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Figure 5 | Erroneous bypass and extension of cFaPydG. (a,b) Schematic
view (@) and structure of Bst Pol | (yellow) in complex with cFaPydG
(orange) after incorporation of a dATP in the crystal (PDB code 4BOU),
superimposed with the polymerase in complex with the cognate dG-dC
base pair (gray, PDB code 1L5U3*) (b). (c,d) Schematic view (c) and
structure after elongating the cFaPydG-dA base pair (orange) at n-2 (PDB
code 4B9V) in comparison with structure involving undamaged DNA (gray;
PDB code 1L5U) (d). (e,f) Side view of the base pairs. The cFaPydG-dA
(orange, yellow) base pair is markedly buckled, the template strand is
displaced, and the DNA is widened in comparison with the cognate

base pair (gray) (e). After further strand elongation, the displacement is
slightly relieved, but the cFaPydG-dA base pair remains out of planarity (f).
Distances in e and f are given in A.

the presence of the lesion are again limited to the template strand,
which is shifted by about 3 A. Again, Tyr714 is repositioned to opti-
mize the stacking interactions with the newly formed cFaPydG-dC
base pair. This in turn causes a shift of GIn797 (Supplementary
Fig. 10). Only small differences are observed in the primer position,
once again structurally explaining the biochemically observed effi-
cient elongation of the primer after formation of the cFaPydG-dC
base pair.

Error-prone bypass of cFaPydG

When we soaked crystals containing the cFaPydG lesion in the
outer protein position in mother liquor containing dATP, we
observed elongation of the primer and formation of the mutagenic
cFaPydG-dA base pair in the crystal (Fig. 5). The cFaPydG lesion
can obviously move into the active site from its outside position even
when it involves formation of a ‘purine’-purine mismatch. However,
whereas the 8-0x0dG lesion flips under these circumstances into
the syn conformation to enable Hoogsteen base pairing with dA
(PDB code 1U49°), the cFaPydG lesion forms the same base pair
with the glycosidic bond remaining in anti conformation. The result
is an interaction between cFaPydG and the dA counterbase that is
stabilized by two hydrogen bonds (Fig. 5a,b). To form this anti
cFaPydG-dA base pair, a 4.0-A dislocation of the cFaPydG lesion is
required (Fig. 5e), in contrast to a canonical dG-dC base pair at the
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same position. Again, this causes repositioning of Tyr714 and GIn797
to adjust the required stabilizing stacking interactions. The template
strand is more strongly distorted in comparison to the cFaPydG-dC
structure. The structural changes detected for the primer strand are
surprisingly small in contrast, which again explains why the poly-
merase is able to extend a mutagenic cFaPydG-dA base pair. The
strain transferred to the primer strand by the ‘purine’-purine mis-
pair cFaPydG-dA is relieved by turning the dA base by about 10°
toward the major groove (Fig. 5e and Supplementary Fig. 9e). The
whole base pair is substantially forced out of planarity and more
strongly buckled (26°) than the respective undamaged dG-dC base
pair (PDB code 1L5U*) inside the polymerase (16°). In addition,
the propeller twist is more than twice as large for the damaged base
(=5°) than for the dG-dC base pair (-2°). In comparison, a dG-dA
mismatch, which cannot be extended by the polymerase, shows a
much stronger distortion of the DNA strand, with a buckle of 38°
and a propeller twist of —16° (ref. 37).

Soaking a crystal with dATP where the cFaPydG is followed by
two dT in the template sequence results in a structure that shows
extension of the cFaPydG-dA mispair to the position n-2 (Fig. 5¢,d).
All of the observed structural perturbations are now strongly
reduced. The C1’-C1’ distance between the cFaPydG and a dG in
the reference crystal structure is 2.1 A (Fig. 5f and Supplementary
Fig. 9f), demonstrating that once the lesion-containing base pair is
formed and shifted away from the active site, further primer exten-
sions are hard to avoid. In comparison with an analogous structure
of a dG-dC base pair, the cFaPydG-dA (n-2) structure shows only
small residual deviations.

DISCUSSION

The ability of cFaPydG to form an extendable base pair with an
incoming dATP was expected from the biochemical data. However,
it is unexpected and contradicts previous proposals that no
Hoogsteen hydrogen bonding, enabled by rotation of the glycosidic
bond from the canonical anti conformation into the syn geometry, is
necessary. The anti cFaPydG-dA base pair is established without any
involvement of the formamidopyrimidine substructure. Whereas
for 8-0xodG, the C8-oxo group and the hydrogen-donating N7H
functionality are essential to form the mutagenic 8-oxodG-dA base
pair, the same atoms have no role in the case of the cFaPydG lesion.
The observed anti cFaPydG-dA base pair consequently establishes
a new mechanism for how the observed dG-dC—dT-dA transver-
sion mutation, associated with oxidative damage, is formed. For
8-0x0dG, rotation of the lesion into the syn conformation is essen-
tial to minimize steric problems associated with the close distance
between the C8=0 and the C5H,-methylene groups of the deoxyri-
bose in the canonical anti orientation®. The cFaPydG lesion solves
this structural problem differently. The lesion turns the formamide
group into an orthogonal position relative to the heterocycle and,
in this way, minimizes the steric interaction between the C8=0 and
the C5H,-methylene group. This reduces the need to shift the gly-
cosidic bond from anti into the syn conformation. It is unexpected
that the cFaPydG lesion can base pair with dA despite the anti
conformation and that the cFaPydG-dA base pair is extended by
the polymerase. This can be explained by the fact that the struc-
tural perturbations associated with the cFaPydG-dA base pair are
limited to the template strand. Most important are the perturba-
tions of the position of Tyr714 and GIn797, which give rise to a
weakened hydrogen-bonding interaction between GIn797 and the
cFaPydG-dA base pair; also, the stacking interaction of this muta-
genic base pair with Tyr714 are compromised. The wider effects
of these perturbations are, however, limited to the base pair in
the n-2 position and not transmitted to the primer strand, which
occupies the same position observed in structures with lesion-free
template—primer complexes. The inability of the cFaPydG lesion
to flip into the syn conformation clearly causes stronger structural
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perturbations in comparison to 8-oxodG, which explains why muta-
genic formation of the cFaPydG-dA base pair is reduced to 11% in
comparison to 8-oxodG-dA, where it is 66%.

The lack of rotation influences, in particular, the planarity of
the base pair. Such a deviation does not influence the strength of
the hydrogen bonds but reduces the strength of stacking interac-
tions with the other base pairs and with Tyr714. It seems that the
ring-opened structure of the cFaPydG lesion, with its considerably
smaller mt-surface, decreases the energetic penalty for reduced stack-
ing. A reduced aromatic character, in turn, may also allow the com-
plex cFaPy lesion to shift more easily into other tautomeric states
in comparison to the canonical bases. This is crystallographically
observed for cFaPydA, but it is likely that similar tautomeric shifts
are possible for cFaPydG as well.

The main difference between 8-oxo-type lesions and cFaPy-
type lesions are therefore that the 8-oxo group can rotate as part of
the formamide unit away from the C5H, group into an orthogonal
position relative to the heterocycle. This gives the cFaPydG lesion
more structural flexibility, which reduces the need for the lesion to
rotate into the syn conformation. In addition, the lacking imidazole
substructure reduces the energetic penalty associated with reduced
stacking interactions, which makes it easier for cFaPy-containing
base pairs to deviate from planarity. Although shown here only for
cFaPydA, we think that cFaPy lesions can, in general, change more
easily into different tautomeric states in comparison to natural
purines, broadening their base-pairing properties without the need
to use the formamide or the Hoogsteen base pairs. What is also
interesting is the observation that cFaPydG-dG mispairs stall a repli-
cative polymerase, whereas the cFaPydG-dA and 8-oxodG-dA mis-
pairs, which are primarily formed, are extended to form full-length
primers (Fig. 2a,c). This seems to be the reason why cFaPydG-dA
and 8-ox0odG-dA mismatches escape recognition by the repair sys-
tem, which is triggered by a stalled replicative polymerase during
replication. We would like to emphasize that our mechanistic studies
show how a high-fidelity polymerase replicates cFaPydG® and that
mutations arise. The in vivo mutagenicity of the bases depends of
course also on other factors, such as repair or the action of other
polymerases such as low-fidelity polymerases, which can explain
different cell type-specific in vivo mutagenicities’.

