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ABSTRACT

We characterize a component of the E. coli bacterial nucleoid Hla,
which accumulates in stationary phase. This protein, identical with the ma-
jor component of a plasmid-protein complex previously isolated in our labo-
ratory, has a pI close to 7.5. Acrylamide gel e'lectrophoresis and sedimenta-
tion in sucrose gradient have shown that the protein Hla induces significant
compaction into DNA. This compaction is equivalent to that observed in nucleo-
some core although it introduces only a slight change in linking number. In
addition, the structural change induced in the lactose L8UV5 promoter by Hla
results in the decrease in the kinetic of formation of the open complex with
RNA polymerase.

INTRODUCTION

In all living cells, DNA is highly compacted. For eukaryotic cells, the

final state of compaction is the result of several levels of organization.

ihe first stage is the winding of the DNA around an octameric assembly of

histone proteins to form the "nucleosome structure". This first step in the

process of compaction is supported by a large number of experimenta'l results

(1,2,3,4). The second level of structure that has been postulated is the

solenoidal organization of the nucleosomes themselves to form a helical net-

work (5). Finally, the chromatin appears to be organized in domains of super-

helicity which are independent of one another (6).

In the case of prokaryotic cells, the packaging of DNA is far from be-

ing elucidated. The intermediate structures corresponding to a regular orga-

nization analogous to the chromatin fiber have not yet been well character-

ized. It is known however that DNA molecules isolated from prokaryotic ce'lls,

with few exceptions, are negatively supercoiled with superhelical densities

of the same order of magnitude as those obtained from eukaryotic cells (7).
ln addition, several observations have suggested that a structure does exist

in prokaryotes which is analogous to nucleosomes (8,9,10). These structures

however are not solely responsible for the degree of supercoiling because,
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contrary to eukaryotic cells where internucleosomal DNA is nearly entirely

relaxed (11), the DNA of prokaryotes possesses measurable torsional tension

(12). This tension can be attributed to the enzymatic activity of topoisomera-

ses 1 and 2 (13,14). As in the case of eukaryotes, independent domains of

superhelicity have been noted (15).

One approach to understanding the structure of the bacterial nucleoids

is to identify its protein components and then elucidate their role. Several

groups have therefore looked for DNA-binding proteins, acid-soluble and heat-

stable, present in high copy number on the E. coli chromoid (for recent re-

views, see (16,17,18)). At least four different histone-like proteins have

been isolated which fulfill these criteria.

Protein Hu (19,20) has been shown to be composed of two subunits Hu(cz)

and Hu(S) (21,22), which are associated in vitro as an heterologous dimer. In

vitro, Hu can unwind DNA and form nucleosome-like structures (23). The struc-

tural gene for another basic protein HLP1 (24) has been located and the pheno-

type of some mutants of this gene implies that, directly or indirectly, this

protein affects RNA polymerase transcription. A further 28K protein, H, pre-

sents similarities with histone H2A (25). As early as 1971, another DNA-bin-

ding protein, Hi, having a pI of7.b, was isolated from E. coli (2b,27). The

initial observations supported the view that this 15K protein was the major

component which remained bound to DNA after lysis at low ionic strength, pro-

tamine precipitation and repeated extraction. On the basis of in vitro expe-

riments, it was proposed that Hi could selectively modulate the initiation of

transcription in vivo (27). We have further characterized the physico-chemical

behaviour of this DNA-binding protein (28). Later, it was shown that, apart

from core kNA polymerase,the major protein,stably bound to a pMB9 plasmid (29)

after lysis and gentle extraction, was a 15K protein which presumably was Hi.

Recently, V.V. Bakayev (30), specifying earlier results (31), has reported

that, when the E. coli chromosome is isolated under mild conditions, he could

prepare a rather stable bacterial deoxyribonucleoprotein complex; its two ma-

jor components, Bi and B2, were identified respectively as proteins Hi and Hu.

On the basis of nuclease digestion experiments, this author concludes that

both proteins should participate in DNA folding.

In this article, we first show that the 15K protein of the plasmid pro-

tein complex is the protein Hi, which in fact is composed of three species

Hla, Hlb and Hlc, differing by their isoelectric points. Secondly, we show

that the relative amount of Hla, Hlb and Hic depends on the phase of growth,

Hla accumulating in the stationary phase. Thirdly, we describe a purification
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of the form Hla, allowing in vitro characterization of this protein. Hla binds

to DNA, causing effective compaction, which is accompanied by only a very

small positive supercoiling of the DNA. Moreover, the binding of the Hla pro-

tein to the lactose UV5 promoter, although it does not block polymerase bind-

ing, retards the formation of the open complex.

MATERIALS AND METHODS

Preparation of cellular extracts

E. coli MRE600 cells (RNase I ) were grown in 30 ml of a low sulphate me-

dium containing 6 g/l of glucose (32) and including 500 pCi of carrier-free

35S-sulphate. They were harvested after two hours of stationary phase.

After gentle lysis by lysozyme and low SDS as previously described (29),

equal volumes of the 900 pl lysate were treated in the three following ways,

before centrifugation 3 hrs at 40 000 rpm:

a) DNase I (1 ig/ml) was added in the presence of 10 mM MgCl2.

b) The final ionic strength was increased to 140 mM by NaCl addition.

c) The final ionic strength was increased to 500 mM.

Suoernatants were then analysed by two-dimensional acrylamide gels.

Two-dimensi onal analysi s of protei ns

Isoelectric focusing was performed as described by O'Farrell (3.2% ampho-

lines)(33). The second dimension was performed on 20% acrylamide SDS gel (N-N

methylene bis-acrylamide/acrylamide ratio of 1/60), as described by Laemmli

(34). Proteins were stained with Coomassie brilliant blue R-250. 35S-labelled

proteins were revealed by fluorography according to Bonner and Laskey (35).

