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Alkyl Transfer to Metal Thiolates: Kinetics, Active Species Identification, and Relevance to
the DNA Methyl Phosphotriester Repair Center of Escherichia coliAda

Jonathan J. Wilker and Stephen J. Lippard*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Receied September 6, 1996

The Ada protein ofEscherichia coliemploys a [Zn&-cys)]?~ site to repair deoxyribonucleic acid alkyl
phosphotriester lesions. The alkyl group is transferred to a cysteine thiolate in a stoichiometric reaction. We
describe a functional model for this chemistry in which a thiolate of [{)aM].[Zn(SGHs)4] accepts a methyl

group from (CHO)3PO. The thiolate salt (CHLUN(SCGsHs) is also active in methyl transfer, but the thiollSH

fails to react. Conductivity measurements and kinetic studies demonstrate thajsNBGREN(SCGHs)4] forms

ion pairs in dimethyl sulfoxide (DMSO) solutioi( = 13 &= 4 M~1) which exhibit diminished reactivity. The
reaction of [Zn(S@Hs)4]?~ with (CH3O)sPO is first order with respect to each reagent. A second-order rate
constant for this reactiofkz,, was determined to be (15 0.3) x 1072M~1s1. From kinetic data and equilibria
studies, all reactivity of [(CB)4N]2[ZN(SCsHs)4] toward (CHO)3PO could be attributed to dissociated thiolate.
Metal complexes representing alternative protein sites were prepared and displayed the following kinetic trend of

methyl transfer ability:

[(CH)AN]2[ZN(SCeHs)a] > [(CH3)aN]Z[Co(SGHs)s] ~ [(CH3)aN][Cd(SGHs)s] >

[(CH3)4N][ZNn(SCeHs)3(Melm)] > [Zn(SGHs)2(Melm),], where Melm= 1-methylimidazole. These results are
consistent with a dissociated thiolate being the active species and suggest that a similar mechanism might apply

to alkyl phosphotriester repair by Ada.

Introduction

The use of a [Zrscys)]?~ site to repair alkyl phosphotri-
esters raises several questions for the inorganic chemist. Why

_ Proteins capablésof repairing DNA alkylation damage occur s cysg9, the residue responsible for repair, coordinated to zinc?
in most organism$-* One of the best studied examples is the \why does the ligand environment of this zinc ion comprise four

Ada protein ofEscherichia coli Ada is responsible for repair
of Ob-alkylguanine,O*-alkylthymine, and thes, diastereomer
of alkyl phosphotriesters® The lesions are repaired by

stoichiometric and irreversible transfer of the offending alkyl

group to cysteine residues of the protéil2 Separate active

sites are present for mending the two alkylation damage

cysteine residues? When the cysteine thiolate accepts an alkyl
group from an alkyl phosphotriester, is it coordinated to zinc
or transiently dissociated? How does the nucleophilicity of a
metal thiolate compare to that of the analogous thiolate alone?
Why was zinc selected over other metal ions?

Previously, we used [(CHuN]2[Zn(SCsH5s)4] to mimic the

types™10.11 Base alkylation is repaired in the C-terminal portion  [71(s.cys),]2- site of Ada and (CHO)sPO to represent a DNA
of Ada by Cys32T,***2which is embedded in the sequence methyl phosphotriester lesion in a functional model system.

Asn-Xs-Pro-Cys-His-Arg-Val-%-Tyr-X1314Glu, conserved by
all known O8-alkylguanine transferasé. This repair process

Methyl transfer from (CHO)sPO to a thiolate of [(Ch)4N]2-
[Zn(SGsHs)4] occurred in deuterated dimethyl sulfoxide (DMSO-

does not require a metal ion. Phosphate damage is repaired byyy) solution, but zinc was not required for this reaction. Methyl

alkyl transfer to Cys69%-11one of four cysteine residues bound
to a zinc ion in the N-terminus of Ad&t416
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Table 1. Pseudo-First-Order Rate Constants for Reactions of
Benzenethiolate and Its Metal Complexes with €ORPC

compound k(sh
[(CH3)aN[[Zn(SCeHs)a] (8.24+0.6)x 1075
[(CHgaN][Zn(SCeHs)3(Melm)] (6+1)x 107
[Zn(SGHs)2(Melm);] <5x 1078
(CHg)aN(SGsHs) (1.14£0.3)x 1074
[(CH3)aN]2[Co(SGHs)4] (4+1)x10°
[(CH3)aN][Cd(SGHs)4] (3+1)x 105

a Reactions were carried out with 5.0 mM thiolate or metal complex
and 1.0 mM (CHO)PO in DMSOds. With the exception of
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[Zn(SGsHs)2(Melm)], all rate constants shown are an average of three Figure 1. Aliphatic region'H NMR spectral changes used to follow

kinetic runs. Error estimates reflect 1 standard deviation.

(N-his),] protein sites. The general nucleophilic character of
free vs metal-bound thiolates is discussed.

Experimental Section

General Procedures. All procedures were carried out under an

the stoichiometric reaction of [(CHN]2[ZnN(SCGsHs)4] and (CHO)s-

PO in DMSO#ds. The reaction was run under pseudo-first-order
conditions with excess [(CHUN].[Zn(SCHs)4]. The asterisk indicates

a signal arising from*C—!H coupling of the (CH)sN* counterion.

solution of GHsSH (22.9 g, 208 mmol), (&4s)sN (21.0 g, 208 mmol),
and (CH)4NCI (7.50 g, 68.3 mmol) over 45 min with stirring. Addition
of 2-propanol (45 mL) and overnight storage-&20 °C provided green

argon or nitrogen atmosphere using standard Schlenk and gloveboXcrystals (9.08 g, 14.1 mmol, 47%) which were collected by filtration,
techniques. Solvents were dried, degassed, and distilled according towashed with 2-propanol, and dried in vacuo. Anal. Calcd for

standard proceduré$’® NMR spectra were recorded at 251 °C on
Varian Unity 300 and VXR-500 instruments. AWP{H} NMR spectra

were recorded on samples with phosphorus concentrations of 211 mM.

