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The rhaC’ gene, whose product is the positive activator of the genes required for I,-rhamnose 
utilization, has been cloned along with the rhamnose structural genes. The rhac sequence 
shows two partially overlapping reading frames, encoding two proteins of molecular weight 
32,000 and 35,000 RhaS and RhaR. Both proteins show significant homology to Arab. the 
positive activator of the arabinose operon. S1 mapping located transcriptional start points 
and showed that RhaR, and possibly RhaS, positively regulate transcription from thcb 
structural gene promoters as well as transcription from their own promoter. In-viw 
dimethyl sulfate footprinting and DBase I footprinting indicate that the RhaR prot,ein 
may bind to DNA elements upstream from its RPI;A polymerase binding site. 

1. Introduction 

The structural similarities between L-rhamnose, 
I,-fucose and I>-arabinose, as well as the similarities 
in their met,abolic pathways (Power. 1967; Tecce & 
Digirolamo. 1956; Ajl, 1957; Chen & Lin, 
1984: Schleif, 1985), raises the possibility that the 
regulatory mechanisms for each of these systems 
may also be similar. The regulation of the arabinose 
operon has been well studied (Schleif, 1985). It 
shows a complex pattern of positive and negative 
regulation mediated by an L-arabinose responsive 
regulatory protein. In this light we began a study of 
the rhamnose operon of Excherichia coli K12 and its 
regulatory protein(s). 

Figure 1 shows the pathways for the metabolism 
of rJ-rhamnose, L-fucose and L-arabinose. The initial 
chemical steps in the catabolism of all three sugars 
are strikingly similar. The first, step is an 
isomerization of the aldol forms of the sugars into 
the keto forms. In the second step the keto forms 
are phosphorylated. It, is at the third step that the 
similarities between the Id-arabinose pathway and 
the IJ-fucose and r,-rhamnose pathways disappear. 
I,-Ribulose S-phosphate is converted by the epi- 
merase to o-xylulose &phosphate, which enters the 
pentose phosphat,e shunt, while the phosphorylated 
keto derivat,ives of r,-rhamnose and IJ-fucose are 
cleaved b,v their respective aldolases into 
r,-lactaldehyde and dihydroxyacetone phosphate. 

Using a genetic approach. Power (I 967) began a 
study of the regulatory and structural genes of the 
rhamnose operon in E. coli K12. He identified four 
genes: which he named rhaC. rhaB. rhaA and rhaI), 
and determined their genetic order to be (‘HAI). 
Mutations in the shall. rhaA and rhall genes 
identified them as the structural genes encoding the 
kinase, isomerase and aldolase. respect.ivety. He 
identified the rhaC’ gene as a possible positive 
regulator of t’he three structural genes based on the 
behavior of rha(’ mutations. Such mutations had a 
pleiotropic negative effect, on the expression of the 
three structural gene products. He also observed 
two complementation groups within the rhaP 
cistron. These results were subsequently reproduced 
by Al-Zarban it al. (1984) in Salmonr#a 
typhimurium LT2. 

Tn this paper we describe t,he cloning and 
structure of the rhamnose operon(s). We have 
identified four r,-rhamnose inducible promoters. One 
of these is the promot,er for the rhd’ genes. The 
other three are apparently the protnoters for the 
structural genes. We sequenced the rhd gelle and 
found that it, encoded two proteins, RhaS and 
RhaR, both of which have extensive homology to 
the araC” gene product, the positive act)ivator of the 
arabinose operon. RhaR plays a major role in 
positively regulating transcription of rha8R mRN.-\ 
as well as the transcription originating from the 
three other I,-rhamnose-inducible promoters. and 
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Figure 1. Pathway for the metabolism of I,-rhamnose. L-fucose and L-arabinose dihydroxyacetone phosphate. 

RhaS plays a minor role in such regulation. RhaR 
likely binds to a region of the DNA upstream from 
the rhaSR RNA polymerase binding site. 

2. Materials and Methods 

(a) Media. plasmids, strains, chewkcals and 
DNA wbanipulation,s 

General procedures and DPU’A manipulations were 
performed as outlined by Schleif & Wensink (1981) and 
Maniatis et al. (1982). The strains, phage and plasmids 
used for cloning and sequencing are described in Table 1. 

Plasmid pJT5 was generated by digesting pLC55 at 
the P&I sites. Approximately 5.0 kbt of DNA was 
removed from each end of the linear plasmid by digesting 
with nuclease Bal31. The DNA was made blunt-ended by 
filling out with the Klenow fragment of DPU’A polymerase 
I, digested with Hind111 and separated by electro- 
phoresis. DXA fragments between 7.0 and 8.0 kb were 
isolated. This procedure enriched for fragments which 
contained DNA to the left of the SmaI site and still 
retained the Hind111 site. These fragments were then 
ligated into pUC12, which had been cut at the Hind111 
site and a blunt end site, and used to transform a RhaS-/ 
RhaR- (RhaC-) strain. 

The RhaS-/RhaR+ plasmid was made by cutting 
plasmid pJTC9 at the BgEII site located at position 560, 
filling in the site with the Klenow fragment of DPjA 
polymerase I and religating the blunt-ended molecule. 
This procedure inserts 4 bp at the restriction site, 
producing a termination codon at position 598 within the 
RhaS coding sequence. Generation of a termination codon 
within the RhaS coding sequence could produce a 
translational polarity effect on RhaR. To avoid this 
problem, an in-frame deletion removing 63 bp of the 
RhaS coding sequence was constructed. This in-frame 
deletion mutant behaved identically with the BglII 
insertion mutant in transcription experiments. The 
in-frame deletion was constructed by cutting pJTC9 with 
rvuI1 and BgZII. A partial fill-out reaction was 
performed in which 3 of the 4 nucleotides of the BgZII site 

tAbbreviations used: kb, lo3 bases or base-pairs; bp. 
base-pair(s). 

were filled out. The remaining single-stranded nucleotide 
was removed with nuclease ExoVII, and the blunt-ended 
molecule was religated. The RhaS+/RhaR- plasmid was 
made by filling in a unique NheI site and religating. This 
operation introduced a 4 bp insertion, which produced a 
termination codon at position 1595 within the RhaR 
coding sequence. The RhaS-/RhaR- plasmid was con- 
structed by filling out the BglII and NheI sites in plasmid 
pJTC9. All constructs were confirmed by DNA 
sequencing. 

(b) Complementation te& 

Colonies of cells containing mutations in any of the 
rhamnose genes appear white on a MacConkey/ 
L-rhamnose indicating plate. If a Di%A clone introduced 
into one of these mutant cell lines has the ability to 
complement the mutation the resulting colonies will 
appear deep red on the indicating plates. Partial 
romplementation is characterized by a pink colony. 

