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L ight-emitting proteins have become
valuable and versatile tools in a
plethora of biological and chemical

applications. The visualization capabilities
of these light-emitting proteins has rendered
them invaluable as imaging reagents in a
variety of in vitro, in vivo, and in situ stud-
ies as well as being used as reporters in pro-
tein and cell assays, biosensors, environ-
mental monitoring, biothreat assessment,
and high-throughput screening of pharma-
ceuticals. Bioluminescent proteins in par-
ticular have received a significant amount
of attention recently due to the advantages
they possess over fluorescent proteins in
terms of sensitivity of detection and due to
their use in longitudinal and circadian stud-
ies (1). However, a current shortcoming of
bioluminescent proteins lies in their limited
spectral variety, and mutagenesis strategies
aimed at rectifying this frequently cause par-
tial or total loss of bioluminescent activity
(2). In an effort to circumvent this challenge,
we incorporated non-natural amino acids
into an aromatic, hydrogen (H)-bonding resi-
due position (Y82) within the chromophore-
binding site of the bioluminescent photo-
protein aequorin and combined the non-
natural aequorins with altered chromophore
analogues. Our strategy involved expand-
ing the repertoire of amino acids available
for translation into aequorin by employing a
site-specific in vivo non-natural amino acid

incorporation method. This resulted not
only in the successful site-specific incorpo-
ration of non-natural amino acids in vivo into
a bioluminescent protein for the first time
but also in significant shifts of the biolumi-
nescence emission maximum of aequorin.
This study, therefore, presents a new
method for rationally tuning biolumines-
cence color by producing new variants of ae-
quorin using a format that will allow for the
efficient ‘scale-up’ of these non-natural bi-
oluminescent reporter proteins.

Aequorin is a globular, 22 kDa protein
composed of four EF-hand binding domains.
Aequorin contains a chromophore, coelen-
terazine, which is noncovalently bound to
the interior hydrophobic core of the protein
(Figure 1). When calcium (or several other al-
kali metals) binds to the EF-hand loops on
the outer domains of aequorin, a conforma-
tional change occurs that leads to the oxida-
tion of the bound coelenterazine to an ex-
cited coelenteramide, which relaxes via the
emission of a bioluminescent photon (�em �

473 nm) (3). Two general strategies have
thus far been employed in altering the wave-
length of emission of aequorin: site-directed
natural mutagenesis and altering the struc-
ture of the coelenterazine chromophore
(4−6). Previous work performed by us and
others has shown that natural mutation of
Tyr82 results in a shift of the emission
maxima of aequorin while retaining high
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ABSTRACT The in vivo incorporation of non-
natural amino acids into specific sites within pro-
teins has become an extremely powerful tool for
bio- and protein chemists in recent years. One av-
enue that has yet to be explored, however, is
whether or not the incorporation of non-natural
amino acids can tune the color of light emitted by
bioluminescent proteins, whose light emission
mechanisms are more complex and less well un-
derstood than their fluorescent counterparts. Bi-
oluminescent proteins are becoming increasingly
important in a variety of research fields, such as
in situ imaging and the study of protein�protein
interactions in vivo, and an increased spectral va-
riety of bioluminescent reporters is needed for
further progress. Thus, herein we report the first
successful spectral shifting (44 nm) of a biolumi-
nescent protein, aequorin, via the site-specific in-
corporation of several non-natural amino acids
into an integral amino acid position within the ae-
quorin structure in vivo.
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bioluminescence activity. Since the natural
Y82 to F82 mutation shifts the emission
maxima of aequorin by approximately 30
nm, we postulated that the introduction of
different non-natural amino acids into the
Y82 position would also result in large shifts
in the emission wavelength (7).

In order to site-specifically incorporate
the non-natural amino acids into position
82, we utilized the amber codon, in vivo
method using orthogonal tRNA and tRNA
synthetases (see Methods) (8, 9). This non-
natural amino acid incorporation method
has been thoroughly developed and charac-
terized by others, and each of these syn-
thetases have previously been shown to in-
corporate a specific non-natural amino acid
into solely a TAG codon efficiently and quan-
titatively (10). We chose four non-natural
phenylalanine derivatives for incorporation:
4-bromo-F, 4-iodo-F, 4-amino-F, and
4-methoxy-F (Figure 1) due to their limited
steric differences as compared to Tyr and to
the altered electron-donating and
H-bonding capacity of the functional groups.