Quantitation of Hla, Hlb and Hlc

cellular extracts prepared as above were analysed by two-dimensional

gel electrophoresis. 35S spots corresponding to Hla, Hlb and Hlc were identi-

fied by superimposition with Coomassie blue-stained non-labelled purified Hla,

Hlb and Hlc. Hla, Hlb and Hlc spots were cut from the gel and counted for

35S content, after solubilization in a mixture of 90 ml 5 g/l PPO in toluene,

10 ml tissue solubilizer I (Koch-Light) and 2 ml of 4M NH40H. The specific

radioactivity of proteins was calculated from direct measurements of sulphur

radioactivity in the extract and protein concentration determined by the

Lowry method using bovine serum albumin as a standard. The number of bacteria

was determined from the absorbance (assuming that one absorbance unit at

600 nm corresponds to 5.108 bacteria/ml). Calculations of the copy number per

cell of Hla, Hlb and Hlc imply that the relative amount of sulphur in each of

these proteins is not significantly different from total protein in E. coli
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and that there is no significant loss of protein during the quantitation

steps.

UNA purification and labelling

203 bp UV5 lactose fragment used in this study was purified as previously

described (36) and 5' end-labelled by kination with Y32P ATP (Amersham).

Labelled fragments were diluted with excess unlabelled fragment of known con-

centration. The specific activity generally used was about 10,000 cpm/lg of

DNA.

The detailed construction of the DNA plasmids will be reported elsewhere

(A. Spassky, unpublished results). pRB17 is a shorter derivative of pBR322

where the DNA region between the unique EcoRI and PvuII sites of the vector

(bp 1 to 2068) was replaced by a 17 bp insert corresponding to the C-terminal

region of the lac i gene.

Protein labelling

Hla was purified as described in Results. Its concentration was deter-

mined spectrophotometrically using £278 = 0.86 1 g-1cm 1 (28). For stoichio-

metric determinations, purified Hla was labelled with 125I using Bolton and

Hunter reagent (37). The specific activity of iodinated Hla was determined

after running the sample on SDS polyacrylamide gel calibrated with unlabelled

Hla of known concentration, stained by the silver nitrate procedure (38). The

labelled protein was as active as the unlabelled one in the DNA binding

assays. E. coli RNA polymerase was isolated by the procedure of Burgess and

Jendrisak (39). Holoenzyme was separated from core enzyme according to Lowe

et al. (40) and its concentration determined by absorbance measurements

(£278 = 0.62 1 g1 cm ).

Polyacrylamide gel electrophoresis

Gel electrophoresis method has been previously described (41,42). Samples

(10 111), containing different concentrations of Hila and DNA, were incubated

for 15 mn at 37°C in standard buffer 40 mM Tris pH 8, 100 mM KCI, 1 mM dithio-

threitol, 100 g/ml bovine serum albumin. Inmediately before loading on the

gel, 5 pil of the same buffer containing 50% glycerol, 0.01% xylene cyanol

blue were added. Electrophoresis was performed at 17 V/cm at room temperature

in 7.5% polyacrylamide slab gels (105 x 105 x 1.5 rm) equilibrated with TBE

buffer (90 mM Tris, 90 mM borate, 2.5 mM EDTA pH 8). After 2 hr of electropho-

resis, the position of the bands was revealed, on one hand, by ethidium bro-

mide staining, and on the other hand, by autoradiography. To quantitate the

radioactivity in the bands, the gel was sliced up. 32P counts were determined

by Cerenkov counting and 125I radioactivity was determined on a gama counter.
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Filter retention assays

Samples were prepared as described above, except that the final volume

was 100 pl. Filter assays were then performed exactly as previously described

(43). At the end of the incubation period, 0.5 ml of standard buffer was

added to the sample and the mixture was immediately passed through a 25 mm

diameter cellulose nitrate filter (pore size 0.4 im). 32P counts on the fil-

ter corresponding to retained radioactive DNA were determined by Cerenkov

counti ng.

Sucrose gradient sedimentation

Samples prepared exactly as for filter retention assays were placed on

11 ml 5-20% sucrose gradients and centrifuged at 40,000 rev/mn in a Beckman

SW41 rotor for 4 hr at 200C. The position of DNA was detected by radioacti-

vity after fractionation into 30-35 aliquots of similar volume.

Unwi ndi ng experiments

The method has already been described (44,45,46). 1 pg of pRB17 plasmid

DNA was incubated in 40 Pl of standard buffer (similar buffer as above) with:

- on one hand, 10 pIl of purified topoisomerase 1 (5-50 units) for 2 hr at

370C. Protein Hla was then added (final concentration ranging 25 pg/ml to

101) pg/ml) and incubation was continued overnight;

- on the other hand, protein Hla in the same concentration range for 2 hr at

37°C. Purified topoisomerase 1 (5-50 units) in the same buffer was then

added and incubation was continued overnight.

In the two cases, incubation was stopped by addition of SDS (1% final)

and EDTA (final concentration 25 mM) prewarmed at the same temperature.

After phenol extraction and ethanol precipitation, samples were rinsed,

dried, dissolved in 30 Pl of 10 mM Tris-HCl pH 8, EDTA 1 mM, 6% ficoll 0.025%

bromophenol blue, 0.025% xylene cyanol blue and applied to 1.5% agarose gel

(16 x 16 x 0.3 cm). Electrophoresis and determination of centers of masses of

DNA species are carried out exactly as previously described (46).

