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ABSTRACT. Intron-encoded endonucleases are distinguished by their ability to catalyze the cleavage of
double-stranded DNA with high specificity. Rpd endonuclease, an intron-encoded endonuclease from
the slime moldPhysarum polycephalunis a small enzyme (X 20 kDa) that catalyzes the cleavage of

a large asymmetric DNA sequence (15 base pairs). Here, the interactiori2pof Wwith its substrate

were examined during both binding (in the absence ofYMgnd catalysis (in the presence of ¥y

Using circular permutation assaysPpd was shown to bend its substrate by 384° upon binding.

Two independent methods, gel mobility shift assays and fluorescence polarization assays, revealed that
I-Ppd binds tightly to its substrate. Values &f; range from 3.3 to 112 nM, increasing with increasing
NaCl concentration. Similar salt effects on the valueK@fvere observed during steady-state catalysis.

At low salt concentrations, the value kf/Kn, for the cleavage of an oligonucleotide duplex approaches
18 M~1 s L Although other divalent cations can replace Mgcatalysis by IPpd is most efficient in

the presence of an oxophilic metal ion that prefers an octahedral geometdf: sMyIn?t > Ca&+ =

Co** > Ni%t > Zn?*. Together, these results provide the first chemical insight into substrate binding
and turnover by an intron-encoded endonuclease.

Cells use proteins to access and maintain the information Intron-encoded endonucleases have their coding sequences
encoded within their genome. Proteins can bind to double- located either wholly or partially within a mobile group |
stranded DNA with extraordinary specificity. After binding, intron. Their function is to initiate the homing of their
enzymes can cleave or modify DNA with extreme efficiency. encoding intron [for a review, see Dujon (1989)]. Briefly,
Understanding the molecular basis of such DNA recognition intron homing is the site-specific, replicative transfer of
and manipulation is crucial for understanding many aspects mobile introns from an intron-containing allele to a cognate,
of cellular function. Much of our current knowledge of intron-lacking allele. The endonuclease initiates this genetic
protein-DNA interaction has been derived from investiga- €vent by catalyzing site-specific double-stranded cleavage
tions of prokaryotic transcriptional factors. Studies of these In the intron-lacking allele. The sources of homing introns
systems indicate that a primary determinant of specificity and_thelr enched endonucleages are numerous and diverse,
arises from direct contacts between the protein side chainsh@ving been isolated from various eukaryotic (Colleaux et
and the DNA backbone and bases (Steitz, 1990). Additional &+ 1986; Delahodde et al., 1989; Gauthier et al., 1991;
elements affecting DNA recognition include conformational Sargueil et al., 1991; Thompson et al., 1992; Perea et al.,
changes of the DNA (Travers, 1991), conformational changes 1993; Schapira et al., 1993), prokaryotic (Bell-Pedersen et
of the protein (Spolar & Record, 1994), and the presence of al., 1989), and archaeal organisms (Hodges et al., 1992;

. ) 3 Dalgaard et al., 1993, 1994).
ions (Woodhead et al., 1981; Record et al., 1991; Xu & . . :
Schildkraut, 1991a; Vipond et al., 1995). The intron-encoded endonuclease that is the focus of this

study, IPpd, was first isolated by Vogt and co-workers from
Recently, a novel family of enzymes was added to the the slime moldPhysarum polycephalum(Muscarella et al.,
repertoire of proteins that bind to DNA with high specificity.  1990) [for nomenclature, see Dujon et al. (1989)]Pdel
These enzymes are the intron-encoded endonucleases. Simjs encoded by the third intron located within the extrachro-
lar to the more familiar bacterial restriction endonucleases, masomal nuclear DNA encoding the large ribosomal RNA
the intron-encoded endonucleases catalyze the sequencesubunit. Like the other intron-encoded endonucleasepd-
specific cleavage of double-stranded DNA. The large size recognizes a large asymmetric sequence. In the presence
of their recognition sites, however, is more analogous to that of Mg?", I-Ppd cleaves within the DNA sequence CTCTCT-
of many transcriptional factors. Intron-encoded endo- TAA/GGTAGC, generating fragments with 4-nt/-QH
nucleases have recognition sites that range from 15 to 39extensions (Muscarella et al., 1990; Ellison & Vogt, 1993).
base pairs (Periman & Butow, 1989). This new class of The size of IPpd is small relative to its 15-bp recognition
enzymes provides an opportunity to examine both complex site. The protein forms a % 20 kDa dimer in solution
sequence recognition and catalysis in a single system.  (Ellison and Vogt, 1993). For comparison, the restriction
endonucleascdRl is a 2x 31 kDa protein with a cognate
TP.K.W. is a predoctoral trainee, Biotechnology Training Grant site of Or?ly 6 base pairs (Modrich & Zabel, 19-76; Greene et
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a Searle Scholar (Chicago Community Trust), and a Shaw Scientist N@ve much greater information content than do those in
(Milwaukee Foundation).
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Ficure 1: DNA used for assays of binding and catalysis Bpd: (top) I, a 42-bp duplex; and (bottontl), a self-complementary 60-nt

strand. The site recognized byPpd is numbered—7 to +8, and the site cleaved is indicated by a line. F indicates the location of the
fluorescein tag used for the fluorescence polarization assays. No fluorescein is present in other assays.

