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Abstract: Dehydrins are intrinsically disordered (unstructured) proteins that are expressed in plants experiencing stressful
conditions such as drought or low temperature. Dehydrins are typically found in the cytosol and nucleus, but also associate
with chloroplasts, mitochondria, and the plasma membrane. Although their role is not completely understood, it has been
suggested that they stabilize proteins or membrane structures during environmental stress, the latter association mediated
by formation of amphipathic a-helices by conserved regions called the K-segments. Thellungiella salsuginea 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 have cloned and expressed in Escherichia coli two dehydrins from this plant, denoted
TsDHN-1 (acidic) and TsDHN-2 (basic). Here, we show using transmission-Fourier transform infrared (FTIR) spectro-
scopy that ordered secondary structure is induced and stabilized in these proteins by association with large unilamellar
vesicles emulating the lipid compositions of plant plasma and organellar membranes. Moreover, this induced folding is en-
hanced at low temperatures, lending credence to the hypothesis that dehydrins stabilize plant outer and organellar mem-
branes in conditions of cold.

Key words: dehydrins, late embryogenesis abundant (LEA), cold tolerance, intrinsically disordered protein (IDP), induced
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Résumé : Les déhydrines sont des protéines intrinsèquement désordonnées (non structurées) exprimées chez les plantes
qui subissent des conditions de stress telles la sécheresse ou le froid. Les déhydrines sont typiquement trouvées dans le cy-
tosol et le noyau, mais elles s’associent aussi aux chloroplastes, aux mitochondries et à la membrane plasmique. Même si
leur rôle n’est pas complètement connu, il semble qu’elles stabiliseraient les protéines ou les structures membranaires lors
d’un stress environnemental, cette dernière association étant réalisée par l’intermédiaire de la formation d’hélices-a amphi-
patiques dans les régions conservées appelées segments K. Thellungiella salsuginea est une crucifère qui prolifère dans les
régions subarctiques du Canada (Territoire du Yukon), où il croit sur des sols riches en sels, étant soumis à des périodes
de froid et de sécheresse extrêmes. Nous avons cloné et exprimé chez Escherichia coli deux déhydrines de cette plante,
nommées TsDHN-1 (acide) et TsDHN-2 (basique). Nous montrons ici par spectroscopie de transmission infrarouge à trans-
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Abbreviations: CD, circular dichroism; Chol, cholesterol; TsDHN-1, acidic Thellungiella salsuginea dehydrin 1; TsDHN-2, basic
Thellungiella salsuginea dehydrin 2; DGDG, digalactosyldiacylglycerol; FTIR, Fourier transform infrared; IDP, intrinsically disordered
protein; LEA, late embryogenesis abundant; MARCKS, myristoylated alanine-rich C-kinase substrate; MGDG,
monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; SQDG, sulfoquinovosyl diacylglycerol.
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formée de Fourier qu’une structure secondaire ordonnée est induite et stabilisée chez ces protéines par leur association à
de larges vésicules monofeuillet imitant la composition en lipides des membranes plasmiques et des organelles. De plus, le
repliement induit est augmenté à faible température, donnant crédit à l’hypothèse que les déhydrines stabilisent les mem-
branes externes et les organelles des plantes au froid.

Mots-clés : déhydrines, LEA (late embryogenesis abundant), tolérance au froid, protéines intrinsèquement désordonnées,
repliement induit, spectroscopie DC, spectroscopie FTIR.

[Traduit par la Rédaction]

_______________________________________________________________________________________

Introduction
Plants have evolved many ways to cope with environmen-

tal stresses such as low temperature and drought. One re-
sponse to these conditions is the induction of genes that
encode the late embryogenesis abundant (LEA) proteins
(Battaglia et al. 2008; Caramelo and Iusem 2009; Hundert-
mark and Hincha 2008). The way in which LEAs protect
plants from environmental stress is not completely under-
stood, although numerous mechanisms have been described
(Wise and Tunnacliffe 2004; Rajesh and Manickam 2006;
Tunnacliffe and Wise 2007; Battaglia et al. 2008). Among
many macromolecular associations, LEAs have been sug-
gested to stabilize plasma and organellar membranes
(Hincha et al. 1990; Han et al. 1997; Danyluk et al. 1998;
Steponkus et al. 1998; Ismail et al. 1999; Puhakainen et al.
2004; Beck et al. 2007; Tolleter et al. 2007; Zhang et al.
2010).

Most LEAs have also been recognized to be intrinsically
disordered proteins (IDPs) (Eom et al. 1996; Lisse et al.
1996; Soulages et al. 2003; Mouillon et al. 2006; Goldgur
et al. 2007; Hundertmark and Hincha 2008). Such proteins
constitute roughly a third of the eukaryotic proteome and do
not attain a defined tertiary fold, but adopt a specific confor-
mation in association with other molecules (Uversky and
Dunker 2010). It is generally considered that the intrinsi-
cally disordered and extended nature of LEAs imparts upon
them the property of sequestering water and sugars in a
tightly hydrogen-bonded network to form a hydrocolloid or
gel (Hoekstra et al. 2001; Wolkers et al. 2001; Tompa et al.
2006; Kovacs et al. 2008; Shimizu et al. 2010). For exam-
ple, cold and dehydration tolerance may depend in part on
the amount of starch accumulation in the cell, as a source
of protective di- and mono-saccharides (Maruyama et al.
2009). An important factor for starch degradation is the
maintenance of a-amylase, and it has been suggested that
LEAs preserve sufficient local water concentration to main-
tain a-amylase activity (Rinne et al. 1999).

