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Luciferase catalyzes the preferential synthesis of adenosine(5’)tetraphospho(5’)nucleoside 
(Ap4N) in the presence of luciferin (LH,), adenosine 5‘-[y-thioltriphosphate (ATP[yS]) and NTP 
(other than ATP), with very low, or undetectable synthesis of Ap4A or Np4N, because ATP[yS] is a 
good adenylyl donor for the formation of the E-LH,-AMP complex, but a poor adenylyl acceptor 
from the complex, and NTP, other than ATP, are bad nucleotidyl donors, but good acceptors of the 
AMP moiety of the E-LH,-AMP complex. Synthesis of the corresponding A p a  (or Ap,G in the 
case of p4G were obtained in the presence of ATP[yS] and GTP, UTP, CTP, XTP, d m ,  ITP, dGTP, 
d C P ,  cUTP, EATP (&A, N6-ethenoadenosine) or p4G. The yield of synthesis of Ap4N was at least 
50% of that theoretically expected. The process can be easily scaled-up, which allows synthesis of 
at least 1-5 pmol Ap4N. Further evidence for the synthesis of Ap4G from ATP[yS] and GTP was 
obtained by ‘H-NMR and 31P-NMR spectroscopy. Synthesis of Ap4N, in yields lower than those 
above, can also be obtained in the presence of ADP and NTP; synthesis is due to the presence in 
commercial luciferase of enzymes (adenylate kinase and NDP kinase) that catalyze the synthesis of 
ATP from ADP and W. In the presence of ATP and polyphosphates, luciferase catalyzes the 
synthesis of a variety of compounds of adenosine 5‘-polyphosphates (p,A; n= 3-20 and Ap.A; n =  
4-16). In the presence of P3 or P4, preferential synthesis of p4A and ApsA or psA and ApA were 
obtained, respectively, showing that both polyphosphates accept the adenylyl moiety of the E-LH,- 
AMP complex, Polyphosphates of chain length 5, 15 and 35 elicited the synthesis of a variety of 
P,,A and Ap,,A. Ap4A is also split by luciferase in the presence of P,  or P4 (but not in the presence 
of P,) yielding preferential synthesis of p,A and Ap5A, or p,A and Ap6A, respectively. 

It is well known that, in the presence of luciferin (LH,) 
and AW, luciferase forms the E-LH,-AMP complex (reaction 
1). The natural course of the reaction is the production of 
light through oxidation of luciferin, concomitant with the 
transfer of the adenylyl moiety of the complex to a molecule 
of HZO and formation of AMP [l-31. In the presence of 
pyrophosphatase, the adenylyl moiety of the complex is 
transferred to A P ,  and synthesis of adenosine(5’)tetraphos- 
pho(5’)adenosine (Ap4A) takes place (reaction 2) [4, 51. In 
the overall reaction, luciferin produces 1 mol ApA from 
2 mol ATP (reaction 3). 

ATP + LH, + E + E-LH,-AMP + PPI (reaction 1) 
E-LH,-BMP + ATP + Ap4A + LH, + E (reaction 2) 
2 ATP + Ap4A + PPI (reaction 3). 
We have investigated the substrate specificity of the en- 

zyme in reactions 1 and 2 [5]. Adenine nucleotides with an 
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Abbreviations. Np,,N, nucleoside (S’)oligophospho(5‘)nucleo- 
side; ATP[yS], adenosine 5‘-[y-thio]triphosphate; eA, ethenoadeno- 
sine; LH2, luciferin. 

Enzymes. Adenylate kinase (EC 2.7.4.3); alkaline phosphatase 
(EC 3.1.3.1); firefly luciferase (EC 1.13.12.7); inorganic pyrophos- 
phatase (EC 3.6.1.1); nucleosidediphosphate kinase (EC 2.7.4.6); 
phosphodiesterase I (EC 3.1.4.1). 

intact a-phosphate and with at least a P ,  chain are the pre- 
ferred substrates for the formation of the E-LH,-NMP com- 
plex (reaction 1). Nucleotides best accepting AMP from the 
E-LH,-AMP complex are those containing an intact terminal 
PP, moiety and at least a P3 chain (reaction 2). Accordingly, 
when the enzyme was incubated with one of the following 
nucleotides (i.e. AW, PA,  dATP or GTP) Ap4A, Ap5A, 
dAp4dA and, to a lesser extent, Gp4G, respectively, were 
formed. When the reaction mixture contained ATP and a dif- 
ferent nucleotide (i. e. PA,  dATP, GTP), luciferase synthe- 
sized in addition to ApA, Ap,A, Ap4dA or Ap4G, respec- 
tively, and, to a lesser extent, dAp4dA or Gp4G [4, 51. 

In this work, we have taken advantage of the specificity 
of the enzyme in order to obtain ‘the specific synthesis Ap4N, 
using adenosine-S-[y-thioltriphosphate (ATP[yS]) and NTP 
as substrates, and the synthesis of AP,,,~A using ATP and 
polyphosphates as substrates. 

