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Abstract

DNA-protein loops can be essential for gene regulation. The Escherichia coli lactose (lac)

operon is controlled by DNA-protein loops that have been studied for decades. Here we

adapt this model to test the hypothesis that negative superhelical strain facilitates the for-

mation of short-range (6–8 DNA turns) repression loops in E. coli. The natural negative

superhelicity of E. coli DNA is regulated by the interplay of gyrase and topoisomerase

enzymes, adding or removing negative supercoils, respectively. Here, we measured quan-

titatively DNA looping in three different E. coli strains characterized by different levels of

global supercoiling: wild type, gyrase mutant (gyrB226), and topoisomerase mutant

(ΔtopA10). DNA looping in each strain was measured by assaying repression of the endog-

enous lac operon, and repression of ten reporter constructs with DNA loop sizes between

70–85 base pairs. Our data are most simply interpreted as supporting the hypothesis that

negative supercoiling facilitates gene repression by small DNA-protein loops in living

bacteria.

Introduction

DNA looping is a fundamental mechanism for the control of gene expression in prokaryotes
[1, 2] and eukaryotes [3, 4]. DNA loops may span just a few turns of DNA, or many kilobase
pairs, and are typically mediated by protein-DNA interactions. The E. coli lac operon provides
a classic model for understanding control of gene expression by DNA looping [5–10] and for
measuring DNA flexibility in vivo [11–14]. Lac repressor protein (LacI) is a tetramer that con-
trols gene expression through its ability to simultaneously bind pairs of operator sites on DNA.
The wild type lac operon contains three distinct operators with different LacI binding affinities.
LacI binding to the proximal operator inhibits RNA polymerase binding to the lac promoter.
Strikingly, 50–96% of the effective LacI concentration at the proximal operator is due to LacI
bound at auxiliary operators colliding with the proximal operator via DNA looping [6, 14–19].
Besides protein competition, simply constraining a promoter in tightly-bent DNA is intrinsi-
cally repressive [12]. When allolactose or β-D-1-thiogalactopyranoside (IPTG) is present, these
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small molecules bind to allosteric sites on LacI and reduce its affinity for DNA, derepressing
transcription of the lac operon.

Gene regulation and packaging of E. coli DNA take place in the context of negative super-
coiling [20–23]. About half of total negative supercoiling in E. coli is constrained by DNA
wrapping on proteins [24]. The remaining unconstrained supercoiling creates a high-energy,
compacted plectonemic state. The extent of negative supercoiling changes as a function of cel-
lular metabolic status and influences DNA replication and cell division [2, 24, 25]. The steady-
state level of DNA negative supercoiling is maintained by the competing activities of DNA gyr-
ase and topoisomerase enzymes. Gyrase (topoisomerase II) induces negative DNA supercoils
by cutting both DNA strands and passing a DNA segment through this gap in an ATP depen-
dent manner [26–30], increasing the negative linking number (Lk). Topoisomerases relieve
negative supercoils through mechanisms involving transient cleavage of one or both DNA
strands [27, 31, 32]. Mutations in gyrase and/or topoisomerase genes can alter regulation of
supercoiling, resulting in perturbation of the steady-state level of negative supercoiling in E.
coli. Such effects can also be achieved by pharmacological inhibitors of bacterial gyrase.

Because supercoiling collapses DNA into interwound plectonemes, the process increases the
local concentration of all DNA sites. It is therefore intuitive that supercoiling has the potential
to increase the probability of operator bridging by proteins such as LacI, a tetrameric protein
with two DNA binding sites that anchor loops between operators in the lac operon (Fig 1). Evi-
dence of looping facilitation by supercoiling has been reported in some in vitro experiments
[28, 33]. On the other hand, the measured local stiffness of DNA in vitro [18, 34–37] limits the
extent to which global supercoiling can increase local operator concentrations for short DNA
loops that may be relevant to lac control in vivo. Here we devised an approach to explicitly test
the hypothesis that negative DNA supercoiling facilitates the formation of small (6–8 DNA
turns) repression loops in E. coli.

Three bacterial strains [38, 39] are used in this study to test if the extent of negative super-
coiling affects DNA looping. Strain JTT1 carries wild type copies of gyrase and topoisomerase
genes and supports a negative supercoiling background that reflects normal E. coli cells. In

Fig 1. Experimental design for testing the hypothesis that short-range DNA looping by LacI is sensitive to negative superhelical density in

vivo. Low, normal, and high negative superhelicities were achieved in gyrB226, WT (FW102 and JTT1), and ΔtopA10 genetic backgrounds, respectively.

The firefly luciferase gene was inserted downstream of the lac UV5 promoter flanked by the indicated lac operators separated by 14 and 12 different

spacings respectively. Reporter constructs were recombined onto single copy episomes encoding LacI. DNA loop stability is monitored as a function of

operator spacing and IPTG induction.

doi:10.1371/journal.pone.0165306.g001
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contrast, strain KD112 carries partially defective gyrase mutation gyrB226 so average negative
superhelical density is more relaxed than in wild type cells. Strain RS2 carries partially defective
topoisomerase mutant ΔtopA10 resulting in increased negative DNA supercoiling relative to
wild type cells. A second control strain, FW102, was used to study the current promoter-
reporter constructs in the genetic background previously used by our laboratory [11, 40, 41].

Here we study control of the endogenous wild type lac operon and also apply an adaptation
of the experimental system previously developed by Becker et al. to study DNA flexibility in liv-
ing E. coli [11, 40, 41]. This system recapitulates aspects of previous classic designs created for
this purpose [6, 15, 16, 19]. The present implementation places the firefly luciferase reporter
gene downstream of a lac UV5 promoter flanked by a strong distal Osym operator (upstream)
and a weak proximal O2 operator (downstream). LacI saturates Osym and increases the proba-
bility of O2 binding through looping of the intervening DNA. Osym and O2 operator spacing is
systematically varied in a series of constructs to measure the apparent bend and twist flexibili-
ties of the intervening DNA. Promoter-reporter constructs are maintained in single copy by
recombination onto an F’ episome [42]. Measurement of reporter repression as a function of
operator spacing in the bacterial strain backgrounds differing in superhelical density allows a
sensitive test of the hypothesis that negative supercoiling facilitates DNA looping in vivo (Fig
1). Classic studies and their analysis often involved comparing repression in bacteria possessing
and lacking lac repressor [43–45]. This approach allows calculation of absolute repression.
Here effects of supercoiling do not require assessment of absolute repression, so repression is
expressed in relative terms using the behavior of a weakly repressed promoter with an isolated
O2 operator as reference [11, 18].

Materials and Methods

Bacterial Strains

The bacterial strains used in this study are indicated in Table 1. Strain FW102 was used as a
control to compare luciferase assay results to previous studies using β-galactosidase assays of
the lacZ reporter gene [11]. E. coli K-12 derivatives JTT1 (wild type; WT) and isogenic mutant
strains KD112 (gyrB226) and RS2 (ΔtopA10) were generously provided by Dr. Peter Heisig
[38].