Received 1 October 2012; accepted 15 April 2013;
published online 19 May 2013

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. PDB: Atomic coordinates and structure factors
of the protein in complex with DNA have been deposited with the
following accession codes: cFaPydA, pre-IS (4B9L); cFaPydA-dT,
n—1 (4B9M); cFaPydA-dT, n-3 (4B9N); cFaPydG, outside the
pre-IS (4B9S); cFaPydG-dC, n—1 (4B9T); cFaPydG-dA, n—1 (4B9U);
cFaPydG-dA, n-2 (4B9V). Cambridge Structural Database: Small-
molecular crystallographic data have been submitted under the fol-
lowing accession codes: 9a (CCDC-796512); 11 (CCDC-796513).
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ONLINE METHODS

General experimental procedures. All reagents and solvents were purchased
from Acros, Fischer Scientific (KMF Laborchemie Handels GmbH), Fluka
(Sigma-Aldrich-Chemie GmbH) and were used as delivered. All of the experi-
ments involving water-sensitive compounds were performed in oven-dried
glassware under a nitrogen atmosphere. Reactions were monitored by ana-
lytical thin-layer chromatography (TLC) on VWR precoated aluminum plates
60 F,,, visualized by UV light, anisaldehyde or ninhydrin staining. Melting
points were obtained in open-glass capillaries with a Biichi Smp 20 melting
point apparatus and are not corrected. IR spectra of the compounds were
recorded on a Perkin-Elmer FT-IR Spektrum 100 on an ATR unit. 'H NMR
spectra were obtained on the following spectrometers: Bruker AMX-200,
ARX-300, DRX-500 and ARX-600 or Varian Mercury 200VX and VXR400S.
The chemical shifts were referenced to CHCl, (6 7.26) in CDCl,, DMSO
(62.50) in DMSO-d,, MeOH (83.31) in CD,0D~d,, H,0 (§4.80) in D,0 and
CH,CN (6 1.94) in CD,CN-d,. If necessary, peak assignment was carried out
with the help of COSY, HMBC, HMQC or NOESY experiments. *C spectra
were obtained on a Bruker DRX-200 (50 MHz), ARX-300 (75 MHz), DRX-500
(125 MHz) or Varian VXR400S (100 MHz) spectrometer and referenced to the
solvent signal. *'P spectra were obtained on the spectrometer Varian Mercury
200VX (81 MHz). *'P chemical shifts are quoted in p.p.m. using 85% H,PO, as
an external standard. EI mass spectra were recorded on a Varian MAT CH7A
or MAT90 (Varian) mass spectrometer. FAB spectra in low and high resolu-
tion were recorded on a Finnigan MAT95 mass spectrometer. ESI spectra and
high-resolution ESI spectra were obtained on the mass spectrometers Finnigan
MAT95S, JEOL JMS-700 or PE ScieX API QStar Pulsar i. FT-ICR-ESI mass
spectra were measured on a Thermo Finnigan LTQ Orbitrap XL FTMS. Final
concentrations of the purified oligonucleotides and enzyme concentrations
were determined with a NanoDrop ND-1000 spectrophotometer (Peqlab).
MALDI-TOF mass spectra of the oligonucleotides were confirmed using a
Bruker Autoflex II spectrometer. DNA-melting experiments to determine
curves were performed using a Carey 100 Bio-spectrophotometer equipped
with Carey temperature controller, sample transport accessory and multi cell
block (Varian). Commercial oligonucleotides were purchased from Metabion
or Ella Biotech (Martinsried, Germany).

Oligonucleotide synthesis. Oligonucleotide synthesis was performed on an
Expedite 8909 Nucleic Acid Synthesis System (PerSeptive Biosystems) using
standard DNA synthesis conditions. Phosphoramidites for dA, dC, dG, dT and
CPG carriers were obtained from Amersham, Glen Research or PE Biosystems.
Oligonucleotides containing the cFaPydA building block were not compatible
with the regular capping procedure. For these strands, the synthesis protocol
was modified. The coupling time for 1 was extended to 2 x 7 min. The standard
capping solution was replaced by a mixture of pivaloyl anhydride or butyric
anhydride (0.54 M) and 2,6-lutidine (10.5%) in acetonitrile. The mild cap-
ping period was 25 s after incorporation of cFaPydA and each of the following
bases. In addition, deblocking cycles were shortened using dichloroacetic acid
to avoid detritylation of the N6 position of the lesion. Also, the coupling time
for the first following phosphoramidite after the lesion was extended to 144 s.
The terminal DMT-protecting group was removed from the oligonucleotides
(see deprotection and purification).

Deprotection and purification. Deprotection and cleavage of the oligodeoxy-
nucleotides from the CPG carrier containing cFaPydA were carried out in a
mixture of saturated ammonia solution in water (7 M) and ethanol (3:1) at
17 °C overnight. DNA purification was conducted on analytical and preparative
HPLC (Waters) using Nucleodur or Nucleosil columns (250 x 4 mm, Cl8ec,
particle size 3 m or 250 x 10 mm, Cl8ec, particle size 5 pm) from Machery-
Nagel. The applied buffer was 0.1 M triethylammonium acetate in water and
0.1 M triethylammonium acetate in an 80% aqueous MeCN buffer system. The
fractions were checked for purity by analytical HPLC. The purified oligonucle-
otides were concentrated in vacuo using a Savant Speed Vac and were desalted
with Sep-Pak cartridges (Waters) before use. The oligodeoxynucleotides still
containing the trityl group were deprotected by addition of 100 uL of an 80%
acetic acid solution. After incubation for 20 min at room temperature, 100 pL
of water together with 60 UL of a 3-M solution of sodium acetate were added.
To this solution, 1.6 mL of ethanol were added, and the DNA was precipitated
at least for 60 min at —20 °C. The DNA was isolated, decanting off the solution,
and lyophilized, and samples were purified via HPLC as mentioned above.

NATURE CHEMICAL BIOLOGY

Alternatively, the DNA was detritylated via SepPac cartridges. The car-
tridges were activated with acetonitrile (10 mL) and equilibrated with distilled
water (10 mL). The lyophilized oligonucleotides were loaded onto the cartridge
(0.2 mL/min). The column was washed with distilled water (6 mL), and then
5 mL trifluoroacetic acid (0.4%) in water was passed through it (during 90 s),
followed immediately by 6 mL of 0.1 M triethylammonium acetate in water
(pH 7) and then with 6 mL of water. Finally, the DNA was eluted two times
each with 4 mL acetonitrile (80%) in water.

Enzymatic digestion. The DNA (2 nmol in 100 pL H,0) was incubated with
10 uL buffer A (300 mM ammonium acetate, 100 mM CaCl,, 1| mM ZnSO,,
pH 5.7) and 20 U nuclease S1 (Aspergillus oryzae from Roche) for 3 h at 37 °C.
After adding 12 pL buffer B (500 mM Tris-HCI, 1 mM EDTA, pH 8.0), 5 U
antarctic phosphatase (New England Biolabs) and 0.1 unit snake venom
phosphodiesterase I (Crotalus adamanteus venom from USB corporation),
the solution was incubated for a further 3 h at 37 °C until the digestion was
completed. The sample was centrifuged (6,000 r.p.m., 10 min) and analyzed
by HPLC and FT-ICR-HPLC/MS. For the analysis of the enzymatic digestion,
a3 HDO column (150 x 2.0 mm) from Interchim Interchrom Uptisphere was
used. Eluting buffers were buffer A (2 mM NH,HCOO in H,0, pH 5.5) and
buffer B (2 mM NH,HCOO in H,0/MeCN (20/80)). Gradients were as fol-
lows: 0—12 min; 0%—3% B; 12—60 min; 3%—-60% B; 60—62 min; 60%—100% B;
62—-90 min; 100% B; 90-95 min; 100% B—0% B; 95-130 min; 0% B, with a flow
of 0.15 mL/min. The elution was monitored at 260 nm and 325 nm.

Single-nucleotide insertion. For the single-nucleotide insertion a 16-mer
5’-fluorescein-labeled primer was hybridized to either the lesion-containing
template strand or the lesion-free control. The experiment was conducted by
using 0.5 UM primer (ODN2-Primer) and 1 uM template (ODN?2) to ensure all
of the primer was fully hybridized. Together with Bst Pol I (1 U, NEB), 5 mM
Mg?** and 50 UM each of the individual dN'TPs, each duplex was incubated for
6 min at 55 °C. The reactions were terminated by adding 20 pL TBE-urea
sample buffer and analyzed by denaturating PAGE.

Steady-state kinetics. The primer extension was performed following the
same protocol as for single-nucleotide insertion studies, except that the INTP
concentration was varied from 0.5 nM to 1 mM. Kinetic constants were derived
as described in ref. 38.

