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ABSTRACT: Fenton chemistry [Fenton (1894) Chem. Sad5, 899-910] techniques were employed to
identify the residues involved in metal binding located at the active sites of restriction endonucleases.
This process uses transition metals to catalytically oxidize the peptide linkage that is in close proximity
to the amino acid residues involved in metal ligation?*Reas used as the redox-active transition metal.

It was expected that P& would bind to the endonucleases at theZ¥ginding site [Liaw et al. (1993)
Biochemistry 327999-4003; Erniaora et al. (1992Proc. Natl. Acad. Sci. U.S.A. 86383-6387; Soundar

and Colman (1993). Biol. Chem 268 5264-5271; Wei et al. (1994Biochemistry 337931-7936;

Ettner et al. (1995Biochemistry 3422—31; Hlavaty and Nowak (199'Biochemistry 3615515-15525).
Fe-mediated oxidation was successfully performedlagl endonulease, suggesting that this approach
could be applied to a wide array of endonucleases [Cao and Barany (L9B®). Chem 273 33002~

33010]. The restriction endonucleagzH|, Fokl, Bgll, Bglll, Puull, Sfil, BsSI, BsdBl, EcaRl, EcaRV,

Msp, andHinP1I were subjected to oxidizing conditions in the presence &f &ed ascorbate. All proteins

were inactivated upon treatment with4Feand ascorbateBarHI, Foki, Bgll, Bglll, Poull, Sfil, BssSlI,

and BsdBI were specifically cleaved upon treatment with?Hascorbate. The site of Fdascorbate-
induced protein cleavage for each enzyme was determined. THenfesliated oxidative cleavage of
BanHI occurs between residues Glu77 and Lys78. Glu77 has been shown by structural and mutational
studies to be involved in both metal ligation and catalysis [Newman et al. (1298hce 269656-663;

Viadiu and Aggarwal (1998Nat. Struct. Biol 5, 910-916; Xu and Schildkraut (1991). Biol. Chem

266, 4425-4429]. The sites of Peé/ascorbate-induced cleavage fewull, Foki, Bgll, and BsdBl agree

with the metal-binding sites identified in their corresponding three-dimensional structures or from mutational
studies [Cheng et al. (1998MBO J 13, 3297-3935; Wah et al. (199Mlature 388 97—100; Newman

etal. (1998 EMBO J 17, 5466-5476; Ruan et al. (199 ene 18835—-39]. The metal-binding residues

of Bglll, Sfil, andBssSI are proposed based on amino acid sequencing of th&ifaseorbate-generated
cleavage fragments. These results suggest that Fenton chemistry may be a useful methodology in identifying
amino acids involved in metal binding in endonucleases.

The active sites of seven restriction endonucled3asHl|, clease is generally not sufficient to identify which amino
Fokl, Cfr10l, EcoRl, EcarV, Bgll, andPuull, whose three- acids are critical for catalysis.
dimensional structures have been determingd8], are In an attempt to identify the amino acids involved in metal

structurally similar to each other. The critical catalytic amino pinding at the active sites of endonucleases, Fenton chemistry
acids of BarHl, Glu77, Asp94, and Glulll have corre- techniques9) were explored. This process uses transition
sponding residues found i&EcoRl (Asp59, Asp9l, and  metals to catalytically oxidize chelating ligands with deleteri-
Glul11),EcaRV (Glu4s, Asp74, and Asp90Bgll (Glu8?, ous effects. In the past, Fenton chemistry methods have been
Aspl16, and Asp142), arbull (Glu55, Asp58, and Glu68).  employed to explore the reactions of ligafdNA com-
BanHI has the additional critical Carboxy“c acid residue at p|exes_ More recenﬂy’ Schepartz and Cueno]u@ @nd
Glu113 where this position corresponds to a lysine residue Hoyer et al. (1) applied Fenton chemistry techniques to
for EcoRI (Lys113),EcoRV (Lys92), Bgll (Lys144), and  jnyestigate the active sites of proteins by using reagents
Puull (Lys70). For each enzyme, it has been proposed thatyhich specifically and oxidatively cleave the polypeptide
the first three critical amino acids are involved in metal backbones of enzymes at their meta|-binding sites. Often, a
binding. Despite the occurrence of similar amino acids at redox-capable metal ion that has a particular affinity for the
the active sites of these enzymes, there is no Significantenzyme is emp|oyed in the reaction. A number of studies
sequence homology among Type Il restriction endonucleasesindicate that F& causes oxidative cleavage of proteih-

Itis difficult to align the sequences of endonucleases basedj9). The metal-catalyzed oxidation generates reactive species
solely on the above four active site amino acid residues. (O, or OH) through Fenton chemistr@) The reactive
Knowing the amino acid sequence of a restriction endonu- species can interact with nearby susceptible amino acid
residues and can specifically cleave the polypeptide backbone
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Farber and Levine 1) and, later, Liaw et al. 13) pUC19 DNA was linearized witBsil endonuclease prior
demonstrated that the metal ligands of glutamine synthetaseo use in activity measurements®énHl. Linearized pUC19
could be identified by treating the enzyme with?Fend DNA was extracted with phenol/chloroform and chloroform
ascorbate. Glutamine synthetase was inactivated and specifand precipitated with ethanol. The DNA pellet was washed
ically cleaved upon incubation with Feand ascorbate. The  with 70% ethanol and resuspended in 0.5 mM EDTA and
resulting peptides were separated and sequenced to identiffil0 mM Bis-Tris-Propane (pH 7.4).
the metal-binding site. Similar work was performed on the  BamHI Assay The nuclease activity oBanmH| was
proteins staphylococcal nucleaddl), isocitrate dehydroge-  determined by titrating the endonuclease in a reaction mix
nase 15), malic enzyme 16), Tet Repressorl(7), phospho- (20 uL total) containing 0.2ug of BsiFI linearized pUC19
enolpyruvate carboxykinas&®), and, recentlyTad endo- DNA, 100 mM KCI, 10 mM MgCh, 1 mM DTT, 1 mM
nucleaseX9). In each case, the modification is selective for EDTA, 10 mM Bis-Tris-Propane (pH 7.4), and Qu® of
the metal binding site of the protein. BSA. After 30 min at 25'C, the reaction was terminated by

