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The hydrodynamic properties of large homodisperse single stranded DNAs complexed with the helix destabilizing protein of phage
T4, the product of gene 32 (GP32), have been measured. The results suggest a size of the binding site between 8 and 10
nucleotides /GP32 molecule, in reasonable agreement with earlier work on a complex between GP32 and single stranded 145 base
DNA. From static light scattering experiments it is concluded that the persistence length of these complexes is about 30 nm,
distinctly smaller than the generally accepted value for double stranded DNA. The quasi-elastic light scattering properties of the
DNA-GP32 complexes were determined. The variation of the apparent translation diffusion coefficient D,,, with the scattering
vector ¢ was analyzed using the discrete ISMF and Rouse-Zimm models [S.C. Lin et al,, Biopolymers 17 (1978) 425]. The model
parameters that followed from the fit of D, versus' ¢° and from an extensive global analysis of the actually measured
autocorrelation functions agreed with the notion that these DNA—protein complexes are indeed rather flexible. The continuous Soda
model [K. Soda, Macromolecules 17 (1984) 2365] could successfully explain the variation of D, versus g°, assuming a persistence

length of 30 nm and a base—base distance in the complex of 0.44 nm,

1. Introduction

Gene 32 protein (GP32) encoded by the DNA
of bacteriophage T4 is essential for the replication
of the phage DNA after infection of the host
bacterium Escherichia coli [1]. The protein plays
an important role in the replication and repair of
T4-DNA (2]. The specific structure of the com-
plexes formed after binding of GP32 to single
stranded (ss) DNA is thought to be essential for
the special role that the protein plays in these
processes [3].

Several investigators have studied the binding
of GP32 to ss DNA using a variety of different
techniques [4-6]. The thermodynamics of the
binding of the protein to ss DNA is well described
by three parameters: the intrinsic binding con-
stant K, ., the cooperativity constant w and the
size of the binding site, n. The cooperativity

parameter w is estimated to be 1-5 X 10> and the
size of the binding site, n, ranges from 5 to 11
nucleotides covered by one protein molecule [3,7].
The intrinsic binding constant is strongly salt de-
pendent, being maximal at an ionic strength of 50
mM. Recently, Scheerhagen et al. [8] established
the structural parameters that can be ascribed to
the ss DNA-GP32 complex by using a combina-
tion of optical and hydrodynamical techniques. It
was shown that the solution dimensions of the ss
145 base DNA fragment changed drastically upon
complexation with GP32. From the electric field
birefringence decay it was calculated that the
base—base distance. projected along the long axis
of the complex was at least 0.44 nm per nucleotide
[9]. This value compared rather well with the value
of 0.46 nm per nucleotide determined by electron
microscopy [10]. The size of the binding site was
determined by combining the sedimentation and
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the translation diffusion coefficient using the
Svedberg relation, and was found to be 10
nucleotides covered per protein monomer. The
hydrodynamic results together with optical data
and calculations of absorption and circular dichro-
ism spectra resuited in a rather detailed picture of
the average conformation of ss DNA-GP32 com-
plexes [12]. Recently, linear dichroism experiments
further substantiated this proposed averaged con-
formation for several synthetic polynucleotides as
well as for natural DNAs, including the 145 base
DNA in complex with GP32 [13,46]. In this work
we study the structural fluctuations in large DNA
GP32 complexes using both classical and dynamic
light scattering. Theories have been advanced that
relate the observed scattered light intensities and
autocorrelation functions to a set of parameters
that can be discussed in terms of flexibility [14]. A
summary of these theories will be presented be-
low. All the results indicate that the structural
properties that characterize the long DNA-GP32
complexes are very similar to those of the short
complex. In addition, the GP32-ss DNA com-
plexes must be rather flexible.

2. Materials and methods
2.1. General

All chemicals used were reagent grade. All hy-
drodynamic parameters were measured at a tem-
perature close to 20°C, and corrected to the
standard temperature of 20 ° C. The buffer used in
all experiments was 2 mM Na,HPO,, 0.2 mM
Na,EDTA and 50 mM NaCl with pH 7.2.

2.2. Protein preparation

GP32 was purified essentially as described by
Moise and Hosoda [18]. E. coliBE-cells were in-
fected with the overproducing triple mutant
T4amN134(33)amB292(55)amE219(61) (both
strains were a kind gift of Dr. Hosoda, University
of California, Berkeley, U.S.A.). GP32 eluted with
a 2 M NaCl wash of the ss DNA agarose column
was applied to a G-75 Sephadex (Pharmacia,
Sweden) column to remove most of the proteolytic

activity. Preequilibration of this column with 0.1
M NaCl buffer allowed us to apply the eluate
directly on a DEAE-cellulose column. The protein
was eluted with a 0.1-0.6 M NaCl salt gradient
and eluted at a salt concentration of 0.2 M NaCl.
The protein was stored immediately after purifica-
tion at 3—5 mg/ml concentration at —20°C. As
shown by polyacrylamide gel electrophoresis the
GP32 protein was at least 90% pure.

2.3. DNA preparation

2.3.1. Plasmid pBR322

Plasmid pBR322 harbouring E. coliC 0 bacternia
were grown on ampicillin containing medium. Cell
lysis was performed using the ‘cleared lysate’
method [19]. The plasmid was banded on a CsCl-
gradient (44 h, 38000 rpm) and collected by side-
puncturing the centrifuge tube after visualization
of the plasmid using ethidium bromide (Sigma)
with long-wavelength UV light. After extensive
extraction of the ethidium bromide with iso-pro-
panol followed by dialysis the material was treated
with RNAse (Worthington). The material was ex-
tracted with freshly distilled phenol (Baker) and
after dialysis the DNA was precipitated with pure
ethanol (Baker) and resuspended. Incubation with
EcoRI (Boehringer) restriction endonuclease in the
recommended buffer for 30-60 min at 37°C was
used to obtain a linear molecule. The completion
of the digestion was confirmed using 1% agarose
gel electrophoresis. A final protein extraction with
fresh phenol and an ethanol precipitation had
been performed before the DNA was stored at
—-20°C.

