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ABSTRACT. DNA polymerases accurately replicate DNA by incorporating mostly correct dNTPs opposite
any given template base. We have identified the chemical features of purine dNTPs that huraan pol
uses to discriminate between right and wrong dNTPs. Removing N-3 from guanine and adenine, two
high-fidelity bases, significantly lowers fidelity. Analogously, adding the equivalent of N-3 to low-fidelity
benzimidazole-derived bases (i.e., bases thabpealpidly incorporates opposite all four natural bases)

and to generate 1-deazapurines significantly strengthens the ability af pwlidentify the resulting
1-deazapurines as wrong. Adding the equivalent of the purine N-1 to benzimidazole or to 1-deazapurines
significantly decreases the rate at which popolymerizes the resulting bases opposite A, C, and G
while simultaneously enhancing polymerization opposite T. Conversely, adding the equivalent of adenine’s
C-6 exocyclic amine (N-6) to 1- and 3-deazapurines also enhances polymerization opposite T but does
not significantly decrease polymerization opposite A, C, and G. Importantly, if the newly inserted bases
lack N-1 and N-6, pob does not efficiently polymerize the next correct dNTP, whereas if it lacks N-3,
one additional nucleotide is added and then chain termination ensues. These data indicatextbiaepol

two orthogonal screens to maximize its fidelity. During dNTP polymerization, it uses a combination of
negative (N-1 and N-3) and positive (N-1 and N-6) selectivity to differentiate between right and wrong
dNTPs, while the shape of the base pair is essentially irrelevant. Then, to determine whether to add further
dNTPs onto the just added nucleotide, pohppears to monitor the shape of the base pair at the primer
3'-terminus. The biological implications of these results are discussed.

A hallmark feature of cells is their ability to accurately the polymerase incorporates an incorrect dNTP and follows
replicate DNA. This is thought to result from a three-stage that by polymerizing additional dNTPs, postreplicative repair
process. First, replicative DNA polymerases rarely incorpo- enzymes can remove the incorrect nucleotide and fill the
rate the wrong dNTP.Second, the polymerase proofreads
the newly incorporated nucleotide. If the just added nucle- 1 Abbreviations: A, adenine; 4AB, 4-aminobenzimidazole; B, ben-

. . g . . zimidazole; 1DA, 1-deazaadenine; Q, 1-deaza-6-methylpurine; 1DP,
otide is correct, polymerization continues at a rapid rate. 1-deazapurine; 3DP, 3-deazapurine; Z, 4-methylbenzimidazole; 6MP,

HOWGVGI', if the nucleotide is incorrect, the rate of addition 6-n‘!ethy|purine; P, purine; 4B, 4-trif|uoromethylb.enzimidazole; 6P,
of the next correct ANTP becomes very slow, allowing the 6-trifluoromethylpurine; d1DATP, $-b-2'-deoxyribofuranosyl(1-dea-

; ; ; ; ; zaadenine)-5triphosphate; d1DPTP, 8-p-2'-deoxyribofuranosyl(1-
polymerase to either excise the error itself or dissociate anddeazapurine)-’Striphosphate; d3DATP, 8-0-2-deoxyribofuranosyl(3-

allow a separate exonuclease to perform the task. Finally, if geazaadeninej-friphosphate; d3DGTP, 8-b-2'-deoxyribofuranosyl(3-
deazaguanine)-Briphosphate; d3DPTP, 8-0-2'-deoxyribofuranosyl(3-
deazapurine)-&riphosphate; d4ABTP, B-pb-2'-deoxyribofuranosyl(4-
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resulting gap. Overall, this results in an error frequency of uses N-1 and N-3 of a purine to specifically prevent

ca. 10° error per nucleotide inserted)( misincorporation of a purine dNTP, whereas N-1 and
Replicative DNA polymerases, e.g., DNA polymerase  adenine’s exocyclic amine at C-6 specifically enhance the

(pol o), exhibit error frequencies of 18-10° errors per correct incorporation of the dNTP. In contrast, the shape of

nucleotide inserted?( 3). Over the past few decades, multiple the base pair at the primef-&rminus appears to primarily

theories to account for the ability of these polymerases to dictate the rate at which pak polymerizes additional

accurately differentiate between right and wrong dNTPs have dNTPs.

been proposed. Originally, Watson and Crick proposed that

replication fidelity is due to the self-complementarity of the EXPERIMENTAL PROCEDURES

bases via the two hydrogen bonds between A and T and the

three between G and @,(5). Although recent studies have

shown that two low-fidelity RNA polymerases, human an

Materials. All reagents were of the highest quality
d commercially available. Unlabeled dNTPs were purchased

herpes DNA primase, most likely incorporate correct NTPs oM Sigma and radiolabeled dNTPs from New England
Nuclear. Synthetic oligonucleotides were purchased from

on the basis of these hydrogen bonés ), many DNA ! X . i
polymerases clearly do not use this mechanism. In a serieOligos, Etc., or BioSearch, and their concentrations were

of pioneering studies, Kool and co-workers showed that somed€termined spectrally. Human pal(four-subunit complex)
DNA polymerases (for example, Klenow fragment) wil was expressed and purified as prewously descridl. (
generate a base pair between analogues containing the baség(2-Deoxyp-p-erythropentofuranosyl)purine was pur-
2,4-difluorotoluene, a thymine isostere, and 4-methylbenz- chased from Berry and Associates (Ann Arbor, MI). 9-(2-
imidazole, an adenine isostere. These studies clearly indicated®©XYA-D-erythropentofuranosyl)-1-deazapurine was syn-
that some polymerases do not require formation of Watson thesized as previously described4). 9-(2-Deoxyf-p-
Crick hydrogen bonds for rapid dNTP polymerization and erythro-pentofuranosyl)-6-chloro-3-deazapurine (Berry and

suggest that the shape of the incipient base pair may help/\SSociates) was hydrogenated to 9-(2-defxy-erythro
some polymerases discriminate between right and wrongPentofuranosyl)-3-deazapurine as previously describgy (
dNTPs 6—10). 1-5-p-2'-Deoxyribofuranosyl(4-trifluoromethylbenzimidazole)-

5'-triphosphate (d44BTP), 1-b-2'-deoxyribofuranosyl(4-
Imethylbenzimidazole)—'5triphosphate (dZTP), @-p-2'-
deoxyribofuranosyl(l-deaza-6-methylpurine)-5

However, recent studies using human pola family-B
polymerase, showed that this enzyme does not require eithe

formation of hydrogen bonds or a correctly shaped incipient - - .
base pair to rapidly polymerize a dNTR1( 12). Pol a triphosphate (dQTP), ~ B-p-2-deoxyribofuranosy(3-

olymerizes dNTP analogues containing bases such agié@zaadenine)riphosphate (d3DATP), and §-b-2-
Eer)(zimidazole, 4-methoxybgenzimidazole, agnd 5,6-dinitroben- deoxynbofuraposyl(3-deazaguanln(—}lfﬁ)hqsphate (d3DGTP)
zimidazole opposite all four natural template bases with were synthesm_ad as previously describédil, 16-19).
remarkable efficiency, incorporating them at rates approach—Tr'phOSphorylat'on of 9-(2-de'oxﬂ -D-erythro-pentofurano-
ing those for a correct, natural dNTP, and orders of syl)-l-d_eazgad_enlne to /Bo-2'-deoxyribofuranosy(1-dea-
magnitude faster than an incorrect, natural dNVR.{Ky). zaadenine)-Siriphosphate (d1DATP) was performed by
While we do not know the shape of the base pairs formed SI€/T@ Bioresearch (Tucson, AZ).
between these analogues and, for example, adenine or Chemical MethoddJnless otherwise noted, materials from
guanine, it clearly must be quite different from a canonical commercial sources were used without further purification.
base pair. Thus, a correctly shaped base pair is not essentigFhromatographic separations were performed on grade 62,
for dNTP polymerization by polr. These studies also 60—200 mesh (Aldrich). Thin layer chromatography was
indicated that the rapid polymerization of these unnatural, performed on aluminum silica gel plates (Silica Gel 66,F
low-fidelity bases did not result from their relatively high EMD Chemicals Inc.)H NMR was performed on either
hydrophobicity (1). Inova 400 MHz or Varian 500 MHz instruments and