EcadRl or other type Il restriction endonucleases. native polyacrylamide (15% wi/v) gels. The band corre-
In this study, we examine the conformational changes of sponding to double-stranded DNA was excised and soaked
DNA upon binding and the effects of monovalent and overnightin 0.30 M sodium acetate buffer (pH 5.0) contain-
divalent ions on DNA binding and turnover by thé®pd ing EDTA (1 mM). After soaking, the supernatant was
endonuclease. We find that thePpd bends its substrate  extracted with phenol/chloroform (1/1 v/v) and precipitated
upon binding. The strength of the binding interaction is with ethanol. DNA substrates were radiolabeled on their
affected dramatically by NaCl, and this effect allows us to 5-OH group by treatment withyf*P]JATP and T4 poly-
estimate the number of Coulombic interactions between nucleotide kinase. Salts and unincorporated nucleotides were
I-Ppd and DNA. In addition, we have determined the removed by chromatography on Sephadex G-50 columns.
steady-state kinetic parameters for thé&ge-catalyzed Gel Mobility Shift Assay for DNA BindingGel mobility
cleavage of its recognition site and begun to examine the shift assays were based on the retardation of the electro-
role of the requisite divalent cation in effecting catalysis of phoretic mobility of a*?P-labeled DNA molecule upon the

DNA cleavage. binding of a protein (Fried & Crothers, 1981; Garner &
Revzin, 1981). These assays were performed essentially as
MATERIALS AND METHODS described (Ausubel et al., 1989). The DNA was a 42-bp

duplex () with the sequence indicated in Figure 2]l

(20 pM) was incubated at 2% with increasing amounts of
1-Ppd in a solution of 10 mM Tris-HCI buffer (pH 7.5)
containing NaCl (50 mM), EDTA (1 mM), glycerol (10%
v/v), and bovine serum albumin (50y/mL). Mg?" was
omitted to prevent DNA cleavage. After 1 h, the binding
reaction mixtures were loaded directly onto a polyacrylamide
e(4% w/v) gel running at 30 V/cm. The gels were dried and
counted using a Betascope 630 Blot Analyzer from Betagen
(Waltham, MA). The disappearance of the band correspond-
ing to free DNA was followed to determine the equilibrium
dissociation constant. The data were fit with the program
SIGMAPLOT 4.16 to eq 1, which describes binding to a

Materials. |-Ppd, purified from an Escherichia coli
expression system, was a generous gift from Promega Corp
(Madison, WI). The endonuclease is the larger (185 amino
acid residues), major form of the protein producedPin
polycephalum Concentrations of the endonuclease were
determined by using the method of Bradford (1976) with a
kit from BioRad (Richmond, CA) and bovine serum albumin
(BSA) as the standard. Stock solutions of endonuclease wer
stored in 25 mM Tris-HCI buffer (pH 7.4) containing NacCl
(250 mM), ethylenediaminetetraacetic acid (EDTA) (10
mM), dithiothreitol (DTT) (1 mM), and glycerol (10% v/v)
and were diluted into solutions of bovine serum albumin (200
ug/mL) and glycerol (10% v/v) prior to use.

Poly(didC}poly(dldC) was from Sigma Chemical (St. single site.
Louis, MO) and was used without further purification. B,_F
[y-32P]ATP, 6000 Ci/mmol, was from NEN Research B=_m& 1)
Products (Wilmington, DE). Sephadex G-50 NICK columns Ke+F

and fluorescein phosphoramidite were from Pharmacia
(Uppsala, Sweden). Fluorescein antibody columns were In eq 1,B is the concentration of bound proteiByay is
made by Dr. John Hill (University of WisconsirMadison) the total concentration of binding sitdsjs the concentration
using antibodies from Dr. Edward Voss (University of lllinois  of free protein, andy is the dissociation constant for specific
at Urbana). DNA was purified with a Mermaid kit from  binding (Attie & Raines, 1995). Dissociation constants were
Bio100 (La Jolla, CA) after electrophoresis in agarose gels. calculated for the endonuclease dimer.
T4 polynucleotide kinase and the restriction endonucleases Fluorescence Polarization Assay for DNA Bindingluo-
were from either Promega (Madison, WI) or New England rescence polarization assays were based on the increase of
Biolabs (Beverly, MA). Shrimp alkaline phosphatase was the rotational correlation time of a fluorophore-labeled DNA
from United States Biochemical (Cleveland, OH). molecule upon the binding of a protein (LeTilly & Royer,
General Methods DNA oligonucleotides were synthe- 1993). The proteitDNA complex, due to its increased size,
sized with-cyanoethyl phosphoramidite chemistry (Sinha tumbles more slowly than does free DNA. The ensuing
et al., 1984) on an Applied Biosystems Model 392 DNA- reduction in the rotational correlation time of the fluorophore
RNA synthesizer. Complementary oligonucleotides were causes an increase in polarization, which allows the binding
annealed by heating them to 9Q in a solution of 10 mM to be monitored (LeTilly & Royer, 1993). As shown in eq
Tris-HCI buffer (pH 8.0) containing NaCl (200 mM) and 2, polarization P) is defined as the ratio of the difference
then allowing them to cool slowly to room temperature. For between the vertical I() and horizontal 1) emission
binding and turnover assays, duplex DNA was purified from components to their sum.
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=15 Each 3?P-labeled fragment (5000 cpnx500 pg) was
P=10mP= T (2 incubated for 30 min at room temperature in a solution (50
" uL) of 10 mM Tris-HCI buffer (pH 7.5) containing Rpd

