Proc. Natl. Acad. Sci. USA
Vol. 78,'No. 1, pp. 167-171, January 1981
Biochemistry

Organization of transcriptional signals in plasmids

pBR322 and pACYC184

(gene organization in plasmids/promoter mapping/termination/expression of cloned DNA/overlapping promoters)

DIETRICH STUBER AND HERMANN BUJARD

- Molekulare Genetik der Universitit Heidelberg, Im Neuenheimer Feld 230, 6900 Heidelberg, Federal Republic of Germany

Communicated by Stanley N, Cohen, September 29, 1980

ABSTRACT  Electron microscopic analysis of in vitro tran-
. scriptional complexes of pBR322 and pACYC184 revealed five and
six major transcriptional units, respectively, in these two plasmid
vectors. These units are transeribed with various efficiencies, de-
- pending upon the individual promoter strengths, which differ in
fBR322 up to 10-fold. A most interesting signal arrangement was
‘ound at the beginning of the tetracycline resistance region, where
two partially overlapping promoters (PI and P2) initiate transcrip-
tion crosswise in opposite directions. Whereas P2 is known to pro-
mote tetracycline resistance and to be inactivated by -HindIIl
cleavage, P1 is able to transcribe DNA integrated at that site and
probably contributes to-the expression of the B-lactamase gene in
pBR322. In pACYC184, besides P1, P2, and the cat (chloramphen-
icol resistance) promoter (P5), two initiation sites (P3 and P4) were
mapped in a region that appears to be part of insertion sequence
" 1. The maps of transcription sifnals permit a more predictable uti-
lization of these cloning vehicles and also allow the reinterpreta-
tion of earlier cloning results.

Using various cloning vehicles to transfer genetic material into
a more simple environment greatly facilitates the study of gene
expression. Nevertheless, such analyses are often complicated
by expression of the vector’s own genes. Thus, diverse results
are obtained when a particular piece of DNA is inserted into dif-
ferent cloning vehicles or different sites in the same vehicle. It
has also proven difficult to clone DNA fragments carrying
strong signals for gene expression such as efficient promoters,
because such signals appear to upset the controlled expression
of the vector’s essential functions (unpublished data). We have

- determined the arrangement of transcriptional signals within
the genetic text of the plasmids pBR322 (1) and pACYC184 (2)
to allow their more rational use as cloning vehicles. The electron
microscopic analysis of in vitro transcriptional complexes has
yielded results that are in excellent agreement with in vivo data
(3, 4). The transcriptional maps obtained with this technique
and presented here show that these constructed plasmids are
organized in well-defined transcriptional units; they explain re-
sults of cloning experiments hitherto not-understood, despite
the availability-of nucleotide sequences, and confirm other data
derived by various methods.

MATERIALS AND METHODS

All DNA probes of plasmids pBR322 (1), pACYC184 (2), pML21
(5), and pKK1 and pKK>5 (6) were extracted with phenol. Re-
striction endonucleases were from Boehringer Mannheim
(Federal Republic of Germany) or from New England BioLabs;
streptolydigin was purchased from Upjohn (Heppenheim,
Federal Republic of Germany). RNA polymerase from Esche-
richia coli and phage T4 gene 32 protein were isolated as de-

scribed (3, 7).
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Preparation of transcriptional complexes: In a typical assay
(50 ul) containing 120 mM KCIl, 20 mM Tris-HCl at pH 7.9, 10
mM MgCl;, 0.1 mM EDTA, 0.2 mM each ATP and GTP, and
0.05 mM CTP and UTP, 1-5 ug of DNA was preincubated for 3
min at 37°C. Transcription was started by the addition of RNA
polymerase at ratios of 2—4 enzyme molecules per promoter and
allowed to proceed between 0.5 and 4 min. The rate of chain
elongation under these conditions was 15 nucleotides per sec.
Transcription was stopped by diluting aliquots into a buffer suit-
able for restriction endonuclease digestion containing strepto-
lydigin at 100 pg/ml and the amount of restriction enzyme suf-
ficient to linearize the template DNA within 2 min at 37°C. The
transcriptional complexes were then prepared for electron mi-
croscopy.as described (3). For electrophoretic analysis of RNA,
aliquots of in vitro assays containing [*H]JUTP were extracted
with phenol, heated to 95°C in 70% (vol/vol) formamide for 2
min, and applied to 15% acrylamide/8 M urea gels. Heterodu-
plex analysis and quantitative evaluation of electron micro-
graphs were carried out as described (3, 8).