Importantly, after polo incorporates these low-fidelity ~ internally referenced to a trace impurity 48)). 3P NMR
nucleotides, it does not efficiently incorporate the next correct Was performed on the Inova 400 MHz instrument and
dNTP. These data suggest that poluses very different ~ referenced using 85% phosphoric acid in a capillary tube
mechanisms to choose whether to polymerize a dNTP versugnserted into the sample. All chemical shifts are reported in
when to rapidly add further dNTPs onto a newly polymerized Parts per million §) unless otherwise noted.
nucleotide and have led to the idea that poluses two Synthesis of NucleosideSynthesis was achieved by
orthogonal screens to ensure fidelity. The first screen occursglycosylating a purine (analogue) with @&j¢chloro-3,5-di-
during dNTP polymerization where pol uses one set of  O-(p-toluoyl)-2-deoxyp-ribose (Berry and Associates) using
parameters to decide whether to polymerize the dNTP. Thethe procedure of Kazimierczuk and colleagu2g) (Briefly,
second screen occurs during addition of the next correctthe purine/purine analogue was added to enough dry MeCN
dNTP onto a primer terminus, and pohow uses a different  to fully dissolve it (an approximately 20 mM solution is
set of parameters. typical). NaH (60% in oil, 1 equiv) was then added and the

To better understand how pal discriminates between  mixture allowed to equilibrate at room temperature for 30
right and wrong dNTPs, we posed two questions. What min. This mixture was cooled on ice and thexdchloro-
chemical features have to be added to an unnatural, low-3,5-di-O-(p-toluoyl)-2-deoxye-ribose (1 equiv) added. After
fidelity base (e.g., benzimidazole or 4-methylbenzimidazole) approximatef 3 h onice, the slurry was filtered, dried under
to convert it into a high-fidelity base (e.g., adenine), and vacuum, and then silica purified using a 70:30 ethyl acetate
what chemical features have to be removed from a high- (EtOAc)/hexanes mixture for benzimidazole nucleosides and
fidelity base to convert it into a low-fidelity base? Pal a 95:5 methylene chloride (GBIl,)/MeOH mixture for
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1-deazapurine nucleosides. Yields were generally between2.84 (1H, m, H-2b), 2.33 (1H, m, H-Z). MS (ESH#):

40 and 70%, depending on the percentagé fo. anomers

251.1134 ([M+ H]* calcd 251.1138).

and regioisomers that formed during coupling. Protected Synthesis of 9-(2-Deox3-b-erythro-pentofuranosyl)-6-
nucleosides were deprotected by dissolving them first in (trifluoromethyl)purine.Synthesis was performed using a

MeOH followed by addition of sodium methoxide (NaOMe)
(approximately 10 mM starting material in MeOH was
typical; 2 equiv of NaOMe). After 23 h, the reaction was
quenched using excess ammonium chloride (Bl and

modification of an established metho23( 24). A mixture
of 9-[3,5-bisO-(4-methylbenzoyl)-2-deoxy-p-erythro-
pentofuranosyl]-6-iodopurine (300 mg, 0.5 mmol) (trifluo-
romethyl)trimethylsilane (C§SiMe;) (206 L, 1.4 mmol),

the mixture was filtered and dried under vacuum. A small potassium fluoride (KF) (82 mg, 1.4 mmol), copper iodide

amount of ddHO (10 mL) was added to dissolve the solids,
and the product was extracted twice into EtOAcX2100

(Cul) (150 mg, 0.8 mmol), dimethylformamide (DMF) (1
mL), and 1-methyl-2-pyrrolidinone (NMP) (1 mL) was

mL). The organic layer was dried using magnesium sulfate stirred at 60°C for 24 h. After cooling to room temperature,
(MgSQy) and filtered, and the nucleoside was purified using the solvents were evaporated under low pressure, and the

silica flash chromatography (9:1 GEI,/MeOH mixture)
followed by HPLC purification (Beckman semipreparative
reverse phase column, 0 to 60% MeCN igH. Typically

residue was chromatographed on a silica gel column in a
1:4 EtOAc/hexanes mixture to 1:1 to give oily 9-[3,5-bis-
O-(4-methylbenzoyl)-2-deoxg-bp-erythro-pentofuranosyl]-

yields were between 80 and 90%. Using NOE (GOESY) 6-trifluoromethylpurine (140 mg, 58%). This intermediate
NMR, benzimidazole bases were assigned as the correctwvas deprotected by being treated with 50 mL of 0.2 mM
regioisomer by observing the interaction between C7 of the NaOMe in MeOH at room temperature for 12 h. The solvent

base and anomeric H-bf the 2-deoxyribose. For 1-dea-

was evaporated and the residue crystallized from a MeOH/

zapurines, the lack of interaction between the anomeric toluene/heptane mixture to give the crystalline title compound

proton and the base was observed.

Synthesis of 9-(2-Deox§+p-erythro-pentofuranosyl)-1-
deazaadeninel-Deazaadenine [130 mg (1 mmol), synthe-
sized as previously describedl( 22)] was protected at its
exocyclic amine to form the acetamide by dissolving it into
20 mL of a pyridine/acetic anhydride solution (3:1) and
heating to 70C for 6 h. After cooling to room temperature,
it was dried under vacuum, triturated into 150 mL of EtOAc,

(78 mg, 89% yield of deprotection, 51% overall yield). All
analytical and spectral data were identical to those of an
authentic sample2Q).

Synthesis of 9-(2-Deox3p-erythro-pentofuranosyl)-6-
methylpurine.This compound was synthesized by a modi-
fication of an established procedur@s(-27). Methylmag-
nesium chloride (MeMgCl) [2 mL foa 3 M solution in
tetrahydrofuran (THF)] was added dropwise to a solution of

filtered, and then vacuum-dried. The 6-acetamide-1-dea- 9-[3,5-bisO-(4-methylbenzoyl)-2-deoxy-p-erythro-pento-
zaadenine was purified as a yellow solid in 70% yield using furanosyl]-6-chloropurine (848 mg, 1.67 mmol) and iron-

silica flash chromatography (9:1 GE&l,/MeOH mixture).
IH NMR (400 MHz,d;-methanol): 6 8.75 (1H, s, GH), 8.32
(1H, d, Jgem = 6.0 Hz, ArH), 8.21 (1H, dJgem = 6.0 Hz,
ArH), 2.26 (3H, s, CH). 6-Acetamide-1-deazaadenine (90
mg, 500umol) was dissolved into 20 mL of dry MeCN (25

(1) acetylacetonate [Fe(acat)103 mg, 0.29 mmol) in a
mixture of 1-methyl-2-pyrrolidinone (NMP, 1 mL) and THF
(10 mL) at room temperature under an argon atmosphere.
The mixture was then stirred for 2 h, poured onto a mixture
of crushed ice (100 mL) and NgGI (1 g), and extracted

mM solution), and the protected nucleoside was generatedinto EtOAc (2 x 100 mL). The combined organic layers
in 50% yield using the procedure described previously. The were dried over MgS@and evaporated. The residue was

protected nucleoside (50 mg, @bnol) was dissolved in 15
mL of MeOH saturated with ammonia (saturated &) 6

chromatographed on a silica gel column (100 g) in a 1:4
EtOAc/hexanes mixture to 1:1 to give oily 9-[3,5-15{4-

mM solution), allowed to be deprotected overnight at room methylbenzoyl)-2-deoxy-p-erythro-pentofuranosyl]-6-me-
temperature, dried under vacuum, and then purified by silica thylpurine (550 mg, 77%). This intermediate was deprotected

flash chromatography (9:1 GBI /MeOH mixture) to pro-
duce 9-(2-deoxys-p-erythro-pentofuranosyl)-6-acetamide-
1-deazapurine in 90% vyieldtH NMR (500 MHz, d,-
methanol): 6 8.45 (1H, s, GH), 8.19 (1H, d Jgem= 7.0 Hz,
ArH), 8.14 (1H, d,Jgem = 7.0 Hz, ArH), 6.50 (1H, ddJ; »