MATERIALS AND METHODS 
Materials 

Luciferase from firefly (Photinus pyrulis) was purchased 
from Sigma (catalogue no. L-5226; lots 36F-8035 and 77F- 
8135-1) or from Boehringer (catalogue no. 411523). PP, 
(catalogue no. %08987), alkaline phosphatase (catalogue no. 
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Table 1. Synthesis of Ap,N from ATP[yS] and NTP. The reaction mixture (0.05 ml) contained luciferase (25 pg protein), and equimolar 
concentrations (2 mM) of ATP[yS] and each of the indicated NTF'. Aliquots were withdrawn and analyzed by HPLC. Velocity ( u )  was 
calculated from the values obtained after 1 h of incubation. 

Nucleotide added NP"(d)N "pn(d)N3 after 

l h  20 h 

Rate of Np.(d)N synthesis 

GTP 

PIG 

UTP 
CTP 
XTP 
dTTP 
m 
dGTP 
dCTP 
dITP 

0.28 
0.06 
0.58 
0.02 
0.26 
0.24 
0.36 
0.18 
0.24 
0.22 
0.30 
0.20 

1.4 
0. i 
1.3 
0.1 
1.2 
1.2 
1.5 
1.2 
1.4 
1.1 
1.4 
0.9 

4.8 

9.8 

4.4 
4.1 
6.1 
3.1 
4.1 
3.7 
5.1 
3.4 

108138), snake venom phosphodiesterase (catalogue no. 
108260), ATp[yS] were from Boehringer. Other nucleotides, 
D-luciferin, trimetaphosphate (T5258) and the following po- 
lyphosphates were purchased from Sigma: sodium phosphate 
glasses types 5 (S5878). 15 (S6003) and 35 (S4504), with 
average P,, of n = 5 2 2, n = 15 2 3 and n = 35 If: 4, re- 
spectively; P4 (T5758); P, (T5633) and PP, (P9146). HPLC 
was carried out in a Hewlett Packard 1090 chromatograph, 
with a diode-array detector, commanded by a Chemstation. 
The Hypersil ODS (100mmX2.1 mm) and Mono Q 
(0.5 cmX 5 cm) columns were from Hewlett Packard and 
Bharmacia, respectively. 

Methods 
Laciferase assay 

The stock solution of firefly luciferase was prepared dis- 
solving 5 mg of the powder in 1 ml 0.5 M HepesKOH, pH 
7.5, 1 mM dithiothreitol and 10% glycerol. The standard re- 
action mixture for the synthesis of Ap$J contained the fol- 
lowing in a final volume of 0.05 d: 50 mM HepesKOH, 
pH 7.5, 5 mM MgC12, 0.25 mM D-luciferin, ATP[yS] and 
NIT', as indicated in Tables 1-3, 0.1% bovine serum albu- 
min, 0.05 U inorganic pyrophosphatase and luciferase (25 - 
50 pg protein). Incubation was performed at 30°C. The reac- 
tion mixture was analyzed by HPLC. Aliquots of 0.01 ml 
were withdrawn from the reaction mixture at the indicated 
times, transferred into 0.14 ml hot water and kept at 95OC 
for 1.5 min. After chilling, the mixture was filtered through 
a nitrocellulose membrane (Millipore HA, 0.45 pm) and a 
0.05-ml portion injected into a Hypersil ODS column. Elu- 
tion was performed at a constant flow rate of 0.5 mYmin with 
a 20-min linear gradient (5-30 mM) of sodium phosphate, 
pH 7.5, in 20 mM tetrabutylammonium bromide/20% meth- 
anol (buffer A), followed by a 10 min linear gradient (30- 
100 mM) of sodium phosphate, pH 7.5 in 20 mM buffer A;  
further elution with 200 mM sodium phosphate, pH 7.5, in 
20 mM buffer A was performed to analyse reaction mixtures 
containing polyphosphates as substrates of luciferase. The 
concentration of each nucleotide in the sample was estimated 
by comparison with chromatograms of standard solutions of 
known nucleotide concentration. 

In scaled-up procedures for the synthesis of Ap4N, reac- 
tion mixtures of 0 .5 -2d  were used. In this case, the 
characterization of the reaction products was canied out 
either as above (with a Hypersil ODS column) or using a 
Mono Q column (0.5 cmX 5 cm). The Mono Q column was 
also used to isolate the synthesized NpnN. Elution from the 
Mono Q column was accomplished, at a flow rate of 1 mY 
min, with a 30-min linear NH4HC0, gradient (0.17-1 M). 
Fractions containing Ap4N were pooled, lyophilized and final 
purity established by injecting aliquots into the Wypersil 
ODS column, as above. 

