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Stimuli-responsive materials, including polymers, biopoly-
mers, conjugates, and hydrogels, have emerged as an impor-
tant class of materials for both fundamental study and applied
research in many fields of science, including biology and
medicine.[1–5] At present these materials are prepared from a
limited number of synthetic polymers, biopolymers, and
biomimetic polymers. Protein engineering approaches to
biomaterials design offer powerful strategies to overcome
challenges and provide new opportunities in the design and
rapid development of responsive biomaterials.[2,6–8] Conse-
quently, there is a significant paradigm shift in the design
concept for new elastic biomaterials, from a synthesis-based
approach to the utilization of dynamic structural motifs
derived from extracellular matrix proteins. Responsive prop-
erties of the highly elastic protein elastin and elastin-mimetic
proteins (EMPs) that exhibit tunable lower critical solution
temperatures (LCST) have stimulated development of novel
protein-based biomaterials.[2,3, 7–11] The sol–gel transition of
gelatin that exhibits responsive upper critical solution tem-
perature (UCST) behavior has also been of significant
importance in the food and pharmaceutical industries.[12]

Green fluorescent protein (GFP) and genetically engineered
GFP mutants that demonstrate tunable photophysical prop-
erties have revolutionized cell culture, biological assay, and

targeted sensing.[13] Recently, dual-phase behavior (DPB, the
occurrence of both UCST and LCST) in proteins was
predicted by Li et al.[14] using molecular modeling. Herein
we report for the first time the unique dual phase transitions
and pH-responsive photophysical properties of the resilin
mimetic elastic protein rec1-resilin.

Resilin is a member of the family of natural elastic
proteins that include elastin, gluten, gliadin, abductin, and
spider silks, and it is found in specialized regions of many
arthropods (e.g., fleas, spittle bugs, cicadas, and dragonflies)
where there are highly repetitive movements. It is purported
to be one of the most resilient elastic materials known,[11,15]

but the molecular origin of this unique characteristic is not yet
understood nor has it been exploited. Recently, we reported
the synthesis of the resilin-mimetic polymer rec1-resilin from
the repeat sequences of the first exon of the Drosophila
melanogaster CG15920 gene[15] using recombinant DNA
technology and its film-forming characteristics.[16b] The com-
position of this polypeptide (Figure 1) is dominated by 18
copies of a 15-residue repeat sequence: GGRPSDSY-
GAPGGGN (Scheme S1 in the Supporting Information). It
contains a very high content of Gly (ca. 34.5 mol%) and Pro
(ca. 14 mol%) and lacks hydrophobic residues with long
aliphatic or aromatic side chains. The predicted structure of
the protein using the DSC (discrimination of secondary
structure class) routine[17] suggests that the secondary struc-
ture of rec1-resilin is devoid of a-helices and is dominated by
random-coil configurations (Figure 1). This result has also
been supported from experimental investigations using FTIR
spectroscopy.[16] Nonetheless, zeta potential measurement of
aqueous solutions of rec1-resilin confirms that the exper-
imental isoelectric point (PI, zeta potential, &= 0) is observed
at pH� 4.8 (Figure 2A) compared to the theoretical value of
pH 9.2 (assuming that all residues are uniformly exposed to
water). This discrepancy indicates complex organization of
rec1-resilin in solution, with negatively charged protein
surfaces exposed to water and positively charged residues
forming the core. The small-angle neutron scattering (SANS)
data of rec1-resilin in solution can be fitted to a core–shell
model, which also supports this hypothesis of complex
organization. (Figure S2 and Table S2 in the Supporting
Information).

Figure 2B demonstrates the self-assembly pathways and
occurrence of phase transitions in rec1-resilin (pH 7.4) as a
function of temperature. From the heating cycle, an abrupt
decrease in hydrodynamic diameter Dh is observed at
approximately 6 8C, which is indicative of UCST behavior.
The association and dissociation at the UCST is observed to
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be reversible without any hysteresis upon temperature cycling
(Figure S3.1 in the Supporting Information). Note that
dynamic light scattering (DLS) data are accurate between
0.6 nm and about 5 mm, and the data above 5 mm shown in
Figure 2B are only a qualitative indication of the magnitude
of change in size. This transition is also apparent visually
(Figure S3.2 in the Supporting Information) as the solution

