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Assrnlcr

The recombinant expression of heterologous proteins in microorganisms,

such Escherichia coli, is often improved by producing the protein of interest

translationally linked to another, often unrelated, protein giving rise to a "fusion

protein" construct. For many applications it is desirable or imperative to separate

the efraneous material from the protein of interest. An increasingly popular

approach to this task is the use of site-specific endoproteases to excise the

protein product. A number of commercially available site-specific proteases

exist, but many are not capable of generating an authentic N-terminus for the

product, display unsatisfactory specificity leading to adventitious cleavage of the

product, or they are unsuitable for an industrial process.

Mutants of the serine protease o-Lytic protease have been shown to

satisfy many of the criteria for an industrially suitable protease and have been

applied to the cleavage of some important fusion proteins used in the production

of members of the lnsulin-like Growth Factor (lGF) family. Lacking from these

examples, however, is any viable proteolytic solution for the liberation of human

IGF-l from fusion proteins. This has been primarily attributed to the proline

bearing N-terminal tripeptide sequence of this protein, which is known to be

refractory to the activity of many site-specific proteases.

It has been suggested that, in the generation of two combinatorial mutant

libraries of o-Lytic protease, the preference for amino acids C-terminal to the

cleavage site may have been altered. lt is the purpose of this work to first

determine if such an alteration has been made in any of the mutants so as to

X



allow cleavage immediately before the N{erminus of human IGF-1, and then to

task the lead mutant(s) to the cleavage of the full-length fusion protein. All

members of the two mutant libraries were cultured and their activity confirmed

and quantified against a generic B-casein substrate in a high-throughput assay.

A second high-throughput technique was then employed to query the mutant

proteases for their ability to catalyse proteolysis at the required sequence in a

peptide model. Finding that many mutants appeared successful at this task, the

findings were verified on a longer peptide model of the cleavage site.

lnitially the yields achieved by cleavage of the full-length IGF-l fusion

protein by a lead candidate mutant o-Lytic protease were not sufficient to satisfy

the requirements of an industrial process, despite alteration of the reaction

conditions. However, the insight gained from these reactions could be applied to

the redesign of the protein structure around the intended site of cleavage,

significantly improving site-specific proteolysis The IGF-l generated by this

cleavage has been shown to be bioequivalent to commercial reference standard

to cultured mammalian cells and the yield of this process is approximately S-fold

improved over the existing cleavage system.

XI



DeclRnerroru

This thesis contains no material that has been accepted for the award of

any other degree or diploma in any university or other tertiary institution and, to

the best of my knowledge and belief, contains no material previously published or

written by another person, except where due reference has been made in the

text. To the best of my knowledge and belief it contains no material that has

previously been published by any other person, except where due reference has

been made in the text. I give consent to a copy of my thesis when deposited in

the University Library, being made available for loan and photocopying, subject

to the provisions of the Copyright Act, 1968.

Adam Charlton

xil



Acxt¡owlEDGEMENTS

I would like to express my appreciation to my supervisors Prof. John

Wallace and Mr. Geoff Francis for the opportunity to undertake this work, and for

their advice and assistance throughout the project.

This project was funded by a Strategic Partnerships with lndustry -
Research and Training scheme (SPIRT) grant. I would therefore like to

acknowledge the financial support of the Australian Research Council and

Novozymes GroPep Ltd.

I would like to thank the past and current staff of Novozymes GroPep Ltd.

for their support and technical assistance, with specific thanks to Graham Hobba

and Phil Elliott. I would also like to thank the past and current members of the

Wallace laboratory for being available with materials and helpful advice

whenever the need arose. Finally, I would like my wife Leah Charlton for her

tireless support and understanding.

xilt



AsenevreroNs

ACN

CV

DMSO

DTT

E. coli

EDTA

EIA

FITC

FP

FRET

2-HED

HEPES

IGF

MES

Met-pGH(1-11)VN

PBS

PBS-T

SDS

SEM

TFA

acetonitrile

column volume

dimethyl sulphoxide

dithiothreitol

Escherichia coli

ethylened iam i netetraacetic acid

enzyme rmmunoassay

fluorescei n isoth iocya nate

Fluorescence polarisation

Fluorescence resonance energy transfer

2-hyd roxyethyl d isulphide

N-(2-hyd roxyethyl) piperazine-N'-(2-eth a nesu lfo n ic acid)

I nsulin-like growth factor

2-(N-morpholino)ethanesulfon ic acid

Methionine followed by the first 11 amino acids of porcine

growth hormone terminated by an valine-asparagine

dipeptide

Phosphate Buffered Saline

Phosphate Buffered Saline with Tween

sodium dodecyl sulphate

Standard error of the mean

trifluoroacetic acid

XIV



Tris

Tween-20

tris-(hyd roxymethyl)methyl-amine

polyoxyethylene (20) sorbitan monolaurate

The fusion protein reported as Met-pGH(1-11)VN-Arg3-lGF-l is registered under

the trademark LONG@RtlGF-l by Novozymes GroPep, Ltd.

XV



Chapter 1: Literature review

1.1 Fusror.¡ PRoTETNS

From the earliest examples of recombinant protein expression in

microorganisms it has been apparent that there are a number of factors

involved in achieving consistent yields. Proteins expressed in heterologous

host systems may be subject to intracellular proteolysis (Murby et al., 1996) or

sequestration as insoluble inclusion bodies (Schein, 1989) which pose

potentially difficult renaturation challenges. Even should production of intact,

active protein be achieved, there remains the difficulty of its purification away

from the extremely complex background environment of all other host-derived

proteins.

One approach employed to remedy these issues is the fusion protein

strategy, where the intended protein product is translationally linked to an

unrelated protein. A fusion protein in its simplest form is any recombinant

protein expressed with extra amino acids attached to it, with the latter

commonly referred to as a fusion partner. Such chimaeric proteins are

generated by the recombinant linkage, or fusion, of the nucleotide coding

sequence of the target protein in frame with that of the fusion partner. When

this fused coding sequence is translated, the resulting product consists of the

protein of interest and the fusion partner.

A fusion partner can be as small as a single residue, such as an

unremoved N-terminal methionine from initiation of bacterial expression

(Marston, 1986), or a short peptide sequence, as is the case with many

affinity tags (Terpe, 2003). The fusion partner can be attached to the N- or

C-terminus of the desired protein product. As discussed later, N-terminal

1



Chapter 1: Literature review

fusions do offer significant advantages should the removal of the fusion

partner be required.

The fusion protein strategy has become ubiquitous in modern

recombinant protein expression and invaluable to biotechnology. A wide

variety of modular expression vectors are available to facilitate their

generation, with the coding sequence of popular fusion partners up- or down-

stream of the multiple cloning site (see Table 1.1). The widespread adoption

of this approach can be appreciated by the number of citations indexed by

Medline. Figure 1.1 shows the total citations returned for the search

parameter "fusion protein" over the past three decades. A similar explosion in

commercial application of fusion protein technology has been seen, with the

growth in number of patents pertaining to fusion proteins approved by the

USPTO showing a similar pattern to that of citations in the scientific literature

over the past decade in particular.

Figure 1.1 - Citations and patents returned from Medline and USPTO databases,

respectively, for the search term "fusion protein" as at 2810212007
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Chapter 1: Literature review

Many popular fusion partners employed for the routine cloning and

expression of recombinant proteins, particularly at small-batch scale or in the

research environment are multifunctional, simultaneously providing solutions

to some or all of the aforementioned challenges to recombinant expression.

The fusion protein strategy has been applied to improve expression, to confer

protection from proteolysis, to promote soluble expression or provide

assistance in refolding, and is the subject of many reviews (Marston, 1986;

Uhlen and Moks, 1990; Uhlen et al., 1992; LaVallie and McCoy, 1995;

Makrides, 1996; Nilsson et al., 1997 Hearn and Acosta,2001; Terpe, 2003',

Lichty et al., 2005; Waugh, 2005; Arnau et al., 2006). However, in many

fusion protein systems these attributes are consequential, with the primary

goal of the fusion partners being the provision of a "handle" for facile affinity

purification of the recombinant protein. As can be seen in Table 1.1, a

non-exhaustive survey of the commercial suppliers of recombinant expression

systems that incorporate a fusion partner suggests that almost all have an

affinity purification function.

3



Chapter 1: Literature review
Table '1.1 - Selected examples of commercial prokaryotic expression vectors for fusion protein production

Cleavage site

provided

Enterokinase

Enterokinase

TEV proteinase

SUMO protease

Enterokinase

Enterokinase

Enterokinase

Enterokinase

Factor Xa or

Fusion partner type

Affinity

Solubilisation & Affinity

Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Affinity

Affinity

Affinity

Solubilisation & Affinity

Fusion partner

XpressrM, hexahistidine

His-Patch Th ioredoxin,

V5, Hexahistidine

V5, Hexahistidine

SUMO, Hexahistidine

His-Patch Thioredoxin

V5, Hexahistidine

Xpress rM, hexahistid ine

Hexahistidine, S-tag

Thioredoxin, Hexahistidine, S-tag

Vector

senes

pETl 00

pETl 02

pETl 51

pET SUMO

pThioHis

pBAD

pTrcHis

pET30 & 46

pEr32

Commercial

supplier

lnvitrogen

Merck Biosciences

(Novagen)

4



Chapter 1: Literature review
Cleavage site

provided

Enterokinase

Thrombin

Enterokinase

Enterokinase

3Cpro

3Cpro

3Cpro

3Cpro

3Cpro

Thrombin

Factor Xa

Fusion partner type

Solubilisation & Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Affinity

Affinity

Affinity

Fusion partner

DsbA, Hexahistidine

G I utath ione-S-Transferase (GST)

Nus-Tag, Hexahistidine

Hexahistidine, S-tag

Thioredoxin, Hexahistidine, S-tag

GST, Hexahistidine, S-tag

Nus-tag, Hexahistidine, S-tag

Strep-Tag ll

GST

GST

Vector

sefles

pET39 & 40

pET41

pET44

pEr47

pET48

pET49

pETS0

pET52

pGEX-4

pGEX-5

Commercial

supplier

GE Healthcare

(Amersham

5



Chapter 1: Literature review

Cleavage site

provided

3Cpro

Self cleaving

Enterokinase

Genenase I

Factor Xa

Thrombin and/or

Enterokinase

Enterokinase

Factor Xa

TEV proteinase

Nit

Fusion partner type

Affinity

Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Solubilisation & Affinity

Affinity

Affinity

Affinity

Solubilisation & Affinity

Affinity

Fusion partner

GST

lntein

Maltose Binding Protein (MBP)

Maltose Binding Protein (MBP)

Maltose Binding Protein (MBP)

Calmodulin Binding Peptide,

FLAG-tag

HATrM (Histidine Affinity Tag)

Hexahistidine

GST

(Ha)s

Vector

sefles

pGEX-6

pIMPACT

pMAL-2E

pMAL-2G

pMAL-2X

pCAL

pHAT

PQE

pFN2

pFN6

Commercial

supplier

Biosciences)

New England

Biolabs

Stratagene

Clontech

Qiagen

Promega

6



Chapter 1: Literature review

1.2 Fusroru panTNER ROLES

The theme underlying the exploitation of a protein as a fusion partner is

that it possesses an attribute that is desired to be conferred on the protein

product of interest. However, many popular fusion partners employed today

confer multiple functionalities, such as improved solubility and the provision of

an affinity tag rather than any single attribute. For example, maltose binding

protein attachment both improves solubility and offers an affinity purification

solution (di Guan et al., 1988). ln many cases the manner in which a fusion

partner fulfills its intended function involves a number of factors. As detailed

below for example, a fusion partner can improve the yield of a recombinant

protein indirectly by enabling expression of the protein in a natively folded,

soluble form. The correctly folded protein, in turn, may have decreased

susceptibility to intracellular proteolysis

Fusion partners fall into two broad categories, either short peptide

sequences or whole proteins, each with their own advantages and

disadvantages. As a rule of thumb, whole proteins are required to confer

improved product solubility, whereas short peptides are often employed as

affinity tags (Waugh, 2005).

The extremely large and diverse range of fusion partners makes

evaluation of each individual example impossible; instead discussion here will

focus on examples illustrating the attributes commonly associated with a

successful fusion partner strategy.

7



Chapter 1: Literature review

1.2.1 The fusion Dro strateqv to prevent r proteolvsis

Many fusion proteins are able to directly protect the protein product

from digestion by intracellular proteases. ln some cases, even protection of

the N- and C-termini by a short peptide fusion partner has proven sufficient to

decrease proteolysis, presumably by decreasing the action of exoproteases

on the protein product (Bowie, 1989; Rajan et al., 1998).

It has been suggested that the degradation of heterologous proteins in

E. coli may be a defence mechanism in response to the recognition of the

non-native protein (Marston, 1986). The use of a fusion partner derived from

the host organism can overcome this problem, as such host proteins are often

well expressed in a native conformation in their natural host, allowing more

intactfusion protein to be obtained (Shine et a\.,1980). As a result, many of

the fusion partners commonly used, particularly in E. coli, were originally

derived from that organism.

ln keeping with the notion of using a fusion partner to confer a

desirable characteristic to the protein of interest, highly protease resistant

proteins have been used to prevent the intracellular proteolysis of the product.

One such example is ubiquitin, itself quite protease resistant and, contrary to

its role in eukaryotes of targeting proteins for proteasomal digestion (Baek,

2003); has been successfully employed as a fusion partner in prokaryotes on

a number of occasions to produce recombinant protein (Butt ef a/., 1g8g;

Power et al., 1990; Koken et a1.,1993; Baker, 1996; calanzariri et at.,2oo4',

Moon et a|.,2007). ln a classic example, fusion of ubiquitin to the N-terminus

of two unrelated proteins, yeast metallothionein and the q-subunit of the GTP-

binding stimulatory protein of adenylate cyclase, increased the yield of either

I



Chapter 1: Literature review

protein from undetectable levels to 20% of total cellular protein (Butt ef a/.,

19Bg). Likewise, the small ubiquitin-related modifier (SUMO) (Malakhov et al.,

2004; Butt ef al., 2005) has also been used as a protease resistant fusion

partner.

lf intracellular proteolysis of soluble heterologous proteins cannot be

avoided, one of the simplest mechanisms to prevent excessive degradation is

to deny the proteases access to the recombinant protein. The accumulation

of recombinant proteins into insoluble inclusion bodies (Kane and Hartley,

1988; Schein, 1989) within the bacterial cell is one wayto physically partition

the protein product from host proteases (Sassenfeld, 1990; Uhlen and Moks,

1990). Similarly, secretion of the product into the periplasmic space can offer

protection from proteolysis. ln a classic example, the half-life of recombinant

proinsulin was found to be 1O-fold longer in the periplasm than in the

cytoplasm (Talmadge and Gilbert, 1982).

Finally, partially or incorrectly folded proteins are frequently degraded

by host proteases (Gottesman, 1989; Baneyx and Mujacic, 2004) and

therefore the use of fusion parlners may mitigate this problem by allowing

correct folding to occur which, in turn, can prevent such intracellular

proteolysis by minimising the formation of misfolded intermediates, as

discussed in a later section.

1.2.2 The fusion protein strateqv for the expression of insoluble protein

It has been argued that insoluble expression of recombinant protein in

E. coli is the rule rather than the exception (Marson, 1986), that is unless

special lengths are taken to avoid it the most likely location of a novel
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expression construct will be largely in the insoluble fraction. Estimates have

put the proportion of insoluble recombinant proteins at roughly 33% (Chayen,

2004), although others have put this number as low as 13% (Chambers et al.,

2004).

lnsoluble expression is characterised by the aggregation of the

expressed protein into intracellular "inclusion bodies" (Kane and Hartley,

1988; Schein, 1989). A number of mechanisms for this phenomenon have

been postulated, including:

(1) That the higher numbers of protein molecules present during

recombinant protein over-expression increases the chances of

intermolecular collisions that can initiate aggregate formation via

hydrophobic interactions (Nilsson and Anderson, 1991).

(2) Overwhelming of the natural protein folding apparatus of the host-

cell (Nilsson and Anderson, 1991; Rudolph and Lilie, 1996).

(3) Sequestration of partially folded or misfolded protein, as such

aggregates often consist of misfolded proteins or partially folded

intermediates, but rarely fully unfolded or natively folded protein

(Mitraki and King, 1989; Kapust and Waugh, 1999).

Hypotheses ('1) and (2) in particular are supported by the observation

that some native E. coli proteins are sequestered in inclusion bodies when

over-expressed (Cheng, 1983). These mechanisms would tend to suggest

that insoluble formation of recombinant protein inclusion bodies is a

consequence of the nature of the target protein itself or the act of over-

expressing a protein, but may or may not be promoted by an associated

fusion partner. However, there are a few fusion partners that are thought to
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promote the formation of inclusion bodies such as TrpE protein (Spindler ef

al., 1984; Yansura, 1990), the cll protein of À phage (Nagai and Thorgersen,

1984) and truncations of porcine growth hormone (Francis et al., 1992; King

et al., 1992). lt could be crudely thought that a fusion partner that increases

the total hydrophobicity of the fusion protein complex will tend to promote

inclusion body formation and vice versa, in keeping with scenario (1), above.

lnsoluble expression of recombinant proteins has some merits for

recombinant protein expression, including not only the previously mentioned

protection from proteolysis, but also a strong tendency towards higher total

expression yields (Marston, 1986). Not being reliant on the often rate-limiting

folding process (Esposito and Chatterjee, 2006), recombinant proteins can be

expressed recombinantly to over 260/o of total cellular protein (Marston, 1986).

lnsoluble expression of recombinant proteins also offers a convenient early

partial purification step, as the concentration of recombinant protein within the

inclusion bodies can be as high as 50% (Murby et a|.,1996).

The most significant, and sometimes insurmountable disadvantage is

the requirement for a refolding process should the native structure of the

protein be desired. Such refolding protocols usually involve the application of

reducing agents with high concentrations of chaotropes (guanidine-HCl, urea)

or detergents, followed by dilution or buffer exchange to more physiological

conditions (Rudolph and Lilie, 1996). The refolding of recombinant proteins is

not always necessary though; there are circumstances when the production of

folded protein may be undesirable, such as for eliciting an immune response

(Uhlen and Moks, 1990), or for expression of proteins toxic to the host, as has

been shown for the production of bacteriocidal peptides (Lee et a|.,2000).
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ln summary, where an effective in vitro refolding protocol exists for a

given fusion protein, or is simply not relevant, the significant benefits provided

by an insoluble expression strategy make it an attractive solution for

recombinant protein expression.

1.2.3 The fusion protein strategv for the soluble expression of protein

The rn vitro refolding of proteins is a complex task, with no guarantee of

a successful outcome in economic terms. lt is therefore of little surprise that a

significant number of popular fusion partners are able to promote in vivo

folding of the protein into the native conformation while ensuring solubility.

Early theories suggested a passive role for solubilising fusion partners,

wherein almost any protein that was highly soluble in the host organism could

transfer this property to the protein product (LaVallie and McCoy, 1995;

Weickert et al., 1996). Whilst this field is still not clearly understood the

current understanding is that the influence of the fusion partner is not passive

(Waugh, 2005). Moreover, recent evidence suggests that the fusion partner

takes an active role in the folding of the fusion protein. Comparative studies

of highly soluble fusion partners have shown the phenomenon of recombinant

protein solubility to be far more complicated than originally thought. For

example, Kapust and Waugh, (1999) investigated 6 aggregation prone

proteins with thioredoxin (Trx), Glutathione-S-Transferase (GST) and Maltose-

Binding Protein (MBP) fusion partners and found MBP to be superior at

promoting solubility in all 6 cases, followed by thioredoxin and GST, which

were similar in their effectiveness. The improvements in solubility of the MBP

fusions over the other two ranged from roughly 3-fold to over B0-fold. By
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contrast, Hammarstrom ef al., (2002), studied 27 human gene products for

solubility, each with seven solubilising fusion partners. ln this case it was

observed that thioredoxin gave the highest probability of achieving a soluble

product, with thioredoxin >

derivative of the lgG binding domain of protein A (ZZ) >

Substance A (NusA) > GST > hexahistidine at the promotion of soluble fusion

protein recovery. The difficulty in drawing a general conclusion is further

compounded by the findings of shih et al., (2002), who investigated 32

proteins from diverse natural hosts paired with 8 solubilising fusion paftners.

ln this study the relative effectiveness of creating soluble fusion products was

NusA = MBP > GST > thioredoxin > hexahistidine > intein = calmodulin-

binding protein (CBP) > cellulose-associated protein (CAP) at creating soluble

fusion products. Such variability in the solubilising ability of the fusion

partners for these diverse protein products suggests that their action is not

simply the result of being highly soluble themselves. lndeed, if that were the

case, the relative solubilising ability of the fusion paftners would not vary so

dramatically.

The only clear trend to emerge from the above studies is that MBP is

frequently one of the best solubilising fusion partners (Esposito and

Chatterjee, 2006) and has thus been the subject of considerable attention as

concerning its mode of action. lt is hypothesised that the solubilising action of

the MBP fusion partner may be due to binding of hydrophobic surfaces of the

incompletely folded proteins in the deep hydrophobic cleft of MBP that is the

natural ligand binding site (Kapust and Waugh, 1999). This mechanism would

thus function in a manner akin to that of the endogenous E. coli GroEL
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chaperone (Fenton et al., 1994', Buckle et al., 1997) and could therefore

conceivably prevent aggregation due to mechanisms (1) and (3) listed in

section 1.1.2, instead allowing the nascent polypeptide sufficient time in

solution to adopt a folded conformation. lt has been argued that the length

and composition of the linker peptide between the MBP and protein product

moieties may have an impact on the ability of MBP to actively assist in the

folding of the fusion protein (Nallamsetty and Waugh, 2006). The other

leading solubilising fusion partners assist in the generation of the disulphide

bond structure in the protein, with the disulphide reductase thioredoxin

(Holmgren, 1985; LaVallie et al., 1993) and the disulphide isomerase NusA

(Davis et al., 1999) often able to assist in the solubilisation of a wide range of

proteins in the comparative studies discussed above.

It is interesting to note that the assistance to protein folding offered by

solubilising fusion partners can extend beyond the intracellular environment.

The in vitro refolding of insoluble pepsinogen and procathespin-D were

improved by the fusion to either MBP or thioredoxin (Sachdev and Chirgwin,

1998). Similarly, lnterferon y receptor q-chain could only be refolded when

fused to thioredoxin (Williams et al., 1995).

Secretion, often into the periplasmic space of E. coli, is frequently

associated with soluble expression strategies. The main reasons for this are

twofold: (i) the periplasmic space offers a more favourable redox environment

for disulphide bond formation in the protein than the reducing cytoplasm

(LaVallie and McCoy, '1995; Baneyx and Mujacic,2004), with evidence that

disulphide bond formation occurs upon secretion (Pollitt and Zalkin, 1983); (ii)

the periplasm also offers a simplified purification option, given that the protein
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content in that region only represents 4% of total cellular proteins (Nossal and

Heppel, 1966; Pugsley and Schwarlz, 1985).

Whilst not recovered as a fusion protein per se, the use of a leader

signal peptide sequence to achieve secretion is conceptually identical to the

traditional fusion partner, involving the genetic linkage of the sequence

encoding the leader N-terminal to that of the protein product. One such

sequence is pelB (Lei et al.,1987) and is a common feature on many

commercial vectors for soluble expression. A useful side-effect of the

secretion leader is that, when correctly auto-excised, the protein product is left

with a native N-terminus.

1.2.4 The fusion protein strateqv for the provision of an affinitv taq

As mentioned earlier, many of the most commonly used fusion partners

provide a mechanism for affinity purification of the fusion protein, and are

chosen for this reason. This specific type of fusion partner is commonly

referred to as an "affinity tag" and it has been claimed that affinity tags are the

most common application of any fusion protein technology (Nilsson et al.,

1ee7).

Three classes of affinity tag have make up this diverse group (Lichty ef

al., 2005). The first of these classes consists of those peptide or protein tags

that bind a small molecule ligand and includes such members as the

hexahistidine (Hochuli ef al., 1987; Hochuli et al., 1988) and GST (Smith and

Johnson, 1988) tags, which bind chelated metal ions and glutathione

moieties, respectively. The second class are peptide or protein affinity tags

that bind to a protein acceptor and would include such examples as Protein A
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(and its binding domain variants) which binds to the Fc portion of

immunoglobulin G (Bjork et al., 1972; Sjoquist et al., 1972; Uhlen et a\.,1983)

or the calmodulin-binding peptide which specifically recognises calmodulin

(Stofko-Hahn et al., 1992). The final classification could be considered a

specialised subset of the second, representing epitope affinity tags such as

the FLAG peptide which binds reversibly to the M'l monoclonal antibody

(Hopp et al., 1988).

The extremely large and diverse group of affinity tag fusion partners

are highly application specific, with each tag representing a unique

mechanism of action. Furthermore, many affinity tagged fusion proteins have

their own unique propefties. As such, a comprehensive review of affinity tag

fusion protein technology is well beyond the scope of this discussion, but as a

group they provide an excellent example of fusion partners conferring a

desirable trait to the fusion protein construct.

1.2.5 Conclusion

An extensive range of fusion protein systems are available in the

modern biotechnology toolkit, and there exists virtually unlimited scope for the

development of novel strategies by conferring a desirable characteristic to a

target protein by such linkage. There is no single universally applicable fusion

protein solution for all recombinant protein products. ln the following section

this concept is examined with an important family of recombinant proteins.
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1.3 THe ¡usroN PRorErN STRATEGY r N THE PRODUCTION OF IruSUUT.¡.

LIKE GROWTH FACTORS.

lnsulin-like Growth Factor(s) I and ll (lGF-l and -ll) are 70 and 67

amino acid polypeptide growth factors, respectively. Their names reflect the

fact that they not only mimic some of the effects of insulin, but also exhibit

some mitogenic actions such as the stimulation of DNA and protein synthesis

(Humbel, 1990; Schmid, 1995; Jones and Clemmons, 1995).

Early research into the IGF system was significantly hampered by the

lack of material, with Rinderknecht and Humbel (1976) reporting only

milligrams of IGF-I purified from tons of human serum. Although this was

somewhat improved by isolation from bovine colostrum of 70mg of IGF-I per

1000L (Francis et a|.,1986), there remained an imperative forfacile and high

yielding recombinant production. However, from the earliest attempts at their

recombinant expression (ltakura et al., 1977), it was clear that the expression

of IGF proteins was plagued by many of the problems that have beset

recombinant protein production detailed above. Recombinant IGF proteins

have frequently suffered low yields due to either poor transcription and/or

translation (Buell et al., 1985), intracellular proteolysis (Buell et al., 1985;

Saito et al., 1987) or both. More recently these problems have been largely

overcome by various strategies; for example, a 14-fold increase in IGF-I yields

was achieved when expressed in a host strain lacking the degP, ptrA and

ompT cellular proteases (Joly ef al., 1998). Additionally, a further two-fold

increase in yield was obtained by overexpressing the DsbA protein.

lnterestingly, despite the common use of this protein as a solubilising fusion

partner, this secondary increase in yield was attributed to more rapid
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aggregation of fusion protein into inclusion bodies, which further protected the

protein from residual proteolysis (Joly et a\.,1998).

IGF proteins are frequently expressed in an insoluble form as inclusion

bodies, which may actually have benefits to product recovery, beyond the

partial purification and proteolysis prevention that inclusion bodies offer.

Whilst low expression or proteolytic degradation of the product are of concern

for total process efficiency, it is this issue of folding that makes the IGF's an

interesting model group of recombinant protein. Attempts at the oxidative

refolding of solubilised and denatured IGF protein under favourable conditions

revealed a non-Anfinsen folding pattern (Hober et al., 1992; Milner et al.,

1995). That is, the amino acid sequence itself did not contain sufficient

information for the in vitro folding of the protein into one unique minimal

energy state (Anfinsen, 1973). ln addition to the correctly folded protein, one

or more non-native folding isomers are commonly encountered. ln the case

of human IGF-1, the dominant alternative folding isomer has divergent

disulphide bonds between Cys6-Cysa7 and Cysas-Cyss2 compared to the

disulphide pattern in the native protein of Cys6-Cysa8 and CysaT-Cyss' lboth

isoforms share the native Cys18-Cys61 bond) (lwai ef a/., 19Bg). This has a

significant impact on the biological potency of the protein, with 50 to 1O0-fold

reduction in the bioactivity of the alternate isomer in cultured cells (Milner ef

a/., 1995).

Owing to this divergent in vitro folding behaviour of recombinantly

expressed lGF, some investigators have opted to attempt to avoid the

necessity of such refolding events by producing soluble protein. Efforts into

IGF production have thus been relatively evenly divided between soluble and
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insoluble expression strategies. At face value, insoluble approaches seem to

achieve significantly higher raw productivity, with reported yields of

recombinant protein ranging 'lOmg per litre of microbial ferment (Saito et al.,

1987) up to 8.59/L (Joly ef a/., 1998), with most in the hundreds of mg/L range

(Saito et al., 1987', King ef al., 1992; Francis et al., 1992', Francis et al., 1993).

This compares starkly with the productivity of soluble expression systems,

with outputs ranging from tens of micrograms per litre (Bayne et al., 1989;

Hammarberg ef a/., 1989) up to tens of milligrams per litre (Moks et a|.,1987',

Elliott et al., 1990; Hammarberg ef al., 1991; Kim and Lee, 1996; Vai et al.,

2000), with isolated examples reaching lglL (Forsberg et al., 1990).

However, the most common yields are in the high hundreds of micrograms to

unit milligram per litre range (Moks et a|.,1987; Bayne et a|.,1988; Cascieri ef

a/., 1988; Cascieri et a|.,1989; Forsberg et al., 1990). This suggests that not

only is insoluble expression of IGF proteins on average 10 to 1000-fold more

productive than soluble expression, but that the outcomes are more

predictable, with less variability apparent in the productivity of the various

insoluble systems.

The issue of productivity becomes more complicated when the

considerable downstream processing that is required to produce high purity

IGF's from inclusion bodies is considered. lnsoluble proteins require a

downstream refolding event, which tends to decrease the final yield of active

protein, particularly with the aforementioned divergent folding behaviour of

IGF's. Additionally, fusion protein strategies require removal of the fusion

partner if fully authentic IGF is the goal (see section 1.5). The associated

losses experienced in these steps can reduce the overall process yield to be
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comparable to that of direct soluble expression strategies. However, it must

be noted that the impact of misfolded IGF's on the final yields obtained from

soluble production are rarely considered, despite documented accounts of

their occurrence (Forsberg et al., 1990; Stuebe et a|.,1991; Joly ef a/., 1998;

Vai ef a|.,2000).

Given the above issues associated with recombinant expression of the

IGF's, they have themselves been used as a basis to evaluate the

effectiveness of different novel fusion partner constructs. For example, Zhang

et al. (1998) used IGF-|, IGFBP-3, 3C proteinase and TGF-P2 to examine the

utility of the periplasmic protein DsbA as a solubilising fusion partner.

Likewise, Moks et al. (1987) used IGF-I as a model recombinant protein to

evaluate the lgG binding domains of Staphylococcus Protein A as a

solubilising fusion partner and affinity tag. This latter fusion partner has

proven very successful for the soluble expression of IGF protein, with the

synthetic lgG binding domain designated the Z domain implemented on a

number of occasions for IGF production (Moks et al., 1987; Forsberg et al.,

1989; Hammarberg ef al., 1991; Forsberg et al., 1992; Samuelsson et al.,

1994; Hodgson et al., 1995). Over the years, IGF's have also been

successfully produced as fusion proteins with partners as diverse as

thioredoxin (Wilkinson et al., 2004), Protein A (Luthi et al., 1992), DsbA

analogues (Zhang et a\.,1998), B-galactosidase (Saito et a\.,1987; Jeong and

Lee,2003; Choi et a|.,2003) and interleukin 1 (Sakano et a\.,1991).
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1.3.1 The Met-pGH fusion nartner for IGF nroduction

One of the most important developments in IGF production came from

the work of King et al. (1992) and Francis et al. (1992), where truncations of

porcine growth hormone (pGH) were employed as a fusion partner with IGF-|.

The expression system for the production of pGH in E. coli had been

previously optimised and shown to express this protein to high levels (Vize

and Wells, 1987). The fusion of IGF-I to an N-terminal fragment of pGH

significantly increased yields, with 0.8-1 .29 of IGF-l fusion protein produced

per litre of bacterial culture medium, whereas attempts at production of IGF-I

without the fusion of the pGH leader sequence were unsuccessful (King et al.,

1992). This compares very favourably to other instances of insoluble

expression of human IGF-|, with yields of 0.24glL (Jeong and Lee, 2003) and

0.139/L (Saito et al., 1987) reported. lt was suggested that the improvement

in productivity provided by the pGH constructs could be due to improved

translational efficiency, increased product stability or decreased cellular

toxicity (King et al., 1992). lt is interesting to note that the Met-pGH truncation

and IGF-I fusions were expressed better than the full-length pGH itself (King

et al., 1992).

The first instance of the pGH fusion partner included the first 46 of the

191 residues of the full-length hormone, having the additional features of an

N-terminal Methionine for translation initiation (King et al., 1992). The

N-terminal fusion partner construct also consisted of a linking C-terminal

Valine-Asparagine dipeptide motif which provided a convenient restriction site

and provided a motif for cleavage by hydroxylamine (discussed later). The

leader peptide construct was designated Met-pGH(1-46)VN (King et al.,
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1992). ln subsequent experiments the length of the pGH sequence was

reduced to the first 11 amino acids (Francis et al. 1992), giving rise to the Met-

pGH(1-11)VN-lGF-l fusion protein, or "Long@-lGF-|". lt was found that the

reduction in the length of the fusion partner did not significantly alter the

productivity of the construct on a mass yield basis, but given the 30%

reduction in the size of the fusion protein, this equates directly to an

improvement in the yield of IGF-I product on a molar basis.

The value of the methionyl porcine growth hormone truncations as a

fusion paftner is not limited to direct improvements in the recovery of the

recombinant protein. The refolding of the insoluble protein is also facilitated

by the presence of this N-terminal extension, or "leader peptide". Milner ef a/.

(1995) shows the protein lost to the misfolded form decreased from 35% to

25% when the leader peptide was present, with the 10% difference

quantitatively translated into improved yield of the native folded protein.

Although lacking any actual chaperone function, it is hypothesized that in the

case of IGF-I the presence of the leader peptide possibly sterically inhibits

formation of a salt bridge between Glu3 and Arguu that can form following the

creation of the Cys18-Cys61 disulphide bond (Hober et al., 1992; Milner et al.,

1995). lf formed, this salt bridge would stabilise the incorrect structure and

allows the formation of the non-native disulphide bonds.

Since the initial production of IGF-|, the Met-pGH leader peptide fusion

system has proven useful in the production of a host of other recombinant

proteins, including an extensive variety of other IGF proteins ranging from

mammalian IGF's such as human IGF-ll (Francis et al., 1993) through avian

IGF's such as chicken IGF-ll (Upton et al., 1995) to fish IGF's such as
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Barramundi IGF-ll (Degger et a\.,2001) and Hagfish IGF (Upton et al., 1997).

The utility of this fusion protein system is not limited to the production of IGF's

and analogues, with the Met-pGH system also employed successfully for the

production of epidermal growth factor (Xian et al., 1996), betacellulin (Dunbar

et al., 2001) and transforming growth factor P3 (G. Francis, personal

communication).

1.4 CIeRvRcE oF FUSIoN PRoTEINS

Removal of the fusion paftner may be necessary, depending on the

intended use for the recombinant protein, particularly when the protein is

destined for use as a biopharmaceutical, in structural studies of the native

protein or in multimeric protein production.

Reliance on endogenous host mechanisms for the removal of non-

native modifications, such as a bacterial translation initiating formyl-

methionine or a secretion signal may not be 100% efficient, leading to

undesirable product heterogeneities (Uhlen and Moks, 1990). Such issues

can be handled by the use of an in vifro site-specific cleavage system if not

avoidable during expression of the product.

Site-specific cleavage of a fusion protein involves targeting the

cleavage to the junction between the protein of interest and the fusion partner

by the insertion of a "linker" peptide motif that is highly favourable for the

cleavage system chosen. This cleavage system must be specific enough for

the C-terminal linkage between the amino acid motif at this junction and the

N-terminal residue of the product. This will minimise losses of recombinant

protein yield due to the incorrect product being formed and internal
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degradation of the product. Furthermore it is more likely to display catalytic

rates and hence process economics that are industrially viable.

The strategies employed to achieve site-specific cleavage of fusion

proteins are clearly delineated into two approaches, being the use of either

chemical agents or proteases.

1.4.1 Chemical cleavage of fusion proteins

Some of the earliest examples of the site-specific cleavage of proteins

involved the use of chemical agents to selectively break the peptide backbone

of the protein at defined locations. Although having fallen out of favour in

recent times (for reasons discussed below) chemical agents can offer rapid

and cost effective cleavage of proteins at highly specific locations.

Among the chemical mechanisms most frequently employed for protein

cleavage are cyanogen bromide which cleaves after methionine residues

(Goeddel et al., 1979), hydroxylamine, acting between Asn-Gly dipeptide

motifs (Bornstein & Balian, 1977), N-chlorosuccinimide which cleaves

C-terminal to tryptophan residues (Shechter et al., 1976) and acid hydrolysis

which cleaves between Asp-Pro dipeptide motifs (Schultz, 1967).

The above examples illustrate one significant disadvantage of the

chemical cleavage agents; the motifs recognised are very short amino acid

sequences (only one or two residues), which in many cases effectively

precludes the uniqueness of the site within the fusion protein. The agents are

also often quite toxic, with the above examples rated from hazardous to very

toxic (Sigma-Aldrich MSDS for product numbers 481432, 379921 and

109681), posing handling and environmental concerns, particularly at
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manufacturing scale. Perhaps chief amongst the issues faced by the use of

chemical cleavage systems, is that the extreme environments can result in

modifications to other residues in the protein product; such as the well

documented modification by hydroxylamine with the formation of

hydroxymates of asparagine and glutamine residues (Canova-Davis ef a/.,

1992). The heterogeneities resulting from such modifications are of concern

for any recombinant protein, with potential implications for protein function.

Moreover, they are absolutely untenable in a biopharmaceutical product and

will require extensive and often difficult purification regimes, given the overall

physiochemical similarity between the authentic and modified forms of the

protein.

1.4.2 Proteolvtic cleavage of fusion proteins

ln recent years attention has turned towards the use of site-specific

proteases for the cleavage of fusion proteins. Proteases are enzymes that

catalyse the hydrolysis of peptide bonds and may be categorised as either

endo- or exo-proteases, with the former cleaving the protein internally and the

latter removing amino acids stepwise from the N- or C-terminus of a protein.

Although some examples of exopeptidase use have been documented for

fusion protein processing (Hejnaes et al., 1992', Pedersen et al., 1999),

discussion here will be limited to the more widespread application of

endoproteases in this field.

Of the large number of proteases known (estimated to represenl2o/o of

all gene products (Rawlings and Barrett, 1999)), veryfew can be considered

suitable for the site-specific cleavage of fusion proteins. To be applicable to
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this application, a protease must satisfy a number of key criteria. lt is

advantageous that the proteases lack the requirement for cofactors or

quaternary structure, as the former would require replacement or regeneration

for continued activity, and the latter could be subject to disruption, restricting

the range of operating conditions and the useful in-process lifespan of the

enzymes. However, the foremost criterion is that they must be highly specific

for the cleavage of protein substrates at a discrete location. Moreover, this

location should be sufficiently unique so as to avoid adventitious cleavage

elsewhere within the protein product. As a consequence, the majority of

proteases employed for the site-specific cleavage of proteins must recognise

a particular sequence of amino acids, with such "recognition sequences" or

motifs generally made up of three to six residues. Furthermore, it is highly

desirable that the proteases cleave C-terminal to this recognition sequence,

with no interactions of residues downstream of the cleavage site. This

condition will be rarely met leading to variations in cleavage rate at the

preferred site. The consequence of the idealised circumstances is that the

protease will be able to excise N-terminal fusion partners leaving the protein

product with a native N-terminal sequence, with all non-target sequences

upstream of the cleavage site including motif itself removed.

