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In the past 20 years protein engineering has
been used for the production of proteins
mostly for biological applications. The
incorporation of artificial amino acids

and chemical handles into proteins had
made possible the design and production
of protein-based materials like hybrid
inorganic-organic materials, smart/
responsive materials, monodisperse
polymers, and nanoscale assemblies. In the
current topic, we cover current uses and
envision future applications of materials
generated using protein engineering and
biosynthesis techniques.

I would like to acknowledge the U.S. Office
of Naval Research for financial support and
Dr. Cherise Bernard for her contributions
during the early stages of the Research Topic.

Polarized optical micrograph of monodisperse
poly(B-benzyl o, L-aspartate).
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Since the pioneer work of Stanley Cohen, Herbert Boyer and their
collaborators almost 40 years ago (Cohen et al., 1973), genetic
engineering had advanced greatly. The tools and resources avail-
able to the genetic engineer open new opportunities in genome
engineering (Carr and Church, 2009) and synthetic biology
(Lu et al., 2009). But still much needs to be done to build and con-
trol biological systems. In the current Research Topic, we focus on
the synthesis of bio-based materials employing the basic princi-
ples of genetic engineering. The rationale of utilizing biosynthesis
as a route for material production relies on the capability of the
biological machinery to produce macromolecules of well-defined
sequence, stereochemistry, and size. The specific location of the
chemical groups in a given bio-macromolecule is critical to its
structure and ultimately its biological function. Protein engineer-
ing has emerged as a strong tool to produce proteins in large
scale with high fidelity. In the context of the current Research
Topic we refer to such protein products as bio/macromolecules,
nanostructures, biologicals or precursors produced in a bio-based
environment. The topic is designed to present several approaches
to biosynthesis, not limited to the production of a target protein
in a bacterial host.

At first, I would like to direct the readers to an opin-
ion article that presents a broad perspective of the field of
bio-based and bio-inspired materials (Nick McElhinny and
Becker, 2014). Following their theme, most of the articles in
the current Research Topic fit in the category of Using Biology
as a Material. For example, several original research papers
report the utilization of genetically-engineered proteins to obtain
materials for various applications such as: tunable hydrogels
(Tang and Olsen, 2014), hydrogels for mechanically active tis-
sues (Li and Kiick, 2014), bacterial collagen for tissue engi-
neering (An et al., 2014), and microfibers for nerve guide con-
duits (Kakinoki et al., 2014). Plant viruses (Pongkwan et al.,
2014) and antimicrobial peptides (Rodriguez et al., 2014) are
the starting bio-based materials to incorporate new functionali-
ties by well-known chemical methods. In the field of biocatalysis,
immobilized enzymes are used for industry-scale production
of bioproducts (Lopez et al., 2014) and bacterial homologs of
human cholinesterase (Legler et al., 2014) are engineered in the

laboratory setting with the aim of using them as a therapeutic
enzyme.

From the materials science perspective, one can easily envision
using a biological organism guided by well-established biotech-
nology techniques to generate a single product. However, the
biological environment still has more to offer. An example is
described in the review article where Clostridium thermocellum
is presented as a strong candidate in bioprocessing applications.
The system attributes are due to its unique, multivariate enzyme
cellulosome complex and its role during biomass degradation
(Akinosho et al., 2014). Studies of complex cellular processes
without disturbing natural biological events (Chambers, 2014)
are needed to expand our knowledge and ultimately to facili-
tate the engineering of biological systems for our benefit. Lastly,
a new paradigm is presented in which bio-building blocks and
non-standard amino acids are utilized in a cell-free environment
(Hong et al., 2014). While others incorporate artificial amino
acids into protein products using cell-based biosynthesis strate-
gies, having a cell-free environment offers alternatives to new
applications where a cell-free environment is more desirable. We
can imagine using a cell-free environment for the biosynthesis of
more complex systems where biomacromolecules are produced in
a concerted way to control synthesis and/or assembly.

There is no doubt that bio-based products provide a rich tool-
box with a great potential for a wide variety of applications as
presented in the current Research Topic. Taking a multidisci-
plinary approach, combining knowledge from biology, chemistry,
and materials science to produce complex materials is crucial to
succeed in this field. Still challenges exist for the utilization of
bio-based materials in main stream industrial production. Public
acceptance and cost effectiveness will be key elements in engag-
ing the industry into adapting these new biosynthetic strategies
as alternatives to classical chemical synthetic routes. For example,
one general public concern on using plants to produce mate-
rials is the limitation in arable land and fresh water which are
needed to fulfill future demands on food for a constantly increas-
ing population (Ronald, 2011). Furthermore, genetic engineering
can be of a great concern if the engineered systems are deliv-
ered to the environment causing a spread of un-desirable traits
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or antibiotic resistant bacterial strains. In spite of such concerns,
major advances in the production of biopolymers at the indus-
trial scale are already implemented by major bioplastics producers
(Smith, 2012). Proper engineer controls must be implemented
to avoid biological contamination similarly as chemicals produc-
tion is tightly regulated. As the field advances and we increase our
understanding of biological synthetic platforms and our ability to
engineer those systems improves, we should be able to generate
materials previously not imaginable.
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The US. Army Research Office (ARO)
serves as the Army’s premier extramu-
ral basic research agency in the engi-
neering, physical, information and life
sciences. ARO drives the national basic
research agenda and programs in these
areas to create new scientific discover-
ies and increase knowledge through high-
risk, high-payoff research opportunities
with academia and industry. ARO also
ensures that the results of these efforts are
made available to the Army research and
development community for the pursuit
of long-term technological applications.
ARO is supporting emerging research
opportunities in the areas of bio-based
and bio-inspired materials that focus on
four primary goals: (i) Using biology to
produce materials, (ii) Using biology as
a material, (iii) Integrating biology with
synthetic materials, and (iv) Imparting
properties inherent in biological systems
to materials.

USING BIOLOGY TO PRODUCE
BIOLOGICAL, NON-BIOLOGICAL, AND
HYBRID MATERIALS

Biological organisms have evolved com-
plex synthetic capabilities that are often
unrivaled, if not impossible, by tradi-
tional chemical approaches, with products
ranging from small molecule chemicals
to biological polymers to macromolecu-
lar assemblies with complex catalytic or
mechanical activities to metallic and semi-
conductor nanoparticles. In addition to
the many valuable products naturally pro-
duced by biological systems, such as the
chemotherapeutic agent Taxol produced
by an endophytic fungus living within the
bark of the Pacific Yew tree, biological sys-
tems are also being engineered to produce

specific products of interest. From the
advent of genetic engineering approaches
in the 1970s to the recent emergence of
the field of synthetic biology, the research
community continues to push the bound-
aries of biological engineering and the
complexity of the products that are synthe-
sized by biological systems.

The capability to efficiently produce
valuable chemicals and materials using
biological systems is particularly desirable
due to the mild synthesis conditions and
general lack of toxic byproducts. Biological
synthetic platforms are also conducive
to the design and production of hybrid
products that contain both biological and
non-biological elements. Currently sup-
ported research is focused on engineering
microorganisms to incorporate unnatural
amino acids into protein polymer chains.
Successful efforts could enable the pro-
duction of hybrid polymers that contain
strategically located biological functional
groups to endow materials produced from
these polymers with specific recognition
or reactive functions. Such strain engi-
neering also opens the possibility to one
day produce traditional chemical poly-
mers in a biological system with control
over monomer sequence—a fundamen-
tal characteristic of biological polymers
such as DNA, RNA, and proteins that
has remained elusive for non-biological
polymers.

The potential applications of biolog-
ically produced materials could be vast,
depending on the types of materials
that can be made and the quantities of
these materials that can be reliably pro-
duced. Biological production platforms
could be optimized to produce naturally
occurring products, including therapeutic

compounds, alternative fuels or enzymes.
Engineered biological systems could pro-
duce hybrid products with both biologi-
cal and non-biological elements, leading
to materials with both traditionally desir-
able properties, such as high strength and
stability, as well as biological function-
ality, such as molecular recognition or
enzymatic reactivity. Engineered biologi-
cal systems also hold potential to produce
entirely novel products not yet imagined,
with the type of advanced genetic path-
way design and assembly envisioned by the
DARPA Living Foundries program.

USING BIOLOGY AS A MATERIAL

Biological molecules and macromolecu-
lar assemblies form intricate and precise
architectures at the nano- and micro-scale
with nanometer resolution of structural
features. This level of precision is not yet
accessible with traditional top-down fab-
rication approaches, providing an oppor-
tunity to utilize biological assemblies as
materials themselves.

DNA nanotechnology enables the pro-
duction of precisely designed nanometer
and micron scale 2D and 3D structures
with complex features including curva-
ture and inner channels and cavities, and
recent advances provide novel assembly
approaches to “carve” precise 3D struc-
tures from a “molecular canvas” of DNA
(Ke et al,, 2012). As a material, DNA
nanostructures could be used as tem-
plates to organize functional elements with
control over spatial orientation at the
nanometer scale or as a “mold” for the
production of inorganic materials with
nano scale features. A major research pro-
gram is currently exploring the use of DNA
nanostructures as a surrogate for the 3D
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spatial control of the cellular environment
to promote the activity of a biochemical
pathway in an in vitro setting. DNA nanos-
tructures have also been used to design
molecular machines and have potential
applications in molecular scale electronics
and targeted drug delivery.

Proteins also assemble into organized
structures that can be utilized as materi-
als. Perhaps one of the most well-known
protein-based materials is the protein
fiber. Many different proteins assemble
into fibers and fibrils, including collagen,
elastin, silk, and amyloid proteins, with
each protein fiber exhibiting unique mate-
rial properties. Amyloid fibrils have been
used as a nanoscaffold for enzyme immo-
bilization and stabilization. Glucose oxi-
dase and organophosphate hydrolase have
been successfully immobilized onto amy-
loid fibrils and demonstrated an increase
in thermal stability while maintaining
activity (Pilkington et al., 2010; Raynes
et al., 2011). Proteins also assemble into
complex 3D structures, including viral
capsids which vary dramatically in size and
shape, and have potential to be used as
molecular delivery vessels or templates for
the ordered display of functional elements.
Currently supported research is exploring
the Tobacco mosaic virus as a biologi-
cal building block for engineered systems.
This nanotube-shaped virus may be genet-
ically and chemically modified to tailor
its physical properties and is compatible
with some conventional microfabrication
processes (Fan et al., 2013).

INTEGRATING BIOLOGY WITH
SYNTHETIC MATERIALS

An ability to integrate biological ele-
ments with synthetic materials may enable
systems that marry the specificity and
reactivity of biology with the stability and
predictability of synthetic material sys-
tems. Integrating these two worlds is no
simple task, and major research programs
are focusing on elucidating key elements
that support retention of biological struc-
ture and function when these two material
classes are merged.

A significant effort is focused on under-
standing the interactions at the interface
between immobilized proteins and a
chemical surface, and how the chemical
and physical environment at this inter-
face impacts Dbiological structure and

function. Future applications that could
be realized by scientific advances in this
area include reactive coatings, bioactive
textile treatments, advanced chemical
sensors, anti-biofouling approaches, and
catalysis. Another major program aims
to integrate biological and biomimetic
synthetic cellular elements to create
novel artificial cells with unprece-
dented spatial and temporal control of
genetic circuits and biological pathways.
These hybrid biological/synthetic cells
have the potential to provide a fun-
damentally new chassis for synthetic
biology that addresses the critical chal-
lenge of instilling increased control
and stability to engineered biological
systems.

IMPARTING PROPERTIES INHERENT IN
BIOLOGICAL SYSTEMS TO MATERIALS
For certain applications and use scenar-
ios, a fully synthetic material or chemical
system that exhibits properties inher-
ent in biological systems, without the
inclusion of biological elements, would
be ideal. Living biological systems have
many desirable characteristics. They
can be dynamic, self-organizing, multi-
functional, responsive, and complex.
They can autonomously adapt to their
changing environment. Novel approaches
which impart these properties to non-
biological synthetic chemical and material
systems could enable significant new
capabilities.

One property of biological systems
that would provide novel functional-
ity for synthetic material systems is
the precise temporal and spatial regu-
lation of activity. Biology has evolved
complex mechanisms to tightly regu-
late molecular functions. This regulation
can be achieved via changes in chem-
ical, optical, electrical, and mechanical
stimulation of active molecular ele-
ments. A major program will aim
to understand the molecular mecha-
nisms by which living cells regulate
intracellular biochemical activity with
mechanical force and to reproduce and
analyze these force-activated mecha-
nisms in virtual and synthetic materials.
Scientific advances in this area could
lead to sense-and-respond systems that
incorporate force-activation to maxi-
mize multi-modal functionality, reactive

coatings, novel sensor paradigms, and
self-healing materials.

Major research programs are also
investigating methods for impart-
ing multi-functionality and dynamic,
responsive behavior into purely syn-
thetic chemical and material systems.
Potential applications of these systems
include smart sensors, self-healing and
self-repairing materials, reconfigurable
materials, and controlled release of mate-
rials. For example, micelle/nanoparticle
composite systems are possible in which
different environmental stimuli (pH, tem-
perature, oxidation) result in different
material responses (Zhuang et al., 2013).
In another example, micelle systems
have been made in which the mor-
phology of the micelle can be changed
by environmental triggers. An enzy-
matic reaction or addition/removal
of complimentary DNA can cause
micelles to alternate between spheri-
cal and cylindrical forms resulting in
bulk material changes (Randolph et al,
2012).

The revolutionary basic research
ARO is supporting in the areas of bio-
based and Dbio-inspired materials as
summarized above has the potential
to impact diverse applications in sens-
ing, alternative fuels, molecular scale
electronics, targeted drug delivery, and
autonomously adaptive materials. This
research has the potential to harness the
power of biology with the control and
stability of material and chemical sys-
tems to provide revolutionary scientific
advances.
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Topological entanglements between polymer chains are achieved in associating protein
hydrogels through the synthesis of high molecular weight proteins via chain extension
using a variety of thiol coupling chemistries, including disulfide formation, thiol-maleimide,
thiol-bromomaleimide and thiol-ene. Coupling of cysteines via disulfide formation results
in the most pronounced entanglement effect in hydrogels, while other chemistries
provide versatile means of changing the extent of entanglement, achieving faster chain
extension, and providing a facile method of controlling the network hierarchy and
incorporating stimuli responsivities. The addition of trifunctional coupling agents causes
incomplete crosslinking and introduces branching architecture to the protein molecules.
The high-frequency plateau modulus and the entanglement plateau modulus can be
tuned by changing the ratio of difunctional chain extender to the trifunctional branching
unit. Therefore, these chain extension reactions show promise in delicately controlling
the relaxation and mechanical properties of engineered protein hydrogels in ways that

e-mail: bdolsen@mit.edu

complement their design through genetic engineering.

Keywords: engineered protein hydrogels, coiled-coil, thiol-X click chemistries, entanglement, branching

INTRODUCTION
Control of advanced mechanical properties of hydrogels is cen-
tral to their applications. In many situations, such as engineering
simulant materials of articular cartilage or blood vessels (Drury
and Mooney, 2003), hydrogels are required to support mechanical
load and maintain structural integrity. Multiple approaches have
been developed to address this issue, with emphasis on increas-
ing the network toughness and elastic moduli, such as prepar-
ing double-networks (Gong et al., 2003; Sun et al., 2012) and
fabricating composite materials (Haraguchi and Takehisa, 2002;
Wang et al., 2010a). In some scenarios where dynamic properties
such as injectability, self-healing, shape memory, and controlled
degradation/reinforcement are desirable, non-covalent crosslinks
and stimuli-responsive triggers can be incorporated into gels to
fulfill the application requirements (Kloxin et al., 2009; Holten-
Andersen et al., 2011; Guvendiren et al., 2012; Glassman et al.,
2013). However, many methods developed in synthetic poly-
mer systems cannot be readily applied to protein hydrogels, and
manipulating the mechanical response of the gels presents a new
challenge. Because the function of a protein is related to its hier-
archical structure and the diversity of amino acid functional
groups, site-specific and orthogonal reactions are often required
to preserve protein properties in the final gel. In addition, the
modification reactions can usually only be performed in aqueous
buffers due to the poor solubility of proteins in organic solvents.
Currently there are two main strategies for chemically modify-
ing proteins to manipulate the mechanical properties of protein
hydrogels. The first strategy is covalently crosslinking protein
polymer chains by adding crosslinking reagents (Trabbic-Carlson
et al., 2003; Li et al.,, 2011; Chung et al., 2012), catalysts (Shen
etal., 2005; Lvetal., 2010) and/or enzymes (Davis et al., 2010). As

this method only modifies the amino acid residues participating
in junction formation, the protein strands can retain most of their
function (e.g., elasticity and stimuli responsivity). In addition,
many mechanical properties at equilibrium, such as modulus and
maximum swelling ratio, can be controlled by varying the dosage
of the crosslinking agents according to well-known laws of hydro-
gel physics and network theories (Graessley, 2004; Tanaka, 2011;
Kim et al., 2013). In a typical crosslinking reaction, however, the
formation of network imperfections, such as dangling chains and
inelastic loops, is usually uncontrollable and difficult to quan-
tify (Zhou et al., 2012). The second strategy is coupling synthetic
polymers and proteins to prepare chimeric copolymers (Jing et al.,
2008; Sahin and Kiick, 2009; Wu et al., 2011; Glassman and Olsen,
2013; Glassman et al., 2013). Interactions leading to self-assembly
of the polymer or protein component then create nanostruc-
ture within the hydrogel, which in some cases can be triggered
by external stimuli. This method allows delicate manipulation of
hydrogel mechanics, such as erosion rate, toughness and elasticity.
However, preparing hybrid hydrogels adds challenges in materials
synthesis and purification.

Recently, we developed a facile method for introducing entan-
glements into protein hydrogels through simple chain extension
reactions, and we exploited this entanglement effect to engineer
new mechanical responses into the materials (Tang et al., 2014).
This strategy minimally modifies the protein molecules, only
extending protein chains by establishing disulfide end linkages,
yet it creates a drastic enhancement in many mechanical prop-
erties, including the low-frequency modulus, resistance to creep,
extensibility and toughness. The disulfide linkages are redox
responsive, which provides opportunities to regulate network
mechanics by redox stimuli.
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In addition to disulfide coupling, several other thiol
chemistries are promising candidates for coupling high molar
mass proteins: thiol-maleimide, thiol-bromomaleimide and
thiol-ene coupling. Thiol-maleimide chemistry enables site-
specific modification of cysteine residues and has been a popular
route for constructing protein-based bioconjugates (Canalle et al.,
2010; Stephanopoulos and Francis, 2011). Recently, the thiol-
maleimide addition has been found to be reversible, offering
new opportunities to control the degradation of the conjugates
(Baldwin and Kiick, 2011). Thiol-dibromomaleimide conjuga-
tion has emerged as another important “click” chemistry (Smith
etal., 2010; Jones et al., 2011; Robin et al., 2013), but only recently
has its potential in the chain extension reaction been appreciated
(Cui et al., 2013). The thiomaleimide adduct is redox respon-
sive: the addition of reducing reagents such as f-mercaptoethanol
(BME) reverses the reaction and recovers the unmodified pro-
teins. Compared to other coupling chemistries, the thiol-ene
reaction is the most rapid coupling method, with extremely high
bimolecular rate constants in the thiyl-alkene addition, rang-
ing from 10° to 10’ M~! s=! (Northrop and Coffey, 2012),
which is 4-5 orders of magnitude larger than thiol-maleimide
addition (Schelté et al., 1999). Despite potential side reactions
(Schoneich, 2008), there exist many successful examples demon-
strating the use of thiol-ene chemistry in direct protein modifica-
tion (Dondoni et al., 2009; Weinrich et al., 2010; Valkevich et al.,
2012).

In this work, thiol-maleimide, thiol-bromomaleimide and
thiol-ene coupling chemistries for application in protein chain
extension reactions to produce entangled hydrogels are com-
pared. In addition, the ability to use chain extension points for
the modification of proteins with poly(N-isopropylacrylamide)
(PNIPAM) side chains is established, demonstrating thermally
responsive mechanical behavior. By using trifunctional chain
coupling agents, branched proteins are also prepared, and
the effect of the ratio of di to trifunctional chain coupling
agent on entanglements is assessed. These experiments demon-
strate sophisticated control of molecular structure and network
mechanics in engineered protein hydrogels, yielding the abil-
ity to control chain topology, chain entanglement, and chem-
ical functionalization all through thiol-based chain coupling
chemistries.

MATERIALS AND METHODS

MATERIALS

Bismaleimide diethylene glycol (1a) was purchased from Thermo
Fischer. Maleimide-PEG(1k)-maleimide (1b) was purchased
from creative PEGWorks. The average molecular weight of
the PEG portion determined by 'H NMR was 1082 Da.
B-cyclodextrin  (BCD) and 2,2'-Azobis[2-(2-imidazolin-2-yl)
propane]dihydrochloride (VA-044) were purchased from Wako
USA. All other chemical reagents were purchased from com-
mercial sources (Sigma-Aldrich and VWR) and used as received
unless otherwise noted.

CHARACTERIZATION
'H NMR spectra were recorded in CDCl; or DMSO-ds using
a Varian Mercury 300 MHz Spectrometer in Department of

Chemistry Instrumentation Facilities at MIT. High-resolution
mass spectrometry (HRMS) data was obtained on a Bruker
Daltonics APEXIV 4.7 Tesla Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer. Matrix assisted laser desorption
ionization mass spectrometry (MALDI) data was obtain on a
Bruker Omniflex MALDI-TOF Mass Spectrometer. or-Cyano-4-
hydroxycinnamic acid (CHCA) was used as matrix. Gel perme-
ation chromatography (GPC) was performed on an Agilent 1260
system equipped with a Wyatt Optilab T-rEX refractive index
(RI) detector and a Wyatt Mini-DAWN multi-angle light scat-
tering (LS) detector. The mobile phase was DMF supplemented
with 0.02 M LiBr and the instrument was operated at 1.0 mL/min
at 70°C.

PROTEIN Cys-P4-Cys EXPRESSION AND PURIFICATION

Protein expression and purification by ammonium sulfate purifi-
cation have been described previously (Tang et al., 2014). In this
study, the proteins were additionally purified by anion exchange
chromatography using a HiTrap Q Sepharose HP 5mL column
(GE healthcare, WI), eluting with a gradient of 0-500 mM NaCl
in 6 M urea and 20 mM Tris (pH 8.0). A typical isolation yield
is 120mg per liter culture and the protein purity was deter-
mined to be >97% by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

CHEMICAL COMPOUND SYNTHESIS
Dibromomaleimide-alkyne
The synthesis procedure reported elsewhere (Jones et al., 2011)
was slightly modified. Potassium carbonate (0.89 g, 6.50 mmol)
was suspended in 20 mL acetone and 2,3-dibromomaleimide
(1.5 g, 5.90 mmol) was added to the slurry in one portion and the
reaction was left to stir at room temperature for 5 min. Propargyl
bromide (80% in toluene, 0.72 mL, 6.50 mmol) was added drop-
wise to the mixture over 10 min. After 24 h, solvent was removed
under vacuum and the mixture was redissolved in DCM. Salts
were filtered and the residue was loaded onto a silica gel column
vacuum. The crude product was purified by flash chromatogra-
phy, eluted with 0-2% MeOH in DCM (TLC Ry = 0.78, stained
with KMnOy solution) to afford 492 mg 4 as a white powder
(yield 28.5%).

"H NMR (300 MHz, CDCl3) § 4.38 (d, ] = 2.4Hz, 2H), 4.83
(t, ] = 2.4Hz, 1H). DART HRMS (m/z) calcd for C;H4Br,NO,
[M+H]*: 293.8586; found 293.8585.

Dibromomaleimide-B-CD
To a 25mL Schlenk tube was added 4 (58.5mg, 0.20 mmol),
mono-6-deoxy-6-azido-B-cyclodextrin  (Petter et al,, 1990)
(116.0 mg, 0.10 mmol), Cu(I)Br (14.3 mg, 0.10 mmol) and 5mL
DME. The mixture was degassed through 3 freeze-pump-thaw
cycles. 2,2'-Bipyridine (15.6mg, 0.10 mmol) was added to the
frozen mixture and the mixture was degassed one more time.
The click reaction was performed at 30°C for 24 h. Catalyst was
removed by passing through a short alumina column and the
product was obtained by precipitation in acetone twice to get
63 mg 2 as a yellow powder (yield 43.4%).

'H NMR (300 MHz, DMSO-dg) § 8.06 (s, 1H), 5.95-5.60
(m, 14H), 5.10-4.67 (m, 9H), 4.65-4.42 (m, 6H), 3.79-3.48
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(m, 28H), 3.43-3.21 (m, overlaps with HOD). MALDI-TOF MS
(m/z) caled for C49H72BroN4O3Na [M+Na]™*: 1473.22; found
1473.22.

Bisallyl tetraethylene glycol
Tetraethylene glycol (5.0g, 25.7 mmol) was dissolved in 30 mL
anhydrous DMF. Sodium hydride (3.5g, 60% in mineral oil,
87.5 mmol) was added to the mixture in one portion. The mix-
ture was cooled with a water bath and allowed to stir for 30 min
at room temperature. After the reaction stopped bubbling, allyl
bromide (9.5g, 78.4mmol) was added dropwise. After 14h,
excess NaH was quenched by adding 10 mL saturated NH4Cl
aqueous solution. The mixture was diluted with EtOAc, washed
with DI water and brine, and dried over MgSO4. Then sol-
vent was removed under reduced pressure. The crude product
was purified by silica gel column chromatography, eluted with
50% EtOAc in hexanes (TLC Ry = 0.41, stained with KMnOy
solution) to afford 3.65 g 3 as a slightly yellow liquid (yield
51.8%).

'H NMR (300 MHz, CDCl3) 8 5.91 (d x d x t, J = 17.1 Hz,
J =10.5Hz, 3] = 5.7Hz, 2H), 527 (d x d x t, ] = 17.1Hg,
J=15Hz, J=15Hz,2H), 518 (d x d x t, J=17.1Hz, J =
1.8Hz,J] = 1.2Hz,2H),4.02 (d x t,J] = 5.7Hz, ] = 1.5 Hz, 4H),
3.68-3.58 (m, 16H). DART HRMS (m/z) calcd for C14H,;05
[M-+-H]"*: 275.1853; found 275.1851.

EMP-Adamantane (EMP-Ad)

The synthesis of 2-ethylsulfanylthiocarbonylsulfanyl-2-methyl-
propionic acid (EMP) was performed as previously reported (Lai
et al., 2002; Convertine et al., 2006). To a 25 mL round bottom
flask was added EMP (179.5mg, 0.80 mmol), 1-adamantane
methanol (159.6mg, 0.96 mmol), 4-dimethylaminopyridine
(DMAP) (19.5mg, 0.16 mmol) and 5mL DCM. After all
reagents were dissolved, N,N’-dicyclohexylcarbodiimide (DCC)
(247.6 mg, 1.20 mmol) was added in one portion. The reaction
mixture was stirred at room temperature overnight. The precipi-
tate was filtered and the solvent was removed under vacuum. The
crude product was purified by silica gel column chromatography,
eluted with 30% DCM in hexanes (TLC Ry = 0.30, yellow or
stained with KMnOy solution) to afford 210mg 5 as a bright
yellow solid (yield 70.5%).

'H NMR (300 MHz, CDCl3) 8 3.60 (s, 2H), 3.25 (q, J =
7.5Hz, 2H), 1.93 (s, 3H), 1.71-1.60 (m, 12H), 1.49 (d, J =
2.4Hz, 6H), 1.28 (d, ] = 7.5Hz, 3H). ESI HRMS (m/z) calcd for
Ci1sH2580,53 [M+H]*: 373.1343; found 373.1324.

PNIPAM-Ad

N-isopropyl acrylamide (NIPAM) was freshly purified by
sublimation and azobisisobutyronitrile (AIBN) was recrystal-
lized twice from ethanol. In polymerization, NIPAM (1.09g,
9.6 mmol), EMP-Ad (29.8 mg, 0.080 mmol), AIBN (2.63 mg,
0.016 mmol) and 4.8 mL acetonitrile were added to a 25mL
Schlenk tube. The reaction mixture was subjected to 3 cycles of
freeze-pump-thaw to degas oxygen. The reaction was heated at
60°C for 4 h, after which polymers were recovered by precipita-
tion in diethyl ether. The molar mass of the obtained polymer was
7.8 kg/mol (from GPC, dispersity B = 1.05), 7.4kg/mol (from

'H NMR endgroup analysis) and 7.0 kg/mol (from MALDI-TOF
MS), respectively.

EXTENDING PROTEIN CHAINS USING DIFFERENT CYSTEINE COUPLING
CHEMISTRIES (INCLUDING BRANCHING REACTIONS)

Thiol-maleimide

Protein Cys-P4-Cys was dissolved in denaturing buffer (8 M urea
and 100 mM phosphate, pH 8.0) to reach a concentration of 10%
(w/v). Tris(2-carboxyethyl)phosphine (TCEP) (20 eq.) was added
to the solution and the pH was adjusted to 7.5. Bismaleimide
la or 1b was dissolved in DMEF and was added to the solution
(L eq.). The reaction was stirred at room temperature for 3 days,
and it was then dialyzed against MilliQ water and lyophilized. The
long reaction time was chosen based on experimental results to
maximize endgroup conversion and entanglement in gels.

Thiol-bromomaleimide

Protein Cys-P4-Cys was dissolved in denaturing buffer (8 M urea
and 100 mM phosphate, pH 8.0) to reach a concentration of 10%
(w/v). TCEP (20 eq.) was added to the solution and the pH was
adjusted to 6.2. BCD functionalized dibromomaleimide 2 was
dissolved in DMSO, and was added to the solution (1eq.). The
reaction was stirred at 4°C for 7 days, and it was then dialyzed
against MilliQ water and lyophilized.

Thiol-ene

Protein Cys-P4-Cys was dissolved in denaturing buffer (8 M urea
and 100 mM phosphate, pH 8.0) to reach a concentration of 10%
(w/v). TCEP (20 eq.) was added to the solution. The mixture was
left to stir at room temperature for 4 h, and it was then dialyzed
against MilliQ water and lyophilized. After reduction, >99% of
the proteins were in the monomeric state, assessed by SDS-PAGE
(Supplementary Figure 2). Reduced proteins were hydrated in
100 mM sodium phosphate buffer (pH 7.6), and mixed with 3
(1 eq.) and VA-044 (0.2 eq.). The final concentration was adjusted
to 20% (w/v). Hydrogel samples were loaded on the rheometer
after hydration for 2 days. The reaction was triggered by heating
at 60°C for 3 h. The moduli were monitored at 25°C to ensure
that the steady state was reached before measurement.

In branching reactions, the trifunctional crosslinker 2,4,6-
triallyloxy-1,3,5-triazine 6 was used in place of the bifunctional
crosslinker 3. The total number of alkene groups was kept in 1:1
molar ratio to thiol groups, while the amount of 6 was varied from
0-100% of the total mole fraction of alkene-containing oligomer.

RHEOLOGY

Rheology experiments were performed on Anton Paar MCR
301, 501, and 702 rheometers using a cone and plate geome-
try (25 mm diameter, 1° cone and 50 um truncation gap) or a
parallel plate geometry (10 mm diameter and 300 um gap, only
for measurement with BCD-functionalized protein hydrogels).
The quantitative measurement of hydrogel mechanics was not
affected by the choice of rheometers. Lyophilized proteins were
hydrated in 100 mM sodium phosphate buffer (pH 7.6) to a
final concentration of 20% (w/v). Hydrogels were kept at 4°C
for 2 days to allow complete hydration. In order to minimize
dehydration during measurement, the edges of hydrogel samples
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were coated with mineral oil. After loading onto the rheometer,
samples were heated from 25°C to 90°C and cooled to 25°C at
5°C/min. Unfolding of the coiled-coil domains at high temper-
atures allowed rapid stress relaxation within the gel to eliminate
any shear history, but no sol-gel transition was observed over this
temperature range (Supplementary Figure 1). Frequency sweep
measurements were performed at 1% strain in the linear vis-
coelastic regime (LVE). In creep experiments, a 25 Pa load was
exerted on hydrogels for 2 h, and the load was removed to monitor
the recovery behavior for 2 h. The creep-recovery experiment was
repeated at 50 Pa load to ensure the deformation was independent
of the applied load.

RESULTS AND DISCUSSION

COMPARISON OF VARIOUS CHEMISTRIES ON THE CHAIN EXTENSION
REACTION

Chain extension of cysteine end-capped proteins can be achieved
by applying thiol-maleimide, thiol-bromomaleimide and thiol-
ene coupling chemistries under appropriate reaction conditions

(Scheme 1 and Figure 1). All chemistries require reduction of
existing disulfides to recover reactive cysteine residues. In order to
achieve significant changes in mechanical properties, the conver-
sion of these macromolecular polycondensation reactions must
be relatively high to produce proteins of high molecular weights.
In practice, this is achieved by controlling stoichiometry of the
reacting species. A theoretical full conversion of endgroups can
only be obtained when the ratio of cysteines to alkenes is 1:1.
Running the reaction for extended periods is also useful to reach
high conversions.

Each chemistry offers its own distinct advantages and disad-
vantages for chain extension. In the thiol-maleimide reaction,
pH control is critical to minimize amine-maleimide coupling
while achieving fast conjugation (Hermanson, 2008). In addition,
dimaleimide reagents are commercially available with varying dis-
tance between the two maleimide groups, and this spacer length
may affect the polycondensation reaction due to their subtle dif-
ferences in solubility or by altering the propensity to form bridges
or primary loops (Dutton et al., 1994). To study the effect of the

thiol coupling ﬁ
H + o +
E’LW » chemsitries HS
(1) o o] \ o 0 .
r.t.
wmSH + @/\RVN + SHww . S\&/\RVN S
s
H7.5
o) (6] p o) (0]
1a and 1b
R1 = CHQOCH2CHQOCH2
R, = CH5(CO)NHCH,CH,(OCH,CH,),,0CH,CH,NH(CO)CH,
Il $ ¢
T o ¢ =
wSH + + SHw ——— f/&
(e}
O7"N pH 6.2 07N\ O
N j/ N j)
N N’
N ]
! N
beta CD beta CD
2
(HI) VA044, 60 °C
mSH + %\/0)\/\ +  SHw —
o 3 o g N O%\/O);/\/Sm
3 F
Scheme 1 | Cysteine coupling chemistries to extend protein chains. (I) Thiol-maleimide conjugation; (ll) thiol-dibromomaleimide conjugation; and
() thiol-ene chick chemistry.
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FIGURE 1 | Analysis of the chain extension products by SDS-PAGE.
Lane 1: thiol-maleimide with 1a; lane 2: thiol-maleimide with 1b; lane 3:
thiol-dibromomaleimide; lane 4: reduction of chain-extended proteins by
BME; lane 5: thiol-ene. The abundance of high molecular weight species in
thiol-ene and thiol-maleimide corresponds to their higher entanglement
plateau.

distance between two conjugation sites, bismaleimide with two
different oligo ethylene glycol spacer lengths 1a and 1b are used
to conduct chain extension. It is found that the spacer length does
not greatly affect the chain extension when the coupling reagents
can be solubilized and homogeneously dispersed in the reaction.

As for thiol-dibromomaleimide coupling, controlling the
hydrolysis of the maleimide ring, especially the monothio adduct,
is crucial to attain significant chain extension. If hydrolysis
happens on the dithio adduct, transformation from maleimide
to maleamic acid does not affect chain extension, and it
only results in loss of the reversibility of the thiomaleimide
adduct (Supplementary Scheme 1). In contrast, hydrolysis of the
monothio adduct can potentially limit the conversion, as the
number of reactive bromomaleimide functional group decreases
(Supplementary Scheme 1). Maleimide hydrolysis can be regu-
lated in many ways, including changing temperature, pH (Ryan
etal.,, 2011) and the electron density distribution in the maleimide
structure (Nathani et al., 2013). In our hands, the first two param-
eters are optimized: a low temperature (4°C) and a slightly acidic
buffer condition (pH 6.2) are chosen to be the reaction condi-
tion, under which moderate chain extension is achieved. After
chain extension, the protein is exposed to 1000-fold excess BME,
and ~ 98% of the proteins are converted to the monomeric
state (Figure1), which demonstrates the reversibility of the
dithiomaleimide adduct.

In the thiol-ene coupling strategy, bis allyl compound 3 is
chosen as the chain extender to prevent homopolymerization
of alkenes that can occur when (meth)acrylate groups are used
(Hoyle and Bowman, 2010), and water soluble VA-044 is selected
as the thermal initiator for its low decomposition temperature. As
the thiol-ene reaction is tolerant of oxygen (Hoyle et al., 2010),
no cumbersome degassing procedure is required, enabling its
convenient use in applications. Upon heating at 60°C for 3 h,
a large fraction of high-molecular-weight proteins is formed.
While thermally initiated chain extension is used here in order to
ensure homogeneous reaction through a concentrated solution,
it is also possible to perform photoinitiated chain extension using
this chemistry, especially in occasions when spatial and temporal

control of gel mechanics is required. TCEP needs to be removed
prior to the thiol-ene reaction; otherwise the degree of chain
extension is fairly low (Supplementary Figure 2). The deleterious
effect of TCEP may be due to the desulfurization of cysteines cat-
alyzed by TCEP during free-radical-based reactions, an effect that
has been observed under similar reaction conditions (Wan and
Danishefsky, 2007).

Cysteine coupling chemistries exhibit different performances
in the chain extension reaction, and the differences in the molec-
ular weight distribution of the chain-extended proteins result
in varying extents of entanglement in the protein hydrogels. As
shown in Figure 2, hydrogels prepared via different chemistries
all show an entanglement plateau modulus in the low-frequency
regime. The chain molar mass distributions extracted from gels
in Figure 1 do not fit well to the Jacobson-Stockmayer distribu-
tion, likely because of challenges in controlling stoichiometry of
reagents in small samples and because of difficulty in quantita-
tively separating the large high molar mass band, which contains
a mix of proteins with a molar mass of ca. 380kg/mol and
above (6-mers and above). Therefore, the chain extension and
the entanglement effect is quantitatively analyzed by the entangle-
ment plateau moduli in the low frequency regime. The apparent
entanglement molecular weight M, can be estimated as (Larson
et al., 2003)

4 poRT
‘75 Ge
with p being the protein density, ¢ the protein volume fraction
in the gel, R the gas constant, T the absolute temperature and G,
the entanglement plateau modulus. Although the entanglement
plateau modulus should not depend on the molecular weight of
the protein polymers in the high molecular weight limit, proteins
formed via macromolecular polycondensation show very broad
molecular weight distributions with a certain fraction of the pro-
tein chains below the critical entanglement length. These “small”
proteins act as macromolecular diluents and lower the effective
concentration of the entangled species, consistent with the con-
centrations investigated being in the transition from the sticky
Rouse phase to the sticky reptation regime (Tang et al., 2014).
Therefore, increasing chain molecular weight, particularly the low
molar mass tail, can increase M,. Consequently, differences in
the degree of chain extension will yield differences in the plateau
modulus of gels.

Compared to disulfide bridging investigated previously (Tang
et al.,, 2014), the three chemistries examined here show lower
degrees of chain extension. G, and M, are compared in
Figures 3A,B. For 20% (w/v) hydrogels, disulfide coupling leads
to a G, of around 8800 Pa, approximately 2-8 times larger than
the G.’s from other chemistries. As a result, M, is only 55 kg/mol
in the disulfide coupling, even smaller than the molecular weight
of a monomeric protein. The reasons for the lower entangle-
ment molar masses in disulfide coupling are two-fold. First and
most importantly, the stoichiometric imbalance between alkenes
and thiols, due to inevitable experimental errors, set a practi-
cal limit of the functional group conversion in the A-A + B-B
type macromolecular polycondensation that becomes more acute
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dibromomaleimide; TE, thiol-ene. Error bars represent a 95% confidence
interval.

for chemistry performed on small samples. On the contrary,
the disulfide bridging chemistry has no theoretical limit in the
degree of chain extension due to stoichiometry since it is an
A-A type polycondensation. Second, there are various side reac-
tions in thiol-maleimide, thiol-bromomaleimide and thiol-ene
coupling, which limit their ability to reach full conversion. As
mentioned previously, the primary concern is that the occur-
rence of side reactions may reduce the availability of the reactive
functional groups (e.g., maleimide hydrolysis) or cause uncon-
trolled chain coupling (e.g., amine-maleimide coupling). These
side reactions further exacerbate challenges in controlling the
stoichiometry of A and B reactive groups in the macromolec-
ular polycondensation. G, not only provides clues to analyze
the extent of entanglement, but also provides information on
the effect of side reactions. The difference in G, might indi-
cate that fewer side reactions occur in the thiol-ene coupling
in the three chemistries examined in the study. Interestingly,
although coupling with 2 only reaches moderate chain extension
and side reactions might have the most detrimental effect, G,

from thiol-bromomaleimde coupling is larger those from thiol-
maleimide chemistries. It is hypothesized that the supramolecular
association between BCD and amino acid residues forms weak
and dynamic crosslink junctions (with equilibrium constant logK
around 2-3) (Rekharsky and Inoue, 1998), thus increasing the
modulus in the low-frequency regime.

Creep experiments also provides information to compare the
entanglement effects in gels prepared by different chemistries.
Here, entanglement density E is used to quantify the entangle-
ment effect, a quantity defined as the number of entanglements
per molecule, namely, E = M/M, (Graessley, 2008). Strictly
speaking, the definition above is used to describe the extent of
entanglement of monodisperse polymers. Here the concept is
borrowed to provide an estimate of the number-averaged entan-
glement density. In the low E limit (when E < 6), the average
entanglement density in the chain extended protein mixtures can
be calculated as

Emg = 2.5]G,
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where J? is the recoverable compliance, calculated as the extrap-
olated intercept from a linear fit in steady state of the J-¢ data
(Supplementary Figure 3); G, is the entanglement plateau modu-
lus, as defined by Graessley (2008) differently than the definition
by Larson et al. shown above by a factor of 4/5. As shown in
Figure 3C, the low E values confirm the previous assumption
that the entanglement density is not large. It is also found that
the average entanglement densities of the chain-extended pro-
teins gives the same trend as the entanglement plateau moduli
in gels, namely, disulfide > thiol-ene > thiol-bromomaleimide >
thiol-maleimide. For entangled gels prepared via thiol-maleimide
coupling, Eayg is only approximately unity. On the contrary, Egyg
is larger than 3 for gels prepared via disulfide bridging.

Because dibromomaleimide can be readily functionalized,
dibromomaleimide coupling provides a facile method of incor-
porating biological niches into the hydrogel network and embed-
ding additional stimuli triggers to manipulate network structure.
To illustrate this concept, dibromomaleimide is first derivatized
with alkyne, and is further functionalized with BCD through

copper-catalyzed azide-alkyne cycloaddition (CuAAC) to obtain
2 (Scheme 2). BCD is chosen because its internal cavity can host
many small guest molecules, such as drugs, via hydrogen bond-
ing and hydrophobic interactions (Davis and Brewster, 2004).
The most widely used complexation pair is BCD-adamantane
with an association constant K, of about 5 x 10* M~! (Harries
etal., 2005). This supramolecular association may offer modifica-
tion sites to attach functionalities to the protein backbone. Here,
the BCD-adamantane host-guest interaction is used to demon-
strate the ability to add thermoreversible association to hydrogels.
Adamantane end-capped monodisperse PNIPAM is synthe-
sized by reversible addition-fragmentation chain transfer (RAFT)
polymerization using trithiocarbonate 5 as the RAFT agent
(Supplementary Figure 4), and the polymer’s endgroup structure
is confirmed by MALDI-TOF and NMR (Supplementary Figures
5, 6, respectively). Upon complexation, the hybrid structure is
hypothesized to adopt a graft-like structure: the chain-extended
protein serves as backbone while the thermoresponsive polymers
PNIPAM graft as side chains (Figure 4). Under the experimental

A o
HO?@QHE%
00 HO%OH
oo .
HO‘%OH OOO
3, ‘ﬁﬂ
OH
0 — 0 %\L opérlo Br,  Br
Br. Br/—_ Br Ho 03\%//%/ ﬂ
| NW 5 | Nx - = 0= N0
K,COg3, t Cu(l)Br, bpy, DMF
Br \ ,CO3, acetone  Br Y \\ (I)Br, bpy N/\l)
N |
4 N
HO © 0
O
@40&%
OH
o HO,
o OH o
HO oo
OH 0
H \%\
O
HO %y
B 2
s OH
DCC, DMAP
Ao e ke A
0 DCM
5

Scheme 2 | Synthesis of dibromomaleimide functionalized BCD (A) and ada

mantane functionalized trithiocarbonate RAFT agent (B).
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conditions, approximately 91.8% of the PNIPAM can be attached
to the proteins (see calculation details in Supplementary Materials
and Supplementary Figure 7). The high-frequency plateau mod-
ulus (G’ at 100 rad/s) of the hybrid gel is 10 kPa larger than the
unmodified gel, and it increases moderately with increasing tem-
perature, with a peak value at around 28°C. The entanglement
modulus also increases from 2030 to 3670 Pa. The enhancement
in the both moduli might originate from changes of protein
architecture, and the formation of nanostructure within the gel
due to segregation between the PNIPAM domain and the pro-
tein domain. Such microphase separation may even exist at low
temperature, as enhancement in moduli is observed as low as
5°C. This observation is consistent with the previous finding that
PNIPAM segregation takes place even when the polymers are
highly solvated (Glassman and Olsen, 2013).

INFLUENCE OF BRANCHED ARCHITECTURE ON THE MECHANICAL
PROPERTIES

Branched polymers have attracted much interest for fundamen-
tal studies and industrial applications due to their distinct flow
behaviors compared to their linear analogs (Dealy and Wissbrun,
1990; Janzen and Colby, 1999; Wood-Adams and Costeux, 2001;
Lohse et al., 2002; Graessley, 2008; Wang et al., 2010b). However,
few reports characterize the synthesis or properties of branched
proteins, using either chemical methods or cellular machinery
(Zhanget al., 2013). Here, branched proteins are synthesized with
the use of multifunctional crosslinkers in the chain extension
reaction, demonstrating an important means to control the
mechanical properties of protein gels by modulating the chain
structure. The effect of branching is examined by varying the

fraction of the trifunctional crosslinker (2,4,6-triallyloxy-1,3,5-
triazine, 6) from 0 to 100% in the total alkenes (note that the
ratio of total alkenes to thiols is kept 1:1). The hydrogels are pre-
pared by thiol-ene click chemistry via thermal initiation. Similar
to chain extension, all branching reactions are found to reach
high endgroup conversion, yielding significant fractions of high
molar mass proteins from SDS-PAGE (Figure 5). Significant dif-
ferences in molecular weight distribution of proteins among the
6 reactions examined cannot be measured by gel electrophore-
sis. An exception occurs at 100% triene, where a larger fraction
of low molar mass protein is present, suggesting that the end-
group conversion might be lower than those in other cases. All
protein hydrogels are able to be dissolved in 6 M urea buffer
post reaction, confirming the hypothesis that addition of 6 only
results in branching and not crosslinking, even with 100% triene
crosslinker. The gel point under each reaction condition can be
calculated using the Carothers equation or the Flory-Stockmayer
theory (see calculation details in Supplementary Materials and
Supplementary Figure 8), which shows great dependence on the
triene composition. The solubility of gels in urea suggests that the
conversion of the endgroups is below the gel point in all cases.

The mechanical properties of hydrogels are influenced by the
branched structure of the proteins. To better compare the entire
relaxation spectra with different fractions of 6, rheology data
from creep experiments are converted to the dynamic compliance
J' and J” using a Fourier transform (Ferry, 1980),

J (@) =] —w / [0 = J () + t/n0] sineotdt
0

T () = 1/wny + a)/ [Jf) -]+ t/no] coswtdt
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where J? is the recoverable compliance, w the angular frequency,
1o the zero-shear-rate viscosity, ¢ the experiment time. J% and 7
are the intercept and the inverse of the slope, respectively, from a
linear fit in steady-state phase of creep. The dynamic compliances
are further translated into dynamic moduli G’ and G”,

G =7/ +1"7)
¢ =71"/(r*+17)

The combined master curves are shown in Figure 6, which can be
divided into three different regimes according to the relaxations
present in the gels (from fast to slow): the coiled-coil regime, the
entanglement regime and the terminal regime. With addition of a
small amount of 6 (5 and 10%), both the high-frequency mod-
ulus (G,,) and the entanglement modulus (G,) decrease. This
suggests that adding a small amount of crosslinker only causes
short chain branching and small drops in the backbone length of
the chain-extended proteins, since this would result in a decrease
in the total number of entanglements. However, at 20% triene,
both G, and G, reach their peak values, where the number den-
sity of the branch points and the branch length reach an optimal
combination. In this case, the backbone length of the protein
is likely to be comparable to the linear case, as the molecular
weight distributions from SDS-PAGE of these two cases are not
distinguishable, but the branched structure provides extra topo-
logical interactions. The introduced branches retard the reptation
of the entire molecule, as it is only after arm retraction that
the reptation of the chain-extended backbone is allowed to hap-
pen (Mcleish, 2002). Although the coiled-coil relaxation is only
slightly affected by the molecule topology (see Supplementary
Figures 9, 10), the reptation regime broadens in the frequency
spectrum and extends toward the low frequency regime. This
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is consistent with the observation of randomly branched poly-
mers in the melt state (Mcleish, 2002). Further increase of the
triene composition leads to decreases in both G, and G,. This
is hypothesized to originate from the decreased engroup conver-
sion and the formation of hyperbranched molecular structures.
The densely packed branches impose permanent topological bar-
riers for different chains to entangle, which leads to much lower
solution viscosities (Voit and Lederer, 2009). Recently, the vis-
coelasticity and the dynamic relaxation of the synthetic hydrogels
is found to be essential to mimic the complex biological tissues
(Mckinnon et al., 2013). The presented branching reaction in this
study establishes a facile approach of tuning the network mechan-
ics over the entire frequency window, especially in the long time
relaxation, which can be useful in mimicking the properties of
natural tissues.

CONCLUSION

Under appropriate conditions, thiol-maleimide, thiol-bromo-
maleimide and thiol-ene coupling can all result in significant
chain extension. The differences in chemistries’ reactivity and
side reactions may cause variations in the molecular weight and
its distribution of chain-extended proteins and the topological
entanglement effect in gels. While thiol-maleimide conjugation
is the most common and the easiest to implement, thiol-ene click
chemistry can achieve high endgroup conversion fairly rapidly.
Thiol-bromomaleimide shows its potential in reversibly modi-
fying proteins, and using functionalized dibromomaleimide as a
chain extender allows further control of hydrogels’ properties by
incorporating side chain functionalities into the protein architec-
ture. Here, thermoresponsive changes in mechanical properties
of gels are demonstrated with PNIPAM grafts. Lastly, branched
proteins are prepared in A, + B,/B3 mixed type reactions. The
entanglement plateau modulus is increased when branches are
long enough to enhance topological constraints yet the added
branches do not sacrifice the backbone length. In conclusion,
the structure of engineered proteins and their assembly behav-
iors can be easily modified with the use of different chemistries,
which presents a rich toolbox to tailor the structure-properties of
protein materials in various applications.
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The outstanding high-frequency properties of emerging resilin-like polypeptides (RLPs)
have motivated their development for vocal fold tissue regeneration and other applications.
Recombinant RLP hydrogels show efficient gelation, tunable mechanical properties, and
display excellent extensibility, but little has been reported about their transient mechanical
properties. In this manuscript, we describe the transient mechanical behavior of new RLP
hydrogels investigated via both sinusoidal oscillatory shear deformation and uniaxial tensile
testing. Oscillatory stress relaxation and creep experiments confirm that RLP-based
hydrogels display significantly reduced stress relaxation and improved strain recovery
compared to PEG-based control hydrogels. Uniaxial tensile testing confirms the negligible
hysteresis, reversible elasticity and superior resilience (up to 98%) of hydrated RLP
hydrogels, with Young's modulus values that compare favorably with those previously
reported for resilin and that mimic the tensile properties of the vocal fold ligament at
low strain (<15%). These studies expand our understanding of the properties of these
RLP materials under a variety of conditions, and confirm the unique applicability, for

mechanically demanding tissue engineering applications, of a range of RLP hydrogels.

