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A phosphatase secreted [Saphylococcus aureus strain 154 has previously been
characterized and classified as a new member obdoterial class C family of non-
specific acid phosphatases. As the acid phosphatdiity can be easily detected using
a cost-effective plate screen, quantitatively mes$iby a simple enzyme assay and
detected with zymography, its potential use agarter system was investigated. The
aureus acid phosphatasésapS) gene has beegloned and expressed from its own
regulatory sequences iBscherichia coli, Bacillus subtilis and Bacillus halodurans.
Transcriptional and translational fusions of #spS gene with selected heterologous
promoters and signal sequences were constructecemessed in all three the host
strains. The strongest promoter for heterologaosem production in each of the host

strains was identified, i.e. the coli lacZ promoter IinE. coli, theB. halodurans alkaline
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protease promoter iB. subtilis and theB. halodurans ¢° promoter inB. halodurans.
This is the first report on the development of @adSl C acid phosphatase gene as a
reporter gene with the advantage of being ableutwtion in both Gram-positive and

Gram-negative host strains.

INTRODUCTION

Methods for the direct measurement of gene exmessclude mRNA detection using
polynucleotide probes (Northern blots) or reveraadcriptase-polymerase chain reaction
(RT-PCR) methods, as well as protein detection oushusing antibodies (Western
blots) or biological activitiegWood et al., 1995; Ding and Cantor, 2004). Howgeve
these methods are in many cases time-consumingastly. Reporter genes provide an
alternative method of genetic analysis that isefasind more convenient. Typically,
reporter genes encode proteins that have a uniguematic activity or that are otherwise
easily distinguishable from the mixture of intrardaextracellular proteins (Biran, 1994,
Schenborn and Groskreutz, 1999). They have fratyueeen used to identify regulatory
sequences, to monitor gene expression and functaod, to characterize promoter
strength and regulation (Pedraza-Reyes et al.,;1\8@#hg et al., 2004; Serrano-Heras et

al., 2005; Koga et al., 2006).

The choice of a reporter system is determined hyraber of important criteria. These
include the absence of similar activities to thgoréer protein in the host organism and

the availability of simple, rapid and sensitive heats for the qualitative and quantitative
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assay of reporter protein activity. These mettsiasuld preferably allow assaying of the
reporter protein activity in the presence of celiutomponents, thus obviating the need
for purification steps prior to assay (Jefferso@87; Naylor, 1999). The most widely
used reporter systems employ genes encogligalactosidaseldcZ) (Poyart and Trieu-
Cuot, 1997; Talukder et al., 2005), chloramphenamdtyltransferasecdt) (Palmano et
al., 2001; Cao et al., 2001) and different sugadrbhlases, e.gp-glucuronidase dus)
(Jefferson et al. 198&im et al., 2006). Although these reporter systamsconvenient
tools for semi-quantitative plate-based assesswieptomoter activities, more accurate
quantification of promoter strength usually regsienzymatic assays, which typically
involve bacterial cell disruption and addition ofsabstrate to drive the enzymatic
reaction followed by measurement of the opticalsitgr(Biran, 1994). Another group of
reporter systems is based on the emission of (Mfttod, 1998; Southward arfurette,
2002). In addition to the wild-type green fluorest protein (GFP) fromAequorea
victoria, many derivatives of GFP have been produced abseswently used to monitor
promoter activity in both in the laboratory andnatural environments (Southward and
Surette, 2002; Serrano-Heras et al.,, 2005; Chargl.et2005). However, naturally
occurring fluorescence can lead to high backgrolenels duringin vitro andin vivo
measurements. Alternative strategies have thuslvied the luciferase-encodingxAB
genes, typically derived fronVibrio fischeri, Vibrio harveyi and Photorhabdus
luminescens (Kirchner, 1989; Meighen, 1991), and more recenthe synthetic
luxCDABE operon which alleviates the requirement for additiof an exogenous
aldehyde substrate in the light emission reactereér and Szalay, 2002; Applegate et

al., 1998).
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Since each reporter system has its own advantagkslisadvantages that may limit its
usefulness in specific host organisms and in sjgeyipes of studies, no single reporter
gene is universally applicable (Naylor, 1999).isltherefore desirable to have a number
of reporter systems available for the same orgaKi¥enez-Arellano and Perez-Martinez,
2003; Janatova et al., 2003). Consequently, meadiin of widely used reporter systems
(Hautefort et al., 2003; Veening et al., 2004; Clbeal., 2005), the optimization of
methods used for measuring reporter activity (THéaw et al., 2004; Hampf and Gossen,
2006; Loening et al.,, 2006) and the isolation andlwation of new reporters are
continuing. The relevance of the latter is exefigali by several reports regarding the
evaluation of new reporters, amongst othprgalactosidase fromB. megaterium
(Schmidt et al., 2005) ant@ihermus thermophilus (Park and Kilbane, 2004), lichinase
from Clostridium thermocellum (Piruzian et al., 2002), and-galactosidase from

Saccharopolyspora erytraea (Post and Luebeke, 2005).