An emerging property that is becoming important to the cleavage of

fusion proteins in the biopharmaceutical industry is that the proteases be

capable of being produced by recombinant means themselves. With the use

of animal derived in-process elements becoming increasingly undesirable in

the current regulatory environment, this issue will likely gain prominence in the
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future. For totally new products this would probably mean rejection by the

appropriate regulatory bodies.

It is not surprising that many examples of enzymes that fulfill the

specificity criterion are isolated as proprotein activating or regulatory

enzymes, where there has been an evolutionary imperative towards

site-specificity. More recently, protein engineering technology has enabled

some examples of proteases with engineered site-specificity. Table 1.4.2.1

lists a range of site-specific proteases, and the most common proteases used

for fusion protein cleavage (as indicated by the frequent appearance of their

cleavage motifs on fusion protein expression vectors, Table I 1) are

discussed below.

A major limitation to the adoption of proteases for fusion protein

cleavage, padicularly for industry, is the almost universally high cost of the

enzymes. Commercially available site-specific proteases are either extracted

from natural sources, such as bovine plasma, which therefore require

extensive purification, or they are a recombinant product and often

encumbered by the manufacturer's licensing and patent landscape.

The protease substrate-subsite nomenclature that will be used in this

work is that of Schechter and Berger (1967), where the amino acids of the

substrate N-terminal to the scissile bond are labeled Px, and those C-terminal

are labeled Px', where X position of the residue in relation to the site of

cleavage, increasing with distance from the site of cleavage. Thus Pr is the

amino acid immediately preceding the scissile bond, whereas Pz' would be

the second residue C-terminal to that position. Correspondingly, the subsites
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on the enzyme that interact with these amino acids are labeled S and S'

where, for example, Sz binds Pz and Sr' binds Pr'
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Table 1.4.2.'l - Examples of site-specific proteases. Amino acids represented by one letter code

Notes

FLAG tag contains cleavage site.

All recombinant products are the

catalytic subunit.

Pre-lmmobilised to agarose beads

from Sigma.

Biotinylated from Merck

Sold as "Genenase l"

lnvitrogen AcTEV is a stabilized

mutant with N-terminal his-tag

Commercial supplier

I,R,M,N,S

S, M, Pi, R, Q, N, G, PT

M,G,S,R

N

l,u

Reference

Maroux et al., 1971

Anderson et al., 1977

Nagai & Thorgersen, 1984

Jenny et a1.,2003

Chang, 1985

Carter & Wells, '1987

Carter et al., 1989

Carrington & Dougherty, 1988

Dougherty & Parks, 1989

Cleavage site

D-D-D-D-KJ

r-(E/D)-G-RJ

x-x-(P/G)-RJG

X=hydrophobic

(A/F)-A-H-Yl

TEV
E- N -L-Y- F-O J (G/S/A/M)

proteinase

Protease

Enterokinase

Factor Xa

Thrombin

H64A

subtilisin
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Notes

GE offers a GST-fusion as

"PreScission"

Commercial supplier

M G

S,U

M,U

S, N, Pr, Pi, U

S, U

Reference

lvanoff et a\.,1986

Cordingley et al., 1990

Harris et a|.,2000

Backes et a|.,2000

MacDonald ef a/., 1988

Halfon et a\.,2004

Graf et a|.,2004

Cleavage site

L-E-V-L-F-OJG-P

x-(KiR) j
X=Aromatic

P-F-RJ

KJ, RJ

FJ, WJ, YJ

Protease

3C proteinase

Plasmin

Kallikrein

Trypsin

Chymotrypsin

Pr = Promeqa
Q = Qiaqen
R = Roche Diaqnostics
S = Siqma Aldrich
U = U.S. Bioloqical

G = GE Healthcare (Amersham Biosciences)
| = lnvitroqen
M = Merck Biosciences
N = New Enqland Biolabs
Pi = Pierce

Supplier legend
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1.4.3

The proteases that activate the mammalian blood clotting cascade

have been a source of two of the most well studied and established proteases

employed for the site-specific cleavage of fusion proteins, namely the serine

proteases; Factor Xa and Thrombin (Jenny et al., 2003). Unfortunately,

neither Factor Xa nor Thrombin is currently commercially available as

recombinant preparations, limiting their application in industrial

biopharmaceutical manufacture. Other proteases of the blood-clotting system

such as plasmin and urokinase have received far less attention. Despite their

in vivo site-specificity, the limited attempts at their use in fusion protein

cleavage have not met with success, with adventitious cleavage of the protein

product observed. (Forsberg et al., 1992).

ln vivo Factor Xa (EC 3.4.21.6), activated by Factor lXa (Hultin and

Nemerson, 1978) or FactorVlla (Nemerson, 1966), in turn activates the next

enzyme in the cascade by cleavage of prothrombin to liberate active

Thrombin. Factor Xa is highly specific for cleavage C-terminal to its natural

tetrapeptide recognition sequence lle-(Glu/Asp)-Gly-Arg (Butkowski et al.,

1977; Walz et al., 1977), allowing for the generation of an authentic

N-terminus for the protein product. This was first demonstrated by the release

of authentic human B-globin from a l. phage cll protein fusion partner. (Nagai

and Thorgersen, 1984 Nagai et al., 1985).

Thrombin (EC 3.4.21.5), acting immediately downstream of Factor Xa

in the cascade, in vivo cleaves fibrinogen to generate fibrin (Blomback et al.,

1967; Takagi and Doolittle, 1974). Different to most other specific proteases

used for fusion protein cleavage, thrombin does not have a long defined
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recognition sequence, with the only absolute requirement for Thrombin

cleavage being that it occurs after a basic residue, much like Trypsin (Halfon

et al., 2004). Unlike Trypsin however, cleavage by Thrombin requires the

interactions of amino acids at other subsites. By studying the rate of

Thrombin cleavage against 30 protein substrates, Chang (1985) determined

that the optimum Thrombin cleavage motif should contain a P2 Pro or Gly and

that the Po and Pa positions should be occupied by hydrophobic residues.

Any non-acidic amino acid is tolerated in the P1' ârìd P2' positions (Chang,

1985), but Thrombin distinctly prefers cleavage prior to Gly, so much so that it

is considered to cleave within a recognition sequence, with interaction of the

residue on the C-terminal side of the scissile bond required. As such, a

protein released from a fusion by this protease will have a residual N-terminal

Glycine extension. Whilst there are examples of fusion protein cleavage by

Thrombin prior to residues other than Gly, these are the exception (Chang,

1985; Forsberg et al., 1992). These requirements can be distilled into a

consensus sequence for Thrombin, which mimics its rn yiyo substrate, of

Leu-Val-Pro-ArgJGly-Ser, with the cleavage site indicated by a downward

arrow (Takagi and Doolittle, 1974).

Neither Factor Xa nor Thrombin would enjoy the popularity they

currently have for the excision of fusion partners if examples of their

successful application did not far outweigh incidences of non-specific or failed

cleavages (Jenny et al., 2003). However, such cases do exist in the

published literature and thus require careful monitoring of unwanted cleavage

reactions to ensure the generation of a truly intact authentic product.
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As Thrombin and Factor Xa are almost exclusively isolated from natural

sources, some early examples non-specific cleavage could be attributed to

the presence of contaminating proteases (Suzuki and Sakuragawa, 1989;

Forsberg et al., 1992), but the limited nature of the non-target cleavages

suggest aberrant site-specific cleavage in others (Ellinger et a\.,1989; Quinlan

et al., 1989; Lauritzen et al., 1991). Additionally, with the increased

prevalence of commercially available highly purified preparations, it has

become clear that cleavage at non-canonical sites is indeed possible by both

of these enzymes, as is the case with many claimed site-specific proteases.

It could be reasonably anticipated that Thrombin, with its more

permissive recognition sequence requirements, would be more likely to

adventitiously cleave the target protein than Factor Xa, but this does not

appear to be the case, with reports of cleavage at non-canonical sites well

documented for both Thrombin (Chang, 1985; Forsberg et al., 1991; Forsberg

et al., 1992; Raftery et al., 1999; Cool ef a1.,2002; Castagne et a1.,2004;

Kwon et a\.,2005) and Factor Xa (Ellinger ef al., 1989; Quinlan et al., 1989;

Lauritzen et al., 1991; Zaitseva et al., 1996; Muse and Bender, 1999;

Holowachuk and Ruhoff, 1995; Nakashima et al., 1999; Wang et al., 1999;

Teng et al., 1999; Mitra et al., 2004).

1.4.4 Mammalian qastric sife-specific serine profeases

The classic examples of site-specific digestive proteases are the serine

proteases Trypsin and Chymotrypsin, widely used to predicatively fragment

proteins into short peptide sequences. Although site-specific, cleavage by

these enzymes requires only the recognition of one residue from a class of
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amino acids, namely basic (Lys, Arg) for Trypsin and aromatic (Phe, Tyr, Trp)

for Chymotrypsin. Although limited examples of the use of these enzymes for

fusion protein cleavage do exist (Varadarajan et al., 1985; Dahlman et al.,

1989; Wang et al., 1989; Jonasson et al., 1996), their utility for this application

is limited as the residues they recognise are common in virlually all proteins.

The most useful enzyme in this category is Enterokinase (EC 3.4.21.9),

although it is a gastric serine protease its function is regulatory rather than

digestive, with its in vivo function being the activation of Trypsin by cleavage

of the trypsinogen zymogen to its active form (Maroux et al., 1971). The

cleavage site for this enzyme within its natural substrate is C{erminal to the

pentapeptide sequence (Asp)+-Lys (Maroux et al., 1971). As Enterokinase

cuts C-terminal to its recognition sequence, without requiring the interaction of

residues on the other side of the scissile bond, it is capable of generating a

native N-terminus for a protein product.

The high charge density of the recognition sequence will increase the

likelihood of solvent exposure at the site, assisting protease accessibility and

also serving to improve the overall solubility of the fusion protein (Hopp et al.,

1988; Prickett et al., 1989). Additional polar residues comprising the epitope

for the M1 monoclonal antibody have been added N-terminal to the

Enterokinase cleavage site to generate the so called FLAG tag, which further

improves fusion protein solubility whilst simultaneously providing an affinity

purification mechanism and a means for its removal (Hopp et al., 1988). The

improvement in solubility conferred to fusion proteins by such inclusions is

clearly demonstrated in the work of Chen et al., (1998), wherein removal of a

FLAG tag by Enterokinase digestion of a soluble fusion of the influenza
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haemagglutinin subunit HA2 with the FLAG tag caused the HA2 protein to

become insoluble.

The unique nature of the cleavage motif should all but preclude its

occurrence within a protein product, however, Enterokinase largely recognises

the charge density of its recognition sequence rather than the precise amino

acid sequence. Cleavage by Enterokinase is possible down to sequences as

short as Asp-Asp-Lys (Maroux et al., 1971), with the rate of hydrolysis

increasing by the addition of the 3'd and 4th repeat Asp residues (Light et al.,

1980). Enterokinase activity is retained with substitution of the canonical motif

residues with their charge equivalents (Light and Janska, 1989). Therefore,

similar apparent charge densities in the target protein may also be susceptible

to Enterokinase cleavage. Further evidence of the mutability of the

Enterokinase cleavage site has emerged from recent combinatorial peptide

library cleavages, where an S-G-D-R motif was actually cleaved 17-fold faster

than the canonical (D)¿-K sequence (Boulware and Daugerty, 2006).

Much like the blood-clotting proteases discussed above, early

investigations with Enterokinase relied on purified protease extracted from

natural sources, and thus non-specific cleavage could be suspected to be due

to the likely presence of contaminating proteases (Dykes et al., 1988;

Forsberg et al., 1992). Enterokinase is now available as a recombinant

enzyme, in many cases as simply the catalytic subunit of the holoenzyme

(LaVallie et al., 1993; Choi ef a1.,2001; Yuan and Hua, 2002) and bearing

affinity tags for the removal or immobilisation of the enzyme (Choi et al.,

2001). However, many reports of cleavage at non-canonical sites still occur

(Forsberg et al., 1992; Nakashima et al., 1999; Coler et a\.,2000; Ranatunga
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et al., 2001; Tenno et al., 2004; Liew ef al., 2005; Yin ef al., 2005; Bowman ef

a1.,2006).

Enterokinase, along with Factor Xa and Thrombin discussed in the

previous section, represent arguably the three most commonly employed

proteases for the site-specific cleavage of fusion proteins, and with few well

established alternatives for the generation of native product N-termini, there is

little expectation of this role to diminish in the foreseeable future.

1.4.5 Viral sife-specific cvsteine proteases

To isolate novel site-specific proteases, attention has turned to the

enzymes of RNA viruses. Upon infection, the genomes of these viruses are

translated as one large polyprotein (Allison et al., 1986; Krausslich and

Wimmer, 1988). The proteases act to specifically cleave the polyprotein into

its individual structural and functional components. A major feature that

distinguishes this group of proteases is that they employ a cysteine residue at

the core of their catalytic mechanism, as opposed to the serine of the

proteases discussed in the other sections (Matthews et al., 1994; Malcolm,

1995). The overall fold of these viral enzymes is very similar to that of the

serine proteases, in some cases the active site cysteine can be substituted

with serine to achieve an active enzyme, albeit with significantly diminished

activity (Lawson and Semler, 1991).

Many viral proteases are highly specific for very long recognition

sequences, but the two that have made the greatest impact in fusion protein

cleavage are the Nla proteinase of Tobacco Etch Virus (referred to as TEV

proteinase or protease) (Parks et al., 1994) and the 3C proteinases of the
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picornaviridiae (3Cpro), of which human Rhinovirus (HRV) is a common

representative (Walker et al., 1994). The recognition sequence for these

enzymes spans at least 7 and B residues respectively, with little divergence

from the wild-type sequence of the natural polyprotein junctions possible. The

minimum cleavage site for TEV protease is of the form E-X-X-Y-X-QJ(G/S),

with a consensus sequence of E-N-L-Y-F-OJ(G/S) (Carrington and Dougherty,

1988; Dougherty and Parks, 19Bg). The site for 3Cpro follows a similar

general theme, with a consensus sequence of L-E-V-L-F-QJG-P (lvanoff ef

a/., 1986; Cordingley et a|.,1990). As can be seen from these sequences, the

viral proteases cleave within their recognition sequences and will hence in

almost all cases leave a non-natural mono- or dipeptide extension on the

N-terminus of the target protein. TEV protease is somewhat flexible in its P1'

requirements, with peptide studies suggesting that it may tolerate Glycine,

Serine, Alanine or Methionine at P1' (Kapust et al., 2002). Emerging structural

(Phan, et al., 2002) and empirical evidence of protein substrates (Shih et al.,

2002; Tolbert et al., 2005) suggest that the P1' specificity for this enzyme may

be even wider than this. However, most examples of fusion protein cleavage

have retained the wild-type substrate P1' Glycine or Serine (Parks et al., 1994;

Routzahn and Waugh, 2002', White et al., 2004; Cabrita et al., 2006;

Biedendieck ef al., 2007).

High purity recombinant preparations of TEV and HRV proteases are

available for fusion protein cleavage. Many manufacturers' implementations

of these enzymes also bear an affinity tag to facilitate later removal of the

protease from the protein preparation, such as the well known fusion of HRV

37



Chapter 1: Literature review

3Cpro with GST to give the construct marketed as PreScission protease by

Amersham Bioscience (Walker et al., 1994).

Aside from high specificity, the viral proteinases offer activity at very

low temperatures, a feature that may promote product stability. For TEV

protease, incubation al4"C results in only a 3-fold reduction in overall activity

compared to its optimum temperature of 20"C (Nallamsetty et al., 2004).

Recent examples do offer one caveat to the use of either of these proteases,

in that incorporation of the relatively hydrophobic cleavage motif into a

previously soluble model fusion protein can render it insoluble (Tsunodaet al.,

2005; Kurz et a1.,2006).

The use of viral cysteine proteases has become very popular for

applications that do not demand a native N{erminal sequence, such as

structural investigations where the additional residues can be taken into

account (Stols et a|.,2002; Kristelly et a\.,2003).

Owing to the relative novelty of this class of protease for fusion protein

cleavage and that their use is understandably limited to applications tolerant

of N-terminal substitution, there have been fewer examples of the use of these

enzymes than the more traditional proteases of section 1.3.3 and 1.3.4, but to

date there have been no reports of non-specific cleavage events. As the body

of data grows, developments arising from the continued use of these enzymes

will surely be interesting to review in the future.

1.4.6 Enqineeredsife-specificitv: H64A subtilisin

H64A Subtilisin (or Genenase l) is unique amongst the proteases

discussed in this chapter, as it represents only commercial example of both
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bacterial site-specific protease and an enzyme with engineered specificity.

The parent enzyme for this rationally designed protease is the broadly specific

subtilisin BPN' from the bacterium Bacillus subtilis (Carter and Wells, '1987).

The mutation of the catalytic triad Histidine residue to Alanine, resulted in a

non-functional enzyme. Structural modelling suggested that the functionality

of the protease can be restored if the side-chain of the His residue is supplied

by the substrate at the P2 position, this mechanism is known as substrate-

assisted catalysis (Carter and Wells, 1987; Carter et al., 1989). lt was

subsequently determined that the substrate-assisted catalysis effect could

also be triggered if the His residue was supplied at P1' (Forsberg et al., 1 991 ;

Matthews and Wells, 1993). Furlhermore, an unexpected cleavage site

detected by Forsberg, ef al., (1991) lacked either aPzot Pr'histidine. The

unexpected site offered a histidine residue at either P3 or P3' âhd thus it was

suspected that the histidine side-chain necessary for substrate-assisted

catalysis was supplied by the three dimensional conformation of the substrate.

The modified protease was shown to have greatly improved specificity,

with a 400-fold difference in activity observed against substrate peptides that

were all processed with equal efficiency by the wild{ype enzyme (Carter and

Wells, 1987). This selectivity has come at the cost of a catalytically

compromised enzyme, with at best an almost 800-fold reduction in activity

against cognate substrates compared to the wild{ype protease (Carter et al.,

1989). The compromised nature of the mutant protease translates to the

requirement for high enzyme.substrate ratios and/or long incubation times to

effect complete cleavage. Mass ratios as high as 1:10 enzyme:substrate

have been reported (Upton et al., 1997), with ratios around 1:50 frequently
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required (Degger et al., 2001', Wilkinson et al., 2004; Zhou et al., 2004) and

incubations times extending up to 48 hours (Degger et a1.,2001; Wilkinson ef

a|.,2004).

Cleaving C-terminal to its ideal recognition sequence, H64A Subtilisin

is capable of producing the correct N-terminus for the product. As this

sequence is not based around a charged amino acid, as is the case with

many of the other serine proteases, H64A Subtilisin offers a considerably

different cleavage site and mechanism. lt appears that mutations have had

little impact on the substrate binding of the other subsites (Carter and Wells,

1987, Carter et al., 1989), which conveniently retain the wild-type specificity.

This therefore provides recognition sequence requirements other than the

provision of the histidine residue, with a consensus recognition sequence of

(Ala/Phe)-Ala-His-Tyr. Although reports of cleavage at unexpected sites

does occasionally occur, these can usually be attributed to a proximal

histidine residue (Forsberg et al., 1991; Upton et al., 1995; Upton et al., 1997

Degger et a|.,2001)

Far fewer examples of the use of this interesting protease exist than for

any of the others, presumably due to its relative novelty and the related issues

of its high cost (even relative to other site-specific proteases) and single

supplier availability.

1.4.7 Strateqies to correct suboptimal cleavage

As alluded to in the preceding sections, there are many examples of

non-specific cleavage of fusion proteins by several of the othenruise

site-specific proteases. Conversely, but not unrelated, is the phenomenon of
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the failure of the protease to cleave a fusion protein, despite the presence of

its idealised recognition motif (Belmouden et al., 1993; Ko et al., 1993;

Sharma and Rose, 1995; Upton et al., 1995; Polyak et al., 1997', Lewis et al.,

1999). As such, many strategies have been applied to promote proteolytic

cleavage at the intended site.

The first recourse in many situations of suboptimum cleavage is to alter

the cleavage reaction conditions, although there are few clear examples of the

ultimate success of this approach. Reduction in the reaction pH, ionic

strength and non-ionic detergent concentration, minimised, but did not

prevent, non-specific cleavage of the ribose transport protein RsbC by Factor

Xa (Zaitseva et al., 1996). Likewise, reducing the reaction pH and

temperature improved by 50% the recovery of correctly cleaved human

parathyroid hormone by Thrombin (Forsberg et al., 1991). By comparison,

cleavage with Factor Xa of a Maltose Binding Protein fusion to a domain of

the cystic fibrosis transmembrane conductance regulator was not possible

despite the presence of the requisite sensitive linker motif until the fusion

protein was preincubated in 0.08% SDS (Ko et a|.,1993).

One of the simplest, and often most successful solutions to

adventitious cleavage of the target protein by one protease has been its

subsequent substitution with another site-specific protease, with an

accompanying change in the cleavage motif. Substitution of Factor Xa with

Thrombin has allowed the recovery of intact glial fibrillary acidic protein

(Quinlan et al., 1989), rat Granulocyte Macrophage-Colony Stimulating Factor

(Holowachuk and Ruhoff, 1995) and a domain and linker region of the human

multidrug resistance gene product (Wang et al., 1999). Enterokinase has
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been used in place of Factor Xa to successfully produce phenylalanine

hydroxylase (Martinez et al., 1995) and conversely, Factor Xa was used to

produce pituitary adenylate cyclase activating polypeptide where Enterokinase

had been shown to cleave it non-specifically (Tenno et al., 2004). TEV

proteinase replaced Thrombin as the default cleavage system for fusions to

bacterial haemoglobin after the latter protease was observed to degrade a

number of target proteins (Kwon et a\.,2005). Finally, Forsberg et al., (1992)

queried six site-specific proteases for the production of an analogue of IGF-I;

selecting Thrombin for further study, with H64A subtilisin also showing

promrse.

It is a truism to state that for site-specific proteases the structure of the

substrate will have an impact on cleavage. The above examples stand as

evidence that the activity of the various proteases are influenced either

positively or negatively by different structural elements in the protein substrate

and that non-specific cleavage events are not merely the product of highly

protease sensitive regions on the sudace of a given protein. The poor

pedormance of one protease against a particular substrate is no indication of

general protease susceptibility.

An extension to the concept of the structural influence to cleavage by

site-specific cleavage proteases is the use of polypeptide spacers to promote

protease activity at the intended site. lmprovements in protease activity have

been achieved by the inclusion of flexible Glycine-rich linker sequences

upstream (Hakes and Dixon, 1992; Holowachuk and Ruhoff, 1995) or

downstream (Guan and Dixon, 1991; Rodriguez and Carrasco 1995) of a

Thrombin cleavage site. Such sequences have also proven beneficial for the
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activity of H64A subtilisin (Polyak et al., 1997). Liew ef al., (2007) correcfly

targeted the activity of Enterokinase to the desired location by inserting the

upstream sequence of a favoured internal cleavage site C-terminal to the

intended cleavage motif.

1.4.8 Conclusion

The site-specific cleavage of fusion proteins, especially to liberate an

authentic target protein, remains a difficult and highly application specific

process. Much like the use of fusion paftners in general, there is no one

universal cleavage system that will work in all situations, but unlike the choice

of fusion partners, it is unlikely that there will exist multiple valid solutions to a

particularly difficult fusion protein cleavage. With each application presenting

its own unique set of requirements and challenges, the issue of fusion protein

cleavage demands careful attention, particularly as it applies in an industrial or

biopharmaceutical setting.

1.5 q-LYTrc PRoTEASE

An example of an emerging engineered site-specific protease can be

found in o-Lytic protease. o-Lytic protease (E.C. 3.4.21.12) is a 20kDa serine

protease first isolated as an extracellular enzyme from the soil bacteria

Lysobacter enzymogenes (formerly Myxobacter 495) (whitaker, 1970).

Displaying the characteristic chymotrypsin-family double B-barrel fold (Brayer

et al., 1979 Fujinaga et al., 1985; Fuhrmann et a\.,2006), and an accessible

hydrophobic cleft substrate binding pocket (Mace and Agard, 1gg5), o-Lytic
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protease has long been a model system for the relationship between structure

and function in this class of enzymes. Many high-resolution crystal (Brayer ef

al., 1979; Fujinaga et al., 1985; Bone et al., 1987; Bone et al., 1991a; Rader

and Agard, 1997; Fuhrmann et al., 2004; Fuhrmann et a\.,2006) and solution

(Bachovchin, 1986; Bachovchin et al., 1988; Davis et al., 1997; lvanov et al.,

2002) structures are available for both the free and inhibitory substrate bound

enzyme.

The wild-type enzyme has high activity and well defined substrate

preference: favouring small, uncharged residues such as Alanine at P1 with

activity falling almost linearly with increased side-chain size (Kaplan et al.,

1970; Bone et al., 1989). This suggests a role for the protease in its native

host, of degradation of proteins as a food source and elimination of competing

microorganisms.

At face value, cr-Lytic protease may not seem a particularly useful

candidate for fusion protein processing, with a preference for cleavage after

frequently occurring residues. Aside from this apparent drawback, it does

have the virtues of being highly stable in both wild-type and mutant forms

(Graham et al., 1993; Jaswal et a1.,2002) and is well expressed in E. coli al

high levels (Haggett et al., 1994c; Unutmaz et al., 1997) with simple

downstream purification (Haggett et al., 1994a; Haggett et al., 1gg4b).

Additionally, P1 specificity is not the only consideration, as the binding of

peptide substrates to cr-Lytic protease has been shown to involve at least as

many as six subsites (Bauer et a|.,1981); and a large amount of background

information concerning the structural determinants behind u-Lytic protease's
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S1 specificity is available. This wealth of structural and subsite data has

greatly facilitated both rational and combinatorial mutagenesis of this enzyme.

1.5.1 Rational q-Lvtic úease mutants

The true utility of o-Lytic protease began to be realised in studies by

Bone et al. (1989) that attempted to relate structure to substrate specificity. ln

this work two methionine residues in the Sr active site were mutated to

alanines, with surprising results. The M1904 and M2134 mutants display

drastically altered substrate specificity profiles. The side-chains of these

methionine residues effectively face each other across the active site, each

occurring on one of the two polypeptide segments that line the Sr active site

pocket (Fujinaga et al., 1985). Both mutations were expected to increase the

size of the active site by the same volume, but with different geometry.

The M2'l3A mutant shows almost a total loss of the ability to

discriminate between Pr resides, with only a 6-fold difference in the activity

against the best (Met) and worst (Leu) Pr residues, as opposed to the over

55,000-fold variation observed for the wild{ype enzyme's discrimination

between its most favoured (Ala) and least favoured (Phe) residues. The

catalytic ability of this mutant is severely compromised though, with a

reduction in activity of 3S-fold against equivalent Ala substrates (Bone et al.,

1 e8e).

By comparison, the M'190A mutant appears the more interesting of the

two, with its substrate specificity almost the opposite to that of the wild-type

enzyme. lnstead of preference for small residues only, with activity falling with

Pr residue size, this mutant prefers to cleave after very large resides. An
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800,000-fold increase in activity toward P1 Phenylalanine is observed at the

cost of only a 2-fold loss of activity against Pr Alanine (Bone et al., 1989).

Considerable discrimination between resides has therefore been lost for this

increased activity, with a 115-fold difference between the best (Met) and the

worst (Val) substrates tested as opposed to the aforementioned 55,000-fold of

the wild-type.

The surprise comes in that the altered specificity is not solely

attributable to steric considerations. X-ray crystallography shows the Sr

active site of wild-type o-Lytic protease to be shallow, with the side chain of

Met190 occluding what would otherwise be a deep binding pocket (Fujinaga

et al., 1985). lf the altered specificity profile of M1904 was due to the

reduction of steric hindrance then the increase in the size of the Pr residue

accommodated would only be to a residue as large as methionine, as was

expected. lnstead, the altered specificity has been shown to be a result of

increased active site plasticity, with the M1904 51 active site more flexible

than that of the wild-type. Structural analysis of the M1904 mutant with bound

peptide boronic acid inhibitors shows that the side-chains of other Sr residues

have more conformational freedom than observed for the wild{ype enzyme

(Bone et a\.,1991b). Mathematical and structural modelling suggests that the

walls of the Sr active site are capable of asymmetrical motion in the M1904

mutant, whereas those of the wild-type enzyme are strictly symmetrical (Miller

& Agard, '1999; Ota and Agard, 2001). This would have the consequence of a

fixed active site volume in the wild-type, with the M1904 mutant instead able

to adopt varying volumes, according to the P1 residue being accommodated.
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1.5.2 Combinatorial q-Lvtic protease mutant libraries

Building on the findings of the M1904 mutant, Graham et al. (1993) and

Graham et al. (1994) developed of two libraries of o-Lytic protease mutants.

These libraries both involve combinatorial mutation to four residues, two on

each of the two polypeptide segments (residues 190 - 194 and 213 - 226,

Fujinaga et a|.,1985) that line the Sr active site of o-Lytic protease.

The first library (designated PragA(X), where X is the number of the

mutant (Graham et al., 1993) was based on the M1904 mutant, with this

mutation held constant. The residues Gly191, Arg192, lVlel213 and Val218

were subjected to combinatorial mutagenesis. As a result of the procedure

used for the generation of the library, many of the active enzymes produced

were a product of mutagenesis to either one of the polypeptide segments

only.

The second library (labeled as RadX(X), with X again representing the

mutant number (Graham et al., 1994), used the observation that all the active

enzymes (except one) maintained the wild-type glycine at position 191;this

residue was held constant with Met190 the subject of combinatorial

mutagenesis in its stead. Additionally, the mutagenesis technique was altered

so that all active enzymes generated had to be a result of both polypeptide

segments being modified.

The active mutant enzymes of both libraries can be divided into three

groups according to their preferred substrate Pr residue, determined by

overlay experiments consisting of shorl peptide sequences with chromogenic

or fluorogenic leaving groups. One group contains those enzymes that have a

similar substrate specificity profile to the M1904 mutant. The second group
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(which is largely a phenomenon of the second library) again displays a similar

profile to M1904, but with an increase in activity toward Alanine at the

expense of Phenylalanine. The third group is perhaps the most interesting,

with increased activity toward His and Met at Pr to the exclusion of other

residues. With this third group considered, u-Lytic protease has come full-

circle: from an enzyme specific for common residues, to a relatively non-

specific enzyme with the M1904 mutation, back to a very specific protease,

favouring rarer amino acids and thus it has become a potentially attractive

candidate for fusion protein processing.

1.5.3 The other subsiúes of q-Lvtic protease

As mentioned above, substrate recognition by o-Lytic protease is

actually thought to take place over at least six subsites, S¿ - Sz', with contacts

extending well beyond even this range. Hydrolysis of peptides of increasing

length shows that there is an exponential increase in enzyme activity in going

from one residue to four residues N-terminal to the scissile bond, with

negligible activity increase observed with the addition of a Ps residue (Bauer

et a\.,1981), although structural models suggest the enzyme makes substrate

contacts up to this position (Bone, et al., 1991a). Additionally, Schellenberger

et al. (1994) showed that the rate of acyl{ransfer reactions was improved from

undetectable for one P1' residue to greater than 15-fold with four P' residues.

No improvement was observed with the addition of a P5' residue. This data

suggests that substrate binding, but not necessarily for substrate recognition

or discrimination, can require up to g subsites. Binding to the subsites outside

of S¿-Sz' improves catalysis by o-Lytic protease, but these subsites are very
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permissive, accepting equally well all of the limited number of amino acids that

have been presented in these positions in substrates.

Given the general degradative role of o-Lytic protease in its host

organism, there is no single wild-type evolutionary selected long recognition

motif to draw on, as for the regulatory proteases of the previous section. lt

has in fact been suggested that it is advantageous for a digestive enzyme to

have broad specificity at the non-Sr substites, a trend established in other

digestive proteases such as trypsin, chymotrypsin and elastase (Davis and

Agard, 1998).

Although limited data exists on the S¿-Sz specificity of o-Lytic protease,

the long employed empirical (Ala/Pro)-Ala-Pro sequence (Bauer et al., 1981;

Bone et al., 1989; Epstein and Abeles, 1992; Graham et al., 1993) offers

many advantages. Whilst Proline is not the ideal Pz or P¿ residue in o-Lytic

protease substrates, it is well tolerated (Epstein and Abeles, 1992; Lien ef a/.,

2003), but it is not accepted at either P3, Pr or P1'(Bauer et al., 1981;

Schellenberger et al., 1994; Lien ef al., 2003). The use of Proline at Pz and P¿

in substrates thus constrains the protease into cleavage in one potential

binding mode, providing confidence in the site of cleavage on peptides or

proteins (Bauer et a\.,1981).

The specificities of the S' subsites of o-Lytic protease have received far

less attention, but are of the most importance to industrial proteolysis. The

comprehensive study by Schellenberger et al. (1994) utilised acyl-transfer

reactions to map the individual S' subsite preferences of o-Lytic protease.

The Sz' subsite was shown to be the most selective of the three probed, with

Leu strongly favoured over all others. S1' was more tolerant, catalyzing more
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than half the substrates evaluated with similar activity. The 53' subsite was

shown to be the most permissive, with only two residues unfavourable at this

position. The only generalisations that can be made about the Sr' and Sz'

subsites are that they have a strict requirement for larger, non-acidic, sterically

normal residues, with Gly, Ala, Asp, Glu and Pro among the worst substrates

for both. The only significant requirement for Ss' is for residues to be larger

than Ala. ln direct contrast to these findings, cleavage of the peptide Ac-

PAPAJA-NH2 has been shown to be twofold higher than Ac-PAPAJF-NH2 or

Ac-PAPAJG-NHz (at almost equivalent activity) (Bauer et al., 1981). The

comparison of these two sets of findings serves to illustrate that proteolysis

(particularly by o-Lytic protease) involves the interactions of binding at

multiple subsites.

1.5.4 Conclusion

Providing high level recombinant expression, simple purification and

high stability, o-Lytic protease offers many features desirable in a protease for

an industrial process. With engineered Sr specificity for uncommon amino

acids and the likelihood of substrate recognition extending over six subsites,

the full potential of this enzyme in this role is emerging.

1.6 ClenvncE oF IGF FUSToNS

Just as the expression of recombinant IGF's can be seen as a

showcase microcosm of fusion protein technologies, the cleavage of these

fusions has also seen the application of a wide variety of site-specific
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cleavage systems. With the specific case of IGF-l aside (discussed in section

1 .5.1), IGF fusion proteins have been cleaved successfully on many

occasions by both chemical agents and site-specific proteases.

Lacking an internal Met residue, cleavage of fusion proteins of IGF-ll

from various species by cyanogen bromide has been favoured for many

production efforts (Furman et al., 1987; Hammarberg ef a/., 1989; Misoka ef

al., 1989', Rhee et al., 1990; Hammarberg ef al., 1991; Nilsson et al., 1991;

Sakano et a\.,1991; Luthi ef al., 1992), with yields ranging from 0.5% to 65%,

although it seems that the apparent variability is due to the reporting of either

purified yields or raw cleavage productivity, rather than inherent variation in

the cleavage reaction. The rise in prominence of site-specific proteases has

seen a shift towards their adoption for the cleavage of these fusions. The use

of H64A subtilisin has resulted in 50-100% cleavage productivity for human

IGF-Il, with a 17o/o purified product yield obtained (Francis ef a/., 1993), an

outcome that was mirrored for salmon IGF-ll with the same protease

delivering a 20% yield of purified protein product (Wilkinson et al., 2004). ln

the case of human IGF-ll this has been fufther improved by the use of a

combinatorial mutant of o-Lytic protease, PragA9 (i.e.; mutant number 9 of the

first library of Graham et al., 1993) to near 100% correct product liberation

using less enzyme and a shorter incubation than the previous example (Lien

et a|.,2001).

An IGF-l analogue lacking the first three residues, des(1-3)-lGF-l has

seen a similar paradigm shift, with an early example of its liberation from a ZZ

domain fusion protein by cyanogen bromide chemical cleavage reporting a

-30% cleavage yield, but only 0.8o/o purified yield (Forsberg ef a/., 1989). This
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was improved by the use of site-specific proteases, with Thrombin and H64A

subtilisin both improving the raw cleavage yields to 60% and 100o/o

respectively (Forsberg et al., 1992).

1.6.1 Cleavage of IGF-l fusions

The variety of successful site-specific cleavage solutions enjoyed by

the other IGF's has not been echoed in IGF-|, with only a select number of

strategies proving useful. Chief amongst these is cleavage by chemical

agents. Cleavage of IGF-I fusion proteins has been attempted by a variety of

chemical methods including cyanogen bromide, despite an internal Met (Saito

et al., 1987) and acid hydrolysis (Nilsson et al., 1985), but byfarthe prevailing

method is the use of hydroxylamine (Moks et al., 1987; Forsberg et al., 1990;

Canova-Davis ef al., 1992', King ef al., 1992; Hodgson et al., 1996; Kim and

Lee, 1996; Antorini ef al., 1997). Taking advantage of the N-terminal glycine

residue, the application of this agent requires only the insertion of an

asparagine immediately N-terminal to the IGF-I sequence to create the

cleavage motif. The yields of such cleavage reactions vary from 5 - 80%,

with again the main reason for the seeming variability being that the outcomes

reported vary between raw cleavage reaction output and the yield of purified

IGF-l recovered.

The use of hydroxylamine for IGF-I fusion protein cleavage is not

without significant disadvantages, despite its apparent efficiency and

specificity. The harsh chemical environment required for hydroxylamine

cleavage to occur (e.g..3M hydroxylamine, pH > 9, 45"C, 4 hours (Bornstein

and Balian, 1977; King et al., 1992)), has been known to result in both
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oxidation of the single methionine of IGF-l and the formation of hydroxymates

of internal amino acids. Three hydroxamation sensitive residues in IGF-l have

been identified; Gln15, Asn26 and Glnao, with their abundance in a standard

fusion protein cleavage reaction potentially as high as 15% of total IGF-I

(Canova-Davis ef al., 1992). Additionally, in the monitoring of hydroxylamine

cleavage of aZ domain-lGF-l fusion, Antorini et al., (1997) showed that Metse

sulphoxide and Gln15 hydroxamate modified forms may each be as high as 11

and 13% (respectively) of the total IGF-l liberated. Whilst such modified forms

may be tolerated for many applications, especially given the biological

equivalency of hydroxamated IGF-l and authentic IGF-l in cultured

mammalian cells (Canova-Davis ef al., 1992), they are not acceptable in a

high purity product and untenable in a potential biopharmaceutical.

Whilst not strictly an in vifro fusion protein cleavage approach, a

popular and effective IGF-I production strategy has been its fusion to the

mating factor o1 pre-pro sequence of Saccharomyces cerevisiae (Bayne ef

al., 1988; Cascieri et al., 1988; Bayne et al., 1989; Elliott et al., 1990;

Chaudhuri et al., 1992', Vai ef al., 2000). This approach allows recovery of

authentic, soluble IGF-I from the yeast culture supernatant, as the leader

fusion is cleaved off during export by the endogenous Kex2 protease (Elliott ef

a/., 1990). Yields from this system have been variable, ranging from 65 pg to

56 mg per litre of ferment. Aside from this variability, this system is mostly

limited to soluble expression and yeast host, a disadvantage of which being

that expression of IGF-l in yeast does pose the problem of potential

glycosylation (Geller{ors et al., 1989), as natural human IGF-l is

unglycosylated (Rinderknecht and Humbel, 1978). Although this final issue
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can be avoided by the use of yeast strains with deletions or mutations to

glycosylation pathways (Finck et al., 1996).