Western blotting

Bacterial strains were cultured in 3 mL LB medium with appropriate antibiotics with aeration
overnight at 37°C. Samples (100 μL) of each culture were then sub-cultured into 5 mL LB
medium with appropriate antibiotics and grown to log phase (OD600 0.5–0.7). Cells from 4.5
mL of culture were recovered by microcentrifugation at 13,500 rpm (Sorvall Legend Micro 17,
Thermo Scientific) for 2 min and resuspended in 200 μL 1× MES buffer (50 mM MES, 50 mM
Tris-HCl, 3 mM SDS, 1 mM EDTA, pH 7.5). Cells were lysed by sonication in bursts of 10 s
and cooled on ice for 30 s. Samples were clarified by microcentrifugation and protein content
quantitated using a BCA kit (Pierce) [46]. Samples were analyzed by electrophoresis through

Table 1. Bacterial strains used in this work.

Strain Designation Relevant genotype Comment

FW102 WT StrepR derivative of CSH142. F-, ara-600, Δ(gpt-lac)5, LAM-, relA1, spoT1, thiE1

JTT1 WT F-, gal-25, λ-, pyrF287, fnr-1, rpsL195(strR), iclR7(Const), trpR72(Am) Normal supercoiling

KD112 gyrB226 F-, gal-25, λ-, pyrF287, fnr-1, rpsL195(strR), iclR7(Const), trpR72(Am), gryB226 Reduced negative supercoiling

RS2 ΔtopA10 F-, gal-25, λ-, topA10, pyrF287, fnr-1, rpsL195(strR), iclR7(Const), trpR72(Am) Increased negative supercoiling

doi:10.1371/journal.pone.0165306.t001
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10% bis-Tris polyacrylamide gels at 150 V for 1.5 h using 10 μg total protein for anti-LacI
(1:10,000; LSBio) and anti-σ70 (1:10,000; NeoClone) antibodies or 5 μg total protein for anti-
RNAPα (1:15,000, NeoClone) antibody and an Αn anti-HUβ polyclonal antiserum (5 μg;
1:10,000) was prepared by immunization of rabbits with peptide conjugates and subsequent
affinity purification. Protein was transferred to PVDF membrane using NuPAGE transfer
buffer (Thermo Fisher Scientific) [47] containing 20% methanol. Transfer conditions were 30
V for 90 min at 4°C. Blots were blocked overnight in 5% dry milk in 1X TBST buffer and incu-
bated with primary antibody for 2 h followed by secondary HRP-conjugated anti-mouse/rabbit
antibody (1:30,000; Promega) for 1 h. ECL plus kit (Pierce) was used to detect the protein,
exposed to x-ray film, and imaged by photographic scanning.

Chloroquine gel analysis of DNA supercoiling

WT, gyrB226, and ΔtopA10 strains were transformed with plasmid pUC19 derivative pJ1506
and grown to log phase (OD600 0.5–0.7) in 250 mL LB medium with appropriate antibiotics.
Plasmids were purified (Qiagen Maxi prep kit) with care to minimize nicking. DNA concentra-
tion was determined by UV spectrophotometry using a Nanodrop 1000 (Thermo scientific).
Vertical electrophoresis was performed between glass plates (21.5 cm X 20.5 cm) separated by
a 1-mm spacer. 1.4% agarose gels contained the indicated concentrations of chloroquine
(made up from 1 mg/mL stock; Sigma). Electrophoresis was in 1× TAE buffer (40 mM Tris ace-
tate, 1 mM EDTA) at 4 V/cm for 15 h. The electrophoresis buffer (800 mL) was recirculated at
a rate of 55 mL/h. Gels were then incubated for 1 h in electrophoresis buffer containing ethid-
ium bromide (0.5 μg/mL, Sigma) and destained in water for 30 min. Images were recorded on
a Typhoon fluorescence imager (FLA7000 GE) and analyzed using ImageJ software. Quantita-
tion of DNA supercoiling as linking number deficit was accomplished using the band counting
method as described [31, 48]:

s ¼ DLk=Lko ð1Þ

where Lk0 is the linking number of the relaxed plasmid [number of base pairs (2,700) divided
by the helical repeat (10.5 bp/turn)]. ΔLk is the change in linking number, determined by band
counting from the position of the relaxed plasmid (intact but not supercoiled) band (just below
the nicked marker at the top of the gel) to the most abundant topoisomer band for each chloro-
quine concentration, and plotting the relationship between most abundant topoisomer and
chloroquine concentration. Care was taken to confine the analysis to chloroquine concentra-
tion conditions where a minimal fraction of topoisomers had been driven to a positively super-
coiled state. The extrapolated y-intercept value at zero chloroquine (rounded to the nearest
integer) is the estimate of ΔLk.

Looping constructs

DNA looping constructs were based on plasmid pJ992, as previously described [11]. Constructs
contain a strong upstream Osym operator and a weak proximal O2 operator flanking a lac UV5
promoter. A construct with the proximal O2 operator but lacking Osym was used as a normali-
zation control [11]. The firefly luciferase reporter gene was amplified by PCR from plasmid
pJ1454 using primers LJM-5191 5’CGA2T3CGAC2TGCA2TG2A2GACGC2A5C and LJM-5192
5’GC2A2GCT2G2CTGCAT2AT2ACA2T3G2ACT3C2G and placed upstream of an existing lacZ
reporter gene in the tested series of plasmids using a Gibson assembly kit (NEB) [49]. Plasmids
containing the indicated center-to-center operator spacings (S3 Table) were digested with PstI
(NEB) prior to Gibson assembly. Plasmid sequences were verified by Sanger sequencing using
primer LJM-1925 5’ T2CA3TATGTATC 2GCTC.

Supercoiling Effects on Short-Range DNA Looping in E. coli
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Bacterial conjugation for episome transfer

Assembled plasmids were transformed into the BL536 donor strain containing a single copy
F128 episome [42]. Constructs were moved to this F' episome by homologous recombination.
The F128 episome encodes a LacI gene producing wild-type levels of repressor. The WT,
gyrB226, and ΔtopA10 strains contain an endogenous chromosomal copy of lac operon, lead-
ing to increased concentrations of Lac repressor. Bacterial conjugation and selection for recom-
binant F' episomes was performed as described [42].

β-Galactosidase assays for native lac operon

Test strains were grown overnight in M9 minimal medium (1X M9 salts, 5mM MgSO4, 0.2%
Casamino acids, 0.01% thiamine, 1mM CaCl2) supplemented with 20 mM uracil and 0.8%
glycerol. Strains were then subcultured into 4 mL of minimal media with and without 2 mM
IPTG and grown to OD600 ~0.3 in deep-well culture boxes. Samples (100 μL) were diluted into
900 μL Z buffer (60mM Na2HPO4, 40mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM β-
mercaptoethanol) and lysed by addition of 50 μL chloroform and 25 μL 0.1% SDS followed by
vortex mixing. Samples were incubated at 30°C for five min and 200 μL O-nitrophenyl-pyr-
ano-galactoside (ONPG; 4 mg/mL) was added. Reactions were stopped by adding 500 μL 1M
Na2CO3 when an appropriate range of yellow product color was achieved. The reaction time
was recorded. Cell debris was pelleted by centrifugation using a microcentrifuge at 13,500 rpm.
Sample optical density (OD) readings were recorded at wavelengths of 420 and 550 nm. β-
Galactosidase activity was calculated according to:

E ¼ 1000
ðOD420 � 1:75ðOD550Þ

t � v � OD600

ð2Þ

where ODx refers to the optical density at the indicated wavelength, t is the reaction time in
minutes, and v indicates culture volume in mL [50]. Assays were performed for cultures
derived from at least six colonies from each independent strain and repeated on three different
days.