At least six different groups of LEAs have been defined
based on expression patterns and sequence (Wise and Tun-
nacliffe 2004; Tunnacliffe and Wise 2007; Battaglia et al.
2008; Hundertmark and Hincha 2008). The group 2 LEA
proteins, also known as dehydrins, have been among the
most widely studied (Campbell and Close 1997; Close
1997; Garay-Arroyo et al. 2000; Zhu et al. 2000; Allagulova
et al. 2003; Puhakainen et al. 2004; Mouillon et al. 2006;
Beck et al. 2007; Kosová et al. 2007, 2008 Battaglia et al.
2008). These proteins are generally enriched in glycyl and
lysyl residues, but lack cysteinyl and tryptophanyl residues.
Several hundred dehydrins have been purified from different
sources; they range in size from ~5 to >200 kDa, and they

contain three conserved sequences: the K-segment, the S-
segment, and the Y-segment (Jepson and Close 1995; Camp-
bell and Close 1997; Close 1997; Allagulova et al. 2003;
Battaglia et al. 2008). The K-segment (consensus sequence
EKKGIMDKIKEKLPG) is a lysine-rich domain that has the
potential for electrostatic and hydrophobic interactions with
membranes attributed to the formation of amphipathic a-
helices (Campbell and Close 1997; Close 1997; Allagulova
et al. 2003; Bravo et al. 2003; Koag et al. 2003, 2009; Rorat
et al. 2006). The number of K-segments has been suggested
as important in defining the degree of membrane association
and putative stabilization (Bravo et al. 2003). The S-segment
is a serine-rich domain that may be phosphorylated, modu-
lating the dehydrin’s ability to bind ligands such as divalent
cationic metal ions (Heyen et al. 2002; Alsheikh et al. 2003;
Zhang et al. 2006; Xu et al. 2008). The Y-segment (con-
sensus sequence (V/T)DEYGNP) is found at the N-terminus,
and is similar to the nucleotide-binding sites of plant and
bacterial chaperone proteins. Dehydrins fall into one of five
classes (Kn, SKn, KnS, YnSK2, and Y2Kn) based on their
combination of K, S, and Y segments (Campbell and Close
1997; Close 1997; Allagulova et al. 2003; Battaglia et al.
2007).

Dehydrins are typically found in the cytoplasm and nu-
cleus, but are also associated with the plasma membrane
(Danyluk et al. 1998; Carjuzaa et al. 2008), or with chloro-
plasts or mitochondria (Hincha et al. 1990; Tolleter et al.
2007). Dehydrins form highly stable hydrated gels in vivo
to sequester water (Wolkers et al. 2001; Tompa et al. 2006;
Mouillon et al. 2008). Often (but not always), dehydrins
gain ordered secondary structure upon interaction with de-
tergents or lipids (Ceccardi et al. 1994; Ismail et al. 1999;
Soulages et al. 2002; Koag et al. 2003, 2009; Soulages et
al. 2003; Kovacs et al. 2008). In particular, the K-segment
forms an amphipathic a-helix that can associate with mem-
brane surfaces (Allagulova et al. 2003; Rorat et al. 2006).

Thellungiella salsuginea (also called Thellungiella halo-
phila) has been proposed as a valuable new model plant for
research on abiotic stress tolerance (Griffith et al. 2007;
Amtmann 2009; Pedras and Zheng 2010). Here, we investi-
gate the interactions of two Thellungiella dehydrins (denoted
TsDHN-1 and TsDHN-2) with membranes as a function
of temperature. Using circular dichroism (CD) and
transmission-Fourier transform infrared (FTIR) spectro-
scopy, we demonstrate that membrane association increases
the proportion of ordered secondary structure in each protein
(induced folding), that the secondary structure composition
depends on lipid type, and that low temperatures increase
the degree of order of each dehydrin. These results support
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the hypothesis that dehydrins stabilize plant outer and organ-
ellar membranes at low temperature.

Materials and methods

Materials
Most chemicals were reagent grade and acquired from ei-

ther Fisher Scientific (Unionville, Ont.) or Sigma-Aldrich
(Oakville, Ont.). Electrophoresis-grade chemicals were pur-
chased from ICN Biomedicals (Costa Mesa, Calif.) or Bio-
Rad Laboratories (Mississauga, Ont.). The Ni2+–NTA (nitri-
lotriacetic acid) agarose beads were purchased from Qiagen
(Mississauga, Ont.). Heavy water (D2O) was obtained from
Cambridge Isotope Laboratories (CIL, Andover, Mass.).
The lipids phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidylserine (PS), and cholesterol (Chol) were
obtained from Avanti Polar Lipids (Alabaster, Ala.). The lip-
ids digalactosyldiacylglycerol (DGDG), monogalactosyldia-
cylglycerol (MGDG), and sulfonoquinovosyl diacylglycerol
(SQDG) were obtained from Lipid Products (Nutfield Nurs-
eries, Redhill, Surrey, UK).

Recombinant dehydrin over-expression and purification
The open reading frames of the Thellungiella dehydrins

designated TsDHN-1 and TsDHN-2 were amplified by PCR
using the following forward (F) and reverse (R) primer
pairs: CLDPTF (5’-GGAATTCCATATGGCGGAAGA-
GTACAAGAACG-3’) and CLDPTR (5’-TCCCCCGGG-
AGCATCAGACTCTTTTTC-3’), and INTDRTGF (5’-
GGAATTCCATATGGCGTCTTACCAGAACCG-3’) and
NTDRTGR (5’-ACGACCACCACCACCAGGAAGTTT-
ATCTTTG-3’), respectively. Subsequently, the open reading
frames of these Thellungiella dehydrins (designated TsDHN-
1 and TsDHN-2, GenBank accession Nos. 1347304 and
DN776754.1, respectively) were cloned as NdeI–SmaI frag-
ments into the vector pTYB2 (New England Biolabs) and
transformed into Escherichia coli DH5a cells.

The sequence-verified clones were introduced into E. coli
ER2566 cells for over-expression. All cultures were grown
at 37 8C in 2� YT (yeast–tryptone) media at pH 7.3 to
OD600 = 0.8, at which time they were shifted to 30 8C and
dehydrin expression was induced for 4 h by the addition of
0.1 mmol�L–1 isopropyl b-D-1-thiogalactopyranoside (IPTG).

