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Luciferin Derivatives for Enhanced in Vitro and in Vivo Bioluminescence Assays

Rajesh Shindé$ Julie Perking}' and Christopher H. Contag#®

Department of Pediatrics, Radiology, and Microbiology and Immunology, Stanfordetsity, Clark Center, 318 Campus

Drive, Stanford, California 94305, Chemistry and Materials Science Directorate, Lawreneamare National Laboratory,

7000 East Aenue, Liermore, California 94551, and NSF Center for Biophotonics Science and Technologygrsityi of
California, Davis, 2700 Stockton Boulard, Suite 1400, Sacramento, California 95817

Receied March 9, 2006; Rased Manuscript Receéd June 2, 2006

ABSTRACT. In vivo bioluminescence imaging has become a cornerstone technology for preclinical molecular
imaging. This imaging method is based on light-emitting enzymes, luciferases, which require specific
substrates for light production. When linked to a specific biological process in an animal model of human
biology or disease, the enzymsubstrate interactions become biological indicators that can be studied
noninvasively in living animals. Signal intensity in these animal models depends on the availability of
the substrate for the reaction within living cells in intact organs. The biodistribution and clearance rates
of the substrates are therefore directly related to optimal imaging times and signal intensities and ultimately
determine the sensitivity of detection and predictability of the model. Modificatiors|atiferin, the
substrate for the luciferases obtained from beetle, including fireflies, result in novel properties and offer
opportunities for improved bioassays. For this purpose, we have synthesized a conjugate;-ghycine
aminoluciferin, and investigated its properties relative to those-aminoluciferin andd-luciferin. The

three substrates exhibited different kinetic properties and different intracellular accumulation profiles due
to differences in their molecular structure, which in turn influenced their biodistribution in animals.
Glycine—p-aminoluciferin had a longer in vivo circulation time than the other two substrates. The ability
to assay luciferase in vitro and in vivo using these substrates, which exhibit different pharmacokinetic
and pharmacodynamic properties, will provide flexibility and improve current imaging capabilities.

The luciferase enzyme (Lucjrom the North American  greatly from extremely high signal-to-noise ratios relative
firefly, Photinus pyralis is widely used as a reporter in  to other imaging techniques, such as fluorescence, as cells
biochemical assays, in cell culture, and more recently in and tissues do not emit significant light during normal
animal models 1). The versatility of this reporter system cellular processes. Thus, improvements in the properties of
has been demonstrated through its use in studying genehe enzyme and the substrates will offer new opportunities
expression, gene delivery, cell viability, cell physiology, in for studying biology in vivo $—9).
vivo cell trafficking, tumor burden, and proteiprotein Numerous studies have measured Luc activity in cell
interaction (). Luc catalyzes the conversion of the natural |ysates, live cells, and animals, but a thorough understanding
substratep-luciferin, in the presence of oxygen, Mgand  of the optimal reaction conditions in all three settings and
ATP, to oxyluciferin accompanied by release of a photon. the properties ob-luciferin and its analogues that affect these
The multistep reaction proceeds with the formation of a conditions has not been reported. Ignowski et al. developed
complex, Luen-luciferin-AMP, followed by the formation 3 model to determine Luc activity in living cells using human
of excited oxyluciferin (Scheme 1P). The excited oxylu-  embryonic kidney cells1(0). The model showed that the cell
ciferin then emits ||ght with great efﬁCiency upon relaxation membrane does not present a major barriemfdmciferin,

(3, 4). Bioluminescence imaging of cells and animals benefits and intracellular Luc decay is dependent on chaperones,
which may vary between cell types. The Michaelis constant
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Scheme 1: Mechanism of the Reaction between Lucmahdciferin
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Effective bioluminescent imaging requires a good under- EXPERIMENTAL PROCEDURES
standing of the pharmacokinetic and pharmacodynamic
properties of the enzyme substrate in animal models. For _. . . ) X
example, the typical dose for mice is 150 mg/kg of body Blos_ynth International. Amlnolucn‘erm_z (Figure 1) was
weight, and at this concentration, the substrate saturates thé’bﬁamed from Marker l(); ene '(Ij'?chnoslc_)gms ,(AEI(L:ijgeIf?e’SOIE). A”
enzyme present in the cells provided that there arealimitedﬁ/tloer rea}gents \;]vere.o tamed rom Sigma-Aldrich (St. Louis,
number of cells expressing Luc in the model. This was ), un ess ot erwise hoted. . o .
indicated by demonstrating that increasing the dose did not _Preparation of Glycine-o-Aminoluciferin Conjugate3
increase the bioluminescence signal in mice carrying lu- (Figure 1) and Precursors2-Chloro-6-nitrobenzathiazole

ciferase as a transgene where luciferase expression wa¥/as prepared using a method described by Ka@. (The
activated in a small number of cells in the skifi3) compound was used in the subsequent step without purifica-

