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Structural Relationship of Bacterial RecA Proteins 
to Recombination Proteins from Bacteriophage T4 

and Yeast 

Randall M. Story, Douglas K. Bishop,* Nancy Kleckner, 
Thomas A. Steitz? 

RecA protein is essential in eubacteria for homologous recombination and promotes the 
homologous pairing and strand exchange of DNA molecules in vitro. Recombination 
proteins with weak sequence similarity to bacterial RecA proteins have been identified in 
bacteriophage T4, yeast, and other higher organisms. Analysis of the primary sequence 
relationships of DMCl from Saccharomyces cerevisiae and UvsX of T4 relative to the 
three-dimensional structure of RecA from Escherichia colisuggests that both proteins are 
structural homologs of bacterial RecA proteins. This analysis argues that proteins in this 
group are members of a single family that diverged from a common ancestor that existed 
prior to the divergence of prokaryotes and eukaryotes. 

R e c ~  protein plays a central .role in re- 
combination and DNA repair in prokary- 
otes. RecA forms a nucleoprotein filament 
and catalyzes adenosine 5'-triphosphate 
(ATP)Aependent recognition, pairing, 
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and exchange of strands between two ho- 
mologous DNA molecules (1 4). Bacterial 
RecA proteins are all closely related (56 to 
100% sequence identity) (2). Bacterio- 
phage T4 UvsX protein is more distantly 
related to the bacterial proteins (-20% 
amino acid identity) (2, 5) and has in vitro 
activities similar but not identical to those 
of RecA (6-8). In the yeast S. cereuisiae, 
three RecA-related proteins have been 
identified: DMCI, RAD51, and RAD57 
(9-1 1). DMCl has a meiosis-specific func- 
tion required for meiotic recombination, 
synaptonemal complex formation, and 

progress through the meiotic divisions (9). 
The recombination role may be primary, 
and dmcl mutants accumulate recombina- 
tion intermediates (double-stranded ends 
with 3' single-stranded tails) compatible 
with a defect in strand invasion or ex- 
change (9). RAD51 and RAD57 are re- 
quired both for mitotic repair of DNA 
double-strand breaks and for full levels of 
meiotic recombination (1 0, 1 1). FWD5 1 
and DMCl are closely related to one an- 
other (-45% identity), have less similarity 
with prokaryotic RecA proteins (-20 to 
30% identity), and are even less similar to 
T4 UvsX (9, 11). RAD57 also shows sig- 
nificant sequence similarity to RAD51 and 
RecA proteins (12). Very recently, 
RAD5 1 -like genes have been identified in a 
number of higher organisms (13, 14, 15) 
and a DMCI -like gene has been identified 
in lily (16). 

Although the primary sequence relation- 
ships among these proteins are suggestive, 
we have sought further evidence of an over- 
all structural relationship among them by 
comparing the primary sequences of bacteri- 
al RecAs, yeast DMC1, and T4 UvsX with 
reference to the crystal structure of E. coli 
RecA protein (1 7, 18). One type of evi- 
dence for overall structural similarity among 
DMC1, UvsX, and RecA proteins is provid- 
ed by mapping the primary sequences of the 
yeast and T4 proteins onto the tertiary struc- 
ture of RecA. For DMCI, the primary se- 
quence alignment used for this analysis was 
that derived previously in the absence of 
structural information (9) w i ~ h  a few minor 
modifications (Fig. 1). The DMC1-RecA 
comparison reveals several features that are 
compatible with an overall similarity in ter- 
tiary structure. (i) All of the small insertions 
and deletions present in the primary se- 
quence alignment occur in surface loops or 
at the ends of &-helices (Fig. 2A). (ii) Larger 
insertions and deletions occur at the NH,- 
and COOH-termini (Figs. 1 and 2A). 
DMCl lacks the COOH-terminal portion of 
RecA protein and has 32 additional NH2- 
terminal residues. In RecA protein, each of 
these regions represents a structural domain 
that protrudes away from the body of the 
protein in both the monomer and polymer 
(17). A proteolytic fragment of RecA pro- 
tein lacking much of the COOH-terminal 
domain is proficient in strand exchange 
(1 9), and this domain may not be essential 
for homologous pairing and strand exchange 
but may instead be involved in the regula- 
tion of DNA binding and the SOS response 
in E. coli (1 7, 20). (iii) Charged residues 
occur on the surface of the protein, whereas 
hydrophobic residues occur mainly in the 
interior (Fig. 2B). 

