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ABSTRACT OF DISSERTATION 
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA AT BIRMINGHAM
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Name of Candidate Shuang Deng___________________________________________

Committee Chair N. Patrick Higgins______________________________________ _

Tide Effects of Transcription on Chromosome Domain Behavior and Characterization of 

Transcription-induced Domain Barriers to Supercoil Diffusion in the Salmonella tyyhi-

murium Chromosome________________________________________ _____________

Many studies demonstrate that bacterial chromosomes are composed of independ­

ent domains that limit supercoil diffusion. However, factors responsible for domain for­

mation have remained unknown. Studies on small circular plasmids suggested that tran­

scription could affect DNA topology.

Using the lambda Red recombination system, we constructed Salmonella typhi- 

murium strains that carry transponson TnlO. Regulation of Tn/O-derived tetracycline re­

sistance involves a repressor, TetR, and a membrane-bound export pump, TetA. Because 

the tetA gene was previously demonstrated to cause a topological change in plamids, we 

tested the effect of the tetA gene upon chromosomal topology by using the yb resolution 

assay, which is based on site-specific recombination. Strains deficient in TetR activity 

had 60-fold higher transcription levels (from the tetA promoter Pa ) than the TetR- 

positive strains showed. High transcription of tetA caused a dramatic decrease in the yb 

resolution efficiency for domains that include the tetA module. Replacing tetA with genes 

encoding cytosolic proteins LacZ and Kan also led to the appearance of similar barriers to 

supercoil diffusion. In strains containing a functional tetR located next to a regulated lacZ 

promoter (.PRtetR-PAlacZ), induction of transcription from the tetA promoter with chlor-
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tetracycline showed that transcription strength determines the impact on yb resolution 

levels. Chromosomal genes such as the atp operon and the nmpC gene further proved this 

finding. The results clearly suggest that strong transcription causes a domain barrier. 

Transcription-driven barriers are dynamic, and a short half-life resolvase showed that bar­

riers appeared and disappeared over a 10- to 20-min span. Further investigation of the 

tetA-driven domain barriers revealed, that when tetA was placed within the res-res inter­

val, it always blocked the resolution. When tetA was put outside the res-res interval, it 

only affected the resolution within 1 kb of the end of the tetA gene. These results suggest 

that barriers to supercoil diffusion might be transient structures caused by highly tran­

scribed regions and extending up to 1 kb beyond the sequence being transcribed.
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1

INTRODUCTION

The genomes of eubacteria such as Escherichia coli and Salmonella typhimurium 

consist of 4-Mb, which is ~ 1 mm long of B-form, DNA. However, the average length of 

a bacterium is 1-2 |lm. So the chromosome must be compacted about 1,000-fold to fit in­

side the cell (1). At the same time, the bacterial chromosome must be free enough for 

transcription and replication to occur continuously. So bacteria face the problem of how 

to compact DNA in a usable form inside the cell. How the chromosome is condensed to 

fit in the cell and how it works during replication, transcription, translation, recombina­

tion, and other cell functions have remained obscure.

DNA supercoil

Studies of the effect of ethidium bromide intercalation on compaction of isolated 

“nucleoids” demonstrated that the DNA of the nucleoids is negatively supercoiled, with 

an estimated specific linking deficit of about c -  -0.05 (2, 3). This value is similar to that 

value observed in closed circular DNAs of viruses, phages, and plasmids isolated from 

both prokaryotes and eukaryotes. The value also differs by about 50% from estimates of 

the effective superhelical density measured in living bacteria. This is because, in vivo, 

half of the negative supercoil is constrained by being wrapped on the surface of histone- 

like proteins (4, 5). Only half of the negative supercoil in the bacteria DNA is unre­

strained. The unrestrained DNA supercoils in isolated nucleoids appear as plectonemic
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supercoils. Plectonemic supercoil is generated by interwinding of DNA duplexes (6).

Negative supercoil is critical for the numerous processes that need unwinding of 

DNA (7,8). On the basis of genetic evidence, it has been postulated that the maintenance 

of a global level of chromosomal negative supercoil within a ±15% range is required for 

proper growth of E. coli cells (9). A modest reduction of negative supercoil is lethal to 

bacteria (10). So DNA supercoil is essential for viability and is tightly regulated in the 

cell.

Topoisomerases that control supercoil

DNA topoisomerases solve the topological problems associated with DNA repli­

cation, transcription, recombination, and segregation by introducing temporary single- or 

double-strand breaks in the DNA. In bacteria are four topoisomerases, and each has a role 

in maintaining DNA supercoil (11-13). Topoisomerases are divided into two classes 

based on the number of strand breaks per reaction. Type I topoisomerases, which include 

topoisomerase I and topoisomerase III (14), transiently break one strand and pass another 

strand through the transient break, changing the linking number by one at a time. Type II 

topoisomerases, which include gyrase (15) and topoisomerase IV (16), simultaneously 

break two strands and change the linking number by two at a time. Type I enzymes are 

not affected by quinolones in vitro (17). Type II enzymes are the cellular targets for the 

quinolone antibiotics (18, 19).

Topoisomerase I, encoded by the top A gene, was the first type I enzyme found in 

E. coli (20). Topoisomerase I removes the negative supercoil from a covalently closed 

DNA molecule without ATP and energy input, and it normally relaxes DNA and prevents
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excess supercoil (21). Chromosomes accumulate excess negative supercoils in the ab­

sence of topoisomerase I activity. One consequence of the accumulation of the excess su­

percoils appears to be R-loop formation, which inhibits cell growth (22, 23). The growth 

defect of topA null mutants can be partially corrected by overproduction of RNase H, an 

enzyme that degrades the RNA moiety of an R-loop (23). It is now thought that a major 

function of DNA topoisomerase I is to prevent hypernegative supercoil and one of its ma­

jor consequences, R-loop formation (22, 24).

Topoisomerase III, encoded by the topB gene, is also a type I topoisomerase. To­

poisomerase III is dispensable for cell viability and has no known role in DNA supercoil; 

however, topoisomerase III is extremely efficient in the decatenation of multiply inter­

linked DNA dimers and DNA replication intermediates in vitro. On the basis of this ob­

servation, it has been proposed that topoisomerase III may play a role in chromosomal 

segregation during cell division (25).

DNA gyrase is an essential enzyme in bacteria and is encoded by gyrA and gyrB 

(26-28). Gyrase is a unique enzyme among topoisomerases in that it can introduce nega­

tive superhelical turns into DNA (15). Gyrase needs ATP for this reaction. topA deletions 

in E. coli cause an increase in negative supercoil and are tolerated only in the presence of 

compensatory mutations that reduce the level of supercoil. These mutations have been 

mapped to the gyrA and gyrB genes, respectively (29, 30). These mutant alleles compen­

sate for the loss of topoisomerase I by encoding mutant DNA gyrase subunits with re­

duced supercoil activity (31, 32).

The genes encoding the topoisomerase IV subunits are parC, which is homolo­

gous to gyrA of gyrase, and parE, which is homologous to gyrB of gyrase (16, 33). To-
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poisomerase IV requires ATP to remove either negative or positive supercoils from DNA 

(13). Topoisomerase IV favors intermolecular strand passage reactions such as decatena­

tion. Positive supercoils generated by replication forks approaching each other in the ter­

minus could be removed by topoisomerase IV acting at dif (34). Topoisomerase IV is es­

sential for segregation of chromosomes (35, 36).

Gyrase primarily supports nascent chain elongation during replication of the 

chromosome, whereas topoisomerase IV separates the topologically linked daughter 

chromosome during the terminal stage of DNA replication (37). Although there is nearly 

40% amino acid sequence identity between gyrase and topoisomerase IV (16), no overlap 

in specific function has been found.

The in vitro evidence for chromosomal supercoil domains

The entire prokaryotic chromosome, or nucleoid, can be isolated from growing 

bacterial cells as a highly compacted DNA-RNA-protein complex. The original proce­

dure for nucleoid isolation, developed in the early 1970s by Pettijohn, Worcel, and their 

colleagues, relies on lysis of cells in the presence of sufficient counterions to stabilize 

DNA charge-charge repulsion (38, 39). Without counterions, the condensed state of the 

nucleoid DNA is lost as the DNA unfolds during or soon after lysis. In their DNase I 

nicking experiments, Worcel and Burgi (39) observed that many single-strand DNA 

breaks per nucleoid were required to relax the entire chromosome. This requirement im­

plied that DNA is organized into independent “domains,” thus preventing relaxation from 

spreading from one chromosomal domain to another. Later, in the mid-1970s, electron 

micrographs of Kavenoff et al. (40,41) clearly showed that nucleoid preparations appear
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as rosettes of many individually plectonemically interwound loops emanating from a cen­

tral region (Fig. 1A). A single loop could be relaxed while the rest of the loops remained 

supercoiled (42). These supercoiled loops were hypothesized to be topological domains. 

Recently, members of cozzarelli’s laboratory used a gentler method to look at bacterial 

chromosomes by using electron microscopy (43). They visualized chromosomes as ro­

settes of tightly supercoiled loops of DNA. Individual loops in a single chromosome 

could be relaxed by y-irradiation without affecting supercoil of other loops (Fig. 15) (43).

All of these studies of isolated chromosomes gave in vitro evidence supporting 

the supercoiled domain structure of chromosomes.

The in vivo evidence of chromosomal supercoil domains

To examine whether chromosomal domains also exist in vivo, methods are re­

quired to investigate the domain structure of chromosomes inside living cells. Tri- 

methylpsoralen was exploited as a probe of the distribution of domains in vivo. 

Trimethypsoralen photobinds to duplex DNA at a rate directly proportional to the tor­

sional tension in the double helix, so tension in the winding of the helix can be detected 

in vivo from measurements of the amount of the photobinding in living cells (5). Tension 

in the DNA double helix is relaxed in vivo when single-strand DNA breaks are intro­

duced by y-irradiation, and -160 nicks per genome are required to relax the whole chro­

mosome (44). So bacterial DNA forms domains of supercoil in vivo. These domains 

might be topologically equivalent to loops such as appear in the electron micrographs of 

isolated nucleoids (43).
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Fig. 1. Image of E. coli chromosome. (A) Electron micrograph of isolated E. coli 
nucleoid after cells were treated with lysozyme and lysed with mild detergent. The 
nucleoid preparation appeared as rosettes of many supercoiled loops emanating from a 
central region (40). (B) Recent image of E. coli chromosome captured by electron 
microscopy (EM). Isolated chromosome was deposited directly onto carbon-coated EM 
grids. Unlike A, there was no ethanol washing, crosslinking, or DNA-binding agents. 
Chromosomes showed rosettes of highly supercoiled loops of DNA (43). (C) Model of 
the bacterial chromosome showing the segregation of the nucleoid DNA into 
chromosomal domains. Two domains with cuts are shown; such cuts relax any 
supercoilings in a single domain without affecting supercoilings of other domains.
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Therefore, both in vitro and in vivo studies revealed the existence of topologically inde­

pendent domains. A domain of supercoil is defined as a segment of chromosomal DNA 

bounded by topological constrains on the rotation of the double helix (45). The opera­

tional definition of a domain is the region relaxed by an interruption of DNA (43).

Number and size o f DNA domains

In the early experiments, the number of DNase I-induced nicks required to relax 

the in vitro nucleoid led to estimates of 12-80 domains of supercoil per genome (39). 

Electron micrographs showed 50-100 loops per nucleoid (41). y-Ray-induced nicks re­

quired for complete relaxation of the whole chromosome enabled the number of in vivo 

domains of supercoil to be estimated at 43 ± 10 domains per genome (44). On the basis of 

these experiments, the size of supercoil domains was estimated to be about 100 kb under 

an assumption that all domains are equal in size; however, no evidence exists to this as­

sumption. In 1996, Higgins et al. (46) developed a less invasive method to study super­

coil domains in vivo. They used site-specific y5 resolution to sense the domain barriers 

that inhibit resolution efficiency. They concluded that bacterial DNA is stochastically or­

ganized into supercoil domains of variable size, and with a median domain size of 20 kb 

(6, 46); therefore, there are about 200 domains per genome. However, the WT resolvase 

used in the assay is a long-lived protein that persists in cells for the entire cell cycle, 

which led to an underestimation of domains lasting for shorter periods. Recently, Stein et 

al. (manuscript in preparation) modified the resolvase and generated a new resolvase with 

a half-life of 5 min. The short half-life resolvase suggests that a median domain size is 9 

kb and that there are =400 supercoil domains per chromosome. Chromosomes are more
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dynamic than previously thought. At the same time, members of Cozzarelli’s laboratory 

performed more systemic investigations of the organization of chromosome structure in E. 

coli, both in vivo and in vitro (43). They found that the whole chromosome in vivo is gen­

erally accessible to frequent restriction enzymes, which indicated that there are no exten­

sive stably bound structural components. They studied the sizes of supercoiled loops 

from isolated chromosomes by using EM. The range of loop sizes was 2-66 kb, and the 

average domain length was 10 kb. By using 300 supercoil-sensitive genes as a probe to 

sense how far the relaxation from double-strand breaks spreads in vivo, these authors 

demonstrated that domain barriers are randomly distributed and that the domain length is 

-10 kb (43). Thus, both in vivo and in vitro data are consistent with the idea that domain 

organization is more dynamic and domain sizes are smaller than previously estimated.

The domain model is depicted in Fig. 2.

Nature of domain boundaries

What defines domain boundaries has remained unclear. Initial experiments sug­

gested RNA as a stabilizing molecule: RNase treatment of nucleoids (39) or rifampicin 

treatment of cells before nucleoid isolation (47) causes unfolding of high-salt isolated nu­

cleoids. However, support for this model has diminished. An intensive study of RNA 

molecules attached to the isolated nucleoid revealed only nascent RNAs. Treating cells 

with rifampicin in vivo did not diminish domains (44); thus, nascent RNA does not stabi­

lize chromosome domains found in vivo. These results forced a rethinking of the older 

models of chromosome organization. Now, three models about domain boundaries are 

commonly accepted.
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Cell 1 Cell 2 Cell 3
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Fig. 2. Model of chromosome domains with variable length and variable placement. Do­
main barriers are indicated with yellow boxes. A red marker demonstrates the variability 
in barrier position. For simplicity, each chromosome is divided into only six domains. 
Three different chromosomes are shown and may depict chromosomes in different cells 
or in the same cell at different times.
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The first model involves DNA gyrase high-affinity binding sites. An early study 

(48) discovered that in cells treated with oxolinic acid, chromosomes were broken into 

-50 fragments, which is similar to the number observed in vitro by EM (39). Snyder and 

Drlica (48) concluded that gyrase bound to the high-affinity sites on the chromosome and 

divided it into 50 domains. Yang and Ames (49) demonstrated specific gyrase binding to 

a single repetitive extragenic palindromic (REP) sequence in vitro. The REP sequence is 

repeated hundreds of times on the E. coli chromosome (50). So it has been suggested that 

REP sequences and their associated proteins could bind DNA gyrase and serve to define 

the domain boundaries. However, PFGE demonstrated that DNA gyrase cleavage of the 

chromosome occurs at specific but infrequent sites, which are called toposites (51). REP 

sequences occur much more frequently than toposites. Moreover, REP cloned onto 

PBR322 could not produce cleavage. So the interaction between the REP sequence and 

gyrase has yet to be demonstrated. Recently, topoisomerase IV was found to have high 

affinity for the dif site and to induce DNA cleavage at this site (34). So topoisomerase 

high-affinity binding sites could serve as domain boundaries in DNA organization.

Second, constraints of chromosomal domains could be caused by anchoring of 

DNA to the membrane through cotranscriptional membrane association. As transcription 

proceeds along the helical template, RNA polymerase and its nascent RNA might need to 

turn around the DNA (52, 53). Recently, relative rotation between E. coli RNA poly­

merase and DNA during transcription was directly visualized by real-time optical mi­

croscopy (54). Lynch and Wang (55) showed that membrane-associated nascent proteins 

with their attached cotranscribed mRNA could act to anchor the associated active RNA 

polymerase and therefore restrain the rotation of the RNA polymerase around the DNA
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template; instead, the DNA might turn around its axis as the transcription complex tracks 

along. The consequence of DNA rotation is that positive supercoil would be generated in 

the template ahead of the transcribing polymerase and negative supercoil would be gen­

erated behind it. In cells deficient for topoisomerase I, the rotation of the DNA double he­

lix forces plasmids to become hypernegatively supercoiled only when genes coding for 

the anchoring proteins are actively transcribed. This topology change has been repeatedly 

observed in plasmids carrying genes specifying membrane proteins (55, 56). Because an 

anchored RNA polymerase cannot rotate around its DNA template during transcription, 

the energetics of transcription drives the axial rotation of DNA. This anchored site of 

transcription therefore has the potential of defining the boundary of a chromosomal do­

main.