Large-scale production of recombinant TsDHN-1 and
TsDHN-2 was performed in fermentors at the Biotechnology
Research Institute in Montréal, Que. For large-scale protein
productions, batch fermentations were performed. A colony
was selected from the plate for an overnight inoculation in
2� YT media. The overnight culture was then diluted 20-
fold to inoculate 15 L of 2� YT media containing ampicil-
lin in a 20 L bioreactor. The culture was grown at 37 8C un-
til OD600 = 3, at which point expression was induced by
0.1 mmol�L–1 IPTG. The cells were grown for an additional
4 h at 30 8C before being harvested by centrifugation at
4000 r�min–1 (2831g) and a temperature of 4 8C. Since
TsDHN-2 expressed significantly better in the batch fermen-
tor in the absence of glucose, glucose was not added. How-
ever, to avoid the possibility of bacteria entering the
stationary phase at an early stage, the cells were induced at
a low OD600.

Purification was performed using IMPACT affinity chro-
matography following the manufacturer’s instructions (New
England Biolabs 2010) and a previously published protocol
(Chong et al. 1997). This system does not require a protease
for the affinity tag removal. Instead, either dithiothreitol
(DTT), b-mercaptoethanol, or cysteine can induce the intein
to self-cleave, thus releasing the target protein from the chitin-
bound intein tag.

An additional step of ion exchange chromatography on ei-
ther HiTrapTM DEAE FF (diethylaminoethyl) or CM FF
(carboxymethyl) columns (GE Healthcare Bio-Sciences Inc.,
Baie d’Urfé, Que.), each 1 mL, connected to a peristaltic
pump and mechanical gradient maker, was introduced to pu-
rify the proteins further. For TsDHN-1, protein eluted from
the first chromatography step was dialysed extensively
against 50 mmol�L–1 HEPES-NaOH (pH 7.5). The dialysate
was loaded at a 1 mL�min–1 rate onto the column (DEAE
FF) that had been pre-equilibrated with the same buffer,
and was eluted with a step gradient of NaCl (40 mmol�L–1,
150 mmol�L–1, and 200 mmol�L–1 NaCl) in 20 mL of
50 mmol�L–1 HEPES–NaOH (pH 7.5) at 4 8C. The purest
fractions of TsDHN-1 were obtained with the 150 mmol�L–1

and 200 mmol�L–1 NaCl steps, and were pooled. For
TsDHN-2, a HiTrapTM CM FF (1 mL) column was used.
Protein eluted from the first chromatography step was dia-
lysed extensively against 20 mmol�L–1 sodium phosphate
buffer (pH 6.6) at 4 8C. The dialysate was loaded onto the
column (CM FF) that had been pre-equilibrated with the
same buffer at a 1 mL�min–1 rate, and was eluted with a
step gradient of NaCl (45 mmol�L–1, 75 mmol�L–1, and
175 mmol�L–1 NaCl) in 20 mL of 20 mmol�L–1 sodium
phosphate buffer. The purest fractions of TsDHN-2 were ob-
tained with the 175 mmol�L–1 NaCl step, and were pooled.

Purity was assessed by SDS–PAGE with Coomassie Blue
R-250 staining. Pure fractions were pooled, extensively
dialysed against double-distilled water, and freeze-dried.
The protein samples were dissolved in HEPES buffer
(20 mmol�L–1 HEPES–NaOH, pH 7.5, 100 mmol�L–1 NaCl,
1 mmol�L–1 ethylenediamine tetraacetic acid (EDTA)) at a
concentration of 4 mg�mL–1. Since these proteins lacked
tryptophan residues, the extinction coefficients were exceed-
ingly low and we relied only on protein weight and solvent
volume to prepare protein solutions with known concentra-
tions. Protein solutions were stored at –20 8C.

Circular dichroism spectroscopy
The protein secondary structure in buffer alone was

studied by CD spectroscopy on a JASCO J-815 spectropo-
larimeter (Japan Scientific, Tokyo) equipped with a recircu-
lating water bath. The scan rates were 50 nm�min–1 and the
band resolution was 1 nm. The protein concentration in
20 mmol�L–1 HEPES–NaOH (pH 7.5), 100 mmol�L–1 NaCl
was 1.4 mg�mL–1 for TsDHN-1 and 1.3 mg�mL–1 for
TsDHN-2. The CD spectra were collected at 22 8C. Four
successive scans were recorded, the sample blank was sub-
tracted, and the scans were averaged. Photobleaching of the
samples did not become apparent until 5 or more scans had
been performed. The data averaging and smoothing (using
the Savitzky-Golay algorithm) operations were accom-
plished with the OriginPro software package (version 8, Ori-
ginLab Corporation, Northampton, Mass.).
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Lipids and vesicle preparation for transmission-FTIR
spectroscopy

Various lipid stocks in chloroform or in chlo-
roform : H2O : 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 chloroform remnants. Lipid mixtures were rehydrated
in buffer (20 mmol�L–1 HEPES–NaOH, pH 7.5,
100 mmol�L–1 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 8C) through a polycarbonate
membrane with a 100 nm pore size. The lipid compositions
were chosen to mimic the plant plasma (PC:PS:PI, 33:47:20 by
mass ratio), mitochondrial (PC:PS:PE:Chol, 27:25:29:20 by
mass ratio), or chloroplast (MGDG:DGDG:SQDG:PC:PG:PI,
51:26:7:3:9:1 by mass ratio) membranes (Harwood 1980).
The sizes of vesicles were approximately 100 nm, as meas-
ured by dynamic light scattering (DLS) Zetasizer Nano-S
model ZEN1600 (633 nm ‘‘red’’ laser; Malvern Instruments).
The desired amount of protein (in 20 mmol�L–1 HEPES–
NaOH, pH 7.5, 100 mmol�L–1 NaCl) was added to the LUVs
at a lipid-to-protein ratio of either 1:1 or 3:1 by mass. The
protein–LUV complexes were used within 1 h of preparation
for FTIR measurements. The lipid-to-protein ratio was
chosen to assure a significant signal-to-noise ratio.