However, this may not be true for studies of large tumors fion- A small portion was purified by silica collumn chro-
with compromised circulation or other situations where there Mategraphy (dichloromethane) for analysi$.and**C NMR

is limited circulation or excessive reporter gene expression SPectra were recorded on a Bruker DRX 500 MHz spec-
(14). The bioluminescent signal, depending on the tissue trometer. Splitting p_atterns are quoted as follows: S, singlet;
expressing Luc, typically peaks 15 min after injection and d: doublet; m, multiplet. Mass spectra were acquired on a
starts to decrease after 20 mirg], although for expression ~ Micromass Quattro M|1cro API mass spectrometer operating
in the abdominal cavity or liver the signal may peak 5 min " positive ion mode:*H NMR [(CD;).SO, 500 MHz]o

after injection of the substrate. Therefore, repeated substraté-16 (d,J = 8.5 Hz, 1H), 8.38 (dd) = 9.0, 2.5 Hz, 1H),
injections are required for temporal analyses, and suboptimalg'17 (gd"] = 2.5, 0.5 Hz, 1H)’*C NMR [(CD;).SO, 12_5
results are obtained if measurements are taken off the peal gz] ¢ Claggl'Nlézg' &Azioﬁlf%sz' 112%521?98 154.2; ESI-
values. Attempts to stabilize the signals in bioluminescence of CHsCIN2O2S [ "= il "I

imaging have been made using implantable osmotic pumps 2-Chloro-6-aminobenzothiazole2-Chloro-6-aminoben-
(15), but these approaches are inefficient and expensive. zothiazole was prepared using a method described by_ Katz
For these reasons, Luc substrates that exhibit Ionger(17);‘-rhe corrl1pound W[?s us)e dinthe subse?; ent Stﬁf without
. P e . S purification: IH NMR [(CD3),SO, 500 MHz]6 3.15 (br s,
C|rculat|_on times leading to more stable S|gna_ls in vivo would NH,, 2H), 6.78 (d,J = 8.5 Hz, 1H), 6.97 (s, 1H), 7.68 (d,
further increase the number of types of studies that could be

General. Luciferin 1 (Figure 1) was purchased from

performed in vivo, reduce the costs of performing these CO.H
, . Lk N N 2

studies, and eliminate some of the variability that can occur /@[ S

with repeated imaging over a 3®0 min time frame. This HO s s

will be particularly important as three-dimensional imaging

studies that require longer imaging times become routine N N_COH
(16). Here, we report the synthesis of a glycireeaminolu- /@: S— ]/
ciferin conjugate. The kinetic and transport properties of this HaN S ST 2
conjugatep-luciferin, ando-aminoluciferin were investigated

using firefly Luc as the reporter enzyme in four different o N N-_sCOH
environments: purified enzyme in buffer, cell lysates, live N /@SHSJ/
cells, and live animals. The different properties of the N 3

substrates that are being investigated will add greaterFgure 1: Luc substrates that were investigatentuciferin 1,
flexibility to future in vitro and in vivo assay development. bp-aminoluciferin2, and glycine-p-aminoluciferin3.
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J = 9.0 Hz, 1H);3C NMR [(CD5),SO, 125 MHz]6 103.7,
115.0, 122.7, 137.4, 145.0, 147.7; ESI-MS oHgCIN,S
[M + H]* = 184.8, 186.8.

2-Cyano-6-aminobenzothiazol&-Cyano-6-aminoben-
zothiazole was prepared and purified using a method
described by White et al18). However, the purification of
this molecule was not trivial. Repeated chromatography was
required to purify the compound, which decreased the yield
to 20-35%: *H NMR [(CD3),S0O, 500 MHz]6 6.15 (br s,
NH,, 2H), 6.98 (ddJ = 9.0, 2.5 Hz, 1H), 7.17 (dJ = 2.5
Hz, 1H), 7. 88 (d,J = 9.0 Hz, 1H);*C NMR [(CD>).SO,
125 MHz]6 102.2, 114.3,117.3, 125.1, 127.5, 138.3, 143.2,
150.4; ESI-MS of GHsN3S [M + H]t = 175.9.

2-Cyano-6-amino-N-Boc-glycine-benzothiazol®. pro-
duce 2-cyano-6-aminb-Boc-glycine-benzothiazole, 60 mg
(0.34 mmol) of Boc-glycine was dissolved in 2 mL of dry
THF; 75uL (0.68 mmol) ofN-methylmorphiline, followed
by 57uL (0.44 mmol) of isobutyl chloroformate, was added
portionwise at O°C. The reaction mixture was stirred at 0
°C in the dark for 30 min after which 60 mg (0.34 mmol) of
2-cyano-6-aminobenzothiazole dissolved in 1 mL of dry THF
was added portionwise over the course of 30 min. The
reaction mixture was kept at®C for a further 2 h, followed
by 16 h at room temperature in the dark. Analytical HPLC
and mass spectrometry analysis (ESI-MS @fHzsN4OsS
[M + H]t = 332.9) showed complete conversion to the
product. Analytical HPLC of the Boc-protected intermediate
showed a peak at 4.4 min [10 min linear gradient from 50%
water (0.1% TFA) to 80% acetonitrile (0.1% TFA)]. Satu-
rated KHCQ was added to quench any remaining isobutyl
chloroformate, and the reaction mixture was evaporated to
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rated to dryness. The residue was redissolved in a mixture
of ethyl acetate and a small amount of methanol (to help
solubility) and any solid residue removed by filtration
through a 0.22«m filter. The organic solvent was removed
be evaporation and dried under high vacuum. The Boc group
was removed by treatment with dichloromethane, 20% TFA,
and 1% E4SiH for 1 h. The solvent was removed under
vacuum, and analytical HPLC showed a single peak at 5.4
min [10 min linear gradient from 95% water (0.1% TFA) to
80% acetonitrile (0.1% TFA)]. The crude product was
isolated by semipreparative HPLC [25 min gradient from
90% water (0.1% TFA) to 40% acetonitrile (0.1% TFA)]
and lyophilized to dryness to give 75 mg of final product as
a pale yellow solid (65% over two steps). A small amount
of inseparable impurity was evident in the analytical HPLC
results of the final product (Figure 1 of the Supporting
Information), and the purity is estimated to be 95%: NMR
[(CD3),S0O, 500 MHz]o 3.67—3.83 (dd,J = 36.0, 9.0 Hz,
2H), 3.86 (br s, 2H), 5.44 (dd = 9.0 Hz, 1H), 7.66 (ddJ