For solubility reasons, all NMR spectra were taken in DM&O-The
parent complex [(CE)aN][Zn(SCsHs)4] was synthesized according to
a literature procedur®. The compounds [(CHUN][ZNn(SCeHs)s(Melm)]
and [Zn(SGHs)2(Melm),] were prepared as reported previouSly.
Kinetics. All kinetic runs were performed under pseudo-first-order

Cs2HaaN2S,Co: C 59.69; H, 6.89; N, 4.35. Found: C, 59.21; H, 6.88;
N, 4.28.

[(CH3)aN]2[Cd(SCeH5s)4]. A literature synthesis was modified to
obtain this compleX? Benzenethiol (8.91 g, 80.9 mmol), {ds)sN
(12.5 g, 124 mmol), and (CGHNCI (5.51 g, 50.3 mmol) were combined
in methanol (175 mL). To this solution was added Cdg¥&H,O
(2.58 g, 8.36 mmol) in methanol (25 mL) over 2 h. Normal butanol
(125 mL) was added over 10 min, and the reaction solution was stored

conditions with the concentration of thiolate or metal thiolate in excess at —20 °C overnight. The resulting colorless crystals were collected,

over (CHO)PO to prevent more than 1 equiv of methyl transfer.
Reaction kinetics were monitored By NMR spectroscopy in DMSO-
ds at 24.5 @ 0.6)°C. Typical*H NMR parameters for kinetic studies

washed withn-C,HyOH, and dried in vacuo. These crystals were
recrystallized from CHCN (50 mL), collected by filtration, washed
with n-C4,HgOH, and dried in vacuo!H NMR (DMSO-ds): ¢ 3.05 (s,

included 4 scans per spectrum, 40 s relaxation delay between scansp4 H, (CH;)N*), 6.62 (t, 4 H,p-H), 6.75 (t, 8 H,m-H), 7.36 (d, 8 H,

and 60 spectra per experiment. The total time of data collection was o-H). Anal. Calcd for G:H.N,.S4Cd: C, 55.11; H, 6.36; N, 4.02.
6 h. Solution volumes were standardized by using calibrated 1 mL Found: C, 55.02; H, 6.33; N, 4.02.

volumetric flasks.

Concentrations of reactants and products were

determined by referencing peak integrals to the methyl resonances ofResults

(CHs)4N* counterions, the concentration of which was determined from
starting material quantities and known solution volumes. Rate constants

were determined by curve fitting (GB)sPO concentration-vs-time
plots with a standard, integrated expression for first-order d&cay.

Reaction of [(CHs)4N]2[Zn(SCeHs)4] with (CH 30)3PO. As
shown by time-dependefit NMR spectroscopy in Figure 1, a
1:1 mixture of [(CH)4N][Zn(SCGHs)4] and (CHO)PO in

Pseudo-first-order rate constants (Table 1) were determined in triplicate, DMSO-ds reacts quantitatively to form GSGsHs, (CH:0)LPO, ™,
and the reported values are averages of the three kinetic runs with errornd{ Zn(SGHs)s} . The CHSGsHs product is not coordinated

reflecting one standard deviation.
Conductivity. Conductivity measurements were recorded on a
Fisher Scientific Model 09-326 conductivity meter equipped with a

platinum electrode. The instrument response was calibrated with NIST

conductivity calibration standards of KCI purchased from Fisher
Scientific. All solution temperatures were 241 °C.

(CH3)4sN(SCsHs). Benzenethiol (13.3 g, 121 mmol) was added to
an ethanol (50 mL) solution of (GH#iN(OH)-5H,0 (21.8 g, 120 mmol).

to zinc as evidenced by the fact that #8 NMR resonances
are identical to those of an authentic sample. The zinc-
containing reaction product retains three bound thiolates, which
are equivalent byH NMR spectroscopy. Thé&P{H} NMR
peak of (CHO),PO,™ is broad QAvi, = 60 Hz) relative to that

of a genuine sample of (NH{(CH30),PO;] (Avi2 = 5.1 Hz).
Owing to the high freezing point of DMS@s (18 °C), we were

The solvent was removed under vacuum to yield a colorless solid that unable to cool the NMR sample significantly. Heating the

was recrystallized from boiling acetonitriléH NMR (DMSO-dg): o
3.08 (s, 12 H, (CHN), 6.40 (t, 1 H,p-H), 6.64 (t, 2 H,m-H), 7.00
(d, 2 H,0-H). Anal. Calcd for GoH1/NS: C, 65.52; H, 9.35; N, 7.64.
Found: C, 65.83; H, 9.66; N, 7.91.

[(CH3)aN]2[Co(SCsHs)a]. This compound was prepared by modi-
fication of a literature proceduf@. A methanol (40 mL) solution of
Co(NG;)2*6H0 (8.74 g, 30.0 mmol) was added to a methanol (80 mL)

(18) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Third ed.; Butterworth-Heinemann Ltd.: Boston, MA,
1988.

(19) Gordon, A. J.; Ford, R. AThe Chemist's Companion. A Handbook of
Practical Data, Techniques, and Referencéshn Wiley and Sons:
New York, 1972.

(20) Dance, I. G.; Choy, A.; Scudder, M. . Am. Chem. S0d984 106,
6285-6295.

(21) Wilkins, R. G.Kinetics and Mechanism of Reactions of Transition
Metal Complexes2nd ed.; VCH Publishers Inc.: New York, 1991.

(22) Dance, I. GJ. Am. Chem. S0d.979 101, 6264-6273.

reaction solution, however, sharpefg{*H} NMR lines of the
(CH30),PO,~ product. From these results, we conclude that
(CH30),PO;~ is in dynamic equilibrium between zinc-bound
and free states. Scheme 1 depicts the reaction between
[(CH3)4N]2[ZNn(SGH5)4] and (CHO)PO. Attempts to crystal-

lize the zinc-containing reaction product from DMSO solutions
for single-crystal X-ray structural analysis afforded only crystals
of [(CH3)aN]2[Zn(SCeHs)a].

