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ABSTRACT: Among the molecular strategies bacteria have set up to quickly match their transcriptional
program to new environments, changes in sequence-mediated DNA curvature play a crucial role. Bacterial
promoters, especially those of mesophilic bacteria, are in general preceded by a curved region. The marked
thermosensitivity of curved DNA stretches allows bacteria to rapidly sense outer temperature variations and
affects transcription by favoring the binding of activators or repressors. Curved DNA is also able to influence
the transcriptional activity of a bacterial promoter directly, without the involvement of trans-acting
regulators. This study attempts to quantitatively analyze the role of DNA curvature in thermoregulated
gene expression using a real-time in vitro transcription model system based on a specific fluorescence
molecular beacon. By analyzing the temperature-dependent expression of a reporter gene in a construct
carrying a progressively decreasing bent sequence upstream from the promoter, we show that with a decrease
in temperature a narrow curvature range accounts for a significant enhancement of promoter activity. This
strengthens the view that DNA curvature-mediated regulation of gene expression is likely a strategy offering
fine-tuning control possibilities and that, considering the widespread presence of curved sequences upstream from

bacterial promoters, it may represent one of the most primitive forms of gene regulation.

The view that architectural features of a genome might hold
functional relevance is gaining wide acceptance. On a local scale,
intrinsic structural properties of DNA, while ultimately relying
on the primary sequence of the molecule, may constitute spatial
features available as additional coregulatory resources for essen-
tial cell processes. Sequence-directed DNA curvature, often also
indicated as intrinsic bending, is a widespread example of such a
resource. It was initially identified as originating from the heli-
cally phased distribution of short A-tracts along kinetoplast
DNA of trypanosome species, and while the functional signifi-
cance of such DNA regions in those organisms is as yet unclear
(1), a wealth of experimental evidence has built up, revealing the
existence of intrinsically curved DNA in a broad spectrum of
biological systems, elucidating its chemical and physical proper-
ties and stressing its regulatory potential as a local architectural
feature of the genome (2—35).

Within the broad collection of processes affected or strongly
surmised of being influenced by sequence-directed DNA cur-
vature (5—7), transcriptional regulation ranks among those with
a major impact on cell life and adaptability to changing environ-
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mental conditions (8—10). In this respect, bacterial genomes con-
stitute a paradigmatic case. Genome-wide studies have revealed
conservative distribution patterns of intrinsically curved DNA in
mesophilic bacteria: a substantial proportion of the promoters is
characterized by intrinsic bends, located either within the pro-
moters themselves or 100—200 bp upstream from the nearest
transcription start (//—13). Upstream curved sequences (UCS)'
are widely distributed also in archeal genomes with the exception
of hyperthermophilic prokaryotes, thus suggesting that UCS are
evolutionarily preserved and likely determined by temperature-
mediated selection in connection with the cell habitat (14, 15).
The analysis of regulatory regions from a large collection of
bacterial and archeal genomes has revealed that bent DNA could
be even considered a conserved regulatory element in some
families of orthologous genes, spanning a broad spectrum of
biological functions and including genes encoding nucleoid
proteins like HU, IHF, and FIS (/6).

In bacteria, transcriptional regulation by bent DNA has been
demonstrated in a large number of cases (10, 17—22). On the one
hand, static DNA curvature has been shown to activate trans-
cription by facilitating the binding of RNA polymerase (RNAP)
to promoters or by favoring the interaction of activators. This is

! Abbreviations: cat, chloramphenicol acetyltransferase; DACBCYL,
4-[4'-(dimethylamino)phenylazo]benzoic acid; dPTP, 6-(2-deoxy-p-p-ribo-
furanosyl)-3,4-dihydro-8 H-pyrimido[4,5-][1,2]oxzin-7-one  triphosphate;
FAM, S5-iodoacetamidofluorescein; MB, molecular beacon; RNAP,
RNA polymerase; UCS, upstream curved sequences.
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exemplified by the nucleoid proteins IHF, FIS, and HU, which
are known to recognize curved DNA and may themselves
enhance DNA bending (/0, 23—28). On the other hand, curved
DNA regions can also repress transcription initiation. In this
case, DNA curvature generally plays an indirect role: the binding
of specific silencers stabilizes or enhances a preexisting DNA
loop, thus effectively blocking transcription of downstream
regions (17, 19—21). Among these silencers, H-NS has been
extensively studied, since in enterobacteria it affects the expres-
sion of a large number of unrelated genes encoding housekeeping
functions as well as virulence factors. The molecular basis of its
regulatory activity probably resides in its preferential interaction
with intrinsically curved DNA and in its ability to induce bending
of noncurved DNA, possibly also altering DNA topology (29, 30).
Asfaras Escherichia coliis concerned, the relevance of bent DNA
to gene regulation has been stressed by recent in silico studies
revealing that almost all global regulators, including the nucleoid
proteins mentioned above, have a marked tendency to control
operons carrying UCS (22). The same studies also show that
many genes encoding global as well as specific regulators contain
UCS themselves, suggesting that curvature changes in these
promoters could indirectly affect the expression of the genes
controlled by these regulators.

