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The Location of DNA in Complexes of recA Protein with Double-Stranded DNA.
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ABSTRACT: Purified recA protein is found as rodlike homopolymers, and it forms filamentous complexes
with double-stranded DNA that are stable in the presence of ATPyS, a nonhydrolyzable analogue of ATP.
The structure of these filaments has been described in some detail by electron microscopy. Here we confirm
the mass per length of 6.5 recA/100 A in solution by small-angle neutron scattering and extend the analysis
to homopolymers of recA protein, finding a mass per length of about 7 recA/100 A and a radial mass
distribution (cross-sectional radius of gyration) significantly different for the two filaments. The models
proposed so far for the structure of the complex have placed the DNA in the center of the filament. Here
we verify this assumption using small-angle neutron scattering to locate the DNA in the complexes, exploiting
the contrast variation method in D,O/H,0 mixtures. Model calculations show that the natural contrast
difference between DNA and protein is not sufficient to locate the DNA (which accounts for only 4.7%
of the mass in the complex). When deuterated DNA is used, the contrast difference is enhanced, and model
calculations and experiment then converge, indicating that the DNA is indeed near the axis of the complex.

Homologous recombination in Escherichia coli is dependent
on the recA4 gene product. In vitro, the purified protein is able
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to perform strand exchange. This reaction was found to be
initiated by the covering of one of the DNA partners to form
a filamentous structure, the presynaptic complex, which will
subsequently interact with the second DNA molecule [re-
viewed in Howard-Flanders et al. (1984)].

The presynaptic complex is formed in the presence of ATP
on single-stranded DNA (Flory et al., 1984); it is known to
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grow into adjacent double-stranded regions (Cassuto &
Howard-Flanders, 1986), but we do not know whether these
regions can act as presynaptic complex. Reciprocal strand
exchange between two double strands can occur when initiated
at a single-stranded gap (West et al., 1981). In any case, the
complex with double-stranded DNA is a substrate for branch
migration, the reaction subsequent to synapsis at the contact
site.

The three-dimensional structure of the presynaptic complex
will give clues as to the mechanism of the interesting reaction
of strand exchange. The complex can be stabilized with
ATP~S,! a nonhydrolyzable analogue of ATP (West et al.,
1980). Electron microscopy has revealed identical outer ap-
pearance of the complexes with single-stranded and double-
stranded DNA (DiCapua et al., 1982; Koller et al., 1983).
Image reconstruction shows 6.2 recA subunits per turn of a
helical protein coat of 95-A pitch and about 100-A diameter
(Egelman & Stasiak, 1986). The inner details have however
escaped structural analysis. Indirect methods, biochemistry
and DNA topology, reveal clear parameters for double-
stranded DNA in the complex: the DNA is stretched by a
factor of 1.5 (Stasiak et al., 1981), and its helicity is reduced
from 10.5 to 18.5 base pairs per turn (Stasiak & DiCapua,
1983). The stoichiometry is 1 recA per 3 base pairs (DiCapua
et al., 1982; Dombroski et al., 1983), and recA protects the
DNA from methylation by dimethyl sulfate in its minor groove
(DiCapua & Miiller, 1987). On the other hand, the same
analysis with single-stranded DNA complexes leads to much
less defined results: the stoichiometry varies with conditions
between 3 and 8 nucleotides per recA, the contour length of
the DNA accordingly does not acquire a unique value [re-
viewed in DiCapua and Koller (1987)], and the protection
from chemical modification is less regular; the single-stranded
DNA is in fact quite accessible to dimethyl sulfate (Leahy &
Radding, 1986) while however completely protected from
DNases (DiCapua, unpublished results; Bryant et al., 1985).

Neutron scattering, exploiting the contrast variation method
in D,0/H,0 mixtures [reviewed in Timmins and Zaccai
(1988)], allows another approach to localize the DNA in the
complex. Its power is unique in being able to distinguish
protein and DNA owing to their different chemical compo-
sitions, leading to different scattering density for neutrons. The
limitation in our case is the small amount of DNA present in
the complex (4.7% by weight for the double-stranded DNA
complex, less for the single strand). We thus had to limit the
study to the double strand. This paper describes our approach
and our experimental localization of the DNA in the center
of the complex. Mass per unit length and cross-sectional
dimensions are also obtained from the analysis.