Transcription assays

The properties and technical aspects of the abortive initiation assay

have been described by McClure et al. (47).

2 nM DNA (203 bp promoter UV5 fragment) were incubated in the standard

buffer where MgC12 10 mM was added with 25 ipg/ml Hla, 15 mn at 370C. The

assay solution containeda32p UTP (10 PCi/ml final concentration) UTP 50 ,M

and ApA 500 PM. 50 to 300 nM RNA polymerase was then added and, in every

case, aliquots of reaction were removed from the assay mixture at appropriate
time (30 sec to 40 mn) and analysed as previously described. Tb was deter-
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mined using lag assays as described by McClure (48) adapted to the case of

the UV5 promoter as in (49). The final steady stateratesof abortive initia-

tion were determined using a non linear least squares analysis.

Isotopes, enzymes and reagents

Carrier-free (35S) sulphate, (y32P) ATP and (ac32P) UTP were obtained

from Amersham. Egg white lysozyme, bovine pancreatic RNase-free DNase and

DNase I were obtained from Worthington. Ampholines, corresponding to a pH

range of 5 to 8, were purchased from LKB. Nonidet P-40 (NP 40) was purchased

from BDH Chemicals Ltd (England). Restriction enzymes and polynucleotide

kinase were purchased from Boehringer or BRL Ltd and used under the condi-

tions specified by the supplier. Other reagents were of the highest quality

available.

RESULTS

The 15K protein present on the pMB9 plasmid-protein complex is Hi

Hi protein was purified by the method originally described by Jacquet

et al. (26,27) from non-labelled E. coli bacteria. In parallel, the strain

HB101 harboring the pMB9 plasmid was grown in a low sulphate medium. In this

medium, proteins were labelled with 35S and the complex between pMB9 and

proteins was isolated (29). Labelled proteins and unlabelled Hi were mixed

and analysed on the two-dimensional gel (33) shown in figure 1.

Figure 1 shows firstly that both the 15K protein from the Jacquet puri-

fication (top) and from the plasmid-protein complex (bottom) consists of se-

veral spots. Secondly, the superimposition of Coomassie blue staining and

radioactive spot demonstrates that the isoelectric point of each spot is

identical. The most important one, called Hla, had a pH of 7.5. The two main

minor spots are called Hlb and Hlc.

The amount of Hla varies with the growth phase

It is possible to identify and to evaluate the amounts of protein Hi in

crude cellular extracts. 35S crude extracts have been prepared from labelled

cells as described in Materials and Methods and, after addition of unlabelled

purified Hi, directly analysed by two-dimensional gel analysis and fluorogra-

phy (the position of spots associated with Hla, Hlb and Hic was located by

Coomassie blue staining).

As expected for proteins bound to the chromoid, they are found in the

supernatant when the lysate is treated by DNase (see Fig. 2) or when the io-

nic strength is increased to 500 mM (data not shown). On the contrary, if the

ionic strength is only increased to 140 mM NaCl, they are found in the preci-
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Fig. 1 Two-dimensional gel elect Qphoresis. Comparison between unlabelled
purified Hlprotein (top) ano the "'- aBelled neutral proteins present in a
pl asmi d protei n compl ex ( bottom) 10m fE sri B0 cnann
pMB9 plasmia were grown ig an a bsorbance ofO. 600 nm in low sulphate me-
dium containing 0.1 mCi S sulphate. Cells were lysed and plasmid-protein
complexes were purified by the procedure described previously (29). 20 Pl of
plasmid-protein complex (1.3 hg protein/ag DNA) were mixed with pure unlabel-
led Hi protein and a set of non-radioactive markers (a, 3, y part of a set
of muscle protein extract obtained from R. Whalen, Institut Pasteur). This
mixture was analysed by isoelectric focusing in the first dimension (cf.
Materials and Methog§). Unlabelled proteins are revealed by Coomassie blue
staining (top) and S-labelled ones by fluorography (bottom). It has been
verified that all the 15K protein initially present in the mixture is accoun-
ted for by the spots present on this gel.

pitate and not in the supernatant (data not shown).

Though the main species, Hla, Hlb and Hlc are found both in the plasmid-

protein complex and in the crude cellular extract, their relative amount ap-

pears to be different. We reasoned that this could be due to the phase at

which cells were harvested (exponential phase in Fig. 1, bottom, stationary

phase in Fig. 2). Therefore, crude extracts were made from bacteria grown

until the middle of exponential phase(OD6000 .6)and late stationary phase.

Approximation of the levels of Hla, Hlb and Hlc (see Table I) has led to the

conclusion that while the amount of Hlb and Hlc varies little during cellular

growth, the amount of Hla per cell increases dramatically between the expo-

nential phase (4,000 copies per cell) and the late stationary phase (18,000
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Fig. 2: Autoradiography of a two-dimensional electrophoresis gel of 35S crude
extract proteins. E. coli MRE69 cells grown in 10 ml of low sulphate medium
including 10 C caierri--free S sulphate are lysed as described in Methods,
and centrifuged after 1 ig/ml of DNase 1 treatment.

copies per cell). A pulse-labelled experiment was performed during the expo-

nential phase and the stability of the newly synthesized Hla was checked

(N. Guiso, personal communication). Hence, the relative accumulation of Hla

during stationary phase does not result from any particular instability of

the protein during exponential phase.