2.3.2. Phage DNA

Phage A-DNA (AcI857Sam7) was purchased
from Boehringer (Mannheim, F.R.G.) and was
used without further purification. Phage M 13-
DNA was a kind gift of Dr. B.J.M. Harmsen
(Catholic University of Nijmegen, The Nether-
lands). M 13mp 10 phages were grown on E. coli
JM 101 and the DNA was extracted from purified
phage particles using standard procedures [19]. All
the phage DNAs migrated as a single band on 1%
agarose gels.
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2.3.3. Nucleosome DNA

Double stranded nucleosomal DNA was pre-
pared using the method described by Lutter [20].
The material was homodisperse in length as judged
by the field strength and duration dependence of
the decay of the electric birefringence signal as
described elsewhere [9]. In addition the homogene-
ity was checked using a 6% polyacrylamide gel
with a low molecular weight DNA marker.

2.4. Sedimentation

Ultracentrifuge experiments were performed
using a MSE centriscan 75 ultracentrifuge
equipped with a UV-absorbance scanner. The ro-
tor speed in these experiments ranged from 18 (000
to 24000 rpm and the rotor temperature was kept
at 20°C by the built-in temperature controller.
The position of the sedimenting boundary was
taken at halfheight of the plateau. Since the
boundary was quite steep this method introduces
only a slight error. The sedimentation coefficients
were calculated by applying a least squares
method. The logarithm of the boundary position
varied linearly with the sedimentation time for all
rotor speeds used.

2.5. Absorbance measurements

A description of the absorbance spectropho-
tometers and titration technique is given by Van
Amerongen et al. [15]. The titrations were per-
formed at a temperature of 11° C maintained by a
Lauda thermostat bath. The absorbance data were
transferred to a VMEL31l computer system for
further data analysis.

Calculation of the interaction spectrum. In the
titration experiments a dilute DNA solution was
titrated with small aliquots of a concentrated pro-
tein solution. After weighing the amount of added
protein and gently mixing of the components an
absorbance spectrum was recorded from 240 to
420 nm. We assume that the obtained spectrum
consists of three contributions, i.e. the DNA spec-
trum, the protein spectrum and an ‘interaction’
spectrum; the last spectrum can be calculated.
When the long ss DNA was complexed with GP32
in this type of experiment an increased ab-

sorbance in the 350-420 nm region could be ob-
served in the ‘interaction spectrum’ which was
absent when we used nucleosomal ss DNA. Since
none of the components significantly absorbs light
in this wavelength region, we ascribe this change
to the formation of large, high molecular weight
structures. The absorbance change in this region
of the spectrum can be fitted to the following
relation

v

AL g 1)

AA=C’}\—0

where C is a proportionality constant, B an offset
and A, a reference wavelength (in this case cho-
sen to be 420 nm). The obtained correction was
used to calculate the scattering corrected ‘interac-
tion spectra’ between 240 and 350 nm.

2.6. Light scattering

2.6.1. Sample preparation

If necessary we denatured the double stranded
DNA by heating to 95°C followed by a rapid
chill on ice. After the sample had reached a tem-
perature of about 30°C an aliquot of ice-cold
GP32 solution was added and gently mixed with
the DNA. In all cases excess protein was added to
the DNA solution using a conservative estimate of
the size of the binding site to obtain a fully
saturated complex. We typically used a DNA con-
centration of = 25 ug/ml in all experiments. Since
sample purity is essential for light scattering we
used.a combination of filtration and gel exclusion
chromatography to remove unwanted particles.
First the freshly prepared protein~-DNA complex
was applied to a G-100 Sephadex (Pharmacia)
column to remove excess protein that might ag-
gregate during the experiment. Next the eluate
was filtered using Millipore filter (Sartorius) with
an appropriate pore diameter, e.g. 0.2 pm for
PBR322 and M 13 and either 0.45 pm or 1.2 pym
for M 13mp 10 and A DNA. The filtrate was led
directly into a scattering cell, which had been
rinsed using acetone vapour and sealed with
Parafilm after the acetone had evaporated. The
formation of a saturated complex was checked
using CD spectroscopy.
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2.6.2. Setup

We performed homodyne quasi-elastic light
scattering (QELS) experiments using an Argon-ion
laser (Spectra Physics model 165) equipped with
either visible or UV optics. The scattered light was
detected using a FW130 photomultiplier (EMI)
followed by an amplifier discriminator (Ortec
9302). The photon pulses were fed into a Malvern
K7023 (96 channels) correlator after passing a
home-built pulse shaper to meet the input specifi-
cations of the correlator. This setup has been
described in more detail elsewhere [21]. The sam-
ple interval of the correlator was adjusted to have
about 8 decay times in thé measured time domain,
to allow for good estimates of very slight baseline
shifts. We used typically 50-200 mW light intensi-
ties at 488.0 or 514.5 nm and about 10 mW at
351.1 nm for the light scattering experiments. The
classical light scattering experiments were per-
formed using 514.5 nm light which gave the best
intensity stability. Within error of the experiment
all reported data did not depend on - the laser
intensity. Laser intensity drift (e.g. ‘mode hops’
and temperature changes of the oscillator) can
result in an incorrect normalisation of the ob-
tained autocorrelation function. It proved to be
convenient to do many short measurements (1-10
s each) to obtain a more correct normalisation. In
this manner we could also observe the fluctuations
in the average number of photoncounts and ex-
amine the effect of rejection of both high and low
countrates from the average. If an occasional larger
particle had entered the beam either in front or
behind the scattering volume the measured corre-
lation function was rejected from the result, if the
fluctuation was greater than 10vn, with n the
mean countrate per second for all experiments.
Typically 1-5% out of 400 measurements of 1 s
was rejected. During a long measurement with
only a small count rate the ‘normalisation’ in the
usual fashion is largely affected by a spurious
‘Tyndall’ fluctuation, and has to be repeated. This
disturbance usually lasts for only a few seconds
and can be deleted easily by rejection of some
individual curves from the measured data set.
However, ‘when more than 10-20% of the re-
corded curves had to be rejected it was clear that
the sample quality was too poor to perform useful
measurements at all.

To measure the particle-interference function
for the various DNA-protein complexes, we
calibrated the QELS setup using a solution of
latex spheres of known size. Latex spheres with a
diameter around 100 nm ensured that the scattered
intensities of the sample and reference were of
comparable magnitude. Aggregation in the refer-
ence solution could easily be detected using the
obtained autocorrelation function. The scattered
intensities of the latex spheres were compared
with those of the DNA—protein complex and thus
the angular dependence of the scattering volume
was eliminated. The experiments directly yielded
the desired particle interference function for the
DNA--protein complex, apart from a normalizing
constant. An internal control was performed using
latex spheres of a rather different size, yielding the
correct radius of gyration within an error bound
of less than 10%.

