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The Lactobacillus casei ptsHI47T Mutation Causes Overexpression of a
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A proteome analysis of Lactobacillus casei mutants that are affected in carbon catabolite repression revealed
that a 15-kDa protein was strongly overproduced in a ptsHI47T mutant. This protein was identified as EIIA of
a mannose class phosphotransferase system (PTS). A 7.1-kb DNA fragment containing the EIIA-encoding open
reading frame and five other genes was sequenced. The first gene encodes a protein resembling the RpoN
(o*)-dependent Bacillus subtilis transcription activator LevR. The following pentacistronic operon is oriented
in the opposite direction and encodes four proteins with strong similarity to the proteins of the B. subtilis
Lev-PTS and one protein of unknown function. The genes present on the 7.1-kb DNA fragment were therefore
called levR and levABCDX. The levABCDX operon was induced by fructose and mannose. No “—12, —24”
promoter typical of RpoN-dependent genes precedes the L. casei lev operon, and its expression was therefore
RpoN independent but required LevR. Phosphorylation of LevR by P~His-HPr stimulates its activity, while
phosphorylation by P~EIIB™¥ inhibits it. Disruption of the EIIB"*"-encoding levB gene therefore led to strong
constitutive expression of the lev operon, which was weaker in a strain carrying a ptsI mutation preventing
phosphorylation by both P~EIIB“*" and P~His-HPr. Expression of the L. casei lev operon is also subject to
P-Ser-HPr-mediated catabolite repression. The observed slow phosphoenolpyruvate- and ATP-dependent
phosphorylation of HPrI47T as well as the slow phosphoryl group transfer from the mutant P~His-HPr to
EIIA™ are assumed to be responsible for the elevated expression of the lev operon in the ptsHI47T mutant.

In many bacteria, the phosphoenolpyruvate (PEP):sugar
phosphotransferase system (PTS) catalyzes the concomitant
uptake and phosphorylation of numerous sugars, sugar alco-
hols, and other sugar derivatives (45). The PTS is usually
composed of four soluble proteins or protein domains (EI,
HPr, EIIA, and EIIB), which form a protein phosphorylation
cascade, and one (EIIC) and sometimes two (EIIC and EIID)
integral membrane proteins. EI and HPr are the general PTS
proteins, while the Ells are specific for one or several sugars.
ETI autophosphorylates at a histidine at the expense of PEP and
transfers the phosphoryl group to His-15 in HPr. P~His-HPr
phosphorylates a histidyl residue in one of the various sugar-
specific EIIAs usually present in bacteria. P~EIIA subse-
quently transfers the phosphoryl group to a cysteyl or histidyl
residue in EIIB with the same sugar specificity, which then
donates the phosphoryl group to a sugar molecule bound to
the corresponding membrane-integrated EIIC. The phosphor-
ylated sugar is subsequently released into the cytoplasm (45).

In addition to its phosphocarrier activity within the PTS
phosphorylation cascade, P~His-HPr also phosphorylates sev-
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eral non-PTS proteins. In gram-positive bacteria, P~His-HPr-
mediated phosphorylation at a conserved histidyl residue of
glycerol kinase leads to an about 10-fold increase of its enzy-
matic activity (5, 52). The uptake of a rapidly metabolizable
PTS sugar leads to dephosphorylation of the PTS proteins and
therefore to poor phosphorylation of glycerol kinase (12). As a
consequence, glycerol kinase of gram-positive bacteria is less
active when a rapidly metabolizable PTS sugar is taken up.
This leads to reduced expression of the glpFK operon, since
under these conditions, only low amounts of the inducer glyc-
erol-3-P are formed. This regulatory mechanism was therefore
called inducer exclusion (9). In a similar phosphorylation-de-
pendent manner, P~His-HPr also controls the activity of PTS-
regulated antiterminators and transcription activators. In ad-
dition to their RNA or DNA binding domain, these proteins
usually possess two PTS regulation domains (PRDs) (49). PTS-
controlled transcription activators also contain EITA and EIIB
domains (14, 26). These antiterminators and transcription ac-
tivators control the expression of genes encoding either sugar-
specific PTS components or, in a few cases, extracellular po-
lysaccharide-degrading enzymes (14). Their activity is
regulated by P~His-HPr- and/or P~EIIB-mediated phosphor-
ylation at conserved histidines in their EIIA domain and one or
both PRDs (32, 34, 47).

The best-studied PRD-containing transcription activator is
LevR of Bacillus subtilis, which controls the expression of the
levDEFGsacC operon (35). This operon encodes the sugar-
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specific components for a low-capacity but high-affinity fruc-
tose or mannose-specific PTS and the extracellular enzyme
levanase, which degrades the fructose polymer levan. LevR
possesses an N-terminal DNA binding domain, an RpoN (c°%)
interaction domain, and a short region of unknown function,
which is followed by PRD1, EIIAM®", and EIIB“*" domains
and, finally, a truncated PRD2 (see Fig. 2B) (14, 26). LevR
binds to the palindromic upstream activating sequence (UAS)
located about 100 bp in front of a “—12, —24” promoter (36)
and functions as enhancer binding protein by interacting with
RpoN of the RNA polymerase-RpoN holoenzyme. The activ-
ity of B. subtilis LevR is controlled by two PTS-mediated phos-
phorylation reactions. Phosphorylation by P~His-HPr at the
phosphorylatable histidine in the EIIAM** domain of LevR
stimulates its activity (14, 34). During the uptake of a rapidly
metabolizable PTS sugar, the phosphoryl group of P~His-HPr
is primarily used for sugar phosphorylation, and as a conse-
quence, LevR will be barely phosphorylated at the EIIAM="
domain. The poor phosphorylation of LevR at the EIIAM="
domain during the rapid uptake of a PTS sugar provides a
carbon catabolite repression (CCR) mechanism. By contrast,
phosphorylation of LevR by P~EIIB™" at a histidine in PRD2
inhibits its transcription activator function (34). In the absence
of a substrate for the Lev-PTS, most LevR will be phosphor-
ylated at PRD2. By contrast, when a substrate for the Lev-PTS
is present, P~EIIB"" will donate its phosphoryl group pref-
erentially to the sugar transported by the Lev-PTS and not to
PRD2 of LevR, which will therefore be highly active. Poor
phosphorylation at PRD2 of LevR due to the presence of a
Lev-PTS substrate serves as an induction mechanism for the
lev operon. In agreement with this concept, replacement of the
phosphorylatable histidine in PRD2 of LevR or inactivation of
EIIA™ or EIIB™, which are parts of the LevR/PRD2 phos-
phorylation cascade (6), led to constitutive expression from the
lev promoter (34).

The B. subtilis lev operon is also subject to the major CCR
mechanism operative in low-G+C-content gram-positive bac-
teria. This mechanism implies the catabolite control protein A
(CcpA), a member of the Lacl/GalR repressor family (27). To
bind to the catabolite response elements (cre) (41), which are
operator sites located in front or at the beginning of most
catabolite-repressed genes and operons (14), CcpA usually
requires a corepressor, which was identified as P-Ser-HPr (19).
Bacilli, geobacilli, and oceanobacilli also possess an HPr-like
protein, Crh, which is also implicated in CCR of a few genes
and operons (14, 20, 37). The ATP-dependent phosphorylation
of HPr (or Crh) at Ser-46 is catalyzed by the enzyme HPr
kinase/phosphorylase (HprK/P) (21). The kinase function of
HprK/P is stimulated by high amounts of glycolytic intermedi-
ates, such as fructose-1,6-bisphosphate (13, 21), the concentra-
tion of which rises in bacteria during the uptake of a rapidly
metabolizable carbon source (38, 50). In the presence of high
concentrations of phosphate, the bifunctional HprK/P also cat-
alyzes the dephosphorylation of P-Ser-HPr (30), which leads to
the production of pyrophosphate (phosphorolysis instead of
the usual hydrolysis reaction) (38). The binding site for the
P-Ser-HPr/CcpA protein complex in the B. subtilis lev operon
is located upstream of the —12, —24 promoter (37). It has been
proposed that the binding of P-Ser-HP1/CcpA to the lev cre
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would prevent the interaction of LevR fixed to the UAS with
the RNA polymerase/RpoN holoenzyme.

