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The RhaS and RhaR regulatory proteins are encoded in the Escherichia coli L-rhamnose
gene cluster. We used complementation analysis and DNA mobility shift assays to show
that RhaR is not the direct activator of the L.-rhamnose catabolic operon, rhaBAD. An in-
frame deletion of rhad (rha8 rhaR*) eliminated expression from the rhaBAD promoter,
Ppap, While overexpression of rhaS greatly speeded the normally slow induction of
transcription from pg,p. Expression from pg4p in a coupled transcription—translation assay
was only detected when rhaS8* DNA was added to allow synthesis of RhaS protein. RhaS
thus appears to be the direct L-rhamnose-specific activator of rhaBAD expression. Deletion
mapping located the binding site for the n-rhamnose-specific regulator to a region
overlapping position — 70 relative to the rha BAD transcription start site. Deletion mapping
and DNA mobility shift assays located a CRP binding site just upstream from the binding
site for the L-rhamnose-specific regulator. Quantitative primer extension analysis showed
that induction of both the rhaBA D and rhaSRE messages was unusually slow, requiring 40 to
50 minutes to reach a steady-state level, Induction of rhaBAD apparently involves a
regulatory cascade in which RhaR. first induces rhaSR expression, then RhaS accumulates
and induces rhaBAD expression.
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1. Introduction

We have analyzed the regulation of the operon
encoding the 1-rhamnose catabolic enzymes,
rhaBAD, to determine the structure of the regula-
tory region and to identify the regulatory proteins
involved. These experiments can now be rigorously
performed since all of the known genes involved in
L-thamnose catabolism in Kscherichia coli have been
cloned and sequenced (Tobin & Schleif, 1987,
Moralejo et al., 1993; Baldoma et al., 1990; Tate et
al., 1992; Garcia-Martin et ol., 1992, see Fig. 1). The
regulatory locus, originally designated rhaC,
consists of two genes, rhaS and rheR (Tobin &
Schleif, 1987), one of which is likely to be the direct
inducer of rhaBAD. The rheS and rhaf gene
products show a high degree of sequence similarity
with AraC, the regulator of the K. coli ara genes,
and even greater similarity with each other (Tobin
& Schleif, 1987; Ramos et al., 1990; Gallegos et al.,
1993).

Tobin and Schleif found that RhaR protein
directly activates rhaSH transcription in response to
L-rhamnose {Tobin & Schleif, 1990a). A RhaR pro-
tein dimer bound an inverted repeat upstream of
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rhaSR, with 17 bp of uncontacted DNA between
the two half-sites (Tobin & Schleif, 19906). While
each RhaR half-site is the same length as an AraC
binding half-site, the binding sites differ in that
AraC binds a direct repeat with only 4 bp between
the half-sites (Brunelle & Schleif, 1989; Carra &
Schleif, 1993). The structure of the RhaR and AraC
sites gives an idea of the expected structure of the
L-thamnose regulator binding site upstream of
rhaBAD,

Before the DNA sequence of rhaBA4A D was deter-
mined, Tobin & Schieif (1987, 1990q) identified two
L-rhamnose-inducible transcripts which we now
believe resnit from cleavage of a complete rhaBAD
transeript between rhaB and rhad (Moralejo et al.,
1993). Using complementation analysis in a strain
(ECL343) they believed was deleted for both rkaS
and rhaR, Tobin and Schleif found that RhaR was
required for induction of the transeripts, but that
RhaS8~ had only a small affect on induction of the
transeripts.

A number of questions concerning rhaBAD regu-
lation are now accessible. First, what are the posi-
tions of regulatory protein binding sites upstream of
rhaBBAD? Based on the similarities between the rha
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Figure 1. Schematic representation of the E. coli rha region. Top: The rhaS-rhaB regulatory region with the proposed
activator proteins and RNA polymerase illustrated. The Rha8 and CRP positions are based upon the results of this
work. Rha8 and RhaR are illustrated as dimers consisting of 2-domain monomers based on the structure of AraC (Bustos
& Schleif, 1993}, Middie: The order and orientation of the genes in the rha region. vhaT encodes the 1.-rhamnose transport
protein (Baldoma et al., 1990; Tate ef al.. 1992). Bottom: DNA sequence of the rhaS-rha B8 regulatory region illustrating
the RhaR binding site at pgg. the proposed CRI” and Bhal binding sites at pg,p, and the upstream deletion endpoints.

and ara systems, the following binding site order
might be expected: CRP-Rha regulator-RNA poly-
merase. Second, what is the direct L-thamnose regu-
lator of rhaBA4D expression? We wish to determine
whether the RhaR requirement for rhaBAD induc-
tion is direct or indirect, and to further analyze
whether Rha8 plays a role in rha BAD induction.

In the deletion analysis reported here, we identi-
fied two cis-acting regulatory sites upstream of
rhaBAD. A site centered at —92-5 is likely a CRTP
protein binding site, while a site immediately down-
stream of this is likely the binding site for the
L-rhamnose regulator. Our results also indicate that
RhaS is the r-rhamnose regulator of rhaBAD
expression (Fig. 1). These results inclide the
following: (1) deletion of rhaS indicated that rhaS™
was required for L-rhamnose induction of pgup.
{2) RhaR was not directly required for rhaf34D
transcription and, (3) an in witro coupled transerip-
tion—translation assay indicated that RhaS was
sufficient for v-rhamnose induction of rhaBAD.
Finally, we investigated the kinetics of mRNA
accumulation from hoth rhaBAD and rhaSR and
found both to he unusually slow.

2. Materials and Methods
(a) General methods

Standard methods were used for restriction endo-
nuclease digestion, ligation, and transformation of DNA
{Davis et al., 1980). RNAzol (Chomezynski & Sacchi,
1987) was from Cinna/Biotecx (Friendswood, TX). Oligo-
nucleotide primers (listed in Table 2) were made on an
Applied Biosystems 381A synthesizer. Oligonucleotides
were cleaved from the column with 309, NH,OH for

15 min, deprotected at 535°C for 6 to 18 h, and precipi-
tated directly from this solution with 10 vol. a-butanol,
not water-saturated (Sawadogo & Van Dyke, 19941). The
regulting single phage solution was centrifuged at 12,000 g
for 1 min. The pellet was dried and resuspended in TE
(Sambrook et al., 1989). Migonucleotides for primer
extension analysis were purified on a Pharmacia FPLC
Mono-Q anion exchange column (Cubellis el al., 1985).

