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HIGHLIGHTS

GRAPHICAL ABSTRACT

» Non-specific DNA binding of the adeno-
viral IVa2 protein was characterized.

* Novel quantitative approach allowed
rigorous characterization of DNA binding.

« [Va2 binds non-specific DNA with strong
nearest neighbor cooperativity.

* Proposed IVa2 recruits other viral
proteins to initiate virus assembly.
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Human Adenovirus (Ad) is a non-enveloped, icosahedral virus with a linear, double-stranded DNA genome. The
Ad Va2 protein is involved in multiple viral processes including viral late gene transcription and virus assembly.
Previous studies have shown that Va2 loads additional viral proteins onto conserved DNA elements within the
Ad genome to regulate these viral processes. IVa2 also possesses strong non-specific DNA binding activity, and
it is likely it uses this activity to recruit proteins to the conserved DNA elements. Here we have investigated
the non-specific DNA binding activity of IVa2 using nitrocellulose/DEAE filter binding and sedimentation
equilibrium techniques. We have analyzed our data using the McGhee and Von Hippel approach [1], and find
that IVa2 binds with strong, positive nearest-neighbor cooperativity. In addition, we describe how to apply the
McGhee and von Hippel approach to directly analyze sedimentation equilibrium data using non-linear least-
squares methods. We discuss the implications of these results with respect to current virus assembly
mechanisms.
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1. Introduction

Human adenovirus (Ad) is a non-enveloped, icosahedral virus with a
linear double stranded DNA genome. Ad infection has been found in
several organs and tissues [2,3], and is potentially lethal in immuno-
compromised patients [4,5].

The Ad IVa2 protein is a multifunctional regulator of the Ad lifecycle.
IVa2 is involved in several viral processes including viral late gene
transcription and virus assembly/genome packaging. [Va2 was first
identified as a transcriptional activator of the viral major late promoter
(MLP) which predominantly controls the genes encoding viral structur-
al proteins [6-8]. Additional in vivo and in vitro studies have shown that
the genome packaging process requires at least three viral components:
the IVa2 and L4-22 K proteins, and a conserved region within the Ad ge-
nome, called packaging sequence (PS) [9-13]. The PS DNA (~200 bp) is
composed of multiple recognition elements, called A repeats, which
contain the following consensus sequence: 5-TTTG (Ng) CGXG-3'. The
wild type PS DNA contains 4 exact copies of this consensus sequence,
called Al, All, AV, AVI. Additional “half sites,” which contain either
TTTG or CGXG motifs, are also present. While deletion of the wild type
PS DNA is lethal for virus assembly, there are several additional arrange-
ments of A repeats that can support the viral lifecycle. In particular,
replacing the PS DNA with two adjacent copies of the A-I-II sequence
(i.e. I-II-I-1T) rescues wild type viral replication activity [14].

Electrophoresis Mobility Shift Assay (EMSA) studies using Ad-
infected nuclear extracts, along with a probe encompassing the A-I-II
repeats, showed that the IVa2 and L4-22 K proteins specifically interact
with A repeat DNA such that IVa2 recognizes the CGXG motif and L4-22
K requires Va2 to interact with the TTTG motif [9,11,13-15]. Our
previous studies, using the same A-I-Il DNA, suggest [Va2 binds to the
CGXG motif with apparent low specificity (~10 fold stronger affinity
binding to A-I-Il DNA than to a non-specific DNA of identical length)
[16]. Thus, true specificity requires the presence of both L4-22 K and
IVa2 proteins interacting with the consensus 5'-TTTG (Ng) CGXG-3’
sequences [17]. While the L4-22 K protein does not bind DNA (i.e.
DNA with or without the TTTG sequence) by itself, the Va2 protein
does [17]. Therefore, a tempting hypothesis is that [Va2’s non-specific
DNA binding activity is required to recruit L4-22 K to the A sequences.

To develop a complete quantitative understanding of how the Va2
and L4-22 K proteins together specifically recognize the A repeats and
therefore regulate the viral lifecycle, we first need to determine the
non-specific binding properties of the Va2 protein. We report here a
novel application of nitrocellulose/DEAE filter binding, along with
analytical ultracentrifugation, to quantify fundamental thermodynamic
parameters such as the non-specific DNA binding site size, affinity and
nearest neighbor cooperativity. We discuss these results in the context
of current virus assembly hypotheses.

