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ABSTRACT

The expression of pyelonephritis-associated pili (Pap) in Escherichia coli is under
a phase variation control mechanism in which individual cells alternate between pili+
(ON) and pili- (OFF) states. This occurs through a process involving DNA methylation
by deoxyadenosine methylase (Dam). Methylation of two GATC sites (GATC-I and
GATC-II) within the pap regulatory region is differentially inhibited in phase ON and
phase OFF cells. The GATC-I site of phase ON cells is nonmethylated and GATC-II site
is fully methylated. Conversely, in phase OFF cells the GATC-I site is fully methylated
whereas the GATC-II site is nonmethylated. Two transcription activators, Lrp and Papl,
are required for this specific methylation inhibition. Low resolution DNA footprint
analyses using nonmethylated pap DNA indicated that Lrp binds near the GATC-II,
whereas Papl does not bind specifically to pap regulatory region. However, the addition
of Lrp and Papl together resulted in an additional footprint around the GATC-I site,
indicating that both Lrp and Papl are required for binding to the GATC-I region.

To define the role of Dam methylation in pap gene regulation, the GATC-I and
GATC-II sites were mutated so that they could not be methylated, and the effects of these
mutations on Pap phase variation were examined. The results indicated that methylation
of GATC-I blocks formation of the phase ON state by inhibiting PapI-dependent Lrp
binding to this DNA region. In contrast, methylation of GATC-II is required for the
phase OFF to ON transition. Evidence suggests that this occurs by the inhibition of Lrp
to sites overlapping the papBA promoter, which may occlude RNA polymerase.

The Lrp binding sites in the pap regulatory region were further defined by

methylation protection analysis. Six Lrp binding sites were found, each separated by



about three helical turns of DNA. Lrp bound with highest affinity to three sites (1, 2, and
3) proximal to the papBA promoter. A mutational analysis indicated that the binding of
Lrp to sites 2 and 3 inhibits pap transcription, which is consistent with the fact that Lrp
binding site 3 is located between the -35 and -10 RNA polymerase binding region of
papBA promoter. The addition of Papl decreased the affinity of Lrp for sites 1, 2, and 3
and increased its affinity for the distal Lrp binding sites 4 and 5. Mutations within Lrp
binding sites 4 and 5 shut off pap transcription, indicating that the binding of Lrp to this
pap region activated transcription. The pap GATC-I and GATC-II sites are located within
Lrp binding sites 5 and 2, respectively, providing a mechanism by which Dam controls
Lrp binding and Pap phase variation. A model for Pap phase variation is presented based

on these results.
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CHAPTER

INTRODUCTION



Overview

Urinary tract infection (UTI) is a common health concern, especially among
women. About one tenth of men and one fifth of women experience episodes of UTI
during their lifetimes (74, 82, 96). UTI can be caused by a variety of pathogens, including
bacteria, yeast and viruses. However, the most common etiologic agents of UTI are
uropathogenic Escherichia coli strains (72, 130, 144). It is estimated that 60-85% of human
UTI are caused by E. coli strains. The source of UTI-causing strains is believed to be the
opportunistic pathogens in the fecal flora (46, 141). Those bacterial strains are capable of,
upon contamination, colonizing and invading the lower urinary tract, causing cystitis, and
further ascending to the upper urinary tract, causing pyelonephritis. In some cases, they
invade the deep tissue, causing urosepsis (72, 124, 130, 139).

Uropathogenic and nonpathogenic E. coli strains differ in their abilities to colonize
and to invade host tissues. Bacterial cells from a pathogenic strain can adhere to host
epithelial cells by way of specific types of pili (also known as fimbriae)(130, 139). Such
pili are usually a complex surface structure composed of specific pili subunits and adhesin
molecules with different specificity to the components of host cell surface (72, 84). Most
E. coli clinical isolates from pyelonephritis patients express a distinct type of pilus that
enable the bacterial cells to attach to the epithelial cells lining the urinary tract (72). These
pili are therefore referred to as pyelonephritis-associated pili (Pap) (68, 118).

Production of pili confers to the bacterial cell the advantage to adhere tightly to host
epithelial cell surfaces, a necessary step for colonization in environments like the urinary
tract, where bacterial cells not attaching to the host cells are readily removed (72).
Nevertheless, the presence of pili can sometime also be disadvantageous for a bacterial cell.
First, the tight adhesion to epithelial cells mediated by pili reduces the mobility of the
bacterial cells (pili are not structures of locomotion), which restricts the bacterial cells from

moving to new locations. Second, the proteinacious pili may be an easy target for the host



immunological system, rendering piliated bacterial cells more vulnerable to eradication by
the host (132). Third, the production of the pili also consumes a large quantity of energy.
Uropathogenic E. coli have developed a mechanism that allows them to maintain the
advantages of pili production and avoid its disadvantages by altering the states of pili
expression. This phenomenon is known as phase variation, by which bacterial cells
alternate between phase ON (active expression) and phase OFF (no expression) states. In
some other systems, such as Neisseria gonorrhoeae pili expression, the bacterial cells
produce different types of pili with different antigenic characteristics, a phenomenon
known as antigenic variation. Antigenic variation as well as phase variation occurs by
different mechanisms in different cases, though in most cases reversible rearrangement of
DNA is often involved (132). Understanding the mechanisms underlying different types of
antigenic and phase variation is therefore important for understanding bacterial

pathogenesis.

The Pap Pili

Characterization of Pap Pili

A uropathogenic E. coli strain can produce different types of pili, including Type 1
pili, Pap pili, S pili, and others (28, 72, 81). A given type of pilus is characterized by its
morphology and adhesion properties but can exist as different serotypes. Pap pili produced
by uropathogenic E. coli strains are hairlike proteinacious surface structures composed of a
rigid shaft and a flexible tip (84). The shaft is composed of about one thousand major pilin
monomers, which are arranged as a tightly packed right-handed helix that is 7 nm wide and
0.2-2 pm long with a 2.0-2.5 nm central helical hole (84, 85). The major pilin subunits
account for 99.9% of the pilus mass and determine the antigenic specificity of the pilus (58,
104). The tip is composed of a variety of minor pilin subunits, which form a thin open
helical structure (2 nm wide) termed the fimbrillum (84, 85). The tip determine the adhering
specificity of the pilus (93, 103). A bacterial cell may produce hundreds to thousands of

Pap pili on its surface.
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Unlike the more common Type 1 pili, which bind to mannose residues of epithelial
cells and therefore the binding to cells is inhibited by the presence of mannose (134), Pap
pili can agglutinate human or guinea pig erythrocytes in the presence of mannose (145).
This mannose-resistant hemagglutination is due to the presence of an adhesin in the pili
with a different receptor specificity. E. coli strains expressing Pap pili, as well as purified
pili from those strains, bind to erythrocytes expressing P blood group antigens (75, 76,
80), which are a family of globoseries glycolipid containing Gal(o1-4)GalP moiety (Gal-
Gal), including globotriaosylceramise (GbO3) and globoside (GbO4). Several lines of
experiments confirmed that Pap pili adhesin recognized Gal-Gal disaccharide moiety of
glycolipids on the cell surface (72). First, E. coli strains expressing Pap pili were shown to
bind to cells carrying such glycolipids naturally or to cells or latex beads treated with such
glycolipids (31, 89, 98, 142). Second, adherence of strains expressing Pap pili to cells
carrying Gal-Gal containing glycolipids or treated with Gal-Gal containing glycolipids was
blocked by substances containing the Gal-Gal moiety (75, 89, 142). Third, strains
expressing Pap pili were shown to adhere to glycolipids containing Gal-Gal but not to
those without Gal-Gal (17). In humans the globoseries glycolipids GbO3 and GbO4 are
found predominantly within the kidney, the ureter, the red blood cells, and less abundantly
within the gastrointestinal tract (24, 84). This provides an explanation for why Pap piliated
E. coli strains colonize and invade the human urinary tract, causing UTI, whereas other
tissues are relatively not infected. Recently Pap pili were found also to bind to immobilized
fibronectin (157), providing a mechanism for Pap piliated bacterial cells to interact with the

extracellular matrix (59).

Pap and UTI

A number of epidemiological studies have established the importance of the
expression of Pap pili in bacteria caused urinary tract infections (72, 139). Marild et al.
(106) showed that about 90% of children with first-time acute pyelonephritis carried E. coli

expressing Pap pili. Sanderberg et al. (135) showed that the majority of adult women of



various ages with acute pyelonephritis carried Pap-piliated E. coli as causing agents. In the
case of uncomplicated urosepsis, Johnson et al. (73) showed that up to 100% of the blood
isolates expressed Pap pili. Overall, about 70% of E. coli isolates from pyelonephritis
patients and 36% from cystitis patients expressed Pap pili, whereas only about 24% from
asymptomatic bacteriuria patients and 19% from fecal flora of healthy individuals expressed
Pap pili (72). However, in individual patients compromised by pregnancy, anatomic
abnormalities, or instrumentation, the frequency of clinical isolates expressing Pap pili was
substantially lower comparing with individual patients without such complicating factors
(32, 72, 73, 99). These studies indicate that although nonpiliated strains are capable of
infecting the lower urinary tract and upper urinary tract of the compromised individuals,
Pap piliated strains are more likely to reach to the upper urinary tract of healthy individuals
and cause pyelonephritis.

The importance of Pap pili in uropathogenesis was also demonstrated by using mice
and monkeys as animal models (72). In both cases, inoculation with strains expressing Pap
pili led to colonization of the urinary tract by the bacteria and to urinary tract infections (37,
54, 118, 131). Administration of substances containing Gal-Gal along with the bacteria
inoculum protected the animals from urinary tract colonization by the bacteria (140).
Immunization with purified Pap pili proteins also protected the animals from urinary tract
infection following subsequent challenges with the E. coli strains expressing homologous
Pap pili (55, 118, 131).

Urinary tract infections by Pap piliated E. coli cause local and systematic
inflammatory responses which are responsible for the symptoms. Strains expressing Pap
pili, either living or killed, elicit inflammatory responses when inoculated into mice (95).
This inflammatory response is blocked by coadministration of a Gal-Gal containing
substance (95). This observation suggests that the role of Pap pili in uropathogenesis is not
restricted to allow the bacterial cells to adhere to the uroepithelial cells. It has been found

that Pap piliated E. coli cells stimulate epithelial cells to release interleukin-6 and



interleukin-8 in vivo and in vitro (2, 3, 62, 63). The cytokines, in turn, activate the host

inflammatory responses (139).

The pap Operon

The genes encoding the Pap pili are located on the chromosome as a cluster in the
uropathogenic E. coli strains. It is believed that the uropathogenic E. coli strains have
gained virulence determinant genes as a consequence of mobile element transposition and
that different types of pili among a variety of enteric bacteria may have common origins
(86). Eleven pap genes in the cluster have been identified and the function of the products
studied (144). As shown in Figure 1-1, the pap genes are transcribed divergently, with
papl being transcribed leftward as a monocistronic unit and the other 10 pap genes
rightward as a polycistronic unit.

The products of papl and papB are positive regulatory proteins for the transcription
of the pap operons (43). The papA gene encodes for the major pilin subunit of the Pap pili
(9). PapA is the most heterogeneous gene product among different Pap pili producing
isolates and determines the antigenic specificity of the Pap pili. However, PapA is not
necessary for Gal-Gal adhesion. Mutants in papA gene produce cell adhesin which
mediates Gal-Gal adhesion in rough strains but not in smooth strains (93, 150) suggesting
that the pili shaft is important to extend the adhesin away from cell surface when the cell is
coated with polysaccharides.

The genes papK, papE, papF, papG, and papH code for the minor components of
Pap pili. PapG is the adhesin, present on the very tip of a pilus and determining the specific
adhesion to the Gal-Gal moiety of glycolipids on the surfaces of epithelial cells (85).
Mutants in the papG gene are unable to mediate mannose-resistant hemagglutination. The
assembly of Pap pili starts with the assembly of the tip, and the subunits are sequentially
added at the base so that the pilus "grows" from the base (69). PapF is a linker between the

adhesin and the tip in the pilus. Its incorporation initiates the assembly of the pilus (71).



Figure 1-1. Organization of the pap genes. Eleven pap genes are organized as two
divergently transcribed operons. The function of each gene product is indicated. The papl-
papB intergenic region is the pap regulatory region.
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PapE subunits are then added to PapF. PapE is the most abundant minor pilin subunit and
the only one known to form homopolymers. The presence of a string of PapE is believed to
confer flexibility to the tip of the pilus (85). PapE also mediates the fibronectin-dependent
adhesion (158). The incorporation of PapK into the pilus tip then initiates the assembly of
PapA polymer (71), forming the long rigid shaft of the pilus structure. PapH serves both as
a stopper of PapA polymerization and a molecular anchor for the pilus to the membrane.
Mutants in papH produce nonanchored long pili and PapH overproducers produce shorter
pili.(8).

The products of papC and papD are not present in the pilus but are required for Pap
pili assembly (84). PapD is a periplasmic molecular chaperone that binds to the major and
minor pilin subunits to prevent premature folding (94). Interaction with PapD also prevent
the major and minor pilin subunits from being degraded by the periplasmic DegP proteinase
(84). PapC, called outer membrane usher, is a specific outer membrane protein that
determines the site and the order of pilus assembly (36). It may also serve as a deck and
anchor for the assembly of Pap pili. The function of PapJ has not been well defined,

though it has been suggested to facilitate the assembly of the PapA subunits (84).

Genetic Regulation of Pap Expression

The expression of Pap pili genes is affected by a variety of environmental factors,
including carbon source, nitrogen source, temperature, and phase of growth (46).
Generally, growth on rich medium inhibits the expression of pili genes and growth on
minimal medium stimulates the expression. Similarly, growth at body temperature (37°C)
induces the production of Pap pili whereas growth at room temperature (23°C) shuts off the
pili production. It has been proposed that bacterial cells sense such environmental signals to
determine whether they are inside a host (160). The genetic basis underlying such
responses to environmental signals is complex. Many proteins, both operon specific factors
encoded by the pap genes and global regulatory factors, have been shown to be involved in

this process. The regulation of Pap pili expression occurs at both transcriptional and
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posttranscriptional levels (102). In addition, the regulation of pap transcription involves a

phase variation mechanism.

Transcriptional regulation

Both PapB and Papl are required for the transcription of the papBA operon (6).
PapB is also autoregulated. Overexpression of PapB in trans leads to the down regulation
of the transcription from the papBA operon (43). PapB has been shown to specifically bind
to two sites in the intercistronic regulatory region as well as a site in the coding region of
papB . Of those three binding sites, the most upstream one, centered at about -240 of the
papBA transcription initiation point and about -90 of that of papl, has the highest affinity.
A second binding site overlaps with the -10 region of the papBA promoter and a third one
in the papB coding sequence at +100. Assuming the binding of PapB to the lower affinity
sites at -10 and +100 interferes with the binding of RNA polymerase, this may explain the
autoregulation of PapB. Papl does not bind to DNA, and recent evidence from our
laboratory suggests it functions by affecting the DNA binding specificity of a major
regulatory protein, Lrp (see further discussion later).

The global regulator CAP is also required for transcription and has been shown to
bind in a cAMP-dependent manner to the regulatory region centered at 215.5 bp upstream
of the papBA transcription initiation point and 115.5 bp upstream of the papl transcription
initiation point, adjacent to the PapB high affinity binding site (52). Mutations introduced
into this CAP binding site shut off the transcription from both operons. The involvement of
CAP in transcription activation has been well studied. Depending on the properties of the
promoter and the location of the binding site relative to the RNA polymerase binding site,
CARP either directly interacts with RNA polymerase or induces DNA conformational change
by bending DNA (25). The facts that the CAP binding site is far away from that of the
RNA polymerase and that other regulatory factors are involved in the transcriptional
activation suggest that papBA promoter is a class IIT CAP-activated promoter, in which

direct CAP-RNA polymerase interaction has not been directly observed (25, 128). It has
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been proposed that CAP, by interacting with PapB upon binding to the regulatory region,
induces DNA conformational change that favors the formation of an open complex at the
promoter regions (52).

The chromatin-associated protein H-NS may also play a regulatory role in the
transcription of pap operons. The transcription of the papBA operon, when located on a
multicopy plasmid, is stimulated twofold by mutation in drdX, a gene identical to hns.
Moreover, cAMP-CAP and PapB are no longer required for papBA transcription in such
mutants (53). It has been proposed that H-NS represses an intrinsically active papBA
promoter and that cAMP-CAP and PapB are required as antirepressors to antagonize the
silencing by H-NS (44). Recent work in this laboratory using chromosomally located
single copy papBA operon indicates, however, that Pap phase variation occurs in an hns
mutant background (146). This finding argues against the hypothesis that H-NS plays a
central role in the regulation of papBA transcription.

Another chromosomal locus that is involved in the transcriptional regulation of pap
operons was identified by screening for mutations giving a locked OFF phenotype
following Tn-10 mutagenesis (20). This gene, originally named mbf for Methylation
Blocking Factor, was later found to be identical to Irp (22), the gene encoding a global
regulatory protein that has been implicated in the regulation of dozens of genes or operons
(26). Lrp is absolutely required for the transcription of the papBA operon. Recent evidence
suggests that Lrp play a central role in the regulation of papBA expression regulation and

Pap pili phase variation (21).

Posttranscriptional regulation

In a single pilus, the shaft is composed of about a thousand of PapA major pilin
subunits and the fimbrillum is composed of minor pilins present at much lower numbers
(84). An obvious question then is how cells maintain the balance of those subunits. Such
differential gene expression from a single polycistronic operon can be achieved by

transcriptional attenuation or termination, by transcription from an internal promoter, or by
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differential degradation of processed mRNA. A stem-loop terminator sequence is found
between papA and papH genes. It is postulated that the transcription from the papBA
promoter is attenuated at this sequence and only a small proportion of the transcription
events can proceed passing this sequence and generate mRNA for the papH and
downstream genes (6, 7, 116). Therefore, the predominant species of mRNA produced by
the transcription from the papBA promoter is a dicistronic mRNA encompassing papB and
papA. However, probing a northern blot with papA sequence revealed two mRNA species,
one the expected size of the dicistronic mRNA of papB and papA and a smaller one that
was not detected by probing with papB sequence (7). This is because the dicistronic
mRNA is further processed so that a shorter mRNA species encompassing only the papA
sequence is produced, while the part encompassing papB is rapidly degraded. This mRNA
processing is dependent on the activity of RNase E (115), a RNase involved in the
processing of a variety of mRNA precursors (111, 113, 114). The processed papA
monocistronic mRNA is translationally active and markedly more stable than the dicistronic
mRNA, with a half life of about 27 min in contrast to the 2.5 min half life of the papB
papA dicistronic mRNA. It is believed that the papA mRNA is stabilized by the stem-loop
terminator structure at the end of papA and another stem-loop structure formed at the head
of the processed papA mRNA (115).

The production of Pap pili is shut off when cells are grown at 26°C or lower
temperature. This thermoregulation is abolished by mutations in the gene rimJ (159), which
encodes an N-terminal acetylase of ribosomal protein 5S (162). In such mutants,
transcription from papBA promoter at lower temperature occurs as well as at 37°C, as
determined by B-galactosidase activity of papBA-lacZYA fusion and by Northern blotting
assays (160). The involvement of RimJ suggests that posttranscriptional events are, at least
partly, responsible for Pap pili thermoregulation. It is hypothesized that the pap mRNA is
destabilized at low temperature so that it is quickly degraded and ribosome or RimJ is

involved in such a process (160). However, recent observations from our laboratory
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suggest that H-NS may play an important role in thermoregulation of pap and that RimJ

may affect the function of H-NS (C. White-Zigler and D. Low, unpublished data).

Phase variation

The expression of Pap pili is also controlled by a phase variation mechanism at the
transcriptional level. This phase variation control involves differential DNA methylation
and interaction with the global regulatory protein Lrp (15, 21). This will be further

discussed in a later section.

DNA Methylation
Deoxyladenosine Methylase (Dam)

Deoxyladenosine methylase (Dam), also known as DNA adenine methyltransferase,
is a 32 KDa protein that methylates the adenine at the N6 position in a DNA sequence
containing 5'-GATC-3' (107, 108). Dam is present in a variety of prokaryotic organisms,
including Escherichia coli, Salmonella typhimurium, Streptococcus pneumoniae, and
Vibrio cholerae (10, 107). In E. coli, mutation or overexpression of the dam gene leads to a
hypermutable phenotype and uncoordinated DNA replication (108). The function of Dam
has been shown to be involved in various cellular processes, such as mismatch repair,

DNA replication initiation and transcriptional regulation (108).

Mismatch Repair

Mutants of the dam gene or Dam overproducer strains exhibit elevated frequencies
of point mutations (64, 109). This is because Dam is an integral part of the methyl-directed
mismatch repair system of bacterial cells. Mismatches occurring during DNA replication are
first corrected by the proofreading function of the DNA polymerase. Those that are missed
by the proofreading machinery are recognized by a mismatch repair system that includes
MutS, MutL, and MutH, which subsequently replaces one of the mismatching nucleotides
with one that matches (87, 112). Normally, DNA methylation trails DNA replication by a

few minutes. Sometimes this lag can be up to approximately 10 min or one third of the cell
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cycle due to the limited level of Dam in the cells . As a result, the newly synthesized strand
is undermethylated immediately following the passage of DNA replication fork, leading to
the hemimethylated GATC sites (108). The protein MutH cleaves DNA 5' to the G in the
nonmethylated strand of a hemimethylated GATC site adjacent to a mismatch recognized by
MutS and MutL (87, 112). The mismatch repair system is therefore able to discriminate the
newly replicated strand from the old template strand. A stretch of DNA up to several Kb on
the newly replicated, and therefore nonmethylated, strand is then excised and resynthesized
by DNA polymerase IIT (87). Using A phages containing mismatches in specific genes, it
was shown that the repair of the mismatch following phage infection was biased in favor of
the methylated strand when hemimethylated phage DNA was used, whereas the repair was
random when nonmethylated phage DNA was used (123). Similar results were obtained
using plasmid DNA carrying mismatches in a defined in vitro system (87). This is in
agreement with the early observation that in dam mutants the mutation rate is much higher
then in the wild-type. In the case of Dam overproduction, the lag between DNA replication
and DNA methylation is greatly reduced, resulting in completely methylated DNA before
the mismatches can be corrected. The methyl-directed mismatch repair cannot correct the
mismatches when both strands are methylated, because a methylated GATC site is not

recognized by the repair system (112).

Coordination of DNA Replication Initiation

In a rapidly growing population of bacterial cells, a new round of DNA replication
occurs before the end of the previous one . As a result, multiple replication initiation sites
(oriC) exist at the same time. In wild-type cells, the initiation at these sites is coordinated so
that all the sites are used. Therefore, there are even numbers of initiation sites at any given
time during the cell cycle (137). However, the initiation in the dam mutant cells is not
coordinated so that odd numbers of initiation sites are present at any time (19). This finding

suggests that Dam methylase is involved in the coordination of DNA replication initiation.
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The distribution of GATC sequences in a DNA molecule is not even or random.
There are 11 GATC sites in the 245 bp minimal oriC of E. coli, of which 8 are
phylogenically conserved (163). Hemimethylated (but not completely methylated or
nonmethylated) DNA containing oriC attaches to the cytoplasmic membrane in vivo and in
vitro (119). Fully methylated plasmid DNA with oriC as a replication origin transforms
dam mutants very poorly, and only hemimethylated plasmid DNA is recovered following
such transformation. Mutants in dam can be transformed normally by nonmethylated
plasmids with oriC as replication origin. In contrast, the wild-type cells are transformed
normally by either methylated or nonmethylated plasmids with oriC as replication origin
(133). These observations indicate that hemimethylated oriC sites are not effective for
initiation of DNA replication in E. coli.

The GATC sites in the oriC region become hemimethylated after initiation and the
passage of the replication fork. It has been suggested that such hemimethylated oriC
regions are subsequently sequestered by binding to cytoplasmic membrane and are not
accessible to methylation by Dam methylase or the DNA replication machinery for a new
round of DNA replication (27). The sequestered oriC are released later, become
methylated, and are subject to DNA replication initiation (27). In dam mutant cells, the oriC
sites cannot be hemimethylated and therefore presumably cannot be sequestered. These
unsequestered oriC sites are available for replication initiation at any time, resulting in
uncoordinated replication initiation.

DnaA is a protein that determines the initiation of DNA replication (97).
Interestingly, there are six GATC sites in the promoter region of dnaA, and the expression
of dnaA is stimulated by DNA methylation (23, 83). The dnaA promoter may be
sequestered after the passage of replication fork by the same mechanism as that of oriC
(27). Therefore, DNA methylation can coordinate the initiation of DNA replication by
linking the expression of the key factor in DNA replication initiation with the availability of

the replication origin.
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Transcriptional Modulation

DNA methylation has not been recognized as a general mechanism controlling gene
expression in prokaryotes. There are only a few known cases in which the expression of a
gene is affected by DNA methylation by Dam. In most of these cases, a mutation in the
dam gene has a modest two- to sixfold effect on the transcription of the genes in question,
either positively or negatively (25, 128).

Besides the positive regulation of draA by DNA methylation, the best known genes
regulated by DNA methylation are those encoding transposon transposases. Expression of
phage Mu mom gene, of which the promoter is downstream of a cluster of GATC sites, is
reduced by 20-fold in a dam mutant host cell (60). The mechanism by which DNA
methylation stimulates gene transcription is not completely understood. It is possible that
the methylation at or near the promoter region causes DNA conformational change that
precludes the binding of a negative transcriptional regulator. One such repressor gene,
momR, was identified by screening mutants that render the transcription of mom
independent of DNA methylation (18). The protein MomR, which is identical to the
oxidative stress regulatory protein OxyR, binds to the mom regulatory region
encompassing the cluster of GATC sites when the DNA is nonmethylated. Binding of
MomR is not observed when DNA containing the mom regulatory region is methylated
(18).

DNA methylation negatively affects the transcription of sulA, trpA, trpS, ginS and
the transposase genes of some transposons, including Tn-10, Tn-5 and Tn-903 (11, 138).
GATC sites are present within the promoter regions of all of these genes. The expression
of those genes is stimulated in dam mutants by two- to tenfold. DNA methylation at the
promoter region is believed to interfere by steric hindrance with the access of RNA
polymerase to the promoter, causing reduced transcription (11, 138). Alternatively, the
repression of these genes by DNA methylation can also be due to reduced affinity for the

binding of a positive transcriptional regulatory protein.
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In all of the systems described above, the methylation states of the GATC
sequences are not regulated. Those GATC sequences are either fully methylated during
most of the cell cycle or hemimethylated immediately following DNA replication. As a
result, no variable patterns of DNA methylation corresponding to environmental signals are
observed. Although such DNA methylation sensitive expression ties many cellular activities

to the cell cycle, it is not an effective means for cells to respond to environmental signals.

Nonmethylated GATC Sites

It was believed that all the GATC sites in E. coli chromosome were completely
methylated, except for a short period of temporal hemimethylation immediately following
the DNA replication (108). However, using more sophisticated techniques, it has recently
been shown that about 0.2% of the estimated 18,000 GATC sites in E. coli K-12
chromosome are completely nonmethylated (129). This finding raises the question why
those GATC sites are resistant to methylation. One possibility is that some of these sites are
located in stretches of non-B-form DNA sequences that are resistant to methylation or
protected by some other types of conformational steric hindrance. Another possibility is
that these sites are protected by binding of proteins that are involved in transcriptional
regulation or chromosomal organization (129). The fact that the methylation states of many
of these GATC sites depend on environmental signals, including nutrition and temperature,
suggests that the methylation states are coupled with the transcriptional activity of some
genes (56, 129).

Some of the nonmethylated sites have been identified by cloning the flanking
sequences. Of the nine nonmethylated GATC containing sequences cloned by Wang and
Church (152), seven were shown to match genes in E. coli database. All the seven
nonmethylated GATC sites are located within the 5' noncoding regions of specific genes,
suggesting the involvement of binding of transcription regulatory proteins in methylation

protection of those GATC sites. Though some of the sequences containing nonmethylated
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GATC sites exhibit strong consensus to the CAP binding sequence, protection by the
binding of other proteins is also suggested.

Hale et al. (56) have similarly cloned 60 sequences containing nonmethylated
GATC sites. An incomplete analysis of the 60 clones identified 10 different sequences that
were located to the 5' noncoding regions of some known genes and some unidentified open
reading frames. More importantly, the methylation states of these nonmethylated GATC
sites were shown to be affected by stages of growth, the presence or absence of leucine,
and the presence or absence of the global regulatory protein, Lrp (leucine responsive

regulatory protein).

Lrp and Gene Regulation
Leucine Responsive Regulatory Protein.

Lrp was first identified by mutations that affected the transport of branched-chain
amino acids (4) and later independently identified by researchers studying different gene
regulation systems (5, 20, 70, 92). Purified Lrp is a 164 amino acid, 18.8 KDa protein
with a pI of 9.3 that exists as a dimer in solution. It is moderately abundant, about 3,000
dimers per cell or about 0.1% of total cellular protein when cells are grown on a glucose-
based minimal medium, as determined by antibody titration (161).

Genes encoding Lrp in Salmonella typhimurium, Klebsiella aerogenes and
Enterobacter aerogenes have also been cloned and sequenced. They are about 90% identical
to their E. coli counterpart and among themselves on the DNA sequence level. The amino
acid sequences encoded by the Irp genes of the four different enteric bacteria are almost
identical, differing only at two positions. Almost all of the mutations on the DNA sequence
level are located at the third "wobble" position of codons, resulting in no change at the
amino acid sequence level (45). The extremely high degree of conservation of Lrp among
the four genera suggests that Lrp is a very important protein and is highly adapted for its

function in enteric bacteria.
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Lrp does not show extensive homology to any known protein, except to AsnC
(79), Pseudomonas putida BkdR (105), and Zymomonas mobilis Grp (120), which are all
involved in the metabolism of amino acids. AsnC is a positive transcriptional regulator of
the asparagine synthetase encoding gene asnA; BkdR is a regulatory protein of the genes
involved in the branched-chain amino acids degradation, and Grp is a protein involved in
the regulation of glutamate uptake, respectively. Lrp shares 25% identity and at least 50%
close similarity with AsnC, 36.5% identity and 55.8% similarity with BkdR, and 33%
identity and 52% similarity to Grp, suggesting that they are evolutionally related. A plasmid
carrying the Irp gene is capable of partially complementing bkd mutations in regulating the
bkdAIA2B-IpdV operon (105). A plasmid carrying the grp gene has been shown to
partially complement Irp mutations, as determined by activation of ilvIH transcription
(120). Recently, the whole genome of Haemophilus influenzae was sequenced. Two Irp-
like genes were found, which encode proteins carrying 77.2% identity and 86.7%
similarity and 29.6% identity and 52.6% similarity to E. coli Lrp. However, the functions
of these two gene products have not been reported.

A helix-turn-helix motif has been identified within Lrp (26, 121), suggesting a
DNA-binding protein and consistent with its role as a transcription regulatory protein.
Mutational analyses using the ilvIH system suggest that Lrp has three functional domains.
Mutations affecting DNA binding occur within the N-terminal third of the protein,
coincidental to the proposed helix-turn-helix motif, suggesting a DNA binding domain.
Mutations within the C-terminal third of the protein affect only the responsiveness to
leucine, suggesting a leucine responding domain. Mutations within the middle part of the
protein result in reduced transcription without affecting DNA binding, suggesting a
transcription activation domain (26, 121).