(b) Culture media and conditions

For primer extension experiments and enzyme assays,
cells were grown in M10 salts (Schleif & Wensink, 1981)
plus 049, (v/v} glyeerol, 50 gM thiamine, 0-29, Casamino
acids, and when added. 0-29%, (w/v) L-rhamnose, unless
otherwise indicated. Cultures were grown at 37°C with
shaking, in flasks no more than one-tenth full. Ampicillin,
kanamycin and chloramphenicol were used at 200, 75 and
25 pg/ml, respectively. For other experiments (cloning,
screening,  ete), cells  were grown in yeast
extract—teyprone (YT) medium (Sambrook et «l., 1989},

(¢} Strains, plasmids and phage

All strains were derivatives of ECLL116 (Backman et al.,
1981, Table 1). A derivative of ECL116 with a chlor-
amphenicol-resistance  insertion in  recd (ECLI16
recA938::Cm) was constructed using bacteriophage P}
ke-mediated  transduction (Miller, 1972). ArhaS was
constructed using “long-way-around the plasmid”, or
inverse, PCRT (Arnheim, 1990) with primers 853 and 854
(Table 2}, and pJTCE as the template (Tobin, 19849}, This
deleted approximately two-thirds of the rkeS coding
region, but retained the translational frame across the
deletion.

T Abbreviation used: PCR, polymerase chain reaction,
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Table 1
Bacterial strains, plasmids and phage

Strain,
plasmid

or phage Genotype

Hource or reference

E. coli strains

ECLI16 F Alacl’ 169 end A hsd R thi

ECL715 As ECL116 but rhad502

SME148 As ECLLIG but recAS38::Cm

SME1053 As ECLIL6 but ArkaS recA938::C

SME1085 As ECL116 but A(rheSR):: Km recA938::Cm
Plasmids

pU4K Ap" Km'

pMAK705 O’ lacZ rep(ts)

pIFs Ap". rhaBAD"Y rhaSR* in pUC12

pITCH Ap', rha8* rhaR* in pPEMBLI1Y

pdTC105 Apr, rhaS* rhaR* in pTAC12

pd TCT08 Ap", rhaS™ in pTACI2

pJT(114 Ap', rhaR* in pTACIZ

pTZ18R Ap", 'lacZ T7 ¢$10 promoter

pSMEL0] Ap', rhaB* rhaSR* in pTZ18R

pRS414 Ap", lacZ lac Y * lacAd™

pRMEL)4 Ap', pRE414 D{rhaB-lacZ)A153

pSME114 Ap', pR8414 Dlrhas-lacZ)396
Phage

i Rs45 bla' dacZge att* int* imm?*!

ABSME101
A SMEl102
A SME103
A BMEL4
ABMEL0S
A BMEL06

A R845 Q(rhaB-lac £)A226
A B545 O(rhaB-lac Z)A153
1 R845 OirhaB-lncZIAT10
A RS45 Oirhal3-lacZ)A84
1 RS45 O(rha B-lacZ)ATO
A RS45 O{rhalS-laeZ)8496

Backman el al. (1981)
Chen ¢t al, (1987)
This work

'm This work

This work

Vieira & Messing {1982)
Hamilton et al. (1989)
Tobin & Schleif (1987}
Tohin {1989

Tobin & Schleif (19905)
Tohin {19588)

Tobin & Schleif (19905)
LU'S Bicehemicals

This work

Simons el al. (1987)
This work

This work

Stmons ¢f ul. {(1987)
This work
This work
This work
This work
This work
This work

A deletion of most of rha8 and rha R (Al(rhaSR):: Km})
was constructed using inverse PCR (Arnheim, 1980) with
primers 773 and 777, and pSME101 as the template. This
deleted the last two-thirds of rkaS through the first three-
quarters of rhaR. A kanamyecin-resistance cassette (from
pUC4K, Vieira & Messing, 1982) was cloned between the
deleted genes. The DNA sequence of the fusion junctions
was determined for each deletion.

The Arka8 and A{rhaSRE):: Km alleles were subcloned
into pMAKT705, which has a temperature-sensitive origin
of replication. and recombined into the chromosome of
ECT116 by the method of Hamilton ef «l. (1985). Briefly,
growth at high temperature selected for recombination of
the plasmid into the rha region. then growth at a permis-
sive temperature allowed the unstable cointegrate to cross
back out of the chromosome. PCR analysis indicated that
on the order of 209, of the resulting strains had the new
allele at the chromosomal rha locus.

() Transtational fusions of lacZ with tha genes

Translational fusions of lacZ to rhaB and rhaS were
constructed on plasmids and transferred to 4 phage by in
rivo recombination {Simons et al., 1987). To construct the
rhaB fusions, DNA fragments were amplified by PCR
using primer 744 with either A226, A153. A110, A84, or
A70, then digested with BamHI and &mal. The fragments
were cloned between the Smal and BamHI sites of
pRE414 to generate lacZ fusions (@) named for their
upstream deletion end-point {see Table 2), Each fusion
contained the first 15 codons from rhaB fused to the 9th
codon of lacZ.

The DNA fragment for the rhad fusion was amplified
by PCR using primers 8% and 744. The fragment was
digested at the BamH] site in 896 and a natural EcoRT
site upstream of rhas (see Fig. 1), and cloned between the
eolR1 and BamHI sites of pRS414. This fusion contained
the first 19 codons of rhad fused to the 9th codon of lacZ.