The third hypothetical type of boundaries involves DNA-binding proteins that at­

tach the chromosome to intracellular partitioning machinery. In Bacillus subtilis, SpoOJ 

protein was discovered to bind six to eight specific chromosomal sites in vivo. SpOJ is 

aggregated in living cells and, through its DNA attachments, this complex causes the ori­

gin-proximal one-fourth of the chromosome to move to a specific cellular location during 

cell division (57). In E. coli, the SeqA protein binds to nascent hemimethylated DNA and 

occupies a unique position near the cell’s midpoint throughout the cell cycle (57). F 

plasmid encodes the partition protein SopB. Visualization of SopB fused to the GFP in E. 

coli indicated that SopB is localized to the “quarter-cell” position near the cell poles (58). 

F plasmid has a centromere-like partitioning site called sopC. SopB specifically binds to 

sopC and ensures efficient partitioning of the plasmids during cell division (59). PI plas­

mid has a similar mechanism. In the case of PI, ParB binds to the specific site parS (60)
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and promotes plasmid segregation into daughter cells. DNA-binding proteins anchor the 

chromosome to intracellular partitioning machinery, and the DNA-binding site has the 

potential to be a domain boundary

Effect of supercoil and supercoil domains in vivo

Supercoil affects the structure of DNA and hence the interaction between DNA 

and other molecules. Processes that involve denaturation of the complementary strands 

are favored with supercoiled DNA. Supercoiled DNA, being under torsional strain, is in a 

higher energy form; thus, any reaction on the strained DNA substrate that reduces AG 

will be thermodynamically favored. Interactions occurring on DNA that require an input 

of energy, such as the initiation of DNA replication or transcription, will be favored on 

supercoiled DNA. Supercoil of DNA influences almost all of the processes involving 

DNA-DNA and DNA-protein interactions, such as transcription, replication, recombina­

tion, and repressor-operator interactions.

Among these influences, the effects of DNA supercoil on transcription is best 

characterized. The effect of DNA supercoil on gene expression in E. coli has been the 

subject of many studies (8, 61). DNA supercoil affects transcription at several steps: (i) 

RNA polymerase and regulatory proteins may prefer binding to supercoiled DNA (62-64). 

(ii) DNA is underwound in open and elongating complexes (65-69), and underwinding is 

favored by negative supercoil (70, 71). (iii) The step of promoter clearance may also be 

subject to the influence of DNA supercoil (72, 73). (iv) A pause in transcription elonga­

tion was shown to be enhanced by DNA supercoil (74). (v) Supercoil affects transcription
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termination (75). So DNA supercoil plays an active rather than a passive role in gene 

transcription.

The expression of numerous prokaryotic operons is sensitive to DNA supercoil. 

Negative-supercoil-dependent transcriptional initiation is believed to be at least part of 

the explanation for altered expression of many genes in mutants defective in DNA topoi- 

somerase I or in cells treated with specific inhibitors of DNA gyrase (73, 76-79). Tran­

scription of the gyr and topA gene appears to be regulated specifically by the level of 

DNA supercoils (80, 81). Additionally, DNA supercoil is influenced in vivo directly and 

indirectly by environmental signals such as growth-medium osmolarity (82), oxygen 

availability (83), pH (84), and nutrient status (85). These environmentally induced 

changes in DNA supercoil also appear to play a role in regulating gene expression (82, 

83).

The leu-500 mutation in S. typhimurium is a good example of negative-supercoil- 

dependent transcriptional regulation. The leu-500 mutation is a single-base-pair (AT to 

GC) transition in the -10 region of the leucine promoter; this transition results in leucine 

auxotrophy (86). This phenotype can be suppressed by a mutation in the topA gene (76, 

78, 79, 87). The GC base pair in the leu-500 is thought to increase the energy barrier to 

the open complex formation at the mutant promoter. The topA mutant causes more nega­

tive supercoil on the DNA template, which is important for overcoming the higher energy 

barrier. Thus, the topA mutation restores the ability to synthesize leucine (78).

The existence of separate chromosome domains potentially allows the superheli­

cal density to vary on different parts of same chromosome. When DNA undergoes repair, 

replication, and recombination in one domain, the topology is changed in that domain.
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Because of domain boundaries, the topology of the other domains of the same chromo­

some may not be affected by this topological change. Thus, gene expression in the 

neighboring domains could remain unchanged (2 ).

Effect of transcription on supercoil

Transcription is influenced by supercoil but also affects the supercoil. Inhibition 

of DNA gyrase in E. coli leads to the formation of highly positively supercoiled pBR322 

(88). Vector pBR322 isolated from topA null mutants exhibits more negative supercoil 

than the same plasmid isolated from topA+ strains shows(89); this increase of negative 

supercoil is called hypemegative supercoil. Hypemegatively supercoiled plasmid DNA 

could not be resolved by electrophoresis in agarose gels containing chloroquine (89-91). 

This topA-dependent hypemegative supercoil is plasmid specific because a derivative of 

pBR322, pUC19, did not show supercoil differences when isolated from topA mutant and 

topA WT strains. Further analysis of the pair of plasmids pBR322 and pUC19 led to the 

conclusion that transcription of tet, the gene encoding the tetracycline resistance marker 

in pBR322, is necessary for the hypernegative supercoil of the plasmid in the absence of 

DNA topoisomerase I (91). The major mechanism for this hypernegative supercoil is 

thought to be the consequence of the twin-supercoiled domains described by Liu and 

Wang (53). According to this model, hindered rotation of an elongating transcription 

complex leads to the formation of positive supercoil ahead of a translocating RNA poly­

merase and the formation of negative supercoils behind it (Fig. 3). The anticipated DNA 

helix rotation during the tracking progress of RNA polymerase has recently been visual­

ized by using real-time optical microscopy (54). DNA topoisomerase I removes the nega-
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Fig. 3. A model of formation of twin-supercoiling domain in pBR322. Shown is a single 
RNA polymerase (RNAP) transcribing the tetA gene from the plasmid pBR322. Transla­
tional insertion of the nascent TetA protein into the membrane anchors the transcription 
complex and prevents RNAP from rotating around the DNA template. Instead, DNA is 
rotated around its helical axis, which leads to the positive supercoiling of DNA ahead of 
RNAP and the negative supercoiling of DNA behind it. For persistent domains to arise, a 
constraint to the diffusion of supercoiling must exist elsewhere on the plasmid; and this 
constraint might be another oppositely oriented transcription unit or DNA-binding pro­
teins, which may anchor DNA to some subcellular structure (shown as yellow circle).
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tive supercoils behind the RNA polymerase so that, in the absence of DNA topoisom­

erase I, plasmids showed hypernegative supercoil. DNA gyrase specifically removes the 

positive supercoils ahead of the polymerase; therefore in the absence of DNA gyrase, 

plasmids exhibit highly positive supercoil. Two mechanisms could hinder the rotation of 

a transcription complex around its DNA template. One mechanism involves cotran­

scribed translated integral membrane proteins that restrict DNA rotation by tethering the 

transcription machinery to the membrane, such as transcription of the pBR322 tetA gene 

(55). The other mechanism could be DNA-binding proteins like bacteriophage A, O repli­

cation initiator or the E. coli lactose or galactose repressors (92). DNA-binding proteins 

could function as a barrier to the rotational diffusion of nascent supercoils that arise dur­

ing transcription and stimulate transcription-coupled DNA supercoil.

Inducing transcription from a strong promoter increases negative supercoil in de­

rivatives of pBR322, even when DNA topoisomerase I activities are present (93). Tran­

scription from a strong promoter leads to greater negative supercoil than transcription 

from a weak one. For a strong promoter, translation is not necessary for generating hy­

persupercoil of plasmid DNA (93, 94).

The notion that transcription can generate supercoil changes in the DNA template 

largely stems from work with small circular plasmids. Little is known about the impact of 

transcription on the topology of the large bacterial chromosome because of the lack of 

tools to investigate long-range chromosome behavior in vivo. Assays used to detect plas­

mid topology changes are hard to conduct on the bacterial chromosome due to its large 

size. However, indirect evidence indicates that transcription affects chromosome super­

coil. As discussed earlier, the inactive leu-500 promoter of S. typhimurium regains activ­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

ity if negative supercoil rises, as is the case in a topA mutant (78, 87). Because the activ­

ity of the leu-500 promoter is DNA supercoil-sensitive, whatever factor is responsible for 

the leu-500 activation is most likely to generate negative supercol. In a review paper (95), 

Lilley and Higgins suggested the possible involvement of an adjacent transcription activ­

ity in the activation of the DNA supercoil-sensitive leu-500 promoter, leu-500 has been 

used as a supercoil-sensitive promoter to sense superhelicity changes (96). Results 

showed that induced transcription in the region upstream of the leu-500 promoter acti­

vated the promoter. This finding suggested that transcription could cause local supercoil 

changes in chromosomal DNA. So far, the evidence for transcription-driven DNA super­

coil has been based on the presence of an active promoter. Because of the transient nature 

of transcription-driven DNA supercoil, a better methodology is needed to directly moni­

tor its presence.

Barriers to supercoil diffusion

DNA is dynamic, and distant sites on the chromosome are able to communicate 

with each other. Many genetic events require communication between proteins bound to 

distant sites on DNA. Examples include DNA replication, gene expression and its control, 

site-specific recombination, and genome rearrangements (97-99). The communication re­

quires a negatively supercoiled substrate. Of these many genetic processes, one of the 

best characterized is the site-specific recombination system carried out by the yS transpo- 

son (100). Transposition of the y8  transposon involves two sequential steps. The first step 

is a replicative transposition reaction that creates a cointegrate intermediate of the donor 

and target sequences, which are joined by two copies of the y8 element ordered as direct
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repeats. The second step is a site-specific recombination at the res sites of the directly re­

peated transposons. This second reaction is carried out by y8  resolvase (Res), the product 

of the transposon tnpR gene. Res separates the cointegrate at sites designated res', as a re­

sult, the original arrangement of donor and recipient is restored, except that the recipient 

now carries a y8  element, as well (101, 102). The second step, y8  site-specific recombina­

tion, has been characterized extensively on plasmids in vitro and in vivo. Two res sites 

with a direct repeat order were engineered into one plasmid, just like they are positioned 

in a natural cointegrate. In the presence of resolvase, the plasmid was resolved into two 

circles interlinked once to form a catenane (103,104). The reaction process can be di­

vided into three sequential steps (105). The first step is binding of Res dimers to each of 

the res sites (106-108). A res site consists of three resolvase-binding sites, called I, II, III, 

each of which, in turn, is made of an inverted repeat of a 12-bp “half-sites.” Although all 

three sites are required, exchange occurs only between the halves of site I (109). This step 

only takes about a millisecond in vitro. The second step is formation of a specific synapse 

complex in which the DNA-protein complexes at the two sites interact with each other. 

The synapse structure captures precisely three supercoil nodes between the two res sites. 

This step also occurs relatively quickly. More than 60% of plasmids form a synapse 

within 1 sec. The third step involves DNA breakage, strand exchange, and DNA ligation. 

This step is slow and takes about a min. to complete.

The simplest way of forming a synapse between two sites on a DNA chain is for 

the sites to meet each other by unconstrained random collisions stemming from the dy­

namic flexibility of the DNA chain (110). However, Res produces only singly interlinked 

catenanes, and this particular topology demands that just three negative supercoils be lo-
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cated between the synapse res sites (104,111). Rapid formation of a specific topological 

structure requires that DNA molecules proceed directly to the requisite complex by an 

ordered motion of the DNA rather than by random collisions. Two ordered motions of the 

DNA molecule bring distant sites on a single molecule close together and facilitate syn­

apses of directly repeated res sites. These motions are called slithering (105, 112) and 

branch migration (Fig. 4) (113, 114). Slithering is a DNA movement similar to the 

movement of a conveyor belt, in which all points along the chain move relative to all 

other points. Branch migration involves axial rotation of supercoil branches and extrusion 

of a new branch coupled with absorption of old branches. These two motions are able to 

bring about supercoil diffusion. Supercoil diffusion may cause two distant res sites to be­

come juxtaposed in an interwound synapse. Both in vitro and in vivo experiments demon­

strated that y8 recombination requires only supercoiled DNA and that its substrate is a 

plectonemically tangled pair of res sites with three superhelical nodes (115-117). These 

rigorous topological requirements for site-specific recombination provide a way to study 

chromosome behavior in vivo. Experiments on plasmids implied that y8  recombination 

could be used as a reporter system to sense long-range interactions between distant sites 

on DNA (118, 119).

On the basis of y5 recombination, our laboratory constructed a y8  resolution assay 

to investigate the dynamic chromosomal structure in vivo (46). In this system, a pulse of 

resolvase (Res protein) is given to bacterial cultures by the plasmid pJBREScI. The p- 

JBREScI is a pACYC184-derived vector carrying the tnpR (Res protein) gene of trans- 

ponson y8 , which is cloned under control of the pL promoter of phage lambda with a 

nearby copy of X cits repressor gene (119). Two res site-containing genetic elements,
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Fig. 4. Two kinds of ordered motions of DNA molecules. (A) Slithering movement. Dur­
ing slithering, DNA moves like a conveyor belt, in which all points along the chain move 
relative to all other points. (B) Supercoil branch migration. Branch migration involves ax­
ial rotation of supercoil branches and extrusion of a new branch coupled with absorption 
of old branches, which causes sites to become plectonemically interwound. The recombi­
nation products included a deleted interval (shown as the pink circle), which is initially 
catenated with the recombinant chromosome (shown as the black circle). Decatenation of 
the two circles is achieved by the activity of topoisomerase IV.
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Mu<iJr2 and TnlOdGn, were created specifically for use in the 78 resolution assay (46). 

M ndhl is a Mini-Mu defective for transposition and is based on MudI (120). Structurally, 

it is composed of the left and right ends of phage Mu, the promoterless lacZYA genes, the 

kanamycin genes from Tn903, and the Mu c repressor. The Mud has been engineered 

such that the 78  res site is positioned between the Mu left end and the promoterless Mu 

repressor gene and points toward the Mu left end. TnlOdGn is a transposition-defective 

element based on TniO (121). The 78 res site in the TnlOdGn element is positioned 

downstream of and in the same transcriptional orientation as the gentamicin resistance 

gene. A pair of res-containing elements such as MudJr2 and a TnlOdGn were positioned 

in the bacterial chromosome to provide directly repeated res sites (Fig. 5). Inducing a 

pulse of resolvase synthesis by heat shock resulted in 78 site-specific recombination, 

which was assayed by deletion frequency of the interval between the pair of res sites. De­

letion frequency was scored by one of two methods: loss of blue color on 5-bromo-4- 

chloro-3-indolyl p-D-galactosidase (X-gal) plates or loss of drug resistance. For example, 

when a TnlOdGn insertion is upstream of a MudJr2 insertion and orientation of both res 

sites is clockwise, the deletion product retains gen but loses lacZYA and kan. Cells carry­

ing the deletions form white colonies on plates containing X-gal, whereas cells without 

the deletions form blue colonies. The deletion frequency was calculated as the percentage 

of white colonies among white and blue colonies. When a TnlOdGn insertion is down­

stream of a Mur£Tr2 insertion and the orientation of both res sites is clockwise, the dele­

tion product retains lacZYA and kan but loses gen. The deletion frequency was calculated 

as the percentage of gentamicin sensitive colonies among all colonies, and the rate of de­

letion was plotted as a function of distance.
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Fig. 5. Schematic representation of the y8  resolution assay. (A) Two directly repeated res 
elements, MudJr2 and TnfOdGn, are constructed in the same chromosome. This strain is 
gentamicin resistant, kanamycin resistant and shows blue color on the X-gal plate. (B) In 
the presence of y8 resolvase, y8  resolution leads to deletion of the DNA sequence be­
tween the two res sites. The deleted sequence is lost during growth because of the lack of 
replication origin. Only gentamicin-resistant gene and one res site retain in the chromo­
some. (C) Recombinant colonies appear as white, whereas nonrecombinants appear as 
blue on X-gal-containing indicator plate. The deletion frequency is calculated as the per­
centage of white colonies among white and blue colonies.
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In the y8  resolution assay, recombination and deletion formation in the presence 

of resolvase are determined by the feasibility and rate of synapse formation between the 

two res sites. Domain boundaries that deter supercoil diffusion will presumably inhibit 

resolution by blocking synapse formation. Therefore, the y8  resolution assay can be used 

to measure the rate of supercoil diffusion and to detect constraints on DNA structures 

(Fig. 6).

