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The structure of firefly luciferin has been confirmed by X-ray diffraction analysis. The compound, 
ClIH803N2S2, forms orthorhombic crystals, space group P2x2121, with cell dimensions a=9.410, b= 
22.956, and e= 5-370 A: there are four molecules in the unit cell. The structure was refined by least- 
squares calculations to an R index of 0.054 for 841 non-zero reflections collected on a diffractometer 
with Co Ke radiation. 

Introduction 

The blue-green flash of the firefly has been shown to 
result from the oxidation of the substrate luciferin 
to yield as a final product dehydroluciferin (Fig. 1). 
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Fig. 1. Oxidation of luciferin. 

E + ATP + LH 2 

[E-LH2-A~ ] ÷ 0 2 

[E-L. C O)-A~] * PP 

E = Luclferase 

LH 2 = Luclferln 

PP = Pyrophosphate 

Mg++ - [~_LHz_A~ 3 . pp C I 

-[E-L'(0)-A~3 + ~20 + Zlght (2) 

-~ [E-ATP~ + L'(O) (3) 

ATP = Adenosine trlphosphate 

AMP = Adenosine monophosphate 

L'(0) = Oxidized luoiferin 

Fig. 2. Proposed reactions in the enzymatic oxidation of luci- 
ferin. 

The enzyme luciferase which catalyzes this reaction 
in fireflies is stereoselective with respect to the asymmet- 
ric center and the luminescent event occurs only when 
the o ( - )  isomer is oxidized. The chemical structure of 
o( -- )-luciferin was confirmed by a synthesis involving 
the condensation of 2-cyano-6-hydroxybenzthiazole 
and o( -- )-cysteine. The condensation product em- 
ploying the L(+)-cysteine was inoperative in the pro- 
duction of the light burst in the enzyme system (White, 
McCapra,  Field & McElroy, 1961; White, McCapra & 
Field, 1963). 

The series of reactions shown in Fig. 2 have been 
suggested to explain the observed kinetics of lumin- 
escence when o(-)- lucifer in ,  adenosine triphosphate, 
and luciferase are mixed in the presence of Mg 2+ and 
O2 (McElroy & Seliger, 1963). An interesting feature 
of the proposed reaction (1), Fig. 2, is the formation 
of the luciferyl-AMP bond which involves the car- 
boxyl group of luciferin and the primary phosphate 
group of adenosine monophosphate. Information 
regarding the absolute configuration of the carboxyl 
group is essential to studies concerned with the posi- 
tioning of the substrate on the enzyme surface. It 
should be noted that dehydrolyciferin may be the 
isolable oxidized form of luciferin but it is thought not 
to be identical with the product L .  (O), a bound 
oxidized form of luciferin associated with an atom of 
oxygen. 

This investigation was undertaken to determine 
the geometry of the luciferin molecule and, particularly, 
its absolute configuration. 

A C 2 9 B  - 9 
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Experimental 

Crystals of synthetic D( -- )-luciferin were obtained 
from E. I. du Pont de Nemours and Company, Wil- 
mington, Delaware. A small, plate-like crystal was 
chosen for use in the X-ray investigation. A precession 
camera survey of the crystal exhibited extinctions 
characteristic of space group P212z21. The unit-cell 
dimensions obtained from measurements of 20 angles 
on a Datex-automated General Electric diffractom- 
eter are a=9 .410  (3), b=22.956 (3), c=5 .370  (1) +A. 
The density calculated for the crystals is 1.605 g cm -3, 
assuming four molecules per unit cell. Intensity data 
were collected on the diffractometer with Fe-filtered 
Co Km radiation (2 = 1.7902 ,&.) to a maximum 20 angle 
of 140 ° (dmin=0"95 ~). A 0-20 scan technique was 
employed, background was counted for 30 sec at each 

1 o end of the scan, and the scan rate was ~ per rain in 20. 
Three check reflections, 200, 101, and 020, were 
monitored every 50 reflections. The variations in their 
intensities were well within counting statistics. 

