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ABSTRACT We showed previously that anharmonic DNA dynamical features correlate with transcriptional activity in selected
viral promoters, and hypothesized that areas of DNA softness may represent loci of functional significance. The nine known
promoters from human adenovirus type 5 were analyzed forinherent DNA softness using the Peyrard-Bishop-Dauxois model and a
statistical mechanics approach, using a transfer integral operator. We found a loosely defined pattern of softness peaks distributed
both upstream and downstream of the transcriptional start sites, and that early transcriptional regions tended to be softer than late
promoter regions. When reported transcription factor binding sites were superimposed on our calculated softness profiles, we
observed a close correspondence in many cases, which suggests that DNA duplex breathing dynamics may play a role in protein
recognition of specific nucleotide sequences and protein-DNA binding. These results suggest that genetic information is stored not
only in explicit codon sequences, but also may be encoded into local dynamic and structural features, and that it may be possible to

access this obscured information using DNA dynamics calculations.

INTRODUCTION

Gene transcription has been shown to be a very selective
process in every organism. On average, there is ~1 gene for
every several thousand DNA nucleotides, and not all of these
have independent start sites (1). To direct transcription at
only these sites, placement of the transcribing complex must
be tightly regulated. This level of specificity is extraordinary,
given that RNA polymerase II, which synthesizes mRNA, is
not sequence-specific. Rather, it is only specific to a single-
stranded DNA template. It has been shown that protein
transcription factors interact with promoter DNA and poly-
merase to yield specific transcription. The proper identifica-
tion of these promoter regions is critical to understanding
gene expression and regulation.

Researchers have long sought to define what constitutes a
gene promoter, and what the minimum requirements are to
get a specific transcriptional start site. Approaches using
known sequence elements such as CpG islands, TATA
boxes, and Initiator (Inr) elements have had some success in
extracting promoters from DNA sequences, but these
methods are often problematic because of the wide array of
promoter types (2-6). They tend to perform well on training
sets of promoters, but underperform on other DNA se-
quences. Even with the advent of position-weighted matrices,
hidden Markov models, Bayesian networks, and support
vector machines, the results are still not straightforward to

apply.
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Other methods have attempted to identify promoter re-
gions based on clustering of transcription factor binding sites,
which are presumably needed for transcriptional regulation.
A recent study showed that the TATA box, the Inr element,
the downstream promoter element, and the TFIIB-recogni-
tion element were each found in the minority of promoters
from a rather extensive data set (7). Surprisingly, the TATA
box was found only in 21.8% of 1871 human promoters
taken from the eukaryotic promoter database (8,9), and in just
10.4% of 8793 human promoters taken from the database of
transcriptional start sites (10,11).

DNA structural dynamics are intricately connected with
function. The double helix must be temporarily disrupted
during transcription, replication and repair, and to understand
the relationship between DNA sequence and genomic func-
tion one needs to consider the most probable structural states
as well as the available extremes of motion. Both experiments
and theory have shown that the strands constantly move in
relation to one another, sometimes forming temporary
openings, or soft spots, within the archetypal helix (12—15).
This phenomenon displays a complex sequence dependence,
as different nucleotide sequences can yield similar dynamic
properties, and it has been proposed that such soft spots may
play an important role in transcription (16—18).

Previous work with the adeno-associated virus PS5 pro-
moter showed that although DNA supercoiling and tran-
scription factor (TF) binding are necessary for transcription
in the wild-type promoter, a five nucleotide mismatch
opening at the transcriptional start site results in bidirectional
RNA polymerase II transcription in the absence of those
“‘requisite’’ factors (19). This evidence strongly suggests an
important role for local strand separation in transcription
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initiation, and that promoter melting may be sufficient to
recruit RNA polymerase in some cases.

Instead of using biological function to extract promoter
regions, we wanted to implement a simple physical model to
study the physical properties of promoter DNA, to ascertain the
role of duplex ‘‘softness’” in determination of a promoter region.
We chose the Peyrard-Bishop-Dauxois (PBD) model as an
intuitive physical model to investigate DNA softness (16,17),
and chose a transfer integral approach to analyze the statistical
mechanics involved for each of these promoters (20,21).

A large component of the PBD Hamiltonian is represented
by the hydrogen bonding energy term and therefore the
opening probability of DNA is highly sensitive to the overall
A-T basepair content. Although A-T (or T-A) basepair den-
sity is the chief component in our dynamical profiles, we have
also showed that the exact propensity profile displays a
complex dependence on the fine-scale distribution of A-T and
G-C basepairs. This lends support to a report that some GC-
rich DNA sequences can exhibit high rates of opening (22).

The adenoviral genome is ~36,000 basepairs long, but
only nine promoters have been identified that regulate ex-
pression of 33 known gene products. We report calculations
of the DNA dynamic profile these promoters, along with a
comprehensive survey of genome regulatory elements de-
rived from published articles and databases. The human ad-
enovirus serotype 5 was chosen for its well-annotated
genome and the abundance of functional studies on its viral
transcription. We have previously published studies on one
of the adenovirus promoters (16,17), and now extend our
analysis to all the known promoters in adenovirus 5.

