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Phosphoryl transfer reactions are ubiquitous in biology, and
the macromolecules that catalyze them often require divalent
metal ions for tertiary structure or catalytic activity or both.
Determining the role of the metal ions in catalysis is a difficult
challenge in mechanistic enzymology, even with the aid of
crystallographic studies. Sulfur substitution of the oxygens on
the reactive phosphoryl group provides a means to test metal
ion-phosphoryl oxygen interactions because some divalent
metals such as Mn2+ readily accept sulfur as a ligand, whereas
others such as Mg2+ do not. Thus, a shift in metal specificity
from Mg2+ toward Mn2+ following sulfur substitution provides
strong evidence for a direct metal ion interaction with the
substituted oxygen atom.1 Metal-ligand specificity was first
used two decades ago to determine the screw sense specificity
of enzymes that use metal complexes of adenine nucleotides.1d

However, only recently has it been exploited to reveal the
catalytic principle of leaving group stabilization in enzymatic
phosphoester transfer reactions.2 Although this approach has
become popular in recent years, particularly as a tool for
identifying metal ligands on protein and RNA enzymes,3 some
of the conclusions derived from these analyses have been
controversial (refs 3f and 4-7). It is therefore necessary to
establish the efficacy of the approach by investigating an enzyme
for which independent structural evidence exists in favor of a
catalytic role for metal ions.8 Thus, we applied the metal
specificity switch approach to test the role of a metal ion in
leaving group stabilization at the structurally defined 3′-5′

exonuclease site of the large proteolytic fragment (Klenow
fragment) ofEscherichia coliDNA polymerase I (Kf).8

In the Kf exonuclease reaction, the 3′ terminal phosphodiester
linkage of a DNA oligonucleotide is cleaved by attack of water
or hydroxide ion, yielding dNMP and a shortened oligonucleo-
tide ending with a 3′ hydroxyl. The most prominent structural
feature of the exonuclease site is a binuclear metal center that
is proposed to mediate phosphoryl transfer (Figure 1a). In
enzyme-product (dNMP) complexes, a pentacoordinate metal
(A) shares a ligand, Asp-355, with an octahedral metal (B).8b,c

Superposition of wild-type structures bound with product onto
mutant enzyme structures (lacking metal ion B) bound with
oligonucleotide substrate8b,c,9 places the 3′ oxygen atom (the
leaving group) of the substrate within the inner coordination
sphere of metal ion B (2.4 Å).8b Therefore, metal ion B is
proposed to interact directly with the 3′ oxygen atom in the
transition state, presumably stabilizing the developing negative
charge on the oxyanion leaving group. Although the two-metal-
ion mechanism of Kf is thought to be a general strategy by
which many protein enzymes and ribozymes catalyze phosphoryl
transfer,8a,10there is no direct biochemical evidence that the 3′-
5′ exonuclease employs a metal ion in this role.
To investigate the proposed interaction, we employed a

substrate2 containing a 3′-S-phosphorothiolate diester linkage
(Figure 1b), in which the 3′ bridging oxygen atom of the first
phosphorothiolate linkage encountered by the exonuclease was
replaced by a sulfur atom. We measured rates for cleavage of
1 and2 as 5′-radiolabeled, single-stranded substrates with Kf
in excess over substrate and with either Mg2+ or Mn2+ as the
only divalent cation. The rate of disappearance of substrate (7
mer) represents the rate of cleavage of the first phosphodiester
linkage. Plots ofkobs were linear with Kf concentration (see
the Supporting Information); the slopes of these lines therefore
represent second-order rate constants for reactions of enzyme
and substrate and are shown askcat/KM values in Table 1.
The phosphorothiolate linkage of2 reacted extremely slowly

in Mg2+ compared to the normal phosphodiester linkage in1,
requiring∼200-fold higher concentrations of Kf to enhance
cleavage above background. The thio effect, defined as the ratio
of specificity constants (kcat/KM)1Mg

2+/(kcat/KM)2Mg
2+, was 50 000

(Table 1) and indicates that in Mg2+ the enzyme is highly
specific for the normal phosphodiester linkage. When Mn2+

replaced Mg2+, kcat/KM for 1 increased by a factor of nearly
740 [(kcat/KM)1Mn

2+/(kcat/KM)1Mg
2+]. Multiple turnover experi-
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Figure 1. (a) The proposed transition state for phosphoryl transfer in
the 3′-5′ exonuclease site of Kf. (b) The single-stranded oligonucleotide
substrates used in this work. Compound1 contains all normal phos-
phodiester linkages, and2 contains a single 3′-S-phosphorothiolate
diester linkage2,17 (N ) 5′-dCCCUC). Substrates contained 2′-deoxy-
uridine because of the availability of the 3′-S-thiophosphoramidite.2
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ments with substrate in excess of enzyme revealed that this is
largely an effect onKM (data not shown). Kf-catalyzed cleavage
of 2 increased even more dramatically when Mn2+ replaced
Mg2+ (∼60 000-fold) and was readily observed at nanomolar
enzyme concentrations. The thio effect [(kcat/KM)1Mn

2+/(kcat/
KM)2Mn

2+] was 610, reduced from 50 000 in Mg2+ and indicates
that the specificity of the enzyme for the normal substrate vs
the modified substrate is reduced in Mn2+ compared to Mg2+.11

In nonenzymatic reactions, the ability of divalent metal ions to
catalyze cleavage of a phosphorothiolate linkage correlates with
the thiophilicity of the metal ion.12 Considering that Mn2+

coordinates to sulfur more effectively than Mg2+ in complexes
with ATPâS1b or AMPS,1a the∼80-fold rescue of the thio effect
by Mn2+ in the exonuclease reaction strongly supports the
proposal that metal ion B interacts directly with the leaving
group.13,14 Additionally, the thio effects were similar (within
error) at all pH values tested (Figure 2), showing that the Mn2+

rescue is not fortuitous at a given pH.
To our knowledge, our results provide the first functional

evidence that protein enzymes use metal ions to stabilize
oxyanion leaving groups. The corroboration of the biochemical
analysis presented here with the crystallographic results8,9

establishes the metal specificity approach as a viable means of
exploring the role of metal ions in biological catalysis.
Furthermore, this study reinforces conclusions that often must
be deduced in the absence of independent structural data. Metal
specificity experiments have implicated a metal ion in leaving
group stabilization for self-splicing by theTetrahymenari-

bozyme2,15 and for nuclear premessenger RNA splicing by the
spliceosome.16 Thus, it appears that this catalytic strategy may
be used by protein, RNA, and ribonucleoprotein enzymes.
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Table 1. Rate Constants for Cleavage of DNA Substrates with
Mg2+ or Mn2+ a

kcat/KM (M-1 s-1)

substrate Mg2+ Mn2+

1 6.4× 103 4.7× 106

2 0.13b 7.7× 103

thio effect (1/2) 50 000 610
relative thio effect 80 1

aReactions at 37°C with 50 mM Tris-HCl (pH 7.6), 8 mM metal
dichloride, 10 mg/mL bovine serum albumin (BSA), and 5 mM DTT;
reaction profiles were obtained to ensure metal and BSA concentrations
were optimal.b Because the reaction of2 with Mg2+ is so slow, this
rate has been corrected by subtracting the rates of background
degradation obtained from control reactions without Kf.

1
2

Figure 2. The pH dependence of the thio effect for a given metal
underkcat/KM conditions (b Mg2+, ( Mn2+).
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