A kinetic analysis was undertaken to understand better methyl
transfer from (CHO);PO to [(CH)aN]2[Zn(SGHs)s]. As
shown in Figure 2, the reaction is first order in (€BJsPO. By
maintaining the (CHO)sPO concentration at a constant value
of 8.5 mM and varying [(Ch)aN]2[Zn(SGHs)4] from 30.0 to
181, mM, we obtained data for a plot of pseudo-first-order rate
constantkong VS [(CHs)aN]2[ZNn(SCGsHs)4] concentration (Figure
3). At higher concentrations of zinc, fewer data points were
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Scheme 1
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Figure 2. (CH3zO)sPO concentration vs time plot for a typical kinetic
run of the reaction between [(G}AN]2[Zn(SGsHs)4] and (CHO)sPO.
Pseudo-first-order conditions with [(G)AN].[Zn(SGHs)4] in excess
were employed. The data are fit to a first-order decay. The inset displays
the natural log of (CkD)3sPO concentration plotted against time. These
data are fit to a line.
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Figure 3. kops VS [(CHs)aN]2[ZNn(SCeHs)4] concentration plot. The
(CHs0)sPO concentration remained constant at 8.5 mM and §JDH,-
[Zn(SGsHs)4] concentration was varied over the range indicated.

available in plots of the (C§D);PO concentration vs time
required to obtain rate constants, leading to larger intrinsic errors.
Nevertheless, a leveling off ik, is apparent, suggesting the
formation of {[(CH3)4N][Zn(SCsH5)4]} ~ ion pairs.

lon Pairing. The conductivity of [(CH)4N]2[Zn(SCGsHs)4]
in DMSO solution further indicated the presence of ion pairing,
as revealed by curvature in the plot with increasing [{GN].-
[Zn(SGsHs)4] concentration (Figure 4). In order to evaluate the
effect of ion pairing on the reaction of [(G}N]2[ZN(SCsHs)4]
with (CH3z0)sPO, we performed kinetic studies in the presence
of added (CH)4N(PF;) to increase the concentration of the ion
paired specie§[(CH3)4N][Zn(SCsHs)4]} ~. Thekopsvalues were
diminished relative to those obtained in analogous runs without
added (CH)4N(PF;) (data not shown).

A model was formulated to describe the effect of ion pairing
on the methyl transfer reaction. This model separates the
reactivity of [Zn(SGHs)4]2~ from that of the ion paired species
{[(CH3)4N][Zn(SCsH5)4]} ~. As shown in Scheme 2, the model
proposes that [Zn(SEls)4]2~ is competent to react with
(CH30)3PO but the less chargdf(CH3)4N][Zn(SCsHs)4]} ~ is
not. This assumption is consistent with the observation that
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the reaction of [Zn(SgHs)s(Melm)]~ with (CH3zO);PO has a
pseudo-first-order rate constant an order of magnitude lower
than that of [Zn(S@Hs)4]%~ (Table 1).

We designate the concentration of [Zn(5fs)4]2~, solvated
but not ion paired, as{Zn(SGHs)a}? Itree; the concentration
of (CHs)sN* not involved in ion pairing as [(CEaN*]fee and
the concentration of ion-paired zinc species
[{[(CH3)4N][ZNn(SCsHs)4]} 1. The equilibrium constant for ion
pairing, Kip, is defined in eq 1 and the total zinc in eq 2. The

[{(CHy) J[Zn(SCeHs),l} |
[{ Zn(SCﬁHS)42_} ]free[(CH3)4N+] free

[Zn2+]tot = [{ Zn(SCGHS)A} 2_]free +
[{[(CH3),N][Zn(SCH5).]} 1 (2)

observed pseudo-first-order rate constant for the reaction of
[(CH3)4N]2[ZI’](SC6H5)4] with (CH30)3PO,kobs, is the pI‘OdUCt

of the true second-order rate constankz,, and
[{Zn(SGHs)4} 2 Jiree (€0 3). Equations43 can be rearranged

Kops = Kzl {ZN(SGH)4}* Tree ®3)

to provide an expression for [(GHMN]fee in terms ofkzn, Kops
Kip, and [Zr# M)yt (€9 4 derived in Appendix S1; see Supporting

_ an[Zn2+]tot - kobs
KIPkobs

Information). From eq 4, it is clear that a plot of ZToKobs
VS [(CHz)4N*]free Yields a slope ofKiplkza and an ordinate
intercept of 1kzn. This plot thus affords botKp andkz, if the
(CH3)4N*ee concentrations are known.

The (CH)4NTsee cOncentrations were obtained by the fol-
lowing iterative procedure. For each [(@kN]2[Zn(SCsHs)4]
concentration at which a kinetic run was performed (Figure 3),
an initial guess of [(Ck)sNT]iee Was made. Plotting [Z] o
Kobs VS [(CHg)aNT]qee provided a rough estimate of the ion
pairing equilibrium constantK;p, and the second-order rate
constantkzn, from eq 4. By using egs 1 and 2, substitution
and rearrangement afforded an expression for fjgNH sree in
terms only ofKp and [Zr? 1] (€q 5, derived in Appendix S2).

[(CH3)4N+] free =
KiplZn* i — 1 £ ((Kip[Zn* 1,09 + 6K p[Zn* ] o + 1)
2Kpp

as

@)

P

[(CH3)4N+]free (4)

(®)

The initial Kjp value was used in eq 5 to estimate the
(CH3)aNTqee concentrations. Replotting [2h]iot'Kobs VS
[(CH3)4sNT]see Yielded superioKp andkz, values. This process
was repeated until the [(GHIN]qee, Kip, and kz, values
converged. The final iteration of such a BEiofKops VS
[(CH3)aN*]sree plot is shown in Figure 5. From the ordinate
intercept, we obtained a second-order rate constant for the
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s ] o’ " rate constantizn, of (1.6 + 0.3) x 102 M1 s%. The slope oKp/kzn
£ 2000.0] o* an" yields an ion pairing equilibrium constarip, of 13+ 4 M2,

3 3 o =
2 ] o, " Table 2. Summary of Equilibrium and Rate Constants Discussed in
. [ | § (Zn(SC H,),Melm),} v constant value
0.0 kzn(M~1s7Y) (1.640.3)x 1072
0 50 100 150 200 Kip (M) 134+ 4
Conc (mM) Kpissocip(M) (1.0£0.9)x 102
Figure 4. Conductivity vs concentration plots of [(G}N]J[Zn- Epoiss(?\cll(*Ml)s*l) (>2(21f6tg)9) . (Tlg z
SGH top), (CiHo)sN(PFs) (top), [(CHs)sN][Zn(SCeHs)s(Mel hs : -0) %
(SGHa)] (top), (GiHg)N(PFs) (top), [(CH)N][Zn(SCaHs)a(Melm) iy (8% 4) » 10

