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Nonenzymatic alkylating agents often create DNA lesions
with toxic, mutagenic, and carcinogenic consequences.!? To
defend against these adducts, nearly all organisms possess
proteins that repair alkylated DNA.2 Escherichia coli employs
the Ada protein both to repair DNA alkylation products®~¢ and
to regulate the transcription of genes which encode for DNA
alkylation repair proteins.”® The primary lesions repaired by
Ada are OS-methylguanine, O*methylthymine, and the S,
diastereomer of methylphosphotriesters.*~® Ada removes the
offending methyl groups by direct, stoichiometric, and irrevers-
ible transfer to specific cysteine residues in the protein.>~> In
particular, Cyssy is responsible for repair of the base adducts*
and Cyseg repairs the methylphosphotriesters.> Cysgo is one of
four cysteines tightly bound to a zinc ion®~ '3 essential for protein
activity.!?

From an inorganic perspective, we are interested in the role
of the [Zn(S-cysteine)s]>~ site. Why is the active Cyseo residue
coordinated to zinc? Why is zinc ligated by four cysteines?
How does zinc modulate the nucleophilicity of the coordinated
thiolate compared to that of the free thiol? We have begun to
address these questions through the use of small-molecule model
chemistry. In this initial study, we report the use of [(CH3)4NJ>-
{Zn(SCeHs)4]' to represent the [Zn(S-cys)s]>~ site of Ada and
(CH30)3P(0) to mimic the DNA methylphosphotriester lesion.
The new compounds (CH3)sN{Zn(SC¢Hs)3(Melm)] (Melm =
1-methylimidazole) and [Zn(SCg¢Hs),(Melm),] were prepared
to model the behavior of alternative [Zn(S-cys);(N-histidine)]™
and [Zn(S-cys),(N-his),] sites. In this manner, we discovered
a trend in reactivity among the zinc compounds which may
provide insight into the regulation of thiol reactivity by metal
coordination.

The 1:1 reaction of {(CH3)sN1]:{Zn(SCsHs)s] and (CH30)3P-
(0O) in DMSO-¢; yields quantitatively (CH30),PO,~ and CHs-
SCeHs as indicated by 'H NMR spectroscopy. This reaction is
similar to DNA methylphosphotriester repair by Ada in that a
phosphotriester and a zinc thiolate are converted to a phos-
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Figure 1. 'H NMR spectral changes used to follow the reaction of
[(CH3)aNJ,[Zn(SCeHs)s] with (CH30);P(O) in DMSO-ds under pseudo-
first-order conditions with [(CH3);N]5[Zn(SC¢Hs)s] in excess. The
asterisk denotes a signal arising from '*C—H coupling in the (CH3)N*
counterion,

phodiester and a methyl thioether. Proton chemical shifts of
the resulting CH3SC¢Hs are identical to those of a genuine
sample, indicating that the thioether product is not coordinated
to zinc. This result differs from that obtained for the zinc® and
cadmium!® forms of Ada in which, after methylphosphotriester
repair, the S-MeCysgy reaction product is coordinated to the
metal. In the model chemistry, (CH30),PO;" is at least partially
coordinated, as evidenced by a broad peak (Avi; = 60 Hz) in
the 3'P NMR spectrum which is shifted downfield by 0.6 ppm
relative to the narrow (Av;, = 5.1 Hz) 3'P resonance of a
genuine sample of NH4{(CH30),PQ,] at the same concentration.

Kinetic studies of the (CH3;0);P(O) demethylation by
[(CH3)sNL[Zn(SCeHs)s] (Figure 1) reveal a second-order rate
constant of (1.6 = 0.3) x 1072 M~! s7" at 24.8 (£0.3) °C as
measured by '"H NMR spectroscopy in DMSO-ds.!* In buffered
aqueous solution at 4 °C, Ada repair of a single-stranded DNA
methylphosphotriester lesion occurs with a second-order rate
constant of 2.8 x 102 M~! s71.16 This large difference in
absolute rate constants is not unexpected given the usual ability
of proteins to operate more efficiently than biomimetic model
compounds. In addition, aromatic thiolates used in the present,
first-generation zinc complexes are expected to have decreased
nucleophilicity relative to the aliphatic cysteine thiolates in Ada.

We were interested to explore whether a zinc thiolate with a
ligand environment other than {Zn(S-cys)s]?>~ could also de-
methylate phosphotriesters. To address this question, the
complexes (CH3)sN[Zn(SCsHs)s(MeIm)]'7 and {Zn(SCeHs),-
(MeIm),]'® were synthesized and characterized by 'H NMR,
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Details will be reported elsewhere.
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For 2574 unique, observed reflections with F2 > 30(F?) and 298 variable
parameters, the final discrepancy indices were R = 0.048 and Ry, = 0.055.
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Figure 2. ORTEP diagrams of the [Zn(SCsHs):(Melm)]~ anion (top)
and [Zn(SCeHs)>(Melm);] (bottom) showing the 50% probability
thermal ellipsoids for all non-hydrogen atoms. Atoms related by a C;
axis are designated with an asterisk. Selected interatomic distances (A)
and angles (deg) are as follows. [Zn(SCsHs)s(Melm)]—: Zn—S1, 2.316-
(2); Zn—S82, 2.321(2); Zn—S3, 2.314(2); Zn—N1, 2.072(5); S1—Zn—
S2, 106.56(7); S1—Zn—S3, 124.14(7); S2—Zn—S3, 110.75(7); S1—
Zn—N1, 99.3(2); S2—Zn—NIl, 114.4(1); S3—Zn—NIl, 103.8(2).
[Zn(SC¢Hs):(Melm),}: Zn—S1, 2.2916(7); Zn—NI1, 2.038(2); S| —Zn—
S1%,128.47(4); S1—Zn—N1, 106.61(7); SI—Zn—N1*, 102.38(7); N1—
Zn—N1*, 109.8(1).

