
a "paradigm shift," but a gradual conver- 
gence of technique and need. The many 
approximations and compromises of these 
2-D simulations will gradually be eliminat- 
ed and what promises to emerge is a rich 
and detailed picture of one of the most 
dramatic natural events. 
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The crystal structure of the DNA repair enzyme endonuclease Ill, which recognizes and 
cleaves DNA at damaged bases, has been solved to 2.0 angstrom resolution with an R 
factor of 0.1 85. This iron-sulfur [4Fe-4S] enzyme is elongated and bilobal with a deep cleft 
separating two similarly sized domains: a novel, sequence-continuous, six-helix domain 
(residues 22 to 132) and a Greek-key, four-helix domain formed by the amino-terminal and 
three carboxyl-terminal helices (residues 1 to 21 and 133 to 21 1) together with the [4Fe-4S] 
cluster. The cluster is bound entirely within the carboxyl-terminal loop with a ligation pattern 
(Cys-X,-Cys-X,-Cys-X,-Cys) distinct from all other known [4Fe-4S] proteins. Sequence 
conservation and the positive electrostatic potential of conserved regions identify a surface 
suitable for binding duplex B-DNA across the long axis of the enzyme, matching a 46 
angstrom length of protected DNA. The primary role of the [4Fe-4S] cluster appears to 
involve positioning conserved basic residues for interaction with the DNA phosphate 
backbone. The crystallographically identified inhibitor binding region, which recognizes the 
damaged base thymine glycol, is aseven-residue p-hairpin (residues 113 to 11 9). Location 
and side chain orientation at the base of the inhibitor binding site implicate GluM2 in the 
N-glycosylase mechanism and Lysi20 in the p-elimination mechanism. Overall, the struc- 
ture reveals an unusual fold and a new biological function for [4Fe-4S] clusters and provides 
a structural basis for studying recognition of damaged DNA and the N-glycosylase and 
apuriniclapyrimidiniclyase mechanisms. 

Damage inflicted on DNA by active oxy- efficient DNA repair mechanisms to cope 
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was removed (3). Investigation of the E. coli 
enzyme has the advantage that results from 
the extensively studied bacterial systems for 
protection and repair responses to oxidative 
stress are often applicable to more complex 
and less defined systems, including human 
cells (4). Bacteria (5, 6), yeast (7), and 
bovine and human cells (8) share a con- 
served class of enzymes with the same sub- 
strate specificity for damaged DNA cleavage, 
similar molecular weights, and no require- 
ment for divalent cations. Because endonu- 
clease I11 is the prototype for this conserved 
class of enzymes, studies of the protein have 
broad implications in understanding DNA 
repair and, potentially, carcinogenesis and 
aging in higher organisms. Endonuclease V, 
whose structure was recently reported ( 9 ) ,  
is a different enzyme of distinct structure 
but related function that is found in phages 
and is without known homologs in higher 
organisms. 

Cloning and overexpression of the nth 
gene has allowed large-scale purification 
and biochemical characterization of endo- 
nuclease I11 (5, 10). Surprisingly, the pro- 
tein, unlike any of the other well-charac- 
terized DNA repair enzymes, contains an 
iron-sulfur I4Fe-4S] cluster. Sequence sim- 
ilarity suggests that the recently sequenced 
mutY gene codes for an adenine glycosylase 
that also contains an Fe-S cluster (1 1 )  and 

