11596 Biochemistry2001,40, 11596-11603
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ABSTRACT. The Escherichia coliAda protein repairs methylphosphotriesters in DNA through direct,
irreversible transfer to a cysteine residue on the protein, Cys 69. Methylation of Cys 69 increases the
sequence-specific DNA-binding activity of Ada by3old, enabling the methylated protein to activate
transcription of a methylation-resistance regulon. The thiolate sulfur atom of Cys 69 is coordinated to a
tightly bound zinc ion in the Ada N-terminal domain, and this metajand interaction plays a direct

role in promoting the DNA repair chemistry. Ada is thus the founding member of a mechanistic class of
proteins that employ metalloactivated thiolates as nucleophiles, other examples of which include protein
prenyltransferases and cobalamin-independent methionine synthase. Here we have probed the role of the
three other Cys residues in Ada that together with Cys 69 coordinate the zinc through mutation to the
alternative ligand residues Asp and His. All of the mutant proteins folded properly and bound zinc, but
none of them exhibited measurable levels of DNA repair activity. Significantly, the Cys-to-His mutant
proteins retained nearly wild-type sequence-specific DNA-binding activity in the unmethylated state. These
findings demonstrate that the three “spectator” Cys ligands communicate chemically with Cys 69 through
the bound metal ion.

DNA is subject to spontaneous attack by alkylating agents, mechanism exists for regeneration of the original Cys residue
leading to the formation of toxic, mutagenic, and carcino- at either position. Ada is therefore not an enzyme in the true
genic adducts], 2). Nearly all known organisms express sense but rather is a sacrificial reagent for DNA repair.

proteins that confer resistance against alkylating agents by Methylation of Cys 69 confers on Ada the ability to bind
repairing the DNA damage such agents caugp [(n certain sequences in DNA with high affinity and specificity,
Escherichia colithe Ada protein is a critical component of  thus transforming the protein into an inducer that coordinately
the so-called adaptive response, an inducible resistancesctivates transcription of a methylation-resistance regulon
system that counters the deleterious effects of methylation(8—10). The unmethylated form of Ada does contain a weak
damage in DNA §). DNA-binding activity, but this is insufficient to furnish

Ada is composed of two distinct domains: a 20 kDa significant levels of promoter activation, unless the protein
N-terminal domain (N-Add) and a 19 kDa C-terminal s ectopically overexpressed. Methylation of Cys 69 increases
domain (C-Ada) (Figure 1)4( 5). C-Ada repairs the the binding affinity of Ada for its own promoter by a
mutagenic lesio®®-methylguanine via direct transfer of the thousandfold, thereby driving promoter occupancy and the
aberrant methyl group to a nucleophilic cysteine residue at ensuing activation of transcriptior1).

position 321 (Cys 321)§ 6). N-Ada repairs theS, The elements responsible for sequence-specific DNA
diastereomer of DNA methylphosphotriesters (MeP) by direct pinding by Ada are contained entirely within the N-terminal
transfer of the methyl group to a second nucleophilic cysteine gomain of the proteini?). Furthermore, N-Ada has been

residue, in this case located at position 69 (Cys 8R)Roth  found to contain a single, tightly bound zinc ion that is

solution structure of an amino-terminal fragment of the Ada
T This research is supported by a grant from the National Institutes protein competent for phosphotriester repair but not sequence-

of Hgalth (GM§7467)- hould be add i o th thor. E specific DNA binding (N-Adal0, Figure 1B) revealed that
* Correspondence shou e addressed to this author. Fax: ; i ti ;
(617) 495-8755. Phone: (617) 495-5323. E-mail: verdine@chemistry. the zinc atom is tightly bound by four conserved cysteine

harvard.edu. ligands: Cys 38, Cys 42, Cys 72, and, remarkably, the active
1 Abbreviations: N-Ada, the 20 kDa N-terminal domain of Ada site nucleophile Cys 6913, 14). These findings suggested

(residues +178); N-Adal7, the 17 kDa N-terminal domain of Ada  that Ada uses zinc to activate the nucleophilicity of Cys 69
(residues +153); C-Ada, the 19 kDa C-terminal domain of Ada; MetH, b y y '

cobalamin-dependent methionine synthase; MetE, cobalamin-indepen-a pr990$a' further strengthened by the re;ults of metal
dent methionine sythase; ICP-MS, inductively coupled plasma reso- substitution studiesl(l). Ada thus became the first example
nance mass spectrometry; HSQC, two-dimensional heteronuclear single-of what is now recognized as an important mechanistic class

guantum coherence spectroscopy; MeP, methylphosphotriester; T-p(OMe)- ; ; ; ;
T, dinucleoside methylphosphotriester dinmi€g; dissociation constant; of proteins that use a metalloactivated cysteine nucleophile

hCys, homocysteine; IPTG, isoprogib-thiogalactopyranoside; DTT, O carry out diSF?'acement reaCtionSf at carls).(Apart from _
dithiothreitol; PAC, phenoxyacetyl. Ada, zinc-mediated sulfur alkylation has been reported in
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perhaps the only known example of zinc coordination by a
thioether ligand in a native protei2y).

