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ABSTRACT. The Escherichia coliprotein Ada specifically repairs thg, diastereomer of DNA methyl
phosphotriesters in DNA by direct and irreversible transfer of the methyl group to its own Cys 69 which

is part of a zine-thiolate center. The methyl transfer converts Ada into a transcriptional activator that
binds sequence-specifically to promoter regions of its own gene and other methylation resistance genes.
Ada thus acts as a chemosensor to activate repair mechanisms in situations of methylation damage. Here
we present a highly refined solution structure of the 10 kDa N-terminal domain, N-Adal10, which reveals
structural details of the nonspecific DNA interaction of N-Adal0 during the repair process and provides

a basis for understanding the mechanism of the conformational switch triggered by methyl transfer. To
further elucidate this, EXAFS (extended X-ray absorption fine structure) and XANES (X-ray absorption
near-edge structure) data were acquired, which confirmed that the thiotate center is maintained

when N-Ada is methylated. Thus, ligand exchange is not the mechanism that enhances sequence-specific
DNA binding and transcriptional activation upon methylation of N-Ada. The mechanism of the switch
was further elucidated by recording NOESY spectra of specifically labeled methylated-Ada/DNA
complexes, which showed that the transferred methyl group makes many contacts within N-Ada but none
with the DNA. This implies that methylation of N-Ada induces a structural change, which enhances the
promoter affinity of a remodeled surface region that does not include the transferred methyl group.

All living organisms have developed complex systemsto  The 39 kDa Ada protein has two functional domains: a
protect cells from the toxic effects of mutagenic chemicals 20 kDa N-terminal domain, N-AdaZ0which demethylates
and radiation. The regulation and function of DNA repair theS, diastereomer of DNA methyl phosphotriester [MeP(s)]
mechanisms have been characterized extensivétgaheri- modifications, and a 19 kDa C-terminal domain, C-Adal9,
chia coli. The E. coli protein Ada, a key player in the which repairsO®-methylguanine (&MeG) and O*-meth-
adaptive response of bacteria to alkylating agents, repairsylthymine (O*-MeT) lesions. During these processes, the
the frequently occurring aberrant alkylation, especially methyl groups are irreversibly transferred to Cys 69 and Cys
methylation, of DNA (). 321, respectivelyd—7). Previous studies have shown that

the MeP(s) repair function is retained in the N-terminal 10

T This research was supported by grants (to G.W.) from the NSF kDa domain of Ada’ N-Ada1030.
(MCB 9816072) and the NIH (GM47467) and by grants (to J.E.P.-H.) A low-resolution solution structure of N-Adal0 and a

from the NIH (GM-38047) ACqUISIthn and maintenance of Spectrom— Crystal structure Of C_Adalg have been reported pre\nously
eters and computers used for this work were supported by grants (to

G.W.) from the NSF (MCB 9527181) and the Harvard Center for (4, 8)j Interestingly, the methylation Sites_ in these two
Structural Biology and the Giovanni Armenisklarvard Foundation ~ domains (Cys 69 and Cys 321) have different solvent
for Advanced Scientific Research. XAS measurements were made ataccessibility. The active-site thiol of Cys 321 is buried in

SSRL and NSLS, which are funded by the Department of Energy, c_ada19 while the thiol of Cys 69 in N-Adal0 lies near the
Office of Basic Energy Sciences.

# Atomic coordinates have been deposited in the Protein DataBank Protein surface. To explain the mechanism of methyl transfer
with access code 1EYF. in C-Adal9, a model has been proposed in which Cys 321
* Correspondence should be addressed to G.W. [tel.: (617) 432-
3213; e-mail: wagner@hms.harvard.edu] or G.L.V. [tel.: (617) 495-

5323; e-mail: verdine@chemistry.harvard.edul]. 1 Abbreviations: N-Adal0, N-terminal 10 kDa fragment of Ada

§ Department of Biological Chemistry and Molecular Pharmacology, containing residues-192; NMR, nuclear magnetic resonance; EXAFS,
Harvard Medical School. extended X-ray absorption fine structure; XANES, X-ray absorption

' Department of Physics, Harvard University. near-edge structure; NOESY, nuclear Overhauser effect spectroscopy;

U Present address: Department of Pharmaceutical Chemistry, Uni- N-Ada20, N-terminal 20 kDa fragment of Ada; MeP(§)diastereomer
versity of California, San Francisco, 513 Parnassus Ave., P.O. Box of methyl phosphotriester; C-Adal9, C-terminal 19 kDa fragment of

0446, San Francisco, CA 94143B. Ada; O°-MeG, Of-methylguanine; ®MeT, O*methylthymine; N-

# Department of Chemistry and Chemical Biology, Harvard Uni- Adal7, N-terminal 17 kDa fragment of Ada; N-Adal6, N-terminal 16
versity. kDa fragment of Ada; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid,;

v Present address: Admissions Office, Williams College, Mather NOE, nuclear Overhauser effect; XAS, X-ray absorption spectroscopy;
House, Williamstown, MA 01267. HSQC, heteronuclear single-quantum coherence spectroscopy; TOCSY,

¥ Department of Chemistry, University of Michigan. total correlation spectroscopy; RMSD, root-mean-square deviation.