MATERIALS AND METHODS

Human adenovirus serotype 5 genome sequence
and annotated data

The complete 35,938 bp sequence of DNA basepairs (Refseq AC_000008) is
available from the NCBI Entrez Genome Database. Transcriptional start site
and regulatory site locations for the adenoviral genes examined in this work
are available in the literature (9,23-25).

DNA probability calculations

The nine known promoters from human adenovirus type 5, with their re-
ported transcriptional start sites (Table 1), were analyzed using a PBD model
and the transfer integral operator (TIO) approach to evaluate for average
separation displacement of each basepair from equilibrium.

For each promoter, we selected a region for calculations from 230 bp in
the 5’ direction of transcribed strand to 120 bp downstream of the tran-
scriptional start site (TSS) in the 3" direction. The full sequence was calcu-
lated using open boundary conditions, and to eliminate sequence terminal
effects, we have thrown out the data for 80 bp on each end of the sequence,
leaving us with a 200 bp region stretching from —150 bp to +50 bp relative
to the TSS. We also chose two 200 bp nonpromoter control sequences from
the genome starting at positions 10,600 and 19,000. The first sequence
represents a rare intergenic sequence in adenovirus (over 90% of the genome
is coding), whereas the second sequence is from the coding region hexon
gene. Both of these controls have no other reported function or binding sites
associated with them, making them good models for comparison.

Biophysical Journal 95(2) 597-608

Choi et al.

TABLE 1 Human adenovirus 5 promoters with TSS and
location on the plus or minus strand

Promoters TSS Strand (+/—)
Early
EIA 499 +
EIB 1702 +
E2E 27051 —
E3 27567 +
E4 35609 -
Late
E2L 25910 -
X 3582 +
MLP 6039 +
Iva2 5828 -

TSS, transcriptional start sites.

Double-stranded DNA was modeled using the PBD model as described
previously (16). This phenomenological model represents basepair bonding
as fitted Morse potentials for one-dimensional A-T and G-C basepairs.
Stacking energy between consecutive basepairs is represented by a single
parameterized coupling term. The model also incorporates a nonlinear term
to account for cooperative effects, such as sugar-phosphate backbone in-
teractions. This nonlinear element effectively models the change in DNA
stiffness as the double stranded duplex is opened due to entropic effects.

The potential energy function for basepair n is given by

M=z

E = [V(yn) + W(ymyn—l)]a

n

where the term for hydrogen bonding and base stacking between basepairs is

V() = Dn(eia“yn - 1)2

and the nonlinear nearest-neighbor coupling is represented as

W(yna yn—l) = §<1 + peib(ynﬂnil))(yn - yn—l)z-

Morse potential parameter values used were Dgc = 0.075 eV, agc = 6.9 A7l
for a G-C basepair, and Dar = 0.05 eV, aAT = 4.2 A-1 for A-T basepairs.
For the nonlinear coupling term, k = 0.025 eV/Az, p=2,and b=0.35 AL
All calculations assumed a temperature of 300 K.

This relatively simple model has proven to be effective for describing the
opening dynamics of DNA (26). In its current form the PBD model lacks
parameters to account for purine- and pyrimidine-specific base stacking (A-T
versus T-A) and noncanonical DNA structures. We are currently developing,
but have not yet used a modification that would differentiate A-T base-
pairings from T-A and G-C basepairings from C-G in the DNA sequence.
Such a change would not difficult to implement, and would not significantly
impact calculation times, but accurate determination of parameters is un-
derway.

As described previously (20), a thermodynamic partition function was
constructed to represent the probability p of an opening of length n = 10
basepairs (the given basepair and the 9 subsequent basepairs) all being
separated by more than a threshold distance x, = 1.5 A. Preliminary studies
suggested that strand separation distance threshold x, = 1.5 A and probability
of 10 basepairs (n = 10) to be displaced simultaneously from equilibrium are
good indicators of transcriptionally relevant openings. Using the TIO method
to solve this function mathematically (21), we derived the propensity p of an
“‘open’’ state (according to the parameters n and x,) for each basepair along
the sequence. The resulting probabilities p are not normalized along a given
sequence because they are instead normalized to the possible states at each
given basepair; to avoid confusion, we will henceforth refer to p as being an
opening propensity and not a probability. In any case, relative values of p at
each basepair will be comparable, and not cause an evaluative problem.
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Because it is a thermodynamics-based calculation, the TIO method yields
no information about the timescale of the open/closed state equilibrium, and
by design it can not distinguish between different basepair separation dis-
tances beyond the specified threshold of 1.5 A, i.e., it can not measure the
relative magnitude of open states. Please note that TIO-derived information
is strictly equilibrium-dependent and thermodynamic in nature, but because
the properties we focus on derive from the dynamics of double-stranded
DNA, we use ‘‘dynamic’’ and ‘‘thermodynamic’’ somewhat interchange-
ably. Calculations were carried out in parallel using MATLAB 7.2 (The
Mathworks, Natick, MA) on nodes of the Harvard Medical School High
Performance Computing Shared Cluster, Orchestra.

