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A series of triblock protein copolymers composed of a central water-soluble polyelectrolyte segment flanked
by two coiled-coil domains was synthesized by genetic engineering methods. The copolymers self-assembled
into reversible hydrogels in response to changes in temperature, pH, and the presence or absence of
denaturating agent (guanidine hydrochloride, GdnHCI). Hydrogel formation was concentration-dependent,
and the concentration needed for hydrogel formation correlated with the oligomerization state of the coiled-
coil domains in the protein copolymers. The morphology of the hydrogels, as determined by scanning electron
microscopy (SEM), indicated the presence of porous interconnected networks. The thermal stabilities and
self-assembling properties of the protein copolymers were successfully controlled by manipulating the amino
acid sequences of the coiled-coil domains. The stimuli responsiveness and reversibility of the hydrogel
self-assembly suggest that these protein copolymers may have potential in biomedical applications.

Introduction These protein polymers are composed of repeating pentapep-
. . tide sequences, which are either elastin-like (e.g., VPGVG)
It has been several decades_ since hydrophilic polymer o g/or silk-like (e.g., GAGAGS). It has been shown that these
networks were proposed for biological usellowadays, protein polymers can self-assemble into hydrogels that are
hydrogels are widely used as biomaterials, including drug temperature- or pH-sensitivéPetka et af? have produced

delivery systems and tissue engineefingAmong these, 3 530 amino acid recombinant protein triblock copolymer,

stimuli-responsive hydrogels are of extreme interests. Theseconsisting of two terminal leucine zipper domains flanking

hydrogels can undergo volume and phase transitions induced, centra| polyelectrolyte segment, and have shown that their

by minor changes in environmental conditions, such as rqteins undergo reversible gelation in response to changes
temperaturé&, pH2° solventl? electric and magnetic field$;'? in pH or temperature. Recombinant DNA technology has

. 13 . . 15 H . . " : ;

light,** and biochemicals*> Numerous studies have been 34 it possible to design and synthesize these protein-based

focused on chemically synthesized systems based on COyqymers with defined compositions, sequences, stereochem-
polymers ofN-isopropylacrylamide (temperature-sensitive), istry, and molecular weighfé-3

(meth)acrylic acids (pH-sensitive), and their derivatives.
Stimuli-responsive two-component hybrid hydrogels have
also been developed, with a hydrophilic synthetic polymer
as one component and a molecule of biological origin as
the other. The biological component is usually the determi-
nant of the stimuli responsiveness in these hydrogels and
could include oligopeptide sequences recognized by specific
proteased® 18 full length native proteins such as concanava-
lin A that can associate with glucoseantibodies that can
form complexes with antigerf§,and genetically engineered
proteins containing coiled-coil doma#g2 or immunoglo-
bulin modules from the muscle protein titif.

Protein-based polymers have also been used to prepar
stimuli-responsive hydroget4 Elastin-mimetic protein poly-
mer or silk-elastinlike protein polymer-based hydrogels are
the most frequently studied protein-based hydrogfefs.

The coiled-coil is an attractive module for protein-based
polymers. It is one of the basic folding patterns of native
proteins, consisting of two or more-helices winding to-
gether and forming a superhefiThe primary structure of
the coiled-coil motif is characterized by a repeated heptad
sequence, (abcdefg)where a and d positions are usually
hydrophobic amino acid residues, whereas e and g positions
are often charged amino acid residues. The hydrophobic
interaction between the a and d residues and the electrostatic
interaction between the e and g residues contribute to the
stability of the coiled-coil structure. The distinctive associa-
tion—dissociation and the specific spatial recognition of the
%oiled-coils make it an ideal candidate for physical cross-
linkers in a protein-based polymer hydrogel.

In this report, we describe the design of a series of
recombinant triblock (ABA, CBA, ABC, CBC) polypeptides,

*To whom correspondence should be addressed: e-mail CONSisting of two terminal coiled-coil domains (blocks A or
jindrich.kopecek@m.cc.utah.edu. C) flanking a central water-soluble random coil segment

TI_Department of Pharmaceutics and Pharmaceutical Chemistry, Uni- (block B). The design is based on the hypothesis that self-
versity of Utah.

assembly of such block copolymers occurs as a result of the
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swelling of the central water-soluble polyelectrolyte segment. was then digested witNdd/Nhd. The fragment was ligated
Consequently, temperature-/pH-responsiveness may bewith the fragment from pRSETB-HC (digested with
achieved by manipulating the amino acid sequences of theNdd/Hindlll) and an oligonucleotide encoding partial block
coiled-coil domains. The structure of the coiled-coil domains A with Nhd/Hindlll overhangs, giving rise to the expression
in the copolymer was either (VSSLESK) (block A) or vector for polymer I.