Transmission-Fourier transform infrared (FTIR)
spectroscopy

The transmission-FTIR spectra were recorded between
950 and 1800 cm–1 using a Bruker Optics IFS 66v/S FTIR

spectrometer. The temperature was controlled with an Iso-
temp 3006 temperature controller (Fisher Scientific) with
0.1 degree resolution. The protein–lipid vesicle complexes
were dried onto a CaF2 window with a mild vacuum for
~40 min to give a thin homogeneous film. Before use, the
CaF2 window was cleaned with methanol, followed by
MilliQ H2O. To maintain the physiological condition of the
proteins, the complex was spread into a thin film prepared
with 2 mL of 20 mmol�L–1 HEPES–NaOH, pH 7.5,
100 mmol�L–1 NaCl, 1 mmol�L–1 ethelynediamine tetraacetic
acid (EDTA). Briefly, 2 mL of the buffer was dried on a
clean CaF2 window for 10 min under vacuum. Then, the
dried buffer was spread into a thin film covering a circular
area on the window (diameter 1 cm) with 2 mL MilliQ H2O
using a pipette tip. Next, the protein–lipid vesicle complexes
were deposited and dried onto this CaF2 window with a mild
vacuum for ~40 min to give a thin homogeneous film. Sig-
nificantly better signal-to-noise ratios were achieved with a
second deposition of film on the window.

The spectral region most sensitive to peptide backbone
conformation is the amide I band region, which is located
between 1700 and 1600 cm–1. However, water has a strong
IR absorbance peak at ~1645 cm–1, due to H-O-H bending,
which overlaps the amide I band. Thus, analysis of protein
secondary structure is difficult in a pure H2O environment.
Here, to be able to probe protein secondary structure without
the interference of water absorbance, all measurements were
performed in a D2O environment. To deuterate the protein
completely, heavy water (an amount of 4 mL D2O) was de-
posited onto the protein-lipid film. This amount of D2O was
optimized for maximum hydrogen–deuterium (H–D) ex-
change, which occurred within 5 min. Any additional

Fig. 1. (Note: The full-colour version of the figure is available on the Journal’s web site at http://bcb.nrc.ca.) Amino acid sequences and
classification of Thellungiella salsuginea dehydrins (A) acidic TsDHN-1 and (B) basic TsDHN-2. The colour scheme used is as follows:
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, G, S, T, C,
A). The Y (consensus sequence (V/T)D(E/Q)YGNP), K (consensus sequence EKKGIMDKIKEKLPG), S (run of 5 or 6 Ser, a phosphoryla-
tion sink), and 4 (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 K3S1, or possibly Y1K4S1 if one includes the Y-like segment (denoted Y’) at the
amino-terminus, and the lysine-rich cluster (denoted K’) that does not match the consensus as closely. Dehydrin TsDHN-2 can be classified
as Y2K3S149, or possibly Y3K3S149.
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amount of D2O would not cause any further change in the
amide I and II regions.

The thickness of the film in the FTIR sample holder was
controlled with a 6 mm spacer (Harrick Scientific Corpora-
tion, Ossining, N.Y.). For samples with 1:1 lipid-to-protein
ratios, experiments were conducted at temperatures ranging
from 22 to 2 8C, with 5 8C intervals. For samples with 3:1
lipid-to-protein ratios, these temperatures were 22 8C, 12 8C,
and 7 8C. For each spectrum, 1000 interferograms were col-
lected and Fourier-transformed to give a resolution of
4 cm–1. The amount of protein required for each experiment
was ~0.5 mg.

Transmission-FTIR data analysis
The overlapping bands in transmission-FTIR spectra were

resolved by Fourier self-deconvolution (FSD) using OMNIC
software (Thermo Fisher Scientific, Waltham, Mass.). The
bandwidth at half-height was set to 15 cm–1, and the en-
hancement value was set to 1.8. The number and the loca-
tion 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,
Calif.). The conditions were chosen such that the increase
in noise and appearance of side chain lobe were minimal
while maximum band narrowing was achieved.

The observed amide I bands of proteins thus consisted of
overlapping secondary structure component bands. The
spectra of the TsDHN-1 or TsDHN-2 proteins reconstituted
in LUVs were deconvoluted using a mixed Gaussian and
Lorentzian band shape. Auto-fits of the self-deconvoluted

Fig. 2. Disorder, charge, and hydrophobicity analyses of (A, C, E, G) TsDHN-1 and (B, D, F, H) TsDHN-2. (A and B) Degree of disorder
as predicted by the IUPred server (http://iupred.enzim.hu/). (C and D) Net charge calculated over an 11-residue window. (E and F) Average
hydrophobicity calculated over an 11-residue window. (G and H) Hydrophobic moment calculated over an 11-residue window. The grey
bars represent the regions of the K segments, which all display strong hydrophobic moments.
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spectra of the original spectra were performed until the coef-
ficient of determination (r2) was larger than 0.99. The inte-
grated areas derived from the curve-fitting analyses were
used in calculating the various conformational states as-
signed to individual bands.

The wave numbers of these component bands were subse-
quently used in PeakFit as input parameters for curve-fitting
analysis of the amide I original spectrum. The parameters
were left free to adjust iteratively, with the only restriction
on the peak wavenumbers being to vary within a range
of ±2 cm–1 (Arrondo et al. 1993). The amide I region
(~1600–1700 cm–1) arises due to the peptide backbone C=O
stretching, and some in-plane N–H bending in a pure H2O
environment. Since all the FTIR measurements were done
in a saturated D2O environment, the band located between
1700 and 1600 cm–1 can be considered to be due to only
C=O stretching.

Results and discussion

Primary structure analysis of Thellungiella salsunigea
dehydrins

Thellungiella salsunigea is a crucifer with an exceptional
capacity to withstand environments associated with low
water availability. The Yukon ecotype thrives in the Cana-
dian sub-Arctic, where it grows on saline-rich soils and ex-
periences periods of both cold and drought (Griffith et al.
2007). To begin to understand the molecular basis of Thel-
lungiella’s unusual abiotic stress tolerance, Wong and col-
leagues created expressed-sequence tag (EST) collections of
cold, salinity, or drought-induced Thellungiella transcripts,
and found that dehydrin sequences were particularly abun-
dant in all 3 libraries (Wong et al. 2005, 2006).