The expression of /rp is autoregulated by Lrp. Wang er al. (156) showed that the
expression of Lrp was stimulated threefold in a /rp mutant and reduced tenfold in a Lrp

overproducing strain. This autoregulation is not affected by leucine. The Irp gene is
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maximally expressed when cells are grown on minimal medium. The expression is reduced
by four- to 10-fold when the cells are grown in rich medium. However, this effect of rich
medium on Irp expression is not mediated by Lrp, as the same effect is observed in Irp
mutants (90). Therefore, there is another mechanism which regulates the expression of Lrp

in responding to growth conditions.

Lrp Regulon

The gene encoding Lrp has been independently identified by a number of groups
studying different gene regulation systems. These include the biosynthesis and the
degradation of amino acids, the transportation of amino acid and peptide, the synthesis of
tRNA, and the production of pili (26). Conceivably Lrp regulates the transcription of a
large number of genes involved in different aspects of cellular activities. Systematic
searches for Lrp regulated genes have identified a large number of genes or gene products
of which the expression is regulated by Lrp (40, 90, 143). In one of these studies
polypeptides whose production is affected by the presence or absence of Lrp were
identified by two-dimensional gel electrophoresis. It has been shown that the expression of
at least 30 polypeptides is affected by Lrp (40). Another study shows that in at least 66
clones carrying random A placMu, the expression of lacZ is affected by Lrp, suggesting
that a large number of genes with these random insertions are regulated by Lrp (90).
However, these studies do not distinguish genes directly or indirectly regulated by Lrp.

Table 1-1 is an incomplete list of members of Lrp regulon identified in various
studies. Lrp-regulated genes (operons) are involved in a variety of aspects of cell activities
(26). As shown in Table 1-1, these include, but are not limited to, biosynthesis of amino
acids (gIlnALG, gitBDF, ilviH, leuABCD, and serA) (40, 41, 90, 122), catabolism of
amino acids (sdaA, tdh, gcv, and glyA) (90, 92), transport of amino acids and
oligopeptides (livJ, livKHMGF, oppABCD, and ompC) (5, 40, 42, 57), catabolism of

sugars (malT, malEFG, malKlamBmalM, CP8, [recently shown to be an allele of glitD])
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Table 1-1. Lrp regulon. An incomplete list of genes or operons that are regulated by Lrp.
A plus or minus sign in the "Effect of Lrp” column indicates that Lrp positively or
negatively regulate the corresponding gene or operon. A plus sign in the "Effect of
Leucine" column indicates that leucine is required for the function of Lrp in regulating the
corresponding gene or operon, a minus sign indicates that leucine inhibits the function of
Lrp; an equal sign indicates that leucine has little or no effect on the function of Lrp, a star
indicates that the effect of leucine is not reported or is not clear.
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Effect Effect
Class Operon Function of of Ref.
Lrp leucine
Amino acid  glnALG Glutamine biosynthesis + * (40)
biosynthesis gltBDF Glutamate biosynthesis + - (40, 41)
ilviH Branched chain amino + - (122)
acid biosynthesis
serA Serine biosynthesisis + - (92, 125)
leuABCD  Leucine biosynthesis + - (90)
Amino acid  sdaA Serine degradation - - (92)
degradation  tdh Thereonine degradation - (92)
gev Glycine degradation + = (90)
Generating 1C units
glyA Serine to glycine - * (30)
transfer
Aminiacid  livJ High affinity branched - + (57)
transport chain amino acid
transport
livKHMGF High affinity branched - + &7
chain amino acid
transport
sdaC Serine transport + + (136, 143)
oppABCD  oligopeptide transport - * (5)
ompC general transport - = (42)
Sugar malT Regulating maltose + * (143)
degradation usage
mal EFG  Maltose uptake + * (143)
malKlamB Maltose uptake + * (143)
CP8 (gitD) Pentose degradation + * (30, 143)
Pili papBA Pap pili + = (22)
formation faeBC K88pili - * (65, 66)
fanABC K99 pili + - (22)
sfaBA S pili + = (147, 148)
daa F1845 pili + = (147, 148)
fimBE Type 1 pili phase + + (13)
variation
Others lysU Lysyl-tRNA synthesis - - (77, 90)
pnt DADPH synthesis + - (30, 50)
osmY periplasmic protein, - - (88)
Function unknown
Ip Transcriptional - = (90, 156)

regulation
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(90, 143), production of pili (papBA, faeBC, fanABC, sfaBA, daaA, and fimA) (12, 13,
15, 22, 66, 67, 147), and others (lysU [48, 91]; pnt [30] and osmY [88]). There are also a
number of unidentified genes and proteins which appear to be regulated by Lrp (40, 90).

The most striking aspect of the Lrp regulon is not only the large number of its
members but also the diverse patterns of the effects of Lrp on the expression of those
genes. Lrp can be either a positive or a negative regulator of different operons, and leucine
can either positively or negatively affect the function of Lrp on a particular regulatory
system. Yet in some other cases, leucine has no effect on the function of Lrp. Therefore,
there are six modes of regulation by Lrp (26). (i) Lrp activates transcription, and the
activation is inhibited by leucine, such as the regulation of the ilvIH operon (122); (ii) Lrp
activates transcription, and the activation is dependent or stimulated by leucine, such as in
the case of regulation of fimB and fimE (13); (iii) Lrp activates transcription, and leucine
has little or no effect on the activation, such as in the case of the regulation of papBA (22).
(iv) Lrp represses transcription, and the repression is relieved by leucine, such as in the
case of the regulation of sdaA (92); (v) Lrp represses transcription, and the repression
requires leucine, such as in the case of the regulation of livJ and livKHMGF (57); and (vi)
Lrp represses transcription, and leucine has little or no effect on the repression, such as in
the case of the regulation of ompC (42).

It has been proposed that Lrp coordinates the response of bacterial cells to
conditions of feast or famine (26). Lrp functions to regulate metabolic pathways in
response to the availability of amino acids and nitrogen bases in the environments. In
general, when cells are grown in a low nutrient environment, genes required for the
biosynthesis of amino acids are activated by Lrp, and genes required for the degradation of
amino acids are repressed by Lrp. Now cells are adjusted to a famine. Conversely, when
cells are grown in a nutrient rich environment, the activation of amino acid biosynthesis
genes and the repression of amino acid degradation genes are inhibited by the elevated level

of leucine. This feast vs. famine response may also account for the transcriptional
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activation of pili genes by Lrp, because special types of pili are often required for
colonization in specific nutrient-deficient environments.

Besides its function as transcription regulatory protein for a variety of operons, Lrp
may also have a function as a chromosomal organizer (30). This hypothesis is based on the
observation that Lrp binds not only to the regulatory region of operons under its regulation
but also to some other sequences. For example, Lrp has been reported to bind to 4 of the
10 HinFI fragments of the plasmid pBR322 (30), though the relative affinity of Lrp to
those fragments in comparison with other Lrp-bound DNA sequences is not reported.
Taking the binding of Lrp to pBR322 as an indication, there might be a huge number of
low affinity Lrp binding sites on the chromosome. Lrp binding to those hypothetical sites
would significantly affect the local structure and overall conformation of the chromosome,

with a concomitant effect on the transcription of some operons.

Interaction of I.rp with DNA Molecules
Lrp binds specifically to DNA fragments containing the regulatory regions of the

genes it regulates (47, 49, 66, 117, 122, 126, 153). In the case of ilvIH, a 331 bp region
upstream of the transcription initiation point is sufficient for both transcription initiation and
leucine-mediated repression of the operon (61). In vitro, Lrp binding to the ilviH
regulatory region is reduced by leucine, but not by isoleucine or valine (126). Lrp binds
specifically to at least six sites over a 200 bp region in the regulatory region, as assayed by
MPE footprinting (153). The binding to those sites is highly cooperative. The two sites
with the highest affinity for Lrp binding, sites 2 and 4, contain dyad symmetrical sequence
5-AGAATHATTCT-3' and 5'-AGGATtttATCGT-3', respectively. The other sites, which
have much lower affinity for Lrp binding, have sequences that conform to half of the
symmetric sites. At low concentration, Lrp binds cooperatively to the upstream binding
sites. At higher concentration, Lrp also cooperatively binds to the four downstream binding
sites. It is the binding to these downstream sites that is required for Lrp activation of the

ilvIH operon, since mutations in the upstream sites reduces the transcription slightly and
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mutations in each of the downstream sites, except the one most proximal to the
transcription initiation point, reduce the transcription significantly (153). The stoichiometry
of Lrp binding to ilvIH regulatory region has been determined, corresponding to a dimer
binding to each site (154).

Salmonella typhimurium has a cryptic ilvIH operon that is transcribed, but the
translation is prematurely terminated due to a nonsense mutation near the start codon (127).
The upstream region of S. typhimurium ilvIH operon is less than 60% identical to that of
E. coli but still bound specifically by purified Lrp (155). MPE footprinting also revealed
six Lrp binding sites, of which three were similar to those from E. coli. A consensus
sequence, AgaATTTTATtcT, has been proposed as Lrp binding sequence, based on the
analysis of the 12 Lrp binding sites identified in E. coli and S. typhimurium ilvIH
regulatory regions (155).

An Lrp binding consensus sequence has also been drawn by selecting from a pool
of random sequences the ones bound by Lrp. A pool of 50 bp DNA fragments with the
middle 20 bp randomized was used as probe in Lrp mediated gel retardation. DNA
molecules bound by Lrp were purified from the gel and amplified by PCR and subjected to
a new round of selection. After a few rounds of selection-amplification, the selected
sequences were cloned and sequenced. Comparison of the cloned sequences revealed a
consensus sequence of YAGHAWATTWTDCTR, where Y =Cor T, H=no G, W = A or
T,D =no C,R = A or C (29). This consensus sequence is similar to the one drawn by
comparing the Lrp binding sites of E. coli and S. typhimurium ilvIH regulatory regions.
Surprisingly, the Lrp bound sequences selected both in the presence and in the absence of
leucine are very similar, suggesting leucine does not affect the specificity of Lrp binding to
DNA (29).

Another Lrp consensus sequence, TTTATTCtNaAT, has also been proposed based
on the comparison of the regulatory regions of 11 Lrp regulated genes (125). However,

further analysis has not been done on most of those sequences, and whether the sequences
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corresponding to the proposed consensus sequence are bound by Lrp remains to be
determined. It is possible that neither of the proposed consensus sequence accounts for the
true Lrp-recognizing motif in all the systems regulated by Lrp, because such sequences do
not exist in the regulatory regions of all the genes regulated by Lrp, and in some cases,
such sequences, when present in the regulatory region, footprinting analyses fail to detect
Lrp binding (30).

Lrp has also been shown to bend DNA containing Lrp binding sites from the ilvIH
regulatory region. Circular permutation experiments showed that with a single Lrp binding
site, the high affinity site number 4 of the i/vIH Lrp binding sites, Lrp binding induced a
bending of 55°. When two adjacent sites were tested, the DNA was bent at least 1300.
Considering the extensive footprinting caused by Lrp binding, it is most likely that the
binding of Lrp induces a DNA conformational change such that a nucleoprotein complex is
formed, either by DNA looping or wrapping around the protein molecules (154).

However, binding of Lrp to the regulatory region alone is not sufficient for its
function as transcription activator, according to the functional analyses of a number of Irp
activation mutants. The Lrp molecules produced by these activation mutants bind to the
regulatory region of ilvIH normally but do not activate transcription (121). These same
mutants Lrp also failed to activate papBA transcription, although the binding patterns to the
pap regulatory region were similar to that of the wild-type Lrp (146). It has been proposed
that Lrp interacts either directly with RNA polymerase or with another transcription

activator, such as CAP, to activate transcription.

Pap Pili Phase Variation
E. coli isolates from patients with urinary tract infections produce Pap pili of
different serotypes, which can be distinguished by specific antibodies to the major pilin
subunit, PapA (33, 34). A number of pap operons have been cloned (9, 35, 149). In some
cases a single clinical isolate expresses multiple antigenic types of Pap pili simultaneously.

For example, a serotype O6 strain, C1212, contains two pap sequences that encode two
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antigenically distinct Pap pili, antigenic type F71 and antigenic type F72 (100, 149). The
type F71 pili are composed of pilin monomers of 17 KDa (Pap-17), whereas type F72 pili
contain 21 KDa (Pap-21) pilin monomers. Although the majority of the cell (about 85%) in
a single colony express the Pap-21, only a small portion, about 5%, of cells in the same
colony express Pap-17. About another 10% of cells express neither Pap-17 nor Pap-
21(101). The differential expression state of Pap pili among the cells in a single colony is
due to phase variation, by which individual cells alternate the states of pili expression. The
expression of Pap-17 becomes constitutive when the operon is cloned on a multicopy
plasmid and transformed into E. coli K-12, suggesting that the presence of the excessive
copies of pap genes abolishes the regulation of the expression. The expression of Pap-17 is
restored to the wild-type level when the operon is subcloned on a single copy plasmid
(101). Similarly, in another uropathogenic isolate, AS55, which contains only the
chromosome encoded Pap pili similar to Pap-17, about 6% of cells express the Pap pili
(101). These observations indicate that the phase variation of Pap pili expression is
delicately regulated and it can only be observed when the genes are present at single or very
low copies.

The phase variation of Pap pili, examplified by the expression of Pap-17, was
further studied by subcloning the pap sequence into a phage A vector so that the papBA
promoter controls the transcription of lacZYA. The A construct containing the pap
regulatory sequence and the lacZYA fusion was then integrated into the chromosome of E.
coli K12 strain MC4100 at the att site. The expression of LacZYA in this strain is regulated
in the same way as the expression of the Pap pili (16). Both Lact and Lac- colonies are
observed at frequencies reflecting the piliated and nonpiliated cells from a parental colony.
The expression of a Lact phenotype is also repressed by growing in rich medium or in
glucose based minimal medium. The expression state of LacZYA is heritable as phase ON
(Lact) colonies give rise to predominantly phase ON colonies and phase OFF (Lac-) give

rise to predominantly phase OFF colonies. The frequencies of Pap pili phase variation of
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cells grown on M9-glycerol minimal medium at 37°C are determined by plating thousands
of cells from a single colony, assuming each parental Lact cell gives rise to a Lac* colony
and each Lac- cell gives rise to a Lac™ colony. The phase ON to OFF switch occurs at a
frequency of 2.6 X 10-2 per cell per generation and from phase OFF to phase ON at a
frequency of 1.57 X 104 .

Mechanisms of Pili Phase Variation in Bacteria

A number of mechanisms of genetic variation (phase variation and antigenic
variation) have been described (132) (see Figure 1-2). Type 1 pili phase variation occurs by
RecA-independent site-specific recombination. This process requires the activities of FimB,
FimE and IHF (39, 78). DNA sequencing indicates that a 314 bp DNA fragment, which
contains the promoter region of the major pilin fimA gene, is differentially oriented in phase
ON and phase OFF cells. In one orientation the promoter faces towards the fimA gene so
that transcription can occur. In the other orientation the promoter faces away from fimA
gene so that transcription is precluded (1, 38).

In contrast, the phase and antigenic variations of N. gonorrhoeae occur by RecA-
dependent general homologous recombination (110). On the chromosome there are a pilE
locus, where the major pilin gene pil is expressed, and pilS loci, where a number of silent
copies of the pil gene encoding pilins of different antigenic specificity are located. The
copies of the pil genes at the pilS locus are silent because they lack the amino terminal
portion of the gene including the promoter. However, those silent copies of the pil gene can
replace the copy at the pilE locus by a RecA-dependent unreciprocal recombination, leading
to the expression of a pilin with different antigenic specificity (110). As N. gonorrhoeae
cells are readily transformed by DNA they pick up in the medium, the donor DNA to the
PilE locus can also come from sibling cells undergoing autolysis. (51). When the replacing
copy of pil gene contains a nonsense mutation so that no pilin is expressed or a misense

mutation so that the expressed pilin cannot undergo proper modification and assembly, no
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Figure 1-2. Mechanisms of pili phase variation in bacteria. (A). RecA-independent site-
specific recombination of E. coli Type 1 pili. (B). RecA-dependent nonreciprocal
recombination of N. gonorrhoeae pili. (C). Short repeats variation of H. influenza pili. (D).
Differential DNA methylation of E. coli Pap pili.
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C. Short repeats variation. --H. influenzae pili
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pilus is produced, leading to a phase OFF state (110).

Another common mechanism of pili phase variation is the use of short repeated
sequence. Such repeated sequences can be found in the coding or the regulatory region.
Mispairing can happen during DNA replication or DNA recombination, resulting in deletion
or insertion of the repeating units, which in turn changes the coding frame or the promoter
activity, and ultimately the expression state of the pili (132). This mechanism is employed
by the phase variation system of Haemphilus influenzae pili. There are 10 TA repeats
between the -10 and -35 sequences of the overlapping promoters of the divergently
transcribed pili genes hifA and hifB, which confers the maximal expression of the pili
genes. When mispairing occurs during DNA replication so that one TA repeat is deleted or
inserted, the expression of the pili genes is turned off or significantly reduced, resulting in

a phase OFF state (151).

Mechanism of Pap Pili Phase Variation

Whereas most phase variation systems, such as that of E. coli Type 1 pili, N.
gonorrhoeae pili, and H. influenzae pili, involve DNA sequence rearrangements or
alteration, Pap pili phase variation does not. The pap regulatory region of DNA from
populations of phase ON and phase OFF cells was sequenced following PCR
amplifications. No changes at the DNA sequence level were detected in the phase ON and
phase OFF populations. Moreover, Pap pili phase variation occurs independent of RecA.
These and other results strongly indicate that Pap pili phase variation occurs by a
mechanism that does not involve DNA rearrangement (16).

Interestingly, DNA sequence analysis of pap revealed two GATC sites, which are
the Dam methylase targeting sequence, locate in two nearly perfect (24/27 bp identical)
inverted repeats in the regulatory region of the pap DNA, 102 bp apart (15). DNA from
phase ON and phase OFF populations were analyzed by Southern blot following digestion
by a number of restriction enzymes. Though the restriction patterns by most restriction

enzymes did not change, different patterns were observed when Dam methylation sensitive
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enzymes were used. Using restriction enzymes Mbol, which cut only at nonmethylated
GATC, Dpnl, which cut only at methylated GATC, and Sau3Al, which cuts at both
methylated and nonmethylated GATC sequence, it was established that the GATC proximal
to papl (denoted as GATC1028 or GATC-I) is nonmethylated in the phase ON cells and
methylated in the phase OFF cells, and conversely, the GATC proximal to papB
(GATC1130 or GATC-II) is methylated in the phase ON cells and nonmethylated in the
phase OFF cells (15).

The differential DNA methylation patterns displayed by DNA from Pap phase ON
and phase OFF cells suggest DNA methylation by Dam methylase is involved in regulating
Pap phase variation. Examination of Pap phase variation in a Dam- background showed
Dam methylase is indeed required for phase variation. In a mutant that carries a Tn-9
insertion in the dam gene, no phase OFF to phase ON transition was observed and the
transcription from the papBA promoter was at the same level of the phase OFF population
(15). However, complementation with plasmid carrying the dam gene did not restore the
transcription and the phase variation. Nevertheless, replacing the mutant dam gene with a
wild-type copy by transduction did restore the transcription and the phase variation to the
wild-type level (15). These results indicate that high levels of Dam methylase also inhibit
transcription from the papBA promoter and phase variation. Indeed, in the strain carrying
the dam gene on a plasmid, the Dam level was fourfold higher and both GATC sites in the
pap regulatory region were methylated (15).

The finding of nonmethylated GATC sites in the Pap regulatory region on the E.
coli chromosome was unusual, because it was believed that virtually all the GATC sites on
E. coli chromosome were methylated, except for a short period of hemimethylation
immediately following DNA replication (108). However, a GATC site can remain
nonmethylated if it is protected from methylation by the binding of a protein. Mutational
analysis showed that Papl, PapB and CAP were not required for the protection of GATC-II

from methylation, indicating another factor was involved in the protection of the GATC
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sites from being methylated (20). Mutagenesis using mini Tn-10 identified a chromosomal
locus unlinked to pap responsible for the observed protection. Mutation of this gene, mbf
(for methylation blocking factor), resulted in the methylation of both GATC sites in the pap
regulatory region. Also, the transcription of pap is shut off in mbf mutants (20). Mbf
seems solely responsible for the methylation protection at GATC-1I. However, both Mbf
and Papl were required for the protection of GATC-I from being methylated (20). The gene
mbf has been shown to be identical to Irp (22).

A model was proposed for the DNA methylation- and Lrp-dependent Pap phase
variation (14). According to this model, the phase variation is determined by the interaction
of the two GATC sites with Dam and Lrp or Lrp/Papl. For example, in a phase ON cell
GATC-I is nonmethylated and GATC-II hemimethylated following DNA replication. Now
Dam and Lrp or Lrp/Papl can compete for the two GATC sites. If Dam methylates GATC-
IT and Lrp/Papl bind to GATC-I, the cell remains phase ON. Conversely, if Dam
methylates GATC-I and Lrp binds to GATC-II, the cell becomes phase OFF. A phase OFF

to phase ON transition can be explained by a similar process.

Introduction to Work in This Thesis

Previous work has established that Pap pili phase variation is controlled by a
mechanism involving the differential DNA methylation at two GATC sites in the regulatory
region of the pap operons (14). This differential DNA methylation is dependent on the
function of a global transcription regulatory protein, Lrp, which is hypothesized to protect
the GATC sites from being methylated by binding to these sequences. A pap encoded
protein, Papl, is also required for the methylation protection of the GATC-I from being
methylated (20). Evidence will be presented in this thesis to show that (i) Lrp binds
specifically to the pap regulatory region, (ii) interaction of PapI with Lrp alters the binding
of Lrp to pap DNA, (iii) methylation states of the DNA greatly affect its interaction with

Lrp and with Lrp/Papl, and (iv) cooperative binding of Lrp and Lrp/PaplI to different sites
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in the regulatory region helps to regulate Pap pili phase variation. The roles of Lrp, Papl,

and DNA methylation in Pap pili phase variation will be discussed and a mechanistic model

for Pap pili phase variation will be presented based on the experimental observations and

some speculations in comparison with other gene regulation systems.
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Regulation of pyelonephritis-associated pili phase-
variation in Escherichia coli: binding of the Papl and the
Lrp regulatory proteins is controlled by DNA
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Summary

Expression of pyelonephritis-associated pili (Pap) in
Escherichia coli is under a phase-variation control
mechanism in which individual cells alternate between
pili* (ON) and pili- (OFF) states through a process
involving DNA methylation by deoxyadenosine
methylase (Dam). Methylation of two GATC sites
(GATC 028 and GATC,430) within the pap regulatory
region is differentially inhibited in phase ON and phase
OFF cells. The GATC,o2; site of phase ON cells is
non-methylated and the GATC,43, site is fully
methylated. Conversely, in phase OFF cells the
GATC,ys site is fully methylated whereas the
GATC,430 Site is non-methylated. Two transcriptional
activators, Papl and Lrp (leucine-responsive regula-
tory protein), are required for this specific methylation
inhibition. DNA footprint analysis using non-
methylated pap DNAs indicates that Lrp binds to a
region surrounding the GATC,3, site, whereas Papl
does not appear to bind to pap regulatory DNA.
However, addition of Lrp and Papl together results in
an additional DNasel footprint around the GATC 25
site. Moreover, Dam methylation inhibits binding of
Lrp/Papl near the GATC,q,5 site and alters binding of
Lrp atthe GATC, 43, site. Our results support amodelin
which Dam and Lrp/Papl compete for binding near the
GATC, 25 site, regulating the methylation state of this
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GATC site and, consequently, the pap transcription
state.

Introduction

The pap operon in uropathogenic Escherichia coli
encodes pili and adhesin proteins that play important roles
in the attachment of E. coli to urinary tract epithelial cells
{Normark et al., 1986). The expression of Pap pili is under
phase variation control: bacterial cells switch between
pili* (ON) and pili~ (OFF) states. Unlike other phase-vari-
ation systems examined, switching between ON and OFF
Pap pili expression states occurs without pap DNA
rearrangements or mutations (Blyn et al, 1989) by a
mechanism involving deoxyadenosine methylase (Dam)
(Blyn et al., 1990). Dam methylase plays a direct role in Pap
phase-variation by methylating two GATC sites in the pap
regulatory region denoted GATCigps and GATC,q30.
Methylation analysis of the pap regulatory region showed
that in the ON population the GATCq2s Site is non-
methylated and the GATC, 3, site is methylated. Con-
versely, in the OFF population the GATC,qg site is
methylated but the GATC43, site is non-methylated (Blyn
et al., 1990).

We recently identified and cloned a gene denoted mbf
{methylation blocking factor) which is necessary for inhi-
biting the methylation of the pap GATC1g28 and GATC1130
sites (Braaten et al., 1991). This gene is identical to the
recently described /rp gene (leucine-responsive regulatory
protein) (Braaten et al., 1992) which appears to regulate a
number of genes involved in cellular metabolism and will
be denoted Irp here. Although methylation protection of
the GATC,30 site does not require any pap-encoded
proteins, the Pap! regulatory protein is necessary in
conjunction with Lrp for methylation protection of the
GATC 028 site (Braaten et al., 1991). Here we show that Lrp
binds to the GATC,430 region in the absence of Papl.
Binding of Lrp to the GATC,q25 region is detected only
after Papl addition using non-methylated and hemi-
methylated DNAs, but is not detected when using fully
methylated DNA. These results indicate that DNA methy-
lation patterns control Pap phase-variation by modulating
the binding of the Lrp and Papl regulatory proteins.
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Table 1. The pap/ and irp genes are required for
transcription initiated at the papBA pilin

B-galactosidase

promoter. Strain Relevant genotype Strain description specific activity*

DL963 MC4100 (pNN387) Single copy vector control 2+08
DL967 MC4100 (pDAL287) PpapBAp-lacZ in pNN387 98 + 38
DL968 DL967 ip~ DL967 mbf-20::mTn10° 51+19
DL969 DL967 (pDAL262)° papBAp-lacZ + Papl in trans 1980 + 134
DL970 DL969 Ip~ DL969 mbf-20:mTn10 58 + 22
DL971 MC4100 (pDAL288) papip-lacZ in pNN387 58 + 24
DLg72 DL971 ip™ DL971 mbf-20::mTn10 9+3
DL973 DL971 (pDAL262) papip—-lacZ + Papl in trans 139 + 68
DL974 DLY73 ip™ DL973 mbf-20:mTn10 8+1

a. Values are the mean of four independent measurements + 1 standard deviation from the mean. Units
are as defined by Miller (1972).

b. The mbf-20 allele contains a mTn?10 insertion within the /rp gene (Braaten et al., 1991) and was
transduced into E. coli strains by phage P1 transduction (Blyn et al., 1990).

¢. Plasmid pDAL262 expresses Papl constitutively in E. coli MC4100 since the lacl gene encoding lac
repressor is deleted in this strain.

Results
Papl and Lrp are required for pap transcription

To determine the roles of Papl and Lrp in pap phase-vari-
ation, we examined the effects of these gene products on
pilin transcription initiated from the divergent papBA and
papl promoters. For this analysis, we used single-copy
plasmids pDAL287 and pDAL288, which contain papBA-
lacZ and pap/-lacZ operon fusions, respectively, but lack
intact PapB and Papl regulatory protein coding
sequences. E. coli containing plasmid pDAL287
expressed about 100 Miller units of B-galactosidase
(DL967, Table 1). This B-galactosidase level increased
20-fold in the presence of plasmid pDAL262, which
produces Pap! under the control of the /lac promoter,
indicating that Papl is a positive regulator of the papBA
promoter (see strain DL969, Table 1). However, in the
absence of Lrp, Papl did not have any effect on transcrip-
tion initiated at papBAp (compare strains DL968 and
DL970). Similarly, Lrp had less than a twofold effect on the
papBAp promoter in the absence of Papl (compare strains
DL967 and DL968, Table 1). These results indicate that
both Lrp and Papl are required for stimulation of transcrip-
tion from the papBA promoter.

E. coli containing plasmid pDAL288 (papi~lacZ)
expressed about 60 units of B-galactosidase (DL971,
Table 1). This level dropped sixfold inthe Irp~ strain DL972,
indicating that Lrp is a positive regulator of pap/ transcrip-
tion (compare these results to the twofold effect of Lrp on
papBA transcription). Papl appeared to have a two- to
threefold autostimulatory effect (strain DL973) which was
dependent on the presence of Lrp (strain DL974).
Together, these results indicate that Lrp and Papl work
together to regulate transcription from both the papBA
and pap/ promoters. In the absence of Lrp, Pap! did not
stimulate transcription from either of the pap promoters. In
contrast, even in the absence of Papl, Lrp had a twofold

stimulatory effect on transcription from papBAp and a
sixfold stimulatory effect on transcription from papip.

Analysis of the binding of Lrp and Papl to pap regulatory
DNA

Our previous results showed that Lrp and Papl play roles in
methylation inhibition of the pap GATC g2 and GATC 430
sites (Braaten et al., 1991). Therefore, we determined if
Papl and Lrp bind to pap regulatory DNA sequences by
incubating a 292bp pap DNA fragment derived from
plasmid pDAL336 (Fig. 1), radiolabelled at one end, with
protein extracts containing either Lrp, Papl, or both

BamHI Sau3Al Sau3AIl EcoRI
(955) (1028) (1130) (1245)
I | __|
~ 7
N Ve
N Ve
N BamHI EcoRI Ve
N (291) (312) »
~ s Pvull

(402)
Pvull
(53)

pPDAL336

(3134bp)

2863

Fig. 1. Map of plasmid pDAL336. The 292bp BamHI-EcoRI DNA
fragment of plasmid pDAL336 was used in gel retardation assays (Fig. 2)
and DNase | footprinting analyses (Figs 3 and 5). The plasmid pTZ18U
DNA sequence is shown by the light oval and the pap regulatory DNA
sequence is shown by the dark line. The pap GATC1g2s and GATC1130
sites are also indicated.
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DNA _ Nonmethylated Methylated
Lp - - + + + - - + 4+ +

Papl - 4+ . + - . 4+ - + -

12 3 4586 7 89

Fig. 2. Gel retardation analysis. Protein extracts containing Lrp and Pap!
waere incubated with methylated and non-methylated pap regulatory
DNA probes and analysed using high-ionic-strength PAGE (see the
Experimental procedures). Additions of extracts containing Lrp and Papl
are indicated above each lane. Shown on the left of the figure are DNA
fragments: ‘a’, the 200bp Pvull-BamHi DNA fragment of plasmid
pDAL336B (used as an internal control); ‘b’, the unshifted 292 bp
BamHI-EcoRl pap DNA fragment; ‘c’, the shifted 292bp DNA fragment
resulting from Lrp binding; ‘d’, the shifted 292bp DNA fragment resulting
from Lrp- and Papl-binding.

proteins. DNA-protein complexes were separated by
polyacrylamide gel electrophoresis (see the Experimental
procedures). Addition of a protein extract containing Papl
(Lrp™) resulted in only a very slight band-shift of either fully
methylated or non-methylated pap regulatory DNAs (Fig.
2, lanes 2 and 7). In contrast, addition of an extract
containing Lrp (Papl™) shifted band ‘b’ to the more slowly
migrating band ‘c’ regardiess of the pap methylation state
(Fig. 2, lanes 3 and 8). These results indicate that Lrp binds
to pap regulatory DNA sequences and that methylation of
the GATC 028 and GATC,430 sites does not block Lrp
binding.

