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Cyclic diguanylic acid behaves as a host molecule for planar intercalators 
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Cyclic ribodiguanylic acid, c-(GpGp), is the endogenous effector regulator of cellulose synthase. Its three-dimensional structure from two different 
crystal forms (tetragon~ and trigonal) has been determined by X-ray diff~tion analysis at 1 A resolution. In both crystal forms, two inde~ndent 
o(GpGp) molecules associate with each other to form a self-intercalated dimer. A hydrated cobalt ion is found to coordinate to two N7 atoms 
of adjacent guanines, forcing these two guanines to destack with a large dihedral angle (32”), in the dimer of the tetragonal form. This metal coordi- 
nation mechanism may be relevant to that of the anticancer drug cisplatin. Moreover, c-(GpGp) exhibits unusual spectral properties not seen in 
any other cyclic dinucleotide. It interacts with planar organic intercalator molecules in ways similar to double helical DNA. We propose a cage-like 
model consisting of a tetrameric c-(GpGp) aggregate in which a large cavity (‘host’) is generated to afford a binding site for certain planar intercala- 

tors (‘guests’). 
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1 L INTRODUCTION 

Cyclic ribodiguanylic acid (cyclic-(GpGp) or c- 
(GpGp)) is an endogenous regulator of the biological 
synthesis of cellulose in the Gr~-negative Acefobacter 
xy;linum [I 1. The biological function of this small 
dinucleotide is likely associated with its ability to bind 
to the membrane-bound cellulose synthase and thereby 
induce a conformations change in the enzyme with 
subsequent activation of the enzyme. To understand 
better how small cyclic nucleotides can exert their 
biological functions, we need to know the variety of 
conformations that these molecules can adopt. We have 
recently determined the molecular structure of a related 
cyclic dinucleotide, c-(dApdAp), and showed that it 
adopts a conformation in which the 1Zmembered cir- 
cular sugar-phosphate backbone provides a rigid 
framework to hold the two adenines 6.8 A apart in 
parallel planes [Z]. To find out whether this interesting 
conformation is a common feature shared by all cyclic 
dinucleotides, including the biologically relevant c- 
(GpGp), we have determined the molecular structure of 
the latter molecule at high resolution. 

(tetragonal and trigonal) were obtained for c-(GpGp). The tetragonal 
form was crystallized from a solution containing 2 mM of 
dinucleotide, 11 mM CoClz, 20 mM glycine-HCl (PH 2.1) and 7% in 
2-methyl-2,4-pentanediol (2-MPD). The solution was equilibrated 
with 50% 2-MPD at 25*C by vapor diffusion. The trigonaf form was 
crystallized from a similar condition except the CoCl2 was replaced 
with 20 mM MgClz. Crystals in the form of large tetragonal 
bipyramids and hexagonal plates, respectively, for the two crystal 
forms appeared after a week. They were in the space group 141 and 
P3i21 with respective unit cell dimensions a= b= 19.656(6) and 
c=40.00(1) A and a=b= 13.523(5) and c=76.24(2) A. The crystal 
was mounted in a sealed glass capillary with a droplet of mother li- 
quor for data collection on a Rigaku AFC-SR rotating anode X-ray 
diffractometer at 25°C using the o-scan mode with CuKcr radiation. 
Data were collected to a resolution of 0.9 A, but data beyond 1.1 A 
were weak. There were 4289 (tetragonal) and 3207 (trigonal) indepen- 
dent reflections observed at the 3.0 o(F) level above the background 
and they were used in the refinement. 

2. EXPERIMENTAL 

A number of different cyclic djnucl~tides were synthesized accor- 
ding to the published procedure 131. Two different crystal forms 