(VSSLESK)—VSKLESK—KSKLESK—-VSKLESK— To construct the expression vector for polymer I, a
VSSLESK (block C), while the random coil segment (block chemically synthesized oligonucleotide encoding block C,
B) was an Ala-Gly-rich sequence [(AGPEGLo3? To which includedHpal andNhd enzyme sites, was first cloned

evaluate the relationship between the structure of block into pCR-Blunt II-TOPO plasmid. It was then cleaved from
copolymers and their properties, the structure of block A the plasmid withHpal and Nhd enzymes and ligated with
was modified (K residues replaced one V and three S) to the fragment fronHpal/Nhd-digested polymer | expression
produce block C. Lysine residues inserted into the structure vector, resulting in the expression vector for polymer I1.
of block C disturb the hydrophobic interaction at the helical  The expression vectors for polymer Il and polymer IV
interface and introduce electrostatic repulsion among the were constructed similarly to that for polymer Il. Again, a
helices. The self-assembly of these copolymers into hydrogelschemically synthesized oligonucleotide encoding block C
and hydrogel properties were closely related to the associayjth Spé and EcoRl enzyme sites was first cloned into
tion of the coiled-coil domains. This conclusion is supported pCR-Blunt [I-TOPO plasmid. It was cut from the plasmid
by the reversible hydrogel formation in the presence or with Spé and EcoRI and ligated with the fragment from
absence of a denaturant (GdnHCI) and by the ObserVationSpe/Ecd?l—digested polymer | or polymer Il expression

that the hydrogel properties can be greatly influenced by vector, resulting in the expression vectors for polymers Il
tailoring the amino acid sequence of the coiled-coil domains. and |v, respectively.

The structures of all vectors were verified by direct DNA
Experimental Section sequencing.
Expression and Purification of the Protein Polymers.

Abbreviations. AUC, analytical ultracentrifugation; BCA,  E. coli BL21(DE3)pLysS competent cells were transformed
bicinchoninic acid; CD, circular dichroismG', storage  with the expression vectors separately. Cultures were grown
modulus of elasticityG", loss modulus of elasticity; GSER, gt 37°C in 1.5 L of LB medium containing 5@g/mL
generalized StokesEinstein equation; GdnHCI, guanidine  kanamycin and 34g/mL chloramphenicol until the optical
hydrochloride; IDL, Interactive Data Language; IPTG, iso- densities (Olgy) reached 1. Then IPTG was added to a final
propyl p-thiogalactoside; MALDI-TOF-MS, matrix-assisted  concentration of 0.4 mM. The protein synthesis was induced
laser desorption/ionization time-of-flight mass spectroscopy; at 37°C for 4 h before cells were harvested. The protein
MSD, mean-square-displacement; PAGE, polyacrylamide gel polymers were purified by immobilized metal affinity
electrophoresis; PEG, poly(ethylene glycol); SE, sedimenta- chromatography on NiNTA agarose resif Bacterial cell
tion equilibrium; SEM, scanning electron microscopy. pellets were first resuspended in Tris buffer (20 mM Tris

Materials. Isopropyl-thiogalactoside (IPTG) was from  and 500 mM NaCl, pH 6.9). The cell suspensions were then
Sigma (St. Louis, MO). N NTA agarose resin was from  sonicated and centrifuged at 15 000 rpm for 30 min &4
Qiagen (Santa Clarita, CA). Micro-BCA protein assay The supernatants were loaded onto—NiTA columns
reagent kit used for protein concentration measurement waspreequilibrated with Tris buffer. The columns were washed
from Pierce (Rockford, IL). sequentially with Tris buffer containing increasing concen-

EnzymesNdd, Nhd, Spe, Hindlll, Hpal, EcdRl, and T4 trations of imidazole. The eluted fractions were analyzed by
DNA ligase were from New England Biolabs (Beverly, MA).  SDS-polyacrylamide gel electrophoresis. The fractions
Zero Blunt TOPO PCR cloning kit was from Invitrogen Life  containing the target protein polymers were loaded onto
Technologies (Carlsbad, CA). PD-10 columns containing Sephadex G-25, and eluted with

Escherichia colistrain DH% was obtained from Gibco 10 mM PBS buffer (10 mM phosphate and 150 mM NaCl,
BRL, Life Technologies (Grand Island, NY). BL21(DE3)- pH 7.4). The fractions were analyzed by SBEFSAGE, and
pLysS was from Novagen (Madison, WI). the molecular weight and purity of the protein polymers were

Surfactant-free yellow-green fluorescent amidine-modified verified by use of MALDI-TOF-MS. Yields of polymer I,
and red fluorescent carboxylate-modified polystyrene latex II, 1ll, and IV were 29, 38, 29, and 38 mg/L of growth
beads (0.5 and 1.@m) were from Interfacial Dynamics  medium, respectively.
Corporation (Portland, OR). PEG-coated polystyrene latex Circular Dichroic Spectroscopy. An Aviv 62DS CD
beads with red fluorescent were synthesized according to aspectrometer with a thermoelectric temperature control
published procedur®. CytosealTM 60 was from Richard- system was used. The measurements were carried out at 25
Allan Scientific (Kalamazoo, MI). °C in 10 mM PBS buffer. The protein concentration used