Addition of Papl and Lrp together resulted in a further
shift to band ‘d’ using methylated or non-methylated pap
regulatory DNA sequences (Fig. 2, lanes 4 and 9). A control
extract from a strain containing the pap/ gene in a
transcriptional orientation opposite that of the phage T7
promoter and which is phenotypically Papl™~ did not result
in any further shift of band ‘c’ (Fig. 2, lanes 5 and 10).
Together, these results indicated that although Papl does
not bind to pap DNA independently, it does appear to
associate with the Lrp—pap DNA complex regardiess of
the pap methylation state.

Although the results shown in Fig. 2 indicated that Papl,
in the presence of Lrp, bound to both methylated and
non-methylated pap regulatory DNAs, they did not pro-
vide detailed information about the location of the DNA-
binding sites or whether the interaction of Papl and Lrp
with methytated DNA was the same as with non-
methylated DNA. Therefore, we analysed the interactions
of Papl and Lrp with pap regulatory DNA by DNasel
footprinting (Galas and Schmitz, 1978). Papl, in the
absence of Lrp, did not alter the control DNasel cleavage

pattern using either non-methylated or methylated DNAs
(Fig. 3, compare lanes 1, 2 and 6, 7, respectively), which is
consistent with the results shown in Fig. 2 indicating that in
the absence of Lrp, Papl does not bind to pap DNA. In
contrast, addition of a partially purified Lrp extract resulted
in an extended 120bp footprint interrupted by DNasel
hypersensitive sites (Fig. 3, lanes 3 and 8; footprints are
indicated by brackets ‘c’ through ‘I'). These results sug-
gest the possibility that Lrp induces bending of pap DNA
(Hochschild, 1991). The methylation state of pap
appeared to affect Lrp binding since the GATC,430 Site
was hypersensitive to DNasel cleavage in methylated, but
not non-methylated, pap DNAs (Fig. 3, compare lanes 3
and 8; footprints ‘i’ and ‘j’).

Addition of Papl and Lrp to non-methylated pap DNA
resulted in two additional protected regions of DNA near
the GATC, 25 site (Fig. 3, lane 4; footprints ‘a’ and ‘b’). The
results presented in panel B (Fig. 3) show that footprint ‘b’
overlaps the GATC, o4 site. These results are consistent
with our previous data showing that Papl is necessary for
methylation protection of the GATC,5 site (Blyn et al.,
1990). In addition to the new footprints ‘a’ and ‘b’ near the
GATC, 025 site, a region near the GATC,,3¢ site became
stronger and more extended in the presence of Papl (Fig.
3A, footprints ‘i’, ‘i’ and ‘k’). These resuits, which are
summarized in Fig. 4, show that although Papl does not
bind to pap regulatory DNA sequences in the absence of
Lrp, Papl does affect Lrp—pap DNA interactions.

Although addition of Papl and Lrp to non-methylated
pap DNA resulted in footprinting of the GATC42g region,
this region was not footprinted when fully methylated pap
DNA was used (Fig. 3, compare lanes 4 and 9, footprints
‘a’ and ‘b’). Similarly, footprints ‘', 'j’, and ‘k’ near the
GATC, 43 site were not altered after Papl addition when
fully methylated DNA was used. These results show
clearly that DNA methylation alters binding of Lrp—Papl to
the pap regulatory region (see Discussion).

In our model for how E. coli alternates between phase
ON and OFF methylation states, we hypothesized that
after one round of DNA replication a fully methylated
GATC,q2s site (phase OFF state) would give rise to a
hemimethylated ‘transition state’. If Lrp/Papl binds to this
hemimethylated DNA and inhibits binding of Dam, then
after one more round of DNA replication the GATC g5 site
would be non-methylated (phase ON state) (Blyn et al.,
1990). Aithough Lrp/Papl does not appear to bind to the
GATC 26 region of fully methylated pap DNA (Fig. 3), it is
possible that binding to hemimethylated pap DNA might
occur. Therefore, to test this hypothesis we constructed
pap DNA fragments that contained a methylated top
strand (orientation shown in Fig. 4) and non-methylated
bottom strand (Hemi-1 DNA) as well as pap DNA contain-
ing a methylated bottom strand and non-methylated top
strand (Hemi-2 DNA) (see the Experimental procedures).
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A B Fig. 3. DNasel footprint analysis of fully
UPPER STRAND LOWER STRAND methylated and non-methylated pap DNAs.
DNA  NONMETHYLATED _ METHYLATED DNA NONMETHYLATED _ METHYLATED Results obtained using the upper pap DNA strand
— _ (see Fig. 4 for orientation) are shown in (A} and
Lp — —+++ - -+ -+ + Lrp ++ + ++ + results obtained using the lower DNA strand are
Papl — + — + — — + — 4+ — Papl — + — 4+ — -+ — + - shown in (B). Lane O is a G+A ladder of the upper
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We confirmed that these DNAs were hemimethylated by
restriction enzyme digestion. Both the Hemi-1 and Hemi-2
DNAs were resistant to digestion with Dpnl, which cuts
only fully methylated GATC sites, and Mbol, which cuts
only non-methylated GATC sites but were susceptible to
digestion with Sau3A, which cuts at all GATC sites
regardiess of methylation state (data not shown).

DNasel footprint analysis of the Hemi-1 and Hemi-2
DNAs was carried out under the same conditions as the
analysis of non-methylated and fully methylated DNAs
shown in Fig. 3. Addition of Lrp extract to both the Hemi-1
and Hemi-2 DNAs resulted in a DNA footprint pattern
similar to that observed for fully methylated DNA (Fig. 5,

01 23 456 7 8 910

(A} or lower (B} DNA strands. Additions of
§ extracts containing Lrp and Papl are indicated
:]' above each lane. For fanes 3 and 8, no Papli

l| Ik extract was added; for lanes 5 and 10, extract

1=]j  from E. coliMCA4100{pDAL288), which contains

:li the pap/ gene in an orientation opposite to the T7
promoter and is phenotypically Papl~, was

1 :]h added. Arrows and numbers on the left of each

:]9 gel show the sequence co-ordinates correspond-
ing to Fig. 4. Brackets and letters on the right of
each gel show protected areas. The GATC1qz8

t site is marked by an asterisk and the GATCy130

site is marked by a triangle.

[T

lanes 1, 3 and 6, 8). The GATC, 13 site of fully methylated
and hemimethylated DNAs is cleaved by DNasel but is
protected in non-methylated DNA (Figs 3 and 5). However,
unlike results obtained with fully methylated pap DNA,
addition of Lrp and Papl to Hemi-1 and Hemi-2 DNAs
resulted in DNasel protection of the GATC43 site. Thus,
binding of Lrp and Papl to the Hemi-1 and Hemi-2 DNAs
was different from that observed for non-methylated and
fully methylated DNAs.

The GATCg25 region of Hemi-1 and Hemi-2 DNAs was
protected from DNasel cleavage only after addition of Lrp
and Papl together (Fig. 5). The Lrp/Papl footprint extended
over the same base pairs as footprints ‘a’ and ‘b’ observed
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g Papl
829 AC T&TCI‘CACT GTAACAAAGT
S M

851  TTCTTCGAAT AATAAAAATC ATGCTCTCTG TTATCAACGG AAAGGTATTT TTATTCTCTA TGTTTGCTTT ATTTGTICAA TTTAGTGAAT TTGCTTTTTA TTGGATTTAT
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-10 -35
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1181 TGAAGAGTA TTTCCGGGCC GGAAGCATAT ATCCAGGGGC CCGACAGAAG GGGGAAACAT GGCGC 1245
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Fig. 4. Summary of DNasel footprinting results using the pap regulatory region. The DNA sequence of the pap regulatory region is shown. The RNA
polymerase-binding sites and both the transcription and translation start sites for pap/ and papB are indicated. The two 27 bp inverted repeats (three
mismatches) containing the GATC1026 and GATC1140 Sites (bold letters) are boxed. The bars over the DNA sequence represent areas protected from

TGAGTACCCT CTTGCTATTA GTGTTTTGIT CTAGTTTAAT TTTGTTTTGT GGG [5&&‘: ATCGTTTAAA TCAATATTTA QAACATAMA AACTAAATTT AACTTATTGC

DNasel cleavage. On the left side, the letters ‘N’ and ‘M’ indicate the results obtained using non-methylated and methylated DNAs respectively. Addition
of Lrp extracts, in the absence of Papl, is indicated by an open bar. A solid bar indicates that Papl was added to the Lrp extract. The pap DNA sequence
used for DNasel footprinting was obtained from plasmid pDAL336B which contains DNA sequences from bp 953 (indicated by solid triangle) to bp 1244.

using non-methylated DNA (Fig. 3). However, it is
apparent that both hemimethylated DNAs (Hemi-1 and
Hemi-2) displayed a weaker footprint in the GATCq28
region than was observed using non-methylated DNA
after addition of the same levels of Papl and Lrp extracts.
Similar results were obtained after analysis of the upper
DNA strand (data not shown). Thus, Lrp/Papl appears to
bind to the pap GATC,02 region of hemimethylated pap
DNAs with lower affinity than observed with non-
methylated DNA. These results are in contrast to results
obtained after addition of Lrp and Papl to fully methylated
DNA in which binding to the GATC4q2s region was not
detectable (Fig. 3).

Discussion

Recently we identified two regulatory proteins, Lrp and
Papl, that are involved in methylation protection of the pap
GATCg28 and GATC 430 sites (Braaten et al., 1991). Here
we show that Lrp binds near the GATC139 site in the
absence of Papl (Fig. 3). However, after addition of both
Papl and Lrp, binding near the GATC, o6 site as well as the
GATC, 39 site occurred (Fig. 3). These results are consis-
tent with our previous data showing that Lrp is required for
methylation protection of the pap GATC g2 and GATC 1130
sites whereas Papl is required in conjunction with Lrp for
methylation protection of the GATC, g2 Site (Braaten et al.,
1991). These data suggest the possibility that Lrp inhibits
Dam methylation of the GATC4430 Site and Lrp/Papl inhibit
methylation of the GATC,q¢ site by binding near these
sites and sterically blocking Dam binding.

In a previous report, we presented a general model for
pap phase-variation which involved competition between
Dam methylase and regulatory protein(s) for binding to the
GATC, 25 site (Blyn et al., 1990). Here we show that
binding of Lrp and Papl to the pap regulatory region is
modulated by the pap DNA methylation state. After the
addition of Lrp and Papl to non-methylated pap DNAs we
detected a 60bp footprint surrounding the GATC o8 Site,
which was not detected using fully methylated DNA (Fig.
3). We also detected binding of Lrp/Papl to the GATCq28
region of hemimethylated pap DNAs, although the foot-
print was weaker than that observed using non-
methylated DNA (compare Figs 3 and 5). Based on these
results, the OFF methylation state would be maintained
because a methylated GATC, o5 site prevents binding of
Papl and Lrp. Phase switching from OFF to ON could
occur after DNA replication if Papl/Lrp binds to the
hemimethylated pap DNA intermediate, preventing Dam
methylation of the GATC, g Site on the newly synthesized
DNA strand. If Papl/Lrp remains bound to this site, after
one additional round of DNA replication the GATC g site
would be non-methylated and would remain in this ON
methylation state until Papl/Lrp binding was disrupted. In
support of this model, overproduction of Dam methylase
blocks the OFF to ON transition (Blyn et al., 1990),
presumably owing to competition between Papl/Lrp and
Dam for binding near the GATC .5 site.

Binding of Lrp near the GATC,430 Site, in contrast to
Lrp/Papl binding near the GATC¢2g site, is not blocked by
DNA methylation (Fig. 3). However, the binding of Lrp to
the GATC,43, region, in the presence or absence of Papl,
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LOWER STRAND
DNA HEMI-1 HEMI-2
Lrp = = 4+ + 4+ = = + + +

Papl - + = = 4 = 4+ = + =
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Fig. 5. DNasel footprint analysis of hemimethylated pap DNAs. Hemi-
methylated pap DNAs were subjected to the same DNAsel footprint
analysis as shown in Fig. 3 using equal levels of partially purified extracts
containing Lrp and Papl. Hemi-1 DNA contains a methylated top strand
and a non-methylated bottom strand, whereas Hemi-2 DNA has, con-
versely, a non-methylated top strand and a methylated bottom strand
(see Fig. 4 for orientation). Results obtained using the lower DNA strand
are shown. Additions of extracts containing Lrp and Papil are indicated
above each lane and were carried out identically to the experiment
shown in Fig. 3. Lane ‘0’ shows a G+A ladder. Arrows and numbers on
the left of each gel show the sequence co-ordinates corresponding to
Fig. 4. The GATC 026 Site is marked by an asterisk and the GATC1130 site
is marked by a triangle.
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was affected by DNA methylation since the GATC 13 Site
from fully methylated DNAs was cleaved by DNasel but
was resistant to cleavage if non-methylated DNA was
used (Figs 3 and 4). These results suggest the possibility
that methylation of the GATC 15, site may be important in
vivo since in ON phase cells the GATC,,39 site is fully
methylated but is non-methylated in OFF phase cells. In
support of this hypothesis introduction of a dam null allele
results in a OFF phase phenotype (Blyn et al., 1990). Thus,
although high Dam levels inhibit the OFF to ON transition,
some Dam appears to be required for maintenance of the
ON state.

Papl does not appear to bind specifically to pap DNA
(Fig. 3), yet it is required along with Lrp for footprinting of
the GATCq28 region. Papl might function by forming a
complex with Lrp, affecting the binding of Lrp to DNA.
Alternatively, it is possible that Papl does bind to pap DNA
near the GATCozs Site but only in the presence of Lrp. In
this regard, it is notable that the pap GATC;qs and
GATC,139 Sites are part of a near perfect (24/27 bp identity)
inverted repeat (see boxed regions in Fig. 4). Thus, it is
possible that Lrp binds to the GATC443 region in the
absence of Papl but recognizes the similar GATCqq28
region in the presence of Papl. In any case, Papl appears
to modulate protein binding at both pap GATC sites since
addition of Papl resulted in an alteration of the Lrp—DNA
footprint near the GATC,43 site as well as a new footprint
around the GATC g5 site (Fig. 3).

Addition of Papl and Lrp to both non-methylated and
methylated pap DNAs caused a similar shift in protein—
DNA complex migration compared with addition of Lrp
alone (compare bands ‘c’ and ‘d’, Fig. 2). However,
DNasel footprint analysis showed that these protein—-DNA
complexes were different. The protein~-DNA complex
obtained using non-methylated pap DNA was protected
from DNasel cleavage around the GATC 5 site but the
protein—-DNA complex obtained using fully methylated
DNA was not (Fig. 3). This could occur if Papl binds to Lrp
but not directly to pap DNA (see above). In this case, Papl
could interact with Lrp bound near the GATC43q site of
methylated DNA without altering the Lrp—DNA footprint.
Another explanation is that the additional shift in protein—
DNA migration observed after addition of Papl and Lrp to
methylated DNA (Fig. 2, lane 9) is the result of non-specific
binding. In this regard, addition of Papl to pap DNA in the
absence of Lrp resulted in a slight shift of the DNA (Fig. 2,
lanes 2 and 7) yet no DNA footprint was detected (Fig. 3A
and B, lanes 2 and 7). In these experiments a high level of
non-specific DNA (10 n.g) was added to prevent non-spe-
cific binding (see the Experimental procedures). However,
it is still possible that non-specific binding occurred.

Previous results obtained using a multicopy plasmid
system suggested that Papl is a positive regulator of pap
transcription (Baga et al., 1985). Our study, using single



copy plasmid pNN387, indicates that Papl is a strong
positive regulator of transcription initiated from the pga
promoter and is also weakly autoregulatory (Table 1).
However, Papl addition did not have any effect on
transcription initiated from either the p, or pga promoters
unless Lrp was present. These results along with DNA
footprint data (Fig. 3) support the hypothesis that Papl and
Lrp may interact to form an active transcriptional complex.

The results presented in Table 1 indicate that activation
of transcription from the papBAp promoter can occur in
the absence of the PapB regulatory protein if Papl is
expressed from the lacZp promoter. It has been previously
shown that PapB functions as a positive regulator of pap
transcription but at high levels it represses pap transcrip-
tion (Forsman et al., 1989). Evidence indicates that binding
of PapB to pap DNA sequences about 15bp upstream of
the proposed —35 region of the papip promoter and
adjacent to the Crp-binding site may stimulate transcrip-
tion of papl (Forsman et al. 1989; Goransson et al., 1989).
Thus, PapB appears to play an indirect role in regulating
papBAp transcription through stimulation of Papl pro-
duction.

In the studies presented here we have not explored the
possible role(s) of Crp in modulating binding of Lrp and
Papl. Previous data suggest that Crp positively regulates
the papip promoter in conjunction with PapB and may also
be directly required for transcription from the papBAp
promoter (Goransson et al., 1989). The Crp-binding site is
located about 50bp from the GATC 425 Site (towards pap/)
and about 180bp from the papBAp promoter. Based on
these data and a comparative analysis of the conserved
‘GATC box’ region of the fae, dae, and sfa operons we
recently speculated that Crp might interact with RNA
polymerase via a DNA loop between the GATC,q25 and
GATC1130 Sites (van der Woude et al., 1992). It is also
possible that Crp-induced DNA bending plays a role in
transcriptional activation.

Methylation of GATC sites by Dam has been shown to
play an important role in a number of important regulatory
processes in E. coli such as transposition (Roberts et al.,
1985; Yin and Rezikoff, 1988), mismatch repair (Modrich,
1989) and chromosome segregation (Ogden et al., 1988).
Each of these processes relies on DNA replication to
generate a hemimethylated DNA intermediate that has
altered interactions with DNA-binding proteins compared
with its fully methylated precursor. This is an important
way in which different biological events are co-ordinated
with DNA replication in E. coli. Pap phase-variation, like
previously described Dam-regulated systems, also
involves alteration of regulatory protein—DNA interactions
by DNA methylation (Fig. 3). However, the Pap regulatory
system differs from other systems described since stable
non-methylated GATC sites are formed, possibly as a
result of binding of Lrp/Papl to DNA regions overlapping
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the GATCq28 and GATC1.30 sites. It will be important to
determine how DNA methylation modulates the interac-
tion of Lrp and Papl with pap regulatory DNA sites and to
ascertain the mechanism by which these regulatory
proteins initiate formation of an active transcriptional
complex.

Experimental procedures

Bacterial strains and plasmids

E. coli strain MC4100 (Casadaban, 1976) was used as a trans-
formation recipient for all plasmids used in this study. Plasmid
pDAL262B was constructed by cloning the 271bp Taqgl-Sphl
DNA fragment (containing pap/ coding sequence but lacking the
pap! promoter) into Sphl-Accl-digested plasmid pTZ18R. This
places the pap!/ gene under /ac promoter control.

Plasmid pDAL283 was constructed by insertion of a Hindlli—
EcoRI DNA fragment containing pap/ from plasmid pDAL262B
into plasmid pT7-5 (Tabor and Richardson, 1985) in the ori-
entation in which the phage T7 promoter controls pap! tran-
scription.

Plasmid pDAL287 was constructed by insertion of the 489bp
Hhal DNA fragment derived from plasmid pDAL292 (Blyn et al.,
1990} into single-copy vector pNN387 (Elledge et al., 1989) in the
orientation in which the papBA promoter controls /acZ transcrip-
tion. Plasmid pDAL288 was constructed similarly except that the
489bp Hhal DNA fragment was inserted into vector pNN387 in
the orientation in which the pap/ promoter controls /acZ tran-
scription.

The 292bp pap regulatory DNA fragment used for gel retard-
ation and DNA footprint analysis was obtained from plasmid
pDAL336 (Fig. 1). Plasmid pDAL336 was constructed by diges-
ting plasmid pDAL292 (Blyn et al., 1990) with BamHI followed by
digestion with Bal31 exonuclease to produce random deletions.
After end-filling, the DNA was cut with EcoRl and recloned into
Smal-EcoRl-digested plasmid pTZ19U (US Biochemicals). The
extent of pap deletion was determined by DNA sequence
analysis. One subclone (plasmid pDAL336), which contained only
pap DNA sequences to the right of bp #953, was used to
generate DNA probes for gel retardation and DNasel footprint
analysis (see Fig. 4).

Preparation of cell extracts containing Papl and Lrp

A crude extract containing Pap! (no Lrp) was prepared as
described previously by Ausubel et al. (1989) using Lrp~ strain
DL 1393 containing plasmid pDAL283 (see above). Expression of
Papl was induced by a shift from 30°C to 40°C as described by
Tabor and Richardson (1985). A control extract lacking Papl was
also prepared using strain DL1394, which contains the pap/ gene
in the opposite transcriptional orientation to the T7 promoter and
does not express Papl after thermal induction (used in Figs 2 and
3, lanes 5 and 10).

A partially purified extract containing Lrp was prepared from E.
colistrain DL1173, which expresses about fivefold elevated levels
of Lrp owing to the presence of plasmid pCV180 (Piatko et al.,
1990) but lacks any pap DNA sequences. Bacteria were suspen-
ded in extract buffer (50 mM Tris-Cl at pH 7.5, 1mM EDTA, 1mM
DTT, 1mM PMSF), sonicated to break cells, and centrifuged at
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11000 x g for 30 min to remove debris. Lrp was partially purified
by ammonium sulphate precipitation and heparin agarose frac-
tionation. Based on SDS-PAGE and Coomassie brilliant biue
staining, Lrp comprised about 15% of total protein in the pooled
peak fractions.

DNA probes

Fully methylated and non-methylated DNA probes used in gel
retardation and DNA footprint experiments were prepared as
follows. Plasmid pDAL336 was transformed into both Dam ™~ strain
DL738 (MC4100 dam-16 (del; kan®) and Lrp~ strain DL844
(MC4100 mbf-20::mTn10) (Blyn et al., 1990; Braaten et al., 1991).
Plasmid DNA isolated from DL738 was non-methylated whereas
DNA from strain DL844 was methylated based on analysis using
restriction enzymes Mbol and Dpnl which cleave only non-
methylated and methylated DNAs respectively. Radiolabelled
probes were prepared by end-filling the BamHI site (this labels
the upper strand, as shown in Fig. 4) or the EcoRl site (this labels
the lower strand) and digesting with EcoRI and BamHI
respectively to generate 292bp DNA probes labelied only one
strand.

Hemimethylated DNA probes were prepared as follows. The
619bp Pvull DNA fragments containing the pap regulatory region
were isolated from both fully methylated and non-methylated
plasmid pDAL336 DNAs. These DNA fragments were denatured
at 90°C for 2 min in 60% DMSO containing 0.1% xylene cyanole
FF, 0.1% bromophenol biue, and 2mM EDTA. DNA strands were
separated by acrylamide gel electrophoresis as described pre-
viously (Maniatis et al., 1982) and purified by brief electrophoresis
into a 1% agarose gel. Gel slices containing DNA were placed into
Spin-X columns at —20°C for 30 min, thawed at room temperature
and then DNA was collected by centrifugation followed by ethanol
precipitation. Hemimethylated DNA probes were prepared by
mixing equimolar amounts of methylated and non-methylated
single-strand DNAs together in annealing buffer (7OmM Tris-HCI
at pH 7.6, 10mM MgCl,, 5mM dithiothreitol, 0.1mM EDTA),
heating at 65°C for 10 min foliowed by a 30 min incubation at
37°C. Duplex hemimethylated DNA was separated from single
strands by agarose gel electrophoresis.

Gel retardation and DNasel footprint analyses

DNA-binding reactions for gel retardation were prepared as
described by Ausubel et al. (1989). Each binding reaction
contained 20000 c.p.m. of [*2P]-dATP-labetied pap DNA frag-
ment (0.04ng to 0.1ng), 10 ng of sonicated herring-sperm DNA,
and 4 pl of cell extract dialysed in binding buffer (§0mM Tris-HCI
pH 7.5, 40mM KCI, 100mM NaCl, 1mM EDTA, 1mM DTT). The
total volume was adjusted to 10l with binding buffer. The
reaction mixture was incubated at room temperature for 15 min
and then loaded onto a high-ionic-strength acrylamide gel as
described by Ausubel et al. (1989). Electrophoresis was carried
out at 400V for 30—-90 min and exposed to film.

DNasel footprinting (Galas and Schmitz, 1978) was carried oul
as follows. DNA probes, labelled on either the upper or lower
strand (see above), were incubated with partially purified Lrp and
Papl fractions and then incubated with DNasel, as described by
Ausubel et al. (1989). The protein-DNA binding reactions were
simifar to that described above for gel retardation except that 10°
c.p.m. of 32P-labelled DNA probe was used. After incubation for
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15 min at room temperature, 2 pl of DNasel 2ng ml~* in 25mM
CaCly, 25mM MgCl,) was added. The reaction was terminated
after 1 min using 6l of 50% glycerol containing EDTA (50 mM)
and bromophenal blue. Reactions were loaded onto high-ionic-
strength polyacrylamide gels, as described above for gel retard-
ation analysis, and bands containing DNA were excised from the
acrylamide gel and eluted overnight at room temperature in 0.5 ml
of a solution containing 0.5M ammonium acetate, 1mM EDTA
and 0.1% SDS. DNA was extracted once with an equal volume of
chloroform and 0.5mi of 95% ethanol was added. The DNA was
then precipitated by centrifugation at 15000 x g for 2 min, DNA
pellets were suspended in 0.5ml of TE buffer and the DNA was
reprecipitated as described above. Samples were analysed on
6% polyacrylamide-urea gels.
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Summary

We have examined the roles of pap DNA methylation
patterns in the regulation of the switch between phase
ON and OFF pyelonephritis-associated pili (Pap) ex-
pression states in E. coli. Two Dam methyltransferase
sites, GATC'"?® and GATC''*®, were shown previously
to be differentially methylated in phase ON versus
phase OFF cells. In work presented here, these sites
were mutated so that they could not be methylated,
and the effects of these mutations on Pap phase varia-
tion were examined. Our results show that methylation
of GATC'"? blocks formation of the ON state by inhib-
iting the binding of Lrp and Papl regulatory proteins
to this site. Conversely, methylation of GATC''*® is re-
quired for the ON state. Evidence indicates that this
occurs by the inhibition of binding of Lrp to sites over-
lapping the pilin promoter. A model describing how the
transition between the phase ON and OFF methylation
states might occur is presented.

Introduction

In Escherichia coli, methylation of 5-GATC-3' DNA se-
quences by deoxyadenosine methylase (Dam) plays an
important role in the timing of initiation of DNA replication
(Bakker and Smith, 1989; Boye and Lobner-Olesen, 1990)
as well as in coordinating cellular events such as Tn70
transposition (Roberts et al., 1985) and mismatch repair
(Modrich, 1989) with DNA replication. This occurs as a
result of the formation of transiently hemimethylated
GATC sites following passage of the replication fork. Be-
cause of the low intracellular Dam level, GATC sites re-
main in a hemimethylated state for up to 10%-20% of the
cell cycle, providing a time window in which events tied to
DNA replication can occur. For example, the MutH protein
preferentially binds to hemi- or nonmethylated GATC sites
and makes single strand nicks to the 5’ side of GATC on
the nonmethylated strand. In this way, newly synthesized
DNA is distinguished from template DNA by the mismatch
repair system (Modrich, 1989).

Until recently it was thought that all GATC sites in E. coli
are either fully methylated or, for a brief period following
passage of the replication fork, hemimethylated. However,
analysis of the pyelonephritis-associated pili (pap) operon
showed that two GATC sites within the transcriptional reg-
ulatory region of this operon were nonmethylated under
certain conditions, forming specific methylation patterns
(Blyn et al., 1990). Many uropathogenic strains of Esche-

richia coli contain the pap operon (O’Hanley et al., 1985b),
which codes for proteins involved in the synthesis and *
assembly of Pap pili at the surface of the bacterium (Hult-
gren and Normark, 1991). Pap pili are important virulence
factors, because they mediate E. coli adherence to host
uroepithelial cells and facilitate bacterial colonization of
the urinary tract (O’'Hanley et al., 1985a; Roberts et al.,
1989). The expression of Pap pili by uropathogenic E. coli
is subject to phase variation in which some bacteria within
a single colony express Pap pili (phase ON) while other
cells do not (phase OFF) (Blyn et al., 1989; Low et al.,
1987).

Pap pili phase variation is controlled at the transcrip-
tional level (Blyn et al., 1989). Two pap regulatory DNA
Dam sites (GATC'%2® and GATC"'*) near the pap pilin tran-
scription start site are differentially methylated (Blyn et al.,
1990). The GATC'** site is nonmethylated in phase ON
cells but methylated in phase OFF cells. Conversely, the
GATC"'* site is methylated in phase ON cells but non-
methylated in phase OFF cells (Blyn et al., 1990). Evidence
that these GATC methylation patterns might control pap
gene expression was obtained by analysis of E. coli dam
mutants. In both Dam™ cells and cells that overexpress
Dam, Pap gene expression is shut down (Blyn et al., 1990).

Further work showed that the global regulatory gene
Irp (leucine-responsive regulatory protein) is required for
specific methylation protection of both the GATC'*% and
GATC'"'* sites (Braaten et al., 1991; Braaten et al., 1992).
Footprint analyses of nonmethylated pap DNAs showed
that Lrp binds to the GATC''* region; however, Lrp re-
quires the regulatory protein Papl to bind to the GATC%%
region (Nou et al., 1993). Furthermore, both Lrp and Papl
are required for activation of pap transcription (Nou et al.,
1993). Thus, it seems likely that the GATC'%2 site in phase
ON cells is nonmethylated as a result of binding of Lrp/
Papl to DNA sequences near this site, sterically inhibiting
Dam methylation. Binding of Lrp/Papl to the GATC'%% re-
gion was not detected using fully methylated pap DNA,
indicating that the pap DNA methylation state controls the
binding of the Lrp and Papl regulatory proteins (Nou et
al., 1993).