NMR spectroscopy 
High resolution "P-NMR (145.8 MHz) and 'H-NMR 

(360.1 MHz) spectra were acquired at 8.4 T on a Bruker AM- 
360 spectrometer. 31P-NMR acquisition conditions were 60 ' 
pulses, 13 158 Hz spectral width, 16 K words computer 
memory (0.622 s acquisition time), 4 s total cycle time and 
1024 scans for each spectrum. Broad-band proton decoupling 
was applied only during the acquisition period using a com- 
posite-pulse decoupling sequence (WALT-1 6). Chemical 
shifts are referred to the signal of methylenediphosphonic 
acid (18.6 ppm) located in a concentric capillary and plotted 
as recommended by IUPAC 161. Freeze-dried samples or the 
appropriate standards, were dissolved in 99.9% deuterium 
oxide prior to 'H-NMR spectroscopy. High-resolution 'H- 
NMR spectra were acquired using 90 O pulses, 3968 Hz spec- 
tral width, 16 K words computer memory (2.3 s acquisition 
time) and 5 s total cycle time using 128 scans for each spec- 
trum. The residual HDO signal was attenuated with a 1 s 
presaturating pulse applied with the decoupler. Chemical 
shifts are referred to internal 2,2,3,3-(ZH4)trimethylpropionate 
at 0 ppm. 

RESULTS AND DISCUSSION 
Specific synthesis of Ap4N from ATP[y S ]  and NTP 

ATP is the preferred substrate both as adenylyl donor for 
the formation of the complex E-LH,-AMP and as adenylyl 
acceptor for the formation of Ap4A [4, 51. When the reaction 
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Fig. 1. Synthesis of ~ A p a  (from ATP[yS] and EATP) and EApdA 
(from EATP) catalyzed by firefly luciferase. The standard reaction 
mixtures (0.05 ml) contained the indicated nucleotides at 2 mM final 
concentration. After 2 h and 20 h of incubation, 0.01 ml was with- 
drawn and analyzed by HPLC. Absorbance was measured at 
260 nm. The figures on top of the peaks correspond to the following 
nucleotides: (1) AMP; (2) ADP; (3) EADP; (4) ATP; (5) ATP[yS] 
and EATP; (6) P~EA; (7) AP~EA; (8) Ap&; (1') &AMP; (2') EADP; 
(3') EATP; (4') P ~ E A ;  (5') ~ A P ~ E A ;  (6) EAPSEA. 

mixture contained in addition to ATP, other NTP, synthesis 
of Ap4A, A p a  and, to a lesser extent, N p a ,  occurred simul- 
taneously [5 ] .  Although these experimental conditions can 
be used to synthesize Ap4N, two disadvantages are evident: 
synthesis of both Ap4A and Ap4N takes place; the Ap4N 
formed has to be isolated from reaction mixtures containing 
dinucleotides with both similar structure and electric charge. 

Synthesis of ApJV through reaction of ATP[yS] and NTP 
seemed a more appropriate procedure for the following rea- 
sons: ATP[yS] is a good adenylyl donor for formation of the 
E-LIP,-AMP complex (it contains an intact a-phosphate 
within a P3 chain) and a poor adenylyl acceptor (it does not 
have an intact terminal PP,). Additionally, NTP other than 
ATP are bad nucleotidyl donors (the adenine nucleotides are 
the preferred substrates for foxmation of the E-LH,-NMP 
complex), but good acceptors (they contain an intact terminal 
PP,). Hence, the synthesis of several Np,N was assayed in 
the presence of equimolar concentrations (2 mM) of ATP[yS] 
and different "P or p4G. The rate and extent of the reac- 
tions were measured after 1 h and 20 h of incubation, re- 
spectively (Table 1). Maximal rates of synthesis of Np,N 
were obtained with ATP[yS] plus p4G as substrates. In all 
other cases, the rate of synthesis (after 1 h incubation) of the 
corresponding Ap4N was around half of that obtained in the 
presence of p4G. The extent of the syntheses (after 20 h incu- 
bation) of Ap4N were rather similar with yields of more than 
50% of the maximum expected, and more than 75% for 
Ap4X (X, xanthosine), Ap41 (I, inosine), Ap46 and Ap4dC. 
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Fig. 2. Synthesis of A p a  (from ATP[yS] and NTP) catalyzed by 
firefly luciferase. Reaction mixtures (1 ml) containing equimolar 
amounts (2 mM) of ATP[yS] and NTP (CTP, UTP, XTF', GTP, I", 
dGTP, dCTP or dITP), luciferase (225 pg proteidml) and other re- 
agents as in the standard luciferase assay, were incubated for 24 h 
at 30°C. The samples were then treated with 5 U alkaline phospha- 
tase for 2 h at 37OC, and heated at 100°C for 1.5 min. Aliquots of 
0.01 ml were taken, diluted to 0.15 ml and 0.05 ml injected into a 
Mono Q column (0.5 cm X 5 cm). Elution was performed with a lin- 
ear gradient of ammonium bicarbonate. Absorbance of the eluate 
was measured at 260 nm. Peaks corresponding to Ap,N were charac- 
terized by their ukraviolet spectra. 

