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ABSTRACT

The interaction between RNA polymerase and the E. coli
ribosomal (r) RNA promoter(s) of the rrnE operon has been
studied by the filter-binding method. The extent of complex
formation between RNA polymerase and rrnE promoter(s) is salt-
dependent; ppGpp specifically inhibits interaction of RNA
polymerase with the rrnE promoter(s). A tentative model is
proposed for the molecular events in the early steps of rRNA
initiation: a transition of the primarily formed, labile
RNA polymerase-rRNA promoter complex to a more stable form is

the determining step. This step is salt-sensitive; ppGpp acts on
this "isomerization".

INTRODUCTION

In E. coli there are probably seven ribosomal (r)RNA operons
per chromosome (1,2), comprising about 1% of the genome. Under
various nutritional conditions the number of ribosomes per genome
is approximately proportional to the growth rate (3). At maximal
growth rate, when about 70% of all RNA made is rRNA, RNA poly-
merase molecules are packed close to the physical limit on the
ribosomal RNA operons: in other words, the rate of rRNA synthesis
is then governed by the rate of elongation which apparently can
be matched by the initiation frequency. Also in vitro, in a
purified system containing only DNA and RNA polymerase as macro-
molecular components, we found maximal packing of RNA polymerase
molecules on the ribosomal RNA operons under optimal conditions
(4); of course, the rate of rRNA synthesis is lower in vitro
than in vivo because of the lower elongation rate. So, under
optimal conditions initiation of rRNA transcription is very
efficient in vivo as well as in vitro.

Specific inhibition of rRNA synthesis occurs in bacteria
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under conditions of amino acid starvation. It has been shown
that the nucleoside tetraphosphate guanosine-3'-diphosphate,
5'-diphosphate (ppGpp) is involved in this so-called stringent
response (5). This nucleotide specifically inhibits rRNA
synthesis in vitro, in a purified system containing only E. coli
DNA and RNA polymerase ‘as macromolecular components (6). The Ky
found in vitro was similar to that ‘calculated for the stringent
response in vivo. We -now know that ppGpp specifically inhibits
transcription of at least six rRNA operons (4 7 t/m 10), -and
that ppGpp acts on the initiation step (4,8). o

The very efficient initiation of rRNA synthesis and the
specifie: inhibitory effect ‘of- ppGpp, point ‘to special- features
of the. rRNA promoters, the ‘DNA regions where RNA polymerase
recognizes signals for initiation of rRNA transcription. Binding
of RNA polymerase to-a. promoter is by definition the first step
in initiation. -To study this binding, we’ measured complex:
formation between RNA polymerase and a restriction fragment of
AmetA20 DNA. This transdacing<phage” DNAveontains,the rrnE ‘operon
(15); we chose a restriction fragment that contains no other )
than the rrnE promoter. Recently it was shown that transcription
of the rrnE operon starts from two promoters in tandem (10) .
Tandem promoters have also been shown for rrnA (10), rrnB (12),
rrnD and rrnx (13) operons. In this paper we present experiments
on the interaction between RNA polymerase and the rrnE
promoter(s). the effect of salt concentration and of ppGpp was
studied We propose ‘a tentative model for the first steps in
1nitiation of rRNA synthesis. '

MATERIALS AND METHODS )

, Strain NO 1821 [AB 2569(Ac1857s7 lmetAZO)] was a gift of
Dr. M. Nomura ’strain W3350/pK3252 was a gift of Dr. H. Schaller.
Restriction endonucleases. EcoRI ‘was purchased from Boehringer
(Mannheim), HhaI MboII (from New England Biolabs) and HpaII,
HaeIII were kindly provided by Mr._P van Wezenbeek.
Polynucleotide kinase from phage T4 and alkaline phosphatase from
calf intestine were from Boehringer (Mannheim) RNA polymerase
was isolated according to Burgess and Jendrisak (22).
Agarose (electrophoresis purity ‘reagent), and hydroxyapatite
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(Bio-Gel HTP) were from Bio-Rad, acrylamide and sarkosyl were
from SERVA. [y-32P]ATP(3000Ci/mmol) was from The Radiochemical
Centre Amersham, nitrocellulose membrane filters (¢ 15u) were
from Sartorius (G6ttingen, GFR).