= 8.0, 10.5 Hz, H-1, 4.57 (1H, m, H-3, 4.06 (1H, m, H-4),
3.70-3.84 (2H, m, H-5), 2.85 (1H, m, H-D), 2.37 (1H,
m, H-2a), 2.24 (3H, s, Ch). Conversion to 9-(2-deoxy-

by being treated with 50 mL of 0.2 mM NaOMe in MeOH
at room temperature for 12 h. The solvent was evaporated
and the residue crystallized from a MeOH/toluene/heptane
mixture to give the crystalline title compound (295 mg, 98%
yield of deprotection, 75% overall yield) as white crystals.
Mp: 153—-155°C [mp reported to be 161C (25, 26)]. *H
NMR (400 MHz, DMSO#d): 6 8.77 (s, 1H, H-2), 8.73 (s,
1H, H-8), 6.45 (t, 1HJy > = 7.2, 6.3 Hz, H-1), 5.60 (br,

p-erythro-pentofuranosyl)-1-deazaadenine in 90% yield was 1H, OH-3), 5.20 (br, 1H, OH-5, 4.45 (m, 1H, H-3), 3.88

conducted by dissolving 40 mg of 9-(2-deogys-erythro-

(m, 1H, H-4), 3.62 (dd, 1HJyem = 11.8 Hz,Jsas = 4.6

pentofuranosyl)-6-acetamide-1-deazapurine in MeOH (a 10Hz, H-5a), 3.53 (dd, 1HJgem = 11.8 Hz,J514 = 4.5 Hz,

mM solution), adding excess NaOMe (approximately 3
equiv), refluxing the mixture fio6 h followed by addition

of excess NHKCI, and letting it stir for an additional 1 h.
After being filtered and vacuum-dried, the product was
purified by flash chromatography (92:8 QEl,/MeOH
mixture).’H NMR (400 MHz,d;-methanol): 6 8.22 (1H, s,
C;H), 7.81 (1H, d Jgem= 6.0 Hz, ArH), 6.46 (1H, dJgem=

6.0 Hz, ArH), 6.40 (1H, ddJy> = 6.0, 8.8 Hz, H-1), 4.54
(A1H, m, H-3), 4.05 (1H, m, H-4), 3.69-3.84 (2H, m, H-5),

H'S'b), 2.76 (ddd, 1H~Jgem= 13.3 HZ,Jz'a’l' =7.2 HZ,Jz'avg
= 6.0 Hz, H-2a), 2.71 (s, 3H, CH), 2.33 (ddd, 1HJgem =
13.3 Hz, Jpr = 6.3 Hz, Jpp3 = 3.7 Hz, H-2b). MS
(MALDI +): 251 ([M + H]* calcd 251).

Synthesis of'2Deoxyribofuranoside Triphosphatd2hos-
phorylation was achieved via the protocol of Ludwig using
phosphorus oxychloride and tributylammonium pyrophos-
phate (9). Briefly, nucleosides were dried under vacuum
and then added to cold, freshly distilled PO(OMé&p-



DNA Replication Fidelity

proximately 1 mL of a 40 mM solution) before addition of
1.5 equiv of POG (99.999%, Aldrich). After being stirred
on ice overnight, the solution was warmed to room temper-
ature, and 5 equiv of tributylammonium pyrophosphate
(anhydrous, Sigma)saa 1 Msolution in dry DMF was added
and allowed to react for approximately 30 min. Triethylam-
monium bicarbonate (TEAB, 5 mL of a 0.1 M solution) was
added to quench the reaction. The resulting product solution
was then diluted to 200 mL and added directly to a TEAB-
equilibrated ion-exchange column (Sephadex-DEAE A-25,
Aldrich) and eluted usig a 0 to 1 M TEAB gradient.
Fractions were individually spotted on a MALDI plate with
2,4,6-trihydroxyacetophenone (THAP) as the matrix, and
triphosphate fractions were identified by their MALDbpeak
(negative ion mode). Triphosphate fractions were collected,
dried (with the aid of EtOH to help remove triethylamine),
and purified by HPLC using a 50 min gradient from 0 to
60% MeCN in 20 mM triethylammonium acetate (TEAA,

Biochemistry, Vol. 46, No. 2, 200451

3P NMR (400 MHz, BO) for 93-p-2'-deoxyribofura-
nosyl(purine)-5triphosphate (dPTP):0 —9.91 (d, y-P),
—10.6 (d,o-P), —22.3 (t,3-P). MS (MALDI-): 475 (M —
H]~ calcd 475).

3P NMR (400 MHz, BO) for 93-p-2'-deoxyribofura-
nosyl(6-methylpurine)-striphosphate (d6MPTP) —5.05
(br, y-P), —9.96 (d,a-P), —19.5 (br,5-P). MS (MALDI-):
489 (M — H]~ calcd 489).

3P NMR (400 MHz, BO) for 93-p-2'-deoxyribofura-
nosyl(6-trifluoromethylpurine)-Striphosphate (d6fPTP): 6
—5.99 (br, y-P), —10.1 (br, a-P), —19.6 (br, 5-P). MS
(MALDI-): 543 (IM — H]~ calcd 543).

3P NMR (400 MHz, BO) for 943-p-2'-deoxyribofura-
nosyl(1-deazaadenine)-Biphosphate (d1DATP)» —9.29
(br, y-P), —10.6 (d,a-P), —22.0 (br,5-P). MS (MALDI-):
489 ([M — H]~ calcd 489).

5'-End Labeling of Primers and Annealing of Primer
Template MotifsDNA primers were HPLC purified, labeled

pH 7.5). For the analogue triphosphates containing the basesvith 2P at the 5end using $-*2P]JATP and polynucleotide

purine, 6-methylpurine, and 6-trifluoromethylpurine, the
solvent contained 100 mM TEAA.

Synthesis of B-p-2'-Deoxyribofuranosyl(4-aminobenz-
imidazole)-5triphosphate (d4ABTP).1,2-Diamino-3-ni-
trobenzene (400 mg, 3 mmol, Aldrich) was dissolved in 20
mL of 97% formic acid (a 100 mM solution) and refluxed
at 110°C overnight. The dark solution was filtered through
Celite and dried under vacuum, dissolved in 40 mL of water,
and then extracted with EtOAc (8 150 mL). The combined
organic layers were dried using Mgg@nd reduced to
dryness under vacuum (70% vyield, used without further
purification).'H NMR (300 MHz, DMSO¢l): ¢ 8.44 (1H,

s, GH), 8.15 (2H, br d Jgem= 4.8 Hz, ArH), 7.40 (1H, dd,
Jgem1,2= 4.8 Hz, ArH). 4-Nitrobenzimidazole was converted
into the nucleoside and nucleoside triphosphates as describe
earlier.'H NMR (500 MHz, acetonel) for 1-(2-deoxyp-
p-erythropentofuranosyl)-4-nitrobenzimidazolé:8.63 (1H,

s, GH), 8.17 (1H, d,Jgem = 8.5 Hz, Jyic = 0.5 Hz, ArH),
8.02 (1H, d,Jgem= 8.0 Hz,J,ic = 0.5 Hz, ArH), 7.44 (1H,
dd, Jgem12= 8.0 Hz, ArH), 6.49 (1H, ddJy» = 6.5, 7.0
Hz, H-1), 4.64 (1H, m, H-3, 4.03 (1H, m, H-%), 3.76 (2H,
m, H-5), 2.72 (1H, m, H-), 2.51 (1H, m, H-Z). MS
(MALDI +): 302 ([M + NaJ" calcd 302).3'P NMR (400
MHz, D,O) for 1-3-b-2'-deoxyribofuranosyl(4-nitrobenz-
imidazole)-5-triphosphate (d4NEgBTP): 6 —10.1 (br d,
y-P),—10.8 (br d,a-P),—22.5 (br m3-P). MS (MALDI-):
518 ([M — H]~ calcd 518). To 50Q.L of 15 mM d4NQ-
BTP was added 15 mg of 10% palladium on carbon (Pd/C).
While the mixture was being stirred, 1 atm (balloon) of H
was applied fo 3 h atroom temperature to effect complete
conversion to 13-p-2'-deoxyribofuranosyl(4-aminobenzimi-
dazole)-5triphosphate (d4ABTP)3'P NMR (400 MHz,
D.0): 6 —4.66 (br,y-P),—9.76 (br,a-P), —18.3 (br,3-P).
MS (MALDI-): 488 ([M — H]~ calcd 488).

3P NMR (400 MHz, DO) for 93-p-2'-deoxyribofura-
nosyl(1-deazapurine)-Briphosphate (d1DPTP)Y —8.52
(br, y-P), 10.5 (do-P), 21.8 (brp-P). MS (MALDI-): 474
(IM — H]~ calcd 474).

3P NMR (400 MHz, DO) for 9-3-p-2'-deoxyribofura-
nosyl(3-deazapurine)-friphosphate (d3DPTP)) —7.05 (d,
y-P),—10.1 (d,a-P), —20.6 (dd,3-P). MS (MALDI-): 474
(IM — H]~ calcd 474).

kinase, and annealed to each of the four templates as
previously described2g, 29).