= 9.0, 2.0 Hz, 1H), 8.15 (dJ = 9.0 Hz, 1H), 8.20 (br s,
2H), 8.56 (dJ =2 Hz, 1H), 10.85 (s, 1H}*C NMR [(CDs)--

SO, 125 MHz]6 34.7,41.1,78.1, 111.7, 119.5, 124.5, 136.4,
137.4, 148.9, 159.6, 164.4, 165.2, 171.0; ESI-MS of
C13H12N403SQ [M + H]+ = 336.8.

Spectroscopic Characterization of SubstrafBse absorp-
tion spectra for the three substrates were acquired using a
SpectraMax-Plus microplate spectrophotometer (Molecular
Devices) (Figure 2 of the Supporting Information). The
fluorescence and bioluminescence spectra were aquired using
a Spectra MAX Gemini EM fluorescence/luminescence plate
reader (Molecular Devices) (Figures 3 and 4 of the Sup-

orting Information, respectively). The measurements were

dryness. The residue was redissolved in ethyl acetate, anq,yen in 40 mM Tris-acetate buffer [L mM EDTA and 0.2

the organic phase was washed twice with saturated KHCO
and once with saline solution and dried with MgsS@he

M NaCl (pH 7.7)]. The bioluminescence spectra were
obtained using pure Luc enzyme (Promega Corp., Madison,

ethyl acetate was evaporated and the product isolated byW|)_ All spectra were recorded at room temperature.

normal phase flash chromatography (100% dichloromethane

Imaging. Photon emission was measured using an IVIS

to 98% dichloromethane and 2% methanol). The yellow solid 54 gevice (Xenogen Corp., Alameda, CA). The VIS 200

was analyzed by NMR spectroscopy and contained a smallyeyjce consists of a cooled integrating CCD camera mounted
number (5%) of impurities but was used in the next step 5 gark specimen chamber, a camera controller, and a

without further purification because more stringent HPLC .y era cooling system. Bioluminescence measurements of
purification could remove the Boc group and reduce the yield | ,ciferase activity were acquired at short intervals as

and efficiency of subsequent stepg$i NMR (CD;0D, 500
MHz) 6 8.58 (s, 1H), 8.05 (dJ = 9.0 Hz, 1H), 6.98 (dJ =
9.0 Hz, 1H), 5.48 (s, 1H), 3.92 (br s, 2H), 1.48 (s, ML
NMR (CDs0OD, 125 MHz)6 27.8, 44.3,111.7, 113.1, 121.1,
124.9, 125.6, 148.8, 169.9; ESI-MS 0f:816N4OsS [M +
H]t = 332.9, tBu of Boc group [M+ H]T = 276.9.
Glycine—bp-Aminoluciferin 2-Cyano-6-amindN-Boc-gly-
cine-benzothiazole (112 mg, 0.34 mmol) was dissolved in 2
mL of DMF; 71 mg (0.41 mmol) of Hd-cysteineHCI was
dissolved in 300uL of degassed water and the mixture
adjusted to pH 8.0 by addition of saturatedQQs; in
degassed waterl®). The p-cysteine solution was added
dropwise in the dark to the organic solution, and the reaction
mixture was stirred fol h atroom temperature in the dark.
Analytical HPLC and mass spectrometry analysis (ESI-MS
of CigHo0N4OsS, [M + H]t = 437.0) showed complete
conversion to the product. Analytical HPLC of the Boc-
protected product showed a single peak at 8.5 min [10 min
linear gradient from 50% water (0.1% TFA) to 80%
acetonitrile (0.1% TFA)]. The reaction mixture was evapo-

described in the figure legends. Different substrates required
different exposure times with the displayed data adjusted for
each substrate as indicated by the scale bar in each image.
The temperature of the stage inside the imaging chamber
was maintained at 37C. Light outputs from regions of
interest (ROI) were quantified using Livinglmage version
2.5 (Xenogen Corp.) as an overlay on Igor imaging analysis
software (WaveMetrics, Lake Oswego, OR). The final light
output, in photons per second, is a value that is normalized
to the integration time, the distance from the camera to the
animal and/or plate, the instrument gain, and the solid angle
of measurement2Q, 21). The data are represented as
pseudocolor images of light intensity where red is the most
intense and blue is the least intense.

