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Structure of an Intrinsically Disordered Stress
Protein Alone and Bound to a Membrane Surface
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ABSTRACT Dehydrins are a group of intrinsically disordered proteins that protect plants from damage caused by drought,
cold, and high salinity. Like other intrinsically disordered proteins, dehydrins can gain structure when bound to a ligand. Previous
studies have shown that dehydrins are able to protect liposomes from cold damage, but the interactions that drive membrane
binding and the detailed structure of the bound and unbound forms are not known. We use an ensemble-structure approach to
generate models of a dehydrin known as K in the presence and absence of sodium dodecyl sulfate micelles, and we docked the
bound structure to the micelle. The collection of residual dipolar coupling data, amide protection factors, and paramagnetic relax-
ation enhancement distances, in combination with chemical shifts and relaxation measurements, allows for determining plau-
sible structures that are not otherwise visible in time-averaged structural data. The results show that in the bound structure,
the conserved lysines are important for membrane binding, whereas the flanking hydrophobic residues play a lesser role.
The unbound structure shows a high level of disorder and an extended structure. We propose that the structural differences be-
tween bound and unbound forms allow dehydrins to act as molecular shields in their unbound state and as membrane protec-
tants in their bound state. Unlike «-synuclein, the significant gain of «-helicity in K, at low concentrations of sodium dodecyl
sulfate is not due to a decrease in the critical micelle concentration. The study provides structural insight into how a disordered

protein can interact with a membrane surface.

INTRODUCTION

Because plants cannot move, they have developed extensive
protective mechanisms against abiotic stresses such as cold,
drought, and salinity. One example is a family of abiotic
stress proteins, named dehydrins (a shortened version of
“dehydration proteins”) (1-6), which have been shown in
several studies to be important in protecting enzymes
(7,8), DNA and RNA (9), and membranes (10,11) from
cold and desiccation damage. These multiple functions are
reflected in the multiple intracellular locations where dehy-
drins can be found. Localization studies have shown that
they can be found in the cytosol (12), nucleus (13), plasma
membranes (14), and mitochondria (15). Like many other
abiotic plant stress proteins (16—18), dehydrins have highly
hydrophilic sequences, contain a paucity of hydrophobic
residues, and are especially poor in Trp and Cys amino
acids (1). Structurally, they have been shown to be intrinsi-
cally disordered proteins (IDPs) (19-21); that is, they do not
have a well defined three-dimensional structure and contain
minimal amounts of regular secondary structure.
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The dehydrin protein family is defined by the presence of
three different conserved motifs. The most important is the
K-segment, since by definition a protein must have at least
one K-segment to be classified as a dehydrin (1,2,6),
although a K-segmentless dehydrin has been recently
described (22). As the name suggests, the K-segment is
rich in Lys residues. The canonical K-segment is often writ-
ten as the sequence EKKGIMDKIKEKLPG, but a recent
comprehensive analysis of >650 dehydrin sequences shows
that this segment is better defined by a position-weighted
matrix (Malik et al., unpublished data). This motif likely
has a role in membrane binding (23). The other two
conserved motifs, the Y- and S-segments, are not present
in all dehydrins. The Y-segment consists of the sequence
DEX;GNPX,, where X; is Tyr 75% of the time, but can
also be Phe or His, and X is generally a hydrophobic amino
acid ((2); Malik et al., unpublished data). The Y-segment has
been proposed to bind nucleotides, but this has not yet been
experimentally established. The S-segment has a core
conserved tract of four to eight Ser residues (1), although
it can also be described as a longer motif that may contain
an Snf-1-related kinase consensus sequence ((24); Malik
et al., unpublished data). The S-segment can be phosphory-
lated in vivo and in vitro (25,26); it has been shown that a

P

\!) CrossMark


mailto:graether@uoguelph.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2016.07.001&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2016.07.001

phosphorylated S-segment has a role in nuclear localization
(13) and in calcium binding (27). Regions between the
conserved motifs are designated as ¢-segments, and contain
amino acids that are mostly small and polar. A specific func-
tion has not been discovered for the ¢-segments, but they
may have a role in the positioning of the other motifs for
optimal ligand binding (6).

Dehydrins have very modular sequences with a variable
number of conserved segments. The K-segment, by defini-
tion, must be present in at least one copy but can be present
as often as 13 times (28) and is usually present near the C-ter-
minus of the protein. The Y- and S-segments, when present,
are usually found in one or two copies and are located N-ter-
minal to the K-segment (1). The resulting common architec-
tures are K,,, Y,K,,, SK,,, and Y, SK,,, with architectures such
as K,,S occurring more rarely. The functional role of the
different architectures has not yet been established, but there
are two possibilities: either the different architectures are
expressed during different abiotic stresses (6) or they deter-
mine which ligands they may interact with inside a cell.

To date there have been only low-resolution structural an-
alyses of dehydrins, generally involving circular dichroism
(CD) spectroscopy (29-31) and NMR approaches that did
not result in three-dimensional (3D) structure calculations
(32,33). One study found that there is a modest gain in
a-helicity when a dehydrin binds to a membrane (34).
This may not be a universal effect; the Arabidopsis dehy-
drins ERD10 and ERD14 were shown to bind to liposomes,
but CD experiments did not detect any change in secondary
structure (35), and the study of a dehydrin from Thellun-
giella salsuginea by Fourier-transformed infrared spectros-
copy showed a modest gain in the (-strand character of the
protein (36). One study showed that dehydrins preferred to
bind to negatively charged lipids such as phosphatidyl
serine, phosphatidyl glycerol and phosphatidic acid (30).
Gains in a-helicity were also shown for several different de-
hydrins in the presence of the membrane-mimicking sodium
dodecyl sulfate (SDS) micelle (30,34,37).