RESULTS

- Analysis of Transcriptional Complexes Obtained with Cova-
lently-Closed Circular DNA as Template. In contrast to linear
phage DNA (3, 4} linearized plasmid DNA shows little template
activity in vitro even at high ratios of RNA polymerase to pro-
moter. Therefore, plasmid preparations with a high content of
covalently closed circular DNA were used as templates; these,
however, had to be linearized prior to the quantitative analysis
of the originating transcriptional complex. Transcription was
therefore halted by streptolydigin (9) at various times after chain
initiation and the template was linearized by a single cut using
an appropriate restriction enzyme. Under these conditions,
high yields of complexes carrying, on average, 3-5 RNA chains
and suitable for quantitative evaluation were obtained. De-
pending upon the individual preparation, 50-70% of the struc-
tures in a random microscope field appeared measurable, of
which 70-85% could be arranged with respect to RNA initiation
sites in an unequivocal way. For the various plasmids the follow-

.ing numbers of complexes with the respective number of RNA

chains were evaluated: pBR322, 223/1059; pACYC184, 71/
318; pKK1, 118/434; and pKK5, 100/376.

Promoters and Terminators Mapped in pBR322. Most of
the transcription of pBR322 in vitro is initiated within two re-
gions, one centering at around position 0 [EcoRI site of the plas-

‘mid (10)] and the other at around position 3000. Within the re-

gion containing the EcoRlI site, transcription proceeds in both
directions; the rightward transcripts are terminated at around
position 650, while leftward transcription is terminated at
around 3200 (Fig. 1). Because the EcoRlI site (position 0) is lo-

Abbreviations: Tc, tetracycline; bp, base pair(s).
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Fic. 1. Analysis of transcriptional complexes of pPBR322, pKK1, and pKK5. The first line (a) shows graphs in which the x axis represents the
plasmid DNAs linearized by Sal I cleavage. The points show the position (along the x axis) and the length (along the y axis) of RNA molecules (for
computation the length of RNA molecules is doubled and each point is plotted above and below the x axis). In the plots the position of termination
sites can already be identified because the length of the RNA chains is independent of incubation time (between 1.5 and 4 min at 15 nucleotides per
sec). Similarly, the major promoters and their direction of transcription can be recognized. In b the position of the major termination signals is indi-
cated: Peaks and symbols (O for terminator, for promoter) above and below the axis identify signals acting in leftward or rightward transcription,
respectively. (c) Result of data processing as described in detail prekusly (3): the histograms are obtained after extrapolation of each RNA chain to
its possible points of origin. The peaks represent, therefore, the major promoters which were numbered (1 through 5 and P,,,) as shown in d. Integration.
of a 1080-bp A DNA fragment into the HindIII site ()KK1, pKK5) separates P and P3, at the same time destroying P2 (c, d), it also shows the activity
of P, and ¢, in pKK1 transcripts from P1 and from P, are terminated at ¢, at the left end of the integrated fragment, whereas in pKK5 P1I
transcnpts cross this border; here the oop RNA is seen by?i:e accumulation of pomts at the right end of the integrated DNA, where also some read-
through into the tet region is observed. The arrow in d identifies the orientation of the A O gene, which in pKK5 is under the control of P1, allowing
complementation of A O mutants. The large number of points near the x axis at position 3000 of pPBR322 represents the intense production of 104 RNA
starting at P4, the strongest promoter of this system (4). The number of bp of pPBR322 is according to Suteliffe (10); the scales for pKK1 and pKK5 are

fractional length.

