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Facile Synthesis of a Novel Genetically Encodable Fluorescent α-
Amino Acid Emitting Greenish Blue Light
Aakash Gupta, a Brian P. Garreffi, a and Maolin Guo *ab 

We report the facile synthesis and characterization of a novel 
fluorescent α-amino acid 4-phenanthracen-9-yl-L-phenylalanine 
(Phen-AA) (5) that emits greenish blue light in the visible region. 
This genetically encodable L-α-amino acid has excellent 
photostability with a 75% quantum yield. It readily gets into human 
cells, being clearly imaged upon 405 nm laser excitation. The 
synthetic procedure is resistant to racemization and only involves 
three simple steps which use mild conditions and generate the 
Phen-AA in reasonably good yield. It may find broad applications in 
research, biotechnology, and the pharmaceutical industry.

Synthetic biology which harnesses innovative approaches for 
engineering new biological molecules/systems or re-designing 
existing ones for useful purposes has been revolutionizing 
scientific research as well as biotechnology and the 
pharmaceutical industry1. As one of its most promising areas, 
site-specific incorporation of functional unnatural amino acids 
into peptides or proteins has a wide range of applications in 
biochemical research and the biopharmaceutical industry2. 
Proteins or peptides can be modified with new physical, 
chemical or biological properties via the inclusion of unnatural 
amino acids. These unnatural amino acids resemble the natural 
building blocks of proteins but contain distinct functional 
groups2. Expanding in amino acid building blocks enable 
peptides or proteins to have new or modified functions, 
providing great opportunities for innovative research or novel 
medicines2. Of particular interest is the incorporation of 
fluorescent probes as a mechanism to track protein function, 
transport, and folding3. 
The recent advances in microscopy and the utility of highly 
sensitive fluorescence-based approaches have significantly 

accelerated the development in research fields such as 
molecular and cellular biology, biophysics, biotechnology and 
medicine4. Fluorescent fusion proteins (such as Green 
Fluorescent Proteins, GFPs), and the more recent enzymatic 
“tags” (such as the SNAP-tag or CLIP-tag) which are genetically 
encoded onto the N- or C-terminus of the protein of interest 
have enabled the visualization of proteins in living systems4. 
However, these fusion-based technologies suffer from 
restriction to a potentially essential terminus of the protein of 
interest, and the fluorophores are quite large (≥20 kDa) which 
can casue them to interfere with the expression, localization, 
and stability or function of the protein to which they are 
attached4.  The use of intrinsic fluorescent α-amino acids, such 
as tryptophan (Trp) which absorbs/emits in the UV wavelength 
region and has low fluorescence quantum yield and poor 
photostability, relies on a relative abundance within the protein 
and multiple residues in different environments which can 
complicate the spectroscopy and is hardly useful for single-
molecule measurements and imaging applications3a,5,6k. A 
promising alternative approach is the utilization of unnatural 
fluorescent α-amino acids3a,5,6. These α-amino acid analogues 
are very small in comparison with the GFPs or tags, and can 
therefore be placed precisely at targeted positions within a 
peptide or protein, and can therefore act as relatively 
nonperturbing replacements for the native residues,  instead of 
being restricted to the termini, thereby maintaining the overall 
native structure and function of a target peptide or protein3a. 
Moreover, the photophysical and chemical properties of 
unnatural fluorescent α-amino acids can be purposely tuned 
and they can be incorporated into peptides or proteins via 
traditional solid phase peptide synthesis (SPPS), expressed 
protein ligation (EPL) or the more recent genetically encoded 
unnatural amino acid incorporation techniques2,3a,5. Once the 
unnatural fluorescent α-amino acids are synthesized, new 
applications in peptide or protein incorporation could be readily 
adopted2,3a,5.
Unnatural fluorescent α-amino acids (FAA) have gained 
particular interests in the field of chemical biology due to their 
versatile applications such as being used as fluorescent probes 
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to study protein dynamics, folding/unfolding, local 
conformation changes, biomolecular interactions including 
peptide-peptide, peptide-membrane, protein-protein, and 
protein-nucleic acids interactions6, as well as in probing 
peptidoglycan synthesis and bacterial growth in situ7 and live-
cell imaging8. However, in applications where an unnatural 
fluorescent α-amino acid reporter is required or desirable, the 
choice is rather limited6,8,9, owing to their high cost and lack of 
availability10. Since unnatural α-amino acids typically have at 
least one stereocenter and possess two or more reactive 
functional groups (the amine and carboxylate), they are 
challenging synthetic targets and thus their synthetic routes 
usually require multiple steps5,8,9,11. Nevertheless, they have 
proved to be promising in broad applications, increasing their 
attraction as synthetic targets3a,5-10, using both chemical5-9 and 
enzymatic approaches10,11. Still, the majority of the reported 
unnatural fluorescent α-amino acids do not absorb or emit light 
in the visible wavelength region which is a much desired 
property of the FAAs for live-cell or in-vivo imaging 
applications8,9,10. 
Over the past decade, our laboratory has been developing novel 
fluorescent molecules using a chemical biology approach to 
enable the study of real-time biological phenomena in live 
cells3b,12. Recently, we have been exploring real-time protein 
imaging in live cells via genetically-encoded incorporation of an 
unnatural fluorescent amino acid into a protein of interest13. 
Synthesis of novel FAAs has thus become a need to expand our 
fluorescent amino acid toolbox. We have previously 
demonstrated that the polycyclic aromatic anthracene ring can 
be fused on a pro-chelator, exhibiting blue fluorescence in 
aqueous solution14. In this work, via a facile three-step 
synthesis, we have coupled the anthracene ring to L-
phenylalanine, creating a novel fluorescent α-amino acid that 
emits greenish blue fluorescence.