Primer extension-based pyrosequencing. In a ratio of 2:1, a 34-mer tem-
plate DNA strand (ODN1) was annealed to a 5’-biotinylated 19-mer primer
strand (ODN1-Primerl, Metabion), ending one base 3 to the lesion. Hence,
the primer extension experiments were performed under standing start condi-
tions with Bst Pol 1. Bst Pol I (1 U; NEB), 5 mM MgSO,, 50 uM dNTPs and
0.5 UM dsDNA were incubated in a total volume of 20 pl 1x ThermoPol
Reaction Buffer (NEB) for 30 min at 55 °C. Subsequently, 2 pl of streptavi-
din Sepharose beads (GE Healthcare, Uppsala, Sweden), 40 ul Binding Buffer
(PyroMark, Qiagen) and 18 pl ddH20O were added to each sample. After agita-
tion for 15 min at 1,400 r.p.m., the beads were captured with a Vacuum Prep
Tool (Qiagen) and washed with 70% ethanol, 0.2 M NaOH and washing buffer
(Qiagen). The elongated biotinylated primers (immobilized on the bead sur-
faces) were annealed to 10 pmol of the sequencing primer (ODN1-Primer2,
Metabion) in 30 UL annealing buffer (Qiagen). Pyrosequencing was performed
on a PyroMark Q24 Pyrosequencer using standard conditions (Qiagen). For
each dNTP, blanks were measured. The data were analyzed using the provided
software, PyroMark Q24. The average values of the peak heights were calcu-
lated using Microsoft Excel, and the average blank values were subtracted.
Hence, relative incorporation at every variable position was calculated and
averaged from three independent experiments.

Protein crystallization. Bst Pol I was expressed and purified as previously
described®. For co-crystallization, the lesion-containing template (ODN3-
ODNG6) was annealed to the primer ending one base 3’ to the lesion in 10 mM
Na-cacodylate, pH 6.5, 50 mM NaCl, 0.5 mM EDTA and 10 mM MgSO,. Prior
to crystallization, protein and DNA were mixed in a 1:3 molar ratio, resulting in
final concentrations of 5 mg/ml and 0.5 mM for Bst Pol I and dsDNA, respec-
tively. Crystals were grown by mixing an equal volume of protein-DNA complex
with 47-51% ammonium sulfate, 3.0-4.1% MPD and 100 mM MES, pH 5.8,
using the hanging-drop vapor diffusion method. The crystallization plates were
incubated at 18 °C, and crystals appeared after 2 to 6 d. For primer extensions,
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the crystals were soaked overnight (single extension) or for 2-3 d (double and
triple extension) in an artificial mother liquor supplement with 30 mM of the
respective triphosphate. Crystals were frozen in 24% sucrose, 55% ammonium
sulfate, 3.5% MPD, 100 mM MES, pH 5.8, and stored in liquid nitrogen until data
collection. Data were collected at the beamlines ID14-1 (European Synchrotron
Radiation Facility (ESRF), Grenoble, France) and PX I and PXIII (Swiss Light
Source (SLS), Villigen, Switzerland) and processed with the programs XDS* and
SCALA*2, Structure solution was carried out by molecular replacement with
PHASER® using the coordinates of PDB code 1U45 (ref. 6). To reduce model
bias, before model building in COOT*, the temperature factors were reset to the
Wilson B factor, and simulated annealing omit maps, removing the area around
the lesion, were calculated with PHENIX%. TLS and restrained refinement
were carried out in REFMAC5%+ and PHENIX. All of the structural superpo-
sitions were done with LSQKAB*, and structural figures were prepared with
Pymol (Delano Scientific). Data processing and refinement statistics are sum-
marized in Supplementary Tables 3 and 4. The DNA geometry was analyzed
with CURVES+%4°,
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Supplementary Results
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Supplementary Figure 1: The two main oxidation products of 2"-deoxyguanosine (dG), 8-oxodG and FaPydG
and their counterparts from 2" -deoxyadenosine (dA), 8-oxodA and FaPydA, respectively (dR = 2"deoxribose).
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Supplementary Figure 2: Depiction of the carbocyclic analogs of FaPydA and FaPydG used for this study.



dmso
8
2b
1"-0H &
3-OH 2'a
NH NH: 1' 3 1"a,b | 5'b 5'a
) iA Al
e
= 4 ]
e = .
t: 3 D . g
I : 9 y
3
- se 5
4 2[ ] ¢
* 4o ]
< = 1 l:‘ g* ¢
5
6
4
7
8 1 2 3 4
9
10
e
n
n 10 9 8 7 6 5 4 3 2 1
F2pom)

Supplementary Figure 3: Noesy (600 MHz, DMSO-dg) of carbocyclic dG 16. The interactions between the
C8H and the C3'H, C2"H, and C5 H, of the anti-cdG are shown in red and the interactions between the C8H and
the C1"H of the syn-cdG are shown in blue. The reference interactions of C2"H, and C2"H, are shown in green.
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Supplementary Figure 4: Noesy (600 MHz, DMSO-dg) of dG. The interactions between the C8H and the C3'H
and C2"H, of the anti-dG are shown in red and the interactions between the C8H and the C1"H of the syn-dG are
shown in blue. The reference interactions of C2"H, and C2"H, are shown in green.
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Supplementary Figure 5: Nucleotide insertion and bypass of oxidative lesions. Single nucleotide insertion
reactions opposite cFaPydA and cFaPydG in comparison to 8-oxodA and 8-oxodG. f = fluorescein, M=Marker.
The primer was hybridized to a lesion-free control DNA or lesion (= X) containing template strand.
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Supplementary Figure 6: Incorporation of ANTP by G. stearothermophilus Polymerase | opposite cFaPydA
and cFaPydG. The concentration of Bst Pol | and dsSDNA was constant throughout the experiment. Experiments
were carried out at 55°C.



Supplementary Figure 7: Stereo view of the electron density for the cFaPydA lesion complexes. ()
cFaPydA in the pre-1S of the polymerase. (b) cFaPydA«dT at the post insertion site (n-1) after a single insertion
event. (¢) cFaPydA«dT base pair after 3 extension reactions in the crystal at n-3. Composite-omit 2Fo-DFc elec-
tron density map is contoured at 1o level. The lesion is highlighted in red.



Supplementary Figure 8: Stereo view of the electron density for the cFaPydG lesion complexes.
a) cFaPydG at the pre-1S. Due to the flexibility only the sugar is defined in the electron density. b) cFaPydGedC
at the post-1S (n-1). Despite the dynamic character of the lesion, which is emphasized by the higher B-factors
and weaker electron density, the lesion can be clearly placed. ¢) cFaPydGedA mismatch at n-1 and d) n-2. Com-
posite-omit 2Fo-DFc electron density map is contoured at 16 level. The lesion is highlighted in orange.



template ; template

Supplementary Figure 9: Bst Pol | reading through cFaPydA- and cFaPydG-containing template DNA.
(a) Comparison of cFaPydAedT (red) with the correct dAedT base pair (grey; PDB code 1L3T) at the

post-IS (n-1). Superposition was carried out with the coordinates of the polymerase used as refer-
ence frame. (b) Alternative conformation (red) of cFaPydA at the post-IS as indicated by the positive
2Fo-DFc difference electron density (green). The 2Fo-DFc (blue) and Fo-DFc (green) electron density
are contoured at 1 o and 2.5 o., respectively. (c) Depiction of the alternative cFaPydAedT base pair.
(d) Structure of the cFaPydGedC base pair. (e) and (f) Structure of Bst Pol | in complex with cFaPydG
after incorporation of a dATP at n-1 (PDB Code 4B9U) and n-2 (PDB code 4B9V). (e) Side view of su-
perimposition with the cognate dGedC base pair (grey, PDB code 1L5U%) (f) Side view of superimposi-
tion with undamaged DNA (grey; PDB Code 1L5U).



Q797

Supplementary Figure 10: Rotamer change of Q797. Superposition of the Bst Pol I-DNA complexes of
cFaPydGe+dC (n-1) and dG+dC (PDB code 1L5U). In the complex with the lesion-free DNA Q797 forms a hy-
drogen bond with the sugar O5 of the base at the post-IS n-2. For clarity the primer strand was removed.

Supplementary Table 1: Quantitative integrals of the interactions between the C8H and the C3"H and C2"H, of
the anti-conformers and the C8H and the C1"H of the syn-dG. As reference the integral of the C2"H, and C2'H,
interactions were chosen. In brackets are the integrals divided by the reference integrals.

Interactions Peak integral (relative integral)

Carbocyclic dG (o]€]
C2H,-Hy, (reference) 464 559
C8H-C1'H 62 (0.13) 74 (0.13)
C8H-C2'H, 23 (0.06) 33 (0.06)
C8H-C3'H 107 (0.23) 156 (0.28)
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Supplementary Figure 2: 'H-NMR (400 MHz, DMSO-ds) of compound 1 at different temperatures. The
formamide protons are marked in red and blue. The cis protons are shifted upfield due to the anisotropic effect.
Protons of the C1'NH are highlighted in green.