(c) Sequencing 

The 2.2 kb BarnHI-EcoRI fragment of pJT5 was 
cloned into the BamHI and EcoRI sites of plasmids pGC1 
and pGC2 to produce plasmids pJTC8 and pJTC9, 
respectively. An ordered set of deletions was obtained 
using the method described by Hong (1982). Briefly, the 
plasmids were partially digested with DNase I and the 
linear DXA isolated by gel electrophoresis and electro- 
elution. pJTC8 and pJTC9 were then digested with 
BamHI and EcoRI, respectively, followed by filling out 
with the Klenow fragment of DNA polymerase I and 
religation. The DPU’A was introduced into JMlOl by 
transformation. The approximate size of the deletions 
was determined by digesting the plasmids with restriction 
enzymes and sizing the excised inserts by gel electro- 
phoresis. For deletion plasmids derived from pJTC8, 
restriction enzymes EcoRI and Hind111 were used, and 
for deletions derived from pJTC9, restriction enzymes 
BarnHI and Hind111 were used. Single-stranded DNA 
template was obtained by infecting cell lines containing 
the deletion plasmids with phage M13rv1, a mutant 
helper phage that increases the titer of transducing 
particles (Levinson et al., 1984). The single-stranded DNA 
template was isolated from the cells by the polyethylene 
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Table 1 
Bacterial strains, plasmids and phage 

Strain. 
plitsrnid Source or 
or phage (knot,vpe reference 

Ii-: rrra((‘BAU)+I~r A 
(/acid) galli sfr 

F- : rha(’ IacZ gal 
F- : thr IPN proA hix argE.‘l 

rwth’ .rthA lar Y galK mtl 
.I$ awt rhaB .utr 

F - urn A (arg F-k-) jib ptsF 
TWA str A (g///G and/or 
glrc L) rhal) duoPI 

F-: A (IncI- IGD) thi rndrl 
hsdR 

F-: A (rhn-pfk) A 
(lrt~~t’ J69) thi endA hsdR 

v’-: .4 
(locl~1G!~) thi ~~1.4 hsdR 
rhtrHIOJ 

F-: ;I 
(lacl’l(iH) thi rndrl hsdR 
rhcr.4.W 

F-, A 
(lnciTIbY) thi end.4 h.qdR 
rhtrJIlU1 

F-: A 
(lacl’lG!)) thi endd h.sdR 
rhuC’7//2 

IF A 
(lori~J6.9) thi PmdA h.udR 
rhcrrl 703 

a ,N p 

(‘GSC4833 
NW5483 

Sackman et al. 
(1981) 

Y.-M. Chen 

Y.-M. Chen 

Y.-M. (‘hen 

Y.-M. Chen 

Y.-M. Chen 

Y.-M. (Jhen 

Meyers et al. 
(1985) 

Meyers rt al. 
(1985) 

Yanisch- 
Perron 
et a[. (1985) 

LRvinson 
et al. (1984) 

glycol precipitation method described by Dente et al. 
(1983). The deletion candidates were sequenced by the 
method described by Sanger (1977, 1980) using the GC 
prime] (Meyers rt al., 1985) kindly provided by 
E. Kantrowitz. The reliability of the sequence deter- 
mination appeared to be about 98% for each strand. 

(d) Sequence homology searches 

Amino acid sequence homologies were determined 
using a program developed by Lipman & Pearson (1985). 

The algorithm described by Mulligan et al. (1984) was 
used to search for homology between a DNA sequence 
and t’he consensus sequence for an E. coli promoter. First 
a seyuence is sought with homology to the highly 
conserved -35 and - 10 consensus promoter elements 
with the limitation that, the distance between the 2 
elements be between 15 and 21 bp. These putative 
promoters are then given a score based on the weighting 
scheme described hy Mulligan et al. (1984). ,4 score in the 
704, range indicat,es a strong promoter while a score in 
the 404;, range intiicat*es a weak promoter. 

(tx) I’rq~nration of total cdlular KiV24 

Total cellular RNA was extracted from cells by the 
procedure described by Stoner & Schleif (19836), except 

t’hat the cells were grown in 100 ml of Ml0 medium in the 
presence of 0.50,b (v/v) Casamino acids. with or without 
0.216 (w/v) I,-rhamnose. to a density of 3 x JO’ cells/ml. 

All the DNA probes described belou werr rnd-lahrlrd 
on a single 5’ end by phage T4 polynuc.leotide kinasr. 
Two probes were used to examine the start site of 
transcription from the pSr promoter: a 161 hp Ecol< JP 
iMZuT fragment labeled at the ,iMZuT end. and a 1589 bp 
EcoRI-NhrI fragment labeled at the ShrT end. 150th of 
these probes were derived from p.JT(‘9. Transcription 
from promoters p1 and pz was monitort>d wit,h a 2.0 kb 
JCcoRI-RamHT fragment labeled at t,he Ra,n/HI end. 
which was derived from plasmid p’JT.5. The probe for 
transcription originating from promoter p3 was the 3.5 kh 
WindTII~BamHI fragment labeled at the I&zmHI end 
and derived from p’JT5. A 461 bp HindlTTC,V/uI probe 
labeled at the MZuI end. derived from plasmid p.JT(‘X. 
was used for DBase I footprint,ing experiments. 

A probe used to examine the 3’ end of the psr mRSA 
was labeled by filling in a Q/II site ill the prt~sen~+t’ of 
[a-3213]dCTP with the Klrno~ fragmrnt of l)SA 
polymerase I. 

(g) S, nuclraw mapping 

DNA/RXA hybridizations were performed as described 
by Berk & Sharp (1977). Each reaction contained 25 pg ot 
total cellular RXA and 50 ng of the appropriate rnd- 
labeled probe containing 50.000 cts/min. The S, nuclrasr 
mapping procedure was performed as described hy Hung 
et al. (1982). except that 100 unit,s of S, nu(‘lease was used 
per reaction. The probes used to examine transcription 
from pl, pz and p3. as well as the 1589 bp ~cY~RI-~V~PT 
probe, were hybridized with the RiYA at 55°C’. The small 
probe used to examine transcription from t)hr rhu7S and 
rhaR genes was hybridized with the K?I;A at 15°C‘. :\fter 
treatment with S, nuclease the samples were loaded on a 
So/b (w/v) polyacrylamide denaturing gel (Sanger d; 
Coulson. 1978) or a lyi, (w/v) agarosr denaturing gel 
(Schleif & Wensink, 1981) depending on the size of the 
probe. An A + G sequencing reaction (Maxam 8r Gilhrrt. 
1980) was electrophoresed on the A(),, J)ol~~Lc,rylartli(le 
denaturing gel as a size standard. 

