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Summary 

The crystal structure of the FluvC protein, a Holliday 
junction resolvase from E. coli, has been determined 
at 2.5 A resolution. The enzyme forms a dimer of 19 
kDa subunits related by a dyad axis. Together with 
results from extensive mutational analyses, the re- 
fined structure reveals that the catalytic center, com- 
prising four acidic residues, lies at the bottom of a cleft 
that nicely fits a DNA duplex. The structural features 
of the dimer, with a 30 A spacing between the two 
catalytic centers, provide a substantially defined im- 
age of the Holliday junction architecture. The folding 
topology in the vicinity of the catalytic site exhibits a 
striking similarity to that of RNAase Hl from E. coli. 

Introduction 

In all organisms, homologous recombination is a crucial 
process, not only for generating genetic diversity, but also 
for the repair of damaged chromosomes. The Holliday 
structure is a central intermediate of this cellular process, 
in which two homologous duplex DNA molecules are 
linked by a single-stranded crossover (Holliday, 1964). In 
Escherichia coli, recombinogenic DNA molecules with 3’ 
single-stranded regions are generated by the combined 
functions of DNA helicases and exonucleases during sex- 
ual conjugation or after DNA damages (Figure 1). The 
RecA protein, operating jointly with several other proteins, 
promotes homologous pairing and strand exchange be- 
tween two homologous DNA molecules, which leads to 
the formation of a Holliday structure(for reviews, see West, 
1992, 1994; Kowalczykowski et al., 1994). Heteroduplex 
regions in the Holliday structure are extended through 
branch migration of the junction promoted by the RuvA- 
RuvB protein complex (Iwasaki et al., 1992; Tsaneva et 
al., 1992) or by the RecG protein (Lloyd and Sharples, 
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1993). Reactions promoted by these proteins are thought 
to involve unwinding and rewinding of the duplex DNA at 
the junction and to be driven by their intrinsic ATP- 
dependent DNA helicase activity (Tsaneva et al., 1993). 
After these reactions, Holliday intermediates must be re- 
solved to generate the recombinant molecules. This reso- 
lution process is catalyzed by the 19 kDa RuvC protein 
(172 amino acids), which cleaves the Holliday junction and 
produces unconnected DNA duplexes. Nicks, which are 
introduced at or near the crossover junction by RuvC, with 
both identical polarity and symmetry, are subsequently 
sealed by E. coli DNA ligase to generate two recombinant 
DNA duplexes (Dunderdale et al., 1991; lwasaki et al., 
1991). 

The active form of RuvC in solution has been shown by 
gel filtration analysis to be dimeric (Iwasaki et al., 1991). 
The nicking activity requires divalent cations, such as 
Mg2+. Mn2+ can substitute for Mg2+ with slightly lower effi- 
ciency, but Ca2+ and Zn2+ are poor substitutes (Bennett 
et al., 1993; Takahagi et al., 1994). Although divalent cat- 
ions are essential for the RuvC endonuclease activity, in 
vitro studies, using small synthetic junctions as substrates, 
indicate that RuvC binds to a four-way junction efficiently 
without divalent cations. RuvC cleaves four-way junctions 
only when the junctions have sequence homology at the 
crossover. Studies using various synthetic junctions sug- 
gest that the binding and cleavage steps in Holliday junc- 
tion resolution by RuvC are distinct, and that topological 
changes induced by spontaneous branch migration may 
play an important role in cleavage by RuvC (Takahagi et 
al., 1994). West and colleagues (Bennett et al., 1993) have 
shown that DNA distortion was induced by RuvC binding 
to the junction and that RuvC cleavage occurs at preferred 
sites, such as the 3’side of a thymine residue. Although 
RuvC has the apparent sequence preference, it is obvi- 
ously different in biological functions from resolvases in- 
volved in transposition or site-specific recombination. 
These enzymes act on reaction intermediates that include 
defined specific DNA sequences (Sherratt, 1969). 

