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A B S W C T  

Sfrepf~myces grisms is a soif bacterium that secretes several wrine 

proteas, each of which are encoded by a gene that expresses a pre-pro- 

mature enzyme- The preamor is processed during secretion into a mature, 

W y  folded protease. Maturation inwfves the proteolytit cleavage of bands 

at the junction of the pre pro domainsf and pro m d  mature domains* The 

latter cleavage IS an autocatalytic process and occurs after the propeptide 

directs the folding of the precursor polypeptide into active, mature protease. 

fn this study, a chimdc gene corskthg of the propeptide encoding region of 

Sir~fomyces p'sms protease A (SPA)  fused directly to the mature encading 

domain of Sfrepfomyces g n g n m s  protease B (SGPB) was constructed and found 

to generate 6.0 % wild type SGPB activity when expressed in Bucil!us subtilis. 

This demonstrates that the propeptide of S P A  can correctly fold mature 

SGPB. A conserved amino terminal a-helix was found in the propeptides of 

SGPA and SGPB and targeted for deletion analysis in SGPB. The greater the 

size of the deletionI the greater was the loss in protease activity indicating the 

deleted region is important for the folding process. Surprisingly the activity 

of the secreted enzyme decreased in an exponential manner according to the 

length of the propeptide deletion. These results found that the propeptide 

stabilises the folding transition state of the mature enzyme by 1.0 kcal mol-1 

for every 5 amino adds through many small binding interactions over the 

entire surface of the propeptide as opposed to interactions involving a few 

crucial residues. Northem blat analysis demonstrated that all of the mutant 

-WS were irmsaibd at the same level as wild type gene for 0-- 

Streprqces  g r k w  protease 8. Amino terminal analysis of SGPB generated 

by the fhimeric gene and a 10 amino acid propeptide deletion mutant found 

that they b&h underwent wild type processing at the pro-mature junction- 
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INTRODUCTION 

One of the largely unanswered questions in biochemistry is how a 

protein's linear sequence of amino acids dictates the final three dimensional 

conformation of the functional protein. A peptide of n +I residues with m 

equally probable conformations per residue will give mn possible final three 

dimensional conformations per peptide (1). A protein with 100 residues and 

an average of 8 conformations per residue would have 899 or about log9 
psibk final c o d ~ ~ a t i o n s .  kvir;tM (2) calculated that it would require 

f 066 years to sample afl of the possible conformations at the diffusion 

controlled rate limit of 1013 s-1. Proteins fold on time scale of seconds, 

therefore, in order for a protein to reach it's final conformation, it must scan 

the total conformational space and choose a protein folding pathway that uses 

ody a small subset of the total possible protein configurations. How a 

protein accomplishes this process is an intriguing question and is yet largely 

unanswered. 

A class of proteins called molecular chaperones that aids in the folding 

of proteins in trivo. has been identified. In the presence of ATP, chaperone 

proteins such as the Hsp60 class bind to the exposed hydrophobic surfaces of 

unfolded proteins in order to prevent off-pathway folding events such as 

aggregation (3, 4) The chaperones assist protein folding by isolating 

incompletely folded proteins in large multi-subunit complexes, thus 

producing an optimum environment for protein reiolding. The chaperone 

protein does not directly interact with the folding proteins to increase the 

forward fofding reaction. 



Another class of proteins are synthesized as precursor forms with an 

amino terminal domain called an intramokcular chaperone or propeptide. 

This domain is common to bacterial proteases (5, 6) and acts as a single 

turnover catalyst to guide the folding of the mature polypeptide to the native 

state. In contrast to molecular chaperones, propeptide mediated folding does 

not require an exogenous energy source such as ATP, and the propeptide 

directly increases the forward folding readion instead of preventing off- 

pathway events. The propeptide is therefore used by many research groups 

as a model system for research to better understand protein folding. 

1.2 PEE-PRO-MATURE POLYPEPTIDE PRECURSORS IN BACTERIAL 

SERINE PROTEASES 

Investigators have used the bacterial serine proteases a-lytic protease 

from Lysobacter enzymgmes (7), subtilisin E from Bacillus subfilis (8) and 

stfbtiEisin BPN' from Btu:illus amyloliquefacims (9) as model proteases to study 

propeptide assisted protein folding. We investigated the family of serine 

proteases produced by Sfreptomyces griseus (iO, 11, 12, 13). All of the 

proteases mentioned were chosen for investigation because they were well 

charackrised and are single subunit proteins with relatively low molecular 

weights less than 30,000. The proteases are secreted as pre-pro-mature 

polypeptide precursors, though only the mature region is detected in culture 

supematants. The pre and pro regions are transient amino terminal domains 

h r  are hydroiysed at biiferent stages of protease maturation to generate 

matie ~i0tEiw. %e StXi&~n prwes i? gram psitive bacteria such as S. 

grisnrs and B. subtilis which have only a single cell membrane is outlined in 

Figure 1. in gram positive bacteria such as E. coli and L. enzymogmes, the 



process is essentially the same except the protease is secreted into the 

periplasm, a region between the inner and outer membranes of the bacterium. 

12.1 The Function of the Signal Sequence 

The pre region of the polypeptide is a standard bacterial signal 

sequence that directs the nascent enzyme to the cell surface for secretion (14). 

Bacterial signal sequences are typically about 30 amino acids long and 

comprised of an amino terminai charged region, a membrane-spanning 

stretch of 10 to 15 hydrophobic amino acids, and a carboxy terminal signal 

peptidase cleavage site (14). The signal peptidase cleavage site typically 

contains small neutral residues at positions -1 and -3 (15) where -1 is the final 

amino acid of the signal sequence before the first amino acid of the 

propeptide. Once the nascent polypeptide reaches the cell surface, the pre 

region is hydrolysed by signal peptidase at the pre-pro junction and the rest 

of the enzyme is released into the extracellular media. There are two types of 

signal peptidase, one specific for lipoprotein signal peptide (peptidase LT), and 

m e  that hydrolyses all other signal peptides (peptidase 1) (14). All signal 

peptidases are integral membrane proteins, with the bulk of the protein on 

the extracellular side of the membrane where the cleavage will occur. Signal 

peptides have a lack of homology, even between related 



Figure 1. Typical Secretion Process of Pre-Pro-Mature Proteases in Gram 

Positive Bacteria 1) Transcription of the protease gene. 2) Translation to form 

pre-pro-mature polypeptide precursor. 3) Pre-domain directed targeting of 

the immature polypeptide to the cell membrane. 4) Translocation of the 

immature polypeptide across the cell membrane. 5) Cleavage at the pre-pro 

junction by signal peptidase (white arrow) and release of the pro-mature 

enzyme into the extracellular environment; pro-domain directed folding of 

mature protease. 6) Cleavage at the pro-mature junction (black arrow) and 

release of mature protease- 





proteins 04). However, the overall structure of the signal sequence is the 

important factor for correct secretion, therefore, signal sequences can be easily 

exchanged between different proteins without losing any secretion 

capabilities (14). E. c f i  si@ sequences have been correctly processed in S. 

iffeuis oocytes. The fad that a bacterial signal sequence can function correctly 

in a eukaryotic organism indicates that the secretion process has been highly 

conserved during evolution (14). 

1.2.2 The Function of the Fropeptide 

As compared to the signal sequence, the function of the propeptide is 

more ambiguous, varying from enzyme to enzyme. Studies of the bacterial 

enzymes subtilisin and a-lytic protease reveal an essential role for the 

propeptide in the catalysis of the protein folding during secretion. 

Subtilisin has a 77 amino acid propeptide that assists folding of a 

mature protease of 275 residues. Similarly, a-lytic protease has a 166 amino 

acid propeptide and a 198 residue mature protease. The creation of a 

construct containing the phoft E coli signal sequence fused to the first amino 

add of the mature a-lytic protease (i-e., missing the propeptide) resulted in no 

active protease being detected in E. wZi (16). The mature region of subtilisin 

E was expressed in E. coli using a direct fusion with the ompA signal peptide 

(17). This construct produced an insoluble protein which when purified 

generated a mature protease size band on SDS-PAGE. Amino terminal 

sequencing verified the mature protease sequence with the signal sequence 

was correctly processed but active protease was not generated due to the 

absence of the propeptide. Each propeptide is specifically designed to fold 

it% own mature domain, the propeptides cannot be interchanged and 



generate active protease at any signrficant levels (18). The propeptide of the 

bacterial proteases are removed by an autocatalytic process, but it is not 

known if this process is intramoiecuiar (one molecule self-processing), 

intennolecdar (one mature protease processing another zymogen), or if both 

intramolecdar and intermolecular processing takes place (18,19,20). 

These results stress the importaxe of the propeptide for folding in a- 

lytit protease and subtilisin, and contrast results of the propeptides of 

mammalian chymutrvpsin-like enzymes which have no known role in protein 

o l d  Mammalian propeptides hold the enzyme in an inactive 

conformation until cleaved from the zymogen by the action of enterokinase 

(21) With few exceptions the bacterial propeptides of the chymotrypsin-like 

enzymes are longer than their mammalian counterparts (22). 

The bacterial proteases such as a-lytic protease and subtilisin that 

require the propeptide for foiding provide a unique opportunity to study the 

folding process of the mature domain. The propeptide places the residues 

important for folding within a defined region making the analysis of the 

idding process an easier task. 



U,Z1 Trans Addition of Propeptide to Initiate a-tytk 

Prate- Folding 

Once it was known that the propeptide was crueiai fur folding tho 

mahve region, the task of determining the folding mechanism began. The 

first in uilro studies with a-lytic protease involved the expression of the 

propt ide  and mature protease region in trans from the plasmid pCOMPS in 

E. m l i ,  (23). Expression of the mature domain was driven by the pltoA 

promoter and signal sequence which was induced under phosphate 

starvation and the propeptide was directly fused to the l p p h c  promoter and 

ompA signal sequence which was induced in the presence of i m G  (Figure 2). 

The two different promoters allowed each component to be expressed 

independently, when E. coli cells were grown under low-phosphate 

conditions without ETG only the mature domain was expressed and did not 

generate any activity. After the addition of IPTG, the propeptide was 

expressed off of the lppflac promoter and a-lytic protease activity was 

detected which indicates the mature domain was correctliy folded. This 

experiment was able to eliminate the "'kinetic trapping model" of propeptide 

mediated folding which was dexpendent on the hydrolysis of a direct linkage - 
between the pro a d  mature domains. In this model, the propeptide waufd 

lower the energy baraim to a folded pro-mature intermediate state, and only 

after the hydrolysis of the propeptide would the equilibrium shift to favour 



the most thermdynamica?ly stable product (23) (Figure 3a). Rather, the 

abifity of the propepildr! to hid the mature protease in trans demonstrated 

that a ccwaIemdy i 3 d d  propqtide is =not ren*f;*aA Y-~~- - -  a Gf?lr ge-*rating the BIOS~ 

tkrmodynamically stable p d u c t  (23) (Figure 3b). Once the propeptide is 

removed, the enzyme is resistant to thermal degradation, autoiysis and has a 

high l e d  of stritcfwai rigidity, therefore the propeptide binds a transition 

state late in the folding pathway (23). This late transition state prevents the 

formatim of inactitre IntermedSatef acrms low energy barriers from the final 

fdd& State ((Figure 4)- 

This hypothesis was reinforced by the finding that propeptide will 

bind and inhibit mature protease in oitro which indicates the folding 

intermediate is very cfoe to the m a w  structure at the end of the folding 

pathway (24). In this study, propeptide expressed as a fusion protein with 

giutatfrione-Stransferase (SEXPRO) wing the @EX-2T expression system. 

DE.natused a-lytic protease was allowed to refold in the presence of 

sioichiometric amounts of G'EXPRO and 39 % a-lytic activity was recovered, 

zn-5 d the a&.i.ity !WE was due te aggr-a*ii.n "6""' of the denatured profease. 

The inhibitory effects of the propeptide were revealed when GEXPRO was 

assayed with M4, makm o-!ytk protease. A soiutiun of 2.2 @I a-fyfic 

pmtease retained less than I % of its activity when 2.7 p M  GEXPRO was 

addeb, and $9 "J6 activity was regdined after incubation for 20 minutes with 

0-1 pg/pL trypin which degrades the GEXPRU bound to the active site. 

Kinetic studies of GEXPRO as an inhibitor found it to have a Ki of 0.5 - 2.0 x 

10-10 M (24) which makes it the highest known affinity inhibitor for a-lytic 

protease.. The protease Streptumyces griseus protease B is evolutionarily 



Figure 2. Plasmid Map of the pCOMP flasmid. The propeptide of a-lytic 

protease is produced as a fusion protein with the OmpA signal peptide and is 

controfled by ?&e I p p b  promoter. Thtr a-lytic mature region is produced as a 

fusion with the phoA signal sequence and is controlled by the phoA promoter. 

IPTG induces expression off fie lpp/lac promoter, and phosphate starvation 

induces expression off the phoA promoter. This figure is adapted from Silen 

and Agard (23). 



pCOMP 
9.1 kbp 



Figure 3. Propeptide Models. A) h this model, the presence of the 

propeptide lowers the energy barrier (dashed lines) to a nearly folded 

intermediate (F-I) which must have the propeptide hydrolysed from the 

mature peptide to shift the overall equilibrium to favour the folded native 

state (F) over the unfolded state (U). B) h this case, the propeptide stabilises 

the folding transition state to lower the energy barrier to favour the formation 

of the folded native state (F) over the unfolded state (U). The hydrolysis of 

the propeptide is not necessary for the generation of the most 

thennodynamically stable state. This figure is adapted from Silen and Agard 

(23) - 
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Figure 4. Free Energy Diagram for the Folding of a-Lytic Protease and 

SstbtiIisin, The propeptide lowers the transition state energy barrier (T) 

between the folding intermediate (F-I) and native (N) protease (dashed line). 

Once the propeptide is removed from the mature protease, the transition state 

energy bm5er increases, making the folding intermediate inaccessible from 

the native state. The folding intermediate is reached ftlorn the unfolded (U) 

state of the protein. Refolding mature protease without the propeptide can 

trap it in a local minima at the folding intermediate. 



Free 
Energy 

propeptide 
/----, 

reaction coordinate - 



related to a-lytic protease (37 % sequence homology) and was shown to be 

inhibited by GEXPRO with a Ki of 1.1 nk4 (24). 

1.3.1.2 isolation of an a-lytic Fmtease Folding Intermediate 

An inactive a-lytic protease folding intermediate was isolated and 

found to be as stable as native protease under identical conditions (25). The 

intermediate state was isolated by rapidly diluting guanidine denatured 

mature a-lytic proteaso w i t b i t  the propeptide 200 to 500 fold in buffer 

lacking guanidine but containing 100 pM AcProBoroVal a-lytic protease 

inhibitor (Ki = 3 pM). This protease solution contains the folding-competent 

intermediate state as seen by a 74 % recovery of activity with the addition of 

GEXPRO fusion protein (25) (Figure 5). Gel filtration chromatography using 

G-75 Sephadex revealed the intermediate state has an apparent Stokes radius 

of 28 A which lies between the denatured state (t 41 A) and native protease 

(20 A) (25). Circular dichroism measurements on native, intermediate, and 

denabed states of the protease showed that the intermediate st& contains 

almost as much sheet as the native state (70 % compared to 75 O/O for wild 

type), and the denatwed state contains no P sheet (25). Aromatic region CD 

and fluorescence spectroscopy indicated few tertiary interactions. The 

intermediate state was extremely stable, even after 800 hours of incubation at 

4 OC no a-lytic protease activity codd be detected and about 20 % of activity 

codd be recovered on the addition of GEXPRO compared to addition of 

GEXPRO at time zero(25). From this data, it was approximated that the 

folding intermediate will convert to the native state in the absence of 

propeptide with a rate constant of <10-9 s-1 which corresponds to an energy 

barrier in the order of 27 kcal mol-1(25). This data suggests that the folding 



intermediate is a long-lived state that has different enzymatic properties 

compared to the native state. The increased Stokes radius, near native like 

secondary structure, and lack of tertiary structure are characteristics of a 

molten giobule state (26). In the presence of the propeptide, the folding 

reaction occurs with single turnover kinetics and an observed rate constant of 

0.016 s-1, a rate enhancement of 1.6 x 107. This data demonstrates that there 

are two thermodynamically stable states; the folding intermediate molten 

globule-like state and native state. The propeptide acts to lower the energy 

barrier to the h a 1  folded state, making it kinetically accessible from the 

intermediate. Once the propeptide is hydrolysed, the energy barrier back to 

the folding intermediate state will be raised making it inaccessible. The 

stability of the isolated folding intermediate in vitro highlights the fact that 

the folding pathway is under kinetic control, and not thermodynamic control. 

Kinetically controlled folding is pathway dependent, therefore intermediates 

can be isolated that lie on the folding path unlike thermodynamically 

controlled folding where the folding process is pathway independent and no 

intermediates can be isolated (27) (Figure 6). 

Further elucidation of the propeptide of a-lytic protease has been 

thwarted by a lack of a prurnature crystal structure and by the inability of the 

propeptide to accommodate mutations for analysis. Deletions of more than 5 

amino acids to the propeptide abolished all protease activity within E. coli and 

in the extracellular medium (28). 