In previous studies, we have demonstrated a new role for
curved DNA, which expands the functional significance of bent
regions beyond the one of mere steric flag for regulatory factors: a
curved DNA tract can behave as a thermosensor that optimizes
gene regulation in response to outer temperature changes by
gradually unmasking specific target sites for cofactors involved in
transcription activation or repression (17, 19, 26). In particular,
this feature accounts for the strict temperature dependence of the
virulence phenotype in Shigella, a pathogenic microorganism
that is able to invade the intestinal epithelium in humans. Upon
entry of the bacterium into the host cell, the activation of virF, a
gene encoding the first positive activator of the virulence cascade,
occurs only at permissive temperatures, i.e., >32 °C (19). At
nonpermissive temperatures, H-NS represses virF expression by
interacting with two sites encompassing a bent region within the
virF promoter. The accessibility of the target DNA to H-NS
varies significantly as a function of temperature both in vitro and
in vivo and is related to a sudden curvature alteration occurring
at the transition temperature (/7).

A strict correlation between DNA curvature and thermoregu-
lated expression has also been reported in other microorganisms.
A model closely resembling the one proposed for the Shigella virF
system has been postulated for the Yersinia virF gene and also for
the E. coli hly operon. In Yersinia, a stronger curvature of the virF
promoter allows the stable binding of the YmoA repressor,
thereby causing the silencing of the virulence genes on the Yop
plasmid (20). In the E. coli hly operon, the promoter contains two
H-NS binding sites separated by a large DNA tract endowed with
a bent structure. At low temperatures, a stronger curvature of this
region favors the formation of a H-NS—promoter nucleocom-
plex, which occludes the access to RNAP (27). While in the
mentioned cases the increase in DNA curvature induced by low
temperatures affects gene expression negatively, the opposite
effect has been observed in other systems. Indeed, in Clostridium
perfringens, the increased curvature of the plc promoter arising at
low temperatures triggers the expression of the corresponding
gene, even without involving additional trans-acting regulators
(18). A further example is represented by the 1 bacteriophage Py
promoter, in which the increased curvature at low temperatures
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favors the transcriptional activity through the formation of a
ternary complex involving template DNA, RNAP, and the [HF
protein (23).

The collection of available experimental data raises the issue of
whether an optimal curvature level that is able to influence gene
expression exists. The evidence that intrinsic curvature of pro-
karyotic promoters significantly affects gene regulation is con-
vincing; nevertheless, it is worth remembering that often different
curvature levels have been obtained by using fragments differing
in length and/or in base composition and that, as far as the
involvement of DNA curvature in thermoregulated gene expres-
sion is concerned, systematic studies covering a wide range of
temperatures are lacking. This study is an attempt to quantita-
tively analyze the role of DNA curvature in thermoregulated gene
expression using an in vitro transcription model system. By
analyzing the temperature-dependent expression of a reporter
gene in a construct carrying a progressively decreasing bent
sequence such as UCS, we show that with a decrease in
temperature a narrow curvature range accounts for a significant
enhancement of promoter activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains and General Procedures. E. coli K12
DH10b (F' Almrr hsdrms merBC| ¢80dlacZAM 15 AlacX74 deoR
recAl araD139 Alaraleu]7697 galU galK rpsL endAl nupG) (31)
was used as a recipient of recombinant plasmids. When required,
the following antibiotics and chemicals were added to the culture
medium: 50 ug/mL ampicillin, 75 ug/mL chloramphenicol, and
50 ug/mL streptomycin. Isolation of plasmids, restriction diges-
tions, cloning, polymerase chain reactions (PCRs), electropho-
resis, and purification of DNA fragments were conducted as
described previously (/7). The sequence of the PCR-genera-
ted fragments was checked by the dideoxy chain terminating
method (31).

