Macromolecule007,40, 689-692 689

Dynamic Properties of Artificial Protein Hydrogels Assembled
through Aggregation of Leucine Zipper Peptide Domains

Wei Shen, Julia A. Kornfield,* and David A. Tirrell*

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena,
California 91125

Receied July 6, 2006; Resed Manuscript Receéd Naember 21, 2006

ABSTRACT: Network relaxation dynamics of hydrogels formed from a genetically engineered multidomain
protein (AGoA, where A is an associative leucine zipper domain apgdsCa random-coil polyelectrolyte domain)

were investigated by shear rheometry. Physical gels form by tetrameric association of the leucine zipper end-
blocks (A). The longest stress relaxation timg 6f these gels varies strongly with pH, increasing fram= 80

s at pH 8.0 tor, ~ 1000 s at pH 7.0. The rate of strand exchange of the end-blocks was studied by using
fluorescence quenching of the labeled form of the A domain. Fluorescence is quenched in solutions of fluorescein-
labeled A; dequenching occurs when labeled A is mixed with a 60-fold excess of the unlabeled peptide. The
dequenching transient after mixing reveals the characteristic strand exchangegiofetfe A domain. As pH
decreases from 8.0 to 7.6, increases from ca. 200 s to ca. 4500 s. Thusf AC10A hydrogels ancr, of the

A domain vary in parallel with pH. The strong correlation between macroscopic and molecular properties indicates
that network relaxation is regulated by the lifetime of associations in the transient network. Because the rate of
leucine zipper strand exchange is sensitive to interstrand electrostatic interactions, the relaxation behavior of
artificial protein hydrogels can be engineered systematically by genetic programming of the amino acid sequence.

Introduction Experimental Section

Hydrogels assembled from the genetically engineered mul-  pyotein Synthesis and Purification. Expression vectors for
tidomain protein AGoA,* which consists of two associative  AC,,A and for the leucine zipper domain alone, terminated either
leucine zipper end-blocks (A) and a random coil midblocklC  with a cysteine residue or a tryptophan residue (Figure 1), were
introduced a new class of biomaterials for use in a broad rangeconstructed previously by PetRaTo enable removal of the
of applications in biology and medicine. The dynamic properties hexahistidine sequence fromyaand Ay, New vectors containing
of these physically cross-linked hydrogels are important in &thrombin cleavage site were prepared. An oligonucleotide segment
biomedical technologies such as controlled drug release and celKT) eéncoding the thrombin cleavage site (LVPRGS) was excised

. P o 0 by digestion withNhd and Spe and ligated
immobilization. For example, the ability to control the change oM PUC18L2T? by dig P g
of viscosity in response to environmental stimuli is the key to into theNhd sites of pUC18L2A and pUC18L1A respectively.

o ; S The DNA segments encoding TA and TA,, were excised from
successful use of these materials in cell immobilization. The o resulting plasmids by digestion wiBamHI and inserted into

