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Solution Structure and NH Exchange Studies of the MutT Pyrophosphohydrolase
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ABSTRACT. To learn the structural basis for the unusually tight binding of 8-oxo-nucleotides to the MutT
pyrophosphohydrolase dEscherichia coli(129 residues), the solution structure of the MutT44g-
0x0-dGMP product compleXXp = 52 nM) was determined by standard 3-D heteronuclear NMR methods.
Using 1746 NOEs (13.5 NOEs/residue) and ¥86ndy values derived from backboriéN, Ca, Ha,

and @3 chemical shifts, 20 converged structures were computed with NOE violatiorzs A and total
energies<450 kcal/mol. The pairwise root-mean-square deviations (RMSD) of backbone,Nar@ C

atoms for the secondary structured regions and for all residues of the 20 structures are 0.65 and 0.98 A,
respectively, indicating a well-defined structure. Further refinement using residual dipolar coupling from
53 backbone N-H vectors slightly improved the RMSD values to 0.49 and 0.84 A, respectively. The
secondary structures, which consisted of twehelices and a five-stranded mixgetsheet, were
indistinguishable from those of free MutT and of MutT in the quaternary MutPM#l.0)-AMPCPP-

Mg2™ complex. Comparisons of these three tertiary structures showed a narrowing of the hydrophobic
nucleotide-binding cleft in the 8-oxo-dGMP complex resulting from a-2.% A movement of helix |

and a 1.5 A movement of helix Il and loop 4 toward the cleft. The binding of 8-oxo-dGMP to MutT-
Mg?* buries 71-78% of the surface area of the nucleotide. Th&’46ld weaker binding substrate analogue
Mg?"-AMPCPP induced much smaller changes in tertiary structure, and MutT buried only 57% of the
surface of the AMP moiety of AMPCPP. Formation of the MutT4Wg-oxo-dGMP complex slowed

the backbone NH exchange rates of 45 residues of the enzyme by factors-df0i@s compared with

the MutT-Mg?™ and the MutT-Mg+"-dGMP complexes, suggesting a more compact structure when 8-oxo-
dGMP is bound. The ¥®-fold weaker binding of dGMP to MutT-Mg (Kp = 1.8 mM) slowed the
backbone exchange rates of only 20 residues and by smaller factets0ofHence, the high affinity of
MutT-Mg?* for 8-oxo-dGMP likely results from widespread ligand-induced conformation changes that
narrow the nucleotide binding site and lower the overall free energy of the ergymeéuct complex.
Specific hydrogen bonding of the purine ring of 8-oxo-dGMP by the side chains of Asn-119 and Arg-78
may also contribute.

The MutT enzyme fronEscherichia coli(129 residues)  substrate and the other coordinated to the enzy#)e (
is a prototypical Nudix hydroladethat catalyzes the hy-  Product inhibition and product binding studi€s) (ndicate
drolysis of nucleoside and deoxynucleoside triphosphatesa uni-bi-iso kinetic mechanism, with PPi dissociating from
(NTP) by substitution at the rarely attack@ephosphorus  the product complex first, followed by the nucleotide, leaving
to yield a nucleotide (NMP) and inorganic pyrophosphate an altered form of the enzyme, which slowly reverts to the

(PPi) (eq 1) 1—3). form that binds substrate. A chemical mechanism for MutT
has been propose#)( consistent with the solution structure
NTP+ H,0 — NMP + PPi+ H" (1) of the MutT-Mg**-(H,0)-AMPCPP-Md@* complex 6), and

with mutagenesis studie3)( in which Glu-53 is displaced

The enzyme requires two divalent cations for activity, one from the enzyme-bound Mg by Glu-98 in the slow iso step,

Coordinated to thé_ and y-phosphoryl groups of the NTP thel’eby permlttlng the b|nd|ng Of the NTP SubStl’ate and the
subsequent deprotonation of the attacking water by Glu-53.

t This research was supported by National Institutes of Health Grant 1 h€ biological role of the MutT enzyme is to prevent errors
DK28616 (to A.S.M.). in DNA replication by hydrolyzing mutagenic nucleotides

* Complete listings of the distance restraints derived from NOE data,
chemical shifts, and dipolar couplings have been deposited in the Protein
Data Bank (PDB) together with the atomic coordinates of the families ! Abbreviations: 8-oxo-dGMP, 8-oxo-deoxyguanosine monophos-
of 20 acceptable structures (case 1, file name 1PPX; case 2, 1PUN;phate; HSQC, heteronuclear single quantum coherence; NOESY,
case 3, 1PUQ; and case 4, 1PUS). The chemical shifts have beemuclear Overhauser effect spectroscopy; NMP, nucleoside monophos-
deposited in the BioMagResBank (BMRB, entry number 5866). phate; NTP, nucleoside triphosphate; Nudix hydrolase, nucleoside
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Structure of the MutT-Mg-8-oxo-dGMP Complex

such as 8-oxo-dGTHR8), a product of oxidative damage to
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formly 13C- and**N-labeled protein17). The enzyme was

guanine nucleotides, which can mispair with template purified to>95% homogeneity on the basis of SBBAGE

adenine during DNA replicatiord( 10). Accordingly, MutT-
deficientE. coli show a 16-fold increase in mutations, all
of which are AT — CG transversions 1¢, 12), and

and specific activity (500 IU/mg) and was concentrated for
NMR studies as describe8, (7). The synthesis, purification,
and characterization of 8-oxo-dGMP were carried out as

inactivation of a homologous 8-oxo-dGTPase in mice results previously described5j. Residual tetraethylammonium-

in major increases in the occurrence of tumdg.(Although

bicarbonate was removed by reverse phase HPLC using a

the actual in vivo substrate of the MutT enzyme has not beenCig-Aqua column (Phenomenex, Torrance, CA).

rigorously identified 14), 8-oxo-dGTP is the best substrate
in vitro, with a Ky, that is 1G“fold lower (0.48uM) than
that of dGTP (110Q«M) but with the samek.a (4 s (8).

Extremely high affinity of MutT for an 8-oxo-nucleotide

NMR SpectroscopyAll NMR data were collected at
23 °C on a Varian UnityPlus 600 MHz NMR spectrometer
equipped with a pulse field gradient unit and a Varian 5 mm
triple resonance actively shieldedyradient probe. The data

was established by studies of the reaction product 8-oxo-were recorded using States-TPPI in all indirect dimensions.

dGMP, which was found to bind to one site on the g
enzyme with &p (52 nM) that is 165-fold lower than that
of dGMP (1.8 mM) (5). The unusually tight binding of
8-0x0-dGMP AG° = —9.8 kcal/mol) is driven by a
favorable enthalpy chang& = —32 kcal/mol), exceeding
an unfavorable entropy change TAS® = +22 kcal/mol),
the latter indicating a strong ordering of the MutT-MeB-
0x0-dGMP complex §). In the solution structure of the
MutT-Mg?*-(H,O)-AMPCPP-Mg" complex, the AMP moi-
ety of enzyme-bound AMPCPP directly contacts only five

NMR samples typically contained 1 mM MutT, 15 mM
MgCl,, 4 mM dys-Tris-HCI, pH 7.5, 21 mM NaCl, 0.34 mM
NaNs, and 10% BO. Because 8-oxo-dGMP binds tightly to
MutT (Kp = 52 nM) (5), the MutT-Mg*-8-oxo-dGMP
samples also contained 1.3 mM 8-oxo-dGMP. Since dGMP
binds weakly to MutT Kp = 1.8 mM) (5), the MutT-Mg -
dGMP samples contained 20 mM dGMP and a total of 35
mM MgCl,, to maintain constancy of the concentration of
free Mg+

The orienting medium used for measurements of residual

residues of MutT, and nine additional residues form a seconddipolar couplings was a 3% (w/v) bicelle solution of

shell §, 6). However, the binding of 8-oxo-dGMP to a single
site on the enzymeMg?" complex altered the backbof#\

pentaethylene glycol monooctyl ether to which was added
1-octanol at a molar ratio of [ether]/[octanol] of 0.878].

and/or NH chemical shifts of 62 residues widely distributed This medium induced a 17.3 Hz quadrupolar splitting of the
throughout the protein, indicating diffuse structural changes ?H signal of D:O.

throughout the proteinsj.

