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Abstract

Site-specific incorporation of unnatural amino acids into proteins provides a powerful tool to study 

protein function. Here we report genetic code expansion in zebrafish embryos and its application 

to the optogenetic control of cell signaling. We genetically encoded four unnatural amino acids 

with a diverse set of functional groups, which included a photocaged lysine that was applied to the 

light-activation of luciferase and kinase activity. This approach enables versatile manipulation of 

protein function in live zebrafish embryos, a transparent and commonly used model organism to 

study embryonic development.

While early examples of the incorporation of unnatural amino acids into proteins and their 

application in cell-free and cell-based environments involved the synthesis of chemically 

misacylated tRNAs,1 recent genetic code expansion approaches through the addition of 

engineered, orthogonal tRNA/tRNA synthetase pairs to the endogenous protein-biosynthetic 

machinery provide powerful tools for the study and manipulation of protein function in 

biological systems.2 For example, photocaged amino acids enable precise regulation of 

protein function with light,3 amino acids bearing bio-orthogonal chemical handles allow for 

selective protein labeling and imaging in living cells,4 and amino acids containing 

biophysical probes facilitate studies of protein structure and function.2b In order to expand 

the genetic code, an orthogonal aminoacyl tRNA synthetase/tRNACUA pair is added to the 

biosynthetic machinery of cells to incorporate an unnatural amino acid at a desired position 

of a protein in response to an amber stop codon.2 The PylRS system from Methanosarcina 
species (M. barkeri or M. mazei) is a versatile tool for genetic code expansion.5 It requires a 

pyrrolysyl tRNA synthetase (PylRS) and its cognate tRNAPyl
CUA (PylT), and it shows 

excellent orthogonality to the endogenous tRNA/tRNA synthetase pairs in bacterial, yeast, 

and mammalian cells. It is a natural amber suppressor, and the synthetase active-site has a 
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large hydrophobic pocket that can be engineered to accept a wide range of substrates.6 

While site-specific incorporation of unnatural amino acids has been performed in metazoans,
7 previous experiments were limited to reporter genes and no expression of functional 

proteins that affect animal physiology has been reported. Here, we describe the genetic code 

expansion of zebrafish embryos with four unnatural amino acids, and its application to the 

optical control of protein function in live animals.

Zebrafish are a commonly employed model organism for vertebrate development,8 disease 

modeling,9 and drug discovery.10 The ex vivo development and transparency of the embryo 

make it an excellent system for the application of noninvasive optical tools, including light-

activated antisense agents,11 thereby providing insight into gene regulatory processes and 

networks with spatial and temporal resolution. Moreover, microinjection of mRNA into the 

1-cell stage embryo is a standard and rapid approach for delivery of exogenous genes that 

can be readily adapted to encode for any gene product and provides homogeneous protein 

expression in zebrafish.12 Taken together, these distinct advantages over other model 

organisms make the zebrafish an ideal system for a wide range of biological studies.13

Light regulation of protein activity in zebrafish has been reported using natural 

photoreceptor domains;14 however, the genetic encoding of photocaged amino acids will 

further expand the optogenetic toolbox and will enable a rational design of light-activated 

proteins based on their function or structure. For example, photocaged lysine analogs have 

been applied to the optical control of protein localization,15 kinase function,16 and CRISPR/

Cas9 gene editing17 in human cells. By genetically encoding a photocaged lysine using the 

PylRS system in zebrafish embryos, we demonstrate the consequences of optical control of 

MEK activation at different stages in development. Temporal control of kinase function led 

to the identification of a critical time window for activity of the MEK/ERK pathway in order 

to establish dorsal/ventral polarity in the early embryo.

