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Chapter 3 
 

Expression and purification of the EcoR124INT system 

 

3.1 Introduction  

 

The functional, biophysical and structural studies of the EcoR124INT system 

required the expression and purification of the subunits of this system and also of 

relevant complexes (S3/M and S3/M/R). 

 

Previous work had developed purification strategies for the S11 and S3 

fragments (Smith et al., 1998), as described in chapter 2.  However a reliable 

purification strategy for the M and R subunits had to be developed.  Following 

cloning of the R subunit, as a native, C- and N-terminal histidine tagged fusion 

protein, DNA sequencing revealed that there had been an error in the published 

DNA sequence (see section 3.3).  Therefore, an alternative purification strategy 

was developed to express and purify protein from one of the original R clones 

(pBGSR124) that had previously proved problematic to purify (C. Dutta, 

personal communication).  

 

The new protocol for the purification of R (described in section 3.4) uses 

bacterial cell disruption by sonication and removal of nucleic acids using 

protamine sulphate, followed by a two-step procedure using both heparin and ion 

exchange (Mono Q chromatography). 

 

The new protocol for the purification of M used bacterial cell disruption by 

sonication and removal of nucleic acids using protamine sulphate salt, followed 

by chromatographic purification using a desalting column (described in section 

3.5). 

 

Following discussion of the purification of the individual domains and subunits 

of the EcoR124INT system, the purification of the S3/M and S3/M/R complexes 

is described (sections 3.6 and 3.7).  Also described in this chapter is the 
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purification of the 30 bp DNA duplex, S3-30 (section 3.8), which was used for 

the biophysical and structural characterisation of the complexes of the 

EcoR124INT system in the presence of DNA. 

 

3.2 Cloning, expression and purification of the R subunit 

 

3.2.1 Introduction 

The aim of this work was to develop a new expression and purification protocol 

for R that would produce sufficient quantities of pure undegraded protein for 

further functional, biophysical and structural characterisation as part of the 

complex S3/M/R. 

 

3.2.2 PCR primer design 

Three primers were designed to allow the production of R in its native and C- 

and N-terminally His-tagged fusion protein forms.  The forward primer RP1 was 

used in all three polymerase chain reactions and contained the restriction site 

NdeI within a flexible tail region.  Both reverse primers RP2 and RP3 contained 

the restriction site for XhoI (see figure 3.1).  Using the primers RP1 and RP2 

would allow the production of an N-terminal His-tagged fusion protein of R 

(P1P2) within the vector pET-28b(+).  Native R can be produced by ligating 

P1P2 into pET-23b(+), as the stop codon at the end of the R gene would prevent 

transcription of the hexa-histidine tag.  The primer RP3 was designed such that 

the R gene would lack the stop codon, allowing the addition of a C-terminal 

hexa-histidine tag (producing PCR product P1P3). 

 
3.2.3 Polymerase chain reaction 

The plasmid pCP1005 (Firman et al., 1985), which contains all three genes for 

the EcoR124I system (S, M and R), was used as the template for the polymerase 

chain reaction (PCR).  PCR was performed as described in Materials and 

Methods (section 2.3.2) to amplify a 3101 bp PCR product containing the R 

gene.  Vent polymerase was used for the extension reaction, as it possesses 3’ to 

5’ proofreading exonuclease activity.  Aliquots of 1 µL and 5 µL were removed 

from the 50 µL PCR reaction and run on a 1 % agarose gel to confirm the correct 

size PCR product, by comparison with a 1 kb DNA ladder (figure 3.2). 
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RP1 

5’- GGATACACATATGACTCATCAGACACACACCATT  –3’ 
 
RP2 

5’- TTATTGAGAAGTTTAAAGGCGTAG CTCGAGACAGCC – 3’ 
 
RP3 

5’- CGTTTATTGAGAAGTTTAAAGGCG CTCGAGACA GCC –3’ 
 
 
      
            
 

 
pcp1005 

 
 
 
Figure 3.1:  Primers used for the amplification of the R gene, to produce 
native R, or N- or C-terminal histidine-tagged fusion protein forms.  In bold 
are the regions of the primers complementary to the R gene to be amplified, in 
italics are flexible regions required by the restriction enzymes (allowing an 
additional 7 bp for NdeI either side of its restriction site). The NdeI and XhoI 
restriction sites are underlined.  RP3 lacked the stop codon at the end of the R 
gene for production of a C-terminal histidine-tagged fusion protein.  Below in 
blue is pcp1005 containing all three genes for EcoR124I (in light blue, the R 
gene).  The red arrow represents the forward primer RP1 and the purple arrow, 
represents reverse primers RP2 or RP3.  The green arrow, represents the start 
codon of the R gene. 

