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Abstract: The faithful recognition of the interstrand hydrogen bonds between complementary nucleobases
forms the foundation of the genetic code. The ability to replicate DNA containing a stable third base pair
would allow for an expansion of the information content of DNA by supplementing the existing two base
pairs of the genetic alphabet with a third. We report the optimization of unnatural nucleobases whose pairing
in duplex DNA is based on interbase hydrophobic interactions. We show that the stability and selectivity of
such unnatural base pairs may be comparable to, or even exceed, that of native pairs. We also demonstrate
that several unnatural base pairs are incorporated into DNA by Klenow fragm&scberichia coliDNA
polymerase | with an efficiency equivalent to that of native DNA synthesis. Moreover, the unnatural bases are
orthogonal to the native bases, with correct pairing being favored by at least an order of magnitude relative to
mispairing.

1. Introduction incorporation into DNA by a polymerase, kinetic selectivity
against enzymatic mispairing with a natural base (kinetic
orthogonality), and the efficient continued primer extension after
synthesis of the nascent unnatural base pair.

Previous efforts to generate orthogonal base pairs have relied
on H-bonding patterns which are not found with the canonical
Watson-Crick pairs. For example, the noncanonical H-bonding
base pairs formed betweer dnd dX¢ or diso-C and diso-
G’~11 adopt standard WatserCrick geometry, but have an
H-bonding pattern unlike that found in the natural base pairs,
dG:dC and dA:dT. When incorporated into B-form DNA or
DNA—RNA hybrid duplexes, these unnatural base pairs display
moderate stability and selectivify.'213 Moreover, no DNA
golymerase has been identified that can incorporate these base
pairs into DNA with high efficiency and fidelity both in the
template and as incoming triphosphate. In all cases, the modified
bases were not kinetically orthogonal and instead competitively
paired with natural bases during polymerase-catalyzed DNA
synthesi$—59.11.14 Tautomeric isomerism, which would alter

Biological information storage and replication is based on a
genetic alphabet encoded by the specific Wats0rick hy-
drogen bonding (H-bonding) patterns of the adenine:thymine
(A:T) and guanine:cytosine (G:C) base pairs. The faithful
recognition of these H-bonds underscores virtually all nucleic
acid biochemistry, including DNA structure and replication.
We are interested in increasing the information content of DNA
with unnatural nucleic acids, where the pairing of the unnatural
bases is driven by hydrophobic interactions instead of H-
bonding. We have recently shown that hydrophobic interactions
can thermodynamically compensate for the interstrand Watson
Crick H-bonds in duplex DNA&. Such bases would represent
an expanded genetic alphabet, provided a polymerase is capabl
of efficient and high fidelity synthesis of DNA containing the
unnatural pair. The ability to replicate DNA containing a third
base pair would also allow for the enzymatic incorporation of
additional functional moieties into DNA (e.g., catalytic groups,
fluorophores, spin labels, etc.), allowing for increased func-
tionality in in vitro selection experiments. In addition, the (3) Lutz, M. J.; Held, H. A.; Hottiger, M.; Hischer, U.; Benner, S. A.
availability of a number of orthogonal base pairs would facilitate Nucleic Acids Resl996 24, 1308-1313.

idizati ; ; ; (4) Horlacher, J.; Hottiger, M.; Podust, V. N.;"Hscher, U.; Benner, S.
hybridization or encoding experiments in cases where natural A. Proc. Natl. Acad. Sci. U.S.A005 92 6329-6333.

sequences cross hybridize. (5) Piccirilli, J. A.; Krauch, T.. Moroney, S. E.. Benner, S. Nature
Essential thermodynamic requirements for third base pair 1999 343 33-37.

; ; i ; _ (6) Bain, J. D.; Switzer, C.; Chamberlin, A. R.; Benner, S.Mature
candidates include stable pairing in duplex DNA and thermo 1092 356, 537-539.

dynamic selectivity against mispairing with a natural base " (7) sugiyama, H.; Ikeda, S.; Saitol.Am. Chem. So4996 118 9994
(thermodynamic orthogonality). The stability and selectivity of 9995.
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Y% NN N7\ formation (Scheme 1). In the first, chloroglycosiéé served
™~ b e as a general electrophile for aryl Grignard additions and nitrogen
Ics PICS 7Al nucleophile$? Although Grignard addition to8 generally

Figure 1. favored theo-anomer, acid treatment of the corresponding

benzylic ethers in refluxing xylene resulted in epimerization at
H-bond donor and acceptor patterns, likely contributes to this C1' to yield the g-anomer. This methodology, previously

kinetic infidelity 131516 employed by Kool and co-workefdwas amenable to the large-
As an alternate approach we have been evaluating hydro-scale nucleoside synthesis. The nucleophilic addition of indoles
phobic bases that are incapable of tautomeriz&tidpdropho- to 8, by contrast, afforded the desirggdanomer, exclusively,

bicity should be a strong and selective force in the DNA duplex, which allowed the facile synthesis of azaindole nucleosides. The
based on the known importance of the hydrophobic effect in syntheses of aryl nucleosidésnd2 proceeded from condensa-
the folding and stability of proteinS. Desolvation of a native  tion of in situ generated Grignard reagents véitollowed by
base when paired with an unnatural hydrophobic base shouldepimerization and methoxide-mediated deprotection (Scheme
significantly disfavor mispairing. Moreover, the structure of the 2).2?

hydrophobic bases may be optimized to maximize interstrand For some nucleosides, Grignard formation or condensation
packing interactions. We report here a detailed examination andwith 8 proved difficult. In these cases an alternate synthetic
optimization of interstrand hydrophobic packing in a series of strategy was used that involved alkylation of an aldehyde
hydrophobic base pairs with the intent of establishing a system substrate 5 and20), followed by cyclization to the nucleoside

of information storage, replication, and retrieval that is orthogo- (Scheme 1324 The seven-step synthetic route 1& from

nal to the natural H-bond-based system. p-ribose followed literature precedent and did not require the
generation of any stereocenters beyond@A separate, five-
2. Results step route route tdC-nucleosides from aldehyd20 again

followed from literature precedeftjn which C3 was generated
from Felkin—Anh addition of an allylzinc nucleophile to
isopropylidine-protected glyceraldehyde with high diastereose-

1.1. Base Pair Design Considerationsn an effort to design
two simple hydrophobic moieties that pack well when paired
opposite one another in duplex DNA, several substituted phenyl g tjyity. Mesylation, followed by treatment with excess tri-

i x5 B- 19 IeSy ; S
rings were modeled as nucleobd$@s B-form DNA.®Several  ,5r0acetic acid, afforded a diastereomeric mixture of separable
bases were identified that could be accommodated without C-nucleosides.

significant distortion of the helix. The trimethylphenyl nucleo-
side:dimethylphenyl nucleosidg 1 :DM) pair was found to
have the lowest calculated strain energy and was therefore
chosen as the experimental starting point (Figure 1). To optimize
the stability and selectivity of the unnatural pair, a variety of
TM andDM derivatives were also synthesized. Modifications
included increased aromatic surface area, alkyl group substit-
uents, and the inclusion of minor groove H-bond acceptors
(Figure 1). All of these bases have been evaluated with respec Inaphthalene nucleosideinvolved the two-step mesylation-

to their thermodynamic base pair stability in duplex DNA and acid treatment previously used by Hopkins and co-workers and
the kinetics of enzymatic DNA replication. afforded4 in 24% yield

2.2. Base Pair SynthesisThe syntheses of nucleosides 72°
involved two strategies for stereoselective glycosidic bond

Naphthalene-substituted nucleosidsnd 4 were derived
from the condensation of the aryllithium species onto aldehydes
15and20, respectively (Schemes 3 and?a¥41n situ cyclization
of the mesylate afforded-al:1 mixture of diastereomers from
which 16 was isolated. Detritylation, followed by treatment with
DDQ, afforded nucleosid@in 55% yield. An alternative method
for deprotection of the PMB-group using trityl tetrafluoroborate

roceeded in comparable yield. The synthesis of the 2-meth-

Vorbruggen glycosylation methodology was used to synthe-
size nucleosid@3, as it generally resulted iN-glycosylation

(14) Lutz, M. J.; Horlacher, J.; Benner, S. Bioorg. Med. Chem. Lett. to exclusively yield thg3-anomer® However, in the case of

1998 8, 1149-1152. 23, the reaction produced a 1:1 mixture of separable diastere-
(15) Roberts, C.; Chaput, J. C.; Switzer, Chem. Biol.1997, 4, 899-
908. (21) Takeshita, M.; Chang, C.-N.; Johnson, F.; Will, S.; Grollman, A.
(16) Robinson, H.; Gao, Y.-G.; Bauer, C.; Roberts, C.; Switzer, C.; Wang, P.J. Biol. Chem.1987, 262 1017}+-10179.
A. H.-J. Biochemistry1998 37, 10897 10905. (22) Schweitzer, B. A.; Kool, E. TJ. Org. Chem.1994 59, 7238-
(17) Dill, K. A. Biochemistry199Q 29, 7133-7155. 7242,
(18) These are obviously not basic, h., we refer to all of them as “bases”  (23) Solomon, M. S.; Hopkins, P. B. Org. Chem1993 58, 2232~
or “nucleobases” by analogy to their natural counterparts. 2243.
(19) Modeling was done with Insight Il and Discover from Biosym/ (24) Eaton, M. A. W.; Millican, T. A.J. Chem. Soc., Perkin Trans. 1
MSI of San Diego, CA. 1988 545-547.

(20) C1-stereochemistry assigned from 2D-COSY/NOESY assignments.  (25) Niedballa, U.; Vorbruggen, H. Org. Chem1974 39, 3654-3660.
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omers (Scheme 5). Subsequent purification and deprotectionotides, >GCGATGXGTAGCG-3and 3-CGCTACYCATCGC-

yielded5 in 89% overall yield. Our synthesis of hydrophobic
purine analogue7 again took advantage of the versatile
chloroglycosides. Following literature procedur the addition
of the 7-azaindole sodium salt ®afforded a single diastere-
omer in 60% yield. Removal of the toluoyl groups with sodium
methoxide subsequently produced the desired nucledside
The assignment ofi-stereochemistry at CXor each free
nucleoside was based on NOESY data, in which stiowed
cross-peaks with both M4and a-H2'.27 In addition, 1-DH
NMR splitting patterns for Hilgenerally conformed to literature
precedent in which a doublet of doublets indicafedtereo-

3'. The stability of the base pairs, as well as the mispairs with
natural bases, was determined in this sequence context by duplex
melting experiments. We use the terms “thermal stability” and
“thermodynamic stability” interchangeably to refer only to the
duplex stability as measured by the duplex melting temperature
(Tm ).