We have previously isolated and characterized aelna@lass C non-specific acid

phosphatase secreted &gphylococcus aureus strain 154 (Du Plessis et al., 2002). The
enzyme, designated SapS, encodeddps is a stable monomeric protein of moderate
size (296 amino acids, 30 kDa), which undergoeseptygic cleavage of the N-terminal

31-amino-acid signal peptide to yield the maturatgin. Based on its moderate size and
the ease by which enzymatic activity tests maydyéopmed (Du Plessis et al., 2002), the
present study focused on the development and ei@iuat the SapS acid phosphatase as
a reporter for the characterization of promoterd signal sequences in Gram-negative

(E. coli), as well as in mesophilic and moderately thernilap&ram-positive B. subtilis
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andB. halodurans, respectively) hostsk. coli and members of the speciBacillus are
the most frequently used prokaryotes for the prtdncof heterologous proteins
(Westerset al., 2004, Lamet al., 1998) and were therefore included in this sttmly
evaluate thesapS reporter system. The use of the reporter gene avatiated inB.
halodurans since it harbours théac operon (lkura and Horikoshi, 1979), and the
commonly used.acZ reporter system can therefore not be used inhbs$ organism.
FurthermoreB. halodurans is currenly being evaluated as a surface dispiyession

system (Crampton et al., 2007).

MATERIALS AND METHODS
Bacterial strains and growth conditions E. coli DH10B (F mcrA A(mrr-hsdRMS-

mcrBC) (#80dacZAM15) AlacX74 endAl recAldeoR A(ara-leu)7697 araD139 galU

galK nupG rpsL 1), obtained from Invitrogen, was used as intermgdcioning host.
Expression studies were done kh coli CU1867, a BL21 (DE3) strain with the
chromosomal acid phosphataggA gene disrupted (Ostanin et al., 199)subtilis 154
(Aapr, Anpr, amy, spo) (Quax and Broekhuizen, 1994) #&hdhalodurans BhFC04
(AwprA, Ahag ) (Du Plessis, PhD thesisk. coli andB. subtilis were cultured at 37°C in
Luria-Bertani medium (LB: 0.5% [w/v] yeast extratfbo [w/v] tryptone, 1% [w/v] NaCl;
pH 7). When appropriat&. coli growth media were supplemented with ampicillinq{(10
ug/ml), chloramphenicol (20 pg/ml) or erythromycB0OQ pg/ml), and. subtilis growth
media were supplemented with chloramphenicolgfnl) or erythromycin (10 pg/ml).
B. halodurans was grown at 37°C in LB medium (pH 8.5) and chhopaenicol (5ug/ml)

was added when appropriate.
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Recombinant DNA techniques.Plasmid DNA was extracted using a Plasmid Midiprep
Kit (QIAGEN, Hilden, Germany) and PerfectpfefPlasmid Mini Kit (Eppendorf,
Hamburg, Germany). DNA fragments were purifiedriragarose gels by use of a DNA
Extraction Kit (Fermentas, St. Leon-Rot, Germamrpcedures for DNA manipulations
were carried out as described by Sambrook et @B9Jl Enzymes were obtained from
Fermentas (St. Leon-Rot, Germany) and Roche Diaiggogvannheim, Germany) and
were used according to the manufacturer’s protocoldnless otherwise indicated,
plasmid constructions were first establishedircoli DH10B and then transferred ©
coli CU1867,B. subtilis 154 andB. halodurans BhFC04. Transformation of bacteria was
performed by electroporation fde. coli (Dower et al., 1988), and by protoplasting
according to published procedures Brsubtilis (Chang and Cohen et al. 1976) dd
halodurans (Crampton et al., 2007). PCR was performed usiiogaB DNA polymerase
(Bioline USA Inc., Randolph, MA) and a Progene thecycler (Techne, Burlington,
NJ). The oligonucleotides used in this study weléained from Ingaba Biotechnical
Industries, Pretoria, South Africa. Chromosomal/ADMas extracted frons. aureus 154
and B. halodurans BhFCO04 according to method of Lovett and Keggit@7Q), except
that lysozyme was added to a final concentratiohOomg/ml. Nucleotide sequencing of
all PCR products was performed using the ABI PRIEMigDyel Terminator Cycle
Sequencing Ready Reaction kit v3.0 (Applied Biosyst, Foster City, CA), followed by
resolution on an ABI PRISM 310 Genetic Analyser (Applied Biosystems), in
accordance with the manufacturer’s instructiondl. plasmid constructions were verified

by restriction endonuclease digestion followed garase gel electrophoresis.
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Plasmids. Plasmid pNW33N, ark. coli-Bacillus-Geobacillus shuttle vector obtained
from the Bacillus Genetic Stock Centre (Ohio USA) and pMG36e Lactocccus
expression vector (van de Guclateal., 1989), which also replicates & coli andB.
subtilis, was used to express tBeaureus acid phosphatase genggfS) in the Gram-
positive and Gram-negative host strains. In aditances, except for pMG36e-SapsS,
PpNW33N served as genetic backbone into which differ transcriptional and
translational fusions were inserted to evaluatestips gene as a reporter (Fig. 1). The
SapS enzyme was processed differenthyEincoli and Bacillus stains (31 and 43 N-
terminal amino acids deleted, respectively, to poed the mature SapS protein).
Translational fusions were therefore made with lgletions to determine whether the
truncated geneAd43) could be used as a reporter En coli and Bacillus strains.
Oligonucleotides used in this study are listed iabl€ 1. S aureus strain 154
chromosomal DNA was used for amplification of thaS gene and its derivatives.