2.6.3. Data analysis

We used two approaches to obtain the model
parameters from the quasi elastic light scattering
data: :
() D,,, versus q*. All autocorrelation func-
tions C were first fitted to 4 exp(—2D,,, g*t)+ B,
where g° is the squared magnitude of the scatter-
ing vector ¢ given by 4 = n sin(8,/2) /A with n the
refractive index of the solution, & the angle be-
tween the incoming and scattered beam and A the
wavelength used. D,,, is the apparent diffusion
coefficient, A the amplitude of the correlation
function and B is an offset. Hereby homodyne
detection of the scattered light is assumed. As can
be seen from the analytic expression used (see
theory; eq. 5) this method is essentially not cor-
rect. Except for the smallest scattering angles we
do not expect the autocorrelation functions to be
single exponential. However, we assume that the
obtained apparent diffusion coefficient can be re-
lated to the first cumulant of the theoretical ex-
pressions used [14,25]. The values of D, at dif-
ferent values of the scattering vector ¢ were
ordered in pairs (D,,, and g*) and the following
sum was minimized:

U= Y [Dyplexp)(q,) — Dyp(th)(g)]” ()
Jj=1
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Several different expressions for the theoretical
value of D,,, were used, which will be introduced
in the next section.

(ii) Global analysis. As indicated above the
method used for the analysis of the D, versus q*
is strictly spoken incorrect. To overcome this
problem we performed a global analysis and the
autocorrelation-functions obtained with four to
six different values of g2 were fitted simulta-
neously using the dynamic structure factor of an
appropriate molecular model. In this approach we
minimize the following sum:

M 96

R=Y Y [c(g. n)-clS(g 1] (3)

j=1i=2

The dynamic structure factor S(gq, ) was calcu-
lated according to eq. 5 with an appropriate choice
of one of the functions A4, defined in eqgs. 6, 7 or 8
(see section 3). The number of unknown parame-
ters is equal to the number of model parameters
plus the number of 4% values included, since we
apply individual normalizing factors, ¢; for each
correlation function. The number of data points is
equal to the total number of points, 95, in a single
autocorrelation function times the number of g2
values used (M). In general, there are M+ 3
unknowns and 95 M data points since from all
correlation functions the first data point was
routinely omitted. If more than one autocorrela-
tion function is included in the global analysis the
number of unknowns is smaller than in (i) since
no offset is included in the latter approach.

3. Theory

To describe the obtained autocorrelation func-
tions we used several models applicable to the
dynamics of wormlike chains. We introduce the
models shortly with some references to appli-
cations on double stranded DNA in the next
sections.

3.1. The ISMF model [24]

In this model n, (= N + 1) segments of a mole-
cule diffuse independently in a radial harmonic

potential with a strength g which is adjusted to
give the correct radius of gyration (R,) of the
molecule. Every segment has an isotropic trans-
lation friction factor f. A remarkable feature of
this model is that the segments of the molecule are
not physically connected. The ISMF model has
been used for a description of the internal dy-
namics of calf thymus DNA [14]. We apply it to
fit our data of GP32 complexed with linear and
circular DNAs.

3.2. The Rouse-Zimm model [14,25]

In this model N + 1 beads are connected with
identical ideal springs with a spring constant g.
The individual beads have a translational friction
cocefficient f. The spring constant g determines
the root mean square distance between the beads.
The Rouse-Zimm model was used extensively to
describe the internal dynamics of double stranded
DNAs such as calf thymus, ¢$29 and A DNA. It
was shown that a universal choice of the parame-
ter set was possible, with the appropriate scaling,
for DNAs of various lengths [26]. Moreover, the
temperature independence of the model parame-
ters was demonstrated [25]. We used both the
linear and circular free draining chain formulas in
the calculation of the autocorrelation functions.

To calculate the autocorrelation function we
need an expression for the dynamic structure fac-
tor S(g, 7) with g the scattering vector and 7 the
time in ¢ space. The autocorrelation function is
given by:

C=18(q, 7)*S(q, 1)|? (4)

in which S(g, 7)* is the complex conjugate of
S(q, 7). The expressions for the two discrete mod-
els above can be generalized into one formula:

S(q, 7)
=(N+1) exp(—qz('Dﬂ_ %)T)

X [exp(-q2 k]BrT'r) +A4,(q, N, g, T)] (5)

where D, — kgT/(N + 1)f is the diffusion coeffi-
cient of the whole molecule which can be obtained
in the limit ¢ — 0. k is Boltzmann’s constant, T
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is the absolute temperature. The functions A, are
dependent on the choice of a model but indepen-
dent of 7. '

For the ISMF model we have:

kgT
Aismf =N exp( —qz_g_) (6)

For the linear Rouse-Zimm chain:

N+1N+1 o2 kT _
4= 3y exp( q(;+/1g)|n rl) ™)

n=1 p
P

=1
*n

And for the circular Rouse-Zimm chain:

4 -§ LI LN
crz,c""’=1exp q 2g( )N+l
. “ ,
<(1-557)) ‘ ®

3.3. The Soda model for circular wormlike chains

The theory of Soda [16] is very attractive to
apply to the DNA-protein complexes because the
bending persistence length is explicitly included as
one of the model parameters. Although it is known
that the longitudinal stiffness is treated in an
incomplete way, the model gives rather good pre-
dictions for the static light scattering properties of
the wormlike ring [16], including hydrodynamic
interaction. Moreover, the model has been suc-
cessfully applied -to experiments with the plasmid
ColE1 [17]. Since we determined both the dynamic
and static light scattering properties of two cir-
cular covalently closed DNA-protein complexes
and because we are specifically interested in an
estimate of the persistence length of the
DNA-protein complexes the theory of Soda seems
well suited for our purpose.