The results discussed above suggest that pap DNA
methylation patterns might control pap transcription. How-
ever, because dam mutations have pleiotropic effects
such as weak induction of the SOS response owing to
inhibition of DNA repair (Peterson et al., 1985), it is possi-
ble that Dam affects pap transcription indirectly. To deter-
mine whether methylation of the pap GATC sites directly
regulates pap transcription, we mutated these GATC sites
so that they are nonmethylatable and observed the effects
of these mutations on pap transcription. Based on DNA
footprint analysis, these mutations did not disrupt binding
of Lrp and Papl to pap regulatory DNA sequences. An
isolate containing the GCTC'%? site mutation displayed a
locked ON phenotype, even at high Dam levels, indicating
that methylation of this site is required for transition to
the phase OFF state. In contrast, cells containing the
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Table 1. E. coli Strains, Plasmids, and Bacteriophage Used in This Study

E. coli Strain,
Plasmid, or
Bacteriophage Description Reference or Source
E. coli
MC4100 F-araD139 A(laclPOZYA-argF) U169 rpsL thi-1 Casadaban (1976)
DL1504 MC4100 1354 lysogen This study
DL1505 MC4100 A354-1 lysogen This study
DL1506 MC4100 A354-2 lysogen This study
DL1608 MC4100 A354-3 lysogen This study
DL842 MC4100 mTn710::mbf-2 This study
DL1609 DL1504 mbf-2 This study
DL1612 DL1505 mbf-2 This study
DL1615 DL1506 mbf-2 This study
DL1618 DL1608 mbf-2 This study
DL845 MC4100 mTn10::mbf-7 Braaten et al. (1991)
GM2929 F-dam-13:: Tn9 dem6 hsdR2 recF143 merA™ merB- Marinus, unpublished data
DL1611 DL1504 dam-13:: Tn9 (cam®) This study
DL1614 DL1505 dam-13:: Tn9 (cam®) This study
DL1617 DL1506 dam-13:: Tn9 (cam®) This study
DL1620 DL1608 dam-13:: Tn9 (cam®) This study
DL1650 DL1504 (pPY1025, pTP166) This study
DL1651 DL1505 (pPY1025, pTP166) This study
DL1652 DL1506 (pPY 1025, pTP166) This study
DL1653 DL1608 (pPY1025, pTP166) This study
DL738 MC4100 dam-16 (Del; KanF) This study
DL1544 DL738 (pDAL337) This study
DL1714 DL738 (pDAL337-1) This study
DL1712 DL738 (pDAL337-2) This study
DL1713 DL738 (pDAL337-3) This study
DL844 MC4100 mbt-20 This study
DL1547 DL844 (pDAL337) This study
DL1545 DL844 (pDAL337-1) This study
DL1546 DL844 (pDAL337-2) This study
DL1761 DL1506 (pPY1025, pTZ18R) This study
DL1762 DL1506 (pPY1025, pDAL262) This study
DL1763 DL1608 (pPY1025, pTZ18R) This study
DL1764 DL1608 (pPY1025, pDAL262) This study
Plasmids
pTZ19U amp pMB1 replicon U.S. Biochemical
pTZ18R amp pMB1 replicon U.S. Biochemical
pDAL262 pTZ18R containing a 271 bp Taqi-Sphl Papl DNA fragment Nou et al. (1993)
pDAL337 pTZ19U containing a 1.76 kb pap/B regulatory sequence This study
pDAL337-1 pDAL337 with pap GATC'*® site changed to GCTC This study
pDAL337-2 pDAL337 with pap GATC"'® site changed to GCTC This study
pDAL337-3 pDAL337 with pap GATCs'*"'® changed to GCTCs This study
pRS550 amp-kan-lacZYA pMB1 replicon Simons et al. {(1987)
pDAL354 pRS550 containing a 1.76 kb pap/B regulatory sequence This study
pDAL354-1 pDAL354 with pap GATC'* site changed to GCTC This study
pDAL354-2 pDAL354 with pap GATC'¥ site changed to GCTC This study
pDAL354-3 pDAL354 with pap GATCs'®¥*''® changed to GCTCs This study
pPY1025 pGB2 containing lac Youderian
pTP166 pBR322 containing ptac-dam Marinus et al. (1984)
Bacteriophage
ARS45 amp'-lacZYA imm*' Simons et al. (1987)
1354 ARS45-pDAL354 recombinant phage This study
A354-1 ARS45-pDAL354-1 recombinant phage This study
A354-2 ARS45-pDAL354-2 recombinant phage This study
A354-3 ARS45-pDAL354-3 recombinant phage This study

GCTC"'¥ site mutation, alone or in combination with the
GCTC'*» mutation, displayed a locked OFF phenotype.
These results indicate that methylation of the GATC''®
site is required for pap transcription. This conclusion is
supported by the finding that the GCTC°®® mutant displays

alocked OFF phenotype in a dam~ background, indicating
that Dam activity is necessary for pap transcription. Thus,
the transcriptional state of the pap operon is constrained
by the methyiation states of the GATC'*® and GATC"'¥
sites; transcription only occurs if both of these sites are
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Figure 1. The pap Regulatory Region

The 1.76 kb EcoRI DNA fragment containing the pap regulatory region
is shown at the top of the figure. Numbers in parentheses refer to
the distance (bp) from the EcoRl (0) site. The pBA and pl promoters,
controlling transcription of the papB and pap! genes, respectively, are
also shown. The lower part of the figure shows a detailed view of the
GATC sites and pBA promoter. The GATC'®® and GATC"'® sites are
contained within inverted repeats of 27 bp containing three mis-
matches, depicted by inverted arrows. The —35 and —10 RNA polymer-
ase binding sites of the pBA promoter and the pap DNA regions bound
by Lrp in the presence and absence of Papl (Nou et al., 1993) are
also shown.

in the appropriate methylation configuration. A possible
mechanism by which the reversible switch between ON
and OFF methylation states might occur is presented in
a model.
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Results

Mutation of the pap GATC'®® and GATC"'* Sites
Inhibits Pap Phase Variation

Previous work showed that pap transcription was greatly
reduced in dam~ and Dam overproducer E. coli isolates
(Blyn etal., 1990). These results suggested that Dam plays
an important role in pap transcription, but did not address
whether this effect was a direct result of methylation of
the pap GATC sites. Also, these conditions did not allow
examination of the individual roles of the pap GATC'8
and GATC"'¥ sites in the regulation of pap transcription.
Therefore, we constructed three pap regulatory DNA mu-
tants where GATC sequence was changed to GCTC at
either the 1028 site alone, the 1130 site alone, or both
sites together (see Experimental Procedures and Table
1). The effects of these mutations on pap transcription
were examined using single-copy pap BAp-lacZYA operon
fusions in which B-galactosidase production is controlled
by pap regulatory DNA from the papBA promoter (Fig-
ure 1).

Analysis of both single colonies and B-galactosidase
assays of cultures in exponential growth show that the
wild-type construct switches between the OFF and ON
states, the 1028 mutant is locked in the ON state, and the
1130 and double-site mutants are locked in the OFF state
(Figure 2 and Table 2). Thus, mutations that prevent meth-
ylation of the pap GATC sites lock cells in a single phase
state. Moreover, the 1130 site mutation is epistatic to the

Figure 2. Analysis of LacZ Phenotypes of E.
coli Strain MC4100 Containing Single-Copy
Wild-Type or Mutant pap'-lacZYA Fusions

A single colony of each of the E. coli strains
listed below was inoculated onto M9-glycerol
medium containing the g-galactosidase indica-
tor X-gal as described in Experimental Proce-
dures. (A), DL1504 (wild-type GATC sites,
phase variation phenotype); (B), DL1505
(GCTC'™® mutation, locked ON phenotype);
(C), DL1506 (GCTC''® mutation, locked OFF
phenotype); (D), DL1608 (GCTC'?® and
GCTC"* mutations, locked OFF phenotype).
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rl’able 2. The Effects of Lrp and Dam on pap Transcription in E. coli Strains Containing Wild-Type or Mutant pap Regulatory DNAs

Relevant E. coli

B-Galactosidase
pap Site Mutated from Activity

Genetic Background E. coli Strain GATC to GCTC (Miller Units)®
Wild-type DL1504" phase OFF None 56 + 11
DL1504° phase ON None 1630 = 199
DL1505 1028 4177 + 78
DL1506 1130 7+1
DL1608 1028 and 1130 25 x 1
Irp~ (mbf-2) DL1609 None 60
DL1612 1028 7 %1
DL1615 1130 6 1
DL1618 1028 and 1130 6 + 1
dam” DL1611 None 84 = 6
DL1614 1028 24 + 0
DL1617 1130 235 + 27
DL1620 1028 and 1130 36 = 3
dam* (4-fold higher)* (pPY 1025/ DL1650 None 56 = 20
pTP166; no IPTG in medium) DL1651 1028 5584 + 63
DL1652 1130 5x0
DL1653 1028 and 1130 26 = 2
dam’* (69-fold higher)° (pPY 1025/ DL1650 None 70 = 34
pTP166; 1 mM IPTG in medium) DL1651 1028 5429 + 545
DL1652 1130 50
DL1653 1028 and 1130 24 + 1

® B-Galactosidase-specific activities were measured by the method of Milier (1972).

® DL1504 displays a phase variation phenotype.

¢ Dam methylase activities were previously determined (Blyn et al., 1990).

1028 site mutation, suggesting that methylation of the
GATC"'¥ site is essential for pap transcription.

The wild-type E. coli lysogen DL1504 switches phase
states, since both blue (phase ON) and white (phase OFF)
colonies are observed (Figure 2A). The DL1504 phase
OFF wild-type lysogen produced about 30-fold less B-ga-
lactosidase than its phase ON counterpart (Table 2). This
result agrees with our previous work on a similar construct,
DL379, where we found a 33-fold difference between
phase OFF and phase ON B-galactosidase production
(Blyn et al., 1989).

E. coli strain DL1505, which has the GATC'%? site mu-
tated to GCTC, produces only blue colonies (Figure 2B);
therefore, the Pap switch is locked ON. We found that
these locked ON cells expressed 2.5-fold more p-galac-
tosidase than the wild-type phase ON strain DL1504. This
result is expected, because in the wild-type population,
cells are switching OFF at a rate that is about 60-fold higher
than the ON switch rate. Consequently, after 24 genera-
tions, an ON cell produces a colony containing only 25%
ON cells (Blyn et al., 1989). Because all cells in the locked
ON strain DL1505 population are producing B-galac-
tosidase, the locked ON population will express higher
levels of the enzyme than a phase ON population of cells.

Mutation of the GATC"'¥ site to GCTC, either alone or
in combination with the 1028 site mutation, also prevents
Pap phase variation, but in this case, only white colonies
are observed, and the Pap switch is locked OFF (Figures
2C and 2D). The locked OFF 1130 site and double-site
mutants expressed only 7 U and 25 U, respectively, of
B-galactosidase, compared with 55 U for the phase OFF

DL1504 strain. Because the phase OFF population con-
tains about 0.9% ON cells as a result of low frequency
switching to phase ON, one would expect to find higher
levels of B-galactosidase activity in the phase OFF popula-
tion versus the locked OFF population.

The 1028-Site Mutant Is Transcriptionally OFF

in a dam~ Background but Remains Locked ON
under Conditions of Dam Overproduction

Previous results showed that pap transcription is inhibited
under conditions of Dam overexpression and in the ab-
sence of Dam (Blyn et al., 1990). Similar data are shown
in Table 2 for comparison. These effects of aberrant Dam
levels on pap transcription could be due to alterations in
the methylation of the GATC'*%® and GATC"'¥ sites or,
alternatively, might be caused by pleiotropic effects known
to occur under these conditions. To distinguish between
these possibilities, we measured the effects of alterations
of Dam levels on pap transcription using the pap GCTC
1028, 1130, and double-site mutants.

The 1028 site mutant maintained a locked ON pheno-
type in the presence of 4-fold higher Dam levels and pro-
duced even more B-galactosidase than in the wild-type
background (5584 U, compared with 4177 U in wild-type
cells; Table 2). Similar results were obtained in the pres-
ence of 69-fold higher Dam levels. Because pap transcrip-
tion in the 1028 site mutant was not reduced by Dam over-
production, these results indicate that methylation of the
GATC "% site inhibits pap transcription. Moreover, the fact
that the 1028 site mutant expressed significantly more
B-galactosidase under high Dam levels suggests the pos-
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Figure 3. Analysis of the GATC Methylation States of pap DNA Se-
quences Isolated from Wild-Type and Regulatory Mutant E. coli Strains
Chromosomal DNAs were isolated from E. coli strains and digested
with Sau3Al (S) and EcoRl (E), as shown in (B), or with Dpnl (D) and
EcoRlI (E), as shown in (C). DNA fragments were separated by electro-
phoresis on 1.3% agarose gels, transferred to nylon membranes, and
probed using a 489 bp pap regulatory DNA fragment (A) as described
in Experimental Procedures. Each band in the Southern blots shown
in (B) and (C) has been given a letter designation that corresponds to
the DNA fragments shown in (A). Also shown in (A) is the 102 bp DNA
fragment generated by Sau3Al cleavage at both the 1028 and 1130
GATC sites, which is not seen in the Sau3Al Southern in (B).

sibility that methylation of the 1130 site enhances pap
transcription. As expected, both the 1130 site mutant and
the double-site mutant also had low B-galactosidase activi-
tiesinthe Dam-overproducing cell, similar to that observed
in celis expressing normal levels of Dam (Table 2).

In contrast with the the results obtained under conditions
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of Dam overproduction, in the absence of Dam the 1028
site mutant displayed a phase OFF phenotype (4177 U in
the wild-type background, compared with 24 U in dam~
cells, Table 2). Thus, the locked ON phenotype of the 1028
site mutant is dependent upon the presence of Dam. This
result, combined with the finding that the 1130 site muta-
tion is epistatic to the 1028 site mutation (Table 2), strongly
indicates that methylation of the 1130 site is required for
pap transcription. Both the GCTC'"'¥ and double mutant
remained in the phase OFF state in the dam™ background,
although the p-galactosidase level measured for the
GCTC"'¥® mutant was higher.

Analysis of the In Vivo Methylation States of pap
Regulatory DNA GATC Sites in Both Wild-Type

and Mutant E. coli Strains

As discussed above, mutation of the pap GATC'"? and
GATC"'% sites caused cells to be locked in a transcription-
ally active (ON) or inactive (OFF) state, respectively (Table
2). These results suggest the possibility that these mutant
strains are also locked in a single methylation state. To
test this hypothesis, we analyzed the methylation states
of the pap GATC sites by Southern blot analysis (see Ex-
perimental Procedures). Our results, shown in Figure 3,
indicate that the nonmutated GATC"'* co-site of the 1028
site locked ON mutant is methylated, similar to that ob-
served in phase ON cells. Conversely, the nonmutated
GATC'%% co-site of the 1130 site locked OFF mutant is
methylated, similar to that of phase OFF cells. Figure 3B
shows control digestions with Sau3Al, which cuts GATC
sites regardiess of methylation state. The Sau3Al digest
of the phase ON and phase OFF wild-type pap DNAs pro-
duced the expected DNA fragments X and Z (Figure 3A).
The 102 bp band (asterisk) is not seen in the Southern
shown here; however, we have observed this fragment
using a 1.5% agarose gel (data not shown). Digestion of
DL 1505 DNA produced fragments W and Z, owing to muta-
tion of the 1028 site, whereas digestion of DL1506 DNA
produced fragments X and Y, owing to mutation of the
1130 site. To confirm that the GATC sites cut by Sau3Al
are within the pap DNA fragment, we digested with EcoRl,
which cuts at the borders of the pap DNA insert. Addition
of EcoRI did not affect the Sau3Al digest pattern (Fig-
ure 3B).

Analysis of the methylation states of the pap regulatory
DNA GATC sites was carried out using restriction enzyme
Dpnl, which cuts only fully methylated GATC sites. As
shown in Figure 3C, most DNAs from phase OFF DL1504
cells are fully methylated at the GATC'*® site, as evi-
denced by the appearance of DNA fragments X and Y. In
contrast, in phase ON DL1504 celis, DNA containing a
fully methylated GATC"'¥ site was observed as indicated
by DNA fragments W and Z. DNA fragments X and Y were
also present, since the phase ON population contained
17% phase ON cells and 83% phase OFF cells (see
above). Most DNAs isolated from the locked ON GCTC'%%
mutant contained a fully methylated GATC''* site (bands
W and Z). Hence, the locked ON mutant retains the 1130
site methylation state found in phase ON cells. Con-
versely, DNA from the locked OFF GCTC"'* mutant con-
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Results obtained using the upper pap DNA strand, with GATC® on the left and GATC''® on the right, are shown in (A), and results obtained
using the lower DNA strand are shown in (B). At the top of each figure, the methylation states of each GATC site are indicated by a black circle
(methylated) or a white circle (nonmethylated), and the labeled DNA strand is marked with a star. GATC sites that have been mutated to GCTC
sequence are indicated by a white square. Additions of Lrp and Papl are indicated above each lane. Arrows and numbers to the left of each panel
show the base pair locations of pap regulatory DNA sequence. The brackets shown at the right in (A) indicate footprints detected after addition
of Lrp (I and Il) and Lrp/Papl (I, II, and lil). Lane 0 is a G + A ladder of the upper (A) or lower (B) DNA strands.

tains a fully methylated GATC'% site (bands X and Y).
Thus, the locked OFF mutant retains the 1028 site methyl-
ation state present in phase OFF cells. The presence of
DNA fragment P, detected in Dpnl digests from both the
locked ON and locked OFF mutants, indicates that a small
fraction of GATC co-sites were either hemimethylated as
a result of DNA replication or nonmethylated.

Further analysis of the methylation states of pap DNAs
was carried out by double digestion with restriction en-
zymes EcoRl and Mbol to detect nonmethylated GATC
sites that are cut by Mbol. These results (data not shown)
were consistent with the methylation state analysis of the
pap GATC"% and GATC''* sites described above using
Dpnl. Together, these results show that the GATC site
mutations lock cells in one methylation state as well as
one transcription state.

The 1028 Site and 1130 Site GCTC Mutations Do Not
Disrupt Binding of Lrp and Papl to pap

Regulatory DNAs

Our analysis of the pap GATC site mutants described
above is based on the assumption that mutation of the pap
GATC sites to GCTC sequence does not cause aberrant
regulation of pap transcription owing to, for example, inhi-
bition of the binding of proteins to these sites. To determine
whether this assumption is valid, we analyzed the binding
of Lrp and Papl to both wild-type and mutant pap DNAs
by DNAase | footprinting. As shown in Figure 4A, Lrp binds
to both methylated and nonmethylated wild-type DNAs
in the GATC''® site region, as evidenced by alternating
protected and DNAase |-hypersensitive sequences (foot-
prints | and Il, lanes 3 and 7). Although Papl alone does
not bind to pap DNA (Figure 4A, lanes 2 and 6), addition
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Table 3. The Effects of Papl Overproduction on Methylation Protection of the GATC'™® Site and pap Transcription
in the GCTC 1130 Site Mutant

GATC'"** Sites Protected B-Galactosidase Activity

E. coli Strain Plasmids Present® IPTG® from Methyiation (%) (Miller Units)®
DL1761 pTZ18R (vector control) None 1 9.6 = 25
DL1761 pTZ18R (vector control) 100 uM 11 129 + 33
DL1762 pDAL262 (Papl*) None 26 118.8 = 6.6
DL1762 pDAL262 (Papl*) 100 uM 68 372.7 = 30.9

 Plasmid pPY1025 (/ack) is also present in each strain to repress transcription of the pap/ gene, which is under /ac promoter control.
* PTG was added to cuitures as indicated to induce pap/ transcription.
© The percent of GATC'*® sites that was cleavable by restriction enzyme Mbol was measured by Southern blot analysis as described in Experimental

Procedures.

° The specific B-galactosidase activities, measured using the method of Miller (1972), are shown.

of both Papl and Lrp results in a footprint around the
GATC'*? site (footprint lll, lane 4). As we have shown pre-
viously (Nou et al., 1993), binding of Lrp and Papl near
the 1028 site is methylation-sensitive, since we did not
detect footprint lll using fully methylated DNA (Figure 4A,
lane 8).

Analysis of the 1028 site mutant DNA showed that Lrp
addition resulted in a large footprint around the GATC"'%®
site when this site was nonmethylated (Figure 4B, lanes
3 and 4). Notably, methylation of the 1130 site reduced
the Lrp footprint around GATC"'* between base pairs
1100 and 1150 (compare lanes 3 and 11, Figure 4A). Bind-
ing of Lrp/Papl to the GATC'%® region was observed using
DNAs containing either a methylated 1130 site (Figure 4A,
lane 12) or a nonmethylated 1130 site (Figure 4B, lane 4).
Thus, the 1028 site mutation does not inhibit binding of
Lrp to the GATC''® region, nor does it inhibit Lrp/Papl
binding to the GCTC'% region. These results indicate that
the locked ON phenotype displayed by the 1028 site mu-
tant is not due to aberrant protein-DNA interactions. This
conclusion is supported by the finding that pap transcrip-
tion inthe 1028 site mutant is shut off in an /rp~ background
(Table 2). Thus, transcription in the locked ON mutant is
still dependent on Lrp, suggesting that the normal regula-
tory mechanism is intact.

We argue above that the locked OFF phenotype of the
1130 site mutant is caused by a lack of methylation of the
mutated GCTC"'* site. However, a locked OFF phenotype
would also result if the GCTC"'* mutation inhibited binding
of Lrp and Papl to the pap regulatory region. This latter
possibility was tested and ruled out, since we found that
Lrp binds around the GCTC"'¥ region, and Lrp/Papl binds
near the GATC'% region of the 1130 site mutant DNA
(Figure 4A, lanes 15 and 16; Figure 4B, lanes 7 and 8).
Binding of Lrp/Papi to the GATC'"? region of the 1130
site mutant DNA was observed using nonmethylated DNA
but was not detected using methylated DNA, similar to
results obtained using wild-type pap DNAs (compare lane
8 of Figure 4B with lane 16 of Figure 4A). Analysis of the
locked OFF GCTC double-site mutant also showed that
binding of Lrp and Papl was identical to that observed
using wild-type pap DNA (Figure 4B, lanes 11 and 12).
Thus, the locked OFF phenotype of the 1130 site and dou-
ble-site mutants is not caused by the inhibition of binding
of Lrp and Papl to pap regulatory DNA.

Overproduction of Papl Partially Restores pap
Transcription in the 1130 Site Mutant

Analysis of DNA from the GCTC"'® |ocked OFF mutant
cells indicates that most GATC'** sites are fully methyl-
ated in vivo (see Figure 3), suggesting that binding of Lrp/
Papl near the GATC'%% site rarely occurs in this mutant.
However, DNA footprint analysis of the locked OFF 1130
site mutant indicates that Lrp and Papl can bind to the
1028 site region if GATC'% is nonmethylated, similar to
results obtained using nonmutated pap DNA (Figure 4B,
lane 8). What could account for this apparent discrepancy
between the in vivo and in vitro data? One possibility is
that the Papl level present in cells containing a single-copy
pap operon is much lower than the level of Papl used for
in vitro footprint analysis. If this is the case, then high
intracellular levels of Papl within the locked OFF mutants
should resuit in occupancy of the 1028 site region by Lrp/
Papl and might also induce transition to the phase ON
state. To test this hypothesis, we introduced plasmid
pDAL262 (vector pTZ18R containing pap/ under /ac pro-
moter control) into the GCTC"'® mutant strain. Plasmid
pPY 1025, expressing Lac repressor, was also introduced
to allow regulation of pap/ transcription by addition of iso-
propyl B-D-thiogalactopyranoside (IPTG).

Analysis of the methylation state of the GATC'% site in
the vector control strain DL1761 (the 1130 site mutant
strain containing plasmid pTZ18R) showed that only 11%
of the GATC'® sites were protected from methylation in
the presence or absence of IPTG (Table 3). These results
indicate that a small fraction of the 1130 site mutant DNAs
contain Lrp-Papl bound to the GATC'® site, protecting
this site from Dam methylation. in contrast, a much higher
level of methylation protection of the GATC'%® site was
observed in strain DL1762, which contains the Papl ex-
pression plasmid pDAL262 (26% protection in the ab-
sence of IPTG and 68% protection with 100 uM IPTG).
Thus, overproduction of Papl in the locked OFF 1130 site
mutant results in significant methylation protection of the
GATC"2 site, similar to that observed in phase ON cells.
These results support our hypothesis above that the rea-
son for the discrepancy between in vitro footprint analysis
and in vivo methylation state analysis is that there are
limiting levels of Papl in the phase OFF mutant under nor-
mal physiological conditions.

Overproduction of Papl resulted in a high degree of



methylation protection of the GATC'%?® site of the GCTC"'¥%
locked OFF mutant, suggesting the possibility that the
locked OFF phenotype could be reversed by high Papl
levels. Measurement of B-galactosidase activity showed
that there was a 29-fold increase in pap transcription at 100
1M IPTG compared with the vector control strain (Table
3). Even in the absence of IPTG, we observed a 12-fold
increase in pap transcription, indicating that Papl expres-
sion was not fully repressed by plasmid pPY1025. Similar
resuits were obtained using the 1028/1130 double-site mu-
tant (data not shown). Thus, although methylation of the
GATC'"*®site is necessary for pap transcription under nor-
mal physiological conditions, this requirement can be par-
tially overridden by a high intracellular level of Papl. Never-
theless, the level of B-galactosidase attained under
maximal Papl induction in the 1130 site mutant was still
significantly lower than that observed in wild-type phase
ON cells (373 U versus 1630 U, respectively). Together,
these results indicate that binding of Lrp/Papl to the
GATC"? site is necessary but not sufficient for optimal
pap transcription and support our conclusion that methyla-
tion of the GATC''¥ site is also necessary for the phase
ON state.

Discussion

The data presented in this study show that the methylation
states of both the pap GATC'%% and GATC''® sites control
Pap pili phase variation. Our previous work indicated that
in Pap phase ON cells the pap GATC'%% site is nonmethyl-
ated and the GATC"'¥ site is methylated, whereas the
converse methylation states are present in phase OFF
cells (Blyn et al., 1990). Here we show that methylation of
the pap GATC'""% site inhibits the phase ON state, whereas
methylation of the GATC'"'* site is required for the ON
state (Table 2). These differential effects of Dam methyla-
tion on pap gene regulation were identified using E. coli
isolates with mutations in the GATC'%2 and GATC''"¥® sites
that prevent their methylation. Notably, these GATC site
mutations do not inhibit the binding of the Lrp and Papl
regulatory proteins to pap DNA target sequences in vitro
(Figure 4). Therefore, the effects of these mutations on
pap gene regulation are due to changes in the methylation
states of the pap GATC sites.

Methylation of the pap GATC'* Site Inhibits

the Phase ON State

Our results show that mutation of the 1028 site to GCTC
results in a locked ON phenotype (Figure 2) and high ex-
pression of B-galactosidase (Table 2). Thus, methyiation
of the 1028 site appears to be required for transition to
the phase OFF state. Previously, we found that Dam over-
production locks pap transcription in the OFF state (Blyn
et al., 1990). However, it was not possible to determine
whether this was due to methylation of the GATC'*® site,
the GATC''® site, or both sites. Here we show that methyl-
ation of the 1028 site, but not the 1130 site, prevents pap
transcription, since the 1028 site mutant remains in the
phase ON state under conditions in which Dam is overex-
pressed (Table 2).
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How does methylation of the pap GATC'"? site inhibit
pap transcription? It seems likely that this is due to inhibi-
tion of binding of Lrp and Papl to the GATC'"?® region,
since these proteins are required for pap transcription
(Braaten et al., 1991). We recently showed that binding
of Lrp/Papl to the GATC'% region was detected using
nonmethylated but not fully methylated pap DNAs (Nou
etal., 1993), suggesting that methylation of one or perhaps
both of the pap GATC sites blocks this binding. DNA foot-
print analysis of the 1028 site mutant DNA carried out here
shows that even when the 1130 site is methylated, binding
of Lrp/Papl to the 1028 region occurs (Figure 4A, lane 12).
These results indicate that methylation of the 1028 site,
but not the 1130 site, inhibits binding of Lrp/Papl to the
1028 site region.

Methylation of the pap GATC"'¥ Site Is Required

for the Phase ON State

In contrast with the negative effect of methylation of the
1028 site on pap transcription, our results indicate that
methylation of the 1130 site is necessary for transcription.
First, cells containing the 1130 site GCTC mutation display
alocked OFF phenotype (Figure 2C). This does not appear
to be caused by inhibition of binding of Lrp or Papl, since
binding of these proteins to the GCTC"'* mutant pap DNA
was not inhibited (Figure 4). Second, the GCTC'? jocked
ON mutant displayed a phase OFF phenotype in a Dam™
background (Table 2), showing that Dam activity is essen-
tial for pap transcription. Third, the 1130 site mutation is
epistatic to the 1028 site mutation, based on analysis of
the double-site mutant (Table 2). Together, these results
strongly indicate that methylation of the 1130 site is essen-
tial for pap transcription. This conclusion is supported by
our finding that the 1028 site mutant showed a higher pap
transcription level under conditions of Dam overexpres-
sion compared with the wild-type Dam level (30% in-
crease, Table 2). We reason that this effect is due to a
higher efficiency of methylation of GATC"'¥ sites in the
1028 site mutant DNA population.

In vitro DNAase | footprint analysis showed that addition
of Lrp and Papl to DNA containing the 1130 site GCTC
mutation resulted in a footprint around the 1028 site (Fig-
ure 4B, lane 8). However, in vivo, the methylation state
analysis showed that almost all of the GATC'? sites in
cells containing the GCTC"'¥ site mutation are fully meth-
ylated, indicating that Lrp/Papi binding to this site occurs
only rarely under physiological conditions (Figure 3).
These results suggested the possibility that, in vivo, a
much lower level of Papl is present in GCTC"'® mutant
cells compared with the amount added for in vitro binding
analysis. Our data support this hypothesis, since the in
vivo overexpression of Papl in the GCTC"'* mutant re-
sulted in an increased methylation protection of the
GATC'%% site from 11% to 68% (Table 3). It seems likely
that this increased methylation protection was due to en-
hanced binding of Lrp/Papl to the GATC'*® region, since
we have shown previously that both Papl and Lrp are nec-
essary for methylation protection of GATC"% in vivo
(Braaten et al., 1991), and the 1028 site DNA region is
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Figure 5. Pap Phase Variation Model

The pap DNA phase OFF state is shown in (A) with a methylated
GATC'® site on the left (black circle) and a nonmethylated GATC''*
site on the right (white circle). The pap DNA phase ON state shown
in (D) has the converse methylation pattern, with a nonmethylated
GATC" site on the left (white circle) and a methylated GATC"'® site
on the right (black circle). Hemimethylated GATC sites generated as
aresult of DNA replication are indicated as half-filled circles. Transcrip-
tion from the papBAp promoter is shown by arrows: a blocked arrow
indicates that transcription does not occur, whereas an open arrow
indicates transcription occurs. The brackets indicate transient interme-
diate states.

footprinted only in the presence of both of these proteins
(Nou et al., 1993).

Overproduction of Papl partially reversed the locked
OFF phenotype of the 1130 site mutant (Table 3). How-
ever, B-galactosidase expression did not correlate with
the fraction of GATC'"? sites that were protected from
methylation. For example, in a wild-type phase ON pop-
ulation containing 17% ON cells and expressing about
1600 U of B-galactosidase (Table 2), we found that only
about 12% of the GATC'%?® sites were nonmethylated (data
not shown). In contrast, under conditions of Papl overpro-
duction, the 1130 site mutant expressed only 372 U of
B-galactosidase, but 68% of the pap GATC'*® sites were
nonmethylated (Table 3). Thus, binding of Lrp/Papl to the
GATC'"% region is necessary but not sufficient for maximal
pap transcription. High levels of pap transcription aiso re-
quire methylation of the GATC"'¥ site.