2.3.1. Stability and Thermodynamic Orthogonality of the
DM:TM Unnatural Hydrophobic Base Pair. Initially, we
evaluated the simple methyl-substituted phenyl baBkksand
DM. Duplex DNA containing th& M :DM, TM:TM, andDM:

DM unnatural base pairs was less stable than that containing a

chemistry for C-nucleosides, and a pseudo-triplet indicated dA:dT pair by 4.0-6.4 °C (Table 1). Despite this decrease in
likewise for N-nucleosides. In all cases, conversion of free pairing stability, the hydrophobic bases displayed thermal
nucleosides to the corresponding phosphoramidites utilized selectivity against mispairing with any of the native bases (Table
standard literature procedur&sin addition, nucleosides were 1), For bothTM andDM, the mispairs with dG, dA, and dT
converted to triphosphates following the methodology of Otvos ere all significantly less stable, and the mispair with dC was
(Schemes 6 and 7. the least stable. The thermodynamic preference forTikle

2.3. Stability of Unnatural Hydrophobic Base Pairs.To TM, DM:DM and theTM :DM pairs relative to the most stable
evaluate the thermodynamic stability of these novel hydrophobic mispairs ranged from 2.8 to 5°Z. For comparison, in the same
bases they were incorporated into complementary oligonucle- duplex the thermodynamic orthogonality of the dA:dT base pairs

(26) Seela, F.; Gumbiowski, RHeterocycyles1989 29, 795-805.

(27) Assignment ofr-H2' was based on a smaller corresponding cross-
peak to H3.

(28) Schweitzer, B. A.; Kool, E. TJ. Am. Chem. S04995 117, 1863
1872.

(29) Kovacs, T.; Otvos, LTetrahedron Lett1988 29.

relative to mispairs with G, A, T, and C was 3:80.5°C.

2.3.2. Stability and Thermodynamic Orthogonality of
Unnatural Nucleobases with Increased Hydrophobic Surface
Area. In an effort to increase the overall stability of the
hydrophobic base pairs, while maintaining or increasing ther-
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methylnaphthyl nucleosideD(MN) and 2-methylnaphthyl nu-
cleoside 2MN), were designed to probe the effect of increased

then BuyN-PR.

aromatic surface area in different regions of the major groove. base, in a fashion similar to the methyl group M .30
Molecular modeling studies suggested that the aromatic ring Additionally, to prevent syranti isomerization around the
of DMN should project into the major groove toward the pairing glycosidic bond DMN has a methyl group at C2 that should
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Table 1. Tn Values for Duplex Containing DM and TM

5-dGCGTACXCATGCG
3-dCGCATGYGTACGC

X Y T (°C) X Y Tm (°C)

™ ™ 55.2 DM ™ 53.8
DM 52.8 DM 53.7
A 51.7 A 48.5
T 49.2 T 48.2
G 50.0 G 48.7
C 44.7 C 438

A T 59.2 G C 61.8

a See text for experimental details.

Table 2. Ty, Values for Duplex Containing DMN and 2MN

5-dGCGTACXCATGCG
3-dCGCATGYGTACGC

X Y T (°C) X Y T (°C)

DMN  TM 55.0 2MN M 56.3
DM 54.5 DM 54.7
DMN 56.5 2MN 55.0
2MN 54.5 ICS 55.4
ICS 58.3 7Al 54.9
7Al 55.8 A 52.3
A 53.2 T 50.2
T 51.5 G 525
G 53.7 C 47.2
C 49.2

a See text for experimental details.

reside in the minor groove. The syn isomer should be destabi-

lized due to eclipsing interactions between the methyl group

and the ribose O4. In the case 2N, the aromatic ring is

expected to extend into the major groove, away from the pairing

base, in a mode more analogous toTiv-substitution pattern.
Both the DMN:DM and DMN:TM base pairs were more

stable than th®M:DM andDM:TM pairs by approximately

1 °C (Table 2). However, thermodynamic selectivity of the

unnatural base pairs containibgN was compromised relative

to the monocyclic analogues. For example, the most stable

mispair,DMN:dG, was only 1.3C less stable than tHeMN:

TM pair and only 0.8C less stable than tHeMN:DM pair.

Analysis of the 2-methylnaphthyRMN) TM -analogue also

(30) Structural discussion of DNA containing unnatural base pairs is
based on analogy to native base pairs. Structural studies of DNA containing
unnatural base pairs is currently underway.

Ogawa et al.

suggested that there is a correlation between increased aromatic
surface area and duplex stability (Table 2). TMN:DM and
2MN:TM base pairs were more stable than ié:DM and
TM:TM pairs by approximately 1.9 and 1°C, respectively.
Unlike DMN, a comparison between t2&N pairs with other
hydrophobic bases and mispairs with native bases showed that
2MN retained the previously observed degree of thermodynamic
selectivity AT, = 2—5 °C), while improving the overall duplex
stability.

2.3.3. Stability and Thermodynamic Orthogonality of
Unnatural Nucleobases with Increased Polarizability.The
design of the isocarbostyril nucleosid€§) paralleled that of
DMN, with the notable exception of aN-glycosidic linkage
and a minor groove carbonyl group provided by the endocyclic
amide moiety?® Comparison ofICS with its carbocyclic
analogueDMN suggests that the increased polarity provided
by the amide functionality resulted in a marginal (oppoBilé)
to significant (oppositeTM and DMN) increase in duplex
stability (Table 3). ThdCS:ICS self-pair had ar, equal to
that of a dA:dT pair (59.3C for ICS:ICS vs 59.2°C for dA:
dT). In comparison to théCS self-pair, the hybrid base pair,
DMN:ICS, was slightly less stablé\T, = —1 °C) and provided
a measure of the thermodynamic contribution of the amide. Due
to the stability of thelCS:dA mispair (55.1°C), the thermo-
dynamic orthogonality of the unnatural base pairs betwWw&é&h
and DM and TM is compromised. However, the observed
thermodynamic selectivity favoring tHES pair with itself or
with DMN was found to be 4.2 and 3°Z, respectively.

Our design ofPICS capitalized on the stabilizing effect that
C5-hydrophobic substituents are known to have with dC and
dT .31 However, the C5-propynyl group &fICS was found to
have variable effects on duplex stability. When paired with the
DM-like ring structures@M andDMN), the propynyl group
stabilized the resulting base pairs: tPkKCS:DM and thePICS:
DMN pairs were each 1.1C more stable than their corre-
spondingICS pairs, ICS:DM, and ICS:DMN, respectively.
However, when paired with th€M -like ring structures T™M
and2MN), the propynyl group destabilized the resulting base
pairs: thePICS:TM andPICS:2MN base pairs were 0.7 and
0.4 °C less stable than the€€S:TM and thelCS:2MN pairs,
respectively. The propynyl substituent led to increased stability
in the context of the?ICS:PICS self-pair, which was 3.3C
more stable than the correspondi@f:ICS self-pair. Signifi-
cantly, thePICS:PICS self-pair was more stable than both the
dA:dT and dG:dC base pair${ = PICS:PICS, 62.6°C; dA:
dT, 59.2°C; dG:dC, 61.8C). Moreover, the selectivity of the
PICS self-pair vs mispairing with the natural basesTf =
7.1-11.2°C) compares favorably to the selectivity of a dA:dT
base pair in the same sequence contAxt,{= 3.8-10.5°C).2
The PICS:PICS self-pair is the first stable and thermodynami-
cally orthogonal unnatural base pair reported.

In addition to the bases derived from substituted phenyl rings,

we initiated studies based on a hydrophobic purine scaffold,

7-azaindole nucleosiderAl).26 7Al is expected to pack in
duplex DNA with only its hydrophobic surface interacting with
its partner® In a fashion analogous to that of the amide moiety
in ICS andPICS, N7 in 7Al provides for nucleobase polariz-
ability as well as a minor groove H-bond acceptor. Thermody-
namic evaluation o7 Al paired with other hydrophobic bases,
and itself, yielded melting temperatures that ranged from 55 to
57.6°C (see Table 3). Of particular interest was &l :ICS
heteropair which was only slightly less stable than dA:dT,
providing an interesting lead for further optimization. Improve-

(31) Kool, E. T.Chem. Re. 1997, 97, 1473-1487.
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Table 3. Tn Values for Duplex Containing ICS, PICS, and FAl
5-dGCGTACXCATGCG

J. Am. Chem. Soc., Vol. 122, No. 14, 3070

Table 5. Steady-state Kinetic Constants for KF-Mediated
Synthesis of DNA with DMN and 2MN in the Templéte

3-dCGCATGYGTACGC

5'-dTAATACGACTCACTATAGGGAGA
3-dATTATGCTGAGTGATATCCCTCTXGTCA

X Y Tn(°C) X Y Tn(°C) X Y Tn(°C)
nucleoside Keat Km KealKm
ICS TM 56.8 PICS T™M 56.1 7Al TM 55.8 h bt It
DM 547 DM 55.8 DM 550 template (X) triphosphate  (min™) (uM) (M 1min™?)
7Al  56.5 DMN 60.8 ICS 57.2 DMN DM 1.3+0.2 78+ 25 1.7x 10
ICS 593 2MN  57.4 7Al 555 ™ 18.0+1.2 25+ 6 7.2x 10P
A 55.1 TAl 56.8 A 525 DMN n.dP n.db <1.0x 10°
T 53.0 ICS 60.0 T 50.5 2MN 138+ 2 54+ 04 2.6x 107
G 51.0 PICS 62.6 G 51.5 7Al 53+ 2 13+ 2 4.1x 1C°
C 52.2 C 48.5 ICS 17+ 1 24+ 1 7.1x 10°
- - PICS 52+ 05 57+22 9.1x 10°
@ See text for experimental details. A 3.6440.15 29+ 4 13x 1P
b b <
Table 4. Steady-State Kinetic Constants for KF-Mediated g 0 241'%'01 1701(11.8 _112.>X< ig
Synthesis of DNA Containing DM and TM in the Template T 15+01 7945 2 1% 10t
5-dTAATACGACTCACTATAGGGAGA
. 2MN DM 1.664+ 0.07 141+ 15 1.2x 10
3-dATTATGCTGAGTGATATCCCTCTXGTCA ™ 7845 10+ 3 7'8% 106
nucleoside Keal Km DMN 11.7+0.2 2.8+0.3 4.2x 1C°
template (X) triphosphate kea(Min™) Ky (M) (M~ min™Y) 2MN 1754+ 10 4.0+ 0.5 4.4%x 107
DM DM 1.0+0.1 359+88  2.8x 10° Al 18864 1481 9.9x10
ICS 140+ 5 12+1 1.2x 10
™ 29+2 21+5 1.4x 10°
PICS 864+ 8 48418  1.8x 10
DMN 0.3+£0.1 6+1 5.0x 10* S
2MN 13142 59403 2.2x 10 a olra  8x4 35T
TAl 20.8+ 0.5 66+ 4 3.2x 10 c 0254 0.05 30+ 10 8% 10°
ICS 17405  47+4 3.6x 10° pé
PICS 3802 7.4+15 5.1x10 T 22402 181431 12x1
A 11+ 061 75+ 1b5 1.5x 10 aSee text for experimental detailsRates too slow for determination
G n.d: nd’  <1.0x 10° of keat and Ky independently.
C 0.68+ 0.03 307+ 28 2.2x 1C¢°
T 294+05 182+ 30 1.6x 10 L .
Table 6. Steady-state Kinetic Constants for KF-Mediated
™ DM 1.14+0.04 31522 3.6x 10° Synthesis of DNA with ICS, PICS, and 7Al in the TempFate
E';\/I/IN Sg g i ég ?il éi g 5 2121§ 1g 5-dTAATACGACTCACTATAGGGAGA
SMN 174410 50L08  35x 10 3-dATTATGCTGAGTGATATCCCTCTXGTCA
Al 278+ 0.6 32+ 2 8.7x 10° nucleoside Keat Km Keal Km
ICS 27.2+0.8 24+ 3 1.1x 10° template (X) triphosphate  (min™) (uM) (M~ min™?)
Rics ooroz 34 I 12 ICS DM 0.92+£0.1 358+57  2.6x 10°
' ’ 29X ™ 0.994+0.03 34+4 2.9x 10
G 0.07+0.01 140+ 25 5.0x 1(? b b
DMN n.d. n.d! <1.0x 10°
C 0.184+0.04 381+ 35 4.7x 107 2MN 46+ 2 87+ 10 53y 10P
T 69+£06 227£42  3.0x10° 7Al 113+ 14  45+17  25x 10°
aSee text for experimental detaifsRates too slow for determination ICS 36+01 5716 6.3x 10¢
of kear and Ky independently. PICS 26£04  33+11  7.8x 10
A 0.154+0.01 73+10 2.1x 1C°
ment in the heteropair stability would yield excellent thermal 8 8:321 8:8% gf’i ig g:gz ig
selectivity given the modedt, values for the mispairs between T 12401 234+83 51x 10°
7Al and the native bases (48:52.5°C).
. . . PICS DM 0.45+ 0.08 40+ 20 1.1x 10
2.4. Enzymatic Incorporation of Single Unnatural Nucle- ™ 0.67+003 96+15 70x 10¢
otides into DNA. The unnatural nucleobases were evaluated DMN n.db ndb  <1.0x 10°
as substrates for the exonuclease-deficient Klenow fragment of 2MN 30+1 64+7 4.7x 10°
E. coli DNA polymerase | (KF). Initial velocities were 7Al 4.04+012 23+2 L7x 10
determined duringy[-32P]primer extension reactions by literature ICS 0.7£0.03 23+3 3.0x 10°
methods with varying concentrations of nucleoside triphos- 7Al DM 0.61+0.03 346+ 38 1.7x 10°
phates’? The reactions were analyzed by polyacrylamide gel ™ 3.1+ 061 33+ 4b 9.4x 10¢¢
electrophoresis and a Phosphorimager (Molecular Dynamics) 2D|\|\/fl\’\|| 981d?; 211-% fi-gx igz
was used to quantify gel band intensities corresponding to the ZAl 87405 40L5 2'2;( 106
extended primer. The measured velocities were plotted vs ICS 79+03 21+3 3.8x 10
[dNTP] and fit to the MichaelisMenten equation. Unnatural PICS 29+02 75+20 3.9x1¢°
nucleobases were assayed both in template DNA and as in- A 0.32£0.02 54+ 10 5.9x 10°
coming triphosphate nucleotides. Steady-state kinetic parameters g 00-10% 8-8% gii ﬁ é-gx igj
for single nucleotide incorporation are reported in Table3 4 T 023+ 005 146+ 40 16 10°