Preparation of AmetA20 DNA and of plasmid pKstz.

AmetA20(15) was grown by thermal induction of the lysogen
and separated from helper phage according to Miller (16). Phage
DNA was stored in 10 mM Tris-HCl1l, pH 7.5; 0.1 mM EDTA, at 4°C.
Plasmid pKB252, containing PFlac L8UV5{17) was isolated as
described in Ref. 18. Plasmid DNA was stored in 10 mM Tris
acetate, pH 7.8; 0.1 mM EDTA, at -20°C.

Purification of restriction fragments. .

Digestion of DNA with restriction enzymes was done at 37°%
in a buffer containing 10 mM Tris-HC1l pH 7.6; 10 mM MgCla; 10 mM
gmercaptoethanol; 50 mM- NaCl for Hhal, HpaIl, HaeIII, EcoRI and
with 6 mM KCl instead of 50 mM NaCl for MboII.

For purification of restriction fragments the method of
Tabak and Flavell (19) was used. EcoRI digested AmetA20 DNA (1.5-
2 mg) was loaded on a 0.7% agarose gel; before loading on the gel
EDTA pH 7.5 was added till a final concentration of 20 mM and
half a volume agarose beads (0.2% agarose in 10 mM Tris-HC1l, pH
7.5; 20 mM EDTA; 10% glycerol;.bromophenolblue) was added (20).
Dimensions of the gel were 17 x 18 x 2.5 cm, slot 12 x 0.15 x.

2.3 cm. Electrophoresis buffer contained 40 mM Tris acetate;
20 mM sodium acetate (pH-7.7); 1 mM EDTA; 0.5 pug/ml ethidium
bromide. Electrophoresis first dimension: overnight 50V/gel. DNA
bands were visualized by illumination with an UV lamp. The
fragment to be purified was electrophoresed into hydroxyapatite,
DNA was eluted from hydroxyapatite as described in Ref. 19,
ethidium bromide was removed by isoamylalcohol extraction, and
after ethanol precipitation DNA was dissolved in 10 mM Tris-HC1,
pH 8.0; 0.1 mM EDTA and stored at 4°C. -
Labelling of restriction fragments.

- Purified restriction fragment or a total digest was labeled
with 32P at the 5'end according to Maxam and Gilbert (21) with
some minor modifications. '

Binding experiments - -
standard assay conditions: RNA polymerase and a 32P—end-
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labeled purified restriction fragment, or a total digest were
incubated in binding buffer (20 mM Tris-HCl, pH 8.0; 10 mM
MgCly; 0.1 mM dithiothreitol; 0.1 mM EDTA; 5% glycerol, see Ref.
14) with 200 pg BSA per ml and 40 mM or 120 mM KCl in a total
volume of 30 ul at 37°C. After 5 min incubation, two volumes of
warm binding buffer, containing sonified, denatured calf thymus
DNA (final concentration 30 ug/ml) were added. The final KCl
concentration always became 40 mM. Incubation was continued for
5 min and the mixture was filtered through nitrocellulose
membrane filters. The filters were dried, put into a
scintiilation vial, scintillation liquid (4 g of diphenyl-
oxazole and 80 mg of p-bis-(o-methylstryryl)-benzene/liter of
toluene) was added and radioactivity was counted in a Nuclear
Chicago scintillation counter, Mark II. An assay blank without
RNA polymerase was subtracted (generally 8% of DNA input). When
a mixture of restriction fragments was tested, small nitro-
cellulose filters (about 3 x 3 mm) were used. Filters were
eluted three times with 10 ul of 10 mM Tris-HCl1l, pH 8.0; 0.1 mM
EDTA; 0.1% sarkosyl. About 90% of the radioactivity was eluted
from the filter. Half a volume agarose beads (see above) was
added and restriction fragments were separated by polyacrylamide
slab-gel electrophoresis (5% acrylamide), electrophoresis buffer
90 mM Tris borate pH 8.3; 2.5 mM EDTA.
Other methods.