All calculations of this analysis were carried out 
under the CRYM crystallographic computing system 
on an IBM 360/75 computer. [The CRYM system is 
based on the CRYRM system for the IBM 7094 
computer (Duchamp, 1964).] The data were corrected 
for Lorentz and polarization effects; but no correc- 
tions for absorption were made (/+=62 cm-l ) .  Both 

the hkl and hkl octants of data were collected; these 
totalled 1438 in number of which 1395 were measur- 
able above background. The averaging of 'equivalent' 
reflections yielded 841 non-zero reflections. This 
averaged set of data was used in the determination and 
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refinement of the structure. The unaveraged data were 
used only to determine the correct configuration of the 
molecule. The standard deviations of the intensities 
were calculated on the basis of the following equation: 

az(I) = S + (B1 + B2)~ 2 + (dS) 2 

where S is the scan count, Bx and B2 are the back- 
ground counts, d is an empirical constant set equal to 
0.02, and a is the ratio of scan time to total background 

time. Finally, the data were placed on an approximate 
absolute scale by Wilson statistics (1942). 

Determination and refinement of the structure 

Fhe positions of the sulfur atoms were determined 
from a three-dimensional Patterson map. A sequence 
of structure factor, Fourier and difference Fourier 
calculations led to the complete elucidation of the 
structure. Initially some difficulties in the interpreta- 
tion of these maps were encountered because the two 
sulfur atoms chosen and assumed to be in the same 
molecule were actually in different molecules. This 
mcorrect assumption resulted from the fact that these 
two atoms have an intermolecular contact of only 
3.73/~, which lies in the region between the expected 
distances for cis- and trans-related sulfur atoms. 
After the resolution of this problem, the solution of 
the structure proceeded smoothly. 

The structure was refined by full-matrix least- 
squares techniques. The quantity minimized in the 
least-squares calculation was ~w(FZ~ 2 2 -Fo), the weights 
being taken equal to 1/a2(FoZ). The atomic scattering 
factors for C, N, O, and S were taken from Interna- 
tional Tables for  X-ray Crystallography (1962). The 

Fig. 4. A composite of sections of a three-dimensional differ- 
ence Fourier map through each of the hydrogen atoms, 
viewed down the c axis. The lowest contour is at 0.2 e A -3. 
The successive contours are at 0-3, 0.4 . . . .  e/~-3. 

Table 2. Compar•on o f  the stereobsomers 

D(--) L(+) 
R -ZIIF°I-IF~II 7.0% 8.5% 

Y lFol 

R'= Yw(IF°lZ-I Fcl2)Z 1.5 2.3 
7. wlFol 4 

( 7 w(lF°12- lFcl2)2 ) s 2"6 3"2 

~ 0  [I I) 
~k 

C [ 5 1 ~  ] 

N Iql ~ S  Ill 
C(3) 

~N c13~ S ( 2 ) ( ~ ~  ~ )N(I 
c C l S ~  

~ 0 [171 

o ciB)~ 

~ o  [111 

J - ,  

C [ 5 ~  

N CLII ~ S  III 

C l l S ~  

0 [ 1 8 1 ~  [171 

Fig. 5. Stereoscopic view of the luciferin molecule. 
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Table  3. Heavy-atom parameters and their standard deviations 

The values have been multiplied by 10 ~. The temperature factor is in the form 
T= exp [ -  (btLh" + bz,. k 2 + b~312 + bl2hk + bl3hl + b2~kl)]. 