Keywords: resilin-like polypeptide, elastomer, hydrogel, biomaterials, vocal fold

INTRODUCTION

Elastomeric biomaterials have long been targets for application
in the engineering of mechanically active tissues, and recently
introduced resilin-like polypeptides (RLPs) may have unique
suitability for such applications. In particular, our laboratories
have been developing RLPs for application in the treatment of
vocal fold pathologies. Human phonation occurs in the larynx
by airflow-induced, self-sustained oscillation of a layered con-
nective tissue called the vocal fold lamina propria (LP), which
is the major vibratory tissue activated during phonation (Titze,
1984, 1989; Jiang and Tao, 2007). The vibration of the vocal
folds is controlled actively by an aerodynamic driving force (e.g.,
lung pressure), vocal fold positioning, and non-linear interac-
tions, but most importantly depends on the viscoelasticity of
the connective tissue of the vocal fold LP; (Riede et al., 2011)
these mechanical properties are important both in terms of short
transient responses and longer time-dependent behavior (Titze,
1988; Chan and Titze, 1999, 2000; Chan, 2004; Klemuk and
Titze, 2004). Two distinct types of forces are involved in human
phonation: oscillatory shear force generated from the vibration
of the vocal mucosa and longitudinal stretching force derived
from elongation of the vocal ligament at high pitch or large tissue
deformation (Titze, 1988; Min et al., 1995; Chan and Titze, 1999,
2000). The viscoelastic properties of the vocal mucosa under
shear deformation contribute to key parameters of phonation,
such as the fundamental frequency, the amplitude of oscilla-
tion, and phonation threshold pressure. Titze and co-workers
showed that phonation threshold pressure is directly related to the

viscoelasticity of vocal fold mucosa under small amplitude oscil-
lation (Titze, 1988). Min et al. reported mechanical properties
of the human vocal ligament under longitudinal force, includ-
ing the Young’s modulus (33 kPa at low-strain and 600 kPa at
high-strain), non-linear tensile elasticity, and hysteresis along the
direction of tissue fibers (Min et al., 1995).

Mechanical stress from excessive phonation, deleterious envi-
ronmental factors, and pathological conditions can disrupt the
natural pliability of the vocal folds, resulting in a wide spec-
trum of vocal disorders and causing significant implications for
individual health, social productivity, and occupational function
(Zeitels et al., 2002). Surgical approaches for vocal fold aug-
mentation or mucosal reconstruction have employed a variety of
either injectable or implantable synthetic and biological materials
(Hallén et al., 2001; Hirano et al., 2008; Jahan-Parwar et al., 2008;
Kwon and Lee, 2008; Kishirnoto et al., 2009; Kutty and Webb,
2009b). Although improvements in voice production have been
reported, limitations such as implant migration, foreign body
reaction, stiffness, immunological consequences, and the need of
multi-stage procedures largely have prevented restoration of func-
tional vocal fold tissue. Recent studies aimed at the regeneration
of vocal fold LP highlighted the importance of mechanical stim-
ulation, which is directly related to the minimum subglottic air
pressure needed to initiate vocal fold oscillation, and regulation
of the subsequent matrix composition (Jiao et al., 2009; Kutty and
Webb, 2009a; Teller et al., 2012).

Knowledge of the mechanical properties of materials targeted
for vocal fold therapies is important clinically in terms of the
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surgical management of vocal fold disorders. However, the intro-
duction of injectable or implantable biomaterials into the vocal
fold can change the mechanical properties of the vocal fold and
thus alter the mechanics of vocal fold oscillation. This is an
issue of considerable clinical importance, as pathologic changes
in the biomedical properties of vocal fold ECM could severely
impair normal vocal fold oscillation and potentially cause severe
phonation difficulties. This is particularly true in small amplitude
oscillation like phonation onset and offset (Chan and Titze, 1999,
2000; Chan, 2001); these oscillations involve a surface mucosal
shear wave, and frequent vibrational and shear forces are thus
applied to vocal fold connective tissue. The mechanical properties
of implantable/injectable biomaterials under shear are therefore
particularly significant when intended for these applications.

We and others have previously reported the outstanding
mechanical properties of emerging RLPs for the production of
new elastomeric biomaterials, and we have been interested in
coupling the biological activity of a matrix with useful high-
frequency mechanical behavior for vocal fold tissue regeneration
(Elvin et al., 2005; Charati et al., 2009; Li et al., 2010, 2011; Li
and Kiick, 2013). The modular, recombinantly synthesized RLPs
can be rapidly cross-linked via a Mannich-type condensation
reaction to yield hydrogels with mechanical properties—storage
shear moduli (500Pa to 10kPa), Young’s moduli (15-35kPa),
resilience values (>90%), and storage shear moduli at high fre-
quency (10002000 Pa)—that are consistent with the reported
mechanical properties of native vocal fold tissues (Jiao et al., 2009;
Teller et al., 2012). These RLPs also exhibit enzymatic-triggered
degradation, facilitate the 2D adhesion and spreading of vari-
ous cell types, and support the 3D encapsulation and survival
of hMSCs in vitro, offering opportunities for fabricating either
implantable or injectable scaffolds for vocal fold tissue therapies
(Charati et al., 2009; Li et al., 2011, 2013; McGann et al., 2013).

To date, efforts have been conducted on matching the shear
modulus and Young’s modulus of various materials with those
of natural vocal fold tissues (Thibeault et al., 2009, 2011); how-
ever, transient mechanical responses have not commonly been
characterized for the materials that are proposed for vocal fold
tissue engineering, particularly via oscillatory rheology methods.
The investigation of transient biomechanical responses is highly
relevant, however, as Zhang et al. demonstrated that the tran-
sient mechanical response of the vocal fold tissue can influence
phonation processes. (Zhang et al., 2009) Given this lack of infor-
mation on the dynamic transient mechanical analysis of materi-
als proposed for vocal fold therapies, this manuscript describes
both sinusoidal oscillatory shear deformation and uniaxial tensile
stress-strain mechanical characterization of RLP-based hydrogels,
and in particular the transient and time-dependent behavior that
is of relevance for the vocal fold mucosa and vocal ligament
tissues during phonation (Min et al., 1995; Zhang et al., 2007,
2009). Stress relaxation and creep experiments via oscillatory
shear rheology were characterized to investigate the reduction of
shear stress at a constant strain and the response of strain at a
constant stress; relaxation rates were calculated from the stress
relaxation data (Lv et al., 2010; Chen et al., 2012). The behav-
ior of the RLP-based hydrogels was experimentally compared to
that of polymeric PEG hydrogels. Uniaxial tensile testing of the

RLP hydrogels, including stress relaxation and cyclic stress-strain
deformation up to 10 cycles, was explored to determine Young’s
modulus, investigate hysteresis, and calculate resilience.

MATERIALS AND METHODS

MATERIALS

Chemically competent cells of E. coli strain MI15[pREP4]
(for transformation of recombinant plasmids) and Ni-NTA
agarose resin (for protein purification) were purchased
from Qiagen (Valencia, CA). The tri-functional cross-
linker tris(hydroxymethyl phosphine) (THP) was purchased
from Strem Chemicals (Newburyport, MA). 20kDa, amine-
terminated, 4-arm PEG was purchased from Creative PEG Works
(Winston Salem, NC). All other chemicals were obtained from
Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham,
MA) and were used as received unless otherwise noted. Water
was deionized and filtered through a NANOpure Diamond water
purification system (Dubuque, 10).

EXPRESSION AND PURIFICATION OF RLP

Genes encoding the RLP polypeptide(s) were produced as
described in our previous reports (Li et al., 2013); RLP pro-
tein expression and purification was also conducted as previ-
ously described (Charati et al., 2009; Li et al., 2011, 2013). The
purity and molecular weight of the protein were confirmed via
high performance liquid chromatography (HPLC), sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF-MS); the composition of the RLPs
were probed via amino acid analysis. Approximately 20-30 mg of
polypeptide per liter of cell culture was obtained after dialysis and
lyophilization.

RLP AND PEG HYDROGEL FORMATION AND OSCILLATORY RHEOLOGY

The formation of RLP-based hydrogels was monitored on a stress-
controlled rheometer (ARG2, TA Instruments, New Castle, DE),
with a 20 mm diameter cone-on-plate geometry and a 1° cone
angle with a 25mm gap distance at 37°C. Various amounts (2,
4, and 8 mg) of RLP were dissolved in pH 7.4 PBS to attain final
concentrations of 50, 100, and 200 mg mL~! respectively. Stock
solutions of both the RLP and the cross-linker THP (100 mg
mL~!) were chilled on ice before mixing in order to slow the
rate of the cross-linking reaction, preventing cross-linking dur-
ing handling. 0.7, 1.3, and 2.6 pL THP stock solution was added
to 39.3, 38.7, and 37.4 uL of RLP stock solutions, respectively, to
yield a final solution volume of 40 uL and 5, 10, and 20 wt%
hydrogels with a 1:1 cross-linking ratio (molar ratio of lysine
residues to reactive hydroxymethylphosphine (HMP) groups).
For control samples, 4 mg 20 kDa, 4-arm, amine-functionalized
PEG was dissolved in pH 7.4 PBS followed by the addition of
0.5 L of THP stock solution (1:1 cross-linking ratio) to achieve
the final 40 wL 10 wt% PEG hydrogel. To ensure homogeneous
mixing, the mixture was vortexed gently for less than 5 s after the
addition of the THP, and then followed by careful pipetting onto
the rheometer Peltier plate for in situ rheological characteriza-
tion. Time sweep studies were performed at a constant frequency
(6 rad s~!) while frequency sweeps were conducted from 0.1 to
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100 rad s~! at a fixed strain amplitude of 1%. Strain sweeps were
collected from 0.1 to 1000% strain at a constant frequency of
6 rad s™! to determine the strain-to-break value in shear mode.
Light mineral oil was applied to the perimeter of the sample to
prevent evaporation of buffer over the course of the experiment.
Experiments were repeated with four samples and representative
data are presented.

OSCILLATORY STRESS RELAXATION AND CREEP EXPERIMENTS

After the hydrogels were formed as described above, stress relax-
ation and creep analysis were performed on RLP hydrogels (5, 10,
and 20 wt%) and 10 wt% PEG hydrogels as controls. Four
replicates for each testing condition were prepared for both char-
acterization methods. For stress relaxation, the shear stress was
monitored over 10 min at a constant strain (15, 45, and 90%)
for each RLP and PEG hydrogel, and the data was fitted to an
exponential decay function to calculate the relaxation rate. For
creep experiments, shear strain was monitored the first 20 min
after a shear stress (ranging from 50 to 4000 Pa) was applied, and
followed by another 20 min when the shear stress was removed,
to explore the percentage of strain recovered upon removal of
applied stress.

UNIAXIAL TENSILE TESTING

RLP films for uniaxial mechanical testing were prepared in con-
tact lens molds (Bausch and Lomb, Rochester, NY) by the addi-
tion of desired amounts of THP to 20 wt% RLP in PBS buffer.
The hydrogel films were cross-linked at 37°C for 2 h. Before the
measurements, hydrogel films were hydrated in PBS overnight to
reach equilibrium and cut into dog-bone specimens with a stain-
less steel mold (width 2 mm; length 6 mm). (The PEG hydrogels
could not be characterized via tensile testing owing to the poor
mechanical properties of the PEG hydrogels.) The test samples
were mounted on an Instron 4502 mechanical tester equipped
with a 250 g mechanical load cell and were tested at room tem-
perature under hydrated conditions, utilizing a tank containing
saline buffer around the grips. For stress relaxation experiments,
three replicates of RLP hydrogel samples were stretched to 15, 30,
60, and 100% strain at a constant strain rate of 5 mm/min, and
then the stress was monitored over 10 min at each fixed strain. For
cyclic loading and unloading experiments, stress-strain data were
recorded at the same strain rate and the hydrogel films were sub-
jected to three cycles each to strains of 30, 60, and 100%, and then
to failure. Resilience values were obtained by dividing the area
under the unloading curves by the area under the loading curves
at each fixed cycle; average values were obtained from at least three
replicate samples. Young’s modulus values were calculated from
the linear region (5-15%) of the stress-strain curve.

RESULTS AND DISCUSSION

EXPRESSION AND PURIFICATION OF RLPs

The detailed amino acid sequence of the RLP is presented in
Figure 1. Twelve repeats of the pro-resilin putative consensus
sequence (GGRPSDSFGAPGGGN, derived from the first exon
of Drosophila melanogaster CG15920) was employed (Charati
et al.,, 2009; Li et al., 2011, 2013; McGann et al., 2013). Five
lysine-containing GGKGGKGGKGG cross-linking bundles were

incorporated and placed evenly along the polypeptide chain, with
45 amino acids in between, to mimic the cross-link density in nat-
ural resilin (ca. 30—60 amino acids between di- and tri-tyrosine
crosslinks) (Andersen, 1964; Elliott et al., 1965). The expression
of RLP, via traditional IPTG induction, yielded 20-30 mg/L pro-
tein per liter of cell culture. Cell pellets were lysed under native
conditions, followed by washing steps and elution from a Ni-
NTA column in native buffer, followed by dialysis against DI
H, 0 to remove salts before lyophilization. The molecular weight
(23 kDa), purity (>95%), and final composition of the RLP sam-
ples were confirmed via SDS-PAGE, MALDI-TOF MS, HPLC, and
amino acid analysis (Li et al., 2013).

OSCILLATORY RHEOLOGICAL CHARACTERIZATION OF RLP AND PG
HYDROGELS

In situ oscillatory shear rheology was employed to monitor the
viscoelastic properties of the RLP hydrogels and provided a prac-
tical approach to characterize the impact of crosslinking condi-
tions on gelation kinetics, gel stability and ultimate equilibrium
shear moduli of hydrogels. Guided by the vocal fold ECM com-
position and distribution in vivo, we chose RLP hydrogels at 5,
10, and 20 wt% material concentrations, and characterized the
RLP materials under physiologically relevant strain (15-90%) and
stress (50—4000 Pa) ranges (Jiang et al., 2000; Kutty and Webb,
2009b). The hydrogels were cross-linked under mild aqueous con-
ditions via the Mannich-type condensation reaction of THP with
primary amines from the lysine residues of polypeptide. Protein
and polymer solutions were pre-vortexed with THP solutions, to
ensure homogeneous mixing, at room temperature before depo-
sition of the solution onto the Peltier plate to form hydrogels, at
an equimolar ratio of reactive lysines to HMP groups.

The shear mechanical moduli of cross-linked RLPs were char-
acterized in situ via dynamic oscillatory shear mode rheometry
using a cone-on-plate geometry after cross-linking the hydro-
gels under physiologically relevant conditions. Samples tested
using two cone-on-plate geometries with different cone-angles
resulted in similar gelation times, times to plateau, and final stor-
age moduli, confirming the lack of slip during these dynamic
oscillatory shear rheological experiments. Both RLP- and PEG-
hydrogels were characterized in time sweep, frequency sweep, and
strain sweep modes; the equilibrium shear storage moduli (G')
and strain sweep profiles for the various hydrogels are presented
in Figure S1, Figures 2, 3. During the time sweep experiment,
all polypeptide solutions exhibited fast gelation, at 37°C, upon
mixing with THP cross-linker at 1:1 stoichiometric ratio; shear
storage moduli reached an equilibrium value within 10 min with
50-100-fold differences (data not shown) between the storage
modulus (G’) and loss modulus (G”), indicating the formation of
solid elastic hydrogels. Increasing protein concentration increased
the rate of gelation and also resulted in increased final storage
modulus values, as expected; RLP hydrogels of concentrations at
5, 10, and 20 wt% yielded storage modulus values of 1, 5, and
20 kPa, while a 10 wt% PEG control hydrogels yielded a storage
modulus of 15kPa (Figure 2). The 10 wt% PEG hydrogel was
chosen not only to match the polymer concentration of the 10
wt% RLP hydrogel, but also to achieve a G’ value between those
of the 10 and 20 wt% RLP hydrogels.
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Dynamic oscillatory frequency sweeps ranging from 0.1 to
100rad/s were then employed to assess the stability of RLP-
and PEG-hydrogels; the insensitivity of shear moduli over the
frequency range investigated confirmed the hydrogels behave
as elastic solid-like materials derived from permanently cross-
linked networks (data not shown). Finally, oscillatory shear strain
sweeps from 0.1 to 1000% at 6 rad/s were characterized to illus-
trate the yield behavior of RLP- and PEG-hydrogels over various
compositions; the results of these experiments are summarized
in Figure 3. As shown in the figure, the linear regime extends to
approximately 30, 60, 100, and 100% strain for 5, 10, 20 wt%
RLP hydrogels and the 10 wt% 4-arm PEG hydrogel, respectively
(Figures 3A-D). For the RLP-based hydrogels, further increases
in strain amplitude result in an increase in both the storage (G)

and loss moduli (G”) until they cross-over (G’ > G), with a
sharp overall decrease in the stress response resulting from fail-
ure of the gel network. The strain stiffening observed in these
hydrogels is consistent with that observed in multiple other bio-
logical hydrogels (including native vocal folds) as well as in other
synthetic networks (Xu and Craig, 2011; Xu et al., 2012); strain
stiffening in biological tissues may serve as a means to prevent
tissue damage from exposure to large deformation (Storm et al.,
2005; Erk et al., 2010). Quantitatively, the average oscillatory
shear strain-to-break values are 240 £ 30%, 190 £ 20%, and
160 £ 20% for the 5, 10, and 20 wt% RLP hydrogels, respec-
tively. The PEG hydrogels did not exhibit a sharp decrease in
the amplitude of the shear stress [even though G” exceeds G/
(Figure 3D)], suggesting slipping of materials under large strain.
All subsequent stress relaxation and creep experiments were con-
ducted well below 100% strain, where no significant slip was
indicated. The hydrogels were also tested under continuous shear
in steady shear flow, strain-to-break experiments; the data from
these experiments are shown in Figure 3E. Although these condi-
tions do not mimic the mechanical environment of human vocal
folds in vivo, the data provide additional information to compare
strain-to-break properties of RLP hydrogels to the data acquired
from oscillatory experiments. As shown in the figure, the strain-
to-break values for RLPs are 220 £ 7%, 200 £ 6%, and 150 +
20% at 5, 10, and 20 wt% polypeptide concentrations, which are
in good agreement with results from dynamic shear strain sweeps.

OSCILLATORY SHEAR STRESS RELAXATION

The time-dependent mechanical properties of tissues are impor-
tant to their function and repair. For example, the repair of vocal
fold tissue should benefit from the match of stress-relaxation
behavior to that of native tissue, especially during phonation, to
permit stimulation of appropriate cellular behavior with desired
matrix deposition. In matrices intended for drug delivery, the
application of controlled mechanical strain over select periods
of time can be useful for regulating the release of drugs (Titze,
1988; Chan and Titze, 1999, 2000; Zhang et al., 2009; Xiao et al.,
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hydrogels. (E) Summary of steady shear flow, strain-to-break experiments on

2013). In order to further explore the energy dissipation behavior
of RLP-based hydrogels, the oscillatory shear stress relaxation of
in situ cross-linked RLP hydrogels was characterized; the relax-
ation behavior of these materials is relevant owing to the impor-
tance of transient mechanical responses of the vocal fold tissue in
phonation.

Shear stress relaxation experiments were conducted on 5, 10,
and 20 wt% RLP hydrogels and the 10 wt% PEG control hydro-
gel. After hydrogel formation was complete (indicated by G’

reaching a plateau), each sample was subjected, consecutively, to
15%, then 45%, and finally 90% strain values, for 10 min at each
strain. The oscillatory shear stress was monitored over time; rep-
resentative data are shown in Figure 4. When the cross-linked
RLP hydrogels were deformed to 15, 45, and 90% strain, the
shear stress quickly increased and reached a maximum value; this
behavior was observed across all polypeptide concentrations and
applied strains (Figures 4A—C). This essentially instantaneous
increase of shear stress demonstrates the highly elastic response
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of RLP-hydrogels to external energy input, as anticipated for an
ideal rubber. The shear stress was then monitored as a function
of time for 10 min under constant strain; this time period was
chosen based upon the fact that the time scale is long enough to
observe any stress relaxation from dynamic protein chain move-
ments as well as to maintain experimental conditions similar to
those reported for other recombinant or natural proteins. The 5,
10, and 20 wt% RLP hydrogels exhibited similar stress relaxation
behavior (Figures 4A-C), with a largely elastic response with rel-
atively minor stress relaxation after each incremental strain. This
behavior is similar to the stress relaxation response reported for
canine vocalis muscle tissue (Alipour-Haghighi and Titze, 1985).
The stress relaxation of the 10 wt% PEG hydrogel (Figure 4D),
however, was markedly different. Although the PEG hydrogels
also exhibited an immediate increase in stress similar to that
observed for the RLP hydrogels (as expected for the chemically
cross-linked network), the PEG hydrogel network was not able
to hold the energy input over time and displayed a significant
decrease in shear stress under the same experimental conditions.
These differences are suggested to arise from the intrinsic dis-
parities in the properties of the polymer chains of these two
systems, given that the crosslinking densities and chemistries
are similar between the PEG control and the RLP hydrogels.
Among the RLP hydrogels, a slight increase in stress relaxation is
observed with an increase in RLP concentration, suggesting that

the higher-concentration samples are less elastomeric, consistent
with the reported importance of hydration in the elastomeric
behavior of RLPs (Gosline et al., 2002; Truong et al., 2011).

In order to facilitate comparison of the data, the shear stresses
for all materials recorded at time 0, 100, and 600s were tabu-
lated. The stresses at later time-points were compared to the initial
stress and the percentage of shear stress lost was calculated; the
averaged data are listed in Table S1 and illustrated graphically
in Figure 5. The short-scale (100s) and long-time (600s) inter-
vals were chosen to facilitate the comparison to reported stress
relaxation properties of other previously reported materials. The
initial shear stress ( = 0s) upon input of elastic energy increased
with an increase in applied strain, and with RLP hydrogel con-
centration, as expected. The RLP hydrogels exhibited a relatively
minor reduction in stress compared to the initial shear stress,
with reductions of approximately 10% at 100s (Figure 5A) and
35% at 600s (Figure 5B), over all three RLP hydrogel concen-
trations and all applied strains. In contrast, the PEG hydrogels
exhibited almost 35 and 90% reduction in shear stress at 100 and
600 s. Although select other PEG-based materials have shown less
stress relaxation than observed here, the reduced stress relaxation
was observed in systems of higher polymer concentrations, differ-
ent cross-linking chemistries, and tightly cross-linked networks
mixed with multiple components (Snyders et al., 2007; Roberts
etal., 2011; Cui et al., 2012).
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In order to quantitatively analyze the stress relaxation, the
stress relaxation curves of RLP and PEG hydrogels were fit to
a single exponential equation: o(t) = o, + A* exp ( — tk), where
0, is the offset shear stress, A is the decay amplitude, and k is
the relaxation rate. Representative stress relaxation curves and fits
for the 10 wt% RLP and 10 wt% PEG hydrogels are shown in
Figure 6A, illustrating the good fit of the data to a single exponen-
tial decay. The relaxation rate constants for all hydrogels are com-
pared in Figure 6B. For RLP hydrogels, the relaxation rates fall
within the range of 0.001-0.002s~! across all hydrogel concen-
trations and applied strains, while the relaxation rates for the PEG
hydrogel are twice as fast (approximately 0.0045s~!). The relax-
ation rates for the RLP-based hydrogels reported here are 10-fold
slower than those reported for GB1-RLP multi-domain proteins,
which feature a folded streptococcal Bl immunoglobulin-binding
domain of protein G (GB1 domain) alternating with random-coil
resilin domains, in order to mimic the muscle protein titin (Cao
and Li, 2007; Lv et al., 2010). This difference is likely due to the
fact that the RLP hydrogels lack folded protein domains; in the
GBI1-RLP materials, single RLP consensus motifs are intercepted
by multiple GB1 folded domains. The rapid response of the RLP
hydrogels with an immediate increase in shear stress, followed by
a minor loss in shear stress, demonstrates the efficient response
to energy input of the RLP materials, with low energy dissipa-
tion. This behavior is similar to that observed in ideal rubbers
and vocal fold tissues (Alipour-Haghighi and Titze, 1985; Urry
et al., 2002), and substantially different than that observed for
PEG-control hydrogels and other reported polysaccharide-based
and ELP-based hydrogels (Cloyd et al., 2007; Shazly et al., 2008;
Wau et al., 2008; Riede et al., 2011; Roberts et al., 2011; Krishna
et al., 2012; Razavi-Nouri, 2012).

OSCILLATORY CREEP MEASUREMENTS

Time-dependent changes in strain response to stress are influ-
enced by the density and pore size of a 3D network, its hydration,
as well as the chemical nature of the cross-links. For example, it
has been reported that ELP-based biomaterials show substantially
different deformation responses depending on the conditions

under which they are tested. Variations in temperature, solvent,
and preconditioning steps have been shown to influence their
deformation. Specifically, ELP-films cast below the transition
temperature or in 2,2,2-trifluoroethanol (TFE) solvent displayed
limited creep response (<10%) compared to films cast above
the transition temperature in water (creep>60%) (Wu et al,,
2008). Creep analysis under oscillatory rheology conditions was
conducted on RLP and PEG hydrogels to explore the transient
dynamic mechanical responses; both the instant and total strain
deformation (at 20 min) and strain recovery (after 20 min, o =
0Pa) under various constant shear stresses were characterized.
Representative data from the hydrogels are shown in Figure 7. We
note that although the strain deformation was kept similar across
the various samples to permit comparisons of strain recovery,
the applied stresses were different for the various RLP and PEG
hydrogels, as higher stresses were necessary to achieve the same
strain deformation on hydrogels with a higher shear modulus. For
example, approximately 45% instant strain was observed for a 5
wt% RLP hydrogel upon application of a shear stress of 500 Pa;
however, application of a shear stress of 2000 Pa was required in
order to obtain percentage similar strain deformation for the 10
wt% PEG hydrogel.

The creep data for RLP hydrogels at 5, 10, and 20 wt% concen-
trations are shown in Figures 7A—C, with summaries of the data
given in Figure 8, and Table S2. The various hydrogels exhibit
similar creep behaviors, with large instantaneous deformation
followed by a slow increase in strain over 20 min with con-
stant applied shear stress. Significant strain recovery was observed
for all hydrogels when the applied shear stress was removed;
the hydrogels continued to recover over the next 20 min with
total strain recovery of approximately 70, 60, and 50% for the
5, 10, and 20 wt% RLP hydrogels, respectively. In comparison,
the 10 wt% PEG-based hydrogel control (Figure 7D) displayed a
lower instant strain deformation followed by a sharper increase
of strain over 20 min at constant applied shear stress. Moreover,
minimal strain recovery was observed upon the removal of the
applied shear stress, with only small strain recovery (15%) over
the following 20 min. Generally speaking, the RLP and PEG
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relaxation behavior was fitted to an exponential equation:

o(t) = 0o + A*exp ( — tk), where o, is the offset shear stress, A is the
decay amplitude and « is the relaxation rate. Error bars represent the
standard deviation of three measurements.
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FIGURE 7 | Representative creep behavior for RLP and PEG
hydrogels. Samples were subjected to applied constant shear stresses
for 20min followed by removing the applied shear stresses and
monitoring strain change over another 20min. (A) 5 wt% RLP at
constant shear stress 100 Pa(red), 200 Pa(blue), and 500 Pal(green);

(B) 10 wt% RLP at constant shear stress 500 Pa(red), 1000 Pa(blue),
and 2000 Pa(green); (C) 20 wt% RLP at constant shear stress 1000
Pa(red), 2000 Pa(blue), and 4000 Pa(green) and (D) 10 wt% 4-arm
PEG cross-linked hydrogels at constant shear stress 500 Pa(red), 1000
Pa(blue), and 2000 Pa(green).
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hydrogels exhibited creep behavior typical of viscoelastic mate-
rials, although show distinct differences in immediate and total
strain recovery (Figure8 and Table S2). The highly dynamic
behavior of the flexible RLP chains is reported to be derived
from hydrogen bond exchange, charge interactions, and the high
polarity of the side chains; the elastomeric properties of the RLP-
based materials here is consistent with this behavior.(Kappiyoor
etal.,, 2011) The applied shear stresses (50-4000 Pa) in our exper-
iments, selected for deformation of the RLP-based hydrogels to
physiologically relevant strains, are significantly lower than those
applied (30 KPa—0.8 MPa) in the characterization of elastin-like
polypeptide- (ELP) and silk-elastin like polypeptide(SELP)-based
biomaterials (McPherson et al., 1992; Wu et al., 2008; Qiu et al.,
2009, 2010; Teng et al., 2009), owing to the fact that the RLP-
based hydrogels are more soft and extensible than the previously
reported materials.

UNIAXIAL TENSILE TESTING

Repeated loading and unloading strain cycles in standard tensile
testing format were employed to probe the deformation response,
analyze hysteresis, determine the longitudinal elasticity, and cal-
culate the resilience of hydrated RLP-based hydrogels comprising
polypeptide sequences and numbers of cycles that are distinct
from those of our previous reports. Twenty wt% RLP hydrogel
films were the only samples employed in the uniaxial tensile test-
ing experiments due to practical limitations in the handling of
the softer RLP and PEG hydrogels; representative data from these
experiments are shown in Figure 9.

For each sample, three consecutive loading and unloading
cycles were applied at each strain, first to 30% (three cycles), then
to 60% (three cycles), and then to 100% strain (three cycles);
only the third cycles at each strain are shown in Figure 9A for
simplicity. Resilience values were calculated by dividing the area
under the unloading curves by the area under the loading curves
at each cycle. The overlap of the stress-strain curves during load-
ing and unloading confirms the negligible hysteresis of these RLP

hydrogels, indicating their reversible recovery and excellent elas-
ticity even up to 100% strain over many types of compositions
(Elvin et al., 2005; Charati et al., 2009; Lyons et al., 2009; Li et al.,
2011; Qin et al., 2011). A non-linear dependence of stress with
applied strain is observed, similar to previously reported data
for both human vocal ligament and the vocal fold cover (Min
et al., 1995; Zhang et al., 2006; Chan et al., 2007). Ten consecu-
tive loading and unloading cycles were conducted to 100% strain;
only the first and the 10th cycle are plotted for comparison in
Figure 9B. The two stress-strain curves overlap almost perfectly
with resilience values approaching 95%, indicating the excellent
recovery and fatigue resistance of the RLP hydrogel films, con-
firming the elastic storage and release of the energy introduced
during the repeated extension process, and demonstrating that
negligible energy was dissipated as heat during the deformation.

For the stress relaxation experiment, RLP hydrogels were
stretched to 15, 30, 60 and 100% strain at a 5 mm/min strain rate.
The length of the sample remained constant while the stress was
monitored as a function of time; representative data are shown
in Figure 9C. The stress increased rapidly once the strain was
applied to the hydrogels, indicating instantaneous deformation,
as in the oscillatory experiments. Essentially negligible stress-
relaxation, consistent with the behavior of an ideal rubber, was
observed for 20 wt% RLP hydrogels at the various strains tested,
in sharp contrast to the significant stress relaxation observed for
previously reported ELP-based hydrogels and GB1-RLP proteins,
(Wu et al., 2008; Teng et al., 2009; Lv et al., 2010). The significant
stress relaxation in the latter materials results from irreversible
unfolding of the protein chains with applied stress, suggesting
the absence of such folding/unfolding in the cross-linked RLP
hydrogels (Lv et al., 2010).

Strain-to-break experiments on these RLP hydrogels were also
conducted to determine the longitudinal elasticity and Young’s
modulus. As shown in Figure 9D, hydrated RLP films show an
average extension-to-break value of approximately 190% with
an average Young’s modulus value of approximately 30 kPa. The
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RLP-based hydrogels exhibited linear stress-strain behavior at low
strain (0-15%) and non-linear behavior at high strain, similar to
the tensile behavior observed for human vocal ligaments, (Min
et al., 1995; Kutty and Webb, 2009a).

A detailed summary of the results from the tensile testing,
including resilience values, Young’s modulus, and average strain-
to-break values, is provided in Table S3. The average strain-to-
break values (190 £ 20%) for the RLP hydrogel (cross-linking
efficiency of ca. 40% and water content of ca. 80%), are consistent
with the properties reported for natural resilin and other recom-
binantly synthesized RLPs characterized under similar strain rates
(Weis-Fogh, 1960; Elvin et al., 2005; Wu et al., 2008; Charati
et al., 2009; Lyons et al., 2009; Lv et al., 2010; Li et al., 2011,
2013; Qin et al., 2011; Renner et al., 2012; McGann et al., 2013).
The Young’s modulus of the RLP-based hydrogel films is approxi-
mately 30 kPa, which compares favorably to those of human vocal
fold tissues (20—40kPa) and other RLPs (25.5kPa). The RLP-
based hydrogels displayed high resilience values ranging exceed-
ing 95% over repeated strain cycles, which also is consistent with
natural resilin and previously reported resilin-based polypep-
tides, and improved over available data reported for ELP-based
hydrogels (Daamen et al., 2007; Wu et al., 2008; Krishna et al.,

2012). Slight hysteresis between the first and subsequent cycles is
often observed, and is likely due to stabilization of load-induced
changes in microstructure, such as the dissociation of entangle-
ments, after initial stretching (Nagapudi et al., 2005; Wu et al,,
2008). The heterogeneity in the strain-to-break values might arise
from sample specific local defects, micro-cracks, sample grip-
ping, loading, and variations of sample thickness. The hydrated
RLP hydrogels exhibited improved elastomeric properties over
those for the hydrogels formed in situ in the oscillatory rheology
experiments; this is probably due to the fact that water behaves
as a lubricant for the RLP polymer networks by enhancing the
exchange of hydrogen bonds and reducing charge interactions
between polar amino acid side chains thus increasing chain flex-
ibility. These dynamic features of the polypeptide chain promote
conformational changes that further dissipate the energy input,
lowering the stiffness and providing a higher resistance to frac-
ture (Gosline et al., 2002; Nairn et al., 2008; Woody, 2009;
Kappiyoor et al., 2011; Truong et al., 2011). Taken together, the
outstanding elastomeric mechanical properties of the RLP hydro-
gels, under various loading conditions, recommend the potential
use of RLP-based hydrogels for vocal fold tissue regeneration
applications.
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CONCLUSIONS

Given the excellent mechanical properties of naturally occurring
resilin, recombinant RLPs have been designed and studied for
vocal fold tissue engineering applications. This modular RLP
allows efficient gelation upon mixing with the cross-linker THP,
and exhibits mechanical stability and extensibility. Facile tun-
ing of mechanical properties (e.g., storage modulus) can be
achieved by changing the RLP concentrations of hydrogels.
In situ oscillatory shear stress relaxation experiments illus-
trated that RLP-based hydrogels showed substantially improved
energy storage over that observed for PEG-based hydrogels.
Similarly, oscillatory creep experiments demonstrated that RLP-
based hydrogels exhibited larger deformation and subsequently
more strain recovery compared to those of PEG-based hydrogels.
Uniaxial tensile testing showed negligible hysteresis, reversible
elasticity, and superior resilience (up to 98%) of hydrated
RLP hydrogels, with Young’s modulus values comparing favor-
ably with those previously reported for resilin and mimick-
ing the tensile properties of the vocal fold ligament at low
strain. Together, the data presented here highlight the rele-
vance of the dynamic mechanical properties of these RLP-based
materials, which are highly comparable to those of targeted
vocal fold tissue, and illustrate the opportunities for cre-
ating scaffolds of unique applicability to vocal fold tissue
engineering.
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Figure S1 | Dynamic oscillatory shear storage moduli of RLP hydrogels at
5, 10, and 20 wt% concentrations. Oscillatory time sweeps were
conducted for 2 h at 37°C at a frequency of 6rad/s and at 1% strain.

Table S1| Summary of average shear stress and normalized decrease in
shear stress at t = 0, 100, 600 s with constant strain at € = 15, 45, and 90%
amplitude for 5, 10, 20 wt% RLP and 10 wt% 4-arm PEG hydrogel
compositions. Errors reported are the standard deviation from a minimum
of four measurements.

Table S2 | Summary of average strain deformation and normalized strain
recovery upon release of applied shear stress. Average strains (@ t =
0min and 20 min) upon deformation with applied shear stress ranging
from 50 to 4000 Pa were calculated from the data of multiple samples.
Normalized percentages of strain recovery after 20 min (immediate
recovery) and 40 min (total recovery) were calculated for 5, 10, 20 wt%
RLP and 10 wt% 4-arm PEG hydrogel compositions. Errors are reported
as the standard deviation from a minimum of four measurements.

Table S3 | Summary of general properties and resilience values for 20 wt%
RLP hydrogels.
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The key structural and signaling roles
of collagen in the extracellular matrix
(ECM) make it an attractive biomaterial
for tissue engineering, but there are lim-
itations in the standardization and purity
of natural collagen sources currently avail-
able for such applications (Ruggiero and
Koch, 2008; Werkmeister and Ramshaw,
2012). Significant effort has been made
to produce human collagen in recombi-
nant systems, such as yeast, insect cells and
plants (Ruggiero et al., 2000; Myllyharju,
2009). However, the requirement for post-
translational proline hydroxylation has
proven to be a significant obstacle in
achieving large scale production. Recent
findings of collagen-like proteins in bacte-
ria suggest these may represent alternative
biosynthetic collagen materials which may
complement current sources.

Over the past 10 years, collagen-like
proteins have been identified from numer-
ous bacterial genomes database based
on the signature (Gly-Xaa-Yaa), repeat-
ing amino acid sequence characteristic
of the collagen triple-helix (Rasmussen
et al., 2003; Yu et al., 2014). Some of
these collagen-like molecules may func-
tion as virulence factors by bacteria to
evade the immune system of higher ani-
mals or to interact with surface recep-
tors or with other ECM molecules nec-
essary to promote host cell invasion
(Humtsoe et al., 2005). More than 100
putative collagen-like proteins have been
identified in bacterial genomes, of which
eight have been recombinantly expressed
in Escherichia coli (see Yu et al., 2014
for review). All eight expressed bacterial

collagens were shown to form stable
triple-helices with Ty,~35-39°C. E. coli
and most bacteria lack prolyl hydroxy-
lase, so this high stability is attained in
the absence of hydroxyproline (Hyp), a
post-translationally modified amino acid
known to be critical to the thermal stabil-
ity of mammalian collagens. Initial interest
in bacterial collagen-like proteins focused
on their roles in pathogenesis. However,
recent work has focused on one specific
bacterial collagen protein, designated Scl2,
to demonstrate the utility of recombinant
bacterial collagen as a tool for defining
collagen sequence/structure/function rela-
tionships and for establishing a class of
novel collagen-based biomaterials.

The gram  positive  bacterium
Streptococcus ~ pyogenes  contains  two
collagen-like proteins, Scll and Scl2, which
have been well characterized in terms
of structure and functional properties
(Lukomski et al., 2001; Xu et al., 2002;
Mohs et al., 2007; Caswell et al., 2008).
The Scl2 protein includes an N-terminal
globular trimerization domain adjacent
to a (Gly-Xaa-Yaa)79 core collagen-like
domain. It has been possible to generate
constructs in a recombinant E. coli system
with various sequence modifications of
Scl2 and to establish large scale production
methods. Based on recent progress, we
suggest that the Scl2 recombinant bacterial
collagen system has advantages compared
to recombinant human collagen strategies
for large scale production and biomedical
applications, and may serve as a proto-
type for engineering novel collagen-based
biomaterials.

STABLE TRIPLE HELICAL PROTEIN
WITHOUT HYDROXYPROLINE

The recombinant Scl2 protein and its
modified variants are able to form a
triple helix with stability similar to that
of mammalian collagens (T, ~37°C) even
though there is no Pro hydroxylation.
In animal collagens, Pro residues in
the Y positions of the repeating Gly-X-
Y sequence are hydroxylated to Hyp, and
this hydroxylation is required to stabi-
lize the triple-helix: Tp, of hydroxylated
collagen = 37°C, while Ty of unhy-
droxylated collagen = 26°C (Berg and
Prockop, 1973; Jimenez et al., 1973). The
bacterial collagen appears to compensate
for the absence of Hyp with electro-
static interactions (Mohs et al., 2007). In
yeast, plants, and other expression sys-
tems for human collagens, the genes for
the alpha and beta subunits of human
prolyl hydroxylase (P4H) must be intro-
duced to form stable collagen molecules
(Ruggiero et al., 2000; Myllyharju, 2009;
Xu et al., 2011; Shoseyov et al., 2014).
However, P4H activity and hydroxylation
levels are highly dependent on expression
conditions, such as the gene copy ratio of
collagen to hydroxylase, concentration of
cofactors, induction time, and sequence
(Chan et al.,, 2012), so generating opti-
mal hydroxylation to model native human
collagen has been challenging in systems
with inserted P4H genes and even in
mammalian cell expression systems. The
bacterial collagen-like proteins are highly
compatible with expression in E. coli, and
the lack of requirement for any post-
translational modifications presents the
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potential for producing large quantities of
recombinant stable triple-helical proteins
for biomaterials applications.

MIX AND MATCH FUNCTIONAL
MODULAR UNITS

In addition to production advantages, the
ability to express the collagen-like pro-
tein in E. coli allows easy manipulation
of the sequence to enhance biomaterial
properties. Insertion of known human col-
lagen binding sites within Scl2 presents
the possibility of designing collagen-like
materials with defined biological proper-
ties. The native human collagen sequence
contains more than 40 binding sites which
interact with other biologically functional
molecules, including cell receptors, other
ECM proteins and collagenases (MMPs)
(Kadler, 1994). Examination of the Scl2
recombinant protein suggests that this
particular bacterial collagen-like protein
lacks any known biologically active sites,
making it a convenient blank slate for
the introduction of human collagen lig-
and binding sites (Caswell et al., 2008;
Cosgriff-Hernandez et al., 2010). Various
human-derived collagen short amino acid
sequences (2—6 triplets) with identified
bioactive sites have been inserted into
the Scl2 collagen-like domain, including
sites for binding integrin a2f1 (Seo et al,,
2010), fibronectin (An et al., 2014), hep-
arin (Peng et al., 2013), and MMPs (Yu
et al., 2012). The inserted sequences have
conferred the expected biological activi-
ties on the Scl2 protein based on in vitro
binding, cleavage, and cell culture assays.
The Scl2 sequence will apparently fold
the short human collagen insert into a
triple helix, while the correctly folded
human collagen sequence imparts the
corresponding biological function to the
chimeric protein. The introduction of
the integrin and fibronectin binding sites
promoted the growth of different types
of mammalian cells in vitro, while Scl2
molecules with MMP cleavage sites show
enzyme cleavage at the native position.
More collagen bioactive sites are being
identified each year primarily through
synthetic collagen mimetic Toolkit pep-
tides (Farndale et al., 2008), providing an
increasing pool of candidates for a recom-
binant chimeric bacteria-human library
with human collagen functions. Such a
recombinant library is particularly useful

for applying a synthetic biology “plug and
play” concept to future biomaterial designs
(Figure 1). Only those collagen biological
functions that are required for a particu-
lar application will be selected and incor-
porated into a final product, leading to
precise tuning for each application.

MOLECULAR AND HIGHER ORDER
STRUCTURE
With recombinant DNA technologies, it
has been possible to manipulate the Scl2
protein, studying individual fragments
of the triple-helix (Yu et al., 2011) or
duplicating the entire triple-helix portion
(Yoshizumi et al., 2009), while maintain-
ing secondary structure and stability. Scl2
is a homotrimer, serving as a model for
homotrimeric collagens such as type II
collagen in cartilage. To better mimic het-
erotrimeric collagens such as the domi-
nant type I collagen in bone and tendon
or type IV collagen in basement mem-
brane, it may be possible to replace the
natural trimerization V domain with a
heterotrimic coiled coil (Nautiyal et al.,
1995) or an electrostatic interaction chain
selection mechanism (Jalan et al., 2013).
While facile manipulation of the Scl2
protein can optimize molecular and bio-
logical properties, successful biomaterial
applications will require optimization
of material properties as well. The most
abundant animal collagens self-associate
into characteristic periodic cross-linked
fibrils, which provide the mechanical
properties for tissues and biomaterials.
Thus far, Scl2 exhibits limited ability to
form fibrillar structures (Yoshizumi et al.,
2009). The Scl2 triple-helix is only about
1/5 of the length of the human fibrillar
collagen triple-helix, and it is possible
that increasing its length will promote
self-association. The E. coli system usu-
ally has an upper threshold for the size of
the recombinant protein it can produce,
but it may be possible to transfer the Scl2
expression system into yeast or insect cells
to further increase its chain length. Crystal
structures on small collagen model pep-
tides and studies on recombinant tobacco
type I collagen suggest Hyp may be essen-
tial for collagen fibril formation (Kramer
et al., 2000; Perret et al., 2001). Thus, it
may be necessary to introduce P4H genes
into the bacterial system in order to induce
fibril formation, even though the Hyp is

not necessary to form the stable triple-
helix. Alternative approaches to attaining
an optimal self-supporting material from
Scl2 include chemical modifications such
as glutaraldehyde vapor or I-ethyl-3-
(3-dimethylaminopropyl)carbodiimide
or crosslinking by poly(ethylene glycol)
diacrylate to form interchain networks
(Cosgriff-Hernandez et al., 2010; Peng
et al.,, 2010). Chemical modifications
are simple and effective, but the level of
crosslinking maybe difficult to control,
especially in large 3D scaffolds, and a high
degree of cross-linking may limit acces-
sibility to biologically active sites within
the collagen material. Another strategy
recently reported involved non-covalent
binding of Scl2 constructs with fibronectin
and integrin interaction sites to solid silk
protein material, generating porous silk
scaffolds with improved support of cell
growth (An et al., 2013) (Figure 1).

PURIFICATION, SCALABILITY, AND
PROJECTED COST

Animal extracted collagens are produced
in large quantity and are generally inex-
pensive. However, difficulties in devel-
oping standardized preparations of these
collagens and in producing minor types
of collagens that are free of collagen I
and biological contaminants are major
limitations. Potential infectious and aller-
gic risks of animal collagen products are
also a concern. The recombinant bac-
terial collagens have attached tags, such
as His-tag and Strep II tags to simplify
standardized chromatographic purifica-
tion. A high-throughput batch purifica-
tion methodology for Scl2 has also been
developed (Peng et al., 2014). Native triple
helical sequences are resistant to digestion
by non-specific enzymes such as trypsin
and chymotrypsin, and trypsin treatment
of acidified cell lysate resulted in purified
triple helical bacterial collagen. Enzymatic
digestion during the purification process
ensures the final product will be free of
non-triple helical contaminants, which is
important for quality control for indus-
trial production. Recombinant expression
of proteins in E. coli is a mature indus-
trial process with excellent scalability. This
has already been demonstrated for Scl2
production (Peng et al., 2012) with an
average yield of 0.2-0.3 g/L of purified col-
lagen protein in traditional shaking flask
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FIGURE 1 | Schematic diagram of recombinant bacterial collagen production method and material fabrication strategies. hCol, human collagen; bCol,

culture and up to 9.5¢g/L in high density
fed-batch culture. With the ease of gen-
erating different Scl2 constructs through
molecular cloning, the overall resource
cost for producing this highly tunable
bacterial collagen material will likely be
lower than recombinant collagen obtained
from mammalian cell or even transgenic
systems.

TOWARD /N VIVO APPLICATIONS

Translational science remains a less
explored area for recombinant collagens.
Recombinant human collagens obtained
from systems with high scalability, such
as Pichia and Nicotiana, have been for-
mulated into hydrogels and explored for
their potential as artificial cornea (Merrett
et al., 2008) and wound dressings (Shilo
et al., 2013), respectively. In terms of bac-
terial collagen, Scl2 has been shown to
be non-immunogenic, non-cytotoxic and
non-thrombogenic (Peng et al., 2010).

Recently, poly(ethylene glycol) crosslinked
bioactive Scl2 hydrogels have been rein-
forced with an electrospun polyurethane
mesh to achieve suitable biomechanical
property for vascular grafts (Browning
et al, 2012). The rate of cell migra-
tion is tunable through altering protein
concentration in the material. Further
investigation, especially the degradation
and turnover time of Scl2 material in vivo
is needed to evaluate its suitability as
medical implants.

CRITICAL PROPERTIES FOR A
SUCCESSFUL COLLAGEN PRODUCTION
STRATEGY

Figure 1 illustrates the current production
method and material fabrication strate-
gies for recombinant bacterial collagen
Scl2. Large amounts of bioactive collagen
molecules can be produced with simple
gene manipulation, large scale produc-
tion and high throughput purification.

Functional collagen proteins could then be
cross-linked into hydrogels or used as coat-
ing on other solid materials. Conditions
and sequence manipulations which would
trigger Scl2 self-assembly into large fibers
are currently under investigation. Such
fabricated materials could lead to the ulti-
mate goal of designing and developing
artificial extracellular matrices, an objec-
tive important for tissue engineering as
well as biomedical fields. With its high
tunability and scalability accompanied by
low complexity and cost, we believe the
Scl2 recombinant bacterial collagen sys-
tem has clear advantages which could not
only circumvent the difficulties seen for
recombinant human collagens, but also
open up a brand new pathway for collagen
production.

LONG TERM PROSPECTS
Extracted bovine collagen is likely
to remain a staple for biomaterial
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construction due to its low cost and use-
ful material properties, but challenges in
standardization and concerns for biobur-
dens, as well as a desire to modify collagen
sequence and function, will lead to contin-
ued interest in research and applications
with recombinant collagens. As described
here for the specific Scl2 protein from
S pyogenes, bacterial collagens repre-
sent a biosynthetic ground up approach,
where a triple-helical non-animal collagen
molecule with no specific bioactivity can
be designed to include desired interac-
tions and regulated degradation. Although
research has focused on Scl2, the approach
could be extended to other collagen-like
proteins from bacteria and viruses, which
may bring new properties and variations
useful for biomaterials. Fundamental stud-
ies on Scl2 and other bacterial collagens
will continue to elucidate basic features
of collagen, with a focus on chemistry,
sequence, biological activity, and self-
assembly. The success of the bacterial
collagen approach toward biomaterial
applications will depend on developing
the capacity to generate biomaterials with
desirable biomechanical properties useful
for in vivo applications.
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Three-layer microfibrous peripheral nerve guide conduit
composed of elastin-laminin mimetic artificial protein and
poly(L-lactic acid)
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We developed a microfibrous poly(l-lactic acid) (PLLA) nerve conduit with a three-layered
structure to simultaneously enhance nerve regeneration and prevent adhesion of
surrounding tissue. The inner layer was composed of PLLA microfiber containing
25% elastin-laminin mimetic protein (AG73-(VPGIG)3g) that promotes neurite outgrowth.
The thickest middle layer was constructed of pure PLLA microfibers that impart
the large mechanical strength to the conduit. A 10% poly(ethylene glycol) was
added to the outer layer to prevent the adhesion with the surrounding tissue.
The AG73-(VPGIG)3g compositing of an elastin-like repetitive sequence (VPGIG)3g
and a laminin-derived sequence (RKRLQVQLSIRT: AG73) was biosynthesized using
Escherichia coli. The PLLA microfibrous conduits were fabricated using an electrospinning
procedure. AG73-(VPGIG)3g was successfully mixed in the PLLA microfibers, and
the PLLA/AG73-(VPGIG)39 microfibers were stable under physiological conditions. The
PLLA/AG73-(VPGIG)39 microfibers enhanced adhesion and neurite outgrowth of PC12
cells. The electrospun microfibrous conduit with a three-layered structure was implanted
for bridging a 2.0-cm gap in the tibial nerve of a rabbit. Two months after implantation,
no adhesion of surrounding tissue was observed, and the action potential was slightly
improved in the nerve conduit with the PLLA/AG73-(VPGIG)3p inner layer.

