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Nucleotide excision repair is a highly conserved DNA
repair mechanism present in all kingdoms of life. The
incision reaction is a critical step for damage removal
and is accomplished by the UvrC protein in eubacteria.
No structural information is so far available for the 3’
incision reaction. Here we report the crystal structure of
the N-terminal catalytic domain of UvrC at 1.5A resolu-
tion, which catalyzes the 3’ incision reaction and shares
homology with the catalytic domain of the GIY-YIG family
of intron-encoded homing endonucleases. The structure
reveals a patch of highly conserved residues surrounding
a catalytic magnesium-water cluster, suggesting that the
metal binding site is an essential feature of UvrC and
all GIY-YIG endonuclease domains. Structural and bio-
chemical data strongly suggest that the N-terminal
endonuclease domain of UvrC utilizes a novel one-metal
mechanism to cleave the phosphodiester bond.
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Introduction

Nucleotide excision repair (NER) stands apart from other
DNA repair mechanisms available to the cell in its ability to
recognize a broad range of structurally unrelated DNA da-
mages (Van Houten, 1990; Friedberg et al, 1995; Lloyd and
Van Houten, 1995; Sancar, 1996; Goosen and Moolenaar,
2001) including carcinogenic cyclobutane pyrimidine dimers
induced by UV radiation, benzo[a]pyrene-guanine adducts
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caused by smoking and burning of fossil fuels, and guanine-
cisplatinum adducts formed during cancer chemotherapy
(Sancar, 1994). The strategy employed by NER is the same
in all three kingdoms of life. NER in prokaryotes was one of
the first repair mechanisms discovered (Boyce and Howard-
Flanders, 1964; Setlow and Carrier, 1964) and is mediated by
the UvrA, UvrB and UvrC proteins. These three proteins
recognize and cleave damaged DNA in an ATP-dependent
multistep reaction. UvrA is involved in damage recognition
and either forms a heterotrimeric (UvrA,UvrB) (reviewed
in Theis et al, 2000) or heterotetrameric (UvrA,UvrB,)
(Verhoeven et al, 2002) complex with UvrB. This complex
is believed to scan the DNA helix for conformational pertur-
bations induced by DNA lesions (Theis et al, 2000). After the
damage has been identified, UvrA dissociates from the pro-
tein-DNA complex, leaving UvrB bound to the DNA (Orren
and Sancar, 1990) forming a stable preincision complex
(Theis et al, 2000; Skorvaga et al, 2002). UvrC binds to this
complex and mediates the incision three or four nucleotides
3’ to the damaged site, followed by a second incision seven
nucleotides 5’ to the damaged site (Sancar and Rupp, 1983;
Lin and Sancar, 1992a, b; Verhoeven et al, 2000). UvrD (heli-
case II) and DNA polymerase I (poll) are required for turn-
over of the UvrABC proteins (Caron et al, 1985; Husain et al,
1985). UvrD removes both UvrC and the oligonucleotide
containing the lesion, while UvrB remains bound to the
gapped DNA until it is displaced by DNA poll (Orren et al,
1992). The reaction is completed by DNA ligase, which closes
the nicked DNA. This multistep process of DNA recognition
and repair ensures a high degree of discrimination between
the damaged and nondamaged strand.

Site-directed mutagenesis and sequence alignments have
shown that UvrC catalyzes both the 3’ and 5 incisions and
each of these incisions is performed by a distinct catalytic site
that can be inactivated independently (Lin and Sancar, 1992b;
Verhoeven et al, 2000). The domain responsible for 3’ inci-
sion is located in the N-terminal half of the molecule and
consists of approximately the first hundred residues. This
domain shares limited homology with a small module found
in members of the GIY-YIG endonuclease family (Aravind
et al, 1999). Also included in the N-terminal half is a region
that interacts with the C-terminal domain of UvrB (Aravind
et al, 1999). The 5 catalytic domain, which is distantly
related to Escherichia coli endonuclease V, is located in the
C-terminal half of the protein along with two helix-hairpin-
helix motifs employed in DNA binding (Aravind et al, 1999).
After recruitment to the UvrB:DNA preincision complex,
UvrC first catalyzes cleavage of the DNA on the 3’ side of
the lesion (Verhoeven et al, 2000). This incision requires
the interaction between the C-terminal domain of UvrB and
the homologous UvrB binding domain of UvrC (Moolenaar
et al, 1995, 1998a), which is not required for 5 incision
(Moolenaar et al, 1995).

In order to obtain a better understanding of the 3’ incision
event, we have solved the crystal structure of the N-terminal
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endonuclease domain of UvrC from two different thermo-
philic organisms, Bacillus caldotenax and Thermotoga
maritima, at 2.0 and 1.5A resolution, respectively. This
domain shares structural and sequence similarity to the
catalytic domain found in I-Tevl, a GIY-YIG homing endonu-
clease (Van Roey et al, 2002). I-Tevl is one of at least 60
known GIY-YIG endonuclease family members that are pre-
sent in bacteriophage T4, bacteria, archaea, algal chloroplasts
and mitochondria, and fungal mitochondria. Members of this
family are characterized by a 70-100 residues long module
containing a conserved GIY-(Xo_1;)-YIG motif.

We have identified a patch of highly conserved residues on
the surface of the N-terminal domain of UvrC to which a
single divalent cation is bound. The residues that form the
metal binding pocket are conserved throughout all GIY-YIG
endonucleases, suggesting the site to be a common feature of
all family members. We mutated seven amino acids within
the conserved patch and analyzed whether full-length UvrC
was still able to incise damaged DNA, in the complete
UvrABC reaction. Combined with the structural data, the
results indicate that the conserved patch is the active site
and the bound divalent cation is the catalytic metal. Based on
our data, we propose that UvrC uses a novel one-metal
mechanism to catalyze cleavage of the fourth or fifth phos-
phodiester bond 3’ to the DNA lesion.

