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ABSTRACT. The Holliday junction is a key DNA intermediate in the process of genetic recombination. It
consists of two double-helical domains composed of homologous strands that flank a branch point; two
of the strands are roughly helical, and two form the crossover between the helices. RuvC is a Holliday
junction resolvase that cleaves the helical strands at a symmetric sequence, leading to the production of
two recombinant molecules. We have determined the position of the cleavage site relative to the crossover
point by the use of symmetric immobile junctions; these are DNA molecules containing two crossover
points, one held immobile by sequence asymmetry and the second a symmetric sequence, but held immobile
by torsional coupling to the first junction. We have built five symmetric immobile junctions, in which the
tetranucleotide recognition site is moved stepwise relative to the branch point. We have used kinetic
analysis of catalysis, gel retardation, and hydroxyl radical hypersensitivity to analyze this system. We
conclude that the internucleotide linkage one positiorio3the crossover point is the favored site of

cleavage.

Recombination is a process that promotes genetic diversity v VI
within all species. The basic feature of recombination is the A e A a
interaction of two pieces of DNA to yield new genetic v 4 4
material, which may incorporate information from both 1 (| m g A a | 8
interacting molecules. The resulting DNA may contain A « A e A a 2% -+ -+ a
insertions, deletions, changes of sequence, rearrangements, 8 a8 gg l EH Vg |
or exchanges of flanking markers. The Holliday junctij ( g8 =§ ‘}- 4l 8 : B g O
is a central intermediate in recombination, known to par- 25 Es Y s o ¥ 7. ”'
ticipate in site-specific recombinatio@-4) and thought to - % A =3 4 1' l I - £
be involved in homologous recombination as wé)l. (This s
is a four-stranded molecule containing a branch point d N+
surrounded by four double-helical arms. In naturally occur- R s E &

ring systems, the sequence flanking the branch point of the v vi

HO!Iiday junction is 2-f0|d §ymmetric (homologogs),' €N~ Feure 1: Formation and resolution of the Holliday structure in
abling the branch point to migrate. Most characterization of genetic recombinatioThe process proceeds from left to right. Each
Holliday junction-like molecules has been performed with stage is labeled with capital or small Roman numerals. In stage

immobile branched junctions (for reviews, see réfand two homologous DNA double helices align. The two strands of

: each duplex are shown as two pairs of lines terminated by
7) whose sequence symmetry prevents branch migrajon ( arrowheads, indicating the€ &nds. Strands are distinguished by

_ The role of the Holliday junction in recombination is nejr thickness. Each homologous region carries a flanking marker,

illustrated in Figure 1. Six stages are shown, with five steps A and B on the left andx and on the right. After the first step,

between them. First is junction formation, which requires the homologous pairs have formed a Holliday intermediat&he

the involvement of proteins (reviewed in rgf, followed two crossover strands are composite strands with both a thick and

a thin portion formed through any of a number of possibilities. A

] parallel Holliday junction is shown. Its homologous sequence
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to be spontaneou_sll), a_nd the free energy differences 1 DAO crof e o
between asymmetric flanking sequencE3 (end to be larger C et B EMR
than those between symmetric flanking sequené&s (n 4 1| ERSY P ke
the fourth step, the junction is cleaved to linear duplex by a /\//\1 arel fSie
resolvase, followed by ligation to seal the nicks introduced /\//\/\/,\//B crel i
by resolution. The products are either splice recombinants &\/ K//‘ et B ERS
in which flanking markers are exchanged or patch recom- /\/l\/ /\/ ctd 5‘;
binants, which can lead to gene conversion. Cleavage is v 5
shown on the crossover strands, which is true for endonu- FRRT I
clease VII (4); however, for RuvC resolvase, the cuts are R N K
on the noncrossover strands, resulting in the opposite set of b ({ } 3 ('f
products 15). S B K
Escherchia colRuvC is a Holliday junction resolvase that A 4 A A A % (: % <}
participates in homologous recombination and recombina- J J ‘T J J e IS
tional repair. Genetic evidence shows that RuvC, together L L e L oA kdily
with the branch migration-promoting RuvARuvB complex, CaAPasT
functions to restore the system to double helicity after the ARG I TER]
formation of recombinational intermediates by the RecA 3 Ef 4 ({fr
protein @). RuvC is one of the best characterized Holliday Slel fe e
junction resolvases. Studies on the purified protein have ,|ij | s il Ll 15 g(‘ 32
established its sequence specificiti®sl(6) and the catalytic 'ﬂi « T lll it 1 > !Ill ,lnll } : z- ‘; : i
amino acids 17); furthermore, its crystal structure has been PN B
determined 18). The enzyme requires sequence symmetry, VMI VMZ VMS "M4 A Vore M;’" "¢

which means that its substrate is free to branch migrate.F o Schematic drawi fh el din this stud
i i IGURE 2: Schematic drawings of the molecules used in this study.