\ ,  

that endonuclease I11 is a representative of a 
new class of Fe-S moteins. The three- 
dimensional (3-D) structure of endonucle- 
ase I11 ~rovides detailed information to 
guide biochemical investigations into the 
enzyme's recognition of damaged DNA, the 
biological function of the [4Fe-4S] cluster, 
and the mechanisms for the N-glycosylase 
and AP lvase activities. The combined 
structural and biochemical results show that 
endonuclease 111 contains novel structural 
motifs for the recognition and repair of 
damaged DNA previously unidentified in a 
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Fig. 1. Stereo pairs showin the refined model and electron density map. The map (blue contours 
at lo) was calculated at 2 1 resolution with (12F01 - I F,I) amplitudes and model phases. The model 
is colored by atomic element (oxygens, red; nitrogens, blue; carbons, yellow; sulfurs, green; and 
irons, orange). Model and maps are displayed with the new program XtaNiew running on a Sun 
workstation (45). (A) The [4Fe-4S] cluster and its environment. The 26-residue carboxyl-terminal 
loop (residues 186 to 21 1) forms a right-handed spiral around the [4Fe-4S] cluster and contributes 
all four Cys ligands (residues 187, 194, 197, and 203), which are close together in sequence. This 
[4Fe-4S] cluster geometry was clearly defined even in the 2.7 &resolution MIR electron density 
map calculated with solvent-flattened combined phases. The [4Fe-4S] cluster within its carboxyl- 
terminal loop together with helices aA and aHJ form the [4Fe-4S] cluster domain. (B) A portion of 
the long helix aE (residues 82 to 99), which forms part of the &helix barrel domain. In the refined 
maps, the electron density shows the wellcharacterized side chain and carbonyl oxygen positions. 
Helix aE, which is the longest helix in the structure, appears to play a role in DNA recognition. 

structural taxonomy of DNA-binding do- 
mains (12). 

Structure determination. Crystals of 
endonuclease I11 were obtained by dialysis 
against low ionic strength buffer and im- 
proved by microseeding and macroseeding 
(1 3). The crystals be10 to the space group 
P2,2,2, with a = 48.5 y, b = 65.8 A, and c 
= 86.8 A and contain one 23-kD monomer 
per asymmetric unit and 55% solvent, with 
V,,, = 3.01 A3 per dalton. Complete dif- 
fraction data to 1.98 A resolution were 
collected from three crystals with 1.54 A 
CuKa radiation on a Siemens area detector 
and processed with the Xengen data-pro- 
cessing software (version 1.3) (1 4). The 
structure was solved with the multiple iso- 
morphous replacement (MIR) method by 
using four different derivatives and the na- 
tive anomalous signal of the Fe-S cluster for 
phase determination (Table 1). A 2.7 
A-resolution MIR electron density map 
calculated with solvent-flattened (1 5) com- 
bined phases was used for initial tracing of 
the polypeptide chain with the program 
GRINCH (16). Main chain refitting and 
side chain assignment were accomplished 
with the graphics program FRODO (1 7). 
The model was refitted and then position- 
ally refined with X-PLOR (version 2.1) 
(18) from an initial R factor of 0.48 to one 
of 0.286 to 2.5 A resolution. One cycle of 
simulated annealing refinement with the 
slow-cooling protocol and a starting tem- 
perature of 1000 K reduced the R factor to 
0.266. Positional and temperature factor 
refinements were repeated with manual re- 
fitting between refinement cycles. The re- 
finement resolution was increased to 1.98 A 
after the R factor reached 0.23. Each por- 
tion of the structure was checked for errors 
with fragment difference maps omitting the 
part in question to reduce phase bias. Well- 
ordered water molecules (118 total) were 
identified with a (IFoI - IF,I) difference 
map. The final 2 A-resolution model (Fig. 
1, A and B) containing 1778 atoms had an 
R factor of 0.185, with a bond length 
root-mean-square deviation of 0.016 A, a 
bond angle deviation of 2.9", an average 
temperature factor of 23.9 AZ, and excel- 
lent main chain geometry (Fig. 2). 

In order to locate the active site of 
endonuclease 111, dikction data were col- 
lected from a crystal soaked in a solution 
containing thymine glycol, an inhibitor for 
the N-glycosylase activity of endonuclease 
111 and a major DNA lesion produced by 
oxidative stress. A ditrerence Fourier map 
was used to identify the binding site (Table 
1). Refinement of these data from the 
complex was then used to examine possible 
structural changes associated with binding. 