Both specific and nonspecific DNA substrates were used (50 nM), poly(didCjpoly(didC) (0.2uxg/mL), EDTA (1
in the fluorescence polarization assays: a 42-bp binding- MM), NaCl (50 mM), bovine serum albumin (5@/mL),
site oligonucleotidel( Figure 1), a self-complementary 60- and glycerol (10% v/v). The samples were then loaded
nt binding-site oligonucleotidell(), and a 25-bp didC  directly onto a native TBE polyacrylamide (8 or 10% w/v)
oligonucleotide [(dIdG)+(dIdC)s]. The fluorescein tagwas ~ 9€l- After electrophoresis, the gels were dried and visualized
linked to oligonucleotides by a six-carbon spacer to the by using autoradiography.
terminal 3-OH group of one strand of each duplex. A standard curve of DNA bending was obtained by using
Fluorescein was incorporated from its phosphoramidite in Poly(dA)-poly(dT)-tract standards. Poly(d#gply(dT)-tracts,
the final coupling step of DNA synthesis. To increase the Which each induce an t&end from linearity (Nelson et
fluorescein-specific activity, the fluorescein-labeled strand al., 1987; Zahn & Blattner, 1987; Koo & Crothers, 1988,
was purified by chromatography on an immobilized anti- Koo et al., 1990), were phased at 10-bp intervals such that
fluorescein antibody column. Briefly, the strand was loaded the bends were cumulative. Fragments containing two, three,
onto the column in 10 mM sodium phosphate buffer (pH four, and five poly(dAjpoly(dT)-tracts were prepared from
6.0) containing EDTA (0.10 mM) and NaCl (0.10 M). The plasmids pJT170-2, pJT170-3, pJT170-4, and pJT170-5,
loaded column was washed with the same buffer, and therespectively, as described previously (Thompson & Landy,
strand was then eluted by denaturing the antibodies with 1988). Digesting each plasmid wiNdd or BanHI created
aqueous HCI (0.2 M). The resulting solution was neutralized two fragments, one with the poly(dAgoly(dT)-tract distor-
by addition of KOH (0.2 M). The purified strand was tions near the end of the fragments and one with the
annealed to its Comp|ement1 and the resumng dup|ex Wasdistortions near the center, reSpeCtiVEly. The two fragments
purified by native gel electrophoresis. from each plasmid were combined and subjected to electro-
Fluorescence polarization was measured at room temper{horesis alongside theRpd-DNA complex in a polyacryl-
ature (25 2 °C) on a Beacon Fluorescence Polarization amide (8% w/v) gel.
System (PanVera, Madison, WI) with excitation at 488 nM  Steady-State Kinetic Analysis of CatalysiEhe ability of
and emission at 520 nM. Fluorescein-labeled DNA duplex |-Ppd to catalyze the cleavage of its recognition site was
(450-550 pM) was incubated in a solution (1.10 mL) of 25 assayed by monitoring the cleavage'®i-labeled. Reac-
mM Bis-Tris/Tris/Bis-Tris propane-HCI buffer (pH 7.5) tions were performed at 37C in solutions (10QuL) of 10
containing EDTA (2 mM), DTT (1 mM), and the indicated MM Tris-HCI buffer (pH 7.5) containing Ppd (5—100 pM),
concentration of NaCl (this buffer system was used to allow [*P]l (10 pM to 50 nM), MgC} (10 mM), DTT (1 mM),
for future analyses of pH dependence). Aliquots§uL) NacCl (0, 50, 100, or 200 mM), and bovine serum albumin
of I-Ppd were added successively to the solution, which (50 #g/mL). The substrate concentration was at least 10-
was then allowed to equilibrate. In each assay, tRpd- fold greater than the enzyme concentration in each reaction
concentration varied from 10 pM to BM but the total mixture, except for that of the lowest substrate concentration
volume of the solution varied by less than 10%. Three to in the absence of NaCl (accordingly, only a lower limit could
six polarization measurements were made at each proteinb€ determined for the value &, in the absence of NaCl).
concentration. The dissociation constants were determinedReactions were quenched at various times (5 min to 4 h) by
by fitting the data to eq 1 or 3, which describes binding to addition of aliquots (1@L) to a solution (1QuL) of sodium

a single specific site as well as nonspecific sites: dodecyl sulfate (SDS) (2% w/v), EDTA (100 mM), glycerol
(20% v/v), and bromophenol blue (0.01% wi/v). Products
B— Brnad 1K 3) were separated from reactants on a polyacrylamide (15%
Ky+F nd w/v) gel and quantified as in the gel mobility shift assays.