In order to increase the diversity of biolumi-
nescence properties, these four non-natural
aequorin derivatives were also combined
with coelenterazine analogues containing
altered functionality at the C2 and C8 posi-
tions (see Figure 1). These have been previ-
ously shown to alter the emission maximum
of aequorin while maintaining biolumines-
cence activity (4, 5). Therefore, all four of the
non-natural and natural aequorin deriva-
tives were charged overnight with 10 co-
elenterazine analogues, and the emission
maximum and bioluminescence half-life of
each non-natural aequorin�coelenterazine
analogue pair was obtained (see Supple-
mentary Tables 1 and 7).

Characterization of the newly prepared
non-natural aequorin variants demonstrated
that the incorporation of the non-natural
amino acids resulted in a significant shift in
the bioluminescence emission wavelength
of aequorin. The maximal shift observed
was when 4-methoxy-Phe was inserted at lo-
cation 82 of aequorin (methoxy-82-Aeq).
Specifically, methoxy-82-Aeq presented a

36 nm shift when paired with native coelen-
terazine and an impressive 44 nm shift
when coelenterazine i was incorporated
(Figure 2). The overall red shifts observed
for the non-natural aequorin variants may
be attributed to altering the H-bonding ca-
pacity and positioning of the protein with
these mutations, since, as previously men-
tioned, the natural mutation from Tyr to Phe
at position 82 yields a 20�30 nm red shift
in cysteine-free and wild-type aequorin (2,
7). Furthermore, the data from Table 1 sug-
gest that the incorporation of the non-
natural amino acids 4-methoxy-F and
4-amino-F into aequorin affects all of the co-
elenterazine ligands in the same way, with
the incorporation of 4-methoxy-F resulting in
an approximately 35 nm bioluminescence
red shift (31�37 nm) and 4-amino-F result-
ing in an approximately 12 nm biolumines-
cence red shift (10�14 nm) with all 10 of
the coelenterazine analogues. However, the
incorporation of 4-bromo-F, and to a lesser
extent 4-iodo-F, resulted in different shifts
depending on the coelenterazine analogue
that the non-natural aequorin was paired
with. For example, Bromo82AEQ gave a 20
nm red shift when paired with coelentera-
zine native and coelenterazine i, an 11�13
nm red shift with coelenterazines cp, f, and
fcp, and merely a 4�8 nm red shift with co-
elenterazines h, hcp, ip, and n. The non-
natural amino acids 4-amino-F and
4-methoxy-F can both contribute to the sta-
bilizing H-bonding network that is known
from structural studies to occur between ae-
quorin (Y82, W86, and H16) and the phe-
nolic group (non-C2 phenol) of coelentera-
zine, whereas 4-bromo-F and 4-iodo-F
cannot. It is perhaps this fundamental differ-
ence that causes the H-bonding capable
non-natural amino acids to give the same
degree of red shift for every coelenterazine,
whereas the degree of red shift varies per
coelenterazine in the non-natural amino ac-
ids incapable of H-bonding. The differences
in red shift among the coelenterazines in
Bromo82AEQ and Iodo82AEQ are more dif-

Figure 1. A) The X-ray crystal structure of aequorin with the tyrosine at position 82 (Tyr82)
highlighted in red CPK and the coelenterazine chromophore in ball and stick representation.
B) The coelenterazine analogues utilized had altered functionality at positions C2 and C8.
C). The structures of the non-natural amino acids incorporated: the R group of the native Tyr
residue (1), 4-methoxy-Phe (2), 4-iodo-Phe (3), 4-bromo-Phe (4), 4-amino-Phe (5). D) The
structures of the C2 and C8 groups for the different coelenterazine analogues.
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ficult to explain, but it can be observed
that, with the exception of coelenterazine i,
the coelenterazines exhibiting larger red
shifts when paired with Bromo82AEQ (ntv,
f, fcp, and cp) all contain a group (phenol or
F) in the C2 position which will allow
H-bonding with the aequorin molecule, and
the coelenterazines with smaller red shifts
(h, ip, n, and hcp) do not have this
H-bonding capacity. It is possible that steric,
aromatic, and heavy atom interactions may
also have an affect, yet it is quite likely that
these H-bonding factors, in both the non-
natural amino acid and the coelenterazine
analogues, contribute largely to the ob-
served trend differences in the non-natural
aequorins.

