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ABSTRACT The Escherichia coli RecA
protein catalyzes homologous genetic
recombination by forming helical poly-
mers around DNA molecules. These
polymers have an ATPase activity,
which is essential for the movement of
strands between two DNA molecules.
One obstacle to structural studies of

ATPase results in a dynamical polymer
containing a mixture of states with
respect to the bound ATP and its
hydrolytic products. We have formed
flaments which are trapped in the
ADP-P; state by substituting AIF,~ for
the P, and have used these stable
flaments to generate a three-dimen-

micrographs. The resolution of the
reconstruction is sufficient to resolve
the 38-k RecA subunit into two nearly
equal domains. This reconstruction
provides the most detailed view yet of
the RecA protein, and serves as a
framework within which existing bio-
chemical data on RecA can be under-

the RecA filament has been that the sional

reconstruction from electron

stood.

INTRODUCTION

The Escherichia coli RecA protein is involved in general
genetic recombination, DNA repair and phage induction
in vivo. This protein has been used in vitro to mediate the
search for homology between different DNA molecules
and to promote a strand exchange reaction between
homologous DNA molecules (for reviews, see Howard-
Flanders et al., 1984; Cox and Lehman, 1987).

The activity of the RecA protein can be examined with
respect to both the strand exchange reaction (Howard-
Flanders et al., 1984) and the cleavage of the LexA
protein (Phizicky and Roberts, 1981), which is the repres-
sor of RecA and the SOS response. The SOS response
(Little and Mount, 1982; Walker, 1985) is mounted by E.
coli cells after extensive DNA damage, and involves the
induction of more than 17 genes, one of which is the RecA
gene. With these assays, it is found that the active form of
the RecA molecule is a polymeric complex containing the
RecA protein, a polynucleotide substrate, and a nucleo-
side triphosphate cofactor. This complex is helical, with
~6.18 RecA subunits per 954 pitch turn (DiCapua et al.,
1982; Egelman and Stasiak, 1988). The RecA ATPase
activity occurs throughout the helical filaments (Brenner
et al., 1987), and this means that filaments formed in the
presence of ATP are dynamic, with an ATPase turnover
of about 30/min (Cox and Lehman, 1987). Previous
structural studies of the RecA filament have therefore
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either depended upon fixation (Flory et al., 1984; Stasiak
et al., 1984) or employed the relatively nonhydrolyzable
ATP analogue, ATP-y-S, as a nucleoside triphosphate
cofactor (DiCapua et al., 1982; Egelman and Stasiak,
1986; Egelman and Stasiak, 1988). In the presence of
ATP-4-S, however, individual RecA filaments are still
characterized by a large degree of disorder, due to the
small flexural rigidity, the variations in the pitch of the
helix, and the variations in the twist of the helix (Egelman
and Stasiak, 1986; Egelman and Stasiak, 1988).

We report in this paper that a significant improvement
in the helical order of RecA filaments can be obtained by
inhibiting the RecA ATPase with aluminum fluoride.
The more ordered RecA filaments yield details about
RecA structure which were not previously obtainable.
These observations were motivated by two recent results.
Firstly, we have found that ATP-v-S is hydrolyzed at a
rate great enough (~1/30 min) to account for some
significant component of the large helical disorder seen in
RecA filaments in the electron microscope (Yu, X., and
E. H. Egelman, manuscript in preparation). It appeared
likely, therefore, that conditions which would completely
inhibit the RecA ATPase would lead to an improvement
in helical order. Secondly, Moreau and Carlier (1989)
have shown that aluminum fluoride inhibits the RecA
ATPase. They have reported that the complex of RecA-
ADP-AIF,” is active in cleaving the LexA protein, sug-
gesting both that AIF,™ acts as a structural analogue for
P;, and that the release of products is the key step in the
RecA ATPase cycle which allows the RecA protein to
switch to an inactive state.
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MATERIALS AND METHODS

RecA and DNA preparation

RecA was purified by the method of West et al. (1982), with an
additional polyspermidine precipitation, as described by Griffith and
Shores (1985). The purified RecA ran as a single band on an SDS-
PAGE Coomassie blue—stained gel.