Overall fold and dimensions. Endonu- 
clease I11 is an elongated molecule (60 by 
35 by 30 A) with primarily a-helical sec- 
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Table 1. Crystallographic data statistics. Crystals were derivatized by soaking at 15°C in mother 
liquor (0.1 M Hepes buffer, pH 7.0, 5% glycerol) containing specified heavy atom reagents. Each 
heavy atom derivative data set was collected from a single crystal by using a 0.4" oscillation step 
size to facilitate data collection and to circumvent the rapid decay of derivatized crystals. The 
positions of heavy atoms were located by isomorphous difference Patterson maps. The single 
isomorphous phases obtained from the single-site platinum derivative were used to calculate the 
crossed-phase difference Fourier maps for location of additional heavy atom binding sites and 
orientation of different heavy atom site coordinates on the same origin. The heavy atom coordinates 
were refined with the program HEAVY (43). The [4Fe-4S] cluster model of Peptococcus aerogenes 
ferredoxin obtained from the Brookhaven Protein Data Bank (44) was fit into the [4Fe-4S] cluster 
density clearly recognizable in the original MIR map, with the four Fe atoms positioned into four 
protrusions of the cluster density. The coordinates of the Fe atoms were then used for including the 
anomalous signals in the phase determinations. The combined phases were improved by the 
solvent-flattening protocol implemented in the program PHASES with a 40% solvent cutoff (W. 
Furey, Biocrystallography Laboratory, Veterans Affairs Medical Center, Pittsburgh, Pennsylvania). In 
order to obtain data for the inhibitor-bound endonuclease Ill crystal, the crystal was soaked at 15°C 
in mother liquor containing 2 mM thymine glycol for 12 hours. Data were collected with 0.2" 
oscillation steps and processed as described in the text. 

Parameters Native K,Pt(NO,), OsCI, Thimerosal KAu(CN), glycol 
inhibitor 

Soaking concentration 
(mM) 

Soaking time (hours) 
Data resolution (A) 
Data completeness 

(percent) 
/lo at resolution limit 
Observations (no.) 
Uniclue reflections 
RSym* (percent) 
R,"Il,St 

Rmerge* (percent) 
Sites (no.) 
Phasing power5 

*\,, is the unweighted Rfactor on Fbetween symmetry mates. tFor native, Rwas calculated for the largest 
(upper 25 percent) of the Bijvoet differences, R,,,,,, = I[lF,l - (IFphI - IFpl)]EIFhl. *Rmer = I( lFderl  - 
l F , , , l l F + l  BPhasincl power = (F,)/(closure error). The solvent-flattened combined ~hasesaave a fiaure of 
merit of 0:87 to 2.7 A res i i t ion.  

" 

ondary structure (Fig. 3). Ten a helices, 
which contain a total of 121 residues and 
range in length from 7 to 18 residues, are 
named in sequence order a A  through aJ. 
The loop and turn connections range from 
4 to 12 residues in length and are named for 
the helices they connect. The 211 residues 
are partitioned between two similarly sized 
globular domains (111 and 100 residues, 
respectively) separated by a deep cleft. Res- 
idues 22 to 132 fold into one domain, 
descriptively termed the 6-helix barrel do- 
main for its distinctive structure. The 21 
amino-terminal residues (residues 1 to 21) 
and 79 carboxyl-terminal residues (residues 
133 to 211) form the [4Fe-4S] cluster do- 
main. Both domains have extensive interi- 
or hydrophobic cores and polar charged 
surfaces. The absence of extensive crystal 
packing interactions and of any hydropho- 
bic patches on the molecular surface sug- 
gests that the enzyme is unlikely to form 
dimers or larger multimers. 

6-Helix barrel domain. This novel, se- 
quence-continuous domain is formed by six 
antiparallel helices a B  through a G ,  all 
with nearest-neighbor connections. The 
packing of a B  through a E  resembles that of 
a standard four-helix bundle (1 9, 20). The 

helix a D  contains two seven-residue parts 
(aD1 and aD2) kinked by a 60" angle at 
Gly68. Helices a F  and a G  form an addi- 
tional layer, placing a B  roughly in the 
center of the other five helices. As seen in 
four-helix bundles, a C ,  aE, and a G  are 
packed against two antiparallel neighbors. 
The most extensive interactions are formed 
by aB, which packs against a C ,  aE, and 
a G  and has polar residues only at its ends. 
The most loosely packed helix is aF, which 
only forms tight interactions with aG.  Al- 
though essentially antiparallel, most of the 
helix pairs cross at greater angles than those 
seen in four-helix bundles: only three helix 
pairs (aB-(YE, aC-aD2, and aF-aG) have 
shallow helix packing angles. Helices a B  
through a F  all have standard N-cap resi- 
dues (21) that form side chain to main 
chain hvdroeen bonds to initiate the heli- , - 
ces. Terminal C-caps occur on most of the 
helices, with water molecules forming 
C-caps on a C  and aE. Helix a G  is excep- 
tional and has no N- or C-cap interactions. 