Endonucleases other than RuvC that can process Holli- 
day junctions to produce unconnected DNA duplexes 
have been isolated or detected from several sources, in- 
cluding bacteriophages T4 and T7 (Mizuuchi et al., 1962; 
de Massy et al., 1984) yeast (Symington and Kolodner, 
1985; West and Korner, 1985; Kleff et al., 1992), and mam- 
mals (Elborough and West, 1990; Hyde et al., 1994). 
Among them, T4 endonuclease VII and T7 endonuclease 
I have been extensively studied in vitro, and mechanisms 
for Holliday junction resolution have been proposed (Bhat- 
tacharyya et al., 1991). However, phage endonucleases 
are also involved in debranching DNA for packaging into 
the head particles and function as nucleases that degrade 
host DNA. The amino acid sequences of these phage en- 
donucleases do not show any sequence similarity with that 
of RuvC (Sharples and Lloyd, 1991; Takahagi et al., 1991). 
In vitro, these endonucleases cleave synthetic four-way 
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Figure 1. Formation and Resolution of a Holliday Junction in Homolo- 
gous Recombination in E. coli 

See text for explanation. Abbreviations are as follows: RecFOR. RecR, 
RecO, and RecR proteins; SSB, single-stranded binding protein. 

junctions, irrespective of the presence of a homologous 
core DNA sequence. Therefore, unlike the phage endonu- 
cleases, RuvC appears to be devoted to the resolution of 
Holliday intermediates of homologous recombination. 

Recently, it has been shown that RecA homologs exist 
in higher organisms, including yeast and human cells 
(Bishop et al., 1992; Shinohara et al., 1992, 1993; Morita 
et al., 1993). In particular, the Rad51 protein from Sacchar- 
omyces cerevisiae binds to DNA duplexes, forming helical 
nucleoprotein filaments that are remarkably similar to 
RecA filaments (Ogawa et al., 1993). These observations 
suggest that the essential cellular processes and mecha- 
nisms required for homologous recombination are well 
conserved from bacteria to human. A similar mechanism 
for resolving the Holliday junction is also likely to be shared 
between E. coli RuvC and its eukaryotic counterparts, 
since a RuvC-like activity has been detected in mamma- 
lian cells (Hyde et al., 1994). 

To assist in a more precise understanding of the molecu- 
lar basis for Holliday junction recognition as well as the 
catalytic mechanism, we have determined the three- 
dimensional (3D) structure of the RuvC protein at 2.5 A 
resolution by X-ray crystallography. Together with results 
from mutational analysis of the ruvC gene carried out in 
parallel, the refined structure of the RuvC dimer allows 
the identification of the catalytic center and some possible 
interfaces with the Holliday junction. 

Results and Discussion 

Overall Structure 
The crystal analyzed in the present study contains two 

dimeric molecules of the RuvC endonuclease in an asym- 
metric unit. The structure refined at 2.5 8, resolution in- 
cludes 158 amino acids and roughly 50 ordered water mol- 
ecules per subunit. The remaining segment (residues 
159-172) at the carboxyl terminus is disordered in the 
crystal. This segment, which contains four Arg residues, 
appears to form a flexible and basic tail. 

The molecule has a wedged shape with approximate 
dimensions 50 A x 40 A x 35 A. The primary sequence 
with the secondary structure elements and a ribbon repre- 
sentation are shown in Figures 2A and 28, respectively. 
The polypeptide chain is folded into a single domain that 
adopts an a plus p fold (Figure 28). The molecule com- 
prises five a helices (aA, aB, aC, aD, and aE) and a mixed 
8 sheet with five strands (81, 82, 63, 84, and 85). The 8 
sheet includes three long antiparallel strands, pl,j32, and 
63, at the amino terminus, and two short parallel strands, 
84 and 85, between which the aB helix intervenes. The 
aA and aB helices are parallel and form hydrophobic inter- 
actions between them. The remaining three helices, aC, 
aD, and aE, form a helical core-like domain at the carboxyl 
terminus. The 8 sheet is thus sandwiched between the 
aA and aB helices on one side and the aC, aD, and aE 
helices on the other. 

There is no substantial difference among the backbone 
structures of the four molecules in an asymmetric unit, 
except for the two loops containing residues 68-72 and 
130-l 38, respectively. Root-mean-square displacements 
(rmsd) for superimposed Ca atoms between each pair of 
the four molecules are within the range of 0.73-1.01 A. 

The most remarkable feature of this structure is a large 
cleft (Figure 28) with approximate dimensions of 20-25 
A wide and 20 A deep, which is just sufficient to accommo- 
date a double-stranded DNA. At the bottom of the cleft 
lies the amino terminal end of the aE helix. One side of 
the cleft is formed by a section of the sheet consisting 
of the three antiparallel 81, 82, and j33 strands, as well as 
the flexible loop (residues 68-72) that connects 64 to aB. 
The other side of the cleft is constructed partly by helices 
aC and aD and the loop following aD (residues 130-138). 
These walls are covered by eight basic residues pointing 
into the solvent, while four acidic residues are clustered 
at the bottom. The functional relevance of this cleft will 
be described in a later section. 