Double-stranded, circular $X174 was a gift from Dr. Paul Howard-
Flanders. The DNA was linearized by restriction endonuclease Pst-I
(IBI), and ran as a single band on an agarose gel. The concentration of
the DNA was measured using an extinction coefficient A, of 1 for 50
pg/ml and a 1-cm pathlength.

Reactions of RecA and DNA were carried out at 37°C in 25 mM
triethanolamine-HCI buffer (pH 7.2). RecA concentration was 7 uM.
The RecA:double-stranded DNA ratio was equal to 40:1 (wt:wt) or a
1:3 molar ratio of RecA to total nucleotides. This is a twofold excess of
RecA, given that each RecA protomer binds three base pairs or six
nucleotides. ATP (Sigma Chemical Co., St. Louis, MO) concentration
was 2.5 mM. Aluminum nitrate and sodium fluoride (both from J. T.
Baker Chemical Co., Phillipsburg, NJ) were added to 2.5 mM.

Electron microscopy

Samples were prepared on carbon-coated copper grids which had been
glow discharged. After a sample was placed on the grid, excess solution
was removed by blotting with filter paper. Then the samples were
negatively stained with 2% uranyl acetate and viewed with a Zeiss 10C
electron microscope under an accelerating voltage of 80 kV. The
magnification was calibrated with tobacco mosaic virus particles, using
the 23-A pitch of the right-handed one-start helix as a standard.

Image analysis

Electron micrographs were scanned with a model 78/99 digital camera
(Eikonix Corp., Bedford, MA) interfaced to a VAX 3200 computer
(Digital Equipment Co., Maynard, MA). Fourier transforms and other
computations were accelerated with a Warrior array processor (Sky
Computers, Chelmsford, MA). The procedures used in the analysis of
filaments are as described in Egelman and Stasiak (1986, 1988).

The standard error of the mean at each pixel in an averaged map is:

i (B — Z pi; I8
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where pi’j is the density at point i,j in the kth map. The standard error at
every point in a difference map is then: o' = [(SEM}))? + (SEM})*]"2
The densities in the difference map of Fig. 11 are divided by the
standard error at every point in the difference map to show the
significance of features.

RESULTS

Moreau and Carlier (1989) have shown that the complex
of RecA-DNA-ADP-AIF, is active in cleaving the LexA
repressor molecule. We have used electron microscopy to
examine the form of this complex. An initial reaction
mixture of RecA (7 uM), double-stranded DNA (21 uM

in nucleotides), and ATP (2.5 mM) was incubated at
37°C for 5 min. Aluminum nitrate (2.5 mM) and sodium
fluoride (2.5 mM) were then added and further incubated
at 37°C for 15 min. Electron micrographs taken after this
time displayed the characteristic 95-A pitch filaments
(Fig. 1) that look indistinguishable from those prepared
with ATP-v-S or ATP (Egelman and Stasiak, 1986). A
control experiment was performed where aluminum
nitrate and sodium fluoride were not added, and the RecA
was incubated with DNA and ATP for a total time of 20
min. No filaments were observed in the electron micro-
scope, because the ATP pool would be almost completely
hydrolyzed by the RecA under these conditions.

We have found that the initial incubation with ATP
alone is essential for filament formation to occur. When
ATP (2.5 mM), aluminum nitrate (2.5 mM), and sodium
fluoride (2.5 mM) were added together initially, no
filaments were observed after a 20-min incubation. Simi-
larly, when ADP (2.5 mM), aluminum nitrate (2.5 mM),
and sodium fluoride (2.5 mM) were added together
initially, no filaments were observed after a 20-min
incubation.

