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Abstract: The cross-link dG-to-dG is an important product of DNA nitrosation. Its formation has commonly
been attributed to nucleophilic substitution of N2 in a guaninediazonium ion by guanine, while recent studies
suggest guanine addition to a cyanoamine derivative formed after dediazoniation, deprotonation, and
pyrimidine ring-opening. The chemical viability of the latter mechanism is supported here by the experimental
demonstration of rG-to-aG formation via rG addition to a synthetic cyanoamine derivative. Thus, all known
products of nitrosative guanine deamination are consistent with the postulate of pyrimidine ring-opening.
This postulated mechanism not only explains what is already known but also suggests that other products
and other cross-links also might be formed in DNA deamination. The study suggests one possible new
product: the structure isomer aG(N1)-to-rG(C2) of the classical G(N2)-to-G(C2) cross-link. While the
formation of aG(N2)-to-rG(C2) has been established by chemical synthesis, the structure isomer aG(N1)-
to-rG(C2) has been assigned tentatively based on its MS/MS spectrum and because this assignment is
reasonable from a mechanistic perspective. Density functional calculations show preferences for the amide-
iminol tautomer of the classical cross-link G(N2)-to-G(C2) and the amide-amide tautomer of G(N1)-to-
G(C2). Moreover, the results suggest that both cross-links are of comparable thermodynamic stability, and
that there are no a priori energetic or structural reasons that would prevent the formation of the structure
isomer in the model reaction or in DNA.

Introduction

DNA oxidizing chemicals are of interest because of their
antibiotic, antitumor, carcinogenic, and mutagenic properties.1,2

An important class of DNA damaging agents includes nitrates,
nitrites, and nitrogen oxides because of the dietary and
environmental exposure of humans to these substances.3-5

Toxicological studies of deamination became more significant
in the past decade because it was recognized that endogenous
nitric oxide6,7 causes nitrosation8-11 and that this process is
accelerated by chronic inflammatory diseases.12-14 Several
human DNA repair genes have been identified, and some of

these are thought to be involved in cross-link repair.15,16Details
of the detection of the DNA damage, the signaling to initiate
repair, and the actual DNA repair are only now emerging.17

Deamination chemistry thus contributes to genomic instability
directly by causing DNA damage and indirectly by causing
damage to any part of the repair mechanisms.

Xanthosine is the main product of guanosine deamination,
and the formation of xanthine by deamination of guanine has
been known since the very discovery of guanine.18 The second
major product, oxanosine, was discovered only recently by
Suzuki et al.19 and described also by Shuker et al.20 and Dedon
et al.21 While oxanosine can be formed in yields of up to 20%,
its yield varies with conditions, and this might have been one
reason for its late discovery in 1996. Our particular interest here
lies with the interstrand cross-linkdG-to-dG, which is a minor
product of major significance. As early as 1961, Geiduschek
discussed the possibility of interstrand cross-links formed by
nitrous acid.22,23 Initially, there was some discussion that the
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cross-link formation occurs without depurination24 and would
be a derivative of xanthosine.25 The cross-link structures became
clear in 1977 when Shapiro et al. isolated and partially
characterized the cross-linksdG-to-dG anddG-to-dA formed
in treatments of calf thymus DNA with nitric acid.26,27ThedG-
to-dG cross-link also can be formed by nitric oxide (NO).28

Hopkins et al. showed in the early 1990s that thedG-to-dG
interstrand cross-link is formed with sequence specificity in 5′-
CG over 5′-GC.29,30 In the last five years, chemical syntheses
of dG-to-dG have provided direct confirmation of the cross-
link structure.31-33

The commonly discussed reaction mechanism for nitrosative
guanosine deamination postulates the guanosinediazonium ion
1d (1, R ) deoxyribose) as the key intermediate formed by the
nitrosation of the exocyclic primary amino group of guanosine.
This assumption explains the formation of xanthosine and of
the interstrand cross-linksdG-to-dG and dG-to-dA, respec-
tively, by aromatic nucleophilic substitutions of N2 by water or
by the amino group of a guanosine or an adenosine of the
opposite stand, respectively. Recent theoretical studies revealed
that guaninediazonium ion1 (R ) H) is much less stable than
had been thought, and that pyrimidine ring-opening occurs with
dediazoniation and deprotonation to form cyanoimines2.34-36

Oxanosine formation requires such a pyrimidine ring-opening,
and recent labeling studies established the intermediacy of
5-cyanoimino-4-oxomethylene-4,5-dihydroimidazole and 5-cy-
anoamino-4-imidazolecarboxylic acid in nitrosative guanosine
deamination.37 On the other hand, the formations of xanthosine
and of the cross-links may proceed with or without pyrimidine
ring-opening or by a combination of these paths, and which of
these options is realized might depend on the environment
(solution, DNA, and pH). We postulate with the principle of
parsimony38 that all products are formed from the same common
intermediate, the cyanoimine2, and it has been our goal to
explore whether this option is chemically viable.