Dimer Formation 
The crystal structure reveals a dimeric form of RuvC (Fig- 
ures 3A and 38). The dimensions of the dimer are approxi- 
mately 65 A x 40 A x 35 A. The two protein subunits 
that form this dimer are related by a noncrystallographic 
2-fold axis. The crystal contains two such dimers in the 
asymmetric unit. Figure 3A shows the superimposed Ca 
backbone structures of both dimers from the asymmetric 
unit. The rmsd value for the Ca atoms between these two 
dimers was calculated at 0.794 A. This value, which is 
within the same range as the values for the individual 
monomer molecules, implies that the dimer conformation 
is not disrupted by the crystal packing effects. 

Although the dimer interface involves both the aA and 
aB helices, the major contact for dimerization comes from 
the two aB helices arranged roughly parallel to the dyad axis 
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Figure 2. Primary Sequence of the RuvC Protein with the Secondary Structure, and Stereo Pair of Ribbon Model of the RuvC Monomer 

(A) Primary sequence of the RuvC protein with the secondary structure elements. The amino acid sequence has been deduced from the base 
sequence of the ruvC gene (Takahagi et al., 1991). The secondary structure elements were defined according to the hydrogen bond criteria 
proposed by Kabsch and Sander (1983). Every tenth residue is numbered in the sequence. The four acidic residues involved in the endonuclease 
activity are marked with triangles. A dotted line indicates a disordered region in the crystal structure. 
(B) Stereo pair of ribbon model of the RuvC monomer drawn with the program MOLSCRIPT (Kraulis, 1991). The 8 strands are colored in blue, 
and the u helices are in green. The secondary structure elements are labeled as in (A). The C-terminal disordered segment, which comprises 
fourteen residues (159-172). is excluded from the drawing. The DNA-binding cleft lies at the upper right side of the figure. 

(Figure 38). This contact involves both hydrophobic and 
polar interactions. For instance, a pair of hydrogen bonds 
is formed between the main chain carbonyl of Gly-81 in 
one subunit and the main chain imino group of Gln-82 in 
the other, respectively. Similarly, another pair of hydrogen 
bonds is formed between the side chains of Gln-82 and 
Arg-84 in the respectivesubunits. Nonpolar residues, such 
as Val-68, Leu-78, Leu80, Val-86, and Val-89, contribute 
for intra- and intersubunit interactions in the dimer inter- 
face. In addition, an intersubunit hydrophobic contact, be- 
tween Leu-44 in the aA helix and lie-88 in the aB helix, 
partly stabilizes the dimer. 

These features of the dimeric interface are consistent 
with various results from mutational analyses. For instance, 
ruvC mutant genes altering Leu-44, Val-68, Leu-78, Leu-80, 
or Val-86 (L44P, V68D, L78P/Q, L8OPIQ and V86E), which 
are directly involved in dimerization, failed to complement 
the UV sensitivity of a ruvC strain (H. I., K. Ichiyanagi, T. 
Hishida, and H. S., unpublished data). 

Active Site 
In parallel with the crystallographic study, extensive muta- 
tional analyses were carried out to identify both the cata- 

lytic center and the DNA interface. Two single point muta- 
tions of each of four acidic residues, Asp-7, Glu-66, 
Asp-138, and Asp-141 (D7N/E, E66Q/D, D138N/E, or 
D141N/E), all caused the loss of DNA repair activity in 
vivo. The RuvC proteins purified from these mutants were 
defective in cleaving synthetic Holliday junctions, while 
they retained the normal binding activity to the junctions 
(A. Saito, H. I., and H. S., unpublisheddata). Similarsubsti- 
tutions for other acidic residues in RuvC did not affect 
the DNA repair function of the protein in vivo. The RuvC 
endonuclease requires divalent cations, such as Mg2+, for 
junction cleavage but not for binding (Bennett et al., 1993; 
Takahagi et al., 1994). Recent crystallographic studies of 
various divalent metal ion-requiring nucleases, such as 
E. coli RNAase Hl (Katayanagi et al., 1992, 1993) and 
the 3’-5’ exonuclease domain of E. coli DNA polymerase 
I (Beese and Steitz, 1991) have demonstrated that their 
catalytic centers involve three or four acidic residues, at 
least some of which are coordinated to a metal cation 
(Beese and Steitz, 1991; Katayanagi et al., 1993). These 
findings being taken into consideration, the four acidic 
residues identified by mutational analyses are likely to con- 
stitute the catalytic center for the RuvC endonuclease. 
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Figure 3. Dimeric Structure of RuvC 

