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Abstract The filament structures of the self-polymers of RecA
proteins from Escherichia coli and Pseudomonas aeruginosa,
their complexes with ATPyS, phage MI13 single-stranded
DNA (ssDNA) and the tertiary complexes RecA::ATPYS::ss-
DNA were compared by small angle neutron scattering. A model
was developed that allowed for an analytical solution for small
angle scattering on a long helical filament, making it possible to
obtain the helical pitch and the mean diameter of the protein
filament from the scattering curves. The results suggest that the
structure of the filaments formed by these two RecA proteins,
and particularly their complexes with ATPYS, is conservative.
© 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

RecA protein from Escherichia coli is a small (~40 kDa)
enzyme essential for several cellular functions such as homol-
ogous recombination, post-replication repair, recombination-
dependent replication and induction of SOS-repair functions.
In the presence of ATP and magnesium, these proteins poly-
merize on single-stranded DNA (ssDNA), forming a helical
nucleoprotein filament, which is capable of binding homolo-
gous double-stranded DNA (dsDNA) and accomplishing the
recombination strand exchange reaction [1]. Replacement of
E. coli recA gene with its homolog from Pseudomonas aeru-
ginosa results in hyper-recombination that is a high frequency
of recombination per DNA unit length [2]. Comparative bio-
chemical study of RecAp, and RecAg. proteins has revealed
that the tertiary complex RecAp,::Mg>"::ATP::ssDNA ex-
hibits higher stability in high salt and has a higher affinity for
ssDNA and dsDNA [2,3]. It remained unclear how the differ-
ences in genetic and biochemical characteristics of the com-
pared proteins relate to the differences in their structural pa-
rameters.
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Small angle X-ray and neutron scattering are among the
few methods that yield information about the structure of
proteins and nucleoprotein complexes under the native con-
dition. It has been shown earlier [4] that the scattering curve
of the helical filament of E. coli RecA protein exhibits a dis-
tinct diffraction maximum. This maximum is attributed to the
periodicity of the helix so that its position provides informa-
tion on the helical pitch of the protein filament. In previous
works [4] the cross-sectional radius of gyration has been de-
termined from the Guinier region of the curve, using the ap-
proximation for very long particles [5]. The helical pitch was
estimated by numerical calculation of scattering on helical
objects, which were built from arrays of spheres [4] or cylin-
ders [6], and by changing the helical pitch of such objects until
the calculated curves were in agreement with the experimental
data.

In this work we present a model that allows for an analyt-
ical treatment of the intensity of scattering on a long helical
object in solution. Based on this model, we were able to de-
velop a minimization routine for LMS fitting of the experi-
mental scattering curves and to obtain such structural param-
eters as helical pitch, the mean diameter of the helix, and the
approximate size of the protein monomer. This routine was
used to compare the above parameters for the filaments of
RecA proteins from E. coli and P. aeruginosa (RecAg. and
RecAp,, respectively) and their complexes with co-factors and
substrates (ssDNA, ATPyS, and magnesium ions).

2. Materials and methods

2.1. Principles of the model for scattering on a helical structure in
solution
The amplitude of scattering on a periodic structure oriented at an
angle 0 to the plane of the incident wave can be written as a con-
volution of two functions [7]:

40 = 350 (07 wion@Li 2 ()

where ¢ =cos6, h is the period of the structure, L its total length and
Y Q,t) the form-factor of a single element of the structure (¥(Q,7) =0
at £> 1), in this case, of one turn of the helix. Using the properties of
the &-function, Eq. 1 can be rewritten as:
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For a sufficiently long object, so that L>> A, 1/Q, the terms in the sum
in Eq. 2 are different from 0 only around Q = —2mnj/ht. Therefore, the
mean scattering intensity, averaged by orientation of the object, can
be presented as:

2
Lt/2
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Jj=—» -1 h <Q 2/::/>Ll/2 hQ
Considering that L>>h, 1/Q, we can use the substitution:
(Q + 2“’) L1)2
and integrate by u from —o to +o, so that:
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Thus, the scattering spectrum of a solution of long particles with
periodic structure is a sum of diffraction peaks with each term differ-
ent from 0 only at Q> 2ml|j|/h, and includes a corresponding form-
factor of a single element of the structure. To calculate the latter for a
helical filament structure formed by a protein, we have assumed that
each protein monomer is uniformly distributed along the helix, so that
the scattering density of one turn of the helix is:

— N 2 —  —
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where py is the scattering density of the monomer and N is the num-
ber of monomers per turn. Then, the scattering amplitude of one
helical turn is:

0= [p(eCTa, ™)
By combining Eqgs. 6 and 7 we find that:
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is the form-factor of a single protein monomer. Eq. 8 can be rewritten
as:
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where D is the mean diameter of the helix (Fig. 1). If we consider a
simple model where the form-factor of the monomer unit is the same
for all ¢, Eq. 9 can be integrated analytically. As commonly used in
the models of small angle scattering, the monomer can be approxi-
mated by a uniform sphere with a radius of r [§]:

sin(Qr)— Qrcos(Qr)

@(Q) =3V(p—ps) 0

(10)

Then, from Eq. 9 we obtain:
N 2
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where J; are Bessel functions.

Thus, Egs. 5, 10 and 11 give a general analytical solution for the
direct problem of small angle neutron or X-ray scattering on long
helical structures in solution (Fig. 1).

@(0),0=2xljl/h (11)
0, 0<2nljl /h
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The earlier results indicate [4,8] that the value for the helical pitch
of the nucleoprotein complexes of RecA-like proteins usually lies be-
tween 70 and 95 A and does not exceed 100 A. For these helical pitch
values the second diffraction term (Eq 11, j= £ 2) contributes to the
scattering curve only at Q0 >0.13 A=, which in our SANS measure-
ments correspond to the very end of the scattering curve with poor
signal-to-noise ratio. Thus, in applying Eqs. 5, 10 and 11 to our SANS
data, we can disregard the terms that describe the second- and higher-
order diffraction maxima and modify Eq. 11, leaving only the terms

with j=—1,0,1:
2
1(Q) = h2Q<|‘P(Q, )|2+2' <Q’hQ> > (12)

The first term in Eq. 12 is the commonly used formula that de-
scribes scattering on lengthy particles [5], while the second term results
from the periodicity of the helical structure. Eq. 12, together with Egs.
10 and 11, were applied for LMS fitting of experimental SANS data,
yielding the mean diameter of the helical structure, D, mean radius of
the monomer, r, and the helical pitch of the structure, 4. The cross-
sectional radius of gyration was calculated as:

2 __ 2 2
R2=3/57 +1/4D (13)

The minimization routine was implemented in Fortran using the
MINUIT library package. The fitting procedure was further tested
on a set of simulated SANS scattering curves calculated for helical
objects of different length and pitch, composed from an array of uni-
form spheres. The radius_of the monomer sphere (23 A), the mean
diameter of the helix (60 A), filament density (six monomers per turn)
and the range of the helical pitch values were chosen to approximate
the expected values for RecA protein [8]. The calculated scattering
spectra were convoluted with the Gaussian function (6=0.1Q), ap-
proximating the resolution function of the YuMO spectrometer. The
fitting routine used the same resolution function, while varying the
parameters /4, D and r. For the simulated scattering curves for objects
9000 A in length and with helical pitch between 55 and 95 A, the
structural parameters of the filaments given by the minimization rou-
tine did not differ from the values used to generate the simulated
curve by more than 2%. The simulated data could be fitted by Eq.
12 for the model objects with lengths of 3000 A and longer, with the
error in determining the parameters 4, D and r not exceeding 3%. The
fitting routine was unsuitable for determination of the parameters of
very short (300 A) filaments and appears to provide an adequate
treatment of the scattering intensity data for the helical polymers
whose length exceeds the mean diameter by at least a factor of 20-50.

