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The external PL and EL quantum ef®ciencies of OC1C10-PPV
blended with Bu-PBD have been quantitatively compared. The ratio
of the EL and PL external ef®ciencies, QEext�EL�=QEext�PL� < 0:5, is
well beyond the theoretical limit for strongly bound singlet and
triplet excitons. A summary and discussion of the magnitude of the
exciton binding energy in semiconducting polymers has recently
been published; values range from less than 0.1 eV to as high as 1 eV
(ref. 22). Ef®cient triplet-to-singlet conversion (for example, by
triplet±triplet annihilation) before non-radiative recombination
(with subnanosecond decay time) is unlikely in hydrocarbon poly-
mers where the spin-orbit coupling is weak. Thus, the high value for
QE(EL)/QE(PL) indicates either that the exciton binding energy is
small or that the cross-section for an electron±hole pair to form a
singlet bound state is signi®cantly higher than the cross-section to
form a triplet. Evidence of photogenerated triplet excitations has
been reported (ref. 23 and references therein). However, the relevant
timescale was in the millisecond regime or longer; hence, the
observed triplets might be defect-stabilized.

Our results indicate that QE(EL)/QE(PL) can be large in polymer
LEDs. The goal is to achieve balanced injection with high electron
and hole currents in materials with large QE(EL). As high PL
ef®ciencies (.60%) have been demonstrated24, the achievement
of ef®cient EL emission from polymer LEDs should be possible. M
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Stimuli-sensitive polymer hydrogels, which swell or shrink in
response to changes in the environmental conditions, have been
extensively investigated and used as `smart' biomaterials and
drug-delivery systems1,2. Most of these responsive hydrogels are
prepared from a limited number of synthetic polymers and their
derivatives, such as copolymers of (meth)acrylic acid, acrylamide
and N-isopropyl acrylamide3±12. Water-soluble synthetic polymers
have also been crosslinked with molecules of biological origin,
such as oligopeptides13 and oligodeoxyribonucleotides14, or with
intact native proteins15. Very often there are several factors
in¯uencing the relationship between structure and properties in
these systems, making it dif®cult to engineer hydrogels with
speci®ed responses to particular stimuli. Here we report a
hybrid hydrogel system assembled from water-soluble synthetic
polymers and a well-de®ned protein-folding motif, the coiled coil.
These hydrogels undergo temperature-induced collapse owing to
the cooperative conformational transition of the coiled-coil pro-
tein domain. This system shows that well-characterized water-
soluble synthetic polymers can be combined with well-de®ned
folding motifs of proteins in hydrogels with engineered volume-
change properties16,17.

The coiled coil18, a left-handed superhelix of two or more right-
handed a-helices, has been identi®ed in proteins ranging from
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Figure 1 Structural representation of the hybrid hydrogel primary chains and the

attachment of His-tagged coiled-coil proteins. Poly(HPMA-co-DAMA) is shown

here as the primary chains. The pendant iminodiacetate groups form complexes

with transition-metal ions, such as Ni2+, to which the terminal histidine residues of

the coiled coils are attached. A tetrameric coiled coil (not drawn to scale),

consisting of two parallel dimers associating in an antiparallel fashion, is shown

here as an example of many of the possible conformations.
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muscle proteins to DNA transcription factors. It has the character-
istic amino-acid heptad repeating units designated as `a' to `g' with
hydrophobic residues at positions `a' and `d', and polar residues at
other positions. Many native and de novo designed coiled coils can
undergo conformational transition in response to temperature, pH,
ionic strength, solvent and so forth. Dramatic changes in coiled-coil
stability, conformation, and responsiveness towards the external
environment can be caused by minor alteration of the primary
structure; such alterations can occur through natural evolution19,
experimental mutagenesis20 or de novo design21,22. We hypothesized
that by using coiled coils with engineered sequences as crosslinks for
synthetic polymer chains, we would be able to prepare hybrid
hydrogels (Fig. 1) with predetermined stimuli sensitivity re¯ecting
the structure and properties of coiled coils.