While the exact mechanism of biolumi-
nescence in still unconfirmed, changes in
the wavelength of bioluminescence have
been previously observed due to alteration
in the extent of � electron delocalization in
the chromophore as well as changes in the
rigidity of the chromophore. The different
H-bonding abilities of the natural and non-
natural mutations could be altering the chro-
mophore’s electron delocalization or rigid-
ity and, therefore, altering the wavelength of
bioluminescence emission (11, 12). An-
other interesting trend when incorporating
these non-natural amino acids into aequorin
is the unique emission spectral shape of
iodo-82-Aeq and bromo-82-Aeq when
paired with the coelenterazine analogues
containing altered C8 functionality (cp, fcp,
hcp, and ip). These non-natural aequorins
exhibit either a large shoulder in the 420 nm
range or a broad and flat spectral shape
whose maximum likely combines both the
470 and 420 nm spectral components
equally (Figure 2). This may be due to an un-
usually large population of the neutral co-
elenteramide species (420 nm) in addition
to the anionic I coelenteramide species (470
nm) (13, 14).

Additionally, the bioluminescent half-
lives of the non-natural aequorin mutants
shifted depending on the non-natural amino

acid incorporated and the coelenterazine
analogue utilized, with bioluminescent half-
lives ranging from 0.12 to 14.3 s (see
Supplementary Table 7). The most signifi-
cant half-life shifts occurred with the varia-
tion of the coelenterazine analogues (14 s),
while, with the exception of coelenterazine i,
the identity of the non-natural amino acid
made far less difference in the biolumines-
cence half-life of these moieties (see
Supplementary Table 7). The half-life shifts

observed in these non-natural aequorins
also correspond well to the half-life trends
previously observed when incorporating
these coelenterazine analogues into natu-
ral aequorin mutants (4, 5). Coelenterazine
i, in particular, may exhibit its exceptionally
long half-life due to a heavy atom effect and
may prove to be quite useful in imaging ap-
plications due to its extended biolumines-
cence emission. Lastly, we determined the
specific activity of these non-natural aequor-

Figure 2. A) Spectral differences of natural versus non-natural aequorin bioluminescence
(green � cysteine free aequorin � coelenterazine cp, blue � cysteine-free aequorin � co-
elenterazine native, red � methoxy-82-aequorin � coelenterazine i. B) Altered spectral
shape of bromo-82-aequorin (green � bromo-82-aequorin � coelenterazine cp, red �
bromo-82-aequorin � coelenterazine native, blue � cysteine-free aequorin � coelentera-
zine native).

TABLE 1. Emission maxima (nm) of aequorin with non-natural amino
acids with coelenterazine analoguesa

Coelenterazine
Aequorin-cys

free
Amino82AEQ Bromo82AEQ Iodo82AEQ Methoxy82AEQ

Native 472 483 491 487 509
i 484 496 504 493 517
cp 454 466 465 470 489
f 480 492 493 490 515
fcp 463 477 475 476 498
h 472 484 480 482 509
hcp 454 466 458 465 488
ip 454 465 461 465 485
n 475 485 481 485 511

aAeq Cys-free is the baseline mutant used, in which all three native Cys residues have been mu-
tated to Ser. Amino82AEQ is aequorin with 4-amino-Phe substituted for Tyr at position 82,
Bromo82AEQ is aequorin with 4-bromo-Phe substituted for Tyr at position 82, etc.
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ins (see Supporting Information) and found
that, although the bioluminescent intensi-
ties of our non-natural aequorins are lower
than the native form, they are strong enough
to be of utility in assay- and cell-based
applications.

