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Different superstructural features of the upstream regulatory regions of the two pea genes rbcS-34 and rbeS-E9 have been derived using a theoretical

method, developed in our laboratory a few years ago, which evaluates the DNA distortion energy from a matrix of the deviations of the 16 possible

dinucleotides from the standard B conformation. The theoretical analysis, which predicts different flexibilities of the regulatory regions of the two

genes, is in satisfactorily good agreement with experimental evaluations from gel electrophoretic mobility and cyclization kinetics, suggesting a
possible model to explain the largely different transcription efficiencies of the two genes.

Sequence dependent DNA superstructure; DNA distortion energy calculation; Cyclization kinetics; rbcS gene

1. INTRODUCTION

The intrinsic ability of B-DNA to translate the deter-
ministic fluctuations of base sequence in superstructural
elements, is generally considered of relevance in deter-
mining its physicochemical as well as its biological
properties. Although the physical origin of DNA curva-
ture is still a matter of debate, sound evidence has been
accumulated of a major contribution of the nearest-
neighbour differential interactions within the dinucleo-
tide steps [1-5]. We have previously shown that DNA
curvature can be predicted by integrating the slight local
deviations in terms of roll and tilt angles, obtained on
the basis of energy conformational calculations for the
16 dinucleotide steps [2]. This method was successfully
applied to predict the curvature of numerous synthetic
as well as natural DNAs [2,4], in surprisingly good
agreement with experimental measurements, mainly
based on gel electrophoretic retardations.

The obtained results encouraged us to explore the
superstructural features of DNA regulatory regions,
where they could have a relevant role either in specific
interactions with proteins or in favouring protein—pro-
tein interactions.

In this paper, we analyse the superstructural features
of the regulatory regions of two pea genes which code
for the small subunit of the enzyme ribulose-1,5-bis-
phosphate carboxylase, rbcS-34 and rbeS-E9. The
largely different transcription efficiency of these two
genes has been connected, on the basis of extensive
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genetic and biochemical analyses, to the upstream re-
gion from —410 to the startsite of transcription [6,7]. In
particular, analysis of the rbcS-34 gene has uncovered
three independent upstream regions, which contain
light responsive elements (LREs), centered at about
—150, —220 and -370, which bind to the regulatory
protein GT1 [7.8]. The presence of multiple regulatory
elements may enable rbcS genes to adapt to different
environment conditions and strongly suggests that a
multiproteic complex regulates gene transcription.

We have previously studied the superstructural fea-
tures of the LRE positioned from —166 to —112 in dif-
ferent rbcS genes, and found a correlation with the dif-
ferent transcription efficiencies, suggesting that LREs
different flexibility could be relevant in the interactions
with GT1 [9-11].

In this paper we analyse the whole region from —410
to the startpoint of transcription of the two genes rbcS-
34 and rbcS-E9, since the thermodynamic and kinetic
aspects of the transcriptional complex should depend
on the superstructural features of the regulatory region
as a whole, as well as on those of the individual regula-
tory sequences. In order to characterize the two DNA
regions, 410 bp fragments with HindIII protruding ends
have been obtained from the regulatory regions of rbcS-
34 and rbcS-E9 (see Fig. 1), and studied both by theo-
retical evaluation of DNA distortion energies and by
means of cyclization kinetics.

2. MATERIALS AND METHODS

410-3A was obtained from an HindIIl/HindIIl fragment (—402; —8
from the transcription startsite) from the clone pUC18-3A/E9 [12].

293



Volume 336, number 2

410-E9 was obtained from an EcoRI/EcoRV fragment (~1100; +24)
from the clone pBR325-E9 [13], subsequently digested with Hinfl
(—406). The two fragments, having 5’ protruding ends, were filled with
Klenow polymerase, ligated with 12mer HindIII linkers (Boehringer),
digested with HindIII (cutting site on rbcS-E9 at —8), and ligated in
the HindlIIl site of pUC18. The two recombinant plasmids were used
to transform E. coii JM83 competent cells. Sequences were confirmed
by the Sanger dideoxy sequencing approach modified for double
stranded DNA.