PCR reactions were performed as described for the
DNA mobility shift assays below, except that the primers
were not labeled with 2P, In each case, the DNA
sequence of the entire cloned region was determined. The
6 resulting fusions were recombined onto 2 RS45 (Simons
el al.. 1987; Table 1). Single copy lysogens of the fusions
at the 1 attachment site of SME1048, SMEI053 and
SME1085 were isolated and verified as described
previously (Stewart & Yanofsky, 1985).

(e} B-Galactosiduse assay

For the ®{rkaB-lecZ) induction time course, L-rham-
nose was added at 44,0 nm of approximately 0-1. At time
points, 5 ml. were taken and added into 5 ml of 1 xM10
salts with 125 pg/ml chloramphenicol, on ice. f-Galactosi-
dase activity was determined as deseribed by Miller
(1972), except that incubation with substrate was at room
temperature, approximately 21°C.  Activities are
expressed in terms of cell density {Agge), using the
formula of Miller (1972}, Each culture was assayed in
duplicate. Reported values are averaged from 3 indepen-
dent experiments, except for the induction kinetics
experiment. In that case, values from a single experiment
are reported, but the experiment was representative of at
least 2 other experiments.
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Table 2
Oligonucleotide primers

Positiont

Use

Primer sequencet, 5 —3'

Primer no.

rhaR + 1534 + 1554
rhaS +293— 4272

rhaS

rhas

‘Km
Km

Construct A(rhaSR):
Construct A(rhaSR):

Construct ArhaS

¢

ATACAGCAC
CACACTATGTAATACGG

X

oC

=
A

GAC

E]

GGCATCATGCAGTGAGC

GGI

2]
s

+55— 425

CAT

1
x

gl
-

GOTAAGATCTATG S
GGTAAGATCTATCC

773
777

GGTAAGATCTAAAAAAATC

853
854

onstruct ArkaS

GGTAAGATCTCATCGGCAGCTTAAGCAGCAAACGGGACTG

TCACCCGGGATCACGAGGTCAGGTTCTTAC
TCACCCGGGGCGTGAATTTTCAGGAAATGC

TCACCCGGGTTCAGCAAATTGTGAACATCA

4+ 636— + 665

“
.

rhaB —226— —206
rhaB —153——133
rholR —110— —90

rhaf3

AL10
AB4
AT70
5396

onstruct all {aeZ fusions

Construct ®(rhaB-lacZ
PCR analysis of rhaS

Construct ®(rhaB-lacZ

Construct O{rkaB-lacZ
Construct O{rhaB-lacZ

Construct O{rhaB-lacZ
Construct ®{rhaS-lacZ

¢

CCTGGTTGCCA

TCACCCGGGTTCATCTTTC

A226
Al53
Al110G
A84
A70
896
744

— 84— 64

=
z

rhaB — 70— =30
rhaS +84—+65
rhalB8 +71—+51

CGTT

TGGATGCGCCGAGAT

1
E

ATTTTCC

CC

k]
’

4

CG

[§

T
-

CTCTATCGCCACGGAC(

o
v

CGOGGGTTGCCAATGG(

(]

TCACC
CGCGGAT(

CC

1
.

CGCGGATCC

rhaS +26— 446

PCR analysis of rkaS

CGTATTACATAGTG!
GTAAAGCTTTTATTGCAGAAAGCCATCCCG

=
9

CCOGGAATTCATGAC

TG

897
808

rhaS 4+ 860— + B840
rhaB +138— +109
rhaS +74—+55
wralB +90—4+70

rha BAD primer extensions
rhaS R primer extensions

CAGCGTCAGGCT

CGGACUGCGTTACCAGACGGA

GCAGTC

1CG

x

GATGGATTTCC

]

»

AAAA(

580

664

674

Al
x

CGCCAAAGCTCG

CAC

gl
-

araBAD primer extensions

T The sequences capable of hybridizing to rhe or ara DNA are underlined.

I The nucleotide position of the hybridizing region of the primer within the indicated gene is given. The positions within rha8 and rha R are relative to the rhaSR transeription start, whilo those in

rhuB and araB are relative to the rhaBAD and areBA I transcription starts, respectively. Positions are listed in a 5 =3 orientation.

With the exception of the time-course experiment,
assays of samples with basal level activity were incubated
for 17 to 19 h, and inecluded a no eells control. Tn each
case, the A,,, value for the no eells control was
subtracted from the sample values. The sample values
were at least 2-fold higher than the no cell control from
the same experiment, and ranged from A4,,, of 0-021 to
0-040.

{fy DN A mobility shift assay

DNA molecules for the mobility shift assays were
generated én vitro using PCR with plasmid pJT5 (Tobin &
Schleif, 1987) as template. For each reaction, primer 744
was “2P-5-end-labeled and the other primer was
unlabeled. The reactions were performed, and the
products purified as described by Carra & Schleif {1993).
30 cyeles of amplification were performed with 1 min at
93°C, 1 min at 60°C and | min at 72°C. DNA mobility
shift assays were performed essentially as described by
Hendrickson & Schleif (1984).

(g) Primer extension analysis of in vivo rha
mRN A levels

L-Rhamnose was added to cultures at Agy, of approxi-
mately -2, At various time points, 5 ml sampies were
taken, and added into 5 m] of 1 x M10 salts with 10 mM
sodiumn azide, 125 pg/ml chloramphenicol and 400 ug/ml
rifampicin on ice. RNA was isolated as previously
described {Reeder & Schleif, 1993} exeept that 5 ml cells
were used and the concentrated cells were treated with
lysozyme before addition of the RNAzol reagent. Also, an
ethanol precipitation was performed following the isopro-
panol precipitation.

Total cellular RNA, 1 pg, was mixed with 25 ng of
32P jabeled primer 580, 664, or 674. Primer extension
reactions were performed as described (Reeder & Schleif,
1993). Samples were run on a 6%, (w/v) denaturing poly-
acrylamide sequencing gel. To aceount for losses during
processing of the samples, gels were loaded with equiva-
lent counts for each sample within a time course. The
relative band intensities were quantified using a Molecular
Dynamics Phosphorlmager (Johnston et af, 1990;
Reichert et al., 1992).