In the future we plan on incorporating ad-
ditional non-natural amino acids into ae-
quorin in order to further shift the emission
maxima as well as undertaking a more thor-
ough characterization of these proteins. We
also plan on incorporating non-natural
amino acids containing groups such as ben-
zophenones and ketones into aequorin in
order to increase the utility of aequorin for
in vivo applications such as protein�protein
interaction studies. The long-term goal of
this project is to use these non-natural bi-
oluminescent proteins to track multiple cel-
lular processes simultaneously by taking ad-
vantage of the spectral and temporal
resolution and the photocross-linking abil-
ity and unique chemical “handles” that site-
specific incorporation of non-natural amino
acids allows. The success in achieving sig-
nificant emission shifts and spectral shape
alterations in aequorin highlights the prom-
ise of non-natural amino acid incorporation
in tuning the bioluminescence properties
and diversity of not only other biolumines-
cent proteins, such as firefly and Renilla lu-
ciferase, but the properties of other reporter
proteins as well (15, 16). We envision that
the ability to rationally tailor and incorporate
non-natural amino acids with unique func-
tionalities into bioluminescent proteins in
order to fine-tune their emission characteris-
tics will create unique designer proteins
with distinct characteristics. The plethora of
unique functionalities that non-natural
amino acids offer will greatly increase the
breadth of applications to which the newly
created bioluminescent reporter proteins
are suited, including multimodal imaging
and multiplexing technologies, spatial and
temporal control of bioluminescent report-
ers in vivo, and bioluminescence resonance
energy transfer (BRET) studies (17−19).

METHODS
Reagents. The qwik-change site-directed

mutagenesis kit was purchased from Strat-
agene, the oligonucleotide primers from Eu-
rofins MWG Operon, the pBADHisA plasmid
from Invitrogen, and the restriction enzymes
from either NEBiolabs or Promega. The T4
DNA ligase and T4 DNA ligase buffer were
purchased from Promega, the exTaq DNA
polymerase from Takara, and the plasmid
DNA purification and gel extraction kits from
Qiagen and tris(hydroxymethyl)amino meth-
ane (Tris) free base, ethylenediaminetet-
raacetic acid (EDTA) sodium salt, glucose,
sodium dodecyl sulfate (SDS), ampicillin,
tetracycline, and arabinose were purchased
from Sigma. All other components neces-
sary for arabinose autoinduction media
were obtained from Sigma or DIFCO. Glacial
acetic acid was purchased from EM Science
and all coelenterazines from Biotium, and
all non-natural amino acids were from Pep-
Tech. SDS-PAGE precast gels were pur-
chased from Invitrogen. Composition of dif-
ferent buffers used were as follows: buffer A:
30 mM Tris�HCl containing 2 mM EDTA,
pH 7.0; buffer B: 30 mM Tris�HCl contain-
ing 2 mM EDTA, 1 mg mL�1 BSA, and
150 mM NaCl, pH 7.0; buffer C: 30 mM
Tris�HCl and 100 mM CaCl2, pH 7.0. All
chemicals were reagent grade or better, and
the solutions were prepared using deion-
ized (Milli-Q water purification system, Milli-
pore) reverse-osmosis purified water.

Apparatus. Protein was expressed by in-
cubating bacteria in a Fisher Scientific or-
bital shaker incubator. Cell cultures were
centrifuged in a Beckman J2-MI centrifuge.
Purity of the protein was examined with Coo-
massie Blue staining with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using a Novex mini-cell appara-
tus from Invitrogen. Aequorin activity was
measured using an Optocomp I luminome-
ter from MGM Biomedical. The emission
spectra of the aequorin�coelenterazine
pairs were taken on a custom-made Spec-
troScan instrument from ScienceWares,

which is capable of obtaining spectra from
flash reactions of luminescent samples that
emit in the 400�700 nm range.