Viewed down the lone axis. the six- - 
helix bundle in endonuclease I11 has an 
unusual, overall right-handed twist, unlike 
the left-handed twist of most helix bundles 
(22). Because of this right-handed twist and 

-180-150-120-90 -60 -30 0 30 60 90 120 150 180 
@ 

Fig. 2. Ramachandran plot showing the main 
chain dihedral angles for the refined endonu- 
clease Ill model. The circles denote glycines, 
and crosses denote nonglycine residues. The 
two nonglycine residues outside the stereo- 
chemically favorable region of the plot are 
residues Lys206 and Valzo9. Beyond residue 
205, the conformations of the carboxyl-terminal 
residues were not well defined in the MIR map; 
hence residue conformati0.n beyond 205 is 
uncertain. The polypeptide chain direction, 
however, appears to be correct. 

the large angle between most helix pairs, 
this domain resembles a helical version of a 
p-barrel, which, to our knowledge, has not 
been described previously for soluble pro- 
tein domains (1 9, 20). Except for the sev- 
en-helix bundles in bacteriorhodopsin (23) 
and the pore-forming &endotoxin (24), 
other known antiparallel clusters with five 
or more helices have at least one distant- 
neighbor connection and all have an over- 
all left-handed twist (I 9). 

I4Fe-4S1 cluster domain. The amino- 
terminal helix a A  packs with the three 
carboxyl-terminal helices a H ,  aI ,  and aJ at 
roughly 90" angles, to form the four-helix 
domain containing the [4Fe-4S] cluster. 
The three carboxyl-terminal helices are 
joined by short loops. Asp and Asn side 
chains form N-caps on a A ,  a H ,  and aI. 
The N-cap for aJ is formed by two water 
molecules that also oarticioate in a network 
of hydrogen bonds to side chains in a G ,  the 
G-H loop, a J ,  and the 1-1 loop. C-caps 
occur on a H ,  aI ,  and aJ ,  but not on aA. 
These four helices interact with three sets 
of helix lap joints (25, 26), a distinctive 
type of slightly offset and overlapped right- 
angle corners that occur in the E-F hands of 
reversible calcium-binding (26) and DNA- 
binding (12, 27, 28) proteins. One differ- 
ence between the helix-turn-helix pattern 
of endonuclease I11 and that of other DNA- 
binding proteins is that the longer loop 
between a H  and a1 of endonuclease I11 
allows the lapping interaction to be at the 
amino-terminal ends of both a H  and aI. 
Lap joints of the amino-terminal end of a H  
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with the carboxyl-terminal end of aJ  and 
amino-terminal end of aJ with the car- 
boxyl-terminal end of a A  occur between 
noncontiguous helices. Based on its topol- 
ogy (Fig. 3A), which has a +2 connection 
between both helix pairs d - a H  and aI-  
aJ, this domain is a Greek-key helix bundle 
(1 9). As a result of this connectivity, aJ at 
the carboxyl terminus packs between d at 
the amino terminus and aH,  which starts 
the domain. 

The [4Fe-4S] cluster distinguishes endo- 
nuclease 111 as the prototype for Fe-S clus- 
ter-containing DNA repair enzymes. The 
[4Fe-4S] cluster is ligated by cysteines 187, 
194, 197, and 203 in an unusually short (17 
residues), sequence-continuous region that 
folds into a right-handed spiral around the 
[4Fe-4S] cluster and packs against the four- 
helix domain core (see Fig. 1A). The li- 
gand spacing (Cys-X,-Cys-X2-Cys-X5-Cys) 
is unlike that found in any other [4Fe-4S] 
proteins of known structure: ferredoxin 
(distal Cys + Cys-X,-Cys-X,-Cys); high- 
potential iron protein (Cys-X,-Cys-XI,- 
Cys-XI,-Cys); and trimethylamine dehy- 
drogenase (Cys-X2-Cys-X2-Cys-X12-Cys) 
(29). Sequence conservation of the endo- 
nuclease III pattern of Cys ligands in the 
DNA repair protein MutY (I I )  suggests 
that these proteins belong to a new class of 
[4Fe-4S] enzymes. In the endonuclease 111 
model, the Fe-Fe (2.72 to 2.81 A) and 
Fe-S (2.29 to 2.3 1 A) bond lengths vary by 
less than 0.1 A; thus all four irons are 