In-zGo dimethyl sulfate footprinting was performed 
using the scaled-down procedure described by Martin d 
al. (I 986). The plasmid DXA isolat’ed from the culls was 
digested with MZuT and 5’ end-labeled hy T4 poly- 
nucleotide kinase. The linear DR;A was next digested 
with EcoRI and the excized 161 bp fragment was isolattbd 
by gel electrophoresis followed by c~lectrorlution. The 
DNA was cleaved at, t,he methylat,ed bases h\. 2 different 
reactions. Reaction with piperidinr (Maxam & Gilbert,, 
1980) gave a (: > A reaction. and a reaction with gentle 
acid followed by base (Maxam & Cilbcart. I9’ii) gav(’ an 
A > G reaction. 

DBase I footprinting experiments were performed 
according to the procedure described by (ialas 8;. Schmitz 
(1978) with t,he following modifications. The I)S;A 
fragment was incubated for 10 min with the appropriate 
cell lysatr in 50 ~1 of binding buffer (IO mM-Tris-acetate 



792 J. F. Tobin ana! R. F. Schleif 

iho0 rhoB+ rhoA+ rhD+ 

1 I pJT17 

rhaC+ rka6+ rhoA+ rhoD+ 
I I pJT4 

I 
rhaC+ rhaE+ rhoA+ rhaD+ 

i pJT14 

BamHI EcuRI PstI 
I I I 

SmaI PstI SmaI 

pLC5-5 

SmaI EcaRI BamHI Hu7drn BamHI 
I I I I I 

Figure 2. Restrirtion map of pLC5-5 and the phenotypes of the DNA fragments cloned into pUCl2. &a(‘+ indirat,es 
that the clone was able to fully complement the RhaC- mutation, while racC? indicates only partial complementation. 
Plasmid pLC5-5 is 28 kb in length, pJTl4 17.5 kb. pJT4 15.5 kb and pJT17 are 7.5 kb. 

(pH 7.4). 56 mivr-KCf. 50 mi+r,-rhamnose. 1 mhr-Rf)TA. 
5% (v/v) glycerol, 50 kg bovine serum albumin/ml. I mM- 
dithioerythrrtol. 1 mM-CaClz. 2.5 rnM-MgCl, and 0950;) 
(v/v) NP40) at 21 “C. Then IIXase T was added to a final 
concentration of 0*08pg/ml and incubated for 130s at, 
21 “C. The reaction was stopped by the addition of an 

equal volume of 3 M-ammonium acetate. 10 m.M-EDTA. 
The samples were precipitated with ethanol and electro- 
phoresed on a 6% polpacrylamide denaturing gel @anger 
& Co&on. 1978). 

( j) Lysate preparation 

Plasmids containing the wild-type and various 
nonsense mut.ants of the rhaS and T&R genes under the 
control of the lae promoter (Amann rt al.. 1983) were 
tjransformed into strain JMlOl. The strains were grown in 
YT broth (Schleif & Wensink. 1981) to an A,,, of 0.6, at 
which time isopropyl-p-n-thiogalactoside was added to a 
final concent,ration of 1 I11M. After incubat,ion for 2 h, 5 ml 
of cells were pelleted by centrifugation and resuspended 
in 0.5 ml of lysate buffer (0.1 M-pOtaSSiUIU phosphate 
(pH 7.4) 50 miw-ECl, 1 mM-EDTA; 100/b glycerol. 1 mM- 

dithioerythritol and 160 pg phenylmethylsulfonate/ml). 
The cells were lysed by sonication (3 x 6 s pulses with a 
microprobe) and the cell debris removed by 
centrifugat,ion at 4°C. 

3. Results 

(a) Cloning of the rhamnose genes 

Clarke & Carbon (1976) reported two plasmids, 
pLC5-5 and pLC3-24, that’ were capable of 
complementing a Rha- strain to Rha+. We 
obtained these two plasmids and assayed their 
ability to complement a RhaB- strain. One of the 
plasmids. pLC5-5, was capable of complementing 
the RhaB- strain as well as RhaS-/RhaR- 
(RhaC-), RhaA- and RhaD- strains. 

Rha+ subclones containing restriction fragments 
from pLC5-5 were used to locate the rhamnose 
genes on this plasmid. The ability of these clones to 
complement the RhaS-/RhaR- (RhaC-), RhaB-, 
RhaA- and RhaD- mutations is shown in Figure 2. 

The restriction sites at the end of each fragment 
indicate the sit,es in pl:C12 (Yanisch-Perron et al., 
1985) into which the fragments were cloned. 

Although all the rha genes could be confined to a 
7.5 kb SmaT-lZindTTT fragment,, this fragment 
could only partially complement the RhaK/RhaR- 
(RhaC) mutation. Since there were no convenient 
restriction sites close to the left-hand side of the 
SmaT site t.hat could be used t,o make a larger 
subclone, DNA was deleted from the large clone, 
pLC5-5, to generate a clone that could fully 
caomplement the RhaC- mutation. A clone, pJT5 
(Fig. 3), was isolated that was capable of fully 
caomplementing the RhaS-/RhaR- (RhaC-) 
mutation as well as the mutations in the rhaB, rhaA 
and rhaI1 genes. When we sequenced the rha8 and 
rhaR (rhaC) gene we found that’ the SmaT site was 
located within the second open reading frame. 
Thus. the partial complementation occurred 
because the 7.5 kb EcoRI-SmaI fragment did not 
contain an intact rhaR gene. 

Further subcloning showed that the 2.2 kh 
EcoRI-BamHT fragment of pJT5, cloned into 
pUC12. complemented only a RhaC- mutation. 
Therefore, we conclude that’ this fragment contains 
the rhaC gene. 

P3 

_ PSR + T--l 
BumHI &RI hamHI 

rha C+E+A+D+ 

Figure 3. Plasmid pJT5. The arrows indicate the 5 
st,art sites of t,ransrription for t,he 4 inducible mRNAs. 
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15 30 45 60 75 90 105 120 

GIV\TTCACGCTGTATCTTGAAAAATCGACGTTTTTTACGTGGT~TCCGTCG~TTT~GGT~GMCCTGACCTCGTGATTACTATTTCGCCGTGTTGACGACATC~GGCCAGT 
135 150 165 180 195 210 225 240 

ATGACCGTATTACATAGTGTGGATTTTTTTCCGTCTGGTATTGTGATT 
MetThrValLeuHisSerValAspPhePheProSerGlyAs~laSerValAlaIleGluProArgLeuProGl~l~spPheProGl~isHisHisAspPheHisGluIleValIle 

255 270 285 300 315 330 345 360 

GTCGAACATGGCACGGGTATTCATGTGTTTAATGGGCAGCCCTATACCATCACCGGTGGCACGGTCTGTTTCGTACGCGATCATGATCGGCATCTGTATG~CATACCGAT~TCTGTGT 
ValGluHisGlyThrGly~leHisValPheAsnGlyGlnProT~ThrIleThrGl~ly~rValCysPheValArgAsp~isAspArgHisLeuTyrGl~isThrAspAsnLeuCys 