Imear wscoela_stlc properties are governed by both' Structure ye BanHi site of PQEY to yield pQE9T4s and pQE9TA,. The
(which determines the storage modulus) and dynamics (which sequences were verified at the DNA sequencing core facility of
control the stress relaxation timé)nderstanding the dynamic  the Beckman Institute at the California Institute of Technology.
propert_ies of the_se hydrogels, apd their_underlying molecular The expression vectors were each transformedHsicherichia
determinants, will enable materials design on the molecular coji strain SG13009, which carries the repressor plasmid pREP4
level. (Qiagen, Chatsworth, CA). Proteins ABup, Acys Atp, TAcys, and
Such studies are also important for fundamental reasons. ItTA,,, were expressed as described previctsind purified by
was first proposed by Green and Tobolskhat the stress  affinity chromatography on a nickel nitrilotriacetic acid resin
relaxation time of a physically cross-linked transient network (Qiagen, Chatsworth, CA) through a hexabhistidine tag encoded in
is regulated by the lifetime of the associative group in a junction. the pQES vectors. The sequences of the proteins examined in this
But even 60 years later, the relation between these two propertiesvork are shown in Figure 1.
remains controversidi.® Here we examine the dynamic proper- Enzymatic Cleavage of the N-Terminal Hexahistidine Tag.
ties of ACioA hydrogels. We independently determined the Solutions of TA,, and TA,s (1004M) were prepared in thrombin
network stress relaxation time and the leucine zipper strand cleavage buffer (50 mM Tri€l, 150 mM NaCl, 2.5 mM Cag]
exchange time as functions of solution pH. Network relaxation PH 7:5). A 0.5 unitkL thrombin (from human plasma, Sigma-
behavior was studied using rheological measurements, WhileA:J?]I;I:er]]’triist::é)nLgfu(l)Sé)OAZ/Ilcj)I?]i ;zogﬁcioé‘gggle"ﬁ; i"’r‘]‘iﬂzgtég aatl rgg%‘
EP[? strf)lnd exghangeltlme WSS probedhby afluorescencedmeth(.)dﬁ?mper.atur? fo4. h anc_;l Ioagied on a column packed with nickel
e observed correlation between the macroscopic dynamic niyijotriacetic acid resin (Qiagen, Chatsworth, CA). The column
behavior of AGoA hydrogels and the strand exchange kinetics \yas washed wit 8 M urea (pH 8.0), and the flow-through was
of the leucine zipper domains provides a clear mechanistic collected, dialyzed against sterile deionized water, and lyophilized.
rationale for control of the dynamic properties of artificial Matrix-assisted laser desorption ionization mass spectrometry
protein hydrogels. (MALDI-MS) (sinapinic acid matrix) on an Applied Biosystems
Voyager mass spectrometer revealed single peaks at 6822 Da for
* Corresponding authors. J.AK.: Tel (626) 395-4138, Fax (626) 568- Ccléaved TA, and 6985 Da for cleaved T (expected values 6811

8743, e-mailjak@cheme.caltech.edu. D.A.T.: Tel (626) 395-3140, Fax (626) and 6972 Da, respectively), suggesting that the segments upstream
793-8472, e-mail tirrell@caltech.edu. from the thrombin cleavage site were completely cleaved.
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AC10Ap(AC10A): MR[6H]DDDDKA[A]IGDHVAPRDTSYRDPMG[C10]ARMPT[A]IGDHVAPRDTSW e lll .u“t“ﬂ‘“““l
A
Acys: MR[6H]DDDDKWA[A]IGDHVAPRDTSMGGC Hﬂgéﬁ AAA
1001 A™ A", YN
. N o BAp
A MR[6H]DDDDKASYR[A]IGDPRMPTSW © A o lA9N
a Bg N
et A o A
TAgys: MR[6H]DDDDKWASLVPRGST[A]IGDHVAPRDTSMGGC U 1044 = o4 AAAAE
G DDDD DDDD
TAgys™: GST[A]IGDHVAPRDTSMGGC E
'| ,
TAup: MR[6H]DDDDKASLVPRGSTSYR[A]IGDPRMPTSW . . . :
0.001 0.01 0.1 1 10 100
TAwp™: GSTSYR[A]IGDPRMPTSW @ (radss)
Abbreviation for domains: Figure 2. Dynamic moduli ', closed symbolsG', open symbols)
[6H]: GSHHHHHHGS of AC10A hydrogels at pH 7.0 and 8.0. (7% w/v, 100 mM phosphate
[A]: S(or D)GDLENEVAQLEREVRSLEDEAAELEQKVSRLKNEIEDLKAE buffer, 22°C). (a, ) pH 8.0; @, 0O0) pH 7.0

[C10]: [AGAGAGPEG],

Figure 1. Amino acid sequences of proteins. of fluorescence dequenching was fit by using Origin 6.1 software

. . . . . (OriginLab Corp., Northampton, MA).
Fluorescent Labeling.Fluorescein-5-maleimide was site-specif-

ically ligated to the cysteine residues engineered at the C-termini Resylts and Discussion

of Agys and TAys*, respectively. Protein solutions were prepared ] )

in phosphate buffer (10 mM NaRQ;, 90 mM NaCl) at a Network Relaxation Behavior of AC,0A Hydrogels. The
concentration of 102M. A tris(2-carboxyethyl)phosphine hydro-  linear viscoelastic behavior of AGA networks was character-
chloride (TCEP) (Pierce, Rockford, IL) stock solution (100 mM) ized by oscillatory frequency sweep measurements. The dynamic
was added to each protein solution to a final concentration of 2 moduli show a prominent loss peak (maximum in the loss
mM. The pH was adjusted to 4.5, and the mixture was |npub§lted modulusG") that coincides with the frequeney at whichG'

