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ABSTRACT. The PISce protein is a member of the LAGLIDADG family of homing endonucleases that

is generated by a protein splicing reaction.32& has a bipartite domain structure, and the protein splicing

and endonucleolytic reactions are catalyzed by residues in domains | and Il, respectively. Structural and
mutational evidence indicates that both domains mediate DNA binding. Treatment of the protein with
trypsin breaks a peptide bond within a disordered region of the endonuclease domain situated between
residues Val-270 and Leu-280 and interferes with the ability of this domain to bind DNA. To identify
specific residues in this region that are involved in DNA binding and/or catalysis, alanine-scanning
mutagenesis was used to create a set dbd¥-mutant proteins that were assayed for activity. One of
these mutants, N281A, was300-fold less active than wild-type Fed, and two other proteins, R277A

and N284A, were completely inactive. These decreases in cleavage activity parallel similar decreases in
substrate binding by the endonuclease domains of these mutant proteins. We mapped the approximate
position of the disordered region to one of the ends of the 31 base p&icdPtecognition sequence

using mutant proteins that were substituted with cysteine at residues Asn-274 and Glu-283 and tethered
to the chemical nuclease FeBABE. These mutational and affinity cleavage data strongly support a model
of PI-Scé docked to its DNA substrate that suggests that one or more residues identified here are responsible
for contacting base pair A%, which is essential for substrate binding.

The PISce DNA endonuclease is a 454 residue protein endonucleolytic active site and may function to bind the
of Saccharomyces cerisiae that initiates the mobility of ~ essential Mg" ligand(s) {). PI-Sce interacts with an
its gene to alleles that lack it by making a double-strand DNA asymmetric recognition sequence that is at least 31irbp
break at a single site in the yeast genorhe?). PI-Scé is length and cleaves the DNA to generat 4 bp 3extension
translated in the middle of a larger precursor protein and is (8, 9).
subsequently excised autocatalytically by a protein splicing  The structure of the Pscé—DNA complex has not been
reaction 8, 4). The enzyme belongs to a family of homing determined. We proposed a model for theSed—DNA
endonucleases found in prokaryotes, eukaryotes, archaebadnteraction in which the endonuclease domain contacts a
teria, and viruses that are characterized by two related andregion of~15 bp that encompasses the cleavage site while
conserved dodecapeptide sequences termed the LAGL-the protein splicing domain binds tightly to~al6 bp distal
IDADG motifs (for a recent review see ré). region of the substrate6). In this complex, the DNA is

The X-ray crystal structure of F¥cé reveals a bipartite  distorted approximately 6075° (8, 9). This model is
domain structure in which the two domains contain the consistent with DNA interference assagy (vith mutational

protein splicing (domain 1) and endonucleolytic (domain I1)
active sites, respectivelg). The two conserved dodecapep-
tide segments form two tightly packed-helices that

constitute the core of domain Il. Mutational studies indicate

that a pair of conserved acidic residues at the carboxyl-

analyses of PBce (10) and of the DNA substrate), and
with a study of a recombinant protein that includes only the
protein splicing domaini(l). The observation of a direct
interaction between His-333, which occurs in domain Il near
the interdomain boundary, and positief® on the bottom

terminal ends of these structures comprises part of thestrand by photo-cross-linking has suggested that the angle
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of DNA curvature in the original model be slightly altered
(12).

1 Abbreviations: bp, base pair(s); FeBABE, ird®)-{L-[p-(bromoac-
etamido)benzyllethylenediaminetetracetate; CPM, 7-(diethylamino)-3-
(4'-maleimidylphenyl)-4-methylcoumarin; PCR, polymerase chain re-
action; TBE, Tris-borate-EDTA; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; EMSA, electrophoretic
mobility shift assay.

© 1999 American Chemical Society

Published on Web 09/03/1999



12622 Biochemistry, Vol. 38, No. 39, 1999 Hu et al.

The goal of the present study is to examine the role in tion steps. Protein concentrations were determined by
DNA binding and catalysis of a segment of B¢¢ extending measuring thé,go using an extinction coefficient of 5.08
from residues Val-270 to Leu-280 that is situated between 10* M~ cm™* (10) or by micro-Bradford assay.