We identified a Lactobacillus casei operon which is con-
trolled by a LevR-like regulator and which encodes the pro-
teins of a mannose class PTS strongly resembling the proteins
of the Lev-PTS of B. subtilis. However, in contrast to the B.
subtilis lev operon (10), expression of the L. casei lev operon
did not require a functional RpoN (¢°%). Interestingly, the
replacement of Ile-47 in L. casei HPr by a threonine led to
overexpression of the lev operon. The observed slow in vitro
PEP- and ATP-dependent phosphorylation of the mutant HPr
as well as the slow phosphoryl group transfer from histidyl-
phosphorylated mutant HPr to EIIA™" are assumed to be
responsible for the elevated expression of the lev operon.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and plasmids. The L. casei and Esche-
richia coli strains used in this study are listed in Table 1. L. casei strains were
grown under static conditions in MRS fermentation medium (11) supplemented
with 0.5% sugar. E. coli strains were used as hosts for cloning experiments and
also to overproduce maltose binding protein (MBP)- and His-tagged proteins.
They were grown in Luria-Bertani medium at 37°C under vigorous shaking. Solid
MRS or Luria-Bertani medium was prepared by adding 1.5% agar. E. coli strains
were transformed by electroporation with a Gene Pulser apparatus (Bio-Rad
Laboratories) as recommended by the manufacturer, and L. casei strains were
transformed as previously described for Lactobacillus sakei (4). E. coli and L.
casei transformants were selected on solid medium containing ampicillin (100
pg/ml) or erythromycin (5 pwg/ml). The plasmids used in this study are listed in
Table 2.

2-D protein gel electrophoresis. Two independent analytical two-dimensional
(2-D) gel electrophoresis experiments were carried out with L. casei BL23 or one
of the five CCR-relieved mutants grown in 5 ml of MRS medium containing
0.5% glucose. When the cultures approached an optical density at 600 nm of 2,
250 wCi of a [**S]methionine-cysteine protein labeling mix (1 Ci/pmol; Perkin-
Elmer Life Sciences, Boston, Mass.) was added, and the cells were kept for 24 h
at 37°C. Proteins were subsequently extracted from the various strains, and the
amount of radioactivity incorporated was determined by liquid scintillation
counting. Equal amounts of radiolabeled proteins were loaded onto each gel, and
electrophoresis was performed as previously described (24). The gels were silver
stained, dried, and exposed to a storage phosphor screen for 48 h (Packard
Instrument, Canberra, Australia) before radioactive spots were visualized by
using a Phosphoimager (Cyclone; Packard Instrument).

To carry out preparative 2-D gel electrophoresis, L. casei cells were grown in
100 ml of MRS medium containing 0.5% glucose. The Millipore (Bedford,
Mass.) Investigator 2-D electrophoresis system was used for the first dimension
(pH gradient of 4.4 to 5.5). A 14% polyacrylamide gel without a stacking gel was
used for the second dimension. After electrophoresis, proteins were transferred
onto a polyvinylidene difluoride membrane (Immobilon; Millipore) by electro-
blotting (MilliBlot-Graphite Electroblotter; Millipore) according to the manu-
facturer’s instructions. After Coomassie blue staining, selected protein spots
were cut out of the membrane, and their N-terminal sequences were determined
at the Institut fiir Biochemie, Universitdt Wien, Vienna, Austria.

The migration position of HPr after 2-D gel electrophoresis on polyvinylidene
difluoride membranes was detected by using a rabbit polyclonal antiserum raised
against HPr of Staphylococcus carnosus. The HPr-antibody complex was visual-
ized with the ECL Western blot analysis system (Amersham International, Little
Chalfond, United Kingdom).

General molecular biological methods. For the extraction of chromosomal
DNA, bacteria were grown in 80-ml cultures and harvested by centrifugation,
and DNA was extracted by using the NUCLEBOND AX kit (Macherey-Nagel
GmbH, Diiren, Germany) according to the manufacturer’s instructions. Plasmids
were isolated with a QIAPrep kit (QIAGEN, Santa Clara, Calif.). Several DNA
fragments from the levR gene or the lev operon were amplified by ligase-medi-
ated PCR (16) using pBluescript SK(+) as a vector. Restriction endonucleases
(EcoRI, PstI, BamHI, Clal, HindIII, Acsl, Alul, and Sau3A), alkaline phospha-
tase, and T4 DNA ligase were purchased from Roche Diagnostic GmbH (Mann-
heim, Germany). PCRs were carried out in 25-pl assay mixtures by using PCR
MasterMix (Eppendorf, Hamburg, Germany). PCR products were purified with
a QIAquick kit (QIAGEN).
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TABLE 1. Strains used in this study

Strain Genotype or characteristic® Source or reference
E. coli
Fit F~ ompT hsdSB(rg~ mg~) gal dem (DE3) ptsH Takara Bio Inc.
DH5«a F~ $80lacZ AM15 A(lacZYA-argF)U169 deoR endAl recAl hsdR17(rK™ Invitrogen
mK™) supE44 thi-1 gyrA96 relA1 phoA
NM522 SupE thi-1 A(lac-proAB) A(mcrB-hsdSM) (ry~ my ) [F' proAB 25
laclZAGM15]
L. casei
BL23 Devoid of pLZ15 1
BL71 ccpAzerm 39
BL121 ptsHI 51
BL122 ptsH2 51
BL123 ptsH3 51
BL124 ptsl::erm 51
LcG102 hprK::pHKLc208(hprK208 Am) 15
BL23levB levB10(Oc) This work
BL23H3levB ptsH3 levB10(Oc) This work
BL23levX levX5(0Oc) This work
BL23H3levX ptsH3 levX5(Oc) This work
BL23levR levR::pRVIevR This work
BL23H3levR ptsH3 levR::pRVIevR This work
BL23sig54 rpoN19(Oc) This work
BL23H3sig54 ptsH3 rpoN19(0Oc) This work

“ Am and Oc indicate amber (UAG) and ochre (UAA) stop codons.

DNA sequencing and sequence analyses. PCR fragments were sequenced by
using the dideoxy chain termination method with the ABI Prism sequencing
system (PE Biosystem). DNA sequence analyses, database searches, and se-
quence alignments were performed with the Mac Vector (Kodak Scientific Im-
aging Systems), BLAST (3), and phredPhrap (17) programs, respectively.

Northern blots. Total RNA of L. casei BL23 or one of its mutant strains was
isolated from exponentially growing cells by using the RNeasy Midi kit (QIA-
GEN). To carry out Northern blots, RNA was prepared from the various strains,
and aliquots of 5 ug were separated by electrophoresis and subsequently trans-
ferred onto Hybond-N+ membranes (Amersham International) by using stan-
dard procedures. The size of the transcripts was estimated by comparison with an
RNA ladder (0.28 to 6.6 kb) (Amersham International). The oligonucleotides
EIIA3 (5'-ATGGCGTTAACCACATTGATGTCG-3") and EIIA7 (5'-TACCG
CAATAATCCCATCCA-3") as well as LevX1 (5'-AAGAAGTTGCGTATCAG
AAG-3") and LevX2 (5'-ACTTTTTAGCTGCCTTCAAC-3") were used to pre-
pare PCR-amplified radiolabeled probes (7), which allowed for the detection of
levA and levX mRNAs, respectively. Hybridization experiments were carried out
overnight at 60°C by submerging the Hybond-N+ membranes in 0.5 M sodium
phosphate buffer (pH 7.0) containing 5% sodium dodecyl sulfate (SDS) and one

of the radiolabeled probes. The membranes were subsequently washed at 60°C
with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing
0.2% SDS followed by 0.2X SSC containing 0.2% SDS and exposed to a storage
phosphor screen (Packard Instrument) for 5 h.