Polymerization AssaySteady-state assays contained\l
5'-[32P]primer-template, 10 mM MgG| 50 mM Tris-HCI
(pH 7.6), 1 mM dithiothreitol, 0.05 mg/mL bovine serum
albumin, and various concentrations of natural or analogue
dNTPs in a total volume of 5 or 10L. Reactions were
initiated by adding enzyme, mixtures incubated at°&7
and reactions quenched by addingl5of gel loading buffer
(90% formamide in ¥ Tris/borate/EDTA buffer, 0.05%
xylene cyanol, and bromophenol blue). Products were
separated by denaturing gel electrophoresis (20% acrylamide
and 8 M urea) and analyzed by phosphorimagery (Molecular
Dynamics). Kinetic parameters were determined by fitting

the data to the MichaetisMenten equation using Kaleida-

Graph. All rates were normalized to the same final enzyme
concentration (2 nM).

Polymerase Read-Through Assayse ability of pola
to elongate past a newly incorporated analogue was deter-
mined under steady-state conditions. Six analogue dNTPs
(d3DATP, dPTP, d6MPTP, d3DPTP, d1DPTP, and d4ABTP;
see Figure 1) and dATP were each incorporated separately
by Klenow fragment onto the'&nd of a primertemplate
motif (DNAT; see Figure 2) to make a series of “primerX
templates”. Depending upon the ability of Klenow fragment
to polymerize the analogue, each reaction mixture was
incubated for 550 min and contained-525 units of exo
Klenow fragment (New England Biolabs), 160000 «M
dNTP analogue, 10 mM Mggl50 mM Tris-HCI (pH 7.6),

1 mM dithiothreitol, 0.05 mg/mL bovine serum albumin, and
60 uM DNA1. Each of these “primerX’s” was gel purified
under denaturing conditions (8 M urea and 20% acrylamide),
extracted overnight into water, and subsequently reannealed
to DNA1. An eighth primerX-template motif, containing
1-deazadA at the primer terminus, was generated using pol
o. under analogous conditions.

Using these primerXtemplates, we measured the extent
of incorporation of the next-correct ANTP (dTTP) and the
subsequent, second-correct dNTP (dATP) under assay condi-
tions similar to those described above. For the latter, a
“running-start’-type analysis was employe®Dy; we varied
the concentration of dATP while keeping the concentration
of dTTP static (10QuM). Kinetic parameters were deter-



452 Biochemistry, Vol. 46, No. 2, 2007 Beckman et al.

* 3.9 1 L 5 21 e Table 1: Kinetic Parameters for Correct Incorporation of Natural
™M 8¢ I\N PPP—
2 N dNTPs by Human Pod?
Nes ol 4N 2
Bngzimidazole Purine oH dNTP DNAy Vimax Ku VinadKw
b dTTP DNA, 3.6 (1.4) 2.7 (1.4) 1.3
N N NSy dATP DNAr 10 (1.4) 5.9 (2.5) 1.7
@:j «,IQINJ Q.FD dGTP  DNA 82(31)  14(05) 5.9
““dBTP  “d1DPTP ~~d3DPTP dcTpP DNAg 5.5(1.5) 6.6 (2.0) 0.8
NH, CHg a Assays were performed and analyzed as described in Experimental
quN <,NI§ (,N]ij Procedures. The units fd.xandKy are % of primer elongated mif
N N) N N anduM~1, respectively. The units foVma/Ku are % elongategM 1
“YdPTP  “Td4ABTP “TdZTP min—L,
NH, NH, CHj .. .
/Nﬁ NSy NN romethylbenzimidazole (4B), 252 nm; adenine (A), 260
4 .
N N quq - <.Iq 'N/ nm; 1-deazaadenine (1DA), 266 nm.
“"d1DATP "Td3DATP ~TdQTP
RESULTS
CHj CF3 CFs3
<:]'\/iN q: </:I§jl Previous studies showed that pwlreadily polymerizes
| | |

dNTP analogues whose base size, shape, and chemical

features do not closely resemble those of a canonical base
NH2 0 o (112, 12). These dNTP analogues, which will be termed low-
«Nﬁ‘ qu@H q”jft)"\“ fidelity dNTPs, contain bases such as benzimidazole, 4-me-
ﬂidA:P NN, NN thylbenzimidazole, and 5,6-dinitrobenzimidazole and are
d3DGTP ~ dGTP readily polymerized opposite all four natural bases. To

Ficure 1: Structures, names, and numbering schemes of the ANTPs;: ; sl
that are discussed. (a) Generic structure of benzimidazole and purinedlscover why pola. incorporates these low-fidelity dNTP

2-deoxyribofuranosyl-triphosphates, including numbering schemes analogues so efficiently, we asked two questions. (i) What
for the two aromatic systems. (b) Analogue and natural dNTPs that features have to be removed from a high-fidelity base such

“"dBMPTP " d4F3BTP ~ d6F3PTP

are discussed. as adenine (or guanine) to convert it into a low-fidelity base
[i.e., it is more readily misincorporated opposite A, C, and
DNa, ¥ ~ICCATAICACAT G (or T, A, and G)]? (i) What features have to be added to
37 ~AGGTATAGTGTAATTCTTATCATCT a low-fidelity base to convert it into a high-fidelity base (i.e.,
it is not readily incorporated opposite natural bases in the
DNA; > ~TCCATATCACAT template)? Using the analogues and natural bases shown in
37 -~AGCTATAGTGTATATCTTATCATCT Figure 1, we examined the effect of “mutating” specific
DNA, 5’ ~TCCATATCACAT atoms on both high-fidelity bases (adenine and guanine) and
3/ -AGGTATAGTGTACATCTTATCATCT low-fidelity bases (benzimidazole, 4-methylbenzimidazole,
and 4-trifluoromethylbenzimidazole). To minimize the pos-
DNAg >, TCCATATCACAT sibility that the results of the change were base specific, we

3_"AGGTATAGTGTAGATCTTATCATc? ] examined the effects of altering specific atoms within the
FIGURE 2: Four primer-template sequences used in this study 0 ¢4ntext of multiple-base analogues. Importantly, each of the
determine rates of incorporation by human polThe template - . ’ -
base immediately opposite the incoming nucleotide is in bold. analogous atomic replacements gave similar results with all
of the bases that were tested (see below).

Synthetic primertemplate motifs of defined sequence
mined by fitting the data to the Michaelidlenten equation ~ were used to analyze the incorporation of analogue and
using KaleidaGraph. natural dNTPs opposite the four natural bases. To minimize

Determination of LogPWe measured logP using 1-octanol the possibility that the DNA sequence around the template
as the organic phas81). The free bases were dissolved in base being copied would influence results, we measured the
1-octanol saturated with water or vice versa, depending ondegree of polymerization of dNTPs across from all four
which solvent dissolved the solute best, and their extinction natural bases in essentially the same sequence context (Figure
coefficients were determined. Aided by UV spectroscopy, 2). For one of the four templates (DNMA one additional
we determined the volume ratio of 1l-octanol to water base in the single-stranded template had to be altered to
required to separate equal amounts of solute into each phaserevent insertion of two consecutive dTTPs. We determined
to calculate the value of P. For each free base, P values weré/max and Ky for incorporation of natural dNTPs opposite
calculated at three different solute concentrations (a 10-fold their natural template partners (Table 1) and analogue dNTPs,
range) and an average was taken before calculating the finalalong with dATP and dGTP, opposite all four natural
logP value. Each base was analyzed under neutral conditiongemplates (Table 2). As expected on the basis of previously
(using 0.1 N NaOH or 0.1 N HCI). Observed wavelengths published data, pat polymerized dATP and dGTP opposite
for each base (same ag,y are as follows: benzimidazole an incorrect base several orders of magnitude slower than
(B), 244 nm; 1-deaza-6-methylpurine (Q), 280 nm; 4-me- opposite the correct template bade)(
thylbenzimidazole (Z), 248 nm; 1-deazapurine (1DP), 282 N-3 Helps Pola. Discriminate between Right and Wrong
nm; 3-deazapurine (3DP), 264 nm; 6-methylpurine (6MP), dNTPs.We first examined the effect of removing N-3 from
262 nm; purine (P), 264 nm; 4-aminobenzimidazole (4AB), the high-fidelity bases adenine and guanine (Table 2). During
262 nm; 6-trifluoromethylpurine (&P), 273 nm; 4-trifluo- correct incorporation, removing N-3 decreases the efficiency



