectra (Figs. 8, 9). All infrared spectra
(Figs. 8a—c, 9a—) were normalized by the carbonyl peak
areas after base line corrections. In the presence of Zn2+,
TsDHN-1 and TsDHN-2 interact with membranes much
less than in its absence, except in the case of TsDHN-2
interacting with LUVs mimicking the composition of the
plasma membrane. It has been reported that Zn>" forms
bridges between neighbouring negatively charged
phospholipid head groups, thus stabilizing the lipid mem-
branes in their gel phase (Binder et al. 2000).

When TsDHN-1 or TsDHN-2 bound to Zn*" comes in
contact with lipid membranes, the Zn>" ions are perhaps
removed from the proteins and interact instead with the
phospholipid head groups, limiting the interactions of the
proteins with lipid membranes. For TsDHN-1, peaks at
1,593 cm~! were observed, which might be due to
lipids.

In order to determine the effect of Zn>" on the sec-
ondary structures of the proteins themselves, the FTIR
spectra were corrected for the LUVs background, fol-
lowed by normalization, such that the area between the
linear baseline and the spectra between the region 1,700
and 1,500 cm™' was unity (Figs. 8d—f, 9d—f). The peak
at 1,564 cm™! (Fig. 8d, e) or 1,550 cm™! (Fig. 8f), for
TsDHN-1, could arise due to the v(COO™) vibration
of Glu or Asp side chains, respectively. The peak at
1,575 cm™" for TsDHN-2 (Fig. 9d—f), could arise due to
the v(COO™) vibration of Asp side chains. In the pres-
ence of Zn’", the peak at 1,564 cm™' for TsDHN-1
disappears, and instead a peak at 1,605-1,610 cm™! is
observed, indicating the involvement of the side chain
v(COO™) for interaction with Zn>" (Fig. 8d, e; Mizuguchi
et al. 2001; Nara et al. 1995). In addition, peaks at
around 1674 cm™' are also observed for plasma
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Fig. 6 Demonstration of peak-fitting process for ATR-FTIR spectra.
a Attenuated total reflection Fourier-transform infrared spectra of
TsDHN-2, associated with chloroplast-LUVs at a wt:wt lipid-to-
protein ratio of 1:1 in D,O (solid line) at 22°C. b Fourier self-
deconvolution of an unprocessed ATR-FTIR spectrum of TsDHN-2,
associated with chloroplast-LUVs at a wt:wt lipid-to-protein ratio of
1:1 in D,O at 22°C, using OMNIC software with a bandwidth at a
half-height of 15 cm™' and an enhancement value of 1.8. ¢ Second
derivative of the ATR-FTIR spectrum (a) for secondary structure

membrane or chloroplast membrane reconstituted
TsDHN-1 (Fig. 8d, e).

In the FTIR spectra of membrane-reconstituted TSDHN-2,
a peak shifted from 1,648 to 1,632 cm ™ !in the presence of
Zn** suggesting a change in conformation from random
coil to f-sheet (Fig. 9d—f; Bandekar 1992; Byler and Susi
1986; Krimm and Bandekar 1986; Surewicz et al. 1993;
Surewicz and Mantsch 1988). There was little change
observed in the peak located at 1,575 cm ™" in the presence
of Zn** for TsDHN-2, suggesting that the side chains of
this dehydrin are not involved in interacting with Zn*" to
any significant extent (Mizuguchi et al. 2001).

