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Abstract: As part of an effort to expand the genetic alphabet, we have been examining the ability of
predominately hydrophobic nucleobase analogues to pair in duplex DNA and during polymerase-mediated
replication. We previously reported the synthesis and thermal stability of unnatural base pairs formed
between nucleotides bearing simple methyl-substituted phenyl ring nucleobase analogues. Several of these
pairs are virtually as stable and selective as natural base pairs in the same sequence context. Here, we
report the characterization of polymerase-mediated replication of the same unnatural base pairs. We find
that every facet of replication, including correct and incorrect base pair synthesis, as well as continued
primer extension beyond the unnatural base pair, is sensitive to the specific methyl substitution pattern of
the nucleobase analogue. The results demonstrate that neither hydrogen bonding nor large aromatic surface
area is required for polymerase recognition, and that interstrand interactions between small aromatic rings
may be optimized for replication. Combined with our previous results, these studies suggest that appropriately
derivatized phenyl nucleobase analogues represent a promising approach toward developing a third base
pair and expanding the genetic alphabet.

1. Introduction between different analogues (heteropairs) may be formed
between hydrophobic nucleobase analogues that lack H-bonding
potential and have little structural similarity to the natural purines
or pyrimidines. In comparison to the stability of a natural base
pair, the relative thermal stability of at least some of the
predominantly hydrophobic unnatural base pairs was shown to
result from a more favorable entropy change, implying that the
classical hydrophobic effect contributes to their paifhds

with proteins, hydrophobicity appears to be a suitable force to
control molecular recognition within duplex DNA.

While hydrophobic interactions may be sufficient for base
pair stability, it is unclear to what extent they can stabilize the
transition states corresponding to polymerase-mediated DNA
replication. In particular, the determinants of efficient and
selective synthesis of an unnatural base pair, by insertion of
the triphosphate opposite its cognate base in the template, and

An expanded genetic alphabet, which includes a third base
pair to supplement the natural base pairs formed between
guanosine and cytosine and adenine and thymine, would allow
for a wide range of biotechnology applications, such as site-
directed oligonucleotide labeling and vitro selections with
oligonucleotides bearing increased chemical diversifyd-
ditionally, a third base pair would lay the foundation for an
organism with an expanded genetic cédEfforts toward
developing a third base pair have focused on nucleobase
analogues designed to pair via orthogonal hydrogen bonding
(H-bonding), based on work of the Benner gréuand more
recently on predominantly non-H-bonding analogues that pair
via hydrophobic interactions, based on work of the Kool grbup.
Pursuing the latter strategy, wand the Yokoyama and Hirao
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Table 1. Rates of Unnatural Self-Pair Synthesis?

5'-d(TAATACGACTCACTATAGGGAGA)
3'-d(ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)
v X triphosphate Kear (Min~?) Ku (uM) Kead K (Min=* M~1)
I

BEN MM1 MM2 MM3 BEN BEN ncP nd® <1.0x 10®
DM DM 1.0+0.1 359+ 88 2.8x 103¢
DM2 DM2 0.85+0.2 47+ 11 1.8x 10
DM3 DM3 59+0.6 54+ 13 1.1x 10°
DM4 DM4 2.8+06 25+ 3 1.1x 10°
DM5 DM5 50+ 4.6 25+ 6 2.0x 10°
i ~ S wine ™ ™ 31+138 14+ 3 2.2x 106¢
DM DM2 DM3 DM4 dT dATP 163+ 7d 3.5+ 1d 4.7 x 107d
a See Experimental Section for detaftsReaction was too inefficient for
keat and Ky to be determined independentiSee ref 5bd See ref 5a.
addition, polymerase-mediated mispair synthesis by incorpora-
e . T T tion of a natural triphosphate opposite an unnatural nucleobase
DM5 ™ TMZ ™B analogue in the template reveals interesting trends that contribute

to our understanding of unnatural base pair replication fidelity,

as well as polymerase fidelity in general. Along with our
Iprevious studies, these data convincingly demonstrate that
unnatural base pairs require neither H-bonds nor large aromatic
surface for thermal stability and replication.

Figure 1. Unnatural nucleobases used in this study.

efficient continued primer extension of the nascent unnatura
primer terminus are largely unknown. While it is now apparent
that hydrophobic base pairs may be designed that are efficiently
synthesized by DNA polymerases, replication is commonly 2. Results
limited by the competitive insertion of dATP or dTTP opposite
the unnatural base in the template and by the efficient continued
primer extension after unnatural base pair synthesis. However,
the potential contribution of interbase hydrophobic interactions
to fidelity and extension has not yet been systematically
explored.

