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CHAPTER 9

Summarv and General Discussion

In  a l l  l i v in -g  c l rg l rn isnrs  p ro te i r r r  J r ' ( -  l r Jn \ |L ) Í tc r l  ac ross  rne  nrbrancs  to  l cach the i r -  l ' i na l

c lcs t inu l ion  anc l  Í i r l l ' i l  l he i r  Íunc t ron .  The t ranspor - t  rnechan is rns  lo r  thcse  p lo te ins .  wh ich  arc

syn thcs iser l  as  p fccursor  p ro te ins  r .v i th  an  ar r ino  te rnr in t l  s igna l  pept ic le ,  invo lvcs  cor r rp lc r

rnachincrics. In the Cilarn-posit ivc bircteriurn Buci l lu.;  subti l i "^. thc tr-arrslocation nrachinelv

in thc cytoplasnric nrcrnblane consists o1' the SecA protcin, the f irrce gcncrator, and u

tr.rLnslocation channel. fornrcd by the rnembranc protcins SccY. SecE,, SecG. SccDF. ancl
(possibly) Yr.bF. Sevcral other l 'actors are leqLri led Í irr  el ' Í ' ic icnt translocation across thc

rncmhrane.  I r i rs t l l ' .  ta lgc t ing  o f  p rcpro tc ins  to  thc  t rans locasc  is  a ided by  so lub le  cy toso l i c

l l c to ls .  ca l l cc l  c l raper r r r res .  Seconc l l y .  c lu r i r rg .  o r -shor t l v  a Í - tc r  thc  t rans loca t ion .  the  s igna i

pcp t rdc  is  l cnrovcc l  by  s igna l  pept rc lascs  (S I ' }ases) .  Th i rd ly ,  u  r tu r t iber  o l ' Í ' ac to rs  ass is t  in  thc

l i r ld ing  o f  thc  scc le to ly  p ro te in  a l ' t c r  i t s  re lcase l i r rn  the  t rans locase.  A t  thc  r l i f f c rcn t  s t rgc \

o l  pnr tc in  sccre t io r r  sevcra l  p ro tcascs  urc  p rcscn t  t l i a t  p lay  rL  ro le  in  the  qu i i l i t y  con t ro l  o l ' thc

process by dcgrldation of, for instunce, rr isl i r lclecl prote rns.

B. strht i l i . t  is an attr.act ivc host l i rr  thc cornrnercial proi luct ion oÍ 'secrctory proteins. First ly.

this bacterrr-rnr is ablc to secretc protcins cl ircct ly into the growth mcdium, lvhich greatly

Í irci l i tatcs thcir downstream proccssing. Sccondly. this organisrn has a hr-rge capacity l i rr

protcin sccrct ion. Thirdly, B. : ;ubti l i ,s is a genctical ly high ly anrcnablc host organisnr. tbr which

a largc 
" 'al icty 

o1'gcnetic tools alc avai lablc. ancl eÍ ' l lc icnt fcrr lcntat ion tcchnology has becn

clcvelcrped. Fourthly. thc cornplctc sequcncc o1'thc B. .srrbt i l i ,s gcnome is known. Ir inal l l , .  l i .

.sttbt i l i . t  is rtott-plLthogcrt ic, anci i ' r 'ce ol 'cndotoxir ls. NtÍwrlhstanding these aclval l tages. thc
sccretion ol 'r ,ar ious hctcrologous 1l 'oteins bv B. .str l t t i l i .s. in l tart icr-r lar ploteins o1'cLrkat-1,ot ic
or. igin. is frccluently rncl ' l ' ic icnt, rvhich l i rr i ts thc appl icat ion potcntial of this olganisrrr.  Vurious
bott lcnccks l i rr  pl 'otcin sccretion in I l .  .subti l is ha"'e been iclenti l ' icd in reccnt yeurs, such as Iroor
tar-gel ing tt t  the tnLnslocasc, Iow late ol '  SPasc processing. slow or incorrcct Í i r l t l ing, poor
t.cleasc Í l 'orn the ccl l  rval l ,  ancl sensit ivi ty to proteolyt ic dcgracl l t ion olsecrettrr '1 prir tcrrtr.

