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Accurate DNA replication is essential for maintaining genomic N primer extension
i, 1 . . . . 5'-CTTCTTG ACCTCATTC-3' —0 5’ -CTTCTTG*ACCTCATTC-3"’

stability! When a base mismatch or a mutagenic lesion is GGAGTAAG-S ' — 3/ -GAAGAAX TGGAGTAAG-5’
encountered at a replication fork, the polymerase stalls, which 0 T
severely compromises the efficiency of nucleotide insefiand H)N\J\/”:"{)_N'H » 1

. . S n -
the effect lingers to several’-Bownstream nucleotidésThe HNT NN 1 "
resulting stalled replication forks are sensed and dealt with W?j O S “*mn;l
specialized bypass polymerageslthough the mechanisms of O, O . @* —dG, X=dC: Control dC-match

i i i i v G* =dG, X=dA: Control dA-mi tch
mutagenesis have. begn s.tudlled extensively, the energetic aspects FAF-adduct G Coep s Somtror Garmismate
underlying the replication fidelity and the long-range effects of the G* =FAF-dG, X=dA: FAF dA-mismatch
mutation on translesion synthesis have not been resélvég: Figure 1. (a) Structure of FAF adduct\NF(2'-deoxyguanosin-8-yl)-7-fluoro-

enthalpy involved in an enzyme-directed insertion event has been2-aminofiuorene]. (b) Template primer sequences the site of a lesion
shown to be similar to that involved in base pair addition, as or a mismatch. See Supporting Information Figures-51

predicted by nearest neighbor data derived from melting st@elies. (a)
Here, we used differential scanning calorimetry (DSC) to measure
the thermodynamic changes associated with translesion synthesis
across AF, N-(2'-deoxyguanosin-8-yl)-2-aminofluorene], a major
DNA adduct derived from the carcinogen 2-aminofluoréfevo

sets of successive template primers were designed to simulate AF
translesion synthesis. The model probe FAfas paired with
matched dC and mismatched with dA (designated as the dC-match
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and dA-mismatch series, respectively) (Figure 1). 5B P ® Qe
Figure 2a compares the DSC melting curves for the dC-match (b) ; Control dA-mismatch . FAF dA-mismatch
series. As expected, the melting poift,( and enthalpyAH) values 791 n+6 e
of the control series increased incrementally with primer extension. %, 22 : 3 :: n+6
For example, insertion of a matched dC base at the primer terminus % 4o | . n+3
(n) resulted in significant gains iMH (7.6 kcal/mol), AGs; % 39 39+
(1.6 kcal/mol), andr,, (5.9 °C), and the trend continued to+ 6, ;o. f:, fZ:
with all of the pairs fromn + 1 to n + 6 comprising Watson - 0e 1
Crick base pairs (Table 1). The results were comparable to those 0 : ‘ 0.1 ‘
values estimated by the nearest-neighbor parameters (Table S1, 5B Py BB s B B, %8

Supporting Informationj.In contrast, incorporation of dC opposite Figure 2. Differential scanning calorimetry (DSC) curves in 20 mM
the FAF lesion showed little change in the melting thermodynamics, phosphate buffer containing 0.1 M NaCl at pH 7. The total heat of the
and the impact persisted o+ 2. This long-range effect is in accord  helix-coil transition of () dC-match, (b) dA-mismatch template primer series
with previous steady-state kinetic results by Miller and Grollfnan Was measured and the excess heat capablly™™ is plotted versus
which showed significant reductions @610°) in incorporation temperature.
rates around the lesion and severatidwnstream sites. The lesion  aforementioned control dC-match series (Table 1). Gibbs free
at n may interfere with the ability of the modified dG to form  energyAGs; and T, from n — 1 ton + 2 were also decreased by
Watson-Crick base pairs, thereby reducing overall fidelity of 0.2 kcal/mol and 2.2C, respectively. These results indicate the
replication. While there was considerable entropy compensation complexity of a G:A mismatch in terms of H-bonding, stacking,
(Table 1)% the data showed the enthalpy terms are primarily geometric fit, and cooperativity with neighboring base pirs.
responsible for the adduct-induced thermal and thermodynamic Johnson and Bee¥ehave termed this phenomenon a “short-term
destabilization. memory effect” of replication errors. A similar distortion effect
An identical set of measurements was obtained for the dA- has also been observed in RNRInterestingly, FAF adduction did
mismatch series (Figure 2b). Unlike the dC-match cases above,not alter significantly the overall DSC profiles (Figure 2b) and

addition of dA atn resulted in reduction oAH, AGs7, and Ty, by resulted in consistent increases in thermal stabilities<2.2 °C)

1.5 kcal/mol, 0.1 kcal/mol, and 0.9C, respectively. Although betweenn — 1 andn + 2 relative to the controls.