These results (Table 1) conf i ied  the specificity of the ade- 
nine nucleotides as donors of the nucleotidyl moiety of the 
E-LH,-NMP complex, the unspecificity of the NTP as ac- 
ceptors of AMP and show that ATp[yS] is a good adenylyl 
donor for the synthesis of Ap4N. 

The fluorescent eAp,,eA (&A, Nb-ethenoadenosine) deriva- 
tives have been chemically synthesized either starting from 
CAMP or cADP, and using standard chemical methods for the 
synthesis of Np,N, or by modification of Ap,,A with chlo- 
roacetaldehyde [7-101. Here we have tried to synthesize 
eAp4eA by incubating 2 mM EATP in standard reaction mix- 
tures. After 20 h of incubation, eAp4eA and eAp5eA were 
present at concentrations of 0.16 mM and 0.06 mM, respec- 
tively (Fig. 1 B). The synthesis of eAp5eA was due to con- 
taminating p4eA present in the commercial preparation of 
CAW. This experiment shows that eATP (inactive as substrate 
for light emission) [ll] is able both to form the complex E- 
LH,- CAMP and to accept the nucleotidyl moiety of the com- 
plex, to form eAp4&A. The synthesis of eAp4A was tested in 
standard reaction mixtures of 0.05 ml, containing equimolar 
concentrations (2mM) of AW[yS] and eAW. In this case, 
€Ap4A and cAp5A were synthesized at a final concentration 
of 0.36 mM and 0.1 mM, respectively, after 20 h incubation 
(Fig. 1 A). The identity of eApA, eAp4eA and eAp5eA was 
inferred, by their insensitivity and sensitivity to alkaline 
phosphatase and snake venom phosphodiesterase treatment, 
respectively (results not shown), by their relative elution time 
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Fig.3. Analysis by "P-NMR spectroscopy of the synthesis of 
Ap4G, from ATP[yS] and GTP, catalyzed by firefly luciferase. 
The reaction mixture (2.5 ml) contained 5 mM of both ATP[yS] and 
GTP. Other components were as indicated in the text. The reaction 
(2OOC) was initiated by the addition of luciferase. Experimental 
NMR conditions were as described in Materials and Methods. 31B- 
FJMR spectra were taken at 0-1 h, 5-6 h and 10-11 h intervals. 
After 20 h of incubation, the reaction was heated at 100°C for 90 s, 
centrifuged and the supernatant subjected to both 3'P-NMR (this 
figure) and 31H-NMR (Fig. 4 A) spectroscopy. The figures on top of 
the resonances, with their chemical shifts indicated between brack- 
ets, correspond to the following components: 1, y-phosphate of 
ATP[yS] (36.99 ppm) ; 2, reference of methylenediphosphonic acid 
(18.6 pprn); 3, Pi (2.53 ppm); 4, y-phosphate of GTP (-5.06 ppm); 
5, /?-phosphate of ADP (-5.62 ppm); 6, a-phosphate of ADP 
(-9.69); 7, a-phosphate of ATP[yS] and GTP (-10.17 ppm); 8, /?- 
phosphate of GTP (-10.77 ppm); 9, b-phosphate of ATP[yS] 
(-18.75); 10, a- and &phosphates of Ap4G (-20.18 ppm); 11, 8- 
and y-phosphates of Ap4G (-21.66 ppm). 
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Fig. 4. Analysis by '€I-NMR spectroscopy and HPLC of the syn- 
thesis of Ap4G, from ATP[yS] and GTP, catalyzed by firefly 
luciferase. The reaction mixture (2.5 ml) contained 5 mM of both 
ATP[yS] and GTP, as indicated in Fig. 3. After 20 h of incubation, 
the mixture was heated at 100°C for 90 s and centrifuged. A small 
aliquot (0.01 ml) of the supernatant was subjected to HPLC on a 
Hypersil ODS column. The rest of the supernatant was lyophilized 
to dryness, the residue resuspended in 0.5 ml of D,O and 'H-NMR 
spectrum was recorded as indicated in Materials and Methods. 'H- 
NMR spectra of both ATP[yS] and GTP were also taken in the same 
experimental conditions. (B) The letters on top of the HPLC corre- 
spond 40 the following compounds: a, GMP; b, AMP; c, GDP; d, 
ADP; e, GTP; f, ATP; g, ATP[ySl; h, Ap4G; i, ApA. (A) The 
numbers on top of the resonances, with their chemical shifts indi- 
cated between brackets, correspond to the following components : 
12, H8 of GTP (8.123 ppm); 13, H2 of ATP[yS] (8.497 ppm); 14, 
H8 of ATP[yS] (8.205ppm); 15, H2 (adenine) of Ap4G 
(8.383 ppm); 16 H8 (adenine) of Ap4G (8.123 ppm); 17 H8 (gua- 
nine) of Ap4G (8.021 ppm). 