Figure 5. In Vitro Refolding Experiments with Pro-Mature Proteases. In 

mtro refolding experiments with a-lytic protease and subtilisin used purified 

mature protease or pro-mature protease from inclusion bodies in E. coli. The 

proteins were solubilised in denaturant such as guanidinium-XC1, therefore 

the pro-mature mutants could not process the propeptide. Refolding was 

initiated by removing the denaturant by dilution or dialysis. Refolding of 

denatired mature protease was initiated in the presence of purified 

propeptide. Protease mutants were created that have active site mutations 

that inactivate the catalytic triad. This was done to ensure refolded protease 

does not degrade any unfolded protease. Inactive pro-mature protein can 

refold, however, the propeptide cannot be processed. 
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Figure 6. Kinetic Versus Thermodynamic Control of Folding. A) A folding 

protein under thermodynamic control can start with any conformation and 

end at the most thermodynamically stable state. B) A folding protein under 

kinetic control is pathway dependent. For example, if the folding 

polypeptide started on the left, it could end up trapped in a local energy 

minimum if the energy barriers were high enough. Such is the case with the 

folding intermediate. The propeptide is needed to lower the free energy of 

the folding transition state in order for the native state to be reached. This 

figure was adapted from Baker and Agard (27). 
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1.3.21 Trans Addition of Propeptide to initiate Subtilisin 

Folding 

The propeptide of subtilisin was found to behave in a similar manner 

as the propeptide ffom a-lytic protease. The research into the subtilisin has 

paralleled &at of a-lytic protease and similar results have been found even 

though the subtilisin dass of enzymes and a-lytic protease are evolutionariiy 

unrelated (22). Like a-lytic protease, the requirement for the propeptide for 

folding was established with the expression studies where a E. cdi  ompA 

signal sequence fused directly to the subtilisin E mature region failed to 

produce any detectable activity in zn'm (17). 

In order to analyse the ability of the propeptide to fold the mature 

domain in trans, an inactive pro-mature rnutani of subtilisin E was created 

that conta;ns the active site aspartic acid to aianine mrthtion (29). The 

inactive mutant is required to ensure that refolded proteas;. does not degrade 

unfolded mature plypeptide. This mutant and the mature region of 

subtilisin E were prctd.uced as direct fusions to the ompA signal sequence in 

the E. coli pfhT-ompA3 expression vector that is controlled by IPfE induction 

off the Ipp promoter. Both proteins were correctly processed by signal 

peptidiise and purified from the periplasmic space using a Tris buffer 

containing g u ~ i i ~ f - K l  as a denaturant. Various concentrations of the pro- 

matme ha&-e mutant were w ~ &  with the jx&iixe dmais, a b i i d  to 

hetbate at 4 %, tkefi & a ! j i d  aigalmf remtsring b~fferr !ac&iw 0 

denaturant (Figure 51, It was found that the pro-mature protein was able to 

refold denatured matwe protease, thus demonstrating that the propeptide 



can refold the mature domain in trans. The maximum specific activity 

recovered was a b u t  20 X of type? subtikin E. In an attempt to 

determine if the subtikin E inactive pro-mature mutant could refold 

denatwed subtilisin from other strains of Bacillus, denatured pro-mature 

mutant of subtikin E was added to denatured mature subtiiisin BPN' and 

subtikin Carisberg (24 males pro-mature to I mole mature) and dialyfed 

against remtuiing buffer- Only 5.5 % and 2.3 % of wild type specific activity 

was recovered for BPW and Carisberg respectively even though there is a 

very hi$ homoIw between the enzymes (29). Subtiiisin E has the greatest 

amim add h o r n o I ! ~  with subtilisin BPX' (30) (88.5 % in the propeptide and 

86.2 % in the mature regiQn) which is probably directly rekited to the greater 

recovery of specific activity. The low specific activities highlight the 

specificity that each propeptide has with it's own mature segiori; with ody 9 

out of 77 residues changed* the propeptide from subtilisin E still unable to 

recover appreciable activity from denatured subtilisin BPW. 

This study &rnonsfratd that inactive pro-mature mutant of subtikin 

E could refold denatuwd mature prdease. However, it faiied to isolate the 

propeptide from the mvaienly attached mature domain, thus any effects the 

mature domain had on refoiding codd not be rded  out. Ohata ef a2 

chemically synthesized the compiete propeptide for subtilisin E (31). It was 

found to be able to convert denatured subtiiisin E to the native, active state 

wing the same mtM01~  as previous studies (29). The optimal mofar 

ratia of propeptide : denatured mature protease for refo1ding was 1 : 1. At 

b4glk sda rathzs =f pmpqti;?'. if acts as a corLpetit-;,.te irihibito: d the 

wb&w rrmb- ygjffr_ a & = l_@7= A cwn-r n g - ~ - n & b  *hat bad the &5f 12 
P- --- - =  -J-=---- r r-r --- 

amino adds deleted from the amino terminus (Wmer) could not refold 

denatwed subtikin E or inhibit the native myme which highlights the 



importance of this region for folding and verifies the in uiw results previously 

obtained (17). TWO other propeptides were synthesised that comprised the 

amino terminal 34 amino acids (34-mer) and the carboxy terminal 43 amino 

aads (43-mer) of the subtilisin E propeptide. Both were found to be incapable 

of refolding deriatmed protease. However, the 43-mer and the 64-mer were 

found to act as competitive inhibitors and have Ki values of about 10-5, 

although still much weaker than the full length synthetic propeptide. The ,34- 

mer and 64-mer were mixed in a 1:l molar ratio and it was found that the two 

peptides couldn't complement each other and were unable to refold 

denatured protease even though all of the residues of the entire propeptide 

were accounted for. Thk suggests that the amino and carboxy terminal ends 

of the propeptide must be covalently linked in order to direct the folding of 

the protease. 

1.322 Isolation of a Subtilisin Folding Intermediate 

In another experiment, the propeptide of subtilisin BPN' was generated 

in vim as a carboxy terminal fusion to dihydrofolate reductase (DHFR) (32). 

DHFR activity was used to detect fusion protein during purification. Once 

the DHFR-propeptide fusion protein was purified, an engineered factor X site 

was used to release the propeptide from the DHFR domain. Much like the 

results seen with a-lytic protease, the BPN' propeptide was able to direct the 

folding of isolated folding intermediate to correctly folded mature protease. 

Wild type subtikin BPP9' that had been denatwed in gmnidinim-HCl and 

refolded in the presence of a  rompt tide = regained activity, indicating the 

enzyme is in it's native conformation Other refolding studies of subtilisin 

B W  were carrid out with serine 221 to alanine (STLIA) active site mutants 



to reduce the amount of autocatalytic degradation of the folding protease (32). 

The folding intermediate state was isolated by dialysing the guanidiniu~n- 

HCi denatured mature region agahit  potassium phosplate buffer. The 

resulting folding intermediate has a relative hydrodynamic volume between 

that of native subti-ifisin and guanidiniurn-HC1 denatured subtilisin. 

Spectroscopic analysis of the protein by CD and fluorescence spectroscopy 

revealed that the folding intermediate state has secondary structure similar to 

the native enzja - W e  tertiary structure, and that the tryptophan residues in 

the intermediat ,;e sfightgy more protected from solvent, much like the 

observations gained flnrn the a-lytic folding intermediate (25). Again, all of 

these observations suggest that the folding intermediate exists in a molten 

globule state (26) (Figure 4). Tfte SZlA subtilisin BPN' mutant was refolded 

with various concentrations of propeptide and the amount of refolding 

measured by near UV CD. After incubation in the presence of propeptide for 

8 days at 4 oC, a b u t  50 % of the wild type signal at 278 run was recovered 

(32). Therefore, the folding intermediate must be on the folding pathway or 

in eqtiiMoriurn with a ro~do~atioi i  on the folding pathway because it is able 

to retain a folding competent state for extended periods. A large fraction of 

the signal was probably lost to protein aggregation over the long incubation 

period (32). Refolded S221A subtilisin was shown to bind chymotrypsin 

inhibitor 2 (Ki = 2.9 x 10-12 against subtilisin BPN'), a further indication 

demonstrating that the protejn was correctly folded (32). 

The rate constant fur the refolding of subtilisin BPN' was determined 

by &serving the increase in tryptophan fluorescence of the S221A pro-mature 

mutant: at 340 nm (33). Unlike the rate constant determined with cx-lytic 

protease which was based on the intermolecular interaction of added 

propeptide (3, this rate constant was determined from the intramolecular 



interaction of propeptide covalently linked to the mature region. It will more 

accurately reflect the achai rate enhancement for folding produced by the 

pr~p@de the absence of the pro sequence, based on the deie~diun limit 

of the protease assay, the rate constant for folding of the S221A mutant 

ladcing the propeptide was 4 A x 10-8 s-1. The S221A pro-mature mutant had 

a rate constant of 4.7 x 10-3 s-1 which corresponds to a reduction of the folding 

transition state energy barrier by more than 7.5 kcalf mol (33). 

The folded S221A premature mutant, has similar spectrophotometric 

characteristics to mtbe strbti!isin BPN' (33). The folded S221A premature 

mutant had a far UV CD spectra with ellipticity minima at 220 nm and 208 

nm suggesting well defined a-helical structure and the near UV CD has a 

strong negative signal at 278 nm which i s  typical of well developed tertiary 

structure. The fluorescence emission r~ectra is quenched by about 30 % in 

native subtilisin BPN compared to the S221A pro-mature mutant. This 

suggests that the propeptide is partially shielding 1 of the 3 tryptophan 

residues found in the mature protease and increasing the fluorescence. There 

are no tryptaphim resiiO.;es present in the propeptide to affect the 

fluorescence emission. The propzptide alone has no defined structure as seen 

Sy near and far UV CD, however, the difference spectra between folded 

S221A pro-mature mutant and native sub tilisin has a negative ellipticity 

b e t m n  230 and 210 nm which suggests that the propeptide adopts a defined 

secondary structure in the context of the mature region only (33). Propeptide 

independent of the mature region could be induced to fold in the presence of 

50 % ethylene glycol (34) and afmost match the difference spectra. Based on 

the transition of unfolded to folded propeptide in ethylene glycol, the 

equilibrium of free propeptide was calcuiated to favor the unfolded state, 

with a AG of folding equal to about 2 kcal/mol at 25 OC (34). However, even 



though the equilibrium is unfavorable, a few percent of the total population 

will be correctly fofded which will have enough binding energy to catalyse 

folding - of intermediate to the native state. Wild type - - subtibin will have the 

propeptide covalently attached, therefore the local concentration of 

propeptide will be much higher and collisions of correctly folded propeptide 

and the folding intermediate with the correct orientation will be more 

frequent (34). 

Further verification that the folding intermediate lies on the folding 

pathway came from analysing the unfolding of isolated subtilisin S221A 

folding intermediate and the S221A pro-mature folded protease in the 

presence of increasing guanidinium-HCI (33). Fluorescence (exatation at 280 

nm and emission at 340 MI) and ellipticity at 222 nm of the unfolding 

proteins was measured and both the S221A folding intermediate and pro- 

mature mutant followed the same unfolding pathway after an initial 

unfolding transition for the pro-mature mutant at guanidinium-HC1 

concentrations below 1 M, Below 1 M gmnidinium-HC1, the premature and 

folding intermediates diverge due the tertiary structure found only in the pro- 

mature mutant. Near UV-CD of the S221A pro-mature mutant has shown 

that it lacks tertiary structure above 1 M guanidiniurn-HC1, much like the 

intermediate state lacks tertiary structure (33). 

Analysis of the propeptide using a-lytic protease and subtilisin as 

model systems have shown that the propeptide in the two classes of proteases 

has the same general function even though the enzymes are structurally 

unrelated. The propeptide of these enzyme systems functions to lower the 

energy barrier of the transition state of folding between the folding 

intermediate and the final native state, most likely by stabilizing the folding 

transition state ('18,22,35). This folding process is under kinetic control since 



the intermediate to folding can be isolated in vitro and shown to be stable 

indefinitely if the propeptide is not present (25,32). The folding intermediate 

is late in the folding pathway as observed by the large amount of secondary 

structtlre seen by CD spectroscopy (25, 32, 33) the intermediate 

hydrodynamic radius in gel filtration (25, 32), and the ability of the 

propeptide to inhibit native protease which indicates that the folding 

intermediate likely has native like structure (25,31,33). 

1.3.2-3 Structural Analysis of Specific Residues in the 

Subtilisin Propeptide 

Compared to a-lytic protease, the propeptides of subtilisin E and 

subtilisin BPN' have had a more thorough analysis for specific amino acids or 

sequences that directly interact with the mature protease during folding. 

Specific interactions between the propeptide and mature domain have been 

difficult to elucidate due to the lack of a pro-mature x-ray crystal structure 

until recently (34). 



Figure 7. Amino Acid Sequence of the Subtilisin BPN' and Subtilisin E 

Propeptide. The amino acid sequence of subtilisin BPN' and subtilisin E are 

propeptide are shown (18). Only the divergent amino acids of subtilisin E are 

shown, all other residues are conserved. The propeptides have a 88.5 % 

amino acid identity. 





Sequence analysis of the propeptide of subtilisin E revealed that it 

contains 36 % charged residues (28 of 77) compared to only 12 % in the 

mature region (36) and these charges are trneverrljr &siribrited ik~o~ghoiii tihe 

propeptide (Figure 7). For example, the amino terminal 2'7 amino acids of the 

propeptide contains 7 lysine and only one glutamic acid, while the carboxy 

terminus 16 amino acids has the reverse situation with 5 acidic residues, two 

histidines, and no lysine residues (36). Another noteworthy feature is that the 

propeptide contains three hydrophobic stretches of amino acids of 9,5 and 4 

residues (36). The substrate binding site of subtilisin is predominantly 

hydrophobic, and the charge distribution is uneven on the surface of 

subtilisin (37). Therefore, it is speculated that the hydrophobic residues 

interact with the substrate binding site which in turn causes the charged 

residues on the surface to even out the distribution of surface charge (37). 

The charged residues may afso interact with the membrane in vivo (33). 

Error-prone Tsq DNA polymerase was used to generate random 

mutations within the region of the subtilisin E gene encoding the propeptide 

(37,38j. Mrrtzints were screened by 1m'Lcing for transformed colonies that lack 

subtilisin activity. Almost half of the mutations fell within three short 

stretches of hydrophobic residues which comprise only 18 of the 77 possible 

amino acids in the propeptide (37). Therefore it is suspected that these 

regions are important for the folding process. Six of the twenty five 

propeptide mutants that were unable to produce active subtilisin in vivo (37, 

38) were andysed for their ability to refold denatured subtilisin and inhibit 

native subtilisin in dfro  (30). Six of the mutants were found to generate active 

protease as seen by zones of clearing around E. coli colonies incubated for 6 

days at room temperature, longer than the previous screening assay (37,38). 

The six mutant pro sequences were subcloned and expressed in E. coti using a 



T7 expression system induced by IPTG and purified to greater than 99 % 

homogeneity. The mutant propeptides were found to refold denatured 

subtifisb. in a rancr~ ---0- from 80 O/o wild type efficiency down to only 13 % 

efficiency (30). A direct relationship between the ability of a propeptide to 

correctly fold and inhibit subtilisin activity was established (30); the ability of 

a propeptide to refold denatured protease is directly related to how well it 

can bind (inhibit) the native protease. However, a direct correlation between 

the location of mutation and "foldase" activity could not be established 

because the loss of activity does not follow a predictable pattern. 

One of the mutations, methionine to leucine at position -60 of the 

propeptide was used to find a supressor mutation in the mature region (37). 

Again, Taq DNA polymerase was used to generate random mutations in the 

mature region, and a serine to leucine 188 (S188L) mutation was found to 

have activity when expressed in E. cofi. The S188L mutation is located on the 

surface of the active site binding cleft (37), and could interact with residue -60 

in the propeptide and suppress it's effects. 

A co-crystal structure of subtilisin BPN' and propeptide has been 

obtained (34). It was generated from refolding denatured subtilisin BPN' 

with purified propeptide in inifro, and the structure of subtilisin was found to 

be identical to the crystal structure of subtilisin folded in vivo. As expected, 

the C-terminus of the propeptide binds onto the active site much like a 

substrate, with a tyrosine residue of the propeptide occupying the S1 subsite. 

As a whole, the propeptide appears to stabilise the apa substructure of 

subtilisin BPN' to allow folding to the native state and prevent the generation 

of unproductive misfolded or unfolded conformations (Figure 8). 



Figure 8. Co-crystal Structure of Refolded Subtilisin and Propeptide. A 

ribbon drawing showing the backbone of mature subtilisin E and the 

propeptide. Mature stibiilisin BPN' was refolded in the presence of 

exogenously added propeptide in oifm. The C-terminus of the propeptide is 

in the active site of subtilisin This figure was adapted from Bryan e f  a2 (34). 





Although the subtilisin propeptide has no homology to the propeptide 

of a-lytic protease and other preproteins (Z), the subtilisin results will aid in 

understanding the more generai principles of propeptidemediated protein 

foIding. 

1.4 Streptomyces griseus PROTEASES AS A MODEL SYSTEM TO 

ELUCIDATE PROPEITIDE MEDIATED PROTEIN FOLDING 

Our research involves the analysis of propeptide mediated folding of 

the Sfrepfmyces gn'seus serine proteases. S. grisats is a gram positive soil 

bacterium that secretes a number of serine proteases (39). These are enzymes 

that catalyse the hydrolysis of amides and esters with the serine, histidine, 

and aspartate catalytic triad mechanism (40). The S.  gtisats proteases under 

study include Sf repf omyces pisew protease A (SPA),  SGPB (lo), SGPC (12), 
P P  (I I j, and (I31 which are encoded by sprA, s@, s ~ r i 3 ,  v r D  and 

sprE respectively (Table 1). Four of the five proteases are small monomeric 

proteins. SGPD is a hmoriirner with an amino terminal 24 residues of the 

signal sequence that has high homology to the mitochondrid import signal 

sequence of hsp60 (41, 42) All of the proteases except SGPE have 

chymotrypsin-like specificity which means that they will catalyse the 

hydrolysis of peptide bonds next to large, bulky aromatic or aliphatic amino 

acids (40)- SGPE, uniike the other proteases, has specificity for glutamic acid. 

