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Abstract 

Human mcthylmalonyl CoA mutase (hMCM) is a 78 kDa homodimeric mitochondrial 

matrix enzyme. hMCM catalyses the conversion of 2R-methylmalonyl Co A to succinyl 

CoA in the metabolism of propionyl groups. and requires the vitamin Birderived 

cofactor adenosylcobalamin (AdoCbl). The mechanism of catalysis imolves homolytic 

cleavage of AdoCbl's unusual C-Co bond. to generate radicals. Dysfunctional hMCM 

results in the rare, potentially fatal metabolic disorder methylmalonic acidemia. An 

experimentally determined structure of hMCM would add to the understanding of both 

the mechanism of catalysis and the molecular basis of some of the mutations underlying 

methvlmalonic acidemia. The structure of the bacterial orthologue from 

Prop/onibactenum shermcmit has been solved b1 x-ray crystallography. enabling the 

development of structural models of hMCM. Critical differences. however. bet11een 

these two en,smcs. mean that some regions of the models could be inaccurate. 

There is no x-rav crystal structure of hi'dCM. Purification of native hMC!Vl tor 

cr,stallization trials is complicated by ethical probkms. low yields. and hctcwgcneity 

generated by the cofactor. To provide a more convenient source of pure. active human 

methylmakrn,l CoA mutase for x-ray cr1stallograph1·. an expression svstcrn for 

recombinant hMCM is required. Other researchers have expressed hMCM in 

f,'scherich1a coli as (i) insoluble inclusion bodies. (ii) soluble fusion protein that cannot 

be separated efiicicntlv from the fusion tag, or (iii) in low quantities. 

This research aimed to develop an L colt expression system for the production of active 

human methylmalonyl CoA mutase, to enable x-ray crystallography structural studies. 

Based on the results of previous expression systems, four novel expression vectors were 

developed utilising the maltose binding protein and thioredoxin as solubility tags. lt was 

hoped that conventional protease cleavage. to remove these solubility tags, could be 

circumvented by the use of intein-mediated cleavage. lntein-mediated cleavage was 

successful. and soluble active hMCM was recovered in low yields from a C-terminal 

thioredoxin solubility tag construct. hMCM was insoluble when expressed with MBP at 

the C-terminus. 
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1 

1 Introduction 

1.1 The Function of Methylmalonyl CoA Mutase (MCM) 

Human methylmalonyl CoA mutase (hMCM) is a mitochondrial enzyme that catalyses 

the isomerisation of R-methylmalonyl CoA to succinyl CoA, and the succinyl group is 

ultimately oxidised in the citric acid cycle ( figure l. l ). This reaction is required in the 

metabolism of propionyl CoA formed during the catabolism of odd chain fatty acids, 

cholesterol intermediates, thymine, uracil and the amino acids methionine. isoleucine 

and valine (Kolhouse et al .. 1988). 

In prokaryotes MCM has a ditforent role: it is involved in the terminal fermentation 

pathway of succinyl CoA to propionate. and catalyses the conversion of succinyl-CoA 

to methylmalonyl Co A (Zagalak and Retey. 197 4 ). 
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Figure 1.1 Propionyl CoA Metabolism in Humans. Showing the formation of the hMCM substrate 

methylmalonyl CoA and synthesis of the cofactor coenzyme B12 from inactive 8 12 precursors (XB12). 

(Figure adapted from Leal et al., 2003) 
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1.2 The Cofactor and Catalytic Mechanism 

MCM belongs to a group of prokaryotic and animal enzymes that require the vitamin 

8 12-derived cofactor adenosylcobalamin (AdoCbl) , also known as coenzyme 8 12 and of 

this group only MCM is found in both prokaryotes and animals (Banerjee, 1997). 

AdoCbl-dependent enzymes catalyse carbon skeleton rearrangements via a radical 

mechanism involving the carbon-cobalt bond in the AdoCbl cofactor, (figure 1.2) , 

(Taoka et al. , 1997; Banerjee and Vlasie, 2002). 
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Figure 1.2 The Reaction of Methylmalonyl CoA Mutase. Showing th e radical 

generati on by the adenosylcobalamin cofactor (shown as the square conta ining Co), 

then the formati on ofsuccin yl CoA and the regeneration of the free enzyme. 

(F igure adapted from Matthews et al. , 1999) 

AdoCbl compnses a modified corrin ring surrounding a cobalt atom (figure 1.3). A 

protein histidine side chain acts as a sixth ligand binding to the cobalt atom in the 

holoenzyme (Mancia et al. , 1996). The adenosyl moiety is attached to the cobalt though 

a covalent cobalt-carbon bond. This carbon-cobalt bond has special reactivity, and is 

also very rare ; there are only two known enzymes in animals that employ carbon-cobalt 

bonds m reaction mechanisms. Cytoplasmic methionine synthase uses 

methylcobalamin and mitochondrial MCM uses adenosylcobalamin (Kolhouse and 

Allen, 1977). The reaction catalysed by hMCM is also unusual for another reason; the 

enzyme breaks and reforms a carbon-carbon bond in the carbon skeleton of 

methylmalonyl CoA. 
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Figure 1.3. Adenosylcobalamin Binding to Bacterial P. shemumii MCM. Left: 'base on ' AdoCbl, 

separate from the enzyme. Right : ' base off AdoCbl. bound to the enzyme through a hi stidine residue. 

The adenosyl moiety (R) provides the carbon atom for the carbon-cobalt bond. The four njtrogen' s of the 

corrin ring coordinate the cobalt (centre), and the hi stidine of MCM (below) displ aces the lower axial 

li gand of cobalt. 

(Figure adapted from Toi linger et al., 200 I) 

1.3 The Human Methylmalonyl CoA Mutase Gene 

The mut locus on chromosome 6 contains 13 exons, and (in total) the gene is 35 kbp 

long (Ledle y et al. , 1988). hMCM is constitutively expressed and encodes a protein 

with a 32 amino acid mitochondrial leader sequence that is cleaved to produce the 

mature 78 kDa peptide. (Nham et al. , l 990). The active human enzyme purified from 

liver is an a2 homodimer of approximately 150 kDa, and each subunit binds a molecule 

of adenosylcobalamin, the cofactor. Adenosylcobalamin is synthesised from vitamin 8 12 

in vivo as shown in figure I. I (Fenton and Roseburge, 1995 ; Banerjee and Chowdury, 

1999). 



Figure 1.4 Structure of the Propionihacterium shernumii methylmalonyl CoA mutase. 

The substrate, methylmalonyl CoA (green ) and the co-factor, adenosylcobalamin (red), are 

shown bound in the active site. 

(Mancia er al, 1996) 

4 

The precursor protein sequence contains a C-terminal cobalamin binding domain m 

residues 578-750. The (Pa)8 barrel formed by residues 87-416 contains a 

methylmalonyl CoA binding site . Residues at the N-terminus may be important in the 

dimerisation of the two subunits (figure 1.5). A loss in homology between the bacterial 

and human enzymes makes predictions about the structure and function of this region 

less certain (Thoma and Leadley, 1996). The MCM ap heterodimer of the 

Propionibacterium shermanii homologue has been cloned and expressed in £. coli 

(McKie et al. , 1990), and the crystal structure has been solved to 2A resolution, see 

figure 4 (Mancia et al, 1996). The a subunit of P. shermanii MCM shows a remarkably 

high (6 1 %) amino acid identity to the a subunit of human MCM (Leadlay and Ledley, 
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1989). However the p subunit, while clearly related to the a subunit shares only 34% 

identity with the amino acid sequence of the human gene, and its role remains enigmatic 

(figure 1.5). 

• : .• : . . , : * . • • ! : • • • • 
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Figure 1.5 An Alignment of Human & Bacterial Amino Acids at the N Termini of 

MCM. There is 61 ° o identity overall between the a subun its of the bacterial and human 

enzymes. however the identity in the 59 -tenn inal amino acids drops to 22°0. 

Red an-ow indicates th e cleavage site of the mitochondrial leader sequence within the 

h uman enZ)me. The 59 N terminal amino acids are shown here with a black line. 1-1 is the 

human MCM sequence. and B the bacterial sequence (of the a subunit from P. sher111w11 i) 

Mutat ions in the methylmalonyl CoA mutase gene (mut) cause mut methylmalonic 

acidemia (mut MMA). The disease mut MMA has an estimated incidence of 1/30000 to 

1/50000 live births, and symptoms include metabolic ac idos is, lethargy, dehydration, 

vomiting, and neuro logical problems (Fuchshuber et al .. 2000). Mut MMA patients can 

be distinguished from those suffering from other fo rms of MMA by their non 

responsiveness to 8 12 therapy; other fo rms of MMA are often due to mutations in 

enzymes involved in the synthesis of coenzyme 81 2 and so can be corrected by 8 12 

therapy. There are two types of mut MMA, mut° and mu(. The mu( form of MMA is 

milder, and is characterised by a reduced hMCM activity. Most of the mutations 

assoc iated with muf MMA are found in the AdoCbl binding domain, and so by 

increasing the AdoCbl concentration some of the enzyme activity is recovered (Ad jail a 

et al., 1998). Muf MCM, however, is completely inactive and this fo rm of mutMMA is 

severe and often fatal (Peters et al., 2002). So far 81 different mutations in the hMCM 

'structural gene ' have been identified. Three are found at higher frequencies in some 

populations (- 1 % of births are carriers) Ell 7X in Japanese, G7 l 7V in African 
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Americans and N2 l 9Y m a French/Turkish population (Aquaviva et al. , 200 I, 

Aquaviva et al., 2005). 

The known mutations in hMCM causing mutMM A are more commonly missense or 

nonsense nucleotide substitutions, and many unidentified mutations may occur in both 

the structural gene and promoter region. (Peters et al. 2002). Cobalamin affinity and 

enzyme kinetics has been characterised for most of the known mutations from mut 

MMA patients, has lead to a better understanding of the structure-function relationship 

of the human enzyme (Janata et al. , 1997; Andrevvs et al. , 1993 ; Crane et al. , 1991 ). 

Figure 1.6 Proposed Topology Model of hMCM. The positions of 30 disease causing mutations are 

indicated as bl ack filled circles. Solid black bar is the cobalamin co-factor. 

(Adapted from Fuchshuber et al., 2000) 

The topology model in figure 1.6 shows the known mutations in the C-terminal 

cobalamin binding region, G623R, G626C, G630E, G703R are substitutions of glycines 

thought to be interacting with the cofactor. These residues surround the H627 that binds 

as the sixth ligand to the cobalt of the AdoCbl. Mutation at G648 or G7 l 7 also disrupts 

the structure orientation of the H627, affecting the binding of the co-factor, and 

consequently these are both highly conserved residues. Some other mutations are found 
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at the putative interface of the two dimers at the N-terminal domain (R93H), and in the 

channel to the active site (Wl05R). 

1.4 The Novel Gene MMAA 

ln 2002 a methylmalonic academia patient with a novel mutation was reported. The 

mutation was in a novel gene that was called MMAA (methylmalonic academia linked 

to the cblA complementation group). The gene was mapped to chromosome 4q3 I. l-2, 

and comparison of the genomic and cDNA sequences revealed 7 exons, and a 

mitochondrial signal sequence. It was a highly conserved protein between organisms 

and homologues are found in archea, eubacteria and eukaryotes. The gene was assigned 

a putative function as a transport protein for vitamin 8 12, based on sequence alignments 

and analysis of prokaryotic gene arrangements (Dobson et al., 2002) . Subsequently a 

different group has backed up these findings, with the discovery of seven novel 

mutations in MMAA, all in patients responsive to 8 12 therapy (Yang et al. , 2004) . 

In contrast to these findings , mutation of a gene with very high sequence homology 

(meaB) in the bacteria Me thy/bacterium extorquens AM I, caused a loss of MCM 

activity. MCM activity was not recoverable by the addition of 8 12 which would be 

expected if indeed meaB encoded a protein for a 8 12 transport . In pull down assays a 

complex of MCM and the meaB protein formed. meaB was also found to be required for 

MCM activity in vitro. The authors suggest that the function of the meaB protein is to 

prevent the inactivation of MCM during catalysis. This may arise by a stabilising 

effect on the dimer form of the mutase, or protection of the enzyme from attack by 

oxygen, water or highly reactive radical intermediates (Korotkova and Lidstrom, 2004). 

Whether this gene rneaB is a functional homologue of MMAA remains unclear, more 

detailed biochemical analysis is required. 
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1.5 Past Recombinant Expression Systems of hMCM 

Earlier attempts to express hMCM in £. coli resulted in the production of inclusion 

bodies, which are inso luble aggregates of mis fo lded protein. This is common in £. coli 

with highly expressed recombinant proteins (reviewed by Baneyx and Mujacic, 2004). 

Refolding of these inactive inclusion bodies from £. coli has been attempted with the 

use of rapid dilution, dialys is, detergent ass isted refo lding, size exclusion 

chro matography and use of chaperonin-ass isted refo lding. Refo lding effi ciency reached 

1 % soluble active enzyme, using the rapid dilution technique. This suggests that the 

polypeptide produced is fo lded incorrectly, but otherwise full y active when expressed in 

E. coli, (Hayes. 1998) . This is not always so, some reco mbinant proteins may require 

posttranslational modification that the£. coli is not able to perfo rm. Eukaryotic proteins 

may also expressed as so luble, but not biologicall y active in £. coli. 

In an attempt to correct the misfo lding in vivo of hMCM expressed in £. coli, cell s were 

co-transformed with hMCM express ion plasmid and pGroESL, a pACYC-derived 

plasmid that overexpresses the £. coli chaperonins GroE L and GroES chaperones 

(Goloubinoff et al 1989). However the co-express ion of chaperon ins had little effect on 

the mis fo lding of the protein (Janata et al., 1997) . 

There is an increase in yield of so luble hMCM, observed when expressed with a Trx 

tag, in £. coli (Janata et al. , 1997) . This soluble protein is not being recovered from the 

insoluble pool of protein, but rather appears to be from a reduction in protein be ing 

degraded ( figure l. 7). 
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Native hMCM 
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Uninduced cells Trx-hMCM 
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Figure 1.7 SOS PAGE Gel Showing the Expression Systems of Janata et al, (1995). hMCM 

expression without a solubili ty tag (nati ve hMCM) is compared to expression with a Trx tag (Trx 

hMCM). The Trx solubi li ty tag drasticall y increases the yield of soluble protein without reducing 

the amount of in soluble protein . Insol : In soluble fraction . Sol: Soluble fraction . M: Molecular size 

markers 

(F igw·e adapted from Janata et al.. 1997) 
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The increase in yield reco mbinant protein with a Trx tag, (fi gure 1.7) , could be a result 

of two changes that the Trx makes to the polypeptide. One possibility is increasing the 

half-life due to N-terminal amino acid change. It is also poss ible that instead of, or in 

addition to , the Trx, may also reduce the degradation of aberrantly folded protein. The 

stability of the hMCM is improved thus reducing the aberrantly folded hMCM, and so 

also reduces the protease degradation of this aberrantly folded hMCM. The authors do 

not comment on either of these possibilities (Janata et al. 1997). 

In humans the hMCM pre-protein is targeted to the mitochondria where the signal 

sequence removed, to produce an N terminal Leu on the polypeptide (table 1.1, protein 

l) . In£. coli, however, a leucine at the N-termini of a polypeptide has a very short half 

life of2 mins (Tobias et al. 1991). Expression ofthe native hMCM polypeptide, even 

with a Met before the Leu, in £. coli would be expected to result in the production of a 

short-lived protein. This high turnover rate, ultimately leads to a lower yielding E. coli 

expression system. Janata et al. ( 1997) expressed the hMCM in two systems, without 



and with the Trx tag (table 1.1 , proteins 2 and 3 respectively) showing a remarkable 

increase in protein yield with the Trx tag. 

Source N terminal amino acids After Met 12rocessing Haltlife in £. coli 

1. Native hMCM: Leu His -

2. Janata, hMCM Met Leu His - Leu His - ( 15%) 2 mins 

3. Janata, thio hMCM Met Ser - T- Leu His - Ser TAG Leu His - (84%) 10 hours 

10 

Table 1. I N terminal amino acid and the turnover rate of proteins in E. coli From left, the source, 

the sequence of the first amino acids, the sequence after the N-tenninal Met is removed and the predicted 

half life in£. coli .. 

The effect of a post induction temperature, on hMCM solubility with and without a Trx 

fusion on the N-terminus was critical (Janata et al. , I 997) . With the Trx-fusion at 3 7 °C 

most of the protein was in the form of inactive inclusion bodies, however at 12 °C the 

majority of the protein is correctly folded, soluble and full y active. The Trx-fusion 

expression system in £. coli 01698 at 12 °C, resulted in high levels of soluble 

recombinant protein, however the Trx tag was not able to be separated from the target 

protein. Enterokinase cleavage was inefficient, but at higher protease concentrations and 

longer reaction times, degradation of the hMCM was observed. A specific activity of 

23-26 U/mg was recovered despite the Trx fusion remaining on the hMCM. 

Human fibroblasts and S. cerevisiae have been used to express mainly mutant enzymes, 

for use in enzyme activity studies of the mutations . Low activity can be detected using a 
14C-propionate incorporation assay (Aquaviva et al. , 2001 , Crane et al. , 1992, Peters et 

al. , 2002) . This requires very little active enzyme and is an effective method for 

diagnoses and study of mut MMA patients. In S. cerevisiae the protein was soluble; but 

not active and was unable to complement mut fibroblast cells. However, mouse MCM 

was expressed in the same system, and produced an active enzyme, able to compliment 

amut deficiency in human cells (Andrews et al., 1993). 
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1.6 Enhancing solubility of Recombinant Proteins in E. coli. 

l.6.1 Background 

If the aggregates are forming during cell lysis, changing the lysis buffer could prevent 

partitioning of the recombinant protein into the insoluble fraction (Bondos et al. 2003). 

Recombinant expression of hMCM in £. coli results in the formation of aggregates in 

vivo: and the inclusion bodies can be observed by a light microscope (Mark Patchett, 

pers. Comm.). Consequently the expression conditions must be altered to solublise the 

hMCM protein in E.coli (Baneyx and Georgiou 1990). 

The formation of expressed protein aggregates is often rapid and irreversible. The 

kinetics of the aggregation may be significantly faster than the folding kinetics to the 

native state, as once the aggregation process is initiated. the aggregates ,viii form 

rapidly (Cellmer et al. 2005 and Goldberg et al. 1991). Solubilising the aggregates is 

accompanied by a neYv problem: proteases now have access to the recombinant protein 

as is it now not sequestered in the inclusion bodies (Cheng et al.. 1981 ). To prevent 

inclusion bodies from forming and degradation of the soluble recombinant protein, 

some expression conditions can be changed: e.g. the rate of expression can be slowed. 

decreasing the local concentration of folding intermediates. The redox potential of the 

E. coli c11oplasm can be changed or the protein can be targeted to the periplasm which 

contains many chaperones. Solubility tags can be used or a protease deficient £. coli cell 

line used. 

1.6.2 Periplasmic Expression 

Secretion of recombinant proteins to the periplasm in £. coli has been show to improve 

the solubility proteins. A signal sequence is placed in the gene, most commonly the 

signal sequence from the MBP which is located in the periplasim of E. coli (Loo et al, 

2002; Witholt et al., 1976). 
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1.6.3 Temperature 

The macromolecule concentration in cells is in excess of 300 mg/mL so a newly 

synthesised protein will not fold in isolation, but rather while interacting with a number 

of other molecules that may influence the way the protein folds (Dobson. 2001 ). 

Decreasing the temperature of the £. colt culture during induction and expression has 

been used extensively to slo\\ the recombinant prokin expression rate, enhancing 

solubility of recombinant proteins. This is thought to be due to the reduction in the 

concentration of partially folded proteins at any given time, reducing the chance of two 

partially folded proteins associating and initiating aggregation (Schein and Noteborn. 

1988; Janata et al.. 1997). 

The bacterial methylmalonyl CoA mutase (of P. shermanii) \YaS expressed in £. colt 

K38, in a vector containing the two MCM enzyme subunits. l:xpression at 37 T 

resulted in insoluble protein. but \vhcn induction temperature was lowered to 30 'C. 

resulting in the expression of soluble active metl1vlrnalonyl Co A mutase ( :\1cKic et al .. 

l 990 

1.6.4 E. coli Strains 

E. coli BL2 I (DE3) is deficient in the Lon and OmpT proteases. Lon is a Cytoplasmic 

protease responsible frir the degradation of proteins possessing a non native structure 

(Gottesman, 1989). OrnpT is an outer membrane protease that cleaves dibasic amino 

acid sequences (Grodberg and Dunn 1988) These proteases can contribute to the 

degradation of some recombinant proteins during expression and purification (Baneyx 

and Georgiou 1990). This strain is also lysogenic for a ), prophage that contains an 

lPTG inducible T7 RNA polymerase gene, allowing expression from vectors containing 

a T7 promoter (Studier, et al., 1990). 

E. coli strain Rossetta-gami 2 contains mutations in genes for thioredoxin reductasc and 

glutathione oxidoreductase (lrxB and gor). Thioredoxin reductase is part of an active 

process preventing disulfide bonds from forming in the cytoplasm of £. coli. 

Glutathione oxidoreductase is involved in the oxidative stress response of E. coli and 

loss of activity changes the redox potential of the qtoplasm (Becker-Hapak and 
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Eisenstark 1995; Davis et al., 1982). These mutations improve the folding of many 

eukaryotic proteins expressed in £. coli in particular proteins containing disulfide bonds 

(Derman, et al. , 1993, Cassland et al. , 2004). 

The £. coli strain Rosetta-gami 2 also contains a mutation in the lac permease (lac Y) 

gene, giving the Tuner™ genotype. These cells allow a more even entry of IPTG 

through the cell membrane. More even IPTG entry causes induction to occur in an IPTG 

concentration-dependent manner throughout the culture, allowing stricter control of 

promoter induction, and the use of very low levels of IPTG to slow expression of 

recombinant protein. 

Am ino ac ids can be encoded fo r by more than one codon in the mRN A. Different 

organisms will favour the use of some codons fo r an amino acid, resulting in a bias in 

the levels of tRNA fo r particular codons (see the appendix) . The codons used 

infrequently in a certain organism are called rare codons, and are translated 

ineffic ientl y, due to the low leve l of corresponding tRNA. The £. coli strain Rosetta 

Rosetta-gami 2 have extra cop ies of tRNA genes argU, argW, ileX, glyT, leuW, prol. 

metT. thrT. tyrU, and thrU on pRARE, a pACYC 184-der ived plasmid (Novy et al.. 

200 I). These genes encode the tRNA for codons not abundantly fo und in £. coli 

mRN A; AUA, AGG, AGA, CUA, CCC, and GGA allowing the ribosome to translate 

the eukaryote mRNA more efficiently. Translation pausing of the riboso me, at regions 

of mRN A that contain rare codons may result in premature translation termination, 

translat ional stalling, translation frameshifting and mis incorporat ion of amino acids. 

These events can lead to low yie ld and mis folding of recombinant proteins (Looman et 

al. 1987; Makhoul and Trifonov, 2002; Kurland and Gallant, 1996; McNulty et al., 

2003) . The codons of the hMCM sequence were analysed at the database on the website 

http://www.kazusa.or.jp/codon/ (see appendix). A total of 25 codons are present in 

hMCM that the tRNA is found below 0.5% frequency in£. coli. 

E. coli ER2566 is an expression strain provided by New England Biolabs with the 

vectors pTYB4 and pTYBl 1, and is the recommended expression strain for both these 

vectors. (Ltittkopf et al. , 2001). The cells£. coli ER2566 cells are deficient in Ion and 

OmpT proteases and contain the ). prophage with an IPTG inducible T7 RNA 

polymerase gene. 
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1.6.5 Solubility Tags 

Many proteins formerly used as affinity purification or detection tags were also found to 

enhance expression levels and solubility of the target protein, so are now also referred to 

as solubility tags. A solubility tag is a second protein fused in the same open reading 

frame as the recombinant target protein (figure 1.8). The open reading frames of both 

will now be expressed as one polypeptide, and after folding and purification the 

polypeptide can be separated to yield two polypeptides i.e. the target protein and the 

solubility tag see section l. 7 on 'purification and processing of recombinant proteins ' . 

Sometimes (rarely) the target protein may aggregate after cleavage even if it is correctly 

folded as a fusion . (Sati et al. , 2002). 

N C 

N-tcrm inal tag ~ ._I ___ T_a_rg_c1_P_ro_tc1_·n ___ __,I +-i C-tcrm inal tag 

Figure 1.8 Showing Possible Positions of a Solubility Tags Relative to the Target 

Protein. Th e tag can be expressed on the C or N tennini of th e target protein . The -

tenninus of protein s is the most common positi on fo r a solubili ty tag. 

To be a suitable solubility partner a protein must be highly soluble in the £. coli 

cytoplasm. However, not all highly soluble proteins are affective solubility tags (Kapust 

and Waugh, 1999). It is also unlikely that all solubility tags act in the same way, 

different target and solubility tag combinations will affect the solubility of the target 

protein differently (Kapust and Waugh, 1999) . Although solubility tags are now widely 

used in recombinant systems, the mechanisms by which some of them prevent or reduce 

aggregation are not well understood due to the lack of understanding about the 

formation of protein aggregates in cells. 

The 40 k.Da maltose binding protein (MBP) (Pryor and Leiting, 1997) has been shown 

to be a very effective solubility tag. This was demonstrated in a study of the effect three 

different solubility tags had on six different target proteins, all insoluble and inactive 

when expressed in £. coli. The three solubility tags tested were Trx, MBP and 

glutathione S-transferase. The effectiveness of the solubility tag was measured by the 

solubility and activity of each target protein. The MBP was consistently found to be the 



15 

most effective tag at solubilising the target protein (Kupust and Waugh, 1999). These 

results have been supported by other labs (Goulding and Perry, 2003). This led the 

authors to suggest that the MBP is a passive general chaperone, binding to unfolded 

proteins to promote folding, perhaps by preventing self association, (figure 1.9). 
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Figure 1.9 A Model of the Proposed Mechanism of MBP. The sphere represents the 

MBP and the lin e and the helix represents the unfolded and fo lded protein , respecti vely. 