In several attempts to scale-up the synthesis of Ap4N, 
reaction mixtures of 0.5-2 ml, containing equimolar 
amounts (2-5 mM) of ATP[yS] and NTP, were used. Other 
conditions were essentially as described in Materials and Me- 
thods, except that luciferase was added at a final concen- 
tration of 225 pg groteidml. Around 75% of the added NTP 

(as in our experimental conditions EATP elutes around 4 min 
later than ATP, one could expect that cAp.,A elutes later than 
Ap4A, etc.) and by their ultraviolet spectra (results not 
shown). 
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Table 2. Synthesis of Ap,N from ADP and NTP catalyzed by luciferase. The reaction mixture (0.05 ml) contained lucifeme (25 pg 
protein) and equimolar concentrations (2 mM) of ADP and each of the indicated nucleotide. Aliquots were withdrawn and analyzed by 
HPLC. Velocity (v) was calculated from the values obtained after 2 h of incubation. 

Nucleotide added NP"(d)N [Np.(d)NI after Rate of Np.(d)N 

2 h  20 h 40 h 
synthesis 

mM 

GTP 
P4G 

UTP 
CTP 
XTP 
dlTp 
dGTP 
dCTP 
dITP 

0.06 
0.04 
0.02 
0.06 
0.10 
0.10 
0.04 
0.06 
0.06 
0.06 

0.24 
0.14 
0.06 
0.30 
0.50 
0.24 
0.24 
0.22 
0.20 
0.28 

0.38 
0.20 
0.10 
0.46 
0.68 
0.50 
0.24 
0.36 
0.30 
0.44 

u/g 

0.50 
0.30 

0.50 
0.80 
1.20 
0.30 
0.50 
0.50 
0.50 

2 h  144 i f 

68i;: j k  
-8 

ATPtP5 
d4 d5 

a h f  ;& 
-8 

ATP*P3 
I d5 

-8  

il k ,  
-8 

5 15 25 35 
Tlrne 

20h 
192 7 

4 5  g2L -8 d33 

ATP+P3 '::b 'h ;dL 
-8 

192 1 
d4 ATP 

4 

5 15 25 35 
(mid 

Fig. 5. Synthesis Ap,,A, in the presence of ATP and Pa catalyzed 
by firefly luciferase. The standard reaction mixtures (0.05 ml) con- 
tained 2 mM ATP, in the absence or presence of 2 mM concentration 
of each of the following polyphosphates: P3, P5, PIS,  P35. After 2 h 
and 20 h of incubation, 0.01 ml were withdrawn and analyzed by 
HPLC. Absorbance was measured at 260 nm. Figures (n or dn) on 
top of the peaks refer to p.A or ApaA, respectively: 4, PA; 5. p5A; 
d4, A p a ;  d5, ApSA etc. The part of the chromatogram marked N 
is enlarged in Fig. 6. 

was transformed into the corresponding Ap4N with no detect- 
able (or minor) synthesis of Np4N. The results of one experi- 
ment performed in I-ml reaction mixtures containing equi- 
molar amounts (2mM) of ATP[yS] and N T P  (CTP, U", 
XTP, GTP, I", dGTP, dCTP or dITF'), are shown in Fig. 2. 
After incubation for 24 h at 30°C. the mixtures were treated 
with alkaline phosphatase to eliminate residual nucleoside 5'- 
phosphates; small aliquots (around 3 pl) were chromato- 
graphed on a Mono Q column (Fig. 2) to establish the extent 

Q 
0 
C 
0 

g 
d a 
X 

d5 

ATPIPQIAP 
44]c d5 

"s 2zk 0 

i d4 

38 

0 
25 30 35 25 30 35 

Time (min) 
Fig. 6. Synthesis of Ap.A in the presence of ATP and P5 or PIS. 
The two chromatograms in A and B correspond to enlarged parts of 
the chromatograms marked with N in Fig. 5 ,  and obtained after 20 h 
incubation. The chromatograms in C and D were obtained from 
identical reaction mixtures as above, but treated further with alkaline 
phosphatase (2 U for 2 h) to hydrolyze p.A. Figures (n or dn) on 
top of the peaks correspond to p.A (n) or Ap.A (dn), as explained 
in Fig. 5. 

of the reaction. The Ap4N formed represented from 62-78% 
of the molar input of NTP. Purification of Ap$J was ac- 
complished by processing 0.5-ml aliquots of the reaction 
mixture through the same Mono Q column and eluting as in 
Fig. 2 (results not shown). 