SCFC has an additional 50 aimino add domain fused to the C-tenninus of the 

mature domain via a 20 amino add Iinker region. This 50 amino acid 



Table 1, Protease D a k  Listed are data for the family of S. gPiseus proteases 

under investigatiion, also included are data for the proteases that have been 

the primary focus of propeptide research to date- 





domain has 57 Oh amino add homology to the chitin binding domain of 

ehitirpase A1 from B. cirafnns (431, however, Ihe domain in SGPC has not k e n  

found to bind chitin (unpublished resdtsj- Like a-iytic protease and the 

subtifisin proteases, the S. grisms proteases are secreted as pre-premature 

polypeptide precursors, though only the mature region is detected in the 

d t u r e  slrpernatant. Unlike a-lytic protease and the subtilisin proteases, all 

five of the proteases come from the same organism. The 5. griseus proteases 

have a high degree of homology, yet still have structural and functional 

differences such as the various propeptide lengths, the additional chitin 

binding domain of %PC, and the glutamic acid substrate specificity of SGPE 

give a framework for structure and function analysis of the proteases. The S. 

griseus proteases and a-lytic protease are members of the chymotrypsin 

superfamily of enzymes and are structurally unrelated to the subtilisin family 

of serine proteases, although the same catalytic mechanism was developed 

through convergent evolution (40). 

The proteases can be divided into 3 groups based on the length of the 

propeptide: %FA and SGPB with 78 and 76 residue propeptides respectively; 

SGPD and SGPE with 140 and 139 residue propeptides respectively; and 

SGPC with a 162 residue propepride. The propeptide of a-lytic protease is 

166 residues in length, close to that of SGPC. 

1-42 Expression in Bacillus subfilis 

All of the S .  griseus proteases have been cloned and expressed in B. 

subfilis for purification and anaiysis. B. subfilis like S. griseus is a gram 

positive bacterium that naturally secretes proteins (including subtilisin) 

across a single cell membrane into the extracellular environment (W). The 



commonly used gram negative E. co'i bacterium secretes protein into an 

inter-membrane space called the periplasm. This region is located between 

the inner and outer membranes, and proteins are only slowly transported 

across the outer cell membrane (45) which makes purification of the secreted 

protein problematic. The advantages of using 3. subfilis over S. griseus are 

that it is a more well chracterised orgmism, easier to manipulate, plasmids 

have been produced specifically for B. subtilis expression, and B. subtilis will 

secrete proteins directly into the cellular media where they can be easily 

purified. 

The pEB ( E .  eoli - 3. subtilis) expression vector was used for the 

expression of the S. griseus proteases (13) (Figure 9). It is a shuttle vector that 

can be transformed into E. culi for genetic manipulation and into B. subtilis for 

expression. The plasmid contains resistance genes for selection with either 

ampicillin and kanamyan for selection, but more importantly, it contains the 

ribosome binding site, promoter region and signal sequence from subtilisin 

BPN'. A SmnI restridon site has been ertgineered into the 3' end of the signal 

sequence to allow the generation of direct in-frame fusions with the 

propeptide of the cloned protease gene. The subtilisin BPN' signal sequence 

allows for efficient processing of the signal sequence and secretion of the 

foreign pro-mature protease in B. subtilis. 

The B. subfilis strain DB104 used to express the 5. griseus proteases is a 

protease deficient strain, lacking it's endogenous secreted proteases subtilisin 

and neutral protease (46). Therefore, any protease activity detected in vivo 

will be produced kom a doneb protease in the pEE expression 

vector. 



Figure 9. Plasmid Map of the pEB-I1 B. srtbtilis - E. culi Shuttle Vector. 

Genes are represented by the boxes and the arrowheads indicate the direction 

of transcription. The vector contains the ampicillin resistance gene (amp r) 

from pUC-18, the kanamycin resistance gene (kan r) from pUB110, and a 330 

bp fragment of the subtilisin BPN' gene containing the promoter and pre 

region. Genes for expression in B. subfilis are blunt-cloned into the SmaI site 

to create in-frame fusion proteins with the pre region. 



pEB 11 
6.0 kbp 



1.4.3 S. piseas Protease Gene Mutants 

h order to determine the of h4e propepiides, mutagenesis of 

the genes encoding the proteases must be done to generate structural 

alterations of the propeptides. Since no analysis of the S. griseus proteases' 

propeptides has been done to date, the initial focus of their structural analysis 

will involve SGPA and SGPB, These two proteases have the shortest 

propeptides, and have the highest amino acid identity (43%) (10, ll), 

therefore isolation of important residues for folding will be easier to 

determine than with longer or more divergent propeptides. A chimeric gene 

containing the region encoding the propeptide of sprA and the region 

encoding mature sprff will be expressed and used to determine if the 

propeptide of SGPA can generate mature, active SGPB. Previously, in vitro 

experiments with the trans addition of propeptide from a protease from 

another organism failed to appreciably fold denatured protease (29). In this 

experiment, both the propeptide and mature region will be expressed as a 

skLgfe polypeptide in vim. In addition, while both the propeptide and mature 

regions of the chimera will be from two separate genes, both are from the 

same organism d i k e  previous experiments. These two factors may 

contribute to the successful folding of the mature protease beyond what has 

been previously observed. Also, a series of genes encoding deletions to the 

amino terminus of the propeptides of SGPB, SGPC, SGPD and SGPE will be 

expressed in B. subfilis and also andysed for their ability to correctly foid the 

mature protease in Znzv. How well these mutants propeptides can generate 

active protease will give some insights about the nature of the folding process 

with the S. grisats proteases. For example, if the deletions have little or no 



effect on folding, than the deleted amino acids do not play a major role in the 

folding process. 

!a analysis is a good starting point for the study of the perviously 

uncharacterised S.  @seus propeptides. Compared to in vitro analysis, a large 

number of mutant propeptides can be easily analysed for their importance to 

the folding process by the detection of active protease directly from the B. 

subfilis culture supernatants. While the propeptide is known to direct the 

folding of the mature protease based on in aitro results, care must be taken 

with the interpretation of in uiuo results. In addition to propeptide mediated 

folding of the mature protease, there are many factors such as protein 

translation, secretion across the cell membrane and cell growth that may also 

be affected by the propeptide mutants and alter the amount of active protease 

in the cell supernatant. Evidence suggests that the function of the propeptide 

is independent of these other processes in bacterial proteases and any changes 

ift activity of the propeptide mutants can be directly attributed to the folding 

process (17,28). However, in vifro analysis of purified propeptide mutants 

will eventually have to be carried out for verification of the predicted 

propeptide function based on in uivo results. 

Protease activity wiff, be used as an indication of how well the mutant 

propeptide can fold the mature protease in viuo; protease activity will be 

directly correlated to the ability of the propeptide to correctly fold mature 

protease. A reduced rate of activity of a mutant propeptide compared to wild 

type protease will indicate the folding transition state energy barrier of the 

mutant is increased compared to wild type. Fewer folding intermediates will 

be able to traverse the increased energy barrier to native protease before they 

are degraded in mMm- Mutant propeptides will not generate protease 

molecdes that have a reduced ability to hydrolyse substrate based on the 



observations with other pre-pro-mature bacterial proteases; either correctly 

folded protease is generated by the reduction of the folding transition state 

barrier by the propeptide, or the pro-mature protease will be unable to 

overcome the transition state energy barrier and remain in the folding 

intermediate state. Propeptide mutants with reduced activity in viva will 

highlight important residues required for the folding process. The ability of 

both the chimera and deletion mutants to correctly fold mature protease may 

help in gaining a better understanding of how the propeptides function in 

Pivo. 



2. MATERIALS AND METHODS 

2.1 MATERIALS 

Calf intestinal alkaline phosphatase (CIP) was purchased from 

Boehringer Mannheim. Vent DNA polymerase (New England Biolabs) was 

used for all polymerase chain reactions (PCR). All other enzymes for 

digesting or modifying DNA except ribonuclease A were purchased from 

New England Biolabs or Life Technologies, Inc. Enzymes were used in 

accordance with the recommendations of the supplier. [a32P]d~TP (-3,000 

Ci/mrnol) was from Amersham Corp. The Random Priming System I kit was 

purchased from New England Biolabs. Oligonucleotides were purchased 

from the Institute of Molecular Biology and Biochemistry Services Laboratory 

at Simon Fraser University, Burnaby, BC. Amino terminal sequencing was 

provided by the Protein Microchemistry Centre, Department of Biochemistry 

and Molecular Biology, University of Victoria, Victoria, BC. Zeta-Probe 

membrane was purchased from Bio-Rad and x-ray film from Eastman Kodak 

Co. Immobilon-PVDF membrane was purchased from Millipore. The 

Centricon-10 t u b s  were purchased from Amicon. The QIAEX Gel Extraction 

]Kit and QIAGEN Plasmid Maxi Kit was from Qiagen. The Protein-Pak SP 

WLC column was purchased from Waters. Acrylamide, agarose, ampicillin, 

boric acid, glycine, kanamycin, lysozyme, MOPS, polyethylene glycol 8000, 

ribonuclease A, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, and sodium 

ddecyl  sldphate were f r ~ m  Sigma. Agar, glacial acetic acid, glucose 

potassium acetate, sodium acetate, sucrose, and yeast extract were purchased 

from BDf-f. Trypticase peptone was purchased from Becton Dickinson. 

Penassay and asamino acids were purchased from Difco. N-succinyl-Ala- 



Ala-Pro-Glu-p-nitroanilide was purchased from Bachem Biosciences. All 

chemicals and reagents were of the highest grade commercially available. 

2.2 BUFFERS AND OTHER SOLUTIONS 

1. E. coli plasmid Preparation Solutions 

Solution I: 25 mM Tris-HC1 (pH 8.0), 10 mM EDTA, and 50 mM glucose. 

Autoclave, then add 4 mg/rnL lysozyme just prior to use. 

Solution II: 0.2 N NaOH and 1 % (w/v) SDS. Prepare fresh just prior to use. 

Solution IIk 3 M potassium acetate and 2 M acetic acid. 

TE8: 10 mM Tris-HC1 (pH 8-0) and I mM EDTA (pH 8.0). 

Rhrase Al: Dissolve 10 mg / m't Wase I in 10 M Tris-HCi (pH 7.5) containing 

15 rnM NaCl. Add 1 mL aliquots into 1.5 rnL eppendorf tubes and place in a 

boiling water bath for 10 minutes. Allow the tubes to cool slowly to room 

temperature and store at -20 OC. 



2. E. coli Competent Cell Preparation Buffers 

TI%E 30 CK3COOK, 50 ~TUV LbhC!2, 100 IM KC!, 20 ~xIBVI CaC12 a d  15 % 

(v /v) glycerol. Adjust to pH 7.0 and filter sterilize. 

TfE3II: 10 mM Na-MOPS (pH 7.5),75 mM CaC12,lO mM KC1 and 15 5% (v/v) 

glycerol. Adjust to pH 7.0 and filter sterilize. 

3. B. subfifis Plasmid Preparation Solutions 

The solutions for B. subfitis plasmid preparations are the same as those for E. 

wli plasmid preparations except for the following: 

Solution Ifb: 0.2 N NaCl and 1 % (w/v) SDS. Prepare fresh just prior to use. 

4. B. subtilis Transformation and Protoplast Solutions 

2 x SMM Buffer: Dissolve 17.115 g sucrose, 232.1 mg maleic acid, 406.6 mg 

MgC12 in ddJ3220, adjust to pH 6.5 with MaOH. Dilute to 50 mL total volume 

with ddHfl and autoclave. 

4 x Penassay: Dissolve 3.5 g Penassay (DIFCO bacto antibiotic medium 3) in 

50 mL ddHfl and autoclave. 

40 % PEG Disso1ve 8-0 g PEG8000 in20 mL 1 x SMM and autoclave. 

2 x ShAMP: Mix together equal volumes of 2 x SMM and 4 x Penassay. 



Lysozyrne Stock Solution: Dissolve 100 mg/mL lysozyme in ddH20 and filter 

s t e s z .  

5. Agarose Gel Solutions 

50 x TAE Buffer Solution: 242 g Tris base, 57.1 mL glacial acetic acid, 100 mL 

0.5 M EDTA (pH 8.0). Dilute to 1 L with ddH20. 

1000 x Ethidium Bromide Stock Solution: 50 mg ethidium bromide and 100 

mL ddH20. 

36 x Agarose Gel Loading Dye: 10 mL 30 % glycerol, 0.025 g bromophenol 

blue, and 0.025 g xylene cyanol IT. Dilute x 6 with 30 % glycerol before use. 

6. SDS-PAGE Gel Solutions 

Separating Buffer: 0.75 M Tris-HC1 (pH 8.8) and 0.2 % (w/v) SDS. 

Stacking Buffer: 0.146 M Tris-HC1 (pH 6.8) and 0.117 % (w/v) SDS 

SDS-PAGE Aaylamide Stock Solution: 30 % (w/v) acrylamide and 2 % (w /v) 

N,N - bis-acr~rhxide, deionized with Arnberlite MEl .  

5 x SDS-Page h d i n g  Buffer: 7.5 mL 2.083 M Tris-HC1 (pH 6.81, f 1.0 mL P- 
mercaptoethirno1,5 g SSDS was diluted to 25 mL total volume with ddH20. 



Then glycerol was added to 50 mL total volume, followed by 2.5 mg of 

bromophenol blue. 

7, SDS-Page Staining and Destaining Solutions 

Fast Destain Solution: 50 % (v/v) methanol and 10 % (vlv) glacial acetic in 

drnfl. 

Slow Destain Solution: 10 % (v/v) glacial acetic acid in ddH20. 

Coomassie Stain: 0.3 % (w/v) in fast destain solution. 

8. Sequencing Gel Solutions 

10 x TBE: Dissolve 10.8 g-base, 5.5 g boric acid in 80 mL ddH20. Add 4.0 mL 

of 0.5 M EDTA and dilute to 10 mL total volume. 

Acrylamide Stock Solution: 38 % (w/v) acrylarnide and 2 % (w/v) N,N-bis- 

acrylamide, deionized with AmberLite MB-1. 

9. Northern Blot Solutions 

10 x MOPS Buffer: 200 nihA MOPS acid, 50 mM sodium acetate, 10 mM EDTA, 

adjust to pH 7.0 with NaQH 



3 x Loading Buffer: 60 pL 10 x MOPS, 210 pL formaldehyde, 600 pL 

formamide, 200 gL giycerol, 5 mg bromophenol blue, Deionize the 

f ~ ~ ~ d d e h j j d e  and formam2de with Amkr!ite ME-1 before US. 

Hybridization %Iution: 10 mL deionized forrnamide, 5 mL 20 "rb SDS, 3.42 mL 

2 M Na$ZPO$, 1.58 mL 2 M N;iH2PO4,4(i pL 0.5 M EDTA, and 20 mg BSA. 

20 x SSC Buffer: Diss01ve 1733 g NaCl and 88.2 g trisodii*m ci tra te.-2H$3 in 

800 mL ddHzO and adjust to pH 7-0 with NaOH. Dilute to f L tobi vaiumc 

with ddHS and autoclave. 

10. Amino Terminal Sequencing Solutions 

Transfer Buffer: 39 niRII &cine, 48 mM Tris-base, 0.0375%1 SDS. 

PVDF Stain: 0.025 % (w/v) in 40 % methanol 

11. Protein Purification and Column Chromatography Buffers 

Buffer A: 50 rnM sodium acetate (pH 4.65). 

Buffer B: 50 mM sodium acetate (pH 4.65) and 1 M NaCI. 



Phe Substrate Soiutiun: 0.1 mg/mL N sucdnyl-Ala-Ala-Pro-Phe-p- 

nitroanitide in 50 m34 Tris pH 8.0. 

Gfu Substrate Solution: 0.1 mg/mL N succinyl-Na-Ala-Pro-Glu-p- 

nitrcranilide in 50 mM / 5 %B methanol (pH 8.0). 

23 BA(JfERfOL0CIUIL MEDLA, STRAINS AND METHODS 

'TY/Mg Broth: 20.0 --- nr tryptone, 5.0 g yeast extract, 5 g MaCl, 20 mM Me04 

per 1 L d d H S  The MgSQ is added from a 1 M filter sterilized stock. 

2 x TY Bra*: 16 g gvptm, 10 g yeast extract, and 5 g NaCl per 1 L ddH20. 

Autoclave at '121 oC to sterilize- 

2 x TY/Aatp Brotk 2 x TY broth supplemented with 200 pg/mL filter- 

sterilized ampicillin after autdaving. 

2 x T Y f  Kan Broth: 2 x TY broth supplemented with 50 pg/rnL filtersterilized 

kanamvcin after autochVingg 

2x TYlAmp Plates 2 x TY/Amp plates supplemented with 200 pg/mL filter- 

s&rilizsd mT;liciEn &= au&xh.ing- 



TY/Milk Plates: 20 g skim milk powder was dissolved in 200 mL ddH20; and 

10 g yeast extract, 16 g tryptone, 5 g NaCi and 15 g agar were dissolved in 800 

mL dcll-Iz0. After autodaving at 121 oC, both solutions are mixed for 1 L 

totaf volume. 

TY/Milk/Kan Plates: T'Y/Milk plates supplemented with 50 pg/mL filter- 

sterilized kanamycin after autoclaving. 

TY/Milk/Amp Plates: =/Milk plates supplemented with 200 pg/mL filter- 

sterilized ampiallin after autdaving. 

SBroth: 35 g tryptone, 2 g yeast extract, 5 g NaCl per 1 L ddH20. After 

autoclaving at 121 OC to sterilize, add 50 pg/mL filter sterilized kanamycin 

and 10 mM filter s ~ ~ d  CaC12. 