Similar conclusions pertain to 'UVSX. A 
published alignment of UvsX with RecA 
(2) showed the same general features as the 
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DMC1-RecA alignment; however, compar- 
ison with the crystal structure allowed us to 
refine this alignment. The positions of some 
small insertions and deletions were altered 
to place them in less disruptive locations, 
and minor changes were made to keep 
charged residues on the surface and hydro- 
phobic residues primarily buried in the in- 
terior of the protein. The unmodified align- 
ment also supports the major conclusions 
described, and in particular, conserved res- 
idues in classes I and IV are not affected by 
the changes introduced. The revised align- 
ment is used in the comparisons described 
below. The most significant difference be- 
tween RecA and UvsX occurs in the 
COOH-terminal domain, in which se- 
quence similarity is low and the UvsX 
sequence can only be accommodated by 
introducing several sizable insertions rela- 
tive to the RecA structure (Fig. 1). 

A second type of evidence for overall 
structural similarity among DMC1, UvsX, 
and RecA proteins is provided by analysis of 
residues that are invariant or conserved 
among the three proteins within the central 
region shared among them (residues 14 to 
272 of E. coli RecA). These residues fall 
into several distinct and reasonable catego- 
ries, moreover, two sets of very highly 
conserved residues [the adenosine triphos- 
phatase (ATPase) active site and an addi- 
tional structural motifl occur at widely sep- 
arated positions in the molecule. 

Among 23 bacterial RecA species, 136 
residues (53%) in this region are invariant 
or conserved; when the comparison is ex- 
panded to include DMCl and UvsX, the 
relevant subset includes 43 of these 136 
residues (3 1%). These 43 residues are wide- 
ly distributed throughout the primary se- 
quence (Fig. I), providing additional evi- 
dence that the proteins in this group are 
similar in overall tertiary structure. All but 
2 of these 43 residues can be grouped into 
four classes (Fig. 3A): 

In class I, invariant residues cluster in 
and around the ATP-binding site (Fig. 3B). 
Ten of the 13 residues that are invariant 
occur in this region, and Thr73 and Gln194 
are invariant except for conservative substi- 
tutions (by Ser and His, respectively) in 
UvsX. All of these residues are known or 
proposed to be involved in ATP binding, 
ATP hydrolysis, or the conformational 
change hypothesized to be induced by ATP 
binding, or all of these (Table 1) (1 8). 

In class 11, residues that are always 
highly conserved but not invariant occur 
in the hydrophobic core of the major 
domain of RecA protein. Of the 30 such 
highly conserved residues, 25 are large 
hydrophobic residues (Val, Leu, Ile, Phe, 
and Met), all but 5 of which are mostly 
buried, with solvent-accessible surfaces 
(21) of 10 AZ or less. 

In class 111, the regions involved in 
forming the interface between monomers in 
the RecA polymer (1 7) are less well con- 
served. However, the remaining five highly 
conserved large hydrophobic residues not 
included in class I1 (Leu14, Phezl, Leu99, 
LeuH4, and Leu13') all lie in the subunit 
interface (1 7). In addition, the largely hy- 
drophobic character of the surfaces forming 
the interface is maintained in both DMCl 
(Fig. 2B) and UvsX (22). 

In class IV, four of the remaining six 
highly conserved and invariant residues 
cluster together in a structurally unusual 
region of RecA protein (Fig. 4). The four 
conserved residues are found in a loop 
between helix B and p-strand 1 and in 
regions around this loop. The loop contains 
the sequence Gly-Ala-Gly-Gly and snakes 
through a region in close proximity to other 
regions of the structure. The two glycines 
(Gly54 and Gly55) are invariant, contain 

unusual Phi and Psi backbone torsion an- 
gles, and are in a region with no room for a 
side chain. Asp48 (conserved as ASX) is 
completely buried and makes a hydrogen 
bond to the side chain of Thr4' (conserved 
as Thr or Ser). The Gly54-Gly55 peptide 
stacks on the Asp48 side chain, and the 
backbone N-H of Gly54 makes a hydrogen 
bond with the backbone G* of Asp48. 
This region of the protein is distant from 
the ATP-binding site and toward the out- 
side of the polymer (distant from the pre- 
sumed DNA binding sites). 

