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Inactivation of genes encoding extracellular proteses inBacillus
halodurans BhFCO1 and the impact on its modified flagellin type Il

secretion pathway towards improving peptide expressn
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Abstract

The flagellin type 11l secretion pathway B&cillus haloduran8hFC01 Ahag) was modified

by inactivation of the gene encoding FliD proteirhis prevents polymerization of the
flagellin monomers as encoded by thag geneinto functional flagella. Using this host
background, an in-frame chimeric flagellin fusioalypeptide on a multi-copy vector was
expressed and heterologous peptides were showa sedrveted. Heterologous peptides were
however only observed in the growth medium duriog phase growth. Degradation of the
fusion peptides was observed during stationary @hadicating extra-cellular proteases were
problematic. A number of key protease genes websesjuently identified and inactivated
which successfully enhanced the stability and cotraéon of secreted heterologous peptides
during stationary phase growth. This is the fiestn@dnstration in a Gram-positive system of a
modified flagellar type Il secretion apparatus wh successful secretion of un-

polymerised heterologous peptide fusion monomers.
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Introduction

Gram-negative bacteria use specialized secretistesys to secrete selected proteins to the
outside of the cell. One such system is the typsdtretion system which mediates, among
others, the export of virulence proteins (9). Theparted substrates of type Il secretion
systems do not contain cleavable Sec-dependardalssgquences as is present in the type |
secretion system (1). The flagellar type Il séoreapparatus is, however, a specific variant
which efficiently secretes the flagellin subunitof@in FliC. This occurs in both Gram-
negative as well as Gram-positive bacteria. Thetelniat flagellum is a super-molecular
structure consisting of a basal body, a hook afihment. Most of the flagellar components
are translocated across the cytoplasmic membranthebylagellar type 1l protein export
apparatus in the vicinity of the flagellar basdfusie down the narrow channel through the
nascent structure and self assemble at its disthinéth the help of a cap structure. Flagellar
proteins synthesized in the cytoplasm are targtieithe export apparatus with the help of
flagellum-specific chaperones and pushed into th@noel by an ATPase. They are then
polymerized into flagellin filaments exterior toetleell. It was also shown that mutant strains
of E. coli with a non-functional FliD (cap structure) fail assemble flagellum leading to

diffusion of FliC monomers into the culture medi(b3).

Stahl and La Vallie (17) suggested the use oBtisabtilisflagellum specific export apparatus
for exporting heterologous proteins from host celleeir approach involved a genetically
engineered subtilisstrain whereby the flagellin gereg, (hamedfliC in Escherchia coli)
was inactivated (12). Fusion constructs were themegated whereby the heterologous gene
was attached via its 5’ terminus to the 3’ termiraisthe full length flagellin gene. An
alternative construct was proposed utilizing a &rgportion of the flagellin gene which was

truncated at its 3’ terminus. By using this systhey were able to detect the expected fusion
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proteins by Western blot. The FIiD protein whichredts polymerization of the FIiC
monomers was however still present. The developnoérd modified flagellar type Il
secretion apparatus to secrete foreign polypepiideshe growth medium d&. coliwas first
reported by Majander et al. (13). They createditlsle host strain by inactivating ttikC
andfliD genes on th&. coli chromosome. They then successfully complementedfiiC
gene with a number dliC constructs containing various heterologous polyigept from
pathogenic organisms cloned as in-frame fusionlses& were found to be secreted into the
medium with varying degrees of efficiency. Majan@éral. (13) concluded that N-terminal
FliC fragments lacking the C terminus neededfili2 5 untranslated promoter region for
efficient secretion of heterologous peptides via flagellar type Il secretion apparatusin
coli. Végh et al. (20) identified a flagellum-specificcestion signal inSalmonellaflagellin,
localizing it to a specific N-terminal fragment BliC, which when fused to an 8 kDa human
protein domain was sufficient to mediate secretainthis protein module through the

flagellum specific export pathway of a flagellunfideent S typhimuriunstrain.