375 390 405 420 435 450 465 480 

CTGACCAATGTGCTGTATCGCTCGCCGGATCGATTTCAGT~CTCGCCGGGCTG~TCAGTTGCTGCCAC~GAGCT~AT~CAGTATCCGTCTCACTGGCGCGTT~CCACAGCGTA 
LeuThrAsnValLeuTyrArgSerProAspArgPheGlnPheLe~laGlyLe~snGlnLe~euProGlnGl~e~spGlyGlnTyrProSerHisTrpArgValAsnHisSerVal 

495 510 525 540 555 570 585 600 

~TGCAGCAGGTGCGACAGCTGGTTGCACAGATGG~CAGCAGG~~~TGA~TACCCTCGACCGCCAGTCGCGAGATCTTGTTTATGC~TTACTGCTC~GCTGCGT~GC 
LeuGlnGlnVa~rgGlnLeuValAlaGlnMetGluGlnGlnGluGlyGluAsnAspLeuProSerThrAlaSerArgGluIleLeuPheMetGlnLeuLeuLeuLeuLeuArgLysSer 

615 630 645 660 675 690 705 720 

AGTTTGCAGGAGAACCTGGACAGCGCATCACGTCTC~CTTGC~CT~CCT~CT~A~ACCATT~GCCGATGA~TG~TTG~ATGCCGTGGCGGATC~TTTTCTC~TCA 
SerLeuGlnGluAsnLeuGluAsnSerAlaSerArgLe~snLeuLeuLeuAlaTrpLeuGl~spHisPheAlaAspGluVa1AsnTrpAspAlaValAlaAspGlnPheSerLeuSer 

735 750 765 780 795 810 825 840 

CTGCGTACGCTACATCGGCAGCTTAAGCAGCAAACGGGACGCCCGACATCTGCTACGCCACAGCGAGGCCAGCGTTACT 
LeuArgThrLeuHisArgGlnLeuLysGlnGlnThrGlyLeuThrProGlnArgTyrLeuAsnArgLe~rgLeuMetLysAlaArgHisLeuLeuArgHisSerGluAlaSerValThr 

855 870 885 900 915 930 945 960 

GACATCGCCTATCGCTGTGGATTCAGCGACAGTAACCAC~~CGACGCT~~CGCCGAGAGTTT~CTGGTCACCGCGTGATATTCGCCAGGGAC~GATGGCT~CTGC~T~CG~G 
AspIleAlaTyrArgCysG1yPheSerAspSerAsnHisPheSerThrLeuPheArgArgGluPheAsnTrpSerProArgAspIleArgG~yArgAspGlyPheLeuGlnEND 

!letAlaPheCysAsnAsnAla 

975 990 1005 1020 1035 1050 1065 1080 

MTCTTCTCAACGTATTTGTACGCCATATTGCGAATAATC~C~CGTTCTCTGGCCGA~TAGCCACGGTGGCGCATCAGTT~CTTCTC~GATGATT~T~GCCAGCGACCAG 
AsnLeuLeuAsnVa1PheValArgHisIleAlaAsnAsnGlnLeuArgSerLeuAlaGluValAlaThrValAl~isGlnLeuLysLeuLeuLysAspAspPhePheAlaSerAspGln 

1095 1110 1125 1140 1155 1170 1185 1200 

CAGGCAGTCGCTGTGGCTGACCGTTATCCGCAAGATGTCTTTGCTGMCATACACATGATT~TGTGAGCT~TGATTGTCTGGCGC~T~TGGCCTGCATGTACTC~CGATCGCCCT 
GlnAlaValAlaValAlaAspArgTyrProGlnAspValPheAlaGl~isThrHisAspPheCysGluLeuValIleValTrpArgGlyAsnGlvLe~isValLe~s~spArgP~o 

1215 1230 1245 1260 1275 1290 1305 1320 

TATCGCATTACCCGTGGCGATCTCTTTTACATTCATGCTGACGAT~CACTCCTACGC~CCGTT~CGATCTGGTTTTGCAG~TA~ATTTATTGCCCGGAGCGTCTG~GCTG~T 
TyrArgIleThrArgGlyAspLeuPheTyrIleHisAlaAspAspLysHisSer'PyrAlaSerValAsnAspLeuValLeuGlnAsnIleIleTyrCysProGluArgLeuLysLeuAsn 

1335 1350 1365 1380 1395 1410 1425 1440 

CTTGACTGGCAGGGGGCGATTCCGGGATTTAACGCCAGCGCA~C~CCACACTGGCGCTTAGGTAGCAT~~AT~CGCA~CGCGGCA~~ATCGGTCAGCTTGAGCATG~GT 
LeuAspTrpGlnGlyAlaIleProGlyPheAsnAlaSerAlaGlyGlnProHisTrpArgLeutilySerMetGlyMetAlaGl~l~rgGlnValIleGlyGlnLeuGluHisGluSer 

1455 1470 1485 1500 1515 1530 1545 1560 

AGTCAGCATGTGCCGTTTGCTllACGAAATGGCTGAGTTGCTGTTCG~CAG~~TGATGTTGCTG~TCGCCATCGTTACACCAGTGATTCGTTGCCGCCAACATCCAGCG~CGTTG 
SerGlnHisValProPheAlaAsnGl~etAlaGluLe~euPheGl~lnLeuValMetLeuLe~s~rgHisArgTyrThrSerAspSerLeuProProThrSerSerGluThrLeu 

1575 1590 1605 1620 1635 1650 1665 1680 

CTGGATAAGCTGATTACCCGGCTGGCGGCTAGCCTG~GTCCCTTTGCGCTGGAT~TTTTGTGATGAGGCATCGTGCAGTGAGCGCG~~GCGTCAGC~TTTCGCCAGCAGACT 
LeuAspLysLeuIleThrArgLeuAlaAlaSerLeuLysSerProPheAlaLe~spLysPheCvsAspGl~laSerCysSerGl~rgVa~Le~rgG~nGlnPheArgGlnGlnThr 

1695 1710 1725 1740 1755 1770 1785 1800 

GGAATGACCATCAATCMTATCTGCGACAGGTCAGAGTGTGTCATGCGC~TATCTTCTCCAGCATAGCCGCCTGTT~TCAGTGATATTTCGACCG~TGT~CTTTG~GATAGT~C 
GlyMetThrIleAsnGlnTyrLe~rgGlnValArgValCysHisAlaGlnTyrLe~euGlnHisSerArgLe~euIleSerAspIleSerThrGluCvsGlyPheGl~spSerAsn 

1815 1830 1845 1860 1875 1890 1905 1920 

TATTTTTCGGTGGTGTTTACCCGGGAllACCGGGATGACGCCCAGCCAGT~CGTCATCTC~TTCGCAG~GATT~TTCGCCATGCCGATGCCGACGATGTTAGCGGCGAC~T~TC 
TyrPheSerValValPheThrArgGluThrGlyMetThrProSerGlnTrpArgHisLeuAsnSerGlnLysAspEND 

1975 1950 1965 1980 1995 2010 2025 2040 

ACCACACIlACCGAGGCTCACACCGTTACCGGACGGCGTCCTGCATTGTTCCACTCTTTCAGCACCAGCCCGACGATACCGCCGCAC~TACATAG~CTCATATGCAGCATCC~CTG 
2055 2070 2085 2100 2115 2130 2145 2160 

ATGTAGTCATACTGCGCCGGAATGCGGGCGTGGCCCA~CATAG~G~TTGCAG~TACCACATC~CCCGCCCAGTGTCGAGAG~~CACATTGTG~TGATCAGCGAT~TG~CA 
2175 2190 2205 

IXCAGAAGTCGGCTTTTAGCGACAAATCCTTCACTTTTGCGGGG~TCC 

Figure 4. Scque~~c~~ of’ the rh,aS/rhaR (rhd”) genes. The Shine-Dalgarno sequences are undrrlirwd. 