We are exploring the chemistry of the cyanoamines4. The
CH2OCH2OH group is a simple glycoside mimic, and com-
pounds with this R group are designated bya (derivative of
acyclovir). Cyanoamines3 and4 are the products of the 1,4-
addition of H-XHn to cyanoimine2, and this addition is very
fast because of the zwitterionic nature of cyanoimine2.39,40The
5-cyanoamino-4-imidazolecarboxamide4awas targeted because
of practical advantages in the preparation of the cyanoamino

function in the presence of a carboxamide and for a conceptual
reason (vide infra). We described the synthesis of4a and
demonstrated its recyclization to guanosineaG and isoguanosine
aIG in analogy to the formations of xanthosine and oxanosine
from 3, respectively.41 Here, we report experiments that
demonstrate the formation of the cross-linkrG-to-aG by
addition of guanosinerG (R′ ) r ibose) to cyanoamine4a.42

Results and Discussion

Strategy: Giving the Bimolecular Reaction a Chance in
the Absence of Templating.The most direct evidence for the
formation ofdG-to-dG by guanosine addition to a cyanoamine
4 would involve the synthesis of oligonucleotides with4d in
place ofdG and the detection ofdG-to-dG cross-link formation.
This experiment is impossible because4d cannot be generated
in an oligonucleotide via a targeted synthesis. The next best
strategy involves the synthesis of a cyanoamine4 and the study
of its bimolecular guanosine addition reaction. This strategy
could be improved by tethering the guanosine to the cyanoam-
ine, and we were contemplating such approaches for some time
before we gathered enough courage to even try the untethered
reaction, which to our surprise, worked quite well!

The recyclizations of cyanoamine4a to isoguanineaIG and
guanineaG are very fast.41 The only chance to observe any
intermolecular reaction in solution requires high concentrations
of the starting materials (ofrG in particular) to increase the
rate of the bimolecular addition. Due to the poor solubility of
guanosinerG in water, we therefore studied the reaction in
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Scheme 1. Experimental Demonstration of Cross-Link rG-to-aG
Formation by Reaction of 4a (4, R ) CH2OCH2OH) with
Guanosine rG
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DMSO. All prior reports of cross-link formation of natural or
synthetic DNA and oligonucleotides with HNO2 or NO in
aqueous buffer solution were carried out with low DNA
concentrations because minimal structural distortions of the
duplex shape suffice to position the amino N atom of the
nucleophiledG in the proximity of the reactive intermediate
generated bydG deamination on the opposite strand. These
proximity effects are important and were cited to explain the
sequence specificity.29,30Cross-link formation caused by nitrous
acid is preferred at 5′-CG positions compared to 5′-GC positions
because the B conformation of 5′-CG positions the amino group
of the nucleophiledG well, while a 3 Å base pair sliding is
required to achieve proximity in 5′-GC. But even with all the
advantages provided by the DNA environment, cross-link
formation in DNA still hardly can compete with hydrolyses to
form xanthine and oxanine products (1 in 4 deamination events).
The yield of dG-to-dG was ca. 0.06% in Shapiro’s HNO2
treatment of calf thymus DNA,26 and the Hopkins group reported
a cross-link yield of 2.4% in their synthetic oligodeoxynucleotide
with the 5′-CG sequence.29,30 Bimolecular reactions also are
accelerated by increases in temperature because the collision
frequency increases, and we obtained detectable amount of
products of the bimolecular reaction at about 80°C. In DNA
work, of course, no such temperature increases are needed
because proximity is established by the environment. Finally,
we employed different R groups on the cyanoamine4a and the
guanosinerG to ensure that any detected cross-link was indeed
the product of bimolecular addition rather than some sort of
dimerization.

Synthesis of rG-to-aG Cross-Link.The reliable detection
of tiny amounts of cross-link in large amounts of products of
unimolecular cyclization poses an analytical challenge. We
synthesized and fully characterizedrG-to-aG and thereby made
possible the tuning of the mass spectrometer to optimal
sensitivity for rG-to-aG. The synthesis of the cross-linkrG-
to-aG is outlined in Scheme 2 and employs chemistry developed
by the group of Hopkins31,32and by De Riccardis and Johnson.33

The protections of the 2′-, 3′-, and 5′-OH groups in ribose of

rG and of the OH group ofaG were carried out by reaction of
tert-butyldimethylsilyl chloride (TBDMSCl) in the presence of
imidazole in DMF solution. The O6 atoms of6 and 9 were
subsequently protected by conversion into the benzyl ethers7
and10, respectively. Then,7 was brominated by diazotization
with tert-butylnitrite in methylene bromide and treatment with
SbBr3 to afford8. The coupling reaction of8 to 10was catalyzed
by 10 mol % palladium acetate, 15 mol % (()-BINAP, and the
presence of Cs2CO3 and gave11 in 75% yield. The silyl
protecting groups were removed with tetrabutylammonium
fluoride (TBAF), and the benzyl protecting groups were
removed by hydrogenation. The productrG-to-aG was fully
characterized by1H and 13C NMR spectroscopy and mass
spectrometry. Ours is the first unsymmetrical (R* R′) G-to-G
cross-link, and the1H NMR spectrum ofrG-to-aG shows two
aromatic nonexchangeable hydrogens (C8 positions).