2.1. Efficiency of Self-Pair SynthesisWe have chosen to
examine the effect of methyl group substitution in the context
of self-pairs. We have reported data on the synthesis of a wide
variety of self-pairs which serve as a reference point for the
current studie8.It should also be noted that self-pairs do not
limit the effort to expand the genetic alphabet, as a functional

_ Within duplex DNA, aromatic nucleobase analogues may e nair would more than double the number of codons available
interact either via face packing, where one nucleobase mterstrandfOr encoding proteins, and in fact, the use of self-pair limits the

|qtercalates between 't,s pqrtner and a flankmg. nuclegbgse, orpotential mispairings with natural bases by a factor of 2. The
via edge-to-edge packing, in a manner topologically similar to

: . second-order rate constants (ilga/Kw), or efficiency, for Kf-
a natural base pair. In general, pairs formed between largemediatedDM and TM self-pair synthesis were previously
aromatic nucleobase analogues appear to pair via intercalativereported as 2.& 1CFand 2.2x 10° M~ min~, respectively®

face packing (D. Wemmer and F. Romesberg, unpublished 14 ,ther explore the effect of methyl group substitution, we
results)’ After polymerase-mediated synthesis of the unnatural examined the steady-state rates BEN, DM2, DM3, DM4

base pair, this mode of pairing at the nascent primer terminus andDMS5 self-pair synthesis (Table 1), which along with the
is likely to induce structural distortions that might result in the DM and TM provide a systematic analysis of the effect of
observed poor extension rates. Thus, we hypothesized thaly, e and triple methyl group substitution. Interestingly, the

nucleobase analogues with an aromatic surface area that is e constants varied by over 3 orders of magnitude, from below
insufficient to cause interstrand intercalation, but that are . |imit of detection €103 M~ min1) for the BEN self-pair

optimized to interact edge-on, might form unnatural base pairs to greater than OV~ min~1 for theDM5 andTM self-pairs

that are both efficiently synthesized and extended. In general, there is no correlation between the rates and the
As a first step toward testing this hypothesis, we recently extent of substitution. This is best illustrated by comparing the
reported the systematic thermodynamic analysis of base pairsyisypstituted self-pairsDM, DM2, DM3, DM4, and DM5,
formed between 12 novel nucleotides bearing simple phenyl yhich are synthesized with rates that vary over 3 orders of
rings derivatized with methyl group(Figure 1). Surprisingly,  magnitude. Remarkably, th®M5 and TM  self-pairs are
we found that these rather simple unnatural nucleotides can formsynthesized only about 20-fold less efficiently than a natural
base pairs that are virtually as stable and selective as the naturahzge pair in the same sequence corftekhe efficiency oDM5
pairs, despite lacking both H-bonding functionality and large andTM self-pair synthesis results predominantly from a large
aromatic surface area. We now report the complete kinetic i .. which is 5-60-fold larger than that for the other self-pairs,
analysis of these analogues as substrates for the exonucleasgy only 3-5-fold smaller than that for a natural base pair in
deficient Klenow fragment oE. coli DNA polymerase | (Kf).  the same sequence cont&The similar rates with which the
We observed that methyl group substitution has a large effect p\i5 andTM self-pairs are synthesized suggest that substitution
on all steps of DNA synthesis, with the different substitution zt the 2- and 4-positions is sufficient for efficient synthesis,
patterns resulting in pairs that are synthesized and extended withyhile substitution at the 5-position is less important, highlighting
rate constants varying over—B orders of magnitude. In  the importance of the specific substitution pattern as opposed
to the extent of substitution.

(7) (a) Henry, A. A.; Romesberg, F. Eurr. Opin. Biotechnol2005 16, 370— ; ; ; ;
377. (b) Brotschi, C.; Mathis, G.. Leumann, C.Ghem-—Eur. J. 2005 A more detailed analysis of how the substituents impact base
11, 1911-1923. pairing during replication requires an assumption about how
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Table 2. Rates of Correct Extension of Unnatural Self-Pairs? extension could be detected with the most substituted analogue
5'-d(TAATACGACTCACTATAGGGAGAX) (TMB). Analysis of the data reveals that substitution at the
3-d(ATTATGCTGAGTGATATCCCTCTYGCTAGGTTACGGCAGGATCGC) 4-position (compar®EN to MM3, MM1 to DM5, MM2 to