(b) ( ‘outing rpgiorc of the rhaS and rhaR 
(rha(‘) yen,cs 

position 121 to 954 and the second open reading 
frame from position 941 to 1876 (Fig. 4). The first 

The DS A sequence of the rhaS and rhaR (rhuC) 
open reading frame begins with an ATG cbodon and 

genes revealed two partially overlapping reading 
ends with a TAA codon. Tt is preceded by a Shine- 

frames. Thtl first open reading frame extends from 
Dalgarno sequence, AGGA. located 7 bp before the 
initiation codon. This open reading frame can code 
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for a protein with 278 amino acids with a predicted 
molecular weight of 32,254. We have named this 
protein RhaS. The second open reading frame 
begins with an ATG codon and terminates with a 
TAA codon. The best Shine-Dalgarno sequence 
located 6 bp before the initiation codon is AGG. It 
can code for a protein of 312 amino acids, with a 
predicted molecular weight of 35,605. This protein 
has been named RhaR. 

(c) Homology between RhaS, RhaR and 
other proteins 

A protein homology program, developed by 
Lipman & Pearson (1985), was used to search for 
homology between the RhaS and RhaR proteins 
and an extensive bank of protein sequences. The 
algorithm screens sequences for similarity by 
looking for aligned identical amino acids and 
assigns a score based on identity as well as 
conservative amino acid replacements. The search 
revealed that RhaS and RhaR were highly 
homologous to each other over the entire length of 
RhaS. The 33 “extra” N-terminal amino acids of 
RhaR are undistinguished. There is no un- 
ambiguous signal sequence located within the ext’ra 
33 amino acids. RhaR and RhaS are also 
homologous to portions of the AraC protein from 
E. coli K12 (Fig. 5). No other protein sequences 
showed statistically significant homology to either 
RhaR or RhaS. 

RhaS compared with the positive activator of the 
arabinose operon, AraC, had an aligned score of 
148. The protein with the next closest homology 
had a score of only 57. Most’ of the homology 
between the two proteins occurred in the C 
terminus. RhaR was even more homologous to 
AraC having a score of 202; its next closest 
competitor having a score of only 54. Most of the 
homology between RhaR and AraC was also 
confined to the C terminus of the two proteins. 
When RhaS and RhaR were compared to each 
other they received a score of 486. The nucleic acid 
sequences encoding the three proteins reveal litt,le 
homology. 

(d) 9, nuclease mapping 

(i) Transcriptional start site of the rhaS and rhaR 
genes 

8, analysis indicated that one mRNA encoded 
both the RhaS and RhaR proteins. Analysis of the 
5’ end of the mRNA, using a probe complementary 
to the entire RhaS open reading frame and more 
than half of the RhaR open reading frame, revealed 
the same start site as a probe complementary to 
only a small part of the RhaS open reading frame. 
In addition analysis of the 3’ end revealed one 
termination site. Therefore, there can be only one 
major mRNA encoding both proteins. 

Fine structure S, analysis showed that the 
polycistronic mRNA encoding both proteins 
possesses multiple transcription start sites within a 

7 bp region, with most of the initiations beginning 
at a guanine, position + 1, or at a thymine, position 
+2, but with appreciable initiations deriving from 
several other minor starts as indicated in Figure 6. 

The region upstream from the transcription start’ 
site of the rhaS and rhaR gene possesses a poor 
RNA polymerase consensus binding sequence. The 
best - 10 and - 35 sequences are TActAT and 
TTaAgg, respectively (Fig. 4). Not only is the -35 
sequence a poor fit to the -35 consensus sequence 
but its distance of 20 bp from the - 10 sequence is 
significantly greater than the optimal spacing of 16 
or 17. The promoter has a predicted strength of 
41*1o/o (Mulligan et al.. 1984). We have named this 
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RhaS YUWS AroC 
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MTVLHSVDFFPSGNASVAIEPRLPQADFPEHHHDFHEIVIVEHGTGIHVFNGPP 

MAEAQNDPLLPGYSFNAHLVAGLTPIEANGYLDFFIDRPLGMKGYILNLTIROQGVVKNQ 

GREFVCRPGDILLFPPGEIHHYGRHPEAREWYHQWVYFRPFXx'WHEWLNWPSIFANTGFF 

RVNHSVLQQVRQLVAQMEPQEGENDLPSTASREILFMQLLLENS-ASRL 
: . . . . . ..: .:. ..:... . . . .: . . . ::: :.....:.:. . ..:. 
RPDEPJ1QPHFSDLFGQI-INAGQGEGRYSELLAINLLEQLLL~EAINESLHPP~NRV 

NLLLAWLEDHFAD-E~AVADQFSLSLRTLHRQLK~TGLTPQRY~RLRL~LL 
. . . . . . . . . . . ..::.. .:: . : . ..:: :.. :. .:. :: 

RHA~QYI~DHL~~NFDIA~~AQ~~L~~~RL~HLFR~LGISVLS;REDQRISQAKLLL 

RHSEASVTDIAYRCGFSDSNHFSTLFRREFNWSPRDIRQGRDGFLQ 
. . . . . . . ::.: .:: .:.. . ::...:.: 

ST&~PIA~GRNVGFDDQLYFSRVFKKCTGASPSRFRAGCEEKVNDVAVKLS 

RhoR YBISUS AraC 

(R, MAFCNNANLLNVFVRHIANNQLRSLAEVATVAHQLKtLKLLKDDFFAS~AVAV~RYPQDV 

cc, MAEAQNDPLLPGYSFNAHLVAGLTPIEANGYLDFFI 

IR, FAEHTHDFCELVIVWRGNGLHVLNDRPYRITRGDLFYIHADD~SYAS~DL--VLQNII 
: . . ::.:. ..: .::.. . . . . . : :.. 

