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Abstract: As part of an effort to expand the genetic alphabet, we examined the synthesis of DNA with six
different unnatural nucleotides bearing methoxy-derivatized nucleobase analogues. Different nucleobase
substitution patterns were used to systematically alter the nucleobase electronics, sterics, and hydrogen-
bonding potential. We determined the ability of the Klenow fragment of E. coli DNA polymerase | to
synthesize and extend the different unnatural base pairs and mispairs under steady-state conditions. Unlike
other hydrogen-bond acceptors examined in the past, the methoxy groups do not facilitate mispairing,
implying that they are not recognized by any of the hydrogen-bond donors of the natural nucleobases;
however, they do facilitate replication. The more efficient replication results largely from an increase in the
rate of extension of primers terminating at the unnatural base pair and, interestingly, requires that the
methoxy group be at the ortho position where it is positioned in the developing minor groove and can form
a functionally important hydrogen bond with the polymerase. Thus, ortho methoxy groups should be generally
useful for the effort to expand the genetic alphabet.

1. Introduction revealed that hydrophobic and packing forces were well suited
to mediate base pair stability and polymerase-mediated synthesis
(by insertion of the unnatural triphosphate opposite the unnatural
nucleotide in the templaté$-12 However, the utility of these
unnatural base pairs has been consistently limited by insertion
of the next correct dNTP (i.e., extension).

More recently, a significant improvement in extension rate
has been achieved with several nucleobase analogues that have
relatively little aromatic surface aré&:2223.2%Presumably, these
hpalrs form a more natural-like primer terminus, as opposed to
larger analogues that are likely to distort the primer terminus.
While the BEN self pair (formed between two identicBEN
analogues, Figure 1a) is not particularly stadbler well
recognized by DNA polymeraséseveral derivatives have been
identified that form self pairs or heteropairs (formed between
two different analogues) with significantly improved properties.
For example, th&FB,® DM5,%24 and TM 911.1224ncleotides

An unnatural base pair that is stable and replicable would
increase the biotechnological utility and information storage
potential of DNA!® Toward this goal, we have examined
unnatural nucleotides that bear predominantly hydrophobic
nucleobase analogué&s!* These analogues are expected to pair
with each other within duplex DNA via hydrophobic and
packing interactions but not with the natural nucleotides, due
to forced desolvation of the more hydrophilic natural nucleo-
bases. Our initial efforts focused on nucleobase analogues wit
large aromatic surface areas and, along with other studies from
the Hirao*515 Kuchtal®l?” Kool,81° and Berdig®?! labs,
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(a) minor groove nitrogen substituents that may act as H-bond
acceptor@? However, while these modifications increase exten-
sion rates, they also destabilize the base pair and appear to be
recognized by the H-bond donor of dG, resulting in reduced
thermal and replication fidelity.

: ! To identify H-bond acceptors that may not be recognized by
MM1 DMS the natural nucleobases but that could mediate important
primer—polymerase interactions, we have begun to characterize

-
BEN
phenyl-based nucleotides derivatized with methoxy groups.
F Based on both theof32 and experiment!—34 aryl methoxy
groups should be capable of forming H-bonds, although strong
e

H-bonds will only be possible when the methyl group is rotated
wnan out of the plane of the aryl ring, localizing electron density at
the oxygen and making it a better H-bond acceptor. Indeed,
thermodynamic studies of the same derivatives suggest that the
methoxy groups are prone to desolvate upon duplex formation
(S.M. and F.R. unpublished results). Thus, it is unclear whether
these methoxy groups would engage the polymerase H-bond

o~ donors and align the primer terminus for efficient extension.
We now report a detailed characterization of the Kf-mediated
e

™ 3FB

—_

g

(o]
\

o synthesis and extension of the methoxy derivatized base pairs.
annn nan The analogues characterized were designed to systematically

explore the effects of methoxy groups at timwtho, metg and/

or parapositions (Figure 1b). Generally, we find that the

addition of methoxy groups increases the selectivity of unnatural

base pair synthesis, and when the groups are presentattioe

o/ o position, they also have a selective and significant effect on
extension, with some pairs being extended onl00-fold less
efficiently than a natural base pair. Using the R668A mutant of
Kf, we show that this efficient extension requires the presence

20Me 30Me 40Me

o o of the polymerase-based H-bond donor. The data suggest that
nnnn e s an appropriately positioned methoxy group can productively
DMO MMO1 MMO2 engage the H-bpnd donor of the DNA polymerase, which
) ) facilitates extension, but not the H-bond donors of any natural