For the primary chains of our hybrid hydrogels (Fig. 1), we
prepared a linear hydrophilic copolymer of N-(2-hydroxypropyl)-
methacrylamide (HPMA)13, and a metal-chelating monomer N-
(N9,N9-dicarboxymethylaminopropyl)methacrylamide (DAMA),
by radical copolymerization. A metal complex is formed (Fig. 1)

by the pendant metal-chelating ligandÐiminodiacetate (IDA)-Ni2+

and the terminal histidine residues (His tag) of the coiled coils.
Similar schemes have been used for purifying recombinant
proteins23 and immobilizing them on interfaces24,25. Here it serves
as a simple, convenient way of anchoring genetically engineered
His-tagged coiled coils to the hydrogel primary chains.

Two His-tagged coiled coils were used to assemble hybrid hydro-
gels. The ®rst, designated CC1, was a natural protein sequence
corresponding to a segment of the stalk region (amino acid, a.a., 336
to 590, Fig. 2a) of the motor protein kinesin26. Although native
kinesin is homodimeric, sedimentation equilibria experiments
indicated that CC1 was predominantly tetrameric (data not
shown). The circular dichroism (CD) spectrum of CC1 has the
characteristic feature of an a-helical coiled coil (Fig. 2b). CC1
showed a major cooperative conformational change at 35 8C and a
minor one at 65 8C (Fig. 2c). Stability experiments with the separate
coiled-coil regions (our unpublished data) demonstrated that these
two transitions were respectively due to the unfolding of the longer
and the shorter coiled-coil regions of CC1 (Fig. 2a). The CD signal
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Figure 2 The coiled coils and characterization by circular dichroism. a, The block

diagrams of the two proteins (CC1 and CC2). The amino-acid (aa) sequence of the

EK42 domain is (VSSLESK)6. The region separating the EK42 domain and the His

tag is GMASMTGGQQMGRDLYDDDDKDP. The numbers of amino-acid residues

in the coiled-coil and non-coiled-coil domains are given. The length of the coiled-

coil domains was estimated according to ref. 28. b, CD spectra of the two proteins

(solid line, CC1; dotted line, CC2) in PBS at 25 8C. The ratios of molar ellipticity

minima at 222 and 208 nm were close to 1.0, typically found for a-helical coiled

coils27. c, Thermal unfolding of both proteins (solid line: CC1; dotted line: CC2) in

PBS as monitored by the change in molar ellipticity at 222 nm wavelength.
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Figure 3 Dynamic swelling and the temperature-induced volume transition of the

hybrid hydrogels in PBS. The extent of gel swelling was determined by measuring

the two-dimensional changes of gel pieces of various shapes. For example, the

changes of the three sides of a triangular gel piece were measured based on the

optical images taken at different times during the course of gel swelling. The

dimensional changes along different directions were found to be the same, within

experimental error, indicating three-dimensional isotropic swelling of the

hydrogel networks. Filled circles, gel 1; open circles: gel 2. a, Dynamic swelling

characterized as the volume swelling ratio Q versus time. The one-dimensional

swelling ratio is de®ned as L/L0, where L is the size of the swollen gel, and L0 is the

corresponding size of the dried gel. L and L0 were determined from optical images

of the gels. These images were obtained using a Nikon Eclipse E800 optical

microscope, and photographs were taken with a CCD camera. Assuming three-

dimensional isotropic swelling, the volume swelling ratio Q was calculated as

(L/L0)
3. b, Effect of temperature on the gel swelling behaviour. Q/Q25 is the ratio of

the equilibrium volume swelling ratio of gels at an elevated temperature and the

equilibrium volume swelling ratio at 25 8C in the same buffer. Gels were placed in a

cuvette with a jacket connected to a water bath. The rate of temperature increase

was 1 8Cmin-1, with equilibration time of 2min. The temperature of the water bath

was calibrated by measuring the temperature inside the cuvette with a

thermocouple. The error bars represent the standard deviation of three separate

measurements.
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of folded CC1 was fully restored after a temperature cycle, indicating
a reversible folding±unfolding process.