16 anda6 in the PIScé crystal structure®). This region Pl-Scel-Mediated DNA Cleage.Rates of DNA cleavage

of the protein is disordered in the X-ray structure, but whether were measured under single-turnover conditions where
this is also true in solution is unknown. It is clear that this enzyme is in excess over substral®)( A linear plasmid
segment is the most susceptible region of the protein to substrate (pBS-P$ce6, 7 nM) containing a single FBcé
proteolysis. Trypsin makes an initial cut within this sequence recognition site was incubated with protein (100 nM) for
between Arg-277 and Asn-278 to generate 20 and 30 kDavarious lengths of time at 37C in cleavage buffer [25 mM
fragments, and several other proteases yield similar digestionTris-HCI (pH 8.5), 100 mM KCI, 2.5 mM3-mercaptoetha-
products 13). Although the two proteolytic fragments remain  nol] containing 2.5 mM MgGClor MnCl,. The reactions were
folded together, the single break totally inactivates the terminated by the addition of stop buffer [5 mM Tris-HCI
enzyme {3). We applied alanine-scanning mutagenesis to (pH 7.5), 10 mM EDTA, 0.05% (w/v) SDS, 2.5% (w/v)
assess the importance of the individual residues in theFicoll], and the reaction products were separated by elec-
disordered region toward DNA binding and/or cleavage trophoresis in 1x TBE on a 0.9% agarose gel. The extent
activity. Second, a DNA cleavage strategy that uses the of reaction was determined by scanning densitometry of
cysteine-tethered chemical nuclease FeBABE was employedphotographic negatives of the ethidium bromide-stained gels.

to map contacts within this region to the DNA4). This

Assay of PI-ScetDNA Binding.A 219 bp duplex DNA

approach involves producing a set of mutant proteins that probe that contains a single Bké recognition site was
each have a unigue solvent-accessible cysteine at a choseprepared for native gel mobility shift assays by PCR and

location and conjugating them with FeBABE, which can

end-labeled with ¥P]JATP (10). Purified wild-type and

generate reactive hydroxyl radicals in the presence of mutant PISce proteins were used in gel mobility shift

hydrogen peroxidel). DNA sites in close proximity to
the modified cysteine in proteirDNA complexes are
identified by their susceptibility to hydroxyl radical-mediated

experiments to assay DNA binding as described previously
(20). Protein-DNA complexes were separated from unbound
DNA by electrophoresis on a 7% native polyacrylamide gel

cleavage. These data have allowed us to identify the DNA in 0.5 x TBE and were visualized by exposing the dried
sites that are spatially proximal to the modified residues and gels to film or by using a Phosphorlmager (Molecular

to improve our model for the PEcé—DNA interaction.

EXPERIMENTAL PROCEDURES

Materials. All oligonucleotides were synthesized by
Sigma-Genosys Biotechnologies, Inc. All restriction and
DNA-modifying enzymes were purchased from New En-
gland Biolabs, Inc. Talon metal affinity resin was obtained

from Clontech, SP-Sepharose was obtained from Amershamd

Pharmacia Biotech, and Affi-Gel Blue gel was obtained from
Bio-Rad Laboratories. Thermolysin was obtained from
Boehringer-Mannheim. Ascorbic acid (vitamin C, microselect

grade) was purchased from Fluka, and hydrogen peroxide

(ultrex grade) was obtained from J. T. Baker. CPM [7-(di-
ethylamino)-3-(4maleimidylphenyl)-4-methylcoumarin] was
purchased from Molecular Probes. FeEBABE was kindly
provided by Dr. Claude Meares.

Mutagenesis of the PI-Scel Gerfdlasmid pET PiSceé
C-His contains a P&cé gene that encodes a 479 amino acid
PI-Sce derivative with a polyhistidine C-terminal extension
(10). To introduce mutations into the Feé¢ coding se-

Dynamics).

Digestion of PI-Scel with ThermolysinVild-type or
N284A PISce proteins (1.5¢g) were incubated for 5 min
at room temperature with 6 ng of thermolysin at a protein:
protease ratio of 250:1 (w/w). The reactions were quenched
by addition of 20 mM EDTA (pH 8.0) and analyzed by
SDS-PAGE separation on a 12.5% gel.