Thc  goa l  o1 ' t l t c  rcscarch  c lescr ibec l  in  th is  thcs is  wus to  ana lyse  c lc te rnr inants  thu t  a rc
rct lui lcr l  lor tr l ' f  ic icnt proteit t  seclct iorr in B. ,strht i l is. Factors that clcternrine thc c1' l  ic iency ol '
p lo tc i t t  sccrc t ion  fcprcsent  Poten t iu l  bo t t lenccks .  

- fhese 
l -ac to |s  a rc  bas ica l lY  prcscn t  u t  anY

stagc oÍ t l ' tc protcirt  scct-et ion proccss. ' fhelcl irrc. scvcr-ul usl)ecls of thc secr-ct ion pathway.
n t t tg i l tg  f ro t r  -9c t te  e rp tess ion  in  the  ce l l  1o  f fo te in  deg ladat ion  ou ts idc  the  cc l l .  uc rc
stucl ict l .

I t t  chaptc ' r  l .  thc  rLna lvs is  o Í 'bo t t l cnecks  in  the  sccrc t ion  o Í ' fou t -hc tc ro logo l rs  p r -o tc ins  i s

i lcscrihcd. 1-l te plotcins exarnincd wcrc Buti l lu.s attrv- lol i t l rrct ' i rciarr.r '  o-anrylasc (ArnyL).

I : , s t h t r i t l t i u  r r r l i ' f E M - B - l r r e t l n r u s r -  { B l r t .  l r u n r a n  p u n c r c l t r c  o - a n t 1 ' l u s e  ( l l P A ) .  u n d  u
lysozy l r rc -sPcc i l ' i c  s ing lc -ch l in  an t ibor ly  (SCA- l - l , s )  A l l  idcn t i l ' i cd  bo t t lenccks  rc la tc r l  to
I l t t c  s t l tgcs  i t t  l l t c  scc t 'e t ion  p l r t l t rvay .  fo l low ing  t runs loc l r t ion  ucross  t l t c  cv top lasr l i c
t t te  t t tbn t t tc .  

' l  
l tesc  i r t c lu i lec l  p roccss ing  b i '  s igna l  l )cp t j ( lase  .  pass lsc  t l t louq l t  thc  cc l l  t ra l i .
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l nd  ( i cs r i l ( l i l t i on  i r r  the  w i i l l  l i nd  g fo \ \ ' th  ïnc r l iunr .  S t r i k ingJr .  u l l  l rans loca ted  F IPA u ,us

nr is i 'o l r i cd .  i t s  s tab i l i t r  depcnc l ing  or t  thc  l i r l r ra t ion  o f  d is t r lp l r i t le  bonc ls .  Th is  suggests  t l re t

t l rc  lh io l  r i rsu lph i t le  o \ i ( lo  r r :duc t iLses  o l  I l .  su l t t i l i . s  can  no t  to rnr  thc  i l i su lph i r l c  b r rn r ls  i r r

I l l ' , ' \  eor - r 'ec t l r ' .  As  t i rc  secre t ion  Lro l l lenccks  d i f t c rcd  fo r  euc l r  l re te ro loqous  p lo tc in  tcs tcd .  i t
r i l r s  cor rc l r rc le t l  th l r t  the  c l ' l ' i c ien t  sec le t ion  o1 'p . i r t i c r r l l r r  he te lo l r tgoLrs  p lo tc i r rs  fc ( l i l i tus  l l l c

c r tg incr ' r - i r tg  o i  spcc i l  i c lL l l v  op t i l l l i sc ( l  l tos t  s1r 'u ins .

ln  chuptc r  -1 ,  the  i r l cn t i l ' i ca t ion  unc l  chr lac ic l i sa l ron  o f  thc  SccDt i  p r r te in  o1 '11 .  , r r r1 ; l l1 l , s  i s

t l cscr ibec l .  sLr rp l i s ing ly ' .  the- ,sc t l ) .1 : -gcnc  re l r rcscn ts  a  l la tL i ra l  gcnc  lus ion .  r ' ,h ich  is  in  cont las t

to nr()st known .rccf) iLncl s 'ccF -geltes í-r-t lnl  othel organisnrs. u'here t l iese gcrtes afe selaute.