Comparison of the solution structure of the weak, qua-

ternary MutT-Mg"-(H,O)-AMPCPP-Mdg* complex 6) with

The H-1>N HSQC spectrum of the MutT-Mg-8-oxo-
dGMP complex was very different from those of free MutT
(17), the MutT-Mg*"-dGMP complex %), and the MutT-

that of free MutT (5) revealed identical secondary structures M3?'-(H20)-AMPCPP-Mg" complex €). Hence, reassign-

of the protein and only small differences in tertiary structure.
To elucidate the structural basis for the unusually tight

ment of the protein backbone and side-chéih 1°N, and
13C resonances was essential. Assignments were obtained

binding of 8-0x0-dGMP, we have determined the solution Using the 3-D HNCA, 3-D HNCACB, 2-BH-'H NOESY,

structure of the MutT-Mg-8-oxo-dGMP complex and have

2-D H-H TOCSY, 3-D!H->N NOESY-HSQC, and 3-D

measured the backbone NH exchange rates of this and otherH-""N TOCSY-HSQC spectra. The HNCA and HNCACB

complexes of MutT. A preliminary abstract of this work has
been publishedl).

EXPERIMENTAL PROCEDURES

Materials.Isopropylg-p-thiogalactoside (IPTG) was from

data, in most cases, revealed stronger intra- than interresidue
signals, clearly making this distinction. These data were also
correlated with Ht-NHg;+1) and NH-NH; ;1) NOEs, con-
firming the Go and @3 assignments.

Tertiary structural information was obtained from the 3-D
IH-13C NOESY-HSQC spectrum as well as from the 2-D

Roche (Indianapolis, IN). Tryptone and yeast extract were 1H-1H NOESY and 3-D'H-15N NOESY HSQC spectra. The

obtained from Difco (Detroit, MI). Ammonium sulfate,
ampicillin, 2-deoxyguanosine:snonophosphate, 2leoxy-
guanosine-5triphosphate, 1-octanol, pentaethylene glycol
monooctyl ether (C8ES5), dithiothreitol (DTT), lysozyme, and
streptomycin sulfate were from Sigma (St. Louis, MO).
Vivaspin (MWCO 5000) centrifugal concentrators were

purchased from Vivascience Limited (Gloucestershire, UK).

NOESY and TOCSY data were collected with a mixing time
of 150 ms and a spinlock of 65 ms, respectively. The residual
dipolar couplings of backbortéN-H groups were determined
as described1©), from in phase/anti phas#i-1>N HSQC
spectra, with and without orienting bicelles8]. The data
were processed with nmrPipe2d) and analyzed with
NMRview (21).

Sephadex G-100 and DEAE-Sepharose fast-flow were from T define the binding site of 8-oxo-dGMP, a 348C/

Pharmacia Biotech (Piscataway, NJ). Deuterium oxidgXD
99.96% D) was from Aldrich (Milwaukee, WI). Uniformly
(99%) 15N-enriched 1®NH4Cl and uniformly (99%)*3C-

enrichedp-glucose were from lIsotech Inc. (Miamisburg,

12C-edited-NOE-filtered experiment was performed as de-
scribed 22, 23). Because 8-0xo-dGMP binds tightly to MutT
(Kp = 52 nM) (5), the sample contained 0.5 mNN/*C-
labeled enzyme and 0.6 mM unlabeled 8-0x0-dGMP in the

OH). All solvents and reagents were of the highest purity presence of 15 mM MgGJ4 mM dy1-Tris-HCI, pH 7.5 (in
available, and buffers were treated with Chelex-100 before H,0), 21 mM NaCl, 0.34 mM Nap and 99.9% BO. In

use to remove trace metals.

Preparation of MutT and 8-Oxo-dGMHMhe recombinant
E. coli strain HMS174(DE3)[pETMutT] was used for the
production of unlabeled, uniformly®N-labeled, and uni-

addition, a 2-D'H-'H NOESY spectrum with a mixing time

of 800 ms and a dgf-COSY spectrum of free 0.4 mM 8-oxo-
dGMP in 99.9% DO (pH 7.5 in HO) were collected to
assign the nonexchangeable protons of the deoxyribose ring.
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Table 1: Sets of Restraints Involving 8-Oxo-dGMP Used in Computing the Structure of the MitF8vako-dGMP Complex

nucleotide
conformation nucleotide orientation other
case 1 same as bound dGMEY phosphorus is 8.8 1.7 A from bound M§*,

and phosphate-Ois 3.3+ 0.7 A from

Lys-39-N;H3* (6)
case 2 case 1 case 1 residual dipolar coupling for 53

backbone N-H vector$

case 3 case 1 casetlpurine C8= O and N7H

hydrogen bonded to Asn-119éMl, and ),

respectively, and purine G6 O

hydrogen bonded to Arg-784N,
case 4 case 1 casetlpurine C6= O and N1H

hydrogen bonded to Asn-119éMl, and G,

respectively, and purine G8 O

hydrogen bonded to Arg-784N,

aResidual dipolar coupling values used were those of residud8 ®f 5-strand A; 14-16 of turn 1; 1718 of 5-strand B; 47-56 of a-helix
I; 65—68 of loop 2; 69-72, 74 of5-strand C; 79-88 of g-strand D; and 119120, 122-129 of a-helix Il. Omitted were prolines, residues with
unresolved signals, and residues in long loops.

Structural Calculations Distance restraints of 1-8.8, were further refined individually, using temperatures of 1800
1.8-3.2, and 1.8-5.0 A were employed for NOE cross-peaks K (1000 steps, 15 ps), 1800 0 K (6000 steps, 90 ps), and
of strong, medium, and weak intensity, respectively, as 1000 b 0 K (5000 steps, 25 ps) for the initial heating and
observed in the NOESY spectra. Additional distance incre- the first and second cooling steps, respectively. From this
ments of 0.5, 1.0, and 2.3 A were added to those restraintsrefinement, the best 20 structures were selected on the basis
obtained from NOEs involving degenerate geminal protons, of NOE violations <0.25 A, dihedral and bond angle
methyl groups, and ring- and e-protons, respectively. In  violations <5°, and total energies450 kcal/mol. Because
addition, 186¢ andy angle restraints for 93 residues were of the lack of a carbon-bound proton on C-8 of the purine
derived from thé®N, Ha, Ca, and @ chemical shifts using  ring of 8-oxo-dGMP, intramolecular NOE distance restraints
the program TALOSZ4). The enzyme-bound metal (¥19 used to define the conformation of MutT-bound 8-oxo-dGMP
was coordinated to side-chain carboxylate groups of Glu- were unobtainable. Hence, those previously measured for
53, 56, and 57 and the backbone carbonyl group of Gly-38, MutT-bound dGMP, together with the resulting dihedral
as determined previouslb,(7). angles for bound dGMP, were us&2¥). The conformation