Statistical analysis

The mean p was calculated for each binding site, for the binding and non-
binding regions within each promoter sequence, and for each 200 basepair
sequence. Standard deviations (SD) are reported for each mean. Within each
promoter sequence the mean p for the binding regions was compared with the
mean p for the two control sequences combined. Similarly, the mean p for the
nonbinding regions was compared with the mean p for the two control se-
quences combined. Each promoter sequence in its entirety was also com-
pared with the control sequences. The data were not normally distributed;
thus, the Mann-Whitney U test was used for the statistical comparisons. This
statistical test yielded a p-value for each comparison; p-values =0.05 were
considered to be statistically significant.

RESULTS AND DISCUSSION

Because our softness profiles are probabilities and not static
structural properties, we focus on local maximum peaks
rather than simply on areas of high opening propensity. Our
reasoning is that should an opening initiate at a basepair that
is not a maximum, cooperativity effects should take advan-
tage of the local energetics, rapidly migrating the opening
toward the peak locations. This soft spot in the double helix
will remain at these preferred spots until the structure re-
forms, or else it may be able to nucleate into another, larger
opening. Therefore, these bases are the most available *‘soft’’
positions that proteins are likely to encounter.

Our hypothesis was that promoter regions, which need to
separate for transcription to occur, could show patterns of
DNA softness in adenovirus. Calculation of two negative
control sequences shows muted propensity profiles, with
average propensity values (p) not far above the baseline (Fig.
1). Comparison with promoter propensity profiles shows
curves with more and higher peaks (Figs. 2 and 3). This
observation suggests that promoter DNA may exhibit unique
opening propensity patterns. When the overall area under the
curve, or the sum of all data points p, is compared for the
promoter and the control sequences, we find that the pro-
moters do show more softness in general, as well as lower
%GC content than the control regions (Table 2). As expected,
the more G-C basepairs there are in the sequence, the more
stable the duplex becomes. However, that is clearly not the
only factor, because sequences with similar %GC values
show opening propensities that differ, such as the IX and
early region 1A (E1A) promoters. Both control sequences
show a tendency toward lower propensity values. The in-
tergenic sequence at 10,600 bp (Control 1) displays the
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FIGURE 1 Calculated propensity profiles showing soft areas for adeno-

virus 5 control sequences. A total of 200 bp were analyzed using a PBD-TIO
method to calculate propensity of 10 bp openings starting at each basepair to
analyze for DNA softness. The x axis reflects the global bp position based on
the published genomic sequence.

lowest overall area under the curve, representing the least
opening propensity. The coding sequence at 19,000 bp
(Control 2) shows more opening propensity than both the
major late promoter (MLP) and E3 promoters, but also fea-
tures a higher overall baseline value with smaller peaks. This
higher baseline is likely the result of the sequence at 19,000
bp containing fewer overall G-C basepairs (60% compared to
63% for the sequence at 10,600 bp).

Beyond this general characterization of the promoter
sequences, we also found that the promoters typically ex-
hibited 5—6 softness propensity maxima distributed in sim-
ilar patterns over the 200 bp sequence (Table 3). Using bp

TABLE 2 Quantitative characterization of studied sequences,
sorted by greatest area under the propensity curve

Sequence Area X 10* (sum p) %GC
E4 735.57 44
E1B 657.84 44
X 610.69 53
E1A 558.30 53
E2E 476.11 55
E2L 409.19 58
Va2 369.10 60
Control 2 358.72 60
MLP 349.53 60
E3 336.26 61
Control 1 309.53 63
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coordinates relative to the transcriptional start site (+1 bp),
we found that the peak maxima often appear in similar lo-
cations for this collection of promoters. Most significantly,
one peak appears in the —55 to —70 region for all nine
promoters and another in the region from —15 to —30 bp
upstream of the TSS for seven of nine promoters. This soft-
ness pattern may play a role in the function of these DNA
sequences as promoters.

Although peak profiles for these promoters varied signif-
icantly, we found some common features. In addition to
transcriptional start sites, we also examined the locations of
known transcription factor binding sites in the same pro-
moters (Table 4), using the TRANSFAC database, not to be
confused with the TRANSFAC transcription factor binding
site prediction engine (25). We have included all major
binding sites, as well as sites protected from generalized
DNase I digestion, which indicate the binding of some un-
determined transcription factor or factors.

It is interesting that the average p of the control DNA se-
quences differ significantly from that of the MLP (p-value =
0.19) and E3 (p-value = 0.49) promoters (Table 4). The Iva2
promoter exhibits a similar, though not statistically signifi-
cant, pattern (p-value = 0.03). We observe that the opening
propensities alone are not sufficient to predict gene tran-
scription, because there are many other factors and processes
involved. This possibly suggests that these less pliable pro-
moters need to be transactivated to become transcriptionally
active. Indeed, some of the most active early promoters ex-
hibit the highest overall opening propensities and standard
deviations in our study (E1A, E1B, E4), and their expression
likely aids in the activation of these other genes.