Here, Fenton chemistry techniques were applied to the the addition of a stop dye solution 4. of 0.15% (w/v)
restriction endonucleaseBant! Poull, Fokl, Bgll, EcoRl, bromophenol blue, 25% glycerol, 100 mM Tris-HCI (pH 8),
andEcoRV, whose three-dimensional structures have been 100 mM EDTA (pH 8) and 5% (w/v) SDS]. The DNA
resolved {—3, 5—8), as well asBglll, Sfil, BssSI, Bsal, fragments were separated by gel electrophoreses (1% agarose
HinP1l, andMsp. The effects of F&/ascorbate-induced gel in TBE buffer containing 0.01% ethidium bromide). The
endonuclease inactivation and cleavage were characterized/V-illuminated gel images were digitally photographed and
in the greatest detail witBanHIl. While all 12 enzymes were the DNA bands were quantified using the computer program
inactivated following treatment with B&ascorbate, only ~ NIH Image software (version 1.59). The nuclease activity
eight endonucleaseBanHI, Puull, Foki, Bgll, Bglll, Sfi, of all other enzymes was monitored usin®NA under the
BsdBl, andBssS|, were specifically cleaved, suggesting that appropriate assay condition22).
under appropriate conditions some endonucleases are sus- F€/Ascorbate TreatmenEerrous sulfate (201000uM)
ceptible to oxidative cleavage at distinct sites. Sequencingwas added to 2M endonuclease in 50 mM Tris-HCI buffer,
of the cleavage products f@anHI, Poull, Fokl, Bgll, and pH 7.4. The solution was incubated for 15 min on ice
BsdBl indicated that the enzymes were oxidatively cleaved followed by the addition of ascorbate {10 mM). The
at their respective metal-binding sites as identified by their solution then sat on ice or at room temperature for an
corresponding three-dimensional structures or mutational additional period of 30 min to 24 h. Enzyme solutions were
studies 1—3, 7, 8, 20). These results suggest that Fenton then tested for nuclease activity and for protein cleavage.
chemistry techniques can be utilized on a variety of endo- BamHl inactivation was monitored by removing an
nucleases in order to gain more information about the enzyme aliquot at selected time intervals, quenching the

catalytic sites of these enzymes. reaction by the addition of 10 mM EDTA and assaying for
enzymatic activity by addition to 8anHl reaction assay
MATERIALS AND METHODS mix 50-fold larger by volumeBanHI inactivation rate

) ) ) ~constants were calculated as first-order constants from the
Materials. Chelex-100 was from Bio-Rad. Ascorbic acid = sjope of the line as determined from the plots of log %

was from Fisher. All other reagents were of the highest purity activity vs time.

commercially available. All nonmetal solutions were passed  pyotection against F&/Ascorbate-Induced Inactation
through a Chelex-100 column to remove any contaminating gng Cleaage Protection against R&ascorbate-induced
metal ions. Metal solutions were prepared with @@hivhich  BanH| inactivation and/or cleavage was determined by
was passed through a Chelex-100 column and adjusted 9ncubating the enzyme with 4 mM of Mg€ICoCh, MnCl,,
pH 4.0. All restriction enzymes, DNA substrates, and protein cycl,, or CaC prior to the addition of iron and ascorbate.
and DNA molecular mass markers were from New England protection againgBarH| cleavage was also determined by
Biolabs. The Asp58Ala mutant &foull was a kind gift from  jhcupatingBanH! with duplex DNA substrate containing
Paul Riggs at New England Biolabs. one BarHI recognition site, prepared from annealing oli-
For all work presented here, each enzyme was dialyzedgonucleotide 1 with oligonucleotide 2 (shown beld®anHlI
against 10 mM Tris-HCI(pH 7.9) with 100 mM KCI. Each  recognition site is underlined), before the addition of iron
enzyme was then treated with Chelex-100 prior to use by and ascorbate: oligonucleotide 1;8GC GGG CGG CGG
adding the dialyzed enzyme (approximately 100 to an ATC CGG GCG GC-3 oligonucleotide 2, 3GCG CCC
Eppendorf tube containing approximately 25 of Chelex- GCC GCC TAG GCC CGC CG*5
100 resin. The tube was gently shaken and quick-spun using The oligonucleotides were prepared in d@H The final
a minicentrifuge to pellet the resin. The supernatant, which concentration was 9,8M as determined fromyso measure-
contained the enzyme, was removed. All enzyme concentra-ments.
tions were determined with the Bio-Rad Protein Assay  Sodium Dodecyl SulfatePolyacrylamide Gel Electro-
System using BSA as a standard. phoresis Precast 10 to 20% gradient SBBolyacrylamide
gels were purchased from either Owl Laboratories or Novex
1 Abbreviations: Caps, 3-(cyclohexylamino)-1-propanesulfonic acid; Laboratories. EIeCtrOphores's was carried out at 3{5 mA at
ddH,0, distilled, deionized water; DTT, dithiothreitol; EDTA, ethyl- room temperature for approximately 3 h. The protein bands
enediaminetetraacetic acid; MALDI-TOF, matrix-assisted laser desorp- were visualized by staining with 0.1% Coomassie Brilliant
tion/ionization-time-of-flight mass spectroscopy; SEBAGE, sodium g6 jn 509 methanol and destained with 50% methanol
dodecyl sulfate-polyacrylamide gel electrophoresis; Tris, tris-(hy- . . .
droxymethyl)aminoethane buffer, TBE, tris-(hydroxymethyl)amino- @nd 10% acetic acid. To determine the amount of enzyme
ethane borate ethylenediaminetetraacetic acid buffer; UV, ultraviolet. cleaved, the gels were scanned and the intensity of the bands
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was analyzed by NIH Image software. The cleavage rates 1
for BanHI were determined from the linear portion of the
plots generated using the computer program MSExcel97.
Molecular mass markers were used to estimate the mass of
the Fé*/ascorbate-generated protein cleavage fragments that
had been run on SDSolyacrylamide gels.