elemental analysis, and single-crystal X-ray diffraction methods
(Figure 2). Both (CH3)aN[Zn(SCeHs);(Melm)] and [Zn(SCeHs)>-
(Melm),] react with (CH30);P(O) to yield (CH30),PO,™~ and
CHaSC¢Hs. It is therefore conceivable that {Zn(S-cys);(N-his)]~
and {Zn(S-cys)2(N-his);] sites would also be capable of meth-
ylphosphotriester repair. Kinetic examination of these reactions,
however, revealed that the three zinc compounds have markedly
different reactivities toward (CH;0);P(O) (Table 1). The
tetrathiolate {Zn(SCgHs)4]>~ ion has a much larger rate constant
than [Zn(SCsHs)3(Melm)]~, which in turn, reacts significantly
more rapidly than the neutral molecule [Zn(SCe¢Hs)>(MelIm);].
From these results, we conclude that, although alternative {Zn-
(S-cys)s(N-his)]~ and [Zn(S-cys)2(N-his),] sites could repair al-
kylated phosphates, the [Zn(S-cys)s]>~ center will do so with
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at 199 K: size ca. 0.25 x 0.28 x 0. 32 mm, space group C2/c, a = 12.372-
5&2) A, b =18703(2) A, ¢ = 9.329(2) A, 8 = 100.60(2)°, V = 2121.7(6)

3, Z = 4, For 1894 unique, observed reflections with F2 > 3g(F?) and
123 variable parameters, the final discrepancy indices were R = 0.036 and
Ry = 0.040.
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Table 1. Kinetic Rate Constants for Reactions of Benzenethiolate
and its Zinc Complexes with (CH30);P(O)?

compound k{s™h

[(CH3)sN12[Zn(SCsHs)4] (8+£2)x 1073
(CH3)aN[Zn(SCeHs)3(Melm)] (6+2) x 1078
[Zn(SCgHs)2(Melm),] <5 x 1078
(CH3)4N(SC¢Hs) (1.1 £0.4) x 107

@ Reactions were carried out under pseudo-first-order conditions with
zinc or tetramethylammonium thiolate in excess at 5 mM and
(CH;0)3P(0O) at 1 mM. Experiments with [(CH3)sN][Zn(SCsHs)a}
concentrations up to 20 times that of (CH30)3P(O) exhibited similar
pseudo-first-order behavior. Kinetics were monitored by 'H NMR
spectroscopy in DMSO-ds at 24.3 (+£0.4) °C. Errors are upper and
lower bounds estimated from triplicate repeats of the experiments.

the highest rate constant. The extremely slow reaction of {Zn-
(SCeHs)2(Melm),] and (CH30)3P(O) suggests, in particular, that
[Zn(S-cys)2(N-his)], the prototypical zinc finger motif, is a poor
general nucleophile. This lack of reactivity may help to explain
the preponderance of {Zn(S-cys),(N-his)] sites employed for
structural purposes in many protein systems.'®~2!

To explore further the question of why Cysso in Ada is
coordinated to zinc, we compared the reactivities of {(CH3)4N1>-
[Zn(SCe¢Hs)s], C¢HsSH, and (CH3)sN(SC¢Hs). The last reacts
with (CH30);P(O) to yield (CH30),PO;~ and CH3;SC¢Hs. A
kinetic study of this reaction (Table 1) provides a rate constant
similar to that of [(CH3)sN]2[Zn(SCsHs)s].22 Benzenethiol,
C¢HsSH, however, does not react with (CH30);P(0) in DMSO-
de even after 1 month. This result clearly demonstrates that
protonation and metalation can differ dramatically in their ability
to regulate the nucleophilicity of a thiolate. Perhaps coordina-
tion of Cyse to a zinc center in Ada has evolved for the purpose
of sustaining the nucleophilicity of Cysgy under physiological
conditions.

In summary, [(CH3)sN1[Zn(SCeHs)s], (CH3)aN{Zn(SCsHs)s-
(Melm)], {Zn(SC¢Hs)2(MelIm),], and (CH3)sN(SC¢Hs) all react
with (CH30);P(0) to yield (CH3;0),PO,~ and CH3SC¢Hs.
Kinetic analysis reveals the following series of rate constants:
[(CH3)sN]2[Zn(SCeHs)s] ~ (CH3)sN(SC¢Hs) > (CH3)sN[Zn-
(SCeHs)3s(MeIm)] > {Zn(SC¢Hs)2(Melm),]. We conclude that
[Zn(S-cys)s]*~ is the optimum zinc center for DNA methylphos-
photriester repair and that the thiolate center in the {Zn(S-cys)»-
(N-his);] zinc finger motif has been deactivated, making it better
suited for a structural rather than a functional role. Our model
chemistry further suggests that coordination of Cyseg to the {Zn-
(S-cys)s} ~ moiety in Ada maintains its nucleophilicity and hence
its ability to function in DNA methylphosphotriester repair.
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