Construction of Expression Vectors for the Protein was 5uM. Each sample was scanned from 200 to 250 nm
Polymers. The previously constructed expression vector with 1 nm/step. Data from three sequential scans were
pPRSETB-HC® was first inserted with gene encoding block averaged, subtracted from the buffer spectrum. For thermal
B at the restriction enzyme sites ihd and Spé (the gene stability experiments, the CD signal at 222 nm was recorded
encoding block B was from a plasmid as a kind gift from when the temperature increased from 13 to°@ at 3
Dr. D. A. Tirrell, California Institute of Technology), which ~ °C/step. For each step, the sample was equilibrated for 1.5
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min followed by 30 s of data point averaging. The thermal crospheres) were added to each tube. The samples were
stability of each protein polymer at different pH was also mixed thoroughly and left for more than 24 h to allow the
evaluated. The transition temperatures were determined fromformation of hydrogels. Before the measurement, the samples
the first-order differentiation of the CD signal at 222 nm were sealed between a microscope slide and a no. 1.5 glass
with respect to temperatufé. coverslip with Cytoseal 60. The Brownian motion of the
In the reversibility experiments, GdnHCI was added to the embedded particles at particular experimental conditions,
polymer IV PBS solution. This mixture was equally divided including concentration, temperature, and pH, was observed
into two tubes, one of which was applied for dialysis against with an epifluorescence optical microscope (Nikon Eclipse
PBS buffer. After the dialysis, the concentrations of the E800) by use of a 100, NA = 1.3, oil-immersion objective
samples were measured and adjusted pavbbefore the and a CCD camera (Dage-MTIl, DC330) with exposure time
measurement. Wavelength scans were performed for polymerof 2 ms. To avoid wall effects, the focus was at leasuft
IV solutions with GdnHCI and after dialysis. into the sample chambers. For each sample, 3000 images
Analytical Ultracentrifugation. Sedimentation equilib-  were recorded by use of StreamPix software (Norpix Inc.)
rium (SE) experiments were performed on a Beckman atintervals of 33 ms. Images were analyzed with IDL image
Optima XL-A analytical ultracentrifuge, with an AnTi60 analysis software (Research Systems Inc., Boulder, CO) and
rotor and six-channel, 12-mm-thick, charcoal-epon center- the trajectories of the particles were extracted by use of
pieces. All of the protein polymers were in 10 mM PBS algorithms developed and kindly provided by Crocker,
buffer, and three different loading concentrations of 5, 30, Weeks, and co-workers.
and 70uM were used. Samples were centrifuged to equi-  Scanning Electron Microscopy.The hydrogel samples
librium with rotor speed of 20000 rpm at 28C and were prepared similarly as in microrheology experiments.
absorbance was recorded at 230 nm against 10 mM PBSThe purified protein polymers were weighed and placed in
reference buffer. Equilibrium was confirmed by the overlays Eppendorf tubes. A particular amount of deionized water was
between scans taken at 4-h intervals. A baseline scan at aadded and mixed with the polymers thoroughly. The samples
nonabsorbing wavelength (360 nm) was taken once thewere left at room temperature for 24 h to allow the formation
equilibrium was attained. Data were analyzed by nonlinear of hydrogel. After that, additional amount of deionized water
least squares techniques and NONLIN analysis progfdfn.  was added into the hydrogel samples and was allowed to
The values ofv for each protein were calculated from the equilibrate for 3 days. Then the samples were shock-frozen
amino acid sequendé. in liquid nitrogen and quickly transferred to a freeze-drier
Microrheology. Microrheology is a recently developed to allow lyophilization. The dry samples were then carefully
method for measuring the mechanical properties of a materialfractured and their interior morphologies were studied on a
by monitoring the motion of micrometer-sized tracer par- scanning electron microscope (Hitachi S-2460N SEM).
ticles. Compared to conventional mechanical rheometers,Before SEM observation, specimens of the hydrogels were
which typically require a milliliter of sample, microrheology fixed on aluminum stubs and coated with gold for 40 s.
requires much less sample volume, usually less thazl 10 Reversibility of Polymer IV Hydrogel. Polymer IV
In passive microrheology, there is no external driving force hydrogel(10 wt %) was first prepared in deionized water
applied to the tracer particles; the intrinsic Brownian motion and imaged. Then 0.5 M GdnHCI was added, and the
of the particles is used, driven by the thermal enekg. hydrogel was completely dissolved. The 2@0 dissolved
The theoretical basis for passive microrheology is a general-hydrogel solution was transferred to a diffusion cell, which
ized StokesEinstein relation (GSER) for materials with \as connected with another diffusion cell filled with 2.5 mL
viscoelastic propertie$;*® which can be presented in the dejonized water. The two diffusion cells were separated by
following form: a membrane with cutoff of 60668000 Da. This setup was
placed on a horizontal shaker. The deionized water in one

AFY(s) 0= —dkB:r of the diffusion cells was exchanged twice a day for 10 days.
3nas{s) The re-formed hydrogel was also imaged.
where[AF%(s)Cs the Laplace transform of the tracer particles’ ~ SiZ€ MeasurementProtein polymer samples were pre-
mean-squared displacement (MSIt + 7) — r()]20d is pared at concentrations of 1, 2, and 3 mg/mL in the presence

the dimensionality of the displacement vector (usually 2 in ©f 5 MM NaCl. The samples were filtered on a 04&
videomicroscopy)sis the Laplace frequencg,is the radius membrane. Size measurements were carried out on Zetasizer

of the particles, and5(s) is the Laplace representation of (Malvern Instruments, Ltd., Southborough, MA). The results
the complex modulus, which encompasses the stoi@ge ( Were averaged from 10 measurements for each sample.
and loss G'') moduli.