Isolation of Protein Fragments and Protein Sequencing.
Protein samples were run on 10 to 20% gradient Novex
SDS—polyacrylamide gels. The gels were electroblotted on
to Pro-Blott membranes [poly(vinylidene difluoride)]. The
electroblotting was conducted in a blotting cassette (Bio-
Rad) at a constant 150 mA current for approximately 12 h
at 4°C in 0.01 M Caps buffer, pH 11. Successful transfers Ficure 1: SDS-PAGE (10-20%) of Fé*/ascorbate-inactivated
were estimated at greater than 95% protein transfer from theBarmHl. Lane 1, molecular mass markers; lan®anH] (untreated
gel to the membrane. After transfer, the protein bands wereg‘s)gg%gtéane 3BanHil (2 uM) following treatment with F&/
visualized by staining with 0.1% Coomassie Brilliant Blue '
in 50% methanol and destained with 50% methanol and 10%
acetic acid. The membranes containing the transblotted
Eg?jﬁ'?)ga%r:flgmse;vere stored &80 °C until sequencing ¢y |1\ for Mg?" inhibition againsBanmH! Fe*t/ascorbate-

P ' i induced inactivation was obtained, which is similar to the

Automatejd sequence analyses_ were performed with a gasy for Mg2* for BanHI (unpublished observations).
phase Applied Biosystems protein sequencer (model 470A). Addition of 10 mM EDTA (pH 7.4) also afforded 100%

Transblot membranes containing—8 nmol of protein protection. The addition of 10 mM EDTA to a partially

lt‘jragmgn;[_s W(\a/(,?] dw_ectl;;f_sgq%encedl by :(\l_-tg_r m&nall Ed;ngn modified enzyme stopped further inactivation, providing the
egradation. YWhen insutlicient samples of individual protein o4ty to quench the reaction at various time intervals

frag”?e”ts were recovered from ele_ctroblottl_ng, the digested and allowing for the exploration of time dependent inactiva-
protein was sequenced as a mixture without fragment tion and protein cleavage rates

purification. Site-Specific Protein Cleage of BamHI. Barl inacti-
vated by Fé&"/ascorbate was subjected to SBSAGE to
examine the possible oxidative cleavage of the polypeptide
chain. MonomeriBanHI| has aM; of 24.5 kDa. As seen in
Figure 1, lane 3, the Pé&ascorbate-inactivated enzyme
ascorbate to 2«M BanHl at 25 °C causes a rapid and clearly shows the presence of three bands, one at 24.5 kDa
irreversible inactivation oBanHI within 10 min as deter- indicating uncleaved protein and two new bands at 14.5 and
mined by DNA cleavage assays. Replacing ferrous sulfate 10.0 kDa. This suggests th&anH| was partially but
with magnesium sulfate or removing ferrous sulfate or specifically cleaved at a single site. Replacing'Faith
ascorbate from the reaction mix did not lead to inactivation. Mg?" or removing the ascorbate from the reaction mix did
An apparent first-order inactivation rate constant of &3  not lead toBanHI cleavage, indicating that both Feand
0.1 mim! was obtained from the slope of the line as ascorbate were required for inactivation and cleavage.
determined from the plots of log % activity vs time (data Scanning and quantitation of the gel indicate that 50% of
not shown). the fully inactiveBanHI was cleaved.

Inactivation was also examined under anaerobic condi- Treatment of denatured (with 0.1% w/v SDEBnHI with
tions. Argon gas was bubbled through a solution containing Fe€**/ascorbate results in no cleavage after 30 min as
100 mM KCI, 10 mM Bis-Tris-propane (pH 7.4), and 0.2 determined by SDSPAGE (Figure 2, lane 10). Similarly,
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BanHl. Lower concentrations of Mg also provided sub-
stantial, but reduced, protection. An approximg&ievalue

RESULTS

Fe?t/Ascorbate Inactiation of BamHI Nuclease Aciiy.
The addition of 40uM FeSQ in the presence of 10 mM

ug of BSA for 60 min to displace ©from the solution.
BanmHI (2 uM) was then added to 1 mL aliquots of this
buffer. While continuing to purge with argon gas?Fend
ascorbate were added to the enzyme solution. After mixing,
the purging continued for an additional 30 min. At this time,
an aliquot of the enzyme was assayed for activity. No loss
of BanHI activity was observed as compared to untreated
controls (under aerobic conditions), suggesting that the
endogenous oxygen found in solution is sufficient and
required for inactivation under experimental conditions.
Protection of BamHI| against Pé&/Ascorbate-Induced
Inactivation. BaniHI was treated with F¢ and ascorbate in
the presence and absence of 4 mM2¥Mgnd then assayed
for its ability to cleave DNA. M@" affords full protection
againstBarHI inactivation from treatment with P& and

denaturingBanH! by heat (5 min at 9C°C) followed by
treatment with F&/ascorbate also results in no cleavage after
30 min as determined by SBSAGE (Figure 2, lane 4).
Intact native protein is required for the ¥#ascorbate-
induced inactivation and cleavage processes.

The time-dependent cleavageRdnHI by Fe#*/ascorbate
was determined by quenching the reaction at various time
intervals by the addition of 10 mM EDTA followed by
SDS-PAGE separation. Figure 3 (inset) demonstrates that
the addition of EDTA to an incubation mixture of the enzyme
Fe* and ascorbate rapidly quenches the metal-catalyzed
oxidative inactivation. A plot of % cleaved enzyme vs time
is presented (Figure 3).