  

Scheme 1. Synthesis route of 4-Phenanthracen-9-yl-L- 
phenylalanine (5)

Herein, we report a facile synthesis and initial spectroscopic 
characterization of a novel fluorescent α-amino acid 
4-phenanthracen-9-yl-L-phenylalanine (5) (Phen-AA) that 
shines light in the visible spectrum. As shown in the synthesis 
scheme (Scheme 1),  we commenced with the synthesis of N-
(tert-Butoxycarbonyl)-4-iodo-L-phenylalanine methyl ester 
intermediate (Boc-Phe(4-I)-OMe) (2) by protecting the 
caboxylate group through methylation of the commercially 
available N-(tert-butoxycarbonyl)-4-iodo-L-phenylalanine (1). 
The next step of  our synthetic strategy involves Suzuki-Miyaura 
cross-coupling reaction as the key step, which couples α-amino 
acids bearing vinyl or aryl halide side-chains with polyaromatic 
boronic acids6h,15, and here to give the N-(Boc)-4-(9-
phenanthracenyl)-L-phenylalanine methyl ester (4) 
intermediate. De-protection of the methyl and Boc protecting 
groups of 4 produced the final L-α-amino acid 4-Phenanthracen-
9-yl-L-phenylalanine (5) (SI).
A few optimizations/modifications were made in the synthesis.    
Our initial approach of the Suzuki-Miyaura cross-coupling 
reaction of 2 with 9–Phenanthracenyl boronic acid (3) using the 
traditional THF–toluene (1:1 v/v) solvent combining Na2CO3 as 
the base6h,i to synthesize 4 was low yielding. Consumption of 
the starting material as monitored by TLC was observed after 
changing the solvent to dioxane (less toxic and high boiling 
point) as the aprotic solvent and the base to Cs2CO3 which is 
more soluble in organic solvents than other common bases15b.  
Another modification was to use the strong base KOH (KOH 
dissolved in methanol) solution in step 3 instead of the 
commonly used LiOH16 which gave incomplete deprotection. 
Isolation of the 4-Phenanthracen-9-yl-L-phenylalanine (5) in ~37 
%  over three steps was achieved using preparation HPLC 
(Figure S1). Characterization was accomplished using 1H and 13C 
NMR and HR MS.  1H NMR (400 MHz, DMSO-d6):  δ 8.94 (d, 1H), 
8.87 (d, 1H), 8.02 (d, 1H), 7.91 (d, 1H), 7.75 – 7.59 (m, 5H), 7.46 
(s, 4H), 3.51 (m, 1H), 3.28 (dd,  1H), 2.98 (dd, 1H). 13C NMR (101 
MHz, DMSO-d6): δ 170.08, 138.52, 138.46, 137.66, 131.55, 
130.86, 130.64, 130.15, 129.97, 129.79, 129.12, 127.56, 127.53, 
127.39, 127.25, 126.86, 123.82, 123.24, 56.14, 37.42. HRMS 
(ESI): calcd for [C23H19NO2 + H]+: 342.1416, found: m/z: 
342.1278, [minor dimer at m/z 683.3774].    = - 26.36    (SI).   [𝛼]𝑇

𝜆

Our synthetic approach has two major features: First, as the 
starting material is an L-α-phenylalanine derivative, and the 
synthetic procedure does not involve any reactions on the α-C, 
the final α -amino acid product remains in the L-form (SI) which 
can be incorporated into biosynthesis pathways and thus is 
genetically encodable. The conservation of chiral purity is likely 
related to the electron donating property of the tert-
butoxycarbonyl (Boc) protecting group which can block the α-
amino function and thus resists to racemization 18. Second, the 
reactions in this synthetic approach proceeded under mild 
conditions as well as in reasonably good yield. Not only could 
this synthesis be potentially performed on large scale, but it also 
gives the synthetic route the advantage of being able to be 
conducted in biology laboratories which usually lack advanced 
synthetic facilities. 
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Next, we investigated the photo proterties of the novel amino 
acid 4-Phenanthracen-9-yl-L-phenylalanine (5). As seen in 
Figure 1, the UV-Vis spectrum of the Phen-AA displayed 
absorption peaks at ~258 nm (є=6.21×104 M-1cm-1) and 301 nm 
(є=1.56×104 M-1cm-1), with two weaker bands at 334 nm 
(є=7.85×102 M-1cm-1) and 351 nm (є=5.51×102 M-1cm-1). The 
spectrum shows the characteristic peak of phenylalanine at 
~260 nm, and ~260 nm, ~300, ~334 and ~351 nm for the 
conjugated phenanthracenyl moiety14,18. 