Cross-Link Formation via Cyanoamine.The cross-linkrG-

Scheme 2. Outline of the Synthesis of rG-to-aG

Figure 1. HPLC chromatogram of the product of the reaction between
cyanoamine4a and guanosinerG demonstratesrG-to-aG formation. The
cross-link was identified by the addition of synthetic and authenticated cross-
link rG-to-aG (increased peak, in red, with retention time of 16.0 min).
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to-aG was formed byrG addition to cyanoamine4a in DMSO
solution at 80 °C in the course of 120 min. The HPLC
chromatogram of the reaction mixture is shown in Figure 1.
The three large peaks correspond to unreacted cyanoamine4a,
the products of intramolecular cyclization [isoguanineaIG and
guanineaG (overlapping)], and unreacted guanosinerG . The
inset shows three minor peaks, and the intensity of the central
one increased upon addition of syntheticrG-to-aG. Hence,rG-
to-aG was formed in the bimolecular reaction.

The LC-MS/MS of the [(rG-to-aG) + H]+ parent ion,m/z
) 492, of syntheticrG-to-aG is shown in the top graphs of
Figure 2. The concentration of this solution was 0.02 mM, so
that the intensity of therG-to-aG peak in the LC chromatogram
was about the same as that for the corresponding peak in the
bimolecular reaction mixture. The fragmentation pattern is
described in Scheme 3. Them/z ) 286 typically occurs in MS/
MS spectra ofdG-to-dG obtained by treating DNA with HNO2
and subsequent digestion.26,29

The LC-MS/MS analysis of the bimolecular cross-link
formation shows thattwo structure isomeric cross-links are
formed; there are two parent ions withm/z) 492 from products
with different retention times. The MS/MS analysis of the parent
ions with m/z ) 492 shows that only the central one of the
three minor peaks in the HPLC chromatogram of Figure 1 causes
a significant ion concentration. The cross-link isomer detected
in the mass trace at a retention time of about 8 min had escaped
UV detection at 254 nm in LC chromatograms (e.g., Figure 1).
In Figure 8 of the Supporting Information, we provide UV and
mass traces, which show that the peak at 8 min does not
correspond to any of the peaks around 16 min in Figure 1.

The MS/MS spectrum of the reaction product with the
retention time of about 10 min (below center, Figure 2) has
essentially the same retention time as that of syntheticrG-to-
aG, and its fragmentation pattern is identical to the MS/MS
spectrum of pure syntheticrG-to-aG (top, Figure 2). There are
intensity differences in the MS/MS spectra of the pure cross-

Figure 2. LC-MS/MS spectra of pure syntheticrG-to-aG and cross-links formed by the bimolecular reaction of cyanoamine4a and guanosinerG . In the
top graph is shown the MS/MS spectrum of the parent ion [(rG-to-aG) + H]+ at m/z ) 492 of the pure synthetic cross-link, with a retention time in the mass
trace of about 10 min (mass trace shown below). For the bimolecular cross-link formation, two MS/MS spectra are shown for two parent ions with that same
massm/z ) 492, but retention times of about 8 and 10 min.
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link and the cross-link in the reaction mixture (Figure 2), and
the cause of these intensity differences is not clear. We have
recorded the MS/MS spectrum of the reaction mixture contain-
ing the cross-links formed by the bimolecular reaction of4a
and rG after addition of some pure syntheticrG-to-aG, and
this spectrum (Figure 8 in the Supporting Information) dem-
onstrates beyond any doubt that the classical cross-link is
formed. We also recorded LC-MS/MS spectra in selective
reaction monitoring (SRM) mode, monitoring the parent ion
m/z ) 492 and the product ionm/z ) 360 to further corroborate
the identity of the syntheticrG-to-aG and the cross-link made
by the addition chemistry.

The other MS/MS spectrum corresponds to the peak with a
mass trace retention time of about 8 min. The proposed structure
of the second cross-link is shown in Scheme 4 along with a
proposal for its formation. Both amino N atoms of guanidine5
can attack the carboxamido group, leading to either the classical
or the newrG-to-aG cross-link, depending on whether the
guanidine is in the (E)- or (Z)-configuration about the CdN
double bond, respectively. When this possibility for structure
isomerism of the cross-links is recognized, it becomes im-
mediately obvious that their fragmentation patterns are alike as
well because they lead to structure isomeric ions.

There is a need to differentiate clearly between these structure
isomers, and we suggest the following formalism. Both cross-
links formally link a guanine fragment deaminated at C2 to
either the N2 or the N1 atom of a complete guanine. Hence, we
refer to the classical cross-link asG(N2)-to-G(C2) and to its
isomer asG(N1)-to-G(C2). This is a formal nomenclature

indeed as it is clear thatG(N1)-to-G(C2) is not formed by
alkylation at N1! This important point is illustrated in Scheme
5, where color is used to differentiate between the guanines
that enter the cross-link either intact or deaminated. The formal
N1 alkylation and the actual mechanisms involving addition and
cyclization result inG(N1)-to-G(C2) cross-links in which the
deaminated guanine occupy different positions. In other words,

Scheme 3. Fragmentation of the [(rG-to-aG ) + H]+ Parent Ion with m/z ) 492

Scheme 4. Formations of Cross-Links G(N2)-to-G(C2) and G(N1)-to-G(C2)

Scheme 5. Positions of the “Intact Guanine” (green) and of the
“Deaminated Guanine” (red) in the G-to-G Cross-Links,
G(N2)-to-G(C2) and G(N1)-to-G(C2)

A R T I C L E S Qian and Glaser
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the positions of R and R′ differ in G(N1)-to-G(C2), depending
on the mechanism of the cross-link’s formation. While there is
only oneG(N2)-to-G(C2) cross-link,rG(N2)-to-aG(C2) is the
same asaG(N2)-to-rG(C2); the cross-linksrG(N1)-to-aG(C2)
andaG(N1)-to-rG(C2) are isomers, and onlyaG(N1)-to-rG-
(C2) is formed.