RNA synthesis, hybridisation, preparation of ppGpp were as
described in a previous paper (4). All buffers were prepared in
double distilled water.

RESULTS AND DISCUSSION
To understand effects of control elements on rRNA synthesis

it is essential to identify the molecular events in initiation of
rRNA transcription. The first step in initiation of rRNA
transcription is binding of RNA polymerase to a ribosomal RNA
promoter. We studied the interaction between RNA polymerase and
the promoter of the rrnE operon by measuring complex formation
between RNA polymerase and the 1.4 kb EcoRI fragment of AmetA20
DNA. The 1.4 kb EcoRI fragment contains the promoter region of
the rrnE operon and 670 basepairs (bp) of ml6S sequence (Fig. 1,
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Figure 1. Restriction map of AmetA20 DNA and detailed map of the
1.4 kb EcoRI fragment.

The data were taken from Ref. 11.

Refs. 28,29). Recently the sequence of the rrnE promoter region
was determined (11), and transcription of the rrnE operon was
shown to start from two promoters in tandem (10). The starts
designated P1 and P2 are bp 283 and 174, respectively, upstream
from the 5' end of m16S (10,11). The detailed map of the 1.4 kb
EcoRI fragment shows that smaller fragments which contain only
P1 or P2 intact can be prepared. These fragments allow assays of
complex formation with either promoter.

For measuring complex formation we used the filter-binding
technique according to Seeburg et al (14): RNA polymerase is
incubated with the labeled 1.4 kb EcoRI fragment or a restriction
enzyme digest of this fragment. The binding reaction is stopped
by the addition of single-stranded DNA which traps all free RNA
polymerase molecules; because of rapid dissociation of non-
specific or loose RNA polymerase-DNA complexes,also non-specifi-
cally bound RNA polymerase molecules are trapped by single-
stranded DNA. Only DNA fragments which have bound at least one
RNA polymerase molecule in a stable complex will be retained on
a nitrocellulose filter which retains RNA polymerase but not
free double stranded DNA.
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Formation of stable RNA polymerase-rrnE promoter complexes

Fig. 2 shows "titration" curves of the 1.4 kb EcoRI
fragment with ihcreasiﬁéTﬁﬁh;pblymérase conqentrations‘at two
different salt concentrations. It is apparent that at 120 mM a
"steady state" is reached and that the extent of bihding over
the whole range of RNA polymerase cdﬁcentrations is much lower
than at 40 mM KCl. R

Figure 3 shows experiments :in which: the rate of stable
complex formation was determined at the salt concentrations
mentioned above. Fig. 3A shows fhevgime course for the firsgvfive
minutes; in another experiment (Fig. 3B) we incubated RNA poly-
merase and the 1.4 kb fragment for longer times before single-
stranded DNA was added. From these data, which were confirmed in
a number of similar experiments, we may conclude that at 120 mM
KC1l formation of a stable complex between RNA polymerase and the
1.4 kb fragment reaches a plateau value. At 40 mM KCl the extent
of binding still increases between 5 and 60 minutes but in
similar incubations for longer periods the binding never exceeded
60% of DNA input. This end value was not due to partial leakage

"DNA bound (% of ingut)
=

77 T 6 6 02 % 16 1w
RNA polymerase ( pmol / assay )

Figure 2. Binding of RNA polymerase at different conditions.

RNA polymerase and 32P-end—labeled 1.4 kb EcoRI fragment (0.08
pmol/assay, spec. act. 30 Ci/mmol) were incubated under standard
assay conditions at 40 mM (—@—) or 120 mM KCl (~@— . Treatment
after complex formation was as described in Materials and
Methods.
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Figure 3. Time dependence of complex formation.

RHA polymerase (in A 2.8 pmol/assay, in B 5.6 pmol/assay) and the
32p-end-labeled 1.4 kb BEcoRI fragment (0.06 pmol/assay; spec.
act. 40 Ci/mmol) were incubated together under standard assay
conditions, at 40 mM (~@—) or 120 mM KCl (~@-), for the periods

indicated. Further treatment was as described in Materials and
Methods.

of RNA polymerase through the filter (enzymatically tested) nor
to heterogeneity of the DNA fragment (data not shown). The levels
of binding reached at 40 mM and 120 mM KCl were independent of
the RNA polymerase preparations used which had been isolated
according to different procedures (4,22,23).