The preparation of the suspensions of tracer particles in Results and Discussion
polymer solutions was carried out as follows. Purified protein
polymers were weighed and placed into plastic Eppendorf Amino Acid Sequences of the Protein Polymerst-our
tubes. The appropriate amounts of solvent (deionized waterprotein-based triblock copolymers (ABA, CBA, ABC, and
or PBS buffer) and suspension of fluorescently labeled latex CBC) were synthesized by genetic engineering techniques.
beads (radius 0.5 or 0.2bm, yellow-green fluorescent All copolymers contained a hydrophilic random coil block
amidine-modified microspheres, red fluorescent carboxylate- (block B) flanked by two coiled-coil domains (blocks A
modified microspheres, or PEG-coated red fluorescent mi- and/or C). The amino acid sequences of copolymers (poly-
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Polymer I: Table 1. Molecular Weights of Protein Block Copolymers?
H,VNADP[(VSSLESK),JASYRDPMG[(AG) PEG],, ARMPTSADP[(VSSLESK),] polymer structure theoretical MW experimental MW
polymer | ABA 18 720.71 18 717.17
Polymer II: polymer || CBA 18 873.01 18 874.88
H,VNADP[(VSSLESK),-(VSKLESK)-(KSKLESK)-(VSKLESK)-(VSSLESK)]- polymer il ABC 18 873.01 18 874.20
ASYRDPMG[(AG) PEG],,ARMPTSADP[(VSSLESK),] polymer IV cBC 19 025.31 19 025.57
2 See Figure 1 for composition.
Polymer III:
5
H,VNADP[(VSSLESK),]ASYRDPMG[(AG) PEG], ARMPTSADP[(VSSLESK),- -
(VSKLESK)-(KSKLESK)-(VSKLESK)-(VSSLESK)] i 0
]
E sl
Polymer IV: = -10 ad
H,VNADP[(VSSLESK),-(VSKLESK)-(KSKLESK)-(VSKLESK)-(VSSLESK)]- g i g
ASYRDPMG[(AG) PEG], ARMPTSADP[(VSSLESK),-(VSKLESK)-(KSKLESK)- 2
(VSKLESK)-(VSSLESK)] T
Figure 1. Amino acid sequences of protein polymers I—IV. Single- ‘:9 R
letter abbreviations for amino acid residues were used. Coiled-coil- )
forming sequences are shown in boldface type. =
Q K E 200 210 220 230 240 250
S S
SK K Ly - s Wavelength (nm)
gz K L v E S Figure 3. CD spectra of 5 uM protein polymer solutions in PBS (pH
s Ilz L VIK E g 7.4) buffer at 25 °C. () Polymer [; (O) polymer IlI; (a) polymer llI;
S Py s (©) polymer IV.
L v g

structural modifications should result in a decrease of the
thermal stability of the coiled-coil association, and hence the
association/dissociation of the coiled-coil domains may occur

é v L at reasonably low temperature. Furthermore, an increase in
s vt =~ —"s the pH responsiveness of the coiled-coil domains could also
g E VIK L K g/K be expected. The four polypeptides in this study are the
s BV [ K s permutationsABA, t4CBA, t.ABC, and ,CBC, where
s E K K represents the histidine tag.

: Y, Characterization of the Protein Polymers.The molec-

ular weight of the four polymers was determined by
MALDI-TOF MS. The experimental values agree very well
with the theoretical values, as indicated in Table 1.

The secondary structure was characterized by CD spec-

Figure 2. Helical-wheel diagram of the coiled-coil domains with A
or C sequence.

mers H1V) are shown in Figure 1. The random coil block

B is an Ala—Gly-rich sequence [(AGPEG}o, which has

troscopy. All four polymers exhibited predominanhelical

been previously demonstrated to be water-soluble and notstructures, as indicated by the characteristic double negative

to form regular secondary structuf@sThe coiled-coil

domain has either a block A or block C structure, where

the A block sequence is (VSSLESIY) while the C
block sequence is (VSSLESK)VSKLESK—KSKLESK—

peaks at 222 and 208 nm (Figure 3).