Torsion-ang|e Simu'ated annea“naSI and refinement of bound dGMP was Very similar to that obtained for bound
calculations were performed with the program CNS 2@ ( AMPCPP Q?) Restraints were added that Weakly oriented
operating on a Silicon Graphics R10000 computer and a 8-0x0-dGMP by setting the distances from its phosphorus
Pentium-Linux workstation. All atoms of the 129 amino acid t0 the enzyme-bound divalent cation and to Lys-39iN
protein, one Mg ion, and the 8-oxo-dGMP product were ~agreement with those found for bound AMPCHR. These
included in the structure calculations. Fifty structures were additional restraints are listed in Table 1 as case 1 and are
calculated from an initial extended conformation using a justified in Results and Discussion.
protocol similar to that recommended by Brunger and co- A second set of structures was obtained with the restraints
workers @5). The initial heating, at 50 000 K, was performed of case 1, together with restraints provided by the residual
in 1000 steps over a time of 15 ps, using torsion-angle dipolar coupling values of 53 backbone-Nl vectors (case
dynamics. The weighting factors for the NOEs, dihedral 2, Table 1) 28, 29) by refining the previous 33 structures,
angles, and van der Waals energies were set to 150, 100with the weighting factor for the dipolar coupling restraints
and 0.1, respectively. The first cooling stage, from 50 000 varying linearly from 0.001 to 1.0. The axiaD§) and
to 0 K, was carried out for 600 ps in 40 000 steps, using rhombic ®) components of the alignment tensor were
torsion-angle dynamics, and linearly increasing the van der estimated from a distribution or histogram of the dipolar
Waals weighting factor from 0.1 to 0.5. The second cooling coupling constants, as describ@®d), The best values dd,
stage, from 2000at O K for 50 ps, involved 10 000 steps (—13 £ 1 Hz) andR (0.43+ 0.05) were found by varying
and used Cartesian dynamics in which the weighting factors these parameters within their uncertainties, monitoring the
for the NOEs and dihedral angles were increased to 75 andtotal energies and mean pairwise RMSD values of the
400, respectively, and the van der Waals weighting factor computed, refined, protein structurexl). The parameters
increased linearly from 1 to 4. The best structure as judgedD, and R required for such refinements are uniquely
by overall violations and total energy was selected and useddetermined by this metho@@, 31). One family of structures
to calculate 50 new structures, as outlined above, but with was obtained, from which the lowest energy structure was
temperatures of 2500 K for the initial heating (1000 steps, further refined by repeating this protocol, but with starting
15 ps), from 2500d 0 K for the first cooling (10 000 steps, temperatures of 1000 K. The 20 best structures with the
150 ps), and 100®t0 K for the second cooling (5000 steps, lowest energies and no NOE, dihedral, or bond angle
25 ps). violations above the thresholds mentioned above were

The best 33 of 50 structures were selected on the basis ofs€lected, resulting in lower RMSD values (case 2, Table 1).

NOE violations<0.35 A, dihedral and bond angle violations Further restraints to orient 8-oxo-dGMP were added to
<10°, and total energy 600 kcal/mol. These 33 structures case 1, on the basis of NMR and mutational studibat
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Table 2: Restraints and Structural Statistics for the MutT*Mgroxo-dGMP Complex

Restraints
intraresidue NOEs 669
sequential NOEs toi + 1) 472
medium NOEsi(toi + 2—4) 183
long rangei(toi > 4) 422
hydrogen bonds (2 per H-bond) 82
@ andy angles (TALOS) 186
total NOEs 1746
NOE restraints/residue 13.5
Results (averaged from 20 structures)
total energy (kcal/mol) <450
vdw energy (kcal/mol) <151
NOE (kcal/mol) <120
Restraint Violations
NOEs &0.25 A) 0
dihedral angles%5°) 0
angles £5°) 0
RMSD of Restraint Violations
case 1 case 2 case 3 case 4
bonds 0.0028t 9.0e® 0.0028+ 7e°® 0.003+ 6e° 0.003+ 7e¢®
angles 0.49 0.009 0.58t 0.009 0.48t 0.007 0.47+ 0.006
NOEs 0.02+ 8.0e* 0.03+ 6.0e* 0.08+ 6.0e* 0.02+ 5.0e*
dihedrals 0.7# 0.04 1.15+ 0.05 0.59+ 0.02 0.60+ 0.03
impropers 0.43: 0.03 0.61+ 0.06 0.37+ 0.01 0.36+ 0.07
Pairwise RMSD of BackbonedC,N Superposition for 20 Structures (A)
case 1 case 2 case 3 case 4
secondary elements?(® 0.65+0.12 0.49+0.11 0.59+ 0.13 0.60+ 0.11
2° + 8-0x0-dGMP 1.52+ 0.46 0.86+ 0.28 0.63+ 0.15 0.70+ 0.13
residues +129 0.98+ 0.15 0.84+0.21 0.86+ 0.15 0.89+0.16
residues +129+ 8-oxo-dGMP 1.42+ 0.30 1.00+0.21 0.87+0.16 0.91+ 0.15
8-0x0-dGMP 2.42+ 0.86 2.48+ 1.75 0.78+ 0.64 0.92+0.89
Ramachandran Plot Analysis for 20 Calculated Structures
residues (%) case 1 case 2 case 3 case 4
most favored regions 70.6 70.6 72.7 71.8
additionally allowed regions 225 211 20.8 21.9
generously allowed regions 4.0 5.1 5.0 4.1
disallowed regions 3.0 3.2 15 2.3

2See Table 1 and text for description of casest1’ Residues superpositioned:—23, 1722, 48-58, 69-75, 79-89, 102-106, and 126
128.¢ Ramachandran plots were generated with Procheck-NBER (

permitted hydrogen bonding from G8 O and N7H of the the NeH or NyH, of Arg-78 (case 4, Table 1)). These
purine ring of 8-0xo-dGMP to the side-chairdN, and Q) additional restraints had small (case 3) or no effects (case
of Asn-119, respectively. Similarly, hydrogen bond restraints 4) on the protein structure. Case 2, with the lowest mean
were added between G680 of 8-oxo-dGMP and either & pairwise RMSD, was considered the best structure (Table
or NiH, of Arg-78, the only charged residue near the purine 2).
ring of the bound nucleotide (case 3, Table 1). Separate H/D Exchange StudiesHydrogen/deuterium exchange
computations were made with the opposite orientation of the rates were determined at 28n four samples: free MutT,
purine ring (i.e., with C6= O and N1H of bound 8-oxo-  MutT-Mg?", MutT-Mg?*"-dGMP, and MutT-Mg"-8-oxo-
dGMP approaching the dH, and G of Asn-119, respec- dGMP. Each sample contained 1.0 mM MutT, 4 nuoy-
tively, and with C8= O of the purine ring approaching either  Tris-HCI, (pH 7.5 in HO), 21 mM NacCl, and 0.34 mM NaN
in 10% D,O. In addition to the above, to maintain an
2In preliminary mutagenesis studies, the highly active N119D and essentially constant concentration of free3ghe MutT-

N119A mutants showed large 37- and 1650-fold increases, respectively,Mg2+ sample contained 15 mM Mgglthe MutT-Mg*-

in the K;s°Pe of 8-0x0-dGMP, indicating much weaker binding of this ~ dGMP sample contained 35 mM MgGind 20 mM dGMP,
nucleotide to these mutants, while only2-fold increases i€ of and the MutT-Mg*-8-oxo-dGMP sample contained 15 mM
dGMP and dAMP were found. These results suggest hydrogen bonding

of Asn-119 to 8-oxo-dGMP but much weaker interactions with dGMP MgCl; and 1.3 mM 8'0X0'.dGMP' )

or dAMP. Also, the fully active R78A mutant showed a 7-fold increase ~ HSQC spectra of MutT in 90% #/10% DO were first

in the K;slore of 8-oxo-dGMP but only 3.0- and 1.4-fold increases in  collected for 5 min (4 scans, 64 increments, and 0.8 s