Keywords: poly(L-lactic acid), elastin-laminin mimetic protein, electrospun microfiber, nerve conduit, tissue

adhesion prevention

INTRODUCTION
Traumatic nerve injuries in which direct suturing of the proximal
and distal stumps is difficult due to the long nerve gap are gen-
erally treated with nerve autografts. However, autologous nerve
grafting has several disadvantages, such as size mismatch and per-
manent loss of donor function due to the extraction of normal
nerve. As an alternative, artificial nerve conduits have become
widely accepted for bridging gaps between nerve stumps (Ichihara
etal., 2008; Lohmeyer et al., 2009; Sieminow and Brzezicki, 2009).
Artificial nerve conduits constructed of numerous polymeric
materials such as silicone (Lundborg et al., 1982), collagen
(Archibald et al., 1995), chitosan (Freier et al., 2005; Ao et al.,
2006), hyaluronic acid (Wang et al., 1998), poly(caprolactone)
(PCL), poly(glycolic acid) (PGA), and poly(lactic acid) (PLA)
(Nakamura et al.,, 2004; Yoshitani et al., 2007) have been
investigated. Recently, an artificial nerve conduit composed of
poly(lactic-co-glycolic acid) (PLGA) mesh filled with animal-
derived collagen has been put into clinical use and has shown
good performance (Nakamura et al., 2004). PLGA is hydrolyzed
and metabolized in vivo, and thus the PLGA conduit is absorbed
during nerve regeneration over the course of several months
(Mainil-Varlet et al., 1996). Because PLGA does not possess
any biological activity, collagen is used for promoting nerve

regeneration. Collagen is a major component of the basement
membrane of nerve tissue and plays a key role in the recon-
struction of the axon network by Schwann cells (Thomas, 1964;
Chernousov et al., 2008). Although collagen strongly enhances
nerve regeneration, animal-derived materials raise concerns
about viral infection and immune responses (Lynn et al., 2004).
The mesh structure of this conduit is effective for inhibiting
the intrusion of surrounding connective tissues and for allowing
the permeation of liquid factors and small molecules. However,
the mesh structure promotes adherence with surrounding tissues
and can cause painful traction neuropathies (Smit et al., 2004).
Hence, the ideal conduits for promoting nerve regeneration and
preventing tissue adhesion would not include animal-derived
materials.

To avoid the use of animal-derived materials, short peptide
sequences isolated from extracellular matrix proteins can be used,
because they show biological activity equal to that of full-length
proteins. For example, the RGD sequence of fibronectin provides
excellent cell adhesive properties (Hersel et al., 2003). Focusing
on nerve regeneration, the IKVAV (Tashiro et al., 1989), YIGSR
(Iwamoto et al., 1987), and RKRLQVQLSIRT (AG73) (Nomizu
et al,, 1996) sequences derived from laminin have been well
studied in the activation of neural cells. These small peptides are
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easily synthesized chemically or biologically and are useful for
imparting nerve regenerative activity to polymeric materials (Rao
and Winter, 2009; Kakinoki and Yamaoka, 2010). Suzuki et al.
prepared IKVAV- or YIGSR-immobilized tendon chitosan tubes
and demonstrated the efficacy of peptide immobilization for
assisting nerve regeneration in a rat model of nerve injury (Suzuki
et al., 2003a). Previously, we reported that poly(L-lactic acid)
(PLLA) nerve conduits modified with laminin-derived AG73 pep-
tides and a polyethylene glycol (PEG)-containing outer layer
are effective for preventing the adhesion of surrounding tissue
(Kakinoki et al., 2011). The AG73 peptide was immobilized onto
PLLA microfibers using oligo(D-lactic acid) (ODLA)-AG73 con-
jugates. The microfibers were fabricated by electrospinning of
a mixed solution containing PLLA and the ODLA-AG73 con-
jugate, resulting in stable immobilization of the AG73 peptide
via stereocomplex formation between the PLLA and the ODLA.
Regeneration of functional nerve tissue was observed in AG73-
immobilized microfibrous nerve conduit in the rat model of
nerve injury, but it required a long period of time, approximately
6 months. Thus, the efficiency of AG73-immobilized microfibers
is insufficient for nerve regeneration. We speculated that the effi-
cacy of AG73 immobilization was decreased immediately after
implantation by release of the low-molecular weight PDLA-AG73
conjugates from the microfibers in vivo.

To fabricate a more effective biological material for nerve
regeneration, we designed and biosynthesized a high molec-
ular weight elastin-laminin mimetic protein. The basement
membrane of nerve tissue is primarily constructed with col-
lagen, laminin, and elastin (Rutka et al., 1988). These pro-
teins cooperatively support the process of nerve regeneration.
Specifically, collagen and laminin function in axon exten-
sion, and elastin provides elasticity for the tissue structure
(Toyota et al., 1990). We previously biosynthesized an elastin-
laminin mimetic protein and used it for the functionalization
of PLLA scaffolds (Kakinoki and Yamaoka, 2014). This protein
is composed of 30 repeats of an elastin-like VPGIG repeti-
tive sequence and a laminin-derived AG73 sequence (AG73-
(VPGIG)30). AG73-(VPGIG)3p showed temperature-dependent
coacervation in phosphate buffered saline (PBS) solution at
approximately 14°C. Because the AG73-(VPGIG)3y was insolu-
ble at body temperature, this protein was expected to serve as a
suitable scaffold for nerve regeneration. Our results showed that
the adhesion and neurite outgrowth of PC12 cells were enhanced
on the AG73-(VPGIG)3 adsorbed PLLA films in vitro.

In this study, we prepared PLLA microfibrous nerve conduit
with a three-layered structure that promoted nerve regenera-
tion and prevented tissue adhesion. The therapeutic efficacy of
peripheral nerve regeneration was evaluated using a rabbit model
of nerve injury. Microfibrous conduits composed of a PLLA,
PLLA/AG73, or PLLA/AG73-(VPGIG)3( inner layer, a PLLA mid-
dle layer, and a PLLA/PEG outer layer were fabricated using an
electrospinning procedure. Adhesion and neurite outgrowth of
PC12 cells on PLLA microfibers containing AG73-(VPGIG)3g
were studied in vitro. Nerve autografts and microfibrous conduits
were implanted in rabbits to bridge a 2-cm tibial nerve gap. Two
months after implantation, nerve regeneration was evaluated by
electrophysiological measurements.

MATERIALS AND METHODS

EXPRESSION AND PURIFICATION OF THE ELASTIN-LAMININ MIMETIC

PROTEIN

The elastin-laminin mimetic protein (AG73-(VPGIG)3p) was
expressed by Escherichia coli BL21(DE3)pLysS (Life Technologies
Corporation, Carlsbad, CA, USA) that had been transformed
with the pET28(+) vector (Merck KGaA, Darmstadt, Germany)
encoding AG73-(VPGIG)3¢, as described previously (Kakinoki
and Yamaoka, 2014). AG73-(VPGIG)3¢ expression was auto-
matically induced using an Overnight Express™ Autoinduction
System (Merck KGaA). Briefly, E. coli cells were incubated in
2 x YT medium supplemented with 34 jLg/mL of kanamycin and
the reagents of the Overnight Express™ Autoinduction System
at 30°C for 24h. E. coli was harvested by centrifugation at
3500 x g at 4°C for 15 min. Bacterial pellets were resuspended
in lysis solution (8 M urea) and frozen at —80°C. After thaw-
ing, bacteria were disrupted by sonication on ice. Insoluble
debris was removed by centrifugation at 10,000 x g at 4°C for
15min, and the supernatant was purified on a His-tag affinity
column (COSMOGEL His-Accept, Nacalai Tesque, Kyoto, Japan).

(kDa)
97.2
66.4

45.0

29.0

20.1

14.3

FIGURE 1 | Silver staining of the gel after SDS-PAGE of purified
AG73-(VPGIG)3p.
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Following dialysis (MwCo = 10,000 Da) in deionized water at
4°C, purified AG73-(VPGIG)3p was obtained by lyophilization.
The purity of the AG73-(VPGIG)3y was confirmed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis with silver staining.

FABRICATION OF PLLA/AG73-(VPGIG)3p NON-WOVEN MICROFIBERS

A PLLA/AG73-(VPGIG)3¢ solution with a concentration of
20w% was prepared by dissolving PLLA (Mw: 106,000, Mn:
60,000, Mw/Mn: 1.77) (Musashino Chemical Laboratory, Inc.,
Tokyo, Japan) and AG73-(VPGIG)3p in hexafluoroisopropanol
(HFIP) at a weight ratio of 4:1. This solution was electrospun
using a plastic syringe equipped with a stainless steel needle
(length = 15.0 mm, diameter = 20 G) at a constant feed rate
of 4mL/h. An aluminum plate was used as a target and the
distance between the target and the needle tip was 100 mm. The
solution was electrospun at a high voltage (15kV) for 5min.
Non-woven PLLA/AG73-(VPGIG)3o microfibers were collected
and cut for subsequent experiments. Non-woven PLLA and
PLLA/AG73 microfibers were prepared using a similar procedure.
The concentration of the AG73 peptide (Purity > 82.6%; Sigma-
Aldrich, Inc.) in the PLLA/AG73 solution was adjusted to the
same molarity as that of the AG73-(VPGIG)3 in the non-woven
PLLA/AG73-(VPGIG)3¢ microfibers. After immersion in PBS
for 24 h at 37°C, the structure of the non-woven microfibers was
observed by scanning electron microscopy (SEM; JCM-5700,
JEOL, Tokyo, Japan).

NEURITE OUTGROWTH ASSAY

A neurite outgrowth assay was performed using rat adrenal
pheochromocytoma (PC12) cells (RIKEN BioResorce Center,
Ibaraki, Japan), which are widely used as a model for neural
stem cells. PC12 cells were maintained in Dulbecco’s modified
Eagles medium (DMEM) supplemented with 100 units/mL peni-
cillin, 100 pg/mL streptomycin (Life Technologies Corporation,
Carlsbad, CA, USA), 10% fetal bovine serum (FBS; MP
Biomedicals, Inc., Solon, OH, USA), and 7.5% horse serum
(HS; Sigma-Aldrich, Inc., St. Louis, MO, USA). PC12 cells
were cultured in poly-D-lysine-coated cell culture dishes (Asahi
Glass Co., Ltd., Tokyo, Japan) and maintained at 37°C in a
5% CO, atmosphere. Prior to the neurite growth assay, PC12
cells were cultivated in DMEM/F12 medium (Life Technologies
Corporation, Carlsbad, CA, USA) with 100 ng/mL nerve growth
factor (NGF; Sigma-Aldrich, Inc.) for 24h on polystyrene cell
culture dishes. The medium was refreshed with normal cul-
ture medium, and cells were incubated for 30 min at 37°C in
a 5% CO, atmosphere. Cells were harvested by gentle agita-
tion and resuspended in advanced DMEM/F12 containing 5
mg/mL insulin (Life Technologies Corporation, Carlsbad, CA,
USA), 100 ng/mL NGF, 20 nM progesterone, 100 mg/mL trans-
ferrin, and 30 nM sodium selenite (Na,SeO3) (Nacalai Tesque,
Inc., Kyoto, Japan), and seeded on non-woven microfibers fixed
with Cell Crown (Scaffdex Ltd., Tampere, Finland) in 24-
well cell culture plates at a density of 2.0 x 10* cells/sample.
After 48h incubation at 37°C in a 5% CO; atmosphere,

A PLLA
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: =g
| Dia=199%0.83 (um) %
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at 37°C. Yellow arrows indicate fusion points.
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FIGURE 2 | SEM images of electrospun PLLA, PLLA/AG73, and PLLA/ AG73-(VPGIG)3p micro-fibers (A) before and (B) after immersion in PBS for 24h
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cells adherent to the non-woven fibers were fixed with 10%
formalin and stained with 4% crystal violet/methanol solu-
tion. The number of adherent cells observed in the stained
images were counted and categorized according to neurite
length.

FABRICATION OF PLLA/AG73-(VPGIG)3o MICROFIBROUS CONDUIT

We designed the electrospun microfibrous conduits with 3 layer
structure, PLLA, PLLA/AG73, or PLLA/AG73-(VPGIG)3( inner
layer, PLLA middle layer, and PLLA/polyethylene glycol (PEG)
outer layer. For fabricating conduits, a rotating stainless steel
tube (outer diameter = 2.0 mm, speed = 1500 rpm) was used
as a target. Other conditions for electrospinning were completely
same to nonwovens. First, inner layer (PLLA, PLLA/AG73, or
PLLA/AG73-(VPGIG)3) was electrospun as described previously
for 5min. Middle layer was electrospun with 20w% of PLLA
solution for 30 min. Then, the mixed solution at 20w% contain-
ing PLLA and PEG (9:1) was electrospun for 10 min as an outer
layer. The matrices mass for inner, middle, and outer layer were
adjusted to 1: 6: 2 for covering inner and outer surface of the
mechanically strong middle layer. Microfibrous conduits were cut
to length of 22 mm, and immersed in 70%-ethanol for the ster-
ilization. After drying in vacuo, conduits were used for animal
experiment.

IMPLANTATION OF MICROFIBROUS CONDUITS
Electrospun microfibrous conduits were implanted into 2.0-cm
gaps in the left tibial nerve of a total of 12 New Zealand white

rabbits (3.0-3.5 kg, male) (Oriental Yeast Co., Ltd., Tokyo, Japan).
This study was performed in accordance with the animal exper-
imental guidelines of the National Cerebral and Cardiovascular
Center Research Institute. Rabbits were anesthetized by intra-
muscular injection of 0.1 mL/kg of Selactar (Bayer Yakuhin, Ltd.,
Osaka, Japan) and anesthesia was maintained by inhalation of
3% Escain isoflurane (Mylan Inc., Canonsburg, PA, USA). Under
an operating microscope, the left tibial nerve was exposed and a
2.0-cm segment was removed. A section of microfibrous conduit
was filled with physiological saline solution and sutured with 10-0
vicryl (Ethicon, Somerville, NJ, USA) to bridge the gap between
the proximal and distal stumps. Both nerve stumps were pulled
1.0 mm inside the conduits. In addition, the removed nerve tissue
was inverted on its proximal—distal axis and implanted as an auto-
graft control. Muscle and skin were closed with 3-0 silk sutures
(Ethicon), and the rabbits were allowed to recover in a controlled
environment.

ELECTROPHYSIOLOGICAL ANALYSIS

Two months after implantation, nerve regeneration was evalu-
ated by electrophysiological analysis. Rabbits were anesthetized
in the same manner as for transplantation of the microfibrous
conduits, and the implanted site was exposed from the proximal
to the distal portions. In order to record electromyograms at the
implantation site, a pair of stimulating and recording electrodes
was attached to the proximal and distal portions, respectively.
Both electrodes were connected to an electric stimulator (SEN-
3401, Nihon Kohden, Tokyo, Japan) and a data acquisition system

PLLA/AGT3

PLLA/AGT73-(VPGIG)s,

~ -
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i e
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Number of adherent PC12 cells
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FIGURE 3 | Adhesion and neurite outgrowth of NGF-treated PC12 cells
on electrospun nanofibers. (A) Morphology of NGFtreated PC12 cells 48 h
after seeding. Yellow arrows indicate neurites. (B) The number of adherent
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PC12 cells categorized as non-neurites, short neurites (< 50 um), and long
neurites (> 50 um). * and T indicate statistically significant differences,
p < 0.05 vs. PLLA and PLLA/AG73, respectively (Student's t-test).
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(PowerLab 8/30, ADInstruments, Colorado Springs, CO, USA).
The stimulation parameters were as follows: strength = 1V,
current = 1mA, duration = 10s, pulse width = 0.1 ms.
The active potential was amplified using a PowerLab system
(ADInstruments, Burlingame, CA, USA), and recorded as the
average of 50 traces.

RESULTS AND DISCUSSION

EXPRESSION AND PURIFICATION OF ELASTIN-LAMININ MIMETIC
PROTEIN

SDS-PAGE analysis of purified AG73-(VPGIG)3p is shown in
Figure 1. A single band was observed at 17-18 kDa, which is con-
cordant with the theoretical molecular weight. Sixty milligrams
of high-purity AG73-(VPGIG)3p was successfully obtained from
1 L of culture medium. As previously reported, PBS solution con-
taining AG73-(VPGIG)3p demonstrated temperature-dependent
coacervation at 14°C, indicating that the protein is insoluble at
37°C in a physiological environment (Kakinoki and Yamaoka,
2014).

MORPHOLOGY AND STABILITY OF ELECTROSPUN NON-WOVEN
MICROFIBERS

SEM images of PLLA, PLLA/AG73, and PLLA/AG73-(VPGIG)3g
non-woven microfibers before and after PBS immersion are
shown in Figure2. The diameter of the PLLA microfibers
was approximately 2.0 um (Figure 2A). When AG73 or AG73-
(VPGIG)39 was mixed with the PLLA, the diameter of the

PLLA/PEG

PLLA

PLLA
AGT73
PLLA/AG73-(VPGIG)3,

20kV X33 500pym 0000 25 35 SEI
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P\ 20K X1,000 ) 10pm. 800026 3588 -

FIGURE 4 | Micro-fibrous nerve conduit with a three-layered structure.
(A) Whole image, (B) SEM images of cross-sections and inner and outer
layers.

microfibers decreased to approximately 1.3 and 0.9 wm, respec-
tively. The diameter of electrospun microfibers is known to be
influenced by solution viscosity and electronic charge (Huang
et al., 2003). The PLLA concentration was decreased by the addi-
tion of the AG73 and AG73-(VPGIG)3, thus decreasing the
viscosity of the solution. Furthermore, the electronic charge of
the solution should be positive because AG73 is positive due to
its Arg and Lys residues. We assumed that the diameter of the
microfibers was decreased by the changes in solution viscosity
and electronic charge with the addition of the AG73 and AG73-
(VPGIG)30. The surfaces of the PLLA/AG73 and PLLA/AG73-
(VPGIG)3p were smooth, without phase separation, suggesting
that the AG73 and AG73-(VPGIG)3y were homogeneously
mixed.

The morphology of the microfibers following immersion in
PBS for 24h is shown in Figure 2B. The shape of the PLLA
microfibers did not differ before and after immersion in PBS.
However, the morphology of PLLA/AG73 microfibers became
rough and some fusion appeared (Figure 2B; indicated with yel-
low arrows) after PBS immersion. These morphological changes
suggested that the PLLA/AG73 microfibers partially dissolved
in PBS. In contrast, the morphology of PLLA/AG73-(VPGIG)3q
microfibers did not change after PBS immersion, indicating that
the PLLA/AG73-(VPGIG)3( microfibers were stable in a physio-
logical environment.

NEURITE OUTGROWTH OF PC12 CELLS ON NON-WOVEN MICROFIBERS
The morphology and number of PC12 cells adherent on non-
woven microfibers are shown in Figure 3. On PLLA, the rate of
adherence of PC12 cells was approximately 3750/sample. Most of
the adherent cells were non-neurites, and cells with long neu-
rites were not observed. On PLLA/AG73, a similar number of
adherent cells was observed, but neurite outgrowth was slightly
enhanced in comparison to PLLA. PC12 cells have been reported
to adhere to AG73-immobilized substrates through syndecans
and the NGF pathway has been reported to be activated, result-
ing in neurite outgrowth (Suzuki et al., 2003b). Thus, AG73 must
be stably immobilized on a substrate to express its biological func-
tion. The AG73 was removed from the surface of the PLLA/AG73
microfibers in culture medium, resulting in poor enhancement of
adhesion and neurite outgrowth of PC12 cells. On PLLA/AG73-
(VPGIG)3p microfibers, the adhesion and neurite outgrowth
of PC12 cells was significantly accelerated compared to PLLA
and PLLA/AG?73. Because the hydrophobicity of the (VPGIG)3g
region renders AG73-(VPGIG)3 insoluble in PBS, it was stably
bound to the PLLA. The hydrophilic AG73 region was available
to contact PC12 cells at the outermost surface of the microfibers,
resulting in promotion of adhesion and neurite outgrowth of
PC12 cells.

NERVE REGENERATION IN THE RABBIT MODEL OF NERVE INJURY

The electrospun microfibrous conduits had a three-layered struc-
ture, including a PLLA/PEG outer layer, a PLLA middle layer,
and a PLLA, PLLA/AG73, or PLLA/ AG73-(VPGIG)3p inner
layer, as shown in Figure 4. PEG was used in the outer layer to
prevent the adhesion of surrounding tissues, because the adhe-
sion of surrounding tissues to nerves causes painful traction

www.frontiersin.org

July 2014 | Volume 2 | Article 52 | 42


http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Kakinoki et al.

Protein and poly(L:lactic acid) nerve conduit

Autograft

After
implantation

After
2 months

implantation. The proximal side is shown on the left.

FIGURE 5 | Intraoperative photographs of autograft and micro-fibrous conduits (A) immediately after implantation and (B) 2 months after
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FIGURE 6 | Active potential of healthy nerve and PLLA micro-fibrous conduits 2 months after implantation.
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Table 1 | Peak time and intensity of active potentials determined
using electrophysiological analysis.

Experimental Peak of active N Average SD
ial

group potentia 1 2 3

PLLA Time (ms) 0.21 0.19 017 0.19 0.02
Intensity (mV) 0.1 0.03 0.12 0.09 0.05

PLUVAG73 Time (ms) 0.16 0.17 0.16  0.16  0.01
Intensity (mVv) 0.28 0.13 0.08 0.16  0.10

PLUVAG73-(VPGIG)3p Time (ms) 0.17 0.15 0.14 0.15 0.02
Intensity (mV) 0.24 0.19 0.19  0.21 0.03

neuropathies (Tashiro et al., 1989). The microfibrous conduits
were approximately 500-pwm thick, and the diameter of the
PLLA/PEG microfiber outer layer was approximately 2.0 um.
Intraoperative photographs of the autografts and the microfi-
brous conduits in the rabbit tibial nerve gap were taken imme-
diately after the implantation, and are shown in Figure5. The
conduits possessed sufficient strength for suturing and main-
tained their tubular shape after implantation. Two months after
implantation, the nerve autografts were strongly adhered to the
surrounding tissue and muscle, as shown in Figure 5. In contrast,
the microfibrous conduits were easily located because the PEG
in the PLLA microfibers of the outer layer had suppressed tissue
adhesion. All conduits maintained their tubular structure during
the 2 months, due to the slow degradation of the high molecular
weight PLLA.

Reinnervation by nerve autografts or conduit implantation
was analyzed by electrophysiological detection of active potentials

(Figure 6). The action potential of healthy tibial nerve was 0.9 mV
at 0.12ms. The intensity and peak time of the action potential
are summarized in Table 1. No action potential was detected in
implanted nerve autografts, due to the abnormal adhesion of sur-
rounding tissues, but action potentials were reproducibly detected
for PLLA microfibrous conduits. In unmodified PLLA conduit,
the time and intensity of the action potential were 0.19 ms and
0.09 mV, respectively. Mixing the AG73 peptide in the inner lay-
ers lightly improved the action potential, to 0.16 mV at 0.16 ms.
The microfibrous conduit with a PLLA/AG73-(VPGIG)3( inner
layer carried an action potential of 0.15ms at 0.21 mV. This
recovery is far from functional reinnervation, but nerve regen-
eration was slightly enhanced by mixing PLLA with AG73-
(VPGIG)30, compared to PLLA and PLLA/AG73 nerve conduits
due to the stable interaction of AG73-(VPGIG)3y with PLLA
microfibers.

CONCLUSION

PLLA microfibers containing the AG73 peptide or the elastin-
laminin mimetic protein AG73-(VPGIG)3( were fabricated using
an electrospinning procedure. AG73-(VPGIG)3p was homoge-
neously mixed in PLLA microfibers, and the fibers were insolu-
ble in a physiological environment. Neurite outgrowth of PC12
cells was promoted on the PLLA/AG73-(VPGIG)3p non-woven
microfibers compared to that on the PLLA and PLLA/AG73 non-
woven microfibers. In addition, we prepared electrospun microfi-
brous conduits with a three-layered structure: a PLLA/PEG
outer layer, a PLLA middle layer, and a PLLA, PLLA/AG73,
or PLLA/AG73-(VPGIG)3 inner layer. When microfibrous con-
duits were implanted into a 2.0-cm gap in an injured rab-
bit tibial nerve, their tubular structure was maintained after
suturing. Although nerve autografts strongly adhered to the
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surrounding tissue, PLLA microfibrous conduits did not, owing
to PEG mixed in the outer layer. The active potential was slightly
improved in PLLA/AG73-(VPGIG)3¢ microfibrous conduit com-
pared to PLLA and PLLA/AG73 microfibrous conduits. However,
this recovery was insufficient to achieve functional reinnerva-
tion. Microfiber orientation has been reported to influence the
differentiation and proliferation of neural stem cell (Bashur
et al., 2006; Ghasemi-Mobarakeh et al., 2008). In this study,
the structure of the AG73-(VPGIG);o microfibers of the inner
layer was random. Alignment of the inner-layer fibers of con-
duits is expected to enhance reinnervation. The results of this
study demonstrate that the electrospun PLLA microfiber con-
duit with a PEG-mixed outer layer and an AG73-(VPGIG)3¢-
mixed inner layershows excellent potential for enhancing nerve
regeneration.

ACKNOWLEDGMENTS

This work was partially supported by a Grant-in-Aid from
the Comprehensive Research on Disability Health and Welfare
Program, the Ministry of Health, Labor and Welfare of Japan,
the S-innovation Research Program for the “Development of the
biofunctional materials for realization of innovative medicine,”
Japan Science and Technology Agent (JST), and Intramural
Research Fund of National Cerebral and Cardiovascular
Center.

REFERENCES

Ao, Q., Wang, A., Cao, W,, Zhang, L., Kong, L., He, Q., et al. (2006). Manufacture
of multimicrotubule chitosan nerve conduits with novel molds and charac-
terization in vitro. J. Biomed. Mater. Res. A 77A, 11-18. doi: 10.1002/jbm.a.
30593

Archibald, S. J., Shefner, J., Krarup, C., and Madison, R. D. (1995). Monkey median
nerve repaired by nerve graft or collagen nerve guide tube. J. Neurosci. 15,
4109-4123.

Bashur, C. A., Dahlgren, L. A., and Goldstein, A. S. (2006). Effect of fiber diam-
eter and orientation on fibroblast morphology and proliferation on electro-
spun poly(D,L-lactic-co-glycolic acid) meshes. Biomaterials 27, 5681-5688. doi:
10.1016/j.biomaterials.2006.07.005

Chernousov, M. A., Yu, W,, Chen, Z., Carey, D. J., and Strickland, S. (2008).
Regulation of schwann cell function by the extracellular matrix. GLIA 56,
1498-1507. doi: 10.1002/glia.20740

Freier, T., Montenegro, R., Koh, H. S., and Shoichet, M. S. (2005). Chitin-based
tubes for tissue engineering in the nervous system. Biomaterials 26, 4624-4632.
doi: 10.1016/j.biomaterials.2004.11.040

Ghasemi-Mobarakeh, L., Prabhakaran, M. P., Morshed, M., Nasr-Esfahani, M.-H.,
and Ramakrishna, S. (2008). Electrospun poly(e-caprolactone)/gelatin nanofi-
brous scaffolds for nerve tissue engineering. Biomaterials 29, 4532—4539. doi:
10.1016/j.biomaterials.2008.08.007

Hersel, U., Dahmen, C., and Kessler, H. (2003). RGD modified polymers: biomate-
rials for stimulated cell adhesion and beyond. Biomaterials 24, 4385-4415. doi:
10.1016/S0142-9612(03)00343-0

Huang, Z., Zhang, Y. Z., Kotaki, M., and Ramakrishna, S. (2003). A review on
polymer nanofibers by electrospinning and their applications in nanocom-
posites. Compos. Sci. Technol. 63, 2223-2253. doi: 10.1016/50266-3538(03)
00178-7

Ichihara, S., Inada, Y., and Nakamura, T. (2008). Artificial nerve tubes and
their application for repair of peripheral nerve injury: an update of current
concepts, ainjury. Injury 39(Suppl. 4), S29-S39. doi: 10.1016/j.injury.2008.
08.029

Iwamoto, Y., Robey, E. A., Graf, J., Sasaki, M., Kleinman, H. K., Yamada,
Y., et al. (1987). YIGSR, a synthetic laminin pentapeptide, inhibits experi-
mental metastasis formation. Science 238, 1132-1134. doi: 10.1126/science.29
61059

Kakinoki, S., Uchida, S., Ehashi, T., Murakami, A., and Yamaoka, T. (2011).
Surface modification of poly(L-lactic acid) nanofiber with oligo(D-Lactic acid)
bioactive-peptide conjugates for peripheral nerve regeneration. Polymers 3,
820-832. doi: 10.3390/polym3020820

Kakinoki, S., and Yamaoka, T. (2010). Stable modification of poly(lactic
acid) surface with neurite outgrowth-promoting peptides via hydrophobic
collagen-like sequence. Acta Biomater. 6, 1925-1930. doi: 10.1016/j.actbio.2009.
12.001

Kakinoki, S., and Yamaoka, T. (2014). Thermoresponsive elastin/laminin mimick-
ing artificial protein for modifying PLLA scaffolds in nerve regeneration. J. Mat.
Chem. B. doi: 10.1039/c4tb00305e

Lohmeyer, J. A., Siemers, F, Machens, H.-G., and Mailinder, P. (2009). The
clinical use of artificial nerve conduits for digital nerve repair: a prospec-
tive cohort study and literature review. J. Reconstr. Microsurg. 25, 55-61. doi:
10.1055/5-0028-1103505

Lundborg, G., Dahlin, L. B., Danielsen, N., Gelberman, R. H., Longo, F. M., Powell,
H. C, et al. (1982). Nerve regeneration in silicone chambers: influence of
gap length and of distal stump components. Exp. Neurol. 76, 361-375. doi:
10.1016/0014-4886(82)90215-1

Lynn, S. K., Yannas, I. V., and Bonfield, W. (2004). Antigenicity and immuno-
genicity of collagen. J. Biomed. Mater. Res. 71B, 343-354. doi: 10.1002/jbm.b.
30096

Mainil-Varlet, P., Gogolewski, S., and Nieuwenhuis, P. (1996). Long-term soft tis-
sue reaction to various polylactides and their in vivo degradation. J. Mater. Sci.
Mater. Med. 7, 713-721. doi: 10.1007/BF00121406

Nakamura, T., Inada, Y., Fukuda, S., Yoshitani, M., Nakada, A., Itoi, S., et al. (2004).
Experimental study on the regeneration of peripheral nerve gaps through a
polyglycolic acid-collagen (PGA-collagen) tube. Brain Res. 1027, 18-29. doi:
10.1016/j.brainres.2004.08.040

Nomizu, M., Song, S. Y., Kuratomi, Y., Tanaka, M., Kim, W. H., Kleinman, H.
K., et al. (1996). Active peptides from the carboxyl-terminal globular domain
of laminin alpha2 and Drosophila alpha chains. FEBS Lett. 396, 37—42. doi:
10.1016/0014-5793(96)01060-5

Rao, S. S., and Winter, J. O. (2009). Adhesion molecule-modified biomaterials for
neural tissue engineering. Front. Neuroeng. 2:6. doi: 10.3389/neuro.16.006.2009

Rutka, J. T., Apodaca, G., Stern, R., and Rosenblum, M. (1988). The extracellular
matrix of the central and peripheral nervous systems: structure and function.
J. Neurosurg. 69, 155-170. doi: 10.3171/jns.1988.69.2.0155

Sieminow, M., and Brzezicki, G. (2009). Current techniques and concepts in
peripheral nerve repair. Int. Rev. Neurobiol. 87, 141-172. doi: 10.1016/S0074-
7742(09)87008-6

Smit, X., van Neck, J. W., Afoke, A., and Hovius, S. E. R. (2004). Reduction of neu-
ral adhesions by biodegradable autocrosslinked hyaluronic acid gel after injury
of peripheral nerves: an experimental study. J. Neurosurg. 101, 648-652. doi:
10.3171/jns.2004.101.4.0648

Suzuki, M., Itoh, S., Yamaguchi, I., Takakuda, K., Kobayashi, H., Shinomiya, K.,
et al. (2003a). Tendon chitosan tubes covalently coupled with synthesized
laminin peptides facilitate nerve regeneration in vivo. J. Neurosci. Res. 72,
646—659. doi: 10.1002/jnr.10589

Suzuki, N., Ichikawa, N., Kasai, S., Yamada, M., Nishi, N., Morioka, H., et al.
(2003b). Syndecan binding sites in the laminin o1 chain G domain. Biochemistry
42, 12625-12633. doi: 10.1021/bi030014s

Tashiro, K., Sephel, G. C., Weeks, B., Sasaki, M., Martin, G. R., Kleinman, H. K.,
et al. (1989). A synthetic peptide containing the IKVAV sequence from the a
chain of laminin mediates cell attachment, migration, and neurite outgrowth.
J. Biol. Chem. 264, 16174-16182.

Thomas, P. K. (1964). The deposition of collagen in relation to schwann cell base-
ment membrane during peripheral nerve regeneration. J. Cell Biol. 23, 375-382.
doi: 10.1083/jcb.23.2.375

Toyota, B., Carbonetto, S., and David, S. (1990). A dual laminin/collagen recep-
tor acts in peripheral nerve regeneration. Proc. Natl. Acad. Sci. US.A. 87,
1319-1322. doi: 10.1073/pnas.87.4.1319

Wang, K.-K., Nemeth, L. R., Seckel, B. R., Chakalis-Haley, D. P., Swann, D. A., Kuo,
J.-W., et al. (1998). Hyaluronic acid enhances peripheral nerve regeneration
in vivo. Microsurgery 18, 270-275.

Yoshitani, M., Fukuda, S., Itoi, S., Morino, S., Tao, H., Nakada, A., et al. (2007).
Experimental repair of phrenic nerve using a polyglycolic acid and colla-
gen tube. J. Thorac. Cardiovasc. Surg. 133, 726-732. doi: 10.1016/j.jtcvs.2006.
08.089

www.frontiersin.org

July 2014 | Volume 2 | Article 52 | 44


http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Kakinoki et al.

Protein and poly(L:lactic acid) nerve conduit

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 19 May 2014; accepted: 26 June 2014; published online: 18 July 2014.
Citation: Kakinoki S, Nakayama M, Moritan T and Yamaoka T (2014) Three-layer
microfibrous peripheral nerve guide conduit composed of elastin-laminin mimetic
artificial protein and poly(L-lactic acid). Front. Chem. 2:52. doi: 10.3389/fchem.
2014.00052

This article was submitted to Chemical Biology, a section of the journal Frontiers in
Chemistry.

Copyright © 2014 Kakinoki, Nakayama, Moritan and Yamaoka. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | Chemical Biology

July 2014 | Volume 2 | Article 52 | 45


http://dx.doi.org/10.3389/fchem.2014.00052
http://dx.doi.org/10.3389/fchem.2014.00052
http://dx.doi.org/10.3389/fchem.2014.00052
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology/archive

frontiers in
CHEMISTRY

ORIGINAL RESEARCH ARTICLE
published: 27 May 2014
doi: 10.3389/fchem.2014.00031

=

RGD-conjugated rod-like viral nanoparticles on 2D scaffold
improve bone differentiation of mesenchymal stem cells

Pongkwan Sitasuwan’?, L. Andrew Lee'?, Kai Li®, Huong Giang Nguyen'* and Qian Wang'*

" Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, USA

2 Integrated Micro-Chromatography Systems, Columbia, SC, USA

3 Weifang Entry-Exit Inspection and Quanrantine Bureau, Weifang, Shandong, China

4 Department of Chemistry, The Institute of Catalysis for Energy Processes, Northwestern University, Evanston, IL, USA

Edited by:
Carissa M. Soto, Naval Research
Laboratory, USA

Reviewed by:

Shelli Renee McAlpine, University of
New South Wales, Australia
Remigiusz Adam Serwa, Imperial
College London, UK

*Correspondence:

Qian Wang, Department of
Chemistry and Biochemistry,
University of South Carolina, 631
Sumter Street, Columbia, SC 29208,
USA

e-mail: wang263@mailbox.sc.edu

Viral nanoparticles have uniform and well-defined nano-structures and can be produced
in large quantities. Several plant viral nanoparticles have been tested in biomedical
applications due to the lack of mammalian cell infectivity. \We are particularly interested
in using Tobacco mosaic virus (TMV), which has been demonstrated to enhance bone
tissue regeneration, as a tunable nanoscale building block for biomaterials development.
Unmodified TMV particles have been shown to accelerate osteogenic differentiation of
adult stem cells by synergistically upregulating bone morphogenetic protein 2 (BMP2)
and integrin-binding bone sialoprotein (IBSP) expression with dexamethasone. However,
their lack of affinity to mammalian cell surface resulted in low initial cell adhesion.
In this study, to increase cell binding capacity of TMV based material the chemical
functionalization of TMV with arginine-glycine-aspartic acid (RGD) peptide was explored.
An azide-derivatized RGD peptide was “clicked” to tyrosine residues on TMV outer surface
via an efficient copper(l) catalyzed azide-alkyne cycloaddition (CuUAAC) reaction. The ligand
spacing is calculated to be 2-4 nm, which could offer a polyvalent ligand clustering effect
for enhanced cell receptor signaling, further promoting the proliferation and osteogenic

differentiation of bone marrow-derived mesenchymal stem cells (BMSCs).

Keywords: viral nanoparticles, RGD peptide, click chemistry, osteogenesis, bone mesenchymal stem cells

INTRODUCTION

Plant viral nanoparticles are meta-stable, readily available,
monodisperse, and structurally uniform bionanoparticles. Such
plant-derived viral particles have gained great interest in nano-
and biomedical applications. Tobacco mosaic virus (TMV) is
among the most commonly used plant viruses, having a rod-
shape measuring 300nm in length and 18nm in diameter
(Figure 1A). The viral capsid consists of 2130 identical coat pro-
tein subunits assembled in a helical structure around the single
stranded genomic RNA. The production of TMV is cost effec-
tive and the resulting viral particles are highly uniform in size.
TMYV nanoparticles have been demonstrated as powerful build-
ing blocks that can be efficiently functionalized via both genetic
(Jiang et al., 2006; McCormick et al., 2006; Lee et al., 2012b) and
chemical (Schlick et al., 2005; Bruckman et al., 2008) modifica-
tions. Due to its identical subunits and regular structure, the same
modification occurs on each individual subunit to yield a poly-
valent and monodisperse display of ligands within a single TMV
particle.

The tripeptide arginine-glycine-aspartic acid (RGD) present
in many adhesive proteins in the extracellular matrix (ECM)
is a well-known general cell recognition motif via the cell sur-
face integrin receptors (Ruoslahti and Pierschbacher, 1987).
These proteins include fibronectin, vitronectin, osteopontin, col-
lagen, thrombospondin, fibrinogen, and von Willebrand factor
(Ruoslahti and Pierschbacher, 1987). Generally, the incorpora-
tion of RGD sequence into artificial scaffolds increases initial cell

adhesion to the scaffold and cell spreading, thus improving tis-
sue regeneration process. It has been suggested that the spacing
between RGD motifs needs to be less than 440 nm to mediate
fibroblast adhesion and spreading and less than 140 nm to medi-
ate focal adhesion assembly (Massia and Hubbell, 1991). Later, it
was discovered that the RGD cluster spacings have a threshold less
than 60 nm in order for NR6 fibroblasts to form focal adhesion
and stress fiber (Maheshwari et al., 2000). Moreover, the thresh-
old spacings are lower (closer) if there is less RGD clustering. In
other words, at the same surface RGD density, the surface with
RGD clusters present would provide greater cell adhesion strength
(Maheshwari et al., 2000). Another study illustrated that integrin-
mediated signaling requires RGD spacing of less than 58 nm
(Cavalcanti-Adam et al., 2006). A more recent study showed that
focal adhesion complexes between cell-membrane integrins and
cytoskeleton, responsible for signal transduction from external
stimuli to the cell, were formed when RGD spacing is less than
44 nm in endothelial cells (Le Saux et al., 2011). Specifically in
the case of osteogenesis, there are several studies illustrating that
the incorporation of RGD sequence into biomaterials improved
bone differentiation and regeneration (Shin et al., 2004, 2005;
Anderson etal., 2010; Peng et al., 2011; Quetal., 2011). Especially,
it was recently emphasized that a local clustering of RGD lig-
ands is more essential than global RGD density (Deeg et al., 2011;
Wang et al., 2013b). This clustering effect is believed to occur at
an integrin-binding spacing less than an integrin itself, which has
a size of 8-12 nm.

www.frontiersin.org

May 2014 | Volume 2 | Article 31 | 46


http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/about
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org/journal/10.3389/fchem.2014.00031/abstract
http://community.frontiersin.org/people/u/143486
http://community.frontiersin.org/people/u/113595
mailto:wang263@mailbox.sc.edu
http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Sitasuwan et al.

Improving bone differentiation with TMV

B
@ ;i3
259" #
30 3244
22 f 29.7
238 f
38 9! '
C
PH9.0,4°C, 2 h ! V=
. N=N
N2 \\
2130
™™V NaNO, TMV-alkyne > 2000
H,0*
Eials X 5mM CuSO;
N3;-GRGDSPG | 10 mM NaAsc
RT,1h
HN
N:p,‘ YNHZ
\_N H NH
N=N NN 77/\/\”/“ OH
N
OH < d A, H\/E 0
H N H o0 H O
o] H N N\/[(
) ﬂn OH
HO
TMV-RGD > 2000
FIGURE 1 | TMV structure and bioconjugation scheme. (A) Computer residues are washed out in gray. (B) An enlarged portion of TMV coat protein
reconstructed image showing TMV structure using PyMOL with coordinates [from the boxed area in (A)], showing possible distances (dashed red lines,
from Protein Data Bank. The single stranded RNA inside TMV particle is measured in Angstroms) among the blue Y139. (C) Scheme of the TMV
represented by the black helix. The tyrosine 139 (Y139) residues of individual bioconjugation reaction to tether RGD peptides via CUAAC reactions to
TMV coat proteins subunits are colored in blue while all other amino acid alkyne-functionalized Y139 residues.

Many viral nanoparticles have been employed to achieve
RGD-displaying clustering, such as M13 bacteriophage (Souza
et al., 2006; Rong et al.,, 2008; Merzlyak et al., 2009; Chung
et al., 2010; Wang et al., 2013a), Cowpea mosaic virus (Hovlid
et al., 2012), Turnip yellow mosaic virus (Zeng et al., 2011;
Zan et al., 2012), including genetically modified TMV with
RGD peptides (Luckanagul et al., 2012; Lee et al,, 2012a,b).
However, to guarantee a successful assembly of final mutant
TMV particles, TMV can only tolerate limited sequence diversity
and length of the genetic peptide insertion (Lee et al., 2012b).
Therefore, we explore the feasibility of TMV functionalization
with the copper catalyzed alkyne-azide cycloaddition (CuAAC)
reaction to display RGD peptides. In addition, the influence of
RGD-presenting TMV, where RGD clustering is present (RGD
spacing of 2-4nm) (Figure 1B), on the osteogenic potential
of bone marrow derived mesenchymal stem cells (BMSCs) is
investigated.

MATERIALS AND METHODS

TMV ISOLATION, BIOCONJUGATION, AND CHARACTERIZATION

TMYV was isolated and purified according to a protocol previously
reported (Kaur et al., 2010a,b). The schematic representation of
TMYV bioconjugation is shown in Figure 1C. The RGD-azide pep-
tide was synthesized using solid-phase peptide synthesis. The pep-
tides were purified with FPLC and characterized by LC/ESI mass
spectrometry. The CuAAC reaction to modify tyrosine residues
on the exterior surface of TMV is performed according to pro-
tocols established by Schlick et al. (2005) and Bruckman et al.
(2008) with slight modifications. Briefly, diazonium salt was syn-
thesized by mixing 16 parts of 0.3 M p-toluenesulfonic acid, three
parts of 0.67 M 3-aminophenylacetylene, and one part of 3M
sodium nitrite as published previously (Schlick et al., 2005). TMV
was treated with 25 molar excess of the diazonium salt generated
in situ from 3-aminophehylacetylene at 4°C in a pH 9.0 buffer
solution to form alkyne grafted TMV particle. CuAAC reaction
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was used to conjugate RGD-azide peptide to TMV particle (Wang
et al., 2003). The CuAAC reaction was done with concentration
of TMV-alkyne at 3 mg/mL and peptide-azide at 4 mg/mL in Tris
HCI buffer (10 mM, pH 7.8), in the presence of 5mM copper
(IT) sulfate and 10 mM sodium acetate. After 1h incubation at
room temperature, TMV-RGD was purified via a 10-50% sucrose
gradient from which the light scattering region was collected.
The modified virus was then pelleted using ultracentrifugation at
160,000 g for 2.5h at 4°C. The pellet was dissolved in potassium
phosphate buffer (10 mM, pH 7.4). MALDI-TOF mass spectrom-
etry was used to confirm the modifications. The integrity of
modified TMV particles was confirmed by AFM and TEM. The
virus solutions were dialyzed against water prior to substrate
coating.

PREPARATION OF VIRUS COATED SUBSTRATES

For cell culture experiments, 3-aminopropyltriethoxysilane
(APTES) coated slides (Lab Scientific Inc.) were cut into 1.5 cm?
wafers. The wafers were washed with ethanol before use. For virus
coating, each wafer was coated with 0.2 mL of 0.2 mg/mL TMV
or TMV-RGD solution diluted in water and the coated substrates
were dried overnight in a sterile biosafety cabinet. The virus cov-
erage on the wafers was characterized using tapping-mode AFM
images using a NanoScope IIIA MultiMode AFM (Veeco). Si tips
with a resonance frequency of approximately 300 kHz, a spring
constant of about 40 N m™! and a scan rate of 1.0 Hz were used.

BMSC ISOLATION AND EXPANSION

Primary BMSCs were isolated from the bone marrow of young
adult 80 g male Wister rats (Harlan Sprague Dawley, Inc.). The
procedures were performed in accordance with the guidelines for
animal experimentation by the Institutional Animal Care and Use
Committee, School of Medicine, University of South Carolina.
Cells were maintained in growth medium [DMEM supplemented
with 10% fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 pg/mL), and amphotericin B (250 ng/mL)]
and passaged no more than four times after isolation. To
induce osteogenesis, growth media was replaced with osteogenic
media consisting of DMEM supplemented with 10% FBS, peni-
cillin (100 U/mL), streptomycin (100 jLg/mL), amphotericin B
(250 ng/mL), 10 mM sodium B-glycerophosphate, L-ascorbic acid
2-phosphate (50 g/mL), and 10~® M dexamethasone. Media was
replenished every 3—4 days.

CELL PROLIFERATION

Substrates coated with TMV and TMV-RGD were seeded with
4 x 10* cells per substrate and cells were allowed to attach
overnight in growth media. The media was then replaced with
osteogenic media and cultured for 22 days. CellTiter Blue® assay
(Promega) was used to determine number of cells at 0, 2, 4, 9,
12, 16, and 22 days after osteogenic induction. Cell proliferation
was determined by normalizing CellTiter Blue fluorescence inten-
sities against initial signal intensity on day 0, which is the day of
osteogenic induction.

QUANTITATIVE REAL-TIME RT-PCR ANALYSIS (RT-qPCR)
Virus coated wafers were seeded with 4 x 10* cells per wafer
and cells were allowed to attach overnight in growth media. The

unseeded cells were used as a control to normalize the change in
gene expression. The media was replaced with osteogenic media
and cultured for 7, 14, and 21 days. The cell cultures were ter-
minated at these time points and total RNA was extracted using
RNeasy mini purification kit (Qiagen). The quality and quantity
of the extracted RNA was analyzed using Bio-Rad Experion (Bio-
Rad Laboratories) and was reverse transcribed by using qScript™
c¢DNA Supermix (Quanta Biosciences). RT-qPCR (iQ5 real-time
PCR detection system Bio-Rad Laboratories) was done by the
method described as: 60 cycles of PCR (95°C for 20's, 58°C for
15s, and 72°C for 155), after initial denaturation step of 5min
at 95°C, by using 12.5uL of iQ5 SYBR Green I Supermix, 2
pmol/pL of each forward and reverse primers and 0.5 pL cDNA
templates in a final reaction volume of 25 L. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as the house-
keeping gene. Data collection was enabled at 72°C in each cycle
and Cr (threshold cycle) values were calculated using the iQ5
optical system software version 2.1. The expression levels of dif-
ferentiated genes and undifferentiated genes were calculated using
Pfaffl’s method (M. W. Pfaffl, G. W. Horgan, and L. Dempfle,
Relative expression software tool) for group-wise comparison
and statistical analysis of relative expression results in real-time
PCR, using GAPDH as the reference gene. Quantification of gene
expression was based on the C value for each sample which was
calculated as the average of three replicate measurements for each
sample analyzed. “Pair Wise Fixed Reallocation Randomization
Test” was performed on each sample and a value of p < 0.05 was
regarded as significant. The primers used for RT-qPCR are shown
in Figure S1.

ALKALINE PHOSPHATASE ACTIVITY

After 14 days in osteogenic cultures, CellTiter Blue® assay
(Promega) was used to determine number of cells in each sample
1 h prior to cell fixation. BMSCs seeded on TMV and TMV-RGD
were fixed with 4% paraformaldehyde for 15 min at room tem-
perature. To determine alkaline phosphatase (ALP) activity, each
fixed samples were incubated in 500 wL of 1-Step p-nitrophenyl
phosphate solution (Thermo Scientific) for 15 min at room tem-
perature. Then the solution was transferred to a new microfuge
tube with 250 L of 2 N NaOH and the absorbance at 405 nm
was measured. The measured ALP activity from each sample was
normalized to the corresponding cell number.

ALIZARIN RED STAINING

To visualize calcium deposition and to confirm osteogenic differ-
entiation, fixed samples at day 14 were stained with 0.1% Alizarin
red solution (Sigma-Aldrich) pH 4.1-4.5 for 30 min in the dark.
The samples were washed with water (18.2 M2) prior to imaging.

RESULTS

The tyrosine residues (Y139) of TMV are viable for chemical
ligation using electrophilic substitution reaction at the ortho-
position of the phenol ring with diazonium salts (Schlick et al.,
2005). TMV subunits are assembled in a highly regular helical
structure, which resulted in uniform spacing between two sub-
units down to a nanometer scale. From coordinates provided
by Protein Data Bank, the distance between neighboring Y139
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residues of TMV coat proteins is calculated to be 2—4 nm apart
as shown in Figure 1B. The CuAAC reaction has been confirmed
to be a very efficient way to display functional groups on TMV
in a controllable manner (Bruckman et al., 2008). Following the
reported protocol (Schlick et al., 2005; Bruckman et al., 2008).
We first prepared the alkyne derived TMV particles (Figure 1C).
As shown in the MALDI-TOF MS analysis (Figure 2A), the peak
of the coat protein (m/z 17534) disappeared after the diazonium
coupling resulting in the TMV-alkyne product (m/z 17664), con-
sistent with a previous report (Lee et al., 2012b). Similarly, the
MALDI-TOF MS analysis indicated the correct mass shift for
TMV-RGD confirmed the completion of the sequential CuAAC
reaction (Figure 2A). The integrity of TMV-RGD was confirmed
by AFM and TEM (Figure 2B). AFM images illustrated that the
majority of TMV-RGD remained rod-shaped particles after the
bioconjugation. The diameter observed under TEM ranged from
15-20 nm with lengths measuring approximately 300 nm, indi-
cating the particles are intact after the two-step CuAAC reaction
to Y139 (Figure 2B).