M S R 
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Following amplification of the target gene, the TOPO TA Cloning kit 

(Invitrogen) was used to insert the Taq polymerase-amplified PCR products into 

the plasmid vector, pCR4-TOPO, using topoisomerase I from Vaccinia virus, as 

described in section 2.3.5.  The products of this reaction were analysed by 

restriction digestion, to confirm the presence of the inserts (figure 3.3).  This 

method thus eliminated the need for further PCR reactions, and provided a vector 

from which the R gene could be easily sub-cloned into other vectors should the 

need arise. 

 

3.2.4 Expression vector construct design 

The TOPO clones containing the PCR products P1P2 and P1P3 were then gel 

purified and enzyme digested using NdeI and XhoI.  The plasmids pET-23b(+) 

and pET-28b(+) were digested with the same enzymes and purified by gel 

extraction (figure 3.4).   

 

3.2.4.1 pET-23b(+) and pET-28b(+) 

The expression vectors pET-23b(+) and pET-28b(+) contain a DNA sequence 

encoding an N-terminal and C-terminal hexa-histidine tag, respectively.  Thus 

the fusion tag allows the purification of the protein of interest by divalent metal 

chelate chromatography.  Expression in both cases is under the control of the 

T7lac promoter.  Both vectors contain multiple cloning sites (MCS), enabling 

recombinant screening using Type II restriction endonucleases.  A thrombin 

cleavage site (arginine-glycine) is present between both the N and C-terminal 

hexa-histidine tags and the R protein, allowing the removal of the tag by 

thrombin digestion. 

 

3.2.5 Recombinant screening 

Following transformation of selected colonies onto ampicillin (pET-23b) or 

(pET-28b) kanamycin plates, single colonies were picked and used to inoculate 

LB broth to produce recombinant plasmid-DNA stocks.  These plasmid-DNA 

stocks were then screened by restriction digestion (figure 3.5).  Digestion with 

NdeI and XhoI confirmed the presence of a 3101 bp fragment containing the R 

gene.  A number of primers were then designed to allow verification of the 

correct sequence of the R gene (figure 3.6).   
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         M     1        2                  3      4 
 
 
 
 
 
 
 
    Target R gene            
    (3101 bp) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: 1% agarose gel of the PCR products.  M is a 1 kbp DNA ladder 
(NEB). Lanes 1 and 2 represent 1 µL aliquots or the 50 µL PCR reaction; lanes 3 
and 4 represent 5 µL aliquots from the same mixture.  The length of the PCR 
products are shown by the side of the gel.   
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      M     1     2      3      4     5     6     7      8     9    10    11    12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: 1% agarose gel to show the uncut and NdeI/XhoI-digested 
recombinant plasmids obtained from kanamycin resistant clones (pCR4-
TOPO) following transformation of JM109 competent cells.  M is a 1 kbp 
DNA ladder (NEB). Lane 1, pCR4-TOPO plasmid-DNA containing P1P2 
linearised with NdeI, XhoI and both NdeI/XhoI shown in lanes 2-4 respectively. 
Lane 5, pCR4-TOPO plasmid-DNA containing P1P2 linearised with NdeI, XhoI 
and both NdeI/XhoI shown in lanes 6-8 respectively. Lane 9, pCR4-TOPO 
plasmid-DNA containing P1P3 linearised with NdeI, XhoI and both NdeI/XhoI 
shown in lanes 10-12 respectively. 
 
                                               M        1       2           3        4 
 
 
 
            5369 bp         
 
            3666 bp   
            3101bp           
 
 
 
 
 
 
 
 
 
 
Figure 3.4: 1% agarose gel showing the gel purified PCR products and 
digested plasmids ready for ligation.  M denotes a 1 kbp DNA ladder (NEB); 
lane 1 is double digested pET-23b(+); lane 2 is double digested pET-28b(+); 
lanes 3 is double digested PCR product P1P2; lane 4 is double digested PCR 
product P1P3. 

pCR4-TOPO P1P2 pCR4-TOPO P1P2 pCR4-TOPO P1P3 
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    M         1    2     3    4         5    6    7   8   9   10  11  12  13  14  15 16  

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5: 1% agarose gel to show the uncut and NdeI/XhoI-digested 
recombinant plasmids obtained from ampicillin- and kanamycin-resistant 
clones  (pET-28b(+) and pET-23b(+) respectively, following transformation 
into JM109 competent cells. M is a 1 kbp DNA ladder (NEB). Lane 1, pET-23b 
plasmid DNA containing P1P2 linearised with NdeI, XhoI and both NdeI/XhoI 
shown in lanes 2-4 respectively. Lane 5, pET-28b plasmid-DNA containing P1P2 
linearised with NdeI, XhoI and both NdeI/XhoI shown in lanes 6-8 respectively. 
Lanes 9 pET-28b plasmid-DNA containing P1P2 linearised with NdeI, XhoI and 
both NdeI/XhoI lanes 10-12 respectively. Lane 13, pET-23b plasmid-DNA 
containing P1P3 linearised with NdeI, XhoI and both NdeI/XhoI shown in lanes 
14-16 respectively. 

pET-23b P1P2 pET-28b P1P2 pET-28b P1P2 pET-23b P1P3 
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3.3 DNA sequencing of the R gene 

 
3.3.1 Introduction 

The sequencing of the cloned PCR products revealed that in contradiction to the 

published sequence of R (Price et al., 1989), there was an additional cytosine 

nucleotide at position 3064. 