at room temperature for half an hour to allow reduction of disulfide and G" cross (Figure 2). At pH 8.0, the dominant loss peak

bonds. The pH was then adjusted to 5.5. A fluorescein-5-maleimide . : )
(Molecular Probes, Eugene, OR) stock solution (100 mM) was sep_arat_es a .h'gh, freqlft?ncy e!?stlcop;glteau and a low fre_quency
regime in whichG' ~ w!"andG" ~ %8 approaching terminal

freshly prepared in DMSO and added to each reduced protein . \ y e
solution to a final concentration of 1 mM. The mixture was Pehavior G' ~ w? and G" ~ w%).? Thus, the characteristic
incubated in the dark at room temperature for half an hour. The frequency of the dominant loss peak corresponds to the longest
sample was concentrated from 10 to 1 mL in a Centricon YM-3 Stress relaxation time of the network; (~ l/wy), which
centrifugal filter unit (molecular weight cutoff 3000, Millipore, dominates the relaxation behavior of A8 networks and
Billerica, MA) and subjected to gel filtration on a Sephadex G-25 controls their viscosity{;—o) = G'«Tr).

(Amersham Biosciences, Piscataway, NJ) column (1.5 cm diameter AC10A networks are similar to conventional transient net-

x 30 cm height) to remove unreacted dye. The protein fraction works (such as those formed from hydrophobically modified

was collected, dialyzed against sterile deionized water, and lyoph- : . .
ilized in the dark. The absorbance at 515 nm (measured on a Caryurethaneethoxylate (HEUR) polymer§) in exhibiting an elastic
plateau atv > wyx and terminal behavior at < wy. However,

50 Bio UV-—vis spectrophotometer, Varian, Palo Alto, CA) . : .
indicated an extent of labeling of 2@0% with some batch-to-  the relaxation time scale of AGA networks is much longer

batch variation, on the basis of an extinction coefficient of 83 000 that of HEUR networks. The; of an AC0A network at pH 8.0
M~ cm~* for fluorescein maleimidé The labeled leucine zipper IS close to 100 s (Figure 2), while the typicalof a HEUR
peptides are designated ag &M and TAy-FM. network is on the order of 0.0611 s* At lower pH, the
Rheological MeasurementsProtein solutions were prepared in ~ 'élaxation time becomes even longer (Figure 2). Indeed,
phosphate buffer (13 mM NaROy-H,0, 87 mM NaHPO, 7H,0) becomes too great to quantify by frequency sweep measure-
with 0.5 wt % sodium azide. The pH value was adjusted as needed.ments. (Time-temperature superposition cannot be applied
Each solution was centrifuged to remove entrapped bubbles andbecause of the strong temperature dependence of protein
then loaded to a 25 mm diameter cone-and-plate shear cell. Thesecondary structure, and solvent evaporation precludes measure-
temperature was controlled at 228 0.1 °C by a Peltier ~ ments at extremely low frequencies.) Therefore, creep tests were
thermoelectric device for_ each measurement. Frequency SWe€laxploited to quantitatively determine the pH dependencg of
measurements were carried out under 1% str'aln on an RFS Il of AC10A hydrogels. In each creep test, a constant stress of
rheometer (TA Instruments, New Castle, DE) using a 0.04 rad cone 1 5 b5 a5 applied, and the strain was recorded as a function
angle. The edge of the sample was covered with mineral oil to f ti il tead te of straini hed (i th
minimize solvent evaporation. Creep tests were conducted under®' M€ untit a steady rate of straining was reache (e, €
train recovery upon removal of the stress equals the strain

100 Pa stress on an SR-5000 stress rheometer (Rheometric o
Scientific, Piscataway, NJ) using a 0.1 rad cone angle and a solventintercepty, of the creep curve extrapolated to zero tifhe

trap. With decreasing pH from 8.0 to 7.0, the steady shear yate
Strand Exchange.Solutions of labeled leucine zipper peptides decreases strongly, whited changes slightly (Figure 3). The
(AcysFM or TA¢ys-FM) and unlabeled peptides (4 or TAyy*) longest stress relaxation timg,= ygljzm,13 increases from ca.

were prepared in phosphate buffer (13 mM NBB,-H,0, 87 mM 80 s at pH 8.0 to ca. 1000 s at pH 7.0.