Mapping of the transcription start site. The 5’ ends of the mRNA of the lev
operon and the levR gene were mapped by using the 5’ rapid amplification of
c¢DNA ends (RACE) technique. The oligonucleotides used for the PCR with the
3'/5" RACE kit (Roche), for the PCR after the polyA tailing, and for the
sequencing of the PCR products are presented in Table 3.

Purification of His- and MBP-tagged proteins. Synthesis and purification of EI
from B. subtilis carrying an N-terminal His, were carried out as previously
described (20).

To overproduce His-tagged LevA and LevB and MBP-tagged LevR, the genes
encoding the L. casei proteins were amplified by PCR with chromosomal DNA
isolated from strain BL23, Pyrobest polymerase (Takara Bio Inc., Shiga, Japan),
and appropriate primers (Table 3), which added restriction sites to the 5" and 3’
ends. The PCR fragments were cut with the restriction enzymes recognizing the
sites added by the PCR and inserted into vectors cleaved with the same enzymes.
We used the His tag expression vector pQE30 (QIAGEN) for inserting levA and

TABLE 2. Plasmids used in this study

Plasmid Characteristic(s) Source or reference
pBluescriptSK(+) Amp Invitrogen
pCDNA2.1 Amp Invitrogen
pQE30 Amp QIAGEN
pQELevA levA cloned in pQE30 This work
pQELevB levB cloned in pQE30 This work
pET-15b Amp" Novagen
pET-ptsH ptsH cloned in pET-15b C. D. Esteban, unpublished
pET-ptsH3 ptsHI47T cloned in pET-15b This work
pMal-c2X Amp New England BioLabs
pMalLevR levR cloned in pMal-c2X This work

pMalLevR-H1
pMalLevR-H12
pRV300
pRVIevR
pRVlevB
pRVlevC
pRVsig54

levRH1 cloned in pMal-c2X

levRH12 cloned in pMal-c2X

Erm and Amp

Internal fragment of levR cloned in pRV300

levB allele with stop codon 10 cloned in pRV300
levC allele with stop codon 6 cloned in pRV300
rpoN allele with stop codon 19 cloned in pRV300

This work
This work
31

This work
This work
This work
This work
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TABLE 3. Oligonucleotides used in this study
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Function and name

Sequence

Used for:

Construction of mutants

CGTATTGATTAACGCATGCTTTAAGGCTTGATCACGGTTCGT
ATCAAGCCTTAAAGCATGCGTTAATCAATACGTACAAACGAA
AACCGCTTGGCTAGCCATTCATGAGTTGGAACATAAG

TAGACTAAGCTTTAAGAAAAAGAAGTTGCGTATCAG
TAAAGCTTAGTCTATTAGTCAATTGTCATTTTGATTTT

ACGTAAGGGATCCGATAGTAAATTCAGATGTTGCAAT
TTTACTATCGGATCCCTTACGTTAGCACCAACTTATTG

LvRXh ACGCGCTCGAGATCAAAGATGTGATTCTTGC
LvRPs CCAACTGCAGGAATCACAACTAATCAGGCT
LvBBlunt ACCGCAATACTGTCCGAAC

LvBMutl

LvBMut2

LvBNh

LvXKp GACGGCGGTACCATTAACGATATGCGT
LvXMutl

LvXMut2 TA.

LvXEc GCCGGAATTCCTTCACCGGATTGTC

SLSp GTTGGTACTAGTGATCCGCACATTA

SLMutl

SLMut2

SLBlunt TCTGCAAATACCAGCTCAG

Overexpression of genes
QEABA
QEAKP
QEBBA
QEBKP
H3-1

H3-2
MalRXBA
MalRPST
MHIA
MHI1B
MH2A
MH2B

Detection of the transcriptionnal start site

AGGGATGGGATCCATGAAATATTTGCTTCTTG
TTTTGCTGGTACCTTAAATATCGTCGTCGTC
AGGAGTGGGATCCATGGCAATTTCGTTTGTA
TATTGTGGTACCATTAATACCCAAAGCG
CAGATCACATATGGAAAAACGCGAAT
GCAGAGATCTCCTTCAAATGTTCAG
GGTGTCTAGAATGAACGCAGTAGAAAAACTTTATG
CCTTTTTGTCTGCAGATCACGCCACAAAAATAGAGT
TGTGTTCGCCGGCAGCAAGCAGGATGGCATTGTA
ATCCTGCTTGCTGCCGGCGAACACACCGCATCGAG
TTAAGGACAAGGCCATGAAGAGATTGAGCTTTAG
AATCTCTTCATGGCCTTGTCCTTAATGATTGAACG

Cloning part of levR
Cloning levB and inserting

stop codons and
restriction sites

Cloning levX and inserting
stop codons and
restriction sites

Cloning part of rpoN and
inserting stop codons
and restriction sites

Cloning levA

Cloning levB

Cloning ptsHI47T
Cloning levR

levR His488Ala mutation

levR His776Ala mutation

EIIA2 GTTTGCTTTAAGCCACTGG Identification of the
transcription start site
of the lev operon

EITAS CATCAATGTGGTTAACGCCA

EIIA6 CCAGAACAACAAAGCTTGCA

levRS ACGACGAATGGCTTCGTG Identification of the
transcription start site
of levR

levR6 TGCTTCGATTGCCAGCTG

levr7 CATCGGCAGCCTGATTAG

“ Letters in boldface type indicate newly created restriction sites; newly created stop codons or mutations are underlined.

levB, and we used the MBP tag expression vector pMAL-c2X (New England
BioLabs, Herts, United Kingdom) for the cloning of /evR. The resulting plasmids
pQELevA, pQELevB, and pMalLevR were used to transform E. coli NM522
(25), and the correct sequence of the inserts was confirmed by DNA sequencing.
LevA and LevB carrying an N-terminal Hiss were synthesized and purified on
Ni-nitrilotriacetic acid columns by following the standard protocol of QIAGEN.
MBP-tagged LevR was also synthesized in strain NM522 and subsequently pu-
rified on an amylose column by following the protocol recommended by New
England Biolabs.

To obtain the levRH] allele, which encodes a LevR protein with a His-488-Ala
replacement, a three-step PCR experiment was carried out (9). By using plasmid
pMalLevR as a template and appropriate primers (Table 3), the first PCR
allowed the 5" part of levR with the desired mutation located at the 3’ end to be
amplified by using primers LevRXBA and MH1B (Table 3), while the second
PCR provided the 3’ part of levR and contained the mutation at the 5’ end
(primers LevRPST and MH1A). These two PCR products served as a template
for the third PCR, which required a special first cycle (1 min at 90°C, 10 s at 80°C,
2 min at 60°C, 10 min at 72°C, 1 min at 90°C, 2 min at 60°C, and 3 min at 72°C)

before conventional PCR cycles were applied to amplify the complete
levRHAS8A allele (with primers LevRXBA and LevRPST). The final PCR prod-
uct was inserted into pMAL-c2X, thus providing plasmid pMalLevR-H1, which
was used to transform NM522. To obtain the levRHI2 allele encoding a LevR
protein with His-488-Ala and His-776-Ala replacements, an approach identical
to that used for the construction of the levRH]I allele was applied, except that
plasmid pMalLevR-H1 was used as a template and the oligonucleotides MH2A
and MH2B (Table 3) were used as mutagenic primers. The correct sequences of
the entire inserts in plasmids pMalLevR-H1 and pMalLevR-H12 were confirmed
by DNA sequencing. Overexpression of the levR alleles and purification of the
MBP-tagged mutant proteins were carried out as described above for wild-type
LevR.