changes from turbid to transpar-
ent. Between approximately 15
and 70 8C, the Dh value of rec1-
resilin in aqueous solution is about
11 nm (polydispersity index width
PDI< 0.1; see the Supporting
Information, S1.2.3) and remains
approximately constant, indicat-
ing the near-monodispersity and
stability of the molecular organ-
ization. A second transition
during the first heating cycle (Fig-
ure 2B) at approximately 70 8C is
characterized by a sharp increase
in Dh and polydispersity (PDI
� 0.21), which is indicative of
LCST behavior. This transition is
reversible, but in contrast to the
UCST, the kinetics of reversal is
slower (Figure S3.3 in the Sup-
porting Information). Whilst
LCST behavior has been observed
in many thermoresponsive syn-
thetic polymers[1, 5] and proteins
including EMPs,[2, 6] UCST behav-
ior is not common. UCST behav-
ior has been reported in complex

multisystem interpenetrating networks[18] of poly(acrylamide)
and poly(acrylic acid), polyzwitterions,[19] and in gelatin.[12]

The occurrence of DPB in a single macromolecule within the
accessible experimental temperature range has been pre-
dicted[14,20] but is rare. Whilst there are similarities in the
protein compositions of rec1-resilin and other elastic proteins
such as EMPs and gelatin, there are also significant funda-
mental structural differences. All three proteins are rich in
amino acid residues Gly and Pro and hence exhibit significant
chain flexibility. However, EMPs have very few polar side
chains and are hydrophobic in nature (Figure S4.1 in the
Supporting Information). They are considered to be elastic
owing to the presence of b-turn structures, and their LCST
behavior is related to hydrophobic interactions.[6] Gelatin
(Gly-Pro-Pro or Gly-Pro-Hyp) demonstrates gelation
(UCST) owing to intermolecular triple-helix formation
related to strong hydrogen bonding.[11] In rec1-resilin, high
concentrations of both polar and charged side chains exist; it
is hydrophilic (Figure S4.2 in the Supporting Information)
and predominantly random-coil in structure (Figure 1). DPB
of rec1-resilin results from its unique molecular composition
and architecture as well as its interaction with water
(Section S5 in the Supporting Information).

Cryo-TEM has been used to investigate the morphology
of rec1-resilin below the UCST and above the LCST, in order
to further elucidate the thermoresponsive behavior. The
Cryo-TEM image of vitrified rec1-resilin solution
(0.3 mgmL�1) at 20 8C shows only dispersed spherical par-
ticles of approximately 9.5 nm diameter with poor contrast
(Figure 3A), indicating a soluble state with random confor-
mation. The diameter of the spherical cores derived from
Cryo-TEM correlates well with the size of the particles

Figure 1. The primary structure and the DSC secondary structure cartoon of rec1-resilin. Single-letter
amino acid codes are used for the primary structure. Residue color code: hydrophobic red, hydrophilic
blue, neutral maroon. Background color code: negatively charged yellow, positively charged green,
neutral white. Secondary structure color code: a helices red, b strands blue, random coils beige.

Figure 2. Responsive behavior of rec1-resilin. A) Plot of zeta potential
as a function of pH value: blue triangles Fwd 1, red triangles Rev1,
blue triangles with crosses Fwd 2. B) Plot of hydrodynamic diameter Dh

(pH 7.4) as a function of temperature: heating blue, cooling red.
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derived from DLS experiments. However, when the same
solution was vitrified at 4 8C (Figure 3B), it demonstrated a
high-density network of well-dispersed interconnected spher-
ical particles of (5.4� 0.4) nm diameter with excellent con-
trast. Above the LCST in the rec1-resilin solution, the
formation of large discrete spherical aggregates with a size
range of approximately 100 to 130 nm is observed (Fig-
ure 3C). On increasing the solution concentration (ca.
10 mg mL�1) the formation of an interconnected gel particle
network at the UCST is clearly demonstrated (Figure 3D).
The tunability of the UCST of rec1-resilin by adjustment of
the pH value is also revealed from consecutive heating and
cooling profiles (Figure S5 in the Supporting Information).
The UCST behavior is dependent on the pH value because
the hydrogen-bonding capabilities of the different constituent
amino acid residues depend strongly on the pH value.
However, the LCST is observed not to be significantly
dependent on pH value, and the association at LCST can be
attributed to the kinetically controlled nonspecific aggrega-
tion (S5.2 in the Supporting Information).

