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We have constructed a regulated plasmid vectorSteptococcus pneumoniaeased on the
streptococcal broad-host-range replicon pLS1. As a reporter gene, we subclomgg geee from
Aequorea victoriagncoding the green fluorescent protein. This gene was placed under the control of
the inducible B promoter of theS. pneumoniae malMBperon which, in turn, is regulated by the
product of the pneumococcalalRgene. Binding of MalR protein to theyFpromoter is inactivated
by growing the cells in maltose-containing media. Highly regulated gene expression was achieved by
cloning in the same plasmid the R)fp cassette and thmalRgene, thus providing the MalR regulator
in cis. Pneumococcal cells harboring this vector gave a linear response of GFP synthesis in a
maltose-dependent mode without detectable background levels in the absence of the indoar.
Academic Press
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Streptococcus pneumonig@neumococcus) pMV158 natural replicon (Burdett, 1980). Al-
is an important pathogenic gram-positive bacteahough the entire pneumococcal genome he
rium causing a variety of illnesses, such abeen sequenced, still only a few vectors, mostl
pneumonia, oftitis, and septicemia. Pneumocogased on the pMV158 replicon, have been cor
cal-provoked diseases constitute an importagtructed. They have been used either as vehicl
problem because of the growing number ofp clone pneumococcal genes (Lacks al.,
strains developing resistance to antibiotics, sp@9g6) or as promoter probe plasmids #Drand
cially p-lactams (Baquero, 1996). Even thougltsar¢a, 1990). The promiscuity of the pMV158
pneumococci are naturally transformable bactqzepncon has allowed its use as a broad-hos
ria, only a few plasmid vectors are available t94n4e vector to analyze heterologous expressic

manipulate them, most of them isolated fromys c|oned pneumococcal genes (Espinesal.,
heterologous hosts (Mo et al., 1999, and 1ggy. Lgpezet al., 1987).

references therein). Indigenous cryptic pneumo- During the past few years, we have beer
_coccal plasmids have been recently CharathFfterested in the study of the utilization of mal-
ized af*d ShOV.V” t? belong to th? pC1.94/pUBllposaccharides b. pneumoniagStassiet al.,

plasmids replicating by the rolling circle mech-1982_ Puyet and Espinosa, 1993). Genes ir

anism (Schusteet al., 1998). A new shuttle L0 .
) ..~ volved in this process are organized as a regt
vector betweers. pneumoniaand Escherichia L
lon, which is composed of three operons (se

coli, based on an indigenous cryptic pneumao-

coccal plasmid, has been recently constructé: 9: _lA)' Two of them aremvolv_ed n r_n_alto_sac—
(Mufioz et al., 1999) charide uptake njalXCD and its utilization

Cloning of pneumococcal genes (Staatsal.,, (MalMP), and the third halAR is involved in
1982) was feasible early by employment of€gulation (Puyet and Espinosa, 1993; Pugfet

plasmid pLS1, a derivative of th®. agalactiae & 1993). The two former operons are tran-
scribed from two divergent promoters, termec

To whom correspondence should be addressed. Faww (for the malMP operon) and P (for the
+34-91-5627518. E-mail: mespinosa@cib.csic.es. malXCD operon) which are negatively regu-
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lated by the product of genaalR(Nieto et al., mid also contains an improved translation initi-
1997). Protein MalR belongs to the Lacl-GalRation region (TIR), containing an optimized
family of transcriptional repressors (Puytal., Shine—Dalgarno sequence and spacer regio
1993) and binds specifically to two operatoand a translational enhancer from gene 10 c
sequences located in the intergenic region bphage T7. The resultingfp gene cassette is
tween operongnalXCD and malMP (Nieto et suitable for prokaryotes, and the total fluores
al., 1997). The binding of MalR to its DNA cence is enhanced (Miller and Lindow, 1997)
target is reversed by the addition of maltoséDther plasmids used were pAPM22, lacking the
pointing to inactivation of the repressor by theyfp gene (Puyegt al., 1993), and pLS1GFP,
sugar (Nietoet al., 1997). Based on this regu-which harborgyfp under the control of promoter
latory mechanism, in the present work we have,, and lacksmalR (Fernandez de Palenciet
developed a pLS1-based plasmid, which hagl., 2000).