Kslere of dGMP and dAMP, respectively, suggesting weak interaction ; ; ;
of Arg-78 with 8-oxo-dGMP, weaker interaction of Arg-78 with dGMP, relaxation delay) and for 20 min (16 scans,tgicrements,

and no interaction of Arg-78 with dAMP (V. Saraswat and A. s. 1.0 S relaxation delay). The protein samples were then
Mildvan, unpublished observations). lyophilized and dissolved in 99.9% ,D to initiate the
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Ficure 1: Summary of near neighbor backbone interproton NOEs and secondary structural elements of the RuBfeuydGMP

complex. The thicknesses of the lines indicate the intensities of the NOEs as strong, medium, and weak. Chemical shift differences of the
Ca and Hx resonances from random coil values are shown to be consistent with the NOE-derived secondary structure. Below is shown the
secondary structure with arrows indicatjfigtrands, shaded rectangles indicatingelices, inverted cups indicating turns, and lines indicating

loops.

exchange, and 5 min HSQC spectra were sequentially HSQC spectra. The latter permit the distinction betwgen
collected fo 1 h after an initial delay of 12 min for the NMR  and y-methylene*C and protons ang- and 6-methyl 13C
setup. Next, 20 min HSQC spectra were collected every hourand protons of lle residues. Leu and Val meth$C and

for 24 h and every 36 h for the next 100 h. The data were protons were assigned on the basis of NOE patterns in 3-D
processed with nmrPipe, and peak intensities were analyzedH-*C NOESY HSQC spectra. Aromatic protons were
with NMRview. The ratios of the peak intensities collected assigned from the 2-D NOESY and TOCSY data. Eight of
for 5 and 20 min in 90% KD were used to normalize the the nine prolines were found to be trans from NOE cross-
intensities of peaks for data collected every 5 min 4OD peak patterns in théH-13C-NOESY-HSQC and‘H-'°N-
Measurements of the decrease in peak intensities with timeNOESY-HSQC spectra3@). However, the conformation of
were fit to a one parameter first-order equation using the Pro-116, which precedes Pro-117, could not be assigned
Grafit 1.0 program. The NH exchange rates for each amino because of overlappirigd and**C signals. All nine prolines
acid residue were then normalized with respect to the H/D were found to be trans in free MutTl%) and in the
exchange rates of free unstructured amino acids of the sameyuaternary MutT-Mg"(H.O)-AMPCPP-Mg" complex 6).

type (32) to calculate the protection (slowing) factors, using For 124 of the 129 residues of MutT (96%), backbdtid,

an Excel spreadsheet provided by Dr. S. W. Englander NH, Ca, and Hx resonances were sequence specifically

(University of Pennsylvania). assigned, and side-chain proton resonances were also se-
guence specifically assigned, in accord with their expected
RESULTS AND DISCUSSION spin systems (Table S1, Supporting Information).

Resonance Assignmen®he large changes in backbone Secondary Structur&.he secondary structure of MutT in
15\ and NH chemical shifts of MutT induced by the binding the enzyme-Mg -8-oxo-dGMP complex consists of five
of 8-0x0-dGMP B) necessitated the reassignment of all £-Strands, on the basis of strongHNH;;+1) NOEs between
resonances (Table S1, Supporting Information). Sequence esidues 213, 17-22, 69-75, 79-89, and 102-106; two
specific backbone assignments were made from the 3-Do-helices, based on strong NH-NH1); and weaker NH-
HNCA, HNCACB, and 3-D'H-1N-NOESY-HSQC spectra.  NHi+2.3, Ho-Hfjva) @nd Hi-NH(j+o-s) NOES between
The HNCA spectrum was instrumental in identifying con- residues 4858 and 126-128 (Flgu're 1). In addition, four
nectivities between residues that were not part gfsrand ~ 10ng loops were found between residues-26, 59-68, 90-
or a-helix. TOCSY cross-peak patterns together with ¢~ 102, and 116-120. Analysis of @ and Hx chemical shifts
and @ chemical shifts from the HNCACB experiment Were also consistent with the NOE derived secondary
facilitated amino acid identification. Side-chain assignments Structures (Figure 1).
were made primarily from th&H-N-TOCSY-HSQC spec- Comparison of the secondary structural elements of the
trum. The TOCSY data were sufficient to make the side- MutT-Mg?*-8-oxo-dGMP complex (Figure 1) with those of
chain proton assignments listed in Table S1 (Supporting free MutT 34) and the MutT-Mg*(H.0)-AMPCPP-Mg*
Information) when supplemented by the 34B-13C NOESY complex @) show that the same residues are involved in
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FiGurE 2: Stereopairs of the solution structures of the MutT2Mg-oxo-dGMP complex. (A) Superposition of backbone,C, and N

atoms of 20 computed, converged structures of the Mut?Mgoxo-dGMP complex. The carbons of the deoxyribose ring of 8-oxo-
dGMP (yellow) are superimposed, but the orientation of the bound nucleotide is only minimally restrained (case 1, Table 1). (B) Superposition
of the structure in A (green) onto a set of 20 structures (white) further refined by using residual dipolar coupling of 53 backbone N-H
vectors (case 2, Table 1). The nucleotides are omitted for clarity. In all cases, the conformation of bound 8-oxo-dGMP was assumed to be
the same as that found for bound dGMEY)(

defining the beginnings and ends of the figestrands and Tertiary Structure Determinatiorzigure S1, Supporting
two o-helices. This observation indicates that the binding Information, shows the residue-specific distribution of NOEs.
of the substrate analogue, MgAMPCPP Kp = 284 uM) The tertiary structure of MutT in the enzyme-R1g8-oxo-
(4), or the product 8-0x0-dGMFKE = 52 nM) (5) did not dGMP complex (Figure 2A) was determined from 1746
change the secondary structure of MutT. This result was NOEs (13.5 NOEs/residue) including 422 long-range NOEs
unexpected with 8-oxo-dGMP, which binds to MutT-¥g and 82 hydrogen-bond restraints (Table 2). In addition, 186
with a 10*6-fold greater affinity than dGMP and a %6fold ¢ andy values (for 93 residues) were used, derived from
greater affinity than M§"AMPCPP @, 5). The HSQC backbone!®N, Ca, Ha, and @ chemical shifts with the
titrations of MutT-Mg+ with 8-oxo-dGMP confirmed tight ~ program TALOS 24) (Table 2). Figure 2A shows the
binding by showing slow exchange and large chemical shift structure obtained without residual dipolar coupling restraints
changes of 62 backbone amitiN and/or NH resonances (case 1, Table 1), and Figure 2B shows the structure obtained
widely distributed throughout the proteis)( with 53 backboné®N-H residual dipolar coupling restraints
Divalent Cation Binding SiteThe quaternary MutT-Mg- (case 2, Table 1), which is discussed in the next section. As
(H20)-NTP-Mg+ complex requires two divalent cations for indicated by sequential and long-range NOEs and by slowly
catalytic activity, one coordinated by tjfe andy-phosphoryl exchanging hydrogen-bonded protons, the fivetrands of
groups of the NTP substrate and the other coordinated byMutT formed a mixeg3-sheet with strands A and D parallel,
the enzyme 4). In the quaternary MutT-M&-(H20)- strands A, B, and E antiparallel, and strands C and D
AMPCPP-Mdg* complex, the enzyme-bound divalent cation antiparallel (Figure S2, Supporting Information). Thisheet
was previously found to be coordinated to the carboxylate topology is identical to that found in free Mut1%, 33) and
groups of Glu-56, 57, and 98, the carbonyl group of Gly- in the MutT-Mg*-(H.O)-AMPCPP-Md@" complex 6).
38, and to two water molecules, on the basis of paramagnetic Structure calculations with the program CNZ5, 26)
effects of C8" and M#" on resonances of side-chain yielded 20 converged structures in which NOE violations
13COO™ groups 6), backboné3C=0 groups 6), and water are<0.25 A, angle violation are<5°, and the total energy
protons §) as well as the effects of mutationg 85). In the for each structure ix450 kcal/mol (Table 2, Figure 2A).
binary MutT-M¢?" and ternary MutT-Mg"-(H,O)-dNMP Ramachandran plot analysis of these 20 structures using the
complexes, the nucleotide-bound divalent cation was not program PROCHECK36) showed 92% of the residues in
present, and Glu-53 replaced Glu-98 in the coordination the most favored and allowed regions; 3% in the gener-
sphere of the enzyme-bound metdl, (7). These latter  ously allowed region, and -23% in disallowed regions
restraints were employed in the present structure calculationgTable 2). The residues in the disallowed regions appear
since the'H-N HSQC spectrum of the MutT-Mg complex disordered in the protein structure because of fewer NOE
was identical to that previously determine®by. restraints (Figure S1, Supporting Information). Superposition
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of the baCkbor_le G, (_:" and N at(_)m§ for the secondary Table 3: Comparison of the Structures of Free MutT, the
structured regions yielded a pairwise root-mean-square MutT-Mg?+-(H,0)-AMPCPP-Mg@* Complex, and the