2.4.1. Enzymatic Synthesis of the DM:TM Unnatural Base
Pair. The rates of KF-dependent insertion oDM TP and
dTM TP were approximately the same opposite eitdbdt or

(32) Goodman, M. F.; Creighton, S.; Bloom, L. B.; PetruskaCdt.
Rev. Biochem. Mol. Biol1993 28, 83—126.

a See text for experimental detaifsRates too slow for determination
of kear and Ky independently.

TM in the template. The triphosphatd TP bound to the
enzyme-DNA complex more tightly than@M TP (K apparent)
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Table 7. Steady-state Kinetic Constants for KF-Mediated increased aromatic surface area on the recognition of hydro-
SyntheS!S of DNA with Natural Templates and Unnatural ph0b|c bases by KFE. A Comparlson Of templates Conta|Ng
Nucleoside Triphosphates . :
andDMN reveals that increased aromatic surface area of bases
S-dTAATACGACTCACTATAGGGAGA in the template increases the absolute rate for incorporation of
3-dATTATGCTGAGTGATATCCCTCTXGTCA dDMTP (dDMTP is incorporated an order of magnitude more
nucleoside Keat . Km |§c1au/K_wLl efficiently opposite the bulkier template). However, the opposite
template (X) triphosphate  (min™) @™m) — (M~Tmin"?) was true for @M TP, which was incorporated with a slightly
A T 163+ 7 35+1.0 4.7x 10 reduced efficiency opposit®MN relative to DM in the
DM n.d’ nd® <10x 10 template. A comparison of@M TP and dMN TP incorporation
™ 61+£04  23+5 27x 16 reactions reveals that increased aromatic surface area in the
b b
DMN n.d! n.d! <1.0x 10° . . . .
2MN 144+ 4 14+ 2 1.0x 107 triphosphate favors the insertion oppositd in template by 3
7Al 79408 40+ 12 2.0x 10 orders of magnitude ($0M ! min-1 and 16 M~ min~! for
ICS 3.0£03 57+16 5.3x 10 dDMTP and @MNTP, respectively) while not affecting the
PICS 0.40£0.10 20+£10  2.0x 10 efficiency for incorporation oppositBM in the template. It is
G DM n.db ndd  <1.0x 1 interesting to note that with th®M-like ring structures,
™ n.db ndd <1.0x1C® increased steric bulk in the templa@\ to DMN) is favorable
DMN n.d.*; n.d.*; <1.0x 10 for insertion of MTP and disfavorable for Tt TP, while
gmN 0 591-% - 241-%- %gx 1834 the opposite is true when the increase in steric bulk is in the
ICS 043+ 002 2643 1‘7§ 100 triphosphate. This behavior may result from the aromatic surface
PICS O..OQ:I: 0:01 9.3+ 3.6 9._7>< 108 area ofDMN as well as the C2-methyl group.
T DM ndb ndb  <10x 10° The rates for the KF-mediated synthg&s o_f mispairs between
™ 031+ 005 151+55  2.0x 1C° DMN and a natural base were nearly identical to those found
DMN n.db nddb  <1.0x 10® with DM, regardless of whether the unnatural base was present
2MN 1194+ 0.3 142+9 8.4x 10¢ in the template or as the triphosphate. No mispairs were
7Al 39401 120+7 2.8x 10! synthesized with rates greater tharf M~1 min—2, with the
ICS 41402 101+13 4.1x 10¢

single exception of incorporation of dATP opposidIN in

PICS 2.80+£0.10 9.4+2.0 3.0x 10° . . !
* the template, which proceeded with an efficiency of M1

C DM n-d-z n.d.z =1.0x 10° min~1 (10-fold faster than the incorporation of dATP opposite
™ n.d nd>  =1.0x10C DM in the template). The increased rate for insertion of dATP
DMN nd’ nd’  =10x10 iteDMN relative t it®M in the template, resulted
2MN 12401 72412 1.7x 10° oppos elative to oppos € template, resutte
7Al 14+01 96+4 1.5x% 10¢ from changes in both the appardfy; andk.a. The increased
ICS 1.5+ 0.2 83+ 27 1.8x 10¢ efficiency of pairing dATP withDMN may result from a
PICS 1.05-0.04 2.6+£07 4.0x 10 specific interaction between adenine and the minor groove

a See text for experimental detaifsRates too slow for determination ~ Methyl group ofDMN, not present irbM (vide infra).
of kear andKy independently. Unlike the DM-ring structure discussed above, an increase
in the surface area of thEM -like ring structure TM to 2MN)

= 20 vs 300uM) and was also incorporated into the growing in template or triphosphate, resulted in more efficient synthesis

strand more quicklykcagappareny= 30 vs 1 mir?). Tight binding of the unnatur_al base paRMN in the template stral_wd directed
and fast turnover result in the efficient insertion GfFM TP the incorporation of BM TP and @M TP with 3-fold increased
OppOSite eitheDM or TM in the temp|ate (1@)M*1 min*l)_ efficiency relative toTM in the template. The triphosphate

KF did not efficiently incorporate a natural triphosphate d2MNTP was inserted with greater than 10-fold increased

oppositeDM in the template (appareita/Ky < 100 M1 efficiency oppositeDM and TM in the template, relative to
min~%). However, dATP was incorporated with a catalytic dTMTP. The increased rates resulted from both appagnt
efficiency of 1¢ M~1 min—2 oppositeTM in the template (10- andKy effects. (The data in Table 5 shows the same trend with
fold less efficiently than the incorporation oTM TP opposite  the base pairs betwe@MN and all of the hydrophobic bases
DM or itself). The triphosphate of thymine was incorporated described in this manuscript.) The increakgdKw for the2MN
oppositeTM with a catalytic efficiency of 1OM X min—%, while nucleobase makes the synthesis of 2MN:DM, 2MN:TM,

the triphosphates of both dG and dC were only inefficiently and2MN:2MN unnatural base pairs as efficient as the synthesis
incorporated opposit&M in the template. of a native base pair.

The increased orthogonality 8M relative toTM was also Mispairs resulting from the insertion of dATP or dCTP
evident when these unnatural bases were present as triphosepposite 2MN were formed faster than oppositEM, by
phates. The triphosphate @M was incorporated reasonably approximately 1 order of magnitude. The increased aromatic
efficiently only opposite dA in the template @AM~ min~1); surface area of2MN also resulted in the more efficient
however, @M TP was not incorporated opposite any natural incorporation of @MNTP opposite natural bases in the template,
template. The relatively poor recognition oDM TP and the relative to @M TP. The efficiency of incorporation ofZAMNTP
reasonable efficiency of KF mediated synthesis of the mispair opposite dA and dT in the template increased-30-fold,
betweenTM and dA, in either template or triphosphate predominantly from an increase in the appaitegt In fact, the
combination, limits the kinetic orthogonality of a base pair incorporation of @MNTP opposite dA in the template is
composed oDM andTM. TheTM:TM self-pair is marginally virtually as efficient as the insertion of dTTP opposite dA in
kinetically orthogonal, being synthesized at least 10-fold faster the same sequence context (Table 7). Like Thé self-pair
than all possible mispairs. described above, th@MN:2MN self-pair was marginally

2.4.2. Enzymatic Synthesis with Unnatural Nucleobases kinetically orthogonal, with the correct pair being synthesized
with Increased Hydrophobic Surface. Enzymatic synthesis  5-fold faster than all possible mispairs. However, 2N self-
with DMN and2MN was examined, to evaluate the effect of pair is synthesized with a native-like catalytic efficiency (4.4
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x 10" M~ min~1 for the self-pair and 4.6< 10 M~ min~?!
for a dA:dT pair). This efficiency and orthogonality, albeit
marginal, make2MN an interesting hydrophobic nucleobase
ring structure for further optimization.

2.4.3. Enzymatic Synthesis with Unnatural Bases with
Increased Polaraizability. The ICS and PICS nucleobases
were designed to examine the effect ofuglycosidic linkage
and the presence of a hydrophilic minor groove carbonyl group,
while retaining the hydrophobic packing surface foun®MN .
The triphosphates of bothM andTM were inserted roughly
an order of magnitude more slowly oppodi&S than they were
oppositeDMN in the template, due to both,andKy, effects.

A comparison of the rates for incorporation ofG&TP or
dDMNTP oppositeTM in the template shows that the increase
in polarizability had little effect-both bases were incorporated
with an efficiency of 16 M~1 min~1. However, in the case of
DM in the template, the insertion of @STP was significantly
more efficient than the insertion oDMMNTP.