Purification of Hla

A purification of Hla, which avoids contamination by the other variants,

was required. The first steps of the Hi preparation devised by Jacquet et al.

were maintained (preparation of the crude extract, precipitation by protamine

sulphate, extraction by potassium succinate and ammonium sulphate precipita-

Table 1. Content of Hla, Hlb, Hlc in crude cellular extracts at three times
of growth (see Materials and Methods).
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Copy number per cell
Time after inoculation OD (600 nm)

(hours) 00(60 m) Hla Hlb Hic

3 0.2 2000 2000 1800

6 (exponential phase) 0.8 4000 5000 5000

12 (stationary phase) 1.8 18000 4000 4000
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Fig. 3: Purification of Hla. a: Analysis of the different fractions by SDS
20% acrylamide gel; b: Two-dimensional analysis gel of fraction 75 corres-
ponding to 0.35-0.45 M NaCl.

tion). The drastic treatment of heating proteins at 1000C for 15 mn was re-

placed by a chromatography on phosphocellulose developed by a linear salt

gradient. Several fractions, analysed by one dimensional SDS electrophoresis,

contain 15K proteins (see Fig. 3A). Two-dimensional analysis shows that only

the fraction 75, eluted between 0.35 M and 0.45 M KCl contains Hi mainly

constituted by Hla species (see Fig. 3B). This fraction was absorbed on a

DEAE cellulose column in Tris 20 mM pH 8, NaCl 0.1 M, EDTA 10O3 M, DTT 10 4M,

and eluted by a NaCl salt gradient. Protein Hla, at least 98% pure, was elu-

ted between 0.25 M and 0.3 M.

Binding affinity of Hla linear or superhelical DNA

Using the nitrocellulose membrane filter assays (43), we have compared

the ability of Hla to retain a given amount of plasmidoo32P pBR322 either li-

near or negatively supercoiled.

The concentration of DNA in the assays was low enough to insure that

the retention reflected the affinity of the protein for these templates, and

not the stoichiometry of the binding process (end point of titration deduced

from other experiments (28, this paper) are indicated by arrows in Fig. 4.

They are well below the concentration of protein required to completely re-

tain the DNA). From the data displayed in Fig. 4, we conclude that no signi-

ficant difference is found between the two templates.

The filtration method has also been used to check the stability of the

UNA-Hla complex. Hla was first bound to DNA so that the ratio Hla/radioactive

DNA = 20 in weight, and an excess of un-labelled competitor DNA was subsequent-

ly added (43). The loss of the uptake of the radioactivity by the protein was

followed. It appears that the dissociation of the complex is biphasic, re-
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Fig. 4: Comparison of retention on nitroqllulose filters of linear or super-
helical DNA complexed with Hla. 1 vg/ml P pBR322 plasmid linear (x) or su-
percoiled (e) are incubated in 100 Vl standard buffer with increased amounts
of Hla from 1 ig/ml to 50 uig/ml, 15 min at 37°C. The fraction R of the radio-
activity retained on the filter is plotted as a function of Hla concentra-
tion.

vealing probably two types of complexes of unequal lifetime. The first phase
is faster than 30 sec while the other has a much longer half time (7 min)

(data not shown).

Sucrose gradient sedimentation of linear and supercoiled DNA saturated with Hla

Since a significant fraction of the protein-DNA complexes has a long re-

sidence time, one can use sucrose gradient methods to obtain their sedimenta-

tion coefficients. Such profiles have been obtained for linear and supercoiled

DNA complexed with Hla (cf. Fig. 5).

22.6s
A 24.8s

1\65~ ~ ZA

O

o.~~~~~~~
cr.~~~d
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z

z u
0

.L EZ0o~~~~~~~~~~

L~~~~~U

FRACTION NUMBER FRACTION NUMBER

Fig. 5: Sedimentation prof4 es of Hla-DNA complexes. 0.1 ml samples contain-
ing 100 ng of radioactive P pBR3222 linear ( superhelical (c) alone or
complexed with 4 pg Hla (b) and (d) in standard buffer were incubated 15 min
at 37°C before loading onto 5-20% sucrose gradients. After 4 hours of centri-
fugati on and fracti onati on, radi oacti vi ty was counted in each fracti on. Sedi -

mentation coefficiteuts of the complexes S20,w were estimated, using the known
values of the sedimentation constants for w free DNA. Supercoiled state of
DNA in the complex (d) has been checked on agarose gel (data not shown).
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Fig. 6: Visualisation of the two complexes I and II obt-a-ine-d by binding Hla
to 203 bp lactose fragment. 15 PIi samples contining 18 pg/ml DNA and increa-
sing concentrations of HI-a (lane a: no Hla; b: 17 i-g/ml; c: 22 vig/mi; d:
25 vIg/ml; e: 28 1Pg/ml; f: 32 vig/ml; g: 36 vig/ml; h: 43 vig/ml; i: 46 iig/ml;
j: 51 ldg/ml; k: 56 vig/ml; 1: 63 iag/ml) were applied to a polyacrylamide gel
run as described in Materials and Methods. In this figure, DNA has been re-
vealed after staining by ethidium bromide.

In both cases, there is a very significant increase in the sedimentation

coefficient of the DNA after complexation by the protein. This observation

suggests a large change in frictional coefficient, especially for the linear

DNA.

Visualisation of Hla-DNA complexes by the method of gel electrophoresis.
Determination of their stoichiometry.

These stable complexes can also be detected by polyacrylamide gel elec-

trophoresis method already used to characterize the operator-repressor inter-

action (42) or CRP-DNA interaction (41,51). Fig. 6 shows the effect of increa-

sing concentrations of Hla incubated with 32P labelled 203 bp lactose fragment,

on the migration of the DNA fragment. A striking feature is that from lane a

to h, disappearance of free DNA band is accompanied by the progressive appear-

ance of a single band of complex, no intermediate band can be seen. At higher
concentrations of Hia, a second band progressively replaces the first one.