Luciferase Enzyme AssayArrified Luc was obtained from
Promega Corp. The substrates were prepared in biolumines-
cence buffer [40 mM Tris-acetate, 1 mM EDTA, 1 mM DTT,
3.45 mM ATP, 0.2 M NaCl, 5.7 mM MgSQand 0.76 mM
coenzyme A (pH 7.6)]; 10@L of the substrate was added
to 10uL of a Luc enzyme solution (1 ngL). All the assays
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were carried out in triplicate, and the photoemission was kinetics. A mechanism for the bioluminescence reaction for
measured over 15 min using the IVIS 200 device. firefly luciferase and-luciferin proposed previoush?( 24)
Cell Lysate AssaysPC3M-Luc cells were lysed using is shown in Scheme 1 witb-luciferin as the substrate. Luc
passive lysis buffer (Promega Corp.), centrifuged to remove Catalyzes the formation of enzyme-bounduciferin ade-
the cell debris, and stored in aliquots-a80 °C; 10 uL of nylate. This is followed by deprotonation of the adenylate
the cell lysate solution was equivalent to>3 10* lysed and subsequent addition of an oxygen molecule to the
PC3M-Luc cells. Substrateis-3 were prepared in biolumi-  resultant anion. Cyclization and elimination of g@sult
nescence buffer; 100L of the substrate solution was added in the formation of an electronically excited-state oxyluciferin
to 10uL of freshly thawed cell lysate, and photon emission intermediate (oxyluciferin*). Relaxation of the excited state
was measured using the IVIS 200 device. All the assays wereof oxyluciferin to the ground state is accompanied by the
carried out in triplicate. emission of photons. The light emission via this process,
Cell Culture.Human prostate cancer cells, PC3M previ- Usingp-luciferin as a substrate, has a quantum yield-6f9
ously engineered to constitutively express Luc from the (3) and demonstrates the highly efficient catalysis and
immediate early promoter from cytomegalovirus (PC3M- radiative decay of oxyluciferin* by Luc.
Luc) (22), were maintained at 37C in 5% CQ in RPMI Spectroscopic Characterization of Substraf€se three
containing 10% FBS (Invitrogen, Carlsbad, CA), 100 units/ substrates were characterized for absorbance, fluorescence,
mL penicillin, and 0.1 mg/mL streptomycin. These cells were and bioluminescencen-Luciferin, p-aminoluciferin, and
used to investigate the influence of cellular membranes on glycine—p-aminoluciferin exhibited absorbance peaks at 330,
substrate transport. 350, and 327 nm, respectively. The measurements were
Live Cell AssaysLive PC3M-Luc cells were assayed in normalized to 1 and accounted for background from the
black 96-well plates. The plates were seeded with known buffer (Figure 2 of the Supporting Information). The
amounts of PC3M-Luc cells and placed overnight in an fluorescence measurements for the three substrates were
incubator. Subsequently, medium was replaced with HBSS acquired by excitation at 324 nm-{uciferin and glycine-
buffer without phenol red (Invitrogen) containing 2% FBS p-aminoluciferin) and 350 nnmofaminoluciferin). Emission
and 0.1 mg/mL cycloheximide and incubated at°&7for peaks were observed at 530 notl(ciferin), 520 nm 6-
100 min. The three substrates were prepared at differentaminoluciferin), and 450 nm (glycirep-aminoluciferin), as
concentrations in HBSS (0.1 mg/mL cycloheximide and 2% shown in Figure 3 of the Supporting Information. The lower-
FBS). The wells were cleared of the medium just before fluorescence emission peak for glycine-aminoluciferin
measurements and replaced with 140 of the substrate  could be due to the lower ionization level of the glycine
solution; cyclohexamide prevents new protein synthesis andgroup. Similar results were reported for 6-methoxy analogues
controls fluctuations in the expression of luciferase. Photo- of p-luciferin (24). The bioluminescence spectra exhibited
emission was measured using the IVIS 200 device. Experi- peaks at 560 nmpfluciferin), 578 nm §-aminoluciferin),
ments were carried out in triplicate. The substrate concen-and 570 nm (glycine b-aminoluciferin) as shown in Figure
tration was varied from 3 to 500M for all substrates. 4 of the Supporting Information. Zhao et al. reported the
Animal Imaging.Transgenic reporter FVB/L2G85 mice emission spectra of Lup-luciferin bioluminescence in live
(23) constitutively express the luciferase gene from the cells and animals and observed a shift in the emission peak
minimal -actin promoter with a CMV enhancer such that when the reaction temperature was increased from 25 to 37
all cells and tissues express detectable levels of luciferase’C (25). Similar shifts in the emission wavelengths were
These mice were anesthetized using isofluorene and werepreviously reported fop-luciferin at higher temperatures or
given 200uL of substrates at a concentration of 1 mM via lower pH 24, 26).

injection into the intraperitoneal cavity. This concentration | uciferase Enzyme Assayihe IVIS 200 device outputs
is significantly lower than the concentration pfluciferin the rate of photon emission by bioluminescence reactions in
(107 mM) that is typically used in small animal imaging photons per second. Photon emission is proportional to the
studies. Photon emission from the ROI (entire animal) was gmount of product (e_g_, Oxy|uciferin* f(m‘.|uciferin) formed
measured using the VIS 200 device. in a bioluminescent reaction. The photon emission rate was
multiplied by the time period between measurements, to give
RESULTS AND DISCUSSION the total photons emitted in each period. Addition of these
The spectral properties of the three substrates shown inPnotons collected in each time period yielded a cumulative
Figure 1, natural Luc substrate-luciferin 1 and two profile of the _blolumlnescence prpduct _formed over the
derivatives p-aminoluciferin2 and glycine-p-aminoluciferin ~ course of a bioluminescent reaction. Figure 2a shows a
3), were investigated. The bioluminescence reaction was alsof€Presentative example of the cumulative photons emitted
investigated under four different conditions: purified Luc ©Ver ime foro-luciferin with Luc. The slope of these curves
in buffer, cell lysates, live cells, and live animals. Purified under steady-state conditions gave the rate of product
Luc provided information about Lusubstrate kinetics. Cell ~ formation, », at different initial substrate concentrations.
lysates yielded information about the influence of intracel- Figure 2b shows the rate of product formed, with an
lular enzymes on Lusubstrate kinetics, whereas live cell increasing substrate concentratié,
assays provided insight into the influence of the cell The total photons emitted is proportional to the amount
membrane and intracellular enzyme compartmentalization onof product formed (e.g., release of light from oxyluciferin*
the kinetics of the reaction. Substrate biodistribution in mice whenb-luciferin is the substrate). Michaetidlenten enzyme
was used to determine the effects of substrate biodistribution,kinetics calculations (eq 1) were applied to the results in
clearance rates, and membrane transport ondulxstrate Figure 2b to determine the MichaeliMenten constant{y)
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Ficure 2: Luc-p-luciferin kinetics of purified Luc at different initial