bors themalRgenein cisand which has proved E. coli cells were grown in TY medium
to be a useful regulated expression vectorSor (Sambroolet al.,1989) with selection for eryth-
pneumoniaeWe have employed thgfp gene romicyn resistance (Erfn500 wg/ml) or ampi
from Aequorea victoriaas a reporter, encodingcillin resistance (Ap; 100 ug/ml) for cells har
the green fluorescent protein (GFPplaced boring pJDC9 or pGreenTIR, respectivel$.
under the control of one of the promoters regpneumoniaecells were grown in AGCH me-

ulated by MalR. dium (Lacks, 1968) supplemented with sucrose
maltose, or both sugars at the final concentre
MATERIALS AND METHODS tion of 0.8%. Selection was applied for Efr(i

Bacterial Strains and Plasmids pa/ml). All cultures were grown at 37°C.

Most of the constructions were done_E1 Plasmid DNA Preparation and DNA
coli IM109 (Sambroolet al., 1989). The final
receptor of the constructions waspneumoniae
R61 (wild type; Lacks, 1968). These latter bac- Pneumococcal cells were grown and trans
teria were also employed for protein expressioformed with plasmid DNA as previously de-
and measurement of GFP activity. In addition tecribed (Stasset al.,1982; Lackset al., 1986).
the plasmids detailed below (see Results), wiereparation of. coli competent cells to elec-
used plasmids pBR322 (Bolivast al., 1977) troporate with plasmid DNA was done as de-
and pJDC9 (a pMB9 derivative; Chen and Morscribed (Sambrookt al.,1989). Extraction and
rison, 1987). This latter plasmid carries theurification of plasmid DNAs fronk. coliwere
lacZ' gene (allowing for blue/white coloniesperformed by use of the Qiagen kit (Qiagen
selection) and strong transcription terminatiotJ.S.A.). Purified plasmid DNAs frons. pneu-
sequences flanking the multiple cloning sitenoniaewere prepared as described (del Sefar
(MCS), thus facilitating the cloning of strepto-al., 1987). Restriction endonucleases, the Kle
coccal DNA fragments irE. coli (Chen and now fragment of DNA polymerase | (PollK),
Morrison, 1987). In addition, we employedand DNA ligase were purchased from New En:
plasmid pGreen TIR (Miller and Lindow, gland Biolabs or Boehringer Mannheim and
1997), which is a derivative of pUC1813 intowere used as specified by the suppliers. Restri
which a mutatedfp gene (a double F64L S65T tion fragments employed for cloning experi-
amino acid change) has been cloned. This plasients were purified from agarose gels by phe

nol extraction (Sambrooket al., 1989).

* Abbreviations used: Ap, ampicillin; Erm, erythromycin; Determination of the nucleotide sequence of th
. ol e b o o ey anc desired DNA fragments was performed on a
polya’crylamr?de gel eISctrophores,is;pPCR, polym)(/a’rase chéﬁgtomated Seq_uencer (AB|_373A) and the dye
reaction; PollK, Klenow fragment of DNA polymerase I; dideoxynucleotide termination procedure.

TIR, translation initiation region. To amplify the pneumococcal region contain-

Manipulations
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ing promoters R and R, by polymerase chain membrane fo3 h atroom temperature in TBS

reaction (PCR), plasmid pLS70 was used as(@0 mM Tris—HCI, pH 7.5, 500 mM NacCl)

template. This plasmid contains &. pneu- containing 0.2% skimmed milk. The membrane
moniae region encompassing both promotersvas rinsed four times with the same buffer, an
(Stassiet al., 1982). The oligonucleotides usedthe secondary antibody (anti-rabbit 1gG, dilutec
included, respectively, recognition sequences30,000; Sigma Immunochemicals) was addec
for the restriction enzymeEcoRl and BanHI  Incubation proceeded for 1 h, and the mem
(underlined): mal3 (promoter J, 5-GCA- prane was rinsed with TBS containing 0.2%
GAATTCAAGTTTTATTGATAAGGAAAC-  Tween 20. Immunodetection was performed us
3'; mal4 (promoter R), 5'-CGCGGATC- ing an Immun-Star kit (Bio-Rad), as describec
CATCTCTAGAGTATTTTGCAGACGCAA-  py the manufacturers. For autoradiography, th