X Y keat (min~) Kut (uM) Keal K (min =t M~?) DM4, DM2 to TM, andDM3 to TM2) is the most favorable,
BEN BEN 0.18+0.02 112+ 20 1.6x 10° while substitution at the 3-position (compas&N to MM2,
MM1  MM1 0.25+ 0.07 173+ 100 1.4x 108 i
MMZ  MM2 op nep 10x 10 MI\f/Il to EIMS MbMS' to DM4, ?ndDMS_t_o TM2) is thE fmost "
MM3  MM3 0.6740.38 1104 56 6.1x 10° unfavorable. Su st|tuents.at tl e 4-posmon.may pack favorably
DM DM ncb ncP <1.0x 10® with one another, resulting in a self-pair structure that is
DM2 DM2 0.99+0.08 154+ 3 6.4x 10° efficiently recognized and extended by Kf. Substituents at the
DM3 DM3 ncb nd <10x10° 3-position may be oriented toward one another within the self-
DM4  DM4 1.840.02 92+ 28 2.0x 10° PO; y be , ,
DM5 DM5 6.5+ 1.1 161+ 17 4.0x 10* pair interface and introduce a steric clash that results in the self-
™ ™ 7.9+ 1.4 152+ 32 5.2x 1834 pair adopting a geometry that is not well recognized by the
T™2 T™2 0.10+ 0.002 25+ 0.7 4.0x 1 i
T™B ™B e e 10 1C° polymerase. Generally, these effects result predominantly from

changes irkca; suggesting that the interactions are manifest at

a See Experimental Section for detaftsReaction was too inefficient for ~ the interbase interface of the developing transition state. An
kearandKy to be determined independently. exception is theDM4 self-pair. DM4 differs from MM3 by
the presence of a methyl group at the 3-position, but forms a
%elf-pair that is extended 3-fold faster than the self-pair formed
by MM3. This may be due to thBM4 analogue adopting an
orientation that positions the methyl substituent at the 3-position
away from the interface with the pairing analogue.

A methyl group at the 2-position had a more variable effect,
depending on the specific substitution pattern of the nucleobase
analogue. Addition of a substituent at the 2-position of a ring
that already possessed a methyl substituent at the 4- or 5-position
increased the efficiency of extension (complt&l2 to DM2,

the nucleobase analogues are orientated with respect to th
C-glycosidic linkage. In principle, the analogues may exist in
either asyn-or anti-orientation, defined by the 2-position relative
to the C-glycosidic linkage. However, when there is a methyl
group at the 2-position, theyrrorientation is unlikely to be
stable due to eclipsing interactions between the methyl group
and the ribosyl oxygen lone pair of electrons. To avoid this
potential structural ambiguity, it is instructive to compare the
rates forDM2, DM3, and DM5 self-pair synthesis. These
analogues are all locked into thati-orientation by the methyl X :
group at the 2-position and bear an additional substituent at oneMM3 t0 DM5, andDM4 to TM). DM4 again provided an

of the remaining three unique positions. Clearly, substitution EXCePtion. Addition of a methyl group at the 2-positiorDsl4,
at the 4-position is most favorable, followed by substitution at resulting inTM2, slightly decreased the efficiency of extension.

the 3-position, and then at the 5-position. The effects are A92iN, this may be due to thBM4 analogues adopting an

substantial, resultingnia 2 order of magnitude variation in the orientation that positions the methyl group at the 3-position away
rate of self-pair synthesis. from the interbase interface, while the 2-methyl groug bf2

2.2. Efficiency of Self-Pair Extension. The step that forces_ the analogue_s_ intc_) amti-or_ientation t_hat positions the
consistently limits the synthesis of DNA containing unnatural _substn_uent at S-posmon into the mte_rbase interface anc_i results
self-pairs (or heteropairs) is continued primer elongation after I" & Primer terminus geometry that is less well recognized by
incorporation of the unnatural triphosphate opposite its partner Kf- However, addition of a substituent at the 2-position of the
in the template (i.e., extension). We thus examined the efficiency Parent phenyl ring (comparBEN to MM1) or a ring that
of extension of all 12 self-pairs and found that methyl group already possessed methyl substituent at the. 3-position (compare
substitution has a significant effect, with the second-order rate MM2 to DM3 and DM4 to TM2) resulted in no detectable
constants varying over 2 orders of magnitude (Table 2). The hange or a decrease in the extension rate.
analogues can be roughly grouped into four categories. No 2.3. Efficiency of Polymerase-Mediated Mispairing of
extension could be detected with tM2, DM, DM3, and Natural dNTPs with Nucleobase Analogues in the Template.
TMB self-pairs keafKm < 10° M~ min~2). These nucleobase  The efficiency of Kf-mediated mispair synthesis was examined
analogues all have a methyl substituent at the 3-position. Forby characterizing the rates at which the natural triphosphates
the BEN andMM1 self-pairs, extension proceeded witl.g/ were inserted opposite each of the 12 analogues in the template
Ky of ~1.5 x 10° M1 min~%. The similar extension rate of  (Table 3). In general, dCTP and dGTP are the least efficiently
the BEN and MM1 self-pairs suggests that a single methyl inserted, with second-order rate constants less thai® M1
substituent at the 2-position has little effect on extension. The min~™. The second most efficiently inserted natural triphosphate
MM3, DM2, andTM2 self-pairs were extended with second- was dTTP. Interestingly, in this case, the efficiencies are at least
order rate constants of approximately>510° M~1 min™2, roughly correlated with the number of methyl groups that are
Finally, theDM4, DM5, andTM self-pairs were extended more expected to be presented to the incoming thymidBEN,
efficiently than the other self-pair&£/Ky of 2—5 x 10* M1 MM1, MM2, MM3, DM, DM2, andDM5 can each present
min~1). DM4, DM5, andTM all have a methyl substituent at  zero or one substituent to the incoming thymidine. Insertion of
the 4-position in addition to at least one additional substituent dTTP opposite each of these analogues proceedskyitku
at the 2- or 5-position. In comparison to the extension of a of 3.6 x 10° to 1.6 x 10* Mt min~%. In the case oDM3,