substrate concentrations (from 0.0 to 50M). Ten microliters of

the solution contains 10 ng of Luc. (a) Cumulative number of
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Ficure 3: Luc-D-luciferin kinetics of PC3M-Luc cell lysates at
different initial substrate concentrations (from 0.05 to 1@040).

Ten microliters of the lysate corresponds to 30 000 cells. Cumulative
number of photons emitted by the reaction at various times.

Table 2: Kinetic Parameters for PC3M-Luc Cell Lysates

Vinasl Km
Vimax (x10°  (x1C® photons

substrate Km (M) photons/min) min~* uM~1)
p-luciferin 1 34+ 3.0 120+2.0 36
p-aminoluciferin2 09+01 23+0.6 268
glycine—p-aminoluciferin3 8.7+ 3.2 6.5£0.1 7.5

p-luciferin. The formation of the excited-state intermediate

is also dependent on the rate of substrate adenylation and
adenylate oxidation (Scheme 1). Hence, the differences in
the kinetic parameters observed between the three substrates

photons emitted by the reaction at various times. The slopes of theCoUld be a result of any or all of these steps.

curves provide the rate of product formatian,in photons per

Whereas the carboxylic acid on the thiazole ring, where

second at different substrate concentrations, and the result is shownhe reaction takes place to form oxyluciferin, is the same

in panel b. The data are fit to the Michaeti¥lenten equation (eq
1).

Table 1: Kinetic Parameters for the Purified Luciferase Enzyme
VimaxKm

Vmax (x10°  (x1C° photons
substrate Km (uM)  photons/min) min~1uM~1)
p-luciferin 1 16+ 1.0 1626+ 24 102
p-aminoluciferin2 0.62+0.05 169+ 2.6 272
glycine-p-aminoluciferin3 114+ 12 9.2+ 0.5 0.08

and the maximum rate of product formatidf,ax (photons
per minute), for all three substrates (Table 1).

VinaxS

Ky +S W

v

The Ky, values indicate thab-aminoluciferin has the
highest affinity for Luc followed by-luciferin and glycine-
D-aminoluciferin, whereas th&n.« values show thab-
luciferin achieves the highest rate of photon emission,
followed byp-aminoluciferin and glycine p-aminoluciferin.
Taken together (Table Mma/Km Which is proportional to
KeafKm), Luc exhibits a higher catalytic efficiency for
p-aminoluciferin followed byp-luciferin. Glycine—p-amino-
luciferin exhibits a lower affinity for Luc apart from a lower
Vmax Since light is produced only by the excited-state
intermediate, the lowev, values ofb-aminoluciferin and
glycine—p-aminoluciferin may indicate catalytic turnover

for all three substrates, the three substrates have different
electronic properties, and this may affect their interaction
with amino acid residues in the enzyme pocket. The phenolic
group in the 6-position ofp-luciferin is an anion at
physiological pH. Therefore, in solution at a relevant pH,
p-luciferin has a net overall charge 6. p-Aminoluciferin,

with an aniline nitrogen in the 6-position, has an overall
charge of—1 under similar conditions. Since th&pof the
glycine amine group is 9.8 and an aniline nitrogen has a
pK, of ~4.6, glycine-p-aminoluciferin, an amino acid
conjugate, is likely to exist as a zwitterion at physiologic
pH. In addition, all three substrates have very different
hydrogen bonding capabilities. Glycine-aminoluciferin is
substantially larger, and therefore, a steric effect may also
influence the overall enzymesubstrate binding affinity. The
combination of different noncovalent and steric interactions
for all three substrates is likely to contribute to the differences
in the observed kinetic parameters.