10.1021/bi002109p CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/16/2001



4262 Biochemistry, Vol. 40, No. 14, 2001 Lin et al.

undergoes a conformational change and becomes solventhis result, we used XANES and EXAFS studies to probe
exposed after the protein binds to its substr&)e ( the zinc environment and average-Za bond length in free
Exposure of E. coli to alkylating agents stimulates Ada, unmethylated Ada in complex with DNA, and a
increased transcription of repair proteins. This so-called methylated Ada/DNA complex. Since methylated N-Adal0
adaptive response is turned on when Cys 69 is methylatedis not stable in solution, N-Adal7 was used for these
by repairing anS, methyl phosphotriester, or as a result of experiments.
direct methyl transfer from alkylating agents. Ada methylated  Previous studies have shown that N-Ada10 alone has non-
at Cys 69 becomes a strong transcriptional activator thatsequence-specific DNA binding activity, while the larger
binds to the promoter regions of genes in the Ada regulon, fragments N-Ada16, N-Ada17, and N-Ada20 are able to bind
resulting in enhanced transcription of Ada itself and genes DNA both nonspecifically and sequence-specifically at the
encoding other proteins that repair alkylation damage), adabox (10). Secondary structure prediction and preliminary
This methylation-dependent sequence-specific DNA bind- structural data20) indicated a helixturn—helix motif in
ing function is contained in N-Ada2®) and the truncated  the C-terminal part of N-Ada20, which is a common
forms N-Adal6 and N-Adal7 are sufficient to maintain this structural motif in sequence-specific DNA binding proteins.

function (10). C-Adal9, although not required for sequence- This motif seems to confer the sequence-specific binding
specific DNA binding, may also be involved in transcrip- activity upon N-Adal6 7).

tional activation 11—14). It has _been shown that Ada, Methylation of Cys 69 converts N-Ada20 into a 1000-
methylated at Cys 69, binds specifically to tigapromoter  fq|q stronger transcriptional activator that binds to tua
immediately upstream of the RNA polymerase binding site oy in 4 sequence-specific manna&s), The lack of global

(6, 19, while the C-terminal domain may be required for chemical shift perturbations upon methylation and DNA
direct interaction with the RNA polymeras@)( Mutational binding of N-Adal7 suggested that the methyl group might
studies also indicate that the N- and C-terminal domains play e directly involved in the proteinDNA interface (6).

different roles in activatingda transcription: methylation Alternatively, the transferred methyl group could be internal-

of Cys 69 enhances sequence-specific binding toali®  jzeq in N-Ada10 or help to form the interface between the
box (16) while methylation of Cys 321 enhances the trans- 1y subdomains of N-Adal7, namely, N-Adal0 and the
activating capacity of the proteirlg). putative C-terminal helixturn—helix domain. Here we

In this paper, we focus on the N-terminal 10 kDa methyl renort NOESY spectra of selectively labeled and deuterated
phosphotriester repair domain, N-Adal0. A preliminary N-Ada17/DNA complexes, which indicate that the transferred
solution structure of this domain was reported by Myers et methyl group does not make direct contact with the DNA,
al. in 1993 {). It revealed a centrg-sheet sandwiched  gggesting that methylation causes a conformational change

between twoo-helices and defined the topology of the Zn ;, N-Adal0 that creates a new high-affinity DNA binding
binding site. Two long surface loops were poorly defined f5ce.

(loop 1: 18-26, loop 2: 42-48). Subsequent NMR
relaxation studies indicated that loop 1 has no higher mobility MATERIALS AND METHODS
than the rest of the proteirl?). Loop 2, which is slightly
more mobile than average, was proposed to be part of the NMR Sample PreparatiorExpression and purification of
non-sequence-specific DNA binding site used during methyl N-Adal0 were carried out as previously describ8d4).
phosphotriester repair. However, missing assignments for theThe final NMR samples contained-2 mM protein in 25
majority of the arginine side chains in loop 2 limited the MM NaHPO/Na&HPO;, pH 6.4, 50 mM NaCl, and 10 mM
extent to which such interactions could be characterized. In 2-mercaptoethanol. For the sequence-specific DNA binding
addition, high-resolution structural data are needed to betteréxperiments, 17 kDa fragments of Ada containing residues
understand how N-Ada interacts with methylated DNA 1—153 (N-Adal7) were prepared and methylated at Cys 69
during the process of DNA repair. Furthermore, when the as described previously using eithei®@Me (19) or methyl
structure of the complex between methylated N-Ada and the iodide as methyl donor20). In the experiments described
promoter DNA becomes available, a precisely defined here, perdeuterated N-Adal7 was produced by growing
structure of nonmethylated free N-Ada will be needed for coliin D-O and deuterated acetate. The degree of deuteration
comparison in order to understand the mechanism thatwas checked with 1D NMR experiments as descril®#). (
converts N-Ada into a transcriptional activator. Subsequently, the isolated protein was methylated with
N-Adal0 contains a tightly bound zinc ion that is required **C'Hal in the presence of a 21 base pair DNA duplex with
for proper protein fo|ding$)_ An unusual Cys-%Cys-Xoe the sequence GCAAATTAAAGCGCAAGATTG. In this
Cys-XZ-CyS sequence p|aces four thiol groups, induding that way, degradation of the free methylated N-Adal? is avoided
of the methyl recipient Cys 69, in two adjacent loops after as it inmediately forms a stable protein/DNA complex.
two parallel3-strands, which allows for coordination of a NMR Experiments and Data AnalysiMR experiments
zinc ion with tetrahedral geometr#)( The consequences were performed at 25C on Bruker AMX500 and AMX600
of methyl transfer for the structure of the zinthiolate center ~ and Varian VXR500, UNITY500, UNITYPIlus400, and
upon methyl transfer have not yet been determined. SinceUNITYPIus750 spectrometers. Pulsed field gradients and
methylated cysteine is likely to be a weaker zinc ligand (a WATERGATE (23) were used for solvent suppression in
thioether) than unmethylated cysteine (a thiolate), it seemedall of the heteronuclear and most of the homonuclear
possible that it would be replaced by an alternative ligand experiments. In the remaining homonuclear experiments, a
residue upon methylation, similar to the case of matrix 1 s presaturation pulse was used faOHsuppression-3C-
metalloproteasesl ). However, an early study appears to filtered NOESY experiments2d, 25 were recorded on a
rule out such a ligand exchange mechani&f).(To confirm Bruker 600 MHz instrument with a mixing time of 100 ms.
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Data were processed on SGI computers using the P2&§a (
and Felix software packages (MSI, San Diego). XEAQY) (
was used for analyzing spectra.