A model study on Ada thiol alkylation systems revealed
that tetrathiolate coordination to zinc is important for
enhancing the reactivity of the ligands toward alkylation
(24, 25). Namely, each serial replacement of a thiolate ligand
with the nitrogen-based ligand methylimidazole, a histidine

L T0, e )
KQ’B HgN+ : 2 analogue, was found to decrease the reactivity of the thiolates
%,_M__J

by several orders of magnitude.
N-Ada20  C-Ada19 To address the influence of the nonnucleophilic ligands
in Ada on the reactivity of Cys 69, we individually mutated
) the three structural coordination ligands of the zinc ion, Cys
phosphotriester 38, Cys 42, and Cys 72, to either histidine or aspartate, other
residues known to coordinate zinc. The methylation repair
potential of the mutant proteins was measured and compared
to that of the wild-type Ada protein. All of the mutations
diminished the repair activity of the protein to below
detectable levels. The three histidine mutant proteins retained
the ability to bindada promoter DNA in the unmethylated
state, while the aspartate mutants exhibited significantly
reduced DNA-binding activity. These findings provide
evidence for electronic communication of the nonnucleophilic
residues in Ada through the metal cluster to Cys 69.

§ p-methyl

N-Ada20

N-Ada17

N-Ada10

1 92
Ficure 1: The Ada protein, its constituent domains, and the MATERIALS AND METHODS
autocatalytic DNA-repair reaction of the amino-terminal domain.
(A) Ada consists of two domains connected by a flexible linker. Plasmid ConstructionAdal7 bacterial expression plasmid

Proteolytic cleavage in the linker generates separate, active proteingyas constructed by cloning a fragment of the N-terminal Ada

comprising the 20 kDa N-terminal domain (N-Ada20) and the 19 . . .
kDa C-terminal domain (C-Adal9). The 20 kDa N-terminal domain gene (+153) into the EcoRI and Hindlll sites of the

(N-Ada20) repairs the, diastereomer of methylphosphotriesters bacterial expression vector pLM26). All mutants of the
in DNA through direct, irreversible transfer to Cys 69, which is Adal7 were prepared by megaprimer mutagenesis ying

coordinated to a tightly bound zinc ion in the protein. Methylation polymerase (Stratagene). All mutations were confirmed by
of Cys 69 increases the sequence-specific DNA-binding affinity dideoxynucleotide DNA sequencing
of N-Ada20 16-fold, enabling the methylated protein to activate a . . ) .
methylation-resistance regulon. (B) Schematic representation of Ada EXPression and I_:’urlflcatlon of Ada1_7 Proteiridecom-
and its fragments. The metal-binding domain is shaded in gray, binant Adal7 proteins were expressedkircoli BL21(DE3)
with ligand residues numbered below. N-Ada20 and N-Adal7 cells (Stratagene). Uniformly>N-labeled proteins were
o 'ﬁ.eﬂt'ca' Dl_\lA-repa![j a”dagNAEb.'“d"K/? 8ropemes. dN- expressed in M9 minimal media withNH,CI as the sole

al0, which comprises residues-32, retains MeP repair an . . . : .
metal-binding activity but lacks the ability to bind DNA sequence- Nirogen source. Protein expression was induced with 1 mM
specifically. IPTG, and the cells were harvested afte4 hinduction at

37 °C. The proteins were purified to homogeneity under
the protein-prenylation enzymes farnesyltransferase andnative conditions as describetly. Adal7 protein samples
geranylgeranyltransferansé6( 17), cobalamin-dependent for NMR measurements were prepared by dialyzing the
(MetH) and colbalamin-independent methionine synthase purified proteins into a buffer containing 25 mM sodium
(MetE) (15, 18, 19), and certain epoxide thiol-conjugating Phosphate, 50 mM NaCl, and 5 mM deuterated DTT at pH
enzymes 20). A major point of general interest in such 6.5 (NMR buffer) with a final protein concentration of 0.5
systems concerns the chemical mechanism by which zincmM.
activates the thiol without rendering it susceptible to attack The methylated AdatX?DNA complex was formed by
by certain ubiquitous intracellular electrophiles such as adding equimolar amounts of Adal7 and a duplex 18mer
oxidized glutathione. oligonucleotide (5GCAAATTAAAGCGCAAGA-3’', 3-