Initial velocities were measured at six or more different
In eq 3,K;sis a constant for nonspecific binding (Attie & substrate concentrations at each NaCl concentration. To
Raines, 1995). obtain steady-state kinetic parameters, the initial velocity data

Circular Permutation Assay for DNA BendingThe were fit to the Michaelis Menten equation with the program

plasmid pBend3 and the poly(d4sply(dT)-tract standards HYPERO (Cleland, 1979). Parameters were calculated for
were gifts from Dr. Rick Gourse (University of Wisconsin the endonuclease dimer.
Madison). pBend3 contains the backbone of pBluescript Assays for Metal-lon Dependence of Catalysisvariety
SK-, with the tandem repeat region of pBend2 (Kim et al., of divalent cations were examined for their ability to
1989) cloned into théecaRl and Hindlll sites. To insert substitute for Mg+ and permit the sequence-specific cleavage
the recognition site of RPpd, synthetic oligonucleotides  of DNA by I-Ppd. The reactions were performed in 10 mM
containing the 42-bp sequencelafiere cloned into pBend3  Tris-HCI buffer (pH 7.5) containing®fP]l (10 nM), I-Ppd
that had been digested wital/Xba. Five different 162- (2 nM), and the chloride salt of Mg, Mn?", Ni?*, Co",
bp fragments were generated from the resulting plasmid usingCw?*, C&", or Zr¢* (10 mM of the puratronic grade from
the Mlul, Nhd, EcaRV, Nrul, and BanHlI restriction endo- Johnson Mathey, Ward Hill, MA). The reaction mixtures
nucleases. In these isomeric fragments, tRpd recogni- were incubated at 37C and the reactions quenched after 1
tion site is inserted 126, 114, 78, 54, and 23 bp from the h. In all manipulations, care was taken to avoid contamina-
end, respectively. Thephosphoryl group of each fragment tion of metal ions. Glassware was soaked overnight in 20%
was hydrolyzed by treatment with alkaline phosphatase. The (v/v) nitric acid and rinsed thoroughly with 18-®@cm water,
dephosphorylated fragments were purified from an agaroseplasticware was soaked in a solution of EDTA (10 mM)
gel and then labeled witf?P. overnight and rinsed thoroughly with 18@®cm water, and
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Ficure 2: Two assays of the binding of Rpd to I. (A) Gel
mobility shift assay of binding of Ppd to [32P]l in 10 mM Tris-
HCI buffer (pH 7.5) containing NaCl (50 mM), EDTA (1 mM),
glycerol (10% v/v), and bovine serum albumin (6@/mL). The
lanes, 115, have increasing concentrations of dimerkRgd: 0,
0.02, 0.05, 0.08, 0.13, 0.20, 0.32, 0.50, 0.79, 1.3, 2.0, 3.2, 5.0, 50,
and 500 nM. The apparefy; for specific binding is 0.7 nM. (B)
Fluorescence polarization assay of binding &fd to fluorescein-
labeled! (®) or fluorescein-labeled (dldgy(dIdC)s (O). I-Ppd
was added to 25 mM Bis-Tris/Tris/Bis-Tris propane-HCI buffer
(pH 7.5) containing fluorescein-labeled DNA (45850 pM), NaCl
(33 mM), EDTA (2 mM), and DTT (1 mM). Each data point is an
average of 36 measurements. The apparéqtfor the specific
site is 5 nM.

all buffers were passed through a column (10 mL) of Chelex-
100 resin (Bio-Rad, Richmond, CA).

RESULTS

DNA Binding by 1Ppol. In the absence of Mg, I-Ppd
binds to DNA but is unable to catalyze cleavage. The
formation of an IPpd-DNA complex can therefore be
followed by elimination of M§" from the reaction buffer.
Two independent techniques were used to monitor DNA
binding: gel mobility shift assays (Fried & Crothers, 1981;
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Ficure 3: Binding of |Ppd to | at three NaCl concentrations.
I-Ppd was added to 25 mM Bis-Tris/Tris/Bis-Tris propane-HCI
buffer (pH 7.5) containing fluorescein-labeléd450-550 pM),
NaCl [33 mM (@, as in Figure 2), 100 mM{), or 275 mM @)],
EDTA (2 mM), and DTT (1 mM). Each data point is an average
of 3—6 measurements. The lines are best fits to either eq 1 (275
mM) or eq 3 (33 and 100 mM).