Figure 1. (a) Unnatural nucleobases previously reported. (b) Methoxy ) o . B .
substituted benzene analogues used in this study. nucleobase, which would stabilize or facilitate mispair forma-

tion.
E. coli DNA polymerase | (Kf) but that are also extended with
increased efficiency. Nonetheless, the extension of these pairs2- Results

remains significantly less efficient than that of a natural base  2.1. Unnatural Base Pair Synthesis EfficiencyThe un-
pair, and modifications that further increase extension rates arenatural nucleotides were synthesized and converted into the
still required. corresponding phosphoramidites or triphosphates as described
One possible reason for the poor extension of the predomi- jn the Supporting Information. The phosphoramidites were used
nantly hydrophobic base pairs is that, while optimized interbase to synthesize template DNA containing the unnatural nucleotides
packing may obviate the need for interbase hydrogen bonds (H-at a single defined position. To begin to examine how methoxy
bonds)® efficient extension may require H-bonding between groups impact polymerase-mediated replication, we determined
the nucleobase at the primer terminus and the polymé?&sé? tne steady-state rates with which Kf extends a primer terminating
Indeed, the natural nucleobases all have an H-bond acceptoimmediately 5to the unnatural base in the template by insertion
oriented into the developing minor groove, and structural studies of an unnatural triphosphate (Table 1). For reference, Kf inserts
have revealed a conserved H-bond between these acceptors & natural dATP opposite dT with a second-order rate constant
the primer terminus and polymerase based H-bond défors, (i.e., efficiency otkeafKu) of 1.7 x 108 M~ min~L. To compare
such as Arg668 in Kf. Biochemical studies have shown that the ability of nucleobases with either amtho methyl or an
extension is significantly reduced when these H-bonds are ortho methoxy group to direct triphosphate insertion, we first
disrupted?”**Thus, we have explored the derivatization of the examined the insertion of the unnatural triphosphates opposite

phenyl-based nucleosides with either minor groove carbonyl gjther MM1 (Table 1,X = MM1) or 20Me (Table 1,X =
group? (by changing theC-nucleoside to aiN-nucleoside) or
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Table 1. Rates of Unnatural Base Pair Synthesis? Table 2. Incorporation of Unnatural and Natural Triphosphates
Opposite Unnatural Bases in the Template?

5’ -d (TAATACGACTCACTATAGGGAGA)
3’ -d (ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC 5’ -d (TAATACGACTCACTATAGGGAGA)
3’ -d (ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)

kcaK/Km
X triphosphate Keat (Min~2) K (M) (M~tmin~?) Keal Kon
20Me 20Me  0.69+0.16  104£32  6.6x 10° X trphosphate K (min”") Hon (M) (M min ™)
DMO 3.31+0.73 85+ 4 3.9x 104 20Me A 3.78+0.17 44+ 11 8.6x 10°
MMO2  3.474+0.57 7242 4.8x 10 C na nd <1.0x 10°
MM1 1.734+0.16 117+ 16 15x 10 G nd nd <1.0x 10°
DM5 14.04 0.60 103+ 11 1.4x 10 T nd nd <1.0x 10°
™ 182413 26£4  70x10 30Me A 1774022  32+£10 5.5x 100
MMO1 20Me 2.06+ 0.51 109+ 8 1.9x 10 C 0.29+0.04 168+ 28 1.7x 16
DMO 6.16+ 0.57 42+ 10 15x 10 G nd nd <1.0x 10°
MMO2  4.34+1.1 39+ 6 1.1x 108 T 0.33+0.08 130+ 12 2.5% 10°
MM1 2.89+ 0.67 784 4 3.7x 104
DM5 11.54+1.30 62+ 17 1.9x 10 40Me é 2'96%00'25 2‘:’]@7 <}'(2)§ g
™ 7184081  154+15 47x 10 p b neb <10x 18
MMO2 20Me 1504+ 0.35 120+ 20 1.3x 104 T 3.03+0.23 95+ 18 3.2x 10
DMO 5.14+ 1.37 51+ 5 1.0x 108
MMO2  513+067  44£4  12x 10° MMOL1 A 450£040  25EE LBIO
MM1 4.38+0.36 109+ 17  4.0x 10¢ '
G nd nd® <1.0x 10®
DM5 10.54+2.8 48+ 15 2.2x 10P T 0284002 128+ 6 525 18
™ 22.0+ 1.7 13.8£3.2  1.6x 10° i : i
DMO 20Me 0.76+ 0.20 1044 29 7.3x 108 MMO2 A 3.27+0.33 324 4 1.0x10
C nd nd® <1.0x 10°
DMO 1.854+0.17 26+ 3 7.1x 104 p b e <10x 108
MMO2  1.85+0.38 38+ 2 4.9x 104 T ors neb <10x 18
MM1 1.684 0.29 46+ 10 3.7x 10¢ i
DM5 3.30+ 0.29 28+ 9 1.2x 10° DMO A 1.08+ 0.15 134+ 1.3 8.3x 10
™ 417+ 1.04 9.3+ 0.3  45x10° c nd nd® <1.0x 10°
G nd nd <1.0x 103
MM1 20Me 1.124+0.28 128+ 26 8.8x 10°
DMO 4.05+ 0.42 52+ 13 7.8x 10¢ T 0144003 SIS 25x 10
MM?Z gsgi égi 18?; il ézi ig aSee Experimental Section for detaflReaction was too inefficient for
DM5 7'111 1'67 801 7 8'7>< 10t keatandKy to be determined independently.
™ 550+ 091 157426  3.5x 10
DM5 20Me 2.54+0.31 89+ 4 2.9x% 10 directs the insertion of the unnatural triphosphates with second-
DMO 7.05+0.45 52+ 6 1.4x 10 order rate constants between 220*and 2.0x 10° M~ min-1
mm(l)z g'ggi 82‘1‘ 1%)% iz ggi 18‘; (Table 1,X = DM5). Methoxy substitution of the template base
DM5 50+ 46 25+ 6 20x 10 (i.e., Table 1X = MMO1 or MMO2) generally decreases the
™ 10.84+ 1.5 126+22  8.6x 10 rates of unnatural triphosphate insertion, most so when the
™ 20Me 4.244+ 0.76 39+ 5 11x 1P templating analogue has two methoxy substituents (i.e., Table
DMO 7.63+1.30 24+ 6 3.2x 10° 1, X = DMO). With dMMO2 TP the effects are slightly larger,
MMO2  947+1.68  11.7£18  8.1x10° and they are largest wittiM5TP. However, the opposite effect
MM1 3.194+ 0.09 55+ 18 5.8x 10 ; :
DM5 181+ 1.0 29+ 6 6.2x 10P was observed with botiMM1 TP and @M TP, where changing
™ 31+1.8 14+3 2.2x 100 the ortho substituent of the template analogue from a methyl
_ _ _ to a methoxy group increases the rate of unnatural triphosphate
# See Experimental Section for details. insertion. These data reinforce the conclusion that specific