We first tested incorporation of unnatural amino acids using a Renilla luciferase (Rluc) 

reporter assay. Wild-type Rluc was active in zebrafish embryos (Figure S1) and was used as 

a positive control. We predicted that incorporation of an unnatural amino acid at a leucine 

residue (L95) located at the surface of Rluc would not interfere with Rluc function, thereby 

generating a highly specific reporter for amber codon suppression (Figure S2). Thus, L95 

was mutated to a TAG codon to probe read-through during translation. Wild-type M. barkeri 
PylRS (WTRS) mRNA, Rluc-L95TAG mRNA, and PylT RNA were synthesized through in 
vitro transcription. The purity of PylT was confirmed by agarose gel (Figure S3). WTRS 

mRNA, Rluc-L95TAG mRNA, and PylT RNA were injected together with the unnatural 

amino acid (UAA) into zebrafish embryos. After 48 h, zebrafish lysate was collected for 

luciferase assays and a 217- and 161-fold increase of Rluc activity was observed in the 

presence of the UAAs 1 and 2, respectively (Figure 1c). Negligible Rluc activity in the 

absence of the UAA demonstrated the excellent fidelity of the PylRS system in zebrafish 

embryos, as none of the common 20 amino acids were recognized as substrates. The effect 

of PylT on incorporation efficiency was further explored, and we found that chemically 

synthesized PylT showed similar efficacy compared to in vitro transcribed PylT (Figure S4). 

However, when we tested in vitro transcribed PylT without a CCA tail, significantly lower 

efficacy was noted (Figure S4). The CCA tail is a conserved sequence at the 3′ end of the 

Liu et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2018 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tRNA, which is acylated with the amino acid. Although this sequence can be added by CCA-

adding enzymes in cells,18 our results suggested that the direct addition of a CCA tail on the 

PylT improved incorporation efficiency, and thus was used in all subsequent experiments. 

We also explored the effect of different PylT concentrations on incorporation efficiency, and 

2 ng were found to be critical for high incorporation efficiency (Figure S5). This is in 

agreement with previous findings of the PylT amount possibly being a limiting factor for 

genetic encoding of UAAs.19

Inspired by the success of using wild-type PylRS for incorporating 1 and 2, which could be 

applied in both protein labeling and protein activation experiments,20 we examined if mutant 

PylRS enzymes can be employed in embryos to incorporate more structurally complex 

amino acids. To this end, we synthesized mRNA of HCKRS21 and OABKRS,22 which have 

been shown to incorporate 3 and 4, respectively. We performed injections as described 

above, and observed a 70- and 34-fold increase of Rluc activity in the presence of 3 and 4, 

respectively (Figure 1c). No toxicity was observed for any of the four UAAs (Figure S6). 

Taken together, these results demonstrate successful genetic encoding of four different 

UAAs in zebrafish embryos.

The photocaged lysine 3 has previously been applied to control protein function in 

mammalian cells using 365, 405, and 760 nm (two-photon) irradiation.21 With successful 

genetic encoding of 3 in zebrafish, we tested if protein function could be manipulated with 

light in developing embryos. As an initial proof-of-concept, we utilized firefly luciferase 

(Fluc) with a TAG amber codon at position lysine 206, because installation of 3 blocks Fluc 

activity until light exposure.21 In order to create an internal control for incorporation 

efficiency, we fused Rluc to the C-terminus of Fluc-K206TAG (Figure 1d). To this end, 

Fluc-K206TAG-Rluc mRNA was injected, together with HCKRS mRNA, PylT, and 3, into 

zebrafish embryos. After 48 h, injected embryos were either briefly irradiated at 365 nm or 

kept in the dark. Embryo lysate was subsequently collected, and a luciferase assay was 

performed for both Fluc and Rluc. Excellent optical OFF to ON switching of Fluc function 

was observed, with negligible background activity before irradiation (Figure 1e). 

Normalization of Fluc activity to Rluc activity, as a TAG codon suppression control, 

revealed a 26-fold increase of Fluc activity upon light triggering. This result shows that light 

activation of protein function can be achieved in live zebrafish embryos with an expanded 

genetic code.