The effect of RGD-displaying TMYV, as a polyvalent scaffold, on
bone differentiation was explored. It has been demonstrated that
unmodified TMV substrate accelerated osteogenesis by 7 days
compared to standard tissue culture polystyrene (TCPS) control
(Kaur et al., 2010a). The chemical incorporation of phosphate
functional groups to TMV further enhanced bone differentiation
of BMSCs (Kaur et al., 2010b). However, the interaction between
BMSCs and TMV substrates were weak since the focal adhesion

A 18503 (18505)

TMV-RGD

17664 (17663)

TMV-alkyne

17534

wt TMV

...............................

12500 15000 17500 20000 22500 25000

m/z

50 nm

25nm

Onm

FIGURE 2 | Characterization of TMV particles. (A) MALDI-TOF MS
spectra of the subunit protein of wild type TMV (17534 m/z), TMV-alkyne
(17664 m/z), and the CUAAC reaction product TMV-RGD (18503 m/z). The
numbers in parentheses refer to the theoretical masses. (B) The
morphology of TMV particles before (TMV) and after (TMV-RGD)
bioconjugation visualized by AFM and TEM (insets). Scan areas of AFM are
5 x 5um; and scale bars of TEM are 200 nm.

complexes were found to be significantly smaller than the control
(Sitasuwan et al.,, 2012). Since RGD ligand is known to pro-
mote cell attachment, the incorporation of RGD motifs into TMV
based substrate is expected to increase the initial cell adhesion.

Prior to cell culture experiments, TMV and TMV-RGD were
dialyzed several times against ultrapure water, due to concerns
that residual Cu! from the CuAAC reaction will affect cell via-
bility. Optical images after 24h of cell seeding in Figure 3A
revealed that BMSCs can adhere and spread on both TMV and
TMV-RGD substrates. There were slightly more cells visualized
on TMV-RGD compared to TMV coated surface. The num-
bers of adherent cells were calculated to elucidate the result in
a quantitative manner (Figure 3B). As expected, the average cell
numbers on TMV-RGD was higher than that of TMV. To ver-
ify that TMV-RGD does not have cytotoxicity from residual Cu',
the proliferation of BMSCs on both virus scaffolds was examined
over 22 days in osteogenic conditions (Figure 3C). The prolif-
eration percentage of each sample was calculated based on the
initial cell attachment as a 100%. BMSCs proliferated compara-
bly well on both virus substrates, thus TMV-RGD did not exhibit
any cytotoxicity to the in vitro cell culture.

The differentiation potential of BMSCs was studied in order
to substantiate the effect of RGD incorporation on osteogene-
sis. First, osteo-specific gene expression levels were quantified by
RT-qPCR (Figure 4A). The expression levels are presented as fold
change compared to BMSCs at day 0. There was no significant
difference in the gene expression levels of alkaline phosphatase
(ALPL), osteonectin (SPARC), and osteopontin (SPPI) over the
3 weeks. Another osteo-specific gene examined is osteocalcin
(BGLAP), the most common marker of mature osteoblast, as
this protein is only synthesized by fully differentiated osteoblasts
(Fujisawa and Tamura, 2012). BGLAP is rich in acidic amino acids
that are responsible for its high affinity to calcium ions (Fujisawa
and Tamura, 2012), which are eventually accumulated in min-
eralized bone matrix by binding specifically to hydroxyapatite
crystals (Owen et al., 1990). It has been documented that BGLAP,
which is normally peaked at day 21 on standard tissue culture
plate substrate, is peaked at day 14 when BMSCs are grown on
TMV scaffold suggesting that TMV substrates accelerate the bone
differentiation process by 7 days (Kaur et al., 2010a). The gene
expression analysis of BMSCs on unmodified TMV scaffolds in
Figure 4A was in agreement with the previous report (Kaur et al.,
2010a), where BGLAP gene expression level was peaked at day 14
indicating a complete mineralization of mature osteoblasts. As a
comparison, the incorporation of RGD peptide into TMV sub-
units also significantly increased BGLAP gene expression level at
day 14 (Figure 4A). The gene expression level of integrin-binding
bone sialoprotein (IBSP), a secreted ECM protein required for
hydroxyapatite formation as well as collagen binding in mineral-
ized tissues (Ogata, 2008), was also evaluated. IBSP is synthesized
just before calcification (Fujisawa and Tamura, 2012) and real
time PCR results from the previous study indicated that BMSCs
on TMV substrates had significantly higher IBSP mRNA expres-
sion within 24h while there was no change in IBSP mRNA
expression levels in BMSCs on TCPS control (Sitasuwan et al.,
2012). In this experiment, IBSP expression levels in cells on
both TMV and TMV-RGD were highly upregulated during the
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FIGURE 3 | BMSC adhesion and viability on virus scaffolds. (A) Optical
images of BMSC attached on virus substrates after 24-h seeding in primary
media. Scale bar is 100 wm. (B) Number of adherent BMSCs on different
virus substrates after 24-h seeding in primary media. (C) Proliferation
percentage of BMSCs on TMV and TMV-RGD substrates over 22 days in
osteogenic media. Error bars indicate +1 SD.

culture period (Figure 4A). However, BMSCs grown on TMV-
RGD scaffolds expressed remarkably higher level of IBSP mRNA
at day 21 when compared to those on native TMV scaffolds at the
same time (Figure 4A).

In addition to the analysis of osteo-specific gene expressions,
ALP activity was assessed. ALP is an early marker of osteogenesis
and its activity mediates matrix mineralization. Although there
was no difference in ALPL mRNA expressions at day 14 for cells
grown on TMV compared to those on TMV-RGD as shown in
Figure 4A, ALP enzyme activity assay showed a slight increase
in BMSCs grown on TMV-RGD (Figure 4B). The staining for
calcium deposition was also performed at day 14. A stronger
staining was observed on TMV-RGD samples suggesting higher
mineralization level (Figure 4C). This observation could be sup-
ported by previously mentioned increases in both BGLAP and
IBSP mRNA expression levels (Figure 4A), possibly facilitating

the formation of hydroxyapatite crystals leading to mineralized
matrix.

DISCUSSION

TMV has previously been shown to be an effective scaffold that
accelerates bone differentiation of stem cells when coated on
a 2D substrate and provides support for cell differentiation in
3D alginate hydrogels (Kaur et al., 2010a,b; Luckanagul et al.,
2012; Sitasuwan et al., 2012). While the underlying mechanism
is still unclear, the level of the potent osteogenic induction pro-
tein, bone morphogenetic protein 2 (BMP2), was significantly
increased within 24 h for cells cultured on substrates with TMV
coating compared to cells cultured on uncoated substrates or
cells supplemented with TMV in suspension (Sitasuwan et al.,
2012). One possible interpretation of this observation is that
the topographical features created by TMV coating, compared to
TMV in solution, plays a major role in the accelerated osteogenic
differentiation.

Cells are capable of sensing the surrounding microenviron-
ment, which provides both biochemical and biophysical cues,
leading to downstream signaling cascades responsible for diverse
cellular processes, such as adhesion, migration, proliferation,
and apoptosis (Curtis and Wilkinson, 1997). For example, the
nanoscale roughness of titanium surface implant can positively
affect implant integration and bone differentiation (Lossdorfer
etal., 2004; Mozumder et al., 2012; Olivares-Navarrete et al., 2012;
Zhuang et al., 2012). In addition, the incorporation of growth fac-
tors (Crouzier et al., 2011; Wang et al., 2011; Kopf et al., 2012;
Lee et al., 2013), adhesion ligands (Shin et al., 2005; Duggal
etal., 2009; Qu et al., 2011), and osteoinductive compounds (Shu
et al., 2003; Verma et al., 2010; Hao et al., 2011; Cameron et al.,
2013) into biomaterial surface can further accelerate the bone for-
mation process. Given the lack of affinity of native TMV viral
particles to mammalian cell surface, which resulted in low ini-
tial cell adhesion (Sitasuwan et al., 2012), we hypothesized that
combining the topological features offered by TMV with cellu-
lar adhesion molecules could synergistically enhance the bone
formation process of stem cells.

In our previous study, we reported the genetic incorporation
of RGD peptides on the coat protein of TMV particles and the
resulting mutant virus could enhance the adhesion of BMSCs
(Lee et al., 2012b) and accelerate the stem cell differentiation
in serum free, chemically defined osteogenic media (Lee et al.,
2012a). However, the genetic insertion suffers from the limited
length and sequence diversity of the fusion peptides. To guaran-
tee a successful assembly of final mutant TMV particles, TMV
can only tolerate limited sequence diversity and length of the
genetic peptide insertion. In this work, we demonstrate the fea-
sibility of modulating mesenchymal stem cell differentiation on
TMV-based scaffolds modified by CuAAC reaction. TMV was
successfully modified with more than 95% conversion and the
integrity of the virus particles was preserved. Scaffolds coated
with TMV-RGD slightly improved initial BMSC adhesion, while
maintaining the same cell proliferation rate with those coated
with native TMV. The osteogenic differentiation of BMSCs was
enhanced on TMV-RGD substrates since an increase in BGLAP
and IBSP gene expression levels as well as mineralization level
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*p < 0.05. (B) Alkaline phosphatase activity of cells on TMV and TMV-RGD at
day 14. BMSCs on TMV-RGD substrates have a slight increase in enzyme
activity compared to cells on TMV. However, the difference is not statistically
significant. (C) Optical images of Alizarin red S staining of cells cultured for 14
days on TMV or TMV-RGD substrate showing calcium deposition in red
colour.

was observed, similar as TMV-RGD genetic mutant. However, the
chemically tailored TMV particles have shown greater stability
than TMV-RGD mutant particles.

It was expected that the displayed RGD peptides on TMV
particles could lead to significantly greater cell attachment.
However, it only facilitated a slight increase in the initial
BMSC adhesion. A possible explanation is that TMV-RGD
tends to aggregate leading to hindered ligand display. A pre-
cipitate was observed after the CuAAC reaction to functionalize
TMV-alkyne with RGD peptide. Similarly, the rapid decom-
position and aggregation of an icosahedral plant virus was
previously observed when the virus is decorated with triazole
with the presence of free copper ions in solution (Wang et al.,
2003). Future studies will focus on controlling ligand den-
sity and using a variety of ligands including small molecules
and other peptides on viral scaffold to study structure-property

relationship and modulate cell behavior. It is also impor-
tant that a recent development of copper-free Click reaction
(Lallana et al., 2011) may provide an alternative approach
to chemically modify TMV without a concern about Cul
contamination.
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Figure S1 | Primers used for RT-qPCR to measure gene expression levels.
ALPL, alkaline phosphatase; BGLAR osteocalcin; IBSP integrin-binding
sialoprotein; SPARC, osteonectin; SPP1, osteopontin.
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INTRODUCTION

The rampant spread of antibiotic resistant bacteria has spurred interest in alternative
strategies for developing next-generation antibacterial therapies. As such, there has
been growing interest in cationic antimicrobial peptides (CAMPs) and their therapeutic
applications. Modification of CAMPs via conjugation to auxiliary compounds, including
small molecule drugs, is a new approach to developing effective, broad-spectrum
antibacterial agents with novel physicochemical properties and versatile antibacterial
mechanisms. Here, we've explored design parameters for engineering CAMPs conjugated
to small molecules with favorable physicochemical and antibacterial properties by
covalently affixing a fluoroguinolone antibiotic, levofloxacin, to the ten-residue CAMP
Pep-4. Relative to the unmodified Pep-4, the conjugate was found to demonstrate
substantially increased antibacterial potency under high salt concentrations. Historically,
it has been observed that most CAMPs lose antibacterial effectiveness in such high
ionic strength environments, a fact that has presented a challenge to their development
as therapeutics. Physicochemical studies revealed that PALC was more hydrophobic
than Pep-4, while mechanistic findings indicated that the conjugate was more effective
at disrupting bacterial membrane integrity. Although the inherent antibacterial effect of
the incorporated levofloxacin molecules did not appear to be substantially realized in
this conjugate, these findings nevertheless suggest that covalent attachment of small
molecule antibiotics with favorable physicochemical properties to CAMPs could be a
promising strategy for enhancing peptide performance and overall therapeutic potential.
These results have broader applicability to the development of future CAMP-antibiotic
conjugates for potential therapeutic applications.

Keywords: cationic antimicrobial peptide, peptide conjugate, antibiotics, peptide modification, levofloxacin

challenging, with one major factor being that the effectiveness of

The emergence and spread of bacterial resistance to conventional
antibiotics has resulted in interest in cationic antimicrobial pep-
tides (CAMPs) as a potential therapeutic alternative (Gordon
et al., 2005; Seo et al., 2012). These peptides demonstrate broad-
spectrum antimicrobial activity and are essential elements of
innate immunity in higher organisms. Yet, despite their extensive
use in nature, bacteria have failed to develop wide-spread resis-
tance to CAMPs, which has not been the case for conventional
antibiotics (Zasloff, 2002). While CAMPs demonstrate exten-
sive sequence and structural diversity, they are generally rich in
cationic amino acids and adopt amphipathic structures that result
in spatial partitioning of basic and hydrophobic residues. These
peptides are thought to exert their antibacterial effect via mecha-
nisms that at some level involve the targeting of anionic bacterial
membranes through non-specific electrostatic and hydrophobic
interactions. Many CAMPs are thought to also bind bacterial
receptors and enzymes, or otherwise interfere with essential cel-
lular processes (Epand and Vogel, 1999; Brogden, 2005; Jenssen
et al., 2006).

While CAMPs represent a promising class of prospective
therapeutics, their development as viable treatments has proven

many CAMPs are diminished or even abolished under salt con-
centrations consistent with physiologically relevant environments
(Park et al., 2004; Yu et al., 2011; Chu et al., 2013). Researchers
have investigated various strategies, including conjugation to aux-
iliary compounds, in order to enhance CAMP antibacterial per-
formance and potential therapeutic utility (Arnusch et al., 2012;
Devocelle, 2012). Conjugation is an appealing strategy because it
provides a means for introducing new functionalities and directly
enhancing CAMP antibacterial activity. For example, CAMPs
have been conjugated to fatty acids (Li et al., 2013), sugars (Pal
et al., 2011), pheromones, antibodies, synthetic polymers, and
small molecule drugs to yield peptide constructs with improved
antibacterial activity relative to their respective unmodified par-
ent peptide variants (Devocelle, 2012). However, while conjuga-
tion can improve the performance of CAMPs, it has also been
shown in some instances to abrogate antibacterial effectiveness
(Chu-Kung et al., 2004; Radzishevsky et al., 2005). Therefore, the
effect that conjugation may have on CAMP structure and physic-
ochemical properties (e.g., charge, hydropathy, and sterics, etc.)
must be considered when engineering constructs. Conjugation
of CAMPs to small molecules with favorable physicochemical
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properties (such as hydrophobic and/or cationic functionali-
ties) would provide a highly controlled means for augmenting
peptide antibacterial performance. The incorporation of small
molecule antibiotics in CAMP-based conjugates presents a par-
ticularly intriguing strategy, as these compounds could influence
peptide effectiveness not only via alteration of physicochemical
properties, but also through their intrinsic antibacterial activities.
In this regard, fluoroquinolone antibiotics, which present both
hydrophobic (e.g., aromatic and aliphatic moieties) and cationic
functionalities, represent attractive candidates. Additionally, from
a synthetic perspective, the carboxylate moieities that fluoro-
quinolones contain lend themselves to ready conjugation with
CAMP primary amino groups.

In our previous studies, we found that Pep-4, a highly
cationic peptide with a sequence (RGRRSSRRKK-NH;) based
on the C-terminal portion of human beta defensin-3 (hBD-3),
retained significant antibacterial activity following acetylation of
its N-terminal and side chain amino groups, despite the associ-
ated reduction in charge from +8 to +5 (Papanastasiou et al.,
2009). These results suggest that this peptide is amenable to
chemical modification and may be a good candidate for incorpo-
ration in CAMP-conjugates. Additionally, the sequence of Pep-4
provides a limited number of reactive functionalities, allowing
convenient chemical modification with small molecules while
reducing the potential for deleterious side reactions and byprod-
ucts. These qualities also facilitate isolation and characterization.
Moreover, the small size of Pep-4 makes it especially appealing
for use in CAMP-conjugates, as it lends itself to cost effective
synthesis (Seo et al., 2012).

In order to explore design parameters for engineering
antibacterial CAMP-conjugates and the incorporation of small
molecules, such as antibiotics, we have synthesized a CAMP-
conjugate consisting of a fluoroquinolone, levofloxacin (LVFX),
covalently attached to the scaffold peptide Pep-4 via the primary
amino groups present in the peptide. These studies have focused
on evaluating the antibacterial performance of the Pep-4-LVFX
Conjugate, P4LC, against the model gram-negative bacterium
E. coli and gram-positive bacterium B. cereus. Our studies reveal
that incorporation of LVEX significantly enhances the effective-
ness of the conjugate under physiologically relevant environmen-
tal salt concentrations relative to the unmodified scaffold peptide
Pep-4. These findings suggest that conjugation of CAMPs to aux-
iliary compounds, such as small molecule antibiotics with favor-
able physicochemical properties, to generate hybrid constructs
could be a promising strategy for enhancing peptide therapeutic
potential.

MATERIALS AND METHODS

Levofloxacin  (LVFX), N-methylmorpholine (NMM) and
resazurin were purchased from Sigma-Aldrich, Co. LLC (St.
Louis, MO, USA). Bicinchoninic acid (BCA) and SYTOX Green
were purchased from ThermoFisher Scientific, Inc. (Waltham,
MA, USA). Fluoro-N,N,N’,N’-tetramethylformamidinium hex-
afluorophosphate (TFFH) was purchased from EMD Millipore (a
division of Merck KGaA; Darmstadt, Germany), Fmoc-Gly-Wang
resin from Peptides International, Inc. (Louisville, KY, USA), and
DiSC(3)5 from Anaspec, Inc. (Fremont, CA, USA). Deionized

water (dH,O) was prepared using a Milli-Q Synthesis A10
system (Millipore). The bacterial strains E. coli (#25922) and
B. cereus (#11778) were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). Pep-4 (>95% purity)
was custom synthesized by Genscript USA, Inc. (Piscataway, NJ,
USA). Melittin (>95%) was purchased from Anaspec, Inc., and
indolicidin was synthesized (>95% purity) by AAPPTec, LLC
(Louisville, KY, USA). Peptide identities were verified via matrix
assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry using a Shimadzu AXIMA Performance.
Additionally, Pep-4 and the conjugate were submitted for amino
acid analysis (UC Davis Genome Center Proteomics Core
Facility) in order to establish molar concentrations.

P4LC SYNTHESIS AND PURIFICATION

The carboxyl group of LVEX allowed for conjugation to Pep-4 via
direct acylation of the peptide’s N-terminal and lysine side chain
amino groups. LVFX was preactivated by converting its carboxyl
moiety into an acyl fluoride in order to facilitate nucleophilic
attack by peptide amino groups. Equimolar amounts of LVEX
(6.7 mg, 18.6 mmol) and TFFH (4.90 mg, 18.6 mmol) were dis-
solved in 500 pL of anhydrous DMF, and 20 pL of NMM was
then added to the solution. This reaction was allowed to stir at
room temperature (rt), under N, in the dark. After 1h, Pep-
4 (2.4mg, 1.86 mmol) dissolved in 200 wL of anhydrous DMF
was added to the reaction and allowed to continue stirring at rt,
under N, in the dark. While the coupling reaction was stirring,
Fmoc-Glycine-Wang resin (200 mg, 0.63 mmol/g amine loading)
was suspended in 8 mL of DMF with agitation for 30 min to
swell the resin, and the solvent was then removed via vacuum
filtration. The suspension and filtration process was repeated.
The swelled resin was then suspended in 8 mL of 50% piperi-
dine in DMF for 30 min in order to remove the Fmoc protecting
group. The reaction mixture was vacuum filtered and the resin
resuspended in 8 mL of DMF and agitated for 15 min. The resin
suspension was then vacuum filtered, and the deprotected par-
ticles were transferred to the reaction vessel. Following addition
of the resin, the reaction was left stirring in the dark under Ny,
overnight. Thereafter, the contents of the reaction vessel were fil-
tered through a course frit directly into cold diethyl ether, and
the resulting suspension was centrifuged so as to pellet the pre-
cipitated material. The pelleted precipitate was then dried under
vacuum in order to remove residual ether. Crude conjugate was
subsequently dissolved in 10 mL of 10 mM NaCl and dialyzed
(0.5-1 kD M,, cutoff) in 10 mL 10 mM NaCl against 2 L dH,O,
which was replaced every 8 h (3x). The dialyzed solution was then
lyophilized to yield 3.1 mg of purified P4LC (~87% yield).

MASS SPECTROMETRY

Samples dissolved in dH,O (1 pmol/pL) were mixed with
a-cyano-4-hydroxycinnamic acid (CHCA) matrix solution
(10mg/ml in 50:50 water/acetonitrile with 0.1% TFA) and
deposited onto a stainless steel target plate (Shimadzu Kratos
Analytical) in 1 uL aliquots. Mass spectra were collected using a
Shimadzu AXIMA Performance MALDI-TOF mass spectrom-
eter equipped with a 337 nm N, laser in reflectron mode and
represent the average of at least 50 accumulated profiles. The
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laser repetition rate was set to 50 Hz, and laser power was set to
between 50 and 70%. The instrument was externally calibrated
using angiotensin II, angiotensin I, and Adrenocorticotropin
hormone (fragment 18-39). Lower molecular weight regions of
spectra were assessed with the ion gate turned off, and control
spectra were generated for matrix alone. CHCA peaks were used
for internal calibration of the lower molecular weight regions of
sample spectra. Matrix m/z values were verified using MassBank
Mass Spectral Database (Accession: MCH00005).

ANTIBACTERIAL PERFORMANCE ASSAYS

The antibacterial activities of PALC, Pep-4, LVFX, and free Pep-4
in combination with free LVFX (Pep-4/LVFX) were determined
in a microplate-based assay using resazurin as an indicator for cell
viability. Metabolically active cells convert resazurin, which is not
fluorescent, to the highly fluorescent resorufin (530/590 nmeyy, ),
and the rate of this conversion provides a means for quantifying
the concentration of viable bacteria (Shiloh et al., 1997; Lemos
and Carareto-Alves, 1998; Okuda et al., 2006; Mariscal et al.,
2009). In order to assess the effect environmental ionic strength
had on antibacterial effectiveness, assays were conducted in
buffers with the following ionic strengths: 26 mM, 111 mM, and
167 mM.

Frozen enumerated aliquots of bacteria were thawed and
diluted into sterile buffer to a bacterial concentration of 2 x
10° CFU/mL. Wells of a 96-well polypropylene microtiter plate
(Greiner Bio-One) were charged with 50 uL aliquots of buffer
solutions containing serially diluted peptide, conjugate, or drug
followed by 50 uL aliquots of diluted bacterial cells. Assays for
each compound were prepared in triplicate. Control wells were
prepared where the peptide/conjugate/drug solution was replaced
with an equal volume of buffer alone. Following addition of bac-
teria, the microtiter plates were incubated for 3 h at either 37°C
(E. coli) or 30°C (B. cereus). Aliquots of PBS solution (100 L)
containing resazurin and MHB were then added to each well
to afford final concentrations of 100 WM resazurin and 0.2%
MHB (wt/vol) for E. coli and 12.5 .M resazurin and 0.05% MHB
(wt/vol) for B. cereus. Plates were then immediately placed in a
SpectraMax Gemini EM plate-reading fluorometer for overnight
monitoring of fluorescence (530 nmey/590 nmepy,) at either 37°C
(E. coli) or 30°C (B. cereus) with intermittent shaking. Onset

time of half maximal fluorescence (T s) observed for each well
was computed using the microplate data analysis software. In
order to determine bacterial survival, it was necessary to estab-
lish correlations between bacterial concentration (CFU/mL) and
To.5 values. Therefore, standard curve equations were generated
in preliminary experiments using bacterial suspensions serially
diluted (~10° CFU/mL—10> CFU/mL) in each of the three
buffers used in the antibacterial assays. Plotting initial bacterial
concentrations (determined via dilution plating onto MHB Agar
plates) against observed Ty 5 values afforded equations 1 (E. coli)
and 2 (B. cereus), which were used to interpolate viable bacte-
rial concentration (CFU/mL) following incubation with peptide,
conjugate or drug. The Y-intercept (Yiy) values for equations
generated for the varied ionic strength buffer conditions were 9.41
(26 mM), 9.19 (111 mM), and 9.24 (167 mM) for E. coli, and 5.91
(26 mM), 6.20 (111 mM), and 6.36 (167 mM) for B. cereus.

log (CFU/mLE cop) = —2.00 x 1074(To5) + Yine (1)
log (CFU/MLE cereus) = —1.00 x 107*(To5) + Yine  (2)

Antibacterial effectiveness against each microbe was determined
by plotting bacterial survival as a function of the log of the con-
centration of P4LC, Pep-4, LVFX, or Pep-4/LVFX, and fitting
the resulting data to a variable-slope sigmoidal regression model
(equation 3) using Graphpad Prism 5 (GraphPad Software, Inc.).
In this equation, log(ECsg) represents the log of the concentra-
tion of PALC, Pep-4, LVFX, or Pep-4/LVEX required to kill half of
the bacterial population, where Sy and Spax correspond to the
minimal and maximal bacterial survival values (respectively), and
HS is the parameter defining the steepness of the transition slopes
of sigmoidal survival curves.

Smin)/
(1 + lolog(ECSO)flog(PC)*HS) (3)

Bacterial Survival = Spin + (Smax —

Best-fit log (ECsp) values generated for each compound were
used to compare the antibacterial effectiveness of PALC, Pep-4,
LVFX, and Pep-4/LVFX against each bacterium. Antilogs of the
log (ECs) values, the ECsq values, are tabulated in Table 1 along
with their respective 95% confidence intervals.

Table 1 | Antibacterial effectiveness.

P4LC Pep-4 Pep-4/LVFX LVFX
E. cOLI
w1 0.0167 (0.0132-0.0230) 0.0168 (0.0123-0.0234) 0.00375 (0.00314-0.00447) 0.00281 (0.00228-0.00344)
U2 1.71 (1.60-1.81) 28.3 (17.2-46.7) 0.00487 (0.00387-0.00617) 0.00223 (0.00164-0.00303)
U3 1561 (1.41-1.82) 29.4* (21.9-35.4)% 0.00404 (0.00294-0.00556) 0.00277 (0.00200-0.00385)
B. CEREUS
w1 0.0218 (0.0156-0.0287) 0.0271 (0.0217-0.0343) 0.112 (0.0794~0.165) 0.212 (0.104-0.450)
U2 2.17 (2.01-2.25) 178*(142-223)* 0.941 (0.645-1.27) 0.591 (0.381-0.918)
U3 40.0 (27.3-72.0) 404* (155-462)* 1.37 (0.801-2.32) 0.981 (0.57-1.67)

Antibacterial potencies for P4LC, Pep-4, Pep-4/LVFX and LVFX expressed in terms of ECsg values (uM) and corresponding 95% confidence interval ranges. lonic

strengths of assay media correspond to: i1 = 26 mM, uy = 111 mM, and uz = 167 mM.
*Estimated values are given for Pep-4 under conditions where it failed to achieve sufficient killing (within the tested peptide concentration range) to define the lower

survival boundary for fitting to Equation 3.
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DiSC (3)5 MEMBRANE DEPOLARIZATION ASSAY

Enumerated frozen aliquots of E. coli and B. cereus cells were
thawed and washed 3x with buffer (10 mM NaPQOy4, pH 7.4).
The washed cells were diluted in 10 mM NaPO, buffer con-
taining 10 ug/mL DiSC(3)5 to afford a concentration of 4 x
107 CFU/mL. Bacterial suspension was added to the wells of
a black polypropylene microtiter plate (Greiner Bio-One) in
100 wL aliquots, and fluorescence was monitored (rt, with lid
on) using a SpectraMax Gemini EM plate-reading fluorome-
ter (622 nmey/ 670 nmep, ) until fluorescence quenching stabilized
and maximal DiSC(3)5 uptake was achieved. Aliquots (100 wL)
of P4LC, Pep-4, LVFX, or Pep-4/LVFX were added to the bac-
teria and changes in fluorescence were monitored for 30 min
with the lid off. The final concentrations of each assessed com-
pound in the wells were 33 WM (P4LC and Pep-4), 126 uM
(Pep-4/LVFX), and 93 uM (LVFX), while final bacterial con-
centrations were 2 x 107 CFU/mL. Assays were performed in
triplicate for each compound assessed. Depolarization assays
based on DiSC(3)5 are extremely time-sensitive; therefore, trip-
licate sets for each compound were prepared simultaneously
using a multichannel pipettor. Prior experiments verified that
each tested compound was able to exert full killing under the
assay conditions. A negative control containing only bacteria
and DiSC(3)5 was used to establish background fluorescence,
while maximal membrane depolarization was established using
melittin (33 wM), a known pore-forming CAMP (Lee et al,
2013b); these controls provided references for establishing rela-
tive effectiveness of PALC, Pep-4, LVFX, and Pep-4/LVEX. The
fluorescence kinetics data sets were normalized by setting emit-
ted fluorescence to 0 at t =0 s and presenting fluorescence
intensity values as a fraction of maximal fluorescence observed
for melittin.

SYTOX GREEN MEMBRANE PERTURBATION ASSAY

Enumerated frozen aliquots of E. coli and B. cereus cells were
thawed and washed 3x with buffer (10 mM NaPOy4, pH 7.4).
The washed cells were diluted to a concentration of 4 x 107
CFU/mL in 10mM NaPOy4 (pH 7.4) buffer containing 5uM
SYTOX Green, and the resulting suspension then stored in the
dark for ~20 min. The bacterial suspension was then distributed
in 100 nL aliquots to wells of a black polypropylene microtiter
plate (Greiner Bio-One). Aliquots (100 wL) of buffer contain-
ing P4LC, Pep-4, LVEX, or Pep-4/LVEX were then added to
wells containing cell suspension and gently mixed. The flu-
orescence of each well was immediately monitored (without
the lid) using a SpectraMax Gemini EM plate-reading fluo-
rometer (485/520 nMmep,). As SYTOX Green assays can be time-
sensitive, assays were prepared in triplicate using a multichan-
nel pipettor. The reported SYTOX Green data reflects observa-
tions from biological triplicates. Antibacterial assays confirmed
that each compound was able to exert full killing under these
conditions and at the concentrations used in the DiSC(3)
5 assay (33puM P4LC, 33 M Pep-4, 126 uM Pep-4/LVEX,
and 93uM LVEX). A negative control containing only bac-
teria and SYTOX Green was used to determine background
fluorescence, and maximal perturbation of the bacterial cell
membranes was established using melittin. The fluorescence

kinetics data sets were normalized by setting emitted fluo-
rescence to 0 at + =0 s and presenting fluorescence inten-
sity values as a fraction of maximal fluorescence observed for
melittin.

STATISTICAL ANALYSIS

An F test was used for determining whether log (ECsg) values
generated for the assessed compounds were significantly differ-
ent from each other (computed using GraphPad Prism). For
membrane depolarization and perturbation experiments, fluores-
cence data was analyzed by comparing best-fit curves (GraphPad
Prism). Fluorescence kinetic curves were fit to a polynomial
regression model (equation 4) to allow for statistical compari-
son of the fluorescence data via an F test, with all four best-fit
parameters used as criteria.

RFU = Ag + A1 (t) + Ax ()2 + A3 (1) + Ag(t)* (4)

DISTRIBUTION COEFFICIENT

The relative hydrophobicities of P4LC, Pep-4, and LVEX were
established using a biphasic system consisting of immiscible 1-
octanol and 10 mM NaPQOy (pH 7.4) to determine their respec-
tive distribution coefficients (D7 4), with D74 corresponding to
the concentration ratio of each compound between the octanol
and aqueous phases (Brillault et al., 2010; Cheng et al., 2012;
Chyan et al., 2014). In these experiments, P4LC, Pep-4 or free
LVEX dissolved in 100 WL of 10 mM NaPOy (pH 7.4) buffer was
combined with 100 uL of 1-Octanol in a 1.5mL low binding
polypropylene microcentrifuge tube (Corning). Each tube was
vortexed for 10 min and the contained solvent allowed to set-
tle. Once the aqueous and octanol layers had reestablished and
fully separated, 25uL aliquots were removed from the aque-
ous phase using a micropipette, and the peptide or conjugate
concentration determined using an absorbance-based BCA kit
(Wrolstad et al., 2004). Aqueous phase Pep-4 and P4LC con-
centrations were determined via interpolation based on stan-
dard curves that had been generated using two-fold serially
diluted peptide or conjugate dissolved in 10 mM NaPOy4(pH
7.4). The maximal concentrations of Pep-4 and P4LC in the
calibration curves were also established using amino acid anal-
ysis (UC Davis Genome Center Proteomics Core Facility). The
results from amino acid analysis were in agreement with those
obtained using the BCA kit. The concentration of LVFX in the
aqueous layer was interpolated from calibration curves estab-
lished using absorbance at 298 nm (LVEX absorbs strongly at
this wavelength). Indolicidin and melittin were used as ref-
erence peptides in these studies. The sequence of indolicidin
suggests that it is highly hydrophobic, while that of melittin indi-
cates that it should be moderately hydrophobic. Computational
verification of the hydrophobicity of these reference peptides
was performed using the Hopp and Woods scale (Hopp and
Woods, 1981). The Dy 4 values generated for P4LC, Pep-4,
LVFX, indolicidin, and melittin were calculated (equation 5)
based on their respective concentrations in the aqueous phase
([peptide]pospuffer) of the water/octanol biphasic system and their
concentrations in the initial stock solution ([peptide];ps1). Values
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are averaged from six replicates.
log D74 = log <([Pept%de]total - [Peptide]PO4buffer)/>
( [PePUde] PO4buffer)

= log ([peptide]octanol / [Peptidelpoabufrer) (5)
RESULTS

SYNTHESIS AND PURIFICATION OF Pep-4-LVFX CONJUGATE

The carboxyl moiety of LVFX allowed for conjugation to Pep-4 via
direct acylation of N-terminal and lysine side chain amino groups
on the peptide (Figure 1). LVEX was preactivated with TFFH to
convert the carboxyl moiety to an acyl fluoride prior to introduc-
tion of Pep-4. Excess activated LVFX was captured using a glycine-
Wang resin. The resulting particle suspension was filtered through
a medium glass frit into cold ether in order to remove the resin
and precipitate the desired conjugate. The precipitated product

was dissolved in 10mM NaCl and dialyzed against deionized
water to remove water soluble, low molecular weight impurities
and byproducts. This approach was employed because removal of
intermediates and byproducts by chromatography and extraction
proved challenging and resulted in significant loss of product. The
isolated material was analyzed by MALDI-TOF mass spectrome-
try (Figure 2), which indicated the degree of drug loading to be
3:1 LVFX/peptide, with no free peptide detected. Moreover, no
intermediate conjugate species were observed. Lower molecular
weight regions of spectra from conjugate spectra were compared
to the corresponding regions in reference spectra collected for free
LVFX and matrix alone (Figure 3) in order to verify the absence
of free drug and other low molecular weight impurities.

ANTIBACTERIAL EFFECTIVENESS
The antibacterial potencies of PALC, Pep-4, and LVFX, as well
as unmodified Pep-4 assayed in combination with free LVFX
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FIGURE 1 | Pep-4 was coupled to LVFX in a two-step, one-pot synthesis. The carboxyl moiety of LVFX was preactivated using TFFH to afford the acyl
fluoride. Pep-4 was then added to the activated LVFX reaction mixture to yield P4LC.
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FIGURE 2 | MALDI-TOF mass spectrum of P4LC (m/z: 2315.5) acylated conjugate species were observed. The baseline isotopic
obtained after purification indicates a 3:1 LVFX/Pep-4 loading distribution for P4LC is shown in the inset with labeling of the
stochiometry. No peaks assignable to Pep-4 or intermediately monoisotopic peak.
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FIGURE 3 | Comparison of spectra at the region where LVFX m/z
should appear. The absence of any discernible peak near 362.2 in the
spectrum for P4LC (A) indicates that no LVFX contamination was present in
isolated conjugate product. Spectra for matrix alone (B) and LVFX alone

(C) are shown for comparison. As evidenced in the spectra, matrix-related
peaks did not interfere with detection of the peak assigned to LVFX.

(Pep-4/LVFX), were evaluated against the model gram-negative
and gram-positive bacteria E. coli and B. cereus, respectively.
Assays were conducted under three different ionic strength (p)
buffer conditions in order to assess the effect salt concentration
had on antibacterial effectiveness. The lowest ionic strength buffer
used was 10 mM NaPOy, pH 7.4, which corresponded to 26 mM
total ionic strength. The intermediate ionic strength buffer con-
sisted of 10 mM NaPO, combined with cation-adjusted PBS in a
one to one volume ratio, which afforded a 111 mM ionic strength
buffer with a pH of 7.4. Undiluted cation-adjusted PBS (pH =
7.4), with an ionic strength of 167 mM, was used as the high ionic
strength buffer. Bacterial survival results were plotted against the
log of the concentration of conjugate, peptide, or free drug. ECsg
values for each assessed compound were calculated by fitting the
survival data to equation 3, which models typical sigmoidal dose-
response behavior using a variable Hill slope. An F test was used to
assess statistical significance, with the alpha level set to 0.05. ECsg
values and their respective 95% confidence intervals are shown in
Table 1, and generated survival curves are shown in Figure 4.

In low ionic strength conditions (L = 26 mM), P4ALC demon-
strated similar antibacterial activity to Pep-4 against both bac-
teria. Against E. coli, the conjugate demonstrated an ECsy of
0.0167 pM, which was not found to be significantly different

than that of the free peptide, which displayed an ECs¢ value
of 0.0168 uM (p = 0.91). Against B. cereus, PALC demonstrated
an ECs value of 0.0218 uM, while Pep-4 displayed an ECsg of
0.0271 M, values which were also determined not to be sig-
nificantly different (p = 0.21). The combination of free LVFX
and Pep-4 (Pep-4/LVFX) demonstrated an ECsy of 0.00375 uM
against E. coli, while that of free LVFX was 0.00281 uM, values
which were not significantly different from each other (p = 0.20).
Against B. cereus, Pep-4/LVEX had an ECsg of 0.112 pM and free
LVEX an ECsp of 0.212 M, values which were approximately
five-fold and ten-fold greater, respectively, than those determined
for PALC and Pep-4. The ECsq value of Pep-4/LVFX was not
significantly different than that of free LVFX alone (p = 0.36)
against B. cereus.

P4LC demonstrated ECsy values of 1.71uM and 2.17 puM
against E. coli and B. cereus, respectively, in intermediate ionic
strength conditions (i = 111 mM). These values are approxi-
mately 17-fold and 82-fold lower than those of Pep-4, 28.3 uM
(E. coli) and 178 WM (B. cereus), under the same conditions.
Against B. cereus, Pep-4 displayed antibacterial activity only at
high peptide concentrations, killing a maximum of 69% of bac-
teria at the highest assessed peptide concentration (491 uM). In
order to fit the data to Equation 3 and estimate the potency of
Pep-4, it was necessary to set the lower boundary to 0%, a con-
straint not typically imposed. Therefore, the EC5y value given
for Pep-4 against B. cereus under these conditions represents an
estimated value. P4LC, LVFX, and Pep-4/LVFX provided suffi-
cient data points in the lower survival ranges to fit the data by
setting the lower survival boundary to >0%. Overall, the poten-
cies of PALC and Pep-4 decreased significantly compared to their
respective performances against both bacteria under low salt con-
ditions. Meanwhile, the potencies of Pep-4/LVFX (0.00487 uM)
and free LVFX (0.00223 wM) against E. coli were not signifi-
cantly affected by the increased ionic strength. However, in the
case of B. cereus, the ECsg values for Pep-4/LVFX (0.941 uM)
and free LVEX (0.591 pM) were significantly higher than those
observed under low ionic strength conditions. The potencies of
Pep-4/LVFX and LVEX were not found to be significantly dif-
ferent from each other for either E. coli (p = 0.071) or B. cereus
(p = 0.11) under these conditions.

Under high ionic strength conditions (L = 167 mM), the con-
jugate demonstrated ECsg values of 1.51 wM and 40.0 wM against
E. coli and B. cereus, respectively. By comparison, the ECsg
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FIGURE 4 | Antibacterial effectiveness of P4LC, Pep-4, Pep-4/LVFX
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slope dose-response equation, in order to obtain ECsg values. Pep-4
failed to achieve sufficient killing (within the tested peptide
concentration range) to define the lower survival boundary for fitting to
Equation 3 under higher ionic strength conditions (D-F), and it was
necessary to set the lower boundary to 0. Curves based on the data
constraints are shown in red.

values achieved under high salt conditions with free peptide were
29.4 M against E. coli and 404 WM against B. cereus. Thus, as was
the case in the intermediate ionic strength environment, PALC
proved significantly more effective than Pep-4 (approximately
20-fold and 10-fold more potent against E. coli and B. cereus,
respectively). Pep-4 failed to exert full killing activity under high
ionic strengths within the range of concentrations evaluated,
killing a maximum of 90% of E. coli (highest tested peptide con-
centration was 410 uM) and 56% of B cereus (highest peptide
concentration tested was 983 wM). Therefore, it was necessary
to set the lower survival boundary to 0% against both bacteria
for Pep-4. The conjugate’s ECsq against E. coli did not change
significantly as a result of the ionic strength increase from 111
to 167 mM, while its effectiveness against B. cereus decreased by
approximately an order of magnitude as a result of the change in
environment. This trend was similar to that observed with Pep-4,
where the peptide exhibited a substantial increase in its EC5( value

against B. cereus, though not against E. coli, as a result of the assay
ionic strength increase from 111 to 167 mM. Under high ionic
strength conditions, the Pep-4/LVFX combination demonstrated
an ECsy of 0.00404 uM against E. coli and free LVFX exhibited
an ECsp of 0.00277 WM. The values were not found to be sig-
nificantly different from each other (p = 0.51). Moreover, their
high salt EC5¢ values were not significantly different from the
ECsp values that they demonstrated under intermediate ionic
strength conditions. Meanwhile, Pep-4/LVEX exhibited an ECsg
of 1.37 wWM against B. cereus, and free LVEFX showed an ECsg of
0.981 M, values that were determined to not be significantly
different from each other or the corresponding values observed
under intermediate ionic strength conditions.

MEMBRANE DISRUPTION
CAMPs have been shown to directly perturb bacterial mem-
brane integrity, with the degree of inflicted disruption varying
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depending on both the peptide and the bacteria being targeted.
CAMP-induced membrane disruption can range from the for-
mation of minor transient gaps that result in depolarization of
the membrane to the formation of larger perturbations and pores
(Kaplan et al., 2011). The degree of disruption in bacterial cell
membranes can be probed using fluorometric reporter molecules
such as DiSC(3)5 (for depolarization) (Sip et al., 1990; Zhu and
Shin, 2009) and SYTOX Green (for more substantial membrane
disruption) (Luque-Ortega et al., 2008).

The ability of PALC, Pep-4, LVFX, and Pep-4/LVFX to depo-
larize bacterial membranes was examined using the carbocyanin
dye DiSC(3)5. When exposed to live cells, DiSC(3)5 concen-
trates in hyperpolarized membranes (Sip et al.,, 1990; Kaplan
et al, 2011), which results in quenching of its fluorescence
(622/670 nmepy, ). Dissipation of membrane potential gradients
resulting from even minor transient disruptions in lipid bilayer
integrity inflicted by antibacterial agents such as CAMPs results
in the release of trapped DiSC(3)5, which can be detected by
monitoring DiSC(3)5 fluorescence (Rathinakumar et al., 2009;
Zhu and Shin, 2009). In this study, fluorescence induction curves
were generated for conjugate, peptide, or drug in the presence of
E. coli and B. cereus cells that had been charged with DiSC(3)5.
The data sets for PALC, Pep-4, LVFX, and Pep-4/LVFX were com-
pared to that obtained for melittin (Lee et al., 2013b), a known
pore-forming CAMP that was used as a positive control to estab-
lish maximal depolarization. Data for DiSC(3)5 release was fit

to a polynomial regression model (equation 4, see Materials and
Methods) and these data were then subjected to an F test, with
the alpha level set to 0.01, in order to allow comparison of curves
and establish statistical significance of any observed similarities or
differences. Fitted curves are shown in Figures 5A,B.

Addition of P4LC to wells containing E. coli and B. cereus
led to a rapid increase in fluorescence in both cases. Compared
to the results obtained for melittin, PALC was able to cause
53.6 and 33.5% mean maximal fluorescence against E. coli and
B. cereus, respectively. In contrast, Pep-4 caused 26.6% maximal
fluorescence against E. coli and 7% against B. cereus. Similarly,
Pep-4/LVEX induced 25% maximal fluorescence against E. coli
and 7.4% against B. cereus. Finally, free LVEX was only able to
cause 8.4% and 2.5% of maximal fluorescence against E. coli and
B. cereus, respectively. The best-fit curves generated for P4LC and
free LVEX were found to be significantly different from those of
Pep-4 and Pep-4/LVFX, as well as from each other. Meanwhile,
the curves generated for Pep-4 and for Pep-4/LVEX were found to
not be significantly different from each other (p = 0.32 for E. colj;
p = 0.071 for B. cereus).

The membrane impermeable reporter SYTOX green was used
as a probe to gain further insight into the effects of P4LC, Pep-4,
LVEX, and Pep-4/LVFX on E. coli and B. cereus cell membrane
integrity. SYTOX Green has been shown to bind DNA, which
results in a >500-fold increase in fluorescence intensity. The DNA
found in intact bacteria is inaccessible to SYTOX Green binding,
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with fluorescence occurring only after the integrity of the bacterial
membrane has been sufficiently compromised (Roth et al., 1997).
Whereas DiSC(3)5 requires only minor and transient disruption
in membrane integrity for its release from membranes, SYTOX
Green requires more substantial perturbation to enter the bacte-
rial cytoplasm and bind DNA. Accordingly, incubation of bacteria
with CAMPs that perturb membrane integrity sufficiently for
SYTOX green to enter the cytoplasm results in an increase in fluo-
rescence (Lee et al., 2013b). As with the membrane depolarization
studies described above, fluorescence curves were generated for
P4LC, Pep-4, LVFX, and Pep-4/LVFX, and the data sets compared
to those generated for melittin, which was used as the posi-
tive reference to establish maximal SYTOX Green fluorescence.
Fluorescence induction curves were fit to equation 4 for statistical
assessment (Figures 5C,D).

Addition of PALC to wells containing E. coli led to a moder-
ate increase in fluorescence; however, no noticeable increase in
fluorescence was noted for B. cereus. In the case of E. coli, incu-
bation with P4LC resulted in 21.4% mean maximal fluorescence
relative to the results obtained for melittin. Pep-4 afforded 19.1%
maximal fluorescence against E. coli and, similar to PALC, yielded
no noticeable fluorescence increase with B. cereus. The best-fit
curve for PALC when incubated with E. coli was found to be sig-
nificantly different than that of Pep-4 (p < 0.0001), while the
curves for Pep-4 and P4LC against B. cereus were not found to
be significantly different (p = 0.44). Similar to P4LC and Pep-
4, Pep-4/LVFX provided approximately one fifth of the maximal
fluorescence increase when incubated with E. coli and no notice-
able increase with B. cereus. The best-fit curves for Pep-4/LVFX
were found to be significantly different than those of PALC (p <
0.0001) for both bacteria. However, the best-fit curves for Pep-
4/LVFX were determined to not be significantly different from
those of Pep-4 (p = 0.012 for E. coli; p = 0.062 for B. cereus).
No increase in fluorescence was noted when either bacterium was
incubated with LVFX.

DISTRIBUTION COEFFICIENT

Hydrophobic moment is known to be a crucial factor influenc-
ing CAMP membrane dynamics and overall antibacterial activity
(Liu and Deber, 1998; Stark et al., 2002; Chen et al., 2007; Yin
et al., 2012; Lee et al, 2013a). In order to gain insight into
the relative hydrophobicities of P4LC, Pep-4, and LVFX, their
partitioning between aqueous 10 mM NaPOy (pH 7.4) and 1-
octanol, a non-polar solvent that is immiscible with water, was
assessed. The concentration ratios of each compound between the
two liquid phases were used to establish distribution coefficients
(D7.4). Indolicidin and melittin were used as reference peptides
in these studies. Indolicidin is a short tryptophan and proline-
rich CAMP with a high overall hydrophobicity (Podorieszach
and Huttunen-Hennelly, 2010), while melittin is a well-studied
peptide with an intermediately hydrophobic sequence (Li et al.,
2013). LogDy7 svalues for Pep-4, PALC, LVFX, melittin, and indoli-
cidin are shown in Figure 6. Based on the results of these parti-
tioning studies, Pep-4 was found to be the least hydrophobic of
the CAMPs tested, demonstrating a logD7 4 of —2.57. By com-
parison, the logDy 4 of PALC was found to be —1.65 (D74 =
0.0210), approximately an order of magnitude greater than that of

P4LC

E Pep-4
[0 LVFX

Melittin
Indolicidin

logD7 4

FIGURE 6 | Experimentally determined logD; 4 values for PALC, Pep-4,
LVFX, melittin, and indolicidin.

Pep-4. Meanwhile, LVFX demonstrated a logDy 4 value of —1.05
(D7.4 = 0.094), which was about 4.5-fold greater than P4LC in
terms of D7 4. The reference peptide indolicidin was found to have
a logD7 4 value of 2.30, which was substantially higher than that
observed for any other compound tested. The logD7 4 value for
melittin, which was predicted to exhibit intermediate hydropho-
bicity, was determined to be —0.46, approximately an order of
magnitude greater than that of the conjugate.

DISCUSSION

These studies have focused on the antibacterial performance of
a peptide conjugate comprised of the fluoroquinolone LVFX
covalently affixed to Pep-4, a ten-residue CAMP based on the
c-terminal sequence of hBD-3. The conjugate, PALC, was syn-
thesized via acylation of primary amino groups in Pep-4 using
the carboxyl moiety of LVFX. Our findings reveal that attachment
of LVFX to Pep-4 yields a conjugate with significantly enhanced
potency relative to the scaffold peptide in physiologically relevant
ionic strength conditions. The results observed for unmodified
Pep-4 coadministered with free LVEX suggests that the conju-
gate’s antibacterial potency is not due to extracellular release of
free drug.

The antibacterial effectiveness of P4LC, Pep-4, LVFX, and
free peptide in combination with free drug (Pep-4/LVFX) were
assessed against the model gram-negative and gram-positive bac-
teria, E. coli and B. cereus, respectively. Assays were conducted
in various ionic strength environments, including physiologically
relevant conditions, in order to evaluate the effect that salt con-
centration had on their antibacterial potencies. While P4LC and
Pep-4 did not demonstrate significantly different ECsy values
against either bacterium in the lowest ionic strength conditions
tested (L = 26 mM), the conjugate was found to be substantially
more effective than the free peptide at higher ionic strengths.
At an ionic strength of 111 mM, P4LC was found to be 17-fold
more effective than Pep-4 against E. coli and 82-fold more effec-
tive against B. cereus. In the highest salt concentrations tested
(n = 167mM), P4LC was 20-fold more effective than free pep-
tide against E. coli and 10-fold more effective against B. cereus.
Meanwhile, ECs values determined for Pep-4/LVEX were signif-
icantly lower than those of the conjugate in all conditions, with
the exception being the lowest ionic strength environment, where
the conjugate was significantly more effective against B. cereus.
These findings suggest that the enhanced activity of the conjugate
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relative to the free peptide is likely not due to the activity of
extracellular LVFX release. Our findings also suggest that there
was no synergistic enhancement of LVFX activity conferred by
coadministration of unmodified Pep-4 with free LVFX, as EC50
values for Pep-4/LVFX were in most cases not found to be
significantly lower than those of LVFX.