The discrete Berg chain [29] is the starting
point for the Soda theory. It is transformed to a
continuous chain by increasing the number of
beads and keeping the contour length L fixed. A
general expression for the dynamic structure fac-
tor is given by:

2
S(q, 7) =2La* exp(—Dyq* 'r)fL/ dsc(q, s, t)
o
' %)

where D, is the translation diffusion coefficient
and a is the polarizability per unit length. ¢(g, s,
T) is integrated along the chain using the reduced
variable 5. The function ¢(q, s, 7) is given by:

c(g, s, 1)
® 4kgTq* 2ans\ __ .
_CXP[—ngl LN, (1—005( 2 )e )
(10)

where A, is a function of the flexibility of the
chain and , is the relaxation time of the n-th
normal mode. The hydrodynamic interaction, in-
cluded in the value of 7, is determined by £, /A, -
£, is the friction coefficient of the rn-th normal
mode, which contains the hydrodynamic interac-
tion, and £, can be calculated given a appropriate
choice for the molecular diameter using an expres-
sion for the mean reciprocal distance between two
segments on the contour of the molecule (see eq.
10 in ref. 22 and eq. 50 in ref. 16).

2
3.4. D,,, versus q

To describe the D, versus q? curve we used
three models to calculate D,.: (i) the first cumu-
lant for a linear Rouse-Zimm chain with hydrody-
namic interaction [25]; (ii) the first cumulant for
the ISMF model; (iii) an autocorrelation function
was calculated using egs. 9 and 10. Subsequently
this function was analyzed in a similar way to our
experimental data thus yielding a value for D,
for a given value of ¢2.

3.5. Intra-particle interference
The intra-particle interference factor P(8) was

calculated using a formula given by Peterlin [23],
which is incorrectly generalized in ref. 27:

p0)=er| T R B(pemx)| 1)

1
m=0 m!
with

F(y)=2(y—1+e™)
y
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and x = L/a and p = ¢* a*/3. Adjustable param-
eters in this expression are the bending persistence
length a and the contour length L of the mole-
cule.

All models described above were implemented
on a VME131 micro-computer and were calcu-
lated using double precision arithmetic.

4. Results
4.1. Absorbance titrations

To compare the saturation of both a large and
smalt DNA with GP32, absorbance titrations were
performed. In figs. 1 and 2 we show the calculated
‘interaction spectra’ for the M 13mp 10 and 145
base ss DNA complexed with GP32 respectively.
Upon addition of a saturating amount of GP32
these interaction spectra seem to reach a ‘final’
spectrum, indicating that there is no further inter-
action after saturation is reached. To estimate the
size of the binding site we plotted the absorbance
change at 260 nm versus the concentration of
protein in the insets of figs. 1 and 2. The binding
site size of GP32 on M 13mp 10 was calculated
using an extinction coefficient of 37 x 10° M™!

Q.05

AODzso

005 "
% 5w B

[6P 32] (M)

A0D

o R
1 — 1 i
260 280 300
A(nm)
Fig. 1. Absorbance difference spectra after addition of GP32
(136 M) to M 13mp 10 (54 uM) DNA. The spectra were
corrected for dilution and for scattering as described in the
text. Both the protein and DNA contribution have been sub-

tracted. Inset: absorbance changes at 260 nm versus the total
protein concentration.

QOS5+

o 5 10 B
[GP32) (M)

ACD

1 1

I
260 280 300
Alnm)

Fig. 2. Absorbance difference spectra after addition of GP32
(136 pM) to ss 145 base DNA (60 pM). The spectra were
corrected for dilution and scattering as described in the text.
Both the protein and DNA contribution have been subtracted.
Inset: absorbance changes at 260 nm versus the total protein
concentration. .

cm ! at 280 nm for GP32 [42] and an extinction
coefficient of 7400 M~' cm™' at 259 nm for M
13mp 10 [43] yielding a value of 6.8 + 0.5 nucleo-
tides covered by one protein monomer. A value of
7.1+ 05 nucleotides covered by one protein
monomer was calculated for the 145 base DNA
complex, using the same extinction coefficients.
The absorbance changes for both complexes com-
pare very well, confirming that the extent of
saturation is the same for both complexes. Typi-
cally a value of y between —3 and —4 was found
for the exponent in the scattering correction pro-
cedure (see eq. 1), indicative of an extended struc-

.ture. We note that the size of the binding site is

not influenced by the scattering correction since
this correction was proportional to the saturation
of the complex. The total contribution of the
scattering correction at 260 nm was less than 0.04
A units.

4.2. Sedimentation

Boundary sedimentation experiments were per-
formed with four long ss DNA molecules com-
plexed with GP32. Linearized plasmid pBR322
DNA was heat denatured before complexation
with GP32. Fig. 3 shows some representative ab-
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Fig. 3. Sedimentation profiles recorded every 10 min of GP32

complexed with =25 pg/ml pBR322, using the UV-scanner.

The least squares fit resulted in a value of 54 § for s, . The

rotor speed was 18000 rpm and the temperature was 20°C
during the run.

Absorbance {(arh. units)
T

sorbance scans taken during the sedimentation
run that was performed with pBR322 complexed
with GP32. From the steep boundary it was in-
ferred that a rather narrow distribution of DNA
molecules covered with (cooperatively) bound pro-
tein was sedimenting, The sedimentation coeffi-
cient that can be calculated from the shift of the
boundary position at early times during the run
compared very well with the boundary position at
the end of the run. Moreover, similar observations
were made with M 13 and M 13mp 10 DNA
complexes. Rather different results were obtained
from sedimentation experiments with A DNA: no
single steep boundary was observed which was
probably caused by the introduction of single
strand breaks in the A DNA during the denatura-
tion procedure. These complexes gave a similar
circular dichroism spectrum to the other DNA-
protein complexes, so the DNA must be saturated