Why is methylation of the 1130 site required for the
phase ON state? A comparison of the binding of Lrp to
nonmethylated pap DNA (Figure 4A, lane 3) and the 1028
site mutant DNA containing a methylated 1130 site (Figure
4A, lane 11) indicates that methylation of the GATC"'®
site weakens the Lrp footprint and reduces DNAase | hy-
persensitivity between base pairs 1100 and 1150. Since
the Lrp and RNA polymerase binding sites overlap at base
pairs 1140-1165 (Figure 1), it seems likely that binding of
Lrp nearthe 1130 site inhibits pap transcription. Therefore,
methylation of the 1130 site might function to prevent re-
pression of pap transcription caused by binding of Lrp near
the papBA promoter.
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A Model for Pap Phase Variation

A central question in pap gene regulation is how the transi-
tion between the phase OFF and ON states occurs. Based
on methylation analysis carried out previously (Blyn et al.,
1990) and the data shown here, in phase ON cells Lrp
and Papl are bound near the 1028 site, protecting this site
from methylation. In contrast, the 1130 site is methylated
and unoccupied (Figure 5). In phase OFF cells the con-
verse methylation pattern is found, indicating that the 1028
site is methylated and unoccupied, whereas Lrp is bound
to the 1130 site, protecting this site from methylation. Qur
data, discussed above, indicate that the methylation pat-
terns of the phase OFF and ON cells prevent transition
to the alternate state by regulating the binding of the Lrp
and Papl proteins. How then can cells switch between
phase states? We hypothesize that phase switching re-
quires DNA replication based on the model outlined in
Figure 5. Following passage of the replication fork, the
methylated GATC'*# site of phase OFF DNA is converted
to a hemimethylated state, and Lrp is displaced from the
1130site by the replication machinery (Figures 5A and 5B).
Since Lrp/Papl binds to DNA containing a hemimethylated
GATC'%% site with tow affinity (Nou et al., 1993), this pro-
vides an opportunity for Lrp, facilitated by Papl, to bind
near the 1028 site. In addition, the unoccupied 1130 site
is now free to be methylated by Dam (Figure 5C). After
an additional round of DNA replication, one DNA duplex
will contain a nonmethylated GATC'*? site that if bound
by Lrp/Papl will be in the Phase ON state (Figure 5D).
Transition from the phase ON state to the phase OFF state
can occur after DNA replication if the Lrp/Papl complex
does not reassociate with the 1028 site region after dis-
placement by the replication fork (Figure 5E). In this case,
the 1028 site becomes unprotected and can be methylated
by Dam, preventing further association of Lrp/Papl with
this site (Figure 5F). In the absence of bound Lrp/Papl at
the GATC'? site, Lrp binds to the hemimethylated
GATC"'% site, protecting this site from further methylation
by Dam. After an additional round of DNA replication, pap
DNA in the phase OFF state is generated in which the
1028 site is methylated and the 1130 site is nonmethylated
and occupied by Lrp (Figure 5A).

Itis likely that the binding transition between phase OFF
and ON is limited mainly by the Papl level, since Lrp is
relatively abundant (about 3000 Lrp dimers per cell) (Wil-
lins et al., 1991). Previous results have shown that pap/
transcription is positively regulated by cAMP (Gorannson
et al., 1989). Thus, under conditions that increase cAMP
levels, the Papl level will also increase, which should lead
to a higher OFF to ON switch rate according to our model.
This appears to occur, since the OFF to ON switch rate
of cells growing in minimal medium with glycerol as sole
carbon source (high intracellular cAMP) is 35-fold higher
than cells using glucose as carbon source (lowintracellular
cAMP) (Blyn et al., 1989).

How does Papl facilitate binding of Lrp to the GATC%%
region? Our recent data indicate that Papl forms a com-
plex with Lrp, which could alter the binding specificity of
Lrp (unpublished data). Papl might lower the affinity of Lrp
binding at the 1130 site, increase the affinity of Lrp for the



1028 site, or both. In any case, binding of Lrp and Papl
at the GATC'*% site would inhibit methylation of this site
and must facilitate methylation of the 1130 site, since this
site is methylated in phase ON DNA (Figure 5C). This could
occur if binding of Lrp/Papl to the 1028 site reduced the
affinity of Lrp forthe 1130 site or increased the accessibility
of the 1130 site to Dam. In addition, binding of Lrp/Pap!
at GATC"® activates pap transcription, generating PapB
regulatory protein from transcripts initiated at the papBA
promoter (Figure 1). Since PapB is a positive regulator of
papl transcription (Baga et al., 1985), this should raise the
level of Papl and increase the probability that Papl/Lrp
will bind back to the 1028 site after a second round of
DNA replication, leading to the phase ON state (Fig-
ure 5D).

How does binding of Lrp and Papl to the 1028 site region
activate pap transcription? One possibility is that transcrip-
tion is activated indirectly as a result of methylation of the
1130 site and inhibition of binding of Lrp near the papBA
promoter. This does not appear to be the case, however,
since pap transcription is shut off in the absence of Lrp
(Table 2). Another possibility is that Lrp bends the DNA,
allowing Lrp, Papl, or both to contact RNA polymerase.
In support of this hypothesis, Lrp has recently been shown
to bend ilv/iH DNA (Wang and Calvo, 1993a) and may bend
pap DNA, based on footprint analysis showing periodic
DNAase | hypersensitive sites between the 1028 and 1130
sites (Figure 4). Alternatively, it has been reported that
pap transcription is activated in cells deficient for the his-
tonelike protein H-NS (Géransson et al., 1990). Therefore,
it is possible that binding of Lrp and Papl near GATC'%®
interferes with the binding of H-NS, alleviating H-NS-medi-
ated repression of pap gene expression by competitive
inhibition.

The model presented in Figure 5 is only a basic outline
of the events that might occur during Pap phase variation.
We have depicted a single Lrp molecule binding to either
the 1028 site or the 1130 site. However, our recent unpub-
lished data indicate that Lrp binds to multiple pap DNA
sites in a cooperative manner, resulting in the large
DNAase | footprints seen in Figure 4. Such cooperativity
was recently reported by Wang and Calvo (1993b) for bind-
ing of Lrp to the ilviH operon. A comparative study of four
fimbrial operons sharing DNA sequence similarity with pap
shows that the spacing (102-103 bp) between the GATC
sites is conserved, although the inter-GATC DNA se-
quence is not (van der Woude et al., 1992). Therefore, it
is possible that spacing between Lrp binding sites is critical
for proper orientation of DNA-bound Lrp. We are now test-
ing this hypothesis by determining the effects of alterations
in the spacing between the two pap GATC sites.

Similarities to Eukaryotic Methylation Patterns

Some eukaryotic cells, including those from mammals
and plants, express cytosine methyltransferase (MTase),
which methylates CpG doublets. Certain regions of the
genome, known as CpG islands, are totally nonmethylated
and appear to be closely associated with genes that are
actively transcribed (Antequera and Bird, 1993). Evidence
indicates that CpG methylation patterns might play diverse
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roles in tissue-specific gene expression (Cedar, 1988), X
chromosome inactivation (Riggs and Pfeifer, 1992; Wolf
et al., 1984), transposition of the Spm element in maize
(Federoff et al., 1989), genomic imprinting (Swain et al.,
1987), and epigenetic inheritance (Holliday, 1993). Al-
though MTase appears to be essential for embryonic de-
velopment (Li et al., 1992), the mechanisms by which DNA
methylation patterns are formed and control cellular pro-
cesses are not known.

It was previously thought that prokaryotes lacked meth-
ylation patterns and therefore could not provide a useful
paradigm for eukaryotic systems. However, it is now clear
that there are a number of nonmethylated GATC sites in
the E. coli chromosome within pap and other fimbrial oper-
ons (van der Woude et al., 1992) as well as genes such
as mtl, gut, and fep (Wang and Church, 1992). Our work
here indicates that pap DNA methylation patterns control
gene expression by locking the protein binding configura-
tions of cells in the phase ON or phase OFF states, while
protein binding, in turn, controls the methylation patterns.
These regulatory interactions constitute an epigenetic
switch. We speculate that similar mechanisms may exist
in eukaryotes and that the study of pap gene regulation
as well as other prokaryotic systems may prove useful in
the study of the mechanisms by which DNA methylation
patterns control gene regulation in eukaryotic cells.

Experimental Procedures

Bacterial Strains, Plasmids, and Bacteriophage

The E. coli strains, plasmids, and bacteriophage used in this study
are shown in Table 1. E. coli A lysogens, containing either a wild-type
or mutant 1.76 kb papiB regulatory DNA sequence in single copy,
were made by using pRS550 and ARS45, following the protocol of
Simons et al. (1987). Using the P1 transduction method described by
Miller (1972), congenic dam™ and congenic Irp~ E.coli strains were
constructed from phage P1 lysates of GM2929 (dam) and DL842
(mbf-2). Overproducing dam* E. coli strains were made via the transfor-
mation procedure of Hanahan (1983), using plasmid pPY 1025 (a gift
of P. Youderian) and plasmid pTP166 (a gift of M. G. Marinus).

Media, Antibiotics, Restriction Endonucleases,

and Radioactive Nucieotides

Luria-Bertani (LB) broth, LB agar, M9 minimal broth (M9), and M9 agar
were prepared according to Miller (1972). The carbon source of M9
media was glycerol (Sigma) at a final concentration of 0.2% v/v. If used,
the chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-galactoside
(X-gal) (Gold Biotechnology) was at 40 pg/ml of medium. Antibiotics,
when used, were at the following final concentrations: ampicillin (amp),
100 pg/mi; chloramphenicol (cam), 24 ug/mi; kanamycin (kan), 25 ug/
ml; spectinomycin (spc), 100 pg/ml; and tetracycline (tet), 15 pg/mi.
Amp, kan, and tet were obtained from Boehringer Mannheim Corpora-
tion, while cam and spc were from Sigma Chemical Company. The
following restriction endonucleases used in this study were purchased
from New England Biolabs, incorporated: Apal, BspHI, Ddel, Dpnl,
EcoRlI, Hhal, Mbol, and Pvull. NspV was obtained from GIBCO/BRL.
All radioactive nucleotides were obtained from Amersham Corpo-
ration.

Site-Specific Mutagenesis and Construction

of the Double-Site Mutant

The site-directed mutagenesis protocol of Kunkel (1985) was employed
to mutate specific pap regulatory DNA GATC sites to GCTC se-
quences. Mutagenic primers were made using an Applied Biosystems
380 B DNA Synthesizer. The synthetic oligonucleotide 5-TCATTTAG-
ACGCTCTTTTATGC-3'was used to mutate the GATC'*® site, whereas
the mutagenic primer 5~-TGGGTTAAAAGCTCGTTTAAAT-3' was used



for the GATC'™ site. To facilitate the mutagenesis procedure, 2 ug
of T4 Gene 32 Protein (US Biochemical Corporation) was added to
the post-annealed template/primer reaction mixture and incubated for
5 min at room temperature, followed by a 5 min incubation on ice
before proceeding with the extension reaction.

The pap regulatory DNA double GCTC '%¥"'* mutant was con-
structed from the two types of single GATC to GCTC mutants. First,
a 360 bp pap DNA regulatory fragment that contained both GATC
sites (one site mutated to GCTC, the other not) was isolated from the
DNA of each type of single site mutant by cutting their respective DNAs
with Apal and NspV. Next, each of the isolated and purified 360 bp
DNAs was cut with Ddel, which resulted in the mutated 1028 site being
located on a 215 bp DNA fragment, while the mutated 1130 site was on
a 145 bp fragment. Finally, the DNA fragments containing the mutant
GCTC sites were separated on a 1.2% agarose gel and purified using
Prep-A-Gene (Bio-Rad Laboratories), and the two mutant DNAs were
placed back into the pap regulatory region using established recombi-
nant DNA technology (Sambrook et al., 1989).

All site-specific mutations were confirmed by sequencing the pap
regulatory DNA from each type of mutant with the dideoxy chain termi-
nation method of Sanger et al. (1977), using the Sequenase Version 2.0
DNA sequencing kit (US Biochemical Corporation) and {a-*S]dATP.

Southern Blot Analysis for the Methylation Pattern

of Wild-Type and Mutant pap/B DNAs

The large-scale CsCl preparation of bacterial genomic DNA described
by Ausubei et al. (1989) was used to isolate chromosomal DNAs from
the pertinent E. coli strains. Three samples from each chromosome
preparation were doubly digested with EcoRI and one other of the
following restriction endonucleases: Sau3Al, Dpnl, or Mbol. Chromo-
somal single digests were also made using each of the above endonu-
cleases. The DNA fragments were separated by electrophoresis on
1.3% agarose gels and transferred to Hybond-N membranes (Amer-
sham Corporation), using a PosiBlot pressure blotter (Stratagene).
DNA hybridization was performed in 50% formamide at 42°C for 20
hr with a 489 bp Hhal pap DNA probe that had been radiolabeled
with [a-2P]dCTP using a random primed DNA labeling kit (Boehringer
Mannheim). Quantitation of radioactivity was carried out using a Bio-
Rad model GS-250 imager system.

DNAase | Footprint Analyses of Wild-Type and Mutant pap/B
DNAs In Varlous GATC Methylation States

Wild-type or mutant pap/B regulatory DNAs were cloned into plasmid
pTZ19U to construct the pDAL337 series of plasmids (Table 1). Non-
methylated GATC site plasmid DNAs of the pDAL337 series were
obtained by transforming the dam™ E. coli strain DL738 with each type
of plasmid, and, after a period of growth, the plasmids were reisolated
from their respective DL738 hosts (Table 1). Fully methylated GATC
site DNAs from each of the pDAL337 series of plasmids (with the
obvious exception of the double GATC to GCTC mutant) were obtained
after their transformation into and reisolation from the dam* but mbf-
E. coli strain DL844 (Table 1). Before footprinting, an aliquot of each
of the above plasmid DNAs was cut with EcoRl, and the 1.76 kb pap/B
DNA fragment from each was isolated after electrophoresis from an
agarose gel using Prep-A-Gene (Bio-Rad Laboratories). The GATC
methylation state pattern of each of the pap/8 DNAs was then verified
by agarose gel electrophoresis after incubating each DNA isolate with
Dpnl or Mbol, which cut methylated or nonmethylated GATC DNA
sites, respectively.

Wild-type and mutant DNA probes containing the pertinent pap
GATC sites in a given methylation state were radiolabeled on either
the upper or lower DNA strand as follows. The top DNA strand was
labeled after cutting each plasmid with NspV and BspHI and purifying
the resulting 392 bp pap fragment, which was then tagged with
[0-2PJdATP by filling the ends with Kienow enzyme (Boehringer Mann-
heim Corporation). The bottom strand was labeled after cutting each
plasmid with NspV and Pvull (which cuts the pTZ19U vector DNA)
and isolating the 1171 bp-sized fragment, which was radiolabeled
with [a-2P]dCTP by filling the ends with Klenow enzyme. The 1171
bp fragment was then cut with BspHl, yielding a 392 bp DNA bottom
strand-labeled pap probe that was purified for use. DNAase | foot-
printing analyses (Galas and Schmitz, 1978) of the probes were carried
out as previously described by Nou et al. (1993).
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Assay for p-Galactosidase Activity

E. coli strains were grown at 37°C to log phase (ODeo between 0.3
and 0.9) in 5 ml tube cultures of M9-glycerol broth containing the
appropriate antibiotics. Each tube culture was assayed in triplicate for
B-galactosidase activity as described by Miller (1972), and a minimum
of two colonies from each E. coli strain were tested. In the case of
the Dam overproducer E. coli strains, two different sets of tube cultures
per bacterial colony picked were assayed for B-galactosidase. The first
set of culture tubes contained M9-glycerol broth with amp, kan, spc,
and 1 mM IPTG (Research Organics Incorporated); the second set of
culture tubes contained the same medium but no IPTG.
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Pyelonephritis-associated pili (Pap) expression in
Escherichia coli is subject to a phase variation control
mechanism that is regulated by the leucine-responsive
regulatory protein (Lrp), Papl, and deoxyadenosine
methylase (Dam). In previous work, we found that the
differential Dam methylation of two target sites in pap
regulatory DNA, GATC-I and GATC-Il, is essential
for the transition between active and inactive pap
transcriptional states. Here, we identify six Lrp binding
sites within the pap regulatory DNA, each separated
by about three helical turns. Lrp binds with highest
affinity to three sites (1, 2 and 3) proximal to the
papBAp promoter. A mutational analysis indicates that
the binding of Lrp to sites 2 and 3 inhibits pap
transcription, which is consistent with the fact that
Lrp binding site 3 is located between the -35 and
—-10 RNA polymerase binding region of papBAp. The
addition of Papl decreases the affinity of Lrp for sites
1, 2 and 3 and increases its affinity for the distal Lrp
binding sites 4 and 5. Mutations within Lrp binding
sites 4 and 5 shut off pap transcription, indicating that
the binding of Lrp to this pap region activates pap
transcription. The pap GATC-I and GATC-II methyl-
ation sites are located within Lrp binding sites 5§ and
2, respectively, providing a mechanism by which Dam
controls Lrp binding and Pap. phase variation.
Kevwords: DNA-protein interaction/Lrp/pap operon/phase
variation

Introduction

The regulation of pyelonephritis-associated pili (pap)
expression in Escherichia coli is under a complex phase
variation control mechanism which involves leucine-
responsive regulatory protein (Lrp), Papl. and deoxyadeno-
sine methylase (Dam; Blyn er al., 1990; Braaten et al.,
1992, 1994; van der Woude er al., 1992). Lrp is a 19 kDa
global regulator which binds to DNA as a dimer (Platko
and Calvo, 1993: Wang and Calvo, 1993). Lrp activates
some genes and represses others and, in many cases,
leucine modulates Lrp activity. However, the pap operon
is not responsive to leucine. Moreover, Lrp requires Papl
as a cofactor to activate pap transcription, whereas Lrp
appears to act by itself to regulate other members of the
Lrp regulon such as ilvIH (Nou et al.. 1993; Calvo and
Matthews, 1994).

Oxford University Press

Two DNA GATC sites which are targets for Dam
methylase are located within the pap/-B regulatory region.
The GATC-II site is 50 bp upstream of the pBAp transcrip-
tion start site, whereas GATC-I is 102 bp upstream of
GATC-II (Figure 2A). We have found previously that
the GATC-II site of phase OFF cells is protected from
methylation, whereas GATC-I is fully methylated (Blyn
et al., 1990). Methylation protection of GATC-II requires
Lrp but not Papl (Braaten er al., 1991). In vitro footprint
analyses have shown that in the absence of Papl. Lrp
bound close to the GATC-II site (Nou et al., 1993).
Together, these data suggest that in phase OFF cells.
Lrp binds near GATC-II. thus sterically blocking its
methylation. Our recent results indicate that the binding
of Lrp near GATC-II blocks basal transcription from the
papBAp promoter (van der Woude er al., 1995).

Phase ON cells have a methylation pattern that is the
converse of phase OFF cells: GATC-I is protected from
methylation whereas GATC-II is fully methylated. An
in vitro footprint analysis showed that the addition of
Lrp and Papl to non-methylated pap DNA resulted in
footprinting of the GATC-I region as well as the GATC-II
region (Nou er al., 1993). These results are consistent
with the finding that both Lrp and Papl are required for
the protection of GATC-I from methylation in vivo
(Braaten er al., 1991). Recent data suggest that the binding
of Lrp. in the presence of Papl, to the GATC-I region
activates transcription ~8-fold over the basal transcription
level. Lrp binding to the GATC-I region is not sufficient
for transcription activation because Lrp mutants which
bind to pap with the same affinity as wild-type Lrp fail
to induce transcription (Platko and Calvo, 1993; van der
Woude er al., 1995). These results indicate that Lrp
interacts with other parts of the transcriptional apparatus,
such as RNA polymerase, when it is bound at the
GATC-I region.

Methylation appears to play a direct role in controlling
pap transcription. First, transcription is shut off in the
absence of Dam or in the presence of excess Dam (4-fold
above wild-type levels; Blyn et al., 1990). Second, the
mutation of the pap GATC-I site to the GCTC sequence
results in a Jocked ON phenotype, even in the presence
of high Dam levels (Braaten er al., 1994). These results
indicate that the methylation of GATC-I shuts off pap
transcription. A DNA footprint analysis showed that the
binding of Lrp to the GATC-I region, facilitated by Papl,
was blocked by DNA methylation (Nou er al., 1993).
Based on these data, we hypothesized that Lrp and Dam
methylase compete for binding to the GATC-I region,
thereby controlling the switch between transcriptionally
active and inactive states (van der Woude et al., 1992).

Although the methylation of GATC-I inhibits pap tran-
scription, the methylation of GATC-II appears to be
required for pap transcription. Both wild-type and phase
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locked ON GCTC-I mutant E.coli strains are transcrip-
tionally inactive in a dam™ background (Braaten et al.,
1994). Moreover, the mutation of GATC-II to the GCTC
sequence results in a locked OFF phenotype. This pheno-
type was not caused by the inhibition of binding of Lrp
to the GCTC-II region, but appeared to be a direct result
of the inability of this site to be methylated by Dam.
Preliminary data suggested that the methylation of
GATC-II might reduce the affinity of Lrp for this site,
aiding in the binding transition of Lrp from GATC-II to
GATC-I and the activation of pap transcription (Braaten
et al., 1994),

Previous analyses using DNase I footprinting indicated
that Lrp bound to a 115 bp region around GATC-II in the
absence of Papl. and footprinted an additional 60 bp
region around GATC-I after Papl addition (Nou et al.,
1993). These footprints showed periodic regions of
DNase 1 protection and hypersensitivity, characteristic of
bent DNA. Because the cleavage of DNA by DNase I is
affected not only by protein binding but also by the DNA
structure, it was not possible to determine the regions of
pap DNA contacted by Lrp. Further, the roles of Lrp
binding sites in regulating pap phase variation were not
explored. Here, we have used a methylation protection
analysis to identify six pap Lrp binding sites within the
pap regulatory region, each spaced about three helical
turns apart. The GATC-1 and GATC-II sites are each
located within an Lrp binding siie. A mutational analysis
indicated that the binding of Lrp to sites 2 and 3 proximal
to the papBAp promoter inhibited transcription, whereas
the binding of Lrp to the promoter distal sites 4 and 5
activated transcription. Our results show that Papl facilit-
ates the transition from phase OFF to ON by reducing the
affinity of Lrp for the papBAp promoter proximal binding
sites and increasing Lrp affinity for the distal pap bind-
ing sites.

Results

Identification of Lrp binding sites in the pap
regulatory region.

We showed previously that Lrp protected a 115 bp region
around the GATC-II site of pap DNA from DNase |
cleavage. Papl and Lrp together footprinted an additional
60 bp around the GATC-I site (Nou et al., 1993). These
large footprints consisted of periodical protected and
hypersensitive DNA regions, which may have resulted
from DNA bending as well as the specific binding of Lrp
(Hochschild, 1991). To localize further each of the pap
Lrp binding sites, we used a methylation protection
analysis with dimethyl sulfate (DMS) to identify the
guanosine and adenosine residues in close contact with
Lrp (Wissman and Hillen, 1991). As shown in Figure 1,
guanosines in both the top strand (designated G,) and
bottom strand (designated C, for the complementary
guanosine) of the pap regulatory region were protected
from DMS methylation by Lrp addition. These and other
methylation protection data (results not shown), sum-
marized in Figure 2A and B, indicate that the pap
regulatory region contains six Lrp binding sites. Each of
these sites is spaced 30-33 bp apart, center to center, or
about three turns of a DNA helix. At lower Lrp levels,
the binding of Lrp to sites 1, 2 and 3 occurred (designated
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here by [1,2,3]). At higher Lrp levels, sites 4, 5 and 6,
designated [4.5.6], were also occupied (Figure 1). The
addition of Papl did not result in any new protected bases.
although Papl did alter the affinity of Lrp for the six sites
identified (see below: Figures 3 and 4). All six Lrp binding
sites contain the sequence ‘Gnn(m)TTTt" (where ‘n” is any
nucleotide and ‘t’ indicates that a fourth thymidine was
present in all sites except site 4). The ‘G” of the consensus
binding site was protected from methylation in all six
binding sites. Additional guanosines were protected in all
sites except site 6. Four adenosines complementary to the
consensus thymidines were also protected from methyl-
ation in sites [1,2.3]. We were unable to determine if
the adenosines in sites [4.5,6] were protected because
piperidine cleavage does not occur as efficiently at methyl-
ated adenosines compared with methylated guanosines
(Wissman and Hillen, 1991). As shown in Figure 2C, the
‘G" of the consensus binding site and the ‘A’ tract
are positioned opposite one another across the DNA
major groove.

Mutational analysis of the roles of Lrp binding
sites in pap transcription.

To determine the roles of the Lrp binding sites identified
above in controlling Pap phase variation, we introduced
DNA base-pair replacements containing Nhel restriction
sites throughout the pap regulatory region (Figure 2B).
Our data, summarized in Figure 2A, show that mutations
within Lrp binding site 4 or 5 result in locked OFF pap
transcription phenotypes, whereas mutations within site 2
or 3 lock cells in the phase ON state. All mutations in or
close to Lrp binding site 2 or 3 resulted in an increased
OFF to ON switch frequency or a locked ON phenotype
based on an analysis of strains containing a single-copy
papBAp—lac fusion (Table I). E.coli containing mutation
#13 (site 3) displayed a locked ON transcription phenotype,
as did E.coli containing mutation #24 (adjacent to site 2).
Both of these mutant strains expressed high levels of
B-galactosidase (~5800 Miller units). This level of tran-
scription is ~3-fold higher than that observed for a wild-
type population containing 30% phase ON cells (Table I),
which is consistent with the locked ON phenotypes of
these mutants. Mutants #16 and #17, which contain
single base-pair substitutions of G1163 within site 3, also
expressed high levels of B-galactosidase and a locked ON
phenotype (Figure 2B and Table I). These data suggest
that the ‘G’ in the consensus sequence may be important
for Lrp binding (confirmed below). E.coli containing
mutation #12 (site 2) or #11 (adjacent to site 1) displayed
altered switching phenotypes with an ~8-fold higher OFF
to ON switch rate compared with wild type. Mutant #11
also had a 2-fold lower ON to OFF switch rate, which
resulted in a higher papBA transcript level as well as a
higher fraction of cells in the phase ON state (Table I).
Together, these results show that mutations within or near
Lrp binding sites [1,2,3] resulted in either locked ON
phenotypes or increased rates of switching from OFF
to ON.

In contrast to mutations near or within binding sites
[1,2.3], mutations #56 (site 4), #14 (site 5) and #10
(between sites 6 and 1) resulted in locked OFF phenotypes
and very low transcript levels (Figure 2A and Table I).
Mutation #7, a G1028 to T1028 transversion within the
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Fig. 1. The localization of Lrp binding sites in the pap regulatory region by methylation protection analysis. The amounts of Lrp shown were added
to pap regulatory DNA, end-labeled with %P on the top (A) or bottom (B) DNA strand. A methylation protection analysis using DMS was carried
out as described in Materials and methods, and samples were analyzed on polyacrylamide gels. The locations of pap top strand guanosines (see pap
DNA orientation in Figure 2B) protected by Lrp addition are shown in (A) and the positions of pap bottom strand guanosines protected by Lrp
addition are shown in (B). Bottom strand guanosines are designated as C,, based on the top strand position of the complementary cytosine. The
locations of the six Lrp binding sites in the pap regulatory region, based on these and additional methylation protection data (results not shown), are

indicated to the right.

GATC-I sequence of site 5, also gave a locked OFF
phenotype (Figure 2A and B). Mutation #9, located
adjacent to site 6, did not significantly affect pap switch
rates or transcript levels, whereas the complete substitution
of site 6 (mutant #57) resulted in only a 2-fold reduction
in the phase OFF to ON rate (Table I). Thus, site 6 does

not appear to play a significant role in the regulation of

pap transcription. Taken together, these results indicate
that the binding of Lrp to sites [4,5] has a positive
regulatory function. In addition, the pap DNA sequence
between sites | and 6 (defined by mutation #10) also
plays a positive role (see Discussion).
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substituted (mutated) base pairs in italics. The —=35 and —-10 RNA polymerase binding region for the papBAp promoter is shown. as well as the start
site for transcription of the papB gene. (C) A planar representation of the DNA region around Lrp binding site 2 which contains GATC-II. The
positions of bases are projected onto the surface of a cylinder that is then unrolled onto a flat surface. Closed circles show guanosines and

adenosines that are protected from methylation due to Lrp binding.

To determine the relative dominance of sites [1,2,3]
compared with sites [4,5] on pap transcription, we con-
structed a mutant (#47) containing mutations #14 (locked
OFF) and #13 (locked ON). This double mutant displayed
a locked ON phenotype with a B-galactosidase level
similar to mutant #13 (Table I). These results indicate that
mutation #13 is dominant to mutation #14 (see Discussion).

The binding of Lrp near GATC-I and GATC-II appears
to inhibit the methylation of these sites by Dam (Nou
et al., 1993). Therefore, the methylation patterns of these
sites provide information regarding the binding of Lrp to
pap in vivo. An analysis of the GATC site methylation
patterns of pap switch mutants #13 and #24 showed that
the GATC-I sites of these locked ON mutants were
almost completely protected from methylation, whereas
the GATC-II site was fully methylated. These results
suggest that Lrp is bound near GATC-1 in these mutants,
similar to phase ON wild-type cells (Blyn er al., 1990;
Nou et al., 1993; Braaten et al., 1994). Mutant #11, which
had a higher fraction of phase ON cells because of a
lower ON to OFF switch rate, showed a proportional
increase in the methylation protection of GATC-I com-
pared with wild-type cells (Table I). In contrast, the locked

5788

OFF mutants #10 and #14 showed the almost complete
protection of GATC-II from methylation, whereas the
GATC-I site of mutant #10 was fully methylated (mutant
#14 lacks a GATC-I site). This methylation pattern sug-
gests that Lrp binds close to GATC-II, similar to phase
OFF cells.

The effects of Dam, Lrp and Papl on transcription
from mutant pap constructs

Recent evidence indicates that Dam methylase plays a
dual a role in regulating the pap transcriptional switch
(Braaten et al., 1994). The methylation of GATC-I inhibits
the formation of the phase ON state, whereas the methyla-
tion of GATC-II is required for the phase ON state. Thus,
pap transcription is shut down in a dam™ or a Dam
overproducer (~4- to 69-fold) background (Blyn et al..
1990; Table III). The introduction of mutant dam alleles
into the pap switch mutants showed that mutant #13
remained locked ON in the absence of Dam or under high
Dam levels, and thus is totally Dam independent. Mutant
#12, which showed a higher rate of switching compared
with wild-type cells under normal Dam levels (Table I),
became locked ON in the absence of Dam. However, pap



transcription in mutant #12 was shut off at high Dam
levels, similar to wild-type pap (Table III). A methylation
analysis showed that at high Dam levels both the GATC-1
and GATC-II sites of wild-type and mutant #13 DNAs
were fully methylated and the GATC-I site of mutant #12
DNA was also fully methylated (Table III). An analysis
of mutant#14 (locked OFF) showed that it remained locked
OFF in the absence of Dam or under high Dam levels.

Mutations #12 and #13 are in close proximity to the
—35 and -10 RNA polymerase consensus binding sites of
the papBAp promoter, raising the possibility that the
aberrant phase variation phenotypes of E.coli containing
these mutations might be caused by an alteration in
promoter activity rather than the disruption of Lrp binding.
If this was so, then it is likely that pap transcription would
no longer be dependent on Lrp (Braaten er al., 1991). To
determine if pap switch mutants #12 and #1 3 are dependent
on Lrp, we introduced /rp null mutations into both wild-
type and regulatory mutant cells. The transcription of pap
in mutants #12 and #13 was shut off in the absence
of Lrp, showing that these regulatory mutants remain
dependent upon Lrp for pap transcription (Table II).

Papl is required for the methylation protection of the
GATC-I site as well as pap transcription in E.coli con-
taining a wild-type pap sequence (Braaten et al.. 1991;
Nou er al., 1993). Similar to wild-type pap, mutant #12
cells were dependent on Papl for transcription and showed
little. if any, methylation protection of GATC-I in a papl~
background. consistent with their locked OFF phenotypes
(Table 1I). However, mutant #13 remained locked ON in
the absence of Papl, even though a methylation analysis
showed that the GATC-I site was not protected from
methylation under these conditions (Table 1I). Together,
these results show that pap transcription in mutant #12,
like wild-type cells, is dependent on both Lrp and Papl,
whereas transcription in mutant #13 requires Lrp but is
independent of Papl.