DNA Replication Fidelity Biochemistry, Vol. 46, No. 2, 200453

Table 2: Kinetic Parameters for Incorporation of Natural and Analogue dNTPs by Humart Pol

dNTP Base Structure DNAy Vmax (SD) Kwm (SD) Vmax/Kn Discrimination”
N, DNA, 0.56 (0.14) 1200 (420) 0.00047 2800
dATP N DNAr 10 (1.4) 59(2.5) 1.7 1
¢« 1 ; DNA( 2.1(0.6) 340 (150) 0.0058 1000
:.‘v N DNAg 0.060 (0.004) 210(28) 0.00029 2800
NH, DNA, 0.29 (0.13) 720 (430) 0.00040 3200
d3DATP (,N b DNA¢ 16 (3) 18(7) 0.91 19
NN DNAc 2.7(09) 210 (100) 0.013 460
By DNAg 0.084 (0.016) 210(93) 0.00040 2000
0 DNA, 0.038 (0.005) 700 (140) 0.000054 24000
dGTP (,“l),“u DNA{ 0.75(0.11) 620 (170) 0.0012 1400
NN DNAC 82(.1) 1.4(0.5) 5.9 1
o 2 DNAg 0.47 (0.09) 650 (200) 0.00072 1100
o DNA, 0.091 (0.010) 140 (37) 0.00065 2000
43DGTP P S DNAr 0.17 (0.04) 190 (78) 0.00089 1900
N~ DNAc 45(03) 4.0(0.7) 1.1 53
S DNAq 2.6(0.3) 92 (24) 0.028 28
CHy DNA, 0.50 (0.16) 580 (310) 0.00086 1500
SAdRE s & N~ i o %
1.2(02) 2 :
Mo DNAG 0.090 (0.009) 110(27) 0.00081 980
. SHs DNA, 0.12 (0.06) 450 (350) 0.00027 5000
N DNA; 1.3(0.1) 73(1.8) 0.18 9.7
d6MPTP <'N J N/) DNA¢ 0.34 (0.04) 80 (24) 0.0043 1400
“ DNAg 0.044 (0.013) 240 (140) 0.00018 4400
. JHe DNA, 0.33 (0.06) 60 (25) 0.0055 240
DNA; 0.89 (0.03) 68 (7) 0.013 130
d4ABTP (’N DNAc 34(0.3) 26 (7) 0.13 45
V) DNAG 0.06 (0.01) 40 (16) 0.0015 530
N DNA, 130
dBTP ¢ ]::l DNAr 130
N DNAc 76
w DNAq 400
N DNA, 0.30 (0.07) 300 (110) 0.0010 1300
J1DPTP QN | @ DNA; 0.38 (0.06) 150 (50) 0.0025 680
N"N DNAc 1.1(0.1) 99 (23) 0.011 520
w DNAg 0.29 (0.09) 1500 (600) 0.00019 4200
. NH; DNA, 0.37(0.07) 460 (160) 0.00080 1600
S DNA 1.5(0.3) 18(7) 0.083 20
dIDATP T
<'~ 'N DNAc 0.14 (0.01) 14 (8) 0.010 600
By DNAg 0.046 (0.009) 270 (130) 0.00017 4700
CFs DNA, 0.35(0.03) 130 (16) 0.0027 480
4 N DNA; 0.11(0.01) 45(9) 0.0024 700
d4F.BTP <'N DNAc 12(0.4) 97 (41) 0.012 470
“ DNAg 0.11(0.02) 170 (54) 0.00064 1200
~If’ DNA, o0 0ot "0y 0002 "0
N Ar 0.048 (0.010) 22(10) 002
d6F.PTP <',, 'Nd DNA¢ 0.10(0.02) 260 (67) 0.00038 13000
A DNAg 0.0052 (0.0010) 170 (89) 0.000031 26000
Ny DNA, 0.067 (0.009) 140 (43) 0.00048 2700
JdPTP ¢« g DNA¢ 3.4(0.6) 16 (6) 0.21 8.0
NN DNAc 0.40 (0.04) 67(23) 0.0060 1000
w DNAg 0.025 (0.004) 85(37) 0.00029 2700
L B e o s
0.54 (0.04) :
dzTP ¢ DNA 1.8
8(0.2) 12(7) 0.15 40
,;"L DNAg 0.42(0.07) 83(19) 0.0051 160
N DNA, 0.015 (0.001) 80(17) 0.00019 6800
d3DPTP ¢ ]]3‘ DNA; 0.78(0.17) 9.2(5.1) 0.085 20
N DNAc 0.087 (0.008) 311 0.0028 2100
“ DNAg 0.010 (0.002) 49 (21) 0.00020 3800

a Polymerization assays were performed and analyzed as described in Experimental Procedures. TheWnitarfdiKy are % of primer
elongated min' anduM ™, respectively. The units foVma/Km are % elongatedM —* min~.  Discrimination reflects how much more efficiently
the correct dNTP is incorporated compared to the analogue or incorrect dNTP (for example, dGTP incorporates at a rate 24 000 times slower
opposite template A than does dTTP). Also note that the discrimination number of a natural ANTP opposite its correct template partner is designated
as 1.°Kinetic parameters determined previousty?), ¢ Kinetic parameters determined previousij).
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Ficure 3: Effect of adding N-3 to the low-fidelity bases benzimi-
dazole (dBTP) and 4-methylbenzimidazole (dZTP) to generate
1-deazapurine (d1DPTP) and 1-deaza-6-methylpurine (dQTP),

respectively. The white bars in the graph are the average value by

which pola discriminates against polymerization of each analogue
opposite A, C, T, and G relative to polymerization of a correct
dNTP.

of incorporation by 2-fold for 3-deazaadenine and 5-fold for
3-deazaguanine. As compared to misincorporation of dATP
and dGTP, removing N-3 decreases fidelity opposite some
bases but has relatively little effect opposite others. However,
if one compares the efficiency with which pal correctly

Beckman et al.
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Ficure 4. Adding N-1 to benzimidazole (dBTP) or 1-deaza-6-
methylpurine (dQTP) increases the degree of polymerization

incorporates 3-deaza-dATP and 3-deaza-dGTP with the ratespposite T and decreases the degree of polymerization opposite A,

at which it incorrectly incorporates these dNTPs, removing
N-3 significantly reduces the fidelity across the board due
to the lower efficiency of correct incorporation of the
3-deaza-dNTPs compared to the natural dNTPs.

Because removing N-3 from high-fidelity bases decreases
fidelity, we tested the hypothesis that adding N-3 back to
low-fidelity bases would increase fidelity (Figure 3 and Table
2). Pol a discriminates relatively poorly against polymeri-
zation of benzimidazole-dNTP and 4-methylbenzimidazole-
dNTP opposite all four natural bases. (Discrimination is
defined asvVma/Kn for polymerization of the correct, natural
dNTP divided byWna/Kn for polymerization of an analogue
or incorrect, natural dNTP.) Upon addition of the equivalent
of a purine N-3, however, pal now discriminates against
polymerization of the resulting 1-deazapurine-dNTP and
1-deaza-6-methylpurine-dNTP much more efficiently. Thus,
for both high- and low-fidelity bases, N-3 appears to be
important for maintaining fidelity.

N-1 Also Helps Pol Discriminate between Right and
Wrong dNTPs.Adding N-1 to 1-deazadATP (d1DATP),
thereby generating dATP, increases the level of incorporation
opposite T by 20-fold (Figure 4 and Table 2) but has
relatively weak effects on the incorporation opposite A, C,
and G as compared to dATP. In contrast, adding N-1 back
to three bases with fidelity lower than normal (benzimidazole,

C, and G. The white bars in the graph are the average value by
which pola discriminates against polymerization of each analogue
opposite A, C, and G relative to polymerization of a correct dNTP,
while the black bars show how much slower polpolymerizes
each analogue opposite T as compared to dATP.

