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A Catalytic and Regulatory Two-Metal Model

Hong Feng, Liang Dong, and Weiguo Cao*

Department of Genetics and Biochemistry, South Carolina Experiment Station, Clemsamsitpi Room 219,
Biosystems Research Complex, 51 New Cherry Street, Clemson, South Carolina 29634

Receied March 14, 2006; Resed Manuscript Receéd May 7, 2006

ABSTRACT. The enzyme endonuclease V initiates repair of deaminated DNA bases by making an
endonucleolytic incision on the' 3ide one nucleotide from a base lesion. In this study, we have used
site-directed mutagenesis to characterize the role of the highly conserved residues D43, E89, D110, and
H214 inThermotoga maritim@andonuclease V catalysis. DNA cleavage andMmescue analysis suggest

that amino acid substitutions at D43 impede the enzymatic activity severely while mutations at E89 and
D110 may be tolerated. Mutations at H214 yield enzyme that maintains significant DNA cleavage activity.
The H214D mutant exhibits little change in substrate specificity or DNA cleavage kinetics, suggesting
the exchangeability between His and Asp at this site. DNA binding analysis implicates the involvement
of the four residues in metal binding. Mirmediated cleavage of inosine-containing DNA is stimulated

by the addition of C&", a metal ion that does not support catalysis. The effects of"Mm Mg?*-
mediated DNA cleavage show a complexed initial stimulatory and later inhibitory pattern. The data obtained
from the dual metal ion analyses lead to the notion that two metal ions are involved in endonuclease
V-mediated catalysis. A catalytic and regulatory two-metal model is proposed.

Endonuclease V (endo Vis a DNA repair enzyme which  mutability of the active site residues was determined using
hydrolyzes the second phosphodiester bondfr8m a double-stranded and single-stranded inosine, xanthosine,
deaminated base lesion. These lesions include inosineoxanosine, and uridine DNA substrates. The binding affinities
xanthosine, oxanosine, and uridink—5). Endo V family to inosine substrates were measured by gel mobility shift
proteins have been ubiquitously found in eubacteria, archaeaanalysis in the absence and presence of metal cofactor. Since
and eukaryotes including fission yeast, mice, and humans.many endo V family proteins contain an Asp residue at a
Although the size of eukaryotic endo V homologues is larger position equivalent to H214 in Tma endo V (Figure 1),
than the prokaryotic counterparts, the amino acid residuescleavage kinetics was compared between the wild-type endo
essential for deaminated base recognition and DNA cleavageV and the H214D mutant. Effects of using alternative metal
are well conserved). Using the thermostable endo V from  cofactor on inosine cleavage aneeXonuclease activity were
Thermotoga maritimaas a model system, we previously assessed. Stimulation of Mamediated inosine cleavage was
identified a series of amino acid residues that affect pretein  observed, which led to a two-metal model for endonuclease
DNA interactions 6). However, the active site architecture V-mediated catalysis.
and metal ion coordination are not well understood.

Sequence alignment of the rapidly accumulating genomic EXPERIMENTAL PROCEDURES
data allowed us to identify seven conserved motifs in endo
V family proteins ). The highly conserved or invariant D43,
E89, D110, and H214 are located in motifs Il, Ill, IV, and
VII, respectively (Figure 1). In this study, we probed these
residues by constructing a series of site-directed mutants an
conducting a comprehensive biochemical analysis. The
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D43C E89C Dlioc H214C

D43H E89H D110H H214D

D43E E89D D110E HZ14E

D43A E89A D110A H214A
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Eco N-11-QIELASS-13-LIAGABVGF-32-MPYIPGFLSFRE-14-PDLVFVBGHGISHPRRLGVASHFG-5-PTIGVAKKRLCG-33-PLFIATGHR-17-RLPEPTRWAR-17-C

