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Canavanine is a naturally occurring noncanonical amino acid, which is analogous to arginine. It is a potent
antimetabolite and natural allelochemic agent, capable of affecting or blocking regulatory and catalytic
reactions that involve arginine. Incorporated into proteins at arginine positions, canavanine can be detri-
mental to protein stability and functional integrity. Although incorporation of canavanine into proteins
has long been documented, due to its toxicity, expression in Escherichia coli and other common hosts
remains a considerable challenge. Here, we present a simple, cell-free expression system with markedly
improved performance compared to heterologous expression. The cell-free expression system does not
require any tuning besides substitution of arginine by canavanine. We show that our technique enables
highly efficient protein expression in small volumes with arginine being fully replaced by canavanine for
functional and structural studies.

� 2015 Elsevier Ltd. All rights reserved.
L-Arginine (Arg) is composed of a hydrophobic chain and a
positively charged guanidinium group. The residue is generally
located on the surface of a protein. It is often critical to catalytic
processes, and it also participates in the formation of salt bridges.
L-Canavanine (Can, Fig. 1A) is the oxyguanidino-analog of Arg. It
was discovered first in raw seeds of Canavalia ensiformis1 and
found in several other plant species and families.2 Its natural func-
tion is chemical defense, that is, Can serves as an allelochemic
agent that deters the feeding activity of plant-eating insects and
other herbivores.3 This inspired a lot of studies on its anti-
metabolic, antibacterial, antifungal and antiviral properties.4 Can
is capable of selectively inhibiting inducible nitric oxide synthase,
which prevents the overproduction of nitrite oxide.5 It has been
proposed as anti-cancer agent6,7 and stimulator of autoimmune
diseases in humans.8

Already in 1950s and 1960s, chemical, immunological and
microbiological studies established Can incorporation into cellular
proteins9 both, in vivo and in vitro.10–13 Indeed KM for Arg is 45 lM
whereas Ki for Can is 50 lM in yeast arginyl-tRNA-synthetases.14

The reduced basicity of Can relative to arginine leads to distorted
proteins and enzyme inactivation, exerting toxic effects in many
species.2,3,11 Most noncanonical amino acids that have been
incorporated into proteins so far are normally limited to growth
inhibitors, more or less well tolerated by the metabolism of living
cells.15 Conversely, the presence of Can in the living cell leads to
immediate death.15 Not surprisingly, only one instance of a protein
with confirmed full replacement of arginines by canavanine has
been reported so far, using an elaborate single-protein production
system.16

The problem of high toxicity can be circumvented by the use of
sophisticated in vitro expression systems. Such cell-free systems
play an increasing role in a number of biotechnology and pro-
teomic applications.17 They produce recombinant proteins rather
efficiently. High yields often rely on the presence of the T7 or T3
RNA polymerase and promoters. However, these elements entail
bacteriophage-like transcription, limiting the functionality of the
extract compared to the endogenous Escherichia coli transcription
and translation machinery. E. coli based cell-free systems that work
with the endogenous core RNA polymerase and the housekeeping
sigma factor 70 overcome these restraints.18

In this work, we use a cell-free expression system19 based on
the endogenous E. coli transcription system that expresses proteins
as efficiently as in current bacteriophage systems (0.5–1 mg/ml of
recombinant protein) and enables complex procedures due to its
native-like composition. The work presented here is one of a few
examples of an in vitro system for supplementation-based incorpo-
ration of noncanonical amino acids. The rarer amino acid trypto-
phan was successfully substituted by an analog, at all positions
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Figure 1. Comparison of in vivo and in vitro expression of green fluorescent protein (GFP) with Canavanine (Can). (A) Chemical structures of arginine and canavanine. (B)
Distribution of arginine residues (highlighted in magenta) in a GFP protein model (structure from pdb id 2YOG). All residues are located in b-sheets. Five side chains face
outwards, and only one is in contact with the fluorophore, localized in the barrel structure. EGFP has an additional arginine residue at position 2. (C) Gel of purified GFP model
proteins. Left: In vivo expressed EGFP(WT) and EGFP(Can) after affinity and size exclusion chromatography; right: In vitro expressed dEGFP(WT) and dEGFP(Can) after affinity
chromatography. (D) Confirmation of full incorporation of Can by ESI-MS; expected masses are 28333 Da (in vivo) and 26204 Da (in vitro). The mass difference of 1.5 Da for
dEGFP(Can) is within the error of spectrum deconvolution. (E) Typical yields of EGFP(Can) (in vivo) and dEGFP(Can) (in vitro). In vitro yield is a prediction based on cell-free
expression using 90 lL of cell extract derived from approximately 50 mL cell culture.
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of model proteins, using a specialized trp-depleted cell extract.20

