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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.

The RecA protein of E. coli is the most
intensively studied enzyme involved in ge-
netic recombination (I—4). In the presence
of adenosine triphosphate (ATP) or an
ATP analog, RecA can polymerize on sin-
gle- or double-stranded DNA to form a
helical nucleoprotein filament with about
6.2 RecA protomers per filament turn and a
pitch of approximately 92 to 97 A (5).
Within this filament, both double-stranded
DNA (dsDNA) and single-stranded DNA
(ssDNA) are extensively stretched and ds-
DNA is unwound. The active form of RecA
as determined by adenosine triphosphatase
(ATPase) activity, strand-exchange activi-
ty, and the cleavage of the LexA and phage
repressors exists only in this extended fila-
ment. We now show that the RAD5I
protein from the yeast S. cerevisiae, which
functions in DNA repair and recombina-
tion (6), induces a similar conformation in
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DNA and forms helical nucleoprotein fila-
ments similar to those formed by RecA.
When cloned and purified from E. coli,
RAD51 has ATP-dependent DNA binding
activities similar to those of RecA (6). The

RAD?51 protein contains 400 amino acid
residues. Within a 221-residue core region,
30% of the residues are identical and 24%
are similar to those of the corresponding
region of E. coli RecA (6). Thus, 119 out of
400 residues, or 30% of the total sequence
of RAD51, are either identical or similar to
those of RecA. We have purified RAD51
from S. cerevisiae to 95% purity (7). In the
presence of ATP, this protein forms fila-
ments on dsDNA that are similar to the
filaments formed by RecA protein (Fig. 1).
After covering circular dsSDNA molecules
with RAD51, we 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
RAD51-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-
hydrated filaments for several reasons. (i)
There was no detectable change of pitch as
a result of dehydration with the negative
staining (Fig. 3). (i) 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-

Fig. 1. Electron micro-
graphs of RAD51 pro-
tein polymerized on
DNA. (A) Negatively
stained filaments of
RAD51 on circular
®X174 dsDNA ob-
served by conventional
transmission  electron
microscopy. (B) Un-
stained, frozen-hydrat-
ed RAD51 filament on
linear dsDNA observed
by cryo-electron mi-
croscopy (28). Under
the conditions used (29), RAD51 protein (unlike RecA protein) does not form filaments on ssDNA
with ATP or on dsDNA with the slowly hydrolyzable ATP analog ATP-y-S (30). This may explain the
inability of RAD51 to catalyze ssDNA-dsDNA strand-exchange reactions because although RAD51
has a ssDNA-dependent ATPase activity (7), the RecA-catalyzed ssDNA-dsDNA exchange
reaction proceeds by way of the formation of the active filament on ssDNA, and RAD51 fails to form
filaments on ssDNA. The tobacco mosaic viruses seen in (A) are about 200 A in diameter, and both
micrographs are shown at the same magnification.
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noise ratio made the additional layer lines
more difficult to see. (iv) In the negatively
stained filaments, the contrast transfer
function could be ignored.

The Fourier transform of the projection
of a helical object is nonzero everywhere
except on layer lines, where the spacing of
the layer lines is reciprocally related to the
pitch of the helices from which they arise.
After 120 filaments were digitized, straight-
ened (10), and Fourier-transformed, 20 fil-
aments were found with layer lines in addi-
tion to the strong layer line at 1/(99 A) that
arises from the one-start helix. After several
cycles of averaging, 17 filaments were found

Fig. 2. The contour length of nicked circular
$X174 dsDNA covered with the RAD51 protein
(bottom scale). For the number of base pairs per
molecule (5386), the contour length can be
directly converted to the axial rise per base pair
(top scale). Conditions were as described (29).
Electron micrographs of negatively stained
specimens were recorded at x30,000 magnifi-
cation and enlarged approximately 2.5-fold. A
digitizing tablet was used to trace the contours
of the circles from the prints. For B-DNA, the
axial rise per base pair is 3.4 A, which is equiv-
alent to a contour length of 1.8 wm. This contour
length is significantly smaller than any mea-
sured. Inspection of electron micrographs (Fig.
1A) shows small gaps and kinks in the RAD51-
covered circles, possibly arising from multiple
nucleation points around the circle. Under simi-
lar conditions, the RecA protein would nucleate