ACG-3. membrane was exposed to Kodak X-Omat filn
for 1-3 min. Quantitative estimates of the in-

Preparation of Total Proteins from S. tensity of the bands were done by densitometri
pneumoniae and SDS Gels scannings of the autoradiograms, correcting fc

) ~the protein concentration loaded for eact
Pneumococcal cultures harboring plasm|d§amp|e_

were grown to an optical density (Qfg of 0.6
(equivalent to 5< 10° colony-forming units/ml) o
in sucrose-containing medium (Lacks, 1968)Measurement of GFP Activity

Cells were washed and diluted (1/10) in me- P | cells harbori | id
dium containing sucrose or maltose (final con- neumococcal cells harboring plasmids wer

centration, 0.8%). Cultures were grown to th@"0Wn in sugar-containing media to an Qpof
same OD and harvested by centrifugation. Totd/ (8bout 6 10° cfu/ml) as above, with
protein extracts were prepared as described (EX/€ctive pressure. Cells (1 ml from each cul
pinosaet al.,1984) and were separated by gpslure) were _sedmented by centrifugation anc
polyacrylamide (12.5%) gel electrophoresi§tSPended in the same volume of PBS buffe
(PAGE). As molecular weight standards, thd10 MM NaHPO,, 1 mM KH.PO,, 140 mM
Mark 12 protein mixture (Novex, U.S.A.) wasNaCl, 3 mM KCl), pH 7.2. Aliquots (20Qu)
used. The band corresponding to GFP proteifféré used to measure the fluorescence on
was quantified by use of the Gel Doc-2003-S—50B spectrophotometer (Perkin—Elmer) b

equipment and Quantity One software (Bio-Ra§*citation at a wavelength of 488 nm and de
Laboratories). tection of emission at 510 nm. As a control to

determine the background fluorescence, cel
harboring plasmid pAPM22 (lacking thgfp
gene) were used.

Pneumococcal cells harboring plasmids were
grown in medium containing sucrose, maltose, RESULTS AND DISCUSSION
or both sugars. Total protein extracts (29)
were separated by SDS-PAGE as above, usi@pnstruction of Plasmid pJDCIGFP
as molecular weight markers the Kaleidoscope
prestained protein mixture (Bio-Rad). Proteins A schematic representation of the various
were electrotransferred to nitrocellulose memeloning steps for constructing the intermediate
branes (Schleicher & Schuell) in buffer A (25plasmid pJDCOGFP given in Fig. 1. The DNA
mM Tris—HCI, 192 mM glycine, pH 8.3, 0.1% region containing the operators/promoterg P
SDS, 20% methanol), 300 mA, 4°C, 60 minand R, the targets of the repressor MalR (Fig.
and treated essentially as reported (Bravo arddh), was amplified by PCR. Two restriction
Salas, 1997). Polyclonal GFP antibodies (Clorsites forEcaRl and forBanHlI flanked the am-
tech, U.S.A.; diluted 1:3000) were bound to thelified DNA (0.5 kb). This region lacks the

Western Blot Analysis



208 NIETO ET AL.

TIR for malX and malM genes. Plasmid Construction of pLS1RGFP, A Regulated
pBR322 was doubly digested witBcoRI-B- Plasmid Vector for S. pneumoniae