Plasmid Constructs. Plasmid pPK201/CAT (32) is a pSP65
derivative containing a highly bent 211 bp fragment from
kinetoplast DNA of Crithidia fasciculata. The pCf plasmid series
was obtained by cloning the curved inserts generated by in vitro
mutagenesis (see below) of pPK201/CAT into the BamHI site of
pUCI8. pCAT is a vector we have constructed to analyze the
transcriptional contribution of promoter upstream regions: it has
been obtained by cloning a reporter chloramphenicol resistance
gene, including its promoter boxes (—35 and —10) and an upstream
BglII restriction site, into a pBR322 derivative (Figure 3A). The
pCATCS plasmids have been generated by cloning pCf inserts
into the BglII site of pCAT: the inserts were obtained upon PCR
amplification of the pCf plasmids with the LK1 (5-CTCGG-
TACCCGGAGATCT-3) and LK2 (5-AGGTCGACTCTA-
GAGGATCC-3') oligo pair, modified to contain a BamHI and
BgllI site, respectively. All pPCATCS plamids used in this study
were checked by sequencing to carry the insert in the same
orientation (Nrul site in the distal position as compared to the
—35 box).

In Vitro Mutagenesis. Mutagenesis experiments were per-
formed according essentially to the protocol proposed by Zaccolo
et al. (33), using the nucleotide analogue dPTP [6-(2-deoxy-
p-D-ribofuranosyl)-3,4-dihydro-8 H-pyrimido[4,5-c][ 1,2]oxzin-7-one
triphosphate (Amersham Life Sciences)]. Plasmid pPK201/CAT
was amplified as follows, using Tag polymerase and the forward
and reverse primers CriF (5-TATGACCATGATTACGCCA-
AG-3) and CriR (5-ATAGAATACACGGAATTCGAGC-3'),
respectively, both located outside the BamHI site. The 20 uL
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PCR mixtures in buffer R [2 mM MgCl,, 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, and dATP, dCTP, dGTP, and dTTP at
200 mM each] contained increasing concentrations of dPTP (30,
60, 90, and 120 nM each). After 30 cycles (1 min at 95 °C, 1 min at
56 °C, and 1 min at 72 °C), 1 uL from each reaction mixture was
diluted to 100 uL with buffer R (dPTP was not further added)
and used as template in a second round of PCR (25 cycles of
I min at 95 °C, I min at 45 °C, and 1 min at 72 °C), primed by the
same primer pair. The reaction products were then restricted with
BamHI and ligated to the BamHI-linearized pUCI18 vector. The
ligation products were used to transform DH10b cells. Eight Ap
clones from each PCR were checked for the presence of a Cf
insertion using PCR analysis with oligos LK1 and LK2 (see
Plasmid Constructs). A total of 19 recombinant pCf plasmids
were then sequenced and used in in vitro electrophoretic mobility
assays. The control plasmid (pCf0) was obtained following the
same approach, conducted in the absence of dPTP during the
PCR steps. Sequencing proved the insert of this plasmid to be
identical to that of pPK201/CAT.

DNA Curvature Assays. pCf plasmids were amplified with
the LK1 and LK2 oligo pair (see Plasmid Constructs), and the
resulting amplicons were digested with BamHI and BglIl, gene-
rating 219 bp fragments. The pCATCS plasmids were amplified
by PCR using the forward primer CatF (5-AAGTTGGAACC-
TCTTACGTGC-3') and the reverse primer CatR (5-TGCG-
TCCGGCGTAGAGGATCG-3'), located in the vector and in
the cat coding region, respectively, generating 271 bp fragments.
The electrophoretic mobility of the pCf and pCATCS inserts
was compared to that of unbent marker fragments (Pharmacia’s
100 bp ladder) by electrophoresis on 0.75 mm thick 5% poly-
acrylamide gels [29.2:0.8 acryl:bis in 90 mM Tris-HCI,
90 mM H3BO;3, and 2.5 mM Na,EDTA (pH 8.6)] run at 5 V/cm
with constant buffer recirculation. Gels were run at 4 °C and, in
the case of pCATCf inserts, also at the same temperatures used in
the in vitro transcription assays, using a water-jacketed apparatus
as previously described (19). The gel temperature, monitored by
means of a thin probe, remained constant within 0.3 °C
throughout the run.

