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Abstract
Fibrous proteins are natural polymers with repetitive units that form higher order
structures upon supramolecular interactions. These polymers are most frequently built
from structural building blocks owing to the unique mechanical properties that stem
from the hierarchical alignment of the smaller units. The facile production of tunable
recombinant fibrous proteins as alternatives to their natural protein counterparts and
their manipulation for different applications will promote the progress of biomedical
research. Collagen is the most abundant fibrous protein in all metazoan life and it is
found in a variety of tissues in the body, maintaining the structural integrity while
interacting with cells and extracellular molecules. This thesis will focus on collagen
and its interactions with cell receptors, as well as collagen diseases. The study of the
biological consequences of mutations within the integrin binding region of collagen
using the bacterial collagen system

increases our understanding of collagen

interactions. This thesis improves our molecular understanding of the effects such Gly
missense mutations have on integrin binding. The results may have relevance for
clarifying the molecular basis of to the subset of OI Gly missense mutations that are
within or nearby the integrin binding sequence. This application of the bacterial
collagen system illustrates the influence of substitutions and exposes novel outcomes
for the interplay between collagen mutations and interactions.
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Chapter I
Objectives and Overview

1.1.Goals
The objective of this research is to elucidate the effects of collagen mutations on
binding to the integrin cell receptor. The effect of Gly to Ser substitutions within the
collagen Gly-Xaa-Yaa repeat on integrin α2β1 binding affinity will be determined. In
addition to Ser substitutions, Ala, Asp, and Val are also investigated. together with the
effect of replacing Gly by different residues.

The integrin α2β1 binding sequence GFOGER is chosen because 1) GFOGER
sequence was identified as the strongest integrin binding region and 2) all the key
interactions are known from the co-crystal structure of collagenous peptide bound to
the integrin I domain. In addition, examination of the Osteogenesis Imperfecta (OI)
mutation database revealed that there is a non-lethal Gly missense mutation in the
second triplet of GFOGER and no known mutations at the 4 triplets N terminal to
theGFOGER . The absence of mutations (silent zone) is hypothesized to occur due to
an embryonic lethality.

The system employed to study collagen-integrin interactions is based on recombinant
bacterial collagen derived from S.pyogenes. This system has been previously used to
isolate the effect of specific mammalian collagen sequences and to examine key
interactions. Bacterial collagen provides a flexible and high-yield platform to study
structural and functional effects of mutations on collagen. In this study, the system is
used to investigate the impact of mutations on collagen interactions.

1.2.Overview of Thesis
The motivation for this thesis is the production and characterization of recombinant
fibrous proteins, which can be exploited for a range of biomedical applications.
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Fibrous proteins are natural polymers with repetitive units that form higher order
structures upon supramolecular interactions. These polymers are most frequently built
from structural building blocks owing to the unique mechanical properties that stem
from the hierarchical alignment of the smaller units. The facile production of tunable
recombinant fibrous proteins as alternatives to their natural protein counterparts and
their manipulation for different applications will promote the progress of biomedical
research.

My early research focused on the fibrous protein silk, and its application as a gene
delivery vehicle.This published study is presented in Appendix A. I also wrote a
published review on recombinant fibrous protein production and its challenges, which
is presented in Appendix B. My current research has focused on collagen, using the
recombinant bacterial collagen system. An initial project attempted to introduce
proline hydroxylation in this system, but this project gave inconclusive results not
sufficient for a publication (Appendix C). The centerpiece of my thesis consists of
research using recombinant bacterial collagen to study the effect of mutations on
collagen binding to integrin by mapping the Gly to Ser mutations in Chapter III and
observing the effects of different residue replacements in Chapter IV.

Chapter II provides the background of characteristics of collagen structure, collagen
related diseases and collagen ligand interactions. The bacterial collagen system is
introduced.

Chapter III investigates the effects of Glycine to Serine replacements on the integrin
binding affinity. Structural changes of the proteins and functional differences are
explored. Findings are discussed for their relevance to known OI cases.
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Chapter IV investigates Gly substitutions with different OI causing residues and their
integrin binding affinity. Experiments are still on-going for this study.

Chapter V summarizes and discusses the recombinant collagen studies on the OI
mutations with respect to the integrin binding site. Future directions are given for the
continued efforts in investigation of the effects of OI mutations.

Appendix A provides a background on gene delivery and recombinant spider silk
protein. It introduces the recombinant spider silk fibrous protein as a gene delivery
agent.

Appendix B summarizes the recombinant fibrous protein production with a published
work that explains the challenges and requirements for cloning, expression and
purification of recombinant proteins. This overview also compares the special cloning
techniques, expression methods and purification strategies.

Appendix C presents the early work I have done on the bacterial collagen system
which did not result in a complete project to be published. It documents my attempts
to introduce hydroxyproline in the recombinant bacterial collagen.

4

Chapter II
Introduction

5

2.1.

Fibrous Proteins

Fibrous proteins typically contain basic structural units that self-assemble into higher
order structures, which provide the required mechanical properties to tissues. The
structural and mechanical properties arise from non-covalent interactions (π-π
interactions, hydrogen bonding, etc.) as well as further covalent modifications, such
as disulfide crosslinking, lysine derived crosslinking, and dityrosine coupling. Fibrous
proteins that are commonly found in nature include collagen, silk, elastin and keratin.
In nature, collagen is the building block of bones; silk forms the spider web and
cocoons; elastin gives the skin elasticity; and keratin is found in nails and hair.
Collagen is the most abundant fibrous protein in all metazoan life and it is found in a
variety of tissues in the body, maintaining the structural integrity while interacting
with cells and extracellular molecules. This thesis will focus on collagen and its
interactions with cell receptors, as well as collagen diseases.

2.2.

Collagen as a hierarchical protein

Collagen is the major structural protein found in extracellular matrix (ECM). The
molecular structure of collagen is the triple helix that consists of 3 polyproline-II like
helices super-coiled in a right-handed fashion with a one-residue stagger
(Ramachandran and Kartha, 1955; Rich and Crick, 1955)(Figure II-1). In order to
achieve a correctly folded triple helix, every third residue in the amino acid sequence
is required to be Glycine (Gly, G). The repeating sequence (Gly-Xaa-Yaa)n allows
tight packing of the triple helix, by burying Gly residues inside the helix while Xaa
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and Yaa residues are on the outside of the helix, exposed to solvent (Brodsky and
Persikov, 2005; Shoulders and Raines, 2009).

Figure II- 1. A. Collagen triple helix consists of supercoiled 3 polyproline-II like
chains. B. Gly residues are buried inside the triple helix and Xaa and Yaa residues are
exposed to solvent.

There are more than 28 different genetic types of collagens that differ in amino acid
sequence and hierarchical structure. Through supramolecular alignment of the triple
helices and subsequent covalent bonding, different types of high ordered structures
are formed; fibrils, sheet-like networks and anchoring types (Ricard-Blum, 2011).
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Table II- 1. Collagen types and the distributions in the body. Taken from (RicardBlum, 2011)

Table II-1 summarizes the distribution of different types of collagens within the
human body. Fibrillar types are the most common collagens, found in skin, tendons,
ligaments, cornea, and blood vessels as well as bone and cartilage. Type I collagen is
the most abundant fibrillar collagen, and is the major collagen in bone as well as
tendon, cornea and skin. Fibrillar collagens have a unique hierarchical structure,
termed D periodic fibrils. In these fibrils the triple helices are staggered with respect
to each other resulting in 67 nm axial repeats.
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2.3.

Collagen biosynthesis

In order to understand the hierarchical structure of collagen, knowledge of
biosynthesis of collagen from the nanoscale to the macroscale is necessary. Formation
of the triple helix takes places inside the cell. Monomer chains are expressed in the
endoplasmic reticulum (ER) and post-translational modifications (prolyl and lysyl
hydroxylation and O-linked glycosylation) take place before assembly into the triple
helix from the three monomer chains (Myllyharju, 2005).

Prolyl hydroxylation is an important factor affecting the stability of the triple helix
and it takes place in ER via prolyl-4 hydroxylase (P4H), α2β2 tetramer with two
distinct chains. Prolines in the Yaa position of the Gly-Xaa-Yaa repeating sequence
are hydroxylated by P4H. The most common triplet is Gly-Pro-Hyp constituting 10%
of all collagen triplets in type I collagen (Ramshaw et al., 1998). The studies on type
I collagen with and without the Hyp in the Yaa position of the Gly-Xaa-Yaa repeat
showed that Hyp increases the overall melting temperature of the triple helix by more
than 15 °C (Shoulders and Raines, 2009). The increased stability is due to the
stereoelectronic effect of the hydroxyl group (Shoulders and Raines, 2009).

After the post-translational modifications, triple helix formation takes place. Globular
C propeptides with intermolecular disulfide crosslinks are responsible for
trimerization and chain selection, forming heterotrimers such as Type I collagen
which consist of two α1 and one α2 chain (McAlinden et al., 2003). C-propeptides
align the monomer chains and nucleation starts with sequence rich in hydroxyproline
in Yaa position. Folding process propagates from C terminal to the N terminal
direction. Folding of the procollagen is very slow due to the cis-trans isomerization of
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imino acids, which is the rate-limiting step in folding. There are numerous chaperones
involved in folding of the triple helix such as prolyl disulfide isomerase (PDI)
(Bottomley et al., 2001), peptidyl proline cis-trans isomerase and Hsp47 (Koide and
Nagata, 2005). After secretion of procollagen, C and N propeptides are digested by
specific peptidases. Peptidases chop off the propeptide ends leaving the triple helical
domains and telopeptides at the terminals that are critical for fibril formation
(Hopkins et al., 2007; Porter et al., 2005).

Figure II- 2. Schematic diagram for collagen biosynthesis (Taken from (Sricholpech
and Yamauchi, 2012)).

After formation of a stable triple helical collagen, the molecules are secreted out of
the cell and form of fibrils. Each triple helix is 300 nm in length and 1.5 nm in
diameter flanked by short telopeptides. The self-assembly of triple helices into fibrils
is an entropy driven process by the loss of water molecules from the surface thereby
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decreasing the area/volume ratio of the structure. Type I collagen self-assemble into
D-periodic (D = 67 nm, axial periodicity) fibrils and may also consist of other types
of fibrous collagens such as type III (found in the walls of arteries) and type V
collagen (found in multiple locations along with type I fibrils) (Kadler et al., 1996)
depending on the location it is found. Supramolecularly assembled triple helical
chains are covalently crosslinked for increased stability. The most common crosslinking enzyme family is the lysyl oxidase family (LOX) that forms aldehydes from
Lys and hydroxylysines (Hyl), and these aldehydes spontaneously react with Lys and
Hyl on adjacent molecules within the fibril to form crosslinks (Molnar et al., 2003).

Molecular mechanisms of self-assembly process are still largely unknown. Therefore
cell free systems exploring the self-assembly of type I collagens are useful by the
studies in vitro (Kadler et al., 1996). Cleavage of procollagens (1 nM at 37 °C) by N
and C proteinases (i.e. ADAMTS’s and BMP-1, respectively) generates collagen
triple helices in vitro with similar fibril forming processes resembling in vivo fibril
features (Greenspan, 2005; Kadler et al., 1987). However, some of the binding
partners of collagen fibrils are known to be essential for the fibril formation and
create a diversity of fibril patterns. Collagen types V and XI are believed to nucleate
collagen fibrils (Fernandes et al., 2007; Wenstrup et al., 2004), whereas, fibronectin
and integrin are thought to aid in the correct assembly (Dzamba et al., 1993; Li et al.,
2003) by localizing the fibril formation to the plasma membrane. The absence of
these interactions in vitro does not prevent the correct fibril assembly due to the
homogeneity of the environment. In vivo, correct assembly of fibrils by the correct
binding partners is essential (Kadler et al., 2008).
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Collagen fibrils participate in cell-matrix interactions via numerous ligand-binding
regions and contribute to cell growth, differentiation, and migration. Some of the
collagen receptors are integrins, discoidin domain receptors (DDR’s), glycoprotein VI
(GPVI) and leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) (An et al.,
2015; Leitinger and Hohenester, 2007). Disruption of one or more of the
aforementioned steps in collagen biosynthesis and interactions can result in disease.
Mutations in fibrillar collagens can affect the cellular and extracellular events by
inducing endoplasmic reticulum stress and unfolded protein response, impairing
molecular assembly, decreasing the amount of collagen secretion and impairing
collagen ligand binding interactions (Forlino et al., 2011).
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Figure II- 3. Schematic diagram of the steps at which misfolding could occur for OI
collagens with a Gly→X substitution (Modified from (Baum and Brodsky, 1999)).
2.4.

Hereditary collagen diseases and Osteogenesis Imperfecta

Hereditary collagen disorders are caused by genetic alterations in different collagen
genes as well as in the genes coding for the proteins in the collagen biosynthesis
pathway. Inherited disorders can be recessive, where both copies of alleles from the
parents have to be defective in order to result in disease. Dominant inheritance is the
form in which only one inherited defective allele is enough to result in disease. There
are also a percentage of cases where a new spontaneous dominant mutation occurs
without inheritance from a parent. Heritable collagen diseases can affect bone
formation and growth, muscle and skin integrity, eye tissues, and heart problems
associated with blood vessels. Some heritable collagen diseases are Osteogenesis
Imperfecta (OI), Ehlers-Danlos Syndrome (types I, II and IV), and Alport Syndrome.
OI has been extensively characterized and will be discussed in detail.

Osteogenesis Imperfecta (OI) is characterized by fragile bones and is also known as
‘brittle bone’ disease. It is categorized into 2 types depending on the inheritance path;
dominant and recessive forms. Dominant forms are the most frequent cases (90%) and
are caused by the mutations in one of the two genes coding for type I collagen chains
(COL1A1 and COL1A2). Recessive forms (OI- VII, OI-VIII) are rare and are caused
by genes coding for the collagen prolyl 3-hydroxylation complex (cartilage associated
protein (CRTAP), prolyl 3-hydroxylase1 (P3H1) and cyclophilin B (CyPB)) and bone
morphogenic protein (BMP1) (Marini and Blissett, 2013).
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Dominant forms of OI have been classified in terms of clinical severity (Sillence
classification). OI-I is the mildest and most common form of the disorder (50%). It is
characterized by mild bone fragility and low collagen mass with intact collagen
structure. OI-II is the most severe form with a lethal outcome. At birth, infants show
short limbs, small chest and die during the birth process, or within a few weeks after
birth, from respiratory and cardiac complications It is caused by new dominant
mutations in collagen genes or parental mosaicsm. OI-III is the most severe non-lethal
type and is characterized by severe bone fragility and respiratory problems. Often the
mutations are spontaneous. OI-IV has mild bone fractures and moderate to severe
growth retardation with low quantity of structurally defective collagen.

Most observed dominant types of OI are caused by mutations in the COL1A1 and
COL1A2 genes, coding for the alpha 1 and alpha 2 chains of type I collagen, and
these mutations include deletions, insertions and substitutions. Missense substitution
mutations that result from the change of a base pair in a Gly codon are the most
frequently observed type. There are 771 Gly missense mutations in 211 sites in
COL1A1 reported in the OI database in April 2016 (Dalgleish, 1997). Missense
mutations in Xaa and Yaa positions in the (Gly-Xaa-Yaa) triplet are rare (8% of the
missense mutations in COL1A1 database), but some recent ones have been reported.
Gly missense mutations result in codons for 8 different amino acids: Ala, Ser, Cys,
Val, Arg, Asp, Glu and Trp. Replacement of a Gly residue breaks the regular (GlyXaa-Yaa)n pattern. There are now a significant number of OI cases that have different
residue replacements at the same Gly position, and these can result in different
severities such as OI-II case having G511D and OI-IV case having G511S (Wu et al.,
2015).
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The mechanism leading to OI is not fully understood. There are some known
pathways that determine the fate of the defective collagens for some OI cases.
Sometimes, defective procollagen chains are degraded via endoplasmic reticulum
associated degradation pathway (ERAD). For misfolded triple helices, non-specific
aggregate accumulation may be observed that is degraded via the lysosomal pathway
(autophagy) before being secreted out from the cell. If defective collagen triple
helices escape the degradation pathways, they are secreted out to the extracellular
matrix and form defective fibrils and fibers that could result in abnormal structural
formations and impaired collagen interactions (Forlino et al., 2011).

Figure II- 4. Distribution of Gly missense mutations along the COL1A1 gene
according to the severity. Triangle represents the Ser residues (Taken from (Beck et
al., 2000)).

Since the molecular mechanism by which a Gly missense mutation leads to OI is
unknown, the correlation between Gly missense mutations and the severity of the
phenotype is elusive. There are several proposed hypotheses that may influence the
severity of the case. First, type I collagen folds in the direction from C to N terminal,
and perturbations such as Gly substitutions near the C terminal end are expected to
cause more severe results (Bonadio and Byers, 1985). Another hypotheses suggest
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that the identity of the residue replacing Gly affects the degree of stabilization and
larger or more destabilizing residues lead to greater disruption of the triple helix. It is
common that bulky amino acid residue substitutions tend to be seen in severe OI
cases, but there are some counter examples where Ala substitutions are responsible
for lethal cases. The local unfolding caused by the Gly replacement may lead to delay
in triple helix folding, increased levels of post-translational modifications and
degradation via ERAD pathway (Bachinger et al., 1993; Raghunath et al., 1994).

It has been suggested that the location of the mutation within a collagen ligand
binding domain may interfere with key interactions, resulting in impaired recognition
and faulty downstream pathways. This hypothesis is based on the overlap of severe
OI cases and silent zones with known collagen interaction domains, such as integrin
α2β1 binding domain on collagen α1 (I). It has been suggested that the presence of
silent zones might be due to the impaired interactions of major ligands with collagen
resulting in embryonic lethality (Marini et al., 2007; Sweeney et al., 2008). My
objective is to test this hypothesis by mapping the effects of Gly missense mutations
on integrin binding to collagen.

In order to study the mutant collagens, human extracted collagens from patient
fibroblasts are useful since the effects of mutations on collagen are readily observable.
However it is very difficult to compare and contrast similar mutations due to the low
yields of this approach, unavailability of patient fibroblasts, and heterogeneity of the
collagen, which may contain 0,1 or 2 chains with mutations.
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Figure II- 5. Major integrin binding site on type I collagen and OI mutations in and
around the binding site (Modified from (Sweeney et al., 2008)).

2.5.Collagen- Ligand Binding and Integrins
Collagen fibrils participate in cell-matrix interactions via numerous ligand binding
regions and contribute to cell growth, differentiation, and migration through those
binding interactions. Fibrillar collagens interact with different ECM molecules and
cell types through recognition sites, which have been defined in many cases (Figure
II-7).
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Figure II- 6. Type I fibril interaction map highlighting the binding regions for
different ECM molecules and cell surface receptors (Taken from (Orgel et al., 2011)).

One of the important molecules interacting with collagen is integrin, a cell surface
receptor mediating cell-cell and cell-matrix interactions. Integrins are mechanical
receptors that respond to external stimuli and internal ligands. Integrin signaling is
dynamic and bi-directional, communicating from outside in and inside out by
changing conformations (Gullberg, 1996). Integrins interact extracellularly with
collagens, laminins and fibronectin, and intracellularly with talin and kindlin. It is
well known that integrins play an important role in cell proliferation and migration.
They are involved in platelet spreading, regulation of MMP expression, osteoblast
differentiation and pre-osteoclast function.

The integrins are a family of heterodimers consisting of α and β subunits that are
linked non-covalently. Heterodimers have a N-terminal extracellular domain
(ectodomain), adjacent to the transmembrane domain that is followed by the short C
terminal intracellular tail. The flexible ectodomain has different conformations that
change its configuration from bent to upright upon ligand binding. There are 18
different α chains and 9 of them have the α-I domain as the integrin ligand binding
region (Hamaia and Farndale, 2014).
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Figure II- 7. Fibrillar collagen binding integrins with the subunits shown (modified
from (Zeltz and Gullberg, 2016)).

Collagen and integrin interactions are mediated by the α-I domain of the ectodomain
units of integrins. The I domains bear a ‘metal ion dependent adhesion site’ (MIDAS
motif) that requires a divalent cation for the ligand binding. Four integrins are
responsible for collagen interactions; α1β1, α2β1, α10β1 and α11β1. Residues
required in collagen interaction domains have been identified by binding studies of
collagen-like peptides. Toolkit peptides, a set of overlapping peptides designed in the
Farndale laboratory, cover the sequence of the complete collagen triple-helix, and
make it possible to identify the key residues for the binding of collagens to different
molecules. One such sequence identification of a collagen interaction was the binding
sequence of integrin α2β1 to collagen α1(I) (Knight et al., 2000). The binding
sequence was identified as GFOGER, from the solid state binding assays. The cocrystal structure of a collagen-like peptide with the GFOGER sequence and
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recombinant I domain revealed the interactions for the binding including the MIDAS
motif. (Emsley et al., 2000).

Figure II- 8. Co-crystal structure of the collagen like peptide and the recombinant I
domain (Taken from (Emsley et al., 2000)).

2.6.

Collagen-like Peptides

Collagen model peptides have been important in studying collagen structure and
function.

Synthetic collagen peptides are triple helical and they are simplified

collagen systems that are easy to modify. Crystallization of the short peptides
provided the first high-resolution images of phi (ϕ) psi (ψ) angle geometry, intra and
intermolecular interactions, and hydration in the triple helix (Bella et al., 1994b).
Changing the natural amino acids to synthetic residues to understand the role of
interactions is possible with collagen like peptides. The gauche effect of Hyp on
stability of the triple helix was revealed using synthetic collagen peptides (Bretscher
et al., 2001). Mammalian sequences as well as mutations can be inserted in peptides
and the triple helix can be stabilized by capping the ends with stable (GPO)4 triplets.
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Collagen like peptides provide useful information on structure and stability of
collagen as well as on identification of collagen interactions.

Peptides are the most frequently used system for identification of collagen sequence
required for ligand binding. Collagen like peptides that carry the functional domains
in the middle of the chain, which is capped with varying lengths of (GPO)n, have been
used successfully to reveal the precise length and location of collagen interacting
sequences. They are easy to synthesize and modify with the known chemical
synthesis methods and they form homotrimers with defined lengths. Emergence of
the ‘toolkit’ peptides (Farndale et al., 2008) that span the whole type II and type III
sequences facilitated the discovery of binding regions with precise lengths.
Identification of integrin α1β1, α2β1 and α11β1 binding sequences were achieved for
type I (α1 chain), type II and type III collagens. Co-crystallization of collagen-like
peptides also enabled the identification of interactions. Co-crystallization of the
collagenous peptide with recombinant integrin α2β1 binding domain (I domain)
revealed the key interactions between the GFOGER binding residues and
corresponding I domain residues.

Although they are very valuable, collagen like peptides are limited in length and
present problems with solid state assays.

2.7.

Recombinant human collagens

Recombinant mammalian collagens that are expressed in different host organisms
provide collagens with the correct sequence and length, as opposed to shorter
collagenous peptides. Mammalian cells produce a native-like collagen with all the
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natural post-translational modifications. However their yields are low (Majsterek et
al., 2003). Yeast systems have been used for successful production of recombinant
human collagens through the incorporation of additional engineered mechanisms for
post-translational modifications. Co-expression of P4H is necessary to achieve
appropriate Hyp levels in yeast. High levels of Hyp and fibril formation have been
achieved with co-expression in the P.Pastoris and S.cerevisiae systems (Chan et al.,
2010; Olsen, 2003; Que et al., 2015). A recent study with S.cerevisiae created a
modular design for expression of type III collagen, and introduced GFOGER integrin
binding sequence replacing the original type III collagen integrin binding sequences
(Que et al., 2015). Tailoring the sequence is possible with yeast, but the Hyp
requirement of the mammalian collagens complicates the yeast expression machinery.
Other host systems include insect cells that have lower hydroxylation levels compared
to the mammalian systems. Incorporation of human P4H enzyme into the plant
systems are reported to have elevated Hyp levels with increased collagen stability (Xu
et al., 2011).

Bacteria (mainly E.coli) serve as the simplest host system for recombinant protein
expression with many benefits that are discussed in Appendix B. However, it lacks
the post-translational modification machinery that is required by mammalian
collagens to form stable triple helix. Therefore production of mammalian collagens is
not possible with the E.coli host systems. There are some reported studies for prolyl
hydroxylation of short collagenous peptides in E.coli, and efforts to obtain a protein
with high levels of Hyp are still ongoing (Pinkas et al., 2011).
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2.8.

Recombinant bacterial collagen system

Although it was thought that collagen is only found in multicellular animals, about 10
years ago, it became clear that some bacterial contain proteins with a typical collagenlike Gly-Xaa-Yaa repeating sequence ((Rasmussen et al., 2003). There are 8 bacterial
collagens identified so far that are known to form triple helices ((Yu et al., 2014). The
most common characteristic of all are; all have uninterrupted (Gly-Xaa-Yaa)n repeats,
a non-collagenous terminal domain and Tm > 35 °C (Yu et al., 2014). Bacteria do not
have post-translational modification machinery for prolyl hydroxylation yet some
bacterial collagenous proteins show good stability with high melting temperatures
(Tm) in the absence of Hyp.

Recombinant bacterial collagen from S.pyogenes is a collagenous protein that has a
folding domain in the N terminal end followed by a collagenous rod like domain with
79 (Gly-Xaa-Yaa)n repeats. It is found as a transmembrane protein in bacteria and its
function is unknown (Xu et al., 2002; Yu et al., 2014). Well-characterized bacterial
collagen Scl.2 protein that has a Tm of 37.6 °C contains a high distribution of charged
and polar residues (40% charge residues, 19% polar residues) as well as high content
of Pro (23%).

Scl2 collagenous protein from S.pyogenes doesn’t have any known interaction sites
with mammalian sequences, therefore acts as a blank slate. It serves as a platform to
study isolated collagen binding sequences as well as a biopolymer for tissue culture
applications (An et al., 2013; An et al., 2014b). Incorporation of desired binding
sequences conferred the corresponding biological activities. It also serves as a
platform to isolate mammalian collagen sequences and study their interactions.
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Recombinant bacterial collagen was utilized previously to isolate sequences for
fibronectin (Fn) binding, DDR binding, heparin binding and MMP cleavage.

Figure II- 9. ‘Plug and Play’ approach to selectively insert binding sequences into the
collagenous part of bacterial collagen for testing the activity (Modified from (An et al.,
2015)).

Insertion of integrin α2β1 binding into the Scl2 protein has increased the levels of cell
proliferation verified the binding activity revealed by the previous solid state binding
essays. Integrin binding sequences GFOGER, GLOGER and GFOGEN (Seo et al.,
2010) have been inserted to test the binding activity of bacterial collagen. They all
showed a high binding activity compared with the positive controls despite the lack of
Hyp residues. Complementary studies conducted with short peptides bearing the same
sequences with and without Hyp residues proved that binding affinities are similar for
the aforementioned sequences.
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The recombinant bacterial collagen system allows the tunability by ‘plug and play’
approach and increased expression levels resulting in high yields (An et al., 2015). It
allows the study of OI mutations by simple cloning strategies. One such study
comparing Gly substitutions in different locations found that the location of the
residue with respect to the folding domain is important regarding the folding rate of
the collagen. In order to compare the effects of mutations based on their locations, a
native like collagen model is necessary hence bacterial collagens serve as efficient
and practical platform for that purpose. Using this recombinant bacterial system, it is
possible to mimic the Gly missense mutations around major ligand binding region to
study the effects of mutations on ligand binding affinity.
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Chapter III
Mapping the effect of Gly mutations in Collagen on α2β1 integrin binding
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3.1.Background
The objective of this study is to observe the effects of Gly to Ser missense mutations
on integrin α2β1 binding affinity by using the well-characterized recombinant
bacterial collagen system. The bacterial collagen system with its 237 residue triple
helix allows the study of the effects of OI mutations by using recombinant DNA
technology. A previous reported study shows the system is useful for studying
collagen mutations. Gly replacements were introduced at 2 different locations of the
bacterial collagen and affected the folding rate but not the stability of the mutated
collagen (Cheng et al., 2011). Mapping of the effect of Gly mutations within the
integrin binding domain will be conducted experimentally for structural and
functional understanding and with molecular dynamics simulations for understanding
the molecular basis of the observations.

As explained in detail in Chapter II, the triple-helical conformation requires the
smallest amino acid, Gly, as every third residue to stabilize the tightly packed
structure, generating the characteristic collagen (Gly-Xaa-Yaa)n sequence. Mutations
in either of the genes for type I collagen are known to lead to the dominant form of
the fragile bone disease Osteogenesis imperfecta (OI), with a highly variable
phenotype ranging from mild to perinatal lethal (explained in Section II.4). The most
commonly observed OI mutations are Gly missense mutations, which lead to the
replacement of one Gly in the (Gly-Xaa-Yaa)n repeating sequence of the triple-helix
by another amino acid residue, and such mutations have been reported at almost twothirds of the Gly locations along the triple-helix. Single-base replacements in Gly
codons can lead to 8 different amino acids (Ser, Ala, Cys, Arg, Asp, Glu, Val, Trp),
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and Ser is the most frequently observed replacement residue in OI. Out of 771 Gly
missense mutations, 329 of them are Ser replacements (Dalgleish, 1997). The
pathway leading from a Gly replacement in collagen to bone fragility is under active
investigation.

Recombinant constructs with Gly to Ser substitutions within and nearby the integrin
binding sequence were generated. The frequency of Ser replacements is the highest
among all the other substituting amino acid residues in OI, with Gly to Ser
substitutions constitutes 43% of the total amount of Gly missense mutations in
COL1A1. However as mentioned earlier in Section 2.4, the mechanism of OI
mutations and their severity and structural effects are rather elusive. The relation of
the clinical severity of OI with the location, identity and environment of the mutation
is not well understood. It is not known how mutations near major ligand binding
regions affect ligand binding. There are a few regions in the COL1A1 and COL1A2
with 3-5 (Gly-Xaa-Yaa) triplets long, near the major ligand binding regions, which
are free of any known mutations (silent zones). The fact that silent zones are adjacent
to lethal mutations raises the possibility of embryonic lethality for the mutations in the
silent zone (Sweeney et al., 2008).

Gly to Ser mutations were introduced into the recombinant bacterial collagen system
containing human α I (I) GFOGER sequence, known to be the strongest integrin
binding region for collagens. Type I collagen interacts with many matrix and cell
receptor proteins including the integrin cell receptors (α2β1, α1β1, α10β1 and α11β1)
(Leitinger and Hohenester, 2007). Only the native triple-helical collagen will bind
integrins, which do not interact with denatured collagen. The precise (Gly-Xaa-Yaa)n
amino acid sequence in collagen required for integrin binding has been determined as
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mentioned earlier, through the use of collagen fragments and triple-helical peptides
(Hamaia and Farndale, 2014). The high-resolution crystal structure of a co-crystal of
the

integrin

α2β1

I-domain

bound

to

the

triple-helical

peptide

(GPO)2GFOGER(GPO)3 at 2.1Å resolution was reported (Emsley et al., 2000). The
integrin I-domain shows many interactions with the middle strand of the triple-helix,
with the Glu side chain coordinated with the metal ion in the metal ion dependent
adhesion site (MIDAS motif) of the I-domain, as well as interactions with the trailing
strand. The detailed characterization of the interactions between collagen and integrin
makes it a good model for studying the effect of mutations.

3.2.Experimental Approach
Our approach for mapping the effects of Gly to Ser mutations on integrin I domain
binding is based on the insertion of 6 triplets surrounding the required integrin
binding region, GFOGER, from human type I collagen sequence (α1(I) chain residues
496-513) into the triple-helix domain of bacterial collagen Scl.28. This study showed
that this chimeric construct binds to integrin and promotes cell adhesion. Constructs
are then generated with a Gly to Ser mutation at each Gly site within the insertion.
Each construct is tested for its binding affinity for the recombinant integrin binding
domain with solid state binding assay and cell adhesion assays.

To understand the binding affinity profile at the molecular level, our collaborators
Prof. Yu-Shan Lin and Dr. Hongtao Yu from the Department of Chemistry carried out
molecular dynamics studies. Each mutation is represented within a collagenous short
peptide in the molecular dynamics simulations and the changes in the interstrand
hydrogen bonding of triple helix upon mutation were monitored. The key interactions
deduced from the co-crystal structure are investigated for some of the mutated
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constructs in complex with the I domain and computational results are compared with
the experimental findings.

3.3.Experimental methods
Design and cloning of constructs

The DNA sequence of bacterial collagen Scl2.28 was previously codon optimized and
inserted into the pCold-III vector (Takara Bio Inc, Japan) (Yoshizumi et al., 2009).
Oligonucleotides encoding the sequence GARGERGFPGERGVQGPP from the
human collagen α1 chain were designed with XmaI and ApaI sticky ends and
synthesized (Thermo Fisher Scientific, Waltham, MA). Annealed dsDNA was cloned
into pCold vector containing the Scl2.28 sequence that was previously digested by
XmaI and ApaI. All enzymes were purchased from New England Biolabs (Ipswich,
MA). Gly to Ser single base mutations were introduced using the QuikChange II Kit
(Agilent Technologies, Santa Clara, CA). Primers containing single base changes to
convert the desired Gly codon, ggc, to a Serine codon, agc, were designed and
synthesized (Thermo Fisher Scientific, Waltham, MA). Mutated plasmids were
transformed into XL-1 Blue competent cells. DNA sequencing to confirm fidelity was
carried out at Genewiz (South Plainfield, NJ).

Expression and purification of the proteins

All constructs were expressed in E.coli BL21 strain, as previously described
(Yoshizumi et al., 2009). The starting culture of 15 mL with 100 mg/L ampicillin was
grown overnight at 37 °C and used to inoculate 1L of LB -ampicillin media in a flask.
When OD reached 0.8 at 600nm, protein expression was induced by adding 1mM
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IPTG and lowering the temperature to 20 °C. Cells were harvested by centrifugation
after overnight expression. Cell pellets were re-suspended with binding buffer (20
mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 7.4) and frozen at 20 °C overnight. Thawed cells were lysed by sonication and centrifuged at 4 °C to
remove the cellular debris. Crude purification was done by immobilized metal affinity
chromatography. The supernatant was loaded onto a HisTrap HP 5mL column (GE
Healthcare Life Sciences, Pittsburgh,PA) using an FPLC system (fast performance
liquid chromatography; AKTApure, GE Healthcare Life Sciences, Pittsburgh,PA).
The cellular extract was applied onto the column and purified with elution buffer (20
mM sodium phosphate, 500 mM NaCl, 500mM imidazole, pH 7.4) after column
equilibration. Elution fractions containing the protein were combined and dialyzed
against 1X phosphate buffer saline (10X PBS, pH 7.4, FisherSci, Pittsburg, PA). For
further purification, the dialyzed samples were loaded onto Hi Load 16/60 Superdex
200pg size exclusion chromatography column (GE Heatlhcare Life Sciences,
Pittsburgh, PA) and eluted with 1.5 bed volume of 1X phosphate buffer. All fractions
containing the protein were collected and verified for purity level with SDS-PAGE
(NuPAGE Bis-Tris 4-12%, Thermo Fisher Scientific, Waltham, MA) after
denaturation at 75 °C in the presence of LDS Buffer (4X, Thermo Fisher Scientific,
Waltham, MA). Electrophoresis conditions were 180V, 120 mAmp for 40 minutes.
Gels were stained with SimplyBlue stain for the visualization of protein bands
(Thermo Fisher Scientific, Waltham, MA). Molecular weight determination was made
by Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass
spectra (Bruker Corporation, Billerca, MA). Concentrations of the protein samples
were determined using UV-Vis spectra at 280 nm (Spectrophotometer Model 14 UVVis; Aviv Biomedical Inc, Lakewood, NJ).
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Proteins were denoted as VCL for the original Scl2.28 containing the V trimerization
domain and the (Gly-Xaa-Yaa)79 CL domain from S. pyogenes, and VCL-Int for the
VCL protein containing the 6-triplet human type I collagen α1(I) residue 496-GARGER-GFP-GER-GVQ-GPP-513 insertion. The VCL-Int constructs with Gly to Ser
mutations were denoted by the number of the residue in the human α1(I) chain which
is mutated. For example, the construct with the mutation at the G505 residue
(GFPGER) was denoted as G505S. Residue numbers are taken from the UniProt entry
P02452 for human α1(I), with numbering starting from the beginning of the triple
helix region. After creating mutations in all 6 Gly residues within the human α1(I)
insertion, it was necessary to go further N-terminal within the bacterial collagen
sequence to find a mutation which did not affect integrin binding. These more Nterminal mutations fall within the bacterial collagen sequence, and are denoted by
their position relative to the human sequence insertion (e.g. G(-3), G(-6), G(-9) G(9)XY-G(-6)XY-G(-3)XY-GAR-GER-GFP-GER-GVQ-GPP).