to average well together, and these data
were used for the reconstruction (Fig. 4).
The average symmetry (= SD) of the 17
filaments was 6.18 + 0.04 subunits per turn
of the 99 A pitch helix. The rise per
RAD51 subunit in these filaments was
therefore about 16 A. Because the rise per
base pair was about 5.1 A, the stoichiometry
is quite consistent with the three base pairs
per subunit observed in RecA filaments
(11). For the DNA to be bound along the
helical path of the RAD51 protein, the
DNA must be untwisted so that there are
about 3 X 6.2 (or 18.6) base pairs per helical
turn of the DNA. This amount of untwisting
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less frequently and would therefore form more continuous polymers. Thus, we expected that most
of the circles would have contour lengths less than maximal extension as a result of the incomplete
saturation of the DNA by RAD51 and that this could result in an asymmetrical distribution of contour
lengths with a tail extending to smaller values. This is exactly what was observed. The maximal
extension that we measured is indicated by the arrow, which corresponds to the previously
determined rise per base pair of 5.1 A in RecA-DNA-ATP-y-S filaments (8).

Fig. 3. The helical pitch of RAD51 protein fila-
ments formed on dsDNA (A and B) and of RecA
filaments on dsDNA under comparable condi-
tions (C). Both the RAD51 and RecA filaments
were prepared with ATP and then stabilized with
AlF,~ (29). Data are from both negatively
stained filaments [(A) and (C)] and frozen-hy-
drated filaments (B), and there is little shift in the
distributions between these two techniques for
filaments in this state. For inactive RecA fila-
ments formed on DNA in the absence of a
nucleotide cofactor, there is compression of
filaments induced by dehydration* during nega-
tive stain preparation (75, 31, 32). There is a
clear shift in pitch between the RecA filaments
and the RAD51 filaments. The means and SDs
are as follows: (A), 98.9 = 1.4 A; (B), 98.8 + 2.0
A; and (C), 92.1 = 1.6 A. All filaments were
formed on linear DNA, the images of filament
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sections were straightened (70) and Fourier-transformed, and the position of the layer line arising
from the one-start helix was used to determine the mean pitch for each section. The length of section

used was typically about 2500

A, except for the frozen-hydrated RADS51 filaments (B), in which

sections were typically about 1500 A in length. The short lengths of the RADS51 filaments (the
relatively long one shown in Fig. 1B is about 0.6 wm long) eliminates the flow-induced stretching of
long (2 to 3 wm) RecA filaments that can be observed in ice (75). The 23 A pitch of tobacco mosaic
virus, coprepared with both RAD51 and RecA, was used to determine the absolute scale. The data

in (C) are from Yu and Egelman (73).
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of DNA has been directly measured for the
RecA-DNA complex (12).

A three-dimensional reconstruction of
the RAD51-ATP-dsDNA complex (Fig.
4A) shows that when the filaments are
formed under conditions similar to those
used for the RecA reconstruction (13) (Fig.
4B), filaments of RAD51 and RecA are
quite similar. A comparison of the two
suggests that the RADS51 filament is less
regular than the flexible RecA filament. A
comparison of layer line data suggests that
the resolution of the RAD51 reconstruction
is lower than that of the comparable RecA
reconstruction. Because a crystal structure
exists for the RecA protein (14), the low-
resolution reconstruction of the RAD51 pro-
tein was directly related to an atomic model

-for RecA. Several factors were considered in

this comparison, however. A comparison
between the active, 95 A pitch RecA-DNA-
ATP filament and the 83 A pitch RecA
crystal structure (14) was complicated be-
cause the RecA crystal structure contains no
DNA and no nucleotide. As a result, RecA
within the crystal appears to be similar in
structure to the inactive, 75 A pitch RecA
filament formed with or without DNA in the
absence of a nucleotide cofactor (15).

The RecA filament has a deep helical
groove with subunits arranged so that one side
of the groove is relatively smooth, whereas
subunits protrude into the groove on the other
side in a pendulous manner. Much larger
subunit lobes are present in the crystal struc-
ture than in an averaged RecA data set, but
an early reconstruction from a single RecA
filament (16) displays larger subunit lobes
more similar to those of the crystal. A likely
explanation is that these lobes may be quite
disordered in RecA and thus are not visualized
after extensive averaging.