However, a large range of sequence symmetry is not requwed(a) The topology of a DA% double-crossover moleculthe y

(19); Sequence preferences appear to' be Vﬁ'!"’v'vhere the . molecule shown here contains two double-helical domains con-
vertical bar represents the cleavage site, W is A/T and S iSnected by two crossover points (hence the D of its name). The
GIC; the cleavage sites are on the noncrossover stré@ds ( helices are antiparallel (hence the A), and there is an odd number
16), but the position of the branch point, relative to the (hence the O) of double-helical half-turns between the crossover
recognition sites, is not determined by the recognition sites. POINts- One of the crossover points is flanked by an asymmetric

- ."~" sequence, and the other is flanked by a symmetric sequence that is
Bennett and West2() have attempted to ascertain this pe|q immobile by torsion on the helices between the crossovers.

information by means of modified oligonucleotides. Here, (b) The experimental species used to establish the position of the
we report a different experiment, using symmetric immobile branch point relative to the recognition sequeritiee immobile
junctions (SIJs}, that enables us to investigate a more Junction is the upper junction in each of the five molecules, and

; . the S1J is the lower junction. The four-nucleotide RuvC recognition
complete group of possible cleavage sites; although OLIIFsequences, ATIG (on the noncrossover strands) and its comple-

results are in qualitative agreement with those of Bennett ment CAAT (on the crossover strands), are indicated by the pairs
and West, we find that one of the newly explored sites of black bars that flank the symmetric immobile junction. The site
appears to provide a better substrate, suggesting that thef cleavage between the T and the G is indicated by a gap in the
preferred site of cleavage lies one nucleotidet® the black bar on the continuous strand, and alsq by a triangle pointing
crossover position. to the gap. Five molecules (MIM5) are used; the position of the
. recognition sequence is completelyt® the junction in M1, and it

DNA double-crossover (DX) molecules contain two moves one nucleotide in thé @irection in each of the succeeding
branch points where the strands cross over between twomolecules. (c) A representative molectliée sequence of molecule
double-helical domain2(). SIJs 22) are DX molecules that ~ M3 is shown in an enlarged representation.-Md5 differ in the
contain one branch point flanked by a symmetric sequence!ocation of ATTG sequence, whose positions are illustrated

. . . schematically in panel b.

and an immobile branch point nearby flanked by an asym-
metric sequence. When the separation between the twomolecules are more appropriafe8). Consequently, we have
crossover points is short, the symmetric branch point cannotselected the antiparallel DAO motif (Figure 2a) of DX
migrate, because its relocation would increase the torque onmolecules 21) for the symmetric immobile junctions we
the intervening helices. We have used SlJs to establish thehave used.
crossover preferences of symmetric Holliday junctiat®,( Figure 2b illustrates the five primary molecules employed
and the relative free energies of branch migratory minima here. The upper crossover is the asymmetric immobile
(23). The ability to fix the site of a symmetric sequence junction, and the lower crossover is the symmetric immobile
enables us to construct a series of molecules with branchjunction; the vertical bars represent the cleavage sequence
points fixed at individual loci. DX molecules may contain 5'-ATT|G-3 on the noncrossover strands. The point of
parallel or antiparallel helical domains, but the geometry cleavage between the T and the G is indicated by a gap in
around the dyad axis of RuvC suggests that antiparallelthe bars on the noncrossover strands, and by a triangle
pointing at the gap. We have varied the position of this