 

In fact, sequencing of pCP1005 and pBGSR124 showed that the error arose in 

the sequence that was submitted to the database and not from a frame-shift 

mutation.  Unfortunately, the reverse primer used in the amplification of 

pCP1005 contained this error such that all the resultant clones lacked the true 

stop codon. 

 

However, an initial test of expression showed high levels of R were produced of 

the correct apparent size, although the protein was insoluble following sonication 

(figure 3.9).  Therefore, a stop codon was encountered close was encountered 

close to the end of the R sequence within the vector sequence. 

 

3.3.2 DNA sequencing analysis of pET-28bP1P2, pCP1005 and pBGSR124   

The entire R gene for the N-terminal hexa-histidine tag fusion protein pET-

28bP1P2 was sequenced using primers listed in figure 3.6.  Following alignment 

with the published sequence (Price et al., 1989), three mutations were evident 

(table 3.1).  The complete DNA sequencing electropherograms are shown in 

appendix II. 

 

To confirm the presence of the first two mutations, pCP1005 was sequenced 

using primers RP1 and RP7 in the forward direction.  The mutation at nucleotide 

position 196, found in pET-28bP1P2 was not evident in pCP1005 (after DNA 

sequencing using primer RP1) due to poor sequence data (see appendix I figure 

1). Therefore re-sequencing of this region will be required in the reverse 

direction using a specifically designed primer.  Sequence data obtained using 

RP7 confirmed that the point mutation present in pET-28bP1P2 (position 1996, 

thymine to cytosine) was probably due to a mutation caused by PCR (see 

appendix I figure 5).     



 64

 

Nucleotide position Amino acid position Amino acid change 
196 65 Glutamic acid to lysine 
1996 665 No change in amino acid 
3064 1022 Frame-shift until end of sequence  

 
Table 3.1: Mutations/difference found by DNA sequencing of pET-28bP1P2 
compared to the published R sequence (Price et al., 1989). 
 
 
 
 
 
RP4 502 5’- AAACGCGGCGTGGCGATTCGT -3’ 522 
 
RP5 902 5’- GCGGTGGGTATATCTGGCACA -3’ 922 
 
RP6 1402 5’- CGTGACGAAAAAGTGCTCAAA -3’ 1422 
 
RP7 1802 5’- CCAGCGCAATGGACAGCAGTG -3’ 1822 
 
RP8 2302 5’- AGTATTGAAAGTGAAAAAGAG -3’ 2322 

 
RP9  264 5’- ATACTGCTCCGTGAAACGCCGCCA –3’ 240 
 
RP10  3128 5’- ACGAATTGGGCTATATTTTTCCGC –3’ 3103 

 
 
Figure 3.6:  Additional primers used for the DNA sequencing of the R gene.   
The primers RP1, RP2 and RP3 (figure 3.1), plus the stock primer T7 promoter 
and T7 terminator, were also used to sequence the start and end of the R gene. 
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DNA sequencing of pET-28bP1P2 detected a frame-shift from the additional 

cytosine at position 3064 (see appendix I figure 1).   Both pCP1005 and 

pBGSR124, a derivative clone containing only the R gene (Janscak et al., 1996), 

also contained an additional cytosine (appendix I figures 2 and 3).  Figure 3.7 

shows the effect that this has on the end of the R gene, and figure 3.8 shows the 

corrected amino acid sequence of the R subunit.  The complete DNA sequencing 

electropherograms are shown in appendix II. 

 
 
The DNA sequence beyond that of the currently accepted stop codon showed that 

pCP1005 and pBGSR124 contained the DNA sequence for the correct stop 

codon to be present in the translated R protein.  However, since the correct R 

gene DNA sequence was not known in advance of designing the reverse primers 

RP2 and RP3, the PCR products amplified from pCP1005 did not contain the 

correct DNA sequence and hence the correct stop for the R gene. 

 

3.3.3 Comparative analysis of the corrected R gene sequence with other genomes 

A BLAST search of the corrected amino acid sequence found several Type I R-

M system R subunits with homology greater than 90%: Actinobacillus 

pleuropneumoniae serovar 1 strain 4074; Haemophilus influenzae R2846, 

Photorhabdus luminescens subspecies laumondii TTO1; and Leptospira 

interrogans serovar Copenhageni strain, Fiocruz L1-130.  