Tma N-19-0QNELRKE-11 YUAG LSF-31-FPYIPGLLAFRE-14-PDVVVFBGOGLAHPRKLGIASHMG-5-PTIGVAKSRLYG-33-PIFVSPGHL-18-RIPEPTR —ZI—C
Sty N-09-QIELASS-13-FIGG GF-32-MPYIPGFLSFRE-14-PDLLFVBGHGISHPRRLGVASHFG-5-PTIGVAKKRLCG-33-PLFIATGHR-17-RLPEPTRWAR-17-C
Ype N-22-QRORASE-13-FIAGABVGF-32-LPYIPGLLSFRE-14-PDLILVBGOGIAHPRRLGVASHFG-5-PTIGVAKSRLCG-33-PLFISPGHR-17-RLPEPTRWAR-27-C
Sco N-22-QDELRAR-13-RVTG AY-32-FPYVPGLLAFRE-14-PGLVVCBGYGLAHPRRFGLASHLG-5-PTIGVAKNPFTF-33-PVFVSVGHR-17-RLPETTRRAR-14-C
Bsu N-20-QFNLENR-13-TGAGVPLAY-34-VPYVSGFLAFRE-14-PDVFLFRGNGY LHYNHMGVATHAA-5-PTIGIAKTYLKI-33-PIFLSCGNY-18-RLPIPVR -15-C
Spo N-16-QIELEGM-14-YVVGLEISF-33-EDYVPGFLSFRE-12-IDIILVEGNGVLHPVGFGLACHLG-5-PVVGVAKNYLHC-51-PVYVSIGNQ-18-RVPEPIRQAD-16-C
Cel N-435-QIRERLI-17-LVAGIBTSA-33-LPYIPOQYLA -19-PDVILCBGFGEFHSRGCGMACHVG-5-ASIGVAENLTLH-51-GVFVSAGYG-18-TTIEPIR -18-C
Ath N-23-QDELEKK-25-YVGG SF-33-VPYVPGFLAFRE-19-POVLMVOGNGILHPRGFGLACHLG-5-PTIGVGKNLHHV-45-PIYVSVGHR-16-RVPEPIRQAD-28-C
Mmu N-20-QARLKAR-19-KVGGVBVSF-33-APYVSGFLAFRE-19-POVVLVBGNGVLHQRGFGVACHLG-5~-PCIGVAKKLLOV-45-PLYVSVGHR-16-RIPEPIRQARB-98-C
Hsa N-20-QARLKAH-19-RVGG SF-33-APYVSGFLAFRE-19-POVLLVBGNGVLHHRGFGVACHLG-5-PCVGVAKKLLOV-45-PLYISVGHR-16-RIPEPVRQAD-42-C

Tac N-127-QEYIARE-10-TVAA SY-27-FPYIPGYLAFRE-10-ADLLLIBGNGILHPRFAGLATHAG-5-ASIGVAKHLTRS-22--MIVSPGNF-16-RYPWPLK -17-C
Fac N-117-QEKIASM-10-NYAAIBVSY-27-FPYIPGYLGYRE-11-DALLLIPANGLLHPRKCGLATFAG-5-ATIGVAKSLLMG-23~-~~IVSPGNM-16-KYPAILK -13-C
Sso N-13-QFLISKN-10-KICGVBIAY-29-FPYIPGFLFMRE-12-CHLLLVBGHGIAHPRKSGIAAVIG-5-PTIGVAKSRLTG-24--YFYSPGNK-11-GYPKVLKIAR-09-C

Afu N-12-QEEMSRS-13-¥VVGVHEQAF-34-FPYIPTFLMFRE-14-RAATMVEGSGIAHPRRCGLATYIA-5-PTVGITKKRLFG-30-PIFISPGSY-17-KLPEPIRIAD-17-C
Pfu N-10-QRRLSRE-12-RVGA SY-30-FPYIPTFFFLRE-12-FDVLLVEGHGKAHPRRYGLASHIG-5-PTIGVAKRLLRG-12~~AFVSVGNL-17-GYPEPLNIAR-12-C

I II v v VI VII

Ficure 1: Sequence alignment of endonuclease V. Amino acid residues selected for site-directed mutagenesis are highlighted, and the
resulting mutants are indicated above the arrows. GenBank accession numbers are shown after the species namesTKearilima,
NP_229661; EcoE. coli, NP_418426; StySalmonella typhimuriugnNP_463037; YpeYersinia pestisNP_667835; ScoStreptomyces
coelicolor, CAB40676; BsuBacillus subtilis BSUB0019; SpoSchizosaccharomyces pomb@&23511; CelCaenorhabditis elegand731299;