2. Materials and methods
2.1. IVa2 protein and buffer preparation

The IVa2 protein used in this and all our previous studies is an N-
terminal truncated protein starting at amino acid Met 75, which has
been shown previously to possess wild type viral activity [18]. This
protein was overexpressed in E. coli. BL21 (DE3) and purified to
homogeneity as described previously [16], and its DNA binding activity
was determined as described previously [16]. All experiments were
carried out in Buffer H (100 mM NacCl, 40 mM HEPES, pH 7.6 at 25 °C,
10 % (v/v) glycerol, 5 mM 2-mercapato ethanol and 1 mM EDTA).

2.2. DNA preparation
For the preparation of the 109 bp DNA, the pUCI19 vector

(Invitrogen) was transformed into E. coli. DH5 alpha, grown overnight
in 1 L LB (37 °C), and purified using QIAGEN Plasmid Maxi kits. The

109 bp DNA was excised from purified pUC19 using BspHI and
separated by gel electrophoresis. The final 109 bp DNA has > 99.9%
purity as judged by densitometry analysis as well as >?P-labeleing
using the Klenow fill-in reaction. The concentration of purified 109 bp
DNA was determined by UV spectroscopy using the calculated
extinction coefficient of 1.357 uM~' cm™ 1.

For the preparation of the 241 bp DNA, we constructed a vector
(pQY103) containing Ad genomic DNA from position 91 to 300 using
pUC19. The DNA was amplified by PCR technique using Ad virus
genomic DNA as the template. The primer sequences were as follows:
forward: 5’-CCGGATCCGCGGGTGACGTAGTAGTGTGG-3’; reverse: 5'-
TCCTGTCGACTCCTCTTATTCAGTTTTCCCGCG-3'. The BamHI and Sall
restriction sequence are underlined. The amplified DNA was cleaved
by BamHI and Sall, then cloned into pUC19. The sequence fidelity was
confirmed by DNA sequencing. The pQY103 was purified as described
above and digested with Smal and HindlII. The purified DNA was labeled
and its concentration determined using the calculated extinction
coefficient of 3.001 uM~ "' cm™ ' at 260 nm.

The 241 bp (Cy3) DNA was prepared using preparative PCR. The
pQY103 vector was amplified using Cy3 labeled primers:

forward: 5'Cy3-GGGGATCCGCGGGTGACGTAGTAG-3’
reverse: 5’ Cy3-AGCTTGCATGCCTGCAGGTCGAC-3’

The amplified PCR reaction (1 mL) was batch-loaded onto a Q FF
resin (500 L bead volume equilibrated with TE buffer — 10 mM Tris
and 1 mM EDTA at pH 8.0, with 500 mM NaCl) (GE). The column was
flushed with 1.5 mL of TE buffer with 600 mM NacCl to wash off the
unincorporated primers. The 241 bp (Cy3) DNA was eluted with TE
buffer plus 700 mM NaCl and then precipitated by ethanol. The DNA
was > 99.9% pure as judged by densitometry analysis. The concentration
of purified 241 bp (Cy3) DNA was determined by UV spectroscopy using
a calculated extinction coefficient of 3.001 yM~! cm ™! at 260 nm. The
percentage of 241 bp (Cy3) DNA with end-labeled Cy3 dyes was
calculated using the extinction coefficient of 0.0869 uM~! cm ™! for a
single Cy3 dye at 522 nm [16] and the ratio of the absorbance at 522
to 260 nm (As22/Az60). For each preparation of the 241 bp (Cy3) DNA,
the As,,/Az60 is between 0.046 and 0.049, which returns the average
80%-85% of the 241 bp (Cy3) DNA has end-labeled Cy3 dyes.