amH| (Fig. 1B). Plasmid and PCR-synthesized T .
DNA products were ligated together and used t 0 construct a regulated plasmid vector we
P : 9 9 . Blaced the promoter J2gfp gene cassette
tragsformE. coli JMlOQ, applyl_n_g selection for (present in pJDCIGFP) into a pLS1-based ref
Ap”. Twenty tetracycline-sensitive clones werg.,, 14 increase the intracellular amount of
selected _and analyzed for plasmids of t_he eMalr, thus ensuring high levels of repression
pecteq size. Eight of the_ clones contained gq malR gene was cloned into the same plas
plasmid, termed pCL1, which was further char,iq. 1o this end, we made use of the previous|
acterized by restriction mapping. To clone theonstructed plasmid pAPM22 (Fig. 1B), which
gfpgene into pCL1, DNA from plasmid pGreenpas the pLS1 replicon and contains thalR
TIR was digested withEcoR| and treated with gene cloned under the control of the promote
PollK, and the 0.75-kb DNA fragment contain-for the tet gene of pLS1 (Puyeét al., 1993).
ing the gfp gene with its own TIR signals was DNA from pAPM22 was digested witHlindllI,
purified. Plasmid pCL1 DNA was digested withtreated with PollK, and digested witBcoRl,
BanHI and treated with PollK. Both DNAs and the larger fragment was purified. Plasmi
were ligated and used to transforé. coli pJDCO9GFP DNA was digested witlBal,
JM109. Clones harboring a functiongfip gene treated with PollK, and then digested with
were selected by checking the fluorescence &caRl. The 1.5-kb DNA fragment (containing
the Ap® colonies under UV light. Several clonesgfp) was purified and ligated to the pAPM22
were checked for their DNA content, and théDNA fragment. The ligation mixture was used
resulting plasmid was termed pCL1GFP. Théo transformS. pneumoniaeand transformants
fluorescence oE. col/pCL1GFP showed sub- were selected for Erfa Due to the high intrin
stantial variations among different clones (nosic fluorescence of the pneumococcal mediun
shown). We attributed these variations to thelirect selection for Erfhand fluorescent colo
lack of gfp transcription terminators in nies was not feasible. Plasmid DNAs from sev
pCL1GFP. For this reason, we decided to clon@ral clones having an appropriate size were a
the R—P, promotersgfp gene cassette (cen alyzed by restriction mapping, and one of then
tained within anEcoRI-Sal DNA fragment) Was selected. The resulting plasmid was terme
into plasmid pJDCY. DNA from this plasmid PLS1IRGFP (Fig. 1B), and the integrity of the
was doubly digested wittEcaRI-Sal (both Pv—9fP gene cassette was checked by determ
within the MCS). Selection was applied fornation of its entire nucleotide sequence.
Erm®, and white colonies exhibiting fluores ) )
cence under UV light were picked. Eight cloneSYnthesis of GFP in S.
were randomly chosen and checked for plas- pneumoniae/pLSIRGFP
mids of the expected size, and one of these To determine whether synthesis of GFP wa
clones was further selected to determine thegulated in pneumococcal cells harboring
nucleotide sequence of the pneumococcal ipLS1RGFP, cultures were grown in medium
sert. The resultant recombinant plasmid wasontaining sucrose or maltose (the inducer o
termed pJDCI9GFP (Fig. 1B). themalregulon). As controls, we used plasmids

FIG. 1. Construction of pLS1IRGFP. (A) Schematic representation of the pneumocwmetaktgulon showing the
organization of the different genes (letters within rectangles). Promoters directing transcriptiomafi#f, malXCDand
malMP operons are indicated by arrowheads. The negative regulatipof(promoters R and R (shadowed) by MalR
(arrows) is indicated. (B) Construction of pLS1RGFP. Plasmid-encoded genes are indicated with thin lines, the arrow
pointing in the direction of transcription. The two relevant geg@sandmalR,are indicated as empty boxes, the narrowel
ends pointing in the direction of transcription.
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FIG. 2. Relative synthesis of GFP in pneumococcal cells harboring plasmids. (A) Extracts of c&ls of
pneumoniapAPM22 (lanes 1 and 2), pLS1GFP (lanes 3 and 4), and pLS1RGFP (lanes 5 and 6) grown in
sucrose-containing (S) or maltose-containing (M) medium were fractionated by SDS—-PAGE. Samples containec
25 ug of proteins. Arrows point to the position corresponding to GFP. The lane on the right shows the migration
of the proteins of the molecular weight standards, with their sizes indicated on the right. (B) Immunodetection
of GFP by Western blotting of total protein extracts from pneumococcal cultures harboring plasmids (as in A),
grown in medium supplemented with sucrose (S), sucrose plus maltose (SM), or maltose (M).