We have attempted to quantify the matching of reported
binding sites with peaks in our propensity profiles in Table 4.
If it is true that binding sites often match with these peaks,
then the average p of the bases included in those sites should
be significantly greater than the average p when compared to
the control sequences. We expect that this measure will not
work for G-C basepair rich sites, such as Spl, because the
GC-box will likely not open spontaneously relative to the rest
of the sequence. Because this data is derived from various
experiments with limitations on DNA primer length, some of
the recorded binding regions in TRANSFAC are consider-
ably longer than the actual binding site, which complicates
the analysis. Rather than assume consensus binding sites are
sufficient for binding of factors, we simply use the experi-
mentally corroborated data, and we still observed a correla-
tion between propensity maxima in the DNA profile and
transcription factor binding sites and DNase I protection sites
reported in the literature.

A statistical comparison of the binding regions within each
promoter and the control sequences showed that the average
p for the reported binding regions is indeed statistically sig-
nificantly higher than the average p for the control series in
eight of the nine promoters (p-values < 0.0001). Although
the differences were less pronounced, the average p for the
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nonbinding regions in eight of the nine promoter sequences
also differed significantly from the average p for the control
sequences (p-values < 0.01). These differences were statis-
tically significant due to the large number of basepairs in-
cluded in the analyses despite the observation that in all nine
promoters the average p for the nonbinding regions was
smaller, and thus more similar to that of the control se-
quences, than the average p for the binding regions. These
results suggest that the peak profiles found in the promoter
regions are distinct from those found in the control, coding
DNA.

E1A promoter

The E1A promoter initiates transcription at bp 499 in the type
5 adenovirus. It has been shown that once viral replication
begins, there are multiple alternative start sites 200—300 bp
upstream of this site, but this is the primary site for early
transcription. The E1A gene product is an important trans-
activator of viral transcription in adenovirus, and involved
with almost all the other promoters.

Our calculated profile for this promoter shows several soft
regions within the 200 bp fragment (Fig. 2 a). Five major
propensity peaks are observed and their intensities listed in
Table 3. We note that there are four peaks upstream from the
start site, and one peak downstream, with the dominant peak
located at —60 bp. Interestingly, some of these peaks corre-
late with known protein binding sites. Direct gel shift anal-
ysis has shown that the cAMP response element-binding
(CREB) transcription factor binds the segment from —21 to
—52 bp (27), and DNase I experiments in HeLa cell extract
show protection of the region from —21 to —38 bp, —45 to
—72 bp, and —91 to —99 bp (28), in agreement with three
observed peaks in our propensity profile. A nuclear factor 1
(NF-1) binding site ~20 bp downstream of the TSS has also
been reported for adenovirus 12 (29). This would not be in-
consistent with our observed peak at bp 518.

We see that in the E1A promoter, all of the binding sites
show relatively higher propensity values when compared
with the surrounding sequence, as well as larger SD than both
the nonbinding DNA and the controls (Table 4). In a well-
studied promoter like E1A, we would expect this kind of
good agreement with our model.

Early region 1B promoter

The early region 1B (E1B) promoter initiates specific tran-
scription on the plus strand from bp 1702 in this serotype. We
again observe four upstream peaks and one undefined cluster
of peaks downstream of the TSS, but this time the most
dominant peak is located —136 bp relative to the start site
(Fig. 2 b). There is a large peak centered at —68 bp, some-
what similar to the E1A promoter.

Again, previous work with the closely related adeno-
virus type 2 has shown some correlation of our peaks with
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FIGURE 2 Calculated propensity profiles showing soft areas for adenovirus 5 early promoters. A total of 200 bp of the promoter region around the
transcriptional start site was analyzed using a PBD-TIO method to calculate propensity of 10 bp openings starting at each basepair to analyze for DNA softness.
The x axis reflects the bp position relative to the TSS (+ 1), which is indicated by the right-facing arrow in the graph. Reported transcription factor binding sites
or sites of protection from DNase I are indicated with bars above the softness profile and labeled with the name of the transcription factor. References for the

binding sites are included in the Discussion.

reported experiments. Direct gel shift, DNase I footprinting
and antibody supershift all suggest that TATA box-binding
protein (TBP) and transcription factor IID (TFIID) bind in the
locus from —18 to —33 bp (30-32). This area shows a sig-
nificantly higher average p relative to the rest of the sequence
(Table 4). An Spl binding site that does not match a pro-
pensity peak has been shown at positions —45 to —35 bp
using affinity chromatography, DNase I, gel shift competi-
tion, and primer extension footprinting (31,33-35). As ex-
pected, the average propensity in that GC-box is low, actually
lower than that of the rest of the DNA sequence.
Comparison of the binding DNA properties and the non-
binding properties show that they are very similar in average
P, and the nonbinding DNA actually has a larger SD. As E1B
is not well-studied as a promoter, this result could be indic-
ative of additional binding sites that have not yet been

reported. It is unlikely that this promoter contains only two
binding sites.