Conjugation of Protein with FeBABESingle cysteine
erivatives of PIScé were used for conjugation with
FeBABE on the basis of previous method§)( The purified
Pl-Scé (—5Cys), N274C, and E283C proteins were dialyzed
overnight at 4°C in a buffer containing 10 mM Tris-HCI
(pH 8.0), 10 mM EDTA, 100 mM KCI, and 5% glycerol to
remove metal ions and then dialyzed against a conjugation
buffer containing 10 mM Hepes (pH 8.0), 100 mM KClI,
and 1 mM EDTA. Conjugation to FeBABE was initiated in
the same buffer by combining 264 of protein (1-2 mg/

mL) with 10 uL of FeBABE (26 mM). After incubation at
room temperature for 1 h, excess unreacted FeEBABE was
removed by dialysis overnight against conjugation buffer.
To determine the conjugation efficiency, the fluorescent

quence, oligonucleotide primers were used in overlapping reagent CPM was used to estimate free cysteine side chains

PCR amplification protocolslf). All mutations and inserted

of both FeBABE-treated and untreated proteibg) (

sequences were subsequently confirmed by dideoxy sequenc- pNA Cleaage by FeBABE-Conjugated ProteirBNA

ing.

Expression of the PI-Scel Proteiwild-type Pl-Scé and
the alanine-substituted Fedé¢ mutant derivatives were
overexpressed and purified by €emetal affinity and SP-

substrates labeled on either the top or bottom strands were
prepared by digesting the end-labeled 219 bp PCR product
with eitherEco0109I orSad, respectively, and by purifying

the 158 and 187 bp fragments on a polyacrylamide gel. To

Sepharose ion-exchange chromatography as described previprepare PIScé—DNA complexes, FeBABE-conjugated or

ously (0). The PISce (—5Cys), N274C, and E283C
proteins used in FEDTA-mediated cleavage assays were
purified further by chromatography on Affi-Gel Blue gel
using a linear 56700 mM KCI gradient with the important
modification that thiol-containing reducing agengsrter-
captoethanol or dithiothreitol) were omitted from all purifica-

unconjugated proteins (40 nM) were combined in conjugation
buffer (total reaction volume of 9@L) with the 3?P-end-
labeled DNA fragments<0.4 nM) and incubated for 10 min
at room temperature. DNA cleavage was initiated by the
rapid sequential addition of sodium ascorbate, pH 7.0 (5 MM
final concentration), and hydrogen peroxide (5 mM final



DNA Binding Mutants of PIScé Endonuclease Biochemistry, Vol. 38, No. 39, 19992623

concentration) to the reaction mixture and was allowed t0 T pie 1: Cleavage Activity of Wild-Type and Mutant Bteé
proceed for 2 min at room temperature. The reaction was proteina

terminated by the addition of 3¢ of quenching buffer (0.1
M thiourea, 10Qug/mL sonicated salmon sperm DNA) and — - — -
80 uL of 10 mM Tris-HCI (pH 8.0) and 1 mM EDTA. activity . relative activity  relative

Mg2+ Mn2t

3b Vi 3 .
Cleaved DNA fragments were extracted with phenol, pre- — x 10 activity” x 100 activity
cipitated with ethanol, resuspended in formamide loading Wid YP€’ %-3&064003 %) , 3?éi%30 : % ,
buffer, and separated by electrophoresis on a 6% denaturing N274a 169+ 0.03 04 1101 03
gel adjacent to a MaxafmGilbert G+A sequencing ladder ~ R277A e e 0.16+0.01 0.01
(17). Dried gels were scanned using a Phosphorimager mggﬁ 8;2& 8-8? 8.(2)9 g% 8.% g.ég
(Molecular Dynamics) and analyzed using Fragment Analysis 507 0012: 0.001  0.003 2o 208
(Molecular Dynamics) software. T282A 010 0.01 0,03 Dot ooa
Modeling. Docking of I-Crel DNA to PI-Sceé was E283A 1.5+ 0.1 0.4 9.3+ 0.6 0.3
performed using the software program @8) by least- N284A e e e e
squares overlapping a Bleé structure derived from &2; 2Values represent meassstandard deviations from at least three
space group crystal [1vdeB)] with the I|-Crel—DNA experiments® Units are M DNA cleaved/(mirx M enzyme).¢ Relative

activity is the ratio of the mutant to wild-type activitiekData taken

complex structure [1BP7.0)]. The transformation operator  gom e et al. £0). ¢No detectable activity afte4 h of incubation.

between the two structures was initially defined to overlap
the two dodecapeptide helical bundles and was improved

N 2
later by maximizing the number of overlapping &toms. 9,09@‘? «b‘?‘,\/\?"\qy‘«q?‘ ‘b\\’“ ¥ %rbv Q;,.?‘ b,w\Q
Additional bases of B-form DNA were used to extend the QEPI I W

I-Crel DNA because the length of theGrel substrate was
insufficient to represent the entire region that is cleaved
by the FeBABE-conjugated F3eé protein. The FeBABE
structure was based on that of Fe-EOTUBE contained within
structure 1INE 20).