Results

Crystal structure of the N-terminal endonuclease
domain of UvrC

The N-terminal catalytic domain of UvrC was initially cloned
from B. caldotenax (UvrCNB?; residues 1-98) and its struc-
ture was solved by multiwavelength anomalous diffraction

Table I Crystallographic statistics

(MAD) (Table I). The protein crystallized in space group C2
and contained four molecules in the asymmetric unit ar-
ranged as a tetramer with C, symmetry. Each of the four
subunits has nearly identical conformations, with an average
root mean square (r.m.s.) deviation of 0.62A for the Ca
atoms of residues 8-94. The structure was refined at 2.0 A
resolution to an R-factor of 0.203 and Ry of 0.252 (Table I).
Residues 95-98 of subunit A, 1-8 and 95-98 of subunit B,
95-98 of subunit C, as well as 1 and 96-98 of subunit D are
disordered.

The corresponding domain was also cloned from T maritima
(UvrCNT™2; residues 1-97) and crystallized in space group
P4;2,2 containing one molecule in the asymmetric unit.
Crystals were soaked with manganese or magnesium chlor-
ide. The structure of UvrCN™2 bound to manganese was
solved by molecular replacement using the UvrCN"®*® mono-
mer as a search model (see Materials and methods). This
structure was refined at 1.5A resolution to an R-factor of
0.167 and Rgee of 0.185 (Table I), and consists of residues
1-89. The structure of magnesium-bound UvrCN™? was
solved using difference Fourier methods (Table I). For the
remainder of the discussion, residue numbering will corre-
spond to UvrC from T. maritima, unless specified otherwise.

The B. caldotenax and T. maritima structures have similar
conformations with an r.m.s. deviation of 1.55A for 88 Ca
atoms. Both have an offaafa(a) topology with the C-term-
inal o-helix («5) not present in UvrCN""™?, The core of the
molecule is a three-stranded B-sheet, which is flanked by the
first three helices on one side and helix 4 on the other
(Figure 1). Helices a1, o2 and o4 run approximately parallel
to the B-sheet, while helix a3 is positioned almost perpendi-
cular to these secondary structural elements, making contact
only with the bottom edge of the sheet. In UvrCN® helix o3

Data set Native SeMet peak SeMet inflec- SeMet remote Native Mn*”* bound Mg>* bound
(Bca) (Bca) tion (Bca) (Bca) (Tma) native (Tma) native (Tma)

Resolution (A)ﬂ 2.0 2.0 2.0 2.0 1.8 1.5 1.8
Wavelength (A) 1.0 0.9794 0.9798 0.9538 1.1 1.1 1.1
Unique reflections 29029 56919 56982 56947 16312 27459 16305
{Iy/<{cl) 37.2 (5.58) 31.1 (2.74) 31.6 (3.36) 31.6 (3.34) 47.5 (4.88) 40.5 (4.57) 35.8 (4.02)
Completeness (%) 100.0 (100.0) 98.2 (97.6) 98.2 (97.6) 98.2 (97.6) 99.9 (100.0) 98.4 99.7
Rsym 0.07 (0.43) 0.07 (0.70)  0.06 (0.53) 0.06 (0.53) 0.06 (0.60) 0.04 (0.31) 0.06 (0.52)
Phasing to 3.0A

FOM (from SOLVE) 0.78 (0.68)

Map correlation 0.45

Mean phase difference 55.0 (60.7)

(deg)
Reryst (Riree) 0.203 (0.252) 0.185 (0.199) 0.167 (0.185) 0.175 (0.202)
r.m.s. deviation bond 0.014 0.017 0.013 0.017

lengths (A)
r.m.s. deviation bond 1.5 1.4 1.5 1.5

angles (deg)
Mean B-factor 36.1 26.0 24.8 21.8

Ramachandran Statistics 94.3/4.8/0.9/0.0 94.9/3.8/1.3/0.0 94.9/5.1/0.0/0.0 96.2/2.6/1.3/0.0

Tma and Bca refer to T. maritima and B. caldotenax UvrC, respectively. Ryym =Y n> il li= {I> |/>_nwx_i{I>, where I; is the ith measurement
and (I) is the weighted mean of all measurements of I. {I)/<{cl) indicates the average of the intensity divided by its average standard
deviation. Numbers in parentheses refer to the respective highest resolution data shell in each data set. Reryse = ||Fo|—|F¢||/>-|Fo|, where F,
and F. are the observed and calculated structure factor amplitudes. Rjee is same as Ry for 5% of the data randomly omitted from the
refinement. The map correlation coefficient describes the correlation between the electron density map calculated from the final model and the
map corresponding to the experimental set of phases, averaged over all grid points. The mean phase difference is the mean differences between
the initial phases calculated from SOLVE and phases calculated from the final wild-type model. Ramachandran statistics indicates the fraction
of residues in the most favored, additionally allowed, generously allowed and disallowed regions of the Ramachandran diagram, as defined by
the program PROCHECK (Laskowski et al, 1993).
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also interacts with the C-terminus, connecting the two helical
halves of the protein across the p-sheet.