(bottom), [Zn(SGHs)2(Melm),] (bottom), and (CH)4N(SGHs) (bottom)

in DMSO. . . . . . . L
n Equation 7 describes situations in which the observed reactivity

Kabs= Kznl{ZN(SGHE) 3 Tee T kondCeHsS 1 (7)

of [(CH3)4N][Zn(SGHs)4], parametrized byko,s can be
ascribed exclusively to zinc-bound thiolate, completely dissoci-
ated thiolate, or a combination of the two. In this equation,
the second-order rate constant for reaction of dissociated
benzenethiolate i&phs To discern the relative contributions
of [Zn(SGsHs)4? Jree @nd GHsS™ to the [(CH;)aN]2[Zn(SCsHs)4]
reactivity, the concentrations of each species are required.
Figure 7 displays the aromatic region of & NMR spectra
of (CHg)aN(SCGeHs), [(CHg)aN]2[ZN(SCeHs)4], [(CH3)aN][Zn-
(SGsHs)3(Melm)], and [Zn(SGHs)2(Melm),] in DMSO-dg. For
(CH3)4N(SGsHs), the peaks are sharp with well-resolved spin
spin coupling. For [(CH)4N]2[Zn(SGHs)4], however, they are
broad and display almost no splitting. The spectra of [{QNi-
[Zn(SGeHs)3(Melm)] and [Zn(SGHs)2(Melm),] are sharper and
have better resolved spitspin coupling. Ligand dissociation
accounts for the line broadening trend of [Zn¢Big)4)%~ >
[Zn(SGHs)3(Melm)]~ > [Zn(SGHs)2(Melm),]. The [Zn-
(SGeHs)4]%~ dianion is expected to dissociate a thiolate ligand
Ligand Dissociation. We next address the question of more readily than [Zn(Sgis)3(Melm)]~. Neutral [Zn(SGHs)2-
whether the active species is a zinc-bound or free thiolate. (Melm),] is even less likely to dissociate such a ligand. The

reaction of [Zn(SGHs)4]2~ and (CHO):PO of (1.6+ 0.3) x
102M~1s 1 (Table 2). This plot also afforded an ion pairing
equilibrium constantKp, of 134 4 M~ (Table 2).

With this value of Kip, the exact concentration of
[{Zn(SGHs)4} 2 rree available for reaction with (C¥D)sPO is
known for any starting [(CH)4N]2[Zn(SCGsHs)4] concentration.

A plot of kops Vs [ Zn(SGHs)4} 2 e cONcentration provided
the reaction order dependence dZM(SGHs)s}2 Jree AS
shown in Figure 6, this plot gave a straight line with an intercept
at the origin. From the plot, we conclude that the reaction of
[Zn(SGsHs)4]2~ and (CHO)PO s first order with respect to
[{Zn(SGHs)4} % 1ee cOncentration. With the order dependen-
cies of both reagents known, we arrived at the final rate equation
for the reaction of [(CH)4N]2[Zn(SGsHs)4] and (CHO)sPO, eq

6.

d{ Zn(SCH) 1%
- 3 21 2l {ZN(SGHe)} > 1(CH;0);PO]

(6)
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1 . CsHsS™. The extent of ligand dissociation is defined by an
8'0§ equilibrium constantKpissoo given in eq 8.
7.03
T 603 °e _ UZn(SGHI,(OMSO} TICHST
E Dissoc™ —
g {Zn(SGH* Tree
I
~° 3.0 Combined Effects of lon Pairing and Ligand Dissociation.
2.03 In order to define completely the reactivity of [(GHN].[Zn-
1.0 (SGsHs)4] in DMSO, knowledge of both ion pairing and ligand
Y P — —_ dissociation processes is required. The extent of [Zn-
) 8 16 24 32 40 48 (SGHs)3(DMSO)] ion pairing will be significantly less than
[Zn(SC H5)4]2-m Conc (mM) that of [Zn(SGHs)4)2~ owing to the reduced charge. In addition,
6

. . ) ) ) the ion-paired produd{(CHz)4N][Zn(SCsHs)4]} ~ can dissociate
E?#éﬁgin&;s;{fstlggggﬁggﬁ de]nfs;%?':ﬁ:'r‘égt'gr‘] %':;NV;E: i&?ﬁar a thiolate ligand. Scheme 4 depicts these possibilities. With
[Zn(SCeHs;i] and (CH;O)stO on [Zn(SGHs)4} 2 ]ree CONceNtration. [(CH3)aN"Trree representing the concentration of tetramethyl-
ammonium ion not involved in ion pairing, the equilibrium
(CHz)4N(SC¢Hs) constant for ligand dissociation from the ion paired complex
{[(CH3)aN][Zn(SCeHs)4]} ~, Kpissocin is given by eq 9. Dis-

KDissocIP:

[{Zn(SGHe):(DMSOY "1[CeHsS TICHN Tree
[(CH) NI Zn(5CHy),] [{[(CHa)N][Zn(SCH,).]} ]

sociation of the anionic benzenethiolate ligand will occur more
readily from [Zn(SGHs)4)2~ than{[(CH3)4N][Zn(SCsHs)4]} ~
because of its greater negative charge. The equilibrium constant
for dissociation from [Zn(S€Hs)4]2~, Kpissos Will therefore be
greater than fronfi[(CHz)aN][Zn(SCsHs)4]} ~, Kpissocipr(€q 10).

Kpieeoe™ K (10)

9)

[(CHy)N[Zn(SC¢H) (Melm)]

Dissoc DissoclP

As depicted in Scheme 4, addition of (gkN™" to a solution

of [Zn(SGsHs)4)2~ will shift the ion-pairing equilibrium toward

{[(CH3)4N][Zn(SCeHs)4]} ~. Addition of GsHsS™ to a DMSO
[Zn(SC¢Hg),(Melm),] solution containing the ligand-dissociated complex [Zn-
(SGHs)3(DMSO)]~ will convert this complex into the two forms
of zinc tetrathiolate, [Zn(S&Hs)4)2~ and {[(CH3z)4N]-
[Zn(SGsHs)4]} ~. In order to drive experimentally these solution
equilibria toward the ion-paired tetrathiolat€¢[(CHs)4N]-
[Zn(SGHs)4]} ~, both (CH)4NT and GHsS™, in the form of