RESULTS

Alanine-Scanning Mutagenesis of a Disordered Region of e
PI-Scel.To identify residues in the disordered segment that t'gi .L.A‘t '1~. i 4
are involved in DNA binding, alanine substitutions were
introduced individually for residues Lys-269, Arg-272, Asn-
274, Arg-277, Asn-278, Asn-279, Asn-281, Thr-282, Glu- ,
283, and Asn-284 by PCR mutagenesif)( Amino acid us—
residues with hydrophilic side chains were selected for
substitution because these often function as hydrogen bond :
donors or acceptors in proteidNA complexes. All of the
mutant proteins could be expressed and purified like wild- Ficure 1: DNA binding activity of wild-type and alanine-
type PIScé except for the R272A protein, which could not substituted PBcé mutant proteins assayed by gel shift analysis

be purified in suitable amounts for analysis and was not °f @ 219 bp fragment containing a single $t¢ recognition
characterized further (data not shown) sequence. Above each lane is indicated the identity of the protein

present in the reaction. The concentration of wild-type or mutant
DNA Binding and Cleaage Actiities of Alanine- protein in the binding reaction is 0.7 nM. The position of unbound
Substituted PI-Scel Varianthe DNA cleavage activity was  |abeled DNA is indicated by UB, and the positions of the lower
assayed for each of the mutant proteins using a Iinearizedand upper complexes are indicated by LC and UC, respectively.
substrate that contains a single®te recognition site. Four ~ R277A mutant, which is inactive in the presence of?¥g
of the mutant proteins, K269A, N274A, N278A, and E283A, but no activity is restored to the N284A protein, which is
exhibited cleavage activities in the presence ofMgn that catalytically inactive under all conditions tested (Table 1).
were reduced 6-fold or less compared to wild-typeSeé PI-Scé normally forms two stable complexes with its
(Table 1). By contrast, the DNA cleavage activity was recognition sequence in EMSA experiments: an upper
reduced greater than 300-fold for the N281A protein, and complex in which the DNA is bent approximately -605°
no cleavage activity at all was observed for the R277A and due to the binding of both domains and a lower complex
N284A proteins after 4 h. Intermediate reductions in cleavage that involves DNA contact predominantly by the splicing
activity (11-fold and 38-fold reductions) were measured for domain. As a whole, there is a good correlation in this study
the N279A and T282A proteins. Substitution of KMnfor and in a previous report of other Bicé DNA-binding
Mg?" in the PISce cleavage assay buffer increases the mutants 10) between the migration distance of the upper
activity of wild-type PISceé approximately 10-fold and  complex and the level of cleavage activity (Figure 1). Mutant
effects a similar rate increase for several other defective proteins with near wild-type levels of activity, such as
protein and substrate mutan?s<(10). For the mutants studied E283A, yield complexes that comigrate with the wild-type
here, we observed rate increases between 5- and 25-foldupper complex. For the four proteins that are least active,
when Mt is included in the reaction buffer (Table 1). In  R277A, N281A, T282A, and N284A, only a single band is
fact, Mr?* substitution restores a low level of activity to the apparent that comigrates with the wild-type lower complex.
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| Ficure 3: PI-Scé endonuclease cleavage of a linearized DNA
14 5! o substrate containing a single Bté recognition site by wild-type

= PI-Sce, PI-Sce (—5Cys), and FeBABE-conjugated N274C and
Ficure 2: Digestion of wild-type PIScé and the N284A mutant E283C proteins. Positions of the introduced Cys residues are
protein with thermolysin. Lanes show equal amounts of purified indicated above the figure. Reactions containing FeBABE-modified
wild-type or N284A protein that were digested (lanes labetgd PI-Sce proteins are labeled-, and those containing unmodified
or not digested (lanes labeled) with thermolysin. The positions  protein are labelee-. The positions of the 2990 bp linearized DNA
of the intact protein (labeled I) and the N-terminal (labeled N) and substrate and of the 1950 bp and 1040 reaction products generated
C-terminal (labeled C) digestion products are indicated. Lane M by PI-Sce are indicated.
shows protein molecular weight markers.

)
\\‘—9
The mutant proteins with intermediate levels of activity yield \ @0
i iti %CP da\ O O .Q\QQ
upper complexes that migrate between the positions of the N o .{,\u ‘3;5 &
wild-type upper and lower complexes. Presumably, the '__Ql . QN L <« . < . i
mobility of the upper complexes reflects the amount of DNA . S

distortion near the cleavage site, which is a prerequisite for
substrate cleavag8,(9). Therefore, when no upper complex
is apparent, the DNA is not distorted in this region.