20Me). MM1 in the template directs unnatural base pair structural and/or electrostatic effects contribute to efficient

synthesis with second-order rate constants (i.e., efficidngy, unnatural base pair synth(_asis. o )
Ku) between 8.6¢ 10° and 3.5x 106 M~ min-L. Interestingly, 2.2. Unnatural Base Pair Synthesis Fidelity To examine

methoxy substitution at thertho position slightly decreases the the. synth.esis of mispairs we determiped the efficiencies Wit,h
rate of insertion of the more hydrophilic triphosphates but which Kf inserts natural dNTRs oppqsﬂe the unnatural pa;es in
increases the rate of insertion of the more hydrophobic triph- € template (Table 2). dATP is consistently the most efficiently
osphates. The most efficiently synthesized pair results from the "Serted natlﬂrlal t_r'QIIOSphate’ wk&{KM_\l/alge_slfalhng between
insertion of @M TP opposite20Me, which proceeds with a 5.5 % 10‘_1 M™% min~ and 1.8x 10° M™% min~%. While this is
second-order rate constant of %0106 M~ min-L. Because more efficient than mispair synthesis among the natural nucle-
methoxy substitution increases the polarity of the nucleobase, ©tides:® it is significantly less efficient than dATP insertion
the data suggest that, in addition to hydrophobic forces, specific °PPOSite any of the carbocyclic analoguél1, MM2, MM3,
structural and/or electrostatic interactions must contribute to base®” PMS (which template dATP insertion with second-order rate
pair synthesis, constants of 3.% 1P to 2.9 x 10° M~ min~1).% After dATP,

We next examined the effect of substituting methoxy groups the next most efficiently inserted tnphosph?tg |sldTTP, with
for methyl groups within theDM5 scaffold in the template. rates ranging from too slow to detect10° M~*min™) to 2 x
This scaffold was chosen because of the relative stability and ;) cha, r. .; Benkovic, P.; Benkovic, SBlochemistryl98§ 27, 6716-
efficient replication of theDM5 self pair. TheDM5 analogue 6725.
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Table 3. Rates of Correct Extension of Unnatural Base Pairs?

5’ -d (TAATACGACTCACTATAGGGAGAY)
3’ -d (ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)