Ath, Arabidopsis thalianaT10669; Mmu,Mus musculusXP_203558; HsaHomo sapiensBAC04765; Afu, Archaeoglobus fulgidys
NP_068968; TacThermoplasma acidophilunCAC11602; FacFerroplasma acidarmanysZP_00001774; Ss&ulfolobus solfataricys
NP_343804; PfuP. furiosus NP_578716.

mM Tris base and 89 mM boric acid. TE buffer consisted native polyacrylamide gel in Xk TB buffer supplemented

of 10 mM Tris-HCI, pH 8.0, and 1 mM EDTAEscherichia with 5 mM CaC} or EDTA. The bound and free DNA

coli host strain AK53 irrB~, MM294) was from our species were analyzed using a Typhoon 9400 imager

laboratory collection. (Amersham Biosciences) with the following settings: PMT
Site-Directed Mutagenesis of Tma Endo®i.overlapping at 600 V, excitation at 495 nm, and emission at 535 nm.

extension PCR procedure was used for site-directed mu-

tagenesisi). Details of site-directed mutagenesis and protein RESULTS

purification and quantitation were essentially carried out as  sjte-Directed Mutagenesis in the AeiSite of Tma Endo
previously describeds). V. Endonuclease V is a metal-dependent enzyme. Analysis
Oligodeoxyribonucleotide Substratde sequences of the  of conserved residues indicates that D43 in motif I, E89 in
oligonucleotides were shown in Figure 2A. Oligonucleotides motif 111, and D110 in motif IV are invariant in the endo V
containing inosine or uridine were ordered from IDT, purified protein family (Figure 1). Large-scale sequence alignment
by PAGE, and dissolved in TE buffer at a final concentration also reveals the highly conserved nature at H214 in motif
of 10 uM. The two complementary strands (with the i (Figure 1). The invariant H116 in motif IV is involved
unlabeled strand in 1.2-fold molar excess) were mixed andin DNA interaction rather than directly in catalysi8)( To
incubated at 85C for 3 min and allowed to form duplex  probe the functional role of D43, E89, D110, and H214 in
DNA substrates at room temperature for at least 30 min. catalysis, a series of site-directed mutants were constructed.
Oligonucleotides containing xanthosine (X) or oxanosine (O) The amino acid substitutions were designed to potentially
were prepared as previously describédq). maintain metal binding (D43C, D43H, and DA43E, for
Tma Endo V Clegage Assay<leavage reaction mixtures example) or eliminate metal binding (D43A) (Figure 1).
(10 uL) containing 10 mM HEPESKOH (pH 7.4), 1 mM Mutant proteins were overexpressed by induction in low
DTT, 2% glycerol, 5 mM MgCl (unless otherwise specified), phosphate mediung®), with the exception of E89C, which
10 nM oligonucleotide DNA substrate, and the indicated was expressed at low levels and was not pursued in
amount of Tma endo V protein were incubated at65or subsequent studies.
30 min. Reactions were terminated by addition of an equal  Effect of Mutations on Claage of Substrates Harboring
volume of GeneScan stop buffer. The reaction mixtures were Deaminated BasedNe initially investigated the cleavage
then heated at 94C for 3 min and chilled on ice, and 3.5 activity of the 15 mutants along with the wt Tma endo V as
uL was loaded onto a 10% denaturing polyacrylamide gel a control. Cleavage assays were performed using a fluores-
containing 7 M urea. Electrophoresis was conducted at 1500cently labeled (FAM) double-stranded single-inosine oligo-
V for 1.6 h using an ABI 377 sequencer (Applied Biosys- nucleotide DNA substrate (Figure 2A). Since endo V cleaves
tems). Cleavage products and remaining substrates wereat the second phosphodiester bond one nucleotide from the
quantified using the GeneScan analysis software version 3.03' side of the deaminated base, the cleavage reaction
Gel Mobility Shift AssaySBinding reaction mixtures (20  generates a 38-mer fragment, which can be visualized and
uL) containing 100 nM fluorescently labeled oligonucleotide quantified by GeneScan analysis on a DNA sequencer. A
DNA substrates, 5 mM Cagbr 5 mM EDTA, 20% glycerol, representative gel picture is shown in Figure 2B, and
10 mM HEPESKOH (pH 7.4), 1 mM DTT, and the  complete results of cleavage assays are summarized in Table
indicated amount of Tma endo V protein were incubated at 1. To prepare all four deaminated DNA bases including
65 °C for 30 min. Samples were electrophoresed on a 6% inosine, xanthosine, oxanosine, and uridine, we either
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5'-TA CCC CAG CGT CTG CGG TGT TGC GTIT AGT TGT CAT AGT TTG ATC CTC TAG TCT TGT TGC GGG TTC C-3'
3'- GGG GTC GCA GAC GCC ACA ACG CAI TCA ACA GTA TCA AAC TAG GAG ATC AGA ACA ACG CCC-FAM-5'

