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a b s t r a c t

Elastin-like polypeptides (ELPs) are biodegradable polymers with interesting physico-chemical proper-
ties for biomedical and biotechnological applications. We report herein the recombinant expression of
three hydrophobic ELPs (VPGIG)n with variable lengths (n ¼ 20, 40, 60) and sub-ambient transition
temperatures. These ELPs were purified from the cytoplasmic soluble fraction of Escherichia coli by in-
verse transition cycling, and their exact molecular weight was confirmed by various mass spectrometry
techniques. Transition temperatures of ELP20, ELP40, and ELP60 were measured at 18.6 �C, 12.4 �C and
11.7 �C, respectively.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Elastin-like polypeptides (ELPs) are peptide polymers derived
from the hydrophobic region of tropoelastin [1]. They consist of
multiple repeats of Val-Pro-Gly-Xaa-Gly pentapeptides, where the
guest residue (Xaa) can be any amino acid except proline. ELPs are
characterized by an inverse transition temperature (Tt) [2,3]. Below
Tt, the free polymer chains of ELP remain disordered, fully hydrated
and thus soluble in aqueous solution. Above Tt, the ELP chains fold

hydrophobically into more ordered structures and together
assemble to form insoluble aggregates. This phenomenon is fully
reversible. Tt is influenced by the nature of the guest residue Xaa
(e.g. polar, charged, hydrophobic) and chain length [4]. It also de-
pends on the polypeptide concentration as well as the nature and
concentration of salts. The majority of ELPs studied so far have been
produced by using recombinant techniques [5e9]. Indeed, bio-
production allows the precise control of the polypeptide sequence
and molecular weight at a level that cannot be achieved by tradi-
tional polymerization syntheses [10]. There is a wide range of ap-
plications for ELPs, from biomedical (e.g. cell culture, tissue
engineering and drug delivery) to biotechnological applications
(e.g. protein purification, nanobiotechnology, hydrogels, etc.)
[5,7,9,11e13]. Biomedical uses are appealing, so the majority of
thermo-responsive ELPs designed so far have a Tt in the 30e45 �C
range. However, ELPs with lower Tts in the 10e20 �C range would
be useful for specific purposes. For example, ELPs can be used for
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temperature-triggered depot formation in tumors [14]. The goal is
to deliver the therapeutic compound locally and in a sustained
manner. A recent study showed that tumor retention correlates
with a decrease in the ELP Tt [15].

ELPs with low Tt can be obtained by different approaches. The
first one is to synthesize ELPs of high molecular weight (MW) with
repetitions of a moderately hydrophobic repeated sequence such as
(VPGVG)n with n > 230 [16,17]. Such ELPs have a MW ~100 kDa and
their Tts are in the 20e25 �C range. However, it has been demon-
strated that heterologous proteins with MWs above 60 kDa are
often difficult to express in Escherichia coli, resulting in low yields
[18]. In addition, the highly repeated DNA sequence in the corre-
sponding genes poses a risk of gene rearrangement, and thus the
production of undesirable products [19].

A second strategy relies on the synthesis of ELPs with Tts > 30 �C,
and lowering their Tts below 20 �C by the addition of large quan-
tities of salts, up to 2 M of NaCl [20,21]. However, such a high salt
concentration is more than 10-fold higher than that in human
serum (~0.15 M), so this strategy is not suitable for biomedical
applications.

A third strategy is to produce short hydrophobic ELPs with low
Tt at physiological salt concentration. In the present work, we
focused on the design and production of short recombinant ELPs
(MW ranging between 9 and 26 kDa) exhibiting Tts in the 10e20 �C
range. We incorporated isoleucine (I) at the guest position of every
VPGXG repeat sequence because it has been demonstrated that a
chemically synthesized (VPGIG)180 polymer of 100 kDa has a Tt
value of 10 �C [22]. Three recombinant ELPs were thus designed to
contain from 20 to 60 (VPGIG) repeats, namely (VPGIG)20 (ELP20),
(VPGIG)40 (ELP40) and (VPGIG)60 (ELP60) with respective MW of
8.9, 17.4 and 25.9 kDa.

The question arose, however, whether the recombinant
expression of such hydrophobic ELPs with Tts < 20 �C would be
feasible in E. coli. Indeed, previous studies have shown that the
expression of hydrophobic ELPs leads to the formation of inclusion
bodies or aggregates, which complicates the downstream purifi-
cation process [23e26]. In addition, the majority of ELPs recombi-
nantly expressed have MWs higher than 20 kDa, while the
recombinant expression and purification of lower MW ELPs has
been reported to be challenging [27].To circumvent this difficulty,
we previously expressed ELP20, ELP40 and ELP60 in fusionwith the
maltose-binding protein (MBP), which is known to improve the
solubility of polypeptides to which it is fused. However, we could
not purify to homogeneity ELP40 and ELP60 [28]. We report here
the recombinant expression, the purification and the character-
ization of three hydrophobic ELPs with Tts < 20 �C in low salt buffer.