The apparent first-order rate constant for cleavage of 0.08
+ 0.01 mim! was obtained from the slope of the line as

ascorbate (data not shown), suggesting that the inactivationdetermined from the plots of log % cleavage vs time. The

process specifically occurs at the Rfigpinding site on

apparent first order rate constant of cleavage is approximately
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Ficure 2: Effects of radical scavengers and denaturation on
cleavage. In all cases except where indicaBathHI (2 uM) was
incubated in the presence of¥€40 M) and ascorbate (10 mM)
for 30 min at pH 7.0. Lane 1 (molecular mass markers, from highest
to lowest in kilodaltons), 42.7, 36.5, 26.6, 20.0, 14.3, 6.5, and 3.4;
lane 2, untreate@anH| (control); lane 3,BanHI after treatment
with Fet/ascorbate; lane BanH| denatured by heat followed
by treatment with F&/ascorbate; lane-59, incubated with glycerol
followed by treatment with Fe/ascorbate; lane 5, 0.01 mM
glycerol; lane 6, 0.1 mM glycerol; lane 7, 1 mM glycerol; lane 8,

10 mM glycerol; lane 9, 50 mM glycerol; lane 1BanH| denatured — ——————
by SDS followed by treatment with F&ascorbate. - ——— e
60
%0 Ficure 4: Ligand protection studies against?Fkascorbate protein
cleavage. Additional ligands were added as indicated. After 30 min
o 407 incubation, the reactions were quenched by the addition of 10 mM
g EDTA and the samples were subjected to SIPAGE. (A) Lane
301 . 1, BanHl (2 uM) untreated; lane 2BanHl incubated in the
g Omin03 12 3 1020%060% 1% presence of 4%M Fe2t and 10 mM ascorbate for 30 min at pH 7;
201 [ — Lane 3, as in lane 2 with 4 mM Ct; lane 4, as in lane 2 with 4
———————— mM Mg?*; lane 5, as in lane 2 with 4 mM M; lane 6, as in lane
e ———— 2 with 4 mM CJ&*; lane 7, as in lane 2 with 4 mM €§ lane 8,
101 as in lane 2 but with 400M Fe?+ and with 3.1uM oligonucleotide
substrate containing a singBanH| recognition site; lane 9, as in
o T T T T T lane 1; (B) lane 1BanHIl (2 uM) untreated; lane 2BanHl
] 20 40 60 80 100 - 120 incubated in the presence of 4M Fe2; lane 3, as in lane 2 with

10 mM Mg?*; lane 4, as in lane 2 with 4 mM Mg; lane 5, as in
lane 2 with 1 mM MdT; lane 6, as in lane 2 with 0.5 mM Mg;
lane 7, as in lane 2 with 0.1 mM Mg; lane 8, as in lane 2 with
0.05 mM M¢; lane 9, as in lane 2 with 0.01 mM Mg lane 10,
as in lane 2.

Time (minutes)

Ficure 3: Rate of protein cleavagBanmHI (2 uM) was incubated

in the presence of 40M Fe** and 10 mM ascorbate. EDTA (10
mM) was added to the samples at the times indicated and the
samples were then subjected to electrophoresis. The gel, which
appears as an inset in the figure, was scanned and quantitated usin

NIH Image software. The reaction times are noted above the gel. Bbserved. Half-maximal protection is observed at 1 mM

Mg?*. This value agrees with thKp value for Mg* for
BanmHI (unpublished observations) and is similar to the
for Mg?" inhibition of F&*/ascorbate-induceBlanH! inac-
tivation (see above).

Radical Scaenger Effect on BamHI Cleage.The effect

four times slower than the apparent first-order rate constant
for enzyme inactivation under identical conditions.

Protection of BamHI against Pé/Ascorbate-Induced

Protein Cleaage. Barill (2 uM) was incubated with 3.1
uM oligonucleotide containing a singanH| recognition
site, 400uM Fe?*, and 10 mM ascorbate. Excess iron was
added to account for potential DNA-€*" interactions. This

of the addition of the radical scavenger glycerol to thé'Fe
ascorbate-induced cleavage BanH| was examined. As
shown in Figure 2, lanes-3, increasing concentrations of
glycerol afforded increasing protection from cleavage. While

mixture was equilibrated to pH 7.0 and the reaction 5g mm glycerol does not effecBanHl DNA cleavage
proceeded for 30 min at room temperature. As shown in activity, total protection against Feascorbate-induced
Figure 4A, lane 7, oligonucleotide substrate fully protects protein cleavage and inactivation (activity data not shown)
BanHl from Fe**/ascorbate-induced cleavage suggesting that\yas observed at 50 mM glycerol. These results suggest that
the protein cleavage reaction occurs atBaeH| active site. the inactivation and subsequent cleavage processes may be
Mg?*t, Mn?t, Co?", Ca&*, and Cd" were examined for  due to radical reactions at the metal-binding sit@afrHI.
their effect on Fé&'/ascorbate-induced protein cleavage of  Sequence Analysis of the BamHI Glage ProductsFe?/
BanHI. Figure 4A shows that all of the above divalent ascorbate-digeste®antH!l was subjected to N-terminal
cations, except Cti (Figure 4A, lane 3), fully proteddanti| Edman degradation sequence analyses. A total of 17 cycles
from F&*/ascorbate-induced protein cleavage. The effect of was run, with peaks corresponding to two amino acids in
Mg?* concentration (Figure 4B) on protein cleavage was also each of the first 15 cycles. As shown in Table 1, two series
examined. As Mg concentration increased, enhanced of amino acid sequences can be arranged to align with the
protection against cleavage was observed. At 4 mMMg known sequence oBanHIl. Sequence 1 corresponds to
(100 M excess over P& lane 4 in Figure 4B), complete amino acids +17 of BanHlI, which constitutes both un-
protection against Pé/ascorbate-induced cleavage was cleavedBanH! and the 10 kDa N-termindanH| fragment.
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Table 1: Amino Acid Sequences of Peptides from thé"FRescorbate Digest oBanH|

cycle no.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
BanHI (1-17) M E \% E K E P | T D E A K E L L S
sequence 1 M E \% E K E P | T D E A K E L L S
BarHI (78—92) K P L D I L K L E K K K G G P
sequence 2 K P L D | L K L E K K K G G P
wt DS58A
Bglll  Bgll Sfil Fokl Pyull  Pvull BssSI BsoBI
-+ -+ -+ - -+ -+ -+ -+
1 2 3 4 5 67 8 910 11 12 13 14 15 16 17 18 19 20 2122
— —
- = - -
| E = - : .
— — *
sl ® [[T==® |-
- - - - -.'
- . =
- s -t “
e - — -
o |- o * | - | x| -
W b 4 - | x| - % | -
e e W = -
- - L
- - - “lE
» - = —- - : — ™
- - — - —