halodurans BhFC04 chromosomal DNA was used as template P8R amplification

of the B-glucanase and alkaline protease promoter and Isigtuences and theD
promoter. The SPO2 promoter was obtained fromnuthPL608 as a 300bigcoRI
DNA fragment (Schoner et al., 1983). The followirextors were constructed:
pNW33-SapS: The 1.140-kb full-lengdapS gene was PCR-amplified using primers
Sap-F/ Sap-R1.

pNW33N1l: The 227-b-glucanase promoter gRic) fragment was PCR-amplified
using primers Glu-F/Glu-R and the 888-tapS gene fragment using primetsrcSap-

F1/Sap-R2.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

PNW33N2: The 315-bj-glucanase promoter and signal peptidgl {&sp) was PCR-
amplified using primers Glu-F/GIuS-R and the 7984ApsapS DNA fragment using
primersAz;Sap-F/Sap-RS3.

PNW33N3: The 762-bp\sssapsS fragment was PCR-amplified using priméigSap-
F/Sap-R3 and ligated to the 315-pmlucanase promoter and signal peptidgl {&+sp)
from pNW33N2.

pNW33N4: The 280-bp alkaline protease promotep(Pwas PCR-amplified using
primers Apr-F1/Apr-R and the 888-bgapS DNA fragment using primeraarcSap-
F2/Sap-R2.

pNW33N5: The 327-bp alkaline protease promoter sigdal peptide (&r+sp) was
PCR-amplified using primers Apr-F2/AprS-R and legato the 798-bps;sapSfragment
from pNW33N2.

pNW33N6: The 327-bp alkaline protease promoter sigdal peptide (&r+sp) from
pPNW33N5 was ligated to the 762-bp:sapS DNA fragment from pNW33N3.

PNW33N7: The SPO2 promoter was cloned into pNW3BM the plasmid designated
pNWSpo. The 891-bp full-lengtsapS gene, inclusive of its ATG initiation codon, was
amplified by PCR using primergsSap-F/Sap-R2 and ligated to pNWSpo to generate

PNW33N?7.

pNW33N8: The 230-bp sigma D promotersf) fragment was PCR-amplified using
primers Sig-F/Sig-R. The 888-lsppS gene fragment, lacking the ATG initiation codon

(AatcsapS), was generated by PCR using prim&kscSap-F3/Sap-R4.

PNW33N9: The 905-bgapS gene, including the putative ribosome binding €R8S),

was obtained by PCR using primers RBS-Sap-F/Sap+RBligated to pNW33N. The
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resulting plasmid pNW33N9 harboured the vector-bofacZ promoter (Rcz)

translationally fused to th&pSreporter gene.

pMG36e-SapS: The 888-bgapS gene fragment, lacking the ATG initiation codon
(AatcsapS), was generated by PCR using primagscSap-F4/Sap-R5. Th&apS gene

fragment was ligated into pMG36e an expression oretihat harbours the strong
lactococcal P32 promoter and an ATG initiation aodthus placing the reporter gene

fragment in phase with the initiation codon.
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Plasmid Promoter Signal peptide Saps

ENW33-SapS [ Fzaps | saps | |
pNW33N1 | Peiuc | saps | |
pNW33ND | Petuc | giue [ am1 | |
pNW33N3 [ Peuc | siue [ 243 | |
pNW3IN4 | Papr | saps ‘ |
pNW33N5 [ Pazr [ apr e |
pNW33N6 [ Paor [ ar | 243 | |
pNW33NT [ pspo2 [ zaps | |
pNW33INE [ Pop | saps | |
pNW3IND | Plac | zapS | |
pMG36e-SapS [ ps2 | saps | |

FIG. 1. Schematic presentation of the vector contdrharbouring th&. aureus sapS
gene for expression ik. coli Cul867,B. subtilis 154 andB. halodurans BhFCO04.

Abbreviations: Pgluc, B. halodurans f-glucanaseromoter;Papr, B. halodurans alkaline

protease promoter; P02, Bacillus temperature phage SPO2 promoteasPPthe B.
halodurans hag gene (flagellin protein) promoter;ldZ, E. coli lacZ promoter; P32,
strong lactococcal promoter;s#pS, S aureus sapS promoter; Az;SapS, sapS gene
fragment lacking the N-terminal signal peptide &fénino acidsj,ssapS, sapS lacking
the N-terminal signal peptide of 43 amino acidsitdeed in B. haldurans BhFCO04.
Protein sample preparation and protein concentratio determination. Bacterial
strains harbouring the plasmid constructs were utated into LB medium with the

appropriate antibiotics and incubated at 37°C férh2on a rotary shaker (175 rpm).