In order to gain insights into the antibacterial mechanisms of
P4LC and Pep-4, experiments were performed to investigate their
interactions with bacterial membranes. The fluorescent potentio-
metric probe DiSC(3)5 was used to assess the extent to which
P4LC, Pep-4, LVFX, and Pep-4/LVEX were able to induce bacte-
rial membrane depolarization. Compared to melittin, a known
pore-forming CAMP, P4LC induced moderate levels of depolar-
ization against both E. coli and B. cereus. Whereas, the depo-
larization affected by Pep-4 in E. coli and B. cereus was found
be approximately a half and a third, respectively, of that caused
by the conjugate. Similar to Pep-4, the Pep-4/LVFX combination
afforded minimal depolarization, with fluorescence curves found
not to be significantly different than those achieved using the free
peptide alone. Meanwhile, LVEX induced almost no detectable
depolarization. These results suggest that the covalently bound
fluoroquinolone enhanced the peptide’s ability to depolarize the
membranes of both E. coli and B. cereus relative to the free
peptide.

The membrane impermeable DNA-binding dye SYTOX Green
was used to further probe the interactions of PALC and Pep-4
with bacterial membranes. In the case of E. coli, PALC and Pep-
4 were observed to induce a moderate increase in fluorescence,
equivalent to approximately one fifth of that observed for the pos-
itive reference melittin. Yet, the conjugate induced a more rapid
increase in fluorescence than did the free peptide, a difference
that was verified through statistical analysis of regression curves
fit to the observed fluorescence kinetics data sets. In the case of
B. cereus, almost no detectable fluorescence increase was observed
for either PALC or Pep-4. Meanwhile, the data sets acquired for
Pep-4/LVEX against both bacteria more closely resembled those
of Pep-4 than those of P4LC, an observation that was statistically
verified. Treatment with free LVFX was not found to produce an
increase in fluorescence against either bacterium. Taken together,
these results suggest that PALC and Pep-4 both induce a mod-
erate degree of membrane perturbation against E. coli, but lit-
tle, if any, perturbation of B. cereus membranes. However, this
data also suggests that differences may exist in the membrane
disruption mechanisms employed by P4LC and Pep-4 against
E. coli.

It has been shown that alteration of peptide hydrophobicity
can influence CAMP interaction with membranes (Dathe and
Wieprecht, 1999; Podorieszach and Huttunen-Hennelly, 2010;
Lee et al., 2013a). Introduction of the moderately lipophilic LVEX
would be expected to effectively increase the hydrophobic char-
acter of the conjugate relative to the unmodified parent peptide.
Using a biphasic 1-octanol/phosphate partitioning system, we
found that the conjugate was approximately one order of mag-
nitude more hydrophobic than Pep-4 based on their respective
dissociation constants, D74 (Pep-4 logD74 = —2.57 vs. PALC
logD7.4 = —1.65). This finding was consistent with the observa-
tion that the hydrophobicity of the free drug was approximately

one and a half orders of magnitude greater than that of free Pep-4
(LVEX logD7.4 = —1.05). The logD7 4 determined for LVFX that
is reported here is in agreement with previously reported val-
ues (Brillault et al., 2010; Lemaire et al., 2011). Interestingly, it
has been shown previously that increasing the hydrophobicity of
ten-residue peptides with similar sequences to Pep-4 resulted in
enhanced membrane interactions and reduced sensitivity to envi-
ronmental salt concentration (Bai et al., 2009). The enhanced
hydrophobicity conferred by the attached LVFX groups noted
here is likely a factor contributing to the more substantial mem-
brane interactions and increased salt resistance observed for the
conjugate relative to the free peptide.

CONCLUSION

In an effort to explore design parameters for engineering CAMP
conjugates with enhanced properties, a novel antimicrobial pep-
tide conjugate, PALC, was generated by attaching multiple units
of the fluoroquinolone antibiotic LVFX to Pep-4, a ten residue
CAMP that presents multiple primary amino groups suitable for
drug attachment via acylation. Our studies revealed that while
P4LC displayed similar antibacterial effectiveness as the unmod-
ified parent peptide Pep-4 under low salt conditions, it was
substantially more potent under physiologically relevant high salt
conditions. This finding is significant because most CAMPs have
historically been found to lose antibacterial effectiveness in phys-
iological ionic strength environments, a fact which has presented
a challenge to the development of these peptides for therapeutic
applications. Our studies also suggest that the conjugate’s antibac-
terial potency is not due to extracellular release of free drug, as
evidenced by the results observed for unmodified Pep-4 coadmin-
isterd with free LVFX. Partitioning studies revealed that PALC was
more hydrophobic than Pep-4, while depolarization studies indi-
cated that the conjugate was able to disrupt membrane integrity
to a greater degree than the free peptide. We propose that the con-
jugate’s observed increased hydrophobicity plays a role both in its
enhanced salt resistance and ability to depolarize bacterial mem-
branes. However, the influence that the LVEX groups have on the
performance of the conjugate may not solely be attributable to
the increased hydrophobicity. In our prior studies with Pep-4,
acetylation of its amino groups was found to decrease the effective
positive charge character of the peptide, which resulted in a signif-
icant reduction in potency under low salt conditions. In contrast,
acylation of Pep-4 with LVFX did not result in a loss of potency
under similar conditions. The superior performance of P4LC,
relative to acetylated Pep-4, could reflect contributions from mul-
tiple factors. Unlike acetyl groups, LVFX contains protonatable
nitrogens that could contribute to the overall cationic charac-
ter of the conjugate. Additionally, the affixed LVFX groups may
contribute some aspects of their inherent antimicrobial activ-
ity to that of the conjugate. Future efforts will focus on further
investigating factors contributing to the antibacterial properties
of PALC and related conjugates. Parameters contributing to more
effectively capturing the inherent antibacterial potency of LVEX
will be of particular interest. Insights gained from studying the
performance and physicochemical properties of PALC will pro-
vide valuable information that can be used in the design of
new conjugates incorporating different peptide scaffolds and a

Frontiers in Chemistry | Chemical Biology

September 2014 | Volume 2 | Article 71 | 63


http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology/archive

Rodriguez et al.

Levofloxacin-containing antimicrobial peptide conjugate

broader lexicon of auxiliary molecules, including antibiotics or
chemotherapeutics.
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INTRODUCTION

Nanobiocatalysis, as the synergistic combination of nanotechnology and biocatalysis, is
rapidly emerging as a new frontier of biotechnology. The use of immobilized enzymes
in industrial applications often presents advantages over their soluble counterparts,
mainly in view of stability, reusability and simpler operational processing. Because of
their singular properties, such as biocompatibility, large and modifiable surface and easy
recovery, iron oxide magnetic nanoparticles (MNPs) are attractive superparamagnetic
materials that serve as a support for enzyme immobilization and facilitate separations by
applying an external magnetic field. Cross-linked enzyme aggregates (CLEAs) have several
benefits in the context of industrial applications since they can be cheaply and easily
prepared from unpurified enzyme extracts and show improved storage and operational
stability against denaturation by heat and organic solvents. In this work, by using the
aforementioned advantages of MNPs of magnetite and CLEAs, we prepared two robust
magnetically-separable types of nanobiocatalysts by binding either soluble enzyme onto
the surface of MNPs functionalized with amino groups or by cross-linking aggregates of
enzyme among them and to MNPs to obtain magnetic CLEAs. For this purpose the lipase
B of Candida antarctica (CALB) was used. The hydrolytic and biosynthetic activities of the
resulting magnetic nanobiocatalysts were assessed in aqueous and organic media. Thus,
the hydrolysis of triglycerides and the transesterification reactions to synthesize biodiesel
and biosurfactants were studied using magnetic CLEAs of CALB. The efficiency and easy
performance of this magnetic biocatalysis validates this proof of concept and sets the
basis for the application of magnetic CLEAs at industrial scale.

Keywords: magnetic nanoparticles (MNPs), magnetic cross-linked enzyme aggregates (mCLEAs), biodiesel,
biosurfactants, sucrose monopalmitate

its recovery and reutilization. These drawbacks can generally be

The use of nanobiocatalysts, with the combination of nanotech-
nology and biocatalysis, is considered as an exciting and rapidly
emerging area. Thus, nanobiocatalysis, as a new frontier of
biotechnology, is a new innovative sub-field of biocatalysis which
explores more advanced materials as enzyme carriers as well as
provides robust nanostructured materials with properties tailored
to their applications as enzyme scaffolds (Xin et al., 2010).

One of the great challenges that the industries face nowadays
is the transition to greener and more sustainable manufacturing
processes that minimize, or preferably avoid, the generation of
waste and the use of toxic and/or hazardous materials. Biocatalysis
has many benefits to offer in this respect, since enzymatic pro-
cesses generate less waste than conventional synthetic routes, are
more energy efficient, and provide products in higher purity
(Sheldon, 2011).

Enzymes are versatile nanoscale biocatalysts which can be used
in many areas of application, including industrial biocatalysis and
bioremediation. However, the use of enzymes in soluble form is
often hampered by their price, instability and the difficulty in

overcome by immobilizing the enzyme to solid supports, since the
immobilized biocatalyst shows improved storage and operational
stability (e.g., toward denaturation by heat or organic solvents
or by autolysis) and it can be easily separated from the prod-
ucts in the reaction mixture and reused. Moreover, reutilization of
enzyme in consecutive catalytic cycles significantly decreases the
costs of the biocatalyst which otherwise would not have been eco-
nomically viable using the free enzyme (Sheldon, 2011; Sheldon
and van Pelt, 2013).

Recent advances in nanotechnology provide a range of more
diverse nanomaterials and the approach to immobilize enzymes
on these nanosupports has grown in popularity in recent years.
At the present time, the use of iron oxide magnetic nanoparti-
cles (MNPs) as enzyme immobilization carriers, has drawn great
attention because of their unique properties, such as control-
lable particle size, large surface area, modifiable surface, and
easy recovery by applying a magnetic field which allows its reuse
for successive catalytic cycles (Johnson et al., 2011; Liese and
Hilterhaus, 2013; Verma et al., 2013; Kopp et al., 2014).
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Enzyme immobilization on magnetic supports was first
reported by Matsunaga and Kamiya (1987) who used magnetic
particles isolated from magnetotactic bacteria. Later Dyal et al.
(2003) reported magnetic (maghemite) nanoparticles for the
immobilization of Candida rugosa lipase. Further progress in
the use of magnetic materials for enzyme immobilization has
been dependent on developments in MNP synthesis/handling
and control over magnetic properties (Yiu and Keane, 2012).

Magnetic nanomaterials greatly facilitate separation, allowing
the use of a magnet to quickly and efficiently remove the immo-
bilized enzyme from the product (Safarik and Safarikova, 2009;
Ren et al., 2011). This allows greater reusability and preservation
of stability of the attached enzyme as compared to conventional
matrices, where centrifugation/filtration is the only option to sep-
arate the enzyme from the product. Such operations might lead to
enzyme leaching/instability due to mechanical shear while mixing
the pellet with the appropriate buffer to begin a new reaction (Yiu
and Keane, 2012). The low process costs of magnetic nanocarri-
ers have therefore shown them to be an interesting and economic
option (Verma et al., 2013).

In the past couple of decades, cross-linked enzyme aggregates
(CLEAs) have emerged as a novel and versatile carrier-free immo-
bilization technique (Cao et al., 2000; Sheldon, 2011). Moreover,
the use of CLEAs presents several advantages compared to the
free enzyme, since they are more stable with temperature and
show good reusability, retaining a high percentage of their initial
activity after several cycles. The preparation of CLEAs involves
the precipitation of the enzyme (that does not need to be pure)
and subsequent chemical cross-linking of the resulting protein
aggregates with glutaraldehyde. This bi-functional reagent is gen-
erally the cross-linker of choice as it is inexpensive and read-
ily available in commercial quantities (Sheldon and van Pelt,
2013).

Despite the advantages of CLEAs, the number of enzymes
immobilized by this technology is limited, mainly due to the low
Lys residue contents in the external surface of some enzymes
(Sheldon, 2007), and the increased size (clumping) of CLEAs
clusters due to separation of CLEAs from reaction mixture by cen-
trifugation or filtration (Montoro-Garcia et al., 2010; Wang et al.,
2011). The latter limitation can be overcome if the CLEAs are
magnetically-separable and their recovery can be easily achieved
using a magnet instead of using centrifugation or filtration meth-
ods which inevitably lead to clumping of CLEAs. mCLEAs of
a-amylase from Bacillus sp. (Talekar et al., 2012) and lipase
from Aspergillus niger (Tudorache et al., 2013) were successfully
prepared and used to hydrolyze starch and to obtain glycerol
carbonate, respectively.

Biodiesel is as a mixture of fatty acid alkyl esters (FAAEs)
which can be produced by transesterification of oils or by ester-
ification of free fatty acids (FFAs) catalyzed either chemically
or enzymatically using a lipase. Chemically-catalyzed produc-
tion of biodiesel is industrially acceptable for its high conver-
sion and reaction rates. However, downstream processing costs,
environmental issues associated with biodiesel production and
byproducts recovery have led to the search for alternative more
eco-friendly production methods (Bisen et al., 2010). Thus,
lipase-mediated biodiesel production presents more advantages

over the chemical method since it is eco-friendly, chemically
selective and requires lower temperatures (Verma et al., 2013).

Sugar fatty acid esters (SFAEs), synthesized from renewable
resources, have broad applications in detergent, food and cos-
metic industries (van Kempen et al., 2013). Moreover, these
biodegradable biosurfactants present antitumor, antimicrobial
and insecticidal properties. SFAEs can be synthesized by chemi-
cal methods, although these reactions must be performed at high
temperature and pressure in alkaline media and result in poor
selectivity and colored side-products (Huang et al., 2010; Gumel
et al.,, 2011; van den Broeck and Boeriu, 2013). SFAEs were also
enzymatically synthesized using immobilized lipase and obtain-
ing high production yields (Ferrer et al., 2002), with recovery of
the granulated enzyme by decantation.

In this work, by using the aforementioned advantages of
MNPs of magnetite and those of CLEAs, we prepared two
robust magnetically-separable types of nanobiocatalysts by bind-
ing either the soluble lipase B of Candida antarctica (CALB)
onto the surface of MNPs functionalized with —-NH, groups
(MNP-CALB) or by cross-linking with glutaraldehyde aggregates
of enzymes among themselves and to MNPs to obtain magnetic
CLEAs (mCLEA-CALB). Both biocatalysts were used to obtain:
(i) fatty acid ethyl and propyl esters (biodiesel) by esterification
of FFAs and transesterification of non-edible vegetable oils; (ii)
sucrose monopalmitate (biosurfactant) from sucrose and vinyl,
ethyl and methyl palmitate. The rapid magnetic recovery of the
biocatalysts, their stability and the simple reaction media are
exploited to establish an enzymatic process which could be easily
transferable to industrial scale.

MATERIALS AND METHODS

MATERIALS

3-Aminopropyltriethoxysilane (APTS), NaBHy, FeCl,, FeCls,
dimethylsulfoxide (DMSO), 2-methyl-2-propanol (2M2P),
p-nitrophenyl acetate (pNPA), 4 A molecular sieves and Triton
X-100 were purchased form Sigma-Aldrich (St. Luis, MO, USA).
Coomassie Blue (PhastGel™ Blue R) was obtained from GE
Healthcare (Uppsala, Sweden). Vinyl, methyl and ethyl palmitate
and FFAs were purchased from TCI Chemicals (Portland,
OR, USA). Non-edible vegetable oils (unrefined soybean, jat-
ropha and cameline) were obtained from Bunge Ibérica, S.A.
(Zierbena, Spain), Jatropha Hispania, S.L. (Toledo, Spain),
and Camelina Company (Madrid, Spain), respectively. Olive
oil used as a control was purchased from Carbonell (Madrid,
Spain). All other chemicals were supplied by Merck (Darmstadt,
Germany).

ENZYME

Lipozyme® CALB L, lipase B of C. antarctica (CALB, EC 3.1.1.3,
19.1 U/mg protein; 7.50 mg protein/ml) was kindly provided by
Novozymes (Bagsvaerd, Denmark).

SYNTHESIS AND FUNCTIONALIZATION OF MAGNETIC
NANOPARTICLES (MNPs)

MNPs of magnetite (Fe3O4) were synthesized by coprecipitation
of iron salts in alkaline medium following the method described
by Cruz-Izquierdo et al. (2012). Briefly, an aqueous solution
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containing 0.36 M FeCl, and 0.72 M FeCl3 was pumped to 1M
NH4OH solution under continuous mechanic stirring at room
temperature. The obtained black precipitate was separated from
the liquid phase using a magnetic field, and then magnetically
washed with water and PBS buffer (100 mM sodium phosphate,
150 mM NaCl, pH 7.4). In order to functionalize the resulting
MNPs with -NH; groups, MNPs were incubated with APTS,
washed with PBS and maintained at 4°C until use.

PREPARATION OF IMMOBILIZED ENZYMES ON MNPs

MNP-NH; (20 mg dry weight) was functionalized with aldehyde
groups by incubation with 250 mM glutaraldehyde for 4h in a
final volume of 10 ml (phosphate buffer solution 100 mM, pH
7.4). The protein (50 g/mg MNPs) was added to the mixture,
which was maintained overnight at 4°C. After the immobiliza-
tion, the MNP-enzyme was washed with 2 M NaCl and 1% Triton
X-100 (v/v) in order to remove ionic and hydrophobic interac-
tions, respectively. Finally, the enzyme was washed with buffer
and maintained at 4°C.

PREPARATION OF MAGNETIC CLEAs

mCLEAs of CALB (mCLEA-CALB) were prepared following
the methodology proposed by Cruz-Izquierdo et al. (2012).
MNP-NH; was incubated with the corresponding enzyme to
obtain 25-100 pg CALB/mg MNP-NH, in the presence of
100 mmol ammonium sulfate/mg protein. After 10 min, a solu-
tion of glutaraldehyde was added to reach a final concentration of
12.5 mM and the suspension was maintained for 5 h in agitation.
mCLEAs were then washed with 2 M NaCl, 1% (v/v) Triton X-100
and 200 mM bicarbonate buffer, pH 9.0.

CHARACTERIZATION OF MNPs AND IMMOBILIZED ENZYMES
Elemental analysis was performed using a Euro EA Elemental
Analyzer CHNS (EuroVector, Milan, Italy) with quantification
limit of 0.1%. The particle size and morphology of MNPs was
determined by transmission electron microscopy (TEM, JEOL
1010, Peabody, MA, USA). The magnetic characteristics were
measured using different devices: for the calculation of mag-
netic saturation (M) 2 K hysteresis loops were performed using
a vibrating sample magnetometer (VSM) in a superconduct-
ing magnet (14 T) cooled by a closed circuit of He (CFMS,
Cryogenic Ltd., London, UK). To calculate coercivity (H.) and
remanence (M,) an electromagnet was used at room tempera-
ture and moderate fields (0.9 T). The size distribution of magnetic
particles was calculated from the magnetization data according to
Langevin’s equations adjusted for non-interacting superparamag-
netic model. MNPs dry weight and concentration were analyzed
using a vacuum concentrator (Savant SpeedVac concentrator,
Thermo Scientific, Waltham, MA, USA).

ENZYMATIC ACTIVITY MEASUREMENTS

Esterase activity of CALB

The activity of soluble and immobilized CALB was assayed with
PNPA as substrate according to Gao et al. (2004) with minor
modifications. Specifically, soluble or immobilized lipase (1-2 pg
protein) was added to a reaction mixture which contained 10 pl of
PpNPA (100 mM in DMSO) in 980 .1 of PBS. The reaction mixture
was maintained for 15 min at room temperature with rotational

mixing at 30 rpm (Intelli-Mixer RM-2, Elmi Ltd., Riga, Latvia).
Samples were withdrawn every 5min (in the case of immobi-
lized lipase the magnetic biocatalysts were separated from the
liquid phase using a magnet) and the appearance of p-nitrophenol
(pPNP) was measured spectrophotometrically (Beckman Coulter
DU 800, Brea, CA, USA) at 405 nm (epnp = 9.43 mM~ L em™1).
One unit (U) of esterase activity was defined as the amount of
enzyme that catalyzes the appearance of 1pumol pNP per min
under the assay conditions.

Hydrolytic activity of CALB

The hydrolytic activity of CALB was analyzed by the hydrolysis
of tributyrin, and the release of butyric acid was volumetrically
measured using a pH-stat (Metrohm 842 pH-Stat Autotitrator,
Herisau, Switzerland) with 10 mM NaOH as alkaline solution.
CALB (0.01 mg of free enzyme, 1 mg of MNP-CALB or 0.25 mg
of mCLEA-CALB) was incubated in 9ml of 5mM phosphate
buffer, pH 7.3, at 30°C. Tributyrin was then added (0.5 ml) and
the increase of pH was registered. One unit (U) of activity was
defined as the amount of enzyme that catalyzes the release of
1 pwmol butyric acid per min under the assay conditions.

Transesterification activity of CALB

Olive oil (0.2 g) and 2-propanol (1:6 molar ratio oil:alcohol) were
incubated with 1% (w/w of oil) of magnetic catalyst. The reaction
was maintained at 40°C and 30 rpm with rotational mixing. The
initial reaction rate for biodiesel production was assessed by with-
drawing aliquots (5l) of the liquid phase at defined intervals
which were analyzed by high-performance liquid chromatogra-
phy (HPLC) as indicated below. Transesterification activity was
defined as mg of oil transformed to biodiesel (fatty acid propyl
esters, FAPEs) per mg of MNP-NH,; and time (h) considering the
initial reaction rate of transesterification.

SYNTHESIS OF BIOPRODUCTS

Synthesis of biodiesel

Biodiesel (Fatty Acid Ethyl Esters, FAEEs) was obtained by ester-
ification of FFAs. For that, a mixture of FFAs which simulates the
composition of FFAs coming from microalgae (Scenedesmus sp.)
was applied: 4.1% stearic acid, 23.6% palmitic acid, 52.1% oleic
acid, 12.4% linoleic acid, and 7.8% linolenic acid. Ethanol (10:1
alcohol:FFA, mol:mol) was added to FFAs mixture (500 jumol)
and 2 mg mCLEA-CALB. FAEEs were also obtained by trans-
esterification of a mixture (0.2 g) of vegetable oils, composed
of 80% palm oil, 10% soybean oil and 10% olive oil, with
ethanol as alkyl donor in molar ratio of 30:1 (alcohol:oil) and
1% (w/w of oil) of magnetic biocatalyst. FAPEs were produced
by transesterification of vegetable oil (0.2 g) using 2-propanol as
alkyl donor (6:1 molar ratio alcohol:oil) and 1% (w/w of oil)
of magnetic catalyst. In all the cases, the reactions were carried
out in a solvent-free medium at 25°C with rotational mixing
(Intelli-Mixer RM-2, Elmi Ltd., Riga, Latvia). The reactions were
followed by withdrawing aliquots (10 wl) of the liquid phase.
Semi-quantitative analyses of samples were performed by thin
layer chromatography (TLC) and the quantitative analysis using
control FFAs and olive oil was performed by HPLC, as described
above.
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Synthesis of biosurfactant

Sucrose 6'-monopalmitate (SMP) was synthesized by transesteri-
fication of sucrose and vinyl, methyl or ethyl palmitate catalyzed
by mCLEA-CALB. Sucrose (100 mg/ml) was added to DMSO
and stirred for 10 min at 70°C, or to 2M2P and stirred for 24 h
at 70°C, in order to obtain a homogeneous mixture. Molecular
sieves (4 A) were added to solid sucrose, DMSO and 2M2P stocks
in order to absorb their water content. Vinyl, methyl or ethyl
palmitate was then added in a molar sucrose:alkyl palmitate
ratio of 1:1, 1:2, or 1:3. mCLEA-CALB were washed with the
corresponding solvent and used as catalysts in a concentration
of 4mg/ml. The reactions (5ml) were incubated at 60°C and
stirred using magnetic agitation (Carousel 12 Plus, Radleys, UK).
Samples (100 1) were withdrawn and the liquid phase was sep-
arated from the solid biocatalyst using a magnetic field. When
using DMSO, the same volume of ethanol was added to the
aliquots in order to overcome the immiscibility between palmitate
esters and DMSO. Semi-quantitative and quantitative analyses of
samples were performed by TLC and HPLC-MS, respectively, as
described above.

ANALYTICAL METHODS

HPLC analysis of biodiesel

Five microliter of samples withdrawn from the reaction mix-
ture were diluted in 250 pl of n-hexane and analyzed by HPLC
(Waters™ Corporation, Milford, MA, USA) using a diode array
detector according to Holcapek et al. (1999). The Cig column
(5wm, 4.6 x 250 mm, Tracer Lichrosorb RP18) was eluted at a
flow rate of 1 ml/min using a mixture of acetonitrile:H,O (1:1
v/v) (phase A) and 100% pure methanol (phase B) as mobile elut-
ing phase and a gradient from 75 to 100% phase B in 15 min.
The injection volume was 10l and peaks were detected at
205 nm.

HPLC-MS analysis of biosurfactants

Analysis of SMP was carried out by HPLC (Alliance €2695,
Waters™ Corporation, Milford, MA, USA) coupled with a triple
quadrupole masses spectrometer (QqQ) (Quattro micro Api,
Waters™ Corporation, Milford, MA, USA). The column (2.6 um,
2.10 x 50 mm, Kinetex C18, Phenomenex) was eluted at 30°C
and 0.2 ml/min flow-rate. 0.1% (v/v) formic acid in H,O (phase
A) and 0.1% (v/v) formic acid in methanol (phase B) were
employed as mobile phase, with a gradient from 50 to 100%
phase B in 9 min. The injection volume was 10 pl. For the ion-
ization of the SMP, a positive electrospray was used with 3200V
capillary voltage at 120°C. Nitrogen was used as desolvation
gas at 300°C and 4501/h flow-rate. SMP was monitorized using
MRM (multiple reaction monitoring) with a lineal calibration
(10-500 ng/ml) following the next transition: 603.2 to 441.3 nm
(for quantification) and 603.2 to 203.1 nm.

Thin layer chromatography (TLC) analysis

A semi-quantitative analysis of biodiesel and biosurfactant was
also assessed using TLC. Silica gel 60 coated plates (Merck,
Darmstadt, Germany) were activated for 30min at 100°C
and 0.5l samples were applied. For biodiesel analysis, the
ternary mixture n-hexane:ethyl acetate:acetic acid (90:10:1, v/v/v)

was used as eluting phase (Samakawa et al., 2000). After
chromatography development (about 40 min), plates were air
dried at room temperature, and then immersed for 1 min with
gentle orbital shaking in a 0.02% (w/v) solution of Coomassie
Blue R-350 (Nakamura and Handa, 1984), prepared in acetic
acid:methanol:H,O (1:3:6, v/v/v) as indicated by the manufac-
turer. Finally, the plates were air-dried at room temperature. Spots
corresponding to substrates and products of the transesterifi-
cation reaction were identified by using appropriate reference
external standards run in parallel. For biosurfactant analysis,
the eluting phase was composed of a mixture of toluene:ethyl
acetate:ethanol (2:1:1, v/v/v). Spots corresponding to sucrose and
SMP were detected by spraying the plates with a solution of
urea (1 g urea, 4.05 ml phosphoric acid and 48 ml water-saturated
1-butanol) and heating them at 100°C for 15 min.

RESULTS AND DISCUSSION

CHARACTERIZATION OF MNPs AND IMMOBILIZED ENZYMES

MNPs were synthesized in our laboratory and analyzed by X-ray
diffractography, which confirmed the presence of magnetite (data
not shown). The increase of N content in MNPs with -NH,
groups was confirmed by comparing the content of N, C, and
H in naked MNPs and MNP-NH, using elemental analysis (see
Figure 1). Percentage of N was negligible in non-functionalized
nanoparticles, and increased up to 1% in particles whose surfaces
were coated with groups. The increase was consistent with the
presence of amine groups in the MNP-NH,. The increment of C
content in functionalized nanoparticles was also noticeable, and
could correspond to the C content of the functionalizing agent
(APTS) used.

The functionalized MNP-NH, were then employed for the
immobilization of CALB by two different procedures: (i) cova-
lent immobilization by cross-linking of the protein on the surface
of MNP-NH, (MNP-CALB, see Figure 2A); (ii) covalent immo-
bilization of cross-linked enzyme aggregates (nCLEA-CALB, see
Figure 2B). In both cases glutaraldehyde was used as a bifunc-
tional cross-linking reagent. Both types of immobilized enzymes
of CALB were selected as model biocatalysts for characterization
purposes.
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FIGURE 1 | Elemental analysis of naked MNPs (white bars) and
MNP-NH; (gray bars).
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FIGURE 2 | Scheme of a scale representation of the magnetic
biocatalysts obtained with CALB and TEM micrographs of the
magnetic biocatalysts of CALB used in this work. Artwork is a
hypothetical model of (A) MNP-CALB and (B) mCLEA-CALB complexes.
Both models simulate a cross-section of a three-dimensional structure. The

MNPs are 10nm in diameter, the APTS/glutaraldehyde bridge provides a
spacer arm of 2.5nm (Dauphas et al., 2009) and the size of CALB is

3 x4 x5nm (Uppenberg et al., 1994). TEM images of naked MNPs (C),
MNP-CALB (D) and mCLEA-CALB (E). Bars represent 20nm in C, and
50nm in D,E.

The shape and size of MNPs and resulting immobilized
enzymes were analyzed by TEM. Naked MNPs appeared as spher-
ical particles with a uniform and defined size (see Figure 2C).
Because the protein is not as opaque to electrons as MNPs,
the presence of CALB bound directly to the surface of MNPs
(Figure 2D) or forming mCLEA-CALB (Figure 2E) resulted in
MNPs showing more fuzzy and diffuse edges than the naked
counterparts.

Trying to determine if the binding of the protein could mod-
ify the magnetic properties of the particles, magnetic behavior of
both protein-free MNP-NH, and immobilized enzymes (MNP-
CALB and mCLEA-CALB) was analyzed at different magnetic
fields and at 300 K (see Figure 3). At this temperature, the shape
of the magnetization curve vs. magnetic field was similar for the
three biocatalysts. In the three cases, when the external mag-
netic field was removed the particles lost the magnetization. Also,
once saturation reached, magnetization only disappeared when
magnetic field was reduced to zero. These two properties are rep-
resented by the concepts of magnetic remanence (M,) and coer-
civity (H,), which were very close to zero, being a characteristic
of superparamagnetic nanoparticles. The saturation magnetiza-
tion (M) of MNP-NH, was 82.5 emu/g (Table 1), similar to the
value corresponding to bulk magnetite (89 emu/g, Ramirez and
Landfester, 2003). The presence of cross-linked enzyme lowered
the value of M, and that reduction increased at higher protein
concentration, because the saturation magnetization value was
referred to the total mass of biocatalyst instead of the mass of
the magnetic support. Fitting magnetic results to the Langevin’s
function, particle size distribution of naked MNPs was obtained.

=]

20000

Magnetization, M (emu/g)

Applied magnetic field, H (Oe)

FIGURE 3 | Magnetization analysis at 300K of the magnetic
biocatalysts obtained with CALB. MNP-CALB (solid lines), mCLEA-CALB
with 25 pg protein/mg MNPs (dotted lines with short strokes) and
mCLEA-CALB with 100 g protein/mg MNPs (dotted lines with long
strokes). Inlet shows a detail of magnetization for values of magnetic field
near to 0 Oe.

Figure 4 shows a mean nanoparticle diameter of 9.5nm with a
dispersion of +6 nm.

CATALYTIC PROPERTIES OF FREE AND IMMOBILIZED CALB
The use of magnetic supports for immobilization of enzymes
provides well-known facilities for the recovery and reuse of
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Table 1 | Magnetic parameters of MNP-NH; and biocatalysts obtained
of CALB.

Table 2 | Main properties of magnetic biocatalysts obtained of CALB.

Property Free MNP- mCLEA-CALB
Support or Immobilized CALB Ms (emu/g) M; (emu/g) lipase CALB
biocatalyst (ng/mg MNPs)
Immobilized CALB (g/mg MNPs) - 25 25 100
MNP-NH, - 82.5 1.0
MNP-CALB 25 65.3 05 Activity?  Esterase (U/mg catalyst) 20 0.38 0.27 1.0
MCLEA-CALB 25 72.1 05 Hydrolytic (U/mg catalyst) 14162 02 72 28.8
100 40.0 0.3 Transesterification (U/mg - 20 26 6.5
catalyst)
Biodiesel conversion (%) - 205 303 66.7
0.12 Stability® Biodiesel conversion after - 9.4 137 59.3
10 cycles (%)
0.1
. 4 Activities were assayed as detailed in Materials and Methods.
§ 0.08 1 b Stability was assessed as a measure of the biodiesel (FAPEs) conversion after
é 0.06 10 consecutive catalytic cycles of 24 h at 40°C.
3
2
2 0 diffusional problems were higher when using CLEAs than for
0.02 non-aggregated enzyme, which indicates that enzyme aggregation
could hinder the diffusion of compounds. The difference between
0 . " " - 0 o o free and immobilized enzyme activities was even more evident
when analyzing the hydrolysis of tributyrin, due to the very fast
Size (nm) enzymatic reaction.
mCLEA-CALB containing 100 pg protein/mg MNPs resulted
FIGURE 4 | Particle size distribution of MNPs. The distribution was fitted to be the most appropriate biocatalyst in terms of enzymatic activ-
tq the I_.angevin’s function yielding a mean particle size of 9.5nm and ities (U/rng MNPS), including the transesterification of olive oil
dispersion of £6nm. to biodiesel, where a very high conversion was obtained after

the catalysts. The benefits in terms of catalytic properties were
checked using CALB as model enzyme and three types of immo-
bilization: MNP-CALB (50 pg protein/mg MNPs), mCLEA-
CALB with low load of protein (25 pg protein/mg MNPs), and
mCLEA-CALB with high load of protein (100 g protein/mg
MNPs) (Table2). Using non-aggregated enzyme, 50% of the
protein was measured in the liquid phase, indicating that only
25ng protein/mg MNPs was firmly attached to the support.
However, using covalent CLEAs the immobilization efficiency
reached 100%.

The effect of immobilization was assessed by the measurement
of three enzymatic activities using preparations of the free and
immobilized biocatalysts: (i) esterase activity using pNPA which
is converted to pNP, (ii) hydrolysis of tributyrin to butyric acid,
and (iii) the transesterification of olive oil with propanol to obtain
FAPEs.

Having in mind the concentration of immobilized CALB (ug
protein/mg MNPs), esterase activities of free and immobilized
biocatalysts can be compared in terms of specific activities (U/mg
protein): 20, 15.2, 10.8, and 10 U/mg protein for free enzyme,
MNP-CALB and mCLEA-CALB of low and high load, respec-
tively. The decrease in specific activity of immobilized enzymes
compared to free enzymes could be associated to diffusional lim-
itations which usually occur in immobilized biocatalysts due to
steric hindrance. In that case, the rate of diffusion of substrates
and/or products to and from the active site of the enzyme is
lower than the enzymatic reaction rate (Pesic et al., 2012). These

24 h (Table 2). Moreover, the biocatalyst was much more stable
than the other immobilized enzymes tested, maintaining prac-
tically the same conversion to biodiesel after 10 reaction cycles.
Thermal stability was also considerably higher, as the biocata-
lyst only lost 10% of the initial activity when heated at 60°C for
30 min, while MNP-CALB and mCLEA-CALB (25 g protein/mg
MNPs) lost 70 and 50%, respectively. In any case, the immobi-
lized biocatalysts were much more stable than the free enzyme,
which lost 95% of the initial activity when heated at 60°C for
30 min. MNPs attached to previously aggregated and cross-linked
enzymes (mCLEAs) represent the best option for the synthesis
of magnetic biocatalysts, as high concentrations of protein can
be attached to the enzyme, and this is more protected against
destabilizing agents.

SYNTHESIS OF BIODIESEL

The ability of the prepared magnetic biocatalysts to synthe-
size biodiesel was tested using preparations of both FFAs and
vegetable oils in a solvent-free system (see Figure 5).

The esterification of FFAs was performed using a mixture of
them which mimics the composition of reserve lipids present in
the microalga Scenedesmus sp., which mainly consisted of C14 and
C16 saturated and unsaturated fatty acids. Ethanol was selected as
alkyl donor in a molar ratio of 10:1 (alcohol:FFA), acting also as
solvent of FFAs. The reaction (Figure 5A) was followed by both
TLC and HPLC, and results are shown in Figures 6, 7, respec-
tively. TLC plates stained with Coomassie Blue is a useful tool to
identify and semi-quantify not only FAEEs but also FFAs. Figure 6
reveals that the esterification of FFAs was noticeable at 30 min,
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FIGURE 5 | Reactions of (trans)esterification catalyzed by CALB. Synthesis of biodiesel from (A) free fatty acids (FFAs) and (B) triglycerides (TGs).
Synthesis of biosurfactant (C).

and was practically completed after 5h of reaction. These val-
ues were confirmed by HPLC-quantification of FAEEs (data not
shown) and unsaturated FFAs (Figure 7), which indicated con-
versions of 60% for C16:2 and C16:3 at 30 min and 90% after 5h
of reaction.

Trying to improve the simulation of microalgae oil, a mix-
ture of vegetable oils (80% palm oil, 10% soybean oil and 10%
olive oil) was prepared and used as substrate for the transester-
ification reaction. Taking into account the stoichiometry of the
reaction (3:1, Figure 5B) and the molar excess of ethanol con-
sidered for FFAs, a molar ratio of 30:1 (alcohol:oil) was selected
for the transesterification of this oil mixture. TLC analysis of the
initial sample (Figure 8, lane 1) indicates the presence of triglyc-
erides, but also the perceptible presence of FFAs, monoglycerides
and diglycerides. After 1 h, the spot corresponding to triglycerides
decreased, and after 24 h a high amount of triglycerides was con-
verted to FAEEs. The presence of FFAs not only did not interfere
in the transesterification of the oil but also they were converted to
FAEE:s in the reaction catalyzed by CALB. This point is remark-
able because, as it is well-known, the presence of FFAs drastically
reduces the yield and quality of the product obtained by some

of the usual chemical processes applied for the synthesis of
biodiesel (Leung et al., 2010). On the other hand, the diversity and
complexity of the oil mixture made the transesterification rate
significantly lower than the rate of FFAs esterification (Figure 6).
Finally, the benefits of mCLEA-CALB as biocatalyst for the
transesterification of vegetable oils were pointed out by com-
paring the three synthesized magnetic CALB catalysts for the
synthesis of biodiesel from olive (used as a control), unrefined
soybean, jatropha and cameline oils (Figure 9). The behavior of
the biocatalysts seemed to be independent of the non-edible oil
selected. The comparison of MNP-CALB with mCLEA-CALB
of the same protein concentration revealed that the formation
of CLEAs before immobilization contributes to the stabilization
of the enzyme, and consequently, its maximal exploitation during
the enzymatic reaction. Even so, the best conversion results were
obtained when the highest concentration of protein was immobi-
lized, reaching biodiesel conversion over 90% in 24 h at 30°C.

SYNTHESIS OF BIOSURFACTANTS
The enzymatic synthesis of SFAEs is usually limited by its low pro-
ductivity, as the reaction only occurs in a medium where polar
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FIGURE 6 | Analysis by TLC of biodiesel (FAEEs) conversion from a FFA
mixture using mCLEA-CALB. The reaction mixture containing 500 wmol
FFA (4.1% stearic acid, 23.6% palmitic acid, 52.1% oleic acid, 12.4%
linoleic acid, and 7.8% linolenic acid), ethanol (10:1 alcohol:FFA molar ratio)
and 2mg mCLEA-CALB was incubated for 5 h at 30°C with rotational
mixing.
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FIGURE 7 | Analysis by HPLC of biodiesel (FAEEs) conversion from a
FFA mixture using mCLEA-CALB. The reaction conditions were the same
as indicated in Figure 6. Conversion of oleic acid (triangles), linoleic acid
(diamonds), and linolenic acid (circles).

sugar and non-polar fatty acid donor could be soluble. Some
attempts were performed to find an adequate medium, which
must fulfill solubilization requirements and preserve biocatalyst
activity. Commercial immobilized CALB (Novozyme 435) was

FAEEs
—— FFAs
I B ] }—— MGs + DGs

0 05 1 24
Reaction time (h)

FIGURE 8 | Analysis by TLC of biodiesel (FAEEs) conversion from
vegetable oils mixture using mCLEA-CALB. The reaction mixture
containing 0.2 g oil (80% palm oil, 10% soybean oil, and 10% olive oil),
ethanol (30:1 alcohol:oil molar ratio) and 1% (w/w of oil) mCLEAs was
incubated for 24 h at 30°C with rotational mixing. Triglycerides (TGs),
diglycerides (DGs), monoglycerides (MGs), and free-fatty acids (FFAs).

applied for this purpose with low productivities (Ferrer et al.,
1999).

Taking advantage of the high stability showed by mCLEA-
CALB for the synthesis of biodiesel, the utility of this magnetic
separable biocatalyst was tested for the transesterification of
sucrose with different alkyl palmitate esters (vinyl, methyl and
ethyl palmitate) as shown in Figure 5C. DMSO was selected
as solvent due to its polar aprotic characteristic, dissolving
both polar and non-polar compounds. The palmitate ester was
added to 292 mM sucrose dissolved in DMSO in molar ratios
sucrose:palmitate of 1:1, 1:2, and 1:3, and the enzymatic reaction
using mCLEA-CALB was performed at 60°C for 24 h. Figure 10
shows the results obtained by TLC analysis of the samples. After
staining the plates with urea solution, the spots correspond-
ing to sucrose and SMP became visible. Spots corresponding to
SMP appeared only when vinyl palmitate was used as fatty acid
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FIGURE 9 | Analysis by TLC of biodiesel (FAEEs) conversion from
different non-edible vegetable oils catalyzed by magnetic biocatalysts
of CALB. The reaction mixture containing 0.2 g oil, 2-propanol (6:1
alcohol:oil molar ratio) and 1% (w/w of oil) of catalyst was incubated for

72 h at 30°C with rotational mixing. MNP-CALB (white bars), mCLEA-CALB
with 25 g protein/mg MNP (gray bars), and mCLEA-CALB with 100 g
protein/mg MNP (black bars). Olive oil was used as a control.

donor, and the highest concentration corresponded to a molar
ratio of 1:3. This result is consistent with previous studies, which
point out that the vinyl alcohol formed during the process could
tautomerize to the low-boiling-point acetaldehyde, shifting the
equilibrium toward the ester formation. However, by employ-
ing alkyl fatty acid esters the transesterification reactions became
reversible, resulting in low yields (Cruces et al., 2001).

Studies of soluble CALB and mCLEA-CALB stabilities in dif-
ferent polar and non-polar solvents revealed that the magnetic
biocatalyst is much more stable than the free enzyme, although
the stability in DMSO is still low (the half life of the mag-
netic enzyme is below 3 h, data not shown). Other solvents were
tried in order to enhance enzyme stability, and the solubility
losses were overcome with intense magnetic agitation. Results of
reaction performed in 2M2P were compared to those obtained
using DMSO in Table 3. The presence of DMSO inactivated the
enzyme, resulting in a low conversion, which occurred in the first
5h of reaction. However, taking advantage of stability improve-
ment, mCLEA-CALB catalyzed the production of 40 mM SMP
(23 g/1) using 2M2P as solvent.

CONCLUSIONS

In this paper we report that robust magnetically-separable bio-
catalysts of lipase show higher stability and better performance
than the soluble enzymes. Moreover, they can be reused after eas-
ily recovery by a magnetic field avoiding the use of filtration or
centrifugation which inevitably led to enzyme clumping. We have
demonstrated the utility of these biocatalysts to catalyze reactions
in both aqueous and non-aqueous media to obtain bioproducts of
interest such as biodiesel or biosurfactants from sustainable and
renewable sources. These results indicate that synergism of using
properly functionalized magnetic nanosupports combined with
suitable selection of the adequate enzyme can lead to the devel-
opment of novel robust magnetic nanobiocatalyts of interest for

bbs b0

VP EP MP VP EP MP
+ mCLEA-CALB

Controls

FIGURE 10 | Analysis by TLC of the SMP conversion from sucrose and
different alkyl palmitates catalyzed mCLEA-CALB. The reaction mixture
containing 100 mg/ml sucrose (292 mM), alkyl palmitate and 4 mg/ml
MCLEA-CALB in 1 ml DMSO was incubated for 24 h at 60°C. Vinyl
palmitate (VP), methyl palmitate (MP), and ethyl palmitate (EP) were used.
Sucrose:alkyl palmitate molar rates were 1:1 in (A), 1:2 in (B), and

1:3in (C).

Table 3 | Effect of the solvent used on the production of sucrose
6’-monopalmitate (SMP)2.

Time (h) SMP (mM)
Dimethylsulfoxide 2-Methyl-2-propanol
0 0 0
0.39 1.69
72 0.40 241
168 0.40 39.6

@The reaction mixture (5ml) contained sucrose (292 mM) and vinyl palmitate
(876 mM) in the presence of the solvents DMSO or 2M2P mCLEA-CALB (20 mg)
was used to catalyze the reaction at 60° C with magnetic stirring. At the indicated
times samples were withdrawn and analyzed by HPLC-MS.

industry. Enzyme inactivation by solvents or byproducts during
bioproducts obtainment can be minimized or avoided by search-
ing for a robust enzyme. The combination of nanotechnology and
biocatalysis represents a promising opportunity to develop novel
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stable and efficient magnetic biocatalysts which can be easily
recovered from the reaction mixture and reused in new catalytic
cycles thus greatly improving the economic viability for its use to
obtain bioproducts at industrial scale.
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INTRODUCTION

We applied a combination of rational design and directed evolution (DE) to Bacillus
subtilis p-nitrobenzyl esterase (pNBE) with the goal of enhancing organophosphorus
acid anhydride hydrolase (OPAAH) activity. DE started with a designed variant, pNBE
A107H, carrying a histidine homologous with human butyrylcholinesterase G117H to
find complementary mutations that further enhance its OPAAH activity. Five sites were
selected (G105, G106, A107 A190, and A400) within a 6.7 A radius of the nucleophilic
serine Oy. All 95 variants were screened for esterase activity with a set of five substrates:
pNP-acetate, pNP-butyrate, acetylthiocholine, butyrylthiocholine, or benzoylthiocholine.
A microscale assay for OPAAH activity was developed for screening DE libraries.
Reductions in esterase activity were generally concomitant with enhancements in OPAAH
activity. One variant, A107K, showed an unexpected 7-fold increase in its kgat/Km for
benzoylthiocholine, demonstrating that it is also possible to enhance the cholinesterase
activity of pPNBE. Moreover, DE resulted in at least three variants with modestly enhanced
OPAAH activity compared to wild type pNBE. A107H/A190C showed a 50-fold increase
in paraoxonase activity and underwent a slow time- and temperature-dependent change
affecting the hydrolysis of OPAA and ester substrates. Structural analysis suggests that
pNBE may represent a precursor leading to human cholinesterase and carboxylesterase 1
through extension of two vestigial specificity loops; a preliminary attempt to transfer the Q-
loop of BChE into pNBE is described. Unlike butyrylcholinesterase and pNBE, introducing a
G143H mutation (equivalent to G117H) did not confer detectable OP hydrolase activity on
human carboxylesterase 1 (hCE1). We discuss the use of pNBE as a surrogate scaffold
for the mammalian esterases, and the importance of the oxyanion-hole residues for
enhancing the OPAAH activity of selected serine hydrolases.

Keywords: organophosphate, cholinesterase, directed evolution, catalytic bioscavenger, nerve agent, hysteresis

rapidly, completely, and irreversibly inhibit essential biological

Butyrylcholinesterase (BChE; EC 3.1.1.8) and its genetically
engineered variants are being developed as therapeutic enzyme
“bioscavengers” of organophosphorus acid anhydrides (OPAA) to
prevent or treat OPAA poisoning (Millard et al., 1995a; Doctor
and Saxena, 2005; Saxena et al., 2006) and also have been inves-
tigated to reverse cocaine addiction (Xie et al., 1999; Zheng
and Zhan, 2008; Masson and Rochu, 2009). OPAA compounds
(Figure 1) are highly toxic or lethal primarily because they

Abbreviations: AtCh, acetylthiocholine; BME, beta-mercaptoethanol; BtCh,
butyrylthiocholine; BzCh, benzoylthiocholine; CD, circular dichroism; CE, car-
boxylesterase; DMSO, dimethylsulfoxide; DTNB, dithiobis(2-nitrobenzoic acid);
DTT, dithiothreitol; EB, equilibration buffer; hCEl, human carboxylesterase
1; IPTG, isopropyl-p-thiogalactoside; €2-loop, residues between Cys-67-Cys-94
(TcAChE numbering); OPAA, organophosphorus acid anhydride inhibitors;
OPAAH, organophosphorus acid anhydride hydrolase; paraoxon, diethyl p-
nitrophenylphosphate; pNBE, p-nitrobenzylesterase; pNPA, p-nitrophenyl acetate;
PNPB, p-nitrophenyl butyrate; SDS-PAGE, sodium dodecyl sulfate polyacrylamide
gel electrophoresis; WT, wild type.

stores of synaptic acetylcholinesterase (AChE; EC 3.1.1.7) leading
to rigid paralysis, asphyxiation, and seizures (Shih et al., 2003).
OPAA are archetypical irreversible inhibitors of serine hydrolases
(Scheme S1), but in some cases the inhibition is slowly reversed
(half-time of hours or days) because the phosphylated esterase
undergoes spontaneous hydrolysis of the covalent adduct to yield
reactivated enzyme (Main, 1979). Human BChE has been pro-
posed as a prophylactic antidote because it is able to react rapidly
with essentially all toxic pesticides and military “nerve agents”
in the blood stream to prevent inhibition of AChE (reviewed in
Ashani, 2000; Doctor and Saxena, 2005; Nachon et al., 2013).
The primary limitation to employing natural human BChE as
a therapeutic is that each enzyme molecule can react only once
with an OPAA inhibitor molecule and therefore will require an
estimated dose of 200—-1820 mg/70kg of BChE to confer protec-
tion against 2 x LDsg of most nerve agents (Ashani, 2000; Geyer
et al., 2010). For therapeutic enzyme bioscavengers, catalyzed

www.frontiersin.org

July 2014 | Volume 2 | Article 46 | 77


http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/editorialboard
http://www.frontiersin.org/Chemistry/about
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org/journal/10.3389/fchem.2014.00046/abstract
http://community.frontiersin.org/people/u/115816
http://community.frontiersin.org/people/u/171342
http://community.frontiersin.org/people/u/171437
mailto:patricia.legler@nrl.navy.mil
http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Legler et al.

