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Dehydrins (DHNs; late embryogenesis abundant D-11) are a family of plant proteins induced in response to abiotic stresses
such as drought, low temperature, and salinity or during the late stages of embryogenesis. Spectral and thermal properties
of these proteins in purified form suggest that they are “intrinsically unstructured.” However, DHNs contain at least one
copy of a consensus 15-amino acid sequence, the “K segment,” which resembles a class A2 amphipathic �-helical,
lipid-binding domain found in other proteins such as apolipoproteins and �-synuclein. The presence of the K segment raises
the question of whether DHNs bind lipids, bilayers, or phospholipid vesicles. Here, we show that maize (Zea mays) DHN
DHN1 can bind to lipid vesicles that contain acidic phospholipids. We also observe that DHN1 binds more favorably to
vesicles of smaller diameter than to larger vesicles, and that the association of DHN1 with vesicles results in an apparent
increase of �-helicity of the protein. Therefore, DHNs, and presumably somewhat similar plant stress proteins in the late
embryogenesis abundant and cold-regulated classes may undergo function-related conformational changes at the water/
membrane interface, perhaps related to the stabilization of vesicles or other endomembrane structures under stress
conditions.

When plant cells are under environmental stresses
such as drought or low temperature, diverse physi-
ological and molecular responses can occur, includ-
ing alteration of gene expression, changes in metab-
olism, osmotic adjustment, induction of degradation
and repair systems, and elevated expression of late
embryogenesis abundant (LEA), chaperone, and
mRNA-binding proteins (Ingram and Bartels, 1996;
Thomashow, 1999).

DHNs (LEA D-11 family) are among the most prev-
alent plant proteins induced during the late stage of
embryogenesis or under drought, low temperature,
freezing, salinity, or abscisic acid application (Close,
1996). They are characterized by diverse combina-
tions of typical domains (Fig. 1A). The K segment is
a Lys-rich 15-amino acid consensus sequence
(EKKGIMDKIKEKPLG) that is highly conserved in
all plants (Close, 1997). The K segment resembles a
lipid-binding class A2 amphipathic �-helical segment
found in apolipoproteins and �-synucleins (Fig. 1B;
Close, 1997; Davidson et al., 1998). The S-segment is a
phosphorylatable Ser-rich tract. The Y segment is an
N-terminal conserved sequence. The �-segment is
rich in polar amino acids and either Gly or a combi-

nation of Pro and Ala. Each DHN can be subclassi-
fied on the basis of these domains (Close, 1997).

Immunolocalization studies of maize scutellar pa-
renchyma cells have shown that DHN in the cytosol
is associated with membrane-rich areas surrounding
lipid and protein bodies (Asghar et al., 1994; Egerton-
Warburton et al., 1997), and in wheat (Triticum aesti-
vum), an acidic DHN accumulates near the plasma
membrane under cold stress (Danyluk et al., 1998).
Despite this and other evidence of membrane bind-
ing in vivo, DHNs purified from these and numerous
other sources are readily soluble in water. However,
DHNs appear to lack structure in pure form (Lisse et
al., 1996). This apparent lack of structure and a high
hydrophilicity of DHNs and other proteins, collec-
tively termed “hydrophilins” (Garay-Arroyo et al.,
2000), have been hypothesized to be central to their
function. Based on these properties, it has been pro-
posed that “hydrophilins” essentially act as tiny in-
tracellular sponges that help to retain water at low
osmotic potential (McCubbin et al., 1985; Garay-
Arroyo et al., 2000). Although hydration of purely
hydrophilic regions of unstructured DHNs may be
important to their function, it is also worth consider-
ing the role of membrane binding. An alternative
hypothesis is that DHNs are akin to many other
“intrinsically unstructured” proteins (Wright and
Dyson, 1999) in that their lack of intrinsic structure is
relieved when bound to target molecules, and that
their function is related to their membrane targets.