MATERIALS AND METHODS

Materials

RecA protein (M, = 37.8K) was extracted from strain pDR
1453/KM 4104 according to Weinstock et al. (1979). The
purity after a phosphocellulose column was considered suf-
ficient: the A0/ 4,60 ratio was between 1.6 and 1.7 (Craig
& Roberts, 1981), suggesting no major contaminant; no
change in this ratio nor in specific ATPase activity could be
obtained by either DEAE-cellulose, Sephacryl 300, or sin-
gle-stranded DN A—cellulose chromatography, suggesting that

! Abbreviations: SANS, small-angle neutron scattering; R,, cross-
sectional radius of gyration; ATPyS, adenosine 5’-0-(3-thiotriphosphate);
ds DNA, double-stranded DNA; H-DNA, hydrogenated DNA; D-DNA,
deuterated DNA.
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what may be won in chemical purity is concomitantly lost in
inactivation of the product. Heavily overloaded, Coomassie-
stained SDS-acrylamide gels reveal contaminating bands, none
of which exceeded 1% of the main band intensity upon scan-
ning on a Shimadzu CS 930; evaluation of the recA band at
a peak threshold of 0.5% (of the main band) led to a figure
of 82% recA. As staining of gels is not quantitative over a
broad range of concentrations nor between different protein
species, this value is at best indicative. The presence of these
contaminants leads to an overestimation of the concentration,
which was determined by using an extinction coefficient E%, .
of 6.33 (Tsang et al., 1985). Using El,, = 5.9 (Craig &
Roberts, 1981) increases the value by 5%.

DNA. Deuterated DNA was obtained from E. coli grown
in synthetic medium (Kalbitzer et al., 1985). Calf thymus
DNA was from Sigma. pUC8 plasmid DNA was extracted
by a cleared lysate. All DNAs were repurified by protease
and RNase treatment, phenol extraction, and ethanol and
2-propanol precipitations.

Stable complexes were formed at 4 mg/mL recA protein
and 0.28 mg/mL DNA (25% excess DNA relative to a
stoichiometry of 1 recA per 3 base pairs) in a buffer containing
20 mM potassium phosphate, pH 6.8, 5% glycerol, 2 mM
magnesium acetate, and 0.5 mM ATP~S (Boehringer), by
incubation at 37 °C for 30 min. Complex formation was
verified by finding the expected amount of the DNA protected
from DNases [DNase I (Boehringer grade II) and phospho-
diesterase I (Sigma)]. The homopolymer of recA was formed
under the same conditions except that the DNA was omitted.

Methods

Small-Angle Neutron Scattering (SANS). SANS data
were collected on the instrument D11 (Ibel, 1976) at the
Institut Laue-Langevin, Grenoble. The two-dimensional
multidetector was placed at a distance of 5 m from the sample,
and incident neutrons of wavelength A = 10 A were selected
by means of a helical slot velocity selector (AX/A = 8%).
Samples were contained in quartz cuvettes (Hellma, Paris,
France) of pathlength 1 or 2 mm and thermostated at 15 £
1 °C.

Data Analysis. Scattering patterns were radially averaged
and corrected for buffer scattering and detector response by
using standard programs (Ghosh, 1981). The scattering from
a | mm thick sample of water is used for correction of the
differential response of the detector and also allows the data
to be placed on an absolute scale (Jacrot & Zaccai, 1981).

The corrected scattering curves I(Q) versus Q [Q = (47 X
sin )/, 26 = scattering angle, A = neutron wavelength] were
interpreted via the Guinier approximation for rodlike particles:

1Q)Q = [I(Q)Qlg—o exp(-RQ?/2)

Hence a plot of In 7(Q)Q versus (? yields two independent
parameters, the cross-sectional radius of gyration R, and the
extrapolated zero-angle scattering [I{@)Q]q—o-

R, is related to the radial distribution of scattering density
and for a homogeneous distribution is equal to 1/+/2 times
the cross-sectional radius.