Cell LysatesThe photon emission measurements for cell
lysates were converted to cumulative photon emission at
different times for the three substrates (Figure 3), as described
in the previous section, and the rate of production of the
excited-state substrate at different substrate concentrations
was obtained. Application of the Michaeti§lenten equation
(eq 1) provided the kinetic parameters (Table 2). The
calculateK, values were in the following ordep-luciferin
> glycine—b-aminoluciferin> p-aminoluciferin. Glycine-
p-aminoluciferin exhibited a decrease in the measu{gd

slower than and radiative efficiencies lower than those of in cell lysate, whereas th&, for p-luciferin increased to 34
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Ficure 4: Luc-p-luciferin kinetics in PC3M-Luc live cells. Transport ofluciferin across 30 000 PC3M-Luc cells at different initial
p-luciferin concentrations (from 3 to 500M), as observed from the emission of photons. Cells were preincubated for 100 min in 0.1
mg/mL cycloheximide in medium (HBSS with 2% FBS). The volume of substrate wag:(lLO) Photons collected with the IVIS 200
device from the cells at different times. The curves show an initial pealamin before reaching a plateau. (b and c) Comparison of
photon emission profiles from PC3M-Luc cells for the substrates at two different concentrations: () &Quciferin, p-aminoluciferin,

and glycine-p-aminoluciferin and (c) 50@M b-luciferin andp-aminoluciferin. (d) Cumulative number of photons emitted by the cells at
various times.

uM, compared to value obtained from purified Luc in buffer. increase in observe,, values forp-luciferin has been
p-Aminoluciferin did not exhibit an appreciable change in attributed by Ignowski et al. to pyrophosphates in the cell
its Km value for the PC3M-Luc cell lysates. The decrease in lysates, which have been shown by Gandelman et al. to affect
the Kn, for glycine—p-aminoluciferin could be attributed to  the activity of Luc @0, 27). Denburg et al.48) showed that

the presence of intracellular enzymes in the cell lysate. ATP, AMP, pyrophosphate, and phosphate influemce
Glycine is attached to the amine groupm&minoluciferin luciferin binding characteristics. The relative difference in
via an amide bond. This amide bond could be a potential Vma/Km values betweem-aminoluciferin and glycinep-
target for some intracellular enzymes and release freeaminoluciferin decreased significantly. The increas¥ggn/
p-aminoluciferin and glycine. This hypothesis was further K, for glycine—p-aminoluciferin could be attributed to the
supported after considering the relatiVigax of the three presence of free-aminoluciferin released by the enzymatic
substrates under the different conditions. Wherekgiferin action of the intracellular proteins.

still exhibited the highestnay, the difference in value with Live Cells.PC3M-Luc cells express Luc constitutively
p-aminoluciferin decreased 2-fold in the cell lysate. The (22). To compare kinetic data from PC3M-Luc live cells and
difference in theVmnax values betweenp-luciferin and cell lysate, the intracellular Luc concentration was kept
glycine—p-aminoluciferin decreased 10-fold in the cell lysate. constant. This was achieved by exposing PC3M-Luc cells
p-Aminoluciferin has a lowk,; hence, even small amounts to cycloheximide, which inhibits protein synthesis but does
of free p-aminoluciferin generated from the intracellular notinterfere with Luc activity 10, 29). After incubation with
enzymatic breakdown of glycirep-aminoluciferin can cycloheximide, the medium was replaced with substrate
impact the observeld, for glycine—p-aminoluciferin while solutions (with cycloheximide) and the photon emission was
simultaneously increasingnax TheVma/Kn ratios show that ~ measured. The substrates may localize to different subcellular
the Luc enzyme present in the cell lysates catalyzes compartments upon transport across the membrane. The

aminoluciferin more efficiently than-luciferin and glycine- photons emitted from the cells represent the interaction with
p-aminoluciferin, and this is similar to observations made Luc which is present predominantly in the cytoplasm. Figure
with purified Luc in buffer. The relative difference M./ 4a shows a representative example of the rate of photons

K values between-aminoluciferin and-luciferin appeared  emitted at increasing concentrationosficiferin, measured
to increase, due to an increaseHKg, for p-luciferin. An over 28 min (to ensure that steady-state photon emission was
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Table 3: Kinetic Parameters for PC3M-Luc Cells

Vmax— eff Vmax— eff/ KM —eff
substrate Km—eft (uM) (x 10" photons/min) (x 10 photons mint uM~1) S—max(uM)
p-luciferin 1 235+ 20 2669+ 39 113.6 7.4£0.3
p-aminoluciferin2 1414+ 23 294+ 43 20.5 0.1+ 0.01
glycine—p-aminoluciferin3 62+ 6 7.4+ 0.6 1.2 0.1+ 0.005

attained). The rate of photons emitted shows an initial peak shown to be the product of the efficiency of the enzyme when
at ~2 min before it drops to a steady value. This peak is complexed with its substrate, ease of enzyme binding, and
most likely due to an initial burst of enzymatic activity an additional parameter, the substrate diffusion 2@ o
represented by the formation of the Lagyluciferin* study the influence of diffusion and/or facilitated transport
complex, which is proportional to the substrate present of the three substrates across the cell membrane on the
intracellularly. Subsequently, the trough and stable region intracellular reaction kinetics, we applied eq 1 to the cell
of the curve may reflect the kinetic phase during which the data, which is similar to the treatment of Luc and PC3M
complex decomposes back to free Luc and product. The cell lysates. Th& e andVimax—es Values for the intracellular
substrate is transferred in and out of the cell, and its reaction with each substrate were calculated and are listed
concentration equilibrates across the cell membrane as an Table 3. In this experimental setup, it was not possible to
function of concentration and/or membrane potential. During directly measure the intracellular concentration of the
the initial burst in Lueoxyluciferin* formation, there could  substrates, but a qualitative picture of the reaction kinetics
also be a rapid depletion of the intracellular substrate, causinginside live cells was determined from the kinetic parameters
a subsequent drop in the number of photons emitted.that were obtained. The rate of product formed in 30 000
Subsequently, the system achieves a balance between thBC3M-Luc cells {) was determined from the cumulative
diffusion of the substrate, formation of the L-ogyluciferin* photons emitted at different substrate concentrations in the
complex, and release of the product. These results imply thatcell culture medium. To estimate the substrate concentration
in live cells, the diffusion of luciferin across the membrane inside the cells, certain assumptions were made. It is
is the rate-limiting step. Similar behavior was observed in reasonable to assume that there is a loss of photons detected
the case ob-aminoluciferin, but glycine-b-aminoluciferin due to scattering and absorption from the cell membrane or
exhibited a different photon emission profile. Figure 4b other constituents in the cell. However, since the cells were
shows the rate of photon emission from all three substratesa monolayer, this loss was not a significant portion of the