2.3. Double membrane filter binding titrations

Filter binding titrations were carried out as described by Wong et al.
[19] with the following modifications. Three nitrocellulose (NC)
membranes (Hybond-ECL from GE) were layered on top of three DE81
membranes (Whatman). The nitrocellulose membranes will bind
protein and protein-DNA complexes, but not the unbound DNA. The
DE81 membranes bind the free DNA. Both membranes were incubated
in Buffer H for at least 30 min then inserted into a Minifold I Dot-Blot
System (96 wells, Schleicher & Schuell). For our system, we found
that a single nitrocellulose and DE81 membrane pair was unable to
retain all the 32P-labeled materials. Each reaction contained 1200 cpm
of 32P-labeled DNA, and when appropriate, non-labeled DNA was
added to the indicated final concentration. All reactions were carried
out in Buffer H, and were equilibrated at 25 °C for at least 50 min
prior to filtration. 150 pL of Buffer H was passed through each well,
followed by 25 pL of each reaction mixture, and finally each well was
washed with an additional 150 pL of Buffer H. The membranes were ex-
posed overnight to a phosphoimager screen (GE) and the intensity of
each spot was quantified by densitometry analysis using Imagequant
(GE). The fraction of the signal retained on the NC membranes was cal-
culated using Y = Snc/(Spe + Snc), where Syc and Spg are the total inten-
sity from the three NC and DE membranes for each spot. To test whether
the experiments reached equilibrium, we doubled the incubation time
to 100 min; we saw no difference in the resulting isotherms.
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2.4. Analysis of filter binding titrations

The filter binding method provides quantitative information on the
fraction of DNA molecules bound as a function of ligand (protein)
concentration. When these experiments are performed as a function
of DNA concentration, information on the extent of binding of the
protein ligand to the DNA molecule (moles of ligand bound per mole
of DNA) can be obtained in a model independent manner [20,21]. We
describe the application of this approach to our filter binding data in
detail in the results section. The resulting binding isotherms (expressed
as moles of bound ligand per mole of linear DNA molecule) were
analyzed by the approach of McGhee and von Hippel (MvH) in order
to quantify the non-specific DNA binding properties of the Va2 protein
[1,22,23] using Egs. (1) and (2):

_ 2 _
V:Knslf%l—nv)-(ff)(”*”'(1 ng—]n);”) '(S Z“) (1)

2w-(1—
where (ff) = %amd
R=/[1=(n+1)- v + 4wv - (1—nw) 2)
X=S-v.

where K is the intrinsic non-specific binding constant, Lyis the concen-
tration of free ligand, n is the non-specific occluded site size (in bp), S is
the length of the DNA molecule (in bp unit), w is the nearest-neighbor
cooperativity, v is the binding density, i.e. the number of ligands
bound per bp, X is the degree of binding, i.e. the average number of
ligand bound per linear DNA molecule [24], and (ff) denotes the
conditional probability of finding one free bp adjacent to a free bp [1].
The term (S — n + 1)/S in Eq. (1) has been shown to adequately
approximate end effects for relatively short DNA molecules [23].
According to mass conservation,

L=Li+L,=L;+S-v-D, 3)

where Ly, is the concentration of bound ligand and D; is the total DNA
concentration in linear DNA molecule units. Combining Eqgs. (1) and
(3) yields the expression for total ligand concentration:

14
_ ~ne1)- 2 (S—n+1
Ky - (1=nw) - ()"0 - (Sgpe i) ( s )

L= +S-v-D, (4)

During the data-fitting procedure, one implicitly solves Eq. (4) for v for a
given L, and D,. This model was used to globally analyze the set of bind-
ing isotherms as a function of both protein and DNA concentrations.

2.5. Sedimentation equilibrium experiments

Analytical ultracentrifugation experiments were performed using a
Beckman XLA centrifuge equipped with an eight-hole rotor and a
monochromator set to 522 nm. Sedimentation equilibrium experiments
were carried out in Buffer H at 25 °C using 6 sector centerpieces, where
115 pL of sample and 120 pL of reference buffer were loaded into their
respective chambers. The experiments were performed at the indicated
speeds and the data were collected using a radial step size of 0.001 cm
with 20 replicates in the step mode. All experiments were judged
to have reached equilibrium using the Winmatch program [25]. To
estimate the z-average molecular weight [26] of each loading ratio of
IVa2:DNA, the data were initially analyzed using a model which
includes a single, ideal sedimenting species using the program

Winnonlin, according to the following equation:

M ‘0 =1
At,r = At,ref - eXp (% . Tref +b (5)

where A, is the total absorbance at radial position r, A s is the total
absorbance at the reference radial position r,  is the angular velocity
of the rotor, R is the gas constant, T is the absolute temperature, b is the
baseline offset and M}, p, is the apparent buoyant molecular weight,
given by:

Mb.upp = Mapp ' (1 _ﬁappp) (6)

where My, is the apparent molecular weight of the species and U, is

the apparent partial specific volume of the species, and p is the buffer
density. The fitted Mj 4, is used to calculate the approximate average
number of [Va2, m, bound to a single DNA molecule according to Eq. (7)

My app = Mp pna + M- My e (7)

where My, 14> is 10.1(£0.7) kDa. We also used sedimentation equilibri-
um to determine the My, pna of the 241 bp DNA to be 63.1(41.3) kDa
which returns a partial specific volume of 0.561(+0.01) cm>/g.

2.6. NLLS analysis of sedimentation equilibrium data using the
McGhee-von Hippel non-specific binding model

The following derivation assumes there is no significant volume
change associated with the protein-DNA binding reaction. In order to
use the MvH non-specific binding model for NLLS analysis of our sedi-
mentation equilibrium data, we substituted the expression for an ideal-
ly sedimenting free ligand (i.e. the IVa2 monomer) into Eq. (1), which
yields Eq. (8):

= 2 2
v =Ky [Lf,m. exp Ml(l_;;p)'“’ .#;rm - (1—nw)
-1 (1=m+1)V+R\? (S—n+1
0" (S ) (55 ®

where L, denotes the concentration of free ligand (IVa2) at meniscus
position, r,,, M, is the molecular weight of free ligand (Da), and v; is
the partial specific volume of free ligand. The binding density v, which
is a function of the radial position, is calculated implicitly at each radial
position using the Scientist software (Micromath, St. Louis MO).

We calculated the concentration of free DNA from the conditional
probability of having (S — 1) consecutive free bp next to the first free
bp [23] according to:

S(1—mw)- () 9)

To obtain an expression for the total DNA as a function of the radial
position, we substituted the expression for an ideal sedimenting DNA
species into Eq. (9), which yielded:

D; =D,

My (1=0pp) @ 11y,
D Df,m-exp< il 2 10
b = e (10)

where Dy, denotes the concentration of free (i.e. unbound) DNA at the
reference radial position (taken as the meniscus position), Mp is the mo-
lecular weight of the free DNA (Da), and vy, is the partial specific volume
of the free DNA. Combining Egs. (10) and (11), we directly analyzed, by
NLLS, the absorbance data according to Eq. (12), using 1.2 cm for the
path length . The &5, for 241 bp DNA was determined to be
0.18 pM ™!

Absr = Dtr “€520mm ! (11)
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My - (1-Tpp) - @* 1*—r?
D - eXp( b ( RTDp) S m
Abs; = (1—nv)- (ff)571 “Esyonm -1+ b (12)

During the data-fitting procedure, Eq. (12) is solved at each radial
position using the corresponding v calculated from Eq. (8). This ap-
proach allows us to treat the binding site size, n, as a continuous fitting
parameter, in contrast to other approaches [25].

Mass conservation approach for sedimentation equilibrium analysis
According to mass conservation in a rectangular cell, the initial load-

ing concentration of the ligand, Lo, and the macromolecule, Dy, are given
by Egs. (13) and (14) [16,27]:

Ty
1
o= / Ly, dr (13)
1
D, :7/13 dr 14
0 (rb_rm) / T, ( )

where 1y, is the bottom position of the solution column (i.e. the base of
the cell), and r,, is the radial position of the sample meniscus. 1, is
taken as the peak of the meniscus artifact, and r, was estimated using
Eq. (13) along with the known DNA loading concentration.

3. Results

To characterize the thermodynamics of non-specific binding of [Va2
to dsDNA, we used the double membrane filter binding approach

A
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discussed by Wong and Lohman [19]. These experiments were
performed by titrating a nonspecific 109 bp DNA with the Va2 protein
in Buffer H (25 °C). The experiments were carried out at 5 constant
concentrations of DNA. We quantified the radioactivity retained on
both the NC and DE81 membranes in order to calculate the fraction of
the total added DNA retained on the NC membrane (Fig. 1A). Most of
the isotherms reach plateaus within one order of magnitude of the
total IVa2 concentration, which implies strong positive cooperativity
for IVa2-DNA binding. As previously discussed, different protein-DNA
ligation states might exhibit different filter retention efficiencies, and
consequently, there is no a priori reason to assume a linear relationship
between filter retention efficiency and degree of binding [19,28]. To
account for this, we used the model-independent macromolecular
binding density function (MBDF) approach [20,21] to directly convert
the filter retention signal into the degree of binding. The details of this
analysis are discussed below.