Zinc-induced ordered secondary structure in TsDHN-1
and TsDHN-2

All FTIR spectra were fitted with multiple Gaussian and
Lorentzian peaks for detailed secondary structure analysis
as illustrated in Fig. 6 and as previously described in detail
(Rahman et al. 2010; Smith et al. 2010). Partial overlaps of
the amide I band with the deuterated side chain at around
1,564 cm™! for TsDHN-1, and at 1,575 ¢cm ™! for TSDHN-2,
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determination by PEAKFIT software. d Analysis of the ATR-FTIR
spectrum (a) for secondary structure determination by PEAKFIT
software—the baseline-corrected spectra of the TsDHN-1 and
TsDHN-2 proteins reconstituted in LUVs of differing lipid compo-
sitions, were deconvoluted using a mixed Gaussian and Lorentzian
band shape. Auto-fits of the self-deconvoluted spectra of the original
spectra were performed until the coefficient of determination (+%) was
larger than 0.99

were observed. Therefore, all peaks located in the region
between 1,600 and 1,500 cm_l, after baseline correction,
were included during curve fitting. Detailed predictions of
the proportions of different types of secondary structures
(a-helix, ff-strand, and random coil) are given in Tables 3,
4, 5. It should be cautioned that the calculations of overall
secondary structure composition from such spectra will
vary depending on how peak identification, baseline cor-
rection, and peak-fitting are performed. Our method is
summarized in Fig. 6. Therefore, we restrict ourselves here
to reporting on clear trends, as we have previously done for
these dehydrins and for myelin basic protein (Rahman et al.
2010; Smith et al. 2010).

Detailed spectral analysis shows that both TsDHN-1
and TsDHN-2 gain more ordered secondary structure in
the presence of Zn>", particularly f-sheet (Fig. 10). The
anti-parallel f-sheet becomes more pronounced in the
secondary structure of TsDHN-1, whereas the parallel
f-sheet is more pronounced in TsDHN-2. However, the
extent in increase of ordered structure is more pronounced
for TsDHN-2. For TsDHN-1, there is no significant
change in the random coil structure, but there is an
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Fig. 7 Effects of Zn** on ATR-FTIR spectra, absorbance versus
wavenumber, at room temperature (22°C), for LUVs alone in the
absence of protein. The LUV lipid compositions mimic the plant
a plasma (PM_LUYV), b chloroplast (CHLOR_LUYV), or ¢ mitochon-
drial (MITOCH_LUV) membranes

increase of turn structures and a decrease in the side chain
contributions. Little change in side chain contributions
due to Zn>" is observed for TsDHN-2. There is also a
synergistic effect of lipid composition, as TSDHN-1 gains
more ordered secondary structure when associated with
LUVs mimicking the lipid compositions of chloroplast
membranes (Fig. 10a, b). The FTIR spectra for TsDHN-1
associated with LUVs mimicking the composition of
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mitochondria were not of suitable quality for secondary
structure analysis with the above method and are not
presented.

It has been suggested that dehydrins retain their intrin-
sically disordered conformation in the formation of
hydrogels in conditions of drought, thereby avoiding
structural collapse that well-folded proteins would undergo
(Mouillon et al. 2008). Our results here demonstrate that
dehydrins undergo a disorder-to-order transition in asso-
ciation with membranes and zinc. These new data extend
our previous study in which we demonstrated induced
order in these same dehydrins upon membrane association
at low temperatures (Rahman et al. 2010). Thus, the con-
formational space sampled by dehydrins in vivo would
depend on their particular environment within the cell—the
proteins at a membrane interface would be more ordered
than those within the bulk hydrogel.

Significance of zinc sequestration by Th. salsuginea
dehydrins

The sequestration of heavy metals such as zinc has been
documented for several LEA proteins and dehydrins
(Alsheikh et al. 2003; Heyen et al. 2002; Xu et al. 2008;
Zhang et al. 2006). More recently, it has been reported
that Zn®>" promotes the association of citrus dehydrins
with DNA, and that this association was mediated by
domains enriched with histidyl and lysyl residues (Hara
et al. 2009). This mechanism makes sense since poly-
lysine chains have long been used as a coating to fix DNA
to solids (Eisen and Brown 1999), and it is known that
His-His or His-X3(4)-His motifs, or combinations thereof,
can bind to macromolecules chelating metal ions (such
as DNA) through Zn>" intermediates (Vallee and Auld
1995).