Table 1
Hydrodynamic parameters and size of the binding site

with GP32. In table 1 the sedimentation coeffi-
cient and the translational diffusion coefficient
obtained from small angle QELS experiments (see
section 4.4) for the three shortest DNAs are pre-
sented. For comparison the translational diffusion
coefficient and a calculated value for the sedi-
mentation coefficient for linearized double
stranded pBR322 DNA are shown. Comparing
this experimental value for the translational diffu-
sion coefficient of double stranded DNA with the
value found for the complex it can be noted that
the diffusion coefficient has decreased by almost
20%. Since the translational diffusion coefficient is
weakly dependent on the molecular diameter this
observation is indicative of a 40% increase in the
molecular length assuming that the translational
diffusion coefficient is inversely proportional to
the square root of the contour length for mole-
cules of this length, and that both molecules have
a comparable flexibility. The large value of the
sedimentation coefficient of pBR322 complexed
with GP32 (55, =50 S) compared with double
stranded pBR322 shows that indeed a DNA—pro-
tein complex with a high molecular weight has
been formed; the same conclusion holds for the
other DNA-protein complexes. The molecular
weights can be calculated using the Svedberg rela-
tion with the assumption of a reasonable value for
the partial specific volume. Since about 90% of the
mass of the complex consists of GP32 we used the
partial specific volume of the protein (0.73 g/cm’)
[30]. In the last column the calculated size of the
binding site for all three homodisperse DNA-pro-
tein complexes is given together with values mea-

Type of DNA com- No. of bases S 20w Dy M, Size of the
plexed with GP32 Q0¥ 1072 m? 571 (10 mol /kg) binding site
145bp ™ 145 11.6 19.1 0.54 10.0
pBR322 4363 50 22 205 7.7

M13 6407 61 221 249 9.4

M 13mp 10 7229 85 2.75 27.9 9.5

ds pBR322 2% 4363 141° 2.60 2.8

% These data were taken from ref. 9.

b This value was calculated using a molecular weight of 2.88 X 10° mol/kg in the empirical relation given by Crothers and Zimm

[28].
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sured by Scheerhagen et al. using 145 base
DNA —protein complexes [9]. The values found for
both M 13 DNA complexes, n=9.4 and n=9.5
respectively, are only slightly lower than the num-
ber reported by Scheerhagen et al. [9] for the
much smaller 145 base DNA-GP32 complex,
using the same approach. The number for the
pBR322 complex is significantly lower, but in our
opinion less accurate than the two M 13 values, in
view of the inaccuracy of the D, value at low
scattering angles (see below) and the relative small
number of experiments for this complex. How-
ever, we cannot exclude the possibility that for the
pBR322 GP32 complex the value of n is truly
smaller than for the two other complexes.

4.3. Classical light scattering

Light scattering measurements were performed
with three DNAs, complexed to GP32. From such
measurements the intra-particle interference factor
P(8) could be obtained for the DNA-protein
complexes by direct comparison of the scattered
intensity with a standard latex solution. The ex-
perimental data points were directly fitted to eq.
11 with as adjustable parameters the bending per-
sistence length a and the contour length L of the
molecule. Since we do not know the correct nor-
malization for the P(#) function for the
DNA-GP32 complex we had to include a normal-
ization factor which introduces one extra variable.
From the obtained persistence length and contour
length one can calculate the radius of gyration of
the molecule using:

1 a a’ @ _ 172
Rg=[aL{—6'—“2—L- +‘E—F(l—e‘ L/a)}:l
The shape of the P(#) function is strongly in-
fluenced by the value of the radius of gyration,
and it seems possible to estimate this parameter
within an error of about 10%. However, the de-
pendence of P(8) on the persistence length and
the contour length is strongly correlated, e.g.
several choices of these two parameters could give
a good fit of the data. To obtain a more reliable
estimate of the persistence length we constrained
the contour length using a probable rise per base
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Fig. 4. The intra-particle interference factor P(#) of ss pBR322

complexed with GP32 measured at different scattering angles.

The drawn line represents a best fit with a constrained contour

length of 1920 nm, yielding a persistence length of 33 nm.

P(8) functions calculated with the same contour length and

persistence lengths of 20 and 60 nm are drawn as dashed and
dashed dotted lines for comparison.

of 0.44 nm estimated from the measured rota-
tional diffusion coefficient of the 145 base
DNA-GP32 complex [9]. Since we know exactly
the number of nucleotides .incorporated in the
DNAs used, we can describe the P(8) data with
two free parameters, g and the normalization for
each complex. To give an impression of the vari-
ability the calculated P(8) is shown in fig. 4 for
several choices of the persistence length. In fig. 4
we show the measured P(8) function for the
complex of pBR322 with GP32 assuming a con-
tour length for this DNA-protein complex of
1920 nm. In fig. 5 we co-plotted the data points
for M 13 and M 13mp 10 GP32 complexes. The
experimentally determined P(#) functions can be
well described by eq. 11. The calculated per-
sistence length, assuming a fixed rise per base, is
the same for M 13 and pBR322 and coincides
rather well with that estimated on the basis of the
theory of Soda (next section). The persistence
length calculated for the M 13mp 10 was even
smaller, although the spectroscopic properties of
this complex were identical to those observed for
M 13. In all cases the persistence length of the
DNA-protein complex was significantly smaller
than that reported for double stranded DNA (= 50
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Fig. 5. P(8) of GP32 complexed with either M 13 or M 13mp
10 measured at different scattering angles. Best fits were
calculated using constrained values for the contour length of
2820 nm for M 13 and 3180 nm for M 13mp 10, yielding
persistence lengths of 32 nm and 17 nm respectively.

nm [31]). These results clearly indicate that the
DNA-protein complex is a rather flexible struc-
ture, contrary to our original ideas [9,11]. The M
13mp 10 DNA in complex with GP32 seems clearly
more flexible than the M 13 and pBR322 com-
plexes. These results therefore suggest that se-
quence effects may play a role in determining the
actual structure of these complexes.

In table 2 we summarize the obtained per-
sistence lengths and radii of gyration for the dif-
ferent complexes together with the chosen contour
lengths which were fixed during the fit of P(8) to
the data points.

Table 2

Radii of gyration and persistence lengths from P(#) measure-
ments

Type of DNA Contour Radius of Persistence
complexed length ® gyration length®
with GP32 (nm) (nm) (nm)
pBR322 1920 141 33

M13 2820 170 32

M 13mp 10 3180 133 17

2 The fixed contour length was calculated using a rise per base
of 0.44 nm, yielding a best value for the persistence length.

b This value is an upper limit, since the actual rise per base
might be greater [9].