10
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Protein samples from the cultures were preparedeasribed by Van der Vaagt al.
(1997) with the following modifications. For cdthctionation, 40 ml of the respective
cultures was harvested after a 15-min centrifugaéibl2 000 >g at 4°C. The cell-free
supernatants (extracellular fraction) were retaiaed the proteins precipitated with ice-
cold acetone prior to being suspended in 0.1 Mwuodicetate buffer (pH 5). The cell
pellets were washed once with sterile distilledesatesuspended in 5 ml 0.1 M sodium
acetate buffer (pH 5) and sonicated on ice for 20 using a Model HD2070 Sonoplus
Ultrasonic Homogenizer (Bandelin Electronic, BerlBermany). The cell lysate was
clarified by centrifugation at 12 000 g<for 15 min and the supernatant, considered the
intracellular fraction, was recovered. The pe(lell wall fraction) was washed once
with sterile distilled water and resuspended inl®rh M sodium acetate buffer (pH 5).
Whole cell protein samples were prepared by hangdhe cells from 5 ml of the
respective cultures by centrifugation, as descrileove. The cell pellets were washed
with sterile distilled water and resuspended inl®rh M sodium acetate buffer (pH 5).
The protein concentration of samples was determinyetthe method of Bradford (1976),
using the BioRad protein assay kit (BioRad, Hergu(@A), with bovine serum albumin
as standard.

Qualitative, quantitative and zymographic detectionof acid phosphatase activity.
Colonies were grown on LB agar supplemented withh éippropriate antibiotic and
screened for acid phosphatase activity by floodimggsurface with 0.1 M sodium acetate
(pH 5), containing 0.1%-naphtyl phosphate (Roche Diagnostics) and 0.2% Gasett
GBC salt (Sigma-Aldrich, Aston Manor, South Africa)Acid phosphatase-positive

colonies produce a black precipitate.

11
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Acid phosphatase activity was quantified accordinghe method of Golovan et al.
(2000), with the following modifications. The agsavere performed by incubating 200
ul of enzyme preparation with 200 pl @fPP substrate (Roche Diagnostics), at a final
concentration of 25 mM, in 0.1 M sodium acetate §H Following incubation at 37°C
for 30 min, the reaction was terminated by the taldiof 1 ml 1 M NaOH and the
liberatedp-nitrophenol fNP) was measured at 405 nm. The extinction coefficof p-
nitrophenyl was taken to be 18.5 Tpmol* (Walter and Schiitt, 1974), and one unit of
enzyme activity was defined as the amount of enzgie to release 1 pmol ¢f
nitrophenol per min under the assay conditionsl adtays were performed in triplicate
and the results are expressed as means * starelaatiah (SD).

SDS-PAGE was performed with 12% polyacrylamide dsisthe method of Laemmli
(1970) after the samples had been heated at 37°80fmin. Molecular weight markers
(Bio-Rad) were included in each gel. Followingaotlephoresis the gels were either
stained with Coomassie brilliant blue R-250 to aisze the protein bands or incubated
for 16 h at room temperature in several changa®mdturation buffer for zymographic
analysis (Hamilton et al., 2000). After renaturatireatment, gels were equilibrated for
1 hat 37°Cin 0.1 M sodium acetate buffer (pHa) incubated at 37°C for 15 minto 1
hin 0.1 M sodium acetate (pH 5) containing 0.1%vjwi-naphtyl phosphate and 0.2%
(w/v) Fast Garnet GBG salt (Gabriel, 1971). Phasgde activity was indicated by the
presence of black-stained bands.

Amino-terminal amino acid sequencing.Amino-terminal amino acid sequencing was

determined as described previously (Du Plessik 2082).

12
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TABLE 1. Oligonucleotides used in this study

