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Abstract 

Antimicrobial peptide Bac7(1-35) production using the PST-SPP system in 

E. coli 

  There are a number of toxin-antitoxin (TA) systems discovered in E. coli and 

many of these TA systems have been characterized. MazF, one of the toxins 

from E.coli, functions as an ACA-specific endoribonuclease in cells. Taking 

advantage of MazF endoribonuclease activity in E. coli, a new expression 

system, the Single-Protein Production (SPP) system was developed. 

 

  In the SPP system, all E. coli cellular mRNAs are eliminated when MazF is 

induced.  However, the mRNA of a target protein is engineered without ACA 

sequences while conserving the amino acid sequence so that it remains 

singularly intact when MazF is induced. Therefore E. coli is converted into a 

bioreactor producing only target proteins, making it especially effective for toxic 

proteins such as membrane proteins and antimicrobial peptides. 

 

  One of the difficult to express proteins in E. coli is an antimicrobial peptide 

(AMP) because of its toxicity to bacteria. Since the first discovery of the defensin 

peptide, a number of AMPs have been isolated. One of the reasons why AMPs 

are attractive to researchers is that while conventional antibiotics create their 

resistance, leading to multi-drug resistant bacteria and causing serious problems 

in treating inflectional diseases, AMPs do not create drug-resistant bacteria 

because there are multiple intra-cellular targets for AMPs. In addition, it is 

relatively easy to modify the peptide sequences and possibly enhance the 

selectivity of its activity to bacterial cells with such changes.  
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  Bac7(1-35) is a bovine AMP of 35 amino acid residues and is a Pro- and Arg- 

rich peptide.  Previous studies using X-ray structure analysis have revealed one 

of the mechanisms of its toxicity to bacteria. Since Bac7(1-35) inhibits protein 

synthesis by binding to 70S ribosome, it is difficult to express in E. coli in its 

functional form.  

 

  While chemical synthesis methods have been applied to most AMP production, 

some recombinant expression systems such as E. coli and yeast systems have 

been successful by fusing AMP with large expression tags such as Maltose 

Binding Protein (MBP), Gluthathione S-Transferase (GST) and Small Ubiquitin-

like Modifier protein (SUMO).  However, no effective method to produce Bac7(1-

35) has yet been developed. 

 

  Here I developed a novel expression system in E. coli, combining Protein S, a 

spore coat protein from Myxococcus xanthus with the SPP system for 

antimicrobial peptide production.  This system produces a fusion protein which 

functions the same as the protein without the Protein S tag (PST).  After 

overexpression of Bac7(1-35) using the PST-SPP system, PST-Bac7(1-35) is not 

only soluble, but also it functions as an antimicrobial peptide without cleaving the 

protein S tag from the fusion protein. This technology enables us to obtain a 

large amount of antimicrobial peptide in E. coli in a cost effective way. 
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Replacement of Arg residues in MazFbs with canavanine alters its 

specificity 

  I also explored expanding the capabilities of the SPP system to incorporate 

amino acid analogues, in particular the toxic arginine analogue, canavanine, in 

order to observe how protein function is altered with such substitutions. 

Canavanine is originally extracted from jack beans, and well known as a toxic 

amino acid analogue to cells. The mechanism of the toxicity is possibly due to 

the pKa of guanidino group in canavanine being 7 while that of arginine is 11. 

This charge difference causes an abnormal charge network once canavanine is 

incorporated into the protein leading to an eventual loss of the proper protein 

structures in the cells. To understand protein functions, site-directed mutagenesis 

has been commonly used. In addition, site-directed mutagenesis using amino 

acid analogues and amber codons together with modified tRNA ligase was 

developed to further characterize protein function. Although these systems are 

highly useful in studying residue specific function, a change in the protein 

conformation might not necessarily result in a functional change when the effect 

of site-directed mutagenesis is subtle. To better characterize protein function, not 

only site-directed residue replacement but also global replacement is necessary. 

 

  Here, the SPP system is combined with an arginine auxotrophic strain, allowing 

canavanine to be incorporated into protein efficiently without showing its toxicity 

to the cells. This is because when MazF is expressed and cell growth is arrested, 

the cells use canavanine for only target protein production. As an example, 

MazFbs, a MazF homologue from Bacillus subtilis and a UACAU specific 

endoribonuclease, is used as a model protein. Incorporating canavanine into 
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MazFbs caused MazFbs(can) to become more helical in structure but less stable 

in comparison to MazFbs because the conformation of the protein was changed. 

This is considered to be due to the change in the pI of MazFbs(can), altering the 

recognition sequence for cleavage to UACAUA rather than the original MazFbs 

UACAU recognition site. This is the first example of alteration of the RNA 

restriction enzyme recognition site by incorporating a toxic amino acid analogue. 

 

Construction of a residue- and stereo-specific methyl labeling method by 

engineering E. coli 

  Thirdly, since the auxotrophic strain is highly useful for specific amino acid 

labeling, I established a cost effective labeling system for NMR structural studies. 