(Cl DRPLGMKGYILNLTIRGQGVVKNQGREFVCRPGDILLFPPGEIHHYGRHPEAREWYHi)W; 

(RI YCPERLKLNLDWQGAIPGFNASAGQPHWRLGSMGMAQARQVIGQLEHESSQ~PF~~ 

CC) 

IR, ELLFGQLVMLLNRHRYTSDSLPPTSSETLLDKLITRLAASLKSPFALDKFCDEASCSERV 
:..:: ::.: . ...:.:. . . . . .: :.... 

ICI INLLEQL--LLRRMEAINESLHPPMDNRVRRAcQYIS;)HLADSNFDIASVAP;I;CL~P;R 

IR, LRWFRQQTGmTINQYLRQVRVCHAQYLLQHSRLLISDISTECGFEDSNYFSWFTRETG 
:.. :::: :... . :...:. ::: ::.. :: 

(c) LSHLFRPQLGISVLSWREDQRISQAKL~~S~~P~~~~~~~~~QLYFSRVFKKCTG 

(R, MTPSQWRHLNSQKD 

(Cl .::"' ASPSEFRAGCEEKVNDVAVKLS 

CC) 
RhaS VBISUI RhaR 

(Sl MTVLHSVDFFPSGNASVAIEPRLPQAD 
: . :::.:....::.. : ::. 

(R, MAFCNNANLLNVFVRHIANNQLRSLAEVATVAHQLKLLKDDFFASDQPAVAVAV~RYPQDV 

IS) FPEHHHDFHEIVIVEHGTGIHVFNGQPYTITGGTVCFVRDLYR 
:.:: ::: :.::: .:.:.::.:..:: :: :.. . . . . . . . . :. . . . . : :..: 

IR, FAEHTHDFCELVIVWRGNGLHVLNDRPYRITRGDLFYIHADDKHSYASVNDLVLQNIIY- 

(S) SPDRFQFLAGLNQLLPQELDGQYPSHWRVNHSVLM)VRQLEGENDLPSTASRE 
.:.:... . . .: . . . ..:::.. ..:.::...:.:...... . . . : 

LR, CPERLKLNLDWQGAIPGFNASAGQPHWRLGSMGMAQARPVE 

IS1 ILFMQLLLLL-RKSSLQENL--ENSASRLNLLLAWLEDHFADH-DA"~FsLSLRTL 
.:: ::..:: :.. ..: ..:.. :. :...:.... .: :.:::.: (R) 
LLFGQLVMLLNRHRYTSDSLPPTSSETLLDKLITRLAASLKSPFALDKFCDEASCSERVL 

IS, HRQLKQQTGLTPQRYLNRLRUIKARBLLRHSEAS~DIAYRCGFSDSNHFSTLFRREFNW 
..:.(::::.: ..::...:. .:..::.:: ..::. :::.:::.::..: :: . 

IR, RM)FRQQTGMTINQYLRQVRVCHAQYLLQHSRLLISDISTECGFEDSNYFSWFTRETGM 

(S) SPRDIRQGRDGFLQ 

IR) ':" :. TPSQWRHLNSQKD 

Figure 5. Amino acid homology between (a) AraC and 
RhaS, (b) AraC and RhaR and (c) RhaS and RhaR. A (:) 
indicates an amino acid identity while a (0) indicates a 
conservative amino acid change. 
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-90 -80 -70 -60 -JO -40 

CACGCTGTAT CTTGAAAAAT CGACG- TACGTGGTPT TccGTcGAAA ANITA 
GTGCGACATA GAACW GCTGW ATGCACCUGCAGWAAATTCCAT 

l +A 

-30 -20 -10 +1 +10 +20 +30 

AGAACCTGAC ~TcGTGATTATCGCC GTG~GACGA CATCAGGAGG CCAGTATGA~ CGTAT 
TCTTGGACTG GAGCACTAAT GATAAAGCG CACAACTGCT GTAGTCCTCC GGTCATACTG GCATA 

L 
l!z 

Figure 6. Kucleotide sequence of the upstream region of the rhuS and rhaR genes. The (-) indicate the major 
transcription start sites and (4) the minor start sites. The ( -++) indicate the location of the inverted repeat elements 
and (+) indicates the center of symmetry within the elements. The overlined regions correspond to t’he consensus - 10 
and -35 regions of the RKA polymerase binding sites. The (A) indicates the site of an enhancement in the in-~ivo 
dimethyl sulfate footprinting studies. 

promoter psi. Strong promoters that require no 
auxiliary factors receive high scores. The hybrid 
tacl6 promoter or the phage T7 AI promoter have 
scores of 69.1 “/. and 6% 1 o/O, respectively, while the 
araBAD and galP1 promoters that require positive- 
acting factors have scores of 45.7 9/o and 43.8%, 
respectively. The DNA sequence upstream from the 
-35 region also contains two inverted repeat 
elements. These elements are often part of the 
binding site to which regulatory proteins bind. The 
first element, (5’-3’) TTTTCCGTGGAAAA, begins 
at position -53, and the second element, (5’-3’) 
AAAAATCGACGTTTTT, begins at position - 76 
(Fig. 6). We will present evidence later in the paper 
which shows that both of these elements are 
protect,ed from DNase 1 digestion in RhaR*+ 
extra&s. but not in RhaR- extracts. 

(ii) Other I,-rha,mnose-,inducihle promoters 
S, analysis has revealed three other rhamnose- 

inducible messages. The exact nucleotide at which 
each of these messages start, or what gene products 
they encode has not been determined, although 
they likely encode the rhamnose structural proteins, 
since they lie within clones that complement 
various rhamnose structural gene mutations. Two 
of these messages, made from promoters p1 and pz 
(Fig. 3), overlap each other and their start sites are 
separated by no more than 20 bp. The start sites 
are located approximately 500 bp from the HamHT 
site in plasmid pJT5. A third inducible message, 
made from promoter p3. starts 1500 bp from the 
Hind111 site of pJT5 (Fig. 3). This mRNA is 
oriented in opposite transcriptional polarity with 
respect to the messages made from p1 and pz, but in 
the same polarity as the message made from the psr 
promoter. 

(iii) Kinetics of mRNA s?ynth,esis 

To examine the kinetics of message synthesis, 
total RNA was extracted from wild-type cells that 
had been grown in the presence of I,-rhamnose for 
various times. At the first’ time point, five minutes 
after the addit’ion of r,-rhamnose to the cells, 
mRNA from psr is two-thirds of the fully induced 
level. 

The kinetics of mRNA accumulation from 
promoters pl, p2 and p3 are different from that of 
the psr promoter. The time span between the 
addition of I,-rhamnose and the appearance of 
mRNA is longer for these three promoters. Cells 
grown in the absence of r,-rhamnose show no 
detectable transcription from pl. p2 and p3. Five 
minutes after the addition of I,-rhamnose tran- 
scription is less than a tenth of the fully induced 
level, It is not until the second time point, 30 
minutes later, that the fully induced level of mRNA 
can be detected from these three promoters. 