Two Reaction Pathways to G(N1)-to-G(C2).At the begin-
ning, we stated that we are interested in the cyanoamines3 (X
) OH) and4 (X ) NH2). Cyanoamines3 are water adducts of
the cyanoimines2, and cyanoamines4 are their amine adducts.
We are studying4 for practical reasons (vide supra) and for an
important conceptual reason which is now becoming clear:
cyanoamine4 is the simplest model of the DNA base adduct
13! Since 4a cyclizes to guanosine41 and because of theG-
(N1)-to-G(C2) formation shown here, we have established that
there are two possible reaction channels leading toG(N1)-to-
G(C2) in DNA. Similar logic would suggest that14, formed
by addition of guanine to the cyanoimine function of2, might
provide a path to the classical cross-linkG(N2)-to-G(C2).
However, the electronic structure of cyanoimines suggests that
nucleophilic addition to the ketene moiety is faster39 and it also
leads to aromatization. Any classical cross-linkG(N2)-to-G(C2)
formed via pyrimidine ring-opening most likely passed through
a guanidine (E)-5.

Structures of G-to-G Cross-Links.Density functional theory
at the B3LYP/6-31G* level43 was employed to determine the
structures of theG-to-G cross-links. The amide-amide and
amide-iminol tautomers were considered for both structure
isomers. Relative energies are given in Table 1, and the
structures are shown in Figure 3.

The commonly drawn amide-amide tautomer ofG(N2)-to-
G(C2) greatly suffers from carbonyl dipole alignment and (N1,
N1′) lone pair repulsion, and rotation about the C2-N bond
leads to the conformation with an N1-H‚‚‚N3 hydrogen bond
(197.0 pm). While this rotation is possible for the free molecule,
it is not possible in DNA, andG(N2)-to-G(C2) should greatly
prefer the amide-iminol tautomer in DNA. This tautomer
features an N1-H‚‚‚N1 hydrogen bond (198.8 pm) and a
distance of 975.1 pm between the R groups at N9. The amide-
amide tautomer of structure isomerG(N1)-to-G(C2) features
two hydrogen bonds, N-H‚‚‚N3 (194.5 pm) and N1-H‚‚‚O6
(191.5 pm), some propeller distortion, and a distance of 917.3
pm between the R groups at N9, and this tautomer is only 8.8
kcal/mol less stable than the amide-iminol tautomer of the

classical structure. The amide-iminol tautomer is clearly
disadvantaged; while the N-H‚‚‚N3 hydrogen bond (219.2 pm)
is maintained, the distance between the carbonyl-O and the
hydroxyl group is too long (430.1 pm) for a second hydrogen
bond.

Structures are usually well reproduced at the B3LYP/6-31G*
level. Relative energies, on the other hand, are more dependent
on the theoretical level, and they also are solvent dependent.
Hence, we also computed relative energies with the fully
polarized and diffuse function augmented 6-31+G** basis set
for the isolated structures, B3LYP/6-31+G**//B3LYP/6-31G*,
and with implicit solvation44 effects included via the isodensity
polarizable continuum model,45 IPCM (B3LYP/6-31+G**//
B3LYP/6-31G*). In particular, these additional basis functions
allow for improved descriptions of the hydrogen bonds because
the sets of diffuse s- and p-functions improve the hydrogen bond
donor atoms O and N, and the sets of p-polarization function
should be beneficial for the H-atoms involved in hydrogen
bonding. The data in Table 1 show only modest changes of the
relative energies in the gas phase (up to 2 kcal/mol), while a
remarkable solvent effect is found on the relative stability of
the amide-amide tautomer ofG(N1)-to-G(C2). These dipole
moments of the cross-links vary significantly (Figure 3), and
the stabilization by solvent roughly parallels molecular polarity.
Yet, the solvation effect on the amide-amide tautomer of
G(N1)-to-G(C2) is remarkable even in light of the fact that
this structure has the largest dipole moment among all the
isomers. The number of hydrogen bond donors and hydrogen
bond acceptors available for any specific solvation also differs
in the isomers, and in particular, the amide-amide tautomer of
G(N1)-to-G(C2) has the least number of available hydrogen
bond donors.