A flagellin surface display expression system wasetbped in the alkaliphiliBacillus
halodurans Alk36 strain by inactivation of thévag gene encoding FIIC and subsequent
complementation on a multi-copy vector of in-fragt@meric flagellin fusions (3). As this
strain was found to produce FliC at a significammhaentration a study was initiated in order
to evaluate the ability of this strain to secrettehologous peptides as in-frame flagellin
fusions using a modified flagellar type Il secoetiapparatus. In this publication we describe
the development of an efficient heterologous pepégpression system utilizing the flagellar
type 1l secretion apparatus Bf haloduransBhFCO1 (3). ThdliD gene was inactivated and
the system further optimized through the identtfma and inactivation of a number of key

protease genes which successfully enhanced thditgtalb secreted heterologous peptides.
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As a model system to evaluate heterologous seord¢hi® HIV-1 subtype C gpl20 epitope
was used as described by Hewer and Meyer (7). ishise first demonstration in a Gram-
positive system of a modified flagellar type Illcsetion apparatus showing successful

secretion of un-polymerised heterologous fusiortigep into the growth medium.

MATERIALS AND METHODS

Bacterial strains, culture medium and culture condiions. The bacterial strains and
plasmids used in this study are listed in TablB haloduran8BhFCO01 and associated mutant
strains were grown in Luria Bertani (LB) mediump&t 8.5 at 30, 42 or 52°C as specifiéd.
coli DH10B was grown at 37°C in LB medium at pH 7. Al coli andB. halodurans
transformants were selected using 1@®ml ampicillin and 10ug/ml chloramphenicol

respectively.

DNA techniques.PlasmidDNA was isolated using a Plasmid Midi Kit (Qiagen). fReson
enzymes were used as specified by the manufadfeeementas and Roche Diagnostics). All
mini-preps were done using Perfectprep Plasmid Miii (Eppendorf). All DNA
manipulations were done ik. coli which was transformed using electroporation. (5
Transformation intoB. haloduransBhFCO1 and associated mutant strains was caruéd o
according to the protoplast method of Kudo et &0) (with modifications as described by
Crampton et al. (3)Thermus aquaticu®PNA polymerase was used for polymerase chain
reaction (PCR) as recommended by the supplier (BNE). and all primers used are shown

in Table 2.
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TABLE. 1 Bacterial strains and plasmids used in this work

Strain or plasmid Genotype, genetic markers afeant characteristics Reference
B haloduran8hFC01 Ahag Crampton et al. (3)

B haloduran8hFC04  Ahag,AwprA this study

B haloduran8hFD01 Ahag,AwprA, AfliD this study

B haloduransBhFDO02 Ahag,AwprA, AfliD, Aalp this study

B haloduransBhFD0O3 Ahag,AwprA, AfliD, Aalp, Aapr this study

B haloduransBhFD04 Ahag,AwprA, AfliD, Aalp, Aapr, Avpr this study

B haloduranBhFD0O5 Ahag,AwprA, AfliD, Aalp, Aapr, Avpr, Aasp this study

E. coliDH10B (F mcrA A(mrr-hsdRMS-mcBC) (*80dacZAM15)AlacX74endAl

recAl ded? A(ara-leu)7697araD139galU galK nupG rpsLA” Invitrogen

pSEC194 Cfh Ap", thermosensitive integration vectd@rampton et al. (3)
PSECNC6 pSEC194 containing FliC-NC6 fusion eimtCrampton et al. (3)
PSECNHIVC6 PSECNCG6 containing HIV-1 gp120 epit@sea fusion protein

Crampton et al. (3)

Inactivation of the B. halodurans BhFCO1 major cell wall protease genewprA). Due to
the high sequendeomology between the genomesBohaloduransAlk36 andB halodurans
C-125 primers were designed according to the sexpgegenome oB haloduransC-125

which is published in the DNA Data Bank of Japhatig://www.gib.genes.nig.ac)jpThe cell

wall protease genevprA) is located at position 2202614 to 2205772 onBhealoduransC-
125 genome. A defectiwgprA gene was created by designing primers in ordantplify two
fragments of thevprA gene by PCR amplification. These fragments contbpeat of the N-

terminal (primers wprAlF/wprAl1R) and C-terminal i(pers wprA2F/wprA2R) regions of
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the wprA gene. The vector pSEC194 was digested ®all/Xbd, ligated to both fragments
and transformed intdE. coli DH10B to create the plasmid pSECwprA containing th
defectivewprA gene. The defectiveprA gene was integrated into tBehaloduransBhFCO01
chromosome. The method used for integration wamv@mation of two different methods by
Biswas et al.. (2) and Poncet et al. (15). Putatingle crossover (sco) colonies were screened
with primers M13F and WprAChrR. One of the N-teralisco clones was used to force a
double crossover (dco) event. PCR amplificatiorhwitimers WprAChrF and WprAChrR
proved that the dco event did occur. This strais wamedB haloduransBhFC04 (hag

AWprA).