J. Am. Chem. Soc., Vol. 122, No. 14, 3060

10° M~ min~t vs 9.4 x 10* M~ min~1); and d’AITP was
inserted oppositeMN 10-fold more efficiently than opposite
TM in the template (9.9« 10° vs 8.7 x 10° M~1 min1).

The increased polarizability ofl@STP, relative to that of
dDMN TP, resulted in a significant increase in the efficiency of
incorporation oppositéAl in the template. However, the same
increase in polarizabilty of the nucleobase in the template strand
resulted in less efficient insertion o7&l TP. The efficiency of
incorporation of @AITP decreased from 4.% 1(° to 2.5 x
10> M~1 min~! upon changing the unnatural base in the template
from DMN to ICS. Comparison of the rate data f6€€S and
PICS shows that the propynyl group BICS has no significant
effect on the synthesis of unnatural base pairs with.

When7Al was present in the template, KF did not incorporate
native triphosphates with a catalytic efficiency greater than 6
x 10® M~ min~1. The triphosphate,ZAI TP, was inserted only
slowly opposite dG, dC, and dT in the template(l0-1 min—1)
and only slightly faster opposite dA in the template (2.A.0°

The native triphosphates were incorporated by KF opposite M~ min™).

ICS in the template with reduced efficiency relative DN
in the template. Most dramatically, incorporation of dATP was
reduced 4000-fold relative tDMN in the template. However,

3. Discussion

Efforts to expand the genetic alphabet rely on the specific

several unnatural triphosphates were incorporated with reasonthermodynamic and kinetic parameters of nucleosides containing

able efficiencies. For example, KF incorporatéMN TP with

an efficiency of 5.3x 10° M~ min~%, which is more than two-
orders of magnitude faster than the most efficient insertion of
a native triphospahate, (dTTP, 54 10° M~ min™Y). As a
triphosphate, lICSTP was incorporated with greater efficiency
opposite the native bases in the template, relativédigl TP,

but never with a catalytic efficiency greater tharx510* M1
min~t,

PICS behaved similarly tdCS when in template. There were
small differences arising from the slightly tighter binding and
slightly smaller apparerit., for the incorporation of an unnatural
triphosphates oppositeICS, relative to oppositéCS. Com-
parison of dCSTP and dPICSTP shows that the addition of
the propynyl group has very little effect on the efficiency of
incorporation, with small but compensating changes in the
apparenk.o;andKy values. LikelCS, the insertion of BICSTP
opposite2MN is approximately as efficient as the insertion of
dTTP opposite dA.

With respect to the incorporation of a natural triphosphate,
PICS again behaved in a manner similar to thatl65. No
natural triphosphate was incorporated oppoBit€S with an
efficiency greater than *OM~1 min~1. When present as a
triphosphate, BICSTP was incorporated with an order of mag-
nitude greater catalytic efficiency opposite dC and dT, relative
to diICSTP. However, the rate of misincorporation &?ICSTP
opposite a natural template did not exceed 50° M1 min™1,
which is 3 orders of magnitude slower than the rate of insertion

unnatural bases. The unnatural nucleobases should form stable
pairs in B-form DNA, with high selectivity relative to mispairing
with the native bases. Furthermore, a DNA polymerase must
be capable of efficiently synthesizing DNA containing the third
base pair, and must do so with high fidelity. We have evaluated
hydrophobicity, as opposed to H-bonding, as a driving force
for selective information storage and replication. Previous efforts
to expand the genetic alphabet by Benner and co-wcrkéts14
were predicated on the use of unnatural H-bonding nucleobases.
Such nucleobases were found to be marginally stable and
themodynamically orthogonal to the native bases when incor-
porated into duplex DNA:>12.13However, none of these bases
were found to be kinetically orthogonal. Significant mispairing
was believed to be caused, at least in part, by tautomeric forms
of the based: 591114 Carbocyclic hydrophobic nucleobases
cannot adopt the tautomeric structures that would compromise
their orthogonality relative to the native bases. This is especially
important, considering our incomplete understanding of the
tautomeric equilibria of nucleobases in duplex DNA.

Kool and co-workers demonstrated that several hydrophobic
nucleobases are surprisingly good substrates fof3k¥.These
hydrophobic bases were designed as shape-analogues of the
natural bases and were incorporated opposite the corresponding
native base with reasonable efficiency. However, it is unclear
to what extent the efficiency of incorporation was dependent
on shape-complementarity with a natural nucleobase (vide infra).
Kool also showed that pyrene paired opposite an abasic site in

Of a Correct, natural base '|'heref0re7 these rates do notduplex DNA I’eSU|tS in Only a I’e|ative|y Sma" destabi"zation

compromise the orthogonality of the unnatural nucleobase.
The hydrophobic purine analogugAl, was also examined

as a substrate for KF. The triphosphatddf was incorporated

two-orders of magnitude more efficiently thBxW opposite7Al

in the template. The triphosphate @Al was inserted more

efficiently oppositeTM relative toDM in all cases, by 1 to 2

orders of magnitude. The increased aromatic surface area o

DMN relative toDM did not result in more efficient synthesis

relative to a dA:dT paif® Moreover, a technique to sequence
abasic sites in DNA was developed, based on the fact that pyrene
is inserted efficiently and specifically opposite sites that lack
bases®

We have reported the design, synthesis, and characterization
of the triphosphates and phosphoramidites of seven hydrophobic
fucleobases. These hydrophobic bases have been characterized
thermodynamically in duplex DNA and kinetically during DNA

with the unnatural base present as either triphosphate or in the (33) Morales, J. C.; Kool, E. TNat. Struct. Biol.1998 5, 950-954.

template. However, in compari@MN to TM, the increased

aromatic surface area resulted in more efficient synthesis of theS°

unnatural base pair. The triphosphat@bN was inserted 50-
fold more efficiently opposite’Al than was AM TP (4.7 x

(34) Moran, S.; Ren, R. X.-F.; Rumney, S. I.; Kool, E.JT Am. Chem.
c.1997, 119, 2056-2057.
(35) Moran, S.; Ren, R. X.-F.; Kool, E. Proc. Natl. Acad. Sci. U.S.A.
1997, 94, 10506-10511.

(36) Matray, T. J.; Kool, E. TNature 1999 399, 704-708.
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synthesis with KF. Generally, they have been found to be both problem altogether, without compromising the ability to store
thermodynamically and kinetically orthogonal to the natural increased information. ThRICS self-pair is particularly at-
bases. tractive and is discussed further below.

3.1. Stability and Orthogonality of Unnatural Hydropho- 3.2. Kinetic Efficiency and Orthogonality of Unnatural
bic Bases.To date there has not been a report of an unnatural Hydrophobic Bases as Polymerase Substrateklenow frag-
nucleobase without H-bonds that forms a base pair as stable asnent of DNA Pol | is able to efficiently recognize a large
native base pair§A variety of the unnatural bases described number of unnatural hydrophobic bases and incorporate them
in this study, the pairing of which is based exclusively on into DNA. This is remarkable, considering that the ring
hydrophobicity, form base pairs that are virtually as stable as structures and functionalities of the unnatural bases are signifi-
native pairs. Several are actually more stable than native pairs.cantly different from those of the native bases. T -like
This demonstrates that interstrand hydrophobic packing interac-ring structure was especially well-suited for KF-catalyzed DNA
tions may effectively compensate for the complete removal of synthesis. When in templat&M directed the incorporation of
Watson-Crick H-bonds. The initially designed methyl-substi- five of the seven unnatural nucleobaseSMdTP, dDMNTP,
tuted phenyl base®M andTM, generally formed base pairs d2MNTP, dCSTP, and ®ICSTP with efficiencies (apparent
that were significantly less stable than native base pairs. Thek./Ky) greater than or equal to 4™~ min~1. The nucleoside
TM:TM base pair was the most stable, but was still significantly triphosphate, @M TP, was efficiently inserted opposieM,
less stable than a dA:dT pair (55.2 vs 59Q). Increasing the TM, and 2MN with rates greater than or equal to®101-1
aromatic surface area &M andTM, resulting inDMN and min~1. These rates are only 10-fold lower than those for the
2MN, respectively, resulted in an increase in unnatural base synthesis of native DNA.

pair stability in all cases. The inclusion of an amide linkage in Opposite all seven unnatural bases in the templ2NITP
ICS, did not significantly affect the stability of the base pair \as the most efficiently incorporated unnatural triphosphate.
with DM (545 and 54.7°C for DMN:DM and |CSDM, |ndeed, @MNTP was incorporated opposim\ﬁy TM’ DMN,
respectively) but did stabilize the pair witiM (55.0 and 56.8  or 2MN with efficiencies equal to those characteristic of native
°C for DMN:TM and ICS:TM, respectively). The propinyl  pase pair synthesis (1M1 min~2). The incorporation of
group ofPICS stabilized base pairs wildM -like ring structures d2MNTP opposite7Al is marginally less efficient (0M 1
(DM andDMN), but destabilized base pairs witiM -like ring min~1), and its incorporation opposite the isocarbostyril tem-
structure nucleobase$NI and2MN). The hydrophobic purine  plates,ICS and PICS, is reduced 100-fold (£0M~* min~1).
analoguerAl paired with greater stability oppositéM relative When in the templat€MN directs the incorporation diCS,
to oppositeDM (55.8 and 55.0C, respectively). PICS, and7Al with efficiencies that are within a factor of 5 of
The unnatural hydrophobic bases are also generally found tothat for dA:dT synthesis. There is a segregation of the unnatural
be thermodynamically orthogonal to the natural nucleobases.bases with respect to their KF-mediated pairing 2N,
This is demonstrated by the consistent increased stability of thedepending on whether tf#MN is present in the template or as
hydrophobic base pairs relative to that of the mispairs with the nucleoside triphosphate. Wh@&MN is present in the
native bases. In fact, the most stable unnatural pairs weretemplate, the pairs witftCS, PICS, and7Al are most efficiently
virtually as thermodynamically selective as the native bases. synthesized. However, wh@MN is present as the triphosphate,
This presumably results, at least in part, from the desolvation the pairs with DM, TM, and DMN are more efficiently
of the native bases that occurs upon their pairing with a synthesized.

hydrophobic base; waters of solva_tion are lost an_d are not  The pase pairs composed of hydrophobic bases other than
replaced by compensating Watse@rick H-bonds. This des-  2vN or TM were generally poorer substrates for KF. The only
olvation model is supported by the consistent decreased stabilityp55e pair synthesized with an efficiency greater thahhMot

of the mispairs between the hydrophobic nucleobase andmin-1 which did not involve2MN or TM, was the insertion
cytosine. Cytosine and guanine are the most hydrophilic of the of §7AI TP oppositeDMN.

