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Synthetic block copolymers comprising two or more
compositionally distinct chains have attracted signifi-
cant attention due to their ability to self-assemble
into ordered microstructures.[1] Although tremendous
progress has been made in the chemical synthesis of
polymers, the unsurpassed degree of control and
diversity of monomers[2] combined with advances in
recombinant DNA technology permits the synthesis
of unique artificial protein-derived block polymers.
These include silk–elastin,[3] elastin–elastin hybrids of
varying elastin blocks,[4] and helix–random coil–helix
triblock combinations.[5] These polymers consist of
nearly similar self-assembling chains, as in the case of
silk–elastin and elastin–elastin hybrids, or one self-as-
sembling motif fused to a disordered random motif.
Herein, we describe three block copolymers compris-
ing two distinct self-assembling chains—elastin (E)
and cartilage oligomeric matrix protein coiled-coil
(COMPcc; C)—fused in two orientations (EC and CE)
and a final construct in which an additional E block is
appended (ECE; Figure 1 A–C). Remarkably, the poly-
mer structures as well as temperature and small-molecule-
dependent assembly rely on the block orientation and the
number of blocks.

Elastins consist of pentapeptide (VPGXG)n repeating units,
where X is an interchangeable amino acid, that self-assemble
into helical b-spirals.[6, 7] Elastins exhibit a lower critical solution
temperature (Tt) behaviour that can be tuned by varying the
identity of X and the number of repeats (n).[8] By contrast,
COMPcc self-assembles into a homopentamer of parallel a-hel-
ical coiled-coils to produce a hydrophobic pore that is 7.3 nm
long with a diameter of 0.2–0.6 nm.[9] Individually, the E and C
domains exhibit unique modes of self-assembly and conforma-

tion; E undergoes phase separation[8] while C can bind small
molecules.[9] Each polymer consists of compositionally identical
E and C motifs into which a short A2(TA)n spacer is incorporat-
ed at the juncture between the domains to ensure that each
block is able to self-assemble as required (Figure 1 A–C). A criti-
cal feature of smart biomaterials is the ability of the polymers
to self-assemble as a function of environmental cues such as
pH and ionic strength.[4–8] Previous studies have shown that
elastin and coiled-coil domains can be influenced by pH and
salt conditions.[5–8, 10, 11] The synthetic versatility of these block
polymer constructs permits the exploration of how the orienta-
tion and the number of blocks influence their physicochemical
properties.

All block polymers have been overexpressed, purified and
characterised.[12] The molar masses of EC, CE and ECE are
22 731, 22 911 and 35 188 Da, respectively.[12] Although SDS-
PAGE analysis of the purified polymers reveals a slightly higher
molecular weight for EC, CE and ECE, due to the E portion of
the block polymers (Figure 1 D), the exact masses were con-
firmed by MALDI.[12] To determine the conformations of the
block polymers, far-UV circular dichroism (CD) measurements
were conducted. The homopolymer C adopted a helical struc-
ture that exhibited a transition to random configuration as the
temperature was raised. In contrast, E adopted an initial b-turn
that loses its structure at higher temperatures.[12] Although
nearly identical in composition, the EC and CE diblocks differed
in secondary structure and exhibited distinct temperature-de-
pendent conformational changes (Figure 2 A, B). In the case of

Figure 1. Amino acid sequences and structures of A) EC, B) CE and C) ECE. D) SDS-PAGE
identifying protein fusions. E) Vitamin D3.
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EC, a random-like structure was observed at low temperatures,
which then transformed to a predominantly helical and b-con-
formation at higher temperatures, with a calculated melting
temperature (Tm) of 33 8C (Figure 2 A).[12] The CE diblock re-
vealed an overall random and b-structure at low temperatures
that exhibited a transition to a red-shifted single minimum, in-
dicative of a predominantly b-conformation with a Tm of 44 8C
(Figure 2 B).[12] The ECE triblock showed a similar random-like
conformation to the EC diblock at low temperatures. Upon an
increase in temperature, ECE demonstrated a transition into a
helix and finally to a b-conformation with a Tm of 47 8C (Fig-
ure 2 C).[12] The presence of the additional E domain not only
increased the melting temperature, but also facilitated the for-
mation of a b-conformation at high temperatures. Essentially,
the overall polymer conformation is strongly influenced by the
N-terminal fusion and the number of blocks.

Notably COMPcc can bind vitamin D3 (vD; Figure 1 E) in the
hydrophobic pore of the pentameric coiled-coil. In fact, the
crystal structure demonstrates the binding of two vD mole-
cules in the pore.[9] Moreover, CD analysis reveals that, for C in
the presence of vD, a 6 8C increase in Tm is observed, while E
with vD shows a 10 8C decrease in Tm.[12] The EC diblock incu-
bated with vD shows a less random conformation at low tem-
peratures with a [q]222/[q]208 of 0.83 relative to the unbound
polymer of 0.79. An increase in Tm of 6.9 8C is observed for EC
in the presence of vD; this indicates that the small molecule is
binding to the polymer (Figure 2 A). The CE diblock incubated
with vD demonstrates a slightly less random with a [q]222/[q]208

of 1.0, up from 0.96 when unbound; SELCON analysis reveals a
b-structure upon an increase in temperature.[12] The polymer
exhibits a modest enhancement in Tm by 1.3 8C in the presence
of vD (Figure 2 B).