Luciferase reporter assays

Bacterial cultures (1 mL) were grown in LB broth with appropriate antibiotics using deep-
well culture boxes shaking at 37°C overnight. Subcultures (50 μL) were inoculated into 1 mL
LB media with appropriate antibiotics and grown to log phase (OD600 0.5–0.7) with and
without 2 mM IPTG. Once at log phase, samples (90 μL) were supplemented with 10 μL
buffer (1M K2HPO4 and 20 mM EDTA) and frozen at -80°C for 30 min. Samples were then
thawed at room temperature and incubated with 200 μL 1× CCLR buffer (Promega) together
with 100 μL of solution containing lysozyme (5 mg/ mL; Sigma) and BSA (5 mg/mL; Sigma)
for 10 min. Lysate samples of precise volume (10–20 μL) were analyzed (Promega GloMaxTM

96 microplate luminometer) with automated injection of 50 μL luciferase assay reagent solu-
tion (Promega). Each sample was read in duplicate. The luciferase activity was calculated
according to:

E ¼
ðLU=vÞ
OD600

ð3Þ

where LU are luminometer light units, v is the sample volume analyzed in microliters, and
OD600 is the sample optical density at 600 nm. Assays were performed for cultures derived
from at least six colonies from each independent strain and repeated on three different days.

Supercoiling Effects on Short-Range DNA Looping in E. coli
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DNA looping analysis

The repression ratio (RR) is given by the ratio of the raw induced luciferase activity divided by
the repressed luciferase activity:

RR ¼
EþIPTG

E� IPTG
ð4Þ

The repression level, RL, is given by expression from the completely induced promoter in the
absence of looping to the completely repressed promoter in the presence of looping

RL ¼
EO2þIPTG

EOsymO2 � IPTG
ð5Þ

While it is possible to extract fits to parameters related to DNA physical properties from
repression data [11, 16, 18, 51–53], the present analysis of supercoiling effects on repression is
presented qualitatively.

Results and Discussion

Characterizing DNA supercoiling in experimental bacterial strains

The three bacterial strains studied here were selected because they have been previously shown
to sustain different levels of negative superhelical density during log phase growth [26, 28, 39].
We confirmed these differences in negative superhelical density using two assays.

First, a qualitative luciferase reporter assay [54] was performed to measure unrestrained
negative supercoiling. This assay involves transformation of bacteria with plasmids encoding
luciferase reporter genes driven by gyr or topo promoters, which are differentially sensitive to
negative superhelical strain. The activity of each promoter was measured by its corresponding
luciferase activity and quotients of the activities are reported in Table 2. These results are simi-
lar to a previous report [54] and confirm that the gyrB226 and ΔtopA10 strains have decreased
and increased unrestrained negative superhelical density, respectively, relative to WT.

We then further quantitated total negative superhelical density in each strain using chloro-
quine gel analysis. The topopoisomer distribution for plasmids isolated from each strain was
detected after agarose gel electrophoresis in the presence of increasing concentrations of chlo-
roquine, an intercalator that relaxes negative supercoils and eventually adds positive supercoils
(Fig 2A). Lanes 1, 4, 7, and 10 of Fig 2A show plasmid DNA isolated from the WT strain elec-
trophoresed in the presence of different concentrations of chloroquine where negative topoi-
somers predominate. As the chloroquine concentration increases, negative supercoils in the
plasmid unwind and migration through the gel is retarded. Plasmids isolated from gyrB226
mutant cells (Fig 2A; lanes 2, 5, 8, 11) are less supercoiled than WT. Plasmids isolated from
ΔtopA10 cells (Fig 2A; lanes 3, 6, 9, 12) are more negatively supercoiled. After identifying the

Table 2. Confirmation of supercoiling status by torsion-sensitive promoter assaya.

Designation Etopo/Egyr previously reported value [54]

WT 4.33±0.107 2.67

gyrB226 1.40±0.022 1.10

ΔtopA10 9.45±0.346 5.29

aRatio of luciferase activities driven by the indicated promoters (mean ± standard deviation n = 9 for each

strain)

doi:10.1371/journal.pone.0165306.t002
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Fig 2. Confirmation of different negative superhelical densities in experimental bacterial strains. A plasmid pUC19

derivative was transformed into the indicated strains. A. Bacteria were grown to log phase and extracted plasmids

electrophoresed through gels containing the indicated concentrations of chloroquine to separate topoisomers. B. Topoisomer

distributions were evaluated by band counting and densitometry (4 μg/mL) to identify the most prevalent topoisomer for each

strain. C. Most abundant topoisomer was plotted as a function of chloroquine concentration allowing extrapolation to zero

chloroquine to establish plasmid superhelical density in vivo (Materials and Methods).

doi:10.1371/journal.pone.0165306.g002
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most prevalent topoisomer (Fig 2B) the supercoiling density (σ) was calculated for each strain
by the band counting method [31, 48]. Increasingly supercoiled topoisomers are counted as
bands of increasing mobility relative to the relaxed position (closest to nicked DNA control).
Care was taken to assign the most abundant topoisomer band in chloroquine concentrations
where negatively supercoiled states predominated and a minimal fraction of topoisomers had
been driven to positively supercoiled states by chloroquine binding. Extrapolation to zero chlo-
roquine using the y-intercept as ΔLk (Fig 2C) yielded σ values of -0.05 (WT), -0.04 (gyrB226)
and -0.07 (ΔtopA10) as calculated from Eq 1 (Materials and Methods). The observed value for
σ in WT cells is comparable to a prior report [55]. We conclude from these studies that the
experimental strains do support significantly different negative superhelical densities during
log phase growth, as expected.

Regulatory protein expression in experimental bacterial strains

Our approach to measuring effects of negative superhelical strain on short-range DNA looping
exploits components of the lac control region to assess DNA loop stability. Comparison
between strains requires an understanding of if and how the strains differ in the concentrations
of proteins important for DNA looping, such as HU, IHF, Fis, H-NS, and LacI. Differential
expression of such proteins could alter DNA looping for indirect reasons unrelated to superhe-
lical strain within the looping region [21]. Expression levels of other regulatory proteins that
control overall levels of lac gene expression (e.g. RNA polymerase, sigma factor) are also of
interest. A previous comprehensive report [25] demonstrated that changes in supercoiling did
not alter expression of LacI, HU, IHF, Fis, H-NS or RNA polymerase. Expression of the σ70

protein was reportedly induced by relaxing supercoils. To confirm aspects of this prior report,
the protein expression status of the relevant strains was analyzed by western blotting (Fig 3).
As previously reported, total protein expression (Fig 3, top) as well as expression of RNA poly-
merase alpha subunit (RNAPα) and HU β subunit (Fig 3, bottom) was confirmed not to differ
greatly between strains. HU β subunit was slightly reduced in the ΔtopA10 mutant (see below)
and the possible induction of σ70 was not detected in the gyrB226 mutant. It is important to
note that these results cannot exclude the possibility that other differences of gene expression
could contribute to indirect effects on DNA looping differences between strains. Blotting for
LacI confirmed that the FW102 strain lacks LacI expression, as expected (Fig 3, lane 1), and
that equal levels of LacI are detected in FW102 extracts when the LacI gene is present in the F'
episome (Fig 3, lanes 2–4). Equivalent (higher) levels of LacI are detected, as expected, in exper-
imental strains containing LacI gene copies in both the chromosome and the F' episome (Fig 3,
lanes 5 vs. 6–8). Importantly, our experiments only make DNA looping comparisons between
strains with comparable LacI expression levels. We conclude that the relevant experimental
strains (Fig 3, lanes 6–8) are comparable in expression of relevant gene regulatory proteins
important for DNA looping assays.