We selected two dehydrins for detailed characterization.
These proteins were designated as TsDHN-1 and TsDHN-2.
We first performed several simple bioinformatic analyses of
the amino acid sequences of these Thellunigiella dehydrins
using online tools. First of all, visual inspection of the
amino acid sequences shows that both dehydrins (Fig. 1)
are comparable with known dehydrins in terms of their Y-
K-S classification (listed in Battaglia et al. (2008)). The pri-
mary sequence analysis suite at http://www.expasy.ch yields
that TsDHN-1 is acidic (267 residues, Mr 30140.3 Da, calcu-
lated pI 5.25, net charge –19 at neutral pH) and that
TsDHN-2 is slightly basic (215 residues, Mr 21435.1 Da,
calculated pI 7.91, net charge +1 at neutral pH). These dif-
ferences in acidity may impart on them different physiologi-
cal roles. In the TsDHN-1 dehydrin, there is a lysine-rich
cluster (denoted K’ in Fig. 1) that does not match the con-
sensus, but that will nevertheless interact with a phospholi-
pid membrane, as could be predicted by analogy with the
lysine-rich MARCKS (myristoylated alanine-rich C-kinase
substrate) motif (Arbuzova et al. 1998). Moreover, several
internal repeats are predicted by the RADAR (Rapid Auto-
matic Detection and Alignment of Repeats) program in this
primary sequence analysis suite.

Several further analyses of the TsDHN-1/2 sequences are
presented in Fig. 2. First of all, both proteins are predicted

Fig. 3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis
of (A) TsDHN-1 (major band at roughly 48 kDa, predicted Mr

30140.3 Da), and (B) TsDHN-2 (major band at roughly 24 kDa,
predicted Mr 21435.1 Da). The molecular masses of markers are
indicated in kDa.

Fig. 4. CD spectroscopy of (A) TsDHN-1 and (B) TsDHN-2 in
aqueous buffer at 22 8C. The spectra are representative of a pri-
marily random-coil conformation of each protein under these con-
ditions.
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to be largely intrinsically disordered (unstructured) using the
IUPred program (Figs. 2A and 2B) (Dosztányi et al. 2005).
Using our own program, and a moving window of 11 resi-
dues (three turns of an a-helix), we calculated several other
physicochemical properties as a function of position. Both
Thellungiella dehydrins have regions that vary in net charge
(Figs. 2C and 2D), and average hydrophobicity (Figs. 2E

and 2F), for which we used the hydrophobic scale of Fau-
chère and Pliska (1983). Using this hydrophobicity scale,
we calculated the helical hydrophobic moment as a function
of position (Figs. 2G and 2H). Several segments are shown
to have high hydrophobic moments, suggesting that they
may form amphipathic a-helices that would be advantageous
for membrane association.

Fig. 5. Changes in CD spectra for (A, C, E) TsDHN-1 and (B, D, F) TsDHN-2 in association with large unilamellar vesicles, all at a lipid-
to-protein ratio of 1:1. The lipid compositions mimic the plant plasma (A and B), chloroplast (C and D) or mitochondrial (E and F) mem-
branes. Plots represent the difference of spectra in the presence and absence of lipids.
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Purification of recombinant Thellungiella salsunigea
dehydrins

The cDNAs encoding TsDHN-1 and TsDHN-2 were
cloned into the intein-containing vector pTYB2 to express
each protein as a fusion with a chitin-binding domain. The
recombinant proteins were efficiently recovered from the
supernatant of extracts of transformed cells by affinity chro-
matography. The chitin-binding tags were auto-catalytically
removed from each dehydrin by the addition of dithiothreitol
during the elution step of the purification. We optimized the
purification of recombinant TsDHN-1 and TsDHN-2 using
ion exchange chromatography to recover protein with a
high degree of purity (Fig. 3). The abnormal migration of
TsDHN-1 is due to its high net charge and is characteristic
of intrinsically disordered proteins (Receveur-Bréchot et al.
2006). The yield of each protein was typically 2 mg from
1 L of culture in shaker flasks, which scaled up in the fer-
mentor to 100 mg from 1 L of culture.

Protein secondary structure analysis by CD and
transmission-FTIR spectroscopy

We initially performed CD spectroscopy of TsDHN-1 and
TsDHN-2 in aqueous solution, with the results showing that
these proteins are relatively unstructured under such condi-
tions (Fig. 4), consistent with other intrinsically disordered
proteins such as myelin basic protein (Polverini et al. 1999;
Harauz et al. 2004). Upon mixing with LUVs at either a 1:1
or 3:1 lipid-to-protein ratio, the CD spectra of both proteins
demonstrated changes consistent with ordered secondary
structure formation (Fig. 5). However, it was not possible to
quantify the degree of change because of light scattering
even at relatively low lipid-to-protein ratios, and we next
turned to transmission-FTIR spectroscopy of semi-solid
samples with which scattering was not a limiting factor.

The secondary structure compositions of TsDHN-1 and
TsDHN-2 were investigated by transmission-FTIR spectro-
scopy of these proteins alone and when associated with
LUVs of three different lipid compositions, mimicking the
plant plasma (PC:PS:PI, 33:47:20, mass ratio), mitochon-
drial (PC:PS:PE:Chol, 27:25:29:20, mass ratio), and chloro-
plast (MGDG:DGDG:SQDG:PC:PG:PI, 51:26:7:3:9:1, mass
ratio) membranes (Harwood 1980). The amide I band in the
transmission-FTIR spectra, located between 1700 and
1600 cm–1, is often used to estimate the secondary structure
composition of proteins (Jung 2000). The different secon-
dary structure components are usually hidden by the broad-
ness of the bands in the raw transmission-FTIR spectra, and
curve-fitting and band-narrowing methods are required to
decompose them into different components (Byler and Susi
1986; Krimm and Bandekar 1986; Surewicz and Mantsch
1988; Bandekar 1992; Surewicz et al. 1993; Goormaghtigh
et al. 2009). Nevertheless, there is considerable variability
in published predictions (Goormaghtigh et al. 2009; Laird et
al. 2009).