Figure 1. UV-Vis spectrum of 4-Phenanthracen-9-yl-L-phneylalanine in 
DMSO:water (1:1, 10 µM ). Inset shows the zoom-in absorption bands 
at 334 and 351 nm.

Figure 2. Fluorescence spectrum of 4-Phenanthracen-9-yl-L-
phneylalanine (20 µM) in acetonitrile: water (1:1). Inset is an image of 
4-Phenanthracen-9-yl phenylalanine (5) in methanol solution in a quartz 
cuvette and a glass sample vial under UV illumination at 365 nm, 
showing the blue light emission.

The fluorescence spectrum of 4-Phenanthracen-9-yl-L-
phenylalanine (5)(Figure 2) shows interesting emission peaks at 
359 nm, 375 nm, 400 nm, and shoulders ~445 nm typical  for 
the conjugated phenanthracenyl moiety14,18 when excited at 
334 nm.  It’s interesting that the fluorescence eimission band at  
~445 nm falls into the visible wavelength, tailing beyond ~640 

nm (Figure 2). Upon illumination with a UV lamp at wavelength 
365 nm, the 4-Phenanthracen-9-yl-L-phenylalanine (5) samples 
show greenish light emission as seen by naked eyes and blue 
light emission on captured images (shown in Figure 2 inset).  
Photo-stability of the Phen-AA (5) was investigated by 
subjecting the amino acid to repeated excitations and recorded 
an emission spectrum every 180 seconds over 5 h. Therefore, a 
spectrum was recorded 120 seconds after the previous 
spectrum until 100 spectra were recorded. As seen in in Fig. S5 
(SI), little decrease in fluorescence intensity (~6.7% at 421 nm) 
was observed, demonstrating that Phen-AA has excellent 
photo-stability and is resistant to photo-bleaching. Quantum 
yield measurement using rhodamine B as a standard gives an 
excellent quantum yield of 0.75 in DMSO (SI).
Next, we investigated the effect of solvent on the fluorescence 
spectrum of Phen-AA.  The fluorescence spectra of Phen-AA in 
different solvents (Fig. S6 (SI)) two emission peaks (421 nm and 438 
nm) with a tail extended to ~650 nm  in all the solvents except DMSO 
and acetone, in which a third band at ~541 nm is more 
distinguishable. The fluorescence of the main peaks decreases in 
intensity in the order of DMSO, DMF, MeOH, EtOH, acetone, 
isopropanol and DMSO-SPB buffer (1:1, pH 7.0, 0.05 M). As 
solvatochromism is an extremely complex coupling of many different 
interactions and dynamical processes, such as solubility,  polarization 
effects, solvent-induced structural modifications, solute-solvent 
hydrogen-bonding interactions, and solute aggregation 17, no further 
analysis on the nature of the solvatochromic effects was performed. 

Figure 3. Confocal microscopy images (with DIC) of human Hela cells 
incubated with/without 10 µM Phen-AA. Scale bar, 20 µm. 

Finally, we investigated the biocompatibility and potential in 
bioimaging of the new fluorescent amino acid Phen-AA in live 
cells. As seen in Fig. 3, Phen-AA readily gets into human Hela 
cells and can be clearly imaged (the red fluorescent signals in 
Phen-AA loaded cells) under a confocal microscope upon 
excitation at 405 nm.  No change in morphology or death of the 
cells was observed during the imaging process, indicating good 
biocompatibility and low toxicity of the Phen-AA.
The fluorescence spectrum and the captured fluorescent 
emission images unambiguously demonstrated that the novel 
amino acid 4-Phenanthracen-9-yl-L-phenylalanine (5) is a 
fluorescent amino acid that emits in the UV as well as the visible 
region (Figs. 3, S5 and S6). The fluorescence of Phen-AA is quite 
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strong with excellent quantum yield (0.75).  Considering the fact 
that the anthracene moiety has a long life time of ~35 ns in 
water19a, the fluorescent property of the Phen-AA(5) is 
promising. Moreover, it has good biocompatibility and readily 
gets into human cells which can be clearly imaged upon 405 nm 
laser excitation. Furthermore, anthracene-based dyes are 
capable of two-photon absorption19b, it may thus be possible to 
use visible light at longer wavelength or even NIR light to excite 
Phen-AA via two-photon technology in bioimaging studies to 
avoid UV damage.
In summary, we have created a novel genetically encodable 
fluorescent α-amino acid 4-phenanthracen-9-yl-L-
phenylalanine (Phen-AA) (5) that emits greenish blue light in the 
visible region and can be clearly imaged in live cells upon 405 
nm laser excitation. The synthetic procedure only involves three 
simple steps and all the reactions in our synthetic approach 
proceeded under mild conditions as well as in reasonably good 
yield. The general approach demonstrated here could also be 
applied to the synthesis of other new L-phenylalanine 
derivatives with novel structure and functions, which may find 
broad applications in scientific research, biotechnology and the 
pharmaceutical industry. Further characterization of this novel 
fluorescent amino acid and exploration of its biological 
applications are in progress in our laboratory.
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