SDS has been used as a membrane mimetic for class
A2 amphipathic �-helix-forming peptides of apoli-
poproteins (Rozek et al., 1995), and a 26.5-kD DHN
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from cowpea (Vigna unguiculata L. Walp.) increased
�-helicity in the presence of SDS (Ismail et al., 1999).
This gain of structure was hypothesized to be indic-
ative of a propensity of DHNs to associate with phos-
pholipid bilayers. Previous work has shown that the
binding of another class A2 �-helix-forming protein,
�-synuclein, to phospholipid bilayers requires acidic
phospholipids and preferentially small unilamellar
vesicles (SUVs; Davidson et al., 1998). A number of
similarities between DHNs and �-synuclein include
high temperature solubility, a lack of Cys and Trp
amino acids, and anomalous migration in SDS-
PAGE. To test the hypothesis that DHNs are
membrane-binding proteins, here we follow the ra-
tionale and methods that have been employed in the
study of �-synuclein.

RESULTS

Confirmation of SUVs with Leakage of
Carboxyfluorescein (CF)

SUVs prepared from brain extract (BE1) phospho-
lipids were prepared and passed over a gel filtration
column. The concentration of phospholipid was mea-
sured for each fraction. The phospholipid elution
profile showed two peaks (Fig. 2), which is typical of
mixtures of lipid vesicles prepared by the sonication
method. When each fraction was treated with 2%
(w/v) Triton X-100, the fractions from both peaks
show increased fluorescence, which indicates release
of CF because of lysis of liposomes. The first peak
(fractions 8 and 9) represents the excluded volume,
which contains MLVs. The second peak (fractions
10–14) contains SUVs. The molar ratio of phospho-
lipid to CF is higher in the SUV fractions because the
encapsulated volume of SUV is smaller than that of
MLV. The existence and size distribution of SUVs in
the fractions of the second peak using phosphatidic
acid (PA)-derived vesicles were confirmed by nega-
tive stain electron microscopy (Fig. 3, A and B).

The Phospholipid-Binding Specificity of DHN1

Supernatants containing MLV and SUV derived
from BE1 phospholipids were incubated with DHN1
and the mixture was loaded onto a gel filtration
column (Fig. 4A). About 75% of the DHN1 that was
incubated with BE1 eluted with the SUV, whereas the
remainder was found at volumes that are indicative
of free protein. DHN1 was not associated with the

Figure 1. Characteristics of DHN1 protein. A, Typical domains of
DHN proteins are described in the text. Here, we show the domain
composition of maize (Zea mays) DHN1. B, Helical wheel plot of the
predicted amphipathic helix-forming consensus K segment peptide of
maize DHN1 (KGIMDKIKEKLPG). Amino acids carrying negatively
charged side chains are indicated with a circle, positively charged
with a square.

Figure 2. Elution profile of BE1-derived SUV. SUV composed of BE1
phospholipids were prepared with 100 mM CF in 20 mM Tris-HCl (pH
7.4), then separated by Superose 6 gel filtration. The fluorescence of
CF of each fraction was measured before (white circles) and after
(black circles) addition of 2% (w/v) Triton X-100. The concentration
of phospholipid was also determined (dashed line). The peak cen-
tered on fraction 8 corresponds to multilamellar vesicle (MLV). The
peak centered on fraction 12 corresponds to SUV. The left ordinate
indicates CF fluorescence (counts per second � 10�6) and right
ordinate indicates the concentration of phospholipid.
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MLV fraction. With SUV prepared from PC, the most
abundant phospholipid in plants (Moreau et al.,
1998), all of the protein eluted at a volume corre-
sponding to free protein (Fig. 4B). BE1 is composed of
50% to 55% phosphatidyl-Ser (PS), 10% to 12% phos-
phatidylinositol (PI), 10% phosphatidylethanolamine
(PE), and 23% to 30% unknown phospholipids. Be-
cause PS and PI have one net negative charge at
physiological pH, BE1 liposomes are very enriched
with negative charges when compared with SUV
from PC, which is neutral under the conditions that
were used.