1 ug of 410-3A and 410-E9 were dephosphorylated by treatment for
40 min with calf intestinal alkaline phosphatase at 0.02 unit/pmol 5
ends of DNA. The reaction mixtures were then heated to 70°C for 15
min and extracted two times with phenol and four times with diethyl
ether. DNAs were subsequently labeled with *?P by incubation with
100 uCi/ug [y**-P]ATP and T4 polynucleotide kinase. Unincorporated
label was removed by spun column cromatography over 1 ml syringes
packed with Sephadex G, (Pharmacia). Cyclization experiments were
done at 20°C at a DNA concentration of 3.7 x 107" M in 60 ul of a

410-34

1
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solution 10 mM Tris, pH 7.5, 50 mM Na(Cl, 10 mM MgCl,, 0.5 mM
DTT, 0.5 mM ATP. T4 DNA ligase (USB) was opportunely diluted
and added to the reaction mixtures, followed by manual mixing. At
specific time intervals, 10 4l aliquots were removed and quenched with
EDTA, pH 8 (final concentration 50 mM) and heat (65°C, 10 min).
Samples were electrophoresed on 4% NuSieve 3:1 Agarose gels
(FMC). After the run, gels were dried and autoradiographed. The
radioactivity of each band was measured by scanning the autoradio-
graphs on a LKB densitometer.

3. RESULTS AND DISCUSSION

To predict the circularization probability of the two
examined sequences we used a recently developed theo-
retical method [14,15], which allows the evaluation of
DNA circularization distortion energy in terms of the

a

100

5' AGCTTGCGAGCTTGGACAGGAACAAATGTTACCCATACATAAAAGATATTTGTGAAGTAACAGTCACAAAATTCCATGAGGCCAACATACTACAATTGAA
3 ACGCTCGAACCTGTCCTTGTTTACAATGGGTATGTATTTTCTATAAACACTTCATTGTCAGTGTTTTAAGGTACTCCGGTTGTATGATGTTAACTT

HindIIl

101

200

TTTTCATGGATACAATTCTTACAAAATAAAAATATCGACATAACCACCATCACACATTTACACTCTTCACATGAAAAGA%AAGATCAGTéAGGTAATATé
AAAAGTACCTATGTTAAGAATGTTTTATTTTTATAGCTGTATTGGTGGTAGTGTGTAAATGTGAGAAGTGTACTTTTCTATTCTAGTCACTCCATTATAG

201

300

CACATGGCACTGTCCTATTGGTGGCTTATGATAAGGCTA&CACACAAAATTTCAAATCT%GTGTGGTTAATATCGCTGCAAACTTTATCATTTTCACTA%
GTGTACCGTGACAGGATAACCACCGAATACTATTCCGATCGTGTGTTTTAAAGTTTAGAACACACCAATTATACCGACGTTTGAAATAGTAAAAGTGATA

301

400

CTAACAAGATTGGTACTAGGCAGTAGCTAAGTACCACAATATTAAGACCATAATATTGGAAATAGATAAATAAAAACAT&ATATATAGCAAGTTTTAGCA
GATTGTTCTAACCATGATCCGTCATCGATTCATGGTGTTATAATTCTGGTATTATAACCTTTATCTATTTATTTTTGTAATATATATCGTTCAAAATCGT

401 410 HindIIl

GAAGCTCGCA 3
CTTCGAGCGTTCGA 5'

410-E9

1

b

100

5 AGCTTGAATCATTAATAAAACTTTCCACTTTTATTTAATTTTTTCAATTCAGTTTCATCATCAAAGCAAATGTTTCCCTGCCATCTATC&GTCAACACTA
3 ACTTAGTAATTATTTTGAAAGGAGAAARATAAATTAAAAAAGTTAAGTCAAAGTAGTAGTTTCCTTTACARAGGGACGGTAGATAGACAGTTGTGAT