The structure was solved with considerable difficulty by the direct 
methods; eventually the program SHELXS-86 and SHELXS-90 [4] 
proved successful. It was refined by block-diagonal least squares us- 
ing the NRCVAX package [5]. In the tetragonal crystal structure, 
there are two independent c-(GpGp) molecules, two hydrated cobalt 
ions (one on two-fold axis), and 22 water molecules (2 on 2-fold axis) 
in the asymmetric unit. In the trigonal crystal structure, two indepen- 
dent c-(GpGp) molecules, one hydrated magnesium ion, one 
disordered glycine and 21 water molecules were found. Some water 
molecules were disordered. All 116 (tetragonal) and 123 (trigonal) 
non-hydrogen atoms were refined anisotropically. Forty-four 
hydrogen atoms were also included in the refinement with fixed posi- 
tions and isotropic temperature factors in both structures. The final 
R-factors are 11.2% (tetragonal) and 11.8% (trigonal). 
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UV spectra of the complexes between various intercalators and 
cyclic dinucleotides and d(CGTACG) were recorded on a Hewlett- 
Packard 8452A diode array UV spectrophotometer at room 
temperature. The concentrations of the intercalators were about 30 
gM in the buffered solution (100 nM cacodylate, pH 7.0). The high 
salt experiments were done in the same buffer except that 1.0 NaCl 
was added. 
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3. RESULTS AND DISCUSSION 

The two independent c-(GpGp) molecules in both 
crystal forms adopt very similar conformations with a 
rigid 1Zmembered ribose-phosphate ring which holds 
the two guanines in parallel planes 6.8 A apart (Fig. 1). 
The root mean square (rms) deviation of a least-squares 
fit of the backbones of the two molecules in 0.096 A 
(tetragonal) and 0.178 A (trigonal). Each molecule 
posseses non-crystallographic molecular two-fold sym- 
metry. All 8 riboses are in the C3 ’ endo conformation 
with pseudorotation angles ranging from - 7” to 15”. 
The two independent molecules are associated together 
into a dimeric aggregate, each using one of its two 
guanines to intercalate between the two guanines of the 
other molecule (Fig. IA and B). 

In the tetragonal form, the mutu~ly self-intercalated 
dimer of c-(GpGp) is held together by 4 hydrogen bonds 
(Fig. 1A). In addition, a cobalt ion is situated between 
the middle two guanines (GlA and G2A) to form a 
bidentate coordination to the adjacent N7 atoms, in- 
ducing a large dihedral angle (32”) between GlA and 
G2A bases. This may have important implications in 
the role of transition metal ions, such as cobalt ion, in 
biological systems as discussed later. In the trigonal 
form, the mutually self-intercalated dimer of c-(GpGp) 
is also held together by 4 hydrogen bonds (Fig. lB), 

The two c-(pGpG) dimers and another self-inter- 
calated dinner of c-(dApdAp), whose structure was 
previously determined [2], are quite similar despite the 
fact that they differ in the ways that they associate. All 
3 molecules have C3 ’ endo sugar conformations in their 
backbone, even though one is a DNA fragment while 
the other two are RNA fragments. This suggests that 
the sugar conformation is dictated by the cyclic nature 
of the dinucleotide. The glycosyl torsion angles of all 
nucleotides adopt an anti conformation h ranges from 
- 153.3” to 175.7’). The dinucleotides associate into a 
dimer maximizing the possible number of hydrogen 
bonds and stacking interactions between the two 
molecules. The existence of the dimer structure of c- 
(dApdAp) in solution has been demonstrated by NMR 
studies [6]. 

The recurrence of the formation of self-intercalated 
dimers in the cyclic dinucleotides reinforces our conten- 
tion that the cyclic dinucleotides may bind other planar 
aromatic compounds (e.g. intercalators) between the 
two bases. We have tested this hypothesis by examining 
the change of the absorption spectra of various inter- 
calators effected by cyclic dinucleotides. Several cyclic 
dinucleotides (including c-(GpGp), c-(dGpGp), c- 
(XpXp), c-(GpXp) and c-(dApdTp); X is xanthosine) 
and different intercalators (including 9-aminoacridine 
(g-AA), proflavine, ethidium and daunomycin) were 
used in these experiments. Under the experimental con- 
ditions, only c-(GpGp) and c-(dGpGp) showed signifi- 
cant effects on the absorption spectra of simple inter- 
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calators. Fig.2 compares the spectra of the complex be- 
tween intercalators (g-AA and ethidium) and c-(GpGp) 
versus those between the same intercalators and 
d(CGTACG), which is used to represent a typical dou- 
ble helical DNA. In the case of the interaction between 
9-AA and c-(GpGp), the resulting spectrum (Fig.2A) is 
remarkably similar to that of the 9-AA/d(CGTACG) 
system (Fig. 2B). This suggests that in the former case, 
9-AA resides in an environment very similar to that of 
an intercalation site in a DNA double helix. In contrast, 
c-(GpGp) has a lesser effect than does d(CGTACG) on 
the spectra of ethidium (Fig. 2C and D, respectively). 