Structural analysis of the expressed proteins

Circular dichroism (CD) analysis- Wavelength scans were collected on an AVIV
Model 420 CD spectrometer between 190 nm–260 nm with 0.5 nm increments, 4 s
averaging time, 1.0 nm bandwith at 5 °C (AVIV Biomedical, Lakewood, NJ), as
previously described (33). Samples were prepared with 0.5 mg/mL concentration in
1X PBS and 1mm quartz cuvettes were used. Temperature scans were collected at
220 nm from 5 °C to 70 °C with 10s averaging time and 1.5 nm bandwith. The
temperature increase rate was an average of 0.1 °C/min. Samples were prepared with
1 mg/mL concentration in 1X PBS and 1mm quartz cuvettes were used.
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Differential scanning calorimetry (DSC) analysis- Melting temperature scans were
obtained on a NANO DSC II Model 6100 (TA Instruments, New Castle, DE). Each
sample was referenced with its own dialysis buffer. Measurements were taken from
5 °C to 70 °C with a heating rate of 1 °C/min.

Trypsin Cleavage Assay- All constructs (0.1 mg/mL) were trypsinized with 50 μL of
10 μg/mL trypsin by incubating at 20 °C for 2min, 5 min and 15 min. Trypsinization
was stopped by adding 1 mM phenylmethylsulfonyl fluoride (PMSF). Trypsin
digestion profile of the constructs was analyzed by SDS-PAGE. Band integrated
densities were analyzed by ImageJ.

Functional analysis of the constructs

Solid state binding assay- A previously published solid state binding protocol to
assess integrin I domain binding to triple-helical peptides was followed (Knight et al.,
2000) with minor changes. The recombinant integrin α2 I domain was obtained from
our collaborators Prof. Richard Farndale and Dr. Samir Hamaia from University of
Cambridge, UK. 100 μL of purified proteins (20 μg/mL, 0.59 nM) were immobilized
onto high binding 96 well plates (R&D, Minneapolis, MN) for 1 hour at room
temperature. Blocking (50mg/mL BSA in 1X PBS) and washing (1mg/mL BSA in 1X
PBS) steps were repeated. Aliquots of 100 μL of recombinant integrin α2 I domain
(10μg/mL in 1X PBS with 2mM MgCl2) were added onto the coated wells and
incubated for 1 hour at room temperature. Subsequently, wells were washed with 200
μL washing buffer (2mM MgCl2 added) and 100 μL of anti-GST HRP antibody
(1:10000 dilution in washing buffer with 2mM MgCl2) was added onto each well and
incubated for 1 hour at room temperature (Sigma Aldrich, St. Louis, MO). TMB
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solution (3,30,5,50-tetramethylbenzidine) (Invitrogen, Carlsbad, CA) was used for
calorimetric detection. The OD450nm was recorded with a Spectra Max M2 plate
reader (Molecular Devices, Sunnyvale, CA). Denatured proteins were used to verify
the integrin binding selectivity over native triple helix. All proteins (20 μg/mL ) were
denatured at 75 °C for 30 min and immobilized onto the well plates immediately.
Native type I collagen from rat tail (Sigma Aldrich, St Louis, MO) was used as the
positive control for all the binding assays. The procedure was repeated without the
addition of 2mM MgCl2 to the washing and adhesion steps, as a negative control for
verifying the mode of binding. All assays were performed in triplicates.

Mammalian cell culture- Human fibrosarcoma HT1080 cells (ATCC, Manassas, VA)
were used for cell adhesion assays, since they are known to express only α2β1 of the
four collagen-binding integrins. High binding 96 well plates were coated with 60
μg/mL (4.42 mM) of recombinant proteins for 1 hour at RT (R&D, Minneapolis, MN).
Blocking was performed by coating the wells with 200 μL BSA solution (50 mg/mL
in 1 X PBS) for 1 hour at RT. Wells were washed with 200 μL washing buffer
(1mg/mL BSA in 1X PBS) 4 times. 100 μL of HT1080 cells (2x 104cells/mL) in
DMEM media (Invitrogen, Carlsbad, CA) were seeded onto wells and incubated for 1
hour at 37 °C (supplemented with 10%FBS and 2mM MgCl2, with 5% CO2 supply).
Non-bound cells were washed with 200 μL DMEM media (no FBS, 2 mM MgCl2
added) 4 times. For cell imaging, 100 μL of 2 μM calcein AM solution (Sigma
Aldrich, St Louis, MO) was added onto each well and incubated at 37 °C for 30 min.
After washing excess calcein with DMEM media, fluorescence images of cells were
taken with 490 nm excitation and 515 nm emission filters on a Leica DFC340 FX
camera. To verify the cell adhesion, crystal violet staining was performed. Cells were
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fixed with 90% ethanol solution for 10 minutes. 0.1% crystal violet solution (Sigma
Aldrich, St Louis, MO) were added to each well and incubated for 30 minutes at RT.
Solubilization of the dye was facilitated by adding 0.1% Triton X-100 and OD590nm
was recorded with an absorbance plate reader (Spectra Max M2 (Molecular Devices,
Sunnyvale, CA)).

Molecular dynamics simulations (from Dr. Hongtao Yu and Prof. Yu-Shan Lin)

Simulations of triple-helical collagen peptides- Seven model triple-helical collagen
peptides were simulated in this study: The wild-type (WT) collagen sequence,
GPOGPOGPOGPAGPQGPRGEQGPQGARGERGFPGERGVQGPPGLPGKDGEAGPOGPOGPO,
and mutants with G496S, G499S, G502S, G505S, G508S, G511S. The initial
structure for the WT triple-helical collagen was built using the Triple-Helical collagen
Building Script (THeBuScr) (Rainey et al., 2004). The initial structure for the mutants
was generated by replacing Gly at the corresponding position with Ser residues for
chains A, B, and C using the UCSF Chimera package (Pettersen et al., 2004). The Nand C-termini for all the collagen models were capped with the acetyl group (Ace)
and NH2 group, respectively. Within the triple-helix, the trailing chain is designated
as Chain A, middle chain as Chain B and leading chain as Chain C, following the
notation of Emsley (Emsley et al., 2000).

All molecular dynamics (MD) simulations in this study were performed using the
GROMACS 4.6.7 suite (Hess et al., 2008) with the GROMOS 54a7 force field
(Schmid et al., 2011) and SPC water model (Berendsen et al., 1981). For each
collagen triple-helix, the starting structure was first subjected to 2000 steps energy
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minimization. The minimized structure was then solvated in a rectangular periodic
box of water. The dimension of the box was chosen such that the minimum distance
between any atom of the collagen and the box walls is 1.5 nm. The solvated system
was further energy-minimized for 5000 steps. With all heavy atoms of the collagen
harmonically restrained to their initial positions, each system was heated from 5 K to
the target temperature (300 K) within 20 ps and equilibrated for an additional 30 ps to
relax the solvent molecules and adjust the box size. Before production simulation, an
additional 500-ps equilibration, with only the collagen backbone restrained, was also
performed to relax the collagen side chains.

The 100-ns production runs were performed in the isobaric-isothermal (NPT)
ensemble at the target temperature of 300 K and a pressure of 1.0 bar. The first and
last carbons of each chain were restrained with a force constant of 10 kJ/mol/nm2. The
temperature was regulated using the Nosé-Hoover thermostat with a coupling time
constant of 1.0 ps (Hoover, 1985; Nosé, 1984). To avoid the “hot solvent-cold solute”
problem (Cheng and Merz Jr., 1996; Mor et al., 2008), the protein and solvent
molecules were coupled to separate thermostats. The pressure was controlled using an
isotropic Berendsen barostat with a coupling time of 2.0 ps and a compressibility of
4.5 × 10-5 bar (Berendsen et al., 1984). All bonds were constrained with the LINCS
algorithm (Hess et al., 1997). A 2 fs time step with the leapfrog algorithm was used to
evolve the dynamics. The non-bonded interactions (Lennard-Jones and short-range
electrostatic) were truncated at 0.8 nm. Long-range electrostatic interactions beyond
the cut-off distance were calculated using the Particle Mesh Ewald (PME) summation
method with a Fourier spacing of 0.12 nm and an interpolation order of 4 (Essmann et
al., 1995). A long-range analytic dispersion correction was applied to both the energy
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and pressure to account for the truncation of Lennard-Jones interactions (Allen and
Tildesley, 1989).

Simulation of integrin–collagen peptide complex- The complex of integrin α2β1 I
domain bound to the WT or G502S/G505S triple-helical collagen peptide was also
simulated using the GROMOS 54a7 force field and SPC water model. The initial
coordinates for the integrin I domain and triple-helical GFPGER were taken from the
X-ray structure (PDB ID 1DZI) (Emsley et al., 2000). The coordinates for the atoms
of the WT collagen peptide not present in the X-ray structure were generated by
aligning the THeBuScr built triple-helix to the X-ray structure based on the Cα
positions of the GFPGER sequence. The prepared complex structure was then
subjected to 100 steps energy minimization in vacuum with the integrin and GFPGER
heavy atoms restrained to their initial positions. The initial structure for integrin
binding to the G502S/G505S collagen peptide was built by substituting Ser residues
for Gly at position 502/505. In the MD simulations, the Co2+ ion was replaced by a
Mg2+ ion. All water molecules found in the x-ray structure were retained.

The integrin–collagen complex structure prepared above was solvated in a rectangular
water box of size 200 × 80 × 80 Å3. One chloride ion was also added to neutralize the
net charge of the solvated system. With all heavy atoms of the integrin and collagen
restrained, the system was further energy-minimized for 2000 steps followed by 20 ps
heating from 5 K to 300 K and 30 ps equilibration. Before production run, an
additional 100-ps equilibration, with only the collagen backbone restrained, was also
performed. The 50-ns production run was performed using the same protocol as
described in the previous triple-helical collagen peptide simulation section.
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3.4.Results
Generation and structural characterization of recombinant collagen proteins with
Gly to Ser mutations in the integrin binding sequence

A bacterial collagen-like protein, designated VCL-Int, was generated with an
insertion

of

6

triplets

from

human

α1(I)

chain

residues

496–515,

GARGERGFPGERGVQGPP into a central part of the S. pyogenes Scl2 (Gly-XaaYaa)79 CL domain (Figure III-1.A). The inserted sequence includes the well defined
GFPGER integrin binding site. Single-base point mutations were then introduced to
convert each Gly codon to Ser within and surrounding the (Gly-Xaa-Yaa)6 insertion
(Figure III-1.A).

Figure III- 1. (A) Schematic diagram of recombinant bacterial collagen VCL-Int,
with the insertion of human α1 (I) chain residues from G496 to P513 (red) including
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the integrin α2β1 binding sequence, GFPGER. (B) SDS-PAGE gel showing all the
recombinant proteins including VCL-Int and the proteins with Gly replacements. The
right lane contains the Novex Sharp protein standards (Invitrogen) C. MALDI-TOF
spectrometry of VCL, VCL-Int and a representative mutated protein (G505S) .

All constructs were expressed in E.coli BL21 (DE3), and the proteins were purified
using His-tag purification followed by size exclusion chromatography. All constructs
showed one strong band that corresponds to the expected molecular weight (34 kDa)
of the collagen monomer on SDS-PAGE, and the molecular weights were confirmed
by MALDI-TOF (Figures III-1.B and III-1.C). The VCL-Int protein has the same
thermal stability as VCL, and the introduction of Gly to Ser mutations at different
sites resulted in a small decrease in thermal stability (1-2C) in CD melting curves
and differential scanning calorimetry (Figures III-2.A, III-2.B, Table III-1).

Figure III- 2. (A) CD thermal transitions of VCL-Int and G505S, showing triple helix
unfolding around 37 °C. (B) DSC analysis, showing thermal transitions of 37.1 °C for
VCL-Int and 35.3 °C for G505S.
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Trypsin treatment of VCL-Int and the VCL-Int proteins with Gly replacements led to
a small initial decrease in intensity of the original SDS-PAGE band to a level that was
then maintained (Figure III-3). Since the tightly packed triple helix is resistant to
trypsin digestion, these results indicate the mutations did not cause a major structural
perturbation. It is likely that the small amount of trypsin susceptible material
represented some unfolded collagen or minor impurity.

Figure III- 3. SDS-PAGE of selected proteins after trypsin digestion for time t=0,
2min, and 15 min at 20°C.

After His-tag purification, CD analysis of all the constructs gave a secondary structure
composed of a mixture of alpha helix and triple helix as it was deduced from the CD
spectra. After 6 hours of trypsin digestion, CD analysis showed the disappearance of
the alpha helix, leaving a triple helical confirmation with a MRE220nm above zero
(Figure III-4).
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Figure III- 4. CD analysis before and after trypsin digestion of VCL, showing the
digestion of non-triple helical impurities.

The identity of the non-triple helical impurities are unknown and they have the same
molecular weight of ~35 kDa as the collagenous proteins in their monomeric form.
Only after size exclusion chromatography (SEC) column purification, impurities were
separated from the triple helical collagenous proteins as verified by the CD analysis
(Figure III-1.B, Table-III.1).
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Table III- 1. Characteristics of the VCL proteins with and without mutations.
Tm
from
CD - MRE220
CD
(deg·cm2/dmol) (°C)
G(-15)S
818
G(-12)S
888
35
G(-9)S
1174
G(-6)S
1065
G(-3)S
1054
G496S
1032
G499S
1101
37
G502S
1029
G505S
1677
35
G508S
1464
34
G511S
852
35
VCL-Int
1300
37
VCL
768
Type-I
4306
41

Tm
from
Enthalphy DSC
Cell
(kJ/mol) (°C) Trypsin Cleavage Binding Adhesion
+
+
+
+/1602
35
1645
35
+
+
+
1179
37
+
+
+
+

Effect of Gly to Ser mutations on integrin binding
Solid-state binding assays were utilized to determine the binding affinity of integrin to
recombinant proteins with Gly to Ser replacements. Recombinant I domain from Prof.
Farndale’s lab was used for the binding assays, as previously described (Knight et al.,
2000). The control VCL protein did not show any binding to the integrin I domain,
establishing it as a negative control which does not interact with the I domain (Xu et
al., 2002). VCL-Int, with the GARGERGFPGERGVQGPP insertion, showed a high
binding affinity, indicating that insertion of the integrin binding region from human
type I collagen granted binding affinity to the recombinant bacterial collagen (Figure
III-5). Denatured constructs did not bind to integrin, confirming the requirement for
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the triple helix structure. Omission of the divalent cation (Mg2+), required for the
MIDAS motif, also eliminated activity (Figure III-5).

Figure III- 5. Solid state analysis of recombinant integrin α2 I domain binding to
native and denatured recombinant collagens Statistical analysis were performed by
paired t-test. The binding of G505S was statistically significantly different from the
binding of VCL-Int (P≤ 0.01).

Gly to Ser replacements at either of the two Gly residues within the essential
GFPGER binding site, G502S and G505S, abolished integrin binding, showing values
similar to the BSA negative control (Figure III.6). To define how far the binding
footprint extends from the essential two triplets, experiments were performed on
constructs with mutations both C-terminal to and N-terminal to GFPGER. In a Cterminal direction, Gly to Ser mutations G508S and G511S did not affect integrin
binding (Figure III-6). A Gly 3 triplets C-terminal to the insert, within the bacterial
sequence, was also generated as a control (denoted G(+9)S) and showed the same
high binding affinity as the VCL-Int.
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In contrast, mutations at the two Gly sites N-terminal to the GFPGER
sequence, G499S and G496S, showed a dramatic decrease in binding, similar to that
of the BSA control (Figure III-6). In order to establish the boundary for the recovery
of integrin binding, constructs with Gly to Ser mutations at sites N-terminal to the
GARGERGFPGERGVQGPP human sequence insertion were generated, within the
bacterial collagen sequence. The notation for these replacements is relative to the
insertion sequence, e.g. G(-3)S for the Gly 3 residues N-terminal to the insertion
sequence residue G496. Both G(-3)S and G(-6)S constructs had very low binding
affinity (similar to BSA control), while G(-9)S had an intermediate binding affinity,
higher than G(-6)S but lower than VCL-Int. Constructs with mutations still further Nterminal to the insert, G(-12)S , G(-15)S, exhibited strong integrin binding similar to
that of the control VCL-Int (Figure III-6).

Figure III- 6. Solid state analysis of recombinant α2 I domain binding to all
recombinant bacterial collagens containing Gly to Ser substitutions
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Effect of Gly to Ser mutations on cell adhesion of HT1080 cells
In order to test binding affinities in a biological context, representative constructs
were examined for their adhesion to HT1080 cells, which are known to express
integrin α21 as the only collagen binding integrin receptor. Cell adhesion profiles
were observed by cell staining followed by live imaging and cell count comparison.
HT1080 cells showed very low adhesion to VCL, but showed a strong binding to type
I collagen and VCL-Int coated wells. The G505S construct that has the Gly to Ser
mutation within the GFPGER binding region showed a very low cell adhesion, similar
to the VCL construct, confirming its low binding affinity.

Figure III- 7. HT1080 cell adhesion assay shows the in vitro binding profile of
recombinant proteins with and without mutations. Live imaging (shown on top) was
performed after calcein-AM staining of bound cells. Scale bar is 50 μm. Quantitative
analysis for the cell attachment was performed by ImageJ. Experiments were carried
out in triplicate and statistical analysis was performed with the paired t-test. G505S
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had a statistically significant decrease in cell adhesion compared with VCL-Int (p≤
0.05).

G511S, chosen as representative of mutations C-terminal site to the binding region,
showed a high cell adhesion profile similar to VCL-Int. The G(-12)S construct
represents the recovery of binding if one goes sufficiently far in an N-terminal
direction from the integrin binding site, and it showed a similar cell adhesion to that
of VCL-Int (Figure III-7).
To confirm the cell adhesion results, crystal violet staining was also performed with
both native and denatured G(-12S), G505S, VCL-Int, VCL and type I collagen. The
staining experiments showed the same decrease in cell adhesion for G505S as seen by
live imaging (Figure III-8). Thus, in vitro cell adhesion studies correlate well with the
solid-state binding assay results.

Figure III- 8. Crystal violet staining for HT1080 cell adhesion assay for selected
proteins.
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Molecular dynamics simulations for a triple-helix with Gly to Ser replacements
within or nearby the integrin binding sequence
Molecular dynamics (MD) simulations were performed to explore the conformational
consequences of Gly to Ser replacements on the triple-helix region containing the
integrin binding sequence of human type I collagen surrounded by the bacterial
collagen sequence. The simulations were carried out initially on a control triple-helix
peptide

modelling

VCL-Int

which

contained

the

6-triplet

GARGERGFPGERGVQGPP human collagen insertion flanked by 3 triplets from the
bacterial collagen sequence adjacent to the insert and finally capped by (GPO)3
stabilizing triplets on both ends (Figure III-9). MD simulations were also performed
on a homologous sequence with a Gly to Ser replacement at position G496S, G499S,
G502S,

G505S,

G508S

and

G511S.

Interchain

hydrogen

bonds

NH

(Gly)…C=O(Xaa) are important for triple-helix stability, so the distances were
monitored throughout the triple-helix. Each mutation led to a local disruption of
hydrogen bonding at the mutation site, where the NH (Ser) can no longer form a
direct bond with C=O in the adjacent chain. In addition, 1–2 hydrogen bonds are
disrupted C-terminal to the mutation site. For instance, the mutation at position
G499S (N-terminal to the integrin binding sites) leads to the loss of the direct
hydrogen bond at Ser499, and also perturbs hydrogen bonding within the GFP
sequence C-terminal to it.
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Figure III- 9. (A) The triple-helix structure of the wild-type collagen peptide
generated with the Triple-Helical collagen Building Script (THeBuScr)(Rainey et al.,
2004). Chain A, B, C are colored in blue, green, and red, respectively. (B) Interchain
backbone NH---CO interactions are illustrated. Backbone hydrogen bonds whose
average N---O distances ≥ 3.5 Å during the course of simulation are labeled with red
dashed lines, to indicate their disruption. The hydrogen bonding is shown only for
chains A and B of the triple-helix, since these are the chains which interact with
integrin.

An analogous MD study was carried out for a triple-helix peptide where the
central human collagen α1(1) sequence GARGERGFPGERGVQGPP was surrounded
by the actual sequence found in the human α1(1) chain, rather than by the bacterial
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triplets (data not shown). The results were very similar, making it is unlikely that the
presence of the bacterial sequence, rather than the adjacent human α1(1) sequence is
having any significant effect.
Molecular dynamics simulations on integrin–collagen binding complexes
To study how the Gly to Ser replacements influence the binding of collagen to
integrin, MD simulations of integrin–collagen complexes, based on the crystal
structure (Emsley et al., 2000), were performed. Key interactions of the integrin–
collagen binding were identified in the complex (PDB 1DZI), involving the middle
chain B and the trailing chain A of the triple-helix: (1) van der Waals contacts of
collagen F503B side chain with side chains of integrin Q215 and N154; (2) Hydrogen
bonding between collagen O504B carbonyl group to integrin N154; (3) Interaction
between collagen E506B and metal ion; (4) Hydrogen bond between the side chain of
collagen E506B and the side chain of integrin T211; (5) Salt bridges between collagen
R507B and integrin D219; (6) Hydrogen bonding between collagen R507B carbonyl
and integrin H258 side chain; (7) Hydrogen bonding between R501A carbonyl group
in the triple-helix and integrin Y157; (8) van der Waals contacts between collagen
F503A and integrin Y157 and L256; (9) Hydrogen bonding between collagen O504 A
side chain and integrin N154 main chain; (10) Salt bridges between collagen R507A
and integrin E256. All interactions were monitored in our MD simulations except (9),
which is missing in our complexes due to the absence of hydroxyproline.
These interactions were monitored for MD simulations for Gly replacements
in all six positions within the GARGERGFPGERGVQGPP human sequence. The
simulations reveal that when the Gly at position 502 (GFPGER) is replaced by Ser,
MD simulations show the interaction of the F503B side chain of collagen with the side
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chains Q215 and N154 residues of integrin (interaction (1) above) was disrupted. It
appears that the local perturbations in the triple-helix near Ser502 affect the relation
between the collagen A and B chains and the integrin side chains (Figure III-10).
When Gly at position 505 (GFPGER) is replaced by Ser, the hydrogen bond between
the backbone carboxyl group of collagen R501 and the hydroxyl group of integrin
Y157 (interaction (7) above) is lost (data not shown).

These observations are

consistent with the loss of binding for constructs with G502S and G505S mutations
within the essential GFPGER sequence. When the Gly is replaced by Ser at position
508, the simulation shows that the important salt-bridge between the collagen Arg507
and D219 of the integrin (interaction (5) above) is relatively stable, despite small
localized perturbations (data not shown). No disruptions of key interactions were seen
for the mutation G511S. Mutations N-terminal to the GFPGER site, at G499S and
G496S, led to a small perturbation in several interactions between integrin and
collagen in some runs of the simulations, but the results were not definitive.

Figure III- 10. Simulation structures of integrin with (A) WT collagen and (B)
G502S mutant. Chain A, B, C for collagens are colored in blue, green, and red,
respectively. The Mg2+ ions are represented by magenta spheres. The substituted Ser
residues are shown in ball-and-stick. The disrupted van der Waals interaction of
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collagen F503B side chain with side chains of integrin Q215 and N154 observed in
the WT collagen (A) is disrupted in G502S mutant (B).

3.5.Discussion
The interaction between the integrin α2β1 integrin receptor and collagen has been
extensively studied due to its importance in cell adhesion and signaling. Several
integrin binding sequences within collagen have been defined using triple-helical
peptides, with GFOGER being the most effective (Raynal et al., 2006; Siljander et al.,
2004; Xu et al., 2000). Recombinant collagens have also been used to characterize
and manipulate integrin binding. Recombinant human type III collagen expressed in
yeast promoted cell binding; this binding could be eliminated through removal of the
5 known integrin binding sites and restored through insertion of GFOGER (Chan et
al., 2010; Que et al., 2015). The insertion of the human type I collagen cell binding
sequences GFPGER or GLPGER within the collagen domain of the bacterial collagen
protein Scl2 resulted in integrin binding and cell adhesion (An et al., 2013; Peng et
al., 2014; Seo et al., 2010) and insertion of distinctive sequences could be used to
form hydrogels with selective adhesion to endothelial cells vs. smooth muscle cells
(Cosgriff-Hernandez et al., 2010).

Peptides and recombinant collagen studies

confirmed integrin binding is dependent on the native triple-helix conformation and
showed that Hyp is not essential to binding (Knight et al., 2000; Seo et al., 2010).
Here,

the

introduction

of

human

collagen

α1(I)

residues

496–515,

GARGERGFPGERGVQGPP into the S. pyogenes Scl2 collagen-like protein
endowed the protein with integrin binding activity in a metal ion-dependent manner,
and this recombinant system was used to examine the consequences of replacing Gly
residues within and adjacent to the GFPGER integrin binding sequence.
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The replacement of Gly by Ser at either of the Gly residues G502 and G505 within
the essential GFPGER sequence decreased integrin binding to baseline levels and
prevented cell adhesion. Studies on model peptides have shown that a Gly to Ser
replacement will provide a highly localized distortion and destabilization of the triplehelix structure (Beck et al., 2000; Bella et al., 1994a; Li et al., 2009). Here,
computational simulations of the triple-helix alone showed a local disruption of
interchain hydrogen bonding at each mutation site, and molecular dynamics of the
triple-helix–I domain complex with Gly to Ser replacements at these two positions
showed alterations in key interactions, consistent with the loss of binding activity. It is
important to note that in the presence of these local conformational perturbations, the
tightly packed triple-helix structure is maintained, since the mutant collagens retain
resistance to trypsin and show little change in global thermal stability (Figure III.2,
Figure III.3 and Table III.1).

Extending mutations C-terminal to GFPGER at positions G508S and G511S
GARGERGFPGERGVQGPP, as well as a mutation three triplets C-terminal to the
insertion, resulted in normal integrin binding and cell adhesion, similar to that of the
VCL-Int control. This represents a very sharp cut-off C-terminal to the GFPGER
sequence. The Arg507 of collagen interacts with the I domain in the crystal structure,
but the MD simulation shows that the salt-bridge between the collagen Arg507 and
D219 of the integrin is unaffected in the integrin-G508S complex.

There was a dramatic asymmetry in directionality for the footprint of binding
disruption by a Gly to Ser mutation (Figure III.6). Extending mutations to the two
triplets N-terminal to GFPGER (G499S and G496S) GARGERGFPGERGVQGPP
resulted in very low binding affinity for the integrin I domain and diminished cell
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adhesion. The striking difference in biological consequences between the effects of
mutations on N- compared with the C-terminal sides of the GFPGER sequence may
be related to the directionality of triple-helix disruption. Molecular dynamics
simulations on triple-helical peptides with the sequences and mutations studied here
indicated that each Gly to Ser replacement usually disrupts one to two direct
NH…CO intramolecular hydrogen bonds between each pair of chains within the
triple-helix and that the disruption extends preferentially to the C-terminal side of the
Ser replacement. These computational results are consistent with residue specific
hydrogen exchange and amide chemical shift temperature dependence NMR studies
carried out on a model triple-helical peptide with a Gly to Ser replacement which
showed a greater disruption of hydrogen bonding for the Gly in the triplet C-terminal
to the Ser compared with the Gly in the triplet N-terminal to the Ser mutation site (Li
et al., 2009). An increased perturbation C-terminal to an OI mutation was also
supported by a machine learning analysis and related peptide studies (Bodian et al.,
2008).

To define the N-terminal boundary of this collagen integrin interaction footprint,
more recombinant proteins were generated to extend Gly to Ser mutations further Nterminal to the human α1(I) 6 triplet insertion, now going into the bacterial collagen
sequence. The results indicated two more constructs of low affinity, G(-3)S and G(6)S, and one of intermediate affinity G(-9)S, before reaching the mutation at site G(12)S which showed normal integrin binding and cell adhesion. It is surprising that a
Gly to Ser mutation can affect integrin binding which occurs at the GFPGER site 3–5
triplets C-terminal to the mutation (2.6–4.3 nm away, given 0.29 nm rise/residue in
the triple-helix; Figure III.10), since computational studies on the effect of the Gly to

53

Ser mutation on the triple-helix indicate that the hydrogen bond disruption extends
from 1 to at most 3 tripeptides C-terminal to the mutation. It is possible that the
mutations lead to very subtle changes in the relationship between the middle and
trailing chains within the triple-helix which are propagated and could affect binding at
a distance. Long distance effects of OI mutations have been reported by Lightfoot et
al. (Lightfoot et al., 1992; Lightfoot et al., 1994) where α1(I) Gly missense mutations
in the C-terminal half of the collagen triple-helix decreased the rate of procollagen Nproteinase cleavage hundreds of residues away near the N-terminus of the triple-helix.
However, propagation of a conformational perturbation is very limited in our case,
since normal binding is recovered when there is a Gly to Ser replacement at position
G(-12). In addition, the conformation perturbation would have to be very subtle in
nature, since it does not lead to major changes in stability or susceptibility to trypsin.

This is the first reported study on the effect of Gly missense mutations on a welldefined biological interaction. The results show the expected disruption when the
mutation is at the known interaction site, as well as an unexpected disruption for
mutations N-terminal to the known binding region. These results can be compared
with mutations seen in the extensive database of known OI mutations within the
human α1(I) collagen chain (771 mutations at 211 unique Gly sites). A non-lethal Gly
to Ser missense mutation was reported at G505 (GFPGER), as well as mutations
within Gly residues of the 4 triplets C-terminal to that site (Figure 8). There are no
reported mutations at G502 (GFP) or the three triplets N-terminal to that site. It has
been suggested that such a “silent zone”, containing 4 contiguous triplets with no
reported mutations, could represent mutations which are non-viable, perhaps due to
interference with ligand binding (Marini et al., 2007; Sweeney et al., 2008). Our
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results indicate that mutations N-terminal to GFOGER do disrupt integrin binding,
and it is possible that such disrupted binding could create a silent zone of non-viable
mutations (Figure III.11).

Figure III- 11. (Top) Known OI mutations in the integrin binding region, as reported
in the OI database (Dalgleish, 1997). The residue replacing Gly is shown below,
together with the Sillence classification of the phenotypic severity of the OI (OI II,
perinatal lethal; OI III, severe; OI IV, moderate; OI I, mild) (Marini et al., 2007).
(Middle) The experimental effect of Gly to Ser mutations on integrin binding as
reported here are indicated with + for normal binding, and - for weak or no binding).
(Bottom) The molecular model of collagen-integrin binding along the triple helix
shows the distance of N-terminal mutations from the interaction site.

The recombinant bacterial collagen system allows easy modification of sequence and
high protein yields to generate mutant collagens for binding studies. However, it is
important to note that recombinant bacterial collagens are all homotrimers, while OI
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collagens are a mixture of heterotrimers containing 0, 1 or 2 mutant α1(I) chains. The
consequence of a Gly substitution on integrin binding is defined here using solid state
binding assays or cell adhesion. In OI cases, some mutant collagens may be degraded
by the endoplasmic reticulum associated protein degradation (ERAD pathway) or by
autophagy. Only collagens, which are secreted from the cell, would participate in
fibril formation, and such fibrils would be a heterogeneous mixture of normal and
mutant molecules. Despite the increased levels of complexity found in human OI
mutations, the recombinant system provides focused information on the effects of
collagen Gly missense mutations on integrin binding and gives insights about
molecular mechanisms of collagen pathology.
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Chapter IV
The effect of the identity of the residue replacing Gly on integrin binding of
collagen
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4.1.Background
In this chapter, I describe an ongoing project regarding the correlation between OI
pathology and the size of the Gly substituting residue, as well as replacements in Xaa
and Yaa positions in the (Gly-Xaa-Yaa) repeat. The requirement of Gly as the every
third residue permits the tight packing of the collagen triple helix and substitution of it
is a common cause for Osteogenesis Imperfecta (explained in detail in Section 2.4).
One hypothesis is that the identity of the Gly substituting residue may cause different
levels of distortion of the triple helix, resulting in different OI phenotypic outcomes.

Studies with collagen-like peptides were important in explaining the effects of
distortion and local destabilization due to Gly replacements, as described in detail in
Section 2.6. A crystal structure of a triple helical peptide (Pro-Hyp-Gly)10 containing
an Ala instead of Gly in the middle of the chain showed local disruption of the triple
helix where the interstrand hydrogen bonding was replaced by the interstitial water
bridges (Bella et al., 1994b). Another peptide design consisted of 8 repeats of GlyPro-Hyp where the central Gly was substituted with different residues that are seen in
OI. The destabilization trend was observed by the change in the melting temperature
and it followed the order: Ala≤Ser<Cys<Arg<Val<Glu≤Asp (Beck et al., 2000).
Interestingly, the most destabilizing residues are generally associated with the most
severe cases of OI.

The peptide stability studies of Gly substitutions with different amino acids were
compared with the missense mutations that were observed to cause disease. For all
collagen diseases studied, the smallest and least destabilizing residue, Ala, was
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underrepresented. It was suggested that a threshold level of triple-helix destabilization
is necessary to create a clinical outcome. As for the highly destabilizing substitutions
(Val, Glu and Asp), they are likely to occur in more severe cases and in infants with
lethal phenotypes. These substitutions are also underrepresented which might be due
to the severity of the destabilization that results in a non-viable case (Persikov et al.,
2004).

There are many Gly sites in the alpha 1 chain of type I collagen in which multiple
independent OI mutations occur, and where a Gly is replaced by different residues.
The phenotypic outcome changes with the identity of the residue. For example,
Gly511 substituted with Ser leads to the milder type OI-IV; while Gly to Asp results
in a lethal OI-II case (Wu et al., 2015). Due to the difficulties in obtaining tissue
samples from patients for characterization, it is not easy to compare the structural
differences based on the identity of the replacing residue. However, there is a clinical
study that has compared the thermal transition of the diseased collagen with G121V
mutation (OI-IV case) and another diseased collagen with G121D mutations (OI-III
case). The Tm of G121D was only slightly lower (0.2 °C) than the Tm of G121V. In
contrast to peptide studies, the study on 41 OI collagens from fibroblasts found no
correlation of ΔTm with the identity of the substitution (Makareeva et al., 2008).

Gly substitution effects on the triple helix folding rate were previously investigated
with a peptide study. Gly was substituted by Ala, Ser, Asp and Arg residues in the
presence and absence of stabilizing imino acid residues. To mimic the folding
direction of mammalian collagens, peptides were designed with a more stabilizing
sequence at their C terminal end. From NMR HSQC (heteronuclear single quantum
coherence) and diffusion studies at 0 °C, it was deduced that a peptide with a Gly to
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Ala substitution can form a triple helix with some local partial unfolding at the
mutation site. Ser substitutions caused a larger population of unfolded peptides with a
disordered N terminal region. Introduction of Arg and Asp didn't allow the triple helix
to completely fold. These peptides completed triple-helix folding only after including
more stabilizing imino acids within the N terminal sequence (Xiao et al., 2011). The
local sequence environment of the mutation is also an important factor affecting the
structural outcome that might influence the clinical severity.

The effects of Gly to Ser mutations near the integrin binding region on structure and
function were reported in Chapter III. Whether the identity of the residue replacing
Gly has an effect on the integrin binding affinity will be investigated in this study.
Examination of the OI database shows there is an OI-IV case with a Gly to Ser nonlethal mutation in the second triplet, G505 of the integrin α2β1 binding sequence
GFOGER. C-terminal to GFOGER, there is a reported lethal OI-II case caused by a
Gly to Val mutation (G508V) and another lethal OI-II case caused by a Gly to Asp
mutation (G511D) (Dalgleish, 1997) (Figure IV.1). N-terminal to the GFOGER
region, there is a silent zone; as reported in the Chapter III, Gly to Ser mutations in
this region were found to be detrimental for the integrin binding affinity.

Figure IV- 1. Schematic representation of Gly missense mutations taken from OI
database around the integrin binding region. The residue replacing Gly is shown
underneath the corresponding Gly. Subscripts are the corresponding OI type
according to the Sillence classification for each mutation. OI-II are perinatal lethal,
while OI-III is severe and OI-IV is moderate.
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The observations in Chapter III on the effect of Gly to Ser substitutions on integrin
binding affinity has raised questions about the identity of the residue replacing Gly on
the integrin binding of collagen. In the previous work, six triplets from the human
α1(I) chain surrounding the integrin α2β1 binding region, residues 496-513, were
inserted into the bacterial collagen Scl.28 by using recombinant DNA technology.
Constructs with Ser substitutions on the C terminal side (G508S and G511S) of the
integrin binding region, GFPGER, did not effect the binding affinity. COL1A1 OI
database reports two other OI cases for these Gly locations, with G508V and G511D
replacements leading to OI-II. Recombinant bacterial collagen constructs with these
replacements will be investigated for their effect on the integrin binding affinity and
will be compared with the Gly to Ser replacements at the same sites. In Chapter III, it
was shown that Gly to Ser substitutions in the integrin interacting triplets GFPGER
and the triplets N terminal to them decreased the integrin binding affinity to very low
levels. Changing the Ser residue to the smaller Ala residue might moderate this affect
on the integrin binding affinity. Recombinant proteins with Gly to Ala subsitutions at
positions G496, G499, G502 and G505 are generated, and compared with the Gly to
Ser proteins in terms of integrin binding affinity.