Both phosphoramidites (1 and 2) were subsequently incorporated into different oligo-
nucleotides (Supplementary Information - Table 2).

To this end the standard DNA synthesis protocol was adjusted. The coupling time of the car-
bocyclic FaPy-phosphoramidites was extended from 96 sec to 10 min for the cFaPydG com-
pound (2) and even to 14 min for the cFaPydA (1) lesion due to the steric problems associated
with the bulky triphenylmethyl (trityl) group of 1. The acidic deprotection steps during DNA
synthesis were shortened in order to avoid cleavage of the acid sensitive trityl group. The
DNA was subsequently cleaved from the solid support and deprotected using saturated am-
monia solution in ethanol. Final deprotection of the trityl group of 1 was achieved with 80%
acetic acid in aqueous solution for 20 min at rt. After precipitation of the DNA purification
was performed by HPL-chromatography. Correct incorporation of the cFaPydA building
block was proven by enzymatic digestion, followed by high resolution LC-MS characteriza-
tion of the digest (Supplementary Fig. 3). In these experiments we detected next to the four
canonical nucleotides dA, dC, dG and dT, a fifth broad peak with a retention time of 13.5 min
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and a moleculer weight of m/z = 268.1408, is excellent agreement with the expected molecu-
lar weight (m/z = 268.1404) for the fully deprotected cFaPydA compound (12) (Supplemen-
tary Fig. 3b). The broad appearance of the peak is attributed to the cis/trans interconversion

of the formamide group on the column.
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Supplementary Figure 3: (a) HPLC/MS (ESI™) of the digested oligonucleotide ODN7 with cFaPydA (top,
blue), (b) monomeric carbocyclic nucleoside cFaPydA 12 (bottom, green). The numbers in the HPL-
chromatograms are retention times in min. The numbers in the mass spectra are the found molecular weights.
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Detailed synthesis of carbocyclic FaPydA nucleoside phosphoramidite 1

4,6-dihydroxy-5-nitropyrimidine 7

OH

N HOAc / HNO; [N
75-20°C, 30 min, 88% A
HO™ N

To a cooled solution consisting of conc. acetic acid (60 mL) and nitric acid (20 mL) 4,6-
dihydroxypyrimidine 6 (20.0 g, 178 mmol) was added slowly over 30 min. The solution was
kept between 10 and 20 °C. After stirring for another 30 min between 10 and 20 °C, the solu-
tion was additionally stirred for 10 min at rt. The reaction was then poured onto ice (150 mL)
and the resulting precipitate was filtered off and dried under high vacuum. 4,6-dihydroxy-5-
nitropyrimidine 7 (25 g, 160 mmol) was isolated as a yellow solid. mp: 320 °C(lit °C); *H
NMR (400 MHz, DMSO-ds): & 8.72 (s, 1H, Ha), 13.21 (br s, 2H, 2 x OH); **C NMR (100
MHz, DMSO-d): 6 119.9 (C-NO,), 150.9 (CH), 155.5 (2 x C-OH); IR (ATR): 3027, 2937,
1726, 1664 1555, 1468, 1350, 1310, 1280, 1196, 884, 788, 631 cm™; EI-HRMS (m/z): [M]"
calcd. for C4H3N304, 157.0118; found, 157.0118.

4,6-dichloro-5-nitropyrimidine 8

Cl

SN (COCI), DMF__ ON
/) Tefiux, 4h, 63% )

To a suspension consisting of 4,6-dihydroxy-5-nitropyrimidine 7 (500 mg, 3.18 mmol) and
oxalyl chloride (2.0 mL, 22.4 mmol, 7 eq), 1 mL of DMF (12.8 mmol, 4 eq) was added care-
fully. The reaction mixture was heated under reflux for 4 h while the reaction mixture
changed from red to yellow. The mixture was dried under high vacuum and to the resulting
solid was added ice (5 mL). The solution was extracted with toluene (3 x 20 mL) and the or-
ganic phase was washed another time with water. The organic layer was dried over MgSO,
and the organic solvent was removed under reduced pressure. 4,6-dichloro-5-nitropyrimidine
8 was recrystallized from n-hexane to give colorless plates.

mp: 101 °C; TLC (toluene:EtOAc, 10:1 v/v): Rs = 0.60; *H NMR (400 MHz, DMSO-d): &
8.75 (s, 1H, CHa)); *C NMR (100 MHz, DMSO-dg): & 119.9 (C-NO,), 150.9 (C-H), 155.5
(C-CI); IR (ATR) 3055, 1682, 1588 , 1534, 1428, 1357, 1313, 1127, 1050, 976, 855, 834,
785, 718 cm™; EI-HRMS (m/z): [M]™* calcd. for C4H**CI,N3, 192.9440; found, 192.9433.
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4-amino-6-chloro-5-nitropyrimidine 5

cl NH,

Osz“\‘N NH,OAc, dioxane ON | =N

N N/) 8- 15°C, 90 min, 60% o N,)
8 5

To a suspension of 4,6-dichloro-5-nitropyrimidine 8 (800 mg, 4.12 mmol) in dioxane, kept at
8 °C in an ice bath, a freshly prepared solution of conc. acetic acid (1.6 mL) in ammonium
hydroxide (28 %, 3.2 mL) was slowly added via syringe pump to the suspension. The solution
did not warm up over 15 °C and was stirred for another 90 min under ice cooling. The product
was then precipitated by adding ice cold distilled water (18 mL). The resulting yellow solid
was filtrated and recrystallized from benzene to separate it from the diaminated product. The
recrystallized product 5 could be obtained as small yellow needles (425 mg, 2.43 mmol, 60
%). mp: 155 °C; TLC (CHCI3:MeOH, 10:1 v/v): Rf = 0.36; FTIR (ATR): 3307, 3144, 1647,
1575, 1519, 1396, 1340, 1233, 1042, 964, 861, 777 cm™; *H NMR (300 MHz, DMSO-ds): &
7.95 (s, 1H, Hp,), 8.67 — 8.80 (br s, 2H, NH,); **C NMR (100 MHz, DMSO-dg): & 115.3
(Car), 152.0 (Car), 155.4 (Car), 160.31 (Ca,); EI-HRMS (m/z): [M] ™ calcd. for C4H5*>CIN,O,,
173.9945; found, 173.9948.

(1S,2R,4R)-4-ammonium-2-(hydroxymethyl)cyclopentanol-trifluoroacetate 3

_Boc TFA ®
HO HN TFA, 25°C, 30min, 99% HO— :@ NHs
OH OH
4 3

The carbamate tert-Butyl N-[(1R,3S,4R)-3-hydroxy-4-(hydroxymethyl)cyclopentyl]carbamate
4 was synthesized according to literature from Vince lactam and added to 10 ml of
trifluoroacetic acid in water (95:5). The reaction was stirred for 30 min at rt. This was fol-
lowed by removal of acid and water under reduced pressure. The resulting colorless oil of 3
(420 mg, 1.71 mmol, 99%) was dried under high vacuum overnight und used without any
further purification. mp: 3 — 4 °C; FTIR (ATR): 3295, 3045, 2938, 1785, 1668, 1532, 1432,
1392, 1369, 1350, 1178, 1130, 1077, 1017, 920, 880, 839, 798, 777, 722 cm™; *H NMR (400
MHz, D,0-d,): & 1.07 (dt, 2Jun (C5 Hp,C5 Ha) = 13.3 Hz, 3344 (C5"Hp,C1'H,C4'H) = 9.1
Hz, 1 H, C5"Hp), 1.63-1.70 (m, 1 H, C2'Hy), 1.72-1.81 (m, 2 H, C2"H,, C4"H), 2.03-2.11 (m,
C5'Ha), 3.27 (dd, 2Jhn (C17"Hp,C1"'Ha) = 11.1 Hz, *Juy (C1H,,C4'H) = 6.27 Hz, 1 H,
C1Hy), 3.33 (dd, un (C1"HaCl"Hp) = 11.2 Hz, 3Jun (C17HaC4'H) = 5.8 Hz, 1 H,
C1H,), 3.44-3.52 (m, 1 H, C1'H), 3.83 (m, 1H, C3'H); *C NMR (100 MHz, D,0-d,): &
30.24 (C’5), 38.95 (C'2), 48.90 (C'4), 49.65 (C'1), 63.18 (C""1), 73.08 (C"3), 116.60 (q,
TFA), 164.20 (g, TFA); **F NMR (200 MHz, D;0-d5): 6 -76.30 (s, 3 F, CF3CO;); EI-HRMS
(m/z): [M + H™]: calcd. for [CeH13NO»+H]", 132.1019; found, 132.1020.
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N-4-{[(1'R,3'S,4"R)-3"-Hydroxy-4"-(hydroxymethyl)-cyclopentylJamino}-5-nitro-6-

amino-pyrimidine 9.