Primer Sequence (5' to 3% Description and location
Sap-F GCGTCGABATGCTACGTGGATGAG Sall, upstream of Bys
RBS-Sap-F GGCTGCAGATGAGGTGATAAG Pstl, 5° end of sapS including the
RBS
atcSap-F GGCGTCGAtgAATAAAATTTCAAAG® Sll, 5 end of sapsS including
initiation
ATG
AptcSap- GGCCTGCARATAAAATTTCAAAG Pstl, 5 end of sapS lacking
F1 initiation ATG
AptcSap- GGCGTGGAMRATAAAATTTCAAAG Sll, 5 end of sapS lacking
F2 initiation ATG
AptcSap- CAGGCATGCAATAAAATTTCAAAGTAT Sohl, 5 end of sapS lacking
F3 ATTGC initiation ATG
ApatcSap- GGCCTGCAGSAATAAAATTTCAAAG Pstl, 5 end of sapS lacking
F4 initiation ATG
Az1Sap-F GCCTGCABAAAGTTCTGCTGAAGTT  Pstl, 5 end of sapS lacking N-
terminal 31 amino acids
As3Sap-F GGCTGCAGCTATACCAGCATCACAAA Pdtl, 5 end of sapS lacking N-
AG terminal 43 amino acids
Sap-R1 GGCTGCAGTATTTAACTTCGCCTGT Pstl, 3’ end ofsapS
Sap-R2 GGGCATGTTATTTAACTTCGCCTGT Sohl, 3’ end ofsapS
Sap-R3 GCGTCGATTATTTAACTTCGCCTGT Sall, 3’ end ofsapS
Sap-R4 CACGGATCTTATTTAACTTCGCCTGT  BamHI, 3’ end ofsapS
Sap-R5 GCGGTACTTATTTAACTTCGCCTGT Kpnl, 3’ end ofsapS
Glu-F CGTCTAGACTACGCGCTGTATGATAA  Xbal, upstream of Ric
Glu-R CGCTGCAEATCTTCCATCCTCCTTAT  Pstl, downstream of g,
AG
GluS-R CACTGCARGCTTTTACCCCTTGATGA Pstl, downstream of B-glucanase
signal peptide
Apr-F1 GCGAGCTCTCGTGGAATATCTCCAAG Sacl, upstream of B
AC
Apr-F2 GGGAAGCTICTCGTGGAATATCTCCAA Hindlll, upstream of By
GAC
Apr-R GCGTCGAAATAGAAACTCCTCCTT  Sall, downstream of B,
AprS-R GGCTGCARTCTGCGAACGTTCCAAC  Pstl, downstream of alkaline
protease signal sequence
Sig-F CTCGGTACCTCGCGTTACGCTCTTTCT Kpnl, upstream of B
GT
Sig-R GCGCATGCATTAAAATTTCCTCCTTG  Sphl, downstream of

2 Relevant restriction sites are underlined.
® The introduction of an ATG initiation codon is indted by lower case letters

13
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RESULTS

Expression of theS. aureus sapS gene inE. coli, B. subtilis and B. halodurans.
Plasmid pNW-SapS, harbouring the promoter and gpdagion of the sapfreprotein
(signal sequence and mature protein) was transtbinte E. coli CU1867,B. subtilis
154 andB. halodurans BhFC04. The acid phosphatase enzyme was sucdgssful
expressed in all three host straassdetermined witm vitro enzyme assays (Fig. 2) and
zymography (Fig. 3). No acid phosphatase actividg detected with the vitro enzyme
assays of the host strains harbouring the pNW33®ove In contrast tdacillus sp.
where the acid phosphatase activity was mostly-asstociated, irE. coli it was

intracellular (Fig. 2).

12000

10000+

8000

6000

4000+

2000

Acid phosphatase activity mU/mg prote

o

FIG. 2.Extracellular, whole cell and intracelluliarvitro acid phosphatase activity results
of the host strains harbouring pNW33-SapS EAroli CU1867. (B)B. subtilis 154. (C)

B. halodurans BhFCO04.

14
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FIG. 3. Zymographic analysis & aureus sapS acid phosphatase activity Bn coli
CU1867 (pNW33-SapSRacillus 154 (pNW33-SapS), arfdl aureus (wild type).

Lane 1, low-range protein molecular weight markBioRad); lane 2,S aureus
supernatant fraction ; lane B, coli CU1867 (pNW33-SapS) cell wall fraction ; laneB4,
subtilis 154 (pNW33-SapS) cell wall fraction ; laneB,halodurans BhFC04 (pNW33-
SapS) cell wall fraction.

Zymographic analysis of the cell wall fractions thie three host strains harbouring
pPNW33N-SapS was performed. The cell wall fractisrese chosen as they gave rise to
high activity levels. FoE. coli the SapS activity band was found at the molecukasanm
position of the matur&. aureus 154 acid phosphatase protein band, indicating ttieat
processing had occurred at or close to the cleasigealetermined previously for tig
aureus 154 SapS protein (Du Plessis et al.,, 2002). Tldecnlar mass of the acid
phosphatase activity bands obtained for Baesubtilis and B. halodurans whole cell
fractions (Fig. 3, lanes 4 and 5) were lower ttieat obtained foE. coli (Fig. 3, lane 3).
In order to determine if the protein was procesdédterently in the Gram-positive

Bacillus strains, N-terminal sequencing of the enzyme watopeed. The N-terminal

15
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sequence of th&. aureus SapS protein expressed in Gram-positséhalodurans was
determined to be NHSIPASQKANL, which is twelve amino acids shortearnhthe
native S aureus SapS protein N-terminal sequence (Du Plessis et 2002).
Consequently, the coding regions of Saaureus 154 andB. halodurans

BhFCO04 mature SapS proteins respectively, wered®ad in the vector construction.
Evaluation of heterologous promoters/ and signal sgiences usingapS as a reporter
gene, inE. coli CU1867. To ascertain the feasibility of using tkapS gene as a reporter
gene inE. coli CU1867 the acid phosphatase activity of the htrairsharbouring the
reporter gene constructs (Fig. 1) was determineditgtively with the plate screen assay

(Fig. 4A) and quantitatively with in vitro enzymesays (Fig. 4B).