To determine whether binding of DHN1 to BE1-
derived SUV results from the abundance of acidic
phospholipids, a variety of vesicles prepared from
1:1 mixtures of phospholipids were used (Fig. 5). In a
control experiment without vesicles, DHN1 eluted at
fraction volumes indicative of free DHN1. Ovalbu-
min, which is known to have no interaction with
SUV, was used as a control protein (Fig. 5). DHN1
migration was unchanged when mixed with SUVs or
MLVs composed of PC only or a 1:1 mixture of
PC:PE. In contrast, when vesicles were prepared
from negatively charged phospholipids (PS, PA, or
phosphatidylglycerol [PG]) mixed with PC or PE at
1:1 mass ratio, a considerable amount of DHN bound
to SUV. In the case of PI-derived SUV, there was no
binding to SUVs. There were also differences in the
apparent binding affinity between DHN1 and vesi-
cles derived from anionic phospholipids of various
types. For example, in PA-only and 50% PA-
containing vesicles, nearly 100% of the DHN1 was

associated with the SUV fraction, whereas PG-
containing vesicles bound a smaller percentage of
DHN1. The results shown in Figure 4A and summa-

Figure 3. Electron microscopic (EM) analysis of liposomes. A, EM
image of PA-derived liposomes before separation by gel filtration,
negatively stained with uranyl acetate, �47,000. B, EM image of
PA-derived SUV after gel filtration, negatively stained with uranyl
acetate, �47,000. C, Cryo-image of PA-derived SUV before incuba-
tion with DHN1, �47,000. D, Cryo-image of PA-derived SUV after
incubation with DHN1, �47,000.

Figure 4. Binding of DHN to lipid vesicles. DHN1 was incubated for
about 3 h at room temperature with vesicles prepared from either BE1
or soybean (Glycine max Merr.) phosphatidylcholine (PC). The mix-
tures were then separated by gel filtration as in Figure 2. Because the
same precalibrated gel filtration column was used for each sample,
actual incubation times before gel filtration chromatography varied
from about 3 to 12 h. In preliminary studies with many of these
mixtures, we observed no detectable influence of incubation time
over the range of 3 to 12 h (data not shown). The phospholipid
content of each fraction was measured. Each fraction also was ana-
lyzed by western blotting with polyclonal antibody raised against
synthetic K segment peptide. The western-blot data are shown in
each panel. The ordinate shows concentration of phospholipid and
abscissa show fraction number. A, DHN1 with BE1-derived lipo-
somes. B, DHN1 with soybean PC-derived liposomes.

Figure 5. Binding specificity of DHN1 to SUVs of different phospho-
lipid compositions. Liposomes prepared from mixtures of neutral and
acidic phospholipids were incubated with DHN1, then fractionated
and analyzed as described in Figures 1 and 2. Fractions 12 through
14, Vesicle-bound DHN1; fractions 17 through 19, free DHN1. Each
fraction was separated on 13% (w/v) SDS-PAGE, transferred to nitro-
cellulose, and analyzed with anti-K segment antibodies. The two
bottom frames show fractions from a sample of DHN1 in the absence
of SUV and a sample of ovalbumin in the presence of PA-derived
SUV.
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rized in Figure 5 also show that DHN1 does not bind
to MLVs, which precede SUV fractions.

Electron microscopy images show that gel filtration
increased the uniformity of liposomes by enriching
for SUVs (Fig. 3, A versus B), and that the binding of
DHN1 to SUV did not have a sufficient structural
effect to be detectable by this method (Fig. 3, C versus
D). Cryofixation was used (Fig. 3, C and D) to exam-
ine a possible structural effect of DHN1 binding to
SUV because negative staining could conceivably
strip liposomes of protein and thereby invalidate any
comparison with and without protein. The liposome
size distribution in Figure 3B (negative stain) is ap-
proximately 20 to 60 nm in diameter, and in Figure
3C (cryo) approximately 15 nm, but this difference
has a trivial explanation. Liposomes that start with
the same diameter will appear approximately 1.4
times as large after negative staining as they will
after cryofixation. This is because of drying and
spreading during negative staining. Also, in cryofix-
ation, the specimen thickness (diameter of liposomes)
is dictated by the ice thickness. In thin ice (e.g. 15-nm
thickness), 60-nm-diameter liposomes will not be
present. The same liposome sample was used for
Figure 3, B and C. Bigger liposomes than shown in
Figure 3C were seen in thicker ice near the edge of
the carbon hole (not shown).