Here, TsDHN-1 is an acidic S;Kj3 type dehydrin con-
taining a His-His pair (residues 250 and 251, counting the
N-terminal Met as #1) which may play a role in promoting
the ordered secondary structure in the presence of Zn*". In
contrast, TSDHN-2 contains two His-His pairs (residues 72
and 73, and 152 and 153), which may play a role in pro-
moting ordered secondary structure in the presence of
Zn**. In addition, the negatively charged side chains in
TsDHN-1 may also interact with Zn*". Previously and
independently, studies on Brassica juncea dehydrins led to
the suggestion that they confer heavy metal tolerance (Xu
et al. 2008). Our results here indicate that zinc sequestra-
tion by free or membrane-associated Th. salsuginea
dehydrins results in induced ordered structure, the physi-
ological significance of which remains to be determined.
We suggest here that zinc may be important also for
membrane-stabilization via dehydrins in plants subjected to
extremes of cold or drought.



Dehydrin-zinc interactions

1497

A 05 T-C ~TsDHN-1_PM
--PM
0.4 1 ——TsDHN-1 PM 20’ ~

° v PM_Zn' fon
Q

=]

<
O

-

3]

172}
Ne
<

1800 1700 1600 1500
Wavenumber, cm’
1.5

!u) - = - TSDHN-1

g TsDHN-1 with Zn™"

2

S 1.0 -

172}

=)

<

3

N 054

E

5]

Z 0.0 4

1700 1650 1600 1550 1500

-1
Wavenumber, cm

Fig. 8 Effects of Zn?" on ATR-FTIR spectra of TsSDHN-1 at room
temperature (22°C). In panels (a—c), the protein is membrane-

B 0-3 T===Tspr~-1 cntor C 0.3 T———pm~ oo
----CHLOR - -~ - MITOCH
—TsDHN-LCHLORiZ/n\Z’ ——TsDHN-1_MITOCH_Zn"'

i CHLOR_Zn" VA 1 - MITOCH zn®

8 0.2 /, |“ 8 0.2 y

2 /o g

£ ! £

S \ S

7] \ 7]

© o

< <

1800 1700 1600 1500 1800 1700 1600 1500
Wavenumber, em’ Wavenumber, cm’”

E LS 1= TSDHN-1 l:: LS T

S TsDHN-1 with Zn"" ] —— TsDHN-1 with Zn"'

S 8

5 5 1.0

v wv

° o

< <

=] =]

8 8 051

= =

£

B

S S

Z 0.0 A \— Z 0.0

1700 1650 1600 1550 1500 1700 1650 1600 1550 1500

-
Wavenumber, cm

associated with LUV lipid compositions mimicking the plant lipid spectrum

(a) plasma (PM_LUV), b chloroplast (CHLOR_LUV),

8
A - - =TsDHN-2_PM
----PM
6 TsDHN-2_PM_Zn"*
© PM Zn"
2
g 4]
—
9] \
Z a
< 2 4 /" A
0
1 800 1700 1600 1500

-1
Wavenumber, cm

D15
o - - - TsDHN-2
= TsDHN-2with Zn®*
8
5 1.0
172}
£
<
=]
g 0.5
=
£
-
S
Z 0.0 4
T T T

1700 1650 1600 1550 1500

-1
Wavenumber, cm

Fig. 9 Effects of Zn>" on ATR-FTIR spectra of TsDHN-2 at room
temperature (22°C). In panels (a—c), the protein is membrane-

and

-1
Wavenumber, cm

¢ mitochondrial (MITOCH_LUV) membranes. Panels (d—f) represent
the corresponding spectra of protein alone, after subtraction of the