(Figure adapted from Kapust and Waugh. 1999) 

In support of this mechanism is the ineffectiveness of the MBP as a solubility tag when 

fused to the C-terminus of the target prote in. This arrangement resu lts in the target 

protein being synthesised and fo lding earlier as it comes of the ribosome, (G ilbert et al. 

2004), suggesting that the MBP must be fully folded to be an effective so lubility tag 

(Sachdev and Chirgwin, 1998). The MBP has also been shown to interact with un fo lded 

polypeptides in vitro, promoting fo lding of these un fo lded prote ins (Richarme and 

Caldas, 1997). Using the maltose sugar immobilised on res in, the MBP is also affect ive 

as an affinity purification system, and as an affinity tag, the MBP is typically placed at 

the C-termini of the target protein (Maina et al. , 1988; Hennig and Schafer, 1998). 

The 11 kDa thioredoxin protein is a commonly used solubility tag and dramaticall y 

increases the solubility of many recombinant proteins expressed in the £. coli cytoplasm 

(La Vallie et al. , 1993). It can be effective placed at the Nor C terminus of the target 

protein, varying from case to case, depending on the target protein. However it is most 

commonly used as a solubility tag at the N-termini of the target protein. Because 

thioredoxin lacks a convenient immobilisable small ligand, it is unsuitable for an 

' affinity purification system', therefore thioredoxin is often used in conjunction with a 
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small affin ity tag such as the His6 tag, and this thioredoxin-His construct is referred to 

as the T rx tag. 

1.7 Purification and Processing of the Recombinant Protein 

1.7.1 Poly His Tag Purification 

A poly-histidine tag is a sequence of four to ten contiguous histidines within a protein, 

which selectively binds to a Ni column via the co-ordination of the histidine imidazo le 

groups to the Ni metal. The protein is eluted by changing the pH, or adding free 

imidazo le to the chromatography buffer (Hochuli et al. , 1987). The chromatography 

res in has an attached nitrilotriacetic acid (NT A) group, ideal fo r binding metal ions with 

co-ordination numbers of six, such as Ni and Co (Hochuli et al, 1988). The His tag can 

be placed at the or C termini of the protein, depending on the structure of the target 

protein. Purification of his-tagged proteins can also allow purification under denaturing 

conditions. However, proteins with a metal cofactor bound are not recommended, as the 

potential cofactor- NTA res in interaction may interfere ·with the stab ility of the protein 

(Reviewed by Terpe, 2003). 

1.7.2 The Chitin Binding Domain 

The 5 kDa chitin-binding domain is the 51 C-terminal amino ac ids of chitinase A I from 

Bacillus circulans WL-1 2 (Watanabe et al., 1994). The chitin binding propert ies of the 

domain are exploited, and purification is achieved by using a column with immobilised 

chitin (Chong et al., 1997). 

1.7.4 Site specific Proteases 

Site specific proteases recognise a certain sequence of amino acids, cleaving the 

polypeptide. This has been exploited to allow the separation of affinity/so lubility tags 

from the target protein, (figure IO). 
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Figure I.IO Protease Cleavage of Solubili ty Tags. A sequence of amino acids that are the 

target for a protease (in thi s example TEV) can be in serted between the target protein and 

the tag. Incubati on with the protease separates the tag from the target protein . The protease 

must ha\·e access to the sequence so it must be on th e exterior of the prote ins structure. 
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Enterokinase is a site specific protease that cleaves after lysine at its recognision site 

Asp-Asp-Asp-Asp-Lys, and is frequently used to separate tags rrom the target protein 

(Sun et al .. 2005). In some target protein-tag fusions the enterokinase cleavage s ite is 

not access ible and cleavage can be inefficient or completely prevented. In the 

expression system of hMCM-Trx. inefficient enterokinase cleavage occurred, 

suggesting that the protease was unable to access the cleavage s ite (Janata et al .. 1997). 

The Tobacco Etch Virns Protease (TEV) protease is a 48 kDa site specific protease. 

from the tobacco etch virus (Carington and Dougherty, 1988). His-tagged TEV can be 

expressed and purified in£. coli making it a cheap and convenient source of protease. A 

TEV site, (ENL YFQG), has been engineered into the pET32a vector (Rosemary Brown, 

Pers. Comm.), to allow removal of the Trx solubility tag by digesting the purified 

protein complex with the recombinant TEV protease. This can be used as an alternative 

to the enterokinase; the differences between the two proteases may allow the TEV to 

effectively cleave the Trx tag. In addition to changing the protease, the sequence 

immediately either side of the site is also different which may allow better access for the 

TEV. 
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l.7.5 Inteins 

The use of inteins eliminates the need to incubate the recombinant protein with a 

protease to cleave the target protein from purification and/or solubility fus ion 

tags. Conventional proteases can have drawbacks as seen in the earl ier section 1.3.3 

'site specific proteases·. Access to the recognition site , protease sites in the target 

protein and further purification are required. Often addit ion or change of amino ac ids at 

the N or C terminus is necessary to generate the target sequence of the protease, 

resulting in final protein product containing several additional or changed amino acids 

and this can affect the protein activity and fo lding. The protease may require incubation 

at elevated temperatures for activity, which can degrade or denature the target protein 

(Janata et al., 1997; Humphries et al 2002). 

lnte ins perform a post translational modification, excis ing an internal polypeptide 

sequence (intein), and ligating the flankin g sequences (exte ins) with a pept ide bond 

(figure 1. 11 ). Key conserved res idues have been identified by amino ac id sequence 

alignment and then functional studies of the effects of po int mutations on cleavage to 

determine their role in the splicing react ion (Xu and Perler, 1996). 
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Figure 1.1 I Domains and Conserved Residues in lnteins. Blocks A and Bare 

important in the -tenninal splicing, and blocks F and Gare involved in the C-tenninal 

splicing. The region C to H can contain an endonuclease in some inteins. Also note the 

arrangement of the intein, N-extein and C-extein re lative to each other. Shown below are 

the highly conserved arnnio acids. 

(Figure adapted from Evans and Xu, 200 1) 

The mechanism involves a peptide bond within the protein being attacked and broken 

resulting in the formation of a thioester intermediate. This mechanism is supported by 

the formation of a branched intermediate with two N-termini (figure l. l l) (Xu et al. 
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1993). Intein activity may be compared to that of the spliceosome that removes introns 

from RNA (Evans and Xu, 2002). Comparisons can also be made with protease activity, 

as the peptide bond is broken in a similar way, using a mechanism not unlike that of the 

'catalytic triad' that many proteases use. The reaction is also analogous to the native 

peptide ligation reaction, used for assembling small synthetic peptides into larger 

synthetic proteins (Dawson et al.. 1994) 
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Figure 1.12 Mechanism of the lntein See VMAI Splicing Reaction. Attack of the intein 

N-tenninal cysteine sulfhydryl group injtiates a -S acyl rearrangement, wh.i ch generates a 

thioester bond between the intein N-terminal cysteine residue and the N-extein C-tenninal 

residue. Tran s(thio)esterification of the N-extein acyl group to the C-extein cysteine form s 

the branched intennediate. Attack of an intein C-tenninal asparagine excises the intein , and 

the reaction is completed by a spontaneous S-N acyl rearrangement, regenerating a native 

peptide bond between the N- and C-extein segments. 

(Figure adapted from Evans and Xu, 200 l ) 
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The intein See VMAl is from the yeast Saccharomyces cerevisiae and was discovered 

in 1990 (Hirata et al. , 1990; Kane et al. , 1990). Researchers at New England Biolabs 

then removed endonuclease domain (figure 1.13) at the gene level and mutated key 

catalytic residues to prevent the exteins religating. Although inteins lacking the 
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endonuclease domain (mini inteins) are now known to occur naturally, the See VMAl 

intein without the endonuclease domain was artificially created, before mini inteins 

were discovered in nature. 

Domai n II 
- - - - ~.s- - - - - - - - - - - r- - - - , 

9 ... rl .. ,i, "' ~ ~ ? I 

----_••_ ------~ - --=-:' ~ -- I 

u1 

Domain I 

T~~" ~ T..:~;. 
~:..• ~. o1 

1 3 ' 4 

Figure 1.13 The Domain Structure of the Native See VMAI Intein. The circles and 

triangles represent u helices and~ strands, respecti vely Numbers identify the ten different 

~ sheets . Domain I is the nuclease domain identified by the DNA binding motifs, and 

domain II is thought to contain the protease activity. 

(F igure adapted from Duan et al. 1997) 

The changes to this intein allowed researchers at New England Biolabs to construct a 

series of vectors that contain a CBD (Watanabe et al. , 1994) as a purification tag, which 

can be removed by the See VMA I intein that is located between the tag and the protein 

of interest. The CBD is inserted into a loop of the intein, and does not affect its activity. 

The vector pTYB4 encodes a splicing defective mutant See VMA 1 intein (Asn454Ala) 

that only performs the N-terminal junction cleavage. The C-terminal splicing activity 

has been lost (Chong et al. 1996). Another vector in the series, pTYB 11 , encodes 

another splicing defective mutant See VMAI intein (His453Glu) mutation at the 

penultimate amino acid resulting in defective C-terminal splicing activity (Chong et al. 

1996). This allows the solubility tag to be removed from the N termini of the target 

protein, (figure 1.14). 
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Figure 1.14 Mechanisms of lntein-Based Protein Purification. 

(A) N-tenninal cleavage, by the modified intein . The intein-tag is fused to the C-terminus 

of the target protein at the gene level. The target is released by cleavage of the bond between 

the target protein and the intein . This is the modifi ed intein present in the pTYB4 vector. 

(8 ) Coupled C-tenninal cleavage by a different modified intein. This type of intein-tag 

allows expression and purification of the target protein with an N-tenninal affinity or 

solubili ty tag, Thi s is the modified intein present in the vector pTYB 11 . 

(Figure adapted from Evens and Xu, 2002) 
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The vectors pTYB4 and pTYBl 1 allow the separation of the target protein under 

reducing conditions (figure 1.14). The target protein, intein and any solubility or 

purification tags are bound to a purification column or beads though an affinity tag. The 
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other proteins from the expression system cell lysate are washed off in a mild buffer. 

The target protein is then removed with a reducing agent ( e.g. OTT or ~­

mercaptoethanol) that induces the intein to self cleave. The target protein is eluted from 

the column leaving the purification/solubility tags bound (Perler. 2000). Dialysis is 

necessary to remove a small peptide generated during the intcin cleavage of proteins 

expressed from the vector pTYB 11. 

The intein leaves no amino acids on the target protein. however sometimes 1-2 amino 

acids must be changed at the cleavage site on the target protein. to ensure that cleavage 

occurs when desired, and that 111 vivo cleavage is avoided. The flcxibilitv of the amino 

acids at the intein-target protein boundary means it is often possible to use amino acids 

\Vith similar properties to replace the original native amino acids. Amino acids at the 

protease sites arc very specific sequences. with little variability allowed. These amino 

acid changes. necessary to generate the protease site. can result in undesirable changes 

to the amino acids at the termini of the target protein. These amino acids may change 

the natiH: sequenc-: of the target protein and this ma\' affect the structure and/or 

function of the target protein. 
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1.8 Chapter Summary 

Studies of human methylmalonyl CoA mutase (hMCM) are required to better 

understand the unusual carbon skeletal rearrangement this enzyme performs, the 

catalysis involving a 8 12 derived cofactoL and the disease methylmalonic acidemia. 

1 lomology models based on the crystal structure of the a-subunit of a bacterial 

orthologue have provided a structural model. However, the decre,Lse in homology 

between the bacterial and human proteins at the N-terminus results in inaccurate models 

of this putative dimcrisation domain. Structural studies are required, and to provide a 

source of protein for these studies, an E. coli expression system is proposed. 

Expression of native h}\,1CM in E colt results in insoluble inclusion bodies. A Trx 

solubilitv tag increased the yield of soluble protein but did not allow separation from the 

tag with the enterokinasc site located between the Trx and hMCM. An alternative to 

protease separation of solubility tags is an intein cleavage system Inteins may 

circumvent the problems associated with conventi,mal 111 /rems protease removal of tags. 

1.9 Aims of this Project 

This work aimed tn develop a novel vectnr to enable expression of soluble active 

h'\1CM for structural studies. This overall goal can he subdivided into three aims: 

A. Design and construct four novel e.xpression vectors containing a solubility tag 

and an intein mediated removal nfthat tag. 

B. Clone hMCM into each of these novel vectors. 

C:. Test the solubility of protein expressed from each of these vectors with the 

insoluble protein hMCM, and determine the success of the intein mediated 

cleavage. 
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2 Materials and Methods 

2.1 Materials 

2. I . l Bacterial Growth 

The £. coli heterologous expression strains TG I and ER2566, were purchased from 

New England Biolabs, MA, USA The £. coli strains BL2 I (DE3) and origami B were 

purchased from Novagen® an Affi liate of Merck NZ Limited, Palmerston North, New 

Zealand. For the genotypes of the £. coli strains, see appendix. Luria Bertani (LB) base 

was purchased from lnvitrogenT\11 life technologies, lnvitrogen NZ limited, Auckland, 

New Zealand. 

2.1.2 DNA Preparation and Analysis 

The protein expression vectors pTYB4, pTYB 11 , pMAL.c2g were obtained from NEB. 

The protein express ion vector pET32a was purchased fro m Novagen® an Affiliate of 

Merck NZ Limited. Palmerston North, New Zealand. Restriction enzymes and mung 

bean nuclease were purchased fro m New England Biolabs and were used with the 

supplied bu ffe rs according to manu facturers· instructions. Bovine serum albumin was 

also purchased from New England Biolabs. The modified pET32a vector 

(pET32a.TEV) was a kind gift fro m Rosemary Brown Massey Uni versity, Palmerston 

North, New Zealand. The T4 DNA ligase and I kb plus DNA ladder were purchased 

from lnvitrogenTM life technologies, lnvitrogen NZ limited, Auckland, New Zealand. 

2.1.3 Chemicals 

The 40% acrylamide and NN'-methylenebisacrylamide (29. 1 :0.9) in water, were 

purchased from Novagen® an Affiliate of Merck NZ Limited, Palmerston North, New 

Zealand. The ethidium bromide, Coomassie brillant blue (R-250), agarose, Tris HCI 

was purchased from lnvitrogenTM Life Technologies, lnvitrogen NZ limited, Auckland, 

New Zealand. Tetramethylethylene di 'amine (TEMED) and ammonium persul fate were 

purchased from BioRad Laboratory Supplies, Poole, England. Ampicillin, tetracycline, 
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EDT A IPTG, OTT, primers, mineral oil for PCR, SOS, imidazole and 

adenosycobalamin from Sigma Chemical Company, St Louis, MO, USA. 

2.1.4 General 

Mini-protean® II cell gel apparatus and sub-mini gel apparatus was purchased from 

BioRad Laboratory Supplies, Poole, England. 

All water used was from a Barnstead Nanopure I[ water purification unit (with a 

minimum resistivity of 18 MQ.cm-1
). and is referred to as milli-Q. 

All other reagents were of the highest grade available. 
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2.2 l\;lethods 

2.2. l Agarose Gel Electrophoresis Andrews ( 1986): Sambrook (1989) 

The 0.8% agarose gels used for DNA electrophoresis were prepared as follows 0.36g of 

Agarose powder is added to 45 ml of Ix TAE (Made as a 50X stock: Tris 2M. 100 ml 

of0.5 M EDTA. pH 8.0, glacial acetic acid 5.71%, made up to I L). to make an 0.8% 

gel. This was heated in a micro wave oven to dissolve the agarose powder. The agarose 

solution was then cooled to -55 °C. poured into the gel tray. and ethidium bromide 

added to 0.2 pg/mL. Once the agarose solution has set (-30 minutes at room 

temperature). the comb \ms removed. the gel ,\as submersed in Ix TAL DNA samples 

\\ere mixed 5: I with loading solution (0.25% bromophenol blue. 40% sucrose) and 2-5 

,tL loaded into sample wells. All gels were run with 5 ftL ofa l kb Plus DNA ladder in 

the first lane in a Sub-mini gel tank for approximately I hour at 60-90 V. 

2.2.2 D:'IA Quantification 

DNA ,1as quantified by gd electrophoresis and compared to a set of mass standards. 

Each standard is composed of linearised pBluescript SK-II plasmid DNA of 10 ng/5 ,tL. 

20 ng/5 pl. 50 ng/5 pl and 100 ng/5 ftl. Quantification gels (0 8°,o agarose) were run 

with a l kb Plus ladder, and 5 ftL of four standards loaded along side the various 

dilutions of the unknown sample to elucidate the amount of unknown sample its band 

density is compared to that of the standard. 

2.2.3 DNA Purification 

Direct purification of PCR products and DNA digested with restriction enzymes was 

performed with a Roche® High Pure PCR Product Purification Kit according to the 

manufacturers' instructions. 

Plasmids were purified rrom 5 mL E. coli cultures using a Wizard® Plus S V Minipreps 

DNA Purification System (Promega Corporation). according to the manufactures 

protocol. 



2.2.4 Restriction Digests 

Diagnostic Restriction Digests were set up as fo llows: 

2 µL DNA (a total of 50 ng - 500 ng) 

7 µ L water 

I µ L recommended enzyme buffe r ( 1 Ox concentrated) 

I µ L restriction endonuclease enzyme (1 -1 0 units) 

The reactions were incubated at 37 °C (or 25 °C fo r Sma I digests) fo r 3 to 4 hours. 

Restriction Digests fo r Vector and Insert Preparation were set up as fo llows: 

30 µL pur ified PCR or vector (a total of I µg- 3 µg) 

5 ~t L 

2 ~t L 

13 µL 

recommended enzyme buffer ( I Ox concentrated) 

enzyme A (- 40 units) 

water 
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The reaction was incubated (typ ically at 3 7 °C) until the vector had bee n linearised as 

determined by agarose ge l electrophores is. The insert was digested under the same 

reaction conditions. Digest ion with the seco nd enzyme then carried out, and incubated 

under cond itions determined earlier (with uncut vecto r) spec ific fo r the second enzyme. 

If the same buffe r could be used fo r both enzymes then 2 ~t L of enzyme B, I µL of the 

same buffe r and 7 µ L of water was directl y added and the incubation continued. If the 

second enzyme required a di ffere nt buffe r, the DNA fro m the first digest was puri fie d 

(section 2.2.3), and the reaction set up using the second enzyme and buffe r. Double 

digested vectors were gel purified and double digested inserts were purified using direct 

column purification (section 2.2.3) . 

2.2.5 Acrylamide Gel Electrophoresis Laemmli (1970) 

Resolving Gel Buffe r ( 4x) was prepared as fo llows : 

1.5 M Tris 

0.4% (w/v) SOS 

pH 8.8 

Stacking Gel Buffer (8x) was prepared as follows: 

lM Tris 

0.8% (w/v) SOS 



pH to 6.8 

Sample Buffer (2x) was prepared as follows: 

1 X 

6 % (w/v) 

15 ¾(w/v) 

10 % (v/v) 

stacking gel buffer 

sos 
glycerol 

0-mercaptoethano l 

0.005 % (w/v) bromophenol blue 

1 mL aliquots were stored at -20 °C. 

Electrode/tank buffer (5x) was prepared as follows: 

5 g Tris 

72 g glycine 

5 g sos 
Made up to 1 L \Vith milliQ water. 

Coomassie blue stain was prepared as follows: 

0.625 g Coomassie brilliant blue (R-250) 

45 % (v/v) methanol 

5 % (v/v) glacial acetic acid. 

Made up the 500 ml with milliQ water. 

Oestain [ was prepared as follows: 

45 % (v/v) methanol 

10 % (v/v) glacial acetic acid 

Made up to 1 L with milliQ water. 

Oestain I[ was prepared as follows: 

5 % (v/v) methanol 

5 % (v/v) glacial acetic acid 

Made up to 1 L with milliQ water. 

The gels were poured as follows: 
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Resolving Gel (6 % acrylamide) was prepared as follows: 

0.l % SDS 

l X 

6 % (w/v) 

0.0005 (v/v) 

resolving gel buffer 

acrylamide 

TEMED 

0.005 % (v/w) ammonium persulfate 
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The gel was mixed quickly in a small beaker adding the TEMED and ammonium 

persulfate last, and poured up to ~ I cm below the bottom of the comb. The gel was 

overlayed with 0.5 mL of water-saturated butanol to minimise exposure of the setting 

gel to oxygen, as oxygen inhibits the persulfate-catalysed polymerisation reaction. The 

gel was allowed to polymerise for 1 hour. The water-saturated butanol was rinsed off 

with Mill iQ water. 

Stacking Gel (3.2 % acrylamide) was prepared as follows: 

0.1 % 

l X 

3.2 % 

0.00 l % (v/v) 

sos 
stacking gel buffer 

acrylamide 

TEMED 

0.0025 % (v/w) ammonium persulfate 

This was quickly mixed, adding the TEMED and ammonium persulfate last and poured 

on top of the resolving gel. The comb was carefully inserted and the gel vvas allowed to 

polymerise for 30 minutes. The comb is then removed and the wells rinsed with water. 

The gel placed in the tank and immersed in 1 x electrode buffer and the samples loaded. 

Samples were mixed with an equal volume of 2x sample buffer and boiled for 2-3 

minutes. To prepare whole cell samples the OD 650 nm of the £. coli culture was 

measured multiplied by 0.002 to determine the volume (µL) of culture to centrifuge, 13, 

000 x g for 1 minute at 4 °C in a bench top centrifuge. The supernatant was removed 

and the pellet resuspended in 100 µL of Ix sample buffer by vigorous vortexing. The 

sample was then boiled for 2-3 minutes, and 10-15 µL loaded onto the gel. 

Gels were run and stained as follows: 

Precision Plus protein standard (Biorad) was loaded onto every SDS acrylamide gel, 

this gives bands at 250, 150, 100, 75 and 50 kDa on a 6 % acrylamide gel. Gels were 
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run in a BIORAD Mini-protean® II cell at 120 V for 1 hour until the marker dye was - 1 

cm from the bottom from the bottom of the gel. The gels were stained in Coomassie 

Blue stain for 20 to 40 minutes, then transferred into destain I for 30 miniutes, or until 

destained sufficiently, then transferred to destain II for storage prior to photography. 

2.2.6 PCR Innis ( 1990) ; Scharf ( 1990) 

The lyophilised primer was diluted in water to give a stock solution of 300 pM. 2 µL of 

this stock was then diluted 100 fold in milliQ water to give a working concentration of 

at 3 pM. 

The components of the lnvitrogenT"1 Platinum® P/r DNA polymerase kit were added to 

the 0.5 mL reaction tube on ice in the following order: 

X uLI Ox polymerase buffer 

50 mM magnesium sulfate (in I ~LL) 

X µL milliQ water (to make reaction volume up to 50 µL) 

3pM 

3pM 

2.5 mM 

I µL ( 1 ng/µL) 

I µL (2.5 U/µL) 

forward primer 

reverse pnmer 

dNTP mixture (in 5 ~LL) 

template 

DNA polymerase 

The tube was then quickly mixed with a vortex mixer and tapped on the bench 2-3 times 

to gather the contents at the bottom of the tube, all the time maintaining the temperature 

below 4 °C. The reaction was then overlaid with 2 - 3 drops of mineral oil (Sigma®) 

and placed in the temperature-cycler (Corbett FTS-320 thermal sequencer) that had 

been preheated to 95 °C. All reactions were incubated for 2-5 minutes at 95 °C prior to 

the amplification cycles . This insures that the Platinum® antibody bound to the 

polymerase is denatured, yielding the active polymerase. 

For amplification, ' three step ' cycling was used with the following temperatures and 

times. For the denaturing step the PCR was incubated at 95 °C for 15 seconds. The 30 

second annealing step was carried out at temperatures from 38 °C to 65 °C depending 

on the particular primers and target sequences. The extension was performed at 68 °C 
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and the time varied depending on the size of the product, from 30 seconds for the 

relative ly small thioredoxin or maltose binding protein targets to 2.5 minutes for the 

larger hMCM products. After thermo-cycling the samples were stored at 4 °C and a 2 

µL aliquot taken out and analysed agarose gel to check the size and purity of the PCR 

product. 

The dNTP concentration was kept to a minimum (2 .5 mM) to reduce PCR-generated 

errors, and the magnes ium sulfate concentration used was 50 mM and is the 

concentration suggested by the Platinum® Pf"C DNA polymerase protocol, and was not 

changed throughout this wo rk. 

2.2.7 DNA Sequencing 

All constructs were sequenced to insure that during the PCR and cloning random errors 

were not introduced the DNA sequence. To sequence a plas mid, 300 ng o f vector, and 

total of 3.2 pmol of primer were mixed in a 0.2 mL tube, and the vo lume made up to 15 

~t L with water. This was then analysed by Lorraine Berry (All an Wilso n Centre 

Genome sequencing service) using dideoxy chain termination PCR sequencing (Sanger 

et al. , 1977) with Big Dye terminators, and separation on a capillary AB I3730 Genetic 

Analyser, fro m Applied Biosystems Inc. using the manufacturers recommended 

protoco l (http://www.appliedbiosystems.com). A BLAST alignment 

(http ://www. ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cg i) was then performed to align the 

sequences with the known vector and target sequences and any ambiguities checked by 

eye on the electropherogram to ensure that there were no errors introduced by PCR and 

that the expected ligation had been achieved. 