FIGURE5: SDS (16-20%) of Fé*/ascorbate-treated endonucleases. The endonucleases are indicated above eagtUatieated enzyme.
(+) Enzyme treated with 20M Fe** and 10 mM ascorbate at room temperature and at pH 7 for the indicated time. LBgid 1;-); lane

2, Bglll (+) 30 min; lane 3Bgll (—); lane 4,Bgll (+) 24 h; lane 5, molecular mass markers (MMM); lane 6, MMM; lan&fil,(—); lane

8, Sfil (+) 24 h; lane 9, MMM,; lane 10FoK (—); lane 11,Fok (+) 24 h; lane 12, MMM; lane 13Rwull (—); lane 14,Puull (+) 30 min;
lane 15, Asp58Ala mutant d®uull (—); lane 16, Asp58Ala mutant d?vull (+) 24 h; lane 17, MMM; lane 183ssSI (—); lane 19,BssSI

(+) 24 h; lane 20, MMM,; lane 21BsdBl; lane 22,BsdBI (+) 6 h. The MMM, in kDa, are (from highest to lowest) 212; 158; 116; 97; 66.4

(®); 55.5; 42.7; 36.5; 26.6 (*); 20.0; 14.3; 6.5; and 3.4.

Sequence 2 corresponds to amino acids 93 of BanHl, enzymes. Minimal protein cleavage for each enzyme was
which is the 14.5 kDa C-termin&@anHl| protein fragment. always observed after 30 min; however, maximal cleavage
This result indicates that the site of cleavage is between for some endonucleases was observed at 24 h (reaction times
Glu77 and Lys78, suggesting that Glu77 is involved in metal are noted in the figure legend). No further digestion of any
ligation. This is consistent with the three-dimensional protein was observed after 24 h. Replacing'Reith Mg?*
structure forBanHI, which identifies Glu77 as a ligand to  or removing the ascorbate from the reaction mix did not lead
the divalent cation; 2). to inactivation or cleavage of any protein. Approximately
Fe?*/Ascorbate-Induced Protein Cleage of Other Type ~ 50% of each protein remained after maximal cleavage (Figure

Il and Type lls Endonuclease$he endonucleasd3uull, 5).
Fok, Bgll, EcoRl, andEcaRV, all of which have known The effect of M@" on Fé*/ascorbate-induced protein
three-dimensional structures, as well Bglll, Sfil, BssSI, cleavage foBgll, Bglll, Sfi, Fok, Puull, BssSI, andBsd|

BsBl, HinP1l, andMsp were incubated with Pé/ascor- was examined. At 4 mM Mg (200 molar excess over ¥,

bate. complete protection against¥éascorbate-induced cleavage
Each enzyme was dialyzed, treated with Chelex-100, andwas observed for all proteins (data not shown). The metal
separately incubated with Féascorbate (as described under inhibition of Fe&*/ascorbate-induced protein cleavage sug-
Materials and Methods). At selected time intervals, 10 mM gests that cleavage specifically occurs at or near the divalent
EDTA was added to each protein solution. The protein metal-binding site for all of these proteins.

mixtures were then subjected to activity measurements and  Sfil, Foki, and Puull (Figure 5, lanes 8, 11, and 14,
SDS-PAGE. Specific reaction conditions for each protein respective|y) showed the formation of twoZEgscorbate-

are provided in the legend for Figure 5. induced protein cleavage products, suggesting that each
The SDS-PAGE cleavage patterns of the’Fascorbate-  enzyme was partially but specifically cleaved at a single site.
treated endonucleases are presented in FiguBglg.Bglll, A second faint cleavage product was observed at ap-

Sfil, Fokl, Puull, BssSl, andBsdl all showed substantial ~ proximately 10 kDa foFokl (not visible in Figure 5)Bqlll,
protein cleavage (approximately 50%) following treatment Bgll, BssSl, andBs®I (Figure 5, lanes 2, 4, 19, and 22,
with Fe?t/ascorbate at pH 7. Each enzyme was inactivated respectively) produced more than two cleavage products,
upon incubation with F&/ascorbate after 30 min. No DNA-  indicating multiple sites of cleavage. In each case, there were
nicking events were observed by theHascorbate-treated  a primary (darker bands) and secondary (fainter bands) set
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Table 2: Summary of Pé-Mediated Oxidative Cleavage Results on Various Endonucleases

monomeriadVi, cleavage fragments
enzyme (kDa) (kDay cleavage site catalytic residu€ss
BanHl| 24.6 14.6 and 10.0 ETR78 E77,D94, E111, and E113,(2)
Fokil 66.2 56 and 10.2 D4%G451 D450, D467, and K46%B)
Bgll 34.0 20 and 14 D14mM43 E87, D116, D142, and K14Z)
Poull 18.3 12 and 6.3 D53\59 ES55, D58, E68, and K7GBJ
BsaBl 36.7 26.7 and 10 D248247 D124, D212, D246, and E2520f
Bglll 25.8 21and 4.8 D4850
Sfil 31.0 26.0and 5.0 D198199
BssSI 51.8 31 and 20.8 A271R271
EcoRl 30.9 nonspecific D59, D91, E111, and K18} (
EcaRV 28.5 nonspecific E45, D74, D90, and K9 (
Mspl 29.8 nonspecific
HinP1l 28.8 nonspecific

aFe#t/ascorbate-induced cleavage of the various endonucleases was observed-by B as described within the teXtAs determined
from N-terminal sequence analyses of the cleavage fragnfefusidentified by the three-dimensional structures or from mutational studies for
each of these enzymes (see reference).

