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ABSTRACT

Fis protein participates in the normal control of
chromosomal replicationin  Escherichia coli . However,
the mechanism by which it executes its effect is largely
unknown. We demonstrate an inhibitory influence of
purified Fis protein on replication from oriCinvitro . Fis
inhibits DNA synthesis equally well in replication
systems either dependent upon or independent of
RNA polymerase, even when the latter is stimulated by
the presence of HU or IHF. The extent of inhibition by
Fis is modulated by the concentrations of DnaA
protein and RNA polymerase; the more limiting the
amounts of these, the more severe the inhibition by
Fis. Thus, the level of inhibition seems to depend on
the ease with which the open complex can be formed.
Fis-mediated inhibition of DNA replication does not
depend on a functional primary Fis binding site
between DnaA boxes R2 and R3in oriC, as mutations
that cause reduced binding of Fis to this site do not
affect the degree of inhibition. The data presented
suggest that Fis prevents formation of an initiation-
proficient structure at  oriC by forming an alternative,
initiation-preventive complex. This indicates a nega-
tive role for Fis in the regulation of replication initiation.

INTRODUCTION

The Fis protein shares certain properties with HU and IHF in
being a small, abundant DNA-bending protein involved in
formation of higher order nucleoprotein complexes. It was first
identified as adctor for_nversion_8mulation in site-specific
DNA recombination &10). Later, Fis has been shown to also
participate in transcriptional activation of tRNA and rRNA genes
and other genes encoding proteins involved in translation
(11-15). It binds DNA at specific sites, thereby introducing a
bend. The binding consensus sequence is, however, permissive;
the DNA structure at the binding site is probably as important as
the sequence itself [reviewed ir0y].

Fis binds tooriC between DnaA boxes R2 and R3 with high
affinity (16-18). DNase | footprinting experiments indicate also
an additional high affinity Fis binding site to the right of DnaA
box R4, as well as sites with less affinity in the left and central
region oforiC (Fig 1; 17). Footprinting data indicate that binding
of Fis between R2 and R3, and binding of DnaA to R2 and R3 are
mutually exclusiveX6).

Several lines of evidence suggest a role for Fis in DNA
replicationin viva (i) oriC-dependent plasmids cannot transform
fis mutant strains efficientlyl6-18); (ii) fis null mutants form
filamentous cells, show aberrant nucleoid segregation, and have
inhibited DNA synthesis at high temperaturé&g); (iii) cells
carrying a deletion of DnaA box R4 need Fis protein to be viable
(19); and (iv) the synchrony of initiation appears to be dramati-
cally reduced irfis mutants 20; U. von Freiesleben and K. V.
Rasmussen, personal communication). Furthermiorejivo

Initiation of chromosomal replication is a crucial regulatory everfootprinting studies indicate that Fis remains bounert@

in the cell cycle and must be precisely timed in response to varyitiyough most of the cell cycle, but is released at the time of
external conditions. IEscherichia colireplication is initiated at initiation of replication 21).

the unique origin, termeatiC. Within oriC, DnaA protein binds In contrast, no positive effect of Fis protein on replicaition

to its binding sites (DnaA boxes), and then promotes separationviifo has been observed. Hiasa and Mariafsfound that Fis is

the DNA strands in the AT-rich region (Fiy.1,2). This duplex unable to stimulate replication frooniC in vitro. Instead, high
melting step is termed open complex formation. DNA structureoncentrations of Fis inhibited replication in the absence of HU
and architectural proteins are important at this stage; the openaugd IHF protein. However, this inhibition was relieved when
depends on negative supercoiling in the origin region, and tle@her of these two proteins was preseéaj. (

presence of the histone-like proteins HU or IBF6}. IHF binds We describe here further studies on the effect of Fis protein on
specifically to one site irriC (Fig. 1; 7), and presumably replicationin vitro using two reconstituted enzyme systems for
facilitates open complex formation by building a proper nucleaeplication of supercoiledriC plasmids: one that requires
protein structure. HU protein also facilitates bendingpnd€,  transcriptional activation by RNA polymerase (RNAP) and one
though binding without sequence specificity, and makes an equathat does not. Inhibition by Fis was found to occur both in the
efficient initiator structure as IHR vitro (5). presence and absence of IHF or HU, with the extent of inhibition
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governed by the level of DnaA protein and the amount dflaCl (1 M) was included in the lysis reaction. The lysate was

transcriptional activation. clarified by centrifugation (25 40§ 0°C), and the supernatant
was diluted with buffer A to a conductivity equal to that of buffer

