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The Escherichia coli RecA protein has been a model for understanding
homologous eukaryotic recombination proteins such as Rad51. The active
form of both RecA and Rad51 appear to be helical filaments polymerized
on DNA, in which an unusual helical structure is induced in the DNA.
Surprisingly, the human meiosis-specific homolog of RecA, Dmcl, has
thus far only been observed to bind DNA as an octameric ring. Sequence
analysis and biochemical studies have shown that archaeal RadA pro-
teins are more closely related to Rad51 and Dmcl than the bacterial
RecA proteins. We find that the Sulfolobus solfataricus RadA protein binds
DNA in the absence of nucleotide cofactor as an octameric ring and in
the presence of ATP as a helical filament. Since it is likely that RadA is
closely related to a common ancestral protein of both Rad51 and Dmcl,
the two DNA-binding forms of RadA may provide insight into the diver-
gence that has taken place between Rad51 and Dmcl.
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Introduction

Homologous genetic recombination is the pro-
cess wherein two similar DNA molecules exchange
stretches of sequence. This process is important to
the generation of genetic diversity, but is also an
important mechanism for the repair of DNA and
the maintenance of genome stability. Much of our
detailed knowledge about protein-mediated recom-
bination has come from studies of the Escherichia
coli RecA protein.' In response to massive DNA
damage, RecA can be one of the most abundant
proteins present in the cell. In vitro, RecA can cata-
lyze a strand exchange reaction between homolo-
gous DNA molecules.*? The active form of RecA is
believed to be an unsual nucleoprotein filament, in
which the DNA is stretched by ~50%* and
untwisted to ~18.6 base-pairs per turn, 1
in a change of the pitch of DNA from ~36 A in
B-form to ~ 95 A in the complex with RecA.

The eukaryotic Rad51 proteins are homologs of
RecA. While bacterial recA and yeast RAD51 are

not essential genes (although loss of recA function
results in a large percentage of inviable cells), it
has been shown that RAD51 knockouts are lethal
in both chicken and mammalian cell lines.®"® The
yeast’ and human'®"" Rad51 proteins form helical
filaments on DNA that are very similar in helical
parameters to the RecA filaments. Dmcl is another
eukaryotic RecA homolog but, unlike Rad51, Dmcl
expression is meiosis-specific.'> It was expected
that Dmcl would also bind DNA as a helical fila-
ment, but thus far has only been observed in vitro
to bind DNA as octameric rings.'***

With the identification of the RadA proteins in
Archaea,' it has become clear that RecA-like pro-
teins exist in all three phylogenetic domains of life.
However, the RadA proteins are more similar to
the Rad51 proteins (~40% identity at the amino
acid level) than they are to the RecA proteins
(~20% amino acid residue identity)'” suggesting
that the RadA proteins may provide an even better
model for understanding human Rad51 and Dmcl
than does RecA. It has been shown that RadA
protein is capable of catalyzing in vitro

> resulting
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strand exchange reactions in a similar manner to
Rad51'*~*® and that it forms a nucleoprotein
filament on DNA.'®

We have used electron microscopy and image
analysis to characterize the archaeal Sulfolobus sofa-
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taricus RadA protein. We find that the protein
exists in two different oligomeric states, octameric
rings and helical filaments, and that it can bind
DNA in both forms. This provides some insight
into how the filamentous Rad51 and octameric
Dmcl forms might have diverged from a common
ancestor.

Results

RadA exists as rings and helical filaments

In the absence of DNA and nucleotide cofactor,
RadA protein is observed to exist mainly as ring
structures (Figure 1(a)). Although it is difficult to
quantify the relative abundance of different oligo-
meric species in the electron microscope, most of
the protein appears to exist in this ring state. Some
of the rings show a clear stain-filled central chan-
nel, while others appear more spherical. The differ-
ences in the appearance of the rings can be due to
different orientations of the rings on the grid, and
this random orientation can be utilized for three-
dimensional reconstructions (see below). In the
presence of DNA and the absence of nucleotide
cofactor, rings of RadA can be seen bound to
single-stranded (ss)DNA (Figure 1(c)). Similar
stacks of RadA rings were observed on double-
stranded (ds)DNA. The binding of the rings to
DNA occurred after incubations at either 37 °C or

65°C. The nearly coaxial arrangement of these
rings strongly suggests that DNA is bound within
the central channel, as was shown for rings of the
hexameric phage T7 gp4 helicase bound along
ssDNA," rings of hexameric RuvB bound to
dsDNA? and octameric rings of human Dmcl
bound along dsDNA." In contrast, rings of DNA-
binding proteins that do not stack coaxially on
DNA, such as Rad52,?! the f protein from bacterio-
phage 2,% or the bacteriophage P22 erf protein
(Y.Y., Chen, Poteete and E.H.E., unpublished
results) appear to bind DNA on the outside of the
rings.