DSS dissolved in NMR buffer was used as an external
reference to calibrate th#d chemical shifts. Thé*C and
15N chemical shifts were calibrated from the 0 ppid
frequency using the ratidéC/*H = 0.25144952 anéPN/*H
= 0.10132590, respectivel2§).

Resonance Assignmentdearly complete backbone and
side-chain assignments were made with BR-NOESY—
HSQC (mixing time 100 ms), 30°N-TOCSY-HSQC
(mixing time 70 ms), 2D KO TOCSY (mixing time 65 ms),

and 2D DO TOCSY (mixing time 65 ms) and HCCH-
TOCSY experiments. To obtain the missiffy proton  after transfer from kD to D;O at pH 6.4 and 24C. These

assignments and remove ambiguities betw@emnd y constraints were only used for NH groups located in r.eg-ular
resonance frequencies, we recorded a HBHA(CBCACO)- seconda_lry structures and when the NOEs character|§t|c for
NH spectrum 29, 30. Using this experiment, all of the the partlcular second_ary structure were observed. With .the
and protons were assigned except for the first three and €Xception of one ambiguous hydrogen bond between residue
last two residues, which are presumably unstructured and24 @nd residue 27, the hydrogen bond restraints were
show no signals iAN-HSQC spectra. Using HCCH-TOCSY |dent|callto those publlsheq prewously)(_We also usgd
experiments31, 32, almost all of the side-chain resonances the previously published distance restraints for the zinc

could be assigned except for theprotons of Leu 7 and  thiolate center4). _
Leu 84, they andd protons of Arg 19, and the, o, ande Structure CalculationStructures were calculated using the

protons of Lys 70 and Lys 86. The leucine protons distance geometry qlgorithm in INSIGHTII (BI_OSYM

generally overlapped with thé protons. Furthermore, Technolog|¢s, San Diego). The. structure caIcuIatlo.ns were
overlap in the HCCH-TOCSY spectrum prevented us from Performed in several steps. First, bound smoothing was
assigning the side-chain resonances of Lys 70 and Lys gg performed to satisfy trlang_ular inequality distance limits using
Arg 19 gives very weak signals $N-NOESY—HSQC and an extended structure with perfect bond lengths and bond

no cross-peaks beyorftprotons from the It diagonal peak angles and the distance restraints. Subsequent randomized
in HCCH-TOCSY. We were unable to observe th@ H matrization generated random distance matrices that were
diagonal signal in HCCH-TOCSY. optimized by angular embedding and majorization in four

e . , dimensions. The final structure optimization and ener
W.e adopted the stereospe_CIflc assignments for valine andminimization were achieved by si‘r)nulated annealing a%
leucine methyl groups.obtalned from a 101%3-.Iabeled. conjugate gradient minimization. The initial energy used
sample {7) after checking that they were consistent with during the simulated annealing was 4500 kcal/mol. The
other data in structure calculations. The methyl groups of : D )
e temperature was increased from an initial valfid & to a
Val 31 and 193-methylene groups were stereospecifically maximum of 200 K with a time step size of 0.3 ps. We set
assigned by combining tH¥d, 5, coupling constants estimated j '

from HNHB (33), intraresidue NOE data, and information the fail level for the final calcula_te(_j structure to 1.0. Omega
angles were allowed to vary within a .@ange.
from the calculated structure.