A recently found OI case (personal communication, Dr. Shireen Lamandé) has a
mutation in the integrin binding sequence GFOGER, E506K, where the essential Glu
residue required for the MIDAS motif is replaced by Lys. The same recombinant
approach is used to examine the effect of this E506K mutation on integrin binding.

In order to understand the effect of residue identity on integrin binding affinity in the
molecular level, our collaborators Prof. Yu-Shan Lin and Dr. Hongtao Yu from the
Department of Chemistry are carrying out molecular modeling studies that show the
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the changes in the interstrand hydrogen bonding of the triple helix upon different
residue mutations.

4.2.Experimental Methods
Design and cloning of constructs

The DNA sequence of bacterial collagen Scl2.28 with the mammalian sequence from
human collagen α1 chain GARGERGFPGERGVQGPP was previously obtained with
the parent pCold-III vector (Takara Bio Inc, Japan). Single base mutations for
changing the respective amino acid codon were introduced using the QuikChange II
Kit (Agilent Technologies, Santa Clara, CA). Primers containing single base changes
were designed and synthesized (Thermo Fisher Scientific, Waltham, MA). Mutated
plasmids were transformed into XL-1 Blue competent cells. DNA sequencing to
confirm fidelity was carried out at Genewiz (South Plainfield, NJ).

Expression and purification of the proteins

All constructs were expressed in E.coli BL21 strain, as previously described
(Yoshizumi et al., 2009). The starting culture of 15 mL with 100 mg/L ampicillin was
grown overnight at 37 °C and used to inoculate 1L of LB -ampicillin media in a flask.
When OD reached 0.8 at 600nm, protein expression was initiated by adding 1mM
IPTG and lowering the temperature to 20 °C. Cells were harvested by centrifugation
after overnight expression. Cell pellets were re-suspended with binding buffer (20
mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 7.4) and frozen at 20 °C overnight. Thawed cells were lysed by sonication and centrifuged at 4 °C to
remove the cellular debris. Crude purification was done by immobilized metal affinity
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chromatography. The supernatant was loaded onto a HisTrap HP 5mL column (GE
Healthcare Life Sciences, Pittsburgh,PA) using an FPLC system (fast performance
liquid chromatography; AKTApure, GE Healthcare Life Sciences, Pittsburgh,PA).
The cellular extract was applied onto the column and purified with elution buffer (20
mM sodium phosphate, 500 mM NaCl, 500mM imidazole, pH 7.4) after column
equilibration. Elution fractions containing the protein were combined and dialyzed
against 1X phosphate buffer saline (10X PBS, pH 7.4, FisherSci, Pittsburg, PA). For
further purification, the dialyzed samples were loaded onto a Hi Load 16/60 Superdex
200pg size exclusion chromatography column (GE Heatlhcare Life Sciences,
Pittsburgh, PA) and eluted with 1.5 bed volume of 1X phosphate buffer. All fractions
containing the protein were collected and verified for purity level with SDS-PAGE
(NuPAGE Bis-Tris 4-12%, Thermo Fisher Scientific, Waltham, MA) after
denaturation at 75 °C in the presence of LDS Buffer (4X, Thermo Fisher Scientific,
Waltham, MA). Electrophoresis conditions were 180V, 120 mAmp for 40 minutes.
Gels were stained with SimplyBlue stain for the visualization of protein bands
(Thermo Fisher Scientific, Waltham, MA). Concentrations of the protein samples
were determined using UV-Vis spectra at 280 nm (Spectrophotometer Model 14 UVVis; Aviv Biomedical Inc, Lakewood, NJ).

Previously, integrin binding protein was denoted as VCL-Int for the Scl.2.28 protein
containing the 6-triplet human type I collagen α1(I) residue 496-GAR-GER-GFPGER-GVQ-GPP-513 insertion. The VCL-Int constructs with mutations were denoted
by the number of the residue in the human α1(I) chain which is mutated and with the
1 letter notation of the replacing residue. For example, the construct with the mutation
at the G505 residue (GFPGER) was denoted as G505A. The Xaa position residue
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mutation, E506 was denoted as E506K. Residue numbers are taken from the UniProt
entry P02452 for human α1(I), with numbering starting from the beginning of the
triple helix region. The optimization of the expression for G508V is still ongoing,
therefore it is excluded from the results.

Structural analysis of the expressed proteins

Circular dichroism (CD) analysis- Wavelength scans were collected on an AVIV
Model 420 CD spectrometer between 190 nm–260 nm with 0.5 nm increments, 4 s
averaging time, 1.0 nm bandwith at 5 °C (AVIV Biomedical, Lakewood, NJ), as
previously described (33). Samples were prepared with 0.5 mg/mL concentration in
1X PBS and 1mm quartz cuvettes were used.

Trypsin Cleavage Assay- All constructs with Gly to Ala replacements (0.1 mg/mL)
were trypsinized with 50 μL of 10 μg/mL trypsin by incubating at 20 °C for 2min, 5
min and 15 min. Trypsinization was stopped by adding 1 mM phenylmethylsulfonyl
fluoride (PMSF). The trypsin digestion profile of the constructs was analyzed by
SDS-PAGE. Band integrated densities were analyzed by ImageJ.

Functional analysis of the constructs

Mammalian cell culture- Human fibrosarcoma HT1080 cells (ATCC, Manassas, VA)
were used for cell adhesion assays, since they are known to express only α2β1 of the
four collagen-binding integrins. High binding 96 well plates were coated with 60
μg/mL (4.42 mM) of recombinant proteins (all newly expressed proteins along with
the GlytoSer proteins from the previous study) for 1 hour at RT (R&D, Minneapolis,
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MN). Blocking was performed by coating the wells with 200 μL BSA solution (50
mg/mL in 1 X PBS) for 1 hour at RT. Wells were washed with 200 μL washing buffer
(1mg/mL BSA in 1X PBS) 4 times. 100 μL of HT1080 cells (2x 104cells/mL) in
DMEM media (Invitrogen, Carlsbad, CA) were seeded onto wells and incubated for 1
hour at 37 °C (supplemented with 10%FBS and 2mM MgCl2, with 5% CO2 supply).
Non-bound cells were washed with 200 μL DMEM media (no FBS, 2 mM MgCl2
added) 4 times. For cell imaging, 100 μL of 2 μM calcein AM solution (Sigma
Aldrich, St Louis, MO) was added onto each well and incubated at 37 °C for 30 min.
After washing excess calcein with DMEM media, fluorescence images of cells were
taken with 490 nm excitation and 515 nm emission filters on a Leica DFC340 FX
camera. To verify the cell adhesion, crystal violet staining was performed. Cells were
fixed with 90% ethanol solution for 10 minutes. 0.1% crystal violet solution (Sigma
Aldrich, St Louis, MO) were added to each well and incubated for 30 minutes at RT.
Solubilization of the dye was facilitated by adding 0.1% Triton X-100 and OD590nm
was recorded with an absorbance plate reader (Spectra Max M2 (Molecular Devices,
Sunnyvale, CA)).

Solid state binding assay- A previously published solid state binding protocol to
assess integrin I domain binding to triple-helical peptides was followed (Knight et al.,
2000) with minor changes. 100 μL of purified proteins (20 μg/mL, 0.59 nM) were
immobilized onto high binding 96 well plates (R&D, Minneapolis, MN) for 1 hour at
room temperature. Blocking (50mg/mL BSA in 1X PBS) and washing (1mg/mL BSA
in 1X PBS) steps were repeated. Aliquots of 100 μL of recombinant integrin α2 I
domain (10μg/mL in 1X PBS with 2mM MgCl2) were added onto the coated wells
and incubated for 1 hour at room temperature. Subsequently, wells were washed with

65

200 μL washing buffer (2mM MgCl2 added) and 100 μL of anti-GST HRP antibody
(1:10000 dilution in washing buffer with 2mM MgCl2) was added onto each well and
incubated for 1 hour at room temperature (Sigma Aldrich, St. Louis, MO). TMB
solution (3,30,5,50-tetramethylbenzidine) (Invitrogen, Carlsbad, CA) was used for
calorimetric detection. The OD450nm was recorded with a Spectra Max M2 plate
reader (Molecular Devices, Sunnyvale, CA). Denatured proteins were used to verify
the integrin binding selectivity over native triple helix. All proteins (20 μg/mL ) were
denatured at 75 °C for 30 min and immobilized onto the well plates immediately.
Native type I collagen from rat tail (Sigma Aldrich, St Louis, MO) was used as the
positive control for all the binding assays. The procedure was repeated without the
addition of 2mM MgCl2 to the washing and adhesion steps, as a negative control for
verifying the mode of binding. All assays were performed in triplicates.

Molecular dynamics simulations

Simulations of triple-helical collagen peptides- Four model triple-helical collagen
peptides were simulated in this study: The wild-type (WT) collagen sequence,
GPOGPOGPOGPAGPQGPRGEQGPQGARGERGFPGERGVQGPPGLPGKDGEAGPOGPOGPO,
and mutants with G502A, G505A, G508V, G511D. The initial structure for the WT
triple-helical collagen was built using the Triple-Helical collagen Building Script
(THeBuScr) (Rainey et al., 2004). The initial structure for the mutants was generated
by replacing Gly at the corresponding position with different residues for chains A, B,
and C using the UCSF Chimera package. The N- and C-termini for all the collagen
models were capped with the acetyl group (Ace) and NH2 group, respectively. Within
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the triple-helix, the trailing chain is designated as Chain A, middle chain as Chain B
and leading chain as Chain C, following the notation of Emsley (Emsley et al., 2000).

All molecular dynamics (MD) simulations in this study were performed using the
GROMACS 4.6.7 suite (Hess et al., 2008) with the GROMOS 54a7 force field
(Schmid et al., 2011) and SPC water model (Berendsen et al., 1981). For each
collagen triple-helix, the starting structure was first subjected to 2000 steps energy
minimization. The minimized structure was then solvated in a rectangular periodic
box of water. The dimension of the box was chosen such that the minimum distance
between any atom of the collagen and the box walls is 1.5 nm. The solvated system
was further energy-minimized for 5000 steps. With all heavy atoms of the collagen
harmonically restrained to their initial positions, each system was heated from 5 K to
the target temperature (300 K) within 20 ps and equilibrated for an additional 30 ps to
relax the solvent molecules and adjust the box size. Before production simulation, an
additional 500-ps equilibration, with only the collagen backbone restrained, was also
performed to relax the collagen side chains.

The 100-ns production runs were performed in the isobaric-isothermal (NPT)
ensemble at the target temperature of 300 K and a pressure of 1.0 bar. The first and
last carbons of each chain were restrained with a force constant of 10 kJ/mol/nm2.
The temperature was regulated using the Nosé-Hoover thermostat with a coupling
time constant of 1.0 ps (Hoover, 1985; Nosé, 1984). To avoid the “hot solvent-cold
solute” problem (Cheng and Merz Jr., 1996; Mor et al., 2008), the protein and solvent
molecules were coupled to separate thermostats. The pressure was controlled using an
isotropic Berendsen barostat with a coupling time of 2.0 ps and a compressibility of
4.5 × 10-5 bar (Berendsen et al., 1984). All bonds were constrained with the LINCS
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algorithm (Hess et al., 1997). A 2 fs time step with the leapfrog algorithm was used to
evolve the dynamics. The non-bonded interactions (Lennard-Jones and short-range
electrostatic) were truncated at 0.8 nm. Long-range electrostatic interactions beyond
the cut-off distance were calculated using the Particle Mesh Ewald (PME) summation
method with a Fourier spacing of 0.12 nm and an interpolation order of 4 (Essmann et
al., 1995). A long-range analytic dispersion correction was applied to both the energy
and pressure to account for the truncation of Lennard-Jones interactions (Allen and
Tildesley, 1989).

4.3.Results
Generation and structural characterization of recombinant collagen proteins with
missense mutations

A bacterial collagen-like protein, designated VCL-Int, was previously generated with
an

insertion

of

6

triplets

from

human

α1(I)

chain

residues

496–515,

GARGERGFPGERGVQGPP into a central part of the S. pyogenes Scl2 (Gly-XaaYaa) 79 CL domain (Figure IV.1). The inserted sequence includes the well defined
GFPGER integrin binding site. Single-base point mutations were then introduced to
convert each respective amino acid within the (Gly-Xaa-Yaa)6 insertion to the desired
substitution to generate 7 recombinant collagen constructs (Figure IV.2).
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Figure IV- 2. Schematic diagram of recombinant bacterial collagen VCL-Int, with
the insertion of human α1 (I) chain residues from G496 to P513 (red) including the
integrin α2β1 binding sequence, GFPGER. Corresponding substitutions are given
below each replaced residue.
All constructs were expressed in E.coli BL21 (DE3), and the proteins were purified
using His-tag purification followed by size exclusion chromatography. The
optimization of the expression for G508V is still ongoing, so it is not included in the
results. All constructs (except G508V, which is not shown) showed one strong band
that corresponds to the expected molecular weight (34 kDa) of the collagen monomer
on SDS-PAGE (Figures IV.2). All constructs gave a triple helical structure with an
expected MRE220nm (Table IV.1).

Figure IV- 3. SDS-PAGE gel showing all the recombinant proteins with missense
mutations. The right lane contains the Novex Sharp protein standards (Invitrogen).
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Table IV- 1. Ellipticity values and binding results for the mutated collagens.

CD MRE220

Cell Adhesion

G496A

818

++++

G499A

888

++

G502A

830

++

G505A

1050

-

G511D

790

+++++

VCL-Int

1300

+++++

VCL

768

N/A

E506K

954

(no binding to I
domain)

Trypsin treatment of VCL-Int and G502A maintained the same intensity level of the
original SDS-PAGE band through out the digestion time (Figure IV.3). Only G502A
digestion is shown. Since the tightly packed triple helix is resistant to trypsin
digestion, these results indicate the mutations did not cause a major structural
perturbation.
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Figure IV- 4. SDS-PAGE of G502A after trypsin digestion for time t=0, 2min, and
15 min at 20°C.
Effect of identity of the Gly replacing residue on cell adhesion of HT1080 cells

In order to test binding affinities in a biological context, all expressed constructs were
examined for their adhesion to HT1080 cells, which are known to express integrin
α2β1 as the only collagen binding integrin receptor. Cell adhesion profiles were
observed by cell staining, followed by live imaging and cell counting. All the Gly
substitution constructs were compared with the Gly to Ser mutations expressed
previously. HT1080 cells showed very low adhesion to VCL, but showed a strong
binding to type I collagen and VCL-Int coated wells. The G505A construct that has
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the Gly to Ala mutation within the GFPGER binding region showed very low cell
adhesion values, similar to that seen for G505S. For G502A and G499A, an increase
in cell adhesion was observed compared to the respective Gly to Ser proteins. For
G496A, the cell adhesion was much higher than G496S, close to the cell adhesion
values seen for the VCL-Int control (Figure IV.4.A). The stronger adhesion of the Gly
to Ala mutations compared to the Gly to Ser mutations suggest that reducing the size
of the residue replacing Gly can restore the integrin binding affinity in some but not
all sites.

Since G508V was not expressed successfully, only G511D was compared with
G511S on the C terminal side of GFPGER. The larger residue mutation, G511D gave
a similar cell adhesion value as seen for G511S, similar to that of the VCL-Int control
(Figure IV.4.B). The integrin binding affinity was not affected by the replacement of
Gly with a larger and more destabilizing residue on the C terminal side of the binding
region.

Cell adhesion studies will be complemented with I domain solid state binding assays
with the same proteins once a new supply of the recombinant I domain is received
from our collaborators Prof. Richard Farndale and Dr. Samir Hamaia from the
University of Cambridge, UK.
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Figure IV- 5. HT1080 cell adhesion assay shows the in vitro binding profile of
recombinant proteins with and without mutations. A. Cell adhesion comparison of
proteins with Gly to Ala mutations with previously expressed proteins with Gly to Ser
mutations. B. Cell adhesion comparison of C terminal side mutation G511S and
G511D. Quantitative analysis for the cell attachment was performed by ImageJ.
Effect of Glu to Lys mutation on integrin binding

Solid-state binding assays were utilized to determine the binding affinity of integrin to
the protein with E506K mutation. Recombinant I domain from the integrin α2 subunit
was used for the binding assays, as previously described (Knight et al., 2000). The
control VCL protein did not show any binding to the integrin I domain, establishing it
as a negative control which does not interact with the I domain (Xu et al., 2002).
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VCL-Int, with the GARGERGFPGERGVQGPP insertion, showed a high binding
affinity, indicating that insertion of the integrin binding region from human type I
collagen granted binding affinity to the recombinant bacterial collagen (Figure IV.5).
Denatured constructs did not bind to integrin, confirming the requirement for the
triple helix structure. Omission of the divalent cation (Mg2+), required for the MIDAS
motif, also eliminated activity (Figure IV.5). The construct with the GFPGKR
sequence was purified and studied. The substitution of Glu by Lys completely
abolished the binding affinity, bringing it to control levels (Figure IV.5).

Figure IV- 6. Solid state analysis of recombinant α2 I domain binding to E506K as
well as control proteins. The denatured samples are indicated by D.
Molecular dynamics simulations for a triple-helix with Gly replacements within or
nearby the integrin binding sequence

Molecular dynamics (MD) simulations were performed to explore the conformational
consequences of Gly to Ser replacements on the triple-helix region containing the
integrin binding sequence of human type I collagen surrounded by the bacterial
collagen sequence. The simulations were carried out initially on a control triple-helix
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peptide

modelling

VCL-Int

which

contained

the

6-triplet

GARGERGFPGERGVQGPP human collagen insertion flanked by 3 triplets from the
bacterial collagen sequence adjacent to the insert and finally capped by (Gly-ProHyp)3 stabilizing triplets on both ends (Figure IV.7). MD simulations were also
performed on a homologous sequence with a Gly to Ala replacement at position
G502A,

G505A,

G508V

and

G511D.

Interchain

hydrogen

bonds

NH

(Gly)…C=O(Xaa) are important for triple-helix stability, so the distances were
monitored throughout the triple-helix. Gly to Ala mutation at G502 and G505 led to a
local disruption of hydrogen bonding exclusively at the mutation site, where the NH
(Ala) can no longer form a direct bond with C=O in the adjacent chain (Figure IV.7).
This observation is different from the Gly to Ser mutations at the mentioned sites, in
which there were 2-3 hydrogen bond disruptions in the mutation site and C terminal
to it (Figure III.9).

Figure IV- 7. Interchain backbone NH---CO interactions are illustrated. Backbone hydrogen
bonds whose average N---O distances ≥ 3.5 Å during the course of simulation are labeled
with red dashed lines, to indicate their disruption.

For G508V and G511D, the number of disrupted hydrogen bonds were greater in
comparison with the G508S and G511S. However, as was seen with Gly to Ser

75

mutations, the disruption of hydrogen bonds occur within the mutation site and C
terminal to it, leaving the GFPGER binding region intact (Figure IV.8).

Figure IV- 8. Interchain backbone NH---CO interactions are illustrated. Backbone hydrogen
bonds whose average N---O distances ≥ 3.5 Å during the course of simulation are labeled
with red dashed lines, to indicate their disruption.

4.4.Discussion
The asymmetric binding affinity footprint observed in the recombinant bacterial
collagen study in Chapter III raised questions about the effects of the identity of the
residue replacing Gly. Here, the previously obtained integrin binding recombinant
collagen

with

inserted

human

collagen

α1(I)

residues

496–513,

GARGERGFPGERGVQGPP was used to examine the consequences of replacing Gly
residues with different amino acids.

The comparison of the effects of Gly substitutions on the integrin binding affinity was
performed for 4 sites where a Gly to Ser mutation decreased or eliminated the integrin
binding. G505A showed no binding with values very similar to the G505S,
confirming that G505 site is essential for the integrin binding. G502A and G499A had
higher cell adhesion levels than Gly to Ser proteins, suggesting that replacing with a
smaller residue might have interfered less with the binding interactions. G496A had
increased cell adhesion levels, similar to VCL-Int whereas G496S had low binding
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affinity levels, similar to VCL. The smaller effect on binding affinities for Gly to Ala
proteins correlates well with the underrepresentation of Ala residues seen in OI
mutations. There might be a possibility of a threshold required for the structural
distortion of collagens to cause a clinical observation.

Computational simulations of the triple-helix alone showed a local disruption of
interchain hydrogen bonding only at each mutation site. This finding is the same as
the crystal structure with Gly to Ala mutation having only 1 disrupted hydrogen bond
at the mutation site (Bella et al., 1994a). It is important to note that in the presence of
these local conformational perturbations with Gly to Ser, the tightly packed triplehelix structure was maintained, since the mutant collagens retain resistance to trypsin,
an observation that repeated with Gly to Ala proteins.

Figure IV- 9. Schematic diagram for the I domain binding profile of Gly to Ser
mutations (in grey) and Gly to Ala that has the increased binding for more areas
(shaded). Top part is taken from the OI database and shows the overlapping of silent
zone and lethal mutations with the binding and no binding regions for recombinant
collagen (below).
The dramatic asymmetry in directionality for the footprint of binding disruption by a
Gly to Ser mutation is still present but within a more limited area: there is a sharp cut
off where mutations have no effect on C terminal to GFPGER, while mutations N –
terminal to GFPGER decrease the integrin binding. But Gly to Ala mutations do not
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extend as far as Gly to Ser in their impact in the N-terminal direction. (Figure IV-9).
Previously, the Gly to Ser mutations on the C terminal side of the binding region were
shown to cause no effect on the integrin binding affinity. Increasing the size of the
replacing residue was thought to cause a larger disruption and might effect the
integrin binding affinity. Therefore residues G508 and G511 were mutated to Val and
Asp, respectively. G508V couldn’t be expressed and it is excluded from the study at
this time. G511D caused no effect on the integrin binding affinity, with high cell
adhesion values similar to VCL-Int. In comparison with the G511S, no change was
observed by changing the identity of the residue. The mutations on the C terminal side
of the binding region, that is the G511D, did not affect the integrin binding affinity, as
it didn't affect the binding with the G511S. It is likely that the lethal cases seen in OI
database for that particular region are not related with the integrin binding affinity.

Computational simulations for G508V and G511D showed a greater degree of
disruption of hydrogen bonding in comparison with G508S and G511S. Two to three
direct NH…CO intramolecular hydrogen bonds between each pair of chains within
the triple-helix were broken and that the disruption does not extend to the N terminal
side of the mutation that is the GFPGER binding region. The observed number of
hydrogen bond disruptions and the directionality of the disruptions to the C terminal
side of the mutation is similar with the Gly to Ser mutations.

As a side project, replacement for an Xaa position residue was also tried for the Glu
residue that is essential for the integrin α2β1 binding. The recently found human case
(personal communications, Prof. Shireen Lamandé) that has severe joint laxity has a
mutation in E506 position. The diseased collagen from the cultured patient fibroblasts
showed a slightly decreased binding to the recombinant I domain. However, it is
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thought that it might be due to the presence of other integrin binding regions on type I
collagen and the absence of GFOGER might still result in a binding activity. Bacterial
collagen with E506K mutation had completely abolished the integrin binding, likely
due to the replacement of the essential Glu residue that is required for the
coordination of the metal ion in the MIDAS motif.

This work on the effect of identity of the residue replacing Gly on the integrin is not
complete and future studies will be performed. Trypsin digestion studies were only
performed for the Gly to Ala proteins and they did not show any major local
distortion. However the effect of trypsin on a larger residue replacing Gly, such as the
G511D mutation, is still unknown. I domain binding studies for all the proteins and
cell adhesion assays for G508V will be completed, and then lead to a publication.
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Chapter V
Discussion and Conclusions
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5.1. Effects of Gly mutations on structure and function of collagen for ligand
binding and implications for OI

The study of the biological consequences of mutations within the integrin binding
region of collagen using the bacterial collagen system increases our understanding of
collagen interactions. This thesis improves our molecular understanding of the effects
such Gly missense mutations have on integrin binding. The results may have
relevance for clarifying the molecular basis of the subset of OI Gly missense
mutations that are within or nearby the integrin binding sequence. This application of
the bacterial collagen system illustrates the influence of substitutions and exposes
novel outcomes for the interplay between collagen mutations and interactions.

5.1.1 Gly Substitution Effects on Integrin Binding

The strongest binding sequence in collagen for integrin α2β1 is GFOGER, and the
key interactions are known from the co-crystal structure (Section 3.1). The divalent
cation in MIDAS motif of the I domain is coordinated by Glu residue in GFOGER,
which is shown to be an essential residue by the loss of binding with the E506K
mutation. It is not surprising to obtain impaired binding results for the Gly mutations
for GFPGER region since the essential interactions are impaired as deduced from the
molecular dynamics simulations with Gly to Ser mutations. However with Gly to Ala
mutation in the first triplet of GFPGER, the impaired binding was partially restored.
This improvement by the replacement with a smaller residue is possibly due to the
less distorted local triple-helical structure within the mutation site seen in the
molecular dynamics simulations. Comparison of Gly to Ser and Gly to Ala
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substitutions for the GFPGER region, demonstrated that the identity of the replacing
residue is important for the particular triplet.

In addition to the mutations within GFPGER, the stretch of sites with Gly to Ser
mutations which showed no binding to the integrin spans 4 triplets N terminal side to
GFPGER. The MD simulations of the mammalian sequence mutations for the G496
and G499 positions displayed disruptions of hydrogen bonding within the mutation
site and C terminal to it, affecting the GFPGER region and consisted with the
observed decreased binding. Changing the identity of the residue replacing Gly from
Ser to Ala, increased the binding affinity slightly for G499A, compared to G499S,
and increased it to the control value for G496A compared with G496S. More
experiments will be done to confirm this effect, including a Gly to Ala substitution
for the G(-3) position and solid state binding assays.

The Gly to Ser mutations at positions G(-6) and G(-3) which are just N-terminal to
G496S and G499S, had even lower integrin binding values. This long distance effect
can’t be explained from the co-crystal structure and MD simulations. With the MD
simulations, hydrogen bonding disruption was observed C terminal to the mutations,
but it did not extend into the GFPGER region which interacts with integrin. There are
early reports of OI collagens with Gly missense mutations which show an altered Nproteinase cleavage of the N-propeptide, even though the mutation is hundreds of
residues away from the N-proteinase cleavage site (Lightfoot et al., 1994). Multiple
explanations for this long distance effect were suggested including a shift in the
register of the three chains that does not cause a drastic structural change, but still
changes the conformation.

82

The unaffected binding of the recombinant bacterial G511S and G508S proteins for
integrin, compared with the decreased binding for the N-terminal mutations, revealed
the asymmetric binding profile of integrin to mutated bacterial collagens. G505S
shows no integrin binding, while G508S has normal integrin binding, representing a
sharp boundary. Despite being next to the R507, which makes a salt bridge seen in
the crystal structure, G508S substitution does not affect the binding interactions.
Changing the identity of the replacing residue from Ser to larger (Val and Asp)
residues has been performed for the C terminal side of GFPGER region, to see the
residue effects on the binding. G508S and G511S did not cause any decrease in the
binding affinity, as stated before. Although MD simulations showed 2 or 3 hydrogen
bonds to be disrupted, these disruptions occurred C terminal to the mutation site, so
that the important GFPGER region was not affected. Increasing the size and
destabilization of the residue replacing Gly might have caused larger disruptions, but
in the one sample examined, G511D, the normal control cell adhesion activity was
observed and the MD simulation showed an unaffected GFPGER region. G508V
results are missing due to the incomplete expression for this protein. Experiments are
ongoing to obtain all the mentioned proteins.

Future CD folding experiments will be conducted with the recombinant proteins
containing Gly substitutions in the integrin binding region, in order to detect any
delay in folding. By changing the identity of the replacing residue from Ser to Arg in
the bacterial collagen itself, a delay in folding was observed (Cheng et al., 2011).
Trypsin digestion profiles of the substitutions will complement the understanding of
the effects of mutations and assist in correlating the structural behavior and binding
interactions. Another approach in progress is to map the mutations when the folding
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direction is reversed. The trimerization domain of bacterial collagen, V, is at the N
terminus, as opposed to the mammalian fibrillar collagens, which have their
trimerization domains at the C-terminus. The observed asymmetry in the integrin
binding mutation profile might be due to the folding direction of bacterial collagen. In
order to test this hypothesis, the location of the V trimerization domain of bacterial
collagen will be changed from its normal N-terminal location to the C-terminal end.
Gly substitutions will be introduced to investigate the effects of mutations in this
reverse folding system.

Ala replacements in the N terminal side of the GFPGER region increase the binding
affinity compared to the larger Ser replacements, as discussed before. The asymmetric
binding profile is still there, as seen for Gly to Ser mutations, but it appears that full
activity is recovered much sooner N-terminal to the GFPGER sequence. Further
experiments will be conducted by replacing Gly mutations with larger residues for the
N terminal side of GFPGER. Examining Gly replacements by different residues might
shed light on the correlation of the identity of the replacing residue and severity of OI
mutations near major ligand binding regions.

5.1.2 Mechanism of collagen-integrin binding

The binding mechanisms of fibrillar collagens to their ligands are most commonly
revealed by the solid state binding studies with peptides and co-crystal structures of
the binding modules along with the peptides. The most well studied interaction is the
integrin α2β1 binding to collagen α1(I) homotrimer as discussed in Chapter II. Cocrystal structure of the binding motif of integrin α2β1 (I domain) and collagen like
homotrimeric peptide revealed the key interactions (Emsley et al., 2000). However
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peptide studies can’t capture the long distance effects or other possible interaction
steps prior to the binding step. Our findings with the missense mutation studies
performed on recombinant bacterial collagen suggests that integrin binding is effected
by the mutations 10-15 residues away from the binding site. There is no clear
explanation for this mechanism, however a possible explanation might suggest that
integrin

binding

mechanism

may

resemble

the

interaction

of

matrix

metalloproteinase-1 (MMP-1) and collagen that consists of multiple steps with a
recognition step followed by the diffusion and drift of MMP-1 and finding the
cleavage site.

MMP-1 cleavage mechanism is extensively studied and still far from being
understood. However it is well known that, MMP-1 active site can only accommodate
a single collagen monomer chain, hence triple helix must first unfold with a process
denoted as ‘triple helicase activity’. Apart from the catalytic domain, MMP-1 needs
the hemopexin domain for binding to collagen and cleavage. The diffusion of MMP-1
hemopexin domain on collagen continues even after the inhibition of collagenolytic
activity. The movement of MMP-1 on collagen fibril is unidirectional (in the C
terminal direction) following the ‘burnt bridges’ mechanism (Van Doren, 2015). The
diffusion based ‘burnt bridge’ mechanism is a type of Brownian rachet motion, in
which the diffusion of the molecule is unidirectional and determined by the cleavage
of the monomer chain (bridge is burnt) that prevents MMP from moving in the
opposite direction (Chowdury et al., 2005; Mai et al., 2001; Saffarian et al., 2004).

Restricted mobility of the membrane tethered receptors (such as MMP-14 and
integrins) is contradictory to the diffusion mechanism however experimental findings
for MMP-1, -2, -9 and -14 has proven that those collagenases diffuse laterally on
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collagen without loosing contact from the collagen surface. It is suggested that there
is a collaborative effort of MMP-14, MMP-2 and TIMP-2 complex for the diffusion
of MMP-2 on the collagen substrate. In addition to the above mentioned complex,
there is evidence that integrin αVβ3 in the close proximity promotes MMP-2
activation (Collier et al., 2011) and MMP-1 cleavage is required for integrin α2β1
guided cell migration (Dumin et al., 2001; Stricker et al., 2001). It is accepted that
integrin and MMP have two distinct structures as verified by the crystal structures and
their mechanism of activation and substrate interaction are also shown to be different
(Gullberg, 1996). However alternative interaction mechanisms such as diffusive
binding of MMP might holds true for integrin binding.

Long distance effects of Glycine missense mutations on integrin binding (Chapter III)
still couldn't be explained by the structural characterization as well as with the
molecular dynamics simulations. Integrin and collagen recognition, interaction and
binding could be separate mechanisms. Integrin substrate interaction could resemble
the ‘burnt bridge’ Brownian rachet theory of lateral diffusion on collagen substrate as
seen with MMP’s. N terminal side of GFPGER binding region could be an initial
recognition region for integrin that facilitates in finding the stronger binding region.
Mutations in that region resulting in loss of binding or weaker binding (details in
Chapter III) can be due to the loss of this initial recognition step.

The comparison of crystal structures of I domain-peptide complex and I domain alone,
revealed that I domain has undergone major conformational changes in order to
accommodate triple helix interactions. This observation may also be a clue for an
additional step for substrate recognition that facilitates the conformational changes in
the I domain surface (Siljander et al., 2004). It is accepted that integrins are in bent
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conformation when in their inactive states and they switch to an extended
configuration upon activation (Askari et al., 2009). The switch mechanism between
the different I domain conformations is still unknown. The α subunit bearing I
domain, is extended upon ligand binding, however the steps prior to the ligand
binding is still a mystery (Luo and Springer, 2006).

In order to gain better understanding of the integrin collagen interaction mechanism
and long distance effects of the Gly missense mutations, Surface Plasmon Resonance
(SPR) experiments will be performed. SPR analysis gives information about the
kinetics of an interaction rather than a single detection point obtained from the ELISA
assay. Rates of complex formation (ka) and dissociation (kd) can be determined and
the strength of the binding (affinity) can be calculated at equilibrium (KD). Type I
collagen binding to I domain was analyzed previously by SPR and a KD of 10 μM
was found (Xu et al., 2000). From the platelet collagen binding studies a KD of 35-90
nM was obtained (Jung and Moroi, 1998). SPR analysis of recombinant proteins with
different mutation sites might give different ka rates due to the differences in substrate
recognition if there is a separate step exists as such. In addition to the SPR analysis,
Single Cell Force Spectroscopy (SCFS) can also be used to analyze cell receptor
binding to recombinant proteins accurately. Dynamic cell-substrate interaction can be
controlled for short contact times that might distinguish the recognition and binding
steps of the ligand. One such study found that cell adhesion to type-I collagen through
integrin α2β1 is a 2 step process involving single-integrin adhesion and cooperative
receptor binding. Early binding of integrin involves single cell attachment followed
by multi integrin receptor complexes (Taubenberger et al., 2007).
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5.1.3. Implications and Insights for OI Collagens

The silent zone around the major integrin binding region on type I collagen, where
there are no known OI mutations, is not understood. There are 3 known α2β1 integrin
binding regions on the alpha 1 chain of type I collagen, with GFOGER being the
strongest. The integrin α2 chain (which carries the I domain) knock-out mouse is
viable, but shows cell attachment defects and defects in thrombus stabilization. Given
the viability of the integrin α2 mouse, it seems less likely that the silent zone is due to
embryonic lethality, but it is possible. As stated before, the other integrins (α1β1 and
α11β1) could compensate for the loss of α2β1. Also a mutation within or nearby the
GFPGER sequence of collagen might also have other defects, in addition to decreased
interaction with integrin. Compensation of the integrin binding might be performed
by α1β1 integrin that also binds to GFPGER. Separate knock-out models for other
type I binding integrins α1β1, α10β1 and α11β1 also shows a mild phenotype. α-I
domains may have more important roles in more specific than in fundamental cellular
mechanisms. Some OI collagens are known to be degraded within the cell, and it is
likely that only some of the mutated collagens are secreted and form fibrils. This
study of recombinant collagens only focuses on the interactions that might take place
between a part of the secreted OI collagen which forms fibrils and the integrin cell
receptors.

There are a few other silent zones near the major ligand binding regions on the α1 (I)
collagen chain. The integrin binding GASGER region (residues between 811-816) has
a 6 triplet long silent zone, but it is not feasible to study this region because of its
relatively weak binding to the recombinant I-domain. It has been reported that the
binding affinity of this particular region increases upon activation of the integrin α2β1
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on HT1080 cells, hence allowing the study of the cell adhesion of peptides (Siljander
et al., 2004). In the future, this particular integrin α2β1 binding region can be studied
to see the effects of Gly missense mutations on the binding affinity.

Another silent zone on COL1A1 is around the fibronectin (Fn) binding region
(residues 785-803). The Fn binding sequence is 6 triplets long, with 1 only one Gly
missense mutation in the middle of the binding region. My colleague Pan Chumm has
mapped the effects of the Gly missense mutations on Fn binding affinity. The results
revealed a different trend compared with the integrin binding region, where mutations
in all 6 triplets disrupt Fn binding; no asymmetry is observed. Interestingly,
introduction of Gly to Ser mutations within the fibronectin binding sequence led to
trypsin susceptibility and a biphasic melting curve, a much greater disruption than
seen for Gly to Ser mutations in the integrin binding sequence. Comparison of the Fn
region binding results and the results for integrin binding signified the importance of
the sequence environment and the very different mechanisms of binding of different
ligands. There are numerous interactions of collagens with other ECM proteins and
cell surface receptors, as well as intracellular interactions with chaperones and
enzymes involved in biosynthesis (Figure V-1). Further studies of specific isolated
interactions using the bacterial collagen system would reveal new insights.
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Figure V- 1. Type I collagen interactome. (Taken from (An and Brodsky, 2016)).