Determination of Lrp binding affinities for wild-
type and mutant pap DNAs

To more fully understand the effects of mutations in the
pap regulatory region, we analyzed the binding of Lrp, in
the presence and absence of Papl, to both wild-type
and mutant DNASs in virro using quantitative DNase 1
footprinting (Figure 3). Lrp bound with highest affinity to
sites [1,2.3] of wild-type pap DNA and with lower affinity
to sites |4,5,6| (Figures 3A and 4A). The addition of Papl
altered the affinity of Lrp for its DNA binding sites. With
Papl. Lrp had the highest affinity for sites [4,5]. In contrast,
the affinity of Lrp for the remaining four sites was reduced.
A quantitative analysis showed that Lrp has an ~3-fold
higher affinity for the GATC-1I DNA region (sites [ 1,2.3])
than it does for the GATC-I region (sites [4,5]; Figure
4A). The addition of Papl increased the affinity of Lrp
for the GATC-I region by ~4-fold and decreased the
affinity of Lrp for the GATC-II region by almost 2-fold.
Thus, the net effect of Papl is to shift the binding of Lrp
from the GATC-II region (sites [1,2,3]) to the GATC-I
region (sites [4.5]).

An analysis of mutant #12 (Figures 3B and 4B), which
has an altered GATC-II site, showed that the aftinity of
Lrp for the GATC-II region (sites [2,3]) was reduced ~3-
fold compared with wild-type pap. In contrast. the affinity
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of Lrp for sites [4.5] increased ~1.5-fold over the wild-
type level. Papl increased the affinity of Lrp for sites [4,5]
and reduced the affinity of Lrp for site I. similar to wild-
type pap DNA. These results are consistent with the
increased OFF to ON switch rate of this mutant because
the binding of Lrp to the GATC-II DNA region, which
appears to act negatively on pap transcription. was signi-
ficantly reduced. Moreover, the high affinity binding of
Lrp to sites [4.5] around GATC-I. which appears to
activate pap transcription. still required Papl, consistent
with the Papl-dependent phenotype of this mutant.

An analysis of mutant #13. which contains a 6 bp
replacement within site 3, showed that the binding of Lrp
to sites [2,3] was reduced by ~3-fold, similar to that
observed for mutant #12. However, Lrp had a higher
affinity for sites [5,6] of mutant #13 DNA compared
with either wild-type or mutant #12 DNAs (Figure 3C).
Moreover. Papl did not affect the affinity of Lrp for site
5, which contains GATC-I, of mutant #13 DNA. Together,
these results are consistent with the Papl-independent
phenotype of this mutant (Table II) because the high
affinity binding of Lrp to GATC-I (site 5) occurred in the
absence of Papl. Similar footprinting results were obtained
for mutant #24, which contains a 6 bp replacement within
Lrp site 2, and mutants #16 and #17, which contain
point mutations within site 3, all displaying locked ON
phenotypes (results not shown).

Mutant #14 contains a 6 bp replacement of the GATC-I
site. resulting in a locked OFF transcription phenotype
(Table I). As shown in Figure 3D, the mutation of the
GATC-I site did not reduce the affinity of Lrp by itself
for sites 4 or 5, although the affinity of Lrp for sites
[6,1.2,3] were reduced to the level that Lrp has for wild-
type pap DNA in the presence of Papl. Strikingly, Papl
did not increase the affinity of Lrp for sites [4,5] around
the mutant #14 GATC-I site, as occurred with the wild-
type pap GATC-I site. Thus, the binding transition of Lrp
from the GATC-II to the GATC-I region, mediated by
Papl. is blocked in mutant #14 and cells remain in the
transcriptionally inactive state. These results indicate that
the GATC-I sequence is necessary for the binding of Lrp/
Papl to sites [4,5].

Discussion

The data presented here show that the transition between
active and inactive pap transcriptional states is regulated
by the binding of Lrp to two sets of pap DNA binding
sites. In the absence of Papl, Lrp binds with highest affinity
to sites [1,2,3] around GATC-II of the pap regulatory DNA.
The binding of Lrp at sites [2,3] appears to inhibit pap
transcription because mutations within or near these sites
resulted in locked ON phenotypes or higher OFF to ON
switch rates (Table 1). In the presence of Papl, the affinity
of Lrp for sites [4,5] increased ~4-fold, and the affinity
of Lrp for sites [1,2,3] decreased ~2-fold (Figure 4A),
resulting in a translocation of Lrp from the GATC-II to
the GATC-I region. Recent data have shown that Papl
binds specifically to the Lrp moiety of Lrp-pap DNA
complexes (Kaltenbach er al.. 1995). Thus, it is possible
that the affinity of Lrp for sites [1,2,3,4,5] is altered by a
conformation change induced by the binding of Papl. It
seems likely that the binding of Lrp/Papl to the GATC-I
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region activates pap transcription because the mutation of
the GATC-I site inhibits the binding of Lrp/Papl to
sites [4,5] and prevents the formation of the phase ON
transcription state (Figure 4D, mutant #14).

Previously, we have shown that methylation plays dual
roles in pap transcriptional regulation (Braaten et al.,
1994). The methylation of the GATC-I site inhibits the
binding of Lrp/Papl and shuts off transcription. In contrast,
the methylation of GATC-11 is required for pap transcrip-
tion, possibly by reducing the affinity of Lrp for this DNA
region. These data are consistent with recent evidence
which indicates that the binding of Lrp at the GATC-II
region inhibits the basal transcription level of the papBAp
promoter, whereas the binding of Lrp near GATC-I
activates pap transcription ~8-fold above the basal level
(van der Woude et al., 1995). Therefore Lrp acts as a
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repressor in the absence of Papl and as an activator in
the presence of Papl, because Papl is required to shift the
binding of Lrp from GATC-1I to GATC-I (Figures 3 and 4).
Here, our data indicate that Lrp binds to sites [1,2,3] near
GATC-II in the phase OFF state (Figures 3A and 4A).
Because Lrp binding site 3 is located between the
-35 and -10 RNA polymerase consensus binding region
(Figure 2A and B), this provides a mechanism (via steric
hindrance) by which the binding of Lrp might directly
inhibit pap transcription. It is less clear how the binding of
Lrp near GATC-I activates pap transcription. Based on the
analysis of Lrp activation mutants, the binding of Lrp is not
sufficient for the activation of pap transcription, suggesting
that Lrp interacts with another component of the regulatory
machinery such as RNA polymerase or catabolite gene
activator protein (van der Woude er al., 1995).

B

B (Pap! 2ug/ml)

Lrp
(ug/ml)
1233

1180

i----ig-é

w-pgnn::;

=E ”E
e

e

1140 t s
e

e O D e o b

P - e = e en G

1100 |~
-
‘--—u-.-!
<D

WD Wi G B8 Wi g T n

) W e - —

1060 |— " -

P —

. .
P . L
L I e

il bl e i P
1020 |~ -

- wm . - —

980

N

-
e
8.
1
"
e
"
]

907

§§§§§3§9w
---------'

B W Gt

S e g e Bl
o o -
B
-

- i e

Mmooy Y

]
'y
a
1
q
1
!

[T THEE ]

ﬁ.ﬁﬁ-
—----

[r—

1100 [~ wepuaw we o oo

e ol

Q@ weai

1060

1020 | WeSasess

- =.
44441 44

.'.m?‘,--”"f

- -
ooweaesww -~

—&.-ﬂ-ﬁ- -

. - anon
n-.---
——

—

..!'----
44 oo

ol d (22 2 2}
-+4-1 ek
Lo BB Rad

LA ] 1 Badiad

LA 4 2 R A 2 & 2 J

Fig. 3. A quantitative DNase I footprint analysis of non-methylated wild-type and Lrp binding site mutant pap DNAs. The left portion of each figure
(section A) shows the addition of increasing amounts of Lrp (fg/ml) to pap DNAs, whereas the right portion of each figure (section B) shows the
addition of increasing amounts of Lrp in the presence of Papl (2 pg/ml). To the left of each figure are shown the pap nucleotide positions
(corresponding to Figure 1), with the GATC-II site at 1130-1133 bp and the GATC-I site at 1028-1031 bp (both GATC sites are shown as closed
circles). To the right, the six Lrp binding sites, identified by a methylation protection analysis, are shown. (A) Wild-type pap DNA; (B) mutant #12
DNA; (C) mutant #13 DNA; (D) mutant #14 DNA.
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The GATC-I site plays an essential role in the modula-
tion of Lrp binding by Papl, as shown by an analysis of
mutant #14 which contains a 6 bp substitution of GATC-1.
Although the affinity of Lrp for sites [4,5] of mutant #14
DNA was not affected, Papl did not increase the affinity
of Lrp for these sites as it did with wild-type pap DNA
(compare Figure 3A with D). Thus, the stable binding of
Lrp/Papl to sites [4,5] requires the GATC-I sequence. The
‘G’ of GATC-I appears to be in contact with Lrp (Figure
2B); it is essential for transcriptional activation because a
G to T transversion (mutation #7) gave a locked OFF
phenotype. Although we have not yet analyzed the binding
of Lrp to this point mutant, it seems likely that it will
reduce the affinity of Lrp/Papl for sites [4,5]. as observed
with mutant #14. Qur previous results indicated that the
adenosine of GATC-I must also come into close contact
with Lrp because methylation of this *A’ blocks the binding
of Lrp/Papl to the GATC-I region (Nou et al., 1993).

The mutation of binding site 3 (mutant #13) resulted
in a locked ON transcription phenotype which, in contrast
to wild-type cells, was independent of Papl and Dam
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methylation (Tables IT and III). An in vitro footprint
analysis showed that Lrp bound to sites [5,6,1] of mutant
#13 DNA with highest affinity (Figure 4C). An in vivo
analysis of methylation patterns showed that the GATC-1
site was almost fully protected from methylation, con-
sistent with the in vitro binding results, indicating that
Lrp binds with high affinity near site 5, which encompasses
the GATC-I region. Although the binding of Lrp to site 5
and the transcription activation occurred in the absence
of Papl, the high affinity binding of Lrp to site 4 (Figure
4C) and the methylation protection of GATC-I (Tables 11
and 1V) both required Papl. These data are consistent with
the observation that pap transcription was activated in a
Dam overproducer background. conditions under which
both pap GATC sites are fully methylated (Table III).
This raises the possibility that the binding of Lrp to mutant
#13 DNA site S, containing GATC-I, is not blocked by
methylation of this site or is not critical for binding to
sites [6,1]. This could result from the fact that Lrp binds
to three sites ([5,6,1]) of mutant #13 DNA with high
affinity, which might stabilize binding compared with
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Fig. 4. Summary of the quantitative footprint analyses of Lrp binding
to wild-type and mutant pap DNAs. In each panel, the relative affinity
of Lrp for each pap DNA binding site is shown on the left. The
affinity of Lrp for sites [1,2.3} of wild-type pap DNA has been set at a
value of 1.0. Each of the six Lrp binding sites is shown at the bottom
of the figure, including the location of the pap GATC-1 and GATC-11
sites. The binding affinity of Lrp is shown by light bars, whereas the
affinity of Lrp in the presence of Papl is shown by dark bars. The
binding affinities were calculated as the concentration of Lrp at which
protection from DNase I cleavage was one-half maximal. Each panel
corresponds to the panels shown in Figure 3.
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wild-type pap in which Lrp/Papl binds with high affinity
to only two sites ([4.5]). This hypothesis was supported
by our observation that mutation of site 5 does not block
transcription when combined with mutation #13 in site 3
(see double mutant #47, Table I). Thus, in contrast to
wild-type pap. the activation of transcription in mutant
#13 does not require site 5 which contains GATC-1.

Our previous results indicated that the methylation of
GATC-II by Dam methylase is essential for pap transcrip-
tion (Braaten er al., 1994). We hypothesized that the
methylation of this site might inhibit Lrp binding to
the GATC-II region. thus preventing the Lrp-mediated
repression of transcription (van der Woude er al., 1995).
Our finding here. that mutant #13 remained phase locked
in the phase ON transcription state in the absence of Dam
methylase, is consistent with this hypothesis because the
binding of Lrp to the GATC-II region is already greatly
reduced by the mutation of site 3, precluding the need for
methylation (Tables II and 1II. and Figure 4). Similarly,
mutant #12 lacking the GATC-II site was phase locked
ON in the absence of Dam (Table III), in contrast to our
previous finding that a GCTC-II point mutation. which
also prevents Dam methylation, was locked in the OFF
state (Braaten et al., 1994). We hypothesize that the
different phenotypes of these mutations in GATC-II are a
result of the 6 bp substitution mutation in GATC-II
(mutation #12) disrupting the binding of Lrp to sites [2.3]
(Figure 4B), whereas the GCTC-II point mutation does
not (Braaten er al., 1994). Thus, in the latter case, the
high affinity binding of Lrp to sites [1.2,3] cannot be
disrupted by Dam, which prevents the phase ON transition.

The mutation of site 6 (mutant #57) had only a small
effect on pap transcription, indicating that the binding of
Lrp to site 6 does not play a major role in Pap phase
variation. In contrast, mutation #10. located between sites
6 and [, resulted in a locked OFF phenotype (Figure 2A
and Table 1). Preliminary results indicate that the mutation
of site | also gives a locked OFF phenotype (unpublished
data), suggesting that the binding of Lrp at or close to
site 1 is essential for pap transcription. In contrast, the
Lrp binding at sites [2.3] blocks pap transcription because
the mutation of these sites results in locked ON phenotypes
(Figure 2A). Thus, although Lrp appears to bind to sites
[1,2,3] in phase OFF cells, the role of site 1 appears to
differ from that of sites [2,3]. One possible reason for
this difference in Lrp binding site activity is that the
translocation of Lrp from sites [1,2,3] to sites [4.5] might
require the interaction of Papl with Lrp bound at site 1.
If this is so, then the Papl-induced translocation of Lrp
from GATC-1I to GATC-I should not occur in pap site |
mutants. Experiments are in progress lo test this hypo-
thesis.

Previous work by Wang and Calvo (1993) has shown
that there are five Lrp binding sites which play roles in
the transcription activation of the i/lvIH operon. However,
the arrangement of these sites and the binding by Lrp
differ significantly from the pap operon. The spacing
between ilviH sites varies from 20 to 34 bp, compared
with a spacing of 30-33 bp between the Lrp binding sites
of pap (Figure 2B). Lrp binds with high affinity (K
~6 nM) to sites [1,2] of ilv/H. Lrp has a lower affinity
for sites [3,4,5] of ilviH, with a K of ~22 nM. The latter
value is similar to our estimate of the binding affinity of
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Table I. Phenotypes of pap regulatory mutants

Mutation in pap DNA*

Switch frequency
(cvenls/cell/gcncrmion)h

B-Galactosidase activity (Miller units)

Methylation protection
(% non-methylated)?

ON—OFF OFF—ON OFF ON (%ON)* GATC-1 GATC-II
None (wild type) 2.35%107 5.54x107 26 = 4 1440 = 115 35 31 63
#13 (site 3) locked ON NA® NA 5714 = 899 100 95 0
#12 (site 2. GATC-ID) 3.07x1072 3.45x107% 106 + 42 1292 = 190 31 28 NA
#24 (site 2) locked ON NA NA 5282 = 662 100 94 0
#11 (between sites | and 2) 1.23%1072 4.24x107 369 + 15 3272 = 154 60 61 15
#10 (between sites | and 6) NA locked OFF 31 NA 0 90
#57 (site 6) 296X 107 190X 107 20 = 781 = 40 9.8 ND' ND
#9 (between sites 5 and 6) 2.28% 1072 3.27x107 30 =9 1703 = 277 38 35 54
#14 (site 5, GATC-I) NA locked OFF 6 = NA NA 80
#56 (site 4) NA locked OFF 1.9 =03 NA ND ND
#47 (sites 3 and 5) locked ON NA NA 5053 = 427 100 NA 0

(mutations #13. #14)

“The mutation number is followed by the Lip binding site (and GATC sitc where applicable) affected by the mutation (see Figure 2).
PThe switch frequency is calculated as the number of switch events per cell per generation (Blyn er al.. 1990).
“When B-galactosidase activities were measured. the percentage of cells in the ON phase was also determined, as described previously (Biyn er al..

1990).

YMethylation protection was calculated as the percentage of GATC sites that were digested by Mbol (Braaten er al., 1994).

“Not applicable.
'Not done.

Table II. Effects of Lrp and Papl on the phenotypes of pap regulatory mutants

Mutation in pap DNA

Switch frequency
(events/cell/generation)*

B-Galactosidase activity
(Miller units)

Methylation protection
(% non-methylated)®

ON—OFF OFF—-ON OFF ON GATC-I GATC-l

In Lrp~ background

Wild type NA*® locked OFF 89 NA 0 0

#13 (site 3) NA locked OFF 621 NA 0 0

#12 (site 2. GATC-I1} NA locked OFF 91 NA 0
In Papl~ background

Wild type NA locked OFF 321 NA 0 70

#13 (site 3) locked ON NA NA 4320 = 420 0 0

#12 (site 2. GATC-IT) NA locked OFF 41 = 1 NA 0 NA

“Switch frequency is calculated as the number of switch events per cell per generation (Blyn er al., 1990).
"Methylation protection was calculated as the percentage of GATC sites that were digested by Mbol (Braaten et al., 1994).

“Not applicable.

Table IIL. Effects of Dam methylase on the phenotypes of pap regulatory mutants

Mutation in pap DNA

Switch frequency
(events/cell/generation)*

B-Galactosidase activity
(Miller units)

Methylation protection
(% non-methylated)?

ON-OFF OFF-ON OFF ON GATC-1 GATC-1I

In Dani™ strain

Wild type NA locked OFF 84 =6 NA® NT¢ NT

#13 (site 3) locked ON NA NA 4488 *+ 411 NT NT

#12 (site 2, GATC-1T) locked ON NA NA 2965 * 435 NT NT

#14 (site 5, GATC-I) NA locked OFF 7=*1 NA NT NT
In Dam overproducer strain (4-fold up)

Wild type NA locked OFF 70 * 34 NA 0 0

#13 (site 3) locked ON NA NA 5779 = 415 0 0

#12 (site 2. GATC-IT) NA locked OFF 19 =1 NA 0 NA

#14 (site 5. GATC-I) NA locked OFF 69 * 2 NA NA 20

“Switch frequency is calculated as the number of switch events per cell per generation (Blyn er al., 1990).
"Methylation protection was calculated as the percentage of GATC sites that were digested by Mbol (Braaten er al., 1994).

“Not applicable.

dNot tested (previous analysis showed that the two pap GATC sites are 100% non-methylated in this dam background; unpublished data).
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Fig. 5. Pap phase variation model. At the upper left, the six Lrp binding sites identified in this study are shown. Lrp binding sites | 1.3.4,6] arc
shown as boxes. whereas Lrp sites [2.5], which contain the pap GATC-II and GATC-I sites. respectively, are shown as circles. Fully methylated
GATC sites are shown as closed circles: hemi-methylated GATC sites are shown as half-closed circles. The ~35 and 10 RNA polymerase binding
sites of the pap BA promoter are shown as small shaded boxes flanking site 3. The circled numbers refer to steps in the pap transcription phase
switching referred to in the text. Step 1: binding of Lrp to sites [1.2,3] blocks basal transcription and generates the phase OFF state. Step 2: Papl
binds to Lrp. After DNA replication, a hemi-methylated GATC-II site is generated by DNA replication. Step 3: Lrp-Papl complexes bind (o sites
[4.5) and the GATC-II site is methylated by Dam, generating the phase ON state.

Lrp for sites [1.,2,3] of pap (K; ~27 nM,; taken from the
data in Figures 3 and 4). It appears that the activation of
ilviH transcription involves the occupancy of all five Lrp
binding sites, a condition in which Lrp bound to site 5,
70 bp upstream of the transcription start site, might allow
a direct contact with RNA polymerase. In contrast. our
data for pap show that Lrp alternates between binding
sites [1,2,3] in the absence of Papl, and sites [4,5] in the
presence of Papl. Assuming that this in vitro analysis
applies in vivo, in phase ON cells Lrp bound to pap sites
[4.5] would be at least 140 bp upstream of the transcript
start site. necessitating DNA bending to allow the contact
between Lrp and RNA polymerase. It does not seem likely
that site 6 is occupied in ON phase cells in vivo because
Papl. which is required for pap transcription, reduces the
affinity of Lrp for this site (Figure 4A).

The Lrp consensus binding sequence deduced from this
study for pap [Gnn(n)TTTt] (Figure 2) differs somewhat
from that reported previously for ilviH (AgaATTT-
TATtcT), although both contain a ‘T’ tract. Our mutational
analyses indicate that the consensus ‘G’ in sites [1,3,5] is
important for Lrp binding (Figure 2B and Table I).
However, sites outside this consensus also appear to be
important for Lrp binding (see mutants #10 and #24).
These DNA regions could function directly as contact
sites for Lrp or indirectly through effects on the DNA
structure.

Previous results have shown that the binding of Lrp to
ilviH DNA is highly cooperative (Wang and Calvo, 1993).
Our data suggest that Lrp binds cooperatively to pap DNA
sites [2,3]. Footprint analyses showed that Lrp bound to
sites [1,2,3] with equal affinity (Figures 3 and 4). The
disruption of site 3 inhibited the binding of Lrp to sites
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[3.2] (mutant #13), as did the disruption of site 2 (mutant
#12) (Figure 4). These results indicate that the binding of
Lrp to sites [2.3] is cooperative. Based on preliminary
data it does not seem likely that site 1 is required for Lrp
cooperative interactions because the disruption of this site
has only a small effect on Lrp affinity for sites [2.3]
(L.Kaltenbach, unpublished data).

A model for Pap phase variation which includes the
data presented here is shown in Figure 5. Lrp binds with
highest affinity to sites [1,2,3]. blocking basal transcription
(step 1) (van der Woude et al., 1995). The GATC-1
sequence at site 5 is not bound by Lrp, and is methylated
by Dam. Under conditions in which Papl levels are
induced (Blyn er al., 1990). Papl binds specifically to
the Lrp moiety of Lrp—pap DNA complexes (step 2)
(Kaltenbach et al., 1995). However, Lrp—Papl complexes
are locked in position because the methylation of GATC-1
prevents the binding of Lrp/Papl to sites [4.5] (Nou er al.,
1993; Braaten et al.. 1994). We hypothesize that the Lrp/
Papl binding transition shown in step 3 occurs following
DNA replication because Lrp/Papl binds to the GATC-I
region if this GATC site is hemi-methylated (Nou er al..
1993). Following DNA replication, Papl decreases the
affinity of Lrp for sites [1,2,3] and increases Lrp affinity
for sites [4,5], resulting in the translocation of Lrp from the
GATC-II to the GATC-I region (step 3). The methylation of
GATC-II is required for pap transcription, possibly by
inhibiting the binding of Lrp to the GATC-II region
(Braaten et al., 1994). The binding of Lrp to sites [4,5]
activates pap transcription, possibly via the direct contact
of Lrp with RNA polymerase (van der Woude er al,
1995). The transition from the phase ON to phase OFF
state can occur after DNA replication if Lrp dissociates
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Table 1V. Escherichia coli strains, plasmids and bacteriophage used in this study

E.coli strain, plasmid or bacteriophage

Description

Reference or source

E.coli

MC4100
DL379
DL320
DL524
DL1504
DL2207
DL2078
DL2079
DL2080
DL2120
DL2121
DL2122
DL2124
DL2193
DL2496
DL2497
DLI61!
DL2150
DL2151
DL2152
DL1650
DL2156
DL2157
DL2158
DL2046
DL2161
DL2162
DL1741
DL2187
DL2188
Plasmids
pTZ18R
pDAL262
pRS550
pRS551
pDAL337
pDAL354
pDAL354-7
pDAL354-9
pDAL354-10
pDAL354-11
pDAL354-12
pDAL354-13
pDAL354-24
pDAL354-47
pDAL354-56
pDAL354-57
pDAL246
pDAL246-16
pDAL246-17
pPY1025
pTP166
Bacteriophage
ARS45
A354
A354-7
A354-9
A354-10
A354-11
A354-12
A354-13
A354-14
A354-24
A354-47
A354-56
A354-57
A246-16
A246-17

FaraD139 AtlaciPOZYA-argF)U169 rpsL thi-1
MC4100 2246 lysogen

MC4100 A246-16 lysogen
MC4100 A246-17 lysogen
MC4100 X354 lysogen

MC4100 A354-7 lysogen
MC4100 X354-9 lysogen
MC4100 A354-10 lysogen
MC4100 A354-11 lysogen
MC4100 A354-12 lysogen
MC4100 A354-13 lysogen
MC4100 A354-14 lysogen
MC4100 A354-24 lysogen
MC4100 A354-47 lysogen
MC4100 A354-56 lysogen
MC4100 A354-57 lysogen
DL1504 dam-13::Tn9 (cam")
DL2120 dam-13::Tn9 (cam"}
DL2121 dam-13::Tn9 (cam’)
DL2122 dam-13:Tn9 (cam")
DL1504(pPY 1025, pTP166)
DL2120(pPY1025. pTP166)
DL2121(pPY1025, pTP166)
DL2122(pPY 1025, pTP166)
DL1504 mbf-20 (Irp null mutation)
DL2120 mbf-20

DL2121 mbf-20

MC4100 X354 Apapl lysogen
MC4100 A354-12 Apap! lysogen
MC4100 A354-13 Apapl lysogen

amp pMBI replicon

pTZ18R containing a 271 bp Tagl-Sphl pap! DNA fragment
amp—kan—lacZYA pMBI replicon

amp~kan—lacZYA pMBI replicon

pTZ19U containing a 1.76 kb paplB regulatory sequence
pRS550 containing a 1.76 kb pap/B regulatory sequence
pDAL354 with pap bp 1027 G to T transversion
pDAL354 with pap bp 1048-1053 replaced by ‘GCTAGC”
pDAL354 with pap bp 1070-1075 replaced by ‘GCTAGC’
pDAL354 with pap bp 1101-1106 replaced by ‘GCTAGC’
pDAL354 with pap bp 1048-1053 replaced by ‘GCTAGC’
pDAL354 with pap bp 1161-1166 replaced by ‘GCTAGC"
pDAL354 with pap bp 11171121 replaced by ‘CATAT’
pDAL354 with mutations #13 and #14 in combination

pDAL354 with pap bp 997-1009 replaced by ‘TTGCTAGCTACTA’
pDAL354 with pap bp 1059-1068 replaced by ‘AGCTAGCAAT"

pRS551 containing a 1.6 kb pap/B DNA sequence
pDAL246 with pap bp 1163 C to A transversion
pDAL246 with pap bp 1163 C to T transition
pGB2 containing lac/?

pBR322 containing prac—dam

amp'-lacZYA imm?®!

ARS45-pDAL354 recombinant phage
ARS45-pDAL354-7 recombinant phage
ARS45-pDAL354-9 recombinant phage
ARS45-pDAL354-10 recombinant phage
ARS45-pDAL354-11 recombinant phage
ARS45-pDAL354-12 recombinant phage
ARS45-pDAL354-13 recombinant phage
ARS45-pDAL354-14 recombinant phage
ARS45-pDAL354-24 recombinant phage
ARS45-pDAL354-47 recombinant phage
ARS45-pDAL354-56 recombinant phage
ARS45-pDAL354-57 recombinant phage
ARS45-pDAL246-16 recombinant phage
ARS45-pDAL246-17 recombinant phage

Casadaban (1976)
Blyn er al. (1989)
this study

this study

Braaten et al. (1994)
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

Braaten er al. (1994)
this study

this study

this study

Braaten et al. (1994)
this study

this study

this study

this study

this study

this study

this study

this study

this study

US Biochemical
Nou er al. (1993)
Simons ez al. (1987)
Simons ez al. (1987)
Braaten et al. (1994)
Braaten et al. (1994)
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

Blyn et al. (1990)
this study

this study
P.Youderian

Marinus ez al. (1984)

Simons er al. (1987)
Braaten et al. (1994)
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

amp, ampicillin; kan, kanamycin.
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from sites {4,5] and rebinds to sites [1,2,3]. This should
be favored under low Papl levels (Blyn et al., 1990).

Materials and methods

Bacterial strains, plasmids, bacteriophage and media

The £.coli strains, plasmids and bacteriophage used in this study are
shown in Table IV. The construction of E.coli A lysogens containing
single-copy wild-type and mutant pap DNA sequences was carried out
as described previously (Braaten er al., 1994). Congenic dam™ and
Irp~ strains were constructed by phage Pl transduction, and Dam
overproducing strains were made as described previously (Braaten ef al.,
1994). Luria~Bertani (LB) broth, LB agar, M9 minimal broth (M9) and
M9 agar were prepared according to Miller (1972). The carbon source
for M9 medium was glycerol at a final concentration of 0.2%. The
chromogenic  substrate  5-bromo-4-chloro-3-indolyl-B-0-galactoside
(X-gal: Gold Biotechnology) was used at 40 pg/m] of medium. Anti-
biotics, when used, were at the following final concentrations: ampicillin.
100 pg/ml; kanamycin, 25 pg/ml: spectinomycin, 100 pg/ml: and
tetracycline, 15 pg/ml.

Site-specific mutagenesis and construction of double-site
and papl deletion mutants

The site-directed mutagenesis protocol of Kunkel (1985) was used to
mutate specific pap regulatory sequences as described previously, except
that T7 DNA polymerase was used for second-strand synthesis (Braaten
et al., 1994). Mutagenic primers were made using an Applied Biosystems
380B DNA synthesizer as follows: mutant #7, 5'-TTCATTTAGACTAT-
CTTTTATGC-3’OH; mutant #9, 5'-TTTATGCTGTAAATTGCTAGCG-
CCATGATGTTTTTA-3'OH; mutant #10, 5'-CCATGATGTTTTTAT-
GCTAGCACCCTCTTGCTATTA-3'OH: mutant #11, 5'-CTATTAGTG-
TTTTGTTGCTAGCTAATTTTGTTTTGTGG-3'OH; mutant #12, 5'-
GTTTTGTGGGTTAAAGCTAGCTTTAAATCAATATTT-3'OH: mutant
#13, 5'-ATTTACAACATAAAAGCTAGCATTTAACTTATTGCG-3'OH;
mutant #14, 5'-AAATTCATTTAGACGGCTAGCTATGCTGTAAAT-
TCA-3'OH; mutant #56, 5'-GCGTTTTATTTTTCTGCTTGCTAGCTA-
CTAGTAAAAATTCATTTAGACG-3'OH; and mutant #57, 5'-
GCTGTAAATTCAATTTGCCATAGCTAGCAATTCTGAGTACCCTC-
TTGC-3'OH.

Mutations #16 and #17 were constructed by induction with
hydroxylamine as follows. Phage A246 (Blyn et al., 1990) was treated
with hydroxylamine as described previously (Silhavy er al., 1984) and
used to lysogenize E.coli strain MC4100. Lysogens were plated on M9
minimal medium containing kanamycin and X-gal indicator at 23 and
37°C. Two isolates, DL520 and DLS524, that showed locked ON
phenotypes at both temperatures, were picked and analyzed. A DNA
sequence analysis showed that DL520 contained a C to A transversion
at 1163 bp (mutation #16), whereas strain DL524 contained a C to T
transition at 1163 bp (mutation #17).