[1(@)Q] 0, when calculated on an absolute scale, reflects
the excess scattering mass and is related to the mass per unit
length (1) by the expression (Torbet et al.,, 1981)

[(Q)Q g0 b ( V)]2
=02 - AN = -l o
M,

C M,
where [I(Q)Q] o is as defined above and is normalized to
the scattering of a 1 mm thick sample of water under the same
geometric conditions, C = sample concentration in g/L, and
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N, = Avogadro’s number. A is an experimental term that
includes geometrical and neutron beam parameters:

47Tt
1-T,

where ¢ = cell thickness in cm, T, = neutron transmission of
sample, and T,, = neutron transmission of H,O (=0.46 for A
=10 A and 1-mm path length). The term

2-(%)]

is the contrast term defined by the sample and solvent chem-
istry, where 3 b/ M, = scattering per unit molecular weight
in the particle, >_b = sum of the scattering lengths (scattering
power) of the constituent atoms, p, = scattering density of the
solvent, and V = particle volume; V/M, = 5/N,, where 5 =
partial specific volume. For calculation of u, the following
values were used [computed from the tables in Jacrot (1976)]:
for recA, Sb/M, = 2.23 X 1074 cm/dalton and © = 0.74
cm?/g; for ds H-DNA, Yb/M, = 3.18 X 107 cm/dalton and
0 = 0.55 cm?/g; for solvent water, p, = —0.56 X 10714 cm/A3;
and for solvent glycerol, p, = 0.61 X 1074 cm/A%.

[1(Q)Q] o also allows the determination of the experi-
mental matchpoint in contrast variation from plots of
[[I(Q)Q]Q_.o]l/ 2 versus D,O volume fraction.

Contrast Variation. Contrast is defined as the difference
between the scattering density of the macromolecule (p) and
that of the solvent (p,). It can be varied by changing the
scattering density of the solvent in varying the D,O/H,O ratio.
The matchpoint is that D,O volume fraction where the contrast
is 0. Ap, the value that is accessible to measurement, is the
difference between the scattering density of the solute at the
matchpoint and that of the solvent at any given D,O/H,0
volume fraction. A plot of the square of the measured R,
versus the inverse of Ap (Stuhrmann plot) reveals the relative
positions of two components in a complex (Ibel & Stuhrmann,
1975) and will be discussed under Results.

Model Culculations. For a rod consisting of two concentric
cylinders of radii R, and R,, the cross-sectional radius of
gyration is expressed as

R = [f1R12 "‘fz(Rz2 + Rlz)]/2

where f| and f, are the relative contributions of the two cyl-
inders to the total scattering.

To calculate the scattering of a model consisting of a protein
shell surrounding a DNA core (Figure 2), we (i) calculated
the excess scattering density (the contrast as defined above)
of each component from its chemical composition (Jacrot,
1976), an assumed labile D-H exchange of 80% for the protein
and 100% for DNA, and its molecular volume, to obtain p — p,
as a function of the D,0O volume fraction X (see Table I); (ii)
multiplied by the dry volume of that component in the shell
to obtain the excess scattering of each shell; and (iii) hence
obtained their relative contribution to the total scattering, f
and fz.

Matchpoint. The matchpoint is that solvent composition
for which the contrast is zero. This is calculated from the
chemical formulas of the constituents, the only unknowns being
the partial specific volume and the degree of exchange of labile
hydrogens. It is normally assumed that 80% of labile protons
are exchanged in proteins [see discussion in Perkins (1986)]
and 100% in nucleic acids. This leads to calculated match-
points of 41.9% D,0 for the complex with D-DNA and 39.0%
for the homopolymers. The discrepancy between these values
and the experimentally determined matchpoints (39.2% D,O
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Table I: Scattering Densities of the Components of Solutions of
recA Complexes?

pin HO pin D0 o(X) 2(X) ~ py(X)
water -0.56 6.41 -0.56 + 6.97X
glycerol 0.61
5% glycerol -0.50 + 6.97X =

buffer po(X)*

recA protein 1.82 3.04 1.82 + 1.22Xx 232-575x
recA%0% exch 1.82 2.80 1.82 + 1.02X 2.32-595Xx
H-DNA 3.49 423 3.49 + 0.74X 3.99 - 6.23x
D-DNA 691 7.65 691 + 0.74X 741 -6.23X

@p = scattering density = 3"b/¥ (X107 cm/A?). p(X) = scattering
density as a function of the D,O volume fraction X. p(X) — p(X) =
excess scattering density of the solute with respect to the solvent (con-
trast). ®All the contrast variation experiments were performed in 5%
glycerol.

inI@ xQ
1 Ll T
_40k (@) complex with ds-DNA (a) i
o C = 4.6 mg/ml
# [1(@)*Qlgqg = 0.0172520.00013
R, =33.5:04 A
45 e -
A s, R
-50F 'y 4
5.0 ‘., N
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C = 4.4 mg/ml LI
.55 [HQ)*Qlgao = 0.01724£0.00023 LI
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i i L
o} .0005 .0010 0015

Q? (a2
FIGURE 1: Cross-sectional Guinier plots. Typical example of a plot
for the complex with ds DNA (linearized plasmid pUCS8) (a), su-
perimposed with a plot of the homopolymer (b). The values of R,
and [/(Q)Q] g obtained in these two experiments are shown.

for the complex, 38.0% for the homopolymers) may reflect a
reduced accessibility of solvent due to the polymerized state
of the protein. A difference of 2-3% in the matchpoint has
essentially no effect on the Stuhrmann plot. In the following
we used the experimental matchpoint for both the experimental
and theoretical calculations.

