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FIG. 3. Identification of the 5’ end of the ras transcript. Primer
extension reactions were performed with 1 pg of total cellular RNA
from LMC10/pEU728/pEU2035 and the primer OC18 (Fig. 2). Lanes
G, A, T, and C correspond to dideoxy sequencing reactions carried out
on pEU2030 DNA by using the same primer. The positions of the 5’
termini are designated by arrows (the primary transcriptional start site
is indicated in Fig. 2 by the designation S1).

The additional strong primer extension product (Fig. 3) at
base 2418 is unlikely to be transcribed by the sigma-70 RNA
polymerase because there is no sequence in the —10 and —35
regions resembling the consensus sequence. It may be tran-
scribed by an RNA polymerase containing a different sigma
factor, or it may result from RNA processing. There is a
potential ribosome binding site (39) between this start site and
the rns open reading frame which is conserved in the sequence
of cfaR (S-D in Fig. 2). This is probably the site used to initiate
translation.

Possible production of Rns2, a smaller protein encoded by
rns. Within the Rns open reading frame, there is a second
sequence with similarity to a ribosome binding site preceded by
a potential promoter sequence (P2; Fig. 2). The —10 and —35
regions of this promoter (P2) both match the consensus at five
of six bases. However, instead of the optimal 17 bases between
the two promoter elements, P2 has 19 bases. The ribosome
binding site is followed by an ATG at the proper distance. This
may serve as the start site of a smaller Rns protein (Rns2),
which would be produced from the same reading frame as the
large protein (Rns). These features are all conserved in the
sequence of cfaR, except for the ribosome binding site, which
differs at 1 base. Extension of primer OC10 (Fig. 2 and 4) with
RNA isolated from LMC10/pEU2030 revealed a 5’ end of

FIG. 4. Identification of the 5’ end of the rns2 transcript. Primer
extension reactions were performed with 90 pg of total cellular RNA
from LMC10/pEU2030 and the primer OC10 (Fig. 2). Lanes G, A, T,
and C correspond to dideoxy sequencing reactions carried out on
pEU2030 DNA by using the same primer. The position of the 5’
terminus is designated by the arrow (it is indicated in Fig. 2 by the
designation S2).
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FIG. 5. In vitro translation products of plasmids carrying the rns
gene. Autoradiogram of [*°S]methionine-labelled products synthesized
in an E. coli K-12 extract (Amersham) and separated by electrophore-
sis through a 15% polyacrylamide gel containing 0.1% SDS. Protein
molecular weight markers (sizes given in thousands) are in lane 1.
Lane 2 contains the products of a control reaction with no DNA. Lanes
3 through 5 contain the products made from the following plasmid
templates: lane 3, the vector pUC18; lane 4, pEU2030 (Rns™*); and
lane 5, pEU2063 (Rns2). The positions of the Rns protein and the
smaller Rns2 protein are indicated by arrows.

RNA at the A indicated in Fig. 2 (S2) by a vertical arrow (base
2754), consistent with the use of P2 as a promoter.

When extracts of E. coli K-12 were programmed with
plasmid pEU2030 for in vitro transcription and translation, two
protein bands that were not produced from the vector
(pUC18) alone were visible (Fig. 5, lane 4). One migrated with
an apparent molecular weight of 26,000, which corresponds to
the size of Rns. The other migrated at about 21,000, which is
the correct size for the predicted Rns2 protein. The N-terminal
portion of the Rns open reading frame was removed by
digesting pEU2030 with Bsml, and the resulting DNA frag-
ment was cloned into pUCI18 to produce pEU2063 (Fig. 1; also
see Materials and Methods). Although pEU2063 cannot pro-
duce the full-length Rns protein, it should encode the entire
Rns2 protein. In vitro transcription and translation from this
plasmid resulted in a band with an apparent molecular weight
of 21,000 (Fig. 5, lane 5), i.e., of the same size as the smaller
protein made from pEU2030. We conclude that Rns2 is
produced from an E. coli K-12 extract in vitro. It therefore
seems possible that Rns is produced in two forms: the intact
large protein and the smaller protein, Rns2, truncated at the
amino end.

Use of lac fusions in a one-copy vector to measure transcrip-
tion from P1 and P2. To study regulation, it is desirable to
maintain the gene dosage at a level comparable to that in the
wild-type form of the system being investigated. For this
reason, we designed and constructed the one-copy vectors
pEU720 and pEU730, based on the R100 replicon, to place lac
under the control of a cloned promoter (13; also this work).
These plasmids contain transcriptional terminators surround-
ing the region containing the multiple cloning site and lacZ,
and, in addition, they have an RNase III cleavage site between
the base at which the insert is placed and the ribosome binding
site for B-galactosidase (Fig. 6). The RNase III site serves to
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FIG. 6. Relevant region of vectors for transcriptional lac fusions.
Transcriptional terminators are shown as open boxes labeled term, the
closed box labeled lacZ represents the promoterless gene for B-galac-
tosidase, the RNase III site is indicated by the arrow, and the site in
pEU720 which is recognized by Xhol is shown. In pEU730, a
polylinker from pNEB193 was inserted into the Xhol site.

ensure that the enzyme is always expressed from the same
piece of RNA, and it therefore precludes effects of secondary
structure of the transcript and of potential RNA processing
sites on the assay (21). All plasmids were transformed by
electroporation into the ETEC-derived lac deletion strain
LMCI10, and all assays were performed with this strain.