O Average 21000

discrimination
opposite AC,G
M Discrimination
opposite T

20000

10000

Discrimination

720700

CFy CF3
N N N
4 —< 1
i b
“d4F,BTP “d6F3PTP

FIGURE 5: Generating d6§PTP by adding N-1 and N-3 to d4F
BTP decreases the degree of polymerization opposite A, C, and G
while maintaining polymerization opposite T. The white bars in
the graph are the average value by whichqdiscriminates against
polymerization of each analogue opposite A, C, and G relative to
polymerization of a correct dNTP, while the black bars show how
much slower polo. polymerizes each analogue opposite T as
compared to dATP.

greatly enhanced the ability of palto discriminate against
polymerization of 6-trifluoromethylpurine-dNTP opposite A,
C, and G. Indeed, pal discriminates against polymerization

1-deazapurine, and 1-deaza-6-methylpurine, to generateof 6-trifluoromethylpurine-dNTP much more strongly than

3-deazapurine, purine, and 6-methylpurine, respectively)
significantly enhances the ability of palto identify dNTPs

containing the resulting analogues as being wrong for
polymerization opposite either A, C, or G. Concomitantly,

natural dNTPs. Comparatively, palpolymerized 6-trifluo-

romethylpurine-dNTP opposite T relatively efficiently.
The Exocyclic Amino Group at C-6 Primarily Enhances

Polymerization Opposite TAs is the case for N-1, the

adding N-1 back greatly enhanced polymerization opposite exocyclic amino group at C-6 (N-6) can form a hydrogen
T. In each of these three bases that contained N-1, 3-deatond with T. The level of incorporation opposite T increases
zapurine, purine, and 6-methylpurine, the hybridization state 10—20-fold upon addition of N-6 to 3-deazapurines (Figure
of N-1 will allow formation of a WatsorCrick hydrogen g and Table 2), and this rate increases 35-fold when it is
bond with the HN-3 group of T. added to 1-deazapurine and 1-deaza-6-methylpurine. How-
The roles of N-1 and N-3 were also examined by ever, unlike N-1, adding N-6 does not significantly influence
comparing 4-trifluoromethylbenzimidazole-dNTP with 6-tri-  incorporation rates opposite template A, C, or G. When the
fluoromethylpurine-dNTP (Figure 5 and Table 2). Consistent discrimination numbers obtained opposite these three tem-
with the results described above, adding these groups baclkplates are averaged, adding N-6 to 1-deaza-6-methylpurine
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|Eg\igfi?; dciinaicn sopesse ACG N-3 also inhibited c_iTTP polymerization, but to a lesser extent
c 7300 than the loss of either N-1 or N-6.
€000 2 Requirements for Efficient Polymerization of the Second
£ 950 Correct dNTP onto Adenine Analogueg/e used the
5 1000 550 I_ﬁo H20 running-start methodology pioneered by Goodman and co-
8 oA } } workers to assess polymerization of the second correct ANTP
N " CHs " NH, onto primeHempIate_motifs (Table 4). Assays cqntained a
«NINJ or quj —_ quj primer—template motif whose 'derminal nucleotide was
T, '*"dQNTP de1'|\‘3ATP either adenine or an adenine analogue, dTTP, and varying
concentrations of dATP. Under these conditions, goaan
c 2000 3600 polymerize up to two nucleotides onto the primer terminus.
& Having a base at the primer terminus that could only form
£ 2000] 2 2200 one Watsor-Crick hydrogen bond with the template T (i.e.,
3 H H purine, 6-methylpurine, and 1-deazaadenine) resulted in only
S ol 8 } 87 | ! small effects on polymerization of the second correct dNTP.
CH NH, However, the absence of N-3 at the primer terminus (either
(,NI\\)N o quJN . (,ij: 3-deazaadenine or 3-deazapurine) greatly impaired polym-
L NN NN erization of the second correct dNTP.
dPTP “deMPTP dATP In those cases where polcould efficiently add the second
300 270 correct dNTP, we qualitatively examined further polymeri-
200 zation by also including dGTP in the assays to potentially

allow polymerization to the end of the template. Figure 7

Discrimination
o N
o ©
o & &
;I
o
W
(=)

89 57 shows that the absence of one of the WatsBrick hydrogen
| !_i | bonds at the primer terminus did not significantly impede
CHy NH, polymerizatipn of the third or latter dNTPs, although therg
</N]:> o </N:© . ¢ij are some dlfferenc_es. Most n_o_tably, the strong pause site
N N N observed at the primet9 position observed with either
~"dBTP “dzTP " d4ABTP adenine, purine, or 1-deazaadenine at the primer terminus is

Ficure 6: Effect of adding the equivalent of adenine’s exocyclic Not observed with 6-methylpurine at the primer terminus.
amine at C-6 (N-6). The white bars in the graph are the average Hydrophobicity Does Not Correlate with FidelityVe
value by which pobx discriminates against polymerization of each -5 culated the hydrophobicity parameter, logP, of each of

analogue opposite A, C, and G relative to polymerization of a . .
correct dNTP, while the black bars show how much slowergpol (1€ bases of Figure 1 (except 3-deazaadenine, 3-deazagua-

polymerizes each analogue opposite T as compared to dATP.  hine, and guanine) and compared these values with the ability
o ) . of pol a to identify corresponding dNTPs as being wrong.
and to 4-methylbenzimidazole (generating 1-deazaadeninegjyce many of the analogues can form a WatsBrick
and 4-am_|nok_)en2|m|dazole, respectively) only increases thehydrogen bond(s) with T and, therefore, can be considered
level of d|scr|m|ngt|on by 23_—fold. Howe\_/er, in all other. as dATP analogues, we defined wrong as polymerization
cases when N-6 is added (i.e., converting 1-deazapurine,qqhqsjte A, C, and G. Figure 8 shows that the ability of pol
3-deazapurine, and benzimidazole to 1-deazaadenine, 3-deas (g discriminate against polymerization of the analogues
zaadenine, and 4-aminobenzimidazole, respectively), theqoes not closely correlate with hydrophobicity, consistent
level of discrimination does not significantly increase and \uith the results of previous studied1). While the more

even decreases slightly in the case of 3-deazaadenine VersUydrophobic bases tend to give lower-fidelity dNTPs, there
3-deazapurine (Table 2). Overall, the average level of ;4 multiple exceptions to this trend.

discrimination against polymerization opposite A, C, and G

rarely increases more than 2-fold and decreases by no morey|SCUSSION

than 3-fold (in a single case) upon addition of N-6. In

contrast, adding N-1 or N-3 consistently and often times  Using a series of dNTP analogues, we have identified the

dramatically increases the level of discrimination, frequently features of an incoming purine dNTP that poluses to

by >10-fold (Table 2 and Figures 3 and 4). Thus, N-6 most identify it as either right or wrong. Pal uses both N-1 and

likely has one primary role, helping pal positively identify N-3 to prevent misincorporation, while it uses N-1 and the

a dNTP for polymerization opposite its correct base partner €xocyclic amine at C-6 (N-6) to enhance correct incorpora-

(as opposed to helping pal identify the incoming dNTP  tion opposite T. After incorporation of a nucleotide, however,

as being wrong). the correct geometry of the base pair at the primee@ninus
Requirements for Efficient Polymerization of the Next appears to be critical for rapid polymerization of additional

Correct dNTP onto Adenine Analoguédle generated a  dNTPs.

series of primer templates in which thet8rminal nucleotide Two sets of data demonstrated the importance of N-3 for

on the primer contained either adenine or an adeninefidelity: removing it from the high-fidelity bases adenine

analogue and measured the rate of polymerization of dTTP,and guanine reduced fidelity, and adding N-3 back to the

the next correct dNTP (Table 3). Removing a single low-fidelity bases benzimidazole, 4-methylbenzimidazole,

Watson-Crick hydrogen bonding group reduces the ef- and 4-trifluoromethylbenzimidazole (although, in the latter

ficiency of dTTP polymerization, while removal of both N-1 case N-1 was simultaneously added back) significantly

and N-6 severely impaired dTTP incorporation. The loss of enhanced the ability of the polymerase to identify the
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Table 3: Next Correct dNTP Insertion by Human Bo(dTTP insertion following analogue X)

Xin 5'-primer-X-3 Vinax (SD) Kwm (SD) VinadKwm discriminatior?
adenine 16 (2) 3.2(1.6) 5.0 1
purine 8.4(1.2) 50 (16) 0.17 29
6-methylpurine 1.7 (0.1) 9.6 (3.8) 0.18 28
1-deazaadenine 3.8(1.6) 35 (10) 0.11 45
3-deazaadenine 22 (7) 39 (23) 0.55 9.1
3-deazapurine 12 (2) 130 (42) 0.09 56
4-aminobenzimidazole 0.09 (0.09) 1100 (1600) 0.000081 62000
1-deazapurine 0.54 (0.78) 2200 (4100) 0.00025 20000

a Polymerization read-through assays were performed as described in Experimental Procedures. Kinetic parameters for dTTP polymerization
were determined when either A or the noted analogue was present at the primer tefrdisaamination isVima/Ku for dTTP polymerization
when A is at the primer terminus divided Ba/Kyv when an analogue (X) is at the primer terminus. The unitd/fQi/Ku are % elongatedM —*
min~L.