DNA looping in the endogenous lac operon as a function of supercoiling

The WT, gyrB226, and ΔtopA10 strains each contain an endogenous chromosomal copy of the
lac operon whose repression depends on DNA looping. Before testing looping as a function of
operator spacing in engineered F' episome constructs, initial β-galactosidase assays were per-
formed to assess control of the endogenous lac operon as a function of negative supercoiling.
Experiments were done in minimal medium supplemented with glycerol in order to engage the
catabolite activator protein for maximal lac promoter induction. The repression ratio (β-galac-
tosidase activity in the presence vs. absence of IPTG) was calculated for each strain (Fig 4).
Repression ratio values followed the ranking ΔtopA10>WT> gyrB226 (Fig 4). Because lac
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repression is primarily due to DNA looping [19], this result supports the hypothesis that global
negative supercoiling promotes DNA repression loop formation in vivo.

DNA looping as a function of loop length and superhelical density

The endogenous lac operon is controlled by three potential loops of fixed lengths. To assess
repression by a single control loop over a range of loop lengths in these experimental strains,

Fig 3. Protein expression in experimental bacterial strains. Proteins from the indicated strains were extracted at

log phase and analyzed by coomassie staining (above), or by western blotting (below) with antibodies specific for the

indicated proteins.

doi:10.1371/journal.pone.0165306.g003
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looping constructs based on a luciferase reporter gene were created to provide a readout inde-
pendent from the endogenous lac operon in the test strains.

Assessing looping across a range of operator spacings surrounding a strong engineered lac
UV5 promoter is important to appreciate repression at the optimal operator spacing for each
supercoiling condition. Luciferase activity was assayed in the absence and presence of IPTG
induction during log phase growth for each strain (S1 Table). Reporter expression (E'; expres-
sion normalized to a construct incapable of looping) or repression level (RL; expression com-
paring fully induced state to fully repressed state) were measured as a function of operator
separation. The results are shown in Fig 5.

The results of these studies confirm the previous observation [11, 40, 41] that repression
oscillates with the separation of lac operators, such that tightest repression occurs when tor-
sionally relaxed DNA loops can form (~78.5 bp center-to-center operator separation), and
repression is weakest when loops are twisted. This oscillation pattern is particularly evident in
the case of residual DNA looping in the presence of IPTG [11] as seen for all three test strains
in the lower panel of Fig 5.

Fig 4. β-galactosidase assay results for control of the endogenous lac operon (schematic) in the indicated

assay strains. Standard deviations are based on at least 6 measurements.

doi:10.1371/journal.pone.0165306.g004
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With respect to DNA loop stability over 6–8 turns of DNA, the impact of negative superhe-
lical density is most evident from the upper panel of Fig 5, where repression of gene expression
is compared as a function of operator spacing for the three test strains. The supercoiling-defi-
cient gyrB226 strain exhibits the leakiest behavior, also consistent with the hypothesis being
tested. Under these conditions repression in the WT strain is intermediate for most spacings,
and repression in the ΔtopA10 strains is superior for most operator spacings. Interestingly, the
pattern of spacing-dependent repression oscillation varies among strains in the absence of
IPTG. The hyper-supercoiled ΔtopA10 strain displays strong repression levels most broadly
without loop length-dependence. One interpretation of this result is that strong negative super-
coiling decreases the barrier of DNA twisting to repression loop formation. In summary, these
data show that in the cases where there are differences in apparent LacI repression loop stabil-
ity between hosts, these differences are in the order ΔtopA10>WT> gyrB226, mirroring the
ranking of host negative superhelical density. While we cannot completely rule out the possibil-
ity that strain differences other than superhelical density effects on the DNA loop influence
these results, the simplest interpretation of these data is that short-range DNA looping is facili-
tated by negative DNA supercoiling in vivo.

Interestingly, where optimal operator spacing can be detected in Fig 5, it does not appear to
be strongly dependent on the supercoiling level in the experimental strain. Apparently over
highly-constrained and short-range loops such as these (~7 turns of DNA), superhelical strain
increases local operator concentration without large changes in optimal repressor spacing. This
suggests that the helical repeat of the DNA is not largely changed between these three test
strains.

Experimental considerations in vivo

Here we studied effects of DNA supercoiling on DNA looping using bacterial strains carrying
mutations that alter global supercoiling. We adopted this approach after initially considering
control of supercoiling using antibiotics. For example, the use of fluoroquinolone (FQ) antibi-
otic inhibitors of DNA gyrase has been used historically to relax negative superhelical density
in E. coli [26, 38, 56]. We found that FQ addition rapidly arrested cell growth, making it diffi-
cult to analyze gene expression under conditions of log-phase growth important to allow com-
parison between strains. More importantly, convenient reporter enzymes have sufficiently long
lifetimes that a significant fraction of measured reporter activity would reflect molecules syn-
thesized prior to FQ addition, confounding analysis.

Likewise, because of the relationship between culture density and supercoiling status [1, 2]
we were cautious to assess lac control during log phase growth at a comparable growth density
for each strain after confirming that all three strains reach the same degree of culture saturation
at long growth times.

We caution that comparison of DNA looping strength by monitoring operator spacing
dependence of repression is subject to the validity of the assumption that looping regulatory
protein expression (e.g. LacI, HU, IHF, Fis, H-NS) is not different between test strains. There is
prior support for this assumption [25] and our western blotting experiments tend to validate it.
Note that the slight decrease in HUβ protein detected in the ΔtopA10 strain cannot account for
the improved repression observed in that strain. If HU is important for DNA looping as

Fig 5. Repression level (RL, defined in Eq 5) as a function of operator spacing and DNA negative

superhelical density is shown as a function of operator spacing for the indicated bacterial strains.

Upper and lower panels are data collected in the absence or presence of IPTG, respectively. Propagated

error estimates are based on data from at least 6 measurements.

doi:10.1371/journal.pone.0165306.g005
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suggested by prior work [11] the slight reduction in HUβ expression would actually tend to
decrease looping and repression. Thus, the HUβ expression change might actually be masking
an even larger repression improvement due to increased negative supercoiling in the ΔtopA10
strain. No differences in RNA polymerase or σ70 levels were observed between strains, and any
such differences would have been controlled by the E' reporter expression parameter, which is
normalized for the expression of a reporter controlled by a single lac operator not subject to
looping. Test strains with different levels of LacI expression were created. Control constructs
with single weak O2 operators and no looping confirmed that doubling the laci gene copy num-
ber from one to two per cell approximately doubled basal repression, as expected. We empha-
size that direct comparisons always involved strains expressing the same level of LacI.