Further evidence for the synthesis of Ap4N was obtained 
by NMR spectroscopy. In this case, synthesis of Ap4G was 
approached because 'H and 31P spectra of this compound had 
been previously reported [12, 131. The reaction mixture, in a 
final volume of 2.5 ml, contained 50 mh4 HepesKOH, pH 
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Table 3. Synthesis of p,,A and Ap,,A from ATP and polyphosphates, catalyzed by luciferase. The reaction mixture (0.05 ml) contained 
luciferase (25 pg protein), ATP and the polyphosphates indicated (each at 2 mM). At the indicated times, aliquots were withdrawn and 
analyzed by HPLC. Figures indicate percentage of the total absorbing material in the reaction mixture, calculated as described in the text. 
- percentage below 0.5%. 

Nucleotide Substrate(s) 
synthesized 

ATP ATP + P3 ATP + P 4  ATP + P3 ATP + Pis AW + F'35 

2 h  20h 2 h  20h 2 h  20h 2 h  20h  2 h  20h  2 h  20h  

3 7 5 8 8 12 
5 8 3 7 3 7 

40 1 11 1 6 0.5 

44 16 1 3 
52 84 14 9 10 10 

58 42 
23 58 

0.8 

0.5 
12 22 

3 
3 
4 

17 
16 
18 
12 
4.5 
1.4 
8.6 
1 
5.3 
0.6 - 

0.6 

0.5 
- 

- 
- 
- 
- 
- 
- 

6 
15 
1 

11 
5 
8 

19 
5 

12 
0.9 
5 

5 

1.7 
0.8 
1 

0.6 

- 

- 

- 

- 
- 
- 
- 
- 
- 

4 
2 

22 

4 
46 

6 
3 
7 
0.7 
1.5 

1 

- 
1 
0.9 
0.6 
0.5 
0.5 

- 
0.5 
8.6 

0.5 

- 
0.5 - 

6 
4 

3 
22 
4 
6 
4 
7 
3 
6 
3 
4 

3 
2 
3 
2 

1.4 
2 

- 

- 

1.4 
1.4 
0.9 
1.2 
1 
0.8 
0.6 
2 
1.1 
0.5 

3 6 
3 8 

74 29 

7.5 8 
8 15 

3 
0.9 4 
8.8 6 
0.5 8 

2 

3.5 - 

1.5 
0.5 
1.1 
0.5 
0.6 - 

- 
0.8 

- 
- 

7.5,5 mM ATP[yS], 5 mM GTP, 0.5 mg protein of luciferase, 
0.1 mM luciferin, 12 mM MgCl,, 0.1% bovine serum albu- 
min, 2.5 U pyrophosphatase and D,O (43% final concen- 
tration). The reaction was followed by 31P NMR at 20°C as 
indicated in Materials and Methods. The spectra were ac- 
quired during 1 h at the intervals indicated in Fig. 3. In the 
first spectrum of the mixture, taken at 0- 1 h, resonances due 
to the presence of ATP[yS], GTP, ADP/GDP were detected. 
Assignments of the resonances corresponding to ATP[yS] 
were made both according to [14] and also determined with 
a standard of the authentic compound (results not shown). 
%o resonances (10 and 11) appear in the spectra taken dur- 
ing the 5-6 h and 10-11 h intervals (Fig. 3) corresponding 
to the a- and &phosphates, and j?- and y-phosphates of Ap4G, 
respectively. The reaction was stopped after 20 h incubation, 
by heating at 100°C for 90 s. The reaction mixture was cen- 
trifuged and the supernatant subjected to 31P-NMR spec- 
troscopy (Fig. 3). Previously, a small aliquot (0.01 ml) was 
withdrawn for a HPLC run (Fig. 4, B). At this time, the major 
resonances (10 and 11, Fig. 3) of the 31P spectrum were due 

to the presence of Ap4G. After performing this spectrum, the 
supernatant was lyophilized to dryness, the residue resus- 
pended in 0.5 ml D,O and a 'H-NMR spectrum was recorded 
as indicated in Materials and Methods (Fig. 4 A). The syn- 
thesis of Ap4G is now further confirmed by the appearance 
of the following resonances: 15 (H2, adenine of Ap4G), 16 
(HS, adenine of Ap4G), 17 (H8, guanine of Ap4G). The re- 
maining resonances of the spectrum, i.e 12, 13 and 14, 
corresponded to ATP[yS], and GW, as indicated in Fig. 4 A. 
In summary, the results of the analysis of the reaction mix- 
ture, after 20 h incubation, by HPLC (Fig. 4 B), 'H-NMR 
(Fig. 4, A) and 31P-NMR spectroscopy (Fig. 3) show that lu- 
ciferase catalyzed the synthesis of Ap4G from ATp[yS] and 
Gll? 