Digestion of Wild-Type and N284A Proteins with Ther-
molysin. The ability of the catalytically inactive N284A UC{
protein to form a lower proteiaDNA complex indicates that LC—

the protein splicing domain is likely to be properly folded,

but nothing can be concluded about the endonuclease domain

because the protein is catalytically inactive under all condi- _

tions (Table 1). To determine whether the structures of the UB— | |

wild-type and N284A proteins proximal to the disordered - - - - |

segment are similar, we compared the proteolytic stabilities |

of the two proteins by digestion with thermolysin. This Fre 4: DNA binding activity of wild-type, PiScé (—5Cys),
protease cuts Pdcé initially to yield 20 and 30 kDa  and FeBABE-conjugated N274C and E283C proteins. The identity
fragments that are similar to the trypsin digestion products of the protein used in each reaction is indicated above each lane.
(data not shown). When the N284A and wild-type $tié Lanes labeledt include protein that has been conjugated to

: : : : N . .| FEBABE, and those labeled include unconjugated proteins. The
proteins are digested for the same time period with identical migration positions of the unbound 219 bp fragment DNA and the

amounts of enzyme, the patterns of digestion are very simi_lar lower and the upper Pscé—DNA complexes are indicated by UB,
(Figure 2). This suggests that the there are no major LC, and UC, respectively.

differences in the folded state of the two proteins near the
cut site, although it should be noted that more subtle of the DNA binding activity as the wild-type P3ce, and
conformational differences may not be detected by this the partitioning of bound DNA between the lower and upper
method. complexes is similar for both proteins (Figure 4). The PI-
Binding and PI-Scel Cleamge Actiities of Unmodified Scé (—5Cys) upper complex migrates slightly slower than
and Modified N274C and E283C Proteif®CR mutagenesis  that of wild-type PISce.
was used to engineer a recombinant gene that expresses PI- Single Cys residues were introduced into theSe#
Sceé (—5Cys), a PIScé variant in which five of the six (—5Cys) protein by PCR mutagenesis at positions Asn-274,
naturally occurring cysteines, Cys-1, Cys-17, Cys-249, Cys- which is within the disordered segment, and Glu-283, which
398, and Cys-416, are changed to serine. The remainingis an ordered residue. These positions were chosen for
cysteine, Cys-75, was not changed to serine because it ignodification with FeBABE because they are not critical for
totally inaccessible to solvent according to the crystal protein-DNA complex formation (Figure 1) but are likely
structure and unlikely to be modified by FeBABE)( The to be close to the DNA given their proximity to residues
overexpressed and purified B¢ (—5Cys) protein is Arg-277 and Asn-284. The unmodified N274C and E283C
slightly more active than wild-type F3¢é in DNA cleavage proteins display the same cleavage activity asSEd-
assays [61% vs 50% total cleavage after 10 min (Figure 3)]. (—5Cys) (Figure 3). DNA binding of the P$cé (—5Cys),
Moreover, the Pl5ce (—5Cys) protein displays at least 95% N274C, and E283C proteins is similar; at a protein concen-
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tration of 7 x 101° M, approximately 90%, 83%, and 95%
of the DNA is bound, respectively (Figure 4). The upper
complex of the N274C protein migrates slightly faster than
that of wild-type PISce while that of the E283C protein
migrates slower. These results, taken together with the fact
that the mutant proteins purify like FBeé (—5Cys), suggest
that the cysteine substitutions do not extensively modify the
overall structure or activity of the protein.

The FeBABE conjugation yields were determined to be
50% for the N274C protein and 42% for the E283C protein.
The conjugated and E283C proteins both retain DNA
cleavage activity although activity was reduced approxi-
mately 14% for the modified N274C protein relative to the
unmodified protein. This decrease may be due to a partial
reduction in DNA binding of the N274C protein. Total

binding of the N274C protein was reduced 16% compared

to the unmodified protein. More importantly, the partitioning

of the bound DNA between the upper and lower complexes -

for the FeBABE-conjugated N274C protein is approximately
equal whereas it is 8:1 for the unmodified protein. These
results indicate a partial DNA binding defect of the endo-
nuclease domain as a result of the FeBABE modification of
the N274C protein.