Studies using this assay in the 43- to 45-centisome (cs) region of the S. typhi- 

murium chromosome showed that supercoil diffusion could spread over distances as large 

as 100 kb. Resolution efficiency decreased as the res-res distance increased, indicating 

the presence of random barriers to supercoil diffusion (46). The nature of these barriers is 

not clear. The efficiency of y8 recombination was decreased by mutations in type II to­

poisomerase, gyrase, and topoisomerase IV, suggesting that knots (intramolecular nodes) 

and catenanes (intermolecular links) were candidates for these barriers (113). In this re­

gion, no evidence of fixed barriers has been found.

Supercoil diffusion may also play an important role in Mu transposition. During 

Mu transposition, two proteins are required: MuA and MuB (122). Mu A binds specifi­

cally to the Mu ends (123). Mu B binds to DNA without sequence specificity (124). Mu 

A bound to Mu ends preferentially captures target DNA molecules that are associated 

with Mu B protein and transfers Mu strands into the target DNA. However, in the pres­

ence of Mu A protein and ATP, Mu B protein preferentially dissociates from DNA mole­

cules that carry Mu A proteins bound to Mu ends. So one Mu sequence insertion can in­

hibit a second Mu from inserting into neighboring DNA sequences. This phenomenon is 

called transposition immunity (125). Interaction of Mu A and Mu B proteins bound at a
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Fig. 6. Effect of domain structure on resolution frequency. In the model of the super­
coiled bacterial chromosome, yellow squares represent barriers that divide the chromo­
some into different domains. Numbered circles represent res sites. The sites that are in 
the same supercoil domain, such as sites 1 and 2 (or sites 3 and 4), are yielding a high- 
resolution frequency. The sites residing in two different supercoil domains, such as sites 
1 and 3, are not expected to interact. The resolution efficiency for such a pair is expected 
to decrease dramatically.
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distance along the same immune DNA underlies transposition immunity in the Mu DNA 

strand-transfer reaction. How does the Mu A protein interact with the Mu B protein, 

bound some distance along the DNA to facilitate Mu B dissociation? Adzuma and Mi- 

zuuchi (126) proposed a DNA-looping model in which two proteins simply collide with 

each other by looping out of the DNA segment between them. By using a PCR-based 

technique called Muprinting, Manna and Higgins (127) measured the Mu transposition 

pattern over a 35-kb segment of the S. typhimurium chromosome around the cob region. 

They found that a Mini-Mu element in the cobT gene conferred transposition immunity in 

both directions in the range of 20 kb from its insertion point. Immunity strength de­

creased with increasing distance between the transposition target and Mu sequence. gyrB 

mutants produced a smaller transposition immunity zone. These results are very similar 

to the findings obtained from the y8 resolution assay; resolution efficiency decreased as 

res-res distance increased. Also, type II topoisomerase mutants had a decreased effi­

ciency of y8  recombination. So these similarities suggested that both systems use the 

same mechanism of supercoil diffusion to juxtapose protein-bound sites along DNA.

Observations from y8  recombination and Mu transposition immunity are indica­

tive of the presence of stochastic barriers to supercoil diffusion. These barriers might be 

knots and catenanes. The yS resolution assay is best suited to in vivo studies of such bar­

riers to supercoil diffusio.

Construction o f res-res interval by using a novel recombination method

The key step in constructing the y8  resolution assay system is to engineer y8  res 

element pairs so that each carries a res site such as MudJr2 and TniCWGn into various lo­
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cations of the bacterial chromosome. Previously, res elements were inserted into the 

chromosome by random insertional mutagenesis (46). The insertion locus was estimated 

by genetic linkage analysis and PCR assays. This process is time consuming and limited 

by the target preference of transposons used.

A recently developed technology called Red recombineering (128) significantly 

reduces the strain construction time. “Recombineering” is genetic engineering that is ho­

mology-dependent and recombination-mediated. (129,130). Red recombineering is a 

phage ^-based recombination system. The phage system has a unique advantage in that it 

can catalyze efficient recombination with very short regions of sequence homology (<50 

bp) (131-135). The X  Red-mediated recombination requires the phage Gam, Exo, and 

Beta proteins but does not need E. coli RecA function. The three proteins provide ho­

mologous recombination activity with linear dsDNA or ssDNA. X  Gam inhibits the host 

RecBCD activity, thereby protecting the electroporated linear dsDNA from degradation 

(136, 137); X  Exo is a dsDNA-dependent exonuclease that digests in the 5’ to 3’ direction, 

leaving 3’ overhangs intact that act as substrates for recombination (32). X  Beta is a 

ssDNA-binding protein. Beta binds 3’ overhangs to protect the DNA from ssDNA nucle­

ase attack and anneal these overhangs to complementary sequences (138-140). A model 

for Red-mediated recombination is shown in Fig. 7.

With Red recombineering, antibiotic cassettes with appropriate flanking homol­

ogy can be conveniently used to target specific genes or regions of the chromosome for 

replacement if the sequence of the target DNA is known. Such replacements are directly 

selected as drug resistant. Drug-resistant recombinants were confirmed by PCR to ascer­

tain that targeting took place at the site and not at an unintended site. This technology
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Fig. 7. Recombineering a liner PCR product. The PCR template is the cassette to be 
inserted into chromosome (shown as red). Primers contain two parts: (i) 5’ end of 
35-45 bp (black) that is homologous to flanks of the target DNA. (ii) 3’ end of 20 bp 
(red) that primes the cassette DNA for amplification. PCR reaction generates the PCR 
product with cassette flanked by homologous DNA. The PCR product is transformed 
into cells with Red recombination proteins. The lambda Gam product inhibits the nu­
clease activity of RecBCD. Exo, which is 5' to 3' exonuclease, degrades the 5’ end of 
the PCR product, leaving behind the intact 3' overhang. Beta binds to ssDNA and pro­
tects DNA from single-strand nuclease attack. Beta searches for homology and pro­
motes annealing between complementary ssDNAs. In the presence of the lambda Red 
recombination system, the linear DNA is integrated into the chromosome at the target 
sequence after recombination.
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was used to insert DNA cassettes between two adjacent base pairs without deleting any 

bases (130,132), as well as to replace as much as 70kb with the insertion cassette (141). 

Under optimal conditions, the efficiency of recombination can be as high as 1 in 1,000 

surviving cells from a standard electroporation. At this efficiency, even without a selec­

tion marker, recombinants could be screened with PCR. Thus, Red recombineering 

makes the bacterial chromosome amenable to almost any type of desired change. Re­

cently, genomic sequencing has provided the complete genome information for S. typhi- 

murium (142). Therefore, res elements carrying an antibiotic gene can now be inserted at 

nearly any site except in single copy essential genes in the S. typhimurium chromosome.

Two Red-recombineering systems are available. In the first system, the recombi­

nation genes are carried as a single copy on the bacterial genome and expressed from the 

powerful APl promoter. Expression from this promoter is tightly regulated by the tem­

perature-sensitive A CI857 repressor. At 30°C the repressor blocks the P\, promoter; inac­

tivating the repressor by a temperature shift to 42°C turns on the promoter, allowing co­

ordinated expression of the gam, bet, and exo genes (130,131,143). In the second re­

combineering system, recombination genes are expressed from an arabinose-controlled 

promoter, P araBAD■ The three recombination genes are constructed under the control of an 

arabinose-inducible promoter in the Red helper plasmid pKD20 (135). In the presence of 

arabinose, the araC activator, present on the vector, induces expression of Exo, Beta and 

Gam proteins. pKD20 can be simply cured by growth at 37°C because it is a temperature- 

sensitive replicon. Both systems were used in this study to engineer multiple insertions 

and deletions on the chromosome.
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ABSTRACT

Transcription and replication both influence and are influenced by superhelical 

changes in DNA. Explaining how supercoil movement is channeled in living chromo­

somes has been a major problem for 30 years. Transcription of membrane-associated pro­

teins leads to localized hypersupercoiling of plasmid DNA, and this behavior indicates 

the presence of aberrant supercoil diffusion. Using the lambda Red recombination sys­

tem, we constructed model domains in the Salmonella typhimurium chromosome to ana­

lyze supercoiling dynamics of regions encoding membrane proteins. Regulation of Tn/0- 

derived tetracycline resistance involves a repressor, TetR, and a membrane-bound export 

pump, TetA. Strains deficient in TetR repressor activity had 60-fold higher transcription 

levels (from Pa) than TetR-positive strains. High tetA transcription caused a 10- to 80- 

fold decrease in the y8  resolution efficiency for the domain that includes the Tet module. 

Replacing tetA with genes encoding cytosolic proteins LacZ and Kan also caused the ap­

pearance of supercoil diffusion barriers in a defined region of the chromosome. In strains 

containing a functional TetR repressor located next to a regulated lacZ reporter (PRtetR- 

PaIocZ), induction of transcription with chlortetracycline caused a 5-fold drop in resolu­

tion efficiency in the test domain interval. A short half-life resolvase showed that barriers 

appeared and disappeared over a 10- to 20 min span. These studies demonstrate the im­

portance of transcription in chromosome structure and the plasticity of supercoil domains 

in bacterial chromosomes.
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INTRODUCTION

Numerous studies demonstrate that bacterial chromosomes are partitioned into in­

dependent domains that limit supercoil diffusion (1, 2). Early analyses of bacterial chro­

mosomes liberated from cells by treatment with lysozyme and detergent showed that 

“nucleoids” were negatively supercoiled objects and that multiple single-strand breaks 

were needed to relax all supercoils (3,4). Sinden and Pettijohn subsequently confirmed 

that chromosomes were segregated into multiple independent domains in vivo by using 

tri-methylpsoralen crosslinking (5). In 1996, an assay was developed to measure super­

coil diffusion inside living cells using the site-specific recombination reaction of Tn3 or 

the closely related element y8  (6 ). In this assay, the ability to delete specific chromosome 

segments separated by two y8 res sites spaced along the chromosome measures supercoil 

diffusion (7, 8 ). What elements are responsible for domain structure is a long-standing 

question.

One advantage of the site-specific resolution assay is that it shows how supercoil 

structure at specified locations is modified when growth rate or biological activity 

changes. Most resolution barriers are random with respect to DNA sequence, but the ap­

pearance of a new barrier has been documented. For example, induction of the early 

promoter of the bacteriophage Mu caused a new barrier to supercoil diffusion that was re­

stricted to the region near the virus center (9).

The impact of transcription on DNA structure is well documented in plasmids 

(10). For example, transcription of the pBR322 tetA gene causes dramatic hyper- 

supercoiling when the cell also harbors a mutation in the topA gene, which encodes a type 

I topoisomerase (CO protein) (11-14). Studies by Lynch and Wang showed that hyper-
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supercoiling from a moderate-strength promoter required both the presence of a topA mu­

tation plus transcription of a protein that was cotranscriptionally inserted into the mem­

brane or exported to the periplasm or outer membrane (15). Similar studies have been 

difficult to conduct in the bacterial chromosome for two reasons. First, it has been diffi­

cult to construct test intervals in the 4-Mb bacterial genome. Second, bacterial chromo­

somes have supercoiling domains larger than most multicopy plasmids.

A new supercoil diffusion barrier appears after induction of tetA transcription. 

Moreover, transcription of two cytosolic proteins, LacZ and Kan, showed similar effects. 

A short half-life resolvase revealed that barriers appear and disappear over a 10- to 20- 

min span. These studies demonstrate an extremely dynamic domain structure for bacterial 

chromosomes.

MATERIALS AND METHODS

Media

LB media and minimal media were prepared as described (6 ). Antibiotics were 

added to medium at concentrations of 50 pg/ml for kanamycin and ampicillin, 20 pg/ml 

for chloramphenicol, 12 pg/ml for tetracycline, and 10 pg/ml for gentamicin. Bochner 

plates were made as described (16).

Plasmids

Plasmid pJBREScI is a pACYC184-derived vector carrying the tnpR (WT Res re­

solvase protein) gene of transposon y8  cloned under control of the XP\, promoter with a 

nearby copy of X cits repressor gene (17). Plasmid pJBREScI-SSRA carries a short half­
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life Res resolvase in which the sequence tag encoded by ssrA RNA was added to the car­

boxyl terminus of Res. A, Red helper plasmid pKD20 is a derivative of pint-ts that en­

codes Red recombinase under the control of the ParaB promoter (18).

Chromosomal modification with Red recombination

Insertion mutagenesis of the Salmonella typhimurium chromosome was done with 

the lambda Red recombination system of plasmid pKD20 (18). Synthetic oligos used for 

each construct is described in Table 2, which is published as supporting information on 

the PNAS web site. Oligonucleotides were purchased from EDT (Coralville, LA). Taq po­

lymerase (Sigma) and Taq extender (Stratagene) were mixed 1:1 to generate DNA for se­

quence analysis and to make gene replacement substrates. Recombinants with the correct 

insertions were selected for tetracycline resistance or kanamycin resistance or screened 

for blue-color phenotype and tested as described (6,19). Details of strain constructions 

are given in Supporting Text, which is published as supporting information on the PNAS 

web site.

Assays

To measure resolution, log phase cultures grown at 30°C to 50 Klett units (filter 

no. 54) were induced for Res expression by a 10-min incubation at 42°C followed by 10- 

fold dilution in LB containing chloramphenicol. Cells were incubated overnight at 30°C 

and then diluted 1:106 and plated on minimal medium with chloramphenicol and 5- 

bromo-4-chloro-3-indolyl (3-D-galactosidase (X-gal). Deletion frequencies were scored 

by loss of color or loss of antibiotic resistance (6 ). To measure lacZ expression, overnight
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bacterial cultures diluted 1:100 in 5 ml of LB were grown to 50 Klett units, (3- 

galactosidase ((3-gal) assays were done in triplicate as described (20).

RESULTS

Supercoil diffusion in the 17-min region of S. typhimurium

Transcription can lead to anomalous DNA structure and a hypemegative super- 

coiling phenotype in plasmid DNA (14,15, 21, 22). For efficient promoters like the hy­

brid tac promoter under control of the Lac repressor, transcriptional effects on plasmid 

DNA topology can be documented in WT cells (23). With weaker promoters like the one 

regulating the tetracycline resistance gene on pBR322, cotranscriptional translation of 

membrane proteins stimulate hypernegative supercoiling only in top A mutants (15, 24). 

Although several examples of translation-driven supercoiling are restricted to topA mu­

tants, the behavior has led to theories of cotranscription membrane association helping to 

organize chromosomal DNA after replication (25, 26). A serendipitous result suggested 

that the tetA gene of Tn 10 might also cause topological anomalies in the chromosome. A 

genetic interval in S. typhimurium was flanked with a pair of res sites by using two com­

binations of drug markers. Strain NH3470 had a Tn5 kanamycin resistance gene (kan) 

upstream and a Tn/0-derived tetR/tetA module downstream. Strain NH3471 had a 

Tn/696-derived gentamicin resistance gene upstream {gen) and the Tn5 kan gene down­

stream (Table 1 and Fig. 1A). Recombination between res sites in strain NH3470 (Fig. 1A 

Upper) results in sensitivity to tetracycline, and in NH3471 (Fig. 1A lower) resolution 

leads to kanamycin sensitivity.
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Table 1. Strains used

Strain Genotype Plasmid

NH3470 z.bj8904::Jnl0d(Gn)o(kan) (yliI)o{P RtetR435-PAtetA-res) pJBREScI

NH3471 zbj8904: :Tn 1 OdGn (yliI)o(kan-res) pJBREScI

NH3472 zbj8904:fTnl0d(Gn)o(kan) (yliI)o(P RtetR-PAtetA-res) pJBREScI

NH3475 zbj8904::Tnl0d(Gn)o(kan) (ylU )o(PAtetA-res) pJBREScI

NH3477 (ylH )o(P RtetR435-PAlacZ-res)

NH3478 (y lir)o (P RtetR-PAlacZ-res)

NH3479 iylH)<>(PAlacZ-res)

NH3480 zbj8904::Tn lOdkan (yliI)o(PAtetA-rrnB-res) pJBREScI

NH3481 cobP712::Jnl0dGn cobT714\M udm pJBREScI

NH3482 cob-708.\TnlOdGn cobT714::MudJr2 pJBREScI

NH3483 cobT712\:Tnl0dGn cobT714:MudJt2(kan)o(PAtetA) pJBREScI

NH3484 cobP712::TnlOdGn cobT714::Mudh2(kan)o(PAtetAim) pJBREScI

NH3485 cob-708:JTnlOdGn cobT714:-Mudh2(kan)o(PAtetA) pJBREScI

NH3486 cob-708::TnlOdGn cobT714vMudh2(kan)o(PAtetAinv) pJBREScI

NH3487 zbj8904::Tnl0d(Gn)o(kan) (yliI)<>(PRtetR-PAlacZ-rmB-res) pJBREScI

NH3488 zb)8904: :Tn7 0d(Gn)o(kan) (yliI)o(PAlacZ-rrnB-res) pJBREScI

NH3489 zbj8904::TnlOdGn (yliI)o(P RtetR-PAkan-rmB-res) pJBREScI

NH3490 zbj8904: :Tn7 OdGn (y lil)o (P Akan-rrnB-res) pJBREScI

NH3491 (recN )o(PRtetR-PAtetA) zbj8904::Tnl0d(Gn)o(kan) 

(y liI)o {P AlacZ-rrnB-res)

pJBREScI

NH3492 z.bj8904::TnlOd(Gn)o(kan) (ylir)o(P RtetR-PAlacZ-rrnB-res) pJBREScI-SSRA

All strains were derived from S. typhimurium LT2 and were constructed dur­
ing this work. The TnlOdGn  and MudJr2 elements were described in (6). <> indi­
cates a replacement generated by lambda Red recombineering (47).
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Fig. 1. Effect of WT tetR, a mutant tetR, and a tetR deletion on yd resolution efficiency. 
(A) Physical and genetic map of a 12-kb interval between zbj8904 and ylil in the 17- to 
20-min region of S. typhimurium includes ORFs flanked by drug markers and res sites. 
Two arrangements of selectable drug markers involve kanamycin and tetracycline resis­
tance (Upper) and gentamicin and kanamycin resistance (Lower). (B) Resolution effi­
ciency comparison among different module insertions in the gene ylil in the 12-kb inter­
val in the log phase. Resolution efficiency for a 12-kb interval in the 43- to 45-min region 
(6 ) is designated as the expected resolution efficiency.
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Based on studies of the genetic segment between the cob and his operons, we ex­

pected resolution efficiency for a 12-kb interval to be 80% (Fig. IB first column). How­

ever, NH3470 had a resolution efficiency of only 3%, which is 26-fold lower than ex­

pected (see Fig. IB second column). Strain NH3471, analyzed by using the same protocol 

except that kanamycin sensitivity was scored, had a resolution frequency of 57%, which 

is close to the expected level (Fig. IB third column). This unexpected low efficiency sug­

gested that the tet cassette in strain NH3470 caused a low-resolution phenotype.