(h}y Coupled transcription-translation

Coupled transeription—translation reactions (Zubay,
1973} were performed using the E. coli 830 Coupled

“Transcription Translation Kit (Promega Corp., Madison

WI), following the suggested conditions. The 830 extract
wag from a strain that was wild-type at the rha locus, but
not induced with L-rhamnose. A sample of the 830 extract
was mixed with [*38]methionine, CsCl,-purified plasmid
DN As, the amino acid mix lacking methionine, and 0-2%,
L-rhamnose, when added, then incubated at 37°C for 1 h,
One-half of the reaction was acetone precipitated, dried
and resuspended in SDS loading buffer (Schleif &
Wensink, 1981). A 129, SDS/polyacrylamide gel
(Laetnmli, 1970) was loaded with 10 ul of the sample. The
gel was fixed in 259, isopropanel, 109%, acetic acid, dried,
and exposed to X-ray film at —70°C. Another sample of
the reaction (not acetone precipitated), was used to deter-
mine the relative f-galactosidase activity. The values
presented represent the total units per 50 ul reaction. The
plasmids used in the reactions were: pSME104, pSME114,
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pJTC105, pJTC108 and pJTC114 (Table 1}. The level of
Rha8 and RhaR proteins synthesized from pJTC1035,
pJTCL08 and pJTCI14 varied, perhaps due to differences
in the exact positioning of the genes relative to the
plasmid-borne promoters.

3. Results
(a) Analysis of the thaBAD promoter region

(i} Construction of ®(rhaB-lacZ) gene fusions with

promoter deletions

To dizsect the rha BAD regulatory region, we first
constructed translational fusions between rkaB and
tecZ. This permitted convenient and precise quanti-
tation of rhaBALD promoter activity as increasing
amounts of the rkaBAD upstream sequence were
deleted. Using the system of Simons et al. (1987),
the fusions were constructed on plasmids and then
transferred onto A phage by homologous recombina-
tion. All fusions were assayed as single copy lyso-
gens to avoid potential artifacts due to multiple
copies of the fusions in each cell. The fusions were
named for their 5 deletion end points (see Fig. 1
and Table 2}. For example, ®(rhaB-lacZ)A226 had a
5 end-point at —226 relative to the rhaBAD tran-
scription start site, and thus carried rka-specific
nucleotides — 226 to +70.

(i1} Expression of ©(rhaB-lacZ) gene fusions in a
wild-type background

Expression from ®(rha B-lacZ) fusions A226, A153
and A110, in a wild-type background, were all essen-
tially the same (Fig. 2). Interestingly, their
expression in the absence of L-rhamnose was
extremely low ((-02 unit, compared to the lacZ ¥ A
operon with 1 unit in the absence of lactose),
resulting in an induction ratic on the order of
30,000-fold. Deletion of 26 bp beyond AL10 (A84)
led to 60-fold lower expression in the presence of
L-thamnose, but no significant change in the basal
expression. While the induced level of 11 units was

relatively low, it was approximately 1000-foid
p-Galaciosidase Summary of
_RhaR sp. act. binding results
10 35 a5 .

! ¥ -Rha +Rha BhaR GRP
4296 a2 goz 650 + +
A153 B2 poz 670 - ND

A0 e B2 D02 610 - +

ABd e B npt 19 NB  ND

A70 B2 0.01 0.06 ND -

Figure 2. Deletion analysis of the rhaBA4 D regulatory
region. Expression levels of ®(rkaB-lacZ) gene fusions
with deletions of upstream sequences are shown. f-Galac-
tosidase activity of cultures grown in the absence or
presence of L-rhamnose, as indicated, was determined as
described in Materials and Methods. Values from 3 inde-
pendent experiments varied from the mean by 309 or
less for the low basal levels, and 159, or less for all others.
A summary of DNA mobility shift results is included for
comparison. ND, not determined.

higher than the uninduced level. The 26 bp deleted
region includes a site with sequence similarity to the
CRP protein consensus binding site (Berg & von
Hippel. 1988). Deletion of 14 bp beyond A84 (A70)
nearly eliminated L-rhamnose inducibility. Tt seems
likely that a CRP protein binding site lies upstream
of A84, and an r-rhamnose responsive regulatory
element overlaps the upstream endpoint of A70.

(iii) The role of Rha¥ and RhaR in rhaBAD

eLPression

Tobin & Schleif (1987) used complementation
analysis in strain KCL343, which they believed was
deleted of both rkaS and rkaf, to determine the
role of RhaS in induction of rkaf3AD transcripts.
They concluded that RhaS~ had only a very small
effect on induction of the transcripts. We used PCR
analysis with primers 897 and 898 to test the extent
of the chromosomal deletion in ECL343, and found
that it actually carries the entire rhaS gene (data
not shown). As controls, a wild-type strain
(ECL.116) generated a band of identical size as
ECL343. while ArhaS rhaR* generated a smailer
band, and A(rhaSR:: Km) generated no band. The
role of RhaS in rhaBAD induction, therefore,
remains an open question,

To determine whether Rha8 or RhaR or both are
required for rhaBAD expression, we assayed three
of the ®{rhaB-lacZ) fusions in a strain deleted for
both rkaS and rhaR (A{(rhaSE::Km)), or carrying
an in-frame deletion of most of vhaS (ArkaS rhaR*).
An in-frame rhaS deletion was used to prevent
polarity on rhaR expression. We did not assay
expression in a strain deleted for only the chromo-
somal rhafl gene since the rha R gene product is the
direct inducer of rhaSK expression (Tobin & Schleif,
1990a.5), and therefore rha8 would be expressed at
only low basal levels in such a strain.

Fach of the three ®{rhaB-lacZ) fusions tested,
A226, A4 and A70, gave the same results. The
fusions expressed approximately 0-01 to 0-02 Miller
units in each of the deletion strains, both in the
absence and presence of i-rhamnose. This level
represents the low basal level expression of the
L-thamnose promoter pg,;, and demonstrates that
the fusions were not inducible in the deletion back-
grounds. These results indicate that rhaS* is
required for rhafA{) expression.