I x Penassay Broth- 17.5 g Penassay dissolved per i L d f  XzO. Autoclave at 

121 OC to sterilize. 



Protoplast regeneration plates: Autoclave each of the following separately at 

121 OC: 

succimte - 33-77 g in I25 m'L adjusted to pH 7.3 with 

1 N HC1. 

Agar nutrient- 4 g agar, 1.25 g casamino acids and 1.25 g yeast extract 

in 125 rnL d m 2 0  

Phosphates - 1.15 g K 2 m 4  and 0.375 g KH2P04 in 25 mL ddH20. 

20 % glucose - 1.25 g glucose in 6.25 mL ddH20. 

1 M M g Q  - 1.02 g MgC1~6H20 in 5 mL ddH20. 

Mix all of the components after they have cooled to about 60 OC, then add 

1.25 mL of 2 % filter sterilized BSA and 1 mL of 50 mg/mL filter sterilized 

kanamycin. These plates will last for aboat 2 weeks at 4 OC. 

2.3,2 Bacterial StPairis 

2.3.21 Escherichia coli strain DHScx: 

Genotype: supE44 AlacU169 ($80 lacZ6M15) hsdR17 rec A1 mdAl gyrA96 thi-1 

re1 AZ. 

Growth conditions and Relevant Characteristics: E. coli DH5a (47) was grown 

and maintined on 2 x TY plates and broth at 37 OC. This strain was used for 

routine transformations of plasmids and ligation mixtures. 



2.3.22 Eschmichia coli strain TBI: 

Genotype: ara A (hqroz4B) rpsL (+80 kZAMl5) M R  . 

Growth Conditions and Relevant Characteristics: E. coli TB1 (48) was grown 

and maintained on 2 x TY plates and broth at 37 OC. This strain was used to 

transform the construct pMP-BPAIO and for routine transformations, 

interchangeably, with DH5a. 

2.3.2.3 Bacillus subtilis strain DB104: 

Genotype: his nprE  nprE 18 hprA2 (pUBHSA)3. 

Growth Conditions and Relevant Characteristics: B. subtilis DB104 (46) was 

grown and maintained on TY/Milk plates and 2 x TY broth at 30 OC. This 

strain was used for transforming pEB vector constructs for expression studies. 

2.3.3 Preparation of Competent Cells 

2.3.3.1 Preparation of Competent E. coli Cells 

A single E. cd i  colony from a plate grown overnight at 37 OC was used 

to inoculate a culture tube containing 2 mL of TY/Mg broth. The culture was 

allowed to grow overnight at 37 OC with shaking and then used to inoculate 

20 mL of TY/n.g prewarmed to 37 OC. The 20 mL culture was grown with 

vigorous shaking at 37 oC until O D m  = 0.5 was reached. The cells were then 

transferred to 200 mL of pre-warmed TY/Mg broth in a 1 L flask and grown 

with shaking at 37 OC until the cell density reached O h  = 0.6. The culture 

was then chilled on ice, transferred to cooled, sterile Oakridge tubes, and 



centrifuged at 4000 RPM in a Sorafl SS-34 rotor for 5 minutes at 4 OC. The 

following steps were all performed at 4 OC. The supernatant was decanted 

and the cell @lets were resuspended in 40 mL TfEI buffer and centrifuged 

again as before- The TfBI buffer was decanted and the cell pellet was 

resuspended in 10 mL TfBII buffer. Aliquots of cells were placed in 0.7 mL 

microcentrifuge tubes, frozen on dry ice, and stored at -80 OC. 

2.3.3.2 Preparation of Competent B. subtilis DB104 Protoplasts 

The production of B. subfilis protoplasts is based on the method of 

Lovett and Ambulos (49). A single colony of B. subfilis was selected off a TY 

plate grown overnight at 37 OC and used to inoculate 2 mL of 1 x Penassz)- 

broth. The culture was grown for 8 hours with 200 RPM shaking at 37 OC and 

used to inoculate 1 L of 1 x Penassay in a 2 L Erlenmeyer flask which was 

grown under the same conditions until OD600 = 0.6 (mid-log phase). The cells 

were transferred to four sterile GSA tubes, iced for 5 minutes, and then 

centrifuged - at 5000 RPM in a GSA rotor for 10 minutes at 4 OC. The 

supernatant was decanted and the eels were resuspended in 100 mL SMMP 

(25 mL per tube). To the resuspended cells, 2.0 mL of 100 mg/mL lysozyme 

solution was added (0.5 mL per tube) md the tubes were incubated at 30 OC 

for 2 hours with gentle shaking just sufficient to move the cells. The cells 

were then transferred to sterile Oakridge tubes and centrifuged at 5000 RPM 

in a SS-34 rotor for 15 minutes at 4 OC. The supenratant was discarded and 

the cell pellets were gently resuspended by swirling in 100 mL 2 x SMMP and 

centrifuged as in the previous step. The supernatant was then discarded and 

the cell pellets resuspended in 80 mL 2 x SMMP. The cell suspension was 



divided into 500 pL aliquoh in 1.5 mL eppendorf tubes and placed directly 

into the -80 OC heezer for storage. 

23.4 Transformation of Cef is 

2.3.61 Transformation of E. coli Cells 

For each transfornation, 1 pL of plasmid or a ligation mixture was 

diluted to 50 pL total volume with ddH20. To this mixture, 100 pL of 

competent cells thawed on ice was added and the resulting mixture incubated 

on ice for 30 minutes, Ts11 c& were then heat shocked at 37 OC for 1 minute, 

incubated on ice for 1 minute, and then transferred to 2 mL 2 x TY broth. The 

2 mL culture was incubated at 37 oC with vigorous shaking for 2 hours. After 

incubation, 1 mL, 100 pL, and 10 pZ, altiquots were spread plated on 2 x TY 

plates and incubated overnight at 37 O C  

23.42 Transformation of 3. subfilis Dl3104 Protopfasts 

This procedure is based on the method of Chang and Cohen (50). In a 

1.5 mk Eppendorf tube, 10 pL of plasmid DNA isolated from a standard 

alkaline lysis plasmid preparation (section 3.4.2.1) was mixed with 10 mL 2 x 

SbM- The protoplast suspension was quick thawed in a 37 OC water bath, 

and 100 pL was added to the plasmid solution fogowed quickly by 300 pL 40 

% PEG Tne soiutScm was gently n-ed with a f lW pipet and after exad!y 2 

minutes, 1 of 2 x SlMhAP added. The resulthg w!?rtion *as 

centrifuged for 10 ~ A u t e s  at 6000 RPM in a benchtop microfuge to pellet the 

protoplasts After centrifugation, the supematant was decanted, tubes spun 



again for I minute, and most of the remaining supernatant was removed with 

a P200 pipet except for a trace amount at the bottom of the tube to ensure the 

protoplast pellet remains intact. The pellet was resuspended in 1 ml 2 x 

SMMP and indated with very gentle shaking (approximately 30 WM) for 

2.5 hours at 30 OC. After the incubation, 1 mL of the protoplast solution was 

spread on a dry regeneration plate and then allowed to dry in a laminar flow 

h d .  The plates were incubated at 37 OC, and colonies were streaked onto 

TY/Mill:/Kan plates as they appeared on the regeneration plates in order to 

screen out con taminants. 

2.4.1 Cloning PIasmids Used 

This plasmid pPMAL-p (51) is an E. cdi expression vector that is under 

control of the bm promoter and ger~erates a fusion protein than contains a 

maltose binding protein and signal sequence on the amino terminus of the 

expressed protein (Figure 10). The signat sequence allows the expressed 

protein to Ere secreted into the periplasm of E. coli, after which the expressed 

protein is L ~ ~ F d y  tfansp0rtec.l through the outer cell membrane. 

The plasmid pDS-A3 was constructed by Sidhu (52) and contains the 

wghn ofsprA encPding for the entire propeptide and mature region in pUC- 



18. A PstI site was engineered into the 5' end of the propeptide encoding 

portion of sprA . Digestion of the vector with ?sf 1 foilowed by removal of the 

3' overhang with T4 polymerase produces a blunt end where the first codon at 

the 5' end encodes the first amino acid of the propeptide. This allows 

propeptide and mature region of sprA to be doned in-frame into pEB-11 far 

expression- 

This plasmid was constructed by Sidhu (13) and functions as a E. coli - 

B. subtiiis shuttle vector (Figure 9). The vector contains components of pUC- 

18 for maintenance in E. cdi, and components of pUBllO for maintenance in 

B. subtilis. In addition, it contains the promoter region and the pre region of 

the subtilisin BPN gene which is the signal sequence for secreticn out of B. 

subfilis. An engineered SmaI site downstream of ihe pre region allows for the 

cloning of g e m  in-frame for expression of fusion proteins with the signal 

sequence on the amino terminal end of the protein. 



Figure 10. Pfasmid Map of the E. coli Expression Vector pMALp. Genes 

are represented by the boxes and the arrowheads indicate the direction of 

transcription. The doned gene is inserted downstream of the malE gene 

which encodes the maltose binding protein and pre domain. The tac 

promoter (P tac) is induced by fPTG. The lac1 encodes the Lac repressor 

which prevents transcription from the tac promoter in the absence of TPTG. 

The plasmid also contains the ampicillin resistance gene (amp r) for selection. 

The Stu l site was engineered for blunt in-frame cloning of insert with the 

~mtfE sig-Q: sequence (51)- 





The vector pES-13 is identical to pEB-11 except that is has a single 

cytidine nucleotide inserted 3' of the pre region to introduce a +I reading 

frame shift. This is for the expression of cloned inserts that require the 

addition of a nucleotide on the 5' end of the insert for in-frame transcription 

with the subtilisin BPN signal sequence. 

2.4.2 Expression Plasmids Used 

This plasmid was constructed by Sidhu (12) and consists of region of 

splB encoding the entire propeptide and mature region cloned into pEB-I1 for 

expression 

This plasmid was constructed by Sidhu (12) and consists of the region 

of sprC encoding entire propeptide and mature region cloned into pEB-11 for 

expression. 



This plasmid was constructed by Sidhu (12) and consists of the region 

of sprD encoding the entire propeptide and mature region cloned into pEB-11 

for expression. 

2.4.24 pEB-E 

This plasmid was constrl xted by Sidh ~u (13) and consists of the entire 

propeptide and mature region of sprE cloned into pEB-11. 

This plasmid was constructed by Sidhu (52j and consists of the region 

of sprB encoding from the eleventh amino acid of the propeptide to the 

carboxy terminus of SGPB cloned into PER-11 for expression. 

This plasmid was constructed by Sidhu (52) and consists of the region 

of sprB encoding from the sixteenth amino acid of the propeptide to the 

carbxy terminus of SGPB doned into pEB-11 for expression. 



This plasmid was constructed by Sidhu (52) and consists of the region 

of sprB encoding from the twenty-first amino acid of the propeptide to the 

carboxy terminus of SGPB cloned into pEB-11 for expression. 

2.4.3 Preparation of Plasmids 

2.4.3-1 Small Scale E. coli Plasmid Preparation 

A single bacterial colony was used to inoculate 2 mL of 2 X TY/Amp 

media and grown for about 8 hours or overnight at 37 OC with shaking. The 

culture was then placed in a 1.5 mL eppendorf tube and centrifuged for 2 

minutes at 15000 RPM in a microfuge tube. The supernatant was discarded 

and the pellet resuspended in 100 pL of Solution I and incubated at room 

temperature for 5 minuts, followed by the addition of 200 pL of Solution 11. 

The tube was inverted to mix, and incubated at room temperature until the 

solution clears (about 5 minutes). At this point, 150 pL of solution 111 was 

added, the tube inverted to mix, and incubated for 5 minutes at room 

temperature. The solution was centrifuged for 10 minutes at 15000 RPM in a 

microfuge and the supernatant decanted into a fresh 1.5 mL eppendorf tube. 

To the supernatant, 150 each of phenol and chIorofom was added, the 

mixture vortex&, and then cenh-ihged as before for 5 minutes. The aqueous 

pbse was ex&dfy removed with a mOOO pipet set on 450 pL aid add& to a 

'1.5 mL eppe~"r&rf k t  c ~ n t a h ~ g  %XI pL 95 7 -  EOH to precipitate the DNA. 

The DNA was pelleted by centrifuging the solution for 10 minutes at 15000 

RPM LR a miaohge, and the supernatant was removed with an aspirated 



drawn out pipet The DNA pellet was dried under vacuum, and resuspended 

in 100 yL of TFB containing 0.5 pL of mTase A1 10 rng/mL stock and 0.5 pL of 

100 units/pL "fl from hhringer Mannheim. The piasmid soluriar~ 

was incubated at 37 OC for 1 hour to digest the contaminating RNA. This 

plasmid DNA was used for restriction digests and transformarion procedures, 

further purification of tfae plasmid was necessary for sequencing (section 

2.4-3.4). 

243.2 Large Stale E, coli Plasmid Preparation 

A 2 mL E. coli 2 x TY/Amp culture containing a plasmid of interest 

was grows overnight at 37 OC with shaking and used to inotuf a te 200 mL 2 x 

TYJAmp which was grown with the same conditions until OD600 = 1.5. The 

plasmid was purified using the standard protocol from the QIAGEN Plasmid 

Maxi Kit The final. plasmid pelkt was resuspended in 200 pL of TE8. Up to 

500 pg of plasmid can be isolated with the QIAGEN-tip 500. No RNasing is 

required with this method, and the plasmid is sufficiently pure for restriction 

digests and transformations. 

2433 B. mMilis Plasmid Preparation 

This is based on the method of Lovett ef 11 (49). A singie bacterial 

coIony was used to inoculate 2 mL of 2 x TY/Kan media and grown 

ovgLnighIt at 37 *C with shaking- The culture was then placed in a 1.5 mL 

eppendorf iube and centrifuged for 2 minutes at 15000 RPM in a microfuge 

tube. The supernatant was discarded and the pellet resuspended in 100 pL of 

SoIution I and incubated at room fernperatme for 5 minutes, followed by the 



addition of 200 pCtL of Solution Efb. The tube was inverted to mix, and 

incibated at room temperature *until tak sdution clears fabout 5 At 

aNcs pain& 150 pL of sofution E l l  was added, the tube inverted to mix, and 

incubated for 2 minutes on dry ice. The solution was centrifuged for 20 

minutes at 15000 RPM in a microfuge and the supernatant decanted into a 

fresh 1 5  mL eppndorf tube containing 400 pL jsopropanol. The solution was 

incubated on dry ice as before and centrifuged for 10 minutes at 15000 RPM 

in a microfuge,. The supernatant was discarded and the pellet washed with 

8.5 mL cold 70 Y& ethanol. ?;Re solution was centrifuged as in the previous 

step and the supmatant removed with an aspirated drawn out pipet. The 

DNA pellet was dried under vacuum, resuspended in 100 jiL of TlB, and 

incubated at 37 oC for 10 minutes- The solution was recenbrifuged as Wore 

to remove the inso1ub1e precipitate and the supernatant was transferred to a 

fresh tube. To the s~ipenratant~ 0.5 pL of KWase A1 10 mg/mL stock and 0.5 

pL of f OO unitsf pl RNase TI from BmEuinger M a h i m  were added. The 

plasmid solution was incubated at 37 o C  for 1 hour to digest the 

cmtaminating RNA, This plasmid DNA was only used for test restrietior, 

digests to ensure the correct plasmid was transfomed into B. strldtfis. 

PIasnid from small seak EE cdi preparations (section 2.4.3.1) was 

further purified far the dideoxy chain trrmination method (53). In a 0.7 mL 

eppndorf tube, 108 pL ddH20,40 pL ammonium acetate, 250 pL 95 9Yo 

. ;md~f . tL~awereco l lnb ir te& ~mixinuewasinrubatedf~5 

neinutes at noom temperatureb and CYFlrtfifUged for 5 minutes at 15000 RfM in 

a aimhge to pelJet the piasmid. The supematant was removed by 



aspiration and the pellet dried under vacuum. The pfasmid pellet was 

remqxxded in 25 pL O-4 M m d  allowed to incubate at room temperature for 

exactly 10 minukes After 10 minutesr' 7.5 pf, 3 M sodium acetate and 160 pL 

95 % ethanol were added and the solution placed on dry ice for 10 minutes. 

The solution was the centrifuged for 10 minutes at 15Q00 RPM in a miuofuge 

to pellet the DNA The supernatant was removed using a drawn out pipet 

with aspiration and the pellet dried under vacuum. Tfie plasmid pellet was 

resuspended in 10 pL of annealing primer solution consisting of 2 pL 4 ng/pL 

primer, 2 pL 5 x sequencing buffer, and 6 PL of ddH-a. The solution was 

incubated for 20 minutes at 37 OC for annealing, spun down, and placed on 

ice prior to sequencing. Sequencing was carried out with the Sequenase 17 

polymerase (version 2.0) and standard protocols with [ & ~ P ] ~ A T P  as 

supp1ied by the United States Biochemical Corporation. 

Prior to efectrophomis, sequencing samples were heated to 85 OC for 2 

minutes. Large 6 aq1amide sequencing gels (30 x 40 cm) were poured 

and sequence sampk ntn at 60 watts in 1 x TBE using standard protocols 

(47). Afier e f m p h o r s i s I  the gels were dried using a Bio-Bad gel drier 

[ M d d  583) at 80 W for f hour and exposed on K d a k  CSB/l @he film) or 

XBUZ; f i h  until the desired band intensity has been reached (typically 

overnight)- Thte fifm was developed in a Kodak M35A X-OIUAT automatic 



2 5  CLONING PROCEDURES 

Ail restriction digest were performed according to the manufacturers 

recommendations- When more than one digest was required with 

incompatible reaction buffers, or the restriction enzymes had to used in a 

specific order, the first restriction enzyme was heat inactivated (if possible) 

and the DNA extracted from sohiion using the QWEX Desalting and 

Concentration Pmtocof (QLBCEN). The purified plasmid was then 

resuspended in the next reaction buffer for digestion with the new restriction 

enzyme. Other DNA mdiiication proioeo1s such as Si-mki?Cing with Tq 

DNA polymerase, filling in 5' overhangs with T4 DNA polymerase, 

dephosphorylation of linearized plasmid with calf intestinal alkaline 

phosphatase, and ligation of DNA fragments were carried out according to 

tfie manufacturers recol~une&tiorn. 