It should also be stressed that most of those Ap4N are not 
commercially available, they are not present or are not easily 
isolated from biological sources and their chemical synthesis 
is more tedious and time-consuming than the luciferase 
method. If needed, several approaches [15] for the purifi- 
cation of Ap4N can be followed: after heating the reaction 
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Fig.7. Retention time of compounds of the p,,A and ApA type, 
on Hypersil ODS column, vs number of phosphates (n). The re- 
tention times of pmA (n = 1-4) and ApmA (n = 3-6) were deter- 
mined after chromatography of the standard commercially available 
compounds. The mobility of the other nucleotides were inferred as 
described in the text, using data from Figs 5 and 6. (+) Ap.A; (0) 
PnA. 

mixture at 100°C for 1.5 min (either directly or after its treat- 
ment with alkaline phosphatase (5 U/ml for 1-2 h), and sub- 
sequent centrifugation, Ap4N in the supernatant can be easily 
purified by standard procedures, i. e. TLC [16], DEAE-cellu- 
lose [17,18], DEAE-Sephadex [19] or Mono Q chromatogra- 
phy with ammonium bicarbonate gradients (Fig. 2). boronate 
chromatography [20, 211, etc. 

Synthesis of Np4N, other than Ap4A, with NTP 
The synthesis of Np4N catalyzed by luciferase, in the 

presence of only one NTP other that ATP, was already shown 
to take place with p4A, dATP and to a lesser extent with GTP 
[5]. We tested whether after prolonged incubation time in 
the presence of high concentrations of "IT, synthesis of the 
corresponding Np4N could be achieved. For that purpose, 
ATP, GTP, CTP, UTP and XTP were incubated by separate 
in standard reaction mixtures (see Materials and Methods) at 
a final concentration of 4 mM, for 20, 44 and 70 h at room 
temperature. After 20 h of incubation, the synthesis of Ap4A, 
Gp4G, Cp4C, Up4U and Xp4X was 91%,33%, 7%, 1.5% and 
3%, respectively, of that expected if the total amount of "IT 
would have been transformed into the corresponding Np4N. 
The incubation for 44 h did not increase significantly the 
above yields and, after 72 h incubation, degradation of pre- 
viously formed Np.,N was observed, favoured by the pres- 
ence of residual N T P  [5] .  

Synthesis of Ap4N from ADP and NTP 
The commercial preparation of ATP[yS] used in this 

work contained 20% of ADP, evidenced by HPLC. This 
value increased up to 30% after heating samples of ATP[yS] 
during 1.5 min at 95°C. Both factors explained the system- 
atic presence of ADP in reaction mixtures containing 
ATP[yS] plus NTP (Fig. 1). The question arose whether ADP 
or ATP[yS] were the true donors of the adenylyl moiety of 
the E-LH,-AMP complex. The synthesis of Ap4N was tested 
in the presence of ADP and each of the following nucleo- 
tides: GTP, p4G, UTP, GTP, CTP, XTP, d T P ,  dGTP, dITP 
and dCTl? Synthesis of the corresponding Ap.N nucleotides 
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Fig. 8. Splitting of Ap& in the presence of P. catalyzed by firefly 
luciferase. The standard reaction mixtures (0.05 ml) contained 
ApA, and P3, P4 or P5, at 2mM final concentrations. Reactions 
were run in the absence or presence of pyrophosphatase (0.05 U). 
After 2 h and 20 h of incubation, 0.01 ml was withdrawn and ana- 
lyzed by HPLC. The chromatographic profiles of the reactions ob- 
tained in the presence of pyrophosphatase (and P,, P4 or P5) or 
absence of pyrophosphatase (and in the presence of P3) are re- 
presented in the figure. Absorbance was followed at 260 nm. The 
figures on the top of the peaks correspond to the following nucleo- 
tides: 1, AMP; 2, ADP; 3, ATP; 4, p4A; 5, psA; 6, ApA;  7 ApsA; 
8 Ap6A. 

were obtained in all cases. However, the rate of the synthesis 
(measured after 2 h of incubation) was much lower than that 
obtained in the presence of ATP[yS], indicating that ATP[yS] 
was, at least, a better substrate than ADP to form the com- 
plex E-LH,-AMP (Table 2). The fact that both commercial 
luciferase preparations used in this work (Sigma and Boehr- 
inger) contained traces of adenylate kinase and NDP kinase 
made uncertain whether ADP, or ATP generated in situ from 
ADP, was the true substrate of the reaction. We are more in 
favour of the second possibility, since picomolar amounts of 
ATP suffice to elicit formation of the complex E-LH,-AMP 
(and hence to emit light) whereas higher concentrations of 
ATP or NTF' (miIlimoIar K,) are needed to synthesize Ap4A 

Ap4N [ 1 -41. 