natural base pair, the extension BM4, DM5, and TM is DM4, or TM, each analogue may present two methyl groups
limited both by binding the next correct dNTKy() and by to the incoming dTTP, and insertion proceeded witkaKw
reduced turnover of the complek.£y). of 3.0 x 10* to 9.0 x 10* M~1 min~1. Finally, the most

As with self-pair synthesis, the second-order rate constantssubstituted interfaces, presented yi2 and TMB, template
for extension do not generally reflect hydrophobicity, as no addition of dTTP with akea/Ky of 1.5 x 10° and 4.1x 1(P
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Table 3. Incorporation of Natural Triphosphates Opposite MM2, andMM3, it is apparent that the only single substitution
Unnatural Bases in the Template that significantly affects dATP insertion is at the 2-position,
5'-d(TAATACGACTCACTATAGGGAGA) which increases the second-order rate constant by about an order

3'-d(ATTATGCTGAGTGATATCCCTCTXGCTAGGTTACGGCAGGATCGC)

of magnitude. This results from a large increasédnand a

X triphosphate Kea (Min~t) Ky (uM) Kead Ky (Min—* M%) small decrease iKy.

BEN é 0'2;; g:gl 362éi ﬂ i:gi ig Com_paringBEN to DM indi_ca_ltes that a meth_yl group at the

G 0.09+ 0.01 494 13 1.8x 108 3-position decreases the efficiency of dATP insertibtivi2

T 0.70£0.10 1922 3.6x 10° andDM4 are presumably oriented such that these methyl groups
MM1 é Z)Zi%i égd% Z%fi 2;33 g.gx ig are directed away from the incoming nucleobase, and they likely

G e ne <1.'0§ 10 template dATP in a manner similar ®EN. The effect of a

T 0.56+0.15 135+ 21 4.1x 106 methyl group at the 2- and 3-positions appears to approximately
MM2 A 272+12.4 56587 4.8x 10° cancel withDM3. The similar rates at which dATP is inserted

g Rg zg ji:gi ig oppositeMM1 , DM2, andDM5 further support the suggestion

T 134047  203+34 6.4% 108 that substituents at the 2- and 3-positions are generally the only
MM3 A 1424579  36.2-2.98 3.9x 10° ones that significantly impact dATP insertion within this

g 0-3&* 0.04 323;5 69 <11~§§ ig: scaffold. An exception is the insertion of dATP oppositdB,

T 1084045 123+ 14 1.0x 10° where the additional two methyl groups (relative Di3)
DM¢ A 11+01 75+ 15 1.5x 10 increase the efficiency of dATP insertion by an order of

C 0.68+0.03  307+28 2.2x 10° magnitude. Remarkably, dATP is inserted oppavitdl , DM2,

(T3 2'ngd°i 05 lggpi 30 <11'%§ ig DM5, or TMB with a second-order rate constant that is only
DM2 A 42 + 10 10+ 2 4.2 % 10° approximately an order of magnitude reduced relative to the

C 0.37+£0.17 83+ 33 4.5x 10° rate at which dATP is inserted opposite dT in the template. As

? 1”5“; 034 12;'1 6 <1-8§ ig with MM1 relative to BEN, the increased rates of dATP
DM3 A 09118 281 5 35y« 10 insertion opposit®M2, DM5, andTMB,, relative to the other

C 0.43+0.08 297+ 36 1.4x 108 analogues, result mostly from an increasekig and a small

G ne ne <1.0x 10° decrease iiKy. Remarkably, with each of these four analogues,
DM4 Z g:;‘ig:g giig g:gi ig; the observedk.,is are within 3-9-fold of that for natural

C 174036 258+ 12 6.6x 10° synthesis, and thigy’s are within 2-7-fold.5? When these rates

G 0.06+ 0.02 51+ 7 1.2x 10° are compared to those for the insertion of the other natural
OMS X 73(2): 1; 1;3: gog i-‘éi 182 dNTPs, it is apparent thaM1, DM2, andDMS5 (and to a

c nd n <1.0x 1C° lesser extenfTMB ) are functional mimics of dT, directing the

G 0.22+0.08 208+ 7 1.1x 10° efficient and selective insertion of dATP.