)

I 38-mer {
} 60-mer I
B D43A  D43H ES9A ESO9D  DI110C  DI1OE  H214C H214E
WT | D43C | D43E | ES9H | D110A | D110H | H214A |H214D|

...-..-'.--.. w | 60-mer

C - - - A - i & - e iy . | 38-mer

Ficure 2: DNA cleavage assay of Tma endonuclease V. (A) Lesion-containing deoxyribooligonucleotide substidgexyinosine. The
bottom strand was'3abeled with FAM fluorophore. (B) Cleavage activity of wt and mutant Tma endo V on inosine-containing substrate
(C/). Cleavage reactions were performed as described in Experimental Procedures using 100 nM wt or mutant Tma endo V protein.

Table 1: Percent Cleavage of Inosine-, Xanthosine-, Oxanosine-, as active as E89A' indicating t_hat the imidazole side chain
and Uridine-Containing DNA cannot substitute for the negatively charged carboxyl group
inosine xanthosine _ oxanosine uridine in E89. E89D had cleavage activity similar to that of the wt
enzyme on inosine and xanthosine substrates, but the
cleavage activity on oxanosine and uridine substrates was

endoV T/ ssl T/X ssX T/IO ssO G/U ssU

wt 100 100 100 100 100 100 100 100  sypstantially reduced (Table 1).

D43A 0 0 3 1 0 0 0 0 L . .
D43C 0 7 10 10 0 1 2 0 Elimination of the carboxyl group in D110 by mutation
D43H 0 4 2 4 0 1 1 0 to Ala severely crippled the enzyme, as the D110A mutant
D43E 31 24 34 35 5 5 1 0 exhibited little cleavage activity on all substrates (Table 1).
E89A 24 9 31 30 3 3 6 0 D110C, D110H, and the conservative change D110E still
E89H 10 4 9 16 0 3 1 0 retained more than 40% cleavage activity on inosine and
E89D 95 100 99 100 2 1 6 5 xanthosine substrates, while the cleavage activity on ox-
Dllg’é % 822 2 23 13 1 22 76 anosine and uridine substrates was reduced to less than 10%
BﬂOH go 10 gg ?7 5 g 1 4 (Table 1). These results suggest that D110 is more tolerant
D110E 40 57 83 72 10 16 6 1 of side chain substitutions that could participate in metal
H214A 40 80 48 64 5 9 4 0 binding. Notably, the gquivalent positiqn iRyrococcus
H214C 17 34 29 34 3 4 2 1 furiosusendo V is Glu instead of Asp (Figure 1).

H214D 102 94 95 9% 78 56 61 31 H214 is a residue most tolerant of mutation without
H214E 89 100 99 101 13 16 7 5