The various successful proteolytic cleavages of other IGF fusion

proteins do serve to demonstrate the overall compatibility of proteins of this

fold to site-specific proteolysis. Conversely, some examples also highlight the

possible vulnerability of such proteins to non-specific proteolysis, as in the

degradation of des(1-3)-lGF-l and salmon IGF-Il by Enterokinase (Forsberg ef

al., 1992; Wilkinson et a|.,2004).

Only two examples of proteolytic production of IGF-I have been

reported to date, and only one of these by endoproteolysis. This is of little

surprise, as the second amino acid of full-length human IGF-I is Proline, a

residue which at this position is refractile to the action of many site-specific

proteases. For example, at least two of the proteases discussed earlier that

are capable of generating a native N-terminus for most protein products

display this tendency. Factor Xa retains only 5% of its maximum activity

against peptides displaying Proline atPz' (Ludeman et a|.,2003) and catalysis

by H64A subtilisin is prohibited against substrates containing Proline at this

location (Carter, 1990).

ln the first example of proteolytic IGF-l production, the dipeptidyl

aminopeptidase Cathepsin C was used to convert a two residue Nterminally

extended form of IGF-I (AE-lGF-l) to authentic IGF-l (Hejnaes et al., 1992).

Although no data on the recoveries from technique were presented, even

assuming quantitative efficiency the use of this approach would most likely be

limited to relatively short, even numbered extensions that lacked any of the

terminators of this enzyme's activity such as Lys, Arg or Pro (McDonald et al.,
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1969). Hence in this case the N-terminal sequence of IGF-l itself provided the

required terminator.

To date the only example of in vitro site-specific endoproteolysis of an

IGF-I fusion protein has been the use of Thrombin to release IGF-I from a

human growth hormone truncation fusion partner (Nishikawa et al., 1987).

Whilst an 80% crude cleavage yield was stated, this could only be translated

into a 3% yield of purified IGF-|. These findings have not been replicated to

date, but even if borne out, the lack of a commercial source of recombinant

enzyme would make its application in a biopharmaceutical production process

questionable. lnterestingly, cleavage of an equivalent fusion was attempted

with Factor Xa without success in the same investigation, with no proteolysis

products observed.

The IGF-I fusion proteins exemplify many of the difficulties faced in

site-specific cleavage of fusion proteins. Displaying a susceptibility to both

chemical modification and non-specific proteolysis and an N-terminal

sequence refractile to the activity of many proteases, efficient IGF-I liberation

remains a challenge.

1.7 CleavncE oF rHE Mer-pGH n-11 )VN-lGF-l rusrot¡ PRorErN

WITH q.LYTIC PROTEASC: TUIS PROJECT.

W¡th the dramatic success of one o-Lytic protease combinatorial

mutant in the release of IGF-Il and des(1-3)-lGF-l from the Met-pGH(1-11)

fusion paftner (Lien et al., 2001', G. Francis, personal communication), it is of

significant industrial interest to determine if a proteolytic approach can be
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devised for the equ¡valent fusion of full-length IGF-|. Such improvements are

not without parallel in other Met-pGH-lGF fusion protein cleavages.

Cyanogen Bromide was for a long time favoured for the cleavage of IGF-ll

fusions, but this role has been supplanted by the advent of site-specific

proteases that release this protein efficiently with no adventitious cleavage,

firstly with H64A subtilisin then later with PragA9 o-Lytic protease. lf a similar

enzyme system could be devised for IGF-l fusion proteins, the issues

surrounding the use of hydroxylamine could be avoided, which as stated

previously, includes the potential for chemically modified variants of the

product which necessitates extensive downstream purification to achieve a

homogeneous preparation. Additionally, the hydroxylamine cleavage of this

fusion is not very efficient, with only 20% of the fusion protein cleaved in a

typical reaction (King et al., 1992). The cumulative effect of the poor raw

cleavage output and a rigorous purification regime translated to a 0.5%

process yield of purified authentic human IGF-I (King et al., 1992).

The advantages for industrial application present in the parent o-Lytic

protease provides the impetus to identify enzymes within the mutant libraries

able to cleave the expressed Met-pGH(1-11)-lGF-l efficiently, and yield

authentic human IGF-|.

The theoretical impediment to cleavage of full-length IGF-I with an

o-Lytic protease mutant is the difficult N-terminal tripeptide sequence, Gly-

Pro-Glu. Schellenberger et al. (1994) shows these three residues are

individually unfavourable for wild-type o-Lytic protease activity in the positions

that they occupy in IGF-|. Gly at P1' displays 12o/o of the activity of the best

substrate and Glu at Ps' has =50% of maximal activity (as stated previously,
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Ss' is quite permissive). Most troubling is the fact that the reaction with P2'

Pro was almost below the minimum detection level.

However, there is some tantalising evidence that the S' enzyme-

substrate interactions may be altered in the o-Lytic protease mutant libraries.

The evidence comes from the substrate overlay experiments used initially to

determine the Sr substrate specificity of the mutants where Pr Ala substrates

with two different leaving groups were tested. lt was found that differences

existed in the mutant proteases' ability to cleave before these leaving groups.

This difference would not normally be surprising, as various P' entities could

be expected to be cleaved at different rates. However, the discrepancy in the

rates between the two P' moieties was not constant for all the mutants, as

would be the case if the S' subsites were unaffected by the 51 mutagenesis

(Graham et al., 1993).

Additionally, the S' mapping experiments of Schellenberger et al.

(1994) dealtwith each position in isolation, with Ala making up the remainder

of the peptide. No research into potential cumulative effects of multiple,

different P' residues in o-Lytic protease has been carried out to date, or

known is the relative importance of the P' residues compared to P sequences.

Hence it is unknown whether a highly favourable P motif can overcome the

effect of unfavourable P' residues. ln shor1, there remains much to be

understood in regard to the S' binding interaction of this increasingly

prominent enzyme.
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2.1 lrurnooucroN

ln Chapter 1 the need to examine o-Lytic protease for IGF-I processing

was established, so too was the improbability of achieving correct cleavage at

the required sequence with the wild-type enzyme. lf IGF-l cleavage by o-Lytic

protease is indeed possible, the required cleavage specificity will most likely

come from a member of the two libraries of Sr active site mutants. Whilst it is

known that these mutants all possess varying substrate specificity and

intrinsic activity, it is also suspected that they display a high degree of

variability in either their inherent expression level or intermediate term stability

(Graham et a\.,1993).

The intrinsic activity, or catalytic efficiency, of an enzyme can be

expressed as its turn-over number. This is defined as the number substrate

molecules one molecule of enzyme can convert to product per second. Thus

in the case of proteases the turn-over number is therefore the number of

peptide bonds it can hydrolyse in a second.

It can be thought that given an excess of protease activity cleavage will

be observed at alternative cleavage sites that would otherwise not be

significantly cleaved, as discussed below. ln this specific example of o-Lytic

protease, the wild-type and select mutant enzymes have their preferred

substrate sites (as discussed in Section 1.5.2), but are also known to cleave

after other residues, albeit at a lower rate. Where cleavage at an unfavoured

site may be so slow that it is not observed under cerlain circumstances, given

more protease activity (or more time) this cleavage may become observable

(Haggett et al., 1994c; Lien ef al., 2001). Additionally, once the high level of

protease activity has catalysed hydrolysis at all favoured sites and substrate
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therefore becomes limiting, the unfavoured site provide available alternative

targets.

lf the o-Lytic protease library mutants are to be assessed for their

ability to specifically cleave a given protein target, it is therefore of utmost

impoftance to be able to compare the activity of equivalent amounts of

protease protein present in cultures of the mutants. This will allow for

meaningful comparison of the activity of the individual mutants against that

specific substrate target. As the mutants vary in their intrinsic total activity (or

turn-over number) and their absolute substrate specificity, such normalisation

should be as generic as possible to avoid introducing prematurely undue bias

into the determination by applying any preconceptions about the substrate

requirements of the mutants. Given the large number of mutants to be

investigated (126), it is desirable to screen them at an early stage of

purification, with as little sample pretreatment as possible. Unfortunately, an

affinity tag for convenient single-step purification was not included in the

expression construct for the library enzymes. lt would be useful to apply an

iterative screening process where initially a protease activity normalisation

assay, which functions in crude bacterial culture supernatants, allows

selection of desirable mutants prior to any demanding purification steps.

Determination of protease activity by quantitation of protease protein

concentration is one means to ensure comparability for subsequent specificity

investigations. Given appropriate antisera, immunological detection of

protease protein, by either immuno-blot or immunoassay, can function in very

crude samples with no necessity for sample pretreatment. Whichever

approach is employed, immunological techniques usually involve binding of
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the protein samples to a solid support, followed by washing away of unbound

material. This has the benefit of rendering such approaches relatively

impervious to inter-ference or high backgrounds from contaminating crude

sample constituents. The most significant problem in such protease

concentration determination is the potential inability to discriminate active

protease from inactive or degraded protease material. Such inactivation may

be accompanied by a change in the antigenicity of the enzyme, but this will

not necessarily occur in every instance, nor can such an effect be readily

incorporated into an antibody-antigen interaction by design. This issue is

particularly noteworthy when o-Lytic protease is considered, given that

production of functional protease involves an obligatory pro-region mediated

folding (Silen et al., 1989) into a non-ground state thermodynamic

configuration (Baker et al., 1992; Cunningham et al., 1999; Cabrita and

Bottomley,2004). lt is quite conceivable that this folding pathway could lead

to the presence of misfolded, inactive o-Lytic protease isoforms. This has

indeed been demonstrated in attempts to express o-Lytic protease at

temperatures over 30'C, which interrupts the autoexcision of the mature

protease from its inhibitory pro-region (Silen et al. 1989; Fujishige ef al. 1992).

An assay of specific activity needs the ability to exclude such misfolded forms

or otherwise degraded inactive protease from the reported value, given that

they will not contribute protease activity.

Measurement of actual protease activity is much more straightfonruard

in this analysis, wherein by definition only mature, active o-Lytic protease is

measured. ln crude samples the presence of contaminants could inhibit the

measurement of enzyme activity, but the assumption made is that any such
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inhibition will be uniform across all mutants. Protease activity assays fall into

two broad classes: the measurement of hydrolysis of either discrete peptides

or whole proteins, each coupled with either colourimetric or fluorescent

detection. Given the largely unknown substrate preference of the o-Lytic

protease library mutants, the use of discrete peptides of restricted sequence

for an activity assay could potentially bias any determinations. The limited

number of potential cleavage sites in any given discrete peptide may not

present a favourable motif for the detection of all the protease mutants

available for screening. Assuming only a tetrapeptide minimum cleavage

motif, known to be the minimum required for meaningful detection of o-Lytic

protease activity (Bauer et al. 1981), complete randomisation of 20 amino

acids at all four sites would need a 1.6 x 105 member peptide library. Whilst

this number could be reduced by applying some of the shared substrate

preferences of the o-Lytic protease library mutants, such as their shared

ability to cleave after a Succinyl-Ala-Pro-Xaa motif (Graham et al. 1993;

Graham et al., 1994). lt has been shown that optimum substrate preference

of o-Lytic protease mutants cannot be predicted rationally, despite molecular

modelling based on the available substrates (Lien ef a|.,2003). Additionally,

constraining protease activity to a single cleavage motif will artificially select

against broad specificity mutants. Given that it is precisely these mutants that

an activity normalisation strategy is intended to highlight, any such negative

selection would undermine the power of the assay. lt is therefore apparent

that a peptide based activity assay would be too constraining and require too

many assumptions regarding the substrate specificity of the mutants be made

to provide a realistic generalisation of protease activity.
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The use of a whole protein for activity determination overcomes many

of the concerns regarding the introduction of bias towards a narrow range of

peptide linkages, and provides a practical solution to activity normalisation.

Not only are a great variety of overlapping sequence motifs presented

simultaneously as potential proteolytic sites, they are presented in a natural

protein three dimensional structure. The use of a whole protein substrate has

the added advantage of offering a mechanism to account for the action of

broad specificity mutants. These mutants will most likely act at a number of

sites within a protein substrate, increasing the cleavage response accordingly.

Not inconsequentially, the reagents for whole protein assays arc readily

generated in-house, without specialised synthesis equipment or complex

chemistries, offering a considerably lower cost per assay and greater

renewability than peptide-based methods.

The detection in protease assays may be either colourimetric or

fluorescent. ln the majority of cases, the generation of a colourimetric signal

requires the liberation of a free chromophore with an enhanced extinction

coefficient, thus limiting their utility to peptide based assays where they are

located C-terminal to the proteolytic cleavage site. One approach for the use

of chromogenic detection of proteolysis that does not require the liberation of

a free chromophore, and thus could be applied to the monitoring of cleavage

of a whole protein has been reported involving the use of

trinitrobenzenesulphonic acid (TNBSA) (Hatakeyama ef al., 1992). Hydrolysis

of the peptide backbone of a protein will generate a new primary amine at the

N-terminus of the newly liberated peptide fragment cleavage product.

Reaction of TNBSA with such primary amines results in the formation of a
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coloured product. However, for such an approach to be successful, the

already present primary amines in the sample and substrate protein would

need to be derivatised or blocked in some other fashion to prevent their own

reaction with the TNBSA and the generation of a high degree of background

coloured signal. This approach would thus require highly modified reagents,

which may no longer provide a reliable model of the activity of the natural

enzyme upon its substrates.

Fluorescent technologies hold more promise for monitoring of protease

cleavage of whole proteins, since they do not require the liberation of a free

fluorophore for a signal to be observed. Two fluorescence technologies have

been developed in recent years that offer the ability to monitor proteolysis of

whole proteins, these being Fluorescent Resonance Energy Transfer (FRET)

and Fluorescence Polarisation (FP). FRET technology makes use of two

fluorophores, where the emission wavelength spectrum of the first (the donor)

overlaps the excitation wavelength spectrum of the second (the acceptor).

Any excitation energy supplied to the donor fluorophore is passed in a

non-radiant manner to the acceptor. ln this way the fluorescent signal of the

donor fluorophore is effectively "quenched". ln the protease assay scenario,

the donor and acceptor fluorophores are spatially proximal to one another in

the intact protein, prior to protease treatment. Upon exposure to the

excitation wavelength of the donor fluorophore no emission is detected due to

intramolecular quenching of the excitation energy. Where the protease has

cleaved the labelled protein, the donor and acceptor fluorophores are

physically separated and an excited donor fluorophore emits fluorescence in

order to return to its energetic ground state. This fluorescent signal will be
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propottional to the degree of proteolysis of the labelled protein or peptide

(Matayoshi et al., 1990). Since the spatial proximity required for FRET

quenching is in the order of 1-10nm (Stryer and Haugland, 1967), multiple

donor/acceptor pairs will be required for effective coverage of a whole protein

molecule. Many examples of whole protein FRET protease substrates are

generated by incubation with a 500x molar excess of fluorophore to maximise

label incorporation (Voss et al., 1996). The addition of a large number of

bulky fluorophores to the surface of a protein does suggest at the possibility

for masking potential enzyme cleavage sites by alteration of the amino acid

side-chains surrounding a potential cleavage site in the unmodified protein.

Such high degrees of labelling could also make the generation of equivalently

quenched protein difficult to reproduce consistently, leading to the potential for

sig nificant batch-to-batch variation.

Another leading application of recent advances in fluorescence

technology is fluorescence polarisation. The principle underlying this

technique is that a theoretically immobile fluorophore, when excited with plane

polarised light, will emit correspondingly plane polarised light. ln reality,

molecules are in constant motion and so when a population of fluorophores is

excited by plane polarised light some molecules will have moved within the

fluorescence lifetime of the fluorophore (the time between excitation and

photon emission). This results in some depolarisation of the emitted light,

which is detected as an increased signal in the plane perpendicular to that of

excitation. At constant temperature the extent of the molecular motion that

the fluorescently labelled species undergoes, and thereby the degree of

depolarisation that is observed, is proportional to the size of that molecule
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(Bolger and Checovich, 1994). The utility of this technology in a protease

activity assay is clear, as the protease acts on a labelled whole protein

substrate resulting in a reduction in the size of the resultant labelled

proteolytic fragments. This has been applied on many occasions to

quantitatively measure protease activity (Spencer et al. 1973', Maeda, 1979;

Bolger and Checovich, 1994; Schade et al. 1996; Grys ef a/. 2000;) in

complex biological samples ranging from bacterial lysate to dental plaques.

Since FP is expressed as the ratio of the two planes of emitted light, it is

largely insensitive to the total fluorescence yield of the samples. lt is therefore

not subject to interference from crude biological samples such as

autofluorescence of signal quenching. Substrates for FP protease assays are

readily synthesised and require only one label per protein molecule. The

lower levels of labelling of FP substrates are actually desirable since some

common fluorophores, such as fluorescein, have overlapping absorption and

emission spectra, meaning that these fluorophores are capable of

self-quenching of the fluorescent signal and potentially interfering with FP.

Given the requirement for a whole protein based activity assay that can

operate in bacterial culture supernatant and with substrate that can be readily

generated in-house, a fluorescence polarisation assay seems a logical choice.

It is therefore the objective of the work in this chapter to quantify the level of

o-Lytic protease activity in the crude culture supernatants of the library

mutants. As appropriate o-Lytic protease antiserum becomes available, the

activity data can be compared to the level of specific protease protein present.
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2.2 MRreRrRr-s

2.2.1 General fs& materials

The following reagents were obtained from Sigma-Aldrich, Castle Hill,

NSW, Australia: fluorescein isothiocyanate (FITC), bovine B-casein, bovine

serum albumin (RlA grade), dimethyl sulphoxide (DMSO),

ethylenediaminetetraacetic acid (EDTA), o-phenylenediamine (o-PD) and

hydrogen peroxide. BDH chemicals, Kilsyth, Victoria, Australia, supplied:

D-glucose, boric acid, N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)

(HEPES), NaCl, KCl, NazCOg, NaHCOg, citric acid, NazHPO¿, KHzPOo,,

polyoxyethylene (20) sorbitan monolaurate (Tween-2O). All reagents were

analytical grade unless otherwise specified.

PD-10 desalting columns were supplied by Amersham Bioscience

(Uppsala, Sweden), as was donkey anti-rabbit-lgG horseradish peroxidase

conjugate.

SDS-PAGE materials; NUPAGE Novex 4-12% Bis-Tris 1mm minigels,

NuPAGE 4X LDS Sample buffer, NUPAGE MES SDS 20X Running Buffer,

Markl2rMunstained molecular weight standard, were supplied by lnvitrogen,

CA, USA.

Succinyl-Ala-Ala-Pro-Met-p-nitroaniline (suc-AAPM-pNA) peptide was

synthesised by Bachem AG, Bubendorf, Switzerland.

2.2.2 Purified q-Lvtic standard.

Purified PragA9 mutant o-Lytic protease was supplied by GroPep Ltd.

Itwas quantified as 0.6 mg/ml by absorbance at28O nm (e = 17335 M-1.cm-1¡
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and stored at 4"C in 25 mM Na Tricine buffer (as in sect¡on 3.2.5 and 3.3.2),

pH 6 with 0.02% (w/v) sodium azide.

2.2.3 Bacterial sfrarns

E. coli JM109 (recA1 supE44 endAl hsdR17 gyrA96 relAl thi L(lac-

proAB) F' ltraD36 proAB* laclq lacZ A M15l clones bearing plasmid

pBS-pe/B-PROMAT that encoded the mutant o-Lytic protease libraries were

kindly provided by Dr L. Graham, CSIRO, North Ryde, Sydney, Australia.

2.2.4 Bacterial culture media

Media were prepared with Milli-Q ultrapure water and autoclaved prior

to the addition of sterile-filtered antibiotics. Luria-Bertani (LB broth) liquid

medium contains 1.0% (w/v) tryptone, 0.57o (w/v) yeast extract, 85 mM NaCl

and 100 mg/L ampicillin. L4100 agar plates were prepared by addition of

0.5% (w/v) bacteriological agar to LB broth. Skim milk agar plates were

prepared by addition of 2o/o (w/v) skim milk powder and 1% (w/v)

bacteriological agar to LB broth. Terrific broth (TB broth) liquid medium

contains 1.2% (w/v) tryptone,2.4o/o (w/v) yeast extract. 0.8o/o (w/v) glucose, 55

mM K2HPOa, 16 mM KH2POa, and 50 mgil ampicillin. Tryptone, yeast

extract, bacteriological agar and ampicillin were purchased from

Sigma-Aldrich, Castle Hill, NSW, Australia.
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colony and grown overnight at 25'C in an orbital shaking incubator (Ratek

lnstruments model OM11, Victoria, Australia) at 200 rpm. The seed cultures

were harvested by centrifugation at 400 g for 5 mins at 4'C (Sigma

Laborzentrifugen GmbH model 6K15, Germany) The pellets were

resuspended gently in 5 ml sterile saline (0.9% (w/v) NaCl) at 4'C. The

bacterial cells were centrifuged as above and the pellets again resuspended

in 6.6 ml fresh sterile saline. 500 ¡rl of the washed bacterial cells were used to

inoculate 50 ml TB expression cultures.

The expression cultures were grown at25"C for 10 lo 12 days. o-Lytic

protease production was monitored by the inclusion of a control flask

containing an expression culture of the PragA9 mutant, with the activity in this

flask was measured by colourimetric peptide assay (see Section 2.3.2).

Expression cultures were harvested when protease levels in the control flask

had not altered for two days. Expression cultures were harvested by

centrifugation at 4500 g for 45 mins at 4"C, the supernatant decanted and

centrifuged for a further 10 mins at 45009 ,4"C. The protease enriched

cell-free supernatants were adjusted to pH 6.0 with 20% (vlv) acetic acid and

sodium azide added to 0.02% as a preservative. The culture supernatants

were stored aL 4"C until needed.

2.3.2 Colourimetric peptide assav for PragA9 activitv

Crude observation of the presence of protease activity in the

expression cultures was made by the monitoring of the protease activity

present in a control culture of PragA9 o-Lytic protease using a synthetic

suc-AAPM-pNA peptide substrate. Peptide substrate at 500 ¡tM was
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incubated with culture supernatant in'100 mM HEPES, pH 8. Liberation of

pNA was monitored by A¿ron, over 5mins, with the activity present in the

culture expressed as the increase in Aals in that time interval

2.3.3 Protease culture on skim milk aqar.

A single colony of o-Lytic protease mutants was taken from the L4100

streak plates prepared in Section 2.3.1 and used to inoculate 5 ml of LB broth.

Cultures were grown overnight aL25"C. The following day, the optical density

at 600 nm of the culture was measured, and the equivalent of 10 ¡rl of 1.0

ODooo unit applied to the centre of a skim milk agar plate. Plates were grown

at25"C for 7 days.

2.3.4 Fluorescence polarisation coniugate preparation

The substrate for the fluorescence polarisation reaction was prepared

in a manner similar to that of Schade et al. (1996). Briefly, FITC was

dissolved to 0.1o/o (wlv) in DMSO. B-casein was incubated with fluorescein

label overnight in conjugation buffer, at a 7-fold molar excess of protein over

label. This modest molar excess of FITC label is to minimise the chances of

multiply labelled B-casein proteins. With overlapping excitation and emission

spectra, fluorescein is able to self-quench between spatially proximal

fluorophores (Voss et al., 1996). Keeping the labeling ratio below 1 per

protein minimises the likelihood of such FRET-like auto-quenching that could

potentially intedere with the assay. Unbound label was removed by buffer

exchange on a PD-10 column according to the manufacturer's instructions,
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with pre-equilibration and elution in cleavage assay buffer. The resulting

fluorescein thiocarbamoyl (FTc)-B-casein conjugate was stored at 4"C until

needed.

2.3.5 Fluorescence Polarisation assay

The FTC-casein conjugate was diluted in cleavage buffer to obtain a

total fluorescence yield equivalent to that of a 25 nM solution of free

fluorescein. ln quadruplicate, 10 pl of purified PragA9 standards or 1 ¡rl of

culture supernatants were added to the bottom of a black 96 well microtitre

plate (BMG Labtechnologies GmbH, Offenburg, Germany). To this was

added 100 pl of diluted FTC-casein conjugate. The plates were incubated at

37"C in a polarising flourimeter (BMG Labtechnologies Polarstar, Offenburg,

Germany) with the fluorescence polarisation read every minute for 30 mins at

Àexcitation= 485 nm and l"r¡rr¡on= 520 nm

Enzymes that returned protease levels outside the appropriate range

for the assay were diluted 1:10 in cleavage buffer and retested. Conversely,

mutants with undetectable protease activity were retested with 5 pl of culture

supernatant.

2.3.6 SDS-PAGE of FTC-casein coniuqate.

The PragA9 standard reactions were reproduced as detailed in Section

2.3.5. 20 ¡tl of the reactions were run on 4-12% NuPAGE gel in MES buffer

under reducing conditions according to the manufacturer's instructions. After

electrophoresis protein bands were visualised by staining with Coomassie
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Blue as follows. Gels were first fixed in 50% methanol (v/v), 10% acetic acid

(v/v) for 20 minutes before staining with 0.5% (w/v) Coomassie Blue R-250 in

10% (vlv) acetic acid for t hour. The gels were destained by incubation in

three changes of 10% (v/v) acetic acid for one hour each.

2.3.7 Enzvme lmmunoassav

Rabbit polyclonal antiserum was raised against purified PragAg o-Lytic

protease by J. MacKrill, Dept. of Molecular Bioscience, University of Adelaide.

Transparent Maxisorb 96-well microtitre plate (Nalge Nunc, Rochester, NY,

USA) were coated by adding 10 pl of concentration standards or culture

supernatant with 10 pl of 10x immunoassay coating buffer and 80 pl of water.

Plates were incubated overnight at 4'C. Plates were washed with 3 changes

of 300 ¡rl PBS-T and blocked by addition of 200 ¡tl 2% BSA in PBS-T with

shaking for t hour at room temperature. Plates were washed as previously

and 100 pl of antiserum was added to the blocked wells al a 1.4000 dilution in

PBS-T containing 0.5% (w/v) BSA and shaken for t hour at room

temperature. Plates were again washed thrice with fresh PBS-T and 100 pl

added of the secondary antibody-horseradish peroxidase conjugate, diluted

1:4000 in PBS-T with 0.5% (w/v) BSA. Plates were shaken for t hour at room

temperature, followed by a final wash. 100 ¡rl of immunoassay substrate was

added and plates incubated at 37"C for 5 to 10 mins to allow colour

generation. Colour development was terminated by addition of 10 pl of 1 M

HzSO¿. Developed plates were read at 490 nm on a microtitre plate reader

(Multiskan EX, MTX Lab Systems, lnc., Vienna, VA, USA).
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2.4 Resulrs

2.4.1 Culture of mutants

A zone of clearing around the bacterial colony on skim milk agar plates

demonstrated the secretion of active protease into the medium. Any active

protease expressed by the clone degraded the casein that was clouding the

agar, resulting in a zone of clearing. The cleared zones of various mutant

protease expressing clones ranged from 0.5 to 1 cm farther than the radius of

the colony. lt was apparent that such qualitative data would lack the precision

necessary for a protease activity assay. Figure 2.4.1.1 shows an example of

some selected plates.

Figure 2.4.'1.'l - Skim milk agar plate of selected mutants (A) M1904 library

parent, (B) PragAg, (C) PragA3. Protease secretion is observed by the zone of

background clearing around the colony.
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2.4.2 Svnthesis of coniugate

Preparation of conjugate was successful, with the degree of labelling

found to be an average of 0.14 molecules of FTC per B-casein molecule,

determined by the absorbance of the conjugate at OD¿gon, using the

extinction co-efficient of fluorescein (61,000 mol-1.cm-1) over the protein

concentration of the conjugate preparation, calculated by BCA assay (data not

shown). This confirms that the attempt at labelling the conjugate at less than

one fluorescein label per protein molecule was successful, and at a little over

7 B-casein molecules per label (110.14 = 7.15) the seven-fold molar excess of

protein used in the conjugate generation was labelled nearly quantitatively.

This has minimised the likelihood of multiple, spatially proximal, fluorescein

moieties on the surface of a significant population of B-casein molecules. T1.,"

fluorescence polarisation (FP) of the FTC-casein conjugate was typically

around 200 millipolarisation units (mP).

2.4.3 FP standard curve

The fluorescence polarisation of the conjugate was measured after

proteolysis for 30 minutes with the standard amounts of PragA9. The fixed

time was introduced as very little activity was observed in many examples.

Physical limitations in the equipment prevented the measurement of

instantaneous reaction rates, so a fixed time interval for the reaction was set.

The 30 minute fixed time selected allowed more sensitive quantitation of low

levels of protease activity, as little cleavage was observed in many of the

unknown culture supernatants in short time intervals (see Section 2.4.5). The

loss of polarisation that was observed upon proteolytic digestion of the
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conjugate was proportional to the amount of protease added and reached a

minimum polarisation of a little less than half of the initial level by the highest

level of protease. A representative standard curue is displayed as Figure

2.4.3.1. Such curyes were used for quantitation of the protease activity in the

unknown culture supernatants of the other mutants (relative to a known

amount of purified PragAg).

Figure 2.4.3.1- Standard curve for calibration of FP assay with 95% confidence

intervals
120

100
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2.4.4 FP coniusate SDS-PAGE

The proteolytic reactions of the conjugate that were used to generate

the standard curve of Figure 2.4.3.1 were replicated for analysis by

SDS-PAGE. Such a gel is shown as Figure 2.4.4.1, where it can be seen that

the initial single dominant protein band is progressively degraded to smaller
product species with the increasing protease concentrations. This confirms

that the reduction in fluorescence polarisation of the conjugate is indeed due

to the proteolytic fragmentation of the conjugate into smaller products.
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Figure 2.4.4.'l - SDS-PAGE of proteolysis products of the FTC-casein conjugate

2.4.5 Quantitation of protease activitv in culture supernatants bv FP.

The two libraries of o-Lytic protease mutants were assessed for their

total level of proteolytic activity using the FTC-B-casein fluorescence

polarisation assay. As can be seen in Figure 2.4.5.1, the amount of protease

activity was determined to be highly variable amongst the various mutants,

ranging from undetectable to over 1000 ng/pl. This does not necessarily

represent a 1000-fold difference in the level of protease present. Owing to the

.,tandardisation strategy employed (Section 2.4.3), the protease concentration

present in the supernatants is expressed as the equivalent activity to PragA9,

hence mutants with higher intrinsic activity or broader specificity than this

standard mutant will report significantly higher "equivalent" activity at similar

physical level of protease protein. This is, of course, the fundamental purpose

of the generic protease activity assay, where the proteases can be compared

on the basis of their ability to proteolyse a protein, rather than a physical

amount of protease protein.
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Chapter 2: Culture and quantitation of the a-Lytic protease mutant libraries

2.4.6 EIA standard curue

An enzyme immunoassay (ElA) was developed to measure the

concentration of protease protein present in the libraries of the o-Lytic

protease mutant's culture supernatants. As shown in Figure 2.4.6.1, the

binding of the polyclonal antiserum was indeed proportional to the amount of

o-Lytic protease immobilised on the plates.

Figure 2.4.6.1- Standard curve for calibration of enzyme immunoassay with

95% confidence interval.
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2.4.7 Quantitation of protease activitv in culture supernatants bv ElA.

The concentration of o-Lytic protease protein present in the culture

supernatants was determined using an EIA and appears as Figure 2.4.7.1.

lnterestingly the protease protein concentration detected by the EIA was

considerably more homogenous than that repoded by the FP assay, where in
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the case of the EIA protease concentrations for the most part ranged from low

unit to low tens of nanograms per microlitre. As with the FP assay, due to the

calibration against a single mutant, all concentrations are reported as

equivalents to PragA9.

Figure 2.4.7.1 - o-Lytic protease protein concentrations determined by

enzyme immunoassay t1 SEM. For comparison, the concentrations

determined by FP are also shown.
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o-Lytic protease mutant number

2.5 Drscussroru

With the objective of examining all of the available o-Lytic protease

mutants for a unique and desirable specificity, all members of the libraries

have been initially screened for their general protease activity. To achieve
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this result the mutants were cultured and their protease activity normalised to

allow a direct comparison. Activity could not be observed in some isolates,

allowing their exclusion from subsequent investigations.

Preliminary determination of a mutant's ability to secrete active

protease was made by culturing on skim milk agar plates. This approach was

in keeping with the assay originally used to evaluate the success of

mutagenesis employed during the generation of the libraries (Graham et al.,

1993; Graham et a\.,1994). The clearing of the background cloudiness in the

agar around the colony shows that the mutant is secreting active enzyme into

the surrounding medium. This information suggests a candidate protein to

use in the fluorescence polarisation assay, as all active mutants are known to

be able to cleave casein. Representing approximately 33% of whole casein

(Ekstrand and Larsson-Raznlkiewicz, 1978), B-casein is an attractive

candidate for a proteolytic assay for a two reasons. Firstly it contains no

disulphide bonds (Ribadeau-Dumas et a\.,1972), and thus cannot offer a false

negative result where a cleaved protein backbone could remain associated

through an intact disulphide linkage. Secondly, as a subset of the whole

casein mixture of isoforms, B-casein constrains the proteases to one single

whole protein target, and thus whilst still presenting a large number of

potential substrates, the number has been somewhat minimised, simplifying

interpretation and reproducibility. At 209 amino acids in size (Kumosinski ef

al., 1993), B-casein offers 206 potential four residue cleavage motifs, given

that o-Lytic protease cleaves very poorly at sequences of less than four

residues (Bauer et al., 1981). So whilst far from presenting every possible
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permutation of sequence, there remains significantly more randomisation than

could be realistically achieved by discrete synthetic peptides.

The examination of the cleavage of the FTC-casein conjugate by

SDS-PAGE reveals that the fluorescence polarisation data are indeed the

result of a decrease in mass of the labelled protein. lt is most interesting that

the cleavage of the conjugate appears to be at discrete sites. This is in

keeping with the existing knowledge of the PragA9 mutant, being known to

cleave preferentially after a limited number of sequence motifs (Graham et al.,

1993; Lien ef a1.,2003). Although not an actual timecourse, the protease

concentration experiment does appear to show the substrate cleavage

proceeded through a number of intermediates, where the initial intact 24 kDa

protein is first cleaved to a -19 kDa form, which is then itself cleaved to a -13

kDa species, and finally to yield an -8 kDa fragment. However, the B kDa

form is itself not an absolute endpoint, as the total intensity of the bands in the

60ng reaction does not equal that of the no enzyme control, even when

differential staining of smaller protein is considered. This suggests that the

protease has continued to degrade the substrate down to small peptides not

retained on the gel. The other possibility that explains the observed pattern is

that the secondary cleavage sites that give rise to the smaller species are less

favourable for the enzyme than that which is cut to produce the 19 kDa form, it

therefore takes more enzyme to produce these products in the same time. ln

other words, cleavage at these secondary cleavage sites is rate-limiting.

Examination of the amino acid sequence of B-casein reveals no clues to

support either hypothesis, with amino acid sequences potentially labile to

o-Lytic protease distributed relatively evenly throughout the protein. The
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structure of the B-casein protein does potentially provide some insight, with

the molecule displaying two "arm-like" open surface regions (Kumosinski ef

a/., 1 993; Livney et al., 2004) that could make attractive protease targets. The

sequence of B-casein with these regions marked is shown as Figure 2.5.1.

Cleavage at the Gln3a-Ser3s bond would give rise to a fragment of

approximately 19.6 kDa. lt is known that Gln can be an attractive P1 residue

for the PragA9 mutant of o-Lytic protease (Lien et a|.,2003) and that Ser is

well tolerated at P1' (Schellenberger et a|.,1994).

Throughout all reactions there also appears a highly protease resistant

35 kDa protein, the intensity of this band is only somewhat reduced by the

highest concentrations of protease. lt is unlikely that this band that actually

represents the FTC-casein conjugate, as the most significant decreases in the

intensity of this band only occur in association with very small changes in the

fluorescence polarisation.

Figure 2.5.'l Primary structure of bovine B-casein. The sequence

elements that make up the open "arm-like" surface loop structures (Lys28 to

Thr55 and Pro8s to Phe11e¡ are displayed in bold text (from Kumosinski ef

al., 1993).
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Enzyme immunoassay of culture supernatants of the first library of

mutants shows average o-Lytic protease expression of 7 mgil, with most

falling in the range of 1-10 mg/L. Although these expression levels appear

down on the published values using the same production regime (Haggett ef

al., 1994a) of 14-77 mglL, it should be noted that the values reported in those

studies were determined by an activity based assay, calibrated against

purified o-Lytic protease standard. This mode of o-Lytic protease

quantification can report higher values than strict detection of protease

protein, and indeed this trend was observed in the expression data of this

chapter (see discussion below). lf the activity data for the first library is

considered, the agreement with the published results is much closer, with an

average of 20 mg/L. Also, in the past only select mutants have been cultured

in this manner and quantified, but it is known that o-Lytic protease mutants

can display dramatic variability in expression. Mace et al. (1995) using an

immunoassay for protease protein observed over a 1000-fold difference in the

expression of Alanine scanning mutants of a surface loop of o-Lytic protease,

despite all mutants being active.

One interesting trend in the data is that, where determined, the

concentration of o-Lytic protease protein reported by enzyme immunoassay is

invariably lower than the protease activity concentration demonstrated by the

fluorescence polarisation assay. This is somewhat counter-intuitive, as the

level of protease protein should represent the theoretical maximum attainable

protease activity, and that could only be achieved in the unlikely scenario that

the antiserum recognised only intact, mature, active protease. As both assays

were calibrated against the same preparation of PragA9 o-Lytic protease
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standard, the apparent discrepancy cannot be explained by incorrect

quantitation of the standard. Any potential error introduced by this

quantitation would be applied equally to both assays.

Background proteolysis of the FTC-casein substrate by contaminating,

host-derived, proteases could be suspected of creating an artefactually high

level of protease activity in the unknown culture supernatant samples.

However, the large number of samples in which no protease activity was

observed discredits this hypothesis, given that all mutants were cultured under

the same conditions. Contaminating proteases, if present, do not appear to

interact with the FTC-casein of the fluorescence polarisation assay.

One plausible explanation for the observed phenomenon comes from

the idea that the mutants have variable total activities, independent of their

specificity (Graham et al., 1993; Graham et al., 1994). lndeed, this was the

rationale for conducting the activity normalisation assay from the outset. lf a

given mutant had higher activity, broader specificity, or both, than the PragA9

mutant used for calibration, it could present protease activity at a level higher

than the protease protein concentration predicted by the reference mutant

enzyme. Although it is not possible to determine if the higher activity is a

function of broader specificity or a higher turn-over number, support for either

possibility being involved in the phenomenon is provided by some of the data

generated in the two screens. lndirect evidence for this is illustrated in the

comparison of the mutants PragAl9 and PragA42, which both showed similar

levels of protease activity, yet varied in their protease protein concentration by

over 5O-fold (Figure 2.4.7.1). Whilst a higher level of inactive protease

detected in the latter mutant could explain this variation in paft, it is unlikely to
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be solely responsible. Such a magnitude of the difference between activity

and protease protein is not observed in any other group of mutants that

display similar activity levels such as PragAl, PragA6, PragA26; PragA3l and

PragA53; PragA5, PragA3S and PragA3T; or the pair PragA4l and PragA55.

Therefore at least some of the observed difference could be attributed to

either. (1) A higher turn-over number, where the same unit concentration of

protease is able to cleave more substrate in a given time; (2) Variation in the

substrate specificity of the mutants, where FTC-casein better caters for the

specificity requirements of some mutants than those of others, such that there

are effectively more potential substrate sites per molecule.