d i l l  21 I 
I 1 

equivalent within the expected error at this 
resolution (-0.2 A). This result is consis- 
tent with Mossbauer spectroscopy, which 
indicated that the four irons in the cluster 
are equivalent and reside in similar envi- 
ronments (1 0). In both packing and hydro- 
gen-bonding interactions, the buried [4Fe- 
4S] cluster interacts primarily with the 26- 
residue carboxyl-terminal loop through two 
hydrogen bonds to Cys sulfur ligands 
(CyslWN. . .Cys194SG and TyrZo5N. . .CysZo3- 
SG) and packing of the aromatic ring of 
TyrZo5 with an inorganic sulfur (S4) of the 
cluster (see Fig. 1A). Interactions of the 
cluster outside the carboxyl-terminal loop in- 
clude: the hydrogen bond with HislE2 
(S1. . .HislE2NE2) that links the cluster to the 
carboxyl-terminal end of the preceding aJ; 
the a H  side chains and Arg147) that 
shield the cluster from solvent; and the pack- 
ing of two turns of CYA against the [4Fe-4S] 
loop. Given side chain flexibility, the greatest 
potential solvent accessibility of the cluster 
lies between three side chains contributed by 
a H  and the carboxyl-terminal loop (Arg143, 
A ~ g l ~ ~ ,  and TyrZo5) on one side and three side 
chains contributed by the carboxyl-terminal 
loop (ArglgO, LysI9l, and Pro192) on the 
other, with 8 to 11 A separating the CP 
atoms of these two sets of side chains. 

Interdomain interactions. The 6-helix 
and [4Fe-4S] domains are covalently linked 
by a 12-residue extended loop (residues 17 
to 28) between a A  and a B  and an 8-residue 
extended loop (residues 130 to 137) be- 

tween a G  and aH. Prolines 18, 20, and 29 
in the first linker and 133 in the second 
contribute to the bends observed for these 
connections. A solvent-filled tunnel, about 
one water molecule in width, goes entirely 
through the domain junction, which also 
has a single internal cavity about the size of 
three water molecules that is surrounded by 
a A  and aJ,  the H-I loop, and the carboxyl- 
terminal loop (residues Ile9, Leu13, Phels0, 
Leu179. HislE2. and There are no 
aromatic and few hydrophobic packing in- 
teractions between the two domains. The 
principal polar side-chain interactions are 
charged hydrogen bonds and salt bridges 
along one side of the domain interface cleft 
( G ~ u ~ ~ - A ~ ~ ~ ~ ~ ,  A s ~ ~ ~ - A ~ ~ ~ ~ ~ ,  and Glu23- 
TyrlE5). Taken together, the deep cleft, 
solvent tunnel, minimal hydrophobic pack- 
ing interactions. and ~ o l a r  side chain con- - 
nections suggest that the two domains have 
segmental flexibility so that the interdo- 
main region acts as a hinge. 

Thymine glycol recognition. Difference 
Fourier maps of the inhibitor-soaked crys- 
tals (Fig. 4) located the thymine glycol 
binding site, which is associated with rec- 
ognition of damaged DNA, as adjacent to 
the main chain of the F-G loop, a seven- 
residue p-hairpin (residues 113 to 119; Ala- 
Leu-Pro-Gly-Val-Gly-Arg) . Comparisons 
of the free and thymine glycol-complexed 
endonuclease 111 structures suggest that thy- 
mine glycol binding displaces at least two 
bound water molecules but does not induce 
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s d c a n t  conformational changes (Fig. 4). 
Two main-chain atoms ( G l ~ " ~ 0  and 
Gly116N) apparently form hydrogen bonds 
to thymine glycol, although the current 
electron density map does not allow unam- 
biguous orientation of the inhibitor. The 
sequence and conformation of this F-G 
p - b i n  loop region cause an unusual ex- 
posure of the main chain of residues 112 to 
118, which would allow close contacts with 
DNA. At lower contour levels, the thymine 
glycol electron density appears to extend 
across the amino-terminal end of aG, the 
only helix without a shielding, hydrogen- 
bonding N-cap. This helical dipole, en- 
hanced by three nearby positive side chains 
(Arg'Oa in aF and Arg119 and LYsl2O in aG), 
could provide favorable interactions with 
the DNA phosphate backbone. 