2.2.8 DNA Ligation Sambrook ( 1989) 

Ligation mixtures were assembled on ice with vector:insert molar ratio of l :3 and 1: l. 

Vector, insert and water were added and vortexed briefly, tapped to gather contents at 

the bottom of the tube, heated to 45 °C for 5 minutes and incubated on ice for 5 min. 

The ligation buffer and then the 0.5-l U T4 DNA ligase were added and the tube mixed 

by flicking with a finger briefl y and tapped on the bench top gather the contents at the 
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bottom of the tube. For blunt end ligations, more ligase (2U) was added to the reaction 

mix. This was incubated at room temperature for 2 hours, then 2 ftL of this solution was 

used to transform competent £. coli cells. The following ligation and transformation 

controls carried out in parallel: vector only ligation, ligation reaction without ligase, and 

cells without DNA. 

2.2.9 Plasmid Transformation Hanahan ( 199 l) 

50 ,iL aliquots of E. coli competent cells in 0.6 mL Eppcndorftubcs were thawed on ice 

for IO minutes and 2 µL of DNA solution (ligation mix or plasmid preparation) was 

added. The contents of the tube \\as quickly mixed by gently by flicking with a finger 3 

times. and incubated 20 - 30 minutes on ice. Then the tube ,ms incubated at 42 °C for 

45 seconds. placed on ice for 5 minutes and 200 µL of SOC recovery medium (2% 

tryptone. 5% yeast extract. 10 m\-1 NaCl. 2.5 m!Vl KCL 10 mM \-1gCl2• IO mM Mg.SO,. 

20 mM glucose) ,, as added and the cells incubated with agitation at 37 °C for I hour. 

The cells ,1ere then spread on LB agar plates containing the apprClpriate antibiotics and 

incubated at 37 "'C overnight. Single colonies 11ere transferred to 5 mL. LB broths, 

gro1,n 01ernight and cells harvested b, centrifugation ti1r subsequent plasmid 

prcparati()n. 
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2.2.10 Rubidium Chloride Competent E.coli Cells Hanahan (1991) 

A single well isolated colony was transferred from a plate and grown at 37 °C with 

constant agitation overnight in a 5 mL LB broth containing the appropriate antibiotics. 

I 00 µL of this 5 mL broth was used to inoculate a 200 mL flask of LB broth also 

containing the appropriate antibiotics. This culture was grown at 37 °C with agitation to 

an OD 650 nm of 0.3 - 0.4. This culture was transferred into four 50 mL NUNC tubes and 

chilled on ice for l O minutes. The cells were then centrifuged for 15 minutes at 4 °C in a 

Sorvell RT7 centrifuge using the RTH-750 rotor at 4000 rpm. The supernatant was 

decanted, the pellets resuspended and combined in 4. 5 mL of ice cold RF 1 buffer ( 100 

mM RbCI, 50 mM MnCh ·6 H2O. 30 mM KO Ac. 1 0mM CaCh + 2 H2O. pH 5.8 

adjusted with acetic acid) and incubated on ice for 30 min. The cells were pelleted by 

centrifugation for 15 minutes at 4000 rpm at 4 °C and the supernatant decanted. The 

pellet was resuspended in 4 ml of ice cold RF2 buffer (10 mM RbCI, 10 mM MOPS. 

75 mM CaCb·6 H2O. 15% (v/v) glycerol. pH 5.8 adjusted with NaOH). 200 µL aliquots 

in 0.6 mL Eppendorf tubes were immediately stored at -70 °C. 

The competency of the cells \Vas determined by transforming with a known amount of 

vector DNA and plating out dilutions of the transformation to determine the efficiency 

of transformation (number of colonies per ng of cccDNA). 

2.2.11 Induction and Expression of the Recombinant Protein. 

Sequenced T7-based protein expression plasmids were transformed into the following 

E. coli expression strains; ER2566, TG 1, BL2 l (DE3) or BL2 l (DE3)Origami B. The 

cells were grown with agitation at temperatures ranging from 12 °C to 37 °C in 5 mL LB 

broths. At an OD 650 nm of 0.6 - 0.8 the cells were induced with 0.2 - 0.6 mM IPTG. 

After the addition of IPTG a series of samples was taken at 1 hour intervals from 0 

hours (directly before adding IPTG) to 6 hours after IPTG addition. These samples were 

analysed by SOS PAGE to determine the time course of synthesis of the recombinant 

protein. 
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In some experiments recombinant protein was also expressed in the presence of 

adenosylcobalamin. Cells were grown and induced as described above, except that 30 

minutes before induction adenosylcobalamin was added to a final concentration of I 

mM. 

2.2.12 Determining the Solubility of the Recombinant Protein 

Cells were grown in 200 mL of LB in 500 mL flasks , with agitation at 37 °C. To induce 

recombinant protein expression IPTG was added at an OD 600 nm of 0.6 for induction at 

37 °C and an OD 600 nm of 0.8 for induction at 12 °C. After induction, cells were grown 

for 3 hours, at 37 °C or 22 hours at 12 °C. £. coli cells grown at 12 °C grow very 

slowly, and so cells do not reach the stationary growth phase, even after 22 hours. The 

highest culture reached an OD 600 nm of 1.2. Expression was induced with 0.6 mM lPTG. 

When protein was expressed at 12 °C the growth temperature for cells was lowered 

from the initial growth temp (37 °C), down to 12 °C, 10 minuites before induction. This 

insures that even the very first recombinant protein translated is being expressed at 12 

0 C. Samples were removed for a solubility analysis by SOS PAGE gel. The following 

formula was used to take equivalent cell density samples at the time points, 0, I , and 2 

hours after induction. 

-22 = X mL of sample taken 
OD 600 

The cells were placed on ice for 10 minutes, centrifuged at 3000 xg for 15 min at 4 °C. 

The pellet was resuspended in I mL of lysis buffer (20 mM HEPES pH 7, 500 mM 

NaCl, 0.1 % Triton X-100, 1 mM EDTA), and sonicated in an ice bath to lyse the cells . 

Approximately 8 pulses of 20 sec, and 1 min cooling between each burst were used to 

lyse the cells, the lysate is milky but not opaque. The lysate was then centrifuged at 

3000 xg for 15 min at 4 °C, to pellet the insoluble fraction of the lysate. The supernatant 

(containing the soluble protein fraction) was aspirated into a new tube, and the pellet 

(containing the insoluble protein fraction) resuspended in lysis buffer to the original 

volume of the total lysate. The distribution of the recombinant protein between the 

supernatant and pellet fractions allows a semi-quantitative assessment of protein 

solubility to be made. 
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2.2.13 Purification of His-Tagged Recombinant Protein. 

His-tagged proteins were purified on Ni-NT A Spin columns (Qiagen) using a method 

based on the manufacture 's protocol. 

Buffers: 

All buffers were stored and used at 4 °C. 

-Lysis Buffer; 50 mM NaH2 P0-1, 300 mM NaCl, 10 mM imidazole, pH 8.0 

-Wash Buffer; 50 mM NaH2 P0-1, 300 mM NaCl, 30 mM imidazole, pH 8.0 

-Elution Buffer; 50 mM NaH2 P0-1, 300 mM NaCl, 250 mM imidazole, pH 8.0 

After induction and expression, I 00 mL of cells were pelleted by centrifugation ( 4 °C at 

3 000 x g for 15 minutes). The - 0.5 g cell pellet was resuspended in l mL of ice cold 

lysis buffer and sonicated for approximately ten 20 second bursts with l min cooling 

between each burst, are used to lyse the cells. The solution changes from a cream 

coloured opaque solution to a milky in colour but translucent solution, to give a l OOx 

concentrated lysate. The lysate was centrifuged at 4 °C at 13 000 x g for 30 minutes and 

the supernatant containing soluble proteins, collected and applied to the pre­

equilibrated Ni-NT A spin column. 

The Ni-NT A spin column wa<; equilibrated by applying 600 µL of the lysis buffer. 

centrifuging at 700 x g for 2 minutes, and discarding the flow through. The lysate 

supernatant was loaded onto the Ni-NT A column, in 600 µL batches and centrifuged at 

4°C at 700 x g for l O minutes with the lid of the column closed to slow the flow and 

helping to facilitate binding. The flow-through was stored on ice. After this the column 

was washed twice with wash buffer, centrifuging the column with the lid open, for 2 

minutes at 4 °C at 700 x g and again the flow through was stored on ice. The His-tagged 

proteins were then eluted with 200 µL of elution buffer and stored on ice. 

2.2.14 Cleavage of the Intein in the Presence of OTT Perler (2000) 

After purification the 200 µL of recombinant protein was divided into three samples. "+ 

OTT" (95 µL), "background control" (95 µL), and "negative control" (IO µL). The 

negative control sample was denatured by the addition of 10 µL of SOS-PAGE sample 



37 

buffer. To the OTT cleavage sample 5 µL of 1 MOTT was added and the three samples 

were incubated at 4 °C overnight. 10 µL samples from the "background control" and 

·+OTT" solution were mixed with 10 µL of2x SOS-PAGE sample buffer and 15 µL of 

each sample was analysised by SOS-PAGE. 

2.2.15 The hM CM Activity Assay Hayes, ( 1998) 

The hMCM was assayed according to Hayes, ( 1998), as follows: 

Assay mix was made fresh on the day of the experiment. The following ·ingredients' 

were added to a 15 mL Nunc tube, in the order given: 

4000 µL 0.5 M potassium phosphate buffer, pH 7.2. 

250 µL 0.4 M sodium pyruvate, 4 mM NADlt 

28 µL Methylmalonyl CoA epimerase enzyme 111 50 mM Tris/HCI. pH '7.5 

-2U/~tL (E. Saati MSc. Thesis. 1994) 

5 ~tl L-Malate dehydrogenase in 50% glyceroL 6 U/~tL. Boehringer 

Mannheim. 

Made up to IO ml with water. 

Succinyl CoA for the assay \\as prepared in I mL batches and store at -70 °C using the 

method of Hayes, (1998). 10 mg of coenzyme A (Boehringer Mannheim). 9 mg 

NAHCO 3 and 8 mg succinic anhydride were weighed into a 1.5 mL Eppendorhvith a 

screw-cap. To that 0.99 ml of ice cold degassed water was added. This solution was 

vortexed for IO seconds returning quickly to the ice. The solution was then votexed with 

1 second bursts at 20 second intervals over 30 minutes, returning to the ice between 

vortexing. The solution was transferred to a flip-top Eppindorf tube, and the pH lowered 

to below 4.5 by the addition of 30 µL of 2 M HCl. This typically yields 9-10 mM 

succinyl CoA, which can be determined more accurately, if desired, using an enzyme 

based assay. 

0.8 mL of the assay mix was placed in a 1 mL quartz curvette and allowed to pre­

equilibrate at 37 °C for 5 minutes. Then 8 µL of 10 mM succinyl CoA preparation, 0.5 

µL of transcarboxylase (in 50% glycerol at -0.12 U/µL) and 1.5 µL of 1 mM 5-

deoxyadenosylcobalamin in 20 mM potassium phosphate buffer, pH 7.0, were added 
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and the contents of the curvette mixed well by inversion. The cuvette was placed in the 

CARY IE UV-visible spectrophotometer (Varian) in a temperature controlled cuvette 

holder at 37 °C. The rate of NADH oxidation was then measured at 340 nm for -2 

minutes. or until a relativity steady background rate had been reached. This background 

rate is due to the small amount of contaminating P. shermanii MCM. in the 

transcarboxlase preparation. Then. 200 riL of hMCM sample 11as added. the curvette 

contents mixed again by inversion. and the rate of change in absorbance measured over 

5-10 minutes. As a positive control. partially purified recombinant P. shermanii MCM 

at 0.03 U/mL was used instead of the hMCM sample. to insure that the coupled-enzyme 

assay system 11as functioning. r n addition to this. other controls involved adding the 

s·dcoxyadenosylcobalamin or the succinyl CoA last (i.e. alter the hMCMl. to ensure 

that the increase in rate observed was due to the recombinant mcthylmalonyl CoA 

mutase. rather than other factors \i e. the many other NADH dependant reactions) that 

ma\ also cause NADl-l oxidation. To work out the activitv. the difforence between 

background rate and reaction rate is used to give the units of active h\.1CM present per 

ftL of sample. I unit of active hMCM will cause the oxidation of I µmo! of "ADI l per 

minute. 
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3 Design and Construction of the Four Expression Vectors 

3.1 Introduction 

When expressed in £. coli the hMCM protein forms insoluble inclus ion bodies (Mark 

Patchett, pers. Comm.). The prov ision of an N-terminal Trx solubility tag improved the 

solubility; however the subsequent enterokinase catalysed cleavage of the tag from 

hMCM was unsuccess ful (Janata et al.. 1997). Therefore previous work showed that 

there was a requirement fo r an expression system that provides an N-terminal Trx tag 

but does require in trans proteases to separate the tag from the hMCM target protein. 

Consequently, an approach to cleave the tag in cis, using an in-frame intein fusion. was 

adopted. lnteins are protein-splicing domains within prote ins that have the ab ility to 

excise themselves and rejo in the flanking regions of the polypeptide. This in cis 

proteolyt ic activity o f inte ins may be useful in circumventing the physical access to the 

site that is required with in trans proteo lysis. 

Thus far. there are no commerciall y ava ilable vectors that combine the features of a 

solubility tag with intein-mediated separation. Therefore. the logical progress ion fo r this 

research \Vas to design and construct fo ur novel expression vectors containing a 

solubility tag m conjunction with inte in mediated system to separate the tag. The 

starting points fo r these novel vectors were the commerciall y avai lable New England 

Bio labs vectors, pTYB4 and pTYB 11 . These two vectors contain a CBD used fo r 

affinity purification and the SceVMA I inte in located between the CBD and the target 

protein which would enable intein-mediated separation, thereby releasing the native 

target protein. The pTYB4 or pTYB 11 vector DNA encoding the CBD was 

replaced with DNA encoding either ( i) the £. coli Trx or (ii) the £. coli MBP. This 

will create four novel vectors that differ in the nature (Trx or MBP) and position (C or 

N terminal) of the tag in the expressed recombinant protein. 
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3.2 Design of the :\ovel Expression Vectors 

3.2.1 In trans Protease Separation of a Solubilit)' Tag and the Subunit Structure 

of hl\lC'\1 

The difficulty with enterokinase protease mediated separation of the hMCM target and 

N-tcrminal Trx tag experienced by Janata et al ( 1997) lead to the approach described in 

this work. This involves the use of intein mediated separation as an alternative method 

for the separation of the two proteins. Site-specific proteases (other than enterokinaseL 

could have been trialled. If it \\as a site access problem for the protease. other trans­

acting proteases could encounter similar problems to the enterokinase. 

With structure of h:VICM largely unknown. it is difllcult to predict the structure of the 

N-terminal region and how it may intluence the et1icicncy of enterokinase cleavage. 

The N-tcrrninal region of hMCM is involved in the subunit-subunit interaction to t,1fln 

the homodimer. iVlutations in the hMC!\1 !\-terminal region cause a loss of activity and 

consequently the disease MMA in humans (Fuchshuber el al.. 2000) This suggests that 

dimerisation is important for the activit:, of hMctvl and/or structural stability. 1 f 

dimcrisation is important for stability of the hMCT\L then cxprcssinn of the solubility 

tag on the C-terrninus \rnuld also interfere less. It has been shown that soluble hMCM 

with an N-terminal Trx tag is active (Janata el al. 1997). suggesting that hMCM dimers 

are formed in the presence of the Trx lag. This subunit interaction could block access of 

the protease to the site of cleavage (figure 3. lA) The a subunit of the hetcrodimeric P 

shermanil '\-1CM when expressed in E. coli as a single subunit (without the~ subunit) is 

unstable and insoluble (Mark Patchett pers. com.). Given the high homology bel\"en 

the a subunits of these two enzymes it is likely that the a subunit of hMCM is also 

unstable as a monomer. When the hl\1CM is expressed as a fusion protein with the N­

terminal MBP the fusion protein is insoluble (Janata et al. 1997). This insolubility may 

be due to disruption of the hMCl\1 subunit interaction, caused by the MBP which is 

much larger than the Trx tag (figure 3.1 B). Such disruption might be avoided by the 

incorporation ofa longer amino acid linker of between the hMCM and MBP. or placing 

the tag at the C-terminus ofhMCM (figure 3. !CD). 
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Figure 3.1 In Trans Proteolytic Cleavage of Tags and Dimer Formation of hMCM. 

A. The hMCM subunits ha ve dimeri sed, blocking access to the cleavage site by the protease 

enterokinase (EK) that cleaves at the recognition site buried between the hMCM and Trx (tag). 

B. The subunits are not able to form dimers due to the large N-terminal MBP tag, resulting in 

monomers which are unl ikely to be stable and soluble. 

C Increasing the linker region (red line) between the hMCM and MBP may allow hMCM 

subunit interaction. 

D. A tag on the C-terminal ofhMCM will cause less disruption to dimerisation than an N­

terminal tag, thereby allowing the subunit interaction. 

41 
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In summary, the following conditions must be considered when designing an expression 

system: 

i) 

ii) 

iii) 

The requirement for a solubility tag. 

Avoiding the use of in trans proteases for separation of the tag, as the 

cleavage site may be blocked by the subunit interactions. 

Having a long linker region between N-terminal tags and the hMCM 

subunits, (to help the subunit interaction occur), or avoiding N-terminal 

tags altogether and utilising C-terminal tags. 

With these considerations in mind, four expression constructs were designed with the 

following so lubility tag orientations: 

1. N-terminal Trx 

2. C-terminal Trx 

3. C-terminal MBP 

4. N-terminal MBP 

Firstly, express ion construct I, the hMCM has an N-terminal Trx that the repeats the 

Trx solubility tag orie ntation of Janata et al. , (1997), which hMCM was so luble, but the 

Trx could not be separated with the protease enterokinase. In construct 2 and 3 and the 

Trx or MBP tag at the C-terminus of hMCM creates less disruption to the subunit 

interaction. Lastly, in construct 4, the fusion protein has an N-terminal MBP with a 

longer linker reg ion to facilitate subunit interaction. All of these proposed constructs use 

intein-mediated cleavage to separate the solubility tag from hMCM which will provide 

an alternative to the in trans enterokinase cleavage that was ineffective in separating the 

Trx-hMCM fusion protein descr ibed by Janata et al. , ( 1997). 

3.2.2 Replacing the CBD Affinity Tag with a Solubility Tag 

In this work the DNA encoding the CBD tag was excised from the pTYB4 and pTYB 11 

vectors and replaced by the DNA encoding the E. coli Trx or the MBP. The linker of 

amino acids between the intein and the CBD was reduced from 15 to 11 amino acids 

when the Trx or MBP was cloned into the pTYB 11 to generate the N-terminal fusion 

constructs (figure 3.2) . Changing the expression vector so dramatically may affect the 

structural stability and solubility of the entire fusion protein expressed from it. 

The decrease in the linker between the tag and intein could affect solubility the intein 

and/or tag, potentially rendering the entire complex insoluble. In addition to this change, 
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the 5 kDa CBD was replaced with a larger Trx (11 kDa) or MBP (40 kDa) and this may 

affect the initial yield as we ll as the stability/solubility of the fusion protein. Although 

no conserved amino acids of the intein were changed, making such a large structural 

change, within a loop of the intein (pTYB 11 ) or in close proximity to the intein 

(pTYB4), may affect the structural stability of the entire fusion construct and/or the 

activity of the inte in (figure 3.2). 
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Figure 3 .2 The Domain Structure of the Native See VM A I lnte in in pT YBI I. Domain 

II contains the ORF for the intein endonulcease. Ln A . New England Bi olabs remo\'ed the 

ORF for the endonulease and replaced it with DNA encoding the C BD. to create the \ ·ector 

pT YB 11 . In th is work. B. the CBD is replaced by the Trx or MBP reducin g the linker from 

15 amino acids to I I amino acids. 

(Figure adapted from Duan et al. 1997) 

When designing these expression systems it is also important to consider is the total s ize 

of the protein fusion that is to be expressed. Proteins in £. coli are generall y small ; the 

majority of£. coli proteins fa ll between 25- 120 kDa in mass (Cash, 1995 ; Blattner et 

al, 1997). The - 150 kDa recombinant fusion proteins to be expressed in this study were 

considerably larger than the majority of £. coli proteins, putting stress on the 

metabolism of £. coli to synthesise large numbers of this free loading protein. In 

addition to this, £. coli chaperones such as GroEL and GroES are unlike ly to aid the 

fo lding of such a large polypeptide (Takagi et al. , 2003). The NusA tag was considered 

as a solubility tag (De Marco et al. , 2004; Davis et al. , 1999). However NusA is a large 
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protein of 55 kDa, and at 192 kDa the intein-hMCM-NusA fusion protein is less likely 

to be expressed efficiently in E. coli. 

3.2.3 Ensuring in vitro OTT-Induced lntein Cleavage in pTYBl l 

The N-terminal ammo acid of the hMCM which is directly adjacent to the intein 

cleavage site is of importance as it affects the efficiency of the intein mediated cleavage 

in the fusion protein expressed from pTYB 11 (Perler, 2000). Different amino acid 

residues will cause: i) in vivo intein cleavage, ii) in vitro intein cleavage in the presence 

a reducing agent such as OTT, or iii) no intein cleavage. In vivo cleavage is generally 

undesirable, even if the protein has folded into its native state and is now soluble as it 

prevents purification using affinity chromatography methods exploiting any specific 

ligand binding properties associated with the solubility tag. Further, some residues at 

the N-terminus will prevent intein cleavage. New England Biolabs suggests a number of 

ideal amino acids (Gly, Ala. Ile. Leu or Met), which will provide intein cleavage that is 

inducible by a reducing agent such as OTT. Leu was selected for this system. as it is 

recommended and also is the native N-terminal amino acid for hMCM. This construct 

would yield the native hMCM sequence upon intein cleavage (see appendix E for full 

details of the amino acid selection). 

3.2.4 The Composition of the Four Novel vectors 

The backbones for the novel vectors \Vere provided by pTYB4 and pTYBI l vectors 

(New England Biolabs). The pTYB 11 vector allows an N-terminal CBD tag to be 

attached to the recombinant protein of choice, and the pTYB4 vector allows the 

attachment of a C-terminal CBD tag. The ORF for the CBD was excised by digesting 

pTYB4 with Agel and PstI and by digesting pTYB1 l with NheI and Neal (figures 3.3 

and 3.4). The CBD was replaced with either a ma!E ORF encoding the MBP (from the 

vector pMALc2g) or the trx ORF encoding the His-tagged thioredoxin protein (from the 

vector pET32a). Thereby creating the four novel vectors; pTYB4.MBP, pTYB4.Trx, 

pTYBl 1.MBP and pTYBl l.Trx (figures 3.3 and 3.4). It was anticipated that these 

novel vectors would allow a unique range of expression systems for hMCM. 
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3.3 Cloning the Genes trx and malE into the Vectors pTYB4 and pTYBll 

3.3.1 PCR Amplification of the Genes trx and malE 

PCR conditions were optimised for individual reactions and the conditions and products 

are listed in table 3.1 . The trx and ma!E genes were each amplified with a specific pair 

of PCR primers, which incorporated appropriate restriction sites. The restriction sites 

allowed each gene to be directionally cloned into the vectors pTYB4 and pTYB 11 . The 

incorporation of the restriction sites for Agel and Pstl allowed the appropriate PCR 

product to be ligated into pTYB4 and the restriction sites Neal and Nhel allowed the 

appropriate PCR product to be ligated into pTYB 11 . [n each case the PCR products 

replace the DNA encoding the CBD in the aforementioned vectors. 

Template Forward Reverse PCR components in 50 PCR conditions PCR 
primer primer µL total volume Product 

pET32a pET32a pET32a 1 x buffer 94 °C for 2 min , trx gene 
TrxHF TrxHR lmM MgSO-1 , for one cycl e. 94 to be 

0.3 pM/µL fwd primer °C for 15 sec, 52 cloned 
0.3 pM/µL rev primer °C for 30 sec, 68 into 
0.25 mM dNTP mix °C for 30 sec, for pTYB4 
0.04 ng/ ~1L template 30 cycles . 
2.5 U DNA polymerase 

pET32a pTYBl 1. pTYBI I. 1 x buffer 94 °C for 2 min trx gene 
TrxF TrxR 1 mMMgSO-1 for one cycle. 94 to be 

0.3 pM/µL rev primer °C for 15 sec, 52 cloned 
0.3 pMµL fwd primer °C for 30 sec, 68 into 
0.25 mM dNTP mix °C for 30 sec, for pTYBI I 
0.04 ng/µL template 30 cycles, then , 
0.625 U DNA 72 °C for 2 min . 
polymerase 

pMALc2g pTYB4. pTYB4. I x buffer 94 °C for 2 min , ma/£ 
MalF MalR I mM MgSO4 for I cycle. 94 °C gene to be 

0.3 pM/µL fwd primer for 15 sec, 52 °C cloned 
0.3 pM/µL rev primer for 30 sec, 68 °C into 
0.25 mM dNTP mix for 30 sec, for 30 pTYB4 
0.04 ng/µL template cycles. 
1.75 U DNA polymerase 

pMALc2g pTYB 11. pTYB 11. Ix buffer 94 °C for 2 min, ma!E 
MalF MalR l mM MgSO4, for l cycle. 94 °C gene to be 

0.3 pM/µL fwd primer for 15 sec, 52 °C cloned 
0.3 pM/µL rev primer for 30 sec, 68 °C into 
0 .25 mM dNTP mix for 30 sec, for 30 pTYBl l 
0.04 mM template cycles 
1.75 U of polymerase 

Table 3.1 PCR Conditions for the Genes trx and malE. After trialling a number of conditions, those 

shown above were found to produce the optimum yield of the required PCR product. See Section 2.2.6 

for a more detailed description of the general set up of each reaction. 
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3.3.2 Cloning of the trx Gene into the Vector pTYB4 

To prepare the vector the DNA encoding the CBD in pTYB4 was removed by digesting 

the vector with the restriction enzymes. Age! and Pstf: these enzymes have unique 

recognition sites that tlank the CBD. The vector was separated from the CBD by 

agarose gel electrophoresis. 