NH,

NH; 0Ny
TFA @ ON l
HO— _© NHy . 2 | SN EtOH, NEt; reflux, 1h, 81% /)

HN® N

HO
Cl N/)
OH

3 5 OH 9

The crude oil of 3 (420 mg, 1.71 mmol), was dissolved in 2.1 mL of dry ethanol, and 4-
amino-6-chloro-5-nitropyrimidine 5 (302 mg, 1.73 mmol, 1 eq) together with triethylamine
(1.68 mL, 12.1 mmol, 7 eq) was added. The mixture was refluxed for 1 h. After cooling to
room temperature, the resulting yellow precipitate 9 (377 mg, 1.40 mmol, 81 %) was filtered,
washed with ethanol, dried under high vacuum and used in the following reaction without any
further purification. mp: decomp. > 169 °C; TLC (CHCI5:MeOH, 4:1 v/v): Rs = 0.40; FTIR
(ATR): 3447, 2928, 1651, 1605, 1515, 1398, 1369, 1257, 1137, 1043, 1004, 794, 586, 557,
425 cm™; 'H NMR (400 MHz, DMSO-dg): & 1.24-1.34 (m, 1 H, C5'H,), 1.76 (ddd, 2Jy.+
(C2 Hp,C2"Ha) = 13.2 Hz, *Jyn (C2'Hp, C1'H) = 7.72 Hz, 3344 (C2Hy, C3'H) = 6.53 Hz, 1
H, C2'Hy), 1.85-1.93 (m, 2 H, C2"Ha, C4"H), 2.25 (dt, 2Jn-+ (C2'Ha,C2 Hy) = 13.0 Hz, 3Jhn
(C2'H,,C1'H,C3'H) = 8.1 Hz), 1.31 (dt, Jyn (C5HaC5Hy) = 131 Hz, *Jun
(C5'H,,C1'H,C4"H) = 7.88 Hz, 1 H, C5'H,), 3.38 (dd, “J4.n (C1”"Hp,C1"H,) = 10.5 Hz, 2y
(C1"Hp,C4'H) = 5.72 Hz, 1 H, C1"Hy), 3.44 (dd, 2Jun (C1"HaC1 "Hyp) = 10.5 Hz, *Jun
(C1"Ha,C4'H) = 550 Hz, 1 H, C1H,), 3.96 (dt, *Jun (C3'H,C2'Hy) = 6.25 Hz, 3Jun
(C3'H,C2"H,,C4"H) = 4.41 Hz, 1 H, C3'H), 4.60 (br, 2 H, 2 x OH), 4.71 (m, 1 H, C1'H), 7.97
(s, 1 H, C1H), 8.51 (br, 1 H, NH), 8.58 (br, 1 H, NH), 9.15 (d, *Jy.i (C1'NH, C1'H) = 7.52
Hz, 1 H, C1'NH);**C NMR (100 MHz, DMSO-dg): & 34.11 (C’5), 41.50 (C"2), 48.90 (C"4),
50.12 (C'1), 62.52 (C""1), 72.08 (C"3), 111.68 (C5), 155.99 (C6), 158.77 (C4), 159.42 (C2);
ESI-HRMS (m/z): [M + H™] calcd. for [C1oH15sNs04+H]", 270.1197; found, 270.1199.

N-4-{[(1'R,3'S,4"R)-3"-[(tert-Butyldimethylsilyl)oxy]-4"-{[(tert-butyldimethyIsilyl)oxy]-
methyl}-cyclopentyl]lamino}-5-nitro-6-amino-pyrimidine 9a.

NH, NH,
O,N O,N
2 /l\l\/l\\j‘l 2! IKN
_ - A
N TBSCI, imidazole, DMF,
HO HN 25°C, 3h, 75% T8S—0 HNT N
p 9 jp/ 9a
CH TBS—0

Compound 9 (450 mg, 0.90 mmol) was dissolved in dry DMF (15 mL). To the solution was
given imidazole (184 mg, 2.71 mmol, 3 eq) and tert-butyldimethylsilylchloride (408 mg, 2.71
mmol, 3 eq) and the reaction was stirred at rt for 3 h. After complete conversion of the start-
ing material, the reaction mixture was diluted with ethylacetate (125 mL) and washed with
saturated NaHCO3 (125 mL) and brine (4 x 125 mL.). The combined aqueous phases were
extracted once again with 100 mL of ethylacetate. The collected organic phases were dried
over anhydrous Na,SQ,, filtrated and the solvent was removed under reduced pressure. The
crude product was purified via column chromatography (CHCl3 : MeOH 20:1 — 10:1). The
product was obtained as a yellow solid (336 mg, 0.68 mmol, 75 %). Crystals for X-ray analy-
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from DMT), 147.00 (C- from Trityl), 155.58 (C2), 156.59 (C4), 158.34, 158.35 (C6), 160.25
(CHO). *'P NMR (200 MHz, CDCls): 6 148.65, 149.04 (ROP(N(iPr),)CH,CH,CN): ESI-
HRMS (m/z): [MH] calcd. for [Cs;H49NsOsH]", 1010.4739; found, 1010.4767.

N-(5-(Formylamino)-4-{[(1’R,3’S,4’R)-3’-hydroxy-4’-(hydroxymethyl)cyclopentyl]-
amino}-6-aminopyrimidine 12

NH NH
DR Yy
o] /) (o] —~
TBS—0 HN® N HF.pyr., pyr., THF,  HO HN" N
rt, 12 h, 94%

—

10 12
TBS-0 OH

Compound 10 (78 mg, 0.16 mmol) was dissolved in dry THF (3 mL) with dry pyridine (122
puL) and afterwards pyridine'HF complex (122 pL, 70 %) was added and the mixture was
stirred overnight at rt in a sealable polypropylene tube. The diol precipitated as a white fine
solid, which was centrifuged afterwards. The isolated product was resuspended in dry ethyl
acetate (1 mL) and afterwards stirred for another two hours together with 370 uL MeOTMS.
The product was again centrifuged, and to the decanted supernatant were given another was
370 pL of MeOTMS and the solution was stirred for another hour. Both fractions were com-
bined and the solvent was removed under reduced pressure. The resulting white solid was
dried under high vaccum yielding 40.0 mg (0.15 mmol)of 12 (94 %). mp: decomp.> 147 °C;
TLC (Reversed Phase; MeOH:H,0, 2:1 v/v): Rs = 0.88; FTIR (ATR): 3157, 2957, 2879,
2680, 2499, 1669, 1646, 1635, 1595, 1503, 1467, 1449, 1441, 1416, 1374, 1331, 1285, 1270,
1249, 1197, 1159, 1151, 1136, 1077, 1035, 1004, 859, 825, 802, 765, 752, 731, 707, 682 cm’
1 1H-NMR (400 MHz, MeOH-d,): & 1.30-1.37 (m, 1 H C5Hp), 1.82-2.02 (m, 3 H,
C4'H,C2 Hp,C2"Hy), 2.11 (dt, 2Jun (C5 HaC5 Hp) = 13.3 Hz, 334y (C5'HaC1'H,C4H) =
7.7 Hz, 1 H, C5"H,), 3.53-3.58 (m, 2 H, C1""Hy,C1""H,), 4.05-4.09 (m, 1 H, C3'H), 4.56 —
4.63 (m, 1 H, C1'H), 8.02 (br s, 1 H, NHCHO), 8.24 (br s, 1 H, CHO), 8.50 (s, 1 H, C2H), 2 x
OH, C1'NH, 2 x NH not detected; *C NMR (100 MHz, MeOH-d,): & 35.48(C5"), 42.61
(C27), 50.21 (C4"), 51.67 (C1), 64.59 (C1™), 74.34 (C3"), 93.88 (C5), 149.62 (C2), 155.96
(C4), 159.32 (C6), 164.56 (CHO); ESI-HRMS (m/z): [MH]" calcd. for [C11H17NsO3H]",
268.1404; found, 268.1404.