NaQI—!(I;’O4-7|H2_O) a2t aLconcentIratiog_of 108M. Thedun_labgled_ h Strand Exchange Kinetics.The strand exchange kinetics of
peptide solution (2 mL) was placed in a cuvette and stired with a ¢ 5qqqciative leucine zipper domain were studied by a method

magnetic stirring bar at maximum speed in the sample (:ompartmentbased on fluorescence dequenching. Peptides containing only
of a Photon Technology fluorometer (Lawrenceville, NJ) at@2 . . . ) .
he leucine zipper domain were used, some labeled with

The sample was excited at 495 nm, and the baseline emission at . -
515 nm was recorded before addition of the labeled peptide. A fluorescein (AysFM) and some unlabeled (#). A solution
solution of the labeled peptide (38.) was then injected rapidly, ~ containing AysFM (extent of labeling ca. 30%) was mixed with
and emission at 515 nm was monitored as a function of time for 2 an Ayp solution of the same protein concentration in a volumetric
h at an acquisition rate of 25 data points per second. The time courseratio of 1:60. The time course of the increase in fluorescence
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Figure 3. Creep measurements for A hydrogels at different pH. ) ) pH

Steady rate of straining was confirmed for each tést:pH 8.0; O, Figure 5. Correlation between; of AC10A hydrogels (7% wi/v) ©)
pH 7.6; 4, pH 7.4;0, pH 7.2;%, pH 7.0 (100 mM phosphate buffer, ~ and ze of leucine zipper A (in 100uM solutions) @) (100 mM
7% wiv, T = 22 °C, stress= 100 Pa). phosphate buffer, 22C).
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We attribute the slow fluorescence increase which disappears
upon denaturation to leucine zipper strand exchange under native
conditions. Consistent with this assignment, the time scale of
the slow relaxation depends strongly on pH (Figure 4b). The
slow relaxation is well described by simple exponential decay
(see Supporting Information) and yields characteristic times for
leucine zipper strand exchangg)(that range from ca. 200 s at
pH 8.0 to ca. 4500 s at pH 7.0 (Figure 5). The valueois
insensitive to variations in the degree of labeling: each
experiment was repeated at least in triplicate with different
batches of the labeled peptide, and in all cases consistent results
were obtained. Removal of the histidine tag did not affect
measurement of the dynamic properties (Supporting Informa-
tion), suggesting the pH-responsiveness is governed by the
electrostatic repulsion among the glutamic acid residues in the

| pH7.0 leucine zipper domain. Furthermore, the strand exchange time

1 is insensitive to concentration; experiments at 50, 100, and 200
. uM (pH 7.4) yielded similar values af,, suggesting that strand
exchange is a first-order process (most likely limited by
dissociation of leucine zipper aggregate§. The pH depen-
dence of the leucine zipper strand exchange time and that of
the melting temperatutelo not parallel each other; this suggests
that the leucine zipper domain undergoes strand exchange
without going through a denatured intermediate state.