However, variation in the specificity or turn-over number cannot be the

only factor involved. When the reference mutant, PragA9, was cultured as

part of the 1't library with the other mutants, it too showed the same pattern of

reporting a higher concentration of protease by the FP activity assay than by

the protein immunoassay. This mutant, by definition, has identical intrinsic

activity and substrate specificity as was used for the calibration of both

assays. Nevertheless, the variability in the enzyme turn-over number of the

mutants does have a role to play in the diversity of the results observed, as

shall be discussed later.

A plausible explanation for all the observed data is that the purified

PragAg o-Lytic protease standard itself may have quite low protease activity

per mass unit of protein and that the antiserum does indeed recognise

inactive protease protein. As stated above (Section 2.2.2), the quantification

of the purified PragAg o-Lytic protease standard was by the determination of

protein concentration in the purified protease preparation. lf a significant
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proportion of this material was inactive, the protease activity assay standard

curve would be generated from a lower actual level of active protease than

thought, whilst the protease protein assay curve would be unaffected. lndeed,

the purification protocol used for the generation of the standard is known to

co-purify protease auto-digestion fragments (Haggett ef al., 1994b). Having

undergone less potentially activity damaging purification steps and much

shorter storage times, it could be argued that the culture supernatants would

retain higher protease activity per unit protein. The protease protein levels

reported in these samples by immunoassay would more likely be accurate

relative to those of the standard. These protease levels, however, would

appear more efficacious in the activity assay than was the standard on a

protein mass basis.

2.6 Coruclus¡ot*r

The challenge in translating a concentration of protease protein into an

ability to cleave a protein target has been highlighted by this work. lt is for this

reason that the level of protease is normalised with respect to its activity

alone, irrespective of the protease protein concentration. Having cultured the

o-Lytic protease mutants and normalised the level of generic activity present,

they can now be applied to a target more relevant to the goal of this project.

Although not directly pertinent to the main direction of the work, determination

of the level of protease protein has provided some insight into the degree of

variability in the intrinsic activity possible in the o-Lytic protease mutants. The

lack of a correlation between protease concentration and activity should serve

as a caution for future quantitation of purified o-Lytic protease.
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3.1 IrurnooucnoN

With the ultimate goal of releasing authentic human IGF-l from a Met-

pGH(1-11)VN fusion partner using an o-Lytic protease mutant, the activity of

the mutants has been quantified in Section 2.4.5. The next step toward the

stated goal is to determine the ability of the mutants to act specifically at a

cleavage motif that would enable such an outcome. The available literature

on the S' substrate specificity of o-Lytic protease (Schellenberger et a|.,1994)

suggests that wild-type o-Lytic protease should not be suitable for Met-pGH(1-

11)VN-lGF-l cleavage. However, a systematic study of the suitability to this

application of a library of o-Lytic protease mutants has not been performed,

nor is the relative contribution of S' binding to overall o-Lytic protease

catalysis known. Furthermore, there exists the possibility that modifications in

the S' subsites have been created by the combinatorial mutagenesis to

generate the library mutants (Graham et al., 1993); thus presenting an

opportunity to explore this aspect.

ln the previous chapter, all members of the o-Lytic protease mutant

libraries were cultured and the activities of the protease enriched culture

supernatants normalised against a generic protein substrate. For the reasons

stated in Section 2.1, the methodology employed in that work presented a

protein substrate to the proteases, in an attempt to provide the largest range

of random potential cleavage motifs as possible. The potential for modified S'

specificity described above more than warrants an investigation into the ability

of the mutants to cleave before the N-terminus of IGF-|, i.e.: to examine the

mutant libraries for enzymes that can accept Gly-Pro-Glu as the cognate Pr'

to P3' residues.
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ln the peptide substrates that bear a P' motif based on the N-terminus

of IGF-|, it is desirable to display an upstream cleavage motif (P¿ to Pr) that

has the potential to be cleaved by the as many of the mutant enzymes as

possible. This will permit the P' cleavage ability of a greater number of the

mutants to be evaluated in one comparative assay system. Xaa-Ala-Pro-Xaa

has been used as a P¿ to Pt cleavage sequence framework on many

occasions for a variety of o-Lytic protease investigations, on both wild{ype

enzymes and mutants (Bauer et al., 1981; Bone et al., 1989; Bone et al.,

'199'1; Epstein and Abeles, 1992; Mace and Agard, 1995). Significant among

these was the generation of the libraries of mutant proteases that can cleave

after such a sequence (Graham et al., 1993; Graham et al., 1994), even

though it may not necessarily contain the optimal motif. Pro is often included

at P¿ in such peptides as, although not the ideal residue for this subsite, it is

well accommodated (Epstein and Abeles, 1992). However, Pro is not

tolerated at P¡ or P1 and thus a P-A-P-X motif should constrain the potential

binding modes for the substrate to one, ensuring cleavage at the intended

target site as shown by Lien et al. (2003).

As demonstrated by Graham ef al. (1993) and Graham et al. (1994)

and discussed in Section 1.4.2, although the members of the o-Lytic protease

mutant libraries display quite variable Pr specificity, they can be grouped

according to commonalities in the types of Pr amino acids after which they are

able to cleave. Thus, if the P1 position is randomised sufficiently to include at

least one amino acid from each of these recognition groupings, the likelihood

that the mutants will be presented with a favourable Pr will be maximised,

including the enzymes of largely uncharacterised specificity.
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As in Chapter 2, given the large number of enzymes to be evaluated,

the methodology must remain sufficiently high-throughput for the initial

screening, with positive hits then examined more stringently in subsequent

investigations. With the detection of internal cleavage of a peptide substrate

required, the options available for screening of the enzymes are limited to the

fluorescent techniques for practical reasons as discussed in Section 2.1.

Other approaches require either release of a reporter molecule (such as a

chromophore), which precludes the presence of any P' residues, or are too

insensitive, time-consuming, costly or prone to interference to be applied to

crude samples (e.9..HPLC, Mass Spectrometry). Both FRET and FP have

been used extensively to monitor internal proteolysis of peptides, with over

200 Medline citations for development of such assays in the last decade

alone. Although the number is three-fold in favour of FRET assays, this is

probably due to FRET not requiring the specialised equipment that FP does.

FRET-type protease assays are versatile, and have been used in more

diverse applications than just solution-phase cleavage monitoring alone.

These include incorporation in microarrays (Gosalia et al., 2005; Han et al.,

2006; Thomas et al., 2006), flow cytometry sorting of peptide-coated

microspheres (Saunders ef al., 2006) and FRET peptides expressed on cell

surfaces (Olsen et a\.,2000; Boulware & Daugherty, 2006). However, having

demonstrated the utility of FP for the study of these mutants in this particular

crude sample matrix, it is logical to maintain the use of FP for further

characterisation of the action of the mutants. Moreover, FP makes an

attractive candidate for an assay of this type since binding of an N-terminally

biotinylated peptide to the 68 kDa avidin molecule could be expected to
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effectively prevent all rotation within the fluorescence lifetime of many

fluorophores commonly used for FP. Furthermore, the binding of a

comparatively small peptide to the large avidin protein may well abolish any

residual protease acting on the peptide by blocking access to the cleavage

motif; especially where that cleavage motif is relatively short. The end-point

nature of such an assay should simplify the post-assay data analysis.

ln this chapter the libraries of o-Lytic protease mutants will be screened

against model peptide substrates for the potential to liberate authentic IGF-|.

The ability of the enzymes to cleave the required sequence will be evaluated

in a model system by a high-throughput fluorescence polarisation peptide

assay. Positive hits obtained in this screening assay, or a subset thereof, will

then be studied in more detail using a more discriminating peptide model of

the final cleavage motif.

3.2 MRteRrRr-s

3.2.1 General reaqents & materials

The following reagents were obtained from Sigma-Aldrich, Castle Hill,

NSW, Australia: egg white avidin, dimethyl sulphoxide (DMSO) and

N-[tris(hydroxymethyl)methyl]glycine (tricine). BDH chemicals, Kilsyth,

Victoria, Australia, supplied: N-(2-hydroxyethyl)piperazine-NL(2-

ethanesulfonic acid) (HEPES), NaCl, NaOH, trifluoroacetic acid (TFA) and

acetonitrile. All reagents were of Analytical reagent grade or higher.

SP-sepharose Fast Flow resin was supplied by Amersham Bioscience
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(Uppsala, Sweden). Benzonase Nuclease (purity ll) was obtained from Merck

Biosciences KGaA. Darmstadt, Germany

3.2.2 FP nen seús

The peptides for the FP assay were produced as two sets of five

peptides each, as described in Section 3.4.1 and Figure 3.4.1.1. The peptide

sets were synthesised by Mimotopes Pty. Ltd., Clayton, Victoria, Australia and

were of "as synthesised" or >70% purity. Peptide sets were made up to 0.5

mg/ml (2.5 mM) in20% DMSO, 100 mM HEPES, pH 8.5 and stored at4'C

until needed.

3.2.3 Discretepeptides

Long discrete peptides were synthesised by Auspep Pty. Ltd.,

Parkville, Victoria, Australia and were of >90% purity. The sequences are

shown in Table 3.2.3.1. Discrete peptides were made up to 1 mg/ml (0.04 to

0.83 mM) in 10 mM HCI and stored at4"C until needed.

Table 3.2.3.1 - Sequences of long, discrete peptides for characterisation of

shortlisted o-Lytic protease mutants.

TLG-motif GPE-motif

H-WSGSPAPMTLGW-OH H-WSGSPAPMGPETLGW-OH

H-WSGSPAPATLGW-OH H-WSGSPAPAGPETLGW-OH

H-WSGSPAPFTLGW-OH H-WSGSPAPFGPETLGW-OH

H-WSGSPAPLTLGW-OH H-WSGSPAPLGPETLGW-OH

H-WSGSPAPHTLGW-OH H-WSGSPAPHGPETLGW-OH
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3.2.4 General solutions.

Cleavage buffer

'100 mM HEPES

pH 8.5

3.2.5 q-Lvtic protease purification buffers

Sodium Tricine buffer (Na Tricine) was prepared as a 10x stock, at a

sodium ion concentration of 250 mM. NaOH (0.5 mol) was added to 1.6 L

Milli-Q water and solid tricine added until the solution reached pH 8.7 at 20'C.

The buffer was made to 2 L and tricine added to give pH 8.6. Binding buffer

for o-Lytic protease purification was prepared by diluting the above Na Tricine

stock To 25 mM with Milli-Q water and the pH confirmed at 8.6. The elution

buffer was identical to the binding buffer but for the inclusion of 1 M NaCl.

3.3 Mernoos

3.3.1 FP peptide screening assay

Using the o-Lytic protease mutant concentrations determined in

Chapter 2, the GPE and TLG motif bearing FP peptide sets were reacted with

the protease at an enzyme to substrate molar ratio of 1:500. The peptide sets

were diluted from the stock concentration to 50 ¡rM in cleavage buffer and

each peptide setwas incubated with each protease mutant in a 10 pl reaction

volume for 16 hours al 37"C in a microfuge tube. Peptide sets without

included protease were incubated as the negative control. To the reacted
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mixtures, 90 pl of cleavage buffer was added as a diluent and the sample

applied to a well of a black polystyrene 96 well microtitre plate (BMG Labtech

GmbH, Offenburg, Germany). To each well was added 10 pl of 50 pg/¡tl

avidin in cleavage buffer and polarisation readings averaged over 10 minutes

in a Polarstar fluorimeter (BMG Labtech GmbH, Offenburg, Germany) with

Iexcitation= 485 nm and ì,sr¡..¡on= 520 nm

3.3.2 Purification of shortlisted mutants

The purification of the shortlisted mutants (see Section 3.4.3 and

Discussion) was performed largely as described in Haggett et al. (1994b),

except in this case SP-sepharose Fast Flow resin was used as the stationary

support in place of the MacroPrep High-S used in that study. Ten ml of the

protease-enriched culture supernatants were adjusted to pH 8.0 and MgClz

added to 1 mM. The supernatants were then treated with benzonase

nuclease at a rate of 5 ¡tl nuclease per 100 ml and incubated at room

temperature for 2 hours. Benzonase treated supernatants were diluted 1:10

with cold Milli-Q HzO and adjusted to pH 8.6 with 2 M NaOH.

The resin for each mutant was washed in 3 changes of Milli-Q HzO to

remove preservative. New resin for each mutant was used to pack 1 ml of

settled bed in an Econo-Pac column housing (BioRad Laboratories, California,

USA) and the column operated under gravity flow. All steps in the

chromatography were conducted at 4"C and all buffers chilled to 4'C prior to

use. The column was pre-equilibrated with 5 column volumes (CV) of 10x Na

Tricine buffer. The column was then equilibrated with 5 CV of binding buffer

and the diluted, benzonase treated sample loaded. Unbound material was
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washed from the column by addition of a further 5 CV of binding buffer.

Elution was effected by a step-gradient, with incremental steps of 5 CV of

elution buffer al 10o/o,20o/o,50% and 100% (viv) in binding buffer. One CV

fractions of all steps were captured and assessed for protease activity using

the casein-FP assay of Chapter 2. Protease containing fractions were stored

al4"C until required.

3.3.3 Cleavage of discrete peptides.

The longer, discrete peptides (as opposed to the 5-member mixture of

the FP peptide sets) were reacted with the purified shortlisted o-Lytic protease

mutants. Peptides were diluted from the stock in cleavage buffer to 50 pM

and reacted with the mutants at a molar enzyme to substrate ratio of 1:500 for

16 hours at 37'C. Reactions were terminated by acidification with 1.5

reaction volumes of 1.5% TFA in Milli-Q H2O.

The cleavage reactions were analysed by reversed phase HPLC

(rp-HPLC) on an Agilent 1100 HPLC system (Agilent technologies, California,

USA) with using a C4 column (Brownlee Reversed Phase, BU-300, Aquapore

Butyl C-4, 2.1 mm l.D. x 100mm length, Perkin Elmer, MA, USA.). Separation

was by linear gradient of 0 - 50% acetonitrile over 30 minutes at 0.5 mlimin,

with absorbance at 215 nm. All mobile phase solvents contained 0.1 % TFA.
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3.3.4 Mass Spectrometry of peptide cleavages.

Cleavage reactions were desalted by rp-HPLC and dried by vacuum

centrifugation. Mass spectrometry was performed by L. Hick, University of

Wollongong, NSW, Australia.

3.4 Resulrs

3.4.1 FP screening peptide design.

The peptides used for screening the o-Lytic protease mutant libraries

for the required specificity have an architecture similar to those of Levine ef a/.

(1997). A schematic representation of the peptides appears as Figure

3.4.1.1. Recognition of the biotinylated N-terminus by avidin is anticipated to

provide a large increase in fluorescence polarisation in the intact peptide.

Where a protease has cleaved a peptide, the fluorophore will no longer be

physically associated with the biotin moiety and this increase in polarisation

will thus not be observed.

The FP screening peptides were designed to display the shortest

possible cleavage motif to the protease mutants, minimising the opportunity

for false positives from cleavage at sites other than the required one. As this

assay is designed to evaluate the ability of the mutants of o-Lytic protease to

release the N-terminus of IGF-|, one type of peptide bore a Gly-Pro-Glu

sequence to mimic this site. Another, containing a Thr-Leu-Gly motif serves

as a positive control. Thr-Leu-Cys are the next three residues of IGF-|, and

as such are the first three residues of des(1-3)lGF-|, a protein that is able to

be released quantitatively from its MetpGH(1-11)VN fusion partner using
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o-Lytic protease mutants (G. Francis, personal communication). Thr-Leu-Gly

has been used as a model for this motif in the past (Lien et al., 2001).

Another important reason for the selection of this control is that it bears a Leu

in the apparently highly selective P2' position of the substrate. Leu at P2' has

been shown to have a nearly 3-fold higher second order rate constant than

the next preferred residue (Met), and provides an overall discrimination factor

of 173-fold between the most and least favourable residues at this site

(Schellenberger et al., 1994).

As discussed in Section 3.1, the upstream P residue motif for the

peptides was the canonical Pro-Ala-Pro-Xaa, with Xaa representing one of

five amino acids. These five amino acids correspond to the five most

frequently recognised Pr residues of the o-Lytic protease mutants (see Table

3.4.2.1), ensuring that each mutant would see at least one P1 residue that it

was able to act upon. The peptides of each P' sequence type are grouped

into two mini-libraries or "sets", consisting of an equimolar mixture of five

peptides, varying at the P1 residue. This gives an assay system of two FP

peptide sets, one bearing a GPE sequence and one with a TLG motif.

It was anticipated that solubility may be an issue for these small,

largely non-polar peptides. To attempt to address this issue, a tri-lysyl

sequence was included C-terminal to the P1' to P3' motif. The last of these

was added during synthesis as a fluoresceinyl-lysyl to incorporate the

required fluorophore.

97



Chapter 3: Screening the a-Lytic proúease mutants for desirable specificity

Figure 3.4.1.1 - Schematic representation of the FP peptide screening sets

The intended scissile bond is marked with a downward arrow. Displayed is

the GPE motif bearing peptide.

PAPXIGPEKKK
-

X=M,A,F,LorH

3.4.2 Peptide screening assav

Pilot cleavages with purified representative o-Lytic protease mutants

(PragA9 and PragA55) were performed and the data shown in Figure 3.4.2.1.

The polarisation obserued in the full-length peptides is shown to increase by

approximately 20-25% when avidin is added. Correspondingly, the

polarisation of the peptides decreases by a similar margin after exposure to

protease, and is largely unresponsive to the presence of avidin. ln these early

experiments there are apparent differences in the ability of mutants to act

upon the two peptide sets, with both mutants reducing the FP of the TLG

peptide set to the same level, but one enzyme (PragA55) able to reduce the

FP of the GPE set nearly two-fold more that the other (PragA9).

The FP peptide screening assay was carried out on the culture

supernatants of the o-Lytic protease mutant libraries, the outcome of which is

displayed in Table 3.4.2.1. Cleavage of any of the peptides is indicated by the

decrease in the polarisation of that peptide set relative to its corresponding

biotin
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full-length peptide set. This investigation revealed that almost all the mutants

were able to cleave the GPE peptide set to some extent. lnterestingly,

approximately one quarter of the enzymes registered a greater decrease in

FP for the GPE-motif peptide set, suggesting that these mutants may actually

favour cleavage before this motif. From this data a shortlist of mutants were

selected for more detailed study (see Discussion). The enzymes can thus be

grouped as either "GPE-favouring" or "TlG-favouring" according to the FP

peptide set for which they showed the greatest decrease in polarisation. One

trend seems to be that the GPE-favouring enzymes have a broader P1

substrate specificity. Where nearly half of the TlG-favouring mutants have a

single P1 preference, a similar proportion of the GPE-favouring enzymes have

3 to 4 preferred P1 residues (see Graham et al. (1993), Graham et al. (1994)

and Table 3.4.2.2).

Figure 3.4.2.'l - Pilot raw FP of no-protease control and protease-treated

peptide sets with and without added avidin

¡ No protease

r PragA9

ø PragA55

TLG set - no avidin TLG set - avidin added GPE set - no avìdin GPE set - avidin added
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Table 3.4.2.'l - Results of the FP screening assay for the o-Lytic protease

mutant libraries. Values are the mean of 2 replicates.

tMutations and Favoured Pr, where known, are from Graham et at. (1993)

and Graham et al. (1994) with blank cells signifying unknown values.

Wild-type Sr residues are shown in italics.

+The index value is the GPE set score minus the TLG set score; hence a

positive index value suggests a mutant that prefers to cleave the GPE set

over the TLG set.

*Shortlisted mutants.

Enzyme Mutationr Favoured
Pr'

TLG set
AmP

GPE set
AmP

lndex
valuet

190 191 192 213 218
PragAl A G V H M M 12.2 9.2 -3
Prag{2 A G R H M M/H 6.8 4.8 -2
PragA3 A G M/H 13.8 9.2 -4.6
PragA4 A G M/H 14.6 5.5 -9.1
PraqAS A G 12.8 0 -12.8
PraqA6 A G M/H 15.2 5.1 -10.1
Pras{T A G R H M/H 20.9 12.9 -8
PraqA9* A G R H L M/H 18 8.2 -9.8
PraqAl3 A G R H S H 16.2 6.9 -9.3
PrasAl9 A G H H T M/H 19.2 13.6 -5.6
PragA26 A G M/A/F 16.8 19.7 2.9
PragA30 A G M/F 17.4 16.8 -0.6
PraqA3l A G R M L M/A/F 19.5 18.7 -0.8
PraqA32 A G M 20.9 10.6 -10.3
PraqA33. A G M/F 16.4 22.2 5.8
PraqA34 A G M/F 1B 15.1 -2.9
PraqA35 A G L L M M/F 17.4 14.8 -2.6
PrasA3T A A o T M MiF 20 14.5 -5.5
PraqA39 A G R F M FIA 20.7 21.4 0.7
PraqA40* A G M/FiA 14.9 15 0.1
PrasA4l A G R T M Î\AIFIAIL 12.5 21.4 8.9
Prag\42 A G M/F/A 13.5 15 1.5
PragA43" A G R M M/F 11 19 8

PragA44 A A T T M/F/L 18.2 25 6.8
PragA4S A A W T L M/F/A 18.6 15.1 -3.5
Praq\47 A G R S L M/F/A 10.6 15.8 5.2
PraqA4S A G M/F/A 9.4 14.3 4.9
PraqA49 A G M/F/A 11.9 15.5 3.6
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Enzyme Mutationr Favoured
Pr'

TLG set
AmP

GPE set
AmP

lndex
valuef

190 191 192 213 218
PraqA50 A G R M M M/F '10.5 9.5 I
PraqA5l A G R L L M/F/A 12.3 17.4 5.1

PraqA53 A G M/F/A 11.5 16.4 4.9
PraqAS4 A G I\AIFIL 12.6 11.5 -1.1

PraqASS A (t R T L M/F/A/L 10.7 16 5.3
RadXl L G S S M A 0.4 11 0.7
RadX2 G 0.7 0.6 -0.1

RadX4 V G K S M A 12.4 4.1 -8.3
RadXT V G A T L A 15.1 3.7 -11.4
RadXS V G L H V N '18.3 12.2 -6.1

RadX9 S G R H L A/M/H 19.1 12.9 -6.2
RadX10 G 0 1.8 1.8
RadX11 T G H T S M/F 0 0.6 0.6
RadX12 S G T S o F 3.9 2.4 -1.5
RadX13 G Y A T MA/iA 3.6 0.7 -2.9
RadX14 L G G S T A 6.1 0 -6.1

RadX17 G F 21 2.4 -18.6
RadX'18 G T S A/M 17.4 4.5 -12.9
RadX19 o (, L S V M 24.6 11.4 -13.2
RadX21 V G R T L A 27 10.8 -16.2
RadX22 A G R T M l\illFlAlL 16.2 18.9 2.7
RadX23 S (-l E S L A '13 5.8 -7.2
RadX25 V G K S M A/M 11 3 -8
RadX26 L (t S T A 16 8.4 -7.6
RadX27 L7 A L V A 16.2 7.7 -8.5
RadX2B G G o S V M/F 12.9 9.3 -3.6
RadX29 V G N T G M 15.4 12.1 -3.3
RadX30* T G R N M A 16.8 19.9 3.1

RadX31 T G K A L A 18.2 15.2 -3
RadX32 A G V S M M/F 16.5 12.7 -3.8
RadX33 G 0 0.7 0.7
RadX34 V G A T E A 14.6 9.7 -4.9
RadX35 V G L T S M/A 16 13.7 -2.3
RadX36 M (t R T T A 13.3 13.3 0

RadX37 G A 2.8 8.8 6
RadX38 G 4.6 21.2 16.6
RadX39 T G W S L A 13.1 6.6 -65
RadX40 V G N S A 21.8 4.8 -17
RadX41 L G G S L A 5.2 0 -5.2

RadX42 L G o T L A 13.7 2.9 -10.8
RadX44 G 6.1 6.8 0.7
RadX46 L G E S A 17.3 12.8 -4.5
RadX47 V (J H T S M 19.6 7.3 -12.3
RadX48 G M T S MiA 12.8 6.2 -6.6
RadX49 G E T A 14.7 9.6 -5.1
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Enzyme Mutationr Favoured
Pr'

TLG set
AmP

GPE set
AmP

Index
valuef

190 191 192 213 218
RadX50 G M 11.2 10.1 -1.1

RadX51 L G V S M M/AA/ 10.6 3 -7.6
RadX52 M G R S T M/A 16.3 12.2 -4.1

RadX53 G G A M A 16.6 15.7 -0.9
RadX54 t 10.9 13.5 2.6
RadX55. A G E H S MiH 10.4 11.6 1.2

RadX57 G A 12.7 12.9 0.2
RadX58 V (, o T T M 8.2 6.6 -1.6
RadX59 A G A M M M/F/A 7.9 3.6 -4.3
RadX60 V G V T S M/A 21.6 16.2 -5.4

RadX61 L G R S T A 22.5 14.9 -7.6
RadX62 G M 14.8 11.2 -3.6
RadX63. V G E T L M/A 23 10.3 -12.7
RadX69 G M/F/A 16.5 o -7.5
RadX71 G M/F 11.9 13.5 1.6

M19OA A G R M V M/F 20.7 15.5 -5.2

Table 3.4.2.2 - Pr residues recognised by the o-Lytic protease mutant

libraries, sorted by their apparent P' preference from the screening data

Number of preferred
P1 residues

GPE
favourinq

TLG
favourinq

1 15% 4B%
2 22% 35o/o

3 33o/o 13%
4 11% 0

Unknown 19% 3o/o

3.4.3 a-Lvtic orotease shoñlrsú s election and o u rificatio n

A shortlist of o-Lytic protease mutants was selected based on the

results of the fluorescence polarisation screening assay. The mutants were

selected for either their P' substrate preference or their Sr mutations (see

Discussion). The shortlisted mutants were PragA9, Prag{l2 (see

Discussion), PragA33, PragA4O, PragA43, RadX3O, RadX55 and RadX63.
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Chapter 3: Screening the a-Lytic protease mutants for desirable specificity

During their purification the o-Lytic protease mutants were observed to

elute in the first 2 fractions of 20% B (=200 mM NaCl). This is in good

agreement with the findings of Haggett ef al. (1994b) of elution at 250 mM

NaCl. The o-Lytic protease activity in the peak fraction pools was determined

using the B-casein FP assay of Chapter 2, with the activity thus reported in

PragAg equivalents. The protease activity in the purified samples is shown as

Figure 3.4.3.1.

Figure 3.4.3.1 - Protease concentration detected in elution faction pool
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mutant number

RadX3O RadX5S RadX63

3.4.4 Cleavaqe of lonq discrete þeptides.

Cleavage of the peptides was monitored by HPLC. Some

representative traces are shown as Figures 3.4.4.1 lo 3.4.4.4, with the

retention time of the dominant cleavage product peaks labelled. The retention

times of these peaks in the reactions of each peptide with each shortlist
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Chapter 3: Screening the a-Lytic protease mutants for desirable specificity

mutant protease are summarised in Table 3.4.4.1. The reoccurrence of

certain peaks in reactions of peptides sharing particular features, such as the

18.16 (10.15) minute peak in many TlG-motif peptide cleavages allows

cautious assignment of identities to many peaks (see Discussion). These

abstracted identities are indicated by the bracketed one letter code in Figures

3.4.4.1 lo 3.4.4.4 and Table 3.4.4.1.

Figure 3.4.4.1 - HPLC trace of RadX3O protease cleavage of TlG-motif

discrete peptide with Pr Ala. The reaction trace is overlaid with full-length

substrate incubated without added protease. A = N-terminal fragment of the

cleaved peptide, T = C-terminal fragment of the cleaved peptide
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Chapter 3; Screening the a-Lytic protease mutants for desirable specificity

Figure 3.4.4.2 - HPLC trace of RadX55 protease cleavage of TlG-motif

discrete peptide with Pr Phe. The reaction trace is overlaid with full-length

substrate incubated without added protease. F = N-terminal fragment of the

cleaved peptide, T = C-terminal fragment of the cleaved peptide, D =

Degradation of the peptide, U = Unidentified peak, I = lncomplete cleavage
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Figure 3.4.4.3 - HPLC trace of PragA9 protease cleavage of GPE-motif

discrete peptide with Pr Met. The reaction trace is overlaid with full-length

substrate incubated without added protease. M = N-terminal fragment of the

cleaved peptide, G = C-terminal fragment of the cleaved peptide.
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Chapter 3: Screening the a-Lytic protease mutants for desirable specificity

Figure 3.4.4.4 - HPLC trace of PragA33 protease cleavage of GPE-motif

discrete peptide with Pr Leu. The reaction trace is overlaid with full-length

substrate incubated without added protease. L = N-terminal fragment of the

cleaved peptide, D = Degradation of the peptide, U = Unidentified peak.
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Chapter 3: Screeninq the q-Lvtic protease mutants for desirable specificitv

Table 3.4.4.1 - Retention times of the peaks detected by rp-HPLC in the cleavage reactions of the discrete peptides with the

shortlisted o-Lytic protease mutants. lnterpreted peak identities (see discussion) are indicated by the bracketed letters following

the code outlined in the symbol legend.

Symbol legend:

M, A, F, L, H = Correct N-terminal fragment for each Pr residue variant peptide.

T = Correct C-terminal fragment TlG-motif bearing peptides, NB: also possible in GPE-motif peptides (see discussion)

G = Correct C-terminal fragment GPE-motif bearing peptides.

U = Unidentified peak

| - lncomplete cleavage, a peak with the retention time of the full-length peptide is present in cleavage reaction.

D = Degradation, a large amount of unbound material on HPLC trace is detected.

tr. = Detection of a trace amount of this peak.
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GPE motif peptides
H

14.20 (H)

1e.41 (G)

20.1 (U)

14.18 (H)

15.85 (u)

1e 4 (G)

16.07 (U)

18.85 (u)

(D)

16.0 (U)

18 86 (U)

20 1 (u)

(t) (D)

16 03 (U)

(D)

L
18 0e (r)

18.57 (L)

21.66 (U)

(t)

18.04 (r)

18.57 (L)

(t) (D)

12 e (U)

18 68 (L)

(D)

12.e (U)

18 6 (L)

21.7 (u)

(D)

12 e (u)

18.6 (L)

(D)

F

18 1e (T)

20 0 (F)

22.6 (U)

(D)

17.e6 (U)

1e 77 (U)

23.64 (U)

(t)(D)

12.e7 (U)

15 7e (U)

1e 87 (F)

(D)

13 1 (U)

15 e (U)

20.57 (u)

(D)

13.0 (u)

15.86 (U)

(D)

A
tr 19 3 (G)

(t)

15 87 (U)

18 01 (r)

20.46 (u)

(t)(D)

(D)

(t) (D)

13.07 (U)

14 8 (A)

17 8 (u)

M

17.26 (M)

1e 32 (G)

17 75 (U)

18 13 (r)

1e.38 (G)

(t) (D)

13 0 (u)

17 27 (wt)

(D)

(t)

13.08 (U)

17 3 (M)

(D)

TLG motif peptides
H

14 15 (H)

18 15 (r)

14.15 (H)

18 14 (r)

18.15 (T)

1e 12 (U)

(D)

18 16 (r)

18 6 (U)

(t)

I

I

1

4. 4 (H )

7.1 (u)

I 1 I (r)

L
18 16 (r)

18.5e (L)

18.04 (r)

22.72 (U)

(t) (D)

17 e5 (U)

18 1 (r)

(D)

18 16 (T)

20 12 (u)

(t)

14.2 (U)

18 14 (T)

(D)

F
18.16 (T)

20.02 (F)

15 84 (U)

18 02 (r)

(t)

15 78 (U)

r 7.e3 (T)

1e 88 (U)

(D)

1e 8 (u)

(t)

15 e (u)

18 16 (T)

2013 (F)

A
14.82 (A)

1812(J)

tr.1a.8 (A)

18 07 (T)

(D)

14.72 ( )

17 e1 (r)

(t)

14.88 (A)

18 16 (r)

(D)

M

17.26 (l'l)

18.08 (r)

17.27 (\A)

18 0e (T)

17.26 (M)

18 08 (T)

17.28 (l\A)

1811(r)

12 8 (U)

17 3 (M)

1817 I)

Pr residue->
PragA9

PragAl2

PragA33

PragA40

PragA43
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(t)

(t)

H

14.12 (H)

tr.19.a (G)

(D)

L

18 6 (L)

2167 (U)

(D)

(t)

(t)

F

12.e8 (U)

20.04 (F)

(D)

22 86 (U)

(t) (D)

(t)

(t) (D)

12.e8 (U)

14 8 (A)

(D)

)(

(t)

A
GPE motif peptides

M

12 e (u)

17 25 (M)

(D)

(t)

(t)(t)

H

1e r3 (u)

(D)

14.07 (H)

18.05 (T)

14.17 (H)

18 15 (r)

L

18 02 (r)

18.66 (L)

(t) (D)

18 1 (r)

18.7 (L)

15 85 (U)

18.06 (r)

1e.es (F)

(t) (D)

17.74 (U)

1e 7 (U)

(t)

F

(D)

17.e7 ï)
20.04 (F)

A

14.77 (A)

18 01 (T)

14 76 (A)

18.00 (T)

(t)

14 78 (A)

18 06 (T)

17.27 [\A)

18 07 (r)

17 26 (l\A)

18 07 (r)

TLG motif peptides
M

17.24 (M)

18.04 (r)

P1 residue---+

RadX30

RadX55

RadX63

109



Chapter 3: Screening the a-Lytic profease mutants for desirable specificity

3.4.5 Mass Spectrometrv of oeotide cleavase.

Two dominant mass species were detected in the PragA9 cleavage

reaction of the GPE-motif peptide with Met at Pr. These species had masses

of 759.5 and 802.5 Da. These are in very close agreement (+ . 1 Da) with the

expected masses from correct proteolysis of the peptide of 758.8 and 801.9

Da, confirming cleavage at the correct site in this peptide by this mutant

enzyme. The mass spectrum appears as Figure 3.4.5.1.

Figure 3.4.5.1 - Mass spectrometry of PragA9 cleavage of GPE-motif peptide

with Met at Pr
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3.5 Drscussroru

The least anticipated outcome of the screening assay was the very

large number of mutants that appear to be able to cleave prior to the

Gly-Pro-Glu motif. This result is contrary to the current understanding of the

S' specificity of o-Lytic protease, which should suggest that Gly-Pro-Glu as P1'

to P3'should be highly unfavourable (Schellenberger et al., 1994). However,

this latter work was peformed with the wild{ype protease, and was with

acyl-transfer reactions rather than actual peptide hydrolysis. As such acyl-

transfer reactions are essentially the reverse of peptide hydrolysis, with the

acyl moiety transferred from the acyl-enzyme complex to a nucleophile

peptide acceptor rather than released into solution by the attack from water

(Schellenberger et a\.,1993). Since the alteration to the reaction sequence is

limited to the order of events, and not the binding interaction of the substrates

and enzyme, it has been suggested that the substrate specificity at the

subsites should be identical to the proteolytic reaction (Fersht et al., 1973).

However, it is open as to how true a model of actual proteolysis these

reactions represent.

Explanations for the observed pattern of results could be that either:

(1) The relative contribution of the P' residues is of insignificant importance

compared to favourable P residues presence, as suggested by the work of

Bauer et al. (1981). ln that study the variation in the second order rate

constant between the most and least favoured P1' residues was only

two-fold compared to over 16-fold for varying Pr residues. The Pr

variation could have been much higher as well, as known unfavourable

residues were not investigated. Or:

111



Chapter 3: Screening the a-Lytic protease mutants for desirable specificity

(2) The mutagenesis has indeed had an effect on the S' sites, as was

suggested in their development (Graham et al., 1993; Graham et al.,

1994), wherein otherwise equivalent peptides that varied only in their

reporter leaving group (pNA chromophore or F-nap fluorophore) were

hydrolysed at different rates, and that this rate discrepancy varied amongst

the mutants.

Some confidence in the screening assay described in Section 3.4.2 can

be gained from the mutant pairs RadX4/RadX25 and PragA4l/RadX22.

These enzyme pairs contained previously unnoticed duplicate mutations. ln

the case of the former pair the raw cleavage results agree quite strongly, with

only unit differences in the cleavage of either of the peptide sets, and the

abstracted index value reporting nearly identical properties. The latter pairing

does display a larger variation, but this is primarily due to differences in the

TLG peptide cleavage. Given that the GPE peptide was near the theoretical

maximum of 20-25 mP units for both enzymes, small differences in the TLG

peptide cleavage will have a large effect on the derived index value. The

inherent technical difficulty of dispensing very small volumes of viscous

culture supernatant could quite easily have given rise to the observed

discrepancy. Despite this variability, both isolates still report as GPE

favouring enzymes.

It is unfortunate that the screening assay was unable to provide greater

discrimination between mutants favouring cleavage before the intended target

and control motifs. This lack of discriminating power was due to the narrow

operational window for the assay, of approximately 25o/o (around 25 mP units)

difference between intact substrate peptide and the free fluorophore-bearing
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peptide fragment. The difference in polarisation observed for the small free

peptide versus the much larger avidin-peptide complex would have been

expected to be much larger, with applications of the equivalent peptide-avidin

system achieving a 150-250 mP difference between the free labelled peptide

and the peptide-avidin complex (Levine et a|.,1997; Leissring et a|.,2003). lt

could be speculated that the lack of a large signal increase could be due the

"propeller effect", wherein part of the fluorescently labelled entity freely rotates

about a bond, resulting in a significantly lower polarisation signal than should

be expected for its mass (Lynch et a\.,1997). Alternatively, it is plausible that

the labelled peptide, whether full-length or cleaved fragment, could interact

with buffer constituents or other proteins via the C-terminal lysines. lf such

electrostatic interaction occurred, it could effectively dampen the

depolarisation of the free peptide by giving the peptide a larger apparent

mass. However, this theory does not satisfy the lack of a larger polarisation

increase for the full-length peptide in the presence of avidin. Whatever the

underlying cause, it seems that the issues with this screening protocol are FP

based technical difficulties. Attempts to circumvent the FP aspect of the

assay, by binding the peptides to avidin coated microplates, washing then

reading the residual fluorescence, were wholly unsuccessful. This could have

been due to the in-house coating of the plates (using the coating protocol of

Section 2.3.7) potentially having low efficiency or not presenting the avidin in

an accessible orientation for optimal access to the biotin moiety. Recently

similar assays have been successfully performed, wherein peptides with

comparable structure to the FP peptide sets presented here, have been used

for a non-FP based protease assay. ln these examples, the intact peptides
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were pulled down with streptavidin coated magnetic beads, and the remaining

fluorescence signal in the supernatant measured and observed to be

proportional to the degree of proteolysis of the peptide (Baechle et al., 2005;

Kozlov et a\.,2006).

The screening protocol achieved its goal, demonstrating that the GPE

motif of the N-terminus of IGF-I does not appear to prevent cleavage by

o-Lytic protease cleavage, at least in this peptide model. To attempt to make

sense of the large number of hits, a shortlist of mutant enzymes with relevant

properties was created. Mutants were selected for further investigation with

insight into the number of equally preferred Pr residues, and the mutations

known to confer substrate specificity. Except for the unique case of PragA4O

(see later), mutants were chosen where they had a maximum of two favoured

Pr residues, as these were most likely to be more specific enzymes, and

likewise mutants with unknown P1 preference were not considered. The three

mutants that met these criteria and displayed the largest preference for

cleavage before GPE were selected, except that PragA33 was included over

RadX37 due to higher cleavage scores and higher overall protease activity.

The final GPE-favouring mutant that was included, RadX55, although showing

only slight preference for GPE, was selected due to it being the only enzyme

that both favoured GPE cleavage and bore the M213H mutation. This

mutation is known to confer a Pr preference for Met and His (Graham et al.,

1993), and is one of the mutations present in the benchmark site-specific

o-Lytic protease mutant, PragA9 (Lien et al., 2001; Lien et al., 2003.). The

remaining shortlisted mutants were selected based on the mutations present

in RadXS5 compared to PragA9. Of the few other enzymes that bore the
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R192E mutation of RadX55, RadX63 was selected, as it only differs from

PragA9 by two mutations (aside from the R192E change under consideration).