1 Abbreviations: DAO, antiparallel double crossover with an odd Sequence in five single steps, starting with itt6 the
double crossover: S13, symmetri immobile jnction: TAEM, solution’ o -ovcr PoINt and ending with {t the crossover. Figure
cggtaining 40 mM Tris {pH 8.0), 20 mM ag:etic aci’d, 2 ml\%li EDTA, 2c shows ‘f"” example of one of thes.e molecules, M3. We
and 12.5 mM magnesium acetate; TBE, solution containing 100 mm have examined the cleavage of these five molecules by RuvC,
Tris (pH 8.3), 89 mM boric acid, and 2 mM EDTA. and find that M3 is both the molecule with the high¥gstx
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and the one that produces the greatest amount of productheating to 9CC for 5 min, drying down, and adding 10
We conclude that RuvC cleavesATTG-3 sequences when  of denaturing gel loading dye.

the cleavage site is one nucleotidé t8 the crossover (3) 3 Labeling of StrandsThe DNA strand and cacodylate

position. buffer (Amersham) were thawed on ice, and reaction
components were added; /B of 10x cacodylate buffer

MATERIALS AND METHODS [containing sodium cacodylate, cobalt chloride, and dithio-

Design of the SubstratesThe DAO molecules here treitol (pH 7.2)], 10 pmol of DNA, &L of [a-*P]ddATP

resemble those used previously as SEB, (except that the (10 mCi/mL, Amersham), 10 units of terminal transferase
outer helices are longer, to increase stability under cleavagetAmMersham), and water were added to a final volume of 50

conditions. They contain 16 nucleotide pairs on each helix .“L‘ The solution was mixed gently by pipetting up and down

in the region between the crossover points. Figure 2a shows!" th? pipet tip, ang l;ncﬁbatgg. for—]2 h fat 37°C. The
that the backbone symmetry element is vertical in the plane '€2Ction was stopped by the addition gfl50f 0.5 M EDTA,

of the page, suggesting that the two helices between and the product was purified by a polyacrylamide sequencing
crossovers are not equivalent. From model buildi?4) (it g€ ) . )
is unclear whether both helices are minimally strained with _ Polyacrylamide Gel Electrophoresis. (1) Denaturing Gels.
this arrangement, or with 15 nucleotide pairs in the helix 1hese gels contained 8.3 M urea and were run atG5
shown on the right in Figure 2c. Three molecules (M2, M3, Ge€ls contained 6 to 20% acrylamide (19:1 acrylamide:
and M5) have been built with both architectures. Sequencesb|sacrylam|de ratio). As a check on mobilities, some control
have been designed with the program SEQURS)( to gels were also run containing an additiona-20% for-
minimize sequence symmetrg)( mamide. The running buffer consisted of 100 mM Tris (pH
Synthesis and Purification of DNAIl DNA molecules ~ 8-3): 89 mM boric acid, and 2mM EDTA (TBE). The sample

were synthesized on an Applied Biosystems 3808 DNA Puffer consisted Ofolo mM NaOH, 1 mM EDTA, 90%
synthesizer, removed from the support, and deprotected using{srmam'de’ and 0.1% xylene cyanol FF tracklng dyg. Gels
routine phosphoramidite procedure$), All strands have ere run on an IBI model STS 45.electrophore5|s unit at 70
been purified by denaturing polyacrylamide gel electrophore- W (50 Vicm), constgnt power, dried ontp Whatman BMM
sis. paper, and the distribution of each species was quantitated

Formation of Double-Cross@r Molecules.The strands usgg a Bc|jo-Rad .GS-25|0 MoC:ecuIar.Imag(ler. q
of the double-crossover molecules (60 pmol) were dissolved (2) Non enaturing Ge hlondenaturing gels were prepare
to a concentration of M in 20 L of a solution containing ~ 2nd run as described previousiay. .

40 mM Tris (pH 8.0), 20 mM acetic acid, 2 mM EDTA, Gel Retardation Experiment#\ solution containing 20
and 12.5 mM magnesium acetate (TAEMg), heated to 90 pmol (1 xM) of symmetric immobile junction, labeled on
°C for 5 min, and then cooled to 6% for 15 min, 37°C strand 3, was incubated with inactive mutant D7E of RuvC
for 15 min, room temperature (ca. 22) for 20 min, and 4 ~ (17) at 4°C for 15 min in 20uL of RuvC binding buffer, a
°C for 20 min. The protocol has been interrupted at the variant of the reaction buffer in which 1 mM MgCls

appropriate stages for experiments performed at higher'eplaced with 10 mM MgGl Gels containing 8% acrylamide
temperatures. (19:1 acrylamide:bisacrylamide ratio) were buffered with