To illustrate this process, we show an unprocessed
transmission-FTIR spectrum of TsDHN-1 associated with
chloroplast-LUVs at a lipid-to-protein ratio of 1:1 in D2O in
Fig. 6A. In Fig. 6B, we show the secondary structure analy-
sis obtained from this spectrum using PeakFit Software. Be-
cause partial overlap of the amide I bands was observed, as
well as overlap of the bands (1585 cm–1) associated with the

side chains, both sets of bands were fitted with multiple
Gaussian and Lorentzian peaks, but only the peaks under
the amide I band were used in the calculation of protein sec-
ondary structure. All infrared spectra were normalized by re-
scaling them, such that the area between the baseline (which
was linear) and the spectra within the region of 1775 and
1485 cm–1 was unity. In this study, all spectra were proc-
essed consistently in this manner. Detailed predictions of
the proportions of different types of secondary structures
(a-helix, b-strand, anti-parallel b-sheet, and random coil)
are given in the Appendix (Tables A1–A8). It should be
cautioned that the calculations of overall secondary structure
composition from such spectra may vary depending on the
type of peak identification and fitting performed (Barth
2007; Goormaghtigh et al. 2009; Laird et al. 2009). More-
over, the absorbance maximum of the band associated with
the random-coil conformation shifts from 1655 to
1645 cm–1 upon hydrogen–deuterium (H–D) exchange. The
strength and length of hydrogen bonds are affected by H–D

Fig. 6. (A) Fourier self-deconvolution of an unprocessed transmis-
sion-FTIR spectrum of TsDHN-1, associated with chloroplast
LUVs at a lipid-to-protein ratio of 1:1 in D2O at 22 8C, using OM-
NIC software with a bandwidth at a half-height of 15 cm–1 and an
enhancement value of 1.8. (B) Analysis of the transmission-FTIR
spectrum (derived from panel A) for secondary structure determi-
nation by PEAKFIT software; the baseline-corrected spectra of the
TsDHN-1 or TsDHN-2 proteins reconstituted in LUVs of differing
lipid compositions 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 deter-
mination (r2) was larger than 0.99, and the bandwidths of the sec-
ondary structure components were ~22 cm–1.
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exchange, which may slightly affect the secondary structure.
For these reasons, then, we restrict ourselves here simply to
reporting on trends in change in secondary structure compo-
sition in each set of experiments, and disorder-to-order tran-
sitions, which we can do confidently given that all data were
analyzed consistently.

Effect of temperature on the secondary structure
composition of dehydrins

The effects of temperature on the degree of ordered sec-
ondary structure of TsDHN-1 and TsDHN-2, associated
with LUVs with lipid compositions mimicking those of
plant plasma and chloroplast membranes, and at a 1:1 lipid-
to-protein ratio, are shown in Fig. 7. The detailed predic-
tions of different types of secondary structures are given in
Appendix A (Tables A1–A4). The transmission-FTIR spec-
tra of both TsDHN-1 and TsDHN-2 show a peak at 1643–
1645 cm–1, the signature of the random-coil conformation
(Byler and Susi 1986; Krimm and Bandekar 1986; Surewicz
and Mantsch 1988; Bandekar 1992; Surewicz et al. 1993).
Moreover, parallel b-strands (peaks at 1620 and 1632 cm–1),
anti-parallel b-strands (peaks at 1676–1681 cm–1), and turns
(peaks at 1690–1693 cm–1) are indicated. The peaks at
1664–1665 cm–1 can be assigned to either turns (Byler and
Susi 1986) or to a 310 helix (Surewicz et al. 1993). The lat-
ter conformation is relatively rare in proteins, however.
Here, we combine predictions of parallel and anti-parallel
b-strands as recently recommended (Barth 2007). We con-
sider ordered secondary structure to be the sum of every-
thing other than the unstructured random-coil conformation.

The PeakFit analysis of the transmission-FTIR spectrum
of TsDHN-1 associated with plasma membrane (PM) LUVs
at room temperature, and at a 1:1 lipid-to-protein ratio, sug-
gests that 30% of the total structure is random coil (Fig. 7A;
Table A1). The b-strands and a-helical structures are esti-
mated to be 31% and 18%, respectively. With decreasing
temperature, an increase in proportion of ordered secondary
structures is observed, e.g., at 2 8C the proportion of random
coil in TsDHN-1 is estimated to be 21%, compared with
30% at room temperature. The secondary structure estima-
tion for TsDHN-2 reconstituted with PM-LUVs at room
temperature included 38% random coil, 24% b-sheet, and
28% a-helical structures (Fig. 7B; Table A2), suggesting
that TsDHN-2 is less ordered than TsDHN-1 at room tem-
perature in this environment.

In contrast with PM LUVs, when associated with chloro-
plast LUVs, the amounts of random coil estimated in
TsDHN-1 (27%) or TsDHN-2 (26%) decrease at room tem-
perature (Fig. 7C; Tables A3 and A4, respectively). At low
temperature, TsDHN-1 becomes significantly more ordered
(by 19%, Fig. 7C). The ordered structure content of
TsDHN-2 also increases at low temperature, but not as dra-
matically (only 8%, Fig. 7D).

The solution CD and semisolid-state transmission FTIR
studies were done at different protein concentrations out of
necessity. We additionally performed a control transmission
FTIR experiment in which we analyzed protein alone with-
out LUVs (Table A5). The results indicated that both pro-
teins had primarily a random-coil composition, slightly
reduced at a lower temperature.

Fig. 7. Effect of temperature on proportion of ordered secondary structure (a-helix, b-strand, or b-turn) determined using transmission-FTIR
spectroscopy of (A and C) TsDHN-1 and (B and D) TsDHN-2 in association with large unilamellar vesicles, all at lipid-to-protein ratio of
1:1 in D2O. The lipid compositions mimic either (A and B) the plant plasma membrane (PC:PE:PI at 33:47:20) or (C and D) the chloroplast
membrane (MGDG:DGDG:SQDG:PC:PG:PI, 51:26:7:3:9:1). Error bars represent the standard deviation of duplicate measurements. (This
experiment was not performed with vesicles mimicking mitochondrial membranes.)
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Collectively, these results show that both dehydrins gain
ordered secondary structure upon association with lipid bi-
layers mimicking plant membranes, and that these induced
structures appear to be stabilized further at cold tempera-
tures. These former results are generally consistent with
studies on other dehydrins, e.g., it has been shown that
DHN-1 from Zea mays has a preferential binding to vesicles
containing acidic phospholipids such as phosphatidylinositol
or phosphatidic acid (Koag et al. 2003). (These authors also
indicated a preferential binding to vesicles of greater curva-
ture, particularly 20–60 nm vs. 100 nm diameter vesicles, a
phenomenon we did not investigate here.) Our latter results
on Thellungiella TsDHN-1 and TsDHN-2 are also consistent
with other observations of cold-stability of intrinsically dis-
ordered proteins (Tantos et al. 2009).