The above analysis provides good evi- 
dence for overall structural similarity and, 
hence, homology among DMC1, UvsX, 
and bacterial RecA proteins. Presumably, 
all three proteins evolved from a single 
common ancestor existing prior to the di- 
vergence of prokaryotic and eukaryotic or- 
ganisms. The specific characters of residues 
common to all three proteins is consistent 

A -  
1 .  u v s x  

-0- 
.............. MSDLKSR LIK ..ASTSKLT AELTASKFFNE 

2 .  RecA WIDENKQKAL A?AIGQIEKQ FGK .............. ..GSIMXLG EDRSM ..... D 3 6  
3 .  m c l  MSV?%TEIDSDT~LSYDELQNYGINASDLQKLKSGGIYTV NWLSTPRRH LCKIKGLSEWXEKIKE AAGKIIQVG F I P A T . . .  . . V  
4 .  2 3  k L 1 i e k  FGK G i E V  
5 .  23+UvsX 1 i E K  
6 .  23+Dmcl  1 1 k f K  G im 
7 .  23+UvsX+Dmcl  1 E K  

m o t i f  A 

-8- -1- C -  -2- D -  
1 .  KD . . . . . . .  W RTKIPbUNIA LSGEITGGMQSG. LLILAGPSRS FKSNFGLTMV SSYMR.. ..QYPDAVC LFmSEFGIT P .  . . . . . . .  AYLRSMW 
2 .  VE ....... T I  S E S L S L D I A  LGA ... GGLPMGR IVEIYGPESS GKTFLTLQVI ?.AAQR ...... EGKTC A F I D A E W D  P . . . . . . . .  IYARRLDVD 1 1 0  
3 .  QLDIRQRWSL STGSKQLDSI LG . . . .  GGIMMS ITEVFGEFRC GKTQMSHTCC VTIQLPREMGGGEGKV AYIIYPEGTFR PERIKQIAEGYEWPESC 
4 .  t 1 L d  A 1G GG i v E i y G P E S  G K m 1  1 A q f D E h a l D  Y LGV 
5 .  t l d A 1  GG i v i G P  K t 1 1  E D E  1 Y 1GV 
6 .  t L d '  1G GG i E i m  GKT 1 q f D E  1 Y 
7 .  t I d  1 GG i i G  K t 1  ~ D E  1 Y 

m o t i f  B 

-3- E - -4- _LIP F 5 -  
1 .  PaRVIHTPVQ SLEQLRIDMYN QW.AIERGEKW VFIDSLGNLA SKKETEDALN EKWSDMTR4KT HKSLERIWP YFSTlWIPCI AINHT 
2 .  IDNLLCSQPD T.GEQALEICD ALA . . .  RSGAMV IWDSVAAtT PKREIEGEIG DSHMG..IIIARM MSQAWXIAG NLKQK(2SNTLLI FINQI 

4 L PD d 1 V h r  ivvDSVAAL Pk EiEGeiG D G 1 ARm MS AmR 1 1 i F i N Q i  
5 .  1 d 1 v i w D S v  L k E E i d A r m  m R 1  1 i iNq 
6 .  i 1 d 1 v i w D S v  A G m m 1  i f NQi  
7 .  1 d 1 v i w D S v  m m 1  i Nq 

L 2  G -6- -7- -8- H -9- 
1 .  .YEW . . . .  m . . S K W M  GGGTGPMYSA MVEIIGRRQ I K D G S D L W  QNLNVERSR I"JREKSKFF1 DVKFrXjGIDP YSGLLDlIRLE LGFWKPKN 