5.2. Recombinant bacterial collagen as a potential biomaterial

This section contains ideas and guidelines for future projects aiming to use bacterial
collagen as a biomaterial. Although the focus of my thesis research has been on
mutations in collagen, the recombinant bacterial collagen system used for these
studies offers new opportunities for biomaterials, and these possibilities and the utility
of the system for the biomaterial field are discussed.

Recombinant human collagen expression host systems are limited and yeast still
serves as the most efficient host system that produces collagen in sufficient yields for
biomaterial applications. The limitations include the requirement for the co-
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expression of 4-prolyl hydroxylase enzyme for increased triple helix stability and
obtaining high enough yields for in vitro fibril formation. Also transgenic plants and
animals are not yet cost-effective due to the complex genetic manipulations and
longer production times.

Co-expression of human P4H enzyme with type I and type III chains in yeast systems
(P.pastoris and S.cerevisiae), produced recombinant human type I heterotrimer and
type III homotrimers with the required levels of prolyl-4-hydroxylation. Absence of
chaperones and N-terminal propeptide sequence did not cause any misfolding or
delays in the production process (Toman et al., 2000). Triple helical collagens formed
in ER were collected by cell lysis and purified with further downstream processing. In
vitro fibril formation was pursued and the D-periodical structure formation was
observed despite the absence of co-factors that are commonly associated with
collagen fibril formation in eukaryotic systems (Nokelainen et al., 2001). The
assembly mechanism of the unique structure of collagen fibers is still not yet fully
understood. And the requirement of type-I collagen D-periodic fibrils for interaction
with cells and extracellular matrix as well as for the regulation of cellular functions
are also not well characterized .

In order to understand the function and requirements of collagen fibrils and fibril
formation as well as to serve as a functional biomaterial, recombinant bacterial
collagen is a good candidate. The advantages of recombinant bacterial collagen, as
stated in detail in earlier chapters, compared to the recombinant human collagen
expression systems include high yields, tunability and isolation of specific ligand
binding regions. Creating a biomaterial from bacterial collagen would immensely
contribute to the biomaterial field. Previous work on bacterial collagen hydrogels
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covalently linked the recombinant protein to polyethylene glycol diacrylate (PEGDA)
in order to form a crosslinked network of functional bacterial collagens to increase the
selective cell adhesion and improve tissue engineered vascular grafts (Browning et al.,
2012; Browning et al., 2014; Cosgriff-Hernandez et al., 2010).

The tunability of the recombinant bacterial collagen system provides selective
recognition for the study of the collagen interactions as seen in Chapter 3 and 4. The
selective functional groups on the collagen blank slate would be beneficial for the
selective tissue engineering applications that study tunable cellular growth. The
tunability of the system would decorate the collagen with responsive groups for
construction of recombinant collagen crosslinks, aggregates and high order structures
to study the effects of different structures on tissue growth and ECM interactions.

The first challenge for the formation of a high ordered bacterial collagen type
structure such as fibrils is to obtain the necessary amount of the crosslinkable groups
per area. The rod-like structure of the collagen triple helix limits the chain flexibility,
hence restricting the distribution of functional groups and decreasing the probability
of 2 functional groups being in close proximity for covalent interaction. In addition to
the decreased functional group density, increased protein concentration would expel
out the solvent from the chain surface. Since the human collagen fibril formation is
an entropy driven process starting with the loss of water from the surface, decreasing
the area/volume, and form supramolecular and covalent interactions. Denser bacterial
collagen solutions could mimic the natural fiber formation process and form different
types of aggregates. Increasing the concentration of the bacterial collagen solution
without forming irreversible aggregates is challenging, possibly due to the high
number of oppositely charged groups. Decreasing the pH of the solution helps in
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solubilization however, stability significantly drops as the high stability of the
bacterial collagen is largely dependent on the electrophilic interactions take place at
neutral pH.

Further covalent interactions for the formation of high ordered crosslinked structures,
could include tyrosine crosslinking by forming dityrosines or disulfide crosslinking of
cysteine residues. Bacterial collagen does not have intrinsic cysteines and the only
tyrosines are found in the alpha helical trimerization domain. In order to form the
desired crosslinks, point mutations for converting certain residues into Cys or Tyr in
desired locations have to be performed. Replacing the existing residues of the
bacterial collagen is challenging since certain charged residues and high number of
Pro residues increase the stability of the triple helix, hence they have to be intact.
However replacing the charged residue with a similarly charged amino acid is also a
possibility. Point mutations have to be performed by replacing the existing residues
with new residues carrying similar electrophilic characteristics, without changing the
charge distribution through-out the triple helix. Another consideration for the
incorporation of possible crosslinks would be the location and frequency of the
crosslinking residues. Covalent crosslinking would take place in vitro, after the
purification of the triple helical collagen monomers, so the covalent bond formation is
expected to have no effect on the stability of triple helix. However extensive
intrastrand covalent bond formation due to the high number of crosslinking residues
might cause unwanted local misfolding that might result in protease degradation.

As an example, in collaboration with Dr. John Ramshaw (CSIRO), I did experiments
on disulfide crosslinking of a bacterial system that contains 2 copies of CL units (VCLCL) having Cys residues at each end terminals were tried. However only
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intrastrand crosslinking of the helices were obtained (unpublished data), possibly due
to the insufficient concentrations and lack of enough Cys residues in close proximity
to form inter strand crosslinks. The presence of the globular V domain might also
hinder the Cys residues at the N terminal of collagenous part, as well as preventing
the rod-like chains to align closer. Removal of the V domain by protease cleavage
might increase the crosslink yields by eliminating the steric hindrance caused by the
trimerization domain.

It is well-known that trimerization domains found in C terminal end of fibril forming
collagens are responsible for the nucleation and triple helix formation. These noncollagenous trimerization domains are also suggested to play a role in chain
recognition and heterotrimer formation (Khoshnoodi et al., 2006). Hence
incorporation of known trimerization domains at the N terminal side of the bacterial
collagen, instead of the intrinsic V domain, might aid in forming heterotrimers. It is
known that in the absence of V domain, bacterial collagen does not refold once it is
denatured. The location of the V domain, however, does not affect the triple helix
since switching the V domain from N terminal to C terminal was shown to be
functional in forming triple helices. Replacement of the globular V domain by the
human trimerization domains might support the triple helix formation in bacterial
collagen. With a similar approach, telopeptide sequences of fibrillar collagens could
be incorporated into the terminal ends of bacterial collagens in order to aid in higher
order structure formation. However, in order to form supramolecular interactions,
high concentrations of the solution is needed so the proximity of the collagen chains
would be closer.
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Lysyl oxidases (LOX) are the enzymes that act on collagen fibrils for

crosslinking

and stabilization. There are still many unknowns in the mechanism of fiber
crosslinking, but the sites of crosslinks for collagen type I, II and III are known.
Incorporation of the sites into the bacterial collagen could provide insights into the
binding mechanism and requirement of the binding. In addition, if binding occurs, it
could crosslink the bacterial collagens and possibly forms a biomaterial with natural
crosslinks. This project is still underway and facing some complications regarding the
binding studies for LOX.

Thanks to the ease of cloning with bacteria, it is efficient to tune the recombinant
bacterial collagen for different types of crosslinks, location of the crosslinks and to
compare and study the function and effects of the crosslinks as well as different
structure formations on cell behavior and ECM interactions. If the formation of a
higher order structure or stable functional aggregate is possible with recombinant
bacterial collagen, functional binding studies would shed light on the necessity of Dperiodicity of fibrils and alignment of the multiple binding regions on collagen fibrils.

5.3. Advantages and limitations of recombinant bacterial collagen system

One important advantage of the recombinant bacterial collagen system, compared
with studies on recombinant human collagen, is the ability to insert and isolate the
effect of specific mammalian collagen interacting sequences. This enables study of
structural and functional aspects, as in the case of the easy assessment of E506K
binding affinity for integrin α2β1. Previous studies of recombinant human collagens
form yeast provided good yields and prolyl hydroxylation, however the complex
cloning techniques required are drawbacks of the yeast systems and few substitutions
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have been reported (Que et al., 2015). Another advantage of the recombinant bacterial
system is the production of a homogenous protein, all homotrimers containing a
mutation in each chain, unlike the heterogeneous mixtures obtained from the cultured
OI fibroblasts. Compared with triple-helical peptides, the bacterial collagen has a long
triple helical domain, making it easier to study mutations and long distance effects.

The system has limitations such as the absence of Hyp residue that might be needed
for the formation of higher order structures and the inability to form fibrils to capture
the native fibril interactions. There is some progress in the incorporation of prolyl
hydroxylation machinery into the bacterial system (See Appendix C), but it is not
conclusive yet. Another drawback of the bacterial collagen system is the inability to
form heterotrimeric triple helices such as type I collagen. Addition of recognition
motifs and coiled coils at the terminal ends are ongoing efforts to achieve the
heterotrimer formation. Lastly, the folding direction of the recombinant system is
from N terminal to the C terminal direction, which is the opposite of the mammalian
collagen folding direction. The observed affects might show influences of the
directionality therefore there is an ongoing study to change the directionality of the
bacterial collagen with desired sequences.

The successful mapping of the effect of Gly missense mutations on the integrin
binding region is the first report determining how mutations affect collagen
interactions by using the recombinant bacterial collagen. The system provides a fast
and efficient platform to study multiple residue mutations with different binding
sequences for the study of collagen diseases.
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5.4. Overview

Recombinant bacterial collagen is proven to be a useful platform to study collagen
mutations and their effects, which may shed light on related unknown disease
mechanisms. From the studies introduced in Chapter III and Chapter IV, we gained
important information about effects of Gly missense mutations on structure and
function of collagen. Based on the results, we deduced the relation between some of
the lethal OI mutations and integrin binding. However there are still much to explore
for the effects some of the mutations that create a long distance effect on the integrin
binding. Possible explanations (as discussed in detail in earlier sections) include; 1.
Shift in chain register that is not observable by the trypsin digestion since the local
unfolding does not occur but relative positioning of the key binding residues change.
Bacterial collagen homotrimers have mutations in all the 3 chains unlike the human
OI collagens, which may have mutations in only 1 or 2 of the α1 (I) chains. Shift in
chain register without a local unfolding might be possible in the homotrimeric
collagens with mutations. 2. Integrin binding mechanism that resembles the Brownian
rachet diffusion on collagen chains rather than a sole lock and key model.
Recognition and binding steps might require a longer intact sequence within the
binding site and absence of it might result in lower binding as seen with the far Nterminal mutations. 3. Direction of the folding of the bacterial collagen that is from N
terminal to C terminal unlike the human collagens can cause the observed asymmetry
in binding. In order to address the possibilities that can guide us in understanding the
long range effects, more experiments are underway such as conducting SPR for
differentiating the kon and koff rates, folding experiments and changing the location of
the trimerization domain.

97

References
Allen M, Tildesley D. 1989. Computer Simulation of Liquids. Oxford University
Press.
Allmeling C, Jokuszies A, Reimers K, Kall S, Vogt P. 2006. Use of spider silk fibres
as an innovative material in a biocompatible artificial nerve conduit. J. Cell. Mol.
Med. 10:770–777.
Altman G, Diaz F, Jakuba C, Calabro T, Horan R, Chen J, Lu H, Richmond J, Kaplan
D. 2003. Silk-based biomaterials. Biomaterials 24:401–416.
Amiram M, Garcia Quiroz F, Callahan D, Chilkoti A. 2011. A highly parallel method
for synthesizing DNA repeats enables the discovery of “smart” protein polymers.
Nat. Mater. 10:141–148.
Amruthwar S, Janorkar A. 2012. Preparation and characterization of elastin-like
polypeptide scaffolds for local delivery of antibiotics and proteins. J Mater Sci
Mater Med 23:2903–2912.
An B, Abbonante V, Yigit S, Balduini A, Kaplan D, Brodsky B. 2014a. Definition of
the Native and Denatured Type II Collagen Binding Site for Fibronectin Using a
Recombinant Collagen System. J. Biol. Chem. 289:4941–4951.
An B, DesRochers T, Qin G, Xia X, Thiagarajan G, Brodsky B, Kaplan D. 2013. The
Influence of Specific Binding of Collagen-Silk Chimeras to Silk Biomaterials on
hMSC Behavior. Biomaterials 34:402–412.
An B, Brodsky B. 2016. Collagen binding to OSCAR: the odd couple. Blood
127:521–522. http://www.bloodjournal.org/cgi/doi/10.1182/blood-2015-12682476.
An B, Abbonante V, Yigit S, Balduini A, Kaplan DL, Brodsky B. 2014b. Definition
of the native and denatured type II collagen binding site for fibronectin using a
recombinant collagen system. J. Biol. Chem. 289:4941–4951.
An B, Lin YS, Brodsky B. 2015. Collagen interactions: Drug design and delivery.
Adv. Drug Deliv. Rev. 97: 69-84
Arai T, Freddi G, Colonna G, Scotti E, Boschi A, Murakami R, Tsukada M. 2001.
Absorption of metal cations by modified B. mori silk and preparation of fabrics
with antimicrobial activity. J. Appl. Polym. Sci. 80:297–303.
Arcidiacono S, Mello C, Kaplan DL, Cheley S, Bayley H. 1998. Purification and
characterization of recombinant spider silk expressed in Escherichia coli. Appl.
Microbiol. Biotechnol. 49:31–38.
Arcidiacono S, Mello C, Butler M, Welsh E, Soares J, Allen A, Ziegler D, Laue T,
Chase S. 2002. Aqueous Processing and Fiber Spinning of Recombinant Spider
Silks. Macromolecules 35:1262–1266.
Asai D, Xu D, Liu W, Garcia Quiroz F, Callahan D, Zalutsky M, Craig S, Chilkoti A.
2012. Protein polymer hydrogels by in situ, rapid and reversible self-gelation.
Biomaterials 33:5451–5458.

98

Askari JA, Buckley PA, Mould AP, Humphries MJ. 2009. Linking integrin
conformation to function. J. Cell Sci. 122:165–170.
Assal Y, Mie M, Kobatake E. 2013. The promotion of angiogenesis by growth factors
integrated with ECM proteins through coiled-coil structures. Biomaterials
34:3315–3323.
Bachinger HP, Morris NP, Davis JM. 1993. Thermal stability and folding of the
collagen triple helix and the effects of mutations in osteogenesis imperfecta on
the triple helix of type I collagen. Am. J. Med. Genet. 45:152–162.
Baek D, Ki C, Um I, Park Y. 2007. Metal ion adsorbability of electrospun wool
keratose/silk fibroin blend nanofiber mats. Fibers Polym. 8:271–277.
Bai L, Zhu L, Min S, Liu L, Cai Y, Yao J. 2008. Surface modification and properties
of Bombyx mori silk fibroin films by antimicrobial peptide. Appl. Surf. Sci.
254:2988–2995.
Bandiera A, Markulin A, Corich L, Vita F, Borrelli V. 2014. Stimuli-induced release
of compounds from elastin biomimetic matrix. Biomacromolecules 15:416–422.
Baneyx F. 1999. Recombinant protein expression in Escherichia coli. Curr. Opin.
Biotechnol. 10:411–421.
Baum J, Brodsky B. 1999. Folding of peptide models of collagen and misfolding in
disease. Curr. Opin. Struct. Biol. 9:122–128.
Beck K, Chan VC, Shenoy N, Kirkpatrick A, Ramshaw J, Brodsky B. 2000.
Destabilization of osteogenesis imperfecta collagen-like model peptides
correlates with the identity of the residue replacing glycine. Proc. Natl. Acad. Sci.
U. S. A. 97:4273–4278.
Bedell-Hogan D, Trackman P, Abrams W, Rosenbloom J, Kagan H. 1993. Oxidation,
cross-linking, and insolubilization of recombinant tropoelastin by purified lysyl
oxidase. J. Biol. Chem. 268:10345–10350.
Bella J, Brodsky B, Berman HM. 1995. Hydration structure of a collagen peptide.
Structure 3:893–906.
Bella J, Eaton M, Brodsky B, Berman HM. 1994a. Crystal and molecular structure of
a collagen-like peptide at 1.9 A resolution. Science. 266:75–81.
Bella J, Eaton M, Brodsky B, Berman HM, Bella J, Eaton M, Brodsky B, Berman
HM. 1994b. Crystal a Structure and Molecular at Collagen-Like Peptide A
Resolution. Science. 266:75–81.
Bellas E, Seiberg M, Garlick J, Kaplan DL. 2012. In vitro 3D full-thickness skinequivalent tissue model using silk and collagen biomaterials. Macromol. Biosci.
12:1627–1236.
Bellingham CM, Woodhouse KA, Robson P, Rothstein SJ, Keeley FW. 2001. Selfaggregation characteristics of recombinantly expressed human elastin
polypeptides. Biochim. Biophys. Acta - Protein Struct. Mol. Enzymol. 1550:6–19.

99

Bellows C, Aubin J, Heersche J, Antosz M. 1986. Mineralized bone nodules formed
in vitro from enzymatically released rat calvaria cell populations. Calcif. Tissue
In. 38:143–154.
Berendsen HJC, Postma JPM, Gunsteren WF, Hermans J. 1981. Intermolecular
Forces: Proceedings of the Fourteenth Jerusalem Symposium on Quantum
Chemistry and Biochemistry Held in Jerusalem, Israel, April 13--16, 1981. In:
Pullman, B, editor. Dordrecht: Springer Netherlands, pp. 331–342.
Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola a, Haak JR. 1984.
Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.
Bessa PC, Balmayor E, Azevedo H, Nurnberg S, Casal M, van Griensven M, Reis RL,
Redl H. 2010. Silk fibroin microparticles as carriers for deliveryof human
recombinant BMPs. Physicalcharacterization and drug release. J. Tissue Eng.
Regen. Med. 4:349–355.
Betre H, Liu W, Zalutsky MR, Chilkoti A, Kraus VB, Setton LA. 2006. A thermally
responsive biopolymer for intra-articular drug delivery. J. Control. Release
115:175–182.
Bhardwaj N, Kundu SC. 2011. Silk fibroin protein and chitosan polyelectrolyte
complex porous scaffolds for tissue engineering applications. Carbohydr. Polym.
85:325–333.
Bodian DL, Madhan B, Brodsky B, Klein TE. 2008. Predicting the clinical lethality of
osteogenesis imperfecta from collagen glycine mutations. Biochemistry
47:5424–5432.
Bonadio J, Byers P. 1985. Subtle structural alterations in the chains of type I
procollagen produce osteogenesis imperfecta type II. Nature 316:363–366.
Bottomley M, Batten M, Lumb R, Bulleid N. 2001. Quality control in the
endoplasmic reticulum. PDI mediates the ER retention of unassembled
procollagen C-propeptides. Curr. Biol. 11: 1114-1118.
Boydston J, Chen P, Steichen C, Turnbough C. 2005. Orientation within the
exosporium and structural stability of the collagen-like glycoprotein BclA of
Bacillus anthracis. J. Bacteriol. 187:5310–5317.
Bozzini S, Giuliano L, Altomare L, Petrini P, Bandiera A, Conconi MT, Fari S, Tanzi
MC. 2011. Enzymatic cross-linking of human recombinant elastin (HELP) as
biomimetic approach in vascular tissue engineering. J. Mater. Sci. Mater. Med.
22:2641–2650.
Bracalello A, Santopietro V, Vassalli M, Marletta G, Del Gaudio R, Bochicchio B,
Pepe A. 2011. Design and production of a chimeric resilin-, elastin-, and
collagen-like engineered polypeptide. Biomacromolecules 12:2957–2965.
Bretscher L, Jenkins C, Taylor K, DeRider M, Raines R. 2001. Conformational
stability of collagen relies on a stereoelectronic effect. J. Am. Chem. Soc.
123:777–778.

100

Briggs AW, Rios X, Chari R, Yang L, Zhang F, Mali P, Church GM. 2012. Iterative
capped assembly: rapid and scalable synthesis of repeat-module DNA such as
TAL effectors from individual monomers. Nucleic Acids Res. 40:e117.
Brodsky B, Persikov A. 2005. Molecular structure of the collagen triple helix. Adv.
Protein Chem. 70:301–339.
Browning M, Dempsey D, Guiza V, Becerra S, Rivera J, Russell B, Hook M, Clubb F,
Miller M, Fossum T, Dong J, Bergeron A, Hahn M, Cosgriff-Hernandez E. 2012.
Multilayer vascular grafts based on collagen-mimetic proteins. Acta Biomater.
8:1010–1021.
Browning M, Guiza V, Russell B, Rivera J, Cereceres S, Hook M, Hahn M, CosgriffHernandez E. 2014. Endothelial cell response to chemical, biological, and
physical cues in bioactive hydrogels. Tissue Eng. Part A 20:3130–3141.
Cai L, Dinh CB, Heilshorn SC. 2014. One-pot Synthesis of Elastin-like Polypeptide
Hydrogels with Grafted VEGF-Mimetic Peptides. Biomater. Sci. 2:757–765.
Cai Z-X, Mo X-M, Zhang K-H, Fan L-P, Yin A-L, He C-L, Wang H-S. 2010.
Fabrication of Chitosan/Silk Fibroin Composite Nanofibers for Wound-dressing
Applications. Int. J. Mol. Sci. 11:3529–3539.
Candelas G, Arroyo G, Carrasco C, Dompenciel R. 1990. Spider silk glands contain a
tissue-specific alanine tRNA that accumulates in vitro in response to the stimulus
for silk protein synthesis. Dev. Biol. 140:215–220.
Canty E, Kadler K. 2005. Procollagen trafficking, processing and fibrillogenesis. J
Cell Sci 118:1341–1353.
Cappello J, Crissman J., Crissman M, Ferrari F., Textor G, Wallis O, Whitledge J.,
Zhou X, Burman D, Aukerman L, Stedronsky E. 1998. In-situ self-assembling
protein polymer gel systems for administration, delivery, and release of drugs. J.
Control. Release 53:105–117.
Cappello J. 1990. The biological production of protein polymers and their use. Trends
Biotechnol. 8:309–311.
Caves JM, Kumar VA, Martinez AW, Kim J, Ripberger CM, Haller CA, Chaikof EL.
2010. The use of microfiber composites of elastin-like protein matrix reinforced
with synthetic collagen in the design of vascular grafts. Biomaterials 31:7175–
7182.
Chan SWP, Hung SP, Raman SK, Hatfield GW, Lathrop RH, Da Silva NA, Wang
SW. 2010. Recombinant human collagen and biomimetic variants using a de
novo gene optimized for modular assembly. Biomacromolecules 11:1460–1469.
Chen G-Q. 2009. A microbial polyhydroxyalkanoates (PHA) based bio- and materials
industry. Chem. Soc. Rev. 38:2434–2446.

101

Chen J, Altman GH, Karageorgiou V, Horan R, Collette A, Volloch V, Colabro T,
Kaplan DL, Al CE. 2003. Human bone marrow stromal cell and ligament
fibroblast responses on RGD-modified silk fibers. J. Biomed. Mater. Res.
67:559–570.
Cheng A, Merz Jr. KM. 1996. Application of the Nosé-Hoover Chain Algorithm to
the Study of Protein Dynamics. J. Phys. Chem. 100:1927–1937.
Cheng H, Rashid S, Yu Z, Yoshizumi A, Hwang E, Brodsky B. 2011. Location of
glycine mutations within a bacterial collagen protein affects degree of disruption
of triple-helix folding and conformation. J. Biol. Chem. 286:2041–2046.
Chiarini A, Petrini P, Bozzini S, Dal I, Armato U. 2003. Silk fibroin / poly
( carbonate ) -urethane as a substrate for cell growth : in vitro interactions with
human cells. Biomaterials 24:789–799.
Chow D, Nunalee M, Lim D, Simnick A, Chilkoti A. 2008. Peptide based
biopolymers in biomdicine and biotechnology. Mater. Sci. Eng. R Rep 62:125–
155.
Chowdury D, Schadschneider A, Nishinari K. 2005. Traffic phenomena in biology:
from molecular motors to organisms. Phys. Life Rev. 2:318–352.
Ciofani G, Genchi GG, Guardia P, Mazzolai B, Mattoli V, Bandiera A. 2014.
Recombinant human elastin-like magnetic microparticles for drug delivery and
targeting. Macromol. Biosci. 14:632–642.
Collier IE, Legant W, Marmer B, Lubman O, Saffarian S, Wakatsuki T, Elson E,
Goldberg GI. 2011. Diffusion of MMPs on the surface of collagen fibrils: The
mobile cell surface - collagen substratum interface. PLoS One 6. e24029.
Cosgriff-Hernandez E, Hahn MS, Russell B, Wilems T, Munoz-Pinto D, Browning
MB, Rivera J, Hook M. 2010. Bioactive hydrogels based on Designer Collagens.
Acta Biomater. 6:3969–3977.
Costa RR, Custodio AC, Arias FJ, Rodriguez-Cabello JC, Mano JF. 2013a.
Nanostructured and thermoresponsive recombinant biopolymer-based
microcapsules for the delivery of active molecules. Nanomedicine
Nanotechnology, Biol. Med. 9:895–902.
Costa RR, Testera AM, Arias FJ, Rodriguez-Cabello JC, Mano JF. 2013b. Layer-bylayer film growth using polysaccharides and recombinant polypeptides: A
combinatorial approach. J. Phys. Chem. B 117:6839–6848.
Cranford S. 2013. Increasing silk fibre strength through heterogeneity of bundled
fibrils. J. R. Soc. Interface 10:20130148.
Dalgleish R. 1997. The Human Collagen Mutation Database. Nucleic Acids Res.
25:181–187.
Dams-Kozlowska H, Majer A, Tomasiewicz P, Lozinska J, Kaplan DL, Mackiewicz
A. 2013. Purification and cytotoxicity of tag-free bioengineered spider silk
proteins. J. Biomed. Mater. Res. A 101:456–64.

102

Dash BC, Mahor S, Carroll O, Mathew A, Wang W, Woodhouse KA, Pandit A. 2011.
Tunable elastin-like polypeptide hollow sphere as a high payload and controlled
delivery gene depot. J. Control. Release 152:382–392.
Van Doren S. 2015. Matrix metalloproteinase interactions with collagen and elastin.
Matrix Biol. 44:224–231.
Dreher MR, Simnick A, Fischer K, Smith R, Patel A, Schmidt M, Chilkoti A. 2008.
Temperature Triggered Self-Assembly of Polypeptides into Multivalent
Spherical Micelles. J. Am. Chem. Soc. 130:687–694.
Dumin JA, Dickeson SK, Stricker TP, Bhattacharyya-Pakrasi M, Roby JD, Santoro
SA, Parks WC. 2001. Pro-collagenase-1 (Matrix Metalloproteinase-1) Binds
the a2b1 Integrin upon Release from Keratinocytes Migrating on Type I
Collagen. J. Biol. Chem. 276:29368–29374.
Dzamba B, Wu H, Jaenisch R, Peters D. 1993. Fibronectin binding site in type I
collagen regulates fibronectin fibril formation. J Cell Biol 121:1165–1172.
Eisoldt L, Smith A, Scheibel T. 2011. Decoding the secrets of spider silk. Mater.
Today 14:80–86.
Eles P, Michal C. 2004. A DECODER NMR study of backbone orientation in
Nephila clavipes dragline silk under varying strain and draw rate.
Biomacromolecules 5:661–665.
Emsley J, Knight CG, Farndale RW, Barnes MJ, Liddington RC, CG K, Farndale RW,
Barnes MJ, Liddington RC. 2000. Structural basis of collagen recognition by
integrin alpha2beta1. Cell 101:47–56.
Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. 1995. A
smooth particle mesh Ewald method. J Chem Phys 103:8577–8593.
Fahnestock SR, Bedzyk LA. 1997. Production of synthetic spider dragline silk protein
in Pichia pastoris. Appl. Microbiol. Biotechnol. 47:33–39.
Fahnestock SR, Irwin SL. 1997. Synthetic spider dragline silk proteins and their
production in Escherichia coli. Appl. Microbiol. Biotechnol. 47:23–32.
Farndale RW, Lisman T, Bihan D, Hamaia S, Smerling CS, Pugh N, Konitsiotis A,
Leitinger B, de Groot PG, Jarvis GE, Raynal N. 2008. Cell-collagen interactions:
the use of peptide Toolkits to investigate collagen-receptor interactions. Biochem.
Soc. Trans. 36:241–250.
Fazio MJ, Olsen DR, Kauh EA, Baldwin CT, Indik Z, Goldstein N, Yeh H,
Rosenbloom J, Uitto J. 1988. Cloning of Full-length Elastin cDNAs from a
Human Skin Fibroblast Recombinant cDNA Library: Further Elucidation of
Alternative Splicing Utilization Exon-specific Oligonucleotides. J. Invest.
Dermatol. 91:458–464.
Fernandes R, Weis M, Scott M, Seegmiller R, Eyre D. 2007. Collagen XI chain
misassembly in cartilage of the chondrodysplasia (cho) mouse. Matrix Biol.
26:597–603.

103

Forlino A, Cabral W, Barnes A, Marini J. 2011. New Perspectives on Osteogenesis
Imperfecta. Nat Rev Endocrinol 7:540–557.
Fukushima Y. 1998. Syntheses of Tandem Repetitive Polypeptides Consisting of
Glycine-Rich. Biopolymers 45:269–279.
Gagner JE, Kim W, Chaikof EL. 2014. Designing protein-based biomaterials for
medical applications. Acta Biomater. 10:1542–1557.
Garcia Y, Hemantkumar N, Collighan R, Griffin M, Rodriguez-Cabello JC, Pandit A.
2009. In vitro characterization of a collagen scaffold enzymatically cross-linked
with a tailored elastin-like polymer. Tissue Eng. Part A 15:887–899.
Gasser B, Saloheimo M, Rinas U, Dragosits M, Rodríguez-Carmona E, Baumann K,
Giuliani M, Parrilli E, Branduardi P, Lang C, Porro D, Ferrer P, Tutino ML,
Mattanovich D, Villaverde A. 2008. Protein folding and conformational stress in
microbial cells producing recombinant proteins: a host comparative overview.
Microb. Cell Fact. 7:11–29.
Gebauer M, Skerra A. 2009. Engineered protein scaffolds as next-generation antibody
therapeutics. Curr. Opin. Chem. Bio. 13:245–255.
Geddis A, Prockop DJ. 1993. Expression of human COL1A1 gene in stably
transfected HT1080 cells: the production of a thermostable homotrimer of type I
collagen in a recombinant system. Matrix 13:399–405.
Geiger M, Li R, Friess W. 2003. Collagen sponges for bone regeneration with
rhBMP-2. Adv. Drug Deliv. Rev. 55:1613–1629.
Girotti A, Fernandez-Colino A, Lopez I, Rodriguez-Cabello JC, Arias FJ. 2011.
Elastin-like recombinamers: Biosynthetic strategies and biotechnological
applications. Biotechnol. J. 6:1174–1186.
Goldberg I, Salernoa AJ, Pattersonb T, Williams JI. 1989. Cloning and expression of
a collagen-analog-encoding synthetic gene in Escherichia coli. Gene 80:305–314.
Gomes SC, Leonor IB, Mano JF, Reis RL, Kaplan DL. 2011. Antimicrobial
functionalized genetically engineered spider silk. Biomaterials 32:4255–4266.
Gorres K, Raines R. 2010. Prolyl 4-hydroxylase. Crit Rev Biochem Mol Biol 45:106–
124.
Gosline JM, Guerette PA, Ortlepp CS, Savage KN. 1999. The Mechanical Design of
Spider Silks: From Fibroin Sequence to Mechanical Function. J. Exp. Biol.
3303:3295–3303.
Gray W, Sandberg L, Foster J. 1973. Molecular Model for Elastin Structure and
Function. Nature 246:461–466.
Greenspan D. 2005. Biosynthetic processing of collagen molecules. Top Curr Chem
247:149–183.

104

Gronau G, Krishnaji S, Kinahan M, Giesa T, Wong J, Kaplan DL, Buehler M. 2012.
A review of combined experimental and computational procedures for assessing
biopolymer structure–process–property relationships. Biomaterials 33:8240–
8255.
Gullberg D. 1996. Advances in experimental medicine and biology. Ed. D Gullberg.
Ann. Rheum. Dis. Springer. Vol. 55.
Hamaia S, Farndale RW. 2014. I Domain Integrins. Ed. Donald Gullberg. Adv Exp
Med Biol 819:127–142.
Hayashi CY, Lewis R V. 1998. Evidence from flagelliform silk cDNA for the
structural basis of elasticity and modular nature of spider silks. J. Mol. Biol.
275:773–784.
Hayashi CY, Shipley N, Lewis R. 1999. Hypotheses that correlate the sequence,
structure, and mechanical properties of spider silk proteins. Int. J. Biol.
Macromol. 24:271–275.
Hersel U, Dahmen C, Kessler H. 2003. RGD modified polymers: biomaterials for
stimulated cell adhesion and beyond. Biomaterials 24:4385–4415.
Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. 1997. LINCS: A linear constraint
solver for molecular simulations. J. Comput. Chem. 18:1463–1472.
Hess B, Kutzner C, Van Der Spoel D, Lindahl E. 2008. GROMACS 4: Algorithms for
highly efficient, load-balanced, and scalable molecular simulation. J. Chem.
Theory Comput. 4:435–447.
Hinman M, Lewis R. 1992. Isolation of a clone encoding a second dragline silk
protein. J Biol. Chem. 267:19320–19324.
Hiob M a., Wise SG, Kondyurin A, Waterhouse A, Bilek MM, Ng MKC, Weiss AS.
2013. The use of plasma-activated covalent attachment of early domains of
tropoelastin to enhance vascular compatibility of surfaces. Biomaterials
34:7584–7591.
Holmgren S, Taylor K, Bretscher L, Raines R. 1999. A hyperstable collagen mimic.
Chem. Biol 6:63–70.
Hoover WG. 1985. Canonical dynamics: Equilibrium phase-space distributions. Phys.
Rev. A 31:1695–1697.
Hopkins D, Keles S, Greenspan D. 2007. Bone morphogenetic protein 1/Tolloid-like
metalloproteinases. Matrix Biol. 26:508–523.
Hsueh YS, Savitha S, Sadhasivam S, Lin FH, Shieh MJ. 2014. Design and synthesis
of elastin-like polypeptides for an ideal nerve conduit in peripheral nerve
regeneration. Mater. Sci. Eng. C 38:119–126.
Hu F, Ke T, Li X, Mao PH, Jin X, Hui FL, Ma XD, Ma LX. 2010a. Expression and
purification of an antimicrobial peptide by fusion with elastin-like polypeptides
in escherichia coli. Appl. Biochem. Biotechnol. 160:2377–2387.

105

Hu X, Vasanthavada K, Kohler K, McNary S, Moore MF, Vierra C. 2006. Molecular
mechanisms of spider silk. Cell. Mol. Life Sci. 63:1986–1999.
Hu X, Wang X, Rnjak J, Weiss AS, Kaplan DL. 2010b. Biomaterials derived from
silk-tropoelastin protein systems. Biomaterials 31:8121–8131.
Huang L, McMillan RA, Apkarian RP, Pourdeyhimi B, Conticello VP, Chaikof EL.
2000. Generation of synthetic elastin-mimetic small diameter fibers and fiber
networks. Macromolecules 33:2989–2997.
Huemmerich D, Helsen CW, Quedzuweit S, Oschmann J, Rudolph R, Scheibel T.
2004a. Primary structure elements of spider dragline silks and their contribution
to protein solubility. Biochemistry 43:13604–13612.
Huemmerich D, Scheibel T, Vollrath F, Cohen S, Gat U, Ittah S. 2004b. Novel
Assembly Properties of Recombinant Spider Dragline Silk Proteins. Curr. Biol.
14:2070–2074.
Hwang S, Tao H, Kim D, Cheng H, Song J, Brenckle MA, Panilaitis B, Won SM,
Kim Y, Yu KJ, Ameen A, Li R, Su Y, Yang M, Kaplan DL, Zakin MR, Slepian
MJ, Huang Y, Omenetto FG, John A. 2013. A Physically Transient Form of
Silicon Electronics, With Integrated Sensors, Actuators and Power Supply.
Science 337:1640–1644.
Indik Z, Abrams WR, Kucich U, Gibson CW, Mecham RP, Rosenbloom J. 1990.
Production of recombinant human tropoelastin: characterization and
demonstration of immunologic and chemotactic activity. Arch. Biochem. Biophys.
280:80–86.
Islam M, Cepla V, He C, Edin J, Rakickas T, Kobuch K, Ruzele Z, Jackson W, Rafat
M, Lohmann C, Valiokas R, Griffith M. 2015. Functional fabrication of
recombinant human collagen–phosphorylcholine hydrogels for regenerative
medicine applications. Acta Biomater. 12:70–80.
Ito H, Steplewski A, Alabyeva T, Fertala A. 2006. Testing the utility of rationally
engineered recombinant collagen-like proteins for applications in tissue
engineering. J. Biomed. Mater. Res. A 76:551–560.
Jin HJ, Kaplan DL. 2003. Mechanism of silk processing in insects and spiders. Nature
926:1057–1061.
John DCA, Watson R, Kind AJ, Scott AR, Kadler KE, Bulleid NJ. 1999. Expression
of an engineered form of recombinant procollagen in mouse milk. Nat.
Biotechnol. 2:385–389.
Jordan SW, Haller C a., Sallach RE, Apkarian RP, Hanson SR, Chaikof EL. 2007.
The effect of a recombinant elastin-mimetic coating of an ePTFE prosthesis on
acute thrombogenicity in a baboon arteriovenous shunt. Biomaterials 28:1191–
1197.
Jung SM, Moroi M. 1998. Platelets interact with soluble and insoluble collagens
through characteristically different reactions. J. Biol. Chem. 273:14827–14837.
Kadler KE, Holmes DF, Trotter JA, Chapman JA. 1996. Collagen fibril formation. J.