(A) Ca superposition of two dimers forming the 
asymmetric unit. These are shown as solid and 
dotted lines. The symmetry relationship be- 
tween the respective dimers is shown in thick 
and thin lines. Both aB helices run parallel to 
the 2-fold axis. 
(B) Ribbon drawing (Kraulis, 1991) of the drmer 
viewed as in (A). The 6 strands are numbered, 
and the a helices are lettered as in Figure 2A. 
The catalytic residues Asp-7, Glu-66, Asp-138, 
and Asp-141 are shown as ball-and-stick mod- 
els in each subunit. 

2-fold axis 

In agreement with these results, the four acidic residues, 
which are dispersed in the primary structure, are concen- 
trated at the bottom of the putative DNA-binding cleft 
within the monomeric RuvC structure (Figure 38). Except 
for Asp136, the conformations of the three residues Asp-7, 
Glu-66, and Asp-141 are superimposed well among the 
four molecules in an asymmetric unit. Furthermore, the 
walls of the cleft contain eight basic residues whose side 
chains are mostly directed toward the center of the cleft. 
They are likely to interact with phosphate backbones of 
a Holliday junction during hydrolysis. We have soaked 
crystals in MrP+ solutions to identify the bound metal on a 
difference Fourier map. The map, calculated from acrystal 
soaked in 5 mM MnC& solution, exhibited a significant 
peak (above 3a) at distances of 2.5 A and 3.5 A from the 
side chain O,, of Asp-7 and the side chain Oa of Asp-141, 
respectively, within only one molecule in the asymmetric 
unit. A Mn2+ concentration exceeding 5 mM caused cracks 
too serious for data collection to be accomplished. Molecu- 
lar arrangements within the crystal imply that the acidic 
catalytic centers of four molecules in the asymmetric unit 
are at least partly blocked by the disordered and basic 
carboxyl termini belonging to other molecules. This may 
account for the crystal disruption induced by soaking of 
Mn2+. 

In the active dimer, the two catalytic centers are approxi- 
mately 30 A apart from each other, and the dimeric pair 
of the prominent loop (residues 66-72) and the amino end 
of the following aB helix form a partitioning wall between 
the two clefts. 

Interaction with the Holliday Junction 
Examination of charge distribution on the RuvC molecular 
surface should allow the identification of a possible inter- 
face with the Holliday junction, since DNA phosphate back- 
bones are assumed to interact with basic residues of the 
protein. A display of the electrostatic potentials on the di- 
merit solvent-accessible surface (Nakamura and Nishida, 
1967) reveals the biased localization of acidic and basic 
residues, which are shown in red and blue, respectively 
(Figure 4). Notable charge distributions are observed in 
the large cleft where each monomer is assumed to accom- 
modate a DNA duplex. The clear contrast of red and blue 
regions identifies the negative charges of Asp-7, Glu-66, 
Asp-136, and Asp-141, which constitute the catalytic cen- 
ter, at the bottom of the cleft, while the walls of the cleft 
are covered by positive charges contributed by Arg-1 1, 
Arg-34, Lys-36, Lys-72, Lys-79, Arg-104, Lys-107, and Lys- 
118. As described in the previous section, the mutational 
analyses support the proposal that the cluster of the four 
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Figure 4. Color Display of the Electrostatic Potential on the Solvent-Accessible Surface of the RuvC Dimer 

The dimeric molecules rotated by 90° about the internal P-fold axis in Figure 3 are seen parallel to the same axis from the top. Red indicates 
electrostatic potential values below -0.05 V, blue above +0.05 V, and green between +0.05 and -0.05 V. The calculation was performed at pH 
7.0. 

acidic residues participates in the junction cleavage. Addi- 
tional analyses show that RuvC loses its DNA repair activ- 
ity by the replacements of Arg-104 by His (R104H) and 
Lys-118 by Arg (Ki 18R) (H. I., K. Ichiyanagi, T. Hishida, 
and H. S., unpublished data). Together with these results, 
the structure suggests that at least two residues, Arg-104 
and Lys-118, are involved in the junction binding. 