Like the EC diblock, the ECE triblock with vD reveals a less-
random conformation with a [q]222/[q]208 of 0.72 relative to the
unincubated polymer of 0.68.[12] The addition of vD to ECE re-
sults in a loss of the isosbestic point and a final structure at
the highest temperature that is predominantly a b-conforma-
tion with a single minimum at 222 nm. This shift in conforma-

tion is shown by a large decrease in Tm of 10.7 8C (Figure 2 C),
in contrast to the two diblocks.[12] In this case, the vD acceler-
ates the conformational change from random to coil to b-
structure and does so in a more cooperative fashion, as dem-
onstrated by the highly sigmoidal curve, similar to that of the
E homopolymer in the presence of vD.[12] For all three poly-
mers, vD influences their microstructures as well as the overall
conformation and melting points are altered, with an accelera-
tion of b-conformation formation at elevated temperatures.

In addition to structural information, we have investigated
the self-assembly of these block copolymers by dynamic light
scattering (DLS, probing sizes of hundreds of nm or less,
Figure 3) and small-angle light scattering (SALS, for sizes larger

than hundreds of nm).[12, 15] The C domains are known to form
pentamers,[9] while the E assemble into b-spiral aggre-
gates.[13, 14] EC shows two DLS modes below Tt~25 8C and one
mode above Tt. At lower temperatures, the two modes corre-
spond to the unaggregated monomers (hydrodynamic radius,
Rh~4 nm) and aggregates with an average Rh decreasing from
85 to 60 nm with temperature. At higher temperatures, there
is only one mode, which represents aggregates with Rh increas-
ing with temperature (Figure 3 A). At even higher tempera-
tures, the aggregates are too big to be determined by DLS.
However, the SALS shows[12] that a characteristic length of

Figure 2. CD wavelength scans of A) EC, B) CE and C) ECE as a function of temperature. Insets represent the melting curves in the absence (solid line) and
presence (broken line) of vD.

Figure 3. Hydrodynamic radius of A) EC, B) CE and C) ECE as a function of
temperature derived from DLS.
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~21 mm is spontaneously selected and that the scattered in-
tensity increases with time; this suggests spinodal decomposi-
tion.[15] The DLS behaviour of CE is qualitatively different from
that of EC. There are more than two DLS modes,[12] although
the sizes of aggregates corresponding to the first two modes
are comparable (Figure 3 B) to those of EC. The additional
modes in DLS indicate that the aggregates are polydisperse
with sizes larger than those measurable by DLS and increasing
with time. This is further supported by SALS, where scattered
intensity grows with time.[12] The ECE triblock exhibits a bimo-
dal behaviour below Tt~25 8C, and only one aggregated struc-
ture above Tt (Figure 3 C). The Rh of the aggregate (slow mode)
decreases as Tt is approached. The Rh of the fast mode remains
at ~20 nm below Tt. Above Tt, there is only one mode with an
Rh of 125 nm. Unlike for the two diblocks, SALS experiments
do not show any micron-scale features at temperatures above
Tt. Thus, the overall macroscopic assembly of the polymer is
dependent on the block orientation and number.

One of the central challenges in materials science is the abil-
ity to tailor functional “smart materials” that are capable of
sensing and responding to specific environmental condi-
tions.[16] These three protein block polymers have at least two
distinct domains in which self-assembly can be triggered by
temperature and small molecules. Although two of the poly-
mers are compositionally similar, their physicochemical behav-
iour differs dramatically, thus suggesting that the orientation
of the blocks plays a significant role—in stark contrast to syn-
thetic block polymers. Moreover, the number of blocks contrib-
utes to the mode of assembly on both the micro- and macro-
scopic scale. The results provide insight into the design of
smart protein polymers capable of self-assembly and storage
of small molecules. Studies into the length dependence of
the domains for assembly and storage of small molecules are
underway.

Experimental Section

Detailed experimental protocols can be found in the Supporting
Information.

Acknowledgements

This work was supported by the AFOSR (FA-9550-07-1-0060 to
J.K.M. and FA9550-07-1-0347 to M.M.), in part by the NSF MRSEC
Program under Awards Number DMR-0820341 and DMR-
0706454 (M.M.), the Society of Plastic Engineers (J.S.H.) and GK-
12 Fellows grant DGE-0741714 (J.S.H. , C.Y. , P.J.B.).

Keywords: alpha-helices · biomaterials · elastin · protein
structures · self-assembly

[1] Developments in Block Copolymer Science and Technology (Ed. : I. W.
Hamley), Wiley, Chichester, 2004, pp. 1–367.