Comparison to the catalytic domain of I-Tevl

A search using DALI (Holm and Sander, 1995), a network
service for comparing three-dimensional protein structures
(http://www.ebi.ac.uk/dali), identified the catalytic domain
of I-Tevl (Van Roey et al, 2002) (PDB codes 1LNO and 1MKO0)
as the only structure with a fold similar to the N-terminal
domain of UvrC (Z-score of 7.8). I-Tevl is a member of the
GIY-YIG family of homing endonucleases, which in turn

Figure 1 : Stereo view of the N-terminal endonuclease domain
of UvrCN™2 The central p-sheet (31-B3) is shown in yellow and
the surrounding helices (x1-o4) in green. Conserved re51dues are
shown in ball-and-stick representation and the Mg>* ion as a
magenta sphere. The N- and C-termini of the domain are indicated.
This figure and Figures 2A, 4 and 8 were generated with the
programs MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merritt
and Murphy, 1994).
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belong to the larger GIY-YIG superfamily that includes
UvrC. The only entity in common among all superfamily
members is the domain presented here. It is a small, 70-100
residues module, containing a conserved GIY-(Xqo_;)-YIG
motif (Van Roey et al, 2002) (Gly 17, Val 18, Tyr 19-Tyr 29,
Ile 30, Gly 31), four invariant residues (Gly 31, Arg 39, Glu 76,
Asn 88) and two highly conserved residues (Tyr 19, Tyr 29)
(Figure 1). These amino acids are all located in proximity to
each other and form, in part, a highly conserved surface.
The catalytic domains of UvrC and I-Tevl have likely
diverged long ago as reflected by their low sequence identity
of only 15% (Figure 2B). UvrCN™™ superimposes onto the
catalytic domain of I-Tevl with an r.m.s. deviation of 2.2 A for
60 out of 89 possible Ca atoms. However, there are notable
differences in secondary and tertiary structure (Figure 2A).
UvrCN'T™ma/Bea contains an additional helix, o1, as compared
to I-Tevl. The function of a1 in UvrC is undoubtedly structur-
al, as the residues that form this helix are not conserved
among UvrCs, and sequence alignments show that like I-Tevl,
certain UvrC proteins lack this N-terminal helix (Figure 3B).
Secondly, the fragment in UvrCN"T™m%/B¢ spanning o2 and B3,
which includes a3, is not structurally conserved compared to
I-Tevl. Regardless of this dissimilarity, the position of Ile 54
from UvrCN™™? (Leu 56 in UvrC®®) is conserved and super-
imposes well with Leu 45 in I-Tevl (Figure 2A and B). This
residue is structurally important and stabilizes the hydro-
phobic core of the domain. Lastly, UvrCN® contains an
additional helix, o5, at its C-terminus that is replaced by a
loop region in both I-Tevl and UvrCN™™ (Figure 2A and B).
Both UvrCN"Tma/B¢ anq [-Tevl contain a strictly conserved
glutamate, arginine and asparagine, and a pair of highly

Uvrc®™ —Ia i1l 92
U™~ — I31 ‘m—

B3 — T ———— O —
f3  ——lEE—

Tre 19’ 517 54 n" 76" 88"
UwiC ™ MKEKIRKKIL LAPEEPGVI FEN. KGVP }\KRI.-S LNP QT E .-FRMGE EAD...... E LET.IVVMNE . AN LIKKYRP... KYRV...... .
UWC™ MNERLKEKLA VLPEQPGCHL MEDEKHGTV AKSLK FTGTHD GKEM. .Q! VE EIA ...... FEY.IVTSSN .AE I MN LIEKHDP... KY@VMLEDDK S
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Figure 2 Structural comparison of the two 3’ endonuclease domains from UvrC and the analogous domain in I-Tevl. (A) Following their
superposition, the three proteins were separated and displayed side by side: UvrCN™™2 (left), UvrCN*® (middle) and I-Tevl (right). Selected
residues are shown in ball-and-stick representation; hydrogen bonds are indicated by dotted lines. (B) Structure-based sequence alignment of
UvrC from T maritima and B. caldotenax, and I-Tevl. Secondary structure elements are indicated above and below the sequence alignment
corresponding to UvrC and I-Tevl, respectively. The blue lines below the secondary structure elements indicate large regions of structural
dissimilarity. Uppercase letters indicate residues that align structurally, while lowercase letters indicate residues that are not structurally
aligned. Selected, structurally aligned residues are highlighted in red. Residues in a similar IE}Josmon but not structurally aligned are hlghhghted
in blue. Numbers above the sequence alignment correspond to residue numbering in UvrCN""™2 and UvrCV*¢® with numbering from UvrC™ ¢
in superscript. Numbers below the alignment relate to residue numbering in I-Tevl.

©2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 5| 2005 887



Structure of UvrCs N-terminal endonuclease domain
JJ Truglio et al

" Y19 R39
N88Y29 Y43
s =
B - ol b= p3 —1
T. maritima MEEKIRKKIL LAPEE. PGV IFKN KGVP I I AKRLS LNP. QTEK\PFRIG EEADELETIV VMNER! IL FAN IKKYRP KYRVRLKDTD FY
B. caldofenax MNERLKEKLA VLPEQ..PGC JLMEDEHGTV AKSLE FTG. THDGKTQRLV EEIADFEYIV TSSNAE. II.. :-MN IKKHDP KYRVMLKDDK SY
E. cofi MSDQFDAKAF LKTVTSQPGV RMYDAGGTV I V AEDLEK FRSN LASRKTEALV AQIQQIDVTV THTET :-HN IKLYQP RYRVLLRDDEK S8Y
D. radiodurans . ......... MLPTT. PGV IFRKGGVP I I ANNLR PKAG .. .GKSGKFT KLAESLEFIS AARNEVE VL :-AN KQHRP HYWVLLKDDE HY