Approximately S0 images of filament sections were
scanned, corrected for curvature (Egelman, 1986), and
Fourier transformed. The mean length for the sections
used was 2,178 A, with the minimum length of 1,560 A
and a maximum length of 2,838 A. From these filament
sections, 35 were found which displayed useable Fourier
transforms. Such Fourier transforms (Fig. 2) of these
RecA-DNA-ADP-AIF,” filament segments showed that
these filaments display greater helical order than fila-
ments which have been prepared with ATP-y-S (Egel-
man and Stasiak, 1986). Whereas most filaments formed
with ATP-y-S will display a strong layer line (n = 1)
arising from the right-handed 95-A pitch helix and some
will display a weak second order (n = 2) of this layer line,
filaments formed with AlF,~ consistently display a second
order layer line that is stronger than that seen with
ATP-v-S. One filament was found with a third order
(n =3, at 1/31 A). More importantly, 16 filaments were
found which displayed a symmetrical layer line slightly
above the prominent 1/95 A layer line at a spacing of
~1/81 A. Among these filaments, a number displayed
symmetrical layer lines at spacings of ~1/570, 1/114,
1/52,and 1/44 A. In all cases, however, the 1/95 A layer
line dominates the transform, with an intensity that is
usually over 10 times greater than that of any other layer
line.

The indexing of these layer lines was straightforward.
The strongest layer line, 1 = 6, arises from the 95-A pitch
right-handed helix, and contains a Bessel order n = 1.
Examination of the 1/81-A layer line showed a 180°
phase difference between the near and far sides, indicat-
ing that this layer line contains an odd Bessel order. The
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FIGURE 1 Electron micrographs of negatively stained RecA filaments formed on linear double-stranded DNA in the presence of ATP and aluminum
fluoride. The aluminum fluoride substitutes for phosphate after the hydrolysis of the ATP, and the complex of RecA-ADP-AIF," is stable over time.
The electron micrographs were prepared after a 5-min incubation with ATP, followed by an additional 15-min incubation with the aluminum fluoride.
In a control experiment, where no aluminum fluoride is added, no filaments are found, as the ATP pool has been completely hydrolyzed. The mean
pitch of the filaments is ~92 A, and the filaments are ~100 A wide.

peak on this layer line occurs at a radial spacing of ~0.020
A~!. Because the filaments are ~100 A in diameter, this
could arise from a Bessel order 5 where contrast is
generated at an outer radius, or a Bessel order 3 generated
at a smaller radius. Higher Bessel orders are excluded.

Examination of the phases on other layer lines showed
that the first is even, the fifth is odd, and the 13th is even.
Because the peak on the fifth layer line occurs at a higher
radius than the peak on the seventh layer line, the first
and seventh layer lines most likely contain negative Bessel

Yu and Egelman Image Analysis of RecA Protein




FIGURE2 A 128 x 2,048 point computed Fourier transform of a RecA-DNA-ADP-AIF," filament. The strongest layer line, 6, is at a spacing of
~1/95 A. Although almost all of the 40 filaments which were examined showed a 12th layer line, 16 filaments were selected which showed a strong
and symmetrical seventh layer line. A few individual filaments can be seen with an 11th layer line, as shown here, and other filaments can be seen with
a lst, 5th, 13th, and 18th layer line. Although the spacing of the sixth layer line in this particular transform is ~5.1 times the distance between the
sixth and seventh layer line and the 11th and 12th layer line, the layer lines are indexed as arising from a 37/6 helix for every filament because the

average of the population is close to that value.

orders, corresponding to left-handed helices. The most
reasonable indexing scheme is given in the n,1 plot in Fig.
3.