Mutation of Aequorin and Cloning into
pBADHisA. The 82TAG aequorin mutant was
prepared using the qwik-change site-
directed mutagenesis kit and the following
primers: 5=-GGAAACTGATTGGCCTGCATAGA-
TTGAAGGATGG-3= and 5=-CCATCCTTCAA-
TCTATGCAGGCCAATCAGTTTCC-3=. This mu-
tagenesis changed the codon for tyrosine
(TAT) at position 82 in aequorin to a TAG
stop codon. The template for the mutatgene-
sis reaction was pIN4 containing the
cysteine-free aequorin. The mutant aequorin
gene along with the ompA leader sequence
from the pIN4 was amplified by PCR placing
an Nco I restriction site at the 5= end and a
Hind III site at the 3= end. The sequence of
the forward primer for this PCR was
5=-CCATGGGTATGAAAAAGACAGCTATCGC-
GATTGC-3=, while the reverse primer had the
sequence 5=-AAGCTTAGGGGACAGC-
TCCACCGTAGAGCTTTTCGGAAGCAGGAT-
CCATTGTGTAC-3=. The PCR was carried out
using ExTaq polymerase with the following
PCR parameters: 94 °C for 2 min, followed by
30 cycles of 94 °C � 30 s, 55 °C � 30 s,
72 °C � 60 s, and ending with 72 °C for 7
min. The PCR product was inserted into the
Nco I and Hind III sites of pBAD/HisA to pro-
duce pBADHisA�A82EQ82TAG. Transfor-
mation of E. coli with this plasmid produced
a system in which the expression of ae-
quorin is regulated by the addition of arabi-
nose to the culture medium. Expression of
aequorin with the ompA leader sequence re-
sults in the protein being released into the
culture medium.

Construction of the pDULE-
pBADHisA�A82EQ82TAG Expression
Strains. Four pDULE vectors which allow for
the site-specific incorporation of four differ-
ent non-natural amino acids were obtained
from Dr. Peter Schultz (Scripps Research In-
stitute) and Dr. Ryan Mehl (Franklin and Mar-
shall College) (2). Each of these pDULE plas-
mids coded for a tRNA and tRNA synthetase
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specific for a TAG codon and a single non-
natural amino acid, either L-4-
aminophenylalanine, L-4-
bromophenylalanine, L-4-
iodophenylalanine, or L-4-
methoxyphenylalanine. These plasmids
were transformed into chemically compe-
tent MAXEfficiency DH10B E. coli cells and
transformants selected by plating on LB agar
medium containing tetracycline (12 �g
mL�1). Following confirmation of the trans-
formation via plasmid isolation, restriction
enzyme digestion and DNA gel electrophore-
sis, the DH10B E. coli cells containing the
pDULE plasmids were made chemically
competent using the standard rubidium
chloride method and transformed with
pBADHisA�AEQ82TAG to produce four dif-
ferent strains, each specific for the incorpo-
ration one of the non-natural amino acids
mentioned above. Selection for these trans-
formants was by plating on LB agar medium
containing both tetracycline (12 �g mL�1)
and ampicillin (100 �g mL�1).

in Vivo Expression and Purification of
Aequorin with Non-Natural Amino Acids
Site-Specifically Incorporated at Position
82. Cells were grown in 500 mL of autoin-
duction medium consisting of M9 minimal
salts medium containing 0.5% glycerol,
0.048% glucose, 0.05% arabinose, 1 mM
MgSO4, 0.1 mM CaCl2, leucine (80 �g
mL�1), 5 mL of 100 X trace metals (see be-
low), ampicillin (50 �g mL�1), and tetracy-
cline (6 �g mL�1).

100 X Trace Metals

boric acid, 0.57 g
copper(II) sulfate pentahydrate, 0.39 g
ferric chloride (100 g in 40 mL water),
2.0 mL
manganese chloride tetrahydrate, 4.0 g
sodium chloride, 5.0 g
sodium molybdate dihydrate, 0.5 g
magnesium sulfate heptahydrate, 25.0 g
sulfuric acid, 2.87 mL
zinc sulfate heptahydrate, 1.0 g