FIG. 4A. Plate screen showing acid phosphataseitgcof 24 h cultures ofE. coli
CU1867 harbouring the various constructs. Contod) pNW33N; 1, pNW33N1; 2,
PNW33N2; 3, pNW33N3; 4, pNW33N4; 5, pNW33N5; 6, plS8W6; 7, pNW33N7; 8,

pNw33N8; 9, pPNW33N9 and 10, pNW33-SapS.
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FIG. 4B. Whole cellin vitro acid phosphatase activity resultsEfcoli CU1867 24 h
cultures harbouring different promoter constructd, pNW33N1; 2, pNW33N2; 3,
PNW33N3; 4, pNW33N4; 5, pNW33N5; 6, pNW33N6; 7, plSBW7; 8, pNW33NS8; 9,

PNW33N9; 10, pMG36e-SapS.

E. coli CU1867harbouring the pNW33N vector showed no acid phe@seaactivityafter
activity staining (Fig. 4A). The host stramarbouring pNW33-Sap$S stained pitch black
indicating high levels of enzyme activity. Varyirlgvels of brown to black colour
development was detected for the host strain haifgpuhe heterologous promoter-
reporter gene constructs pNW33N1-pNW33N9 indicatidifferences in promoter

strengths. No black colour development was dedefdeE. coli CU1867 (pNW33N8)

indicating that thd3. halodurans PoD ligated to the reporter gene was not expressed.

In order to quantify the acid phosphatase actireults the production levels of tkapS
enzymatic reporter gene from the various heteralegaromoters and signal sequences
were monitored after 24 h hours byvitro acid phosphatase activity assays.Elrcoli
CU1867 the highest enzyme activity (835 mU/mg pmtevas obtained forIBcZ ligated

to the reporter gene (pNW33N9), followed by (589 /my) obtained for the d&pr-
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reporter gene construct pNW33N4 and (541 mU/mgaiabt for the Bpr+sp-reporter
gene construct (DNW33N5). The activity measuredPlpr+sp ligated to the truncated
reporter gene (pNW33N6vas approximately 5-fold less (81 mU/mg) proteibower
levels of phosphatase activity (189mU/mg) was oletdi for the Bluc-reporter gene
construct pNW33N1 when compared to the activity9(38U/mg) obtained for dpr-
reporter gene construct pPNW33N4. This result iatid that thd. halodurans BhFC04
alkaline protease promoter is a stronger promdtan thep-glucanase promoter. The
enzyme activity determined for the lactococcal poten P32igated to theeporter gene
(PNW33N10) was 177mU/mg protein. The enzyme dgtigietermined for th8acillus
temperature phageSPO2 ligated to the reporter gene (pNW33N7) was 475 mdJ)/
protein. In accordance with the plate screen assawctivity was detected from tige
halodurans PoP-reporter gene construct (pNW33N8) i coli CU1867. Low levels
(52mU/mg) of extracellular enzyme activity was a¢te forE. coli harbouring the RRcZ
promoter (construct pNW33N9) after 24h. The exdHatar activity can probably be
ascribed to leakage as opposed to secretion itlweli host strain. No extracellular

activity was detected for any of the other consrexpressed ig. coli.
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Evaluation of heterologous promoters/ and signal sgiences usingapS as a reporter
gene inB. subtilis 154. The acid phosphatase activity Bf subtilis 154 harbouring the

various constructs was determined qualitativelg.(BiA) and quantitatively (Fig. 5B).

FIG. 5A. Plate screen showing acid phosphatase activityddfh 2ultures oB. subtilis
strain 154 harbouring the various constructs. fobrft), pNW33N; 1, pNW33N1; 2,
PNW33N2; 3, pNW33N3; 4, pNW33N4; 5, pNW33N5; 6, pRBNG; 7, pNW33N7; 8,

PNW33N8; 9, pNW33N9 and 10, pNW33-SapS.
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FIG. 5B. Whole celin vitro acid phosphatase activity resultsBofsubtilis strain 154 24
h cultures harbouring the different promoter cards. 1, pNW33N1; 2, pNW33N2; 3,
PNW33N3; 4, pNW33N4; 5, pNW33N5; 6, pNW33N6; 7, plSBW7; 8, pNW33NS8; 9,

PNW33N9; 10, pMG36e-SapS.