Previously, we showed that the model Vitis riparia dehy-
drin known as K, is able to prevent liposome fusion after
freeze-thaw treatment and lower the transition temperature
to maintain membrane fluidity (11). In this work, we use
NMR to examine the ensemble structure of this IDP in the
presence and absence of micelles, and use in silico docking
to determine how this protein can interact with membrane
surfaces.

MATERIALS AND METHODS

Expression, purification, and modification of the
dehydrin

The Vitis riparia K, dehydrin was expressed and purified as described pre-
viously (11). The Thr24Cys mutation was created using the Quikchange
mutagenesis protocol (Stratagene, La Jolla, CA) by following the manufac-
turer’s protocol using the forward primer 5- AAGCAAACGAGCGCC
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TGCAGCACGCCGGGGCAGG-3' and reverse primer 5'- CCTGCCCC
GGCGTGCTGCAGGCGCTCGTTTGCTT-3', where the underlining indi-
cates the bases that are to be mutated. Positive clones of the Thr24Cys mu-
tation were confirmed by sequencing the resulting plasmid construct.

K, with the Thr24Cys modification (K,-T24C) was purified as described
above for the wild-type protein. K,-T24C was treated with 5 mM dithio-
threitol and subsequently purified by reverse-phase high-performance
liquid chromatography to ensure that the Cys residue was completely
reduced. The paramagnetic spin label (1-oxyl-2,2,5,5-tetramethyl-3-pyrro-
line-3-methyl)-methanesulfonate (MTSL; Toronto Research Chemicals,
Toronto, Ontario, Canada) was coupled to Cys-24 as described previously
(38). Unlabeled protein was separated from labeled protein using reverse-
phase high-performance liquid chromatography (8).

Secondary-structure analysis in the presence and
absence of micelles

K, CD data were collected using a Jasco-815 CD spectropolarimeter
(Easton, MD). The protein was dissolved in 10 mM sodium phosphate,
pH 7.4, at a protein concentration of 0.16 mg/mL (30 uM). A quartz
cuvette with a 2 mm pathlength (Hellma, Concord, Ontario, Canada) con-
taining the protein sample with and without SDS (50 mM) was scanned
from 250 to 190 nm. For the SDS titration experiment, the concentration
of the detergent was varied between 0 and 50 mM. The spectra were
averaged over eight accumulations. All CD experiments were performed
at 25°C.

Determination of the SDS critical micelle
concentration in the presence and absence of K,

The critical micelle concentration (CMC) of SDS was determined by both
conductivity measurements and changes in 1-anilonapthalene-8-sulfonate
(ANS) fluorescence. For the conductivity measurements, increasing
amounts of SDS (0-12 mM) were added to a solution containing 10 uM
K, in 20 mM sodium phosphate buffer, pH 7.4. Conductivity was measured
using a CDM210 conductivity meter (Radiometer Analytical, Lyon,
France). For the fluorescence measurements, SDS was dissolved in
20 mM phosphate buffer, pH 6.0. After the addition of K,, ANS was added
to a final concentration of 20 uM. Samples were allowed to equilibrate for
30 min before the fluorescence was measured (A, at 370 nm and A, at
495 nm) using a PTI fluorometer (Photon Technology International, Lon-
don, Ontario, Canada). Intensities were recorded using FeLiX software,
version 1.41.

NMR experiments

Lyophilized '*N-K,, MTSL-'"N-K,-T24C, or '*C/"’N-K, samples were re-
suspended in 600 uL of NMR buffer (20 mM sodium phosphate, pH 6.0,
10 mM NaCl, 0.01% sodium azide, 0.1 mM dimethyl-4-silapentane-1-sul-
fonic acid (DSS), and 10% D,O (v/v)). Data were collected on a Bruker
Avance DRX600 spectrometer equipped with a cryogenic triple resonance
probe with the temperature set to 300 K. 'H, '3C, and "N referencing was
performed relative to DSS as described previously (39). The chemical shifts
of K, alone (32) and in the presence of 50 mM SDS (11) have been previ-
ously assigned. All new NMR experiments were processed using NMRPipe
(40), and the resulting spectra were visualized and analyzed using the
CCPNMR analysis software, version 2.2 (41).

Residual dipolar coupling experiments

N-K, (1 mM) was partially aligned with the magnetic field using an alkyl-
poly(ethylene glycol) C8ES5 (Sigma-Aldrich, St. Louis, MO), 1-octanol, and
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water mix as described by Riickert and Otting (42). We attempted to use the
same system to align 1 mM "*N-K, in the presence of 50 mM SDS, but the
aligning medium is not compatible with the detergent, resulting in sample
precipitation. We therefore used a stretched polyacrylamide gel to partially
align the protein with the magnetic field, as outlined by (43). The in-phase,
anti-phase experiments (44) were collected at 277.15 K (5% (w/w) C8ES
with 1-octanol samples) or 300 K (stretched gel) using 0.5 mM 5N-Ko.
The spectra contained 1024 ('"HN) and 128 (**N) complex data points
with a total of 16 transients per #/ increment using spectral widths of
7211.539 Hz (‘HN) and 1337.991 Hz ("°N). The '"H-"*N residual dipolar
coupling (RDC) values were calculated as the difference between the
J-coupling with RDC (D + J) in the aligned sample and the J-coupling
(J) in the unaligned sample.