(iv) Effects of mutations in the rhaS and rhaR genes 
on I,-rhamnose-induced transcription 

To determine if RhaS and RhaR are positive 
regulators of r,-rhamnose-induced gene tran- 
scription, the effects of mutations in rhaS and rhaR 
on transcription from the four I>-rhamnose- 
inducible promoters was examined. Cells containing 
the mutations were grown in t,he absence or 
presence of L-rhamnose. Total cellular RNA was 
extracted and used in S, mapping experiments to 
examine transcription from each of the promoters. 
Figure 7(a) shows the results for the psi promoter. 
In a cell line containing the RhaS+/RhaR+ plasmid, 
grown in the presence of L-rhamnose, the start, sites 
and the amount of transcription from the psr 
promoter are the same as in a cell line containing a 
single chromosomal copy of rhaS and rhaR. In a cell 
line containing a mutation in RhaS there is a 
twofold decrease in transcription from psr. 
A mutation in RhaR or a double mutation 
abolishes transcription. Tn the absence of I>- 
rhamnose there is no transcription from the psr 
promoter in any of the cell lines. 

The preceding results indicate that RhaR in the 
presence of L-rhamnose strongly stimulates psr. 
RhaS may also stimulate, but its t)wofold effect is 
so small as to keep this question open. We did not 
see the twofold stimulation effected by RhaS in 
RhaR- situations, indicating that) t#he activity of 
RhaS is dependent on RhaR or that the level of 
transcription is so low in RhaR- culls t,hat a 
twofold stimulation is undetectable. 
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(a) 

L-Rhamn 

Figure 7. S 1, analysis of (a) t’he pSr promoter and (b) the p1 and pz promoters in a cell line (ECL343) contai 
plasmids with the wild-type. rhaS and rhaR genes, or plasmids with mutations in the rhd and/or rha,R genes. A 
indicates that cells were grown in t,he presence. a (-) in the absence. of 0.2% (w/v) I,-rhamnose. 

G/A 

(bi 

RfSf R+S- R-S+ R-S- 

L-Rhamnose - + - + - + - t 

“‘\ 
PIT 

/ 

The results for the other three I,-rhamnose- 
inducible promoters are similar to that obtained 
with the psr promoter. Figure 7(b) shows that in 
cells containing the RhaS+/RhaR+ plasmid tran- 
scription from p1 and p2 is only observed in the 
presence of L-rhamnose. The approximate start 
sites and levels of transcription are the same as in a 
cell line containing a single chromosomal copy of 
rhaS and rhaR. A mutation in RhaS decreases 
transcription from p1 by twofold but has no effect 
on transcription originating from pz. The RhaR 
mutant and the double mutant completely abolish 
transcription from both promoters. The results for 
p3 (data not shown) are identical with the results 
obtained from pl. We conclude that RhaR 
positively regulates transcription from the 
promoters pl, p2 and p3, and that RhaS may 
regulate p1 and p3 weakly. 

(e) RhaR, but not RhaS, binds to the inverted repeats 
upstream from its gene’s RNA polymerase 

binding site 

It is possible that RhaS and RhaR positively 
regulate their gene expression by binding to the two 
upstream inverted repeat elements in the ps, 
promoter (Fig. 6). To test this possibility we used 
the in-vivo dimethyl sulfate footprinting technique 
(Martin et al., 1986) to examine the occupancy of 
these two elements in cell lines containing 
mutations in rhaS and rhaR. Figure 8 shows that, 
compared to RhaS-/RhaR- cells, methylation of 
guanine -45 increased twofold upon the addition 
of L-rhamnose to cells containing the RhaS+/ 
RhaR+ plasmid. This hypermethylation is 
dependent on RhaR but independent of RhaS. The 
presence of the RhaS protein did not dramatically 
effect the methylation rate of any of the guanines in 
either region. 

Figure 9 shows the result of an in-vitro DNase I 
foot)printing experiment on the upstream region of 

R’S+ R+S- R-S+ R-S- G,A 
L-Rhamnose - + - t - + - + 

lning 

(+I 

Figure 8. In-cGvo dimethyl sulfate footprinting of the 
upstream region of the rhd and rhaR genes. A ( + ) 
indicates that cells were grown in t)hr presence, a (-) in 
the absrncne of 0.29; L-rhamnose. The arrow indicates the 
location of enhancement. The gel was scanned using a 
,Joyre-Lorbl densitometer and the areas under the peaks 
determined. The area of the peak corresponding to the 
enhancement was normalized to account for differences in 
the amount of material loaded per lane. The 
normalization was performed by dividing the area of the 
enhanced peak by the area of a peak well outside t,he 
region of interest that was unaffected by the rh& and 
rhaK mutatiolls. 
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Figure 9. /W&W IIXase T footprinting of t.hr 
upstream rrgion of the rh,nS and rhnR genes. The 
numbers at the top of each lane refer to the amount of 
wII lysatr (in ~1) added to each 50 pf I)Kase I reaction. 
‘l’hr I)raclkrt showh the extent of t,he proterted region. 

the pSr promoter. The experiment was performed in 
the presence of I,-rhamnose with a cell extract 
derived from a strain containing a plasmid that 
overproduces both tjhe RhaS and RhaR prot,eins. 

A 54 bp region from position - 34 t,o -X7 is 
protected. This footprint covers the region con- 
taining both inverted repeat elements. The 
footprint is also generated by cell extra& derived 
from strains containing an RhaS-/RhaR+ over- 
producing plasmid but is not generated by cell 
extracts from strains containing either RhaS+/ 
RhaR- or RhaS-/RhaR’- overproducing plasmids. 

4. Discussion 

The chemical similarities between I,-rhamnose. 
r,-fucose and L-arabinose as well as the similarities 
in their catabolism prompted us to begin a study of 
the rhamnose operon and its regulatory prot&. 
Despite the rather striking homologies between the 
amino acid sequences of Ara(“. RhaR and RhaR. thr 
two operons appear to be quite different. 

Cell lines containing mutations in several of the 
structural genes as well as the putative regulatory 
gene (Power, 1967) were used to clone the rhamnose 
operon. The regulatory genes, rha8 and rhaR, were 
located to a 2.2 kb fragment (Fig. 3). which defines 
by itself a separat,e cistron. The rhaH, rhaA and 
rhaIJ genes are also cont,ained wit,hin the 7.7 kb 
fragment, in plasmid pJT5 (Fig. 3) but their exact 
loca,tion has not, been determined. 

Analysis of nuclease S, -digested complexes 
between known labeled DNA probes and RXA 
extracted from cells was used to determine the 
location of I,-rhamnose-inducible t,ranscripts wit#hin 
the fragment known to contain the rhamnose 
structural and regulatory genes. Four inducible 
mRNAs were identified. One of t,hese, psr3 encodes 
the rhaS and rhaR gene products and is divergent~ly 
oriented from the mRh’As produced from 
promoters p1 and p2 (Fig. 3). which themselves 
likely encode the structural gene products. The 
fourth message, produced from promoter J)~, 

initiates approximately 2..5 kh downstream from 
the messages produced from promoters p1 and 1'2 

and is oriented in opposite transcriptional polari 
with respect to them. 