B. subtilis 154 harbouring pNW33N showed no acid phosphatatbéatgavith the plate
screen assay (Fig. 5A). The host strain harboupiNyV33-SapS stained pitch black
indicating high levels of enzyme activity. As five E. coli CU1867 host strain varying
levels of brown to black colour development was eobsd for the heterologous
promoter-reporter gene constructs pNW33N1-pNW33BIS%ubtilis 154 harbouring the
Papr-reporter gene construct pNW33N4, thapP-sp-mature reporteigene construct
PNW33N5 and the &pr+sp- truncated mature reporter gene constpN#V33N6 stained
black indicating high levels of reporter gene atyiv No black colour development was
detected foB. subtilis (PNW33N8) indicating that &° ligated to the reportegene was
not expressed iB. subtilis 154. Similarly no activity was observed fBr subtilis
(PNW33N9) showing that thE. coli PlacZ-reporter gene construct was not expressed in

the Gram-positive host strain.
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In order to quantify the acid phosphatase actireults inB. subtilis 154 the production
levels of thesapS enzymatic reporter gene from the various hetemisgporomoters and
signal sequences were monitored after 24 h hour bitro acid phosphatase activity
assays. The highest enzyme activity (1923mU/mgeprp was obtained for the
Papr+sp-mature reporter gene construct pNW33N5, followgd(1620mU/mg protein)
obtained for thePapr+sp-truncated mature reporter gene construct pNW33N6 a
(968mU/mg protein) obtained for thea@?-reporter gene construct pPNW33N4. Lower
levels of phosphatase activity (267 mU/mg) was iakth for the Bluc-reporter gene
construct pNW33N1 when compared to the activity8(98U/mg) obtained for dpr-
reporter gene construct pNW33N4. The in vitro gsssults correlated with the plate
screen assay i.e. the recombinant strains harlgthiep-glucanase promoter reporter
gene constructs (PNW33N1, pNW33N2 and pNW33N3)eespely stained lighter than
the recombinant strains harbouring the alkalinggage promoter constructs (pNW33N4,
pPNW33N5 and pNW33N6). As fdt. coli this result indicated that tH& halodurans
BhFCO04 alkaline protease promoter is a strongempter than th@-glucanase promoter.
The P32 lactococcal promoter was also effectivelgognized since 166mU enzyme
activity was measured with the pNW33N10 constrict.acid phosphatasactivity was
detectedor the RacZ-reporter geneonstruct (pbNW33N9) in thhost strain. This is not
surprising sinceBacillus is very stringent in its recognition of promotdRatel et al.,
2003). Extracellular acid phosphatase activity wlasected for the d&pr+sp- mature
reporter geneconstruct pPNW33N5 (60 mU/mg protein) and thapisp- truncated

mature reporter gene construct pPNW33N6 (44 mU/nogem). No extracellular activity
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was detected for any of the other constructs etadu@ this host strain (results not
shown).

Evaluation of heterologous promoters/ and signal sgiences usingapS as a reporter
gene in andB. halodurans BhFC04. The acid phosphatase activity Bf haldodurans
BhFCO04 harbouring the expression vector constrwets determined qualitatively (Fig.

6A) and quantitatively (Fig. 6B).

FIG. 6A. Plate screen showing acid phosphataseitgctif B. halodurans BhFC04 24 h
cultures harbouring the various constructs. Confcy pNW33N; 1, pNW33N1; 2,
PNW33N2; 3, pNW33N3; 4, pNW33N4; 5, pNW33N5; 6, pNBN6; 7, pPNW33N7; 8, \

pNw33N8; 9, pPNW33N9 and 10, pNW33-SapS.
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FIG. 6B.Whole cellin vitro acid phosphatase activity resultsBfhalodurans BhFC04
24 h cultures harbouring the different promoterstarcts. 1, pNW33N1; 2, pNW33N2;
3, pPNW33N3; 4, pNW33N4; 5, pNW33N5; 6, pNW33N6:pNW33N7; 8, pNW33N8;
9, pNW33NO.

B. halodurans BhFC04 harbouring pNW33N showed no acid phospbasasvity with
the plate screen assay (Fig. 6A). The host straibouringpNW-SapS stained black
indicating high expression levels of ti$apS gene from its own promoter and signal
sequenceE. coli CU1867 harbouring thdc"-reporter gene construct (pNW33N8)
stained light brown with the plate screen assay chlour was detected for the host

strain harbouring any of the other promoter-repayeme constructs (Fig. 6A).

Of the heterologous promoter-reporter gene constrtice best activity (18muU/mg
protein) was obtained witl. halodurans BhFCO04 harbouring th@s®-reporter gene
construct (pPNW33N8). Since the acid phosphatasieitgcmeasured in this host strain
was very low and no enzyme activity could be det@dor the extracellular fractions of
any of theB. halodurans transformants harbouring the various construtts, reporter
gene could not be used for the evaluation of tfieagly of the isolated. halodurans

gluc andapr signal sequences for the extracellular produatiometerologous proteins.
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DISCUSSION

In this study we evaluated tl& aureus acid phosphatase SapS enzyme as a reporter for
promoter and signal sequence characterizatida ooli CU1867,B. subtilis 154 andB.
halodurans BhFCO04. Initial studies focused on determiningetiier theSapS gene was
expressed in the three host strains from its ovampter and signal sequence. The SapS
enzyme was found to be active after acetone ptatigmh which made it possible to
concentrate the enzyme from protein extracts. Aagmam of active acid phosphatase
led to the determination of the molecular masseh®$apS gene expressed in the three
different host strains and showed that the enzym® pvocessed differently B coli as
compared toB. subtilis and B. halodurans. The precursors of secreted proteins from
Gram-positive bacteria generally have longer andenmydrophobic signal peptides than
those of gram-negative bacteria (von Heijne, 1990)S aureus alanine is at the -1
position and lysine at the +1 position of the sigreptide of thesapS gene as determined
with N-terminal sequencing. When appliedBohalodurans BhFC04alanine was found

to be at the -1 position and serine at the +1 pwosih the signal peptide of tlsapS gene.