Inactivation of the fliD gene on chromosome oB halodurans BhFCO04: ThefliD gene is
located at position 3717115 to 37187BtheB haloduransC-125 genomeA defectivefliD
gene was constructed by designing primers in dalamplify two fragments of thiiD gene
by PCR amplification. These were 1.5 kb and 0.98%dspectively and contained part of the
N-terminal (primerss°Kpn/MC120805) and C-terminal (primers FliDCF2/FliR2) regions
of the fliD gene. The vector pSEC194 was digested wigiml /Hindll, ligated to both
fragments and transformed irfo coli DH10B to create the plasmid pSECFIID containing th
defective fliD gene. This plasmid was then transformed iBtdhaloduransBhFC04 and
integrated via a dco event as described in preveerdion. This strain was namesl

haloduransBhFDO1 Ahag AwprA AfliD).



TABLE 2. List of primers and their corresponding nucleoséguences

Primer Nucleotide sequente Restriction
name site
a"Kpn 5'CTCGGTACCCTCGCGTTACGCTCTTTCTGT3 Kpnl
MC120805 5'CGAGGATCCGTATTTAAAGAGGAACGTAAZ BanHl
FIiDCF2 5'CGAGGATCACGAGCAGTGATTACAGATTGS BanHl
FIIDCR2 5'CGACCCGGE®AGAGAGCTCATTATGCTTCTC3 Smd
M13F 5TGACCGGCAGCAAAATGT

WprAl-F 5’GCGAGCTAOGCAGCGTACTACAACCAZ Sad
WprAl-R 5’ GCGGATCAGCTGATAACGCTACGTAZ BanHl
WprA2-F 5’GCGGATCOAGCGGACCTGTAGATGT3’ BanHl
WprA2-R 5'GGTCTAGATGCCTTGTCCTTCGCTGTAZ Xbd
WprAChrR 5'CGACACCCTCTTTACGTATAGTC3

WprAChrF 5 - CAGCTCGATACGGAGCGG - 3’

alplF 5CTTGGTACGCGTGGGAATGTTGCAZ Kpnl
alplR 5CTTGGATCOGCACTTCTACCGCTGAG3 BanHl
alp2F 5CTTGGATCGGCTTCACCTCATGTGAS BanHl
alp2R 5'CTCCCGGGGGTTGTCACAGCAGCGGY Sma
aprlF 5GCAGGTACGTTGGTGTTCAAGATGTTTACG3  Kpnl
aprlR 5’CAGGATCAGGCGTTGCTTGAGACGTACCAS BanHl
apr2F 5’GCAGGATCGGACAGGAAGCGAACCTCAAGS3  BanHli
apr2rR 5'GCACCCGGGAAGTCCTAGAGTACAATAACY Sma
vpriF 5 CGTGTTACGATGTGTAGTGCCTTATC3 Kpnl
vprlRev2 5 CTTGGATCTTCATACGTCTCGCCATCGAG3' BanHl
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vpr2For S'CGTGGATCCGAAGGTACGATCATCGTAZ BanHl|

vpr2Rev2 S'GTCCCGGHAGCACGAGTGGATTCATGGTATA3" Sma

asplF S'GTAGGTACCTCGATGCGAAAGTTCTCGATG3  Kpnl

asplR S'GCAGGATCGTACCAGCCACGTGAGTTCCGZ BanHl

asp2F S'GCAGGATCGCTAGATACTCTGGTGTTATGGS' BanHl

asp2R S'GATCCCGGGCTCCTATCATACCCAAATGAG Sma

FliCup S'CGAGGTACAGGAGTTTGTCCTTCTG 3 Kpnl

VCF6 5’CACGTCGACTCGAGCCCGGGATGGATCAGAAT Sal,Xhd,Sma
GCACAATCAGCTATTGACZ BanH|

VNRG6 5'GACGTCGACAGTGTGGTCAGTAATATCCTC3’ Sal

FIIDNR3 S’CGAGTCAACAAGACCGGCAGAGTTAATGTC3 Hindll

#Restriction enzyme sites underlined

Construction of extra-cellular protease deficient gains.