. . ) ) XAS Data AnalysisXAS data were collected on meth-
Distance and Angle RestraintBlOE distance restraints  yteq N-Adal7 bound to DNA at the Stanford Synchrotron
were obtained using the Mregion of a 50 ms KD 2D

> 2L Radiation Laboratory on beamline 7-3, using a Si(220)
NOESY and a 60 ms fib 2D NOESY. Longer mixing time

double-crystal monochromator detuned to 50% of the
NOESY spectra (80 and 120 ms@NOESY, 100 and 150 ayimum intensity for harmonic rejection. The sample

ms HO NOESY) were used to confirm assignments but not o mperature was held at 10 K in an Oxford liquid helium
for distance restraints. Peak intensities were calculated using,,, cryostat during the measurements. XAS data were also
the PEAKINT program of XEASY or, for overlapped gjiected on samples of N-Adal7, unmethylated N-Adal7
regions, using manual elliptical integration in XEASY. bound to DNA at the National Synchrotron Light Source
Upper limit distance restraints were generated by CALIBA (NSLS) on beamline X9B using a sagitally focused Si(111)
(34). The strongest peak in the*HH" region was setto a  double-crystal monochromator and a Ni-coated upstream
distance of 2.2 A and used to calibrate thgOHNOESY. mirror for harmonic rejection. The sample temperature was
The D,O NOESY was calibrated using a tyrosiné-+H- held at 16 K during data collection in a Displex cryostat.
cross-peak set to a distance of 2.6 A. These data were measured as fluorescence excitation spectra
® angle restraints were determined from coupling con- with a 13-element Ge solid-state detector array as previously
stants3J,,, measured from an HNHA spectrudg. With described36). The energies were calibrated by simultaneous
the exception of a few overlapped peaks that were integratedmeasurement of the absorption spectrum of a zinc foil and
manually, all diagonal and cross-peaks were integrated usingsetting the first inflection point of the foil edge equal to 9659

intraresiduea. proton, thed angle of that residue was
restricted to—180C to 0°.

x* angle restraints were determined fréts, coupling
constants measured from an HNHB spectrud®) (and
inspection of the intraresidue*HH? NOEs.y* angles were
restrained to at60° range around one of the three ideal
rotamer positions. Stereospecific assignments of all valine
and leucine residues except Val 31 were published previously
(17). We verified those assignments and stereospecifically
assigned Val 31 and sonfflemethylene groups by combining
they! information and the results of the structure calculations.

Constraints to enforce intramolecular hydrogen bonds were
used for NH signals that were observable for at least 1 h

PEAKINT. The® angle range was restricted+®0 to —40°
for 33,4, < 5.5 Hz,—140 to—80° for 7 Hz < 33,4, < 9 Hz,
and—140 to—100 for 33,4, > 9 Hz. If the NOE between
an amide proton and the previows proton was much

ev.

The total and windowed count rates are given in the
Supporting Information (Table S1). All of the channels from
each scan were examined for the presence of glitches, and

stronger than that between the same amide proton and thehe good channels (Table S1) were then averaged to give



4264 Biochemistry, Vol. 40, No. 14, 2001 Lin et al.

the final spectra. Approximately 1.3 10f useful counts were
measured per point on methylated N-Adal7/DNA an¢ (3

Table 1: Statistics for the Final 25 Structures

5.0) x 10° counts per point for the other samples. The restraint type no. of restraints
number of scans averaged for each sample are given in Table @l . 1014
The XANES data were normalized by fitting the absor- interresidue 576
bance both below and above the edge to tabulated X-ray sequential 200
absorption cross section87) using a fourth-order polyno- meic;“j:? range égg
mial and a single scale fact@§). The EXAFS background ii+3 50
correction was performed by fitting a first-order polynomial ii+4 21
to the pre-edge region, and a two-region cubic spline above longrange _ 267
the edge. The data were then converted-8pace usind Qi);]dcrft%ﬁglgt%ngeiltzt?giﬁe{ﬁsg?égtt?aints f‘?
= [2m(E — Eoq)/h?)"? where E; = 9675 eV. Fourier dihedral angle restraints 82
transforms were calculated using weighted datak = @ 52
2—12.9 A1 for N-Adal7;k = 2—13.6 A% for unmethylated x 30

N-Adal7/DNA;k = 2—12.8 A1 for methylated N-Adal7/

. dinate RMSD f truct
DNA). The first shell R = 1.2-2.7 A for N-Adal7;R = ieon SooTenee o e

1.1-3.0 A for unmethylated N-Ada17/DNAR = 1.0-2.4 residues ;?heavy stoms 0.470.050 A
A for methylated N-Adal7/DNA) was subsequently back- all heavy atoms 0.94 0.076 A

transformed over the sarkgange. The resulting filtered data  well-defined regions
as well as the unfiltered EXAFS data were fitted to eq 1 (residues 817, 27-41, and 49-69)
using a nonlinear, least-squares algorithm. Filtered and backbone heavy atoms 0.270.043 A

unfiltered data gave equivalent structural parameters. all heavy atoms 0.83:0.086 A
NS ()A(k) ada-box DNA and present a snapshot of the conformation
% (k) = Z— exp(—2/<20i2) sin[2«R. + ¢;(x)] of N-Ada prior to its methylation.
. KRiZ Quality of the Refined Structur@he final errors for the
1) 50 final calculated structures fall into 2 groups: 1 group has

final errors of less than 0.3, and the other has final errors
around 0.9. As will be discussed below, the larger final errors
were caused by large restraint violations around the-zinc
thiolate center, and this group of structures was discarded.
The 25 structures in the final bundle were those structures
from the first group that had no NOE violation exceeding
0.25 A and no dihedral angle restraint violation larger than
0.7°. Statistics for the final 25 structures can be found in
Table 1, which shows the high precision of the refined
structure.