The loss of induction in the A(rhaS) strain
appears to be directly due to loss of RhaS activity
and not due to decreased transcription of rhakR,
which lies downstream of the in-frame rhaS
deletion. This conclusion is based on the ability to
induce high-level expression from pgr (which
directly requires RhaR) in the rhad deletion strain
(Table 3, see below).

(b} Analysis of vhaSR expression

To provide a quantitative measure of pgg
expression, we constructed a [lacZ translational
fusion with rhad, as described in Materials and
Methods. Again, to avoid artifacts due to muitiple
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Table 3
Expression of ®(rhaS-lacZ} gene fusion

B-Galactosidase specific activityt

rhaSR alleles —Rha +Rha
rhaS* rhaR* 425 110
A(rkaS) rhaR* 0-26 360
AlrhaSE)::Km 025 025

t B-Galactosidase specific activity was assayved as described in
Materials and Methods and is reported in Miller units. Cultures
were grown with or without L-rhamnose, as indicated. Values
from 3 independent experiments varied from the mean by 109,
ar less.

copies of the fusion, the ®(rhaS-lacZ) fusion was
recombined onto a A phage and then assayed as a
single copy lysogen.

Expression of the ®(rhaS-lacZ) fusion in a strain
wild-type at the normal chromosomal rka locus was
induced approximately 400-fold by L-rhamnose, but
to a relatively low level of 110 Miller units (Table 3).
In the ArkasS strain, fusion expression was inducible
by t-rhamnose, in fact, to a level three-fold higher
than in the wild-type strain. Deletion of both rhasS
and rhaR abolished L-rhamnose induction of fusion
expression, These results agree with the previous
finding that RhaR is the inducer of rhaSE
expression, and verify that the ArhaS strain
(SME1053) is rhaR*.

(¢) RhaR binding to thaBAD promoter fragments

To determine whether RhaR might directly regu-
late rhaRA D expression, we tested whether purified
RhaR protein would bind to various rkaBAD
promoter fragments. The fragments had the same

RhaR Binding

A226 A153 A110

Fo— F B F E—

Figure 3. DN A mobility shift assays of RhaR binding
to DNA fragments A226, A153 and Al10. The vertical
arrow indicates the direction of electrophoresis. The faint
band in all A153 and A110 lanes (including free DNA
lanes) most likely is single-stranded DNA. DNA concen-
tration was approximately 107° M. Approximate active
RhaR concentration per reaction was: lst lane in each set,
T, no RhaR added; 2nd lane in each set, 1'1x107° M
RhaR: 3rd lane in each set, 3-8 x 10~'* M RhaR: 4th lane
in each set. 11 x 107'° M RhaR.

endpoints as those used to construet the ®{rhaB-
lacZ) fusions (Figs | and 2), and the binding reac-
tions contained 50 mM L-rhamnose.

A DNA mobility shift assay showed that RhaR
readily bound to DNA fragment A226 (Fig. 3),
which contains the RhaR binding site that serves
psz {Tobin & Schleif, 19908). The binding site at pgp
has a K of approximately 3x107'* M at 50 mM
KCl. RhaR binding was not detected with frag-
ments Al153 or A110 (Fig. 3). If we estimate that
59 bound DNA could be easily detected, the K, for
RhaR binding to a site on these fragments must be
greater than or equal to 2x107® M. This experi-
ment suggests that no additional RhaR binding
sites are likely to exist in the rhaSR-rhaBA D regula-
tory region. As Q(rhabB-lacZ) fusions A226, AlSY
and Al10 all have similar levels of f-galactosidase
expression, it is unlikely that the RhaR binding site
in the rhaS-rhaB regulatory region plays any direct
role in rhaBAD regulation.

(d) CRP binding to rthaBAD promoter fragments

Sequence analysis suggested that deletion of a
CRP binding site may have caused the decreased
expression of ®(rhafi-lacZ) fusion AB4 compared
with A110 (see Fig. 2). To test this we examined
CRP binding to the same rhaBAD promoter frag-
ments used to construct the Q(rhaB-lacZ) fusions
(Figs 1 and 2), The binding reactions contained
100 uM cAMP.

The DNA mobility shift assay showed that CRP
protein bound to fragments A226 and A110 with a
Ky less than 1072 M, and generated only a single
shifted species (Fig. 4). No CRP binding to frag-
ment A70 was detected. If we again estimate that
59 hound DNA could be easily detected, the K, of
any sites on A7) must be greater than or equal to

CRP Binding
A226 A110 A70

F e F e .

-

.

Figure 4. DNA mobility shift assays of CRY binding to
DNA fragments A226, A110 and A70. The vertical arrow
indicates the direction of eleetrophoresis. The faint band
in ali A110 and A70 lanes {including free DNA lanes) most
likely is single-stranded DNA. DNA concentration was
approximately 107° M. Approximate active CRP coneen-
tration per reaction was: !st lane in each set, F, no CRP
added; 2nd lane in each set: 75 x 107° M CRP: 3rd lane in
each set. 75x107'° M CRP; 4th lane in each set,
756 x 107" M CRP.
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Figure 5. Induction time course of mRNA accumu-
lation from chromosomal rhaBAD and rhaSR operons.
mRNA accumulation was measured by primer extension
assay. (a) rhaBAID mRNA levels at the indicated time
points after t-rhamnose addition. The 2 bands are 138
and 133 nt long. The lower band represents either a
secondary start site, or a degradation product of the
upper band. Quantitation included both bands. (b) rhaSRE
mBRNA levels at the indicated time points after L.-rham-
nose addition. The 2 bands are 75 and 73 nt long. (¢) Plot
of (@) rhaBAD and (W) rhaSE mBRNA levels versus time
after L-thamnose addition. The levels of the specific tran-
scripts were determined using a Molecular Dynamics
PhosphorTmager, and the curves were drawn by
inspection,

10 7 M. These results indicate that there is a single
CRP binding site in this region. This binding site
likely corresponds to the region centered at —9-25
with sequence similarity to the CRP consensus
binding site {see Fig. 1).