In Vitro Transcription. Transcriptional activity was assayed
in vitro by a real-time monitoring approach based on the use of a
template-specific antisense fluorescent molecular beacon (34).
The cat gene-specific beacon probe used in this study (cat-MB) is
shown in Figure 3B. It was designed on the basis of a computer-
predicted cat mRNA secondary structure, to identify a suitable
single-stranded region. The stem of the beacon carries a fluoro-
phore [5-iodoacetamidofluorescein (FAM)] at the 5'-end and a
quencher {4-[4'-(dimethylamino)phenylazo]benzoic acid (DAB-
CYL)} at the ¥-end. In the absence of a target transcript,
nucleotide pairing in the stem keeps the quencher close enough
to the fluorophore, resulting in very low fluorescence. With
ongoing transcription, the presence of a specific template allows
the looped sequence of the beacon to stably interact with its
target, separating the fluorophore from the quencher to an extent
sufficient to give rise to measurable fluorescence (7, of cat-MB =
60 °C). In vitro transcription reactions (50 uL) were set up in
96-well plates in a pH 7.9 Tris-buffered mix containing 500 nM
dNTP, 5 mM MgCl,, 100 ug/mL BSA, 4 ug/mL pCAT-Cf
plasmid DNA, 10~ mM car-MB, and 20 units/mL RNAP
[RNA polymerase (Epicenter)]. The reaction progress was moni-
tored with a Victor 1420 (Wallac) fluorimeter at different
temperatures (27.1, 28.5, 30.9, 33.6, 36, and 37.4 °C), using an
excitation wavelength of 485 nm and an emission wavelength of
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530 nm. Final readings were taken after reaction for 30 min. As a
background control we used reactions run under the same
conditions in the absence of RNAP. We validated the ca-MB
probe by running the mixtures from individual pCATC reac-
tions and from control reactions [set up, at all temperatures
considered, either with an unspecific template (pBR322), in the
absence of RNAP, or in the absence of the car-MB probe] on
agarose gels and by analyzing fluorescence emission in a Typhoon
9200 scanner (Amersham). A specific “anti-beacon” DNA (a-cat-
MB; coordinates 448—467 of the cat sequence) was used to obtain
a further specificity control.

Software. Computer-generated predictions of DNA curvature
were obtained with DICE (DNA Intrinsic Curvature Evaluator), a
program developed by one of the authors (G.M.) for the analysis
of intrinsic bending. The program is basically an implementation
of the CURVATURE algorithm (35) on DOS/Windows plat-
forms and can use different sets of dinucleotide roll, tilt, twist, and
rise estimates to generate wedge and direction angles. RNA
structure predictions for constructing the molecular beacon were
obtained with RNAdraw version 1.1.b2 (36). Statistical evalua-
tions, plotting, and curve fitting were conducted with the aid of
commercial software (OriginPro, Prism, and Excel).

RESULTS AND DISCUSSION

Generation of Fragments with Progressively Decreasing
Curvature. The DNA curvature of the 211 bp fragment from
kinetoplast DNA of C. fasciculata is a very well-known example
of intrinsic bending strictly depending on the occurrence of
helically phased A-stretches (2, 4, 32, 37). To generate a series
of equally sized fragments with progressively decreasing curva-
ture, we attempted to mutagenize the A-rich oligonucleotide
regions of the 211 bp C. fasciculata fragment. This was done by a
random mutagenesis protocol we successfully used previously on
the promoter of the Shigella virF gene (17). The approach relies
on the efficient incorporation of the nucleotide analogue dPTP
during in vitro DNA amplification, determining mainly A — G
and T — C transitions (33). Briefly, upon amplification of the
pPK201/CAT region containing the 211 bp C. fasciculata bent
fragment in the presence of increasing concentrations of dPTP
(0, 30, 60, 90, and 120 nm), the mutations were fixed by a second
amplification round without further addition of dPTP.