All the defective protease gene constructs usednictivation of the respective proteases
were constructed as two fragments containing plathe N- and C-terminal regions of the
gene of interest. The two fragments were digestétt Wpnl/BanmHI and BanHl/Sma
respectively and ligated in a three way ligationthe thermo-sensitive vector pSEC194
digested withKpnl/Hindll and transformed int&. coli DH10B to obtain a plasmid construct
containing a defective copy of the protease gehes@& constructs were then transformed into
the relevantB haloduransstrains and integrated into the chromosome via@ alent as
described in the previous section. PCR analysis wsasl to confirm the event. All primers
used are listed in Table 2.

In order to create the protease defective consBubaloduransBhFDO02 thealp protease

gene located at position 740001 to 741119 on BhdaloduransC-125 genome was
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inactivated. PCR amplification of the N-terminalri(pers alplF/alplR) and C-terminal
(primers alp2F/alp2R) regions of tiaép gene gave rise to the defectiaip gene fragments
which ligated to vector pSEC194 created the plagm&BECalp which was integrated into the
B haloduran88hFDO01 chromosome to create BhFDO2.

Construction ofB haloduransBhFDO3 led to inactivation of the prepro-alkalipeotease
(apr) gene located at position 751087 to 753465 onBtHeloduransC125 genome. PCR
amplification of the N-terminal (primers aprlF/aR)land C-terminal (primers apr2F/apr2R)
regions gave rise to the defectiapr gene fragments which ligated to vector pSEC194
created the plasmid pSECapr which was integrated the B halodurans BhFDO02
chromosome to create BhFDO03.

Inactivationof thevpr gene located at position 905382 to 902983 orBtlaloduransC125
genome created haloduransBhFD04. PCR amplification of the N-terminal (prirae
vprlF/vpriR) and C-terminal (primers vpr2F/vpr2iRpions gave rise to the defectivpr
gene fragments which ligated to vector pSEC194tecethe plasmid pSECvpr which was
integrated into th& haloduran8BhFD03 chromosome to create BhFDO4.

Inactivation of the extracellular alkaline serine protease gdesignatedasp located at
position 927497 to 928582 on tBehalodurangC125 genome creatdlhaloduransBhFDO5.
PCR amplification of the N-terminal (primers asm@dplR) and C-terminal (primers
asp2F/asp2R) regions gave rise to the defeetdpegene fragments which ligated to vector
pPSEC194 created the plasmid pSECasp which wasratezhinto theB halodurandBhFD04

chromosome to create BhFDO5.
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Evaluation of type Ill secretion efficiency among he different B halodurans mutant
strains using an antigenic peptide derived from theHIV gp 120 V3 loop as a model
construct.

The pSECNHIVC6 construct containing the HIV subtybgp 120 V3 loop antigenic peptide
of 27 amino acids (7) was fused as an in-frame wadfusion to the flagellin protein gene
and used as a model construct in order to detersg@neetion efficiency among the different

protease deficient mutant strains.

Precipitation of secreted proteins and preparatiorof cell lysates.

Cultures were grown at 30°C in 30 ml LB (pH 8.56t 7.6). The cells were precipitated and
the supernatant collected. An equal volume of 10%ATtrichloroacetic acid) was added to
the supernatant and incubated on ice for 30 mindies precipitate was pelleted at 15 000 X
g for 10 minutes. The dry pellet was resuspendesDiwl Tris buffer (pH 9.0). Samples (20

ul/lane) were evaluated on 10% SDS-PAGE gels

Purification of FliC-NC6 monomers.

B. halodurans(pSECNC6) was grown to an @3 of 3. Flagellin (FIiC-NC6) fusion
monomers were purified from crude culture supemtatan an AKTA FPLC system using a
Toyopearl 650M strong anion exchange resin. The-RIC6 monomers were eluted off the
column using an increasing NacCl gradient from 0.5 20 mM sodium phosphate buffer,
pH 7.4. The FIliC-NC6 containing fractions were eoted and protein precipitation was

performed with 10% TCA as described above.