(¢) thaBAD and rhaSR mRN A induction kinetics

Tobin & Schleif (1987) previously reported that
L-rhamnose induction from promoters identified as
P1, P2 and py, was unusually slow, while induction
of peg mRNA was faster. We now believe that p,

and p, are not actually promoters, but sites at
which the full length rheBAD transcript is cleaved
between rkal3 and riad (Moralejo et al., 1993). The
origin of the p; transcript is not currently under-
stood. We performed a more detailed analysis of
L-thamnose-induced mRNA accumulation from
Ppap and pgp using quantitative primer extension
analysis on total RNA. To eliminate potential arti-
facts due to catabolism of 1-rhamnose, a rhad~
strain, ECL.715 (Chen ef al., 1987}, was used.

Message accumulated unusually slowly from both
the rhaBAD and rhaSR operons (Fig. 5), requiring
40 to 50 minutes until steady-state levels were
reached. In contrast, only three minutes was
requited to reach steady-state levels of araBAD
mRNA (data not shown). The kinetics for the two
rha operons were very similar, except that there was
a slight lag in the accumulation from rhaBALD that
was not seen from rhaSR. This difference was repro-
duced in at least three independent experiments.

Similar experiments were also performed with an
isogenic wild-type strain, ECL116, grown in
minimal media either with or without Casamino
acids, or with Casamino acids, but 10-fold higher
(29,) L-thamnose concentration (data not shown).
The kinetics of mRNA accumulation from rha BAD
were essentially the same as those shown in Figure 5
under all of these conditions. Slow induction even in
the presence of 29 t-rhamnose suggests that
t-rthamnose transport did not limit the induction
rate.

It is likely that Tobin & Schleif’s (1987) inter-
pretation of fast induction of rhaSE message was in
error due to their widely spaced time points and the
relatively high cell density (Agq0 of approximately
075, Tobin, 1989) at which their culture was
induced. We have found that the level of rhaSR
message decreases as an induced culture enters
stationary phase (unpublished results). Our results
suggest that their 30-minute sample was too early
to represent full induection, and that their 120-
minute sample may have entered stationary phase,
and therefore not represented full induction either.
As a result, their culiure reached an appatent, but
probably not true, fully induced level more quickly
than ours.

(f) Effect of rha8 pverexpression on thaBAD
induction kinetics

Our analysis of ®(rhaB-lacZ) expression in ArhaS
and A{rhaSR): Km strains indicated that rhaS7*
was required for rhaBAD expression. Since limiting
availability of RhaS might be a factor in the
normally slow speed of rhaBAD induction (see
Fig. 5), we compared the f-galactosidase expression
of four strains, each carrying ®(rkaB-lacZ) fusion
A226 on a A specialized transducing phage. Three
strains, ArkaS, A(rheSR)::Km and wild-type at
rkaSR, each carried a plasmid (pJTC108) which
overexpressed rha8 from a tac promoter (Amann et
al., 1983; deBoer ¢f al., 1983). The fourth strain was
wild-type at rhaSE and did not carry the plasmid.
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Figure 6. Tnduction time course of f-galactosidase expression from ®(rkaB-lacZ)A226 in various backgrounds.
B-Galactosidase activity is plotted versus time after induction with L-rhamnose. The left graph shows only the early time
points, while the right graph shows the entire time course. Plasmid pJTCL08 overexpresses rhaS. The relevant genotypes
of the strain backgrounds are () rhaS*™ B* (1) rhaS8* R™, pJTCI08, {Q) Arka8, rkaR*. pJTCIO0R, (@) A(rhaSE) . : Km,

pITC108.

In the wild-type strain background with no
plasmid,  f-galactosidase  aecumulation from
O(rhaB-lacZ) was slow (Tig. §), consistent with the
mBNA induction kinetics (Fig. 5). As shown in
Figure 6, overexpression of rhad in any of the three
strain backgrounds resulted in a dramatically faster
B-galactosidase accumulation. In addition, the
strains overexpressing rhaS significantly induced
transeription in the absence of inducer (30 units
compared with the normal (+01 units). These results
indicate that RhaS protein is a limiting factor in the
normal induction of rhaBAID expression, and also
suggest that RhaS may be directly involved in
rha34 D induction.

This experiment also showed that when rha8 was
expressed from a plasmid with a heterclogous
promoter, RhaR was not required for pg,p induc-
tion. We believe that this was not simply due to
cross-reactivity between RhaS and RhaR when
overproduced since rhaR overexpression was unable
to restore any activation to either deletion strain
{(data not shown}. This suggests that the only RhaR
requirement for rhaBAD induction is indirect,
through rhaSE induction.

{g} In vitro regulation of rhaSR and rhaBAD

As we have thus far been unable to test whether
Rha8 binds DNA at pg,p due to insolubility of the
protein, we sought a different method to determine
whether Rhal is sufficient to mediate L-rhamnose
induction of rhaBA D expression. Previous work had
shown that, in an 830 coupled transeription—
translation system, the araBAD operon could be
induced either by adding purified AraC protein, or
by inclusion of araC*t DNA in the reaction (see
Zubay, 1973). In the case where araC DNA was
added, the araC'* DNA was first transcribed and

translated, and the resulting protein activated
araBAD transcription. We performed a similar
experiment to test whether RhaS8 alone could induce
rhaBA D expression.

We tested whether inclusion of rhaS* DNA in the
830 extract could allow L-rhamnose-inducible
expression from pg,, by assaying expression from
fusion ®(rkaB-lacZ)A153. Fusions of lacZ to the rka
promoters were used to simplify both enzymatic
assay and SDS/polyacrylamide gel separation of the
reaction products. The plasmid-encoded rhaS and
rhaB genes were under the control of the tfac
promoter (Amann et ., 1983; deBoer et al.. 1983),
which allowed expression of rhaS even in a RhaR~
context. The 830 extract was made from a erp”
strain, and the reaction mix contained cAMP, so
cAMP-CRP activation of ®{rhaB-lac’) could occur.