The major conclusions from the theoretical study are as
follows. (1) The amide-amide and the amide-iminol tautomers
of the classicalG-to-G cross-link are almost isoenergetic. (2)
In DNA, the amide-iminol tautomers of the classicalG-to-G
cross-link are greatly favored because the accommodation of
the amide-amide tautomer would require a 180° rotation about
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Table 1. Total and Relative Energies of G-to-G Cross-Link
Structures

Relative Energy (kcal/mol)

structure isomer,
tautomer B3LYP/6-31G*

B3LYP/6-31+G**//
B3LYP/6-31G*

IPCM, DMSO
B3LYP/6-31+G**//

B3LYP/6-31G*)

G(N2)-to-G(C2),
amide-amide

0.22 1.47 0.12

G(N1)-to-G(C2),
amide-amide

8.77 10.95 -8.72

G(N2)-to-G(C2),
amide-iminol

0.00 0.00 0.00

G(N1)-to-G(C2),
amide-iminol

14.58 14.03 11.56

Figure 3. Molecular models of the B3LYP/6-31G* structures are shown
of the classical cross-linkG(N2)-to-G(C2), amide-amide (top) and amide-
iminol (bottom) tautomers, and of the structure isomer,G(N1)-to-G(C2),
again amide-amide (top) and amide-iminol (bottom) tautomers. Dipole
moments computed at B3LYP/6-31G* and B3LYP/6-31+G**//B3LYP/6-
31G* levels are given in that order.
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the C2-NH bond, and as discussed above, that would cause
disruption of hydrogen bonding and dipole-dipole repulsion.
Apparently, this tautomer has never been discussed in the more
than 40 year history of the cross-link, and there is every reason
to expect this amide-iminol tautomer to occur in DNA. (3)
The relative stabilities of theG-to-G structure isomers show
that there is no thermodynamic reason for the preferred
formation of the classical cross-link, and the product formation
must be under kinetic control. (4) The distances between the
N9 and N9′ atoms in the structures of the structure isomeric
cross-links are such that the formation of either cross-link would
not be impeded by constraints on the distances between the
sugars in ds-DNA. For the cross-link formation to occur in
DNA, many additional conditions need to be met.

Conclusion

We have demonstrated the chemical viability ofrG-to-aG
formation viarG addition to a synthetic cyanoamine derivative
4a. Hence, we have established an alternative to the common
hypothesis that assumesG-to-G cross-link formation to occur
by direct nucleophilic aromatic substitution of a guanosinedia-
zonium ion by a guanosine. This alternative hypothesis has the
attractive feature that all known products of nitrosative guanine
deamination can be consistently explained with the postulate
of pyrimidine ring-opening. This postulated mechanism not only
explains what is already known but also suggests that other
products and other cross-links also might be formed in DNA
deamination.

Our study suggests one possible “other product”: the structure
isomerG(N1)-to-G(C2)of the classicalG(N2)-to-G(C2) cross-
link. While the formation of aG(N2)-to-rG(C2) has been
established by chemical synthesis, the structure isomeraG(N1)-
to-rG(C2) has been assigned based on its MS/MS spectrum
because this assignment is reasonable from a mechanistic
perspective and because the computational study does not
suggest any reason that would prevent its formation. Both cross-
links are structurally possible in DNA with similar distances
between the N9 sugars. SinceG(N1)-to-G(C2) has not been
detected to date, this cross-link apparently is formed in low yield
in DNA deamination, if it is formed at all. Prior to the present
study, there was no reason to expect the formation of the
structure isomer and there has not been any such discussion.
Because of the results of the present study, there now is a
compelling reason to synthesize the newG-to-G cross-link, both
to confirm the tentative assignment and to begin the search for
this cross-link in DNA deamination. This case exemplifies well
the significant role of studies of reaction mechanisms to guide
searches for new kinds of chemical DNA damage, and this role
is particularly important when very small amounts of damage
are to be detected.

Experimental Section

General Methods.13C and1H NMR spectra were collected on DRX
500 and ARX 250 MHz spectrometers, usingd6-DMSO and CD3Cl as
solvents. High-resolution MS studies were performed by the Mass
Spectrometry Laboratory of the Department of Chemistry, The Ohio
State University.

Materials. 1-[(2-Hydroxyethoxy)methyl]-5-cyanoamine-4-imida-
zolecarboxamide4a was prepared as described previously by us
elsewhere.41 Other starting materials and solvents were commercially
available and were used without further purification.

HPLC Analysis. The HPLC analysis was carried out with a
Shimadzu system equipped with an SPD-M10Avp photodiode array
detector. For system 1, we used Waters XTerra Prep MS C18, 10µm
10 × 250 mm column, monitoring at 254 nm, and elution at a flow
rate of 6.0 mL/min with a gradient from 3% CH3CN in 10 mM
ammonium acetate (pH 7) to 30% CH3CN for the first 17 min, followed
by an increase to 60% CH3CN over 5 min, then an increase to 70%
CH3CN in the next 5 min, then reversed to 3% CH3CN over 5 min,
and finally eluting at 3% CH3CN over the last 2 min. This system was
used for collecting the synthetic cross-linkrG-to-aG. For system 2,
we used the same column, flow rate, and detection as with system 1,
but an elution gradient from 1 to 60% aqueous CH3CN over the course
of 30 min. System 2 was used for desalting. For system 3, we employed
Waters XTerra C18, 5µm, 4.5× 250 mm analytical column, and flow
rate of 1 mL/min, with the same gradient as that used in system 1.
System 3 was used for the analysis of the mixture of the cross-link-
forming reaction and the LC-MS analysis.