Just as with DNA methylphosphotriesters, the simple CGTTTAATTTCGCGTTCT-5) along with a 20-fold excess
chemical methylating agent methyl iodide (@Hexhibitsa ~ of **CHsl (Cambridge Isotope Laboratories) in a buffer
high degree of selectivity to methylate Cys 69 in Ada, even containing 20 mM Tris-HCI, 50 mM NacCl, and 10 mM DTT
in the absence of DNA(), thus explaining the ability of ~ at pH 7.4. The mixture was incubated first on ice for 5 min
CHal to induce theadaregulon inE. coli under conditions before being slowly warmed to room temperature and further
in which the extent of DNA alkylation is negligible2®). incubated at room temperature overnight. The pretBINA
These results indicate that, of the four Cys residues in Ada, cocomplex was exchanged into NMR buffer using Centricon
Cys 69 is the most chemically reactive. NMR structural filters (Amicon).
analysis of N-Adal0 has revealed that Cys 69 and Cys 72 NMR Spectroscopy®N—'H heteronuclear single-quantum
are roughly equal in accessibility, suggesting that the greatercoherence (HSQC) spectroscopy a#o—'H heteronuclear
reactivity of Cys 69 is the result of electronic rather than single-quantum coherence (HSQC) spectroscopy experiments
steric factors. Unexpectedly, the sulfur atom of Cys 69 were carried out at 28C on a Varian INOVA 600 MHz
remains coordinated to zinc even after it has been methylatedspectrometer equipped with a triple resonance probe.
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Ph(_)sphotriester Sin_gle-Strande(_j Substrate_z Repair Assay'Table 1: Zinc Content of Wild-Type and Mutant N-Adal7 Proteins
Protein (2 nmol) was incubated with an equimolar amount

of T120Me (11) in 20 uL of buffer containing 20 mM Tris- proteins re'at"zﬁ%ﬁ;);omem Sta(';g;rod/o‘)arror
HCI, 50 mM NaCl, and 10 mM DTT at pH 7.4. The -

incubation time is typically arouh2 h at 25°C. Overnight \é:vgcé;ype igg 2

and longer incubation periods were conducted for the mutant  c42oH 112 5
proteins. The reactions were terminated by diluting the  C69H 139 5
reaction mixture with the reaction buffer to 2¢@ and Cr2H 126 5
loaded onto a MonoQ HR 5/5 column (Amersham Pharma- (C:zgg 13; 55)

cia) preequilibrated with buffer A (20 mM Tris-HCI, 10 mM C72D 111 5

ﬁ-mercaptqethanol, p(!'| 7.5). (')At a flow rate of 1 ml‘_/mm’ a aAll proteins were prepared from cells grown in LB media

linear gradient from 0% to 60% buffer B (20 mM Tris-HCI,  gypplemented with 0.1 mM Zn€lduring protein overexpression.

1 M NaCl, 10 mMg-mercaptoethanol, pH 7.5) was used. Protein concentrations were determined from Bradford protein quan-

T11OMe eluted at 210 mM NaCl concentration ang &t tification assays? Percentage values reported for moles of zinc per

220 mM. mole of protein assuming the wild-type protein carries one eqivalent
Phosphotriester Double-Stranded Substrate Repair Assay 2" o™

A duplex 16mer containing one single phosphotriester .
[T(OMe)] excess over 18mer duplex) were added to the mixture of

Adal7 protein and the 18mer duplex DNA.
5’-CCCACCT(OMe)TAACCTCCC-3’ For all proteins tested, a total volume of 2D of reaction
mixture was loaded on a 6% native polyacrylamide gel and
electrophoresed for 1 h. Gels were exposed to a phospho-