In the presence of DNA and an ATP analog,
helical filaments of RadA were observed on DNA
(Figure 1(b) and (d)). The formation of these helical
filaments required DNA, as RadA protein in the
presence of either ADP or ATP but the absence of
DNA existed mainly in the ring form. The appear-
ance of the filaments that were formed depended
upon both temperature and the nucleotide cofac-
tor, and the pitch within individual filaments
could range from more than 100 A (which we call
extended) to less than 70 A (which we call com-
pressed). After incubations at either 37 °C or 65°C
with ATPYS used as an ATP analog (Figure 1(d)),
the filaments formed on both ssDNA and dsDNA
were quite compressed with respect to the helical
pitch. An average of 5274 segments of such RadA-
ATPyS-dsDNA filaments (Figure 1(d), inset)

Figure 1. Electron micrographs
of three states of the RadA protein:
(a) rings in the absence of DNA
and nucleotide cofactor;  (b)
extended helical filaments on
dsDNA in the presence of ATP and
aluminum fluoride; (c) rings bound
to circular ssDNA molecules in the
absence of nucleotide cofactor; and
(d) compressed helical filaments on
dsDNA in the presence of ATPyS.
The arrow in (a) indicates a ring
that is oriented on the grid so that
the 8-fold axis is approximately
perpendicular to the plane of pro-
jection. A stain-filled central chan-
nel can be seen. Insets show
averages of these different states.
The inset in (a) is from 14,035
images of rings, the inset in (c) is
from 2083 images of rings on DNA
(each image containing ~three
rings), the inset in (b) is from 1924
helical segments selected as having
a pitch near 100 A, and the inset in
(d) is from 5274 helical segments.
A comparison between the stacked
rings (c) and the compressed fila-
ments (d) shows that they are
readily distinguished. The scale bar
represents 1000 A.
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showed a helical pitch of ~75 A, and these seg-
ments could be sorted into subsets with pitch
values from 65 to 80 A. Due to the Rad A-catalyzed
hydrolysis of ATP, we would not expect that ATP
itself would be useful for structural studies. In fact,
after incubations with ATP and DNA no extended
filaments were seen, and the helical pitch was
quite compressed. The filaments formed on ssDNA
after incubations at 65°C using AMP-PNP, Br-ATP
or ADP were also quite compressed. Using alumi-
num fluoride to stabilize ATP filaments in either
an ATP or ADP-P; state (by forming a stable ADP-
aluminium fluoride complex following ATP
hydrolysis), both compressed and extended fila-
ments were seen on ssDNA after incubations at
either 65°C or 80°C. With ATP, aluminum fluoride
and dsDNA, on the other hand, only extended fila-
ments were seen after incubations at either 65°C or
80°C (Figure 1(b)).

Three-dimensional reconstruction of rings

Single-particle image analysis® was used to
further examine the structure of the rings in the
absence of DNA. A global average of 14,035 ring
images (Figure 2(a)) strongly suggests an octameric
organization of the protein, but is problematic due
to the fact that many different orientations of the
ring are being averaged together. We have there-
fore used a three-dimensional reconstruction of the
human Dmcl octameric ring'® as a starting point
for sorting the images into groups based upon
their common orientation. Averages (Figure 2(b)
and (c)) from subsets of images selected as having
a more homogeneous orientation show the 8-fold
symmetry of these rings even more clearly, and no
imposition of such symmetry has been made in
generating these averages. An iterative approach
was used to generate projections of a three-dimen-
sional volume to use for the classification of the
images by multi-reference alignment, with back
projection from the aligned images generating a
new three-dimensional volume.** The final three-
dimensional reconstruction (Figure 2(d) and (e))
was generated using 12,600 images, rejecting those
that displayed a poor correlation with the reference
projections. The iterative method was found to
be stable for ~15 additional cycles, before the
structure began to diverge due to increasing
misalignments.