Effects of lipid composition and lipid-to-protein ratio on
secondary structure composition

To further investigate the effects of types of lipids on the
secondary structure compositions of the dehydrins, we re-
duced the amount of protein in the reconstituted systems.
Both TsDHN-1 and TsDHN-2 have higher proportions of b-
sheet structure at a high lipid-to-protein ratio of 3:1 with
mitochondrial LUVs than with plasma membrane or chloro-
plast LUVs (Fig. 8; Tables A6–A8). TsDHN-1 has more b-
sheet structure (above 50%) with all three lipid compositions
studied at a 3:1 lipid-to-protein ratio (Figs. 8A, 8C, and 8E;
Tables A6–A8), compared with ~35% b-sheet at a 1:1 lipid-
to-protein ratio (Tables A1 and A3). The transformation of
a-helical structure to b-sheet structure with increasing LUV
concentration has been observed in previous studies on other

Fig. 8. Effect of temperature on secondary structure composition (a-helix, b-strand, b-turn, or random coil), determined using transmission-
FTIR spectroscopy of (A, C, E) TsDHN-1 and (B, D, F) TsDHN-2 in association with large unilamellar vesicles, all at a lipid-to-protein
ratio of 3:1. The lipid compositions mimic the (A and B) plant plasma, (C and D) chloroplast, or (E and F) mitochondrial membranes. Error
bars represent the standard deviation of duplicate measurements.
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proteins (Terzi et al. 1997; Wieprecht et al. 1999; Vié et al.
2000). The reason for the transformation of the random-coil
structure or a-helical conformations to b-sheet at large lipid-
to-protein ratios is possibly due to the increased penetration
of the protein into the membrane. The disorder-to-order
transition with decreasing temperature (when the lipid-to-
protein ratio is 3:1) is greatest with TsDHN-1 and mitochon-
drial membrane-mimicking LUVs (Fig. 9E), and with
TsDHN-2 with both plasma membrane and chloroplast
membrane-mimicking LUVs (Figs. 9B and 9D, respec-
tively). In these experiments done at the higher lipid-to-
protein ratios, we suggest that protein–protein interactions
would be decreased. However, we cannot presently unravel
the contribution of any such interactions to the induced sec-
ondary structure stabilization, and cannot discount the possi-
bility of increased protein–protein interactions in vivo, a
situation that may arise at high levels of dehydrin expression.

Conclusions
We have investigated the interactions of Thellungiella sal-

suginea dehydrins TsDHN-1 and TsDHN-2 with membranes

of diverse lipid composition in vitro to gain further insight
into their physiological roles. Using spectroscopic methods,
we have shown that both proteins associate with membranes
mimicking those found in plants, and thereby gain ordered
secondary structure. These observations are consistent with
other dehydrins from other plants that have been investi-
gated (Soulages et al. 2002, 2003; Koag et al. 2003, 2009).
The basic dehydrin TsDHN-2 most likely interacts electro-
statically with the phospholipid membranes, and both dehy-
drins most likely interact peripherally via their K-segments.
Decreasing temperature appears to stabilize both proteins,
consistent with studies on other intrinsically disordered pro-
teins, including dehydrins (Tantos et al. 2009). These strong
membrane interactions of both dehydrins, with concomitant
induced folding (ordered secondary structure formation),
support the hypothesis that they associate with and protect
plant plasma and organellar membranes under conditions of
extreme cold (Beck et al. 2007; Zhang et al. 2010). It would
be anticipated that other dehydrins would behave similarly,
and future in situ studies would shed further light on their
roles.

Fig. 9. Effect of temperature on proportion of ordered secondary structure (a-helix, b-strand, or b-turn), determined using transmission-FTIR
spectroscopy of (A, C, E) TsDHN-1 and (B, D, F) TsDHN-2 in association with large unilamellar vesicles, all at a lipid-to-protein ratio of
3:1. The lipid compositions mimic the (A and B) plant plasma, (C and D) chloroplast, or (E and F) mitochondrial membranes. Error bars
represent the standard deviation of duplicate measurements.
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Table A1. Analysis of FTIR spectra for secondary structure components of TsDHN-1 bound to large
unilamellar lipid vesicles mimicking the plant plasma membrane (PC:PE:PI at 33:47:20), with a lipid-
to-protein ratio of 1:1.

Secondary structure components
of TsDHN-1 lmax (cm–1) 22 8C 17 8C 12 8C 7 8C 2 8C
Side-chain contribution 1613 5±1 6±1 6±1 6±1 6±1
b strand 1632 26±1 27±4 31±3 30±2 30±4
Random coil 1645 30±3 26±2 21±6 21±1 21±2
a helix 1658 18±1 21±1 23±0 25±2 25±5
Turn 1670 13±2 12±2 10±2 10±0 10±2
b strand 1681 5±1 6±2 6±0 4±1 4±0
Side-chain contribution 1693 3±1 2±2 3±1 4±1 4±0

Note: The columns show the percentage area of each peak, with errors representing the standard deviation of
two replicates.

Table A2. Analysis of FTIR spectra analysis for secondary structure components of TsDHN-2 bound
to large unilamellar lipid vesicles mimicking the plant plasma membrane (PC:PE:PI at 33:47:20), with
a lipid-to-protein ratio of 1:1.