X Y Kear (min~1) Ko (M) Keal K (M2 min?) X Y Keae (min) Ko (uM) Keal K (M~ min~?)
20Me 20Me ncb ncb <1.0x 103 DMO  20Me ncP ncP <1.0x 10°
30Me 0.27£0.02  173+11 1.6x 108 30Me 0.35+ 0.08 152+ 62 2.3x 108
40Me 0.96+ 0.24 209+ 61 4.6x% 103 40Me 0.37+0.04 163+ 42 2.3x 103
DMO 0.30+0.10  178+77 1.7x 103 DMO ndP ncb <1.0x 10°
MMO1 0.21+0.03 165+ 51 1.3x 108 MMO1 0.17+ 0.04 143+ 33 1.2x 10°
MMO2 0.38+0.14 170+ 39 2.2x 108 MMO2 0.47+0.11 158+ 22 3.0x 103
MM1 ncb ncb <1.0x 10° MM1 ndP nc <1.0x 10°
DM5 0.47+0.15  231+48 2.0x 103 DM5 0.35+ 0.03 124+ 13 2.8x 10°
™ 0.40+£0.09  173+40 2.3x 108 ™ 0.34+0.02 99+ 14 3.4x 10°
30Me 20Me 3.12+0.82  112+29 2.8x 10 MM1  20Me 9.34+1.48 124+ 14 7.5% 10
30Me ncP ncP <1.0x 103 30Me 0.40+ 0.02 153+ 13 2.6x 103
40Me 0.79+0.15  218+53 3.6x 108 40Me 0.92+ 0.05 153+ 25 6.0x 10°
DMO 3.14+031 13221 2.4x% 10¢ DMO 5.90+ 1.19 86+ 3 6.9x 10¢
MMO1 0.22+0.08 175+ 74 1.3x 10° MMO1 0.25+ 0.06 92+ 10 2.7x 108
MMO2 4.95+1.39 160+ 53 3.1x 10 MMO2 7.184+ 0.39 50+ 10 1.4x 10
MM1 ncb ncb <1.0x 103 MM1 0.25+ 0.07 173+ 100 1.4x 10°
DM5 0.32+£0.07  138+43 2.3x 108 DM5 0.35+ 0.08 163+ 17 2.1x 10°
™ 0.18+0.05 144425 1.3x 10° ™ 0.54+ 0.07 168+ 46 3.2x 10°
40Me 20Me 2.49+0.83 162+ 11 1.5x 10* DM5 20Me 7.30+ 0.54 57+ 13 1.3x 1
30Me ncb ncb <1.0x 103 30Me 1.234+0.33 121+ 30 1.0x 10*
40Me ncb ncb <1.0x 1C® 40Me 1.29+0.36 104+ 35 1.2x 10*
DMO 3.08+0.73  147+41 2.1x 10* DMO 5.44+ 0.49 54+ 5 1.0x108
MMO1 ncb ncb <1.0x 10° MMO1 0.48+ 0.13 121+ 10 4.0x 108
MMO2 6.04+ 055 127+ 30 4.8x 10 MMO2 6.07+£0.85  18.6+25 3.3x 10°
MM1 ncb ncb <1.0x 1C® MM1 0.23+0.09 220+ 91 1.1x 10°
DM5 ncb ncb <1.0x 10° DM5 6.5+ 1.1 161+ 17 4.0x 10*
™ ncb ncb <1.0x 10° ™ 1.0440.18 95+ 10 1.1x 10*
MMO1  20Me 9.19+ 1.24 86+ 3 1.1x 10 ™ 20Me 12.0+ 2.7 12.4+ 1.5 9.7x 10
30Me 0.68+ 0.12 195+ 74 3.5x 103 30Me 3.79+ 0.09 92+ 17 4.1x 10#
40Me 0.64+0.14 172+ 39 3.7x 1063 40Me 3.37+0.30 89+ 19 3.8x 10¢
DMO 6.524 0.77 60+ 18 1.1x 10 DMO 413+0.60  13.1+29 3.2x 10
MMO1 0.27+0.04 125435 2.2x 10° MMO1 1.51+0.27 85+ 24 1.8x 10*
MMO2 6.88+1.24 46+ 11 1.5% 108 MMO2 10.1+ 1.4 7.9+ 0.97 1.3x 108
MM1 0.17+0.07  168+43 1.0x 10° MM1 0.62+ 0.11 108+ 3 5.7x 10°
DM5 0.56+0.14 132+ 16 4.2x 108 DM5 2.74+ 0.54 92+ 18 3.0x 10
™ 0.39+0.04 144+ 34 2.7x 108 ™ 79+14 152+ 32 5.2x 10t
MMO2  20Me 0.44+011  201+51 2.2x 108 BEN 20Me 1.49+ 0.35 272+ 28 5.5x 10°
30Me 1.074+0.14 243+ 37 4.4% 108 30Me ncP ncb <1.0x 1¢°
40Me 1.83+0.66 184+ 34 9.9x 10° 40Me ncP ncP <1.0x 10°
DMO 0.55+0.12 147+ 24 3.7x 10 DMO 2.42+0.41 191+ 44 1.3x 10*
MMO1 0.50+0.13 247+ 15 2.0x 108 MMO1 ndP ncb <1.0x 10°
MMO2 0.87+0.28 165+ 47 5.3x 10° MMO2 4.05+ 0.65 233+ 21 1.7x 10*
MM1 0.36+0.20 1844+ 95 2.0x 10° MM1 ncP ncb <1.0x 10°
DM5 1.48+0.08  148+24 1.0x 10* DM5 nde ncb <1.0x 10°
™ 0.98+0.23 155+ 33 6.3x 10° ™ ncP ncP <1.0x 108

aSee Experimental Section for detaitReaction was too inefficient fot.a: andKy to be determined independently.

10® M~'min~1, for insertion opposite30OMe, MMO1, and examined theBEN nucleotide and nucleotides bearing single
DMO, or 3.2x 10* M~1 min~1, for insertion oppositd¢OMe. substituents at thertho, meta or para position of the phenyl
Thus, dTTP insertion is strongly favored Ipara methoxy nucleobase scaffold (Table 3). These analogues were incorpo-

substitution and disfavored lmytho methoxy substitution. dCTP  rated into oligonucleotide templates and annealed to primers
is only inserted with a detectable rate oppo8iMe, and dGTP containing one of the analogues shown in Figure 1, resulting in
is not detectably inserted opposite any of the analogues. Ofthe formation of an unnatural self-pair or heteropair at the primer
particular interest is the selectivity against mispairing of the terminus. We determined the ability of Kf to extend each primer
analogues, especially those wittho methoxy H-bond accep- by incorporation of the next correct triphosphate (dCTP). For
tors QOMe, MMO2, andDMO). The generally decreased rates reference, a dA:dT pair is extended in the same sequence context
with which the natural triphosphates are inserted opposite thewith a keafKy of 1.7 x 108 M~ min~1. Pairs withBEN in the
methoxy derivatized analogues, relative to their fully carbocyclic template were recognized poorly by Kf (Table)3,= BEN).
counterparts, are surprising considering their decreased hydro-Only primers terminating witt2OMe, DMO, or MMO2 are
phobicity, and this again suggests that specific structural and/ extended with a detectable ratg{Ky > 1 x 10 M~ min™1).
or electrostatic effects are important. Pairs formed witl2OMe in the template are extended poorly
2.3. Unnatural Base Pair Extension Efficiency To examine (Table 3,X = 20Me), while pairs with eitheBOMe or 40Me
the contribution of methoxy groups to extension, we first in the template are extended between £.30* and 4.8x 10*