Table 4: Insertion of the Second Correct dNTP by Humand®@ATP insertion after T

Xin 5'-primer-X-T-3 Vmax (SD) Kwm (SD) VmadKm discriminatiort
adenine 30 (3) 4.5 (2.2) 6.7 1
purine 16 (2) 6.1(2.7) 2.6 3
6-methylpurine 6.6 (0.6) 5.9 (1.5) 11 6
1-deazaadenine 13 (2) 10 (4) 1.3 5
3-deazaadenine 0.17 (0.16) 3.4(1.7) 0.050 130
3-deazapurine 0.21 (0.02) 4.3 (1.7) 0.049 140

a Polymerization read-through assays were performed as described in Experimental Procedures. Kinetic parameters for dATP polymerization
opposite a template T were determined when either A or the noted analogue was present one nucleotide before the primérésonimisation
iS Vima/Knm for dATP polymerization when X is adenine divided Yy./Ky for dATP polymerization when X is an analogue. The units\figa/Kwu
are % elongategM~* min~2.

Human Pol
. : . 6-Mecthyl  1-Deaza 3-Deaza  3-Deaza  1-Deaza  4-Amino
X: Adenine  Purine Purine  Adenine Adenine  Purine Purine Benz
PrimerX+12 —== — — s
- -
PrimerXTA —» - - - o
PrimerXT —= - WaE WA e WS see
i = -
PrimerX —» el T ——
THPT TTT TTT TTT FPLT-TTT T TT TTT
dNTP: AA AA A A AA A A A A AA AA
G G G G G G G G
dTTP
dATP
lldGTP
5- TCCATATCACATX L————————

3-AGGTATAGTGTATATCTTATCATCT

FiGURe 7: Read-through comparison of the analogues by humao.péssays contained 1 nM primerxtemplate (where X represents the
analogue at the primer-8erminus), 0.5 nM pob, and the noted dNTPs at 28M.

resulting analogues as being wrong. These data indicate thatmidazole and 4-methylbenzimidazole), the effects of N-3
N-3 contributes a factor of around-20 to the fidelity of cannot be due to electronic effects on Wats@mick

pol a.? o _ _ hydrogen bonding groups. Alternatively, poimay directly
A key question is how pob. uses N-3 to identify an interact with N-3. At present, no high-resolution structures
incoming purine dNTP as being wrong. Since N-3 enhances of the active site of pobt exist, although the structures of
the ability of polq to identify as wrong bases that cannot yg other family-B polymerases, RB69 and herpes DNA
form Watsor-Crick hydrogen bonds (for example, benz-  ,4lymerase, have been determingg, @3). Importantly, the
— : : : active site region of pot, RB69 and herpes DNA poly-

? The amount of fidelity lost or gained by removing or adding N-3, merases that interact with the incipient base pair between
respectively, depends on how one looks at the data. Comparing thethe incoming dNTP and template base exhibit remarkable
misincorporation rates versus the correct polymerlzatlon rates of g . p i o
3-deazadATP and 3-deazadGTP reveals a larger loss of fidelity uponhomology, suggesting that they will have very similar
removal of N-3 than comparing misincorporation rates of 3-deazadATP stryctures (Table 534). While only the apoenzyme form of
and 3-deazadGTP versus the correct polymerization rates of dATP andh | has b d ined. th
dGTP. This results from the slower correct polymerization of the N€rPes DNA polymerase has been determined, the structure

3-deaza-dNTPs. of both the apoenzyme andHBNA—dNTP forms of RB69
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Discrimination o .
FIGURE 8: Plot of base hydrophobicity (logP) vs fidelity of base- ' he effects of N-1 and N-3 on discrimination against
dNTP opposite templates A, C, and G (the average of the threewrong dNTPs do not appear to be additive. Adding either
discrimination numbers, taken from Table 2). N-1 or N-3 to benzimidazole and generating 1-deazapurine-
and 3-deazapurine-dNTP, respectively, similarly decreased
Table 5: Sequence Alignment of Several Family-B Polymerases the degree of polymerization opposite A, C, and G. Simul-

RB69 553 MTAQINRKLLINSLYGALG taneously adding back both N-1 and N-3 to benzimidazole
T4 549  NTNQLNRKILINSLYGALG to generate purine-dNTP resulted in a level of discrimination
Hsv1 804 DKQORAIKVVCNSVYGETG much lower than one would predict if these effects were
Vent 503 DYRQRAIKLLANSYYGYMG L. .. ..

Pol o (human) 943  DIRQKALKLTANSMYGCLG additive. Similar less-than-additive effects are observed for
Pol I (yeast) 937 DIRQQALKLTANSMYGCLG adding N-1 and N-3 back to 4-aminobenzimidazole. Analo-

aThe sequence shown represents a large portion of the active sitegOUSIy' removing N-3 from adenine had smaller effects an

that surrounds the dNTP and template base being replicated, definedfid€lity when compared to the changes observed upon adding
as a portion of region 11134). N-3 to the benzimidazole derivatives. Thus, jpotan use

either N-1 or N-3 to prevent misincorporation, and the

polymerase has been determing®,(35). In the ternary f_unc_tional redundancy may serve to simply ensure high
complex, dTTP forms a correct base pair with a template fidelity.

adenine and is presumably poised for incorporation. Interest- Unlike N-1 and N-3 that help pat identify an incoming
ingly, O-2 of the thymine sits just above the edge of Y567 dNTP as being wrong, N-6 appears to primarily serve to
(the equivalent of Y957 in pob). Since N-3 of a purine  identify the incoming dNTP as being right opposite T.
and O-2 of a pyrimidine share similar locations in a correct Adding N-6 to either purine or 1-deazapurine did not enhance
base pair, N-3 will presumably also be located just above pol a’s ability to identify the resulting dATP or 1-deaza-
this tyrosine (Figure 9). Significantly, the edge of tyrosine JATP as being wrong opposite A, C, and G but significantly
is electron deficient, and O-2 of a pyrimidine and N-3 of a enhanced polymerization opposite T. Similarly, adding the
purine are both electron rich, allowing for a very favorable equivalent of N-6 to benzimidazole, thereby generating
interaction 86). Thus, we suspect that interactions between 4-aminobenzimidazole-dNTP, did not enhancegislability

N-3 and this tyrosine serve to enhance the fidelity of@ol  to identify the resulting base as being wrong. Somewhat
Indeed, mutational studies of this tyrosine in RB69 poly- surprisingly, pola did not preferentially incorporate this
merase also support an interaction between these gradps ( dNTP opposite T. This case is slightly more complicated,
Converting Y567 to alanine in RB69 polymerase had only however, because the absence of both N-1 and N-3 has a
weak effects on polymerization of a correct dNTP (5-fold, large effect on the chemical properties of N-6. Adenine’s
Vima/Kwv) but decreased fidelity from none to 180-fold N-6 is a hydrogen bond donor. However, in aqueous solution,
depending upon the mismatch. Strikingly, these results areremoving N-1 and N-3 from adenine (generating 4-ami-
qualitatively identical to the effects of converting N-3 of a nobenzimidazole) changes th&pof the N-6 group to
purine dNTP into a €H group (small effect on correct —approximately 4.4, effectively turning this group into a
dNTP polymerization, often large and mismatch-dependent hydrogen bond acceptor at physiological pH (J. Beckman
decreases in fidelity). and R. Kuchta, unpublished data).

Pol e uses N-1 both to discriminate against wrong dNTPs  Together, these data indicate that paises a combination
and to enhance polymerization opposite T. Adding the of positive and negative selectivity to accurately incorporate
equivalent of N-1 to either benzimidazole, 4-aminobenzimi- purine dNTPs. The presence of N-1 and/or N-3 allows pol
dazole, or 1-deaza-6-methylpurine significantly enhanced thea to identify an incoming dNTP as being wrong, while N-1
ability of pol a to identify the resulting dNTPs as wrong and N-6 (of adenine) allow pal to identify the incoming
opposite A, C, and G. The presence of N-1 also greatly dNTP as being right opposite T. As described in greater detail
increased the efficiency with which pal polymerized the below, pol o specifically does not use the shape of the
various analogues opposite T. Presumably, this reflects theincipient base pair to identify it as being right. Importantly,
formation of a Watson Crick hydrogen bond between the this model can accommodate all published data on the fidelity
purine N-1 and HN-3 group of thymine. In each of the of pol a and other family-B polymerases with natural and
analogues that were tested, N-1 will act as a hydrogen bondsynthetic dNTPs. The relatively rapid and unselective po-
acceptor. lymerization of dNTPs containing bases that neither resemble