Paramagnetic relaxation enhancement
experiments—structural constraints

For the paramagnetic relaxation enhancement (PRE) experiments, '*N
heteronuclear single-quantum coherence (’N-HSQC) experiments were
collected with 0.65 mM of MTSL-'>N-K,-T24C protein in the presence
and absence of 50 mM 2H-SDS at 300 K in the oxidized and reduced
states. The MTSL label was reduced by the addition of ascorbic acid,
and the intensity measurements were corrected for the volume change.
For all PRE experiments, 1024 ('HN) and 256 ("°N) complex data
points were acquired with 16 ¢/ increments using spectral widths of
7211.539 Hz (‘"HN) and 1337.925 ('°N) Hz. The ratio of the intensities
can be expressed as

_RP
on R2€ Ryt ( 1)
T T 5 o
Ired R2 + R2
where I, and /.4 are the peak intensities of the oxidized and reduced forms,
R, is the intrinsic relaxation rate, R, is the paramagnetic relaxation rate,
and ¢ is the duration of the INEPT transfer (5.6 ns). R,*® can be used to
determine the distance between the electron spin of the nitroxide spin label
and the nuclear spin of interest from (45)

K 37, 1/6
= | (4t )| 2
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where r is the distance between the nuclear and electronic spins, 7. is the
correlation time for the electron-nuclear dipole interaction (estimated
from the rotational correlation time, 7y, i.e., the time taken by the protein
to tumble one radian), wy is the Larmor frequency of the proton (600
MHz), and K is 1.23 x 1072* cm® s2 as determined by the equation of
physical constants:

1
K =556+ 1)y*g* 8%, ?3)

where S is the quantum spin of an electron, vy is the gyromagnetic ratio, g is
the electronic Landé factor, and § is the Bohr magnetron.

Water-amide solvent-exchange experiments

To determine which residues are protected from solvent exchange,
CLEANEX-PM experiments (46) were performed on K, in the presence
and absence of 50 mM 2H-SDS at 300 K. For all CLEANEX-PM experi-
ments, 1024 ("HN), and 128 (**N) complex data points were acquired
with 16 ¢/ increments using spectral widths of 7211.539 Hz ("HN) and
1337.698 (°N) Hz. Mixing times of 10, 20, 30, 75, and 100 ms were
used, and the water-amide exchange rates and protection factors were
calculated as previously described (46,47).
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ENSEMBLE calculation of K, structures in the
presence and absence of micelles

A series of sample K, structures were generated using TraDES (48), and
plausible, distinct IDP structures in the bound and unbound states (49,50)
were extracted using ENSEMBLE 2.1 (51). In brief, structures were calcu-
lated using constraints from the chemical shifts of HN, He, Ca, Cg, and C’
atoms, R, relaxation rates, '"H-'>N RDC data, PRE distance data from
MTSL-labeled K, and accessible surface area. Default parameters were
used unless otherwise indicated. An initial soup of 100,000 random confor-
mations of K, was generated using TraDES (48), and the pool in
ENSEMBLE is a selection of 5000 structures from the soup (51). The
ENSEMBLE program then selected an ensemble of structures using a
Monte Carlo method from the pool, and the expected observables were
back-calculated from these structures (52—54). The selection and analysis
process was repeated until the ensemble fitted the experimental data. Fitting
of each experimental restraint is based on a semiempirical pseudo-energy
function as defined in ENSEMBLE 2.1 (Table 1) and is based on the prop-
erties of the entire structure ensemble rather than on any single structure in
the ensemble (55). Two final pools of 100 structures were generated for K,
alone and for K, in the presence of SDS micelles. Previous studies have
shown that the generation of a large number of structures results in an
ensemble that has similar properties to that of 10-25 independent ensemble

TABLE 1 Goodness of Fit of ENSEMBLE Structures to
Experimental Constraints

Target Energy ~ Calculated Energy

Restraint ~ Target Energy Term Value Value
K, alone |
RDC N 15.000 1326
1
PRE N 1.733 0.964
ACCESS 1% " (low? + up?) 6.641 5.099
N
R, r 5.050 3.699
5C' P 11.640 11.611
N 4
Ca ) %N 23.709 23.632
N
5CB P 9.944 9.490
- a
SHN w N 1414 1.146
g
Ha S 1.130 0.110
N 4
K, with SDS
1
RDC N 10.500 1.659
1
PRE N 1.402 1.108
R, r 5.049 3393
5C' P 8.266 6.575
4
6Ca w N 6.269 6.197
g
6CB POl 7321 6.299
g
SHN P 1.458 1310
N 4
SHa PR 0.336 0331
4

Target energy functions are defined by Marsh and Forman-Kay (53).
ACCESS, accessible surface area; R,, transverse relaxation rate, 6C’,
carbonyl chemical shift; 6Ca, carbon chemical shift; 6Cg, 3-carbon chem-
ical shift; 0HN, amide proton chemical shift; 6He, a-proton chemical shift;
N, value of the restraint; oy, average standard deviation of the restraint;
r, correlation coefficient for fitting R,. Energy term units are arbitrary.



calculations (56). Constraints were added incrementally in the following
order: chemical shifts, R, data, 'H->N RDC data, PRE distance data, and
surface accessibility. Since the RDC back calculation uses a 15-residue
window, the three terminal residues at both ends of the protein were omitted
from the calculation. Converting protection factors into surface accessi-
bility constraints was performed as described previously (55).