natural nucleobases, but the hydrophilicity of guanine may be
partly compensated for by its increased aromatic surface’area.
Cytosine does not have a large aromatic surface area, and th
instability of the hydrqph(_)bic base f."‘spa"s with cytosine MaY" atural bases. With any natural base in the template, efficiencies
be a result of Qesolvatlon In conjunction _W'th poor bas_g-stackmg. of unnatural hydrophobic base insertion were typically less than
The most important result concerning the stability of the o aqual to 10M~1 min~2. Mispairs resulting from the insertion

unnatural base pairs reported in this manuscript is that H-bondss¢ 514 unnatural triphosphate are therefore formed at least 3
are not required for the st_able and selective pairing of bases inggers of magnitude less efficiently than native base pairs,
duplex DNA. The base pait€S:DMN, ICS:ICS, PICS:IDMN, allowing for good kinetic orthogonality with the unnatural bases
andPICS:ICS andPICS:PICS are each at least as stable and a5 triphosphates. However, there are five exceptions where
selective as a dA:dT base pair in the same sequence contextyispairs between native and hydrophobic bases were synthe-
Despite the demonstrated selectivity possessed by the unnaturadj;eq with catalytic efficiencies greater than®1@-! min~%;

bases against mispairing with the native bases, pairing betweeryty) Tp and @AITP were inserted opposite dA, anBICSTP
the unnatural bases is not as selective as would be desirable fof 5 jnserted opposite dC or dT, with catalytic efficiencies of

an unnatural heteropair. Our efforts to understand the hydro- approximately 16 M~! min-L, The insertion of @MNTP
phobic determinants of selectivity are only in their infancy, and opposite dA was catalyzed with a remarkable efficiency df 10
in fact, preliminary results indicate that judicious placement of ;-1 min-1.

a methyl group on either tHES or 7Al ring structures allows

for dramatically increased selectivity among the hydrophobic
bases. However, the use of hydrophobic self-pairs avoids the

Kinetic orthogonality is evident from the increased efficiency
with which the unnatural hydrophobic nucleobases are paired
pposite other unnatural hydrophobic bases, relative to the

Insertion of a native triphosphate opposite an unnatural
hydrophobic bases was generally found to be less efficient than
insertion of a hydrophobic base opposite another hydrophobic

(37) Shih, P.; Pedersen, L. G.; Gibbs, P. R.; Wolfender, Rlol. Biol. base. Unlike the case where the native base is in the template,
1998 280, 421—430. when the native base is present as the nucleoside triphosphate,
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there is an approximate correlation between the hydrophobicity Me Me
of the native base and the efficiency of its insertion opposite AN i
the unnatural base in the template. Recall that this same trend / AN | |
was observed in the stability of the mispairs between hydro- a N . .
—_ f‘,J\J \ o O A
° N e ~r
TAl

phobic and native bases. Correspondingly, the triphosphate of AIE‘M
ICS

Figure 2.

adenine, the most hydrophobic of the natural nucleob#ses,
tends to be inserted opposite the hydrophobic bases with the
greatest efficiency (up to 2610° M~1 min-?), followed by

dTTP, dGTP, and dCTP. The most efficient insertion of dATP

occurred opposit2MN, DMN, and TM with efficiencies of 0 O

10°P—10° M~ min~%. However, hydrophobic bases are generally O O
it

PICS PICS

incorporated at least 1 order of magnitude more efficiently than
are natural triphosphates opposite hydrophobic bases in the
template.

The diversity of unnatural hydrophobic bases with which KF
is capable of efficiently synthesizing DNA is remarkable. In
addition to the efficient synthesis of unnatural DNA containing
the TM and the2MN unnatural nucleobases, a variety of
reactions catalyzed by KF are remarkably efficient. The insertion
of d7AITP oppositeDMN was catalyzed by KF with an hvdroohobicity plavs a more dominant role
efficiency only 10-fold reduced relative to that for native yarop y pay )

synthesis (4.1x 106 M~! min~?). The facile incorporation of 3.3. Unnatural Base Pairs.On the basis of the above
dATP oppositeTM , DMN and2MN is also fast (18-10° M1 analysis, a number of combinations of these unnatural hydro-

min-1). The presence of a templating minor groove methyl phobic bases were found to possess thermodynamic and kinetic
group .and a hydrophobic region of a purine are common to properties that make them interesting leads for the development

each of these unnatural bases. A comparisdbMfN andICS of third base pair. . .
shows that the specific interactions between the incoming dATP ~ 3-3.1. The ICS:7Al Unnatural Base Pair. Two candidate
and the templating minor groove methyl group, as opposed to bases discussed above &@S and the relatecPlcs. These
minor groove amide carbonyl group, results in a 60-fold nucleobases _have been found to be thermodynamically orthogo-
reduction in the efficiency of dATP incorporation. It may seem Nal to the native nucleobases. In duplex DNA they form stable
surprising that the substitution would be so detrimental to the Pase pairs with a variety of other hydrophobic bases, and some
enzymatic incorporation of dATP, considering that thymine of these pairs hayg a stabl]lty and selecpwty that rl\{als or even
possesses an equivalent carbonyl group at the analogousexceeds_ the stability of native DNA. D_urmg KF_—med|ated DNA
position. However, it is possible that a component of the Synthesis, the nucleobases most efficiently paired i@ and
transition state stabilization that favors dATP insertion opposite PICS were all hydrophobic. The incorporation of native
DMN, relative tolCS, may result from specific hydrophobic ~ tiPhosphates oppositiCS all proceeded with very low ef-
interactions between the minor groove methyl group of the ficiencies, and as a triphosphatéC&TP insertion opposite a
unnatural base and adenine. Adenine is the only naturalNative base in the template was not competitive with the
nucleobase that has a hydrophobiel€group which is capable  Incorporation of a native triphosphate.
of interstand hydrophobic packing in the minor groove. The unnatural nucleobaS&l was found to be an attractive

The hypothesis of a specific interaction, favoring dATP Partner found fodCS (Figure 2). As a pair in duplex DNA,
incorporation, should not be confused with the “A-rule” which ICS:7Al was only slightly less stable than a dA:dT pair.
hypothesizes that polymerases tend to insert dATP opposite aMisinsertion of native bases opposieAl were all also
non-instructive sité83° However, as argued by Kool and co- Unfavorable, all proceeding with a catalytic efficiency less than
workers, the high efficiency of the incorporation makes the 6 x 10°M™ min~%. d7AITP incorporation opposite native bases
A-rule less tenable in this cad®The hypothesis of a specific ~ Was not competitive with native DNA synthesis, and in template,
hydrophobic interaction should also not be taken as evidence 7Al directed the incorporation of a native base with catalytic
supporting a shape-complementarity mechanism for polymeraseefficiencies less than 7 10° M~ min~%. The catalytic
specificity3435 In the majority of the data described in this efficiencies for DNA synthesis werex 10°and 3x 10° M+
manuscript, such shape-complementarity appears to play a lesgnin™* for pairing dCSTP opposite7Al and Al TP opposite
important role than hydrophob|c|ty For examp]w could |CS, respectively. Moreover, pl’eliminary results indicate that,
be viewed as a shape mimic of T, and KF does exhibit a higher after synthesis of the unnatural base pair, continued DNA
selectivity for the insertion of @ TP opposite A (100-fold), ~ Synthesis is reasonably efficient. The major fidelity problem
relative to the insertion of BM TP opposite other natural bases. for the ICS:7Al base pair arises from the synthesisIGS:
However, @AITP is inserted with virtually the same efficiency ~|CS and7Al:7Al. However, these base pairs are not extended
as that with @M TP opposite adenine, and@STP is inserted by KF (data not shown).
only 5-fold less efficiently. There is also only a slight preference  3.3.2. The PICS:PICS Self-PairThe use of a hydrophobic
(less than 10-fold) for dATP insertion opposit# , relative to base that self-pairs eliminates half of the possible thermody-
the insertion of the other natural triphosphates. Moreover, dJATP namic and kinetic mispairs, thus facilitating orthogonality to
is inserted opposit®dMN in the template with only 5-fold the native bases. As reported previoustize PICS:PICS self-
reduced efficiency relative to its insertion oppositel in the base pair (Figure 3) stabilizes the DNA duplex used in this study
template. Other unnatural hydrophobic bases, which have norelative to a dA:dT or dG:dC base pair by 3.4 and 6

- respectively. The specificity of the stabilizing interactions is

83; g;v;aFSRKTrgﬁjras é’?(cia‘leglalr?Sggg Petruska, J.; Goodman, demonstrated by the decreased stability of the mispaiP$@6

M. F. J. Biol. Chem.1987, 262, 6864-6870. with native bases. The mispairs betwdCS and the native

e

Y
M Me N
2MN 2MN

Figure 3.
shape resemblance to adenine, were incorporated more ef-

ficiently oppositeTM than was dATP. Therefore, although
shape may contribute to KF specificity, it is apparent that
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bases are all more than 7°C destabilized, a thermodynamic
selectivity equivalent to that found with the native bases. The
kinetic selectivity ofPICS for self-pairing is evident from the
20—1000-fold more efficient incorporation oRICSTP opposite
PICS, when compared to the rate for incorporation of the natural
triphosphates oppositICS. Moreover, ®PICSTP incorporation

is not competitive (within a factor of £pwith the insertion of
any natural nucleoside triphosphate opposite its natural Watson
Crick partner. Therefore, faithful replication of DNA, containing
native pairs in addition to the self-pair BICS, is favored over

all possible mispairs by at least a factor 20.

3.3.3. Base Pairs Containing 2MNDespite the reasonable
orthogonality demonstrated BYCS and PICS, the absolute
efficiency of KF-mediated synthesis of DNA containing either
unnatural base is several orders of magnitude reduced from th
efficiency for the synthesis of DNA containing only native bases.
However, several unnatural base pairs involvilgIN are

Ogawa et al.

otide using a Cary 200 Bio U¥visible spectrometer. Measurements
were taken over a range of £80 °C at 0.5°C/min intervals. Melting
temperatures were obtained from the derivative method utilizing the
Cary Win UV thermal application software.

General Polymerase Kinetic Assay ProtocolPrimer was 5end
32P-labeled with polynucleotide kinase. Primer-template duplexes were
annealed by mixing in the reaction buffer, heating t0°@Q and slow
cooling to room temperature. Assay conditions include: 40 nM
template-primer duplex, 0.1%1.34 nM enzyme, 50 mM Tris buffer
(pH 7.5), 10 mM MgC}, 1 mM DTT, and 50ug/mL BSA. The
reactions were initiated by adding the DN&nzyme mixture to an
equal volume (5L) of a 2x dNTP stock solution, incubated at room
temperature for £10 min, and quenched by the addition of 20 of
loading buffer (95% formamide, 20 mM EDTA). The reaction mixture,
(5 uL) was then analyzed by 15% polyacrylamide gel electrophoresis.
Radioactivity was quantified using a Phosphorlmager (Molecular

eDynamics), with overnight exposures and the ImageQuant program.

The kinetic data were fit to the MichaelidMenten equation using the
program Kaleidograph (Synergy Software). The data presented are

Synthesized with efficiencies approaching, and in some Cases,averages of duplicates or triplicates.

virtually identical to those characteristic of native bases.
However, the utility of this base is compromised by the
efficiency with which its triphosphate is incorporated opposite

Compound 9.The data are presented for comparison to literature
values?® 'H NMR (400 MHz, CDC}) 6 7.98 (4H, m), 7.26-7.30 (5H,
m), 6.91 (1H, s), 5.62 (1H, m), 5.39 (1H, d#i= 10.9, 5.0 Hz), 4.73

dA. As discused above, this may result from specific interactions (1H, dd,J = 11.7, 3.8 Hz), 4.67 (1H, dd,= 11.8, 3.6 Hz), 4.51 (1H,
between adenine and the minor groove methyl group. If the M), 2.52 (1H, ddJ = 13.8, 5.0 Hz), 2.43 (3H, s), 2.40 (3H, s), 2.28

interactions betwee@2MN and adenine could be selectively
destabilized2MN would be very attractive nucleobase. Experi-
ments directed toward this end are in progress.