pAPM22 (lackinggfp) and pLS1GFP (carrying pression (sucrose), although GFP synthesis wi
gfp but not malR. Wild-type pneumococcal increased about three- or sevenfold by growin
cells harboring the latter plasmid have a singléhe cells in media containing maltose plus su
chromosomal copy of the gene encoding therose or only maltose, respectively. These finc
repressomalR but multiple copies of the pro- ings indicate that the product of a single chro.
moter/operator region ahalM, a genetic con- mosomal copy omalRexerts a weak regulation
figuration that should lead to a poor regulatioron the multiple copies of the plasmid-borng P
of gfp expression. Total protein extracts werggromoter. However, in the case &. pneu-
prepared, separated by electrophoresis on SD8weniaépLS1RGFP a clear regulation of GFP
PAGE, and stained. The results showed thaiynthesis was observed, since no signal we
induced cells harboring pLS1RGFP synthesizeabservable when the cells were grown in me
a protein band of the expected size of GFP, witdium containing sucrose (Fig. 2B). No signal
a relative electrophoretic mobility oM, of was found in cells harboring the control plasmic
about 28,000 and amounting to about 1% of theAPM22 under any condition.

total protein content (Fig. 2A). This band was

also visible in cells harboring pLS1GFP, but it TABLE 1

was absen_t irS. pneumonidpAPM22. To test Relative Quantification of Immunodetection of GFP
whether this band corresponded to GFP, Weslsynthesized bys. pneumonia€ells Harboring Plasmids

ern blot analysis was performed. In this case, Grown in Sugar-Supplemented Media
cells were grown in media containing sucrose,
maltose, or a mixture of both sugars (to achieve Sugar

a partial repression of the system). Proteins
were separated by SDS—-PAGE as above, syn

Plasmid Sucrose  Sucrose maltose  Maltose

thesis of GFP was tested by immunodetectiopAPm22 ND* ND ND
using anti-GFP antibodies (Fig. 2B), and th@.S1GFP 112 3.5 7.2
bands were quantified by densitometric scaf-StRGFP ND 10 105

ning of the autoradiograms (Table 1). In the . 5 ndetectable
case of pLS1GFP, detectable amounts of GFP: this relative value was given to the lowest value de
were synthesized even under conditions of reectable.
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TABLE 2 activity is only achieved at pH around 7.0 (re-
Intensity of Fluorescence in Pneumococcal Cultures ViEWed in Sullivan and Kay, 1999). These fea
Harboring Plasmids tures are reversible, but for microaerophile acid

ifying bacteria (likeS. pneumonige the cells
must be exposed to aerobic and neutral cond
tions and fluorescent compounds in the cultur
media must be removed. These inconvenienc
pfgI/IGZFZP 1505; 8-23 15;-‘::’ 2-;5 53-? 2-22 have hindered the use of GFP as a tool fo
gLSlRGFP S 087 162+ 082 o645e 14 PPEUmococc and, in fa_lct, we have been unab
to detect fluorescence in the pneumococcal co
onies. However, fluorescence could be routinel
measured in exponentially growing cultures
Densitometric scanning of the autoradiowhich were centrifuged, washed, and resus
grams (Table 1) indicated regulation of GFRyended in PBS buffer.
synthesis inS. pneumonidpLS1RGFP, since  To determine the levels affp expression in
the relative value of the GFP band was 10 time§. pneumoniaecells harboring pLS1RGFP,
higher in maltose-grown cells than in thosg) S1GFP, or pAPM22, cultures (in triplicate)
grown in maltose plus sucrose, and no detecere grown in medium containing sucrose, mal
able signal could be measured for sucrosgsse or both sugars. After suspension in PB:
grown cells. We conclude that plasmidytfer, emission of fluorescence at 510 nm wa
PLS1RGFP constitutes an excellent vector fofaasured. The results (Table 2) showed fat
S. pngumloniam/.hen tightly controlled gene ex- pneumoniaLS1RGFP cells grown in sucrose
pression is desired. gave background values (those obtained in th
case of pAPM22). When the cells were growr
8n maltose-containing medium, a 10-fold in-
crease in fluorescence was observed, thus co
Measurement of GFP activity requires a posfirming the approximate quantifications derivec
translational oxidation of the protein, and fullfrom the Western blot analyses.

Sugar

Plasmid Sucrose  Sucros¢ maltose Maltose

Detection of gfp Expression in S. pneumonia
by Determination of Fluorescence Levels
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FIG. 3. Detection of fluorescence in cultures f pneumonidpLS1GFP Q) or S. pneumonidpLS1RGFP
(®) as a response to increasing amounts of maltose in the medium.
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