A concern reasonably exists that the starting
model (Dmcl) might have biased the outcome of
the entire process. First, the correctness of the sol-
ution can be seen by the fact that class averages of
images generated independently of the reconstruc-
tion process look nearly identical to corresponding
projections of the three-dimensional reconstruction
(data not shown). Second, the structure shown
(Figure 2(d) and (e)) looks significantly different
from the starting Dmc1 ring. Third, the resolution
of the RadA reconstruction is judged to be ~16 A,
significantly better than the resolution of the start-
ing Dmcl octamer. If artifacts existed due to the

Figure 2. Octameric ring of RadA in the absence of
DNA. A reference-free average ** of all 14,035 images is
shown in (a). This average is complicated by the fact
that projections of particles having many different orien-
tations in three dimensions are being averaged together.
Nevertheless, eight subunits can easily be seen. The 8-
fold symmetry of the ring becomes much clearer if rings
with only limited tilts of the 8-fold axis from normal to
the plane of projection are averaged together. Using the
assignments of angles generated by the iterative align-
ment of the images against projections of the 3D recon-
struction, 5823 images were found to correspond to
rings which had tilts of the symmetry axis away from
the normal to the plane of projection by <40°. These
images were aligned by the reference-free method, and
their average, with a clear 8-fold symmetry, is shown in
(b). This average still contains images of rings with sig-
nificantly different tilt angles, so a reference-free average
of 752 images corresponding to projections of rings
tilted by 20° is shown in (c). Two views are shown ((d)
and (e)) of the surface of a three-dimensional reconstruc-
tion of the RadA ring, generated from images of 12,600
particles. The atomic structure of the homologous
human Rad51 N-terminal domain® has been inserted
into one of the lobes of the RadA subunit in (d), show-
ing that this feature is the appropriate size and shape to
be due to the N-terminal domain of RadA.
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fact that the starting model imposed a bias, we
would expect that the final resolution would be
worse, and not better, than the starting model.

The ring reconstruction is ~140 A in diameter
and 80 A in _height, with a large central channel
that is ~50 A in diameter at its narrowest point.
The reconstruction of the ring displays a domain
structure for the protein subunit, with a relatively
globular central core, and two unequal protrusions
at opposite ends of the core. It has been shown
that the N-terminal extensions (missing in the bac-
terial RecA proteins) in RadA and human Rad51
are quite homologous.'>*>?** We have therefore
tried to dock a structure of the N-terminal domain
of the human Rad51 protein® into the ring recon-
struction. It can be seen (Figure 2(d)) that the fit is
very good when the N-terminal domain is docked
into the larger of the two projections. We cannot
exclude the possibility that the N-terminal domain
is actually part of the globular core. However, the
fact that the N-terminal regions of both the human
Rad51 protein® and the archaeal Pyrococcus furio-
sus RadA protein®® have been shown to be inde-
pendently folding domains suggests that it is more
likely that they will be seen as protrusions than as
part of the globular core. In addition, the fact that
DNA binds to this lobe (below) is consistent with
the observation that the homologous N-terminal
domain of the human Rad51 protein binds DNA.*

Reconstruction of rings on DNA

We have used the reconstruction of the RadA
ring in the absence of DNA (Figure 2(d)) as a start-
ing model for reconstructing the rings bound to
circular ssDNA. Images from 12,912 such rings
were used but, unlike the rings in the absence of
DNA, the imposition of symmetry is problematic.
Since subunits in the ring are identical and related
by an 8-fold symmetry, the binding of DNA must
break the symmetry of the ring as all subunits can-
not bind the DNA equivalently. In fact, the sim-
plest model is that only one subunit of the eight is
binding DNA, as described for the T7 gp4 hexam-

er.®® Imposition of 8-fold symmetry generated a
reconstruction with a density in the central channel
along the symmetry axis (data not shown), consist-
ent with the location of the DNA in the central
channel. However, this imposition of symmetry
obscured completely the binding of DNA to an
individual subunit or subunits. We therefore gener-
ated a reconstruction treating the ring as a comple-
tely asymmetric object. This greatly lowered the
signal-to-noise ratio, and as a result the process
began to diverge after approximately four cycles,
rather than after approximately 15 cycles when
symmetry was used for the rings in the absence of
DNA. The reconstruction generated after the fourth
cycle of this procedure (Figure 3) shows density in
the central channel that is offset from the sym-
metry axis. The simplest interpretation of this
additional density is that it is due to the DNA.
Most importantly, two points of contact can be
seen between this density and the protein ring.
There is a strong contact with the globular core, as
well as with the domain emerging from the core
that we have suggested (Figure 2(d)) is the N-term-
inal domain.