Scc[) lr  is r sr"rbunit of the preprotcin translocase corrrplex ol B. .sult t i l i ,s lhat u,rs shown to bc

lc r lu i le t l  Í i r l  n ra rn ta in rng  a  h igh  capac i tv  Íb r  p ro te in  sccre f ion .  L ln l i ke  the  SecD subun i t  o l ' l hc

lrre-protc' in translocrrsc <tl '  L,.  tol i ,  SccI)F oi B. srr l t t i l is wirs not r-cquirecl lbl  thc rerlcasc of u

ni ir ture sccrctor-1 pr-otcin í irnr thc nrembranc. inr l icat ing thal SccDF is involvcrl  in carlv

1r ' lL r ts locu t ion  s tcps .  S t f l r i r l s  luck ing  in tac t  Sec [ )F  s l ro r i . ' ec i  a  co ]c l  scns i t i le  p l leno tvpe.  \ \ ' h ich
rr irs e xuccrblte d bv hi-clr- lc\"e I  pr-ot lr-rct ion t ' r l '  sccre tnrv protcins. indicating thlLt protein

t l r r l rs l i r c r i t ron  n t  I l .  s t th t i l i s  i s  in t l i r rs ic l l l v  co ld  scns i t i vc .  Cor r ipar ison  r , r . ' r th  SccD ur rc i  SecF

pnrlcrns l l 'onr oihcr orglnisnrs rcvcuicc[ thc prcscnce o1'ten conscr-r 'e( l  fc-gj()ns i tr  Scc[)[r.  sontc

ol rr,hrel i  appcur to [ ' rc inrporlant l i r l  SecDF l irnct ion. [ntcrcst insl\ ' .  thc Sc'cDir protL' in 01'1J.

.s t r l t t i l i . :  I l i s  tn "e l r .c  pu tu t i ve  t ransr rcnrbranc  r lonra ins .  Thus .  SecDF ckres  no t  o l l l ) , sho \ \ '
sc i lL rc l rcc  s i r r r i la r - i t r , .  bL t t  u lso  s t ruc tun l l  s im i la l i t l ' to  secondar l ' so l r r l c  t ranspor - te rs .  Thcsc  d l i ta

\ugsrsl thrLt SccDIr ot l ] .  srtht i l i . t  rcl)rcscnts a no\ '01 t1'pc o1'the SccD lrrcl  SecF pfote ins. which

sccnrs 1o be Ir 'e se nt in l Í  lel ist t \ \ 'o othe r orgi l l r isrns.

I r r  chr r |1c l  J .  an lL lvscs  o l t  t l t c  l t io l ( )g icu l  Í i rnc t ion  o l  the  tvpe  I  SP lsc  S ipS and the  rcgu ia t ion  o f

t ts  svn thcs is  u rc  c lcsc i i t re r l .  L ln l i kc  thc  typc  I  SP lsc  t t l  L i .  t ;o l i .  S ipS r i 'as  nc i lhc l  csscnt ia l  lb r

I r lo lc in  :cc r -c t ion .  nor  io r  v iub i l i t l "  o f  the  cc l l .  IL rn 'cvcr ,  in  the  r t rscnce o l 'S ipS.  thc  ra tc  01 '
pt Ocesstng ol 'scrcral prc-proteins lYl ls Iecluccd. untl  f i t r .rr  C)1- the seYCn r1l l jor sccrcterl  proteins
tt l  l l .  .sLrl t t i l í .v n'clc hardlv t lclcctablc i t t  the grorvth rr iet l iurn. SLrrprisinglr ' .  the pr-ocessinir ol ' / i .

t trr t . t lol i t l t rrJttcicrr,r ( t-anit ' lase. anci thc secretion ol at lcast t* 'o cntlogcnous lJ. . i rr l ; l l1l ,r  protcins