deviation (RMSD) value of 0.65t 0.12 A (Table 2), MutT-Mg?*-8-0x0-dGMP Complex

indicating a well-defined tertiary structure (Figure 2A). The structures free-MutT MutT-AMPCPP  MutT-8-0x0-dGMP
pairwise RMSD value for the & C, and N atoms of all

residues was 0.98 0.15 A. The higher RMSD values for fﬁfﬁ‘;’gg?ﬁe 1‘;‘;% 185298 1228
the backbone atoms when all residues are included resultsequential range 502 551 472
from a number of short regions (residues-3® and 35- (itoi+1)
37 in loop 1, 98-102 in loop Ill, and 115118 in loop V), me‘i"t‘éri”;aggj 171 313 183
which are less well-defined because of fewer NOE restraints |0n(g range ) 380 497 429
(Figure 2A). (itoi>4)

In the tertiary structure, helix | packs under the lower Q%dggf’aellﬁgﬁ‘f g’g 1% 1‘;(15
surface of thgg-sheet near the edge of strand A, while helix
Il packs onto the upper surface of thesheet and protrudes Pairwise RMSD of @, C, N Atoms for
away from the protein core (Figure 2A), similar to that found 16 MutT-Mg**~(H,0)-AMPCPP-Mg" Structures (A)
. . secondary elemerits 0.51+ 0.07
in free MutT (15) and in the quaternary MutT-Mg-(H,0)- residues +129 0.75+ 0.11

AMPCPP-Mg@" complex 6). -
Pairwise RMSD of @, C, N Atoms

Structural Refinement by Residual Dipolar Couplifigpe for 15 Free MutT Structures (A)
structure of the protein in the MutT-Mg-8-oxo-dGMP secondary elemerits 1.37£0.25
complex, with weak intermolecular hydrogen-bonding re- residues +129 2.16+0.35
straints to the purine ring (Figure 2A) (case 1, Table 1), was Comparisons of Pairwise RMSD of
further refined by incorporating the residual dipolar couplings Backbone @, C, N Superpositions (A)

of 53 backbone N-H vectors (Figure 2B) (case 2, Table 1).

- +.8- - i
This refinement resulted in a slight lowering of the RMSD 20 MUtT-Mg8-0xo-dGMP Structures (Case 2) with

16 MutT-Mg?"-(H.O)-AMPCPP-Md" Structures

from 0.65 to 0.49 A for the secondary structural components secondary elemerits 2.45+ 0.16
and from 0.98 to 0.84 A for all residues (Table 2). Hence, residues +129 3.40+0.18
case 2 was considered to be the best structure. Interestingly, 20 MutT-Mg?*-8-0x0-dGMP Structures
this refined structure (Figure 2B) revealed small backbone (Case 2) with 15 Free MutT Structures
structural changes: &1.5 A translation of helix Il toward secondary elemerits 2.91+0.32

residues +129 3.88+ 0.37

the cleft, together with loop 4, which precedes helix II, and
16 MutT-Mg?**-(H.0)-AMPCPP-Mg*

small movements gf-strands C and D. These changes will Stuctures with 15 Freo MUTT Structures

be discussed next. secondary elemerits 1.64+0.22
Comparison of the Tertiary Structures of Free and residues +129 2.55+ 0.43

Complexed MutT.As noted qualitatively above, MutT a Residues superpositioned=—23, 17-22, 48-58, 69-75, 79-89,

preserves the relative orientations of its secondary structural102-106, and 126-128.

elements on interacting with the weak ligand, g

AMPCPP Kp = 284 uM (4)), or the strong ligand, 8-0x0-  mych greater than the RMSD values of the individual species

dGMP Kp = 52 nM (5)), indicating that the 10-fold tighter being compared.

binding of 8-oxo-dGMP does not result from a drastic change  \jost notably (Figure 3A,B), helix | in the MutT-Mdg-

in protein structure but rather from more subtle conforma- g_ox0-dGMP complex is displaced by4.5 A toward the

tional changes (Figure 3). Hence, detailed, quantitative active site from its position in free MutT. Also, helix Il

comparisons of the structures of free and complexed MutT qgether with loop 4, which precedes helix 11, move toward

were necessary to elucidate such changes. Table 3 showgye cleft, resulting in an overall closing of the active site,

the numbers of NOEs used for comparing the structures of 3ng the middle of helix Il shows a bend. Slight changes in

free MutT, its strong complex with 8-0x0-dGMP, and its position of theg-strands A, C, and D, which form part of

weak complex with Mg™-AMPCPP, as well as the pairwise  the base of the nucleotide binding cleft, also occur. Loop 3,

RMSD values obtained by the superposition of the backbone yhjch contains the reversible metal ligand Glu-98, also shows

Ca, C, and N atoms of pairs of structures. Similar numbers sjgnjficant changes in position in the 8-oxo-dGMP complex
of total NOEs and hydrogen-bond restraints were used for (Figure 3A,B, lower left).

all three structures. In contrast, comparison of the MutT-®Ig(H;0)-AMPCPP-
The overall tertiary structure of the MutT-Mg8-oxo- Mg?" complex, containing the 20G-fold weaker-binding

dGMP complex (case 2, Table 1) is qualitatively similar to substrate analogue MgAMPCPP, with free MutT, shows

those of free MutT and to the quaternary MutT-WgH,O)- much smaller structural differences (Figure 3C,D; Table 3).