X-Ray crystallographic structures of compound 9a and 11

Single crystals of 9a and 11 suitable for X-ray diffraction were carefully mounted on the top
of a thin glass wire. Data collection was performed with an Oxford Xcalibur3 diffractometer
equipped with a Spellman generator (50 kV, 40 mA) and a Kappa CCD detector, operating
with Mo Ka radiation (A= 0.71071 A). Data collection was performed with the Crysalis CCD
software, for the data reduction the Crysalis RED software was used. Absorption correction
using the SCALE3 ABSPACK multiscan method? was applied. Structures were solved an
refined with SHELX-97° and finally checked using PLATON®. Details for data collection and
structure refinement are summarized in the corresponding cif files. CCDC-796512 (9a) and
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CCDC-796513 (11 2 MeCN) contain the supplementary crystallographic data. The data can
be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Overview over the synthesis of carbocyclic 2" -deoxyguanosine

The synthesis of the carbocyclic 2°-deoxyguanosine (Supplementary Fig. 5) starts from 13
with reduction of the nitro group with Pd/C under hydrogen and reaction of the resulting
amine with diethoxymethyl acetate to give the protected purine 14 in a 26 % yield. For the
acetyl deprotection 14 was stirred in 0.4 M NaOH to give 15 in a 84 % vyield, followed by TBS
deprotection in HF/pyridine with 94 % vyield of 16.

1. 0.4M NaOH in MeOH:H,0 4:1,

0 1. Pd/C, H,, MeCH, 25°C, 16h 0 50°C, 2h, 84% o]
o,N 2. Diethoxymethyl acetate, 25°C, N 2. HF 70% in pyridine, EtOAc, 25°C, N
' NH 16h, 26 % over two sleps ¢ /I\JT 16h, 94% </ ‘ NH
g = - —
T85O N N/L NHAG TBSO NN NHA HO N N/J\NH2
Y . o |
oTBs oTBS OH

Supplementary Figure 5: Synthesis of carbocyclic dG (16).

Detailed synthesis of carbocyclic 2" -deoxygquanosine

N-[9-[(1'R,3"S,4'R)-3"-[(tert-Butyldimethylsilyl)oxy]-4"-[[(tert-butyldimethylsilyl)oxy]-
methyl]cyclopentyl]-6-0x0-6,9-dihydro-1H-purin-2-yl]-acetamide 14

o ]
O.N 1. Pd/C, Hy, MeOH, 25°C, 16h
2 NH 2. Diethoxymethyl acetate, 25°C, 16h, N NH
I 26 % over two steps o </ l
//l\ N //k
TBSO HN N NHAc TBSO N NHAc
13 14
oTBS OTBS

13 (1.60 g, 2.88 mmol) was dissolved in dry methanol (30 mL). 700 mg 10 % Pd/C were add-
ed and the reaction mixture was degassed carefully. The argon atmosphere was changed into a
hydrogen atmosphere and the mixture was stirred over night under hydrogen (1.2 bar) at rt.
The charcoal and palladium were filtered off under exclusion of oxygen, using a a 0.2 pm
nylon syringe filter (Millipore™). The solvent was evaporated under reduced pressure at rt
and the air sensitive amine was diluted in diethoxymethyl acetate (16 mL). The mixture was
stirred at rt for 18 h and then heated up to 100 °C for 1 h. The cooled solution was diluted
with ethyl acetate (200 mL) and washed with brine (3 x 250 mL). The organic layer was dried
with MgSO, and evaporated under reduced pressure. The crude reaction mixture was purified
by column chromatography (CHCI3:MeOH 80:1 — 40:1). The resulting purine 14 could be
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obtained as an orange foam (400 mg, 0.75 mmol, 26 % over two steps). TLC (CHCI3;:MeOH,
10:1 v/v): R¢= 0.30; FTIR (ATR): 3155, 2952, 2927, 2855, 2739, 17112, 1680, 1611, 1553,
1471, 1463, 1397, 1375, 1361, 1321, 1251, 1116, 10889, 1051, 1004, 938, 834, 813, 775, 742,
724, 668 cm™; 'H NMR (400 MHz, CDCls): & 0.04 (s, 3H, Si-CHs), 0.05 (s, 3H, Si-CHs),
0.06 (s, 6H, Si-CHj3), 0.87 (s, 9H, Si-C(CHs)3), 0.89 (s, 9H, Si-C(CHs)3), 1.71 — 1.81 (dt, 2Jn.+
(C5Ha, C5"Hp) = 13.0 Hz, %344 (C5'Ha, C1°H, C4'H) = 9.3 Hz, 1H, C5'H,), 2.07 — 2.16 (m,
3H, C2'Ha, C2"Hp, C4"H), 2.30 (s, 3H, acetyl-CHs), 2.36 — 2.45 (dt, “Ju.i (C5 Hp, C5'Ha) =
13.0 Hz, *J4n (C5'Hp, C1'H, C4'H) = 8.1 Hz, 1H, C6'Hy), 3.57 — 3.62 (dd, *Ju.n (C1 " Ha,
C1Hp) = 10.1 Hz, 34 (C1"Ha C17OH) = 4.7 Hz, 1H, C1"H,), 3.66 — 3.72 (dd, 2Jn.+
(C1"Hp, C1"Ha) = 10.1 Hz, *Jpn (C1"Hp, C17"OH) = 4.5 Hz, 1H, C1""Hp), 4.28 — 4.33 (m,
1H, C3'H), 4.85 — 4.94 (p, 2Jh11 (C1'H, C2"Ha, C2'Hy, C5'Ha, C5Hy) = 8.6 Hz, 1H, C1'H),
7.75 (s, 1H, C8H), 8.96 (s, 1H, NH), 11.95 (s, 1H, NH). *C NMR (101 MHz, CDCls): § -5.46
(Si-CHj3), -5.42 (Si-CHg), -4.75 (Si-CHj3), -4.62 (Si-CHg), 17.98 (Si-C(CHa)3), 18.34 (Si-
C(CHz3)3), 24.43 (acetyl-CH3), 25.79 (Si-C(CHs)s), 25.93 (Si-C(CHa)s), 33.36 (C57), 41.58
(C27), 49.73 (C4"), 53.18 (C1"), 62.93 (C17"), 72.84 (C3"), 121.55 (C5), 137.16 (C8), 146.74
(C2), 148.16 (C4), 155.68 (C6), 171.52 (acetyl-C). ESI-HRMS (m/z): [MH]’, calcd. for
[C25H46N504Si,H] : 536.3083; found, 536.3075.

2-Amino-9-[(1'R,3'S,4"R)-3"-[(tert-butyldimethylsilyl)oxy]-4"-[[ (tert-butyldimethylsilyl)
oxy]-methyl]cyclopentyl]-1,9-dihydro-purine-6-one 15

0] 0
N N
</ [ NH 0.4M NaOH in MeOH:H,0 4:1, 50°C, 2h, 84% </ l NH
N A B} N //,\
14 15
OTBS OTBS

14 (250 mg, 0.47 mmol) was dissolved in 0.4 M NaOH in MeOH:H,0O 4:1 and stirred for 2 h
at 50 °C until the reaction was complete. The mixture was neutralized with acetic acid and
evaporated under reduced pressure. The crude residue was purified by column chromatog-
raphy (CH,Cl,:MeOH 10:1). The resulting purine 15 could be obtained as a yellow foam
(195 mg, 0.39 mmol, 84 %). TLC (CH,Cl,:MeOH 10:1 v/v): Rf= 0.31; FTIR (ATR): 3317,
3156, 2952, 2928, 2855, 1695, 1627, 1597, 1569, 1536, 1471, 1361, 1253, 1164, 1111, 1005,
938, 834, 813, 775, 669 cm™; *H NMR (400 MHz, CDCls):  0.06 (s, 3H, Si-CHj), 0.06 (s,
3H, Si-CHj3), 0.06 (s, 3H, Si-CHj3), 0.07 (s, 3H, Si-CHj3), 0.89 (s, 9H, Si-C(CHs)3), 0.90 (s,
9H, Si-C(CHa)s), 1.69 — 1.79 (dt, 2Jins (C5 Ha, C5"Hp) = 13.0 Hz, 3J4n (C5'Ha, C17H, C4™H)
= 9.4 Hz, 1H, C5'H,), 1.94 — 2.29 (m, 3H, C2'H,, C2'Hp, C4'H), 2.37 — 2.47 (dt, Iy
(C5 Hp, C5"Ha) = 12.9 Hz, 3441 (C5 Hp, C1'H, C4'H) = 7.9 Hz, 1H, C5"Hy), 3.60 — 3.65 (m,
1H, C17"H,), 3.66 — 3.72 (m, 1H, C1""Hp), 4.29 — 4.34 (dt, 3.4 (C3'H, C2'H) = 6.1 Hz, *Jn
(C3'H, C4'H) = 4.5 Hz, 1H, C3'H), 4.83 — 4.96 (p, It (C1'H, C2'Hs, C2'Hp, C5 H,,
C5Hy) = 8.5 Hz, 1H, C1°H), 6.23 (s, 2H, NH,), 7.64 (s, 1H, C8H), 11.92 (s, 1H, NH). °C
NMR (101 MHz, CDCls): & -5.43 (Si-CHs), -5.40 (Si-CHs), -4.74 (Si-CHs), -4.59 (Si-CHs),
18.00 (Si-C(CHa)s), 18.35 (Si-C(CHa)s), 20.95, 25.82 (Si-C(CHs)s), 25.95 (Si-C(CHa)s),
33.30 (C5"), 41.29 (C27), 49.80 (C4"), 52.92 (C17), 63.13 (C1™"), 72.85 (C3"), 76.68, 117.17
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Supplementary Figure 1. 2D and 3D structures of formamidopyrimidine desoxynucleoside 18 and its carbo-

cyclic analogue 19.