Thermal stabilities of the polymers were measured by
monitoring the change of ellipticity at 222 nm with temper-
ature (Figure 4). Polymer | showed extremely high thermal

VSKLESK—VSSLESK. Proteins with the A block sequence  stability, as indicated by the incomplete unfolding curve. This
have been demonstrated to have stable coiled-coil struc-result correlates well with the previous study where a coiled-
tures®” In our previous study, the genetically engineered coil domain containing block A sequence possessed a high
coiled-coils containing proteins with the block A sequence degree of thermal stabilit$?. Polymer IV, which contains
were shown to have high thermal stabilities, with the two C blocks, was the least stable among the four polymers,
midpoint transition temperature higher than 96.3° To with a midpoint transition temperature around 4&.
decrease the thermal stability of the A block containing Polymers Il and Il had similar unfolding processes with
coiled-coil proteins, we modified its structure, forming the intermediate midpoint transition temperatures aroung@0

C block, in which Lys replaced Val in the a position of the These results correspond well with the predicted thermal sta-
fourth heptad and three additional Lys residues replaced Serilities from the sequence design, since the protein polymers
in the ¢ positions of the third, fourth, and fifth heptads with the block C sequence were expected to be less stable.
(indicated by boldface italic type in Figure 1). As shown in The results obtained here indicated that the thermal stability
the helical-wheel diagram (Figure 2), the Lys residue at a of the coiled-coil containing proteins could be manipulated
position disturbs hydrophobic interactions at the hydrophobic in a predictable way by substituting amino acids in the coiled-
interface, whereas Lys residues at the ¢ positions introducecoil domain, which is in agreement with published d&ta.
electrostatic repulsive forces between ¢ and g residues. Thes&Vhen the polymers were cooled to room temperature, their
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~ 0 concentration: it was viscous at 2 wt % but became strongly
E 5l elastic at concentrations of 5 and 10 wt %.
>z OWOW Oligomerization States of Block Copolyme'rs and Ge—'
£-10 | 000 oa lation Concentrations. To understand the differences in
> o ob gelation thresholds among the four polymers, sedimentation
15 & :e.“ equilibrium (SE) experiments were performed in PBS buffers
"é 20 | .ofﬁia at concentrations ranging from 5 to Z01. The AUC data
x #0900006%75 Baﬁ““ indicated that polymer | was in a monometimer equilib-
§-25 L 6999” % rium, Polymers Il and Il existed as dimers in solution, while
2 oo<>°°° polymer IV showed a dimer to tetramer association. These
-30 ‘ ‘ results were different from those of Wagschal et al., who
0 20 40 60 80 100 demonstrated that when a Lys residue occupied the a
Temperature (°C) position, an exclusively two-stranded monomer would be
Figure 4. Temperature dependence of the secondary structures of formed4® However, these authors used a 76-residue disulfide-
the protein polymers. CD signal (ellipticity) at 222 nm as a function . . . . .
of temperature. (#) Polymer I; () polymer II; () polymer III; () bridged coiled-coil model in their study, whereas the
polymer IV. polymers in this study contained 42-residue coiled-coils

without any disulfide bridge. The difference between the

original ellipticity values recovered (data not shown), sug- results from these two studies is not unexpected, since the
gesting that the polymers’ thermal unfolding was reversible. structure of the coiled-coils can be dramatically influenced

Concentration Dependence of GelationTo deduce the by chain length and the existence of disulfide bridgfes.
gelation behavior of the polymers, we used videomicros- The concentrations required for gelation from the four
copy*® and multiple-particle-tracking microrheolod§?%5! protein polymers can be related to their oligomerization states
which tracks the Brownian motion of embedded tracer (Table 2). In the same concentration range, polymer IV
particles inside a polymer solution or swollen hydrogel. The showed evidence of association from a dimer to a tetramer.
time- and ensemble-averaged mean-square displacemends a result, polymer IV requires a much lower concentra-
(MSD) of the tracer particles as a function of tini&y?(z)0) tion to exhibit viscoelasticity. On the other hand, only
can be obtained from the particles’ trajectories. Generally, monomer to dimer association was observed in solutions of
in a viscous liquid, the particles diffuse freely, giving rise polymer I, hence a much higher concentration is required to
to a linear relationship between the MSD and lag time form a hydrogel. The relationship between oligomerization
(resulting in slope 1 in a loglog plot). In an elastic medium,  state and gelation concentration suggested that the hydrogel
the movement of the particles is constrained, resulting a formation was related to the association of the coiled-coll
plateau in the MSD (slope 0 in a legog plot)*® A system domains.
is viscoelastic if the slope falls between 0 and 1 in a double-  Another interesting finding is that all of the polymers
logarithmic plot of MSD versus lag time. gelled at significantly higher concentrations in PBS buffer