Mass Spectrometric Analysis.LC-MS studies were performed
with a Thermo Finnigan TSQ7000 mass spectrometer, equipped with
an electrospray ionization (ESI) source and operated in the positive
ion mode, LC system with P4000 pump, AS3000 auto sampler, and
UV6000 photodiode array detector. To tune the mass spectrometer,
the solution of the syntheticrG-to-aG (0.02 mM, flowing at a rate of
20 µL/min) was continuously mixed with a solution of 27% aqueous
CH3CN (flowing at a rate of 1 mL/min), and the mixture was infused
into the electrospray source to determine the optimum instrument
settings. The LC-MS and LC-MS/MS analyses were carried out with
analytical system 3 (vide supra) using both full scan and selective
reaction monitoring (SRM) detection modes.

5′-O,3′-O,2′-O-Tris( tert-butyldimethylethylsilyl)-6- O-benzylgua-
nosine, 7.Triphenylphosphine (3.315 g, 12.64 mmol) and 5′-O,3′-O,2′-
O-tris(tert-butyldimethylethylsilyl)guanosine (3.956 g, 12.64 mmol)
were placed in a dried flask under vacuum for 15 min. After the flask
was refilled with argon, dry dioxane (109 mL) and benzyl alcohol (1.294
g, 12.64 mmol) were added via syringe. Diethylazodicarboxylate
(DEAD, 5.8 mL, 12.64 mmol) was added to the resulting suspension
slowly via syringe. After the solution became homogeneous, the reaction
mixture was stirred for an additional 2 h. Removal of the solvent in
vacuo generated a yellow oil, which was redissolved in diethyl ether
(37 mL) and left to stand at-20 °C for 1 h. The precipitated white
solid was removed by filtration and washed with cold ether. The filtrate
was concentrated in vacuo, and the residue was purified by flash
chromatography on silica gel (6% ethyl acetate/hexane) to yield 2.89
g of pure7 (64%) as a white solid.1H NMR (250 MHz,d6-DMSO):
δ 8.06 (s, 1H), 7.50-7.36 (m, 5H), 6.47 (s, 2H), 5.83 (d,J ) 6.9 Hz,
1H), 5.48 (s, 2H), 4.69 (dd,J ) 6.9, 4.6 Hz, 1H), 4.20 (d,J ) 3.65
Hz, 1H), 3.95-3.84 (m, 2H), 3.70 (dd,J ) 11.0, 3.7 Hz, 1H), 0.91 (s,
9H), 0.89 (s, 9 H), 0.71 (s, 9H), 0.10 (d,J ) 4.6 Hz, 6H), 0.08 (d,J
) 0.8 Hz, 6H),-0.10 (s, 3H),-0.31 (s, 3H).13C NMR (500 MHz,
d6-DMSO): δ 160.0, 159.8, 154.6, 137.5, 136.5, 128.5, 128.4, 128.1,
113.7, 85.53, 85.48, 74.7, 72.7, 66.9, 62.8, 25.8, 25.7, 25.5, 18.0, 17.8,
17.5, -4.7, -4.78, -4.8, -5.4, -5.5. ESI-HRMS: m/e 738.38386
(M + Na+) (calcd 738.387269).

5′-O,3′-O,2′-O-Tris( tert-butyldimethylethylsilyl)-6- O-benzyl-2-
bromoguanosine, 8.Amine 7 (583 mg, 0.814 mmol) was dried by
dissolving it in anhydrous toluene (6.5 mL) and by removing the solvent
in vacuo. To the flask containing the dried aminerG was added
antimony(III) bromide (413 mg, 1.143 mmol), and the flask was then
purged with argon. Anhydrous methylene bromide (9.55 mL), cooled
to 0 °C, was added to the reaction flask which was cooled to 0°C, as
well. After the mixture was further cooled to-10 °C, tert-butylnitrite
(376µL, 2.85 mmol) was added slowly via syringe. After completion
of the nitrite addition, the reaction mixture was stirred for 1 h at-10
°C and then poured into 32.5 mL of a mixture of crushed ice, water,
and 1.32 g of sodium bicarbonate. The reaction product was filtered,
and the filtrate was extracted with methylene chloride. The combined
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organic extracts were dried over sodium sulfate. After filtration, the
solvent was removed in vacuo, and a yellow oil was obtained. Flash
chromatography with 3% ethyl acetate/hexane as the eluent afforded
392 mg of 8 as a white solid (61.7%).1H NMR (500 MHz,
d6-DMSO): δ 8.59 (s, 1H), 7.52 (d,J ) 6.5 Hz, 2H), 7.43-7.33 (m,
3H), 5.92 (d,J ) 5.5 Hz, 1H), 5.59 (d,J ) 2.5 Hz, 2H), 4.88 (t,J )
5.0 Hz, 1H), 4.37 (t,J ) 3.5 Hz, 1H), 4.01-4.00 (m, 2H), 3.73 (dd,J
) 10.5, 7.5 Hz, 1H), 0.91 (s, 9H), 0.86 (s, 9H), 0.74 (s, 9H), 0.13 (s,
3H), 0.10 (s, 3H), 0.06 (d,J ) 3.0 Hz, 6H),-0.08 (s, 3H),-0.29 (s,
3H). 13C NMR (500 MHz,d6-DMSO): δ 159.8, 152.7, 143.2, 142.1,
135.4, 128.8, 128.5, 120.9, 88.1, 85.0, 73.9, 71.6, 69.1, 61.9, 25.74,
25.68, 25.4, 18.0, 17.7, 17.5,-4.6, -4.9, -5.4, -5.5, -5.6. ESI-
HRMS: m/e 801.28435 (M+ Na+) (calcd 801.286881).