If the indexing of Fig. 3 is correct, one can use the layer
line spacings to determine the number of units/turn of
each individual filament. The data shown in Fig. 4 yields
a mean of 6.1743, with a standard error of the mean of
0.005. This value is in excellent agreement with the
symmetry of RecA filaments determined by other means.
From a knowledge of the number of base pairs in a closed
circular double-stranded DNA molecule, the number of
RecA striations, and the binding stoichiometry, DiCapua
et al. (1982) were able to determine that there are 6.18 +
0.016 (our estimate of the error) RecA subunits per turn

of the helix in the ATP-vy-S state. Observations of three-
filament and six-filament bundles of RecA has shown
that the symmetry of the component filaments is about
6.152 + .004 units per turn in these structures (Egelman
and Stasiak, 1988). Different indexing schemes from the
one shown in Fig. 3 would yield very different values for
the twist of the filaments. For example, if layer line 7 was
n = —3, the symmetry would be ~4.17 units per turn.
Thus, prior knowledge of the approximate twist of the
filaments can be used to establish that the indexing of Fig.
3 is indeed correct.

An interesting feature of the data shown in Fig. 4 is
that there is a significant correlation between the twist
and the pitch of the 16 filaments examined. As filaments
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Bessel Order n

FIGURE 3 The n,1 plot for the transform of Fig. 2. Dots indicate the
allowed Bessel orders for layer lines 0, 1, 5, 6, 7, 11, 12, and 13. These
Bessel orders are determined by the selection rule for a helix with 37
subunits in six turns.

are extended, they untwist (the number of units per turn
increases, so the angular increment between subunits
decreases). This is the same form of mechanical coupling
that we have described for bundles of six RecA filaments
formed with 10 mM Mg** (Egelman and Stasiak, 1988).
This data may also be used to describe the mechanical
linkage within the DNA in the filaments, because it has
been shown topologically that DNA has the RecA helical
twist imposed upon it (Stasiak and DiCapua, 1982).
When DNA goes from the B-form, with 3.4 A rise per
base pair, to the stretched form in the complex with RecA
(5.1 A rise per base pair), it is untwisted from 10.5 units
per turn to ~18.6 units per turn. Because there are three
base pairs per RecA subunit, the data in Fig. 4 may be
expressed in base pairs per turn, ranging from 18.42 to
18.62 base pairs per turn. The linear regression line which
is drawn has the same positive slope as the line which
would extrapolate from the center of this distribution to
the point for B-DNA (10.5 base pairs per turn, 35.7 A
pitch), but has about three times the magnitude.

Layer line data was combined from the 16 filaments
and used to produce an averaged layer line set (Fig. 5).
The method which was used involved choosing one fila-
ment as an initial reference and fitting all other filaments
to this reference. An average was created, which was then
used as a new reference. This was repeated for several
cycles, but converged completely after only two iterations.
One filament was subsequently dropped from this average
due to poor agreement with the rest, and has not been
included in the data shown. The statistics of averaging
can be seen in Fig. 6, where the amplitude-weighted phase
residuals are shown for each filament data set against the
average data.

Three-dimensional reconstruction

A three-dimensional reconstruction was computed from
the averaged layer line data, and sections cut perpendicu-
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FIGURE4 The actual spacing of layer lines in the transform of
filaments can be used to accurately determine the twist of the filaments
(in units per turn of the helix) (A4). Because the twist is given by a ratio
of layer line spacings, it is independent of magnification. From the
indexing of the transform, the number of units per turn will be equal to
6 + Z,/Zg, where Z, and Z are the axial spacings of the first and sixth
layer lines, respectively. The value used for Z, was actually Z, — Z;. For
the set of 16 filaments which gave a well-defined and symmetrical
seventh layer line, the mean number of units per turn is 6.1743, with a
standard error of the mean of 0.005. The pitch has been determined by
measuring the spacing of the sixth layer line, nominally at 1/95 A, using
the 1/23 A layer line of coprepared tobacco mosaic viruses as a
magnification standard (B). A significant correlation exists between the
twist and the pitch. The coefficient of correlation is » = 0.567, with a
standard error of 0.1328. From Student’s 7 test, the probability that this
sample is from a population with no correlation is <0.001. Linear
regression line to the data is shown. As filaments are extended (the pitch
increases) the filaments untwist (the number of units per turn
increases).
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FIGURE 5 Amplitudes and phases for the averaged set of seven layer lines from 15 filaments. Each individual filament was first averaged with respect
to the near and far sides before it was averaged with the other filaments. The amplitude scale is the same for all the layer lines except the equator.