Several tools were used to analyze the final 100 structures generated by
ENSEMBLE. The Ramachandran plots were created using PROCHECK-
NMR (57) and the secondary structure was determined using STRIDE
(58). R, histogram plots and heavy-atom contact maps were generated using
scripts written by the Forman-Kay group (http://pound.med.utoronto.ca/
~JFKlab/). The predicted R, value for K, was calculated using (59)

Rg = RONua (4)

where R, is the radius of gyration, Ry is a constant (1.927), N is the number
of residues (48 for K,) and v is the exponential scaling factor (0.598).

Cluster analysis on the final 100 structures was performed using the
NMRCLUST protocol by Kelley et al. (60) as implemented in the program
Chimera (61). NMRCLUST is an automated method to cluster protein
structures that simultaneously minimizes the number of clusters and spread
in each cluster. Clusters with only one structure were rejected on the basis
of being too small for further analysis.

Probing protein-micelle interactions

To determine which residues are interacting with the detergent micelle, we
measured the changes in resonance intensities from the '>N-HSQC spectra
using the PRE compounds MnCl, and 5-DOXYL-steric acid (5-DSA). The
soluble Mn?" will affect residues exposed to the solvent, whereas 5-DSA
will affect residues bound to the micelle (62). The intensity of the affected
residues will be attenuated by the signals from residues close to the para-
magnetic probe. The MnCl, was added at concentrations of 0.25 mM and
1 mM to 1 mM of '>N-K,. The 5-DSA was incorporated into the SDS mi-
celles at a concentration such that, assuming an aggregation number of ~60
for SDS (63), there would be on average one molecule of 5-DSA in every
micelle. For these experiments, 1024 ("HN) and 128 (*N) complex data
points were acquired, with a total of eight transients per ¢/ increment using
spectral widths of 7211.539 Hz ("HN) and 1337.991 Hz (*°N).

Docking of K, structures to the micelle surface

Docking of K, to SDS micelles was performed using HADDOCK 2.1
(64,65) with a method using a constraint from the protein to the center of
mass of the micelle, as described by Dancea et al. (66). This includes as-
signing residues that showed decreased intensity in the '’N-HSQC spec-
trum in the presence of the 5-DSA micelles (residues 2—11 and 37-46) at
a distance of 14.8 A (i.c., the distance from sulfhydryl S to C4 in the
SDS molecule, which is the equivalent distance of the carboxyl C to the
5-doxyl position in 5-DSA) to the geometric center of the micelle. The cen-
ter of the micelle was defined as an uncharged pseudoatom in the micelle
structure. Passive residues were not defined. All 67 SDS bound structures
from the most populated ENSEMBLE cluster (Table 2) were used in the
docking exercise; only the core K-segments (equivalent to residues 6-15
in the K-segment motif) were used for docking, since the data show that
the ¢-segment is extremely flexible and not involved in the interaction
(see Fig. S1 in the Supporting Material). Preequilibrated SDS micelle coor-
dinates were kindly provided by Dr. A. MacKerell (67). The topology and
parameter files were generated using PRODRG (68), and the charges were
obtained from the molecular dynamics work on SDS micelles by Bruce
et al. (69). The numtrees.cns script was modified to increase numtrees by
60 in each iteration because of the number of SDS molecules in the docking
calculation, and the SDS residue was defined in the covalions.cns script.
In the docking calculation, side-chain flexibility was allowed while the
backbone was kept rigid to maintain consistency with the experimental
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TABLE 2 ENSEMBLE Clusters

Cluster Fractional Population
K, alone

1 0.52
2 0.46
3 0.02
K, with SDS

1 0.67
2 0.10
3 0.08
4 0.08
5 0.05

Clusters are sorted in order of decreasing fractional population.

data used to generate the ENSEMBLE structures. Models were selected
for further analysis by clustering the results using a 5 A root mean-square
deviation cut-off and a cluster size cut-off of 10 structures based on the
lowest HADDOCK score (70). The structures of all 670 docked models
were evaluated for electrostatic contacts with the sulfhydryl oxygen atoms
using a modification of the HADDOCK “print_hbonds.inp” analysis scripts
to look for atoms that are within hydrogen-bonding distance (<2.5 A
between donor and acceptor) of the oxygen atoms in the SDS headgroup.
Hydrophobic contacts (<4 A) were evaluated using the “print_nb.inp”
analysis scripts. All SDS molecules were treated as equivalent for the
analysis.