2-53 Size fstimaiion of DNA Fragments by Agarose Gel 

EIedmpfiol;4sis 

Bigarose gel e ~ f i o ~ i s  was carried out using standard protocols 

(47)- fn generai, 1 5% (WIY)  agarose in f x TAE containing 0.5 mg/rnL 

&E&iim bromide wits us@d to separate DNA fragments. A maximum 15 pL 

Jnlasmid and 3 pL 1mding dye mdd be easily loaded per lane on a gel. For 

rescs1ufim d DNA hpenb ks than300 bp, 15 % (w/v) agarose geis 

were d. EJmphoXPSjS was performed at 70 volts for 30 mL gels, or 120 



volts for 80 mL gels. DNA fragments were compared to 1 kbp ladder 

standard (BRLJ, and visualized under ultraviolet light. 

2.5.4 Agatose Gel Extraction of DNA Fragments 

Plasmid digested with the desired restriction enzymes was 

precipitated with 2 volumes 95 % ethanol and 0.1 volumes of 3 M sodium 

acetate. The solution was piaced at -80 OC for about 20 minutes to ensure 

total precipitation and then centrifuged for 20 minutes at 15000 RPM in a 

microfuge. The supematant was removed and the DNA pellet dried under 

vacuum. The DxA was resus-pended in 1 x agarose gel loading dye and run 

out on a 30 mL f % (w/v) agarose gel at 70 V. The DNA fragments were 

compared to 1 kbp ladder on the gel under low energy flV light (350 nm), and 

the desired bands were cut out of the gel with a sterile scalpel. The agarose 

slabs containing the desired bands were placed in a spin column to elute the 

DMA from the agarwe. Tfrese columns consist of the lower half of a blue 

~~ tip plugged with a small amount of glass wool placed inside a small 0.7 

mL Eppendorf tube with a hole punched in the bottom. The small Eppendorf 

tube sits In a large 1.5 mL Eppendorf tube. The agarose slab was placed on 

top of the glass woo1 and the column was spun at 6000 RPM for 10 minutes. 

The eluent collected in the bottom of the large eppendorf tube was 

centrifuged for 10 minutes at 35000 ElPM to pellet any remaining agarose and 

the supematant was ~ ~ f e n e d  to a fresh eppendorf tube. A small amount of 

SB.~ hllc ,..=-A Y-,C;id pBd;5mtd ( ~ ~ * d y  3 pL) was ram out on an -arose gel and -0 

wmpa?:d to Z fip skmcbrd in order to verify that the correct fragment was 

isolated. If the DNA fragment was low in concentration, it was precipitated 



m 2 volumes of 95 % ethanol and resuspended in a smaller volume of TE8. 

No further purificatim to the fragmenb was required. 

26.1 Oligonucleotide Primers 

Oligonucieotide primers required for the construction of several of the 

mutant gene constructs. Ail of the oligonucleotides were synthesized on an 

Applied Biosystems 329 DNA/RNA Synthesizer at the Institute of Molecular 

Biology and Biochemistry Services Laboratory, Simon Fraser University, 

Burnaby, BC. Primers complementary to the 5' end of the gene are 

compfhentary to the antisense strand, and primers complementary to the 3' 

end of the gene are complementary to the sense strand. In the following 

figures, mutant residues are shown in bold, and restriction sites are 

-lined and labeled with the specific restriction enzyme. Amino acids 

coded for by the sense strand are noted above the primer, and mutant amino 

aads are in bold. 



AP= 3' sprA primer used to create the gene construct encoding the 

propeptide of SGPA only, 

BM: 5' sprB primer used to create the gene construct encoding the mature 

region of SGPB ody- 

BPA4: 5' sprB primer used to create the gene construct encoding from the fifth 

amino acid to the carboxy tenninus of SGPB. The third base in the threonine 

codon is a silent mutation where the wild type guanine was changed to a 

thymine in order to generate a Sca I site. 

T F S  
5' - A G T A C T Z T C A ~ C A A C C A ~ G  - 3' 

ScaI 



CIP811: 5' sprC primer used to create the gene construct encoding from the 

twelfth a d n u  acid to the c h x y  terminits of SGPC. In order to generate the 

silent nutation was created where the wild type guanine was changed tu a 

cytosine in order to generate a Xho I site. This site was then used to generate 

a comtmct with a I6 mhu acid deletion to the propeptide. 

CR: 3' sprC primer that is compkmentary to the region of sprC immediately 

downstream of the stop codon. 

The polymerase chain reaction was used to generate specific deletion 

mutants and chimeric gene products. The PCR reaction was tarried out in 50 

pL of f x Vent DNA polymerase buffer that contained 1 ng of linearized 

template DNA, 600 ng of each of the 5' and 3' primers, 25 mM of each dNTP, 

and 0-5 pL of 2 U f  pL Vent I>NA polymerase (New England Biolabs). Thirty 

PCR cycles were used for each FCR reaction and each cycle had a 

denaturation, ameaiing and extension step. Denaturation was at W OC for 30 



seconds, annealing was at 48 OC to 55 O f  (depending on GC content of the 

DNA) for 1 minuteF rurrE extension was at 72 oC for I minute per kbp of DNA 

;- *I- -=@on a m ~ ~ i f i ~  Before fahe G-5f cyclet the DNA was denatturd far 2 -1 s.1- -=r---- 

minuts at 97 OC, and after $he cycles the DNA was extended for another 5 

minutes at 72 OC. A&er PCR was complete, 4 pL of a K R  reaction was 

separated by electrophoresis in a 1 '% agaruse gel along with 1 Kb ladder 

standard and visllatized under UY light to ensure that a PCR fragment of the 

correct size was present 

26.3 Purification of PCR Fragments 

A I0 pL aliquot of the desired PCR reaction was separated by 

electrophoresis on a 1 X agar- get. The band corresponding to the desired 

PCR fragment was gel extracted as previousiy described (section 2.5.4). 

27 DELETION MUTANTS FOR B. Subfilis EXPRESSION 

The propeptide deletion mutants were constructed by using PCR or 

unique restriction sites in mdinatim with Tq polymerase to generate blunt 

ended in-frame deletions. When PCR was used, the K R  fragments were 

doned into pUC-18 followed by subcloning into the pE&ll expression 

vector. The deietion mutants created by restriction digests were cloned 

directly into pEB-11- The pEB constiucts were initially transformed into E. 

coli TB1 or IIHSa for verification by restriction digests and small scale 

plasmid preparations of tfie correct constructs. The pEB constructs were then 

trai~~fonned into B. &is DB104 for expression analysis. 



2.7.1 pJB-BPA4 (SGPB 4 amino acid propeptide deletion cloning 

vector) 

A four amim a d  deletion was made to the amino terminal end of the 

propeptide as fobws. The universal forward primer and BPA4 were used as 

K R  primers with pDSB8 (12) as a template to amplify the region of sprB 

eftcoding from the fifth amino acid of the propeptide to the carboxyl terminus 

of SGPB. The amplified product was digested with Psf I and ligated into pUC- 

18 which had k n  digested with Pst I and treated with CfP. E. coli TB3 was 

transformed with the ligation mix and vectors containing the correct insert 

were isolated bd- 0% ,wtJi&on enzyme analysis and desigmted ppBPA4. 

2.7.2 pEB-BPA4 (SGPB 4 amino acid propeptide deletion expression 

vector) 

The plasmid pJ''BBPA4 was digested with Sca I, Pst I and Ssp I .  The 0.9 

kbp SmI /PsfI fragment was gel purified and hgated into pEB-11 (13)that had 

been digested with SmaI and PstI a d  treated with CW 112e ligation reaction 

was transformed into E. wli TB1, =d plasmids containing the correct insert 

were isolated by restriction analysis and designated gEBBPA4. 

2.7.3 pJB-CPh21 (SGK 11 amino acid propeptide deletion cloning 

veOI) 



amplified product was ligated into pUC-18 digested with SmaI and treated 

with CEP. E. coli TBI was transformed with the ligation mix and vectors 

containing the correct insert in the correct orientation were isolated based an 

refriction enzyme a~alysis and designated pJB-CPAll. 

2.7.4 pEB-CPA12 (SGPC 12 amino acid propeptide deletion 

expression vector) 

"fhe plasmid pJB-CPAl1 was digested with Psi1 and Fspl. The 1.3 kby 

fragment was gel purified and ligated into pEB-I1 digested with SmaI and 

PstI and treated with CfP. The ligation reaction was transformed into E. coli 

TB1, and plasmids containing the correct insert were isolated by restriction 

analysis and designated pE&CPblL 

2.7.5 pEB--AT6 (SCPC 16 amino acid propeptide deletion 

apressian v&mj 

The plasmid pfrB-CPAfl was digested with XhoI, the 5' overhangs filled 

in with T4 polymerase, and then digested with PstL Thrr 13 kbp sprC fiagrnent 

enaxling from the seventeenth amino acid of the propeptide to the carboxyl 

taminus of SGPC was gel purified and ligated into pEB-13 digested with 

SmaI a d  PstI a d  treated with CIP- The ligation reaction was transformed 

into E. cdi TBZ, and plasmids conbining the correct insert were idated by 

m&&tirn mdjjsk ax designj:ted pEB€PA?& 

27.6 pEB-DPA20 (SGPD 20 amino acid propeptide deletion 

~ ~ Z o n  ve&& 



The plasmid pEB-D8 (I 1)wa.s digested with MscI and PsfI. The 1.0 kbp 

s p r -  fragment eficodiflg from the twenfy-first amino acid from the 

propeptide to the c d m x y l  tenninus of SGPD was gel purified and ligated 

into pEB-13 digested with SmaI and PstI and treated with CfP. The ligation 

readon was transfonnect into E. coli TBI, and plasmids containing the correct 

insert were isolated by retn:ciioion analysis and designated pEBDPA20. 

23.3 pEB-EP326 fSGPE 26 amino acid propeptide deletion 

expression vecW 

The plasmid pEB-E (13) was partially digested with Aud followed by 

the addition of T4 polymerase to fill in the 5' over-hangs. Plasmid cut only 

once was gel purified ana digested with Psff. The 0.9 kbp sprE fragment 

encoding from the twenty-seventh amino acid of the propeptide to the 

carboxyl terminus of SGPE was ligated into pEB-13 digested with Psf I and 

S r d  armd treated witft Q[f. Tfie ligation reaction was tranifomd into E. cofi 

TB1, and plasmids containing the correct insert were identified by restriction 

analysis and d e s i p W  pEB-BPM. 

All of the pH3 vectors were trartsfonmed into B. subfilis DBlO4 (section 

2-3-42). Transformants with the correct plasmid were identified using 

reti&n matpis, kUtd seieretion of SGPB, SGPC, SGPD, and W E  was 

verifiedusingasIrimrdk-aslsay(9). 



Figure 11, Plasmid Map of the pMP-•’PA10 E. coli Expression Vector. The 

construction pMP-SPA10 is described in section 2.6.6. The pro-mature 

deletion mutant is expressed as a fusion protein with the maltose binding 

protein and maltose binding protein signal sequence (ma1 E). The pMAL-p 

vector is described in section 24.1.1. 



Sac 



2.8 sprB DELETION MUTANT FOR EXPRESSION IN E. coli 

This plasmid was created in order to compare results with other itt tlitto 

studies that express ?re-pro-mature proteases in E ,  coii (17'28) The plasmid 

pNCB (12) was digested with PmrII and PstI. The 0.9 kbp fragment encoding 

from the eleventh amino acid to the carboxy terminus of SGPB was gel 

purified and ligated into pMAL-p (Figure 10) digested with StuI and Pst I and 

treated with CfP. The ligation mix was used to transform E. cofi TBI and 

vectors containing inserts of the conect size were identified using restriction 

enzyme analysis and designated pW-BPAlO (Figure 11). 

2 9  PRO A - MATURE 3 CHIMERIC GENE CONSTRUCT 

A chimeric gene construct was made that consisted of the propeptide 

encoding region of qxA fused in-hame to the mature encoding region of sprt3 

(Figure 12). The universal forward primer and APR were used as PCIi 

primers with p E A 3  as template to amplify - - the region of sprA encoding the 

propeptide of %PA. Tt-e amplified product was digested with NindIII and 

Kpn 1 and ligated into PUC-18 digested with HindIII and Kpnl and treated 

with CE. Tf-te ligatim m i x  was used to transform E ,  coli TB1. Vectors 

containing the correct insert were identified using restriction enzyme analysis 

and designated pJB-prok The universal reverse primer and BM primer were 

used as pCR primers with pNCB fE) a template to amplify the region of vrf3 

enaxkg the mature domain of SGfB. The amplified product was ligated into 

WC-18 cut with Smnf and treated with CIP. The ligation mix was used to 

transfonn E. cdi DH5a and vectors containing the correct insert in the correct 

orientation (5" end of sprB at the Hindm side of the poiyli~ker) were selected 



am3 designated p@-mt3. The plasmid pJ8 -proA was digested with WirtdIEI 

and Kpnf and treated with T4 plymerase to produce blunt ends. The 

resulting 0.2 kbp f rapent  was gel purified and ligated into pjB-mail3 that 

had h e n  digested with EcoRV and treated with CIP. The ligation mix was 

used to transform E. cofi DH5a A plasmid containing the pro-,syrA in the 

same orientatit$n as the mature-sprB was isolated using restriction enzyme 

analysis and designated pJB-pAmB. The plasmid p/B-pAmB was digested 

with PsfI, treated with T4 polymerase to produce blunt end and then digested 

wit2 Xbnl. The 1.0 kbp band was gel purified and ligated into pEB-11 digested 

with XbaI and Smal and treated with CIP. The ligation reaction was 

tramforneb into E. cdi TBi, m d  plasmids containing the correct insert were 

identified by restriction analysis and designated pERpAmB. The vector was 

then transformed into B. subfilis DB104. Transformants with the correct 

plasmid were identified using restriction analysis, and secretion of SGPB was 

verified using a skim milk clearing assay (9). 



Figure 12. Cloning Summary of pEB-pAmB. The generation of pEB-pAmB 

is outlined starting from the constmds pj&proA and pJB-matB as described 

In w&im 2.9. Plain t a t  dsigsate re-&idcm sits siikloncd into the vector 

d ~ n g  with the gene insert. Ihderlined text designate restriction sites 

engineered to generate blunt DNA for in-frame ligations with the pre 

sequence in pEB-11. 









210.1 Expression fox Time Course Analiysis 

B. subt ik  DBt04 transformants were streaked onto TY media 

containing 1.5% skim milk powder and 50 pg/mL kanamycin. Single cdonies 

were used to i n d a t e  2 mL TY/Kan and grown overnight at 30 OC with 

vigorous shaking- From the 2 mL cultures, 50 pL ahpots were removed to 

inocuiate 50 mL TY/Kan in 125 mL Edenmeyer flasks. The 50 mL cultures 

were grown in duplicate at 30 OC with shaking at 200 KPM in a Lab-Line 

em -ronmentd shaker- At wriolls flm Aoihts, 1 mL diquofs were removed 

for measuring cell growth and activity. A 100 pL sample from the aliquot was 

diluted with 900 pL T Y  broth and cell growth was measured 

spectrophotometrically at 600 nm. The remaining cells were centrifuged at 

15000 RPM for 3 minutes in a microfuge and protease activity was measured 

directly from 20 pL supematant dquots (seetion 2.10.4). 

210.2 Partid Pnrification of SGPB 

A single B. subfiiis colony harbouring a pEB vector for either mutant or 

wlid type SGPB expression was used to inoculate 2 mL TY/Kan and grown 

overnight at 30 OC with vigorous shaking. From the 2 mL cdture, 1 mL 

aliquots were used to inoculate duplicate 1 L of •˜broth in a 2 L Erlenmeyer 

flask. The dtures were grown for 72 hours at 30 OC with shaking at 180 

aDM4 The cdh=e we= ~amkd 33 ice w1G ;hen ce~itriXrrgd at XBO RPM for 

10 minutes in a GS-3 rotor at 4 OC. The supematant containing the secreted 

protease was saved, and the protease concentrated and partialiy purified 



using a moldifid version of the p r o t d  developed by Sidhu (11). To 1980 

mL of supmatant M e d  on ice, 523.26 g of ammonium sulphate was 

graduaLty added with stirring and mixed for an additional IO minutes after 

addition d the amrnoni1m sdphate. The supernatant solution was then 

divided into GS-A centrifuge tubes and centrifuged at 8000 RPM fur 60 

minutes at 4 OC. To supematant, an additional 261.9 g ammonium sulphate 

was dissolved and the mixture was centrifuged as before. The supernatant 

was discarded and the pellet, containing protease, resuspended in 30 mL of 

Buffer A- Next, acetone was added to 30 % (v/v) and allowed to mix for 10 

minutes while on ice. The solution was divided into 55-34 tubes and 

centrifuged at f -%MI -EFM for 15 minutes at 4 oC. The supernatant was caved 

and acetone added to 70 % (v/v) and mixed on ice as before. The solution 

was centrifuged at 1OWO RPM for 20 minutes in a GS-A rotor. The pellet was 

saved and resuspended in 4 mL Buffer A. The resuspended solution was 

divided into 1.5 mL eppendorf tubes and centrifuged at 15000 RPM for 10 

minutes to remove m y  insoluble precipitate. The supernatant was removed 

and the tubes stored at -80 OC 

210.3 FFLC of P d d t y  Purified Protease 

Further purification of tjhe partially purified protease (section 2.10.2) 

was required for amino terminal analysis. A 3.0 mL aliquot of the partially 

purified protein solution was filtered through a 0.22 prn filter and diluted to 

25 mi in Buffer A. The protein soiution was begassled and ioaded onto a 

WL.C W W , ~ ~  - D* , x0t2h-P& SIP lTX cdmL1i pre'v'i~~sb quiliSriited with Buffer A. 