 

If the uncorrected, published R gene sequence is used instead, the only genomes 

found by a Blast search are EcoR124I (accession number P10486), and the 3’-

end of the R genes of EcoprrI and EcoDXXI (accession number P77404, Tyndall 

1997).  This suggests that the submitted C-terminal amino acid sequences of 

EcoprrI and EcoDXXI were based on that of EcoR124I and not on original 

sequencing data.  
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(A)  

 
                                                                                               
3061 TTCAGAAAATCGTCTCGTTTATTGAGAAGTTTAAAGGCGTAG  3102 
     |||||||||||||||||||||||||||||||||||||||||| 
     AAGTCTTTTAGCAGAGCAAATAACTCTTCAAATTTCCGCATC 
1025 F—-R--K--S--S--R--L—-L--R--S--L—-K--A—-Stop 10 34 
 
 
(B)  
 
 

3061 TTC CAGAAAATCGTCTCGTTTATTGAGAAGTTTAAAGGCGTAGGCGGAAAAATATAG 
3117 
     |||||||||||||||||||||||||||||||||||||||||||||| ||||||||||| 
     AAG GTCTTTTAGCAGAGCAAATAACTCTTCAAATTTCCGCATCCGCCTTTTTATATC 
1039 
1025 F—- Q--K--I--V--S--F—-I--E--K--F—-K--G—-V—-G--G—-K—-I—- Stop 

 
 
 
Published amino acid sequence FRKSSRLLRSLKA STOP 
Proposed amino acid sequence FQKIVSFIEKFKGVGGKI STOP 

 
     
 
Figure 3.7: (A) Published R sequence.  (B) Proposed R sequence.  DNA 
sequencing revealed an error towards the C-terminus of the R subunit due to an 
omitted C nucleotide.  This causes a frame-shift, thus altering the translated 
amino acid sequence and position of the stop codon. 
 
 

Additional C nucleotide from published R 
sequence (Patel et al., 1989) 

Overall amino acid sequence change 

Original position of stop codon 

change from published sequence 
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MTHQTHTIAESNNFIVLDKYIKAEPTGDSYQSESDLERELIQDLRNQGYEFISV
KSQSAMLANVREQLQNLNGVVFNDSEWRRFTEQYLDNPSDGILDKTRKIHIDYI
CDFIFDDERLENIYLIDKKNLMRNKVQIIQQFEQAGSHANRYDVTILVNGLPLV
QIELKKRGVAIREAFNQIHRYSKESFNSENSLFKYLQLFVISNGTDTRYFANTT
KRDKNSFDFTMNWAKSDNTLIKDLKDFTATCFQKHTLLNVLVNYSVFDSSQTLL
VMRPYQIAATERILWKIKSSFTAKNWSKPESGGYIWHTTGSGKTLTSFKAARLA
TELDFIDKVFFVVDRKDLDYQTMKEYQRFSPDSVNGSENTAGLKRNLDKDDNKI
IVTTIQKLNNLMKAESDLPVYNQQVVFIFDECHRSQFGEAQKNLKKKFKRYYQF
GFTGTPIFPENALGSETTASVFGRELHSYVITDAIRDEKVLKFKVDYNDVRPQF
KSLETETDEKKLSAAENQQAFLHPMRIQEITQYILNNFRQKTHRTFPGSKGFNA
MLAVSSVDAAKAYYATFKRLQEEAANKSATYKPLRIATIFSFAANEEQNAIGEI
SDETFDTSAMDSSAKEFLDAAIREYNSHFKTNFSTDSNGFQNYYRDLAQRVKNQ
DIDLLI VVGMFLTGFDAPTLNTLFVDKNLRYHGLMQAFSRTNRIYDATKTFGNI
VTFRDLERSTIDAITLFGDKNTKNVVLEKSYTEYMEGFTDAATGEAKRGFMTVV
SELEQRFPDPTSIESEKEKKDFVKLFGEYLRAENILQNYDEFATLKALQQIDLS
DPVAVEKFKAEHYVDDEKFAELQTIRLPADRKIQDYRSAYNDIRDWQRREKEAE
KKEKSTTDWDDVVFEVDLLKSQEINLDYILGLIFEHNRQNKGKGEMIEEVKRLI
RSSLGNRAKEGLVVDFIQQTNLDDLPDKASIIDAFFTFAQREQQREAEALIKEE
NLNEDAAKRYIRTSLKREYATENGTELNETLPKLSPLNPQYKTKKQAVFQKIVS
FIEKFKGVGGKI STOP 
 
Figure 3.8:  Corrected amino acid sequence of the R subunit of EcoR124I.  
The figure shows the translated amino acid sequence to highlight 
mutations/differences in amino acid sequence.  In red, the change in amino acid 
sequence from published sequence and in blue, no change in amino acid residue.  
The change in terms of Mr (119655 Da to 120120 Da) and pI (6.23 to 5.95), 
however, is small. 
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Figure 3.9: SDS-PAGE of the pET-28bP1P2 R subunit.   Lane MB is 
BenchmarkTM protein ladder (Invitrogen); lane 1 the insoluble fraction following 
sonication; lane 2, the soluble fraction following sonication; lane 3 represents the 
flow through from a 1 mL HiTrap HP nickel column and lanes 4 to 8 are the 
fractions across the elution peak.  