On the basis of its sequence, P1 was expected to be a weak
promoter in the absence of positive regulation (24). The lac
fusion plasmid pEU726 contains the P1 promoter region but
not the P2 region (Fig. 1). Surprisingly, the region cloned in
pEU726 serves as a very strong promoter, producing almost
7,000 U of B-galactosidase (Table 2) in LMC10 grown to log
phase in Luria-Bertani broth at 37°C.

The existence of a functional promoter in the 242-bp Dral
fragment, which is downstream of P1 but contains P2 (Fig. 2),
was confirmed by analysis of the lac fusion plasmid pEU724
(Fig. 1). This region also showed significant promoter activity,
although it is only about 1/10 as strong as that of P1 (Table 2).

Autoregulation by Rns. To determine whether Rns pro-
motes its own transcription, RNA dot blots were used. The
hybridization probe was a 390-base PCR product from within
the ms gene (Fig. 1; also see Materials and Methods). RNA
prepared from the ETEC-derived strain LMC10 containing
pEU2040 (which includes the entire rns gene cloned into
pHSGS576 [30]) served as the positive control to which all
values were compared. RNA from LMC10 containing no
ms-encoding plasmid showed no significant hybridization
(0.06 times the amount from the positive control). To test
whether the Rns protein is required for ms transcription,
the rns] mutant, which is truncated at the Bg/II site (1), was
used. When LMCI10 carrying pEU2034, which contains this
mutation, was used as the RNA source, there was only 1/10 as
much hybridization to the rms probe as there was when the
complete rns gene was present in the same vector (LMC10/
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pEU2040). This suggests that the amount of rus-specific
mRNA is positively regulated by the presence of an intact Rns
protein. _

The lac fusion plasmids were used to determine whether Rns
regulation of the amount of mRNA occurred at the level of
initiation of transcription. Plasmid pEU2040 was used to
provide Rns for pEU726 and pEU724 in LMCI10 (Table 2).
The strain with plasmid pEU726 showed a less than 10%
increase in promoter activity in the presence of Rns, which is
much less than the 10-fold difference seen between strains
containing pEU2040 and pEU2034 in the dot blots. The strain
with pEU724 showed no increase in B-galactosidase levels in
the presence of Rns. Therefore, it appears that the region at
which Rns regulation is exerted was interrupted in the con-
struction of pEU724 and pEU726.

This theory was tested by using pEU728, which includes all
the DNA in pEU724 and in pEU726 (Fig. 1). This plasmid
expressed only about one-seventh as much B-galactosidase as
did pEU726 (Table 2), suggesting that the region between P1
and P2 serves to negatively regulate rms transcription. The
addition of Rns to the strain containing pEU728 induced
transcription to the higher level characteristic of pEU726,
indicating that the DNA around the Dral site within the
rns open reading frame is needed for positive regulation by
Rns.

Regulation at a region upstream of P1. The 5’ end of
pEU726 includes only 38 bases upstream of the P1 promoter,
and transcriptional regulators often bind further upstream
than this (6). Therefore, to investigate the possibility of
regulation of rns P1, plasmid pEU736 was constructed to
include 640 bases upstream of the region cloned in pEU726 as
well as the region in pEU726 (Fig. 1). In the absence of Rns,
transcription from pEU736 was about 20-fold less efficient
than transcription from pEU726 (Table 2). This indicates that
the region upstream of pEU726 serves to negatively regulate
transcription from P1 of ms.

In the presence of pEU2040, which produces Rns, transcrip-
tion from pEU736 increased more than 10-fold, while that
from pEU726 appeared to be constitutive (Table 2). Thus, the
region upstream of P1 seems to be needed for positive
autoregulation by Rns.

It therefore appears that there are two regions of DNA used
independently for regulation of rns transcription. Both play a
negative role in the absence of Rns and a positive Rns-
dependent role. In the strain carrying pEU738, which contains
the upstream region, the P1 region, and the P2 region, the low
constitutive level of B-galactosidase and its induction by Rns
support this conclusion.