458 Biochemistry, Vol. 46, No. 2, 2007 Beckman et al.

Table 6: Comparison of the Efficiency of Analogue Polymerization respectively)]. Upon addition of either N-1 O_r N-3 bac_k to
Revealing a Lack of Correlation between Incoming Base Shape and the unnatural base, pak adopts a catalytically active

Didelity2 conformation much less readily. Potentially, this could occur
(Vinaod Kaa) 1/ if the free electron pair of the nitrogen either blocked a
NindNTP N-3 N-1 N-6 adenineshape (VmalKw)c needed conformational change or prevented the unnatural
A I I ¥ I 290 base from finding an unobtrusive pocket that allowed
3DA + + + 70 catalysis. The positive selectors, N-1 and N-6 of adenine,
6MP + + + 42 would then serve to overcome the effects of the negative
gDP i i ‘3‘% selectors when the appropriate template base, thymine, is
1DA + + + 8.3 present. For example, by enhancing the formation of a
6FP + + + 5.8 Watson-Crick base pair, the positive selectors would remove
1bP + 0.23 the negative selectors from positions that block polymeri-
EEB j: 8-%8 zation (i.e., when opposite a wrong template base) and into
Q + + 0.14 a position that allows formation of a catalytically active
4AB + + 0.10 enzyme. This effect can also be viewed as an indirect readout

@A base is not the adenine shape if it does not contain a group at Of_ base pair s_hape. Formation of a correctly shaped_base pair
N-6 similar in size to adenine’s exocyclic amifeVq./Ku values are  Will necessarily remove N-1 and N-3 from any location that
taken from Table 2.\(na/Kw)7 is the polymerization of the dNTP ~ can inhibit dNTP polymerization, while formation of an
opposite T, and\{na/Kwm)c is the polymerization of the dNTP opposite incorrectly shaped base pair will leave N-1 and N-3 in
c positions that inhibit polymerization.

In contrast to the lack of shape selectivity during the dNTP
the shape of a correct base nor form Wats@nick hydrogen polymerization reaction, shape appears to be critical for
bonds [for example, 5-nitrobenzimidazole, 5-methoxybenz- addition of the next correct dNTP. Previous work showed
imidazole, and 5,6-dinitrobenzimidazol#l( 12)] opposite that polymerases closely related to humangdDdrosophila
both canonical and unnatural template bases results from theiand calf thymus pob:, polymerize the next correct dNTP
lack of the chemical features needed for poto identify onto mismatches £6-10°-fold more slowly than onto a
them as being wrong. Similarly, the high fidelity of natural correct base pair3g, 39). Analogously, after incorporating
dNTPs opposite both canonical and unnatural template basesin unnatural base lacking the ability to form Wats@rick
[5- and 6-nitrobenzimidazolel R)] results from these bases hydrogen bonds [for example, 5-methoxybenzimidazole and
containing negative selectors preventing misincorporation ands,6-dinitrobenzimidazolel(l) or 1-deazapurine and 4-ami-
the positive selectors specifying the template base oppositenobenzimidazole (Table 2)], pak polymerizes the next
which the incoming dNTP should be polymerized. correct dNTP at similar slow rates. However, when groups

Importantly, shape is not directly used by pohs either that can form WatsonCrick hydrogen bond(s) with the
a negative or a positive selector. Rofeadily misincorpo- template base are added back [for example, analogues with
rates dNTPs whose bases are similar in shape to adenineither N-1, both N-3 and N-6, or both N-1 and N-6 (Table
(for example, benzimidazole, 4-methylbenzimidazole, 4-tri- 3 and Figure 7)], the rate of addition of the next correct dNTP
fluoromethylbenzimidazole, and 4-aminobenzimidazole) as increases dramatically. Presumably, adding back a Watson
well as dNTPs whose base shapes are very different fromCrick hydrogen bond will increase the degree of similarity
that of adenine (for example, 5,6-dinitrobenzimidazole). between the analogue-T base pair and a natural, correct base
Changes that will have minimal effects on shape, replacing pair, thereby optimizing the position of th&@H for rapid
two carbons with nitrogen, greatly improve fidelity. The polymerization of the next dNTP. As one would predict if
negligible importance of shape is shown explicitly in Table pol o is recognizing the shape of the base pair at the primer
6. Since, with the exception of dGTP and d3DGTP, all of terminus, generating a base pair that contains two Watson
the dNTPs that were tested can be viewed as dATP Crick hydrogen bonds enhances polymerization more than
analogues, we have compared the efficiency of polymeri- a base pair capable of a single bond. Potentially, the slightly
zation opposite either C or T, the potential shape comple- slower elongation of the primer containing 3-deazaadenine
ments of purines. Whereas how closely the base resemblesather than adenine could reflect either an interaction between
adenine does not predict the efficiency of polymerization pol o and N-3 or the effect of removing N-3 on the chemical
opposite T versus C, N-1, N-3, and N-6 do predict whether properties of N-1 and/or N-6.
pol a will recognize the dNTP analogue as dATP. Thus, A key feature of the fidelity strategy employed by ol
pol o. presumably uses specific chemical properties of theseis using two orthogonal screens. As noted earlier, the fidelity
nitrogens to identify a base as being wrong. of a polymerase results from both usually choosing the right

Mechanistically, how might pad use these positive and (d)NTP and only slowly elongating the product of wrong
negative selectors to identify an incoming dNTP as being incorporation, thereby allowing proofreading. During incor-
wrong or right? The relatively nonspecific incorporation of poration, pola employs a combination of positive and
dNTPs lacking N-1 and N-3 indicates that after these dNTPs negative selectivity, while for elongation of the newly added
bind, the enzyme can readily adopt a catalytically active nucleotide, polt uses shape selectivity. A consequence of
conformation, even though the bases of the template andthis strategy is that modified bases that can bypass the first
incoming dNTP cannot form a correctly shaped base pair screen are more likely to be detected by the second screen
[for example, the relatively rapid polymerization of 5,6- since this latter screen examines a different set of parameters
dinitrobenzimidazole, 5-nitroindole, or 4-methylbenzimida- than the first screen. If both screens were based on the same
zole opposite A and G (ref4l and 12 and Table 2, parameter(s), a wrong base that easily bypasses the first
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screen would just as easily bypass the second screen. While 6.
pol a itself lacks 3—5' exonuclease activity and hence cannot
directly proofread, the very slow elongation of misshaped
base pairs presumably allows pwlto dissociate from the
DNA and another exonuclease to excise the nucleotide at
the primer 3terminus.

Efficient incorporation of the second dNTP onto a primer
by pol a clearly requires that an adenine base at the primer
terminus contain N-3. Similarly, we found that pwldoes
not efficiently add the second dNTP if 3-deazaguanine is
present at the primer terminus (J. Beckman and R. Kuchta,
unpublished data). Recently, Benner and co-workers dem-
onstrated that two other family-B polymerases, Pfu poly-
merase and “GB-D” (deep vent polymerase), also require
N-3 for incorporation of the second dNTR7). This
discrimination most likely results from a requirement for a
hydrogen bond between N-3 and a conserved lysine residue.
The structure of the RB69 polymeraseNA complex shows
that this hydrogen bond is formed by K706, pals
equivalent of K105235, 47). The absence of this hydrogen
bond presumably prevents pofrom adopting a catalytically
active conformation. However, N-3 is not a universal
requirement for family-B polymerases, since “Tli” (vent
polymerase) does not require N-&7j.

The extent to which other polymerase families employ
strategies similar to that of palis at present unclear. Human
and herpes primase appear to require the formation of
Watson-Crick hydrogen bonds to polymerize a NT& 7).
Indeed, these enzymes misincorporate the natural NTPs 15
orders of magnitude faster than they will incorporate NTPs
containing unnatural bases incapable of WatsGrick
hydrogen bonding with the template, a situation diametrically 16.
opposed to that for pol.. Klenow fragment, a family-A
polymerase, has been suggested to use shape as the primary
determinant for fidelity 8—10, 40—42). However, various 17.
groups have also shown that KF will also efficiently
incorporate bases whose shape does not resemble a canonical
base 11, 12, 43—46).

Together, the data presented here indicate thatopol
achieves fidelity during the polymerization of purine dNTPs
using a pair of cleverly designed orthogonal screens. While
we have restricted our discussion to purine dNTPs, unpub-
lished studies indicate that paluses similar strategies during
polymerization of pyrimidine dNTPs (M. Loi, G. Timblin,
and R. Kuchta, unpublished data). Ultimately, a detailed
understanding of the requirements for accurate and efficient
polymerization of both purine and pyrimidine dNTPs by pol
o should allow the generation of novel base pairs thabpol
replicates with high efficiency and fidelity.
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