cated close to the beginning of the coding region of the tetracy-
cline (T¢) resistance genes (tet) (11), a promoter initiating tran-
scription to the right (P2) was expected. Similarly, transcription
to the left is a prerequisite for the expression of the B-lactamase
(bla) gene (10). The broad range of positions of the bla promoter
suggested, however, that more than one promoter may initiate

transcription to the left, and more interestingly that one of them .

may be located to the right of the tet promoter (11).. We have
therefore analysed the pBR322 derivatives pKK1 and pKK5,
which contain a 1080-base-pair (bp) fragment of phage A DNA,
integrated at the HindIII site (position 29) in both orientations
(6). This A DNA fragment carries the struetural gene for the O
protein as well as the promoter and terminator of the cop RNA
(Poops toop). From the data obtained with pKK1 and pKK5, as
shown in Fig. 1, we draw the following conclusions:

(i) pBR322 indeed carries two promoters initiating transcrip-
tion towards the bla gene. One of these promoters (P1) is located

to the right of the HindI1I site at position 44 + 80 bp. The other
promoter (P3) is identified at 4200 = 80 bp. The function of both
promoters is independent of the orientation of the integrated A
DNA fragment.

() The tet promoter (P2) located at 57 + 80 is disrupted by
integration of DNA into the HindIII site as described before
(1.

(iii) The function of the transcriptional signals carried by the
A DNA fragment can be demonstrated: in pKK1, in which ¢,,,
is in the proper orientation, it terminates the transcripts origi-
nating from P1, whereas with pKKS5 transcription from P1 pro-
ceeds across the A-fragment into the bla region. In both pKK1
and pKKS5 extremely short transcripts (less than.100 nucleotides
in length) are initiated at P,,, and terminated at ¢,,. In pKK5,
however, we have noticed some readthrough from P, into the
tet region. This accounts for the observed Tc resistance of cells
carrying pKKS5 (5 ug/ml for pKKS versus less than 2 ug/ml for
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Fic. 2. Electrophoretic analysis of transcripts initiated by PI and
P2, Lanes a and b show transcripts obtained using a 190-bp Hae III and
a 178-bp Hae I11/Hpa 11 fragment of pBR322 (10) as template, respec-
tively; both fragments contain PI and P2 (Fig. 4). Lane c depicts a sin-
gle-stranded DNA marker. There are three major RNA species in lane
a: the end-to-end transcript (190 nucleotides) and two transcripts ini-
tiating within the fragment (140 and 76 nucleotides). After Hpa II
cleavage of the template (lane b) the 190- and 140-nucleotide tran-
scripts are reduced in size by about 12 nucleotides, whereas 75-nucleo-
tide RNA remains unchanged.

pKK1; measured as minimal inhibitory concentration on
plates).

From the positions of P1 and P2 (Fig. 1) two transcripts of
about 70 and 140 nucleotides can be predicted if the Hae III
fragment, which spans position 4344 to 173, is transcribed (10).
As seenin Fig. 2, such transcripts were indeed obtained. Short-
ening of the template at position 161 by Hpa II digestion (Fig,
4) reduced the size of the 140-nucleotide transcripts by about 10
nucleotides (Fig. 2); this RNA is therefore the product of P2.

"The sites of RNA chain initiation for PI and P2 must be at 56 +
10 and 32 * 10, respectively.

The function of P1I in vivo was demonstrated by complemen-
tation experiments with pKK1- and pKK5-carrying cells and a A
O gene mutant: Only cells containing pKK5 in which the O
gene is in the proper orientation (Fig. 1) allowed the develop-
ment of AcIb2 Oam 125.

The second region in which extensive transcription is ob-
served in pBR322 shows an unusual feature: as seen in Fig. 1,
RNA chains are efficiently initiated as well as terminated
around position 3000, resulting in transcripts less than 200 nu-
cleotides long. It is difficult to determine the direction of tran-
scription of such small transcripts. However, the high rate of
chain initiation at site P4 as well as the length of the transcripts
suggest strongly that this promoter produces the 104 RNA de-
scribed before (12). We conclude, therefore, that P4 initiates
transcription from left to right. The longer but less frequent
transcripts seen in that region indicate the existence of further
promoters, of which P5 initiating transcription to the right could
be identified; these transcripts are terminated around position
2700. A leftward promoter around 3100 giving rise to transcripts
of about 500 nucleotides.is suggested by our data; its precise po-
sition, however, is obscured by the high concentration of P4
transcripts (Fig. la).