.... 2 .  RMKIG VMFGNPEITT GGWRLKFIAS VRLDIRRIGA VKEGENVJGS ETRVKVVRNK IAUPFKQAEF QILYGEGINF YGELMLGVK EKLIEKAG. 2 8 8  
3 .  QSDPG ASALFASADGRKPI GGHVLRHASA TRILLRKGR. ........ .G DERVAKLQDS PDMPEKECW V I G E K G I ~ S  SD 
4 . R K i  v E G P E T  G G a L K F Y S V R l d i R  vK n G r v K V K N  i PFk E i y  G i  l v d l  l i k G  
5 .  E GG f Y  l i  vK n G v V K  E i y G i  l v d l  li k 
6 .  GG L Rl i R  rv n P k f i  
7 .  GG 1 i v f i  

-10- I J -  
1 .  GW YAREFLDEETGMIRE -CTT7WJL IKHQPFRDAI KXAYQLGAID SNEIWAEVD ELINSKVEKFKSPESKSKSRADLET DLEQLSDMEEENE 

. . . . . . .  ............... 2 .  AW Y S  Y K . . . . . .  GEKIGQ GKA NATAWLK DNPETAKEIE KKVRELLLM PNSTPDFSYD D SEGYAETNE DF 3 5 2  
4 .  W y S Y  i Q Gk 1 
5 .  W v a k 1 

Fig. 1. Alignment of UvsX and DMCl to E. coli RecA and identification of invariant and conserved 
residues among RecA homologs. Primary sequence alignments of UvsX to RecA and of DMCl to RecA 
are shown (lines 1, 2, and 3). The alignments were generated with the three-dimensional structure of 
RecA protein as a guide to modify previously published alignments (2, 9) as described. The locations of 
RecA secondary structure elements are indicated above the alignment (refer to Fig. 24). Numbers to the 
right of the alignment refer to the E. coli RecA sequence. The locations of the two purine nucleotide 
consensus sequences (34) are indicated as motif A and motif B. Invariant and conserved amino acids 
were identified by comparing the E. coliRecA sequence with homologous sequences with the alignment 
shown as well as an alignment of 23 bacterial sequences (35). The bacterial sequence alignment is an 
updated version of an alignment of 16 sequences (2) which includes additional sequences from 
influenzae, L. pneurnophila, N. gonorrhoeae, P. cepacia, B. fragilis, B. pertussis, and M. flagellaturn. The 
results of four such comparisons are shown on lines 4 through 7. lnvariant residues are indicated in 
uppercase and residues always conserved in lowercase. Conservative substitutions were defined with 
the use of the similarity matrix of McLachlan (36), and a similarity cutoff of 5. (In addition, His was 
considered to be a conservative substitution for Gln.) Line 4: invariant and conserved residues among 
23 bacterial sequences; line 5: invariant and conserved residues among 23 bacterial sequences and 
UvsX; line 6: invariant and conserved residues among 23 bacterial sequences and DMCl; and line 7: 
conserved residues among 23 bacterial sequences, UvsX, and DMCl. 
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with this view. Clustering of identities 
around the ATPase active site (class I) is 
appropriate, because substrate binding and 
catalysis both require the presence and pre- 
cise positioning of appropriate functional 
groups. In contrast, residues in classes I1 
and 111 are primarily large hydrophobic 
residues important for tertiary or quaternary 
structure, and such residues are expected to 
be conserved in size and polarity rather 
than in their specific identity. Similarly, 
class IV residues are conserved but do vary 
slightly in ways compatible with their ap- 
parent structural role. The primary se- 
quence similarities among these proteins 
are not strong, but are comparable to those 
observed in other well-studied families of 
proteins (23-26). 