Since the surface chemistry of the embedded trace particleghan in water, as shown in Figure 6. Polymer | was almost
could influence the characterization of the biomated&s, entirely viscous at 30 wt % in PBS and only slightly
three different trace particles were used in this study, viscoelastic at 40 wt % in PBS, but it was quite elastic at 40
including positively charged amidine-modified particles, wt % in dH,0O. Similarly, polymers Il and Ill were viscous
negatively charged carboxylate-modified particles, and neu-at 30 wt % in PBS but more viscoelastic at 40 wt % in PBS
tral PEG-coated particles. The carboxylate-modified particles and dHO. Polymer IV was quite elastic at 10 wt % in gBi
showed strong adhesion and aggregation with the proteinbut was only viscous at 10 wt % in PBS and more elastic at
polymers, especially polymer IV, which has more positively 20 wt % in PBS. It is known that, in the absence of
charged Lys residues; therefore, no useful results wereelectrolyte, the ionic pair Glu-Lys significantly stabilizes
obtained with the carboxylate-modified particles. This finding coiled-coil formation at neutral pF.*° Since in all of the
was not surprising, since there could be strong electrostaticprotein polymers (+1V) Glu and Lys occupied the e and g
attractions between the negatively charged particles and thepositions in the coiled-coil domains, the coiled-coil formation
positive charges in polymer 1V, which interferes with the was expected to be thermodynamically more favorable in
microrheological characterizatiéhMeasurements with the  dH;O than in PBS buffer. As a result, the hydrogels formed
amidine-modified particles and the PEG-coated particles did at lower concentration in di than in PBS buffer.
not reveal significant differences (data not shown). The It is known that triblock copolymers can form hydrogels
results from both types of particles showed that all four through micelle packing’®® To find out whether the
polymers formed viscoelastic gels at sufficiently high hydrogels self-assembled from the protein polymers were
concentrations (Figure 5). Polymer | was predominantly from coiled-coil association or micelle packing, we per-
viscous at a concentration of 20 wt %, slightly viscoelastic formed size measurement for the four protein polymers at
at 30 wt %, and almost purely elastic at 35 wt %. Polymers concentrations of 1, 2, and 3 mg/mL. None of the polymers
Il and 1l required lower concentrations to induce viscoelas- showed micelle formation (data not shown), which suggested
ticity. Both of them were still viscous at a concentration of that the probability of micelle packing in our hydrogel
10 wt % and became increasingly viscoelastic at 20 and 25systems was low, and the formation of the hydrogels was
wt %. Polymer IV exhibited viscoelasticity at the lowest most probably due to the physical cross-linking by coiled-
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Polymer | Polymer Il
1+ 1
viscous __.--"T
0.1 0.1 -t
T oo € oo
2 3
A 0.001 A 0.001
£ )
A A s
< 0.0001 < 0.0001
A\ A\
0.00001 0.00001
0.000001 0.000001
0.01 0.1 1 10 0.01 0.1 1 10
1 (Sec) 7 (Sec)
©20% 030% a35% o040% ©10% 020% a25% o 30%
Polymer Il Polymer IV
1 1
viscous  _.-- vscous  ..--T
0.1 0.1
T 001 T o0 € o001
A 0.001 A 0.001
C oO £
r A L
3 0.0001 g 6 0 0OEOAATATIO 3 0.0001
0.00001 elastic 0.00001
0.01 0.1 1 10 001 01 1 10
T (sec) T (Sec)
©10% 020% A 25% o 30% ©2% 05% a10%
Figure 5. Mean-square-displacement as a function of lag time for 0.5 um amidine-modified spheres in protein polymer water solutions.
Table 2. Relationship between Oligomerization State and Gelation at the concentration of 5 wt %. This value is in agreement
Concentration? with the concentration needed to form a hydrogel observed
polymer __oligomerization state gelation concentration in this study with polymer IV. Conticello and co-workéts
polymer|  monomer—dimer 35% in dH,0, >40% in PBS report that elastin-mimetic triblock polypeptides formed
equilibrium hydrogels at 25 wt %.
polymerl - dimer 25% in dH,0, 40% in PBS These data suggest that the choice of the amino acid
polymer Ill  dimer 25% in dH,0, 40% in PBS

sequence in the protein polymers is as important as their

polymer IV dimer—tetramer 5% in dH,0, 20% in PBS . .
equilibrium secondary structures. Although the gelation concentrations
observed in this study were relatively high, the results were

a Analytical ultracentrifugation experiments were performed in 10 mM i i
PBS buffer at 5, 30, and 70 uM loading concentrations. Data on gelation comparable to data observed with similar structures. In
concentrations were obtained from microrheology measurements in addition, our study demonstrated that the self-assembly of
deionized water and PBS. See Experimental Section for details. In a dimer, the hydrogels can be mediated by the association of the

either only one of the coiled-coil domains or two coiled-coil domains of a

polymer were involved in the intermolecular association. coiled-coil domains. Consequemly’ the phySicaI properties

of the hydrogels can be directly related to that of the coiled-

coil association. The plausible structure of the hydrogels is coil domains, such as their temperature or pH sensitivities.
shown in Figure 7. The structure is similar to the structure It was also demonstrated that the hydrogels’ responsiveness
shown by Petka et & However, in contrast to the block to external stimuli could be tailored by the manipulation of
copolymers of Petka et &2,no terminal Cys residue was the amino acid sequence of the coiled-coil domains in the
involved in our design. Consequently, no hexablock polymers protein polymers.

could form prior to self-assembly. Morphology of the Hydrogels. To observe the micro-

A wide range in the gelation concentration for different structure of the hydrogels, scanning electron microscopy
protein-based hydrogel systems can be found in the litera-(SEM) was performed on each of the hydrogel samples. The
ture3259.60Nowak et af® synthesized amphiphilic diblock  samples were shock-frozen by use of liquid nitrogen followed
copolypeptides, which consisted of one highly hydrophilic by lyophilization. This procedure appears to have a minimal
block and one highly hydrophobic block (e.g.;68V 40 Or impact on the hydrogel structufe.An interconnected
Kieola0). They demonstrated that these diblock copolymers network structure was detected in all hydrogels (Figure 8),
could form hydrogels at concentration as low as 0.25 Ww?%. indicating that the hydrogels may not be formed from micelle
Using a triblock polypeptide similar to those used in this packing but through physical cross-linking. The hydrogels
study, Petka et & found their polymer formed a hydrogel self-assembled from polymers 1, I, and Il displayed denser
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Figure 6. Comparison of hydrogel formation of polymers 1-1V in water and 10 mM PBS buffer.