The protein was eluted at 1 mL/minute using a gradient of 10 % to 30 5% 

fvlv) Buffer B in 80 minutes. Peaks were mllected manually and assayed for 



protease activity (xctioi~ 2-10.4)- The most active fractions were retained for 

amino terminai analy5is. 

2.10.4 Activity Assays 

Enzyme acfivity for aU of the proteases except SGPE was determined 

spectrophotornetrically at 4i2 nm using the following assay mixture: 1.00 mL 

of 0.1 rng/mL Nsucrinyl-Ma-A!a-Pro-fhe-ppnitroadde (%)in 50 mM buffer 

(pH 8.0) i 20 yL of culture supernatant or 10 pL of a FPLC fraction. For 

SGPE, the following assay mixture was used: 0.1 mg/mL N-succinyl-Ma- 

A!a-Pro-Clu-p-fibw-jEde i . ~  50 =EM f 5% nethand (pH 8.0) + 20 pL of 

culture supernatant. A unit of activity is defined as the mount of enzyme 

required to produce 1 mmol of p-nitroaniline in 1 hc)w at 20 OG. 

2.10.5 SDS-Bolyaqlamide Gel Electrophoresis 

Proteins were separated by electrophoresis on 15 % polyacrylamide 

gels using the Laeritmeii buffer system (55). Protein samples of up to 25 pL 

total volume in I x loading dye in 0.7 mL eppendorf tubes were denatured by 

heating at 98 oC for 10 minutes. The samples and 5 pL of prestained low 

molecular weight marker (I3io-fCad) as a standard were then loaded onto the 

polyaqlamide gel that was assembled using the Mini--PROTEAN II system 

(Bidtad). 'Ihe gel was nm at 200 volts (constant) until the bromoph1101 dye 

front or the desired mokdar  weight marker reached the bottom of the gel. 

After ekxcophoresis, the gel was stained in Coomassie Stain for 20 minutes 

with gentle shaking, followed by detaining in Fast &stain for 20 minutes 

anb the Slow Destain until al l  of the background c o l a  disappears. The 



detained gel was then pmmentiy recorded by scanning it using an Apple 

On&amer desktop scams (Mudef M1381) and the Ohto program (fight 

S o w e  Computer Images). The gel image could then printed out or 

manipulated furkr  using the Adobe Photoshop program (version 2.0.1). 

210.6 Amina Ternind Analysis of Secreted Protease 

A 2 mL aliquot of tfre most active FPLC fraction (section 2.i0.3) was 

concentrated to 75 pL in a Centricon-18 microconcentrator by centrifugation 

in a SS-34 rotor at 5500 RPM for 2 hours. Samples were anafysed on 15 '% 

SES-PAGE gels wit% W B  stmdad tc detemiiw the amount required to 

produce an intense bznd after cwmassie staining for amino terminal analysis 

(about 8 pL). A large amount of protein was required for a successful transfer 

to Immobilon-PVDF membrane for amino terminal sequencing. A 15 % SDS- 

PAGE that was allowed to polymerize at 4 OC for at least 24 hours was loaded 

with the concentrated EPtC fraction, SCPB standard, and prestained low 

molecular weight standard ( B i d a d )  in duplicate so one half of the gel could 

be stained with Coomassie Stain for a permanent record (section 2.10.5) and 

the other half transferred to Immobilon-PVDF membrane. Electrophoresis 

was carried out at 200 volts until the lysozyme molecular weight marker 

(18500 MW) reached the bottom of the gel. This allowed the maximal 

separation between protein bands. The gel half used for transfer was timed 

in CfcWfl and allowed to soak in Transfer Buffer. Four sheets of filter paper 

and the EVDF membrane were cut to the size of the gel. Two of the filter 

paper s h e  were soaked in fiiter paper, the PVDF membrane was soaked in 

methanol for 3 seconds, washed in dm20 for 1 minute, then soaked in 

Transfer Buffer. The transfer was Cilftied out by e1ectrob1otting with a LKB 



2117-250 xovabtot Eledrophoretic Transfer Kit. The blot was assembled in 

layers fmm the anode to the cathode as follows: 2 sheets of filter - paper, - 

membrane, S E P A G E  gel (soaked in transfer buffer), and topped with 2 

s k t s  of filter paper soaked in transfer buffer. The apparatus was run at 1 

nu3 f cm* for 2 burs. After electroblotting, the membrane was rinsed for 5 

minutes with d&$3 three bsf  then stained with P W F  Stain for 5 minutes. 

The membrane was desfained for 10 minutes in 50 % methanol or until the 

background disappears, and then blotted dry on filter paper. The band 

corresponding to the SCPB standard was cut out and sent to the Protein 

sWicrochemistrg. Centre, Department of Biochemistry and Molecular Biology, 

Urri-wrsitji otL Vidorki, V i c t o ~ ,  BC fur amino terminai sequencing of the first 

5 reidues. 



Total %WA was isolated from B. su bf iIis cultures harbouring a pEB 

vector. The cultures were grown with shaking in 50 mL TY/Kan media at 30 

oC. Afiquots of 1 rnL were taken at various times and added to 1.5 mL 

eppendorf tubes. The cdb were petfeted by centrifugation at 25000 RPM for 3 

minutes in a microfuge and the supernatant removed. The cell pellets were 

frozen at -80 OC if not immediately used. The RNA was extracted using a 

modified B. subfilis plasmid preparation where DEPC was added to the 

solutions to inhibit RNases and Solution III was omitted to prevent the loss of 

RNA. The cells were resuspended in 200 yt of Solution I containing 0.09 "A, 

fw/v) DEPC. Next, the cells were Iped with 200 pL of Solution containing 

0.05 % (w/v) DEPC and extracted twice with 0.5 mL phenol/chloroform (1:l). 

S h e  fo!utior: O! wTas ~mitted, there was a large amonm: of denatured 

at the interphase after the addition of phenol and chloroform. It was 

sanetimes necessary to remove the protein with a pipet followed by 

recentrifugation in order to prevent protein con tamination in the aqueous 

phase containing the RNB. Two volumes of 95 % ethanol was added to the 

aqueous phase and stored at -80 OC for 20 rmnutes. The precipitated RNA 

was centrifuged for 20 minutes at 150DO RPM and the supernatant removed 

with a drawn out pipet. The RNA pellet was dried under vacuum and the 

pellet resuspended in 50 lJZI ddHfl containing 0.1 % (w/v) DEPC. The RNA 

slution was stored at -80 OC if not used immediately. 



2.11.2 RNA Agame Gel Electrophoresis 

- 
I K I A  prepared in seetion 2.11 -2 was efectrophoreed using a 1.5 Cf;b 

agar- gels containing formddehyJ-. For a 70 mt gel, 1-05 g of agarose was 

dissolved in a solution of 9.5 mL ddI-320 and 7.0 mL 10 x MOP•  ̃Buffer by 

heating in a 600 W microwave oven on high power for 90 seconds. After 

cooling the solution to approximately 60 OC, 3.5 mL of deionized 

formaldehyde was added m d  the gef poured. To 10 pL of isolated W A ,  5 pL 

of 3 X Loading Buffer was added and the solution heated at 60 OC for f 5 

minutes. Before the sample was loaded onto the gel, 0.5 pL of P mg/rnL 

ethidium was added to the mA sample. The RNA was eie~irophoresed at 

120 volts until the rRNA bands were well resolved as determined by 

visuakition under tV fight. 

211.3 RNA Northern Transfer 

Total m=A that was eiecftophoresed on a 1.5% furmaidehyde gel was 

centrifugally transferred to Zeta-probe membrane using the spin-blot 

procedure of W i k  anb S d  (56). After electrophoresis the gel was soaked 

in d d w  for 20 minutes followed by 10 x 5% for 45 minutes. Filter paper 

and membrane were crut to gef. size. The membrane was soaked in ddH20 and 

then 10 x SSC. The spin blot was assembled in the fullowing order from the 

bottom to the top: an hverted microtitre plate lid (8 x 12 cm), 4 mm paper 

towel, 2 dry pieces of filter - paperI - 1 piece of filter paper soaked in 10 x SSC, 

Zeta-probe cut to the formaldehyde gel size, and 2 pieces of filter paper 

soaked in 10 x SSC on top. The Mot was centrifuged at 1000 RPM for 45 

minutes in an International EQuipment Co, HN-S centrifuge equipped with a 



microtiter rotor- -Mer centrifugation, the gel wells were marked directly onto 

the Zeta-pr&e membrane with a pencil before the gel was removed. The 

membrane was then washed in 20 x SSC and then the KWA was covalently 

cross-ii..tked to the membrane s ing  a LV Stratalinker 2400 according to the 

manufacturer's instructions. After crosslinking, the inembrane was washed 

in 1 % fw/v) SIX for 15 minutes and then sealed in a plastic bag containing 

0.3 x SSC for storage at 3 O C  

2.11.4 DNA Probe Creation 

The N a d /  Psi1 fra-went of mature sprB DNA from pJ&BPA4 was 

labeled with [a32~]dATP using New England Biolabs* NEBlot kit according 

to the manufacturers; instructions. The probe was purified using a Sephadex 

42-50 column in a pasteur pipet plugged with glass wml. The column was 

equilibrated with TE8 buffer, and the crude probe sample added to the resin 

surface. Tfre prdx was eluted with TE8 and I5 drop hctians were collected 

in f .5 mL Eppendorf tubes. After tht? fractions were collected, 5 pL aliqrmts 

were removed from each fraction and added to 0.7 mL eppendorf tubes that 

were placed in s& &tillation tubes. A Beckman LS 6000 SC scintillation 

counter was used to determine the activity in counts per minute from the 32P. 

The most active fraction was used as the W A  probe. 

The =--- me?rhrang w;th cotfdefitly !inked K?4A was pked  In 

a short hybridization tube and incubated for 1 hour with 7 mt Hybridization 

%Iuticm at 42 OC: in a hybridization oven The entire probe fraction that was 



purified on the 6-33 column (section 2.11.4) was added to the membrane and 

Incubated overnight at 42 of. ifn the morning, the membrane was washed 

twice with 2 x SSC f 0-3 % SEX5 for 20 minutes at room temperature. Then it 

was washed oi-tce with 1 x SSf / 0.5 D/b S E  , followed by two 0.3 X SSC f 1.0 

75 SDS washes, all for 28 minutes at 45 OC. The activity in counts per minute 

was monitored between washes using a hand held Geiger counter, if they 

dropped significantly, the washes were stopped. After the last wash, ihe 

membrane was washed with d d H S  and sealed in a plastic bag using a 

vacuum sealer for storaf~fi at 4 W. The bists were developed on Kdak 

C%/1 (blue rim) at -88 *C until the desired band intensity was reached. 



3. RESULTS 

3.1 CLONE SUMMARY 

To andyse the effects of the propeptide on the generation of active 

protease, deletions were made to the propeptide-encoding region of sprB and 

a chimeric gene was constructed containing the propeptide encoding region 

of sprA and the mawe encoding region of sprB as described in Materials and 

Methods (section 2.6j. The S. griseus protease propeptide deletion mutants 

used for expression are summiwised in Table 2. All of the constructs in Table 

2 were for expression in B. subtilis DB104 except pMP-BPAl0 which was for 

expression in E. coli TB1. The B. subfilis expression construct containing the 

chimeric gene was designated pEB-p*limB- 

The constructs generated using PCR were sequenced by the dideoxy 

method (section 2.4.2.4 and 2.4.2.5). All of the constructs were verified by 

restriction digest analysis. 



Table 2. Deletion Mutant Construct Summary. This table lists the 

constructs, the protease that each construct expresses, and the size of deletion 

to the amino terminal end of the propeptide each mutant gene produces. 



-- 

Protease 

SGPB 

SGPB 

SGPB 

SGPB 

SGPB 

SGPB 

%PC 

SC;PC 

SGPC 

Sam 
SGPD 

SGPE 

SGPE 

Propeptide 

Deletion 

0 

4 

10 

15 

20 

10 

0 

11 

16 

0 

20 

0 

26 



3.2.1 Growth and Activity of B. subtitis Cultures Harbouring pEB- 

pAmB 

Growth of B. subfitis cultures harbouring pEB-pAmB did not 

significantly differ from cells harbouring pEB-B8 over 58 hours (Figure 13). 

Colonies harbouring pE&pAmB produced zones of clearing on skim milk 

plates, indicating the secretion of active protease (Figure 14). After 74 hours 

of growth at 30 oC, the chimeric gene produced 6.0 % wild type sprB activity 

~ t r m a l i d  for cei! ck~tity.  

3.22 Northern Blot Analysis of B. subtilis Cultures Harbouring pEB- 

pAmB 

Transcriptio,.r of the chimeric gene in B. subfifis was analysed by 

Northern blot artaIysis (Figure 15). The totai RNA was electrophoresed and 

probed with the mature encoding region of sprB . Signrficant hybridization 

cxlcuned with pEB-B8 (the positive controi, lane 2), and with the chimeric 

gene (lane 3). This indicate that the reduced activity of the chimera is not 

due to reduced transcriptional activity. No hybridization could be seen with 

the expression vector pE&ll (the negative control, lane 1). 



Figure 13. Growth of B. subfitis Harbouring pEB-pAmB. Duplicate 50 mL 

d t u r e s  of B. subtilis harbouring pEB-11, pEBB8, or pEB-phB were grown 

at 30 OC and monitored for cell growth spectrophotometrically at 600 nm as 

described in section 2.7.1. The average cell density of the duplicate cultures 

was reported at each time point. 



Time (hours) 



Figure 14. Recombinant Expression of SGPB and Chimera in 3. subtilis. B. 

subtilis Dl3104 transformants harbouring 1) p E B p ~ ~ B ,  2) pEB-1138 or 33) pEB- 

11 were plated on YT/Milk/Kan plates and photographed after 18 hours of 

incubation at 30 OC. Zones of clearing indicating the secretion of active 

protease are visible with both the pEBB8 and pEB-pAmB transformants; the 

diameter of each zone of clearing is proportional to proteolytic activity. 





Figure 15. Northern Blot Analysis of the Chimeric Gene. After 36 hours of 

growth at 30 OC, total RNA was isolated from 3. subtilis transfarmants 

harbouring 1) pEB-19, 2) pEB-•’38, 3j pEB-pAml3 and hybridized with a 

radiolabeled segment of mature sprB as described in section 2.8. Significant 

hybridization could be seen in all lanes except lane 1 (the negative control) 

indicating that the chimeric gene is being transcribed at approximately the 

same levels as wild type sprB. 





3 3  DELETION MUTANT RESULTS 

3.33 Growth of 23. d W s  Cultures Harbouring Deletion Mutants 

B. subtilis cdhrrres harbouring the deletion mutants were grown in 50 

rnL 1 x TYf Kan and monitored for growth over time. Figure 16 shows a 

typical growth time course for B. subfilis cultures harbouring pEB-B8, yEB- 

BPA4, pE&BPAlO, pE3-BPAl5, and pESBPA2O at 30 OC. The growth of cells 

brbo-wing pE&BS (seefeting wild type SGPB) plateaued after 30 hours. 

Cells harbouring pE&EPAlO, pEB-BPA15 and pEB-BPA20 had their growth 

plateau after 50 hours, while pEB-BPA4 had it's growth plateau about 7 hours 

earlier. The 10, 15 and 20 amino acid deletion mutants had their growth 

remain at the highest m604-J level, cells harbouring wild type syrB (pEBB8) 

had the lowest overall ODm values ending at 2.0 after 98 hours of growth, 

and cells harbouring the 4 amino acid deletion mutant had intermediate 

OD600 values. Similar results were observed with wild type and mutant 

S P D ,  cdtlrres hahukmzg ifie wild type protease completed their log phase 

of growth much earlier and had a lower cell density than the deletion mutant 

culture (Figure 178). Cells harbouring wild type %PC had a drop in growth 

at 50 hours but recovered and ended with a cell density like the deletion 

mutants (Figure 17B). 



Figure 16, Growth of B. subfilis Harbouring the sprB Deletion LMutanfs. 

Duplicate 50 mL cultures of •’3. subfilis harbouring pEB-11, pEB-BS, pEB-BPA4, 

pEB-BPAlO, pEEBPA15 or pEBBPA20 were grown at 30 OC and monitored 

for cell p w t h  spectrophotometricaIfy at 600 nm as described in section 2.7.1. 