Moreover, it was amongst the most GPE-disfavouring, thus serving as a

contrasting alternative for comparison. The other mutation of RadX5S that

separates it from PragA9 is V21BS, which in PragA9 is V218L. The mutant

PragAl2 contains all the mutations of PragA9 as well as having V218S, but

was not found to have sufficient activity in the FTC-casein screen of Chapter 2

to warrant evaluation in the peptide screening assay. However, purification,

and thereby concentration, of this mutant was performed, allowing its inclusion

into the shortlist for investigation, despite the initially low activity and apparent

expression. lt was hoped that, in these selections, there may be an

opportunity to gain insight into the role of the mutations at different positions,

and the resulting structures that confer apparent GPE cleavage preference.

The two other mutants that were included in the shortlist are PragA40 and

PragA9. The PragA4O mutant represents a unique case, in that it appeared to

show little discrimination between the P' sequences, cleaving both to the TLG

and GPE-motif peptide sets to the same degree. PragA9 is included as the

reference site-specific mutant against which the previous assays had been

calibrated.

The action of the shortlisted o-Lytic protease mutants was studied

using longer discrete peptide substrates, each individually bearing one of the

five Pr residue variants of the FP-peptide sets. The peptides utilised were a

slight departure from the idealised IGF-l cleavage motif of the FP peptides;

but peptides with this architecture have been shown in a previous study to be

a good model for release of full-length IGF's from their fusion proteins (Lien ef
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a\.,2001). The variable P1 positions and P' motifs employed in the screening

peptides allowed for rapid probing whilst avoiding the complications of

analysing the complex cleavage pattern arising from the use of a full-length

protein.

The activity of the o-Lytic protease mutants against the longer, discrete

peptides allows interpretation of some aspects of the FP screening data.

Table 3.4.4.1 displays the peaks detected in the cleavage reactions. The

most striking feature of the data is the large number of mutants that rapidly

degrade the peptides; where the term "degrade" is used to signify non-specific

cleavage of the substrate at multiple sites. This phenomenon was particularly

prevalent in those peptides that bear the GPE motif, as shown on HPLC by a

significant level of unbound material eluting in the column load effluent (for

examples see Figure 3.4.4.2 and 3.4.4.4). The putative GPE-favouring

mutants from the FP-screening assay (PragA33, PragA43 and RadX3O) were

observed to degrade all the GPE-bearing peptides, regardless of the P1

residue presented. However, these three mutants were also able to cleave

TlG-motif peptides as in many cases this cleavage was observed to be

specific (as opposed to non-specific degradation) yielding identifiable product

peaks. ln short, the GPE-favouring mutants identified in the FP-screen were

able to cleave both GPE and TlG-motif bearing peptides, but with differing

specificity The converse appears to hold true, exemplified by the strongly

TlG-favouring mutant, RadX63, which is unable to cleave the GPE-motif

peptides at all, yet it did specifically cleave many of the TlG-motif peptides.

PragA9, a slightly TlG-favouring mutant cleaved all TlG-motif peptides

specifically and yet was unable to efficiently cleave two of the GPE-motif

116



Chapter 3: Screening the o-Lytic protease mutants for desirable specificity

peptides and degraded one. PragA4O, the enzyme that showed little P'

preference in the FP screen, produced mixed results. lt produced product

peaks in more P1 variants of the TlG-motif peptides than the GPE-motif

peptides, yet degraded those GPE-motif peptides on which it did act. Again,

this is largely in keeping with its assignment from the FP assay. The only

exception to this trend is RadXS5, which specifically cleaved and/or degraded

the TlG-motif peptides to a greater extent than it did the GPE-motif peptides.

However, RadX55's deduced status as GPE-favouring was always marginal,

at best, and its inclusion in the shortlist was simply because it was the only

known enzyme that bore the M213H mutation that could be considered

GPE-favouring.

It is therefore quite apparent that whilst the FP screening protocol did

indeed return enzymes that could act on a peptide bearing a GPE-motif in

positions Pr'to Pe', the selections it returned were not necessarily cleaving the

peptide specifically. Assuming that the actions of the mutants on the discrete

peptides are a reasonable model for the observations from the FP assay, it

appears that the screening selected in favour of enzymes that non-specifically

degrade their peptide substrates. This phenomenon could be partially

attributed to the observation that the mutants that appeared to favour

cleavage of the GPE peptide over the TLG peptide in the FP screen are

generally those with broader Pr substrate specificity. As shown in Table

3.4.2.2, the mutants that favour cleavage of the GPE peptide have a higher

proportion of representatives showing broad P1 specificity; with 44o/o having 3

to 4 equally favoured Pr residues, compared to the 83% of TLG preferring

enzymes that have only '1 to 2 favoured P1 residues. So even by restricting
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shortlist selection to those mutants with a small number of favoured Pr

residues, the putative GPE-favouring mutants isolated by this FP assay

system tend to be relatively non-specific enzymes in general. lt is possible

that the presence of the GPE sequence in the peptides forces the candidate

mutants to search for secondary specificities for cleavage. This represents a

quite different level of assay selection pressure compared with TLG, which

accommodates the preferred Pr site in strong competition to any secondary

non-preferred sites.

The cleavage of the discrete peptides does provide insight into the

utility of the enzymes for the required task of Met-pGH(1-11)VN-lGF-l

cleavage. Careful examination of the retention times of the peaks generated

provides a wealth of useful information. For example, the TlG-motif peptides,

from which many of the mutants were able to specifically produce two

cleavage products. Although identity of these cleavage products was not

confirmed directly, they could be deduced to represent the predicted N and

C-terminal fragments of the full-length peptide. Hence, we see that a peak at

18.03 to 18.17 mins occurs in all cases. As the C-terminal fragment would be

identical regardless of which P1 variant of the peptide was cleaved, it would

always have the same retention time, within experimental error. lt is

reasonable to assume that this peak corresponds to the C-terminal fragment

of the peptide; as the addition or deletion of amino acids would most likely

produce a change in hydrophobicity and thus retention time in a 4 amino acid

peptide. The other peak in the two product reactions should therefore

correspond to the N-terminal fragment and be identical for that Pr variant.

This is indeed the case, with a peak of fixed retention time present in all two
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product generating cleavage react¡ons of the TlG-motif peptide that share the

same Pr variant. The retention time range of this peak is:

. 17.24 to 17.3 minutes for Pr Met.

. 14.77 to 14.88 minutes for Pr Ala.

o 17 .97 to 20.'l 3 minutes for Pr Phe.

o 18.59 to 18.7 minutes for Pr Leu.

. 14.07 to 14.2 minutes for P1 His.

Although much ratet, two product cleavage reactions for the GPE-motif

peptides did occur, but not frequently enough for the above interpretation to

be made. However, the N-terminal fragment arising from specific cleavage at

the correct site of a GPE-motif peptide should be identical to its corresponding

P1 variant TlG-motif counterpad. This is observed, with some of the mutants

giving rise to peaks of the correct retention time for a supposedly identical

N-terminal fragment. By the above logic, with a correct N-terminal fragment,

the other peak in a two product reaction must be the all important GPE

C-terminal fragment or a derivative of it. Unfortunately, there are very few two

product GPE-motif reactions that do not suffer from degradation. ln the one

case containing only two products, that of PragA9 acting with Met ât P1, there

is indeed a second peak al 19.32 rninutes. The identity of these two peaks

was determined to be correct by mass spectrometry (Figure 3.4.5.1),

demonstrating that PragA9 is able to specifically cleave after PAPM prior to

the N-terminal three residues of IGF-|.
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Chapter 3.'Screening the a-Lytic mutants for desirable specificity

3.6 COt¡Cl-USIOt¡

The FP screening assay reported in this chapter has been shown to

identify enzymes that are able to cleave a peptide bearing a GPE motif. This

chapter demonstrates that whilst Gly-Pro-Glu remains a difficult motif for

o-Lytic protease mutants to cleave specifically, it is indeed possible. Quite

unexpectedly it was found that PragA9, a mutant included in the discrete

peptide investigation simply as a control, turned out to be the one best able to

correctly cleave at the correct site. Since PragA9 has been demonstrated to

be able to correctly cleave at this site, the barriers to Met-pGH(1-11)VN-lGF-l

cleavage by o-Lytic protease must be largely structural. Therefore, alteration

of the structure of the substrate, within the constraints of the existing fusion

protein sequence, will be investigated by manipulation of the cleavage

conditions.
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4.1 IrurnooucroN

ln the last chapter it was established that, contrary to the limited

literature on the S' specificity of o-Lytic protease, it is indeed possible using at

least one mutant to cleave specifically before the Gly-Pro-Glu N-terminal

sequence of IGF-|. This provides encouraging evidence that IGF-l fusion

protein cleavage with an o-Lytic protease mutant may in fact be possible.

With cleavage of a peptide model verified, it is now necessary to investigate

the activity of PragA9 against the full-length fusion protein to determine both

liberation of the desired product with an authentic N-terminus, and the

absence of adventitious cleavage elsewhere within the protein.

There is anecdotal evidence that this selected mutant is unable to

liberate IGF-I from the customary fusion protein (King et al., 1992), even when

provided the same P¿ to P1 cleavage motif (Lien et al., 2001) employed in

both the FP peptide screening and long peptide reactions of Chapter 3. Since

the amino acid sequence of the site itself is now known to not be an absolute

barrier to successful cleavage, any inability to liberate the correct N-terminus

of IGF-l from an equivalent cleavage motif must have some structural

element. The variable cleavage of GPE-motif bearing peptides in Chapter 3

provides some preliminary support to this hypothesis.

There is significant evidence for the role that protein structure can play

in the differential recognition of given amino acid sequence motifs. The

literature is replete with examples of normally site-specific proteases failing to

act at their purported ideal sequence, or more prevalently, cleaving the target

protein at sites other than the expected recognition motif. Adventitious

cleavage of the desired protein product has been frequently reported for three
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most commonly employed site-specific endoproteases: Enterokinase (Light ef

al., 1980; Jacquet et al., 1999; Choi ef a\.,2001; Liew et a\.,2005), Factor Xa

(Nagai et al, 1985; Quinlan ef a/., 1989; Belmouden et al., 1993; Holowachuk

and Ruhoff, 1995; Jacquet et al., 1999) and Thrombin (Forsberg ef al., 1991;

Thanabalu et al., 1992; Kwon et al,. 2005; Park ef al., 2005) This limited

subset of examples probably represents the "tip of the iceberg" with reporting

of incorrect proteolytic processing likely to take second place to the reporting

of successful resolution of such issues.

Where cleavage occurs at a noncanonical sequence, it can be

concluded to be the result of altered cleavage specificity due to protein

structure or sequence, or both. The structural effect could be thought of as a

positive or negative influence on protease substrate recognition; by either

increasing or decreasing the rate of cleavage at the expected site, or

promoting cleavage at the secondary site(s). This effect was demonstrated

elegantly by Liew et al. (2005), wherein enterokinase activity against an

internal cleavage site in the target protein was found to be higher than against

the intended site in the linker sequence. When the amino acid sequence of

this preferred internal site was inserted in the linker region, in place of the

traditional enterokinase cleavage motif, it too was found to be poorly

processed when at this location.

Alternatively, in a fusion protein consisting of chicken IGF-ll and a

longer version of the Met-pGH studied in this chapter (46 residues in that

example as compared to the 11 employed here), cleavage by H64A subtilisin

has been reported at an unexpected Gln-Phe linkage in the fusion partner

(Upton et al., 1995). Cleavage at this non-canonical site has also been
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observed in fusions of human IGF-I with this extended Met-pGH fusion

partner (G. Francis, personal communication).

As structural analyses of IGF-I reveal an N-terminus that is free and

solvent exposed in its native state (Cooke et al., 1991; Laajoki et a\.,2000),

this should render it an attractive target for proteolytic cleavage (Figure 4.1.1).

However, this accessibility appears to be altered significantly by the

introduction of the leader peptide in this fusion protein. The structure of Met-

pGH(1-11)VN-Arg3-lGF-l (Laajoki et al. 1997; Laajoki et a\.2000), a very

closely related protein differing from the construct in question by only the Glu3

to Arg3 amino acid substitution and the absence of the Pro-Ala-Pro-Met

cleavage motif, provides a plausible explanation for the inability of o-Lytic

protease to release a native N-terminus for IGF-|. This structure, displayed as

Figure 4.1.2, shows the leader peptide forming a tight loop at the site of the

N-terminus of IGF-l proper, conceivably limiting the accessibility of o-Lytic

protease to the site. This model of the solution structure of the fusion protein

suggests a turn-like structural element between Asn-1 and Arg3, although the

<Þ and V bond angles do not correspond to any previously characterized

B-turn (Laajoki et al.,2000). Moreover, interactions between Phe-3 and Val-2

of the leader and Helix 1 (specifically Cys6 and GlyT) of the IGF-l molecule

were detected, suggesting that the leader may "fold-back" onto the

hydrophobic core of the IGF-l structure, stabilising the constraint at the

cleavage target site (Laajoki et a\.,2000).

Successful cleavage of this fusion protein with o-Lytic protease may

therefore require a relaxation of the structure of the substrate. Of the forces

that stabilise the tertiary structure of a protein, hydrophobic interaction is
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probably the most significant in this case, given the hydrophobicity of the

leader peptide and the "fold-back" phenomenon observed in Met-pGH(1-

11)VN-Arg3-lGF-|. Determination of environmental conditions that allow the

leader sequence to become more solvent exposed may reduce the steric

constraint around the cleavage site, although any conditions employed must

be sufficiently mild to avoid denaturation of the protease.

ln this chapter the lead mutant o-Lytic protease isolated by the peptide

screening process of the previous chapters, PragA9, will be used to cleave

the full-length fusion protein. The reaction conditions will be manipulated to

optimise the production of authentic IGF-|.

Figure 4.1.1 - The solution structure of human IGF-I of Laajoki et al., (2000)

The N-terminus appears solvent exposed and relatively unstructured.

Helix 2

Helix 3

Helix 1
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Figure 4.1.2 - The solution structure of Met-pGH(1-11)VN-Arg3-lGF-l

provided by Laajoki et al., (2000). The fold-back constraint at the site that

the cleavage motif would occupy is visible in the vicinity of the indicated

Arg3 residue.

Helix 3 Helix 2

G

Helix 1

Argt

4.2 MRreRrRr-s

4.2.1 General reaqents & materials

The following reagents were obtained from BDH chemicals, Kilsyth,

Victoria, Australia. HEPES, glycine, arginine, tris-(hydroxymethyl)methyl-

amine (Tris), polyoxyethylene (20) sorbitan monolaurate (Tween-20), sodium

dodecyl sulphate (SDS), trifluoroacetic acid (TFA), acetonitrile and urea. All
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were of analytical reagent grade or higher. Analytical grade iodoacetic acid

and dithiothreitol (DTT) were supplied by Sigma-Aldrich, Castle Hill, NSW,

Australia. PD-10 desalting columns were supplied by Amersham Bioscience

(Uppsala, Sweden).

SDS-PAGE materials; NUPAGE Novex 4-12% Bis-Tris 1 mm minigels,

NUPAGE 4X LDS Sample buffer, NuPAGE MES SDS 20X Running Buffer,

Mark'l2rM unstained molecular weight standard, were supplied by lnvitrogen,

CA, USA.

4.2.2 General solutions

Cleavage buffer

4M Urea

50mM Tris

pH8.5

Denaturation buffer

BM Urea

25mM Tris

1OmM DTT

pH8.5

IAA solution

64mg/ml lodoacetic acid

1M Tris

pH8.5

4.2.3 Purified PraqA9 q-Lvtic protease.

Purified PragA9 mutant o-Lytic protease was supplied by Novozymes

GroPep Ltd., Thebarton, S.4., Australia. lt was quantified to 0.6 mg/ml by
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absorbance at 280 nm and stored at 4"C in 25 mM Na Tricine buffer (as in

Section 3.2.5 and 3.3.2), pH 6 with 0.02% w/v sodium azide.

4.2.4 Fusion subsfrafes

Receptor grade Met-pGH(1-11)VN-lGF-l was obtained from

Novozymes GroPep Ltd. Thebarton, S.4., Australia. Semi-pure Met-pGH(1-

11)VN-PAPM-lGF-l was provided by l. Butler, Novozymes GroPep Ltd,

Thebarton, S.4., Australia. Both substrates were made up from lyophilised

protein to a stock concentration of 10 mg/ml in 10 mM HCI and stored al4"C

until needed.

4.3 Mernoos

4.3.1 Conduct of cleavede reactions-

For all reactions 10 pg of substrate protein at 50 pM was incubated

overnight (unless otherwise stated) with the buffer conditions, temperatures

and enzyme to substrate ratio stated in Table 4.4.1.1. The initial reaction

conditions replicated those of the discrete peptides of Chapter 3, and were

altered in a stepwise, iterative fashion. Reactions were terminated by the

addition of 130 ¡tl of 1.5% TFA.

4.3.2 Analvsis of cleavage reactions bv HPLC

The cleavage reactions, with the exception of Met-pGH(1-11)VN-lGF-l

and S-carboxymethylated substrate derived reactions, were analysed by
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reversed phase HPLC (rp-HPLC) on an Agilent'1100 HPLC system (Agilent

technologies, California, USA) using a C4 column (Brownlee Reverse-Phase,

BU-300, Aquapore Butyl C-4, 2.1 mm l.D. x 100 mm length, Perkin Elmer,

MA, USA.). Separation was by linear gradient of 20 - 50o/o acetonitrile over

30 minutes in 0.1%TFA at a flow rate of 0.5 ml/min, with monitoring of eluted

protein by absorbance at 215 nm. The analyses were verified peformed by

subjecting the product of reaction condition #37 and authentic IGF-I to

resolution on a slower gradient between 35 - 55% acetonitrile over 80

minutes at 0.5 ml/min.

Later in the work of this chapter the C4 Aquapore column was replaced

and reactions of MelpGH(1-11)VN-lGF-l were analysed on a C4 Vydac

column (Vydac 214TP54, 4.6 mm lD x 250 mm length. Grace Vydac,

California, USA) under the same conditions, but with a 1 ml/min flow rate.

S-carboxymethylated cleavages and controls were also analysed on this

column employing a 20 - 64% acetonitrile gradient over 50 minutes at I

mlimin.

4.3.3 SDS-PAGE of reactions

Reaction condition #37 was repeated and the product compared with

undigested substrate and authentic IGF-I on a 4-12% NuPAGE gel in MES

buffer under reducing conditions according to the manufacturer's instructions.

Protein bands were visualised as in Section 2.3.6.
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4.3.4 Mass Spectrometru of peptide cleavages.

The whole cleavage reaction (no separation) of condition #37 (Table

4.4.1.1), but without included glycine, was desalted by rp-HPLC and the entire

gradient elution dried by vacuum centrifugation. Mass spectrometry was

performed by L. Hick, University of Wollongong, NSW, Australia.

4.3.5 S-Carboxvmeth reactions-

S-Carboxymethylation of Met-pcH(1 -1 1 )VN-PAPM-IGF-l and authentic

IGF-l was carried out in a manner similar to that described by Crestfield et al.

(1963). Briefly,3 mg of protein was incubated in denaturation buffer at a

concentration of 1 mg/ml for t hour at room temperature with gentle shaking.

To this was added 600 ¡rl of IAA reagent and the reactions incubated in a

light-protected tube for 15 mins at room temperature with gentle shaking. The

reaction was loaded immediately onto a PD-10 column to desalt the

S-carboxymethylated proteins into cleavage buffer.

4.4 Resulrs

4.4.1 HPLC analvsis of in cleavaoe conditions

The starting Met-pGH(1-11)VN-PAPM-lGF-l substrate used in the

cleavage reactions of this chapter appears as Figure 4.4.1.1. Two dominant

peaks are visible with retention times of 22.3 and 23.4 minutes. These peaks

most likely correspond to two different folding isomers of Met-pGH(1-11)VN-
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PAPM-IGF-I (see Discussion), as the sample runs as a single band on

SDS-PAGE (Figure 4.4.2.1).

The earliest reactions of Met-pGH(1-11)VN-PAPM-IGF-I with o-Lytic

protease varied the enzyme:substrate mass ratio (reaction conditions #1 to 6,

Table 4.4.1.1), with 1:'100 (condition #4) proving to be the optimum point

between complete conversion of substrate to cleavage products without

incurring significant overdegradation. This reaction was thus set as the

default for the remainder of the study of cleavage conditions. The HPLC trace

of this reaction appears as Figure 4.4.1.2. With a single broad peak at 18.15

minutes, this reaction contains no material with a retention time corresponding

to authentic human IGF-|, shown to be 17.5 minutes in Figure 4.4.1.3.

The incorporation of urea into the cleavage reactions (conditions #7 to

34, Table 4.4.1.1) caused a shift in the pattern of peaks obtained from the

reactions, specifically the observance of material eluting with a retention time

very similar to that of authentic IGF-|. This material was observed as a

leading shoulder on the initial broad peak of the default conditions when lower

concentrations of urea were included (for example see Table 4.4.1.1,

conditions #7, 11, 16,20 and 31). The abundance of this material and its

ability to be resolved into a distinct separate peak was increased with

increasing urea concentrations (for example see Table 4.4.1.1 conditions #9,

22,29,26 and 33 and Figure 4.4.1.4). Alteration of the reaction pH

(conditions #7 to 34, Table 4.4.1.1) did not appear to have an effect on the

generation of this IGF-l-like material. The highest abundance of the IGF-l-like

material with the greatest degree of resolution into a distinct peak was

achieved by condition #26, at 4 M urea, pH 8.5 and incubation at 37"C. A
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HPLC trace of this reaction appears as Figure 4.4.1.4, wherein a significant

peak with a retention time of 17.34 minutes is visible.

Reduction of the incubation temperature of the reaction was also able

to promote the formation of the |GF-l-like material. Condition #35 differed

from condition #4 by only the decrease in temperature from 37"C to ambient

(20 to 22"C), yet as shown by condition #35 in Table 4.4.1.1 and in Figure

4.4.1.5, a product profile displaying the leading shoulder was achieved.

These two |GF-l-like peak promoting factors, ambient incubation and 4 M

urea, could be combined to synergistically in condition #37 to improve the

abundance and resolution of the IGF-l-like peak to its highest attainable yield

in this set of experiments. The HPLC trace of reaction condition #37 is shown

in Figure 4.4.1.6, wherein the resolution and abundance of the peak at 17.6

minutes is greater than in either condition #26 (4 M urea, 37'C) in Figure

4.4.1.4 or condition #35 (default condition but ambient incubation) in Figure

4.4.1.5. For comparison of the retention times of the IGF-l-like peak with that

of authentic IGF-1, the traces of Figures 4.4.1.3 (authentic IGF-l) and 4.4.1.6

(reaction condition #37) are overlaid. lt appears that the retention times of

authentic IGF-l standard and the |GF-l-like peak are quite well matched given

the complexity of the cleavage reaction sample. Furthermore, considering

that variations in retention time of up to t 0.15 minutes were encountered

between comparable peak species in Chapter 3, Section 3.4.4, the

differences observed here can be considered to not be significant.

Further confirmation of the identity of the peak as IGF-I comes from

running the apparently successful cleavage reaction products and authentic

IGF-I on a HPLC with a much slower gradient. Figure 4.4.1.8 shows a peak
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with the same retention time persists in both samples under these separation

conditions. Additionally, co-injection of authentic IGF-l standard with the

cleavage reaction showed the putative and known IGF-I peaks co-eluting,

although the very large peak that resulted tended to dominate the

chromatogram, obscuring the remaining signal (data not shown).

lnitial examination of Table 4.4.1.1 suggests that condition #36 (4'C,

48 hour incubation) was highly successful at the generation of the IGF-l-like

peak. However, the apparently high productivity in this reaction was due to a

dual peak species around the retention time of IGF-|. As only one half of the

split peak at |GF-l-like retention time could correspond to authentic IGF-I, the

actual yield of this reaction is likely to be closer to < 20o/o. Furthermore, the

presence of the complex peak pattern indicates that even if authentic IGF-I is

generated by this reaction, it could be in association with a modified form of

IGF-1. Such product-related contaminants would make subsequent

purification events more difficult, and the extended incubation times are

undesirable from a process perspective. Hence such conditions were not

investigated further.
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Tabte 4.4.1.1 - Key data of cleavage reactions of Met-pGH(1-11)VN-PAPM-IGF-I by PragA9 o-Lytic protease with varied

incubation conditions. The enzyme:substrate mass ratio [Ratio (mass)] was first manipulated in reaction conditions #1 to 6, then

the optimum held constant. ln reaction conditions #7 to 34 urea was included at 1 , 2, 3 and 4 M, and the pH at each of these urea

concentrations tested from pH 6.5 to 9.5 in 0.5 unit increments. The effect of temperature on the reaction was examined by

conditions #35 to 38. The inclusion of large ionic species, non-ionic and ionic detergents was tested by conditions #39 to 49. For

clarity, only peaks not present in the starting substrate (with the exception of controls #1 to 3) are noted as "main peaks". The

retention times (R T ) of the main peaks detected are expressed in minutes, and the percentage of the total peak area of the

chromatogram that each peak represents of shown in brackets following its retention time.

Observations

Two peaks visible. See Figure 4.4.1.1

% rGF-l

like peak

Main peaks R.T. &

o/o area

22.3 (32%), 23.42

(28%)

Other

conditions

37"C

Buffer, pH

100mM HEPES,

pH8.5

Ratio

(mass)

no

protease

Condition

number

Control 1
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No change from Control 1. lncubation at

other pH values also gave the same

outcome as this control.

No change from Control 1. lncubation at

other pH values also gave the same

outcome as this control

Three peaks merged in large group,

significant full-length substrate

Three peaks merged in large group,

reduced separation, significant full-length

substrate

Observations% rGF-l

like peak

16.8 (23%),18.2

(32%),18.9 (16%)

17.0 (17%), 18.25

(38%), 18.96 (17%)

Main peaks R.T. &

o/o area

22.3 (38%),23.41

(2e%)

22.29 (38%), 23.38

(27%)

37"C

37"C

conditions

Other

1M Urea,

37"C

4M Urea,

37'C

50mM Tris, 40mM

Glycine, pH8.5

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

Buffer, pH

50mM Tris, 40mM

Glycine, pH8.5protease

no

protease

no

1 :1 000

1:500

(mass)

Ratio

Control 2

Control 3

1

2

number

Condition

134



4 of 1-11)VN-PAPM-|GF-l

Many minor peaks, IGF-l-like peak

detectable as leading shoulder

Majority of material in one broad peak. See

Figure 4.4.1.2.

Almost dual peak, total peak area

somewhat reduced

Almost dual peak, total area considerably

reduced

IGF-l-like peak detectable as leading

shoulder

Observations

Two peaks almost merged

22

20

like peak

% tGF-l

18.2 (49%),18.4

(36%)

18.3 (42%), 18.5

(43%)

17.34 (22%), 18.49

(31%),19.'r6 (27%)

17 .3 (20%), 18.45

(28%), 19.2 (17%)

Main peaks R.T. &

o/o area

18.18 (43%),18.95

(25%)

18 16 (82%)

37"C

37"C

1M Urea,

37"C

2M Urea,

37"C

conditions

Other

37"C

37"C100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

50mM Tris, 40mM

Glycine, pH6.5

50mM Tris, 40mM

Glycine, pH6.5

Buffer, pH

100mM HEPES,

pH8.5

0011

1:50

1:25

1 :100

0011

(mass)

Ratio

1.250

4

5

6

7

I

number

Condition

3
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Some residual full-length substrate,

IGF-l-like peak almost separate peak

Many minor peaks, much residual

full-length substrate, IGF-l-like peak little

more than shoulder

IGF-l-like peak detectable as leading

shoulder

Trace residual full-length substrate,

IGF-l-like peak detectable as leading

shoulder

Observations

Some full-length, IGF-l-like peak almost

separate peak

o1

19

like peak

% rGF-l

16

11

1917.33 (19%), 18.46

(34%),19.13 (19%)

17.24 (19%), 18.4

(32%), 19.0 (16%)

17.37 (19%), 18.5

(30%), 19.15 (18%)

Main peaks R.T. &

o/o area

17.26 (16%), 18.44

(20%),19.17 (13o/o)

17.34 (11%), 18.5

(15%), 19.23

(10%),19.9 (8%)

1M Urea,

37"C

2M Urea,

37"C

3M Urea,

37"C

conditions

Other

3M Urea,

37"C

4M Urea,

37"C

50mM Tris, 40mM

Glycine, pH6.5

50mM Tris, 40mM

Glycine, pH7

50mM Tris, 40mM

Glycine, pH7

50mM Tris, 40mM

Glycine, pH7

Buffer, pH

50mM Tris, 40mM

Glycine, pH6.5

0011

1 :100

1 :'1 00

0011

(mass)

Ratio

0011

10

11

12

31

number

Condition

I
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Observations

Sig n ifica nt fu I l-length substrate, I G F-l-like

peak detectable but not as distinct separate

peak

No IGF-l-like peak, leading shoulder

present

IGF-l-like peak detectable as leading

shoulder

IGF-l-like peak almost separate peak

Some residual full-length substrate,

IGF-l-like peak detectable but not as

distinct separate peak

like peak

% rGF-l

16

20

22

I1

Main peaks R.T. &

o/o area

17 .26 (16%), 18.38

(22%), 19.07 (15%)

18.3 (39%), 19.0

(18%)

17.3 (20%), 18.5

(39%), 19.0 (16%)

17 .3 (22%), 18.46

(33%), 19.1 (16%)

17.2 (18%), 18.4

(22%),19.0 (15%)

2M Urea,

37"C

conditions

Other

4M Urea,

37'C

1M Urea,

37'C

3M Urea,

37"C

4M Urea,

37"C

50mM Tris, 40mM

Glycine, pH7

50mM Tris, 40mM

Glycine, pH7.5

50mM Tris, 40mM

Glycine, pH7.5

50mM Tris, 40mM

Glycine, pH7.5

50mM Tris, 40mM

Glycine, pH7.5

Buffer, pH

(mass)

Ratio

0011

1:100

1 :100

1 :100

'l:100

Condition

number

14

15

16

17

18
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Observations

Majority of material in one broad peak

IGF-l-like peak detectable as leading

shoulder

IGF-l-like peak almost separate peak

Some full-length substrate, IGF-l-like peak

is clearly separate peak

Majority of material in one broad peak

IGF-l-like peak detectable as leading

shoulder

like peak

% tGF-l

22

20

21

19

Main peaks R.T. &

o/o area

18.16 (23%), 18.4

(19%),19.15 (19%)

17 .4 (22o/o), 18.5

(35%), 19.26 (15%)

17.5 (20%), 18.6

(31%), 19.2 (17%)

17.5 (21%), 18.6

(25%), 19.2 (19%)

(17%)

%15(6181 ), 19.16

17.57 (19%), 18.56

(36%), 19.26 (20%)

conditions

Other

1M Urea,

37"C

2M Urea,

37"C

3M Urea,

37"C

4M Urea,

37"C

1M Urea,

37"C

2M Urea,

37"C

50mM Tris, 40mM

Glycine, pH8

50mM Tris, 40mM

Glycine, pH8

50mM Tris, 40mM

Glycine, pHB

50mM Tris, 40mM

Glycine, pH8

50mM Tris, 40mM

Glycine, pH8.5

Buffer, pH

50mM Tris, 40mM

Glycine, pH8.5

(mass)

Ratio

0011

1 :100

1 :100

1 :100

0011

001.1

Condition

number

91

20

12

22

23

24
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IGF-l-like peak almost separate peak

Trace full-length substrate, IGF-l-like peak

is clearly a separate peak. See Figure

4.4.1.4.

Majority of material in one broad peak

Trace full-length substrate, IGF-l-like peak

detectable as leading shoulder

Some full-length substrate, IGF-l-like peak

almost separate peak

Sig n ificant fu ll-len gth su bstrate, I G F-l-l ike

Observations

71

20

20

% rGF-l

like peak

20

20

18.12 (53%), 19.1

)9%(1

17.45 (17%), 18.46

) 1e17(1 )8%(40%

17.3 (20%),18.4

(33%), 19.1 (15%)

17.34 (20%), 18.5

Main peaks R.T. &

o/o area

17 .4 (20%), 18.53

(29%), 1 9.'16 (19%)

17.34 (20%),'18.53

(22%),19.17 (19%)

1M Urea,

37"C

2M Urea,

37"C

3M Urea,

37"C

4M Urea,

conditions

Other

3M Urea,

37'C

4M Urea,

37"C

50mM Tris, 40mM

Glycine, pH8.5

50mM Tris, 40mM

Glycine, pH9

50mM Tris, 40mM

Glycine, pH9

50mM Tris, 40mM

Glycine, pH9

50mM Tris, 40mM

Buffer, pH

50mM Tris, 40mM

Glycine, pH8.5

001:1

1.100

001:1

0011

1 :100

1:'100

(mass)

Ratio

25

26

27

28

29

30

Condition

number
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Chapter 4: Clea of -11 VN-PAPM-IGF.I

Trace full-length substrate, IGF-l-like peak

detectable as leading shoulder

Some full-length substrate, IGF-l-like peak

almost separate peak

Sig n ificant fu I l-length substrate, I G F-l-like

peak almost separate peak

Leading shoulder on main peak. See

Figure 4.4.1.5

Observations

peak almost separate peak

Small leading shoulder on main peak group5

14

18

17

like peak

% IGF-I

18.3 (25o/o), 18.7

(42%)

(22o/o), 19.2 (18o/o)

17.2 (5%), 18.25

(55%), 19.25 (17%)

17.5 (14%),18.5

(40%), 19.2 (17%)

17.48 (18%), 18.5

(32%), 19.2 (17%)

17.38 (17%),18.5

(18o/o),19.3 (12%)

Main peaks R.T. &

o/o area

4M Urea,

37"C

Ambient

temp

37"C

1M Urea,

37"C

2M Urea,

37"C

3M Urea,

37"C

conditions

Other

50mM Tris, 40mM

Glycine, pH9.5

50mM Tris, 40mM

Glycine, pH9.5

100mM HEPES,

pH8.5

Buffer, pH

Glycine, pH9

50mM Tris, 40mM

Glycine, pH9.5

50mM Tris, 40mM

Glycine, pH9.5

0011

1 :100

'1 :100

1 :100

(mass)

Ratio

'1:'100

32

33

34

35

Condition

number

31
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Chapter 4: of G H(l -1 1 )VN- PAPM-| G F-l

Small leading shoulder on main peak

IGF-l-like peak the best resolved of all

conditions examined. See Figure 4.4.1.6

Much residual full-length substrate, trace

cleavage products

Leading shoulder on main peak

Observations

IGF-l-like peak almost as a double peak

itself, leading shoulder from it visible

6

6

22

4

like peak

% rGF-l

35

17.3 (6%), '18.5

(e0%)

17.4 (6%), 18.5

(60%)

17.6 (35%), 18.8

(31%), 19.03 (28%)

17 .6 (22o/o), 18.8

(24%), 19.3 (18%)

17.5 (4%), 18.8

(6%), 19.3 (11%)

Main peaks R.T. &

o/o area

4'C, 48hrs

4M Urea,

Arginine,

10mM

37"C

100mM

Arginine,

37"C

4"C, 48hrs

Ambient

4M Urea,

conditions

Other

100mM HEPES,

pH8.5

50mM Tris, 40mM

Glycine, pH8.5

100mM HEPES,

pH8.5

Buffer, pH

100mM HEPES,

pH8.5

50mM Tris, 40mM

Glycine, pH8.5

0011

001:1

1 :100

0011

(mass)

Ratio

1 :'l 00

40

38

39

Condition

number

36

37
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Chapter 4: Cleavage of Met-pGH(1-1 1)VN-PAPM-IGF-I

Observations

Small leading shoulder on main peak

Small leading shoulder on main peak

Small leading shoulder on main peak

Small leading shoulder on main peak

% tGF-l

like peak

5

8

Main peaks R.T. &

o/o area

17.47 (5%), 18.73

(52%), 1 9.5 (16%)

17.3 (8o/o),18.77

(45%)

18.75 (45%),19.5

(23%)

18.79 (43%),19.5

(18%)

Other

conditions

500mM

Arginine,

37"C

1OmM

Arginine,

Ambient

100mM

Arginine,

Ambient

500mM

Arginine,

Ambient

Buffer, pH

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

'100mM HEPES,

pH8.5

Ratio

(mass)

1 :100

1 :100

1 :100

1 :100

Condition

number

41

42

43

44
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4: of -11 VN.PAPM.IGF-I

Small leading shoulder on main peak group

Much residual full-length substrate, very

small leading shoulder

Very little cleavage detected, very small

leading shoulder

No cleavage detected

Observations

Small leading shoulder on main peak group

like peak

% rGF-l

3

Trace

Main peaks R.T. &

o/o area

18.07 (22%),18.3

(23o/o), 19.03 (20%)

18.07 (15%), 18.3

(17%), 19.03 (18%)

17.5 (3%), 18.4

(20%), 19.5 (20%)

0.5o/o SDS,

37"C

conditions

Other

Tween-20,

0.05%

37"C

Tween-20,

37"C

0.5%

SDS, 37"C

0.05%

5% SDS,

37"C

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

100mM HEPES,

pH8.5

Buffer, pH

100mM HEPES,

pH8.5

0011

1 :100

1:100

1 :100

1 :100

(mass)

Ratio

46

47

48

49

Condition

number

45
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Chapter 4: Cleavage of Met-pGH(1-1 1)VN-PAPM-IGF-I

Figure 4.4.1.1 Met-pGH(1-11)VN-PAPM-IGF-l substrate incubated

overnight at 37'C in 100 mM HEPES, pH 8.5.
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Figure 4.4.1.2 Cleavage of Met-pGH(1-11)VN-PAPM-IGF-I by PragAg

under reaction condition #4, (100 mM HEPES, pH 8.5, 37'C)
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Chapter 4: Cleavage of -1 VN.PAPM.IGF-I

Figure 4.4.1.3 - HPLC trace of authentic IGF-I standard
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Figure 4.4.1.4 - Cleavage of Met-pGH(1-11)VN-PAPM-IGF-l by PragA9

under reaction condition #26, (4 M urea, pH 8.5, 37'C).
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Chapter 4: Cleavage of Met- pG H( 1 -1 1 )VN- P AP M-l G F-l

Figure 4.4.1.5 Cleavage of Met-pGH(1-11)VN-PAPM-IGF-I by PragA9

under react¡on condition #35, (100 mM HEPES, pH 8'5, ambient

temperature). The peak varies from that of Figure 4.4.1.2 by the presence of

a leading shoulder on the main peak, indicated by a downward arrow.
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Figure 4.4.1.6 - Cleavage of Met-pGH(1-11)VN-PAPM-IGF-I by PragA9

under reaction condition #37 (4 M urea, pH 8.5, ambient temperature). The

peak of |GF-l-like retention time is partially resolved into a discrete peak.
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Chapter 4: Cleavage of Met-pGH(1 -1 1)VN-PAPM-IGF'I

Figure 4.4.1.7 - Overlay of the chromatograms of Figures 4.4.1.3 and 4.4.1.6.