pH,
temperature i j
e
\

Figure 7. Proposed hydrogel formation from the triblock polymers. Hydrogels are formed through coiled-coil association. When there is a
change in temperature or pH, the coiled-coils could dissociate or even lose the secondary structures, causing the loss of physical cross-linking

forces inside the hydrogels, and the system becomes a viscous liquid eventually.

structures than polymer IV hydrogel, in agreement with the The pH dependence of the secondary structures of the four

gelation concentrations detected by microrheology measure-polymers was measured by CD spectroscopy. Each sample
was adjusted to the desired pH ranging from 1 to 11. The

ellipticity value at 222 nm was monitored at each pH as a
function of temperature. The secondary structures of the

ments.
pH Dependence of the Secondary Structure of Protein

Polymers and pH Sensitivity of Polymer IV Hydrogel.
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Figure 8. SEM images of the hydrogels.
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Figure 9. pH sensitivity of polymer IV. (Left panel) CD signal at 222 nm as a function of temperature. (Right panel) Mean-square-displacement
as a function of lag time at different pH for 10 wt % polymer IV hydrogel in deionized water. (O0) pH 2; (¢) pH 7; () pH 9; (O) pH 11.

polymers showed different patterns of pH dependence. attraction between two helices cannot be established, and
Polymers +IIl had more stable structures at neutral pH than hence the coiled-coil structure will be less stable when
at both acidic and basic conditions, while the secondary compared to the neutral condition.
structure of polymer IV showed increasing stability from In polymer IV, the coiled-coil blocks have the same C
acidic pH to basic pH (Figure 9). block structure, (VSSLESK)-VSKLESK-KSKLESK—
These results correlate well with the structures of the VSKLESK—VSSLESK. At acidic pH €4), only Lys
polymers. In polymer I, the coiled-coil blocks at both ends residues are charged. The electrostatic attraction between e
have the same A block structure, (VSSLESKAt pH 7.4, and g positions cannot be established. Also, there is an
there are electrostatic attractions between the negativelyunfavorable electrostatic repulsion between ¢ and g positions.
charged Glu and positively charged Lys (Figure 2), which In addition, the charged Lys residue at a position disrupts
stabilize the coiled-coil structure. On the other hand, at acidic the hydrophobic interaction at the helical interface. As a
pH (<4) or basic pH £10), only one of these two residues result, the coiled-coil structure is largely destabilized. At pH
will be charged. As a result, the stabilizing electrostatic 7.4, both Glu and Lys are charged. Although there are
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unfavorable electrostatic repulsions at ¢ and g positions and 1 —
a hydrophobic interaction disrupting factor at the a position, viscous ..-77
the e and g positions have favorable electrostatic attractions, 011
which make the coiled-coil structure more stable than under &E‘ 001 | 7
acidic conditions. At basic pH>10), only Glu is charged. !
Although there is no favorable electrostatic attraction between A 0.001
e and g positions, there is no more disrupting factor at the af
hydrophobic interface or unfavorable electrostatic repulsion < 000011

Vv
between ¢ and g positions, resulting in an even more stable 0.00001 | elastic
coiled-coil structure, since hydrophobic packing is the | TTTrrTTTTTooTmTTmmmmmosemooces
dominant determinant for coiled-coil stabili. 0.000001 ‘ w

0.01 0.1 1 10

Polymers Il and 1ll contain blocks of both A and C z (Sec)
Se.quences' The .COiIed_CO“ can b.e formed betwegn an A./A Figure 10. Temperature sensitivity of the self-assembly/disassembly
pair, an A/C pair, or a C/C pair. When the coiled-coil of 10 wt % polymer IV hydrogel in deionized water. (&) 27 °C; (&) 40
associates between A/A or C/C pairs, the situation is similar °c; (o) 55 °C; (#) from 55 °C back to 27 °C.
to that of polymer | or IV. When coiled-coil forms between
an A/C pair, only one helix contains Lys residue at a, ¢, and
g positions. At neutral pH, the unfavorable electrostatic
repulsion at ¢ and g positions exists in only one helix, and
only one Lys is present in the hydrophobic interface, so the
overall destabilization effect is much weaker than that in
polymer IV at identical pH. The favorable electrostatic
attraction between negatively charged Glu and positively
charged Lys residues largely contributes to the stability at
neutral pH. At acidic pH, only Lys is charged. There is no
stabilizing electrostatic attraction between e and g positions,
while there is a weak electrostatic repulsion existing in one
helix and a slight disturbing force at the hydrophobic
interface. The resulting coiled-coil is hence less stable than Wavelength (nm)
under neutral condition. At basic pH, Only Glu is Charged. Figure 11. CD spectra of 5 uM polymer IV in the presence or
There is no stabilizing electrostatic attraction between e andabsence of the denaturant GdnHCI. (#) Polymer IV without the
g positions and also no unfavorable electrostatic repulsion reatment of GdnHCI; (0) polymer IV treated with 0.5 M GdnHCI; (©)
and hydrophobic disturbing factor. Therefore, the coiled-coil polymer 1V first treated with 0.5 M GdnHCI and then dialyzed to