TABLE 2. B-Galactosidase production by LMCI10 carrying translational fusion plasmids:

Amt of B-galactosidase (Miller units) expressed by LMC10 grown under the following conditions®:

Plasmid carried

by LMC10 37°C 37°C, low oxygen tension 20°C

—Rns® +Rns* —Rns +Rns —Rns +Rns
pEU726 6,737 = 792 7,476 * 333 10,556 = 687 10,146 * 1,626 7,693 *= 1,374 8,199 * 2,703
pEU724 738 £ 80 757 + 197 1,362 = 147 1,435 = 314 1,819 = 103 1,431 = 296
pEU736 355 £ 40 4,870 * 868 540 * 58 3,498 + 348 144 = 8 3,240 = 150
pEU728 1,058 = 152 7,009 £ 219 1,140 = 80 6,724 * 446 912 * 40 5,570 + 484
pEU738 602 * 47 6,858 + 1,324 610 = 51 4,454 = 852 240 = 27 6,954 *+ 2,424

@ Assays were performed on mid-log-phase cultures grown under the conditions indicated, and results are means * standard errors of the means. In the absence of
plasmid, LMC10 produces 2.5 + 2 U of B-galactosidase. LMC10/pEU720, the vector for pEU724, pEU726, and pEU728, produces 243 * 49 U, and LMC10/pEU730,
the vector for pEU732, pEU736, and pEU738, produces 97 + 7 U at 37°C with aeration. Units are as described by Miller (27).

b —Rns, pEU2040 was absent.
€ +Rns, pEU2040 was present.
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Low oxygen tension and low temperature. The activity of
B-galactosidase from the lac fusions was also measured when
the bacteria were grown at low oxygen tension and at 20°C
(Table 2). Very few differences were detected, and no differ-
ences in response to Rns were noticed.

DISCUSSION

P1, the major promoter for rns. By primer extension, we
have identified the 5’ end of the major form of ms mRNA.
When the lac gene is fused to this DNA region, the level of
B-galactosidase produced is higher than those made from
many very strong E. coli promoters (Table 2). This is surprising
because the strength of promoters can generally be correlated
with the similarity of their sequences to the consensus se-
quence (24), and that of s P1 differs significantly from the
consensus sequence for this promoter. However, the strength
of s P1 may be due to the AT richness of the region upstream
of its —35 region, since as much as a 30-fold increase in
transcription has been observed to be caused by such a
sequence (33). Alternatively, a sigma factor other than sig-
ma-70 may be involved in ms transcription.

Negative regulation of rns at two sites. Transcription from
P1 is reduced almost 20-fold when a region beginning 72 bases
upstream of the transcription start site is included in the lac
fusion construct (Table 2; compare pEU736 and pEU726).
This suggests that a negative regulatory factor interacts with
this upstream region to repress transcription. When ms DNA
downstream of the 3’ end of the DNA cloned in pEU726 is
added to the lac fusion to produce pEU728 (Fig. 1), transcrip-
tion is reduced about sevenfold (Table 2). This suggests the
existence of another region of DNA downstream of P1 at
which negative regulation occurs. Although the downstream
negative regulation could be caused by premature termination,
as has been found for purB (16), the upstream region precedes
the start of transcription.

The negative regulator(s) of one or both regions may be a
specific repressor, or it may be H-NS or some other protein
whose DNA binding site is less specific. H-NS has been
demonstrated to negatively regulate expression of several pilin
genes, such as the pap pilin operon (14), the sfa pilin determi-
nant (28), and the cfa/l gene cluster (17), which is closely
related to CS1.

Most operators for promoters recognized by the sigma-70
form of RNA polymerase in E. coli are less than 70 bases
upstream of the transcription start site (6), unlike the negative
regulatory region upstream of rns P1. Those more distantly
located are thought to be brought into contact with the RNA
polymerase by DNA bending. The AT richness and distribu-
tion of the DNA sequence upstream of P1 and of that
downstream of it make it seem possible that this DNA is bent
(8, 31). The regulatory protein bound at these regions may thus
be brought closer to P1 to directly regulate initiation.

Positive regulation of rns at two regions. Positive autoregu-
lation of rns transcription by Rns is manifested by an at least
10-fold increase in transcription of the lac fusions containing
the upstream region when Rns is supplied in trans (Table 2;
compare pEU736 and pEU738). In the case of pEU728, which
contains the region downstream of P1, addition of Rns in trans
increases transcription to the level expressed constitutively
from plasmid pEU726, which lacks that region. This indicates
that positive autoregulation by Rns occurs independently at
two regions.

A plasmid containing both the upstream and the down-
stream regulatory regions (pEU738; Fig. 1) behaves much like
the plasmid with only the downstream region (pEU728),
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although the constitutive level of transcription is somewhat
lower.