Fe-EDTA-Mediated DNA Cleage by FeBABEPI-Scel
ConjugatesAs expected, the Pscé (—5Cys) protein fails
to generate any appreciable hydroxyl radical-mediated DNA
cleavage whether it has been treated with FeBABE or not
(Figure 5A). Similarly, the mutant proteins do not cut the
DNA if they are not modified with FeBABE. By contrast,
significant DNA cleavage occurs when FeBABE is attached
to 274C or to 283C. The general locations where DNA
cleavage occurs are similar, although important differences
are evident in the details of the cleavage patterns (Figure
5A). The region of strongest cleavage for both proteins
overlaps one of the borders of the 31 bp3¥e recognition
sequence (Figure 5B). The overall extent of cleavage
generated by the modified 283C protein is significantly
higher than by the 274C protein. Strongest cleavage by
FeBABE tethered to 283C is evident on the bottom strand
between positions-15 and —10 with two other equally
intense peaks of weaker cleavage occurring approximately
one helical turn distant in both directions between positions
—24 and—20 and between positions2 and—5 (Figure 5).
The pattern produced by the modified 274C protein on the
bottom strand is slightly different in that most cleavage
occurs between positions1l5 and—10 and between posi-
tions —2 and —5, followed by a lower level of cleavage
between positions-24 and—20.
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Ficure 5: DNA cleavage of the top and bottom strands of a 219
bp fragment containing a single Bké recognition site by
FeBABE-conjugated P&ceé proteins. (A) At the top of each set

of lanes is indicated which DNA strand is end-labeled wh.

The identities of the proteins used in the reactions are indicated
above each lane. Cleavage reactions containing FeEBABE-conjugated
PI-Sce proteins are labeled, and those that include unconjugated
protein are labeleg-. To generate hydroxyl radicals in the reaction,
all of the samples were treated identically with ascorbate and

On the top strand, strongest cleavage is apparent for thenydrogen peroxide. The lanes markedt@ show Maxam-Gilbert

modified 283C protein between positiond and—12 with
slightly lower levels evident between positiond 6 and—22
(Figure 5). Weak cleavage activity is also evident between
positions —1 and +2. The strongest cleavage activity
generated by the 274C protein occurs between positiahs
and—11 with two other peaks of weaker cleavage occurring
one helical turn distant between positiond and+3 and
between positions-21 and—15.

DISCUSSION

The determination of an X-ray structure for 8té
allowed us to propose an initial model for the interaction of

A+G reactions. The base pairs are numbered frotnand +1
extending from the center of the 4 bp cleavage site, which is
indicated by a solid black line. The 31 bp Bté recognition
sequence defined previoush 10 to+21) is indicated by a bracket