106

Biochem. 316:1–11.
Kadler KE, Hill A, Canty-Laird E. 2008. Collagen fibrillogenesis: fibronectin,
integrins, and minor collagens as organizers and nucleators. Curr. Opin. Cell
Biol. 20:495–501.
Kadler KE, Hojima Y, Prockop D. 1987. Assembly of collagen fibrils de novo by
cleavage of the type I pC-collagen with procollagen C-proteinase. Assay of
critical concentration demonstrates that collagen self-assembly is a classical
example of an entropy-driven process. J Biol. Chem. 262:15696–15701.
Kaplan DL. 1998. Fibrous proteins -silk as a model system. Polym. Degrad. Stab.
59:25–32.
Kaufmann D, Fiedler A, Junger A, Auemheimer J, Kessler H, Weberskirch R. 2008.
Chemical conjugation of linear and cyclic RGD moieties to recombinant elastinmimetic polypeptide - A versatile approach towards bioactive protein hydrogels.
Macromol. Biosci. 8:577–588.
Keane MA. 2009. Catalytic Transformation of Waste Polymers to Fuel Oil.
ChemSusChem 2:207–214.
Keeley FW, Bellingham CM, Woodhouse KA. 2002. Elastin as a self-organizing
biomaterial: use of recombinantly expressed human elastin polypeptides as a
model for investigations of structure and self-assembly of elastin. Philos. Trans.
R. Soc. Lond. B. Biol. Sci. 357:185–189.
Kersteen E, Higgin J, Raines R. 2004. Production of human prolyl 4-hydroxylase in
Escherichia coli. Protein Expr. Purif. 38:279–291.
Keten S, Buehler M. 2010. Atomistic Moedel of the Spider Silk Nanostructure. Appl.
Phys. Lett. 96:153701.
Keten S, Xu Z, Ihle B, Buehler MJ. 2010. Nanoconfinement controls stiffness,
strength and mechanical toughness of beta-sheet crystals in silk. Nat. Mater.
9:359–367.
Khadka DB, Niesen MI, Devkota J, Koria P, Haynie DT. 2014. Unique electrospun
fiber properties obtained by blending elastin-like peptides and highly-ionized
peptides. Polym. (United Kingdom) 55:2163–2169.
Khalil A, Collins J. 2010. Synthetic biology: applications come of age. Nat. Rev.
Genet. 11:367–379.
Khoshnoodi J, Cartailler JP, Alvares K, Veis A, Hudson BG. 2006. Molecular
recognition in the assembly of collagens: Terminal noncollagenous domains are
key recognition modules in the formation of triple helical protomers. J. Biol.
Chem. 281:38117–38121.
Kim S, Marelli B, Brenckle M a, Mitropoulos AN, Gil E-S, Tsioris K, Tao H, Kaplan
DL, Omenetto FG. 2014. All-water-based electron-beam lithography using silk
as a resist. Nat. Nanotechnol. 9:306–310.
Kim W, Brady C, Chaikof EL. 2012. Amphiphilic protein micelles for targeted in

107

vivo imaging. Acta Biomater. 8:2476–2482.
King R, Clark D, Shirazi J, Sternberg M. 1994. On the use of machine learning to
identify topological rules in the packing of β-strands. Protein Eng. Des. Sel.
7:1295–1303.
Kinikoglu B, Rodriguez-Cabello JC, Damour O, Hasirci V. 2011. A smart bilayer
scaffold of elastin-like recombinamer and collagen for soft tissue engineering. J.
Mater. Sci. Mater. Med. 22:1541–1554.
Kivirikko KI, Myllyharju J. 1998. Prolyl 4-Hydroxylases and their Protein Disulfide
Isomerase Subunit. Matrix Biol. 16:357–368.
Knight CG, Morton LF, Peachey a R, Tuckwell DS, Farndale RW, Barnes MJ. 2000.
The collagen-binding A-domains of integrins alpha(1)beta(1) and
alpha(2)beta(1) recognize the same specific amino acid sequence, GFOGER, in
native (triple-helical) collagens. J. Biol. Chem. 275:35–40.
Koide T, Nagata K. 2005. Collagen biosynthesis. Top Curr Chem 247:85–114.
Kolbe A, Del Mercato LL, Abbasi AZ, Gil PR, Gorzini SJ, Huibers WHC, Poolman B,
Parak WJ, Herrmann A. 2011. De novo design of supercharged, unfolded protein
polymers, and their assembly into supramolecular aggregatesa. Macromol. Rapid
Commun. 32:186–190.
Koria P, Yagi H, Kitagawa Y, Megeed Z, Nahmias Y, Sheridan R, Yarmush ML.
2011. Self-assembling elastin-like peptides growth factor chimeric nanoparticles
for the treatment of chronic wounds. Proc. Natl. Acad. Sci. 108:1034–1039.
Krishna UM, Martinez AW, Caves JM, Chaikof EL. 2012. Hydrazone selfcrosslinking of multiphase elastin-like block copolymer networks. Acta Biomater.
8:988–997.
Kumar VA, Martinez AW, Caves JM, Naik N, Haller CA, Chaikof EL. 2014.
Microablation of collagen-based substrates for soft tissue engineering. Biomed.
Mater. 9:1–8.
Kurihara H, Morita T, Shinkai M, Nagamune T. 2005. Recombinant extracellular
matrix-like proteins with repetitive elastin or collagen-like functional motifs.
Biotechnol. Lett. 27:665–670.
Kweon H, Ha HC, Um INC, Park YH. 2001. Physical Properties of Silk Fibroin /
Chitosan Blend Films. J. Appl. Polym. Sci. 80:928–934.
Lao UL, Sun M, Matsumoto M, Mulchandani A, Chen W. 2007. Genetic engineering
of self-assembled protein hydrogel based on elastin-like sequences with metal
binding functionality. Biomacromolecules 8:3736–3739.
Lapiere C, Lenaers A, Kohn L. 1971. Procollagen Peptidase: An Eznyme excising hte
coordination peptides of procollagen. Proc. Natl. Acad. Sci. 68:3054–3058.

Laurencin C, Attaxia M, Elgendy H, Herbert K. 1996. Tissue engineered bone-

108

regeneration using degradable polymers: the formation of mineralized matrices.
Bone 19:93–99.
Lazaris A, Arcidiacono S, Huang Y, Zhou J-F, Duguay F, Chretien N, Welsh E a,
Soares JW, Karatzas CN. 2002. Spider silk fibers spun from soluble recombinant
silk produced in mammalian cells. Science 295:472–476.
Lee B, Huh W, Kim S, Lee J, Kang S. 1999. Bacterial production of Derythroascorbic acid and L-ascorbic acid through functional expression of
Saccharomyces cerevisiae D-arabinono-1,4-lactone oxidase in Escherichia coli.
Appl Env. Microbiol 65:4685–4687.
Lee C, Singla A, Lee Y. 2001. Biomedical applications of collagen. Int. J. Pharm.
221:1–22.
Lee KH, Baek DH, Ki CS, Park YH. 2007. Preparation and characterization of wet
spun silk fibroin/poly(vinyl alcohol) blend filaments. Int. J. Biol. Macromol.
41:168–172.
Lee S, Kim JS, Chu HS, Kim GW, Won JI, Jang JH. 2011. Electrospun nanofibrous
scaffolds for controlled release of adeno-associated viral vectors. Acta Biomater.
7:3868–3876.
Lee TA, Cooper A, Apkarian RP, Conticello VP. 2000. Thermo-Reversible SelfAssembly of Nanoparticles Derived from Elastin-Mimetic Polypeptides. Adv.
Mater. 15:1105–1110.
Lefevre T, Rousseau M, Pezolet M. 2007. Protein Secondary Structure and
Orientation in Silk as Revealed by Raman Spectromicroscopy. Biophys. J.
92:2885–2895.
Lehrach H, Maria A, Hanahan D, Wozney J, Fuller F, Crkvenjakov R, Boedtker H,
Doty P. 1978. Construction and characterization of a 2.5 Kilobase Procollagen
Clone. Proc. Natl. Acad. Sci. 75:5417–5421.
Leitinger B, Hohenester E. 2007. Mammalian collagen receptors. Matrix Biol.
26:146–155.
Leong YK, Show PL, Ooi CW, Ling TC, Lan JC-W. 2014. Current trends in
polyhydroxyalkanoates (PHAs) biosynthesis: Insights from the recombinant
Escherichia coli. J. Biotechnol. 180:52–65.
Lewis R V, Hinman M, Kothakota S, Fournier MJ. 1996. Expression and purification
of a spider silk protein: a new strategy for producing repetitive proteins. Protein
Expr. Purif. 7:400–406.
Li L, Kiick KL. 2013. Resilin-based Materials for Biomedical Applications. ACS
Macro Lett. 2:635–640.
Li M, Mondrinos MJ, Gandhi MR, Ko FK, Weiss AS, Lelkes PI. 2005. Electrospun
protein fibers as matrices for tissue engineering. Biomaterials 26:5999–6008.

109

Li M, Lu S, Wu Z, Tan K, Minoura N, Kuga S. 2002. Structure and properties of silk
fibroin–poly(vinyl alcohol) gel. Int. J. Biol. Macromol. 30:89–94.
Li S, Diepstraten V, D’Souza S, Chan B, Pickering J. 2003. Vascular smooth muscle
cells orchestrate the assembly of type I collagen via alpha2beta1 integrin, RhoA,
and fibronectin polymerization. Am J Pathol 163:1045–1056.
Li Y, Brodsky B, Baum J. 2009. NMR Conformational and Dynamic Consequences
of a Gly to Ser Substitution in an Osteogenesis Imperfecta Collagen Model
Peptide. J Biol. Chem. 284:20660–20667.
Lightfoot SJ, Atkinson MS, Murphy G, Byers PH, Kadler KE. 1994. Substitution of
serine for glycine 883 in the triple helix of the pro a1(I) chain of type I
procollagen produces osteogenesis imperfecta type IV and introduces a structural
change in the triple helix that does not alter cleavage of the molecule by procoll.
J. Biol. Chem. 269:30352–30357.
Lightfoot SJ, Holmes DF, Brass A, Grant ME, Byers PH, Kadler KE. 1992. Type I
procollagens containing substitutions of aspartate, arginine, and cysteine for
glycine in the proa1(1) chain are cleaved slowly by N-proteinase, but only the
cysteine substitution introduces a kink in the molecule. J. Biol. Chem.
267:25521–25528.
Liu H, Xu W, Zou H, Ke G, Li W, Ouyang C. 2008. Feasibility of wet spinning of
silk-inspired polyurethane elastic biofiber. Mater. Lett. 62:1949–1952.
Lu Q, Zhu H, Zhang C, Zhang F, Zhang B, Kaplan D. 2012. Silk Self-Assembly
Mechanisms and Control From Thermodynamics to Kinetics.
Biomacromolecules 13:826–832.
Luo BH, Springer TA. 2006. Integrin structures and conformational signaling. Curr.
Opin. Cell Biol. 18:579–586.
Lutolf MP, Hubbell JA. 2005. Synthetic biomaterials as instructive extracellular
microenvironments for morphogenesis in tissue engineering. Nat. Biotechnol.
23:47–55.
Mai J, Sokolov M, Blumen A. 2001. Directed particle diffusion under “burnt bridges”
conditions. Physcial Rev. E 64:11102.
Majsterek I, McAdams E, Adachi E, Dhume S, Fertala A. 2003. Prospects and
limitations of the rational engineering of fibrillar collagens. Protein Sci.
12:2063–2072.
Makareeva E, Mertz EL, Kuznetsova N V., Sutter MB, DeRidder AM, Cabral WA,
Barnes AM, McBride DJ, Marini JC, Leikin S. 2008. Structural heterogeneity of
type I collagen triple helix and its role in osteogenesis imperfecta. J. Biol. Chem.
283:4787–4798.
Malafaya P, Silva G, Reis R. 2007. Natural-origin polymers as carriers and scaffolds
for biomolecules and cell delivery in tissue engineering applications. Adv. Drug
Deliv. Rev. 59:207–233.
Mamat U, Meredith T, Aggarwal P, Kuhl A, Kirchoff P, Lindner B, Hanuszkiewicz A,

110

Sun J, Holst O, Woodard R. 2008. Single amino acid substitutions in either YhjD
or MsbA confer viability to 3-deoxy-d-manno-oct-2-ulosonic acid-depleted
Escherichia coli. Mol. Microbiol. 67:633–648.
Mandal BB, Grinberg a., Seok Gil E, Panilaitis B, Kaplan DL. 2012. From the Cover:
High-strength silk protein scaffolds for bone repair. Proc. Natl. Acad. Sci.
109:7699–7704.
Marini J, Blissett A. 2013. New Genes in Bone Development: What’s New in
Osteogenesis Imperfecta. J Clin Endocrinol Metab 98:3095–3103.
Marini J, Forlino A, Cabral W, Barnes A, San Antonio J, Milgrom S, Hyland J,
Korkko J, Prockop D, Paepe A, Coucke P, Symoens S, Glorieux F, Roughley P,
Lund A, Kuurila-Svahn K, Hartikka H, Cohn D, Krakow D, Mottes M, Schwarze
U, Chen D, Yang K, Kuslich C, Troendle J, Dalgleish R, Byers P. 2007.
Consortium for Osteogenesis Imprefecta Mutations in the Helical Domain of
Type-I Collagen: Regions Rich in lethal mutations align with collagen binding
sites for integrins and proteoglycans. Hum. Mutat. 28:209–221.
Marsano E, Corsini P, Canetti M, Freddi G. 2008. Regenerated cellulose-silk fibroin
blends fibers. Int. J. Biol. Macromol. 43:106–114.
Martin L, Alonso M, Girotti A, Arias FJ, Rodriguez-Cabello JC. 2009. Synthesis and
characterization of macroporous thermosensitive hydrogels from recombinant
elastin-like polymers. Biomacromolecules 10:3015–3022.
Martin L, Arias FJ, Alonso M, Garcia-Arevalo C, Rodríguez-Cabello JC. 2010. Rapid
micropatterning by temperature-triggered reversible gelation of a recombinant
smart elastin-like tetrablock-copolymer. Soft Matter 6:1121–1124.
Martin SL, Vrhovski B, Weiss AS. 1995. Total synthesis and expression in
Escherichia coli of a gene encoding human tropoelastin. Gene 154:159–166.
Massodi I, Bidwell GL, Raucher D. 2005. Evaluation of cell penetrating peptides
fused to elastin-like polypeptide for drug delivery. J. Control. Release 108:396–
408.
Massodi I, Raucher D. 2007. A thermally responsive Tat-elastin-like polypeptide
fusion protein induces membrane leakage, apoptosis, and cell death in human
breast cancer cells. J. Drug Target. 15:611–622.
Mayne R, Brewton RG. 1993. New members of the collagen superfamily. Curr. Opin.
Cell Biol. 5:883–890.
McAlinden A, Smith T, Sandell L, Ficheux D, Parry D, Hulmes D. 2003. a_-helical
coiled coil oligomerization domains are almost ubiquitous in the collagen
superfamily. J Biol. Chem. 278:42200–42207.
Mcdaniel JR, Mackay JA, Garcı F. 2010. Recursive Directional Ligation by Plasmid
Reconstruction Allows Rapid and Seamless Cloning of Oligomeric Genes.
Biomacromolecules 11:944–952.
McDaniel JR, Bhattacharyya J, Vargo KB, Hassouneh W, Hammer D a., Chilkoti A.
2013. Self-assembly of thermally responsive nanoparticles of a genetically

111

encoded peptide polymer by drug conjugation. Angew. Chemie - Int. Ed.
52:1683–1687.
McGrath K, Kaplan D. 1997. Protein-Based Materials. Boston: Birkhäuser.
McHale MK, Setton LA, Chilkoti A. 2005. Synthesis and in vitro Evalutation of
Enzymatically Crosslinked Elastin-like Polypeptide Gels for Cartilaginous
Tissue Repair. Tissue Eng. 11:1768–1779.
McPherson DT, Xu J, Urry DW. 1996. Product purification by reversible phase
transition following Escherichia coli expression of genes encoding up to 251
repeats of the elastomeric pentapeptide GVGVP. Protein Expr. Purif. 7:51–57.
Mcpherson DT, Morrow C, Minehan DS, Jianguo WU, Hunterj E, Urry DW. 1992.
Production and Purification of a Recombinant Elastomeric Polypeptide , G(VPGVG)19-VPGV, from Escherichia coli. Biotechnol. Prog. 8:347–352.
McPherson J, Wallace D, Sawamura S, Conti A, Condell R, Wade S, Pize K. 1985.
Collagen fibrillogenesis in vitro: a characterization of fibril quality as a function
of assembly conditions. Coll .Relat. Res. 5:119–135.
Megeed Z, Halder M, Li D, O’Malley BW, Cappello J, Ghandehari H, Haider M.
2004. In vitro and in vivo evaluation of recombinant silk-elastinlike hydrogels
for cancer gene therapy. J. Control. Release 94:433–445.
Mello CM, Soares JW, Arcidiacono S, Butler MM. 2004. Acid extraction and
purification of recombinant spider silk proteins. Biomacromolecules 5:1849–
1852.
Meyer DE, Chilkoti a. 1999. Purification of recombinant proteins by fusion with
thermally-responsive polypeptides. Nat. Biotechnol. 17:1112–1115.
Meyer DE, Chilkoti A. 2002. Genetically Encoded Synthesis of Protein-Based
Polymers with Precisely Specified Molecular Weight and Sequence by Recursive
Directional Ligation: Examples from the Elastin-like Polypeptide System.
Biomacromolecules 3:357–367.
Miao M, Bellingham CM, Stahl RJ, Sitarz EE, Lane CJ, Keeley FW. 2003. Sequence
and structure determinants for the self-aggregation of recombinant polypeptides
modeled after human elastin. J. Biol. Chem. 278:48553–48562.
Miao M, Cirulis JT, Lee S, Keeley FW. 2005. Structural determinants of cross-linking
and hydrophobic domains for self-assembly of elastin-like polypeptides.
Biochemistry 44:14367–14375.
Minoura N, Aiba SI, Higuchi M, Gotoh Y, Tsukada M, Imai Y. 1995. Attachment and
Growth of Fibroblast Cells on Silk Fibroin. Biochem. Biophys. Res. Commun.
208:511–516.

Mohs A, Silva T, Yoshida T, Amin R, Lukomski S, Inouye M, Brodsky B. 2007.

112

Mechanism of Stabilization of a Bacterial Collagen Triple Helix in the Absence
of Hydroxyproline. J. Biol. Chem. 282:29757–29765.
Molnar J, Fong K, He Q, Hayashi K, Kim Y, Fong S, Fogelgren B, Szauter K, Mink
M, Csiszar K. 2003. Structural and functional diversity of lysyl oxidase and the
LOX-like proteins. Biochim. Biophys. Acta 1647:220–224.
Mor A, Ziv G, Levy Y. 2008. Simulations of proteins with inhomogeneous degrees of
freedom: The effect of thermostats. J Comput Chem 29:1992–1998.
Motriuk-Smith D, Smith A, Hayashi CY, Lewis R V. 2005. Analysis of the conserved
N-terminal domains in major ampullate spider silk proteins. Biomacromolecules
6:3152–3159.
Myllyharju J. 2003. Prolyl 4-hydroxylases, the key enzymes of collagen biosynthesis.
Matrix Biol. 22:15–24.
Myllyharju J. 2005. Intracellular post-translational modifications of collagens. Top
Curr Chem 247:115–247.
Myllyharju J, Nokelainen M, Vuorela A, Kivirikko K. 2000. Expression of
recombinant human type I‒III collagens in the yeast Pichia pastoris. Biochem.
Soc. Trans. 28:353–357.
Nagae M, Ikeda T, Mikami Y, Hase H, Ozawa H, Matsuda K-I, Sakamoto H, Tabata
Y, Kawata M, Kubo T. 2007. Intervertebral disc regeneration using platelet-rich
plasma and biodegradable gelatin hydrogel microspheres. Tissue Eng. 13:147–
158.
Nath N, Chilkoti A. 2003. Fabrication of a reversible protein array directly from cell
lysate using a stimuli-responsive polypeptide. Anal. Chem. 75:709–715.
Nicol A, Gowda C, Urry DW. 1991. Elastin Protein-Based Polymers as Cell
Attachment Matrices. J. Vasc. Surg. 13:746–748.
Nivison-Smith L, Rnjak J, Weiss AS. 2010. Synthetic human elastin microfibers:
Stable cross-linked tropoelastin and cell interactive constructs for tissue
engineering applications. Acta Biomater. 6:354–359.
Nokelainen M, Helaakoski T, Myllyharju J, Holger N, Pihlajaniemi T, Fietzekt PP,
Kivirikko KI. 1997. Expression and Characterization of Recombinant Human
Type II Collagens with Low and High Contents of Hydroxylysine and its
Gtycosylated Forms. Matrix Biol. 16:329–338.
Nokelainen M, Tu H, Vuorela A, Notbohm H, Kivirikko KI, Myllyharju J. 2001.
High-level production of human type I collagen in the yeast Pichia pastoris.
Yeast 18:797–806.
Nosé S. 1984. A molecular dynamics method for simulations in the canonical
ensemble. Mol. Phys. 52:255–268.

Notbohm H, Nokelainen M, Myllyharju J, Fietzekt PP, Muller P, Kivirikko KI. 1999.

113

Recombinant Human Type II Collagens with Low and High Levels of
Hydroxylysine and Its Glycosylated Forms Show Marked Differences in
Fibrillogenesis in Vitro. J Biol. Chem. 274:8988–8992.
Nuhn H, Klok HA. 2008. Secondary structure formation and LCST behavior of short
elastin-like peptides. Biomacromolecules 9:2755–2763.
Numata K, Reagan M, Goldstein R, Rosenblatt M, Kaplan DL. 2011. Spider Silk
Based Gene Carriers for Tumor cell-Specific Delivery. Bioconjug. Chem.
22:1605–1610.
Numata K, Kaplan DL. 2010. Silk based delivery systems of bioactive molecules. Adv.
Drug Deliv. Rev. 62:1497–1508.
Numata K, Subramanian B, Currie HA, Kaplan DL. 2009. Bioengineered silk proteinbased gene delivery systems. Biomaterials 30:5775–5784.
Olsen D. 2003. Recombinant collagen and gelatin for drug delivery. Adv. Drug Deliv.
Rev. 55:1547–1567.
Omenetto FG, Kaplan DL. 2010. New Opportunities for an Ancient Material. Science
329:528–531.
Orgel JPRO, San Antonio JD, Antipova O. 2011. Molecular and structural mapping
of collagen fibril interactions. Connect. Tissue Res. 52:2–17.
Osborne JL, Farmer R, Woodhouse K a. 2008. Self-assembled elastin-like
polypeptide particles. Acta Biomater. 4:49–57.
Otero JM, Nielsen J. 2010. Industrial systems biology. Biotechnol. Bioeng. 105:439–
460.
Park KE, Jung SY, Lee SJ, Min B-M, Park WH. 2006. Biomimetic nanofibrous
scaffolds: preparation and characterization of chitin/silk fibroin blend nanofibers.
Int. J. Biol. Macromol. 38:165–173.
Peng YY, Stoichevska V, Schacht K, Werkmeister JA, Ramshaw JAM. 2014.
Engineering multiple biological functional motifs into a blank collagen-like
protein template from Streptococcus pyogenes. J. Biomed. Mater. Res. - Part A
102:2189–2196.
Perret S, Merle C, Bernocco S, Berland P, Garrone R, Hulmes DJ, Theisen M,
Ruggiero F. 2001. Unhydroxylated triple helical collagen I produced in
transgenic plants provides new clues on the role of hydroxyproline in collagen
folding and fibril formation. J. Biol. Chem. 276:43693–43698.
Persikov A, Pillitteri R, Amin P, Schwarze U, Byers P, Brodsky B. 2004. Stability
related bias in residues replacing glycines within the collagen triple helix (GlyXaa-Yaa) in inherited connective tissue disorders. Hum. Mutat. 24:330–337.
Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin
TE. 2004. UCSF Chimera - A visualization system for exploratory research and
analysis. J. Comput. Chem. 25:1605–1612.

114

Piez K, Gross J. 1960. The amino acid composition of some fish collagens: The
relation between composition and structure. J. Biol. Chem. 235:995–998.
Pinkas D, Ding S, Raines R, Barron A. 2011. Tunable, post-translational
hydroxylation of collagen domains in Echerichia coli. ACS Chem. Biol. 6:320–
324.
Porter S, Clark I, Kevorkian L, Edwards D. 2005. The ADAMTS metalloproteinases.
Biochem. J. 386:15–27.
Prince JT, Mcgrath KP, Digirolamo JCM, Kaplana DL. 1995. Construction , Cloning ,
and Expression of Synthetic Genes Encoding Spider Dragline Silk. Biochemistry
34:10879–10885.
Qiu W, Huang Y, Teng W, Cohn CM, Cappello J, Wu X. 2010. Complete
recombinant silk-elastinlike protein-based tissue scaffold. Biomacromolecules
11:3219–3227.
Que RA, Chan SWP, Jabaiah AM, Lathrop RH, Da Silva NA, Wang SW. 2015.
Tuning cellular response by modular design of bioactive domains in collagen.
Biomaterials 53:309–317.
Rabotyagova OS, Cebe P, Kaplan DL. 2009. Self-assembly of genetically engineered
spider silk block copolymers. Biomacromolecules 10:229–236.
Raghunath M, Bruckner P, Steinmann B. 1994. Delayed Triple Helix Formation of
Mutant Collagen from Patient with Osteogenesis Imperfecta. J. Mol. Biol.
236:940–949.
Rainey JK, Rainey JK, Goh MC, Goh MC. 2004. Bioinformatics applications note.
Bioinformatics 20:2458–2459.
Ramachandran G, Kartha G. 1955. Structure of Collagen. Nature 176:593–595.
Rammensee S, Slotta U, Scheibel T, Bausch AR. 2008. Assembly mechanism of
recombinant spider silk proteins. Proc. Natl. Acad. Sci. 105:6590–6595.
Ramshaw J, Shah N, Brodsky B. 1998. Gly-X-Y tripeptide frequencies in collagen: a
context for hostguest triple-helical peptides. J. Struct. Biol. 122:86–91.
Rasmussen M, Jacobsson M, Bjorck L. 2003. Genome-based identification and
analysis of collagen-related structural motifs in bacterial and viral proteins. J.
Biol. Chem. 278:32313–32316.
Raynal N, Hamaia SW, Siljander PRM, Maddox B, Peachey AR, Fernandez R, Foley
LJ, Slatter DA, Jarvis GE, Farndale RW. 2006. Use of synthetic peptides to
locate novel integrin a2b1-binding motifs in human collagen III. J. Biol. Chem.
281:3821–3831.
Ricard-Blum S. 2011. The Collagen Family. Cold Spring Harb. Perspect. Biol. 3:1–
19.

115

Ricci G, Patrizi A, Mandrioli P, Specchia F, Medri M, Menna G, Masi M. 2006.
Evaluation of the antibacterial activity of a special silk textile in the treatment of
atopic dermatitis. Dermatology 213:224–227.
Rich A, Crick F. 1955. The Structure of Collagen. Nature 176:915–916.
Rising A, Hjälm G, Engström W, Johansson J. 2006. N-terminal nonrepetitive domain
common to dragline, flagelliform, and cylindriform spider silk proteins.
Biomacromolecules 7:3120–3124.
Rodgers UR, Weiss AS. 2004. Integrin alpha v beta 3 binds a unique non-RGD site
near the C-terminus of human tropoelastin. Biochimie 86:173–178.
Rueda F, Cano-Garrido O, Mamat U, Wilke K, Seras-Franzoso J, García-Fruitós E,
Villaverde A. 2014. Production of functional inclusion bodies in endotoxin-free
Escherichia coli. Appl. Microbiol. Biotechnol. 98:9229–9238.
Saffarian S, Collier I, Marmer B, Elson E, Goldberg G. 2004. Interstitial collagenase
is a Brownian ratchet driven by proteolysis of collagen. Science. 306:108–111.
Sakakibara S, Inouye K, Shudo K, Kishida Y, Kobayashi Y, Prockop D. 1973.
Synthesis of (Pro-Hyp-Gly) n of defined molecular weights. Evidence for the
stabilization of collagen triple helix by hydroxypyroline. Biochim. Biophys. Acta
303:198–202.
Sarangthem V, Cho EA, Bae SM, Singh TD, Kim S-J, Kim S, Jeon WB, Lee B-H,
Park R-W. 2013. Construction and application of elastin like polypeptide
containing IL-4 receptor targeting peptide. PLoS One 8:e81891.
Sato F, Wachi H, Starcher BC, Murata H, Amano S, Tajima S, Seyama Y. 2006. The
characteristics of elastic fiber assembled with recombinant tropoelastin isoform.
Clin Biochem 39:746–753.
Scheibel T. 2004. Spider silks: recombinant synthesis, assembly, spinning, and
engineering of synthetic proteins. Microb. Cell Fact. 3:14–24.
Scheller J, Guhrs K, Grosse F, Conrad U, Gührs K. 2001. Production of Spider Silk
Proteins in Tobacco and Potato. Nat. Biotechnol. 19:573–577.
Scheller J, Henggeler D, Viviani A, Conrad U. 2004. Purification of spider silk-elastin
from transgenic plants and application for human chondrocyte proliferation.
Transgenic Res. 13:51–57.
Schmid N, Eichenberger AP, Choutko A, Riniker S, Winger M, Mark AE, Gunsteren
WF. 2011. Definition and testing of the GROMOS force-field versions 54A7 and
54B7. Eur. Biophys. J. 40:843–856.
Seib FP, Kaplan DL. 2012. Doxorubicin-loaded silk films: drug-silk interactions and
in vivo performance in human orthotopic breast cancer. Biomaterials 33:8442–
8450.
Seo N, Russell BH, Rivera JJ, Liang X, Xu X, Afshar-Kharghan V, Höök M. 2010.
An engineered α1 integrin-binding collagenous sequence. J. Biol. Chem.
285:31046–31054.

116

Shoulders M, Raines R. 2009. Collagen Structure and Stability. Annu Rev Biochem
78:929–958.
Siljander PRM, Hamaia S, Peachey AR, Slatter DA, Smethurst PA, Ouwehand WH,
Knight CG, Farndale RW. 2004. Integrin activation state determines selectivity
for novel recognition sites in fibrillar collagens. J. Biol. Chem. 279:47763–47772.
Sionkowska A. 2011. Current research on the blends of natural and synthetic
polymers as new biomaterials: Review. Prog. Polym. Sci. 36:1254–1276.
Sobel ME, Yamamoto T, Adams SL, Dilauro R, Enrico V, Crombrugghe BDE,
Pastan IRA. 1978. Construction of a recombinant bacterial plasmid containing a
chick pro-a2 collagen gene sequence. Proc. Natl. Acad. Sci. 75:5846–5850.
Sofia S, Mccarthy MB, Gronowicz G, Kaplan DL, Al SET. 2000. Functionalized silkbased biomaterials for bone formation. J. Biomed. Mater. Res. 54:139–148.
Sricholpech M, Yamauchi M. 2012. Lysine post-translational modifications of
collagen. Essays Biochem 52:113–133.
Srokowski EM, Woodhouse KA. 2014. Evaluation of the bulk platelet response and
fibrinogen interaction to elastin-like polypeptide coatings. J. Biomed. Mater. Res.
- Part A 102:540–551.
Stark M, Grip S, Rising A, Hedhammar M, Engstro W, Johansson J. 2007.
Macroscopic Fibers Self-Assembled from Recombinant Miniature Spider Silk
Proteins. Biomacromolecules 8:1695–1701.
Stemmer WPC, Crameri A, Ha KD, Brennan TM, Heyneker HL. 1995. Single-step
assembly of a gene and entire plasmid from large numbers of
oligodeoxyribonucleotides. Gene 164:49–53.
Sternberg M, Thornton J. 1977. On the conformation of proteins: Hydrophobic
ordering of strands in β-pleated sheets. J. Mol. Biol. 115:1–17.
Stone PJ, Morris SM, Griffin S, Mithieux S, Weiss AS. 2001. Building Elastin.
Incorporation of recombinant human tropoelastin into extracellular matrices
using nonelastogenic rat-1 fibroblasts as a source for lysyl oxidase. Am. J. Respir.
Cell Mol. Biol. 24:733–739.
Stricker T, Dumin J, Dickeson S, Chung L, Nagase H, Parks W, Santoro S. 2001.
Structural analysis of the alpha(2) integrin I domain/procollagenase-1 (matrix
metalloproteinase-1) interaction. J Biol. Chem. 276:29375–29381.
Sweeney SM, Orgel JP, Fertala A, McAuliffe JD, Turner KR, Di Lullo GA, Chen S,
Antipova O, Perumal S, Ala-Kokko L, Forlino A, Cabral WA, Barnes AM,
Marini JC, San Antonio JD. 2008. Candidate cell and matrix interaction domains
on the collagen fibril, the predominant protein of vertebrates. J. Biol. Chem.
283:21187–21197.
Szela S, Avtges P, Valluzzi R, Winkler S, Wilson D, Kirschner D, Kaplan DL. 2000.
Reduction - Oxidation Control of -Sheet Assembly in Genetically Engineered
Silk. Biomacromolecules 1:534–542.

117

Tang-Schomer MD, White JD, Tien L., Schmitt I, Valentin T, Graziano DJ, Hopkins
A, Omenetto F, Haydon P, Kaplan DL. 2014. Bioengineered functional brainlike cortical tissue. Proc. Natl. Acad. Sci. 111:13811–13816.
Tao H, Hwang S, Marelli B, An B, Moreau J, Yang M, Brenckle M a, Kim S, Kaplan
DL, Rogers J, Omenetto FG. 2014. Silk-based resorbable electronic devices for
remotely controlled therapy and in vivo infection abatement. Proc. Natl. Acad.
Sci. 111:17385–9.
Taubenberger A, Cisneros D, Friedrichs J, Puechs P, Muller D, Franz C. 2007.
Revealing Early Steps of 2 1 Integrin-mediated Adhesion to Collagen Type I by
Using Single-Cell Force Spectroscopy. Mol. Biol. Cell 18:1634–1644.
Tejeda-Montes E, Smith KH, Rebollo E, Gomez R, Alonso M, Rodriguez-Cabello JC,
Engel E, Mata A. 2014. Bioactive membranes for bone regeneration
applications: Effect of physical and biomolecular signals on mesenchymal stem
cell behavior. Acta Biomater. 10:134–141.
Tillet E, Wiedemann H, Golbik R, Chu M, Timpl R. 1994. Recombinant expression
and structural and binding properties of al ( V1 ) and a2 ( VI ) chains of human
collagen type VI. Eur. J. Biochem. 187:177–185.
Tokareva O, Michalczechen-Lacerda VA, Rech EL, Kaplan DL. 2013. Recombinant
DNA production of spider silk proteins. Microb. Biotechnol. 6:651–663.
Toman PD, Chisholm G, McMullin H, Giere LM, Olsen DR, Kovach RJ, Leigh SD,
Fong BE, Chang R, Daniels GA, Berg RA, Hitzeman RA. 2000. Production of
recombinant human type I procollagen trimers using a four-gene expression
system in the yeast Saccharomyces cerevisiae. J. Biol. Chem. 275:23303–23309.
Trabbic-Carlson K, Liu L, Kim B, Chilkoti A. 2004. Expression and purification of
recombinant proteins from Escherichia coli: Comparison of an elastin-like
polypeptide fusion with an oligohistidine fusion. Protein Sci. 13:3274–3284.
Traub W, Piez K. 1971. The chemistry and structure of collagen. Advan. Prot. Chem.
25:243–352.
Tsukada M, Arai T, Colonna GM, Boschi A, Freddi G. 2003. Preparation of metalcontaining protein fibers and their antimicrobial properties. J. Appl. Polym. Sci.
89:638–644.
Urry DW, Long M, Cox B, Ohnishi T, Mitchell L, Jacobs M. 1974. The Synthetic
Polypentapeptide of Elastin Coacervates and Forms Filamentous Aggregates.
Biochim. Biophys. Acta 371:597–602.
Urry DW. 1992. Free Energy Transduction In Polypeptides and Proteins Based on
Inverse Temperature Transitions. Prog. Biophys. Molec. Biol. 57:23–57.
Valluzzi R, Szela S, Avtges P, Kirschner D, Kaplan D. 1999. Methionine Redox
Controlled Crystallization of Biosynthetic Silk Spidroin. J. Phys. Chem. B
103:11382–11392.