3.4. Efforts to Expand the Genetic AlphabetHydrophobic-
ity is a strong and selective force in nucleic acid biochemistry.

(8H, s), 2.19 (8H, s), 2.15 (1H, m), 2.04 (3H, ¥C NMR (150 MHz,
CDCly) 6 166.4, 166.2, 144.1, 143.8, 136.0, 135.6, 134.4, 131.7, 131.6,
129.7, 129.2, 129.1, 127.1, 127.0, 126.2, 82.5, 77.6, 64.7, 40.6, 21.7,
21.7, 19.2, 18.5. HRMS calcd forsi330sNa (MH"): 473.2328;
found: 473.2339.

Compound 1. The data are presented for comparison to literature

Hydrophobic bases are expected to avoid the issues of tau-values®® H NMR (500 MHz, CQ:OD) 6 7.25 (1H, s), 6.86 (1H, s),
tomerization that have been an obstacle in past efforts to identify 5.27 (1H, ddJ = 10.5, 5.5 Hz), 4.29 (1H, m), 3.90 (1H, m), 3.71 (1H,

new base pair$1%>16Here we have summarized our initial
efforts to optimize interstrand hydrophobic packing to control

dd,J = 11.8, 5.5 Hz), 3.67 (1H, ddl = 11.8, 5.5 Hz), 2.23 (3H, s),
2.19 (3H, s), 2.17 (3H, s), 2.16 (1H, m), 1.80 (1H, ddd= 13.0,

information storage and replication. Unnatural nucleobases havel0-5, 6.0 Hz)*C NMR (150 MHz, CROD) ¢ 138.1, 136.2, 135.0,

been found which use hydrophobicity to drive correct pairing
in duplex DNA as well as during enzymatic DNA synthesis.
The stability and selectivity of the unnatural base pairs is

comparable with native pairs. Several unnatural base pairs ar

synthesized by KF with a kinetic efficiency equivalent to that

e

133.0, 132.4, 127.3, 88.7, 78.3, 74.4, 64.0, 43.4, 19.4, 19.3, 18.6.
Compound 10.To a solution of nucleosid& (60 mg, 0.254 mmol)

in pyridine (1.5 mL) and CbkCl, (1.5 mL) was added triethylamine

(300uL, 2.152 mmol), followed by DMTr-CI (115 mg, 0.339 mmol).

After stirring at room temperature for 30 min, the reaction mixture

was concentrated and purified by column chromatography on silica

of native DNA synthesis. Moreover, the unnatural bases are ye| (50-80% ethyl acetate in hexane) to afford the tritylated nucleoside
orthogonal to the native bases, with at least an order of (127 mg), which was dissolved in GEI, (2.5 mL). To the purified

magnitude selectivity favoring correct pairing. We are currently

nucleoside was added a catalytic amount of DMAR (ng), followed

examining derivatives of these nucleobases reported above, withby triethylamine (25Q:L, 1.794 mmol) and 2-cyanoethy! diisopropyl-

the goal of optimizing both function and orthogonality. Struc-

aminochlorophosphoramidite (1@%, 0.471 mmol). After 15 min, the

tural studies are also in progress to identify any perturbations reaction mixture was partitioned between 0 (20 mL) and saturated
of the duplex which result from the unnatural bases. Polymerase-2dueous NaHC&20 mL). The layers were separated, and the aqueous

mediated extension of primers containing the unnatural base is

also critical for the efficient synthesis of DNA containing three
base pairs, and experiments addressing this issue are also
progress.

4. Experimental Section

General Methods. All reactions were carried out in oven-dried

layer was extracted with 2 20 mL CHCl,. The combined organics
were dried over Ng&O,, filtered, and concentrated. Purification by

.column chromatography on silica gel (80% ethyl acetate in 5%

rt‘riethylamine/hexane) afforded phosphoramidit (151 mg, 80.5%
over two steps)H NMR (400 MHz, CDC}) 6 7.25-7.54 (10H, m),
6.94 (1H, s), 6.85 (4H, m), 5.33 (1H, m), 4.55 (1H, m), 4.22 (1H, m),
3.25-4.85 (10H, m), 2.362.65 (5H, m), 2.29 (3H, m), 2.23 (3H, s),
2.17 (3H, s), 2.06 (1H, m), 1.65L.20 (12H, m)3'P NMR (140 MHz,
CDClg) 0 148.9, 148.2. HRMS calcd for £HssN,OsPCs (MCS):

glassware under inert atmosphere unless otherwise stated. All solvent371 2852: found: 871.2833.

were dried ove4 A molecular sieves except dichloromethane (distilled
from Cah), tetrahydrofuran (distilled from sodium and potassium
metal), and diethyl ether (distilled from LiAU}l Oligonucleotides were

Compound 11.Proton sponge (12 mg, 0.057 mmol) and nucleoside
1 (9 mg, 0.038 mmol) were dissolved in trimethyl phosphate (0.19
mL) and cooled to 0C. POC} (4 uL, 0.045 mmol) was added, and

synthesized using an Applied Biosystems Inc. 392 DNA/RNA synthe- " |avender slurry was stirred atG for 2 h. Tributylamine (S6iL,

sizer. DNA synthesis reagents were purchased from Glen Researchy) 535 mmol)

Sterling, VA. All other reagents were purchased from Sigma-Aldrich.

High-resolution mass spectroscopic data were obtained from the

facilities at The Scripps Research Institute and the University of
California-Riverside.

General Melting Temperature Procedure.Duplex oligonucleotide

denaturation temperature measurements were made in buffer containing

10 mM PIPES, 10 mM MgGJ 100 mM NacCl, and 3«M oligonucle-

was added, followed by a 0.4 M solution of tributylam-
monium pyrophosphate (33 mg) in DMF. After 1 min, the reaction
was quenched by additiorf & M aqueous triethylammonium bicarbon-
ate (4 mL). The resulting crude solution was lyophilized; purification
via reverse phase (C18) HPLC «80% CHCN in 0.1M TEA-
bicarbonate, pH 7.5) afforded triphosphdteas a white solid.

(40) Schweitzer, B. A.; Kool, E. TJ. Org. Chem1995 60, 8326.



Expansion of the Genetic Alphabet

Compound 12.To a suspension of magnesium metal (52 mg, 2.167
mmol) in THF (2 mL) was added 5-brommo-xylene (293uL, 2.164
mmol). The resulting suspension was heated-&0 °C. After 1 h,
400uL of this solution was added to chloroglycosi@¢126 mg, 0.324
mmol) in THF (1 mL). After 14 h, an additional 100L of the
aforementioned Grignard solution was added. After 15 h, the reaction

J. Am. Chem. Soc., Vol. 122, No. 14, 2086

Purification via column chromatography on silica gel {D% ethyl
acetate in hexane) afforded the desiSdiastereomer (712 mg, 48%;
the R-diastereomer was isolated in 42% yield), which was dissolved
in pyridine (9 mL) and cooled to OC. Triethylamine (57QuL, 4.09
mmol) was added, followed by the slow dropwise addition of mesyl
chloride (90uL, 1.17 mmol). The reaction mixture was warmed slowly

was partitioned between ethyl acetate (10 mL) and saturated aqueougo room temperature over 1.5 h, at which time the reaction was
NH.CI (10 mL). The layers were separated, and the aqueous layer wasquenched by addition of saturated aqueous Nak@O2 mL).

extracted with ethyl acetate (2 15 mL). The combined organics were
dried over NaSQ,, filtered, and concentrated. Purification by column
chromatography on silica gel{8.5% ethyl acetate in hexane) afforded
nucleosidel2 (13 mg, 9%) and itsi-anomer (48 mg, 32%fH NMR
(400 MHz, CDC¥}) 6 7.99 (4H, m), 7.28 (2H, dJ = 8.1 Hz), 7.24
(2H, d,J = 8.1 Hz), 7.02 (2H, s), 6.92 (1H, s), 5.62 (1H, m), 5.20
(1H, dd,J = 10.9, 5.0 Hz), 4.71 (1H, dd, = 11.8, 4.0 Hz), 4.66 (1H,
dd,J = 11.8, 3.6 Hz), 4.53 (1H, m), 2.50 (1H, m), 2.44 (3H, s), 2.41
(3H, s), 2.26 (7H, m). HRMS calcd forgH31:0s (MH™): 459.2171;
found: 459.2179.

Compound 2.To a solution of nucleosid&2 in CH;OH (10 mL)
was addd 1 M NaOMe (2 mL). After 45 min, the excess NaOMe was
guenched with N&CI (~100 mg). The resulting slurry was concen-
trated, and purified by column chromatography on silica get5%
CH30OH in CH.Cl,) to afford nucleoside€ (105 mg, 82%)!H NMR
(400 MHz, CQOD) 0 6.98 (2H, s), 6.78 (1H, s), 5.03 (1H, dd=
10.6, 5.3 Hz), 4.29 (1H, m), 3.92 (1H, dd#i= 7.6, 5.2, 2.4 Hz), 3.66
(1H, m), 2.27 (6H, s), 2.14 (1H, ddd,= 13.1, 5.4, 1.6 Hz), 1.91 (1H,
ddd,J = 13.1, 10.6, 5.9 Hz)}3C NMR (150 MHz, CDC}) 6 140.8,

Concentration, followed by purification by column chromatography on
silica gel (5-15% ethyl acetate in hexane), afforded the protected
nucleosidel6 (176 mg, 17% over two stepsiH NMR (400 MHz,
CDCls) 6 8.17 (1H, m), 8.07 (1H, m), 7.83 (1H, s), 7.65 (2H,J05

7.9 Hz), 7.3%+7.59 (11H, m), 6.92 (6H, m), 5.74 (1H, dd,= 10.6,

5.2 Hz), 4.58 (2H, s), 4.39 (1H, m), 4.32 (1H, m), 3.86 (3H, s), 3.84
(6H, s), 3.58 (1H, ddJ = 9.9, 4.5 Hz), 3.47 (1H, ddl = 9.9, 3.7 Hz),

2.72 (3H, s), 2.67 (3H, s), 2.53 (1H, ddl= 13.1, 5.3 Hz), 2.06 (1H,

m). 13C NMR (100 MHz, CDC}) 6 159.1, 158.4, 145.0, 136.2, 136.1,
132.7, 132.3, 132.0, 130.1, 130.1, 129.2, 128.2, 127.9, 127.7, 126.7,
125.4,125.0, 124.5, 124.4,124.1, 113.8, 113.0, 86.1, 84.1, 81.1, 77.5,
70.7, 64.3, 55.1, 55.0, 40.7, 19.4, 13.7. HRMS calcd faiG0sCs
(MCst): 827.2349; found: 827.2378.