$us i ln|tr^et l  in thc absencc o1'SipS. These l indin.us indicate t l iat the substr i-rtc plelèr 'encc 01'

Si lrS t l i l Íèr 's l in that ol ' t l re othcl SPases fronr B..str l t t i l i , :^, ancl tbat SiprS is an inrpoltant Íactur '
i t t  r lete t-nt ir t i t tg thc c1' l icrcncv of plotcin scclct ion in I ] .  .sult t i l i .s. Thc sipS gcne is transct ' iberl  in u
unrulh plr irse- und rrrcdiunr clc|cntlernt rnlutner. Irr ni i tr i rnlr l  ntecl iuut. lhc gro*,th phase-
t ic|entlrrrt  tr lnscript ion o1 sl7. '5 is contrcl lcd b1" t lre DegS-Dcglr trvo-conl l)onclt t  t-c-tr.r iatorv
s \s tcnr .  n rc l i c l t ing  th l t  t l re  e  xpr -css ion  o Í ' , i r / r ^ t  i s  r -cgu la ted  bv  thc  su t r rc  luc to ls  thu t  cor r tn r l  the
,:t l t tession o1 nrost {c- l tcs 1or sccrctc(l  clegraclt( ive enzvnlcs. ' i l r t-sc oltst ' rr ,ut ions suggest t i rat 1J.

. ;L r l t t i l i . s  cu t t  rnodu lu te  i1s  capac i tv  and spec i f i c i t v  lb l  p r -o te in  sccrc t ion  t l t rough the  cont ro l ied
t  \  I r l r - \ \ io l l  ( )1 , r ry )S .

A l tc l  c l t - lLv l tgc  b1 ,  SJr ' , t . .  s igna l  pcp t idcs  are  c lc ! ' tac lc -c l  in  the :  l lep)branc  u lc l  cy tppJas t l .  As
t l t s t r ibc t l  in  c l tap ter - . i .  1 l . . r r ró t i l r . r  con t i r in r j  t \ \ ' o  p ro lc ins .  t leno lc t l  SppA und ' fcpA,  rv i th

s i r r r i l r r t i t v  t t r  t l i t ' s ign l l  pep t r r le  pcp l idasc  A o1 ' l i .  to1r .  SppA o l ' I l . . tu l t t i l i , s  w i l s  ( )n l \  r .ec lu i led
l ' , r t  c1 ' l ' r c ien t  p t 'ocess in f  o f  l r rc -p ro lc i t t s  unc le r  con t l i t ions  o f  h r "p . - r ' - secrc t ion .  fh is  s i lgge \ ts
thu t  p ro tc in  lnu ts loca l ion  r i ' as  inh ib i tcd  b ; "  the  accunru l r t io l l  o f  s icna l  pcp t ides .  Tep. , \
r l cp ic t io t t  l l r c l  a  r t tuc l t  s t ronger  c l ' l cc l  on  J l ro te in  sccrc t ion .  r ih ich .  i i i  con t r i t s t  to  SppA

clcplet ion.
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'ns sLigrcst that B.
gh  lhe  con l ro l led

tc i  c l to I l l s rn ,  . \ s
rnd TcpA. r ' , ' i th
'as only rerlui lccl
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dcp le t ion ,  was  no t  l im i tcd  to  cond i t ions  o Í 'hyper ' -secre t ion .  In  cont ras t  to  SppA,  wh ich  is  a
typ ica l  rnc lnbranc  pro te in ,  TepA appeared to  havc  acy toso j i c  loca l i sa t ion .  Th is  i s  cons is tcn t
w i th  the  obscrva t ion  tha t ' fepA is  invo lvec l  in  ear ly  s tagcs  o f  thc  scere t ion  pr . ( )ucss .
ln tc res t ing lv .  TepA a lso  shows sequence s in r i la r i t y  to  thc  cy toso l i c  C lpP pro tease.  Th i rs ,
TepA is lrcrssibl l ,  a novel dctcrnrinant for protcin secrct ion in B. subti l is that is either
invo lvcd  i l l  regu l r t t io t t  o l ' the  secr .e t i t )n  p roccss .  o r  the  cy toso l i c  dcgrac la t ion  o f  s igna l  pcp t ide
f rag tncn ts  tha t  a rLr  inh ib i to ry  to  p ro te in  t rans loca t ion .  A l te rna t ive lv .  TcpA r r i sh t  ac t  as  i t
sccreti  on-speci f ic chaperonc.