Overproduction of L. casei HPr was carried out similarly to a previously
described method (33). However, the ptsH gene was inserted into vector pET-
15b instead of pET-3¢ (Merck KGaA, Darmstadt, Germany), which allowed us
to synthesize L. casei HPr with an N-terminal His tag in the E. coli strain Fit
(BL21-DE3 carrying a ptsH mutation; Takara Bio Inc.) and to purify it on a
Ni-nitrilotriacetic acid affinity column (C. D. Esteban and G. Perez-Martinez,
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unpublished data). To overproduce HPrI47T, the corresponding ptsH allele was
amplified by PCR using chromosomal DNA of the ptsHI47T strain and appro-
priate primers (Table 3). The PCR product was inserted into vector pET-15b.
Expression of the ptsHI47T allele and purification of the His-tagged mutant HPr
were carried out as described above for the wild-type protein.

Protein phosphorylation experiments with [**P]PEP. [3°P]PEP was synthe-
sized by using the PEP-pyruvate isotope exchange method in the presence of
pyruvate kinase (46). Phosphorylation of HPr and HPrI47T by EI was carried out
at 37°C in 210-pl assay mixtures containing 5 pg of EI, 5 ng of wild-type or
mutant HPr, 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, and 7.5 uM [**P]PEP (30
pCi/ml). Aliquots of 40 pl were withdrawn after different time intervals, and the
reactions were stopped by adding 6 pl of SDS sample buffer. Proteins were
separated by electrophoresis on 0.1% SDS-15% polyacrylamide gels.

To follow the phosphoryl group transfer from P~His-HPr or P~His-HPrI47T
to EITA™Y, 210-pl assay mixtures were prepared as described above and prein-
cubated for 5 min at 37°C to allow efficient phosphorylation of HPr or HPrI47T
before 50 pg of EIIA™Y was added. Aliquots of 40 pl were withdrawn after
various time intervals, and the reactions were stopped by adding 6 ul of SDS
sample buffer. Proteins were separated by electrophoresis on 0.1% SDS-15%
polyacrylamide gels.

To phosphorylate the EITAM" domain of LevR, the assay mixture (35 pl)
contained 2 pg of LevR or the various mutant LevRs, 1 pg of EI, 1.5 ug of
wild-type HPr, 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, and 7.5 pM [*>P]PEP
(30 wCi/ml); 4 ug of EITA™Y and EIIB"*" was additionally added for the phos-
phorylation of LevR or the mutant LevRs at PRD2. After incubation at 37°C for
15 min, the samples were separated on denaturing gels (0.1% SDS) containing
either 8 or 15% polyacrylamide. To compare P~His-HPr- and P~His-HPrI47T-
mediated phosphorylation at the EIITAM®" domain of MBP-LevR, experiments
were carried out in 210-pl assay mixtures, which were prepared as described
above for the phosphorylation of EIIA™Y and preincubated for 5 min at 37°C
before 15 pg of MBP-LevR was added. Aliquots of 40 ul were withdrawn after
various time intervals, and the reactions were stopped by adding 6 ul of SDS
sample buffer. Proteins were separated by electrophoresis on denaturing gels
containing 0.1% SDS-15% polyacrylamide.

ATP-dependent HPr phosphorylation and P-Ser-HPr dephosphorylation.
ATP-dependent HprK/P-catalyzed phosphorylation of HPr and HPrI47T at
Ser-46 was carried out at 37°C in 250-ul assay mixtures containing 300 ng of
HprK/P, 25 pg of wild-type or mutant HPr, 50 mM Tris-HCI (pH 7.4), 5 mM
MgCl,, 5 mM fructose-1,6-bisphosphate (FBP), and 1 mM ATP. Aliquots of 40
wl were withdrawn after various time intervals. The reactions were stopped by
heating the samples for 5 min at 75°C. HPr and seryl-phosphorylated HPr were
separated by electrophoresis on nondenaturing 12.5% polyacrylamide gels and
visualized by staining with Coomassie blue.

For the dephosphorylation experiments, seryl-phosphorylated L. casei wild-
type HPr and HPrlI47T were prepared by using L. casei Val-267-Phe mutant
HprK/P, which is normally active as kinase but has almost completely lost the
phosphorylase function (40). About 0.3 mg of HPr or HPrI47T was incubated for
2 h at 37°C in 1.5-ml assay mixtures containing 5 ng of HprK/P(V267F), 50 mM
Tris-HCl (pH 7.4), 5 mM MgCl,, 5 mM FBP, and 1 mM ATP. To inactivate
HprK/P(V267F), the samples were heated for 5 min at 65°C before they were
desalted on PD-10 columns (Pharmacia) to remove ATP and FBP and lyophi-
lized. Dephosphorylation reactions with P-Ser-HPr were carried out at 37°C in
250-pl assay mixtures containing 300 ng of HprK/P, 25 pg of wild-type or mutant
P-Ser-HPr, 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, and 5 mM inorganic
phosphate. Aliquots of 40 pl were withdrawn after various time intervals. The
reactions were stopped by heating the samples for 5 min at 65°C. HPr and
seryl-phosphorylated HPr were separated on nondenaturing 12.5% polyacryl-
amide gels as described above.

Construction of the various L. casei mutants. An internal DNA fragment of
levR was amplified by PCR with the primers levRXh and levRPs (Table 3) and
cloned in the integrative vector pRV300 (31). The resulting plasmid was used to
transform the L. casei strain BL23 and the ptsHI47T mutant. One integrant of
each strain resulting from a single crossover was selected, and the integrants were
named BL23levR and BL23H3levR, respectively. PCR analysis and DNA se-
quencing confirmed the integration at the levR locus.

To construct L. casei levB, levC, levX, and rpoN mutants, DNA fragments
carrying the desired mutations were amplified by the three-step PCR technique
(9). In each case, specific oligonucleotides were used, which allowed the creation
of stop codons located close to a newly created restriction site at the beginning
of the corresponding open reading frame (ORF) (Table 3). The PCR products
were cloned into pRV300 (31), and the resulting plasmids were called pRVlIevB,
pRVIevC, pRVlevX, and pRVsig54, respectively, and were used to transform
strain BL23 and the ptsHI47T mutant. The eight different integrants obtained
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FIG. 1. Analytical 2-D gel electrophoresis carried out with crude
extracts of L. casei wild-type BL23 (WT) and five CCR-relieved mu-
tants. Shown is the region around the migration position of HPr (en-
circled), which was determined on preparative gels by carrying out
Western blots with a rabbit polyclonal antibody. The arrows indicate
the position of EITA™, which is overproduced in the ptsHI47T strain.

with the four different plasmids and the two strains were selected on erythro-
mycin-containing solid medium. A single clone of each of the eight integrants
was isolated and grown for several generations on liquid medium in the absence
of the antibiotic to allow a second recombination which, depending on its loca-
tion, could either restore the corresponding wild-type gene or provide the mutant
allele. Erythromycin-sensitive clones were isolated, and DNA fragments contain-
ing the site of mutation were amplified by PCR. Identification of strains carrying
the desired mutant allele was facilitated, since their PCR products contained
newly created restriction sites. The presence of the desired mutation was con-
firmed by DNA sequencing of the PCR product. The levB, levC, levX, and rpoN
mutants obtained with BL23 were called BL23levB, BL23levC, BL23levX, and
BL23sig54, while the corresponding mutants obtained with the ptsHI47T strain
were called BL23H3levB, BL23H3levC, BL23H3levX, and BL23H3sig54, re-
spectively (Table 1).