of cleavage products. On the basis of the fact that more than EcoRl EcoRV

one amino acid is involved in metal binding{8), cleavage 1 ri
at more than one site is not unexpected. - f ;’
Table 2 summarizes the Femediated oxidative cleavage
N-terminal sequencing results féwull, Fokl, Bgll, Bqglll,
Sfil, BsdBl, and BssSl. Sequence analyses revealed that
cleavage occurred immediately after Asp58 fBpull, .
Asp450 for Fokl, and Aspl42 forBgll (Table 2). These
aspartic acid residues have also been identified as playing a
role in metal ligation based on their corresponding three-
dimensional structure8(7, 8). Two sequences appeared in
the 10 kDa fragment foBsdBl. One sequence corresponded
to the cleavage site at Asp246. Asp246 BsdBl was
identified by mutational studies as a critical amino acid
residue 20). The second sequence in the 10 kDa fragment
matched the N-terminus &sdl, suggesting that a second-
ary site of cleavage occurs approximately 10 kDa from the Fgure6: SDS-PAGE (10-20%) of Fé*/ascorbate-treateficor|
N-terminus inBsal. andEcoRV. The endonucleases are indicated above each lafe. (
The N-terminal sequencing results of the oxidative cleav- rLerrlceritceodr beeﬂéyg:erg‘ng?:%m:r-gti?éeganit:t 2%M7 '?gi*t r?:?néi?:ated
?geBOII?%I\”’ ]i;“é fangf?sssh(gatg%zf) SBU%FSI that ,;‘\Spd49 time. Lane 1EcdRI (—); IanepZ,Ecd?I (+) 24ph; lane 3EcaRV
for 5gill, ASpL orstil, and Lys olBssolare Involve —); lane 4,EcaRV (+) 24 h; lane 5, molecular mass markers.
in metal ligation. Because of the unexpected nature of the Fe/ascorbate digestion of each enzyme resulted in over 50%
BssSI cleavage site (between an Ala/Lys), B&SI cleavage nonspecific cleavage of the starting material for each enzyme. The
site was also confirmed via MALDI-TOF analysis (data not molecular mass markers are the same as those used in Figure 5.
shown). An additional site of cleavage at Asp84 may also (#) 66.4 kDa band; (*) 26.6 kDa band.
occur forBglll based on size of the F&ascorbated-induced
cleavage products fdglll. Amino acid sequence analyses
of secondary cleavage products #gll, Bglll, BssSI, and

2 3 4

—

r rro-

-— e -

C rrr

a range of ascorbate concentrations-20 mM), a variety
of pHs (3-7), a range of incubations times (30 min to 48

BsdBl were not possible as the fragments appeared to bef): the addition of HO, (10 mM), and the removal of KCI
N-terminally blocked. from the dialysis solution (to limit the salt-enzyme interac-

Several enzyme€caR|, ECARV, HinP1l, andMsp, did tions). No discrete cleavage products were formedtfmR,
not generate specific fragments upon treatment witht/Fe ~ ECARV, HinP1l, andMsp under any experimental conditions
ascorbate (Table 2), although all were inactivated. Figure 6 Us€d. As was observed wiarrHl, approximately 50% of
shows the SDSPAGE cleavage patterns forFéascorbate- ~ ECORI, EcaRV, HinP1l, andMspl was cleaved following
treated EcaRl and EcoRV. Both Feét/ascorbate-treated treatment with F& and ascorbate; however, the cleavage
enzymes did not produce specific cleavage fragments (Figureoccurred at nonspecific sites (see Figure 6). Under the
6, lanes 3 and 5) using 2eM Fe?* and 10 mM ascorbate, conditions employed, Bé may not have associated tightly
pH 7.0 for 30 min (the conditions where specific cleavage at the metal-binding sites dEcoRl, EcoRV, HinP1l, and
was observed foBanHlI, Puull, Bgll, Bglll, BsdBl, Sfil, and Msp, thus accounting for nonspecific cleavage. It should
BssSl) compared to the untreated controls. Rather, a “smear” be noted that all proteins, even those that exhibited specific
pattern was produced. Similar “smear” patterns on the-SDS cleavage under “normal” conditions (20M Fe** and 10
PAGE were also produced fétinP1l andMsp (data not mM ascorbate, pH 7.0 for 30 min), showed nonspecific
shown). Numerous experimental conditions were examined, cleavage under “extreme” conditions (1 mM?Fend 20
including a range of iron concentrations (2M to 1 mM), mM ascorbate, at pH 3 for 24 h). It is believed that this
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nonspecific cleavage may be due to protein surface cleavage No further cleavage was observed with incubation times
events caused by acid hydrolysis. greater than 24 h (data not shown). The specific cleavage
Fe?t/Ascorbate Treatment of Asp58Ala Mutant efuR. generates a 10 and a 14.5 kDa fragment. DenatBeaxH]|

Puull was inactivated and specifically cleaved (see Figure (either by heat or SDS) is not cleaved. This indicates that
5, lanes 13 and 14) when incubated with ferrous sulfate andthe enzyme must be intact (full tertiary structure) in order
ascorbate. Asp58 was identified as the site of cleavagefor cleavage to occur. Protection from cleavage is observed
generated from the F&ascorbate treatment Bbull (Table by Mg?", Mn?*, Ca?*, and C&". Mg?" also protects against
2). Mutating Asp58 ofPuull to an alanine inactivates the  BanH| Fe?t/ascorbate-induced inactivation. The metal in-
protein 3). The Asp58Ala mutant oPvull was subjected hibition of F&*/ascorbate-induceBant| cleavage suggests

to Fet/ascorbate treatment. Figure 5, lanes-18, shows that protein cleavage occurs at the divalent metal-binding

the SDS-PAGE pattern of wild-typé&uull, wild-type Puull site. This result also demonstrates that metal bindzatoH|
following treatment with F& and ascorbate (30 mirfpull in the absence of DNA.

with the Asp58Ala mutation, and th&wull with the DNA also fully protectsBanmHI from Fe?*/ascorbate-
Asp58Ala mutation following treatment with Fe and induced cleavage (Figure®dlane 7). This result contrasts

ascorbate (24 h), respectively. Distinct cleavage products arethose found withTag endonuclease where additional cleav-
observed for wild-typé>yull as discussed above. However, age products were generated wheg was incubated with
even after 24 h, no specific cleavage products were observed=e", ascorbate, and &M oligonucleotide substrate contain-
for the Asp58Ala mutant oPwull. This result is consistent  ing a singleTad recognition site 19). DNA may prevent
with the observation that Asp58 dfuull is involved in access of ascorbate and/or oxygen to the metal site on the
coordination of the divalent meta23g). enzyme accounting for the observed protection against
protein cleavage.