The RAD51 filaments appear less regular
than the RecA filaments, and the lobes of
the RAD51 subunits are even less visible.
However, the main lobe seen in the RecA
crystal arises from residues 270 to 328,
whereas the RADS51 protein terminates at
approximately residue 266 of RecA when it
is aligned against the RecA sequence (6).
After truncation at residue 266, the match
of the RecA crystal structure to the RAD51
reconstruction was greatly improved (Fig. 4,
D and H). Thus, the failure to see lobes in
RAD51 reflects a genuine structural differ-
ence with RecA and not disorder. The
DMCI1 protein of yeast (17), which is ho-
mologous to both RecA and RAD51, is also
terminated at about residue 266 of RecA
when aligned against the RecA sequence:
Although RADS51 has approximately 120
additional NH,-terminal residues not pre-
sent in RecA, it does not show any addition-
al density regions in the reconstruction that
are not present in RecA. We can eliminate
the possibility that this region is proteolyti-
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Fig. 4. A three-dimen-
sional reconstruction of
the RAD51-ATP-dsDNA
filament (A and E) and,
for comparison, a RecA-
ATP-dsDNA reconstruc-
tion (13) (B and F); Low-
resolution renderings of
the RecA crystal (14) (C,
D, G, and H). Surface
views are shown in (A) to
(D), whereas contour
plots of cross sections,
cut perpendicular to the
filament axis, are shown
in (E) to (H). The cross
sections are from axial
levels of 0, 5, and 10 A
within the filament, and
the helical axis is marked
by a cross in each of the
sections. The RAD51 fila-
ments were prepared on
linear dsDNA and nega-
tively stained (29) and
reconstructed as de-
scribed (33). The RecA
reconstruction (B) is
shown with the 3’ end at
the bottom (34), and the
RAD51 reconstruction is
shown oriented with the
polarity that gives the

best agreement with the RecA reconstruction. The main difference seen in the surface views is the
additional mass attributable to the “lobes” of the subunit, which protrude into the helical groove and
which can be seen in the RecA reconstruction [arrow in (B) and (F)] but not in the RAD51
reconstruction. The 83 A pitch RecA crystal filament is shown in (C) and (G), whereas a truncated
version, missing all COOH-terminal residues beyond residue 266, is shown in (D) and (H). The arrow
in (C) and (G) indicates the outer lobe generated by RecA residues 266 through 328 in the crystal
structure. The RAD51 protein terminates at residue 266 of the RecA sequence when the two protein
sequences are aligned (6); the match of the RecA crystal structure to RAD51 is greatly improved with
the elimination of the RecA outer lobe. The scale bar in (E) is 40 A.

cally cleaved because gels run both before
and after polymerization are consistent with
the 43-kD molecular size. Thus, the helical-
ly averaged reconstruction of RAD51 shows
the more rigid helical core that exists in
common with RecA, whereas part of the
protein (the NH,-terminus) may exist as a
highly flexible domain and is not visualized
after helical averaging.

The function of the COOH-terminal
residues that are present in RecA but absent
in RAD51 and DMCI1 is not entirely clear.
Story et al. (14) have suggested that a part
of this COOH-terminus in RecA is in-
volved in filament-filament interactions
within the cell that maintain RecA in an
inactive storage form. Although basal levels
of RecA must exist in the cell before SOS
induction in order to cleave the LexA
repressor, there is no evidence for any
corresponding role for RAD51. In vitro
studies have shown that RecA proteins
missing the COOH-terminal 20 to 45 resi-
dues are still capable of initiating strand-
exchange reactions and stimulating LexA
repressor cleavage (18-20). A structural
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study suggests that the removal of 18 resi-
dues from the RecA COOH-terminus re-
sults in a conformational change visible at
low resolution (21). In addition, truncated
RecA genes ending between residues 203 to
290 suppress in vivo recombination when
expressed in cells that contain the wild-type
RecA, most likely by forming mixed poly-
mers (22-24). These truncated genes are
also unable to confer ultraviolet resistance
to recA~ bacteria, whereas truncations at
residues 327 (23) or 335 (24) are able to
confer such resistance.

The similar helical structures formed by
the RAD51 and RecA proteins suggests
that structure has been conserved more
strongly than sequence in these prokaryotic
and eukaryotic recombination proteins.
The unusual structure of the DNA induced
by both proteins and its role in homologous
recognition and strand exchange should be
examined. We recently determined that
the UvsX protein of bacteriophage T4,
which is even less homologous to RecA
than is RAD51 (25), also induces this same
DNA structure (26). The induction of a
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similar DNA conformation, with a 5.1 A
rise per base pair and a 92 to 99 A pitch, by
all three of these proteins may not be
epiphenomenal but may be a strong force in
the conservation of this fundamental nucle-
oprotein structure. The recent finding of
RADS51 homologs expressed in chicken
(35) and in mouse and human cells (36)
provides further evidence for the universal-
ity of this structure across all of biology.
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Antibody-Catalyzed Degradation of Cocaine