In an attempt to build a tentative model of the complex, 
docking studies have been implemented using molecular 
graphics, with the stacked X structure (von Kitzing et al., 
1990; Cleggetal., 1992)astheinitialsubstratemodel. This 
junction structure possesses a e-fold axis, which passes 
through an exchange point of the DNA strands. It is reason- 
able to assume that this e-fold axis of the junction structure 
coincides with the internal dyad axis of the RuvC dimer. 
However, we were unable to fit this structure simultane- 
ously into both DNA binding clefts that are 30 A apart 
from each other in the dimer. In particular, serious steric 
hindrance caused by the prominent wall between the two 
clefts made this model unrealistic. It is also clear that the 
square planar structure (von Kitzing et al., 1990) presumed 
to exist in the absence of metal cations, does not fit into 
the RuvC dimer. Thus, we adopted a different strategy for 
model building. First, we fitted a homologous B-form DNA 
duplex into each cleft in the dimer, so that they were re- 
lated by a noncrystallographic P-fold axis. Next, at the 
best-fit position to the two clefts, these two DNA duplexes 
were covalently linked by connecting nucleotides and en- 

ergetically optimized by the use of the PRESTO program 
package (Morikami et al., 1992). This procedure allowed 
the construction of a reasonable model for the Holliday 
junction (Figure 5A), assuming that both junction cleav- 
ages take place simultaneously. This model, which con- 
sists of two antiparallel quasicontinuous DNA duplexes, 
is entirely similar to the stacked X structure (von Kitzing 
et al., 1990). However, the two models of the Holliday 
junction are different in the local structure around the ex- 
change point of DNA strands; our model has longer ex- 
tended linkers with at least two nucleotides. In this model 
of the RuvC-junction complex, the interface of RuvC cov- 
ers a DNA duplex of 9 bp that is inclined by about 80° to 
the dyad axis of a dimer. The residue of Phe-89, which 
lies in the protruding loop preceding the a6 helix, makes 
a stacking interaction with a nucleotide base located close 
to a junction point. Indeed, the mutation from Phe-89 to 
Leu causes loss of DNA repair activity in vivo (H. I., K. 
Ichiyanagi, T. Hishida, and H. S., unpublished data). The 
stacked X structure may exist as a protein-free structure. 
The productive interaction between RuvC and the junction 
DNA may induce the conformational change of the junc- 
tion to our model, and then the junction of cleavage would 
take place. The requirement of homologous core se- 
quence in the junctions for RuvC-mediated cleavage (Ben- 
nett et al., 1993; Takahagi et al., 1994) may reflect the 
facilitation of such a conformational change induced by 
spontaneous branch migration. 
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Thus, the docking examination based on the substrate- 
free crystal structure has allowed the construction of a 
model that is consistent with various aspects of the RuvC- 
substrate DNA interaction. However, we are aware that 
the validity of the model has to be critically examined by 
various physicochemical experiments, including direct de- 
termination of the enzyme-junction complex. 

Structural Similarity to RNAase Hl 
The structure of the RuvC protein shows a striking topolog- 
ical resemblance to that of E. coli RNAase Hl (Katayanagi 
et al., 1990, 1992; Yang et al., 1990) despite the lack of 
any sequence similarity (Figure 6). Even visual inspection 
of their architectures obviously indicates that the five- 
stranded p sheet and the aA helix connecting the 63 and 
34 strands are arranged identically in both structures. 
Comparison of the common structural motif in RuvC and 
RNAase Hl (61,62,63,64, and aA) superimposes 35 Ca 
atoms with an rmsd value of 2.1 A. 

RNAase Hl is an endonuclease that specifically de- 
grades only the RNA strand of a DNA-RNA hybrid duplex 
to produce Sphosphate groups at the hydrolysis site. This 
enzyme requires a divalent metal ion such as MgZ+ or Mn2+ 
for the catalytic activity. The RuvC endonuclease cleaves 
the P-03’ bond of a DNA backbone to produce a 5’-phos- 
phate group and also requires a similar divalent metal ion. 