lar to the filament axis are shown in Fig. 7. The outer
contour was chosen such that the correct molecular
volume is enclosed, using the RecA molecular weight of
38 k and a volume of 1.2 A3/k, corresponding to a partial
specific volume of 0.75 cm®/g. The asymmetric unit in the
helix is visualized as two distinct domains, most clearly
seen in the section at z = 0 A in Fig. 7. When sections are
stacked, it can be seen that one subunit extends axially for
~45 A, or almost half of one helical turn. Although
subunits cannot be unambiguously and uniquely cut out
of the filament density in the absence of the ability to
trace the polypeptide chain, the general boundaries asso-

ciated with the subunit appear suggestive, and these have
been outlined in Fig. 7.

Surface views of the reconstruction are shown in Fig. 8.
One loses all details of the internal structure in this
rendering, and no information about the two-domain
structure is conveyed.

Analysis of the error

The confidence with which one can assess features in the
map can be determined quantitatively by an estimation of
the variance which occurs at every point in the density of
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FIGURE 6 The total amplitude weighted phase residual between each of
the 15 layer line sets used in the average and the averaged layer line set
itself (Fig. 5), as a function of the polarity of each individual set against
the averaged data set. This plot can serve as a measure of the intrinsic
polarity of the structure. For a nonpolar structure (or for highly noisy
data) there would be no significant difference between the two different
orientations of each individual data set, and all points would fall near the
diagonal line. The further points are from the diagonal, the greater the
measure of polarity. The centroid of the distribution is 37° for the better
phase residual, and 58° for the opposite orientations.

the averaged map. Fig. 9 shows the standard error of the
mean at every pixel within three sections of the averaged
map. It can be seen that the main peaks of the variation
fall on the inner domain of the RecA subunit, but that
these peaks are relatively small compared to the actual
map densities. While the peaks within the domains are
>53 density units, the largest standard error is only ~3.3
density units. Within most of the map, the standard error
of the mean is less than the spacing between successive
contour lines. Thus, the features which are shown by the
contours are quite reliable.

A different method of assessing the reliability of the
visualization of two domains was provided by randomly

dividing the data set into two groups, one of eight
filaments and the other of seven filaments, and indepen-
dently averaging and reconstructing these sets. The
resulting maps are shown in Fig. 10, where two domains
can be seen in each of the independent maps. The inner
domain of map A is weaker than that of map B, and this is
consistent with the peak of the variance in Fig. 9 lying on
this feature. The origin of this variance is not yet known,
and could arise from either variations in the pattern of
stain penetration or actual variations in the structure of
the protein.

Comparison with the ATP-v-S state

The general characteristics of filaments formed with
AlF,~ appear indistinguishable from those of filaments
formed with ATP-y-S. The mean pitch of 35 filaments
(the sample from which the 15 filaments were taken)
formed with AIF,~ was 92.1 A, with an SEM of 0.3 A,
whereas a corresponding sample of 39 filaments formed
with ATP-v-S on dsDNA (Egelman and Yu, 1989) had a
mean pitch of 92.3 A with an SEM of 0.3 A. The helically
averaged cross-sections from both of these samples are
shown in Fig. 11. It should be noted, however, that the
subsample of 16 AlF,™ filaments used for the data in Fig.
4 had a mean pitch of 90.8 + 0.5 A (SEM), and thus
appear to be shifted to a smaller pitch from the parent
sample. The twist of individual filaments in the ATP-v-S
state cannot be compared with the twist in the AlF, state
(because, in general, it cannot be determined in the
ATP-v-S state), but the mean twist of the AIF,” fila-
ments (6.174 + 0.005 units per turn) is quite close to
what has been determined for bundles of RecA filaments
(see above).