To facilitate the interpolation required in the MBDF analysis, each
isotherm in Fig. 1A was first fit to the Hill equation (dash line in
Fig. 1A) [20,21]. Next, at a particular signal (fraction of DNA retained
on the NC membrane) a horizontal line is drawn which intersects
each of the five isotherms. After that, the total IVa2 concentration
associated with each point of intersection is determined, which is then
paired with the corresponding total DNA concentration (i.e. we deter-
mine five pairs of Ly;, D¢;), as shown in Fig. 1A [20]. Finally, we repeated
this analysis by drawing a series of horizontal lines from Y = 0.05 to
0.85, where Y is the fraction of signal retained on the NC membranes.
The resulting groups of Va2 and DNA concentrations are plotted against
each other and fitted to straight lines (as illustrated in Fig. 1B). This
analysis shows a linear relationship between the total [Va2 and DNA
concentrations. The slope of each linear fit (solid lines in Fig. 1B) repre-
sents the degree of binding (i.e. the average number of [Va2 bound to a
DNA molecule) and the intercept represents the concentration of free
IVa2 protein for each selected fraction of signal retained on the NC

1e-6
8e-7
6e-7

de-7

2e-7

Degree of binding (X)

log [IVa2],,,, (M)

Fig. 1. Macromolecular Binding Density Function (MBDF) analysis of the filter binding experiments investigating the binding of the IVa2 protein to the 109 bp DNA. (A) The amount of radioactivity
retained on the nitrocellulose (NC) and DE membranes was quantified and the fraction of DNA retained on the NC membrane (Y) was plotted vs the total IVa2 concentration. The dashed
line corresponds to an NLLS fit of the data to the Hill Equation, to help guide the MBDF analysis. A horizontal line was drawn at a particular value of Y. Next, vertical lines were drawn at the
intersections of each DNA concentration. The corresponding pairs of IVa2 and DNA concentrations are plotted in B over a range of Y values. The slopes of these lines represent the binding
density at that particular Y value. (C) The fraction of signal retained on the NC membrane (Y) is plotted as a function of the degree of binding obtained from (B). After short extrapolations to
the originand Y = 1 (open circle), the data were fitted to a polynomial equation of order 4 to describe empirically the relationship between Y and the degree of binding (solid line). (D) The
function obtained in (C) was used to convert the titrations in (A) into the degree of binding as a function of the total IVa2 concentration. The transformed data were then analyzed accord-

ing to the MvH non-specific binding model (solid lines).
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membranes (Y) [20]. Fig. 1C shows the degree of binding plotted as a
function of the fraction of DNA retained on the NC membrane (Y). It is
clear Y is not linearly proportional to the degree of binding. Thus, we
have to take this non-linearity into account when modeling these
data. A short extrapolation to Y = 1 (open circle) provides us with the
stoichiometry of binding of the Va2 protein to the DNA. From this
analysis, we estimate a saturated stoichiometry of ~5 IVa2 to this
109 bp DNA. We then fit the data in Fig. 1C to a polynomial (solid
line) in order to obtain a function that describes the relationship
between Y and the degree of binding [21]. This function was then used
to convert the fraction of DNA retained on the NC membrane into the
degree of binding, and the results are shown in Fig. 1D.

Next, we performed an NLLS analysis of these data using the
McGhee-von Hippel (MvH) non-specific binding model in order to
resolve the intrinsic non-specific binding constant (K,;), occluded site
size (n) and nearest-neighbor cooperativity (w). The smooth curves
shown in Fig. 1D are the results of a global, NLLS analysis of all five
DNA concentrations according to Eq. (1), which returns best fit
parameters of K,,; = 3.1 (2.2,4.3) x 10* M~ !, w = 146 (100, 213) and
n = 21.5 bp (single set of experiments under 5 different concentrations
of DNA, Table 1). We repeated this analysis for a longer DNA of 241 bp.
The results of this analysis are shown in Fig. 2 and Table 1 and result in
essentially identical estimates for K,,;, w and n.