In order to know if these discrete bands correspond to complexes of well

defined stoichiometry, we mixed 125I-Hla with 32P-labelled DNA fragment, loa-

ded then on a gel which was subjected to electrophoresis as indicated in Fig.
6. Then we cut out the bands I and 1I; from the number of 125 I and 32Icounts
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Table II: Stoichiometry of binding of Hla to DNA fragment
Experimental conditions are the one given in Materials and Methods and in

Fig. 6. DNA in complex I is radioactively labelled and protein is iodinated.
Specific activity of DNA is 11650 cpm/hg. Specific activity of Hla varied as
shown in the column 3. Bands corresponding to complex I were cut from the gel
and counted (cf. column 4 and 5). From the data, the quantities of DNA and Hla
in weight are calculated in column 6 and . In the last column, the DNA to
protein ratio is computed. It is expressed as the number of base pairs com-
plexed per Hia monomer.

Specific 32p 125I DNA Hla
activity counts counts bound bound

Fragment Hla of Hla3 in the in the in the in the (DNA)/(H1)203 bp cpm/10 complex complex complex complex
,ug/ml pg/ml pg ug 'Pg

9 480 100 3240 8.8 10-3 6.7 10-3 32
19 18 480 800 210b0 60 10 44 10-3 34

27 480 890 30560 78 10-i 63 10-3 29

51 360 980 19150 84 10-3 53 10-3 37
17.5 51 240 930 11920 80 10-3 49 10-3 38

51 160 880 7400 76 10- 46 10- 38

in each band, and from the known specific activity of protein Hia and DNA, we

could deduce the amount of both DNA and protein in each complex (Table II).

Six independent experiments have shown that one monomer of Hia is bound per

35 t 10 bp in the complex I. We have not been able to determine accurately DNA

and protein concentrations in the complex II because the corresponding band

is not so well resolved. However, the stoichiometric ratio between protein

and DNA is approximately the same in the two bands.

Hla slightly rewinds covalently closed DNA

The insensitivity of the binding properties of Hla to the topological

state of the DNA template implies that Hla contrary to other DNA binding

proteins (44) should not unwind the DNA. Two types of experiments were under-

taken to check this point. Increasing concentrations of Hla were bound to a

relaxed pRB17 plasmid DNA and then topoisomerase 1 was added (see Fig. 7). In

a second part of the experiment Hla was bound to the same plasmid but in the

supercoiled state and relaxation was then performed by addition of topoisome-

rase 1 (data not shown).

in both cases, it appears that Hla does not noticeably affect the linking

number characteristic of the relaxed state of this DNA. More precisely in the
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Fig. 7: A/ Photograph of a 1.5% agarose gel run with acetate buffer contain-
ing 0.02-57i4' idum bromide The purified plasmid pRB17 DNA appears as nega-
tively supercoiled species on lane (f). The plasmid relaxed with topoisomera-
se 1 alone is shown on lane (a) and relaxed in the presence of Hla, 25 vig/ml
one lane (b), 50 -ig/ml on lane (c), 75 pg/ml on lane (d) and 100 ug/ml on
lane (e).

B/ Representative gel scan from lane (a) and (c). The arrows show the
median of the Gaussian distribution of topoisomers.

concentration range of protein which corresponds to the formation of complex

I, the center of the distribution of relaxed topoisomers is gradually displa-

ced until a maximum shift Ax +1.5 is observed (cf. Fig. 7). At higher con-

centrations of protein, topoisomerase 1 does not seem to have access to the

DNA during the time of the experiment and a broader distribution of topoiso-

mers is observed. If Hla was unwinding its template, the linking number of the

plasmid, at the time of ring closure by topoisomerase 1 would have decreased.

Since this linking number is conserved after deproteinisation, one would have

observed a shift in the distribution of products towards lower linking values.

The converse is observed. The final products are slightly more positively

supercoiled than in control experiments indicating a rewinding of the nucleic

acid when Hla is bound. The effect is however very small. At constant writhing

number, the rewinding corresponds to a change in the number of base pairs pre-

sent per helical turn of the order of 7.103.

The distribution of relaxed topoisomers around the median value is also

affected. At low Hla concentration (corresponding to the formation of the
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first complex), the final distribution is more narrow than in the absence of

DNA binding protein.

Hla inhibits initiation of transcription at the lactose L8LV5 romoter without

hindering the formation of the clQsed complex

Transcription initiation is generally analysed on the basis of a simple

two-step model (447):
KB 2

R + P RPc RPo

A reversible binding of RNA polymerase (R) and promoter (P) leads to an

inactive closed complex (RPc) which subsequently isomerizes to form the active

open complex (RPO). The effect of various experimental conditions on the para-

meters KB and k2 have been extensively studied in the case of the LactoseLUUV5

promoter (49,53). In most cases, these studies took advantage of the abortive

initiation assay devised by McClure and collaborators (47,48). We have ana-

lysed the effect of Hla on this process using this assay and the formalism of

two-step model.

Hla was first added to the DNA, followed by RNA polymerase. The reaction

was then started by addition of the nucleotide substrates. Under these condi-

tions, the turnover number of the enzymatic reaction (which characterises the

ability to form the correct open complex) is not significantly affected at

concentration of Hla lower than 40 ,ug/ml. This result implies that the forma-

tion of complex I between Hla and the DNA carrying the lactose control region

does not appreciably prevent the formation of an active complex-preformed at

the promoter before substrate addition.