Protein engineering of p-nitrobenzyl esterase

Ester Substrates

p-nitrophenyl

Benzoylthiocholine

N
\

FIGURE 1 | Structures of carboxylester substrates and organophosphate
inhibitors. The G-type agents, Soman and Sarin, carry neutral R-groups while
the V-type inhibitors, VX and echothiophate, contain cationic R-groups which
mimic choline. Simulants which carry poorer leaving groups are commonly
used in screening and include paraoxon, DFP, and echothiophate. OP are
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effective inhibitors because they mimic the substrates of the esterases which
they inhibit. The transition states of carboxylesters are tetrahedral, while
those of OP are pentavalent. Accommodation of the various R-groups of the
OP is therefore determined empirically using a series of inhibitors with
R-groups varying in size or charge.

turnover could significantly enhance the rate of OPAA hydrol-
ysis and reduce the amount of enzyme needed for protection.
Using rational protein design, Millard and colleagues introduced
a single histidine residue (G117H) into the oxyanion hole of
human BChE to increase the rate of spontaneous reactivation and
thereby convert OPAAs from inhibitors into xenobiotic substrates
which could be hydrolyzed by the mutant enzyme (Millard et al.,
1995a; Lockridge et al., 1997). G117H enhanced the hydrolysis
of paraoxon or echothiophate by 100,000-fold (Lockridge et al.,
1997), and a second mutation (G117H/E197Q) permitted hydrol-
ysis of even the most toxic nerve agents known (soman, sarin, or
VX) by increasing the rate of spontaneous reactivation and simul-
taneously decreasing an unwanted side reaction known as “aging”
(Scheme S1) (Shafferman et al., 1996; Millard et al., 1998).
Cholinesterase “aging” is an irreversible dealkylation of the
phosphylated serine that proceeds through enzyme-catalyzed for-
mation of a carbocation leaving group (SchemeS1) (Michel
et al,, 1967; Li et al.,, 2007; Masson et al., 2010). Dealkylation
results in an anionic phosphoester adduct that is resistant
to nucleophilic attack. Aging involves the same cholinesterase
residues that stabilize the binding of positively charged leaving
groups of choline esters or V-type nerve agents (VX and VR),

including, Glu-197, and Trp-82 within the Q-loop of BChE
(Figure S1, Figure 2) (Hosea et al., 1996; Masson et al., 1997a;
Kua et al., 2003). Cholinesterases are predominantly found in
higher eukaryotes and the Q-loop may have arisen specifi-
cally to bind and hydrolyze choline esters (Figure2) because
very few esterases react efficiently with cationic ligands (Cousin
et al., 1996). Structurally related esterases [such as human car-
boxylesterase (hCE)] that lack the homologous Trp do not exhibit
significant cholinesterase activity and do not undergo comparable
aging after OPAA inhibition (Hemmert et al., 2010).

Human BChE and its variants offer several important advan-
tages as therapeutic enzymes (Doctor and Saxena, 2005), and
transgenic animals bearing the G117H BChE variant have shown
limited resistance to OPAA poisoning (Wang et al., 2004). A pegy-
lated WT BChE enzyme (Protexia®) has also shown protection
in vivo against soman and VX (Lenz et al., 2007; Mumford and
Troyer, 2011). In addition to BChE, other enzymes such as AChE,
hCE, or the metalloenzyme paraoxonase (PON1) have shown
promise as bioscavengers. Both BChE (Saxena et al., 2006; Lenz
et al., 2007; Mumford and Troyer, 2011) and PONT1 (Costa et al.,
1990; Li et al., 1995; Valiyaveettil et al., 2011) have shown limited
protection against nerve agent and OP-pesticide intoxication in
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|
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FIGURE 2 | Comparison of pNBE and BChE. (A) Structure of pNBE (PDB
1QE3) (Spiller et al., 1999). (B) Active site of WT pNBE. The catalytic
triad, Glu-310, His-399, Ser189, is shown in lime. The residues selected
for DE (G105, G106, A107, A190, and A400) are shown in blue ball

and stick representation. The A107 residue is equivalent to G117 in
butyrylcholinesterase. Structured residues between Cys-61 and Cys-82
corresponding to the Q-loop of BChE are shown in red. pNBE and BChE
are structurally similar and two structures can be superposed with an rmsd
= 2.1A over 350 Cq. (C) Structure of BChE (PDB 1POM) (Nicolet et al.,
2003). The Q-loop of BChE is shown in red, choline is shown in dark
green. The narrow gorge of BChE is partially formed by the Q-loop. The
catalytic triad is found at the bottom of the gorge. (D) The Q-loop forms

ICPQ———————— PSDLLSLSYTELPRQSEDCLYVN..WIHGGAF.. FGESAGG..RDEG..AFHAL
PNBE Omega Loop ICCQN--IDQSFPGFHGSEMWNPNTDLSEDCLYVN..WIHGGAF..FGESAGG..RDEG..AFHAL
MCTQDPKAGQLLSELFTNRKENIPLKLSEDCLYLN..WIHGGGL..FGESAGG...KQEF..GDHGD
NCQQY--VDEQFPGFSGSEMWNPNREMSEDCLYLN..WIYGGGF..FGESAGG...KDEG..VIHGY
SCCON--IDQSFPGFHGSEMWNPNTDLSEDCLYLN..WIYGGGF.. FGESAGA... KDEG..VMHGY
SCCQON--IDQSFPGFHGSEMWNPNTDLSEDCLYLN..WIYGGHF.. FGESAGA...KDEG..VMHGY

GLU-197

Il Il | Il
117 199 325 439
116 198 438
115

part of the choline binding site and carries Trp-82; this residue forms an
energetically significant cation-pi interaction with cationic choline substrates
(Ordentlich et al., 1993, 1995). Glu-197 also plays an important role in
choline binding (Ordentlich et al., 1995; Masson et al., 1997b), and a
residue equivalent to Glu-197 is present in pNBE. (E) Partial sequence
alignment of pNBE, the pNBE Q-loop variant, hCE1, TcAChE, BChE, and
BChE G117H variant. The Q-loop residues between Cys-65 and Cys-92 are
shown in red and are unstructured in pNBE [PDB 1QE3 (Spiller et al.,
1999)]. The Q-loop of BChE was transferred to pNBE to form the chimeric
variant. The Q-loop is well formed in hCE1, AChE, and BChE. The Trp
residue of the choline binding site is notably absent from pNBE and hCE1.
The roles of these residues in catalysis are shown in Figure S1.

animal models. PON1 has been mutated to hydrolyze both G-
type (soman and sarin) and V-type (VX) nerve agents (Cherny
et al,, 2013; Kirby et al., 2013). While PONT1 is able to hydrolyze
selected OP nerve agents at much faster rates in vitro than G117H
or hCE, the K, values for WT PONI1 and its variants are in

the millimolar range (Otto et al.,, 2010). High turnover num-
bers can be achieved by PON1 at saturating concentrations of
OPAA (Kirby et al., 2013) but these concentrations are well above
the levels of nerve agent that can be tolerated in living systems
(LDZ™" = 113 g/kg = 0.00062 mmol/kg in mice; Maxwell and
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Koplovitz, 1990) and the ICsq of AChE (IC3™" = 0.88-2.53 nM,
ICZ%““ = 3.27-6.15nM; Fawcett et al., 2009). Consequently, each
class of enzyme bioscavenger has advantages and disadvantages
(Trovaslet-Leroy et al., 2011), and efforts to improve binding and
expand the substrate specificities of several candidates is ongoing
(Otto et al., 2010; Trovaslet-Leroy et al., 2011; Kirby et al., 2013;
Mata et al., 2014).

Unfortunately, the modest OPAA rate enhancements con-
ferred on BChE by the G117H mutation have not been improved
upon for the past two decades (Millard et al., 1995a, 1998;
Lockridge et al., 1997). Emerging technologies for protein engi-
neering, especially directed evolution (DE) or biological incorpo-
ration of unnatural amino acids into the active site to improve
OPAAH rates, have not been applied to cholinesterases largely
because these eukaryotic enzymes have complex tertiary struc-
tures with extensive post-/co-translational modifications (e.g.,
glycosylation, GPI-anchor, disulfides) and, therefore, are not
amenable to facile manipulation and expression in prokaryotic
systems (Masson et al., 1992; Ilyushin et al., 2013). In contrast,
DE has been successfully applied to paraoxonase using variants of
human PON1 which produce soluble and active enzyme in E. coli
(Aharoni et al., 2004).

To explore a combination of rational design and DE meth-
ods on a bacterial enzyme that shares the cholinesterase fold,
we selected Bacillus subtilis p-nitrobenzyl esterase (pNBE, EC
3.1.1.-; Spiller et al., 1999). We chose pNBE as a surrogate scaffold
because: (i) the X-ray structures suggest that pNBE may represent
a prokaryotic structural precursor to the cholinesterases (AChE
or BChE) (Spiller et al., 1999), as well as to the related family of
hCE (Figure S1); (ii) pNBE appears to have a more open active
site (Figure 2) and was shown previously to permit DE modifica-
tions of substrate specificity loops without compromising protein
folding (Giver et al., 1998; Spiller et al., 1999); and (iii) pNBE,
like the family of hCE (Fleming et al., 2007), lacks the amino
acid present in BChE and AChE that is known to promote the
deleterious aging reaction (e.g., W82 of BChE) (Masson et al.,
1997a). We created and screened a library of 162 pNBE variants
to identify mutations which could enhance OPAAH activity and
expand the substrate and inhibitor specificities of this enzyme.
The mutations were then transferred to hCE1 to determine if
PNBE could be used as a surrogate scaffold. We identified one
pNBE variant with a three-order of magnitude enhancement in
somanase activity compared with WT. Unexpectedly, the variant
with the largest enhancement in OPAA activity also underwent
a slow time- and temperature-dependent change in activity. We
correlate our results with the solved X-ray structures of pNBE to
understand possible mechanisms for engineered OPAAH activ-
ity, and discuss complications posed by hysteretic forms in the
kinetic and structural analysis of mutant pNBE, AChE and BChE
(Masson et al., 2005; Badiou et al., 2008; Lushchekina et al., 2014).

MATERIALS AND METHODS

MATERIALS

BugBuster™ and the pTriEx-3 vector were from Novagen (San
Diego, CA). Chelating Sepharose, Q-Sepharose, and PD-10
columns were from GE Healthcare Life Sciences (Piscataway,
NJ). QuikChange™ kits were purchased from Stratagene (La

Jolla, CA). Benzoylthiocholine (BzCh) was purchased from
TCI America (Portland, OR). The 96-well, clear polystyrene
HIS-Select® High Capactiy (HC) Nickel Coated Plates were
purchased from Sigma. All other chemicals were purchased from
Sigma. Echothiophate was from Wyeth Pharmaceuticals Inc.
(Philadelphia, PA).

CONSTRUCTION OF THE DE LIBRARY

Five sites in pNBE were selected for the directed-evolution library:
G105, G106, A107, A190, and A400. The C, of each of the five
residues was between 5.0 and 6.7 A from the Ser-189-Oy. The
A107H mutation was also present in each starting variant with
the exception of the twenty variants of A107. The plasmids of
the DE library were synthesized by GeneArt, Inc. (Regensberg,
Germany). The pNBE expression vector (pTriEx-3, Novagen Inc.)
contained an N-terminal PreScission™ Protease cleavage site and
a hexa-histidine tag preceding the pNBE sequence.

CONSTRUCTION OF THE CHIMERIC BChE/pNBE ©2-LOOP VARIANT

The megaprimer method (Sarkar and Sommer, 1990) was used
to construct the chimeric BChE-pNBE variant. A megaprimer
containing a sequence from one of the known cholinesterase sub-
strate specificity loops, in this case the “Q2-loop” of BChE, was
used to replace the homologous sequence in pNBE. The variant
was sequenced to confirm the substitution. Protein sequences are
included in the Supplemental Information.

SMALL SCALE PROTEIN EXPRESSION AND PURIFICATION

All 95 constructs in the DE library expressed soluble protein
under these conditions. Four milliliter cultures of LB containing
100 pg/mL Ampicillin were inoculated with frozen glycerol stocks
and grown for 3 h at 37°C with shaking (200 rpm). Cultures were
induced with 1L of 1.0M IPTG overnight at 17°C. Bacteria
were pelleted and then lysed in 0.5mL Lysis Buffer (87.5%
BugBuster™, 2mM BME, 50 mM Tris pH 7.6, 375mM NacCl)
at room temperature (17-22°C) for at least 1 h. Lysed bacteria
were centrifuged at 4800 x g for 10 min. Clarified lysates were
then loaded onto nickel-charged Chelating Sepharose columns
(0.5mL slurry per disposable column) equilibrated with three
column volumes of equilibration buffer (EB; 50 mM Tris pH 7.6,
500 mM NaCl, 2mM BME). After the supernatant was loaded,
the columns were washed again with three column volumes of
EB. To elute contaminants, the columns were washed with three
column volumes of EB containing 60 mM Imidazole. Proteins
were isocratically eluted with EB containing 300 mM Imidazole.
Imidazole readily reacts with the carboxyl ester substrates used to
assay the enzyme; thus, it was necessary to buffer exchange the
enzymes with BioMax (10,000 NMWL) ultrafiltration units three
times with 50 mM HEPES pH 7.0, 150 mM NaCl to remove the
imidazole. Purified enzymes ran as single bands in SDS-PAGE gels
and were judged to be >90% pure.

LARGE SCALE PROTEIN EXPRESSION AND PURIFICATION

Large scale preps of selected variants were used for kinetic analy-
sis. LB (1-3 L) containing 100 pg/mL Ampicillin was grown with
shaking at 37°C and induced overnight with 0.2 mM IPTG at
17°C. Bacterial pellets were lysed in 40 mL of lysis buffer contain-
ing ~30 mg lysozyme and then sonicated for 1 min in an ice bath.

Frontiers in Chemistry | Chemical Biology

July 2014 | Volume 2 | Article 46 | 80


http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology/archive

Legler et al.

Protein engineering of p-nitrobenzy!l esterase

Lysates were clarified by centrifugation (30 min at 20,500 x g).
Supernatants were loaded onto a 20 mL nickel-charged Chelating
Sepharose column. After loading, the column was washed with
EB containing 60 mM imidazole until the Ajgy returned to a
level baseline. Protein was eluted with EB containing 300 mM
imidazole. Fractions containing pNBE were combined and dia-
lyzed against 50 mM Tris pH 7.6, 150 mM NaCl, 2mM BME.
Protein was loaded onto a 30 mL Q-Sepharose column and eluted
between 260 and 400 mM NaCl during the gradient.

CARBOXYLESTERASE ASSAYS

Steady state kinetic parameters for the enzyme catalyzed hydroly-
sis of p-nitrophenyl acetate (pNPA) and p-nitrophenyl butyrate
(pNPB) were measured in triplicate at room temperature in
50 mM HEPES 7.0, 150mM NaCl (405nm). Substrate and
inhibitors were dissolved in DMSO and accounted for less than
1% of the reaction volume.

Acetylthiocholine (AtCh), butyrylthiocholine (BtCh), or ben-
zoylthiocholine (BzCh) hydrolysis was measured in triplicate
at 412nm in cuvettes or a plate reader using Ellman’s reagent
(0.5mM DTNB) (Ellman et al., 1961). All assays were done in
1x Sorensen’s buffer (53.4 mM Na,HPOy,, 13.4 mM KH,PQOy4)
pH 7.4 at room temperature (22 £+ 2°C). An extinction coeffi-
cient of 13.6 mM~'cm™! was used for calculations. One Unit of
activity (U) was defined as 1 pmol product produced per min,
and specific activity (S.A.) was defined as Units per milligram of
enzyme (U/mg).

PRIMARY ASSAY FOR SCREENING

HIS-Select® plates were washed once with 200 nL of binding
buffer (50 mM Hepes pH 7.0, 150 mM NaCl). Each his-tagged
protein (~25mU) in the same buffer (100 wL) was added to two
wells and allowed to bind for 1h at 37°C. All wells contained
enzyme after each plate setup. The OPAA inhibitor was added
(0.5-5 L) to one of the two wells and incubated for 10 min at
room temperature. Cautionary note: the OPAA compounds used
in this study are highly toxic and must only be handled with ade-
quate legal authority, training, and safety precautions. Liquid was
removed by a multichannel pipettor, and plates were washed four
times with 200 L of appropriate reaction buffer. Buffer (90 or
95uL) and 0.5M EDTA (10 or 5 L) were then added to each
well to elute the protein. Plates were left at room temperature
or at 37°C, and aliquots of enzyme (10 nL) were removed over
time and assayed in separate 96-well plates using 5mM pNP-
butyrate in binding buffer. Activity was measured at 4-6 time
points to confirm reactivation of a single clone. For the clones
which reactivated in the 96-well assay, large scale preps were then
used to more accurately quantitate the enhancements in the rates
of reactivation.

LARGE SCALE DISCONTINUOUS SPONTANEOUS REACTIVATION
ASSAYS

Spontaneous reactivation was measured essentially as previously
described (Millard et al., 1995a; Lockridge et al., 1997). Briefly,
an aliquot of uninhibited enzyme or the OPAA-inhibited (>95%
inhibited) enzyme was loaded onto PD-10 gel filtration columns
equilibrated with 50 mM Tris pH 7.6, 150 mM NaCl, 2 mM BME.
At time t = 0, the columns were loaded, and the protein was

rapidly eluted; fractions were incubated at 37°C, activity was mea-
sured for the uninhibited enzyme, and inhibited enzyme and
percentages of reactivated enzyme were calculated. The pseudo
first order rate constant for spontaneous reactivation due to the
hydrolysis of the serinyl-phosphate adduct, k;, was determined by
fitting the data to the following equation (Wang and Braid, 1967;
Main, 1979):

A= Amax(l - eikrt)

where A; is the percent reactivated at time ¢t and Ap,x is the
maximal percent reactivated at final observation time >> t;. For
the A107H/A190C variant, which exhibited a form of hysteresis
(Hanozet et al., 1981; Uto and Brewer, 2008), the enzyme was
incubated at 37°C for at least 2 h after exchanging the buffer using
a PD-10 column equilibrated with 50 mM Tris pH 7.6, 150 mM
NaCl, 2mM BME. The enzyme was then inhibited, and rates of
reactivation were measured.

ORGANOPHOSPHATE INACTIVATION

Aliquots of enzyme were inhibited with different concentrations
of inhibitor, and the activity was measured discontinuously using
pNP-butyrate at different time points. Data were plotted and fit
to a single exponential decay equation to obtain ks, the observed
first order rate constant. A secondary plot was used to determine
the maximal rate constant for inactivation, k,, at infinite inhibitor
concentration. The rate constant was determined by plotting kops
vs. [I] concentration and fitting the data to the following equa-
tion (or by extrapolation using the double-reciprocal form of the
equation) from Kitz and Wilson (1962):

ky
kObS R ———
1+ Kp/l]
The apparent bimolecular rate constant, k;, for formation of the
covalent E-I complex from free enzyme and free inhibitor was
calculated according to the following:

where K, is a Michaelis-type constant for the inhibitor.

RESULTS

SELECTION OF RESIDUES FOR DIRECTED EVOLUTION (DE)

Prior to the creation of the DE library, we produced the A107H
pNBE variant by analogy with BChE G117H (Millard et al,,
1995a; Lockridge et al., 1997) and demonstrated that it possesses
increased OPAAH activity (Table 1). The OPAAH activity of the
pNBE A107H variant was found to be acid-catalyzed and 4-fold
higher at pH 7.0 than at pH 7.6 (Table 1). At pH 7.0 the reactiva-
tion rate of the A107H variant was 46-fold higher when compared
with WT and 18-fold higher at pH 7.6.

To identify mutations which could further enhance the
OPAAH activity of A107H, we constructed a DE library of dou-
ble mutants at five different sites: A107H/G105X, A107H/G106X,
A107H/A190X, and A107H/A400X (where X stands for any
amino acid). We also examined the A107X single mutation vari-
ants of pNBE. Each residue selected for DE (G105, G106, A107,
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Table 1| pH dependence of reactivation rates after inhibition with
ethyl paraoxon.

Enzyme Inhibitor pH % Reactivation  Keactivation
(1/h)

WT Paraoxon 76 110+ 10% 0.03+£0.01
Paraoxon 70 9148 0.05+0.01
Paraoxon 6.5 88+6 0.035+0.007
Paraoxon 6.0 5242 0.042 +0.005

A107H Paraoxon 76 102+5 0.53+0.09
Paraoxon 70 90+ 10 2.3+0.3

BChE € Loop Paraoxon 76 86+4 1.0+0.1

Mutant with A107H

Rates were measured in 50 mM Tris pH 76, 150 mM NaCl, 2mM BME; 50 mM
Hepes 70, 150 mM NaCl, 2 mM BME; 50 mM MES pH 6.5, 150 mM NaCl, 2 mM
BME, or 50mM MES pH 6.0, 150 mM NaCl, 2mM BME at 37°C.

A190, or A400) was within 6.7 A of the Oy of the nucleophilic Ser-
189 in pNBE and was conserved in BChE and hCE1 (Figure 2).
Based upon the X-ray structure of pNBE, we concluded that the
backbone NH groups of G106, A107, and A190 form a 3-point
oxyanion hole (Figure S1). Gly-105 is situated near the oxyan-
ion hole, but is not part of the oxyanion hole. The corresponding
G105A variant in human AChE affected the turnover number of
the substrate, but not the Kp,; this substitution was suggested to
affect the conformational mobility of the adjacent residues of the
oxyanion hole (Ordentlich et al., 1998). The side-chain of Ala-
190 was hypothesized to exert an effect on the polarity and/or
orientation of the backbone NH groups of A107 and G106 and
thereby affect TS stabilization. The oxyanion hole is the primary
source of transition state stabilization in serine hydrolases (Bryan
et al., 1986). The A190 side-chain is situated directly behind the
loop carrying A107 and G106. The Cg of A190 is 3.6-3.7 A away
from the backbone NH of A107 and G106 (Figures S1B,D). The
A400 residue is located on a loop of pNBE. The A400T muta-
tion in pNBE was shown previously to project into the active site
(6.7 A from the Ser-189-Oy) and enhance the thermostability of
pNBE in DE experiments by Spiller et al. (1999). Spiller et al.
proposed that the Thr side-chain of residue-400 may stabilize His-
399 of the catalytic triad. A400 was also near the choline leaving
group in overlays of pNBE with a BChE-choline co-crystal struc-
ture (1POM) (Nicolet et al., 2003) (Figure S1C). We selected it
here to find variants which might stabilize a particular conformer
of His-399 or stabilize the alkyl groups of the soman pinacolyl
group, the DFP iso-propyl groups, or, alternatively, the cationic
choline-like leaving groups of V-type nerve agents and simulants
(e.g., echothiophate).

SUBSTRATE SPECIFICITY

Five substrates were tested with single point assays and the DE
library of variants to determine if the mutations altered substrate
specificities: pNPA, pNPB, AtCh, BtCh, and BzCh (Figure S2).
WT pNBE had the highest substrate specificity for pNP-butyrate
as judged by the bimolecular rate constant, ke, /Ky = 14, 000
2000 min~! mM~!. A detectible level of CE activity is needed
to measure reactivation rates by the discontinuous method.

All 95 of the variants had detectable levels of CE activity when
pNP-butyrate was used as the substrate. This allowed the use of
a common substrate for activity measurements at different time
points during reactivation experiments. No significant enhance-
ment in the substrate specificities of the DE library variants for
PNPA or pNPB was observed.

CHARACTERIZATION OF VARIANTS WITH ENHANCED
CHOLINESTERASE ACTIVITY

Ideally, universal OP bioscavenging enzymes should scavenge
both G-type and V-type agents (Figure 1). V-type agents, such
as VX and VR, and V-type simulants like echothiophate mimic
positively charged choline esters (Scheme S1) and readily inhibit
AChE and BChE. Echothiophate and VX are slowly turned over
by the BChE G117H variant (Millard et al., 1995a). Cholinesterase
activity can only be found in a subset of esterases, typically those
of eukaryotes (Cousin et al., 1996). The cationic choline esters are
accommodated by two key residues at the bottom of the gorge
of BChE and AChE, Trp-84/82, and Glu-199/197 (TcAChE/BChE
numbering) (Ordentlich et al., 1995). These residues also play a
role in the binding specificity of tetrahedral cationic V-type agents
in AChE (Hosea et al., 1996), as well as in the unfavorable “aging”
process (Shafferman et al., 1996). A residue within the peripheral
anionic site (PAS) at the top of the gorge, Asp-72/70, also plays a
role in V-type agent binding (Hosea et al., 1996), but is relatively
distant from the choline binding pocket (~7 A); hCE1 and pNBE
lack a homologous Asp residue (Figure2E). Since hCE1 and
pNBE are structurally similar to AChE and BChE (Figure S1A)
but are not known to hydrolyze choline esters or become inhibited
by V-type agents, we also examined the DE library for the devel-
opment of cholinesterase activity and susceptibility to inhibition
by echothiophate (last section).

Cholinesterases contain an omega-shaped loop between the
disulfide bonded cysteines, Cys-67 and Cys-94 (TcAChE num-
bering) (Figure2, FigureS1). The Q-loop carries Asp-72/70
and Trp-84/82 of the choline binding site. To determine if a
cholinesterase Q-loop could be inserted, we substituted the -
loop sequence of BChE into the pNBE A107H variant. The
chimeric variant folded as a functional esterase (Table 2). The K,
and ke, values for pPNPA were similar to those of the WT enzyme.
However, the loop insertion alone did not confer cholinesterase
activity, and the ke and K for BzCh and BtCh were similar
to those of the A107H pNBE variant (Table 3). Thus, the DE
library was made with the A107H pNBE variant, rather than the
loop-insertion variant.

All 95 variants were initially examined for cholinesterase activ-
ity using single point assays (Figure S2). To determine if the
pNB-esterase variants could bind and turnover cationic OPAA
like echothiophate, we first looked for cholinesterase activity.
AChE, BChE, hCEl, and pNB-esterase all share the same fold
(Figure S1A). Steady state kinetic parameters for the variants
which showed significant increases in cholinesterase activity are
shown in Table 3. Unexpectedly, the variant which showed the
largest increase in cholinesterase activity was a single mutant with
a positively charged lysine residue, A107K. This variant showed a
7-fold increase in the kc;/Kpy, and an 8-fold increase in the ke, of
benzoylthiocholine, while the Ki,, was similar to WT. Substitution
of Arg (A107R) in place of Lys did not significantly enhance
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benzoylthiocholinesterase activity, but resulted in a 3-fold higher
K, suggesting that the larger Arg side-chain may interfere with
substrate binding. Substitution of A107 by the neutral residue,
Gln, and by hydrophobic residues yielded similar Ky, values and
no enhancement of k¢, Substitution of A107 by His also did not
confer significant cholinesterase activity.
Butyrylthiocholinesterase activity was the highest in the
A107S, A107T, A107H/A190R, and A107H/A400D variants

Table 2 | Substrate specificities of pNBE and selected variants.

Enzyme Substrate  kcat (1/min) Ky, (mM) kcat/Km
(1/min*mM)
WT pNPA 370+ 30 1.2+0.3 300+ 80
pNPB 1100+40  0.08+0.01 1400042000
A107H pNPA 130+ 10 56+0.7 23+3
pNPB 520+£20 0.124+0.02 4300+ 700
A107H/A190C  pNPA 70+10 09+04 70+£30
pNPB 741 0.3+0.1 20+10
A107H/A400T  pNPB 460+ 10 0.12+0.02 3800+ 600
A107H/A400V  pNPB 510+ 30 0.17+0.03  3000+600
BChE @ Loop pNPA 185+ 6 1.6+0.1 116+8
Mutant with
A107H

PNPA (pbNP-acetate) and pNPB (oNP-butyrate) assays were run in 50 mM HEPES
pH 70, 150 mM NaCl, 22 + 3°C. All enzymes had the N-terminal His-tag.

(Table 3). A400 was predicted to be near the choline group
from structural overlays. The A107H/A400D variant had a 2-
fold increase in the ket/Ky for benzoylthiocholine and 9-fold
increase for butyrylthiocholine when compared to A107H; how-
ever, the Ky, values for all of the variants were >1mM, indi-
cating that the pNBE variants could only weakly bind cationic
substrates.

OPTIMIZATION OF THE PRIMARY ASSAY USED FOR SCREENING THE
DE LIBRARY

To develop a micro-scale assay for reactivation, (His)e-tagged
enzymes were bound to nickel-coated 96-well plates. To maintain
near physiological conditions, the pH was kept at 7.6; measure-
ment at a sub-optimal pH also allowed for a longer time period
to carry out the subsequent steps. Two wells were coated with
enzyme (<0.025U per well) for each variant to measure the
activity of the uninhibited and inhibited enzyme. The enzyme
was inhibited on the plate, and excess enzyme and inhibitor
were removed. The plates were then washed with buffer. Rates
of reactivation were comparable after one, two, or four washes.
For the plate assay, four washes were done to ensure removal
of the OPAA. After washing away excess inhibitor and unbound
enzyme, the enzyme was eluted from the plate with 50 mM EDTA.
Imidazole was avoided because it readily reacted with the ester
substrates (Bruice and Schmir, 1956). Aliquots were removed and
assayed over time. The rate constant for reactivation for A107H
using the microscale assay (k225 = 0.22 4+ 0.08 h—1; kiwashes —
0.3 £0.2h™!) was comparable with that determined using a gel

Table 3 | Steady state kinetic parameters for selected pNBE variants of the DE library.

Substrate Benzoylthiocholine® Butyrylthiocholine®

Enzyme kcat(1/min) K (mM) kcat/Km(1/min*mM) kcat (1/min) Kmn(mM) kcat/Km(1/min*mM)
WT 70+9 1.2+0.3 58+ 16 130+ 10 54+0.8 24+4
A107H 1341 0.6+0.2 22+7 35+8 1745 2.0+0.9
A107H QLoop 8+1 0.9+0.3 9+3 10.4+0.9 8.0+0.7 1.3+0.2
A107K 570+ 50 1.440.2 410+70 >20 >8°¢ -
A107Q 40+4 1.04+0.2 3949 40+10 1947 2+1
A107R 90420 5+1 20+6 >50 >8°¢ -
A107S 39+9 1.44+0.6 30+10 780+ 30 14.44+0.7 5443
A107T 36+3 0.6+0.2 60420 240+30 E 2245
A107V 38+4 0.5+0.2 80+30 56+8 8+2 7+2
A107Y 21+2 0.6+0.1 35+8 45+5 6.0+0.9 7+1
A107H/A190G 29+4 0.9+0.3 30+10 50430 n+7 5+4
A107H/AT90R 1241 0.6+0.2 20+7 200+30 13+2 156+3
A1075/A190G 23+4 2.2+06 10+3 90+30 Mn+4 9+4
A107V/A190G 21+2 0.6 +0.1 35+7 45+5 6.0+£0.9 8+1
A107H/A400D 80+10 2.1+0.6 40+10 190 £ 60 ESS) 18+9
A107H/A190S/A400S 6.4+0.9 0.8+0.2 9+3 115+14 9+1 13+3

Benzoylthiocholine and butyrylthiocholine were used as substrates. Specific activities of the other variants are shown graphically in the Supplemental Information.

4Benzoylthiocholine has limited solubility in DMSQO, the highest substrate concentration tested was 2.5 mM.

bButyryithiocholine was also a poor substrate of pNBE, and K, values were in the mid-millimolar range. Saturation was not achieved at the highest substrate

concentration tested (8 mM). Ky, values were extrapolated from double reciprocal plots.
¢Saturation was not achieved at [S] = 8 mM, and the plot of velocity vs. [S] was linear. Extrapolated Kn's exceeded 40 mM.
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FIGURE 3 | Reactivation data from the primary assay using a 96-well
His-Select® plate. Aliquots of enzyme were removed once at each time
point and assayed for CE activity using pNP-butyrate. Enzymes were
reactivated in 50 mM Tris pH 7.6, 150 mM NaCl. Reactivation rates measured
using the assay for (A) the A107H/A190C (E10) variant, (B) the WT pNBE, and
(C) the A107H variant. (D) Example of reactivation rates using single point
measurements for selected variants at different time points using the 96-well

100

200
minutes

300

plate assay. Some variants showed full reactivation by the first time point
while others progressively reactivated over longer time periods. (E)
Reactivation rates measured for the A107H variant using the 96-well plate
assay after one (o) or two (e) washes to remove the inhibitor, Paraoxon. The
reactivation of the WT enzyme is also shown after one (a) or two (A) washes
for comparison. Rates were measured in 50 mM Tris pH 7.6, 150 mM NaCl

at 37°C.

filtration column (k; = 0.53 £ 0.09 h~!) at the same pH and
temperature. Data collected using the microscale assay and 2
washes are shown in Figure 3. The DE library was screened one to
two times with the various OP. From the first round, 26 of the 95
variants were more carefully examined with large scale preps and
kinetic experiments. Error in the values of k; was higher using
data collected from the microscale assay, suggesting that it is bet-
ter suited for large-scale screening than for precise determination
of kinetic parameters.

For slow and moderate rates of reactivation the microscale
assay was useful as a primary assay for the exploration of OP
inhibitors and reaction conditions (Figure 3D). The microscale
assay helped identify the variants which could reactivate faster
than the single variant, A107H. The vast majority of the vari-
ants did not show significant enhancements in OPAAH activity

using either the discontinuous assay or a continuous assay with
paraoxon; these results are consistent with other applications of
DE (Dalby, 2003; Goldsmith and Tawfik, 2013). Using the OPAA
activity of A107H as a screening threshold, approximately 3% of
the library was advanced for further testing.

The half time of reactivation for pNBE A107H was t1/; =
78 min. Thus, observation of full reactivation at ~20 min indi-
cated that the k; was >1.9 h~! or >4-fold faster than the A107H
variant. Reactivation rates for the top hits were more accurately
measured using large scale preps of the enzymes and gel filtration
columns.

It should be noted that the measurement of reactivation rates
alone cannot identify a mechanism of OP resistance. Resistance
to OP inhibition can arise from reduced binding of OP, poor
stabilization of the TS, poor accommodation of the R-groups
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as the pentavalent TS forms, or increased OPAAH activity.
These possibilities can only be distinguished by additional kinetic
experiments. These methods are routinely used to characterize
pesticide resistance mechanisms in insecticide-insensitive AChE
variants (Newcomb et al., 1997; Temeyer et al., 2012; Zhang et al,,
2012).

VARIANTS WITH ENHANCED OPAAH ACTIVITY

After screening the library of 95 variants for reactivation after
paraoxon inhibition, three variants were found to reactivate faster
than the A107H variant: A107H/A400M (H2), A107H/A190G
(F2), and A107H/A190C (E10). The A107H/A190C double vari-
ant was found to have the greatest rate enhancement. Relative
to the WT pNBE (kParaoxon — .03 4 0.01 h~!), the rate constant
for reactivation following paraoxon inhibition was 18-fold higher
for the A107H variant (kfaraoxorl = 0.53+0.09h™'), and 50-fold
higher for the A107H/A190C double variant (k; = 1.5+ 0.2h™!)
(Table 4). Consistent with the aliesterase hypothesis (Oppenoorth
and van Asperen, 1960), the turnover number for pPNBE-catalyzed

Table 4 | Rates of reactivation after ethyl paraoxon inhibition
measured for the DE variants at 37°C in 50 mM Tris pH 7.6, 150 mM
NacCl, 2mM BME.

Enzyme CLONE  Keactivation (17/h) % Reactivation
A107 D3 0.03+£0.01 110410
A107C D4 0.154+0.03 40+3
A107D D5 0.31+0.02 90+2
A107E D6 0.048 +0.006 46+4
A107F D7 0.023+0.004 130+ 10
A107G D8 0.0114 £ 0.0009 70+4
A107H - 0.53+0.09 102+5
A1071 D9 0.013+0.004 70+4
A107K D10 0.044+0.02 25+6
A107L D11 0.030 4+ 0.005 25+2
A107M D12 0.06 +0.03 90+10
A107N E1 0.04+0.01 60+10
A107Q E3 0.05+0.02 110+£10
A107R E4 0.14+£0.03 27+2
A107S E5 0.03+0.01 100+ 10
A107T E6 0.034 +£0.006 40+5
A107V E7 0.22+0.03 28+1
A107Y E9 0.012 £0.003 7+1
A107H/A190C E10 1.5+0.22 62+3
A107H/A190V G2 0.4+0.1 73+9
A107H/A190G F2 0.7+0.3 90+ 10
A107H/A190H F3 0.10+£0.02 66+8
A107H/A190M F7 0.3+0.2 17+£5
A107H/A400W H10 0.4+0.2 130+ 50
A107H/A400M H2 1.0£0.2 97+7
A107H/A400V H9 0.6+0.1 130+£20
A107H/A190C/A400T A8 0.43+0.07 92+7
A107H/A190C/A400T A8 1.0£0.12 75+5
A107H/A190C/A400M C4 1.0+£0.12 75+5

aEnzymes were heated at 37° C prior to reactivation.

hydrolysis of the ester substrates, pNPA or pNPB, progressively
decreased as OP-hydrolase activity increased (Table2). Thus,
as OP-hydrolase activity is evolved to accommodate a pentava-
lent TS of an OP, the carboxylesterase activity and stabilization
of a tetrahedral transition state is lost (Oppenoorth and van
Asperen, 1960). For soman, the largest rate enhancements were
observed (Table 5). Somanase activity was not observed in the
G117H BChE single mutant (Millard et al., 1998) until a sec-
ond mutation was added (G117H/E197Q). In pNBE, the A107H
mutation (equivalent to G117H in BChE) enhanced the rate of
spontaneous reactivation after soman inhibition, but an addi-
tional rate enhancement was achieved with the A107H/A190C
variant. The k; for A107H (kfOrrlan = 0.7+ 0.1h~!) was 700-fold
above WT (k3°™Ma" = 0.001 & 0.004h~!) and 4000-fold higher
for the A107H/A190C variant (kf"m‘fln =44 1h™!). The trends
were similar to those observed with paraoxon (Table 4). A190 in
PNBE is also at a different location than E197 in BChE, and rate
enhancements in OP-hydrolase activity have not been reported
from mutations at this site (Figure S1D).

The variant which displayed the greatest rate enhancements
in OP-hydrolase activity, A107H/A190C, exhibited unexpected
kinetic complexity consistent with a slow conformational change
in the enzyme. Pre-incubation of the purified A107H/A190C
enzyme at 37°C in the absence of any substrate or inhibitor caused
a subsequent time-dependent increase in V. for CE activity
and the reactivation rate constants for selected OPAA (Figure S3).
Maximal CE activity could be achieved by pre-incubating the
enzyme at 37°C in 50 mM Tris pH 7.6, 150 mM NaCl, 2 mM
BME for >2 h. Likewise, pre-equilibrating A107H/A190C to 37°C
for >2h doubled the apparent dephosphonylation rate con-
stant following paraoxon or soman inhibition (Tables 4, 5). The
dephosphorylation rate constant following DFP inhibition was
not similarly affected. The DFP-inhibited A107H/A190C vari-
ant reactivated 5-fold more slowly than did A107H (Table6),
and no further increases could be gained by heating the enzyme.
We also tested the triple mutant, A107H/A190C/A400M, for
temperature-dependent hysteresis but found no significant effect
on reactivation (Table 5).

Several mutations at the A190 and A400 positions were com-
patible with A107H. The backbone NH groups of A107 and
A190 form part of the oxyanion hole. Changes in the polarity of
these NH groups have been proposed to enhance OPAAH activity

Table 5 | Rates of reactivation after inhibition with soman.

Enzyme Kyeactivation (1/h) % Reactivated Fold
increase

WT 0.001 £0.004 <4% after 5.5h -

A107H 0.7+0.1 106 +8 700
A107H/A190C? 1.8+0.2 4445 1800
A107H/A190CP 4+1 4346 4000
A107H/A190C/A400M? 0.7+0.2 20+2 700
A107H/A190C/A400MP 1.24+0.5 17+2 1200

@Without heating prior to inhibition.
b\with 2 h of heating at 37° C prior to reactivation at 37°C.
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(Yao et al., 2012). Hydrophobic mutations A400M and A400V
within the loop slightly enhanced the rate of reactivation. The
A107H/A400M (H2) and A107H/A190G (F2) double mutants
showed the second largest enhancements, but additive effects were
not observed in the A107H/A190C/A400M variant or any other
triple mutant.

Having constructed a DE library with all 20 amino acids at
position A107, we also determined if other residues at this posi-
tion were more effective than histidine in catalyzing reactivation.
In addition to A107H, the variants A107C, A107D, and A107V
showed apparent reactivation rate enhancements for selected
OPAA compared with WT pNBE. Of this group, however, only
A107H and A107D fully reactivated after inhibition by paraoxon
(Table 4). This result is similar to what was reported by Schopfer
et al. (2004). Schopfer observed OP hydrolase activity in G117D,
G117E, and L286H variants of BChE.

TRANSFER OF MUTATIONS ONTO hCE1

The spontaneous reactivation rate constant for WT hCE1 inhib-
ited with paraoxon was low (Table 7). This is consistent with
reports that WT hCE1 can be irreversibly inhibited by stereoiso-
mers of soman or cyclosarin (Hemmert et al, 2010). The
mutation equivalent to G117H in BChE was made in hCEl
(G143H), but did not enhance or confer OPAAH activity
(Table 7). The hCE1 loop residues 302—-320 (equivalent to 276—
290 in BChE) that form the acyl pocket differ significantly
among hCEl, pNBE, and BChE. In snake AChE, the single
G122H mutation (homologous to BChE G117H) did not increase
OPAAH activity; only introduction of two additional mutations
(G122H/Y124Q/S125T) permitted engineering of limited sponta-
neous reactivation following slow inhibition with selected OPAA
(Poyot et al., 2006). Thus, while pNBE is more similar to hCE1

Table 6 | Rates of reactivation at pH 7.6 after inhibition with DFP.

Enzyme Kreactivation (1/h) % Reactivated
A107H 0.6+0.1 110+10
A107H/A190C 0.13+0.08 150 +40
A107H/A190C2 0.17+0.01 69+2
A107H/A190G 0.63+0.06 108+3
@Heated for 3h at 37° C prior to reactivation.
Table 7 | Rates of reactivation of hCE1 after inhibition with paraoxon.
Enzyme pH Kyeactivation (17h) % Reactivated
hCE1 WT 70 0.078 £0.006 92+3
76 0.102 £0.006 98+3
hCE1 G143H 70 0.025+0.008 4548
76 0.03+0.03 15+2
hCE1 G143H/A222C 70 0.007 £0.003 120+ 60
76 0.009 +£0.007 11+8

in terms of substrate specificity, the utility of pNBE as a surrogate
scaffold still remains to be explored.

INHIBITION BY PARAOXON

Reliable measurement of ICsq or Kj values requires enzyme con-
centrations below the Kj. For enzymes with ICs values in the nM
range, only upper limits can typically be measured. The minimum
amount of enzyme needed to obtain a signal/noise ratio >2 was
0.5nM of enzyme. The observed ICsy (0.37 nM) for paraoxon
was almost equal with the enzyme concentration (0.5 nM), sug-
gesting that the IC5¢p < 0.5nM. Thus, pNBE is an effective scav-
enger of paraoxon at low nM concentrations. Similar values have
been reported for AChE with soman and sarin [IC5™" = 0.88-
2.53nM, IC&rin = 3.27-6.15nM (Fawcett et al., 2009)].

INHIBITION BY ECHOTHIOPHATE

pNBE and hCEl share the cholinesterase fold, but lack
cholinesterase activity. To determine if V-type inhibitors with
choline-like leaving groups could be accommodated by variants,
we screened the library with echothiophate and looked for irre-
versible inhibition. Through one mutation, A107S, we were able
to achieve a 50-fold increase in the rate of inhibition. However,
for the pNBE variants tested, the K}, values remained high (mil-
limolar range) compared with those of natural cholinesterases
(Table 8).

DISCUSSION

Arnold and colleagues have shown that B. subtilis pNBE can be
modified to achieve increased thermostability, broadened sub-
strate specificity, or improved reactivity in organic solvents using
DE (Giver et al., 1998; Spiller et al., 1999; Brustad and Arnold,
2011). DE is a large scale site-directed mutagenesis experiment
where selected residues are mutated to all 20 amino acids, or ran-
dom mutations are introduced to alter catalytic activity and/or
substrate specificity (Brustad and Arnold, 2011). This process
generates 20 different enzymes for each selected site or thou-
sands of variants with mutations at random sites (reviewed by
Goldsmith and Tawfik, 2013); screening thousands of mutants
is typically impractical. Several approaches are available for

Table 8 | Inhibition by echothiophate.

Enzyme k2 (1/min) Ky, (mM) k2/Kp (1/min*mM)
A107H 0.0134+0.005 944 0.0014 £0.0008
A107K 0.014 4+0.005 10+4 0.0014 +0.0008
A107S 0.7+0.4 10+7 0.07 £0.06
A107T 0.06 £0.05 11+8 0.006 +0.006
A107R 0.02+0.04 >5 0.00045 + 0.000092
A107Q 0.079+0.008 3+1 0.026 +0.009
A107V 0.10+0.02 20+4 0.005+0.001
A107Y 0.064+0.04 20+1 0.004 +0.004

Rates were measured using 1x Sorensen’s buffer pH 74 at room temperature
(22 £ 2°C).

2Inhibition was observed; however, the intercept could not be determined
accurately from a distant extrapolation (very weak binding).
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generating large libraries of mutants, but there are far fewer val-
idated methods for selecting mutants with the desired activity.
Here we constructed a “focused” DE library, utilized a bacterial
homolog as a surrogate scaffold, and restricted the mutations
to residues within a 7 A radius of the nucleophilic serine. While
pNBE, AChE, BChE, and hCE1 share a common fold (Figure S1),
it is known that the single mutation analogous to G117H in BChE
does not confer OP-hydrolase activity in AChE (Ordentlich et al.,
1998; Poyot et al., 2006). Based upon substrate specificities, we
show that pNBE and hCE1 are similar (this paper). However,
when we examined the A107H variant of pNBE and the G123H
variant of hCE1, we found that the histidine substitution only
conferred OP-hydrolase activity in pNBE. Our preliminary results
demonstrate that pNBE is a suitable prokaryotic scaffold for engi-
neering improved reactivity with a range of OPAA inhibitors
including soman, but that it is sufficiently different from hCE1
that additional mutations would be required.

While a significant enhancement in the rate of reactivation
after soman inhibition was achieved (103-fold increase, Table 5)
the pNBE A107H variant did not achieve the same rates of reac-
tivation as the BChE G117H variant [kBChE-Soman — 6000 4 600

1/min (Millard et al., 1998) vs. kaBE_ElO_Soman =0.07 £ 0.02
1/min]. This may in part be due to the more open active site of
PNBE (Figure 2A) vs. the tunnel-like gorge of AChE and BChE.

One other complication was a slow time- and temperature-
dependent change in activity in the variant which had the largest
enhancement (10°-fold) in OP-hydrolase activity. Various forms
of hysteresis in AChE and BChE have been observed kinetically
(Masson et al., 2005; Badiou et al., 2008; Masson and Lockridge,
2010; Lushchekina et al., 2014), and possibly structurally (Nachon
et al., 2011). Non-linear kinetic curves for BChE G117H also
were observed with selected substrates (Millard et al., 1995b).
Hysteresis affecting CE activity of both BChE and AChE (Masson
et al., 2005; Badiou et al., 2008; Masson and Lockridge, 2010;
Lushchekina et al., 2014) and OP-hydrolase activity (Masson,
2012) has been reported and has been attributed to the flipping of
the His of the catalytic triad. A pronounced lag phase (3 min) was
observed in the BChE A328C mutant at 25°C (Masson, 2012); the
side chain of this residue is near His-438 of the triad (~4.5A). In
pNBE the mechanism of hysteresis may or may not be the same
since the A190 side chain is behind the oxyanion hole residues
and is relatively distant from His-399 (>7 A) (Figure S1). If the
His of the catalytic triad is involved, however, the methionine
residue in the A107H/A190C/A400M variant which did not dis-
play hysteresis may stabilize a particular rotamer of His-399. This
mutant displayed a lower percentage of reactivated enzyme after
soman inhibition when compared with A107H/A190C (Table 5)
suggesting that conformational changes may be important in the
mechanism of reactivation.

Hysteresis is rarely considered during DE screening, but can
limit achievable rates of hydrolysis. It also complicates the inter-
pretation of site-directed mutagenesis and structural studies since
the crystallized structure may (or may not) represent the cat-
alytically competent state. We observed kinetic complexity in the
A107H/A190C pNBE variant that affected both esterase and OP-
hydrolase activity. This suggests the involvement of a residue(s)
which plays a role in both esterase and OP-hydrolase activity.

INTRODUCTION OF OPAAH ACTIVITY TO pNBE

The overarching goal of developing a nerve agent bioscavenger
is to find or engineer a biocompatible enzyme that rapidly binds
and hydrolyzes a broad range of neutral (G-type agents) and pos-
itively charged (V-type) OPAA under physiological conditions
where the inhibitor is present at sub-micromolar concentrations.
Cholinesterases react rapidly with all known OPAA nerve agents,
but effectively remain inhibited irreversibly due to the stability of
the OPAA-enzyme complex.

Introducing a single His (G117H) into human BChE converts
the enzyme into a modest OPAAH by increasing the sponta-
neous reactivation rate constant while retaining reactivity with a
broad range of inhibitors (Millard et al., 1995a; Lockridge et al.,
1997). Follow-on attempts to incorporate His-117 into human or
Bungarus fasciatus AChE were relatively unsuccessful (Poyot et al.,
2006). pNBE is the second esterase to show an enhancement in
OPAAH activity by introduction of a single His (A107H corre-
sponds to G117H) and is significantly more amenable to E. coli
expression.

Lockridge and colleagues rationally designed and tested more
than 60 double or triple mutants of human BChE based upon
the initial success with His-117, but none of these variants
improved upon the OPAAH activity of G117H (Lockridge et al.,
1997; Schopfer et al., 2004). We find a similar result using DE
with pNBE. Although enhancements of spontaneous reactivation
compared to WT were measured following paraoxon inhibi-
tion for pNBE A107D, A107V or A107C, the histidine mutant
(A107H) showed the fastest and most complete dephosphory-
lation (Table 4). pNBE A107D is homologous with the blowfly
CE G137D mutant that was isolated by screening OP-resistant
populations of Lucilia cuprina for naturally occurring variants of
G117H (Newcomb et al., 1997). A107D showed enhanced spon-
taneous reactivation compared with WT, but the turnover rates
with paraoxon were slower than those of either pNBE A107H or
the blowfly CE G137D (cf. Table 4 and Kirby et al., 2013).

Cholinesterases and carboxylesterases must stabilize a tetrahe-
dral transition state to catalyze carboxyl ester hydrolysis, whereas
the transition state of an organophosphate is generally a pentava-
lent trigonal bipyramid. Consequently, all attempts to engineer
OPAAH activity into these enzymes must accept a significant
risk of concomitant loss of natural esterase activity. Oppenoorth’s
“aliesterase hypothesis” was based upon this observed interchange
in substrate specificities (Oppenoorth and van Asperen, 1960).
Our results with pNBE generally confirmed this hypothesis with
the trend showing that mutations increasing OPAAH activity also
showed decreasing carboxylesterase activity (Tables 1-7).

The pNBE A107H/A190C variant showed a slow time- and
temperature-dependent increase in CE activity and the rate of
spontaneous reactivation following inhibition with paraoxon or
soman (Figure S3; Tables 4, 5), but not with DFP (Table 6). DFP,
unlike soman or paraoxon, has two bulky R-groups (Figure 1)
which may restrict the pNBE active site from reaching the
temperature-induced conformational change required for the
higher level of activity. It has been shown that the DFP reaction
significantly alters the conformation of the acyl pocket loop of
AChE (Millard et al., 1999; Hornberg et al., 2007). The cor-
responding loop of pNBE is predicted to be nearby His-107

www.frontiersin.org

July 2014 | Volume 2 | Article 46 | 87


http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Legler et al.

Protein engineering of p-nitrobenzyl esterase

(Figure 2). Thus, the catalytically competent conformer of the
histidine or hydrolytic water molecule may be affected by con-
formational changes in the loop. The simultaneous mutation of
two residues (A107/A190) may permit subtle, local movements of
the NH groups of the oxyanion hole that are sufficient to enhance
catalysis (Yao et al., 2012). Alternatively, the double mutant may
have more distal effects to structure the disordered loops of WT
PNBE. It was shown previously that mutations which thermally
stabilize the enzyme also increase the optimal temperature for
PNBE carboxylesterase activity (Giver et al., 1998); the omega
loop of the thermal stable pNBE variant (PDB 1C71) is structured
(Spiller et al., 1999).