¢ remove GdnHCI.
is also less stable than at neutral pH. Overall, the secondary

structures of polymers Il and Il have similar patterns as to mostly viscous properties was observed, suggesting a loss
polymer | with respect to their pH dependence. of organization and disassembly of the three-dimensional
Next, we investigated the pH dependence of the self- structure of the hydrogel (Figure 10). As the sample was
assembled hydrogels. Polymer IV was chosen as a reprecooled from 55°C to room temperature, the MSD vs lag
sentative example. A 10 wt % polymer IV solution in de- time curve almost overlapped with the original one (before
ionized water was prepared at pH 2, 7, 9, and 11, and mi- heating), suggesting a recovery of the self-assembled hy-
crorheological measurements were performed. As shown indrogel structure of polymer IV. These results are in agree-
Figure 8, the 10 wt % solution of polymer IV at pH 2 was ment with the thermal stability measurements of the sec-
still predominantly viscous, but it became more elastic at ondary structure (see Figures 4 and 9) and support the
pH 7,9, and 11. These results correlate well with the second-hypothesis that the association/dissociation of the coiled-coil
ary structure obtained from CD spectra. At pH 2, the coiled- domains mediates the formation of hydrogel.
coil structure of polymer IV has the lowest thermal stability, Reversibility of Secondary Structure of Polymer IV and
the midpoint transition temperature being around °Z3 of Se|f-Assemb|y of P0|ymer \VA Hydroge| after Dena-
Since the coiled-coil structure is not stable at pH 2, it cannot tyration/Refolding of the Coiled-Coil Blocks. It is impor-
have a strong association and hence cannot form strongtant to know if the secondary structure of coiled-coil domains
physical cross-links for a hydrogel. On the other hand, at in block copolymers will refold after the removal of the
pH 7,9, and 11, the coiled-coil structure is much more stable, denaturating agent. To this end, CD measurements of
resulting in strong association between the coiled-coils, which polymer 1V solutions were performed in the absence and
can act as strong physical cross-links in the hydrogel. presence and after removal of the denaturant, GdnHCI. As
Temperature Dependence of Secondary Structure  shown in Figure 11, the presence of 0.5 M GdnHCI in the
Contributes to Temperature Sensitivity of the Polymer solution caused the unfolding of polymer IV, resulting in a
IV Hydrogel. The temperature dependence of the hydrogel loss of thea-helical structure. However, when GdnHCI was
from 10 wt % polymer IV in deionized water solution was removed by dialysis, polymer IV refolded back to its original
evaluated by microrheology. Following an increase from structure. Thex-helical structure recovered, as indicated by
room temperature to 58C, a change from strongly elastic the two negative ellipticity values at 222 and 208 nm. The

[6]1 x 10 (deg cm? dmol™)

200 210 220 230 240 250
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CD spectrum almost completely overlapped with the one

without GdnHCI treatment. This strongly suggests that the

secondary structure of polymer IV is reversible. It can be

unfolded upon denaturation and refolded after the removal

of denaturant.

We also investigated the reversibility of the self-assembly
of polymer IV into hydrogels. A hydrogel was self-assembled
from 10 wt % polymer IV in deionized water solution. The
hydrogel completely dissolved after the addition of 0.5 M

GdnHCI. To remove the denaturant GdnHCI, the dissolved

polymer IV solution was transferred to one compartment of
a diffusion cell; the other compartment was filled with

deionized water. After GAnHCI was completely removed,
pieces of hydrogel were found re-formed on the diffusion

membrane (data not shown), demonstrating the reversibility

of hydrogel self-assembly from the solution of polymer IV.

The data obtained bode well for the potential development
of these hydrogels as advanced materials for biomedical

applications.

Conclusions

Four triblock polypeptides (ABA, CBA, ABC, and CBC)
containing different (A or C) terminal coiled-coil domains
and a central random coil block (B) were synthesized by

genetic engineering techniques. The thermal stabilities of the

secondary d-helical) structure of these protein polymers
were successfully manipulated by tailoring the amino acid

sequences in the coiled-coil domains. Hydrogels were self- . :
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hydrogels was dependent on the protein concentrations, and (3e) yu, Y. B. Adv. Drug Delivery Rev. 2002 54, 1113.

the gelation concentrations correlated well with the oligo-

merization state of the coiled-coil domains. The self-assembly 39)
of hydrogels was responsive to the changes in temperature
or pH and was reversible after denaturation. These physical
properties were directly correlated to the structural properties
of the coiled-coil domains, suggesting that the self-associa-

tion, thermal stability, and pH sensitivity of the coiled-coils

mediated self-assembly of the hydrogels. With further inves-
tigation, these protein polymers may be used in biomedical

applications where stimuli responsiveness is required.
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