The averaged reconstruction of the RecA-dsDNA-
AlF,” filament may be compared with the reconstruction
of a single RecA-dsDNA-ATP-v-S filament (Egelman
and Stasiak, 1986). That reconstruction was computed
from a filament section which came from one extremum

FIGURE7 The layer line set of Fig. S has been used to compute a three-dimensional reconstruction of the RecA filament. Sections which have been
cut perpendicular to the filament axis are shown at spacings of 10 A. Filament axis is indicated in each section by the cross. An individual RecA
subunit (38 k mol wt) extends axially for ~45 A, and one particular subunit is delineated by the thick boundary which is drawn on each section. Two
clear domains in the RecA subunit are seen in the axial section which cuts through the middle of the indicated subunit, labeled as z = 0 A. The outer
contour has been chosen to yield the correct molecular volume. Scale bar, 39 A.
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FIGURES The surface of the reconstruction shown in Fig. 7 is shown in a side view (left), and in 40-A-thick sections cut perpendicular to the filament
axis (right). From previous work (Stasiak et al., 1988), we know that the 3’ end of a single-stranded DNA would be at the bottom, and the 5’ end would
be at the top. The view on the top is from the 5’ end towards the 3’ end, while the view at the bottom is from 3’ to 5.

of the data, with ~100 A pitch and 5.1 units per turn. The
general features of the filament density appear very
similar, but it is difficult to determine whether the
differences which exist arise from the fact that the single
ATP-+-S filament which was used was at an extremum,
whether the data itself was noisy, or whether there are
small structural differences between the state formed
with ATP-4-S and that formed with AIF,~. If that
ATP-4-S filament came from the same population as the
AlF,” filaments, the data of Fig. 4 suggests that the
filament should have ~6.3 units per turn based upon its

pitch, rather than the 5.1 units per turn observed. This
may mean that the structural state is different, or at least
that the relationship between pitch and twist is different
with ATP-y-S. An analysis of the variance in the present
reconstruction (see above) suggests that the features seen
in the 1986 reconstruction are within the range of varia-
tion seen within the present data set. A more direct
quantitative comparison between reconstructions of fila-
ments formed with AlF,” and filaments formed with
ATP-~-S is not possible, due to the fact that we have data
on only one filament in the ATP-v-S state. That is, we
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FIGUREY The standard error of the mean-averaged density at every
point in the averaged map is shown for three different cross-sections, at
z=0,5,and 10 A. Scale bar under the z = 5 A section is 30 A. Because
the axial rise per subunit is ~15.4 A, and the rotation between subunits
is 360°/(37/6), the section at z = 15 A will be almost identical with the
section at z = O A, but rotated by 58.4°. The contouring steps for the
sections and the SEMs are very different. The sections have been
contoured in steps of 1.5 arbitrary density units, starting at ~37, witha
peak density of ~55 units. The SEMs have been contoured in steps of
0.25 density units, starting at 2.0, with a peak of ~3.3. Thus, the largest
single SEM is just slightly more than the spacing of two contours, while
the error in most of the map is about the spacing of one contour line. The
arrows indicate where the largest peaks in the variance fall on the
density maps themselves. It can be seen that the major peaks fall on the
inner domains.

have an estimate of the variance present in AlF,~ fila-
ments, but an assumption of homoscedasticity (that the
variance is the same for both populations) is almost
certainly wrong given the increased disorder present in
the ATP-v-S state. However, one can directly compare
the helical projections from each of these states, com-
puted with the equator, the n = 1 (1/95 A) and the n = 2
(1/47.5 A) layer lines. Such a comparison is shown in Fig.