The insert was generated by PCR using a forward primer \; ith an incorporated Age! 

restriction site and a reverse primer with an incorporated Ps!l restriction site to amplify 

the In: gene from the vector pET32a (figure 3.5A. table 3. l ). The trx ORF PCR product_ 

was digested ,vith the restriction enzvmes Agel and PstL then purified by gd 

electrophoresis. 

The concentration of both the gel purified vector and insert ,vas determined to be 

approximately 8 ng/,tl by agarose gel electrophoresis quantification. After ligation_ 

transfrirmation and plasmid preparation the candidate plasmids were anahsed by 

digestion with _\"def_ a restriction enzyme that cuts once within the insert sequence and 

not in the vectur. The candidate plasmid that Yielded a single 7400 bp linear fragment 

after \"def digestion (figure 3.58. lanes 5)_ ,1as sequenced 11ith the primer ACTYBl-

4CBD. A plasmid with the correct insert sequence was selected and named pTYB4.Trx. 
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Figure 3.5 Agarose Gels Showing the Cloning of trx into pTYB4. 

A. The PCR product. The product is of the expected size, 365 bp, for the frx gene. Lane I. 5 µL 

I Kb Plus ladder Lane 2. 2 ~1L from 50 ~1L of PCR product 

B. Candidate plasmids digested with Nde l. Vectors without an insert remain uncut. as on ly the 

trx gene insert contains an Nde l site. Lane I, 5 µL I Kb Plus DNA ladder. Lanes 2, 4, 6; 5 ~1L of 

uncut plasmid. Lanes 3. 5. 7: 5 µL of plasmid digested with Nde l. This shows preps in lanes 5 

and 7 are linearised by Ndel, yielding the 7600 bp vector and so contain the 1rx gene insert. 

3.3.3 Cloning of the trx Gene into the Vector pTYBl 1 

49 

To prepare the vector the DNA encoding the CBD m pTYB 11 was removed by 

digesting the vector with the restriction enzymes, Nhel and Neal; these enzymes have 

unique recognition sites that flank the CBD. The digested vector was purified from the 

CBD ORF by agarose gel electrophoresis. 

The insert was generated by PCR using a forward primer incorporating the restriction 

site for Nhel and the reverse primer incorporating the restriction site for Neal to amplify 

the trx from the vector pET32a (figure 3.6A, table 3.1). The trx gene PCR product was 

then digested with the restriction enzymes Nhel and Neal , then purified by gel 

electrophoresis. 
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The concentration of the insert and vector were determined by agarose gel 

electrophoresis to be 2.5 ng/µL and 7.5 ng/µL respectively. After ligation, 

transformation and plasmid preparation the resulting plasmids were analysed by 

digestion with NdeI (figure 3.48), a restriction enzyme that cuts once within the insert 

sequence and not in the vector. The candidate plasmid that yielded a single 7600 bp 

linear fragment after Ndel digestion (figure 3.6B, lanes 5), was sequenced with the 

primer ACTYB 1-4CBD. A plasmid found to contain the correct insert sequence was 

se lected, this plasmid was called pTYB 11 .thio . 
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Figure 3.6 Agarose Gels Showing the Cloning of trx into pTYB 11 

A. The PC R product The product is of the expected size for the trx gene, (365 bp). Lane I, 5 

~tL I Kb Plus ladder. Lane 2, 2 µL from 50 µL of PCR product . 

B. Candidate plasmids digested with Ndel. Vectors without an in sert remain uncut, as on ly the 

in sert contai ns an Ndel site. Lane 1: 5µL of I Kb Plus DNA ladder. Lanes 2, 4, 6: 5µL uncut 

plasmjds ( digests contain buffer only). Lanes 3, 5, 7: 5 µL of can didate plasmids ru gested wi th 

Nde i Thi s shows candidate plasmid in lane 5 has linearised to give a 7400 bp band. 

3.3.4 Cloning of the malE Gene in to the Vector pTYB4 

To prepare the vector the DNA encoding the CBD in pTYB4 was removed by digesting 

the vector with the restriction enzymes, Agel and Pstl ; these enzymes have unique 

recognition sites that flank the CBD ORF. The digested vector was then separated from 

the CBD by agarose gel electrophoresis. 
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The insert was generated by PCR using a forward primer incorporating the restriction 

site for Agel and reverse primer incorporating the restriction site for Pstl to amplify the 

ma/£ gene from the vector pMALc2g (figure 3.7A; table 3.1). There were a number of 

products, but the predominant l l 75 bp product corresponding to the expected size for 

ma/£ was gel purified and digested with Bg/11 (an unique internal restriction site within 

the ma/£ gene) to insure that the correct PCR product had been purified (gel not 

shown). This 1175 bp gel purified fragment was then diluted to I ng/µL , and used as a 

template under the same PCR conditions as in the initial PCR. This process enabled the 

generation of a single PCR product of the expected size, (l 175 bp) (figure 3.78 ; table 

3.1 ). The ma/£ gene PCR product, was digested with the restriction enzymes Agel and 

Pstl , then purified by gel electrophoresis. 
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Figure 3.7 Agarose Gels Showing the Cloning of rm1/E into pTYB4 

A. PCR using the vector pMALc2g as a template, showing the multiple PCR product bands. 

The product at the correct size for the 1175 bp ma/£ gene was gel purified. Lane l : 5 µL I Kb Plus 

ladder. Lane 2: 2 µL from 50 µL of PCR product. 

B. PCR using the purified 1175 bp fragment as a template. The product is the correct size for 

the 1175 bp Ma/£ gene. Lane l : 5 µL I Kb Plus ladder. Lane 2: 2 µL from 50 µL of PCR product. 

C. Candidate plasmids digested with Bgl II. The 1500 bp band (arrow) indicates plasmids that 

may contain an insert. Lane l: 5µL I Kb Plus D A ladder. Lanes 2, 4 and 6: 5 µL uncut plasmid 

(digests contain buffer only). Lanes 3, 5 and 7: 5 µL of plasmid digested with the restriction 

enzyme Bg/I I. Lane 5 shows a plasmid with the expected bands for a plasmid containing the ma/£ 

insert. 
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The concentration of the vector was determined by gel electrophoresis to be 

approximately 10 ng/µL and that of the insert approximately 8 ng/µL. After ligation, 

transformation and plasmid preparation the resulting plasmids were screened for inserts 

by digestion with Bg!II, a restriction enzyme that cuts once within the insert and once 

within the vector, producing 1500 bp and 7000 bp fragments. A candidate plasmid that 

was cut twice by BglII, was selected and sequenced with the primer ACTYB l-4CBD 

(figure 3.7C, lane 5). A candidate plasmid containing an error free insert was selected 

and named pTYB4.MBP. 

3.3.5 Cloning of the ma!E Gene into the Vector pTYBl 1 

To prepare the vector the DNA encoding the CBD in pTYB 11 \Vas removed by 

digesting the vector with the restriction enzymes, iVheI and :\'col: these enzymes have 

unique recognition sites that flank the CBD ORF. The vector V\as then separated from 

the CBD ORF by agarose gel electrophoresis. 

The insert was generated by PCR using a forward primer, incorporating the restriction 

site XheI and the reverse primer. incorporating the restriction site XcoL to amplify the 

ma!E gene from the vector pMALc2g. This PCR produced bands of multiple sizes, 

hovvever, the major product was of the expected size ( 1175) for ma!E (figure 3.8A: table 

3.1 ). Raising the annealing temp above 52 °C resulted in the loss of all the products 

including the 1175 bp band. Therefore, the required fragment of size 1175 bp was gel 

purified to eliminate other PCR products (figure 3.8B). The gel purified ma/£ PCR 

product was digested with restriction enzymes iVhe I and Neal, then purified by agarose 

gel electrophoresis. 
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Fig ure 3.8 Agarose Gels Showing the Cloning of ma/E into pTYBI I. 

A. PCR using the vector pM...\Lc2g as a template, showing the multiple PCR product bands. The 

product at the expected size for the 1175 bp ma/F gene was gel puri fi ed. Lane I: 5 µL I Kb Plus 

ladder. Lane 2: 2 ~1L from 50 ~1L of PCR product. 

B. The 11 75 bp ma/E gene after gel purification. Lane I: 5 ~1L I Kb Plus ladder. Lane 2: 5 µL of th e 

gel puri fi cated product. 

C. Candidate plasmids digested with Bgl II . The plasmids with hMCl\,I inserts are expected to show 

three bands. 6903 bp, 77 1 bp and 638 bp. In plasmids without an insert there are 2 fragmen ts 

generated. 677<l bp and 638 bp. Lane I: 5 ~1L I Kb Pl us DNA ladder. Lanes 2. 4 and 6: 5 ~1 L uncut 

plasmid. lanes 3. 5 and 7: 5 ~1L plasmid cut with Bgl II. Lanes 3 and 7 show tJ1e expected band pattern 

for plasmids containing an insert. 

The concentration of the vector was determined by agarose gel electrophoresis to be 

approx imately 7.5 ng/µ L and that of the insert at approx imately 7.5 ng/µ L. After 

ligation, transformation and plasmid preparation the resulting plasmids were screened 

by digestion with Bg/11 , which is expected to cut once within the insert and twice within 

the vector, giving bands at 6903 bp, 638 bp and 77 1 bp fo r plasmids with the insert, and 

bands at 6774 bp and 638 bp fo r plasmids without the insert (Figure 3.6C). A candidate 

plasmid ( figure 3.6C, lane 3) with the expected restriction pattern was sequenced with 

the primer pTYB 11-CBD. A candidate plasmid containing an error free insert was 

selected and named pTYBl l.MBP. 
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3.4 Summary 

This chapter details the steps taken to create four novel expression vectors, which 

enable protein expression in four different fusion contexts. The 365 bp trx gene from 

pET32a, and the 1175 bp ma/£ gene from pMALc2g, was amplified by PCR with two 

different sets of primers, containing different restriction sites. This enabled the four 

different PCR products to be directionally cloned the two vectors, pTYB4 and pTYB I I, 

replacing the gene for the CBD, and creating four novel vectors. Each vector expresses 

the target protein with a solubility tag, with the nature and position of the tag differing 

in each vector. The ma!E gene encoding the MBP or the trx gene encoding the Trx 

protein, were used as the solubility tags. In theory. each solubility tag can be separated 

from the target protein by intein mediated cleavage. 
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4 Cloning of Human Methylmalonyl CoA Mutase 

4.1 lntroduction 

The overall goal of this work was to develop a source of soluble and active hMCM 

suitable for crystallisation trials. Past heterologous expression systems of hMCM in £. 

coli have produced insoluble inclusion bodies (Mark Patchett, pers. com.). hMCM was 

expressed in a soluble form in£. coli with a N-terminal Trx solubility tag, however this 

was accompanied by problems with the protease mediated Trx tag separation (Janata et 

al. . 1998). This showed that there was a requirement for an expression system that 

provides a solubility tag, but with an alternative method for separation of the tag. 

The aim of this chapter was to introduce the hMCM coding sequence into four novel 

vectors to create four different hMCM fusion proteins for expression in £. coli. Each of 

the four plasmids will enable the hMCM to be expressed with one of two solubility tags, 

and each tag can be separated from the hMCM using intein-mediated proteolysis. This 

chapter describes the PCR amplification of the hMCM gene from the vector 

pMEXHCO, to enable ligation into the four novel vectors that were constructed in 

chapter three. The plasmids pTYB 11.Trx.MCM and pTYB4.Trx.MCM both contain the 

Trx solubility tags, but in different relative positions, N or C terminal to hMCM 

respectivel y. The plasmids pTYBl I .MBP.MCM and pTYB4.MBP.MCM both contain 

the MBP solubility tags, also in two different orientations, N and C terminal to hMCM 

respectively (figures 4.1 and 4.2). 

4.2 Decreasing In Vivo Protease Degradation of the Recombinant Protein 

When present at high local concentrations in £. coli, misfolded proteins typically form 

insoluble inclusion bodies. Proteins in these inclusion bodies are protected from 

proteases, as the aggregates prevent protease access (Cheng et al, 1981 ). By enhancing 

the solubility of the protein a whole new problem is created; the soluble protein can now 

be degraded as it is accessible for host proteases. There are two main types of 

problematic protease activity that cause degradation of recombinant protein expressed in 

E. coli: i) The polypeptide may be targeted for degradation if the N-terminal amino acid 
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dictates a short hal f-li fe (Tobias et al. 199 1 ); and ii) Mis fo lded or fo reign (aberrant) 

proteins recognised and degraded by £. coli proteases (Gro ll et al. , 2005). To prevent 

loss of recombinant protein due to protease degradation, a two-pronged approach was 

taken in this work. Appropriate N-terminal amino acids were selected to decrease the 

turnover rate of soluble hMCM, and solubility tags were used to limit aberrant fo lding 

of hMCM. The use of solubility tags is described in more detail in section 1.6.5. 

Source of hM CM N terminal amino acids After Met processing Half-life in E. coli 

I. Native h MCMt LH- IA IA 

2. h MCM* MLH - LH - ( 15%) 2 min utes 

3. lr.r- hMC M* MS - Tag- L H - S- Tag- L H - (84°0) 10 hours 

+ -l. hMCM- Tag MVH - YH - (84%) 10 hours 

5. Tag- hMC1'tr I S - Tag- L H - Tag- LH - (84%) IO hours 

Table -l. l N terminal amino acid and the turnover rate of a protein in E. coli. From left . the 

source o f the prote in sequence in formation: the sequence of the first amino acids: the sequence a fter 

Met processing. with the percentage processin g in parenthesis ( Hire! el al .. 1989): and the expected 

ha lf-li fe in E. colr (Tobias el al. , 199 1). Protein 4 contains a C-terminal tag. and prote in 3 and 5 

ha\'e a N-tem1ina l Trx tag. 

t Protein purified from human Ii Yer or placenta (Fen ton el al., 1982: Kolhouse e1 al. , 1980). 

* Protein expressed in 1;·_ colr (Janata el al .. 1997 ). 

+ Protein to be expressed in /:· col, in th is work. 

'Tag' can be the C BD. MBP or Trx tag. 

In this hMCM £. coli express ion system the N-terminal Leu of hMCM will be modified 

to encode a Val, when hMCM is expressed with a C-terminal solubil ity tag (table 4.1, 

compare proteins 2 and 4). Changing the N-terminal amino ac id to Val increases the 

predicted half-life in vivo when compared to the hMCM native sequence. The MAP 

processing to remove the N-terminal methionine, when the amino acid is adjacent to a 

valine, is 83.7% (Hire! et al. 1989) so most of the Met-Val protein will be recovered 

with an N-terminal Val. This substitution is a conservative change between these amino 

ac ids and is unlikely to affect the structure and function of hMCM (Stryer, 1995) 
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4.3 PCR Amplification of hMCM 

The hMCM gene from the plasmid pMEXHCO was amplified by three different sets o f 

primers, under three different PCR conditions that were optimised for each reaction 

(table 4.2). Each primer pair incorporated vector specific restrict ion s ites allowing the 

hMCM gene to be ligated into different multiple cloning sites. The incorporated 

restriction sites Smal and NcoI allowed the hMCM to be ligated into pTYB4 and 

derived vectors, while the Sapl and Smal sites allowed the hMCM to be ligated into 

pTYB 11 and derived vectors. Further, a Sacl site in the forward primer allowed the 

hMCM to be ligated into pET32a.TEY (table 4.2). 

Fonvard Reverse PC R components in PC R conditions PCR Product 
primer primer 50 µL total volume 

ACFMCM4 ACRMCM4 I x buffer 9-1 °C for 2 min - hMCM gene to 
l mM MgSO4. one cycle . 9-1 °C be cloned into 
0 .3 pM1~1 L fwd primer for 15 sec. 55 °C pTYB4 & 
0 .3 pMl~1 L re\· primer for 30 sec. 68 °C deri\·ed \·ectors 
0 .25 mM dNTP mix for 30 sec - 30 
0.04 ng '~1L template cycles. 68 'C for 5 
2.5 U D1 A polymerase min - I cycle. 

ACFMCM I I ACRMCM I I 2 x buffer 9-1 °C for 2 min - hMCM gene to 
I mM MgSO4 one cycle.9-1 °C be cloned into 
0.3 pMlµL rev primer for 15 sec. 60 °C pTYB I I & 
0 .3 pM1~1L fwd primer for 30 sec. 68 °C derived vectors 
0.25 mM dNTP mix for 30 sec - 30 
0.04 ng/µL template cycles.68 °C for 5 
0 .6 U D A polymerase 

min - I cycle. 
hMCM32 hMCMpET I x buffer 95 °C for 2 min - hMCM gene to 

TEVt2 32Sacrv lmM lgSO4 I cycle . 95 °C for be cloned into 
0.3 pM/ µL fwd primer 15 sec, 55 °C for pET32a.TEV 
0.3 pM/~1L rev primer 30 sec, 68 °C for 
0.25 mM d TPmix 30 sec - 30 
0.04 ng/µL template cycles. 
1.8 U D A polymerase 68 °C for 5 min -

I cycle. 

Table 4.2 PCR Conditions for the hMCM Gene from the Plasmid pMEXHCO. After trialling a 

number of conditi ons, these were found to produce the optimum yield of the correct PCR product. See 

Section 2.2.6 for a more detailed description of the general set up of each reaction. 
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The pMEXHCO plasmid, used as a template in these PCRs. had been constructed by 

ligating the 2200 bp cDNA of the hMCM gene into the T7-7 vector. Two rare codons at 

the start of the gene caused the translation in E. coli to be inefficient (Robinson et al. 

1984) The ·co· in 'pMEXHco· stands for ·codon Optimised' as these two rare 

codons at the start of the hMCM ORF have been mutated: Leu (2) CT A to CTT. His (3) 

CAC to CAT. This manipulated coding sequence was shown to result in more efficient 

translation in E coli. Expression of the pMEXI-lCO plasmid \ields foll-length protein: 

however the product is insoluble and inactive (Mark Patchett. Pers. com.). In this work 

pMEXHCO was used as a template. this modified hMCM sequence was amplified by 

PCR and ligated into the different vectors with the intention of testing the solubility and 

activitv of the recombinant h/\1CM in different fusion contexts (figures 4.1 and 4 2) 

4.4 Cloning h'.\IC:~I into pTYB4 and pTYB4-Derived Vectors 

The insert \\ as generated by PCR using a fornard primer. incorporating the restriction 

site .\"col. and the reverse primer. \\ith no restriction site. to amplify the h'v!CM from 

the plasmid pMEXHCO (table 4.2 i. The blunt end generated by the proofreading 

Platinum® P(Y polvmerase during the PCR was then able to be ligated to the blunt end 

generated by Smal digest of the vector. A PCR product of the expected size (2200 bp) 

wa, formed (figure 4.3A) The hMCM PCR product was digested with \col. then 

purified b\ gel electrophoresis. To prepare the three \ectors. pTYB4. pTYB4.Trx and 

pTYB4.Ml3P, for the ligation each vector \las digested in separate reaction 11 ith Seal 

and Smal. then purified by gel electrophnrcsis. 

The vectors and the insert were quantified by gel electrophoresis: the concentration of 

vectors was determined to be 30 ng/µL, and that of the hMCM insert 7 ng/µL. Aller 

ligation, transformation and plasmid preparation, the candidate plasmids were digested 

with Hindi!! or BamHI to determine whether they contained the insert (figure 4.313, C 

and D). A plasmid from each of the three ligations giving the expected digestion pattern 

was sequenced, with the primers ACTYB1-4T7. hMCMSeq701 fwd and ACTYBl-

4IntR. Plasmids containing an error free inserted sequence were selected from each of 

the three ligations and named pTYB4.MCM. pTYB4.Trx.MCM and 

pTYB4.Ml3P.MCM. 
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Figure -t.3 Agarose Gels Showing the Cloning of the hMCM gene into pTYB4 

A. The PCR Product. The product is of the expected size (2200 bp) for hMC I. Lane I, S µL 

I Kb plus DNA ladder. Lane 2, 2 µL from SO µL o f PCR product. 

B. Cloning hMCM into pTYB4. A BamHI digest of the candidate plasmids. The plasmids 

with hMCM inserts are expected to show three bands, 6600 bp, 2500 bp and 220 bp. Ln 

plasmids without an insert fragment of 6800 bp and 220 bp are expected. Lane I , S µL I kb 

plus D A ladder, Lanes 2, 4, 6 ; uncut plasmid, buffer only. Lanes 3, 5, 7; candidate plasmids 

digested with BamHI . Lanes Sand 7 show plasmids with the expected band pattern for a 

plasmid containing the hMCM insert 
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Figure 4.4 Agarose Gels Showing the Cloning of the hMCM gene into the pTYB4 Derived 

Vectors. 

A. Cloning hMCM into pTYB4.Trx. A HindII di gest of the candidate plasmids. The plasmids 

with hMC M inse11s are expected to show three bands, 8300 bp, 11 00 bp and 405 bp. In plasmids 

with out an in sert an 8300 bp fragment is expected. Lane I, 5 µL I kb plus DNA ladder. Lanes 2, 

4, 6 , 8; uncut plasmid, buffer only. Lanes 3, 5, 7, 9; candidate pl asmids digested with Hindlll. 

Sh owing in lane 5 and 9 plasmid candidates conta ining the hMCM insert. 

B. Cloning hMCM into pTYB4.MBP. A BamHI digest of the candidate plasmids. Lane I , 5 µL 

I kb plus D A ladder. Lanes 2, 4, 6; uncut plasmid, buffer only. Lanes 3, 5, 7; vector digested 

with Baml-11 . Lanes 5 and 7 show a plasmid with the expected band pattern for plasmids 

containing the hMCM insert. 
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4.5 Cloning hl\IC\I into pTYBl 1 and pTYBl I-Derived Vectors 

The insert was generated by PCR using a forward primer. incorporating the restriction 

site Sap!, and the reverse primer with the restriction site Smal. were used to amplify the 

hMCM from the plasmid pMEXHCO (table 4.2). A PCR product of the expected size 

(2200 bp) was formed (figure 4.5A). The hMCM PCR product and the three vectors 

(pTYB l 1. pTYB l 1.Trx and pTYB l 1.MBP) were each digested with Sapl and Smal. 

purified and quantified (figure 4 58). The observed size (-6500 bp) of these linearised 

\cctors is slightly smaller than is expected (-7500 and -8300 bp). however, there are no 

other bands on the gel. The concentration of the insert and all vectors were determined 

by agarosc gel electrophoresis to be 7 ng/µL and 30 ng/µL respectively. 

A B 

Figure 4..5 Agarose Gels Showing the Cloning of h.l\·JC'.\1 into pTYBll derived ·vectors. 

A. The PCR product. The product is of the expected size (2200 bp) formethylrnalonyl CoA 

mutase. Lane I. 5 µL I kb plus D"iA ladder. Lane 2, 2 µL from 50 µL of PCR product 

B. The vectors pTYBI I. Trx and pTYBl l.MBP before ligation. Each ,ector has been digested 

with the restriction en2ymes Sap! and Smai. Lane 1. I kb plus DNA ladder. Lane 2. 2 µL of 

pTYBI l.Trx with an predicted size of7572 bp. Lane3. 2 µL ofpTYB] J;\IBP with a predicted 

size of8352 bp. For a size comparison see figures 3.6 and 3.8 for restriction digests also shmving 

these vectors linearised. 
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Following the ligation, transformation and plasmid preparation the candidate plasmids 

were digested with HindIII to determine whether they contained the insert. The gels of 

the restriction digest showed a banding pattern consistent for the vector without the 

insert. The vector without is insert expected to give 1600 bp and 6000 bp fragments 

from a HindlII digest, and these fragments were formed in some restriction digests ( e.g. 

figure 4.6A, lanes 4 and 7). In addition to the religated vectors there were plasmids that, 

when digested, gave fragments of 250bp, 450 bp, 750 bp and 6000 bp (figure 4.6). For 

the pTYBl 1.Trx.MCM plasmid, bands are expected at 400 bp, 1000 bp, 2300 bp, 6000 

bp when digested with HindlII. None of the plasmids gave these expected fragment 

sizes (figure 4.6). More plasmid 'minipreps· ,vere screened by restriction digest, again 

no correct constructs were identified. The ligation reaction was repeated a number of 

times with re-prepared insert and vector; the same unexpected pattern of bands was 

generated (summarised in table 4.3). 
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Figure 4.6 Agarose Gel Showing the Resulting Plasmids from the pTYBI I Ligations. 

A. Candidate plasmids from the pTYBI l.Trx and hMCM ligation, digested with Hind Ill. 

Plasmids with no insert are expected to gi ,e fragments of6700 bp and 1800 bp Plasmids with an 

insert are expected to gives fragments of 6000 bp. 2300 bp, 1000 bp and 400 bp. Lane l. 5 ~LL I 

kb Plus DNA ladder. Lanes 2, 4, 6. 8; undigested plasmid. Lanes 3, 5, 7. 9; vector cut with 

Hindlll. Lanes 3 and 7 contain fragments with sizes consistent with the plasmid pTYB 11 .Trx 

(without th e hMCM insert) . This gel also demonstrates the reproducibili ty of the Hindlll digest 

fragment sizes generated from different colonies/ligation events. 

B. Candidate plasmids from the pTYBI I.MBP and hMCM ligation, digested with Hind Ill. 

Plasmids with no insert are expected to give fragments of 6700 bp and 2300 bp. Plasmids with an 

insert are expected to gives fragments of 6000 bp, 2300 bp, 1000 bp and 400 bp Lane I, 5 µL l kb 

Plus DNA ladder. Lane 2, undigested plasmid. Lane 3, plasmid cut with Hind Ill Lanes 3 

contain fragments with sizes consistent with the plasmid pTYBI I.MBP (without the insert). 