Analysis of pACYC184. This plasmid, which was constructed
by scrambling various precursors, contains the pl5 A replicon
as well as genes for Tc and chloramphenicol resistance [cat gene
(2)]. The position of the replicon within the plasmid was deter-
mined by heteroduplex analysis with pML21 DNA, which car-
ries the closely related ColE1 replication system (5, 13). As seen
in Fig. 3, this region extends to the left of the HindIII site span-
ning 810 * 70 bp. Similarly, heteroduplexes between pACYC184
and pML21 (Fig. 3) as well as Tn9 (ref. 14, data not shown) re-
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FiG. 3. Analysis of pACYC184. a and b show the mapping of tran-
scriptional signals as described in Fig. 1. The x axis shows again the
plasmid after linearization with SalI and peaks and symbols (0 for ter-
minator, @ for promoter) above and below the x axis indicate signals for
leftward and rightward transcription: Six major promoters (b) and cor-
responding terminators (a), which subdivide the plasmid DNA in dis-
tinct transcriptional units, were identified. (c) Examples of heterodu-
plex molecules between pACYC184 linearized with HindIIl and pML21
linearized with Sal 1. The latter molecule, 1, can be distinguished by
the large stem-loop structure of the kanamycin region, whereas
PACYC184 shows a characteristic small loop around the SalI site. The
evaluation of more than 20 such structures showed that the ColE1 rep-
lication region (Repl.) hybridizes to a region directly adjacent to the
HindIll site of pACYC184; it is followed by sequences complementary
to Tn9 (data not shown) and to the part of pML21 that carries the COOH
terminus of the cat gene (Cm). d combines the results of transcription
and heteroduplex studies. The arrows delineate the six major transcrip-
tional units of pACYC184 and their widths indicate the relative
strengths of the various promoters.

vealed a 1300-bp homology between the region adjacent to the
replication region and transposon Tn9 (fractional length

'0.341-0.648). Restriction endonuclease analysis using Hae 11,

Hha 1, Hinfl, and Hph I (data not shown) demonstrated se-
quence homology between pBR322 and pACYC184 extending
from the right of the HindIII site to fractional length 0.211.
Thus, the origin of only 10% of the plasmids DNA (fractional
length 0.211-0:316) could not be identified.

Analysis of the transcriptional pattern of pACYC184 revealed
promoters PI and P2 at the beginning of the tet region just as in
pBR322. Again the transcripts from P2 are terminated at frac-
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tional length 0.99 near the Sal I site. The transcription initiated
at P1, however, proceeds into the replication region and is ter-
minated just before the putative replication origin at fractional
length 0.69 (Fig: 3). Within the sequence homologous to Tn9
three promoters were localized. Of these, two (P3 and P4) are
located at fractional length 0.61 and initiate transcription in op-
posite directions. They give rise to rather short transcripts (270
to 340 nucleotides). The third promoter (P5), however, at frac-
tional length 0.549 initiates transcripts of about 800 nucleotides
that cover the EcoRlI site and are terminated at fractional length
0.35. It is known that integration of DNA into this EcoRI site
destroys chloramphenicol resistance (15); furthermore, the
transcript is long enough to code for a protein of the expected
size [22,000 daltons, (16)]. We conclude, therefore, that P5 is
the cat promoter and that the orientation of the gene is as shown
in Fig. 3. Because the cat gene is part of a 1300-bp fragment ho-
mologous to Tn9 and originally derived from R6/5, it appears
likely that the promoters P3 and P4 are located within the inser-
tion sequence 1 region adjacent to that gene in R6/5 (17). There
is one more promoter (P6), at fractional length 0.259, which ini-
tiates short transcripts to the right (Fig. 3). It is located in that
part of the plasmid whose origin could not be identified. The six
promoters described in pACYC184 give rise to more than 80%
of the in vitro transcripts; of these, the major classes are initi-
ated at P1, P2, and P5.