Both nonspecific and specific DNA binding byPpd
were examined with fluorescence polarization assays. Three
DNA fragments were used;, Il , and (dIdC)s*(dIdC).s. The
fluorescein and linker in and Il did not interfere with
binding by IPpd as demonstrated by gel mobility shift
assays (data not shown). The bindinglodnd (dIdC)s:
(dldC)s in the presence of low ionic strength (33 mM added
NaCl) is shown in Figure 2B. A small increase in polariza-
tion (10 mP) was observed upon binding to the specific
recognition site ofl [the results fromll (data not shown)
were similar to those from, except that the change in
polarization upon binding tdl was approximately 60%
larger]. This initial increase was followed by a second
increase in polarization from nonspecific binding. The
polarization did not reach a plateau at the highest protein
concentration examined (ZM), which indicates that the
nonspecific sites were not saturated. The polarization was
also observed to increase upon binding to (dg@1dC)s.
Nonspecific binding of IPpd to | and (dIdC)s:(dIdC),s
began at the same concentration of protein (50 nM). From
the data in Figure 2, it is apparent that the change in
fluorescence polarization of a fluorescein-labeled duplex
provides an effective measure of the binding d?dd to
DNA in homogeneous solution.

The effect of increasing NaCl concentration on the binding
of I-Ppd to its recognition site was examined by using
fluorescence polarization to monitor complex formation. As

Garner & Revzin, 1981) and fluorescence polarization assaysshown in Figure 3, at high salt concentrations, specific

(LeTilly & Royer, 1993).

Gel mobility shift assays established tha®pd retained
specificity for its recognition site in the absence of g
As shown in Figure 2A, an Ppd-DNA complex was
formed at low IPpd concentrations. Unlabeldd but not
poly(didC}poly(didC) (0.2ug/mL), competed with ¥P]l
for complex formation at low concentrations oPpad (data
not shown). This complex is therefore a specific complex,
and it haskqg = 0.7 nM. At high [Ppd concentrations, the
I-Ppd-DNA band was smeared, apparently due to the
formation of less stable, higher-order complexes. These
nonspecific complexes dissociated upon addition of poly-
(dIdC)-poly(didC) (0.2ug/mL) (data not shown).

binding is weakened slightly but nonspecific binding is
impaired drastically. Dissociation constants were determined
for binding to the specific site, and these results are reported
in Table 1. Only lower limits are reported for nonspecific
dissociation constants due to the inability to saturate the
nonspecific sites, even at high protein concentrations.
DNA Bending upon Binding by I-Ppol.A circular
permutation assay (Wu & Crothers, 1984) was used to detect
protein-induced DNA bending byPpd. This assay is based
on position-dependent effects of DNA distortions on the
electrophoretic mobilities of DNA fragments. A fragment
with a distortion located near the end migrates faster during
electrophoresis than does an isomeric fragment with a
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Table 1: Effect of NaCl on Binding of DNA by Ppd?

[NaCI] (mM) depeciﬁc (nM) Kdnonspeciﬁc(nM)

33 5.4+ 2.4 >175

50 3.3+25 >350
100 3.4+ 2.6 >550
150 3.7+ 1.7 >1000
175 5.4+ 3.1 >1000
200 36.0+£ 9.6 >1000
225 20.1+£ 11.0 >1000
250 111.7+31.4 >1000
275 69.3+ 19.0 >1000

a Determined by fluorescence polarization in 25 mM Bis-Tris/Tris/
Bis-Tris propane buffer (pH 7.5) containing EDTA (2 mM), DTT (1
mM), BSA (50ug/mL), and NaCl (as indicated).

distortion near the center. As shown in Figure 4A, the
mobility of an 1Ppd-DNA complex was dependent on the
distance of the recognition site from the end of the fragment.
The EcdRV fragment, which has the recognition site
positioned in the center, migrated slowest when bound by
I-Ppd. The free DNA fragments did not display any variable
mobility. The distortion of the recognition site is therefore
not inherent to the DNA sequence itself but is induced upon
binding of 1Ppd.

The degree of the bend in DNA induced bypd was
determined from eq 4 (Thompson & Landy, 1988).

08
Hrel = COS{E)

In eq 4,a is the degree to which linear DNAx(= 0) is
bent. The relative mobilities of the complexes in which
I-Ppd was bound to theMlul or BanHI fragments fend
and theEcaRV fragment [imidaie) Were used to calculagge
= Unmiddidtena= 0.946+ 0.011, where the standard deviation

(4)
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Ficure 4: Bending of DNA upon binding of Rpd. (A) The first

five lanes contain circularly permuted DNA fragments generated
with the restriction endonucleask8ul, Nhd, EcaRV, Nrul, and
BanHI. The last lane contains the fragments from bbthul and
EcoRV. The IPpd recognition site is located near the end and
middle of theMlul andEcaRV fragments, respectively. (B) Relative
mobilities of theMlul and EcaRV fragments bound to Rpad (O)

and fragments containing different numbers of poly(gh)y(dT)-

was based on eight independent experiments. Substitutingracts ®@). Equation 4 was used to draw the curve and to calculate