B 61 - TsDHN-2_CHLOR C 27= =TsDHN-2_MITOCH

- - -~ CHLOR MITOCH

—— TsDHN-2_CHLOR_Zn’' TsDHN-2_MITOCH_Zn’*
o 4 CHLOR_Zn" AN ® - === MITOCH_Zn™* VA
Q T 5} FARY
=] ! =l / [}
< ! < 1 4 K |‘
= / = / \
S i S / \
172} ! 172 I
© ! °© /
< / < / \/\

o L N N
1 800 1700 1600 1500 1800 1700 1600 1500

B
Wavenumber, cm

1.5

—
[=}
L

Normalized Absorbance
f=4
[

o
IS
\

- — - TsDHN-2
—— TsDHN-2with Zn""

Normalized Absorbance

1700

-1
Wavenumber, cm

associated with LUV lipid compositions mimicking the plant lipid spectrum

a plasma (PM_LUV), b chloroplast (CHLOR_LUYV),

and

-1
Wavenumber, cm

1.0 4

0.5 4

0.0 1

- - - TsDHN-2
TsDHN-2 with Zn"*

1650 1600 1550 1500 1700 1650 1600 1550 1500

-1
Wavenumber, cm

¢ mitochondrial MITOCH_LUV) membranes. Panels (d—f) represent
the corresponding spectra of protein alone, after subtraction of the

@ Springer



1498

L. N. Rahman et al.

Table 3 Effect of zinc on secondary structure components of TsDHN-1 and TsDHN-2 bound to large unilamellar vesicles mimicking the plant
plasma membrane (PC:PE:PI at 33:47:20 by wt%), with a 1:10 M ratio of TsDHN-x:Zn>"

Components of TsDHN-1 Amax (cmfl) Absence Presence Components Amax Absence Presence
of Zn%* of Zn%* of TsDHN-2 (cm™Y)  of zn?*t of Zn?*
Side chain contribution Side chain contribution 1,517 334+0.5 27 1
Side chain contribution 1,535 6.2 + 0.7 Side chain contribution 1,546 2.6 +£0.1 52 +1
Side chain contribution 1,555 1.3 £0.7 Side chain contribution 1,562 7.1 £0.1 91 +1
Side chain contribution 1,565 17.0 £ 1.0 6.4 +£0.2 Side chain contribution 1,579 11.3 £ 0.2 95+03
Side chain contribution 1,609 11.3 £ 0.6 7.1 £ 1.1 Side chain contribution 1,609 11.8 £ 0.2 12.6 £ 0.3
p-strand 1,625 129 £ 0.2 19.6 £ 0.3 p-strand 1,627 17.2 £ 0.5 254+ 0.5
Random coil 1,647 37.5 +£ 0.7 31.5 £ 0.9 Random coil 1,644 283 £ 0.6 158 + 4
Turn 1,672 17.8 £ 0.6 23.7+£ 0.5 Turn 1,658 124 £ 4
Side chain contribution 1,699 24 4+£0.2 55+04 Turn 1,671 14.0 £ 0.5 57+3
Anti parallel ff-strand 1,684 43 £ 0.1 28 £1
Total 100.2% 100.0% 99.9% 101.2%

The columns show the percentage area of each peak, with errors representing the standard deviation of two replicates of data sets. The values will
not necessarily add up precisely to 100% because of rounding errors

Table 4 Effect of zinc on secondary structure components of TSDHN-1 and TsDHN-2 bound to large unilamellar lipid vesicles mimicking the
plant chloroplast membrane (MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a 1:10 M ratio of TsDHN-x:Zn>"