The average cell density of the duplicate cultures was reported at each time 

point. 
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Figure 17. Growth of B. suMilis Harbouring the sprC and sprD Deletion 

Mlrtanta Duplicate 50 mL cultures of B. subtilis harbouring A) pEB-11, pEB- 

D8, or pEB-DPd20; B) @ H I ,  pEB-C"S# pEBCPAll, or p E K P A l 6  were 

grown ax 30 *C and mcligtito~d for cell growth spectrophotometrically at 600 

nm as d d k d  in section 27.1. The average cell density of the duplicate 

cuthues was reported at each Oimz pOirtt 
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33.2 Acfivity of 3. subtilis Cultures Harbouring Deletion Mutants 

While the B. stlbfilis cultures were monitored for growth, the cell 

culture supernatants were monitored for secretion of active protease. Figure 

18 shows the time course of activities (normalised for cell density) of pEEB8, 

pEFf3Pd4, pEB-BPdlO, pEB-BPAl5, and pEB-BPA20 cultures. The negative 

control, pES-1 I, did not produce any detectable protease activity at any time, 

therefore protease activity depends on SGPB production. The detection limit 

for the assay was found to be 6.2 ng SGPB. The overproduction of active 

protease in the cultures harbouring wild type protease genes appears to 

contribute to the ~ ~ w e r  obwmetl cell density like that seen with the pEB-38 

culture in Figure 16. Figure 19 shows the maximum activities from the 

various deletion mutant genes normalised for cell density in comparison to 

wild type sprZ3 after the log phase of growth at 76.5 hours. The astivities 

correspond to 39.5 %, 8.6 %, 1.1 O/o, and 0.16 % wild type activity for the 4,10, 

15 and 20 amino acid propeptide deletions respectively. With increasing size 

in deletions to the propeptide of SGPB, there was a corresponding 

exponential decrease in activity normalised for cell density. The log of the 

nonndised activity was plotted as a function of amino acid deletion from the 

propeptide amino terminus, and the data generated a linear slope (Figure 20). 

Data from 51.5 and 98-5 h ~ r m  also produced slopes of -0.141 indicating the 

slope at 76.5 hours is not time dependent (data not shown). In order to 

determine if the Iinear regationship was temperature dependent, pEB-BPA 10, 

p E S i % % " l 5  pE&PPd20 were grown at 21 OC, 30 *C, and. 37 oC. The log 

OF = w = - ~  ar&+iV pbtked as a fimL-rion of m h ~  acid dd&m produced 

parallel lines at each temperature (Figure 21). 



Deletions to the propeptide encoding regions of sprC, syrD, and sprE 

also produced reduced, but detectable levels of activity similar to the sprB 

deletion mutants- Again, the activities were normalised for cell density and 

compared to wild type activity (Table 3). The plasrnids pEB-CPA11 and pEB- 

CPA16 produced 3.0 % and 0.05 % maximum wild type pEB-C8 activity 

respectively. The plasmids pE&DPA20 and pEB-EPA26 produce 3.4 % and 

1.7 % of the maximal wild type activity of pEB-D8 and pEBE respectively. 



Figure 18. Nomalised Activity of the Deletion Mutants. B. subfilis cultures 

harbouring pEB-Bf  pEB-BPA4, pEB-BPA10, pEB-BPA15, or pEB-BPA20 were 

grown at 30 OC and assayed for protease activity as described in sections 2.7.1 

and 2.7.4. At each time point, activity was normalised for cell growth by 

dividing the activity by the cell density. The average normalised activity of 

the duplicate cultures is reported at each time point. 
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Figure 19. Relative Activity of the Deletion Mutants. B. subtilis cultures 

hrbrrrrring pEB-•’38, pEB-BPM, pEECBPAIO, pEB-BPdl5, or pEB-BPM0 were 

grown at 30 OC as described in section 2.7-1. After 76 hours of growth, the 

activity was assayed (section 2.7.4) and normalised for cell growth by 

dividing the activity by the cell density. The average normalised activity of 

duplicate cultures listed are relative to that of pEB-B8, and note the 

exponential decrease in activity. 



pEB construct 

I construct Normalised Activity 

(dAa12 min-1 ODm-1) 

0.1842 

0.0727 

0.0158 

0.0021 

0.0003 

0.0000 

% Wild Type 

Activity 

100.0 

39.5 

8.58 

1.1 

0.2 

0.0 



Figure 20. Log of Nornalised Deletion Mutant Activity as a Function of 

Amino Acid DcIetion. The normalised activity data shown in Figure 3 for 

fhe pEB-B8, pEB-SPA$, pE'&BPA?O, pEB-BPAl5, or pEB-BPA20 deletion 

mutants was converted into log values and plotted against amino acid 

deletion from the propeptide, 



amino acid deletion 



Figure 21. Effect of Temperature on Deletion Mutant SGPB Activity. B. 

sttMIis cultures harbouring pEBEPA 10, pEB-BPAl5, pEB-BPA20, or pEB-11 

were grown at 21,30 and 37 OC in addition to 30 O C  as described in section 

2-71, After 59 hours, activity in each culture was assayed, normalised for cell 

growth, and the log of the normalised activity was plotted as a function of 

residues deleted from the amino tenninus of the propeptide. 



amino acid deletion 



Table 3. Protease Expression Generated by the sprC, sprD and SJWE 

Deletion Mutants. Duplicate 50 mL cultures of B. subfilis harbouring the 

deletion mutants or corresponding wild type protease gene were grown at 30 

OC and assayed for protease activity as described in sections 2.7.1 and 2.7.4. 

The maximum normalised activity each of the deletion mutants obtained 

relative to it's wiId type gene are listed dong with the conversion to percent 

wild type activity for each mutant- 



Construct 

p E K 8  

pEWPA11 

pEB-CPA16 

pEB-D8 

pEB-DPA20 

pE&E 

pEB-FA26 

% Wild Type I 
Activity 

100.0 

2.98 



3.3.3 Northern Blot Anaiysis of B. subtilis Cultures Harbouring 

DBi&im Mutants 

Tramriptian of deletion mutant genes in B. subfilis was andysed by 

Nartrhern bbt analysis (Figure 22). The total FWA was electrophoresed and 

probed with the matur? encding region of sprB. Significant hybridization 

0c:curred with a11 of the deletion mutant genes (lanes 2-6) at approximately 

t k  same feveis. This indicates h i  the observed decrease in activity with 

Increasing size of aeietion was not a transcriptiord artifact- No hybridization 

ĉ ouEd Lre seen with PErrr expression vector pEB-11, the negative controi. 

33-18 Expression of pMP-BPA10 in E. coli 

In order to compare thf. SGPB propeptide deletion mutant to previous 

in m'm studies of a-fybc protease and subtilisin propeptide deletion mutants 

in E- cdi expressim systems (17, B), a 10 amino acid propeptide deletion was 

produced in E. coii using the pMAL-P saxretion vector. Colonies harbouring 

tfte piasmid pW-WAlO secreted active protease that muld be visualized as a 

zam cti dearing on TTi-iAmp plates containing 80 p.M IPTC to induce 

trammipfion (Figure 23). 



Figure 22, Northern Blot Analysis of sprB Genes Encoding Propeptide 

Deletion Mutants. After 36 hours of growth at 30 OC, total RNA was isolated 

from B. subfilis transformants harbouring 2) pEB-19,2) pEB-B8,3) pEB-BPA4, 

4) pEB-BPAIO, 5) pEB-BPAIS, 6) pEB-BPA20 and hybridized with a 

radiolabeled segment of mature sprZ3 as described in section 2.8. Significant 

hybridization could be seen in all lanes except lane 1 (the negative control) 

indicating that the propeptide deletion mutants are being transcribed at 

approximately the same levels as wild type sprB . 





Figure 23. Recombinant Expression of 10 Amino Acid Deletion Mutant in 

E. coli TB1. E. coli TB1 transformants harbouring 1) pMAL-p or 2 )  pMP- 

BPA10 were plated on YT/Milk/Amp plates containing 80 p M  IPTG and 

photographed after overnight incubation at 37 OC followed by 72 hours of 

incubation at room temperature. A zone of clearing indicating the secretion 

of active protease is visible with the pMP-BPA10 transformants. 





3.4 AMINO TERMINAL ANALYSIS OF pEB-BPA10 AND pEB-pAmB 

In order to ensure the mutant genes were being processed with wild 

type specificity, amino terminal analysis of protease generated by the 10 

amino acid deletion mutant gene and chimeric gene was carried out. The 10 

amino acid deletion was chosen because it was the longest deletion that had 

readily detectable protease activity in culture supernatant. The protease 

generated by pEB-BPA10 and pEB-pAmB was partially purified as described 

(section 2.7.2) and further purified by FPLC (section 2.7.3). Active FPLC 

fractions were concentrated and electrophoresed on 12 % SDS-PAGE. Protein 

bands that co-migrated with wild type SGPB were generated by the pEB- 

BPA10 and pEB-pArnB cultures (Figure 24). Amino terminal sequencing of 

these bands revealed that they both had mature SGPB sequence at the amino 

terminus (Ile-Ser-Gly-Gly-Asp) indicating that both of the mutant genes 

generated correctly processed mature SGPB. 



Figure 24. SDS-PAGE of SGPB Generated by pEB-B8, pEB-pAmB, and 

pEB-BPAlO. SGPB generated by pEB-pAmB and pEB-BPAIO was purified 

and concentrated for amino terminal analysis as described in section 2.7.6. 

Aliquoits of FPLC purified SGPB produced by 1) pEB-B8,2) pEB-pAmB, 3) 

pEB-BPA10 were run out on 12 % SDS-PAGE gels along with 4 )  low 

molecular weight standard (BioRad) and stained with coomassie blue. The 

arrow indicates the position of matwe SGPB. 





Several examples of propeptide catalyzed protein folding have now 

been reported. Moreover, the examples within the serine proteases come 

from evolutionarily convergent groups of enzymes. The proteases subtilisin 

E from B. subtilis ($), subtilisin BPN' from B. amylofaciens, (9) and a -1ytic 

protease from Lysobacfm enzynwgenes (7) represent two enzyme families which 

are evolutionarily unrelated but have converged on a common mechanism 

involving the Asp-His-Ser catalytic triad (40) Remarkably, the nascent 

proteases in each case possess propeptides implicated in the folding and 

maturation of the enzymes; thus the different enzymes may have also 

converged on a similar propeptide-dependent folding pathway. Some 

authors have suggested that propeptides are the intramolecular analogs of 

chaperonins, catalyzing the rate-determining step in protein folding. 

However, propeptides are not able to function with same broad specificity of 

some chaperonins, rather they appear to have become specifically adapted to 

one enzyme through the course of evolution (5, 18). By analysing the 

sequences of propeptides of closely related proteases, we hoped to discover 

important conserved regions that may be involved in the folding process. 

4.1 CHIMERIC GENE CONSTRUCT 

The propeptides of subtilisin E (31) and a-lytic protease (24) are 

reprted t~ be potent inhibitors ~f the activity of the mature enzpmes. This 

enzyme inhibition may be a major biological role for pro regions; ensuring 

that the enzyme is inactive until it has been secreted from the cell. 

Alternatively, enzyme inhibition may be an artifact of the primary function of 



the propeptide; to reduce the activation energy between the folded and 

unfolded states of the protein (23) In either case, propeptides appear to 

possess both folding and inhibitory functions. Notably, it has been reported 

that the propeptide of the a-lytic protease is an effective inhibitor of its 

distantly related cousin SGPB (24). The implication of this observation is that 

the propeptide of one protease is able to catalyze the folding of another 

related enzyme; the question is how well? We addressed this question 

through the creation of a chimera between the two closely related enzymes 

SGPA and SGPB. 

Extensive propeptides are present in the six related proteases SGPA, 

SGPB (lo), SGPC (12), SGPD (ll), and SGPE (13) of S. griseus and the a-lytic 

protease of L. enzyrnogenes (7) Although the mature enzymes are similar in 

size, sequence and three dimensional structure (where known), the 

propeptides are extremely diverse (11). For example, the propeptides of 

%PC and the a-lytic protease are 162 and 166 residues in length whereas the 

propeptides of SGPA and SGPB are 78 and 76 amino acids (Table 1). A gene 

construct was prepared in which the propeptide-encoding region of sprA was 

fused in frame to the mature encoding region of sprB using PCR cloning 

techniques. The Bacillus expression vector with the chimeric gene was 

designated pEB-pAmB and it directs the synthesis of a chimeric polypeptide 

with the propeptide of SGPA covalently attached to the mature region of 

SGPB (Figure 12). This particular combination of enzymes was chosen 

because they are the two most closely related in terms of the sequences (43 '%) 

amino acid homology) and dimensions of their propeptides (76 and 78 amino 

acids for SGPB and SGPA respectively) (Figure 25). The mature 



Figure 25. Amino Acid Alignment Between the Propeptides of SGPA 

(proA) and SGPB (proB). The complete amino acid sequence of the 

propeptides of S P A  (residues 1 - 78) and SGPB (residues 1 - 76). Conserved 

amino acids are bold. There is a 43 % amino acid homology between the two 

domains. 





regions of SGPA and SGPB enzymes are 181 and 185 residues long 

respectively and are 61% identical in sequence. Furthermore, the a-carbon 

h O/ positions of the S P B  and SGPA f~~y'sial S ~ I I C ~ ~ ~ ; E . S  are 05-70 topcliogicaii-y 

equivalent (57). Therefore, it would be expected that the folding pathway of 

S P A  and SGPB would be quite similar, and the propeptides from both 

proteases wotdd have cognate functions. 

When protease expression was measured, the chimeric gene was found 

to generate 6.0 % of wild type G P B  activity (normafifed for cell density). 

Therefore, despite evolutionary divergence, the propeptides retain 2 certain 

ability to fold related enzymes; at least this was true of the particular 

combination tested. This is the first example of the propeptide from one 

bacterial protease gene correctly folding the mature region of another 

protease gene in &XI. It was evident from Northern blotting experiments that 

the chimera gene was as efficiently transcribed as the gene encding wild 

type SGPB (Figure 151, therefore the reduced activity observed with the 

chimera was not due to a transcriptional artifact. 

Zhu 2: af exardmxi the ability of the propeptide of subtiiisiri E to 

refold denatured subtilisin BPN' and subtilisin Carlsberg in v i fro (29). 

Although there is over 80 % amino acid homologf between the propeptides, 

the trans addition of subtilisin E propeptide codd only recover a maximum of 

5.5 % and 2.3 % specific aactit ity frOm denatured subtikin SPN and subtilisin 

Carlsberg respectively. Given the high homology between both the 

propeptides m d  mature region of subtilisin E and subtilisin BPN' (88.5 %) 

compared to the proaeptides of SGPA and SGPB (43 % homology), -- it is 

interesting &at both experimsnts resulted in a similar recovery of wild type 

activity. However, one camtot over1mk the fact that the trans addition of 

propeptide will have an inherently reduced "foldasen activity due to the 





Epre 26. Semndary S-k'Esrkri~ Prerfi'&ms of the Fropeptides of f G f A  

4proA) and SGPB (pmB), TEE secondary structure prediction was generated 

by the Chou, Faseman, and Rose method x~ith the MacDNASIS Pro computer 

prqyam wtachi). W, 'S, T, and 'C' indicates a-helix, Psheet, turn and 

random coil respectively. Capitalized letters indicate the favoured 

mnf~nnatbn for each amino acid. Helical wheel d y s i s  of the boxed region 

is shown irr Figure 27- 





Figure 27. Helical Wheel Representations of A) Amino Acids 7 to 24 of the 

Propeptide of SGPA and B) the Homolog~us Amino Acids 5 to 22 of the 

Propeptide of SGPB. The helical wheel was generated using a computer 

program (MacDNASIS Pro, Hitachi), with 3.6 amino acids per turn. 

Chemically identical amino acids are dark gray, while chemically similar 

amino acids (one methyl group difference) are light gray. Notably, the 

conserved amino acids all occupy one face in each a-helix. 





4.2 DELETION MUTANT CONSTRUCTS 

Considering the vast differences in sizes and sequences of propeptides 

in bacterial proteases, it is reasonable to question the necessity for the entire 

propeptide in folding. The S. griseus proteases are a good example of how 

propeptides differ in length. The propeptides range in size from 76 residues 

for SGPB to 162 residues for SGPC, over two times the length. With deletion 

analysis of the propeptide of SGPB, we hoped to resolve whether the folding 

function of the propeptide involves; I) interactions over the entire length of 

the amino terminal a-helix (gradual reduction in activity), 2) a few key 

residues involved in the folding activity (stepwise reduction in activity), 3) ar 

none of the residues in the amino terminal a-helix are important for folding 

(no reduction in activity with the removal of the a-helix). In a previous study 

Fujishige et al (28) reported that the deletion of as few as 5 residues from the 

amino terminal end of the propeptide of a-lytic protease completely 

abolished the secretion of active enzyme. Similarly, a 14 amino acid deletion 

in the propeptide of subtiiisin fails to generate active protease in vivo (V), and 

a series of deletions in carboxypeptidase Y resulted in a reduction of 

intracellular enzyme activity (62). In the present study we created a set of 

nested deletions in the amino terminal a-helix of the propeptide of the 

enzyme SGPB. 

Propeptide deletions were created using either restriction enzymes or 

PCR and the mutant genes were expressed in B. subfilis DB104. From the 

histogram shown in Figure 19, it can be seen that the amount of enzyme 

secreted diminishes incrementally with each deletion Remarkably, when the 

data was normalized for cell growth and replotted, we were able to 

demonstrate that SGPB activity diminished exponentially according to the 



length of the deletion (Figure 20). This indicates that propeptide residues 

involved in the folding process are spread homogeneously throughout the 

entire propeptide, and not localised to just a few key residues. 

We made the assumption in studies of the variant proteases that the 

activity measured in culture supernatants corresponds to only the 

concentration of native protease, as opposed to incompletely processed or 

partially folded forms of the enzyme. SDS-PAGE of proteins from the 

partially purified 10 amino acid deletion mutant culture revealed a protein 

band that co-migrated with wild type SGPB (Figure 24). Amino terminal 

analysis of the protein in this band verified that a correctly processed protease 

-was secreted into the cdiure supernatant (section 3.4). fn any case, 

abherently folded forms of the enzyme are unlikely to persist in culture 

supernatants as they would be susceptible to degradation by the mature 

native enzyme. Intermediate folding state of a-lytic protease or subtilisin has 

never been detected in vivo, it is only stable in vitro (25,32,33,62). 

Once outside the cell, the propeptide is cleaved from the enzyme and 

degraded, thereby trapping the enzyme in a stable, native conformation (23). 