5554 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007
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M~1min~%, but again only when paired oppos&®Me, DMO,
or MMO2 at the primer terminus (Table ¥ = 30Me or
40Me). These data suggest that@mho methoxy group at the
primer terminus facilitates extension.

We next examined thertho, para di-substituted analogues
MMO1, MMO2, andDMO in the template (Table 3). Kf does
not efficiently recognize primers that terminate oppositdO2
or DMO, regardless of the analogue at the primer terminus
(Table 3,X = MMO2 or DMO). In each case the second-
order rate constants are less than or equaltol0* M~ min™1,
Also, most pairs involvinddMOL1 in the template are not well
extended (Table 3 = MMO1). However, the pairs formed
with 20Me, MMO2, or DMO in the primer andMMOL1 in
the template are again extended more efficiently, with second-
order rate constants of1 x 10° M~! min—l. These data
reinforce the idea thairtho positioned methoxy groups at the

primer terminus increase the rates of extension but also suggest

that the ortho methyl group of MMO1 in the template
contributes to efficient extension as well.

To further explore the effect ajrtho methyl substituents in
the template, the nucleobase analolylMd1, DM5, or TM was
incorporated into the template strand (TableX3= MML1,
DM5, or TM). Generally, the pairs formed with each of the
primers are extended slightly better than the pairs witlootito

Table 4. Rates of Mispair Extension?

5’ -d (TAATACGACTCACTATAGGGAGAY)
3’ -d (ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)

kca(/Km
X Y Kear (Min 1) K («M) (M~ min~?)
MM1 A 5.614+0.38 29+ 6 1.9x 10°
DM5 A 7.294+1.75 27+ 6 2.7x 10°
MMO1 A 9.48+ 0.69 23+ 2 4.1x 10P
MMO2 A 8.65+ 0.89 187+ 17 4.6x 10*
™ A 8.13+ 1.59 15.5+ 2.2 5.2x 10P
A 20Me ncP ncP <1.0x 10°
G 20Me ncP ncP <1.0x 10°
C 20Me 0.40£ 0.15 111+ 37 3.6x 108
T 20Me 0.394+ 0.09 87+ 13 45x 103
A DMO ncP ncP <1.0x 10°
G DMO nc® no® <1.0x 103
C DMO 1.31+0.23 69+ 11 1.9x 10¢
T DMO 0.924+ 0.04 59+ 6 1.6x 10*
A MMO2 ncP ncP <1.0x 108
G MMO2 nc® no <1.0x 10
C MMO2 0.67+ 0.25 1344 32 5.0x 103
T MMO2 2.11+ 0.63 80+ 13 2.6x 104

aSee Experimental Section for detaitReaction was too inefficient for
keat and Ky to be determined independently.

Table 5. Rates of Correct Extension by R668A Kf Mutant?

methyl groups in the template analogue, and the rates parallels’ -d (TAATACGACTCACTATAGGGAGAY)

the extent of methyl group substitutionN] > DM5 > MM1).

Again, as with the monosubstituted analogues, the pairs formed

with 20Me, DMO, or MMO?2 in the primer are consistently
extended more efficiently. In fact, the pairs formed between
20Me, DMO, or MMO2 at the primer terminus andM in

the template are extended with rates between>320° M~1
min~! and 1.3x 10° M~ min~1. The MMO2:TM heteropair

is extended~1000-fold faster than the unsubstitutB&N self
pair (which is extended with a rate of 1:6 10° M~1 min—1)°
and only ~100-fold less efficiently than a natural base pair.
The increased rates of extension of #@Me: TM, DMO:TM ,
andMMO2:TM heteropairs, relative to tH8EN self pair, result
from both increases in the appardgi: and decreases in the
apparentKy. The data clearly reveal that unnatural base pair
extension is facilitated by both atho methoxy group in the
primer nucleobase and amtho methyl group in the template
nucleobase.

2.4. Unnatural Base Pair Extension Fidelity To examine
extension fidelity, we first characterized the rate at which Kf
extends a primer terminating with dA paired oppostsO1
or MMO2 (Table 4). To further elucidate the effect of the
methoxy group substituent, primers terminating with dA paired
oppositeMM1, DM5, or TM were also characterized. The

mispairs with dA at the primer terminus were examined because,

3’ -d (ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)

Keal K
Y Kear (min~") Kan (M) (M~ minY)
A 9.09+ 1.69 29+ 6 3.1x 1P
™ MMO2 2.31+0.79 63+ 9 3.7x 10
™ DM5 0.60+ 0.09 44+ 3 1.4x 10¢

aSee Experimental Section for details.