impacting activity (Table 1). The least active H214C mutant
@The reactions were performed as described in Experimental still showed about 2630% inosine and xanthosine cleavage
Procedures with 100 nM endo V, 10 nM substrate, and 5 mM MgCl activity, while H214A was about 50% active on double-
stranded inosine and xanthosine substrates. Substitution of
purchased or synthesized single lesion-containing oliog- an imidazole side chain by the carboxyl group, as seen in
nucleotide DNA substrates in house as described in Experi-H214D and H214E, had little effect on inosine and xan-
mental Procedures. thosine cleavage. H214D also retained significant oxanosine
Of the four residues studied, D43 appears to be the leastand uridine cleavage activity, making it the most similar
mutable site, as evidenced by no more than 10% cleavagenutant to the wt enzyme based on deaminated base cleavage
using any of the D43 mutants on the panel of eight double- activity (Table 1). These data were in keeping with the
stranded and single-stranded substrates (Table 1). Theexchangeability between His and Asp in this position that is
conserved substitution in the D43E mutant retaineD% seen in endo V family proteins (Figure 1).
cleavage activity on inosine and xanthosine substrates, but The wt Tma endo V demonstrates single-turnover kinetics
little cleavage on oxanosine or uridine was observed (Table on inosine substrate as a result of tight binding to the nicked
1). E89A showed-20—30% inosine and xanthosine cleavage inosine-containing DNAZ). Given the similarity between
and little oxanosine and uridine cleavage, consistent with a the wt enzyme and H214D, we were curious to determine if
previous study on the inosine substra. E89H was not the substitution would alter kinetic behavior. We therefore
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Ficure 3: Time course analysis of T/l cleavage by wt Tma endo V and the H214D mutant. Cleavage reactions were performed as described
in Experimental Procedures except that the E:S ratio was 1:10 (triangle) and 10:1 (square), respectively. Reactions were stopped on ice at
indicated time points, followed by the addition of an equal volume of GeneScan stop buffer. (A) GeneScan gel analysis of T/l cleavage by
wt endo V (E:S= 1:10). (B) Plots of T/l cleavage by wt endo V. (C) GeneScan gel analysis of T/l cleavage by the H214D mutant (E:S

= 1:10). (D) Plot of T/l cleavage by the H214D mutant.

conducted a time-course analysis using the double-strandedhe same site, consistent with the notion that a metal ion
inosine substrate. When the enzyme was in excess ([enzyme]may bridge the negatively charged DNA backbone and the
[substrate}= 10:1), both the wt enzyme and H214D showed carboxyl group.
close to complete turnover of the inosine substrate (Figure Effects of MA* on T/l Cleaage Mn2* can sometimes
3). When the substrate was in excess ([enzyme]:[substrate]escye the activity of nuclease mutart8<13). To test the
= 1:10), !—|214D exhibited as.imilar single-turnover kipetics effects of substituting MAT for Mg+ on inosine cleavage,
as seen in the wt enzyme (Figure 3). These results indicateye examined the cleavage activity on the double-stranded
that alteration of H214 to Asp, which is found in eukaryotic jnosine substrate. Among the 15 mutants tested, 7 showed
endo V homologues, may maintain the same kinetic property enhanced cleavage activity in the presence ofM#igure
on inosine cleavage (Figures 1 and 3). 5). At the D43 site, D43E was the sole mutant with enhanced
Effects of Mutation on Binding Affinity to Inosine- cleavage activity. Although the cleavage activity of ES9A
Containing SubstrateTo understand the effects of these and E89H was low in the presence of Mgboth cleavage
mutants on binding, we conducted gel mobility shift assays activities were significantly enhanced with Ktras the metal
using the double-stranded inosine-containing substrate. Concofactor. D110A, D110C, and D110H showed different
sistent with a previous studg), D43A, D43C, and D43H  degrees of MA" rescue (Figure 5). The most significant
showed greater binding to the inosine substrate than the wtrescuing effect was observed with D110A, in which cleavage
enzyme in the absence of metal cofactor (Figure 4). D43E, of the inosine substrate reached0%. Of the H214 mutants,
in a manner similar to the wt enzyme, maintained weak only H214A was more active with Mn than with Mg*
binding in the absence of metal cofactor. As stated previously (Figure 5). The mechanism underlying the observedMn
(8), these results suggest that elimination of the negative effects is not obvious. It may be related to how well ¥n
charge at D43 may reduce repulsion with the negatively can be coordinated by the mutants.
charged DNA backbone. The same notion can be applied to  3_Exonuclease Actity of Endo V MutantsPreviously,
E89 in which the E89D mutant showed a similarly weak e reported 3exonuclease activity from endo V in the
binding in the absence of metal cofactor (Figure 4). presence of M# (6). In the course of investigating Mh
D110E behaved differently from the D43E and E89D effects as described above, we also observed a laddered
mutants as it exhibited tighter binding than the wt enzyme. banding pattern below the specific cleavage product, indica-
Unlike D110A and D110H, D110C did not show a strong tive of 3-exonuclease activity (Figure 6). This activity could
binding in the absence of metal cofactor (Figure 4). These not have come from contaminatiri} coli enzymes since
results underscore the difference between D43 and D110 aghe similarly purified active site inactive mutant D43A and
to metal or DNA binding. Mutations at H214 reduced the other mutants such as G136V did not show such activity
binding affinity in the absence of metal cofactor, in particular (ref 6 and data not shown). In the presence of?Mr3'-
when it was substituted by the negatively charged Asp or exonuclease activity was pronounced in wt endo V and
Glu (Figure 4). Addition of the catalytically inactive metal mutant enzymes E89D, D110C, H214C, H214E, and H214D,
cofactor C&" brought the binding affinity of D43E, E89D,  while reduced activity was detected in D110A, D110H, and
and H214D/E to a level more comparable to the mutants of D110E (Figure 6). These results indicate that some mutations
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A Cntl D43A D43H ES89A ES9D D110C  DI11OE H214C H214E
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Ficure 4: Binding analysis of Tma endo V mutants on double-stranded inosine-containing DNA substrate. Gel mobility shift analysis of
binding of Tma endo V to double-stranded inosine-containing substrate (T/I) without metal ion (A) and with 5 mMB)aGel mobility