Early region 2 early promoter

The early region 2 early (E2E) promoter directs transcription
on the minus strand from bp 27051. Our softness profile maps
a major peak at the nucleotide adjacent the TSS, and at least
five significant peaks upstream of the start site, with three of
them overlapping in the range from ~—40 to —70 bp (Fig. 2 ¢).

There has been much work done on this promoter in ad-
enovirus 2. Overall, the softness of this promoter region
supports our hypothesis, as there is a wealth of binding sites
reported for this promoter in the upstream bases. ATF/CREB
was shown to bind the promoter at positions —82 to —66 bp
and TBP to the sequence from —60 to —51 bp (36), and E2F
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TABLE 3 Major propensity profile peaks from human
adenovirus type 5 promoters

Relative bp
Max p (X10™% Peak range Peak max
El1A 2.860 —137 to —124 —134
4.078 —108 to —96 —100
9.438 —69 to —53 —60
5.556 —43 to —26 =35
3.139 +13 to +26 +20
El1B 7.225 —144 to —130 —136
5.285 —99 to —91 —95
4.480 —73 to =57 —68
5.568 —35to —17 -29
3.631 +2to +36 +23
E2E 4.193 —129 to —119 —124
3.442 —71 to —63 —67
4.747 —62 to —52 —56
5.610 —51 to —44 —48
3.930 —30 to —19 —26
4.400 —6to +10 +2
E3 2.141 —135to —122 —131
3.900 —102 to —91 —97
1.557 —62 to —56 —58
3.537 —31to —16 —24
2.809 —4to +11 +4
E4 3.927 —134 to —124 —128
4.117 —123to —114 —119
4.161 —113 to —103 —108
4.251 —73 to —65 —69
5.604 —64 to —53 -59
6.667 —44 to —37 -39
8.770 —36 to —23 -30
4.784 —1to +18 +8
E2L 3.266 —147 to —134 —139
3.185 —133 to —123 —127
1.972 —89 to —85 —87
3.743 —64 to —49 —56
4.028 —29 to —19 -21
4.157 —18 to —12 -17
2.258 +18 to +27 +22
X 4910 —155to0 —128 —145
6.486 —102 to —89 —95
7.097 —76 to —59 -70
4.638 —11to +10 -1
2.485 +41 to +48 +46
MLP 1.787 —150 to —138 —144
2.597 —115 to —102 —109
3.718 —83 to —62 -70
2.228 —32to —18 —28
1.974 +2to +20 +8
1.958 +44 to +50 +48
Va2 3.718 —149 to —128 —141
2.597 —112 to —96 —102
1.769 —73 to —60 —68
1.915 —6to —36 —40
2.542 —11to +1 =5
3.189 +2 to +21 +15

Peak range was determined using peak widths at 50% of maximum peak
values above an assumed baseline of p = 0.0001.
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was shown to bind to the sequences from —71 to —53 bp and
—49 to —33 bp upstream of the TSS (37). A subsequent study
placed TF68 and DRTFI sites at positions —86 to —73 bp
and —73 to —61 bp (38). The TF68 site does not match well
with our propensity profile. The ATF/CREB site, TBP site
and upstream E2F site correspond well with the three over-
lapping peaks observed in our profile, but the other two sites
are located where there are more rigid segments of DNA.
Because the E2F sites have been shown to operate syner-
gistically (39), it is conceivable that initial binding at one site
could activate another site. Another study suggests that
EITaE-C binds from —142 to —112 bp upstream of the TSS
(40). This could align with the peak centered at —124 bp.
Five of seven identified binding sites display a higher average
opening propensity p than the rest of the sequence (Table 4).

Early region 3 promoter

The early region 3 (E3) promoter resides on the plus strand,
and a specific transcript begins at bp 27,567. In this promoter,
our analysis shows one peak just downstream of the TSS, and
four significant peaks upstream (Fig. 2 d). This early pro-
moter does not show the propensity magnitudes typical of the
other early promoter regions.

Again referencing research on the extremely similar ade-
novirus 2, the E3 promoter is known to bind TFIID from
bases —37 to —16 upstream from the TSS (41). The softness
peak at —26 bp seems to fit that description. Several binding
partners have been identified in the region from —70 bp to
—42 bp, including AP-1, ATF, CREB, and E4F1 (27,41), but
the softness profile reflects only a small, but significant,
widened peak in that region. AP-1 has also been implicated at
positions —103 to —83 bp (41), where there is a large pro-
pensity peak. Finally, a NF-«B-like factor has been shown to
bind in the area from —134 to —113 bp upstream of the TSS
(42), and our profile does show a plateau-like feature with
a maximum at —131 bp. Most of the binding sites do show
a higher average p than nonbinding DNA, except for the
multiple protein site at —70 to —42 bp (Table 4). In our
model, that site could require an enhancer or DNA confor-
mation shift to activate protein binding.