Mutant #24 was constructed by an overlapping PCR using two internal
primers (primer A, 5'-TTTGTTTTGTGCATATGGTTAAAAGAT-3';
primer B, 5'-TCTTTTAACCATATGCACAAAACAAA-3') and two
external primers (primer C, 5'-CGCATTTCCTGACCGACT-3'"; primer
D, 5'-CCTGTTCAGAAATTCCAG-3"). Plasmid pDAL337, containing
the entire pap regulatory region, was used as a template (Braaten et al.,
1994). An overlapping PCR was carried out as described previously
(Ausubel er al., 1994).

The double mutant #47. containing mutations #13 and #14, was
constructed as follows. Both plasmids pDAL354-13 and pDAL354-14
were digested with NspV and Apal. The NspV-Apal DNA fragment
was then digested with Ddel and the two DNA fragments containing
mutations #13 and #14 were religated to the large DNA fragment of
vector pDAL354, digested previously with NspV and Apal (Braaten
er al., 1994).

The papl deletion derivatives A354 Apapl, 1354-12 Apap! and A354-
13 Apapl were constructed by replacing the Sphl-NspV DNA fragment
containing the entire pap! coding sequence with a 21 mer double-stranded
oligonucleotide containing the Sphl and NspV end sites. This double-
stranded oligonucleotide was made by annealing the following single-
strand DNAs together: 5'-CTCACTGTAACAAAGTTTCTT-3' and 5'-
CGAAGAAACTTTGTTACAGTGAGCATG-3'.

Southern blot, switch frequency and B-galactosidase
analyses

A Southern blot analysis was performed as described previously (Blyn
et ul,, 1990), except that chromosomal DNA was isolated using a
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QIAGEN QlAamp tissue kit following the manufacturer’s instructions.
A quantitation of radioactivity was carried out using a Bio-Rad model
GS-250 imager system. Switch frequencies (number of switch cvents
per cell per generation) were determined as described previously (Blyn
et al., 1989), and B-galactosidase activities were determined as described
previously (Braaten er al.. 1994).

DNA methylation protection, gel retardation and DNase |
quantitative footprint analyses

A gel retardation analysis was carried out as described previously with
the following modifications. Samples (20 ply contained 20 000 c.p.m.
[*?P|dATP-labeled DNA fragment. 3 pg herring sperm DNA and 2 ug
acetylated bovine serum albumin in binding buffer (60 mM Tris—-HCl,
pH 7.5, 40 mM KCL. 100 mM NaCl, 0. mM EDTA and | mM
dithiothreitol). The reaction mixes were incubated 15 min at room
temperature and analyzed on high ionic strength polyacrylamide gels,
as described previously (Nou er al.. 1993), Similar results were obtained
on low ionic strength gels. but with a reduced resolution.

DNA footprinting using DMS was performed by treating pap DNA-
Lrp complexes, formed as described previousty (Nou er al., 1993), with
0.2 volumes of 3 mM DMS in reaction buffer (0.3 M sodium cacodylate.
pH 7.3. | mM EDTA) for 3 min at room temperature. The reaction was
stopped by the addition of an equal volume (0.2 volumes of DNA-
protein mix) of 2.5 M B-mercaptoethunol. DNA was precipitated by
ethanol addition and washed twice with 70% ethanol before resuspension
in 7 ul 20 mM sodium acetate. Sampies were then heated to 90°C for
30 min, and piperidine was added to 10% (v/v) in a final volume of
70 pl. Samples were heated to 90°C for 30 min and vacuum evaporated.
DNA samples were then resuspended in 5 pl formamide loading buffer
and analyzed on a 6% polyacrylamide sequencing gel.

Quantitative DNase [ footprinting was carried out as described
previously for DNase I footprinting (Braaten er al.. 1994) with the
following modifications. Highly purified Lrp (Braaten ef «l., 1994) was
a gift from Felix Vajdos and Chris Hill (University of Utah, UT).
Papl was isolated from a glutathione-S-transferase~Papl fusion protein,
purified by affinity chromatography on glutathione agarose. After
cleavage with thrombin, Papl containing two additional amino acids at
the N-terminus (gly—ser) was isolated. A constant level of Papl (sufficient
to supershift 100% of Lrp—DNA complexes) and increasing amounts of
Lip were added to 100 pl of a mixture containing S ng **P end-labeled
pap DNA probe (1X10° c.p.m./ul). 2 pg sonicated herring sperm DNA
and 5 pg acetylated bovine serum albumin in DNA binding bulifer
(40 mM Tris—HCI, pH 7.5, 60 mM KCI. | mM dithiothreitol, 0.1 mM
EDTA). The binding was allowed to reach equilibrium by incubating
for 20 min at room temperature. DNA-protein complexes were treated
with 10 pl 1 pg/ml DNase | in 22 mM CaCl and 22 mM MgCl for
1 min, The reaction was stopped by the addition of 50 ul stop buffer
containing 50% glycerol and 60 mM EDTA. 10 pl were then loaded on
a native high ionic strength polyacrylamide gel to monitor the binding
(Ausubel et al., 1994). The remaining sample was precipitated by ethanol
addition, resuspended in 10 pl formamide loading buffer and analyzed
on a 6% polyacrylamide sequencing gel. The quantitation of radioactivity
was carried out using a Bio-Rad model GS-250 imager system.
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CHAPTER V

SUMMARY AND DISCUSSION
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Previous studies by Blyn et al. (10) have established that Pap pili phase variation is
controlled at the transcriptional level. Unlike other well-known phase variation systems in
which phase variation is accompanied by DNA rearrangement or alteration (1, 42, 56, 71),
Pap pili phase variation does not involve changes in the primary DNA sequence. Instead,
differential methylation by deoxyadenosine methylase (Dam) at two GATC sites, located
strategically in two inverted repeats in the pap regulatory region, plays a very important role
in determining the expression states of Pap pili (9). Therefore, Pap pili phase variation is
controlled by an epigenetic mechanism that involves DNA methylation. A chromosome
encoded protein, Mbf, which recently has been found to be identical to the global
regulatory protein Lrp (15), and a pap encoded local regulatory protein, Papl, are required
for such differential methylation, as well as for the expression of Pap pili (13). Whereas
methylation protection at the GATC site proximal to the papBA promoter (denoted GATC-
IT or GATC1130) requires Lrp, methylation protection at the distal site (denoted GATC-I or
GATCq28) requires both Lrp and Papl (13). It has been proposed that binding of Lrp to
the GATC-II region inhibits the transcription of papBA, leading to the phase OFF
phenotype. Binding of Lrp/Papl to the GATC-I region activates the transcription of papBA,
leading to the phase ON phenotype (8).

Evidence suggests that the binding of Lrp or Lrp/Papl complex to the GATC sites
blocks DNA methylation. Conversely, methylation of GATC sites by Dam methylase can
also block or significantly reduce the affinity of the binding by Lrp or Lrp/Papl complex to
that region. The interplay between the differential DNA methylation and the differential

protein binding is a key feature of this complex phase variation process.

The Role of Lrp in Pap Pili Phase Variation

Lip as Both Negative and Positive Regulator of papBA

Lrp was originally identified in this laboratory as Mbf (Methylation Blocking

Factor) (13). Mutations in mbf (Irp) abolished pap transcription and Pap pili phase
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variation. Subsequent analysis showed that both GATC sites in the pap regulatory region
were methylated in /rp mutants, suggesting that Lrp might regulate pap transcription by
binding to and affecting the conformation of the pap regulatory region (13).

Lrp not only positively or negatively regulates different operons, but it can also
either positively or negatively regulate the same operon, papBA, depending on the location it
binds to pap DNA. The papBA promoter has a basal transcription activity independent of
Lrp. However, this intrinsic activity is repressed in the presence of either H-NS or Lrp (68).
It has been proposed that Lrp binds to the promoter region to sterically interfere with the
binding of RNA polymerase. This repression results in a phase OFF phenotype. The basal
transcription from the papBA promoter can also be stimulated eightfold in the presence of
Lrp and Papl. This stimulation cannot be achieved in the absence of Lrp (68), though the
need for Papl can be circumvented in some special circumstances, indicating that Lrp is
critically involved in the transcriptional activation of papBA operon (44). Therefore, Lrp
plays dual roles in repressing and activating the transcription from the papBA promoter. The
switch of Lrp functions requires that Lrp binds to different locations in the pap regulatory
region. When Lrp binds to the promoter region, it represses papBA transcription. When Lrp

binds to an upstream region, it activates papBA transcription (44).

Specificity of Lip Interaction with pap Regulatory DNA

As a global regulatory protein that affects the expression of dozens of operons (19),
Lrp could regulate the transcription of papBA operon directly or indirectly. Our experiments
show that Lrp exerts its regulatory function on papBA expression by directly binding to the
intercistronic regulatory region of papBA operons.

Lrp indeed binds to the regulatory region of pap DNA specifically. This has been
shown by mobility shift experiments using a fragment of DNA containing the regulatory
region of pap and crude cell extracts from wild-type Escherichia coli K-12 strain and
congenic [rp mutant strains, as well as using purified Lrp (44, 45). Whereas pap DNA

fragments from the intercistronic regulatory region are retarded in a dose responsive manner



88

by cell extract containing Lrp or purified Lrp, but not by cell extract from Irp mutants, DNA
fragments from outside of the pap intercistronic region are not retarded by the presence of
Lrp, as evidenced by the absence of mobility shift on native polyacylamide gels.

Lrp can also bind to DNA nonspecifically at high concentration in vitro, consistent
with the hypothesis that Lrp may have a role in organizing the chromosome (21). However,
nonspecific binding by a protein is efficiently eliminated by the presence of excessive
amounts of nonspecific DNA, whereas the specific binding is competable only by DNA
containing the specific binding sites. The mobility shift resulting from Lrp binding to pap
DNA can be eliminated only by competing with an excess amount of unlabeled pap DNA. A
5000-fold excess of sonicated herring sperm DNA does not compete efficiently with Lrp
binding, indicating that the observed binding is specific (45).

The specificity of Lrp-pap DNA interactions is also directly demonstrated by DNase
I footprinting experiments (44, 45). At high binding stringency or low Lrp concentrations, a
region of about 120 bp upstream of the papBA promoter region is footprinted. This
footprinted region contains GATC-II, but not GATC-I. At low binding stringency and high
concentrations of Lrp, an additional 60 bp further upstream is also footprinted, which
includes GATC-I. However, the DNA sequences outside of the pap regulatory region are
not footprinted under any experimental conditions. Therefore, our mobility shifting and

footprinting experiments show that Lrp binds specifically to the pap regulatory region.

Factors Affecting Lrp Binding to pap Regulatory DNA
Papl

The specificity of Lrp binding to the pap DNA regulatory region is controlled by
Papl (44, 45). In the mobility shift experiments, a supershift is observed when purified
Papl or a crude cell extract from a strain producing Papl, but not from a strain containing
vector alone, is added along with Lrp to a DNA fragment containing the pap regulatory
region. However, purified Papl or crude cell extract containing Papl does not shift the DNA

fragment containing the pap regulatory region. These data indicate that Papl alone does not
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interact with the pap regulatory region. Papl interacts with the pap regulatory region only
when Lrp is present. Recent evidence indicates that Papl binds to the Lrp moiety of the Lrp-
pap DNA complex (35). It is also possible that Papl interacts with pap DNA sequences in
the complex, though there has been no evidence supporting such a hypothesis.

DNase I footprinting experiments show that Papl affects the specificity of Lrp
binding to the pap regulatory DNA. As expected, Papl alone does not footprint the pap
regulatory region, indicating that no direct contact between Papl and the pap regulatory
region occurs. However, Papl alters the Lrp footprinting pattern in the pap regulatory
region. In the absence of Papl, Lrp preferentially footprints a region proximal to the papBA
promoter, which contains the GATC-II site. In the presence of both Papl and Lrp, the
region distal to the papBA promoter containing the GATC-I site is preferentially footprinted
(44). This altered footprinting pattern should be due to the enhanced Lrp binding affinity to
the GATC-I region by Papl, rather than to Papl binding directly to the DNA, because the
footprinting pattern at the GATC-I region is identical to that observed when a high

concentration of Lrp alone is used (44).

DNA methylation

DNA methylation is another factor that affects the specificity of Lrp binding to the
pap regulatory region. Interestingly, the methylation states of the DNA fragment containing
the pap regulatory region does not seem to change the pattern of mobility shift caused by
Lrp or Lrp/Papl binding. The same shifting pattern is observed when fully methylated, fully
nonmethylated, or hemimethylated DNA fragments containing the entire pap regulatory
region are used (45). However, DNA methylation does reduce the affinity of Lrp for
individual sites, as shown by the reduced binding of Lrp to a pap DNA fragment containing
either the promoter proximal or the promoter distal region (halves of the entire Lrp binding
region) rather than the whole regulatory region of pap DNA when the DNA is methylated
(43).
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Lrp still binds to the GATC-II region when the two GATC sites in the pap
regulatory region are methylated. However, the effect of Papl on Lrp binding to the GATC-
I region is not observed under such conditions (45). It seems that the binding by Lrp/Papl to
the GATC-I region is more sensitive to methylation than the binding of Lrp alone to the
GATC-II region. This is consistent with the finding that overexpression of Dam methylase
inhibits papBA transcription (9). When the GATC sites are hemimethylated, Lrp/Papl can
bind to the GATC-I region, but the affinity is reduced (45). This is consistent with our
model that DNA replication, which results in transient hemimethylation at the GATC sites,

is required for Pap pili phase variation (9).

Leucine

The activity of Lrp is often regulated by leucine (19). Binding of Lrp to ilviIH
regulatory DNA is reduced by leucine (54). In contrast, leucine does not appear to affect Lrp
binding to pap regulatory DNA (18). These results are consistent with the observation that

the ilvIH operon is leucine responsive whereas papBA is not (19).

Lrp Binding Consensus Sequences
A common feature of Lrp binding to DNA is that a long DNA region, generally more

than a hundred base pairs, is protected from DNase I cleavage and other footprinting agents
(26, 44, 45, 72). Periodic hypersensitive bands corresponding to the DNA helical turns are
found in the footprints, reflecting the curvature of the DNA resulting from backbone strain
(30, 31). This phenomenon makes the DNase I footprinting data of little significance in
determining the binding sites of the protein, because it is impossible to distinguish the bases
protected by direct protein-DNA contact from those protected indirectly by the formation of
nucleoprotein complexes.

Using DMS (Dimethyl sulfate), which modifies "G" residues in DNA molecules and
"A" residues at a lower efficiency, six potential Lrp binding sites were identified in the

regulatory region of pap DNA, of which two are overlapping with GATC-I and GATC-II
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(44). A common feature of these binding sites is that they all contain a sequence of
Gnn(n)TTTT (except site 4, which is GGacTTTc). In all cases, the consensus guanine was
protected from modification by DMS. This sequence feature positions the "G" residue
directly facing an "A" track across the major groove. However, not all sequences with such
a feature are protected from DNase I cleavage. Therefore, whether this feature is important
for Lrp binding remains to be determined. Another interesting feature is that the potential
Lrp binding sites are all evenly spaced, with 32 or 33 bp, or roughly three helical turns,
spanning between the centers of the "T" tracks in any two adjacent Lrp binding sites.
However, the orientations of the binding sites are not the same. Whereas binding site 1, 5,
and 6 have an "A" track on the bottom strand, sites 2, 3, and 4 have an "A" track on the top
strand. Therefore, Lrp would bind to different sides of the DNA molecules at these binding
sites.

Such sequence features are substantially different from those proposed as Lrp
binding consensus sequences by either Wang et al. (AgaATTTTATtcT) (74) or by Rex et al.
(TTTATTCtnaAT) (53), though a "T:A" track is common among all of the proposed
consensus sequences. In an attempt to define a common feature for Lrp binding, the
footprints in the regulatory regions of papBA, ilvIH, lysU and ompC (23, 26, 44, 72) were
compared (Figure 5-1). The transcription of papBA and ilvIH is positively regulated by Lrp
and that of lysU and ompC is negatively regulated (19). The four Lrp bound sequences are
lined up by the transcription start point. First, it is evident that Lrp binds to different
locations relative to the transcription start point, though in most cases Lrp is found bound to
an extended region upstream of the promoter. This is consistent with the diverse function of
Lrp (19). Second, no significant consensus nucleotide sequence is found among the
footprinted regions. The consensus sequences proposed by Wang ef al. (74) and Rex et al.
(53) are not present in all regulatory regions of the four operons. Such sequences, when
present, are not always protected in footprinting assays. The regulatory region of lysU

contains a sequence matching the proposed consensus sequence TTTATTCtnaAT, but
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Figue 5-1. Comparison of Lrp footprints in pap, ilviH, lysU and ompC regulatory regions.
The DNA sequences are lined up by the transcription star point. The -10 and -35 sequences

of the promoters are underlined. The footprinted sequences are boxed. Only the top strand is
shown.
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TCAGTATGCA GTGGCATAAA AAAGCAAATA AAGGCATATA ACAGAGGGTT
TACAGTGTAC CGATCTGTCT CTTTATCTAC GCTAAATTGA AAGCTGGATT

CAGGCCATGG
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AATAACATGA
TAGAGGAACC

TCAGTCGGTC
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site-directed mutagenesis of this sequence had little effect on either Lrp binding or lysU
transcription (26).

However, in all cases studied so far, Lrp is found bound to an extended region over
100 bp which is generally AT rich. In most cases, periodic AT base pairs corresponding to
the DNA helical turns are preferentially protected, suggesting a possible role of DNA
conformation in recognition by Lrp. The current data do not allow a conclusion as to
whether Lrp binds to the major or minor groove of the DNA. In the case of pap, protection
across the major groove is most evident (44), which is consistent with the Dam methylation-
sensitive nature of Lrp binding to pap DNA (45), as the methyl group on the N6 position of
adenine is exposed in the major groove. The presence of a helix-turn-helix motif in Lrp (19,
51) also suggests that Lrp binds to the major groove, since the HTH motif is involved in the
specific interactions with nucleotide chemical groups exposed in the major groove (48).
However, the Lrp HTH is less than typical. The recognition helix matches very poorly. In
the case of lysU, however, it appears that Lrp binds across the minor groove (26).

In conclusion, it is not yet clear what sequences Lrp recognizes based on the
comparison of the regulatory regions of four operons to which footprint analyses have been
performed. It seems reasonable to suggest that Lrp differs from the classic transcription
regulatory proteins which recognize their cognate DNAs by specific nucleotide sequence.
Instead, the mode of Lrp binding to DNA shows substantial similarity with that of the so-
called type II DNA binding proteins, such as the HU protein of E. coli and the TF1 protein
of B. subtilis phage SPO1, which recognize the targets primarily through the three-
dimensional structure of the DNA (52, 63). It is possible that Lrp recognizes not only a
"consensus sequence” but also a certain subtle three-dimensional feature of the DNA, such
as periodically spaced "AT" tracks, which affect the conformation of the DNA molecules by
causing compression in the minor groove (29, 65). Such sequence features exist in the pap
and lysU regulatory regions. To this context, it is noteworthy that in both the lysU and pap

regulatory regions some single base pair deletions affect transcription and Lrp binding more
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severely than base pair substitutions (26, 38). This hypothesis is consistent with the finding
that DNA binding proteins can recognize the target DNA both by specific interaction
between complementing side chains of amino acids and nucleotide bases and by recognizing
the overall conformation of the DNA (65). Thus, in some cases, Lrp could recognize a
particular sequence of DNA when the specific hydrogen bonding was favored. In some
other cases, the overall conformation of the DNA could play a major role in binding of Lrp.

The chromatin-associated protein H-NS (67) may provide an example of a DNA
binding protein recognizing DNA in multiple ways. Like Lrp, H-NS also shows an
ambiguity regarding the "consensus sequence" of DNA binding. On the one hand, H-NS
exhibits sequence-specific binding to DNA fragments with a loosely defined consensus
sequence, which is generally AT rich (55). On the other hand, Lrp binds avidly to DNA
molecules with sharp static bends introduced by phased A:T tracks (47, 77), though in some
cases the curvature of the DNA is not essential for high affinity binding by H-NS (39).

The Bacillus subtilis AbrB protein is another example of a DNA binding protein
recognizing certain three-dimensional features of the target DNA. AbrB is a pleiotropic
regulatory protein that regulates the sporulation and gene expression during the post-
exponential growth stage (62). Like Lrp, AbrB binds specifically to the regulatory regions
of the operons under its control and protects an extended DNA region from attack by a
variety of footprinting agents (63). However, the HTH motif of the protein is dispensable
for normal DNA binding. Footprinting analyses of at least 16 target DNA sequences have
failed to reveal any candidate sequence as a "consensus sequence” for AbrB binding. It was
proposed that AbrB recognizes a subtle three-dimensional feature of the target DNA that can
arise from a finite subset of different nucleotide sequences (62, 63). Sequence-directed
statically bent DNA is one of the candidates for such three-dimensional features. However,
an analysis of six AbrB binding regions revealed that only three of them had detectable
intrinsic bending (61). Those observations are consistent with the hypothesis that a DNA

protein can recognize its target DNA by different means.
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To understand the true feature that Lrp recognizes when it binds to DNA, more
mutational analyses are required. It is important to establish whether the spacing between the
potential Lrp binding sites is vital to the binding of Lrp. To achieve this, different numbers
of bases should be inserted or deleted between the potential Lrp binding sites and the
phenotype of the mutants should be assessed both in term of pap transcription and Lrp
binding patterns to the pap regulatory region. However, as CAP is sensitive to the phasing
of its binding site to the promoter region, proper compensating deletion or insertion

mutations should be constructed accordingly so that the CAP phasing is not changed.

Lrp Binding Patterns

Six potential Lrp binding sites in the pap regulatory region, each separated by 32-33
bp or roughly three helical turns, have been identified. Under higher stringency or at lower
Lrp levels, the three sites proximal to the papBA promoter (sites 1, 2, and 3), including the
one overlapping the GATC-II sequence (site 2), are cooperatively bound by Lrp. The three
sites distal to the papBA promoter (sites 4, 5, and 6), including the one overlapping with
GATC-I (site 5), are bound by Lrp at high concentration or low stringency (44). These
observations indicate that sites 1, 2, and 3 are the primary binding sites of Lrp, because Lrp
has the highest affinity to these sites. However, in the presence of Papl, the two sites distal
to the papBA promoter (site 4 and 5) are bound with highest affinity, followed by sites
proximal to the papBA promoter (sites 1, 2, and 3) (44). These data indicate that sites 4 and
5 are the primary binding sites of Lrp in the presence of Papl. The implication of the above
observation is that at low Lrp levels, which are more physiologically relevant, Lrp binds to
different sets of binding sites depending on the presence or absence of Papl. Therefore, the
availability of Papl may determine the transcription states in vivo.

Site-directed mutagenesis showed that the in vitro Lrp binding pattern is correlated
with the in vivo transcriptional activity. Interruption of Lrp binding site 2 or 3 results in
either locked ON or enhanced phase OFF to phase ON switching rates (44). When the

phenotype is phase-locked ON, such as in the mutants with mutations in Lrp binding site 3
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(mutants 13, 16 and 17), DNase I footprinting showed that Lrp binds with high affinity to
sites 5 and 6 independent of Papl (43, 44). Southern blot analysis also showed that GATC-I
is protected from methylation and GATC-II is completely methylated (43). In contrast,
mutations in Lrp binding sites 4 and 5 result in locked OFF phenotypes. DNase I footprint
analysis showed that Lrp no longer binds to GATC-I (site 5), even in the presence of Papl
(44). This is consistent with the Southern blot analysis data showing that Lrp binds to the
GATC-II site in the presence of Papl (43).

We do not known why Lrp preferentially binds to the GATC-II region and Lrp/Papl
to the GATC-I region, even though the two GATC sites are encompassed by nearly perfect
inverted repeats of 27 nucleotides (9). This differential binding should not be caused by the
slight difference of the primary sequences in the two inverted repeats, because a single base
pair substitution outside the inverted repeats (G1163) allows Lrp to bind preferentially to the
GATC-I region in the absence of Papl (43). It is more likely that the preferential binding by
Lrp to the GATC-II region results from the cooperativity of binding to sites 1, 2, and 3.
Moreover, this differential binding is not affected by Lrp overproduction in vivo. An
eightfold overproduction of Lrp does not facilitate Lrp binding to the GATC-I region in the
absence of Papl in vivo (43), though Lrp alone binds to both GATC-I and GATC-II regions
in vitro when the concentration increases (44). It seems that there is a mechanism which
prevents Lrp or Lrp/Papl from binding to both the GATC-I and the GATC-II regions. This
mechanism would involve a conformational change of the pap regulatory DNA caused by
Lrp or Lrp/Papl binding to one GATC region which precludes the binding to the other
GATC region.

Stoichiometry and Cooperativity of Lrp Binding to pap DNA.

The stoichiometry of Lrp binding to the pap regulatory region has not been well
studied. In the case of ilvIH, Lrp reportedly binds as a dimer to each binding site (19).
Though this is also likely to be the case with pap DNA, there is currently no evidence to

support or argue against this hypothesis. Nevertheless, there seems to be a fixed number of
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Lrp molecules binding to the pap regulatory region, as the binding reaction is saturated at a
relatively low concentration of Lrp, as evidenced by the appearance of a single dominant
shifted band in a mobility shift assay. This is in sharp contrast to the DNA binding by the
protein H-NS, in which the binding reaction is saturated until the entire DNA molecule is
bound by H-NS (67).

Lrp has been shown to bind cooperatively to two binding sites in the ilviH
regulatory region at lower concentration and to another three at higher concentration (72).
This cooperative binding may play an important role in the formation of nucleoprotein
structure. Cooperative binding of Lrp to the pap regulatory region has not been specifically
tested. However, based on the observations from other experiments, we infer that Lrp
binding to the pap regulatory region is cooperative.

First, Lrp binding affinity to a truncated pap DNA fragment containing Lrp binding
sites 2 and 3 or sites 4 and 5 is significantly reduced, probably due to the lack of a
cooperative binding site (43). Second, when the pap DNA fragment containing sites 1, 2,
and 3 is used in a mobility shift experiment, usually only a single shifted species is
observed; intermediate bands, which would represent intermediate complexes, are not
observed (43, 44). Third, footprinting experiments indicate that even at very low
concentration of Lrp, sites 1, 2, and 3 are simultaneously occupied by Lrp (44). Fourth, a

mutation interrupting Lrp binding site 3 also abolishes the binding of Lrp to site 2 (44).

Lrp Binding and the Conformation Change of pap DNA

DNA bending or curvature is a common theme in regulating prokaryotic gene
transcription. Bacterial promoters often contain static bends, and bacterial RNA polymerase
is known to further bend DNA at the promoter region (50). Intrinsically bent or curved
DNA upstream of the promoter region in the right orientation generally stimulates gene
transcription. Binding of transcription regulatory proteins to the cognate DNA regulatory

sequences often induce bending.
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The best studied transcription regulatory proteins that bend DNA are IHF and CAP.
IHF binds to the minor grove and bends DNA as much as 140° (64). THF positively or
negatively regulates the transcription of numerous genes, either directly or in concert with
other transcription regulatory proteins . The hypothesis that IHF regulates gene transcription
by bending DNA is supported by the finding that DNA sequences causing equivalent static
bends can functionally substitute for the authentic IHF binding site (27). Similarly CAP also
binds DNA and causes a bending of at least 90° (58). The function of CAP requires that the
binding sites be located on the same side of RNA polymerase binding site. In some cases
the cAMP-CAP binding site can be functionally substituted by the binding site of other DNA
bending proteins or even by sequences directing natural bent (16, 49), indicating DNA
bending can be sufficient for transcription activation. In some other cases direct interaction
between CAP and RNA polymerase is required for transcription activation (17, 22, 76, 78).

Using different footprinting techniques, it has been shown in the ilvIH, papBA,
ompC, and lysU systems that the binding of Lrp results in periodic hypersensitive bands
dispersed in the footprint in an extended region, indicating that Lrp also bends DNA and
forms a nucleoprotein complex upon binding (23, 26, 44, 45, 72). Lrp binding to a single
binding site in the ilvIH regulatory region has been shown to bend DNA by 55° and by at
least 130° when two binding sites are present (73). Though DNA bending has not been
shown directly from binding of Lrp to the pap regulatory region, the extensive footprinting
patterns we observed using DNase I, hydroxyl radical, MPE, and DMS footprinting
techniques also suggest that complex nucleoprotein structure is formed upon Lrp or
Lrp/Papl binding to the pap regulatory region (43, 44, 45). However, it is not known
whether the bending of DNA is essential for transcription activation or it is just a
consequence of Lrp binding. Because intrinsically bent DNA is known to facilitate gene
transcription (50), we believe that DNA bending caused by Lrp or Lrp/Papl binding might

play an important role in transcription activation.



100

There are nine DNA helical turns between the Lrp binding sites encompassing
GATC-I and GATC-II, and the two sites are in opposite orientations. Therefore, Lrp
binding to the GATC-I region and to the GATC-II region would be on opposite sides of the
DNA helix and induce bending to opposite directions. If DNA bending induced by Lrp/Papl
binding to the GATC-I region is required for papBA transcription activation, this bending
must occur in such a way that it either facilitates the assembly of the transcription complex
or promotes the interaction of transcription activators with the basal transcription complex.
As it is hypothesized that Lrp bends DNA to opposite directions when it binds to GATC-I or
GATC-II region, it is possible that Lrp binding to the GATC-II region inhibits papBA
transcription by repressing the assembly of the transcription complex and/or by repressing
the interaction between RNA polymerase and the activator proteins.

Though all of the evidence suggests that a nucleoprotein structure is formed as a
consequence of binding of Lrp or Lrp/Papl to pap DNA, there is no evidence directly
indicating the nature of such complex. Either DNA looping between two protein binding
sites or DNA wrapping around protein molecules can result in a higher order nucleoprotein
structure (41, 50). However, DNA wrapping around protein molecules would change the
supercoiling of DNA in a closed circle or in a constrained region, whereas simple looping
between two sites would not lead to such a change. Therefore, testing the supercoiling
change of a plasmid containing the pap regulatory region as a consequence of Lrp binding
may shed light on whether pap regulatory DNA wraps around Lrp to form a nucleoprotein
structure. Preliminary experimental results suggest that Lrp binding does change the
supercoiling of a plasmid carrying the pap regulatory region. However, it is not clear
whether the change of supercoiling is due to Lrp binding to the pap regulatory region or to
Lrp nonspecific binding to the whole plasmid DNA (43).

Electron microscopy is a powerful tool to determine the topology of DNA-protein
interactions. An electron microscopic examination of the Lrp-pap DNA complex should help

clarify the nature of the nucleoprotein structure.
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Although it is not clear how Lrp binding affects the overall conformation of the pap
regulatory region, it might be instructive to compare the binding of Lrp and H-NS to the
target DNA molecules. Both Lrp and H-NS are pleiotropic global regulatory proteins that
positively or negatively regulate a large number of genes; both Lrp and H-NS show
sequence specific binding to DNA with a loosely defined consensus sequence whereas the
overall conformation of DNA also seems to play a role in the interaction. Both Lrp and H-
NS bind to an extended region on the target DNA as judged by the lengthy footprints. H-NS
has been shown to constrain supercoils and compact DNA (59, 66), probably by wrapping
DNA (67). Therefore, it would not be surprising if Lrp and H-NS affect DNA conformation

in a similar way.

Interaction of Lrp with the Transcription Machinery.