DISCUSSION

The analysis of transcriptional complexes described here per-
mits the identification and localization of promoters and termi-
nators, the determination. of the direction of transcription, and
an estimate of the relative strengths of the signals. Promoters
mapped in this way can be positioned along the template with
an accuracy of 0.5-2%, depending on the size of the DNA stud-
ied. Thus, in pBR322 and pACYC184 the position of promoters
has been determined with a standard deviation of +80 bp. By
taking into account the number of RNA chains initiated in var-
ious regions of the template in a given time, the relative
strengths of various promoters were estimated and a 10-fold
range in signal strength was observed. The accuracy in mapping
terminators is lower (=150 bp) because only the longest tran-
scripts can be used for their identification.

In pBR322 five major promoters were identified. They ini-
tiate more than 85% of the in vitro transcripts. The most inter-
esting arrangement was found at the beginning of the region
coding for Tc resistance: there are two promoters (P1 and P2)
within a stretch of 110 nucleotides that share around 20 bp for
their RNA polymerase binding sites and initiate transcription in
opposite directions as shown in Fig. 4. The function of PI is
demonstrated not only by in vitro transcription of pBR322,
pKK1, pKKS5, and pACYC184 but also by its in vivo activity. By
using pBR322 derivatives pKK1 and pKK5 ( Fig. 1), which carry
the O gene of phage A, in vivo complementation of a A O mutant
is observed if the O gene is under control of P1 (Fig. 1). The
function of PI also explains data described previously (19, 20).

P1 initiates transcription 1.5 times more efficiently than does
the tet promoter P2, and, although we cannot exclude some ter-
mination in front of P3, our data suggest strongly that transcrip-
tion from P1I proceeds into the bla region and contributes to its
expression. The two promoters at the beginning of the tet region
(P1 and P2) reflect a rather intricate regulatory organization: not
only do they share parts of their RNA polymerase binding sites,
which probably excludes simultaneous binding of the enzyme
to both promoters, but also there are extensive sequence sym-
metries (11), which may be targets for the binding of additional
regulatory factors. Because this region of pBR322 is derived
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FiG. 4. Transcription map of pBR322. The upper part of the figure
gives a schematic view of pBR322 linearized by Pvu II. The transcrip-
tional units, defined by the various promoters (P1 through P5) and cor-
responding termination signals, are delineated by arrows. The widths
of the arrows reflect the relative promoter strengths. It can be seen that
the bla gene is heavily transcribed because two promoters (P1 and P3)
contribute to its expression. Under the conditions used transcription
from P2 is terminated near the Sal I site, leaving most of the tet region
untranscribed. The most efficient promoter of the system is P4, which
produces the 104 RNA. Some of these transcripts appear to overrun the
adjacent termination signal and extend along the noncoding strand of
the bla gene. P, denotes a leftward promoter initiating transcripts that
prime DNA synthesis (hatched arrow) (18). The lower part of the figure
shows an expansion of the Hae III fragment spanning positions 4344 to
173 (10) that was used for the analysis of PI and P2. The arrows indi-
cate the 70- and 140-nucleotide transcripts originating from these pro-
moters, of which only the 140-nucleotide transcript is affected by Hpa
II cleavage of the template. It can be seen that the RNA polymerase
binding sites (boxed areas) of P! and P2 overlap for about 20 bp
(hatched area). The scale in the upper part is given in bp according to
Sutcliffe (10).

from pSC101 (21), a plasmid carrying a constitutive and an in-
ducible Tc resistance (22), this promoter arrangement may be
an important part of a more complex tet operon.

Another unexpected result was the site at which transcripts
from P2 are terminated. Whereas transcription from PI and P3
proceeds to a termination site at the distal end of the bla gene,
the transcripts of P2 are terminated within the tet region around
position 650. A transcript of this size can code in one reading
frame for a 19,000-dalton protein, which is not sufficient, how-
ever, for conferring Tc resistance (4). The function of this ter-
mination site is therefore unclear, but it is of interest that the-
sequence around it includes an attenuator-like structure (i.e.,
an overlapping hairpin loop structure can be constructed be-
tween positions 618 and 666).