445 mM Tris (pH 8.0), 44.5 mM boric acid, and 1 mM

EDTA. The sample buffer was the same as the running
buffer, except that it contained 5% glycerol and 0.1% xylene
cyanol FF tracking dye. Electrophoresis was performed on

Hydroxyl Radical Autofootprinting Analysisndividual
strands of the molecules were radioactively labeled, and were
additionally gel purified from a 15% denaturing polyacry-

lamide gel. Each of the labeled strands (approximately 10
o€ g (approxi y a Hoefer SE-600 unit at 4C for 4 h at 8.3V/cm. The gels

pmol in TAEMg) was annealed to a 4-fold excess of the -
unlabeled complementary strand, annealed to the complex,Were pre-electrophoresed for 0.5 h under the same conditions,
ed, and quantitated as described above.

as described above, left untreated as a control, or trea'[eodrl k ) )
with sequencing reagent&?) for a sizing ladder. Hydroxyl Hydroxyl Radical Hypersensiity Assay A 20 L solution
radical cleavage of the samples took place &€ 4or 100s  Of RuvC binding buffer containing 4M DNA and 3 uM

(28), with modifications noted by Churchill et a9). The  D7E mutant RuvC was incubated for 10 min at@. A 6
reaction was stopped by addition of thiourea. The samples#L aliquot was taken, and this solution was subjected to the
were ethanol precipitated, dried, dissolved in a formamide/ hydroxyl radical protocol described above. In an alternative
dye mixture, and loaded directly onto a 14% polyacrylamide Procedure, the 4C sample was warmed to 3T, incubated
sequencing gel containing 8.3 M urea. Autoradiograms were for 15 min, subjected to the hydroxyl radical protocol, and
quantitated using a Bio-Rad GS-250 Molecular Imager.  then analyzed by gel.

Enzymatic Reactions. (1) RadioaetiLabeling Phosphor- RESULTS
ylation was performed as described previoudl§)(

(2) RwC Digestions.RuvC was prepared as described  Nondenaturing Gel Electrophoretic Characterization of
previously (7). The DNA complex (20 pmol) at a concen- SubstratesFigure 3 illustrates a nondenaturing gel containing
tration of 1uM, annealed as described above at’@7 was all of the five molecules indicated in Figure 2b. In addition,
combined with 60 pmol (3«M) of RuvC and allowed to  we also show two other species, M&hd M3, containing
incubate for 45 min in 2QiL of the RuvC reaction buffer 15 nucleotide pairs in their right domain (see Design of
[10 mM MgCl,, 1 mM dithiothreitol, 0.01% bovine serum  Substrates). As with previous worR1), we interpret a lane
albumin, 20 mM Tris (pH 8.0), and 5% glycerol]. The containing a single band with approximately the expected
reaction was stopped by addingu®2 of 500 mM EDTA, mobility as evidence of a stable molecular complex. Other
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Ficure 3: Nondenaturing gel with the molecules used hatee Junction
image is of an 8% gel run at. S1-S4 represent the four strands
of one molecule (S1 and S4 are very faint). ¥MI5 represent the

five experimental molecules, and M&nd M3 represent variants . . L
of molecules M3 and M5, respectively. In each case, a single Ficure 4: Hydroxyl radical autofootprinting datéEach panel

molecular band is seen, with neither lower bands (indicating represents the extent of cleavage of strand 4 of the indicated

decomposition) nor upper bands (indicating strain) present. molecule. The cleavage pattern is compared for the strand when it
is a component of the DAO symmetric immobile junction complex

; : . {labeled Junction) and when it is complexed with its WatsGrick
than the target complexes, no other electrophoretic SpeCIeS'(complement in a double-stranded structure (labeled Duplex). The

are visible on this gel. Thus, the DAO molecules are all stable nymbering of the strand is indicated; the key points are positions
complexes in which every strand participates. This gel has 16 and 17, which flank the crossover (arrows pointing downward).
been run at £C, but it looks identical to a gel run at 3T

(data not shown). The M2 molecule shows a pattern shiftedt@ the expected

Hydroxyl Radical Autofootprinting of the Symmetric pattern, and the M3nolecule shows a pattern similar to the
Branch Point Position We have used hydroxyl radical pattern of M3. The M2 molecule was not used further,
autofootprinting previously to characterize unusual DNA except for gel retardation. The autofootprinting data for the
molecules, including branched junctior9), antijunctions other three strands of each of these molecules are similar to
and mesojunctions3Q), and double-crossover moleculéd,( patterns seen previously for SIA3(22, 23; data not shown).