2.2. Experimental procedure

SANS data were acquired on the YuMO spectrometer, Frank Lab-
oratory of Nuclear Physics, Joint Institute for Nuclear Research in
Dubna, Russia. The standard geometry was used as described in [9],
with a collimated beam diameter of 14 mm. The time-of-flight method
was used for the scattering curve acquisition, with the range of neu-
tron wavelengths from 0.7 to 6 A. The raw data were processed and
normalized as described in [9], so that the absolute value (in cm™!) for
the scattering intensity could be determined. Two detectors were used
for simultaneous acqu1smon in the range of Q from 0.005 to 0.15 AL
Samples were placed in 2 mm Helma cuvettes and were maintained in
a temperature-stabilized box during measurements.

RecA proteins from E. coli (RecAg.) and P. aeruginosa (RecAp,)
were extracted and purified as described in [2], except the last dialysis
was performed against D,O buffer, and stored at 70-110 mg/ml con-
centration at —30°C in 50 mM Tris-HCI D,0O buffer containing 50%
glycerol by volume. Protein concentrations were determined by opti-
cal absorption at 280 nm. Extinction coefficients of 2.23x10* M~!
cm~! and 1.8x10* M~! cm™' were taken for RecAg. and RecAp,,
respectively. ssDNA from phage M13mpl9 was purified as described
in [10], and its concentration determined by optical absorption at 260
nm, using an extinction coefficient of 6.5X10> M~! ecm™!. ATPyS,
ADP, Tris, glycerol and MgCl, were from Sigma Chemical.

The measurements were performed at 15°C in >99.8% D,O 20
mM Tris-HCI buffer (pH 7.5) containing 2 mM Mg acetate and 2—
5% glycerol. A blank sample of the buffer containing the same
amount of glycerol was used for reference. ATPYS (0.5 mM) and/or
M13 ssDNA (six nucleotides per RecA monomer) were added at the
day of the experiment with subsequent incubation for 15 min at 37°C.
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RecA concentration was 6 mg/ml, except in one experiment where a
concentration of 4 mg/ml was used. The acquisition time for each
curve was 20-40 min. The total duration of the experiment was
around 6 h. Replicate measurements, taken on each sample at the
beginning and the end of the experiment, did not show significant
difference in the scattering curves, indicating that the protein structure
is not degraded during the time of measurements.

3. Results and discussion

3.1. Applicability of the model for treatment of SANS data for
RecA protein complexes
We have further tested the fitting procedure on experimen-
tal data obtained for RecA protein from E. coli and its pre-
synaptic complex with ATPyS and ssDNA. A typical scatter-
ing curve for RecAg; in D,O (>99.8%) buffer containing 2
mM Mg?* is shown in Fig. 2 (squares), and the best fit to Eq.
12 is shown by the solid line. The experimental data could
also be interpreted as scattering on a long hollow cylinder,
according to the formula [7]:
1 [RJ1(OR1)—R2J (OR,)]?

I(Q) :a Q(R%*R%) (14)

where R; and R, are the outer and inner radii of the hollow
cylinder and J; is the first-order Bessel function (Fig. 2, dotted
line). However, fitting the experimental data to Eq. 14 yielded
a value for the thickness of the walls of the hollow cylinder
(R{—Ry) of less than 3 A, which is much less than the size of
the RecA monomer (40-60 /OX). The experimental data could
not be adequately described by the hollow cylinder model
when a lower limit on the wall thickness of 40 A was imposed
(Fig. 2, dashed line). Therefore, it appears likely that the
maximum in the scattering curve around Q~0.1 A1 is the
first diffraction maximum for scattering on a long helical
structure, which is reasonably well described by Eq. 12.

Fig. 3 shows scattering on the presynaptic complex of the
RecA protein (RecAg.::Mg?t::ATPyS::ssDNA), and the
best fit of the data to Eqs. 12 and 14. The data show a marked
shift in the position of the subsidiary maximum and decrease
in the slope of the initial portion of the curve, due to struc-
tural changes of the filament as it assumes an active form.