RESULTS

Proteome analysis with wild-type L. casei and a ptsHI47T
strain. When carrying out analytical 2-D gel electrophoresis
with soluble extracts from L. casei BL23 and five mutants
affected in CCR, ie., ccpA (39), ptsHS46A, ptsHS46T,
ptsHI4ATT (51), and hprK (15), we observed numerous differ-
ences of the protein pattern between the wild-type and the
mutant strains. One protein attracted our attention, as it was
overproduced in the ptsHI47T strain but not in the other CCR-
relieved mutants (Fig. 1; the position of this protein is indi-
cated with an arrow). This protein was isolated by preparative
2-D gel electrophoresis, and microsequencing provided the
following N-terminal amino acid sequence: MKYLLLVSHG
DFSSGLKQTLGMFAGDDA. A homology search with this
sequence revealed that out of its 28 amino acids, 16 were
identical to the N-terminal sequence of a presumed EIIA™Y
from Clostridium acetobutylicum (43) and 19 were identical to
an EIIA of a mannose class PTS from Streptococcus mutans
2).

DNA sequence of the EIIA-encoding gene and its surround-
ing ORFs. A reverse genetic approach was used to clone a
DNA fragment containing a major part of the EIIA-encoding
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FIG. 2. (A) Schematic representation of the lev operon and the preceding levR gene in B. subtilis and in L. casei (L.c.) strains ATCC 334 and
BL23. Hairpin loops indicate transcription terminators. (B) Domain organization of the L. casei and B. subtilis transcription activator LevR.
DNA-B indicates the DNA binding domain with the helix-turn-helix motif. C-LevR indicates a region located between the NtrC central domain
and PRD1 in B. subtilis LevR which differs from the corresponding region in L. casei LevR. An alignment of the sequence around the RpoN
binding motif GAFTGA (RpoN-B) of several proteins containing an NtrC central domain is also shown. PspF, NtrC, and TyrR are proteins from
E. coli, and BkdR and RocR are from B. subtilis. The GAFTGA sequence motif is absent from TyrR and L. casei LevR, which are both RpoN
independent, but is present in B. subtilis LevR, which is RpoN (SigL) dependent, and in the other transcription activators included in the alignment.

gene. For this purpose, a 20-bp oligonucleotide probe, NTP1
(5'-ATGTTTGCNGGYGAYGAYGC-3'), was designed based
on the last seven amino acids of the above microsequence (MF
AGDDA) and hybridized with L. casei chromosomal DNA di-
gested with one of eight different restriction enzymes. In each
case, a single radioactive hybridization band was observed, indi-
cating that the probe was highly specific. AcsI-restricted chromo-
somal DNA provided a radioactive band of about 1.3 kb (data not
shown). The corresponding DNA fragment was cloned into
pBluescript SK(+) cut with EcoRI and subsequently sequenced.
It was composed of 1,292 bp and contained almost the complete
EIIA-encoding gene preceded by an incomplete ORF oriented in
the opposite direction.

The entire sequence of the PTS-encoding operon and the
preceding ORF was determined by cloning DNA fragments
using the ligase-mediated PCR technique (see Materials and
Methods) and by including information obtained from an on-
going L. casei BL23 genome sequencing project (29). In total,
we determined the sequence of a 7,123-bp DNA fragment (Fig.
2A) (EMBL database accession number AJ344254). This se-
quence contained the EIIA-encoding gene preceded by a
2,532-bp ORF encoding a protein exhibiting a domain organi-
zation similar to that of the transcription activator LevR from
B. subtilis (Fig. 2B), although characteristic differences exist, as
will be explained later. The EIIA-encoding gene was followed

by four ORFs oriented in the same direction (Fig. 2A). The
first three ORFs encode EIIB, EIIC, and EIID of a mannose
class PTS. It was therefore likely that they form an operon
together with the EIIA-encoding gene and the fifth gene, al-
though a noncoding region of 150 bp was present between the
EIIB- and EIIC-encoding genes (Fig. 2A). The EII compo-
nents exhibit significant sequence identity (between 25 and
60%) to the corresponding EIls of the Lev-PTS of B. subtilis
and a presumed sacC-containing Lev-PTS of C. acetobutylicum
but also to the ElIs of a mannose class PTS from S. mutans
with unknown sugar specificity. Based on this sequence homol-
ogy, and since the newly discovered L. casei operon is preceded
by a LevR-like protein, we called it lev operon. However, in
contrast to B. subtilis and C. acetobutylicum, the L. casei BL23
lev operon does not contain the levanase-encoding sacC gene.
Interestingly, genome sequencing of the L. casei neotype strain
ATCC 334 (http://genome.jgi-psf.org/draft_microbes/lacca
/lacca.home.html) revealed that this strain possesses a sacC-
containing /ev operon (more than 98% identical to the lev
operon of strain BL23). Since genome sequencing of strain
BL23 is not yet completed (about 93% of the sequence have
been determined), the possibility that sacC might be present
somewhere else on its genome cannot be excluded. The fifth
gene of the L. casei BL23 lev operon encodes a small protein
(105 amino acids) of unknown function.
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FIG. 3. Northern blots carried out with 5 pg of RNA isolated from
either the L. casei wild-type strain BL23 (WT) or one of the five
CCR-relieved mutants grown in MRS fermentation medium comple-
mented with glucose. A levA-specific probe was used to detect the lev
operon transcript of 3.4 kb in the various samples. The positions of 16S
and 23S rRNAs are indicated with arrows.

Transcription analysis with wild-type L. casei and the five
CCR mutants. RNA was isolated from L. casei BL23 and the
five CCR-relieved mutants grown in glucose-containing me-
dium to exponential or stationary growth phase and hybridized
with a probe derived from either the levA or the levX gene.
Figure 3 shows the results obtained with RNA extracted from
cells during exponential growth hybridized with the levA probe.
A strong radioactive band of about 3.4 kb was observed with
the ptsHI47T mutant (Fig. 3, lane 4). In agreement with the
proteome analysis (Fig. 1), where overproduction of EITA™"
was observed only in the ptsHI47T mutant, the radioactive
band was much weaker in the other CCR-relieved mutants and
the wild-type strain. These results suggested that a relief from
CCR cannot be the only cause for the observed overexpression
of the lev operon in the ptsHI47T mutant and that the tran-
script of the lev operon was pentacistronic (levABCDX, with a
total size of 3.16 kb). This assumption was confirmed by car-
rying out a Northern blot with the levX-derived probe, which
also provided a 3.4-kb radioactive band (data not shown).
When the cells were grown to stationary phase, the lev operon
transcript could no longer be detected (data not shown), not
even in the ptsHI47T mutant. When the wild-type strain was

L. CASEI ptsHIATT MUTATION AND lev OPERON EXPRESSION

4549

grown in the presence of various carbon sources, fructose and
mannose led to the strongest expression of the lev operon. A
basal expression occurred during growth on glycerol or ribose,
while glucose seemed to exert a repressive effect (data not
shown). When a levR-derived probe was used, no transcript
could be detected, indicating that under the employed exper-
imental conditions, the levR gene was only poorly expressed
(data not shown).