AMPCPP-Mg@" complex (Figure 3). However, the super- Helix | moved by only~2 A toward the active site cleft
position of backbone & C', and N atoms of the MutT-  upon nucleotide binding; loop 1 moved slightly away from
Mg?"-8-ox0-dGMP complex onto those of free MutT reveals the cleft; and helix II, loops 3 and 4, arfiistrands A, C,
significant quantitative differences in the positions of the and D moved little or not at all, in agreement with previous
secondary structural elements (Figure 3A,B; Table 3). The conclusions based on detailed statistical analy§is (
pairwise RMSD values for the backbone atoms of the Consistent with these results, a comparison of the protein
secondary elements and of all residues are 29132 and structure of the MutT-MgF-8-oxo-dGMP complex with that
3.88+ 0.37 A, respectively (Table 3), differences that are of the weaker MutT-Mg*-(H,0)-AMPCPP-Md* complex
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Ficure 3: Comparisons of the protein structures in free MutT and in its complexes with 8-oxo-dGMP and AMPCPP. Nucleotides are
omitted for clarity. (A) Superposition of the backbone,GC, and N atoms of an ensemble of 15 computed structures of free ME}T (
(white) onto 20 structures of the MutT-Mg8-oxo-dGMP complex (green) (case 2, Table 1). (C) Superposition of free MutT (white, 15
structures) onto the MutT-Mg-(H,O)-AMPCPP-Mg@" complex 6) (red, 16 structures). (E) Superposition of the MutTa#@-oxo-

dGMP complex (green, 20 structures) (case 2, Table 1) onto the Muér-{ipO)-AMPCPP-Mg"™ complex (red, 16 structures). Molscript

ribbon superposition#@) of the lowest energy structures from each ensemble are shown in panels B, D, and F with the same color code.

(Figure 3E,F) also shows a narrowing of the nucleotide Hence, the binding of 8-oxo-dGMP induces greater
binding cleft in the 8-oxo-dGMP complex. Helices | and Il conformational changes in MutT than does the binding of
and loop 4 move toward the active site. The displacement MgZ"AMPCPP, most notably in the positions of helices |
of helix | is smaller ¢-2.5 A), while those of helix Il, loop  and Il and loop 4, which close in on the nucleotide binding
4, andg-strands A, C, and D are similar to those found on site (Figure 3E,F). These structural differences may well
comparing the MutT-Mg"-8-oxo-dGMP complex with the  contribute to the 1¥-fold greater affinity of MutT for 8-oxo-
free enzyme. The pairwise RMSD values of the backbone dGMP. The mechanistically related Nudix enzyme,Ap
atoms for the secondary structural elements and for all hydrolase 87) also shows significant conformational changes
residues are 2.45% 0.16 and 3.4Gt 0.18 A, respectively, on binding the reaction product ATP, in the presence of
which greatly exceed the RMSD values of the individual saturating MgGland NaF 88). Although the conformational
species being compared (Table 3). changes of ApA hydrolase differ in detail from those of
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Table 4: Comparison of Intermolecular NOEs from the MutT
Enzyme to the Sugar Protons of the Bound Nucleotide in the
8-Oxo0-dGMP and AMPCPP Complexes, in the Presence of
Saturating MgGl

8-oxo-dGMP AMPCPP<
sugar MutTo MutT o
proton tH/C) assignment  H/*C) assignmefit
H1' 0.73/12.5 16 me 1.70/46.3 LAHB, »
0.88/14.9 180k 1.62/28.5 L4H
0.94/25.7 LAkdyer 2
H2(2") 1.68/41.5  180I8 0.67/12.9  16HDye
0.96/18.8 180h¥me
0.88/14.9 180 e
0.97/25.6 L82t e
H3' 0.73/12.5 16 Me 0.93/25.6 LAHbver 2
0.88/14.9 180 e
H4' 1.68/46.4 LAHB »
0.94/25.8  L4kdyers
1.76/29.8  K39H:,
H5(5")  0.49/17.8  16Hwye 1.68/46.2 L4k,
0.73/12.5 16HD e 0.94/25.6 LA we1 2

a All NOEs to 8-oxo0-dGMP were weak to medium with signal/noise
ratios of 2.8-3.2.PFrom ref 6. ¢Also detected in the AMPCPP
complex were three NOEs to adenine-H8 from L4 and two from 16, as
well as four NOEs to adenine-H2 from 186)(

MutT, they also narrow the nucleotide binding cleB8).
The requirement for NaF and MgCto form the slowly
exchanging ATP complex of A@ hydrolase suggests the
formation of a trigonal bipyramidal transition state analogue
ATP-O-Mg(F)s-OH; on this enzyme39).

8-0Ox0-dGMP Binding SiteThe analysis of thé3C/*°C-
edited-NOE-filtered and'H-3C-NOESY-HSQC spectra
yielded a total of 12 weak intermolecular NOEs from six of

Table 5. Arginine!®Ne and -NeH Chemical Shifts (in ppm) from
1H-15N HSQC Spectra of MutT Complexes at,pH 7.5

MutT-Mg?*-8-
MutT-Mg2* oxo0-dGMP
resonance o (*H/*N) o (*H/**N) AS (*H/**N)
A 7.26/83.51 7.32/83.59 0.06/0.08
B 7.16/83.35 6.99/86.61 —0.17/3.26
C 7.18/84.10 7.14/82.95 —0.04+1.15
D 6.68/89.04 6.64/88.92 —0.04/-0.12
E 8.36/87.93 8.21/86.89 —0.15+~1.04
F 7.24182.02
G 7.38/90.32

six proton groups of the protein, assigned as described in
Experimental Procedures, that defined the deoxyribose
binding site of 8-oxo-dGMP. Comparison of these NOEs
with NOEs from MutT to AMPCPP®) revealed different
but overlapping interactions for the two nucleotides (Table
4), consistent with overlapping but nonidentical binding sites.
Thus, the deoxyribose of 8-0xo-dGMP shows NOEs from
lle-6 of 5-strand A, and from lle-80, and Leu-82 pfstrand

D, while the ribose of AMPCPP shows NOEs only from
Leu-4 and lle-6 off-strand A. These NOEs indicate that in
comparison with AMPCPP, 8-o0xo-dGMP is translated by
~2 A from g-strand A toward the adjacent and parallel
p-strand D, approaching the amino terminus of helix Il
(Figure 2A).

While the NOEs in Table 4 defined the position of bound
8-0x0-dGMP (Figure 2A), additional restraints were required
to define its conformation and orientation (Figure 4). Because
of the absence of nonexchangeable protons on the purine
ring of 8-oxo-dGMP, no intramolecular NOEs between the

the seven carbon-bound protons of the deoxyribose ring tobase and the deoxyribose were observed. Hence, the con-

FIGURE 4: Stereopairs showing the conformations and alternate locations of bound 8-oxo-dGMP in the Mt8-bhg-dGMP complex.
(A) Case 3 (Table 1): superposition of 20 structures restrained by assuming hydrogen bonding of the peri@eafl N7-H of 8-oxo-
dGMP to Asn-119-MH, and Q, respectively, and of the purine G6 O to Arg-78-NyH,. (B) Case 4 (Table 1): superposition of 20
structures restrained by assuming the opposite hydrogen bonding of the purinédGhd N1H to Asn-119-8H, and @), respectively,

and the purine C8 O to Arg-78-NyH,. In all cases, the conformation of bound 8-oxo-dGMP was assumed to be the same as that found

for bound dGMP 27).
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o | *

Ficure 5: Comparison of the overlapping nucleotide binding sites on MutT for 8-oxo-dGMP and for the AMP moiety of AMPCPP in their
respective lowest energy structures. (A) 8-Oxo-dGMP, case 3. (B) 8-Ox0-dGMP, case 4. (C) The AMP moiety of AN GpRde-

filling Molscript models é2) are shown with hydrophobic groups in green, polar groups in yellow, cationic groups in blue, and anionic
groups in red. Note the hydrophobic character of the site. (D) Superposition of the residues in contact with the bound nucleotides in panels
A—C showing the relative positions of 8-oxo-dGMP, case 3 (cyan); 8-oxo-dGMP, case 4 (green); and AMP (red). Cases are defined in
Table 1 and in the text.