DISCUSSION When Fé'/ascorbate-inactivateBiantH| was subjected to

The three-dimensional structuresB#mH|, Ecdrl, EcARV, SDS-PAGE, only one cleavage site was detected. N-
Foki, Puull, Bgll, andCfrlOl are known (—8). While these Terminal sequence analysis identified this cleavage site as
Type Il restriction endonuclease structures are somewhatbeing between Glu77 and Lys78. These results are consistent
superimposable, there is little amino acid sequence similarity. with the role that Glu77 is known to play in metal ligation
Attempts to create sequence alignments of Type Il restriction as determined by three-dimensional structure studies and
endonucleases have been met with limited success. One ofjenetic analysis1-2, 21). Asp94 and Glulll are also
the common features of these enzymes is that two or moreknown to play a role in metal ligationl( 2), although no
carboxyl moieties, from either Asp or Glu, are involved in cleavage was observed near these amino acids. One possible
the coordination of divalent cations, and when examined in reason for the lack of cleavage at these residues may be that
structural space, these catalytic residues are superimposabl&lu77 plays a larger role in metal ligation in the absence of
(2, 5—7). To make further progress on identifying similar DNA. The three-dimensional structure fdanmH| was
structural elements within this group of proteins, it may be resolved in the presence of DNA, whereas this work was
helpful to find anchor points to begin aligning the sequences. done in the absence of DNA (since DNA afforded full
This paper proposes a relatively rapid and simple method, protection against cleavage). Viadiu and Aggarnlhave

using Fenton chemistry technique®),(to identify critical shown that, in the absence of DNA, Glu77 plays a significant
residues to help align proteins of similar three-dimensional role in metal binding in the early part of tfganH| catalytic
structures but with little obvious sequence similarity. reaction. As the reaction proceeds, there is an apparent “shift”

The work presented here demonstrates the validity of usingof the metal site toward Asp94 and Glul11l. In the presence
Fenton chemistry techniqued) to determine which residues  of DNA, Asp94 and Glul11l appear to play a larger role in
in restriction endonucleases are involved in divalent metal metal binding. The identification of only one critical amino
ligation. In particular, the effect of Fé oxidation onBanH| acid residue using Fenton chemistry techniques is not unique
endonuclease was examined. The atomic radius &f iBe to BanHl. Similar results were found foFoki, Bgll, and
within 0.1 A of that for Mgt and Mr#*; therefore, it is Puull (Table 2).
possible that F&¢ could occupy the divalent binding sites Foki, Bgll, Bglll, Puull, Sfil, BsSI, andBsdI were fully
of proteins.BanHI has an absolute requirement for divalent inactivated following treatment with F&ascorbate, but
cations for activity, and the three-dimensional structure of approximately only 50% of each enzyme was specifically
BanHI in the presence of DNA has revealed that Glu77, cleaved (Figure 5). The fact that only 50% of these enzymes
Asp94, and Glulll provide ligands to the enzyme-bound were cleaved further suggests that other oxidative events
metal @, 2). The results presented here indicate BairH]| occur at the active sites for these enzymes that causes
was inactivated and specifically cleaved wittfHascorbate  inactivation but does not lead to protein cleavage.

(Fenton chemistry) within 10 min. Approximately 50% of Partial Fé/ascorbate-induced protein cleavage is not
the enzyme is cleaved. The presence of undigested enzymeinique to endonucleases. Upon incubation with"Feescor-
suggests that other oxidation processes besides cleavage mubtte, isocitrate dehydrogenad®), malic enzyme 16), and
account for enzyme inactivation. It is possible that the native phosphoenolpyruvate carboxykinadé)(were fully inacti-
protein is susceptible to one cleavage reaction per dimer.vated but only 50% cleaved. It is possible that, for ho-
Once one monomer is cleaved, the enzyme is inactive. An modimericBanHl, as soon as one monomer is inactivated
alternative possibility that must be considered is that only or cleaved, the entire protein is inactive. This may then
50% of the starting enzyme was active. This would account account for whyBanH]I is fully inactivated but only 50%

for the complete loss in activity but only partial protein cleaved following treatment with F&ascorbateBarH| may
cleavage. lose its tertiary and quaternary structures upon treatment with
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Fet and ascorbaté=oki, Bgll, Bglll, Puull, Sfil, BssSI, and studied here could not be sequenced, it appears that distinct
Bsdl may be analogous t®anHl. That is, once one  mechanisms for FP&/ascorbate-induced protein cleavage
monomer is cleaved, the other monomer is not subjected tooccur at different sites.