In the Ramachandran plot for residues® of the 25
final structures (not shown), more than 80% of the angles
are within the most favorable region, and the rest are in the
additionally allowed region. We also calculated the number
of interresidue distances less tha A in thefinal ensemble
of structures: 137 of the expected 201 short distances were
present in our distance restraints, and NOEs corresponding
to the remaining 64 short distances were not identified
primarily due to overlap in the 2D NOESY spectra.

Figures 1a and 1b show the number of NOE restraints
and coordinate RMSDs for each residue, revealing the
RESULTS expected inverse correlation. The RMSD is very low except

for the N- and C-termini. Apart from residues 24 and 25,

To better understand the mechanism of the switch that which undergo conformational exchange (see below), all of
converts Ada into a transcriptional activator upon methyl the residues in the structured portion of the protein (residues
transfer to Cys 69, we decided to obtain a high-resolution 8—73) have well-defined dihedral angles with angular order
structure of N-Adal0. A previously reported structure of parameters4?) greater than 0.9 for thei and W angles
N-Adal0 @) had revealed the overall fold. However, due to (Figure 1).
limited spectroscopic tools which had prevented complete Description of the Refined StructurB-Adal0 contains
assignment of the proteid 7), the structure had low precision one central-sheet sandwiched between twohelices
and the putative DNA binding face was poorly defined. The (Figure 2). The ordered structure begins with a long helix,
extension of the assignments and the determination of aH1 (residues 818). Two-turns, a type | turn at residues
highly refined structure are steps toward the structure 20—23 and a type Il turn at residues-236, connect H1 to
determination of methylated N-Adal7 in complex with the the first g-strand,1. 1(27—-31), 52(36—39), 53(52—55),

EXAFS data are described by eq 1, whete) is the
fractional modulation in the absorption coefficient above the
edge N; is the number of scatterers at a distaR;eAi(«) is
the effective backscattering amplituds? is the root-mean-
square variation irR;, ¢i(x) is the phase shift experienced
by the photoelectron wave in passing through the potentials
of the absorbing and backscattering ato®) is a scale
factor specific to the absorbescatterer pair, and the sum
is taken over all scattering interactions. The program FEFF
v. 6.01 @9, 40 was used to calculate amplitude and phase
functions,Ai(x) and ¢i(«), for a zinc-oxygen interaction at
2.00 A, a zine-nitrogen interaction at 2.05 A, and a zinc
sulfur interaction at 2.35 A. The scale factoB{x) = 1.02
(S), 0.85 (N), and 0.90 (O), and the shift i relative to
9675 eV,AEy = 9 eV, were calibrated by fitting the EXAFS
data for crystallographically characterized zinc models in the
case of S and N4(1) and [Zn(HO)e]?" for O. The individual
fits were performed allowingR ando to vary for each shell
while holding all other parameters fixed.
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Ficure 1: Statistics for the final ensemble of 25 structures. (a) Number of NOE distance restraints per residue. (b) Coordinate RMSD from

the mean structure for each residue in the final ensemble. (c) e
shown with arrows fop3-strands and open boxes for helices. The p
the @ angles. (e) Angular order parameters of tHeangles.

and 4(66—69) pack against each other such tjfat 52,
andf3 are antiparallel anfi4 andf2 are parallel. A type |
fB-turn at residues 3235 connectgl andfs2 while part of
the loop betweer82 and33 forms a poly-proline type I
(ppll) helix (44—47) and a short 13 helix (48-51). The
second helix, H2 (5864), crosses three of thiestrands to
bring 34 alongside32 and has an N-cap hydrogen bond from
the Asn 57 side-chain Q@ to the backbone amide proton of
Ser 59.

The largest changes upon refinement of the structure
involve loop 1 (residues 1826). This loop is now well-
defined, and a previously indicatedip3helix was not

and W angles. At the top of the panel, the secondary structure is
oly-proline helix is labeled ppll. (d) Angular order parad®tefs (

confirmed @). The low ® andy angular order parameters
(42) of residues Asp 24 and Gly 25 (Figure 1d,e) could be
the result of multiple conformations. Consistent with this,
the amide proton of Gly 25 in the 2D NOESY and 3iX-
NOESY—HSQC spectra has two adjacent signals, indicating
conformational exchange that is slow on the NMR time scale.
The very high R2/R1 value for Gly 25 found during
relaxation studies1(7) confirms the presence of conforma-
tional and/or solvent exchange at this position.