It is obvious from Fig. 1 that the bla gene in pBR322 is heav-
ily transcribed and that this transcription is efficiently termi-
nated at position 3200. The intense transcription within the ad-
jacent region is due to P4 at position 2900, the most efficient
promoter of the system. This promoter gives rise to transcripts
less than 200 nucleotides in length. Such transcripts are ex-
pected in that region, which codes for the so-called 104 RNA
(12). These short RNA molecules, which appear to be involved
in the plasmid’s replication (23), are the most abundant tran-
scription products (4). Both the position and the signal strength
of P4 suggest that it initiates transcription from left to right
(Figs. 1 and 4). Furthermore, our data indicate that, although
these short transcripts are terminated effectively around posi-
tion 3000, some readthrough into the bla gene occurs. This tran-
scriptional activity probably explains ‘why promoter-free DNA
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[e.g., the dehydrofolate reductase gene of the mouse, (24)] in-
serted in the Pst I site of the bla gene can be expressed inde-
pendently of its orientation. The high occurrence of P4 tran-
scripts interferes with the evaluation of the longer transcripts
observed between positions 2200 and 3100 bp, the region car-
rying the replication origin [position 2532-2534 (10, 25)]. Thus,
whereas P5 could clearly be identified, our data only suggest
another promoter around position 3100 initiating transcription
to the left. Such a promoter (P, in Fig. 4) was in fact described
by Itoh and Tomizawa (18), who showed that transcripts from
this promoter are involved in the priming of DNA replication.

Plasmids pACYC184 and pBR322 are homologous for about
1500 bp, which include the Tc resistance region. Consequently,
the transcriptional pattern of that part of the two plasmids is
identical: P1 and P2 initiate transcription in opposite direction
and with the expected relative frequencies. Similarly, in
pACYC184 transcripts from P2 are terminated at fractional
length 0.99 near the Sal I site. To correlate the residual tran-
scriptional pattern with the genetic text of the plasmid, the var-
ious regions had first to be identified by heteroduplex analysis
(Fig. 3). Itbecame obvious that transcripts from PI proceed into
the replication region to the left of the HindIII site, terminating
just in front of the replication origin. Further to the left, three
promoters (P3, P4, and P5) are located within the fragment orig-
inally derived from R6/5 (2). Two of these promoters (P3 and P4)
initiate short transcripts in opposite directions, and it appears
from our data that these promoters share some sequences
within their RNA polymerase binding sites. It is of special inter-
est that both promoters map in a region that is most likely part
of insertion sequence 1. The third promoter, P5, causes intense
transcription of the region containing the cat gene. The tran-
script, around 800 nucleotides long, is terminated within the se-
quence homologous to Tn9. The position of this promoter
within pACYC184 has led to its isolation on various restriction
fragments and to its further characterization (26). It should be
noted that the 104 RNA identified in acrylamide gels is synthe-
sized close to the HindlIII site; its promoter is not revealed,
however, by electron microscopy because of the intense tran-
scription initiated at PI and P2.

Our data show that in vitro various parts of plasmids pBR322
and pACYC184 are transcribed with very different efficiencies.
Both DNA strands of both plasmids contain coding regions with
proper termination signals that prevent extensive symmetrical
transcription. How meaningful are these in vitro results? Pre-
vious experiments with phage templates have shown that strand
selection and relative promoter strength derived by this method
agree well with in vivo data (3, 4). The localization in this study
of the bla, the 104, and the tet promoter (P3, P4, and P2 in
pBR322) as well as the identification of the cat promoter (PS5 in
pACYC184) and of P (in both plasmids) show the value of such
an analysis. Furthermore, the identification of several termi-
nation sites revealed a highly structured transcription map and
indicates the importance of these signals. In fact, we have strong
indications that for plasmid stability the signal strength of pro-
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moters and terminators has to be compatible (unpublished
data). We wish to emphasize that this functional analysis has not
only revealed signals of remarkable strength such as P1, which
had not been identified previously even though the nucleotide
sequences were available, but also uncovered an interesting sig-
nal arrangement that may play a major role in the control of Tc
resistance.
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