was synthesized by standard methods using PAC-protected™ading plate and analyzed by a Fuji Bio-Image analyzer.
5'-dimethoxytrityl-3-3-cyanoethylphosphoramidite ané- 5 Quantitation of Zn in AdaZinc content was determined
dimethyoxytritylthymidine 3methylphosphoramidite (Glen by the method of high-resolution inductively coupled plasma
Research). The resin-bound oligonucleotides were depro-Mass spectrometry (ICP-MS27). _
tected with 0.05 M KCOs in anhydrous methanol at room NMR Quann_tatve Titration of _the Phosphotriester Du_plex
temperature for 12 h. The individual strands were purified @nd Ada Proteins:*N-Labeled wild-type Adal7 was purified
by 20% denaturing polyacrylamide gel electrophoresis. The @nd exchanged into the NMR buffer. Varying amounts of
duplex was formed by heating the combined strands to gothe 16mer dluplex cpntamlng one phosphotrlester were added
°C for 3 min, followed by slow cooling to room temperature. 0 the protein solution at €C, and the mixture was slowly
A reaction mixture of 5Q:L containing 2.5 nmol of the \1/varmed to room temperature over the course of 2K
duplex, 0.1 unit of snake venom phosphodiesterase (Sigma), T heteronuclear single-quantum coherence (HSQC) spectra
75 units of Benzonase (EM Merck), 300 mM Tris-HCI, 20 Were takep for the cocomplexes, and the ratios of protein to
mM MgCl,, and 0.05 mM ZnGl at pH 7.4 was prepared, DNA. achieved were 3:1, 2:_1, 1:1, 1:2, and 1:3. One
and equimolar amounts of protein solution were added to dditional control spectrum with no DNA added was also
the reaction mixture and allowed to incubate at’@5for 1 taken.
h. One unit of alkaline phosphatase was added, and theRESULTS
mixture was incubated for an additional 1 h. The reaction
mixture was filtered with a 0.22m filter and then analyzed Cloning, Expression, and Purification of N-Adal7 Mu-
by reverse-phase high-performance liquid chromatographytants. An N-terminal fragment of Ada comprising residues
on a Hewlett-Packard 1090 diode array system. A linear 1—153, hereafter referred to as N-Adal7 (Figure 1B), has
gradient from 100% buffer A (20 mM KHPQO,, pH 6.0) to been found to possess metal-binding and methylation-
70% buffer B (100% methanol) was used to separate the dependent DNA recognition properties indistinguishable from
digested nucleosides and the T(OMe)T dimer. Authentic those of the full-length proteinl). Starting with an
standards were used for comparison of UV spectrum andN-Adal7 overexpression plasmi@€), all of the metal-
retention times. Blank runs to which the duplex oligonucle- coordinating residues were mutated individually to His, and
otide was omitted served as a control. all except the nucleophilic Cys 69 were also mutated to Asp.
Gel Electrophoretic Mobility Shift AssayBor analyzing All of these mutant proteins were overexpressed to similar
the DNA binding properties of the unmethylated proteins, levels as wild-type N-Adal7 upon induction i coli (data
Adal7 proteins were incubated at room temperature with not shown). Furthermore, all of the mutant proteins were
an 18mer?P-labeled duplex oligonucleotide’ {6CAAAT- present in the soluble fraction upon cell lysis and showed
TAAAGCGCAAGA-3', 3-CGTTTAATTTCGCGTTCT-5) chromatographic behavior similar to that of wild-type N-
in a reaction buffer containing 20 mM Tris-HCI, pH 7.5, 50 Adal7 (2).
mM NaCl, 10 mM DTT, and 10% glycerol for 45 min. N-Adal7 Mutants Contain One Zinc lon per Protein
For analyzing the DNA binding properties of ti&eMe- Molecule. To test whether the mutant proteins retain the
Cys 69 proteins, the unmethylated proteins were added to aability to bind zinc, high-resolution inductively coupled
mixture of the 18mef?P-labeled duplex oligonucleotide and plasma resonance mass spectrometry (ICP-N23) (as
the T;;0Me substrate (¥Oexcess over protein), and the performed on samples of the mutant protein and on wild
mixture was incubated at room temperature for 2 h. type N-Adal7. These ICP-MS data indicate that the mutant
For analysis of specific and nonspecific competitor duplex proteins, like the wild type, all contain approximately one
DNA, varying amounts of competitor DNA (150-fold zinc per molecule of protein (Table 1).

3’-GGGTGGA ATTGGAGGG-5’
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Structural Similarity of Mutant Proteins to the Wild Type. T T
The overall structural integrity of the mutant proteins was ) 35\3 oche Joi Rp-T17(0Me)
evaluated using multidimensional NMR. UniformAyN- 5-DNAS —i'nl<o DNAT
labeled proteins were prepared by overexpressing the N- i ] 0
Adal7 proteins in M9 minimal media withNH,CI as the ﬁ CHgﬁ ARG +
sole nitrogen source. Two-dimensiof&l—'H heteronuclear somad b0 DNAS 1 1
single quantum coherence spectra (HSQC) were measured 0\ ﬁ 7 )Oﬁb B
for the mutant proteins and compared to the wild-type S 1) somd’ b0 ONA
protein. All of the mutant proteins exhibited HSQC spectra °
that were nearly identical to that of wild-type N-Adal7 (data B) T11i0Me) T? TniOMe) T

not shown). The few observable chemical shift perturbations ¢
arose from amide protons of the four zinc ligands or their o
nearest neighbors (L. J. Sun and G. L. Verdine, unpublished No Protein S ‘ wildtype
results). On the basis of the close similarities of the physical, T T O Sy
spectroscopic, and metal-binding properties of the mutant 3 .
proteins to those of wild-type N-Adal?7, we conclude that wigwpe | . a cai
mutation of Cys 38, Cys 42, or Cys 72 to His or Asp has N T
negligible effect on global protein structure. The present ATk SR | B% %
results also confirm previous findings that mutation of Cys

69 to His has no adverse effect on the structure of the €380
N-terminal domain Z8).

Mutant N-Adal7 Proteins Do Not Repair Single-Stranded
DNA SubstratesTo evaluate the methylphosphotriester
(MeP) repair activity of the mutant proteins, we employed ; - ‘
T11(OMe), a single-stranded thymidine homopolymer con- 8% 5% |85 T A8
taining a single, centrally located MeP, as the repair substrate 2 i
(12). The N-Adal7 proteins were incubated withy(DMe) €720 R RS coom
at room temperature for-248 h, and the products were “B5% 5% | |~ga% 6%
analyzed by anion-exchange FPLC (Figure 2). In the absence retention volume
of added protein, two peaks were evident (upper left-hand Ficure 2: Assay for repair of methylphosphotriesters in the single-
panel); the major (earlier eluting) arising from a mixture of stranded substrate;{TOMe). (A) Overall repair reaction. The;F
the S, andR, diastereomers of [(OMe), whereas the minor (OMe) substrate exists as a roughly equal mixture of3hendR,