MATERIALS AND METHODS A containing 200 mM NacCl. The diluted lysate (445 ml) was
applied to a cellulose phosphate column (bed volume 150 ml)

Reagents equilibrated in buffer A containing 200 mM NaCl. Bound

. . . . . . roteins were eluted with a linear gradient of NaCl (800 ml,
Ribonucleoside triphosphates, deoxyribonucleoside triphosphat8gg mm—-1 M. in buffer A). Fractions were tested &oiC

poly(di—dC)-poly(di-dC) and Sephadex G-50 Nick columng i TR ; o ;

=) o ! g activity in an electrophoretic mobility shift assay (see
weggp from Pharmacia; y{?P]ATP (>5000 Ci/fmmol) and o) active fractions eluted BF50 mM NaCl. These were
[0-*P]dTTP (800 Cifmmol) from Amersham; cellulose phosphatg e (Fr 11), diluted in buffer A to a conductivity equal to that
P11 from Whatman; polyvinyl alcohol (MW 30-70.000) from ¢ psfer A containing 200 mM NaCl, and applied to a

Sigma. heparin—agarose column (bed volume 120 ml) equilibrated in
_ buffer A containing 200 mM NacCl. Bound proteins were eluted
Plasmid DNA with a linear gradient of NaCl in buffer A (1.2 1, 200 mM-1 M).

. . . Fis protein (Fr Ill; 77 ml; 1.22 mg/ml) eluted as a single peak
Plasmid pBSoriC (3640 bp), also called pTB1@Ldontains a : : A ; . ;
678 bpHincll—Pst fragment spanningriC (<189 to +489 bp) (550 mM NaCl) of high purity (>99% as judged by silver stained

cloned into the pBluescript vector. pBSoriC-fisl is a pBSori DS—-PAGE). Contaminating DNase activity was not detectable

derivative containing six base substitutions in Fis siteti@h[Fis n the preparation of purified Fis protein.

X ; . The purified Fis protein was sensitive to dilution; a >10-fold
- BanHI; (23)]. Plasmid pOC170 (3853 bp) contains i€ PR L
region —176 to +14971g). pOC170-fis2 (pOCITBICL31), dilution into the same buffer (buffer A containing 550 mM NacCl)

L Y : : ! reduced the specific activity for bindingddC, possibly due to
E?Snt:i‘,zgsl zlg)base substitutions (different from the fis1 mutation) Hecipitation of the protein. Inclusion of polyvinyl alcohol at 5%

The plasmids were purified by two successive equilibriu w/Vv) in the dilution buffer reduced the loss of binding activity,

centrifugations in CsCl—ethidium bromide density gradients asnd was therefore included in all dilutions,

describedZ4), followed by desalting over Sephadex G-50 Nic

columns. kln vitro replication reaction

The RNAP-independent reaction (26 contained 30 mM

Enzymes Tricine—KOH (pH 8.2); 12 mM magnesium acetate; 2 mM ATP;

L ) ) ) ~0.04% polyvinyl alcohol; 200 ng supercoiled DNA template
Replication proteins gyrase B subunit, SSB, prim@selbunit  (pBSoriC unless otherwise stated; equal to 600 pmol nucleotides,
of DNA polymerase Il holoenzyme and HU [purified asor 84 fmol molecules); 125 ng DnaB-DnaC in equimolar
described in 45,26)] were a gift from A. Kornberg. DnaA complex; 180 ng gyrase A subunit; 180 ng gyrase B subunit;
protein, DNA polymerase III* and gyrase A subunit were purifiedi50 ng SSB; 23 ng primase; 112 ng DNA polymerase III*
as described by Sekimietial (27), Makiet al (28) and Kruklitis  (pol |11); 26 ngB subunit of Pol Ill; 8 ng HU and 32 ng DnaA unless
and Nakai9), respectively. DnaB-DnaC in equimolar complexgtherwise stated; dATP, dTTP, dCTP and dGTP each at 0.1 mM with
(N.P. .J_. Stamforabt al,_manuscrlpt in preparation) was p_rov_lded[a_32p]d-|--|-p at 30-200 c.p.m./pmol of deoxynucleotides.
by N.Dixon. IHF protein was a gift from H. E. NaBlscherichia = The RNAP-dependent reaction (@8 additionally contained

coli RNA polymerase was bought from Pharmacia. UTP, GTP and CTP each at 0.5 mM, 100 ng HU, and RNAP at
the indicated amounts. DnaA protein was added at the indicated
Purification of Fis amounts. In this replication system, RNaseH is sometimes added