T 174039 169+ 49 1.0x 10
T™¢ A 6.6+ 0.2 26+ 5 7.6x 10° 3. Discussion

c 0.184+0.04  381+35 4.7x 10

? Oéogi 8-21 ;g?i 4212 g-gi 1824 Efforts to develop an orthogonal third base pair are expected
™2 A 16147 384 14 124 10 to be fauhtgted by a general undgrstandlng of thg determinants

c 2.3+0.19 300+ 19 7.7x 108 that underlie DNA duplex stability and recognition by DNA

G 0.13+0.03  117+49 1.1x 108 polymerases. With simple methyl-derivatized phenyl nucleoside
VB ; ggigfl 1531 ‘11% ;Zgi ig analogues, we previously reported a systematic evaluation of

c nd ncb <1.0x 10¢ the contribution of nucleobase shape and hydrophobicity to

G 0.08+ 0.01 54+ 22 1.5x 108 pairing stability> Surprisingly, we found that despite a lack of

T 42+31 103+ 20 4.1x 10° H-bonding capacity and a significantly reduced aromatic surface

a ) : ) L area relative to a natural base pair, these small nucleobase
See Experimental Section for detaisReaction was too inefficient for . . . L
keat and Ky to be determined independenthSee ref 5bd Due to rapid analogues can form unnatural base pairs with high stability and
mispair extension, the rate of dCTP insertion oppdBREB was measured selectivity. Using these same analogues, we now report the
with a template modified to contain a dA as the neéxb&se in the template. systematic evaluation of nucleobase shape and hydrophobicity
M~1 min~1, respectively. This dependence of the second-order to polymerase recognition. We examined base pair synthesis in
rate constant on the number of methyl groups results predomi-the context of self-pairs, which are formed between two identical
nantly from an increasetics: In fact, the most substituted nucleobases. While this allows us to systematically address the
analogues shovkey values that are only 46-fold reduced effects of nucleobase modification, it is also of practical utility
relative to that for a natural base pair in the same sequenceas self-pairs offer the simplest route to the expansion of the
contextsb genetic code, reducing the number of potential mispairs with
The most efficiently inserted triphosphate opposite each the natural bases by a factor of 2.
unnatural base in the template is dATP. Interestingly, the There are three facets to the synthesis of DNA containing an
insertion efficiencies generally fall into one of two groups, those unnatural self-pair: first, the pair must be efficiently synthesized
in the range of 2.% 10°to 4.8 x 1® M~1 min~1 (BEN, MM2, by insertion of the unnatural triphosphate opposite the unnatural
MM3, DM3, DM4, TM, andTM2) or 1.5x 1(fto 4.2 x 1P base in the template; second, insertion of a natural dANTP must
M~ min~1 (MM1, DM2, DM5, andTMB). An exception is not be competitive; and finally, the self-pair must be efficiently
DM, opposite which dATP is inserted with a second-order rate extended. In this work, we examined all of these facets in detail
constant of 1.5x 10* M~ min~1. ComparingBEN to MM1, for each analogue. We showed that methyl substitution has a
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Figure 3. (a) dA:F base pair and (b) dA:2FB base pair.

most hydrophilic of the natural dNTPsare not inserted well

(b) opposite any of the 12 unnatural bases in the template. This

~ suggests that desolvation may contribute to mispair synthesis.
dTTP is inserted with a rate that at least roughly parallels the
extent of methyl group derivatization, with less dependence on
the specific substitution pattern. While they's vary by
approximately a factor of 2, tHe,(s vary by 75-fold, suggesting
that the increased hydrophobicity stabilizes the transition state
Figure 2. (a) Model of pairing with hydrophobic base pairs. (b) Predicted | ather than a Michaelis-like complex, perhaps by improving the
structure ofDM5 self-pair®k . . L .

orientation of the scissile phosphate bond relative to the

pronounced effect on the rates of self-pair synthesis. Overall, nucleophilic 30H at the. primer terminus. . )

the specific methyl group substitution pattern appears to be more Of the_ fpur nqtural trlphqsphates, dATP |s_con5|stently the
important than hydrophobicity. This is most evident from an most efflcn?ntly inserted triphosphate OPpofS'te the unnafural
examination of the rates at which the disubstituted analoguesanalogues in the template. However, unlike insertion of dTTP’.
(DM, DM2, DM3, DM4, and DMS) form self-pairs. Despite these rates do not appear to be dependent on hydrophobic
havir’lg sim,ilar su’rface :alrea and hydrophobicity 'Lhe self-pair surface area, but instead are dependent on the specific substitu-