Supercoiling effects on large and small DNA loops

Several groups have explored the relationship between supercoiling and DNA looping in vitro
[13, 28, 33, 57–59]. Interesting recent experiments suggest that lac repressor can constrain
supercoils within the large (401-bp) looped domain of the native lac operon (not studied here),
suggesting that supercoiling can enhance looping and repression of the lac promoter [60]. Like-
wise, negative supercoiling was known to stabilize loops and subtle changes in supercoiling
changed the optimal operator spacings for LacI looping in DNA minicircles in vitro [14, 33].

Our results extend prior work by documenting in vivo that negative supercoiling promotes
the formation of even small (65–86 bp) loops. Because global DNA supercoiling is dependent
on energy status and cell growth phase, our results suggest that genes whose expression is
regulated by DNA loops may be induced or repressed as a function of this global DNA super-
coiling status. It is interesting to conjecture that the effect of negative supercoiling on DNA
looping may be loop-length dependent. For DNA lengths lower than one persistence length,
resistance to looping is expected to be dominated by local DNA bending and twisting energies.
Under these conditions, extensive DNA bending may be particularly facilitated by energy
stored in superhelical strain. Comparing facilitation of small and large DNA loops by negative
supercoiling will be interesting [60, 61]. Perhaps future Monte Carlo simulations, coupled with
experiments, will allow this supercoiling-looping relationship to be understood in vitro and in
vivo.
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S1 Fig. Verification of luciferase reportermethod. FW102 bacterial strains (Table 1) used in
previous Becker et al. looping studies with same F’ episomes transferred as WT and measured
for activity. Both strains exhibit similar luciferase activity indicating that looping can be ade-
quately measured using this new reporter method. The difference in the uninduced measure-
ments could be attributed to the native lac operon and lac repressor in WT strain that is
lacking in the FW102 strain.
(PDF)

S1 Table. Raw E data.
(DOCX)

S2 Table. Repression Ratios.
(DOCX)

S3 Table. Looping constructs, operator spacings, and strain designations.
(DOCX)

Supercoiling Effects on Short-Range DNA Looping in E. coli

PLOS ONE | DOI:10.1371/journal.pone.0165306 October 26, 2016 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165306.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165306.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165306.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165306.s004


Acknowledgments

The authors acknowledge the generous sharing of bacterial strains by Peter Heisig and N. Pat-
rick Higgins, the valued assistance of Justin Peters, and sharing of equipment and expertise by
members of the laboratory of John Hawse.

Author Contributions

Conceptualization:LM NB LJM.

Data curation: LM NB.

Formal analysis: LM NB LJM.

Funding acquisition: LJM.

Methodology:LM NB LJM.

Project administration: LJM.

Resources: LM NB.

Supervision:LJM.

Validation: LM NB.

Visualization: LM NB LJM.

Writing – original draft: LM.

Writing – review& editing: LM NB LJM.

References

1. Travers A, Muskhelishvili G. DNA supercoiling—a global transcriptional regulator for enterobacterial

growth? Nat Rev Microbiol. 2005; 3(2):157–69. Epub 2005/02/03. doi: 10.1038/nrmicro1088 PMID:

15685225.

2. Wang X, Montero Llopis P, Rudner DZ. Organization and segregation of bacterial chromosomes. Nat

Rev Genet. 2013; 14(3):191–203. Epub 2013/02/13. doi: 10.1038/nrg3375 PMID: 23400100; PubMed

Central PMCID: PMC3869393.

3. Matthews KS. DNA looping. Microbiol Rev. 1992; 56(1):123–36. Epub 1992/03/01. PMID: 1579106;

PubMed Central PMCID: PMC372857.

4. Anderson M, Haase J, Yeh E, Bloom K. Function and assembly of DNA looping, clustering, and micro-

tubule attachment complexes within a eukaryotic kinetochore. Mol Biol Cell. 2009; 20(19):4131–9.

Epub 2009/08/07. doi: 10.1091/mbc.E09-05-0359 PMID: 19656849; PubMed Central PMCID:

PMC2754927.

5. Bond LM, Peters JP, Becker NA, Kahn JD, Maher LJ 3rd. Gene repression by minimal lac loops in

vivo. Nucleic Acids Res. 2010; 38(22):8072–82. Epub 2010/12/15. doi: 10.1093/nar/gkq755 PMID:

21149272; PubMed Central PMCID: PMC3001091.

6. Oehler S, Amouyal M, Kolkhof P, von Wilcken-Bergmann B, Müller-Hill B. Quality and position of the

three lac operators of E. coli define efficiency of repression. Embo J. 1994; 13(14):3348–55. Epub

1994/07/15. PMID: 8045263; PubMed Central PMCID: PMC395232.

7. Lewis M, Chang G, Horton NC, Kercher MA, Pace HC, Schumacher MA, et al. Crystal structure of the

lactose operon repressor and its complexes with DNA and inducer. Science. 1996; 271(5253):1247–

54. Epub 1996/03/01. PMID: 8638105.

8. Borowiec JA, Gralla JD. All three elements of the lac ps promoter mediate its transcriptional response

to DNA supercoiling. J Mol Biol. 1987; 195(1):89–97. Epub 1987/05/05. PMID: 3309333.

9. Drlica K. Control of bacterial DNA supercoiling. Mol Microbiol. 1992; 6(4):425–33. Epub 1992/02/01.

PMID: 1313943.

10. Kahn JD, Cheong R, Mehta R. A., Edelman L. M., Morgan M. M. Flexibility and control of protein-DNA

loops. Biophysical Reviews and Letters. 2006.

Supercoiling Effects on Short-Range DNA Looping in E. coli

PLOS ONE | DOI:10.1371/journal.pone.0165306 October 26, 2016 14 / 17

http://dx.doi.org/10.1038/nrmicro1088
http://www.ncbi.nlm.nih.gov/pubmed/15685225
http://dx.doi.org/10.1038/nrg3375
http://www.ncbi.nlm.nih.gov/pubmed/23400100
http://www.ncbi.nlm.nih.gov/pubmed/1579106
http://dx.doi.org/10.1091/mbc.E09-05-0359
http://www.ncbi.nlm.nih.gov/pubmed/19656849
http://dx.doi.org/10.1093/nar/gkq755
http://www.ncbi.nlm.nih.gov/pubmed/21149272
http://www.ncbi.nlm.nih.gov/pubmed/8045263
http://www.ncbi.nlm.nih.gov/pubmed/8638105
http://www.ncbi.nlm.nih.gov/pubmed/3309333
http://www.ncbi.nlm.nih.gov/pubmed/1313943


11. Becker NA, Kahn JD, Maher LJ 3rd. Bacterial repression loops require enhanced DNA flexibility. J Mol

Biol. 2005; 349(4):716–30. Epub 2005/05/17. doi: 10.1016/j.jmb.2005.04.035 PMID: 15893770.

12. Becker NA, Greiner AM, Peters JP, Maher LJ 3rd. Bacterial promoter repression by DNA looping with-

out protein-protein binding competition. Nucleic Acids Res. 2014; 42(9):5495–504. Epub 2014/03/07.

doi: 10.1093/nar/gku180 PMID: 24598256; PubMed Central PMCID: PMC4027209.