- . diastereomers at the chiral phosphorus atom of the methylphos-
(later eluting) peak corresponds te; Terived from hydroly-  iiester. N-Adal7 is capable of repairing only fediastere-

sis during ammonia deprotection ofi;{JOMe) (23). After omer, converting it stoichiometrically to the unmethylated ho-
reaction of the phosphotriester substrate with excess wild- mopolymer ;. The R, diastereomer is unaffected by treatment

type N-Adal7 protein for 1 h, a pronounced shift of peak With Ada. (B) FPLC elution profiles monitoring the progress of

volume from T;(OMe) to T, was evident, owing to DNA repair by N-Adal7. Anion-exchange FPLC separatgdrém
. . the diastereomeric mixture of phosphotriesters but does not separate
complete repair of th&-configurated T,(OMe) to T.; and the S, andR, diastereomers of f{(OMe). As is evident in the top

no repair ofR;-configurated T,(OMe). By contrast, none |eft panel, T,(OMe) contains~15% Ty, as a byproduct of the
of the mutant N-Adal7 proteins showed any ability to repair synthesis. Treatment with wild-type N-Adal7 causes a decrease in
T1(OMe), even after a 48  incubation. (1op ight paneh, The ratc of peak areas s unatfocied by the mutant
.Mutant.N-Ada17 Proteins Do Not Repair Methylphospho- pr(ftei%s, ?ndicating a lack ofpphosphotriester repair ac){ivity.
triesters in Double-Stranded DNAVe reasoned that the
complete lack of phosphotriester repair by the mutant proteins
might be due in part to the use of a suboptimal substrate, methylphosphotriester linkages are completely refractory to
the single-stranded homopolymen(OMe). To evaluate the  cleavage, yielding an undigested dinucleoside methylphos-
methylphosphotriester repair activity of the Ada proteins on photriester dimer, T-p(OMe)-T. The four normal deoxy-
double-stranded heteropolymeric substrate, we adapted amucleosides separate readily from T-p(OMe)-T by reversed-
HPLC-based assay for nucleoside compositibt) (o the phase HPLC (Figure 3, upper right-hand corner). Moreover,
present purpose. First, we synthesized a mixed-sequencéhe S, and R, diastereomers of T-p(OMe)-T also separate
DNA containing a single, centrally located methylphospho- from each other under these chromatographic conditions,
triester via solid-phase DNA phosphoramidite coupling making it possible to observe directly the stereochemical
chemistry, followed by deprotection using anhydrous 0.05 course of the repair reaction (see expansion below). In the
M K>CO;s in methanol at room temperature. This strand was absence of N-Adal7 protein, an equal amount ofRhand
purified by HPLC and annealed to the complementary strand S, diastereomers was observed (Figure 3, expansion, top
to give a double-stranded 16mer phosphotriester substratetrace). Upon treatment with wild-type N-Adal7 protein for
Following incubation of this duplex with the Ada proteins, 1 h, only the peak corresponding to tl% diastereomer
the DNA product mixture was digested down to its constitu- disappeared, again due to the complete repair of She
ent nucleosides using snake venom phosphodiesterase, Bermmethylphosphotriester by the wild-type protein. On the other
zonase, and alkaline phosphatase. Whereas the normahand, when the mutant proteins were treated with the double-
phosphodiester and monoester linkages are hydrolyzed tostranded phosphotriester DNA substrate for 48 h, no statically
completion under these conditions, both tBe and R, significant alteration of th&/R, ratio was observed in any

| §
‘ CcazH

Absorbance (254 nm)

g9 A% | [~78% 229 _

C42D C72H
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A) wild type N-Ada17 N-Ada17 C42H
A) ‘ Adenosine 500 nM 500nM
PoHs  nysveo Cytidine €18 column 1Y 50
I Benzonase Guanosine HPLC
. L ———
Thymidine i
— 2) Phosphatase ymidi
TCHS protein/DNA complex —»
TAT o5 30(min)
T,(OMe)
B
) sp Rp double-stranded DNA —
l i single-stranded DNA —»

no protein ¥

50¢ 50% .
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Ficure 3: Repair of methylphosphotriesters in mixed-sequence
duplex DNA by wild-type versus mutant N-Adal7 proteins. (A) _— . . .
Scheme for duplex DNA repair by Ada proteins. A duplex 16mer FIGURE 4. Binding of N-Adal7 proteins to oligonucleotides
DNA containing one central backbone methylphosphotriester was €ontaining the consensus Ada binding sequence. (A) Gel mobility
incubated with Ada proteins and then subjected to exhaustive Shift assay of N-Adal7 wild-type protein and N-Adal7 CA42H