To investigate whether DHN1 can bind to more
planar, less curved bilayer surfaces, binding to large
unilamellar vesicles (LUVs) was examined. LUVs
were prepared from the same battery of phospholip-
ids used for SUVs (Fig. 6). DHN1 did not interact
with any LUV except for those containing PA or PI.
In the case of both PA:PC and PA:PE, binding to LUV
was weaker than to SUV. This suggests that DHN1
has a higher binding affinity to smaller vesicles of
anionic phospholipids but will bind to even more
planar lipid surfaces if PA, which has a highest

charge density of head group among the phospho-
lipids, is present. The binding of DHN1 to PI-derived
LUV, but not to PI-derived SUV, suggests that the
specific packing properties of PI have an effect on the
binding specificity of DHN1 to PI-derived vesicles.

Structural Change in Lipid-Bound DHN1

Circular dichroism (CD) analysis was performed to
measure structural changes of DHN1 upon binding
to vesicles (Fig. 7). The CD spectrum of free DHN1
shows a peak of negative ellipticity at 195 to 200 nm
and weak ellipticity around 222 nm, which is char-
acteristic of random coil. Upon incubation with PC-
derived vesicles, there was no significant change in
the CD spectrum compared with free DHN1 (Fig.
7A). However, incubation of DHN1 with PA-derived
vesicles caused a significant shift of the spectrum at
208 to 222 nm (Fig. 7A). The difference spectra (Fig.
7B) indicate a gain of structure when DHN1 binds to
PA-derived vesicles, but no gain of structure with
PC-derived vesicles. When these spectra were ana-
lyzed for evidence of secondary structure, the
�-helicity of DHN1 was estimated at 1% in PC-
derived SUVs and 9% in PA-derived SUVs. Analysis
of the difference spectra (Fig. 7B) by the K2D pro-
gram (http://www.embl-heidelberg.de/�andrade/
k2d.html) indicated that nearly all of the structure
gained by DHN1 upon binding to PA-derived SUV is
�-helix. These results with SUV are qualitatively and
quantitatively very similar to results obtained by in-
cubating DHN1 with 10 mm SDS (Fig. 7C).

DISCUSSION

Immunohistochemical studies have suggested that
cytoplasmic maize DHN1 is concentrated near endo-
membrane systems within maize scutellar paren-
chyma cells (Asghar et al., 1994; Egerton-Warburton
et al., 1997). Yet, this and other DHNs (and LEAs and
CORs in general) can be found abundantly in soluble
protein extracts (Ceccardi et al., 1994; Lisse et al.,
1996; Ismail et al., 1999). It may seem hard to recon-
cile evidence for membrane association with solubil-
ity properties of DHNs. However, DHNs are retained
on hydrophobic interaction matrices (Ceccardi et al.,
1994) and, despite their apparently extreme hydro-
philicity on hydropathy plots, contain one or more
putative lipid-binding class A2 amphipathic �-helices.
DHNs also have a basic pI, which is typical of pe-
ripheral membrane proteins, and there are many
examples of water-soluble peripheral membrane pro-
teins (Sankaram and Marsh, 1993). Together, the facts
are not inconsistent with DHNs binding to mem-
brane surfaces.

The affinity of DHN1 for vesicles containing an-
ionic phospholipids is intriguing. There are numer-
ous examples of lipid- or membrane-binding proteins
that require acidic phospholipids to bind, in some