When mapped onto the endonuclease 
I11 structure (Fig. 5), the sequence of MutY 
(I I) shows complete conservation in the 
F-G p-hairpin (Fig. 4). This flexible, highly 
solvent exposed, yet sequence-conserved, 
loop packs loosely (at Va1117) with helices 
aB (Leu33), aF (Leu"'), and a G  (Va1lZ5) 
and forms an internal cavity about the size 
of one water molecule. On the end (Pro115 
and Gly 'I6), the F-G p-hairpin packs tight- 
ly against the more rigid & (AsnS8 and 
Lysgl). Thus the F-G p-hairpin appears to 
be involved in substrate recognition and is 
positioned to provide a flexible reading 
head to accommodate ditrerent types of 
damaged DNA substrates. Merential en- 
zyme specificity between endonuclease 111 
and MutY, which excises the adenine of a 
G-A mispair, may arise from variability in 
the 3-D structure and sequence surrounding 
the loop (Ala4"Gln, SepAla, Ileg5Gln, 
Glng%u, Ala'OgGlu, Alal '"Glu, Glul 12Ala, 
and Lysl%r). 

Structural and biochemical implica- 
tions for endonuclease III-DNA in-- 
tio~w. Although uncertainties in the exact 
nature of the DNA-enzyme interaction 
arise from possible local and global confor- 
mational changes in endonuclease I11 (in 
the apparently flexible thymine glycol bind- 
ing loop and between domains) and in 
DNA (including the damaged or abasic site 
and overall bending), the wealth of detailed 
information from the 3-D structure of en- 
donuclease 111 suggests mechanisms for 
binding and catalysis. Based on our struc- 
tural analysis, we propose here a potential 
mode of DNA binding to endonuclease I11 
in order to suggest target areas for biochem- 
ical and mutagenic studies. Alternative 
modes of binding are possible; further bio- 
chemical and crystallographic results should 
provide definitive evidence. 

The electrostatic potential around endo- 
nuclease I11 (net charge of + le) was calcu- 
lated to investigate possible electrostatic 
interactions with DNA (30). Sequence- 

conserved residues (Fig. 5A) form a surface- 
exposed patch of about 25 by 45 A, with 
Lys'ZO near the center surrounded by an 
area of positive electrostatic potential (Fig. 
5B). The most highly positive potential 
surrounds the shallow 24 A-diameter sur- 
face groove and sequence-conserved patch 
above the [4Fe-4S] cluster, implicating the 
Fe-S cluster region in DNA phosphate 
backbone recognition. The opposite face of 
the enzyme is surrounded by a volume of 
negative potential, making it an unlikely 
DNA-binding surface. By analogy with the 
t@ repressor-operator complex (3 I), we 
suggest that the protein's positive charge 
potential follows the contours of EDNA. 

The proposed combination of nonspecific 
electrostatic binding to DNA and specific 
higher &ty binding to damaged DNA by 
the flexible p-hairpin region that is suggest- 
ed by the endonuclease 111 structure is also 
supported by biochemical binding studies. 
Abasic DNA, which structurally (32) shows 
little distortion from duplex B-DNA, is pro- 
tected from deoxyribonuclease I (DNase I) 
cleavage by endonuclease 111. The footprint 
(33), mapped on B-DNA containing an 
abasic site (Fig. 5C), matches the length for 
the sequence-conserved region of positive 
potential (Fig. 5B). Binding constants of the 
enzyme to DNA oligonucleotides (34) indi- 
cate nonspecific binding to undamaged 
DNA with affinities ranging from 3 x 103 for 
13-bp molecules to 1 x 105 to 5 x 105 for 
39-bp molecules (33). This is consistent 
with nonspecific electrostatic interactions 
involving the minor groove phosphate back- 
bone. A 300-fold increase in &ty for 
13-bp oligonucleotides containing an abasic 
site is consistent with specific recognition of 
damaged residues in the context of extreme- 
ly diverse sequences. 