this value foru. into eq 4 reveals that Ppd bends DNA
by o = 38 £ 4° upon binding to its recognition site. To
verify this value, the relative mobility of the Ppd-DNA
complex was compared to that of poly(apdly(dT)-tract
standards. As shown in Figure 4B, the relative mobilities
of the five fragments containing the poly(ctably(dT)-tracts
were within error of that predicted by eq 4. Thus, eq 4
accurately predicts the degree of bending for our system.
Steady-State Kinetic Parameters for Catalysis by I-Ppol.
In the presence of Mqg, I-Ppd catalyzes the hydrolysis of
two phosphodiester bonds within its recognition site, gen-
erating 4-nt, 30H extensions. The steady-state kinetic

parameters for this reaction are reported in Table 2. The

highest value ok../K was observed at low concentrations
of NaCl. As the NaCl concentration increased to 200 mM,
the value ofk../K, decreased by at least 200-fold. The
decrease itk.afKm (from >4.5 nM~* min~* to 0.023 nm?®
min~Y) was a result of a 400-fold increaseKp, and a 2-fold
increase irkey. These results suggest that NaCl influences
the binding rather than the turnover of substrate.
Metal-lon Dependence of Catalysis by I-Pp@.divalent
cation, often M@", is required for most reactions catalyzed
by DNA-modifying enzymes (Roberts & Halford, 1993). The
specificity of the enzymes for the cofactor is, however,
variable. Seven divalent cations, including Mgwere tested
for their ability to act as cofactors in theRpd-catalyzed
reaction. All cations tested except for €usupported
catalysis with varied success. The order of activity was™Mg

that 1Ppd bends DNA bya = 38 £ 4° upon binding to its
recognition site.

Table 2: Effect of NaCl on Steady-State Kinetic Parameters for
DNA Cleavage by IPpd?

[NaCI] (mM)  keat(min™?) Km (nM) KealKm (NM~1 min—1)
0 0.046+ 0.003 =0.01 >45
50 0.060+ 0.010 0.05t 0.02 1.2+ 04
100 0.065+ 0.005 0.3+ 0.1 0.22+ 0.03
200 0.090+ 0.005 4.0+:0.7 0.023+ 0.002

a Determined by gel electrophoresis in 10 mM Tris-HCI buffer (pH
7.5) containing MgGl (10 mM), DTT (1 mM), BSA (50ug/mL), and
NaCl (as indicated).

> Mn?t > Ca&t = Cc?" > Ni?t > Zn?*, Catalysis with
each of these cofactors gave the expected cleavage products,
indicating that substrate specificity was not entirely metal-
ion-dependent (Figure 5). Thus, other divalent cations can
substitute for Mg", but with a decrease in catalytic ef-
ficiency.

DISCUSSION

Comparison of Catalysis by I-Ppol and Restriction En-
donucleases Catalysis by both Ppd (Table 2) and many
restriction endonucleases depends greatly on reaction condi-
tions. A comparison of steady-state kinetic parameters is
therefore a challenge (Bennett & Halford, 1989). Nonethe-
less, considering only the optimal conditions tested here for
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Metal — Mg?* Mn? Ni?* Co® Cu?* Ca®* Zn?* 1993; Withers & Dunbar, 1995), which bind to their
recognition sites specifically in the absence of a divalent
% Cleavage 0 100 87 40 52 0 50 18 metal ion.

The topology of the DNA in the Ppd-DNA complex
formed in the absence of Mgdeviates from that of typical
B-form DNA. I-Ppd induces a bend of 38 4° upon
Reactant - [l S S 0 .m binding (Figure 4). The distortion of DNA observed here
is consistent with the results of previous footprinting studies,
which revealed two regions of increased sensitivity to
methylation by dimethylsulfate, a small chemical probe
(Ellison & Vogt, 1993). These hypersensitive regions are
Products ~ . . e - - located on both sides [A(5) and G3), A(—4)] of the
central six base pairs and may be the origins for the observed
bend of the recognition site byRpd. The ease with which
a DNA sequence adopts this requisite conformation may
provide a level of discrimination for the enzyme between
cognate and noncognate sites. In addition, this distortion
may enable the smallPpd protein to make contact with
its large recognition site, which could span nearly 1.5 helical
turns of DNA.

Ficure 5: Cleavage ofl by I-Ppd in the presence of various
divalent cations. Each reaction yielded products of 22 and 20 bp.

I-Ppd (that is, low concentrations of NaCl at pH 7.5) and
optimal conditions for the respective restriction endo- S - d | Iso K di
nucleases, the value /K for I-Ppd is similar of that ome restriction endonucleases are also known to distort

i the double helix. For example, X-ray diffraction analysis
of many restriction endonucleases. The valu&gfK, for ; .
-Ppd i)s/ >45nMlmintor>75x 10 M-t st (Tmable of the EcaRI-DNA complex shows that this enzyme unwinds

. three base pairs, opening up the helical grooves and creating
2). Th I Kn for the cl f pl d DNA ' i
b; EcngVEiELé?&kC;{]dnéaon;ﬂl i;veea\k;igﬁ (r)egl)oo?tsenalto be 5 three separate kinks (Frederick et al., 198BEORV creates
< 107 3 >< 107 ar;d 7x 106 M1 s°1, respectively (Halford a central 50 kink and compresses the major groove of its