118

Vendrely C, Scheibel T. 2007. Biotechnological production of spider-silk proteins
enables new applications. Macromol. Biosci. 7:401–409.
Vepari C, Kaplan DL. 2007. Silk as a Biomaterial. Prog. Polym. Sci. 32:991–1007.
Vollrath F, Knight D. 2001. Liquid crystalline spinning of spider silk. Nature
410:541–548.
Vuorela A, Myllyharju J, Nissi R, Pihlajaniemi T, Kivirikko KI. 1997. Assembly of
human prolyl 4-hydroxylase and type III collagen in the yeast Pichia pastoris :
formation of a stable enzyme tetramer requires coexpression with collagen and
assembly of a stable collagen requires coexpression with prolyl 4-hydroxylase.
EMBO 16:6702–6712.
Wagenseil JE, Mecham RP. 2007. New insights into elastic fiber assembly. Birth
Defects Res. C. Embryo Today 81:229–240.
Wang E, Desai M, Lee S. 2013. Light controlled graphene-elastin composite hydrogel
actuators. Nano Lett. 13:2826–2830.
Wang X, Kim HJ, Wong C, Vepari C, Matsumoto A, Kaplan DL. 2006. Fibrous
proteins and tissue engineering. Mater. Today 9:44–53.
Wang Y, Yin J, Chen G-Q. 2014. Polyhydroxyalkanoates, challenges and
opportunities. Curr. Opin. Biotechnol. 30C:59–65.
Waterhouse A, Yin Y, Wise SG, Bax D V., McKenzie DR, Bilek MMM, Weiss AS,
Ng MKC. 2010. The immobilization of recombinant human tropoelastin on
metals using a plasma-activated coating to improve the biocompatibility of
coronary stents. Biomaterials 31:8332–8340.
Wenk E, Wandrey A, Merkle H, Meinel L. 2008. Silk fibroin spheres as a platform
for controlled drug delivery. J Control Release 132:26–34.
Wenstrup RJ, Florer J, Cole W, Willing M, Birk D. 2004. Reduced type I collagen
utilization: a pathogenic mechanism in COL5A1 haplo-insufficient EhlersDanlos syndrome. J Cell Biochem 92:113–124.
Werkmeister JA, Ramshaw JAM. 2012. Recombinant protein scaffolds for tissue
engineering. Biomed. Mater. 7:012002.
Whitesides G, Mathias J, Seto C. 1991. Molecular self-assembly and Nanochemistry :
a chemical strategy for the syntehsis of nanostructures. Science 254:1312–1319.
Widmaier DM, Tullman-Ercek D, Mirsky EA, Hill R, Govindarajan S, Minshull J,
Voigt CA. 2009. Engineering the Salmonella type III secretion system to export
spider silk monomers. Mol. Syst. Biol. 5:309–327.
Winkler S, Wilson D, Kaplan DL. 2000. Controlling -Sheet Assembly in Genetically
Engineered Silk by Enzymatic Dephosphorylation, Phosphorylation.
Biochemistry 39:12739–12746.
Wise SG, Weiss AS. 2009. Tropoelastin. Int. J. Biochem. Cell Biol. 41:494–497.

119

Wise SG, Byrom MJ, Waterhouse A, Bannon PG, Ng MKC, Weiss AS. 2011. A
multilayered synthetic human elastin/polycaprolactone hybrid vascular graft with
tailored mechanical properties. Acta Biomater. 7:295–303.
Wise SG, Yeo GC, Hiob M a., Rnjak-Kovacina J, Kaplan DL, Ng MKC, Weiss AS.
2014. Tropoelastin: A versatile, bioactive assembly module. Acta Biomater.
10:1532–1541.
Wong Foo Po C, Kaplan DL. 2002. Genetic engineering of fibrous proteins : spider
dragline silk and collagen. Adv. Drug Deliv. Rev. 54:1131–1143.
Wong Po Foo C, Patwardhan S V, Belton DJ, Kitchel B, Anastasiades D, Huang J,
Naik RR, Perry CC, Kaplan DL. 2006. Novel nanocomposites from spider silksilica fusion (chimeric) proteins. Proc. Natl. Acad. Sci. 103:9428–9433.
Wu Q, Wang W, Cao L, Sun L, Xu Y, Zhong X. 2015. Diagnosis of fetal osteogenesis
imperfecta by multidisciplinary assessment: a retrospective study of 10 cases.
Fetal Pediatr Pathol 34:57–64.
Wu W-Y, Mee C, Califano F, Banki R, Wood DW. 2006. Recombinant protein
purification by self-cleaving aggregation tag. Nat. Protoc. 1:2257–2262.
Wu W, Vrhovski B, Weiss AS. 1999. Glycosaminoglycans mediate the coacervation
of human tropoelastin through dominant charge interactions involving lysine side
chains. J Biol. Chem. 274:21719–21724.
Xia XX, Xu Q, Hu X, Qin G, Kaplan DL. 2011. Tunable self-assembly of genetically
engineered silk-elastin-like protein polymers. Biomacromolecules 12:3844–3850.
Xia X-X, Qian Z-G, Ki CS, Park YH, Kaplan DL, Lee SY. 2010. Native-sized
recombinant spider silk protein produced in metabolically engineered
Escherichia coli results in a strong fiber. Proc. Natl. Acad. Sci. 107:14059–
14063.
Xiao J, Madhan B, Li Y, Brodsky B, Baum J. 2011. Osteogenesis Imperfecta Model
Peptides: Incorporation of Residues Replacing Gly within a Triple Helix
Achieved by Renucleation and Local Flexibility. Biophy 101:449–458.
Xiong A-S, Peng R-H, Zhuang J, Gao F, Li Y, Cheng Z-M, Yao Q-H. 2008. Chemical
gene synthesis: strategies, softwares, error corrections, and applications. FEMS
Microbiol. Rev. 32:522–540.
Xu C, Yu Z, Inouye M, Brodsky B, Mirochnitchenko O. 2010. Expanding the Family
of Collagen Proteins: Recombinant Bacterial Collagens of Varying Composition
Form Triple-Helices of Similar Stability. Biomacromolecules 11:348–356.
Xu L, Rainey JK, Meng Q, Liu X-Q. 2012. Recombinant minimalist spider wrapping
silk proteins capable of native-like fiber formation. PLoS One 7:e50227.
Xu M, Lewis RV. 1990. Structure of a protein superfiber: spider dragline silk. Proc.
Natl. Acad. Sci. 87:7120–7124.

120

Xu X, Gan Q, Clough RC, Pappu KM, Howard JA, Baez JA, Wang K. 2011.
Hydroxylation of recombinant human collagen type I alpha 1 in transgenic maize
co-expressed with a recombinant human prolyl 4-hydroxylase. BMC Biotechnol.
11:69–81.
Xu Y, Gurusiddappa S, Rich RL, Owens RT, Keene DR, Mayne R, Höök A, Höök M.
2000. Multiple binding sites in collagen type I for the integrins α1β1 and α2β1. J.
Biol. Chem. 275:38981–38989.
Xu Y, Keene DR, Bujnicki JM, Höök M, Lukomski S. 2002. Streptococcal Scl1 and
Scl2 proteins form collagen-like triple helices. J. Biol. Chem. 277:27312–27318.
Yang C, Hillas P, Baez J, Nokelainen M, Balan J, Tang J, Spiro R, Polarek J. 2004.
The applications of recombinant human collagen in tissue engineering. Biodrugs
18:103–119.
Yang G, Zhang L, Cao X, Liu Y. 2002. Structure and microporous formation of
cellulose / silk fibroin blend membranes Part II . Effect of post-treatment by
alkali. J. Memb. Sci. 210:379–387.
Yao J, Yanagisawa S, Asakura T. 2004. Design, expression and characterization of
collagen-like proteins based on the cell adhesive and crosslinking sequences
derived from native collagens. J. Biochem. 136:643–9.
Yigit S, Dinjaski N, Kaplan D. 2015. Fibrous proteins: At the crossroads of genetic
engineering and biotechnological applications. Biotechnol. Bioeng. 113:913–929.
Yigit S, Tokareva O, Varone A, Georgakoudi I, Kaplan DL. 2014. Bioengineered silk
gene delivery system for nuclear targeting. Macromol. Biosci. 14:1291–1298.
Yoo CR, Yeo I-S, Park KE, Park JH, Lee SJ, Park WH, Min B-M. 2008. Effect of
chitin/silk fibroin nanofibrous bicomponent structures on interaction with human
epidermal keratinocytes. Int. J. Biol. Macromol. 42:324–334.
Yoo M-K, Kweon HY, Lee K-G, Lee H-C, Cho C-S. 2004. Preparation of semiinterpenetrating polymer networks composed of silk fibroin and poloxamer
macromer. Int. J. Biol. Macromol. 34:263–270.
Yoshizumi A, Yu Z, Silva T, Thiagarajan G, Ramshaw JAM, Inouye M, Brodsky B.
2009. Self-association of streptococcus pyogenes collagen-like constructs into
higher order structures. Protein Sci. 18:1241–1251.
Yu Z, An B, Ramshaw JAM, Brodsky B. 2014. Bacterial collagen-like proteins that
form triple-helical structures. J. Struct. Biol. 186:451–461.
Zeltz C, Gullberg D. 2016. The integrin-collagen connection - a glue for tissue repair.
J. Cell Sci. 129:653-664.
Zhang Y, Hu J, Miao Y, Zhao A, Zhao T, Wu D, Liang L, Miikura A, Shiomi K,
Kajiura Z, Nakagaki M. 2008. Expression of EGFP-spider dragline silk fusion
protein in BmN cells and larvae of silkworm showed the solubility is primary
limit for dragline proteins yield. Mol. Biol. Rep. 35:329–335.

121

Zhou Y, Wu S, Conticello VP. 2001. Genetically Directed Synthesis and
Spectroscopic Analysis of a Protein Polymer Derived from a Flagelliform Silk
Sequence. Biomacromolecules 2:111–125.
Zhu Z, Ohgo K, Watanabe R, Takezawa T, Asakura T. 2008. Preparation and
Characterization of Regenerated Bombyx mori Silk Fibroin Fiber Containing
Recombinant Cell-Adhesive Proteins ; Nonwoven Fiber and Monofilament. J.
Appl. Polym. Sci.

122

Appendix A
Recombinant spider silk structure, biosynthesis
and applications as a gene delivery agent
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A.1. Introduction
Humanity has used silk for centuries for all kinds of applications from textiles to
wound dressings. The main source of silk is the silkworm Bombyx mori, due to the
ease of domestication, whereas spider silks are known to be as tough as Kevlar but
hard to obtain in large quantities due to the impossibility of spider domestication
(Gosline et al., 1999). There are various types of spider silk with different amino acid
sequences and alignments hence mechanical strength. The most widely studied spider
silk is the dragline of golden orb weaver N. clavipes due to is incredible thermal
strength in fiber form.

Silks consist of helical, β-sheet (chain axis parallel to the fiber axis) or cross-β-sheet
(chain axis perpendicular to the fiber axis) secondary structures, depending on the silk
type and producing organism. N. clavipes dragline silk is characterized by a βpleated-sheet secondary structure with extended polypeptide chains in which the
carbonyl oxygens and amide hydrogens are perpendicular to the long axis of the chain.
Hydrogen bonds form between the carbonyl oxygen and amide hydrogen of
neighboring chains, forming pleated structures along the backbone of the peptide
chain. These chain–chain interactions include extensive hydrogen bonding (intra- and
inter-chain) as well as van der Waals interactions for stacked sheets due to the
predominance of short side-chain amino acids such as glycine, alanine and serine.
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Figure A- 1. Atomistic model of the MaSp1 spider silk from N. clavipes. Beta sheet
region is depicted as the central of the structure (yellow) Taken from (Keten and
Buehler, 2010).

All spider silks have at least 2 types of silk proteins and the dragline silk also consists
of 2 types; major ampullate spidroin 1 and 2 (MaSp1 and MaSp2). The core repetitive
sequences of MaSp1 and MaSp2 are; (Ala)n, GGX and (A)n, GPGXX, respectively.
Crystalline beta sheet regions are observed in the polyalanine repeats. Glycine
stretches for GGX in MaSp1, GPGXX in MaSp2 form less crystalline domains,
segregating the polyalanine stretches and form block-like structures. For MaSp1,
common Xaa residues for GGX are; Leucine, Glutamine, Arginine and Tyrosine
whereas for MaSp2 most common pentapeptide repeats are GPGQQ and GPGGY.
Presence of polar residues renders the less crystalline domains hydrophilic thus
creating thermodynamically favored block-like structures in which hydrophilic parts
define the outer edges and hydrophobic parts form the core of the structure.

In order to understand the characteristics of each part forming the spider silk, natural
synthesis and assembly of the protein in the major ampullate glands should be
observed. Figure A-2 summarizes the natural silk spinning process with fiber
assembly occurring along the spinning apparatus. Synthesis of the protein takes place
in the tail part of the gland where it secrets out the protein into the lumen. High
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concentration (50 w/v) of the protein accumulates in lumen by forming micelle type
structure with the segregation of hydrophobic core regions and hydrophilic less
crystalline parts. From the lumen micelles are passed through the spinning duct that
differs in width to align the polymers before their passage through the narrow duct
end.

Figure A- 2: The natural spider silk spinning process is schematically shown (Taken
from (Eisoldt et al., 2011).
Alignment of the polymers takes place in 3 major steps; 1st step is the parallel lining
of the chains followed by the formation of discs. 2nd step is the alignment of disc
layers by bending on top of each other with the hydrophobic interactions. At this stage
the pH of the environment is lowered from 6.9 to 6.3, preventing the repulsion of
negative charges that forced closer for the alignment of the chains. 3rd step is the
transition from liquid to solid phase where water is expelled out from the hydrophobic
regions starting the beta sheet formation. The salt concentration differs from the
entrance and the exit of the duct. Sodium chloride concentration decreases and
potassium phosphate concentration increases in order to collect water molecules in
bulk form, aid in expelling them out of the protein disc layers.
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The liquid crystalline form of protein is forced into the valve and the spigot by the
rapid extension flow. Liquid crystalline solution is drawn from the spigot through the
valve, spitting the dragline out and dehydrating it and forming beta-sheet crystals. The
pulling forces exert changes on the fiber by further exposing hydrophobic regions and
create alignment, especially on the core region. pH and salt adjustment along with the
mechanical forces applied on the liquid phase protein solution create the tough silk
fibers under mild conditions.

The interplay between Alanine rich parts and Glycine rich blocks leads to the
formation of both helical structures that are hydrophilic and elastic, and beta sheet
blocks that are rigid and tough. Crystalline beta sheet silk fibers have high tensile
strength that stems from the anti-parallel alignment of poly Ala blocks (Vollrath and
Knight, 2001). Each Alanine residue is placed on alternate sides of the backbone,
filling the gaps of each amino acid residue by the methyl side chain from the
neighboring chain. Devoid of gaps, poly Alanine blocks are highly dehydrated.

GGX repeats form alpha helical structures or recently termed poly glycine like chains.
Glycines are tightly packed inside the core of the structure and X residues can form H
bonds with the neighbouring chains to serve as a bridge between beta sheet discs
(Lefevre et al., 2007). GPGXX repeats form beta turns, which give the structure
elasticity. Proline residues are in the turn positions and X residues make H bonds in
between the lanes (Hayashi et al., 1999).

A.2. Recombinant silk production and applications
Conformational transitions using model silk peptides and genetically engineered
variants of silk proteins are studied to provide insight into the self-assembly process
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and facile production of highly hydrophobic protein. Self-assembled block
copolymers mimicking the silk blocks form different structures with tunable tensile
strength, wettability and elasticity. Silk like block co-polymers represent the proof of
concept that tunability of the structure is possible by changing the identity and
quantity of the blocks. By increasing the poly Alanine blocks, constructs form zipper
like beta sheets with high tensile strength or increasing the GPGXX blocks where X
residue are Glutamine or Arginine, constructs are rendered more hydrophilic
(Rabotyagova et al., 2009).

Recombinant spider silk production is challenging due to the repetitive nature of the
spider silk blocks and highly hydrophobic nature of the protein that renders it
insoluble in high concentrations. Recombinant production of silk involves special
cloning strategies that are explained in detail in Appendix B. As a summary,
concatemerization approach that allows step by step ligation of each repeating block
to be inserted in multiples at a time, has been used extensively. In addition, recursive
directional approach that ligates the repeating blocks in a pre-designed order is used
in designing silk elastin chimeras (Yigit et al., 2015).

E.coli is the most efficient host organism to produce recombinant proteins especially
if post-translational modificaitons are not necessary such as in silk protein. On top of
that, in vitro processing of silk can be easily applied to produce desired secondary
structures without the need of a host mechanism.

Recombinant spider silk production from E.coli has been used for a different range of
applications such as coating material for bone mineralizaiton, drug delivery and gene
delivery. Ability to form different structures upon external stimuli has been utilized in
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many of the applications. For their biocompatibility and tunibility of the clearance
period, in vivo applications are popular. Silk has been proven to be a useful gene
gelivery agent with addition of functional motifs that renders it as an efficient gene
delivery agent.
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Gene delivery research has gained momentum with the use of lipophilic vectors that
mimic viral systems to increase transfection efficiency. However, maintaining cell
viability with these systems remains a major challenge. Therefore biocompatible and
nontoxic biopolymers that are designed by combining non-immunological viral
mimicking components with suitable carriers have been explored to address these
limitations. In the present study recombinant DNA technology was used to design a
multi-functional gene delivery system for nuclear targeting, while also supporting cell
viability. Spider dragline silk recombinant proteins were modified with DNA
condensing units and the proton sponge endosomal escape pathway was utilized for
enhanced delivery. Short-term transfection efficiency in a COS-7 cell line (adherent
kidney cells isolated from African green monkey) was enhanced compared to
lipofectamine and polyethyleneimine (PEI), as was cell viability with these
recombinant bio-polyplexes. Endosomal escape and consequent nuclear targeting
were shown with fluorescence microscopy.
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Introduction
Increased interest in gene delivery for
therapeutic applications has occurred
over the last decade resulting in different
approaches to replace or knock-down
particular genes. [1- 2] Viral gene delivery
agents are used for their high
transfection efficiency; [2-3] however,
they also can cause immunogenic
responses resulting in toxicity and low
cell viability. [4] Therefore non-viral
gene carriers have become important to
pursue in order to increase cell viability.
[5-6]
Non-viral gene delivery agents are
derived from natural or synthetic
polymers with either lipophilic or
hydrophilic characteristics, resulting in
different assemblies in vitro and in vivo.
[7-8]
Biosynthetic
methods
for
synthesizing polymers, rather than
chemical synthesis and modification
strategies, can avoid chemical residues
or impurities, which can negatively
impact biological outcomes, while also
providing tight control of polymer
dispersity. Different amenities can be
incorporated into these bioengineered
polymers by selecting from a wide range
of natural polymer libraries or motifs, or
by synthesizing modified recombinant
polymers in situ. Some of the common
benefits of this approach include
increased cell viability, biodegradability,
biocompatibility
and
enhanced
functionality. [9] These bioengineered
polymers have to assemble in solution to
meet gene delivery and then stay soluble
with hydrophilic interactions within the
solution interphase. In addition, the
polymer chains need to assemble in
order to prevent excess penetration of
media, which would result in rapid
degradation.
Silk
proteins
are
biocompatible and biodegradable, and
support cell viability. [10] Highly ordered
secondary structure in solution stems
from beta sheet formation, via interchain molecular hydrogen bonding

between alanine/glycine residues. [11]
Highly ordered structure of silk has been
used to construct solid, scaffold-like
materials for tissue engineering and
extracellular matrix (ECM) mimicking
applications, and also for delivering
[12-17]
therapeutics
and
genes.
Biodegradability of the whole structure
that has aminoacids as the building
blocks facilitates the clearance of the
cargo
resulting
in
excellent
biocompatibility. The repetitive peptide
units of spider silk act as an excellent
polymeric support for gene delivery,
mimicking
synthetic
polymeric
functions toward similar goals. [18-19] .
Recombinant DNA techniques allows
for facile modification of spider silk
sequences with endosomal escape
chemistries to address endosomal
degradation challenges upon endocytosis,
a major challenge in the intracellular
delivery process.
Cells defense
mechanisms can disrupt gene delivery
processes by degradation of the carrier
before it reaches its destination. [20] As
with
bacteria
using
membrane
destabilizing proteins or viruses using
membrane-disrupting molecules, nonviral agents can possess similar abilities.
[21]
For endosomal escape sequences, the
histidine-rich
peptide,
H5WYG
(GLFHAIAHFIHGGWHGLIHGWYG)
is expression friendly due to the
elimination of repetitive amino acids.
The histidines can respond to the drop in
pH between the cytoplasm and
endosomes to act as a proton sponge by
absorbing excess protons in the
endosomes. [22] This process prevents
proton bombardment of the cargo in the
endosomes and results in disruption of
endosomal membrane. [23]. For the
attachment of oligonucleotides to the
large peptidic carrier, non-covalent,
ionic attraction is a useful method where
the negatively charged phosphate
backbone of oligonucleotides interacts
with positively charged proteins to form
electrostatic bonds. Synthetic polymers

such as polyethyleneimine (PEI) have
been
used
for
their
cationic
characteristics and natural cationic
polymers such as chitosan have been
tried with the same purpose of
condensing the negatively charged DNA.
However, these highly cationic polymers
cause toxicity due to non-selective
attachment to the negatively charged
membrane phospholipids or to serum
proteins. [24-26] Recombinant DNA
technology has been useful for obtaining
cationic, non-toxic proteins for gene
delivery. [9, 18] Lysine has been used
successfully in condensing DNA into
particles along with the polymer,
without toxicity to cells [27, 28, 39] with an
optimal number of 30 lysines to bind to
medium range sized DNA (5 kbp). [29]
Also, inspired by nature, clusters of
lysine residues can help to condense
DNA, as histones have repetitive lysine
residues organized in clusters. High
positive
charged
particles
after
condensing DNA is not desired due to
cytotoxicity caused by non-specific
interactions. [30-31]. Nuclear targeting is
necessary for successful gene delivery,
not only to facilitate transfection, but
also to prevent premature degradation in
the cytoplasm. [32] For nuclear targeting,
the Transactivating Regulatory Protein
(TAT) sequence, with an origin from an
86 amino acid long protein from the
Human Immunodeficiency Virus (HIV)
virus has been pursued. [33] This protein
has a nine amino acid long, arginine rich
sequence, with nuclear directing ability
either as a short peptide or as part of a
long chain. [34]. The goal of the current
study was to design and study the effects
of different functional groups and their
placement in recombinant silk proteins
for nuclear targeting and gene delivery.
We demonstrated with intracellular
tracking assays that the endosomal
escape unit postponed early degradation
of the cargo by preventing endosomal
degradation.
A nuclear localization
signal increased the transfection
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efficiency as a result of nuclear targeting
and in its absence; endosomal escape
prolonged the degradation of the cargo.

Experimental Section
Construction and Transformation of
Plasmids
The spider silk repeating unit
(SGRGGLGGQGAGAAAAAGGAGQ
GGYGGLGSQGT) was selected from
the consensus repeat of the dragline silk
spidroin (MaSp-I) sequence from the
spider Nephila clavipes. Six contiguous
copies of this repeated sequence (silk
6mer) were previously inserted into the
pET-30-a plasmid, [29] which contains a
linker with SpeI restriction site. pET30-a
was linearized with SpeI restriction
enzyme to obtain NheI and SpeI flanking
ends at C- and N-termini, respectively.
Calf intestine alkaline phosphatase was
used to dephosphorylate the 5’ end of
the linear plasmid. DNA sequences were
designed
to
encode
6XT
[(K30)(GLFHAIAHFIHGGWHGLIHG
WYG)(RKKRRQRRR)]
and
6XK
[(K15)( GLFHAIAHFIHGGWHGLIHG
WYG)(K15)]. The sequences were
purchased as synthetic genes, which
were cloned into pUC57 from GenScript
(Piscataway, NJ). Ends were designed to
be flanked by SpeI and NheI restriction
sites, respectively. pUC57 derivatives
were digested by SpeI and NheI to
liberate the sequences, isolated with gel
electrophoresis and purified with Gel
Extraction Kits (QIAGEN, Gaithersburg,
MD). Purified sequences were ligated
with
alkaline
phosphatase-treated
pET30-a-6mer plasmid with T4 DNA
ligase for 16 hours at 10°C. The ligation
mixture was used to transform
chemically competent DH5α E. coli
cells (Invitrogen, Carlsbad, CA).
Transformed plasmids were confirmed

by dideoxy sequencing with both
forward and reverse T7 promoter and
terminator sequences (Tufts Core
Facility, Boston, MA).

mini plasmid kit and DNA concentration
was obtained with NanoDrop 2000c
(Thermo Fisher Scientific, Waltham,
MA). Polyplex preparations were
prepared by mixing the recombinant
proteins with gLuc plasmid with various
amine/phosphate (N/P) ratios in
deionized water with a final volume of
50 μL. N/P ratio was calculated from the
moles of phosphate groups in the gLuc
pDNA. The total moles of phosphate
groups found in 100ng of gluc pDNA
(5,764 bp) was calculated. To balance
the charges for phosphate and free amine
groups, the molarity of phosphate was
tripled. Amount of protein needed was
calculated by dividing the amine
molarity by total free amine groups and
adjusted for previously determined N/P
ratios. When changing the N/P ratio, the
pDNA amount was kept constant and
protein amount was changed accordingly.
The mixture of the polplexes was
incubated overnight at room temperature.

Protein Expression and Purification
6XT and 6XK containing pET30-a
plasmids were used to transform
chemically competent BLR E. coli strain
(EMD Millipore, Darmstadt, Germany).
The recombinant strains were grown in
Luria-Bertani medium in a shaking
incubator at 250 rpm and 37°C. Cells
were induced with 1 mM isopropyl-β-Dthiogalactopyranoside when the optical
density was between 0.8-1.0 at 600 nm.
At 4 hours after induction, cells were
collected by centrifugation at 8,000 rpm
for 20 minutes at 4°C. Harvested pellets
were lysed with denaturing phosphate
lysis buffer overnight (100 mM
NaH2PO4, 10 mM Trisbase, 8M urea,
pH 8.0). The supernatant was collected
by centrifugation at 8,700 rpm for 10
minutes at 10°C and loaded onto Ni
chelating columns packed with Ni-NTA
agarose (Novex, Grand Island, NY) at
pH 8.0. The column was washed and
eluted with phosphate buffers at pH 6.3,
5.9 and 4.3, respectively. The elution at
pH 4.3 was dialyzed (MWCO 3.4kDa)
against deionized water for 3 days and
lyophilized. The purity of the proteins
was monitored by SDS-PAGE using
12% NuPage Bis-Tris gels (Invitrogen,
Carlsbad, CA). The molecular weight
determinations were confirmed by
matrix-assisted
laser
desorption
ionization time of flight (MALDI-TOF)
mass spectrometry.

Characterization of the polyplexes
Electrophoretic mobility shift assay was
performed by loading the polyplex
samples with different N/P ratios onto
Tris-Acetate-EDTA (TAE) agarose gels
(0.8% by mass, 1%EtBr by volume) for
25 minutes. Gels were analyzed under
UV. Prior to zeta potential analysis,
samples were diluted to a final
concentration of 1 mL with deionized
water and DMEM, respectively. Zeta
potential of the samples was obtained
using a Zeta NanoSizer (Nano ZS90,
Malvern Instruments, UK), averaging 3
consecutive measurements at room
temperature and at 37°C. Scanning
Electron Microscopy (SEM) images
were taken with Zeiss Ultra Field
Emission Scanning Electron Microscope
(Thornwood, NY) Both concentrated (1
mg/mL) and diluted samples (0.1
mg/mL) that were previously prepared
in deionized water and then vacuum
dried were processed. Images were taken

Preparation of polyplexes

pDNA encoding gLuc luciferase
(pCMV-GLuc 5764 bp) was amplified
in chemically competent DH5α E. coli.
Purification was performed by QIAGEN
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in high vacuum with 4 keV energy on
carbon-coated surfaces after 5 nm thick
of Au coating with Sputter Coater
(Cressington HR208). Dynamic Light
Scattering was used to detect the particle
size
with
NanoZS90
(Malvern
Instruments, UK) equipped with 633nm
He-Ne laser at 25 °C
with a 90°
scattering angle. Polyplexes were
prepared in deionized water with
previously stated N/P ratios and
measurements were taken with 50 μL
samples at pH 7.4 and 5.5. Endosomal
escape ability was characterized by pH
response by simple acid/base titration.
Polymer samples with 1 mg/mL
concentration in PBS (pH 7.4) were
prepared from polyethyleneimine (PEI,
25kDa, branched, Sigma Aldrich,
Haverhill, MA), 6XK and 6XT. pH was
measured by adding 5 μL increments of
3mM HCl solution. All recordings were
processed into a pH response curve.

(Abcam, Cambridge, MA) was diluted
by blocking solution (1:200) and added
to wells for a 4 hour incubation. After
excess washing with PBS, 2ry antibody
(Goat Polyclonal Secondary Antibody to
Mouse IgG2b- heavy chain FITC,
Abcam, Cambridge, MA) solution
diluted with blocking solution (1:50,
v:v) was added onto wells for 1 hour
incubation. Cells were washed with
excess PBS prior to the addition of 4’, 6diamino-2-phenylindole
(DAPI,
Invitrogen, Carlsbad, CA) solution
(1:1000, v:v) and incubated for 10
minutes. Intracellular distributions of
the polyplexes and labeled endosomes,
along with the nucleus were observed by
confocal microscopy. Confocal images
(1024x1024 pixels, 12 bit depth) were
acquired by PMTs from fixed COS-7
cells, stained for 1ry and 2ry antibodies
as indicated above and DAPI, using a
commercial Laser Scanning Spectral
Leica TCS SP2 confocal microscope
(Wetzlar, Germany) equipped with a
Ti:sapphire laser (Spectra Physics,
Mountain View, CA). 96 wells glass
bottom plates were imaged using a
63x/1.2 NA water immersion objective.

Intracellular Tracking Assay
Previously amplified gLuc pDNA was
labeled with fluorescein using Label IT
Nucleic Acid Labeling Kits (Mirus,
Madison, WI). Polyplexes were formed
according to the previously described
techniques with labeled pDNA. COS-7
cells (ATCC, Manassas, VA) derived
from the kidney of African Green
Monkey, Cercopithecus aethiops, were
seeded onto 96 well glass bottom plates
with 5,000 cells/well at the time of
transfection. Fresh media was added
prior to the transfection and polyplexes
were added with maximum DNA
amount of 1 ng/μL. Cells were fixed
after different time intervals (4 and 10
hours). Cell fixation was done according
to standard protocols. Briefly, cells were
washed with PBS, 10% formalin
and %0.05 Triton, respectively. Then
10% Blocking Solution was used for
washing prior to Primary Antibody
labeling. LAMP-1 (H4A3) 1ry antibody

Cell culture, Transfection and Viability
COS-7 cells were grown to 80%
confluence using media consisting of
Dulbecco’s Modified Eagle Medium
(DMEM), 10% FBS, 5% Glutamine.
Cells were trypsinized by 0.25% Trypsin
(Invitrogen, Carlsbad, CA) and replated
on 96-well plates with a density of
10,000 cells/cm2 at the time of
transfection after 24 hours of incubation
at 37°C. Before transfection, 200 μL of
fresh media was added to each well.
Polyplexes with varying N/P ratios were
added into each well with a pDNA
amount of 100ng/well. Lipofectamine
LTX (Invitrogen, Carlsbad, CA),
branched
polyethyleneimine
(MW~25kDa, Sigma Aldrich, Haverhill,
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MA), recombinant silk 6mer and naked
pDNA were used as controls and
prepared with the same varying N/P
ratios. Two sets of incubation times
were chosen for the transfections. After
15 and 48 hours, the supernatant was
collected and kept at 4°C for luciferase
expression analysis with a BioLux
Gaussia Luciferase Assay Kit (New
England Biolabs, Ipswich, MA). Briefly
50 μL of the supernatant was mixed with
20 μL of GLuc assay solution and
monitored after 5-15 seconds incubation
at room temperature in the dark.
Luminescence activity was monitored by
microplate
reader
(SpectraMax
Paradigm
Multi-mode
Microplate
Detection Platform, Sunnyvale, CA).
Expression levels were calculated
relative to Lipofectamine LTX levels,
which were in RLU/mg units. Cell
toxicity was monitored by a standard 3(4,5-dimethylthiazol-2-yl)
2,5diphenyltetrazolium bromide (MTT)
assay (Vybrant MTT Cell Proliferation
Assay, Invitrogen, Carlsbad, CA)
according to standard protocols. Briefly,
COS-7 cells were seeded into 96 well
plates with a density of 7,000 cells/well
at the time of transfection. Polyplexes
with varying N/P ratios were added into
each well along with Lipofectamine
LTX, PEI, 6mer and naked pDNA as
controls. After 15 and 24 hours of
incubation at 37°C, pre-mixed MTT
solution was added onto each well for 4
hours post-incubation. MTT was
solubilized with dimethyl sulfoxide
(DMSO) and characterized by obtaining
absorbance values.

synthesized and purified to be used as
control in determination of N/P ratio and
cytotoxicity.
The yield of purified recombinant silk
proteins was around 5 mg/L. Both 6XT
and 6XK gave major bands around 27
kDa and 26 kDa, respectively, on SDSPAGE gels that were higher than the
actual molecular weights due to the
hydrophobic nature of silk. [28] The
molecular weight obtained by MALDITOF was 22,502.62 Da for 6XK and
24,125.61 Da for 6XT, which correlated
with theoretical calculations. Samples
were lyophilized and stored at 4°C for
polyplex
formation
and
further
characterization. Lyophilized protein
samples (6mer, 6XK, 6XT) and PEI
(branched, 25 kDa), lipofectamine LTX
as controls were weighed and
solubilized in 1 mL of DI water. Total
pDNA was held constant at 1 ng/μL
when calculating the N/P ratios, thus the
protein amount was changed accordingly.
Polyplexes with varying N/P ratios from
0.02 to 2 were used to analyze the
electrostatic
interactions
by
electrophoretic mobility shift assay. Free
DNA migrated towards the anode as
expected whereas polyplexes with the
N/P ratio of 2 migrated towards the
cathode. As the amount of protein was
increased, migration towards the cathode
also increased as seen in Figure 1. This
result indicated that using the maximum
electrostatic
interactions
possible,
condensing the pDNA within the protein,
formed polyplexes. Migration towards
the cathode for the polyplexes with
N/P=2 suggested that excess positively
charge protein was present in a noncondensed form. Silk protein consisting
of six repeating units was negatively
charged as reported previously for
dragline silk MaSp-I. [28] Zeta potential
measurements (Figure 1) indicated that
the 6mer was negative and modified
6XT and 6XK proteins were positive, as

3. Results and Discussion
The recombinant silk 6mer protein
modified with poly-lysine, an endosomal
escape unit and the HIV derived TAT
sequence was successfully designed,
synthesized and purified. Recombinant
spider silk with 6 repeating units was
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expected, due to the added lysine and
arginine amino acids. The addition of
lysine units brings the zeta potential of
the silk proteins from negative to
positive, indicating that lysine residues
may assemble on the surface of the
particles due to ionic and hydrophilic
interactions in solution. Zeta potential of
the polyplexes with N/P =1 dropped
below 5 mV, confirming complex
formation between pDNA and the
cationic protein. Polyplexes with the N/P
ratio above 1 gave increasing zeta
potential values due to excess cationic
charge (data not shown). SEM images
showed polyplex formation upon
addition of pDNA based on the change
in morphology of the materials (Figure
2). Before complexing the pDNA, naked
6XK and 6XT protein showed film-like
structures resembling the previously
stated 6mer film-like morphology
whereas the polyplexes resulted in the
formation of globular structures when
N/P ratio of 1 was used. The sizes of the
features were between 300-350 nm for
diluted samples. As the concentration of
the sample increased, particles tend to
show aggregates (data not shown). The
sizes of the polyplexes were measured
with DLS and 6XK and 6XT polyplexes
gave lower size readings, 133 nm and
116 nm, respectively (Table 1). This size
is suitable for clathrin mediated
endocytosis where a particle size below
500 nm needs to be sustained. [34-35].
Differences in size measurements
between SEM images and DLS
measurements were attributed to the
dried state of the polyplexes for SEM
measurements vs. hydrated particles in
solution for DLS. To test the endosomal
escape ability of the polyplexes, samples
prepared with deionized water with pH
7.40 were used and analyzed with DLS.
After dilute HCl addition to the samples,
pH was lowered to 5.50 and analyzed
with DLS. Size comparison of the two
samples with different pH values
revealed the inverse proportionality of

size and pH change as expected.
Polyplex size for 6XK and 6XT was
raised to 170 nm and 144 nm from 133
nm and 116 nm, respectively. Proton
sponge ability of the polyplexes was
verified by the increase in size acidic
medium. Upon lowering the pH from 7.4
to 5.5, mimicking the endosomal
conditions, polyplex size was increased
due to swelling of the polyplexes caused
by protonation of the histidine residues,
facilitating the endosomal membrane
rupture and endosomal escape.
Buffering ability of the polyplexes were
tested with pH response curves and
showed the slow decrease in pH in the
case of endosomal escape units
containing
constructs.
Polyethyleneimine is known to show
high buffering capacity, therefore it is
used as a control. As the pH is lowered,
PEI gave a plateau around pH 8.59 –
8.03 (Figure 3-b). The gold standard PEI
has a high buffering capacity above
neutral pH, due to the abundance of
secondary amines, which protonates the
polymer rendering a positive charge
before entering the endosomes. [37] The
6XK and 6XT silk constructs showed a
plateau-like phase between pH 6.27 –
6.08. This response was attributed to the
proton sponge ability of histidines,
which is prominent at pH 6.15, which is
the pKa value of imidazole ring on the
amino acid (Figure 3-a). Amount of
protons added during titration were
calculated by the change in pH values
and compared with Polyethylene glycol,
PEI and 6XT (Figure 3-c). Unlike PEI,
having a buffering capacity below pH 7
and above endosomal pH 5.5 makes the
proposed recombinant biopolymers
excellent endosomal escape candidates.
The amount of proton added into the
titration media containing the polymer in
question is a proof of the buffering
ability of the polymer. The comparison
of quantity of the added protons into the
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media shows that recombinant polymer
6XT has a buffering capacity lower than
PEI and higher than Polyethylene glycol
(PEG). Buffering capacity as high as
PEI may cause toxicity and difficulty in
releasing the pDNA when upon
transfection. [38] Recombinant polymers
having a buffering capacity lower than
PEI, still proves the endosomal escape
ability by acting as a proton sponge.
Intracellular tracking showed that the
particles were internalized and able to
target the nucleus by the TAT
modification of the recombinant silk
proteins. Endosomal and nuclear
tracking were carried out by seeding
COS-7 cells onto glass bottom 96 well
plates. After transfection of the cells
with
the
gene
carrier,
immunofluorescence labeling of the
samples were performed. Confocal
images were merged and adjusted by
using ImageJ. (US, NIH, Maryland)
Nuclear localization ability was verified
and compared with Lipofectamine LTX
as it is widely used for gene delivery. A
comparison between the 6XK and 6XT
polyplexes after 4 hours of transfection
showed enhanced localization of the
latter around the nucleus and the
polyplexes were still in the cytoplasm
and intact, (Figure 4), whereas free
DNA signal in control cells (with only
DNA added) was lost (data not shown).
The endosomal escape ability of the
polyplexes is thought to play a major
role in preventing early degradation of
the polyplexes. [22- 23] It should also be
noted that 6XT transfected cells showed
nuclear localization even after 10 hours
as well as the lipofectamine LTX
transfected cells. Transfection of COS-7
cells with luciferase expression plasmid
was performed in 96 well plates. The
pDNA content in each well was kept
constant and the N/P ratio was changed
by adjusting the protein ratio. Luciferase
expression levels were detected as RLU
units and then converted to percentages
with comparison to lipofectamine

transfection.(Figure 5) Degradation of
the polyplexes simultaneously released
the pDNA which was reflected in the
transfection efficiency values. The
bioengineered silk proteins showed
similar transfection values compared to
LTX in short term incubations. After 15
hours of transfection, with the release of
luciferase coding pDNA, 6XT showed
up to 85% of the transfection efficiency
of lipofectamine (5.0 e^4 RLU). Nuclear
localization ability and endosomal
escape
units
improved
nuclear
transfection by delaying the degradation
of the polyplex and facilitating the
nucleus targeting. Silk-based carriers
had lower transfection values after 48
hours of incubation compared to the
lipophilic carrier LTX due to the
biodegradability of the recombinant silk.
Loosening of the polyplex structure due
to
hydrolysis
and
subsequent
degradation of the polyplexes released
the pDNA into the cytosol near the
nucleus [40]. The biodegradability of the
silk allows the particle to degrade
without causing accumulation in the
cells, thereby lowering cytotoxicity.
Cytotoxicity assays showed that the
bioengineered silk proteins were
biocompatible
and
non-cytotoxic
compared with controls.The 6mer, 6XT,
6XK showed no cytotoxicity and
compared well with the positive control
of naked pDNA and cells cultured
without additives. (Figure 6) Accepted
as the ‘golden standard’ in gene delivery
due to high buffering capacity, PEI
showed cytotoxic behavior after 24
hours of transfection. Lipophilic LTX
also had low cell proliferation after 24
hours. Lipofectamine LTX showed 40%
cytotoxicity after 24 hours of cell culture
and PEI exhibited 90% cytotoxicity. The
addition of 30 poly-lysine residues based
on the previous transfection efficiency
studies was enough to generate an
effective and non-cytotoxic cationic
carrier. Biosynthetic and biodegradable
silk-based proteins showed almost no
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cytotoxicity, with comparable values to
free
DNA
and
non-modified
recombinant silk 6mer used as positive
controls.