On the other hand, when the reaction was initiated by the addition of RNA

polymerase, on a preformed Hla-DNA complex a lag in the approach to the final

steady state was observed, and this latency period was clearly longer than in

the absence of Hla protein. Such lags were obtained at various RNA polymerase

concentrations for a fixed amount of Hla present in the incubation mixture. A

TAU plot analysis of the data (48) allows determination of the step affected

by the binding of the protein. Data given in Fig. 8 indicate that the initial

binding constant is not significantly affected (KB = 1.3 107 MW1 in the pre-

sence of 25 ug/ml Hi instead of 107 M1 in its absence), while the isomerisa-

tion rate is decreased by a factor of five (k2 = 0.02 sec 1 instead of

0.1 sec&1). The formation of complex I between the lac (L8UV5) promoter and

Hla does not prevent the reversible association of RNA polymerase leading to a

closed complex but slows the second step of the reaction.
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Fig. 8: TAU plots for the 203 L8UV5 promoter in absence of Hla (54) and in

presence of 25 -ig/ml of Hla. The time required for open complex formation
(T pi ottea versus the reciprocal of RNA polymerase concentration. The
stgia'ard assay conditions were 40 mM Tris HCl, pH 8, 10 mM MgCl2, 100 mM KCl,
1 mM dithiothreitol, 100 pg of bovine serum albumin per ml, 500 iM ApA, 50 laM
UIP.

DISCUSSION

As judged by two-dimensional gel electrophoresis, DNA binding protein

Hi isolated from E.coli (26,27) appears to be identical to the major protein

component found in the plasmid protein complex isolated in our laboratory (29)

It is shown here that in both cases the protein is a mixture of three compo-

nents Hla, Hlb and Hic, which differ in their isoelectric point (7<pI <7.5),
the most basic being Hla. The difference in pI between these three species is

compatible with a charge difference of one. Hla can also be easily purified

from the two other components. Furthermore, as discussed in the introduction

and in ref. (56), Hi has been identified as a protein component of the chro-

moid called Bi (31).

We think that these three proteins are associated with DNA in vivo. Our

major argument is that Hla, Hlb and Hic are stably associated to the plasmid

protein complex previously isolated in our laboratory (29,55). This complex

does not contain any appreciable amount of lipid or RNA. It includes proteins

involved in the regulation of the E.coli genome when the proper genetic reeu-

latory element is inserted in the plasmid.

Though more indirect, the experiments reported here on the host bacteria

point to the same conclusions. We have shownthatHla, as well as Hlb and Hic,

can be located as distinct spots on O'Farrell gels when E.coli lysates are

examined by this method. Crude fracionation of this lysate by centrifugation

followed by DNase treatment and/or change in ionic strength has been perfor-

med and those three proteins appear in the supernatant only under conditions
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such that the chromosome is broken down or after raising the ionic strength

to 0.5 M.

It is then surprising to notice that the relative amount of Hla, Hlb

and Hic present per bacteria largely dependson the phase of the growth. The

numbers given in Table I are subject to large errors, due to the rough appro-

ximations done in their computation. Yet, the relative abundance of Hla, HIb

and Hic present in a given lysate is much more reliable. Its seems safe to

conclude that while the number of copies of Hlb and Hic present per bacteria

does not vary much, there is a marked accumulation of Hla during stationary

phase: undeP stationary conditions, the number of copies of Hla found per

bacteria (2.104) corresponds roughly to what was deduced from the experiments

done with the plasmid (140 copies of monomer for a plasmid of 18K bp), but

this number drops by a factor of 4 at the onset of exponential growth if one

takes into account the mass of DNA present per cell under these two conditions

By means of centrifugation in sucrose gradient and acrylamide gel elec-

trophoresis, we have shown that the protein Hla drastically affects DNA struc-

ture. The change in sedimentation coefficients observed after the formation

of the complex is qualitatively similar to the one observed for the sedimen-

tation of isolated nucleosomes or of minichromosomes depleted of histone Hi

(57) and cannot be accounted for by the small increase in the mass of the

particle. In order to evaluate the degree of compaction compatible with our

observations, we have computed the frictional coefficient of the protein-DNA

complexes assuming additivity of the partial specific volumes. Acceptinq the

validity of the Stokes law, we have then deduced the diameter of a spherical

object of similar composition which would sediment at the the same rate. Simi-

lar computations were performed on the data of Keller et al. (57). These cru-

de computations yield "equivalent diameters" respectively equal to 1500 A and
0

1300 A for the complexes formed by Hla with the linear and supercoiled DNA

respectively. Compaction was also estimated by the "packing ratio", which is

the ratio between the contour length of the DNA molecule and this "equivalent

diameter". We find values equal to 12 to 13 for the Hla-DNA complexes and to

14 to 15 for the SV40 minichromosome depleted of histone Hi. We conclude

therefore that Hla severely compacts linear as well as supercoiled DNA.

The same conclusions result from the analysis by gel electrophoresis of

complex formation as a function of increasing concentration of protein Hla. A

single complex is visible on the gel ; it corresponds to the presence of a

fixed number of monomers of Hla per fragment. Its migration is slowed substan-

tially more than would be expected based on the increase in molecular weight,
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or neutralization of charge since the isoelectric point of the protein is 7.5.

This behaviour is analogous to that observed with CRP, the cyAMP receptor pro-

tein, complexed at its specific site. In this case the retarded electrophore-

tic migration has been attributed to the formation of a bend in the DNA indu-

ced by the binding of protein (51, 58).

A similar model can be postulated in the case of Hla. In this case, the

binding of each molecule could cause a slight change in the DNA curvature

until the accumulated deformations provide a major structural transition. This

would stabilize the complex and considerably change the migration that can be

measured either by centrifugation or electrophoresis.