Donald W. Landry,* Kang Zhao,T Ginger X.-Q. Yang,
Michael Glickman, Taxiarchis M. Georgiadis

Immunization with a phosphonate monoester transition-state analog of cocaine provided
monoclonal antibodies capable of catalyzing the hydrolysis of the cocaine benzoyl ester
group. An assay for the degradation of radiolabeled cocaine identified active enzymes.
Benzoyl esterolysis yields ecgonine methyl ester and benzoic acid, fragments devoid of
cocaine’s stimulant activity. Passive immunization with such an artificial enzyme could
provide a treatment for dependence by biunting reinforcement.

Addiction to cocaine afflicts Western pop-
ulations in epidemic proportions, and the
exceptional reinforcing effect of cocaine ren-
ders abuse of this stimulant most resistant to
treatment (I). Cocaine reinforces self-ad-
ministration in relation to the peak serum
concentration of the drug, the rate of rise to
the peak, and the degree of change of the
serum level (2). The drug rapidly partitions
from serum into the central nervous system
(CNS) and binds specifically to reuptake
carriers for several monoamine neurotrans-
mitters (3). The function of these presynap-
tic transporters appears to be the inactiva-
tion of released neurotransmitter (4). The
receptor that mediates the reinforcing effect
of cocaine corresponds to its binding site for
competitive inhibition of dopamine reuptake
(5). This reuptake inhibition is hypothesized
to potentiate dopaminergic neurotransmis-
sion in mesolimbocortical pathways and ulti-
mately result in reinforcement (6). Direct
antagonists of cocaine-induced reinforcement
do not exist currently, and agents that pro-
mote abstinence, such as desipramine, have
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an induction period of several weeks (7).
As an alternative to therapeutic ap-
proaches that are based on the pharmacol-
ogy of the cocaine receptor, the delivery of
cocaine to its receptor could’be interrupted.
Antibodies against opiates were found to
antagonize the reinforcing effect of heroin
in a paradigm of drug self-administration in
a rhesus monkey (8). However, although
successful in extinguishing heroin self-ad-
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ministration at low doses of heroin, these
antibodies failed for repetitive high doses
because of the depletion of circulating an-
tibody by complex formation.

The recent development of catalytic anti-
bodies (9) provides a potential solution to the
problem of antibody depletion. Immunization
with a stable analog of the evanescent transi-
tion-state structure of a chemical reaction can
yield monoclonal antibodies with the capacity
to catalyze the modeled reaction (10). A

_ catalytic antibody could bind the target sub-

strate, catalyze a deactivating transformation,
and release the inactive products, and the
antibody would be free for further binding.
Of all the commonly abused substances,
cocaine is the best candidate for the catalytic-
antibody approach. Hydrolysis of cocaine’s

"benzoyl ester by a catalytic antibody would

yield ecgonine methyl ester and benzoic acid,
fragments that retain none of cocaine’s stim-
ulant or reinforcing activities (11). Antibod-
ies with esterase activity approaching that of
natural enzymes have been reported (10, 12),
and cocaine’s benzoyl ester side group, with its
large hydrophobic surface, is particularly suit-
ed to elicit antibodies with strong binding and
catalytic activity.

The transition state of the benzoyl ester
cleavage reaction probably resembles the tet-
rahedral intermediate of second-order ester
hydrolysis (13) and can be stably mimicked in
terms of geometry and charge distribution by a
suitably designed phosphonate monoester (9,
14) (Fig. 1). Transition-state analogs based
on the phosphonate monoester functional
group have yielded artificial esterases with the
highest activities (10, 12); but these analogs
can idiosyncratically fail to elicit catalytically
active antibodies, and so the rules for analog
construction must be empirically defined
(15). Recently, investigators have described
strategies to increase.the frequency of obtain-
ing enzymatic antibodies, such as the “bait
and switch” (16) and substrate-attenuation
(15) techniques. However, these approaches

He-N Q-ocn,  §OH
B NS

Ecgonine Benzoic
methyl ester acid

1a R = tether carrier
1b R=CH,

Fig. 1. Hydrolysis of the benzoyl ester of cocaine. Presumed tetrahedral intermediate formed along
the reaction pathway is shown in brackets. General structure of a phosphonate monoester analog
of the benzoyl ester is pictured immediately below the intermediate. The R substituent for 1a is the

tether depicted in Fig. 2.
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