Arrows indicate the 250 bp, 450 bp and 750 bp fragments , which are inconsistent with the 

expected fragment sizes. 
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Hind Ill digest of plasmids from the Hilldlll digest of plasmids from the 

pTYB 11. Trx/hMCM ligation pTYBl 1.MBP/hM CM ligation 

Expected Apparent Expected Apparent 
Fra2ment Size Fra2ment Size Fra2ment Size Frae:ment Size 

6000 bp 6000 bp 6000 bp 6000 bp 

2300 bp 750 bp 3200 bp 750 bp 

1000 bp 450 bp 1000 bp 450 bp 

400 bp 250 bp 400 bp 250 bp 

Table 4.3 The Expected Hind Ill Digest Frag ment Sizes Compared to the Apparent 

Fragment Size. The plasmids generated from the ligation/transformation reaction were isolated 

and digested with Hindi II. and the resulting fragments were not the expected size for plasmids 

ei ther containing or lacking the in sert. 
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A vector producing a restrict ion patte rn consistent with the vector without the insert, 

(figure 4.6A, lane 6), was sequenced with the primer TYB l l.MCSF. The sequence 

revealed the relegated vector, with no changes. One of these unexpected plasmids from 

the pTYB 11 .Trx and hMCM ligation, (figure 4.68, lane 2) was sequenced with the 

primer TYB 11. MCSF. The sequence revealed that half of the plasmid had apparent ly 

been lost ( figure 4.5A). Obtaining sequence data for the plasmid preps resulting from 

the ligation/transformation proved difficult. One explanation for this is that the primer 

binding site required for sequencing was often lost. This also suggests that the plasmids 

prepared from pure cultures may not have been of a homogenous nature. This is 

supported by the restriction digests of plasmids may not have been linear ised by Hind i II 

(figure 4.6A and 8 ). The sequence obtained, however, clearly originated from the 

pTYB 11 .Trx vector and enabled the sequence around the two recombination sites to be 

determined ( figure 4. 78). The use of the word recombination in this context does not 

necessar ily imply a particular mechanism for the loss/rearrangement of DNA (see 

appendix G, for a BLAST alignment with the vector). 
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Figure 4.7 Sequence Analysis ofa Plasmid from the Ligation ofhMCM into pTYBl l.Trx. 

A. Vector map showing the recombination sites ofin the plasmid pTYBl l.Trx. Much of the 

vector is lost after ligation and transformation . The region between the two preserved sequences 

has been lost. 

B. Sequences of the regions flanking the recombinant sites. Red bases indicates that this base 

pair was confirmed by sequencing. 
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In the plasmid sequenced the lad, hMCM and intein genes were lost, and all that 

remained were the ampicillin resistance gene and origin of replication. These two loci 

confer ampicillin resistance and allow the plasmid to be replicated in £. coli. The 

sequencing showed that the DNA sequence between the TYB 11.MCSF primer binding 

site and the SmaI site is preserved but the vector sequence does not continue beyond the 

GGG of the SmaI. The sequencing recommences about 3500 bp later in the vector. The 

BLAST sequence alignment between the vector and the sequencing results can be found 

in appendix F. [f this 3500 bp region of the plasmid is lost this would give a 4000 bp 

plasmid with one Hind!II site. The smaller size of this plasmid, however, would give it 

a strong selection advantage over the larger plasmids, unlike the large plasmid product 

that is expected from this ligation. This is inconsistent with that fragments observed 

from the restriction digest. Given the difficulties gaining a sequence. however. it is 

possible that the single plasmid sequenced \Vas not representative of all the plasmids 

from the ligation. but rather a small population that contained the primer binding site. 

Similar products. as observed by restriction digest were also generated when attempts 

\Vere made to clone hMCM into the original vector pTYB 11 ( data not shown). 

Therefore this instability is not a result of the substitution of the ma!E or trx for the 

CBD ORF, made when these novel vectors were constructed. Due to time constrains. 

testing these vectors using different restriction sites. in particular Sap!. or cloning in 

genes other than hMCM was not possible. This would determine if the products 

observed were due to instability generated by the sequence of the hMCM. or the 

enzymes used in the cloning. 

Plasmid instability can be divided into two types. The first is segregation instability, and 

this is dependant on the plasmid copy number, and results in the total loss of the 

plasmid from the £. coli cells. The second type is structural instability, causing 

structural rearrangement within the vector sequence; this type of instability is consistent 

with the results summarised in figure 4. 7 (Corchero and Villaverde, 1997). However 

this type of structural rearrangement is typically due to either i) active transcription of a 

plasmid-borne gene or ii) the presence of Chi sites in the DNA sequence. In this case, 

when the plasmid is in the E. coli XL-1 Blue strain, only two plasmid genes should be 

expressed, bla and /aciq, and both are present on the original vector, which is stable. In 

the second type of DNA instability in E. coli certain sequences (called Chi sites) in 
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DNA can induce rec BCD dependant rearrangements (Arnold et al., 2000). These 

rearrangements occur at the DNA sequence 5'-GCTGGTGG-3'. This sequence was not 

present in the vector: and in addition to this the recombination occurred in the £. coli 

recA mutant. Therefore, it is highly unlikely that either of these t\\O mechanisms is 

responsible for the observed instability of the plasmid products. 

The See VMAI intein is a mobile DNA element in its native form, and it is remotely 

possible that this property could increase the probably of recombination events in the 

plasmid. Instability with the same intein based vector (pTYBI I) has been reported in 

other labs (Richard Scott. pers. Comm.) Although the intein Dl\JA has only been shown 

to be mobile in a eukaryotic ce!L and the endonuclcase domain has been removed at the 

DNA level of the intein, certain DNA sequences remaining in the intcin could enhance 

rearrangement of this DNA. This hypothesis is in conflict with the absence of instability 

seen in the pTYl34 vector and derivatives. These pTYB4-bascd vectors contain the 

same intein, and have a very similar arrangement of other vector clements. 

The possibility of restriction cnz) me star activitv at a specific site on both vectors is 

possible. Only a small amount of star activity \rnuld be required. not quantities visible 

b) gel electrophoresis, and the resulting smaller plasmids \\Ould be selected for in £. 

coli. This would explain the high!\ repeatable nature of the undersized plasmid products 

and one of the recombination sites also being the Smal site. Star activity of restriction 

enzymes can occur in a number of different conditions in a reaction. Conditions that are 

known to enhance star activity include an elevated gh cerol concentration and a high 

ratio of enzyme units to DNA Ionic strength. metal ions (other that Mg2
') and pH can 

also contribute to star activity of restriction enzymes (George et al.. 1980: Nasri and 

Thomas, 1986: Kessler and Manta. 1990). Upon further inquiry to New England 

Biolabs we were told: 

"'While Sap! is not among the most likely of enzymes to exhibit Star Activity, it 

can display this loss of specificity if conditions are sufficiently permissive. In 

particular, the most likely cause is high glycerol concentration"'. 

The initial glycerol concentration in the reaction was kept below 5 %, as is 

recommended in all restriction digests: however, if evaporation occurs during the 

incubation of the reaction this will raise the glycerol concentration. The digestion with 

both enzymes wa, repeated a number of times, and care was taken to avoid conditions 
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conducive to star activity. Following ligation, transformation and plasmid preparation 

the same undersized plasmid products formed. 

Preserved sequence B 

ACAGCGAACGCCA .. T AAGCCTT AGAACGTG - 970 bp 

Region lost i 
Recombination site 

Sap! recogn ition site: 

5 ' GCTCTTC (N ) 1• 

3 ' CGAGAAG (N) 4 • 

Figure 4.8 Sequence Analysis of the Recombination Site from the Ligation of hMCM into 

pTYBl l.Trx. The sequence of the region fl ank ing the recombinan t site, compared to the Sap! 

recogn ition site. There is no sequence similar to the Sap! recogni tion site in the positi ons that 

could cause Sap! star acti vity at th is site . 

In the event that Sapl star activity was responsible fo r the undersized products, the 

presence of a sequence similar to that of the Sapl recognition site would be expected at 

the recombin ation site. On careful analys is of the sequence e ither side of the 

recombinant sites, a sequence similar to that of either restriction enzyme was not fo und 

(figure 4.8), indicating it was unlikely to be star activity that was causing these products 

but it can not be ruled out . If star activity is occurring, using different enzymes to clone 

the hMCM into the vector may allev iate these problems. However, the Sapl site must be 

used to clone the target protein next to the intein ORF, so using an alternative restriction 

enzyme site in this vector was not poss ible. 
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4.6 Cloning hMCM into the Vector pET32a.TEV 

Expression of the hMCM with an N-terminal Trx tag was not possible with the intein 

pTYB I I-based vectors, due to difficulty with cloning the hMCM into the vector 

resulting in the undersized plasmids. To circumvent the use of the pTYB 11 intein 

system and associated restriction enzymes, attempts were made to clone the hMCM into 

the vector pET32a.TEV. The vector pET32a.TEV expresses the target protein with an 

N-terminal Trx tag, and this progresses the work of Janata et al. ( 1997), where the 

hMCM was soluble with an N-terminal Trx tag. However, in the system of Janata et al. 

( 1997) the Trx was unable to be separated for the hMCM using enterokinase cleavage. 

The pET32a.TEV expresses the target protein with a site for the viral protease TEV 

between the Trx tag and the target protein hMCM. The TEV protease may access this 

site between the two components of the fusion protein more effectively than 

enterokinase. 

The hMCM was amplified from the vector pMEXHCO with the fonvard primer 

hMCM32TEVt2 incorporating a SacI site, and the reverse primer hMCMpET32Sacrv 

with no restriction site to generate a blunt end. The restriction sites BamHI and KpnI in 

the multiple cloning site ofpET32a.TEV vvere also present in the insert and so could not 

be used for cloning. Therefore, the vector was cut with BamHI and then end-filled with 

the Kienow fragment to create a blunt end to which the uncut PCR product could be 

ligated (figure 4.9). 
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Figure 4.9 Strategy for Cloning the hMCM Gene into pET32aTEV. The insert was generated 

by PCR amplification and then digested wi th Sacl. The vector was digested with BamHI, treated 

with the Klenow fragment , then digested with Sacl . The insert and vector were then incubated in a 

ligation reaction. 
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Figure 4.10 Agarose Gel of the Vector and Insert Immediately before Ligation . Showing the 

insert (lane 2) and vector (lane 3), before the ligation reaction. 

Lane I, I Kb Plus DNA ladder. Lane 2, 5 µL Sacl digested insert (hMCM). Lane 3, 5 µL BamHI , 

Klenow and SacI digested pET32a.TEV vector. Lanes 4, 5, 6, and 7; 10 ng, 20 ng, 50 ng and 100 

ng quantiation standards, respecti vely. 
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The vector and insert were prepared, quantified. Both are the correct size and appear to 

be prepared correctly (figure 4. 10, lanes 2 and 3). With Kienow treatment, however, it is 

difficult to determine if the reaction has been successful. No vectors containing inserts 

were obtained, despite many ligations and screening more than 60 candidate plasmids. 

due to time constraints, this cloning was halted. 

4.7 Summary 

The hMCM gene was successfull y amplified in three different PCR reactions, creating 

three inserts, each with di fferent restriction sites incorporated at each end. One of the 

PCR products was digested with Neal , then cloned into the three di ffe rent vectors, 

pTYB4, pTYB4.Trx and pTYB4. MBP. This created the three expression plasmids, 

pTYB4.MCM, pTY B4.Trx.MCM and pTYB4.MBP.MCM. It is expected that each of 

these plasmids will express hMCM with a different C-terminal tag, either with the CBD, 

Trx or MBP. 

A second hMCM PCR product was digested with the restriction enzymes Sapl and 

Smal , fo r cloning into pTYB 11 , and derived vectors. This, however, was not achieved, 

as the hMCM PCR insert was not ab le to be cloned into pTYB 11 and derived vectors. 

These plasmids were expected to express hMCM as three di ffe rent N-terminal 

constructs, either with the CBD, Trx or MBP. The cloning difficulties may be due to 

plasmid instability or pro blems assoc iated with the cloning protoco l. To circumvent 

these problems associated with the pTYB I I vector, the third hMCM PCR product was 

digested with BamHI , treated with Kienow fragment, then digested with Sma l , fo r 

cloning into pET32a.TEY. This cloning was not able to be completed, due to time 

limitations. 
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5 Expression and Purification of hMCM 

5.1 Introduction 

The three hMCM expression plasmids, constructed in chapter four, enable the 

expression of hMCM in £. coli in three different protein fusion contexts. Each 

expression plasmid expresses hMCM with either the ; (i) CBD, (ii) Trx or (iii) MBP C­

terminal solubility tag. These constructs were designed to circumvent the solubility and 

protease cleavage problems associated with hMCM in past £. coli expression systems, 

(Janata et al. , 1997), and so all utilise intein mediated cleavage to separate the solubility 

tags. The aims of this chapter are to compare the solubility of hMCM-fusion protein 

expressed from these three plasmids and discuss any differences in intein activity and 

hMCM activity. The outcome of this expression will have a two-fold benefit. Firstly, to 

possibly identify a source of hMCM suitable for crystallisation trials that is a 

prerequisite for structural studies. lf these vectors prove not to be a suitable source of 

hMCM, the information obtained by studying these expression systems can be used to 

design further expression systems of recombinant hMCM. Secondly, the success of 

pTYB4.Trx and pTYB4.MBP, the two novel intein-based vectors , will be discussed. 

These vectors may be suitable for the expression of other insoluble proteins in £. coli, 

and provide new folding and cleavage methods for recombinant expression that were 

not available prior to this work. 

5.2 Expression from the Plasmid pTYB4.Trx.MCM 

5.2.1 Introduction 

Past expression of hMCM showed an N-terminal Trx fusion (expressed at 12 °C) 

resulted in high levels of a soluble Trx-hMCM fusion protein, however the Trx tag was 

not able to be removed at the enterokinase cleavage site (Janata et al. , 1997). The Trx 

tag is an effective solubility tag at the N or C terminus of many target proteins. It is, 

however, more commonly used as a solubility tag at the N-terminus of the target protein 

(La Vallie et al. , 1993). In this work the hMCM was expressed with the Trx tag at the C­

terminal end of the fusion protein. This was thought to be less disruptive to dimer 
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formation, which occurs between the N-termini of hMCM monomers (see section 3.2.1 

for a more detailed discussion). 

5.2.2 Expression from the Plasmid pTYB4.Trx.MCM in E.coli ER2566 

After the expression plasmid pTYB4.Trx.MCM was transformed into E. coli ER2566, 

to create the expression strain ER2566/pTYB4.Trx.MCM, cells were then induced with 

0.6 mM IPTG. The time course of expression of the fusion protein at 37 °C was 

analysed by SOS PAGE at 0. 1, 2, and 4 hours. This showed that the recombinant fusion 

protein ,vas being expressed and ,vas of the expected molecular mass ( data not shown). 

The conditions of expression were then changed in a stepwise manner, and the 

solubility of the fusion construct determined by SOS PAGE gel electrophoresis after 

making each change. The £. coli strain ER2566 was initially used as it is recommended 

by New England Biolabs for the expression from the plasmid pTYB4. from which 

pTYB4.Trx is derived. E. coli ER2566 also has the advantage of being a ·protease 

deficient' strain. 
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Figure 5.1 SDS PAGE Analysis of Protein Expressed from ER2566/pTYB4.Trx.MCM at 

37 "C. 

Lane l: Molecular weight marker. 

Lane 2: Cell lysate immediately before induction, soluble fraction . 

Lane 3: Cel l lysate immediately before induction, insoluble fraction. 

Lane 4: Cell lysate I hour after induction, soluble fraction . 

Lane 5: Cell lysate I hour after induction, insoluble fraction 

Lane 6: Cell lysate 2 hours after induction , soluble fraction . 

Lane 7: Cel l lysate 2 hours after induction , insolubl e fraction. 

At I and 2 hours post-induction the recombinant protein is found in the insoluble fracti on, lanes 5 

and 7. The arrow indicates the positi on of the 148 kDa recombinant fi.t sion protein . 
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Express ion at 37 cc results in the formation of inso luble hMCM-intein-Trx fu sion 

protein, with the expected mass of 148 kDa, in the insoluble fraction of the cell lysate l 

and 2 hours after induction (figure 5.1 , lanes 5 and 7). The N-terminal Trx-hMCM 

fusion protein also remains insoluble at 37 cc (Janata et al. , 1997), indicating that 

changing the position of the Trx tag does not improve the so lubility of the hMCM when 

expressed at 37 cc_ In the insoluble fractions ( lanes 5 and 7), bands at sizes that do not 

correspond to the recombinant protein size are observed. These may be£. coli proteins 

that are trapped in the inclusion bodies (Hayes, 1998). The fusion protein was also 

insoluble when expressed at 22 cc and 15 cc (data not shown). 
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Figure 5.2 SDS PAGE Analysis of Protein Expressed from ER2566/pTYB4.Trx.MCM at 12 

"C for 22 hours. 

Lane I: Molecular weight markers. 

Lane 2: Cell lysate immediately before inducti on, solubl e protein fracti on 

Lane 3 Cell lysate immediately before induction, in soluble protein fraction. 

Lane 4: Cell lysate 22 hours after induction, soluble protein fracti on. 

Lane 5: Cell lysate 22 hours after induction, in solubl e protein frac ti on. 

Approximately halfo fth e fusion protein is expressed as soluble full length protein . Arrows 

indicate the positi on of th e 148 kDa recombin ant fusion protein. 
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When ER2566/pTYB4.Trx.MCM is expressed at 12°C, a comparison o f the soluble and 

insoluble fractions, shows the band at 148 kDa in the soluble fraction (figure 5.2, lane 4, 

arrow) . This band is absent in the uninduced fraction in lane 2, indicating that this 148 

kDa protein in the soluble fraction is the soluble recombinant fusion protein. Expression 

of the fusion construct at 12 °C for 22 hours results in about half of the recombinant 

protein being present in the soluble fraction of the lysate (figure 5.2) . E. coli proteins are 

not observed in the insoluble fraction when protein is expressed at 12 °C, (figure 5.2 

lane 5) as is seen in the inclusion bodies formed at 37 °C (figure 5.1, lane 7) . This 

suggests that the nature of the inclusion bodies is differs between these two growth 

temperatures. 

The large difference in fusion protein levels seen between the expression at 37 °C and at 

12 °C may be explained by in vivo protease degradation. This large difference in yield is 
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not observed in other £. coli expression systems when recombinant protein is expressed 

at different temperatures. For example Xu et al (2005) recovered similar amounts of 

recombinant protein from expression at 15 °C or 37 °C. The yield of 148 kDa protein 

from 12 °C expression for 22 hours (figure 5.2) is significantly reduced when compared 

to 37 °C expression for 2 hours (figure 5.1 ). 

5.2.3 Purification of the h:\IC!\1-lntein-Trx Fusion Protein Expressed in E. coli 

ER2566 

The recombinant fusion protein containing the His-tag was purified using a Ni-NTA 

column (see figure SJ) The Ni-NTA resin selectively binds to the recombinant protein 

containing the His-tag and the rest of the cell's protein. ideally. does not bind ( figure 

5.3. lane 3). Following binding. the resin was washed four times with a buffer 

containing 30 mM imidazolc. to remove any loosely associated proteins (figure 5.3. 

lanes 4-7) The recombinant His-lagged protein \1as then eluted with a buffer containing 

200 mM imidazolc (figure 5.3. lane 8) The imidazole competes with the His-tag for l\i 

binding. disrupting the Ni-His interaction to elute the II is-tagged fusion protein. 
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Figure 5.3 SOS PAGE gel of the Purification on a NTl-Ni Column of Recombinant Protein 

Expressed from Vector ER2566/pTYB4.Trx.MCM Cells. 

Lane I: Molecular weight markers. 

Lane 2: Soluble fract ion of the cell lysate. 

Lane 3: Flow th ough from column. 

Lane 4, 5, 6 and 7: The flow though from washes I, 2, 3 and 4, respecti\·ely. 

Lane 8: Eluted protein in 200 µL of200 mM imidazole. 

Arrows indicate pw-ified protein : 

A. The protein band is the size of the hMCM-intein-trx 148 kDa fusion protein. 

B. The protein band is size expected for the B1r intein-Trx fragment. 

C. The protein band is the si ze of the intein-Trx fragment. 
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The fraction eluted with 200 mM imidazo le, (figure 5.3, lane 8) , contains prote ins of 

lower mo lecular weight than the expected 148 kDa fusio n construct. Given the apparent 

high affinity of these products for the Ni-NT A resin, it is likely that these proteins also 

possess the His-tag and are formed when the fusion protein is degraded. 

Whether this degradation occurred in vivo or in vitro is of considerable importance. The 

cause of this degradation must be determined; to allow conditions to be altered to 

prevent degridation. To prevent in vitro metalloprotease activity, the metal ion chelator 

EDT A can be added to the cell lysis buffer. This inhibits the metalloprotease activity 

that can degrade proteins in vitro. EDT A, however, can not be used in Ni affinity 

column buffers, as the ETDA will strip the Ni from the Ni-NTA res in . Other protease 
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inhibitors, such as PMSF, were used instead of EDT A. In addition to this protein 

solutions were always kept below 5 °C, either on ice or in a refr igerated centrifuge, to 

limit any protease activity. However, if degradation occurs in vivo, adding protease 

inhibitors to the lys is buffer will not prevent the degradation that has already occurred. 

If in vitro degradation caused these truncated products, the degradat ion occurred before 

loading onto the Ni-NT A res in, as no further degradation is observed during or after 

purification (figure 5.3). This deduction leaves the sonicat ion and centrifuge steps as the 

possible source of these truncated products. However comparing the cells lysed by 

addition of a denaturing buffer and loaded immediately on a ge l compared with the 

sonicated and centrifuged ce ll lysate, there is no decrease in the yield of 148 kDa. which 

would be expected if this fusion protein was being degraded during these processes 

(figure 5.4) In light of this evidence, in vitro degradation seems an unlikely mechanism 

for the production of these truncated products. 

Before -

kDa I 2 

250 4Nif 

150 .. ... 
3 4 

Figure SA Comparison of the hM CM- lntein-Trx Fusion Protein Levels Before and After 

Sonication/Centrifuge Treatment. The level of the fusion protein was not significantly change 

due to th e treatments. 

Lane 1: Molecula r weig ht markers. 

Lane 2 : Cells lysed by addition of a denaturing buffer and loaded immediately. 

Lane 3: Son icated and centrifuged cell lysate, soluble fraction 

Lane 4: Sonicated and centrifuged cell lysate. insoluble fraction 

These contaminants may be products of in vivo protease degradation, are expected in the 

cell lysate before purification and to be absent in the ce ll lysate from uninduced cells, 

but this is not observed (figure 5.2, lanes 2 and 4). There are many£. coli proteins of a 
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similar molecular weight in the soluble fraction at this molecular mass, and a change in 

the protein levels in this region would be difficult to determine. The degraded products 

may purify more efficiently, thereby distorting the relative quantities of full-length and 

degraded product. This may also explain why the degraded products are not observed 

before purification. The band o f the same observed mass as the intein-Trx fragment 

could have also been produced by premature intein cleavage. This possibility will be 

discussed further in the fo llowing section on intein cleavage. 

5.2.4 lntein-Mediated Cleavage of the hMCM-intein-Trx Fusion Construct 

To perform self proteolysis. releas ing the intein-Trx fragment from the hMCM, the 

protein is incubated with the reducing agent OTT (figure 5.5). 

B 

A 

lntem 

Methylmalonyl 
CoA mutase 

Expressed Fusion ( 148 kDa) 

- ""'s 
hMCM Lntein Trx 

Trx ... 

C OTT-induced mtem cleavage 

-hMCM Lntein Trx 

Figure 5.5 Schematic of the Fusion Protein Expressed from ER2566/pTYB4.Trx.MCM. 

A: The vector structure (D A). B: The fusion protein expressed from thi s vector, containing 

the His-tag used for purification. C: The recombinant protein a fter intein-mediated cleavage. 

The Ni-NT A column-purified protein (from the previous section) was incubated 

overnight with I mM OTT, at 4 °C initiating the intein cleavage. In addition to this 

reaction, two controls were perfo rmed. For the first control purified protein was 

denatured by mix ing with SOS-PAGE loading buffer immediately after elution from the 
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Ni-NT A column; denaturing the fusion protein prevents intein cleavage. In the second, 

background control the purified fusion protein was incubated at 4 °C without OTT, to 

detect any changes to the proteins not due to the OTT. Incubations were typically for I 8 

hours (figure 5.6). 
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Figure 5.6 SOS PAGE gel showing Products from OTT- Induced lntein-Mediated Cleavage. 

Lane l : Molecular ""eight markers. 

Lane 2: Soluble fracti on of the cell lysate 

Lane 3: 1 egative control: protein denatured immediate ly after Ni- TA purifi cat ion . 

Lane 4: Background control: purifi ed protein incubated for 18 hours at~ °C without DTT. 

Lane 5: Puri tied protein incubated for 18 hours a t 4 °C with l mM DTT. 

When lanes 4 and 5 are compared the DTT dependent d isappearance of the 148 kDa band is 

observed . In addition, al so note the OTT-dependant of di sappearance of two - 65-70 kDa bands. 