Because all three proteins examined play 
a role in recombination in their respective 
organisms, it seems likely that they will 
share many important activities, as UvsX 
and RecA are already known to do. The 
structural comparison suggests that all of 
these proteins almost certainly share com- 
mon mechanisms for binding and hydrolyz- 
ing ATP and coupling ATP hydrolysis to a 
conformational change (1 8) (Table 1). All 
three should also share the ability to make 
filaments: hydrophobic residues at the sub- 
unit interface are among those conserved, 
although the (putative) interfaces appear to 
have diverged considerably. UvsX is known 
to make filaments (8), and a very recent 
report documents the formation of RAD51 
filaments (27). Structural analysis of RecA 
has not yet provided information about the 
protein's interaction with DNA. However, 
two loops that lie toward the center of the 
RecA polymer (and thus near the DNA) are 
candidates for relevant regions (L1 and L2, 
Fig. 2A) (1 7). The region in and around 
these loops is not highly conserved in UvsX 
and DMCl and shows no obvious pattern of 
positively charged residues (Fig. 1). It is 
possible that DNA is bound by contacts with 
the polypeptide backbone that are not re- 
flected in amino acid conservation. 

Although the comparison of DMC1, 
UvsX, and bacterial RecA proteins de- 
scribed above is useful in identifying residues 
conserved throughout this highly diverged 
family, such a comparison would not reveal 
relationships that exist uniquely between 
any two members of this family. Therefore, 
we compared DMCl and UvsX separately to 
the bacterial RecA proteins in order to 
identify the conserved and invariant residues 
(Fig. 1) and located these residues on the 
structure of E. cdi RecA protein (Fig. 3, C 
and D). Of the 156 residues highly con- 
served or invariant over the entire length of 
bacterial RecA proteins, 87 (56%) are con- 
served in UvsX and 64 (41%) in DMC1. In 
both cases, as above, a number of invariant 
residues cluster largely around the ATP- 

Fig. 2. (A) Positions of insertions 
and deletions in the DMCl and 
UvsX sequences (Fig. 1) relative 
to that of RecA protein. Shown is a 
ribbon drawing of RecA protein 
modified from that of reference 
17. Regions deleted in UvsX rela- 
tive to RecA are displayed as 
shaded, those in DMCl are cross 
hatched. Stars indicate the posi- 
tions of insertions in DMCl and 
circles indicate insertions in 
UvsX. (B) Position of large hydro- 
phobic (Val, Ile, Leu, Met, and 
Phe, in blue) and charged resi- 
dues (Asp, Glu, Arg, and Lys, in 
white) of DMCl built onto the 
RecA structure with the alignment 
of Fig. 1. The a-carbon backbone 
of the model is yellow, and aden- 
osine 5'-diphosphate (ADP) is 
red. Side chains were built in so 
that common atoms of RecA and 
DMCl were positioned similarly 
when possible. It should be em- 
phasized, however, that this is a 
test of the plausibility of the pro- 
posed alignment and not intend- 
ed to be an accurate model of the 
entire DMCl structure. It is likely 
that there will be differences in 
both main chain and side chain 
positions between the hnro struc- 
tures, particularly in loop regions 
and far from the active site. 

Table 1. Invariant and highly conserved active site residues. 

Residue Reason conserved; function 

G v  Begins ATP phosphate binding loop; unusual Phi, Psi angles 
L Y S ~ ~  Interacts with p, 7-phosphates of ADP-ATP 
Thr73* Interacts with Mg2+. p-phosphate of ADP-ATP 
Aspg4 Stabilizes loop containing Glugs by H-bonds to backbone NH of 

residues 96 and 97 
Glugs Catalytic base for activation of H 2 0 t  
Tyrlo3 Interacts with adenosine of ADP-ATP 
Asp1"* Interacts with Mg2+ (by way of H20) 
Ser145$ H-bonds to Glugs carboxylate 
Asnlg3 Involved in ATP-induced conformational changet 
GlnlQ4* Triggering of conformational change by binding 7-phosphate of ATPt 
Glfl Interaction with DNA or conformational change or both? 
Glfl Interaction with DNA or conformational change or both? 

'Conservatively substituted in UvsX: Thr73 by Ser, GlnlS4 by His. tProposed function. $An unusual cis 
peptide bond is located between residues 144 and 145. 

binding site, and highly conserved residues 
occur mainly in the hydrophobic interior of 
the protein. However, the overall distribu- 
tion of conserved and invariant residues 
differs somewhat in the two painvise com- 
parisons. In the DMCI-RecA comparison, 
additional invariant residues occur on the 
face closest to the interior of the RecA 
filament. In contrast, in the UvsX-RecA 
comparison, additional residues are more 
dispersed, with some residues clustered 
around the disordered region L1. DMCl and 

UvsX are more divergent from one another 
than they are from the bacterial RecA pro- 
teins (-10% identity) (Fig. 1). 