Figure 5. RuvC-Holliday Junction Complex 

(A) Stereo representation of RuvC dimer in complex with the Holliday 
junction DNA. The procedure for constructing the model is described 
in the text. The protein molecules, with the same orientation as that 
in Figure 4, are shown in a ribbon representation (Kraulis, 1991). The 
internal Z-fold axis of the dimer is indicated. The catalytic residues 
and Phe-69 are shown as the ball-and-stick model in each subunit. 
The basic residues in the cleft are also indicated by solid lines. These 
side chain conformations were modified by energy minimization, and 
hence they are different from those in the refined crystal structure. 
The two axes of the DNA duplexes separate by loo above and below 
the plane of the figure. 
(B) Cruciform representation of the DNA sequences used for the 
model-building of the complex. The sequences are derived from a 
substrate that IS actually used for the cleavage assay of RuvC (Iwasakr 
et al., 1991) The secondary structure is displayed in a conventional 
cruciform, and hence some base pacrs are not consistent with those 
In (A). 

However, it has been shown that RNAase Hl acts in a 
monomeric state (Kanaya et al., 1969) whereas the active 
form of the RuvC protein is a dimer (Iwasaki et al., 1991). 

Thus, these two endonucleases have similar catalytic 
reactions, even though their target molecules for cleavage 
and functional subunit structures differ. In fact, the remark- 
able resemblance emerges from the comparison of their 
catalytic centers. As described in the previous section, the 
catalytic center of the RuvC endonuclease consists of four 
acid residues, Asp-7, Glu-66, Asp-136, and Asp-141. Simi- 
larly, the catalytic center of RNAase Hl comprises four 
invariant acidic residues, Asp-lo, Glu-46, Asp-70, and 
Asp-134, and three of them, Asp-lo, Asp-70, and Glu-46, 
are known to be essential for the activity (Katayanagi et 
al., 1990, 1993; Yang et al., 1990). It is noteworthy that 
three of the residues, Asp-7, Glu-66, and Asp-141, are 
well superimposed on the three essential residues Asp-l 0, 
Glu-46, and Asp-70 in RNAase Hl , with an rmsd value of 
2.2 A for the atomic positions, including the side chain 
atoms. 

As described before, the two a6 helices provide the 
interface for dimerization. Consistent with this functional 
difference, RNAase Hl lacks the corresponding helix, but 
it contains an insertion of three helices, aB, aC, and aD, 
in place of the aB helix in the RuvC molecule. These three 
helices in RNAase HI provide a particular interface with 
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Figure 6. Topological Diagrams of RuvC and RNAase HI 

The B strands are represented as numbered broad arrows, and the a 
helices are lettered cylinders. Common secondary structure elements 
between RuvC and RNAase Hl are shadowed. The catalytic residues 
of RuvC (ASP-~, Glu-66, Asp-138, and Asp-141) are shown in solid 
lines. The corresponding residues of RNAase Hl (Asp-lo, Glu46, 
Asp-70, and Asp-134) are also shown. 

a DNA-RNA hybrid. Furthermore, the aE helix, flanking 
the p sheet in RNAase Hl, is replaced by the helical core 
consisting of the three helices aC, aD, and aE in the RuvC 
protein. It is likely that these two enzymes diverged from 
a common ancestor bearing a catalytic field for the divalent 
metal ion-dependent nuclease activity. However, an alter- 
native explanation also may be possible, namely, that the 
two enzymes have converged from different ancestors into 

nucleases with similar catalytic fields, since there is no 
significant similarity between their primary structures nor 
between the nucleotide sequences of the ruvC and rnhA 
genes. 

To detect other proteins relevant to the RuvC endonucle- 
ase, sequence analyses and searches by 3D-1 D compati- 
bility assessment (Nishikawa and Matsuo, 1993) were per- 
formed. However, in terms of both the primary and tertiary 
structures, no significant similarity was found with any 
other protein, including T4 endonuclease VII and T7 endo- 
nuclease I. 

Experimental Procedures 

Crystsilization, Data Collection, and Structural Analysis 
The RuvC protein was crystallized as previously reported (Ariyoshi 81 
al., 1994). Crystals belong to $e monociinicOspace group P2,, with 
unit ceil dimensions a = 72.8 A, b = 139.6 A, c = 32.4 A, and p = 
93.0”. and contain four molecules per asymmetric unit. However, a low 
resolutiondiffractionpattern toabdut5Aexhibitsapseudosymmetryof 
P2212. 