Helical filaments on DNA

As noted above, large variations in the structure
of the filaments formed by RadA on DNA were
observed as a function of the nucleotide cofactor
used and the temperature of the incubation. We
have generated a number of reconstructions from
filaments formed during incubations at 65 °C in the
presence of ATP and aluminum fluoride. We think
that these reflect filament formation at a tempera-
ture close to physiological, and with a very good
analog for ATP. These filaments were thus formed
under similar conditions to those used by Seitz ef al.
in their observation of RadA filaments by atomic
force microscopy (AFM).'® Reconstructions of the
RadA helical filaments under these conditions
were still complicated by the large variability in
helical pitch. We sorted filament segments into
groups based upon cross-correlations with refer-

Figure 3. Three-dimensional reconstruction of the RadA ring bound to ssDNA (generated from 12,912 images),
shown in three different orientations. Due to the fact that no symmetry has been imposed upon this reconstruction, it
is considerably more noisy and less reliable than the reconstruction in Figure 2(d) and (e). Nevertheless, a clear den-
sity in the central channel (colored yellow) arises that must be due to the DNA, and this density is offset from the
axis of the ring. There are two strong regions of contact between this density and the protein ring (indicated by
arrows). One of these regions is the lobe that we have suggested is due to the N-terminal domain (Figure 2(d)) while

the other region is the globular core of the protein.
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ence filaments having a pitch from 85-110 A in 5 A
steps, and then used these subsets for helical recon-
structions with a new approach based upon real
space refinement of the helical geometry (iterative
helical real space reconstruction, or IHRSR).M
Reconstructions were generated from groups that
were initially sorted as having helical pitches close
to 95, 100, 105 or 110 A. These subsets contained
1516, 1924, 1742, and 2758 segments, respectively.
The actual pitches found for these four groups,
after ~200 cycles of iteration, were 100.3 A,
104.8 A (Figure 4(a)), 105.6 A and 109.6 A, respect-
ively. For comparison, the average pitch reported
by AFM measurements was 109(x19) A."® The
“twist” of these subsets, as measured by the num-
ber of subunits per turn, was much less variable,
and was about 6.6 subunits/turn for each set
(actual values were 6.59. 6.55, 6.52 and 6.62,
respectively). The extended state of the human
Rad51 filament has ~6.4 subunits/turn, the yeast
Rad51 filament has ~6.3 subunits/turn, the bac-
teriophage T4 UvsX filament has ~6.2 subunits/
turn® and the E. coli RecA filament has ~6.2 sub-
units/turn.®® The reconstructions show that the
twist of the RadA filaments and the surface fea-
tures remain fairly constant as the pitch changes
by ~10 %.

Surprisingly, the RadA-ATP-aluminum fluoride
filament reconstructions (Figure 4(a)) do not dis-
play the prominent lobes, seen in the human
Radb51 filaments (Figure 4(c) and (d)), that we have
interpreted as due to the N-terminal domain.*
This is surprising not just because this domain is
homologous between the two proteins, but because
the octameric RadA ring (Figures 2 and 3) displays
prominent smaller lobes into which the human
Rad51 N-terminal domain can be docked

a b

(Figure 2(d)). In contrast, reconstructions from the
compressed RadA-ATPyS filaments do show these
lobes. A reconstruction from segments selected as
having a helical pitch near 70 A is shown in
Figure 4(b). This reconstruction was generated
from 1019 segments, and the average pitch was
found to be 71.4 A with 6.30 units/turn after 100
cycles of IHRSR. The best fit between the extended
RadA filament and the compressed RadA filament
is shown in Figure 5. It can be seen that even
though the helical parameters are incommensurate,
a single subunit can be matched quite well with
the exception of the pendulous lobes that are seen
in the compressed state (blue arrow, Figure 5).