& Johnson, 1981; Nardone & Chirikjian, 1987; Halford & cognate DNA but does not distort noncognate DNA (Winkler

Goodall, 1988). These values ¢./Kn approach that et al., 1993). In contrasBuull and BanHI do not distort

expected for diffusion, which limits the value of all second- ahgegigrec_lc_)r?nitir?n sit%s_ (Ctheng egal., 1994; dl_\le\':vmarz et fa}[Ir.],
order rate constants (Blacklow et al., 1988). )._The shape, direction, and groove adjustments of the

i . bent I+Ppd recognition site await direct structural analysis.
Although the value ok./K, for catalysis by IPpd is

imil h ¢ . " q | h Gel mobility shift assays are valuable tools for visualiza-
similar to those for various restriction endonucleases, the i, of jndividual species and extraction of information on

values ofk., and Km_differ. I-Ppd has a lower Michaelis o binding and bending of DNA byPpd. These assays
constant accompanied by a lower turnover number. Under g tter however, from an inability to mimic true solution

the optimal conditions used herePpd has akp of <0.01 conditions. To complement the binding data that are

NM. In contrastEccRl, EcARV, andBarH| haveKy's of obtained from mobility shift assays, we used a second
2.5, 0.5, and 3.6 nM, respectively. The higher affinity of echnique to measure bindiAgFluorescence polarization
I-Ppd for its substrate could reflect the larger size of its assays can be used to measure binding in solution without
rec_ognition site. The value &, for I-Ppd is 0.046 min?, separating bound from free species. Fdtpa-DNA, the
while the values ok for ECORI, ECCRV, andBanHl are g jts obtained from the two independent methods are in
7.7, 0.9, and 1.5 mirt, respectively. Under other reaction gratifying agreement. In both assays, specific binding by

conditions, however, the values of the Michaelis constant I-Ppd is observed when the concentration of endonuclease
and turnover number for catalysis byPpd are similar to is <10 nM, and nonspecific binding is observed when the
those for restriction endonucleases. For example, at 200 MM¢qncentration is-50 nM (Figure 2). In the presence of 50

NaCl and pH 7.5, th&n of I-Ppd increases to 4 nM (Table ) NaCl (which is the NaCl concentration in the incubation

2). At pH 10, theke of I-Ppd increases to 2.6 mirt buffer used for the gel mobility shift assays), the dissociation

(Lowery et al., 1992). constant measured with fluorescence polarizatiGy= 3.3
I-Ppol-DNA in the Absence of Mg The Mg+ cofactor nM) is within 5-fold of that determined from the gel mobility

is not required for specific binding offpd to its recognition shift assay K¢ = 0.7 nM).

site. In the absence of Mg, I-Ppd is unable to catalyze Effect of NaCl on I-PpoDNA. The affinity of I-Ppad for

the cleavage of DNA. Still, the enzyme maintains enough its recognition site is influenced dramatically by the con-

contacts with DNA to favor its cognate sequence over centration of NaCl (Figure 3). This change in affinity is

noncognate sequences. Although many restriction endo-likely to be a result of the polyanionic nature of the DNA

nucleases form stable complexes with DNA in the absencehelix. The binding of DNA by a protein is accompanied by

of Mg?*, they do not necessarily bind specifically. For the release of cations from the DNA. The accompanying

example,EcaRV, Tad, Cfr9l, andBcd bind equally well increase in entropy is a driving force for binding (Record et

to DNA containing or lacking their recognition sites (Taylor al., 1976). Theory predicts that a proteincleic acid

etal., 1991, Zebala et al., 1992; Siksnys & Pleckaityte, 1993; complex will dissociate with increasing cation concentration

Kong et al., 1994). In this respectPlpd is similar to the asin eq 5.

restriction endonucleasdscoRl, BanHI, Rsi, Fokl, and

Smd (Halford & Johnson, 1980; Terry et al., 1983; Aiken 2 Filter-binding assays were unsuccessful because BglkDNA

et al.,, 1991; Xu & Schildkraut, 1991b; Waugh & Sauer, complex was not retained by nitrocellulose filters.
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3 log[cation] v ©)

In eq 5,k is the number of anions displaced upon binding, °
m' is the number of cations displaced upon binding, 8hd 8
is a measure of counterion binding to the nucleic acid, which
is 0.88 for double-helical native DNA (Record et al., 1991).
Our values oK,y and cation concentration from Table 1 are
plotted in Figure 6. This plot shows two regions of o o K
linearity: a segment at higher salt concentrations for which -10 |+ d
the affinity of I-Ppd declines with increasing salt and a o © Km
segment at lower salt concentrations for which there is little ) , |
change in affinity. Using the values & at higher salt 1 2 3
concentrations,m = 6.3 + 1.4, which suggests that
; . ) . log [NaCl]
approximately six cations are displaced from DNA upon o ) _
binding of 1Ppd at pH 7.5. Ficure 6: Binding of | to I-Ppd in the presence of various
. concentrations of NaCl. The slope of the linear portion of the data