We have used Tn/O-derived tet-res elements for resolution analyses in many dif­

ferent intervals where they did not show a low-resolution phenotype. One explanation is 

that a mutation (like an altered res site) generated during PCR amplification reduced 

resolution efficiency. To test this hypothesis, a new strain was made by using different 

PCR reactions to generate the tet-res module. A resulting strain (NH3472) had a resolu­

tion efficiency of 56%, which was similar to the efficiency of the strain NH3471 (57%). 

This experiment supports the notion that the tet module in strain NH3470 was unusual.

Sequence analysis of tet modules from NH3470 and NH3472 showed that 

NH3470 res site was unaltered, but it had a deletion of base pair 435 in the tetR gene 

(AA-435). Hereafter, we refer to this allele as tetR435. The deletion causes a frameshift 

and premature translation stop that eliminates 66 amino acids of the WT TetR protein 

(Fig. 6, which is published as supporting information on the PNAS web site). Although 

the DNA-binding domain of TetR435 repressor is unaltered (27), destabilization of the 

TetR dimer interface might lead to constitutive tetA gene expression (28).

Tet expression in strains with WT tetR and tetR435 alleles was measured in two 

ways. First, Bochner plates were used to test sensitivity to fusaric acid. These plates are
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commonly used to counterselect against strains carrying Tn/O-derived tetracycline resis­

tance (16). TetA expression is toxic at 42°C in the presence of fusaric acid. Standard 

Bochner plates contain chlortetracycline hydrochloride (CLT), which induces the Tet op- 

eron by binding the TetR, causing its dissociation from DNA and transcription of both 

tet A and tetR (28). Fusaric acid sensitivity was measured in normal Bochner plates and 

modified plates lacking CLT. Strain NH3472 with a WT tetR gene grew well on Bochner 

plates without CLT but was killed on a standard Bochner plate (Fig. 7, which is published 

as supporting information on the PNAS web site). Strain NH3470 died on Bochner 

plates with or without CLT, which indicates constitutive TetA expression.

Second, to quantify transcription from the tetA promoter, chromosomal lacZ was 

fused to a tetA promoter (Pa) using lambda Red substitution. NH3478 (WT tetR) made 

15 units of (3-Gal in the absence of CLT and 688 units of (3-gal after addition of 5 pg/ml 

CLT. NH3477 (tetR435) made 959 units of (3-gal with or without CLT addition (Table 3, 

which is published as supporting information on the PNAS web site). Thus, tetR435 had a 

higher level of tetA expression than a WT tetR construct induced with the optimal amount 

of CLT. The effect of tetA expression was local and not generally inhibitory to resolution 

because a Tet element, 1800 kb away from the test interval had no impact when the re­

gion had no tetA promoter (data not shown).

Transcription hinders supercoil diffusion

Although the expression data shown above reveal a correlation between tetA ex­

pression and reduced y8 resolution, transcription and translation levels of TetA are not 

the only differences between these strains. The TetR435 protein might cause DNA dam-
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age or alter DNA structure by unexpected mechanisms. To check this possibility, strains 

NH3475 and NH3479 were made, which lack TetR and constitutively express tetA or 

lacZ, respectively, from the P a promoter. NH3475 (PAtetA allele) was similar to NH3470, 

being inviable on Bochner plates with or without CLT (Fig. 7). Strain NH3479 was simi­

lar to NH3477 because it expressed 915 units of (3-gal (Table 3). The resolution effi­

ciency of a strain lacking TetR (NH3475) (ylir)o(PAtetA-res) was identical (3%) with 

the strain carrying the tetR435 allele (Fig. IB, fifth column). Thus, tetR435 and a tetR de­

letion have the same phenotype.

The hypothesis at this point was that TetA protein expression induces a position- 

specific barrier to chromosome supercoil diffusion, perhaps by handcuffing the DNA to 

the cell membrane during translation. However, a trivial explanation is that RNA poly­

merase transcribes through the res site, causing Res protein to dissociate. This mecha­

nism would block site-specific resolution by occluding Res binding to one res site. To 

address this possibility, a pair of efficient transcription terminators (rrnB T/T2) was 

placed at the 3'-end of tetA. After the TetA termination codon is a 105-bp sequence fol­

lowed by the rrnB T1/T2 terminators (158 bp in length), and the y§ res site is 129 bp be­

yond the terminators. In this configuration the res site is shielded from occlusion by effi­

cient (>95%) transcription terminators. Strain NH3480, which contains this construct 

iyliP}<>{PAtetA-rmB-res), retained a low-resolution phenotype (6% recombinants, see 

Fig. IB, sixth column). A 2-fold occlusion effect is possible, because the resolution effi­

ciency rose from 3% without the terminator to 6% when the terminator was present. 

Nonetheless, most of the inhibitory effect of tetA expression on resolution remained to be 

explained.
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tetA barriers are mobile

To see whether tetA expression alters supercoiling behavior in a different chromo­

somal setting, several tetA configurations were moved to the his-cob region. This genetic 

interval has been thoroughly characterized, and it has no sequence- or region-specific 

barriers (6, 19, 29). Two intervals that normally resolve at high frequency include a 14- 

kb segment defined by cobP712::Tnl0dGn and cobT714::M\idh2 (Fig. 2A, NH3481) and 

a 28-kb interval defined by cob-708:.TnlOdGn and cobT714::Mudh2 (Fig. 24, NH3482). 

In these experiments, a A tetR PAtetA module was substituted for the kan gene in 

cobT714:M\xdh2 (Fig. 2B). Replacements were made in two orientations to control for 

transcription occlusion. In NH3483 and NH3485, tetA transcription points toward the 

nearby res site (Fig. 2B, MuJJr2 (kan)o(PAtetA)). In NH3484 and NH3486 tetA tran­

scription is directed away from the res site [Fig. 2B, MudJr2 (kan)o(PAtetA-inv)]. In 

this orientation RNA polymerase cannot occlude a res site.

Resolution efficiency over the 14-kb interval between cobP712::Tnl0dGn and 

cobT714::Mudir2 (NH3481) was 98% (Fig. 2Ca, Mu<iJr2). When the kan gene in 

MudJr2 was replaced by PAtetA (NH3483), resolution efficiency dropped to 2% (Fig.

2Ca, PAtetA). When the kan gene was replaced by inverted PAtetA (NH3484), resolution 

efficiency was 5% (Fig. 2Ca, PatetA-inv). Thus, constitutive tetA expression caused a 

20- to 50-fold decrease in resolution efficiency for this 14-kb interval. Resolution effi­

ciency for the 28-kb interval between cob-708..TnlOdGn and cobT714::Mudh2 

(NH3482) was 78%. (Fig. 2Cb, MudJr2). Replacement of the kan gene in MudJr2 with 

P\tetA (NH3485) caused resolution efficiency to decrease to 1% (Fig. 2Cb, PAtetA). 

When kan gene was replaced by an inverted Pa tetA (NH3486), resolution efficiency was
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Fig. 2. y8 resolution in the 43- to 45-min. of S. typhimurium chromosome. (A) Physical 
map of two intervals. The 14-kb interval from cobP712 to cobT714 is labeled a, and the 
28-kb interval from cob-708 and cobT714 is labeled interval b. (B) Genetic map of res 
elements placed at the cobT714 location: MudJr2, Madfr2(kan)o(PAtetA), and 
MudSr2(kan)o(PAtetA-inv). (C) Resolution efficiencies for different 14-kb (a) and 28-kb 
(b) intervals.
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2% (Fig. 2Cb, PatetA-inv). Constitutive tetA expression reduced resolution efficiency in 

the 28-kb interval by 40- to 80-fold. These results prove that the tetA gene is a mobile 

element that can disrupt supercoil diffusion. Occlusion here is unlikely in either case, so 

the major impact is due to transcription and/or translation of tetA.

Genes encoding cytoplasmic proteins also create supercoil barriers

Is membrane association necessary to disrupt supercoil diffusion? To address this 

question, we measured y8 resolution in intervals with lacZ and kan genes fused to the 

tetA promoter. When lacZ expression was repressed by TetR (NH3487), y8 resolution 

was efficient (65% in Fig. 3 A and B column 2), but when lacZ expression was unregu­

lated (NH3488), y8 resolution was very inefficient (4% in Fig. 3 A and B column 3). The 

magnitude of disruption to supercoil diffusion in NH3488 was similar to a strain constitu­

tive for TetA expression (6% in Fig. 3 A and B column 1). Similarly, when kan was 

placed at Pa under the control of TetR (NH3489), y8 resolution was efficient (70% in Fig. 

3 A and B column 5). But unregulated kan expression (NH3490) caused y8 resolution to 

fall to the level of cells expressing TetA (7% in Fig. 3 A and B column 6). Clearly, a 

membrane anchor is not prerequisite for generating barriers to supercoil diffusion; tran­

scription of two genes encoding cytoplasmic proteins reduced yS resolution as much as 

transcription of tetA.

To see whether resolution could be modulated by using a distant source of tetR 

repressor, tetR was cloned into recN (NH3491), which is 1,800 kb away from gene ylil. 

With no source of TetR, strain NH3488 made dark-blue colonies, and resolution was in
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Fig. 3. Effect of genes encoding cytoplasmic proteins on the y8 resolution efficiency in 
the 12-kb interval between zbj8904 and ylil. (A) Genetic map of different protein coding 
sequences (tetA, lacZ, and kan) fused to tetA promoter PA (B) Resolution efficiency 
comparison among different insertions in the gene ylil in the 12-kb interval in the log 
phase.
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Pĵ  lacZ-rrnB

PgtetR- PjJcan-rmB

I lnr.7

<  R  I A  >FrnB ces
man

< V  V  R^  *TmB resUcanMM-̂ -

B

8 0 1

a 20-

/ y y
nj/

w

- £7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

efficient 4% (Fig. 3 A and B column 3). When TetR protein was provided in trans, 

NH3491 made light-blue colonies and y8 resolution was efficient (67%, Fig. 3 A and B 

column 4). Thus, TetR regulation of the tetA promoter clearly determines the efficiency 

of resolution reactions.

Barrier Kinetics

Supercoil barriers in two regions of the genome appear when genes encoding tetA, 

lacZ, or kan are expressed from a tetA promoter Pa (Figs, 1-3). To explore the correla­

tion between transcription level and yd resolution efficiency, a dose-response experiment 

was carried out in strain NH3492, which has the lacZ fused to the tetA promoter next to a 

WT tetR repressor. Cultures grown overnight in LB were diluted 100- fold in medium 

containing 0, 0.1, 0.5, 1, 5, 10, or 20 (lg/ml CLT. Cell growth at 30°C was monitored in 

Nephlo flasks by using a Klett meter, and when cultures reached the value of 50 Klett 

units, half of the cells were harvested by centrifugation and assayed for (5-gal activity.

The remaining half of each culture was incubated at 42°C for 10 min to induce expres­

sion of a tagged form of yd Res protein (see below). Cells were put back in culture at 

30°C to allow chromosome segregation and then diluted and spread on plates containing 

the chromogenic indicator X-gal. Resolution efficiency was calculated as the percentage 

of white colonies among all colonies. WT Res protein is stable, and once induced, it can 

catalyze recombination for a time lasting longer than two cell divisions, which obscures 

the kinetic analysis of barrier disappearance. The Res-SsrA protein has a C-terminal ex­

tension of 11 amino acid residues that are identical with the Clp-XP proteolysis tag of the 

SsrA system (30). Work to be reported elsewhere (Stein, R., unpublished work) shows
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that this protein has a half-life of 5 min in exponential cultures of S. typhimurium. The 

Res-SsrA protein is fully functional and has the same in vivo resolution efficiency as WT 

Res if either the expressing cells lack functional ClpXP protease or the 11-aa tag is modi­

fied so that it is no longer recognized as a ClpXP/P substrate (data not shown). For a 10- 

min induction followed by outgrowth at 30°C, 90% of all resolution in strains with the 

Res-SsrA protein occurs in a 5- to 12-min window after the shift to 42°C.

A reciprocal relationship between (3-gal activity and y5 resolution efficiency was ob­

served (Fig. 4). At 0.1 pg/ml CLT, a small induction of (3-Gal expression produced a 

small inhibitory effect on resolution (Fig. 4 Inset). With the increase of CLT concentra­

tion, (3-gal expression increased and resolution decreased. At 5 |ig/ml of CLT, (3-gal ac­

tivity peaked and y8 resolution efficiency approached a minimum. At very high concen­

trations of CLT, cells grow poorly, which complicates both resolution and (3-gal assays.

To study the kinetics of barrier appearance, fresh overnight cultures of NH3492 

were diluted 100-fold into LB at 30°C and cell growth was followed in a Klett meter. At 

a density of 50 Klett units, 5 pg/ml of CLT was added. One aliquot was immediately in­

duced for the resolution assay, then at various later time points aliquots were removed 

and shifted to 42°C for resolution assays (Fig. 5). Each time point in Fig. 5 marks the 

elapsed time from addition of CLT to the end of the 42°C induction period. Resolution 

frequencies changed 5-fold from 50% to 10% over a 20-min window of growth and in­

duction with CLT.

The kinetics of barrier disappearance was also examined. An overnight culture of 

NH3492 was diluted 100-fold into LB plus 5 pg/ml CLT. At a density of 50 Klett units, 

cells were harvested and resuspended in CLT-free medium, and 10-min shifts to 42°C
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Chlorotetracycline (pg/ml)

Fig. 4. Effect of chlortetracycline concentration on (3-gal activity and y8 resolution effi­
ciency. NH3492 was subcultured in 0,0.1, 0.5, 1, 5,10, 20 pg/ml chlortetracycline and 
was grown to a cell density of 50 Klett units. Both (3-gal assays(# )and y8 assays (0 )were 
done on each sample.
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Fig. 5. Barrier appearance and disappearance in response to chlortetracycline. □, over­
night cultures of NH3492 subcultured in LB without chlortetracycline. y8 resolution as­
says were done when cell density reached 50 Klett units. 1 , 5 pg/ml chlortetracycline 
added at a cell density of 50 Klett units. Samples were taken at various points after addi­
tion of chlortetracycline and subjected to y8 resolution assays. 0 , NH3492 grown in LB 
with 5 fig/ml chlortetracycline. y8 resolution were initiated when cell density reached 50 
Klett units, t , chlortetracycline removed by quickly washing and then resuspending cells 
in LB. Samples taken at various times were tested for y5 resolution.
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were done in the same manner described above. Resolution efficiency increased from 

10% to 50% after CLT removal. Barriers appeared and disappeared with similar kinetics 

(Fig. 5).

DISCUSSION

Transcription changes the dynamic behavior of plasmid DNA in several ways. 