78 76 74 72 70 68 66 64 62 (CH3)4N(SGsHs), were added to DMS@s solutions of

3 (ppm) [(CH3)4N]2[ZNn(SCeHs)4] at varying ratios. While keeping the

Figure 7. Aromatic regionH NMR spectra of (CH)JN(SGHs), concentration of [(Ch)4N]o[Zn(SCGHs)4] constant at 50.0 mM,
[(CH3)aN][Zn(SCsHs)4], [(CH3)aN]J[ZN(SCeHs)s(Melm)], and [Zn(SGHs) - we introduced varied quantities of (GHN(SGsHs), affording
(Melm)] in DMSO-de. solutions with (CH)sN(SGsHs) to [(CHz)aN]2[ZN(SCeHs)4]

ratios of 1:1, 5:1, 7.5:1, and 10:1. THel NMR spectra of
results in Figure 7 indicate that the rate of ligand dissociation, these solutions are shown in Figure 8.
as measured by line widths, increases with increasing thiolate  Peak broadening persists in (@N(SCsHs) and [(CHs)4N]2-
content of the complexes. Since the exchange is fast ofthe  [Zn(SCsHs).] mixtures with ratios of 1:1, 5:1, 7.5:1, and 10:1.
NMR time scale, we cannot determine from these data alone The spectra of these mixtures, however, exhibit two sets of
the extent of ligand dissociation by integrating peaks associatedbenzenethiolate resonances. For example, the 5:1 solution
with the zinc-bound and dissociated benzenethiolate. On thedisplays one set of phenyl proton resonances at 6.41 (para), 6.66
other hand, the rapid exchange permits us to discount ligand(meta), and 7.01 (ortho) ppm and another at 6.61 (para), 6.74
dissociation as a rate-determining step in the reaction of (meta), and 7.44 (ortho) ppm (Figure 8C). The separation into
[(CH3)aN]2[Zn(SCGeHs)4] with (CH30)sPO, owing to the low rate two discrete resonance sets, in addition to a slightly enhanced

constants of methyl transfer (Table 1). degree of peak splitting, is most pronounced at the higher ratios
Scheme 3 depicts the consequences of ligand dissociation or(Figure 8C, D). When (Ck4sN(PFs) was added to a solution
the reaction of non-ion-paired [Zn($Es)4]2~ with (CH30)z- of [(CH3)4N]2[ZNn(SGHs)4] to increase the amount of ion paired

PO. Free benzenethiolate will react with (&€»sPO as zinc tetrathiolate, the benzenethiolatd NMR resonances
indicated (Table 1). Although the identity of the zinc species become somewhat sharper than in a solution of {)g]2[Zn-
following thiolate dissociation is unknown, solvent binding to (SGiHs)4] alone (data not shown). This sharpening is due to
the empty coordination site is likely. The resulting zinc species increased amounts of ion-paired complex and less ligand
will have one less negative charge compared to [Zak&)z]%. dissociation from this ion-paired complex than the [Zn{S]2~

We assume reactivity of the solvated species [Zrt&Jz- dianion (eq 10). We therefore assign the two sets of ben-
(DMSO)]™ to be negligible relative to [Zn(S§Els)4)%~ and zenethiolate resonances in [(@kN]2[ZN(SGHs)4] solutions
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with added (CH)4N(SGsHs) to {[(CH3)4aN][Zn(SCeHs)4]} ~ and
CsHsS™. The upfield set of peaks have similar shifts to those
of (CH3)sN(SGHs) and are so assigned.

From the concentrations ¢{(CHzs)4N][Zn(SCsHs)4]} ~ and
CeHsS™ obtained from integrating thtH NMR peaks, a value
for the ligand dissociation equilibrium constant from the ion
paired complex, Kpissocip (€9 9), was computed. The
[{Zn(SGHs)3(DMSO) -] and [(CHs)sN*]ree concentrations
were obtained in the following manner. The desired
[(CH3)aN™]fee value is given by eq 11, in which both

[(CHN T = [(CHN Tipa =
[{[(CH3),NI[Zn(SCH5),]} 1 (11)
[(CH3)aN"Trora @and [ [(CH3)aN][Zn(SCeHs)4]} ] are known
quantities. Under the conditions of added N (SGHs), the
[{Zn(SGHs)3(DMSO)} 7] concentration is determined from eq
12, in which [Z#]iotar and [[(CH3)aN][Zn(SCeHs)4]} 7] are
[{Zn(SGHe)y(DMSO) 1 = [Zn* ] gpa —
[{[(CH3),NIIZn(SCHs),]} 1 (12)

known. Note that this expression does not include non-ion-

paired zinc tetrathiolate{ Zn(SGHs)a} > 1ee, Since the appear-
ance of separatelH NMR resonances for{[(CH3)4N]-

[Zn(SGsHs)4]} ~ and GHsS™ in solutions of [(CH)4N]2[Zn-
(SGsHs)4] with added (CH)4N(SGsHs) indicates that most of
the zinc tetrathiolate is ion paired. If such is not the case, the
concentration of [(CHs)4N][Zn(SCsHs)4]} ~ may be overesti-
mated, resulting in an underestimate of Hgssocipvalue (eq
9). In any event, we now have all the concentrations required
to computeKpissocipby €q 9 and, consequently, can sébwaer
limit for the desired equilibrium constant for ligand loss from
[Zn(SCeH5)4% ]tree, Kpissoc (€q 10).

Substitution of eqs 11 and 12 into eq 9 provides an expression
for Kpissocip in terms of known quantities (eq 13), where

Kpissocip= { [ZN* Tio — [(NTZNS) DICHsS T x
([(CH3),N i — [(N"ZnS) D}HI(NTZnS) ] (13)

[(N*ZnS)™] = [{[(CH3)aN][Zn(SCeHs)4]} 7]. Measured con-
centrations of [(CH3)sN][Zn(SCsHs)4]} ~ and [GHsS™] from
the solutions with (Ch)4N(SGsHs) to [(CHg)aN]2[ZN(SCeHs)4]
ratios of 5:1, 7.5:1, and 10:1 were used in eq 13 to obtain three
independent values dpissocir  An average of these results,
reflecting one standard deviation, provideK@ssocip value of
(1.0£ 0.9) x 1072 M (Table 2).