The extensive DNA-protein interfaces 
that are implicated by footprintidg, se- 
quence conservation, and electrostatic po- 
tential calculations cross both protein do- 
mains and are comparable in size to those of 
other DNA-protein complexes. The 6-he- 
lix barrel domain provides a surface-ex- 
posed, sequence-conserved helix (aE) (see 
Fig. 1B) for electrostatic interactions and 
the F-G loop for specific recognition of 
damaged DNA. The [4Fe-4S] cluster do- 
main also provides sequence-conserved re- 
gions of positive electrostatic potential and 
the a H  and aI arrangement, which resem- 
bles a DNA-binding helix-turn-helix motif. 
The [4Fe-4S] cluster may act indirectly in 
DNA recognition by stabilizing this binding 
motif or, more directly, as an architectural 
component whose overall negative charge 
and relatively large size positions four posi- 
tive charges (aH and Arg147 and 
cluster loop residues ArglgO and Lyslgl) for 
interaction with DNA. With the DNA 
aligned at an angle of about 20" relative to 
the long axis of the enzyme, a E  and aH 
would lie across the DNA minor groove, 
one turn apart and on the same side, with 
positive side chains available for interac- 
tions with the DNA phosphate backbone. 
A similar mode of nonsequence-specific 
binding to DNA involving positive charges 
on helices interacting with the minor 
groove has been proposed for the binding of 
DNase I, the p-subunit of DNA polymer- 
ase, and the HU class of proteins (35). This 
proposed mode of binding would position 
the F-G p-hairpin in the major groove. The 
DNA would span most of the sequence- 
conserved regions, including d, the a G  
dipole, d, aI, the F-G thymine glycol 
binding loop, and the [4Fe-4S] cluster loop 
between Cysls7 and Cy~194. Sequence-con- 

Fig. 4. Thymine glycol inhibitor binding site. The = electron density for the native enzyme, calculat- 
ed with (12F0I - IF,I) amplitudes, is displayed 
with blue contours at lo. The protein model 
without thymine glycd, shown colored by atom 
type (oxygens, red; nitrogens. blue; and car- 
bons, yellow), was refined against the diffraction 
amplitudes (IFXI) from the thymine glycol- 
soaked crystal (Table 1). Thymine glycol bind- 
ing is shown by a difference (IFXI - IF,I) 
electron densily map (red contours at 5a) cal- 
culated with phases from the refined model. The 
highest contour level for the thymine glycol peak 
is at 7u as compared to the next highest peak at 
3u in the difference map. The small size of the 
thymine glycol peak suggests that bound thy- 

r 
mine glycol is disordered when separated from 
DNA. The refined temperature factors for a water 
molecule placed into this density are lower than 
those for almost all of the main chain within the r,l 
p-hairpin loop, suggesting that this peak does represent a partially ordered thymine glycol rather 
than a change in the existing bound water. Although the electron density does not unambiguously 
define a bound orientation, the thymine glycol inhibitor appears to displace hnro bound water 
molecules to bind across the p-hairpin loop and extend above the amino terminus of helix aG. 
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served Lys and Arg residues 85, 91, 119, 
143, 147, 162, 191, and 193 form areas of 
positive electrostatic potential. Besides 
these positively charged residues, five neg- 
atively charged residues (GluH2, Asp138, 
G1ulS7, G1ul@', and Glu161) and five polar 
side chains (Gln41, Sef14, AsnE8, HislW, 
and His140) would fall within the interface 
region and could be probed by site-directed 
mutagenesis for roles in DNA building. 
Although the proposed DNA-endonucle- 
ase 111 interactions would not require large 
DNA or protein distortions, some move- 
ments, including domain-domain adjust- 

ments, could be involved in the recognition 
and catalysis. Conformational flexibility es- 
tablished for abasic sites in DNA (36) and 
DNA bending toward protein found for 
repressor-DNA structures (28) could en- 
hance protein-DNA interactions. 