Watson-Crick base pairs followed the mismatch site, g values Stacking is an important contributor to the thermal and thermo-
during then — 1 to n + 2 extension were increased by only dynamic stabilities of a DNA duple® In the present case, the
5.6 kcal/mol, and the normal trend resumed &t 3. This is clearly interaction between the bulky AF and neighboring bases could be

in contrast to the value~20 kcal/mol) observed with the  modulated by both favorable stacking and unfavorable steric
12108 = J. AM. CHEM. SOC. 2007, 129, 12108—12109 10.1021/ja075271p CCC: $37.00 © 2007 American Chemical Society
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Table 1. Thermodynamic Parameters Derived from DSC

modified template (Figure 3b) under the same experimental
Experiments for Simulated AF-Induced Translesion DNA

conditions resulted in comparable thermodynamic parameters

Synthesis? )
ynness (AAG® ~ 0 kcal/mol) regardless of whether dC or dA was inserted
“AH? “AS? ~AGy® Tn’ atn. Shibutani et at* have shown that a single AF lesion in simian
sequence (kealfmol) (ev) (keal/mo) () COS cells produces a wide range-&9%) of sequence-dependent
n—1  60.8(61.6) 168.2(172.5)  8.6(8.0) 50.6 (47.5) G — T mutational specificity, the most targeted base mutation by
dC-match this lesion.
n 1 gi-g ((gg-g)) igg-g (é‘iig)) g-g (835)4) 55(175((5%?&?) In summary, we have demonstrated the utility of DSC methods
Nt 65.6 (83.4) 182.6 (232.7) 90(11.2) 513 (57.9) for evaluatm_g the de_talled therm_odynamlcs of translesnon_synthes_ls
n+3  77.4(92.4) 2169 (256.5) 10.1(12.9) 54.1(61.6) across carcinogen-induced lesions. The thermodynamic paucity
n+6 93.2(110.3) 260.8(306.1) 12.4(15.4) 59.2(65.5) Qenerated by either a lesion or mismatch might be responsible for
dA-mismatch the short-term memory effects observed with replicative poly-
n 59.7 (60.1) 164.5 (168.4) 8.7 (7.9) 51.1(46.6) merases$’c The equilibrium thermodynamic data also provide
n+1  584(64.9)  160.8(184.0) 85(7.8)  50.7(45.7)  insightinto the most prevalent dA mismatch induced by AF. How-
n+2 58.0(67.2) 160.3 (191.5) 8.3(7.8) 49.4 (45.3) ever, kinetic effects undoubtedly play a key role in the processing
n+3 68.8 (76.5) 192.7 (217.4) 9.0 (9.0) 50.9 (49.6) f this bulky lesion b | Th fth |
n+6 81.1(86.9) 227.0(245.0) 107(10.9) 55.7(55.3) Of this bulky lesion by polymerases. The nature of the polymerase

aValues of unmodified control duplex are given in parentheses. Standard
deviations forAH®, AS’, AG37°, and Ty, are £2 kcal/mol, £6 eu,+0.3
kcal/mol, and+0.2 °C, respectively? At 0.1 mM.
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Figure 3. DSC curves of am — 1 (green)— n transition with insertion
of dC (black), and dA (red) opposite (a) unmodified and (b) FAF-modified
G at the primer terminus junctiomy
interactiong2 As such, AF induced only a slight change in melting
enthalpy (Table 1) at tha — 1 andn positions but substantially
changed melting enthalpy {® kcal/mol) fromn + 1 ton + 6.
This suggests that the entropy around the lesion plays a critical
role in the increased adduct-induced thermodynamic stability.
The above DSC results, albeit with no polymerases involved,
suggested the possibility of a significant thermodynamic contribu-
tion that distinguishes between dCTP and dATP insertion opposite
the lesion. Figure 3a and b shows the calorimetric profiles measured
for nucleotide insertion at for the unmodified control and FAF-
modified series, respectively. Without the lesion, the addition of a
matched dC base was clearly favored over insertion of NAG®
= 1.7 kcal/mol) (Figure 3a, Table S2, Supporting Information).
These values were larger than those reported previously-(0.1
1.0 kcal/mol) in various sequence conte}d.he discrimination
enthalpy differenceAAH® was 9.1 kcal/mol with considerable
enthalpy-entropy compensatiolrAAS’ = 23.9 eu) (Table S2,
Supporting Information). It has been proposed that the effect of
enthalpy-entropy compensation is suppressed in the enzyme
catalytic pocket; if so, then insertion preference is primarily
modulated by the enthalpy terthTherefore, our findings are in
accord with the generally low dA misinsertion mutational specificity
(~0.5%) detected for unmodified contrdtsin contrast, the FAF-

is likely to govern and to determine the balance between kinetic
and thermodynamic effects. This is a significant future challenge,
and the current findings provide the key data for such future studies.