These findings raise several interesting questions. 
Why is it that only c-(GpGp) and c-(dGpGp) have 
strong effects, but not any of the other cyclic dinu- 
cleotides investigated? When compared to a duplex 
oligodeox~ucleotide, why do these two cyclic 
dinucleotides have a more pronounced effect on smaller 
planar compounds such as g-AA and proflavine (data 
not shown) than on other larger compounds like 
ethidium and daunomycin? We suggest that these 
observations are related to the unique bis-intercalator- 
like conformation that the cyclic dinucleotide can adopt 
and the unique associative properties of guanine bases 
as explained below. 

Poly(G) is known to aggregate into a large structure, 
a 4-stranded polymer in which 4 guanine bases are 
hydrogen-bonded together in a head-to-tail manner 
with a 4-fold symmetry [7]. This self-associated 
4-stranded structure involving stretches of guanines has 
been suggested to play an impo~~t role in chromo- 
somes [S-IO]. We propose a model (Fig. 3) in which 4 
c-(GpGp) molecules utilize the similar 4-fold symme- 
trical guanine-guanine base pairings to explain the 
unusual spectroscopic phenomena. It is interesting to 
note that a similar but not identical type of tetrameric 
aggregate of small guanine-cont~ning oligonucleotides 
has recently been seen in the crystal structure of the ad- 
duct of cisplatin-d(pGpG) [ 111. 

This model is consistent with the observed data. 
First, only cyclic dinucleotides with two guanines can 
form this circular tetrameric aggregate because of the 
hydrogen bonding requirements. Second, the internd 
space created by this cage-like structure can accom- 
modate planar compounds like 9-AA (shown in Fig. 3) 
and proflavine easily. Any bulky side chain on the 
aromatic ring, however, will inhibit entry into the cavity 
of the cage structure, consistent with the fact that 
daunomycin shows no appreciable spectral change with 
c(GpGp). Third, the equilibrium between free 9-AA 
and 9-AA bound in the cavity of the cage structure re- 
quires the dissociation-association of the tetramer com- 
plex; this is expected to be a slow process as it involves 
the breakage and formation of many hydrogen bonds. 
We have carried out a time-dependent study of the bin- 
ding of 9-AA with c-(GpGp) (data shown). The absor- 
bance of the mixtures (3 different ratios of c-(GpGp) to 
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Fig. 1. Stereoscopic diagrams of the serf-inter~a~ated c-(pGpG) diuucleo~des. The molecules with filled bonds are denoted mole&e A and the 
molecules with open bonds are denoted molecule 3. (A) Tetragonal form of c-(GpGp), A cobalt ion crosslinks and destacks two adjacent guanines 

(dihedral angle 32O) using bidentate coordination to the two N7 atoms. (B) Trigonai form of c-(GpGp). 

g-AA) decreases with a kinetic rate that can be best fit- 
ted with two rate constants; one is fast {in the l-3 min 
range), and the other is slower (in the 2 h range). Final- 
ly, the tetramer aggregate is highly negatively charged; 
thus, one would expect that salt has a strong effect on 
aggregate formation. When we compare the spectra of 
the 9-AA/c-(GpGp) complex in low (0.1 M sodium 
cacodylate buffer) and high salt (same buffer plus 1 .O M 
NaCl) solution, it is evident that the absorbance is fur- 
ther decreased in high salt solution {data not shown). 
From these arguments, we believe that the tetrameric 
cage model of c-(GpGp) molecules is a plausible one for 
its structure in solution. 

Are the conformations seen in the present crystal 
structure and the unusual spectral properties of c- 
(GpGp) relevant tu its biological function as the en- 
dogenous effector for cellulose synthase? We are not 
certain at this time. However, it is conceivable that the 
effector binding site in cellulose synthase has hydro- 
philic amino acids that can form specific hydrogen 
bonds with guanines and aromatic amino acids that can 
intercalate between two guanines, similar to the way we 
have seen in the crystal structure. The mimicry of an in- 
tercalator DNA binding pocket by c-(GpGp) is an even 
greater mystery. Is it possible that c-(GpGp) acts like a 
‘carrier’ or “host’ for certain small aromatic com- 
pounds (‘guests’) in cells? Whether this property plays 

any role in the biological function of cellulose synthase 
or other proteins remains to be explored, 