It is noteworthy that, in the absence of the interaction partners present in a polar solvent or a
protein surrounding, the formamido groups form intramoleculare hydrogen bonds to the
anomeric amino N-H bond. The rotation angle chi** around the C-N bond defined by the cen-
ters O/C1'/N/C6 in 18 amounts to chi(18) = -82.7°. In carbocyclic analog 19 an almost identi-
cal rotational angle of chi(19) = -84.9° is found.

The rotational profile in 18 was explored starting from the most favorable conformation
shown in Supplementary Figure 1 driving the chi angle with a step size of 20° in positive
and negative directions. In selected regions additional points were added with a step size of
10°. The resulting rotational profile around the C1'-N bond is surprisingly similar at
B3LYP/6-31+G(d) and MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory (Sup-
plementary Fig. 2). Minor differences concern the flat region between 180 and 210°, where

MP?2 theory hints at formation of a shallow minimum, while B3LYP theory does not.
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Supplementary Figure 2: Rotational profile for dihedral angle chi (O/C1'/N/C6) in formamidopyrimidine 18 at
the B3LYP/6-31+G(d) and MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory.

In analogy to the procedure chosen for 18 the rotational profile in carbocyclic analogue 19
was explored starting from the most favorable conformation shown in Supplementary Fig-
ure 1 and a step size of 20°. Additional data points were again added in seletced regions. It is
again found that the rotational potential is largely similar at B3LYP/6-31+G(d) and
MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory (Supplementary Fig. 3). Minor
differences again concern the region with chi angles from 180 - 210°, where MP2 theory pre-
dicts a more shallow potential energy surface. In contrast to heterocyclic reference system 18,
however, both methods agree in that a true minimum exists at a rotational angle of 203°,

whose energy is almost identical to the global rotational minimum at chi = +275°.
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Supplementary Figure 3: Rotational profile around angle chi (CH,/C1/N/C6) in carbocyclic
formamidopyrimidine 19 at the B3LYP/6-31+G(d) and MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of

theory.

A direct comparison of the rotational potentials for heterocyclic formamidopyrimidine 18 and
its carbocyclic analogue 19 as calculated at the MP2(FC)/G3MP2large//B3LYP/6-31+G(d)
level is shown in Supplementary Figure 4. Both rotational potentials are largely similar in
that a global minimum exists at chi angles around 275° and a second, less stable minimum at
chi values around 60°. The rotational potentials differ in the magnitude of the rotational barri-
er through the fully eclipsed conformation at chi = 0° and also in the flat region with chi =

180 - 210°, where a true minimum exists for 19, but (apparently) not for 18.
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Supplementary Figure 4: Rotational profile around angle chi (X/C1'/N/C6) in formamidopyrimidine 18 (red
dots) and its carbocyclic analogue 19 (blue diamonds) at the MP2(FC)/G3MP2large//B3LYP/6-31+G(d) level of
theory.

The surprisingly similar rotational potentials for 18 and 19 identified here are closely similar
to those obtained at the B3LYP/6-31G(d) level for model systems carrying methyl protecting
groups on the C3' and C5' hydroxy groups.® This implies that the conformational similarity
between the hetero- and carbocyclic systems 18 and 19 is neither dependend on the exact de-

tails of the model systems chosen for study nor on the particular level of theory.

How much of the similarity between hetero- and carbocyclic formamidopyrimidine deriva-
tives is retained in the undamaged nucleosides was subsequently explored for 2'-
deoxyguanosine 17 and its carbocyclic analogue 16 using the same theoretical approach as
before. In order to avoid hydrogen bonding interactions between the C3' and C5' hydroxy
groups with the nucleobase, the orientation of these former groups was again chosen such that
the O-H bonds point away from the central furan/pentane ring system. The most favorable
conformations found for these systems in the gas phase at MP2(FC)/G3MP2large//B3LYP/6-

31+G(d) level are shown in Supplementary Figure 5.
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Supplementary Figure 5: 2D and 3D structures of 2'-deoxyguanosine 17 and its carbocyclic analog 16.
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In contrast to the formamidopyrimidine derivatives studied before, two conformations 17a
and 17b of similar stability can be identified for 2'-deoxyguanosine. The more stable confor-
mation 17a with chi = +70.2° orients the guanine base such that the N1 nitrogen atom points
towards the ribose ring, while the less stable conformation 17b with chi = -119.0° orients the
guanine base in the opposite direction. This latter conformer is less stable than 17a by 3.70
kJ/mol (MP2(FC)/G3MP2large//B3LYP/6-31+G(d) level). The relative stability of these con-
formers was reconfirmed at full G3(MP2)B3 level, at which the energy difference amounts to
2.9 kJ/mol. A rather similar situation is found for the carbocyclic analogue 16 with the more
favourable conformer 16a (chi = +61.5°) and the slightly less stable conformer 16b (chi =
-118.1°). The energy difference is again rather small with +3.9 kJ/mol at
MP2(FC)/G3MP2large//B3LYP/6-31+G(d) and +3.0 kJ/mol at full G3(MP2)B3 level.
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Supplementary Figure 6: Rotational profile for dihedral angle chi (O/C1'/N9/C6) in 2'-deoxyguanosine 17 at
the B3LYP/6-31+G(d) and MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory.

The rotational profile in 17 was explored starting from the local minimum shown in Supple-
mentary Figure 5 driving the chi angle with a step size of 20° in positive and negative direc-

tions. In selected regions additional points were added with a step size of 10°. The resulting
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rotational profile around the C1'-N9 bond is again quite similar at B3LYP/6-31+G(d) and
MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory (Supplementary Figure 6). Mi-
nor differences again concern the flat region between 180 and 260°, where MP2 theory places
the minimum at somewhat smaller angles (at around 210°) as compared to the B3LYP minim
at 240°. The rotational barriers are also quite similar at both levels of theory, the larger barrier
of just over 30 kJ/mol leading through the structure with fully eclipsed O/C/N/C dihedral an-
gle. This is significantly lower as compared to the FaPydG derivative, where the correspond-
ing rotational barrier is more than 20 kJ/mol higher (Supplementary Figure 2). A second
major difference between FaPydG derivative 18 and 2'-deoxyguanosine 17 concerns the rela-
tive energies of the gauche conformations at rotational angles around -80 and +60 degrees.
While the gauche conformation at -80° is the only low-.energy conformation in FaPydG de-
rivative 18, both structures are practically isoenergetic in 2'-deoxyguanosine 17 (Supplemen-

tary Figure 2 vs. Figure 6).

Repeating the above approach for carbocyclic analogue 16 and starting again from the struc-
ture shown in Supplementary Figure 4 yields the rotational profile shown in Supplemen-
tary Figure 7. The latter is quite similar to that of the parent heterocyclic system 17 and dis-
plays a larger shallow region between dihedral angles of 190 to 270° and a more clearly de-
fined gauche conformation with dihedral angle of chi(16) = +61.5°. Relative energies for the-
se two minima are rather small at the B3LYP/6-31+G(d) level used for geometry optimiza-
tions, but differ slightly at MP2(FC)/G3MP2large//B3LYP/6-31+G(d) level at which the

gauche conformation at around 60° is energetically preferred by 4.3 k/mol.
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Supplementary Figure 7: Rotational profile around angle chi (CH,/C1'/N/C6) in carbocyclic 2'-deoxyguanosine
16 at the B3LYP/6-31+G(d) and MP2(FC)/G3MP2large//B3LYP/6-31+G(d) levels of theory.