We have considered four possible explanations
for the failure to see this putative N-terminal lobe
in the extended RadA helical filaments. One is that
through some form of proteolysis, this domain is
removed during or after filament formation. Gel
electrophoresis of the protein, either before or after
filament formation, does not show any appreciable
proteolysis (data not shown), so this explanation
can be completely excluded. Another possibility is
that the subunit undergoes a major conformational
change, such that the N-terminal domain is no
longer seen at low resolution as a discrete domain,
as it is seen in both the RadA ring and the com-
pressed RadA filament formed on DNA. A third
possibility is that the packing of subunits is quite
different in the extended RadA filament than it is
in the compressed RadA filament, the extended
human Rad51 filament, and the compressed
human Rad51 filament, so that the N-terminal
domain is no longer a protruding lobe in the
extended RadA filament. The fourth possibility is
that this domain is extremely disordered in the
extended state, so it is not visualized in the recon-

Figure 4. A comparison between (a) and (b) two states of the RadA-DNA filament and (c) and (d) two states of the
human Rad51-DNA filament."* The extended filaments in (a) and (c) were formed in the presence of ATP and alumi-
num fluoride, while the compressed filaments in (b) and (d) were prepared in the presence of ATPyS. The best fit
(Figure 5) of this (a) extended filament to the (b) compressed state is with the polarity shown. The arrows in (b), (c)
and (d) indicate the subunit lobes that have been interpreted as being due to the N-terminal domain.'* In contrast,
these lobes are not visualized in the extended RadA filament, and the arrow (a) indicates where this domain would
be located based upon the alignment with the compressed filament in (b).
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Figure 5. A superposition of the compressed RadA-
DNA-ATPYS filament (continuous grey surface) and the
extended RadA-DNA-ATP-aluminum fluoride filament
(red mesh surface). The region of one subunit has been
made transparent in the compressed filament surface,
showing that the helical “backbone” of both filaments,
containing a globular core region, superimposes very
well. In contrast, the pendulous lobes are not seen in the
extended filament. The simplest interpretation is that
these subunit lobes (blue arrow) are not seen in the
extended state due to either a large mobility of this com-
pact domain or an unfolding of this region.

structions. If this last possibility is correct, one
should be able to superimpose the extended and
compressed RadA reconstructions, and the differ-
ence should be almost entirely limited to the
additional N-terminal lobe. Such a superposition is
shown in Figure 5, and it can be seen that the main
difference is due to this protruding lobe.
Additional considerations (discussed below) from
observations of both human and yeast Rad51 fila-
ments suggest that a large mobility or disorder in
the N-terminal domain is the most reasonable
explanation for the failure to see this lobe in the
extended RadA filaments. However, alternative
possibilities can still not be excluded.

Discussion

We have shown that an archaeal RadA protein
exists in two different oligomeric states, octameric
rings and helical filaments, and that it binds DNA

in both states. The helical RadA nucleoprotein fila-
ment formed on DNA in the presence of ATP ana-
logs is similar to the filaments formed by E. coli
RecA, bacteriophage T4 UvsX,*! and the eukaryotic
Rad51 proteins. Rings of both E. coli RecA* and
human Rad51%® have been described, and we have
shown that these rings are hexameric for Thermo-
philus aquaticus RecA** and octameric for human
Rad51 (X.Y. and E.H.E., unpublished results). But
no binding of RecA or Rad51 rings to DNA has
been observed. In contrast, it has been shown that
octameric rings of human Dmcl bind DNA,'* and
no helical filaments have been observed thus far
for Dmcl. Since the archaeal RadA proteins have
been postulated to be orthologous to the common
ancestor of Rad51 and Dmcl," it is tempting to
speculate that two functional forms of RadA, the
helical filament and the octameric ring, differen-
tiated over evolution into two distinctly different
proteins, helical Rad51 and octameric Dmc1. Great-
er insight into this possibility will come from
understanding the different functional roles of the
two RadA oligomeric states.