shift assays were performed as described in Experimental Procedures using 100 nM wt or mutant Tma endo V protein and 100 nM T/
substrate.

100 mediated DNA cleavage, we supplemented different con-
80_' centrations of CH in the inosine cleavage reactions in the
9 60.] g presence of M#t. With increasing C& concentrations, we
g | % 7 observed a decrease in the remaining substrate band and an
z 40— _ % é 7 increase in the specific cleavage band (38-mer) for ES89D,
20 % % 7 g % % D110C, H214D, and the wt enzyme (Figure 7). Apparently,
0_— LB 11 as with EcoRV and Tag endonuclease16, 1§, Ca&*

stimulates the M#f-mediated catalytic activity of endo V.

Ficure 5: Effects of Mr#™ on cleavage of T/I substrate by wt and Effects Qf MA" on Mg**-Mediated Cleaage.On the .baSIS
mutant Tma endo V. Cleavage reactions were performed asOf the stimulatory effect C& had on Mr*-mediated
described in Experimental Procedures using 100 nM wt or mutant cleavage, we then investigated the effects oftvom Mg?*-
Tma endo V protein and 5 mM Mgg&(hatched bars) or Mngl mediated cleavage. With increasing Mrconcentrations,
(solid bars). full-length substrate cleavage was enhanced, indicating that
Mn?* stimulated M@"-mediated wt endo V cleavage (Figure
have caused a reduction in theeXonuclease processivity, 8). Interestingly, the reaction was inhibited by ¥Mncon-
resulting in the unique laddering effed)( The 3-exonu- centrations higher than 2.5 mM as evidenced by the
clease in D43E, E89A, E89H, and H214A appeared to be reappearance of uncleaved substrate (Figure 8A). The
substantially reduced. €t another metal ion that in part depletion of the remaining substrate band corresponded with

WT D43E ES89A E89H DI110A D110C D110H H214A

supports endo V activity4( 14), only weakly supported’'3 increased intensities in the bands below the specific cleavage
exonulcease activity in the H214C and H214D mutants product. These results suggest that?Mistimulated non-
(Figure 6). specific cleavage which could be the result of endonuclease

Effects of C&" on Mr?"-Mediated Cleaage. Although and/or exonuclease action as previously repo2e6)( EB9D
C&" does not support the cleavage activity, it enables endoand D110C showed increased nonspecific cleavage with
V to bind to DNA (4, 8). Previous studies demonstrated that increasing MA" concentrations. A gradual and small de-
C&" can also enhance the ¥nmediated cleavage activity  crease in the remaining substrate was observed with increas-
of EcoRV restriction endonuclease, which was taken as an ing Mn?" concentration up to 2.5 mM in H214D. A common
indication of a two-metal catalytic mechanism5). This feature demonstrated by the wt endo V and the three mutants
model has been supported by subsequent structural studiesvas that increased Mh concentration was accompanied by
(16, 17). To assess the potential Taeffects on MA*- increased laddering effect below the specific cleavage band,
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Ficure 6: Cleavage of T/l substrate by wt and mutant Tma endo V in the presence?sfdiCo*". Cleavage reactions were performed
as described in Experimental Procedures using 100 nM wt or mutant Tma endo V protein and 5 mpMoMG@GC).