HindIIL
101

200

ACATCGAATGTACTTATCTCATTAGTTTAAATTATTGTTTGATCATGTT%AATCCTTATACTGTTGTTA&TTTTTTCAG%TAGCTTAGT&GGCATCTTA&
TGTAGCTTACATGAATAGAGTAATCAAATTTAATAACAAACTAGTACAAATTAGGAATATGACAACAATCAAAAAAGTCAATCGAATCACCCGTAGAATG

201

300

ACGTGGCATTATTATCCTATTGGTGGCTAATGATAAGGT%AGCACACAAAACTTTTCAA&CTTGTGTGG%TAATATGAC&GCAAAGTTTATCATTTTCA&
TGCACCGTAATAATAGGATAACCACCGATTACTATTCCAATCGTGTGTTTTGAAAAGTTAGAACACACCAATTATACTGACGTTTCAAATAGTAAAAGTG

301

460

AATCCAACAAACTGGTTCTAGGCAGTGGCCAACTACCACAATTTTAAGACCATAATATT&GAAATAGAAAAATCAATACATTATATAAA&CAAGTTTTA&
TTAGGTTGTTTGACCAAGATCCGTCACCGGTTGATGGTGTTAARATTCTGGTAT TATAACCTTTATCTTT T TAGTTATGTAATATATTTCGTTCAAAATC

401 410 HindIII

TACAAGCTCA 3
ATGTTCGAGTTCGA 5°*

Fig. 1. Nucleotide sequences of the fragments (a) 410-3A and (b) 410-E9.
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Fig. 2. Theoretical curvature profiles of the DNA fragments reported in Fig. 1. (a) 410-3A; (b) 410-E9. The curvature vector is reported as modulus
and phase, averaged each 10 bp. The dark line refers to linear DNA, while the grey line refers to circular DNA.

nucleotide sequence as well as the structure of the circu-
lar DNA, which is characterized by the lowest distor-
tion with respect to the linear form.

Fig. 2 illustrates the theoretical curvature diagrams
of 410-3A and 410-E9 DNA tracts (see Fig. 1). The
curvature modulus defines the local deviations of the
double helix axis, whereas the direction of such devia-
tions is indicated in the corresponding phase diagram
with respect to the dyad axis of the first base pair of the
sequence. When integrated along the chain, they pro-
duce the superstructures of the linear as well as the
circular forms as shown in the stereoviews of Fig. 3a
and b. It is worth noting that the superstructures shown

in Fig. 3 represent the hypothetical unperturbed forms
in the absence of thermal fluctuations. Although Olson
et al. [16] have recently shown the importance of ther-
mal fluctuations on the solution properties of curved
DNAs, the validity of our representation relies mainly
on the internal comparison of different DNA segments,
which allows an easy localization of more bent tracts,
as well as the visual comparison between different
DNAs. Furthermore, the mathematical method used to
obtain the corresponding most stable circular DNAs
assures the maximum invariance of the local structures
compatible with the circular form, and allows a reliable
evaluation of the circularization energy, since the influ-
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410-3A

ence of thermal fluctuations is assumed to be similar in
the two forms.

The superstructural features of the regulative regions
from —410 to the start-site of transcription, appear
largely different in the two cases in spite of the high
homology of the sequences up to —200 [17]; in particu-
lar, 410-3A is characterized by the presence of an higher
number of curved tracts than 410-E9, whose stereoview
corresponds approximately to that of a straight DNA.

The theoretical differential circularization energy val-
ues, AE, are calculated in terms of that of an equivalent
straight DNA tract, 4E°. Adopting the average values
of the persistence length, P =500 A, and of the tor-
sional modulus, C = 3.4 x 107 erg-cm for a straight
DNA [18], it is possible to evaluate the differential circu-
larization energy values in absolute units (De Santis et
al., in preparation). These values are reported in Table
I; they represent the sequence-dependent activation en-
ergy contributions to the activation free energy of the
circularization reaction for the same protruding ends.

During the last few years, ligase catalyzed DNA ring
closure has been used as an useful approach for the
determination of sequence directed bends in the helical
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410-E9

Fig. 3. Stereoviews of the DNA fragments (a) 410-3A and (b) 410-E9, in the linear (top) and circularized form (bottom).

axis of B-DNA. In fact, formation of the circular DNA
molecules that are substrates for ligation reactions is
expected to require large fluctuations in the dimensions
of the DNA molecule, since both ends of the molecule
must come close together to ligate. The cyclization
equilibria are therefore expected to be very sensitive to
sequence-directed or protein-induced DNA bending
[18].