- . L ion m. nerall ition of a methyl gr h
synthesis rates vary over 3 orders of magnitude. Substitution att0 pa_ltte Generally, addition of a met Yl group at the
I - _ 2-position of the unnatural nucleobase favors insertion of dATP,
the 2- and 4-positions appears to be sufficient for efficient

. I . . while substitution at the 3-position disfavors it. The efficient
synthegls. Substitution at .the other positions has I|.ttle. o &, <ortions appear to result predominantly from an elevhgd
deleterious gffect. Synthesis of tB#5 _andTM self-pgws is and, to a lesser extent, from a redu¢agl Remarkably, dATP
only approximately an o_rd_er of magnitude less efficient than i inserted oppositsIM1, DM2, DMS, or TMB with a second-
that of a natural base pair in the same sequence cott@kis order rate constant that is only approximately an order of
is remarkable considering that these pairs do not form H-bonds, magnitude reduced relative to the rate at which it is inserted
either between the nucleobase analogues or to the polymeraseypposite dT in the templaf These results suggest that overall
and that they have significantly reduced aromatic surface areaghape mimicry of dT (i.e., shape complementarity) is less
relative to a natural purinepyrimidine base pair. In addition  jmportant than the presence of a single appropriately placed
to being most efficiently synthesized, tBé5 self-pairis also  sybstituent that is capable of packing with adenine in the
the most stable of this series of analogues in duplex BDNA.  developing transition state, likely at the hydrophobic methine
However, the rates for self-pair synthesis do not generally reflect moiety. This hypothesis is supported by data from the literature.
base pair stability as measured by the duplex melting temper-For example, the efficient incorporation of dATP opposite the
ature (see Supporting Information). Rather, the efficiencies resultdT shape mimic,F, in the template is one of the central
predominantly from largé:ais. Apparently, the methyl groups  observations supporting the importance of shape complemen-
at the 2- and 4-positions form a stable interface between thetarity (Figure 3)*ab However, 2FB templates dATP with a
analogues in the rate-determining transition state, methyl groupssimilar efficiency? suggesting that the fluorine substituent at
at the 3-position are less stabilizing, presumably due to increasedthe 2-position is sufficient for recognition of dATP. The
eclipsing interactions, and substituents at the 5-position areimportance of specific electrostatic and packing interactions,
oriented away and do not contribute to the interface (Figure 2). as opposed to shape complementarity, is also supported by recent

Evaluation of the rates with which polymerases insert natural Studies that have shown that the efficiency of polymerase-
dNTPs opposite an unnatural base in the template allows formedlated replication is better cprrelated W|th electronic proper-
an assessment of unnatural base pair synthesis fidelity. Ad-tieS of the nucleobase than with the shapel®
ditionally, it allows for the systematic evaluation of the  Mispairing with dT, dC, or dG does not significantly
interactions that mediate natural base pair synthesis. Interest.COMPromise self-pair synthesis fidelity. However, dATP inser-
ingly, the methyl group substitution pattern has a very different (8) Shih, P.; Pedersen, L. G.; Gibbs, P. R.; Wolfendenj.RJol. Biol. 280,
effect for each natural ANTP. Generally, dGTP and dCTP, the 421-430.
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tion opposite the unnatural base pairs in the template proceedsiot been made in the protein. These interactions might be
with rates similar to or only marginally reduced relative to those expected to be especially important for base pair extension since
for the self-pairs. Thus, mispairing with dA compromises DNA structural and biochemical studies have identified important
synthesis fidelity with these self-pairs. While methyl group H-bonds between polymerase H-bond donors and nucleobase
substitution at the 2-position increases the rates at which bothH-bond acceptors in the developing minor groove (N3 of purines
the self-pairs and the mispairs with dA are synthesized, and O2 of pyrimidines}! For example, the contribution of this
substitution at the 3- and 4-position favors self-pair synthesis, H-bond has been investigated by replacing dG or dA at the
but disfavors (3-position) or has little effect (4-position) on the primer terminus with 3-deazaguanine or 3-deazaadenine, re-
rate at which the mispair is synthesized. Thus, orthogonality spectively*?2 These modified primer termini were extended with
against dT, dC, and dG appears to be intrinsic to these smalla steady-state efficiency ef10® M—1 min~1. Remarkably, the
hydrophobic scaffolds, while orthogonality against dA may be DM5 andTM self-pairs are extended with similar rates. Perhaps,
achieved by judicious placement of methyl groups. these rates reflect the upper limits of Kf-mediated extension of
Perhaps most importantly from the perspective of the effort a base pair that has suitable interbase interactions, mediated by
to develop unnatural base pairs, methyl group substitution was either H-bonds or re-engineered with optimized packing interac-
found to have a significant effect on the self-pair extension rates. tions, but that does not engage the polymerase with an H-bond
The observed rates do not parallel either the previously reportedat the primer terminus. This suggests that the inclusion of a
thermal stabilities (Supporting Information) or the hydrophobic- suitably positioned H-bond acceptor in the unnatural nucleobase
ity of the nucleobase analogues, suggesting that the specificscaffold might yield further improvements in unnatural base pair
substitution pattern is important. The most efficiently extended extensiorf
self-pairs are those formed HyM4, DM5, and TM, all of We have previously shown that unnatural nucleotides bearing
which have a methyl group at the 4-position and at least one simple methyl-substituted benzene rings as nucleobase analogues
additional methyl group. While these self-pairs are extended may form base pairs that are virtually as stable as natural pairs,
significantly less efficiently than are the natural base pairs, they despite possessing neither H-bonds nor large aromatic surface
are extended significantly faster than the other analogues andarea. We have now shown that these analogues may also be
only approximately 10-fold slower than the most efficiently optimized for polymerase-mediated replicatfofihese smaller
extended unnatural base pairs identified to §efdese results  nucleobases are not expected to induce distortions in duplex
suggest that, with continued optimization, analogues based onDNA, including those at the primer terminus that appear to limit
this nucleobase scaffold may represent attractive third base paireplication of the larger unnatural base pairs. These nucleobase
candidates. For example, on the basis of similar analogues,analogues will likely serve as scaffolds for further modification