Figure 3 Sequence conservation of the 3’ endonuclease domain of UvrC. (A) Two different views of the N-terminal domain in surface
representation. The right view is rotated 90° relative to the left view around the vertical axis. Only the most conserved residues with solvent-
accessible side chains are labeled with the addition of Phe 73. Color-coding is according to conservation (green: strictly conserved; blue: highly
conserved; black: moderately conserved). (B) Sequence alignment of the N-terminal GIY-YIG domain from four selected UvrCs. The sequences
are from T maritima (gi:8134799), B. caldotenax, E. coli (gi:38704033) and Deinococcus radiodurans (gi:6116772). Secondary structure
elements are indicated above the sequence and refer to the structure of UvrCY'™?, They are color-coded accordlng to Figure 1. Conserved
residues are color-coded as in (A). The conserved GIY-(Xy_11)-YIG sequence for Wthh the domain was named is indicated by two red lines
above the sequences. Part A and Figure 6 were generated with the programs SPOCK (Christopher and Baldwin, 1998) and RASTER3D.

conserved tyrosine residues (Tyr 19 and Tyr 29 in UvrC™s, to DNA (data not shown) and requires either the UvrB

Tyr 6 and Tyr 17 in I-Tevl) (Figure 2A). The third tyrosine, Tyr
43 in UvrCN' ™4, corresponds to His 31 in I-TevI (Figure 2A
and B). Sequence alignments reveal that this residue is either
a tyrosine or a histidine in all UvrCs (Figure 3B) and all other
GIY-YIG family members. Both Tyr 43 of UvrCN' ™™ and His
31 of I-Tevl form a hydrogen bond to Tyr 19 and Tyr 6,
respectively (Figure 2A). His 31 of I-Tevl in turn forms a
hydrogen bond to His 40, which occupies the position of Val
51 in UvrC. In place of a hydrogen bond, Val 51 forms van der
Waals interactions with Tyr 43.

The conserved surface

Mapping the sequence conservation of UvrC proteins from
different organisms onto the surface reveals a conserved
patch of amino acids (Figure 3A and B). Six strictly conserved
residues are located in the center on one side of the surface:
Tyr 19, Tyr 29, Lys 32, Arg 39, Glu 76 and Asn 88. These
strictly conserved amino acids are surrounded by a number of
highly conserved residues: Tyr 43, Phe 73 and Ile 80. The
conserved residues form a shallow, concave surface with
dimensions of 16 A x 15A and 5A deep, which could easily
accommodate double-stranded DNA. This is in agreement
with biochemical data, which have shown that the 3’ en-
donuclease site only recognizes double-stranded DNA as a
substrate and DNA containing an unpaired region of more
than eight nucleotides overlapping the 3’ incision site is not
incised (Zou and Van Houten, 1999). The cleft is sufficient for
nuclease activity; however, the isolated domain does not bind

888 The EMBO Journal VOL 24 | NO 5 | 2005

interacting domain and/or the C-terminal helix-hairpin-
helix DNA binding domain of UvrC for catalysis to occur.

The divalent cation

Phosphodiester bonds, although thermodynamically labile,
require large activation energies for cleavage at physiological
pH (Galburt and Stoddard, 2002). This is mainly due to the
negative charge of the phosphoryl group at this pH, which
repels potential attacking nucleophiles. Three chemical enti-
ties are required to catalyze efficiently the cleavage of the
phosphodiester bond: a general base to position and activate
the nucleophile (usually a water molecule) for inline attack of
the 5’ phosphate, a general acid to protonate the 3’ leaving
group and a Lewis acid to stabilize the pentacovalent phos-
phoanion transition state. A number of different strategies to
satisfy these requirements have evolved. A common feature
of most nucleases is the use of one, two or even three divalent
cations in the active site to lower the free energy of the
transition state (Galburt and Stoddard, 2002). Metal ions can
decrease the pK, of coordinating water molecules, resulting in
a bound hydroxide, which could take the role of either a
nucleophile or a general base. Alternatively, a metal-coordi-
nated water molecule can be acidic and has the potential to
serve as the general acid necessary to protonate the 3’ OH
leaving group. However, the most substantial reduction in
free energy derives from the metal’s ability to stabilize the
negative charge of the phosphoanion transition state (Galburt
and Stoddard, 2002).

©2005 European Molecular Biology Organization
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Figure 4 Stereo view of the active site of the 3’ endonuclease
domain. The metal ion is shown as a magenta sphere and the five
surrounding water molecules as red spheres. Hydrogen bonds are
shown as dotted lines. A simulated annealing omit map omitting the
magnesium-water cluster, Glu 76, Arg 39 and Tyr 29 is shown at 1o
(blue, transparent) and an anomalous map is shown at 7c (green
cage). Residues in close proximity to the metal ion are shown in
ball-and-stick representation.

No divalent cation was observed in the B. caldotenax
structure after soaking and cocrystallization attempts. This
is presumably due to the crystallization conditions, which
contained high salt concentrations at low pH (5.4). In addi-
tion, there were protein-protein interactions in proximity
to the only strictly conserved negatively charged amino
acid, Glu 76, where metal binding was predicted to occur.
Fortunately, crystals of UvrCN'T™? grew in PEG 8000 at high
pH (8.5), a condition more suitable for soaking experiments.
Additionally, Glu 76 was completely solvent accessible with
no nearby protein-protein interactions. These crystals were
briefly soaked with either MnCl, or MgCl, and the resulting
structures provided similar results: a single divalent cation
coordinated by Glu 76 and five well-ordered water molecules
in an octahedral arrangement (Figure 4). These structures
provide the first view of the metal and its exact coordination
geometry for any member of the GIY-YIG superfamily and
thus structural insight into the catalytic mechanism. The
bound manganese was clearly identified in anomalous den-
sity maps, while omit maps revealed the octahedral arrange-
ment of the chelating water molecules (Figure 4). The refined
density for the water molecules in both structures is unam-
biguous with B-factors ranging from 17.1 to 23.6 A% for the
manganese structure and 21.1 to 28.1 A2 for the magnesium
structure. The B-factors for the manganese and magnesium
ion are 18.8 and 25.6 A2, respectively. The manganese struc-
ture superimposes onto the magnesium structure with an
r.m.s. deviation of 0.14, and the two metal-water clusters
superimpose with an r.m.s. deviation of 0.1 A as well.