Components of TsDHN-1 Jmax (cm™h) Absence Presence Components Amax Absence Presence
of Zn** of Zn** of TsDHN-2 (em™Y  of Zn?* of Zn**
Side chain contribution 1,514 1.2+ 05 1.6 +£ 4.0
Side chain contribution 1,540-1,543 33+0.6 270 Side chain contribution 1,543 35 +20
Side chain contribution 1,562-1,565 17.8 £ 0.7 6.8 + 0.3 Side chain contribution 1,562 9.6 + 1.0 7.2 +0.7
Side chain contribution 1,582-1,585 105+ 14 51 +£04 Side chain contribution 1,578 8.7 £ 2.0 8.8 £4.0
Side chain contribution 1,602 10.8 £ 0.2 Side chain contribution 1,596 75+ 3.0
Side chain contribution 1,611-1,614 55+ 04 24 + 0.1 Side chain contribution 1,613 85+ 1.0 10.8 +£ 0.5
p-strand 1,627-1,628 126 £ 1.5 172 £ 0.5 p-strand 1,629 133 £ 2.0 176 £ 1.4
Random coil 1,642—-1,645 257+ 1.2 224+ 0.2 Random coil 1,643 257+ 1.0 124 £ 22
Alpha Helices 1,659 89+ 12 7.0 £ 0.3 Alpha Helices 1,651 11.8 £ 1.0 10.7 £ 1.6
Turn 1,671-1,673 157+ 1.2 255+ 0.2 Turn 1,663 13.6 + 1.7 120 £ 1.0
Anti parallel f-strand 1,679 77+£1.6 78 £ 13
Total 100.0% 99.9% 100.1% 100.0%

The columns show the percentage area of each peak, with errors representing the standard deviation of two replicates of datasets. The values will

not necessarily add up precisely to 100% because of rounding errors

Conclusions

We have investigated the interactions of Th. salsuginea
dehydrins TsDHN-1 and TsDHN-2 with Zn*" and mem-
branes, in vitro, to gain further insight into their physio-
logical roles. Using a combination of complementary
spectroscopic methods, we have shown that both proteins
associate with membranes of different lipid compositions,
and thereby gain ordered secondary structure, consistent
with other dehydrins that have been investigated (Koag

@ Springer

et al. 2003, 2009; Soulages et al. 2002, 2003). These strong
membrane interactions of both dehydrins, with concomi-
tant induced folding (ordered secondary structure forma-
tion) support the hypothesis that they protect plant plasma
and organellar membranes under conditions of extreme
cold (Beck et al. 2007; Zhang et al. 2010). Zinc has been
shown to stabilize ordered secondary structure in many
intrinsically disordered proteins (briefly reviewed in, e.g.,
Smith et al. 2010). Here, the divalent cation Zn>* has been
shown to have a strong stabilizing effect on both dehydrin
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Table 5 Effect of zinc on secondary structure components of TSDHN-1 and TsDHN-2 bound to large unilamellar lipid vesicles mimicking the
plant mitochondrial membrane (PC:PS:PE:Chol at 27:25:29:20 by wt%), with a 1:10 M ratio of TsDHN-x:Zn>"

Components of TsDHN-2

, —1
/Lmax (Cm )

Absence of Zn**

2
Presence of Zn**t

Side chain contribution
Side chain contribution
Side chain contribution
Side chain contribution
Side chain contribution
p-strand

Random coil

Turn

p-strand
Total

1,551
1,567
1,581
1,593
1,611
1,629
1,646
1,660
1,672
1,678

29+ 1.0
6.3 £0.7
59+ 1.0
63+ 1.0
75+£0.7
192 £ 1.0
257+ 1.0
17.4 £ 0.7

9.1 £1.0
100.3%

36+02

9.4 £0.11
83 £0.5

3.0+ 0.6

9.1 +£04

247 £ 1.3
199 £ 1.5
142 £ 1.5
55+£09

21+03

99.9%

The columns show the percentage area of each peak, with errors representing the standard deviation of two replicates of datasets. The values will
not necessarily add up precisely to 100% because of rounding errors

Fig. 10 Effect of Zn** on
secondary structure composition
of membrane-associated

(a, ¢) TsDHN-1, and (b, d, e)
TsDHN-2 at room temperature
(22°C). The LUV lipid
compositions mimic the plant
(a, b) plasma (PM_LUV),

(c, d) chloroplast
(CHLOR_LUV), or

(e) mitochondrial
(MITOCH_LUV) membranes.
Error bars represent the
standard deviation of triplicate
measurements
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structures, both free and in membrane-bound form, indi-
cating a synergistic interaction and potentially a further
mechanism for cold-stabilization.
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