x y z bll b22 b~3 b12 b13 b23 
S(1) 5415 (2) 8822 (1) 7765 (5) 102 (2) 10 (0) 471 (13) - 1 0  (2) 101 (10) - 2 7  (4) 
S(2) 2261 (2) 7458 (1) 9446 (5) 105 (3) 14 (0) 512 (12) -21  (2) 70 (11) - 1 7  (4) 
C(3) 4002 (7) 8451 (3) 9090 (17) 71 (9) 9 (1) 501 (46) 1 (5) 10 (38) - 2 8  (14) 
N(4) 3363 (6) 8709 (2) 10919 (14) 77 (7) 11 (1) 415 (33) - 12 (5) 43 (30) - 1 (12) 
C(5) 3996 (7) 9247 (3) 11374 (16) 73 (8) 10 (1) 443 (47) - 0  (6) 13 (37) - 1 7  (14) 
C(6) 3571 (8) 9635 (3) 13224 (18) 86 (10) 16 (2) 510 (54) - 9  (7) 75 (41) - 9  (15) 
C(7) 4292 (8) 10155 (3) 1344-9 (18) 96 (10) 14 (2) 504 (54) - 5  (7) 17 (40) - 4 8  (15) 
C(8) 5436 (7) 10282 (3) 11932 (17) 83 (9) 10 (1) 508 (47) - 6  (6) - 3 7  (41) - 2 4  (14) 
C(9) 5878 (8) 9908 (3) 10094 (18) 86 (9) 1! (1) 503 (53) - 13  (6) 92 (39) 18 (14) 
C(10) 5136 (7) 9381 (2) 9870 (16) 80 (9) 9 (1) 425 (45) 0 (6) - 2  (35) - 14 (12) 
C(II) 6190 (5) 10792 (2) 12177 (12) 130 (7) 12(1) 601 (36) - 2 3  (4) 69 (31) -48(10)  
O(12) 3626 (7) 7871 (3) 8100 (17) 76 (9) 9 (1) 460 (44) 4 (6) 0 (38) - 17 (14) 
N(13) 4332 (6) 7662 (2) 6286 (13) 103 (8) 7 (1) 480 (37) 2 (5) - 8  (33) 8 (10) 
C(14) 3881 (8) 7052 (3) 5785 (19) 100(9) 11 (1) 414 (44) - 4  (6) 19 (40) - 3 4  (15) 
C(15) 2420 (8) 6962 (3) 6836 (19) 103 (11) 13 (1) 490 (50) - 6  (7) - 93  (38) - 4 3  (15) 
C(16) 5007 (8) 6656 (3) 6961 (20) 90 (10) 12 (2) 555 (55) 9 (7) - 101 (42) - 4 0  (16) 
O(17) 6273 (5) 6717 (2) 5960 (13) 93 (7) 20 (1) 563 (32) 26 (5) - 45  (27) 22 (12) 
O(18) 4783 (6) 6327 (2) 8653 (13) 173 (9) 19 (1) 670 (41) 9 (6) -31 (35) 144 (12) 

a tomic  scat ter ing factor  for  H is tha t  given by Stewart ,  
Dav idson  & Simpson  (1965). 

Af ter  several cycles of  ref inement  o f  the coord ina tes  
and  an iso t rop ic  t empera tu re  factors of  the non-  
hydrogen  a toms,  the pos i t ions  o f  the hydrogen  a toms  
bonded  to ca rbon  a toms were calculated.  These posi- 
t iona l  coord ina tes  were then included in the least- 
squares calculat ions.  The  pos i t ions  of  the two re- 
ma in ing  hydroxyl  hydrogens  were de te rmined  f rom 
a difference Fourier .  The coord ina tes  for the hydroxyl  
hydrogens  and  the i so t rop ic - tempera ture  parameters  
of  4.5 A 2, assigned to all o f  the hydrogen  a toms,  were 
no t  refined. In the final cycles o f  ref inement  a secondary  
ext inct ion factor  was inc luded;  the expression used is 
Fcorrected2 __-(Foal)2/1 +gfl(FcaO 2 (Larson,  1967). The final 
value ob ta ined  for the factor  g is 9.6 ( +  1.3) × 10 -6. 
The  final R index, Y.[IFoI-IFcII/Y.IFo[, is 0.054; the 
weighted R index, Y w(F2o - 2 2 4 Fc) /~wFo,  is 0.007; the 
'goodness-of-f i t ' ,  [~w(F2o-FZ~)2/(m-s)] ~,'z (where m is 
the n u m b e r  o f  observat ions  and  s is the n u m b e r  of  
paramete rs  being refined), is 1.85. The observed and  
calculated s t ructure  factors,  Fo and  Fc, and  the cal- 
cula ted phase  angles are listed in Table  1. 