In chapter (r.  analyses arc described conccrning thc thcrmal inactivation of f ive tentperlturc-
scnsit ive SipS mLrtants. These l .nl l tants wcre used to assay proteolysis inrmecliately aftcr
p ro te in  t ra t l s loca t ion .  Thc  resu l ts  inc l i ca ted  tha t  two o f  these n lu tan ts .  L74A and y8  IA .  we t .c
strLrctulal ly stablc br-rt  strongly impaircd in catalyt ic act ivi ty at 4lJ"C, der.nonstrat ing thc
i t rv t r l vc t r tc r t t  o l ' thc  c t lnservec l  le t rc ine  74  ar " td  tv los ine  8 l  rcs idues  in  the  ca ta ly t i c  rcac t ion  o l '
typc I SPases. l tr  contrast, thc SipS mutant proteins R84A. R84H. ancl f)1,1(rA w,er.e
inactivatccl by pfotcolyt ic degraclat ion, incl icat ing that the conservcd alsininc 84 ancl aspart ic
Itcid 146 rcsidr.tes at 'e reqtt ired f 'or obtaining a pfotease-resistant conÍirrmation. The ccl l  wal l-
bor-rnd protcase WprA was shown to be involvccl in the dcgraclat ion oi SipS Dl.16A, which
is irr  nccor.d rvith the l 'act that SipS has a large cxtr.acytoplasnric clomain. As WprA was not
involvecl in thc degradation of the SipS mutant proteins RU,lA and R84ti ,  r .r ,e concluclc rhat
tnu l t ip lc  p ro tcases  arc  respons ib lc  fo r  the  thernra l  inac t iva t ion  o Í ' tempera ture-sc1s i t i , , ,e  S ipS
llrutants.

-fhc 
fbr.rr latron of disulphide boncls, which is of rnajor inrportancc lbr the stabi l i ty and/or.

act iVity of rtrany protcins, is catalysed by throl-cl isulphiclc oxido-rccluctascs. In chaptcr 7
cxpct ' inrents ar.c clcscr. ibed concerning the identi f icat ion ol '  three t l .  t t tbt i l i .s genes, clepgte6
hdbA. lxlbB tnt l  lx lbC, for putat ive thiol-disulphiclc oxido-recluctases. The BdbB and BdbC
prtrtcins both show se(luence sirni lar i ty to the mcrnbrane protcin DsbB of l i .st. l rpricl iu t .el i .  L.
rzr l l  alkal inc phosphatase, containing two disulphidc boncls, r.vas unstable ."vhen secretcd by B.
'rrrbt i l is cel ls lacking BdbB or BdbC. Cells lackirrg BdbC also showerl dccreasecl stabi l i ty oÍ '
cel l-  associated fblrrs ol E. t :ol i  TEM-B-lactarnasc, which contains one cl isulphicle boncl. BclbB
alld t ldbC appeitrecl to be integral Ir tembrane protcins, suggesting that thcy prontotc thc lblcl ing
oÍ 'disLl lPl l ic le bontl  containinc proteins at the rncnrbrane cel l  rval l  interl icc. Intcrcst int ly, thc
t 'rLte of p|c-fJ- lactanrase processing r.vas st imulatcrl  in cel ls l lcking BclbC, incl icat ing that thc
Lrnfoldecl forln ol ' t l t is precut 'sor is a plcfèr-red substrate Í irr  signal peptidase . Surprisinrly, cel ls
l l rckir lg I lclbC-- wcr-e ttnable to clevelop competencc l i rr  DNA r-rptake, incl icat ing thc inr,,olr, ,eprc1t
oÍ cl isulpl i ic lc boncl-containing protcins in this proccss. Thc BclbA protein was strowp not to bc
rcclr-r irecl lbr thc stabi l i ty oÍ 'alkal inc phosphatase or p-lactamase. anrl  may be clcdicatecl to thc
l irrmation ol '  drsulphtdc bonds in a speciÍ ' ic (subset) oÍ.  prolein(s). l - , tnl ike E. r,o1i anrl  ycast.
nonc trf  t l re Putal lve thiol-disulphiclc oxrdo rccluctases of B. stthri l i .s werc recprirecl for gr-olvth irr
thc pt-cscnce rtf  rcc[tcing agcnts.