digestion by snake venom phosphodiesterase (SVPD), Benzonasgnutant binding to an 18mer double-stranded duplex containing the
and alkaline phosphatase to obtain individual nucleosides plus the©ONSensus Ada binding sequence in the absence of any methylating
phosphotriester-linked dinucleotide(®Me), which is completely agent. The protein concentration ranges of both the wild-type and
resistant to further digestion. The mixture of nucleosides was the mutant proteins were varied from 15 to 500 nM. (B) Competi-
analyzed by high-performance liquid chromatography (HPLC) using 10N assay of specific and nonspecific duplex oligonucleotides
a reversed-phase C18 column. The chromatograms separate the fofinding to the wild-type N-Adal7 protein. The concentrations of
normal deoxynucleosides from the later elut®gand R, diaster- unlabeled competitor duplex DNAs were varied from a 1.5- to 50-
eomers of JOMe). (B) Expanded views of the HPLC elution ~ fold excess of?P-labeled DNA. The specific competitor DNA has
profiles of nucleotide mixtures resulting from DNA digestion, in the same sequence as the labeled DNA. The nonspecific competitor

which the separate peaks for tBeT,(OMe) andR, T,(OMe) are DNA is a sequence that does not bind Ada proteins specifically.
clearly visible. In the top panel, it can be seen that the two (C) Competition assay of specific and nonspecific duplex oligo-

diastereomers are present in equal amountsOMe). Treatment  nucleotides binding to N-Adal7 C42H protein. The conditions are
with wild-type N-Adal7 results in specific loss of the peak the same asin (B).
corresponding t&, To(OMe). The diastereomer ratio is unaffected o o ) ) o )
by exposure of the DNA substrate to the mutant proteins, indicating DNA-binding activity, with dissociation constants in the
a lack of DNA repair activity. range consistent with nonspecific bindirgd «M) (data not
shown). To further assess the specificity of the DNA
case, thus indicating that the mutant proteins are virtually interaction, the protein/DNA complexes were challenged with
devoid of repair activity (Figure 3). increasing amounts of either a specific or nonspecific
Mutant N-Adal7 Proteins Bind DNA Sequence-Specifically unlabeled competitor oligonucleotide. With both wild-type
but with Lower Affinity. The unmethylated form of wild- N-Adal7 and the C38H, C42H, and C72H mutants, sto-
type N-Ada is able to bind theée. coli ada promoter ichiometric competition was observed for the specific
specifically, with an equilibrium dissociation constakY competitor, while the nonspecific competitor had no effect
of ~120 nM (L1). This sequence-specific DNA binding of (Figure 4B,C), consistent with their being bound to DNA
the unmethylated protein provides an independent test ofspecifically. The Cys to Asp mutants were not tested in this
activity for those mutant forms that are unable to repair DNA. competition assay, owing to their weak affinity for DNA.
Using an 18mer duplex DNA containing the core Ada  Mutant N-Adal7 Proteins Do Not Exhibit Methylation-
recognition site fronada promoter, we performed electro- Dependent Enhancement of DNA-Binding Affinifyhe
phoretic mobility shift assays to test the sequence-specific affinity of N-Ada is enhanced-10*-fold upon methylation
DNA binding activity of the mutant proteins. The Cys-to- of Cys 69 (L1). We therefore tested the mutant proteins for
His mutant proteins C38H, C42H, and C72H bounddba enhancement of DNA-binding affinity in the presence of a
promoter DNA only 2-4-fold more weakly than did the  methyl-donor DNA substrate,;J{OMe). For these assays,
wild-type protein (Figure 4A). However, the Cys-to-Asp we used an 18mer duplex DNA containing #eaoperator
mutants C38D, C42D, and C72D showed greatly diminished as the specific DNA sequenc2d). As shown in Figure 5A,

specific competitor non-specific competitor
C42H

——/51% 7 49%
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A)  Methylation: O] o]

_‘4

DNA:

protein/DNA complex —»

double-stranded DNA —»
single-stranded DNA —»

B)

Methylation:

DNA:

protein/DNA complex —»

double-stranded DNA —3
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Ficure 5: Native gel electrophoresis assays for the binding of
N-Adal7 proteins upon treatment with the methylating agemt T
(OMe). (A) Gel mobility shift assay of wild-type N-Adal7 protein
in the presence ofI[(OMe) as the methylation substrate (left panel)
and in the absence of methylation (right panel). An 18mer DNA

containing the Ada consensus binding site was used, and the

concentration was varied from 100 pM to 6 nM. The protein
concentration was kept at a constant 100 nM. (B) Gel mobility
shift assay of N-Adal7 C42H protein in the presence gfMe)

as the methylation substrate (left panel) and in the absence of

methylation (right panel).

the presence of ;[(OMe) caused the expected increase in
the affinity of wild-type N-Adal7 for DNA. On the other
hand, the C42H mutant protein exhibited no detectable
enhancement of DNA binding when treated with(DMe)
(Figure 5B). This behavior is consistent with the results above
showing that the C42H mutant protein fails to undergo
methylation by T1(OMe).