E3 is the promoter with the highest overall G-C content
and the lowest overall softness, with an average p of just
1.68 X 10~*. The promoter peak pattern is still discernible,
but the DNA is relatively rigid. Because of this, the propensity
profile is similar to that of the control DNA (p-value = 0.11)
(Table 4).

Early region 4 promoter

The early region 4 (E4) promoter is also located on the minus
strand, at bp 35069. Our propensity profile shows one peak
downstream of the TSS, and at least seven peaks upstream,
though they seem to be overlapped into three main groups
(Fig. 2 e). The softness profile is striking in its overall high
propensity values, and a large region of very soft DNA from
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TABLE 4 Quantification and characterization of TRANSFAC-reported binding sites in adenovirus type 5 promoters
Gene Binding site Relative location (bp) Average p (X 1074) SD p (1074) p-value
Control 1 - - 1.54 0.75
Control 2 - - 1.79 0.54
El1A DNase I —99 to —91 2.79 0.75
DNase I —72 to —45 6.00 2.00
CREB —52 to —21 3.87 0.90
DNase I —38 to —21 3.90 1.11
NF-1 +20 to +24 3.14 0.24
Binding - 4.55 1.95 <0.0001
Nonbinding - 1.92 0.67 <0.0001
All - 2.79 1.76 <0.0001
EIB Spl —45to —35 2.45 0.51
TBP/TFIID —33to —18 4.55 0.66
Binding - 3.69 1.21 <0.0001
Nonbinding - 3.23 1.43 <0.0001
All - 3.29 1.41 <0.0001
E2E EIlaE-C —142 to —112 2.67 0.75
TF68 —86 to —73 1.12 0.39
ATF/CREB —82 to —66 1.97 0.91
DRTF1 —73 to —61 291 0.48
E2F —71 to —53 3.63 0.75
ATF/CREB —60 to —51 4.43 0.33
E2F —49 to —33 3.24 0.75
Binding - 2.78 1.19 <0.0001
Nonbinding - 2.09 1.07 0.0028
All - 2.38 1.17 <0.0001
E3 NF-«B —134to —113 1.64 043
AP-1 —103 to —83 2.62 0.92
AP-1/ATF/CREB/E4F1 —70 to —42 1.04 0.32
TFIID —37 to —16 2.61 0.75
Binding - 1.90 0.93 0.11
Nonbinding - 1.49 0.50 0.01
All - 1.68 0.76 0.49
E4 DNase 1 —152 to —132 1.74 0.35
DNase 1 —118 to —94 5.04 0.89
ATF —100 to —94 4.98 0.13
ATF —80 to —74 5.64 0.25
E4F —53 to —43 14.25 0.39
CREB —45 to 37 9.49 0.68
TBP/TFIID —30 to —23 2.61 1.43
AP-1 +7 to +13 3.66 0.28
Binding - 3.95 1.64 <0.0001
Nonbinding - 3.49 1.79 <0.0001
All - 3.68 1.74 <0.0001
E2L CRF —155to —128 2.76 0.41
USF-2 —127 to =97 1.88 0.42
CRF —90 to —65 1.42 0.36
Spl —56 to —36 2.34 0.88
Binding - 2.06 0.72 <0.0001
Nonbinding - 2.03 1.00 0.01
All - 2.05 0.87 <0.0001
X DNase I —70 to —45 3.66 2.49
TBP —30to —23 2.70 0.36
Binding - 343 2.21 <0.0001
Nonbinding - 2.98 1.56 <0.0001
All - 3.05 1.69 <0.0001
MLP USF-1 —120 to —90 1.89 0.36
(Continued)
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TABLE 4 (Continued)
Gene Binding site Relative location (bp) Average p (X10™%) SD p (107%) p-value
CCAAT-box —82 to —71 3.36 0.29
USF-1 —63 to —52 1.82 0.48
TBP -39 to —17 1.84 0.26
Inr +8 to +26 1.64 0.24
Binding - 2.00 0.61 <0.0001
Nonbinding - 1.51 0.65 0.0032
All - 1.75 0.68 0.19
Va2 USF-1 —113 to —89 1.94 0.39
Spl —50 to —36 1.65 0.17
Inr —9to +6 2.28 0.16
TBP +10 to +22 2.82 0.44
Binding - 2.12 0.51 <0.0001
Nonbinding - 1.71 0.80 0.24
All - 1.85 0.74 0.03

~—10bpto —75 bp. If softness is related to protein binding, we
would expect a great number of binding partners in this area.
We have multiple positive alignments of our propensity
peaks with protein binding sites for this promoter. There are a
number of factors that bind from —152 to —132 bp and —118
to —94 bp (43-45), which is reflective of the multiple peaks
we see in our softness profile. ATF binds to the promoter at
—100 bp and —80 bp (46), which bookend a softness valley
in our profile. E4F has been reported to bind from positions
—53 to —43 bp (47), which is very soft. CREB has been
shown to bind at —45 bp (27), which is within the very soft,
active region of the E4 promoter. DNase I footprinting con-
firms that TBP/TFIID binds around —30 bp upstream of the
start site (46), and the largest profile peak is exactly at —30 bp
in our calculated profile. An AP-1 site has been identified at
positions +7 to +13 bp downstream of the TSS (48), and that
matches our peak at +7 bp. Our opening propensity model
suggests that this promoter is highly active, and could con-
sequently be problematic to characterize (Table 4). We do
see, however, that there are a host of factors that are known to
bind to this DNA, and that is consistent with our hypothesis.