A medium resolution intensity data set to 3.0 A was collected from 
native crystals (Table 1) by using an automated imaging plate diffrac- 
tometer DIP100 (Mac Science) with CuKa radiation, generated by a 
rotating anode Ml 6X (Mac Science) operated at 45 kV and 90 mA. The 
diffraction images were processed with the program ELMS (Tanaka 
et al., 1990) and merged using the program PROTEIN (Steigemann, 
1974). A higher resolution native data set was collected to 2.5 A using 
a Weissenberg-type imaging diffractometer (Sakabe, 1991) installed 
on beam line BL6A of the Synchrotron Radiation Source a1 the Photon 
Factory, Tsukuba. The wavelength was set to 1.0 A. imaging data 

Table 1. Statistics of Crystallographic Data 

Data sets Natives Native HGCLI a.b HGCL2’,C HGCL3” PTCL’ 

Wave length (A) 1 .oo 1,54 1.54 0.92 1.00 1.54 
Resolution limit (A) 2.5 3.0 3.0 3.0 3.0 3.0 
Number of reflections 17,815 10,989 9,670 11,239 11,166 6,974 
(Completeness) (0.610) (0.900) (0.793) (0.935) (0.928) (0.680) 
R me* 0.060 0.054 0.10 0.075 0.060 0.064 
R IEn - - 0.16 0.16 0.16 0.20 
Number of heavy atom sites - 14 15 15 14 
Phasing power - - 1.43 1.99 2.03 0.72 
& I I .  - 0.73 0.68 0.68 0.73 

Mean Figure o! Merit 
Resolution (A) 15.63 9.76 7.10 5.57 4.59 3.90 3.39 3.00 

Acentric 0.795 0.646 0.840 0.810 0.757 0.708 0.651 0.600 0.689 total 
Centric 0.730 0.979 0.919 0.860 0.920 0.931 0.898 0.851 0.697 total 

Refinement 
Resolution 6.0-2.5 A 
R factor 0.157 
Number of reflections 15,545 
Number of protein atoms 4,768 
Number of water atoms 198 
rms bond length’ 0.013 A 
rms bond angle’ 0.039 A 

R EC 1 b., - (/I,) 1 I Z-Z (Id; Rem, Z I FPH * FP I - Fn,, I I Z I F PH - Fp 1 (for centric reflections); R,, Z 11 Fpn I - 1 Fp II I Z I Fp 1. Where b.! = 
mz;red diffraction intensity, (I,,) = mean value of all intensity measurements of (h&.1) reflection; F PH = structure amplitude of a derivative; 
Fp = structure amplitude of the native crystal; FwmLc) = the calculated contribution of the heavy atoms. Phasing power is the ratio of the root 
mean square (rms) heavy atom scattering factor amplitude to the rms lack of closure error. 
’ intensity data collected using a synchrotron source. 
b HGCLl: 2 mM HgCh for 18 hr (pH 8.0). 
c HGCL2: 5 mM HgCil for 7 hr (pH 8.0). 
d HGCW: 5 mM HgCi? for 3 hr (pH 8.0). 
a PTCL: 2 mM lGPtCi, for 20 hr (pH 6.0). 
’ rms deviation from ideaiity. 
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were processed using the program WEIS (Higashi, 1989). The final, 
complete model was refined with this data set. 

lsomorphous heavy atom derivatives were prepared at room tem- 
perature by soaking crystals in various heavy atom solutions. A suit- 
able condition for the Pt derivative was an exposure to a 2 mM K2PtC14 
solution for 20 hr. Three HgCl* derivatives with different occupancies 
were prepared under various conditions for heavy atom concentrations 
or soaking times within the ranges of 2-5 mM HgCl* and 5-18 hr, 
respectively. The program PROTEIN was used for local scaling of the 
derivative data sets to the native data. Initially, two derivative data 
sets of K?PtCL and HgC& (PTCL and HGCLl) were collected to 3.0 A 
using an imaging plate diffractometer. The initial multiple isomorphous 
replacement (MIR) analysis was carried out with these derivative data 
and the medium resolution native data. Three major HgClz sites were 
identified using the automatic Patterson search program HASSP (Ter- 
williger et al., 1987). Four major &PtCL sites were revealed by differ- 
ence Fourier syntheses and by inspection of difference Patterson 
maps. The heavy atom positions were confirmed using the direct 
method program MULTAN (Main et al., 1980). This process was carried 
out according to essentially the same procedure as reported by Navia 
and Sigler (1974) and Wilson (1978). Heavy atom positions and occu- 
pancies were refined using the program MLPHARE from CCP4 (SERC 
Collaborative Computing Project Number 4, a Suit of Programs for 
Protein Crystallography [Daresbury Laboratory, Warrington, En- 
gland]). 