13. Bellomy GR, Mossing MC, Record MT Jr. Physical properties of DNA in vivo as probed by the length

dependence of the lac operator looping process. Biochemistry. 1988; 27(11):3900–6. Epub 1988/05/

31. PMID: 3046661.

14. Eismann ER, Muller-Hill B. lac repressor forms stable loops in vitro with supercoiled wild-type lac DNA

containing all three natural lac operators. J Mol Biol. 1990; 213(4):763–75. Epub 1990/06/20. doi: 10.

1016/S0022-2836(05)80262-1 PMID: 2359123.

15. Kramer H, Niemoller M, Amouyal M, Revet B, von Wilcken-Bergmann B, Müller-Hill B. lac repressor

forms loops with linear DNA carrying two suitably spaced lac operators. Embo J. 1987; 6(5):1481–91.

Epub 1987/05/01. PMID: 3301328; PubMed Central PMCID: PMC553955.

16. Law SM, Bellomy GR, Schlax PJ, Record MT Jr. In vivo thermodynamic analysis of repression with

and without looping in lac constructs. Estimates of free and local lac repressor concentrations and of

physical properties of a region of supercoiled plasmid DNA in vivo. J Mol Biol. 1993; 230(1):161–73.

Epub 1993/03/05. doi: 10.1006/jmbi.1993.1133 PMID: 8450533.

17. Becker NA, Peters JP, Maher LJ 3rd, Lionberger TA. Mechanism of promoter repression by Lac

repressor-DNA loops. Nucleic Acids Res. 2013; 41(1):156–66. Epub 2012/11/13. doi: 10.1093/nar/

gks1011 PMID: 23143103; PubMed Central PMCID: PMC3592455.

18. Peters JP, Becker NA, Rueter EM, Bajzer Z, Kahn JD, Maher LJ 3rd. Quantitative methods for measur-

ing DNA flexibility in vitro and in vivo. Methods Enzymol. 2011; 488:287–335. Epub 2011/01/05. doi:

10.1016/B978-0-12-381268-1.00012–4 PMID: 21195233; PubMed Central PMCID: PMC4190681.

19. Mossing MC, Record MT Jr. Upstream operators enhance repression of the lac promoter. Science.

1986; 233(4766):889–92. Epub 1986/08/22. PMID: 3090685.

20. Deng S, Stein RA, Higgins NP. Organization of supercoil domains and their reorganization by tran-

scription. Mol Microbiol. 2005; 57(6):1511–21. doi: 10.1111/j.1665-2958.04796.x PMID:

ISI:000231610600001.

21. Han L, Garcia HG, Blumberg S, Towles KB, Beausang JF, Nelson PC, et al. Concentration and length

dependence of DNA looping in transcriptional regulation. PLoS One. 2009; 4(5):e5621. Epub 2009/05/

30. doi: 10.1371/journal.pone.0005621 PMID: 19479049; PubMed Central PMCID: PMC2682762.

22. Johnson S, Linden M, Phillips R. Sequence dependence of transcription factor-mediated DNA looping.

Nucleic Acids Res. 2012; 40(16):7728–38. Epub 2012/06/22. doi: 10.1093/nar/gks473 PMID:

22718983; PubMed Central PMCID: PMC3439888.

23. Borowiec JA, Zhang L, Sasse-Dwight S, Gralla JD. DNA supercoiling promotes formation of a bent

repression loop in lac DNA. J Mol Biol. 1987; 196(1):101–11. Epub 1987/07/05. PMID: 3656441.

24. Willenbrock H, Ussery DW. Chromatin architecture and gene expression in Escherichia coli. Genome

Biol. 2004; 5(12):252. Epub 2004/12/04. doi: 10.1186/gb-2004-5-12-252 PMID: 15575978; PubMed

Central PMCID: PMC545790.

25. Peter BJ, Arsuaga J, Breier AM, Khodursky AB, Brown PO, Cozzarelli NR. Genomic transcriptional

response to loss of chromosomal supercoiling in Escherichia coli. Genome Biol. 2004; 5(11):R87.

Epub 2004/11/13. doi: 10.1186/gb-2004-5-11-r87 PMID: 15535863; PubMed Central PMCID:

PMC545778.

26. Bagel S, Hullen V, Wiedemann B, Heisig P. Impact of gyrA and parC mutations on quinolone resis-

tance, doubling time, and supercoiling degree of Escherichia coli. Antimicrob Agents Chemother.

1999; 43(4):868–75. Epub 1999/04/02. PMID: 10103193; PubMed Central PMCID: PMC89219.

27. Higgins NP, Vologodskii AV. Topological Behavior of Plasmid DNA. Microbiol Spectr. 2015; 3(2). Epub

2015/06/25. doi: 10.1128/microbiolspec.PLAS-0036-2014 PMID: 26104708; PubMed Central PMCID:

PMC4480603.

28. Rovinskiy N, Agbleke AA, Chesnokova O, Pang Z, Higgins NP. Rates of gyrase supercoiling and tran-

scription elongation control supercoil density in a bacterial chromosome. PLoS Genet. 2012; 8(8):

e1002845. Epub 2012/08/24. doi: 10.1371/journal.pgen.1002845 PMID: 22916023; PubMed Central

PMCID: PMC3420936.

29. Reece RJ, Maxwell A. DNA gyrase: structure and function. Crit Rev Biochem Mol Biol. 1991; 26(3–

4):335–75. Epub 1991/01/01. doi: 10.3109/10409239109114072 PMID: 1657531.

30. Gellert M, Mizuuchi K, O’Dea MH, Nash HA. DNA gyrase: an enzyme that introduces superhelical

turns into DNA. Proc Natl Acad Sci U S A. 1976; 73(11):3872–6. Epub 1976/11/01. PMID: 186775;

PubMed Central PMCID: PMC431247.