In addition to the unique DPB, rec1-resilin also exhibits
distinctive photophysical properties arising from the presence
of twenty Tyr fluorophore residues in different local environ-
ments. Figure 4A shows both the optical density and fluores-
cence emission spectra of an aqueous solution of rec1-resilin
at pH 7.4. It absorbs with maximum intensity at 275 nm;
however, on excitation at 275 nm it emits at 304 and 602 nm,
with a minor peak at 548 nm. These observations may be
attributed to the presence of the Tyr fluorophore in two
distinctly different environments, Ser(n�1)-Tyr(n)-Gly(n+1)
and Thr(n�1)-Tyr(n)-Gly(n+1). The small Stokes shift for the
major emission peak (304 nm) suggests total and presumably
rigid encapsulation of the Tyr fluorophore of Ser(n�1)-
Tyr(n)-Gly(n+1) in its microenvironment (Section S6 in the
Supporting Information). The optical density spectrum
changes dramatically with the change in pH value from 8 to
12, with a distinct increase in the molar absorption coefficient

in the 250 nm region and red-shifting of the peak absorbance
from 275 to 293 nm (Figure S6 A in the Supporting Informa-
tion). This change is attributed to the ionization of the amino
acid residue Tyr. The degree of tyrosyl ionization aprot as a
function of pH value was calculated from UV/Vis absorption
spectra (Figure 4B).[21] Thus at pH� 9.5 (pH>pKa of Tyr),
Tyr is deprotonated and most of the Tyr residues remain in the
“tyrosinate” form, which transforms the optical density
spectrum. The quenching of the fluorescence emission spectra
with increasing pH value also follows the same trend. (Fig-
ure S6B in the Supporting Information). These pH-depen-
dent oxidation and reduction processes of the Tyr amino acid
residue are reversible.

In summary, to our knowledge this discovery reveals
GGRPSDSYGAPGGGN as the first UCST motif in biology
that also exhibits LCST and pH-responsive photophysical
properties. The unique chemical composition, molecular
flexibility, self-organization, and physical attributes enable
rec1-resilin to function as an intelligent biomaterial, such as a
separating agent or reporter molecule. The data presented
herein also reveal the opportunities and challenges for
development of other rec1-resilin mutants for novel bioma-
terials design—an exciting finding for protein engineering and
materials science.

Experimental Section
Preparation of rec1-resilin was performed using our published
protocols.[15] Self-assembly and phase transition were observed on a
Malvern Zetasizer NanoZS. Cryo TEM was performed on a
cryoelectron microscope (FEI, Tecnai G2 F30). SANS experiment
was performed using the SANS facility at ANSTO. Photophysical

Figure 3. Cryo-TEM micrographs of rec1-resilin for solutions of
A) 0.3 mgmL�1 at 20 8C, B) 0.3 mg mL�1 just below UCST (4 8C),
C) 0.3 mgmL�1 above LCST, and D) 10 mgmL�1 at 4 8C.

Figure 4. A) UV/Vis absorption (black) and emission (red) response of
rec1-resilin in solution. B) The degree of tyrosyl ionization (aprot) as a
function of pH value.
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properties were measured using a Cary UV/Vis Spectrophotometer
and a Cary Eclipse Fluorescence Spectrophotometer (Varian Inc.; see
S1 in the Supporting Information for details).

Received: December 15, 2010
Published online: April 6, 2011

.Keywords: biomimetic proteins · protein engineering ·
self-assembly · supramolecular chemistry

[1] a) S. Chaterji, I. K. Kwon, K. Park, Prog. Polym. Sci. 2007, 32,
1083 – 1122; b) A. S. Hoffman, P. S. Stayton, Prog. Polym. Sci.
2007, 32, 922 – 932.

[2] S. A. Maskarinec, D. A. Tirrell, Curr. Opin. Biotechnol. 2005, 16,
422 – 426.

[3] L. Shanshan, D. M. Dudek, Y. Cao, J. Gosline, H. Li, Nature
2010, 465, 69 – 73.

[4] C. Li, J. Madsen, S. P. Armes, A. L. Lewis, Angew. Chem. 2006,
118, 3590 – 3593; Angew. Chem. Int. Ed. 2006, 45, 3510 – 3513.

[5] R. Hoogenboom, Angew. Chem. 2009, 121, 8122 – 8138; Angew.
Chem. Int. Ed. 2009, 48, 7978 – 7994.

[6] M. B. Charati, J. L. Ifkovits, J. A. Burdick, J. G. Linhardt, K. L.
Kiick, Soft Matter 2009, 5, 3412 – 3416.

[7] H. Li, W. A. Linke, A. F. Oberhauser, M. Carrion-Vazquez, J. G.
Kerkvliet, H. Lu, P. E. Marszalek, J. M. Fernandez, Nature 2002,
418, 998 – 1002.

[8] D. G. Anderson, J. H. Li, W. A. Linke, A. F. Oberhauser, M.
Carrion-Vazquez, J. G. Kerkvliet, H. Lu, P. E. Marszalek, J. M.
Fernandez A. Burdick, R. Langer, Science 2004, 305, 1923 –
1924.