4.4. Quasi elastic light scattering

The angular dependence of the apparent diffu-
sion coefficient was studied for three different
DNAs complexed with GP32. The plasmid
pBR322 DNA was linearized with the EcoRI re-
striction enzyme prior to the experiments to pre-
vent fast renaturation of the molecule. In fig. 6 the
apparent diffusion coefficient as obtained from a
single exponential plus baseline fit is plotted for
different. values of the squared length of the
scattering vector g°. The experimental data show
a quasi saturation at a level of about 7 X 10~ 1% m?
s7!at g2 =20x10"' m™2 Note the absence of
a distinct plateau at low g* values. Although
measurements at smaller scattering angles (lower
than 30°) would have given more detailed in-
formation, the quality of the samples did not
permit this. In fig. 7 we show a similar set of data
obtained for the circular complexes of M 13 and
M 13mp 10 DNA with GP32. These measure-
ments give a somewhat lower value for D, p at
large values of ¢°. At large values of g° the
spatial fluctuations probed by QELS are of the
order of 25-50 nm and differences in the contour
length are expected to contribute very little to the
observed diffusion coefficient. For small values of
g? the appearance of a region where D, is fairly
constant indicates that the internal dynamics of
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Fig. 6. The apparent diffusion coefficient versus ¢> for pBR322
complexed with GP32, The curve through the data points is a
best fit using eq. 9 from ref. 25. A best fit for N =40 was
obtained for D, =~8.1x1072 m*> s~! and Dy, the small
angle diffusion coefficient of 1.6 1012 m? s~ 1. The radius of
gyration that can be calculated from these data points is 184
nm.
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Fig, 7. The apparent diffusion coefficient versus g> for M 13
(©) and M 13mp 10 (@) DNA complexed with GP32. The
drawn lines represent a best fit obtained with the ISMF model.
The best estimates for M 13 complexes (lower curve) are:
Dy=205x10"" m? 7', R,=103 nm and kT/f=43X%
10~ m? s~!. For M 13mp 10 complexes (upper curve) these
parameters were estimated as: Dy = 227x10712 m? 571, R,
=106 nm and kT/f=4.3%x10"'2 m® s'. The dashed line is
a *fit’ using a constrained ISMF model with a fixed R of 171
nm with N = 20.

the molecule play a smaller role than for the linear
DNA at comparable values of ¢°. It seems likely
that some of the internal motions of the circular
chain are damped due to the fact that the two
ends of the molecule are connected. Since this
initial plateau is observed for both circular DNAs
and not for the linear DNA we conclude that this
feature is uniquely associated with the circular
nature of the molecule. A similar conclusion was
drawn by Voordouw et al. [31] who measured D,
at small angles for supercoiled circular (relaxed
form) and linear plasmid ColE1 DNA. Their data
show that the most restricted molecule (super-
coiled) has the largest plateau, whereas the platean
is nearty absent for linear DNA. The relaxed form
of ColE1 DNA shows an intermediate behaviour
in the low g* region. Analogous observations have
been made by Langowski et al. {32] in their study
of supercoiled and linear pUC8 plasmid DNA.
To quantify our observations we described the
D,,, versus g* curves with three different model
curves, the expression used by Schurr et al. to
describe linear DNA with hydrodynamic interac-
tion included (or the Rouse-Zimm model) [14], the
ISMF model [24] and the expression given by
Soda et al. [16] (see section 3). We found that the

Rouse-Zimm model could well describe the curves
found for the linear DNA. The best fit for pBR322
complexed with GP32 is shown in fig. 6. The
radius of gyration of the pBR322 complex which
can be calculated from this set of parameters does
not fully agree with the experimental value
(Rouse-Zimm model: R, =184 nm, while the ex-
periments indicate that R, is 141 nm). However,
in view of the uncertainties in the static/ dynamic
light scattering experiment (10% error) and, more
importantly, the approximations made in the
Rouse-Zimm model, the disagreement may not be
too serious. We note that if the value of R, is
chosen closer to the experimental value, no rea-
sonable description of the D,,, versus ¢° curve
could be obtained. It was not possible to describe
the D, curves of the linear DNA-protein com-
plex with the ISMF model, although this model
does not contain any assumptions concerning the
molecular topology except for the radius of gyra-
tion.

On the other hand the Rouse-Zimm model
cannot be usefully applied to the results obtained
for the circular DNAs since this model never
predicts a plateau for small values of g2 There-
fore the ISMF model is the simplest model that
can fit the data for the circular DNAs, Although it
is again possible to describe the data, also in this
case the fit parameters do not yield the correct
radius of gyration. Alternatively, if we tried to
describe the D,,, curve for the circular DNAs
with the ISMF model using the experimentally
determined radius of gyration, the model curves
showed a broad plateau at large g° in contrast
with our observations. An example of such a ‘fit’
1 given in fig. 7.

The model given by Soda [16] can be used to
describe the D,;, versus q* curves for a circular
structure; however, due to computer-time limita-
tions we were not able to generate a minimized fit
of the D,,, curve with the Soda model and only
show some representative curves for different val-
ues of persistence length. In fig. 8 we show the
predictions of the Soda theory and the data points
for M 13 DNA complexed with GP32, using a
diameter of 6 nm and a contour length of 2820
nm, while we varied the persistence length be-
tween 20 and 30 nm with 5 nm steps. We notice
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Fig. 8. The apparent diffusion coefficient versus g2 calculated

from autocorrelation functions that were generated using the

Soda theory. The drawn lines were obtained using a contour

length of 2820 nm, a diameter of 6 nm and the indicated

persistence length in nm. For comparison of data points ob-

tained for M 13 DNA complexed with GP32 are included in
this figure (see text).

that the Soda model correctly predicts a “flat’ D,
curve for small values of g2, for low values of the

persistence length.

4.6. Global analysis

For each DNA-protein complex a global anal-
ysis was performed on four autocorrelation func-
tions measured at different scattering angles, using
the linear or circular free draining Rouse-Zimm
expression and the ISMF expression as a theoreti-
cal model. The sum R as described in eq. 3 was
minimized using eq. 5 with an appropriate choice
of an A; function. Since no a priori knowledge
exists of the value of N this parameter was varied
and N =10, 20, 30 or 40 was chosen. A typical
example of the global analysis, including the resid-
vals, is shown in fig. 9 for the M 13-GP32 com-
plex. Some of the results for the DNA—protein
complexes are given in table 3.