21), including SIJs 13, 22, 23). These experiments are The data show conclusively that we have produced immobile
performed by labeling a component strand of the complex branched junctions with symmetric sequences at the desig-
and exposing it to hydroxyl radicals. The key feature noted nated loci for each of the molecules MM4, and M5.

at crossover sites is a decreased susceptibility to attack when Cleavage of Symmetric Immobile Junctions bywvRu
comparing the pattern of the strand as part of the complex Figure 5 shows the products of RuvC cleavage of strand 3
relative to the pattern of the strand when it is paired to its of each of the substrates. Figure 5a shows the products of 5
conventional WatsonCrick complement in linear duplex labeling and Figure 5b the products dfl8beling, so both
DNA. Decreased susceptibility suggests that access of thecuts are shown. In each case, the sequence specificity of
hydroxyl radical is limited by steric factor81). In previous RuvC dominates over structure so that scission occurs at the
studies of junctions and DX molecules, protection has beensame position, between T and G. The cleavage sites have
seen particularly at the two nucleotides flanking the crossover been checked by using 40% formamide gels, to be sure that
sites and the nucleotidé & them. Hence, crossover sites the products are sufficiently denatured. In both cases, the
can be located reliably by hydroxyl radical autofootprinting rank order of the extent of digestion is the same: M®12
analysis. > M4 > M1 > M5'.

The position of the crossover point of the symmetric A quantitative picture of cleavage is illustrated in Figure
immobile junction is established by the protection pattern 5c, which shows the reaction kinetics, based on the cleavage
on strands 3 and 4, whose patterns are similar at the crossoveof the B-labeled strand. Molecule M3 has the highest initial
points. The autofootprinting data for strand 4 at°&7 are velocity and also produces the most product. Molecule M2
illustrated in Figure 4 for MEM5, and for variants of  is somewhat behind M3, followed by M4, M1, M3VI5
molecules M2, M3, and M5 in which the right helix (Figure (higher initial rate than M3 but less ultimate product), and
2) contains 15 nucleotide pairs. For each of the molecules M5'. The initial rates and errors measured for the molecules
M1—M4, the data in Figure 3 indicate that the major sites are, in decreasing order, as follows: M3, 0.053, 0.005; M2,
of protection are the two nucleotides flanking the branch 0.040, 0.003; M4, 0.030, 0.004; M1, 0.015, 0.002; M5, 0.013,
point and the nucleotide’ 5o it. This is not the case for  0.001; M3, 0.010, 0.002; and M50.005, 0.001. In control
molecule M5, whose protection pattern is shifted one experiments, we have ensured that the labeled strand is in
nucleotide 5to the expected pattern. The variant of M5, the complex, by using a 2:1 ratio of unlabeled to labeled
M5', corrects this problem and has been used along with strands in the reaction. Under these conditions, M3 is an
M5. The variants of M2 and M3 were constructed as controls. even better substrate for RuvC (data not shown).



11986 Biochemistry, Vol. 39, No. 39, 2000

a M C MI M2 M3 M3 Md M5 M¥ M
S
v - - - v
15 - o -

M C MI M2 M3 M3 M4 M5 MS' M

o

— -

. » - ™
Thme {min)
Ficure 5: Cleavage of symmetric immobile junctions by RuvC.
(a) The products of cleavage forlabeling of strand 3This is an
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Ficure 6: Gel retardation of SIJs by RuvC at SC. This is an
autoradiogram of an 8% nondenaturing gel. A control lane
containing M1, but lacking RuvC, is shown on the left. Strand 3 is
labeled in all molecules. The right side of the gel contained duplex
controls, one with RuvC, and one without it; the duplex molecule
is strand 3 of M3 and its WatsetCrick complement. The two
bindings are indicated at the left of the gel.
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] | | ]
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Ficure 7: Hydroxyl radical hypersensitivityThe five molecules

with the most reliable autofootprints on strand 4 (see Figure 4) are
examined. Strands 2 and 3 are shown, because they contain the
noncrossover strands for both junctions. The cleavage pattern for
each strand has been broken up into two parts. The key nucleotides
for the SIJ are nucleotides 17 and 18 on therid of strand 3 and
nucleotides 49 and 50 on the &nd of strand 3, except for M5
(one nucleotide shorter), where they are nucleotides 48 and 49. In
each case, these are the maximally cleaved residues. As a control,
the same data are shown for the immobile junction. In this case,