Supercoiling Effects on Short-Range DNA Looping in E. coli

PLOS ONE | DOI:10.1371/journal.pone.0165306 October 26, 2016 15 / 17

http://dx.doi.org/10.1016/j.jmb.2005.04.035
http://www.ncbi.nlm.nih.gov/pubmed/15893770
http://dx.doi.org/10.1093/nar/gku180
http://www.ncbi.nlm.nih.gov/pubmed/24598256
http://www.ncbi.nlm.nih.gov/pubmed/3046661
http://dx.doi.org/10.1016/S0022-2836(05)80262-1
http://dx.doi.org/10.1016/S0022-2836(05)80262-1
http://www.ncbi.nlm.nih.gov/pubmed/2359123
http://www.ncbi.nlm.nih.gov/pubmed/3301328
http://dx.doi.org/10.1006/jmbi.1993.1133
http://www.ncbi.nlm.nih.gov/pubmed/8450533
http://dx.doi.org/10.1093/nar/gks1011
http://dx.doi.org/10.1093/nar/gks1011
http://www.ncbi.nlm.nih.gov/pubmed/23143103
http://dx.doi.org/10.1016/B978-0-12-381268-1.00012&ndash;4
http://www.ncbi.nlm.nih.gov/pubmed/21195233
http://www.ncbi.nlm.nih.gov/pubmed/3090685
http://dx.doi.org/10.1111/j.1665-2958.04796.x
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000231610600001
http://dx.doi.org/10.1371/journal.pone.0005621
http://www.ncbi.nlm.nih.gov/pubmed/19479049
http://dx.doi.org/10.1093/nar/gks473
http://www.ncbi.nlm.nih.gov/pubmed/22718983
http://www.ncbi.nlm.nih.gov/pubmed/3656441
http://dx.doi.org/10.1186/gb-2004-5-12-252
http://www.ncbi.nlm.nih.gov/pubmed/15575978
http://dx.doi.org/10.1186/gb-2004-5-11-r87
http://www.ncbi.nlm.nih.gov/pubmed/15535863
http://www.ncbi.nlm.nih.gov/pubmed/10103193
http://dx.doi.org/10.1128/microbiolspec.PLAS-0036-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104708
http://dx.doi.org/10.1371/journal.pgen.1002845
http://www.ncbi.nlm.nih.gov/pubmed/22916023
http://dx.doi.org/10.3109/10409239109114072
http://www.ncbi.nlm.nih.gov/pubmed/1657531
http://www.ncbi.nlm.nih.gov/pubmed/186775


31. Zechiedrich EL, Khodursky AB, Bachellier S, Schneider R, Chen D, Lilley DM, et al. Roles of topoisom-

erases in maintaining steady-state DNA supercoiling in Escherichia coli. J Biol Chem. 2000; 275

(11):8103–13. Epub 2000/03/14. PMID: 10713132.

32. Schoeffler AJ, Berger JM. Recent advances in understanding structure-function relationships in the

type II topoisomerase mechanism. Biochem Soc Trans. 2005; 33(Pt 6):1465–70. Epub 2005/10/26.

doi: 10.1042/BST20051465 PMID: 16246147.

33. Kramer H, Amouyal M, Nordheim A, Müller-Hill B. DNA supercoiling changes the spacing requirement

of two lac operators for DNA loop formation with lac repressor. Embo J. 1988; 7(2):547–56. Epub

1988/02/01. PMID: 2835234; PubMed Central PMCID: PMC454353.

34. Le TT, Kim HD. Probing the elastic limit of DNA bending. Nucleic Acids Res. 2014; 42(16):10786–94.

Epub 2014/08/15. doi: 10.1093/nar/gku735 PMID: 25122748; PubMed Central PMCID: PMC4176374.

35. Strick TR, Allemand JF, Bensimon D, Croquette V. Behavior of supercoiled DNA. Biophys J. 1998; 74

(4):2016–28. Epub 1998/04/17. doi: 10.1016/S0006-3495(98)77908-1 PMID: 9545060; PubMed Cen-

tral PMCID: PMC1299542.

36. Vafabakhsh R, Ha T. Extreme bendability of DNA less than 100 base pairs long revealed by single-

molecule cyclization. Science. 2012; 337(6098):1097–101. Epub 2012/09/01. doi: 10.1126/science.

1224139 PMID: 22936778; PubMed Central PMCID: PMC3565842.

37. Seol Y, Li J, Nelson PC, Perkins TT, Betterton MD. Elasticity of short DNA molecules: theory and

experiment for contour lengths of 0.6–7 microm. Biophys J. 2007; 93(12):4360–73. Epub 2007/09/04.

doi: 10.1529/biophysj.107.112995 PMID: 17766363; PubMed Central PMCID: PMC2098713.

38. Preisler A, Mraheil MA, Heisig P. Role of novel gyrA mutations in the suppression of the fluoroquino-

lone resistance genotype of vaccine strain Salmonella Typhimurium vacT (gyrA D87G). J Antimicrob

Chemother. 2006; 57(3):430–6. Epub 2006/01/25. doi: 10.1093/jac/dki475 PMID: 16431864.

39. Sternglanz R, DiNardo S, Voelkel KA, Nishimura Y, Hirota Y, Becherer K, et al. Mutations in the gene

coding for Escherichia coli DNA topoisomerase I affect transcription and transposition. Proc Natl Acad

Sci U S A. 1981; 78(5):2747–51. Epub 1981/05/01. PMID: 6265907; PubMed Central PMCID:

PMC319434.

40. Becker NA, Kahn JD, Maher LJ 3rd. Effects of nucleoid proteins on DNA repression loop formation in

Escherichia coli. Nucleic Acids Res. 2007; 35(12):3988–4000. Epub 2007/06/08. doi: 10.1093/nar/

gkm419 PMID: 17553830; PubMed Central PMCID: PMC1919473.

41. Becker NA, Kahn JD, Maher LJ 3rd. Eukaryotic HMGB proteins as replacements for HU in E. coli

repression loop formation. Nucleic Acids Res. 2008; 36(12):4009–21. Epub 2008/06/03. doi: 10.1093/

nar/gkn353 PMID: 18515834; PubMed Central PMCID: PMC2475640.

42. Whipple FW. Genetic analysis of prokaryotic and eukaryotic DNA-binding proteins in Escherichia coli.

Nucleic Acids Res. 1998; 26(16):3700–6. Epub 1998/08/01. PMID: 9685485; PubMed Central PMCID:

PMC147751.

43. Müller J, Oehler S, Müller-Hill B. Repression of lac promoter as a function of distance, phase and qual-

ity of an auxiliary lac operator. J Mol Biol. 1996; 257(1):21–9. doi: 10.1006/jmbi.1996.0143 PMID:

8632456.

44. Oehler S, Eismann ER, Kramer H, Müller-Hill B. The three operators of the lac operon cooperate in

repression. Embo J. 1990; 9(4):973–9. PMID: 2182324; PubMed Central PMCID: PMC551766.

45. Saiz L, Vilar JM. Ab initio thermodynamic modeling of distal multisite transcription regulation. Nucleic

Acids Res. 2008; 36(3):726–31. doi: 10.1093/nar/gkm1034 PMID: 18056082; PubMed Central

PMCID: PMC2241893.

46. Brown RE, Jarvis KL, Hyland KJ. Protein measurement using bicinchoninic acid: elimination of interfer-

ing substances. Anal Biochem. 1989; 180(1):136–9. Epub 1989/07/01. PMID: 2817336.

47. Zebboudj AF, Imura M, Bostrom K. Matrix GLA protein, a regulatory protein for bone morphogenetic

protein-2. J Biol Chem. 2002; 277(6):4388–94. Epub 2001/12/14. doi: 10.1074/jbc.M109683200

PMID: 11741887.

48. Keller W. Determination of the number of superhelical turns in simian virus 40 DNA by gel electropho-

resis. Proc Natl Acad Sci U S A. 1975; 72(12):4876–80. Epub 1975/12/01. PMID: 174079; PubMed

Central PMCID: PMC388835.

49. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA 3rd, Smith HO. Enzymatic assembly of

DNA molecules up to several hundred kilobases. Nat Methods. 2009; 6(5):343–5. Epub 2009/04/14.

doi: 10.1038/nmeth.1318 PMID: 19363495.