2. Materials and methods

2.1. Materials

Enzymes required for recombinant DNA, including restriction
endonucleases, T4 DNA polymerase, OneTaq® hot start DNA poly-
merase, Phusion® Hot Start II DNA polymerase, Antarctic phos-
phatase and Quick ligation™ kit (T4 DNA ligase), were obtained
from New England Biolabs (NEB, Ipswich, MA), except for In-
Fusion®HD kit which was obtained from Clontech (Mountain View,
CA). The pMal-c5e plasmid and the E. coli strain NEB5a-F’Iq were
purchased from NEB. The pET-44a(þ) plasmid and the E. coli strain
BLR(DE3) were obtained from Novagen Inc (Madison, WI). The
E. coli strain Stbl3™ (Invitrogen, Carlsbad, CA) was used for cloning
repetitive DNA constructs. Synthesis of the initial VPGIG gene was
achieved by Eurofin MWG Operon (Ebersberg, Germany). All
custom oligonucleotides were synthesized by Eurogentec (Seraing,
Belgium). Sequencing of the different constructs was performed by

Millegen (Labege, France). All solvents used for mass spectrometry
analysis were HLPC grade and matrix sinapinic acid was purchased
from SigmaeAldrich (Saint-Quentin Fallavier, France).

2.2. Construction of expression vector for ELP genes

A synthetic gene corresponding to the MW(VPGIG)20C
sequence (sequence A, Fig. 1) provided in pCR2.1 plasmid was
extracted from the said plasmid by a double digestion with EcoRI
and HindIII, and was ligated with the Quick ligation™ kit into
similarly digested and dephosphorylated pUC19. After trans-
formation into NEB 5a-F’Iq E. coli competent cells, pUC19-A was
selected by colony PCRwith OneTaq® hot start DNA polymerase and
verified by DNA sequencing. According to our strategy, the
sequence GTTCGCA had to be deleted from pUC19-A to obtain the
correct reading frame for the synthesis of ELP20, and to allow
subsequent recursive directional ligations (Fig. 1). Deletion was
performed by PCR. A linear deleted fragment with 17 bp over-
lapping extremities was obtained from the plasmid pUC19-A as
template by using the following two oligonucleotides: H141
(50GGCATTGGTTGCTAATCATCGCTGGATCCAA30) and H142
(50GATTAGCAACCAATGCCAGGAACGCCGATG30). Phusion Hot Start
II DNA polymerase was used with the GC 5X buffer according to the
manufacturer's instructions. The PCR product was then digested by
the DpnI enzyme to eliminate the dam methylated parental
plasmid. The amplified fragment was circularized by using the In-
Fusion® HD kit, and was used to transform NEB 5a-F’Iq E. coli
competent cells. Positive colonies were identified by PCR with
OneTaq® hot start DNA polymerase. The sequence of the resultant
pUC19-ELP20 plasmid was confirmed by DNA sequencing. The
sequence contained in pUC19-ELP20 is termed sequence B.

Sequences coding for ELP40 and ELP60 were obtained by
modifying the recursive directional ligation [29]. Sequence A
cloned in pUC19-A was double-digested with the enzymes BtgZ1
and BsmF1 to generate sequence C (monomer insert), which cor-
responds to the DNA sequence of MW(VPGIG)20C minus the
MeteTrp N-terminal codons and the Cys C-terminal codon. The
recipient plasmid pUC19-ELP20 containing sequence B was diges-
ted by BsmFI, dephosphorylated by Antarctic phosphatase and
ligated to sequence C with the Quick ligation™ kit. Stbl3™-
competent cells were transformed with the ligation product. This
strain was used because it reduces the recombination of cloned
DNA containing repeated sequences, such as ELP's. Positive colonies
were identified by colony PCR with OneTaq® hot start DNA poly-
merase and the resultant pUC19-ELP40 plasmid was checked by
DNA sequencing. To obtain the ELP60 sequence, the same strategy
was used with pUC19-ELP40 as recipient plasmid and the previ-
ously obtained sequence C as monomer insert.

Cloning in the expression vector was as follows: ELP sequences
were extracted from pUC19-ELP20, pUC19-ELP40 by a double
digestion NdeI and BamHI, and ligated independently with the
Quick ligation™ kit into similarly digested and dephosphorylated
pET-44a(þ) plasmid. The different ligation products was then used
to transform NEB5a-F’Iq (ELP20 containing plasmids) or Stbl3™
(ELP40 and ELP60 containing plasmids) E. coli competent cells.
Positive clones were identified by PCR screening. The resultant
plasmids pET-ELP20, pET-ELP40, and pET-ELP60 were confirmed by
restriction mapping and the DNA sequences of ELP genes were also
checked by DNA sequencing. The plasmids were purified and used
to transform BLR(DE3)-competent cells for production.

2.3. Bioproduction of recombinant ELPs

Preliminary experiments performed in 250mL shake flasks with
ELP20-producing clones showed that glucose was a better carbon
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