RESULTS

Structure of Filamentous recA Complexes from Guinier
Analysis

Plots of In I(Q)Q versus Q? yield the following results
(Figure 1): Complexes of recA with ds DNA have a cross-
sectional radius of gyration R, = 33.3 £ 1.5 A (nine deter-
minations) and a mass per unit length of 2.20 + 0.12 kDa/A
(n=9). Rods of recA homopolymer have a cross-sectional
radius of gyration R, = 39.7 £ 1.7 A (n = 10) and a mass
per unit length of 2.36 £ 0.17 kDa/A (n = 10). The values
for the homopolymer vary strongly between experiments
(extreme R, of 36.9 and 41.6 A). Electron microscopy re-
vealed particles of 100-200-A diameter contaminating samples
of low R, (the rods were indeed lost altogether in “homo-
polymer” samples of R, = 35 A). This observation of a
degradation product allows us to interpret the scatter of the
data as a consequence of lower stability of the homopolymer.

The mass per length of the complex with DNA has previ-
ously been measured by scanning transmission electron mi-
croscopy of unstained specimen to be 6.4 £ 0.6 recA units/100
A (DiCapua et al., 1982) and is predicted to be 6.5 recA /100
A from models derived from biochemical data and electron
microscopy (Figure 2; Stasiak et al., 1983) as well as image
reconstruction of negatively stained specimen (Egelman &
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20A

95 A
6.2 recA
18.6 bp

FIGURE 2: The complex of recA protein with ds DNA and the cyl-
indrical model used for the calculation of R,. A 95-A length element
is composed of a central cylinder containing 18.6 bp of DNA and an
outer cylindrical shell containing 6.2 recA protein molecules. The
details in the drawing have been obtained by electron microscopy and
are shown as a reference. The exact number of subunits in the shell
has little influence on the calculation.

Stasiak, 1986). The value obtained here by solution scattering
corresponds to 5.5 & 0.3 recA/100 A (recA has M, = 37.8K),
that is, a value roughly compatible but 18% too low. We
believe that the result does not contradict the former data for
the following reasons: (i) The average of nine experiments
(2.20 kDa/A) has a large standard deviation (£0.12 kDa/A)
as compared to the error due to counting statistics and simple
error propagation in a single determination (2.23 + 0.04
kDa/A in the typical plot of Figure 1). This variation is due
in part to the choice of the fitting range along the linear plot:
the Guinier approximation is strictly valid for infinitely long
rigid rods, and our samples (in particular the homopolymers)
are not such particles. Although the nonlinearity is not ap-
parent, we have observed that the same data can be fitted with
different values of R, beyond the statistical error; however,
we were not able to pinpoint a consistent behavior in this
fitting—as would arise if all samples were contaminated with
the same kind of interfering particles, e.g., aggregates or,
indeed, monomers. (ii) Interfering particles of heterogeneous
size would scatter in a broad range of Q; they may contribute
to some extent to the scattering in the range considered and
ought to be subtracted as background. However, this is not
feasible as we were not able to define them. (iii) These same
particles may also contribute to a wrong estimate of the
concentration of the particle of interest in the sample. Its value
is critical for the calculation of the mass per length. This
concentration is very likely to be overestimated, as the de-
termination of concentration by absorbance includes impurites
(e.g., heterogeneous polypeptide contaminants; see Materials
and Methods).

Models of Filamentous recA Complexes

(1) Mass per Unit Length. The mass per unit length of the
complex corresponding to 5.5 recA units per turn of a 95-A
helix is only roughly in agreement with the value determined

DiCapua et al.

from electron microscopy. This is probably due to the un-
certainties in concentration described above; hence we see no
contradiction to the model deduced previously (Figure 2).