Mutant N-Adal7 Proteins Are Unreacé toward Methyl
lodide. With wild-type Ada, Cys 69 can be regiospecifically
methylated by methyl iodide, a reaction that can be conve-
niently monitored by isotope-edited NMR usidgCHsl.
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FicurRe 6: NMR spectra from a 2BH—13C HSQC experiment on

(A) a Cys 69-SLCH;z-N-Adal7/DNA cocomplex and (B) an
N-Adal7 (C42H)/DNA cocomplex formed usinmgthyt*C]Mel

as the methylating agent. The major cross-peak arising from the
Cys 69-S13CH; is denoted in (A). The only other peak in the
spectrum corresponds tmgthy#3C]Mel, which is present due to
incomplete buffer exchange. No cross-peak for Cys 69c$4; is
seen in (B), indicating a lack of methylation by methyl iodide under

These assays are performed in the presence of a specifichese conditions.

duplex oligonucleotide, which stabilizes the Cys 69-methy-
lated form of the protein. The 2BH—'3C heteronuclear
single-quantum coherence (HSQC) spectrum of wild-type
N-Adal7 methylated with*CH;l showed a predominant
cross-peak at 2.72 ppmH)/ 21.2 ppm £C), which as
reported previouslyZA1) is due to the Cys 69-8CH; group

in the methylated protein/DNA complex (Figure 6A). The
corresponding spectrum obtained with the C42H Ada/DNA

complex showed no detectable cross-peak in this region of

the spectrum, thus indicating that the mutant protein is
refractory to methylation by even the potent methyl donor
13CHgl (Figure 6B).

DISCUSSION

Furthermore, replacement of Zrwith C?* causes a 4-fold
decrease in the rate of DNA repair, whereas replacement
with Hg?* abolishes repair activity (K. Wetterhahn and G.
L. Verdine, unpublished results). Although these results
clearly establish the importance of the interaction between
Cys 69 and Z#, they leave open the question of whether
the other three Cys ligands that share thé"Zmith Cys 69
have any influence on metalloactivated DNA repair. Here
we have examined the role of the three “spectator” ligands
in Ada through mutation to alternative metal-coordinating
residues and characterization of the biochemical properties
of the resulting Ada variants. We find that these mutant
proteins all fold into a nativelike structure with zinc bound,
and some of them even retain the ability to bind DNA