Biosynthetic approaches to the design of
gene delivery vectors offers tremendous
control
over
the
chemistry,
biocompatibity, biodegradability and
non-cytotoxic features for gene delivery.
Commercially
available
gene
transfection agents show low viability
due to their cationic, non-compatible
nature. With the present work exploiting
virus-derived components, successful
non-viral gene carriers were formed with
the ability to prevent endosomal
degradation and perform nuclear
localization. The proposed design of
recombinant biopolymers has the virtue
of overcoming endosomal degradation
and successfully targeting the nucleus
without causing cytotoxicity with
facilitating the released pDNA for
higher transfection results.

Conclusions
Engineering biopolymers with specific
targeting and endosomal escape agents
elevated transfection levels and also
produced biocompatible, biodegradable,
non-toxic and monodisperse carriers.
Overall, the non-viral bioengineered
polymers with comparable transfection
efficiency to lipofectamine LTX, were
achieved,
yet
with
higher
biocompatibility than lipofectamine
LTX and the ‘gold standard’ PEI.
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Figure 1. Electromobility assay of polyplexes and corresponding zetapotential
analysis. a) Agarose gel showing the migration of the polyplexes towards the cathode.
b) Zeta potential of the polyplexes before and after complex formation to verify the
polyplex formation with N/P ratio of 1.
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Figure 2. Scaning Electron Microscopy analysis for size and conformation decetion.
Left and right columns belong to 6XK and 6XT, respectively. Top row of SEM
images taken before the polyplex formation showing film-like structures. Protein
concentration was 1 mg/mL. Bottom row shows polyplex formation upon addition of
pDNA with a ratio of N/P 1. Protein concentration was 0.1 mg/mL. Scale bar is 300
nm.
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Figure 3. Proton Buffer Analysis. pH response curve for PEI (a) and 6XT (b) by
acid-base titration. Buffering capacity of the recombinant polymer was prominent
between pH 6.27 and 6.08. Amount of proton required to change the pH of the media
was calculated and compared for PEI, PEG and recombinant polymer (c).
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Figure 4. Intracellular Tracking Assay. Fate of polyplexes traced for 4 and 10 hours
post transfection. Comparison between lipofectamine polyplexes and nuclear
targeting polyplexes (6XT) shows similarity and separates from 6XK polyplexes,
which contained only endosomal escape functions. 6XK are the polylpexes without
nuclear targeting domain, 6XT includes the nuclear targeting domain (TAT) and LTX
is commercially available from Invitrogen (Carlsbad,CA).
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Figure 5. Transfection Efficiency Assay. Luciferase expression levels of recombinant
6XK (without nuclear localization unit), 6XT (with nuclear localization unit) and
lipofectamine (LTX) polyplexes were compared. Data collected after 15 and 48 hours
post transfection (*= p<0.05, **= p<0.01).
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Figure 6. Cell Metabolic Activity Assay. MTT assay for the effect of polyplexes on
cell metabolic activity and cytotoxicity. Polyplexes with N/P ratio of 1 were used.
Positive controls were cell cultures without additives and cultures with naked DNA.
Comparison with lipofectamine (LTX) and polyethyleneimine (PEI) were performed.
Cytotoxicity was measured after 15 and 24 hours of post-transfection (*= p<0.05, **=
p<0.01, ***= p<0.005)
Table 1. DLS measurements for recombinant proteins at pH 5.5 and pH 7.4
Measurements were taken at RT

pH=7

w/o DNA(nm)

polyplex form (N/P=1) (nm)

6XK

70 ± 2

133 ± 6

6XT

60 ± 1

116 ± 4

6XK

-

170 ± 6

6XT

-

144 ± 5

pH=5.5
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ABSTRACT: Fibrous proteins, such as silk, elastin and collagen are finding broad
impact in biomaterial systems for a range of biomedical and industrial applications.
Some of the key advantages of biosynthetic fibrous proteins compared to synthetic
polymers include the tailorability of sequence, protein size, degradation pattern and
mechanical properties. Recombinant DNA production and precise control over
genetic sequence of these proteins allows expansion and fine tuning of material
properties to meet the needs for specific applications. We review current approaches
in the design, cloning and expression of fibrous proteins, with a focus on strategies
utilized to meet the challenges of repetitive fibrous protein production. We discuss
recent advances in understanding the fundamental basis of structure-function
relationships and the designs that foster fibrous protein self-assembly towards
predictable architectures and properties for a range of applications. We highlight the
potential of functionalization through genetic engineering to design fibrous protein
systems for biotechnological and biomedical applications.
KEYWORDS: silk; elastin; collagen; recombinant proteins; fibrous proteins
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functionalized for targeted applications;
v) downstream control of mechanical and
Introduction
degradation properties of these proteinbased materials and others (Cappello,
The rapid development of tissue 1990; Chow et al., 2008; Gronau et al.,
engineering and associated biomedical 2012; Kaplan, 1998; Li and Kiick, 2013;
material needs require the identification Wong Foo Po and Kaplan, 2002).
and
implementation
of
new
biocompatible materials. Among various
synthetic biopolymers generated to date, The growing need for new biomaterials
fibrous proteins (e.g., silk, elastin, demands tight control over polymer
collagen)
have
been
intensively properties extending beyond the limits of
investigated mainly due to their unique conventional synthetic materials science.
material properties (Cranford, 2013; Fibrous proteins provide not only the
Girotti et al., 2011; Goldberg et al., 1989; possibility of tight control over sequence
Kaplan, 1998; Mayne and Brewton, 1993; and thereby biopolymer structure/function
Omenetto and Kaplan, 2010; Vepari and (Fig. 1A), but also the possibility to
Kaplan, 2007; Wang et al., 2006). These design different biomaterial systems (e.g.,
properties are greatly influenced by films, fibers, sponges, hydrogels, etc.)
highly repetitive amino acid sequences tailored for specific applications (Fig.
that constitute the main primary 1B,C).
sequences of fibrous proteins that selfassemble into regular secondary and The variety of protein designs is
higher order structures to provide significantly influenced by advances in
mechanical and architectural functions recombinant DNA technology. However,
(Kaplan, 1998). For instance collagen, the DNA constructs containing repetitive
major protein component of connective modules have not been completely
tissue, harbors triplet repeats of glycine amenable to these advances due to the
and proline (Table I) (Piez and Gross, high mutation rates and the limitations of
1960), whereas spider silk, the strongest the biosynthetic machinery of expression
natural fiber, is composed of repetitive hosts (Xiong et al., 2008). In contrast to
glycine, alanine and serine that alternate standard cloning procedures based on the
in different arrangements depending on amplification
of
target
genes,
silk type to form core regions flanked by incorporation of the target gene into a
non-repetitive N- and C-terminal domains cloning vector and subsequent expression
(Table I) (Hayashi and Lewis, 1998; in heterologous systems (Stemmer et al.,
Motriuk-Smith et al., 2005). The repeat 1995), the recombinant production of
pattern of elastin, one of the most fibrous proteins requires more specific
abundant extracellular matrix proteins, strategies (Fig. 2), such as: i) custom
consists of glycine, proline and valine oligonucleotide synthesis; ii) specific
(Table I) (Gray et al., 1973). These cloning approaches; iii) use of certain
biosynthetically derived biopolymers expression systems to provide an
have opened up new avenues for abundance of oversubscribed tRNAs; iv)
biomaterials
design
through
key large scale production to optimize yields;
advantages, such as: i) tailoring of v) specific purification methods.
sequence and length; ii) molecular
weights higher than the natural
counterparts; iii) incorporation of Herein, we review current cloning,
signaling domains; iv) production of expression and purification strategies
tailored
biopolymers
specifically utilized to meet the challenges of

repetitive fibrous protein production. We
highlight the powerful combination of
synthetic biology and bioengineering that
can be used to generate a framework for
the customized synthesis of biopolymers
for targeted applications. Moreover, we
discuss recent advances in understanding
the fundamental basis of fibrous protein
structure-function
relationships.
In
particular, we focus on designs that foster
fibrous protein self-assembly towards
predictable architectures and properties
that lead to the design of custom
biomaterials for specific applications.

Recombinant
Challenges

Production

and

Collecting pure fibrous proteins from
their natural producers is often a nonviable option due to the high level of
contamination with other polymers and
components, or poor yields of the
polymers (Scheibel, 2004). Therefore, the
approach that allows fibrous proteins to
be manufactured in reasonably significant
quantities with sufficient purity is to
utilize recombinant DNA production
methods. The main steps in this process
are gene design, cloning, expression in
heterologous systems, and subsequent
protein purification. The early cloning of
fibrous proteins was accomplished by
introducing native genetic sequences into
host cells (e.g., bacteria, yeast, insects,
mammalian cells, etc.). Some examples
are human elastin (Fazio et al., 1988),
spider dragline silk fragments (Xu and
Lewis, 1990), and collagen type-I α2
chains (Lehrach et al., 1978; Sobel et al.,
1978). Advances in recombinant DNA
technology have provided a route to
produce various types of fibrous proteins
(Bedell-Hogan et al., 1993; Fahnestock
and Bedzyk, 1997; Prince et al., 1995;
Rabotyagova et al., 2009; Sobel et al.,
1978; Xu et al., 2012). However, due to
repetitive nature of the genes encoding
fibrous proteins and restrictions of the

production
systems,
production remains limited.

large-scale

Gene instability, a high frequency of
homologous recombinations, deletions
and transcription errors are some of the
challenges encountered during the
cloning of fibrous proteins (Table II).
Other common problems involve
discontinuous translation and low
expression levels due to: i) limited tRNA
availability leading to early terminations
and truncations (Candelas et al., 1990;
Martin et al., 1995); ii) the presence of
mRNA secondary structure possibly
causing translation pauses and fall-offs at
the ribosome (Fahnestock and Irwin,
1997); iii) codon preferences and
incompatibility with prokaryotic hosts
such as E. coli. Codon optimization and
synthetic gene design are some of the
strategies applied to overcome the gene
instability and low plasmid copy number
in host cells. To minimize the presence of
truncated fibrous proteins and allow the
extracellular secretion of these proteins,
the yeast Pichia pastoris, mammalian and
insect cells, plants, and transgenic goats
have been used (Fahnestock and Bedzyk,
1997; Huemmerich et al., 2004b; Lazaris
et al., 2002; Prince et al., 1995; Scheller
et al., 2001). Recent breakthroughs in
synthetic
biology
allowed
the
construction of novel networks and
pathways to rewire and reprogram host
cells (Khalil and Collins, 2010).
Importantly, this approach was used to
obtain superior secretion rates of
recombinant
spider-silk
monomers
(Widmaier et al., 2009). Efficient
secretion platforms were established by
exploiting the Salmonella type III
secretion system (T3SS) that possesses an
intrinsic regulatory system which limits
protein expression to the secretion
capacity of the cell. Hence, by linking the
circuit that hitches the heterologous silk
genes and the innate genetic machinery
for environmental sensing and secretion
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commitment, high silk yields
achieved (Widmaier et al., 2009).

were secondary structure and ribosomal
binding sites. Also, codon optimization
significantly influences fibrous protein
production process and yield.
Different purification strategies (Table II)
to overcome the insolubility challenges
with these recombinant fibrous proteins Artificial spider silk genes were
have also been pursued and include: i) constructed by modifying the DNA
adding cleavable purification tags that sequence encoding the repetitive, Cincrease the solubility (Bellingham et al., terminal and N-terminal sequences found
2001); ii) incorporating Elastin Like in native genes. From the first synthetic
Polypeptides (ELPs) to recover the major ampullate gene based on consensus
protein by thermal aggregation (Meyer repeats (Prince et al., 1995), many other
and Chilkoti, 1999); iii) thermal and examples followed (Fahnestock and
organic acid treatment (Dams-Kozlowska Bedzyk, 1997; Fahnestock and Irwin,
et al., 2013). In addition to these 1997; Fukushima, 1998; Lewis et al.,
challenges,
mammalian
collagen 1996; Szela et al., 2000; Tokareva et al.,
production is limited to eukaryotic 2013; Winkler et al., 2000). Aside from
systems, since prokaryotic systems and Nephila clavipes major ampullate gene,
yeast lack post translational modification major ampullate genes of other spiders
machinery required for proper protein such
as
Araneus
diadematus
folding. Discovery of bacterial collagens (Huemmerich et al., 2004a), as well as
demonstrated that the triple helix other spider silk proteins (e.g.,
structure with a melting temperature flagelliform) have been synthesized
around 35-39°C could be formed without (Zhou et al., 2001).
the post translational modifications by
exploiting electrostatic interactions (Mohs
et al., 2007), high
proline content Synthetic ELPs genes have been designed
(Rasmussen et al., 2003), polar residues encoding hydrophobic (VPGVG)n elastin
(Xu et al., 2010) or glycosylated consensus repeats (Mcpherson et al.,
Urry,
1992).
Different
threonine residues (Boydston et al., 2005). 1992;
combinations
of
exons
coding
for
Applications of bacterial collagens as
biomaterials avoids the use of eukaryotic crosslinking regions rich in lysines and
expression systems, achieves higher alanines and hydrophobic consensus
yields
and
provides
for
easier repeats were cloned to study the effects of
incorporation of novel functionalities for the hydrophobic interactions in thermal
production purposes or for building new aggregation behavior and crosslinking
(Miao et al., 2003; Miao et al., 2005).
materials.
Furthermore, the recombinant human
tropoelastin gene, SHELΔ26A (Synthetic
Gene Design and Cloning human elastin without domain 26A)
Strategies
identical to the human tropoelastin cDNA
was synthesized and showed similar
reversible
Designing de novo gene sequences by thermodynamically
coacervation
performance
as
native
incorporating minimum structural units
(consensus repeats) that resemble native tropoelastin (Sato et al., 2006; Wu et al.,
gene domains allows optimization of 1999).
fibrous protein production. This approach
is achieved by modifying GC content, In contrast, recombinant collagen analogs
incorporation of a TATA box, and were designed to optimize triple helix
sequence designs to control mRNA
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stability and melting temperature of the
assembled collagen monomer chains
above physiological temperatures in order
to maintain the triple helix structure
during in vivo synthesis (Goldberg et al.,
1989). As previously mentioned, the
stability of the triple helix (Traub and
Piez, 1971) is increased when proline,
usually in the Y position of GXY
repeating
tripeptide
sequences
in
mammalian
collagens,
is
posttranslationaly
modified
to
4hydroxyproline. However, due to the
absence
of
post-translational
modifications, bacterial collagen harbors
proline in the Y position that still confers
stability to the triple helix. By mimicking
the interactions in bacterial collagens,
recombinant collagen synthesis has been
modified through different designs such
as using intramolecular H-bonding with
GPR triplets, electrostatic interactions by
placing charged amino acids (GXK,
GEX) and a cystine knot at the Cterminus for nucleation and stability
(Werkmeister and Ramshaw, 2012).
Aside from new gene designs, specific
cloning strategies are required to optimize
recombinant production of fibrous
proteins. Successful strategies for
different purposes, such as precise control
over fragment size or synthesis of large
fragments without interrupting restriction
sites in timely fashion, have been reported
(Table
III).
For
instance,
concatemerization is a useful approach
for designing gene libraries, since it
allows for the production of variety of
genes with different sizes, but has the
limitation in designing genes with
specific sizes (Prince et al., 1995). In
contrast,
step-by-step
directional
approaches allow precise control over
gene size through consecutive digestion
and ligation steps. Recursive Directional
Ligation (RDL), in addition to control of
gene size, eliminates the restriction sites
leaving the gene sequence without

interrupting base pairs (Meyer and
Chilkoti, 2002). In comparison to other
techniques, PRe-RDL provides higher
efficiency in cloning steps, but requires a
wider set of restriction enzymes
(Mcdaniel et al., 2010). Other less timeconsuming strategies are OverlapExtension Polymerase Chain Reaction
(OEPCR) and Overlap-Extension Rolling
Circle Amplification (OERCA). Due to
the self-priming of short gene sequences
OEPCR is not applicable to long and
repetitive gene segments. OERCA on the
other hand, allows the synthesis of
remarkably large genes without recursive
ligation (Amiram et al., 2011; Kurihara et
al., 2005).
New methods for assembling repeatmodules of DNA are desirable, especially
for automated or scalable needs. One such
approach is iterative capped assembly.
This solid surface-based sequential
ligation approach adds DNA repeat
monomers individually to a growing
chain using hairpin “capping” to block
incompletely extended chains (Briggs et
al., 2012). This technique might boost
recombinant fibrous polymer production
yields by decreasing the dispersion in
gene sizes. Nevertheless, the application
of this method has not been reported for
fibrous protein cloning.

Expression of Fibrous Proteins
E. coli is the default host microorganism
for recombinant protein production and
often the first choice, as its genetics are
better characterized than any other
microorganisms.
Progress
in
the
fundamental
understanding
of
transcription, translation, and protein
folding in E. coli, together with the
availability of genetic tools (e.g.,
plasmids, recombinant fusion partners,
mutant strains) make this bacterium
valuable for the expression of complex
eukaryotic proteins including fibrous
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proteins (Baneyx, 1999). In general,
expression levels of recombinantly
expressed fibrous proteins are low. For
instance, the yields of recombinantly
produced spider silk in bacteria range
from several mg per liter to 300 mg/L
(Fahnestock and Irwin, 1997; Prince et al.,
1995).
Biotechnological
platforms
allowed pathway engineering in E. coli,
to produce up to 3 g/L recombinant silk
by shake-flask expression (Xia et al.,
2010). However, the overexpression of
foreign genes can trigger a spectrum of
stress responses causing the accumulation
of insoluble protein (e.g., inclusion
bodies) that do not reach native
conformations (Gasser et al., 2008). Other
complications include the loss of plasmid,
endotoxin
contamination,
use
of
antibiotics and expensive gene inducers.
Some of these drawbacks have been
addressed
by
advances
in
biotechnological approaches such as the
use of genetically engineered endotoxin
free E. coli strains, stress-induced
expression systems instead of isopropyl
β-D-1-thiogalactopyranoside
(IPTG)
inducible systems, among others (Leong
et al., 2014; Mamat et al., 2008; Rueda et
al., 2014).
Although yeasts as host systems allows
higher yields, the lack of post
translational modifications in both E. coli
and yeast limits the production of
functional recombinant collagen proteins.
In order to overcome those problems, E.
coli
and
yeast
systems
were
complemented with post translational
modification machinery along with the
genes encoding collagen-like peptides
(Pinkas et al., 2011; Vuorela et al., 1997).
Successful folding of the human prolyl-4hydroxylase enzyme (P4H) was achieved
through genetic engineering of Pichia
pastoris via cloning of the subunits (2 α
chains and 2 β chains, also named protein
disulfide isomerase) to form a tetramer.
Introducing the P4H gene directly into the

Saccharomyces
cerevisiae
genome
increase the hydroxylation levels with
glutamate supplement to generate αketoglutarate, a cofactor in the
hydroxylation process (Toman et al.,
2000). Other host systems have been
investigated to improve production and
provide sufficient tRNA pools, however
recombinant protein yields are often low
(Tokareva et al., 2013). Cloning of
collagen-like proteins was achieved in
human cell lines (Geddis and Prockop,
1993; Tillet et al., 1994), insect cells
(Nokelainen et al., 1997), yeast (Toman et
al., 2000), E. coli (Sobel et al., 1978),
plants (Perret et al., 2001; Xu et al., 2011)
and mice (John et al., 1999).

Purification of Fibrous Proteins
Different purification strategies have been
employed to optimize the small and largescale production of recombinant fibrous
proteins. The most commonly applied
technology is based on affinity
chromatography that requires a sequence
tag and results in 5-40 mg/L of
recombinant fibrous proteins (Vendrely
and Scheibel, 2007). His-tags allow
simple purification and relatively high
yields, however, their presence can affect
protein secondary structure, fiber
formation, solubility and antigenicity
(Dams-Kozlowska et al., 2013). To
overcome these issues, the heat resistance
of fibrous proteins was exploited to purify
spider silk at 140-360 mg/L (Fahnestock
and Irwin, 1997; Huemmerich et al.,
2004a). Another strategy based on the
organic acid resistance of silk proteins
(Dams-Kozlowska et al., 2013; Mello et
al., 2004) allowed extraction of 100-200
mg/L of silk proteins and hydrolysis of
contaminant host proteins. Although this
strategy provides high protein recovery,
higher endotoxin contamination was
observed in comparison to other methods
(Dams-Kozlowska et al., 2013).
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The property of ELPs to change their
structure upon thermal stimulus has been
utilized for protein purification. This
structural transition allows the separation
of ELP-tagged recombinant proteins and
cellular components using several cycles
of centrifugation (McPherson et al., 1996).
The yield of target protein fused with
ELP was two-fold higher when compared
to the His-tag purification method
(Trabbic-Carlson et al., 2004; Wu et al.,
2006). Hydrophobic aggregation upon
change of temperature or pH can be
controlled by the length of ELP tags.
More specifically, the targeted transition
temperature
(inverse
transition
temperature/Tt) can be decreased by using
longer (VPGXG)n repeats. ELP tags can
also increase the solubility of the protein
by using ionic residues in the X position
of the (VPGXG)n repeat (Meyer and
Chilkoti, 1999; Trabbic-Carlson et al.,
2004).
Purification processes for collagens
differs from the purification of other
fibrous proteins. Collagen is expressed in
the form of pro-collagen that is converted
to fibrillar collagen after removal of the
N- and C-propeptides, catalyzed by
specific extracellular metalloproteinases
in mammalian cells (Canty and Kadler,
2005; Lapiere et al., 1971). When
expressed in P. pastoris, Saccharomyces
cerevisiae and insect cells that do not
produce these proteinases, pro-collagen is
treated with recombinantly produced
human pepsin to avoid the use of animalderived enzymes (Myllyharju et al., 2000;
Notbohm et al., 1999). Soluble
recombinant collagen is separated from
cellular debris by sedimentation or
filtration. Additional purification steps
allow
removal
of
soluble
host
components and any collagen and procollagen fragments (Olsen, 2003).

Characteristics of Bioengineered
Fibrous Proteins

Hierarchical, self-assembling systems
represent a significant advance in
molecular engineering for diverse
technological innovations. The controlled
assembly of complex proteins into
materials with microstructural domains
and defined nanoscale morphologies is a
key step in engineering and tuning
structural and functional features. The
block (domain) sequence designs inherent
in fibrous proteins impact spontaneous
organization of the chains into
structurally stable arrangements through
non-covalent intermolecular interactions
(Fig. 3) (e.g., hydrophobic attraction,
hydrogen bonds, van der Waals forces)
(Whitesides et al., 1991; Yang et al.,
2002).
Silks consist of helical, β-sheet (chain
axis parallel to the fiber axis) or cross-βsheet (chain axis perpendicular to the
fiber
axis)
secondary
structures,
depending on the silk type and producing
organism (McGrath and Kaplan, 1997). N.
clavipes dragline silk and B. mori silk
fibroin are characterized by a β-pleatedsheet secondary structure with extended
polypeptide chains in which the carbonyl
oxygens and amide hydrogens are
perpendicular to the long axis of the
chain. Hydrogen bonds form between the
carbonyl oxygen and amide hydrogen of
neighboring chains, forming pleated
structures along the backbone of the
peptide chain. These chain–chain
interactions include extensive hydrogen
bonding (intra- and inter-chain) as well as
van der Waals interactions for stacked
sheets due to the predominance of short
side-chain amino acids such as glycine,
alanine and serine in B.mori silk
(Valluzzi et al., 1999). Hydrophobic side
chains play an important role in the
assembly of β-pleated-sheet structure by
forming the central location of the
assembly module. Four hydrophobic
amino acid residues are enough for
nucleation and formation of anti-parallel
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β-sheet structures (King et al., 1994;
Sternberg
and
Thornton,
1977).
Polyalanine (An) and glycine, glycine,
alanine ((GGA)n) repeats enable tight
packing of the polypeptide chains into βsheet conformation in the case of N.
clavipes drag line silk (Keten et al., 2010).
Amorphous regions, on the other hand,
largely consist of (GXG) where X
residues are glutamine, tyrosine, leucine
and arginine. In cocoon silk; glycine,
alanine,
valine
and
tyrosine
(GAGVGAGY) blocks form distorted βturns and randomness due to the presence
of phenol side chains of tyrosine. It is
known that larger residues as well as
charged residues distort the tight packing
of the chains (Eles and Michal, 2004;
Lefevre et al., 2007). Nevertheless, it is
still not clear how domains that facilitate
inter-molecular
cross-linking
(e.g., sequences containing Tyr residues)
influence the structure and properties.
Conformational transitions using model
silk peptides and genetically engineered
variants of silk proteins are studied to
provide insight into these processes
(Rabotyagova et al., 2009; Valluzzi et al.,
1999). Genetic modifications of the
spider
silk
sequence,
phosphorylation/dephosphorylation
or
oxidation/reduction of methionine to
reversibly tune the solubility of the
protein have been achieved to control
aggregation behavior of silk (Szela et al.,
2000; Winkler et al., 2000). Shearinduced transitions of soluble silk into
silk fibers is partially understood and
include colloidal aggregates as a
prerequisite for shear-induced fiber
formation (Jin and Kaplan, 2003;
Rammensee et al., 2008). The study of
silk fibroin self-assembly verified key
factors that guide fibril formation:
molecular
mobility,
hydrophobic
interactions, charge and water content.
Synergistic effects of these parameters
limit the nanostructures and subsequent

fiber formation, while also providing
options for tuning the biomaterial
properties (Lu et al., 2012).
Recombinant ELPs were formed by
mimicking the assembly of tropoelastin
monomer (i.e., elastin molecule prior to
crosslinking) into insoluble elastin.
Unlike elastin that becomes insoluble
upon aggregation formed through
covalent
interactions,
ELPs
form
reversible aggregates via hydrophobic
interactions (Nicol et al., 1991; Wagenseil
and Mecham, 2007). ELPs containing ten
to fifteen VPGVG repeats have the same
aggregation behavior as mammalian
tropoelastin (Urry et al., 1974). If the
hydrophobicity of the chain is increased
by single amino acid substitutions in
(VPGXG)n, the aggregation temperature
decreases, proving the fact that
hydrophobic residues contribute in the
initiation of self-assembly (Nuhn and
Klok, 2008). By increasing the
temperature, the formation of β spirals
with β turns as spacers between the
carboxyl of first valine and the amide of
fourth valine in (VPGVG)n is induced
(Gagner et al., 2014). Alignment of the
hydrophobic domains plays an initiating
role for enzymatic lysine crosslinking and
posterior fiber formation through the
assembly of the chains (Bellingham et al.,
2003; Betre et al., 2002; Miao et al.,
2003). Structural analysis of recombinant
human elastin showed that temperature
induced aggregation is dependent not
only on the presence of hydrophobic
regions, but also on the ionic strength of
the media (Keeley et al., 2002).
Temperature inducible self-assembly of
elastin through hydrophobic stretches and
hydrophilic crosslinking sites determines
material properties and impacts matrix
formation, and subsequent cell migration
and differentiation (Rodgers and Weiss,
2004; Wise and Weiss, 2009).
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Recombinant collagen assembly differs
from the assembly of other recombinant
fibrous proteins (Vuorela et al., 1997).
Namely, collagen fibers are formed
through enzymatic crosslinking of fibrils
that are self-assembled from the triple
helices. Single collagen chains (GXY)n
with polyproline II helical structures
bundle together with two other chains to
form a triple helix, the unique secondary
structure of collagen hetero/homotrimers
with interchain H-bonding, hydration
networks and side chain interactions
(Bella et al., 1995; Brodsky and Persikov,
2005). Every third residue in the amino
acid sequence is glycine and due to its
smaller size allows the formation of the
tightly packed triple helix. Substitution
mutations of glycine residues with larger
residues cause local unfolding of the
triple helix and decreases the stability of
the structure due to the disruption of
tightly packed triple helix model (Beck et
al., 2000). High content of proline and
hydroxyproline in the Y position (for
animal collagens) largely contributes to
the H-bonding and stereoelectronic
effects that stabilize the triple helix
(Bretscher et al., 2001). Post-translational
modifications (mainly proline and lysine
hydroxylation) play key roles in the
formation and stability of collagen fibrils
(Brodsky
and
Persikov,
2005;
Sricholpech and Yamauchi, 2012).
Without prolyl hydroxylation, the selfassembled triple helix (Tm below 37°C) is
not stable enough under physiological
conditions for biomaterials utility or
tissue engineering. The incorporation of
hydroxylation systems into prokaryotic
expression hosts and yeast, has been
reported, as well as the synthetic in vitro
crosslinking of the triple helices
(Myllyharju et al., 2000; Nokelainen et al.,
2001; Vuorela et al., 1997). Bacterial
collagens, on the other hand, provide a
non-immunogenic, monodisperse and
tunable platform stable at physiological
temperature without the need for prolyl
hydroxylation.
Through
gene

manipulations, incorporating different
functionalities such as crosslinking
residues or using higher repetitions,
recombinant collagen fibrils were formed
resembling native mammalian collagen
fibrils (Yoshizumi et al., 2009).
Tight control and tunability of the
structure via genetic manipulation
provides routes to lego-lize central
modules and design synthetic fibrous
proteins for particular applications.
Current engineering demands from the
material perspective range from a
requirement to provide mechanical
support during tissue growth and gradual
degradation into biocompatible products
(Vepari and Kaplan, 2007), to more
challenging applications, such as targeted
drug or gene delivery (Numata et al.,
2009; Seib and Kaplan, 2012). Upstream
processing is an important tool for
material functionalization to modify these
properties. For instance, tissue integration
of N. clavipes MaSp1 protein was
enhanced by the addition of silica
precipitating R5 protein (Wong Po Foo et
al.,
2006).
Furthermore,
the
implementation of new methodological
platforms such as metabolic engineering
and synthetic biology have facilitated the
controlled
production
of
fibrous
biopolymers (Xia et al., 2010).
Additionally, the solubility of the
recombinant fibrous proteins was
modified by addition of enzymatically
active linkers to control their secondary
structure. Upon addition of the
recognition
site
for
cyclic-AMP
dependent kinase, the recombinant spider
silk analog was reversibly phosphorylated
and β-sheet formation was reduced
resulting in a soluble polymer (Winkler et
al., 2000). Furthermore, the development
of in situ polymerizable compositions and
the ability to trigger drug release are
increasingly attractive approaches in
tissue engineering (Xia et al., 2011).
Apart from the precise and rational design
of fibrous proteins, the formation of
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libraries and their high-throughput
screening offers different approaches to
target specific material properties (Wang
et al., 2014). In addition to genetic
engineering, unraveling the puzzle of
sequence-function relationships is critical
to next generation customization of
innovative materials based on this group
of fibrous proteins.
Easy functionalization via genetic
engineering allows tailoring fibrous
protein-based biomaterials for specific
applications. Signaling sequences expand
the biopolymer features for new
applications. Namely, naturally derived
viral peptides foster cell penetration (e.g.,
trans-activating transcriptional activator,
SV40-NLS (simian virus 40 nuclear
localization signal)), RGD-tags provide
selective cell attachment (Lao et al.,
2007), whereas synthetic sequences (e.g.,
GALA,
H5WYG)
allow
guided
intracellular delivery (Yigit et al., 2014)
or metal binding (e.g., His-tags).
Furthermore, antimicrobial properties of
fibrous proteins have been fostered
through different strategies. Some of
these approaches include fibrous protein
loading with antibiotics (Amruthwar and
Janorkar, 2012), addition of metal cations
(e.g., Ag, Cu) (Arai et al., 2001; Tsukada
et al., 2003), modification with
antimicrobial peptides (Bai et al., 2008;
Gomes et al., 2011; Hu et al., 2010a),
blending with chitosan (Bhardwaj and
Kundu, 2011; Cai et al., 2010) or
alkoxysilane
quaternary
ammonium
(Ricci et al., 2006).
Circumventing immunogenic problems
and foreign body responses caused by
native proteins can be achieved by
recombinant production. For instance,
immunogenicity
issues
of
native
collagens is resolved by bioengineering
fibrous protein-based biomaterials for
tissue engineering purposes to mimic
native extracellular matrices and related
systems. Recombinant collagen, silk and

elastin have proven minimal toxicity and
low immunogenicity (Megeed et al.,
2004; Numata et al., 2011; Werkmeister
and Ramshaw, 2012). The emergence of
recombinant chimeric forms (e.g., silkelastin, silk-elastin-fibronectin, resilinelastin-collagen, etc.) allow designing
more specific and complex biological
scaffolds characterized by enhanced cell
binding and improved cellular functions.
Blending bacterial collagen with tissue
mimicking systems increased specific
cell interactions and tissue remodeling
(An et al., 2013; Yu et al., 2014).
Moreover, addition of cell-binding motifs,
growth factors or other biological
proteins increase tissue integration and
impact biocompatibility.
Bioresponsive biopolymers have the
ability to interact with the cells and the
environment through specific signaling
sequences. Sequences such as integrin
binding domains, laminin binding
domains, elastin receptor domains and
cell surface receptor binding domains are
the interactive units of fibrous proteins
that make them functional as signaling
proteins. Aside from signaling sequences,
self-assembly into hierarchical structures
is required for binding and activation of
most receptor proteins. Hence, the cell
signaling ability of elastin promotes cell
responses, including attachment and
growth, whereas collagen interacts with
many cell
receptors
and ECM
components, triggering different cascade
reactions. To foster specific biological
responses, signaling sequences have been
fused with genes encoding fibrous
proteins. Recombinant ELPs (Hsueh et al.,
2014; Srokowski and Woodhouse, 2014;
Tejeda-Montes et al., 2014) and
recombinant collagens actively function
in signaling pathways after the formation
of aggregates and the incorporation of
special signaling domains (An et al.,
2014a; Cai et al., 2014; Wise et al., 2014).
In contrast to the elastins and collagens,
silk fibroin from B. mori has no specific
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cell signaling domains. However, silk
from the wild silkworm Antheraea pernyi,
contains the integrin binding motif, ArgGly-Asp (RGD), that promotes cell
attachment and growth (Minoura et al.,
1995).
Green
Processing
and
bio-based
approaches offer environment friendly
alternative to conventional petroleum
based,
non-biodegradable
polymer
processing (Keane, 2009). Importantly,
biotechnological production allows the
use of ambient temperature and pressure
as well as renewable resources, unlike the
production of most high-performance
polymeric
materials
where
high
temperature, pressure and harsh solvents
cannot be avoided (Otero and Nielsen,
2010). Functional genomics, systems
biology and cloning have had a
substantial impact on the understanding
of biosynthetic pathways in organisms
producing
commercially
relevant
polymers. This knowledge has provided
powerful tools for the expansion of the
existing catalog of biomedical materials,
moving past the limits of what is in nature,
to generate novel biopolymers, while also
promoting the use of inexpensive
substrates for biopolymer production
(Chen, 2009).
Recombinant protein blends produced
via recombinant DNA approaches allow
designing of multifunctional biomaterials
not found in nature. An example are SilkElastin Like Polypeptides (SELPs) built
of repeating silk and elastin blocks to
integrate the physical and biological
properties of silk and elastin (Hu et al.,
2010b). SELPs have been fabricated into
various materials for biosensors, drug
delivery and tissue engineering including
the tuning of the silk-elastin ratio to
generate nanoparticles, hydrogels, and
nanofibers (Cappello et al., 1998; Qiu et
al., 2010; Xia et al., 2011). Aside from
recombinant
approach,
material
properties of silk have been modulated by

blending with other synthetic and/or
natural
polymers
(reviewed
in
Sionkowska,
2011).
Biomimetic
nanostructured scaffolds for tissue
engineering were fabricated from
chitosan/chitin/silk blends (Kweon et al.,
2001; Park et al., 2006; Yoo et al., 2008),
whereas wound dressings were prepared
by blending silk and poloxamer (Yoo et
al., 2004). Fibers, membranes and porous
films have been generated from
silk/polyvinyl alcohol (PVA) and
silk/cellulose blends (Lee et al., 2007; Li
et al., 2002; Marsano et al., 2008; Yang
et al., 2002). Another blend was obtained
from silk and polyurethane to prepare
elastic biofibers for small-diameter
artificial vascular scaffolds (Liu et al.,
2008). Nanofiber preparation from silk
and wool keratose blends found
applications in water purification via
heavy metal ion adsorption (Baek et al.,
2007). ELP-collagen blends were used to
design synthetic extracellular matrices
that provide mechanical strength and
promote
material-cell
interactions
(Kumar et al., 2014). Vascular tissue
engineering using collagen and elastin
blends is an area that benefited from
bioresponsive recombinant ELP-collagen
systems (Caves et al., 2010). Blending
elastin, resilin and collagen in the same
monomer chain, resulted in a material
that has elastin-like self-assembly,
subsequent formation of fibers and
localized triple helices (Bracalello et al.,
2011).