addition of a fluorine substituent to the 3-position@i5 or and optimization as unnatural base pairs. We are now focused
TM is predicted to further increase the extension rates, ason identifying combinations of methyl group substitutions and
already reported for the parent phenyl scaffdld. heteroatom derivatizations that will impart these smaller un-

It is interesting to speculate about how nucleobase analoguesnatural nucleobases with further improvements in stability and
with such limited surface area and no ability to form H-bonds replication.
can be recognized by DNA polymerases. While dipole and
dipole-induced dipole interactions are all known to contribute 4. Experimental Section
to stablel intrastrand stacking in n.atural DRhese anal,Ogg?S General Methods.Chemical reagents were purchased from Sigma-
have. ner[.h.er large permanent d.'p0|e.m0ments nor significant Aldrich and used without further purification, unless otherwise stated.
polarizability. Thus, it seems unlikely in these cases that these p|| reagents for oligonucleotide synthesis were purchased from Glen
electrostatic interactions contribute to the differences in self- Research3!P NMR spectra were recorded on a Bruker AMX-400
pair synthesis, fidelity, or extension. Rather, specific interbase spectrometer. Coupling constanfsvélues) are reported in hertz. The
pair packing interactions that develop in the transition state chemical shifts are given i (parts per million) using 85% 4PQ, in
appear to underlie recognition of the analogues by Kf poly- D20 for 3P NMR as an external standard. T4 polynucleotide kinase
merase. This is consistent with previous studies of D5 and Klenow fragment exowere purchased from New England Biolabs.
self-pair, which modeling studies predicted to be well accom- [-*PI-ATP was purchased from Amersham Biosciences.

modated in B-form DNA with the analogues positioned in the Synthesis of Oligonucleotides.All unnatural nucleosides and
same plane and interacting with one another in an edge_onnupleotides u_sed in this study were synthesized as previously re_ﬁ@rted.
mannerk Oligonucleotides were prepared by t,Be:yanoethyIphosphoram|d|te_

It is reasonable that hydrophobic packing may replace method on controlled pore glass suppo_rts (2 mmol) using an Applied
. : Biosystems Inc. 392 DNA/RNA synthesizer as standard method. After
interbase H-bonding, as both the donors and acceptors are,ytomated synthesis, the oligonucleotides were cleaved from the support
removed and thus no desolvation is I’equired and no hydrophIIIC by concentrated agqueous ammonia fb h at room temperature,
moieties are buried in the hydrophobic core of the duplex. deprotected by heating at 38 for 12 h, and purified by denaturing
However, interactions between the nucleobases and the poly-polyacrylamide gel electrophoresis (120%, 8 M urea). The primer
merase seem more problematic as compensatory changes hawaigonucleotides containing unnatural bases at tren@ were obtained
using Universal Support, of-phosphate CPG, which was treated with
(9) (a) Chiaramonte, M.; Moore, C. L.; Kincaid, K.; Kuchta, R.Bochemistry alkaline phosphatase after deprotection. The oligonucleotides were

2003 42, 10472-10481. (b) Paul, N.; Nashine, V. C.; Hoops, G.; Zhang,  purified by PAGE, visualized by UV shadowing, and recovered by

5'2'52_?8)“,;\‘2,%'?%9@?2%?'N%éﬁﬁ\efts\i?g'.;\/%821;5;3%9%%;1§ésggn’ v, electroelution. After ethanol precipitation, the concentration of oligo-

J. J. Am. Chem. SoQ005 127, 16006-16001 (d) Zhang, X.; Lee, I.; nucleotides was determined by UV/vis absorption.
Berdis, A.Biochemistry2005 44, 1310+-13110.