4. Sedimentation equilibrium studies to determine the distribution
of IVa2 on non-specific DNA

We designed a sedimentation equilibrium experiment to indepen-
dently determine the distribution of Va2 ligation states to the non-
specific DNA. Sedimentation equilibrium provides direct information
on the molecular weight of the protein-DNA complex, which allows
direct calculation of the number of [Va2 molecules bound to the DNA
molecule. These studies were carried out using a 241 bp DNA which
contained a Cy3 dye at each end. To achieve enough absorbance signal
for accurate detection in the XLA, we loaded 0.65 uM of the DNA into
each channel. At these high DNA concentrations, the binding reactions
are expected to occur under stoichiometric conditions.

Fig. 3 shows sedimentation equilibrium experiments performed at
0.65 uM of the 241 bp DNA with four different loading concentrations
of the IVa2 protein: 0.50, 2.0, 3.0, and 4.3 pM, in Buffer H at 25 °C. The
mixtures were sedimented to equilibrium at three rotor speeds (5.0,
7.5 and 10 K RPM), and the concentration distributions of the DNA
species - i.e. the free DNA and all protein DNA bound species - were
monitored by absorbance at 522 nm. The samples reached sedimenta-
tion equilibrium within 75 h for the first speed and 48 h for both the
second and third speeds.

The apparent buoyant molecular weight was estimated by fitting
each concentration, at each speed, to a single, ideal species model.
This simple analysis has been shown to approximate the z-average

Table 1
Summary of filter binding experiments on IVa2 nonspecific binding thermodynamics.?

DNA K wb n¢

ns
M (bp)
109 bp? 3.1(22,43) x 10* 146 (100, 213) 215
241 bp® 42(£0.7) x 10* 118 (+£14) 17.8 (+1.4)
Average' 3.9 (£0.6) x 10* 125 (+12) 18.8 (+£1.4)

¢ Non-specific (NS) 109 bp and 241 bp data were globally analyzed using Eqs. (1) and
(2).

b Nearest-neighbor cooperativity.

¢ Number of nucleotides occluded in nonspecific binding.

4 Single set of experiments with five concentrations of DNA. Experimental errors were
evaluated using F-statistics at a 68.3% confidence level.

¢ The average and standard deviation of the mean from three sets of experiments, each
with five concentrations of DNA.

T The average (+standard deviation of the mean) of four sets of experiments using 109
and 241 bp DNA

T T TT T T T T T T

12
O 10nM
i v 50nMm
— 10F | O 100mM
1> I $> 150 M
S £ 200 0M
o 8
£
3 s
5 6
s L
@
@ 4
g
a 2
of

._7 P ._5
log [IVaz2],,,., (M)

Fig. 2. Non-specific binding of IVa2 to a 241 bp DNA. Five different concentrations of the
241 bp DNA were titrated with IVa2 and the fraction of DNA bound was determined
using the filter binding technique. The data were analyzed according to the MBDF analysis
as described. The solid lines are the NLLS analysis of the data according to the MvH non-
specific binding model.

buoyant molecular weight of the sample in the cell [26], and is used
here only to compare approximately the degree of binding between
the sedimentation equilibrium and filter binding techniques. This was
accomplished by solving Eq. (7) for m, and then comparing this with
the expected values from the analysis of the filter binding data (solid
line in Fig. 4 was generated using the values shown in Table 1). This
comparison demonstrates that at 0.65 uM 241 bp DNA, the binding
reaction occurs under stoichiometric conditions. In addition we see
that two fundamentally different techniques (sedimentation equilibri-
um and nitrocellulose filter binding) produce similar estimates for the
degree of binding over a range of IVa2:DNA molar ratios (Fig. 4).
However, we were unable to perform these experiments at Va2
concentrations higher than 4.3 uM, due to sample precipitation. This
experimental limitation prevents us from using this simple analysis to
directly estimate the occluded site size, since we cannot increase the
IVa2 concentration high enough to observe a break point. However,
the shape of the sedimentation equilibrium concentration distribution
is sensitive to both n and w, since both of these parameters determine
the distribution of Va2 ligation states on the DNA molecule. For
example, large values of w will result in sedimentation equilibrium
distributions containing many more DNA molecules with long clusters
of IVa2 bound. On the other hand, as n is increased, it becomes progres-
sively more difficult to load the next ligand onto the lattice, which tends
to disfavor longer clusters. These considerations suggest that a direct,
NLLS analysis of the primary concentration distributions will provide
information on the cooperativity and occluded site size. To carry out
this analysis, we have developed a method to analyze sedimentation
equilibrium data using the MvH model.