. . ) ) ) ) to inhibit DnaA-independent initiations originating outode.
Fis protein was overproduced in theoli strain IM83 harboring However, the amount of DnaA-independent replication in our

a T7 expression system: plasmid pGPBQ) expressing T7  assay was <10% of the total DNA synthesis. RNaseH was
RNAP und_er control of the ter_nperature s_enski?@pr_omoter, therefore omitted.

and plasmid pCF3513() having expression of this gene  \jixtures were assembled at® and incubated at 2@ for
regulated by the T7 RNAP-inducible promotgl0. Strong >0 min, and then precipitated with 5ADcold 10% trichloro-
overproduction of Fis protein is possible in this transformegceic acid. Total nucleotide incorporation was measured by

strain. An overnight culture grown at Z8 in Terrific Broth  |iqyid scintillation counting after filtration onto GF/C glass-fiber
[17 MM KHoPOy, 72 MM KoHPOy, 2.4% (w/v) Bacto-yeast fijters.

extract and 0.4% (v/v) glycerol] containing ampicillin (4ml)
and kanamycin (2ag/ml) was diluted 1:1000 into fresh medium
(6 1), and grown to an optical density (gj9 of 1.4-1.5.
Expression of Fis protein was then induced by shifting the cultuguring purification of Fis we used a 270 Iga96-Clal

to 42°C. After 40 min, the cells were harvested by centrifugatiorestriction fragment (R-ori; Fid.) containing DnaA boxes R2,
(4200g; 0°C), resuspended in 50 mM Tris—HCI/10% sucrose an&3 and R4, and part of timeioC open reading frame3®). The
frozen in liquid nitrogen. Thawed cells were resuspended finragments were dephosphorylated with calf intestinal alkaline
buffer A (25 mM HEPES—KOH pH 7.6, 0.1 mM EDTA, 2 mM phosphatase and’-&nd-labeled with \f32P]ATP using T4
DTT, 15% glycerol), and sonicated before addition of lysozymeyolynucleotide kinase. For testing the affinity of Fis for the
as this increased the yield of Fis protein. The lysis was performatutated pBSoriC-fis@riC, we used 350 bp PCR-amplified DNA
according to the procedure by Dixon and Kornb&jgexcept fragments containing the whadeiC region (coordinates —20 to

Electrophoretic mobility shift assay
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Figure 1. TheoriC region. The three AT-rich 13mersefit, Middle and Rght) £
and the binding sites for DnaA protein (DnaA boxes R1-R4) are shown. The A
binding sites for proteins Fis and IHF are indicated with boxes. Broken lines: ; 0
low affinity binding sites for Fis (17). The DNA fragments used in B A
electrophoretic mobility shift assays are indicated. The coordinates are as in 200
references (40) and (41).
100
1
+330; T-ori, Figl). The fragments were purified with Spin-bind 0 20 &0 80 80 100 120 140
columns (MedProbe) beforé-&nd-labeling with J-32P]ATP. Fis prosein added {ng]

The mobility shift reaction mix (2Qul) contained 10 mM
Tris—HCI pH 7.5, 1 mM EDTA, 75 mM KCI, 2 mM DTT, 10%
glycerol, 2ug poly(di—-dC)-poly(di-dC), 1.5 fmol labeled DNA Figure 2. Effect of Fis protein om vitro replication in the RNAP-independent
fragments and the indicated amounts of Corresponding unlabel lication system stimulated with HA)(or IHF B). The indicated amounts