FIGURE 10 A different assessment of the confidence with which one
can see two domains in the RecA subunit was provided by randomly
dividing the data set into two groups, one of eight filaments and the
other of seven filaments. These groups were averaged together indepen-
dently using the iterative procedure described. A single section of the
map generated from the seven filaments is in A4, and the corresponding
section of the map from the remaining eight filaments is in B. The scale
bar is 30 A, and the crosses mark the location of the filament axis in each
panel. The arrows point to the two domains which are visualized in each
of these subsets.

Vo
FIGURE 11 Helical projections are compared between RecA-dsDNA-
ATP-v-S filaments (4) and RecA-dsDNA-AIF,~ filaments (B). An
average of 39 filaments was used for 4 (Egelman and Yu, 1989),
whereas 35 filaments were used for B. The helical projections were
computed with the equator, the n = 1 (1/95 A) and the n = 2 (1/47.5 )
layer lines. The difference map (AIF, -ATP-v-S) (C) has been divided
by the standard error of the difference at every point in the map, and is
contoured in levels of standard deviations, with the lowest contour at 2.5
and the peak at 4 standard deviations. The differences are positive,
indicating that the densities in the AlF,” map are higher in this region.

Scale bar under B is 30 A, and crosses mark the position of the helix axis
in each of the panels.

11, where one may see that there is only one region of
statistically significant difference between the two projec-
tions, and that this occurs on the edge of the filament
density. Such a difference could be due to the motions of
subunit density at the periphery from disorder, or could
be due to a small conformational difference between the
two states.

In the light of recent results, it is possible to reinterpret
the 1986 ATP-v4-S reconstruction. A continuous column
of density was present there at ~16 A radius which
followed the right-handed one-start helix. This feature
was interpreted as one possible location for the DNA in
Fig. 18 a of Egelman and Stasiak (1986), assuming that
the DNA stained negatively in the complex. A different
possibility was also presented for the possibility that the
DNA stained positively. We now know that the DNA
does indeed stain negatively, but that it is almost on the
axis of the complex (Egelman and Yu, 1989). Thus, a
possibility to be considered is that the column of density
at 16 A radius was actually the inner domain of RecA
which was not resolved into discrete subunits as it is in the
present paper. The failure to resolve the inner domain in
the previous reconstruction is also consistent with our
observation in the present work that most of the variance
falls on the inner domain (see Fig. 9).

DISCUSSION

Moreau and Carlier (1989), on the basis of an assay
involving RecA cleavage of the LexA protein, concluded
that the RecA-ADP-AIF,” state is a stable analogue of
the RecA-ADP-P,; state, and that this state has the same
activity as the RecA-ATP state. We have shown structur-
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ally that with the exception of the increased order, the
RecA-ADP-AIF, filaments appear very similar to those
formed with ATP-v-S, and presumably, ATP. Of course,
the comparison is limited by the available resolution and
the greater disorder present in the ATP-v-S state. Given
that the AlF," state is an analogue for the ADP-P; state,
at some level the conformation of this state must differ
from the ATP state, because the energy of the phosphate
bond which has been cleaved will most likely be stored in
an “activated” state of the protein. The “activated” state
of the protein will subsequently undergo a major confor-
mational change associated with the release of the prod-
ucts. Thus, it is possible that the difference seen in Fig. 11

between the helically averaged AlIF,” and ATP-y-S den-
sities could be due to such a small conformational change.
More information is clearly needed.