There are both genetic and biochemical 
reasons to suggest that the activities of the 
three  rotei ins will also differ somewhat. 
presumably because they have each become 
specialized or adapted for slightly different 
biological roles. Biochemical comparison of 
RecA and UvsX illustrates the point that 
relativelv subtle variations in biochemical 
behavio; might have profound influences 
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inthetext. A~km~cloerbon backbowof R e d  
protein is s b m  in yellow, bound ADP is red. 
Residues belonging to chss I are shmn in w t b  
(W, Lysn. Thrn, W. G W ,  Tyr'03. Asp*, 
Serl". Asnl=, Glniw, wl, and Gp2) .  Fles- 
idues in class II are in blue (W, L d l ,  lWi, 
IW, L W ~ ,  w, vall*, 118~41, valle, vgU, 
Vali48, Metln, Met176, Leu178, Iletgo, L e e ,  
lle22s, V W ,  W, and I-. Resiclues in 
class Ill are in green (Leut4, W, W, 
Leu114. and Leu1-. Residues in dass N are in 

lie on the surface of the protein tcmard the outside of the f lament. (8) Comparison of DMCl . UvsX, 
and bacterial RecA proteins, with residues highly conserved s b m  in blue and invariant residues in 
white. (C) Cwnparisan of yea& DMC1 and bacterial RecA proteins, with residues h i  conserved 
sharnm in blue and invariant residues in whiie. (D) Comparison of T4 UvsX and bacterial RecA 
pratetns, with residues h i i  conserved shovm in blue and irrvariam residues in white. 

on how a RecA family member functions in 
vivo. UvsX closely resembles RecA in its 
ability to bind and form filaments on dou- 
ble- and single-stranded DNA, to pair a 
single strand of DNA with an homologous 
duplex region, and in the modulation of its 
activities by ATP binding and hydrolysis. 
However, it differs from RecA in that UvsX 
protein alone, under typical conditions, 
can onlv Dromote limited invasion of a , . 
single strand into an homologous duplex (6, 
7); additional proteins are required for full 
strand exchange in vitro (28, 29). This 
difference is biologically appropriate, be- 
cause the major function of UvsX-promoted 
strand invasion is to provide a primer for 
DNA replication rather than to effect ex- 
tensive strand displacement (30). The nu- 

cleoprotein filaments formed by UvsX are 
also less' stable than those formed by RecA, 
and entry and exit of subunits from the 
filament is proposed to play a more impor- 
tant role in the UvsX reaction than in that 
promoted by RecA (7). In addition to minor 
alterations in the fundamental activities 
common to all Red-like proteins, different 
members of the family may differ in the 
extent to which additional proteins are in- 
volved in the basic reaction, as exemplified 
by the intimate relationship between UvsX 
and a second protein, UvsY (3 1). Moreover, 
different proteins may have additional 
unique activities not common to the family 
as a whole, such as the ability of bacterial 
RecAs to promote cleavage of certain repres- 
sor proteins and UmuD (32, 33). 

Fig. 4. Position of conserved class IV residues. 
Residues 40 to 56 of RecA are depicted, with 
conselved residues ThP, Asp48, G p ,  and G p  
shown in bold. Hydrogen bonds between these 
conserved residues are shown as dotted lines. 