The second protein, CC2, contains a de novo designed coiled-coil
sequence (EK42) and a terminal His tag separated by a non-coiled-
coil region of 30 amino acids (Fig. 2a). EK42 was previously
designed to form parallel dimeric coiled coils27, based on the
principles that are thought to govern the folding and oligomeriza-
tion of many native coiled coils and synthetic model peptides.
Sedimentation equilibria measurements, however, revealed that
CC2 forms tetramers in solution (data not shown). The CD
spectrum of CC2 suggested an a-helical coiled-coil conformation
(Fig. 2b). Compared with previous data on EK4227, the thermal
stability of CC2 was unexpectedly high, as shown by melting
experiments (Fig. 2c). CC2 did melt, in a cooperative fashion
similar to that observed for CC1, at temperatures under 90 8C in
the presence of a denaturing agent, guanidine hydrochloride
(GuHCl). The melting temperature (Tm) of CC2 was linearly related
to the GuHCl concentration (data not shown). Thus we estimated
the Tm of CC2 in the absence of GuHCl to be ,108 8C by
extrapolation to zero GuHCl concentration. The unexpectedly
high stability of CC2 may be due to the presence of the non-
coiled-coil spacer sequence (Fig. 2a).

Hybrid hydrogels were assembled by mixing the chelating copoly-
mer of HPMA charged with Ni2+ and the coiled-coil proteins, CC1
and CC2. Homogeneous ®lms were obtained after drying the mixed
solutions on Te¯on sheets. Using the same procedure, control ®lms
were prepared with: (1) chelating copolymer and Ni2+ without
coiled coils, (2) coiled coils without the chelating copolymer or
Ni2+, and (3) chelating copolymer and coiled coil without Ni2+.

To verify the formation of hydrogels, the dried ®lms were
rehydrated in phosphate buffer (20 mM sodium phosphate, pH
7.4) in the absence of salt. The control ®lms dissolved readily on
immersion in the buffer. In contrast, the ®lms formed with all the
componentsÐchelating HPMA copolymer, Ni2+ and the coiled
coilsÐremained physically intact for 2 h before disintegrating due
to excess swelling. Moreover, in the presence of 150 mM NaCl, these
®lms remained physically intact for at least 24 h. Adding imidazole,
which competes with the His tags for Ni2+, increased the swelling of
the gels at moderate concentrations (for example, 100 mM) and
dissolved the gels at higher concentrations (such as 500 mM). These
observations indicated that three-dimensional hybrid hydrogels
were created as a result of the speci®c interactions proposed in
Fig. 1. Gels assembled with CC1 and CC2 were designated as gel 1
and gel 2, respectively. Swelling pro®les of these gels were studied in
phosphate buffered saline (PBS; 20 mM sodium phosphate,
150 mM NaCl, pH 7.4) (Fig. 3a). The swelling was fast at ®rst,
more than doubling the dried gel volume in less than 10 min after
being submerged in PBS. After about 3 h, swelling of the gels
approached equilibrium. During the next 24 h, the gel volume
increased slightly owing to the relaxation of the polymeric chains,
as the force of hydration balanced the elastic constraint of the three-
dimensional gel network. The same copolymer precursor was used
in gel preparation and both coiled coils were similarly charged. The
difference in swelling kinetics and equilibrium swelling ratio may
be due to the considerable difference in the size of the proteins
(Fig. 2a), the difference in gel crosslinking density, and/or the
difference in the polymer±solvent interaction parameter, x.

We investigated the temperature-responsiveness of the hybrid
hydrogels containing CC1 and CC2, which exhibited different
thermal stability in solution. On an increase in temperature from
25 8C to 70 8C, gel 1 underwent a sudden collapse to 10% of its
equilibrium volume at 25 8C, with a mid-point transition tempera-
ture of 39 8C (Fig. 3b). This mid-point temperature of gel collapse
was in good agreement (within 5 8C) with the Tm of the main coiled-
coil region of CC1 as determined by CD. In contrast, no change in
swelling was observed for gel 2 over 25 8C to 70 8C, as expected from
the CD melting data for CC2 in solution.

We propose that the gel structural transition is caused by the
temperature-induced conformational change in the CC1 coiled coil.
CC1 is largely a rigid elongated `rod' with extended coiled-coil
structure; around 170 of the 255 amino acid residues of CC1 have
strong propensity for adopting the coiled-coil conformation
(Fig. 2a). The length of the CC1 bundle was estimated from the
electron micrographs28 to be about 25±30 nm. As the protein
unfolds, there would be a considerable decrease in the hydro-
dynamic radius of the individual molecules from the initial elon-
gated rods to random coils that caused the gels to collapse. Although
such a conformational transition of CC1 was reversible in solution,
the temperature-induced gel transition was not reversible within the
relatively short period of time of the experiments (48 h). Physical
constraints from the synthetic copolymer backbones and chain
entanglement through exposed hydrophobic patches of the coiled
coils could be contributing factors.