   R 
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3.4 Purification of the R subunit (pBGSR124) 

 

Instead of repeating the cloning of R, it was decided to improve the current 

purification of the wild-type clone pBGSR124, or develop a new method. The 

previous method took several days to complete and often resulted in the 

degradation of the R subunit.   

 

The expression conditions were based on growth conditions used for the M 

subunit (see section 3.5).  Cell lysis by sonication is described in section 2.5.3.1.  

Removal of contaminating nucleic acids by protamine sulphate was tested, which 

had been found to remove nucleic acids successfully for the M subunit (see 

section 3.5).  Analysis by measuring absorbance at 260 nm showed that greater 

than 90% of contaminating nucleic acids could be removed by this method.  

Secondly, it was shown that there was no need for a high-speed 40000 g 

ultracentrifugation or a 70% ammonium sulphate precipitation, as no 

improvement in removal of contaminating proteins and nucleic acids was 

observed, although other bacterial cell components such as lipids, may be 

removed by these additional steps.  A 1 mL HiTrap DEAE column was tried as 

the first chromatographic step, based on previous work (Zinkevich et al., 1997).   

However, this method failed, with the majority of R eluting in the flow through 

(figure 3.10). 

 

3.4.1 Heparin chromatography 

Purification using a heparin HiTrap column was then tested as an alternative.  

Four 1 mL HiTrap heparin columns were connected in series and equilibrated.  

Heparin chromatography can be used to purify DNA-binding proteins (Capila et 

al., 2002).  The R subunit is capable of binding non-specifically to plasmid DNA 

at µM concentrations (Zinkevich et al., 1997). The elution was performed as 

described in section 2.5.3.3.  A typical elution profile and SDS-polyacrylamide 

gel is shown in figure 3.11.  All of the target protein eluted from the column in 

about 400 mM NaCl.  
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3.4.2 Ion exchange chromatography 

An isoelectric point (pI) of 5.95 was estimated using the ExPaSy ProtParam tool, 

(Gasteiger et al., 2005).  Therefore, equilibrating a 0.982 mL ion exchange Mono 

Q HR 5/5 chromatography column (Amersham Biosciences) in a buffer at pH 8.0 

will ensure that there will be a net negative charge on the R protein so that in 

theory, it will bind to a positively charged column, e.g. Mono Q.  The 

appropriately pooled fractions following heparin were dialysed overnight into 10 

mM Tris-HCl pH 8.0, 1 mM EDTA, 50 mM NaCl to decrease the concentration 

of NaCl, centrifuged at 10000 g for 20 minutes at 4 ºC, and applied to the column 

at 1 mL/min.  Once the protein had been loaded onto the column, the column was 

washed through with 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 50 mM NaCl.   The 

R protein was eluted as described in section 2.5, at approximately 400 mM NaCl.  

A typical elution profile and SDS-polyacrylamide gel is shown in figure 3.12.  

All of the target protein bound to the column, as judged from the lack of R in the 

flow-through. 

 

The R subunit was judged to be greater than 95% in purity after this second 

chromatographic procedure and hence no further purification was needed before 

formation of an S3/M/R complex (see section 3.6).  A representative UV 

spectrum of R is shown in figure 3.18 B. 
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      MB     L      FT     160    170      180   190    200     210    220     230    240    250  
 
 
R 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: 12.5 % SDS-PAGE of the elution profile from a DEAE 
Sepharose column.  Following protamine sulphate precipitation, the sample was 
diluted to a NaCl concentration of 100 mM and loaded onto a 1 mL HiTrap 
DEAE FF column at 1 mL/min, collecting 1.8 mL size fractions.  Lane MB is 
BenchmarkTM protein ladder (Invitrogen).  A 0.1 to 400 mM NaCl gradient over 
20 column volumes was used to elute R. The numbers over the gel correspond to 
the elution volume (mL). 
 