The smooth curves in Fig. 3 are the results of this NLLS analysis
(Egs. (10)-(12)). In this analysis, we have fixed the values for K, n
and w to the values shown in Table 1, while allowing the free concentra-
tions of IVa2 and DNA at the sample meniscus to vary in the fitting. As
can be seen by the excellent agreement between the model and the
experimental data, this analysis describes the experimental data very
well. Next, these best fit values (i.e. concentrations) were used to
extrapolate the data collected at each rotor speed, for each [Va2:DNA
loading ratio, to a single, common position at the base of the cell (1)
assuming mass conservation (using Eq. (14)). The resulting estimates
for the base of the cell are shown in Table 2, and are also shown in
Fig. 3 as the point where extrapolation of the smooth curves terminates.
If the value of K;,s is unreasonable and/or the model is incorrect, the
resulting estimates for the base of the cell will be physically unrealistic,
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Fig. 3. NLLS analysis of the primary sedimentation equilibrium data using the MvH model. The data in Fig. 3 were analyzed by NLLS according to the MvH model (Egs. (10)-(12)). The smooth
curves are the results of this analysis fixing K, w and n at the values determined from the filter binding data: K,;=3.9 x 10* M~!, w = 125,and n = 18.8 bp (Table 1). In this analysis, the
concentrations of free IVa2 protein and free 241 bp (Cy3) DNA at the meniscus position, L, and Dy,,, were allowed to float. The insets shows the predicted concentration distributions of
the total IVa2 protein calculated at 5, 7.5 and 10 K RPM, using the best fit parameters from the NLLS analysis.

which is not what we observe. Table 2 shows that the estimated values
at the base of the cell are in good agreement with the known values.

Next, we investigated if the shape of the sedimentation equilibrium
curves could provide information on the range of possible values of n
and w. To accomplish this, we carried out an iterative NLLS approach
utilizing mass conservation constraints, since it is not possible to obtain
an analytical solution for the total loading concentration of the ligand or
the DNA by integration. This was achieved by carrying out NLLS fits over
a range of values of n and w, and then calculating the predicted
total IVa2 and DNA concentrations via numerical integration using
Egs. (13) and (14). The integration was carried out starting at r,,, and
finishing at our best estimate of r, (Table 2). Next, the calculated loading
IVa2 and DNA concentrations were compared with the known loading
concentrations. The lower limit of w and the upper limit of n were
well constrained since values outside these limits returned total [Va2
concentrations in excess to those loaded in the cell, which is physically
impossible. On the other hand, the upper limit of w and the lower limit
of n were well constrained by noting a significant decrease in the quality
of the fit (68% CI from F-statistics). This analysis resulted in ranges of n
and w of (13-31) and (79-175), respectively. These ranges are consis-
tent with our filter binding results.

5. Discussion

The Ad IVa2 protein is required for at least two viral processes: late
gene transcription and DNA packaging. Previous studies have shown
that the viral DNA packaging reaction requires at least two additional
viral components: the viral L4-22 K protein and the viral packaging se-
quence DNA [9-13]. In the presence of both [Va2 and L4-22 K proteins,
they specifically interact with conserved DNA elements, called A re-
peats, in the viral packaging sequence [9-11,13-15], although they do
not detectably interact with each other in the absence of specific DNA.
While L4-22 K requires IVa2 to specifically load onto DNA containing
A repeats, the [Va2 protein possesses strong non-specific DNA binding
activity. In contrast with L4-22 K, IVa2 can also recognize the A sequence
DNA by itself, albeit with only modest (~10 fold) specificity [17]).