Applications of Fibrous Proteins
The emergence of novel genetic
approaches
for
fibrous
protein
biosynthesis
provides
promising
possibilities to extend range of options to
design new chimeric versions of native
proteins,
establish
multifunctional
systems and generate customized
biomaterials for each specific application.
The biocompatibility and biomedical

160

potential of fibrous proteins has been
demonstrated through numerous in vitro
and in vivo studies (Table IV) (Altman et
al., 2003; An et al., 2013; Garcia et al.,
2009; Hu et al., 2006; Hu et al., 2010b;
Ito et al., 2006; Li et al., 2005; Numata et
al., 2011; Rising et al., 2006; Stone et al.,
2001).
Fibrous
proteins
provide
appropriate
biophysical
microenvironments for cell adhesion,
proliferation and differentiation leading
to
tissues
regeneration.
Intrinsic
properties of fibrous proteins have been
exploited as an advantage to construct
different biomedical platforms, such as
high-strength silk protein scaffolds for
bone repair where micron-sized silk
fibers were used as reinforcement in a
compact fiber composite (Mandal et al.,
2012) or high strength silk fibroin fibers
for numerous biomedical applications
(Zhu et al., 2008). Furthermore, the
diversity of side chain chemistries for
‘decoration’ and the possibility to
genetically tailor fibrous proteins was
utilized to generate biologically active
platforms and broaden the range of
applications from tissue engineering to
imaging systems (Fig. 4). Natural or
designed silk proteins conjugated with
RGD (Hersel et al., 2003), or specific
cell-growth factors, mimic features of the
extracellular matrix and promote the
attachment, spreading, proliferation, and
differentiation of different cells types
(Lutolf and Hubbell, 2005). To produce
multifunctional
ELP-polysaccharide
materials
and
promote
ELPspolysaccharide interactions, charged
residues were incorporated in the ELP
sequence (Costa et al., 2013b). Moreover,
incorporation of charged residues in the
X position of (VPGXG)n domains of
recombinant ELPs leads to increases in
transition temperatures reaching levels
above physiological temperature, which
allows production of soluble material for
in vivo applications (Kolbe et al., 2011).
Modification of human type II collagen
with repeats of human D4 domain

resulted in superior cell culture growth
(Ito et al., 2006), whereas recombinant
type-I
collagen
sponges
were
supplemented with growth factors (Bone
Morphogenic Protein-2, BMP-2) to
improve bone tissue regeneration
(Bellows et al., 1986; Laurencin et al.,
1996).
Importantly, fibrous proteins can be
processed into different material formats
(e.g., fibers, nanoparticles, hydrogels,
films, scaffolds, etc.) to build diverse
platforms for tissue engineering, imaging
and other applications (Table IV) (Huang
et al., 2000; Khadka et al., 2014; Krishna
et al., 2012; Lee et al., 2000; Martin et al.,
2009; Martin et al., 2010; Osborne et al.,
2008). For instance, silk fibers were used
as surgical sutures to provide tensile
strength and clearance from the body.
Networks of nanoscale silk fibers with
interconnected pores in the micrometer
range, resembling the topographic
features of the extracellular matrix were
built by electrospinning silk proteins. The
thermoresponsive properties of ELPs
were exploited to design temperaturetriggered drug and gene delivery systems,
especially useful for intra-articular
delivery upon hypothermia (Betre et al.,
2006; Ciofani et al., 2014; Dash et al.,
2011; Lee et al., 2011; Massodi and
Raucher, 2007; McDaniel et al., 2013).
Versatility in the coacervation mechanism
has been integrated with lab-on-a-chip
approaches that enable selectivity in
micrometer resolution (Nath and Chilkoti,
2003). For the desired mechanical
strength, chemical crosslinking of
recombinant collagen was performed
(McPherson et al., 1985). The resultant 3D porous collagen matrices had increased
surface area compared to native type-I
collagen, with increased delivery of
nutrients and cell growth (Yang et al.,
2004). The resistance of collagen against
bacterial collagenase in the oral cavity
resulted in recombinant collagens with
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applications in dentistry (Yang et al., based on selection of protein domains to
2004).
generate new types of fibrous protein
platforms allow fine tuning of material
Future directions for Biosynthetic properties for each specific application.
Additionally, different functionalities
Fibrous Proteins
conferring unique material properties can
incorporated
via
recombinant
Recombinant fibrous proteins are be
production.
Creating
innovative
protein
providing important new tools for
fundamental discovery that subsequently biomaterial platforms through these
has direct impact on biomaterial designs. advancements should provide alternatives
Through synthetic approach, a variety of and better solutions for tissue engineering
sequence motifs could be designed and applications, drug delivery cargoes and
tested for desirable mechanical properties. many other biomaterial interfaces.
Alternatively, by understanding the Overcoming the synthesis related
structural designs that already exist in problems and creating the next generation
nature and have been tested in the day-to- of protein-based materials mimicking
day function of spiders we can design existing biopolymers with signaling
materials with unique properties, such as properties and matching mechanical
high-strength
biocompatible
bone characteristics with green production are
scaffolds and others. As progress now possible. The exploitation of selfcontinues toward improved cloning, assembly and functionalization of the
expression and purification strategies, recombinant biopolymers are guiding
advances in different applications can be tissue engineering into new and important
anticipated. Combinatorial approaches solutions.
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Table I. Repetitive sequences and corresponding structures of fibrous
biopolymers.

Fibrous Protein

Backbone

Supramolecular
Form

Silk like Proteins

(A)n, (GA)n, GGX, GPGXX*

antiparallel ß sheet

-

Elastin like Proteins

(VPGXG)n **

α helices, ß turns

Lysine

Collagen like Proteins

(GXY)n ***

triple helix

Lysine

*

Repetitive domains of Nephila clavipes Major Ampullate Spidroin 1 (MaSp1)

**

X is any amino acid except proline.

***

X is any amino acid except hydroxyproline.
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Covalent Xlinking Sites

Table II. Challenges and strategies to overcome the challenges in fibrous protein
production.

Challenge

Strategy

References

Synthetic gene design

(Fahnestock and Bedzyk,
1997)

Cloning





Gene instability

Expression

Spider silk




cDNA instability
prokaryotes



Limited alanine, glycine
tRNA pools in
prokaryotes



in

High level of mRNA
secondary structure



(Arcidiacono et al., 1998;
Synthetic gene design
Production in eukaryotic Fahnestock and Irwin,
1997)
host



Metabolic engineering to
increase tRNA levels



Codon optimization (A (Arcidiacono et al., 1998;
or T as third nucleotide) Hinman and Lewis,
Production in eukaryotes 1992)
Synthetic gene design




(Xia et al., 2010)

Purification





Low
solubility
Inclusion bodies

/
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Use of denaturing agents
(e.g.,
guanidine
hydrochloride, urea)
Thermal or organic acid
treatment
Fusion with thioredoxin

(Arcidiacono et al., 1998;
Arcidiacono et al., 2002;
Dams-Kozlowska et al.,
2013; Fahnestock and
Irwin,
1997;
Huemmerich
et
al.,

2004b; Stark et al., 2007)

Cloning



Ligation of numerous
oligonucleotides (codes
for separate exons) that (Indik et al., 1990)
codes for a gene all
together
Synthetic gene design



Synthetic gene design






Single
human
tropoelastin gene with
alternative
splicing
resulting in cloning of
non-coding regions
Gene instability / high
mutation rates

(Girotti et al., 2011)

Elastin

Expression



mRNA
structure

secondary



Synthetic gene design

(Girotti et al., 2011)



Rare codons that have
low usage in host



(Martin et al., 1995; St



Codon optimization
synthetic gene design



Limited tRNA pools for
the repetitive amino
acids



Codon optimization

(Martin et al., 1995;
Stone et al., 2001)

Purification




Form inclusion bodies

Synthetic gene design
Application of ELPs (Trabbic-Carlson et al.,
reversible
phase 2004)
transition in response to
temperature

Expression
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Collagen





Protein instability
prokaryotic systems

in














Low yield
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P4H co-expression for E.
coli and P. pastoris,
optimization
of
its
integration and copy
number
Eukaryotic hosts provide
machinery
for
post
translational
modifications allowing
stable
triple
helix
formation
Synthetic gene design,
addition
of
(GPP)n
repeats and cysteine
crosslinking sites
Codon optimization
Deletion of N-propeptide
Replacement
of
Cpropeptide with T4
fibritin derived peptide
Use of a bacterial
collagen (Scl2) from
Streptococcus pyogenes
as a model system
Transgenic expression
Expression
with
controlled CO2 pulsing,
increased
pressure,
elevated oxygen transfer
rate, optimization of C/N
ratio in medium for E.
coli

(Goldberg et al., 1989;
John et al., 1999;
Nokelainen et al., 1997;
Toman et al., 2000;
Werkmeister
and
Ramshaw, 2012; Xu et
al., 2011; Yao et al.,
2004; Yu et al., 2014)

(John et al., 1999;
Werkmeister
and
Ramshaw, 2012; Wong
Foo Po and Kaplan,
2002)

Table III. Current strategies for biosynthetic fibrous proteins cloning.

Method

Approach

Self-ligation of the monomer
Concatemerization DNA segments coding for
consensus repeats.

Drawbacks





Lack of control over gene length,
composition and orientation.
Applicable only for homopolymers.
Formation of circular multimers.

Step-by-step
directional
approach

Consecutive ligation of
monomer DNA segments
allowing control over size,
composition and orientation.



The resulting gene segment harbors
restriction site at the junction
between monomeric fragments.



RDL

Head-to-tail ligation with a
control over size,
composition and orientation.



Plasmid self-ligation.
Insert circularization.



Limited set of restriction enzymes.

Pre-RDL

Ligation of two digested
parent plasmids to produce a
functional plasmid with the
duplicated gene of interest,
thereby controlling size,
composition and orientation.

Single-step overlapping
elongation by PCR
amplification.



OEPCR

Lack of control over gene length,
composition and orientation.
Not applicable to large sequences.

Single PCR-type reaction for
the rolling circle
amplification of a circular
DNA template and
simultaneous overlap
extension by thermal
cycling.



OERCA
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Lack of control over gene length,
composition and orientation.

Table IV. Fibrous protein systems designed for a range of applications.

Hydrogels

Particles

Gene
Delivery

Drug Delivery















Imaging

Proteolytic
degradation with
ELP (Bandiera et
al., 2014)

SELPs (Megeed et
al., 2004)

Light-Controlled
Graphene-Elastin
Composite
Hydrogel
Actuators (Wang
et al., 2013)





Drug conjugated
ELPs (McDaniel et
al., 2013)
Magnetic ELPs
(Ciofani et al., 2014)
Chitosan/ELP (Costa
et al., 2013a)
Silk fibroin spheres
(Wenk et al., 2008)
Spider silk
nanoparticles
(Numata and Kaplan,
2010)
Silk (Numata et al.,
2009; Numata et al.,
2011)
ELP (Dash et al.,
2011)

Fluorescent ELPs
(Kim et al., 2012)
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Fibers











Thermogelling (Betre et
al., 2006)
Transactivating
regulatory protein
(TAT)-ELPs (Massodi
and Raucher, 2007)
Cell Penetrating Peptide
(CPP)-ELPs (Massodi
et al., 2005)
Interleukin-4 receptor
(IL-4) targeting
(Sarangthem et al.,
2013)
Silk fibroin multi-fiber
matrix (Malafaya et al.,
2007)

EGFP-spider dragline
silk (Zhang et al., 2008)

Scaffolds



Silk/collagen gels,
porous scaffolds,
membranes (Geiger
et al., 2003;
Malafaya et al.,
2007)



ELP/PCL (Lee et
al., 2011)



Designed Ankyrin
Repeat Proteins
(DARPins)
(Gebauer and
Skerra, 2009)











Tissue Engineering








Injectable ELPs
(Asai et al., 2012)
RGD-ELP
(Kaufmann et al.,
2008)
ELP for cartilage
tissue repair
(McHale et al.,
2005)
ELP (Bozzini et
al., 2011)
Collagen/phosphor
ylcoline (Islam et
al., 2015)






Silk
microparticles
with BMPs
(Bessa et al.,
2010)
Biodegradable
gelatin
microspheres
(Nagae et al.,
2007)







Collagen surgical
sutures (Lee et al.,
2001)
Elastin, Collagen fibers
for tissue engineering
(Li et al., 2005)
Spider silk fibers as
nerve conduits
(Allmeling et al., 2006)
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Collagen/ELR
(Kinikoglu et al.,
2011)
KGF/ELP wound
dressing (Koria et
al., 2011)
Silk/polyurethane
(Chiarini et al.,
2003)
SELPs for
chondrocyte
proliferation
(Scheller et al.,
2004)
Silk/collagen 3D
skin model (Bellas
et al., 2012)
Silk/collagen 3D
brain model (TangSchomer et al.,
2014)
ePTFE-ELP
vascular graft
coating (Hiob et al.,
2013; Jordan et al.,
2007)
ELP metal binding
stent coating
(Waterhouse et al.,
2010)
ELP/growth factors
for angiogenesis
(Assal et al., 2013)
RGD-silk (Altman
et al., 2003; Chen et
al., 2003; Hersel et
al., 2003; Wang et
al., 2006)
Bone formation
with silk films
(Sofia et al., 2000)

Figure 1. Key steps during fibrous protein production allowing biomaterial fine
tuning to meet the application needs. (A) Metabolic engineering approach allowing
production of native sized spider silk Reprinted from (Xia et al., 2010), permission by
copyright (2010) National Academy of Sciences. (B) Spinning of recombinant spider
silk to produce defined width fibers. Reprinted from (Rammensee et al., 2008),
permission by copyright (2008) National Academy of Sciences. (C) Application of
bioresponsive, non-immunogenic recombinant elastin fibers in tissue engineering.
Reprinted from (Nivison-Smith et al., 2010), permission by copyright (2010) Elsevier
(C).
Figure 2. Major solutions used to address the challenges of fibrous protein production.
Schematic representation of limitations (red boxes) and possible solutions (green
boxes) for cloning, expression and purification of fibrous proteins.
Figure 3. Intermolecular and supramolecular interactions of fibrous proteins in
extracellular matrix. Collagen ((GXY)n; shown as triple colored triple helix) is
stabilized in part by intramolecular H-bonding between monomer chains and forms
fibers via Schiff base covalent crosslinking between triple helices. Elastin
((VPGVG)n; shown as green fibers) forms hydrophobic aggregates and forms fibers
via Schiff base covalent crosslinking. Spider silk ((GGX)n(A)n)n; shown as red
monomer chains forming particles) has H-bonding in between anti-parallel beta sheet
stacks that forms self-assembled aggregates.
Figure 4. Application areas for fibrous proteins ranging from targeted drug delivery
vehicles to resorbable electronic devices. Portions of the figure were adapted by
permission from (Dreher et al., 2008), copyright (2008), American Chemical Society;
(Ito et al., 2006), copyright (2005) Wiley Periodicals, Inc.; (Tao et al., 2014),
copyright (2014) National Academy of Sciences; Macmillan Publishers Ltd: Nature
Nanotechnology (Kim et al., 2014), copyright (2014) and from (Tang-Schomer et al.,
2014), copyright (2014) National Academy of Sciences; (Wise et al., 2011), copyright
(2010) ActaMaterialia Inc. published by Elsevier Ltd.
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Figure 1. Yigit et al
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Figure 2. Yigit et al

193

Figure 3. Yigit et al
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Figure 4. Yigit et al
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Appendix C
Prolyl hydroxylation of recombinant bacterial collagen
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C.1. Introduction
C.2. Role of hydroxyproline in collagen triple helix stability
The most abundant protein in metazoan life, collagen is a triple helix that consists of
(Gly-Xaa-Yaa) repeats. In vertebrates, it is stable at the physiological temperature.
One important factor that is important for the stability of the triple helix is the Hyp
residue in the Yaa position of (Gly-Xaa-Yaa) triplet. Hyp is a post-translationally
modified Pro and its frequency in the animal collagen residues is 10.5%, being higher
than Cys, Gln or Tyr (Ramshaw et al., 1998).

Hyp is obtained by the enzymatic activity of prolyl-4-hydroxylase (P4H) on
individual monomer chains in endoplasmic reticulum (ER). Briefly, P4H introduces a
hydroxyl in 4R position of Pro and alters the chemical characteristics of the residue
and the molecule. Since Oxygen is electronegative, it creates an inductive affect,
lowering the pKa of the nitrogen in the pyrrolidine ring (Gorres and Raines, 2010).
The electronegative substituents on the 4R position are shown to facilitate the cistrans isomerization via gauche effect. Cis-trans isomerization is the rate-determining
step in collagen triple helix folding hence Hyp residues accelerates the process
(Figure C-1).
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Figure C- 1. P4H catalyses the hydroxylation of Pro by 2-oxoglutarate. (Taken from
(Gorres and Raines, 2010)

An early work with animal extracted protocollagen (collagen monomer chain, before
post translational modification) reconstituted in vitro into triple helix form
demonstrated the stability of collagen without the prolyl hydroxylation to be low. Tm
of without Hyp was almost 15 °C lower than native collagen (Sakakibara et al., 1973).
Collagen-like peptides are, once again, the ‘to go’ approach to study the role of Hyp
in triple helix stability. Synthetic collagen-like peptides with non-natural amino acids
provided fundamental insights for the understanding the interactions in an atomic
level. As an example, replacement of Hyp residue with (2S,4R)-4-fluoroproline (Flp)
in (GlyProFlp)7, increased the Tm by ~10 °C compared to (GlyProHyp)7. Despite the
inability of fluoro group’s inability for H bonding, the increase in stability was tested
with another short peptide bearing the fluorine group in a different configuration.
(2S,4S)-4-fluoroproline (flp) was introduced to (GlyProflp)7 and no triple helix
formation was observed (Holmgren et al., 1999). The increase in stability by the 4Rsubstitution of Proline pyrrolidine ring, is attributed to preorganization of the main
chain torsion angles by the Cγ-exo ring pucker (Figure C-2). Thus Pro residues in Yaa
position contribute to the triple helix stability by the stereoelectronic effect of the
electronegative groups with 4R configuration (Shoulders and Raines, 2009).
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Figure C- 2. An electron withdrawing group in 4R position stabilizes the pyrrolidine
ring (Taken from (Shoulders and Raines, 2009).
C.3. Prolyl-4 Hydroxylases
4-prolyl hydroxylation of Pro residues on monomer chains is executed by prolyl-4hydroxylases (P4H). The enzyme is found in vertebrates, nematodes and some plants,
viruses and bacteria with a variety of organizational units. The vertebrate P4H is the
most extensively studied type and it is a tetramer, α2β2, with 2 α and 2 β subunits.

The β subunits are highly conserved for their function through out the vertebrates. It is
also called as protein disulfide isomerase (PDI) and aids in retaining the enzyme in
the lumen of the endoplasmic reticulum (ER) by keeping α subunit in soluble form. In
vitro folding of α subunit is not possible without the presence of PDI, hence
recombinant production involves co-expression of both subunits (Kivirikko and
Myllyharju, 1998).

The α subunits carry the substrate-binding domain and the active site. There are 3
isoforms of α subunits in vertebrate and only 2 subunits (α(I) and α(II)) in humans.
α(I) is the most frequently found subunit (70%). The α subunits are linked via
intrachain disulfide bonds. The enzyme belongs to the 2-oxoglutarate dioxygenases
and requires Fe(II), oxygen and ascorbic acid for activity. First step is the 2-
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oxoglutarate decarboxylation and formation of a highly reactive intermediate iron
complex with molecular O2. Reactive species abstract C-4 hydrogen from the
pyrrolidine ring and incorporate a hydroxyl group on C-4R position on proline
(Myllyharju, 2003). Ascorbic acid acts as a catalyst in the reaction, without an active
role in the formation of Hyp, however by rescuing the intermediate Fe(III) species,
reducing to the Fe(II). P4H α has one substrate binding site and a different enzyme
active pocket where hydroxylation occurs. Binding site can interact with polyproline
residues however the active site does not hydroxylate the polyproline. The minimum
substrate required for hydroxylation was found to be (Gly-Xaa-Pro)3 tripeptide and
enzyme affinity increases with increasing substrate length (Nokelainen et al., 1997).

Efforts to produce recombinant human collagens from different hosts involve coexpression of P4H enzyme along with the human collagen. Engineered yeast and
plant systems have been used to produce recombinant human collagens previously
(Section II-6) (Nokelainen et al., 2001). Bacterial expression of recombinant human
collagens was futile due to the absence of the enzyme in prokaryotes, leading to an
unstable triple helix at room temperature. However E.coli serves as the easiest
platform to produce recombinant proteins due to the several factors explained in detail
in Appendix B. Introduction of human prolyl hydroxylation system into E.coli would
allow the fast and facile production of stable triple helical human collagens. The
expression of recombinant human P4H α (I) and PDI in E.coli was achieved by
Kersteen et. al. from a bicistronic plasmid that contains both clones under 1 promoter.
The successful enzymatic activity was tested in vitro by using an HPLC based
detection method with (Gly-Pro-Pro)10 peptides (Kersteen et al., 2004).
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C.4. Bacterial expression system for prolyl-4-hydroxylation of collagens
The requirement of ascorbate as a catalyst for P4H is a drawback for the aerobic
expression in E.coli, since ascorbic acid is the only synthesized under anaerobic
conditions in most E.coli strains. An earlier work enabled the expression of an
analogue of ascorbic acid, 1,4 lactone in E.coli by cloning D-arabinono-1,4- lactone
oxidase (ALO) gene from S.cerevisea, that produces a substitute for ascorbic acid
(1,4-lactone) to be used as a substrate for P4H (Lee et al., 1999). With a high level of
effort to clone ALO gene and P4H into the same system, the first in vivo
hydroxylation of a collagenous peptide in E.coli was achieved through combination of
clones of human P4H and ALO along with the reporter gene that encodes for the short
collagen like peptide, (Gly-Pro-Pro)5 Platform was consisted of a dual plasmid system,
one plasmid containing the human P4H tetramer clones, second plasmid containing
the ALO gene and the reporter peptide gene. Hydroxylation of the Prolines in Yaa
position had 60% success for the particular peptide (Pinkas et al., 2011).

Figure C- 3. Schematic diagram for the dual plasmid system for prolyl hydroxylation
in E.coli (Taken from (Pinkas et al., 2011).
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Before testing the system with human collagen sequences, bacterial collagen protein,
Scl.28 was to be tested for the prolyl-hydroxylation. Scl.28 has a high content of Pro
residues and Tm is around ~37 C despite the absence of Hyp. Introducing Hyp, is
thought to increase the stability of the recombinant protein further and may allow the
formation of higher order structures. Not only it will benefit the stability of the
bacterial collagen, but also incorporation of human collagen sequences from major
ligand binding regions that contain Pro in Yaa position of (Gly-Xaa-Yaa) repeats, will
be hydroxylated, allowing the recombinant bacterial collagen for a native-like binding.

Approach: In this project, a similar strategy using P4H and ALO is applied to
hydroxylate proline residues in a recombinant bacterial collagen expressed in E. coli.
The recombinant collagen-like protein (Gly-Xaa-Yaa)79 from Streptococcus pyogenes,
named V-CL, has been expressed in E. coli with easy cloning and high expression
yields and may serves as an alternative collagen source for biomaterials. P4H is not
found in most bacteria and yet the S. pyogenes VCL protein forms a triple-helix with
stability of Tm=37 °C in the absence of Hyp. In the CL domain, 12% of the residues
are Pro, and 9 of them are found in the Yaa position. We are interested in determining
whether these Pro residues in the Yaa position will be hydroxylated by human P4H
and whether this hydroxylation will increase the thermal stability or affect selfassociation or other biological properties. To test the hypothesis, the last 29 triplets of
V-CL were chosen for the cloning since the majority of Pro residues are found in that
region and they are all in Yaa position.

C.5. Experimental methods
The DNA sequence of the last fragment of bacterial collagen V-C of Scl2.28 was
previously codon optimized and inserted into the pCold-III vector (Takara Bio Inc,
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Japan) (Yoshizumi et al., 2009). V-C part was digested by XmaI and ApaI in order to
modify the restriction ends for further cloning into the pSD.COLADuet-1.GST(PPG)5.ALO1 plasmid that is borrowed from Barron’s lab. The pCOLA plasmid
contains GST-(PPG)5 protein as the reporter gene flanked by NcoI and NotI
restriction sites. Oligonucleotides for the modification of Apa-I-V-C-Xma-I were
designed and ordered (Thermo Fisher Scientific, Waltham, MA). V-C protein was
previously designed to carry 6xHis purification tag. Designed oligos change the Histag with a Strep-tag for an internal comparison. PCR amplification was performed
with the digested VC fragment to convert the restrictive ends to NcoI and NotI. In
order to create sticky ends, PCR product was digested by NcoI and NotI. Previously
digested pCOLA vector carrying the ALO gene was ligated with the amplified PCR
fragments with V-C. All enzymes were purchased from New England Biolabs
(Ipswich, MA). After sequences were verified (Genewiz, South Plainfield, NJ),
constructs were transformed into Origami 2(DE3)pLysS cells for expression. Second
transformation was performed for transformation of pET22 vector carrying the P4H
tetramers (pET-P4H). Competent cells were prepared before the second
transformation by following the protocol for creating chemically competent cells
(NEB Labs, Ipswich, MA). pET-P4H transformation was performed for the Origami
2(DE3)pLysS cells previously transformed with pSD.COLADuet-1-V-C. Colony
selection was performed by using different kinds of antibiotics. Selected colonies
were expressed with LB media and allowed to grow up to OD600nm of 1.2. The media
was changed to M9 minimal salt media (supplemented with 20% glucose, 0.4% w/v
tryptone, 50 μM FeSO4) for the expression at 27 °C and induced with IPTG (0.2 μM).
Cells were harvested by centrifugation after overnight expression. Cell pellets were
re-suspended with 1X phosphate buffer saline (10X PBS, pH 7.4, FisherSci, Pittsburg,
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PA) and frozen at -20 °C overnight. Thawed cells were lysed by sonication and
centrifuged at 4 °C to remove the cellular debris. Crude purification was done by
immobilized metal affinity chromatography. The supernatant was loaded onto a Streptag 1mL column (GE Healthcare Life Sciences, Pittsburgh,PA) using an FPLC system
(fast performance liquid chromatography; AKTApure, GE Healthcare Life Sciences,
Pittsburgh,PA). The cellular extract was applied onto the column and purified with
elution buffer (desthiobiotin, 2.5 mM) after column equilibration. Elution fractions
containing the protein were combined and dialyzed against 1X phosphate buffer
saline (10X PBS, pH 7.4, FisherSci, Pittsburg, PA). For further purification, the
dialyzed samples were loaded onto Hi Load 16/60 Superdex 200pg size exclusion
chromatography column (GE Heatlhcare Life Sciences, Pittsburgh, PA) and eluted
with 1.5 bed volume of 1X phosphate buffer. All fractions containing the protein were
collected and verified for purity level with SDS-PAGE (NuPAGE Bis-Tris 4-12%,
Thermo Fisher Scientific, Waltham, MA) after denaturation at 75 °C in the presence
of LDS Buffer (4X, Thermo Fisher Scientific, Waltham, MA). Electrophoresis
conditions were 180V, 120 mAmp for 40 minutes. Gels were stained with
SimplyBlue stain for the visualization of protein bands (Thermo Fisher Scientific,
Waltham, MA). Molecular weight determination was made by Matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectra (Bruker Corporation,
Billerca, MA). Concentrations of the protein samples were determined using UV-Vis
spectra at 280 nm (Spectrophotometer Model 14 UV-Vis; Aviv Biomedical Inc,
Lakewood, NJ). Comparison was done between VC (without P4H plasmid

Circular dichroism (CD) analysis- Wavelength scans were collected on an AVIV
Model 420 CD spectrometer between 190 nm–260 nm with 0.5 nm increments, 4 s
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averaging time, 1.0 nm bandwith at 5 °C (AVIV Biomedical, Lakewood, NJ), as
previously described (33). Samples were prepared with 0.5 mg/mL concentration in
1X PBS and 1mm quartz cuvettes were used. Temperature scans were collected at
220 nm from 5 °C to 70 °C with 10s averaging time and 1.5 nm bandwith. The
temperature increase rate was an average of 0.1 °C/min. Samples were prepared with
1 mg/mL concentration in 1X PBS and 1mm quartz cuvettes were used.

HPLC analysis- 2 different sets of amino acid analysis were performed for the
samples. 1st amino acid analysis was performed at Prof. Peter Caravan’s lab by Tyson
Reitz at MGH Martinos Center. An internal assay to fluorescently label the
iminoacids after sample hydrolysis with HCl was used. 2nd amino acid analysis was
conducted at UC Davis Genome Center with lyophilized materials (0.5mg) for total
amino acid sampling.

C.6. Results and discussion
A bacterial collagen (with Hyp) was expressed from a dual plasmid system containing
human P4H enzyme and ALO. Both VC with and without Hyp showed one strong
band that corresponds to the expected molecular weight (18 kDa) of the collagen
monomer on SDS-PAGE (Figure C-1), and the molecular weights were confirmed by
MALDI-TOF (Figures C-2.A and C-2.B). The increase in VC-P4H is considered to be
dependent on the hydroxylation, although the exact mass/ion values are not
correlating with the expected values. However the increase in VC-P4H mass when in
mixture with VC is an indication of a probable hydroxylation (Figure C-2.C). The
protein yield was 0.02 mg/mL for 1 L flask expression.
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Figure C- 4. SDS-PAGE Analysis of VC constructs expressed with and without P4H
enzyme.
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Figure C- 5. MALDI-TOF spectra for A. VC B. VC-P4H C. Comparison for VC and
VC-P4H & VC mixture, indication of an increase in molecular weight.

CD Analysis of the VC fragment is a mixture of alpha helix (48% of total weight is
globular V domain) and triple helix (52 % of total weight is collageneous C fragment).
The max. triple helix ellipticity (@220nm) falls below zero as expected. VC-P4H
gave more alpha helical structure, despite the 1 week re-folding period at 4 °C.
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Amino acid analysis was performed by 2 different methods. 1st method used a
fluorescent tag to label iminoacids in the hydrolyzed protein sample. The result gave
promising ratios for Pro:Hyp as 3:4. More than half of the Yaa position Pro residues
were hydroxylated according to the HPLC results (Figure C-3).

Figure C- 6. HPLC results obtained by Prof. Peter Caravan’s imino acid labeling
method.

After obtaining a satisfactory result with imino acid labeling method in HPLC, total
amino acid analysis were performed for the same samples at UC Davis Genome
Center. Control protein, VC gave unpredicted values with much lower Gly ratios than
predicted. Multiple samples have been purified and lyophilized for characterization,
however results didn't change. Interestingly, VC-P4H, gave expected values, with a
much lower Hyp percentages indicating that prolyl-hydroxylation reaction was not
successful.
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Table C- 1. Amino Acid Analysis results for VC (named SVC in the table) and VCP4H (named SVC-P4H2 in the table). Theoretical results are percentages of
calculated amino acid values for V-C.

There are number of explanations for the inconclusive results obtained by the amino
acid analysis: 1. Bacterial impurity that interferes with the total amino acid analysis
results after hydrolysis. An impurity might cause large shifts in the ratio of amino acid
residues. However multiple samples were tried and the results did not change. 2. The
difference between two amino acid analysis results might be due to the differences in
methods. First method for fluorescently labeling imino acids was designed for the
detection of hydrolytes from tissue samples and might not be suitable for recombinant
bacterial proteins therefore creating a discrepancy between two analyses.

The dual plasmid system has a lot of room for improvement. The plasmid for ALO
(pCOLA) is a low copy number plasmid that produce 5-10 copies per cell cycle. On
top of that pCOLA vector is a dual plasmid with separate T7 promoters for each
protein. Protein transcription of the current system requires extensive recruitment of
promoters and other transcription factors as well as a high metabolic state where
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extensive protein expression will be handled. All these factors might have contributed
to the inefficient production of VC-P4H.

As a future work, transferring ALO and VC fragment to a high copy number plasmid
such as pRSF-Duet-1 might increase the expression levels of both proteins, therefore
increasing the Hyp levels. However such increased translation might require an
engineered metabolism in order to supply the required amount of excess amino acids
for translation. Changing the cell strain from BL21 to Origami DE3 did not change
the yields, however switching to the pLysS strain increased the expression yields. As
suggested in Barron paper, medium switch to M9 minimal salt media, before the
expression, increased the yields. Optimal conditions might be different for bacterial
collagen production under these conditions, hence different media formulations and
temperatures might be tried. Overall, due to lack of time required for extensive
optimization of the system, the project was abandoned despite the promising
preliminary results.
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