Although Glu 76 is the only protein residue bound directly
to the metal, the water molecules coordinating to the metal
form additional contacts to the protein (Figure 4). One of the
waters forms hydrogen bonds to both the hydroxyl group of
Tyr 29 and the main-chain carbonyl of Ile 30. A second water
forms a hydrogen bond to the carboxylate of Glu 76, while a
third water forms a hydrogen bond to the backbone amide of
Lys 32. Residues forming the binding pocket for the metal-
water cluster are highly conserved, suggesting the metal
binding site to be a conserved feature of all GIY-YIG family
members.

Mutational analysis of the conserved surface

Based on our structural data, we generated mutations of the
highly conserved surface residues Y29A, Y29F, K32A, R39A,
F73A, F73E, E76A, I80A, I80E and N88A in full-length

©2005 European Molecular Biology Organization
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Figure 5 Incision activity of T. maritima UvrC mutants. The 5 (A)
or 3’ (B) end-labeled 50-mer double-stranded DNA substrates con-
taining a centrally located fluorescein (FIdT) were incubated with
20nM UvrAP®, 100nM UvrB®? and 12.5nM of the indicated
UvrC™2 protein for 30 min at 55°C in reaction buffer. The reactions
were terminated with stop buffer, and the incision products were
analyzed on a 10% denaturing polyacrylamide gel. (C) Comparison
of the incision activity using the 3’-labeled substrate (gray bars) and
5’-labeled substrate (black bars) and the indicated UvrC proteins.
Data are reported as the mean +the standard deviation of the mean
of at least four incision assays per UvrC protein.

Protein (12.5 nM)

UvrC™2 and tested these mutant proteins in an incision
assay using a defined substrate and the two other NER
proteins UvrA®®® and UvrB®* (Figure 5). In addition, we
verified that all of the mutants were able to bind and cross-
link to double-stranded DNA. Electrophoretic mobility shift
assays were performed using wild-type and mutant UvrC
proteins (in the absence of UvrA or UvrB) with a 40bp
duplex containing a centrally located (+ )-trans-BPDE
adduct. Crosslinking was performed using wild-type and
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mutant UvrC proteins (in the absence of UvrA or UvrB) with
S50bp duplex containing a site-specific arylazido-modified
photoaffinity reagent (as described in DellaVecchia et al,
2004) (data not shown).

Mutation of the sole metal ligand, Glu 76, to alanine
renders UvrC unable to mediate either the 3’ or 5 incision
(Figure 5). UvrC from Tma, like E. coli UvrC, cannot achieve
5" incision without prior 3’ incision, and thus inactivation of
the 3’ nuclease active site inhibits the 5’ nuclease activity.
Other inactive mutants were N88A, Y29A, Y29F, R39A and
I80E. Mutant I80A showed an approximately 50% reduction
in activity. Mutation of Lys 32 to alanine resulted in a protein
that was 25-30% less active than wild-type UvrC and muta-
tion of Phe 73 to either alanine or glutamate resulted in an
enzyme with wild-type UvrC activity (Figure 5). The Y19F
and Y43F mutants did not overexpress and could not be
studied. In addition to the full-length mutants, we generated
mutations in the isolated N-terminal domain (Y19F, Y29F,
Y43F and N88A) and determined the structures of these
mutants to inspect whether structural changes within the
mutants lead to the inactivation of the enzyme (see
Supplementary Table I).

Discussion

In this study, we have crystallized and solved the structures
of the N-terminal endonuclease domain of UvrC from two
different thermophilic bacteria, T. maritima and B. caldotenax.
Multiple sequence alignments have revealed that this domain
is the only domain shared among all GIY-YIG family members
(Kowalski et al, 1999), suggesting it to contain all the
information necessary for catalysis. We have identified a
patch of highly conserved residues on the surface of the
N-terminal domain of UvrC containing a single divalent cation,
which is coordinated by Glu 76 and five water molecules in an
octahedral arrangement. We have mutated residues within the
conserved region in full-length UvrC and analyzed these
mutants for incision activity in the complete UvrABC reaction.
These results identify residues important in catalysis and
clearly indicate that the conserved region is the active site
and the bound divalent cation is the catalytic metal.

The active site

A single divalent cation is bound to the conserved surface of
the N-terminal domain of UvrC and coordinated exclusively
by Glu 76, which is invariant in all known GIY-YIG family
members (Figure 4 and 2B). A similar interaction between the
equivalent glutamate in I-Tevl (Glu 75) and a manganese ion
has been reported (Van Roey et al, 2002). Mutation of this
glutamate to alanine renders UvrC inactive (Figure 5). The
analogous mutation in I-TevI gives similar results (Derbyshire
et al, 1997; Kowalski et al, 1999). Likewise, mutation of Ile
80, which forms part of the metal binding pocket, signifi-
cantly reduces UvrC’s activity in the case of I80A and
essentially inactivates the protein when mutated to glutamate
(Figure 5). In addition, the invariant residue Gly 31 is posi-
tioned just behind the bound metal and a side chain at this
position would lead to steric interference (Figure 1). Mutation
of the analogous glycine (Gly 19) to alanine in I-Tevl yields a
protein with no detectable activity (Kowalski et al, 1999).
Furthermore, all residues that hydrogen bond to the metal-
coordinated water molecules are conserved in UvrC. A simi-
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lar octahedral arrangement is seen in the crystal structure of
Serratia endonuclease (Miller et al, 1999), which also coor-
dinates a single, catalytic divalent cation using a lone protein
residue, in this case an asparagine. These observations
strongly suggest that the bound divalent cation in UvrC is
catalytically important and fulfills the role of the Lewis acid
in catalysis as suggested for most nucleases (Galburt and
Stoddard, 2002).