To test the 830 system, we first demonstrated
that inclusion of rhaR* DNA was necessary and
sufitcient to allow L-rhamnose-inducible expression
from pgg, by assaying expression from ®(rhaS-
laeZ)896 (Fig. 7(2)). This is consistent with the
finding of Tobin & Schleif (1987, 1980a¢.b) that
RhaR protein is the direct L-rhamnose inducer of
rha& R expression, and demonstrates that normai
regulation can be duplicated in the S30 system.

We next examined the regulation of the rhaBAD
promoter in the S30 system. There was detectable
expression from pg,p ony when the rhaS gene and
L-rhamnose were present in the reaction (Fig. 7(b)}.
When the pg,p, plasmid or the rhaS7 plasmid were
added independently, in the presence of rL-rham-
nose, only basal level f-galactosidase activity was
detected {data not shown). Expression from pg,p
was undetectable if a second plasmid carried rha R,
or under any condition where L-rhamnose was not
added. These results also strongly support the idea
that RhaS protein, in the presence of L-rthamnose, is
sufficient for rhaBA D expression.
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Figure 7. In witro regulation of rhaSH and rhaBAL.
Coupled transcription—transkation reactions in an K. coli
530 extract were performed to detect B-galactosidase
expression from either O(rhaS-lacZ) or O{rhab-lack)
fusions. rhaS, rhaR, or both were added to the reactions
on plasmids as indicated. L-Rhamnose was also added as
indicated. pGEM is a control plasmid that expresses
fi-palactosidase from a fuc promoter, and #-lactamase.
t-Galactosidase activity is indicated above each lane, and
the 338 imethionine-labeled LacZ, RhaR and f-lactamase
proteins produced from the plasmids are indicated to the
right. {a) Expression from pSMEI4 (D(rheS-lacZ)396).
{b) Expression from pSME0 (O(rhaB-locZ)A153).

4, Discussion

Our experiments were desighed to address the
following guestions concerning the regulation of
rhaBAD expression. (1) What 1s the location and
relative contribution of regulatory protein binding
sites at ppap? (2) What are the proteins that bind
these sites at pp,p to divectly influence rkaBAD
trauseription? (3) Why is the kinetics of rhaBAD
transcription so slow! Based on the results of our
experiments, we propose that rhaBAL induction
involves a cascade in which RhaR first induces
rheSE  expression, then Rhal accumuiates and
induces rha 4 D expression. This proposal is further
described below.

{a) CRP protemn activates thaBAT expression

Our promoter deletions of @(rhaB-lacZ) fusions
suggest that there are two cis-acting elements
involved in normal rha BAD reguiation. Deletion of
the upstream element resnited in a 60-fold decrease
in the L-rhamnose-indoced level of pg,, transcrip-
tion (Fig. 2). Within this deleted region, at —92:5
relative to the start of transeription, there is a site
{TGTGA-N,-TCACG) with identical spacing. and a
9 out of 10 bp match with the core consensus for
CRP protein binding: TGTGA-Ng-TCACA (Berg &
von Hippel, 1988}, DNA wmobility shift assays
showed that CRP protein binds to the DNA region
containing the proposed CRP binding site (Fig. 4).
Thus, we conclude that CRP protein contributes to
rha BAD activation by binding to the site centered
at —92:5.

(b} An r-rhamnose responsive regulatory element is
downstream of the CRP binding sile

Promoter deletions of ®(rhaB-lacZ) fusions
suggested a second cis-acting element, downstream
of the CRTP site, involved in rhaBAD regulation.
Deletion of this region virtnally eliminated 1L-rham-
nose activation, suggesting that it is the L-rham-
nose-responsive regulatory element. Fusion A70
showed a residual fourfold i-rhamnose induction.
This may indicate that part of the regulatory site
remained, and was capable of a low level of acti-
vator binding. The position of a potential binding
site i discussed below.

(¢} RhaR does not directly activate
rhaBAD expression

Tobin & Schieif (1887) previously concluded that
t-rhamnose induction of rhaBAD)  expression
requires RhaRR, but not Rha8. RhaR wag, therefore,
the most likely candidate for the direct activator of
rhafl A D expression. We performed two experiments
which showed that RhaR is not the direct activator.

A DNA mobility shift assay (Fig. 3) indicated
that the only site in the rhaSR-rha BAD regulatory
region capable of hinding RhaR was the site at pgy
previously identified by Tobin & Schleif (19906).
Deletion of this site did unot affect ®(riaB-lacZ)
expression (Fig. 2, compare A226 and A153), indi-
cating that RbhaR iz not directly involved in
rhaBA D induction.

Complementation analysis showed that t-rham-
nose induction of pg.p in a A(rhel) background
required a vAaS*  plasmid (Fig. 6), but was
vnaffected by a rhaR’ plasmid {data pot shown}
These results further indicate that RhaR is not
directly reguired for rhaBBA D induetion.

(d) Bhal directly activates vhaBAD expression

We have thus far been unable to obtain either
purified Rha8 protein that remains soluble, or a cell
extract with overproduced, soluble Rha8 protein, to
test directly whether Rha8 binds at pgp. We have
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instead accumulated a variety of pieces of evidence
that, taken together, strongly suggest that RhalS is
the direct L-rhamnose regulator of rhaBAD
transeription.

Firgt, there was no induction of ®(rhaB-lacZ)
fusions iIn a ArhaS strain, indicating that Rha8 is
required for rhaBAD expression. Second, evidence
described above indicates that RhaR is not directly
involved in rhaBAD expression. Third, compared
with a wild-type strain alone, overexpression of
rhaS resulted in greatly speeded induction of
OirhaB-lacZ) in wild-type, ArhaS, and A(rhaSR)
strain backgrounds (Fig. 6). This indicates that
Rha8 protein is a limiting factor in rha BAD induc-
tion and is consistent with the idea that Rha8 is the
direct L-rhamnose activator.