(8). These denaturing polyacrylamide gels were visualized by film
autoradiography. (B) Summary of FeBABE-mediated affinity
cleavage results. Peak heights reflect the extent of DNA cleavage
by FEBABE at each individual base as obtained using a Phospho-
rimager and Fragment Analysis software. These values were
calculated at each base position by subtracting the integrated area
value for the unmodified protein from the value for the FeBABE-
conjugated protein. The open and closed columns represent the
results using the N274C-FeBABE and E283C-FeBABE proteins,
respectively. The positions of the Bed-mediated DNA cleavage
sites in the recognition sequence are indicated by arrows.
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the protein with its substrate DNA that fulfilled several that proteolytic digestion of P&ce with trypsin between
experimentally based criterig6) The two scissile phos-  Arg-277 and Asn-278 inactivates the proteli3). Cleavage
phodiester bonds were placed in close proximity to two of the peptide bond at this position may alter the conforma-
conserved acidic residues, Asp-218 and Asp-326, that aretion of the protein in this region and prevent one or more of
proposed to bind the essential metal ion cofactor(s) at thethe residues that we identified from participating in DNA
active site 7). The DNA was docked within a large cleft of  binding. The observation that the proteolyzed3e# protein
the protein in domain Il such that the cleavage site was generates no upper DNA complex supports this contention
centered onto a platform of symmetrically relajggheets (13).
(sheets 7 and 9). Thel5 bp DNA segment that is thought Mapping studies using the chemical nuclease FeBABE
to contact domain Il is asymmetrically centered about the provide additional support for contacts between the disor-
cleavage site. Regions of positive charge situated betweendered residues and A/§. This tool for mapping protein
the two PIScé domains and in an extended structure of nucleic acid interactions has been effectively used to probe
domain | were placed close to the DNA. The absence of the architecture of the open complex formedycoli RNA
this extended structure from other splicing proteins suggestspolymerase and promoter DNARZ, 23). The most important
that it and the endonuclease domain were added onto a coreonclusion that can be drawn from our mapping study is
splicing domain when endonucleolytic activity was acquired that residues Asn-274 and Glu-283 are in close proximity
(21). It was also necessary to bend the DNA in the original to A/T_g (Figure 5). The location of the Fe moiety on
model to reflect the distortion that occurs when SRig FeBABE relative to the major or minor grooves can be
contacts its substrat®,(9). Recently, the demonstration by inferred from the cleavage pattern since FeBABE cleaves
photo-cross-linking experiments of a direct interaction DNA at the C1 and C4 residues of the sugar in the minor
between His-333 and T} on the bottom strand suggested groove @4). Consequently, the cleavage pattern that results
that the direction of the DNA curvature be altered from a is shifted toward the'3nd if the Fe is in the minor groove
concave to a convex shap&y. and toward the Send if it is located in the major groove
The model is consistent with mutational analyses of both (24). When FeBABE is tethered to E283C, we observe that
the DNA substrate and the protein and suggests, in general combination of the two patterns results, which suggests
terms, possible interactions between groups of residues andhat the Fe moiety is positioned an intermediate distance
base pairs. Residues Lys-340 and Tyr-328 within domain between the major and minor grooves. Conversely, the
II, which have side chains that extend into the cleft from cleavage pattern of the N274C-conjugated protein is only
the 5-sheet platform, mediate DNA binding of this domain shifted toward the '3end of each strand, which indicates
and may contact base pairs Gi&and G/C4 in the major that this modified residue is closer to the minor groove.
groove. Tyr-328 may be responsible for the observed photo- Furthermore, it is also evident that chemical cleavage by the
cross-linking of PISce to G4 and Ass (12). Lys-369 and N274C-modified protein occurs closer to theFlé cleavage
His-377, which are located in an extended loop, and the site than for the E283C-conjugated protein.
neighboring His-343 are other residues that contribute tothe To interpret the FeBABE cleavage patterns and to
DNA binding of domain II, perhaps by making contacts to determine whether the amino acids identified here could be
G/C_3, T/A_4, and G/G; in the major groove. In the protein  responsible for contacting A, we generated a F3eé—
splicing domain, mutation of any of the three base pairs, DNA model that is based on the recently reported cocrystal
AIT 116, G/ICi15, and AlTiqg, significantly reduces P&cé structure of the IErel protein (19). I-Crel is an LAGL-
DNA binding by affecting the ability of domain I to bind. It  IDADG endonuclease, but unlike Bed, it lacks a protein
is proposed that one or more of these positions contactsplicing domain and contains only a single LAGLIDADG
residues Arg-90 and Arg-94 or nearby residues that are sequence. In the Grel structure, two ICrel subunits are
situated within the extended region of the splicing domain related by a crystallographic 2-fold rotation axis to form a
(10). homodimeric enzyme. The Fed endonuclease domain
Of the nine base pairs of the 31 bp recognition sequencefolds into two symmetry-related subdomains that are struc-
that are critical for PISce binding and/or catalysisg], the turally similar to the ICrel homodimer 25, 26). The I-Crel
only one for which no amino acid has been implicated in complex structure reveals that the binding surface for the
binding is A/T_g. Here, we provide the first evidence that 24 bp DNA homing site is composed of a saddle-shaped
several residues within a disordered segment oS&d; structure formed by an extend@eribbon within each of the
including Asn-281, Arg-277, and Asn-284, are candidates two symmetry-related subunitd9). Binding of DNA to
for this interaction. Substitution of each of these residues I-Crel induces a shallow bend of less tharf 1®the middle
with alanine results in a severe decrease in DNA cleavageof each half-site near the fifth base pair. Given the related
activity. The most plausible explanation for this result is that topologies of PIScé and I-Crel, it is reasonable to expect
these mutations interfere with the ability of the endonuclease that they interact with DNA similarly.
domains of these proteins to contact the DNA substrate. Docking of [-Crel —DNA to the PIScé crystal structure
Indeed, this idea is consistent with our finding that these was accomplished by superimposing the secondary structures
mutant proteins only form the lower eé—DNA complex of PI-Scé domain Il and of ICre within the proteir-DNA
in EMSA experiments. In the absence of any structural cocrystal (Figure 6). Overlap of 104 pairs of atoms results
information about these proteins, it should be noted that it in an rms deviation of 1.9 A. The direction of theCkel—
is unclear whether substitution of these key residues removesDNA docked to PIScé in this model and in a recently
direct contacts to DNA or induces subtle conformational proposed model based only on th€tel apoprotein structure
changes in the protein that influence other key amino acidsis similar (L2). It should be noted, however, that the actual
that are required for DNA binding. Previously, it was shown complex structure is likely to differ from the models because
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Ficure 6: Proposed model of F3eé bound to DNA. The PISce crystal structure §) was docked to Erel DNA (19) as described in
Experimental Procedures. The 8té endonuclease domain is shown with FeBABE tethered to residue Glu-283 substituted with cysteine.
Hydroxyl radical attack by FEBABE at T and G 15 on the top strand and-G; on the bottom strand is represented by closed arrows. The
residues of the disordered region are not represented, but the border residues Val-270 and Leu-280 are indicated. The location of the two
scissile bonds is indicated by an open double arrow positioned below the two LAGLID&D€&lices (purple). Also indicated are the
positions of the essential base pair AdTand the location of a guanine (g where methylation at the N7 position in the major groove
prevents PiSce binding. This figure was rendered with RasMol.