Figure 6. Specificity of DHN to LUVs of different phospholipid
compositions. LUVs prepared from various lipid compositions were
incubated with DHN1 and analyzed by western blotting using anti-K
segment antibodies, as in Figure 5. Fractions 9 and 10 contain LUVs,
whereas fractions 17 through 19 contain free DHN1.
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cases to regulate the biological activity or structure of
the proteins. CTP:phosphocholine cytidyltransferase,
a key regulatory enzyme in the PC biosynthetic path-
way in animals, is active only when bound to acidic
phospholipid bilayers, and the membrane-binding
region is predicted to form amphipathic �-helices
(Wang and Kent, 1995). The Escherichia coli SecA pro-
tein, a principal component of the protein export
machinery, binds and inserts into acidic phospho-
lipid membranes in parallel with a conformational
change to an active form (Ulbrandt et al., 1992). The
initiator protein of chromosome replication in E. coli,
DnaA, requires acidic membrane phospholipids for
displacement of ADP from inactive ADP-DnaA,
which is followed by ATP binding and activation of
DnaA as a replication initiator (Sekimizu and Korn-
berg, 1993). During the activation of protein kinase C
by Ca2�, a membrane microdomain enriched in PS
forms, which then induces membrane association
and activation of protein kinase C (Orr et al., 1992).
Human Src protein binds to membranes via electro-
static interactions of its basic amino terminus with
acidic phospholipids and hydrophobic insertion of a
myristoyl group (Sigal et al., 1994).

In this work, we have shown that DHN1 binds
liposomes that contain a range of acidic phospholip-
ids. Preferential binding of DHN1 to SUVs versus
LUVs of the same lipid composition may be because
of distinctive packing properties of lipids in the ves-
icle surface. LUVs have a relatively planar bilayer
with the acyl chains generally buried within a hydro-
phobic environment. In comparison, the more highly
curved surface of SUV has more lipid packing de-
fects, through which penetration of segments of pe-
ripheral or integral proteins can be initiated (Berk-
hout et al., 1987; Riley et al., 1997; Johnson et al.,
1998). DHN1 might be adsorbed to the membrane
surface or it may penetrate somewhat into the hydro-
phobic inner core. In addition to the nature of the
head group of lipids, their acyl chain composition
(e.g. di-oleoyl versus palmitoyl-oleoyl) and degree of
saturation could also affect the intrinsic curvature of
the membrane, and also potentially the interaction of
the membrane with DHN1. Certainly, there is a major
influence of lipid acyl chain saturation on the inter-
action of synucleins with liposomes (Perrin et al.,
2001). Synucleins bind and form multimers upon

Figure 7. The effect of PA, PC, and SDS on the secondary structure
of DHN1. For incubation with liposomes, the concentration of
DHN1 dialyzed against 20 mM phosphate buffer (pH 7.0) was ad-
justed to 45 �g mL�1 by the addition of buffer alone or liposome in
buffer. For incubation with SDS, DHN1 dialyzed against 50 mM NaCl
was adjusted to 30 �g mL�1. The CD spectrum was measured at
25°C in a 0.1-cm path length quartz cuvette with eight accumula-
tions, noise reduced, and converted into mean residue molar ellip-
ticity [�]. DHN1 was incubated with either PC-derived SUVs or

PA-derived SUVs for 3 to 6 h at 25°C at a 1:15 mass ratio of DHN1
to phospholipid. A, Buffer- and liposome-corrected spectra of DHN1
alone (solid line), DHN1 in the presence of PC-SUV (dotted line), and
DHN1 in the presence of PA-SUVs (dashed line). B, Difference
spectra. Buffer- and liposome-corrected DHN1 spectrum in the pres-
ence of PA-derived SUVs, minus the spectrum of DHN1 alone
(dashed line). Buffer- and liposome-corrected DHN1 spectrum in the
presence of PC-derived SUVs, minus the spectrum of DHN1 alone
(dotted line). C, DHN1 in 50 mM NaCl (solid line). DHN1 in 50 mM

NaCl and 10 mM SDS (dashed line), difference spectrum (spectrum
with 10 mM SDS minus spectrum with no SDS; dotted line).
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exposure to vesicles containing certain polyunsatu-
rated fatty acid acyl groups, including arachidonoyl
and docosahexaenoyl, even when the head group is
neutral. The possible influence of acyl chain compo-
sition on the binding of DHN1 to liposomes remains
to be explored.