Early region 2 late promoter

The early region 2 late (E2L) is perhaps the least well-char-
acterized promoter region in adenovirus. It initiates tran-
scription on the minus strand from the 25,910 bp. As the
name implies, transcription does not occur until the late early
stages of the viral life cycle. Again, we might expect the
softness profile to differ from our previous examples. It is not
as pronounced for another transcript that is not expressed
right away, and that appears to be a trend (Fig. 3 @). The
largest peak is at —17 bp relative to the TSS, though there is a
slightly smaller peak at —56 bp.

There is CRF binding reported in the —155 to —128 bp
region, a USF-2 site from —127 to —97 bp, another CRF site
from —90 to —65 bp and an Spl1 site from —56 to —36 bp in
adenovirus 2 (49). The multiple peaks from —127 to —139
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might fit the first CRF site, but there is no match for the USF-2
or second CRF sites. The peak with a maximum at —56 bp
could possibly match the Spl binding site, but it is not a
strong match. This promoter does not show good alignment
of binding sites with propensity peaks (Table 4), but this is
likely due to two of the four sites being GC-rich and the fact
that some binding sites are probably still uncharacterized on
this promoter.

Protein IX promoter

This promoter, also on the plus strand of the genome, is
known to direct transcription from position 3582 bp. This
entire gene is contained within the E1B transcription unit,
which affects its regulation (50). The E1B and IX promoters
share some striking sequence similarities (51). There is a
TATA box present in this serotype, and in the related sero-
type 2, but not in adenovirus 3 (52).

As the sequences are somewhat similar, the IX promoter
profile is very similar to that of E1B (Figs. 2 b and 3 b). Once
again, the peak with the highest propensity value is at —70 bp
relative to the TSS. A TATA box has been reported at po-
sition —30 in this promoter, to which TBP binds and directs
transcription (53). There is also some other, unidentified
activating upstream element from —45 to —70 bp relative to
the TSS. Although these are not exact matches for the ob-
served peaks, the correlation is not inconsistent (Table 4).
There may also be unreported binding sites for this promoter;
it would be unique if the IX promoter only bound TBP and
perhaps one other protein.

MLP

The MLP is the most well-studied of the adenoviral pro-
moters and is known to drive transcription of a major mRNA
product that encodes for multiple genes. It initiates tran-
scription at bp 6039 on the plus strand. We see from our
calculated profile that the overall softness is less than the
early promoters, and also that the largest peak is at centered at
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FIGURE 3 Calculated propensity profiles showing soft areas for adenovirus 5 late promoters. A total of 200 bp of the promoter region around the
transcriptional start site was analyzed using a PBD-TIO method to calculate propensity of 10 bp openings starting at each basepair to analyze for DNA softness.
The x axis reflects the bp position relative to the TSS (+1), which is indicated by the right-facing arrow in the graph. Reported transcription factor binding sites
or sites of protection from DNase I are indicated with bars above the softness profile and labeled with the name of the transcription factor. References for the

binding sites are included in the Discussion.

5969 bp, or —70 bp relative to the TSS (Fig. 2 ¢). There are
four peaks upstream of the promoter and two peaks down-
stream in this case.

TBP has been identified to bind between positions —17
and —39 bp by DNase I footprinting and gel retardation ex-
periments (54). Many subsequent experiments have re-
confirmed this in a myriad of other ways. A large propensity
peak is not present in our profile, but there is a soft spot
centered on the —28 position. An Inr element has also been
identified from positions +8 to +26 bp on this promoter by
DNase I, exonuclease III, and gel retardation (55-57), which
would seem to correspond to an asymmetric peak with its
maximum at +7 bp. An upstream factor 1 (USF-1) site has
also been reported from positions —52 to —63 bp (54), which
does not match our calculated propensity profile. Another
USF-1 binding site is at —90 to —120 bp (58), which could
match a peak centered at 5930 bp (position —109 relative to
the TSS). Finally, an inverted CCAAT-box has been identi-
fied by direct gel shift and methylation interference assays
from positions —71 to —82 bp (59-61), where there is a prom-
inent peak in our propensity profile. All of these binding sites
exhibit higher average opening propensities than the other
DNA, though the profile as a whole is extremely quiet (Table 4).

Despite the relative rigidity of MLP, the peaks are clearly
distinguished and their locations appear to be significant. As
the most studied promoter in adenovirus, we do not believe
that there are binding sites that have not been established.
Rather, we speculate that as a late and inducible promoter,

other mechanisms may play a role in activating transcription
that do not leverage DNA softness in the same way.