IMPORTANCE OF THE OXYANION HOLE

Much of the catalytic power of serine hydrolases derives from the
oxyanion hole (Bryan et al., 1986; Zhang et al., 2002; Warshel,
2003; Bobofchak et al., 2005), and we hypothesize that the same
is true for engineered OPAAH activity. Millard and colleagues
originally proposed the spontaneous reactivation of G117H was
acid catalyzed and might involve a direct H-bond from the imida-
zolium to the phosphonyl (double bond) oxygen to stabilize the
dephosphylation transition state, or an indirect steric effect that
distorts the preformed electrostatic environment of the oxyanion
hole and thereby permits the catalytic triad His-438 to catalyze
reactivation (Millard et al., 1995a, 1998). Related and alterna-
tive mechanisms subsequently have been proposed (Lockridge
et al., 1997; Newcomb et al., 1997; Albaret et al., 1998; Schopfer
et al., 2004; Poyot et al., 2006; Nachon et al., 2011; Yao et al,
2012), supported, or refuted based upon analogy with follow-
on His-117 mutations to related enzymes, molecular modeling
studies (Amitay and Shurki, 2009; Yao et al., 2012) or static,
medium resolution X-ray crystal structures (Masson et al., 2007);
however, the actual enzyme mechanism of G117H remains unre-
solved.

Our studies on the structurally homologous pNBE mutants
may provide useful data for ongoing efforts to elucidate the
G117H mechanism. First, like G117H, placing a histidine residue
at the homologous A107H position in the oxyanion hole
enhanced OPAAH activity with a range of inhibitors (Tables 4,
5). Second, OPAAH activity increased as the pH decreased from
7.6 to 7.0, consistent with a mechanism that is acid-catalyzed.
Third, the A190C mutation further enhanced the rate of reactiva-
tion of the A107H mutation. The NH group of A190 forms part of
the 3-point oxyanion hole, and the side chain would be expected
to point away from the oxyanion. Finally, we observed a slow
time- and temperature-dependent change in carboxylesterase and
OPAAH activity of the A107H/A190C variant that may be con-
sistent with a conformational change or some other reversible
modification in the free enzyme which enhances the role of these
residues in catalysis. Additional work is required to determine
if these observations can be translated to improve human BChE
G117H activity.

INTRODUCTION OF LIMITED CHOLINESTERASE ACTIVITY

One objective of this work was to determine if cholinesterase
activity could be introduced into pNBE. The active site cavity
of pNBE is formed by four loops that are largely disordered in

the WT enzyme crystal structure, viz. residues 64-71 (unstruc-
tured) and 413-417 (unstructured) on one side of the active
site, and 316-320 (unstructured) and 260-268 (structured) on
the other side (Spiller et al., 1999). It appears that these flexible
loops become longer, more differentiated and ordered through
evolution to form the substrate specificity loops observed in
the X-ray structures of AChE and BChE. One side becomes the
cholinesterase “acyl pocket loop,” which we have shown pre-
viously to have reversible conformational flexibility in Torpedo
californica (Tc) AChE when binding selected OPAA (Millard et al.,
1999; Hornberg et al., 2007). The other side develops the so-called
Q-loop carrying Trp-84 (TcAChE numbering; Trp-82 in BChE),
a residue that complements trimethyl or choline-like substrate
leaving groups.

Residues corresponding to the cholinesterase €2-loop are dis-
ordered in the structure of WT pNBE [PDB 1QE3 (Spiller et al.,
1999)]. Both pNBE and hCE1 lack the critical Trp-84 side chain
(Figure 2E) (Satoh and Hosokawa, 1995; Imai et al., 2006), and
this probably explains why these enzymes are relatively poor
at binding cationic substrates (e.g., ATCh and BTCh; Table 3)
or echothiophate (Table 8). Our initial experiment to insert the
entire Q-loop into pNBE is a first step in evolving the bacte-
rial enzyme toward a cholinesterase. The loop was accepted by
the pNBE fold and had little or no effect on the reactivity of
the enzyme with neutral substrates or inhibitor; however it also
did not result in detectable activity with positively charged sub-
strates (Table 3). While this rational design attempt with the
Q-loop failed to increase cholinesterase activity, the focused DE
exploration succeeded in finding A107K which demonstrated an
almost 10-fold increase in its specificity constant for benzyolthio-
choline compared with WT.

COMPARISON OF pNBE AND hCE1

Human carboxylesterase has been proposed as an alternative or
adjunct bioscavenger to the cholinesterases because hCE1 is abun-
dant in human liver, binds and hydrolyzes some neutral OPAA
nerve agents, and does not undergo significant aging after inhibi-
tion with the most deadly OPAA nerve agent, soman (Hemmert
et al., 2010). However, the primary limitation to using hCE as
a nerve agent bioscavenger is the slow reaction rates with pos-
itively charged OPAA. In our study, cholinesterase activity could
be introduced into pNBE by the A107K mutation, but the amount
was still several orders of magnitude below that of cholinesterases
and the mutation had no effect on the bimolecular rate constant
for inhibition by a cationic OPAA (echothiophate; Table 8). More
importantly, the G143H mutation did not confer OPAAH activity
in hCE1 (Table 7).

In summary, along with its primary sequence and struc-
tural homology to the cholinesterases and the shared use of a
rare Glu residue instead of Asp in the catalytic triad, we have
shown that B. subtilis pNBE can accommodate the cholinesterase
Q-loop without detriment to protein folding or endogenous
esterase activity. We have also identified an unexpected point
mutation (A107K) that significantly increases turnover of a pos-
itively charged substrate. Moreover, like BChE but not AChE
or hCEl, the pNBE structure accepts substitutions (A107H
or A107H/A190C) corresponding with G117H that confer
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significant OPAAH activity, thereby expanding the enzyme’s nat-
ural substrate specificity to include phosphoric and phosphonic
acid esters. Taken together, these results suggest to us that pNBE is
an excellent prokaryotic scaffold for follow-on DE studies, as well
as other methods like incorporation of unnatural amino acids,
that can inform new pathways for continued engineering of useful
cholinesterase and/or OPAAH activity within the «/8-hydrolase
superfamily.
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A graph of the esterase activities of the individual mutants
in the DE library, evidence of reversible hysteresis, and sequence
alignments of the enzymes discussed in this study are included in
the Supplemental Information.

Scheme S1 | Organophosphate inhibition, spontaneous reactivation, and
aging.

Figure S1 | Acylation-the first step in the catalytic cycle. (A) The serine
hydrolases AChE (2ACE), BChE (1POM), hCE1 (2HRR), and pNB-esterase
(1QE3) all share a common fold, but have very different substrate
specificities. This is in part due to residues within the Q-loop (colored red)
which form part of the choline binding pocket in AChe and BChE. The
equivalent loop in pNBE is disordered in the crystal structure 1QE3. (B)
The acylation step and active site of pNBE. Residues of the catalytic triad
are boxed. (C) The acylation step and active site of BChE. The cationic
choline ester is accommodated by Glu-197 and Trp-82. Trp-82 of the
Q-loop makes an important cation-pi interaction with the choline ester and
V-type agents (VX and VR) which mimic choline esters. (D) Alternate
views of the Ala-190 side chain. A190 is behind the loop of the oxyanion
hole residues G106 and A107.

Figure S2 | Specific activities (S.A., U/mg) for all 95 variants in the DE
library using five substrates: pNPA, pNPB, benzoylthiocholine,
butyrylthiocholine, and acetylthiocholine. S.A. from single point assays
were measured using 5, 1, 2.5, 2.5, and 2.5 mM of the substrates,
respectively. In well D3 is the WT pNBesterase enzyme (where A107 is an
alanine). For all other mutants the A107H mutation is present in
combination with the denoted mutation. For the A107X mutants (where X
= any amino acid), only the single mutation is present. Note, the y-scale
has been adjusted for some graphs. For variants with no visible bars,
values near the spontaneous rate of hydrolysis were measured and
plotted. One substrate, pNPB, was hydrolyzed at detectable levels for all
of the mutants. The S.A. were needed to determine the number of Units
per well to use in the microscale reactivation rate experiments described.

Steady state kinetic parameters were measured for selected variants
which showed enhancements in esterase activity and are described in
Tables 2, 3. Reductions in carboxylesterase activity were expected for
variants which had acquired OP-hydrolase activity [Aliesterase Hypothesis
(Oppenoorth and van Asperen, 1960)]. SDS-PAGE gel showing the purity
of 10 variants purified using small scale preps and single columns.

Figure S3 | Effect of hysteresis on carboxylester hydrolysis. The E10
A107H/A190C double variant showed a 6-fold increase in its
carboxylesterase activity after elution from a PD-10 column during 37°C
incubation periods. For assays, 10 uL of the enzyme was added toa 1 mL
reaction volume, and rates were measured at R.T. This dramatic increase
in activity was not observed for any other variant.

Supplemental Information | Sequence alignment of the constructs
discussed. The pNBE sequence corresponds to P37967; it contains
strain-specific differences from the sequence of PDB 1QES.
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First isolated in 1926, Clostridium thermocellum has recently received increased attention
as a high utility candidate for use in consolidated bioprocessing (CBP) applications. These
applications, which seek to process lignocellulosic biomass directly into useful products
such as ethanol, are gaining traction as economically feasible routes toward the production
of fuel and other high value chemical compounds as the shortcomings of fossil fuels
become evident. This review evaluates C. thermocellum’s role in this transitory process
by highlighting recent discoveries relating to its genomic, transcriptomic, proteomic, and
metabolomic responses to varying biomass sources, with a special emphasis placed
on providing an overview of its unigue, multivariate enzyme cellulosome complex and
the role that this structure performs during biomass degradation. Both naturally evolved
and genetically engineered strains are examined in light of their unique attributes and
responses to various biomass treatment conditions, and the genetic tools that have been
employed for their creation are presented. Several future routes for potential industrial
usage are presented, and it is concluded that, although there have been many advances
to significantly improve C. thermocellum's amenability to industrial use, several hurdles
still remain to be overcome as this unique organism enjoys increased attention within the
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INTRODUCTION
The current, non-renewable fossil fuels that supply the vast
majority of energy needed for transportation will inevitably
increase in cost as their supplies are depleted, and already present
significant concerns relating to their longevity and sustainabil-
ity, energy security, and environmental impact. For these reasons,
renewable energy sources are attracting considerable attention
as alternatives to their non-renewable counterparts. However, in
the search for an alternative replacement, any new fuel com-
pound must first meet three primary considerations in order to be
regarded as a viable candidate: it must have the potential to sup-
ply the world’s energy demands, it must be able to reduce negative
environmental effects relative to current fossil fuels, and it must
be cost-competitive. With the current state of the art, ethanol
derived from lignocellulosic biomass addresses two of these con-
siderations, however, its production in a cost-effective manner
is currently lacking due to the difficulties in breaking down and
converting the sugars locked within the lignocellulosic feedstocks.
These feedstocks consist primarily of cellulose, hemicel-
lulose, and lignin, collectively referred to as lignocellulose
(Figures 1A—C), with smaller contributions consisting of pectin,
extractives, and the remaining structural ash. The cellulose

component of these mixtures is a linear polymer composed
of 7000-15,000 glucose units linked by B-(1-4) glycosidic link-
ages (Gibson, 2012) arranged into variable repeats of crystalline,
paracrystalline, and amorphous regions. The hemicellulose com-
ponents of lignocellulose, on the other hand, are ~200-400 unit
branched or linear polymers comprised of five or six carbon sug-
ars, linked together by glycosidic bonds. The final component,
lignin, is a networked polymer composed of phenyl propane units
(Zeng, 2013).

One of the major barriers to the microbial production of
lignocellulosic ethanol is the conversion of the cellulose and
hemicellulose components of biomass to fermentable carbohy-
drates (Viikari et al., 2012). To overcome this hurdle, several
strategies have been proposed including thermal, chemical, bio-
chemical, or microbial approaches, as well as their various com-
binations, to produce fermentable carbohydrates consisting of
either monomeric or polymeric Cs and Cs sugars. In most pro-
cess schemes, this conversion of biomass into sugars typically
requires an initial pretreatment step to increase plant polysac-
charide accessibility, followed by the hydrolytic production of
glucose from cellulose, fermentation of the pentose and hex-
ose monomeric sugar streams to ethanol, and distillation of the
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FIGURE 1 | The three primary constituents of biomass. Biomass is (D) their fermentable breakdown products are shuttled into bacterial cells via
primarily composed of a combination of (A) cellulose—a homopolymer of ATP binding cassette transporter proteins and internally converted to
glucose units, (B) hemicellulose (here depicted as xylan—a homopolymer of glucose-1-phosphate (G1P). G1P is utilized in a modified form of glycolysis
xylose units), and (C) lignin (here depicted as hardwood lignin)—a biopolymer  that produces pyruvate, which is then broken down into lactate and formate,
composed of aromatic monomeric units. As these components are degraded or converted to acetyl-CoA and further metabolized to acetate and ethanol.

ethanol from the fermentation mixture (Gupta and Demirbas,
2010). The pretreatment stage of this process is employed to mod-
ify the structure of the biomass, increasing accessibility and facil-
itating improved enzymatic hydrolysis of cellulose. During the
hydrolysis stage, acids or hydrolytic enzymes degrade the cellulose
into glucose monomers. These acidic treatments, which disrupt
the glycosidic linkages in both cellulose (Orozco et al., 2007) and
hemicellulose (Lavarack et al., 2002), can further be subdivided
into distinct categories depending on the methods employed. In
practice, however, most major approaches utilize the application
of either concentrated or dilute, ionic-liquid-mediated or solid
acids (Amarasekara, 2013).

While this acid-based approach offers lower costs, shorter pro-
cessing times and greater resistance to product inhibition than
hydrolytic enzyme-based approaches, cellulases remain the pre-
ferred tools for carrying out hydrolysis. This is because, unlike
acid hydrolysis, cellulase-based enzymatic hydrolysis employs
milder conditions, reduces capital costs, produces higher yields,
and does not generate inhibitory byproducts that can disrupt

downstream fermentation by microorganisms (Taherzadeh and
Karimi, 2007). In addition, the acid-catalyzed hydrolysis of cellu-
lose generates carbohydrate-derived dehydration products, which
are undesirable for the cellulase-based deconstruction of cel-
lulose (Kumar et al., 2013). Recently, studies have been con-
ducted to improve the efficiency and decrease the cost of the
enzymatic hydrolysis process using recombinant technologies
(Fang and Xia, 2013), ionic liquids (Engel et al., 2012), acces-
sory enzymes (Hu et al., 2011), and alterations of plant cell
wall structure focused on modification to their lignin con-
tent (Chen and Dixon, 2007; Hisano et al., 2009; Fu et al.,
2011; Shen et al,, 2013), however, this stage still remains as
the main bottleneck preventing cost efficiency. Therefore, as an
alternative, the direct saccharification of lignocellulosic biomass
has similarly been investigated, but has been shown to neg-
atively impact the efficiency of enzymatic hydrolysis when
compared to the saccharification of pretreated substrates in a
variety of biomass sources (Intanakul et al., 2003; Zhang et al,,
2007a,b).
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Currently, most industrial lignocellulosic bioprocessing appli-
cations utilize Escherichia coli, Zymomonas mobilis, Saccharomyces
cerevisiae, or a handful of other yeast strains in conjunction with
exogenous hydrolytic enzymes to release fermentable sugars from
the biomass substrate. These organisms, however, are utilized pri-
marily because of their thoroughly developed and studied genetic
engineering toolkits, physiology, and metabolic pathways. As a
possible exception, S. cerevisiae does have several advantageous
traits such as its natural ethanol tolerance and ability to grow at
acidic pH, however, it remains incapable of surviving at the opti-
mal temperatures of exogenous hydrolytic enzymes and, in its
wild type form, is unable to ferment pentose sugars (Vermerris,
2008; Tracy et al., 2012).

One promising approach to circumventing the cost and
restriction of this conventional workflow is the use of con-
solidated bioprocessing (CBP). CBP technologies combine the
enzyme production, hydrolysis, and fermentation stages into a
single step, improving processing efficiencies, eliminating the
need for added exogenous hydrolytic enzymes, and reducing the
sugar inhibition of cellulases (Lynd et al., 2005; Xu et al., 2009b;
Olson et al., 2012). This approach reduces the number of unit
operations, and lowers the overall capital cost of the process
(Olson et al., 2010, 2012).

However, for this approach to be economically feasible, an
industrially relevant CBP microorganism is required that pro-
duces a hydrolytic enzyme system capable of solubilizing a real-
istic biomass substrate and fermenting both hexose and pentose
sugars to ethanol at >90% of its theoretical yield, a titer of at least
40g/L, and a fermentation rate of >1g/L/h (Lynd, 1996; Dien
et al., 2003). Unfortunately, no microorganisms with these char-
acteristics have yet been discovered, and therefore genetic engi-
neering strategies will be required to develop such a strain. In this
regard, two strategies have been developed to engineer an appro-
priate organism. The first approach seeks to engineer a naturally
highly efficient cellulolytic microbe to produce the desired prod-
uct. The second approach applies a recombinant cellulolytic strat-
egy, and strives to engineer a microbe with naturally high product
titer, rate, and yield to express a hydrolytic enzyme system that
efficiently solubilizes biomass substrates (Lynd et al., 2005; Alper
and Stephanopoulos, 2009; Olson et al., 2012; Blumer-Schuette
etal., 2013).

While there are myriad gene sets available that encode enzymes
capable of degrading plant biomass, heterologously express-
ing these suites of enzymes in a non-natively cellulolytic host
microorganism requires the transfer, optimization, expression,
and coordination of many genes. This potentially represents a
more difficult barrier to overcome than engineering a natu-
rally cellulolytic microorganism to produce ethanol. Therefore,
thermophilic cellulolytic microorganisms have become attractive
targets for this approach, as their growth at high temperatures
reduces the risk of contamination, integrates well with existing
processing streams, and increases the solubility and digestibil-
ity of their required substrates (Demain et al., 2005; Egorova
and Antranikian, 2005; Blumer-Schuette et al., 2013). However,
regardless of which strategy is realized, each has the potential
to unlock an efficient method for the production of ethanol
from lignocellulosic biomass (Lynd et al., 2002, 2005; Dien et al,,

2003; Zhang, 2011; Olson et al., 2012). To date, a wide vari-
ety of microorganisms have been investigated for this process
(Taylor et al., 2009; Hasunuma et al., 2013), however, Clostridium
thermocellum has emerged as a particularly attractive high util-
ity candidate because its use of a cellulosome has demonstrated
remarkable enzymatic hydrolysis efficiency compared to free cel-
lulases (Johnson et al., 1982; Lu et al., 2006). This review will
therefore focus specifically on C. thermocellum’s role as a candi-
date for CBP and how it can be utilized to improve the suitability
of this process toward the production of ethanol as a realistic
replacement for existing liquid transportation fuel sources.

CLOSTRIDIUM THERMOCELLUM

ISOLATION AND INITIAL CHARACTERIZATION

C. thermocellum is an anaerobic, rod shaped, Gram positive
thermophile that is capable of producing ethanol directly from
cellulose. Despite its relatively recent rise to popularity in the
literature, it was first isolated in 1926 by Viljoen et al. in an
attempt to identify novel organisms capable of degrading cellu-
lose. This initial characterization by Viljoen, while basic, provided
the framework required for future investigators to work with
and develop this unique organism, but proved unreliable due
to potential contamination of the culture with additional organ-
isms (Viljoen et al., 1926). The first robust description, therefore,
was not available until almost 30 years later. This characteri-
zation was the first to report that C. thermocellum could grow
at temperatures between 50 and 68°C, and demonstrated this
growth on cellulose, cellobiose, xylose, and hemicelluloses. It also
detailed the major fermentation products, consisting primarily of
carbon dioxide and hydrogen gases, formic, acetic, lactic, and suc-
cinic acids, and ethanol (McBee, 1954). It is important to note,
however, that significant discrepancies in the list of fermentable
carbon sources have been shown to exist among alternate char-
acterized C. thermocellum strains, so caution must be taken when
comparing the growth conditions in the early literature (McBee,
1950).

Following these initial characterizations, there were still many
setbacks in the initial attempts at culturing C. thermocellum and
isolating pure stocks (McBee, 1948). Fortuitously, these have
largely been overcome with the development of defined mediums
that allow for routine growth and maintenance of C. thermocel-
lum cultures (Fleming and Quinn, 1971; Johnson et al., 1981),
significantly improving the ease of subculturing and providing
an ideal environment for defined selection and genetic modi-
fication. As these mediums were developed, they determined a
requirement for several essential vitamins, including biotin, pyri-
doxamine, Bi,, and p-aminobenzoic acid (Johnson et al., 1981)
and demonstrated a requirement for pH maintenance between
6.2 and 7.7. It is now known, however, that the optimal pH for
growth occurs between 6.7 and 7.0 (Freier et al., 1988) and that
the optimal growth temperature is 55°C.

Employing these defined growth techniques, C. thermocellum
can be cultured using either batch or continuous flow approaches,
with growth rates of 0.10/h and 0.16/h, respectively (Lynd et al.,
1989). However, in the presence of cellulosic material C. ther-
mocellum has been observed to form biofilms, which may more
closely resemble its growth under environmental conditions.
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Upon biofilm formation, C. thermocellum will orient itself parallel
to the carbon fibers of its substrate, forming a single mono-
layer of cells that will gradually spread outward from the initial
site of colonization. These cells will closely mimic the topogra-
phy of the substrate, with each cell maintaining direct contact
if possible (Dumitrache et al., 2013). This orientation may be
maintained in order to facilitate the extracellular hydrolysis of
the substrate, which is then incorporated into the cell directly
as soluble oligosaccharides and used for fermentative catabolism
(Zhang and Lynd, 2005). Throughout this process, cells are con-
stantly attaching and detaching from the carbon source, with
no apparent correlation to cellular life cycling, and relatively
similar percentages of cells involved in division or sporulation
in either their attached (11 &= 3%) or detached (5 4= 3%) states
(Dumitrache et al., 2013).

One of the main products of this fermentation activity, and
indeed the reason that C. thermocellum has enjoyed increased
attention in the recent past, is ethyl alcohol. However, despite the
production of this fermentation end product, wild type C. ther-
mocellum can only tolerate ethanol up to 5 g/L before it is
significantly inhibited (Herrero and Gomez, 1980). A contribut-
ing factor toward this sensitivity has been determined to be the
endogenous membrane structure. The predominant lipids that
make up C. thermocellum’s cell wall are branched and straight
chain 16 carbon fatty acids, and 16 carbon plasmalogens that,
along with the other components, display a total lipid content
of ~82 pg/mg dry cell weight, with roughly 28% of that weight
comprised of plasmogens (Timmons et al., 2009). This membrane
orientation leads to a high degree of fluidity that is compounded
by the presence of moderate levels of ethanol. As the fluidity
increases, the membrane begins to lose its integrity and the health
of the cell is negatively impacted. Therefore, in order to tolerate
increased levels of ethanol C. thermocellum must alter its mem-
brane composition to decrease fluidity and compensate for the
artificial fluidity imparted by its own fermentation products.

AMENABILITY TO CONSOLIDATED BIOPROCESSING

Despite its endogenous disadvantage of ethanol inhibition,
C. thermocellum retains many qualities that position it well for use
as a CBP organism, including its fast rate of digestion of cellulose
from plant biomass and its ability to hydrolyze both hemicellu-
lose and cellulose. In addition, it is capable of naturally producing
ethanol, albeit at low concentrations (<3 g/L), and one strain,
DSM 1313, has both a finished genome sequence and a developed
genetic transformation system that allows for the construction of
mutant strains (Tyurin et al., 2004; Tripathi et al., 2010; Feinberg
etal., 2011; Olson and Lynd, 2012b; Mohr et al., 2013). Although
it does suffer from a detriment in that it can only utilize C sugars,
it has been demonstrated to perform efficiently in co-culture with
Cg and Cs utilizing thermophilic anaerobic bacteria, making it an
excellent springboard for development into a CBP host.

STRUCTURE, FUNCTION, AND FERMENTATIVE CHARACTERISTICS OF
THE C. thermocellum CELLULOSOME

The distinguishing feature of C. thermocellum, and indeed its
most attractive feature as a platform for development into a CBP

host, is its cellulosome. The cellulosome is an extracellular multi-
enzyme complex 18 nm in diameter with a molecular weight
greater than 2 x 10° Da (Uversky and Kataeva, 2006) that is cen-
tral to C. thermocellum’s ability to reduce lignocellulosic biomass
recalcitrance (Figure 2) (Bayer et al., 2009). This multi-enzyme
complex consists of over 20 distinct enzymes (Wertz and Bédué,
2013), housing cellulases, hemicellulases, pectinases, chitinases,
glycosidases, and esterases for the breakdown of lignocellulose
(Spinnler et al., 1986; Zverlov et al., 2005a).

Characterization of the cellulosome began in the 1980s, and
since that time a stream of discoveries have elucidated its role
in cellulose binding (Bayer et al., 1983; Lamed et al., 1983), its
position on the bacterial cell wall surface (Bayer et al., 1985), its
structure during cellulose degradation (Bayer and Lamed, 1986),
and its diversity of associated cellulases (Garcia-Martinez et al.,
1980). Central to the assembly of this complex is a macromolec-
ular non-catalytic scaffoldin protein known as CipA. This CipA
scaffoldin contains nine type I cohesin domains that bind to type
I dockerin domains, which are in turn connected to the catalytic
domains of their enzymes through a linker (Dror et al., 2003b) in
a calcium-dependent fashion (Shimon et al., 1997). CipA is itself
anchored to the bacterial cell surface by way of a type II dockerin
and mediated by the LpB, Orf2p, and SdbA anchoring proteins
(Dror et al., 2003b) and, in addition, also contains a carbohydrate
binding module that attaches the cellulosome to its carbohydrate
substrate (Gilbert, 2007).

Crystallographic interrogation has suggested that these inte-
gral cohesin-dockerin complexes are primarily mediated by
hydrophobic interactions, (Carvalho et al., 2003), and these
results have been supported via subsequent molecular dynam-
ics simulations as well (Xu et al., 2009a). As such, it has been
presumed that the cellulosome assembles in a non-selective or
mildly selective manner due to the inability to assign each dock-
erin to a single cohesin and the relative similarities in affinity
between several dockerins and cohesins (Shimon et al., 1997).
However, evidence has recently surfaced that suggests some
degree of selectivity. Sakka et al. observed the binding of the
Cel] dockerin only to selected cohesin modules, indicating a
degree of specificity during cohesin-dockerin recognition that
was not previously detected (Sakka et al., 2009). Similarly, Borne
et al. have studied the role of randomness during the bind-
ing of an alternative Clostridium cellulolyticum dockerin to a
chimeric scaffoldin containing one C. cellulolyticum cohesin and
one C. thermocellum cohesin. In this case, binding occurred suc-
cessively in a manner dependent on linker length, reinforcing
the notion of order during cellulosomal assembly (Borne et al.,
2013).

Findings that support selectivity surrounding enzyme recruit-
ment and/or synergistic effects present during the digestion of
biomass point toward major advancements in the production
of cellulosic ethanol via the optimization of enzyme combina-
tions. For example, opportunities for synergy between cellulases
in C. thermocellum’s cellulosome during the degradation of crys-
talline cellulose increase statistically as the number of cohesins
present on the scaffoldin increases. In one study, the inclusion
of two cohesins instead of one on the cellulosome increased
synergism by a factor of 1.7 (Krauss et al., 2012).
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cellulosome, CipA, is bound to the peptidoglycan layer of C. thermocellum via
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To take advantage of this fact, and leverage the utility of the
cellulosome itself, an artificial cellulosome, termed the rosetta-
some has been genetically engineered to incorporate the dockerin
domains of cellulases from C. thermocellum. Just as with the
native cellulosome, this rosettasome has demonstrated enhanced
cellulolytic activities as additional cellulases have been attached
(Mitsuzawa et al., 2009). Building upon these efforts, Gefen
et al. have developed a chimeric cellulosome, BglA-Cohll,that
was designed to manage cellobiose inhibition by affixing a p-
glucosidase (BGL) to one of the open binding domains. This
attachment of BGL lessened cellobiose inhibition in the pres-
ence of Avicel and pretreated switchgrass relative to the native
cellulosome with or without BGL present (Gefen et al., 2012).

These findings have led to the development of the plasticity
theory, which rationalizes this synergistic behavior. This theory
contends that the flexibility of a linker within the cellulosome
directly leads to its enhanced adaptability toward utilization of
different substrates. Coarse-grain models have investigated this
theory by monitoring plasticity and uncovering the preferential
scaffoldin binding of dockerins from CbhA, a large endoglu-
canase, over those from the smaller CelS exoglucanase and Cel5B
endoglucanase, even though each had the potential to bind to any
cohesin. In these models, the large structure of the CelS exoglu-
canase appeared to influence key parameters such as its extended
scaffoldin residence time and its prolonged diffusion rate, both of
which improved its likelihood of binding (Bomble et al., 2011).

Regardless of the components employed, the cellulosome
breaks down its lignocellulosic substrate into cellodextrins, which
are brought into the cell via one of at least five identified ATP
binding cassette transporter proteins (Nataf et al., 2009) in order
to support a modified form of glycolysis (Gefen et al., 2012). Once
within the cell, cellobiose phosphorylase or cellodextrin phospho-
rylase phosphorylates the cellobiose or cellodextrin, respectively,

to yield glucose-1-phosphate and glucose. These compounds are
then shunted to the Embden-Meyerhof pathway, and glycoly-
sis takes place to yield pyruvate, GTP, and ATP. Thereafter, a
series of phosphorylation reactions follow, although the exact
nature and flux of these reactions has not yet been fully eluci-
dated (Zhou et al., 2013). Under our current understanding, both
ATP and GTP-linked glucokinases have been identified in C. ther-
mocellum, as well as phosphoenolpyruvate carboxykinase, which
may be responsible for the conversion of phosphoenolpyruvate
to oxaloacetic acid. This has led to the assumption that both of
these compounds undergo glycolysis to produce ethanol during
fermentation (Zhou et al., 2013). Pyruvate is similarly converted
into several fermentation products depending on the enzyme that
catalyzes the reaction, with lactate dehydrogenase forming lac-
tate and pyruvate formate-lyase forming formate (Rydzak et al.,
2011). These products are then available for use just as with
traditional processing strategies, completing the CBP process.
The cellulosome is one of the fastest crystalline cellulose utiliz-
ers, however, there are many other hydrolytic enzymes associated
with the cellulosome, including pectinases and hemicellulases,
which are also essential for digestion of biomass feedstocks. While
relatively fewer studies have been undertaken to explore these
components, when C. thermocellum’s draft genome sequence was
screened for open reading frames related to cellulosomal compo-
nents, it was discovered that only one third of these were related to
cellulases and the rest were related to hemicellulases, pectinases,
chitinases, glycosidases, and esterases (Zverlov et al., 2005a). Of
particular interest from these groups of enzymes are the hemi-
cellulases, which can degrade the hemicellulose matrix through
the random cleavage of carbohydrates. Zverlov et al. characterized
the structure and activity of two hemicellulytic cellulosome com-
ponents consisting of xyloglucanase Xgh74A and endoxylanase
Xynl0D, demonstrating that when their lysis events occurred
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in close enough proximity, short oligosaccharides were formed
that assisted in exposing the underlying cellulose (Zverlov et al.,
2005b). Moreover, it has been demonstrated that C. thermocel-
lum JW20 (ATCC 31549) preferentially digests high degree of
polymerization xylan, a hemicellulose common to birch wood,
with degradation becoming increasingly efficient as the number
of monomer units in xylan exceeds six. In contrast, degradation
of lower, 2-5 unit, degree of polymerization xylan did not occur
until 240 h later and, after 300 h, only xylose remained, as these
monomers are not imported by the cell (Wiegel et al., 1985).
Taken together, these findings support the hypothesis that C. ther-
mocellum’s hemicellulases preferentially degrade high degree of
polymerization hemicellulose.

Current studies evaluating the interaction of the cellulosome
relative to free cellulases for digestion of either crystalline cellu-
lose or plant biomass have provided additional insights into their
mechanisms of hydrolysis, potentially leading to improvements
in the deconstruction step through enzyme engineering and opti-
mization of biomass pretreatment conditions. For instance, the
cell free cellulosome of C. thermocellum can process roughly
40% of high degree of polymerization cellulose (presented as
Whatman filter paper) in 120 h, compared with free Trichoderma
reesei cellulases that can only achieve less than 20% conversion
in the same time frame (Resch et al., 2013). However, in con-
trast, the T. reesei free enzyme system was more active on plant
biomass than the cell free cellulosome extract. Moreover, post
enzymatic hydrolysis images of the crystalline cellulose substrate
determined that the mechanisms were vastly different between the
free enzyme cocktail, which used a fibril sharpening method, and
the cellulosome, which splayed open and separated the individ-
ual microfibrils (Resch et al., 2013). Most importantly, however,
has been the demonstration of synergistic effects when these two
approaches are combined. Ding et al. revealed that this is likely
due to a difference in mechanisms between the free enzyme sys-
tems and the cellulosome. Using real-time imaging, to show the
production of solubilization pits in the surface of the delignified
plant biomass treated with free enzyme systems and the splaying
of individual microfibrils in cellulosome-treated biomass, they
concluded that biomass pretreatments which remove the highest
amount of lignin and leave the largest amount of carbohydrates
will facilitate improved hydrolysis regardless of whether a free
enzyme system or cellulosome is employed (Ding et al., 2012).

FERMENTATION OF BIOMASS BY C. thermocellum

The high degree of biomass recalcitrance is one of the major
factors limiting the cost-effective production of lignocellulosic
ethanol. Therefore, the ability of C. thermocellum to efficiently
digest a range of biomass structures is an important consideration
for its practicality as a CBP host. To investigate its fermentative
abilities, Puls et al. compiled one of the earliest characterization
studies relating to the solid residuals remaining after cellulosomal
processing of steam pretreated, sodium chlorite delignified birch-
wood by C. thermocellum. It was discovered that, following treat-
ment, the solid residuals contained an unchanged crystallinity
content (52%) that was attributed to the simultaneous hydrol-
ysis of amorphous and crystalline cellulose. Cellulose experi-
enced an increase in its weight-average degree of polymerization,

while the polydispersity remained the same following micro-
bial treatment, indicating the preferential consumption of low
degree of polymerization cellulose. These findings ran contrary to
those obtained using free cellulases from Neocallimastix frontalis,
Trichoderma koningii, and Penicillium pinophilum, providing one
of the first indications that the organization and ultrastructure of
C. thermocellum’s cellulosome contained unusual properties (Puls
and Wood, 1991).

Since that time, many additional studies have been performed
to elucidate the function of C. thermocellum’s cellulosome on a
variety of substrates. One of the main focal points of these studies
has been to determine how C. thermocellum’s cellulosome cir-
cumvents the inhibition of activity and adsorption that cellulose
crystallinity has imparted on many previously characterized fun-
gal cellulases (Hall et al., 2010; Zhao et al., 2012). In this regard,
it has been determined that C. thermocellum approaches decon-
struction atypically, in that it displays a remarkable propensity
toward the hydrolysis of crystalline cellulose. For instance, C. ther-
mocellum is capable of converting 100% of Avicel, which is 74%
crystalline, in 100h, compared to free cellulases isolated from
T. reesei, which were only able to consume 50% of Avicel in the
same time frame (Resch et al., 2013). While this is encouraging,
it should be noted that, in general, Avicel demonstrates excel-
lent conversion properties in comparison to pretreated biomass.
Therefore, to expand the scope of this evaluation, Shao et al.
further identified differences in C. thermocellum’s efficiency dur-
ing the CBP of Avicel and ammonia fiber expansion pretreated
(AFEX) corn stover. While Avicel displayed high conversion rates
(>95%) after 24 h when treated with C. thermocellum, AFEX pre-
treated corn stover glucan experienced lower conversion rates
(60-70%), even after extended incubation times of 4 days. While
the reason for this discrepancy in efficiencies was not elucidated
during this study, initial enzyme concentrations and restricted
cell growth on AFEX pretreated corn stover were ruled out as
possibilities (Shao et al., 2011a).

Along with differences in biomass structure, the employ-
ment of differing pretreatment methods have also been shown
to influence C. thermocellun’s digestion and fermentation effi-
ciency. Hormeyer et al. investigated the treatment of Avicel,
poplar (Populous tremuloides), and wheat straw ( Triticum vulgare)
with C. thermocellum strain NCIB 10682 using either unpre-
treated, organosolv (methanol/water), or hydrothermolysis pre-
treated biomass, and used pH to indicate the extent of cellulose
metabolism via acetic acid production. Under this experimen-
tal design, hydrothermally-treated poplar produced lower pHs
(~6.0-7.0) than unpretreated poplar (~7.4) after 150 min of
processing, signifying an increased efficiency in the presence of
the hydrothermal substrate (Hormeyer et al., 1988). Likely, this
increase in efficiency can be attributed to the structural changes
incurred by the biomass during pretreatment, which led to an
increased accessibility of the sugars during digestion while main-
taining favorable conditions for growth and enzymatic function
(Resch et al., 2013). Alternate strategies for overcoming the recal-
citrance barrier, such as altering the plant cell wall structure to be
more easily digested by reducing lignin content or altering lignin
composition, have also been employed (Chen and Dixon, 2007;
Hisano et al., 2009). Fu et al. and Yee et al. demonstrated the
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feasibility of this approach, showing that a transgenic switchgrass
with reduced lignin content and syringyl/guaiacyl (S/G) ratios
had improved fermentation yield and required a lower severity
pretreatment and less enzyme loading to obtain equivalent yields
to their control switchgrass when employing a yeast-based fer-
mentation with exogenous hydrolytic enzymes in a simultaneous
saccharification and fermentation (SSF) format. More impor-
tantly, they observed that C. thermocellum exhibited equivalent
or higher fermentation yields than the yeast-based SSF approach,
which lead to the hypothesis that the cellulosome is more reac-
tive in a CBP format than a cell-free extract configuration (Fu
et al., 2011; Yee et al., 2012). In an alternate approach, Bothun
et al. subjected C. thermocellum to elevated hydrostatic pressures
(7.0 and 17.3MPa) in a high pressure bioreactor, resulting in
a ~100-fold rise in the ethanol:acetate ratio compared to batch
cultures at atmospheric pressure. These results were attributed to
the enhanced solubility of gaseous fermentation products under
their reaction conditions (Bothun et al., 2004), further demon-
strating the importance of pretreatment conditions on hydrolysis
and fermentation efficiency.

GENOMIC, TRANSCRIPTOMIC, PROTEOMIC, AND METABOLIC
RESPONSES TO ETHANOL PRODUCTION

Due to its high amenability toward use as a CBP organism,
C. thermocellum has attracted significant interest in its genomic,
transcriptomic, proteomic, and metabolomic profiles and their
respective dynamics throughout the CBP process. These evalu-
ations have been performed across a variety of different strains
and, taken together, provide crucial insight into how it is able
to perform the complex reactions necessary to break down and
utilize cellulosic material.

At its most basic level, the genome of the type strain, C. ther-
mocellum 27405, consists of 3.8 Mb of DNA arranged as a sin-
gle chromosome. The average guanine/cytosine (GC) content
of the genome is a moderate 38.9%, and 3173 candidate pro-
tein encoding genes have been identified via automated analysis
(Hauser et al., 2010). In addition to the type strain, sequences
for several additional strains have also been elucidated and
yielded similar characteristics (Hemme et al., 2010; Feinberg
et al., 2011; Brown et al,, 2012). Genomic analysis following
adaptation to increased ethanol tolerance has indicated several
conserved genetic alterations, including changes to glucokinases,
aminotransferases, transcriptional regulators, aldehyde/alcohol
dehydrogenases, and aspartate carbamoyltransferases. In addi-
tion, non-conserved changes have been identified in a variety
of membrane proteins as well. Taken together, these genetic
changes significantly improved C. thermocellum’s ethanol toler-
ance from ~15 to 50 g/L and improved its utility as a CBP host
(Shao et al., 2011b).

While relatively few genetic changes were discovered related
to enhanced ethanol tolerance, significantly more transcriptomic
alterations have been observed that can provide insight into how
C. thermocellum responds to changes in substrate availability and
ethanol production. Transcriptomic analysis revealed a set of 348
genes that displayed significant variation in their expression levels
in response to utilization of either cellulose or cellobiose as a car-
bon source, or concurrent with changes in growth rate resulting

from nutrient availability and population density. Of these 348
genes, 78 demonstrated a significant decrease in expression when
cellobiose was provided as a carbon source and 95 were up regu-
lated. Of note is that the majority of these genes contained signal
peptides, or were transcriptional regulators, indicating that they
are likely involved in the extracellular recruitment and uptake of
metabolites, demonstrating C. thermocellum’s ability to sense and
respond to external cues regarding nutrient availability (Riederer
et al., 2011). Similarly, switching from cellobiose to cellulose fer-
mentation elicited changes in the expression of roughly 40% of
all genes, with expression profiles generally indicating increased
transcription levels for those genes related to energy produc-
tion, translation, glycolysis, and amino acid, nucleotide, and
coenzyme metabolism. Expression of these genes under cellulose
utilization was shown to be growth stage dependent, with tran-
scription decreasing as the available cellulose is consumed and
transcription of genes encoding for cellular structure and motil-
ity, chemotaxis, signal transduction, transcription, and celluloso-
mal proteins becoming increased, presumably due to an increased
necessity to discover alternative carbon sources in accordance
with the classic feast-or-famine survival strategy (Raman et al.,
2011). When pretreated biomass was supplied in place of cellulose
or cellobiose, an even larger number of genes displayed differen-
tial regulation. Using pretreated yellow poplar as a model carbon
source, 1211 genes were up regulated, and 314 were down reg-
ulated compared to growth on cellobiose. Of particular note is
that 47 of the 81 recognized cellulosome genes (58%) were up
regulated upon yellow poplar-mediated biomass growth, com-
pared with only 4 that showed lower expression levels relative to
cellobiose fermentation. In addition to these cellulosome genes,
significant up regulation was also observed for genes involved in
inorganic ion transport and metabolism, signal transduction, and
amino acid transport (Wei et al., 2014). Similar regulation pro-
files were found, albeit with up regulation of phosphate transport
and Resistance-Nodulation-Division (RND) transporters, when
pretreated switchgrass was substituted for poplar (Wilson et al.,
2013a). Together, these results demonstrate the significant dif-
ferences that can be imparted when C. thermocellum transitions
between prepared sugars and raw biomass as carbon sources.

In general, the results obtained from these transcriptomic
studies are supported by similar proteomic studies that have
directly interrogated protein levels under similar growth condi-
tions. Expression of the core metabolic proteins, as predicted,
reveals that they are primarily growth-phase dependent in order
to position C. thermocellum for the most efficient use of the
nutrients on hand under growth and stationary phases, leading
to much more consistent expression levels relative to specialized
proteins such as those found in the cellulosome. Approximately
a quarter of the 144 core metabolic proteins demonstrate only
a moderate change in expression as the cells transition from
exponential to stationary phase, with several notable exceptions
including decreases in the presence of pyruvate synthesis machin-
ery and increases in the prevalence of glycogen metabolism,
pyruvate catabolism, and end product synthesis pathway pro-
teins (Rydzak et al., 2012). Much more expression variability has
been detected, and indeed much more research has been focused,
on the proteins comprising the cellulosome. Unlike the relatively
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consistent expression of core metabolic proteins, cellulosome pro-
teins demonstrate expression variability in response to changes
in carbon source availability. When presented with cellobiose,
hemicellulases are the most abundant cellulosome components,
with XynA, XynC, XynZ, and XghA up regulated alongside of
the endoglucanase CelA and GH5 endoglucanases CelB, CelE,
and CelG. Conversely, when presented with cellulose as a car-
bon source, the GH9 cellulases represented the most abundant
group, along with the cell surface anchor protein OlpB and the
exoglucanases CelS and CelK (Gold and Martin, 2007). These
same trends continue to manifest when pretreated switchgrass
is used as a feedstock, with the exoglucanase CelK and the GH9
cellulases further increasing in abundance relative to cellulose fer-
mentation. Notably, under switchgrass utilization the xylanases
decrease in prevalence, possibly due to removal of the majority
of hemicellulose and reduction of xylan content in the switch-
grass following dilute acid pretreatment (Raman et al., 2009).
Importantly, it has also been noted that expression of many of the
cellulosome proteins is decreased following adaption to increased
ethanol tolerance. Indeed, while ethanol tolerant strains can still
degrade cellulose, both the rate and extent of this degradation is
impaired due to this down regulated expression (Williams et al.,
2007).

Compared to the genetic, transcriptomic, and proteomic stud-
ies that have been performed, there have been relatively few
investigations regarding C. thermocellum’s metabolomics under
laboratory or natural growth conditions. It is known, however,
that, relative to cellobiose, growth on cellulose results in diver-
sion of carbon flow into a transhydrogenase-malate pathway,
resulting in increases to available NADPH and GTP supplies.
Assimilation of ammonia is also up regulated under these growth
conditions, resulting from an increase in the production of glu-
tamate dehydrogenase as C. thermocellum repositions itself to
produce the biosynthetic intermediates necessary to respond to
cellulose utilization (Burton and Martin, 2012). Additional evi-
dence suggests that the end products of this fermentative process
can similarly alter metabolic activity as well. As ethanol and lac-
tate collect, H, and acetate yields coordinately increase, while
ethanol yields themselves are shown to increase upon accumula-
tion of Hy, acetate, and lactate (Rydzak et al., 2011). In an effort to
improve our knowledge regarding C. thermocellum metabolism,
and to aid in the development of engineered strains, a flux balance
model of C. thermocellum metabolism has recently been devel-
oped (Roberts et al., 2010) that will hopefully aid in developing
this nascent field.

EFFORTS TO ENHANCE ETHANOL PRODUCTION FROM

C. thermocellum

DEVELOPMENT OF ENGINEERED STRAINS

In nature, C. thermocellum’s main ecological function is to
degrade cellulose, and in this regard it is one of the fastest crys-
talline cellulose utilizers. This characteristic has led to a series of
studies that have robustly characterized its function in regards to
the digestion of plant biomass (Saddler and Chan, 1982; Lynd
et al., 1989; Raman et al., 2009; Fu et al., 2011; Shao et al., 2011a;
Yee et al., 2012; Wilson et al., 2013a), however, until recently
there has been a deficit in our understanding of C. thermocellum’s

genetic and proteomic functions that have hindered its develop-
ment as an ideal CBP host. The recent attainment of a finished,
annotated genome sequence and an enhanced understanding of
its gene and protein expression, in combination with metabolic
pathway models, has filled this gap and become essential for the
development of targeted genetic engineering strategies and opti-
mization of fermentation conditions that are needed to move
forward in strain development. In a wider sense, these aspects
have also been crucial for improving the feasibility of CBP as
a platform for production of biofuels as well (Stevenson and
Weimer, 2005; Lu et al., 2006; Brown et al., 2007; Islam et al., 2009;
Raman et al., 2009, 2011; Roberts et al., 2010; Rydzak et al., 2011,
2012; Shao et al., 2011b; Ellis et al., 2012; Li et al., 2012; Wilson
etal., 2013a,b).

To this end, several engineered strains have been devel-
oped using adapted or directed evolution to improve ethanol
or inhibitor tolerance, as these traits have been deemed the
most important for industrial applications (Table1). Linville
et al. reported the development of a mutant strain through
direct evolution of C. thermocellum ATCC 27405 that displayed
an enhanced growth rate and tolerance up to 17.5% vol/vol
dilute acid pretreated poplar hydrolysate (Linville et al., 2013).
Resequencing of the wild type and mutant strains indicated that
multiple mutations were responsible for this phenotype, includ-
ing genes related to cell repair and energy metabolism. Similarly,
awild type C. thermocellum culture was adapted through sequen-
tial passaging to tolerate 8% wt/vol (80 g/L) ethanol and several
analysis were performed to determine the basis of this increased
tolerance in the mutant strain, which was designated strain
C. thermocellum EA. Proteomic analysis of this strain by Williams
et al. showed changes in membrane-associated proteins, leading
them to hypothesize that the increased tolerance was the result of
lower quantities and/or lower incorporation rates of proteins into
the membrane, preventing increased fluidity upon ethanol expo-
sure (Williams et al., 2007). Further analysis by Timmons et al.
corroborated this hypothesis by observing changes in the fatty
acid membrane composition that endowed the mutant strain
with increased membrane rigidity, reducing the fluidizing effect
of ethanol (Timmons et al., 2009). Recently, Brown et al. rese-
quenced the genome of the mutant strain and, in comparison to
the wild type, identified the genetic basis of this tolerance as a
mutation in the bifunctional adhE gene. This was then confirmed
by recreating the mutation in the more genetically tractable DSM
1313 strain (Brown et al., 2011).

Isolation of additional C. thermocellum strains is also ongo-
ing, with the novel CS7, CS8, and S14 strains being isolated from
compost and bagasse paper sludge, respectively (Tachaapaikoon
et al., 2012; Lv and Yu, 2013). Interestingly, when the CS7 and
CS8 strains were characterized for growth on crystalline cellu-
lose and cellobiose, in contrast to the majority of C. thermocellum
strains, neither exhibited any xylanase activity. However, both of
these strains demonstrated increased ethanol:acetate ratios and
enhanced cellulase activity in comparison to the wild type strain.
Strain S14 also proved to be notable, as its cellulosomal glycoside
hydrolases provided increased crystalline cellulose degradation
rates relative to both the wild type and to strain JW20. In addition,
strain S14 was found to tolerate both a higher temperature (70°C)
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ND ND Low Koeck et al., 2013

ND

ND ND ND ND ND ND

67

ND

Cellulose, glucose, sorbitol

BC1

ND Low Argyros et al., 2011

7.0 5.61 0.16 0.1 ND ND ND 0.61

55

MTC

Avicel (19.5g/L)

M1570

ND, Not defined in original publication.

and pH (9.0) than the wild type while consuming a broader range
of substrates including sorbitol. However, as of yet, CS7, CS8, and
$14 do not have draft genome sequences, which will be crucial for
the development of genetic or metabolic engineering approaches
in these strains.

Draft or finished genome sequences are, however, currently
available for six C. thermocellum strains including the wild type
(ATCC 27405), YS, LQRI, JW20, BC1, and DSM 1313 (Hemme
et al., 2010; Feinberg et al., 2011; Brown et al., 2012; Wilson
et al., 2013a). C. thermocellum YS was isolated from hot springs
at Yellow Stone national park and has been characterized as
a highly efficient cellulose utilizer. Notably, it is this strain, in
tandem with the adherence-defective mutant C. thermocellum
AD?2 strain, that was used in the studies that reported the ini-
tial description of the adherence of C. thermocellum to insoluble
cellulose substrate and paved the way for the discovery of the
cellulosome (Bayer et al., 1983; Lamed et al., 1983). Strain YS
has since been leveraged for multiple studies reporting on the
digestion of lignocellulosic feedstocks, cell surface interactions,
the structure and function of the cellulosome, and transcrip-
tomic evaluations in response to plant biomass hydrolysis (Bayer
et al., 1985; Lamed et al., 1988; Poole et al., 1992; Fernandes
et al., 1999; Dror et al., 2003a, 2005). C. thermocellum JW20
was isolated from a cotton bale in Louisiana and LQRI was iso-
lated from a contaminated culture of strain DSM 1313, which
at the time was referred to as LQ8 (Ng and Zeikus, 1981; Ng
et al.,, 1981; Hemme et al., 2010). The growth and physiological
properties for each of these strains have since been character-
ized (Lamed and Zeikus, 1980; Ng et al., 1981), with strain
JW20 demonstrating the ability to utilize a spectrum of growth
substrates ranging from crystalline cellulose to lignocellulosic
feedstocks, including pretreated hardwood, straw, and hay (Freier
et al., 1988). Most recently, C. thermocellum BC1 was isolated
from a compost treatment site in Germany, and a draft genome
sequence has been established (Koeck et al., 2013). This strain
has exhibited improved cellulose hydrolysis and utilization of a
wider range of substrates, including glucose and sorbitol, at a
higher temperature (67°C) than the wild type strain. The diver-
sity of unique characteristics demonstrated by these strains, and
the important contributions they have made toward improving
C. thermocellum’s position as a relevant CBP host, highlight the
importance of continuing to isolate, characterize, and compare
new strains that may have advantageous characteristics for CBP
applications.