In any case, the binding of DHN1 to SUV is asso-
ciated with an apparent gain of secondary structure
such that there is a transition to about 9% �-helical
structure, similar to DHN1 in the presence of 10 mm
SDS (Fig. 7). Because there are two K segments in the
DHN1 protein, and because these portions of the
protein comprise only about 15% of the total protein
length (26 amino acids in a total of 168) and are the
only portions of the protein predicted to form
�-helices, these results are consistent with the K seg-
ments being about 58% �-helical under the condi-
tions used. Alternatively, one K segment may be
100% �-helical and the other may be relatively un-
structured under the conditions used.

There are many examples of the induction of
�-helical or �-sheet structures that accompany the
binding of proteins to membranes (Ladokhin and
White, 1999), notably the adoption of �-helical struc-
ture by the binding of �-synuclein to liposomes con-
taining anionic phospholipids (Davidson et al., 1998).
The binding of DHN1 to PI-derived LUVs but not to
PI-derived SUVs is intriguing in that it may help
define the specificity of the interaction in more detail.
To get more detailed information of DHN protein
structure in the presence of SDS and liposomes, mul-
tidimensional NMR studies are under way. CD anal-
yses similar to those shown using SUV in Figure 7
indicate that DHN1 gains structure also in associa-
tion with LUV (data not shown).

One or more copies of the 15-amino acid consensus
K segment, which resembles the lipid-binding class
A2 amphipathic �-helical peptides (Epand et al.,
1995), are present in all DHN proteins. Class A2
amphipathic helices are thought to stabilize the
membrane, protecting it from fusion and lysis by
decreasing the monoloayer negative curvature strain
(Epand et al., 1995; Steponkus et al., 1998). As does a
26.5-kD cowpea DHN (Ismail at al., 1999), maize
DHN1 also assumes increased �-helical structure in
the presence of 10 mm SDS (Fig. 7C). The increase of
�-helicity of maize DHN1 when bound to lipid ves-
icles in vitro suggests that DHN1 takes on �-helical
structure also when associated with vesicles in vivo
and that the K segment is involved in membrane
binding.

It is interesting to consider the apparent preference
of DHN1 for PA-containing vesicles. Specific physi-
cal attributes of PA may underlie the apparent pref-
erence of DHN1 for this particular acidic phospho-
lipid. PA-derived vesicles undergo bilayer-to-
hexagonal phase transitions at acidic pH and in the
presence of high concentrations of Ca2� (Cullis et al.,
1986). PA is a minor lipid in plant cells, representing

only about 1% to 2% of the total phospholipids, but
PA levels typically increase with activation of phos-
pholipase D activity in response to a number of sig-
nals or physical stress, including drought stress (Mo-
reau et al., 1998; Frank et al., 2000; Munnik, 2001). For
example, in green algae (Chlamydomonas moewvsii
Gerloff) and cultured tomato (Lycopersicon esculentum
Mill.) and alfalfa (Medicago sativa) cells, PA increased
rapidly and persisted for a few hours when cells were
challenged with NaCl (Munnik et al., 2000). Also,
when barley aleurone protoplasts were treated with
the plant water stress signal molecule abscisic acid,
both phospholipase D activity and PA levels were
transiently elevated for 10 to 15 min (Ritchie and
Gilroy, 1998). The case has been made recently that
PA acts as a second messenger in a wide variety of
stress responses, including osmotic stress and others
(Munnik, 2001). Also, one could imagine that PA-
enriched lipid domains might form within mem-
branes, and, as a consequence, DHN1 might then
associate with these PA-rich domains. The abun-
dance of PA also increases the net negative charge of
the membrane, which may generally affect protein-
membrane electrostatic interactions (Wang, 2000).

We hypothesize that DHN1 stabilizes membranes
either by reducing the negative curvature strain of
PA-enriched monolayers, possibly to inhibit transi-
tion to the hexagonal II phase, or by altering the
membrane interfacial charge density to decrease the
facilitated fusion of negatively charged vesicles. The
Cor15am protein from Arabidopsis, which lowers
occurrence of freeze-induced lamellar to hexagonal
phase II transitions (Steponkus et al., 1998), also
binds to PA-derived SUVs (data not shown). Further
studies with liposomes will help develop a more
complete understanding of the mode of action of
DHN1 and a number of other stress-related proteins
that adopt amphipathic �-helices at the bilayer/sol
interface.