The resulting amplicons were digested and cloned into the
BamHI site of pUCI8, generating the pCf plasmid series. Eight
Ap'-resistant transformants were randomly selected from each
mutagen concentration. Their plasmids, as well as a control one
(pCf0, obtained by the same procedure but in the absence of
dPTP), were screened for the presence of an insert. Inserts of the
expected size (223 nucleotides) were further analyzed for intrinsic
bending by polyacrylamide gel electrophoresis under tempera-
ture conditions (4 °C) that maximized the effect of DNA cur-
vature on electrophoretic mobility (2, 4, 38). The PAGE pattern
(Figure 1) indicates that the mutagenesis protocol we have used is
able to generate a spectrum of equally sized fragments covering a
wide range of curvature values (k factor, i.e., ratio between
apparent size and real size, ranging from 2.91 to 1.07; wild-type
value of 3.82), which clearly tend to decrease with an increase in
dPTP concentration. In particular, the very low & value (1.07) of
insert pCf19 strongly suggests that the DNA curvature of this
fragment has been thoroughly disrupted.

The inserts of 10 recombinant plasmids (pCf2, pCf4, pCf5, pCf
7, pCf8, pCf10, pCfll, pCf13, pCfl4, and pCf19), selected at
random and covering the entire curvature range generated by the
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FIGURE 1: Mutagenesis of the bent fragment from kinetoplast DNA
of C. fasciculata. DNA fragments (223 nucleotides), containing the
211 bp curved sequence of C. fasciculata kinetoplast DNA (Cf0) or its
derivatives obtained upon random mutagenesis with different con-
centrations of PTP (indicated in the histogram at the top), were run at
4 °C on a polyacrylamide gel. An unbent 100 bp DNA fragment
ladder was used as a size marker. Gel staining was conducted with
ethidium bromide. DNA curvature (k, ratio of the apparent size to
the real size) is shown below each lane. Each value is the average of at
least three independent gel runs; the difference between the minimum
and maximum observed values did not exceed 2.1% of the average.

mutagenesis protocol, were compared by sequencing with the
insert from control plasmid pCf0 (Figure 2A). Mutational events
appear to have occurred over the entire span of the 211 bp bent
region, and the number of mutations per helix turn (m/ht) tends
to increase with an increase in dPTP concentration (Figure 1). Muta-
tions were mainly determined by A — G transitions (Figure 2A),
in excellent agreement with Zaccolo et al. (33). Indeed, of 438
mutational events, 239 (54.6%) are represented by A — G tran-
sitions. The 54 (12.3%) T — C transitions result from the prefe-
rential incorporation of dPTP opposite A in either strand and
subsequent pairing with G. The C — T and G —A transitions
(due to incorporation of dPTP opposite G in either strand and
subsequent pairing with A) constitute 18.3% and 14.8%, respec-
tively.

To visualize the DNA curvature of the 11 pCf inserts, their
sequences where subjected to computer analysis by our imple-
mentation of the CURVATURE prediction algorithm (35). Over-
all, the picture emerging from the in silico assays (Figure 2B)
matches the PAGE pattern of Figure 1 quite strictly and confirms
that the progressive decrease in k values observed by electro-
phoresis culminates with the complete removal of curvature in
the insert of pCf19. The models suggest that in curved fragments
the bend might not always be confined to a restricted region. Itis
also worth mentioning that the predicted shape of the wild-type
fragment (pCf0 insert) shows a remarkable agreement with
previously published EM images (37).
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FIGURE 2: Mutagenized pCf inserts. Sequences and curvature pre-
dictions. (A) Nucleotide sequence of a subset of the pCf inserts
obtained after in vitro mutagenesis and analyzed for the presence
of curvature in Figure 1 (only the 211-nucleotide core region is
shown). Cf0 represents the wild-type insert. Helically phased
A-rich tracts, known to give rise to the curved structure, are under-
lined. The number and type of mutations are summarized in the
table to the right of the sequences. (B) Computer predictions of
the sequences shown in panel A. Models are presented in decreasing
DNA curvature order. Nucleotide position 1 of panel A corres-
ponds to the left end (pCf0 model) or to the top end (remaining
models).

In essence, the mutation approach we have adopted has
proven to be very effective in progressively “melting” the bent
structure and generating a population of homogeneously sized
fragments with progressively decreasing curvature, thus provid-
ing a spectrum of templates suitable for a systematic investigation
of the effect of intrinsic bending on in vitro transcription.