Our hybrid hydrogel system possesses several distinct features.
The use of metal complexation as a means of anchoring His-tagged
proteins should be applicable to all recombinant proteins with this
af®nity tag. Other metal ions, such as Zn2+ and Ga2+, could be used
instead of Ni2+, for purposes such as stabilizing proteins, or tracking
the hydrogels in vivo using magnetic resonance imaging (MRI).
Unlike responsive gels formed solely by self-assembly of protein
molecules containing a-helices29 and b-sheets30, this hybrid hydro-
gel system preserves the bene®t of using synthetic polymer back-
bones that are well characterized, easy to manufacture and
biocompatible. Furthermore, it offers the possibility of creating
hydrogels of unusual physicochemical and/or biological properties
by tailoring the coiled coils using techniques of molecular biology.
For example, coiled coils with different Tm values could be used to
assemble hybrid hydrogels that would display accordingly different
gel structural transition temperatures. Moreover, two or more of
these coiled coils could be used simultaneously, resulting in gels
capable of stepwise transitions with each step triggered at a different
temperature, which is dif®cult to achieve using hydrogels of
synthetic polymers alone. The hybrid hydrogel system we describe
here may also be useful for incorporating and delivering therapeutic
proteins. Because these hydrogels are assembled in aqueous
solvents, the biological activities of the protein drugs could be
preserved. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Construction of CC1 expression vector. A segment of DNA encoding the

region of the Drosophila kinesin stalk from amino acid Val 336 to amino acid

Ser 590 was PCR-ampli®ed. To facilitate subcloning of the PCR product, the

coding primer (59-GGTCTAGAGTGGTCTGCGTTAACGAG-39) containing a

terminal XbaI site and the non-coding primer (59-CCCCGGCGAGTCCA

GCCTCGAGCC-39) containing a terminal AvaI site were used. Following

digestion with XbaI and AvaI, the PCR product was ligated into the pET21a

expression vector (Novagen, Madison, WI), which had been digested with NheI

and AvaI. The CC1 vector expressed kinesin stalk protein which had, at the

amino terminus, the additional sequence Met-Ala-Arg, and at the carboxy

terminus the appended sequence Leu-Glu-His-His-His-His-His-His. The

correct construct was veri®ed by direct sequencing.

ConstructionofCC2expression vector. An arti®cial gene encoding the EK42

domain was constructed from six synthesized single-stranded oligonucleotides

by mixing the complementary strands to form three duplexes, which were

ligated into the expression vector pRSETB (Invitrogen, Carlsbad, CA), cut with

BamHI and EcoRI, and modi®ed to contain a kanamycin-resistance gene. The

correct construct was veri®ed by direct sequencing.

Protein expression and puri®cation. Both proteins were expressed in

Escherichia coli BL21(DE3)pLysS (Novagen, Madison, WI) using isopropyl b-

thiogalactoside (IPTG) as the inducing agent, and were puri®ed from soluble

portion of cell lysate using Ni-NTA metal af®nity resin (Qiagen, Santa Clarita,

CA). SDS-polyacrylamide gel electrophoresis, amino-acid analysis and matrix-

assisted laser desorption ionization time-of-¯ight mass spectrometry (MALDI-

TOF MS) were used to verify the identity and purity of the proteins.
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Circular dichroism. The measurements were performed at 25 8C in PBS using

an Aviv 62DS CD spectrometer equipped with a thermoelectric temperature

control system and a 1.0-cm-pathlength quartz cuvette. Protein concentration

used was 4 mM. Wavelength scans (1-nm bandwidth, 1 nm per step, and 5-s

data averaging) for each sample were repeated ®ve times, averaged, corrected by

subtracting the buffer spectrum, and smoothed. For thermal melting

experiments, the CD signal at 222 nm was monitored as temperature was

increased from 10 to 90 8C with 0.1 or 2 8C per step. At each temperature, the

sample was equilibrated for 5 min followed by 60 s of data point averaging. The

transition temperatures were determined from the ®rst-order differentiation of

the melting curves.