The value for the homopolymer has never been estimated
previously. We find a value of 6.2 recA/100 A. This value
is subject to similar concentration errors as for the complex
and is therefore likely to be an underestimate. If it is scaled
up in the same way as necessary to equate the SANS and EM
results for the complex, we then obtain a value of 7.3 recA
units/100 A. Interestingly, it turns out to be the same value
as the 6 recA per unit cell of 83 A found in the P6, crystals
of recA (McKay et al., 1980). The mass per length of the
homopolymer is found to be about 13% greater than that of
the complex. This is not surprising in view of the fact that
electron microscopy as well as the R, in solution suggest a
different organization of the two structures.

(2) Diameter of the Filaments. A diameter of 100-110 A
was determined for the complexes with ds DNA by electron
microscopy (DiCapua et al., 1982; Egelman & Stasiak, 1986).
If this were a homogeneously filled cylinder, it would have an
R of 35-39 A. Clearly the situation is much more complex,
since the cylinder is not filled homogeneously either chemically
(DNA and protein) or spatially (open helix with a deep cleft).
It is therefore tempting to compute an R, from the known
model, as sketched in Figure 2. A two-shell model with the
DNA in a cylinder of 10-A radius and the protein in a shell
of 48-A outer radius leads to 33.6 A (see Materials and
Met‘gods), compatible with the experimental value of 33.3 £
1.5 A.

For the homopolymer, no detailed models have been pro-
posed. Williams and Spengler (1985) estimate the width of
unfixed rods to be about 110 A. Our neutron scattering ex-
periments reveal in addition a mass per length of 6-7 recA
units/100 A and a radius of gyration of about 40 A. Were
this a homogeneously filled cylinder, its actual radius would
be 56 A, and ~35% of its volume only would be protein (quite
a loose packing). Approaching from another point of view,
if we assume a packing similar to the one in the outer shell
of the model of the complex (Figure 2), i.e., 44% of the shell
is protein, then this would have as a consequence a central
hollow of 18-A radius, surrounded by a shell of 55-A outer
radius. In any case, the mere removal of the DNA from the
model of Figure 2 (empty cylinder of 10-A inner radius and
48-A outer radius) would lead to an R, of 34.7 A, a number
not compatible with the experimental value of 40 A.

The level of accuracy of our measurements leaves open the
precise number of recA subunits in the cylinder. This value
however plays little role in the discussion of the contrast
variation results.

Stuhrmann Plots

(I) Calculated Stuhrmann Plots. Model calculations were
carried out to evaluate the magnitude of the variation of R,
that may be expected in contrast variation experiments. On
the basis of the model of Figure 2 (as described under Ma-
terials and Methods), we calculated R, as a function of the
D,0/H,0 content in the buffer, for complexes containing
H-DNA and D-DNA, respectively. The result is displayed
in the Stuhrmann plots in Figure 3A. This shows a linear
dependence of R.? on the inverse contrast, with higher values
of R? in negative contrast (high D,O content) than in positive
contrast (H,0). This behavior is typical for matter of higher
scattering density being in the inner cylinder. The slope of
the line is clearly steeper for D-DNA than H-DNA. The plot
is drawn within the experimental limits of reasonably accurate
measurements, i.e., up to 20% D,O and above 60%. This
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FIGURE 3: Stuhrmann plots, representing the variation of R, with
contrast, plotted as R versus 1/Ap. Some D,0 volume fractions
are indicated for reference on the additional horizontal axis (only
indicative because the reference matchpoints are slightly different
for both samples). (A) Calculated from the model in Figure 2. (B)
Stuhrmann plot obtained experimentally with complexes of recA with
D-DNA (A, A) and from the homopolymer (O, @, ). The sets of
symbols correspond to different experiments; the squares at 0% D,0
are the average from three experiments. The lines are the least-squares
fits to the data points.

demonstrates that the maximal magnitude of the difference
to be expected for H-DNA is 1.4 A [from 33.3 A (20% D,0)
to 34.7 A (60% D,0)] while it is 4.6 A for D-DNA [from 31.6
A (20%) to 36.2 (60%)].

Since the experimental uncertainty of a determination of
R, is in the order of 1 A, we conclude that only an experiment
with D-DNA is meaningful.

(2) Experimental Stuhrmann Plots. Careful measurements
were made on complexes of recA protein with deuterated ds
DNA as well as on homopolymers. R, was determined from
the slope of plots like those of Figure 1.