The lower extent of binding at higher salt concentration fits
with the rRNA transcription characteristics: in vitro at 120 mM
KCl, rRNA initiation frequency is lower than at 40 mM KCl (4).

The non-attainment of 100% binding at 40 mM KCl upon incuba-
tion of the DNA fragment with a large excess of RNA polymerase
for five minutes (Fig. 2) and also for longer periods of time
(Fig. 3B) exclude a simple one-step equilibrium for the binding
reaction. Our results must be due to a more complex mechanism.
The relatively most simple one is a mechanism with two complexes,
I and II, according to the following scheme:

DNA + RNA polymeraseg=—> complex I&= complex II
A similar scheme for the early steps in initiation has been
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postulated earlier by several workers (for a review see Ref.24);
mostly complex I was considered as the "closed", and II as the
"open" complex.

We assume that complex I forms and decays quickly. It will
therefore rapidly decay during incubation with single-stranded
DNA and thus not be measured with the filter-binding technique
used. In the model the difference in plateau values found at
different salt conditions must be explained in the following
manner: the higher KC1l concentration affects the equilibrium
between I and II by decreasing the rate of formation or increas-
ing the rate of decay of complex II, or both. Previously we
have postulated the existence of a two-step binding to explain
the effect of salt and ppGpp on the initiation of rRNA trans-
cription (4,8). Also the observation that high glycerol concen-
trations enhance the extent of binding at 120 mM KCl, argues in
favour of the proposed model; glycerol is known to lower the
melting temperature of DNA, and therefore it will oppose the
effect of higher salt concentrations on the opening of the complex

Dissociation of complexes

In the experiments shown in Figure 4, complexes between RNA
polymerase and 1.4 kb fragment were formed at 40 mM and at 120 mM
KC1l; the stability of the complexes at these salt concentrations
was determined by incubating them with single-stranded DNA at 40
mM, and at 120 mM KCl,respectively. When we incubate RNA polyme-
rase with the 1.4 kb fragment presumably three different types of
complex are formed (24): non-specific complexes (non-promoter
complexes, due to general affinity of RNA polymerase for DNA),
and the promoter complexes complex I and complex II. Because the
non-specific complexes and complex I dissociate rapidly, their
concentration will soon drop to zero upon incubation with single-

stranded DNA. Thus only fragments which have bound a RNA poly-
merase molecule at the promoter site in complex II form will be

retained on the filter.

Fig. 4 shows that complex II dissociates very slowly at
40 mM KC1 independent of the salt concentration at which it was
formed. This slow dissociation allows the measurement of the
formation of complex II. Thus under standard assay conditions
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Figure 4. Dissociation of complexes.

RNA polymerase (5.6 pmol/assay) and the 32P-end-labeled 1.4 kb

EcoRI fragment (0.056 pmol/assay; spec. act. 50 Ci/mmol) were
incubated under standard assay conditions at 40 mM (squares) or
120 mM KC1l (circles). After complex formation, incubation with
calf thymus DNA was performed for the periods indicated, in the
presence of 40 mM (closed symbols) or 120 mM KCl (open symbols).

40% of input DNA has entered complex II at 40 mM KCl whereas
only 25% has done so at 120 mM KC1.

In 120 mM KCl complex II is unstable whether it was formed
at 40 mM or at 120 mM KCl. Apparently salt enhances the rate of
decay of complex II. When 1ln (DNA bound) is plotted versus time,
straight lines are obtained; we calculated a first-order constant
of about 0.12 min-1 for complex II formed at 40 mM as well as
at 120 mM KCl. This value corresponds with a t:,5 of about 6 min.
Apparently the complexes behave similar in this respect. Thus
high salt concentration decreases the amount of complex II by
accelerating the decay, independent of the salt concentration at
which the complex was formed.

Binding to restriction fragments of the 1.4 kb EcoRI fragment.