Since IVa2 binds ds DNA with strong positive cooperativity, it is ex-
pected it will form clusters on the adenoviral genome in vivo. To quan-
tify the size and distribution of these clusters, we have calculated the
average cluster size, <q> (Eq. (13) from [1]) [1], as well as the probabil-
ity distribution of cluster sizes p(q) (Eq. (6) from [29], Fig. 5). These cal-
culations were performed using w = 125; n = 18.8 bp. At low fractional
saturation (f < 0.1), the majority of the IVa2 is bound to the DNA in a
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Fig. 4. Sedimentation equilibrium analysis of the non-specific binding of IVa2 to the 241 bp
DNA under stoichiometric binding conditions. 0.65 pM 241 bp (Cy3) DNA was mixed with
four different loading concentrations of Va2 (0.5, 2.0, 3.0 and 4.3 uM) in Buffer H
(25 °C). The samples were sedimented to equilibrium at 3 rotor speeds: 5.0, 7.5, and 10
K RPM, and the concentration distributions were recorded at 522 nm. An estimate of the
degree of binding for each sample was obtained using Eq. (7) and plotted as a function
of the ratio of the loading concentrations of IVa2 and DNA. The smooth curve is the pre-
dicted isotherm using the MvH model (Eqs. (1) and (2)), and the parameters determined
from NLLS analysis of the filter binding titrations (Table 1) for 241 bp DNA.

singly ligated state. High fractional saturations (f > 0.8) are required to
produce larger cluster sizes (Fig. 5B). These simulations show that
formation of IVa2 clusters is limited; i.e. [Va2 does not easily saturate
the dsDNA through positive cooperative interactions, in contrast to
other systems, such as the phage T4 gene 32 binding protein (w
~ 2000) [30]. A consequence of this is that other proteins have access
to the DNA, such as the Ad L4-22 K protein. One possibility is that limit-
ed IVa2 clusters play a role in recruiting L4-22 K to the DNA, after which
the IVa2 and L4-22 K proteins together locate the PS for specific assem-
bly. Other possibilities exist that have precedent in the literature, such
as “tunable” cluster sizes which are modulated by salt concentration
and type, pH and even binding density (e.g. E. coli SSB, ss DNA binding
protein [31]).

Our recent experiments have shown that several L4-22 K and Va2
stoichiometries can be assembled onto A repeats [17]. Of particular
interest in these studies is the observation that the binding of a single
L4-22 K monomer, presumably between two IVa2 binding sites, strong-
ly promotes positive cooperative binding of two IVa2 monomers on
either side of the L4-22 K [17]. We speculated that L4-22 K “relocates”
non-specifically bound IVa2 to the A repeats by promoting positive
cooperative interactions between the two Va2 monomers. In this
scenario, IVa2 does not freely diffuse in the crowded nucleus to find
the specific binding sites within the PS, but rather is relocated via one-
dimensional diffusion along the Ad genome until it reaches the PS. Ac-
cording to this hypothesis, these steps represent the first molecular
events that initiate the virus assembly process.

Table 2
Estimate of the base position from sedimentation equilibrium using mass conservation
approach.

[IVa2] (uM) Estimated r;, (cm)? Known r, (cm)®
0.5 6.6726 6.6923
2.0 6.6756 6.6928
3.0 7.1983 7.2184
43 7.2013 7.2191

@ The positions of the base of the cell were estimated using Eq. (14).

b The known positions of the base of the cell were determined from a sedimentation
equilibrium experiment using a 48 bp ds DNA, and applying mass conservation con-
straints during a global, NLLS analysis of the experimental data; see Refs. [16,25].

- T v T - T - T v
Q
N
» 10} 4
1 I -
2 3 E
o )
=2 |
o 4
Q
& 4
5
>
<
1 i 1 i 1 A 1 i 1 i A
0.0 0.2 0.4 0.6 0.8 1.0
Fractional Saturation (f) of DNA
0.3 T T T
i
H f=0.0050
AL e f=0.010 -
(N | f=0.10
\ ———— f=0.50
0.2 1 ! —— —- =080 h
- 1
A i
o N
11
o1 4]
’ o\
40

Fig. 5. The prediction of average IVa2 cluster size and the probability distribution of a par-
ticular cluster size under infinite length DNA (A) The predicted average cluster size, <q>, of
Va2 is plotted as a function of fractional saturation (f) of the DNA using Eq. (13) from [1]
with n = 18.8 and w = 125 [1; 34]. (B) The probability distributions (P(q)) of a particular
Va2 cluster size, g, were calculated at the indicated values of the fractional saturation (f) of
the DNA according to Eq. (6) in [27].
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