At salt concentrations-150 mM, our data do not follow  gyggests that approximately six cations are displaced from DNA
eg 5. Similar deviations have been observed for the binding upon binding of I1Ppd.
of other proteins to DNA at low salt concentrations (Jen-
Jacobson et al.,, 1983; Murdoch et al., 1991). These Table 3: Sequence Alignment of I-Ppol with Type Il Restriction

deviations may result from aggregation of the protein or from Endonucleases

exceeding the detection limits of the technique used to endonuclease putative active-site notif
measure binding. For example, at low ionic strength, the I-Ppd P1osD10s ... DiadN141K 142
precipitation ofEcdRI gives an artificially high value oKy EcRI PooDo1 ... E111V11K113
(Jen-Jacobson et al., 1983). We have observed no evidence EcRV P7aD74 ... DooloiKg2
that IPpd precipitates or aggregates in solutions of low ionic Ecdb71 I';”DD” DgfzéKQZK
strength. Alternatively, the true dissociation constant of Fokd PoDoes . Dol oK
I-Ppd at low salt concentrations may be beyond the detection Hhall PogDes ... Er1d 118K117
limits of our assays. If virtually all added protein binds to Kpnl P14D14s ... D1sPr6dK 165
DNA, then an accurate measure of dissociation constants is NgaPll P72D73 ... BeaSseK oo

- . . . . . Pst P304D305 ... D32oK321K 322
difficult to obtain because so little protein remains free in Rsil PoDor . E

S 951796 .- 1IGS.I.17K118

solution. Our analysis of catalysis byPlpd indicates that

the affinity of I-Ppd for DNA does indeed become even
tighter at salt concentrations150 mM (Table 2 and Figure
6). In contrast, the other divalent ions tested are thiophilic or

Effect of NaCl on Catalysis by I-PpolCatalysis by ~ Prefer other coordination geometries. Thu&pe may be
restriction endonucleases is usually sensitive to ionic strength, Similar toEcaRV, which binds M@" in octahedral coordina-
and that by IPpd is not an exception. The value kfy/Km tion with the oxygens from the scissile phosphoryl group,
decreases by 200-fold upon addition of 200 mM NaCl. This the side chains of Asp74 and Asp90, and three water
decrease comes primarily from the diminished affinity of Molecules as its ligands (Kostrewa & Winkler, 1995). Asp74
the enzyme for its recognition sité&;, decreases by 400- and Asp90 ofEcaRV are part of the active site motif, P(D/
fold. Concomitantlyk.increases by 2-fold. Although the E)...(D/E)XK, which also appears in other type Il restriction
origin of this nominal increase is not clear, Nmay serve  endonucleases (Thielking et al., 1991; Anderson, 1993), and
to facilitate product release, which has been postulated toin I-Ppd. The sequence alignment in Table 3 suggests that
be the rate-limiting step in catalysis by the intron-encoded Asp109 and Asp140 of Ppd may coordinate to Mg or
endonuclease $cé (Perrin et al., 1993). another divalent metal ion.

Effect of Metal lons on Catalysis by I-PpoRlthough a Conclusions This study represents the first detailed
divalent cation is required for catalysis bypd, the enzyme biochemical analysis of binding and catalysis by an intron-
does not have a strict preference for a particular metal ion. encoded endonuclease. We have found that tight, specific
All metal ions tested, excluding €t support catalysis  binding by IPpd induces a conformational change in DNA
(Figure 5). This result is in contrast to catalysis bgoRlI in the absence of Mg. In addition, the interaction of Rpd
and EcoRV. The activities of these two enzymes are with DNA, both in equilibrium and during steady-state
relatively metal-ion-dependent, and aloes not support  catalysis, weakens with increasing concentrations of mono-
catalysis despite binding to the same site as do other metalalent cations in a manner consistent with the entropy gained
ions (Vipond et al., 1995; Vipond & Halford, 1995). from the release of cations from DNA being a driving force

The metal-ion binding site of Ppd is plastic. The for binding. Catalysis by Ppd is efficient, with values of
enzyme binds productively to divalent cations with radii as kealKm at low concentrations of NaCl approaching the
small as Ni* (0.69 A, CN 6; Shannon, 1974) and as large diffusion limit. Finally, the metal-ion binding site of®pad
as C&* (1.00 A, CN 6). Preferences in the metal-ion binding prefers oxophilic, octahedral divalent cations but is otherwise
site are, however, apparent. The cations best capable ofhonspecific. Our work demonstrates that the recent discov-
supporting catalysis, Mg, Mn?", Co**, and C&", are ery of intron-encoded endonucleases suchRysd-provides
oxophilic and can adopt an octahedral coordination geometry.a unique opportunity for dissection of both enzymatic

aBased on Thielking et al. (1991) and Anderson (1993).
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catalysis and proteinDNA interactions in a single system. Kostrewa, D., & Winkler, F. K. (1995Biochemistry 34683—

696.
LeTilly, V., & Royer, C. A. (1993)Biochemistry 327753-7758.
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