[2] J. C. van Hest, D. A. Tirrell, Chem. Commun. 2001, 1897–1904.
[3] a) A. Nagarsekar, J. Crissman, M. Crissman, F. Ferrari, J. Cappello, H.

Ghandehari, J. Biomed. Mater. Res. 2002, 62, 195–203; b) Z. Megeed, M.
Haider, D. Li, B. W. O’Malley, J. Cappello, H. Ghandehari, J. Controlled Re-
lease 2004, 94, 433–445.

[4] a) K. Nagapudi, W. T. Brinkman, B. S. Thomas, J. O. Park, M. Srinivasarao,
E. Wright, V. P. Conticello, E. L. Chaikof, Biomaterials 2005, 26, 4695–
4706; b) M. R. Dreher, A. J. Simnick, K. Fischer, R. J. Smith, A. Patel, M.
Schmidt, A. Chilkoti, J. Am. Chem. Soc. 2008, 130, 687–694.

[5] a) W. A. Petka, J. L. Harden, K. P. McGrath, D. Wirtz, D. A. Tirrell, Science
1998, 281, 389–392; b) W. Shen, K. Zhang, J. A. Kornfield, D. A. Tirrell,
Nat. Mater. 2006, 5, 153–158.

[6] 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.

[7] “Polymer Biocatalysis and Biomaterials II”, P. J. Baker, J. S. Haghpanah,
J. K. Montclare, ACS Symp. Ser. 2008, 999, 37–51.

[8] D. W. Urry, T. L. Trapane, K. U. Prasad, Biopolymers 1985, 24, 2345–2356.
[9] a) Y. Guo, R. A. Kammerer, J. Engel, Biophys. Chem. 2000, 85, 179–186;

b) Y. Guo, D. Bozic, V. N. Malashkevich, R. A. Kammerer, T. Schulthess, J.
Engel, EMBO J. 1998, 17, 5265–5272; c) S. K. Gunasekar, M. Asnani, C.
Limbad, J. S. Haghpanah, W. Hom, H Barra, S. Nanda, M. Lu, J. K. Mont-
clare, Biochemistry 2009, 48, 8559–8567.

[10] N. Nath, A. Chilkoti, Adv. Mater. 2002, 14, 1243–1247.
[11] D. T. McPherson, J. Xu, D. W. Urry, Protein Expression Purif. 1996, 7, 51–

57.
[12] See the Supporting Information.
[13] C. M. Venkatachalam, D. W. Urry, Macromolecules 1981, 14, 1225–1229.
[14] a) K. Gast, G. Damaschun, R. Misselwitz, D. Zirwer, Eur. Biophys. J. 1992,

21, 357–362; b) J. L. Osborne, R. Farmer, K. A. Woodhouse, Acta Biomat-
er. 2008, 4, 49–57.

[15] S. Kanai, M. Muthukumar, J. Chem. Phys. 2007, 127, 244908.
[16] a) S. K. Gunasekar, J. S. Haghpanah, J. K. Montclare, Polym. Adv. Technol.

2008, 19, 454–468; b) R. Langer, D. A. Tirrell, Nature 2004, 428, 487–492.

Received: August 27, 2009
Published online on October 5, 2009

ChemBioChem 2009, 10, 2733 – 2735 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 2735

http://dx.doi.org/10.1039/b105185g
http://dx.doi.org/10.1002/jbm.10272
http://dx.doi.org/10.1016/j.jconrel.2003.10.027
http://dx.doi.org/10.1016/j.jconrel.2003.10.027
http://dx.doi.org/10.1016/j.biomaterials.2004.11.027
http://dx.doi.org/10.1016/j.biomaterials.2004.11.027
http://dx.doi.org/10.1021/ja0764862
http://dx.doi.org/10.1126/science.281.5375.389
http://dx.doi.org/10.1126/science.281.5375.389
http://dx.doi.org/10.1038/nmat1573
http://dx.doi.org/10.1098/rstb.2001.1023
http://dx.doi.org/10.1002/bip.360241212
http://dx.doi.org/10.1016/S0301-4622(00)00119-8
http://dx.doi.org/10.1093/emboj/17.18.5265
http://dx.doi.org/10.1021/bi900534r
http://dx.doi.org/10.1002/1521-4095(20020903)14:17%3C1243::AID-ADMA1243%3E3.0.CO;2-M
http://dx.doi.org/10.1006/prep.1996.0008
http://dx.doi.org/10.1006/prep.1996.0008
http://dx.doi.org/10.1021/ma50006a017
http://dx.doi.org/10.1016/j.actbio.2007.07.007
http://dx.doi.org/10.1016/j.actbio.2007.07.007
http://dx.doi.org/10.1063/1.2806299
http://dx.doi.org/10.1002/pat.1136
http://dx.doi.org/10.1002/pat.1136
http://dx.doi.org/10.1038/nature02388
www.chembiochem.org