Implicatio~~ for catalysis from correlat- 
ed structural and biochemical data. The 
roles for Fe-S clusters as electron carriers 
and Lewis acid catalysts in proteins are well 
documented (37). Alternative noncatalytic 
roles have been discovered recently; for 
example, the [4Fe-4S] cluster in Bacillus 
subtilis glutamine phosphoribosylpyrophos- 

C R g . L D N A W i s u f e o e i m p t ~ b y  3J seguence-* 
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Afg-Lys s u b s t i  are treated as identii residues). Yellow ctenotes handogous regions as 
judged by the high degree of sequence conservation within a secondary struuural elemmt, 
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phate amidotransferase, which is resistant 
to redox chemistry, maintains the protein's 
structural integrity rather than participating 
in its catalytic function (38). The endonu- 
clease I11 [4Fe-4S] cluster is similarly resist- 
ant to oxidation and reduction and proba- 
bly not essential for DNA N-glycosylase or 
AP lyase activity, since the activity-related 
T4 endonuclease V lacks an Fe-S cluster 
(9). The proposed absence of a direct cat- 
alytic role for the endonuclease I11 [4Fe-4S] 
cluster is consistent with the absence of 
spectroscopic changes on base or oligonu- 
cleotide binding as shown by Mossbauer 
results with the inhibitor thymine glycol 
(10) and Raman results with both thymine 
glycol and oligonucleotide-containing aba- 
sic sites (39). Overall, these results suggest 
a structural analogy between the [4Fe-4S] 
cluster in this class of DNA repair enzymes 
and the zinc in the zinc finger DNA- 
binding domains (12, 27, 28), with both 
types of metal sites acting to form an appro- 
priate surface for DNA binding. 

Although endonuclease I11 cleaves the 
DNA phosphate backbone at AP sites, it 
does so by a p-elimination rather than the 
classic phosphodiesterase mechanism (40). 
A strategically located basic residue has 
been proposed to be involved in this elim- 
ination, as evidenced by the ability of 
certain basic tripeptides (such as Lys-Trp- 
Lys and Lys-Tyr-Lys) to cleave the DNA 
backbone at AP sites (dl), although the 
enzymatic mechanism is still unknown. 

Two charged side chains appear poised 
for interaction with the DNA backbone 
and damaged base: GluU2 at the carboxyl 
terminus of ELF and LyslZ0 at the amino 
terminus of aG. Single-bond rotations can 
bring the charged ends of each of these 
residues within 3.5 A of the thymine glycol 
electron density without collisions or other 
side chain rearrangements. Based on its 
chemistry and central location in the pro- 
posed DNA binding site, LyslZ0 is the most 
likely candidate for the formation of the 
Schiff base associated with AP lyase activ- 
ity. Glu112 is surrounded by several basic 
side chains (Lysgl, Argg4, Arg108, and 
Argllg), as is the glutamic acid of endonu- 
clease V implicated by mutagenesis to be 
responsible for N-glycosylase activity (9). 
Glu112 underlies the implicated thymine 
glycol binding site, making it the most 
likely nucleophile in the N-glycosylase re- 
action. There are at least four other nega- 
tively charged side chains within the pro- 
posed DNA contact region: d G1ulS7; 
G1ul@'; G1ulbl; and arH Asp138. The near- 
est of these cannot be brought closer than 
12 A to the thymine glycol binding site 
with single-bond rotations and would thus 
require considerable conformational change 
to participate directly in the mechanism. 

The structure of E. coli endonuclease 111, 
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which represents a common class of en- 
zymes in bacteria, yeast, bovine, and hu- 
man cells, may be considered a prototype 
for the N-glycosylase and AP lyase activi- 
ties in bacteria and higher organisms. The 
suggested N-glycosylase active site residue 
GluU2 is consistent with the GluZ3 pro- 
posed from mutational analysis in the re- 
centlv determined structure of the T4- 
phage enzyme endonuclease V (9). A sep- 
arate studv indicates that the amino termi- 
nus of endonuclease V, which is near 
GluZ3, may be involved in the AP lyase 
activity (42), as proposed for endonuclease 
I11 Lys'20. Thus these completely different 
enzymes may have evolved similar mecha- 
nisms of activity. The detailed structure of 
endonuclease 111, including the association 
of the P-hairpin with recognition of thy- 
mine glycol and of the novel [4Fe-4S] clus- 
ter with the orientation of basic side chains 
for potential DNA binding provides the 
structural basis to guide future biochemical 
and mutagenic studies addressing the de- 
tailed molecular mechanisms for damaged 
DNA recognition and for the DNA N-gly- 
cosylase and AP lyase activities. 
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