M3 M4

15 20 13 20

45 35| 45 55
;J‘K:AA(N
;)\‘ﬁ/ M;JE‘

autoradiogram of a 20% denaturing gel. M represents a pair of the key residues are nucleotides 17 and 18 on ttem of strand
markers, 19 and 15 nucleotides long; C represents an unreacted and nucleotides 49 and 50 on theeBd of strand 2, again with
control. (b) The products of cleavage fdrlabeling of strand 3 the exception of M5 where they are nucleotides 48 and 49. Again,
The same conventions apply here as for panel a. (c) The course ofhe proper nucleotides are hypersensitive, except for, MBere

the digestionThe extent of digestion is monitored for seven SIJs. the major sites are nucleotides 16 and 17, possibly due to the
Note that both the initial rate and the extent of digestion are highest gistortions resulting from the shorter helix.

for molecule M3.

Gel Retardation of SIJs by RG. We have analyzed the have used inactive mutant D7E to perform hypersensitivity
binding of RuvC to substrate by means of gel retardation experiments on substrates MM4 and M3 (Figure 7). The
assays using a site-directed mutant (D7E) that can bind DNA, primary sites of hypersensitivity exist on the helical strands.
but not cleave it. Figure 6 shows the results of a binding Both branch points are sensitive, the one containing the
assay both run and electrophoresed at@7Each molecule  symmetric immobile site (strand 3) and the one containing
contains two Holliday junctions; therefore, there are two the immobile site (strand 2). Regardless of sequence,
binding sites, and two bands are evident for each substrate hypersensitivity is seen primarily on the noncrossover strand,

RuvC does not have a sequence preference for bindigig (
32), so the lower level of second binding seen for'Miay
be due to its unusual intercrossover spacing.

Hydroxyl Radical Hypersensitity. The binding of RuvC

two nucleotides 3to the branch point; these are sites 17
and 18 or 49 and 50 (48 and 49 in NI5Sometimes, the
signal-to-noise ratio is poor, and sometimes, other sites are
almost as heavily cleaved. In the cases of strand 2 on

to the substrate produces sites hypersensitive to hydroxylmolecules M4 and M5 the positions of maximal cleavage

radicals at the two nucleotide$ ® the crossover point on
the noncrossover strands of immobile junctioB8)( We

are shifted one nucleotide in thée 8irection. A small
hypersensitivity signal is also seen in the immobile junction
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on the nucleotide '5to the immobile junction on strand 2

(5' portion) in molecules M2, M4, and (somewhat larger) A4 4 44
M5'; another small hypersensitivity signal is seen in M2 on
the nucleotide 5to the SIJ on strand 3 (ortion). l“

DISCUSSION

H

—_ —_—

Characterization of the SIJShe SIJs have been shown “
to be stable species whose branch points are forced to remain
at the designated positions. The one exception, M5, has been v v
modeled in a molecule containing 15 nucleotide pairs in one : indi _
of its arms, M5. One possible objection to the use of SIJs RuvC ;Iu(:lll(.;:(::z Bmdmg Sl:nysplerm
of this type is that the helix axes are constrained to be Complex
coplanar. The angle between the helices is known to Be 60 P
for immobile branched junctions in solutioB4—36), and a
docking experiment of a Holliday junction with Ruv@§)
also suggests significant distortion. This feature may delay

the enzyme in producing the active intermediate. Variations Al A Al A Al 4

of catalytic rates may represent the time taken for RuvC to

distort the SIJ; likewise, rate variations may represent the a8

frequency of fluctuation structures closest to the authentic . —_— |
intermediate used by the enzyme. Nevertheless, each of the 1" “ -— || " -— " "||I +
molecules must undergo the same distortions, so a compari- { 4 L

son between them is likely to give a good indication of the

actual substrate. v viv

Interaction of RwC with the SIJ The rates of catalysis
indicate that molecule M3 is the most effective substrate, Correct Cleavage Dissociation
markedly better than M2 or M4. In every case, cleavage Sequence
occurs at the same site, between the T and the G of theFIGURE 8: Steps in the cleavage of Holliday junctions by RuvC

symmetric sequence, regardless of its position relative to theThe first step shown is binding, which the data here suggest is not

branch point. Hence, the efficacy of catalysis can be regardedrate-limiting. This is followed by the formation of the hypersensitive
as a measure of bringing the TpG linkage into the proper complex, although we cannot exclude the possibility that this step

position for cleavage. M3 is the molecule whose TpG linkage and the previous one occur simultaneously. The third step entails

is one nucleotide ‘3o the crossover position. Regardless of positioning the right sequence into the site. Such a step must exist,
the nature of the rate-limiting step, the distortion of the because we have demonstrated that unfavored sequences also can