The incorporation of canavanine (and several other noncanonical
amino acids) was achieved with a highly diafiltrated cell extract
containing T7 polymerase.21 To the best of our knowledge, this is
the first publication that reports the extract-based cell-free incor-
poration of canavanine into model proteins at all arginine positions
with a native E. coli system, enabling incorporation into a wide
range of target proteins. Additionally, we attempted incorporation
of canavanine into model proteins in vivo using a standard supple-
mentation pressure incorporation protocol based on depletion of
arginine in auxotrophic cells and subsequent addition of canava-
nine as a surrogate amino acids.
Figure 2. Spectroscopic properties of dEGFP(Can). (A) Absorption and fluorescence spec
and normalized. After the incorporation of canavanine, the absorption maximum is sligh
(B) Crystal structure of EGFP (top view, from PDB ID 2Y0G) showing a polar contact b
highlighted in green, the arginine/canavanine position is highlighted in magenta.
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We chose fluorescent proteins as model proteins to gain a direct
visual control of protein expression. For in vivo expressions, we use
enhanced green fluorescent protein (EGFP) with an N-terminal
hexahistidine-tag (and a total of 7 arginine residues), while
in vitro a truncated variant of EGFP (dEGFP, 6 arginine residues)
is expressed (see Fig. 1B for structure and Supplementary Fig. S1
for sequences).

Canavanine was successfully incorporated into model proteins
in vivo and in vitro (Fig. 1C). The replacement of arginine was com-
plete in both cases and no arginine incorporation was observed, as
confirmed by mass spectrometry (Fig. 1D). EGFP (7 arginines
replaced) was expressed in vivo with a yield of just 0.1 mg/L.
tra of dEGFP(WT) and dEGFP(Can). Five spectra were accumulated for each sample
tly red-shifted (491 nm vs 489 nm) with unchanged emission maximum at 508 nm.
etween the fluorophore and an arginine/canavanine sidechain. The fluorophore is
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dEGFP (6 arginines replaced) was expressed at 0.25 mg/L using our
cell-free expression system. Yields are summarized in Figure 1E.
While the expression yields cannot be directly compared due to
the fact that different model proteins were used, these values show
that cell-free expression is a viable alternative to fermentation for
production of proteins containing canavanine at all arginine
positions.

Furthermore the reduced expression volume of cell-free reac-
tions (270 lL vs 4 L) greatly simplifies protein purification proce-
dures. Interestingly, despite not being specifically depleted or
purified, the cell extract does not retain enough arginine to promote
translation of protein without addition of either arginine or canava-
nine, as shown in Supplementary Figure S2. An additional advantage
is the enhanced stability of Can during cell-free expression.

In several batches of in vivo expressions, we also found proteins
with significantly lower mass than expected (Supplementary
Fig. S3). We speculate that this is due to canavanine cleavage to
homoserine and hydroxyguanidine, a well-described pathway.22,23

However, the corresponding protein mass is 5 Da above what is
expected from this type of degradation pathway. This mass differ-
ence can most probably be attributed to deconvolution errors
resulting from high background noise. In contrast, we never
detected the lower mass protein in cell-free expressions.

Can incorporation leaves the spectroscopical properties of
dEGFP virtually unchanged (Fig. 2A), however, its fluorescence effi-
ciency is reduced. This may be due to the presence of the canava-
nine side chain in close vicinity to the fluorophore (see Fig. 2B).

In conclusion, we present the application of an easy to use cell-
free expression system as a viable strategy to produce proteins
with canavanine replacing arginine at all positions. Other amino
acid substitutions could potentially be applied to this methodol-
ogy. Our method enables the efficient production of target canava-
nine proteins while avoiding the limitations of in vivo systems,
such as canavanine toxicity, or the strong dependency on mRNA
sequence in strategies based on the single protein production
(SPP) method.16 The general applicability and usability make our
method a potent tool for further research in canavanine toxicity
and therapeutic application.
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