 72

(A) 

(B) 
                                MB   L     FT   52     54     56    58    60    62    64 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Heparin chromatography elution profile of the R subunit (A) 
and 12.5 % SDS-PAGE of the selected fractions (B).  Following protamine 
sulphate precipitation, the sample was diluted to a NaCl concentration of 100 
mM and loaded (L) onto 4 x 1 mL HiTrap heparin columns at 1 mL/min, 
collecting 1.8 mL fractions.  FT signifies the flow through.  R was eluted using a 
0.1 to 2 M NaCl gradient over 15 column volumes. The numbers over the gel 
correspond to the elution volume (mL).  Lane MB is BenchmarkTM protein ladder 
(Invitrogen).  In blue is the absorbance at 280 nm, in red is the conductance in 
mS/cm 
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(A) 

(B)     MB    L     FT  60.1  61.6  62.1   62.6  63.1   63.6   64.1    64.6 
      
R 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: Mono Q chromatography elution profile of the R subunit and 
12.5 % SDS-PAGE of the selected fractions.  Following heparin 
chromatography, the pooled fractions containing R were diluted to 100 mM NaCl 
and applied to a 1 mL Mono Q column at 1 mL/min, collecting 0.5 mL fractions.  
R was eluted using a 0.1 to 2 M NaCl gradient over 15 column volumes. The 
numbers over the gel correspond to the elution volume (mL).  Lane MB is 
BenchmarkTM protein ladder (Invitrogen).  Fractions 60.1 mL to 62.6 mL were 
pooled and used for formation of a S3/M/R complex (section 3.7). 
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3.5 Expression and purification of the M subunit (pUM120) 
 

3.5.1 Introduction 

The formation of a complex of S3/M and S3/M/R first required the expression 

and purification of S3, M and R, before reconstitution to form an active 

methyltransferase or restriction endonuclease.  Previously, the purification of M 

had proved problematic in both the time involved for its purification and in its 

susceptibility to degradation.  A new purification procedure was therefore 

developed to decrease the time needed to purify M and prevent degradation. 

 

3.5.2 Removal of contaminating nucleic acids 

The published purification of M required the use of PEI-cellulose for the removal 

of DNA.  Due to the low nucleic acid removal and loss of protein, an alternative 

strategy was employed.  Various alternatives to PEI-cellulose were tested. These 

included PEI-600, hydroxyapatite and protamine sulphate.  The first three 

alternatives were disregarded due to the inability to separate free protein from a 

complex of DNA and or PEI / hydroxyapatite, which formed a pellet following 

centrifugation. 

 

Protamine sulphate in the presence of 500 mM NaCl was found to remove > 90% 

DNA, and so was adopted as the standard way to remove contaminating nucleic 

acid before column chromatography.  In contradiction to the published method, 

the ammonium sulphate resulted in no further purification of M and so was 

omitted.   However this step was probably used to concentrate the sample. 

 

3.5.3 Desalting chromatography 

In order to remove the salt present following the protamine sulphate step, the 

sample was applied to a 5 mL HiTrap desalting column (which contains 

SephadexTM G-25 Superfine resin).  However, it was discovered that the M 

subunit precipitated on the column.  The majority of contaminating bacterial 

proteins eluted close to the void volume of the column, while M eluted with the 

NaCl (figure 3.13).  It was later found that the level of purification achieved after 

this single chromatographic procedure was sufficient to form a complex with S3, 

i.e. S3/M (see section 3.6). 
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(A) 

(B) 
 
 
 
 
 
         
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.13: Size exclusion chromatography elution profile of M and 12.5 % 
SDS-PAGE of the selected fractions.  1.5 mL of sample (after protamine 
sulphate precipitation) was loaded onto a 5 mL HiTrap desalting column.  The 
numbers over the gel correspond to the elution volume (mL).  The 12.5 % SDS-
PAGE shows the loaded sample (L) and eluted fractions from 4 to 14 mL.  The 
majority of contaminating proteins eluted close to the void volume, whereas the 
M subunit and a small number of other proteins eluted at the same time as the 
NaCl.    Lane MB is BenchmarkTM protein ladder (Invitrogen). 
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3.6 Purification of the S3/M complex 
 

A complex of S3/M was formed following purification of the individual subunits 

S3 and M.  S3 and M were dialysed separately overnight in a buffer containing 

10 mM Tris-HCl pH 8.0, 1 mM DTT and 100 mM NaCl, at 4 ºC.  It should be 

noted that following dialysis of M, some localised precipitation occurred. To 

remove this, both samples were centrifuged at 10000 g for 20 minutes, 4 ºC.  

However, it was found that the precipitation was mainly due to the small amount 

of contaminating bacterial protein still present, as judged from SDS-PAGE (data 

not shown).   

 

It was also found that following elution of M and S3 from the HiTrap desalting 

and HiTrap HP nickel chelate columns, respectively, that the subunits could also 

be mixed directly at a 1:1 molar ratio without prior dialysis.  When left to 

incubate overnight at 4 ºC with gentle mixing, no precipitation was observed, 

indicating that addition S3 helped to solublize the M subunit.   