First, RNA polymerase unwinds the double helix as it transcribes RNA. Induction of a 

moderate-strength promoter can add six new RNA polymerase molecules to a small 

plasmid, which changes the average linking number by 10 negative supercoils (31). Sec­

ond, transcription causes a temporary segregation of positive supercoils in front of a tran­

scribed gene and negative supercoils in the transcription wake (32-34). In strains carry­

ing a topA mutation, expression of a membrane-inserted protein can result in a dramatic 

increase in negative supercoil of plasmids (14, 15, 21). Both of these effects are visible 

because rapid plasmid extraction freezes the population in its current topological state, 

and agarose gel electrophoresis can detect subtle changes in plasmid topology (35). Two 

effects of transcription have been noted in the large bacterial chromosome. First, if a 

highly transcribed operon like rrnB, which encodes ribosomal RNAs, is positioned head 

to head with a replication fork, transcription markedly delays the time required for forks 

to cross the transcription unit (36). Second, induction of the strong phage Mu early pro­

moter causes a new supercoil barrier to appear in the vicinity of the transcription unit (9).

In this work we found three effects of transcription on supercoil dynamics in the

S. typhimurium genome. First, constitutive tetA transcription caused a persistent 20-fold 

reduction in yb site-specific recombination over a 14-kb interval by (Fig. 2). The effect
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was larger for longer intervals, with an impact of a 40-fold reduction for a 28-kb domain. 

Second, transcription effects were not restricted membrane proteins. Similar effects on 

y8 resolution efficiency were found with aminoglycoside-3'-O-phosphotransferase, which 

is the product of the Tn5 kan gene and (3-gal, the product of Escherichia coli lacZ. Barri­

ers were detected by using a WT resolvase in combination with modules that either 

lacked a functional copy of the TetR repressor, or modules with WT TetR protein but in 

presence of the inducer CLT. The critical determinant was transcription strength. Even 

though the eight genes separating the res sites in strain NH3470 include five membrane- 

associated proteins, the level of transcription of these genes, estimated by microarray 

analysis of total-cell RNA (data not shown), was too low to disrupt supercoil diffusion.

At the atp operon, consisting of nine genes encoding membrane-associated proteins, and 

the nmpC operon, which regulates a single gene, the mRNA abundance measured from 

microarray analysis accurately predicted the impact on y8 resolution (Fig. 8, which is 

published as supporting information on the PNAS web site). Third, by using a modified 

form of y8 resolvase with a cellular half-life of 5 min, barriers to supercoil diffusion ap­

peared and disappeared within 10-20 min of the point when CLT was either added or 

washed out of cell cultures. The impact of transcription over a 14-kb interval was corre­

lated with the level of transcription over a 40-fold range of expression measured with 13- 

gal assays.

Because transcription alters chromosome dynamics of both plasmid and the bacte­

rial chromosomal DNA, the question arises as to how many transcription-related barriers 

exist in a bacterial cell. Microarray analyses provide important information on genome- 

wide transcription profiles (37, 38). Cells growing under the same conditions employed
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in our experiments (exponential cultures in LB) give detectable RNA signals for >4,000 

E. coli genes (38). However, steady-state mRNA abundance exhibits a strikingly skewed 

distribution. For 70% of the genes (3,034 ORFs) mRNA abundance is less than one 

molecule per cell. Genes in this category include the uninduced RNA for lacZ (which 

yields =15 Miller units of (3-gal activity) and 69 of the 321 known essential genes. Genes 

in this low-transcription category probably have little impact on DNA dynamics. The 

second class is genes with a steady state abundance of one to four copies of RNA/DNA, 

which results in 40-160 Miller units of (3-gal activity. Genes in this class (=1,000) in­

clude 86 essential genes, and they are also predicted to have a modest topological impact. 

Fig. 4 suggests that over a 14-kb interval these genes would decrease resolution by 30% 

or less. The third gene class includes genes with RNA/DNA ratios >4. Included in this 

category would be a lacZ gene induced with 1 mM isopropyl (3-D-thigalactoside (IPTG), 

which causes a 40- to 60-fold derepression of transcription to =600 Miller units. Protein- 

coding genes in E. coli with RNA/DNA ratios of 10 or greater represent 85 genes. The 

predicted impact on chromosome domains of these top 85 genes is given in Table 4, 

which is published as supporting information on the PNAS web site. The abundance of 

lacZ mRNA in uninduced cultures yields an RNA/DNA ratio of 0.45 (38), so a culture 

with 600 Miller units would have an RNA/DNA ratio of =20. This expression change is 

nearly identical with the change in levels of (3-gal expression we observe in S. typhi­

murium going from a repressed PjttetR-PAlacZ culture to steady-state expression in the 

presence of 5 pg/ml CLT (Fig. 4). Extrapolating from the plot in Fig. 4, the number of 

chromosomal sites with diffusion barriers that would inhibit resolution by 5-fold or more 

would be <8. If we add the seven ribosomal operons, we predict that only =15 sites
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would show persistent 5-fold effects on resolution. This number of barriers is small 

compared to our estimate of 300 barriers that are stochastic and associated with DNA 

replication.

Several implications of these results are noteworthy. First, because transcription 

of many genes, including a significant fraction of the essential genes, is intermittent in 

many parts of the chromosome, domain structure is likely to be both dynamic and vari­

able. Recent studies show that cell-to-cell expression variation is high for the lac operon 

at low inducer levels (39,40). In specific instances, a burst of transcription can lead to a 

large amount of protein production in some cells and none at all in most cells. Consider­

ing the fact that operons like araBAD respond in similar fashion (41), no two organisms 

in a bacterial culture may ever have the same genome organization. This makes chromo­

some structure behave like a quasispecies, which is a collection of organisms that vary in 

structure around a common mean (42). Second, the genome behavior of the highly ex­

pressed operons may have special mechanisms to insulate their transcriptional effects 

from surrounding chromosome regions. The highly transcribed genes may be under se­

lection for interspersion. Examples are known where chromosomal inversions involving 

specific inverting sites are disfavored, whereas other inversions using the same end points 

are permitted (43,44). Finding the rules governing such behavior has been difficult. It is 

possible that apposition of two chromosomal segments with high-transcription activity 

may be unstable, just as placing a replication origin in front of a strong transcription unit 

leads to an impediment to replication (36). Third, recent reports in both bacteria and 

yeast show that high levels of transcription can cause formation of persistent RNA:DNA 

hybrids (R-loops) that interfere with both transcription and replication (22, 45, 46).
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Whether R-loop formation is responsible for some examples of chromosomal domain be­

havior is a difficult question, but it is one well worth pursuing.
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SUPPORTING MATERIAL AND METHODS

Plasmids

Plasmids pTrcHis-Topo-tcf, pTrcHis-Topo-lacZ, and pTrcHis-Topo-kan were de­

rived from pTrcHis-Topo (Invitrogen). PTrcHis-Topo has two strong rmB transcription 

terminators T1 and T2. The tet, lacZ, and kan genes were cloned into this vector, respec­

tively, according to the manual (catalog nos. K4400-01). Positive clones were checked by 

sequence analysis.

Construction o f Strains

PRtetR-PAtetA cassette was amplified from Tn 10 with primers TniOFtetFl and 

TnlORtetR (Table 2). The PRtetR-PAtetA PCR product was used to transform strain 

NH3467, which harbors TnlOdGn and pKD20 plasmid. After recombination, the Gn 

element in TnlOdGn was replaced by PRtetR-PAtetA gene to yield the strain NH3468 and 

a new Tn 10d(Gn)o(tet) module. NH3468 chromosomal DNA was used as a template to 

amplify a new module. PRtetR-PAtetA-res substituted for 17 bp of ylil and created a ylil 

mutation, (ylil A 17bp)o(PRtetR-PAtetA-res) (hereafter referred to as 

(yliT)o(PRtetR-PAtetA-res). The PCR primers were ylil FtetFl and ylil RTn/OR-2. Two 

different insertions, (yliI)o(PRtetR435-PAtetA-res) and (y lil)o (P  RtetR-PAtetA-res), 

were obtained from two independent experiments. The kanamycin-resistant cassette kan 

was amplified from MuJJr2 with primers ylil FknF-2 and TnlORknR-2. The kan replaced 

tet gene in strain NH3472 [(ylil)<>(PRtetR435-PAtetA-res)]. PAtetA was amplified from 

NH3468 with primers ylil FPRand TnlORtetR.
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Table 2. Oligonucleotide primers used for strain constructions

Name of primers Primer sequence*

TnlOFTetFl
TnlORtetR
ylil FKnF-2
TnlORKnR-2
y/i/FTetFl
y/i/RTnlOR-2
ylil FpR
pALacF
TnlORLacR
Tn 1 ORterminatorR
pAKnL-2
KoRPr
RepressorRTetR
KnRTetR
RepressorRPR

GAGGTCTTCCGATCTCCTGAAGCCAGGGCAGATCCGTGC/TATGATTCCCTTTGTCAACAGC
ACGGCCACAGTAACCAACAAATCAATATCGCTGTATGGC/GCTATGCATCAAGCTTGGTAC
CCCGGAAAAAGGCAAAAATTATGGCTGGCCGCTGGCCAC/TGTAGGCTGGAGCTGCTTCG
ACGGCCACAGTAACCAACAAATCAATATCGCTGTATGGC/GTCGCTTGGTCGGTCATTTCG
CCCGGAAAAAGGCAAAAATTATGGCTGGCCGCTGGCCAC/TATGATTCCCTTTGTCAACAGCA
CGACAATTrCACCTTTGGCTTCCGGCACTTTCAGACCAC/TTAAGGTGGTCACACATCTTGTC
CCCGGAAAAAGGCAAAAATTATGGCTGGCCGCTGGCCAC/CATTAATTCCTAATTTTTGTTGACACTC
TTTTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATG/ACCATGATTACGGATTCACTG
ACGGCCACAGTAACCAACAAATCAATATCGCTGTATGGC/TTATTTTTGACACCAGACCAACTG
ACGGCCACAGT AACCAAC AAATCAATATCGCTGT ATGGC/CTCAGGAGAGCGTTC ACCGA
TTTTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATG/ATTGAACAAGATGGATTGCACGC
CAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGC/CATTAATTCCTAATTTTTGTTGACACTC
AGCTT ATGCCGTTT AGGT ATGTTAC ATGTGTG ATT ATGTG/GCT ATGC ATC AAGCTTGGT A
CAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGC/GCTATGCATCAAGCTTGGTAC
AGCTT ATGCCGTTT AGGT ATGTT AC ATGTGTG ATTATGTG/CATTAATTCCT A ATTnTGTTG AC ACT C

The primers contain two parts, a 5' end that is homologous (35-45 bases long) to flanks of the target DNA, and a 3' end of 20 bases 
that primes the cassette DNA for replication. The “/” in the primers indicates the junction between the target homology on the 5' end and 
inserted cassette primers on the 3' end of each oligo. Bases complementary to the template are underlined.

£



The tetA sequence in the constructs above was replaced with the lacZ gene ampli­

fied from E. coli chromosomal DNA with primers PalacF and Tn/ORlacR. PAlacZ-rrnB 

was amplified from plasmid pTrcHis-Topo-/acZ with primers /^lacF and 

Tn/(9RterminatorR. PAkan-rrnB was amplified from pTrcHis-Topo-fem with primers 

P^knL-2 and Tn/OFterminatorR. The tetA gene in the PRtetR-PAtetA-res element was re­

placed by lacZ-rrnB or kan-rmB to form (yliI)<>(PRtetR-PAlacZ-rrnB-res) and 

(yliI)<>(PRtetR-PAkan-rmB-res), respectively. The tetA gene in the PAtetA-res was also 

replaced by lacZ-rrnB or kan-rmB to make (yliI)o(PAlacZ-rrnB-res) and 

(ylil)<>(PAkan-rrnB-res), respectively. Both lacZ and kan were driven by tetA promoter 

P a- The kan gene in the cobT714::Mudh2 was replaced with the tetA module amplified 

from NH3468. One replacement was made by exchanging kan with tetA by using prim­

ers KjiRPr and RepressorRTetR [cobT714::Mudh2(kan-c)o(tetA)]. Another replace­

ment was made by using primer RepressorRPR and KnRTetR 

[cobT714::Mudh2(kn-c)o(tetAinv)]. Strains that carry res-res sites combination and 

pJBRESc/ were made by transduction crosses as described (1).

1. Higgins, N. P., Yang, X., Fu, Q. & Roth, J. R. (1996) J. Bacteriol. 178, 2825-2835.
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Fig. 6. The gene sequence and protein sequence of tetR gene in both mutant tetR and WT 
tetR. The first line is the number of amino acids. The second line is the WT tetR protein 
sequence. The third line is the mutant protein sequence. The fourth line is the WT gene 
sequence. The highlighted nucleotide "A" was missing in the mutant tetR. It happened at 
position 435 from the transcription start site. It leads to amino acid H-139 changed into L. 
At the position L-142, mutant tetR encounters a premature stop codon leaving the TetR- 
435 repressor 66 amino acids short of the WT TetR.
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10
M S  R L D K S  K V I N S  A
M S  R L D K S  K V I N S A

CAAAAATTAGGAATT AATGATGTC T AGATTAGATAAAAGTAAAGT GATT AACAGCGCAT 
20 30

L E L L N E V G I  E G L T T R K L A Q K  
L E L L N E V G I  E G L T T R K L A Q K  
T AGAGC TGCT T AATG AGGT CGGAATCGAAGGT TT AAC AACC CGT A AACT CGCCC AGAAG 

40 5 0
L G V E Q P  T L Y W H V K N K R A L L D  
L G V E Q P  T L Y W H V K N K R A L L D  

CT AGGT GT AG AGCAGCCT AC ATTGT ATT GGC ATGT AAAAAAT AAGCGGGCTTTGCTCG A
60 70

A L A I  E M L D R H H T H F C P  L E G
A L A I  E M L D R H H T H F C P  L E G

CGCCTT AGCC ATTGAGATGTT AGAT AGGCACC AT AC TC ACT TTTGCCCT TTAGAAGGGG
80 90

E S  W Q D F  L R N N A K S  F R C A L L S  
E S  W Q D F L R N N A K S  F R C A L L S  
AAAGCTGGCAAGATTTTTTACGTAATAACGCT AAAAGTTTT AGATGTGCTTTACTAAGT

1 0 0  110
H R D G A K V H L G T R P T E K Q Y E T  
H R D G A K V H L G T R P T E K Q  Y E T  

CATCGCGATGGAGCA AAAGT ACAT TT AGGT AC ACGGCCT AC AGAAAAAC AGT AT GAAAC
120 130

L E N Q L A F L C Q Q G F S L E N A L  
L E N Q L A F L C Q Q G F S L E N A L  

TCTCGAAAATCAATT AGCCTTTTT ATGCCAAC AAGGTTTTTCACT AGAGAATGC ATTAT
140 150

Y A L S  A V G H F T L G C V L E D Q E H  
Y A L S  A V G L L L •
ATGCACTCAGCGCTGTGGGGCiTTTTACTTTAGGTTGCGTATTGGAAGATCAAGAGCAT

160 170
Q V A K E E R E T P T T D S  M P P L L R  

C AAGTC GCT AAAGAAGAAAGGGAAAC AC CT AC T ACT GAT AGT ATGCCGC C ATT ATT AC G
180 190

Q A I E L F D H Q G A E P A F L F G L  
ACAAGCTATCGAATTATTTGATCACCAAGGTGCAGAGCCAGCCTTCTTATTCGGCCTTG

200 207
E L I  I C G L E K Q L K C E S G S  • 
AATTGATCATATGCGGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCTTAA
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Bochner pi ate without O 1 Bodmer pi ate

Fig. 7. Cell growth at 42°C on the modified Bochner plates without CLT and standard 
Bochner plates. On the Bochner plate without CLT, the WT tetR and tetA (NH3471: 
tetR+tetA+) grew as well as WT LT2 (NH3358: tetR'tetA). Neither tetR435 (NH3470) 
nor tetR deletion (NH3475) grew on the Bochner plate without CLT. On standard Bo­
chner plates, all strains having a functional tetA gene grew very poorly.
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Table 3. (5-galactosidase activity (Miller units) of tetA promoter fusions 
of different S. typhimurium strains