- form the hypersensitive complex. Cleavage and dissociation follow
substrate, or the frequency of appropriately structured the placement of the correct sequence into the active site.
fluctuations, the cleavage data show that the position one
nucleotide 3to the crossover point functions most effectively printing data. This observation is true for both junctions, the
as the site of cleavage. SIJ and the immobile junction on the other end of the
It is a useful control to characterize equilibrium binding molecule. Occam’s razor would suggest that the hypersen-
structures to complement cleavage data. An enzyme maysitivity is a consequence of distorting the target dinucleoside
process rare fluctuations, but equilibrium data represent theby RuvC, preliminary to cleavage; if true, then the hyper-
bulk of the molecules present. The gel retardation data sensitivity data are in agreement with our suggestion that
suggest that binding is not the rate-limiting step in this system this linkage is the site of RuvC activity.
(Figure 6), because the binding is qualitatively similar for ~ The conclusion drawn here differs from that reached by
M1—M4. This finding is in agreement with previous studies Bennett and West2Q). Their system is predicated on the
which showed that binding to the junction is independent of immobilization of symmetric junctions by the introduction
sequencel, 32, 33). The RuvC mutant binds poorly to  of methyl phosphonates. Their analysis of the constructs they
M5, M2', M3', and M3, molecules in which the two helical made excluded the equivalents of molecules M3 and M4 as
domains may be distorted, suggesting that a simple arrangebeing inappropriate for continued experiments, because those
ment of 16 nucleotide pairs in each helical domain is most molecules did not fix the branch point at a single site.
relaxed. The sequence at the branch point is the same in M3Consequently, the favored site in our experiments was outside
and M3, but model building 24) suggests that the structures the window of their analysis. Our results agree with theirs
of their branch points are likely to be substantially different, in the order of substrate quality: M2 M1 > M5.
thus accounting for the differences seen in blndlng and Model for the Enzymatic Mechanisihe data presented
cleavage data. here lead to a model of the steps involved in the catalysis of
A more telling equilibrium analysis is the hydroxyl radical junction resolution by RuvC in vitro. The model must explain
hypersensitivity experiment. Regardless of sequence for M1 the following points known from the data above and from
M4, the primary sites of hypersensitivity are the two previous work: (1) RuvC binds to four-arm junctions in a
nucleotides that flank the internucleotide linkage one position sequence-independent fashion; (2) RuvC induces hypersen-
3' to the crossover point on the noncrossover strands. Thesesitivity to hydroxyl radicals, which may be important for
data are in agreement with the hydroxyl radical autofoot- proper orientation of the DNA, but is insufficient for nicking;
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and (3) RuvC demonstrates a clear sequence preference forl3.

cleavage.
A model to account for these properties is illustrated in

Figure 8. This diagram shows that the first step, probably

not rate-limiting, is the binding of RuvC to the junction. The

formation of the hypersensitive complex occurs next, al-
though we cannot exclude the possibility that it is an inherent 16.
component of the binding step. For the complex to be
productive, the active site of RuvC must contain an ap-
propriate sequence, and achieving this state is the next step.
In a system free to migrate, binding to the proper sequence 1g

may occur by branch migration; proper resolution by RuvC
in vivo is known to require the RuvARuvB branch
migratory system 38). It is likely that the nature of the

transformation in the system used here entails other structural 20.
changes; regardless of the structural nature of the changes,
needed to position the cleavage site on the surface of RuvC,
the data presented here suggest that this step is likely to be 22.
rate-determining. Once the productive complex is obtained,

catalysis can proceed to yield resolved products. We expect 23.
experiments with more sophisticated symmetric immobile

junctions suggested recentlg7) to lead to further insight

into

the mechanism of RuvC.
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