(10) Saenger, WPrinciples of Nucleic Acid StructureSpringer: New York,
1984; pp 105-158. (11) Li, Y.; Korolev, S.; Waksman, GEMBO J.1998 17, 7514-7525.
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General Triphosphate Synthesis ProcedureProton sponge (1.5
equiv) and unnatural nucleoside (1 equiv) were dissolved in trimethyl
phosphate (final concentration0.3 M) and cooled to 0C. POC}
(1.05 equiv) was added dropwise, and the mixture was stirred@t 0
for 2 h. Tributylamine (5 equiv) was added, followed by a solution of
tributylammonium pyrophosphate (5 equiv) in DMF (final concentration
~0.15 M). After 3 min, the reaction was quenched by addition of 1 M
aqueous triethylammonium bicarbonate (10 vol equiv). The resulting
crude solution was stirred for 30 min at°@ and then lyophilized.
The crude material was purified by reverse phase HPLC (C18 column,
1-35% CHCN in 0.1 M NEt—HCG;, pH 7.5) followed by lyophiliza-
tion to afford the triphosphate as a white solREN triphosphat&
andDM triphosphat® were synthesized as described previousiy2
triphosphate:**P NMR (140 MHz, DO) 6 —5.91 (d,J = 18.3 Hz),
—10.59 (d,J = 17.1 Hz),—22.16 (t,J = 17.8 Hz).DM3 triphosphate:
3P NMR (140 MHz, DO) 6 —5.91 (d,J = 17.2 Hz),—10.45 (d,J =
17.2 Hz),—21.78 (t,J = 17.8 Hz).DM4 triphosphate:3'P NMR (140
MHz, D,O) 6 —5.91 (d,J = 18.1 Hz),—10.58 (dJ = 17.2 Hz),—22.16
(t, J = 17.7 Hz).DM5 triphosphate:3'P NMR (140 MHz, DO) ¢
—5.93 (d,J = 18.5 Hz),—10.57 (dJ = 17.1 Hz),—22.18 (t,J = 17.8
Hz).

(12) (a) Hendrickson, L. H.; Devine, K. G.; Benner, S.Mucleic Acids Res
2004 32, 2241-2250. (b) Spratt, T. EBiochemistry2001, 40, 2647—
2652. (c) McCain, M. D.; Meyer, A. S.; Schultz, S. S.; Glekas, A.; Spratt,
T. E. Biochemistry2005 44, 5647-5659. (d) Guo, M. J.; Hildbrand, S.;
Leumann, C. J.; McLaughlin, L. W.; Waring, M. Bucleic Acids Res
1998 26, 1863-1869.

(13) (a) Lai, J. S.; Kool, E. TChem—Eur. J.2005 11, 2966-2971. (b) Aketani,
S.; Tanaka, K.; Yamamoto, K.; Ishihama, A.; Cao, H.; Tengeiji, A.; Hiraoka,
S.; Shiro, M.; Shionoya, MJ. Med. Chem2002, 45, 5594-5603.

Gel-Based Kinetic Assay.Primers and templates were chosen
according to which facet of replication was being examined, as shown
in Tables 1 and 2. Primer oligonucleotides wetedsliolabeled with
T4 polynucleotide kinase ang{3*P]-ATP. Primers were annealed to
template oligonucleotides in the reaction buffer by heating t6¢@0
followed by slow cooling to ambient temperature. Assay conditions
included 40 nM primer/template, 6-1..3 nM enzyme, 50 mM Tris-
HCI, pH 7.5, 10 mM MgCJ, 1 mM DTT, and 50ug/mL acetylated
BSA. The reactions were carried out by combining the DiNhzyme
mixture with an equal volume (&L) of 2x dNTP stock solution,
incubating at 25C for 1-10 min, and quenching by the addition of
20 uL of loading dye (95% formamide, 20 mM EDTA, and sufficient
amounts of bromophenol blue and xylene cyanole). The reaction
mixtures were resolved by 15% polyacrylamidedaB M urea
denaturing gel electrophoresis, and the radioactivity was quantified by
means of a Phosphorlmager (Molecular Dynamics) and ImageQuant
software. A plot ofkops Versus triphosphate concentration was fit to a
Michaelis—=Menten equation using the program Kaleidagraph (Synergy
Software). The data presented are averages of three independent
determinations.
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