For the pBR322-GP32 complex the value of R
did not depend much on the actual choice of N
(data not shown). Moreover, for this DNA-pro-
tein complex the value of R did not differ signifi-
cantly for the linear Rouse-Zimm model and the
ISMF model. For the M 13-GP32 complex the
value of R indicated that the ISMF model de-

scribes the autocorrelation functions somewhat
better, whereas in the case of M 13mp 10 the
circular Rouse-Zimm model must be slightly pre-
ferred over the ISMF model. In conclusion, the
residuals of the global analysis do not clearly
favour one of the discrete models used.

Both the ISMF model and the Rouse-Zimm
model predict a value for the radius of gyration
which was measured independently. If we assume
that the global analysis should yield the experi-
mentally determined radius of gyration it can be
concluded that the number of subsegments must
be less than 15 for pBR322, M 13 and M 13mp 10
complexed to GP32 if the Rouse-Zimm model is
applied. For the ISMF model this number is about
14 for pBR322, 18 for M 13mp 10 and 24 for M
13 complexes. For both models, N values, that
give approximately the correct value for R,, yield
Dy and Dy, values that agree rather well with the
experiment. Systematically it was found that the
fits with the ISMF model yield lower values for
D, than the circular and linear Rouse-Zimm
model.

The value of kT /g found in the global analysis
with the Rouse-Zimm model can be used to
calculate a root mean square subsegment size.
‘This value was found to be about 33 nm for
pBR322 and M 13mp 10 and 41 nm for the M 13
DNA complex with GP32. These values are much
lower than the values for double stranded $29
DNA as reported by Schurr et al. {25] (110 nm), in
agreement with our conclusion that the DNA-
protein complexes are more flexible than double
stranded DNA. The calculated numbers suggest
that the DNA-protein complexes are about two
to three times more flexible than double stranded
DNA.

In summary, both the ISMF model and the
Rouse-Zimm model can reasonably describe the
measured autocorrelation functions. Additional
information, for instance the value of the radius
gyration, allows a choice of N, which gives a Dy,
kT/f and kT /g that appear in reasonable agree-
ment with other experimental results. All these
calculations yield N values which are of order 20,
indicating a chain element consisting of about 300
bases or about 30 bound proteins, which corre-
sponds to about 120 nm. If a chain element must
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Fig. 9. Example of a global analysis of four autocorrelation functions obtained for M 13 DNA, The measured autocorrelation is
shown after normalisation (raw amplitude = 0.4) in every panel together with the residuals of the fit on the same vertical scale. The
best parameters for this particular global anatysis were Dy=21x10"12 m? 57!, kT/g=0.67x10"1* m?, kT/f=29%10"" m?
s~! with N =15 fixed.

Table 3

Results of the global analysis using N =20

Irze, linear Rouse-Zimm chain model eq. 7; crzc, circular Rouse-Zimm chain model eq. 8; ismf, independent segment mean force
model eq. 6. Note: the value of the residnals R can only be compared for one type of DNA.

Type of DNA Model kT/f kT/g D, R, R
complexed with GP32 a0 P msh (107 1* m?) 10" 2 m? sl (nm)

Linear Irze 3.66 0.34 1.96 183 0.150
pBR322 ismf 3.50 0.74 208 149 0.151
Circular crze 3.97 0.48 213 220 0.044
M 13 ismf 3.26 0.92 228 166 0.022
Circular crze 3.87 0.36 2.00 190 0.013
M 13mp 10 ismf 2.98 0.70 207 145 0.019
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consist of at least four persistence lengths [25], the
maximum persistence length will be about 30 nm,
in good agreement with the direct measurements.
However, so far it is not clear whether these N
chain elements represent structures that exist in
reality.

5. Discussion

Until now the estimates of dimensions in solu-
tion of ss DNA complexed with GP32 were based
on the properties observed in hydrodynamic ex-
periments with small 145 base DNA fragments or
transfer RNA [9]. In the present study we have
chosen to extend the validity of the conclusions
drawn in this earlier work to larger DNA-protein
complexes, since in reality GP32 is assumed to
occupy large stretches of ss DNA [33]. Moreover,
we decided to estimate the rigidity of the
GP32-DNA complexes since the flexibility of a
template may play an important role in many of
the processes in which GP32 is involved. For
instance, the essential role of GP32 in repair
processes suggests that very rigid structures are
not favourable [34].

5.1. Absorbance measurements

Using absorbance spectroscopy it was shown
that both large and small DNA-protein com-
plexes give rise to very similar ‘interaction’ spec-
tra. The spectrum of the M 13mp 10 complex is
somewhat red-shifted compared to the 145 base
complex spectrum, but this red-shift can also be
observed in the spectra of the uncomplexed ss
DNAs. A small difference in the amplitude of the
‘interaction’ spectrum was obtained, but within
the experimental accuracy this difference cannot
be ascribed to a different saturation of the DNAs
with protein. Thus, from a spectroscopic point of
view it can be concluded that the cooperative
association of GP32 is identical for both small and
large ss DNAs.

5.2. Sedimentation

It was shown that the ‘hydrodynamic’ size of
the binding site can be obtained for large ss

DNA-protein complexes and that the obtained
values agreed reasonably well with the result ob-
tained by Scheerhagen et al. [8] using the same
approach with short DNA-protein complexes.
However, it is also clear from our measurements
that there are limitations to this approach. A
strong dependence of D,,, on q* at small g values
will not yield an accurate value of D, and there-
fore a relatively large error in n. In addition very
long DNA molecules such as A DNA can easily
break during the sample preparation.

All the measured values were below the number
n =10 reported by Scheerhagen et al. for the 145
base DNA complex, indicating that maybe in this
latter case the 145 base DNA was not fully
saturated. The measured n values were signifi-
cantly above the values obtained by spectroscopic
methods. - Although the discrepancy is not too
large, it is worthwhile to consider the intrinsic
difference between the two types of measurement.
The hydrodynamic method extracts information
about the saturated DNA lattice and gives an
upper bound for the size of the binding site. To
determine the »n value it is essential to know the
length of the DNA molecule, the assumption that
it is fully covered with protein and an estimate of
the partial specific volume. The method is not
sensitive for inactive protein. On the other hand,
the spectroscopic method gives a lower limit since
it is based on the assumption that a/l protein is
active and gives the same optical changes upon
binding until saturation is reached. Moreover, to
obtain a numerical value for n, precise values for
the extinction coefficients are needed (or some
other measure for the concentration).