Reactivity of [(CH 3)aN]2[Zn(SCeHs)4] Due to Dissociated
CeHsS™. With this Kpissocip Value, we have a lower limit for
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Figure 8. *H NMR spectra of 50.0 mM [(CE)sN]2[Zn(SCHs)4] (A),
50.0 mM (CH;)4N(SGCsHs) and 50.0 mM [(CH)aN]o[Zn(SCeHs)4] (1:1
ratio) (B), 250 mM (CH)sN(SGHs) and 50.0 mM [(CH)4N],[Zn-
(SGHs)4] (5:1 ratio) (C), 376 mM (CH)sN(SGHs) and 50.0 mM
[(CH3)4N]2[ZH(SC6H5)4] (751 ratio) (D), 500 mM (C|§)4N(SC6H5)
and 50.0 mM [(CH)4N]2[Zn(SCsHs)4] (10:1 ratio) (E), and 50.0 mM
(CH3)4N(SC6H5) (F) in DMSO-Us.
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Kinetic studies of the reaction between 5.0 mM
(CH3)4aN(SGsHs) and 1.0 mM (CHO)3PO provided a pseudo-
first-order rate constant of (1.4 0.3) x 10 st (Table 1).
Since the reaction of [(CHUN][ZN(SCeHs)4] with (CH30)s-

PO is second-order (eq 6), it is reasonable to assume that the
reaction between (CHUN(SGHs) and (CHO)PO is also
second-order and follows the rate law shown in eq 17. With

d[CeHsS |

G = Kens[CeHsS 1(CH;0),PO]

17)

this assumption, the pseudo-first-order rate constant for ben-
zenethiolatekyns depends upon the second-order rate constant
(keh9 and concentration of benzenethiolate (ffeS]), as

indicated in eq 18. From the pseudo-first-order rate constant

Kobs = Kpns[CeHsS |

of (1.1 4 0.3) x 104 s™! (Table 1) and eq 18, the second-
order rate constant for benzenethiolate reacting withz(@kt
PO, kpns is (2.2+ 0.6) x 102 M~1s™1 (Table 2). From this
value, the 3.7+ 0.4 mM lower limit of benzenethiolate
concentration derived from [(CHiN]2[Zn(SGHs)4] and eqs 7
and 18, we compute a calculatkgs value,kea, of (8 £ 4) x
1075 s7! (Table 2). This calculated value compares quite
favorably with the measured pseudo-first-order rate constant of
(8.24 0.6) x 107> s~ for the reaction of 5.0 mM [(Ck)4N]2-
[Zn(SCsHs)4] and 1.0 mM (CHO)PO (Table 1). We therefore
conclude that dissociated thiolate is accountable for all the
measured reactity of [(CH3)4N]2[ZN(SGHs)4. Scheme 5

(18)

dissociation from the non-ion paired zinc tetrathiolate species summarizes the solution behavior of [(@kN]2[ZN(SCGsHs)4]

[Zn(SC6H5)42*]free Thus, Kpissoc is =(1.0 &+ 0.9) x 102 M

with respect to ion pairing, ligand dissociation, and reactivity

(Table 2). Pseudo-first-order kinetic studies of the reaction of with (CH;0)3PO.

[(CH3)4N]2[ZH(SC6H5)4] with (CH30)3PO at 5.0 mM and 1.0
mM afford a rate constant of (822 0.6) x 105 s (Table 1).

Metal lon Variation. In order to address the question of
why zinc may have evolved for repair of alkyl phosphotriesters

We now consider how much of this reactivity might be due to by Ada, we explored the reactivity of cobalt(ll) and cadmium(Il)

dissociated benzenethiolate. From the lower limitkgfssoo

tetrathiolate complexes. Both [(G}dN][Co(SGHs)s] and

we can obtain a lower limit of benzenethiolate dissociated from [(CH3)aN]o[Cd(SGHbs)4] react with (CHO):PO. Products from
zinc. As shown in eq 14 and Scheme 3, the concentrations ofreaction with the cobalt complex are similar to those obtained

[CeHsS 120 = [{Zn(SGH:),(DMSO)} ] (14)

dissociated benzenethiolate and [Zn§B€)3(DMSO)]- are

in a stoichiometric reaction of [(CHuN]2[Zn(SCsHs)4] with
(CH30)3PO. The thioether C}$CsHs is not coordinated to the
cobalt center, as indicated By NMR resonances, which were
identical to those of a genuine sample. The phosphate

equal. This equality and the expression for the concentration (CH3O)2P027 appears to be in an equi"brium between metal-

of starting zinc complex, [ZA1]sart(€q 15), can be substituted
[Zn2+]start: [{ Zn(SCGHS)A} 2_]free +

[{Zn(SGHs);(DMSO}} ] (15)
into eq 8, which defineKpissops  Rearrangement affords eq 16,

/
_KDissoci (KDissoc2 +4 KDissoiznZJr]star;l 2
2

[CeHsS 1= (16)

derived in Appendix S3. Note that [Zhstar iS [ZN ] iotal
exclusive of the ion paired tetrathiolatef[(CHs3)4N]-
[Zn(SGsHs)4]} ~. The low, 5.0 mM concentration of [(GHN] .-
[Zn(SGHs)4] used in this analysis was chosen to minimize
ion-pairing such that only [Zn(SEls)42 lree and
[Zn(SGsHs)3(DMSO)]~ concentrations were significant. By
using the lower limit forKpissocand a Z&* g concentration of
5.0 mM from the kinetic runs of interest, a minimumgfGS ]2,
concentration of 3.2 0.4 mM was obtained. Relative to the
starting [(CH)4N]2[Zn(SCsHs)4] concentration of 5.0 mM, this
lower limit is significant and warrants further examination.

bound and free states, as demonstrated by a braag,(=
238 Hz)3P{'H} NMR resonance similar to that observed in
the zinc reaction. As indicated in Table 1, [(@kN];[Co-
(SGHs)4] exhibits a pseudo-first-order rate constant significantly
less than that of [(CE)4N]2[ZN(SCsHs)4).

