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Cyclic Uridine-3',5'-Phosphate: 

Molecular Structure 

Abstract. The crystal structure of the 
triethylammonium salt of cyclic uridine- 
3',5'-phosphate was solved by use of 
the tangent formula to refine phase 
angles based upon the positions of six 
of the atoms. The two independent 
uracil rings are planar and in the keto 
form. The base-sugar torsion angles are 
in the anti range. The sugar puckering 
is C3'-endo, and the ribose conforma- 
tion about the C5'-C4' bond is trans- 
gauche. 

Ribonucleic acid is a polynucleotide in 
which the monomeric units are bonded 
together through phosphodiester link- 
ages between the C3' and C5' atoms of 
adjacent sugars. Ribonucleotides con- 
taining a cyclic phosphate ester are in- 
termediates in the breakdown of RNA 
by ribonuclease, acid, or alkali (1). 
Moreover, the preparation of cyclic 
3',5'-ribonucleosides was important in 
the synthesis of the specific 3',5'-phos- 
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of cyclic uridine-3',5'-phosphate (3',5'- 
UMP) in order to determine the con- 
formation and stereochemistry of the 
molecule. Precise stereochemical and 
structural information about nucleosides 
and nucleotides is of importance in the 
development and evaluation of hypoth- 
eses regarding the structure and reac- 
tion mechanisms of nucleic acids and 
related species. Recent publications 
(3-5) have compared the results of 
studies of crystal structure of nucleo- 
tides and of a 2',5'-dinucleoside phos- 
phate (6) in order to draw conclusions 
regarding favorable conformations for 
these molecules. Sundaralingam ana- 
lyzed the furanose ring conformations 
in nucleic acids (7) and, on the basis 
of this work and stereochemical con- 
siderations, predicted several structural 
features for the 3',5'-cyclic nucleotides; 
his predictions have proved to be quite 
accurate for 3',5'-UMP. 

Rammler crystallized the nucleotide as 
the triethylammonium salt from a mix- 
ture of alcohol and water. The cell 
dimensions of the crystals are: a, 15.49 
?0.03; b, 11.67 ?+0.02; c, 11.01 ? 
0O02; /f, 98.5 ? 0.2 deg; systematic ex- 
tinctions indicate that the space group of 
this optically active molecule is P21. The 
measured density, 1.38 g/cm3, corre- 
sponds to two molecules of the 3',5- 
UMP, and two triethylammonium ions 
in the asymmetric unit, and twice this 
amount in the unit cell (dcale 1.38 
g/cm3). The existence of two crystal- 
lographically independent molecules in 
the unit cell provides a useful internal 
check on the molecular dimensions and 
the conformation of the nucleotide. The 
x-ray diffraction data were collected 
on a G.E. goniostat having a single- 
crystal orienter using the stationary 
crystal-stationary counter technique. 
The preliminary refinement that I re- 
port was based upon 2405 nonzero 
intensities with 20 less than 125 deg. 

One phosphate group and the second 
unique phosphorus were located in the 
cell by inspection of a sharpened three- 
dimensional Patterson synthesis. The 
phase angles predicted on the basis of 
these six atoms were refined by use of 
Karle and Hauptman's tangent formula 
(8), and a Fourier map based upon the 
refined phases and observed amplitudes 
revealed the rest of the structure quite 
clearly. Karle (9) reports similar suc-~ 
cessful applications of the tangent for- 
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Fig. 1. The molecules viewed down b. No 
hydrogen atoms or triethylammonium ions 
are shown; C2 of the upper molecule was 
moved slightly to avoid overlap in the 
view. 

parameter. Three cycles of refinement 
reduced the agreement index R to 16 
percent; several cycles of anisotropic 
refinement have further reduced this 
figure to 8 percent. The molecular 
structure that I describe is that reflected 
by the coordinates from the anisotropic 
refinement. The estimated errors in 
bond lengths are ? 0.03 A; in bond 
angles, ? 2 deg. Additional data are 
being collected for improvement of the 
precision of the analysis, but this ex- 
tension will not alter the conformational 
features that I describe. The bond dis- 
tances and angles in the molecules do 
not differ significantly from the ex- 
pected values. 