Since there is no obvious candidate to act as the general
acid in the active site, we hypothesize that one of the water
molecules coordinated to the metal performs this function. A
similar one-metal mechanism is observed in the unrelated
His-Cys box homing endonuclease I-Ppol, which, like UvrC,
coordinates the divalent cation with only one residue, Asn
119 (Galburt, 1999). The active site of I-Ppol is similar to that
of Serratia endonuclease mentioned above. In addition, there
is no obvious general base in the N-terminal domain of UvrC,
which is required to activate a nucleophilic water. In I-Ppol, a
conserved histidine in the active site (His 98) fulfills this role
by positioning and deprotonating the nucleophilic water
(Galburt, 1999). In UvrC, one of the highly conserved tyr-
osines (Tyr 19, Tyr 29 or Tyr 43) may fulfill this function as
there is no histidine present. Since the two full-length UvrC
mutants Y19F and Y43F did not overexpress, we were only
able to analyze the activity of the Y29F mutant showing that
it has no detectable activity (Figure 5). Furthermore, the side-
chain hydroxyl of Tyr 29 protrudes from the domain’s surface
and is in close proximity to the divalent cation (4.3 A), which
places it in a region of high positive charge (Figure 6). This
arrangement could be required to lower its pK, so that it is
able to serve as a general base. The hydroxyl of Tyr 29 also
forms a hydrogen bond to one of the metal-coordinated water
molecules, which in turn hydrogen bonds to the backbone
carbonyl of Ile 30 (Figure 4). Assuming that this water
molecule is a hydroxide, Tyr 29 could accept a proton from
a nucleophilic water while transferring its proton to the
metal-bound hydroxide. This suggests that Tyr 29 acts as a
proton shuttle with the final acceptor being the metal-bound
hydroxide (Figure 7). To analyze the importance of this
residue, we solved the crystal structure of the isolated N-
terminal domain Y29F mutant bound to manganese (see

Figure 6 Electrostatic surface representation of the 3’ endonuclease
domain calculated in the absence (left) and presence (right) of the
bound metal ion. Surface charge was calculated using SPOCK at an
ionic strength of 100mM and is contoured at +10kgT. Blue,
positively charged; red, negatively charged. The calculations clearly
show that the active site is mostly positively charged and Tyr 29 is
located in a positively charged environment, which may lower its
PKa,.
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Figure 7 Proposed reaction mechanism for 3’ phosphodiester bond cleavage by UvrC. The metal ion fulfills the role of the Lewis acid and one
of the water molecules coordinated to the metal acts as a general acid. Tyr 29 acts as the general base and hydrogen bonds to a metal-
coordinated hydroxide. Due to this coordination scheme, Tyr 29 can accept a proton from a nucleophilic water molecule while simultaneously
transferring its proton to the metal-bound hydroxide. Arg 39 and Lys 32 are responsible for stabilizing the negative charge of the free 5'-

phosphate after DNA cleavage.

Supplementary Table I), confirming that it is identical to the
wild-type protein with an r.m.s. deviation of 0.07 A for all 89
Co atoms. The analogous mutation in I-Tevl (Y17A) retains
1% activity compared to the wild-type I-Tevl although it is
structurally compromised (Kowalski et al, 1999). This does
not appear to be the case for the Y29F UvrC mutant since
overexpression of the full-length mutant protein is compar-
able to wild type and the structures of the Y29F and wild type
isolated domains are essentially identical. Perhaps the in-
stability of I-Tevl is due to the alanine mutation as opposed to
phenylalanine in UvrC. However, we observe no change in
expression level or solubility of full-length UvrC Y29A, sug-
gesting that the GIY-YIG domain of UvrC could be more stable
in general.

We do recognize that there are two other conserved
tyrosines in the active site, Tyr 19 and Tyr 43, and we solved
the structures of the N-terminal domain mutants Y19F and
Y43F, which, in contrast to the full-length enzyme, over-
expressed well. Similar to Y29F, both Y19F and Y43F bound
the divalent cation and were nearly identical to the wild-type
N-terminal domain with an r.m.s. deviation of 0.24 and
0.26 A for all 89 Cu atoms, respectively. These two tyrosines
were initially thought to be structurally important since they
form hydrogen bonds to each other (Figure 4), but no
significant structural perturbations can be observed upon
mutation to phenylalanine. A mutation similar to Y19F was
made in I-Tevl (Y6A), which inactivated the protein and
rendered it insoluble and/or unstable (Kowalski et al,
1999). The role of Tyr 19 and Tyr 43 in catalysis awaits
further analysis. However, a close look at the position of the
three tyrosines favors Tyr 29 as the general base, since Tyr 19
and Tyr 43 do not extend from the surface and are more
distant from the divalent cation, resulting in an environment
that is less positively charged and therefore less likely to
lower the pK, (Figure 6).