Secondary structure components
of TsDHN-2 lmax (cm–1) 22 8C 17 8C 12 8C 7 8C 2 8C
Side-chain contribution 1612 7±4 12±1 7±5 11±0.5 7±1
b strand 1620 18±2 18±0.5 19±2 21±0.5 29±2
Random coil 1643 38±3 30±2 34±4 22±1 19±3
a helix 1658 28±1 21±1 27±5 25±1 33±1
Turn 1668 5±1 12±3 8±2 9±3 3±1
b strand 1676 6±5 7±5 4±1 9±1 8±5
Side-chain contribution 1691 2±2 2±1 1±2 2±2 1±1

Note: The columns show the percentage area of each peak, with errors representing the standard deviation of
two replicates.

Table A3. Analysis of FTIR spectra for secondary structure components of TsDHN-1 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), with a lipid-to-protein ratio of 1:1.

Secondary structure components
of TsDHN-1 lmax (cm–1) 22 8C 17 8C 12 8C 7 8C 2 8C
Side-chain contribution 1613 12±0 7±2 8±0 10±1 8±2
b strand 1632 32±4 44±2 45±3 44±4 45±3
Random coil 1645 27±4 13±0 10±4 10±0 9±1
a helix 1658 13±4 16±3 19±1 17±3 21±5
Turn 1670 9±0 5±0 8±2 8±0 8±1
b strand 1681 4±4 13±3 6±2 7±0 6±2
Side-chain contribution 1693 3±2 2±1 4±2 3±3 4±2

Note: The columns show the percentage area of each peak, with errors representing the standard deviation of
two replicates.
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Table A4. Analysis of FTIR spectra for secondary structure components of 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), with a lipid-to-protein ratio of 1:1.

Secondary structure components
of TsDHN-2 lmax (cm–1) 22 8C 17 8C 12 8C 7 8C 2 8C
Side-chain contribution 1612 10±1 10±1 9±1 2±1 4±4
b strand 1620 32±1 35±1 33±4 44±1 43±4
Random coil 1643 26±3 25±1 23±2 21±0 18±1
a helix 1658 17±1 18±0 18±1 23±0 22±4
Turn 1668 8±0 6±2 8±0 6±2 5±1
b strand 1676 4±2 4±1 6±1 4±1 4±2
Side-chain contribution 1693 3±2 2±1 3±2 5±3 4±2

Note: The columns show the percentage area of each peak, with errors representing the standard deviation of
two replicates.

Table A5. Analysis of FTIR spectra for secondary
structure components of TsDHN-1 and TsDHN-2
alone, at the same protein concentrations for samples
described in Tables A1–A4.

Components of
TsDHN-1

lmax,
cm–1 22 8C 5 8C

Side-chain
contribution

1615 15 13

b strand 1634 ND 13
Random coil 1642 51 44
a helix 1658 5 2
Turn 1667 29 27

Components of
TsDHN-2

lmax,
cm–1 22 8C 5 8C

Side-chain
contribution

1615 18 14

b strand 1634 ND 11
Random coil 1642 51 46
a helix 1658 7 4
Turn 1667 22 26

Note: The columns show the percentage area of each
peak. ND, not detected.

Table A6. Analysis of FTIR spectra for secondary structure com-
ponents of TsDHN-1 and TsDHN-2 bound to large unilamellar li-
pid vesicles mimicking the plant plasma membrane (PC:PE:PI at
33:47:20), with a lipid-to-protein ratio of 3:1.

Components of
TsDHN-1

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1609 10±4 10±1 13±0

b strand 1629 49±2 56±1 57±1
Random coil 1644 12±1 13±1 12±2
a helix 1657 7±0 7±1 7±1
Turn 1665 6±2 5±0 3±0
b strand 1683 6±0 3±0 3±0
Side-chain

contribution
1695 10±4 6±1 5±1

Components of
TsDHN-2

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1609 4±1 6±1 7±3

b strand 1629 20±2 19±0 20±1
Random coil 1641 31±1 20±4 14±0
a helix 1648 25±2 30±1 31±5
Turn 1664 12±1 14±2
Turn 1671 12±2 10±2 9±3
b strand 1681 8±0 3±1 5±2

Note: The columns show the percentage area of each peak, with errors
representing the standard deviation of two replicates.
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Table A7. Analysis of FTIR spectra for secondary structure com-
ponents of TsDHN-1 and TsDHN-2 bound to large unilamellar li-
pid vesicles mimicking the plant chloroplast membrane
(MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1), with a
lipid-to-protein ratio of 3:1.

Components of
TsDHN-1

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1609 13±0 10±2 12±6

b strand 1629 58±0 50±2 56±4
Random coil 1644 17±0 15±1 14±0
a helix 1657 7±2 8±2 6±0
Turn 1665 2±0 6±1 4±0
b strand 1683 1±0 6±1 7±0
Side-chain

contribution
1695 2±1 5±1 1±1

Components of
TsDHN-2

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1612 11±2 9±2 11±5

b strand 1624 52±0 55±2 54±1
Random coil 1642 27±0 28±1 10±1
a helix 1648 4±0 6±3 17±1
Turn 1663 6±0 2±0 10±4
Turn 1671 — — —

Note: The columns show the percentage area of each peak, with errors
representing the standard deviation of two replicates.

Table A8. Analysis of FTIR spectra for secondary structure com-
ponents of TsDHN-1 and TsDHN-2 bound to large unilamellar li-
pid vesicles mimicking the plant mitochondrial membrane
(PC:PS:PE:Chl at 27:25:29:20), with a lipid-to-protein ratio of
3:1.

Components of
TsDHN-1

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1609 15±0 7±1 9±0

b strand 1629 49±1 66±1 73±1
Random coil 1644 22±0 15±1 8±2
a helix 1657 2±1 5±1 5±0
Turn 1665 6±0 3±0 3±0
b strand 1683 6±0 2±0 1±2
Side-chain

contribution
1695 2±1 2±0

Components of
TsDHN-2

lmax,
cm–1 22 8C 17 8C 12 8C

Side-chain
contribution

1609 3±0 5±2 10±5

b strand 1629 17±1 32±4 44±2
Random coil 1641 39±6 17±1 16±5
a helix 1648 24±2 30±3 12±1
Turn 1661 – – 10±0
Turn 1672 7±1 8±2 3±2
b strand 1679 10±5 8±0 5±0

Note: The columns show the percentage area of each peak, with errors
representing the standard deviation of two replicates.
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