. . L ! of Fis were added to the complete replication mixture on ice before incubation
DNA. Proteln was added to the mixture at_the |nd|cat_ed amountg; »gc. 2.1 ng of Fis correspond to one Fis dimer per oriC-plasmid.
Reactions were incubated at°8for 20 min and subjected to
electrophoresis through 5% polyacrylamide gels. The gels were

dried and subjected to autoradiography. The relative intensities of

120
the bands were quantified by scanning densitometry (Molecular =
Dynamics Computing Densitometer, Model 300A). % m

i &
RESULTS 3w
Fis protein can inhibit replication from wild-type oriC E 40
in vitro, even in the presence of HU or IHF g an

Replication oforiC plasmidsin vitro can be reconstituted with

purified replication proteins, among which DnaA is the key

initiator protein. As long as the plasmid is sufficiently negatively Fis prodein added [ng|

supercoiled, DnaA is able to separate the two strands of the

double helix. However, this DNA opening does not occur readily.. . o o

with DnaA a5 he sole actr.IH and HU proteins both faiita S o512 £ Poten i v replcaton e AP depondert

bending oforiC, and their presence strongly stimulates theand HU were 32 ng, 1.0 U, and 100 ng, respectively.

opening reactior3(5,6). We first examined the effect of purified

Fis protein in a replication reaction independent of RNA

polymerase [also known as the solo primase sysB&f4j] level foundin vivo. Under these conditions DnaA protein is poor

where separation of the strands was facilitated by the presencetfnelting the duplex DNA and must be aided by transcription by

either HU (8 ng; Fig2A) or IHF (8 ng; Fig.2B). Fis protein RNAP (4,5). The effect of Fis was investigated in such an

significantly inhibited replication, and the effect was equalllRNAP-dependent, and thus physiologically more relevant,

strong whether HU or IHF was used. Replication reactiongplication system (Fig3). Fis inhibited also this replication

containing both HU and IHF (8 ng of each) were inhibited to theeaction; the degree of inhibition being similar to that observed

same extent by Fis as the reactions containing either HU or IHér the RNAP-independent reaction (F2.

(data not shown). Omitting HU or IHF reduced the activity by

>95%. Fis protein had the same inhibitory effect in Suchyg concentrations of DnaA protein and RNA polymerase

‘unstimulated’ reactions (data not shown). Low concentrations g{s,ence the degree of Fis-mediated inhibition

Fis were not able to stimulate the existing feeble activity in

systems lacking HU or IHF (see Discussion). The negative effect of Fis suggests that it does not contribute to
In vivo, free supercoils are restrained by the binding of HU antihe formation of an initiation-proficient nucleoprotein structure.

other structure-modifying proteins [reviewed iB5)], and Rather, it prevents its formation, possibly by forming an

initiation of replication is dependent on transcription by RNAalternative structure atriC. If so, such an inhibitory structure

polymerase4,36,37). This situation can be mimickedvitroby  might predominate when positively acting initiation factors are at

including a level of HU that reduces the free superhelicity to tHew levels. To investigate this, we tested the effect of Fis at

o
0 20 40 &0 B0 100 120 140
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: Figure 5. The degree of Fis-mediated inhibition depends on the concentration
200 - 0 Fis of RNA polymerase. DnaA protein (16 ng, squares, or 64 ng, circles) and Fis

: protein (72 ng, filled symbols) was added to the RNAP-dependent replication
system containing the indicated amount of RNAP.

100
M:r"
N i the inhibition by Fis is greatest when the system is balanced on

0 A0 80 B0 120150 180 210240 ng the edge of being able to separate the DNA strands.
T 14 21 28 36 42 45 BB molec. per
plasmid The inhibition by Fis is independent of a functional Fis
Onad prosein site |