I t t  ch lp tc r '8  thc  ider r t i f i ca t ion  unc l  charac tc r isu t ion  o l 'a  p lo tc in ,  r leno tec l  i \ , Í lp r \ .  fo r  ] \ lpp  ! i kc
pl otcin. lrr-c clescribt 'd. MlpA and i ts horrologues f 'orrncl in rrrycobacteri l  uncl 1i l6f3l l . i i rr
l tn t t r t r : - . ck i i  r r re  c losc ly  re la ted  to  thc  rn i tochonr l r i l l  p roccss inu  pept ic lascs  (N, lpp) .  11 ,6 ich
rLr r l love  t r t rgc t ing  s i Í Ina ls  l . r -on t  in tpor tcc l  p ro tc ins  in  thc  mi tochonr l r ia l  n ta t r i r .  M lpA o l 'B
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Chapter 9

subtilis was shown to be involved in transcriptional regulation of the aprE gene for
subtilisin, suggesting that MPP proteins have evolved from eubacterial regulators of gene
exDression.

In summary, the results presented in this thesis show that several factors in different stages
of the secretion pathway determine the efficiency of protein secretion by B. subtilis. Several
gaps in our knowledge on the secretion pathway of B. subtilis were filled in. A number of
factors described in this thesis were not identified or characterised before. such as SecDF.
SppA, TepA, and BdbB/C. The function of some of these factors is still not fully clear. For
example, it remains to be investigated whether the membrane protein SecDF indeed
functions as a transporter of, for instance, signal peptides or misfolded proteins (chapter 3).
Furthermore, the function of the cytoplasmically located TepA protein is not clear (chapter
5). The research described in this thesis was performed mainly by genetic approaches. To be
able to understand the function of all the factors in the secretion machinerv in more detail.
the genetics should be complemented with biochemical approaches.

With our increasing knowledge of the secretion apparatus, B. subtilis host strains can be
optimised for the secretion of a wide range of (heterologous) proteins at commercially
interesting levels. As shown in chapter 2, depending on the heterologous protein, different
bottlenecks can be encountered. Some of these can be overcome rather easily. For example,
limited availability of SPase activity can be solved by overproduction of SPases (chapters 2
and 4). Such improvements do not necessarily lead to increased levels of secretion, as still
other factors can be present that limit the levels of protein accumulating in the growth
medium. Other bottlenecks might be more difficult to overcome, such as the cell wall
barrier that is a major block for secretion of human cr-amylase (chapter 2). In this case, the
major problem seems to be the formation of correct disulphide bonds. Increasing the levels
of secreted human cl-amylase might require a modulation of the redox-balance at the trans
side of the membrane. This could be achieved by, for instance, modulation of the expression
levels of the thiol-disulphide oxido-reductases of B. subtilis, site-directed mutagenesis of
these proteins in order to change their redox-state, or the introduction of the human protein-
disulphide isomerase (PDI).

In conclusion, the optimisation of the secretion of individual heterologous proteins requires
engineered B. subtilis strains in which specific secretion bottlenecks have been removed. It is
anticipated that the engineering of dedicated B. subtilis host strains for the secretion of a wide
range of heterologous proteins at commercially significant levels will soon be possible,
because of the increasing knowledge of the secretion apparatus, the availability of the complete
genome sequence, and the genetic amenability of this organism.
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