Synthesis of ApnA from ATP and P, 
Preliminary experiments had shown that a P3 chain, in 

the absence of the 5'-attached nucleoside, was also acceptor 
of the adenylyl moiety of the E-LH,-AMF' complex. To ex- 
plore further this finding, luciferase was incubated, in 
0.05 ml standard reaction mixtures, in the presence of equim- 
olar concentrations (2 mM) of ATP and each one of Ps, P4, 
P5 ,, P,, 3, P35 4. Controls in the absence of P. and in the 
presence of trimetaphosphate (a P, with cyclic structure) 
were carried out. The presence of trimetaphosphate did not 
affect the rate or the extent of synthesis of Ap4A from AT€? 
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When the reaction was supplemented with P,, rapid synthesis 
of p4A, ApSA and Ap4A took place after 2 h of incubation 
(Fig. 5, Table 3), indicating that P,  was acceptor of AMP 
from the E-LH,-AMP complex, yielding p4A, and Ap,A was 
synthesized from p4A. Since the rate of synthesis of Ap4A 
was less than that of p4A, P, seemed to be a better acceptor 
of the adenylyl moiety of the complex than ATP. After 20 h 
incubation in the presence of P,, ATP had been transformed 
preferentially into Ap5A and p4A (Fig. 5,  Table 3). Similarly, 
preferential synthesis of p,A and A p d  was obtained after 
2 h incubation in the presence of P,. The results obtained in 
the presence of ATP plus P5, P,, or P,, showed the formation 
of a variety of p,A and Ap.A with no appreciable specific 
synthesis of the corresponding pn + ,A and Ap. + ,A nucleo- 
tides. 

The following indirect approach was used to characterize 
(A)pnA. The standard commercially available nucleotides 
(AMP. ADP, AW, p4A, A p A  Ap4A, A P A  A p A  were 
chromatographed in the same experimental conditions and 
used to characterize the corresponding unknown (A)pnA. 
Compounds of ApnA and p.A type can be easily dis- 
tinguished by their (in)sensitivity to alkaline phosphatase; 
hence, reaction mixtures containing P,, P4, P5, Pis and P,,, 
and incubated for 23 h, were chromatographed before and 
after extensive treatment with alkaline phosphatase; the re- 
sults obtained with P5 and p,, are presented in Fig. 6; as tRe 
synthesis of pnA and ApnA takes place by increasing the 
number of phosphates one by one (because of the addition 
of one molecule of AMP either to a chain of polyphosphates 
or to a pnA derivative), consecutive numbers of phosphates 
can be assigned to the peaks of the Ap,A type appearing 
successively in the chromatograms of reaction mixtures 
treated with alkaline phosphatase (Fig. 6). By the same 
token, the p,A compounds were identified both by their chro- 
matographic position and by the behaviour (disappearance or 
diminution) of some peaks after the phosphatase treatment. 
In this way, we could represent mobility (in our HPLC con- 
ditions) of all these compounds versus number of their, 
known or estimated, phosphates (Fig. 7). Based on the above 
assignments, and on the area of the corresponding peaks, the 
yield of each one of the adenine nucleotides synthesized in 
reaction mixtures containing P,, P5, P,, and P,, was calcu- 
lated (Table 3). 

These results support the occurrence in luciferase of two 
binding sites for ATP, as previously shown by others [2], 
using ligand binding techniques. One site binds Mg-ATP [2] 
with high affhity and specificity to form the E-LH,-AMP 
complex; an adenosine residue with an intact a-phosphate is 
essential for the formation of the complex. The other site, 
less specific, binds ATP and AMP [2], and is probably the 
site where ATP, and chains of P2, P3, P,, and P, bind, 
with low affinity, to accept the adenylyl residue of the E- 
LH,-AMP complex, to synthesize (A)pnA. 

The variety of pnA and Ap,A obtained in the presence of 
P,, P,, or P,, could be due not only to the occurrence of 
polyphosphates of several chain length in the corresponding 
commercial preparations (see Materials and Methods) but 
also to the cleavage of polyphosphates catalyzed by lucifer- 
ase in the presence of ApnA. This last aspect was tested in 
standard reaction mixtures containing equimolar concen- 
trations (2 mM) of Ap4A and P2, P,, P4 or P5 (Fig. 8). Reac- 
tions were run for 2 h and 20 h in the presence or the absence 
of pyrophosphatase, respectively. In the presence of P2, ATP 
was synthesized as previously shown [ J ] .  In reaction mix- 
tures containing P, or P4, p4A and ApSA (Fig. 8) or p5A and 
ApsA were synthesized, respectively. The results obtained in 

the absence of pyrophosphatase were rather similar, except 
that ATP was also synthesized (Fig. 8). However, Ap4A was 
not split in the presence of P5 or in the absence of polyphos- 
phates. These results confiied that in the presence of Ap,A, 
luciferase forms the complex E-LH,-AMP If no acceptor of 
the AMP moiety of the complex is present, the reaction does 
not go beyond this step, and practically no hydrolysis of 
A p a  is observed (Fig. 8 [5]). However, if one acceptor of 
AMP is present, for example P3, formation of p4A and Ag5A 
takes place. In accordance with those results it is possible 
that Ap5A and A p d  are also split by luciferase, what may 
explain the variety of pnA and Ap,A found in the presence 
of ATP and polyphosphates. 
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