The observation of a crosslinking cobalt ion merits 
some comments. Many transition metal ions such as 
cobalt(II), copper(U) are known to coordinate to 
nucleic acid bases, in particular the N7 atom of guanine 
[12]. Recently, it has been shown that Co can cause 
substantial DNA bending as judged by electron 
microscopy studies [13]= This may be related to the fact 
that cobalt ion can crosslink two adjacent guanines and 
induce a significant dihedral angle between them, as 
observed in the present structure. Cisplatin forms a 
stable adduct with DNA by forming two P&N7 biden- 
tate bonds to two consecutive guanines on the same 
strand. X-Ray structure of cis-[Pt(NH&[d(pGpG)j] 
showed that the interplanar angle of the two guanines 
ranges between 75” and 90” ft3]. However, gel elec- 
trophoresis experiments indicated that DNA bending 
induced by the cisplatin crosslink to d(GpG) is only 
about 40 -t 5” [ 141, a value very close to the value seen 
here. Our results therefore suggest a possible mecha- 
nism to construct a model for the metal ion (Pt or Co) 
crosslinked GpG site in DNA double helix, 

Finally, we have pointed out earlier that this type of 
cyclic dinucleotide molecules resembles other bis- 
intercalators such as echinomycin [ 15,163, except that it 
is suited for nearest-neighbor intercalation, i.e. to 
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Fig. 2. UV absorption spectra of the solutions of the mixture of intercalators and ohgonucleotides. (A) g-AA + c-(GpGp). RNA-to-g-AA ratio 
(0: 1, 1: 1,6: 1, 10: 1, 20: 1) for the curves going from high to low absorbance at h = 400 nm. (B) 9-AA + d(CGTACG). DNA duplex-to-g-AA 
ratio: (0: 1, 0.7: 1, 4: 1, 7: 1, 14: 1). (C) Ethidium + c-(GpGp). RNA-to~thi~um ratio (0: 1, 3: 1, 10: 1, 20: 1) for the curves going from high to 
low absorbance at h = 500 nm. (D) Ethidi~ + d(CGTACG). DNA dupl~-to-et~dium ratio (0: 1, 1: 1,3 : 1, 10: 1). All m~s~ements were per- 
formed at time 15 min after the mixing of RNA/DNA and intercalators to ensure the mixture solution had reached the equilibrium state. Note 
the similarity between (A) and (B); both show well-defined isosbestic points. The curves in (C) show some hypochromic red-shifts, but to a much 

lesser extent compared to those in (D), suggesting that the interactions between ethidi~ and c-(GpGp) and d(CGTACG) are not similar. 

Fig. 3. A cage-like model constructed by taking 4 c-(GpGp) molecules with the conformation seen in the crystal and connecting them together using 
the hydrogen bonding scheme seen in the 4-stranded poly(G) structure [7]. A 4-fold symmetry is imposed and refined to remove any possible bad 
contacts. It is surprising that very little adjustment in the c-(GpGp) conformation is required to form such a tetramer aggregate. This hypothetical 
structure is likely to be very stable, as it has a total of 16 intra-aggregate gua~ne-t~gu~ine bydrogen bonds. It can be further stabilized by the 
inclusion of aromatic compounds (two 9-AA molecules shown in the figure) to fill the cavity. It can be seen that no more than two 9-AA molecules 
can be fitted inside the hydrophobic cavity. It is possible that this structure can encapsulate a single larger aromatic compound such as benzpyrene. 
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bracket only one base pair. Our work here suggests that 
unmodified cyclic dinucleotides (e.g. c-(dApdAp)) are 
not adequate to serve such a purpose, as they do not 
bind intercalators very tightly (data not shown). This is 
likely due to the insufficient aromatic surface area for 
stacking interactions. By enlarging the aromatic rings in 
the molecule (e.g. changing adenine to ethenoadenine), 
it should be possible to improve the binding affinity of 
such cyclic dinucleotides toward intercalators. By fur- 
ther molecular engineering of this type of molecules 
(e.g. converting to a positively charged molecule), we 
should be able to synthesize some compounds that have 
the property of a nearest-neighbor bis-intercalator [ 171 
with unique binding affinity and specificity toward 
DNA. 
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