Acknowledgment. Dedicated to Professor Chang Kiu Lee on
the occasion of his 60th birthday. We would like to thank the
reviewers for their valuable comments with regards to kinetic
contribution. This work was supported by the NIH (RO1CA098296),
and the NSF/RI-EPSCoR Proteomic (0554548) and RI-INBRE (P20
RR016457) core facilities.

Supporting Information Available: Experimental procedures
(Figures S1,2), mass characterization (Figures 53 plots (Figures
S6-19) and tables (Tables S1,2) of thermodynamic data. This material
is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Branzei, S.; Foiani, MDNA Repair2007, 6, 994—1003.

(2) (a) Geungerich, F. RChem. Re. 2006 106, 420-452. (b) Kunkel, T.
A.; Bebenek, K Annu. Re. Biochem.200Q 69, 497—-529.

(3) Miller, H.; Grollman, A. P.Biochemistryl997, 36, 15336-15342.

(4) (a) Friedberg, E. C.; Lehmann, A. R.; Fuchs, R. PM@l. Cell. 2005
18, 499-505. (b) Nohmi, TAnnu. Re. Microbiol. 2006 60, 231-253.

(5) (a) Echols, H.; Goodman, M. Annu. Re. Biochem.1991, 60, 477—
511. (b) Goodman, M. F.; Fygenson, K. Benetics1998 148 1475-
1482. (c) Minetti, A. A.; Remeta, D.; Miller, H.; Gelfand, C. A.; Plum,
G. E.; Grollman, A. P.; Breslauer, K. Proc. Natl. Acad. Sci. U.S.A.
2003 100, 14719-14724.

(6) Heflich, R. H.; Neft, R. EMutat. Res1994 318 73-114.

(7) FAF is a fluorine-labeled AF adduct which has been used extensively as
a conformational probe for dynami®= NMR. (a) Cho, B. PJ. Erviron.

Sci. Health, Part C: Eniron. Carcinog. Ecotoxicol. Re 2004 22, 57—
90. (b) Meneni, S.; Shell, S. M.; Zou, Y.; Cho, B.€hem. Res. Toxicol.
2007, 20, 6—10. (c) Meneni, S.; Liang, F.; Cho, B. B. Mol. Biol. 2007,
366, 1387-1400.

(8) (a) SantaLucia, J.; Allawi, H. T.; Seneviratne, P.Biochemistry1l996
35, 3555-3562. (b) Breslauser, K. J.; Frank, R.;"Bker, H.; Marky, L.

A. Proc. Natl. Acad. Sci. U.S.A.986 83,3746-3750.

(9) (a) Kool, E.Annu. Re. Biophys. Biomol. Struct2001, 30, 1—22. (b)
Allawi, H. T.; Santalucia, JBiochemistryl998 37, 2170-2179.

(10) Johnson, S. J.; Beese, L.Gell 2004 116, 803—-816.

(11) Morse, S. E.; Draper, D. Bucleic Acids Resl995 23, 302-306.

(12) (a) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J;
Tahmassebi, D. C.; Kool, E. 0. Am. Chem. So200Q 122, 2213-
2222. (b) Yakovchuk, P.; Protozanova, E.; Frank-Kamenetskii, M. D.
Nucleic Acids Res2006 34, 564-574. (c) Hardman, S. J.; Thompson,
K. C. Biochemistry2006 45, 9145-9155.

(13) Petruska, J.; Goodman, M. F.; Boosalis, M. S.; Sower, L. C.; Cheong,
C.; Tinoco, |.Proc. Natl. Acad. Sci. U.S.A.988 85, 6252-6256.

(14) Shibutani, S.; Suzuki, N.; Tan, X.; Johnson, F.; Grollman, A. P.
Biochemistry2001, 40, 37173722.

JAO075271P

J. AM. CHEM. SOC. = VOL. 129, NO. 40, 2007 12109