The 148 kOa fusion protein (figure 5.6A, lane 4) was cleaved when the sample was 

incubated in I mM OTT (figure 5.6A, lane 5). The hMCM-intein-Trx fusion protein is 

cleaved into the hMCM and intein-Trx fragments (figure 5.48 and 5.4C). A band 

corresponding to the expected size of the intein-Trx fragment (66 kDa) was present in 

all lanes, and increased in intensity upon OTT treatment (figure 5.6A). The 82 kOa 

hMCM (without a fusion partner) is not expected to be purified, as the His tag is on the 

fusion partner. The hMCM, generated from the cleavage of the 148 kDa fusion protein, 

can be seen as a 82 kDa band formed at about a l : I ratio as judged from the relative 

intensities of the pre-OTT 148 kDa and post-OTT 82 kDa bands (figure 5.6, lanes 4 and 
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5). The purified and OTT-treated protein was run through a second Ni-NT A column. in 

an attempt to purify the cleaved hMCM. All the other products were expected to bind to 

the Ni-NTA resin. However. due to the very low levels of hMCM applied the column 

there was no protein in the llo\\ though. as observed on an SOS PAGE gel (data not 

shown). 

Upon OTT-triggered intein cleavage. one of the most abundant degradation products, 

(indicated with an arrow in figure 5.6. lanes 4 ). is lost. while the intensity of a -10 kOa 

smaller band increased (indicated with an arrow in figure 5.6, lane 5). This smaller band 

is likely to be the intein-Trx fragment of the fosion protem. Therefore it is likely that 

most of the hMCM-intcin-Trx fusion protein synthesised in the host is degraded ,n vivo 

to the bands seen in lane 4 (figure 5.6). This band could be formed by ,n 1·ivo intein­

mediated proteolytic cleavage. or by the action of E coli prnteases. The intein in the 

original vector. pTYB4. 1rns not expected to have ,n vivo intein cleavage (Perler. 2000). 

lt is possible. but unlikely. that the changes made to the fusion protein 11hcn the CBD 

11as replaced 11ith the Trx could affect the structure and/or activitv of the intcin. If this 

protein band \\ as a product of intein cleavage. Edmans· sequencing could determine the 

N-terminal amino acids at the intein cleavage site if this intein-Trx fragment was a 

product of 111 vivo intein activity. l lowever. if the protein band represents a population 

or fragments from proteolysis that are heterogeneous at the N-terminus. a sequence 

\\Ould not be able to be determined. Due to cost and time constraints the sequencing 

was not done. A summary of the predicted recombinant protein products is shmrn in 

figure 5. 7. 
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Figure 5.7 Summary Showing the Predicted Recombinant Protein Products and lntein­

Mediated Cleavage. 

A. Protein eluted from Ni-NTA column and incubated O\·ernight at 4 °C. 

B. Protein eluted from :\i-NT A column and incubated at oYemight at -t °C with I mM OTT 
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The band that is lost on incubation with OTT is approx imately IO kOa larger that the 

inte in-Trx fragment. This larger band thought to be the intein-Trx with about 10 kOa of 

the C-terminal region of the hMCM remaining. This 10 kOa region of hMCM is then 

cleaved from the intein-Trx fragment upon incubation with OTT, resulting in the 

production of two polypeptides; the 66 kDa intein-Trx fragment and the IO kDa hMCM 

fragment. To determine whether the 10 kDa product was fo rmed, a 10% polyacrylmide 

SOS PAGE gel was run. Figure 5.8, lane 2 shows a diffuse band of approximately 11-

14 kDa in the OTT treated sample. 
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Figure 5.8 SOS PAGE gel (10% acrylamide) Showing the Formation of the Lower Molecular 

Weight Products. The intein-Trx fragment at 66 kOa, and the - 13 kOa fragments, formed in a 

OTT dependent manner. 

Lane I: Molecular weight markers. 

Lane 2: Purified protein incubated O\'ernight with I mM OTT 

Arrow indi cates the - 13 kOa fragments. The heterogeneous size/di ffi1se nature of the band 

supports the hypothesis that thi s is a product of the proteolysis ofa more susceptible region i.e. an 

un stable mutase domain , rather than cleavage at a specific site recognised by proteases . 
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A large region of hMCM, the - 69 kDa mutase domain, was most likely degraded by E. 

coli proteases, leaving the adenosylcobalamin (B12) binding domain (figure 5.9). This 

indicates that the mutase domain of hMCM is prone to misfolding and therefore may be 

unstable in E. coli, while the smaller B12 binding domain is a stably folded domain of 

the hMCM. Therefore this makes the B12 binding domain is more likely to fold correctly 

and independently of the mutase domain. The adenosylcobalamin binding region is a 

structurally conserved domain, found in archaea, bacteria and eukaryotes, so 

independent folding and stability of this domain when expressed in the bacterium E. 

coli is not unexpected. Future directions could include expression of the mutase and B12 

binding domains as separate polypeptides, as the case for several archaeal MCMs (Robb 

et al. , 200 l ). 
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Figure 5.9 Model of the hMCM Domains Within the Fusion Protein. 

A. A Major Product of In Vivo Proteolysis . The protein fi.tsi on fonned in £. coli. The dotted 

green box indicates the region of the hMCM often degraded in vivo, the - 69 kDa mutase 

domain . 

B. The pFam domains ofhMCM. Thi s sh ows the position of the 13 kDa 8 12 binding domain . 
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Similar degraded protein products were observed by De Marco et al (2004) when 

expressing three insoluble proteins in£. coli. A GST tag improved the solubility of the 

target proteins ; but these soluble proteins were truncated. The authors suggest a number 

of possibilities for the formation of these truncated products, including: i) unstable 

binding of the mRNA to the ribosome; or ii) "fragility" of the linker region between the 

GST and target protein - presumabl y this refers to the possibility that the linker region 

is more susceptible to proteolysis ; or iii) possible dimerisation properties of the target 

protein. However, in the ER2566/pTYB4.Trx.MCM expression system, termination due 

to ribosome instability is not a possibility because the N-terminal portion of the fusion, 

first to be translated, is missing (figure 5.10). 
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Figure 5.10 Observed Protein Products Were Not a Result of Premature Translation 

Termination of the Ribosome. Th e degraded region is indicated by th e green dotted line . 

A. In the system of De Marco et al. (2004 ). un stabl e ribosome binding is possibl e, as the authors 

suggest. because the target protein is truncated is on the C-tennini of the fi.1 sion protein . 

B. The pTYB4 .Trx.MCM system is trw1cated at the N-terminus: thi s is not a product of the early 

tem1ination of tran slati on. 
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5.2.5 Expression of the Plasmid pTYB4.Trx.MCM in E.coli Rosetta-gami™ 2 

Due to the insolubility and degradation of the recombinant protein in£. coli ER2566 in 

the previous section, a second expression strain was trialed in the hope of improving the 

solubility and reducing the proteolysis. The E. coli strain Rosetta-gami 2 contains a 

plasmid (pRARECM) with genes encoding the tRNA for rare codons. These cells also 

have a more favorable redox potential for disulfide bond formation in the cytoplasm and 

the Tuner™ genotype, which allows more proportional response to induction of 

expression by IPTG (section 1.6.4, '£. coli Strains ' are discussed in more detail). The 

improved control of expression rates means that it is possible to decrease the local 

concentration of folding intermediates: decreasing the growth temperature often 

improves solubility by a similar mechanism. As dropping the temperature has improved 

the solubility of the expressed protein, this was a logical approach to take. There are 

two processes affected when the temperature is dropped, the rate of transcription and the 

rate of translation are both decreased. The energetics of the protein folding may also be 

affected. Lowering the transcription rate, that is achieved by the Tuner7
M strain, 

decreases the transcription rate . This decrease lowers the substrate levels available for 

translation, mRNA. However, the rate of protein folding is not reduced. In addition to 

these properties this £. coli strain contains rare codons within the hMCM gene may 

cause pausing of the ribosome during translation due to low tRNA availability. This 

pausing could cause misfolding or lower expression levels of the hMCM (Looman et al. 

1987) . The E. coli Rosetta-gami 2 cells were induced at relatively low lPTG 

concentrations (0.2 mM), and expressed at 12 °C for 22 hours . No differences in yield 

or solubility were observed when purified cell lysate from Rosetta-gami 2 was 

compared by SOS PAGE to cell lysate from the £. coli ER2566 strain ( compare figure 

5.11 , lane 8 and figure 5.3, lane 8) . 
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Figure 5.11 S DS PAGE gel of the Purification on a NT I-Ni Column of Recombinant Protein 

Expressed from Rosetta-gami 2/pTYB.i.Trx.MC M Cells. 

Lane I: Molecular weight markers. 

Lane 2: Soluble fraction of the cell lysate. 

Lane 3: Flow though from column. 

Lane 4. 5. 6 and 7: The fl ow though from washes I. 2. 3 and 4 respectively. 

Lane 8: Eluted protein in 200 µL of200 mM imidazole. 

Arrows indicate pw·i fied protein : 

A . The protein band is the size of the hMCM-intein-m· 148 kDa fusion protein. 

B. The protein band is size expected for the B12- intein-Trx fragment. 

C. The protein band is the size of the intein-Trx fragment 
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There was little apparent difference in size and abundance between in the purified 

products from the two £. coli strains strongly suggests that pausing due to rare codons 

was not a significant cause of the insolubility and degradation of the recombinant 

hMCM in £. coli. ln addition to this, the improved control of expression and consequent 

decrease in [mRNA] and therefore a decrease in the rate of translation provided by the 

Tuner® phenotype, can be ruled out under these expression conditions as an effect ive 

method fo r improving the solubility of the hMCM. Based on these findings, the £. coli 

ER2566 strain was used for all further experiments. 
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5.2.6 Expression in the Presence of Adenosylcobalamin 

It was hypothesised that adenosylcobalamin would help to stabilise the B12 binding 

domain, by improving the stability and folding of hMCM. Thus 

ER2566/pTYB4.Trx.MCM cells were grown in media containing adenosylcobalamin, 

the cofactor for hMCM. Adenosylcobalamin was added to the £. coli growth media to 

final concentration of I mM, half an hour before the addition of IPTG. The cells were 

then incubated for 22 hours at 12 °C. Due to the red colour of the adenosylcobalamin 

the cell pellet was light pink, and the cell lysate, after sonication, was also light pink. 
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Figure 5.12 SDS PAGE of Protein from ER2566/pTYB4.Trx.MCM Grown at 12 °C for 22 

hours With B12 in the Growth Media. 

Lane I: Molecu lar weight markers. 

Lane 2: Total cell lysate. 

Lane 3: Soluble fraction of cell lysate. 

Lane 4: insoluble fraction of the cell lysate,. 

Lane 5: Total cell lysate, expressed with 8 12 in the growth media . 

Lanes 6: Soluble fraction of the cell lysate, expressed with 8 12 in the growth media. 

Lanes 7: insoluble fraction of the cell lysate, expressed with 8 12 in the growth media. 

There is no improvement in the solubility of the recombinant protein when B 12 was provided in the 

growth media in lanes 6 and 7. Arrow indicates the size of the 148 kDa recombinant protein fusion 

construct. 

When the soluble fractions from cells grown with (figure 5.12, lane 6) and without 

(figure 5.12, lane 3) the cofactor are compared the presence of the cofactor decrease 

the soluble protein yield the distribution of the hMCM-intein-Trx fusion protein appears 

to change with more of the fusion protein present in the insoluble fraction. This 
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decrease in solubility is also accompanied by a slight increase in the total yield of 

protein when adenosylcobalamin is added. This increase can be explained by the 

incorporation of the recombinant protein into inclusion bodies, thus the reduction of 

protease degradation. In summary, addition of the cofactor to the £. coli growth media 

did not improve to the solubility of the fusion protein. This experiment, however, 

unexpectedly provided further support for the in vivo proteolyses of the recombinant 

protein fusion. 

5.3 Expression from the Vector pTYB4.MCM 

5.3.1 Introduction 

From the plasmid pTYB4.MCM, the hMCM was expressed as a fusion construct with 

the CBD tag which can be removed by intein-mediated cleavage. The CBD is simpl y an 

affinit y purification tag, and has not been shown affect the so lubility of recombinant 

proteins. This vector can be purchased from NE B, and the hMCM was cloned into this 

vector as a negative contro l to determine the relative effectiveness of the nove l vectors 

pTYB4.Trx and pTYB4.MBP at improv ing the solubility of hMC M. The ability of these 

two different solubility tags to improve the solubility of a target protein can be 

determined by comparison of the so lubility of the fusion protein expressed from the 

parent vector, pTYB4. 

5.3.2 Expression from pTYB4.MCM in E. coli ER2566 

The pTYB4.MCM plasmid was transformed into £. coli ER2566, creating the 

express ion strain ER2566/pTYB4.MCM. The 142 kDa hMCM fusion protein (hMCM­

intien-CBD) expressed from the vector pTYB4.MCM is insoluble at 37 °C (figure 

5.12). At 1 and 2 hours after induction with IPTG the hMCM fusion protein is found in 

the insoluble fraction (figure 5.13, lanes 5, 7 and 9). 
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Figure 5.13 SOS PAGE Analysis of Protein Expressed from ER2566/pTYB-'.MCM at 

37 "C. 

Lane I: lolecular weight markers. 

Lane 2: Cell lysate immediately before induction, soluble fracti on. 

Lane 3: Cell lysate immedi ately before inducti on, in solubl e fraction. 

Lanes 4: Cell lysate I hour after inducti on, soluble fracti on. 

Lane 5: Cell lysate I hour a fter inducti on, in solubl e fracti on 

Lanes 6: Cell lysate 2 hours a fter inducti on. solubl e frac ti on. 

Lanes 7: Cell lysate 2 hours a ft er inducti on, insoluble fracti on. 

Lanes 8: Cell lysa te 3 hours after induction. soluble fraction. 

Lanes 9: Cell lysate 3 hours a fter inducti on, in solubl e fracti on. 

Th e fusion protein is present in th e insolubl e fracti on at I, 2 and 3 hours. The arrow indi cates th e 

position of the 142 kDa recombinant fusion protein. 
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After expression at 12 °C for 22 hours the 142 kDa hMCM fusion protein remains in the 

insoluble fraction (figure 5.14, lane 5), and can not be observed in the soluble fraction 

(figure 5.14, lane 4). 
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Figure 5.14 SDS PAGE Analysis of Protein Expressed from ER2566/pTYB4. 

12 "C for 22 hours. 

Lane I: Molecular weight markers. 

Lane 2: Cell lysate immediately before induction, soluble protein fraction. 

Lane 3: Cell lysate immediately before induction. insoluble protein fracti on. 

Lane 4: Cell lysate 22 hours after inducti on. soluble protein fraction. 

Lane 5: Cell lysate 2 2 hom s after inducti on. insoluble protein fracti on. 

M CM at 

Lane 4 shows none of the fi.is ion protein can be obser\'ed as soluble fol l len~rth protein . An ows 

indicate the position of the 142 kDa recombinant fusion pro tein. 
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When design ing these vectors it was not known whether plac ing the solubility tags, 

MBP and Trx, close to the intein could affect the stability and folding of the ent ire 

fusion protien. This vector, pTYB4.MCM, provided data on the hMCM base line 

solubility at 37 °C and 12 °C. The complete insolubility of the fusion protein expressed 

from pTYB4.MCM at both express ion temperatures, (figures 5. 13 and 5.14), was used 

as a comparison for the newly constructed vectors, pTYB4.Trx and pTYB4.MBP. When 

compared to the vector pTYB4.Trx the solubility of the fusion protein increases (figure 

5.15). The appearance of a small amount of hMCM-intein-Trx in the soluble fraction 

(figure 5. 15, lane 4) can be attributed to the favorable influence of Trx on the fo lding of 

hMCM fo lding. This correctly fo lded hMCM-intein-Trx protein is both relat ive ly 

protected from E. coli proteolysis and less prone to aggregation and the formation of 

inclusion bodies. It could then be concluded that the novel vector pTYB4.Trx provided 

an improved express ion system, when compared to pTYB4. This novel vector provided 
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a Trx solubility tag which may improve the solubility of the target protein, and the Trx 

tag can be separated by intein mediated cleavage. 
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Figure 5.15 Lanes from Two S OS PAGE Gels Comparing Protein Expression from the 

Plasmids pTYB-1.MCM and pTYB-1.Trx.M CM at 12 "C for 22 hours. 

Lane I: Molecular weight markers. 

Lane 2: Cell lysate from cells with pTYB4.\ICM. in solubl e protein fraction. 

Lane 3: Cell lysate from cell s with pTYB4.MCM. soluble protein fracti on 

Lane 4: Cell lysate from cell s with pTYB4.Trx.MCM. soluble protein fraction 

Lane 5: Cell lysate from cell s wi th pTYB4.Trx.MCM. insoluble protein fraction 

o soluble full length fusion protein is seen in the soluble fraction from pTYB4.MCM. compared 

to small amounts that are visable in the pTYB4.Trx.MCM soluble fraction. Arrows indicates the 

position of the 142 kDa recombinant protein fusion from pTYB4. ICM (lane 2). and the 148 kDa 

protein fusion from pTYB4.Trx.MCM (lanes 4 and 5). 
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5.4 Expression from the Plasmid pTYB4.MBP.MCM 

5.4.l Introduction 

In 1997 Janata et al. reported that an N-terminal MBP solubility tag was an ineffective 

as an express ion system for hMCM. The insolubility of the fusion protein, however, 

may have been due to the large N-terminal MBP disrupting the hMCM subunit 

interaction (Heaton et al. , 200 I) (figure 5. 16). Subunit dimerisation is necessary for 

hMCM activity and may also be critical fo r structural stability. A mutation (R93H) in 

the N-terminal subunit interaction domain causes loss of hMCM activity and 

consequently methylmalonic academia. The loss of hMCM activity caused by this 

mutation indicates the importance ofhM CM dimer formation. The instability of hMCM 

as a momomer can be extended to the highly conserved P. shermanii a subunit, which 

is highly insoluble when expressed alone in £. coli, without its cognate p subunit (Mark 

Patchett. pers. comm.) (see section 3.2.1 for further details). 

A N 

Tag hMCM 

C 

I 
B 

hMCM Tag 

D 

Figure 5.16 Possible Effects of a Tag on Subunit Dimerisation. The N-tenninal region of 

hMCM is thought to have a role in subunit dimeri sati on. 

A. The effect that an -terminal tag could have on the interaction of the two subunits, and 

consequently on the stabil ity of the hMCM. 

B. The hMCM subunits are still able to form a dimer with a C-tenninal tag. It is possible that thi s 

homodimer is the more stable structure for hMCM. 



96 

The hypothesis that the subunit interaction is disrupted by the N-terminal MBP tag. is 

inconsistent with the observation that the N-terminal Trx tag had little or no effect on 

the solubility or the dimerisation of the two subunits (Janata et al, I 997) This Trx­

hMCM fusion construct was soluble and dimerisation was indicated by the detection of 

hMCM activity (Janata et al., 1997) If the MBP tag was preventing dimerisation. the 

Trx tag might also be expected to. even though the Trx protein is half the size of the 

MBP. IC however. the Trx tag is simply a more eftective solubility tag this would be in 

contrast to the results of Kupust and Waugh ( 1999). \,ho studied a diverse range of six 

insoluble target proteins. The MBP. in every case. was the most effective solubility tag 

when compared to the Trx and GST solubility tags. However successful solubility 

tag/target protein combinations arc not possible to predict and generalisations can not be 

made. These uncertainties are largely due to the huge number of unknown parameters 

that may influence a folding protein. To test if the MBP is able to be an effective 

solubility tag at the N-tenninus a longer linker region between the MBP and hMCM 

proteins than that used by Janata et al .. ( 1997) may promote subunit interactions. 

howe,er this possibilitv \ms not tested due to the cloning problems with the 

pTYB 11.MBP vector. To determine if the MBP is able tn be an eflective solubility tag 

ti.1r hMCM at the C-terminal h:v1CM \\as expressed from pTYB4 Ml3P.MCM. This 

fusion protein is likely to circumvent any disruption of the dimerisation that an N­

terminal MBP tag may cause (figure 5.16) 

5.4.2 Expression from the Plasmid pTYB-t.\lBP.!\IC:\I in£. coli ER2566 

The plasmid pTYB4.MBP.MCM v,as transformed into E. coli ER2566. giving the 

expression strain ER2566/pTYB4.MBP.MCM. After expression at 37 °C the 167 kDa 

fusion protein was present only in the insoluble fraction at L 2 and 3 hours post­

induction (figure 5.17) In the cells that contained relatively large amounts of inclusion 

bodies. E coli proteins were observed in the insoluble fraction (figure 5.17. lanes 5. 7 

and 9). As the cellular concentration of aggregated insoluble protein increases. the 

nature of the cytoplasm changes and the native £. coli proteins can become insoluble 

and aggregate with the recombinant protein. This is a common feature of inclusion body 

formation, and often. after purification. a number of£. coli proteins are found to be over 

represented in the insoluble protein fraction (Hayes. 1998). 
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Figure 5.17 SDS PAGE Analysis of Protein Expressed from ER2566/pTYB.t.MBP.MCM at 

37 °C. 

Lane I: Molecul ar weight markers. 

Lane 2: Cell lysate immediately be fore induction, soluble fraction. 

Lane 3: Cell lysate immedi ately before induction, in soluble fracti on. 

Lanes 4: Cell lysate I hour after inducti on, soluble fraction. 

Lane 5: Cell lysate I hour after inducti on, insolubl e frac ti on 

Lanes 6: Cell lysate 2 hours aft er induction, solubl e fracti on. 

Lanes 7: Cell lysate 2 hours after induction, insolubl e fraction. 

Lanes 8: Cell lysate 3 hours after inducti on. soluble fraction . 

Lanes 9: Cell lysate 3 hours after inducti on, insolubl e fraction. 

The fusion protein is expressed in the insoluble frac ti on, at I, 2 and 3 hours. The arrow indicates 

the positi on of th e in soluble 167 kDa recombin ant fusion protein . 
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When the expression 1s induced at 12 °C the 167 kDa fu sion construct remains 

insoluble (figure 5.18, lane 5). There is no change in the pattern of bands seen for the 

l 67 kDa protein soluble fraction when compared to the uninduced cell lysate (lanes 4 

and 2, respectively). Janata et al. (1997) have shown that hMCM, when expressed with 

an N-terminal MBP, is insoluble, and results presented here show that the MBP is also 

ineffective as a solubility tag on the C-terminus of hMCM. In this system the 

insolubility is unlikely to be caused by dimer disruption. 
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Figure 5.18 SOS PAGE Analysis of the Protein Expression from ER2566/pTYB-tMBP.MCl\l 

atl2 °C. 

Lane I: Molecul ar weight markers. 

Lane 2: Cell lysate immediately before induction, soluble protein fract ion. 

Lane 3: Cell lysate immediately before induction. insoluble protein fraction. 

Lane 4: Cell lysate 22 hours after induction. soluble protein fraction. 

Lane 5: Cell lysate 22 hours after induction. in soluble protein fraction. 

No fi.111 length recombinant fi.tsion protein is seen in the soluble fraction . The arrow indicates the 

position of the 167 kDa recombinant fi.tsion protein . 
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As the mechanism by which the MBP ass ists fo lding is not well understood, no firm 

conclusions can be made about why this was an ineffective solubility tag at the C­

terminus. Folding and mis folding of proteins are complex processes that are difficult to 

study and consequently are not well understood. Proteins have been shown to begin 

folding before release from the ribosome (G ilbert et al. 2004). It has been suggested that 

that MBP must be fully fo lded, and the hydrophobic binding pocket on its exterior fully 

formed, to exert an effect (Sachdev and Chirgwin, 1998). lf this suggested requirement 

is accurate, the MBP must come off the ribosome first, fold first, and begin acting on 

the partially fo lded intermediates of the target protein to prevent aggregation. The MBP 

contains a hydrophobic binding site for binding the substrate, maltose. The hydrophobic 

nature of this site is thought to play a role in binding partially folding proteins and 

preventing aggregation. l f this hypothesis of the mechanism of MBP holds true, this C­

terminal MBP would not be expected to improve the solubility of the hMCM. The 
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apparent complete insolubility of the hMCM-intein-MBP fusion construct where MBP 

is C-terminal to the hMCM. supports the above hypothesis. 

Together with the findings of Janata et al.. (1997). this suggests that the MI3P is 

ineffective as a solubility tag for hMCM. regardless of its relative position to the 

hMCM. This ineffectiveness can be attributed to the mechanism by which the MI3P 

prevents aggregation of proteins. which is not fully understood. and the unknown 

factors that cause hMCM to be insoluble. The mechanism with which MBP influences 

folding. however. dif1ers ftom that of the Trx solubility tag: the Trx tag improves 

hMCM solubility when expressed at either krmini of the target protein. 

5.5 Assay of the Soluble h'.\IC\I 

To determine the activity of hl\1CM. an assay developed by Zagalak et al. in 1974 was 

used. Succinyl CoA the product of hMCM in humans. is the substrate in this 111 ntro 

assay. and the reverse reaction is catalysed by hMCM. generating mcthylmalonyl CoA 

Though a series of coupled enzvme reactions. NADH is produced at a I: 1 molar ratio to 

the methylmaloml CoA (that is generated bv the h!\lCM dependent n:action) (figure 

5.19) The rate ofNADH rcductinn ,ms followed bv a CARY spectrophotometer. at 37 

"C. by measuring the rate of reduction ofabsorbance at 340 nm (see section 2.2.15 for a 

more detailed description). 
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Figure 5.19 Assay of the hMCM. The assay shown here is based on the method of Zagalak et 

al. (1974). A spectrophotometer was used to continuously monitor the decrease in absorbance at 

340 nm. 
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His-tag purified soluble protein. expressed at 12 °C from the pTYB4.Trx.MCM 

plasmid. was assayed for activity before and after DTT-induced cleavage. The activity 

of the cleaved hMCM was 0.45 11mol/min/mL protein added. The semi-quantitative 

specific activity of the sample was 0.9 U/mg. Given that the h:'v!CM represents 

approximately I 0% of the protein in this sample, an approximate activity of 9.0 LI/mg 

of hMCM is comparable to the specific activity expected for MCM: 

P. shermanii 14.4 U/mg Kcllermeycr et al .. 1964 

Human placenta I 33 U/mg Kolhouse el al.. 1980 

Human liver 14 U/mg Fenton el al .. 1982 

Recombinant human 3.1 U/mg Janata el al .. 1997 

Refolded recombinant human 3.11 U/mg Hayes. 1998 

This work -9 U/mg 

Uncxpcctcdl\. the unprocessed 150 kDa protein complex had an activitv of 0.44 

µmol/min/mL protein (figure 5 20DJ This 148 kDa fi.tsion protein 11as not expected to 

haw activity. so the zero hour activity was not dc:termined. Together. these results 

indicate that the soluble hMCM is active and dimeric as the hMCM-intein-Trx ltlsion 

protein. It is also possible that hMCM is stable and soluble nnly as a dimer. The C­

terminal intein-Trx tag is not disrupting the N-tcrminal subunit interaction of hMC\1. 