50. Zubay G, Morse DE, Schrenk WJ, Miller JH. Detection and isolation of the repressor protein for the

tryptophan operon of Escherichia coli. Proc Natl Acad Sci U S A. 1972; 69(5):1100–3. Epub 1972/05/

01. PMID: 4338582; PubMed Central PMCID: PMC426639.

Supercoiling Effects on Short-Range DNA Looping in E. coli

PLOS ONE | DOI:10.1371/journal.pone.0165306 October 26, 2016 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/10713132
http://dx.doi.org/10.1042/BST20051465
http://www.ncbi.nlm.nih.gov/pubmed/16246147
http://www.ncbi.nlm.nih.gov/pubmed/2835234
http://dx.doi.org/10.1093/nar/gku735
http://www.ncbi.nlm.nih.gov/pubmed/25122748
http://dx.doi.org/10.1016/S0006-3495(98)77908-1
http://www.ncbi.nlm.nih.gov/pubmed/9545060
http://dx.doi.org/10.1126/science.1224139
http://dx.doi.org/10.1126/science.1224139
http://www.ncbi.nlm.nih.gov/pubmed/22936778
http://dx.doi.org/10.1529/biophysj.107.112995
http://www.ncbi.nlm.nih.gov/pubmed/17766363
http://dx.doi.org/10.1093/jac/dki475
http://www.ncbi.nlm.nih.gov/pubmed/16431864
http://www.ncbi.nlm.nih.gov/pubmed/6265907
http://dx.doi.org/10.1093/nar/gkm419
http://dx.doi.org/10.1093/nar/gkm419
http://www.ncbi.nlm.nih.gov/pubmed/17553830
http://dx.doi.org/10.1093/nar/gkn353
http://dx.doi.org/10.1093/nar/gkn353
http://www.ncbi.nlm.nih.gov/pubmed/18515834
http://www.ncbi.nlm.nih.gov/pubmed/9685485
http://dx.doi.org/10.1006/jmbi.1996.0143
http://www.ncbi.nlm.nih.gov/pubmed/8632456
http://www.ncbi.nlm.nih.gov/pubmed/2182324
http://dx.doi.org/10.1093/nar/gkm1034
http://www.ncbi.nlm.nih.gov/pubmed/18056082
http://www.ncbi.nlm.nih.gov/pubmed/2817336
http://dx.doi.org/10.1074/jbc.M109683200
http://www.ncbi.nlm.nih.gov/pubmed/11741887
http://www.ncbi.nlm.nih.gov/pubmed/174079
http://dx.doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
http://www.ncbi.nlm.nih.gov/pubmed/4338582


51. Saiz L, Rubi JM, Vilar JM. Inferring the in vivo looping properties of DNA. Proc Natl Acad Sci U S A.

2005; 102(49):17642–5. doi: 10.1073/pnas.0505693102 PubMed Central PMCID: PMC1287912.

PMID: 16303869

52. Saiz L, Vilar JM. DNA looping: the consequences and its control. Current opinion in structural biology.

2006; 16(3):344–50. doi: 10.1016/j.sbi.2006.05.008 PMID: 16714105.

53. Saiz L, Vilar JM. Multilevel deconstruction of the In vivo behavior of looped DNA-protein complexes.

PLoS One. 2007; 2(4):e355. doi: 10.1371/journal.pone.0000355 PMID: 17406679; PubMed Central

PMCID: PMC1831498.

54. Mraheil MA, Heisig A., Heisig P. An improved assay for the detection of alterations in bacterial DNA

supercoiling in vivo. Pharmazie. 2013;( 68):541–8. PMID: 23923635

55. Napierala M, Bacolla A, Wells RD. Increased negative superhelical density in vivo enhances the

genetic instability of triplet repeat sequences. J Biol Chem. 2005; 280(45):37366–76. Epub 2005/09/

17. doi: 10.1074/jbc.M508065200 PMID: 16166072.

56. Shen LL, Kohlbrenner WE, Weigl D, Baranowski J. Mechanism of quinolone inhibition of DNA gyrase.

Appearance of unique norfloxacin binding sites in enzyme-DNA complexes. J Biol Chem. 1989; 264

(5):2973–8. Epub 1989/02/15. PMID: 2536729.

57. Leng F, Chen B, Dunlap DD. Dividing a supercoiled DNA molecule into two independent topological

domains. Proc Natl Acad Sci U S A. 2011; 108(50):19973–8. Epub 2011/11/30. doi: 10.1073/pnas.

1109854108 PMID: 22123985; PubMed Central PMCID: PMC3250177.

58. Priest DG, Cui L, Kumar S, Dunlap DD, Dodd IB, Shearwin KE. Quantitation of the DNA tethering effect

in long-range DNA looping in vivo and in vitro using the Lac and lambda repressors. Proc Natl Acad Sci

U S A. 2014; 111(1):349–54. Epub 2013/12/18. doi: 10.1073/pnas.1317817111 PMID: 24344307;

PubMed Central PMCID: PMC3890862.

59. Borowiec JA, Gralla JD. Supercoiling response of the lac ps promoter in vitro. J Mol Biol. 1985; 184

(4):587–98. Epub 1985/08/20. PMID: 3900418.

60. Fulcrand G, Dages S, Zhi X, Chapagain P, Gerstman BS, Dunlap D, et al. DNA supercoiling, a critical

signal regulating the basal expression of the lac operon in Escherichia coli. Sci Rep. 2016; 6:19243.

Epub 2016/01/15. doi: 10.1038/srep19243 PMID: 26763930.

61. Norregaard K, Andersson M, Sneppen K, Nielsen PE, Brown S, Oddershede LB. DNA supercoiling

enhances cooperativity and efficiency of an epigenetic switch. Proc Natl Acad Sci U S A. 2013; 110

(43):17386–91. Epub 2013/10/09. doi: 10.1073/pnas.1215907110 PMID: 24101469; PubMed Central

PMCID: PMC3808602.

Supercoiling Effects on Short-Range DNA Looping in E. coli

PLOS ONE | DOI:10.1371/journal.pone.0165306 October 26, 2016 17 / 17

http://dx.doi.org/10.1073/pnas.0505693102
http://www.ncbi.nlm.nih.gov/pubmed/16303869
http://dx.doi.org/10.1016/j.sbi.2006.05.008
http://www.ncbi.nlm.nih.gov/pubmed/16714105
http://dx.doi.org/10.1371/journal.pone.0000355
http://www.ncbi.nlm.nih.gov/pubmed/17406679
http://www.ncbi.nlm.nih.gov/pubmed/23923635
http://dx.doi.org/10.1074/jbc.M508065200
http://www.ncbi.nlm.nih.gov/pubmed/16166072
http://www.ncbi.nlm.nih.gov/pubmed/2536729
http://dx.doi.org/10.1073/pnas.1109854108
http://dx.doi.org/10.1073/pnas.1109854108
http://www.ncbi.nlm.nih.gov/pubmed/22123985
http://dx.doi.org/10.1073/pnas.1317817111
http://www.ncbi.nlm.nih.gov/pubmed/24344307
http://www.ncbi.nlm.nih.gov/pubmed/3900418
http://dx.doi.org/10.1038/srep19243
http://www.ncbi.nlm.nih.gov/pubmed/26763930
http://dx.doi.org/10.1073/pnas.1215907110
http://www.ncbi.nlm.nih.gov/pubmed/24101469