Finally, results of E. coli S30 coupled transcrip-
tion-transtation assays (Zubay, 1973) showed that
Ppap Wwas expressed only when the reaction
contained rhaS* DNA and L-rhamnose (Fig. 7(b}).
This experiment indicates that Rha® is sufficient to
allow L-rhamnose-induced expression of rhaBAD.
Since the 830 reactions did not contain any
unidentified DNA, this experiment ruled out the
possibility that Rha8 is required to activate tran-
seription of a gene encoding some unknown regula-
tory protein.

While Tobin & Schleif (1987) concluded that
RhaS8 had only a small affect on induction of
rhaBAD transcripts, we now know that the strain
used in their analysis actually carried the entire
rhaS gene (data not shown). Taking into account
that the strain was rhaS7, Tobin and Schleif’s data
are entirely consistent with ours, and support the
conclusion that RhaR is only directly required for
rhaS R induction, and that Rha8 is directly required
for rhaBA D induction.

If RhaS is the direct L-rhamnose activator of
rhaBAD transcription, then the Rha8 binding site
must overlap the A70 upstream endpoint (Fig. 2).
There is an inverted repeat upstream of rhaBAD
which overlaps the — 35 sequence and has repeated
sequences of 17 bp in length separated by 16 bp
(Fig. 1). A70 would delete 11 bp from the upstream
end of this sequence. This inverted repeat is a good
candidate for a RhaS binding site based on the
likelihoed that the RhaS binding site would have
features in common with RhaR and AraC binding
sites. RhaR and AraC binding sites both overlap the
— 35 sequence, and include two 17 bp half-sites, but
differ in separation of the half-sites (17 and 4 bp,
respectively) and symmetry of the half-sites
(inverted and direct repeat, respectively).
Interestingly, while the spacing of the proposed
RhaS binding site is more like the RhaR gite, the
position of the CRP site, —92'5, is essentially the
same as an AraC regulated operon, —91'5 (Reeder &
Schleif, 1993).

{(€) paap and pgg turn on slowly

Tobin and Schleif (1987) previously reported,

based on 8, nuclease mapping, that the induction of

1, P and p3 mRNA was unusually slow, but that
Psr induction was faster. We re-examined the indue-
tion kinetics using quantitative primer extension
analysis.

Transcripts from each of the rha operons accumu-
lated guite slowly {Fig. 5). In both cases, 40 to 50
minutes after L-rhamnose addition was required for
the mRNA to reach a sleady-state value. In
contrast, under the same conditions. araBAD
mRNA reached steady-state in three minutes after
L-arabinose addition (data not shown). The 40 to 50
minutes to reach steady-state is especially long
when compared with the 45-minute doubling time of
the strain under the conditions of the experiment.

At least one factor in the slow kinetics of mRNA
induction from rhaBAD appears to be slow accumu-
lation of sufficient RhaS protein to saturate py,p.
This is based on the finding that overproduction of
RhaS greatly increased the rate of f-galactosidase
accumulation from ®{rkaB-lacZ)} (Fig. 6). Since
rhaS and rhaR are co-transcribed, it seems likely
that slow accumulation of RhaR protein also contri-
butes to the slow mRNA induction from rhaSE.

One difference in the induction of the two rha
operons was that there was a several-minute lag
before rha BAD mRNA began to accumulate, while
rhaSE mRNA accumulation was detectable at the
earliest time point. This suggests that active RhaS
protein may be even more severely limiting at the
time of induction than RhaR protein.

(f) rhaBAD induction involves a requlatory cascade

Our results indicate that RhaS is most likely an
L-rhamnose-responsive.  DNA-binding  protein,
capable of activating transcription from rhaBAD
{Fig. 1). They further indicate that rheBA D induc-
tion is a multistep process, as described in the
following scheme,

When r-rhamnose becomes available to the cell,
basal-level RhaR protein binds the sugar, and
becomes activated to induce expression from pgg.
Basal level Rha8 protein is apparently capable of
promoting only an extremely low level of rhaBAD
expression. As rhaSR is expressed, higher levels of
both RhaS8 and RhaR accumulate. RhaS then
begins to activate rha BAD expression, while RhaR
further activates rhaSR expression. Full induction
of rha B4 I} transcription also requires binding of the
CRP-cAMP complex.

It appears that the extraordinary 30,000-fold
L-rhamnose induction of rhaBAD expression is due
to the two-step induction process. First, L-rhamnose
activation of RhaR protein most likely increases the
level of RhaS protein by approximately 400-fold
{Table 3). Based on experiments where Rha8 was
produced at a constant high level in the absence and
presence of pL-rhamnose, we estimate that the
activity of RhaS protein for transcriptional activa-
tion is inereased approximately 300-fold by L-rham-
nose (unpublished results). The 400-fold increase in
RhasS level, multiplied by the 300-fold increase in
Rha8 activity, would lead to a 120,000-fold indue-
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tion, which Is on the order of the 30,000-fold
observed. At least two other members of the AraC
family, XyI8 and Sox8, are also part of two-step
regulatory cascades (Inouye et al., 1987, Wu &
Weiss, 1992),

In principle, two mechanisms could account for
the slow accumulation of rAa BAD mRNA. The slow
rate could reflect slow induction In each celi, or it
could reflect slow induction over the population. Tt
is possible that the basal level of RhaR Is so low
that only some of the cells are capable of immedi-
ately inducing rkaSR expression, while others
require an accidental firing of pgp before RhaR is
available and induction can occur. This seems
unlikely since overproduction of RhaR resulted in
only a small increase in the rate of induction of a
®{rha B-lacZ) fusion (unpublished results). Tt seems
likely, therefore, that slow induction occurs in each
cell.

Interestingly, RhaS seems to have a negative
effect on rhaSR expression. This is supported by
the finding of threefold increased expression of
B(rhaS-lacZ) in a rhaS deletion strain (Table 3), and
1:5-fold decreased expression of O(rkaS-lacZ) in a
strain that overexpressed rkaS from a tac promoter
(unpublished results). It is possible that once suffi-
cient RhaS protein accumulates, it feeds back to
decrease expression of rhaS R, perhaps by formation
of inactive RhaS8-RhaR heterodimers, interaction of
Rha’ and RhaR from their binding-sites, or compe-
tition with RhaR for binding at pgg.
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