Bending Analysis. We have addressed the issue of the general
value of the relationship between intrinsic bending and efficiency
of in vitro transcriptional activity by positioning the mutagenized
fragments, obtained as described in the previous section, upstream
from the promoter of a reporter gene. To this end, a specific
vector, pCAT, has been constructed by cloning the car gene from
pACYC184, including its —10 and —35 boxes, into a pBR322
derivative just downstream from a unique BglII site located at
position —42 from the car transcription start site (Figure 3A).
The 10 pCfinserts obtained upon in vitro mutagenesis, as well as
the control insert from pCf0, were amplified by PCR, digested
with BamHI and BglII, and cloned into the BglII site of pCAT.
A BamHI restriction digestion of the pCATCf recombinants
allowed us to easily identify those carrying the inserts in the
same orientation. The wild-type C. fasciculata bent fragment is
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known to form a small loop flanked by unbent arms, a short one
and a longer one carrying a Nrul site (37) (see also Figure 2A).
The orientation selected for further studies was the one in
which the shorter unbent arm was placed closer to the car
promoter, to position the bend at a distance (~140 nucleotides)
from the cat transcription start compatible with that reported in
genome-wide in silico surveys (12, 13), which stress the presence
of significant curvature among bacterial promoters —80 to —200
nucleotides upstream from the transcription start.

The inserts from the 11 pCATCf recombinants (pCATCH0, -2,
4, -5,-7,-8,-10, -11, -13, -14, and -19) were amplified by PCR.
This gave rise to 271 bp fragments, containing the same 211 bp
core as in the corresponding pCf inserts, flanked by short (30 bp)
arms that encompass promoter regulatory elements up to and
including the —10 box as well as a small region upstream from the
BglII cloning site. The curvature of the 271 bp fragments was
analyzed over the same temperature range (27.1—37.4 °C) used
for the successive transcription assays. The data are reported as
k values (ratio of the apparent size to the real size) in Figure 4A
(top histogram series). With a decreasing temperature, a pro-
gressive curvature increase is apparent for all inserts except for
the one from pCATCf19: its k value is the lowest (k = 1.05) over
the entire temperature range analyzed and does not significantly
increase even at 4 °C [k = 1.08 (not shown)], a clear indication
that this insert is not bent. It is worth noting that at 4 °C the
corresponding pCf insert [pCF19 (Figure 1)] has an identical
curvature (k = 1.07), indicating that the two short arms flanking
the 211 bp core in the pCATCS inserts are not curved, as
confirmed also by computer predictions (not shown).

In Vitro Transcription. To verify the promoter promoting
activity of DNA intrinsic curvature, we used the 11 pCATCf
plamids mentioned above as templates in in vitro assays. The
synthesis of nascent transcripts was monitored by a very sensitive
real-time fluorescence-based approach (34). The setup we used
allowed us to follow the transcriptional activity of all templates
over the entire 27.1—37.4 °C temperature range in a single run.
This was made possible by using an oligodeoxynucleotide
molecular beacon (MB), constituted by short complementary
ends framing a larger single-stranded stretch able to pair with an
accessible region of the transcript. One end of the beacon is
tagged with a fluorochrome (FAM), while the other is tagged
with a fluorescence quencher (DABCYL). Under physiological
conditions, the beacon forms a stem—loop structure keeping the
fluorochrome and the quencher in the proximity of each other, so
that no fluorescence can be emitted. Pairing of the beacon’s loop
to its complementary region on the nascent RNA target melts the
stem and results in a measurable fluorescence signal due to the
separation of the fluorochrome end from the quencher end.