Strains Gene
arrangement

Activity (grown in LB), 
mean ± SD

Activity (in LB + 5 (ig/ml CLT)*, 
mean ± SD

NH2002 <1 <1

NH3477

Pr Pa 4 w res
I tetA =±—

tetR.435
959 ± 24 928 ± 15

NH3478

Pr Pa
-4—1--► reS

— tetR 1 tetA [=*— 15 ± 1 688 ± 9

NH3479
PR Pa 

Atetk ^tetA|zJL_
915 ± 2 896 + 12

Means and standard deviations are derived from at least three independent assays.
*Strains were grown in the LB containing 5 fig/ml chlortetracycline (CLT) and grew to a cell density of 50 
Klett units.
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Fig. 8. Resolution analysis for two S. typhimurium intervals predicted to have different domain behav­
ior based on RNA abundance measured by microarray analysis. {Upper) the genetic and physical map 
of the atp operons. This 6-kb cluster is highly conserved between E. coli and Salmonella, and it in­
cludes nine-membrane-associated proteins from atpl to atpC. (Lower) the genetic and physical map of 
an interval containing the highly transcribed gene nmpC. The nmpC gene is transcribed as a single 
ORF operon and has one of the highest transcription rates of all protein-encoding S. typhimurium 
genes. The microarray analysis RNA/DNA ratio is shown above each gene, and arrows are shown be­
low each gene that indicate the direction and start of transcripts. Lines with asterisks indicate the posi­
tions at which re.s'-containing modules were inserted into the S. typhimurium chromosome. The impact 
factor is the resolution efficiency of an 8- or 15-kb interval in the his-cob region divided by the ob­
served resolution efficiency.
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Table 4. Predicted impact of highly transcribed Escherichia coli genes on chromo­
some domains based on microarray-measured abundance of encoded cellular RNAs 
in cells grown in LB

Cluster name Predicted im­
pact on resolu­
tion

Region 
size, bp

Location,
kb

rrsH, rrlH, rrfH >20 5104 224

rrfG, rrlG, rrsG >20 5089 2724
rrfD, rrlD, rrsD >20 5094 3421
rrsC, rrlC, rrfC >20 5012 3939
rrsA, rrlA, rrfA >20 5096 4033
rrsB, rrlB, rrfB >20 5097 4164
rrsE, rrlE, rrfE >20 5013 4206
TnaA: tnaA, tnaL 8 1711 3886
fliC: fliC, fliD.fUA, fliZ 6 4806 2000
rpsH: rpsD, rplC.rpoA, rplE, rpsS.rplW, rpsN, rpsE,rpsK, rplB, rplD, 
rpmD, rplF, rplX, rpsJ, rpsM, rplN, rplV, rpmC, rplO, prlA, rpsC, 
rplQ, rplR, rplP

5 13655 3444

RpsA 5 1674 961
tufA.'fusA 4 3370 3468
tufB 4 1185 4174
acpP.'fabG 3 2182 1151
ompC 3 1104 2310
TrmD: rimD, rplS 3 1745 2743
rplU 2 312 3331
flgD: flgB, flgE, flgL, flgC, flgM 2 11152 1131
ompT 2 954 584
hns 2 414 1292
rpU: rplK, rplA, rplL 2 2479 4178
ompF 2 1089 985
rplY 2 285 2281
mdh 2 939 3381
rpsB: tsf 2 1835 190
ompA 2 1041 1018
rplM: rpsl 2 837 3376
icdA 2 1251 1194
slyB 2 468 1718
priB: rpsR 2 548 4423
glpK: glpF 2 2377 4113
infC: rpml, rplT 2 1246 1798
rpsO 2 270 3309
wbbK: wbbJ 2 1694 2101
ymfK: b!146 2 966 1201
glpQ 2 1077 2348
rpmB: rpmG 2 425 3809
gatY: gatA, gatB 2 2929 2174
tig 2 1299 454
atpH: atpF 2 1019 3917
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Table 4. Predicted impact of highly transcribed Escherichia coli genes on chromo­
some domains based on microarray-measured abundance of encoded cellular RNAs 
in cells grown in LB (Continued)
rpsU 2 216 3208
tatA 2 312 4019
nmpC 2 1128 575
ahpC 2 564 638
groS 2 294 4368
cryoA 2 948 450
b0725 2 261 758
infA 2 219 925
gapA 2 996 1861
hlpA 2 486 200
rpmE 2 213 4125
rpsT 2 264 21
ycgY 2 441 1244
yjjY 2 141 4638
lit 2 894 1198

Genes with predicted impact factors >2 for resolution of a 12-kb interval. Note 
that one gene cluster (rpsH) is >12 kb. Microarray RNA data are from Bernstein, J. A., 
Khodursky, A. B., Lin, P.-H., Lin-Chao, S. L. & Cohen, S. N. (2002) Proc. Natl. Acad. 
Sci. USA 99, 9697-9702 .
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ABSTRACT

Previous work has shown that transcription from the tetA promoter leads to a new 

barrier to supercoil diffusion as measured by y8 resolution. The magnitude of inhibition 

on y8 resolution was dependent on transcription level. In this paper, we further character­

ize the tetA transcription-induced barrier. Placing the tetA gene between two res sites 

(namely, within the res-res interval) resulted in low-resolution efficiency no matter how 

far the tetA gene was from either of the res sites. However, when tetA was located outside 

the res-res interval, the inhibition was felt as long as the tetA gene was 1 kb from the in­

terval. We also tested three chromosomal intervals that contain genes of different tran­

scription levels and confirmed that, irrespective of the nature of the gene or its location 

on the chromosome, high transcription causes a chromosomal barrier to supercoil diffu­

sion. Last, we proposed a model in which highly transcribed genes are organized into 

domains that acts as barriers to supercoil diffusion.

INTRODUCTION

Bacterial chromosomes are segregated into separate supercoiled domains (1, 2). A 

domain structure is apparent in electron micrographs of the Escherichia coli nucleoid (3, 

4). However, the nature of specific domain boundaries has been elusive.

Many major cellular DNA transactions, including transcription, replication, and 

recombination, require negative supercoil of DNA for optimal function (5-8). It is well 

known that the transcription of many genes is influenced when the DNA supercoil is per­

turbed (9-11). Transcription is influenced by supercoil, but also affects the supercoil. 

Studies on small circular plasmids demonstrated that transcription could generate super­
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coils in the DNA template (12-14). The major mechanism is thought to be the twin- 

supercoiled-domains described by Liu and Wang (15). According to this model, hindered 

rotation of an elongating transcription complex leads to the formation of positive super­

coils ahead of a translocating RNA polymerase and to the formation of negative super­

coils behind it. In the absence of DNA topoisomerase I, plasmids showed hypemegative 

supercoil. Two processes could hinder the rotation of a transcription complex around its 

DNA template. One process involves cotranscriptionally translated integral membrane 

proteins that restrict DNA rotation by tethering the transcription machinery to the mem­

brane, such as transcription of the pBR322 tetA gene (16). The other process can be 

DNA-binding proteins like bacteriophage X O replication initiator or the E. coli lactose or 

galactose repressor that loops DNA between successive binding sites (17). DNA-binding 

proteins could function as barriers to the rotational diffusion of nascent supercoils that 

arise during transcription and stimulate transcription-coupled DNA supercoil. Inducing 

transcription from a strong promoter increases negative supercoil in derivatives of 

pBR322 even when DNA topoisomerase I activities are present (18). Transcription from 

a strong promoter leads to greater negative supercoil than transcription from a weak one. 

For a strong promoter, translation is not necessary for generating hypersupercoil of plas­

mid DNA (18, 19).

The notion that transcription can generate supercoils in the DNA template largely 

stems from work with small circular plasmids. Little is known about the impact of tran­

scription on the topology of the large bacterial chromosome because of the lack of tools 

to investigate long-range chromosome behavior in vivo. Transcription studies (20) and 

studies of nucleoid structure showed that nucleoid DNA has a dynamic organization. In
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1996, a site-specific recombination assay based on the resolvase of transposon y5 was 

developed to investigate dynamic chromosomal structure in vivo (21). This assay can 

probe domain barriers that deter supercoil diffusion by measuring resolution efficiency. 

By using this assay, Scheirer and coworkers found that the strong Mu early promoter in­

duces the appearance of a domain barrier to y8 resolution in the his-cob region of the 

Salmonella typhimurium chromosome (22). Later Deng et al. discovered that transcrip­

tion from the tetA promoter in the absence of TetR repressor caused a new barrier to reso­

lution in the chromosome (23). Membrane attachment was not involved in the generation 

of a transcription-induced barrier in the chromosome. Only the transcription level from 

the tetA promoter was important. Also, the magnitude of inhibition of resolution de­

pended on the level of transcription. A kinetic study showed that this barrier persists for 

20 min. However, the mechanism of the transcription-induced barrier in the chromosome 

remains unknown.

In this report, we show that tetA inserted within a res-res interval always causes a 

new barrier to supercoil diffusion but that tetA positioned outside the res-res interval af­

fected resolution only when the interval was within 1 kb. We also demonstrate that genes 

of different transcription strength have different impacts on resolution efficiency in the S. 

typhimurium chromosome. Impact factor was proportional to transcription level. Last, we 

propose a domain model of transcription-induced barrier to supercoil diffusion.
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MATERIALS AND METHODS 

Bacterial Strains and Plasmids

Genotypes of the bacterial strains used in this work (all derivatives of S. typhi­

murium LT2) are listed in Table 1. Details of construction of those strains are described 

in Construction of Strains. Plasmid pJBREScI is a pACYC184-derived construct carrying 

the tnpR (Res resolvase) gene of transposon y8 cloned under the control of a XP\. pro­

moter, which is regulated by a nearby copy of X cits repressor gene (24). pKD20 is a de­

rivative of pINT-ts that encodes Red recombinase under the control of the P araB promoter 

(25).

Table 1. Strains used

Strain Genotype Plasmid

NH3466 LT2 pKD20
NH3500 (yliI)o(P^tetR-P AtetA-res) (madA)o(kan-res) pJBREScI
NH3501 (atpC)o(gen-res) (atpI)o(kan-res) pJBREScI
NH3502 (STM1560)o(gen-res) (STM1573)o(kan-res) pJBREScI
NH3503 (STM0925)o(gen-res) zbj8905::MudJr2 pJBREScI
NH3504 (STM0925)o(gen-res) zbj8905::Mndh2(kan)o(P AtetA-rrnB)

pJBREScI
NH3505 (STM0925)o(gen-res)STM0929(PAtetA-rrnB)STM0930

zbj8905::MudJr2 pJBREScI
NH3506 (STM0925)o(gen-res) STM0927(PAtetA-rrnB)STM0928

zbj8905: :Mur/Jr2 pJBREScI
NH3507 (STM0925)o(PAtetA-rmB-res) zbj8905::M\xdh2 pJBREScI
NH3508 (STM0925)o(PAtetA-rrnB-200bp-res) zbj8905::MudJr2 pJBREScI
NH3509 (S7M)925)o(PAtetA-rmB-500bp-res) zbj8905::MudJr2 pJBREScI
NH3510 (STM0925)o(PAtetA-rmB-lkb-res) zbj8905:: M ucd r2 pJBREScI
NH3511 STM0923(PAtetA-rrnB-res)STM0924 zbj8905: :MudJr2 pJBREScI
NH3512 (STM0925)o(gen-res) zbj8905:: Mu<7Jr2 seqA- pJBREScI
NH3513 (STM0925)o(gen-res) zbj8905::MudJr2(kan)oPAtetA-rrnB seqA-

pJBREScI

All strains were derived from S. typhimurium LT2 and were constructed during 
this work. <> indicates a replacement generated by lambda Red recombineering (25, 26).
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PCRs

PCRs were done with the recombinant KlenTag from Sigma and the thremo- 

cycling conditions, time, and buffers recommended by Sigma. Oligonucleotides were 

purchased from IDT (Coralville, IA) and are described in Table 2. Primer sequences are 

designed as described earlier (25, 26).

Construction o f Strains

All of the insertion mutagenesis of the S. typhimurium chromosome was made by 

using the lambda Red recombination system that is carried on plasmid pKD20 (25). The 

PCR products were used for homologous recombination. Recombinants that had inserted 

cassette were selected as antibiotic-resistant colonies and verified as such by PCR (25,

26).

Mutation {yliI)o(y^tetR-P\tetA-res) was from a previous study (23). The gen-res 

cassette was amplified from TnlOdGn. The gen-res element amplified with primers 

atpCFGnF/atpCRGnR-2 substituted 26 bp of atpC and created an atpC mutation, 

(atpCA26bp)o(gen-res) [hereafter referred to as (atpC)o(gen-res)]. The gen-res ampli­

fied with primers STM1560FGnG/STM1560RGnR-2 inserted in ORF STM1560 and 

made a mutation, (STM1560)o(gen-res). The gen-res element amplified with primers 

STM0925FGnF/STM0925RGnR-2 substituted 339 bp of atpC and created a STM0925 

mutation, (STM0925A339bp)o(gen-res) [hereafter referred to as (STM0925)o(gen­

res)]. The kan-res was amplified from NH3471 chromosome DNA. kan-res element am­

plified with primers madAFKnF-2/madARTnlOR-2 substituted 12 bp of atpC and created 

a madA mutation, (madAA\ 2bp)o(kan-res) [hereafter referred to as (madA)o(kan-res)].
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Table 2. oligonucleotide primers used for strain constructions

STM0925GnF CACCTGC A ATGCGT ATCTOACGGACCAGCOT AAAGCGTGG ACCC AGTTG AC AT A AGCCTG

STM0925GnR-2 CCACCGTCTGCGTtTCCAGTAATTCGOTGGTGATGGCCCCGGAATTAGCTTGCATGCCTG 

STM0927FTetAPl
GATACCTCAAATCCTGATTGGCCGGAACAACCAGTCTGACATTAATTCCTAATTTTTGTTGACACTC 

STM0928TermR GCTGCTATATAACATATAGCAGCAGTCTCTACTACATAGCCTCAGOAOAGCOTTCACCGAC 

KnRPR CAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGC/CATTAATTCCTAATTTTTGTTGACACTC 

RepressorRtermR AGCTT ATGCCGTTT AGGT ATGTT AC ATGTGTGATT ATGTG/ CTCAGGAGAGCG TTCACCGAC 

STM0929Ftet AP1
GCAATACTATTGATTGTTGTAAGGTGATTGACCGATATCATTCGGTGA/CATTAATTCCTAATTTTTGTTGACACTC

STM0930RTermR
CCAGTGCGGATAACCCTATATTTGACAACATTCACATACAATAGCTC CTCAGGAGAGCG TTCACCGAC 

STM0925FTetAPl
CACCTGCAATGCGTATCTGACGGACCAGCGTAAAGCGTG/ CATTAATTC CTAATTTTTGTTGACACTC 

TnlORTermR ACGGCCACAGTAACCAACAAATCAATATCGCTGTATGGC/CTCAGGAGAGCGTTCACCGAC

GnR20oTermR CACCGCTACCCTCATGATGTCTAACGGCCAAGGTAA GCG/CTCAGGAGAGCG TTCACCGAC

GnRsooTermR AAGCCGGAGCGCTTTGCGGCCGCGGCGTTGTGACAATTT/ CTC AGG AGA GCG TTC ACC GAC

GnRikbTermR GCCTACATGTGCGAATGATOCCCATACTTGAGCCACCTA/CTCAGGAGAGCG TTCACCGAC

STM0923FTetAPl
GGTGATCATCGGTCGATAAAACGAOCCGCCGGTCATGOA/ CATTAATTCCTA ATTTTTGTTGACACTC 

STM0924RtermR
CGCCTGTGGCGTTATAAAATAAAATTCACTCTGTGAGGCACTGTT/CTCAGGAGAGCGTTCACCGAC 

MadAFknF-2 GCCTGCCGAGCTTGTGGTTCATGAGAACCAGTATCAACCTGTAGGCTGGAGCTGCTTCG

MadARTnlOR-2 CAGATAATACTCAGCCAACTGCTCGTCATAGCGCGCCAGCAGTTAAGGTGGTCACACATCTTGTC 

AtpCFGnF CGCCTTCAGCCGCTTGTnTTGTCGTTGCTAGTTTATCGACCCAGTTGACATAAGCCTG

AtpCRGnR-2 CCGGCTTGAAAGCATAAAACCAGTCTGATTGCGGACTGGCGGAATTAGCTTGCATGCCTG

AtpIKnF-2 TC ATGCTT ACGC A ATTC ATTT ACGTGTC AATTC ATGCCT AGC AGGT AGCTTGC AGTGGGC

GlmURGnR-2 CTGGTATATTTTGCGGATTnTATGTCGCGTAATTAAGTCGGAATTAGCTTGCATGCCTG

STM1560FGnF CACTTAACAGGC ATTCTTTTTCGTATCTGCGTGTAAAAC/ ACCCAGTTG ACATAAGCCTG

STM 1560RGnR-2 CTTCGGTACATCTGAGCAATCCCGACAATAATTCCACG/CGGAATTAGC TTGCATGCCTG

STM 1573FKnF-2 TTTGTTGTGTCTGAATACAAAGCCAGTCCTTTCAGGGC/AGCAGGT AGCTT GCAGTGOGC

STM1573RGI1R-2 ACTCCTTATGACCGAGTCTACATC AAGAGAA AAAGCCA/CGGAATTAGCTTGC ATGCCTG

The primers contain two parts, a 5’ end that is homologous (35-45 bases long) to 
flanks of the target DNA and a 3’ end of 20 bases that primes the cassette DNA for repli­
cation. The “/” in the primer sequence indicates the junction between the target homology 
on the 5’ end and inserted cassette primers on the 3’ end of each oligo. Bases comple­
mentary to the template are underlined.
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The kan-res element amplified with primers atpIKnF-2/glmUGnR-2 created an insertion 