RESULTS
Interaction of K, with a micellar membrane

Our goal was to determine the structure of K, when bound
to the membrane using several biophysical techniques,
including solution-state NMR. NMR studies on mem-
brane-bound proteins can be challenging due to the large
molecular weight of the liposome, which causes a dramatic
decrease in the tumbling rate of the protein. SDS micelles,
with their smaller size, are especially suitable to the study
of membrane proteins by NMR (71,72). This smaller size
also causes less light scattering when using spectrophoto-
metric techniques. To that end, we used SDS micelles as a
model membrane, since they are regarded as a good substi-
tute to mimic the interactions that occur between proteins
and lipids (73).

We acquired the CD spectrum in the presence and
absence of SDS micelles (Fig. 1 A) to see if the structural
changes of K, upon binding were similar to those previously
observed in the presence of liposomes (11). The 50 mM
SDS concentration represents the same amount of detergent
used in the NMR experiments described below. The K,
signal minimum shifted from 198 to 204 nm, and a signifi-
cant gain in the CD signal was observed at 222 nm. This
shows that K, has lost ~15% coil structure and gained
~10% «-helicity in the presence of micelles (74). To
examine this change more closely, a titration was performed
by adding increasing amounts of SDS and monitoring the
gain in helicity by plotting the CD signal at 222 nm
(Fig. 1 B). An expanded view of the graph at low SDS con-
centrations (Fig. 1 C) shows that initially (between 0 and
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FIGURE 1 The K, dehydrin gains helicity upon binding to micelles

below the CMC of SDS. (A) CD spectrum of K, in the absence (solid
line) and presence (dashed line) of 50 mM SDS. (B) Gain of secondary
structure in the presence of SDS. The relative amount of a-helicity was
determined by measuring the molar ellipticity of K, at 222 nm, and the
SDS concentration was varied between 0 and 50 mM. (C) Expanded
view of (B) between 0 and 5 mM SDS.

0.2 uM SDS), there was a small gain of helicity, whereas be-
tween 0.2 and 0.4 uM of SDS there was a large gain. Next, a
minimal gain of a-helicity was observed between 0.4 mM
and 2 mM SDS, which may represent a shift of the K,
more toward the bound state. After 2 mM, the change in hel-
icity becomes nearly asymptotic.

The typically reported critical micelle concentration
(CMC) should be on the order of 5 mM in our buffer system
(75), yet the results in Fig. 1 C show that the largest amount
of structural gain occurred between 0.2 and 0.4 mM before
reaching a shallower slope. In the work by Siidhof et al. with
a-synuclein (76), a very similar pattern by CD was
observed, such that they speculated that this IDP was
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lowering the CMC of the detergent. We tested this proposal
by measuring the CMC of SDS in the presence of 10 uM K,
(i.e., a protein concentration similar to that used in the CD
experiments) using two separate techniques (conductivity
and ANS fluorescence). In both cases, a sudden change in
slope represents the change in SDS going from a premicellar
to a micellar state, and the intercept of the two slopes gives
the CMC. In the absence of K,, the two methods (conductiv-
ity and fluorescence (Fig. 2, A and B, respectively, solid cir-
cles) gave similar CMC values of ~5 mM. In the presence of
K, (Fig. 2, A and B, open squares), the measured CMC
values from the two techniques are virtually identical
(~5 mM). This proves that K, has not altered the CMC of
SDS, and that the plateauing effect of the helical content
after 0.4 mM of SDS is due to another phenomenon.

Structure of K, in the presence and absence of
micelles

We next sought to determine the structure of K, in the pres-
ence and absence of SDS micelles. Ensemble descriptions

A 22
2.1
2.0-
1.9
1.8
1.7 1
1.6

Conductivity (mS/m)

I2(I3 4 5 6 7 8 9 1IO1112
[SDS] (mM)

Normalized Intensity

8 9 10 11 12

FIGURE 2 K, does not alter the CMC of SDS. (A) CMC of SDS in the
presence of K, as measured by conductivity. The measurements were
made in the presence (open squares and dashed lines) and absence (closed
circles and solid lines) of K,. The lines represent linear fits before and after
the transition points of the slopes. (B) CMC of SDS in the presence of K as
measured by the change in ANS fluorescence. Symbols and lines are the
same as in (A).



(51) based on NMR data can be used to calculate possible
structures that an IDP can sample in both the presence and
absence of a ligand. The chemical shifts of K, alone have
been previously measured and are available under Biolog-
ical Magnetic Resonance Data Bank (BMRB) entry 16445
(32), whereas the chemical shifts for K, in the presence of
SDS are available under BMRB entry 26554 (11), as are
relaxation data for both states (11). In addition to the chem-
ical shift assignments and relaxation data, we also collected
RDC ('H-"°N RDC, Fig. 3 A), PRE data (Fig. 3 B), and
solvent-exchange factors (Fig. 3 C) to see what structures
K, could acquire. For K, alone and in the presence of
SDS, the PRE data showed very few contacts between
the probe (located at Cys24) and residues in the K-seg-
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FIGURE 3 RDC and PRE data of bound and unbound K. (A) A plot of
RDC values. The diagram at the top of the figure shows the location of the
various segments in the K, sequence. (B) A plot of the PRE caused by
Cys24-MTSL. The intensity of the signal is normalized to that in the
unbound spectrum. The dashed line represents the theoretical intensity of
a random-coil structure (38). In (A) and (B), the black bars represent free
K, and the gray bars bound K. (C) Protection factors of amide residues.
The exchange rates of backbone amide groups were converted to protection
factors. Black circles represent free K, and gray symbols bound K. Circles
represent calculated protection factors and squares represent protection fac-
tors that could not be accurately quantified.
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ments, and between the probe and the N-terminal end of
the ¢-segment (Fig. 3 B, black bars). Several contacts
closer than that predicted by a purely random coil structure
are observed between the probe and residues 29-32, with
possibly weaker contacts up to residue 39. In the SDS sam-
ple (Fig. 3 B, gray bars), several PRE contacts can be seen
within the ¢-segment, including residues 10-20 and 29-37.
For the solvent-exchange data (Fig. 3 C), there is little
observed protection over any part of the protein in the
absence of SDS. In the presence of SDS, there is some
protection of residues around the first K-segment, with sig-
nificant protection observed for residues in the second
K-segment (Fig. 3 C). RDCs are important for ensemble
calculations, because they provide local and long-range
orientation information (77). Note that because the RDC
experiments with K, alone and K, in the presence of
SDS needed to be collected in two different alignment me-
dia (see Materials and Methods for details), a direct com-
parison of the two results is not easily possible. The
RDC data can still be used in the structure calculation
despite this difference.