Although the 3’ ends of the messages originating 
from promoters p1 and p2 has not been mapped, it) 
is likely t-hat the messages encode the same 
product(s). The locations of their 5’ ends differ t)y 
no more than 20 nucleotides. Tandemly repeated 
promoters are common in lC. coli (McClure. 1985). 
Tn the galactose operon the tandemly repeated 
promoters pI and p2 are subject to differential 
control. p1 is dependent on cAMP receptor protein 
(CRP) and VAMP for full activity while p2 is (‘KP 
independent (Musso ef al., f 977). Mutations in RhaS 
decrease transrript,ion from p1 by t.wofold but do 
not affect transcription from p2. Thus. the 
rhamnose-inducible promoters, pI and p2, ma\’ also 
be slightly differentially regulated. Tt is beiirved 
that differential control of the galactose operon 
allows a higher basal level of expression 
independent of the cAMP concentjration inside the 
cell (deCrombrugghe & Pastan. 197X). We do not 
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yet see a need for differential control in the rha 
operon. 

Sequence analysis of the rhaS and rhaR (rhaC) 
genes revealed two partially overlapping open 
reading frames that encode two proteins, RhaS and 
RhaR, of molecular weight 32,254 and 35,605, 
respectively. Both of these proteins are made from 
a single polycistronic message. Despite the fact that 
Power (1967) found two separate complementation 
groups among uninducible mutations within the 
rhaC (rhaS and rhaR) cistron, our finding of two 
proteins encoded by the rhaC gene does not seem to 
explain his results. Mutations in RhaR make cells 
unable to grow on L-rhamnose and such strains 
appear strongly Rha- on MacConkey indicating 
plates. Mutations in RhaS only have a twofold 
effect on transcription, and a Rha-/RhaR+ strain 
has essentially the same phenotype on an indicating 
plate as a wild-type strain. Power’s (1967) 
procedure for isolating rhaC (rhaS and rhaR) 
mutations would have been incapable of identifying 
mutations in RhaS. We note, however, that our 
complementation studies were performed with 
multicopy plasmids, whereas Power used single 
copy episomes. Therefore, at this time the source 
of the two complementation groups remains 
unclear. 

Significant amino acid sequence homology exists 
between RhaS, RhaR and AraC. However, there is 
little homology between the three genes at the 
nucleotide level. Several mutations have been 
isolated in AraC that decrease its ability to bind to 
its corresponding DNA binding sites (A. Brunelle, 
personal communication; Cass & Wilcox, 1986). 
These mutations are clustered in the C terminus of 
the protein. Pabo & Sauer (1984) have shown that 
some DNA binding proteins have similar amino 
acid sequences in their DNA-contacting domains. 
Such a sequence can be found in the AraC protein 
and the mutations affecting binding lie within it 
(A. Brunelle, personal communication; Cass & 
Wilcox, 1986). It is interesting to note that most of 
the homology between AraC, RhaS and RhaR is 
found in the C terminus, perhaps the two rha 
proteins bind their target sites using a similar 
sequence located in their C termini. 

The rhaS and rhaR genes’ RNA polymerase 
binding site is a very poor one as indicated by its 
low homology to consensus promoters (Hawley bt 
McClure, 1983). Its - 10 region contains four of six 
consensus bases while the - 35 region only contains 
three of six consensus bases. Tn addition, the 
spacing (20 bp) is more than the optimal spacing 
of 16 or 17. Promoters that contain an RNA 
polymerase binding site with a poor -35 sequence 
are often positively regulated by dissociable factors; 
therefore it is not surprising that the rhaS and rhaR 
genes are under autogenous positive control. 

In-vivo dimethyl sulfate footprinting shows that 
the presence of RhaR within a cell increases the 
methylation rate of a guanine residue, position -45 
(Fig. 6), upstream from the rhaS and rhaR genes’ 
RNA polymerase binding site. This enhancement is 

independent of RhaS. The in-vitro DNase I 
footprinting shows that a 54 bp region, positions 
-34 to -87, is protected by cell extracts derived 
from strains that overproduce the RhaR protein. 
The DNase I protection pattern is independent of 
the RhaS protein. The DNase I protection pattern 
covers the DNA sequences centered at positions 
-46 and - 68 possessing twofold rotational 
symmetry. It would, however, be amazing if a 
dimer of RhaR bound to each of these sequences 
since they are so dissimilar. 

The results of the in-vivo dimethyl sulfate 
footprinting and in-vitro DNase I footprinting 
experiments provided no evidence that RhaS is 
capable of binding to the upstream region of the psr 
promoter. However, mutations in the rhaS gene 
showed only a twofold effect on transcription from 
ps,, p1 and p3. It is conceivable that the primary 
function of the RhaS protein is to positively 
activate transcription from a gene(s) encoding a 
rhamnose transport protein(s). Mutations in RhaS 
could lead to lower levels of the transporter, and 
thereby lower the level of L-rhamnose inside the cell 
leading to the twofold decrease in transcription 
from psr, p1 and p3. 

The kinetics of message accumulation from the 
psr promoter differ from those observed from 
promoters pi, p2 and pj. The lag time after the 
addition of r,-rhamnose to the media and the onset 
of message accumulation is much slower from 
promoters pl, p2 and p3 than it is from the psr 

promoter. Transcription from the rhaS and rhaR 
gene resembles the arabinose operon in that there is 
a short lag after the addition of the sugar until the 
appearance of message (Schleif et al., 1973; Stoner & 
Schleif, 1983a); whereas the messages produced 
from promoters pr, pZ and p3 more closely resemble 
t.he kinetics of the lactose operon since they possess 
a long lag time (Burstein et al., 1965). 

The long lag time in the lactose operon is due to 
the fact that lactose is not the true inducer (Jobe & 
Bougeois, 1972). Lactose must first be metabolized 
by /?-galactosidase into allolactose and the lag 
represents the time it takes for sufficient allolactose 
to accumulate to induce the operon. It is possible 
that a similar mechanism may operate for the three 
slowly inducing rhamnose promoters. On the other 
hand, RhaR autoregulates its own synthesis and 
the kinetics of its induction are fast. This would 
require that the protein use two different inducers, 
one for the ps, promoter and one for the three slow 
promoters, quite an unlikely situation. An alter- 
native explanation for the different kinetics is that 
the protein activates transcription once it binds to 
the DNA, and that the affinity of RhaR for its 
DNA binding sites is lower at promoters p,, pz and 
p3 than it is at the p,, promoter. 

We thank 8. Hahn for the strains used in the initial 
part of this work as well as for help with the initial 
cloning experiments. We also thank Y.-M. Chen and 
E. C:. C. Linn for their generous gift of strains. 
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