Compound 17.To a stirred solution of nucleoside (190 mg, 0.274
mmol) in acetic acid (6 mL) and methanol (1 mL) was added
trifluoroacetic acid (10 drops). After stirring at room temperature for
20 min, the orange reaction mixture was concentrated. Purification via
column chromatography on silica gel 260% ethyl acetate in hexane)
afforded nucleosid&7 (93 mg, 86%)*H NMR (400 MHz, CDCI3)d

138.1, 129.5, 129.3, 123.8, 123.4, 87.2, 80.1, 63.4, 43.9, 21.3. HRMS 8.09 (1H, m), 8.01 (1H, m), 7.54 (2H, m), 7.32 (2H,d= 8.5 Hz),

calcd for GgH1903 (MHT): 223.1334; found: 223.1326.

Compound 13.To a solution of nucleosidé (90 mg, 0.405 mmol)
in pyridine (2 mL) and CHCI, (2 mL) was added triethylamine (300
uL, 2.152 mmol), followed by DMTr-Cl (175 mg, 0.516 mmol) in two
portions over 30 min. After stirring at room temperature for 2 h, the
reaction mixture was concentrated and purified by column chroma-
tography on silica gel (5680% ethyl acetate in hexane) to afford the
tritylated nucleoside (185 mg), which was dissolved in,CH (3.5
mL). A catalytic amount of DMAP 2 mg) was added, followed by
triethylamine (350uL, 2.512 mmol) and 2-cyanoethyl diisopropyl-
aminochloro phosphoramidite (160, 0.718 mmol). After 30 min,
the reaction mixture was partitioned between ethyl acetate (20 mL)
and saturated aqueous NaH£@0 mL). The layers were separated,
and the aqueous layer was extracted wittk 20 mL ethyl acetate.
The combined organics were dried over.8ay, filtered, and concen-
trated. Purification by column chromatography on silica geH30%
ethyl acetate in 5% triethylamine/hexane) afforded phosphoramidite
13(238 mg, 81% over two steps)d NMR (400 MHz, CDC}) 6 7.20—
7.55 (9H, m), 7.09 (2H, s), 6.93 (1H, s), 6.83 (4H, m), 5.12 (1H, m),
4.25 (1H, m), 4.14 (1H, m), 3.663.90 (8H, m), 3.26-3.40 (2H, m),
2.40-2.80 (5H, m), 2.30 (6H, m), 2.07 (1H, m), 1.62.29 (12H, m).
31P NMR (140 MHz, CDCJ) 6 148.5, 148.3.

Compound 14.Proton sponge (23 mg, 0.107 mmol) and nucleoside
2 (16 mg, 0.072 mmol) were dissolved in trimethyl phosphate (0.36
mL) and cooled to 0°C. POC} (8 uL, 0.090 mmol) was added
dropwise, and the lavender slurry was stirred at® for 2 h.
Tributylamine (105:.L, 0.441 mmol) was added, followed by a solution
of tributylammonium pyrophosphate (62 mg) in DMF (0.8 mL). After
1 min, the reaction was quenched via additibd M triethylammonium
bicarbonate (7 mL). The resulting crude solution was lyophilized, and
purification via reverse phase (C18) HPLC+30% CHCN in 0.1 M
TEA-bicarbonate, pH 7.5) afforded triphosphd#as a white solid.

Compound 16.To a stirred solution of 2-bromo-1,4-dimethylnaph-
thylene (640 mg, 2.72 mmol) in THF (15 mL) at78 °C was added
nBuLi (2 mL, 2 M in cyclohexane) slowly dropwise. The lime-green
mixture was stirred for 15 min, at which time a solution of aldehyde
15(1.214 g, 1.801 mmol) in THF (5 mL) was added dropwise down

6.92 (2H, d,J = 8.6 Hz), 5.61 (1H, ddJ = 10.6, 5.4 Hz), 4.53 (2H,
m), 4.21 (1H, m), 4.16 (1H, m), 3.91 (1H, ddi= 11.7, 3.7 Hz), 3.82
(6H, s), 3.80 (1H, m), 2.43 (1H, dd,= 13.4, 5.4 Hz), 1.89 (1H, ddd,
J=13.4,10.6, 6.7 Hz). 13C NMR (100 MHz, CDCI8)159.3, 135.1,
132.7, 132.4, 132.0, 130.0, 129.3, 128.5, 125.6, 125.2, 124.6, 124.5,
123.4,113.9,113.8, 85.1, 80.4, 77.6, 63.6, 55.2, 40.4, 19.6, 13.8. HRMS
calcd for GsHag04Na (MNat): 415.1885; found: 415.1882.

Compound 3. To stirred a solution ofL7 (8 mg, 0.020 mmol) in
CH:CI; (1 mL) and HO (1 drop) was added DDQ (7 mg, 0.031 mmol).
After 1 h, the reaction mixture was partitioned between ethyl acetate
(15 mL) and saturated aqueous NaHC@5 mL). The layers were
separated, and the aqueous layer was extracted witi2 mL ethyl
acetate. The combined organics were dried ovelSg filtered, and
concentrated. Purification by column chromatography on silica gel (1
5% CHOH in CH,Cl,) afforded nucleosid8 (3 mg, 55%).*H NMR
(400 MHz, CDC}) 6 8.07 (1H, m), 7.98 (1H, m), 7.50 (2H, m), 7.45
(1H, s), 5.24 (1H, ddJ = 11.5, 1.7 Hz), 4.23 (1H, m), 3.96 (2H, m),
3.81 (1H, m), 2.67 (3H, s), 2.62 (3H, s), 2.10 (1H, m), 1.88 (1H, ddd,
J=14.2,11.6, 2.3 Hz)!*C NMR (150 MHz, CDC}) 6 135.5, 132.8,
132.7,132.1,127.6,125.7,125.3, 124.7, 124.5, 123.8, 76.0, 70.9, 69.2,
68.0, 36.5, 19.5, 13.8. HRMS calcd Fors8,,NO; (MNH,): 290.1756;
found: 290.1764.

Compound 18.To a solution of nucleosida (28 mg, 0.103 mmol)
in pyridine (1 mL) was added triethylamine (Z8., 0.535 mmol),
followed by DMTr-Cl (70 mg, 0.206 mmol). After stirring at room
temperature for 30 min, the reaction mixture was concentrated;
purification via column chromatography on silica gel {50% ethyl
acetate in hexane) afforded the tritylated nucleoside (45 mg), which
was dissolved in CECl; (1 mL). A catalytic amount of DMAP A2
mg) was added, followed by triethylamine (6%, 0.470 mmol), and
2-cyanoethyl diisopropylaminochloro phosphoramidite 485 0.157
mmol). After 15 min, the reaction mixture was partitioned between
CH:CI, (20 mL) and saturated aqueous NaHQ@0 mL). The layers
were separated, and the aqueous layer was extracted witB@mL
CHCl,. The combined organics were dried over8@,, filtered, and
concentrated. Purification by column chromatography on silica get (10
30% ethyl acetate in 5% triethylamine/hexane) afforded phosphor-

the side of the flask. After 1 h, the bath was removed, and the reaction amidite18 (51 mg, 64% over two stepsi-H NMR (400 MHz, CDC})

mixture was warmed to room temperature. After a total of 2.5 h, the
reaction mixture was partitioned between ethyl acetate (100 mL) and
saturated aqueous NaH@(@00 mL). The layers were separated, and
the aqueous layer was extracted withk2L00 mL ethyl acetate. The
combined organics were dried over S8, filtered, and concentrated.

58.09 (1H, m), 7.98 (1H, m), 7.75 (1H, d= 1.8 Hz), 7.53 (4H, m),
7.43 (4H, m), 7.26-7.30 (3H, m), 6.83 (4H, m), 5.66 (1H, m), 4.56
(1H, m), 4.26 (1H, m), 3.83 (1H, m), 3.78 (3H, s), 3.77 (3H, s), 3:45
3.70 (4H, m), 3.32 (1H, m), 2.64 (3H, ), 2.62 (1H, m), 2.56 (3H, s),
2.46 (1H, ddJ = 6.6, 6.5 Hz), 2.42 (1H, m), 2.08 (1H, m), 1.19 (9H,
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m), 1.08 (3H, dJ = 6.8 Hz).3'P NMR (140 MHz, CDCJ) 6 148.9,
148.3. HRMS calcd for &HssN.OsPCs (MCg): 907.2852; found:
907.2837.

Compound 19.Proton sponge (22 mg, 0.105 mmol) and nucleoside
3 (19 mg, 0.070 mmol) were dissolved in trimethyl phosphate (0.34
mL) and cooled to 0°C. POC} (7 uL, 0.077 mmol) was added
dropwise, and the lavender slurry was stirred at@® for 2 h.
Tributylamine (90uL, 0.378 mmol) was added, followed by a 0.5 M
solution of tributylammonium pyrophosphate in DMF (0.35 mL). After
1 min, the reaction was quenched via additiéd M triethylammonium
bicarbonate (7 mL). The resulting crude solution was lyophilized;
purification via reverse phase (C18) HPLC35% CHCN in 0.1 M
TEA-bicarbonate, pH 7.5) afforded triphosphd®as a white solid.

Compound 4.To a solution of 2-bromo-3-methylnaphthalene (0.595
g, 2.70 mmol) in THF (13.3 mL) at78 °C was addedBuLi (2.0 M
solution in cyclohexane) dropwise over 10 min. After 15 min, a solution
of aldehyde20 was added dropwise down the side of the flask over 5
min. The reaction was stirred for 30 min and then brought to room
temperature during which time the reaction color turned from deep
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transferred to ethyl acetate (15 mL) and extracted with saturated
NaHCQ; (10 mL) and brine (10 mL), dried over B8O, and
concentrated in vacuo. Flash chromatography (25% ethyl acetate in
hexane, 2% NEj yielded 120 mg (78%) o022 as a white foam!H

NMR (400 MHz, CDC}) 6 8.16 (1H, dJ = 5.6 Hz), 7.75 (1H, dJ =

7.9 Hz), 7.66 (1H, dJ = 7.9 Hz), 7.62 (1H, s), 7.56 (2H, m), 7.45
7.20 (9H, m), 6.83 (4H, m), 5.49 (1H, m), 4.56 (1H, m), 4.28 (1H, m),
3.84 (1H, m), 3.78 (6H, s), 3-73.3 (5H, m), 2.76-2.30 (3H, m), 2.03
(1H, m), 1.18 (9H, m), 1.09 (3H, d] = 9.2 Hz). ESMS calcd for
C4GH53N206P (MH:): 7613, found: 761.