The widely used factor to define cyclization equilibria
is the ring closure probability, J factor, defined as the
ratio J = K /K, of the equilibrium constant for cycliza-
tion to that for bimolecular association; it can be evalu-
ated experimentally by calculating the ratio of the rate
constants for cyclization (k) and bimolecular associa-
tion (k,) [19,20]. J factor depends on the concentration
of one end of a DNA molecule near the other end, and
on the angular orientation between the two ends, which
is a function of the DNA length and twist.

To study the flexibility of the rbcS-34 and rbeS-E9
regulatory regions, we have compared the J values de-
rived for the 410 bp fragments, having the same length
and the same protruding ends. The twist values of the
two examined sequences have been considered equal to
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the average value of 10.4. The obtained results are re-
ported in Fig. 4a and b. The larger flexibility of the
regulatory region of the rbcS-34 gene with respect to
rbeS-E9, is clearly evident from the higher kinetic con-
stant at all the ligase concentrations used (see Table I).
The ratio between the kinetic constants, k,;2/k;. g, is
equal to the ratio between J;,/Jg,, since the dimeriza-
tion kinetic constants is equal in the two sequences hav-
ing the same terminals (experimentally tested, not
shown).

The ratio between the J factors of the two regulatory
sequences allows an experimental evaluation of their
activation free energy difference:

JialTes = [exp —(4Gess — AGA) RTYlexp —(4Geg, — AGA)/RT]

where 4Gc,;, and AGcg, represent the circularization
activation free energy of the two regulative sequences,
whereas their dimerization activation free energy 4Gd
is considered practically equal.

Thus RT In(J;,/Jgg) = AGcy, — AGegg = 0.7 keal per
mol of cycle, against a theoretical value of 0.6 kcal per
mol of cycle (see Table I), since the entropy of activation
can be considered equal for the two molecules; it is in
fact related to the probability of ends encountering for
Gaussian worm-like chains with the same length.

The satisfactory agreement between theoretical pre-
diction and experimental evaluation of DNA flexibility
suggests that: (a) the nearest neighbour approximation
works satisfactorily in the prediction of DNA flexibility
as experimentally tested by cyclization kinetics; (b) the
flexibility of DNA sequences, such as DNA regulatory
regions, can be easily derived from the reported theoret-
ical method — this parameter can be usefully used in
connection with the transcription efficiency; (c) the
higher flexibility of rbcS-34 with respect to rbcS-E9

Table I

Theoretical distortion energies and cyclization rate constants

410-3A 410-E9
AEIAE ° 0.77 0.90
AE (kcal/mol) 42 4.8
k; (x1073 s7H 1.78* 0.51*
2.91° 0.84°
3.56° 1.00°
3.49°
JaalJgo 3.46°
3.56°

AE/AE ° represents the theoretical distortion energies with respect to

a straight DNA 410 bp long; 4E, energy absolute values, derived from

DNA persistence length and torsion module; k,, cyclization rate con-

stants at various ligase concentration (U/ml, Weiss units: °0.083;

%0.125; °0.15); J3a/J5, ratio between the J factors of 410-3A and
410-E9 at different ligase concentrations.
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Fig. 4. (a) Autoradiograph showing progressive ligation of the linear

410 bp DNAs (L) to form covalently closed circular DNA (CC). (b)

Cyclization kinetics of 410-3A and 410-E9 at various ligase concentra-

tions. Data are plotted as logarithm of fraction of remaining reactant

DNA at time ¢ ([DJ/[D,]) as a function of time. The symbols indicate

experiments at different ligase concentrations (Weiss units): squares,
0.083 U/ml; circles, 0.125 U/ml; triangles, 0.15 U/ml.

regulatory upstream regions, suggests an important role
of DNA superstructural features on the efficiency of the
transcription process of these two genes [21-23].
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