formation of bound 8-oxo-dGMP was assumed to be the resonances of Asn-119, while the binding of dGTP resulted
same as that found for bound dGMP, with a high anti- in a larger downfield shift of this resonance (0.54 ppm),
glycosidic torsional angley(= 73 + 9°) and a Clendo suggesting an interaction of the guanine base with Asn-119-
sugar puckerd = 118 & 11°) (27). These torsional angles NH, (6). Also, the exchange rate with solvent of the
were very similar to those found for bound AMPCPER) backbone NH of Asn-119 slowed byl(-fold in the 8-oxo-
To facilitate the orientation of bound 8-oxo-dGMP, its dGMP complex in comparison with all other complexes of
phosphorus was restrained to be 801.7 A from the MutT.
enzyme-bound divalent cation, and one of its phosphate Preliminary mutagenesis studiesiggest hydrogen bond-
oxygens was restrained to be 3t30.7 A from N¢ of the ing of Asn-119 to 8-oxo-dGMP but much weaker interactions
catalytic residue, Lys-39, distances very similar to those of this residue with dGMP or dAMP. Accordingly, in
found in the AMPCPP complex6). Collectively, these  separate structure calculations (Figure 4A), the distances from
restraints are referred to as case 1 (Table 1). Asn-119-NH, and @ to the C8= O and N7H, respectively,
Further evidence that 8-oxo-dGMP and NTPs bind in the of 8-oxo-dGMP were restrained to 2480.2 A, with small
same substrate binding cleft, in addition to the intermolecular effects on the backbone structure of the protein.
NOEs (Table 4) and the previously detected kinetic competi- The NOEs between MutT and the deoxyribose ring of
tion with dGTP 6), is the disappearance of both side-chain 8-oxo-dGMP (Table 4), initial modeling of the complex, and
-NoH, resonances of Asn-119 in tHe&N HSQC spectrum  preliminary mutagenesis studfesiso suggest that acceptor
of the MutT-Mg**-8-oxo-dGMP complex. No downfield atoms of the 8-oxo-guanine ring can approach and accept a
shifted proton resonances {1 ppm) appeared at 5 or 25  hydrogen bond from the side-chain guanidinium of Arg-78
that would indicate unusually strong hydrogen bonds between(the only Arg in the nucleotide binding cleft). Accordingly,
Asn-119 and the C8- O or the N7-H of the purine ring of  in the structure calculations, the distances from=<® of
8-0x0-dGMP, although these are not excluded. Previously, 8-oxo-dGMP to either the &H or the NyH, of Arg-78 were
it was found that the binding of AMPCPP resulted in a small restrained to 2.8 0.2 A, with small effects on the backbone
upfield shift (~=0.05 ppm) of the downfield of the twoMH. structure of the protein (Figure 4A). Collectively, these
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Ficure 6: 'H-1°N HSQC spectra of MutT-Mg-8-oxo-dGMP (red) and MutT-Mg-dGMP (black) collected after being in 100%® for

62 and 51 h, respectively, at 23H 7.5. Components present were

1.3 mM 8-oxo-dGMP, 1.0 mM MutT, and 15 mM MaC20 mM

dGMP, 1.0 mM MutT, and 35 mM MgGltogether with 3.4 mM Trigd;,Cl, pH 7.5, 18 mM NaCl, and 0.3 mM NaNn 99.96% DO.

Assigned resonances of the MutT-ReB-oxo-dGMP complex are labeled. The nonexchanged spectra are shown in Figure B.of ref

additional hydrogen-bonding restraints between 8-oxo-dGMP  Figure 5A,B compares in detail the locations and enzy-
and the two residues, Asn-119 and Arg-78, are referred to matic environments of enzyme-bound 8-oxo-dGMP in the

as case 3 (Table 1).

In other calculations, the opposite orientation of the purine
ring was assumed, with Asn-119%Nand @) approaching
the C6= O and N1H, respectively, of 8-oxo-dGMP, and
Arg-78-NeH or NyH; approaching the C& O of 8-oxo-
dGMP (Figure 4B), with no significant effects on the

two alternative orientations defined by the restraints of cases
3 and 4, respectively (Table $For comparison, Figure 5C
shows the location and enzymatic environment of the AMP
moiety of AMPCPP ). Figure 5D, obtained by superimpos-
ing the protein residues in Figures 5&, which are in
contact with the bound nucleotides, indicates that 8-oxo-

backbone structure of the protein. These alternative restraintsdGMP and the AMP moiety of AMPCPP bind to overlapping

are referred to as case 4 (Table 1).

MutT contains seven Arg residues of which five ArgH\
resonances were detected ifHN HSQC spectrum of
the MutT-Mgt complex (Table 5). The binding of 8-oxo-
dGMP to the MutT-Mg" complex induced shifts in these
signals and the appearance of two additional ArddN
resonances (Table 5). Most of the Arg# proton shifts
induced by the binding of 8-oxo-dGMP were upfield, arguing
against increased dil hydrogen-bond donation. However,
the appearance of two new ArgeN resonances, presumably

sites. These sites are predominantly hydrophobic (Figure
5A—C). The residues that line the nucleotide binding cleft
are located on the surface @fstrands A, C, and D, loop 1,
and the amino terminus of helix II. They consist mainly of
the apolar residues Leu-4, lle-41, Tyr-73, Phe-75, lle-80, and
Leu-82. The only charged or polar residues present within
4.8 A of bound 8-oxo-dGMP are Lys-3, Lys-39, Arg-78, and
Asn-119.

The orientation of MutT-bound 8-oxo-dGMP defined by
case 3 (Table 1, Figures 4A and 5A) buries an average of

because of slowed exchange with the solvent, suggestszg + 39 of the total surface area of the nucleotide (530

residues. A hydrogen bond between Arg-78 and 8-oxo-dGMP

could contribute to the T@-fold tighter binding of 8-oxo-
dGMP over dGMP. These points are being studied by the
effects of Arg mutations on NMR spectra and on nucleotide
binding?

3Modeling of a pyrophosphoryl group onto 8-oxo-dGMP in the
orientations defined by both case 3 (Figure 5A) and case 4 (Figure
5B) permitted the resulting 8-oxo-dGTP molecules to reach the reaction
center and form potentially productive complexes.
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Ficure 7: Protection (slowing) factors for backbone NH/ND exchange of individual residues of free MutT and its complexes at pH 7.5 and
23°. Molscript ribbon drawings of MutT42) color-coded to indicate the log[protection factors] that range from red for little or no protection
(10°-14) to purple for residues that were protected from exchange after 7 daygOif{(I0P->-6-4). White represents residues for which the

NH protons were not assigned. Log[protection factors] are shown for (A) free MutT; (B) the MuT-stgnplex; (C) the MutT-Mg"-

dGMP complex; and (D) the MutT-Mg-8-oxo-dGMP complex.