in atpl and duplication from glmU to atpl. This mutation is described as d(atpI-glimU) 

o  (kan-res). kan-res amplified with primers STM1573FKnF-2/STM1573RGnR-2 in­

serted in ORF STM1573 made a mutation, (STM1573)o(kan-res). The module PatetA- 

rmB was amplified from NH3480 [(yliI)o(yAtetA-rmB-res)] chromosome DNA and 

primers KuRPr/ RepressorRtermR. The kan gene in the MudJr2 elements was replaced 

by module PatetA-rrnB to form zbj8905::Mudh2 (kan)oP\tetA-rrnB. PAtetA-rrnB mod­

ule amplified with STM0929FtetAPl/STM0930RtermR was inserted in the intergenic re­

gion between STM0929 and STM0930. The Pa tetA-rrnB module amplified with 

STM0927Ff<?fAPl/STM0928termR was inserted in the intergenic region between 

STM0927 and STM0928. The gen gene in the gen-res was replaced by PAtetA-rrnB am­

plified with primers STM0925FTefA P1 / TnlORtermR to form (STM0925)o(P AtetA- 

rrnB-res). Part of the gen gene in the gen-res was replaced by P^tetA-rmB amplified with 

primers STM0925F7efAPl/ GnR2ooTermR, with 200 bp from the gen gene left between 

the end of rrnB and the beginning of res. Part of the gen gene in the gen-res was replaced 

by PAtetA-rrnB amplified with primers STM0925F7eMPl/ GnR5(x)TermR, with a 500 bp 

sequence from the gen gene left between the end of rrnB and the beginning of res. Part of 

the gen gene in the gen-res was replaced by PAtetA-rrnB amplified with primers 

STM0925F7etAPl/ GnRikbTermR, with 1 kb from the gen gene left between the end of 

rrnB and the beginning of res. PatetA-rmB-res amplified from NH3507 chromosome 

DNA with primers STM0923F7WAPl/STM0924RtermR was inserted between STM0923 

and STM0924.
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Strains that carry res-res sites combination and pJBREScI were made by trans­

duction crosses as described (21) with P22 HT105/1 int-201, a high-efficiency transduc­

ing mutant of bacteriophage P22.

yS Resolution Assay

Stationary-phase culture (overnight) and log-phase culture (50 Klett units) were 

induced 10 min at 42°C and then immediately diluted 1:10 in LB medium. Culture was 

incubated overnight at 30°C. On the next day, 100 pi of 10~6 dilution was plated on 

minimal medium containing chloramphenicol and 5-bromo-4-chloro-3-indolyl (3-D- 

galactoside (X-gal). Deletion frequency was scored by one of two methods: loss of color 

or loss of drug sensitivity. LB and minimal media were prepared as described (21). Anti­

biotics were added as described (23).

RESULTS

tetA inserted at various locations within the interval 
does not affect the resolution efficiency

In our previous experiments (23), tetA was always placed next to the downstream 

res sites. Does the highly transcribed gene have to be next to the res site to block super­

coil diffusion? To address this question, we constructed several strains (Fig. 1A). In 

NH3503, the res-res interval between (STM0925o(gen-res) and zbj8905::MudJr2 is 20 

kb. Resolution efficiency for this interval was 37% (Fig. IB, first column). When the kan 

in the MudJr2 element was changed to Pa tetA-rrnB (NH3504), the resolution efficiency 

decreased to 3% (Fig. IB, second column). When the Pa tetA-rrnB module was inserted at 

the middle of the interval (NH3505), the resolution efficiency was still as low as 8% (Fig.
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Fig. 1. Effect of tetA inserted within res-res interval on resolution efficiency of the inter­
val. (A) Physical map of tetA insertion in the 20-kb interval. 1. No tetA insertion. 2. tetA 
is next to the downstream res site, and the distance between terminator rrnB and res site 
is 129bp. 3. tetA is located at the one-quarter postion within the interval near the down­
stream res site. 4. tetA is at the middle of the res-res interval. 5. tetA is located at the one- 
quarter position within the interval near the upstream res site. (5) Resolution efficiency 
comparison among constructs with tetA inserted at the different locations within the in­
terval.
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IB, third column). When the Pa tetA-rrnB module was inserted at the upstream quarter 

position of the interval (NH3506), the resolution efficiency was 4% (Fig. 1B, fourth col­

umn). So when the tetA gene was moved around within the res-res interval, the resolution 

did not change much. As long as tetA was within the interval, transcription from tetA 

gave a similar effect on the dynamics of the bacterial chromosome.

When tetA was outside o f the interval, the effect on 
resolution efficiency decreased with the distance 
between the tetA gene and the res site

We already knew that, when tetA is located within the res-res interval, it always 

blocks the supercoil diffusion irrespective of its position within the interval. Next we 

asked how the tetA gene affects the supercoil diffusion when it is put outside of the res- 

res interval. The gen gene at the locus STM0925 was replaced by P^tetA-rrnB (NH3507, 

Fig. 2A), in which the end of tetA-rrnB was 129 bp away from the res site. Resolution ef­

ficiency was as low as 3% (Fig. 2B, third column). This construct is like the one we al­

ways used before (like NH3504), in which tetA-rrnB is next to the res site (129 bp). The 

difference between NH3507 and NH3504 is that tetA is outside the res-res interval in 

NH3507, whereras tetA is inside of the interval in NH3504. However, tetA influenced the 

resolution efficiency to the same extent in both constructs. Next a series of tetA-rrnB in­

sertions were made in which the distance between the end of tetA-rrnB and the res site 

varies. In NH3508, the end of tetA-rrnB is 200 bp away from the res site. In NH3509, 

NH3510, and NH3511, the distance between the end of tetA-rrnB and beginning of the 

res site is 500 bp, 1 kb and 2 kb respectively (Fig. 2A). The resolution efficiency was 7% 

in NH3508 (Fig. 2B, fourth column). Resolution efficiency went up to 25% when the tetA
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Fig 2. Effect of tetA inserted ouside res-res interval on resolution efficiency. (A) Physical 
and genetic map of tetA inserted outside of res-res interval. The distance between the end 
of tetA-rrnB and the res site is, respectively, 0.1 kb (1), 0.2 kb (2), 0.5 kb (3), 1 kb (4), 
and 2 kb (5). (B) Resolution efficiency comparison among the constructs that have tetA 
inserted at different locations outside the res-res interval (columns 3-7). Column 1 and 2 
are controls. Column 1 is for the construct without tetA insertion (column 1 in Fig. 1). 
Column 2 is for the construct with tetA inside the interval (column 2 in Fig. 1).
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was 500 bp away from the res site (NH3509, Fig. 2B, fifth column). When tetA was lkb 

away from the res site (NH3510), the resolution efficiency was 36%, which is just as 

high as the strain without the tetA insertion (NH3503, Fig. 2B, first column). In strain 

NH3511, in which tetA is 2 kb away from the res site, the resolution frequency was 35%, 

which is almost like the results found for NH3510. So when tetA was outside the res-res 

interval, the effect on the resolution efficiency decreased as the distance between tetA and 

res site increased. The shorter the distance is, the more pronounced the effect. When the 

distance reaches 1 kb, there is no more effect on the resolution efficiency. The effect of 

tetA transcription on resolution efficiency can only extend to 1 kb when tetA is outside 

the res-res interval. Inhibition was detected within a range of approximately 1 kb from 

the end of the transcribed gene.

Effect of transcription from promoters of different 
strength on yS resolution efficiency

A previous study by members of our laboratory has shown that transcription from 

a constitutive tetA promoter causes a dramatic decrease in y5 site-specific recombination 

(23). Any coding sequence expressed from the tetA promoter, either membrane or non­

membrane protein-coding sequence, gave a similar effect. We drew the conclusions that 

transcription alters chromosome dynamics and that transcription strength determines the 

effect extent on supercoil diffusion. On the basis of these experiments (23) it was not 

clear whether this relationship between transcription and resolution is also true for the 

genes in the bacterial genome.

We further tested this conclusion by using S. typhimurium promoters of different 

transcription strength. Genome-wide transcription analyses using microarray technology

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



provide us with a basic idea about the transcription level of each gene. We made three in­

tervals. One interval spanned from ylil (STM0861) to madA (STM0874). We flanked the 

interval with B^tetA-B ̂ tetA-res and kan-res. The length of the interval was 14 kb, and 

there are 11 genes in this interval. The transcription level of these 11 genes is very low; 

all of the genes have RNA/DNA ratios of <1. Previous data on the induced tetA promoter 

(23) indicate that this low transcription level has little impact on DNA dynamics and 

resolution efficiency. The resolution efficiency expected from previous data for a 14 kb 

interval is 63% (21). We observed 65% ± 7%, (Fig. 3, group 1). So resolution efficiency 

did not show any difference from the expected one.

The second interval is from atpC to atpl. We flanked this interval with gen-res 

and kan-res. The atp operon is essential for cell survival. y8 resolution that deletes the 

atpC-atpI interval produces a nonviable recombinant. Such recombination events cannot 

be scored by kanamycin sensitivity. We made an atp operon duplication so that recombi­

nant cells could survive. We designed the specific primers atpIFKnF-2 and glmURGnR-2. 

The homology part of atpIFknF-2 matched the end of atpl. The homology part of 

glmURGnR-2 matched the beginning of glmU, which is upstream of the atp operon. The 

PCR product amplified by using primers atpIFKnF-2 and glmURGnR-2 could only inte­

grate into the strain that has atp operon duplication. In this way, the fern-resistant strain 

NH3501 has kan inserted in atpl and the atp operon duplication dup(glum-atpl). The 

length of the interval consisting of the atp operon was 9 kb and there were seven genes in 

the interval. Among these genes, three showed a high transcription level. Microarray 

analyses yielded RNA/DNA ratios for atpD, atpF, and atpB of 9,13, and 6, respectively. 

We expected a resolution efficiency of 80% for the 9-kb interval. However, resolution in
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Fig. 3. Effect of transcription from bacterial chromosomal promoters of different strength 
on resolution efficiency. The three intervals tested were STM0861-STM0874, atpC-atpl 
and STM1570-STM1573. The gray column indicates the expected resolution efficiency 
for a nontranscribing region of the same size. The white column shows the observed reso­
lution data for the same interval. The length of each interval is shown in paratheses fol­
lowed, by the strength of transcription as the RNA/DNA ratio for that interval.
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strain NH3501 was 22%, which was 3.6-fold lower than what we expected for the 9-kb 

interval (Fig. 3, group 2).

The third interval is from STM1570 to STM1573. This interval was also flanked 

by gen-res and kan-res. There are 12 genes in this interval, and length of the interval is 

15kb. The nmpC gene in this interval gave the highest RNA/DNA ratio, which was 36. 

The expected resolution efficiency for 15 kb is 60% (21). However, this interval only 

gave a 3% deletion frequency. nmpC had a 20-fold lower resolution efficiency compared 

to the control interval (Fig. 3, group 3).

These data clearly demonstrated the reciprocal relationship between transcription 

strength and effect on y8 resolution efficiency on the Salmonella chromosome. Transcrip­

tion affects the dynamics of the bacterial chromosome. The higher the transcription is, the 

lower the resolution efficiency.

Effect of seqA mutant on resolution efficiency

seqA is known to affect transcription profile of many genes (27). We made a seqA 

knockout mutant that carried pJBREScI (NH3512). The res-res interval without tetA in­

sertion [(STM0925)o(gen-res) zbj8905::Mudh2] or with tetA insertion 

[(STM0925)o(gen-res) zbj8905::Mudh2 (kan)o(PAtetA-rmB)) was moved into the 

seqA deletion background by a transduction cross. y8 resolution assay was performed in 

both log phase and stationary phase. Interestingly, in log phase, seqA deletion did not af­

fect resolution efficiency at all in either the strain without tetA or the strain with tetA in­

serted next to the res site (Fig. 4A). In the stationary phase, the strain without tetA inser­

tion also behaved similarly in both the seqA+ and seqA' backgrounds and gave 83% reso-
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Fig. 4. Effect of segA on resolution efficiency at different growth phases. Column 1 (gray) 
in both panels A and B represent the construct that has no tetA insertion. Column 2 
(White) in both panels A and B represents the construct that has tetA inserted within the 
res-res interval. (A) Log phase. (B) Stationary phase.
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lution efficiency (Fig. 4B). However, the strain with tetA inserted next to the res site 

gave 60% resolution efficiency in seqA WT strain and 18% in seqA deletion strain (Fig.

4B). So seqA only affected the stationary-phase resolution of the strain that carried a tetA 

module. The seqA mutant did not affect the resolution of the strain without a transcrip­

tion-induced barrier in either the stationary phase or log phase.

A Model of transcription-induced barrier in S. typhimurium

On the basis of the data above, we proposed a model for how transcription generates bar­

riers to supercoil diffusion in the bacterial chromosome (Fig. 5). When the transcription 

is off (like in the R^tetR-R pJacZ module) or when transcription of genes in the interval is 

very low, there is no barrier in the region. However, when the transcription is on (for ex­

ample, when induced by chlortetracycline in the VxtetR-V dacZ module) or when tran­

scription of one or more genes in a region is very strong, the region is organized into a 

domain. We also propose that the domain includes sequences nearby and that prevents in­

teraction between sites inside the domain with sites outside the domain. The domain or­

ganizes highly transcribed genes and sequences that are within a 1 kb range surrounding 

the highly transcribed gene. If inside the res-res interval, the domain structure blocks the 

supercoil diffusion between two res sites no matter where the domain structure is. When 

the domain structure is outside the res-res interval, the frequency with which the res site 

is organized into the domain is dependent on the distance between the highly transcribed 

gene and the res site. When the gene and res site are closer to each other, the res site is 

looped in more frequently and has a greater effect on the resolution efficiency. If the dis­

tance is beyond 1 kb, the res site cannot be organized into the domain.
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Fig. 5. Model of transcription-driven domain. Shown is the schematic of a res-res inter­
val that contains 10 ORFs (shaded square). One res site is attached to the kanamycin- 
resistant gene. The other one is next to the lacZ gene, which is fused to the tetA promoter 
under the control of the WT tetR repressor. (A) Transcription is off; there are no domains. 
(B) Transcription is turned on; high transcription causes topological change, which organ­
izes the highly transcribed lacZ gene and its neighbor sequence into a domain structure. 
The domain constitutes a roadblock to the supercoiling diffusion or organizes the res site 
near the lacZ gene into the domain, preventing the res site inside the domain from inter­
acting with the other res site outside the domain. In both cases, the resolution is inhibited.
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DISCUSSION

In this study, we used the yd resolution system to study supercoil diffusion of 

chromosomal DNA. yd resolution requires only supercoiled DNA, and its substrate is a 

plectonemically tangled pair of res sites with three superhelical nodes (24, 28, 29). These 

rigorous topological requirements for resolution reactions provide an opportunity to study 

supercoil movement in vivo. Barriers, which block supercoil diffusion, will make recom­

bination difficult and decrease the yd resolution efficiency between two res sites (21, 30). 

So the yd resolution assay system can reveal impediments to supercoil diffusion of chro­

mosomal DNA (22, 23). Those impediments are defined as barriers or domain boundaries 

(21). Previous work in our laboratory demonstrated that transcription from strong tetA 

promoter causes a new barrier to resolution on the S. typhimurium chromosome (23). We 

concluded that the magnitude of inhibition on the resolution depends on the level of tran­

scription. In this work, we further confirm this conclusion that is applicable to genes of S. 

typhimurium. We chose three promoters of different transcription strengths that were de­

termined by microarray transcription profile (personal communication). They gave the 

expected resolution efficiency that had been predicted from transcription data. Higher 

transcription gave lower resolution. So the transcription-induced barrier not only is re­

stricted to the tetA promoter but is a feature of the strong promoter on the bacterial chro­

mosome.

What defines the domain barrier? Studies in both bacteria and yeast show that 

high levels of transcription can form stretches of DNA::RNA hybrids (R-loops) that may 

be an obstacle for transcription elongation (31, 32). Could R-loop formation also lead to 

chromosomal domain barriers? The presence of an R-loop could explain the observations
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made when the tetA gene was placed in the interval. High transcription from tetA could 

form R-loops that block the supercoil diffusion. This possibility explains the low resolu­

tion in the case of tetA located inside the res-res interval. However, when tetA is located 

outside the interval, the effect on resolution still can be seen to a distance of 1 kb. This ef­

fect is difficult to explain by using the R-loop model.