I-Ppol contains a strictly conserved arginine, Arg 61, as do
all GIY-YIG family members. The function of the arginine in
I-Ppol is to stabilize the negative charge of the free 5'-
phosphate after DNA cleavage (Galburt, 1999). A similar
role can be imagined for Arg 39 in UvrC (Figure 7). The
side chain of Arg 39 is completely solvent exposed and highly
flexible as observed by incomplete side-chain density. The
critical role of this conserved arginine for the activity of the
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N-terminal domain of UvrC and I-Tevl has been previously
demonstrated by site-directed mutagenesis (Derbyshire et al,
1997; Verhoeven et al, 2000). Here we confirm that a muta-
tion of this conserved Arg 39 to alanine renders UvrC
catalytically inactive (Figure 5). A second strictly conserved
residue in UvrC, which may also be involved in stabilizing
the product, is Lys 32. Lysine 32 is completely solvent
accessible and is positioned in close proximity to the bound
metal and Arg 39 (Figure 4). However, this residue is not
strictly conserved within other GIY-YIG family members and
is replaced by a serine in I-Tevl (Figure 2A). Mutation of Lys
32 to alanine reduces its activity by 25-30% compared to
wild-type UvrC (Figure 5), suggesting that it may play a role
in stabilizing the negative charge of the free 5’-phosphate, but
is clearly less important than Arg 39.

The role of Asn 88

The last of the four invariant residues is Asn 88. We originally
predicted this residue to be structurally important since it
forms two hydrogen bonds to Ile 30: one to the backbone
amide and one to the backbone carbonyl (Figure 4). The
backbone carbonyl of Ile 30, in turn, hydrogen bonds to
the same manganese-coordinated water molecule as Tyr 29
(Figure 4). We solved the structure of the N88A mutant since
it is in close proximity to the bound metal (Figure 4) and also
renders the protein inactive (Figure 5). In I-Tevl, the analo-
gous mutation (N90A) leads to an enzyme with only 3%
activity compared to the wild type protein (Kowalski et al,
1999). Like the three tyrosine mutant structures, N88A can
still bind the divalent cation and the structure is nearly
identical to wild-type UvrC with an r.m.s. deviation of
0.12A over all 89 Cu atoms. Therefore, N88A does not
perturb the active site architecture as a water molecule
substitutes for the side chain of Asn 88 in the structure.
Due to its position at the C-terminus of the 3’ endonuclease
domain, it can be speculated that this residue is important to
position the catalytic domain correctly with respect to the
other domains of UvrC. This is a critical requirement since it
has been shown that the interaction between UvrC and the
UvrB-DNA complex is located in a region C-terminal to the 3’
endonuclease domain (Moolenaar et al, 1997). Upon interac-
tion of UvrC with the UvrB-DNA complex, the N-terminal
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domain would then be located in close proximity to the DNA,
thus allowing the incision reaction.

Protein-DNA interactions

The GIY-YIG endonuclease domain, when isolated from
either UvrC (data not shown) or I-Tevl (Van Roey et al,
2002), is not able to bind or incise DNA. Apparently, a
separate DNA binding and/or protein interacting domain is
required to position the GIY-YIG domain properly on the
DNA. For UvrC, this would be the UvrB binding domain
and/or the C-terminal helix-hairpin-helix DNA binding motif
(Moolenaar et al, 1997, 1998b; Sohi et al, 2000). Van Roey
et al (2002) proposed that the GIY-YIG domain might interact
with DNA in a similar way as I-Ppol (Galburt, 1999) based on
similarities in the active sites of the two proteins. The amino
acids in I-Ppol and UvrC that coordinate the divalent metal
ion are both located in an a-helix (Asn 119 in a2 of I-Ppol and
Glu 76 in o4 of UvrCN"™9), [-Ppol inserts this helix into the
minor groove (Flick et al, 1998) of the DNA (Figure 8), which
leads to several protein-DNA interactions. We superimposed
helix a4 of UvrC with the corresponding helix in I-Ppol while
maintaining the position of Glu 76 (UvrC) with respect to Asn
119 (I-Ppol). This results in the overlap of Tyr 29 (UvrC) onto
His 98 (I-Ppol) (Figure 8), which was initially encouraging
since we hypothesize that Tyr 29 is the general base similar to
His 98. Similar results were observed when I-Tevl was super-
imposed with I-Ppol (Van Roey et al, 2002). However, in
addition to Asn 119, another important residue is located in
helix o2 of I-Ppol, Leu 116, which points into the minor
groove and forms van der Waals contacts with an adenine.
Mutation of Leu 116 has been reported to reduce the catalytic

Figure 8 Superposition of helix a4 of the 3’ endonuclease domain
of UvrC onto helix o2 of the I-Ppol-DNA complex. I-Ppol and
UvrCN'T™2 are illustrated as gray and green ribbon diagrams, res-
pectively. Selected side chains of I-Ppol and UvrCN""™? are drawn in
ball-and-stick with dark gray bonds for I-Ppol and yellow bonds
for UvrCN""™2, The magnesium ion for each protein is illustrated
as a large sphere and color-coded to match the protein’s bond color.
The DNA is colored magenta and was generated using the program
MOLMOL (Koradi et al, 1996). Residues are labeled and residue
numbers from I-Ppol are shown in parentheses.
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efficiency of I-Ppol (Galburt, 1999). After superposition with
UvrC, Leu 116 aligned structurally with Phe 73 (Figure 8), a
type conserved hydrophobic residue (Figure 3A and B). We
mutated Phe 73 to examine its importance in comparison to
[-Ppol. A mutation to either alanine or glutamate resulted in
an enzyme that was as active as the wild-type protein
(Figure 5), indicating that Phe 73 is most likely not involved
in protein-DNA interactions or in a different way compared
to [-Ppol. In addition to the mutational data, the superposi-
tion of UvrC and I-Ppol revealed that the catalytic metals of
both enzymes are 3.6A apart (Figure 8). These results
strongly suggest that the interaction of the GIY-YIG domain
with DNA is different from that observed for I-Ppol despite
the similarities in the positions of active site residues.