The PRE, RDC, chemical shift, and relaxation data were
used to calculate a series of potential K, structures with and
without SDS present. This was performed using the
ENSEMBLE program (51) and its submodules (48,52,54).
The target energy term, target energy value, and calculated
energy value of the ENSEMBLE structures for each
experimental parameter are shown in Table 1; optimal target
energy values are based on empirical analyses of previ-
ously calculated structures (56). For our runs, all restraints
were simultaneously satisfied over the whole ensemble
structure.

We examined differences in secondary structure between
K>-alone and SDS-bound-K, ENSEMBLE structures. Clus-
ter analysis shows that the K,-alone structure results
in several structure clusters, whereas in the presence
of SDS, 67 of the 100 structures group into one cluster
(Table 2). The Ramachandran plots (Fig. 4 A) show that
residues occupy all of the secondary structure space, with
the SDS-bound form showing a greater preference for a-he-
lical space compared to unbound Kj. This is also reflected
in the fraction of SDS-bound K, residues that are in an
a-helical structure (Fig. 4 B). For K, alone, weak «a-helical
structure was observed at the N-terminus and nearer the
C-terminus, where both regions represent the two K-seg-
ments. In the presence of micelles, the N-terminal
K-segment gains nearly 20% «-helicity at its peak, whereas
the second C-terminal K-segment gains nearly 50% o-hel-
icity. Both are in agreement with previous NMR experi-
ments on K, (11). Zero §-strand structure was observed
for either condition (K, alone or in the presence of
micelles).

Subsequently, differences in tertiary structure were in-
spected using fractional contact maps and plots of the radius
of gyration (Rg). Over the whole protein, the K,-alone
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FIGURE 4 Differences in the structure of K, in free and SDS-bound
states. (A) Ramachandran plots of all residues in the final ensemble of
100 structures for K, alone (left) and K, in the presence of SDS (right).
(B) Fraction of a-helical structures on a per-residue basis for K, alone
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plot map of the final 100 structures. Residues are said to be in contact if a
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the final 100 structures, shown as a histogram plot, for K, alone (black
bars) and K5 in the presence of SDS (red bars). To see this figure in color,
go online.
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contact map (Fig. 4 C, upper) shows a few local contacts
(<5 residues distant), with a very small number of long-
range contacts (>10 residues distant). In the presence of
SDS, the contact map has changed subtly, but contains
similar local contacts (Fig. 4 C, lower). Differences in the
presence of SDS include a lack of long-range contacts and
a gain of more consistent medium-range contacts in residues
3744, likely a result of the formation of a-helix in this re-
gion (see Fig. 4 B). Differences in tertiary structure can also
be seen in the radius of gyration (R,, Fig. 4 D). If K, were to
behave as a random coil, one would expect an R, of 19.5 A
(59). The average observed values in the structure prediction
are 19 + 4 A for K, alone and 17 + 2 A for the SDS-
bound K. Both conditions have starting R, values of
~13 A. K, alone shows more structures at the upper range
of values, with some structures ranging out to 28 A, whereas
the bound form has no structure with an R, value of >23 A.

Only K-segment residues are involved in
membrane binding

The docking of K, to micelles, described in detail below,
required us to split the protein structure into K-segment 1
and K-segment 2. To justify this approach, we present
several lines of evidence from previously published work
(11) that it is only the K-segments that bind SDS. The first
piece of evidence is the HN, Hea, Ca, C8, C’, and backbone
N chemical shifts of K, in the presence of SDS, which
were used as input for the program 62A (78). The result
(Fig. S1 A) shows that the largest gain in «-helicity occurs
in residues 3-9 and 34-44, which represents residues in
the middle of the K-segment. Likewise, R, relaxation data
(Fig. S1 B) demonstrate that residues 2—12 and 36-45,
again covering the K-segments, are fairly rigid in the
presence of SDS. We also mapped the exchange rates of
residues in K, with SDS (Fig. S1 (). Residues in the
K-segment are colored blue, which shows that the exchange
rate in those regions is occurring on a slow timescale. Taken
together, all three of these results demonstrate that it is the
K-segments that are interacting with the SDS micelles,
and that residues outside these two regions have no role in
binding.