Before the final cycles o f  least squares were cal- 

Table  4. Hydrogen atom parameters 
and their standard deviations 

The values have been multiplied by 103 . Atoms without indi- 
cated standard deviations were not refined. All hydrogen atoms 
were assigned an isotropic temperature factor of 4-5 A'. 

x y z 
H(19) 380 (7) 956 (3) 1402 (15) 
H(20) 407 (7) 1042 (3) 1461 (15) 
H(21) 668 (6) 999 (3) 933 (15) 
H(22) 392 (8) 700 (3) 387 (14) 
H(23) 218 (7) 657 (3) 756 (15) 
H(24) 176 (7) 704 (3) 558 (16) 
H(25) 706 656 711 
H(26) 582 1100 1376 

culated,  s t ructure  factors  were calculated for the two 
s tereoisomers  using all 1395 reflections, bo th  hkl and  
hkl. On the basis o f  the results of  these computa t ions ,  
shown in Table  2, the correct  isomer could  be easily 
chosen.  The a n o m a l o u s  dispersion correc t ions  for S, 
A f ' = 0 . 3 3  and  A f " = 0 . 7 5 ,  were derived by in terpola-  
t ion of  the table of  C romer  (1965). 

The refined a tomic  parameters  for  the non -hyd rogen  
a toms  are given in Table  3 and  for the hydrogen  a toms  
in Table  4. The shifts calculated for the parameters  in 
the final cycle of  least squares were all less t han  one- 
ten th  of  the s t andard  deviat ion.  

Discussion of the structure 

A compos i te  of  sections of  a th ree-d imens iona l  elec- 
t ron  density map  t h rough  the a toms of  the molecule  is 
shown in Fig. 3. Fig. 4 is a compos i te  of  sections of  a 
three-d imens ional  difference Four ier  m a p  th rough  the 
hydrogen  atoms.  A stereoscopic view (Johnson ,  1965) 
showing the s t ructure of  the molecule  and  the thermal  
ell ipsoids for  the a toms  is given in Fig. 5. A n o t h e r  

Table  5. Bond distances and angles 
involving hydrogen atoms 

C(6)--H(19) 0-86 ,~ C(5)--C(6)--H(19) 118 ° 
C(7)--C(6)--H(19) 123 

C(7)--H(20) 0.90 C(6)--C(7)--H(20) 123 
C(8)--C(7)--H(20) 116 

C(9)--H(21) 0.90 C(8)--C(9)--H(21) 119 
C(10)-C(9)--H(21) 123 

C(14)-H(22) 1.04 N(13)-C(14)-H(22) 106 
C(15)-C(14)-H(22) 113 
C(16)-C(14)-H(22) 109 

C(I 5)-H(23) 1 " 0 1  S(2)--C(15)-H(23) 104 
C( 14)-C(15)-H(23) 119 

C(I 5)-H(24) 0.93 S(2)--C(15)-H(24) 113 
C(14)-C(15)-H(24) 108 
H(23)-C(15)-H(24) 107 

O(17)-H(25) 1.03 C(I 6)-O(17)-H(25) 112 
O(11)-It(26) 1 . 0 3  C(8)--O(11)-H(26) 107 
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stereoscopic view showing the packing of the mol- 
ecules in the unit cell is shown in Fig. 6. 

The bond lengths and angles between the non- 
hydrogen atoms are shown in Fig. 7. Based on the 
standard deviations of the coordinates, the estimated 
standard deviation in the C-S bonds is 0.007 A and in 
bonds involving C, N, and O is 0.01 A. The estimated 
standard deviation in the bond angles at the sulfur 
atoms is 0.3 ° and in bond angles involving C, N, and 
O is 0.6 °. Bond distances and angles involving H-atoms 
are given in Table 5. The estimated standard devia- 
tions in the bond lengths and bond angles involving 
H atoms are 0.07 A and 4 °. 