The fact that large compaction is accompanied by a small topological

change was a priori unexpected in view of the results reported for the nucleo-

some (4) and for Hu (23). However this observation is not without precedent

in the case of chromatin, the formation of a "thick" fiber arising from the

helical coiling of the primary nucleofilament is not accompanied by an in-

crease of superhelical turns beyond those introduced into the nucleosomes

themselves (57). It is quite possible that the binding of Hla to the DNA

results in a change of a pitch of the double helix but that this effect is

cancelled by a change in writhing (59-60). Also the wrapping of DNA around

Hla could cause alternative positive and negative changes in writhing which

translate finally into small variation of the degree of superhelicity. Such

compensating effects have been proposed in various cases (57, 59, 60).

Moreover, the formation of a stable, compact complex between Hla and DNA

easily accounts for the reduction in the variance of the Gaussian distribu-

tion of topoisomers at equilibrium since in a tight complex the free ends of

the DNA molecule undergoing relaxation have probably less freedom to rotate

around each other. The change in variance which is observed experimentally is

probably an underegtimationof the effect since the polydispersity of the

complexes which are formed (each leading to a slightly different median value

of the linking number of the DNA after relaxation) tends to broaden the dis-

tribution as observed in the case of nucleosome formation (61).

Such a restriction in rotational freedom could also account for the re-

sults of our transcription experiments. We have shown that the presence of

Hla slightly favours the formation of a closed complex between RNA polymerase

and the lac L8UV5 DNA. Since Hla still influences the rate of a subsequent

step (the isomerisation to the open complex), this implies that RNA polyme-

rase and Hla can form a ternary complex at the promoter. The main effect of

Hla in this transcription assay is to slow down the rate of isomerisation
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from the closed to the open complex. It has been shown elsewhere that, in the

absence of Hla, this isomerisation most likely reflects the correct and sta-

ble positioning of RNA polymerase at the UV5 promoter (62, 49). The -35 and

-10 regions of this promoter are not easily placed in register during open

complex formation (62). By hindering the rotational flexibility of the DNA

double helix, Hla could make this fit even more difficult .to occur.

Last we want to point out some possible physiological implications of the

present studies. We assume that in vivo, Hla is complexed on the nucleoid as

described here. We have shown that Hla does not prevent RNA polymerase to bind

to DNA ; this is consistent with the finding that core RNA polymerase and Hla

are the major components of the protein-plasmid complex previously isolated

(29). Second Hla compacts the DNA without apparently affecting significantly

its topology. This observation is consistent with the hypothesis that the pro-

teins are not primarily responsible for the generation of negative superturns

of DNA in prokaryotic systems (18).

Even if the protein counterpart of the chromosome does not hold the geno-

me as tightly as in eukaryotic cells, it can efficiently participate to its

packing. We have shown that Hla was able to compact the DNA almost as effi-

ciently as a minichromosome depleted of histone Hi. We would therefore suggest

that tight packing is not incompatible in vivo with a rather mobile organiza-

tion of the chromofd.

ACKNOWLEDGEMENTS

We are grateful to D. Sigman and M. Morange for skilfull advice and to

G. Saudemont for technical assistance.

This work has been supported by grants from the Centre National de la

Recherche Scientifique (ATP 955112), the Minist6re de l'Industrie et de la

Recherche (no. 83V0624) and the Institut National de la Sante et de la Re-

Recherche Medicale (no. 831004).

REFERENCES

1. Kornberg, R.D. (1977) Ann. Rev. Biochem. 46, 931-954.
2. Griffith, J.D. (1975) Science 187, 1202-1PXY.
3. Felsenfeld, G. (1978) Nature 2717 115-122.
4. Germond, J.E., Hirt, B., Oudet,1P., Gross-Bellard, M. and Chambon, P.

(1975) Proc. Natl. Acad. Sci. USA 72, 1843-1847.
5. Fruch, J.T. and Klug, A. (1976) Proc. Natl. Acad. Sci. USA 73, 1997-1901.
6. Hunt, B.F. and Vogelstein, B. (1981) Nucl. Acids Res. 9, 34T363.
7. Bauer, W.R. (1978) Ann. Rev. Biophys. Bioeng. 7, 287-3T3.
8. Griffith, J.D. (1976) Proc. Natl. Acad. Sci. USA 73, 563-567.
9. Varshavsky, A.J., Bakaev, V.V., Nedospasov, S.A. anid Georgiev, G.P.

(1977) Cold Spring Harbor Symp. Quant. Biol. 42, 457-4/3.

5338



Nucleic Acids Research

10. Pettijohn, D.E. and Pfenninger, 0. (1980) Proc. R'atl. Acad. Sci. USA 77,
1331-1335.

11. Lilley, D.M.J. (1983) Nature 305, 276-277.
12. Sinden, R.R., Carlson, J.0. and Pettijohn, D.E.Cell, (1980) 21, 773-783
13. Drlica, K. and Snyder, M. (1978) J. Mol. Biol. 120, 145-154.
14. Gellert, M. (1981) Ann. Rev. Biochem. 50, 879-9E07
15. Sinden, R.R. and Pettijohn, D.E. (1981) Proc. Nat'l. Acad. Sci. USA 78,

224-228.
16. Geider, K. and Hoffman-Berling, H. (1981) Ann. Rev. Biochem, 50, 233-260.
17. Hirschbein, L. and Buillen, N. (1982) in Methods of BiochemicaT Analysis

28 (Glick, D. Ed.), pub. J. Wiley & Sons, New-York, pp. 297-328.
18. Pettijohn, D. (1982) Cell 3U, 667-669.
19. Rouviere-Yaniv, J. and Gros, F. (1975) Proc. Natl. Acad. Sci. USA 72,

3428-3432.
20. Berthold, V. and Geider, K. (19/6) Eur. J. Biochem. 71, 443-449.
21. Rouviere-Yaniv, J. and Kjeldgaard, N.0. (1979) FEBS 1ett. 10, 297-300.
22. Laine, B., Kmiecik, D., Sautiere, P., Biserte, G. and Cohen-Solal, M.

