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DNA polymerases catalyze the synthesis of DNA with a fidelity
ranging from 1000 to 100 000.Although the kinetic properties
of DNA polymerases have been investigated extensivélyhe
physical origin of this high fidelity is still poorly understood. The
crystal structures of DNA polymeragk(Pol ) from rat brain
show the presence of two Mgions in the active sifé&’(Figure Ao 190 Asp 162
1). Functionally, it has been established that DNA polymerases ® ® 0
require divalent metal ions for cataly$i8. However, no kinetic Figure 1. Schematic diagram of the active site of Foshowing two

evidence thattwo divalent metal ions are required has been etq) jons, the nucleotide-binding ion (site A) and the catalytic ion (site
obtained for DNA polymerases, nor have the roles of the two gys

metal ions been dissected functionally. We here report the use
of Cr(I)dNTP coupled with stopped-flow fluorescence to show dTTP#in the absence of Mqg, only the fast phase was observed
the requirement of two metal ions, and to dissect their functional (Figure 2C). However, the slow phase was restored upon addition
roles in the catalysis by Pgl from rat brain (overexpressed in  of Mg?* (Figure 2D). Under the latter condition the substrates
Escherichia coli.® Pol 8 can serve as a good model for were turned over, and the rate of the slow phase was comparable
nucleotidyl transfer reactions because of its small size (39 kDa) to the rate of product (21-mer) formation measured by the rapid
and simplicity (without exonuclease or proof-reading activities). chemical quench assay. In the absence of any metal ions (dTTP

Using a synthetic DNA primer/template containing the 2-ami- alone) neither fluorescence changes nor catalysis occurred. These
nopurine nucleotide analogue (2-AP) (Figure 2A), we recently results clearly indicate that the fast conformational change is
reported two phases of fluorescence changes in the stopped-floninduced by the binding of Cr(lll)dTTP and the slow conforma-
fluorescence assay of nucleotide incorporation catalyzed by Poltional change by the binding of Mg On the basis of the crystal
B (Figure 2B)!° The fast phase was attributed to a conformational structure shown in Figure 1, &rand Mg*" should occupy the
change step because its rate dependence on [dTTP] is hyperbolicmetal ion sites A and B, respectively.
The rate of the slow phase corresponds to product formation. With  The results described above, taken together with our pre-steady-
a dideoxynucleotide-terminated primer, we have successfully state kinetic analyses reported previously, strongly support the
dissected the slow fluorescence change and the chemical stepmechanism we proposed for P@i©
and attributed the slow phase to a conformational change that is
the rate-limiting step in the reactidf. ED <N b N<&p.p N

Cr(ll) -nucleotide complexes have been extensively used as n kg Nk, n
analogues of Mg(lhnhucleotide complexes to solve enzymological K, ks
problems because of their exchange-inert propettiéd. When E'“D,N-M ,T‘f E"-D,'N-M f E"-Dpy1PM
the PolB-DNA complex was mixed wittg,y-bidentate CAII)-

—3
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Figure 2. (A) Sequences of 20/36(AP) DNA substratdsrepresents 2-aminopurine. {®) Stopped-flow fluorescence assays with MgdTTP (B),
Cr(IldTTP in the absence of Mg (C), and Cr(lll)dTTP in the presence of ¥ig(D). In (B), syringe 1 contained 04M Pol 5 and 0.6uM 20/36(AP)

in buffer 1 (50 mM MOPS, 50 mM KCI, 10% glycerol, pH 7.0), and syringe 2 contained@@@TTP and 2.2 mM Mg" in buffer Il (5 mM MES,

50 mM KCI, 10% glycerol, pH 6.1). The reaction was initiated by mixing&0solutions from each syringe at 2€, and the fluorescence signal was
monitored during the reaction. Multiple experiments were collected and average@q1&ns) to improve the signal-to-noise ratio. Two time windows
were used to accurately measure the rates of both the fast and the slow phases. The data were fit to a double exponertkigl tor\helth phases
(10.04+ 0.4 s%, 0.484+ 0.04 s1). The condition for (C) was the same as that for (B), except that syringe 2 containedv@(Il)dTTP instead of
dTTP and M@", and the data were fit to a single exponential to divg = 21.0+ 0.5 s'1. The condition for (D) was the same as that for (C) except
that 2 mM Mg@" was added to syringe 1, and the data were fit to a double exponential tdgive 12.0+ 0.3 and 0.32t 0.01 s*.

the fast conformational change) provides a selectivitKinn our understanding of the catalytic mechanism and the origin of

the range of 5150 corresponding to-13 kcal/mol. The rate- fidelity for Pol 8 in particular and DNA polymerases in general.

limiting conformational change has been proposed to be the otherin addition, the experimental approach used in this study can be

(major) source of fidelity:*® Since our results clearly demonstrate used to further probe the mechanism of other polymerases.

that one metal ion is essential for each of the two conformational

change steps, we conclude that the two metal ions are important - acknowledgment. This work was supported by NIH Grant GM43268.

for the fidelity of Pol5. This can explain why the fidelity of

DNA polymerases is sensitive to metal ions, and some metal ions JA973507R

are potential mutagerdg> T —r—— | TS US A%
In conclusion, we have successfully dissected the two confor- 86’(18%6(3?)(538 eocfl'(ménﬁ"lg_ 2‘:; f/ﬁlndvah, A[?g'.;’\ll_%tébéfég'iocﬂéngi'st'rﬁgsg

mational changes and the functional roles of the two metal ions 34 5810, (c) Copeland, W. C.; Lam, N. K.; Wang, T.5Biol. Chem1993

in the mechanism of P@. The results have greatly enhanced 268 11041.