Figure 1 is a schematic representa- 
tion of the molecule and indicates the 
numbering system used. The uracil 
rings are planar within the accuracy of 
the analysis and are in the keto form. 
The four carbonyl bonds average 1.19 
A. None of these oxygens are involved 
in hydrogen bonds, and the distances 
can be compared with the carbonyl dis- 
tance of 1.201 A found in cytidylic acid 
b (10). Nitrogen N3 is hydrogen bonded 
to 06 of a neighboring phosphate group 
in both unique molecules. The hydro- 
gen bond distances (2.76 and 2.85 A) 
are in the expected range, and the P- 
06 and P-07 distances average 1.47 
A. If 06 or 07 were protonated, the 
P-O distance would be 1.56 A (4). The 
07 atoms of the phosphate groups are 
hydrogen bonded to the nitrogen atom 
of the triethylammonium ion in both 
molecules. 

The torsion angles of the uracil rings 
about the beta-glycosidic C 1 '-Nl bonds 
are -72 and -56 deg, both in the 
anti range, as is found in most nucleic 
acid derivatives (5, 11). The C3' atoms 
of the furanose rings are 0.64 and 0.58 
A out of the planes defined by the 
other four atoms. The displacements 
are on the same side of the planes as 
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C5', in correspondence with the C3'- 
endo conformation, as predicted by 
Sundaralingam (12). The only alterna- 
tive is C2'-exo, as other possibilities 
place C3' in an unfavorable position for 
the formation of a cyclic phosphate 
through 03'. The ribose conformation 
about the C5'-C4' bond is trans-gauche 
in the notation of Shefter and True- 
blood (3). The poo values are 176 and 
174 deg; the poc values, 63 and 60 deg 
(qboo is the dihedral angle between the 
05'-C5'-C4' plane and the C5'-C4'- 
01' plane; poc is the 05'-CS'-C4' 
angle with C5'-C4'-C3'). Both angles 
correspond to views of this portion of 
the structure down the C5'-C4' bond. 

This is an unusual conformation for 
nucleotides; all previous studies suggest 
that the preferred conformation is 
gauche-gauche, with both angles about 
60 deg (3, 13). It is, however, the only 
conformation possible for 3'5'-cyclic 
nucleotides, since the phosphate must 
be rotated until the C5'-05' bond is 
nearly antiplanar to the C4'-01' bond 
in order to form the 3' ester linkage. 
A similar condition holds when one 
looks down the 03'-C3' bond. The 
phosphate must be rotated from its 
position in, for example, adenosine-3'- 
phosphate (12) so as to make the P-03'- 
C3' and 03-C3'-C4' dihedral angle 
about 60 deg (14); otherwise, the bond 
angles about C3' would have to be 
greatly distorted to form the cyclic 
phosphate. The dihedral angles are 60 
and 62 deg for the two unique 3',5'- 
UMP molecules. 

CHARLES L. COULTER 
Department of Anatomy, University of 
Chicago, Chicago, Illinois 60637 
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Brevicomin: Principal Sex Attractant in the Frass of the 
Female Western Pine Beetle 

Abstract. The principal component of the sex attractant produced by the 
female western pine beetle (Dendrotonus brevicomis) is exo-7-ethyl-5-methyl-6,8- 
dioxabicyclo[3.2.1]octane; the trivial name brevicomin is suggested. 
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We report the isolation, identifica- 
tion, and synthesis of the principal com- 
ponent of the sex attractant of the 
western pine beetle Dendroctonus bre- 
vicomis (Coteoptera: Scolytidae). The 
sex attractant in the frass produced by 
the female D. brevicomis boring in 
ponderosa pine initiates the mass attack 
that usually kills the tree. The response 
of both sexes in the laboratory bio- 
assay (1) for Ips confusus was used to 
monitor the isolation procedure. 