Plasmid pBSoriC-fisl is a derivative of anC plasmid and
Figure 4. The degree of Fis-mediated inhibition depends on the concentratiorcontains base substitutions in the primary Fis binding site
of DnaA protein. The indicated amounts of Fis protein (filled symbols) and hetween DnaA boxes R2 and R3 (Fis site I; Ejg(23). The
DnaA were added t0) the RNAP-dependent reaction (1.0 U RNAP) and LRbility of thisoriC sequence to bind Fis protein was examined
(B) the RNAP-independent reaction. The abscissa shows the amount of Dn . . - . . - .
in units of nanograms in the upper row, and in molecules per plasmid in théSiNg an electrophoretic mobility shift assay with Fis protein and
lower row. DNA fragments containing mutated or wild-tyg&C (Fig. 6A).
Quantification ofthe autoradiogram by scanning densitometry
demonstrated a considerably reduced binding efficiency of Fis to
the mutatedriC (Fig.6B). The complex containing mutatediC
limiting amounts of (i) DnaA protein and (i) RNA polymerase.migrated more slowly than the complex with wild-tymeéC,
First, we varied the amount of DnaA protein in the RNAPindicating possible structural differencése do not know
dependent reaction in the absence or presence of a moderate lgv@lther this is due to altered protein-DNA contact at site I, or to
of Fis (72 ng; 35 dimers per oriC-plasmid) (F§). A reaction  Fis binding at another site.
containing 16 ng DnaAfour molecules of DnaA per plasmid)  Surprisingly, with pBSoriC-fisl serving as the template for
was inhibited >90% by 72 ng Fis (considering a basal level @éplicationin vitro, the effect of Fis was the same as that observed
[B0 pmol nucleotides of dNTPs incorporated; BA). With an  with the unmodified template (Fig). Thus, Fis protein was
increase of DnaA to its optimal concentration (64 ng), theapable of preventing replication even when its bindirgi®
inhibition by Fis decreased [®0%. Excessive levels of DnaA was not optimal. Also, replication of another template with base
partially inhibited replication even without Fis, and alleviated theubstitutions in Fis site | (pOC170-fis2), showing no protection
Fis-mediated inhibition. This lessening of inhibition by Fis aby Fis at this site in methidiumpropyl-EDTA footprintirig),
high DnaA concentrations was clearly demonstrated in a similaas inhibited by Fis to the same degree as the wild-type control
experiment in the RNAP-independent reaction (containing 8 n@ata not shown).
HU; Fig. 4B). Here, even the complete inhibition at optimal
DnaA concentrations by a high level of Fis (190 ng) could bgscussioN
partly overcome with excessive amounts (200 ng) of DnaA (Fig.
4B). We have shown that Fis protein inhibits replication fosi@ in
Next, the concentration of RNA polymerase was varied (in thétro. The level of inhibition depended on conditions that affect
RNAP-dependent reaction) while DnaA was kept constant apen complex formation, indicating that Fis inhibits the strand
either an optimal level (64 ng), or at a limiting level (16 ng). Witlseparation reaction. An interesting feature of the inhibition by Fis
the optimal amount of DnaA the degree of inhibition correlatedias the independence of a functional primary Fis binding site |
inversely to the RNA polymerase concentration (Bjgupper between DnaA box R2 and R3. Fis was able to form inhibitory
curves). Excess RNA polymerase inhibited the reaction lackingpmplexes wittoriC in spite of alterations to this site and thus
Fis somewhat, such that at six times the optimal concentratioeduced binding to the origin. In electrophoretic mobility shift
(3.0 U) Fis no longer contributed with an additional inhibition. Atassays wittoriC fragments containing the fis1 mutation at Fis site
limiting amounts of DnaA, Fis was inhibitory at all levels of RNAI, an amount of Fis equal to six dimers per DNA fragment gave
polymerase tested (Fig,. lower curves). These data suggest thaa strong primary shift and a faint secondary shift. The higher order
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A sites, both within the normal and mutated origins, as well as
wi oriC P — outsideoriC. Also, Fis protein is shown to be capable of inducing

Fisdimars 1 1 ] conformational changes even in DNA apparently lacking Fis

per anC: 0 0203071733 0 0307 1.7 33 &7 binding sites 8). It is thus possible that several Fis dimers

contribute to the formation of an initiation-deficient protemc
structure, and that the primary Fis binding site is dispensable for
building this complex. This may explain why Fis inhibited
replication of templates having mutated Fis | sites in a manner
indistinguishable from that of wild-type plasmids.

Hiasa and Marian22@) reported that high Fis concentrations
inhibit in vitro replication in the absence of HU or IHF, but that
stimulatory amounts of HU or IHF can overcome this inhibitory
B — effect. This contrasts with our findings that Fis is an efficient

e inhibitor of initiation in HU- and IHF-stimulated replication
assays. However, we found that the inhibition by Fis was
dependent on the levels of RNA polymerase and DnaA protein,
being more pronounced the more limiting these factors were. The
inhibition was alleviated when the levels of DnaA or RNA
. /// 7% polymerase exceeded the concentrations optimal for replication.