Since the results presented above were obtained with the
complete 1.4 kb EcoRI fragment the contribution of the
individual promoters cannot be assessed. Therefore, we digested
the fragment with suitable restriction enzymes in order to
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generate fragments containing only promoter site P, or Py. In

view of the known physical map (Fig. 1) and the ba;e sequence
of the important region (11) we chose the enzymes MboII, HpalI,
HaeIIl and HhaI. Fig. 5 shows the exact size and location of the
fragments. We performed binding experiments with the different
digests under standard assay conditions at 40 mM KC1l, and
determined which sub-fragments had bound RNA polymerase in a
stable form.

We found stable binding of RNA polymerase to the following
fragments from the tandem promoter region (Figs. 1,5): MboII/500,
HpalI/470, HpalIIl/750, HaeIII/360 and HaeIII/420. Since no other
promoters are located upstream from promoter P1 (10) , MboII/500
and HpaII/470 should contain intact promoter Pl,while HaeIII/360
and HpalII/750 should comprise promoter P2 intact and active
(P) is not functional on HaeIII/360, see Ref. 10). HaeIII/420
which does not comprise the start site of P, transcription
probably contains a sufficient part of the binding site of
promoter P;.

Unexpectedly we also found binding to fragments MboII/334
and HhaI/540 (Figs. 1,5). Apparently a binding site in the 16S
region exists; thus binding to HpalII/750 is due either to P2
intactness or to the binding site in the 16S region or both.

The presumed 16S binding site should overlap the HaeIII 160/190

P )
500/135 135/110
Mbo I ! “( ! | .
o s PR
Hoelll . _ ! .
Hhal «__ l [ .
s 470/750 {""’
HDO ll.__ | } 4 e
I"‘“30_""""‘_“71_—_‘ |
3 ‘ !

Figure 5. Restriction map of the promoter region of rrnE.

P1 and P; indicate the starts of transcription from the two
tandem promoters; P; is basepair (bp) 283, P is bp 174 upstream
from the 5' end of ml6S (Ref. 10). For some restriction enzymes
the distance from a nick to Pj} or P2 is indicated in bp.

1028

- o e L Geemem @ el wo M eak e am A -



Nucleic Acids Research

cleavage site since neither of these fragments is able to bind
RNA polymerase in a stable complex. In further experiments
binding of RNA polymerase to P, and P, was assessed by measuring
binding of RNA polymerase to MboII/500 and HaeIII/360,
respectively.

Remarkably, no binding was found to MboII/135 and to
HhaI/128 after 5 min incubation with excess RNA polymerase. The
minimum length of DNA upstream and downstream from the start
site of transcription, which is required for promoter function
is unknown. Gilbert reported that more than 35 bp upstream are
necessary (25) with a number of promoters, Brown et al. reported
for the trp promoter more than 39 bp (26); moreover, about 40 bp
centered round the start site of transcription are protected
against DNase by RNA polymerase (for review see Ref. 25). With
MboII/135 the piece of DNA upstream from the start site of P,
transcription (48 bp) is probably too small to allow stable
complex formation; perhaps the A-T rich region 50-60 bp upstream
from the start site of P, transcription is necessary for stable
binding. With HhaI/128, the piece of DNA downstream from the
start site of P, transcription (14 bp) might be too small for
stable complex formation.

The effect of ppGpp.

To investigate the effect of ppGpp on binding of RNA
polymerase to P, and P2 in tandem, and to P; and P2 separately,
we performed binding experiments with a mixture of 1.4 kb EcoRI
fragment, a HaeIII digest and a MboII digest of this fragment
in the presence and absence of ppGpp. Figure 6 shows the effect
of ppGpp on the binding of RNA polymerase to 1.4 kb EcoRI,
MboII/500 and HaeIII/360 and shows a clear inhibitory effect of
pPpGpp on the extent of complex formation between RNA polymerase

and the fragments which contain ribosomal RNA promoter(s). In

the same experiment we found no effect of ppGpp on the binding

to MboII/334 (16S). Thus ppGpp specifically acts on promoters

P, and/or P2 when in tandem, and on either of them when separate.
Tentative data from experiments with the 1.4 kb EcoRI

fragment only, suggest that ppGpp decreases the stability of

complex II in our model, i.e. ppGpp increases the decay rate.
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Figure 6. Effect of ppGpp on complex formation.