The initial phases were calculated on the basis of these derivatives, 
including anomalous data, but neither clear molecular boundaries nor 
secondary structure elements were discernible in this MIR map. Addi- 
tional data sets from two different HgCI, derivatives0(HGCL2 and 
HGCL3) were then collected at wavelengths of 1 .OO A and 0.92 A, 
respectively, using the Synchrotron Radiation Source at the Photon 
Factory. The difference Fourier maps, calculated from phases refined 
with the additional HgCI, derivatives, revealed new heavy atom sites. 
Then, MIR phases were calculated from all four derivatives at 3.0 A, 
using both isomorphous and anomalous data, to produce a new MIR 
map. This MIR map was subjected to solvent flattening (Wang, 1985) 
by use of programs from the CCP4 suit, as described by Leslie (1987). 
Heavy atom parameters were refined against the solvent-flattened 
phases, and MIR phases were recalculated on the basis of these re- 
fined heavy atom parameters (Cura et al., 1992; Rould et al., 1992). 
The map calculated from these improved phases allowed us to discern 
some a helices and B strands, but it was still too poor to achieve an 
unambiguous chain tracing. The molecular averaging technique in 
real space (Bricogne, 1976) was then applied for further improvement 
of the phases. First, the noncrystallographic symmetry was examined 
between two dimeric molecules in an asymmetric unit, from three pairs 
of the refined heavy atom positions. Their correlation coefficients were 
evaluated to be about 0.7. Only one pair of heavy atoms was found 
inside the dimer. A real-space rotation function search, using the pro- 
gram PROTEIN, was then applied to find the orientation between the 
molecules within the dimer. About 2000 peaks were selected from the 
solvent-flattened electron density map inside a sphere with a radius 
of 10 A, which is completely included in one of the molecules. These 
peaks were then rotated for all possible angles in polar angular space, 
with steps of 5O around the middle point, taken as the origin, between 
two equivalent heavy atom positions, and in each step, correlation 
function between the rotated and unrotated densities was calculated. 
The rotation function showed one strong peak, corresponding to the 
correct orientation. This orientation was then refined by the GAP pro- 
gram (D. I. Stuart and J. Grimes, unpublished data). To define a molec- 
ular envelope for averaging, dummy atoms were placed as spheres 
with radii of 4.0 A on the solvent-flattened map for one molecule in 
an asymmetric unit. The set of dummy atoms for one molecule was 
calculated automatically by the program MOLENV (D. G. V., unpub- 
lished data). The molecular envelope was automatically calculated by 
the use of the program GAP. The envelopes of the other three mole- 
cules were generated by a noncrystallographic symmetry operation. 
The averaging was iterated 25 cycles at 3.0 A by use of the program 
GAP. The molecular envelopes were revised by using the new aver- 
aged map. A further 25 cycles of averaging achieved a convergence, 
to provide a final correlation value of 0.85. After confirming the obvious 
improvement of the map, the phases were extended from 3.0 A to 
2.5 A in a continuous series of l/500 A with iterative 300 cycles of 

molecular averaging. The correlation coefficients increased to 0.88. 
and the electron density map thus obtained allowed an unambiguous 
chain tracing. 

Model Building and Crystallographic Refinement 
For construction of the initial model, the Ca atoms belonging to one 
molecule in an asymmetric unit were fitted into the 3 A resolution 
averaged electron densities. Then, peptide backbones derived from 
a data base of refined structures were created around the Ca atoms 
to produce a polyalanine model of the RuvC protein. These procedures 
were carried out by the use of computer graphics program 0 (Jones 
et al., 1991). Next, the side chains of the respective residues were 
replaced by what fit to electron densities. Three models for the remain- 
ders in the asymmetric unit were generated by application of the non- 
crystallographicsymmetryoperation. Crystallographic refinement was 
carried out by energy minimization and simulated annealing with mo- 
lecular dynamics using the X-PLOR package (Briinger, 1993). This 
process dropped the R factor from 43.0% to 19.5%. Six rounds of 
refinement and manual model rebuilding extended the resolution from 
3.0 A to 2.5 A. resulting in an R factor of 18.0%. Subsequently, by 
use of the program PROLSQ (Hendrickson and Konnert, 1980) two 
rounds of restrained least square refinement were carried out to pro- 
vide the present model. The average B-factors for all the main chain 
atoms are 25.5 AZ, 26.3 k,27.8 AZ, and 26.4 A2 for the four molecules, 
respectively. 
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