We then sought to apply genetic code expansion in zebrafish to an enzyme with endogenous 

function in order to demonstrate its utility in altering embryonic development. Incorporation 

of photocaged amino acids into proteins enables precise dissection of signaling pathways 

with light, and this approach has been applied to study the dynamics of MEK/ERK signaling 

in mammalian cells.16 While optical activation on the second to minute time scale in 

mammalian cells provided further insight into adaptive behavior of the MEK/ERK network 

in single cells, in the context of zebrafish biology, kinase signaling pathways are important 

regulators throughout embryogenesis.23 The MEK/ERK pathway is a well-known 

downstream target of Fibroblast Growth Factor (FGF) signaling and plays an important role 

in mesendoderm induction and dorsoventral patterning of the zebrafish embryo. FGF 

signaling induces expression of chordin and noggin, secreted inhibitors of ventralizing bone 
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morphogenetic proteins resulting in dorsalization (Figure 2a).24 An inhibitor-based chemical 

approach has previously been used for perturbation of the MEK/ERK pathway during 

zebrafish development;25 however, pharmacological inhibitors only allow for the 

deactivation of kinase function, not activation, and their specificity is often limited. We 

reasoned that optical activation of the MEK/ERK pathway in zebrafish provides an 

innovative tool to study its role, as site-specific incorporation of the caged amino acid 3 
conveys complete kinase specificity. By substituting the critical lysine 97 with 3, the caging 

group blocks the ability of the enzyme to correctly position ATP in the MEK1 active site 

(Figure 2b). We first confirmed the incorporation of 3 into MEK1, and subsequent decaging 

through UV exposure, by MS/MS analysis of recombinantly expressed MEK1 protein in E. 
coli (Figure S7 and Figure S8). We then generated mRNA of constitutively active MEK1 

(caMEK1, containing S218D and S222D mutations) and confirmed that injection of 

caMEK1 led to dorsalized embryos at 10 hpf (Figure 2d,e), as previously reported.25 We 

further generated caMEK1-K97TAG mRNA and injected it into zebrafish embryos, together 

with HCKRS mRNA, PylT, and 3. We detected full-length MEK1 by Western blot in the 

presence of 3 but not in the absence of 3, suggesting successful incorporation into caMEK1 

at position K97 and generation of the photocaged enzyme in live animals (Figure S9). When 

these embryos were left in the dark, they developed normally, indicating that caged MEK1 

was inactive (Figure 2d). To activate caged MEK1 at different developmental stages, we 

irradiated embryos for 30 s at 2, 5, or 8 h postinjection. Light activation of MEK1 can 

efficiently increase ERK phosphorylation at all three time points (Figure 2c). Embryos 

irradiated at 2 and 5 h showed an elongated phenotype at 10 hpf (Figure 2d,e). However, the 

majority of embryos irradiated at 8 h appeared normal at 10 hpf (Figure 2e), indicating that 

active MEK was not able to efficiently trigger an elongated phenotype after 8 hpf. As a 

control, embryos that were injected with caMEK1-K97TAG mRNA, HCKRS mRNA, and 

PylT, but not 3, developed normally in both the presence and absence of UV irradiation 

(Figure S10).

We then tested if optical activation of the MEK/ERK pathway resulted in a change at the 

gene expression level. We probed expression of the brachyuary homolog a (ta) gene, a well-

known downstream target of the FGF/MEK/ERK pathway.26 At shield stage (6 hpf), 

embryos that were exposed to UV light showed broader expression of ta in the margin when 

compared to embryos that were kept in the dark (Figure 3a). In some instances, ta expression 

was detected at the animal pole of the embryos, a pattern that is similar to embryos injected 

with constitutively active MEK1. At bud stage (~10 hpf), the expression of the ta was also 

wider along the notochord in light-activated embryos compared to embryos that were not 

irradiated (Figure 3b). We also probed expression of the chordin (chd) gene, a marker for 

dorsalized embryos that is known to be induced following activation of the FGF/Ras/MAPK 

pathway.27 As expected, embryos that were exposed to UV light showed expanded 

expression of chd at shield stage, compared to embryos that were kept in the dark (Figure 

S11).