(b) Link between AC10A Network Relaxation and A-Domain
Figure 4. Time course of the increase in fluorescence emission Exchange.Comparison of the relaxation behavior of A&
intensity following the mixing of labeled and unlabeled leucine zipper hydrogels and the strand exchange kinetics of the associative
ZO'U“IO”.S: @) cg_rtnparispg ,?Af native (i” }402 T.Mbphcisg_?rate bthfeHr)_ and |eycine zipper domain reveals a strong correlation (Figure 5).
188ar$’ﬂn§hgggh!t%n§£fer (13;;3\7)':”(:?”3 z.ip‘p(er) s%lutlioirse,nzé). M The longest stress. relaxation time. of M hydrogels and the
strand exchange time of the leucine zipper domain A are the
emission intensity following mixing revealed the characteristic same order of magnitude at each pH value and vary with pH in
time of leucine zipper strand exchange. parallel. From a fundamental perspective, this result provides
The time course of the fluorescence emission at pH 7.4 direct experimental evidence supporting the close relationship
involves two W|de|y Separated time scales (Figure 4a) A double- between network relaxation and the lifetime of associative
exponential fit reveals characteristic times of 1£7.2 s for groups in transient networks. From a material design point of
the fast phase and 9509 0.5 s for the slow phase. Control ~ View, this result suggests that macroscopic dynamic properties
experiments under denaturing conditions (8 M urea, pH 7.4) of these artificial protein hydrogels can be tuned by controlling
show that the rapid process is not regulated by the conformationleucine zipper strand exchange kinetics through selection of the
and association of the leucine zipper (Figure 4a); the transient@mino acid sequence.
response of the fluorescence signals under denaturing conditions At each pH value, the strand exchange time of the leucine
exhibits a single-exponential relaxation with a characteristic time zipper domain is 34 times greater than the stress relaxation
of 15.8+ 0.1 s (inset, Figure 4a). This time scale is consistent time of an AGoA hydrogel. This difference is consistent with
with the fast component of the relaxation under native condi- the strong tendency of AGA to form looped configurations
tions, which occurs on a time scale of 10 s under all the rather than bridges in the networkLooped chains lead to the
conditions examined. Under denaturing conditions, fluorescenceformation of “superbridges” (Figure 6a). The transient network
is most likely quenched through nonspecific interactiéasd theory developed by Annalflesuggests that superbridges
dequenched when the labeled species are diluted. (Fluoresceiraccelerate the stress relaxation time of a network because of
is itself hydrophobic and has some tendency to associate intheir increased probability of breaking; the ratigr, varies
aqueous media.) inversely with the average number of links in a superbridge. In
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Figure 6. (a) A superbridge. (b) Three possible states of tetrameric
leucine zipper aggregates designated by the number of loofise
functionalities fori = 0, 1, and 2 are 4, 2, and 0, respectively.
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Figure 7. Effect of NaCl concentration on dynamic modu#'( closed
symbols;G", open symbols) of A@A hydrogels at pH 8.0 (7% wl/v,
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an ACioA network, there are three possible states of tetrameric
leucine zipper aggregates (Figure 6b). Network junctions
correspond to aggregates having no loop=(0). Tetramers
participating in the network (possibly as links in a superbridge)
include both aggregates with no lodp= 0) and with one loop

Macromolecules, Vol. 40, No. 3, 2007

stabilized with increasing ionic strength, which leads to a longer
stress relaxation time.

Conclusions

Hydrogels that respond to environmental stimuli show
promise in controlled drug release, cell encapsulation, and tissue
engineering. Hydrogels formed from a genetically engineered
multidomain protein, AGA, were shown to exhibit a sharp
pH-dependent transition in viscoskydowever, it was not clear
whether this transition should be attributed to the network
structure and topology (storage modulsis) or to the dynamic
properties of the system (relaxation timg Having character-
ized both the network structuire'® and dynamic properties of
ACi0A gels, we find that the dynamic properties are primarily
responsible for the transition. The relaxation time varies strongly
with pH, while G'., changes only slightly? Furthermore,z;
correlates with the leucine zipper strand exchange tin&oth
characteristic times are similar in magnitude at each pH value,
and both vary strongly with pH. The discrepancy between
andze can be explained by effects of network topology that are
evident in G'».1” Finally, the correlation between and 7
suggests that the relaxation behavior of artificial protein
hydrogels can be engineered by genetic programming of the
amino acid sequence.
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(i =1). On the basis of the plateau storage modulus determinedpubs.acs.org.

by rheological measurements and a simple statistical anafysis,
we estimated the fraction of the aggregates in state®, 1,

and 2 in 7% AGoA gels to be ca. 0.2, 0.4, and 0.4, respectively.
According to Annable’s theory, this would give a valuergte

of ca. 1/3, which is remarkably close to the ratio of the stress
relaxation time to the leucine zipper strand exchange time
determined here.

pH- and Salt-Responsiveness of Dynamic Propertie@ne
of the unique advantages of artificial proteins as constituents

of responsive hydrogels is the potential to use sequence design

to precisely control the conditions at which transitions in

material properties occur. We observed that both the network )
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