 

To confirm the formation of the S3/M complex, a 1 mL HiTrap heparin column 

was equilibrated in IEX1 at 1 mL/min. The dialysed S3/M complex was loaded 

at 1 mL/min. The column was washed through with 5 column volumes (CV) of 

IEX1 and the S3/M complex was eluted with a 0–100 % gradient of IEX2, 

collecting 1.8 mL fractions. The purified complex was found to elute at 

approximately 400 mM NaCl (figure 3.14 A).  Eluted fractions were run on a 

12.5 % SDS-polyacrylamide gel and were shown to contain both the S3 and M 

subunits (figure 3.14 B).   

 

To confirm that there was no free S3 or M remaining in the eluted S3/M 

complex, the pooled fractions were concentrated using a 30 mL, 30 kDa 

molecular weight cut-off (MWCO) Vivaspin and applied to a Superose 12 size 

exclusion column which had been equilibrated in IEX1. A 200 µL sample was 

loaded onto a 24 mL Superose 12 gel filtration column equilibrated in IEX1 pH 

8.0 at a flow rate of 0.4 mL/min, and 400 µL fractions were collected.  The 

fractions were analysed by SDS-PAGE and this indicated that there was no free 

S3 or M present (data not shown).  If not used immediately the S3/M complex  
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Figure 3.14: Heparin chromatography elution profile of S3/M and 12.5 % 
SDS-PAGE of the selected fractions.  Following overnight incubation of 
equimolar ratios of S3 and M at 4 °C, the sample was dialysed to a NaCl 
concentration of 100 mM and loaded onto a 1 mL HiTrap heparin column at 1 
mL/min, collecting 1.8 mL fractions.  S3/M was eluted using a 0.1-2 M NaCl 
gradient over 15 column volumes. The numbers over the gel correspond to the 
elution volume (mL).  Lane MB is BenchmarkTM protein ladder (Invitrogen). 
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was stored at 4ºC and it was found to be stable for at least 3 months.  A 

representative UV spectrum is shown in figure 3.18 A. 

 

3.7 Purification of the S3/M/R complex 

Following formation and purification of S3/M, the R subunit was added at a 1:1 

and 2:1 molar ratio to form in theory, the R1 and R2 restriction endonuclease 

complexes.  The sample was then dialysed into a buffer containing 10 mM Tris-

HCl pH 8.0, 1 mM EDTA and 50 mM NaCl; DTT was not required.  The sample 

of S3/M and R was left at 4 ºC for 30 minutes.  No precipitation of either S3/M 

or the R subunit was noticed following dialysis and centrifugation at 10000 g for 

20 minutes, 4 ºC.   

 

To confirm the formation of the S3/M/R1 and S3/M/R2 complexes, a 1 mL 

HiTrap heparin column was equilibrated in IEX1 at 1 mL/min. The dialysed and 

centrifuged samples were loaded at 1 mL/min. The column was washed through 

with 5 CV of IEX1. Both complexes were eluted with a 0–100 % gradient of 

IEX2, collecting 0.5 mL fractions. Both the putative complexes of S3/M/R1 and 

S3/M/R2 eluted in a NaCl concentration of approximately 400 mM (figures 3.16 

and 3.17 respectively).  Eluted fractions were run on a 12.5 % SDS-

polyacrylamide gel and shown to contain both the S3, M and R subunit. 

 

However, it was not evident from analysis of the SDS- polyacrylamide gel 

whether there was a 2:1:1 molar ratio of R:M:S3.  The actual stoichiometry was 

later confirmed by sedimentation equilibrium and sedimentation velocity 

experiments (section section 5.3).  The elution profiles following injection of 

S3/M/R1 and S3/MR2 are shown in figures 3.16 and 3.17, respectively, together 

with SDS-PAGE analysis of the fractions.   Representative UV spectra of the 

S3/M/R1 and S3/M/R2 complexes are shown in figure 3.15 B and C respectively. 
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Figure 3.15: Calculation of the concentration of S3/M, R, S3/M/R1 and 
S3/M/R2.  (A) S3/M (B) In blue the R subunit; in red S3/M/R1 and in green 
S3/M/R2.  The absorbance was measured in a 1 cm pathlength glass cuvette 
using an Applied Biosystems UV spectrophotometer.  The absorbance from 350 
nm to 220 nm was auto-zeroed against the same cuvette containing only buffer.  
The concentration was then calculated using the extinction coefficient.  All traces 
are of the complexes and the R subunit after their final purification step. 
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Figure 3.16:  Heparin chromatography elution profile of S3/M/R1 and SDS-
PAGE of the eluted fractions of S3/M/R1. Following overnight incubation of 
equimolar ratio of R to a preformed S3/M at 4 °C for 30 minutes, the sample was 
dialysed to a NaCl concentration of 50 mM and loaded onto a 1 mL HiTrap 
heparin column at 1 mL/min, collecting 0.5 mL fractions.  S3/M/R1 was eluted 
using a 0.1-2 M NaCl gradient over 15 column volumes. The numbers over the 
gel correspond to the elution volume (mL).  Lane MB is BenchmarkTM protein 
ladder (Invitrogen); L is the loaded fraction and FT is the flow-through. 
 