C. thermocellum DSM 1313, previously known as C. thermo-
cellum LQ8, represents arguably the most important of the strains
discovered to date. First isolated in 1926 by Viljoen et al. from
manure or soil (Viljoen et al., 1926), it has been widely stud-
ied for its cellulolytic and physiological properties, and has been
characterized on cellobiose, crystalline cellulose, and lignocellu-
losic feedstocks (Weimer and Zeikus, 1977; Wiegel and Dykstra,
1984). However, DSM 1313’ high utility comes from the estab-
lishment of its draft genome sequence in 2011 and the subsequent
development of a genetic system for its transformation that has
allowed for the construction of mutant strains (Tyurin et al,
2004; Tripathi et al., 2010; Feinberg et al., 2011; Olson and Lynd,
2012b; Mohr et al., 2013). This ability has allowed investigators to
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target specific genetic changes within the DSM 1313 background,
leading to an unparalleled ability to interrogate the genetic basis
for observed phenotypes and to develop strains endowed with
specific, engineered functions.

In one such study, comparisons were drawn to previous inves-
tigations focusing on the use of proteomic analysis and global
gene expression data to enhance understanding of C. thermo-
cellum’s highly efficient cellulosomal hydrolysis of cellulose and
hemicellulose. These initial investigations demonstrated that the
catalytic sub-units of the cellulosome were assembled based on
their substrate and growth rate (Raman et al., 2009; Wilson et al.,
2013a), allowing researchers to create mutant strains of DSM
1313 with knockouts of the cel48S gene, that encode an abundant
and up regulated cellulase during growth on crystalline cellu-
lose, in order to investigate its role in hydrolysis (Olson et al.,
2010). Through the use of this targeted approach, they were
able to determine that the deletion of cel48S reduced growth
rate and specific activity by 2-fold, however, also discovered
that it was still able to completely solubilize a 10 g/L loading
of Avicel. Without the ability to establish this targeted muta-
tion, it would be difficult, if not impossible, to hypothesize this
retention of biomass utilization efficiently in light of such a dele-
terious mutation. Furthermore, these studies are also important
in advancing the creation of designer multi-enzyme complexes
for industrial applications (Gold and Martin, 2007; Raman et al.,
2009; Fontes and Gilbert, 2010; Olson et al., 2010), as was high-
lighted by the recent improvement in hydrolysis performance
achieved by Gefen et al. through targeted cellulosome engineer-
ing, resulting in a three-fold increase in crystalline cellulose
hydrolysis and a two-fold improvement for switchgrass hydrolysis
(Gefen et al., 2012).

Mutational strain development has also been leveraged to
increase ethanol titer and tolerance toward the minimum value
of 40 g/L that is required for the economic viability of cellulosic
ethanol production (Lynd, 1996; Dien et al., 2003). While wild
type C. thermocellum strains only produce <3 g/L and are tol-
erant to <16 g/L of ethanol (Rani et al., 1996; Blumer-Schuette
et al.,, 2013), mutant strains constructed through adapted evo-
lution have shown ethanol tolerance up to 80 g/L, albeit with
inconsistent and slow growth, and up to 50 g/L with stable growth
(Williams et al., 2007; Brown et al., 2011). To achieve these results,
mutant strains of DSM 1313 were constructed with disrupted end
product fermentation pathways that altered their natural carbon
flow and, conversely, increased their ethanol yield (Argyros et al.,
2011; Deng et al., 2013; Mohr et al., 2013; Van Der Veen et al.,
2013). These strains were established through mutations in their
acetate and lactate pathways (Ahpt Aldh Apta), however, once
subsequently evolved, they produced contrasting results in their
effect on ethanol yield. In one case, no increase in ethanol yield
was observed following mutation (Van Der Veen et al., 2013),
while in a separate report a 4-fold increase was detected (Argyros
et al., 2011). However, in both cases it was hypothesized that the
mutations led to a redox imbalance because of the secretion of
pyruvate and amino acids into the fermentation broth, low prod-
uct yields, unsubstantial increases in ethanol, and resulting open
carbon balances. In an attempt to reconcile these reports, Mohr
et al. used a thermotargetron approach to disrupt the acetate

and lactate pathways in place of the homologous recombina-
tion approach used by Arygros and van der Veen, resulting in
a decrease to lactate and acetate production, a slight increase in
ethanol production and a 6-fold increase in pyruvate production
(Mohr et al., 2013).

Building upon these studies, Deng et al. noted that pyru-
vate kinase had not been annotated in the DSM 1313 genome
sequence and did not register during enzymatic assays. This
led them to the hypothesis that a malate shunt was being
used to convert phosphoenol pyruvate to pyruvate (Deng et al.,
2013). Leveraging the genetic tractability of DSM 1313, they
were able to improve ethanol yield by expressing an exoge-
nous pyruvate kinase and deleting the malic enzyme gene in
the lactate and acetate pathway deficient strain. As a result,
their novel mutant strain achieved a ~3-fold higher ethanol
yield, increased carbon recovery, increased formate production,
increased ethanol tolerance, and decreased amino acid secre-
tion relative to the parent strain. The sheer number of muta-
tions and genetic knowledge required to achieve this goal per-
fectly demonstrates the necessity of obtaining a fundamental
understanding of gene expression, regulation, redox state, car-
bon catabolism, and metabolic modeling, and the prerequisite of
establishing a functional genetic manipulation system that must
be obtained prior to the development of mutant strains for use
in CBP settings (Roberts et al., 2010; Blumer-Schuette et al.,
2013).

CO-CULTURE OF C. thermocellum WITH OTHER ORGANISMS

In addition to the development and isolation of additional C. ther-
mocellum strains, it is worth noting that there are naturally highly
efficient cellulolytic consortia and mixed cultures of C. thermocel-
lum that can be employed as well. However, significant difficulties
exist in engineering these populations toward the production of
their desired fermentation products at high yields for industrial
applications. Nonetheless, these populations still poses a high
value in that they can be mined for novel cellulolytic microorgan-
isms (Haruta et al., 2002; Kato et al., 2004; Izquierdo et al., 2010;
Sizova et al., 2011; Li et al., 2012; Zuroff and Curtis, 2012). While
consortia and mixed-cultures will not be covered in depth in this
review, defined co-cultures containing C. thermocellum have pre-
viously been studied for the digestion of lignocellulosic biomass
(Ng et al., 1981; Le Ruyet et al., 1984; Mori, 1990; Geng et al.,
2010; He et al., 2011; Li et al., 2012; Lii et al., 2013) and have
recently been reviewed elsewhere (Blumer-Schuette et al., 2013).
In general, these co-cultures are utilized due to C. thermocellum’s
unique ability to hydrolyze hemicellulose and cellulose utilizing
only the cellodextrin breakdown products and forgoing the con-
sumption of Cs sugars (Zhang and Lynd, 2005; Blumer-Schuette
etal., 2008), making it amenable to co-culture with pentose utiliz-
ing thermophiles. Notably, the highest ethanol titer yet reported
for the fermentation of crystalline cellulose has been obtained
under these conditions, with the co-culture of a metabolically
engineered C. thermocellum and Thermoanaerobacterium sac-
carolyticumn. This fermentation achieved ~80% of theoretical
ethanol yield at 38 g/L, and was able to keep organic acid con-
centrations below their detection limits (Argyros et al., 2011),
demonstrating the utility of this type of approach.
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TOOLS FOR GENETIC MANIPULATION

The evolution and selection of naturally occurring C. thermocel-
lum strains has provided an initial springboard for development
of more industrially relevant organisms, however, the full realiza-
tion of this effort requires targeted development and optimization
of specific characteristics that will enable C. thermocellum to func-
tion synergistically toward the production of fuels and chemicals
from cellulosic biomass. While development of the tools required
for the genetic manipulation of C. thermocellum is still in its
infancy, significant strides have already been made to enable the
introduction of exogenous DNA and selection of successfully
modified strains. The utilization and expansion of these efforts
will be key to achieving C. thermocellum’s full potential as a CBP
host.

METHODS FOR INTRODUCING FOREIGN DNA

The primary method for introducing DNA into C. thermocellum
has been through electroporation. This method, which tran-
siently applies an electrical field to generate openings on the
cell surface for the introduction of DNA, has been successfully
demonstrated for several available strains (ATCC 27405, DSM
1313, and DSM 4150) and has been optimized specifically for
strain DSM 1313 (Tyurin et al., 2004). Particularly of note for the
application of this technique to C. thermocellum transformation
is the relationship between current oscillation and transfection
efficiency. Tyurin et al. have demonstrated a one-to-one cor-
respondence between the presence of 24 MHz oscillations and
successful transformations, noting that the proper oscillations
can be achieved by using a >12kV/cm field strength during
transformation. This field strength was itself noted to contribute
significantly to transformation optimization as well, with increas-
ing field strengths up to 25kV/cm producing higher efficiencies
(Tyurin et al., 2005). Using this technique, it has been possible
both to present exogenous genes for expression and to introduce
genetic modification systems capable of altering the native C. ther-
mocellum genome and knocking out endogenous loci (Olson and
Lynd, 2012b).

GENETIC DELIVERY SYSTEMS

Three basic strategies exist for the genetic modification of C. ther-
mocellum. The first of these simply places additional genetic
material into the organism for expression, ideally adding func-
tionality or complimenting a deficiency in order to better prepare
the organism for its intended task. Under this strategy, plasmid
DNA is introduced using the electroporation approach discussed
above. Depending upon the design of the introduced vector, the
gene of interest is then either expressed directly from the plas-
mid or incorporated into the host genome and replicated along
with the endogenous DNA during routine cell maintenance. For
plasmid-based expression, in addition to the gene of interest,
the plasmid must also contain an origin of replication and a
selectable marker. There are several selection markers available
(discussed below) but, in general, the thermophilic RepB origin
of replication is the most prevalent for use in C. thermocel-
lum. This origin, which works via rolling circle replication, has
also been synthetically modified to generate a temperature sen-
sitive variant that cannot function above 55°C. This provides

an additional layer of flexibility that can be utilized for con-
trollable expression of the novel DNA sequence being added
(Olson and Lynd, 2012a). It is also possible to integrate the target
DNA sequence directly into the genome through the incorpo-
ration of homologous loci up- and downstream of the gene of
interest. Under this design, once the construct is successfully
introduced the homologous regions can permit recombination
for the gene of interest into the C. thermocellum genome. This
forgoes the need to maintain an additional plasmid within the
host, but requires the remaining plasmid DNA to be cured fol-
lowing genetic introduction. Either of these two approaches is
equally acceptable, and their utilization is usually made on a case-
by-case basis following careful assessment of the experimental
design.

The second system performs the opposite function by permit-
ting the removal of endogenous genes from the C. thermocellum
genome. This plasmid-based strategy can be performed either by
replacing the targeted deletion gene with a selectable marker, or
by a multi-step process that allows for gene removal followed
by marker removal. While the former is a much quicker pro-
cess, the latter allows for the recycling of selectable markers and
therefore permits additional downstream modifications to occur
(Figure 3). For retention of the selective maker, 5" and 3’ flanking
regions that match 500-100 bp of the 5 and 3’ flanking regions
of the deletion target are designed and placed up- and down-
stream of the marker. The 5 flanking region/selective maker/3’
flanking region cassette is then introduced into the cell where the
selective maker is homologously recombined in place of the tar-
get gene (Olson and Lynd, 2012b). For marker free gene removal,
the 5" and 3’ flanking regions are both placed upstream of the cat
and hpt selection makers (described in detail below) and a third
region, which is referred to as the “int region” and is homologous
to a 500—1000 bp region of the gene of interest, is placed down-
stream of the selection markers. In this multi-step process, an
initial selection is performed to isolate strains that have achieved
homologous recombination at the 5 flanking and int regions,
which successfully replaces a portion of the gene of interest with
the remaining 3’ flanking region and cat and hpt selection mark-
ers. A second selection is then made to remove these markers
(and the remaining portion of the gene of interest) and isolate
the subset of strains that have performed a second homologous
recombination event between the two 3’ flaking regions that are
now present on the chromosome. This second recombination will
successfully remove all exogenous material, leaving only the 5" and
3’ flanking regions on the chromosome, with no genetic mate-
rial between them (Argyros et al., 2011). Because this method
allows the selective makers to be reused, it is often utilized over
the alternative method, despite its additional investment in time
and resources.

The third, and newest of the approaches, leverages the func-
tion of a mobile group II intron, often referred to as a “targetron,”
from Thermosynechococcus elongatus to knock out expression of
an endogenous gene via the insertion of a non-coding intron into
the native sequence. The advantage of this strategy is that the
intron can be engineered by the researcher to insert at any desired
location within the genome by including short, homologous
sequences flanking the intron that will be used to direct it to its
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C. thermocellum chromosome

Target

o 34 s
| i, Target Heobabos Homoogy | INT
~ . - ~ - - 4 e ~
P A

First homologous
recombination event

C. thermocellum chromosome

C. thermocellum chromosome
(Folded to accommodate self-annealing)

3
‘Homology

Second homologous
recombination event

(& thermz;cellum chromosome
(Retained)

Target INT

Excised chromosomal
segment
& Marker

Homology

Target Homology

remove the marker and allow it to be reused for subsequent genetic
manipulations require multiple rounds of homologous recombination and
selection.

intended location within the genome. In addition to these regions
of homology, an intron encoded reverse transciptase protein is
required that aids in locally melting the target region of the chro-
mosome and facilitating the insertion of the intron sequence.
Fortuitously, because of the thermophilic temperatures present
during the culture of C. thermocellum, the function of this sec-
ondary protein product is minimized and the homology of the
targeting regions becomes the most important factor regulat-
ing insertion efficiency. The plasmid containing these required
sequences is incorporated into the organism using standard elec-
troporation techniques, but then does not require any additional
cofactors in order to function. When deployed in C. thermocel-
lum, this approach was able to knock out six chromosomal genes
with efficiencies ranging from 67 to 100%, resulting in the devel-
opment of a lactate dehydrogenase deficient strain with increased
ethanol production (Mohr et al., 2013). The development of this
system to function in thermophilic bacteria, and C. thermocel-
lum in particular, is a promising development that will hopefully
significantly improve the ease with which mutant strains can be
developed.

SELECTION OF MODIFIED STRAINS

A key component of any genetic modification strategy is the abil-
ity to select for the resulting altered strain at the conclusion of
the procedure. Although not nearly as many makers are available
as are for mesophilic bacteria such as E. coli, a host of selection
markers are available and have been validated in C. thermocellum.
For negative selection, expression of the Thymidine kinase (tdk)
or Hygromycin phospotransferase (hpt) markers may be used to
provide resistance against 5-fluorodeoxyuridine and hygromycin,
respectively. Of these, tkd is often preferred since C. thermocel-
lum has an endogenous hpt homolog, and thus requires an hpt
deficient genetic background for proper function (Olson and
Lynd, 2012b). The chloramphenicol acetyltransferase (cat) and
aminoglycoside phosphotransferase (ne0) markers can be sim-
ilarly employed for positive selection, however, the former is

preferred as the latter has been demonstrated to inhibit growth
at the expression levels required for selection (Olson et al., 2010).
An additional maker, orotidine 5-phosphate decarboxylase (pyrF)
can also act as either a positive or negative selection maker. On the
one hand, expressing the pyrF gene in a pyrF deficient host makes
it possible to compliment a uracil auxotroph and select only for
strains actively expressing the maker. On the other hand, treat-
ment of pyrF-expressing strains with 5-fluoroorotic acid will lead
to cellular death as those harboring the gene will incorporate it
as a toxic uracil analog (Tripathi et al., 2010). Used together, these
markers allow researchers to select and modify strains in efforts to
further engineer C. thermocellum for the optimized production of
high value products.

FUTURE DIRECTIONS
Although ethanol has been the focus of this review, C. thermo-
cellum produces several additional fermentation products that
may have value in a variety of industries. The production opti-
mization of these pathways can serve to position C. thermocellum
as a key industrial organism on par with existing models such
as S. cerevisiae. One potential route for initial optimization is
the production of hydrogen, which can serve as a potential
energy source for combustion engines or fuel cells when pro-
duced in sufficient quantities. Five strains of C. thermocellum
(1237, 1313, 2360, 4150, and 7072) have already been evaluated
to assess their efficiencies in hydrogen production after using
microcrystalline cellulose as a feedstock. Under these conditions,
yields ranged between 0.7 and 1.2 mol of hydrogen per mol of
glucose (Cheng and Liu, 2011). Acknowledging this potential
for hydrogen generation, additional recent studies have investi-
gated the steps involved in C. thermocellum’s hydrogen synthesis
pathways (Carere et al., 2008) and evaluated inclusion of an elec-
trohydrogenesis stage (Lalaurette et al., 2009) to boost hydrogen
production.

In addition to hydrogen, lignocellulosic biomass remains an
attractive starting material for the production of lactic acid,
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formic acid, and acetic acid using C. thermocellum’s natural fer-
mentation pathways. By mimicking the action of existing lactic
acid bacteria or the fungus Rhizopus oryzae, which have previously
been demonstrated to produce lactate using corn starch biomass
(Hou and Shaw, 2008), it would be possible to assemble the basic
units for a variety of high value bio-based polymers. Similarly,
while methanol carbonylation is currently used to synthesize the
majority of acetic acid (Acton, 2013), this process could also be
offloaded to C. thermocellum under the appropriate CBP condi-
tions. Regardless, the success of these processes will rely heavily
on several factors, such as the existing limitation regarding lac-
tic acid (Cheng and Liu, 2011) and formic acid (Sparling et al.,
2006) yields, which are currently inversely related to hydrogen
production.

Similarly, the production of butanol from lignocellulosic
biomass using a CBP platform is another attractive option
because butanol, which is more similar to gasoline than ethanol,
has a higher energy density, and can be mixed with gasoline at
higher ratios. Unfortunately, all Clostridium spp that naturally
produce butanol are non-cellulolytic, and only two, Clostridium
acetobutylicum and Clostridium beijerinckii, have been studied
in detail (Gheshlaghi et al., 2009). Moving toward this goal of
butanol production, there have been a series of studies utiliz-
ing co-cultures of C. thermocellum, and it has recently been
reported that a co-culture of C. thermocellum and Clostridium
saccharoperbutylacetonicum N1-4 can produce up to 7.9g/L
butanol in 9 days using crystalline cellulose as a carbon source
(Nakayama et al., 2011). Moreover, the recent development of
a transformation system for C. thermocellum has led to research
efforts aimed at engineering C. thermocellum with new pathways
to produce butanol as well (Kastelowitz et al., 2014). Through
these, and other related pathway studies, it may one day be pos-
sible to shift all of C. thermocellum’s natural array of products
toward industrial scale production.
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During the past two decades, our collec-
tive mastery of gene manipulation, deliv-
ery, and fluorescent fusion protein expres-
sion has been astounding and has enabled
never before dreamed of new lines of
research. These advances, coupled with
progress in the collection and analysis of
microscopy data, have allowed the scien-
tific community to detect proteins in live
cells with resolution that was unthinkable
not long ago. The confluence of protein
engineering and advanced microscopy has
enabled us to observe cellular processes
at the single molecule level and to begin
unraveling the mysteries of cellular bio-
chemistry and dynamics. These advances,
however, require delivery of a contrast
agent to the subject organism which can
sometimes lead to untoward effects and
potentially confounded results. Here, I
present an opinion on the need to improve
and deploy new strategies that allow for
the silent tagging of endogenous proteins
with contrast agents.

WHERE ART THOU, PROTEIN OF
INTEREST?

Visualization of cells has been enabled
by the use of simple organic and inor-
ganic dyes. The results of staining pro-
vides the ability to differentiate cell types
(e.g., hematoxylin vs. eosin stain) and
sometimes offers glimpses of complex cell
connectivity (e.g., chromium/silver Golgi
stain). In the case of brain tissue, these
stains can provide insight into neuronal
connectivity (Cajal, 1894). Of course, the
utility of these simple dyes and stains is
limited in scope to revealing snapshots in
time since they require fixation and some-
times development before imaging can be
performed.

Arguably, the most difficult challenge
facing biology and medicine is the deliv-
ery of contrast agents to the brain for the
purpose of visualizing the development,
plasticity, dysfunction, and degeneration
in live neural tissue. The majority of what
we know about brain dysfunction comes
from tissue snapshots collected from post-
mortem samples. These data are robust
and offer many insights into biochemical
and morphological underpinnings of dis-
ease, but the data that these methods can
reveal is, by definition, temporally limited
to the moment the fixative impregnates
the tissue. The detection of changes in
cell morphology or, of more relevance to
this opinion, responsive dynamic move-
ments of proteins in various subcellular
compartments, are lost once the fixative is

added.

HERE, PROTEIN OF INTEREST, CAN
YOU HOLD THIS?
Without question, the field of live cell flu-
orescence microscopy would be stalled if
it weren’t for the relatively recent discov-
ery and exploit of natural fluorescent pro-
teins and the boon in molecular biology
and genetic delivery strategies (Giepmans
et al., 2006). At first, it was the now
famous green fluorescent protein from
Aequorea victoria. Once the genetic code
for GFP was sequenced and packaged into
an expression vector, the genie was out
of the bottle. One would be hard-pressed
now to find any lab that works on ques-
tions in cell biology that does not have at
least one plasmid containing some form of
a boutique GFP variant.

In parallel to the explosion in pop-
ularity of GFP and variants thereof,
there continues to be the development of

new, organic based fluorescent molecules
(Mutze et al., 2012). Just when it seems
that chemists have exhausted the diversity
of chemical and structural space to pro-
duce new fluorophores, new ones come
along with different properties. These new
fluorophores offer combinations of funda-
mental photophysical properties; some are
long-lasting, some are bright (high quan-
tum yield), and some have large Stokes
shifts while others photobleach easily, are
dim, and excitation and emission wave-
lengths are not well-separated. However,
the old adage, in adapted form, holds here:
One molecule’s flaw is another molecule’s
feature. For instance, fast photobleach-
ing chromophores, if photo-reversible, are
vital to single molecule imaging tech-
niques used in stochastic optical recon-
struction microscopy (STORM imaging)
in which molecules are bleached and then
a small subset is stochastically turned back
on to reveal their sub-diffraction position
in space. It is clear that the menu of flu-
orophores is akin to selecting a fine wine;
to make an informed decision, one must
understand and appreciate the nuances of
the available options.

HOW DO WE DELIVER THESE
CONTRAST AGENTS TO THE PROTEIN
OF INTEREST?

The two main methods in use today to
deliver fluorescent chromophores to pro-
tein targets of interest are to use genetic
fusion modification of the target itself or
to employ a non-covalent delivery vehicle
such as an antibody that has been raised
to recognize a specific hapten on the target
molecule. Both of these methods are logis-
tically trivial and are routine in many cell
biology laboratories.
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With currently available commercial
technology, generation of a fusion protein
containing the target of interest is simple
and there are myriad transfection formu-
lations available to deliver the generated
plasmid to even the most difficult to trans-
fect cell types (in addition, of course, there
are virally-mediated delivery and trans-
genic strategies). The range of colors for
protein-based fluorophores is seemingly
infinite, allowing multiplexed experiments
(Giepmans et al., 2006) as well as genet-
ically encoded, photoactivatable proteins
for single particle tracking of parts of
organelles (Manley et al., 2008).

Antibody based delivery of contrast
agents has been used extensively in cell
biology studies. With advances in syn-
thetic chromophores and new methods
for the covalent attachment to antibod-
ies, delivery of these chromophores to tar-
gets on live cell surfaces is also becoming
routine. The exquisite specificity of the
antibody method, coupled with the diver-
sity of commercially available sources for
pre-stained antibodies, makes this method
very attractive when embarking on a new
study.

With all of the upsides of the genetic
and antibody methods, there are some
potential pitfalls and caveats that the
researcher must be aware of (Figurel).
For instance, with fusion proteins and
transfection, it is difficult to specifically
control the expression level of the fusion
protein. This can sometimes result in con-
founded results, especially in cases where
the native protein is normally tightly
controlled by the cell. I would postu-
late that more examples of this confound
have been detected, but not reported due
to the nature of the null result. In the
neuroscience community, specific exam-
ples of this problem have been observed
in the fusion expression of certain ion
channels including the AMPA subtype
of glutamate receptors. The delicate bal-
ance of expression level and subcellu-
lar location is likely one of the most
important functions in maintaining com-
munication between two connected neu-
rons. The interplay of synaptic scaling,
both to enhance and diminish communi-
cation, is essential in both the developing
and developed nervous system (Jackson
et al., 2011; Bats et al, 2012; Opazo
et al., 2012; Lambo and Turrigiano, 2013).

Further, the insertion of the fluorescent
protein within a native protein can be dif-
ficult without severe perturbations of the
protein and/or proper protein targeting,
especially in mammalian systems (Baker
et al, 2007). More importantly, over-
expression of tagged-monomers of pro-
tein receptor subunits has been observed
to bias receptor subtype composition
thus confounding experimental results
(Bredt and Nicoll, 2003). However, these
issues can be circumvented in genetically-
tractable organisms by performing knock-
out/knock-in genetics so that the native
levels of the protein are maintained
as close as possible to the wild-type
state.

The antibody method of labeling native
proteins, by contrast, many times requires
the addition of large multivalent molecules
as a primary antibody and then multiple
molecules of a similarly-sized secondary
antibody to track the movement of recep-
tors. While this method offers the benefit
of exquisite specificity due to the mul-
tivalent and immunologically optimized
interaction with the target, the large size
of typical primary antibodies in addition
to the size of typical secondary antibod-
ies may impose unforeseen consequences
when one would like to study natural
protein movements on the cell surface.
Additionally, when studying proteins that
may move into or out of the synapse, the
antibody method may be size-limited as to
what it can tell us regarding natural move-
ments of receptors and their movement
into or out of the synapse (Dahan et al.,
2003).

A COMPROMISE BETWEEN GENETICS
AND SIZE

Small affinity tags that specifically bind
a fluorescent probe, sometimes as small
as a single cysteine amino acid, can
be used to covalently attach a fluo-
rophore to a receptor (Griffin et al,
1998; Marks et al., 2004; McCann et al.,
2005). In addition, new gene editing
strategies (Sun and Zhao, 2013) hold
great promise for installing either short
sequence motifs that can be recognized
by an exogenously applied chemical entity
(e.g., FlAsH, ReAsH, or RhoBo Adams
and Tsien, 2008; Halo et al., 2009) or
for the directed mutation of underlying
sequences that can be modified to produce

consensus sequences for a variety of post-
translational modifying enzymes (Lin and
Wang, 2008).

A DIFFERENT SOLUTION

A number of academic laboratories have
been developing ligand-targeted delivery
for contrast enhancement cargo (Cha
et al., 2005; Vytla et al., 2011; Ishida et al.,
2013). At the core of these strategies is the
ligand which directs the cargo to the right
place. By employing medicinal chemistry
literature and fundamental knowledge
of binding energies, tethered pharma-
cophores are being developed to allow
for the ligand to direct the sometimes-
covalent probe to the target protein or
receptor. This is where specificity becomes
difficult at times. Because targeting of the
receptor is reliant on the ligand, the best-
case scenario is one in which the teth-
ered ligand only binds to the intended
target. In reality, many pharmacophores
are believed to be specific at a certain
concentration, but off-target competitive
and allosteric sites are always rife in the
milieu of a cell or tissue. These are in addi-
tion to random collisions that can result
in covalent modification. Methods to test
the specificity of a ligand-directed probe
include competitive blockage of labeling,
use of orthogonal readouts (biochemical
activity, electrophysiology, binding inter-
action reporters, etc.). In the end, however,
it is difficult, if not impossible, to ever
definitively determine that a new probe
molecule is 100% specific for a desired tar-
get. While we can screen the known off-site
interactions, the real problem is that there
are likely unknown unknowns lurking on
the cells and tissue that result in off-target
labeling.

One strategy that we have been devel-
oping allows for non-invasive modifica-
tion of protein receptors with a small
molecular weight fluorophore for imaging
experiments. The strategy may be likened
to a molecular-scale bur that secretly sticks
to a receptor and provides a read-out
of receptor location. Our probes har-
bor a ligand (agonist, antagonist, or any
other ligand that maintains affinity for
the target protein) for targeting speci-
ficity, a fluorescent dye for optical moni-
toring of the receptor, and a promiscuous
electrophilic group for covalent coupling
to the target receptor. In addition, we
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FIGURE 1 | Graphic example of advantages and considerations of
each method of contrast agent delivery to proteins of interest.
The size scale of the glutamate receptor GIuA2 structure [PDB: 3KG2
(Sobolevsky et al., 2009)], 1gG (Clark, 1997), GFP [PDB: 1GFL (Yang

et al., 1996)], and Cy3 are identical. Each method for delivery of a
contrast agent and detection has advantages and potential confounds
that must be considered before embarking on experimental design,

investment, and execution.

have also engineered the probe system
so that the ligand can be excised from
the coupled system via simple and effi-
cient photolysis of the structural core
(Vytla et al.). After photolysis, the cou-
pled fluorescent probe/receptor complex
consists of a non-liganded receptor that
has a small fluorescent probe stuck to
its side. This allows for time-resolved
tracking of endogenous receptors that
can continue to function in their native
environment and respond to endogenous
ligands and then signal normally. This
has allowed us to now track labeled
receptors on live neurons and monitor
their movements in response to stim-
uli. In order to track receptor molecules
in their native state, it is important to
relieve persistently-agonized or antago-
nized receptors and avoid changes to the
receptor that are accompanied by ligand

binding. Agonist-induced conformational
changes of some receptors, such as the
glutamate receptors, have been shown
to induce clathrin-mediated endocytosis
of the receptors or differential traffick-
ing of these receptors (Nong et al., 2004;
Malinow et al., 2005; Dhami and Ferguson,
2006). In addition to agonist-induced
changes, antagonist-induced alterations
in receptor trafficking have also been
described (Carroll et al., 2001).

DESIRABLE PROPERTIES FOR
DELIVERY OF CONTRAST AGENTS TO
PROTEINS IN CELLS:

TRACELESS

The protein target, the cell, and the
observer should detect no difference
between the unlabeled (native state) and
the labeled form of the target protein.
Depending on the protein target, evidence

of lack of perturbation may be difficult to
prove.

SPECIFIC

The delivery of the contrast agent to the
protein of interest should be as specific as
possible. Off target labeling will confound
downstream results and should be avoided
at all costs.

HIGH CONTRAST

The contrast agent that is delivered should
be easy to detect from background signal.
For instance, a high quantum efficiency
fluorophore should be employed in the
case of fluorescence microscopy.

LONG TERM PROSPECTS FOR
TRACELESS LABELING

Traceless delivery of contrast agents to
endogenous proteins is the logical next
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step in garnering an unperturbed view
of the routines of proteins in live cells.
We, and others, continue to develop new
pharmacophores to enable ligand-directed
labeling of endogenous proteins. During
the next few years, it will be interest-
ing to compare chemically-enabled trace-
less labeling with the other two main
methods of protein detection; fluorescent
fusion protein expression and antibody-
based tracking. I suspect there will always
be a trade off between availability of
reagents, ease of use, and financial con-
siderations that will dictate which of these
now three methods one will choose for a
given experiment.
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Incorporating non-standard amino acids (NSAAs) into proteins enables new chemical
properties, new structures, and new functions. In recent years, improvements in cell-free
protein synthesis (CFPS) systems have opened the way to accurate and efficient
incorporation of NSAAs into proteins. The driving force behind this development has been
three-fold. First, a technical renaissance has enabled high-yielding (> 1 g/L) and long-lasting
(>10h in batch operation) CFPS in systems derived from Escherichia coli. Second, the
efficiency of orthogonal translation systems (OTSs) has improved. Third, the open nature
of the CFPS platform has brought about an unprecedented level of control and freedom
of design. Here, we review recent developments in CFPS platforms designed to precisely
incorporate NSAAs. In the coming years, we anticipate that CFPS systems will impact
efforts to elucidate structure/function relationships of proteins and to make biomaterials
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and sequence-defined biopolymers for medical and industrial applications.

Keywords: non-standard amino acids, cell-free protein synthesis, synthetic biology, sequence-defined polymers,

genome engineering

INTRODUCTION

The incorporation of non-standard amino acids (NSAAs) into
proteins and (poly)peptide-based materials is a key emerging
application area in synthetic biology (Liu and Schultz, 2010;
Hoesl and Budisa, 2012). In recent years, efforts to incorpo-
rate NSAAs using cell-free protein synthesis (CFPS) systems
based on Escherichia coli have grown significantly. In this mini-
review, we discuss these efforts, beginning with a description
of the molecular basis for NSAA incorporation in E. coli using
orthogonal translation systems (OTSs). We then describe CFPS
and recent improvements in NSAA incorporation in crude cell
extract as well as reconstituted systems of purified compo-
nents. Finally, we discuss emerging frontiers and opportunities
for CFPS.

NSAA INCORPORATION

To date, over 100 OTSs have been established for site-specific
incorporation of NSAAs into proteins (O’Donoghue et al., 2013).
Site-specific NSAA incorporation has been used to expand our
understanding of biological systems by enabling studies of pro-
tein structure and dynamics with unique IR and X-ray diffrac-
tion signatures, fluorescent probes, and photocages (Liu and
Schultz, 2010). In other examples, cross-linkable NSAAs have
been incorporated to characterize protein-protein and protein-
nucleic acid interactions (Liu and Schultz, 2010). In addition to
expanding the chemistry of biomolecular systems, NSAA tech-
nology has also enabled researchers to mimic post-translational
modifications of eukaryotic proteins in bacterial protein expres-
sion systems. In an exemplary model, site-specific acetylation of
recombinant histones by genetically encoding acetyl-lysine (AcK)

elucidated new mechanistic understanding (Neumann et al,
2009).

Beyond fundamental science, NSAA incorporation has also
opened the way to novel biopolymer materials, enzymes, and
therapeutics which are difficult—if not impossible—to create
by other means. Antibody drug conjugates (Zimmerman et al.,
2014), modified human therapeutics (Cho et al.,, 2011), teth-
ered enzymes (Smith et al., 2013), protein polymers (Albayrak
and Swartz, in press), phosphoproteins (Park et al., 2011), and
selenoproteins (Brocker et al., 2014) showcase the power of NSAA
incorporation. In one example, pegylated human growth hor-
mone showed improved potency and reduced injection frequency
(Choetal.,2011). In another case, an Anti-Her2 antibody bearing
p-acetyl-L-phenylalanine enabled precise control of conjugation
site and stoichiometry for selective and efficient conjugation to an
anti-cancer drug resulting in enhanced tumor regression (Axup
et al., 2012). These and other recent breakthroughs highlight
exciting opportunities for expanding the chemistry of life.

To incorporate NSAAs site-specifically into proteins, OTSs
require (re-)assignment of codons to NSAAs, NSAA-transfer
RNA (tRNA) substrates, and ribosome selection of these non-
natural substrates into the catalytic center. So far, ribosome
accommodation of NSAAs has not been the limiting fac-
tor. Rather, strategies to provide for efficient and accurate
incorporation of NSAA-tRNA substrates have been the biggest
challenge. In practice, this is usually achieved by using orthogo-
nal tRNA (o-tRNA)/aminoacyl-tRNA synthetase (0-aaRS) pairs
from phylogenetically distant organisms (Kim et al., 2013).
For example, an engineered tRNAE}SA/TyrRS pair derived from
Methanocaldococcus jannaschii is used frequently for NSAA
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incorporation (Wang et al., 2001). More recent expansions of
the technology have used variants of the pyrrolysine transla-

tion system, tRNAg%A/PleS from Methanosarcinaceae species
(Polycarpo et al., 2006; Wang et al., 2012c). There are many
seminal works of orthogonal pairs that have been developed for
NSAA incorporation to help drive the field forward (Hughes and
Ellington, 2010; Wan et al., 2010; Young et al., 2011; Bianco et al.,
2012; Wang et al., 2012a,b; Ko et al., 2013; Lee et al., 2013; Niu
et al., 2013; Brocker et al., 2014; Ma et al., 2014). For codon
selection, researchers tend to incorporate NSAAs in response to
a non-sense stop codon or quadruplet codon (Wang et al., 2007;
Neumann et al., 2010; Niu et al., 2013). The amber codon (TAG)
has been the most widely used, because of its low frequency as a
stop signal compared to other stop codons (TAA, TGA) (Hoesl
and Budisa, 2012).

Figure 1 shows a cartoon representation of an OTS for
amber suppression. It also highlights the systems biology chal-
lenges associated with NSAA incorporation (O'Donoghue et al.,
2013). The orthogonal synthetases have poor catalytic efficiency
(Tanrikulu et al., 2009; Nehring et al., 2012; Umehara et al., 2012).
Elongation Factor Tu (EF-Tu) has a limited capability to incor-
porate bulky or charged NSAAs (Park et al., 2011; O’'Donoghue
etal., 2013). The presence of release factor 1 (RF1) can cause early
termination of proteins when using amber suppression technol-
ogy (Johnson et al., 2011; Hong et al., 2014). Recent advances
have addressed some of these challenges by improving NSAA
incorporation efficiency by engineering o-tRNA (Young et al.,
2010; Chatterjee et al., 2012), 0-aaRS$ (Liu et al., 1997; Chatterjee
et al., 2012), or EF-Tu (Doi et al., 2007; Park et al., 2011) as well
as controlling transcription and translation rate (Young et al.,
2010; Chatterjee et al., 2013), and removing RF1 competition
(Mukai et al., 2010; Johnson et al., 2011; Loscha et al., 2012;
Lajoie et al., 2013). While further efforts to re-engineer transla-
tion are still needed, these improvements are accelerating rapid
growth in synthetic biology efforts to “upgrade protein synthesis”
(O’Donoghue et al., 2013). The bulk of this work is being car-
ried out in vivo; however, complementary in vitro systems are also
emerging, which we focus on below.

CELL-FREE PROTEIN SYNTHESIS

CFPS is the synthesis of proteins in vitro without using intact, liv-
ing cells (Jewett et al., 2008; Caschera and Noireaux, 2014). Over
the last 50 years, CFPS systems have significantly advanced our
ability to understand, exploit, and expand the capabilities of bio-
logical systems (Carlson et al., 2012; Swartz, 2012; Murray and
Baliga, 2013). As a complement to in vivo systems, CFPS systems
offer some interesting benefits. First, the open environment of the
reaction allows the user to directly influence the biochemical sys-
tems of interest and as a result, new components can be added
or synthesized and can be maintained at precise concentrations
(Figure 2). For example, NSAAs that do not enter the cell can
be utilized in CFPS. Second, cell-free systems are not constrained
by cell-viability requirements, allowing protein synthesis to pro-
ceed with otherwise toxic reagents or protein products. Third,
CFPS systems can use linear DNA fragments (e.g., PCR products)
for a target gene expression, which avoids time-consuming gene
cloning steps commonly required for in vivo protein synthesis.

Finally, from a biomanufacturing perspective, cell-free systems
separate catalyst synthesis (cell growth) from catalyst utiliza-
tion (protein production) (Swartz, 2012). This concept represents
a significant departure from cell-based processes that rely on
microscopic cellular “reactors.”

Although CFPS technologies offer many exciting advantages,
challenges remain that provide opportunity for improvement. For
example, CFPS platforms still have few examples industrially. In
addition, cell lysis procedures can be difficult to standardize, lead-
ing to different extract performance and limited reaction scales
for academic research labs. Thus, while protein yields (mg/L) are
often higher in CFPS, the total amount of protein purified from
cells in research labs is typically more because the reaction scales
are greater. Despite these challenges, the advantages of CFPS are
stimulating new application areas. Dominant amongst these are
high-throughput protein production (Calhoun and Swartz, 2005;
Swartz, 2012; Catherine et al., 2013; Chappell et al., 2013; Murray
and Baliga, 2013), clinical manufacture of protein therapeutics
(Murray and Baliga, 2013), genetic circuit optimization (Shin
and Noireaux, 2012), the construction of synthetic ribosomes
(Jewett et al., 2013), and incorporation of NSAAs (Goerke and
Swartz, 2009; Bundy and Swartz, 2010; Ugwumba et al., 2010;
Mukai et al., 2011; Ugwumba et al., 2011; Loscha et al., 2012;
Albayrak and Swartz, 2013a; Hong et al., 2014; Shrestha et al.,
2014).

CRUDE EXTRACT-BASED CFPS FOR NSAA INCORPORATION
Efforts to use crude extract-based CFPS for the production
of proteins containing single and multiple NSAAs are rapidly
increasing. Key advances have centered on optimizing the per-
formance of OTSs, expressing the OTS components in the
source strain to create one-pot reactions, and removing RF1
competition.

0TS OPTIMIZATION
The Swartz group has made marked contributions to CFPS
development for high yielding NSAA incorporation (Goerke and
Swartz, 2009; Bundy and Swartz, 2010). Showcasing the freedom
of design in adjusting cell-free system components by direct
addition to the reaction, their approach typically adds the NSAA
and its purified 0-aaRS$ directly to the reaction, while the o-tRNA
is expressed during the cell growth prior to making the extract.
As compared to in vivo systems, an advantage of this approach is
that the toxicity associated with overexpressing the o-tRNA and
0-aaR$ is not observed. This is because the OTS elements are
sequestered from each other until the protein synthesis reaction.
Another advantage is that NSAAs with low solubility or poor
transport characteristics can be used. For example, the tyrosine
analog p-propargyloxy-L-phenylalanine (pPaF), which can be
used in site-specific bioconjugation with the copper-catalyzed
azide-alkyne cycloaddition, has low solubility. This is a known
limitation in vivo. However, site-specific pPaF incorporation in
the CFPS reaction was improved ~27-fold (as based on protein
yield) for producing a modified protein when compared to
previous in vivo approach (Bundy and Swartz, 2010).

Cell-free systems are not only useful for making protein
product but also for assessing the catalytic efficiency of the
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FIGURE 1| Schematic representation of non-standard amino acid
incorporation using an orthogonal translation system.

Orthogonal aminoacyl tRNA synthetase, 0-aaRS; orthogonal tRNA,
o-tRNA; wild-type aminoacyl tRNA synthetase, wt-aaRS; wild-type

tRNA,  wit-tRNA;
acid, NSAA. Anti-codon sequence on wttRNA is NNN, where N

elongation factor Tu, EFTu,; non-standard amino
is A C, G, or

is CUA.

U. Anti-amber codon sequence on o-tRNA

OTSs. A growing number of studies, for example, have shown
that 0-aaRSs are poor catalysts, up to 1000 times worse than
natural aminoacyl tRNA synthetases, mainly due to the fact
that the evolution of the orthogonal pairs occurs under high
concentrations of non-standard amino acids (Tanrikulu et al.,
2009; Nehring et al., 2012; Umehara et al., 2012; Albayrak and
Swartz, 2013b). Future efforts for improving site-specific NSAA
incorporation will require the development of o0-aaRSs with
higher catalytic rates and stronger affinity for the o-tRNAs. One
approach to achieve such desired properties is to find strategies
to remove fitness and the health of the cell on evolutionary
outcomes. Ellington’s lab recently published such an approach,
compartmentalized partnered replication (Ellefson et al., 2014),
but there are other opportunities as well.

In the meantime, NSAA incorporation in cell-free systems is
being improved by increasing the amount of o-tRNA and o-
aaRSs in the CFPS reaction. One approach to achieving increased
o-tRNA levels was pioneered by Albayrak and Swartz (2013a)
and validated by Hong et al. (2014). Namely, the o-tRNA is co-
produced in the CFPS reaction as a transzyme construct. The
transzyme construct is a DNA fragment containing hammer-head
ribozyme sequence between T7-controlled promoter and o-tRNA
sequences. Upon transcription, the hammer-head ribozyme
cleaves 5'-end of tRNA liberating active tRNA into the reaction
(Fechter et al., 1998) and thereby increased o-tRNA is supplied
to the CFPS reaction. With the transzyme technology, up to 0.9—
1.7 mg/mL of a modified protein containing NSAA was produced
(Albayrak and Swartz, 2013a) and multiple site NSAA incorpora-
tion was improved (Hong et al., 2014). As another approach, there

are efforts to co-express all the OTS components in the source
strain. While there are potential concerns of expressing both the
o-tRNA and the 0-aaRS$ in the source strain prior to lysis, Bundy
and colleagues recently showed that this was not only possible,
but improved CFPS vyields of a modified protein (Smith et al.,
2014). As an alternative approach, natural amino acids have been
depleted from crude extracts to allow for the incorporation of
NSAA analogs (Singh-Blom et al., 2014).

REMOVING RF1 COMPETITION

NSAA incorporation using amber codon suppression is limited by
RF1 competition (Lajoie et al., 2013). The presence of RF1 causes
the production of truncated protein and low yields of protein
product in the case of multiple identical site-specific NSAA incor-
poration (Park et al., 2011; Hong et al., 2014). Deletion of RF1 is
lethal in native biological systems. However, this limitation was
recently addressed by making a more promiscuous release factor
2 (Johnson et al., 2011, 2012), and genome engineering (Mukai
et al., 2010; Heinemann et al., 2012; Ohtake et al., 2012). Most
notably, the development of the first genomically recoded E. coli
strain was completed; all 321 TAG stop codons were reassigned
to synonymous TAA codons allowing the deletion of RF1 without
observing growth defects (Lajoie et al., 2013).

With RF1-deficient E. coli strains at hand, efforts are under-
way to utilize these strains in vivo for improved production of
proteins with NSAAs, but also to develop RF1-deficient CFPS sys-
tems. In one example, human histone H4 protein was produced
with site-specific incorporation of AcK at four amber sites by
using a RF1-deficient cell extract (Mukai et al., 2011). In another
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acids, salts, and cofactors). Cell-free transcription and translation is initiated
by adding DNA template (plasmid or PCR-amplified linear DNA templates)
into the CFPS reaction.

case, the effect of RF1 deletion was systematically assessed for sin-
gle and multiple site pPaF incorporation using cell extracts from
genomically recoded E. coli with or without RF1 (Hong et al,
2014). The production of modified soluble superfolder green flu-
orescent protein (sfGFP) containing pPaF was 2.5-fold higher in
the RF1-deficient cell extract compared to the RF1-present cell
extract. The authors showed that the yield improvement was due
to an increase in full-length modified sfGFP synthesis, observing a
shift from 20% full-length product (with RF1) to 80% full-length
product (without RF1). In a complementary approach, RF1-
depleted cell extracts were constructed from selective removal of
a RF1 variant tagged with chitin-binding domains (Loscha et al.,
2012) or His-tag (Gerrits et al., 2007). Looking forward, we antic-
ipate that RF1-deficient E. coli strains will become an important
chassis for NSAA incorporation.

RECONSTITUTED /N VITRO TRANSLATION FOR NSAA
INCORPORATION

Although crude extract-based CFPS systems have shown tremen-
dous growth, there are limitations to the number of open coding
channels available because one must grow E. coli to obtain cellu-
lar lysate. To address this limitation, researchers have turned to

purified translation systems, such as the PURE system (protein
synthesis using purified recombinant elements) (Shimizu et al.,
2001). Since the user defines all of the elements in the PURE
system, single or multiple components (e.g., tRNA, aaRS) can
be omitted, increased, or decreased according to the experimen-
tal purpose (Hirao et al., 2009). This enables highly efficient
sense and non-sense suppression and provides unmatched flex-
ibility for genetic code reprogramming to incorporate NSAAs
(Shimizu et al., 2005). Efforts using purified translation for NSAA
incorporation have mainly centered on the production, screen-
ing, and selection of peptidomimetic, or non-standard peptides
(Josephson et al., 2005; Tan et al., 2005; Hartman et al., 2007;
Passioura and Suga, 2013). As an exemplary illustration, pep-
tidomimetic synthesis was achieved by adding pre-aminoacylated
tRNA with NSAAs corresponding to sense codons in the recon-
stituted translation system lacking aaRS activities (Forster et al.,
2003). In an alternative approach, Suga’s group has leveraged the
highly flexible tRNA acylation Flexizyme technology. Flexizyme
is an artificial ribozyme that was developed to charge virtually
any amino acid onto any tRNA in vitro, allowing the synthesis of
proteins and short peptides containing multiple distinct NSAAs
(Murakami et al., 2006; Ohuchi et al., 2007). A drug discovery
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pipeline has been enabled by combining a modified reconstituted
translation system with Flexizyme technology (Goto et al., 2011)
for the development of small peptides (Passioura and Suga, 2013),
such as macrocyclic peptides (Hayashi et al., 2012; Morimoto
et al., 2012). In yet a different approach, Szostak’s work has
demonstrated the ability to incorporate numerous amino acid
analogs using the endogenous machinery. Strikingly, the natural
aaRS machinery tolerates many kinds of side chain derivatives,
such as a,a disubstituted, N-methyl and a-hydroxy derivatives
(Hartman et al., 2007). Even D-amino acids have been shown to
be compatible with polypeptide elongation (Fujino et al., 2013).
Although PURE translation is a powerful research tool, the
cost of the PURE system is prohibitive for most commercial appli-
cations. For example, when compared to crude extract-based
CFPS systems, which have been scaled to 100 L (Zawada et al,,
2011), the PURE system costs ~1000 times more on a milligram
protein produced/$ basis (Hong et al., 2014) and yields lower pro-
tein titers than the crude extract-based CFPS system (Lee et al.,
2012; Hong et al., 2014). Hence, an important design decision
for producing proteins with NSAAs using cell-free systems is
choosing between a crude extract and a purified system.

EMERGING APPLICATIONS

Marked advancements in productivity, improvements in OTS
efficiency, and increases in the ability to incorporate multiple
identical NSAAs (in crude extracts) and multiple distinct NSAAs
(in the PURE system) are rapidly expanding the possible applica-
tions of CFPS systems. In this section, we highlight several emerg-
ing applications made possible by these advances. These include
the production of protein-based materials and therapeutics.

PROTEIN-BASED MATERIALS

NSAA incorporation is being applied to create new types of
sequence-defined polymers for versatile applications in bioma-
terials synthesis. In an illustrative example, Albayrak and Swartz
reported direct polymerization of proteins containing two or
three copies of site-specifically incorporated NSAAs that allows
copper-catalyzed azide-alkyne cycloaddition to form linear or
branched protein polymers (Albayrak and Swartz, in press).

THERAPEUTICS

NSAA incorporation is being applied to (i) clinical scale produc-
tion of protein therapeutics and vaccines, (ii) discovery of novel
biologics through ribosome display methods (Murray and Baliga,
2013), and (iii) structure/function studies to identify protein
inhibitors. Swartz and colleagues, for example, have developed a
novel pipeline for the production of decorated virus-like parti-
cles that could function as potential vaccines and imaging agents
(Lu et al, 2013). In another example, Sutro Biopharma has
demonstrated the synthesis of site-specific antibody drug con-
jugates (ADCs) (Zimmerman et al., 2014). Their ADCs, which
were synthesized at ~250 wg/mL titers, proved potent in cell
cytotoxicity assays. Rather than producing a therapeutic using
CFPS, Ugwumba et al. utilized the NSAA 7-(hydroxy-coumarin-
4-yl) ethylglycine to structurally probe a protein from the West
Nile Virus to identify novel inhibitors (Ugwumba et al., 2011).
Collectively, these recent reports highlight the utility of CFPS for

producing novel vaccines and therapeutics, as well for serving as
a rapid and attractive tool in drug discovery.

CONCLUSION AND OUTLOOK

CFPS has emerged as a promising approach to enable site-specific
incorporation of NSAAs into proteins and bio-based polymers.
With the ability to select peptides and proteins for novel drugs in
the PURE system and advent of scalable CFPS from crude extract
systems, we anticipate significant growth in the field in years to
come. Immediate challenges are (i) the evolution of more efficient
OTSs (ii) new codons that can be assigned to NSAAs, and (iii)
the development of genomically recoded organisms for prepar-
ing highly active cellular extracts. Addressing these challenges and
continuing to lower costs will expand the scale and scope of cell-
free biology, providing a transformative toolbox that enables new
frontiers in synthetic biology.
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