A direct comparison of the rotational potentials for 2'-deoxyguanosine 17 and its carbocyclic
analogue 16 as calculated at the MP2(FC)/G3MP2large//B3LYP/6-31+G(d) level is shown in
Supplementary Figure 8. Both rotational potentials are largely similar in that a global mini-
mum exists at chi angles around 60° and a second, less stable minimum at chi values around
180 - 260°. The rotational potentials differ mainly in the magnitude of the rotational barrier
through the fully eclipsed conformation at chi = 0°, which is higher in the heterocyclic parent
system 17 by approx. 14.3 kJ/mol as compared to carbocyclic analogue 16. This barrier dif-
ference is most likely due to unfavorable electrostatic interactions between the N1 nitrogen
atom of the guanine ring system and the ring oxygen atom of the ribose ring, both of which
carry a partial negative charge. Replacement of the oxygen by CH, in analogue 16 replaces
this repulsive interaction by a weakly attractive component. In the more favorable low-energy
region of the rotational potential between chi = +50 - +280° there is, however, hardly any dif-

ference between parent system 17 and its carbocyclic analogue 16.
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Supplementary Figure 8: Rotational profile around angle chi (X/C1'/N/C6) in 2'-deoxyguanosine 17 (red dots)
and its carbocyclic analogue 16 (blue diamonds) at the MP2(FC)/G3MP2large//B3LYP/6-31+G(d) level of theo-

ry.
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ABSTRACT: Oxidative degradation of DNA is a major mutagenic
process. Reactive oxygen species (ROS) produced in the course of
oxidative phosphorylation or by exogenous factors are known to attack
preferentially deoxyguanosine. The latter decomposes to give
mutagenic lesions, which under physiological conditions are efficiently
repaired by specialized maintenance systems in the cell. Although
many intermediates of the degradation pathway are today well-known,
we report in this study the discovery of a new intermediate with an
interesting guanidinoformimine structure. The structure elucidation of

the new lesion was possible by using HPLC—MS techniques and
organic synthesis. Finally we report the mutagenic potential of the new lesion in comparison to the known lesions imidazolone
and oxazolone using primer extension and pyrosequencing experiments.

B INTRODUCTION

Guanine is the nucleobase with the lowest oxidation potential
of the four canonical nucleobases." Therefore, reactive oxygen
species (ROS) degrade preferentially dG bases to give dG-
derived lesions.> ® These lesions are mutagenic and typically
repaired by dedicated DNA repair enzymes.” "> Scheme 1
summarizes the main degradation pathway of 2’-deoxy%uano-
sine. Most of the oxidation products are today known."> The
structures of certain putative intermediates along the dG
degradation pathway and their mutagenic properties remain,
however, to be uncovered. Particularly the reaction of the
oxazolone lesion (dZ) to the aminoriboside, which hydrolyzes
to give an AP site as the final product of the oxidative dG
degradation, is an enigmatic transformation. One-electron
oxidation of dG followed by reaction of the dG-radical cation
(dG**) with water and finally either oxidation or reduction of
the 8-OH-dG radical give rise to 8-oxo-guanosine (8-oxo-dG)"*
or formamidopyrimidine (FaPy-dG) lesions,">~"” respectively
(Scheme 1). Both are well studied oxidative lesions, which
strongly contribute to the mutagenic effect of ROS. A second
more complex degradation pathway involves deprotonation of
dG*®* and trapping of the radical by O,"". The corresponding 5-
OOH-dG intermediate predominantly leads to the imidazolone
(dlz) lesion,”'® known to rearrange to oxazolone (dz).'*2°
The formation of spiroiminohydantoin (dSp), guanidinohy-
dantoin (dGh), and iminoalantoin (dla), reported before,*" is
assumed to take place via an intramolecular redox reaction in
which the CS-peroxyl group participates in the oxidation of C8
to generate 8-hydroxy-dG as the precursor of these compounds.
Oxazolone (dZ) is the last characterized intermediate before
the occurrence of 1-aminoriboside, which hydrolyzes to give an

-4 ACS Publications  © 2012 American Chemical Society
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abasic site. The mutagenic effect of ROS is caused by all of
these degradation intermediates, which exist in damaged DNA
in unknown relative amounts. They all have been implicated in
human pathogenesis and disease.””~>* For example, 8-ox0-dG*®
and FaPy-dG lesions’®*” are known to produce G to T
transversion mutations, while imidazolone lesions are assumed
to induce G to C transversion mutations.*®

B RESULTS AND DISCUSSION

In order to get more insight into the imidazolone/oxazolone
based degradation pathway we performed HPLC—MS experi-
ments with purified dIz lesion-containing DNA strands. For the
study we prepared the oligonucleotide ODN1 (Figure 1A) and
irradiated the DNA strand, containing a single dG base in the
middle of the sequence, in the presence of riboflavin. The latter
is a well-known dG photooxidant, which leads to the formation
of imidazolone lesions.””*’ Indeed, irradiation of ODN1 gave a
mixture of products with one major component. This
oligonucleotide (dIz-ODN1) was isolated and the presence of
the imidazolone lesion was confirmed by high resolution ESI
mass spectrometry. Figure 1A shows the HPL-chromatogram of
the purified dIz-containing ODN1 strand, together with the
high resolution mass spectrum. The molecular peak for dIz-
ODNI1 appears at m/z = 1367 ([M — 3H]*"), while the second
major peak at m/z = 1374 is caused by the corresponding
monosodium adduct. To further confirm the presence of the
dIz lesion in the purified oligonucleotide, we digested the DNA
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Scheme 1. Oxidative Degradation of 2’-Deoxyguanosine by A

hv
Direct Electron Abstraction and the Corresponding Base ODN1:5-CTCTTTGTTTCTCC-3' ——» 5'-CTCTTTIZTTTCTCC-3'
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[ =
with P1 nuclease and subsequently incubated the reaction 5 100 2280930 40,226,0950 100, 24%,097°
mixture with alkaline phosphatase and snake venom _§ :8 daz 8 dc 28 dT
phosphodiesterase. The obtained nucleoside mixture was < . ig 40
again analyzed by HPLC—MS. Figure 1B shows the HPLC 2 20 2p1.1086 20 235.2381
signals of the natural nucleosides present in the digest, as well © Ll | . i
as a new signal which appears with a retention time of 9.6 min. &’ 224 2’72732232 200 ’27;'702 280 200 %;1/02 280
This signal gives an m/z value of 229.0930, which is in perfect
agreement with the calculated molecular weight of the dIz Figure 1. (A) HPLC of the purified dIz-ODN1 and the corresponding
nucleoside. These results confirm that the first, major reaction high resolution mass spectrum ([M — 3H]* 4 = 1367.5547, [M —
product, formed during riboflavin induced dG oxidation, is 4H + Na]*"(q = 1374.8820). (B) HPLC—MS spectra obtained from

the total enzymatic digestion of the dIz-ODNI. dIz [M + H]" 44 =
229.0931, dC [M + H] .y = 228.0979, and dT [M + H]" 4 =
243.0975.

indeed the imidazolone lesion.

While handling the dIz-containing ODN1 strand, we noticed
that the imidazolone lesion is rather unstable. The lesion
degraded quickly to give further reaction products. Figure 2
shows the HPL-chromatogram of the formerly pure dIz-
containing DNA strand after standing of the solution for 24 h at dGF-ODN1
room temperature. It is clearly visible that at least two 678.9436
additional compounds were formed within the DNA. To 60 - 100 dZ-ODN1
investigate the stability in more detail, we dissolved the dIz- 686.2750
containing DNA in different buffers at various pH values and

80 |
| diz-ODN1
60 683.2734

monitored the decomposition reaction by LC—MS.

Indeed, the imidazolone lesion is unstable and rapidly 40+
degrades (t,,, = 18 h at pH = 7.0) to give two further products
with a rate that depends on the salt concentration, the
temperature, and more importantly, the pH of the buffer. It is
most stable when the DNA solution is kept cold (<10 °C) at
pH = 7.0. Changing the pH value (Supplementary Figure S2) | -l [N
or increasing the temperature of the solution, e.g, to 37 °C, NJ 683 687
caused rapid decomposition. 04

As previously reported,30 analysis of the dIz decomposition 35 ' 4|o ' 4|5 ' 5|0
reaction by HPLC—MS showed that the dIz-ODNI initially t (min)
forms the oxazolone product dZ, which is detectable at m/z = ] )

686.27 (z = 6). If a solution of the dIz-ODN1, for example, was Figure 2. HPLC of dlz-OD Nl, after. standing .for 24 h at room

allowed to stand for 24 h at room temperature at pH 7.0, the temperature and the 6Sorrespondmg high resolution mass spée_ctrum.
. nd tor : dIz-ODN [M — 6H]* . = 6832737, dZ-ODN [M — 6H]* ., =

solution contained finally only residual amounts of dIz-ODNI. 6862755, and dGEODN [M — 6H]* .4 = 678.9438.

Instead, the dZ-ODN1 dominated (>90%) and another, so far

20

Relative Abundance

4926 dx.doi.org/10.1021/ja211435d | J. Am. Chem. Soc. 2012, 134, 49254930