We do not believe that the partial specific
volume of the complex is less than 0.7 cm®/g. We
also do not believe that the protein extinction
coefficient is more than 5% off, in view of the fact
that based on €3, =3.7 X 10* M~'cm™! Giedroc
et al. found exactly one Zn-atom per GP32 [44,45].
We know from our own experience that extremely
careful CD and absorbance titrations with
poly(dT), poly(rA) or poly(reA) as templates yield
n values between 8-9 nucleotides covered by a
protein monomer. These experiments have shown
that the addition of GP32 to the nucleotide must
be preferred, if low GP32 concentrations are used
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in such measurements. In view of these considera-
tions a choice of n=9 + 1 seems to be consistent
with most of the data.

5.3. Flexibility

To calculate the hydrodynamic properties of
the 145 base DNA-—protein complex Scheerhagen
et al. used a rigid rod approximation [9]. This was
partly based on the fact that the observed spectral
properties of the GP32-DNA complexes were
temperature independent, suggesting a regular and
rigid structure of the complex [35]. Although the
decay of the electric field induced birefringence of
the 145 base DNA-protein complex showed at
least two time constants, the salt, field strength
and pulse-duration independence could not easily
be explained in terms of flexibility [36]. Moreover,
the dependence of the calculated length for several
small RNA-protein complexes did not indicate a
systematic decrease of the rise per base for longer
complexes due to flexibility. Electron microscopy
photographs have shown that the flexibility of
long DNA complexed with GP32 must be com-
parable to the flexibility of double stranded DNA,
and therefore the treatment of the complex as a
rigid rod appeared to be justified [10]. The work
presented here was specifically aimed at char-
acterizing the dynamics of the DNA-protein com-
plex, since in fact little is known about the actual
flexibility in solution of this and other DNA-pro-
tein complexes. Several techniques have been ap-
plied to the dynamics of double stranded DNA
yielding values for the bending persistence length
[37-40]. In this work we focussed our attention on
the sedimentation, light scattering and QELS
properties of DNA-protein complexes.

5.3.1. Sedimentation as a probe for flexibility

The persistence length of double stranded DNA
was obtained from the comparison of the sedi-
mentation coefficient for a series of restriction
fragments with different contour lengths [37]. The
existence of a theory [41] that predicts the transla-
tional diffusion coefficient for flexible chains, de-
pendent on the bending persistence length, al-
lowed for an accurate determination of this
parameter. However, the number of DNA lengths

studied in our work certainly does not permit such
an approach. However, from the theoretical ex-
pression given by Soda [16] a small angle transla-
tion diffusion coefficient can be calculated that
agrees with the experimental value assuming a
persistence length of about 30 nm and a rise per
base of 0.44 nm. Of course, if n equals 9+ 1 we
obtain a sedimentation coefficient that also agrees
with the experimental value.

5.3.2. Classical light scattering

The determination of the intra-particle inter-
ference function P(8) from the scattered intensity
of a macromolecular solution is commonly used to
determine the radius of gyration, which is in turn
determined by the flexibility of the macromole-
cule. A known complication is the excluded volume
problem, which is ignored in the presentation of
our results. It should be noted that if we include
excluded volume effects the calculated persistence
length will decrease. The principal aim of the
classical light scattering experiments was to obtain
a reasonable estimate of the radii of gyration and
persistence lengths of the DNA-protein com-
plexes. All complexes gave values for the per-
sistence length that were smaller than the value
found for double stranded DNA. In our view the
bending persistence length is also small for the
145 base DNA-protein complex (M.E. Kuil et al.,
in preparation). Moreover, this relatively low value
is probably not due to the fact that the DNA
lattice is unsaturated (see above). These measure-
ments imply that our notion of the DNA —protein
complex as a relatively rigid and regular structure
probably only reflects the local conformation due
to one or at most a few proteins. Another re-
markable conclusion that could be drawn is that
the M 13mp 10 DNA-protein complex appears to
be more flexible than the two others. This ob-
servation is also indicated by the obtained transla-
tional diffusion and sedimentation - coefficients.
However, if we combine the diffusion and sedi-
mentation coefficient in the Svedberg relation we
can show that this complex is equally saturated as
compared to the other two and therefore this
flexibility cannot be explained in terms of a con-
tribution of naked pieces of DNA. Another possi-
bility is that specific nucleotide sequences exist in
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natural ss DNAs that give rise to this apparent
high flexibility, for instance a small piece of dou-
ble stranded DNA may be present that cannot be
melted by GP32, thereby constraining the exten-
sion of the molecule. It will probably be worthwhile
to study DNA-protein flexibility as a function of
the sequence in selected DNAs.

5.3.3. Quasi-elastic light scattering

The measured auto-correlation functions of the
light scattered at different angles by the DNA -
protein complexes can be understood on the basis
of a relatively flexible structure. It could be ob-
served that the circular DNA—protein complexes
showed a more constrained internal dynamics
compared to the linear complexes, in line with
similar experiments with linear, circular and su-
percoiled DNAs. The observed dynamics for the
circular M 13 DNA, showing a more constrained
internal dynamics, could be described with values
for the persistence length and contour length that
appear very realistic using the formalism given by
Soda [16].

5.4. Model calculations

Global analysis of the scattered light autocorre-
lation functions showed that the introduction of
an additional datum, the radius of gyration, was
necessary to obtain a more reliable description of
the data. Since there is no theory predicting the
number of subsegments in a Rouse-Zimm chain,
we needed additional information to decide on the
choice of N. The choice of N based on the ob-
served radius of gyration leads us to the same
conclusion as the P(6) calculations, namely that
the DNA-protein complexes are characterized by
a relatively small persistence length. If the
DNA--protein complexes possess a significant
bending flexibility the calculated rise per base is
too low, and this value has to be reconsidered as
already pointed out by Scheerhagen [11]. The ad-
justed (increased) rise per base lowers the value
for the bending persistence length calculated in
this work even further. In a forthcoming publica-
tion the implications of this low value for the
persistence length on the solution dimensions of

the complex of GP32 with short DNA fragments
will be discussed (M.E. Kuil et al., in preparation).

Unfortunately, we were not able to implement
the Soda theory in such a way that a global
analysis could be performed using a reasonable
amount of computer time. On the other hand, we
were able to show that there must be a choice of
parameters in the Soda model that both agree with
the experiment and the results obtained with the
other models.
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