Mapping the transcription start site of levR and the lev
operon. In order to locate the transcription initiation site of
levR and the lev operon, RACE PCR experiments were carried
out with total RNA extracted from either the wild-type strain
BL23 or the ptsHI47T mutant harvested during exponential
growth. In each case, a unique band was observed after elec-
trophoresis with the 5" RACE PCR product. The transcription
start site of the lev operon was identified as G, T, or T located
between 198 and 200 nucleotides upstream of the start codon,
respectively. It is preceded by the putative —10 box TAACAT
(Fig. 4). The transcription start site of the levR gene was found
to be a G or T located 76 or 77 nucleotides upstream of the
presumed start codon TTG. It is preceded by the putative —10
box TACAAT. Presumed —35 boxes are also present and are
indicated in Fig. 4. A potential cre site (TGTAAGCGTTA
ACC) containing only one mismatch compared to the imper-
fect palindromic consensus sequence TGWNANCGNT
NWCA (42) is overlapping the transcription start site of the lev
operon and the —10 box of levR (Fig. 4).

L. casei lev operon expression requires LevR but not RpoN.
Since the lev operon of L. casei misses a —12, —24 promoter
typical of RpoN-dependent transcription units, we tested
whether LevR and RpoN were really necessary for the expres-
sion of the L. casei lev operon. For this purpose, the levR gene
was disrupted in the wild-type strain BL.23 and the ptsHI47T
mutant. Northern blots revealed that the strong radioactive
signal observed with the ptsHI47T mutant disappeared in the
ptsHI4TT levR double mutant (Fig. 5A), indicating that LevR is
necessary for the expression of the lev operon. By contrast, a
disruption of rpoN in the wild-type strain BL23 and the
ptsHI47T mutant had no effect on lev operon expression (Fig.
5B).

LevR of L. casei is phosphorylated by P~His-HPr at His-488
and by P~His-EIIA™ at His-776. Since expression of the L.
casei lev operon required LevR, we wanted to test whether,
similar to LevR of B. subtilis, L. casei LevR was also phosphor-

levA levB

199 pb
levR
76 pb
283 pb
-35' -10 >

+1

levR-caaaga-38pb-cgtctic gtgactttattagtaatgtgcttaa%taatcgttgacgtccag-l67pb—tagatg—levA
‘_

+1

cre

-10 -35

FIG. 4. Schematic representation of the 283-bp intergenic region between levR and levA of L. casei. This sequence contains the transcription
start sites (+1, underlined capital letters), the start codons (letters in boldface type), and presumed —10 and —35 promoter regions (arrows) for
both the levR gene and the levRABCDX operon as well as a potential cre site (boxed area) which overlaps the transcription start site of the lev

operon and the —10 promoter sequence of levR.
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FIG. 5. Northern blots carried out with 5 ng of RNA isolated from
wild-type strain BL23 (WT), the ptsHI47T or levR mutant, or the
ptsHI4TT levR double mutant (A) and wild-type strain BL23 (WT), the
ptsHI4TT or rpoN mutant, or the ptsHI47T rpoN double mutant (B).
The strains were grown in MRS fermentation medium complemented
with glucose. The levA-specific probe was used to detect the lev operon
transcript of 3.4 kb. The positions of the 16S and 23S rRNAs are
indicated with arrows.

ylated by P~His-HPr in the EIIA domain and by P~His-
EIIB™ in PRD2. L. casei LevR was purified as a fusion pro-
tein with the E. coli maltose binding protein (MBP-LevR). No
phosphorylation of MBP-LevR could be detected when it was
incubated with [**P]PEP in the absence of PTS proteins or with
only EI or only HPr (Fig. 6A, lanes 1, 2, and 7, respectively).
However, in the presence of both general PTS proteins, MBP-
LevR was phosphorylated by [**P]PEP, as a radioactive band
appeared which was absent in the phosphorylation mixture
containing EI and HPr (Fig. 6A, compare lanes 5 and 6) and
which migrated according to the molecular weight calculated
for the MBP fusion protein. Interestingly, a second radioactive
band was present which, based on its migration behavior, was
assumed to correspond to MBP-LevR dimers. Since the sam-
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FIG. 6. Phosphorylation of MBP-LevR by [**P|P~His-HPr
(A) and [**P]P~EIIB™ (B). (A) Samples containing [**P]PEP and
the indicated proteins were incubated at 37°C before they were sepa-
rated on a 0.1% SDS-15% polyacrylamide gel which was dried and
exposed to autoradiography. The sample loaded on lane 3 contained
MBP-LevR, which had been treated with factor Xa before the phos-
phorylation reaction was carried out. The migration positions of HPr,
EIL LevR, and MBP-LevR are indicated by arrows. The slowest-mi-
grating radioactive band (arrow with the question mark) probably
corresponds to MBP-LevR dimers. (B) Samples containing [**P]PEP,
EI, HPr, and the indicated proteins were incubated at 37°C before they
were separated on a 0.1% SDS-8% polyacrylamide gel, which was
dried and exposed to autoradiography. In LevR-H1, His-488 in the
EIIAM2® domain was replaced with an alanine, while in LevR-H12,
His-776 in PRD2 was also replaced with an alanine. The migration
positions of EI and wild-type and mutant LevRs are indicated by
arrows.
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ples could not be heated due to the instability of P~His bonds,
MBP-LevR dimers might not have been dissociated.

When MBP-LevR was treated with factor Xa, which cuts the
fusion protein within the linker connecting MBP and LevR,
before it was incubated with [**P]PEP, EI, and HPr, a major
radioactive band migrating according to the molecular mass of
LevR (93 kDa) and not of MBP (43 kDa) was detected (Fig.
6A, lane 3), confirming that the fusion protein is phosphory-
lated within the LevR part. The minor faster-migrating radio-
active bands observed with factor Xa-treated MBP-LevR are
probably due to unspecific cleavage by the protease. We also
purified a mutant MBP-LevR, in which His-488, the site of
phosphorylation in the EIIAM*" domain, had been replaced
with an alanine. When carrying out phosphorylation experi-
ments with the MBP-LevR(H488A) mutant protein, none of
the two LevR-related radioactive bands could be detected (Fig.
6B, compare lanes 1 and 2), confirming that P~His-HPr-me-
diated phosphorylation occurs at His-488 (B. subtilis is phos-
phorylated at the equivalent His-585) (34) and further support-
ing the assumption that the second slowly migrating
radioactive band corresponds to MBP-LevR dimers.

The MBP-LevR(H488A) mutant protein was also used to
test whether LevR would be phosphorylated by P~His-
EIIB™. When the mutant protein was incubated with
[**P]PEP, EI, HPr, and EIIA™, no phosphorylation of MBP-
LevR(H488A) could be observed (Fig. 6B, lane 3). However,
when EIIB™ was present in addition (EIIA™" and EIIB™*¥
were purified as His-tagged proteins), a radioactive band mi-
grating to the position of MBP-LevR and a second band, prob-
ably corresponding to MBP-LevR dimers, could be detected
(Fig. 6B, lane 4). Wild-type MBP-LevR phosphorylated under
identical conditions provided a stronger radioactive band (Fig.
6B, lane 6), probably because it is phosphorylated at both the
EIIAM*" domain and PRD2. By contrast, when an MBP-LevR
fusion protein was used in which His-448 and His-776 had been
replaced with alanine, no phosphorylation of LevR occurred
(Fig. 6B, lane 5), confirming that His-778, which is equivalent
to His-869 in B. subtilis LevR (34), represents the site of phos-
phorylation by EIIB~" in PRD2 of L. casei LevR (Fig. 2B).