The retention times of the leading peak and authentic IGF-I are well matched

given the complexity of the cleavage reaction sample and system

performance.
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Figure 4.4.1.8 - HPLC of reaction condition #37 products and authentic IGF-I

separated over a long gradient. A peak with comparable retention time

appears in both traces. The split peak in the standard could correspond to a

chemically modified form of IGF-I such as oxidation of Met5e.
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Chapter 4: Cleavage af Met-pGH(|-1 1)VN-PAPM-IGF-I

4.4.2 SDS-PAGE of Met-pGH(1-1 1)VN-PAPM-IGF-I cleavase

Analysis of Met-pGH(1-11)VN-PAPM-IGF-I cleavage in 4 M urea,

ambient temperature (condition #37 of Table 4.4.1.1) by SDS-PAGE was

performed and is shown as Figure 4.4.2.1 The cleavage product appears to

have a mass somewhere in between that of the full-length fusion protein and

that of authentic IGF-1, but the somewhat diffuse band makes the absolute

determ ination d ifficu lt.

Figure 4.4.2.1 - SDS-PAGE of Met-pGH(1 -1 1 )VN-PAPM-IGF-l cleavage and

controls. (1) Met-pGH(1 -1 1 )VN-PAPM-IGF-l substrate, (2) Cleavage reaction

under condition #37, (3) Authentic IGF-l standard.
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Chapter 4: Cleavage of Met-pGH(1 -1 1 )VN-PAPM-IGF-l

4.4.3 Mass spectrometry of Met-pGH(1-1 1)VN-PAPM-IGF-I cleavaqe

The protein species present in the cleavage of Met-pGH(1-11)VN-

PAPM-IGF-I were determined by mass spectrometry and is shown in Figure

4.4.3.1. The major species present have masses 8046, 8063 and 8088 Da.

Authentic IGF-I (7648 Da) may be present as represented by the 7650 Da

species, but this abundance appears to be far lower than the 20% expected

from the HPLC data. This could be due to non-quantitative recovery and

resolution with mass spectrometric analysis.
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Chapter 4: Cleavage of Met-pGH(1 -1 1 )VN-PAPM-IGF-I

Figure 4.4.3.1- Mass spectrum of condition#37 (4 M urea, pH 8.5, ambient temperature) cleavage
lGFa9U/1 , Cone = 30V, Res = 5000
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Chapter 4: Cleavage of Met-pcH(1 -1 I )VN-PAPM-IGF-I

4.4.4 Cleavaqe of S-Carboxvmethvla Met-pG H ( 1 -1 1 )VN -PAPM-I G F-|.

Met-pGH(1-11)VN-PAPM-lGF-l was reduced and the free cysteines

then blocked by S-carboxymethylation. This was largely quantitative, with a

single dominant peak at 39.1 minutes as shown in Figure 4.4.4.1, suggesting

that the two folding isomers of the starting product are resolved into a single

product as expected. The equivalent form of authentic IGF-I appears as

Figure 4.4.4.2, with a single peak al37 minutes visible. However, as shown in

Figure 4.4.4.3, when the S-carboxymethylated Met-pcH( 1 -1 1 )VN-PAPM-lG F-l

is reacted with o-Lytic protease under the optimal cleavage conditions

determined above (4 M urea, ambient temperature, pH 8.5), the products

generated clearly do not co-elute with S-carboxymethylated authentic IGF-|.

Figure 4.4.4.1 HPLC trace of S-carboxymethylated Met-pGH(1-

1 1)VN-PAPM-IGF-l (source data not available for clearer plotting).
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Chapter 4: Cleavage of Met- pG H ( 1 -1 1 )VN- PAPM-I G F- I

Figure 4.4.4.2 - HPLC trace of S-carboxymethylated authentic IGF-I (source

data not available for clearer plotting).
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Chapter 4: Cleavage of M et- p G H ( 1 -1 I )vN - P APM-| G F- I

Figure 4.4.4.3 - HPLC trace of S-carboxymethylated Met-pGH(1-11)VN-

PAPM-IGF-I cleavage by PragA9 under reaction condition #37 overlaid with

that of S-carboxymethylated authentic IGF-l (source data not available for

clearer plotting). lt is clear that the retention times of the two sets of reactions

products are dissimilar.
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Chapter 4: Cleavage of Met-pGH(I-1 1)VN-PAPM-IGF-I

4.4.5 HPLC analvsis of Met-pGH(1-1llVN -lGF-l cleavase reactions

Met-pGH(1-11)VN-|GF-|, bearing no specific cleavage site for PragA9

o-Lytic protease, was incubated with protease under reaction conditions #4

(buffer only, 37"C) and #37 (4 M urea, ambient temperature) of Table 4.4.1.1.

The peak group of the full-length substrate, seen in Figure 4.4.5.1, shifts to a

series of peaks upon exposure to protease under either reaction condition

(Figure 4.4.5.2, condition #4 and 4.4.5.3, condition #37). Although both

cleavage reactions generate a large number of product peaks, there does

appear to be a trace presence of a peak with the retention time of authentic

IGF-I in both reactions (21.5 minutes under the analytical techniques of these

experiments, Figure 4.4.5.4).

Figure 4.4.5.1- HPLC trace of Met-pGH(1-11)VN-lGF-l substrate
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Chapter 4: Cleavage of Met-pGH(1-1 1)VN-PAPM-IGF-I

Figure 4.4.5.2 - Met-pGH(1-11)VN-lGF-l cleavage by PragA9 under reaction

condition #4. The peak group of the substrate (Figure 4.4.5.1) is shifted

fonruard. A much larger number of peaks are present compared to the

substrate. The position of the |GF-l-like peak is indicated with a downward

arrow
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Figure 4.4.5.3 - Met-pGH(1-11)VN-lGF-l cleavage by PragA9 under reaction

condition #37. Much residual substrate remains visible at28.5 minutes. The

trace presence of the |GF-l-like peak is indicated with a downward arrow.
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Chapter 4: Cleavage of Met-pGH(1-1 1)VN-PAPM-IGF-I

Figure 4.4.5.4 - HPLC trace of authentic IGF-l under the analytical conditions

of Figures 4.4.5.1 to 4.4.5.3
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4.5 Drscussrot¡

Authentic IGF-I could not be generated from this fusion protein with

PragAg o-Lytic protease by simply employing the same reaction conditions

used in the peptide studies of Chapter 3 (approximately a 1:50 enzyme to

substrate mass ratio). The two peaks of the starting full-length fusion protein

(Figure 4.4.1.1), which most likely correspond to the two disulphide isomers

frequently observed in IGF-I refolding events (King et al., 1992; Hober et al.,

1992; Miller et al., 1993; Samuelsson ef al., 1994; Milner et al., 1995), are

merged into one broad product peak. Conditions 4 and 5 of Table 4.4.1.1

and Figure 4.4.1.2 show that the products of such a reaction do not have the

correct HPLC retention time to be authentic IGF-1. Preliminary mass

spectrometry supported this finding (data not shown), with the only major

species present having a mass of 8046 Da. lnterestingly, the only possible
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Chapter 4: Cleavage of Met-pGH(1 -1 1 )VN-PAPM-IGF-l

cleavage product from the given Met-pGH(1-11)VN-PAPM-lGF-l starting

material with such a mass is PAPM-IGF-I at 8045.2 Da. This would represent

specific PragA9 cleavage directly before the intended cleavage site, releasing

IGF-I with a residual tetrapeptide N-terminal extension of the intended PAPM

cleavage motif. Cleavage at this site is not without precedent, as Haggett ef

al., (1994c) observed cleavage at the identical position in Met-pGH(1-11)VN-

FAHY-IGF-ll fusion protein. This construct lacked any inserted PragA9

cleavage motif making cleavage precisely at the N-terminus of IGF-Il unlikely.

Besides cleavage at the Asn residue preceding the FAHY motif, this reaction

also produced a Y-lGF-ll co-product at twice the molar yield. lnterestingly,

there were two other available Asn residues present but no cleavage at these

was identified.

Decreasing the temperature of the cleavage reaction to ambient altered

the appearance of the HPLC profile of the reaction (condition #35, table

4.4.1.1). The leading shoulder of the peak generated in these reactions

approached the retention time of authentic IGF-I (Figures 4.4.1.3 and 4.4.1.5).

Further reduction in the reaction temperature to 4'C (condition #36), with a

commensurate increase in time, enabled resolution of this leading shoulder

into a separate double peak, suggesting some heterogeneity. Similarly, the

inclusion of urea in the cleavage reactions (conditions #7 to 34) altered the

product profile, with a more distinct peak apparent that had a retention time

almost identical to that of authentic IGF-l (Figure 4.4.1.4). These two factors

also appeared to function synergistically to further improve the abundance

and resolution of the putative IGF-l peak, with the maximal yield of this single

peak achieved by the inclusion of 4 M urea in the reaction with incubation at
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Chapter 4: Cleavage of Met-pGH(1 -1 I )VN-PAPM-IGF-I

ambient temperature (condition #37) (Figure 4.4.1.6). SDS-PAGE of such

apparently successful cleavage reactions (Figure 4.4.2.1) is largely

inconclusive, given that the actual mass difference between even full-length

fusion protein and authentic IGF-I is less lhan 2 kDa this is not the preferred

analytical approach to apply to this question. Furthermore, even the most

successful cleavage conditions are known to still contain the 8046 Da species,

as indicated by the continued presence of the 18.5 minute HPLC peak. The

resulting potential heterogeneity of somewhat similar mass species present as

a broad unresolved band on SDS-PAGE that is impossible to interpret.

Preliminary attempts to verify the identity of the putative IGF-I peak by running

a more resolving HPLC gradient over a much longer time period than the one

routinely employed for the optimal reaction condition scouting seemed to

support the identity of the peak as authentic IGF-l (Figure 4.4.1.8).

The emergence of the ability of the protease to liberate authentic IGF-I

by modification of the cleavage environment would seem to support the

hypothesis that the structure of the fusion protein around the cleavage site

was initially responsible for the inability to obtain correctly cleaved product.

Since the structural constraints for cleavage appeared to be mitigated by

factors that extrinsically affect the strength of hydrophobic interactions in a

protein (temperature and chaotrope inclusion), it seems plausible that such

interactions are indeed partially responsible for stabilisation of the structural

elements that are refractory to protease cleavage. lt is interesting that the

inclusion of detergents, which will affect the hydrophobic bonding by direct

interaction with the protein surface, did not appear to improve the cleavage

reaction. Such detergent-substrate interactions could potentially interfere with
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Chapter 4: Cleavage of Met-pGH(1 -1 I )VN-PAPM-IGF-I

protease-substrate binding. More likely however, is that the inclusion of

detergents resulted in a considerable loss of protease activity due to

denaturation. This is supported by the presence of much residual full-length

fusion protein substrate in many of the detergent-bearing reactions.

The manipulation of other factors that may influence protein structure

did not enable production of the putative IGF-I peak. For example, inclusion

of arginine (conditions #39 to 44), a basic ion-pairing agent, was without

benefit to cleavage. As arginine is involved in both simple and complex

salt-bridge formation (Musafia et al., 1995), it was thought that inclusion of

increasing concentrations of exogenous arginine may competitively interfere

with the proposed salt-bridge network of the substrate, thereby perturbing the

structure sufficiently to aid protease actton.

Similarly ineffective at improving IGF-l generation was variation in the

pH of the reactions. The pH 6.5 to 9.5 range investigated (conditions #7 to

34) would be expected to primarily affect histidine side-chains (side-chain pKa

6.0), shifting the equilibrium of the deprotonation of the imide moiety toward

completion at increased pH. The Sr active site of o-Lytic protease contains

one non-catalytic histidine residue (His213, Graham et al., 1993). Under

investigation was thus any potential effect of the ionisation state of this

residue on the specificity of the enzyme. Conversely, as IGF-I lacks any

internal histidine residues, the ionisation status of histidine alone was

therefore not expected to have any effect on protein structure. However, it

was hypothesised that localised charge density microenvironments, that could

not be predicted rationally, may be promoted by such manipulations in pH.

These could then perturb the protein structure sufficiently to enhance protease
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Chapter 4: Cleavage of G -11 VN-PAPM-IGF.I

cleavage at the required site. However, the variations in pH investigated did

not significantly alter the range of products generated. lnstead, there

appeared to be a decrease in total protease activity, with residual full-length

substrate present in many reactions where the pH fell on either side of the

expected maxima of o-Lytic protease mutants (pH 8.0 to 8.5, Graham et al.

1993; Graham et al. 1994).

Mass spectrometry of the cleavage reaction conditions with the best

resolved putative IGF-I peak (condition #37) showed that whilst it did contain

detectable authentic IGF-|, it was much less than the approximately 20%

apparent in the HPLC chromatogram (Figures 4.4.3.1 and 4.4.1.6,

respectively). Given that the putative IGF-I peak comprises in excess of 20%

of the total peak area in the HPLC profile of such reactions, it is clear that this

peak cannot solely represent totally authentic IGF-1, but likely also includes

other minor variants. Such minor variants could include the approximately

+17 Da species (7667 Da, see Figure 4.4.3.1), which could co-elute with

authentic IGF-|. One possible modification that fits the observed mass

difference is oxidation of methionine to methionine sulphoxide (+t0 Da).

Alternatively, an additional point of hydrolysis of the protein would increase

the mass by 18 Da if the resulting product remains held togetherthrough the

existing disulphide bonds. Additional internal cleavage of the protein could be

ruled out if the reducing SDS-PAGE resultwas clearer (Figure 4.4.2.1); as it

would have shown smaller fragments had such cleavage events been

occurred.

The most abundant species in the reaction the 8046 Da form and its

variants, with major mass species detected at 8046.2 Da, 8063.1 Da and
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8088.2 Da. The identities of these latter novel mass species are most likely to

be modified forms of the PAPM-lGF-l product. This protein has a predicted

mass of 8045.2 Da, providing very close agreement with the detected 8046.2

Da material. The difference in mass between this product and the other two

are +16.7 Da and +42 Da for the 8063.1 Da and 8088.2 Da forms

respectively. Possibilities for the identity of the 8063.1 Da (+16.7 Da) form

include methionine sulphoxide generation or internal hydrolysis, as discussed

above. The 8088 .2 Da (+42 Da) form could be explained by carbamylation of

the protein, which adds 42 mass units. The inclusion of 4 M urea was one of

the most significant differences between the reaction condition employed to

generate this material and that of the preliminary reaction which produced the

8045 Da form. Carbamylation is a well known phenomenon wherein isocyanic

acid (a breakdown product of urea in solution) reacts with primary amines on

a protein (Stark et al., 1960). Glycine is frequently included in reactions

containing urea to prevent such modifications (Jackowski et al., 1976), but

was omitted in this reaction in an attempt to simplify the reaction conditions.

It remained unclear whether the structure that was refractory to efficient

cleavage was a phenomenon localised to the cleavage motif/lGF-l junction, or

a more global effect derived from the tertiary structure of the whole protein.

To address this issue, a sample of Met-pGH(1-11)VN-PAPM-IGF-I was

denatured and reduced, the free cysteine thiols were then alkylated by

S-carboxymethylation. This protein was then subjected to reaction condition

#37 and, upon analysis by HPLC, it was observed to contain no detectable

S-carboxymethylated authentic IGF-l (Figures 4.4.4.1 to 4.4.4.3). lt is

surprising that the cleavage products were grouped at a retention time eluting
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much earlier than for the reference material (Figure 4.4.4.3). This contrasts

with the comparison of non-carboxymethylated cleavage reactions, wherein

the bulk of the cleavage products ran distal to the authentic IGF-I reference

(see Figure 4.4.1.7). One explanation for this could be the introduction of one

or more favourable cleavage sites with removal of the disulphide linkages and

the associated "insulin-like fold". Thus it is possible that the correct product

could form and then be degraded, or that new cleavage sites of greater

preference may prevent the desired cleavage from occurring. An additional

control, that is digestion of carboxymethylated IGF-I was not included, but

even this could be problematical to interpret in the absence of the fusion

partner sequence.

The inability of PragA9 to successfully cleave at the intended site in this

linearised substrate is an encouraging finding. Had cleavage of this protein

been successful, it would have indicated that the folded structure of the fusion

protein itself was preventing cleavage. This, in turn, may then have

necessitated cleavage prior to refolding, an undesirable undertaking as it

would mean losing the benefits to refolding efficiency that the Met-pGH(1-

11)VN leader provides (Francis et al., 1992; Milner et a1.,1995; Milner et al.,

l eee).

The apparent preference of PragA9 to cleave immediately prior to the

PAPM motif in the Met-pGH(1-11)VN-PAPM-IGF-I fusion protein construct in

a variety of conditions is not solely a function of a favourable sequence

immediately upstream. The insertion of the PAPM PragA9 cleavage motif

was, logically, between the N-terminus of IGF-I proper and the C-terminal end

of the leader sequence. The site of cleavage that gave rise to the 8046 Da
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form in the reactions of Met-pGH(1-11)VN-PAPM-lGF-l was thus the

C-terminal end of the Met-pGH(1-11)VN leader sequence as discussed

earlier. Cleavage reactions of the parental Met-pGH(1-11)VN-lGF-l fusion

protein were pedormed, with this protein lacking an introduced o-Lytic

protease cleavage sequence. Thus this substrate had the seemingly favoured

Leu-Phe-Val-Asn motif of the Met-pGH(1-11)VN leader immediately before

IGF-l N-terminal Gly-Pro-Glu. lnterestingly, these reactions also appear to

show a small peak at IGF-l-like retention time (Figures 4.4.5.2 and 4.4.5.3).

However, a very large number of other product peaks are also observed in

such reactions with Met-pGH(1-11)VN-|GF-|, indicating that even if this peak

is indeed a result of correct cleavage at the predicted site, it is far from

favoured. For example, the cleavage of this substrate under reaction

condition #4 produces eight distinct product peaks in the main peak grouping

alone (Figure 4.4.5.2). Further characterisation of the cleavage products with

Met-pGH(1-11)VN-IGF-l were not carried out. Thus it appears that LFVN is a

favoured site when followed by PAPM, but in the absence of this sequence it

is at best a minor secondary site.

4.6 Cot'rclusroru

The initially promising formation of an |GF-l-like peak observed on

HPLC was improved by reduction of the reaction temperature and the

incorporation of chaotropes. Whilst such reactions were shown to be indeed

producing some authentic IGF-l, it was at a relatively low yield. The formation

of IGF-I was also not quantitative with the abundance suggested by the

magnitude of the |GF-l-like HPLC peak. From the work of this chapter it is

163



Chapter 4: Cleavage of Me -11 VN-PAPM-IGF.I

clear that alteration of the cleavage conditions alone is not sufficient to cause

a predominance of correctly cleaved IGF-I to be formed by PragA9. The yield

obtained from this system is far too low to provide the basis for a successful

manufacturing process. Therefore manipulation of the local structure adopted

by the leader peptide, or the recognition motif, by mutagenesis of the Met-

pGH(1-11)VN-lGF-l fusion protein may be necessary if further gains in the

yield of correctly cleaved fusion protein are to be made.
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5.1 lrurRooucroN

The ability of the PragA9 mutant of o-Lytic protease to cleave

specifically at a site with the N-terminal three residues of IGF-l at the

corresponding P1' to P3' positions has been demonstrated in Sections 3.4.4

and 3.4.5 This result indicates that the amino acid sequence of the cleavage

site itself is not an absolute barrier to successful site-specific proteolysis.

However, as described in Section 4.4.3, this success could not be translated

into liberation of amounts of authentic IGF-l from the full-length Met-pGH(1-

1 1)VN-PAPM-lGF-l fusion protein that could be successfully scaled

industrially. This would seem to indicate that a structural element that is

adopted in the full-length protein was interfering with the ability of the protease

to act at the required site. This structural inhibition of protease activity could

not be alleviated to any significant degree by mild modifications to the

cleavage reaction conditions. Empirical alteration of the structural factors

preventing protease cleavage appears to be the only remaining solution to the

problem at hand. Two main avenues present themselves for this purpose:

1. Reduction in the hydrophobicity of the leader peptide may reduce the

tendency of the leader to adopt the "fold-back" structure observed in Met-

pcH(1-1 1)VN-Arg3-tGf-t and suspected in this Met-pcH(1-1 1 )VN-PAPM-

IGF-l construct.

2. lncorporation of a flexible spacer sequence upstream of the cleavage site

may improve the effectiveness of any solution conditions aimed at

reducing the cleavage site conformational constriction.

The hydrophobicity of the leader peptide, in combination with a flexible

turn-like structure in Asn-1-Gly1-Pro2-Glu3 (see below for numbering system),
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is possibly responsible for its ability to fold-back onto the hydrophobic core of

the IGF-I protein proximal to helix 1. The contact of the leader with the

remainder of the IGF-l protein is shown by the exclusion of solvent from the

region between the leader sequence and IGF-I proper. A lack of solvent

exchange in residues near the C-terminus of helix 2 and the N-terminus of

helix 3 of IGF-l (Figure 4.1.1), that is present in authentic IGF-l supports this

interaction (Laajoki et a|.,2000). However, there is some mobility detected in

the solution structure of the leader sequence (Laajoki et a\.,2000). This

situation suggests that the adopted conformation is the result of ongoing

thermodynamic equilibrium rather than permanent burial of the residues

during the refolding event. lt is hypothesised that mutagenesis of some

hydrophobic residues at the N-terminal end of the leader sequence will lead to

greater solvent exposure of the leader. By increasing the polarity and

flexibility of the leader it should generate a structure that will favour protease

cleavage. The effectiveness of these modifications can then be determined

for their ability to promote the liberation of authentic IGF-I from the novel

fusion protein construct by o-Lytic protease. Furthermore, the influence of

reaction conditions on the effectiveness of the mutational changes can also

be evaluated.

Given the Proline-richness of the cleavage site, with 3 Prolines in a

seven residue span, it is conceivable that the refractory structure created by

this site will be quite rigid and bulky. This could have confounded the effofts

to improve the cleavage at the site by the modification of the protease

reaction conditions as described in Chapter4, Section 4.4.1. The insertion of

a flexible spacer sequence may help to resolve such issues by improving

166



Chapter 5: Manipulation of leader peptide and cleavage sife structure

access to the peptide at the constrained cleavage site. Such spacers have

been used effectively when placed both C-terminal (Guan and Dixon, 1991;

Rodriguez and Carrasco, 1995) and N-terminal (Hakes and Dixon, 1992',

Holowachuk and Ruhoff, 1995) to the cleavage motif. For this application a

spacer would obviously have to be N-terminal to the cleavage motif, so as to

not leave residual amino acids at the new N-terminus. N-terminal spacers

such as Ser-(Gly)5 and (Ser)s-Gly have been used to improve proteolytic

processing of fusion proteins by Thrombin (Hakes and Dixon, 1992;

Holowachuk and Ruhoff, '1995; respectively). The inclusion of a

Ser-(Gly)a-Ala flexible spacer N-terminal to a H64A subtilisin cleavage motif

has proven effective in the cleavage of IGF-ll from a Met-pGH(1-46)VN fusion

partner (Polyak et al., 1997). These Ser-containing, Gly-rich flexible linkers

bear a striking resemblance to the upstream amino acid sequence of the long

discrete peptides successfully cleaved in Chapter 3. This sequence would

therefore make a logical insertion to satisfy the need for a flexible linker, as it

is known from Chapter 3 to be successfully tolerated by PragA9.

The potential benefits of the inclusion of a spacer peptide may extend

beyond improvements to the flexibility of the leader peptide. The provision of

a region of unstructured sequence upstream of the cleavage motif to

physically separate the cleavage site from the existing structural elements

may well prove beneficial. This is even more pertinent given that there is

some evidence for o-Lytic protease enzyme-substrate contact upstream of the

P¿ residue, at least up to a Ps residue. lnclusion of a Ps residue, although

having far less impact than the presence of any other residue in the range Pa

to P2', has been shown to result in a 25o/o increase in the second order rate
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constant for reactions of the wild-type enzyme against peptide substrates

(Bauer et al., 1981). Additionally, the insertion of an amino acid sequence

upstream of the Pro-Ala-Pro-Met cleavage motif would effectively remove the

interfering cleavage site that was identified in Chapter 4, Section 4.4.3.

By the above two disparate mechanisms the structure of the leader

peptide may be altered to promote correct cleavage by PragA9 o-Lytic

protease. The hydrophobicity of the leader can be changed by mutagenesis

of two hydrophobic residues near the N-terminus to charged amino acids.

The residues targeted for alteration are Phe-16 and Met-13, using the

numbering system of Laajoki et al. (1997). ln this system the amino acids of

Met-pGH(1-11)VN-lGF-l analogues are numbered with respect to the IGF-I

portion of the fusion protein, i.e. the first three residues of IGF-l proper, Gly-

Pro-Glu are Glyl , Pro2 and Glu3 and the Pro-Ala-Pro-Met cleavage site is

numbered Pro-4, Ala-3, Pro-2 and Met-1. The N-terminus of the fusion protein is

Met-17. For the insertion of a flexible spacer, it is logical to include the

upstream sequence from the successfully cleaved long discrete peptide

sequence Trp-Gly-Ser-Gly. A schematic representation of the two intended

constructs appears as Figures 5.18 and 5.1C.
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Figure 5.1 - (A) Primary structure of Met-pGH(1-11)VN-PAPM-IGF-1. (B)

lntended primary structure of the leader peptide charge mutant construct. (C)

lntended primary structure of the insertional mutant. The deviations from the

parental construct are shown in bold.

A-1o1to2030
M F PAM P LS S L FVN PAP M G P ETLC GAE LVDALQ FVC G D RG FYF N KPTGYG S

40 50 60 70
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c
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30 40 50 60 70
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5.2 MRreRrels

5.2.1 General reaqents and materials

The following reagents were obtained from BDH chemicals, Kilsyth,

Victoria, Australia: HEPES, glycine, Tris, polyoxyethylene (20) sorbitan

monolaurate (Tween-2O), trifluoroacetic acid (TFA), acetonitrile, urea and all

salts and trace metals used in Sections 5.2.5 to 5.2.7. All reagents were of

Analytical reagent grade or higher. Analytical grade

ethylenediaminetetraacetic acid (EDTA), agarose, bovine serum albumin (RlA

grade), dithiothreitol (DTT) and 2-hydroxyethyl disulphide (2-HED) were

supplied by Sigma-Aldrich, Castle Hill, NSW, Australia.
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5.2.2 Molecular biologv reagents

Deoxynucleotide Solution Mix, restriction enzymes Dnpl, Hpal and

Hindlll were supplied by New England Biolabs, lpswich MA, USA. PfuTurbo

DNA proofreading DNA polymerase, 10x cloned Pfu DNA polymerase

reaction bufferwere supplied by Stratagene, La Jolla, CA, USA. TrackltrMlkb

Plus DNA Ladder markers were purchased from lnvitrogen, CA, USA.

QlAprep Spin Miniprep kit and QlAgen Plasmid Midi kit were purchased from

QlAgen GmbH, Hilden, Germany and Wizard SV Gel and PCR Clean-Up kit

was supplied by Promega, Madison, Wisconsin, USA.

5.2.3 Oliqonucleotides and Plasmids

The plasm¡d CB-A-30 encoding pGH(1-11)VNPAPM-hlGF-l was kindly

provided by GroPep, Ltd. Thebarton, SA, Australia. The following

oligonucleotide primers were synthesised by Sigma Genosys, Castle Hill,

NSW:

WGinsFwd ATC CAG GTT AAC TGG GGT TCT GGT CCG GCG CCG

ATG GGC CCG GAA

F2EM2EfWd CAC ACA GGA GGT AAT ATA TGG AAC CAG CCG AAC

CCT TGT CCA GCC

pGHseq_Fwd GAG CGG ATA ACA ATT TC

pGHseq_Rev CAG GCT GAA AAT CTT CTC TCA TCC GC
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5.2.4 Bacterial strains

Escherichia coli strains JM109 and JM101 were provided by

Novozymes GroPep, Ltd. Thebarton, SA, Australia. Escherichia coli XL-10

Gold Ultracompetent cells were purchased from Stratagene, La Jolla, CA,

USA.

5.2.5 Bacterial culture media

Media were prepared with Milli-Q ultrapure water and autoclaved prior

to the addition of sterile-filtered antibiotics. Luria-Berlani (LB broth) liquid

medium contains 1.0% tryptone, 0.5% yeast extract, 85 mM NaCl and 100

mg/L ampicillin. L4100 agar plates were prepared by addition of 0.5% (w/v)

bacteriological agar to LB broth. MinA minimal medium consists of 30 mM

Na2HPO4,9 mM KH2POa,50 mM NH¿Cl, 10 mM KzSO¿,0.5 mM MgSOa, 150

pM Thiamine, 0.075% (wlv) D-glucose, 2 mllL of trace metal stock solution

(Table 5.2.5.1) and 50 mg/L ampicillin. FM11 defined medium contained 38

mM NazHPO¿, 38 mM (NH¿)zSO¿, 90 mM KHzPO¿, 1.0 mM NazCOs, '1.5 mM

MgSOa, 1.5 mM tri-sodium citrate, 150 ¡rM Thiamine, 1.5% (w/v) D-glucose,

0.1 ml/L of trace metal stock solution 1 (Table 5.2.5.2),0.5 ml/L trace metal

stock solution 2 (Table 5.2.5.2) and 50 mg/L ampicillin.

JM101 F' t ra D 3 6 p ro A* B* I a c lq A(lacZ)l\A 1 5 I A(l a c- p ro A B) g I nV th i

JM109 F' tra D 3 6 p roA* B* I ac lq A(lacZ)l\A1 5 I A(l a c- p ro AB) g I nV 4 4 e 1 4'

gyrA96 recAl relAl endAl thi hsdR17

XL-10 Gold Tet' D(mcrA)1 83 D(mcrCB-hsdSMR-mrr) 1 73 endAl supE44 thi-1

recAl gyrA96 relAl /ac Hte lF' proAB laclqZDMl 5 Tn10 (Tet')

Amy Cam'l
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Tryptone, yeast extract, bacteriological agar, thiamine and ampicillin

were purchased from Sigma-Aldrich, Castle Hill, NSW, Australia. Analytical

reagent grade D-glucose was supplied by BDH chemicals, Kilsyth, Victoria,

Australia.

Table 5.2.5.1- MinA medium trace metal stock solution

1.6 mM CUSO¿ '15 mM ZnSO¿

15 mM MnSO¿ 170 mM tri-sodium citrate

36 mM FeSO¿ 0.2 M HCI

Table 5.2.5.2 - FM11 medium trace metal stock solutions

FM11 Trace Metals 1 FM11 Trace Metals 2

1.5 mM CUSO¿ 100 mM FeSO¿

1.6 mM CoClz 0.32 mM ZnSO¿

1.6 mM NazMoO¿ 1.0 mM MnSO¿

1 mM HgBOg 0.1% (v/v) H2SOa

lmMKl

01% (v/) HzSO¿

5.2.6 Protein production and analvsis

SDS-PAGE and western blot materials; NUPAGE Novex 4-12%

Bis-Tris 1 mm minigels, NuPAGE 4x LDS Sample buffer, NuPAGE MES SDS

20x Running Buffer, Markl2rMunstained molecular weight standard,

SeeBluerM prestained molecular weight standard and 20x NuPAGE Transfer

buffer were supplied by lnvitrogen, CA, USA. Hybond-C nitrocellulose,
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donkey anti-rabbit horseradish peroxidase conjugate, SP-Big Bead resin and

SOURCE 15rpc 80 ml prepacked column were purchased from Amersham

Bioscience, Uppsala, Sweden.

Solutions for protein production

Dissolution buffer

I M Urea

40 mM glycine

1 mM EDTA

100 mM Tris-HCl

40 mM DTT

pH 9.0

IB wash buffer

30 mM NaCl

10 mM KHzPO¿

0.5 mM ZnClz

Dilution buffer

2 M Urea

40 mM glycine

1 mM EDTA

100 mM Tris-HCl

SP-BB binding buffer

8 M Urea

50 mM sodium acetate

pH 4.8

SP-BB elution buffer

B M Urea

50 mM sodium acetate

1 M NaCl

pH 4.8

pH 9.0
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5.2.7 Protein synfhesrs assay

All cell culture media were prepared with Milli-Q ultrapure water and

filter sterilised prior to use. Dulbecco's modified Eagle's medium (DMEM)

contains 1.35o/o (w/v) DMEM high glucose powder (Sigma-Aldrich, Castle Hill,

NSW, Australia), 45 mM NaHCOg, 20 mM HEPES and '1o/o (vlv) penicillin-

streptomycin-fungizone. DMEM/FBS was made by addition of 10% foetal

bovine serum to DMEM. Hank's balanced salt solution (HBSS) consists of

136 mM NaCl,0.35 mM Na2HPO4,0.35 mM KHzPO¿,5.5 mM KCl,0.4 mM

MgSOa, 1.2 mM CaClz,01% (w/v) D-glucose and 0.001% (w/v) phenol red.

Resuspension buffer contained 0.5 M NaOH and 0.1% (vlv) Tween-2O.

Ready-Solv HPrM liquid scintillant was purchased from Beckman

Coulter, Gladesville, NSW, Australia. Nunclon 75 polystyrene tissue culture

flasks and 24-well polystyrene cell culture dishes were obtained from Nalge

Nunc, Rochester, NY, USA.

5.2.8 General solutions

Phosphate Buffered Saline with HEPES Cleavage buffer

Tween (PBS-T) 100 mM HEPES

136 mM NaCl pH 8.5

1 1.5 mM KHzPO¿

80 mM NazHPO¿ U realTris cleavage buffer

25 mM KCI 2 M Urea

200 mM Tris-HCl0.05% (w/v) Tween-2}

pH 8.5
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5.3 Mernoos

5.3.1 Generation of the Met-pGH(1-1 1)vN+F16 E/M13 EI-PAPM-\GF-t

expression construct

A derivation of Quickchange PCR (Stratagene, La Jolla, CA, USA;

Wang and Malcolm, 1999) was used to perform the site-directed mutagenesis

of Phe-16 and Met-13 each to Glu. 50 ng CB-A-30 vector DNA, 90 pmol of

primer F2E¡\A2Etwd, 0.8 mM dNTPs, 2.5 U of PfuTurbo DNA polymerase and

5 pl of 10x cloned Pfu reaction buffer in a 50 ¡rl reaction buffer, with the

volume balance made up with sterile Milli-Q water. This was reacted in a

heated lid thermocycler (Perkin Elmer, Waltham, MA, USA) for 1 minute at

95"C followed by 35 cycles of [95'C for 30 seconds, 52"C for 30 seconds,

68"C for 8 minutes] and completed with 6B"C for 12 minutes. The reactions

were analysed by agarose gel electrophoresis (see Section 5.3.3). Parental

DNA was digested with Dpnl, which recognises only methylated DNA,

according to the manufacturer's directions.

Product-bearing Dpnl{reated PCR reactions were used to transform

XL-10 Gold Ultracompetent cells according to the manufacturer's directions.

Putative positive transformants were labelled pGP-E2E5-XX/x110, where XX

was the incremental number of the clone in the order that they were sampled.

Each such clone was used to inoculate 5 ml L8100 which was grown

overnight at 37"C with shaking al 200 rpm (Ratek lnstruments, Victoria,

Australia). From these overnight cultures, plasmid DNA was prepared by

miniprep and glycerol stocks were established by addition of sterile glycerol to

40% (vlv) and stored at -80'C.

175



Chapter 5: Manipulation of leader peptide and cleavage site structure

An aliquot (5 pl) of purified pGP-E2E5-041x110 plasmid was used to

transform 100 ¡rl of CaClz precipitation competent E. coli JM109 by heatshock,

with positive transformants then designated pGP-E2E5-041109 to reflect the

new host strain. Glycerol stocks were established as above and stored at

-80"C. To confirm the maintenance of the insertion, 4.5 ¡rl of purified plasmid

DNA was digested with Hpal/Hindlll according to the manufacturer's

instructions.

To maintain consistency with established IGF-l expressions (King ef

al., 1992', Francis et al., 1992), pGP-E2E5-041109 plasmid DNA was purified

and 10 ¡rl used to transform 66 pl of E. coli JM101 cells. Positive

transformants were then designated pGP-E2E5-041101 to reflect this host

strain. Glycerol stocks were established as above and stored at -80"C.

5.3.2 Generation of the Met-pGH(l-11) WG S G P AP M-l G F-l exoression

construct

lnsertion of the Trp-Gly-Ser-Gly sequence upstream of the PragA9

cleavage motif was performed by PCR of the PAPM-IGF-l coding sequence of

CB-A-30. The forward primer WGSGinsFwd bore homology in its 3' half to

the coding sequence of vector immediately 3' to the Hpal restriction site and

had a 5' overhang bearing the E. coli codon optimised sequence encoding

Trp-Gly-Ser-Gly upstream of this position, along with replacement of the Hpal

site 5' to this. A schematic representation of this system appears as Figure

5.3.2.1. The reverse primer pGHseq_Rev was homologous to vector

CB-A-30 18 bp downstream of the Hindlll site that is immediately 3'to the

stop codon of the IGF-I coding sequence.
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The PCR reaction was conducted by mixing 70 ng CB-A-30 vector

DNA, 30 pmol of each primer (WGSGinsFwd and pGPseq_Rev), 0.8 mM

dNTPs,2.5 U of PfuTurbo DNA polymerase and 5 ¡rl of 10x cloned Pfu

reaction buffer in a 50 pl reaction buffer, with the volume balance made up

with sterile Milli-Q water. The most successful reaction was achieved by

incubation in a heated lid thermocycler (Perkin Elmer, Waltham, MA, USA) for

2 minutes at 95'C followed by 35 cycles of [95'C for 30 seconds, 62"C for 30

seconds, 72"C for 2 minutesl and completed with72"C for 10 minutes. The

reactions were analysed by agarose gel electrophoresis (see Section 5.3.3).

An aliquot (13.5 pl) of the PCR product and CB-A-30 parental vector

were digested with Hpal and Hindlll according to the manufacturer's

instructions and separated on a large agarose gel. The bands corresponding

to the inseftion fragment and the linearised vector were excised and purified

from the gel using a gel purification extraction kit.

An aliquot (30 ng) of the purified digested insert was ligated with 100

ng of the purified digested vector with T4 DNA ligase according to the

manufacturer's directions. A 25 pl ligation reaction was used to transform 100

pl of CaCl2 precipitation competent E. coliJM109 by heatshock.

Putative positive transformants were designated pGP-WGSG-XX/109

where XX was the incremental number of the clone in the order that they were

sampled. Each such clone was used to inoculate 5 ml L8100 which was

grown overnight at 37'C with shaking at 200 rpm (Ratek lnstruments, Victoria,

Australia). From these overnight cultures, plasmid DNA was prepared by

miniprep and glycerol stocks were established by addition of sterile glycerol to

40% (vlv) and stored at -80'C. Plasmid DNAwas redigested with Hpal/Hindlll
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as above to confirm insertion. To maintain consistency with established IGF-l

expressions, 10 pl of pGP-WGSG-O2 plasmid DNA was transformed into E.

coli JM'l01 cells as described above. Positive transformants were then

designated pGP-WGSG-02/101 to reflect the new host strain. Glycerol stocks

were established as above and stored at -80'C.

Figure 5.3.2.1- Schematic representation of WGSG insertion cloning strategy

Primer WGSGinsFwd
H

Vector CB-A-30

H

Vector pGP-WGSG

5.3.3 Aqarose qel electrophoresis

DNA separations were performed on 1o/o agarose gels. Gels were

prepared and run in TE buffer (10 mM Tris, 1 mM EDTA, pH 8) at 100 V and

visualised by ethidium bromide staining and ultraviolet illumination.

5.3.4 Plasmid preparation and DNA sequencing

Plasmid DNA of pGP-E2E5-041109 and pGP-WGSG-021109 was

prepared from 50 ml of overnight culture in L8100 using a midiprep kit

according to the manufacturer's instructions. Sequencing reactions and

analysis from each plasmid using primers pGPseq_Fwd or pGPseq_Rev was

overhang WGSG PAPM IGF-I

PAPM IGF-tVector Leader Vector

WGSG PAPM IGF-IVector Leader Vector
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conducted by Flinders University DNA Sequencing Facility, Department of

Haematology & Genetic Pathology (Flinders University, Bedford Park, SA,

Australia).