RNA polymerase (26.4 pmol/assay) was incubated with a mixture of

32p-end-labeled 1.4 kb EcoRI fragment (0.05 pmol/assay, spec.act.

48 Ci/mmol), a HaeIII digest (0.13 pmol digested 1.4 kb fragment/

assay; total activity/assay 0.011 uCi) and a MboII digest of this

fragment (0.16 pmol digested 1.4 kb fragment/assay; total

activity 0.014 uCi/assay), under standard assay conditions

(40 mM KCl) in the presence (-)¢-) or absence (-#—) of ppGpp

(0.8 mM). Incubation was for the periods indicated and further

treatment was as described in Materials and Methods.

A. Complex formation between RNA polymerase and 1.4 kb EcoRI
fragment (P; and P, in tandem).

B. Complex formation between RNA polymerase and MboII/500
(promoter P;)

C. Complex formation between RNA polymerase and HaeIII/360
(promoter Pj)

Whatever the mechanism, we could demonstrate a direct effect of
PPGpp on the interaction of RNA polymerase to DNA which
comprises rRNA promoter(s) of the rrnE operon of E. coli. The
inhibitory effect of ppGpp on RNA polymerase binding to the
ribosomal RNA promoter(s) of the rrnE operon is in agreement
with the effect of ppGpp on transcription from the rrnE
promoter(s) (10).

As a control we measured the effect of ppGpp on the
binding of RNA polymerase to a 203 bp EcoRI fragment from pKB252
(Ref. 17), containing PF¥lac L8UV5, and found a twofold
stimulation of complex formation. Again this is in agreement
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with the ppGpp effect on transcription of the lac operon (27)
from P¥lac L8UVS5.

GENERAL DISCUSSION

Our results clearly show that the ribosomal promoter(s) of
the rrnE operon can strongly bind to RNA polymerase. The results
from binding experiments with the 1.4 kb EcoRI fragment are
complicated by the presence of two promoters in tandem -an
apparently general feature of rRNA operons (10,12,13)- and by the
surprising presence of a "promoter-like" binding site in the ml16S
region. The latter binding site will not have contributed
essentially to the characteristics of RNA polymerase binding to
the 1.4 kb fragment because the binding of RNA polymerase to the
HindIII/800 fragment shows the same characteristics (data not
shown); the HindIII/800 DNA contains both promoters, but no 16S
region. The clear ppGpp effect on the binding of RNA polymerase
to the 1.4 kb fragment and the sub-fragments containing the
promoter sites, while no effect of ppGpp was found on the binding
to the 16S binding site, leads to the same conclusion.

The effects of salt and ppGpp are in agreement with the
transcription results (4,10) again showing that we were dealing
with the ribosomal promoter(s). Whether ppGpp has still other
effects on initiation than on the RNA polymerase-promoter binding
observed here, has to be studied; anyhow, its effect on the
binding proves its direct molecular participation.

We propose a simple model for early events in initiation of
rRNA transcription which can explain our present results. It may
turn out to be an oversimplification when more data are obtained.
We have shown that rrnE promoter(s) can strongly bind to RNA
polymerase, but comparisons with other E. coli promoters will
have to be made to determine whether ribosomal RNA promoters are
as extremely strong in binding as they are in transcription. The
possible function of tandem promoters is at this stage unclear,
nor do we know whether both promoters on the same DNA molecule
can bind simultaneously. Further experiments may throw some light
on the tandem promoter role.




Nucleic Acids Research

ACKNOWLEDGMENTS
We are grateful to Drs. H.A. de Boer, S.C. Gilbert,
M. Nomura for supplying the AmetA20 lysogen (15), and informing
us about the physical map of the AmetA20 DNA before publication.
We would like to thank Prof. Dr. H. Schaller for giving J. Hamming
the opportunity of learning the filter-binding technique in his
laboratory, and the EMBO for a short-term fellowship to J. Hamming.
This investigation was carried out under the auspices of
the Netherlands Foundation for Chemical Research (S.0.N.), with
financial aid from the Netherlands Organization for the
Advancement of Pure Research (Z.W.O.).