10
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One-dimensional SDS-PAGE and protease zymography.

Protein electrophoresis was performed in a vergehklectrophoresis system (10 cm x 10 cm
x 0.1 cm; CBS Scientific) employing the Tris-glyeisystem (11). Protein samples (+if)
were loaded per well. The molecular mass marked issthe prestained PageRuler #5SM1811
(Fermentas, St Leon-Rot, Germany). Following etgtioresis, the gels were stained using

colloidal Coomassie Blue G-250 gel stain (8).

For protease zymograms the different protease idefistrains were grown into stationary
phase (24 hours) in LB pH 8.5 at°87 Cells were precipitated and the supernatantsn(30
were concentrated via ultrafiltration (10 kDa céffdo 0.5 ml. The concentrated samples
were analysed for protease activity on zymogramsaioing eithergelatin (1 mg/ml) or
purified FliC-NC6 monomers (10@g/ml) as substrate in the resolving gel. Following
electrophoresis, gels were washed 2 x 30 min inTtn X-100 to remove the SDS and
incubated in 0.1 M glycine, pH 8.5 for 3.5 hour8@C. The gels were subsequently stained
for at least 1 hour in amido black solution (0.1ftido black in 30% methanol/10% acetic
acid). The gels were destained in 30% methanol/a@&tic acid until the background was
sufficiently reduced to indicate white clearing Harof proteolytic activity on a blue-black

background.

Directed proteomics: bioinformatics-based identifi@tion of extra-cellular proteases.

The gel region corresponding to proteolytic acyivitas excised from the zymogram and sent
to the Fingerprints Tryptic peptides were separabed a high resolution nano-liquid
chromatography system (Dionex Ultimate 3000) anptide sequence information obtained

using an LTQ Orbitrap mass spectrometer (ThermbeFiScientific). Sequence information

11
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was then searched using a local Mascot (Matrixriseie search engine against the NCBInr

database for identification.

Control for cell lysis
The possibility of cell lysis was monitored by ddieg the release of isocitrate
dehydrogenase (ICDH), a NADP-linked cytoplasmic kearenzyme, into the supernatant

fluid as described by Coxon et al. (4).

RESULTS

Secretion of heterologous peptides by the modifietype Il secretion pathway of B
halodurans.

Successful inactivation of tHBD gene was achieved and verified by PCR analysiagiise

to B haloduransstrain BhFDO1. This strain also contained an invatéid wprA cell wall
protease gene. In an attempt to improve the stabilithe secreted heterologous peptides two
other protease genes were inactivated on the clsmm®, namelalp andapr. This gave rise

to strains BhFD02 and BhFDO03. These strains weatuated for the expression of the HIV

antigenic peptide in both log and stationary phi&sg 1).

kDa 1 2 3 4 56 7
SOl iy

T s c—— —

35

A &

FIG. 1. HIV fusion peptide being secreted in log (§82) and stationary phase (@@4)

from differentB haloduranggenetic backgrounds. Lanes 2-4 contains log paaddanes 5-7

12
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stationary phase cultures. Lanes 1, molecular maaker (Fermentas); 2, BhFDO1; 3,
BhFDO02; 4, BhFDO3; lane 5, BhFDO1; lane 6, BhFDO® dane 7, BhFD03. The arrow

indicates the HIV antigenic fusion peptide.

As strain BhFD0O3 showed no improvement with regardtability of secreted peptides the
vpr protease gene was inactivated giving rise to sBaiRD04. The proteolytic activity in the
supernatants of stationary phase BhFD03 and BhFD@dns was monitored by evaluating

extra-cellular samples from both strains on a getatymogram (Fig. 2).

FIG. 2.Zymographic analysis of the protease profile chiss BhFD03 and BhFDO4Xxtra-

cellular samples from stationary phase cultureggg® 4. were tested for proteolytic activity
on a SDS-PAGE gel containing gelatine as substiad@es 1, molecular mass marker
(Fermentas); 2, BhFD0O3 and 3, BhFDO0O4. The arrovcatds the zone of proteolytic activity

corresponding to the active protease presentamsBhFDO03.