The half life of S. griseus proteases at 30 OC in culture supernatants is on the 

order of several days (unpublished results). Consequently, differences in the 

rate of degradation of SGPB do not explain the differences in activity in the 

culture supernatant. 

It is important to emphasize that in every case the mature enzyme is 

the same, and the gene promoter and signal sequences are unchanged. 

Northern blot analyses of B. subtilis harbouring the mutant genes were 

conducted simdtmeous1y with activity assays. The Northern blot shown in 

Figure 22 indicates that the variant genes are all transcribed to the same 

degree as the wild type sprB. Ah, s ine  the deletions occur well inside the 



open reading frame, it is unlikely that secondary structures will be created in 

the RNA that will interfere with translation, though this possibility cannot be 

completely discounted. Because the deletions change the residue context 

around the junction of the pre and pro domains they may possibly effect 

recognition by the leader peptidase. However, the primary specificity for 

signal peptidase lies in the residues amino terminal to the pre-pro junction, 

especially those at positions -1 and -3 (15) 

From the plot of the data in Figure 20, it can be seen that on average, 

each residue removed from the amino terminal end of the propeptide 

resulted in 0.142 log loss in the secreted activity. If we are correct in assuming 

th; the loss in activity is directly attributable to a reduction in binding energy 

at the transition state for folding, the Arrhenius equation (MG = - 2.303 RT 

log K) can be used to calculate the binding energy each amino acid 

contributes to stabilising the folding transition state since the differences in 

reaction rate can be directly related to differences in reaction activation 

energy. On average each amino acid within the deleted region contributes 

200 cal mol-1, therefore, every 5 amino acids contributes 1.0 kcal mol-1 to the 

AG for folding at 30 OC. This result assumes that the decrease in activity is 

due to the reduced ability of the propeptide mutants to correctly fold protease 

independent of the secretion process as discussed in sections 4.3 and 4.4. For 

every ten-fold difference in reaction rate, there is a difference of 1.39 kcal mol- 

1 at 30 OC- The 20 amino acid deletion will have a transition state energy 

barrier that is 4 kcal mol-1 higher than wild type which corresponds to a 750 

fold redudon in fu1ding activity at 30 QC. By compdson, single hydrogen 

bonds in proteins are known to contribute 1 to 3 kcal mol-1 to binding (63). 

Notably, the relationship between activity of the enzyme and the 

propeptide deletion exists at each of the temperatures 21,30 and 37 OC as 



evidenced by the parallel lines of activity (Figure 21). This suggests that the 

phenomenon is not merely an artifact of the growth conditions of B, subtilis. 

The detection of active enzyme secreted in E. coli (Figure 23) demonstrates 

that the ability of SGPB to fold correctly is not limited by expression in gram 

positive organisms such as S. grisms and B. subtilis. 

We wanted to demonstrate that the reduction of activity observed with 

the propeptide deletion mutants was not unique to SGPB rather that it is a 

general feature of enzymes with pro regions. Therefore, deletions similar to 

those made in SGPB were made in the propeptides of SGPC, SGPD and 

SGPE. The fact that the mutants of SGPC, SGPD, and SGPE all have 

detectable activities (Table 3) indicates that the correlaiicm between length of 

deletion and activity is not a unique case, but a general phenomena of this 

family of enzymes. The result seen with the two %PC deletions is somewhat 

surprising. SGPC has the longest propeptide but is the least able to 

accommodate deletions; the 16 amino acid deletion mutant generates 

extremely low levels of mature protease (Table 3). The propeptide of a-iytic 

protease has 26 % amino acid homology with the propepiide of %PC, and 

behaves in a similar manner to the SGPC propeptide in that it cannot 

accommodate long deletions. Secondary structure prediction of the 

propeptides of SGPC and a-lytic protease predict an amino terminal a- 

EreIicies for both proteins (Figure 28). The propeptides share 33 % amino acid 

homology from the eleventh amino acid to the twenty-eighth amino acid of 

SGPC and the corresponding region in a-lytic protease, although they do not 
mt €%h&it a consenred face like tire propeptides of S P A  and SGFB. ine 



Figure 28. Secondary Structure Predictions of the Amino Terminal End of 

the Propeptides of SGPC (proC) and a-lytic Protease (proa-Lyt). The 

secondary structure prediction of amino acids 1 to 65 of the propeptide of 

SGPC and the homologous amino acids 1 to 60 of the a-lytic protease 

propeptide. The secondary structure prediction was generated by the Chou, 

Faseman, and Rose method with the MacDNASIS Pro computer program 

(1E-Fitach.i). 'H', 'S', T', and 'C' indicates a-helix, P-sheet, turn and random coil 

respectively. Capitalid letters indicate the favoured conformation for each 

amino acid. 
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10 amino acid deietion to the propeptide of SGPC which readily generates 

protease activity does not fall in this region; the 16 amino acid deletion which 

does fall within the predicted a-helix loses almost all of it's protease activity 

(Table 3). Similarly, deletions greater than 5 amino acids which do not 

generate any active protease in a-lytic protease fall within the predicted 

amino terminal a-helix. This data suggests that the residues before the first a- 

helix are not as important to the folding process as those within the a-helix. 

In many cases, the propeptide appears to be involved in secretion in 

addition to folding. In the gram negative E. coli, propeptide mutants of a-lytic 

protease which do not produce active prot,ase have been found tightly 

associated with the outer membrane (28). The interaction between the outer 

membrane and propeptide mutants is nonspecific since mutants lacking the 

entire propeptide are also found tightly associated with the outer membrane. 

O d y  correctly folded protease will be transported across the outer 

membrane. Mature protease is folded and processed in the periplasm as 

propeptide is found to accumulate in this region. Therefore, it seems that a 

tertiary signal is required for the successful transport of a-lytic across the 

outer membrane, in contrast to translocation across the inner membrane 

which is directed by the signal secpence. Translocation across the inner 

membrane, unlike transport across the outer membrane, is characterised by 

the lack of tertiary striictuie appears to be propeptide independent (28). 

L,n, experiment, the propp?ibe and matue regions are expressed in 

tmns in E. cdi (23). Each component is secreted into the periplasm where the 



propeptide directs the folding of the mature region. Again, secretion of the 

mature protease into the periplasm is propeptide independent. 

The gram negative bacterium Neisserin gonorrhoeae produces IgA 

protease which crosses the i ~ e r  membrane with a standard bacterial signal 

sequence and traverses the outer membrane by a mechanism different from 

the transport of a-lytic protease across the outer membrane in E. cofi. The 

propeptide of this protease is predicted to interact with the outer cell 

membrane and form a pore through which the mature region passes and is 

released into the extracellular medium by autoproteolysis (64). 

In eukaryotic systems, the propeptide directs proteins such as 

carboxypeptidase Y in Sacchromyces cerevisiae (651) and prohormones in mouse 

AtT20 cells (66) from the endoplasmic reticulum lumen through the golgi 

apparatus to the correct secretory vesicles for secretion. 

In the above examples, the signal peptide directs the nascent 

polypeptide across the first membrane and the signal sequence is then 

released by cleavage by signal peptidase. With only one membrane to 

traverse in the gram positive bacterium B. subtilis, it is unlikely that the 

propeptide will have any secretion function. Once the signal sequence directs 

the propeptide acrms the cell membrane into the extracellular matrix (44, the 

target location of the pro-mature protein has been reached. For subtilisin E 

expression in E. coli, constructs were created that produce the OmpA signal 

peptide fused to 3 different locations within the subtilisin E signal sequence 

along with a construct that produces the OmpA signal sequence fused 

directly to the prcrpepfide (13). hTo difference in activity could be found 

kbveea a?f of +u% proteLns hcl:di~g &e direct famion cd OmpA signal 

sequence to the mature domain (19). This suggests the OmpA signal 

sequence can be interchanged with tfEe subtikin E signal sequence without a 



loss of function. A direct fusion of OmpA signal sequence to mature 

subtilisin E resulted in the mature protein being secreted, but the protein did 

not generate any activity. The OrnpA signal sequence was correctly 

processed from the direct fusion to the mature domain as shown by amino 

terminal sequencing. This suggests the propeptide is required for folding but 

not required for the secretion process in E coli. We have shown that E. coli 

harbouring the plasmid pW-BPAlO encoding a 10 amino acid propeptide 

deletion can secrete active protease in vim (Figure 23)- The fink between 

folding and secreiion has not been separated in the gram positive bacteria 3. 

srcbfilis and S. g)-iseus. However, the replacement of the subtilisin E signal 

sequence by the OmpA signal sequence suggest that the secretion process in 

B. subfifis behaves similarly to the secretion process in E. cdi. Also, the pre- 

pro-mature extracellular basic protease from the gram negative bacterium 

Dichelobacfer nodosus was shown to be correctly secreted and processed in B. 

subfilis, demontrating the differences W e e n  the secretion in gram negative 

and gram positive bacteria may not be that large (67). Ideallp all of the 

effects on activity in B. subfzlis will be due to the decreased ability of the 

mutants to fold, and not due to mature enzyme that cannot be correctly 

secreted into the exhceHdar environment. 

The chimera and deletion mutant results have been interpreted 

assuming that bdrrr4ion5 hanshGon -wcretion of the profem all 

iunction independently of the prolppide- 

As stated in section 4.2, the transcription and translation should be 

equivalent for both the wild type and mutant gem constntcts. All of the 





increasing deletion- This wsdd indicate that the propeptide is required for 

'bin stvetion an5 tme folding process. 3) Both iktg intmseUufar protease 

extracelluiar levels of protease are the same. Thls indicate the 

propeptide folds the deletion mutants to variant form of the protease with 

reduced cataraf ytic abiiity. It would not be possible to tell if the propeptide is 

linked to secretion in this case with a Western blot.. This case is not likely 

since SDS-PAGE of cell d a ~ r f i  supernatant stained with Coomassie Stain 

skiiws a beerease ia sx~ifted pietea= kWeen tt.te wild 3 -  SGPB and 4 

amino acid propeptide deletion mutant (data not shown)- 4) There may be a 

case where the intrace1hda.r levels of protein accumulate to wry high levels 

due to a =ecretion M e n e c k  where again it would be difficdt to ascertain 

whether or not the propeptide is iitvofved in the secretion process. A 

reduction in extramDrrlar protease mdd 'be due to the reduced ability of the 

mutants tu &e secreted properly in addition to reduced folding ability of the 

mubnts. 

The besir experiment for determining if secretion is propeptide 

independent in B. su&ilis would be to create a construct that expresses the 

propeptide and matwe regions is i m ~  as done by Sika for or-lytk protease 

in E. di (23). Since each component would have it's own signal sequence, 

active protease in the B. wbbdk culture supernatant would indicate secretion 

is inbepndent a4 fdchg- 

Again, although the effect of the propeptide ua secretion cannot be 

discounted in B- subtilis without further experimental evidence, the results in 

E. cdi d c t m u ~ t ~ ~ ~ g  that pre-mahm p t e a s e  can be secreted and correctly 

prmessed in an inactive state (17, 28, 67), or folded in the presence of 

propeptide (23) suggest that the progeptide has little or no influence on 

seaetiun into tfw pc'riplasm Until further experiments are performed in B. 



src&iIis, the parallels drawn between secretion ilkto the periplasm of E. coli and 

e x t r a c e ~ ~ a r  e n v k ~ r ~ e n t  in B. subtih will have to be used as a base for the 

caldation of the folding transition state free energy (section 4.2). 

4 5  HYPOTHEmCAL FOLDING MECHANISM 

As already indicated, SGPA and SGPB have a high degree of structural 

homology. We have shown that the propeptides of the two enzymes can be 

interchanged without sacrificing all of their function. Therefore, it follows 

that the folding pathways of both proteases would be very close. It is difficult 

to speculate on the mechanism of propeptide mediated folding since no 

crystal structure of a chymotrypsin like pro-mature enzyme is present, only 

the pro-mature crystal structure of the structurally unrelated enzyme 

subtilish exists. If the propeptide of SGPB behaves like the propeptides af a- 

lytic protease and subtikin, then it will interact with a folding transition state 

fate in the fo!&~g pathway (23,33). The st2bility of the S. grisetrs proteases 

(unpublished results), like a-lytic protease and sub tilisin, demonstra tes that 

there is a high energy barrier that the mature protease must overcome to 

unfold to an inactive state (23). This energy barrier cannot be easily traversed 

once the propeptide has been removed by mature protease and subsequently 

degraded. 

The mature regions of SGPA and S P B  seen in the crystal structure 

analysis of the mature proteases (wand predicted by the Chou, Fasman and 

Rcrse method are predtxnhntty &sheet Most of the deletions made to the 

propeptide of SGPB fall within the first putative amino terminal a-helix 

(residues 5 to 22) (Figure 26). We predict that the propeptide is aligned so 

that the collsenred fa= of the aminu tenninat helix is able to hieract with the 



mature domain during folding. In essence, the propeptide acts as a scaffold 

to stabilize thmugh many small non-cova1ent htera~t i~rs the formation of /3- 

sheet and then tertiary structure. We predict that the propeptide of SGPB 

reduces the activation energy barrier to the native protease much the way the 

propeptide of subtilisin BPN' stabilises the substructure in the mature 

domain to allow the completion of folding (34). As shown by the deletions to 

the pro domain of W B ,  the activation energy barrier would increase by 1.0 

kcal md-1 for each 5 amino acids removed. Notably, it has been calculated 

that the average binding interaction for a single hydrogen bond between 

uncharged groups will vary in energy between 0.5 to 1.5 kcal mol-1(63), 

therefore, every 5 amino acids in the analyzed region of the SGPB propeptide 

contributes the approximately the same amount of energy as one hydrogen 

bond. This is consistent with an interaction involving three of four hydrogen 

hrtds between the amino terminal a-helix and mature region. 

It is interesting to nute that the ability of a propeptide to accommodate 

deletions reflects its position on the phylogenetic tree (11) (Figure 29). The 

most ancient protease, %PCI barely has detectable activity with a 16 amino 

acid deletion. SGPB, which is evolutionarily intermediate to SGPC and the 

most recent proteases SGPD and W E ,  also is intermediate in activity when 

comparing the longest deletions mble  3). SGPD and SGPE appear to retain 

khe most activity with the longest deletions. The propeptide of SGPC is able 

to accept longer deletions than the a-lytic protease propeptide and still 

correctly fold mature protease. This correctly places SGPG after a-Iytic 

protease on the phylogawtic tree. This data suggests that as the proteases 



evolve, more of the folding function is removed from the propeptide and 

placed in the mature regime The I l lbate  goal may be to reduce the size of 

the propeptide once the folding function has been removed from the 

propeptide. S. gri~eus trypsin which is evolutionarily related to mammalian 

trypsin has a shortened propeptide of only 4 amino acids, much like the 6 

amino acid propeptide of mammalian trypsin. These propeptides have no 

folding function, they orJy serve to keep the mature domain inactive until 

they are secreted from the cell (68). 



Figure 29. Phylogenetic Tree of the Bacterial Proteases SGPA, B, C, D, and 

E and a-Lytic Protease. The tree was constructed using the nucleotide 

sequences of the mature proieases. The number at each fork represents the 

number of times that a particular grouping (consisting of the species to the 

right of the fork) was generated during the 100 bootstrap replicates. The pre 

and propeptide encoding sequences and the sequence of the carboxyl- 

terminal domain were not included in the analysis. This figure is adapted 

from Sidhu et a2 f 11). 





& CONCLUSION 

We have been able to show that propeptide mediated folding of 

mature SGPB is not spcrific for only the SGPB propeptide. We constructed a 

chimeric gene consisting of the propeptide encoding region of sprA and 

mature encoding region of sprB. designated pE&pAmB. The chimeric gene 

produced correctly processed mature SGPB with detectable activity when 

expressed in B. sufiiilis. This suggests that propeptides may have evolved 

from a nonspecific propeptide precursor that was able to catalyse the folding 

of many proteins much like the chaperonin class of proteins found today (69). 

%pence amfj& of the propeptides of SGPA m b  SGPB revealed an amino 

terminal a-helix which has a conserved face. Deletions from the amino 

terminal end of this a-helix in SGPB results in a logarithmic decrease in 

activity with increasing deletions. From the activity data, it was calculated 

that for every 5 amino acids within the deleted region, the propeptide 

contributes 1.0 kcal mol-3 to the stabilization of the folding transition state, 

assuming that any incompktely folded or miss-folded protease is quickly 

degraded in u i m  Northern analysis of the transcripts indicated the mutant 

protease genes are king transcribed normally and amino terminal analysis of 

protease produced by the mutant genes found that the propeptide was 

processed from the chimeras with wild type specificity. Therefore, the 

okmed decrease in activity mdd be directly attributd to the reduction of 

propeptide mediated folding,. The conserved a-helix and activity data 

indicates that the c u m &  face makes multiple interactions with the folding 

transition state that are spread evedy through the cieieted region; the removal 

of amino acids from the propeptide reduces it's ability to stabilize and reduce 

the energy barrier to m d y  f01ded mature protease. 



Future work will analyse internal deletions to see if activity is fost at 

the same rate as the antino terminal deletions. This will also help to define 

whether or not the interactions within the propeptide are specific or nan- 

specific in nature. Any internal dektions will shift the residues amino 

terminal to the deletion, therefore any specific interactions will Se disrupted. 

Of particular interest would be the c011struction of a chimeric gene that 

produces a chimera m11sisting of the propeptide of a-lytic grotease and the 

mahue region of W;PB. Bsker d a! (24)were able to dernonstmte that the a- 

lytic propeptide can inhibit SGPB, it would be interesting to see i f  this 

inhibitory function can translate into folding of mature SCPB- 

The ultimate goal would be the generation of a premature crystal 

s t r a r m  like the o m  for slrfitiIisin BPM f34). From this, the rational selection 

of point rnubths ran be carried out for structure and function analysis. 
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