A:CBO 8 : MBP C: Trx D: PurTrx E: PurTrx+OTT 

- i column OTT ... 

- ..... 

l i i ! ! 
0.44 0.45 

Background rate too high µm ol/m in/mL µmol /rnin/mL 

Figure 5.20 Lanes of SDS PAGE Gels, showing the Fractions Assayed for Activity. ll1e 

background rate was too high for the three unpuri fi ed solubl e fractions (A-C). In D the Ni - TA 

purified fi.ts ion protein incubated oYemight at 4 °Chas an acti\'ity of0.4-1 µrno ltrnirtmL. and after 

incubation at 4 °C with OTT ( E). the purified and intein-cleaYed hMCM fragment has an acti,·ity 

of0.45 ~unol rnin/mL. 
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The activity of the so luble fractions of cell lysate (before purification) from each 

plasmid was also assayed, (figure 5. 19), before and after OTT incubat ion. Due to the 

nature of the assay ( i.e. NADH linked) high background rate in these fractions. 

presumably due to other ADH utiliz ing reactions, (e.g. ADH oxidase) meant an 

accurate activity could not be determined. In addition to the SDS PAGE gel analys is of 

the different expression systems of these unpurified samples, activity measurements 

would have been a useful comparison. However the CBD and MBP must be so luble for 

to bind to their respective affinity res in, so purification fo r activity determination of 

these fusion proteins was not possible. 
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5.6 Summary 

Earlier work of Janata et al., ( 1997) showed that an N-terminal Trx-hMCM fusion 

expressed at 12 °C, resulted in high levels of a soluble active Trx-hMCM fusion protein, 

however the Trx tag was not able to be removed at the enterokinase site (Janata et al., 

1997). fn this work, changing the Trx tag to the C-terminus ofhMCM did not improve 

the solubility of the fusion protein. Pausing due to rare codons, mRNA instability and 

early translation termination were also ruled out as possible causes of the insolubility 

observed in the recombinant hMCM. The C-terminal hMCM-Trx fusion expressed at 

12 °C resulted in half the fusion protein in the soluble fraction. Much of the 

recombinant hMCM-intein-Trx fusion protein was recovered from the soluble fraction 

as a partially degraded fragment. In a particularly abundant product a large region of the 

mutase domain from hMCM, was degraded, leaving the adenosylcobalamin (812) 

binding domain. Hovvever, providing adenosylcobalamin in the gro\\1h media did not 

improve the solubility of fusion protein. Activity assays showed that the soluble full 

length hMCM was also active, before and after the Trx solubility was removed. This 

showed that the hMCM expressed in this system is in a dimer, which is possibly the 

only stable and soluble form of the hMCM. 

Together with the findings of Janata et al.. ( [ 997). who showed that the MBP solubility 

tag is ineffective as a solubility tag regardless of the relative position to the hMCM. 

This could be due to the dimer disruption that MBP causes at the N-terrnini, or that the 

mechanism the MBP uses to solublise proteins is an ineffective solution for the type of 

insolubility that hMCM possesses. 

The novel vector pTYB4.Trx, developed in this work, improved the solubility of the 

hMCM construct when compared to the commercially available vector pTYB4. 

Replacing the affinity tag, CBD, with a solubility tag improved the solubility of proteins 

expressed from this vector. This novel vector may be of use for expression of other 

insoluble proteins with difficulties in the protease access for the separation of the 

solubility tag. 
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6. Discussion and Future Directions 

6.1 Discussion 

6.1.1 Introduction 

At the commencement of this study a native crystallographic dataset for human 

methylmalonyl CoA mutase (hMCM) was required. A structure calculated from this 

dataset would enable a better understanding of the unusual carbon skeletal 

rearrangement that this enzyme performs and the molecular bases of the disease 

methylmalonic academia that results from the inactive enzyme. Homology models 

based on the crystal structure of the a-subunit of the P. shermanii bacterial orthologue 

provided structural models of hMCM. However, these models were inaccurate in some 

regions and prov ided little information about the putative N-terminal subunit interaction 

domain, so further structural studies were required. 

A system to express hMCM in £. coli as a soluble act ive fusion protein, able to be 

separated from any solubility tag was needed. In previous studies expression of hMCM 

in£. coli. has resulted in insoluble inclusion bodies and proteol)tic degradation (Janata 

et al. . 1997). A Trx solubility tag on the N-terminus of hMCM had increased the yield 

of soluble prote in. However, separation from the Trx tag at the protease site located 

between Trx and hMCM, was not achieved. In this work the hMCM gene was cloned 

and expressed in a number of different expression systems \.vith solubility tags. lntein­

mediated separation of the solubility tag circumvented the problems assoc iated with 

conventional in trans protease cleavage. The cloning of the hMCM gene and the 

expression of fus ion proteins expressed from each plasmid wi ll be compared and 

discussed. The results of this work will also be put in context in relation to the past 

work in this area, to help gain a better understanding of the behaviour of hMCM when 

expressed in £. coli. 
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6. l.2 Design and Construction of the Novel Expression Vectors 

The design of these novel expression systems was based mainly on the results of Janata 

et al. , (1 997). The novel vectors must supply a solubility tag, and prov ide an alternative 

method fo r cleaving this tag from hMCM. Each system has variations within these two 

features such as hav ing a long linker region between the tag and hMCM, or avoiding N­

terminal tags altogether by using C-terminal tags. These observations were used to 

design fo ur di ffe rent vectors fo r the expression of hMCM in £. coli. The solubility tags 

Trx and MBP were used, and removed by intein-mediated cleavage. No commercial 

vectors provide this combination of features. Based on the aforementioned 

requirements, fo ur novel vectors were constructed. Each of the fo ur expression vectors 

differed in the position or nature of the so lub ility tag. but all utilised intein-mediated 

separation of the solubility tag. 

To construct these nove I vectors the genes ma/ E and trx from £. coli ,vere cloned into 

either of the two inte in-based vectors, pTYB4 or pTYB 11 . replac ing the ORF coding 

for the exist ing CBD. In the fusion protein expressed fro m pTYB 11 the CBD ORF is 

located in frame within the inte in coding sequence and was replaced with an ORF 

encoding a larger protein. e ither Trx or MBP. In add it ion to size these proteins will 

diffe r in the ir sur face properties . Although careful planning went into the design of 

these four vectors. it was largely unknown how these changes would affect the structure 

and fu nction of the inte in, or the stabil ity of the entire fusion protein, of which the intein 

is a part . These fo ur novel vectors were named pTYB4.Trx, pTYB4.MBP, pTYB 11 .Trx 

and pTYB 11 .MBP (appendix D). 

6.1.3 Cloning hMCM into the Novel Expression Vectors 

The hMCM was not cloned into the novel pTYB I I-derived vectors due to problems 

assoc iated with the cloning and ligation; i.e. the apparent loss of vector DNA resulting 

in undersized plasmids. These problems also occurred when the hMCM was cloned into 

the parent vector pTYB 11 . This showed that the problems during cloning are not due to 

the replacement of the CBD with Trx or MBP solubility tags. To determine the cause of 

these undersized plasmids, the plasmid products from ligation and transformation were 

analysed by restriction endonuclease digests and by sequencing. The plasmid products 
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from these ligations were highly reproducible, giving the same size fragments when 

digested with restriction endonucleases. Sequencing of the undersized plasmids 

revealed that, in at least one of the plasmids, a large region of the expected plasmid was 

missing. The two most plausible explanations for this undersized product were i) star 

activity of the restriction enzymes during cloning, and ii) DNA instability. Star activity, 

caused by a variety of reaction conditions, results in the restriction enzyme cutting the 

DNA at a sequence other than its recognition site. The small amount of star activity 

required would not necessarily be observable in SDS PAGE analysis of the linearised 

vectors. It was not possible to use dit1erent restriction enzymes other than Sapl for 

cloning hMCM into the vector pTYB 11. An alternative explanation is that the observed 

products are a result of structural rearrangements i,,vithin the plasmid sequence that are 

triggered by the sequence of the hMCM gene. As an alternative to cloning hMCM into 

the vector pTYB l l, attempts were made to clone the hMCM into the vector 

pET32a.TEV. The vector pET32a.TEV is designed to expresses the target protein i,,vith 

an N-terminal Trx tag i.e. similar to the system described by Janata et al. ( 1997). Time 

limitations. however. prevented the completion of this cloning project. 

In summary. the effectiveness of the two novel vectors pTYB 11.Trx and pTYB 11.MBP 

as expression vectors remains unknown. Difficulties 1,,vith cloning and time constraints 

meant that expression of hMCM with an N-terminal MBP or Trx was not achieved. The 

hMCM, however. was cloned into the vectors pTYB4. pTYB4.Trx and pTYB4.MBP to 

enable the expression of three different fusion proteins with C-terminal tag, either the 

CBD, Trx or MBP, respectively (figure 6.1 ). 



Vector Positi on of tag Constructed Protein fusion Soluble & active ... •• 
pTYB4.MCM yes 1-IM CM lntei n not detected 

Cllll 

pTYB4.Trx.MC M C-tenninal yes ... ~ .. - 10% 

hMCM lnte,n Trx 

pTYB4.MBP.MCM yes not detected ... .. 
hMCM lntein MBP 

pTYBI l .MCM 110 ~ ..... I . 
CBDlntem hM CM Intern 

pTYB 11 .Trx.MCM N-tenninal no 

T~ ntein~ ntein 

pTYB 11 .MBP.MCM 110 

... -+ . 
MBP Intern hM CM Intern 

pET32a.TEY.MCM N-tenninal 11 0 

Trx hMCM 

Table 6.1 The Expression Systems Attem1>ted in this Study. Showing the vectors that hMCM was cloned into, the prote in fu sion expressed and the protein solubi lity. 

0 
--...J 
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6.1.4 Heterologous hMCM Expressed in E.coli 

6.1.4.1 Solubility 

The hMCM fusion proteins containing either the C-terminal MBP or CBD tags were 

expressed as insoluble inclusion bodies, under all conditions tested. The MBP solubility 

tag is ineffective as a solubility tag regardless of termin i on the hMCM. This 

insolubility may be due to the MBP simply being an ineffective solubility tag fo r 

hMCM, because of the mechanism by which the MBP prevents aggregation of proteins 

(see section 6. l. 3.2, for further discussion of the MBP as a so lubility tag). 

Expression fro m pTYB4.MCM as a fusion protein with the CBD, as a contro l, showed 

the improvement in solubility of hMCM that the novel vectors prov ided. Expression at 

12 °C from the pTYB4.Trx.MCM vector, resulted in 50% of the full length fus ion 

protein in the soluble prote in fract ion. This enabled the recovery of a ve ry low yield of 

so luble active hMCM, which was able to be separated from the rest of the fusion prote in 

by inte in-induced cleavage. This improvement in so lubility, when compared to the 

commercially available vector pTYB4, shows that the novel vector pTYB4.Trx 

prov ides a system that may improve the solubility of target proteins. In add ition the 

vector provides intein-based cleavage that may circumvent problems associated with in 

trans cleavage, as shown in this hMCM system. The solubility of the Trx fusio n protein 

was not able to be improved by, i) adding the hMCM cofactor to the £. coli grO\-vth 

media, ii) slowing the I PTG induction, or iii) by express ion in an £. coli strain 

containing rare codons. 

6.1.4.2 The Activity of the hMCM as a Homodimer 

The hMCM is active only as an a2 homodimer, mutations in the N-terminal subunit 

interaction region cause a loss in activity (Thoma and Leadley, 1996; Fuchshuber et al., 

2000). The importance of dimerisation was also implicated as a limiting factor in 

refolding studies, in the production of the active native structure (Hayes, 1992). The 

specific activity of hMCM, after refolding, gradually increased after storage at 4 °C. 

This was thought to be due to the fo lded subunits slowing assoc iating to fo rm the active 

native structure (Hayes, 1998). The results of Janata et al. ( 1997), also showed that 
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soluble hMCM was active, despite the presence N-terminal Trx tag. In this study, the C­

terminal Trx fusion protein of this work was also fo und to have hMCM activity. This 

indicated the hMCM as a soluble fusion prote in was a dimer, as hMCM is only active as 

a dimer. Therefore it is also possible that the dimerisation of the hMCM is also 

necessary for the stab ii ity of hMCM. If dimerisation is critical fo r stab ii ity, the location 

of the solubility tag may effect the dimerisation, and therefore the solubility of the 

hMCM fusion prote in. When the point of attachment of the Trx tag was changed from 

the N to the C termini, the so lubility was no t improved. In addition to this, the C­

terminal Trx tag, in this work, resulted in a less soluble fusion protein than the N­

terminal Trx in the system of Janata et al. ( 1997). 

In these systems the MBP solubility tag is ineffective as a solubility tag regardless of its 

pos it ion relative to the hMCM in the fusion prote in. This may be due to the large 

solubility tag disrupting hMCM subunit dimerisation 'vvhen present at the N-terminus of 

hMCM. If dimerisation is necessary fo r stability of hMCM, disruption of the subunit 

interact ion would lead to insolubil ity. Assuming the proposed mechanism for action of 

MBP as a so lubi lity tag is correct. the N-terminus would be the only effecti ve position 

for MBP. This mechanism is consistent with the results reported here. Future work 

could use a longer linker region between the two proteins, hMCM and an N-terminal 

MBP. In results shown here this was not obta ined due to apparent DNA instabi lity. A 

longer linker may alleviate the dimer disruption of the hMCM and allow the MBP to be 

an effective solubility tag. In contrast to this hypothes is, if the 30 kDa MBP is 

ineffective due to dimer disruption, the I I kDa Trx protein may also be expected to 

disrupt the dimer. The solubility and activity of the N-terminal Trx- hMCM construct, 

(Janata et al. , 1997), indicates that the Trx tag does not disrupt the dimer. This makes it 

less likely that the MBP is disrupting the subunit interaction and more likely that the 

MBP solubility tag is simply an ineffective as a so lubility tag fo r hMCM. 
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6.1.4.3 Degradation of the Recombinant h,Ic:M Fusion Proteins 

When recombinant fusion protein 1s expressed at 12 °C from 

ER2566/pTYB4.Trx.MCM, degradation products are observed throughout protein 

purification and DTT cleavage. When expressed in ER2566/pTYB4.Trx.MCM at 37 °C 

more foll length tusion protein is seen in SDS PAGE analYsis. This may rcl1cct a 

greater proportion of protein present in inclusion bodies which are protected from 

proteases (Cheng er al .. 1981 ). These observations suggest in vivo protease degradation. 

Although ·protease deficient' strains of E. coli were used for expression of hMCM. 

these £. coli retain several proteases for cell viability. such as HtrA and Clp. The 

biochemical and genetic evidence indicates that the proteases HtrA and Clp have a role 

in degradation of denatured/aberrant proteins and participate in the remo,al of the 

aggregated proteins from i·. coli (Skorko-Glonek er al .. 1999). The hMCM region of the 

fusion protein may have been aberrantly folded making it a target for proteolytic 

degradation: if so. simply stopping the proteolysis ,rnuld not solve the root of the 

prob km. the instability of the hMC!\1. The events that result in mis folded hMCM arc a 

matter of speculation. One possibility is that hMCM is present as partialh folded 

monomers for some time in the E. colt c,tL1s0I. making the hMCM susceptible to 

proteohsis during fi.1lding (figure 6.1 ). 

Unfolded Fast Folded Slow process 
Homodimer 

monomers process monomers 

Decreasing Susceptibility to Degradation 

Figure 6.1 Model of h:\IC:\1 Susceptibility to Proteolysis of as it Folds. As hMCl\-1 folds lo its 

native state as a homodimer, it becomes less susceptible to degradation by F. co/1 proteases. 1l1e 

initial folding to form a monomer is relatively fast. the dimerisation of the monomers is a much 

slmver process. These folding rates were shown by Ill ntro folding studies (Hayes. l 998). 
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In vivo degradation products of the hMCM-intein-Trx fusion protein showed that the 

mutase domain of hMCM was unstable and susceptible to proteolyt ic degradation. The 

8 12 binding domain is a smaller and much more stable domain of the hMCM, and is 

able to fo ld independently of the rest of the hMCM. This is not surprising as this is a 

highly conserved domain of hMCM, and in the archaeal MCMs this domain is often 

expressed as a separate protein (figure 6.2). 

methylmalonyl 
methylmalonyl-CoA CoA epimerase 

r; dTT" /2 
< __ f44111JJJ.........._U_· 

t t 
methylmalonyl CoA 

mutase 
methylmalonyl CoA 

mutase (8 1~ - binding ) 

Figure 6.2 Archaeal l\lCM Genes. A KEGG genome map of the archaea 

,frchaeoglob11sf11/gui11s. showing the :Vlutase gene (insoluble in 1:·. coli) and 8 1~- bi nding gene 

(soluble in F coli). Also in thi s gene cluster are the methylmalonyl CoA epimerase and 

methylmalonyl-CoA decarboxylase. 

http://www.genome.ad.jp/dbget-bin/get_pathway?org_name=afu&mapno=00280 

When each of the archaeal MCM genes from P. f uriousis is expressed separately in £. 

coli, the ' mutase like' protein is largely insoluble, while the B1i-binding protein is 

soluble (Mark Patchett, pers. comm.). This provides a comparison for the behaviour of 

the two hMCM domains, when the B1i-binding domain fo lds and the mutase domain is 

degraded (figure 6.3). 



5" 

Ill ~ ..... ~ \ 3· 

Polypeptide 

All d omain s 
folded ~ 

\\ 

Active soluble hMCM 

Dimerisation 

B12 domai~ ! 
folded½'-=--' 

Mutase domain 

degraded ,,, ~ 

Soluble 8 12 
domain 

', ... : -' 
--, 

11 ,'"'-, 
, '\ ,_-,( ,: ____ , 

___ Po_~ n•; ~ 07 :,_: ----
Incl~ 

Bodies • 
Figure 6.3 A Model for the Fates of hMC M that is Expressed in E. coli. This fi gure was based 

on the products recO\·ered from the expression in F coli. 

Red arrow: is the more likely folding path way at 37 cc, or in the presence o f B12. 

Blue arrow: is the more likely folding pathways at 12 cc. 
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Expression from vector pTYB4.Trx.MCM yielded 20 µg of so luble full -length protein 

in 200 µL of Ni-NTA resin elution buffer, purified from 50 mL of cell culture. For 

crystallisation trials, at least 5 mg of protein is required, so 12 L of culture would be 

needed. In addition to this large vo lume, no more than 10 % of the proteins that bind to 

the column are full length fusion protein; the rest are partially degraded products. The 

degraded proteins decrease column binding capacity fo r the full length protein so that 

relatively little can be recovered off each column before the column is saturated. This 

makes Ni-NT A purificat ion relativity, time consuming and requiring subsequent 

concentration as a source of protein fo r crystal studies. After OTT cleavage of the 
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hMCM-intein-Trx fusion protein the hMCM could be concentrated, then un though gel 

filtration to purify the 160 kDa homodimers ofhMCM away from the rest of the 60- 80 

kDa proteins. 

6.1.5 Using the Results of this Work to Re-evaluate the Literature 

In previous work, Janata et al. ( 1997) were not able to explain the significant 

differences in the yields between the native hMCM and hMCM with an N-terminal Trx 

tag. In the expression from pTYB4.Trx.MCM partially degraded products were 

recovered, confirming the in vivo degradation of hMCM. This previously unidentified in 

vivo degradation of the hMCM was able to provide an explanation for the different 

yie lds shown in the previous expression systems of hMCM (Janata et al.. 1997). 

In this work, £. coli host proteins were observed in hMCM inclusion bodies. When 

hMCM was expressed in £. coli from pMEXHCO an unkno\vn protein was co-purified 

in the inclusion bodies (Hayes, 1998). Edman sequencing identified the three amino 

acids at the N-terminus as TKK. The protein had an observed mass of just under 29 kDa 

in SOS PAGE analysis. The hMCM does not contain the amino acid sequence TKK, so 

this protein was not a partially degraded product of hMCM. Reanalysis during this 

research revealed this protein is almost certainly the Piac repressor protein, cl857. This 

protein is denatured after heat induction at 42 °C, allowing expression of the T7 RNA 

polymerase (Tabor and Richardson, 1995) . The molecular mass of cl857 is just over 28 

kDa and the proteins N-terminal sequence is MTKK. To the best of our knowledge this 

has not been previously reported. 

6.1.6 Summary and Conclusions 

The low yields of full length soluble recombinant protein expressed from 

pTYB4.Trx.MCM less than ideal source of hMCM for crystallisation studies. The 

intein-mediated approach, however, proved to be a successful method for the cleavage 

of the Trx tag, circumventing previous difficulties with in trans protease-mediated 

separation. The novel vector pTYB4.Trx, developed in this work, could also be used for 

the expression of other insoluble proteins that can not be separated from solubility tags 

by conventional methods. 
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Janata et al. (1997) showed that an N-terminal Trx tag was effective at improving the 

solubility of the recombinant hMCM in E. coli, but the Trx tag could not be efficiently 

separated using enterokinase protease. The success of the intein-mediated cleavage in 

protein expressed from pTYBl l.Trx and the solubility of the N-terminal Trx fusion 

were not able to be determined due to difficulties with cloning the hMCM into the intein 

vector pTYB 11.Trx, and time constraints with cloning into the second vector 

pET32a.TEV. Expression of the hMCM with a C-terminal CBD or MBP tags, from the 

plasmids pTYB4.MCM and pTYB4.MBP, resulted in insoluble fusion proteins. 

In addition to the above observations, previously unreported in vivo proteolytic 

degradation of the hMCM was shown. consistent with instability of the hMCM 

monomer in E. coli. This proteolytic degradation targeted the mutase domain of hMCM. 

showing that this domain is a more unstable region of hMCM than the 8 12 -binding 

domain. This in vivo degradation explains the variation in yields for hMCM expression 

systems in the results of previously published work (Janata et al.. 1997). Altogether 

these results provide valuable information about E. coli expression systems for 

recombinant hMCM. and provide ne\v starting points for the development of future 

systems. 
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6.2 Future Directions 

6.2.1 Introduction 

An ideal source of hMCM for structural studies, was not achieved in this work. There 

are a number of possible routes to the development of an improved source ofhMCM for 

structural studies and some of these a described is the following sections. These options 

could include expression of hMCM with an N-terminal thioredoxin, ribosomal protein 

or NusA tag. Alternatively, the hMCM may be co-expressed with the MMAA protein or 

p the subunit of the bacterial MCM homologue which may display some chaperone like 

activity. Expression in a yeast, baculovirus, or cell-free based expression system could 

also be tested as possible sources of soluble active hMCM. 

If a recombinant source of hMCM is not able to be developed, structural studies of a 

closely related MCM, (e.g. bovine or ovine), would allow more accurate modelling and 

a better understanding of the structure and function of hMCM . Completion of these 

structural studies may help in the development of a treatment, such as gene therapy, for 

the disorder methylmalonic acidemia. 

6.2.2 Expression of hMCM with an N-terminal Trx Tag 

The success of N-terminal Trx as a solubility tag (Janata et al. , 1997) makes this a 

logical expression system to trial. Two attempts at this expression construct were made 

in the work presented here. Firstly, in pTYB 1 l.Trx in the intein system, apparent 

instability of ligation products prevented protein expression. The second attempt, 

cloning into a pET23a derived vector, with an N-terminal Trx tag and a TEY protease 

site, was halted due to time restraints . If cleavage of the Trx tag with TEY protease 

proved successful, this would make an ideal expression system as a source of protein for 

structural studies. 
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6.2.3 Yeast Recombinant Systems 

Several systems for the heterologus express ion of proteins in yeasts are commertially 

avalible e.g. Pichia partorsis (Invitrogene) or Kluyveromyces lactis (NEB). For the 

hMCM, the protein could be expressed with an N-terminal mitochondrial localisation 

peptide signal sequence. The protein would then be translated and targeted to the 

mitochondria. The signal sequence wo uld be removed during translocat ion into the 

mitochondrial matrix. This system has been used to express proteins that are normally 

located in the mitochondrial matrix (Koshy et al. , 1992). There are conserved 

chaperones and other factors that facilitate folding in mitochondria. Mitochondrial 

matrix. chaperones have roles in translocation, sorting, fo lding, and assembl y of newly 

imported mitochondrial proteins (Neupert, 1997). The majority of mitochondrial 

proteins fo ld with the ass istance of a chaperon in system that is composed of Hsp60 and 

Hsp l O ( cpn IO and cpn60 in yeast). Conditions in the yeast mitochondrial matrix are 

obv iously more si milar to that of the human mitochondrial matrix than in the bacterial 

cytosol. As yeasts lack 8 12 - dependant enzymes, including MCM, this is an ideal 

system fo r the product ion of reco mbinant apo-hMCM, free of any host act ivity. 