As can be seen by the zymogram (Fig. 2) a zoneaéplytic activity of approximately 45

kDa disappeared with the inactivation of ther gene in strain BhFDO4. This was smaller

13
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than the predicted molecular weight of 88 kDa aduded from the amino acid protein
sequence. This, however, corresponds to the fisdrigsloma et al.. (1991) who observed a
similar major difference between the expected atdad size of the purified Vpr protein from
Bacillus subtilis.They attributed the size differences to the presari@ prosequence as well

as possible C-terminal processing or proteolysis.

In order to minimize the effect of proteolytic agty prevalent at the higher pH range a
strategy was followed whereby the differ&thaloduransstrains were grown at a lower pH
which is sub-optimal for alkaline protease activilthe different mutant strains were then
compared with regard to their ability to secrete IV antigenic fusion peptide during

stationary phase when grown at pH 7.6 (Fig. 3).

FIG. 3.Comparison of different genetic backgrounds seugelilVV antigenic fusion peptide
at pH 7.6 during stationary phase at4. Lanes 1, BhFDO01; 2, BhFDO02; 3, BhFDO3, 4,
BhFDO04 and lane 5, molecular mass marker (Fermenfdse arrow indicates the HIV

antigenic fusion peptide.

14
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It can clearly be seen that the stability of th&/ ldintigenic fusion peptide in the supernatant
was greatly enhanced by the BhFDO4 strain when igriono stationary phase at pH 7.6. At
pH 8.5 this peptide was, however, completely degpla@ata not shown). This indicated the
presence of at least one other protease targédtebdterologous fusion peptides secreted by

B. halodurans.

Identification of key proteases affecting the stallity of secreted heterologous peptides.

In order to identify the protease(s) involved ie thegradation of the flagellin-fusion peptides
secreted by BhFDO04, a flagellin protein zymograns wlaveloped by incorporating purified
FliC-NC6 fusion monomers as substrate. A zone atdig enzyme activity was identified at
approximately 22 kDa (Fig. 4). The purified FliCgrated in the resolving gel to 36 kDa (size
of FIIC monomers) making it impossible to determimkether any proteases were present
above 36 kDa. This was overcome by repeating theogyaphy experiment with an agarose
overlay (containing FIIC-NC6 as substrate in polyised agarose) From this overlay, no
other zones of proteolytic activity were observéd\e 36 kDa (results not shown). The gel
region between 18 kDa and 25 kDa was excised frgreparative gel and all proteins were
identified in that region using 1-D nano LC-MS/MBhe most likely protease candidate was
selected based on database search scores, moleeidgnts similar to the protease activity
region around 22 kDa as seen on the zymogram amskpce of homologues on tBe
haloduransC-125 genome database. The identified proteaseawasxtra-cellular alkaline
serine protease, designatsp. The gene was located at position 927497 to 92858 @B
haloduransC-125 genome database. This protease was subsgqueaativated on theB

haloduransgenome giving rise to strain BhFDO5.

15
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FIG. 4 Protease zymogram containing FIIC-NC6 monomers wssteate. Extra-cellular
samples from stationary phase cultures were tdstgutoteolytic activity. Lanes 1, molecular
mass marker (Fermentas); 2, BhFCO1; 3, BhFD03:4arBhFD04. The arrow indicates the

zone of proteolytic activity.

The different strains were then evaluated for theility to secrete the HIV antigenic peptide
flagellin fusions in stationary phase at pH 8.5e Bapernatants were run on a SDS-PAGE gel

and compared for peptide expression (Fig. 5).

kDa 1 2 3 4 56 7 8 9 10 11

55
- -
35
27 . -
B

16
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FIG. 5. Comparison of different genetic backgrounds sengeiilV antigenic fusion peptide
at pH 8.5 during stationary phase. Samples wdwentat different Oy lanes 2-6 (Okyo

2), lanes, 7-11 (O&o 5). . Lane 1, molecular mass marker (Fermentas); LarsaslZ, strain
BhFDO1; lanes 3 and 8, BhFDO02; lanes 4 and 9, BI3FRhes 5 and 10, BhFD04 and lanes

6 and 11, BhFDO5. The arrow indicates the HIV aertig fusion peptide.

As can be seen from Fig. 5 the inactivation of dise protease was found to significantly
improve the stability of the secreted HIV antigehision peptide in the culture medium when

grown to stationary phase at pH 8.5.