The 24-nucleotide beacon we have used [ca-MB (Figure 3B)]
forms a 5 bp double-stranded stem (5-FAM-/3-DABCYL-
tagged) and a 14-nucleotide single-stranded loop. The 5'-portion
of the stem and the entire loop are complementary to the cat
gene region of nucleotides 448—462 which, by in silico analysis,
appears to be able to form a stable single-stranded loop. We
checked the specificity of the car-MB probe by monitoring the
fluorescence of agarose gel separations of individual pCATCf-
driven reactions and of control reactions set up either with
an unspecific template (pBR322), in the absence of RNAP, or
in the absence of the cat-MB probe. None of the controls showed
a cat mRNA band, while such a product became visible in the
case of pCATCf-driven reactions (not shown). A further con-
firmation came from pairing the ca-MB probe with increasing
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FIGURE 3: Setting up the in vitro transcription system. (A) Relevant
features of the cloning vector (pCAT). pCAT contains a unique BglII
site, which was used for cloning the Cf fragments. The cat reporter gene
contains its natural promoter with the —10 and —35 box. (B) Structure
and sequence of the car-specific molecular beacon (car-MB). In the ab-
sence of a specific target, the molecule forms a secondary structure (left)
where the proximity of the quencher end (Q) to the fluorochrome end
(F) prevents fluorescence emission. Pairing of the loop with the region of
nucleotides 448—462 of the cat transcript (right) separates the two ends,
thus activating the fluorochrome (F*). (C) In vitro transcription
efficiency of the pCAT vector. The reaction between pCAT and cat-
MB[10~*mM (see Experimental Procedures)] was allowed to occur at a
constant temperature in the presence or absence of E. coli RNAP, and
progress was monitored in a fluorimeter (excitation wavelength of 485 nm,
emission wavelength of 530 nm). The graph refers to a reaction run at
37.4 °C (each point is the average of at least three independent assays;
the difference between the minimum and maximum observed values did
not exceed 5.7% of the average). Analogous results (not shown) were
obtained in assays conducted at lower temperatures (27.1, 28.5, 30.9,
33.6, and 36 °C), confirming the strict RNA polymerse dependency of
the fluorescence emission. Reactions using the pCATCf templates
(see the results in Figure 4) were allowed to proceed for 30 min (A).
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concentrations of specific anti-beacon DNA (a-cat-MB): fluor-
escence was found to be strictly proportional to the a-cat-MB
concentration.

Ina typical in vitro transcription assay, an array of six identical
reaction mixtures was set up for each of the 11 pCATCSf temp-
lates. Transcription was allowed to occur when all arrays were
placed over a continuous temperature gradient. Within each
array, the temperatures corresponding to positions 1—6 were
27.1, 28.5, 30.9, 33.6, 36, and 37.4 °C, respectively. Fluorescence
intensity was monitored simultancously on the whole array
block, and final readings were taken after 30 min. Fluorescence
emission was found to strictly depend on transcriptional activity
and to be proportional to the amount of transcript, as confirmed
by pCAT-driven control reactions (run under the same condi-
tions and at the same temperatures used for the pCATCf
templates) in the absence or presence of RNAP (Figure 3C).

The results are shown in Figure 4A (bottom histogram series)
as 37 °C-normalized values. Comparing these data with the
curvature values of the pPCATCf inserts at the same temperatures
(Figure 4A, top histogram series) indicates that, while in the
template carrying an unbent insert (pCATCf19) the transcrip-
tional activity exhibits a neat progressive reduction with a
decrease in temperature, the response of templates carrying bent
inserts is quite different: overall, in these templates transcription
is significantly less sensitive to a temperature decrease. Moreover,
template pCATCSS shows the highest relative activity at the
lowest temperature tested. In more curved templates (pCATCf4—
pCATCHD), transcription peaks at progressively higher tempera-
tures, and the same trend is also apparent (though to a some-
what lesser extent) for the less curved templates (pCATCf7—
pCATC(19), thus pointing to the existence of a DNA curvature
threshold that optimizes in vitro promoter activity. Averaging the
transcription values within each temperature series [Figure 4A
(O)] confirms that a quite specific level of DNA bending is
required to maximize in vitro transcription. The overall trend of
the average 37.4 °C-normalized transcription values is a biphasic
one: with progressively increasing curvature promoter activity
is first gradually, but significantly, enhanced (pCATCf19—
pCATCf4, average k of 1.05—1.67 and average transcription of
0.77—1.16) and then quenched toward initial values (pCATCf2
and pCATCHf0, average k values of 1.93 and 3.07 and average
transcriptions of 0.96 and 0.84, respectively). Taking into account
the fact that the templates originate from a random selection
operated on a larger set (see figure 1), generated itself by random
mutagenesis, it is quite unlikely that the observed trend might
be ascribed mainly to the primary DNA sequence changes
introduced by our mutagenesis procedure. Indeed, a search for
UP elements [previously identified as possible enhancers of
promoter activity (39)] in the pCATCS templates that have been
analyzed does not reveal any significant homology.