Effect of the Ile-47-Thr replacement in HPr on its ATP-
dependent phosphorylation. Since the formation of P~His-
HPr is necessary for the phosphorylation of L. casei LevR at
His-488 and His-778 (Fig. 2B), and since the lev operon con-
tains a cre sequence which is the binding site for the P-Ser-
HP1/CcpA complex, we wanted to test whether the Ile-47-Thr
replacement in HPr would affect its ATP- and/or PEP-depen-
dent phosphorylation, which in turn could be responsible for
the observed elevated lev operon expression in the ptsHI47T
mutant. When carrying out ATP-dependent phosphorylation
reactions with purified His-tagged L. casei wild-type HPr and
HPrI47T, we observed that wild-type HPr was almost com-
pletely phosphorylated after a few seconds (Fig. 7A), while
under identical conditions, phosphorylation of the mutant HPr
was not yet completed after 30 min (Fig. 7B). Dephosphory-
lation experiments with wild-type and mutant P-Ser-HPr in the
presence of HprK/P were also carried out. The Ile-47-Thr
replacement also slowed the dephosphorylation at Ser-46 (data
not shown), but the inhibitory effect was less pronounced
(about 10-fold) than that observed for ATP-dependent HPr
phosphorylation.
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FIG. 7. ATP-dependent HprK/P-catalyzed phosphorylation at
Ser-46 of HPr (A) and HPrI47T (B). Samples were prepared as de-
scribed in Materials and Methods, incubated for different time periods
at 37°C, and separated on nondenaturing 12.5% polyacrylamide gels,
which allowed us to separate HPr and P-Ser-HPr. The gels were
stained with Coomassie blue.

Effect of the Ile-47-Thr replacement on PEP-dependent HPr
phosphorylation and phosphoryl group transfer from P~His-
HPr to EIIA™". Phosphorylation experiments were carried out
with [*?P]PEP, EI, and wild-type HPr or HPrI47T. While in the
presence of wild-type HPr, an equilibrium of the phosphoryl
group transfer reaction was reached after a few seconds (Fig.
8A, lane 1); it took about 6 min with HPrI47T (Fig. 8B, lane 5).

We also wanted to study whether the ptsHI47T mutation
would affect the phosphoryl group transfer from P~His-HPr to
EIIA™". For this purpose, wild-type HPr and HPrI47T were
preincubated with [*?P]PEP and EI to allow their nearly com-
plete phosphorylation. EIIA™ was subsequently added to the
reaction mixtures, and aliquots were withdrawn at the indi-
cated time intervals. The phosphoryl group transfer from wild-
type HPr to EIIA™" was very fast and reached an equilibrium
after a few seconds (Fig. 9A, lane 1). By contrast, under iden-
tical experimental conditions, only a small amount of EITA™Y
was phosphorylated after 2.5 min of incubation in the presence
of histidyl-phosphorylated HPrI47T (Fig. 9B). A weak radio-
active band migrating according to a molecular mass of 30 kDa
was detectable in the experiments with wild-type HPr (Fig.
9A), and an equivalent faint band can also be seen in Fig. 9B
(lane 4). This band most likely corresponds to EITA™" dimers,
as a band migrating to this position could also be observed
after electrophoresis with purified EIIA™" and subsequent
staining of the gel with Coomassie blue. However, when the
samples containing purified EITA™" were boiled before elec-
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FIG. 8. [**P]PEP-dependent El-catalyzed phosphorylation of HPr
(A) and HPrI47T (B). Samples were prepared as described in Mate-
rials and Methods, incubated for different time periods at 37°C, and
separated on 0.1% SDS-15% polyacrylamide gels which were dried
and exposed to autoradiography. The migration positions of EI and
HPr are indicated by arrows.

trophoresis, the slower-migrating band disappeared (data not
shown).

We also tested whether the Ile-47-Thr replacement would
affect the phosphoryl group transfer from P~His-HPr to the
EIIAM2" domain in LevR of L. casei. Experiments identical to
those described above for EIIA™ were carried out with LevR.
Phosphoryl group transfer from wild-type P~His-HPr to LevR
was very fast and was completed after 30 s, while after a 5-min
incubation in the presence of P~His-HPrI47T, only a faint
radioactive band corresponding to P~LevR could be detected
(data not shown).

Interruption of the Lev-PTS phosphorylation cascade af-
fects lev operon expression. The strong inhibitory effect of the
Ile-47-Thr replacement in HPr on its ATP- and PEP-depen-
dent phosphorylation and on the phosphoryl group transfer
from P~His-HPr to EIIA™" and LevR observed in in vitro
experiments suggested that the elevated expression in the
ptsHI4TT mutant might be partly due to altered LevR phos-
phorylation. To test this assumption, expression of the lev
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FIG. 9. Phosphoryl group transfer from [**P]P~His-HPr (A) and
[**P]P~His-HPrl47T (B) to EIIA™. [**P|PEP, EI, and HPr or
HPrI47T were preincubated to allow their exhaustive phosphorylation
before EIIAXY was added to the assay mixtures, which were further
incubated at 37°C. Aliquots were withdrawn after different time peri-
ods and separated on 0.1% SDS-15% polyacrylamide gels which were
dried and exposed to autoradiography. The migration positions of EI,
HPr, HPr147T, EIIA™Y, and its dimer are indicated by arrows.

operon was studied in a pts] mutant (pts/ encodes EI) and a
levB mutant, which are interrupted at the first and last steps,
respectively, of the Lev-PTS phosphorylation cascade (6). A
ptsI mutant, in which both the activating phosphorylation in
the EIIAM“" domain and the inactivating phosphorylation in
PRD?2 of LevR are prevented, did indeed exhibit elevated lev
operon expression similar to that of the ptsHI47T strain (Fig.
10, compare lanes 1 and 5). Expression of the lev operon was
even stronger in the levB mutant (Fig. 10, lane 3), in which only
phosphorylation at the PRD2 domain of LevR is prevented,
and was strongest in the levB ptsHI47T double mutant (Fig. 10,
lane 2). These results suggest that the major factor leading to
elevated lev operon expression in the ptsHI47T mutant might
be the diminished phosphorylation at PRD2 of LevR. How-
ever, other factors, including altered phosphorylation of the
EITAM*" domain of LevR and diminished P-Ser-HPr-mediated
CCR, also seem to affect lev operon expression in the ptsHI47T
mutant.



VoL. 186, 2004

q49]
LM

Isd
- LLyIHSd gaa)

34k 5w

23S

16S

5

FIG. 10. Northern blots with 5 pg of RNA isolated from either the
L. casei wild-type strain BL23 (WT); the ptsHI4TT, ptsl, or levB mu-
tant; or the ptsHI47T levB double mutant, which were grown in MRS
fermentation medium complemented with ribose. The levA-specific
probe was used to detect the lev operon transcript of 3.4 kb. The
positions of the 16S and 23S rRNAs are indicated with arrows.

DISCUSSION

Proteome analysis of several CCR-relieved mutants of L.
casei allowed us to identify a small protein specifically over-
produced in the ptsHI47T strain, which synthesizes an HPr in
which Ile-47, a residue located next to the phosphorylatable
Ser-46, was replaced with a threonine. Ile-47 (or Leu-47 in E.
coli HPr) has previously been suggested to be important for the
interaction of HPr with its various partner proteins EI (22),
ElIAs (8), CcpA (28), and HprK/P (18). The ptsHI47T muta-
tion was first described for Streptococcus salivarius, where it
relieved several enzymes from CCR (23). This mutation did
not prevent phosphorylation of HPr at His-15 or Ser-46, al-
though it caused an increase of unphosphorylated HPr in glu-
cose-grown cells at the expense of doubly phosphorylated HPr.