L, arbitrary units

QA"

Fig. 1. Computer-simulated scattering curves on a helical structure
composed from an array of uniform spheres (symbols). Helical pitch
of the structure is 75 A, mean diameter of the helix 50 A and radi-
us of each sphere in an array 10 A. A curve yielded by Eq. 12 using
the same parameters is shown by the solid line.
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Fig. 2. SANS spectrum of RecA protein from E. coli, 6 mg/ml solu-
tion in Mg>*-containing D,O buffer. Solid line shows the fit to the
data by Eq. 12. Fitting parameters were D=67.7 A, h=69.1 A,
r=27.1 A. Data were also fitted to the hollow cylinder model (dot-
ted line) given by Eq. 14: Ry =344 A, R, =372 A. Dashed line
shows an attempted fit by the latter model after a lower limit of 40
A on_ the cylinder wall thickness was imposed: R;=1.6 A, Ry =
S1.7 A, y*=2.25.

Experimental points are well described by Eq. 12 (Fig. 3, solid
line), which yields values for the helical pitch of 87 A and for
the mean diameter of the helix of 53 A. The data could not be
adequately described by the hollow cylinder model (Eq. 14)
without any limits imposed on the wall thickness (Fig. 3,
dotted line).

The earlier results obtained by SANS [4] and electron mi-
croscopy [8] have shown that RecAg. forms helical filaments
of two types, which correspond to the active and inactive
forms of the enzyme. As summarized in Table 1, the structural
parameters of the RecAp. enzyme and its active complex
yielded by the minimization routine based on Eq. 12 are in
fairly good agreement with earlier works. Thus, the minimi-
zation routine based on Eq. 12 directly links the structural
differences between the active and inactive forms of RecAg.
with changes in the helical pitch and the diameter of the helix.
The reproducibility in the values provided by the fitting rou-

0.14

I cm

0.01 3

0.00 0.05 0.10 0.15 0.20
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Fig. 3. SANS spectrum of E. coli RecA protein, 6 mg/ml solution
in D,O buffer, in the presence of ATPYS and ssDNA. Data were fit-
ted to the helical filament model, Eq. 12 (solid line, D=52.6 A,
h=872 A, r=26.6 A, and the hollow cylinder model, Eq. 14 (dot-
ted line, R; =26.6 A, R, =34.5 A).
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Table 1
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Results of testing of the minimization routine using the SANS curves obtained for E. coli RecA

Position of subsidiary

Helical pitch

Diameter of Monomer radius (A) Cross-sectional

maximum (A~") (A) the helix (A) gyration radius (A)
Inactive complex
Present data 2m/61 69.3+1.4 68.0+0.6 262109 39.6£04
DiCapua et al. [4] (SANS) 2m/63 ~170 70 22.5 (estimated) 39.1%1.1
Presynaptic complex
Present data 2n/77.6 89.3+2.1 53.1£0.9 27.5+1.4 34114
DiCapua et al. [4] (SANS) 2n/75 ~95 56 22.5 (estimated) 335113
Yu et al. [8] (Image) 91

Data are given as mean * standard error from three independent measurements. Results reported in [4,8] are given for comparison.

tine (Table 1) indicates that it does not overinterpret the data
and the fitted parameters are reasonably independent.

3.2. Comparison of the structural parameters of the protein and
nucleoprotein filaments formed by RecAg. and RecAp,

The comparative measurements of SANS spectra were per-
formed on RecAg. and RecAp, complexes, such as RecA::
Mg?t, RecA::Mg?t::ssDNA, RecA::Mg>"::ATPyS and
RecA::Mg>" ::ATPyS::ssDNA. The results of fitting the
data to Eq. 12 and the obtained parameters /4, D and r are
summarized in Table 2. The cross-sectional radius of gyration
of the filaments was calculated according to Eq. 13.