Products for a 1:1 reaction between [(§4N][Cd(SGHs)4]
and (CHO)3PO are slightly different than for the zinc and cobalt
complexes. Again, the methylated product $58:Hs is not
coordinated to thg Cd(SGHs)s} ~— product moiety according
to H NMR spectroscopy. A sharp\f1, = 3.6 Hz)3P{1H}
NMR product peak, however, differs from the broad resonances
observed following the zinc and cobalt reactions. This sharp
peak establishes that (GB),PO,~ is not in an equilibrium
between cadmium-bound and dissociated states. Currently, we
cannot determine whether (GH),PO,” is coordinated to
cadmium or free. ThéCd NMR spectrum of a 510 mM
[(CH3)aN]2[Cd(SGHs)4] solution in DMSO4ds exhibits a peak
at 569 ppm, in good agreement with literature values for similar
complexeg324 A 113Cd NMR spectrum following a stoichio-

(23) Coleman, J. E. IMethods in Enzymologyiordan, J. F., Vallee, B.
L., Eds.; Academic Press: Boston, MA 1993; Vol. 227, pp-48.
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metric reaction between 510 mM [(G}4AN]2[Cd(SGHs)4] and
510 mM (CHO)3PO, however, displays no signal. This lack
of signal in al3Cd NMR spectrum has precedence and is often
attributed to exchange broadenitfg?® The cadmium form of
the methyl phosphotriester repair active 10 kDa N-terminal
fragment of Ada (Ce-N-Adal0) also displays n&<°Cd NMR
resonance after alkyl phosphotriester refaifs is the case
with the cobalt tetrathiolate complex, reaction of [(§4N].-
[Cd(SGH5s)4] and (CHO)PO proceeds with a pseudo-first-order
rate constant less than that of [(@kN]2[Zn(SGsHs)4] (Table

1).

Discussion

Mechanism of Demethylation of Trimethyl phosphate by
Zinc Model Complexes: Comparison to Ada. The present

S Il
<—=—>;s_Z'W..M.m.no/Pro—CH3 .
' o)

S, I
O -

The reaction between [(GHN]2[Zn(SCeHs)4] and (CHO)s-
PO is second-order, first-order with respect to each reagent, with
a rate constant of (1.6 0.3) x 1002M~-1s1at 245 & 0.6)
°C (Table 2). By comparison, Ada repair of a methyl phos-
photriester lesion occurs in aqueous buffer &C4with a second-
order rate constant of 2.8 10° M~1 s71.32 |t is not surprising
that the protein effects methyl transfer with a rate constant higher
than that of a model complex. Proteins evolve to provide
optimal substrate binding, orientation, and transition state
stabilization®3:3* In addition, there are many differences
between the protein and our synthetic analogs. In this study,
we employed aromatic thiolates, which are less basic than the
aliphatic cysteine residues of Ada.Solvent differences (}O
vs DMSO) and the energetics of (@B)sPO rather than a DNA
methyl phosphotriester are additional factors which contribute

results illustrate methyl transfer from a phosphotriester to a zinc t© kinetic differences between the protein and model chemistry.

thiolate model in a reaction that mimics Ada repair of DNA

NMR investigations of the active 10 kDa N-terminal Ada protein

methyl phosphotriesters. Repair of methyl phosphotriesters in ffagment containing the [Z8cysy]>~ center N-Adal0) re-

Ada, therefore, is probably an intrinsic property of the [&n(
cysy]?~ moiety, unlike Ada repair of alkylated base lesions such
as08-methylguanine an@®@*-methylthymine, which requires a

vealed that the residue responsible for alkyl phosphotriester
repair (Cys69) is bound to zifé:15> The cadmium-substituted
form of this protein fragment, however, exhibited no observable

structurally complex system of amino acid residues hydrogen -H-**°Cd scalar coupling involving thg-protons of Cys69.¢

bonded to the substraté. Products of the reaction between
[(CH3)4N]2[Zn(SGHs)4] and (CHO)PO are not completely

By contrast, such scalar coupling was observed for the three
other cysteine ligands of zinc (Cys38, Cys 42, and Cys72).

analogous to those found in the protein system, however. TheReactions oN-Adal0 with the methylating agent GHdem-

methylated thiolate C§5CGHs does not remain coordinated,

onstrated that, not only is Cys69 more nucleophilic than the

whereas methylated Cys69 is apparently metal-bound in both pther cysteine ligands, but Cys69 is the most nucleophilic site

the zinc and cadmium forms of Ad&. The phosphate product
(CH30),PQO;~ is partially coordinated in the model, whereas

in the protein fragmer® Our model studies indicate that metal-

the protein presumably releases the repaired substrate to permi29) Nakabeppu, Y.; Sekiguchi, MProc. Natl. Acad. Sci. U.S.A.986

genome binding for transcriptional regulati®n3!

(24) Summers, M. FCoord. Chem. Re 1988 86, 43—134.