 81

(A) 

(B)            M B     L      FT  61.1  61.6  62.1   62.6  63.1 63.6   64.1  64.6  65.1   65.6 
 
R 
 
 
 
 
 
 
S3 
 
 
 
 
 
 
 
Figure 3.17:  Heparin chromatography elution profile of S3/M/R2 and SDS-
PAGE of the eluted fractions of S3/M/R2. Following incubation of a 2:1 ratio 
of R to a preformed S3/M complex at 4 °C for 30 minutes, the sample was 
dialysed to a NaCl concentration of 50 mM and loaded onto a 1 mL HiTrap 
heparin column at 1 mL/min, collecting 0.5 mL fractions.  S3/M/R2 was eluted 
using a 0.1-2 M NaCl gradient over 15 column volumes. The numbers over the 
gel correspond to the elution volume (mL).  Lane MB is BenchmarkTM protein 
ladder (Invitrogen) ); L is the loaded fraction and FT is the flow-through. 
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3.8 Purification of the 30 bp DNA duplex, S3-30 

The 30 bp double stranded DNA duplex, S3-30, was formed by annealing two 

complementary single stranded oligonucleotides, as described in section 2.7.  

The DNA duplex was then purified by gel filtration chromatography using a 

Superdex-75 HR 10/30 column, which had been equilibrated in annealing buffer.  

Figure 3.18 A indicates that there was only a single elution peak close to the void 

volume.  To check that there were no free single-stranded oligonucleotides 

present, the eluted fractions, together with the single stranded oligonucleotides 

that were used to form the duplex, were run on a 16 % non-denaturing 

polyacrylamide gel (figure 3.18 B).  This confirmed that there were no other 

contaminating nucleic acids present. 

 

Following gel filtration, the pooled eluted fractions containing S3-30 were 

desalted using a 5 mL HiTrap desalting column, lyophilised, and could be stored 

at –20 ºC.  

 

3.9 Discussion 

High levels of expression and purification of the subunits of the EcoR124INT 

system and of the complexes S3/M and S3/M/R have now been achieved.  Two 

new purification strategies have been developed, using the existing clones 

pUM120 (M) and pBGRS124 (R), which had both previously been difficult to 

purify following expression.  A 2 L volume of bacterial cells would typically 

produce 10 mg of pure S3, 10 mg of R and over 50 mg of the M subunit, 

allowing sufficient quantities of the S3/M and S3/M/R complexes to be purified 

for functional, biophysical and structural characterisation (chapters 4 to 6). 

 

DNA sequencing of the pET-28bP1P2 N-terminal histidine-tagged fusion protein 

revealed that the published sequence of the R subunit from EcoR124I was 

incorrect.  An additional cytosine nucleotide had been omitted close to the 3’ end 

of the DNA sequence, such that the published position of the stop codon was 

incorrect.  Blast alignments with related R DNA sequences suggested that the 

modified sequence was more closely related to other Type I R-M systems. 
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Figure 3.18:  Purification of the 30 bp DNA duplex, S3-30.  (A) Purification 
of the dsDNA duplex using a Superdex 75 gel filtration 23.6 mL column.  In blue 
is the absorbance at 280 nm; in green is the absorbance at 256 nm and in red, the 
conductance in mS. The elution volume was approximately 8.3 mL.  (B) Lanes 
1-8 represent the 0.4 mL fractions taken through the elution peak on a 16 % non-
denaturing polyacrylamide,  Lanes 9 and 10, respectively, are the forward and 
reverse single-stranded oligonucleotides used in the annealing reaction to form 
the 30 bp DNA duplex. 
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In light of this information, the N-terminal His-tagged fusion protein of R 

contained a stop codon 13 amino acids into the pET-28b DNA sequence.  Both 

the native and C-terminal His-tagged protein did not contain the correct stop 

codon.  Hence this is a possible explanation for the insolubility of all three of 

these cloned proteins. 

 

However, it would be worth confirming this observation by DNA sequencing in 

the reverse direction using another specifically designed primer.  This raises an 

additional question of how the hybrid R protein that combines parts of EcoR124I 

and EcoprrI  (Pennadam et al., 2004) was cloned, bearing in mind that the 

submitted sequences were incorrect. 

 