Ada is the prototypical example of a protein that uses metal sequence-specifically, but none possess detectable levels of
coordination to activate the nucleophilicity of a Cys residue phosphotriester repair activity. Thus, Ada depends critically
toward alkylation. Previous studies have established theupon the presence of a (Cyshetal-coordination sphere to
indispensability of the metal ion and of Cys 69 for DNA execute DNA repair through sacrificial methyl transfer to
repair activity. Specifically, removal of the divalent metal Cys 69. Consistent with these results, the (Gy#)ster is
ion or mutation of Cys 69 to His or Asp results in a complete completely conserved in all N-Ada homologues identified
loss of DNA phosphotriester repair activity2g 30). to date 44), including theBacillus subtilisAdaA protein,
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which shares only 46% amino acid identity wikh coli thiolate ligand withN-methylimidazole (analogous to Gys
N-Ada (32). His) and 1000-fold upon replacement of two benzenethiolate
Why does ligand replacement have such a pronouncedligands with N-methylimidazoles (analogous to Gitsy).
effect on metalloactivated methyl transfer to Ada? The trivial The overall trends of reactivity changes are similar in Ada
possibility that these mutations cause some dramatic effectand in the small-molecule complexes, however, the protein
on the structure of Ada is ruled out by our observations that shows a more pronounced response to ligand replacement.
all of the mutant proteins bind 1 equiv of Zn and the In principle, the ablation of Ada phosphotriester repair
mono-His mutants even retain the majority of their sequence- activity caused by ligand replacement might result from some
specific DNA-binding activity. Furthermore, the HSQC disturbance of noncovalent docking interactions with its DNA
spectra of all the mutant proteins are nearly identical to those substrate, but this seems unlikely in light of the fact that
of the wild-type protein, with the exception of a few residues even CH fails to alkylate these mutant proteins efficiently,
comprising the ligand cluster and its neighbors, thus ruling and at least the His-spectator mutants retain nearly all of
out any gross alteration of backbone structure. Neverthelesstheir sequence-specific DNA-binding activity. Thus the
the possibility remains that local adjustments in the ligand differences in sensitivity of Ada versus small molecule
cluster lead to an unproductive geometry for methyl transfer. coordination complexes appear to be due to the chemistry
Equally likely, we believe, is the possibility that the spectator of the metat-ligand clusters. For example, the electronic
ligands communicate electronically or sterically through the properties of the alkylthiolate ligands in Ada are not expected
metal to Cys 69, and perturbation of this coupling decreasesto be identical to those of the arylthiolates in the models.
the reactivity of Cys 69. The precise reasons for the activation Alternatively, the more constrained steric environment of the
of Cys 69 by ZA" in Ada are not well understood, but the protein may be less adaptable to changes in ligand structure
observation that CHi regioselectively alkylates Cys 69 in  than the relatively open environment of four unconnected
overwhelming preference to the equally exposed spectatorsmall-molecule ligands.
ligand Cys 72 strongly suggests that electronic factors play It is interesting to note that although a (Cyspordination
an important role in accentuating the reactivity of Cys 69 cluster is required ift. coli Ada and is invariant in all known
uniquely. This hypothesis is strengthened by the fact that Ada orthologues, not all proteins that carry out zinc-activated
the s-protons of Cys 69 are not scalar-coupled to the metal alkyl transfer reactions possess this coordination scheme. For
in the NMR spectra of'*C?"-Ada, whereas those of Cys example, farnesyltransferases utilize (G#3Asp coordina-
38, Cys 42, and Cys 72 are coupled (L. C. Myers, G. Wagner, tion, with the reactive Cys being donated by the prenylation
and G. L. Verdine, unpublished result81. Weak coor- substrate 33, 34). Geranylygeranyltransferases are also
dination of Cys 69 to the metal may also explain the believed to use (CyshlisAsp coordination, again with one
unusually low chemical shift of*Cd in Ada, as compared Cys coming from the substrat85). Mutation of either the
with reference Cyscoordinated metalloproteins in which the  His or Asp zinc-binding ligand results in marked reduction
metal plays a purely structural rol23, 28). One attractive of zinc affinity and enzymatic activity3g). Cobalamin-
explanation would be that Ada binds the metal in a distorted independent methionine synthetases are believed to use
tetrahedral geometry, perhaps closer to a truncated trigonal(Cys)HishCys, where hCys is the substrate homocysteine;
bipyramid, with Cys 69 adopting an apical position. This interestingly, this ligand sphere is isoelectronic with our
would focus the electrostatic repulsion from the other three inactive (CysjHis Ada mutant Ada proteins37, 38).
thiolate ligands on Cys 69, thus weakening its bond to the Betaine-homocysteine methyltransferases and colbalamin-
cationic metal. Were this the case, then substitution of the dependent methionine synthase use (€¥3ys @8—40).
spectator ligands to His would decrease the net charge onZinc coordination is thought to lower theKp of thiol
the ligand sphere, increasing the electron demand of the metakubstrates through a Lewis acid effect. Interestingly, the zinc
center, consequently strengthening the me@ls 69 bond. sites in both cobalamin-independent and cobalamin-depend-
Although Cys-to-Asp mutations would cause no change in ent methionine synthase exhibit the same Lewis acidity
the overall formal charge on the ligand sphere, the chargetoward hCys, despite the fact that the zinc coordination
on Asp is more delocalized than that on Cys, and Asp is spheres of the two enzymes differ by the substitution of a
invariably a weaker Z4t ligand than Cys; hence, ittooisa Cys (latter) for His (former) 41). In these systems, it is
weaker electron donor than Cys. It is perhaps equally likely believed that small differences in the metiand bond
that the steric adjustments about the metal center caused byengths compensate for the differences in electronic character
mutating ligand residues perturb the interaction of th&"Zn  of the ligands, analogous to the valence buffering seen in
with Cys 69. At this stage, it is not possible to discriminate cytidine deaminases4®). It is thus clear that different
among the various alternative explanations for the nucleo- metalloactivated thiol-alkylating proteins have evolved unique
philicity-suppressing effect of mutating spectator ligands, in strategies for communicating the ligand-coordination envi-
part owing to the lack of structural data at a sufficiently high ronment to the reactive thiol moiety. This may reflect in part
resolution to discern subtle aspects of ligand coordination differences in the transition state electronic demands of the
in Ada. reacting thiolate nucleophile and alkylating electrophile,
The loss of thiolate nucleophilicity upon replacement of especially with regard to the extent of the associative,{SN
spectator thiolate ligands seen here with Ada has also beerlike) versus dissociative (SNike) character of the overall
observed in small-molecule zinc-coordination comple®ds ( reaction. The Ada methylation reaction involves a very
25). Specifically, a tetra(benzenethiolat&dn?t complex weakly electrophilic substrate and thus depends strongly on
underwent rapid methyl transfer when treated with trimethyl the nucleophilicity of Cys 69; prenyltransferases employ a
phosphate, but the rate constant for the S-alkylation reactionmore electrophilic alkyl donor and therefore are not as
was diminished 10-fold upon replacement of one benzene-dependent on the electron richness of the Cys thiolate.
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In addition to the mechanistic insights into metalloactivated 18. Peariso, K., Goulding, C. W., Huang, S., Matthews, R. G.,

alkylation provided by the present studies, this work suggests

that it might be possible to obtain a stable recognition
complex formed between an alkylation-defective mutant of

Ada and duplex DNA containing a phosphotriester. Although 20,

we were unable to detect the formation of such a complex

using gel-shift assays, methods have been developed in our 21.

laboratory for trapping such weak recognition complexes

(43), and high-resolution structures have resulted from such =

efforts. Preliminary results indicate the feasibility of trapping
a recognition-competent, repair-deficient complex of Ada
bound over a DNA phosphotriester (C. He, L. J. Sun, and
G. L. Verdine, unpublished results).
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