DISCUSSION

The flagellum-specific type Il export system Bf haloduransAlk36 was modified for the
secretion of heterologous flagellin fusion peptidgsnactivation of thdliD gene. However,
degradation of the fusion peptides occurred dusiagionary phase growth due to proteolytic
activity. An important limiting factor for the usef B subtilisand related strains for the
production of heterologous proteins is the expogssif several extra-cellular proteases into
the growth medium which degrade the secreted Hetgros proteins (19). The synthesis of
extra-cellular proteases Bacillusis tightly regulated and induction usually occfolowing
the transition from the exponential to the statigrzhase of growth except farprA which is
expressed constitutively in exponentially growingjl€ and up-regulated during stationary
phase (18). A strategy to circumvent the proteolytegradation of recombinant proteins
expressed b subtilisfocussed on the generation®fubtilisstrains defective in 6 proteases
(21), 7 proteases (23) and 8 proteases (22). Aasistrategy was followed for stabilizing the

secreted recombinant fusion peptides produceB.lyaloduransAlk36. As B. halodurangs

17
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alkaliphilic it does not harbour metallo-proteasmsd therefore homologues to the key
alkaline protease genes as inactivated orBtlseibtilisgenome resulting in the creation Bf
subtilisWB800 were identifiedHowever, a combined inactivation of tapr (homologue of
epr), alp (homologue ofaprE) and wprA genesdid not significantly improve stability of
recombinant peptides in the medium. In creatingistB. haloduransBhFD04 with the
inactivation of thevpr protease, increased stability of the fusion peptvds achieved during
stationary phase growth at pH 7.6. However, this ipHhot optimum for growth oB.
halodurans and it became apparent at a higher pH that prdieobctivity was still
problematic. Through a combination of zymographg bioinformatics theaspprotease was
identified which showed specific activity againtgellin-fusion monomers. Thasp gene
(another homologue of th# subtilis aprEgene)was subsequently inactivated giving rise to
strain B. haloduransBhFDO5. This strain showed significantly improvethlslity of
recombinant fusion peptides in the supernatantkatiae pH and during stationary phase
growth. It has been reported that engineered strairB subtilis deficient in extra-cellular
proteases show increased susceptibility to cellytas (19). When peptide expression studies
were carried out over a twenty-four hour time pemath B. haloduranBhFDO05 no decrease
in optical density was measured and the intra-lzlluenzyme marker isocitrate
dehydrogenase (ICDH) could not be detected in tipematant. Harwood et al. (6) reported
that ICDH is relatively refractile to the activitgf B. subtilis proteases and was used

successfully as reliable indicator of cellular $ysi

The flagellar type 11l secretion system develope#.i coliby Majander et al. (13) was shown
to secrete heterologous polypeptides in amounts puadty that are sufficient for
biotechnological applications. Our system showsrala profile in that the expressed HIV

antigenic fusion peptide constitutes approximat&@% of total secreted protein, as
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determined by fluorescence densitometry analysisguSypré® Ruby protein staining. A
comparative study would, however, need to be dhroiet in order to compare expression
efficiencies. TheB. haloduransBhFCO1 strain has been successfully engineeret/per 111
secretion of flagellin fusion peptides resultingsinain BhFDO5. Future work will now focus
on evaluating the expression of a range of peptidesrder to validate the system. As
reported by Majander et al. (13) there is a sigaift difference in the efficiencies of
polypeptides secreted tg. coli. Some polypeptides were expressed at high conciemtsat
intra-cellularly, but were not secreted while otheveresecretedat concentrations which
ranged from 1 to 15 mg/Un addition, heterologous promoters can be evatlat theB.
haloduranssystem and flagellum-specific export signals idedias described iS8almonella
(20) and inE. coli (13). An interesting aspect of both tBalmonellaand theB subtilistype

[ll secretion systems (20, 17) is that their hdstiss are described as flagellin deficient but
apparently still possess a functional gene encotfiaglagellar capping protein FliD, which
should in fact substantially hinder secretion (1When the construct pSECNHIVCG is
expressed in eithéB. haloduransBhFCO1 or BhFCO04 (both of which contain a functiona
FliD) surface display is achieved as documente€itampton et al. (3) as the fusion peptide

monomers are polymerised into flagella and rem#dached to the cell wall.
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