Like RecA,*” human Rad51'* and bacteriophage
T4 UvsX* proteins, the RadA helical filaments
exists in two different states, “‘compressed” and
“extended”. We have shown for these other pro-
teins that the two states are structurally distinct,
even though the helical pitch in these two states
can actually overlap for the RecA protein.'* Thus,
the distinction is more than just helical pitch. All
evidence suggests that the compressed filament is
the ADP state, the extended filament is the ATP
state, and the active presynaptic filament in recom-
bination reactions is the extended ATP filament.
We have found that, like UvsX and human Rad51,
the two helical states of RadA do not overlap in
pitch and are therefore easily distinguishable. In
addition, the compressed filaments (formed on
DNA in the presence of ATPYS) are easily distin-
guished from the stacks of rings that form on DNA
in the absence of nucleotide cofactor. This is in part
due to the fact that there are eight subunits in each
ring, while the filaments have ~six subunits per
helical turn, and provides a further argument that
there is unlikely to be a simple transition between
the rings formed by the RecA-like proteins and the
filaments.3* In the case of human Dmcl, the stacks
of rings formed by this protein could never inter-
convert into polar helical filaments, since the stacks
contain rings of alternating polarity.’* Such a situ-
ation is similar to the stacked disk aggregate of
tobacco mosaic virus, where it has been shown
that these structures are bipolar and therefore can-
not interconvert to the helical form where all sub-
units have the same polarity.>*%”

The slowly hydrolyzable ATP analog ATPYS
does not induce the extended filamentous state of
RadA, as it does for RecA. This is consistent with
the fact that in the presence of ATPYS, RadA pro-
tein does not promote DNA strand exchange
in vitro (EM.S. and S.C.K., unpublished results),
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but this ATP analog does allow for strand
exchange with the RecA protein.?

We have been surprised to find that the
extended RadA filaments differ significantly in
appearance from the human Rad51 filaments,
despite overall sequence similarity. The main
difference is that the prominent lobes seen in
hRad51 filaments are not seen in the extended
RadA filaments, even though both rings of RadA
and compressed filaments of RadA show these
lobes. Several possibilities were considered to
explain this difference. We have been able to elim-
inate the possibility of proteolytic removal of these
lobes during or after filament formation. The sim-
plest remaining explanation is that the N-terminal
domain in RadA is extremely disordered in the
extended helical filaments, and thus not visualized
after extensive averaging. This possibility is con-
sistent with the fact that the highly homologous N-
terminal region of hRad51 has been shown to exist
as an independently folding domain in solution,*
and thus might be connected by a flexible linker
region in RadA to the conserved core that forms
the helical backbone. The disordered N-terminal
hypothesis is also consistent with the fact that the
backbones of the extended and compressed RadA
filaments superimpose very well (Figure 5).

A comparison between the compressed and
extended human Rad51 filaments showed that the
main change involved a large shift of the putative
N-terminal domain.'* The difference between the
compressed and extended RadA filaments, on the
other hand, involves the “disappearance” of this
same lobe. Thus, in human Rad51 the difference
between the two filament states involves a shift of
this domain, while in RadA it may involve a desta-
bilization of this domain. Another protein that
polymerizes, bacterial flagellin, has been shown to
contain both N and C-terminal domains that are
largely disordered in solution,®*° suggesting that
it may be difficult to distinguish between unfold-
ing of a domain and large mobility of a domain
when this domain is not visualized by structural
methods.

While the core structures of Dmcl and UvsX
have been predicted to be similar to that of RecA,*
we have little detailed structural information about
the quaternary structure of RecA-like recombina-
tion filaments. The only high-resolution infor-
mation came from the helical filament seen in an
E. coli RecA crystal in the absence of ATP and
DNA.*2 Electron microscopic and biochemical
studies have suggested that there are large con-
formational changes that occur between RecA
self-polymers and RecA-DNA-ATP filaments, but
that the subunit-subunit interface may be relatively
conserved between the two forms.'*#*%34% The
more recent crystal structure of Mycobacterium
tuberculosis RecA in the presence of an ATP analog
shows a highly conserved subunit-subunit interface
in comparison with the E. coli structure, which is
not surprising given the 62% identity between
these proteins.

However, several lines of additional evidence
suggest that the packing of subunits is not con-
served between the RecA/UvsX filaments, on the
one hand, and the RadA/Rad51 filaments, on the
other hand. When the crystal structure of the RecA
subunit is fit into the hRad51-DNA filament, a
different subunit-subunit interface from that found
in the RecA filament is predicted; when the same
RecA crystal structure is fit into UvsX-DNA fila-
ments, the same subunit-subunit interface that is
seen in RecA is predicted.”” It was noted that the
blocks of sequence similarity between RecA and
the Rad proteins (RadA and Rad51) on the one
hand, and between RecA and UvsX, on the other
hand, are totally disjoint, and involve no overlap.*®
Remarkably, these blocks involve the predicted
subunit-subunit interfaces in both UvsX and
Rad51.%