2′-O-(tert-Butyldimethylethylsilyl)acycloguanosine, 9.Acyclogua-
nosine (200 mg, 0.889 mmol) was added to a mixture of TBDMSCl
(294.8 mg, 1.956 mmol) and imidazole (266.19 mg, 3.91 mmol) in 4.5
mL of DMF. The resulting solution was stirred at room temperature
overnight. The solvent was removed, and the residue was purified by
flash chromatography with 7-10% MeOH/CH2Cl2 as eluent to give
332.4 mg of white product. Recrystallization from MeOH/H2O gave
263 mg of analytically pure product9 in 87% yield. 1H NMR (500
MHz, d6-DMSO): δ 10.6 (s, 1H), 7.8 (s, 1H), 6.46 (s, 2H), 5.3 (s,
2H), 3.6 (t,J ) 4.5 Hz, 2H), 3.5 (t,J ) 5.0 Hz, 2H), 0.81 (s, 9H),
-0.023 (s, 6H).13C NMR (500 MHz, d6-DMSO): δ 156.8, 153.8,
151.4, 137.6, 116.5, 72.1, 70.1, 61.8, 25.7, 17.9,-5.3. ESI-HRMS:
m/e 362.16214 (M+ Na+) (calcd 362.161885).

2′-O-tert-Butyldimethylethylsilyl-6- O-benzylacycloguanosine, 10.
Compound10 was prepared in analogy to the preparation of7,
employing 9 (172 mg, 0.505 mmol), triphenylphosphine (266 mg,
1.0147 mmol), dry dioxane (8.7 mL), benzyl alcohol (105µL, 1.0147
mmol), and diethylazodicarboxylate (464µL, 1.0147 mmol). The crude
product was purified by preparative TLC (1.5:4 hexane/ethyl acetate)
to give 124.5 mg of white solid10 (60% yield).1H NMR (500 MHz,
d6-DMSO): δ 7.71 (s, 1H), 7.48 (d,J ) 7.1 Hz, 2H), 7.33-7.24 (m,
3H), 5.56 (s, 2H), 5.49 (s, 2H), 4.92 (br, 2H), 3.71 (t,J ) 4.7 Hz, 2H),
3.57 (t,J ) 5.3 Hz, 2H), 0.86 (s, 9H), 0.027 (s, 6H).13C NMR (500
MHz, d6-DMSO): δ 161.2, 159.5, 154.3, 139.4, 136.4, 129.3, 128.4,
128.2, 128.0, 115.5, 72.9, 70.8, 68.1, 62.5, 25.9, 18.3,-5.3. ESI-
HRMS: m/e 452.20677 (M+ Na+) (calcd 452.208835).

2-N-[2-(2′-O-tert-Butyldimethylethylsilyl-6-O-benzylacycloinosyl)]-
5′-O,3′-O,2′-O-tris( tert-butyldimethylethylsilyl)-6- O-benzylgua-
nosine, 11.In a dry flask, amine10 (226.5 mg, 0.528 mmol), cesium
carbonate (240.85 mg, 0.739 mmol, 1.4 equiv), palladium acetate (11.85
mg, 0.0528 mmol, 0.1 equiv), BINAP (49.32 mg, 0.0792 mmol, 0.15
equiv), bromide8 (494.2 mg, 0.634 mmol, 1.2 equiv), and toluene (4.6
mL) were mixed under argon at room temperature for 30 min and then
heated to 90°C for 16 h. After the completion of the reaction, the
reaction solution was diluted with ethyl acetate. The precipitate was
removed by centrifugation, and the supernatant liquid was concentrated
in vacuo. The residue was purified by flash chromatography (silica
gel, 20-22% ethyl acetate/hexane) and afforded product11 as a light-
yellow oil (427.3 mg, 71.8% yield).1H NMR (500 MHz, CDCl3): δ
7.88 (s, 1H), 7.78 (s, 1H), 7.50 (m, 4H), 7.33-7.27 (m, 6H), 6.05 (d,
J ) 5.0 Hz, 1H), 5.77 (s, 2H), 5.68 (dd,J ) 47, 12.5 Hz, 3H), 5.57
(dd, J ) 13, 10.5 Hz, 2H), 4.52 (t,J ) 4.5 Hz, 1H), 4.29 (t,J ) 3.5
Hz, 1H), 4.08 (q,J ) 2.5 Hz, 1H), 3.97 (dd,J ) 11.5, 4.0 Hz, 1H),
3.77 (dd,J ) 11.5, 2.5 Hz, 1H), 3.62 (t,J ) 4.5 Hz, 2H), 3.52 (t,J )
5.5 Hz, 2H), 0.92 (d,J ) 3.0 Hz, 18H), 0.82 (s, 9H), 0.78 (s, 9H),
0.11 (d,J ) 3.5 Hz, 6H), 0.01 (s, 6H),-0.02 (s, 6H),-0.05 (s, 3H),
-0.23 (s, 3H).13C NMR (500 MHz,d6-DMSO): δ 160.7, 160.6, 153.8,

153.7, 153.4, 153.3, 140.7, 139.5, 136.23, 136.20, 128.7, 128.4, 128.3,
128.1, 128.0, 117.5, 117.2, 87.8, 85.4, 76.3, 73.0, 72.1, 71.7, 70.6, 68.41,
68.36, 62.6, 62.4, 26.1, 25.9, 25.7, 18.6, 18.3, 18.1, 17.9,-4.4,-4.6,
-4.7, -5.0, -5.1, -5.38,-5.40. ESI-HRMS: m/e 1150.58255 (M
+ Na+) (calcd 1150.580337).