It is possible that Rns serves only to counteract the negative
effects mentioned above. In this case, the positive effect of the
addition of Rns should not lead to a B-galactosidase level
higher than that which is found when the negative regulatory
region is absent. This is the case for the upstream region
(compare pEU736 with Rns to the constitutive expression of
pEU726) and for the downstream region (compare pEU728 or
pEU738 with Rns to pEU726). The positive autoregulatory
effect may be due to direct binding of Rns, or it may be an
indirect effect involving a regulatory cascade.

Potential binding sites for regulatory factors. Regulatory
proteins recognize and bind to specific DNA sequences.
Therefore, if a single protein is responsible for upstream and
downstream positive or negative regulation, a common se-
quence to which this protein might bind should be present in
both DNA regions. Because CfaR and Rns are at least partially
interchangeable, important binding sites might be expected to
be conserved in both.

Two different repeated sequences common to both the
upstream and downstream regulatory regions are present. The
first (repeat A; Fig. 1 and 2) is an identical direct repeat of 9
bases located 302 bases upstream (bases 2094 to 2102) and 216
bases downstream (bases 2611 to 2619) of the start of tran-
scription from promoter P1. This 9-base repeat is conserved in
cfaR (Fig. 2). The second (repeat B; Fig. 2 and 5), which is
closer to the P1 promoter (bases 2242 to 2253 and 2463 to
2474; Fig. 2), is an inverted repeat conserved at 11 of 12 bases.
In cfaR, the downstream copy of repeat B is not conserved.

Within the downstream regulatory region, there is an 11-
base inverted repeat (repeat C; Fig. 1 and 2) that overlaps the
—10 region of the P1 promoter (bases 2378 to 2388; Fig. 2).
This sequence is also found 2 bases downstream from the start
site of the P2 transcript (bases 2756 to 2766; Fig. 2). In cfaR,
repeat C is conserved in location and sequence, except for 1
base in the first copy. No similar sequence is found in the
upstream regulatory region, which raises the possibility that
one factor needed for downstream regulation is not used
upstream.

Lack of effect of low oxygen tension and low temperature.
Because CS1 pili are not produced at temperatures below
about 25°C, and since ETEC organisms inhabit an environ-
ment with low oxygen tension, it seemed possible that ms
would not be transcribed as well at low temperatures or in the
absence of vigorous aeration. Investigation of all the lac
fusions described (Table 2), with and without Rns supplied in
trans, indicated little effect on rns transcription of growth under
these different conditions.

P2 and Rns2. Primer extension and Jac fusion analysis were
used to identify P2, a promoter within the rns reading frame
(Fig. 4 and Table 2). On the basis of the amount of B-galac-
tosidase activity generated from the lac fusion construct, P2
appears to be much less active than P1. This lower level of
activity is probably caused by the nonoptimal spacing between
the —10 and —35 regions (19 bases instead of 17 bases), since
these regions are very similar to the consensus sequence
recognized by sigma-70.

Transcription and translation in vitro produced Rns2, a
protein encoded in frame by the carboxy terminal part of rms
which might be transcribed from P2. If Rns2 is produced in
vivo, it may play several possible roles. We imagine that Rns2
is able to bind DNA because the helix-turn-helix regions
predicted for Rns lie in the C-terminal part of the protein that
is retained in Rns2 (1). It is unlikely that this shorter form of
the Rns protein activates CS1 production, because the plasmid
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pEU2063, which makes Rns2 but not Rns (Fig. 1), does not
induce the expression of CS1 (4). However, Rns2 may compete
with Rns for binding to DNA and prevent Rns from activating
production of CS1. Alternatively, Rns2 may recognize sites
different from those recognized by Rns and/or use coregulators
different from those used by Rans, thus providing the opportu-
nity to respond to different sets of environmental conditions.

Why is regulation of rns so complex? The presence and
interaction of the control elements suggested by this work
present the opportunity for very tight control of the amount of
Rns produced. However, because of the unusual codon usage
of ms (which has a 28% G+C content) (1), little Rns protein
is likely to be produced in spite of the complexity of this
regulation and in spite of the unusual strength of the ms P1
promoter. The ms gene appears likely to be a recent arrival in
E. coli, since its G+C content and codon usage are so foreign,
and its proximity to insertion elements suggests the possibility
that it was introduced on a transposon (38). Perhaps in its
native organism Rns regulated some protein(s) whose over-
production would be unhealthy, so that a complex system
evolved to control Rns expression.

Possible importance for virulence. It has been suggested
that pili are advantageous to bacterial pathogens at some
stages of their processes of infection and disadvantageous at
others, so that regulation of pilus synthesis in response to
changes in the microenvironment might be a significant advan-
tage. The two separate regions for negative regulation as well
as two regions involved in positive autoregulation of Rns,
which is required for CS1 pilus expression, should provide
enough control points to allow production of pili only where
they are useful to the bacterium.
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