The increased order present in RecA-ADP-AIF,™ fila-
ments compared with RecA-ATP-v-S filaments suggest
that AlF,” inhibits the RecA ATPase to a greater extent
than ATP-v-S. It is also consistent with our observations
that ATP-v-S is hydrolyzed at a rate which is significant
for structural studies (Yu, X., and E. H. Egelman,
manuscript in preparation). The hydrolysis of ATP-v-S
yields a mixture of biochemical states in the filament
images: some subunits may have a bound ATP-y-S, some
may have a bound ADP, some may have no bound

FIGURE 12 The position of the DNA in the RecA-DNA filament has been determined by generating a difference map between RecA filaments
formed on double-stranded DNA and RecA filaments formed on single stranded DNA (Egelman and Yu, 1989). The cross-section which is shown is
that of z = 0 A in Fig. 7, with one subunit roughly outlined. The filament axis is shown by the star; two strands of DNA around the axis are labeled 1
and 2. Strand 1 has been directly visualized (Egelman and Yu, 1989), and is one strand of a double-stranded DNA. The position of strand 1 has been
determined by aligning the helical projection of Egelman and Yu (1989) with a helical projection of the AlF," state (Fig. 11 b). The other strand of
double-stranded DNA binds to RecA in the same place as a strand of single-stranded DNA, and thus does not appear in a difference map. This strand
has been arbitrarily placed at position 2 in this figure. However, given that this strand must be in contact with the protein, and given that it must be the
same distance from the helical axis for the two strands to be symmetrical, there is a rather limited range of positions in which this strand can be

located.
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cofactor, and others will have the bound products before
release.

RecA clearly undergoes large conformational changes,
but they are associated not with the hydrolysis of the
nucleotide cofactor, but with the release of the products.
RecA filaments formed in the presence of ADP or in the
absence of nucleotide cofactors are characterized by a 65
A pitch (Stasiak and Egelman, 1986), and it may be
imagined that the hydrolysis of ATP or ATP-v-S and the
release of the products leads to local compressional
motions within a filament that is basically in an extended
state. However, an analysis of conformational changes
associated with the hydrolysis of ATP-v-S seen in bundles
of RecA filaments (Egelman and Stasiak, 1988; Egel-
man, E. H., and X. Yu, manuscript in preparation) shows
that these motions and conformational changes are
largely rotational. Thus, the filaments formed with ADP
may be an in vitro artefact and irrelevant to understand-
ing RecA function.

RecA organized into two domains

The most significant feature of the RecA filament recon-
struction is the visualization of two domains within the
RecA protomer. A previous biochemical study, using
trypsin digestion, concluded from the pattern of cleavage
of the RecA protein that it is organized into two nearly
equal structural domains (Kobayashi et al., 1987). The
direct visualization of DNA within the RecA-DNA fila-
ment (Egelman and Yu, 1989) has now given us a greater
ability to relate RecA structural organization to function.
The information on DNA position has been combined
with the present data in Fig. 12, where one can see that
the DNA molecule which is covered by the RecA filament
(as opposed to the second DNA molecule which must
enter the complex to establish homologous contacts) is
only in contact with the inner domain of the RecA
subunit. It would be tempting to speculate that the outer
domain contains a second DNA binding site obtained
through a process of domain replication, but RecA-RecA
sequence comparisons show no significant internal
repeats within the primary amino acid sequence (data not
shown). The main significance of the two-domain organi-
zation of the protein may involve dynamics. Kobayashi et
al. (1987) showed that the pattern of proteolytic digestion
of RecA was a function of the nucleotide cofactor, and
suggested that nucleotide binding was responsible for a
conformational change in the RecA protein. Another
filamentous protein with an ATPase activity, actin, is also
organized into two nearly equal structural domains (Suck
et al., 1981), and the site of ATP binding in actin has been
identified as being between the two domains. It is possible
that the hydrolysis of ATP is associated with a large
change in the domain—domain organization of the RecA

subunit, and that this rearrangement is responsible for the
rotation of subunit mass which is seen within bundles of
RecA filaments (Egelman and Stasiak, 1988). A key
question in understanding RecA-mediated recombination
is explicating the relationship between such rotational
motions and the transfer of a DNA strand from one DNA
molecule to another. Studies are in progress to directly
relate the motions of RecA associated with the hydrolysis
of the nucleotide cofactor to the strand transfer activity.
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