at an exogenous substrate concentration ofB0. bp-
Aminoluciferin achieves a higher Luc activity at lower
concentrations due to a low&:, which may explain the

total photons emitted by the cells and was constant for all
experiments, assuming the number of cells in each well was
the same. The cumulative number of photons emitted by cell

higher-magnitude bioluminescence signal compared to thoselysate after 15 min (Figure 2a) was-1B0 times greater than

of p-luciferin and glycine-p-aminoluciferin. At higher

the number emitted by the live PC3M-Luc cells (Figure 3d).

concentrations, when greater amounts of the substrateSince the number of photons emitted is proportional to the

accumulate inside the cell, the light output frantuciferin

is higher than that ob-aminoluciferin, as shown in Figure
4c. The higher initial value fob-aminoluciferin observed
in the figure confirms that the initial phase of the process
(peak) is influenced by the formation of the Luc
oxyaminoluciferin* complex, a®-aminoluciferin binds to
Luc more rapidly tham-luciferin. Subsequently, the emission
from p-aminoluciferin drops to levels lower than those of
p-luciferin, which indicates that at equilibrium, the intracel-
lular concentration ob-aminoluciferin is significantly lower
than that ofp-luciferin. At glycine—bp-aminoluciferin con-
centrations greater than 1Q¢M in the cell media, the

substrate concentration, the intracellular substrate concentra-
tion appears to be much lower than the exogenous substrate
concentration. Assuming that thén.x and Ky, parameters
calculated from the cell lysate experiments hold true for the
bioluminescence reaction in live cells, the intracellular
concentration for each substrag)(was calculated from the
Michaelis—Menten equation (eq 1). To obtain the maximal
level of intracellular accumulation of substra®-(1ay, the
Vmax—eft Was used fow in eq 1. Table 3 lists the calculated
S-max Values;p-luciferin exhibited the highest intracellular
substrate concentration of the three substrates. It should be
noted that all calculations for glycire-aminoluciferin are

substrate had a tendency to precipitate, and therefore, resultinfluenced by the intracellular enzymes that release
for a higher concentration were not considered. From the aminoluciferin and hence do not represent an exact value.
luciferase enzyme experiments, it was observed that theThe results indicate that-luciferin exhibits better intracel-

formation of oxyglycine-p-aminoluciferin* from glycine-
p-aminoluciferin is a very slow process. If this is a rate-
limiting step, then glycinep-aminoluciferin will not be
exhausted rapidly within the cell during the initial few

lular accumulation.

The difference between the values calculated from the cell
lysates and live cell experiments give an estimate of the effect
of the cell membrane as a barrier to substrate and possible

minutes, and hence, an initial peak with a subsequent dipsequestration of the enzyme in cellular compartments. The

will not be observed. In our experiments, no initial peak was
observed for glycinep-aminoluciferin.

As demonstrated by Gentry and co-worke@0)( a
macroscopic model for simple diffusion-controlled substrate
delivery can be represented by replackgandVmaxin eq
1 with “effective” kinetic parametersKm—est and Vimax—ef,
respectively. The catalytic efficienCWmax—ef/Km—ef, Was

rate of diffusion could have a significant impact on Kig e
values of the substrates. As observed in Tableb3,
aminoluciferin had a substantially highlés,—e value (166-
fold) relative to itsKp, in cell lysates, whereas the increase
in Km—-et fOr glycine—p-aminoluciferin ancb-luciferin was
~7-fold in whole cells. Glycine p-aminoluciferin has a
lower observed,, in cell lysates as a result of intracellular
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cleavage and release ofaminoluciferin (discussed in the a
previous section). If glycinep-aminoluciferin encounters
the same intracellular enzymes inside the cytoplasm of the
cells, the relative increase in ik, et (compared to that in

cell lysate) may be due to slower transport across the cellular
membrane. The catalytic efficiencWfa/Km-er) (30) has
been shown to be proportional to the rate of diffusion. Table
3 shows that th&/ma/Km-est Of D-luciferin is 7.4 times higher
than that ofb-aminoluciferin and 95 times higher than that
of glycine—p-aminoluciferin. Comparion of th¥a/Km—est
values of the three substrates in live cells (Table 3) and in
cell lysates (Table 2) supports the argument that the
movement of the three substrates is limited by the cell
membrane. The catalytic efficiency is reduced 32-, 1300-,
and 625-fold fop-luciferin, p-aminoluciferin, and glycine
p-aminoluciferin, respectively, in live PC3M cells. Intrinsic

to these values is the influence of the cell membrane on the
transport of the substrates, withluciferin exhibiting the
highest level of intracellular accumulation followed by
glycine—p-aminoluciferin and-aminoluciferin. The catalytic
efficiency for the live cells,Vimaxei/Km—err, Showed that
p-luciferin replacedp-aminoluciferin as a more efficient
substrate at higher concentrations. As reported above, at
lower concentrationsp-aminoluciferin was the brighter
substrate. Interpretation of thénax—e/Km—eft fOr glycine—
p-aminoluciferin is complicated by intracellular enzymes, but
when compared to cell lysate data, these data suggest that
the cell membrane is a significant barrier for transport. It
should be noted that the releaseméminoluciferin from

the glycine-p-aminoluciferin conjugate is advantageous as

this provides a mechanism for the slow release pef 100x10° | b »