there are some steric clashes between loop regions of thealignment of IDmd and PIlSce indicates that the P&ce
protein and the DNA near the cleavage site, and the extentamino-terminal subdomain is most similar to th®ad

of bending of PISce is greater than that of the Crel— carboxyl-terminal domain7). Therefore, we compared the
DNA (8, 9, 19). Nevertheless, the model shows that residues disordered segment of ’eé, which occurs betweefi16
within and near the disordered segment may contact;/T  ando6 in the amino-terminal subdomain, with the structur-
The FeBABE mapping results are fully consistent with the ally analogous region of Bmd in the carboxyl-terminal
model and confirm the polarity of the proteiDNA interac- domain, which occurs betwe¢8 anda6. Indeed, residues
tion suggested previousl$,(12). Figure 6 shows a possible  Ser-166 and Arg-168 ii8 and Lys-172 and Phe-173 @6
position of the FeBABE moiety tethered to cysteine- of I-Dmd have been implicated in contacting DNA by
substituted Glu-283, which is ordered in theé structure. protein footprinting experiments28). By contrast, the
Our positioning of the group between the major and minor residues in the analogous region dZiel, which are situated
grooves is consistent with the relative cleavage intensities betweens4 anda3, are not involved in DNA binding1©).
that are observed on the two DNA strands. Given that the Thus, it appears that the connecting region that occurs
distance of the Fe group from the peak DNA cleavage between a structurally conservédstrand anda-helix is
positions is~12 A and that the hydroxyl radicals travel an utilized in some of the LAGLIDADG endonucleases to
additional~3—4 A before being quenched by solve@g), contact DNA.

neither the distance between the modified cysteine and the There is extensive evidence that structure becomes ordered

affinity cleavage sites on the DNA nor the degree of DNA  for many proteins upon DNA binding29, 30). Indeed, in
distortion can be accurately determined from these data.|-Crel, the loop that connect$l and 2 undergoes a

FeBABE tethered to N274C was not modeled because thesignificant conformational change upon DNA binding, and
position of this residue is unknown. In sum, our mutational the C-terminal 16 residues, which are disordered in the
and affinity cleavage data provide strong support for a DNA- apoenzyme structure, become ordered in the DNA complex
blndlng function for residues within or near the disordered structure and are observed to make nonspecific contacts to
segment. the DNA phosphate backbon#9). Whether DNA binding

Are the regions in other LAGLIDADG endonucleases induces structural order between residues Val-270 and Leu-
that are structurally analogous to the $ié disordered 280 of PIScé is still uncertain. An argument in favor of
segment also involved in DNA binding? To address this an ordered structure for this region is that the defined
question, we compared the Bte X-ray structure with that hydroxyl radical cleavage pattern that results when the
of I-Crel and with the recently determined structure of FeBABE moiety is tethered to 273C is consistent with a
another LAGLIDADG homing endonuclease, Dind. unique spatial position for this residue. Interestingly, the
The overall fold of IDmd is topologically similar to the analogous regions inCGrel and I-Dmad are ordered even in
I-Crel homodimer and to the endonuclease domain of PI- the absence of DNA{7, 31). Detailed knowledge about the
Sce (27). It consists of two connected/s-domains that  status of this region of PEcé must await a high-resolution
are related by pseudo-2-fold symmetry and are analogousstructure of an PEcé—DNA complex by crystallographic
to the two subdomains of F8eé in domain Il. Structural or NMR methods.
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