Taken together, the observed ta and chd expression patterns in response to optical MEK1 

activation and the time-resolved phenotypic studies shown in Figure 2d–e demonstrate that 

the MEK/ERK pathway influences dorsal/ventral patterning in zebrafish development before 
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8 hpf, thereby providing support for early intervention with pharmacological MEK inhibitors 

for related congenital defects in humans, such as cardio-faciocutaneous syndrome.25,28

In conclusion, we incorporated four unnatural amino acids into proteins in zebrafish 

embryos through genetic code expansion using injection methods that are applicable to 

many zebrafish studies. We demonstrated light activation of enzymatic function, specifically 

luciferase activity, through site-specific incorporation of a photocaged unnatural amino acid 

in live embryos. We then applied this methodology to the temporal activation of the 

MEK/ERK pathway in zebrafish and identified a time window for MEK activity that can 

influence dorsoventral patterning. Besides controlling protein function with light, other 

potential applications of unnatural amino acids in live zebrafish embryos include small 

molecule triggered protein activation, site-specific labeling of proteins with fluorescent and 

biophysical probes, and probing protein interactions through covalent bond formation with 

electrophilic or photo-cross-linking groups. The zebrafish is a well-established model 

organism for human development and disease, and we anticipate that the ability to 

genetically encode a 21st amino acid will become a powerful tool to manipulate and study 

protein function in animals.
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Figure 1. 
Genetic encoding of the unnatural amino acids 1–4 and optical control of enzyme function. 

(a) Injection, gene expression, and Rluc reporter assay. (b) Structures of the unnatural lysine 

derivatives modified with an alkene, an alkyne, a coumarin caging group, and an azido 

benzyl group. (c) Incorporation of 1–4 into Rluc-L95TAG quantified by Rluc activity. (d) 

Construct used for generating a photocaged firefly luciferase followed by light activation. 

Renilla luciferase was used as an internal control for incorporation efficiency. Fluc 

containing 3 at position K206 is inactive, as ATP is blocked from the active site (PDB 
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2D1S). Decaging restores Fluc activity. (e) Fluc activity was observed after UV exposure, 

while Rluc activity was not affected and was used as an internal control. N indicates the 

number of pooled samples (4 embryos each). Statistical significance is indicated by ns (not 

significant), *p < 0.05, **p < 0.01, and ***p < 0.001 (unpaired t tests).
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Figure 2. 
Light-activation of MEK1 leads to elongated zebrafish embryos. (a) Activation of caged 

MEK1 induces an elongated phenotype through the secreted bmp inhibitors chordin and 

noggin. (b) MEK1 containing 3 at position K97 is inactive, as ATP is blocked from the 

active site (PDB 1S9J). Removal of the caging group through light exposure restores MEK1 

activity. (c) Time-course analysis of ERK phosphorylation by activated MEK1. (d) 

Micrographs of embryos imaged at 10 hpf; irradiation was performed at 5 h postinjection. 

Embryos expressing caged MEK1 only displayed an elongation phenotype when activated 
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through light exposure. (e) Temporal activation of MEK1 reveals a critical time window for 

activity of the MEK/ERK pathway in the early embryo. N indicates the number of 

phenotypically scored embryos.
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Figure 3. 
Upregulation of downstream targets in response to light-activated MEK1. (a) Expression of 

the brachyuary homolog a (ta) gene at shield stage. Embryos that expressed caged MEK1 

showed broader expression after exposure to UV light, compared to embryos that were kept 

in the dark (see red brackets). (b) The same experiments conducted at bud stage showed 

wider expression along the notochord after light activation. The number of embryos with the 

displayed expression and the total number of embryos is indicated. Red brackets mark the ta 
expression area. Lateral views (a) and dorsal views with the anterior at the top (b).
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