MMO?2 opposite each natural nucleotide in the template and
determined the efficiency of mispair extension (Table 4). None
of the mispairs are extended efficiently, with rates varying from
too low to detect €10° M~ min™%) to 2.6 x 10* M1 min~1.
Interestingly, extension of the mispairs with dG is very
inefficient. These results clearly demonstrate that an H-bond is
not formed between guanine and titho methoxy substituent
or that if an H-bond is formed, it does not contribute to a
structure at the primer terminus that is recognized by Kf. In
fact, the mispairs between either purine and the unnatural
analogues are extended less efficiently than those with either
pyrimidine. Because the purine mispairs are more structurally
similar to a natural base pair, the more efficient extension of
the pyrimidine mispairs is surprising.

2.5. Primer—Polymerase Interactions and Unnatural Base

in each case, they are the most efficiently synthesized (seePair Extension. To determine whether the minor groove

above). All mispairs except dMMO?2 are extended by dCTP
insertion with rates between 1.9 10° and 5.2x 10° M~!
min~1. In contrast, the dAMMO2 mispair is extended less
efficiently, with ak.a/Ky of 4.6 x 10* M~ min~L. This rate is
only marginally more efficient than the extension of a natural
mispaif® and demonstrates that th@rtho methoxy group
decreases the rate of mispair extension.

To further explore whetheortho methoxy groups at the
primer terminus form mispairs with natural nucleotides that are
recognized and extended by Kf, we pairg@Me, DMO, or

methoxy groups facilitate unnatural base pair extension through
formation of an H-bond with the polymerase, we examined
extension rates with the R668A mutant ofK¢Table 5). While
other residues are also important for minor groove recognition
of the primer terminug®3” Arg668 is the most thoroughly
characterized, and among the identified residues, it has the

(36) Minnick, D. T.; Bebenek, K.; Osheroff, W. P.; Turner, R. M., Jr.; Astatke,
M.; Liu, T.; Kunkel, T. A.; Joyce, C. MJ. Biol. Chem1999 274, 3067
3075.

(37) Summerer, D.; Rudinger, N. Z.; Detmer, |.; Marx, Angew. Chem., Int.
Ed. Engl.2005 44, 4712-4715.
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largest effect during extension. Previous studies have shownbetween different predominantly hydrophobic nucleobase
that either removal of the H-bond donor from the polymerase analogue$:51011|nterestingly, the effects of substituting meth-
(by mutation of Arg668 to Ala) or removal of the hydrogen oxy groups for methyl groups in unnatural base pair and mispair
bond acceptor from a natural nucleobase at the primer terminussynthesis is not consistent with simple changes in hydrophobic-
(by substituting 3-deaza-dG for dG) significantly decreases the ity. For example, substitution of thertho methyl group oMM1
rate of primer extensiofl.3°Additionally, this mutant has been  with a methoxy group, to givOMe, results in the more
used to show that the difference in extension rates of two natural efficient insertion of more hydrophobic triphosphate analogues
nucleobase analogues is due to H-bonding with the DNA but less efficient insertion of more hydrophilic triphosphate
polymerasé?® Kf R668A extends th®M5:TM heteropair with analogues. In additior2ZOMe in the template is more selective
a rate only 2-fold reduced from that for wild-type Kf, demon- against insertion of the more hydrophilic natural triphosphates
strating that Arg668 does not form a functionally important thanMM1 . The effects can also be complex; for example, within
H-bond with DM5. However, extension of thIMO2:TM the DM5 scaffold, a minor groove methoxy group slightly
heteropair is reduced 35-fold, to essentially the same rate asincreases the rate ofMM1TP and AMTP insertion but
that of theDM5:TM heteropair. The appareil, increased significantly decreases the rate dDBISTP insertion. These
almost 8-fold withMMO2 at the primer terminus, while it  triphosphate analogues differ only by single methyl substituents,
decreased 2-fold witlbM5 at the primer terminus. In both  and the rates do not parallel the extent of substitution. In total,
casesk.ardecreased by approximately 4-fold. While it is difficult ~ these results suggest that the methoxy substituents are capable
to interpret these changes mechanistically, as the kinetics areof mediating specific structural and/or electrostatic effects that
run under steady-state conditions, it is clear that removing the contribute to efficient unnatural base pair synthesis.
H-bond donor from the polymerase selectively decreases the As discussed above, continued primer extension after syn-
extension efficiency of the pair with the minor groove methoxy thesis of the unnatural base pair has traditionally limited the
group at the primer terminus. Thus, tbeho methoxy group replication of DNA containing unnatural base pairs. We find
of MMO2 appears to favorably interact with Arg668, presum- that primers that terminate with a minor groove methoxy group
ably via H-bonding. paired opposite a template analogue with a minor groove methyl
group are efficiently extended. Remarkably, td02:TM
(primer:template) pair is extended only 100-fold slower than a
Extension of unnatural base pairs by DNA polymerases natural base pair in the same sequence context. It is not obvious
generally limits their replication, and thus understanding how how the methyl group in the developing minor groove of the
to facilitate extension is critical for developing viable unnatural temp|ate ana|ogue contributes to efficient extension. However,
base paird.Previously, we examined phenyl-based nucleotides the fact that mispairs with natural pyrimidines in the template
bearing H-bond acceptors that, when at the primer terminus, are extended more efficiently than mispairs with purines
are expected to be oriented in the developing minor groove syggests that the role of both the methyl group and the carbonyl
where they might engage a conserved polymerase-based H-bongroup may be structural, perhaps helping to form a primer
donor. Specifically, we examined both minor groove carbonyl terminus that is optimally packed and structured for continued
group® and nitrogen substituent3ln addition, Hirao and co-  extension.
workers have positioned an aldehyde group in the minor  The effect of a minor groove methoxy group at the primer
groove>3949While these modifications facilitate extension, they  terminus is consistent and significant. For example, when paired
also destabilize the base pair and, at least with the pyridoneoppositeTM, MMO2 is extended more than 40-fold more
and pyridine nucleobases, appear to be recognized by theefficiently than its carbocyclic analogu@M5. Although this
H-bond donor of dG, resulting in poor thermal and replication difference is less than the approximately 3500-fold difference
fidelity. observed with dG and 3-deaz&@it is similar to that observed
We are interested in nucleobase modifications that might with other unnatural nucleobases where H-bond acceptors have
facilitate H-bonding with the polymerase but not with a natural been introduced19:22.23.39.40Mhis suggests that while H_bonding