At the evaluation stage shown in Figure 4A, the transcription
data are affected not only by curvature but also by other
variables, most notably RNAP activity, exhibiting temperature
dependence. Hence, to factor out these variables and make the
effect of DNA curvature alone stand out, we used the tempera-
ture-dependent in vitro transcription profile of the pCATCf19
template, which carries an unbent insert, as a relative tempera-
ture-by-temperature reference for the templates carrying curved
inserts. The outcome of this normalization procedure is summar-
ized in Figure 4B, where the transcriptional activity relative to the
unbent control is shown as a contour plot in a temperature versus
curvature graph. The data indicate that (a) with progressively
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FIGURE 4: Temperature-dependent in vitro transcription of the
pCATCT templates. (A) Comparison between the curvature of the
271 bp pCATCf inserts and the in vitro transcriptional activity of the
corresponding plasmid templates. Both DNA curvature and in vitro
transcription were assayed at 27.1, 28.5, 30.9, 33.6, 36, and 37.4 °C
(empty circles indicate the average within a temperature series).
Curvature was determined by polyacrylamide gel electrophoresis
and is reported as a k value (ratio of the apparent size to the real
size). In vitro transcription was allowed to proceed for 30 min
(compare with Figure 3C). Template activity was monitored in real
time using the ca-MB (Figure 3B), and results are shown as 37.4 °C-
normalized values. Each curvature—transcription datum column
represents the average of three to four independent experiments
(the difference between the minimum and maximum observed values
did not exceed 2.3% of the average in curvature assays or 6.1% of
the average in transcription assays). (B) Temperature—curvature—
transcription relationship. The temperature-dependent transcrip-
tional profiles of the pCATCf templates carrying bent inserts [(A)
pCATCI0, -2, -4, -5, -7, -8, -10, -11, -13, and -14] were normalized to
the profile of the template carrying an unbent insert [pCATCf19 (A)].
The result is shown as a contour plot in a temperature vs DNA
curvature (k) graph.

increasing DNA curvature transcription increases up to a maxi-
mum and then decreases and (b) this behavior becomes more and
more evident with a decrease in temperature. This identifies a
curvature interval that maximizes transcription: while at 36 °C
the maximum (1.25-fold as compared to the unbent control) is
reached at a k of 1.55, at 27.1 °C the peak (>2.5-fold of the
unbent control) is attained at a k of 1.73. Thus, in terms of
transcriptional levels obtained under the conditions we have
used, it is safe to assume that the reduction in RNAP activity
induced by the decrease in temperature is more than compensated
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by the increase in DNA curvature, and that this effect is parti-
cularly strong in a rather narrow curvature range.

Conclusions. Besides its static role, intrinsic DNA curvature
offers further regulatory opportunities when exploited dynami-
cally, i.e., in response to changing environmental conditions. The
temperature dependence of sequence-mediated curvature exem-
plifies such a case. Efficient sensing of temperature variations
may become a necessity for the quick adaptation of gene expres-
sion to rapidly changing environmental conditions. This is highly
relevant to pathogenic microorganisms, which need to express
virulence genes not in the outer environment but only when they
have penetrated the warmer host milieu. Several strategies that
fulfill this requirement have been described, involving changes
both in RNA structure (40) and in protein structure (4/), yet
another mechanism relies on temperature-induced changes in the
intrinsic curvature of gene promoters, making bent DNA act as a
thermosensor (/8—21, 23). This strategy applies to several
pathogenic bacteria and allows them to quickly match their
transcriptional program to new environments. In bacterial
promoters, an increased intrinsic DNA curvature not only
appears to be able to favor the binding of activators (9, 10, 23)
or repressors (17, 19—21) but also has been reported to increase
transcriptional activity per se, i.e., without the involvement of
trans-acting regulators (18).

This prompted us to start investigating the as yet unanswered
issue of the existence of a most favorable template curvature
condition able to promote transcription in bacteria. By position-
ing fragments covering a large spectrum of DNA bending up-
stream from a promoter of a reporter gene and by studying its
thermoregulated transcription, we have shown that, in a physio-
logically relevant temperature range, in vitro promoter activity is
maximized over a quite narrow DNA curvature interval. The
identification of such a threshold and the lack, in the templates
tested, of UP sequence elements surmised to stimulate transcrip-
tion (37) hint at the relevance of upstream template shape rather
than stringent nucleotide sequence constraints. Overall, our
observations, together with those from genome-wide studies
(12—16, 22) that evidence the widespread presence of bent
sequences upstream from bacterial promoter sites, support the
view that DNA curvature-mediated regulation of gene expression
is likely a regulatory strategy offering fine-tuning control possi-
bilities and may represent one of the most primitive forms of gene
regulation before the co-evolution of trans-acting factors able to
recognize the bending level of the promoters.
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