REFERENCES

1. Kenerley, M.E., Morgan, E.A., Post, L., Lindahl, L. and
Nomura, M. (1977) J. Bacteriol. 132, 931-949.

2. Kiss, A., Sain, B. and Venetianer, P. (1977) FEBS Lett. 79,
77-79.

3. Nomura, M. (1977) Ann. Rev. Genet. 11, 279-347.

4. Oostra, B.A., Ooyen, A.J.J. van, and Gruber, M. (1977)
Molec. Gen. Genet. 152, 1-6.

5. Cashel, M. (1969) J. Biol. Chem. 244, 3133-3141.

6. Ooyen, A.J.J. van, de Boer, H.A., AB, G. and Gruber, M.
(1975) Nature 254, 530-531.

7. Jdrgensen, P. and Fiil, N.P. (1976) in Control of Ribosome
Synthesis, Kjeldgaard, N.O. and Maalge, O., Eds. pp. 370-382,
Copenhagen Munksgaard.

8. Ooyen, A.J.J. van, Gruber, M. and Jgrgensen, P. (1976) Cell
8, 123-128.

9. Travers, A. (1976) Molec. Gen. Genet. 147, 225-232.

10. Gilbert, S.C., de Boer, H.A. and Nomura, M. (1979) Cell 17,
211-225.

11. De Boer, H.A., Gilbert, S.C. and Nomura, M. (1979) Cell 17,
201-211.

12. Glaser, G. and Cashel, M. (1979) Cell 16, 111-121.

13. Young, R.A. and Steitz, J.A. (1979) Cell 17, 225-234.

14. Seeburg, P.H., Niisslein, C. and Schaller, H. (1977) Eur. J.
Biochem. 74, 107-113.

15. Yamamoto, M. and Nomura, M. (1976) FEBS Lett. 72, 256-261.

16. Miller, J.H. (1972) in Experiments in Molecular Genetics,
pp. 321-325 Cold Spring Harbor Laboratory, Cold Spring
Harbor, New York.

17. Backman, K., Ptashne, M. and Gilbert, W. (1976) Proc. Natl.
Acad. Sci. USA 73, 4174-4178.

18. Sidikaro, J. and Nomura, M. (1975) J. Biol. Chem. 250, 1123-
1131.

19. Tabak, H.F. and Flavell, R.A. (1978) Nucl. Acid. Res. 5,
2321-2332.

20. Jeffreys, A.J. and Flavell, R.A. (1977) Cell 12, 429-439.




Nucleic Acids Research

21.
22.
23.

24.

25.

26.
27.
28.

29.

Maxam, A.M. and Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA
74, 560-564.

Burgess, R.R. and Jendrisak, J.J. (1975) Biochemistry 14,
4634-4638.

Nisslein, C. and Heyden, B. (1972) Biochem. Biophys. Res.
Commun. 47, 282-289.

Chamberlin, M. (1976) in RNA Polymerase, Losick, R. and
Chamberlin, M., Eds. pp. 17-67, Cold Spring Harbor
Laboratories, Cold Spring Harbor, New York.

Gilbert, W. (1976) in RNA Polymerase, Losick, R. and
Chamberlin, M., Eds. pp. 193-205, Cold Spring Harbor
Laboratories, Cold Spring Harbor, New York.

Brown, K.D., Bennett, G.N., Lee, F., Schweingruber, M.E. and
Yanowsky, C. (1978) 5. Mol. Biol. 121, 153-177.

Primakoff, P. and Artz, S.W. (1979) Proc. Natl. Acad. Sci.
USA 76, 1726-1730.

Carbon, P., Ehresmann, C., Ehresmann, B. and Ebel, J.P.
(1978) FEBS Lett. 94, 152-156.

Brosius, J., Palmer, M.L., Kennedy, M., Noller, H.F. (1978)
Proc. Natl. Acad. Sci. USA 75, 4801-4805.

1033