IVa2 promoter

The IVa2 promoter initiates transcription at position 5828 bp
on the minus strand. The promoter for the protein IVa2 gene
is unique in at least two aspects. First, it is the only promoter
that does not have an identifiable TATA box-like element,
and second, it is a promoter that is completely inactive until
the end of the early stage, when viral replication begins. If
DNA softness is indeed related to the behavior of promoter
regions, we would expect that this promoter would show
different properties than all of the others studied here. The
promoter is on the minus strand and located within close
proximity to the major late promoter, such that the promoters
are arranged in a back-to-back fashion.

The first noticeable characteristic is that the overall soft-
ness profile is less than the early promoters we have analyzed
(Fig. 3 d). There is a small peak present just upstream from
the TSS, and again four peaks upstream of the promoter, and
there is one peak downstream. Despite the lack of a TATA-
like sequence, the IVa2 promoter has a few reported binding
sites: USF-1 binds at —113 to —89 bp (62), there is an Spl
GC-box at —50 to —36 bp (63), an Inr element from —9 to
+6 bp (55), and TBP actually binds downstream of the TSS
from + 10 to +22 bp (64). These binding sites could fit nicely
with the peaks centered at —102, —40, —5 and + 14 bp. Three
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of the four binding sites show elevated opening propensity
over the rest of the sequence, save Sp1, which binds to a GC
box (Table 4).

The calculated profiles do share some similarities. The
early promoters are, in general, softer pieces of DNA than are
the late promoter regions. This can be partially explained by
the different nucleotide constitution of the two types of
promoters. The five early promoter regions we studied are, on
average, 51%GC, compared to 58% for the four late pro-
moters. However, this does not offer a complete explanation,
as three of the early promoters were over 50%GC and the E3
promoter actually had the highest GC content of all pro-
moters, at 61%. Four of five early promoters show a clear soft
spot in the region from —35 to —25 bp upstream of the TSS,
representative of the TATA box. However, only one of the
late promoters shows that profile peak, despite three of the
four promoters containing TATA boxes. All nine promoters
exhibited a significant peak in the region —70 to —55 bp
upstream of the promoter, though the propensity values
varied somewhat. The promoters with the weakest peaks in
this region were the E3 and the IVa2 promoters. From these
data, it seems that the sequence-mediated local thermody-
namic softness of promoter DNA does seem to have an effect
on promoter activity and/or promoter strength.

The alignment of opening propensity peaks with tran-
scription factor binding sites in many cases is an interesting
and unexpected result. It is well-established that specific
DNA-protein binding in most cases involves significant
conformational changes in the binding partners, as in indirect
recognition (65). Transcription factor binding sites have been
correlated with numerous DNA properties, such as stiffness,
A-philicity, deformability, and other structural parameters
(66-70). Our results suggest that DNA-protein recognition
may correlate with DNA strand separation dynamics. It is
possible that “‘soft spots’” with enhanced dynamics also show
the conformational plasticity required for induced fit binding.
Another possibility is that the enhanced exposure of unpaired
DNA strands at those sites establishes initial contacts be-
tween the protein and the DNA, resulting in higher associa-
tion rates. If confirmed in more detailed studies, our findings
may suggest a facile method to extract protein binding site
data using mathematically simple DNA calculations.

Recently, bulk core promoter sequences have been char-
acterized energetically using known promoter elements and
multiple position weight matrices (66). It is interesting that
the reported duplex disrupt energy profiles of mammalian
promoters, calculated using the Breslauer model (71), mirror
the propensity profiles described here. The primary differ-
ence is that our method measures softness, whereas their
results are plotted on a converse scale of energetic stability,
with the TSS positions located within local energy minima.
Interestingly, the thousands of promoters clustered into cat-
egories exhibited properties similar to the average profile of
the promoters we analyze here, suggesting that our descrip-
tors of DNA structure may share a common physical origin.
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In contrast to such related methods, however, our PBD ap-
proach can be applied to any unique sequence of DNA to
determine whether it fits such a profile.

CONCLUSION

Analysis of the known promoter regions of adenovirus type
5 leads us to conclude that there may be common softness
patterns in these promoters, though the pattern may differ
between early and late-expressed genes. Perhaps trans-
activating factors may be necessary to establish the right
softness conditions for transcription on late genes. Compar-
ison of the results to functional data for the adenoviral ge-
nome strongly supports the idea that genetic information is
stored not only in the form of nucleotide primary sequence,
but is also encoded into the dynamical structure of DNA. Our
calculations suggest that at least some of this secondary
structure information can be extracted by simple consider-
ation of the softness of the double helix. In its current version
the PBD model is unable to describe DNA dynamics arising
from effects other than the distribution of hydrogen bonding
potentials along the double helix. A refined model that also
accounts for DNA structural inhomogeneity due to patterns
of pyrimidine and pyridine rings should add to the accuracy
of simulations at the genomic scale.
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