Structure of K, bound to a micelle

To determine what the structure of K-segments might look
like when bound to a micelle, we confirmed which residues
in the K-segments were interacting with the SDS molecules
and which residues were interacting with the solvent. To do
this, we followed the disappearance of "H-'"N resonances in
the '’N-HSQC spectra due to PRE through the use of two
different paramagnetic probes, Mn*" and 5-DSA (62).
Mn>* is a soluble metal cation, so signals attenuated in its
presence show which HN atoms are interacting with the sol-
vent. 5-DSA is a fatty acid that can be readily incorporated



into SDS micelles; this molecule contains a free radical at
the 5-carbon position that can be used to probe which resi-
dues are interacting with the acyl chain just below the sul-
fate headgroup of SDS.

In Fig. 5 A, two different concentrations of MnCl, were
added (0.25 mM (black bars) and 1 mM (gray bars)) to
see how resonances disappeared with low and high concen-
trations of this paramagnetic agent. At the lower concentra-
tion, nearly all of the resonance intensities decreased, which
is likely a reflection of the binding interaction being not very
strong (16 uM (11)) and the K,, therefore, coming on and
off the membrane surface and/or changing conformation
at an appreciable rate. Nonetheless, Lys6 and Lys39 showed
almost no decrease in intensity. The K-segments showed
some protection, where several residues (Lys2, Lys4,
Lys6, Glu38, Lys39, Ile40, and Lys41) showed >0.4 frac-
tional intensity compared to the control sample. Residues
22-24, located in the ¢-segment, showed a moderate
amount of protection, which is surprising since the NMR
chemical shift and relaxation data showed that there was
no interaction with the surface. This may be only a weak
interaction or some kind of nonspecific sequestration near
the surface, since the addition of 1 mM MnCl, resulted in
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FIGURE 5 Lysine residues in the K-segment are key to SDS micelle
binding. (A) PRE of signals in the '’N-HSQC in the presence of MnCl,.
Signal intensities were normalized to those in the absence of the paramag-
netic agent. Black bars represent 0.25 mM MnCl, and gray bars 1| mM
MnCl,. (B) PRE of signals in the "’N-HSQC in the presence of 5-doxyl
stearate. Signal intensities were normalized to those in the absence of the
paramagnetic agent. The diagram at the top of the figure shows the location
of the various segments in the K, sequence.
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essentially no signal in this region, whereas residues Lys2,
Lys6, Lys39, and Lys41 in the K-segments still showed
0.15-0.20 fractional intensity compared to the control.
This interpretation is also supported by the water-amide ex-
change data (Fig. 3 C), where in the presence of micelles,
residues in the K-segment show better protection from ex-
change than residues in the ¢-segment. To corroborate the
identity of the surface-exposed residues, we also measured
the changes in signal intensity of K, in the presence of
micelles containing 5-DSA (Fig. 5 B). Residues in the
¢-segment (12-30) showed very little loss in intensity,
whereas residues in the K-segments (residues 34-43)
showed <0.4 intensity of the control. Taken together,
this provides further evidence that the K-segments are
involved in membrane binding. The results from both para-
magnetic probes indicate that the pair of Lys residues in
the center of the K-segments have the strongest binding
interactions.

In silico docking of the dehydrin to the micelles was
performed to analyze interactions between the side chains
and the SDS molecules. Using the software program
HADDOCK (64,65), the docking problem was approached
by dividing the protein into two parts (the core of each
K-segment (residues 2-11 and 37-46), which has been
numbered Met6—Glyl5 in the subsequent analysis to
simplify their description). This could be done since the
NMR data showed that the ¢-segment would not be required
for docking (see Fig. S1). In addition, HADDOCK runs with
the ¢-segment present often caused ¢-segment residues to
be in contact with the micelle surface despite not being
defined in HADDOCK as active residues (data not shown).
Structural integrity of the distance between the two
K-segment fragments was maintained a posteriori by only
selecting models where the distance between the end of
the first K-segment and the beginning of the second
K-segment is in the same range as those distances found
in the representative models of the ENSEMBLE calculated
structures. Cluster analysis on the 100 ENSEMBLE gener-
ated structures in the presence of SDS was performed as
described in Materials and Methods. The results showed
that 67 of these structures were similar (Table 2), and all
67 structures were used in the HADDOCK docking
calculation.

Further analysis was performed to determine which inter-
actions (electrostatic bonds, hydrogen bonds, or hydropho-
bic interactions) could be involved in the binding
interaction. The structures were analyzed for functional
groups that are capable of interacting with the sulfate
headgroup through hydrogen bonds or electrostatic interac-
tions. Fig. 6 A counts which HN groups could form
hydrogen bonds and which HZ groups from Lys could
form electrostatic bonds with the sulfate. Electrostatic inter-
actions dominate; both Lys8.HZ and Lys12.HZ interactions
are found in nearly 25% of all of the docked models,
whereas Lys10.HZ interactions appear half as frequently.
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For hydrogen bonds, the most common interactions are
nearer the N-terminus of the K-segment, with Glu7.HN
and Lys8.HN found in 7-8% of the interactions. Other
functional groups do not appear to make notable con-
tributions. The ensemble structures were similarly analyzed
for possible hydrophobic contacts between functional
groups in the K-segment and micelles. Unlike hydrogen
and electrostatic bonds, hydrophobic contacts are less
frequently seen for residues 37-44 (4-10%), with the
exception of Ile9, which makes several contacts at the
lower end of the SDS tail. Although less hydrophobic,
Prol4 and Gly15, found in 27% and 31%, respectively, of
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all of the docked models, make many contacts with the
SDS tail.