5.3.5 Trial induction

Recombinant protein expression was trialled by culture of the construct

bearing host bacteria (pGP-WGSG-021101 and pGP-E2E5-041101) in 25 ml

MinA medium in 200 ml Erlenmeyer flasks. Duplicate flasks of each construct

were inoculated with 100 pl of overnight culture in MinA medium and grown at

37"C with 200 rpm shaking (Ratek lnstruments, Victoria, Australia). Log

phase growth was typically achieved 6 hours post-inoculation, at which time

one culture of each construct was induced by the addition of 250 ¡tl of 0.1 M

IPTG (final concentration 1 mM) and grown for a further 4 hours. 500 pl

samples were withdrawn hourly and stored at -20'C for later analysis.

5.3.6 Fusion protein production

Production batch fermentations of fusion proteins took place in 200 ml

FM'11 medium in 2 L baffled Erlenmeyer flasks. Flasks were inoculated with a

3.5 ml overnight culture in FM11 medium, and grown al 37"C with 200 rpm

shaking (Ratek lnstruments, Victoria, Australia). Log phase growth was

typically achieved 4 to 5 hours post-inoculation, at which time the cultures

were induced bythe addition of 200 pl of 0.1 M IPTG (final concentration 0.1

mM) and grown for a further 5 hours. The cultures were pooled and frozen at

-20"C until needed.
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5.3.7 Harvesting and washing of lnclusion bodies

Batches of bacterial ferment from each construct were thawed at room

temperature prior to cell lysis by mechanical homogenisation.

Homogenisation was peformed by 10 passes through a high-pressure

homogeniser at 800 bar (Rannie M|N|-LAB Laboratory Homogenizer, type

8.3H, Albertslund, Denmark). Homogenate was chilled to 4"C between each

pass. lnclusion bodies were separated from cellular debris by centrifugation

at 18,000 g for 25 min at 4"C (Beckman Coulter, Gladesville, NSW, Australia).

Pellets were frozen at -20"C until needed. The homogenate pellets containing

the inclusion bodies were thawed at room temperature and pooled. The

inclusion bodies were washed with four changes of 25 ml lB wash buffer.

5.3.8 lnclusion bodv n and oxidative of novel Met-

p G H ( 1 - 1 1 IVN-PAPM-I G F-l co nstru cts

The dissolution and oxidative refolding of the Met-pGH(1-11)VN-

PAPM-IGF-I constructs was achieved largely as described in Francis et al.

(1992). Briefly, the insoluble protein in inclusion bodies was denatured and

reduced in dissolution buffer at an inclusion body concentration of 10% (w/v).

Dissolution was allowed to continue with stirring for 60 minutes at room

temperature. Oxidative refolding of the recombinant protein was initiated by

the dilution of the dissolution reaction 1:100 with dilution buffer, to bring the

DTT concentration down to 0.4 mM and the total protein concentration to less

than 0.15 mg/ml. 2-HED was added to a final concentration of 1 mM and the

pH adjusted to 9.0. The refolding reaction proceeded for 90 minutes with

stirring at room temperature before termination by acidification with 18 ml of
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10 M HCI per litre of refold reaction. Both the dissolution and refolding

reactions were monitored by rp-HPLC (see Section 5.3.14)

5.3.9 Fusion nurification

Purification of the two folding isomers of Met-pGH(1-1 1)VN-

WGSGPAPM-lGF-l and Met-pGH(1-11)VN-tF-16E/M-13E1-PAPM-lGF-l from

refolding reactions was effected by a two stage chromatographic process. ln

the first stage, the proteins were captured on SP-Big Beads. A column (25

ml) of packed bed resin (XK26 housing, Amersham Biosciences, Uppsala,

Sweden) was equilibrated with 5 column volumes of binding buffer at 113

cm/hr on an AKTA Explorer 100 FPLC system (Amersham Biosciences,

Uppsala, Sweden). The refold reaction was loaded and the bound protein

eluted with 5 column volumes of elution buffer at 1 13 cm/hr.

ln the second purification event, each isomer was separated from

contaminating protein and isolated to near homogeneity. Separation was

effected by binding to a prepacked 80 ml SOURCE 1SRPC column

(Amersham Biosciences, Uppsala, Sweden). The column was equilibrated

with 5 column volumes of HPLC solventA (aqueous 0.1% TFA) at20 ml/min

before loading the output of the prior SP-Big Bead column. Elution was

effected by a linear gradient of 32o/o - 48% acetonitrile in aqueous 0.1% TFA

over 10 column volumes. Fractions were analysed by rp-HPLC (see Section

5.3.14) and those corresponding to each isomer were pooled, lyophilised and

stored at 4'C until needed
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5.3.10 Fusion cleavaae

Purified isomers of Met-pGH(1-11)VN-WGSGPAPM-lGF-l and Met-

pGH(1 -1 1 )VN-IF-16E/M-1 
3EI-PAPM-lGF-l were resuspended at a concentration

of 1 mg/ml in'10 mM HCl. Preliminary cleavage reactions were performed by

incubating 15 pg of fusion protein at 50 pM overnight at room temperature (20

- 22"C) with PragA9 o-Lytic protease at an 1:100 enzyme:substrate mass

ratio in either HEPES cleavage buffer or Urea/Tris cleavage buffer. Reactions

were terminated by acidification with 1.5% TFA.

Met-pGH(1-1 1)VN-WGSGPAPM-lGF-l reaction conditions were varied

as defined in Tables 5.4.10.1 and 5.4.10.3. Unless othenvise stated, all

reactions were conducted overnight at room temperature (20 22"C).

Large-scale cleavage reactions of Met-pGH(1-11)VN-WGSGPAPM-lGF-l

were conducted in Urea/Tris cleavage buffer at a ratio of '1:30 overnight at

room temperature. Reactions were terminated by acidification with I .5o/o TFA.

5.3.1 1 Preparative cleavage product separation

The cleavage products generated from Met-pGH(1-1 1)VN-

WGSGPAPM-IGF-I by PragA9 were separated on a C4 reverse phase radial

pressure column (Waters Prep Pak 25 x 100 mm; Waters, Milford, MA, USA)

on an AKTA Explorer 100 FPLC system (Amersham Biosciences, Uppsala,

Sweden). Separation was by linear gradient from 28o/o to 52% acetonitrile in

aqueous 0.1o/o TFA over 40 minutes at 10 ml/min. Fractions were analysed

by rp-HPLC (see Section 5.3.14) and those corresponding to each product

were pooled, lyophilised and stored al4"C until needed.
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5.3.12 L6 Mvoblast protein svnthesis assav

The biological potency of proteolytically generated IGF-|, along with

cleavage intermediates, was compared to that of commercially available IGF-l

for their ability to stimulate protein production in rat L6 myoblast cells. The

conduct of the assay was largely as described in Francis et al. (1986).

Specifically, L6 myoblast cell stocks were grown to confluent monolayers in

20 ml DMEM/FBS in T75 bottles at 37'C in an atmosphere containing 5%

COz Cell stocks were quantified and used to seed 24-well culture plates with

1.7 x 105 cells in 1 ml DMEM/FBS. Cells were grown for a further48 hours

until confluent. The medium was aspirated and replaced with 1 ml fresh

serum-free DMEM and incubated for a fufther 2 hours. The serum-free

medium was then replaced with 900 pl fresh serum-free DMEM containing

3H-Leucine at 1 pCiiml. A range of growth factor concentrations was added in

100p1 sterile PBS, with all assays performed in triplicate. Growth factors and

intermediate cleavage products were resuspended in 10 mM HCI prior to

dilution in PBS. Sterile PBS (100 pl) containing no added growth factors

served as a negative control and 100 pl of FBS was used as a positive

control. Cell stimulation and label incorporation proceeded for 18 hours at

37"C in an atmosphere containing 5% CO2. The medium was aspirated and

the wells were washed twice with 1 ml of cold Hanks balanced salt solution

(HBSS) then twice with 1 ml cold 5% trichloroacetic acid (TCA). Proteins

were solubilised by the addition of 1ml resuspension buffer and incubated for

t hourwith shaking at room temperature. An aliquot (100 pl) from each well

was added to duplicate polypropylene scintillation vials (POLY-Q, Beckman

Coulter, Gladesville, NSW, Australia) and mixed with 1.9 ml liquid scintillation
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cocktail. Total B-emissions from the vials was measured for 3 minutes each in

a B counter (Beckman Coulter, Gladesville, NSW, Australia).

The biological potency of the growth factors was expressed as the

percentage increase in 3H-Leucine incorporation compared to the baseline

negative control. Dose-response curves were plotted using Tablecurve 2D

software (Version 5, SPSS software, Chicago, lL, USA) to calculate ED5s

values for the peptides.

5.3.13 SDS'PAGE and tern blot analvsis

Protein samples were analysed on 4-12% NUPAGE gels in MES buffer

under reducing conditions according to the manufacturer's instructions.

Protein bands were visualised as in Section 2.3.6.

Western blot transfers from the above gels onto Hybond-C

nitrocellulose were conducted using an lnvitrogen submerged transfer

apparatus (lnvitrogen, CA, USA) according to the manufacturer's instructions.

Membranes were blocked overnight in 2% BSA in PBS-T at 4"C. Then, 5 ¡tl

of anti-hlGF-l (Novozymes GroPep Ltd., Thebarton, SA, Australia) was added

and the membrane incubated for a further 2 hours at room temperature with

shaking. The membrane was washed with 4 changes of fresh PBS-T for 10

minutes each. The membrane was then probed with a secondary

antibody-HRP conjugate at a 1.2000 dilution of stock in PBS-T and incubated

'for 2 hours at room temperature with shaking. The membrane was again

washed as above and developed with an Enhanced Chemi-Luminescence kit

(Amersham Bioscience, Uppsala, Sweden) and used to expose X-ray film for

(typically) 5-30 seconds.
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5.3.14 Analvsis of cleavage reactions bv HPLC

Dissolution, refold and cleavage reactions were analysed by reversed

phase HPLC (rp-HPLC) on an Agilent 1 100 HPLC system (Agilent

technologies, California, USA) using a C4 column (Vydac 214TP54,4.6 mm

lD x 250 mm length. Grace Vydac, California, USA). Separation was by

linear gradient of 20 - 50% acetonitrile in aqueous 0.1%TFA over 30 minutes

at 1.0 ml/min, with monitoring at215 nm.

5.3.15 Mass Spectrometru of proteins.

Proteins to be analysed by mass spectrometry were desalted by

rp-HPLC and dried by vacuum centrifugation. Mass spectrometry was

performed by I Milne, Hanson lnstitute Protein Core Facility, Division of

Human lmmunology, lnstitute of Medical and Veterinary Science, Adelaide,

SA, Australia.

5.4 Resulrs

5.4.1 Generation of Met-pGH(1 -1 1)vN+F16E'Ml3 E\-PAPM-\GF-t

expression plasmid

Quickchange PCR produced a Dpnl resistant plasmid, visible in Figure

5.4.1.1. Although the expected size of the plasmid is 3.1 kb (Francis et al.,

1992), the apparent smaller size detected for this product could be readily

explained by supercoiling of the plasmid. lndeed, after a diagnostic restriction

digest of the plasmid intended to excise the IGF-I coding sequence, shown as
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Figure 5.4.1.2, lhe 243 bp IGF-I coding sequence is visible and the now

linearised vector has assumed its correct position of approximately 2.9 kb.

The undigested control (lane 2) of this reaction echoes the supercoiled

plasmid of Figure 5.4.1.1. DNA sequencing of pGP-E2E5-04 plasmid

confirmed successful mutagenesis.

Figure 5.4.1.'l - PCR generated mutant plasmid encoding Met-pGH(1-11)VN-

IF-1 
6¡7¡¡-t sE]-PAPM-l 

G F-1, post Dpn I treatment.
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Figure 5.4.1.2 - Diagnostic Hpal/Hindlll cleavage of pGP-E2E5-02 plasmid DNA.

(1) DNA size markers (b.p.), (2) undigested plasmid, (3) digested pGP-E2E5-04

DNA.

12,000

3000 Linearised pGP-E2E5-04

plasmid

850

500

300 lnsert

5.4.2 Generation of Met-pGH(l-1 lIVN-WGSGPAPM-IGF-I expression

Plasmid

The DNA sequence encoding IGF-I with the insertion of

Trp-Gly-Ser-Gly upstream of the Pro-Ala-Pro-Met PragA9 cleavage motif was

generated by PCR. fhe 291 bp PCR product can be seen in Figure 5.4.2.1

lanes 3 and 5. More specific production of the fragment was possible by

increasing the annealing temperature to 62"C from the 55'C shown in lane 2

of Figure 5.4.2.1. Following ligation and transformation into a suitable host

strain, the resulting pGP-WGSG plasmid was redigested for confirmation of

insertion of the coding sequence. The outcome of such a digest on plasmid

pGP-WGSG-02 appears as Figure 5.4.2.2, where the supercoiling observed

in the intact plasmid is relaxed upon digestion to reveal the 2.9 kb linearised

vector backbone and the 243 bp insertion. DNA sequencing of

bp
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1 650

000

-"*1 ., *

6..

¡s\',r -*\+

187



Chapter 5: Manipulation of leader peptide and cleavage sife structure

pGP-WGSG-02 plasmid confirmed the successful insertion of the desired

sequence

Figure 5.4.2.1- PCR production of WGSGPAPM-IGF-l coding sequence insert.

(1) DNA size markers (b.p.), (2) preliminary 55'C annealing temperature PCR

reaction, (3) final 62"C annealing temperature PCR reaction, (4) no template

DNA negative control of reaction 3. (5) Lane 3 sample with loading volume

decreased 50% for improved clarity.
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Figure 5.4.2.2 - pGP-WGSG-O2 plasmid DNA and diagnostic Hpal/Hindlll

re-digestion. (1) DNA size markers (b.p.), (2) undigested DNA, (3) digested

pGP-WGSG-02 DNA.
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5.4.3 Expression of Met-pGH(I-11\VN-WGSGPAPM-IGF'I and Met-

-11 6E/M13

Trial induction of the two expression constructs for Met-pGH(1-11)VN-

WGSGPAPM-IGF-l and Met-pcH(1 -1 1 )VN-IF-16E/M-1 
sEl-PAPM-lGF-|, namely

pGP-WGSG-021101 and pGP-E285-041101, respectively, was performed in

MinA minimal medium, however no clear inducible band could be detected.

Figure 5.4.3.1 shows the outcome of parallel cultures, differing only in the

presence or absence of exogenous inducer (IPTG). Although the loading of

all lanes was adjusted to equate the optical density of the cultures, there

appears to be a greater level of total protein, particularly high molecular

weight, in both cases of the induced cultures. However, no new bands

appear in the induced cultures that are not already present in the

non-induced. Western blot analysis of the trial expressions shows that

500

300
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material that interacts with anti-lGF-l antibodies is present in both expression

cultures, but these same timecourse analyses confirm the constitutive

expression in this medium. Figures 5.4.3.2 and 5.4.3.3 show bands that

respond to anti-lGF-l well before the time of induction. The majority of the

positive detections in the western blots of Figures 5.4.3.2b and 5.4.3.3b

appears to be much higher than the expected approximately 10 kDa of the

Met-pGH(1-11)VN-lGF-l analogues. Material of this size is observed lower

than the much more prominent higher molecular weight band. This material

could possibly represent incomplete reduction of the loaded material or a

novel arlefact of the gel running or transfer process. As a higher molecular

weight species (approximately 16 kDa) is also detected in the Met-pGH('l-

11)VN-Arg3-lGF-l control lane of Figure 5.4.3.4b, that is not observed in the

equivalent SDS-PAGE gel, the latter explanation seems plausible.

The apparently constitutive expression of the Met-pcH(1-11)VN-lGF-l

analogues in minimal defined medium appears to be a phenomenon brought

about by a property of that medium particularly. Analysis of the expression of

a very similar construct, differing only from Met-pGH(1-11)VN-

WGSGPAPM-IGF-I in the upstream insertion of IQLEVLFQ in place of

WGSGPAPM but with the same vector backbone and host E. colistrain, in a

much richer defined medium (FM11) shows wholly inducible control. No

material is detected at the expected size of a Met-pGH(1-11)VN-lGF-l

analogue prior to the time of induction, nor are there any bands that interact

with anti-lGF-l antibodies, but after the addition of exogenous inducer both are

observed.
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Figure 5.4.3.'l - SDS-PAGE of the trial expression of pGP-WGSG-O2i101 and

pGP-E2E5-041101.

(1) Molecular weight markers, (2) pGP-E285-04110'1 culture without IPTG, (3)

pGP-E2ES-041101 with IPTG, (4) pGP-WGSG-021101 culture without IPTG,

(5) pGP-WGSG-02/10'1 culture with IPTG
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Figure 5.4.3.2 - SDS-PAGE (A) and Western blot (B) of the trial expression of

clone pGP-E2E5 -O4l1O1 expressing Met-pGH(1-1 1)VN-IF-16E/M-13E]-PAPM-

IGF-|. IPTG inducer was added at hour 6. LR3 = Met-pGH(1-11)VN-Arg3-

IGF-l standard.
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Figure 5.4.3.3 - SDS-PAGE (A) and western blot (B) of the trial expression of

clone pGP-WGS G-021 10 1 expressing Met-pcH( 1 -1 1 )VN-WGSGPAPM-lGF-|.

IPTG inducer was added at hour 6. LR3 = Met-pGH(1-11)VN-Arg3-lGF-t

standard.
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Figure 5.4.3.3 - SDS-PAGE (A) and western blot (B) of the trial expression of

clone pGP-3C-01t101 expressing Met-pGH(1-11)VN-IQLEVLFQ -lGF-l in

FM11 medium. IPTG inducer was added at hour 5.5. LR3 = Met-pGH(1-

11)VN-Arg3-lGF-l standard. Anti-lGF-l reactive species are visible from 6.5

hours onwards.
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5.4.4 Downstream p rocessi ns of Met-pG H (1 -1 1 IVN-[F1 6 E/M1 3 EI-PAPM-

IGF.I

Figure 5.4.4.1 shows the rp-HPLC profile of the dissolution and

subsequent oxidative refolding of Met-pGH(1-11)VN-IF-16E/M-13E1-

PAPM-|GF-|. The single peak of the reduced fusion protein at 34 minutes is

shifted to two peaks of retention times (R T ) 24.6 and 26 minutes following

the refolding reaction. Both peaks represent forms of Met-pGH(1-11)VN-

[F-16¡¡¡¡-13E]-PAPM-|GF-1, indistinguishable from each other by SDS-PAGE

(Figure 5.4.4.2). The peaks could be separated from each other to near

homogeneity, as determined by rp-HPLC (Figure 5.4.4.3) and designated

isomers 1 and 2 in order of their respective rp-HPLC retention time.

Fig ure 5.4.4.1 - Long-[F-1 6E/M-1 3E]-PAPM-l 
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Figure 5.4.4.2 - SDS-PAGE of the two peak forms of Met-pGH(1-11)VN-

¡F-165¡¡¡-tsEl-PAPM-lGF-1. Two lanes of each peak are shown. MelpGH(1-

11)VN-Ars3-lGF-l is included as a standard (labelled LR3).
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Figure 5.4.4.3 - Long-[F-16E/M-13E]-PAPM-lGF-l isomer separation
120

66.3
55.4

6

3.5
2.5

450

350

250

150

50

-50

15 19 24 29

Retention time (mins)

Peak R.T Area

I 24.2 5890

2 25.6 8680
100

80

s
m

60Ë
o

o(t,
40

20

f

0

50 10 34 39 44

196



Chapter 5: Manipulation of leader peptide and cleavage sife structure

5.4.5 Downstream processrn-q of Met-pGH(1-1 I )VN-WGSGPAPM-IGF-I

Figure 5.4.5.1 shows the rp-HPLC profile of the dissolution and

subsequent oxidative refolding of Met-pGH(1 -1 1 )VN-WGSGPAPM-IGF-|. The

single peak of the reduced fusion protein (3), eluting after the main gradient at

36.4 minutes, is shifted to two main peaks (1 and 2) a|28.2 and 29.3 minutes

following the refolding reaction. Both peaks represent forms of Met-pGH(1-

11)VN-WGSGPAPM-IGF-1, indistinguishable from each other by SDS-PAGE

(Figure 5.4.5.2). The peaks could be separated from each other to near

homogeneity, as determined by rp-HPLC (Figure 5.4.5.3) and designated

isomers '1 and 2 in order of their respective rp-HPLC retention time.

Figure 5.4.5.1 - Met-pGH(1-11)VN-WGSGPAPM-IGF-l inclusion body
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Figure 5.4.5.2 - SDS-PAGE of the two peak forms of Met-pGH(1-11)VN-

WGSGPAPM-IGF-|. Met-pGH(1-11)VN-Arg3-lGF-l is included as a standard

(labelled LR3).
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Figure 5.4.5.3 - Met-pGH (1-1 1)VN-WGSGPAPM-IGF-l isomer

separation
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5.4.6 Cteavaqe of Met-pGH(1 -1 1 !VN-[F16E/M13 E\'PAPM'IGF'l

Cleavage reactions of Met-pGH(1-11)VN-tF-16EiM-13E1-PAPM-lGF-l

isomer 1 were performed in both HEPES and Urea/Tris cleavage buffers to

evaluate the effectiveness of the charge substitution in the leader peptide.

rp-HPLC analysis of these reactions are displayed as Figures 5.4.6.1 and

5.4.6.2. Three major peaks (2,3 and 4) at21.2,21.9 and 22.4 minutes and

one minor product peak (1) a|20.2 minutes are observed in the HEPES buffer

reaction (Figure 5.4.6.1) and two major peaks (2 and 3) with retention times of

21.1 and 21.8 minutes and one minor peak a|20.2 minutes are detected in

the Urea/Tris reaction (Figure 5.4.6.2). Material with the 22.4 minute retention

time of the HEPES buffer reaction appears to be present in the Urea/Tris

reaction, but at very low abundance. The retention times of the products of

both reactions agree favourably with each other, albeit at differing

abundances. lnterestingly, the minor peak present in these reactions appears

to have a close agreement in retention time to that of misfolded IGF-I aT 20.2

minutes (see Figure 5.4.6.3).

The outcome of the reactions of isomer 1 are mirrored for the cleavage

reactions of isomer 2, with rp-HPLC chromatograms of these reactions shown

as Figures 5.4.6.4 and 5.4.6.5. However, isomer 2 tended to generate only

two dominant product peaks (2 and 3) in both buffer systems, with retention

times of 22.4122.6 and 23.2123.3 minutes. ln cleavages of this latter isomer,

an early minor peak (1) is again detected, with a retention time of 21.5

minutes. ln this case however, the retention time is in very close agreement

to that of authentic IGF-|. A chromatogram of commercial IGF-l reference
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Chapter 5: Manipulation of leader tide and cleavage site structure

standard appears as Figure 5.4.6.6 and shows a retention time of 21.4

minutes

Figure 5.4.6.1 - Met-pGH(1-11)VN-[F-16E/M-13E]-PAPM-lGF-l isomer 1

cleavage in HEPES cleavage buffer.
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Figure 5,4.6.2 - Met-pGH(1-11)VN-[F-16E/M-13E]-PAPM-lGF-l isomer 1

cleavage in Urea/Tris cleavage buffer.
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Chapter 5: Manipulation of leader peptide and cleavage sife structure
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Figure 5.4-6-4 - Met-pGH(1-11)VN-[F-16E/M-13E]-PAPM-lGF-l isomer 2

cleavage in HEPES cleavage buffer.
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Figure 5.4.6.5 - Met-pGH(1-11)VN-[F-16E/M-13E]-PAPM-|GF-l isomer 2

cleavage in Urea/Tris cleavage buffer.
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Chapter 5: Manipulation of leader peptide and cleavage siúe structure

5.4.7 Cleavaqe of Met-pGHfl- lIVN-WGSGPAPM-IGF-I

Three significant peaks (1, 2 and 3) of retention lime 21.8, 22.5 and

23.6 minutes are visible in the chromatogram of the cleavage reaction of Met-

pGH(1-11)VN-WGSGPAPM-lGF-l isomer 1 (Figure 5.4.7.1). As in the

cleavage reactions of the previous construct (Section 5.4.6), no peaks in the

cleavage of Met-pGH(1-11)VN-WGSGPAPM-IGF-I isomer t had a retention

time comparable to that of authentic IGF-|.

The outcome of the cleavage of Met-pGH(1-11)VN-WGSGPAPM-IGF-l

isomer 2 is considerably different again, with a cluster of peak species (1 - 5)

detected (Figure 5.4.7.2). As with the cleavage of isomer 2 of Met-pGH(1-

11)VN-IF-16E/M-13E]-PAPM-|GF-l (Section 5.4.6), one of these products has a

close agreement in retention time to authentic IGF-l reference standard. This

reaction has the highest abundance of the putative authentic IGF-l peak of the

two constructs as well as some residual full-length fusion protein substrate,

suggesting that further product generation may be possible.
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Chapter 5 : Manipulation of leader peptide and cleavage siúe structure

Figure 5.4.7.1 - Met-pGH(1-11)VN-WGSGPAPM-IGF-I isomer 1 cleavage in

U realTris cleavage buffer.
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Figure 5.4.7.2 - Met-pGH(1-11)VN-WGSGPAPM-IGF-I isomer 2 cleavage in

U realTris cleavage buffer.
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Chapter 5: Manipulation of leader tide and cleavage site structure

5.4.8 Seoaration of Met-nGHn -1 1 I cleavaqe

Products

The first four peak species of Met-pGH(1-11)VN-WGSGPAPM-IGF-I

cleavage observed in Figure 5.4.7.2 were separated from each other and

labelled reaction products 1 to 4, in order of increasing retention time.

rp-HPLC of these isolates appears as Figure 5.4.8.1 and SDS-PAGE as

5.4.8.2. An overlay of the chromatogram of the purified putative IGF-I peak

(reaction product 1) of the cleavage reaction with that of commercial IGF-I

reference standard is shown as Figure 5.4.8.3.

Figure 5.4.8.1 - lsolated Met-pGH(1-11)VN-WGSGPAPM-IGF-l isomer 2

cleavage products
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Figure 5.4.8.2 - SDS-PAGE of isolated Met-pGH(1-11)VN-WGSGPAPM-

IGF-I isomer 2 cleavage products. "Substrate" is the input isomer 2 used for

the reaction.
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Figure 5.4.8.3 - Overlaid chromatograms of commercial IGF-I reference

standard and IGF-l-like peak of Met-pGH(1-11)VN-WGSGPAPM-IGF-l

cleavage
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Chapter 5: Manipulation of leader peptide and cleavage sife structure

5.4.9 Mass spectrometrv of Met-pGH(l-11IVN-WGSGPAPM-IGF-I

cleavage products

The isolated cleavage products displayed in Figure 5.4.8.'1 were

analysed by mass spectrometry. The spectrum of full-length Met-pGl-1(1-

11)VN-WGSGPAPM-IGF-I isomer 2 substrate appears as Figure 5.4.9.1 and

is resolved to reveal a major mass species of 9868 Da and a minor species of

9589 Da. Figure 5.4.9.2 is the spectrum of the first of the four reaction

products and is resolved to reveal a mass species of 7648 Da, which

compares closely with the calculated mass of authentic IGF-I al 7649 Da..

Figure 5.4.9.3 displays the spectrum of reaction product 2 and is resolved to

contain a mass species of 7362 Da, which compares well to the calculated

mass of des(68-70) IGF-l at7632Da. The spectrum of reaction product 3 is

shown as Figure 5.4.9.4 which is interpreted to contain a mass species of

8432 Da, which compares closely with the calculated mass of

WGSGPAPM-IGF-I at 8433 Da. Finally, the mass spectrum of reaction

product 4 is displayed as Figure 5.4.9.4, with a major mass species resolved

al B144Da, which compares closely with the calculated mass of des(68-70)-

WGSGPAPM-IGF-l at B'146 Da.
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Figure 5.4.9.1 - Mass spectrum of Met-pGH(1-11)VN-WGSGPAPM-IGF-l isomer 2
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Figure 5.4.9.2 - Mass spectrum of reaction product 1
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Chapter 5: Manipulation of leader peptide and cleavage sife structure

1

Figure 5.4.9.3 - Mass spectrum of reaction product 2
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Chapter 5: Manipulation of leader peptide and cleavage siúe structure

I

Figure 5.4.9.4 - Mass spectrum of reaction product 3
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Chapter 5: Manipulation of leader peptide and cleavage sife structure

Figure 5.4.9.5 - Mass spectrum of reaction product 4
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Chapter 5: Manipulation of leader peptide and cleavage sife structure

5.4.10 Ootimisation of Met-pGHfl -1 1 ) YN-WGSG PAPM-I G F-l c leav aqe

ln the data of this and subsequent sections the reaction products likely

identities are based, in the absence of any sequencing data, on the mass

spectrometry data (see Discussion). Thus "reaction product 1" compares

closely with the molecular weight of authentic IGF-|, "reaction product 2"

compares closely with the molecular weight of des(68-70)lGF-1, "reaction

product 3" compares closely with the molecular weight of WGSGPAPM-IGF-l

and "reaction product 4" compares closely with the molecular weight of

des(68-70)-WGSGPAPM-lG F-1.

Various alterations of the cleavage conditions that gave rise to the

products displayed in Figure 5.4.7.2 were employed in an attempt to increase

the yield of authentic IGF-|. ln Table 5.4.10.1 enzyme:substrate ratios,

incubation times and temperatures were manipulated in an attempt to drive

the reaction further towards completion. The abundance of authentic IGF-I

could be increased to 20o/o of reaction products.

The order in which the various products are formed was investigated

by incubating the Met-pGH(1-11)VN-WGSGPAPM-IGF-I substrate at a high

enzyme.substrate ratio and observing their formation over time. This data is

summarised in Table 5.4.10.2. lt appears that the WGSGPAPM-IGF-I form is

generated first, then authentic IGF-1. The des(68-70) forms of both

WGSGPAPM-IGF-I and authentic IGF-I are generated following their native

C-terminal counterpafts, see discussion for more details. Whilst the

abundance of all other species appear to be in flux, there is a steady

accumulation of des(68-70)-lcF-1, suggesting that this is the terminal product

of the reaction.
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Chapter 5: Manipulation of leader peptide and cleavage sife structure

ln the final set of the limited round of optimisations, the best set of

conditions of Table 5.4.10.1 were held constant and other factors investigated

such as the inclusion of organic solvents, the urea concentration and reaction

pH in an attempt to change the relative ratio of the output products of the

reaction, with these results summarised in Table 5.4.10.3. ln none of the

conditions employed could the des(68-70) truncation be avoided, nor could its

abundance relative to authentic IGF-I be altered to favour recovery of more

intact IGF-1. ln fact, pH >

des(68-70) truncation, but this is more likely to be a reflection of the reactions

tending further toward completion, as there is a concurrent loss of the

WGSGPAPM-lGF-l intermediate and its des(68-70) counterpaft.

A chromatogram of the products generated by the optimum conditions

determined by these experiments appears as Figure 5.4.10.1 and typical

process yields of the optimum cleavage, from inclusion bodies through to

highly purified authentic human IGF-I appears as Table 5.4.10.4. As an

uninterrupted, continuous process was never performed on an entire single

fermentation batch, with unit operations conducted on small samples of the

bulk preparation, the theoretical process yield is calculated by compounding

the yields from each step. The outcome for the process is thus determined to

be 2.7%
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Chapter 5: Manipulation of leader peptide and cleavage siúe structure

Table 5.4.10.1 - Met-pGH(1-11)VN-WGSGPAPM-IGF-l cleavage optimisation round 1. Enzyme:substrate mass ratio, incubation

temperature and time were varied to maximise the yield of authentic IGF-|. All reactions were performed in Urea/Tris cleavage

buffer. The %lnput peak area detected is relative to the initial substrate (i.e. 100% in the no protease control reaction) and the

abundance of each cleavage product is its relative proportion of the total peaks detected in the cleavage reaction. nd = not

detected, RT = room temperature (20 - 22"C).

% des(68-70)
IGF.I

nd

nd

2.5

6

I
I

% tGF-l

nd

1.1

5.8

12

11

15

% des(68-70)
WGSGPAPM.

IGF.I
nd

1.7

6.6

9.5

12

11.5

o/fo

WGSGPAPM.
IGF.I

5

I
23

30

23

31

%Uncut
substrate

65

52

8.5

2

nd

nd

%lnput peak
eree

detected
72

7 1

78

74

68

73

Other conditions

RT, 16 hrs

RT, 16 hrs

RT, 16 hrs

RT, 16 hrs

37"C,16 hrs

RT, 48 hrs

Mass Ratio

1 :1 000

1:500

1.200

1 :100

1 :100

1 :100
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IGF-I

b
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I1

16

30
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19

19.5

10.5

% IGF-I

14.5

'18

I1

11

13

14

14

13

14

7.8

% des(68-70)
WGSGPAPM-

IGF.I
32

31.5

29

28

30

13.5

5.5

ofto

WGSGPAPM.
IGF.I

nd

%Uncut
substrate

nd

nd

nd

nd

nd

nd

64

62

16

52

43

%lnput peak
area

detected
72

60

RT, 16 hrs

RT, 16 hrs

RT, 16 hrs

RT, 16 hrs

Other conditions

RT, 16 hrs

RT, 16 hrs

RT, 16 hrs

1"25

1.20

'1:10

Mass Ratio

1:50

1.40

1:35
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Table 5.4.10.2 - Met-pGH(1-11)VN-WGSGPAPM-IGF-I cleavage timecourse. Unless othenvise stated, conditions for these

reactions were a 1:10 enzyme:substrate ratio. All reactions were performed in Urea/Tris cleavage buffer at room temperature (20 -

22.C). The %lnput peak area detected is relative to the initial substrate and the abundance of each cleavage product is its relative

proporlion of the total peaks detected in the cleavage reaction. nd = not detected.

% des(68-70)
IGF.I

nd

nd

nd

4

I
15

28

38

6

%lGF-l

nd

3

6

8.5

15

20

22

10.5

11

% des(68-70)
WGSGPAPM.IGF-I

nd

nd

nd

7.6

14

15.5

26

7.8

9.5

otlo

WGSGPAPM.IGF.I

4

10

17

24

34

33

24

5.5

29

%Uncut
substrate

78.5

59

37

14

2.5

nd

nd

nd

9

%lnput
peak area
detected

85.5

78.5

74

73

59

60

48

43

7 1

Time

5 min

15 min

30 min

thr
2hr

4hr

8hr

16 hr

1:30 ratio, 4 hr
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Table S.4.10.3 - Met-pGH(1-11)VN-WGSGPAPM-IGF-I cleavage optimisation round 2. Reaction pH, urea concentration and

inclusion of organic solvent were investigated to improve the yield of authentic IGF-I. All reactions were performed at an

enzyme:substrate mass ratio of 1 :30 at room temperatu re (20 - 22"C) for 16 hours. The %lnput peak area detected is relative to

the initial substrate and the abundance of each cleavage product is its relative proportion of the total peaks detected in the

cleavage reaction. nd = not detected, ACN = acetonitrile.

oflo

des(68-70)
IGF.I

nd

37

26

25

21

28

% rGF-l

35

16

16

17

1 o

17

% des(68-70)
WGSGPAPM-

IGF.I
nd

8.7

10

8.7

1 3

1 0

ollo

WGSGPAPM-
IGF.I

1 7

1 7

I 7

18

29

14

%Uncut
substrate

42

nd

nd

nd

nd

nd

%lnput
peak area
detected

68

55

58

62

61

57

Other
conditions

4 M urea

2 M urea

2 M urea

2 M urea

2 M urea

2 M urea

Buffer, pH

200 mM Tris, pH 8.5

200 mM Tris, pH 10

200 mM Tris, pH 9.5

200 mM Tris, pH 9

200 mM Tris, pH 8.5

200 mM Tris, pH 8
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4.4

19

12.5
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IGF.I
17
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6

13
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22

23

I
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32

26

24

21
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31
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69

17

72

3
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4.5

17

44

nd
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substrate

74

77

74
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77

61

65

59

16

50

67

%lnput
peak area
detected

53

2 M urea,

5% ACN

5% ACN

2 M urea,

15% ACN

15% ACN

2 M urea,

25% ACN

25 % ACN

37.5%

ACN

Other
conditions

2 M urea

2 M urea

2 M urea

2 M urea

2 M urea

200 mM Tris, pH 8.5

200 mM Tris, pH 8.5

200 mM Tris, pH 8.5

200 mM Tris, pH 8.5
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200 mM Tris, pH 8.5

200 mM Tris, pH 7.5

200 mM sodium citrate, pH 7.5

200 mM sodium citrate, pH 7.0

200 mM sodium citrate, pH 6.5

200 mM sodium citrate, pH 6

200 mM Tris, pH 8.5

Buffer, pH
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Figure 5.4.10.1 - Optimum conditions for maximal generation of authentic

¡GF-l from Met-pGH(1 -1 1 )VN-WGSGPAPM-IGF-|.
120

f
E

300

250

200

'150

100

50

-50

100

0

80

E
m

60Ë
d,

o
Ø

40

20

Peak R.T Area

1 21.6 1210

2 22.5 1 090

3 23.3 1 850

4 24.0 890

5 25.2 730

6 29.2 9900

0

0510 15 19 24 29 34 39 44

Retention time (mins)

Table 5.4.'10.4 - Typical recoveries of Met-pGH(1-1 1 )VN-WGSGPAPM-IGF-l

isomer 2 (steps 1 and 2) or authentic IGF-I (step 3). The theoretical yield of a

continuous process is calculated by compounding the losses experienced at

each step.

Step Processing step Step

yield

Theoretical

process yield

1 lB Dissolution to lsomer 2 in Refold 620/0 62%

2 Refold to pure lsomer 2 67% 41.5o/o

3 Purified IGF-l from large scale cleavage 6.5% 2.7o/o
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5.4.11 L6 mvoblast protein synúhesis

The biological potency of the two folding isomers of Met-pGH(1-11)VN-

WGSGPAPM-IGF-l and the various cleavage product forms was examined by

their ability to stimulate protein synthesis in rat L6 myoblasts. The

dose-response curves for growth factors Met-pGH(1-11)VN-WGSGPAPM-

IGF-l isomer 1, isomer 2, WGSGPAPM-IGF-|, des(68-70)WGSGPAPMIGF-|,

des(68-70)lGF-1, proteolytically generated authentic IGF-l and commercial

IGF-l reference standard appear as Figures 5.4.11.1 through 5.4.11.7

respectively. The percent stimulation expressed is the increase in 3H-Leucine

uptake over the negative control, which lacked any exogenous growth factors

or serum. lsomer 1 was clearly less potent than isomer 2 or any of the

cleavage products. The proteolytically generated IGF-l was observed to be

bioequivalent to the commercial reference standard IGF-|. The full-length

isomer 2 fusion protein and all its derived cleavage products were of

equivalent activity relative to each other at a slightly lower potency than that of

authentic IGF-|. For comparison, the ED5s values and 95% confidence

intervals of the data are provided in Table 5.4.11.1.
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Table 5.4.11,1 - Concentrations of Met-pGH(1-11)VN-WGSGPAPM-IGF-I

folding isomers, cleavage intermediates or products required for half maximal

stimulation of protein synthesis in rat L6 myoblast cells.

Construct EDso (ng/ml) 95% confidence

interval (ng/ml)

Met-pGH(1-1 1)VN-WGSGPAPM-IGF-l isomer 1 146.8 93.8-199.8

Met-pGH(1 -1 1 )VN-WGSGPAPM-lGF-l isomer 2 28.7 23.3-34.1

WGSGPAPM-IGF-I 22.7 16.5-28.8

des(68-70) WGSGPAPM-lG F-l 23.0 18.9-27.0

des(68-70)lGF-l 23.1 16.2-30.0

protease produced IGF-I 17.5 14.5-20.8

commercial IGF-l 16.9 14.5-19.2
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5.5 Drscussroru

The generation of novel variants of the Met-pGH(1-11)VN leader

peptide has been investigated in this chapter, and these variants tested for

their ability to yield authentic IGF-l upon digestion by the PragA9 mutant of

o-Lytic protease.