MATERIALS AND METHODS

Phospholipids and Other Reagents

PC (soybean [Glycine max Merr.], �99%), dioleyl PA, 1-palmitoyl 2-oleyl
PE, bovine liver PI (�99%), 1-palmitoyl 2-oleyl PG, PS (soybean, �98%) and
brain phospholipid extract type 1 (BE1; Folch fraction I from bovine brain)
were purchased from Sigma (St. Louis). All other reagents were analytical or
reagent grade.

Purification of DHN1 from Maize (Zea mays) Kernels

Purification of maize DHN1 (Mr � 17,070 and �278 � 7,000 m�1 cm�1)
from inbred W22 was performed essentially as described previously (Cec-
cardi et al., 1994). In brief, maize kernels were ground and extracted with 25
mm MES buffer (pH 6.0), 20 mm NaCl, and 1 mm phenylmethylsulfonyl
fluoride. The delipidated extract was heated, then the soluble supernatant
was dialyzed against 25 mm MES (pH 6.0) and 20 mm NaCl and loaded onto
a Source 15S column and eluted with a gradient of 20 to 340 mm NaCl.
DHN1 fractions were pooled and dialyzed against 50 mm phosphate buffer
(pH 7.5) and 1.4 m ammonium sulfate, loaded onto a phenyl superose HR
10/10 FPLC column, and eluted with a gradient of 1.4 to 0 m ammonium
sulfate. After this step of hydrophobic interaction chromatography (HIC),
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the protein was approximately 95% DHN1, and we refer to this grade of
purity as HIC grade. Further purification by anion-exchange chromatogra-
phy was accomplished by loading onto a Source 15 Q column equilibrated
with 20 mm Tris (pH 8.8) and eluting with a gradient of 0 to 1.0 m NaCl. This
resulted in four fractions of �99% DHN1, each representing a different state
of phosphorylation. Before incubation with SUVs or LUVs, fractions con-
taining DHN1 were pooled and dialyzed either against 40 mm Tris (pH 7.4;
for gel filtration) or 20 mm potassium phosphate buffer (pH 7.0; for CD
measurements), and then concentrated using a filter (Amicon Ultra-YM3,
Amicon, Bedford, MA).

Preparation of SUVs and LUVs

Lipids were dissolved in chloroform and dried under a stream of nitro-
gen gas. SUVs of each lipid composition were generated by a sonication
method (Barenholz et al., 1977). In brief, 10 mg of dried lipid was suspended
in 1 mL of 40 mm Tris (pH 7.4; for gel filtration) or 20 mm potassium
phosphate buffer (pH 7.0; for CD). Lipid dispersions were sonicated using
a sonifier (Sonifier 450, Branson Ultrasonics, Danbury, CT). Sonication was
carried out in an ice-filled bucket for 20 to 30 min with 1- to 2-min pulse
intervals followed by 1-min cooling periods. SUVs and MLVs were isolated
by ultracentrifugation at 100,000g in a TLA 100.2 rotor (Beckman Coulter,
Fullerton, CA) for 1 h at 25°C. The upper portion of the supernatant
contained SUVs and MLVs. MLVs are larger vesicles than SUVs and are
composed of stacked bilayers with only about 10% of the lipid exposed in
the outermost layer.

LUVs of various lipid compositions were prepared by an extrusion
method (Hope et al., 1985). In brief, lipid mixtures were resuspended in 40
mm Tris buffer (pH 7.4) to generate large MLVs, which were then intro-
duced into an extruder (Lipex Biomembranes, Vancouver). The large MLVs
were passed through polycarbonate filters of 100-nm pore size 10 times
under pressure of 100 to 500 p.s.i. This method produced unilamellar
vesicles with hydrodynamic diameters of 130 � 30 nm. The sizes of SUVs
and LUVs were confirmed using negatively stained electron microscopy.