Though the binding of Lrp or Lrp/Papl to pap regulatory region causes a DNA
conformation change that may be essential for transcription, it is not sufficient for
transcription activation of papBA based on the analysis of /rp activation mutants (68). Lrp
produced by either the wild-type strain or the /rp activation mutant strains binds to the ilvIH
or the pap regulatory region with similar affinity. The pap DNA footprinting pattern using
the mutant Lrp is similar to that obtained using wild-type Lrp. Nevertheless, transcription
activation is not achieved in such mutants. This finding suggests that Lrp interacts directly
with another factor in the transcription machinery or another factor involved in transcription
activation. It is interesting to note that activation of transcription from the papBA promoter
requires binding of Lrp or Lrp/Papl to the distal Lrp binding sites (GATC-I region), which
is adjacent to the binding site of cAMP-CAP. This observation suggests that there might be
a concerted effect of CAMP-CAP and Lrp on RNA polymerase or direct interaction between
cAMP-CAP and Lrp.

If the activation mutants are unable to activate pap transcription due to the inability to
interact properly with the transcription machinery or other factors involved in transcription

activation, second site suppressor mutants of the /rp activation mutants should prove to be
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valuable in understanding how Lrp binding to pap DNA activates transcription. If such
mutants are found in the genes encoding RNA polymerase subunits or CAP, the possibility
of a direct interaction between Lrp and RNA polymerase or CAP should be further

investigated.

Conclusions

There are two sets of Lrp binding sites in the pap regulatory region. Each set is
composed of two or three Lrp binding sites, which are separated by approximately three
DNA helical turns. Lrp can specifically and cooperatively bind to either of those two sets of
sites, depending on the methylation states of the pap regulatory region and the concentration
of Papl. Lrp binding to sites proximal to the papBA promoter (binding sites 1, 2, and 3)
inhibits pap transcription, probably by either sterically interfering with the binding of RNA
polymerase or bending the DNA so as to inhibit binding of RNA polymerase. Conversely,
binding of Lrp to the sites distal to the papBA promoter (binding sites 4 and 5) stimulates
pap transcription. This stimulation involves the formation of complex nucleoprotein
structures and the interaction between Lrp and the transcription machinery or other factors

involved in transcriptional activation.

The Role of Papl in Pap Pili Phase Variation
Papl Affects pap Transcription and Methylation Protection.

Papl is a regulatory protein that is conserved among a number of different pili
producing enteric bacteria (70). Papl has been shown to functionally substitute for FaeA in
modulating Lrp binding to the fae regulatory region and for fae transcription (33). Though
both PapB and Papl are required for the transcription of the papBA operon (3), expression
of Papl in trans relieves the requirement for PapB (45). Therefore we have proposed that
Papl but not PapB is critically involved in the transcription activation of the papBA

promoter. The transcription from the papl promoter, in turn, is dependent on PapB (45).
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In contrast to Lrp, which is required for the methylation protection of both GATC-I
and GATC-II, Papl is required only for the methylation protection of GATC-I (13). This
raises the possibility that Papl might be a DNA binding protein which binds specifically to
pap DNA in the GATC-I region. Alternatively, Papl may be involved in the methylation

protection of GATC-I by affecting the binding of another protein, such as Lrp.

pap DN A-dependent Papl-Lrp Interactions

It has been shown that both Lrp and Papl are required for binding to the GATC-I
region (44). The requirement of both Lrp and Papl for binding to the GATC-I region could
be due to two possible events. On the one hand, Papl could bind directly to the GATC-I
region in the presence of Lrp. On the other hand, the binding specificity of Lrp could be
altered by Papl in such a way that the affinity for the GATC-I region is increased and the
affinity for the GATC-II region is decreased. There is strong evidence suggesting that Lrp
binding specificity is altered in the presence of Papl. First, both the GATC-I and the GATC-
IT regions are footprinted at high Lrp concentration in the absence of Papl, indicating Lrp
alone is able to bind to the GATC-I region. Second, Lrp alone binds to the GATC-I region
when the binding sites in the GATC-II region are mutated. These observations indicate that
Lrp alone has the potential for binding to the GATC-I region, yet this potential is only
maximized in the presence of Papl (44).

The alteration of Lrp binding specificity by Papl could be achieved either by
chemical modification of Lrp caused by catalytic reactions of Papl or by a conformational
change of Lrp caused by physical binding to Papl. Papl interacts with Lrp very poorly in
solution, as evidenced by data from cross-linking and gel filtration chromatography
experiments by Kaltenbach and Low (35). Lrp and Papl mixed in solution crosslink very
weakly and form separate peaks on gel filtration chromatography. However, in the presence
of pap regulatory DNA, the efficiency of the interaction is dramatically enhanced, as shown
by the strong crosslinking and the unique peak observed following sizing column

fractionation. This enhancement is not achieved by adding sonicated herring sperm DNA or
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a DNA fragment containing the regulatory region of ilv/H, to which Lrp specifically binds.
Therefore, this DNA dependent protein-protein interaction between Papl and Lrp is specific
to pap regulatory DNA (35).

It is not known why the Lrp-Papl interaction is dependent on the presence of DNA
of the pap regulatory region. We can assume that the Papl interacting domain in Lrp is
normally buried and Lrp binding to DNA changes the conformation of Lrp in such a way
that the masked Papl-interacting domain is exposed. This assumption is reasonable because
DNA binding is known to change protein conformation (46, 75). In some cases, DNA
binding may cause the refolding of the entire protein (2). However, for this assumption to
be acceptable, we must assume again that the Lrp conformation change caused by binding to
pap DNA is unique, since Lrp binding to ilvIH regulatory DNA does not facilitate Lrp-Papl
interaction (35).

Interestingly, the Lrp-Papl interaction requires pap DNA containing both the intact
GATC-I and GATC-II regions. DNA fragments containing mutated GATC-I or GATC-II
are not efficient in stimulating Lrp-Papl interactions, suggesting that the Lrp-Papl
interactions may involve both GATC boxes (35). Consistent with this hypothesis, Papl is
found in the Lrp-pap DNA complex only when both GATC sites are occupied by Lrp (35).

Regardless of the mechanism, pap DNA dependent Lrp-Papl interaction is
advantageous for the bacterial cells. First, Lrp is an important transcription regulator that
participates in a variety of cellular activities. This specific DNA-dependent interaction with
another protein would prevent an operon specific regulator from interfering with Lrp
regulating other operons. By this mechanism, only Lrp molecules engaged in regulating
papBA can bind to Papl. Second, this mechanism would also prevent Papl from being

diluted out by Lrp.

Papl-independent pap Transcription.
Papl is absolutely required in the wild-type background for pap transcription

activation (3, 45). However, in some of the phase locked ON mutants, such as the ones
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with mutated Lrp binding site 3 (mutants 13, 16, and 17) or with a single base change in
GATC-I which prevent methylation (mutant 1) , Papl is no longer required for transcription,
though Lrp is still required (43, 44). DNase I footprint analysis showed that Lrp alone binds
to the GATC-I region with highest affinity in such mutants (44). However, Southern blot
analysis showed that both GATC sites in the pap regulatory are methylated in the absence of
Papl, even in the Papl-independent mutants (43). We cannot explain why GATC-I is
methylated whereas the transcription is active in these mutants. We believe that Lrp still
binds to the GATC-I region because Lrp is still required for transcription (44). Perhaps Lrp
binding to the GATC-I region in the absence of Papl is not strong enough to protect the
GATC site from being methylated. This point can be clarified by in vivo footprinting
experiments. Nevertheless, the Papl independent transcription suggests that Papl affects the
function of Lrp in such a way that the modification caused by interacting with PaplI can be
compensated for by preventing Lrp binding to the GATC-II region. The finding of Papl-
independent mutants also suggests that Papl is not directly involved in pap transcription

activation.

Translocation of Lrp.
As discussed above, Lrp binds with highest affinity to the GATC-II region in the

absence of Papl, blocking the transcription from the papBA promoter. In the presence of
Papl, Lrp binds with highest affinity to the GATC-I region, activating papBA transcription
(44). Therefore, Papl plays a primary role in the translocation of Lrp from the GATC-II
region to the GATC-I region. Papl could act by stabilizing Lrp binding to the GATC-I
region and/or destabilizing Lrp binding to the GATC-II region. Currently it is not clear how
such translocation is achieved. Stable binding of Papl to Lrp may not be required for such
translocation, because Papl is not present in the Lrp-pap DNA complex until both GATC
regions are occupied by Lrp in vitro (35).

Recently, Lrp mutants unable to activate papBA transcription but still capable of

activating #/vIH transcription are isolated and are being characterized in this laboratory (34).
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Possibly these mutants are unable to interact with Papl properly. It will be interesting to
determine whether they can activate papBA transcription in the Papl-independent mutants. It
is likely that further characterization of these mutants will shed light on the understanding of
the mechanism by which Papl alters Lrp binding specificity.

A current hypothesis is that Papl forms an unstable complex with Lrp bound to pap
DNA in the GATC-II region. This unstable complex changes the conformation of Lrp in
such a way that binding to the GATC-I region is favored. This hypothesis predicts that the
free energy for Lrp binding to the GATC-II region is lower than that for binding to the
GATC-I region and the conformation change of Lrp caused by the formation of unstable
complex with Papl lowers the free energy barrier for binding to the GATC-I region. If this
is the case, removal of Papl from the Lrp/Papl complex bound to GATC-I region by adding
anti-Papl antibody will result in Lrp binding to the GATC-II region, because Lrp will revert
back to the conformation which favors binding to the GATC-II region. If instead there is a
chemical modification to Lrp by Papl, removal of Papl would not revert the presumed Lrp
conformation change and the altered binding specificity. This can be tested by DNase I
footprinting of Lrp/Papl-pap DNA complexes prior to and after PaplI antibody treatment.

Meanwhile, this hypothesis predicts that Pap pili phase variation involves Lrp
present in at least three distinct conformations: unengaged Lrp, Lrp bound to the GATC-II
region of the pap DNA (Lrp-II), and Lrp bound to the GATC-I region of the pap DNA (Lrp-
I), with or without Papl being in the complex. Transcriptional activation of pap would
require the sequential Lrp to Lrp-II to Lrp-I conformation change. If this is true, it should be
possible to isolate /rp mutants that activate papBA transcription independent of Papl (locked
on Lrp-I conformation) and that interact with PapI independent of pap regulatory DNA

(locked on Lrp-IT conformation).

Conclusions
Papl does not bind to the pap regulatory DNA directly and does not interact with the

transcription machinery. Papl exerts its role as a transcription activator of pap by interacting
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with Lrp in Lrp-pap DNA complexes and possibly altering the conformation of Lrp so that
Lrp/Papl complexes binds preferentially to the GATC-I region, which is required for pap

transcription activation.

The Role of DNA Methylation in Pap Pili
Phase Variation
DNA Methylation Patterns and pap Transcription

DNA methylation by Dam methylase has been shown to affect transcription and the
binding of transcription regulatory proteins (5, 11, 60). Generally DNA methylation reduces
the binding of transcription regulatory proteins, probably by steric hindrance. Therefore
DNA methylase can either stimulate or inhibit gene transcription by inhibiting the binding of
repressor or activator proteins.

A fundamental difference between the role of DNA methylation in regulating the
expression of pap versus other documented systems is the presence of methylation patterns
in the case of pap. On the one hand, the GATC sites affecting the binding of other
regulatory proteins are generally methylated or hemimethylated, corresponding to the DNA
replication cycle (40). On the other hand, the two GATC sites in the pap regulatory region
are always differentially methylated, resulting in distinct methylation patterns corresponding
to the expression states of the papBA operon (13, 14). The differential DNA methylation
pattern is established and maintained by the differential binding of the regulatory protein
Lrp. Another aspect of the pap methylation pattern is that it also dictates the location of Lrp
binding, which determines the expression state of the papBA operon. Therefore, the role of
DNA methylation in pap transcriptional regulation is not simply blocking the binding of a
transcriptional regulatory protein, but it also responds to and determines the binding of Lrp.

The active transcription of papBA requires that GATC-I be nonmethylated and
GATC-II methylated (13). Such a DNA methylation pattern presumably stabilizes Lrp
binding to the GATC-I region but not the GATC-II region. DNA fragments with such

differentially methylated GATC sites have not been used in our in vitro binding studies.
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However, we have constructed mutants that closely mimic the differential methylation in
vivo and in vitro by introducing single base pair substitutions at both GATC sites. When
GATC-I is mutated so that only GATC-II can be methylated, the transcription of pap is
locked ON. Conversely, when GATC-II is mutated so that only GATC-I can be methylated,
the transcription of pap is locked OFF (14). In vitro analysis shows that Lrp/Papl is unable
to bind to the GATC-I region when this site is methylated. Lrp binding to the GATC-I
region can be observed even in the absence of Papl when only GATC-II is methylated (14).
These results indicate that DNA methylation patterns indeed regulate pap transcription by

controlling the binding of Lrp and Lrp/Papl to pap DNA.

Balance between Lrp/Papl and Dam

The function of DNA methylation in regulating Pap pili phase variation depends on
the delicate balance of the activities of Dam methylase and the methylation blocking factor,
Lrp. The transcription of papBA is shut-off in a dam background, as a result of the absence
of methylation at GATC-II. Overexpression of Dam by as little as fourfold also leads to the
shut-off of papBA transcription, possibly as a result of methylation of both GATC sites (9,
13).

An interesting observation is that the two GATC sites in the regulatory region are
always differentially methylated in vivo, unless the dam gene is mutated or overexpressed.
This observation suggests that there is a delicate balance between Dam methylase and
Lrp/Papl which prevents both GATC sites being methylated or protected from methylation.
Alternatively, the binding of Lrp or Lrp/PapI to one GATC site changes the DNA
conformation in such a way that it precludes the binding to the other GATC site, which is
then available for methylation.

An eightfold overproduction of Lrp renders the transcription of papBA in a wild-
type background locked OFF (43). Southern blot analysis shows that methylation protection
is virtually 100% at GATC-II and 0% at GATC-I (43). The same level of overproduction of

Lrp does not affect either the papBA expression state or the methylation protection pattern in
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the locked ON mutants (those having a mutation preventing Lrp binding to GATC-II,
mutants 13 and 24) (43). These observations support the hypothesis that binding of Lrp or
Lrp/Papl to one GATC site precludes the binding at the other. This hypothesis contradicts
what is observed in vitro by quantitative DNase I footprinting, which shows that at high
levels Lrp binds to both GATC sites (44). However, this in vitro observation was made
using an unphysiologically high concentration of Lrp: hence it might not reflect the events
that occur in vivo. Alternatively, weak binding of Lrp around GATC-I or GATC-II might
not block methylation at these GATC sites.

Lrp binds preferentially to the GATC-II region, and the transcription of papBA is
predominantly inactive in a wild-type background, presumably because the Papl level is
very low. Expressing Papl in trans at a low level increases the fraction of cells that have the
phase ON DNA methylation pattern and are transcriptionally active. However,
overexpression of Papl at high levels reduces papBA transcription in the wild-type
background. Subsequent Southern blot analysis revealed both GATC sites are protected
from methylation, indicating that Lrp/Papl binds to both sites. Similar overexpression of
Papl in the locked ON mutants does not affect either the expression state or the methylation
pattern (43). This observation is consistent with the idea that Papl affects the binding of Lrp
but contradicts the hypothesis that protein binding to one GATC site precludes binding to

the other GATC site.

Methylation Pattern Switch

Pap pili phase variation requires a change in the pap DNA methylation patterns.
Because no DNA demethylase activity is found in E. coli, alteration of DNA methylation
must involve DNA replication (13). Immediately following the passage of the replication
fork, the original methylated GATC site becomes hemimethylated. This would provide a
time window when the switch of methylation patterns could occur. Since DNA methylase
preferentially targets hemimethylated GATC sites (40), the hemimethylated GATC site

usually will quickly become methylated, preventing the switch of the methylation pattern
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and preventing phase variation. However, at low frequencies, Lrp or Lrp/Papl binds to the
hemimethylated GATC region, leaving the other GATC site available for methylation,

resulting in the switch of the methylation patterns.

Conclusions

DNA methylation patterns in the pap regulatory region are the result of competition
between Dam methylase and Lrp for binding to the GATC-I and the GATC-II regions. The
methylation patterns, in turn, determine the binding of Lrp or Lrp/Papl and the activation of
transcription. However, when the binding potential of Lrp to one of the two GATC regions

is greatly reduced by mutation, DNA methylation no longer affects transcription activation.

The Roles of Other Regulatory Factors
in Pap Pili Phase Variation

H-NS

H-NS is a chromatin-associated global regulatory protein that shows low sequence
specificity in binding to numerous binding sites on the chromosome. H-NS generally
represses transcription, possible by forming a chromatin-like nucleoprotein complex.
However, the transcription of some genes may also be positively regulated by H-NS (67). It
has been proposed that H-NS plays a central role in the regulation of pap transcription by
silencing the papBA promoter and that PapB and CAP activate transcription by acting as
antirepressors which antagonize the silencing effects of H-NS (25). This conclusion is
based on the observation that mutation in the Ans gene relieves the requirement for PapB and
CAP for papBA transcription. However, this observation was made using pap genes cloned
on a multicopy plasmid, which has been show to affect transcriptional regulation (37).

Observations from this laboratory by van der Woude et al. (68) do not indicate that
H-NS plays a central role in Pap pili phase variation. The papBA promoter is intrinsically
active. They also have shown that it is this intrinsic basal activity of the promoter that is

repressed by H-NS. Changes in the supercoiling of plasmid DNA might be involved in the
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repression mediated by H-NS, because H-NS is known to affect the supercoiling of DNA
(47, 66). Lrp binding to the GATC-II region has the same repressing effects. Removal of
H-NS by introducing Ans mutant alleles does not affect pap transcription and Pap pili phase
variation in a single copy wild-type background. Therefore, it was concluded that H-NS is
not critically involved in the regulation of transcription from the papBA promoter, though

H-NS does repress the basal activity of the papBA promoter in the absence of Lrp.

PapB

PapB is required for the transcription of pap operons. It also represses papBA
transcription when overexpressed. It has been shown to bind at -240 of papBA promoter
with high affinity and to the papBA promoter region with lower affinity (24). Forsman et al.
(25) have proposed that PapB, together with CAP, acts as antirepressor to antagonize the
silencing effect of H-NS (28).

Our experiments, however, show that PapB is not required for transcription from
the papBA promoter when Papl is expressed in trans (45). In addition, transcription from
the papBA promoter in the Papl-independent locked ON mutants is not affected by a
mutation in the start codon of papB (12). Therefore, we believe that the function of PapB is
to positively regulate the transcription of papl and autogeneously regulate the transcription

of papBA.

cAMP-CAP

The transcription of papBA requires the binding of cAMP-CAP to a region about
210 bp upstream of the papBA transcription start site and about 120 bp upstream of the papl
transcription start site. It has been proposed that CAP, together with PapB, acts as
antirepressor to neutralize the silencing effects caused by H-NS (25).

Observations from this laboratory suggest that CAP is directly involved in the
transcription activation of papBA operon and Pap pili phase variation. When either the crp

gene or the CAP binding site in the pap regulatory DNA is mutated, papBA transcription is
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shut off, resulting in a phase locked OFF phenotype. This is true even with the Papl-
independent locked on mutants (mutants 13 and 17, mutation in Lrp binding site 3).
Moreover, a CAP activation mutant , which binds to CAP binding sites normally, also failed
to activate papBA transcription (38). These results indicate that mere binding by CAP is not
sufficient for transcription activation.

We conclude that CAP activates pap transcription in a way other than acting as an H-
NS antagonist. CAP interaction with RNA polymerase or other components of the
transcription machinery might be essential for papBA transcription activation. Judging by
the location of the CAP binding site and the requirement of other regulators (Lrp and Papl)
for transcription activation, the papBA promoter should be classified as a class III CAP-
dependent promoter (17, 22). In this case, the interaction between CAP and RNA
polymerase requires a mechanism which bring CAP and RNA polymerase into contact with

one another. Lrp binding to and bending of pap DNA may provide such a mechanism.

A Working Model for Pap Pili
Phase Variation
Pap pili phase variation is a complex process involving the coordinated interactions
of multiple protein factors with the pap regulatory region. The differential methylation of
pap regulatory DNA is central to this process. The methylation state is determined by the
location of binding of Lrp or Lrp/Papl to pap DNA, and in turn, it also affects the binding of

the regulatory proteins.

Phase OFF State

In the phase OFF state, the pap regulatory DNA is methylated at GATC-I and Lrp is
bound to the GATC-II region, which is partially overlapping the papBA promoter region.
The binding of Lrp at the promoter region represses the transcription of papBA either by
spatially interfering with the binding of RNA polymerase or by bending the DNA in the

opposite direction that is required for transcription initiation to occur (Figure 5-2 A). The
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Figure 5-2. Proposed DNA conformation in phase ON and OFF cells. (A). Phase ON DNA
conformation. Binding of Lrp and Papl to GATC-I bends the pap DNA in such a way that
Lrp and CAP can interact with RNA polymerase and with one another. (B). Phase OFF
DNA conformation. Binding of Lrp to GATC-II interferes with the binding of RNA
polymerase and Lrp, CAP and RNA polymerase are unable to interact with one another.
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bending in this wrong direction would change the DNA conformation in such a way that the
initiation complex cannot be assembled and the required protein-protein interactions of RNA

polymerase, Lrp, and CAP are spatially unfavorable.

Phase ON State

In the phase ON state, the pap regulatory DNA is methylated at GATC-II, and Lip is
bound to the GATC-I region. It is not yet clear if Papl remains stably bound to the Lrp
moiety of the Lrp-pap DNA complex. Lrp binding to the GATC-I region also puts Lrp to the
vicinity of CAP bound to pap. We propose that Lrp or Lrp/Papl binding to the GATC-I
region bends the pap regulatory region in the direction which enables the proper assembly of
the transcription initiation complex at the papBA promoter region and enables both Lrp and
CAP to interact with RNA polymerase, which may be necessary for the transcription

activation (Figure 5-2 B).

Transition State

For the purpose of discussion, the transition state is defined as a period of time
following DNA replication when one of the two GATC sites is hemimethylated and the
protein originally bound is displaced by the process of DNA replication. As further
discussed below, this is the stage when DNA methylation and protein binding switches

between the two GATC sites. Papl is critically involved in this process.

Phase OFF to Phase ON Switch

Figure 5-3 presents a model explaining how the phase of papBA expression is
epigenetically maintained and how phase variation occurs. After DNA replication, the pap
regulatory DNA in a phase OFF cell becomes hemimethylated at GATC-I and
nonmethylated at GATC-IL. As discussed before, since Dam methylase has a higher affinity
for hemimethylated GATC sites compaired with nonmethylated sites (40), the
hemimethylated GATC-I would be preferentially methylated, rendering it unavailable for

Lrp or Lrp/Papl to bind. At the same time, Lrp would bind to the GATC-II region, for
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Figure 5-3. Model of Pap pili phase variation.
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which Lrp has a higher affinity than the GATC-I region. The methylation of GATC-I and
Lrp binding to the GATC-II region restores the original phase OFF conformation. This
process provides an epigenetic mechanism that stably maintains the expression phase OFF
State.

However, at low frequencies, possibly due to slightly elevated Papl levels or
statistical chance, Lrp/Papl binds to the hemimethylated GATC-I region before this site
becomes methylated and blocks the access of Dam methylase for further methylation.
Binding of Lrp/Papl to the GATC-I region may require that Lrp binds to the GATC-II
region first, because the interaction between Lrp and Papl is dependent on the presence of
pap DNA (35). We propose that Papl interacting with Lrp bound to the pap GATC-II region
alters the conformation of Lrp either by chemical modification or by physical contact. Lrp
conformation change is followed by translocation of Lrp or Lrp/Papl to the GATC-I region
by an as yet unknown mechanism,r leaving GATC-II accessible to Dam methylase.
Alternatively, the possible low frequency unstable binding of Lrp to the GATC-I region is
stabilized by a Lrp conformation change triggered by interaction with Papl. The ensuing
methylation of GATC-II will prevent Lrp from binding to the GATC-II region. The binding
of Lrp or Lrp/Papl to the GATC-I region will change the conformation of the pap regulatory
region in a way which facilitates the assembly of the transcription machinery and/or the
interaction of Lrp, CAP, and RNA polymerase, leading to a phase ON phenotype. After a
new round of DNA replication, one of the two daughter cells becomes nonmethylated at
GATC-I and hemimethylated at GATC-II, which is opposite to that in a phase OFF cell
following DNA replication. Now the preferential binding of Lrp or Lrp/Papl to the GATC-I
region and the preferential methylation of GATC-II epigenetically maintains the phase ON

expression state.
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Phase ON to Phase OFF Switch

For a phase ON cell switching to phase OFF, it requires only that Lrp binds to the
GATC-II region, which occurs when the local Papl level is low. A reciprocal process to that

discussed above should also apply to the phase ON to OFF switching.

Locked Phase ON and Locked Phase OFF

If one of the two GATC regions is mutated so that the affinity for Lrp binding to this
region is dramatically reduced, the mutant become phase locked ON or locked OFF. In this
case, Papl becomes irrelevant because the affinity difference for Lrp binding to the intact
and the mutated GATC region is so significant that Lrp either can bind to the GATC-I region
independent of Papl or is unable to bind there even with the help of Papl.

This model is consistent with the previous finding that Pap pili phase variation is
sensitive to the expression level of the dam gene (9, 13). Our mutagenesis studies so far
also support this model (12, 34, 43, 44). However, there are still many aspects of this
model that need to be further refined. Mutational analyses, especially those regarding the
three-dimensional structure of the pap regulatory DNA and the domains of Lrp and Papl,
will significantly advance our understanding of the mechanisms of the Pap pili phase

variation.

Implications for Other Pili Phase Variation
Systems
A variety of pathogenic E. coli and other bacteria produce different types of pili that
facilitate the adhesion to different types of epithelial cells in different hosts. Though these
types of pili are encoded by genes located on the chromosome or plasmids, the comparison
of the gene clusters shows similar organization (36). These results suggest that they might
be evolutionally related. F1845 pili, K88 pili, and S pili, which are encoded by daa, fae,

and sfa operons (4, 7, 57), respectively, are particularly interesting. Besides the similarity
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of gene cluster organization with the pap operons, they also encode regulatory proteins
homologous to Papl and PapB. Like pap, the intercistronic regulatory region of daa, fae,
and sfa also has conserved inverted repeats containing GATC sites, corresponding to the
GATC-I and GATC-II boxes of pap. Furthermore, the spacing, rather than the sequence,
between the GATC boxes is conserved (70). It has been proposed that F1854, K88, and S
pili are regulated by a phase variation mechanism similar to that of Pap pili (69).

Like pap, when present in single copy, both daa and sfa undergo phase variation,
which is sensitive to the Dam methylase level in vivo. The GATC sites corresponding to
GATC-I and GATC-II of pap are differentially methylated in cells from phase ON and phase
OFF populations. The GATC-I but not GATC-II is fully methylated in cells from a phase
OFF population, and the converse pattern is observed with cells from the phase ON
population (69).

The transcription of both daa and sfa is positively regulated by Lrp (6, 69).
Moreover, Papl can functionally substitute for DaaF and SfaC in modulating Lrp binding,
indicating that the function of the Papl-like protein is conserved. Lrp specifically binds to
the regulatory regions of daa and sfa, as evidenced by the shift in mobility on a native gel.
Papl can form an even slower moving complex with Lrp and daa or sfa regulatory DNA,
though by itself it does not form a complex with either daa or sfa regulatory DNA. As in the
case of pap, Lrp binding to the sfa regulatory region protects a region covering the GATC-II
site based on a DNase I footprinting assay. Addition of Papl extends the footprinting to a
region covering the GATC-I site, which is not observed when the GATC-I is methylated.
Lrp binding to the daa regulatory region footprints a region covering both GATC-I and
GATC-II. Nevertheless, addition of Papl significantly increases the affinity of Lrp for
GATC-I (69).

The expression of K88 pili has been studied using multicopy plasmids (32, 33).
Phase variation has not been reported in this system, though differential DNA methylation

patterns are observed. There are three GATC sites in the fae regulatory region. Besides
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those corresponding to GATC-I and GATC-II of pap, a third GATC site (GATC-III) is
found 31 bp downstream of GATC-II. GATC-I is always methylated and GATC-II
nonmethylated. GATC-III is either methylated or nonmethylated. Mutation of GATC-I
stimulates fae transcription by twofold. Mutation of GATC-III decrease fae expression by
less than twofold. Unlike pap, fae expression is negatively regulated by Lrp and the Papl
homologue FaeA. The apparent absence of phase variation and the less pronounced effects
of DNA methylation on transcription regulation in the fae system could be due to IS1
insertions in the regulatory region. Alternatively, this also could be due to the location of fae
genes on a multicopy plasmid, which abrogates phase variation.

Evidence indicates that Lrp mediated differential DNA methylation is a common
mechanism in the transcriptional regulation of numerous pili operons in E. coli. The
regulation of Pap pili phase variation can serve as a model system of these phase variation
systems. Understanding how the interactions of Lrp, Papl, and the pap regulatory DNA
form the phase ON and phase OFF methylation patterns and how these patterns, in turn,
activate or repress papBA transcription will contribute significantly to the understanding of
the other E. coli pili phase variation systems. On the other hand, advances in the studies of
the other pili phase variation systems should provide new insights into our understanding of

the regulation of Pap pili phase variation.

Concluding Remarks
Although the work concerning the mechanisms of Pap pili phase variation is still
very preliminary and our understanding in this regard is superficial, the current study raises
several intriguing questions regarding DNA-protein and protein-protein interactions. First,
how does Lrp recognize its targets? A consensus sequence was obtained by Lrp binding
selection-PCR amplification (20). This sequence seems to be conserved in the Lrp binding
sites in the ilvIH regulatory region (72, 74). However, such a "consensus sequence" does

not seem responsible for Lrp binding to a variety of DNA recognized by Lrp (23, 26, 44).
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The possibility that Lrp recognizes both specific sequences and specific subtle three-
dimensional structure should be further investigated. Second, how does Lrp function both
as transcription activator and repressor? In the case of ilvIH, Lrp binding to the sites
adjacent to the promoter is required for the transcription activation (72). In the case of
papBA, Lrp binding to sites adjacent to the promoter represses the transcription, and
binding to sites distal to the promoter is required for the transcription activation (14, 44).
Though in all cases a complex nucleoprotein structure is implied, the nature of such a
complex is unknown. Third, how does Lrp interact with Papl and with other factors
involved in papBA transcription activation? The pap DNA-dependent Lrp-Papl interaction
demonstrated by Kaltenbach et al. (35) is an intriguing mechanism for the interaction of
global-local regulatory proteins and merits study in great detail. Fourth, why is there
differential DNA methylation in the pap regulatory region? We still do not understand why
Lrp binding to the GATC-II region could inhibit binding to the GATC-I region by Lrp/Papl,
and vice-versa, in vivo. I propose that this involves a three-dimensional structure change in
the pap regulatory region.

Bacteria, especially pathogenic bacteria, have evolved mechanisms to evade the host
immune systems by varying the expression states of important surface components. The
common phase variation mechanisms usually involve specific DNA recombination or
alteration (56). DNA methylation-mediated Pap pili phase variation is an excellent example
of phase variation occurring without alteration of primary DNA sequences. However, this
mechanism is not unique to the Pap pili of E. coli. Similar mechanisms have been
discovered in the phase variation of the S pili and F1845 pili (69) and are likely to be found

in a variety of other phase variation systems.
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