The protein overproduced in the L. casei ptsHI47T strain
was identified as EIIA of a mannose class PTS, which was
called Lev-PTS based on the similarity of its components to the
proteins of the Lev-PTS of B. subtilis and C. acetobutylicum.
However, several differences were found between the B. sub-
tilis and the L. casei lev operons and the way their expression is
regulated. The most obvious difference was the absence of the
levanase-encoding sacC gene and the presence of an additional
gene, levX, in L. casei. A gene encoding a similar protein is also
present as a fifth cistron in the presumed lev operons of L. casei
ATCC 334 and C. acetobutylicum and in operons encoding a
mannose class PTS in Lactobacillus johnsonii, Lactobacillus
gasseri, S. mutans, Streptococcus gordonii and Leuconostoc mes-
enteroides. The 12-kDa LevX protein exhibits no significant
similarity to any protein of known function. It does not seem to
be a transcription regulator, as disruption of the L. casei levX
gene had no effect on lev operon expression either in the
wild-type strain or in the ptsHI47T background (data not
shown). Sequence analysis suggested that LevX contains two
transmembrane helices (from amino acids 24 to 46 and 50 to
72).
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Although sacC is absent from the lev operon of L. casei
BL23, the L. casei neotype strain ATCC 334 possesses a sacC-
containing lev operon similar to that of B. subtilis (Fig. 2A).
Interestingly, compared to B. subtilis and C. acetobutylicum
SacC, the presumed SacC of L. casei ATCC 334 contains a
170-amino-acid N-terminal extension. The lev genes of the two
L. casei strains exhibit more than 98% sequence identity. The
region of identity stops abruptly at the end of levR on one side
and 15 codons before the end of levX on the other side (Fig.
2A). Even the noncoding 283-bp region containing the pro-
moters for levR and the lev operon (Fig. 4) was completely
identical. The only significant difference occurred in the inter-
genic region between levB and levC, where 110 bp was missing
in strain ATCC 334 (Fig. 2A). It is tempting to assume that the
different location of the lev operon in strains BL23 and ATCC
334 results from a gene rearrangement in BL23, during which
the lev operon without sacC was translocated to a new place.
The sacC gene of strain BL23 might therefore still be present
at the original location of the lev operon. Due to the near
identity of the Lev-PTS proteins in the two strains BL23 and
ATCC 334, it is likely that they transport the same substrates.
Similar to what has been observed for B. subtilis, the L. casei
BL23 lev operon was induced by mannose and fructose, sug-
gesting that these two sugars are transported by the Lev-PTS.
Even if strain BL23 should not possess a functional sacC gene,
its Lev-PTS might transport fructose, possibly produced by
degradation of an oligo- or polysaccharide other than levan.

Differences between the B. subtilis and L. casei lev operons
also exist in the promoter region. While the B. subtilis lev
operon contains a RpoN (¢°*)-dependent —12, —24 promoter
and a UAS about 100 bp further upstream (36), no such se-
quences could be detected for the L. casei lev operon. In
agreement with this observation, disruption of rpoN, which has
been identified within the L. casei BL23 genome sequencing
project (29) and is located upstream of a gene encoding an-
other LevR-like protein (M. J. Yebra, R. Viana, and G. Pérez-
Martinez, personal communication), had no effect on lev
operon expression. This result suggested that, in contrast to
LevR of B. subtilis, L. casei LevR does not interact with RpoN
but with another sigma factor. RpoN-independent NifA/NtrC-
type enhancer binding proteins have been identified before.
One of them was TyrR of E. coli, which functions as an acti-
vator for two transcription units by interacting with the RNA
polymerase-o’° holoenzyme (44). The NifA/NtrC central do-
main of enhancer binding proteins has been shown to contain
a specific sequence (GAFTGA) which is essential for the in-
teraction with RpoN (48). Interestingly, while this sequence is
present in LevR of B. subtilis, it is absent from TyrR of E. coli
and LevR of L. casei (Fig. 2B). The domain separating the
NifA/NtrC-like central domain and PRD1 is also different in
LevR from B. subtilis and L. casei (Fig. 2B). It is not known
what the function of this domain is and whether this difference
is of any physiological significance. By contrast, all regulatory
domains (PRD1, EIIAM®" EIIB°", and PRD2) are also
present in LevR of L. casei, and the P~His-HPr- and
P~EIIB™"-dependent phosphorylation sites are conserved
(Fig. 2B).

HPr is implicated in both LevR phosphorylation reactions,
and the L. casei lev operon is preceded by a cre sequence,
indicating that it is subject to CCR via the P-Ser-HPr/CcpA
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complex. We therefore suspected that the observed overex-
pression of the lev operon in the ptsHI47T mutant might be
due to altered PEP- and/or ATP-dependent phosphorylation
of HPr. Indeed, ATP-dependent phosphorylation by HprK/P
at Ser-46 as well as PEP-dependent phosphorylation by EI at
His-15 were significantly slowed for HPrI47T compared to that
of wild-type HPr. In addition, transfer of the phosphoryl group
from P~His-HPr to EIIA™" was also slower with the mutant
protein than with wild-type HPr. It was therefore likely that in
the ptsHI47T mutant strain, phosphorylation at PRD2 of LevR
was drastically diminished. Since phosphorylation at PRD2
inhibits the activity of LevR, the ptsHI47T strain contains el-
evated amounts of active LevR, which was assumed to be
partly responsible for the strong expression of the lev operon in
this mutant. In agreement with this assumption, disruption of
levB, which prevents phosphorylation of LevR at PRD2, also
led to overexpression of the lev operon. The stronger lev
operon expression in the levB mutant compared to that of the
ptsHI4TT strain might be due partly to the complete absence of
phosphorylation of LevR at PRD2 in the levB strain. In addi-
tion, due to the slow phosphorylation of HPrI47T by PEP and
EI, phosphorylation at the EITAM*" domain which, in contrast
to phosphorylation at PRD2, stimulates the activity of LevR, is
probably also diminished in the ptsHI47T mutant. In agree-
ment with this assumption, a pts/ mutant in which phosphory-
lation at both domains EIIAM#" and PRD2 is completely pre-
vented exhibited lev operon expression similar to that of the
ptsHI4TT strain (Fig. 10, compare lanes 1 and 5). According to
the in vitro results, the ptsHI47T mutation is also expected to
diminish phosphorylation at PRD2 and the EIIA™** domain
of LevR. The results with the pts/ mutant also confirm that
phosphorylation of LevR by P~His-HPr at the EIIAM*" do-
main is not indispensable for LevR activity.

The strongest expression of the lev operon was observed in
the levB ptsHI4TT double mutant. The increase of LevR activ-
ity in the levB ptsHI4ATT strain compared to that of the
ptsHI47T mutant is probably due to the complete absence of
phosphorylation at PRD2 in the former strain, while the ele-
vated lev operon expression in the levB ptsHI47T strain com-
pared to that of the levB mutant is probably due to a relief from
P-Ser-HPr/CcpA-mediated CCR in the double mutant.
HPrI47T is only very slowly phosphorylated by ATP and
HprK/P at Ser-46. Although P-Ser-HPrI47T is also a poor
substrate for the dephosphorylation by HprK/P, accumulation
of seryl-phosphorylated mutant HPr probably occurs only
slowly and thus leads to diminished P-Ser-HPr/CcpA-mediated
CCR. However, it cannot be excluded that the Ile-47-Thr re-
placement might also lower the affinity of seryl-phosphorylated
HPr for CcpA. This effect has been suggested for S. salivarius,
where the ptsHI47T mutation altered the amount of P-Ser-HPr
only slightly (23). The lev operon of L. casei was expected to be
subject to strong CCR, as the location of the presumed cre
suggested that not only the expression of the lev operon but
also the synthesis of its transcription activator LevR would be
repressed by growth on rapidly metabolizable carbohydrates.
In conclusion, the concerted effects of the ptsHI47T mutation
on ATP- and PEP-dependent phosphorylation of HPr, on the
phosphoryl group transfer from P~His-HPr to EIIA™" and
LevR, and possibly on the interaction of P-Ser-HPr with CcpA
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seem to be responsible for the observed overexpression of the
lev operon in the ptsHI47T mutant.
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