So we proposed that high transcription causes a domain that can organize the res 

site located within a 1 kb range of the transcribed gene. This domain inhibits resolution 

either by blocking supercoil diffusion or by looping in one nearby res site and precluding 

res site interaction.

What factors organize the loop is unknown. Some attractive candidates could be 

MukB and SeqA. MukB and SeqA are involved in maintaining chromosome topology 

and have opposing influences on the organization of the bacterial nucleoid. The mukB 

mutation causes unfolding of the nucleoid, whereas the seqA mutation leads to a more 

compact packaging of the chromosome (33-36). The mukB seqA double mutant regained 

the WT nucleoid organization.

SeqA is a DNA-binding protein that binds to multiple hemimethylated GATC se­

quences (37). Bound SeqA proteins are likely to maintain contact with each other by 

looping out the intervening DNA (34). Genes that are highly expressed in WT show de­

creased expression in seqA mutant cells, whereas genes with low expression in WT show 

increased expression in seqA cells (27). Interestingly, seqA deletion did not affect resolu­

tion in the log phase in strains with or without tetA insertion. In the stationary phase, seqA 

deletion did not change resolution in the strain without the tetA insertion but decreased 

resolution 3-fold in the strain with the tetA insertion. This result suggests that the effect of
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the seqA mutation is only felt in stationary-phase cells for the interval that carries a 

highly transcribed tetA gene.

The structural maintenance of the chromosome (SMC) family of eukaryotic pro­

teins that includes condensin has bacterial analogues (38). The E. coli MukB does not 

share sequence homology with the SMC family of proteins but shows remarkable similar­

ity in domain organization at the protein level (39-41). Condensin promotes condensation 

by forming and stabilizing positively large supercoiled DNA loops (42). MukB may form 

a similar loop domain in regions that cany highly transcribed genes.
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SUMMARY

Transcription and other processes involving the tracking of a macromolecular en­

semble along dsDNA can have profound effects on the topological state of the template.

If the transcription machinery cannot rotate freely about the DNA during elongation, the 

DNA will rotate. This rotation would lead to two distinct regions of localized DNA su­

percoils (53). Positive supercoils are generated as a consequence of the topological over­

winding ahead of the advancing RNA polymerase, whereas negative supercoils result 

from an underwinding in the DNA behind it. Substantial evidence from in vitro and in 

vivo studies on plasmids supports this “twin-domain model” of transcription-induced su­

percoil (144-146). However, little is known about the impact of transcription on the to­

pology of the large bacterial chromosome because of the lack of tools to investigate long- 

range chromosome behavior in vivo. The goal of this dissertation research was to gain 

further insight into the effect of transcription on chromosomal DNA topology. We em­

ployed an in vivo system (namely, site-specific recombination by Res) to study dynamic 

chromosomal structure (46). Res catalyzes recombination between two directly repeated 

res sites that are plectonemically interwound. A barrier to supercoil diffusion between 

two res sites blocks res recombination. y8  resolution assay is the only assay that can de­

tect transient domain barriers in living cells. A regulated and highly transcribed gene cas­

sette was derived from the transponson Tn 10. Regulation of Tn/O-derived tetracycline re­

sistance involves a repressor, TetR, and a membrane-bound export pump, TetA. Because 

the tetA gene was previously demonstrated to cause topological change for the plasmid,
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we tested the effect of the tetA gene upon chromosomal topology by using a y8  resolution 

assay.

In the first part of our work, transcription of the tetA gene was shown to modulate 

supercoil dynamics in the S. typhimurium genome. First, constitutive transcription of a 

tetA gene caused a persistent barrier to supercoil diffusion that reduced y8  site-specific 

recombination over a 14-kb interval by 20-fold. Second, transcription effects were not re­

stricted to the expression of membrane proteins. Similar effects of transcription on y8 

resolution efficiency were found by using two cytosolic proteins, aminoglycoside-3'-0 - 

phosphotransferase, which is the product of the Tn5 kan gene and (3-galactosidase ((3-gal), 

the product of E. coli lacZ. Diffusion barriers were detected by using a WT resolvase in 

combination with modules that either lacked a functional copy of the TetR repressor or 

contained WT TetR protein but in presence of the inducer chlortetracycline hydro- 

chroride (CLT). Third, the effect on resolution efficiency was proportional to the tran­

scription level. In the strain that has the lacZ fused to the tetA promoter next to a WT tetR 

repressor, the addition of CLT induces expression from the tetA promoter. With the in­

crease in CLT concentration, the transcription level increased and the resolution effi­

ciency decreased. The transcription level reached 600 Miller units in the presence of 5 

pg/ml CLT, whereas resolution was inhibited by 5-fold. Fourth, by using a modified form 

of Res with a cellular half-life of 5 min., barriers to supercoil diffusion were deteceted to 

appear and disappear within 10-20 minutes after the point when CLT was either added or 

washed out of cell cultures, respectively.

Because transcription alters chromosome dynamics of both the plasmid and the 

bacterial chromosomal DNA, the question arises of how many transcription-related barri­
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ers exist in a bacterial cell. Microarray analyses provide important information on ge­

nome-wide transcription profiles (147, 148). Cells growing under the same conditions 

employed in our experiments (exponential cultures in LB) give detectable RNA signals 

for over 4,000 E. coli genes (147). However, steady-state mRNA abundance exhibits a 

strikingly skewed distribution. On the basis of steady-state transcription copy number, we 

divided over 4,000 genes into three classes.

In the first class, which contained 70% of the genes (3,034 ORFs), mRNA abun­

dance is less than one molecule per cell. Genes in this category include the uninduced 

RNA for lacZ (which yields about 15 Miller units of (3-gal activity) and 69 of the 321 

known essential genes. Genes in this low-transcription category probably have little im­

pact on DNA dynamics.

The second class includes genes with a steady-state abundance of one to four cop­

ies of RNA, which results in 40-160 Miller units of (3-gal activity. Genes in this class 

(about 1,0 0 0 ) include 86  essential genes and are also predicted to have a modest topo­

logical impact.

The third gene class includes the ones with mRNA abundance >4, which would 

inhibit resolution over a 14 kb interval by more than 2-fold. There are about 110 genes 

that are transcribed equal to or greater than this level. Those genes are located at 50 dif­

ferent sites around chromosome. Therefore, if we define a decrease of 2-fold in resolution 

as an indication of a barrier, we predict about 50 sites would show transcription-driven 

domains in the chromosome. Included in this category would be a lacZ gene induced with 

1 mM IPTG, which causes a 40- to 60-fold derepression of transcription to about 600 

Miller units. The abundance of lacZ mRNA in uninduced cultures yields an mRNA copy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

number of 0.45 (147), so a culture with 600 Miller units would have a copy number of 

-15. This change in expression is nearly identical to the change in levels of (3-gal expres­

sion that we observe in S. typhimurium going from a repressed PRtetR-PAlacZ to steady 

state expression in the presence of 5 pg/ml CLT (Fig. 4 in the first paper to this disserta­

tion). Under these conditions, a 5-fold inhibition of resolution results. Very few chromo­

somal locations have this level of transcriptional activity. The number of chromosomal 

sites with supercoil diffusion barriers that would inhibit resolution by 5-fold would be <8 . 

If the seven ribosomal operons are added, we predict that only -15 sites would show 5- 

fold effects on resolution. This number of barriers is small compared to our estimate of 

400 barriers that are stochastic and associated with DNA replication (43).

Why is the membrane attachment not necessary for generating transcription- 

driven domains in the chromosome but required for this purpose in plsamids? There are 

two possible reasons. First, the chromosome is 4,000 kb long and the plasmid is only sev­

eral kilobases long. Their topology might respond to transcription differently. Second, the 

tetA in the Tn/0 module is different from the tetA in pBR322 (149). The former tetA is 

much stronger than latter because the strain carrying TniO can grow at a concentration of 

12 |ig/ml tetracycline medium, whereas the strain carrying a single copy of tetA from 

pBR322 can grow only in medium with 2 pg/ml tetracycline (unpublished results). Even 

on a plasmid, membrane attachment is not required to generate transcription-mediated 

hypemegative supercoil when transcription is driven from a strong promoter like Ptac (93).

In the second part of our work, we tested whether bacterial chromosomal genes of 

different transcription levels have different impacts on the resolution efficiency of the 

chromosomal interval in which they reside. Results validated our previous conclusion
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that the magnitude of inhibition on the resolution depends on the level of transcription. 

Therefore, transcription affects the dynamics of the bacterial chromosome, and transcrip­

tion strength is a critical determinant of DNA topology. Further characterization of tran­

scription-induced barriers demonstrated that the position of highly transcribed genes is 

important for their effect on resolution efficiency. If within the res-res interval, the tran­

scribed gene always inhibited the resolution efficiency. However, if the transcribed gene 

was outside of the res-res interval, inhibition was detected only when the end of the tran­

scribing gene was within a range of 1 kb from the res site.

Our data clearly suggested that low resolution is caused by high transcription and 

the membrane attachment is not required. Kinetic analysis with a short-lived Res indi­

cated that the barrier to resolution caused by transcription responds to but is not contem­

poraneous with transcription. Barriers fully appear 20 min. after turning on transcription 

and completely disappear 20 min. after turning off transcription. We suspect that the do­

main barriers might be some transient structures caused by high transcription.

How might high transcription induce a structure change leading to a domain bar­

rier without membrane attachment? So far, there are two possible mechanisms.

First, high level of transcription can form stretches of DNA::RNA hybrids (R-loop) (150) 

In an R-loop, the RNA is hybridized with the corresponding DNA template, leaving the 

nontemplate strand unpaired. In this manner, ssDNA regions flanked by dsDNA ones are 

generated (Fig. 1). R-loop formation was hypothesized to be due to the unpairing of tem­

plate DNA by RNA polymerase, leaving the template DNA single stranded for pairing 

with the nascent RNA. Alternatively, a transient decoupling of translation and transcrip
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Fig. 1. A model of R-loop formation during transcription. -  and + represent negative 
and positive supercoiling, respectively. (A) The tight coupling of translation and tran­
scription inhibits R-loop formation. (B) A weak coupling of translation and transcrip­
tion leads to free nascent RNA not bound by the ribosomes. High transcription also 
causes a higher negative supercoiling behind the moving RNA polymerase, which 
promotes DNA opening. Nascent RNA binds to this unpaired DNA strand and forms 
an R-loop, which might constitute a roadblock to transcription elongation.
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tion may lead to R-loop formation (151). Binding of ribosomes to the nascent RNA ren­

ders this RNA unavailable for reannealing with the complementary DNA template region 

and inhibits R-loop formation. High transcription may result in more transcription than 

translation and lead to decoupling of translation and transcription, probably causing an R- 

loop to form. R-loops can inhibit transcription elongation by constituting roadblocks 

(150). We suspect that R-loops can also block the supercoil diffusion in the same way. 

We can test this possibility by overproducing RNase H, an enzyme that degrades the 

RNA moiety of an R-loop (23). RNase H could remove the block produced by the R-loop 

and restore the high-resolution phenotype of this region. R-loop caused by the tetA tran­

scription might block supercoil diffusion, thus explaining the finding obtained when the 

tetA gene was inside the interval. However, when tetA is located outside the interval, in­

hibition is still detected within 1 kb away from the end of the tetA gene. We cannot imag­

ine how the R-loop formed before the end of tetA will affect the resolution of the interval 

that is 1 kb away from the tetA end because the R-loop cannot form downstream of tran­

scribed genes. On the basis of these data, we suggest that R-loops are unlikely to be in­

volved in the formation of domain barriers to supercoil diffusion.

The other possible model is that, during high transcription, condensing-like pro­

tein MukB (152) reorganizes highly transcribed genes into a domain structure, which 

prevents synapse formation across such a structure. MukB is a functional and structural 

bacterial analog of structural maintenance of the chromosome (SMC) proteins (153). 

SMC proteins are involved in chromosome condensation, sister chromatid cohesion, dos­

age compensation, DNA repair, and recombination (1, 154, 155).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

SMC proteins have globular amino- and carboxyl-terminal domains separated by 

long coiled-coil regions with a central flexible hinge (156). The SMC protein forms a 

homodimer that hydrolyzes ATP and binds DNA in vitro (157, 158). Recently, Melby et 

al. (159) used higher resolution EM to provide an analysis of MukB. MukB showed two 

thin rods with globular domains at the ends emerging from the hinge. Both “folded-rod” 

and “open-V” conformations were seen frequendy when EM was used. The open-V 

molecules demonstrate the potential of the terminal domains to separate and undergo a 

scissoring motion. The two long coiled coils are in an antiparallel arrangement. The hinge 

seems flexible; the coiled arms can open up to 180°, separating the terminal domains by 

100 nm, or close to near 0°, bringing the terminal domains together. The antiparallel ar­

rangement produces a symmetrical molecule with both an amino- and a carboxyl- 

terminal domain at each end. Each terminus of the molecule contains a complete and 

identical functional unit, which means that the two ends of the molecule can operate iden­

tically on two strands of DNA that are separated by 100 nm when for the molecule is 

fully open, or can interact with adjacent DNA sites when the molecule is folded (Fig. 2A).

In eukaryotes, condensin, which contains SMC proteins, is required for the sub­

stantial reorganization of chromosome structure because chromosomes compact during 

mitosis. Condesin is hypothesized to act as an intramolecular crosslinker by grabbing 

sites on an individual DNA strand and bringing them together (160). Condensin promotes 

condensation by stabilizing supercoiled DNA loops (Fig. IB). On the basis of these prop­

erties of SMC proteins, we proposed a model for formation of transcription-driven do­

mains in bacteria. In this model, high transcription leads to localized supercoil change, 

which facilitates MukB loading onto DNA. MukB then organizes the intervening DNA
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Fig. 2. Structural maintenance of the chromosome (SMC) proteins in both eukaryotes 
and prokaryotes. (A) In eukaryotes, condesin, which belongs to SMC protein family, 
promotes condensation by grabbing sites on a single DNA strand and bringing them 
together. Condensin stabilizes supercoiled loops and reorganizes chromosomes into 
their highly compact structure during mitosis. (B) In E. coli, MukB is an analog of 
SMC. Shown is the model of the MukB protein structure, which is implied from elec­
tron micrographs. MukB homodimers are arranged into an antiparallel fashion. Each 
monomer has two globular domains connected by two long coiled coils that are sepa­
rated by a hinge. The hinge is flexible, permitting a scissoring movement, with the 
coils separated at angles of 0° (folded-rod conformation) to 180° (open-V conforma­
tion).
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into a domain structure by a scissoring motion. The domain includes the highly transcrib­

ed sequence and neighboring DNA up to 1 kb (see Fig. 5 in the second paper of this dis­

sertation). Such a domain structure could block supercoil diffusion across it or prevent 

a site from inside the domain from interacting with a site from outside the domain. This 

loop model explains all of our data. In the future, we need to do CHIP assay, which 

would reveal proteins that organize the transcribing regions into such a domain.

Chromosomal domains have significant implications for cell function because 

they ensure that topological changes in one domain do not affect another domains. Co­

regulated expression of a group of genes in a single domain would require domain 

boundaries. For several decades, researchers have been seeking the barriers that define 

domain structure. For the first time, our work indicates that high transcription generates a 

supercoil domain in the bacterial chromosome. The hunt for the structural basis of this 

transcription-driven domain will be very interesting and challenging.

The lessons learned from bacterial chromosomes can apply to eukaryotic chromo­

somes. In eukaryotes, whether transcription can generate a domain remains unknown be­

cause there are no tools to investigate this possibility. However, recently, Rubin's labora­

tory (161) showed that there are transcriptional domains in the eukaryotic chromosome. 

Hundreds of microarray expression profiles for Drosophila were analyzed, and the profile 

for each gene was mapped to the position of genes along the Drosophila chromosome. 

Highly expressed genes were often grouped together. Groups of physically adjacent 

genes had strikingly similar expression profiles. There are about 200 such groups, which 

are called transcriptional domains. These authors (161) proposed that local chromatin 

structure might define chromosomal domains that in turn control the expression of large
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groups of genes; perhaps the regulation of large groups reflects an “open” or “closed” 

chromatin state that is caused by expression of a few genes within the domain. Such tran­

scriptional domains might be akin to the transcription-driven domains we found in the 

bacterial chromosome. Thus, understanding the mechanism of prokaryotic domains could 

be important for gaining an increased insight into the mechanism of eukaryotic domain 

formation and function.
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