Conclusion

We have solved the crystal structure of the N-terminal GIY-
YIG endonuclease domain from two thermophilic organisms,
B. caldotenax and T. maritima. This domain is shared by a
number of very different proteins all belonging to the GIY-YIG
family of endonucleases. In this study, we have characterized
the active site of the N-terminal GIY-YIG endonuclease do-
main of UvrC including the catalytic divalent cation and its
coordination geometry. Our results indicate that the N-term-
inal endonuclease domain of UvrC utilizes a novel one-metal
mechanism to cleave the phosphodiester bond. We propose a
mechanism where the Lewis acid is the divalent cation, the
general acid is a metal-coordinated water molecule and the
general base is Tyr 29.

Materials and methods

Protein expression and purification

N-terminal domains of UvrC from B. caldotenax (Uvr
residues 1-98) and T. maritima (UvrCN"™2; residues 1-97) were
cloned into the pTXB1 vector (New England Biolabs) under control
of the T7 promoter. The proteins were purified using the T7
IMPACT'"™ system (NEB). The proteins were expressed in BL21-
CodonPlus®™ (DE3)-RIL cells and purified by chitin-affinity chroma-
tography and size-exclusion chromatography. The concentration of
UvrCN¥™™a and UvrCNB was determined by its absorption at
280nm using calculated extinction coefficients of 7680 and
6400 M~'cm ™!, respectively.

Selenomethionine-substituted Uvr was expressed in BL21-
(DE3)-RIL cells by methionine biosynthesis inhibition. Cells were
grown in M9 minimal medium with 0.2% glucose and 5% (v/v)
glycerol as carbon sources. Purification was as described for the
native protein with the exception of adding 5 mM DTT to the size-
exclusion chromatography buffer.

CN»Bca;

CN—BCa

Crystallization and data collection

Crystals of native and selenomethionine-derivatized UvrCN"®* were
grown by vapor diffusion, equilibrating equal volumes of protein
solution (16.0mg/ml) and precipitant solution containing 2M
(NH,),SO4, 5mM DTT and 100 mM sodium acetate pH 5.4, against
a reservoir solution containing 2 M (NH,),SO,4, 5mM DTT, 100 mM
sodium acetate pH 5.4 and 250mM NaCl. Crystals of UvrcN™™?
were grown by vapor diffusion, equilibrating equal volumes of
protein solution (16.0mg/ml) and precipitant solution containing
26% PEG 8000 and 100 mM Tris pH 8.5, against a reservoir solution
containing 26% PEG 8000, 100 mM Tris pH 8.5 and 250 mM NacCl.
Diffraction data of UvrCN"®® and UvrCN"™2 crystals, cryocooled in
liquid nitrogen, were collected at beam lines X26C and X12B, and
X26C and X25, respectively, at the National Synchrotron Light
Source at Brookhaven National Laboratory. Diffraction data were
indexed, integrated and scaled using the HKL software (Otwinowski
and Minor, 1997). Crystals of UvrC"® belong to space group C2
with a=86.5A, b=86.7,c=67.9 and B =120.2 A, and contain four
molecules per asymmetric unit. Crystals of UvrCY'™™ belong to
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space group P4;2,2 with a=55.0 A and c=109.0 A, and contain one
molecule per asymmetric unit.

UvrCNT™ma crystals were transferred into 19% PEG 8000, 100 mM
Tris pH 8.5, 25% glycerol and either 200 mM MnCl, or 300 mM
MgCl,. Crystals were soaked stepwise in solutions with increasing
divalent cation and glycerol concentrations while simultaneously
removing NaCl from the mother liquor. The total exposure time to
the divalent cation was 1h.

Structure solution and refinement

The structure of UvrCN® was determined by MAD phasing using
SOLVE (Terwilliger and Berendzen, 1999), which located 10 out of
the 16 selenium sites. Phase refinement was performed with
RESOLVE (Terwilliger, 2000), gradually extending the phases from
3.0 to 2.0 A resulting in an ~50% complete model. The remainder
of the model was built with O (Jones et al, 1991) and refinement
was continued with REFMAC (Murshudov et al, 1997). Four-fold
noncrystallographic symmetry (NCS) restraints were maintained
initially and removed in the final refinement cycles. Water
molecules were added with ARP (Perrakis et al, 1999). TLS
refinement (one TLS group per monomer) was used in the final
stages to account for overall anisotropic motion of the molecules.
Additional calculations were performed using the CCP4 suite of
programs (Bailey, 1994).

The structure of UvrCY" "™ bound to manganese was determined
by molecular replacement using AMORE (Navaza, 1994). The
search model was a modified monomer from the UvrCN®e
structure where 18 dissimilar residues were changed to alanine.
The resulting structure was initially refined at 1.5A by simulated
annealing using CNS (Brunger et al, 1998). Side chains from UvrC™
Bea were replaced with those from UvrCNT™2 and refinement was
continued with REFMAC and O.

Uvrc""™2 mutants

Single amino-acid residue substitution mutants of Uvr were
generated with the QuickChange Site-Directed Mutagenesis Kit
(Stratagene) using pTXB1-uvrC¥ '™ as template, and sense and
antisense oligonucleotides specific for each mutant as PCR primers.

CN—Tma

DNA substrates

All DNA substrates were synthesized by Sigma-Genosys (Wood-
lands, TX). The DNA sequence of the 50-mer double-stranded
substrate containing a single internal fluorescein (FIdT) adduct was
F26 (5'-GACTACGTACTGTTACGGCTCCAT C[FIdT]CTACCGCAAT
CAGGCCAGATCTGC-3’) while the complementary strand was NDB
(5’-GCAGATCTGGCCTGATTGCGGTAGAGATGGAGCCGTAACAGTAC
GTAGTC-3’). The F26 strand was 5’ end-labeled using OptiKinase
(USB Corporation) and [y-**P]JATP (3000 Ci/mmol; Amersham
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