nucleobase. Thermodynamic studies have indicated that, whemetween the primer terminus and the polymarase is important,
positionedortho to the glycosidic linkage, methoxy groups are other factors also contribute.
desolvated upon dUpleX formation (SM and F.R. unpublished Methoxy groups of anisole are typ|Ca||y On|y moderate
results). This suggests that the H-bonding strength of the minor H-hond acceptors, as suggested by thiirgf —6.541 However,
groove methoxy groups is insufficient to maintain solvation. poth experimental and theoretical studies indicate that this is
Nonetheless, we were interested in examining whether thesedue in part to Conjugation of the lone pairs of electrons on
minor groove methoxy groups can engage the “preordered” oxygen into the aromatic ring, which requires the methyl group
H-bond donor of polymerases that is known to be required to to be in the plane of the rin-34 The same studies also indicate
align the primer terminus for efficient extension. Thus, we that when the methyl group rotates out of the plane, the electrons
examined the effects of methoxy group substituents on poly- |ocalize on the oxygen atom and it becomes a significantly better
merase-mediated replication. H-bond acceptor. Interestingly, molecular dynamics simulations
Many pl'eViOUS studies have identified interbase hydrophObiC suggest that the minor groove methy| groups of the unnatural
interactions as a major force underlying the synthesis of pairs phase pairs rotate out of the plane of the phenyl ring to optimize
(38) Potapova, O.; Chan, C.. DeLucia, A. M.: Helquist, S. A Kool, E. T. packing interactions wit_h flanking _nucleobases (S.M and_l_:.R.
Grindley, N. D.; Joyce, C. MBiochemistry2006 45, 890-898. unpublished results). This, along with the “preordered” position-
(39) Mitsur, Eé?tt'g(')g%t‘)lvgf"'&fgj%sﬁg_ Yokoyama, S.; Hirao, Bioorg. Med. ing of the polymerase-based H-bond donor, Arg668, appears

(40) Mitsui, T.; Kitamura, A.; Kimoto, M.; To, T.; Sato, A.; Hirao, |.; Yokoyama,
S.J. Am. Chem. So@003 125, 5298-5307. (41) Arnett, E. M.; Wu, C. YJ. Am. Chem. S0d.96Q 82, 4999-5000.

Discussion
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to be sufficient to form a functional H-bond between the primer Tributylamine (5 equiv) was added, followed by a solution of
terminus and the polymerase. This conclusion is strongly tributylammonium pyrophosphate (5 equiv) in DMF (final concentration
supported by the selective decrease in R668A Kf-mediated ~0-15 M). After 3 min, the reaction was quenched by addition of 1 M
extension efficiency of theIMO2:TM pair relative to the aqueous triethylammonium bicarbonate (10 vol equiv). The resulting
DM5:TM pair. The “preordering” of the Ara668 donor within crude solution was stirred_for 30 min at°C and then lyophilized.
the polymgraseDNApcomplex ﬁ]kely undergllies the ability of The crude material was purified by reversed phase HPLC (C18 column,
. 1-35% CHCN in 0.1 M NEt—HCO;, pH 7.5) followed by lyophiliza-
the mlnqr groove meth(_)xy group to ac_t as gn H-bond acceptortion to afford the triphosphate as a white solidM and DM5
despite its reduced ability to H-bond with minor groove waters triphosphates were synthesized as described previdiily.