Our data indicate that in the absence of nucleotide co-fac-
tors RecAp, filaments have higher helical pitch than RecAg,
(73.8 vs. 69.3 A, P <0.05) and somewhat lower mean diame-
ter. In the presynaptic complex (RecAp,::Mg>"::ATPyS::
ssDNA) the helical pitch of the filament is significantly in-
creased, which is accompanied by a decrease in filament di-
ameter. The structural parameters of the active presynaptic
complexes of the two proteins were nearly identical based
on three independent measurements. The structural parame-
ters of the complexes of these two proteins with ATPyS
(RecA::Mg>*::ATPyS) were also very similar. Although the
latter complexes are inactive, there is a shift in the parameter
values toward those for the active complex (as compared to
the RecA::Mg?* values). Ellouze et al. [11] have reported an
even larger increase in the helical pitch of RecA protein in the
presence of nucleotide co-factors, while according to the ear-
lier work by DiCapua et al. [4] the structures of the protein
self-polymer in the presence and absence of ATPYS do not
appear to differ significantly. The apparent discrepancy be-
tween our data and those reported by Ellouze et al. is possibly

due to somewhat different conditions of measurement, partic-
ularly the higher salt concentration (NaCl and sodium phos-
phate) used in that work [11], which could have resulted in a
partial activation of RecA protein [12]. Our own observations
seem to suggest that the helical pitch of the RecA complex
with ADP::AlF, (an ATP analog [8]) increases substantially
after addition of 200 mM NaCl (data not shown).

For the protein complexes with ssDNA alone (RecA::
Mg?*::ssDNA), the helical pitch values for RecAg. and Re-
cAp, appear to differ, although the difference was not statis-
tically significant due to a higher scatter in the results between
different experiments under these conditions.

The high degree of similarity in the structure of the com-
plexes of RecAp, and RecAg. with ATPYS and their presyn-
aptic complexes indicates that the mechanism of the transition
from the inactive to the active form of the enzyme may also
be conservative. Considering the three-domain structure of
RecA proteins, it may be presumed that the structural changes
in the filament are accomplished by a change in the relative
orientation of the domains, possibly through the existence of
hinge-like structures [13]. The change in the relative orienta-
tion of the main protein domain of RecAg. protein and its
C-terminal domain upon binding ATPYS has been observed by
fluorescent spectroscopy [14]. Reorientation of the C-terminal
domain of RecAg. has also been implicated in the change
between the active and inactive forms of the protein by elec-
tron microscopy [8]. The changes in the helical structure of
RecA proteins upon interaction with ATPYS observed in this
SANS study may indicate that this nucleotide co-factor places
the filament structure into an intermediate state, which is con-
servative between the two proteins. This intermediary, upon
binding ssDNA, forms a presynaptic complex which structur-

Table 2

Structural parameters of the filaments of RecA proteins from E. coli and P. aeruginosa and their nucleoprotein complexes

Co-factor Helical pitch, & Mean diameter, D Radius of the monomer, r Cross-sectional radius of gyration, R, n
(A) (A) (A) (A)

E. coli

Mg>* 69.3t1.4 68.0£0.6 26.2%0.9 39.6+04 3

ATPYS 76.9t1.4* 66.8£0.4 26.3%1.7 39.1+£0.6 3

ssDNA 72.8+2.7 659+1.7 26.7£1.0 38.9+0.7 3

ATPyS::ssDNA  89.3%2.1¢ 53.1+£1.9* 27.5%1.4 341+1.4% 3

P. aeruginosa

Mgt 73.8+1.5° 66.7£1.0 27.1%1.1 39.0+0.6 3

ATPYS 77.5£0.9 652%1.6 27.3%23 38.9+0.3 2

ssDNA 77.6£3.1 63.8£0.6 27.6%11.2 38.4+0.6 3

ATPyS::ssDNA 89.6%1.2¢ 50.8+0.9% 28.3%1.9 33.6+0.6* 3

Data from independent experiments are presented as mean * standard error.
aSignificantly different from value for the protein self-polymer in Mg>*.
bSignificantly different from the corresponding value for E. coli enzyme (P <0.05).
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al parameters that follow the structure of a stretched confor-
mational state of a ssDNA, as suggested in [10] and [15].
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