cleavage and the enzyme is inactive. The N-terminal sequence analyses of the cleavage frag-
However, both malic enzyme and phosphoenolpyruvate ments generated from theFéascorbate treatment 8pull,
carboxykinase are monomers and they too are fully inacti- Fokl, Bsdl, and Bgll identified in each an aspartic acid
vated but only 50% cleaved following treatment with?He residue involved in metal ligation that agrees with their
ascorbate. It appears that enzyme cleavage is only partiallyrespective three-dimensional structures or mutational studies
responsible for enzyme inactivation. There appear to be (3, 7, 8, 20). Asp58 ofPuull was identified by both its three-
distinct steps in Fe/ascorbate-induced protein inactivation dimensional structure8f and by this work as being a
and cleavage. After Pe binds toBanH| (or other enzymes),  catalytic amino acid. When the Asp58Ala mutantRafull
the Fé*/ascorbate system generates reactive oxygen speciesvas subjected to P&/ascorbate treatment, no protein cleav-
such as KHO,, OH, or O~ radicals 9). For BanHl, these age was observed, further suggesting that Asp3&vafl is
radicals react with the nearby metal ligand Glu77 as well as involved in both metal ligation. These results, along with
with other nearby susceptible amino acids to cause inactiva-the BanHI data, suggest that Feascorbate treatment of
tion and subsequent cleavage of the polypeptide backboneendonucleases is specific for the metal-binding sites on the
Hlavaty and Nowak 18) determined that cysteine and €nzymes.
tryptophan residues may be modified upon treatment of Fenton chemistry techniques can be applied to endonu-
protein with Fé*/ascorbate, which may account for why the cleases that do not have resolved three-dimensional structures
apparent first-order rate constant for protein inactivation is in order to gain more information about their catalytic sites.
faster than the apparent first-order rate constant for proteinThis was done for the endonucleaglll, Sfil, and BssSI
cleavage. After these alternative reactions occur, the metal-(Figure 5, Table 2). The metal-binding sites of these enzymes
binding site may no longer be competent to bind metal, and are proposed (Table 2) based on the results obtained from
therefore, complete cleavage of the metal site cannot occur.Fe#"-mediated oxidative cleavage of these enzymes. Asp198

The Fé*/ascorbate-induced cleavageBafmH| is specific ~ and Lys271 are proposed as metal-binding residueSfior
and generates two peptides, fragment | (sequence 1, Tabl@ndBssSI, respectively. The cleavage site B8<SI, between
1), which corresponds to the N-terminal half BanHI an Ala/Lys, was unexpected. The unusual arrangement of
(amino acids +77), and fragment Il (sequence 2, Table 1), three acidic amino acids near Lys271 B$SI (Asp272,
which corresponds to the C-terminal half®&nH| (amino ~ Glu273 and Asp274) may explain the observed cleavage. It
acids 78-213). The cleavage process could potentially render May be possible that thekpfor Lys271 was altered due to
a modified N-terminus on fragment I that would prohibit this highly charged environment. As such, Lys27BstSI
Edman degradation amino acid sequencing. Since sequencin§@y be in an uncharged state and the lone electron pair on
of this peptide was possible, this indicates that the new the nitrogen allows lysine to serve as a metal ligand. An
N-terminus of this peptide was not modified. The radical alt_ernanve possibility is that one or more of the residues
scavenger, glycerol, significantly inhibited cleavage of adjacentto Lys271 oBssS| serve as ligands to the metal.
BarHI. This indicates that polypeptide cleavage may be due ASP49 is proposed as a metal ligand Eglll. A secondary
to the formation of radicals at the metal-binding site. One €léavage product d8glil (see Figure 5) indicates cleavage
proposed mechanism that utilizes a radical cleavage of the@Ccurming atan addltlor_1al site possibly at Asp84. Site-specific
polypeptide backbone and allows for an unmodified N- mutations are now_belng_created at these re5|duel_3glbr _
terminus is presented by Platis et &6 This mechanism andB_ssSI to fur_ther investigate the role of those amino acids
proposes that the cleavage of the polypeptide backbone ig?i@y in catalysis.
mediated by hydroxyl radical abstraction of the CH hydride  Several enzymeszcaRl, EcaRV, HinPl, andMsp, did
and subsequent recombination with oxygen. The last stepnot generate specific fragments upon treatment with /Fe
of this mechanism is the hydrolysis of the cyano group on ascorbate (Table 2, Figure 6). It is not known why these
the N-terminus of the C-terminal peptide. This process would four endonucleases do not respond with a unique cleavage
generate a free N-terminus at the cleavage site allowing forto Fenton chemistry, especially in view of the similarity of
Edman degradation amino acid sequencing. Edman degradathe structural aspects of some of these endonucleases. It is
tion amino acid sequencing has also been performed on thePossible that eitheEcoRlI, EcoRV, HinPI, andMsp have
peptides resulting from B&ascorbate-induced cleavage of Vvery low affinity for F&* or F&* binds nonspecifically to
staphylococcal nucleas#4), isocitrate dehydrogenasis), the surface of these proteins, thus resulting in the nonspecific
and malic enzymel), and phosphoenolpyruvate carboxy- Protein cleavage.
kinase (8), indicating that a free N-terminus can be formed A sequence alignment of the catalytic residues of the
after oxidative cleavage of a polypeptide backbone. It should endonucleases studied in this work that have known three-
be noted that while the results presented here suggest alimensional structures or catalytic residues identified from
radical mechanism for cleavage, a hydrolytic mechanism for mutational studies was created in Table 3. The general
polypeptide backbone cleavage that would yield a free catalytic motif of PDX14-2o(E/D)XK, found in EcoRI and
N-terminus is also possibl2T7). Other proposed mechanisms EcaRV (5, 6), was used as a starting point for this alignment.
for cleavage of the polypeptide backbone may result in a On the basis of the three-dimensional structugesR| and
modified N-terminus that would prohibit Edman degradation EcdRV (5, 6), this motif was proposed as the catalytic center
amino acid sequencing. Since several of th& fescorbate-  and as the metal binding site for Type Il endonucleases.
generated cleavage products obtained from various proteinsWhile this site is also conserved okl (3) andMunl (24),
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Table 3: Catalytic Residues for Various Endonucleses

BamH1® ETK PID(94)V E(111)FE

Fok 20 CEI N T CR—— D@467)TK

Bgll® E@B7)K: PD(116)E pa2yd 1K
Pyull® E(55)G-D(58)d Ave - E(68)LK

BsoBI® [N E1 ) M ——— D(246)4P---DE@252)H

EcoRI® D(59)S PDOGG E(111)AK
EcoRV'® E(45)L. PD(74)F D(90)IK
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