of solvation. 20Me triphosphate:**P NMR (162 MHz, BO) 6 —5.90 (d,J =

It appears that aortho positioned methoxy group is able to  21.2 Hz),~10.55 (d,J = 19.8 Hz),—22.16 (t,J = 20.7 Hz).30Me
form a productive H-bond with the polymerase that appropriately triphosphate:3'P NMR (162 MHz, BO) 6 —10.32 (d,J = 19.9 Hz),
aligns the primer terminus for continued extension. This, and —10.76 (d,J = 20.4 Hz),—22.83 (t,J = 19.9 Hz).40Me triphos-
the observation that these substituents do not increase mispaiphate: *P NMR (162 MHz, DO) 6 —10.39 (d,J = 19.9 Hz),~10.71
recognition or stability, as has been observed with other H-bond (d J = 20.1 Hz),~22.82 (t,J = 19.9 Hz).DMO triphosphate:*P
acceptorg223suggests that suitably positioned methoxy groups NMR (162 MHz, ,0) 6 —6.01 (d,J = 21.2 Hz),~10.52 (dJ = 19.9

: : : -~ Hz), —22.21 (t,J = 20.6 Hz).MMO1 triphosphate:3!P NMR (162
will be of great value in the design of new unnatural base pairs. MHz, D,0) 6 —9.35 (d.J = 19.3 Hz) —10.67 (d.J — 20.1 Hz) —22.68

Experimental Section (t, J= 20.1 Hz).MMO?2 triphosphate:3!P NMR (162 MHz, BO) ¢

General Methods. Chemical t hased from Si —5.91 (d,J = 21.2 Hz),—10.56 (d,J = 19.6 Hz),—22.17 (t.J = 20.6
Ald .e?]erad € J’ S‘fh etT'Ct"’r‘] reage.]? S;’."ere pulrc ast?] rom 'f]rt“"’(‘j' Hz). MM1 triphosphate:3P NMR (162 MHz, DO) 6 —8.03 (bs),
rcn and usea without rurther purirication, unless otherwise stated. ~10.63 (d,J =199 HZ),—2248 (t,J =204 HZ)

All unnatural nucleosides and nucleotides used in this study were
synthesized as described in the Supporting Information. All reagents
for oligonucleotide synthesis were purchased from Glen Research.
Oligonucleotides were synthesized using an Applied Biosystems Inc.
392 DNA/RNA synthesizer$!P NMR spectra were recorded on a
Bruker AMX-400 spectrometer. Coupling constandks values) are
reported in Hz. The chemical shifts are givendir(ppm) using 85%
H3PO; in DO for 3P NMR as an external standard. T4 polynucleotide
kinase and Klenow fragment exo- were purchased from New England
Biolabs. [y-*3P]-ATP was purchased from Amersham Biosciences. The
R668A/D424A double mutant of Kf was a generous gift from Catherine
M. Joyce (Yale University). The D424A mutation renders the poly-
merase exonuclease deficient. For simplicity, the double mutant is
referred to as the R668A mutant of the exonuclease deficient poly-
merase.

Synthesis of OligonucleotidesOligonucleotides were prepared by

Gel-Based Kinetic Assay.Primer oligonucleotides were-gadio-
labeled with T4 polynucleotide kinase (New England Biolabs) and
[y-**P]-ATP (GE Biosciences). Primers were annealed to template
oligonucleotides in the reaction buffer by heating to °@ followed
by slow cooling to ambient temperature. Assay conditions included 40
nM primer/template, 0.£1.3 nM enzyme (either Kf or Kf R668A),

50 mM Tris-HCI, pH 7.5, 10 mM MgGl| 1 mM DTT, and 5Qug/mL
acetylated BSA. The reactions were carried out by combining the
DNA—enzyme mixture with an equal volume (&) of 2 x dNTP
stock solution, incubating at 25C for 1-10 min, and quenching by
the addition of 2QuL of loading dye (95% formamide, 20 mM EDTA,
and sufficient amounts of bromophenol blue and xylene cyanole). The
reaction mixtures were resolved by 15% polyacrylamide &M urea
denaturing gel electrophoresis, and radioactivity was quantified using
a Phosphorlmager (Molecular Dynamics) and ImageQuant software.
the f-cyanoethylphosphoramidite method on controlled pore glass The Michaelis—Mgnten gquation was fit to a p!d!gbsdversus triphos-
phate concentration using the program Kaleidagraph (Synergy Soft-

supports (lumol) using an Applied Biosystems Inc. 392 DNA/RNA . .
synthesizer as the standard method. After automated synthesis, theware). The data presented are averages of three independent determi

i . hations.
oligonucleotides were cleaved from the support by concd aqueous
ammonia fo 1 h atroom temperature, deprotected by heating atG5 Acknowledgment. Funding was provided by the National
for 12 h, and purified by denaturing polyacrylamide gel electrophoresis |nstitutes of Health (GM60005).
(12—20%, 8 M urea). The primer oligonucleotides containing unnatural

bases at the'@nd were obtained using a Universal Support, 'er 3 Supporting Information Available: Nucleoside and nucle-
phosphate CPG, which was treated with alkaline phosphatase afterotide synthesis and characterization. Representative kinetics plots
deprotection according to manufacturer's protocols. for heteropair synthesis, misincorporation, correct pair extension,

General Triphosphate Synthesis ProcedureProton sponge (1.5
equiv) and nucleoside (1 equiv) were dissolved in trimethylphosphate
(final concentration~0.3 M) and cooled to GC. POC} (1.05 equiv)
was added dropwise, and the mixture was stirred 4C0for 2 h. JA068282B

and mispair extension. This material is available free of charge
via the Internet at http://pubs.acs.org.
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