Compound 23.To isocarbostyril (0.50 g, 3.4 mmol) was added
acetonitrile (11 mL) and bis(trimethylsilyl)acetamide (0.85 mL, 3.4
mmol). After 30 min, an additional 12 mL of acetonitrile was added to
the reaction solution followed by addition 8f(1.1 g, 2.8 mmol). The
reaction was brought to €C and SnCJ (0.059 mL, 0.69 mmol) was
added dropwise. After 30 min, complete dissolution of the ribofurano-
side had occurred. Ethyl acetate (250 mL) and the resulting solution
was successively extracted with saturated Nakli(30< 100 mL) and
brine (1x 100 mL). The organics were dried overJS&, and solvents

green to brown. The reaction was partitioned between ethyl acetatewere removed in vacuo. Flash chromatography (EtOAc:hexanes; 1:4)

(100 mL) and saturated aqueous NaHG®@O0 mL). The layers were
separated, and the aqueous layer was extracted witi@0 mL ethyl
acetate. The combined organics were dried ovelSg filtered, and

yielded 0.39 g (23%) of;-isomer23 (faster migrating anomer) as a
white foam.’H NMR (400 MHz, CDC}) 6 8.40 (1H, m), 7.98 (2H,
m), 7.92 (2H, m), 7.63 (1H, ddd,= 8.9, 7.3, 1.3 Hz), 7.47 (2H, m),

concentrated. The material was subjected to a short plug of silica gel 7.44 (1H, d,J = 7.6 Hz), 7.26-7.28 (4H, m), 6.86 (1H, dd] = 8.6,

(20% ethyl acetate in hexane) to afford a crude mixture of both
diasteromers. The crude product was dissolved in@#H32 mL) and

the solution cooled to OC. To the solution was added triethylamine
(0.241 mL) followed by methanesulfonyl chloride (0.120 mL). After

5.5 Hz), 6.43 (1H, dJ = 7.7 Hz), 5.63 (1H, m), 4.72 (2H, m), 4.59

(1H, m), 2.87 (1H, m), 2.43 (3H, s), 2.39 (3H, s), 2.32 (1H, m). HRMS

(MALDI) calcd for CgoH/NOgNa (MNa'): 520.1736; found: 520.1748.
Compound 5.To a solution 023 (205 mg, 0.412 mmol) in methanol

30 min, the reaction was quenched with saturated aqueous NaHCO (4 mL) was addé 1 M NaOMe (1 mL). After 30 min, the reaction

(30 mL). The organic layer was dried over 18&y, filtered, and

was quenched by addition of N8I (~100 mg) and concentrated.

concentrated. To the crude product was added a 4:1 solution of Purification via column chromatography on silica get-0% CH;-

trifluoroacetic acid:methanol (56 mL). After 20 min of stirring, the

OH:CH,Cl,) afforded 96 mg (89%) ob as a white foam!H NMR

reaction was concentrated. Residual trifluoroacetic acid was neutralized(400 MHz, CQxOD) ¢ 8.28 (1H, ddJ = 8.1, 0.6 Hz), 7.75 (1H, dJ

with minimal saturated aqueous NaHE@nd extracted with dichlo-
romethane (4« 20 mL). The combined organics were dried ovepNa
SQ, filtered, and concentrated. Column chromatography (3% MeOH
in CH:Cl,) afforded the desire@-anomer4 (0.108 g, 0.4181 mmol)

in 24% yield over 3 stepsH NMR (600 MHz, MeOH)¢d 8.03 (1H,

s), 7.78 (1H, dJ = 7.1 Hz), 7.71 (1HJ) = 7.1 Hz), 7.59 (1H, s), 7.37
(2H, m), 5.44 (1H, ddJ = 10.1, 5.3 Hz), 4.35 (1H, m), 3.98 (1H, m),
3.76 (2H, m), 2.47 (3H, s), 2.36 (1H, ddd,= 13.15, 5.7, 1.8 Hz),
1.90 (1H, m).*3C NMR (150 MHz, CDC4) 6 139.8, 133.8, 133.6,

= 7.6 Hz), 7.68 (1H, m), 7.59 (1H, d,= 7.7 Hz), 7.50 (1H, m), 6.69
(1H, ddd,J = 6.7, 4.2, 2.7 Hz), 4.42 (1H, ddd,= 6.5, 3.3, 3.2 Hz),
3.99 (1H, ddJ = 7.3, 3.7 Hz), 3.83 (1H, dd] = 12.0, 3.5 Hz), 3.77
(1H, ddJ = 12.0, 4.1 Hz), 2.42 (1H, ddd,= 13.5, 6.1, 3.4 Hz), 2.18
(1H, ddd,J = 13.6, 7.0, 6.7 Hz)*C NMR (100 MHz, CROD) ¢
163.5, 138.6, 134.0, 128.3, 128.0, 127.9, 127.3, 126.5, 108.0, 88.9,
88.5, 72.4, 63.0, 42.0. HRMS (MALDI) calcd for 16;5NOsNa
(MNat): 284.0899; found: 284.0897.

Compound 24.To a solution of nucleosidg (85 mg, 0.325 mmol)

133.1, 128.6, 128.2, 127.3, 126.1, 125.6, 124.1, 88.2, 78.2, 73.8, 63.5,in pyridine (3.5 mL) was added triethylamine (280, 1.649 mmol),

42.8, 19.1. HRMS calcd for fgH150; (MNa*): 281.1154; found:
281.1158.

Compound 21.Proton sponge (13 mg, 0.062 mmol) and nucleoside
3 (10 mg, 0.038 mmol) were dissolved in trimethyl phosphate (0.2
mL) and cooled to 0°C. POC} (4 uL, 0.044 mmol) was added
dropwise, and the lavender slurry was stirred at@® for 2 h.
Tributylamine (60uL, 0.252 mmol) was added, followed by a 0.5 M
solution of tributylammonium pyrophosphate in DMF (0.16 mL). After
1 min, the reaction was quenched via additiéd M triethylammonium
bicarbonate (7 mL). The resulting crude solution was lyophilized, and
purification via reverse phase (C18) HPLC35% CHCN in 0.1 M
TEA-bicarbonate, pH 7.5) afforded triphosph&teas a white solid.
3P NMR (140 MHz, 50mM Tris, 2mM EDTA, pH 7.5 in D209
—5.77 (d,J = 18.5), —10.4. (d,J = 17.1 Hz),—21.94 (t,J = 49.0
Hz).

Compound 22.To 4 (0.093 g, 0.36 mmol), azeotroped from pyridine
(2 x 0.1 mL), was added pyridine (1.5 mL). To the resulting solution
was added a solution of DMTr-Cl (0.18 g, 0.54 mmol) in pyridine (0.67
mL) over 20 min. The reaction solution was stirred at room temperature
for an additional 20 min, at which point ethyl acetate (20 mL) was
added. The organics were extracted with saturated NaH&@nL)
and brine (5 mL), dried over N8O, and concentrated in vacuo. Flash
chromatography on silica gel (5@0% ethyl acetate in hexane) yielded
130 mg (66%) of 5protected nucleoside as a white foam. To the
protected nucleoside in GBI, (1.8 mL) was added triethylamine (0.11
mL, 0.80 mmol). The solution was cooled to°C, and cyanoethyl
diisopropylchlorophosphoramidite (0.068 mL, 0.26 mmol) was added.
The reaction was allowed to reach rt over 15 min. The solution was

followed by DMTr-CI (229 mg, 0.678 mmol). After stirring for 20
min at room temperature, the reaction mixture was concentrated.
Purification via column chromatography on silica gel {8D% ethyl
acetate in hexane) afforded 151 mg of tritylated product, which was
dissolved in CHCI, (4 mL). A catalytic amount of DMAP 2 mg)
was added, followed by triethylamine (224., 1.607 mmol) and
2-cyanoethyl diisopropylaminochloro phosphoramidite (4200.536
mmol). After 15 min, the reaction mixture was partitioned between
CH.CI, (20 mL) and saturated aqueous NaHQ@0 mL). The layers
were separated, and the aqueous layer was extracted witB@mL
CHCl,. The combined organics were dried over8@,, filtered, and
concentrated. Purification via column chromatography on silica gel
(15-50% ethyl acetate in 5% triethylamine/hexane) afforded phos-
phoramidite24 (151 mg, 61% over two steps}¥P NMR (140 MHz,
CDClg) 6 149.8, 149.0. HRMS calcd for £4HsogN,O;PCs (MCst):
896.2441; found: 896.2412.

Compound 25.Proton sponge (28 mg, 0.132 mmol) and nucleoside
5 (23 mg, 0.088 mmol) were dissolved in trimethyl phosphate (0.9
mL) and cooled to 0°C. POC} (9 uL, 0.101 mmol) was added
dropwise, and the lavender slurry was stirred at® for 2 h.
Tributylamine (13Q:L, 0.546 mmol) was added, followed by a solution
of tributylammonium pyrophosphate (71 mg) in DMF (1 mL). After 1
min, the reaction was quenched via additidri &/ triethylammonium
bicarbonate (15 mL). The resulting crude solution was lyophilized, and
purification via reverse phase (C18) HPLC{35% CHCN in 0.1 M
TEA-bicarbonate, pH 7.5) afforded triphosph&as a white solid.
3P NMR (140 MHz, 50mM Tris, 2mM EDTA, pH 7.5 in f®) 6 —7.62
(d,J = 16.8),—10.61 (d,J = 18.2 Hz),—22.04 (t,J = 16.8 Hz).
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Compound 26.To a solution of nucleosidé (101 mg, 0.431 mmol)
in pyridine (4 mL) was added triethylamine (4@, 2.875 mmol),
followed by DMTr-Cl (310 mg, 0.915 mmol). After stirring at room

temperature for 15 min, the reaction mixture was concentrated;

purification by column chromatography on silica gel {380% ethyl
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Compound 27.Proton sponge (15 mg, 0.071 mmol) and nucleoside
7 (11 mg, 0.045 mmol) were dissolved in trimethyl phosphate (0.22
mL) and cooled to 0°C. POC} (5 uL, 0.054 mmol) was added
dropwise, and the lavender slurry was stirred at® for 2 h.
Tributylamine (55uL, 0.225 mmol) was added, followed by a solution

acetate in hexane) afforded the tritylated nucleoside (162 mg), which of tributylammonium pyrophosphate (40 mg) in DMF (0.5 mL). After

was dissolved in CECl, (3.5 mL). A catalytic amount of DMAP~2

mg) was added, followed by triethylamine (260, 1.797 mmol) and
2-cyanoethyl diisopropylaminochloro phosphoramidite (4B00.582
mmol). After 15 min, the reaction mixture was partitioned between
CH.ClI, (20 mL) and saturated aqueous NaHQJ®@0 mL). The layers
were separated, and the aqueous layer was extracted witBALmL
CHCl,. The combined organics were dried over8@,, filtered, and
concentrated. Purification via column chromatography on silica gel
(10—30% ethyl acetate in 5% triethylamine/hexane) afforded phos-
phoramidite26 (194 mg, 61% over two stepsid NMR (400 MHz,
CDCly) ¢ 8.30 (1H, m), 7.87 (1H, d] = 7.8 Hz), 7.15-7.50 (9H, m),
7.07 (1H, ddJ = 7.8, 4.7 Hz), 6.91 (1H, m), 6.78 (4H, m), 6.44 (1H,
dd,J = 3.6, 1.8 Hz), 4.76 (1H, m), 4.24 (1H, m), 3:58.85 (12H,

m), 3.38 (1H, m), 3.28 (1H, m), 2.72 (1H, m), 2.60 (1HJt= 6.4
Hz), 2.58 (1H, m), 2.44 (1H, f] = 6.4 Hz), 1.09-1.20 (12H, m)3P
NMR (140 MHz, CDC}) 6 149.1, 148.9.

1 min, the reaction was quenched via additibd ¢ triethylammonium
bicarbonate (5 mL). The resulting crude solution was lyophilized, and
purification via reverse phase (C18) HPLC+&5% CHCN in 0.1 M
TEA-bicarbonate, pH 7.5) afforded triphosph&féas a white solid.
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