(1980) Eur. J. Biochem. 103, 447-461.
23. Rouviere-Yaniv, J., Yani<HM. and Germond, J.-E. (1979) Cell 17, 265-274.
24. Lathe, R., Buc, H., Lecocq, J.-P. and Bautz, E.K.F. (198U) Proc. Nati.

Acad. Sci. USA 77, 3548-3552.
25. Hubscher, U., Luitz, H. and Kornberg, A. (1980) Proc. Natl. Acad. Sci. USA

7/, 5097-5101.
26. ZaJcquet, M., Cukier-Kahn, K., Pla, J. and Gros, F. (1971) Biochem.

Biophys. Res. Comm. 45, 1591-1607.
27. Cukier-Kahn, R., Jacquet, M. and Gros, F. (1972) Proc. Natl. Acad. Sci.

USA 69, 3643-3647.
28. Spassky, A. and Buc, H. (1977) Eur. J. Biochem. 81, /9-90.
29. Busby, S., Kolb, A. and Buc, H. (1979) Eur. J. Biochem. 99, 105-111.
30. Bakaev, V.V. (1981) Mo'lecular Biology 15, 1045-1056, translation of

Molekulyarnaya Biologia 15, 1350-1362.
31. Varshavsky, A.J., Nedospasov, S.A., Bakaev, V.V., Bakayeva, T.G. and

Georgiev, G.P. (1977) Nucleic Acids Res. 4, 2725-2745.
32. Novick, R.P. and Maas, W.K. (1961) J. Bactferiol. 81, 236-240.
33. O'Farrell, P.M. (197T) J. Biol. Chem. 250, 4007-4071.
34. Laemmli, U.K. (1970) Nature (Lond.) 227,680-685.
35. Bonner, W.M. and Laskey, R.A. (1974)Tur. J. Biochem. 46, 83-88.
36. Schaeffer, F., Kolb, A. and Buc, H. (1982) EMBO J. 1, SY-105.
37. Bolton, A.E. and Hunter, W.M. (1973) Biochem. J. 13w, 529-539.
38. Ansorge, W. (1982) Proc. of Electrophoresis 82 Athens (Stathakos, ed.)

W. de Gruyter, Berlin.
39. Burgess, R.R. and Jendrisak, J. (1975) Biochemistry 14, 4634-4638.
40. Lowe, P., Hager, D. and Burgess, R.R. (1979) BiochemT§-try 18, 1344-1352.
41. Garner, M. and Revzin, A. (1981) Nucl. Acids Res. 9, 3047-,U60.
42. Fried, M. and Crothers, D. (1981) Nucl. Acids Res.Z9, 6505-6525.
43. Busby, S., Spassky, A. and Buc, H. (1981) Eur. J. BTochem. 118, 443-451.
44. Wang, J.C., Jacobsen, J.H., Saucier, J.M. (1977) Nucl. Acids-Res. 4,

1183-1205.
45. Rouviere-Yaniv, J., Yaniv, M. and Germond, J.E. (1979) Cell 17, 265-274.
46. Kolb, A. and Buc, H. (1982) Nucl. Acids Res. 10, 473-485.
47. McClure, W.R., Cech, C.L. and Johnston, D.E. (T978) J. Biol. Chem. 253,

8941-8948.
48. McClure, W.R. (1980) Proc. Natl. Acad. Sci. USA 72, 5634-5638.
49. Buc, H. and McClure, W.R. (1984) Biochemistry, inFpress &

Spassky, A., Kirkegaard, K. and Buc, H. (1984) Biochemistry,
in press.

5339



Nucleic Acids Research

50. Mulligan, M. and McClure, W.R., unpublished.
51. Kolb, A., Spassky, A., Chapon, C., Blazy, B. and Buc, H. (1983) Nucl.

Acids Res. 11, 7833-7852.
52. Walter, G.,7illig, W., Palm, P. and Fuchs, E. (1967) Eur. J. Biochem. 3,

194-201.
53. Malan, P., Kolb, A., Buc, H. and McClure, W.R. (1984) J. Mol. Biol., in

press.
54. Malan, P. (1982) Thesis, Harvard University (USA).
55. Wu, F.Y.H., Kolb, A. and Buc, H. (1982) Biochim. Biophys. Acta 696, 231-

238.
56. Laine, B., Sautiere, P., Spassky, A. and Rimsky, S. (1984) Biochem. Bio-

phys. Res. Comm. 119 , 1147-1153.
57. Keller, W., MUller, W., Eicken, I., Wendel, I. and Lentgraf, H. (1977)

Cold Spring Harbor Symp. Quant. Biol. 42, 227-244.
58. Wu, H. and Crothers, D.M. (1984) Nature308, 509-513.
59. Wang, J.C. (1982), Cell 29, 724-726.
60. Wang, J.C., Peck, L.J. a-iU Becherer, K. (1982) Cold Spring Harbor Symp.

Quant. Biol. 47, 85-91.
61. Shure, M., PulTeyblank, D.E. and Vinograd, J. (1977) Nucl. Acids Res. 4,

1183-1205.
62. Stefano, J.E. and Gralla, J.D. (1982) Proc. Natl. Acad. Sci. USA 79, 1069-

1072.

5340