The benzothiazole system is planar within exper- 
imental error. The least-squares plane through the 
nine atoms of this group is given by the equation: 

- 0.6241 X +  0.4343 Y -  0.6495Z = 2.294 

where the coordinates are in ~ngstr6ms. The deviations 
of the atoms from this plane are: 

S(1) 0.0045/~ C(3) 0.0023 ]k 
N(4) -0.0027 C(5) 0.0027 
C(6) -0.0055 C(7) 0 0108 
C(8) -0.0055 C(9) 0 0023 
C(10) -0.0089.  

The bond angles in the benzene ring, C(5) through 
C(10), are significantly distorted from an expected 
value of 120 °. The group S(1)-C(3)-C(12)-S(2) exhibits 
a torsional angle of - 176.2 °. 

The C-H bonds of the benzene and thiazoline rings 
seem to fall naturally into two groups. The average 
bond distance, C-H,  for the benzene ring is 0.89 A and 
for the thiazoline ring is 0.99 A. Based upon the Z 2 
distribution and the estimated standard deviation in 
the C-H bond lengths of 0-07/~,, the probability that 
these six bonds are in fact identical is 30 %. 

Both of the hydroxyl hydrogen atoms are involved 
in hydrogen bonding. The distances and angles for 
these intermolecular interactions are: 

O(11)..O'(18) 2.71 A. 
O(17). . .  N'(4) 2.76 
C(8)--O(11). . .O'(18) 107 ° 
C(16)-O(17).. .  N'(4) 111 

As was pointed out above, there is also a short inter- 
molecular S(1). . .  S'(2) contact of 3.73 A,. 

An abstract of this paper was submitted on Novem- 
ber 13, 1970 for the winter meeting of the American 
Crystallographic Association in Columbia, South 
Carolina (Stanford & Dennis, 1971). After this meeting 
a brief report of a parallel investigation on the structure 
of luciferin was published by another group (Blank, 
Pletcher & Sax, 1971). This team solved the structure 
by direct methods. 

The major difference between these two analyses lies 
in the measurement of the unit-cell dimensions. The 
dimensions given by Blank, Pletcher & Sax (1971) are 
a=9.248, b=  22.970, and e= 5.331 A. Although no 
estimate of the errors in these values is given by the 

- - - - . . - _ _ _ . _  

/ 

C / A C 

<D 

J 
Fig. 6. A stereoscopic view showing the packing of the luciferin molecules in the unit cell, 
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authors, it is clear that their results differ significantly 8.o 
from those of this paper. 

In spite of this discrepancy, information about the ?o 
errors in the positional coordinates can be obtained 
from a half-normal probability plot analysis (Abra- 
hams & Keve, 1971). In Fig. 8 the ordered, exper- 6.0 
imental values of 6p are plotted against the expected 
values of ~p (Hamilton & Abrahams, 1972). The 5o 
quantity 6p is the ratio A/a, where A is the difference co 
between a corresponding pair of coordinates from the ,~ 
two structure analyses and a is the standard deviation ~ 4-o 
of this difference, based on the standard deviations of ,,~' 
the coordinates derived from the least-squares refine- o 3.o 
ments. 

The points of Fig. 8 do not fall along a straight line, 
indicating some systematic error in one or both of the z.o 
analyses. The slope of the line given in Fig. 8 is 2.0, 
showing that the standard deviations of the coordinates I-o 
from both structure determinations have, on the 
average, been underestimated by a factor of 2.0. 

The authors gratefully acknowledge the assistance 
of Miss Lillian Casler in the preparation of drawings 

I I 
1.0 2O 

Expected 8p 
5.0 

Fig. 8. Half-normal probability plot for the 54 position co- 
ordinates refined in the two independent structure analyses. 

{11} 

137 

_•140 [Tn, 

"-~173 

.J•49 :lq 
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12( 

Fig. 7. Bond distances and angles for the heavy atoms of 
luciferin. 

and of Miss Allison Kimball in the preparation of the 
manuscript. 
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