In B. subtilis alanine is the predominant residue (>90%) at thand -3 position of the
Bacillus signal peptides (Nagarayan, 1993). Therefore itlmamroncluded that th&apS

gene was cleaved at the same position &s sabtilis.

The suitability of theSapS gene as an expression reporter system was ewalogtthe
ligation of a range of heterologous promoters whictiuded boh well known as well as
newly isolated promoters and signal sequences. dsgmm/secretion ability of the
transcriptional and translational fusion productsravestimated by acid phosphatase

activity determination. Since Vasantha et al., @)9@ported the successful use of Bhe
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amyloliguefaciens neutral and alkaline protease promoter and sigegjuences for
overexpression of heterologous proteins, Biehalodurans alkaline protease gene
promoter and signal sequence was isolated andatedldor its ability to express/secrete
the reporter gene. The thermostable endo-(1,3fglucanase encoding gene frdn
halodurans has previously been expressed successfully aoli, B. subtilis (Louw et al.,
1993) and.. plantarum (unpublished results). Therefore, fhglucanase gene promoter
and signal sequence was isolated and evaluatedsfability to express/secrete the
reporter gene. It has been reported thatBaellus temperature phage SPO2 promoter
functions well inB. subtilis (Schoner et al. 1983) and was included in theyeaof
promoters to be evaluated. The strong lactococoahpter P32 was used to express
genes from prokaryotic and eukaryotic origin inté@occi,B. subtilis andE. coli (Van de

Guchte et al., 1989).SapS gene expression from this promoter was therefdtse a

evaluated. TheD promoter region of th8. halodurans hag gene (flagellin protein) was
included in the range of promoters evaluated asasg used in the development of a
surface display system B halodurans Alk36 (Crampton et al., 2007).

Enzyme studies performed wita coli, B. subtilis and B. halodurans harbouring the
various transcriptional and translational-repogene constructs demonstrated that the
sapS gene can be used as a reporter in all three thteshrains. Enzyme activity obtained
for recombinant strains harbouring the heterologprsnoter-reporter gene constructs
was less than the activity measured $apS expressed from its own promoter and signal
sequenceThis could be due to the reduction in the quardityusion proteins produced
depending on the differences in promoter strengtitsnot necessarifyom misfolding.

The decrease in enzymatic activity of fusion prugei
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containing heterologous promoters was also foun@féP,lacZ and luciferase. GFP and
luciferase reporters retain approximately 5% ofirtlaetivity when compared to non-
fused controls (Strathdee et al., 200Bjruzian et al., (2002) reported a decrease in
thermostable lichinase (LicB) and Gus activity éetls expressing the fusion constructs
when compared to the native proteins. SapS activig obtained with translational
fusions of isolated promoter and signal sequerncdiset native mature 798-tsapS gene
sequence as well as the truncated 7624ppS gene sequence in all three the host strains,
showing the versatility of theapS gene as an enzymatic reporter gene. The facvéngt
low levels of extracellular SapS activity was dé&tdcfor the constructs in the three host
strains and the activity was cell wall-associatezkes it unsuitable for the isolation or
evaluation of signal peptides for the extracellglayduction of heterologous proteins.
From the range of promoters evaluated using thssesy the strongest promoter for the
expression of heterologous proteins were easilytifiled in each of the three host
strains. These include tHe coli lacZ promoter inE. coli, the B. halodurans alkaline
protease promoter iB. subtilis and theB. halodurans ¢° promoter inB. halodurans.
Although theBacillus temperature phag8P02 promoter was reported to be a strong
promoter for heterologous protein productiorBirsubtilis (Schoner et al., 1983), similar
activity levels were obtained in both coli CU1867 andB. subtilis 154. Although the
lactococcal P32 promoter was used for heterologootein production irk. coli andB.
subtilis (van de Guchte et al. 1989), we found in our stindy theB. subtilis temperature
phage SPO2 anB. halodurans BhFCO04 alkaline protease promoters both gavetase

higher levels of enzyme activity B coli andB. subtilis, than the P32 promoter.
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This is the first report on the development of @Sl C acid phosphatase gene as a
reporter gene with the advantage of being ableutwtion in both Gram-positive and
Gram-negative host strains. Furthermore, $y8S enzymatic reportegene has shown
potential for use in the characterization and eatabm of a range of heterologous
promoters which could find application in the dephent of expression vectors for

improved production of industrially important priote.
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