The refinement also affected the definition of the structure
of residues 4248, which are close to the metal center and
seem to be part of the DNA binding face. This region, which
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Ficure 2: (a) Stereoview of the ensemble of 25 structures (backbone of resiei&sand the zinc atom), generated using Insightll (MSI,

San Diego). Side chains on the surface around the—imiolate center are shown: positive side chains are in blue, negative side chains

in purple, polar side chains in gray, and hydrophobic side chains in orange. The zinc atom is shown in yellow and the side chain of Cys
69 in white. (b) Ribbon diagram of the structure with the smallest final error. The orientation is the same as in (a). This figure was generated
using Molscript 49).

appeared to be disordered in the preliminary structure, is nowalanine). The side-chain orientation of all of these residues
well-defined. Numerous new NOE cross-peaks in this region is very well-defined, except for the lysines and arginines,
showed that this segment contains a poly-proline type Il helix which are mobile beyond the’Gitoms (Figure 2a).
and a 3o helix. Nevertheless, this region is still slightly less The Zine-Thiolate Center The zinc—thiolate center is
well-defined than the rest of the protein, which is consistent located at the bottom of a Ca\/ity on the protein Surface, and
with the results of relaxation studies?). each sulfur atom is partially exposed to the solvent (Figure
To precisely define the state of Ada prior to methylation 3). Furthermore, Cys 69 is situated on the rim of this cavity
and the conformational change that converts the protein intoand is therefore available to contact the methyl group,
a transcriptional activator, we have attempted to define side-consistent with its role as the methyl acceptor. The four
chain orientations of surface residues, in particular for the cysteine ligands are in tH&configuration 43). The structure
putative DNA binding face. This will be crucial for com- calculations produced a number of conformations containing
parison with the structure of the complex with DNA once theR configuration, but these models exhibited large restraint
this becomes available. Figure 2a displays the ensemble ofviolations around the zinethiolate center and large values
calculated structures including the side chains of all residuesof the target function (see above). They were not considered
in the putative DNA binding face. This face has highly further in our analysis. The structural details of the zinc
conserved surface residues at residue positions38345, thiolate center of N-Adal0 are different from those of other
51, and 66-71. Besides the four cysteines that coordinate known zinc sites in proteins. We compared the conformation
the zinc (Cys 38, Cys 42, Cys 69, Cys 72), Thr 34, Gly 35, around the zinc center with those of the GATA and GR
Asn 51, Phe 66, Arg 67, Lys 70, and Arg 71 are absolutely protein families 44), which also haveés configurations. No
conserved?). For Thr 33, a serine substitution is found in  similarity in the backbone or side-chain conformations was
one homologue, conserving the hydroxyl group, and Arg 45 found. Furthermore, there are no characteristic hydrogen
is replaced by a lysine in one homologue. lle 36 and Pro 68 bonds to the cysteine thiolate sulfur atoms, a feature that
are replaced by other hydrophobic residues (valine andhas been reported for proteins with CCHC and other zinc
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Ficure 3: Space filling model of N-Adal0 (residues-85) showing the surface around the zitthiolate center. The orientation is the

same as in Figure 2. The zinc atom is shown in magenta, and the sulfurs of cysteine residues are in yellow. Strictly conserved basic side
chains are shown in dark blue, the highly conserved basic side chain of Arg 45 in blue, and other conserved side chains in orange. This
figure was produced with Insightll (MSI, San Diego).

binding motifs @5). No potential hydrogen bond donor is %350

close enough to the sulfur atoms to form a hydrogen bond “= 3004

(Figure 3). It seems that formation of such hydrogen bonds < 5504

is observed for proteins where the zinc plays a structural -ié o I
role, perhaps protecting the metal from solvent access. In 2

the case of Ada, the zinghiolate center has to be accessible < 1507

for methyl transfer, and formation of hydrogen bonds S 1004

between the sulfur atoms and other protein groups might g 501

inhibit this process. 2 0

Does Methylation Cause a Change in Zinc Ligatiof® 9650 9660 9670 9680 9650 9700
explore whether methylation and DNA binding affect the Energy (eV)
structure around the zinc site, we recorded XANES and
EXAFS spectra of free N-Adal7, a complex of nonmeth-
ylated N-Adal7 with DNA, and a complex of methylated
N-Adal7 with DNA (Figure 4). XANES and EXAFS spectra
of the free protein and the unmethylated N-Adal7/DNA
complex are essentially superimposable, demonstrating that
binding of Ada to DNA does not cause a detectable change
in the zinc site. The amplitude of the main peak in both
Fourier transforms is comparable to that seen for zinc
tetrathiolate models, consistent with the expected zinc 0
ligation. Fits to the EXAFS data confirm this interpretation:
all of the EXAFS spectra fpr “f‘memy'a‘e‘j Ada are best FIGURe 4: (a) Zn XANES spectra of N-Adal7 (solid line),
modeled as a tetrathiolate zinc site with aZhdistance of N-Adal7/DNA complex (dotdash line), and methylated N-Adal7/
2.36 A (Table 2). In contrast, both the XANES and EXAFS DNA complex (dotted line). (b) Fourier transforms of the Zn
for methylated N-Adal7/DNA show significant changes EXAFS data for N-Adal7 (solid line), N-Adal7/DNA complex
relative to unmethylated protein, indicating a change at the (dot-dash line), and methylated N-Adal7/DNA complex (dotted
Zn site. The XANES spectrum of methylated N-Adal7/DNA line).
shows a new feature at9670 eV and an overall broadening
of the spectrum between 9660 and 9680 eV. The EXAFS ligation. The EXAFS data for methylated N-Adal7/DNA can
data also point to a change in zinc ligation. There is a be modeled as a ZgSite. However, the observed Zi$
dramatic decrease in amplitude of the main peak in the bond distance is 2.32 A, a distance consistent with a
Fourier transform, and this peak shifts to a shorter distance.4-coordinate Zn site [the ZnS distances in crystallographi-
Quantitative fits confirm that there is a change in zinc cally characterized zinc trithiolates are2.23 A @1)].