5.5.1 Expression

Preliminary production of the constructs showed expression to be quite

leaky, with material that interacts with anti-lcF-l antibody present prior to

induction. This phenomenon was resolved empirically by protein expression

in richer defined medium, as shown in a parallel induction experiment. lt

could be that the lower concentration of glucose in the minimal medium

(MinA) of the induction trials triggered a starvation response in the cells,

resulting in the upregulation of all carbon utilising metabolic pathways,

including the /ac system on which expression in this plasmid is based. ln the

richer FM11 medium, the cell would be receiving an abundance of glucose

and as such the induction control was able to be imposed.

5.5.2 Foldins

The refolding of the variants was successful using the established

methods, with the characteristic two major folding isomers clearly visible in the

refolding reactions of the leader peptide charge mutant (Met-pGH(1-11)VN-

¡F-16571y¡-tsEl-PAPM-lGF-l; Figure 5.4.4.1) and the insertional mutant (Met-

pGH(1-11)VN-WGSGPAPM-IGF-I; Figure 5.4.5.1). Given the novelty of these
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two variants, the assignment of "native" and "alternate" isomer peaks could

not be conclusively made until biological activity data was available (see

later); but in all previous examples of human IGF-I refolding reactions that

yield the canonical two folding isomers, the native isomer elutes later on

rp-HPLC than the alternate isomer (Hejnaes et al., 1992; Miller et al., 1993;

Samuelsson ef al., 1994; Milner et al.,'1995; Kim and Lee, 1996). However,

no assumption regarding the identity of either isomer was made, as

presumably only the correctly folded isomer will allow generation of authentic

IGF-1. Cleavage at the correct site in the alternate isomer will simply result in

the generation of alternative isomer IGF-l in the absence of any

rearrangement of disulphide bonds.

The abundance of the two isomers was roughly 1'.1 (!10%), in contrast

to ratios of 2.5:1 native:alternate isomer that have been reported for refolding

reactions of Met-pGH(1-11)VN-lGF-l (Milner et al., 1995). Comparable yields

to the latter were not attained in the unoptimised refolding reactions of the

Met-pGH(1-11)VN-PAPM-IGF-I construct parental to those generated here.

ln the refolding of this constructthe isomeric abundance is much closerto 1.1

(see Figure 4.4.'1.1), and as this construct is the parent of the two novel

constructs of this chapter, it serves as a more appropriate basis for

comparison. The ratio between the folding isomers in the parental Met-

pGH(1-11)VN-PAPM-IGF-I and the novel variants is unchanged by the above

mutations.

Most interesting is the lack of an effect on folding by the alteration of

net charge of the leader peptide in the Met-pGH(1-11)VN-IF-16EiM-13E]-PAPM-

IGF-I variant. This suggests that it is not the hydrophobicity of the leader
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alone that provides its assistance to refolding. Milner et al. (1995) proposed

that the presence of the leader sterically prevents the formation of a salt

bridge between Glu3 and Atguu early in the refolding pathway. Moreover, it

was proposed that such a salt bridge, which is not observed in the mature

folded protein, may form early in the folding of the denatured polypeptide,

stabilising the structure sufficiently to enable the incorrect disulphide bond of

the alternate isomer to form.

5.5.3 Selection rationale

The only assay available for preliminary screening of a successful

cleavage reaction was HPLC, validated by comparison with the retention time

of authentic IGF-|. However, as observed in Chapter 4, generation of peaks

with identical retention times did not always translate into an identical

sequence.

HPLC analysis of the preliminary cleavage reactions revealed that, for

both constructs, only reactions of isomer 2 contained any material of |GF-l-like

retention time. Comparison of the productivity of the two constructs showed

that Met-pGH(1-1 1)VN-IF-16E/M-13E]-PAPM-|GF-l isomer 2 generated 9% of

the total peak area as putative authentic IGF-l (Figure 5.4.6.5), while the Met-

pGH(1-1 1)VN-WGSGPAPM-IGF-I isomer 2 produced 12% of its total products

as putative authentic IGF-l (Figure 5.4.7.5). The presence of residual

full-length fusion protein substrate in the initial screening reactions of Met-

pGH(1-11)VN-WGSGPAPM-lGF-l suggests that this reaction has not reached

completion under these conditions. This provides scope to further increase

the yield of putative authentic IGF-I generated from this construct.
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5.5.4 Met-pGH( -11)VN-\F16 E/M13 EI-PAPM-IGF-l isomer 1 cleavaae

Published evidence and preliminary cleavage data suggest that isomer

2 represents the correctly folded protein. Some interesting insight into the

structure of the cleavage site of the Met-pcH(1-11)VN-lGF-l constructs can

be gained by consideration of the cleavage reactions of Met-pGH(1-

1'l)VN-[F-1uE/M-t3E1-PAPM-|GF-l isomer 1. Comparison of the retention time

of a purified alternate folding isomer of authentic IGF-l (Figure 5.4.6.3) with

the products of these cleavage reactions (Figures 5.4.6.1 and 5.4.6.2)

supports the formation of alternate isomer in these reactions. Most striking is

the low abundance of this peak compared to the supposed correctly folded

IGF-l generated in the cleavage reactions of isomer 2. An explanation for this

is gained by examination of the structure of the alternate isomer of IGF-|,

where the N-terminus is shifted toward the interior of the molecule (Sato et al.,

2000; Figure 5.5.4.2). lf this occurred in the Met-pGH(1-11)VN-lGF-l

constructs, it is conceivable that the structural factors already reducing

accessibility to the cleavage site would be compounded. lt is also interesting

that the cleavage reactions of the alternate folding isomer produce more

products than those of the correct isomer. Again, the structure of the

misfolded species provides a possible explanation, where the reduced helical

content could allow for more potentially protease-labile sites in the greater

unstructured or B-sheet conformations than are presented in the correctly

folded molecule. The furlher decreased access to the preferred motif could

thus promote cleavage at secondary sites.
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Figure 5.5.4,1- The solution structure of authentic human IGF-I of Sato ef a/.

(2000). The N and C-termini are labelled accordingly and shown to be free

and quite solvent exposed.
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Figure 5.5.4.2 - The solution structure of misfolded human IGF-I of Sato ef a/.

(2000). The N and C-termini are labelled accordingly, with the Nterminus

observed to be somewhat buried within the structure.

5.5.5 Met-pGH(1-11\VN-WGSGPAPM-IGF-I isomer 2 cleavase

Four major peak species (1, 2,3 and 4) are most frequently observed

in cleavages of isomer 2 of Met-pGH(1-11)VN-WGSGPAPM-IGF-1. These

were purified to single peaks (Figure 5.4.8.1) and analysed by mass

spectrometry to determine their identities, which were, in order of increasing

retention time:
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(1) 7647.9 Da (Figure 5.4.9.2)-

(2)7361.7 Da (Figure 5.4.9.3).

(3) 8432.1 Da (Figure 5.4.9.4).

(4) 8144.1 Da (Figure 5.4.9.5).

Multiple masses, each separated by intervals of approximately 22 Da,

are observed in the spectra which most likely correspond to sodium adducts

of the main species. The mass of species (1) agrees quite favourably with

authentic IGF-l (theoretical mass 7648.7 Da), (2) with authentic IGF-l lacking

three residues from the C-terminus (theoretical mass 7632A Da), (3) with a

cleavage product having only the Met-pGH(1-11)VN leader peptide excised,

i.e. WGSGPAPM-IGF-I (theoretical mass 8432.6 Da) and (4) the latter product

again but lacking three residues from its C-terminus (theoretical mass 8146.3

Da) With the exception of the final product, the detected masses were

consistently within one Dalton of the theoretical, providing confidence in the

identity assignments.

5.5.6 Reaction nathwav

Timecourse analysis of the cleavage reaction of Met-pGH(1-11)VN-

WGSGPAPM-IGF-l suggests a product generation pathway (Table 5.4.10.2).

The first product is formed by cleavage at the end of the leader peptide (VN)

as previously observed in Chapter 4, but in this case WGSGPAPM-IGF-I is

liberated. This is followed by cleavage at the intended cleavage site to

liberate authentic IGF-1. This two step reaction "pathway" is strongly

suggested by the observation that authentic IGF-I is never detected in the

absence of the WGSGPAPM-lGF-l form, whereas this intermediate is
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generated comparatively rapidly, and is present at 5 minutes in the

timecourse of Table 5.4.10.2.

Despite the disruption of the incorrect cleavage site that confounded

the outcome in Chapter 4, cleavage after Val-Asn still occurs in this novel

construct and appears to be a prerequisite for cleavage at the correct site.

This would imply that the excision of the leader provides accessibility to the

cleavage site, as suggested in Chapter 4, and that the insertion of a four

residue spacer provides insufficient exposure of this steric constraint to

promote cleavage at the intended site in the first instance. Where the

construct of this chapter differs from that of Chapter 4 is that the resulting

product of leader excision is able to be further cleaved to liberate authentic

IGF-|. The PAPM-IGF-I generated in Chapter 4 was an N-terminal reaction

endpoint product, unable to be further processed by o-Lytic protease. The

residual four amino acid N-terminal extension of that product is apparently too

short to be cleaved by this protease. By comparison, the residual eight amino

acid N-terminal extension of the WGSGPAPM-IGF-l intermediate is not a

terminal product, with the additional length of the remaining cleavage site now

providing sufficient continuous sequence for o-Lytic protease binding and

cleavage. This provides some support in a protein substrate of the peptide

model findings of Bauer et al. (1981), which suggests substrate contacts up to

at least a Ps residue.

5.5.7 des(68-701 truncations

At any time during the above reaction "pathway" the C{erminal

truncation mentioned earlier can occur, independent of the formation of any
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precursor species. There is a suggestion that this product may appear in the

initial full-length isomer 2 substrate, where a second major mass species is

present at 9589 Da (Figure 5.4.9.1). This is only 7 Da removed from the

expected mass of the full-length fusion protein possessing this C-terminal

truncation. This product is not the result of contaminating host-derived

protease activity as it does not increase over time in control reactions lacking

added exogenous protease. Furthermore, the prevalence of such truncations

is certainly exacerbated by incubation with o-Lytic protease (see Tables

5.4.10.1 to 5.4.10.3) suggesting that this truncation is o-Lytic protease

derived.

Examination of the amino acid sequence around this secondary

cleavage site does not reveal any specific barrier to o-Lytic protease

cleavage. The upstream 4 residues, Leu-Lys-Pro-Ala, are neither

exceptionally favourable, nor forbidden as the cognate P¿ to Pr substrate

positions (Lien et al., 2003). Moreover, the three excised residues,

Lys-Ser-Ala, could be considered more favourable aS P1' to P3' amino acids

than Gly-Pro-Glu with over 5- and 4.S-fold increased activity respectively, for

Lys over Gly at Pr' âfld Ser over Pro at P2' (Schellenberger et al., 1994).

Cleavage at this C-terminal site must, however, be far less favourable

than cleavages at either of the sites that give rise to the two reaction pathway

products, otherwise correct IGF-I would never be observed, with all available

authentic C-termini first being clipped. lt does appear though, that given

sufficient time authentic IGF-l will eventually undergo this C-terminal clip; as

suggested by the 16 hr timepoint of Table 5.4.10.2, making the Cterminally
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truncated IGF-|, or "des(68-70)lGF-|" the ultimate end-point product of the

reaction.

A limited series of optimisation reactions were undertaken in an

attempt to reduce the generation of des(68-70)lcF-1, and increase yields of

authentic IGF-I (Tables 5.4.10.1 and 5.4.10.3). Although the tendency of

PragAg to perform the C-terminal clip could not be significantly altered,

optimisation of the enzyme:substrate ratio did result in a significant

improvement in the yield of authentic IGF-|. Thus at an enzyme:substrate

ratio of 1:30, authentic IGF-I represenled 20% of all proteolytic products.

5.5.8 Protein synúhesrs

Bioassay by stimulation of rat L6 myoblast protein synthesis confirmed

the identities of isomer 2 as the correct fold and isomer 1 as the alternate fold,

with the latter giving 5-fold lower activity (Table 5.4.11.'1; Figures 5.4.11.1 and

5.4.11.2). There is reasonable agreement in the EDso of the biological

responses and the proposed structure of all cleavage products. The

considerable overlap in the 95o/o confidence intervals of the EDso data

suggests no significant difference in their biological activity (Table 5.4.11.1).

This is particularly encouraging for the protease derived IGF-I as compared to

the commercial IGF-I derived by chemical cleavage. The EDso of both of

these fit well within the range of published activities for human IGF-l in the L6

myoblast assay of 8.4 ng/ml (Francis et al., 1992), 13 ng/ml (Bagley et al.,

1989), 15.8 ng/ml (King et al., 1992) and 18 ng/ml (Upton et al., 1997),

lending support to the findings.
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The loss of the three C-terminal residues that gives rise to

des(68-70)lGF-l had little effect on the biological potency of the protein. This

is to be expected, as the involvement of the C-terminus of the IGF's is not

implicated in any of the modulators of IGF-l bioactivity, such as binding

protein recognition or receptor affinity (see below). The relatively minor

contribution of the C-terminal three residues to biological activity in this assay

system, is also observed in the intermediate cleavage products;

WGSGPAPM-IGF-I and its des(68-70) counterpart, with ED5s values almost

equivalenlaL22.T ng and 23.0 ng respectively.

The biological potency of the full-length fusion protein appears to be

slightly less than that of authentic IGF-1, at around 1.7-fold lower EDso. This is

less than anticipated, as the biological activity of Met-pcH(1-11)VN-IGF-l is

exactly equal to that of authentic IGF-I in Milner et al. ('1995), and 1.4-fold

greater in Francis et al. (1992), meaning that Met-pGH(1-11)VN-

WGSGPAPM-IGF-I is 1.7 to 2.5-fold less active than the parental Met-pGH(1-

11)VN-lGF-|. Given that WGSGPAPM-IGF-l is only 1.3-fold less active than

authentic IGF-|, it appears then that any reduced potency of the full-length

Met-pGH(1-11)VN-WGSGPAPM-IGF-I fusion protein is possibly due to the

presence of this extra sequence.

The magnitude of this difference between isomers 1 and 2 of the

full-length fusion protein falls within the range of biological activity difference

between alternate and native isomers of IGF-l analogues reported by Milner

et al. (1995). ln that investigation the reduction in biological potency of

alternate isomers ranged from approximately 3-fold for Met-pGH(1-11)VN-

Arg3-lGF-l isomer to many tens of folds for Met-pGH(1-11)VN-IGF-l isomer.
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The differential potency of other IGF-I mutants folding isomers were repoded

falling between these two extremes. This non-uniformity in the activity

difference between isoforms of other Met-pGH(1-11)VN-lGF-l mutants

highlights the unpredictability of the biological response that can arise in novel

IGF-l structures. The reduction in biological potency of misfolded isomers is a

product of the affinity for both the inhibitory |GF-binding proteins and the

growth stimulating type 1 receptor. For example, misfolded Met-pGH(1-

1 1)VN-lGF-l has 22 and 3O-fold lower affinity for binding proteins and receptor

respectively than the correct isomer and this is the approximate magnitude of

the reduction in potency of this protein. Similarly, for misfolded Met-pGH(1-

11)VN-Argt-lcf-l the decreases in affinities were 2.4 and 3.8-fold compared

to its cognate correct isomer, with a comparable low unit fold reduction in

biological potency. The relative contribution of the altered affinity for

IGF-l-binding proteins and the type 1 IGF receptor in the observed biological

activity of the IGF-l mutants and their isomers reported here is unclear.

lnterestingly, the presence of the Met-pGH(1-11)VN leader seems to

reduce the "penalty" of misfolding on receptor and binding protein recognition

affinity and biological potency. ln comparison to the above data, misfolded

IGF-l has 263 and 176-fold lower affinity for binding proteins and the type 1

IGF receptor respectively than the correct isomer (compared to 22 and

30-fold). This results in a concomitantly large decrease in biological potency,

with the alternative isomer having only approximately 1o/o of the biological

potency of the native form (Milner et al., 1995).
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5.5.9 Met-pGH(1-1 ltVN-tFl6E/M13 E\-PAPM-\GF-t

With knowledge of the mass identities corresponding to the four HPLC

peaks detected in the cleavage reactions of Met-pGH(1-11)VN-

WGSGPAPM-lGF-l (see Section 5.4.9 and Figure 5.4.8.1), further

examination of the cleavage reaction of Met-pGH(1-

11)VN-IF-16E/M-13E]-PAPM-|GF-l isomer 2 (Figure 5.4.6.5) becomes possible.

It appears that the retention time (22.6 min) of the main peak in the cleavages

of this construct corresponds very closely with that of des(68-70)lGF-l

(typically 22.4 lo 22.5 minutes, Figures 5.4.7.2 and 5.4.10.1). lf this is borne

out by subsequent analyses, it would appear that this construct was cleaved

to the terminal product whereas Met-pGH(1-1 1)VN-WGSGPAPM-lGF-l

cleavage was incomplete. This is suppofted by the greater abundance of the

putative des(68-70)lGF-l product in the presence of chaotrope which could

favour greater cleavage of a more open molecule (Figures 4.1 .1 , 5.5.4.1).

Although furlher characterisation of the cleavage reaction dynamics of

the Met-pcH(1 -1 1 )VN-IF-16E/M-1 
3EI-PAPM-lGF-l construct were not pursued,

it appears from the preliminary screening reactions that production of IGF-l

did not require the prior excision of the leader. Although inclusion of urea

promoted formation of the putative des(68-70)lcF-l end-product, it was not

absolutely required for the generation of either that species nor authentic

IGF-|. Both of these outcomes seem to suggest that alteration of the net

charge of the leader peptide caused the leader to relax its fold-back

configuration from proximal to Glyl , Pro2 and Glu3, and extend into solution.

Moreover, this effect does not require the added presence of chaotrope for it

to occur. As seen in Chapter 4, once the Met-pcH(1-1 1)VN leader has been
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excised, no further o-Lytic protease action at the N-terminus is observed.

This is in agreement with the suggestion that the residual four amino acid

motif is too short for protease binding in a folded protein. Any authentic IGF-I

N-termini that are generated from this fusion protein construct must therefore

be produced in a single step, as the cleavage motif itself is unaltered from that

of the parent Met-pGH(1-11)VN-PAPM-IGF-I of Chapter 4.

5.5.10 Process vields

The projected process yield to obtain highly purified IGF-I by this

approach is 2.7%. This is 5.5-fold improved over the published value for

hydroxylamine cleavage of Met-pGH and IGF-l fusions (King et al., 1992).

More recent improvements in the hydroxylamine cleavage of other IGF-l

fusion systems have allowed process yields of B% to be realised (Antorini ef

al., 1997). However, this outcome was itself the result of many years of

research into the production of clinical material.

The challenging steps determining final yield in the process developed

in this chapter are the cleavage of the fusion and final purification of IGF-|. As

IGF-l represents 20o/o of the cleavage products, further losses are

experienced in the purification of the IGF-I from other cleavage products.

However, the losses during purification at small scale as in this chapter,

including losses due to adhesion to collection vessels and FPLC system hold-

ups will not be significant at scale. For example, if the yield from the final

purification could be improved by as little as 50% it would translate to a final

theoretical process yield of over 4o/o.
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5.6 Got¡cl-uslot¡

The work of this chapter has demonstrated that it is the structure

adopted by Met-pGH(1-11)VN-lGF-l that is refractory to cleavage by o-Lytic

protease, and not the permanent obstacle of an unfavourable Pr' to P3'

sequence. Successful generation of significant levels of authentic human

IGF-l are possible by manipulations that modify these structures upstream of

the protease cleavage site. lt has also been demonstrated that such changes

to the composition of the Met-pGH(1-11)VN leader sequence are not

detrimental to the recombinant expression or refolding of human IGF-|.

Authentic human IGF-I has been generated by site-specific proteolysis of a

Met-pGH(1-11)VN-lGF-l analogue in an industrially applicable manner for the

first time. Moreover, this product has been shown to be bioequivalent to its

chemical cleavage derived commercial counterpart.
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6.1 lrurRooucloN

Advances in recombinant DNA technology have made the fusion of

unrelated proteins a relatively straightforward undertaking. As discussed in

Chapter 1, certain types of such fusions have been shown to be very

beneficial to the production of heterologous proteins in E. coli. One very

successful fusion protein system uses methionyl porcine growth hormone

truncations to aid in the expression and refolding of lnsulin-like Growth

Factors. Once the non-target protein material has served its purpose it is

often desirable to remove it, wherein lies what has been referred to as the

Achilles' heel of the fusion protein strategy (Waugh, 2005). Many strategies

exist for the site-specific cleavage of fusion proteins, but none is universally

applicable to all circumstances.

The application of proteases to achieve a highly specific separation of

the fusion protein partners under mild reaction conditions has been widely

applied with considerable success. o-Lytic protease bears many of the

attributes that would render it highly desirable for industrial-scale proteolysis,

but the preference of this wild{ype isoform for cleavage after very common

amino acids precludes such use. With combinatorial Sr active site

mutagenesis, o-Lytic protease has undergone a shift toward more useful

specificity, with some mutants having many fewer common residues as their

primary recognition determinants (Graham ef a/., 1993; Graham et al., 1994).

One mutant, PragAg, has been demonstrated to be highly effective at the

cleavage of Met-pGH(1-11)VN fusion proteins, including human IGF-Il (Lien ef

al., 2001), des(1-3)-lGF-l and Transforming Growth Factor P3 (G Francis,

personal communications). Conspicuous by its absence from these examples
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is IGF-1, given it is expressed by this fusion system (King et al', 1992; Francis

et a:.,1992). ln fact, examples of proteolytic release of this protein by any

protease in any fusion system remain extremely rare, and particularly any

applicable to industrial or biopharmaceutical manufacture. With the status of

IGF-I as the sole member of the IGF family to represent FDA approved

biopharmaceuticals (lncrelexrM from Tercica, lnc., Brisbane, CA, USA and

lplexrM from lnsmed lnc., Richmond, VA, USA), improvements in the

production of this growth factor could be of significant industrial merit.

Despite the utility of mutants of o-Lytic protease in other fusion protein

cleavages, both the available literature and some preliminary work suggested

that it was unable to process IGF-l fusions. This could by attributed primarily

to the N-terminal tripeptide of IGF-|, Gly-Pro-Glu, where each residue is

individually unfavourable at the corresponding P1' to P3' positions in o-Lytic

protease substrates (Schellenberger et al., 1994). The dearth of knowledge

available regarding either the actual importance of S' binding relative to that of

the better characterised S subsites, or the impact of substrate structure to

o-Lytic protease catalysis presented a challenge to further improvements.

lnitially a screening system was developed to query all the combinatorial

mutants of o-Lytic protease for the ability to cleave at an optimised motif

linked to this refractory sequence. Then the strategic aim was to exploiting

variability in S' specificity to achieve the desired outcome, as hinted at in

Graham et al., (1993).

The first step in the overall strategy was to verify the activity of the

mutants that had been stored frozen for some years since last cultured. This

was achieved by culture of the mutant vector bearing E. coli clones on skim

242



Chapter 6: General drscussíon

milk agar plates. A cleared halo surrounding the colony indicated cleavage of

the whole casein substrate in these plates, demonstrating viable host

secretion of the given protease. lt was also clear from both these

demonstrations and the background literature (Graham et al.,'1993; Graham

et al., 1994) that the mutants displayed either highly variable expression

levels, differences in catalytic efficiency, or both. A laborious and qualitative

assay such as skim milk agar clearance would not be suitable for normalising

the enzymatic activity present in the protease bearing isolates required for

subsequent steps. lnstead, a quantitative fluorescence polarisation assay

was developed and applied against all mutants. This assay also narrowed the

available substrates, without undue bias, as only one of the casein isoforms

(B-casein) was used, whereas this constitutes approx 33% of whole casein

(Ekstrand and Larsson-Raznikiewicz, 1 978).

The potential substrates provided to the proteases were further

constrained in the subsequent assay of the screening campaign End

application-oriented peptide substrate mini-libraries were used to screen the

mutants in another fluorescence polarisation assay. The results of this step

were difficult to interpret (see Section 6.2), but it appeared that many of the

mutants were cleaving efficiently at the motif of interest. A shortlist of mutants

was selected based on both the assay data and knowledge of the mutations

present. The final step in the screening strategy examined the action of these

shortlisted mutants against a series of specifically designed peptide

substrates. The outcome of this final analysis revealed a single mutant

protease that was able to specifically cleave at the required peptide bond.

This screening regime could conceivably be applied to any group of proteases
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to investigate the cleavage of a given fusion protein, provided there was some

knowledge of the upstream cleavage requirements of protease.

With a lead mutant protease selected from the libraries, cleavage of the

full-length fusion protein was attempted. The preferred recognition sequence

identified from the discrete peptide screening assay was incorporated into the

product fusion protein. The ability to liberate some authentic IGF-l from this

approach was well below the efficiency required for a viable industrial

process. Moreover, the protease was surprisingly observed predominantly

cleave immediately before the inserted recognition motif, liberating

PAPM-IGF-I.

Alteration of the leader peptide's properties and manipulation of the site

of cleavage were performed. Foremost, in both occasions this lead to the

successful generation of authentic IGF-1, but also other side products.

However, time constraints allowed the investigation of only one construct in

detail, and in that example the cleavage at the correct site appeared to follow

a two step pathway. This is not without precedent, with two different cleavage

mechanisms (H644 subtilisin then hydroxylamine) used sequentially to

liberate hagfish IGF from a MetpGH fusion in the past (Upton et al., 1997).

The stepwise cleavage of the Met-pGH(1-11)VN-WGSGPAPM-IGF-I fusion

parallels the earlier cleavage of the B-casein substrate in Chapter 2, where

cleavage by PragA9 appeared to occur in a stepwise fashion.

The above culminated in the successful production of authentic human

IGF-|, the identity of which was verified by equivalent mass spectrometry and

biological activity compared to reference IGF-l. The yield of the

non-optimised process, from bacterial expression to purified authentic IGF-I
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was 2.7%. This represents a S.S-fold improvement over the published

hydroxylamine cleavage strategy (King et al., 1992).

6.2 SuccesrED TMpRovEMENTS To rHE srRATEcy

Despite the ultimate success in the isolation of a mutant o-Lytic

protease that is able to liberate authentic IGF-I from this fusion protein, the

existence of other, better suited enzymes in the library cannot be ruled out.

Nor can this successful outcome be directly attributed to the screening system

used. Although PragA9 was observed to have some activity against the

GPE-motif peptide group, it was shortlisted as both an example of a TLG motif

favouring mutant and as a known site-specific protease.

The "weak link" in the screening strategy is without question the

fluorescence polarisation peptide assay. The large number of positive hits

generated in this step (Chapter 3) was entirely unanticipated, given the

available background literature on the requirements of the S' subsites of

o-Lytic protease. Not only did almost all mutants queried appear to show

some ability to cleave the Gly-Pro-Glu P' motif bearing peptide group,

approximately one third appeared to favour this motif over the positive control.

The low dynamic range in which the assay operated could be paÍly

responsible for this lack of discriminating power, with only 25 - 30% difference

between absolute negative and positive readings (Figure 3.4.2.1).

A lack of cleavage of the FP peptide groups may be responsible. The

use of the shortest possible peptide motif in the assay was intended to

prevent false positives due to cleavage at unexpected locations. However, as

seen in Chapter 4 the tetrapeptide Pro-Ala-Pro-Met was insufficient for
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cleavage by at least PragA9 against protein substrates, where PAPM-IGF-I

was shown to be an endpoint product. This situation could even be

compounded by the presence of the biotin moiety immediately preceding the

cleavage motif, by potentially offering steric interference to an already

unfavourable cleavage situation. lf the effect observed for PragA9 against

Met-pGH(1-11)VN-PAPM-IGF-I mentioned above were mirrored in the other

mutants it could partly explain the poor selectivity of the FP assay peptide.

Even the relatively specific PragA9 mutant has been observed to act at some

non-target sequences. This is illustrated by the generation of unidentified

products in some discrete peptide reactions in Chapter 3, cleavage at the

LFVN motif in two separate constructs (Met-pGH(1-11)VN-PAPM-|GF-| and

Met-pGH(1 -1 1 )VN-WGSGPAPM-IGF-l) and the generation of the C-terminally

clipped IGF-I forms in Chapter 5.

At face value, one solution would seem to be the use of a peptide of

increased length. lt is known that o-Lytic protease makes substrate contacts

extending out to at least P5 (Bauer et al., 1981). Moreover, the PragA9

mutant cannot remove a tetrapeptide motif in a fusion protein, at least when it

precedes a Gly-Pro-Glu sequence. However, this is unlikely to have resolved

the issue faced here, as the longer discrete peptides were cleaved non-

specifically in most cases by the shortlisted mutants (Chapter 3). Hence the

problem of false positives arising from the cleavage of longer peptide

substrates would have remained.

The problem with the assay may reside in the lower fluorescence

polarisation signal resulting from the binding of the peptide to avidin.

lnteference with either the binding interaction or the polarisation signal may
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have occurred. The proximity of the biotin moiety to the fluorophore

(separated by 7 residues) may have sterically impeded binding to the peptide.

A previous example used a nonapeptide with an additional y-aminobutyric

acid spacer between the biotin and the fluorophore (Levine et al., 1997).

Therefore, increasing the length of the peptide may help to improve the assay

system, but it may be at the cost of increased false-positive hits. Alternatively,

an aliphatic carbon chain spacer arm could relieve steric inhibition of

proteolysis, without adding extra cleavage sites.

A solution to this issue in the assay system would be to avoid any such

post-cleavage complications by using a fluorescent resonance energy transfer

system, where the cleavage event itself triggers the signal response. A FRET

peptide, modelled after the discrete peptides, could be used in a screening

assay, and then any hits could be confirmed by rp-HPLC. A FRET peptide

also need not necessarily display a longer target sequence than the 7-mer

used in the FP assay; endoproteases cleavage motifs in peptides as short as

6 residues have been used in FRET assays (Tanskul et a\.,2003; Gouvea ef

at., 2007). Should steric inhibition due to the fluorophore or quencher be

detected, a carbon chain spacer could be used as stated above.

6.3 OrHen oes ERVATIONS

6.3.1 Cleavage at Pt' Proline

Although not the main focus of this work, examination of some of the

unexpected cleavage sites has provided insight into the substrate recognition
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by PragAg o-Lytic protease. This points to potential avenues of investigation

to understand the substrate specificity of this useful protease.

The unique properties of PragA9 o-Lytic protease are borne out by its

ability to cleave before a Pro residue. This is unusual amongst serine

proteases, yet has been observed here with several protein substrates

(Chapter 4). The trypsin or chymotrypsin fold endoproteases discussed

throughout this work have all been shown to avoid substrates bearing a Pro

residue at Pr'. Chymotrypsin and Trypsin themselves have undetectable

activity against P1' Pro in acyl-transfer reactions (Schellenberger et a|.,1994).

Likewise, it has been shown to be unfavourable for Factor Xa, with peptides

bearing this residue cleaved at a 5O-fold lower rate than the favoured Phe

residue at this position (Ludeman et al., 2003). Although comprehensive

studies are lacking, it is also strongly indicated that P1' Pro is unfavourable for

H64A subtilisin (Carter, 1990) and enterokinase (Stevens, 2000). However,

this last enzyme has been observed to cleave N-terminally to a Pro in a fusion

protein substrate (Hosfield and Lu, 1999), buteven in this example itwasthe

least favourable residue at P1'.

ln the case of o-Lytic protease, the cleavage before Pro is likely to be

attributable to a highly favourable structure adopted by the substrate

interacting outside of S1', ratherthan a true example of favouring P1'Pro (see

below). This prospect remains intriguing and may merit further investigation.

6.3.2 The influence of on cleavaoe

Aside from the structural manipulations that were required to arrive at

the final successful cleavaþe outcome, information can be gleaned from the
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incorrect cleavages. These not surprisingly point towards the critical role of

substrate structure in o-Lytic protease catalysis.

A further example of the strong impact that substrate structure has on

o-Lytic protease activity is provided by the foduitous cleavage at the

Leu-Phe-Val-Asn sequence in two other separate fusion protein constructs,

one in this work (Met-pGH(1-11)VN-WGSGPAPM-|GF-|) and previously in

Met-pGH(1-11)VN-FAHY-IGF-ll (Haggett et al., 1994c). The other P¿ to Pz

substrate amino acid residues in this sequence offer no theoretical

impediment to o-Lytic protease activity, Moreover, Asn has been reported as

somewhat favourable in a direct assay of Pt function for PragA9 (Graham ef

a/., '1993) and unfavourable in an indirect selection assayfor Pr residues (Lien

et a\.,2003). This sequence could therefore be considered far from ideal, yet

the combination of the Leu-Phe-Val-Asn sequence and local structure of the

fusion proteins generate a highly favourable site for o-Lytic protease. The

implication of this is clear, as cleavage at this Leu-Phe-Val-Asn motif occurs

only in some situations. For example, neither the Met-pGH(1-

11)VN-IF-16EiM-13E]-PAPM-lGF-l fusion in this work, nor the Met-pGH(1-

11)VN-PAPM-IGF-Il of Lien et al., (2001) display cleavage at the

corresponding site. Thus, despite both bearing an identical sequence at the

LFVN-PAPM junction to that in Met-pGH(1-11)VN-PAPM-IGF-I cleavage

occurs at the required site. As is frequently observed with even the most

specific proteases, the occupation of the enzyme binding site by a preferred

motif (described by the K, value) excludes binding and hence cleavage at

other less preferred substrate sites. An example of this phenomenon, taken

to the extreme, is provided in the action of Serpins. These proteins display
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sequence and structural features that complement the binding site of their

target protease so completely that they bind irreversibly and to the exclusion

of all other substrates (Huntington, 2006).

6.4 Furune DtREcloNS

The purpose of this work has been to establish a proof of concept, with

the initial expectation of finding an o-Lytic protease mutant with altered

structure at distal locations allowing cleavage of an IGF-I fusion protein. The

ability of at least one mutant to liberate IGF-I with a native N-terminus has

been confirmed. lt has been argued this may be due to the structural

accommodation provided by this mutant for substrate binding, and also

reduced inhibition to catalysis by the unfavourable P' residues, Gly-Pro-Glu.

More detailed study of this mutant and analysis of both the kinetics of binding

and the cleavage reaction could provide greater insights into the design of

other motifs.

6.4.1 Shorf term goals

A kinetic approach to the cleavage of the Met-pGH(1-1 1)VN-

WGSGPAPM-IGF-l substrate could provide a simple and practical solution to

some of the issues faced. Whilst it is clear that there is a difference in the

protease activity at the various cleavage sites, it is unknown if this is due to

differences in the K, of the enzyme for these motifs or its ability to cleave the

bonds, resulting in differences in Kcat. Manipulation of the substrate

concentration (held constant in this work) could exploit any differences in K',
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further reducing the relative reaction rate at the incorrect site and allowing the

recovery of more full-length product. Separation of the individual

intermediates and products, as undefiaken in this work, would allow

investigation of the subsequent reaction step in isolation (such as the

conversion of WGSGPAPM-IGF-l to IGF-l).

A follow up of the preliminary findings of the Met-pGH(1-11)VN-

¡F-16E7¡¡-tsEl-PAPM-lGF-l construct would be very useful. ln hindsight this

construct may have been far more successful than the Met-pGH(1-11)VN-

WGSGPAPM-IGF-l that was investigated in detail. ln the initial screening

reaction of Met-pGH(1-11)VN-tF-16EiM-13E1-PAPM-lGF-1, the dominant

product species appeared to be the des(68-70) form of authentic IGF-|.

Should the identity of this peak product be confirmed as des(68-70)lGF-l,

investigation of the cleavage reaction the reaction conditions could lead to

significant improvements in process yield in a very short time. For example,

Met-pGH(1-11)VN-WGSGPAPM-IGF-I cleavage left approx. 10% full-length

substrate and 25o/o of WGSGPAPM-IGF-I intermediate. ln comparison, Met-

pGH(1-11)VN-IF-16E/M-13E1-PAPM-|GF-l left no starting material or

intermediates, only a dominant putative des(68-70)lGF-l peak and a smaller

authentic IGF-l peak.

The only challenging issue is the rapid progression of the latter

construct to the des(68-70) form. lt could be that the competitive substrate

offered by the C-terminal motif in the presence of this leader renders the

C-terminal clip more attractive. Consequently the reaction proceeds first

through the des(68-70) form of MelpGH(1-11)VN-IF-16EiM-13E1-PAPM-lGF-l

then to liberation of des(68-70)lGF-|. Study of the reaction progression of this
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construct would address such issues and variation in the position and number

of the charge mutations (to residues other than F-16 or M-13¡ may lead to the

desired outcome. Moreover, the double benefit of combination of charge

mutants with a flexible spacer should not be overlooked.

The posrtive result of the Met-pGH(1-11)VN-WGSGPAPM-lGF-l

construct could possibly be further enhanced by increasing the length of the

flexible spacer. Duplication of a similar spacer sequence by Polyak et al.,

(1997) improved cleavage of Met-pGH(1-46)-FAHY-|GF-|l by H64A Subtilisin

nearly 20o/o over the single copy of the spacer.

6.4.2 Lonqer term goals

The other approach to the challenges addressed here could involve

investigating proteases that not only tolerate, but require, the P' sequence of

IGF-I for their function. Prime examples of such proteases are 3Cpro, which

demands a P1' Gly and a Pz' Pro (lvanoff et a|.,1986; Cordingley et al., 1990)

and thus accommodates the N-terminal sequence of IGF-|. Alternatively, the

lgA protease produced by Nersseria gonorrhoeae targets the lgA molecule at

sites which invariably contain a Pro atPz' (Pohlner et al., 1992).

Substrate phage-display has been used previously to improve the

recognition sequence for PragA9 o-Lytic protease (Lien et al., 2003). This

screening process could be repeated with phage bearing the Gly-Pro-Glu

sequence downstream of a randomised linker. lt would be extremely

interesting to determine if this specific P' sequence altered the P motif optima.

The original structural models of o-Lytic protease (Fujinaga et al., 1985;

Bone et al., 1987) led fir3t to the generation of rational mutants with
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interesting and unexpected properties (Bone et al., 1989), and then to the

combinatorial mutant libraries (Graham et al., 1993; Graham et al., 1994). A

structural model of the PragA9 mutant will enable interpretation of this highly

interesting enzyme, and possibly lay the foundation for further mutagenesis.

Another course of action directed toward the industrial application of

o-Lytic protease would be to subject the S' subsites, pafticularly the most

selective 52', to combinatorial mutagenesis building on the PragA9 Sr mutant

as the library parent. Crystal structures of wild-type o-Lytic protease shows

the substrate backbone at Pz' contacts the backbone of Leu16 (Bone et al.,

1991a). A later NMR model predicts that the side chain of P1'would contact

Ser15 and the side chain of Pz' sandwiches between those of Leu16 and Thr106

(Davis and Agard, 1998). These three residues (Ser15, Leu16 and Thr106)

would therefore make promising targets for combinatorial mutagenesis.

Recognition at these sites is critical to industrial proteolysis, and a library of

active enzymes with mutations at this subsite would be an extremely useful

resource. With a growing body of knowledge regarding the substrate

requirements of this enzyme, even shorter development cycles for novel

constructs con be envisaged.

ln conclusion, while o-Lytic protease and in particular its PragA9

mutant, may not be a panacea for any given site-specific cleavage system, it

does have a tight but malleable substrate specificity which can be

manipulated.
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