From these data, we obtained the Stuhrmann plot of Figure
3B. The least-squares fit through the data for the complex
has a negative slope, demonstrating that the DNA is in the
interior of the filament. The slope is very similar to the one
obtained by calculation from the model of Figure 2, which
confirms that the radial distribution of scattering density
chosen in the model is a good representation of that in the
actual complex. The exact slope of this line and its intersection
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with 1/Ap = 0 are of course still imprecise due to the error
in each data point, but this does not affect the qualitative
result. As expected, the same experiment with H-DNA did
not reveal a significant slope (not shown).

The R, of the homopolymer did not vary systematically with
contrast. The data points do however scatter considerably.
We discussed in a previous section that the homopolymer was
reproducibly less stable than the complex. We thus measured
it in an additional set of experiments (stars in Figure 3B).

DISCUSSION

Solution studies on macromolecular assemblies complement
results obtained by electron microscopy. Here we have found
a cross-sectional radius and a mass per length that support
models obtained previously by electron microscopy. In ad-
dition, solution scattering with X-rays and neutrons reveals
more about the inside of a structure than microscopy of stained
specimens; while the latter rather describes the surface of the
object, by solution scattering we obtain information about the
internal distribution of mass.

This led to a first interesting finding, the significant change
in conformation of recA upon binding of DNA; between the
homopolymer rod and the complex filament, the cross-sectional
radius of gyration decreases by 6.6 A, which cannot be due
to the mass of the DNA alone, as calculation predicts only
a small change of about 1 A (not shown). This finding may
reflect the mechanism for activation of the protein from
possibly a storage form into a conformation that will be active
in the strand-transfer reaction and as an inducer of the SOS
system (Roberts et al., 1978).

Neutron scattering has a further unique property in being
able to distinguish molecules by their chemical composition,
leading to the possibility of contrast variation in the analysis
of multicomponent assemblies. This approach has been ex-
ploited successfully for a number of nucleo—protein complexes,
including nucleosomes (Pardon et al., 1977), ribosomes [re-
viewed in Koch and Stuhrmann (1979)], filamentous com-
plexes of gene V protein with DNA (Gray et al., 1982), and
spherical viruses (Timmins, 1988). For these assemblies the
relative weight of the nucleic acid component is much greater
than it is in the case of the recA-DNA filaments, where the
DNA represents only 4.7% by weight.

The negative slope of the Stuhrmann plot shows unambig-
uously that the DNA must be close to the center of the
recA-DNA filament. We can thus exclude any kind of
“side-by-side” association of the macromolecules. A com-
parison of the experimental and calculated Stuhrmann plots
shows that a protein shell of 96-A diameter surrounding a
DNA core of 20-A diameter fits the data quite well. The
diameter of 96 A is close to that observed by scanning
transmission electron microscopy (DiCapua et al., 1982) and
in negative stain (Egelman & Stasiak, 1986). The experi-
mental Stuhrmann plot is rather less steep than that calculated
from the model; this could be the result of some interpene-
tration of the protein and DNA shells, including a possible
coiling of the DNA path at about 9-A radius as discussed in
Egelman and Stasiak (1986). It could however also be due
to incomplete exchange of the labile protons of the protein,
due to its highly polymerized state, which may reduce solvent
accessibility. Further, we have assumed that the 5% glycerol
is homogeneously distributed in the solvent and not excluded
from some regions close to the protein. Such an effect has
been observed for globular proteins (Lehmann & Zaccai,
1984) and is discussed in detail for the complex of DNA with
RNA polymerase (Heumann et al., 1988), however, in solu-
tions of considerably higher glycerol content. Qur model
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calculations were based on a 100% deuterated DNA whereas
the experiment used DNA of unknown degree of deuteration,
estimated to be at least 80% as it was produced in 100% D,0
with deuterated succinate as a carbon source; incomplete
deuteration of the DNA would also lead to a flatter Stuhrmann
plot. The inherent error of the experimental data does not
allow conclusions at a higher level of precision.

The results outlined above constitute the first experimental
evidence that the DNA is localized close to the center of the
recA-DNA filaments as has been suggested earlier for the
theoretical reason that the chemical bonds of the DNA could
not be extended such as to be wrapped around the outside of
the protein. Our results add support to the hypothesis that
for the strand exchange reaction between two DNA molecules,
the second partner must find its way into the complex, pre-
sumably through the deep cleft of the helical complex detected
by electron microscopy (DiCapua et al., 1982; Howard-
Flanders et al., 1984).
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