A wr ES9D D1eC H214D In this study, different combinations of metal ions were used

Ca2*nM) 0 1 510 0 1 510 0 1 510 0 1 5 10 to gain insight on metal binding in the active site and catalytic

M2+ ++ ++ ++++ +++ + + + + + mechanism, which led to the proposal of a catalytic and
Y T e regulatory two-metal model.

Tr Cleavage, Binding, and Acte Site.The effects on DNA
cleavage were examined using substrates containing four
i | i o € eIl types of deaminated bases. Overall, oxanosine and uridine
cleavage activity was notably sensitive to perturbation by
mutagenesis. Previously, we found that many endo V mutants

2 * 2 F ; : =z were inactive on substrates containing oxanosine and uridine
;&;j.&i;;h&m and suggested a hypothetical deaminated base recognition

model to explain these observatio®. (it is likely that the

lack of favorable interactions with oxanosine and uridine
makes the oxanosine and uridine cleavage more sensitive to
subtle changes in the active site.

Of the residues studied here, D43 is the least tolerant to
mutation, as evidenced by loss of DNA cleavage in D43A,
D43C, and D43H. The cleavage data, combined with the
binding analysis, strongly suggest that D43 is an important
residue involved in metal binding at the active site. These
analyses were consistent with the invariant nature observed
in endo V family proteins (Figure 1).

T The conserved Asp substitution was well tolerated at E89
Ficure 7: Cleavage of T/l substrate by wt and mutant Tma endo for inosine and xanthosine cleavage (Table 1). However, the
Vin the presence of Mif and C&'. (A) Cleavage reactions were noqaiively charged carboxyl group does not seem to be
performed as described in Experimental Procedures using 100 nM - . ) . S . .
wt or mutant Tma endo V protein, 5 mM MngCland indicated essential for_cataly5|s as E89_A_ still retains significant inosine
concentrations of Cagl(B) Quantitation of uncleaved full-length ~ @nd xanthosine cleavage activity. Both EB9A and E89H were
substrate by GeneScreen gel analysis. stimulated by substituting Mf for Mg?" (Figure 5),
suggesting a potential supportive role of E89 in metal
suggesting reduced processivity of thieeRonuclease activity  binding.

from endo V 6). D110 is another putative metal binding residue identified
DISCUSSION by pr(_aviqus aIanin_e sca_mnin_g mutagene%js&lthough Ala
substitution essentially inactivates the enzyme in the presence
Endonuclease V is a highly conserved metal-dependentof Mg?* (ref 8 and Table 1), other residues that potentially
DNA repair enzyme. Based on extensive sequence alignmentcan serve as metal ligand such as Cys or His rescued the
this work probes the active site organization of endonucleaseinosine and xanthosine cleavage activity to a level that is
V by comprehensively analyzing a series of site-directed comparable to the conserved D110E change, which maintains
mutant Tma endo V proteins. Effects of active site mutations the carboxyl group (Table 1). The mutability at D110 was
were assessed for their impact on DNA binding and cleavage.further demonstrated by the stimulatory effects observed in
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Ficure 8: Influence of MiA™ on MgChL-mediated cleavage of T/l substrate. Cleavage reactions were performed as described in Experimental
Procedures using 100 nM wt or mutant Tma endo V protein, 5 mM Mg@Id indicated concentrations of MpRCPanels: (A) wt endo
V; (B) E89D; (C) D110C; (D) H214D.