o
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204
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104

Fourier Transform Magnitude
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Table 2: EXAFS Fits for the Ada Protéin
Ry 0% x 10° R 0% x 10° a ¥ b ‘l' - -

CN (A Ay cN A (A2 F'b : . o
N-Adal?  3S 236 24 0.051 v Lo , e RS

4S 2.36 3.9 0.030 e |

3 236 28 10 221 29 0028 - e I

& ¢ '

unmethylated 3S 2.36 2.4 0.040 o ‘o o
N-Adal7 4S 2.36 4.0 0.036 ~ h
/DNA 3S 236 2.47 10 211 5.6 0.029
methylated  3S 232 5.7 0.026 - ' °
N-Adal7 3S 232 5.7 10 215 11.5 0.018 [ © e
/DNA 3S 232 54 1S 252 29.4 0.028 ,

2 All fits were calculated for filtered EXAFS data. Fits to unfiltered . , ' °
data gave identical parameters with higReralues due to the inclusion T T 3 —r T ©
. o _ |K%data fi)?N| . 2AxAR 8.0 2.0 3.0 20
of additional noise in the dataF = WNoy— N | e = Ficure 5: 2D ¥C-filtered NOESY spectra recorded of (a) a

[9) var

methylated complex in which both protein and DNA are unlabeled
and protonated, but the transferred methyl group®@ labeled,

Thus, the average ZS distance decreases by 0.04 A and (b) the same as (a) but the protein is 100% deuterated except
when Ada is methylated. Often a decrease in distance is dug©" the transferred methyl group. Both samples yDDThe mixing
. o . . . time used in these experiments is 100 ms.
to a decrease in coordination number, since the remaining

ligands form stronger bonds to compensate. However, a.

decrease of 0.04 A is less than expected for a change frommdicating that it makes a large number of contacts (Figure
o . b . 9 5a). To determine whether these contacts involved the bound
4- to 3-coordinate, suggesting that the fourth ligand, Cys 69

has not been lost, but rather has been replaced with aweakéﬁNA or the Ada protein itself, we prepared a methylated
, i L 0 .
ligand. This weaker ligand could be either the thioether of Adal7/DNA complex containing 100% deuterated protein

; : - and a protonate®C-labeled methyl group transferred to Cys
the methylcysteine or # if the methylated Cys is displaced 69. This was expected to remove all NOE cross-peaks from
from the Zn altogether.

e ) . . the methyl group to the protein, and leave only cross-peaks
b S o e EXATS o e weak G4 1 DA, The xpenment s promed Do
to distinguish between these possibflities The protocol that eliminate cross-peaks to exphangeable protons. Surprisingly,
we have developed for fitting for mixed.ligand 48I/0) the NOESY spectrum of this complex, recorded repeatedly,
. ) o showed no NOEs at all (Figure 5b). This indicates that the
systems 41) does not give chemically realistic values for

_methylateq Ada.. The DebyéNaller factors are too large :ﬁ&j?éiﬂtgghgrl]I)?rv?/ﬁﬁir?(t)ﬁes :é); g?gtﬁﬁt‘ the DNA and
in comparison with model compounds, and the apparent Zn
(OIN) distance is too long (2.15 A) in comparison with DISCUSSION
crystallographically characterized Zg&s models 46, 47).
These observations indicate that the Zn in methylated Ada N-Adal0 specifically demethylates tigdiastereomer of
is not coordinated to three thiolates and one oxygen. In DNA methyl phosphotriesters, which indicates its ability to
contrast, the data can be well modeled with a shell of 3S at recognize thes, diastereomer of the methylated phosphate
2.32 A and 1S at 2.52 A. The long Z$ interaction has a  group and bind non-sequence-specifically to DNA. The
large Debye-Waller factor, as expected for a weak, distant refined structure we present provides new insights into the
interaction. The 2.52 A distance is reasonable for aZn underlying molecular recognition mechanism. N-Ada seems
thioether interaction, and the bondalence-sum calcula-  to interact with DNA in two different ways: a DNA
tions for the four distances together (3S at 2.32-ALS at sequence-independent binding prior to methylation repair and
2.52 A) are consistent with divalent Zn. The EXAFS data a sequence-specific binding after methylation. The change
for methylated Ada are thus most consistent with the ligation in DNA binding specificity, which converts Ada into a 1000-
of the Zn by three thiolate sulfurs and one thioether sulfur fold stronger sequence-specific DNA binder and a transcrip-
at long distance. Zinc coordination by a thioether has also tional activator, is crucial to Ada’s functions as a chemosen-
been observed in farnesyltransferag)( Our result is sor and adapter. The data we present here provide a clear
consistent with an independent study, which showed the structural basis for the mechanism of Ada’s functional switch.
existence oft'*d—-13C coupling in the!'3Cd-bound form DNA Binding of N-Adal0 and Structure of the Methyl
of the methylated N-Adal7 between the cadmium atom and Sensor To repair MeP(s) DNA, N-Adal0 must bind to
the carbon atom of the transferred methyl group, indicating methylated DNA in a mode that is independent of the DNA
a lack of ligand exchange during methylation of Ad®)( sequence. This suggests that recognition of the negatively
Does the Transferred Methyl Group Contact the DNA charged phosphate backbone of DNA is crucial for this
during Sequence-Specific Bindihgo determine whether the interaction. The distribution of charged residues on the
transferred methyl group is directly involved in the DNA surface of N-AdalO creates a striking polarity of the
interaction or causes a structural rearrangement of N-Ada,electrostatic potential (Figure 6). The basic residues on the
we prepared a methylated N-Adal7/DNA complex with a positive face of the protein are likely to facilitate the initial
13C label in the transferred methyl group using methods interaction of the negatively charged DNA with N-Ada and
described previouslylg). Thel3C-filtered NOESY spectrum  may be responsible for orienting the two molecules relative
of this complex revealed many NOEs to the methyl group, to each other in a way that is optimal for methyl transfer.
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4