A total of 1.6 kg of frass produced 
by unmated female beetles was collected 
continuously from beetle-infested logs. 
The frass dropped directly into bottles 
containing benzene; after an 8-hour col- 
lection period, each bottle was removed 
and stored at -40?C. Batches of 150 g 
of benzene-soaked frass were stirred 
in 300 ml of benzene, under nitrogen, 
at 70?C for 1 hour. The benzene slurry 
was extracted in a Waring Blendor for 
10 minutes and filtered. The solid mate- 
rial was again extracted in the Waring 
Blendor with two 300-ml portions of 
benzene. The combined filtrate was 
concentrated to about 150 ml at about 
160 mm-Hg; the benzene distillate was 
used for subsequent extractions. The 
concentrate was distilled in a short- 
path (2 cm) apparatus at 100?C and 
0.03 mm-Hg for 1 hour onto a con- 
denser cooled with dry ice. Distillate 
equivalent to 300 g of frass was con- 
centrated to 15 ml under reduced pres- 
sure (160 mm-Hg) and chromato- 
graphed on a silica gel column [Gallard- 
Schlesinger, 90 to 200 mesh, 60 g; 
water-cooled, glass column (42 by 1.8 
cm); 20?C]. 

The column was eluted with 200 
ml of benzene. The next 200 ml 
was added from a reservoir of 100 ml 
of benzene to which 100 ml of ether 
was added continuously, with stirring, 
at the same rate as the reservoir con- 
tents were added to the column. After 
this gradient elution, the column was 
eluted successively with 200 ml of 
ether, 200 ml of acetone, and 200 ml 
of methanol. The active fraction, which 
was eluted in the volume between 300 
and 450 ml, was concentrated under 
reduced pressure (160 mm-Hg) to about 
2 ml and fractionated in 0.5-ml portions 
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2 ml and fractionated in 0.5-ml portions 

by gas-liquid chromatography (GLC) 
[4 percent SE 30 on Chromosorb G, 45 
to 60 mesh, glass column (91 cm by 11 
mm inside diameter)]. Injections were 
made directly on a glass "pre-column" 
(35 by 11 mm i.d., Chromosorb W- 
HMDS, 30 to 60 mesh). The tempera- 
ture was programmed 100? to 150?C 
at 6?/min, 150?C for 45 minutes, back- 
flushed at 200?C for 18 minutes; the 
He flow rate was 50 cm3/min. The 
active fraction (82 mg), which eluted 
between 9 and 45 minutes, was frac- 
tionated in three portions on a GLC 
glass column (4 percent Carbowax 
20M on Chromosorb G, 60 to 80 
mesh, 3 m by 4 mm i.d., 50? to 150?C 
at 2?/min; raised at full power to 
200?C; total time 80 minutes; He flow 
rate 25 cm3/min). The active material 
(5.7 mg), which was eluted between 22 
and 31 minutes, was fractionated on a 
GLC column (4 percent FFAP on 
Chromosorb G, 60 to 80 mesh, 6 m 
by 4 mm i.d. glass, 150?C, He, 25 cm3/ 
min). The active compound (- 2 mg) 
had a retention time of 17 minutes. 

The molecular weight of the active 
compound by high-resolution mass spec- 
trometry was 156.11572 (calculated for 
C9H102:' 156.11502). The infrared 
spectrum showed intense peaks between 
8 and 11.7 ,um, but neither hydroxyl 
nor carbonyl groups were present. The 
NMR spectrum (CC14, r) showed: 6.02 
(1 proton, width at 1/2 height - 5 hz); 
6.22 (1 proton, triplet, J = 6.2 hz);- 
8.1 to - 8.9 (8 protons); 8.70 (3 pro- 
tons, singlet); 9.13 (3 protons, slightly 
distorted triplet). A solution (1 ytg/ml) in 
hexane showed no absorption in the 
ultraviolet. A 0.05 percent hexane solu- 
tion showed no optical rotation between 
350 nm and 250 nm. Treatment of 
50-lpg samples with the following re- 
agents gave only starting material: di- 
borane in tetrahydrofuran at room 
temperature for 4 hours, lithium alumi- 
num hydride in tetrahydrofuran at 
room temperature for 4 hours, and 
lithium aluminum hydride in tetrahydro- 
furan at reflux for 1 hour. Catalytic 
hydrogenolysis of a 50-/Ag sample (no 
solvent) in a modified Beroza carbon- 
skeleton determinator (2) [1 percent 
neutral palladium on Gas-Chrom P, 
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