alternative orientation of bound 8-oxo-dGMP defined by case coupling (Figures 4A and 5A), supports the position of
4 (Table 1, Figures 4B and 5B) shows slightly less burial, 8-oxo-dGMP shown in Figures 4A and 5A (case 3) over
71 + 4% of the total nucleotide surface area (54@ A2). that shown in Figures 4B and 5B (case 4).
In contrast, the AMP moiety of AMPCPP shows only &7 Hydrogen/Deuterium Exchange Studi€és independently
6% burial of its surface area (536 4 A?), consistent with  test the hypothesis that the high affinity of MutT for 8-oxo-
the 1G7"-fold weaker binding of AMPCPP to the enzyme dGMP might result in part from a closing down or tightening
(4, 5). of the enzyme structure, including that of the active site,
As noted above, structural refinement of the MutT-Ag hydrogen-deuterium (H/D) exchange studies were per-
8-0x0-dGMP complex by incorporating residual dipolar formed on free MutT and on three of its complexes: MutT-
couplings of 53 backbone NH vectors (case 2, Table 1) Mg?", MutT-Mg?"-(H,O)-dGMP, and MutT-Mg"-(H,0)-
resulted in small structural changes:~d.5 A translation 8-0x0-dGMP at 23 and pH 7.5. A comparison of thi-
of helix Il and loop 4 toward the cleft and small movements N HSQC spectra of the MutT-Mg-(H.O)-dGMP and
of B-strands C and D (Figure 2B). Case 2 was deemed theMutT-Mg?*-(H,0)-8-0xo-dGMP complexes after 51 and 62
best structure on the basis of the lowest mean pairwiseh in D;O, respectively, (Figure 6) shows the 8-oxo-dGMP
RMSD values (Table 2). Interestingly, these structural complex to protect 45 out of 112 resonances from rapid
changes were very similar to those found in Figures 4A and exchange, whereas the dGMP complex protects only 20
5A (case 3, Table 1), which were generated without residual resonances out of 115. With free MutT, after 50 h isCD
dipolar coupling by assuming hydrogen bonding from the only 11 out of 114 resonances remained, and with the MutT-
C8= 0O and N7H of the purine ring to Asn-119éM, and Mg?t complex 22 out of 115 resonances remained (data not
00, respectively, and from the C& O to Arg-78-NyH.. shown).
No such structural changes in the protein backbone were Exchange Rate Protection Factors for Free MutT and
found for case 4 (Figures 4B and 5B) in which the opposite Mg?"™-MutT. Pseudo-first-order rate constants for the NH
hydrogen bonding pattern was assumed (Table 1). Theexchange of the assigned resonances ai#3e calculated
agreement in backbone structures of the protein derivedand compared with exchange rate constants of the same
independently from residual dipolar coupling without specific residues when exposed to solvent in small peptides, to yield
orientation of the purine ring (Figure 2B), and from a specific protection (or slowing) factors3@). For free MutT, the
orientation of the purine ring without residual dipolar protection factors vary from 1, indicating no protection
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Ficure 8: Pairwise comparisons of log[protection factors] for residues of free MutT and its complexes. (A) MdtTaltgs free MutT,

(B) MutT-Mg?t-dGMP minus MutT-Mg", (C) MutT-Mg?*-8-oxo-dGMP minus MutT-Mg", and (D) MutT-Md¢*-8-oxo-dGMP minus
MutT-Mg?"-dGMP. Note that differences in log[protection factors] are equal to the log[ratio] of protection factors. As indicated by the
color code, the difference in log[protection factor] for a residue in two complexes is shown as yellow if the protection factors are nearly
equal in the two complexed\(log(PF)] = 0 to —1.2). Those residues that are less protected than in their partner are shown in orange to
red, and those that are more protected are shown in green, blue, and pUtptgRF)] > 3).

against exchange, to 940ndicating significant protection,  Thus, the binding of dGMP increases the protection factors
with a majority of amide protons showing values in the of residues around the binding cleft, as seen by the strip of
105-10** range as a result of the protein being folded blue across strands A and D of tiesheet and along helix
(Figure 7A). Interestingly, many of the residues from the | (Figure 7C). The ratios of protection factors of the MutT-
long loops show protection against exchange, suggesting thaMg?™-dGMP and MutT-M§" complexes (Figure 8B) show
their amide protons are not completely exposed. that dGMP binding induces 10-fold slowing of exchange
The addition of M§" to MutT increases the protection of 20 residues predominantly along helix 1 and in the
factors of 26 residues by-10-fold, notably those in the nucleotide binding cleft.
middle of helix | (Figure 7B). This is reasonable since helix  In contrast, 8-oxo-dGMP binding protects many residues
| contains residues that coordinate the metal (Glu-53, 56, throughout the entire protein, including those surrounding
and 57). Increased protection factors were also observed forthe nucleotide binding cleft, and by greater factors (Figure
residues org-strand A and helix Il. These effects are seen 7D). Notably, the backbone NH of Asn-119 exchangd€f-
more clearly in the difference in log[protection factors] fold slower in the MutT-M§"-8-oxo-dGMP complex than
(Figure 8A), which is equal to the log[ratio] of the protection in any other complex of MutT, which is part of an overall
factors of MutT-M@" and MutT. In Figure 8A, protection  slowing of exchange that occurs throughout helix Il (Figure
factors that showed little change between the two systems7D). Comparison of the protection factors of MutT-Rg
(10°%—10"%? are colored yellow. Decreases in protection 8-oxo-dGMP with those of MutT-Mg (Figure 8C) shows
factors (reflecting increases in exchange rates of MutP?Mg greater protection by 8-oxo-dGMP for 45 residues by31
vs free MutT) are shown in orange and red, and increases inorders of magnitude, with 36 residues showing0?-fold
protection factors (reflecting decreases in exchange rates ofgreater protection. Similarly, comparison of the protection
MutT-Mg?" vs free MutT) are shown in green, blue, and factors of the 8-oxo-dGMP and dGMP complexes (Figure
purple. 8D) indicates a relative slowing of exchange of 36 residues
Exchange Rate Protection Factors for MutT-MeNucle- of the former, by +3 orders of magnitude. These diffuse
otide Complexed-ormation of the MutT-Mg"-dGMP and slowing effects (Figures 7 and 8) suggest a general tightening
MutT-Mg?*"-8-oxo-dGMP complexes leads to further slowing of the protein structure in the 8-oxo-dGMP complex,
of NH exchange for many additional residues (Figure 7C,D). consistent with the differences seen in the comparisons of
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the tertiary structures (Figure 3 and Table 3). The exchangethe MutT-Mg" and the MutT-Mg"-dGMP complexes,
data also suggest a shortening~e45 backbone hydrogen consistent with widespread tightening of the protein structure,
bonds in the 8-oxo-dGMP complex, which could contribute including the nucleotide-binding cleft. The slowed H/D
to the strongly favorable enthalpic contributiohH = —32 exchange rates in the MutT-NMg8-oxo-dGMP complex also
kcal/mol) to the free energy of binding of 8-oxo-dGM&G® suggest a more stable structure. Th&®f0ld weaker binding
= —9.8 kcal/mol) 6). The resulting increase in structural of dGMP to MutT-Mg"* slows the backbone exchange rates
order could explain the unfavorable entropy change on of only 20 residues, and by smaller factors~ef0.
binding (—TAS = +22 kcal/mol). Hence, the high affinity of MutT for 8-oxo-dGMP likely
However, since hydrogen-bond lengths do not strictly results in part from ligand-induced conformation changes that
correlate with protection factors, an alternative explanation narrow the nucleotide binding site and strengthen numerous
of the H/D exchange data must be consideréd).(As backbone hydrogen bonds. Specific hydrogen bonding of the
ligands such as 8-oxo-dGMP bind to MutT, the complex purine C8= O and N7H of 8-oxo-dGMP by Asn-119 and
assumes a lower energy state in which the local and/or globalof the C6= O by Arg-78 may also contribute significantly
unfolding rates decrease, diminishing the transient exposureto the highly favorable enthalpy of binding. The resulting
of backbone NH protons to the solvent, thereby slowing increased structural order of the MutT-fg8-oxo-dGMP
exchange. Complexation with Mgand nucleotides, espe- complex can explain the unfavorable entropy of binding.
cially 8-oxo-dGMP, favors a more tightly folded state of the
protein. This lowered energy and more ordered state of the ACKNOWLEDGMENT
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