D110C, D110H, and D110A when Mhwas substituted for ~ conservation of metal binding ligands in the superfamily.
Mg?t (Figure 5). A Catalytic and Regulatory Two-Metal Modétrevious
H214 is the residue most tolerant to mutagenesis of the studies on the effects of Mhon cleavage of oxanosine and
four amino acid positions studied, as evidenced by the factinosine substrates showed that Mistimulates nonspecific
that none of the mutations completely inactivated the enzyme cleavage at low concentrations while being inhibitory at high
(Table 1). Introduction of negatively charged carboxyl groups concentrationsy). The underlying biochemical mechanism
to H214 (H214D and H214E) appeared to reduce the bindingfor this observation remains unclear. To explore the pos-
affinity of the protein to DNA (Figure 4). These results sibility that two metal ions may be involved in regulation of
implicate that likelihood of this site as a metal binding ligand enzymatic activity, we conducted a series of dual metal
to interact with the negatively charged DNA backbone in assays. Addition of increasing concentrations of'Gavhich
the active site, in a way similar to other carboxyl-containing does not support catalysis) to the Mmediated cleavage
sites. H214D, which is a conserved change found in reaction resulted in stimulation of cleavage (Figure 7). This
mammalian endo Vs (Figure 1), retains significant cleavage Ca&"-mediated stimulation may be the result of occupation
activity toward all four deaminated bases (Table 1), indicat- of the regulatory site by Ca. Interestingly, cleavage activity
ing that His and Asp are interchangeable at this site. H214D of EcdRV on the cognate site has been shown to be enhanced
also resembles the wt enzyme in single-turnover cleavageby supplementing Ca to the Mr?*-mediated reactionlf).
kinetics (Figure 3), indicating that endo V family proteins Similarly, ECORV activity on the noncognate substrate is
with Asp at this site can serve as a sensor/recruiter for theinitially enhanced by CA—Mn?" combinations at low Ca
downstream repair process as previously proposed for theconcentrations and then inhibited at highe?Qavels (5).
wt Tma endo V enzyme?j. Indeed E. coliandSalmonella The C&" effects were consistent with the observation of two
endo V, which also have an Asp at the position equivalent metal ions in the active site dEcdRV (16). Analyses of
to H214, demonstrate similar kinetic behavidy 19). metal dependence and crystal structure of RNase H and
Interestingly, recent analysis of the sequence profile FLAP endonuclease also led to a two-metal model for
coupled with secondary-structure prediction placed endo V, regulation of nuclease activity24—26).
the PIWI domain of Argonaute 2 (Ago-2, slicer in RNA On the basis of data obtained from this and previous
interference), RNase H, and UvrC into a structurally studies$), we propose a catalytic and regulatory two-metal-
homologous group?Q). Combined with previously identified  ion model for endo V. This model posits that endo V
members, this nuclease superfamily expands to including possesses two metal binding sites (M1 and M2) (Figure 9).
retroviral integrase, RuvC and exonuclease Ill, and DNase | Occupation of the M1 site by a catalytic metal such agMg
(21, 22). Spatially speaking, D43, E89, D110, and H214 in or Mn?" is required for catalysis. Occupation of the M1 site
Tma endo V bear some similarity to D10, E48, D70, and by C&" yields an inactive endo ¥DNA—C&" ternary
D134 in RNase H43, 24), indicating a potential evolutionary =~ complex. Therefore, the M1 site is a catalytic metal binding
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Ficure 9: Catalytic and regulatory two-metal model for endonuclease V. The two metal binding sites are labeled as M1 and M2. M1 is
a high-affinity metal binding site. Coordination of a catalytically active metal ion triggers DNA cleavage. M2 is a low-affinity metal
binding site. Occupation of the M2 site modulates the DNA cleavage activities.

site that has a relatively high affinity for metal ions. should have a higher affinity to €athan Mr*™ based on
Occupation of the M2 site is not essential for catalysis, but the modulatory effects Cahas on MA*-mediated cleavage
it can regulate the specific and nonspecific activity catalyzed (Figure 7). The Mg"— Mn?* dual metal experiments indicate
by the metal ion located in the M1 site (Figure 9). Depending that the M2 site should have a higher affinity for Mrthan
on metal species that occupy the M1 and M2 sites, the Mg?* to allow complex modulation of DNA cleavage (Figure
endonuclease activity and the processivity of thex®nu- 8). Thus, the affinity of the M2 site for metal ions likely
clease activity are altered differently. follows the order of C& > Mn?" > Mg?". In summary,
The M1 site may coordinate Mg, Mn?*, C&*, and other we have presented a hypothetical two-metal model to account
divalent metal ions. Previous metal dependence analysisfor the complex metal effects on various DNA cleavage
indicates that very low M concentration is sufficient to  activities. Evidently, more structural and biochemical analy-
support complete cleavage activit§) ( while higher Mig* ses are needed to accurately define the metal binding pocket
concentration is required to support cleavasje These data  in the metal-endo VV-DNA complex.
suggest that the M1 site may possess high affinity foFMg
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