/ The level of DnaA used by Hiasa and Marians corresponds to
J./ >100 molecules peoriC-plasmid, whereas the optimal con-
o

unbaund
OMA,

=]
L=

F

-]
=
=
[
&

Shitted DHA (35

L)
L=}

centration in our assay is much lowet5 DnaA molecules per
% % 4 5 & T & oriC-plasmid. This may explain the discrepancy. However, as our
replication systems differ somewhat in total composition, it is
difficult to draw conclusions based solely upon a comparison of
) ) 3 ) S _ this single parameter.
Figure 6. Electrophoretic mobility shift assay comparing Fis binding with | tha ahove mentioned work, it was found that, in contrast to
wﬂd-typepnC and tooriC containing the fl_sl mutation. Fis protein was added HU d IHE. | ts of F.' d t stimulat ’ liczitio
at the indicated amounts to 376.5 fmol wild-tgp€ DNA, and to 189.5 fmol ! an , IOW amoun S Of FIS 0 IjO stumula e_ rep 'C_a n
fis1-oriC DNA, both of which 1.5 fmol DNA waP-end-labelled. The DNA  Vitro (22). We also investigated this issue. No stimulation was
fragments (T-ori, see Fig. 1) were made by PCR, and cover thewible  detectable; the only effect of Fis was to reduce the amount of
(A) Autoradiogram of the gel after electrophored®; quantification of the rreplication. It has been suggestéé) (that some DnaA protein
{ahngo:u%?;dsggffmt)iw%ium of all shifted bands) by scanning denSItonr]etryopreparations are contaminated by Fis protein. The lack of
stimulation by adding Fis tia vitro replication reactions could
thus be due to residual Fis being present in the replication mixture,
already exerting a positive effect. However, immunoblot analysis
with a detection limit of 0.1 ng Fis failed to detect Fis in a sample
containing 30 times a normal complement of replication proteins
—8— pEENIC (not shown). Hence, the purified replication proteins were, for all
—o— pEEC-fis] practical purposes, free from Fis contamination.

In vivo, Fis is needed for efficient transformation afC
plasmids, as lack of Fis or Fis binding site | on the plasmid lead
to feeble transformatiori¢-18). Also, introduction of a DnaA
box R4 deletion into fis mutant renders the mutant cells inviable
(19). These seemingly positive effects of Fis on replicdtion
L T S S Vivo, contrasting its demonstrated negative effect on replication

0 20 40 80 30 100 120 140 in vitro, raise interesting questions about this protein’s role in
Fis protein added (ng] control of replication initiation. Evidently, Fis has a negative
effect; whether it also has a directly positive effect remains
unclear.
Figure 7. Fis prevents replication even of templates lacking a functional Fis  Cassleset al (21) have shown that a FiseC complex exists
binding site I. Fis protein at the shown amounts was added to the RNAPthroughout the cell cycle, butis replaced by an Bfe-complex
dependent reaction containing wild-type pBSoriC template (closed symbols) or s N . . .
mutated pBSoriC-fis1 template (open symbols). The amounts of DnaA and®S CellS initiate replication. We suggest that Fis protein contributes
RNAP were 64 ng and 1.0 U, respectively. to the formation of a structure atiC that is incapable of
promoting strand opening. In order for initiation of replication to
occur, the preinitiation structure containing Fis protein must give
shifts are probably a result of Fis binding to several sites on thay to a replicatively active initiation complex. Our data indicate
fragment. Increasing the concentration of Fis to 35 dimers p#rat, in vitro, this may be achieved simply by providing more
oriC, a ratio that significantly inhibited the replication reactionsteplicatively active DnaA protein or more transcriptional activity
resulted in a pattern with multiple shifted bands (not shownhearoriC.
Thus, at the ratios of Fis @iC used in the replication reactions Animportant aspect of Fis being part of an inactive complex at
(790 dimers peoriC plasmid), Fis probably binds at multiple oriC, is that with varying growth conditions, the cell experiences
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large fluctuations in Fis concentratid®). Inasmuch as a large 15
increase in the level of Fis protein would permit the inactivé®
complex to persist longer, and thus cause a delay in initiation, Fis
protein may also be involved in adjusting the initiation frequency
in response to changes in growth rate. 18
19
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