Chemical syntheses. N-(N9,N9-dicarboxymethylaminopropyl)methacryla-

mide (DAMA) was synthesized by reacting bromoacetic acid (14 mmol, 2.0 g)

with N-(3-aminopropyl)methacrylamide hydrochloride (7 mmol, 1.25 g) at

alkaline pH. The reaction was allowed to progress for 2 h at 0 8C, then for 48 h at

room temperature. DAMA was recrystallized from anhydrous ethanol; yield,

0.5 g (30%); melting point, 178±180 8C. DAMA was characterized by thin layer

chromatography, mass spectrometry, proton nuclear magnetic resonance and

elemental analysis. Copolymerization of DAMA and HPMA was performed in

methanol (86.9 wt%) with 2,29-azobisisobutyronitrile (AIBN, 0.6 wt%) as

initiator. The reaction progressed in nitrogen atmosphere at 50 8C for 24 h. The

copolymer was precipitated into acetone, dialysed against water, and lyophilized.

Relative molecular mass (240,000) and polydispersity (1.68) were measured by

size exclusion chromatography on a fast protein liquid chromatography system

equipped with a Superose 6 (10/30) column (Pharmacia, Piscataway, NJ) and a

light-scattering detector (MiniDawn, Wyatt). The column was calibrated using

polyHPMA fractions with small polydispersity. The content of carboxylic

groups (15 mol%) was determined by acid±base titration using a 10-ml ABU80

autoburette and a PHM84 research pH meter.

Hybrid hydrogel preparation. To prepare the metal-charged copolymer

precursor, a solution of poly(HPMA-co-DAMA) (200 mg dissolved in 10 ml of

deionized water with pH adjusted by 1 M NaOH to 7.5±7.8) was mixed with

excess Ni2+ (10 ml of 0.1 M NiSO4 with pH adjusted by NaOH to 7.1) under

constant stirring, in order to prevent premature crosslinking of the copolymer

precursors. The copolymer±Ni2+ complex was separated from the excess free

Ni2+ using a size exclusion column packed with Sephadex G-25 beads

(Pharmacia, Piscataway, NJ) equilibrated with deionized water. To prepare the

hybrid hydrogels, the coiled-coil proteins (2 mg of each dissolved in 0.1 ml of

deionized water) were separately added to, and mixed with, solutions of the

copolymer±Ni2+ complex (0.55 mg in 0.1 ml of deionized water for gel 1, and

1.1 mg in 0.2 ml of deionized water for gel 2). The mixed solutions were

dropped on a Te¯on sheet with 50 ml per drop, and dried at room temperature

and atmospheric pressure. Thin ®lms of gels formed were circular, with

diameter of 5 mm and thickness of ,0.1 mm. They were cut and stored in a

desiccator at 25 8C for use in swelling studies.
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Interactions between hydrophobic groups in water1, as well as
biomolecular hydration more generally2±4, are intimately con-
nected to the structure of liquid water around hydrophobic
solutes. Such considerations have focused interest on clathrate
hydrates: crystals in which a hydrogen-bonded network of
water molecules encages hydrophobic guest molecules with
which the water interacts only by non-directional van der Waals
forces. Three structural families of clathrate hydrates have
hitherto been recognized: cubic structure I (2MS×6ML×46H2O)
(ref. 5), cubic structure II (16MS×8ML×136H2O) (ref. 5) and
hexagonal structure H (ML×3MS×2MS×34H2O) (refs 6, 7) hydrates
(here ML and MS are the hydrophobic guest sites associated with
large and small cavities, respectively). Here we report a new
hydrate structure: 1.67 choline hydroxide×tetra-n-propylammo-
nium ¯uoride×30.33H2O. This structure has a number of unusual
features; in particular the choline guest exhibits both hydropho-
bic and hydrophilic modes of hydration. Formally the structure
consists of alternating stacks of structure H and structure II
hydrates, and might conceivably be found in those settings
(such as sea¯oor deposits over natural-gas ®elds) in which
clathrate hydrates form naturally.

The classical clathrate structures are three-dimensional lattices
that can be built up by ®tting together different types of closed
cages composed of 4-, 5- and 6-sided polygons (Table 1). Both in
experimental work and modelling studies on biomolecular hydra-
tion, structural features such as closed pentagonal rings of
hydrogen-bonded water molecules are taken as evidence for clath-
rate-like hydrophobic hydration2±4. Although this notion generally