Ficure 6: (a) Protein surface of N-Adal0 (residues#) colored according to the electrostatic potential calculated with the program
GRASP §0). Blue represents positive potential and red negative. To the right is a model of B-DNA bearing a methylated phosphotriester.
(b) Protein backbone worm in the same orientation as (a) with a contour plot of the 3D isoelectrical potential projected onto the plane of
the paper, also generated by GRASB)( The yellow line indicates zero potential. Blue lines show positive potentials of 0.5, 1.0, 2.0, 4.0,
8.0, 16.0, 32.0, and 64.0 kT. Red lines show negative potentials of the same magnitude.

Most of the basic side chains, in particular the conserved “methyl trap” that is complementary in shape to the meth-
ones, are clustered around the zitlgiolate center. They  ylated phosphate on DNA. Figure 6a shows a model of
are located on two parallel ridges next to the hydrophobic methylated B-DNA in a position where the protruding methyl
groove containing the active-site cysteine (residue 69). Arg group can be inserted into the cavity. The cavity is large
43, Arg 45, Leu 48, and Cys 69, whose backbone chemical enough to accommodate the methylated phosphate group so
shifts have previously been shown to be perturbed by DNA that the phosphate oxygen can approach the sulfur of Cys
binding @), are all on this face of the protein (Figure 6a). 69 for the methyl transfer to occur.

Furthermore, the highly refined structure presented here How Does Methylation Induce Sequence-Specific DNA
reveals a remarkable cavity in the surface of N-Adal0 (Figure Binding? The data we present indicate that the integrity of
6a). At the bottom of this cavity is the zinc ion. The sulfur the zinc-thiolate center is preserved in methylated N-Adal7,
of the methyl acceptor Cys 69 is located at the rim of the indicating that ligand exchange is not involved in the
cavity (Figure 6a). This surface conformation forms a structural switch that converts Ada into a transcriptional
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Ficure 7: Region of N-Adal0 that may undergo a conformational change induced by methylation at Cys 69. Residues showing significant
chemical shift perturbationgAdoH| > 0.1 ppm or|[A6N| > 1 ppm) upon methylation of N-Adal6 are colored in salmon red and other
residues in blue. Side chains of the four cysteine ligands are shown and colored by atom type. The zinc atom is in magenta. This figure was
produced with Molscript49).

activator. However, the bond between the zinc and the sulfur protein surface is directly involved in making contact with
atom in the methylated cysteine becomes weaker, as indicatedhe DNA during sequence-specific binding. Thus, methyla-
by the EXAFS data. It remains to be seen whether the tion of Ada creates a new DNA binding surface in the 10
weakening of this bond has functional importance. kDa N-terminal domain that is responsible for the 1000-fold

What does the existence of contacts between the trans-ncrease in sequence-specific DNA binding affinity and
ferred methyl group and the protein imply about the effect transcripntional activation function.
of methylation on the structure and function of N-Ada20?
One possibility is that the transferred methyl group makes ACKNOWLEDGMENT
contja_c'gwith the C-te_rm_inal helidurn—helix mo'gif, thereby We thank Mr. G. Heffron for assistance with NMR
stablllzm_g the association O.f the two subdomains (QonneCtedspectroscopy, Dr. P. Zhou for fruitful discussions, and Dr.
by a.erX|bIe, unstructured linker) to form a qqmp_osne DNA C. M. Fletcher for suggestions and critical reading of the
binding surface. However, such a possibility is not very manuscript
likely, based on the observation that methylation of Cys69 '
causes backbone amide chemical shift Changes in theSUPPOR'”NG INEORMATION AVAILABLE
N-terminal 10 kDa domain but not in the helixurn—helix
motif in the C-terminal part of N-Adal&(). This suggests A table with the EXAFS data collection parameters
that the methyl group makes contact only with N-Adal0 (1 page). This material is available free of charge via the
itself, suggesting a model in which the transferred methyl Internet at http://pubs.acs.org.
group remains “trapped” in the cavity described above.
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