[9] a) D. W. Urry, T. Hugel, M. Seitz, H. E. Gaub, L. Sheiba, J. Dea,
J. Xu, T. Parker, Philos. Trans. R. Soc. London Ser. B 2002, 357,
169 – 184.

[10] J. M. Gosline, M. Lillie, E. Carrington, P. A. Guerette, C. S.
Ortlepp, K. N. Savage, Philos. Trans. R. Soc. London Ser. B 2002,
357, 121 – 132.

[11] P. R. Shewry, A. S. Tathan, A. J. Bailey in Elastomeric Proteins:
Structure, Biomechanical Properties, and Biological Roles, Royal
Society, London, 2002.

[12] A. Gupta, B. Mohanty, H. B. Bohidar, Biomacromolecules 2005,
6, 1623 – 1627.

[13] R. Y. Tsien, Angew. Chem. 2009, 121, 5721 – 5736; Angew. Chem.
Int. Ed. 2009, 48, 5612 – 5626.

[14] J. Li, R. Rajagopalan, J. Jiang, J. Chem. Phys. 2008, 128, 235104.
[15] C. M. Elvin, A. G. Carr, M. G. Huson, J. M. Maxwell, R. D.

Pearson, T. Vuocolo, N. E. Liyou, D. C. C. Wong, D. J. Merritt,
N. E. Dixon, Nature 2005, 437, 999 – 1002.

[16] a) N. K. Dutta, N. R. Choudhury, M. Y. Truong, M. Kim, C. M.
Elvin, A. J. Hill, Biomaterials 2009, 30, 4868 – 4876; b) N. K.
Dutta, N. R. Choudhury, M. Y. Truong, M. Kim, C. M. Elvin,
A. J. Hill, Biomaterials 2011, 32, 2786 – 2796.

[17] R. D. King, M. J. E. Sternberg, Protein Sci. 1996, 5, 2298 – 2310.
[18] F. Ilmain, T. Tanaka, E. Kokufuta, Nature 1991, 349, 400 – 401.
[19] S. Kudaibergenov, W. Jaeger, A. Laschewsky, Adv. Polym. Sci.

2006, 201, 157 – 224.
[20] S. L. Shenoy, P. C. Painter, M. M. Coleman, Polymer 1999, 40,

4853 – 4863.
[21] E. Pinho Melo, M. R. Aires-Barros, S. M. B. Costa, J. M. S.

Cabral, J. Biochem. Biophys. Methods 1997, 34, 45 – 59.

4431Angew. Chem. Int. Ed. 2011, 50, 4428 –4431 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/j.progpolymsci.2007.05.018
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.018
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.005
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.005
http://dx.doi.org/10.1016/j.copbio.2005.06.009
http://dx.doi.org/10.1016/j.copbio.2005.06.009
http://dx.doi.org/10.1002/ange.200600324
http://dx.doi.org/10.1002/ange.200600324
http://dx.doi.org/10.1002/anie.200600324
http://dx.doi.org/10.1002/ange.200901607
http://dx.doi.org/10.1002/anie.200901607
http://dx.doi.org/10.1002/anie.200901607
http://dx.doi.org/10.1039/b910980c
http://dx.doi.org/10.1038/nature00938
http://dx.doi.org/10.1038/nature00938
http://dx.doi.org/10.1126/science.1099987
http://dx.doi.org/10.1126/science.1099987
http://dx.doi.org/10.1098/rstb.2001.1023
http://dx.doi.org/10.1098/rstb.2001.1023
http://dx.doi.org/10.1098/rstb.2001.1022
http://dx.doi.org/10.1098/rstb.2001.1022
http://dx.doi.org/10.1021/bm0492430
http://dx.doi.org/10.1021/bm0492430
http://dx.doi.org/10.1002/ange.200901916
http://dx.doi.org/10.1002/anie.200901916
http://dx.doi.org/10.1002/anie.200901916
http://dx.doi.org/10.1063/1.2943204
http://dx.doi.org/10.1038/nature04085
http://dx.doi.org/10.1016/j.biomaterials.2009.06.019
http://dx.doi.org/10.1002/pro.5560051116
http://dx.doi.org/10.1038/349400a0
http://dx.doi.org/10.1007/12_078
http://dx.doi.org/10.1007/12_078
http://dx.doi.org/10.1016/S0032-3861(98)00699-5
http://dx.doi.org/10.1016/S0032-3861(98)00699-5
http://dx.doi.org/10.1016/S0165-022X(97)01202-5
http://www.angewandte.org