A different packing raises questions. The same
unusual DNA structure induced by the RecA,
UvsX and Rad51 helical filaments gave rise to the
suggestion that the conservation of this DNA form
was the main force in evolution to constrain the
divergence of the quaternary protein organization.’
This would explain why the helical parameters of
the bacterial RecA filament (~6.2 subunits per turn
of a 92 A pitch helix) are similar to those of the
human Rad51 protein (~6.4 subunits per turn of a
99 A pitch helix), if the role of both filaments was
to induce a similar structure in DNA. But a differ-
ent packing of subunits between RecA and UvsX
on the one hand, and RadA and Rad51 on the
other, would raise an alternate and opposite possi-
bility: the helical parameters of the recombination
filaments have been conserved due to an intrinsic
structural property of DNA, in which a helical
pitch of ~95 A with ~18 base-pairs per turn is
favored. An aspect of this model, that RecA binds
to a stretched state of DNA that spontaneously
occurs by thermal fluctuations, has been
proposed.”® A prediction of such a model is that
there would exist a coupling between the helical
pitch and twist of such protein-DNA filaments
over evolution that would be due to the intrinsic
properties of this unusual DNA conformation. The
extended RadA filaments have the longest average
pitch (~105 A) of any of the RecA-like filaments
thus far examined. Interestingly, they also have
more subunits per turn (~6.6) than in the filaments
formed by any of the orthologous proteins. This
suggests a coupling between these two parameters,
and an analysis of these parameters from RadA,
RecA, Rad51 and UvsX extended filaments shows
that such a coupling does exist.*” In this new view,
the higher-order assembly of similar helical fila-
ments by RadA, Rad51, UvsX and RecA proteins
may likely be the result of convergent evolution,
even though the subunits diverged from a com-
mon ancestor. Higher-resolution structural studies
of UvsX, Rad51, RadA and RecA filaments will be
essential for exploring this possibility.
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Materials and Methods

Formation of complexes

RadA protein was prepared as described.'® RadA
rings were observed after incubating 2 pM RadA in
25 mM triethanolamine-HCI (Fisher) buffer (pH 7.2) with
2mM magnesium acetate (Sigma) at 37°C for
15 minutes. RadA-ssDNA ring complexes were formed
with a RadA concentration of 4 uM in 25 mM triethanol-
amine-HCl (Fisher) buffer (pH 7.2) and 2 mM mag-
nesium acetate (Sigma) and incubated at 65°C for
15 minutes, with RadA to M13 DNA (Sigma) ratio of
40:1 (w/w). RadA-dsDNA-ATPYS filaments were formed
by incubating 4 uM RadA in 25 mM triethanolamine-
HCl (Fisher) buffer (pH 7.2) at 65°C for 20 minutes, with
a RadA to linearized $X174 dsDNA (Sigma) ratio of 20:1
(w/w), 2.5 mM ATPYS (Roche Diagnostics), and 2 mM
magnesium  acetate  (Sigma). RadA-dsDNA-ATP-
aluminum fluoride filaments were formed with a RadA
concentration of 4 uM in 25 mM triethanolamine-HCI
(Fisher) buffer (pH 7.2), 2.5 mM ATP (Sigma), and 2 mM
magnesium acetate (Sigma), and incubated at 65°C for
15 minutes, with a RadA to linearized $X174 dsDNA
(Gibco BRL) ratio of 20:1 (w/w). Then NaF (Aldrich)
and AI(NO;); (Aldrich) were added to a final concen-
tration of 2.5mM and incubated at 65°C for an
additional 15 minutes. Circlular $X174 dsDNA was line-
arized as described.?®

Electron microscopy and image analysis

Samples were applied to carbon-coated grids and
negatively stained with 1% (w/v) uranyl acetate. Speci-
mens were examined in a Philips Tecnai 12 electron
microscope at an accelerating voltage of 80 keV and a
nominal magnification of 30,000x. Negatives were densi-
tometered with a Leaf 45 scanner, using a raster of
3.9 A/pixel. The SPIDER software package® was used
for single particle image analysis. Helical reconstructions
were generated within this package using the method of
IHRSR." Resolution was determined by randomly divid-
ing the images into two equal sets, and generating two
independent reconstructions. The resolution was taken
as the point at which the coefficient of correlation
between shells in the Fourier transform fell below 0.5.
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