. e . . : . —e— Luciferin
amlnolucn‘erlr_L thus prolo_ngmg th_e blol_um!nescence 5|gnal. s Aminoluciferin
The mechanism of glyciren-aminoluciferin transport is 80x10° 1 —&— Gly-aluc

under further investigation.

Live Animals.A representative image of a transgenic
reporter mouse to which-luciferin had been administered
is shown in Figure 5a. The quantitative results from the
animal biodistribution studies are shown in Figure 5b. The
rates of total photons emitted from the whole animal are
plotted as a function of time. After intraperitoneal injection,
the substrate undergoes numerous intercellular transfers as 2x10° |
it spreads across the body and is affected by Luc present in

60x10°

40x10°

20x10°

khal

Total Photons/sec

cells throughout the animal. Since the animals were trans- 1x10° 1

genic and the luciferase was expressed by a ubiquitous 0 , : : : .
constitutive promoter (all cells examined), the substrates 0 10 20 30 40 50 60
could also encounter Luc while being transported by the Time (min)

blood cells, leading to signals from these cells. Each Figure 5: Three substrates were administered to mice. The mice
intercellular transport introduces a time delay that is a (L2G85) were an FVB strain modified to constitutively express

function of the transport properties of the substrates. De- Luc uniformly with af-actin promoter. Each mouse was injected
pending upon the imaging application, it may be necessary|ntraper|toneally with 20QL of the substrates at a concentration

h fast-distributi I culati b of 1 mM. (a) Bioluminescence images of L2G85 mice acquired
o have a fast-distributing or long-circulating substrate. it an 1vIS 200 device for the three substrates. The images shown

Typically for temporal analysis, a substrate that emits the are for the maximum photon emission attained at the injected
strongest signal for the longest time is preferred. Since the substrate concentrations. (b) Total number of photons emitted from

animals were transgenic for a highly expressed luciferasethe mice with the three substrates= 3).

gene, they produced substantial quantities of the enzyme,

and it was virtually impossible to supply enough substrate magnitude signal (similar to PC3M-Luc data in Figure 4b).
to reach saturation levels. It could be argued that the This is potentially why thep-aminoluciferin peak photon
concentration of substrates injected in these experiments wagmission rate was 25% higher than that ai-luciferin. The
significantly lower than th&, value of each of the substrates p-aminoluciferin curve is also broader due to a slower
by the time it reaches the cells. Since the substrate concentransport across cell membranes in comparison to that of
tration interacting with Luc is low, mice to whiclp- p-luciferin. In comparison, glycineb-aminoluciferin ex-
aminoluciferin had been administered should emit a higher- hibited a much longer lasting signal with a peak emission
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that was 26-30 times lower than those of the other two This material is available free of charge via the Internet at

substrates. The longer duration of the glyetimeaminolu-
ciferin is a result of the slow transport across the cell
membrane and a lowéf,./Kn. Once glycine-p-aminolu-
ciferin reaches the interior of the cell, intracellular enzymes
act upon it to release-aminoluciferin. Thus, the photons
emitted are a result of glycirep-aminoluciferin andp- 2
aminoluciferin. A longer-emitting substrate such as glyeine

p-aminoluciferin is useful in certain applications, such as 3.

three-dimensional bioluminescence animal imaging and when
the substrate needs to be delivered intravenously. When
delivered intravenously, glycirep-aminoluciferin was ob-
served to peak at 10 min compared to a peakaimin for
p-luciferin andp-aminoluciferin, which is useful in reducing
measurement errors. Three-dimensional bioluminescence
animal imaging is an emerging technology that involves

generation of a tomographic three-dimensional reconstuction 6.

of the bioluminescent signal from an animal. The currently

used substrate-luciferin, reaches a peak photon emission 7

15—20 min after injection, whereas each tomography scan
can require imaging times at10 min. Hence, a longer-

circulating substrate such as glycire-aminoluciferin could 8.

be useful, especially for approaches that require long
integration times or studies of temporal changes in signal
over a 36-90 min time period.

10.

CONCLUSIONS

Three substrates have been investigated using the purified 11.

Luc enzyme, in cell lysates, live cells, and animals. Ma-
nipulation of the substrate structure can be used to tailor the
pharmacokinetic and pharmacodynamic properties. The
enzymatic cleavage of glycire-aminoluciferin by intra-
cellular enzymes to releaseaminoluciferin can be particu-
larly useful in adapting the properties of the substrate to
specific applications. The synthesis and use of glyeine
aminoluciferin will be used as a model for future studies of
enhanced bioluminescent substrates. This can be used to
pursue appropriate biological questions in live cells or living
animals. With careful design, it should be possible to
investigate the influence of different amino acids on biodis-
tribution, as measured by bioluminescence. There are strong
indications that the hydrophilicity of these substrates affects
the pharmacodynamics and biodistribution in animals
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