2-N-[2-(2′-O-tert-Butyldimethylethylsilylacycloinosyl)]-5′-O,3′-
O,2′-O-tris ( tert-butyldimethylethylsilyl)guanosine, 12.Compound
11 (427.3 mg, 0.378 mmol) was dissolved in 9.4 mL of THF, and 0.1
M tetrabutylammonium fluoride (TBAF) in THF solution (1.882 mL,
1.89 mmol) was added. The reaction solution was stirred for 1 h at 25
°C, then concentrated in vacuo, and the resulting residue was purified
by flash chromatography (silica gel, 8% methanol/methene chloride)
to give 30.7 mg product8 (57.2%) as a white solid.1H NMR (500
MHz, d6-DMSO): δ 8.07 (s, 1H), 8.02 (s, 1H), 7.43 (d,J ) 7.5 Hz,
4H), 7.28-7.22 (m,J ) 6.1 Hz, 6H), 5.93 (d,J ) 6.5 Hz, 1H), 5.68
(d, J ) 3.0 Hz, 2H), 5.61 (d,J ) 3.5 Hz, 2H), 5.58 (d,J ) 3.0 Hz,
2H), 4.63 (t,J ) 5.2 Hz, 2H), 4.52 (s, 1H), 4.27 (q,J ) 2.1 Hz, 1H),
4.12 (d,J ) 2.5 Hz, 1H), 3.70 (d,J ) 2.8 Hz, 2H), 3.68 (d,J ) 3.0
Hz, 1H), 3.65 (s, 1H), 3.60 (d,J ) 3.0 Hz, 1H), 3.5 (s, 4H).13C NMR
(500 MHz, d6-DMSO): δ 159.5, 153.0, 152.4, 140.9, 139.7, 135.6,
128.0, 127.9, 127.7, 127.6, 86.4, 77.5, 77.3, 77.0, 74.6, 72.6, 71.0, 70.4,
67.8, 60.4. ESI-HRMS: m/e694.23341 (M+ Na+) (calcd 694.234429).

2-N-(2-Acycloinosyl)guanosine, rG-to-aG.Ten percent palladium
on activated carbon catalyst (104.5 mg) was added to a solution of12
(321.4 mg, 0.479 mmol) in methanol (104.5 mL). The system was
flushed with hydrogen gas three times before the reaction mixture was
hydrogenated for 24 h at 60 psi with stirring. After completion of the
reaction, the catalyst was removed by filtration through a pad of Celite.
The filtrate was concentrated in vacuo; the crude product was purified
by HPLC using analytical method A, and then desalted by HPLC
employing analytical method B to yield 110.2 mg (87%) ofrG-to-aG
as a white solid.1H NMR (500 MHz,d6-DMSO): δ 8.15 (s, 1H), 8.09
(s, 1H), 5.78 (d,J ) 5.5 Hz, 1H), 5.52 (s, 2H), 5.05 (s, 1H), 4.70 (s,
1H), 4.50 (s, 1H), 3.92 (q,J ) 4.5 Hz, 1H), 3.72 (d,J ) 10.0 Hz, 1H),
3.59 (t,J ) 4.5 Hz, 2H), 3.55 (dd,J ) 11.5, 3.5 Hz, 1H), 3.50 (s, 2H),
3.07 (q,J ) 7.0 Hz, 1H).13C NMR (500 MHz,d6-DMSO): δ 149.0,
139.4, 137.8, 119.5, 119.0, 85.4, 73.7, 72.8, 71.0, 70.1, 61.4, 60.0. ESI-
HRMS: m/e 514.14206 (M+ Na+) (calcd 514.140529).

rG-to-aG Formation by Guanosine Addition to Cyanoamine 4a.
1-[(2-Hydroxyethoxy)methyl]-5-cyanoamine-4-imidazolecarboxam-
ide (4a, 15 mg, 0.06 mmol) and guanosine (11 mg, 0.04 mmol) were
added to 250µL of DMSO, and the solution was stirred at 80°C for
2 h. Then, 10µL of the resulting light-yellow solution were diluted
with 250 µL of DMSO for HPLC and LC-MS analyses using the
analytical system 3 (vide supra) and an injection volume of 10µL.
The HPLC chromatogram of the reaction mixture showed the same
peak that was observed for syntheticrG-to-aG, and the retention time
was 16.0 min. To tune the mass spectrometer to optimal sensitivity,
the solution of syntheticrG-to-aG was diluted to 0.02 mM, and at
this concentration, the peaks of the synthetic cross-link and of the cross-
link formed by therG addition also agreed with regard to their intensity.
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