The above were dissolved in 1 L of H2O
and filtered through a 0.22 �m filter. The in-
oculum was prepared by growing cells over-
night in 25 mL LB � ampicillin (50 �g mL�1)
and tetracycline (6 �g mL�1) at 37 °C � 250
rpm. The cells were pelleted and resus-
pended in 10 mL of the autoinduction me-
dium and then added to 500 mL of autoin-
duction medium. Inoculated flasks were
incubated at 37 °C � 250 rpm. When the
optical density of the culture reached
0.2�0.4, the non-natural amino acid was
added to 1 mM final concentration. Depend-
ing on the solubility of the non-natural
amino acid, the amino acid was first added
to �50 mL of autoinduction medium which
was gently heated until the amino acid was
dissolved. The dissolved non-natural amino
acid was then filtered through a 0.22 �m fil-
ter before adding to the culture. The culture
was then allowed to grow at 37 °C � 250
rpm overnight.

Purification of Aequorin. The cells were
pelleted at 12 000 g � 20 min, and the su-
pernatant was then transferred to a clean
flask. The pH of the supernatant was ad-
justed to 4.3 by the slow dropwise addition
of glacial acetic acid with stirring. The pre-
cipitated protein was then pelleted by cen-
trifugation at 20 000 g � 20 min. The pellet
was resuspended in 35 mL of 30 mM
Tris�HCl, pH 7.5, and 2 mM EDTA, and the
pH was adjusted to 7.5 by the dropwise ad-
dition of 1 N NaOH. The protein was recen-
trifuged at 20 000 � g for 20 min to remove
particulates before purification. See ref 4
for purification protocol. Purified apoae-
quorin was then sterilely filtered through a
0.2 �M filter before storage at either 4 °C for
short-term storage or �20 °C for long-term
storage.

Mass Spectrometry. Proteins were run
on SDS-PAGE and cut out of the stained
gels. Gel pieces were digested with trypsin,
and LC-ESI-MS-MS performed using a Ther-
moFinnigan LTQ. Resulting MS-MS spectra
were searched against proteins in the Swiss-

Prot database using the X!Tandem search
engine.

Determination of Aequorin Activity. Ae-
quorin activity was determined using an Op-
tocomp I luminometer. Aequorin was di-
luted with 30 mM Tris�HCl, pH 7.5, 2 mM
EDTA, and 0.5% bovine serum albumin to
ensure the amount of light produced was
within the linear range of the instrument. Ac-
tivity was triggered by injecting 50 �L of
100 mM Tris�HCl, pH 7.5, and 100 mM
CaCl2. Bioluminescence was counted at
0.1 s intervals for a total of 6 s.

Emission Spectra of Photoproteins. All
emission spectra were produced using the
SpectroScan luminometer from Sci-
enceWares. The non-natural aequorins were
first charged by incubating overnight at
4 °C with a five-fold molar excess of each
of the different coelenterazines. Each
charged non-natural aequorin was pipetted
into a 96-well microtiter plate and scanned
from 400�700 nm using the custom built
CCD luminometer, following injection of
100 �L of buffer C. For each well, the CCD
took readings for 10 s, scanning an array of
wavelengths from 400�700 nm with an in-
terval of 1.5 nm. All photoprotein spectra
were measured in triplicate and blank cor-
rected, and the mean of these three values
were reported. A five to seven point moving
average was also applied to select spectra
in order to smooth the curves; this averag-
ing did not alter the final emission maxima.

Half-life Determination of Photoproteins.
Non-natural aequorins were charged over-
night with the appropriate coelenterazine
analogue and then diluted with 100 mM
Tris�HCl, pH 7.5, buffer until the maximum
counts on the luminometer were between
5000 and 50 000 RLU’s in order to not over-
load the PMT detector. A Polarstar 96-well
microplate reading luminometer (BMG
Labtech) was utilized with the biolumines-
cence signal of a 50 �L sample and was
measured for 30 s following the injection of
100 �L of triggering buffer (100 mM
Tris�HCl, pH 7.5, and 100 mM CaCl2). All
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measurements were done in triplicate and
blank subtracted. The mean biolumines-
cence decay spectra was fit with an expo-
nential decay equation using GraphPad
Prism 4.0 (GraphPad Software), and a first-
order decay kinetics half-life equation was
used to determine the bioluminescence
half-life of each aequorin�coelenterazine
pair.
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