Binding of DHN1 to SUVs and LUVs

To investigate the interaction of DHN1 with lipid vesicles of different
surface curvatures, the SUV and LUV dispersions in 40 mm Tris-HCl (pH
7.4) were incubated with DHN1 essentially as described previously for
�-synuclein (Davidson et al., 1998). In brief, the vesicles and DHN1 at a 15:1
mass ratio of phospholipid to DHN1 were incubated in buffer for 3 to 12 h
at 25°C. The incubation mixture was loaded onto a calibrated Superose 6 (10
mm � 30 cm) gel filtration column (Amersham Pharmacia Biotech, Piscat-
away, NJ) and eluted at 0.5 mL min�1 with 40 mm Tris-HCl (pH 7.4) to
separate unreacted lipid, liposome with DHN1, and free DHN1 protein. The
results presented in this manuscript represent highly reproducible results of
numerous replicates.

Protein Concentration Determination

DHN1 concentration in pure solution (after anion exchange) was deter-
mined using a molar extinction coefficient of 7,000 m�1 cm�1 at 278 nm
calculated on the basis of the amino acid sequence of DHN1 (Gill and von
Hippel, 1989) and verified by the bicinchoninic acid method (Smith et al.,
1985). HIC-grade DHN1 concentration was determined by the bicinchoninic
acid method with a correction for the estimated 5% impurity.

Concentration of Phospholipids

Phospholipids in each fraction were measured by an ashing procedure, in
which the phosphorus contents were determined by color development at
820 nm because of the formation of an ammonium phosphomolybdate
complex (Ames and Dubins, 1960).

Immunoblotting

To determine the interactions of DHN1 with SUVs or LUVs, every
fraction from the gel filtration column was collected, and an aliquot sepa-

rated on 13% (w/v) SDS-PAGE and analyzed by western blotting with
polyclonal anti-dehydrin antibody directed against the conserved K seg-
ment peptide of DHNs, as described previously (Close et al., 1993).

SUV Analysis Using CF

Determination of the release of a water-soluble marker from the liposome
is a useful way to identify and confirm the intact liposome. CF, a hydro-
philic fluorescent reagent, was used for this purpose. In brief, SUV com-
posed of bovine brain extract phospholipids (BE1; Sigma; Folch fraction I;
approximately 10% PI and approximately 50% PS) were prepared in a
solution of 0.1 m CF in 20 mm Tris-HCl buffer (pH 7.4) by the sonication
procedure described previously (Weinstein et al., 1981; Sun et al., 1996). The
suspension was passed through a Superose 6 gel filtration column to sep-
arate liposome-enclosed CF from free CF. By addition of Triton X-100, SUVs
were lysed and the CF contained within the SUVs was released into the
solution. The fluorescence of each fraction was measured with and without
addition of 2% (w/v) Triton X-100 using a Flurolog 112A fluorescence
spectrometer (SPEX Inc., Edison, NJ) with excitation at 460 nm and emission
at 550 nm. The slit widths for excitation and emission were 0.5 mm.

Electron Microscopy of SUVs

For cryo electron microscopy, SUVs in column buffer were applied to
freshly glow-discharged holey carbon grids and after blotting excess liquids,
the grids were plunged into liquid ethane cooled by liquid nitrogen. For
negative staining, SUVs were diluted in column buffer and applied to 300
mesh copper grids covered with continuous carbon film. SUVs were stained
with 2% (w/v) uranyl acetate. Grids were examined in a Philips CM300
transmission electron microscope (Analytical Electron Microscopy Facility,
University of California, Riverside) equipped with a Gatan cryo setup and
CCD camera.

CD Measurement and Analysis

The overall secondary structures of DHN1 in liposome-free and -bound
states were analyzed using CD spectroscopy. The protein sample was
dialyzed against 20 mm potassium phosphate buffer (pH 7.0) and concen-
tration was adjusted to 45 �g mL�1 by addition of buffer or liposome in
buffer. Spectra were measured at 25°C in a 0.1-cm path length quartz cuvette
using a J-715 spectropolarimeter (Jasco, Easton, MD). The DHN1 spectra
were corrected against buffer and liposome. The content of �-helicity was
estimated using the learning neural network program K2D (Andrade et al.,
1993).
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