(25) Keller, A. D.; Drakenberg, T.; Briggs, R. W.; Armitage, |. Morg.
Chem.1985 24, 1170-1174.
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bound thiolates must have rate constants for methyl transferto the DNA substrate or protein. The present results show that
less than that of free thiolate (Table 1). Combining these resultsmetal ions other than zinc may be less adept at methyl
with those for the protein fragment, we propose a repair phosphotriester repair. In particular, the cobalt(ll) and cad-
mechanism for Ada involving the Cys69 residue in equilibrium mium(ll) complexes [(CH)4N]2[Co(SGHs)4] and [(CHs)aN]2-
between coordinated and free states. The zinc-bound stat§Cd(SGHbs)4] react with (CHO)sPO with rate constants lower
prevents protonation while the transiently dissociated state than that of the zinc analog [(G)N]2[Zn(SCGsHs)4] (Table 1).
presents a thiolate nucleophile to the alkyl phosphotriester lesionThus, not only is zinc redox inactive, it may also provide a
for alkyl transfer. This mechanism is consistent with a proposal higher rate constant for alkyl phosphotriester repair than other
in which the Cys69 thiolate is in equilibrium between a zinc- metal ions. The cadmium form d-Adal0 repairs a methyl
bound state and one hydrogen bonded to the proximalq phosphotriester lesion with a second-order rate constant one
A) backbone amide NH of GIn7336 In such a case, the quarter the value of the zinc forfa. A similar trend is observed
thiolate “in flight” between the zinc and the amide hydrogen with model chemistry, methyl transfer to [(GHN],[Cd-
may serve as the repair active nucleophile. (SGsHs)4] occurring with a pseudo-first-order rate constant
Recently, a zinc-dependent alkyl transfer reaction was almost one-third that of the zinc complex [(@&N]s[Zn-
discovered irE. coli cobalamin-independent methionine syn- (SGHs)4] (Table 1). We interpret these differences in reactivity
thase, which catalyzes methionine formation from methyl- to varying degrees of ligand dissociation. Cadmium exhibits a
tetrahydrofolate and homocysteiffe Methylation of the homo-  higher affinity for sulfur donors than zinc, as evidenced by
cysteine sulfur appears to require transient thiolate binding of literature binding constants for thiouré® An analogous
this substrate to zinc in the enzyme. The present results stronglyheightened ability of cadmium to bind the benzenethiolate ligand
support the proposdlthat the probable role of zinc in this  will result in less dissociated ligand and, hence, decreased
system is to create or preserve a thiolate nucleophile for reactivity. Cobalt(ll) ions also display higher thiourea binding
methylation. constants than zin%43 This finding correlates well with our
Other Zinc Thiolate Complexes. The reactivity of com- data, in which the rate constant of methyl transfer for the cobalt
plexes representing [Z8({cysk]2~, [Zn(Scysk(N-his)]-, and complex [(CH)sN]2[Co(SCGHs)4] is less than that found for the
[Zn(Scysp(N-his)] protein sites has also been explored. All analogous zinc complex.
three compounds, [(CHUN][Zn(SGsHs)4], [(CH3)aN][Zn- The sulfur-based reactions of metal thiolate complexes have
(SGsHs)3(Melm)], and [Zn(SGHs)2(Melmy),], react with (CHO)s- been studied extensivet§-5° Comprehensive reactant and
PO to yield products analogous to those found in the parent product characterizations were completed in such studies, but
[(CH3)4N]2[ZNn(SCGsHs)4] system. Pseudo-first-order rate con- the exact identities of reactive species have remained elusive.
stants of these reactions follow the trend [(#N].[Zn- To the best of our knowledge, the present investigation is the
(SGsHs)a] > [(CHa3)aN][Zn(SCeHs)s(Melm)] > [Zn(SCeHs),- first in which the reaction kinetics of a simple thiolate and its
(Melm),] (Table 1). The low rate constant for reaction of metal complexes are compared. Although ligand dissociation
[Zn(SGsHs)2(Melm),] indicates that [ZnG-cys)(N-his),] sites makes direct comparisons between metal-bound and free thiolate
possess a very low level of nucleophilicity. This lack of difficult, our kinetic results reveal the general trend that metal

reactivity is consistent with the use of the [Bagys)(N-his)] complexes have decreased reactivity, and hence less nucleo-
center for structural purposes and may account in part for the philicity, than the metal-free counterpart. The proposed phe-
prominence of this motif in natus 41 nomenon of metal-enhanced nucleophilicity is not observed in

Sharp and well-resolvetH NMR peaks (Figure 7) and low  our work!*49 Coordination to a metal ion withdraws electron
conductivity readings (Figure 4) for the neutral complex density from the sulfur and reduces thiolate nucleophilicity.
[Zn(SGsHs)2(Melm),] indicate little benzenethiolate dissociation.

If, as suggested, all reactivity of [(GHN][Zn(SCsHs)4] is due Conclusions

to a dissociated thiolate, the lesser degree of ligand dissociation
from [(CHz3)4N][Zn(SCsHs)3(Melm)] should yield a lower level

of reactivity toward trimethyl phosphate. Such is indeed the
case, as indicated by the Idgpsvalue in reaction with (CkD)s-

PO (Table 1). If the dianionic [Zi®cys)]?~ protein center
can dissociate a ligand readily, as suggested for Ada, &5fZn(
cys)y(N-his)]~ site would be less likely to do so. Thiolate loss
from the [Zn&-cys)(N-his)] would be even more unlikely. Our
results suggest that, if the three zinc-ligating cysteines of Ada
other than Cys69 were to be mutated to histidine residues, rate

; ; i (42) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
constants for alkyl phosphotriester repair would diminish as the Press: 'New York, 1982: Vol. 5, First Supplement,

number of histidine ligands increased. (43) Martell, A. E.; Smith, R. M.Critical Stability Constants Plenum
Comparison to Cobalt and Cadmium Analogs. The Press: New York, 1977; Vol. 3.

; ; ; ; (44) Buonomo, R. M.; Font, |.; Maguire, M. J.; Reibenspies, J. H;
selection qf zinc by A.da.as the metal ion of choice for the.alkyl Tuntulani, T.- Darensbourg, M. Yi. Am. Chem. S06995 117, 963
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thiolate state. Conductivity, kinetic, a”RH NMR experiments zinc center for alkyl phosphotriester repair and that Zoys)-
show that the complex [(CHuN]2[Zn(SCGHs)4] forms ion pairs (N-his)] sites lack an appreciable degree of nucleophilicity.
in DMSO solution with an equilibrium constant for ion pairing, Cobalt and cadmium tetrathiolate complexes also react with
Kip, of 13+ 4 M1 (Table 2). The reaction between solvated (CHzO)sPO, but with rate constants less than that of the zinc
[Zn(SGsHs)4]%~ and (CHO)PO is a second-order process, first- analog. These differences in reactivity of the metal thiolate
order with respect to each reagent, and exhibits a second-ordecomplexes are attributed to varied degrees of thiolate dissocia-

rate constantkzn, of (1.6 £ 0.3) x 1072 M~1 s71 (Table 2). tion. On the basis of our results and published studies on the
The zinc tetrathiolates [Zn(S8s)4%~ and {[(CH3)4N]- protein, we propose a mechanism for alkyl phosphotriester repair
[Zn(SGHs)4]} ~ undergo appreciable degrees of ligand dissocia- in Ada where a transiently dissociated Cys69 ligand is the
tion. Addition of (CHs)4sN(SGsHs) to solutions of [(CH)4N] .- nucleophile responsible for accepting an alkyl moiety from the

[Zn(SGsHs)4] both increased the formation of ion pairs with  DNA alkyl phosphotriester lesion. The zinc-bound state

the zinc tetrathiolate dianion and drove the dissociation equilibria prevents protonation and deactivation of the cysteine thiolate
toward the bound states increasing the concentration of nucleophile. Finally, our kinetic data indicate that metal thiolate

{[(CH3)4N][Zn(SCsH5s)4]} ~. Examination of these solutions by  moieties display generally decreased nucleophilicity relative to
H NMR spectroscopy Yyielded an equilibrium constant for that of free thiolates.
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