6.2.4 Baculovirus Mediated Insect Cell Expression 

Like the yeast system, the bactulovirius also provides a eukaryot ic ce ll background fo r 

expression. The ease of culture and high express ion leve ls, up to l 00 mg/L, make this 

an attractive system (Khoo et al. , 2005). Fo llow ing replication and product ion in £. coli 

the recombinant viral DNA is transfected into the insect cells. The gene of interest is 

first cloned into the Bae-to-Bae® plasmid (lnvitrogene). The gene of interest is now 

flanked by Tn7 sequences. This vector is then transformed into £. coli cells containing 

the destination bacmid, and a helper plasmid containing the gene encoding the 

transposase. The gene of interest is then transposed onto the destination bacmid. The 

recombinant bacmid is used to transfect Sf9 insect cells, and the infective virus is then 

harvested from the cells . When a high titre of virus is obtained, this can then be used to 

infect Sf9 cells for protein expression. 
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6.2.5 NusA Tag 

NusA is a 55 kDa protein that has been used as a so lubility tag for recombinant proteins 

expressed in£. coli. Fusion to the NusA solubi lity tag was shown to yield high levels of 

soluble protein, reducing both the aggregation and degradation of the target protein (De 

Marco et al. , 2004). A study comparing the NusA tag and the Trx tag, found that the 

NusA tag was a more effective solubility tag for the protein tested (Davis et al. , 1999). 

However it is not possible to predict the relative effectiveness for and particular protein. 

Vectors containing the NusA tag are commercially available (pET43. l) and can be 

purchased from Novagen. 

6.2.6 Cell Free Systems 

To overcome the problem of proteolytic degradation a cell free expression system can 

be utilised. If all the components of translation are provided, mRNA can be translated 

into protein in vitro. in a cell free system (Morita et al. 2003). Lysates derived from E. 

coli cells, rabbit reticulocytes and wheat germ are currently used. These cell free 

systems allow stricter control of the folding environment, as all the components are 

defined . In particular translation inhibitors such as thionin, RNA -glycosidase, tritin, 

ribonucleases, deoxyribonucleases, and proteases are removed by extensive washing. 

Essential substrates (amino acids) , energy source (NTP), and template mRNA are added 

to the reaction mixture. The wheat germ system can yield between 0. 1 and 2.3 mg of 

protein over 2 days of expression, and can be used for up to two weeks . Many proteins 

synthesized using the "wheat germ cell-free protein synthesis system" have correct 

protein folding and activity (Morita et al. 2003). These cell free systems can be 

purchased (from Ambion or Roche) or can be made in the lab for considerably less cost. 
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6.2.7 Structural Studies of Native MCM Enzyme 

The ethical issues associated with obtaining the large quantities of human liver make 

native hMCM purification problematic. Purification of the native mammalian MCM, 

other than human, would enable structural studies. The structure of one of the more 

closely related a 2 type enzymes would provide a more accurate model of the human 

enzyme than the current model based on the ap bacterial structure. Modeling of the N­

terminal region would be greatly improved, as the a 2 type MCM enzymes have a more 

conserved sequence in the N-terminal region implicated in subunit dimerisation. 

6.2.8 The MMAA gene 

Mutations in the human MJfA.A gene were found to cause methylmalonic academia. The 

function of the AfJfAA gene product in humans is unknmrn. The predicted protein contains 

the ArgK sequence moti( including a Mg2
"- binding aspartic acid residue and a GTP binding 

motif There are a number of possible in vivo functions including an hMCM chaperone or an 

hMCM cofactor transporter. The predicted J!MAA homologue in the bacterium 

/1Jethy!bacteriwn extorquens (meaB) is required for MCM activity in vitro (Korotkova and 

Lidstrom, 2004 ). This information, hO\vevec vvas published to late it to be of benefit to this 

research. Further vvork is required to determine the in vivo function of the human MMAA 

Once a function for MMAA is established co-expression with hMCM may improve the 

solubility of activity of the hMCM. 

6.2.9 Co-expression with the p Subunit of the Bacterial Homologue 

The P. shermanii MCM is an aB heterodimer. The a subunit contains both the active 

site and 8 12-binding site. The B subunit may play a role in the stability of the a subunit 

of the bacterial MCM. This proposed function is based on expression of the a subunit 

alone in £. coli. When expressed under comparable expression conditions, the a subunit 

was 20-50% soluble, compared to 90% soluble when the subunits were coexpressed 

(Mark Patchett, pers. comm.). The p subunit is translated first and may act as a 

chaperone aiding in the correct folding of the a subunit. Given the high (65%) identity 

between the a subunits of human and P. shermanii MCMs, the~ subunit may perform a 

similar function with the human a subunit, assisting in correct folding and solubility 
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when co-expressed in£. coli. lt is also possible that the a subunit is only stable as an a2 

dimer, in which case the ~ subunit would be of little assistance to the hMCM. 

6.2.10 Expression in£. coli as a Fusion to a Ribosomal Protein 

Express ion of the target protein fused to a ribosomal protein has recently been shown to 

be an effective mechanism for preventing the formation inclusion bodies. Target 

proteins were fu sed to the C-terminus of the ribosomal protein rp23 , and then were 

expressed in an rp2 r £. coli strain. The ribosomes containing the recombinant protein 

were then iso lated, and the recombinant target protein released by proteolysis. With 

expressio n of the hMCM this would allow in vitro dimerisation, after the proteo lys is. 

The ribosomes can then be removed by centrifugation. The prevention of inclusion body 

formation is thought to be due to the phys ical separation of the recombinant protein 

during and after fo lding, preventing se lf association (Sorensen et al. . 2004) 

6.2.l l Treatment of Methylmalonic Acidemia 

A better understanding of the st ructure and function of hMCM would improve our 

overall understanding of the enzyme, and may aid the development of a gene therapy 

technique for patients ·with MMA. As ear ly as 1992 the hMCM gene was trialled in 

gene therapy for patients with MMA, making it one of the first enzymes to be 

invest igated for potential gene therapy. Hepatocytes (liver ce lls) defic ient in hMCM 

could be rescued using retroviral med iated gene therapy (Sawada and Ledley, 1992) . 

The gene for hMCM was also over-expressed in mouse hepatocytes. Mice were injected 

with a plasmid containing the hMCM gene and an in vivo gene delivery system was 

used to target the delivery of the plasmid to the liver. The treatment was largely 

successful with little to no side effects reported, and a significant increase (30-40%) in 

hMCM activity was measured in liver tissue (Stankovic et al. , 1994). 
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A. E. coli Strain Genotypes 

BL2l{DE3) 

F- ompT gal [dcm] [!on] hsdSB (rB- mB-; an£. coli B strain) with DE3, a A prophage 

carrying the T7 RNA polymerase gene 

BL2 l (DE3)OrigamiB 

Delta Ara-leu7697 Delta laCbJ./ Delta PhoA.Pvull phoR araDJ 39 ahpC gal£ ga/K 

rspL F' [ lac (laCZi Q pro] gor522 Tn JO (Tc R trxB Kan (DE3) 

ER2566 

F- I- fhuA2 [!on] ompT lacZ:: T7 genel gal sulA 11 D(mcrC-mrr) 114: :lS IO R(mcr-

73::miniTn 10)2 R(.:gb-210::Tn 10)1 (Tets) endAJ [dc,n] 

TGI rec01504::Tn5 (Kolodnereta/. 1985) 

F·traD36 laclqA(lacZ) MI 5 pro A ""ff+ /sup£ A(hsdJl-mcrB)5 (rk - mk - Mcrff) thi A(lac­

proAB) rec01504::Tn5 

XL-I Blue. 

F'::TnI0proA +B+lacfl t-.(lacZ)Ml 5/recAI endA I gyrA96 (Nair) thi hsdRI 7 (rK-mK+) 

glnV44 re/Al lac 
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B. Rare Codons 

Codon usage in Escherichia coli K/2 lgbbct]: 5048 CDS's (1601642 codons) 

fields: [tri plet[ [frequency: per tho usand I ([ number)) 

uuu 22. 4 ( 35892 ) ucu 8 .5( 1 362 4 ) UAU 1 6 . 3 ( 2614 5) UGU 5. 2 ( 8296 ) 

uuc 16. 6 ( 26571 ) ucc 8. 6 ( 1 377 1 l UAC 12.3 ( 1964 0) UGC 6. 4 ( 10311) 

UUA 13 .9 ( 22256 ) UCA 7. l ( 11421 ) UAA 2. 0 ( 324 0) UGA 0. 9 ( 144 6) 

UUG 13. 7 ( 21974 ) UCG 8 . 9( 1 4 282 ) UAG 0. 2 ( 3 65) UGG 15. 3 ( 24536 ) 

cuu 11 . 0 ( 1 7680) CCU 7. 0 ( 11275 ) CAU 12 . 9 ( 20648 ) CGU 21.0 ( 33673 ) 

CUC 11 . 0 ( 17682 ) CCC 5 . 5 ' 884 8 ) CAC 9.7 1 5569 CGC 22.0 ( 352 42 ) 

CUA 3 . 9 6 1 74 CCA 8. 5 ( 13654 CAA 15. 5 ( 24 76 4 ) CGA 3.5 56641 

CUG 52. 8 ( 84595) CCG 23. 3 ( 3 72 4 3 ) CAG 28 . 8 ( 4618 0) CGG 5. 4 ( 8624 ) 

AUU 30. 4 ( 48 706) ACU 8. 9 ( 14 289) AAU 17. 6 ( 28219 ) AGU 8 . 7 1 3958 ) 

AUC 25. 0 ( 4 00 4 4 ) ACC 23 . 4 ( 37438 ) AAC 21. 7 ( 34689 ) AGC 16. 0 ( 25671) 

AUA 4. 3 686 0 ACA 7 . 0 ( 11260 ) AAA 33. 6 ( 53862) ASA 2.1 32901 

AUG 27. 8 ( 44484 ) ACG 14 . 4 ( 23029) AAG 10.2 ( 1634 7 ASG 1. 2 I 194 5 l 

GUU 18. 4 ( 2 94 5 3) GCU 1 5. 4 { 24 591) GAU 32. 2 ( 51598) GGU 24. 9 { 39815 

GUC 15.2 { 24 380) GCC 25.5 ( 4 0827) GAC 19. 1 ( 30514 ) GGC 29. 4 ( 4 7 113 

GUA 1 0 . 9( 17424 ) GCA 20. 3 ( 32501 ) GAA 39 . 6 ( 63375 ) GGA 7.9 1 26801 

GUG 26.2 1 42 031) GCG 33.6 ( 53883 ) GAG 17 . 8 ( 28481 ) GGG 11.0 ( 17 6001 

Red indicates less tha n IO o codon frcquenc, 

Figure generated fi-om http: www.kazusa.or.jp1codon 

The Rare codons for£. coli that are found in the hMC~l gene: 

countcodon output 

(782 codons) 

fields· ltnplct[ !frequency: per thousand I (I number I) 

uuu 30.7 ( 24 ) ucu 1 9 .2 15 UAU 17.9 (1 4 ) UGU 12.8 ( 1 0) 

uuc 11. 5 (9) ucc 7.7 6 ) UAC 11. 5 (9) UGC 0 . 0 (0) 

UUA 11.5 (9) UCA 12.8 ' 1 0) UAA 5.1 4 UGA 0. 0 (0) 

UUG 11. 5 ( 9) UCG 0 . 0(0) UAG 0 . 0 (0) UGG 9 . 0 (7) 

cuu 30.7(24) CCU 21 .7 (17 ) CAU 9. 0 ( 7) CGU 10. 2 (8) 

CUC 7. 7 (6) CCC 6 . 4 1 5' CAC 9.0 7 CGC 3. 8 (3 ) 

CUA 9. 0 7 I CCA 1 7 . 9 14 ) CAA 12.8 ( 1 0) CGA 10.2 8 ) 

CUG 14.1(11) CCG 1. 3 ( 1) CAG 26.9 ( 21 ) CGG 2 . 6 ( 2) 

AUU 39.6(31 ) ACU 25 6 (20) AAU 23.0(18) AGU 9 . 0(7) 

AUC 14.1 ( 11 ) ACC 11 . 5 (9) AAC 9.0(7) AGC 6 . 4 (5) 

AUA 16.6 ( 13) ACA 17.9 ( 14 ) AAA 39.6 ( 31) AGA 14.1 (11 ) 

AUG 33.2 ( 26 ) ACG 0.0(0) AAG 24.3 ( 19 ) AGG 9 . 0 (7) 

GUU 24.3 ( 1 9) GCU 46.0 (36 ) GAU 39.6 (3 1) GGU 21.7( 17) 

GUC 5 .1 ( 4 ) GCC 12.8 ( 10 ) GAC 11. 5 (9) GGC 7 . 7 (6 ) 

GUA 16.6(13 ) GCA 25.6 ( 2 0) GAA 61 .4 (48 ) GGA 37 . 1 ( 29 ) 

GUG 20.5(16 ) GCG 3 . 8 (3) GAG 11. 5 (9) GGG 7 . 7 (6 ) 

Red indicates less than I% codon frequency 

Figure generated from http://www.kazusa.or.jp/codon/ 
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C. Primers 

Primers are shown 5' to 3 ', with any incorporated restriction sites underlined. 

PCR of the trx gene for cloning into pTYB4: 

pET32aTrxHF GAT ACCGGTATGAGCGAT AAAATT ATTCA 

pET32aTrxHR CCACTGCAGATTAATGATGATGATGATGGT 

PCR of the trx gene for cloning into pTYBl 1: 

pTYBl l.TrxF GGAGATGCTAGCATGAGCGATAAAATTATTC 

pTYB 11.TrxR CACCCCATGGGAAGAATGATGAT 

PCR of the ma/£ gene for cloning into pTYB4: 

pTYB4.MalF CAAGGAACCGGTCATATGAAAACTGAAGAA 

pTYB4.MalR TTGTTGTTGTTCGCTGCAGATTAAGTCT 

PCR of the ma/£ gene for cloning into pTYB 11: 

pTYBl 1.MalF CAAGGAGCTAGCCATATGAAAACTGAAGAA 

pTYBll.M~R GAGCTCCCATGGGTCTGCG 

PCR of the hMCM gene for cloning into pTYB 11 and pTYB 11 derived vectors: 

ACFMCMll GGTGGTTGCTCTTCCAACCTTCATCA 

GCAACAGCCGCTT 

ACRMCMl 1 GGTGGTCCCGGGATT AT ACAGATTGCT GCTTCTT 

PCR of the hMCM gene for cloning into pTYB4 and pTYB4 derived vectors: 

ACFMCM4 GGTGGTCCATGGTTCATCAGCAACAGCCGCTT 

ACRMCM4 

Sequencing Primers: 

ACTYB1-4CBD 

ACTYB1-4T7 

ACTYBl-4lntR 

pTYBl 1-CBD 

TYBI 1.MCSF 

TAC AG A TTGCTGCTTCTTTTCC AAA 

GGGATTACTTTATCTGATGATTCTG 

CG AAA TT AAT ACGACTCACT AT AGGG 

ACCCATGACCTTATTACCAACCTC 

AATTTGTGCGCCGAGTATAAGGAC 

TGAAGGAAGACGATTATTATGGGATTAC 



D. Vector Maps 

Sap I 
Xho I 
EcoR I 

ot I 

Sall 
Nrul 
Nhc I 
Ndcl 

Sma 1-Xma I 
Xho I 
EcoR I 

ot I 

Sall 
ru I 

Spc I 
Sap I 

MCS 

lntein 

CBD 

lntein 

lntein 

MCS 

CBD 

bla(Ap) 

Ml3 ori 

pTYBl l 
ongm 

rop 

lacl 

bla (ApR) 

Ml3 Origin 

pTYB4 ongm 

rop 

lacl 

Figure i. Commercial Expression Vectors Purchased from NEB. These vectors 

were used as a backbone to create the novel expression vectors 
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Bia -

fl origin 

Bia -

on 

rop "--

Ml3 ori 

lacl 

pMEXHCO 

pET-32(a) 

pMal-c2g 

hwnan 
methylmalonyl CoA 
mutase 

,,,,..-thioredoxin 

---­lacZ 

lacl 

-- MBP 

Figure ii. Template Vectors. These vectors were used as templates for PCR of the genes for 

thioredoxin (pET32(a)) , hMCM (pMEXHCO) and MBP (pMALc2g). 
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Sap! 
SmaI 

~ 
bla(Ap) 

Ml3 ori Intein 

maltose binding 
protein pTYBI l.MBP 

ongm 

Lntein 

maltose binding 
protein 

See VMA in tein 

Smal ,:::::­

Nea l 

pTYB4.MBP 

rop 

lac! 

bla (ApR) 

Ml3 Origin 

on gm 

rop 

lacl 

thioredoxin 

Intein 

Sma l 

Neal 
pTYB4 .Trx 

Sma l 

Sap! 

lacl 

See VMA intein 

thioredoxin 

pTYBll.Trx 

See VMA intein 

lac! 

bla (ApR) 

M l3 Origi n 

on gm 

rop 

bl a(Ap) 

M 13 ori 

ongm 

rop 

Figure iii. Showing the Expression Vectors Constructed . To make these vectors the 

CBD of pTYB 11 and pTYB4 was removed and replaced with either thioredoxin or 

Maltose binding protein . Restriction sites at the multiple cloning site used to clone hMCM 

into the vector are shown . 
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thioredoxin 

See VMA intein 

methylmalonyl CoA 
mutase 

pTYB4.thio.MCM 

9795 bp 

maltose binding 
protein 

See VMA intein 

methylmalonyl CoA 
mutase 

See VMA intein 

methylmalonyl CoA 
mutase 

p TYB4 . MBP. MCM 

105-10 bp 

CBD 

pTYB4.MCM 

9598 bp 

bla (ApR) 

M 13 origin 

ongm 

rop 

lac! 

bla (ApR) 

M 13 origin 

ongm 

rop 

lac! 

bla (ApR) 

M 13 origin 

on gm 

• rop 

lac! 

Figure iv. Showing the hMCM cloned into the newly constructed Plasmids. These were 

constructed and the hMCM was expressed from these novel plasmids. 

127 



methylmalonyl CoA 
mutase 

See VMA intein 

CBD 

pTYB I l. MCM 

See VMA intein 

methylmalonyl CoA 
mutase 

bla(Ap) 

M 13 origin 

origin 

rop 

lacl 

bla(Ap) 

M13 ori gi n 

origin 

pTYB 11.thio.MCM 

See VMA intein 

thi oredoxi n 

methylmalonyl CoA 
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Figure v. The Plasmids for N-terminal Tag Fusion. These plasmids were defined but not 

obtained or tested. 
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E. The Affect of the Adjacent Amino Acid on the pTYBll Intein Activity 

C-terminal Residue of In vivo Cleavage with DTT (40 mM) 

the Target Protein Cleavage 4"C 16 "C 

Gly - +++ +++ 

Ala - +++ +++ 

lie - + + 

Leu - + +++ 

Met - +++ +++ 

Phe - +++ +++ 

Val - + ++ 

Gin - +++ +++ 

Ser - ++ +++ 

Trp - +++ +++ 

Tyr - +++ +++ 

Lys - +++ +++ 

Thr 25% ++ +++ 

Glu 50% ++ +++ 

His 50% ++ ++ 

Arg 75% 

Asp 100% Not determined ot determined 

Table i. Effect of the C-terminal residue of a target protein on OTT-induced cleavage of the intein tag 

when pTYB4 is used as the cloning vector . 

Data is based on analysis of cleavage reactions using MBP as the target protein (MYB) with amino acid 

substitutions at the position (- 1) immediately upstream of the cleavage site in the sequence (L-3E-2X-1 /C I). 

(- ) = Less than 10% cleavage; (+) = 30%--49% cleavage;(++) = 50%- 74% cleavage;(+++) 

= 75%- l 00% cleavage. 

Figure adapted from the NEB Impact™ CN Instruction Manual 



% CLEAVAGE AFTER 16 % CLEA Y AGE AFTER 

HOURS* 40 HOURS* 

N-Terminal Residue 4°c 16 °C 23 °C 4°c 16 °C 23°c 

of the Target Protein 
Met 

Ala 40-60 >80 >95 60-90 >90 >95 

Gin 

Gly 

Leu 

Asn 10-40 50-80 75-95 40-60 > 90 >90 

Trp 

Phe 

Tyr 

Val 

Ile 

Asp 

Glu < IO 30-50 50-80 10-20 70-90 70-95 

Lys 

Arg 

His 

Table ii. Effect of the N-terminal Amino Acid of the Target Protein on the Cleavage 

Efficiency of the See VMAI intein in the Vector pTYBI I The amino acid adjacent to the 

cleavage site can have an effect on the cleavage of the intein. The amino acid must be carefully 

selected to optimise the activity of the intein. 

Figure adapted from the NEB Impact™ CN Instruction Manual 
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F. BLAST Alignment Showing the Sequence of the Internal Deletion in 

pTYBll 

Sequence I lcl lpTYB 11.thio , ·ec tor Len gth 74 12 ( I .. 74 12) 

Sequence 2 lcl lSequeneing result s Length 11 6 5 ( I .. I I 65) 

2 

_l oJ 
I II 

, 

OTE:The sta ti sti cs (bit score and expec t rn lue) is calcul ated based on the size of nr database 

NOTE :lf protein translatio n is re,·ersed. please repeat the search w ith reYerse strand o f th e querY sequ ence 

Score = 1669 bits (868), Expect = 0 . 0 
Identities = 955/985 (96 %) , Gaps = 14 /985 (1%) 

Strand= Plus / Minus 

Query: 2143 ggagc tccagggggaaacgcctggtatct tatag cctgtcgggt tcgccacctc g 22 02 
1111111111111 1111111111111 11 111111111111111 I 111 11 

Sbjct: 10 28 ggagcttccaggg--aaacgcctggtatytt-atagtcctgtcgggttcs--cmcctytg 974 

Query: 2203 acttgagcgtcgatttttgtgatgctcgtcaggggggcggagcc atggaaaaacgccag 2262 

111 I I I I I I I I I I I I I I I I I 111111111111111 1111 I I 111111111111111 
Sb jct : 973 act-gagcgtcgatttttgtgatgctcgtcaggggg-cggasc-tatggaaaaacgccag 917 

Query: 2263 caacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcc 2322 

1111111 I 111111111 1111111111 1111111111 1111111111 11 11 
Sbjc : 916 caacgcgcc--ttttacggt-cctggccttt-gctggcc t -gctcacatgtyytt-cc 863 

Query : 2323 tgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgc 2382 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I 11111111111111111111111111111111 
Sbjct: 862 tgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgc 803 

Query : 2383 tcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagctatgg gcactc 2442 
I I I I I I I I I I I I I I I I I I I I I I I I I 11111111111111111111111111111111111 

Sbjct: 802 tcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagctatggtgcactc 743 

Query: 2443 tcagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacg 2502 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 111111111111111 

Sbjct : 742 tcagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacg 683 

Query : 2503 tgactgggtcatggctgcgccccgacacccgccaacacccgctgacgcgccctgacgggc 2562 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 111111111111111 
Sbjct: 682 tgactgggtcatggctgcgccccgacacccgccaacacccgctgacgcgccctgacgggc 623 

Query: 2563 ttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtg 2622 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 111111111111111 
Sbjct: 622 ttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtg 563 
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Query: 2623 tcagaggttctcaccgt atcac gaaacgcgcgaggcagctgcggtaaagctcatcagc 2582 

1111 I 111111111111 11111 11 I I 11111111111111111 I I I I I I I Ii 111111 
Sbjct: 562 tcagaggttttcaccgt atcac gaaacgcgcgaggcagctgcggtaaagctcatcagc 503 

Query: 2683 gtggtcgtgcagcgattcacagatgtctgcctgttcatccgcgtccagctcgttgagttt 2742 

1111111 I 111 I I Ii 111111 I 11 I 11111 i 111 I 111111 I I I 111IIi11I
1

111111 
Sbjct: 502 gtggtcgtgcagcgattcacagatgtctgcctgttcatccgcgtccagctcgttgagttL 443 

Query: 2743 ctccagaagcgttaatgtctggcttctgataaagcgggccatgttaagggcggttttttc 2802 

111 I: 1111 i I!' I I I 111111' 111 '.II Ii' 11 I 1
1 

1
1 i I I 111111111 i 11 'I, 11 Ii I 

Sbjct: 442 ctccagaagcgttaatgtctggcttctgataaarcgggccatgttaagggcggt+::ttctc 383 

Query: 2803 ctgttcggtcaccgatgcctccgtg+::aaggggga:ttctgttcatgggggtaat::gatacc 2862 

1I111 11 I I!!: I I Ii 11 i 11 ! 1111 ! ! i I! 11: I! 1111 I Iii 11 ! 111 Ii 11111 i I 
Sbjc+::: 382 ctgt+::tggtcactgatgcc:ccgtgtaagggggatttc:gttcatgggggtaatgatacc 323 

Quec:y: 2863 2922 

Stjc~: 322 ga~gaaacgagagagga:gctcacgatacggg~~accgacga:gaaca~gcccggt:act 263 

Query: 2923 gga~~gc~gcgagggcaaacaac- _cac 2932 
i I I I i I Ii I j i: I! i j Iii 

Sbjct: 262 ggaacgttg:gagggtaaacaactggcgg:atggatgcggcgggaccagagaaaaa:cac 203 

Que~y: 2 83 :c3ggg:caa­
: iii 

3C42 

Cu2~y: 3S43 ggcga~aa:ggcccgc~~c~cgccgaa3cg:::gg:ggcgg9a cag:gacg3aggc:: 31 
l ! ii l i ! I I 

i I i ! Ii l 
Stjc~: 82 agcgagggcgtgcaa..gaww1~1s9:ra.':: S 3 

Strand ?:~s / M~nus 

_[I 
(I 

Sbjct: 57 gggtgactgcaggaaggggatccggctgctaacaaagcccgaaagg 12 
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