DISCUSSION

The docking of K, to the micelle surface can explain why at
some positions in the K-segment, specific amino acids are
conserved and hence functionally important for membrane
binding. As suggested in Fig. 6 A, the electrostatic interac-
tions from Lys8 and Lys12 are the ones most consistently
seen in the docked models, with interactions from Lys10
occurring at half the frequency. In the K-segment, lysine res-
idues are highly conserved at positions 8, 10, and 12 (Malik
et al., unpublished data). The lack of arginine at these posi-
tions may relate to the recently observed phenomenon that
charged amino groups strengthen hydrophobic interactions,
whereas guanidinium groups eliminate them (79). The nega-
tively charged aspartate and glutamate residues at positions
7 and 11 make few contacts with the micelle; their role may
be to help orient the lysine and hydrophobic residues toward
the membrane surface (see the helical wheel in Fig. 3 F in
(11)). The role of Lys and Glu residues is supported by
the observation that dehydrins prefer to bind to negatively
charged lipids rather than neutral or positively charged
ones (30). In contrast, hydrophobic interactions appear to
be less significant contributors to the docked interactions.
Ile9, a highly conserved hydrophobic residue, does make
several contacts with the acyl tails, generally at the seventh
carbon or higher (Fig. 6 B). Despite isoleucine’s highly hy-
drophobic nature, more frequent contacts are observed with
Prol4 and Gly15 (i.e., the end of the K-segment). These res-
idues are also highly conserved in the K-segment, but their
function is not known. We propose that they are important
for helping the K-segment to bind a membrane surface,
though proof requires further experimental data.

The docking interaction also provides an example of a
fuzzy complex that forms between an IDP and its ligand
(80); the ¢-segment remains fully disordered when K, is in-
teracting with the micelle. Fig. SI A shows that residues
flanking the center of the K-segment are 80-95% helical
compared to ~100% for the middle lysine, whereas
Fig. S1 B shows that the same residues have more flexibility
compared to the middle lysine. These two observations sug-
gest that the bound K-segments are sampling other possible
conformations that still allow for membrane binding.

An analysis of the ENSEMBLE structures of K, in the un-
bound and micelle-bound forms (Fig. 4) shows that the
largest changes occurred in the secondary structure, without
major changes in the tertiary contacts. Nevertheless, the R,
plot suggests that the K, alone structure can sample larger
radii of gyration than the SDS-bound form. We propose
that this difference allows for dehydrins to function opti-
mally in their protective roles. The K, maintains its disorder
in the unbound form so that it can act as a molecular
shield for enzyme cryoprotection (i.e., maintain its large



hydrodynamic radius) (8,31), yet gain some structure in its
membrane-bound form so that it can optimally interact
with the membrane surfaces and protect them from cold-
stress damage (11). This represents an example of an IDP
“moonlighting” (performing more than one function), using
its disorder as an advantage in one case and its ability to gain
structure in another (81).

Like many other IDPs, K, gains structure in the presence
of a ligand. As shown in Fig. 1 B, K; gains more a-helicity
as more SDS is initially added, followed by a plateau where
the subsequent addition of more SDS results in a minor gain
in helicity. This is unusual, since the CMC of SDS under
these conditions would be expected to be on the order of
5 mM (75), yet the largest change happens before 0.4 mM
SDS (Fig. 1 C). Below the CMC, one would expect that
free SDS molecules would be unable to support the gain
in «-helicity (i.e., a surface would be required to support
the secondary structure). A very similar observation was
made for a-synuclein, where the authors speculated that
this protein may be lowering the CMC (76); in the case of
a-synuclein, it was subsequently shown that the protein is
able to decrease the CMC approximately 10-fold (82).
Fig. 2 demonstrates that this is not the case for the K, dehy-
drin. Comparing these two proteins is complicated by the
observation that SDS induces «-synuclein fibrillization,
which may alter micelle formation in a way that monomeric
K, would not. Support for some IDPs gaining structure
below the critical micelle concentration comes from a study
with amelogenin (83). This protein shares some broad struc-
tural similarity with K, in that the N- and C termini gain
a-helical structure, whereas the centers of the proteins,
which are rich in Gly, show no change.

Many studies have suggested that SDS molecules can
associate and form a structure at submicellar concentrations
(see, for example, Hadgiivanova et al. (84)). The interaction
of acyl coenzyme A binding protein at submicellar concen-
trations was examined using small-angle x-ray scattering
(85). At moderate, but still submicellar, concentrations,
the detergent could be modeled as metastable aggregates
around the protein; these metastable aggregates have also
been observed in pure SDS solutions (84). This has been
described as the difference between the macroscopic CMC
(which we observed with our methods, see Fig. 2) versus
microscopic CMC (which we would not observe). In the
case of K, it is possible that these effects are combined.
First, K, may stabilize the aggregates through the numerous
positively charged Lys residues, and these microscopic
CMC micelles in turn are providing a stable enough surface
for the K-segments to fold into a-helices, all the while leav-
ing the macroscopic CMC unaffected.
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