Because the structural relationship be- 
tween DMCl and RecA is as close as that 
between UvsX and RecA, the analogous 
strong functional similarities and subtle dif- 
ferences seem likely. The same argument 
applies to RAD51, which is related to 
RecA by the same structural criteria as are 
UvsX and DMCl (22), as well as to a third 
yeast protein, RAD57. Each of these pro- 
teins must differ in the nature, location, or 
timing of its activities, because single mu- 
tations in each of the three genes confer 
unique phenotypes (9, 10). Presumably the 
existence of these several related genes 
reflects the type of functional specialization 
that is well known for other types of pro- 
teins such as topoisomerases, helicases, and 
polymerases. 
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Similarity of the Yeast RAD51 Filament to the 
Bacterial RecA Filament 

Tomoko Ogawa, Xiong Yu, Akira Shinohara, 
Edward H. Egelman* 

The RAD51 protein functions in the processes of DNA repair and in mitotic and meiotic 
genetic recombination in the yeast Saccharomyces cerevisiae. The protein has adenosine 
triphosphate-dependent DNA binding activities similar to those of the Escherichia coli 
RecA protein, and the two proteins have 30 percent sequence homology. RAD51 poly- 
merized on double-stranded DNA to form a helical filament nearly identical in low-reso- 
lution, three-dimensional structure to that formed by RecA. Like RecA, RAD51 also appears 
to force DNA into a conformation of approximately a 5.1-angstrom rise per base pair and 
18.6 base pairs per turn. As in other protein families, its structural conservation appears 
to be stronger than its sequence conservation. Both the structure of the protein polymer 
formed by RecA and the DNA conformation induced by RecA appear to be general 
properties of a class of recombination proteins found in prokaryotes as well as eukaryotes. 

T h e  RecA protein of E. cob is the most DNA and forms helical nucleoprotein fila- 
intensively studied enzyme involved in ge- ments similar to those formed by RecA. 
netic recombination ( 1 4 ) .  In the presence When cloned and purified from E. cob, 
of adenosine triphosphate (ATP) or an RAD5 1 has ATP-dependent DNA binding 
ATP analog, RecA can polymerize on sin- activities similar to those of RecA (6). The 
gle- or double-stranded DNA to form a 
helical nucleoprotein filament with about 

with RAD5 1, k e  measured the extension of 
the DNA induced by RAD51. The DNA 
was greatly extended from a 3.4 A rise per 
base pair found in B-DNA to an axial rise 
per base pair of 5.1 A (Fig. 2). This 
extension of DNA is the same as that 
induced by RecA protein (8). 

Fourier transforms of filament images 
were used to determine the pitch of the 
RAD5 1-ATP-DNA filament from both 
negatively stained and frozen-hydrated fila- 
ments (Fig. 3). The mean pitch of 99 A is 
greater than that of comparable RecA- 
ATP-DNA filaments, which have a mean 
pitch of about 92 A. Fourier transforms of 
such filaments also revealed that these fila- 
ments have a helical symmetry nearly iden- 
tical to that of RecA-ATP-DNA filaments. 
This helical symmetry made it possible to 
generate three-dimensional reconstructions 
from single views of individual filaments 
(9). Negatively stained filaments were used 
for the reconstruction rather than frozen- 
hvdrated filaments for several reasons. (i) . , 
There was no detectable change of pitch as 
a result of dehydration with the negative 
staining (Fig. 3). (ii) We found no evi- 
dence that the frozen-hydrated filaments 
were better preserved than the negatively 
stained. (iii) In the frozen-hydrated fila- 
ments, weak contrast and a poor signal-to- 

tion (6), induces a similar conformation in CrOSCOPY Under 
the condit~ons used (29), RAD51 protein (unlike RecA protein) does not form filaments on ssDNA 

T, Ogawa and A, Shinohara, Department of Biology, with ATP or on dsDNA with the slowly hydrolyzable ATP analog ATP-y-S (30). This may explain the 
Osaka Univers~ty. Osaka 560, Japan. inability of RAD5l to catalyze ssDNA-dsDNA strand-exchange reactions because although RAD51 
X. Yu and E. H. Egelman, Department of Cell Biology has a ssDNA-dependent ATPase activity (7) ,  the RecA-catalyzed ssDNA-dsDNA exchange 
and Neuroanatomy. University of Minnesota Medical reaction proceeds by way of the formation of the active filament on ssDNA, and RAD51 fails to form 
School, Minneapolis, MN 55455. filaments on ssDNA. The tobacco mosaic viruses seen in (A) are about 200 A in diameter, and both 
'To whom correspondence should be addressed. micrographs are shown at the same magnification. 
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