Large molecular weight proteins have some dynamics, and their function and 

dynamics have been characterized by NMR spectrometry. However, deuteration 

of proteins larger than 20-kD proteins is necessary and methyl specific 

protonation of Ile, Leu and Val residues is commonly used to study its dynamics. 

For 80 kDa or larger proteins, Stereo Array Isotope Labeling (SAIL) amino acids, 

in which the amino acid is stereo-specifically labeled, are used as it can 

dramatically reduce proton density compared to proteins labeled with common 

labeling precursors such as α-ketoisovalerate and α-ketoisobutyrate. However, 

since SAIL amino acids are extremely expensive, they have not been widely 

used in the NMR community. Thus, the establishment of an economical method 

for a high expression system using the minimum amount of SAIL amino acids is 

highly desirable. Here, I engineered the E.coli strain BL21(DE3), a standard 

expression host for residue-, stereo- and methyl-specific labeling systems, to use 

minimal SAIL amino acids. As a result, I was able to reduce the usage of SAIL 
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amino acids up to 10% compared to the standard method while maintaining 

protein production efficiency.    

 

  Lastly, I developed an alternative expression/labeling system for residue- 

stereo- methyl-specific labeled sample preparation for NMR using the common 

precursor, 2-acetolactate. In this system, the stereo specifically isotope-labeled 

2-acetolactate is combined with genetically engineered E. coli, which allows 

proteins to be labeled in residue specific manners. Using a standard strain, Val- 

specific labeling is possible but Leu-specific labeling is difficult when using 2-

acetolactate. To circumvent this, I engineered a biosynthetic pathway in E. coli to 

allow the cells to use 2-acetolactate for either Leu or Val synthesis so that either 

Leu or Val in a target protein can be labeled in a residue- and stereo- specific 

manner. Since auxotrophic strains were applied, the usage of the isotope labeled 

2-acetolactate was reduced from 300 mg/L to 40 mg/L. To demonstrate the 

effectiveness of this system, I applied this method to Malate synthase G (MSG), 

which consists of 723 amino acid (83 kDa), Catabolite Activator Protein (CAP), a 

47 kDa homodimer protein, and the peptidyl-prolyl isomerase domain of Trigger 

Factor, a 101 residue protein.  
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 Introduction 

I. Toxin-Antitoxin (TA) system  

  The toxin-antitoxin (TA) system in bacteria consists of a stable toxin and an 

unstable antitoxin which is sensitive to stress-induced bacterial conditions such 

as proteases like Lon. Under normal growth conditions, the toxin forms a stable 

complex with its antitoxin, neutralizing the toxicity to cells. The genes for the toxin 

and antitoxin are located in the genome as an operon, and its transcription is 

negatively regulated by the antitoxin itself or the TA complex.  The TA system 

located on the ccd operon was originally discovered about 30 years ago on the 

F-plasmid of E. coli, and was found to play a role in maintaining plasmids in the 

host bacteria (Ogura and Hiraga 1983). Since the first discovery of TA systems, a 

number of different TA systems have been identified from bacteria and archaea 

(Pedersen et al. 2003; Zhang et al. 2003b; Zhang et al. 2005b; Motiejūnaite et al. 

2007; Schmidt et al. 2007; Jørgensen et al. 2009; Yamaguchi et al. 2009; 

Yoshizumi et al. 2009; Zhang and Inouye 2009; Christensen-Dalsgaard et al. 

2010; Yamaguchi et al. 2012), and subsequently classified into three types. 

 

The Type I TA system 

  In the Type I TA system, the gene expression of a toxin gene is regulated by a 

transcribed antisense RNA from the same toxin region in the reverse orientation 

(Kawano et al. 2002; Vogel et al. 2004; Kawano et al. 2007) (Fig. 1A).   

  Two mechanisms of toxin gene regulation by antisense RNA have been 

proposed. One mechanism suggests that the antitoxin RNA binds to the SD 

sequence of the mRNA of the toxin, preventing ribosome binding and resulting in 

translation inhibition (Kawano et al. 2007). The other mechanism proposes that 
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antitoxin RNA binds to the toxin gene, which induces mRNA degradation and 

results in translation inhibition (Jahn et al. 2012). In terms of physiological 

function, one of the type I TA systems, hokB-sokB is involved with persistence 

(Verstraeten et al. 2015). When the cells are exposed to nutrient limited 

conditions, the stringent response is triggered where RelA increases the 

alarmone ppGpp levels in the cells. The ppGpp binds to one of the GTPase Obg, 

and Obg induces HokB, expression.  This results in the disruption of membrane 

potential since HokB is a small membrane protein and eventually leads to 

persistence by inducing a dormant state in the cells (Verstraeten et al. 2015).   

 

The Type II TA system 

  Among the TA systems, the type II TA system has been most extensively 

studied 

(Aizenman et al. 1996; Pedersen et al. 2003; Yamaguchi et al. 2009; Zhang and 

Inouye 2009; Christensen-Dalsgaard et al. 2010). There are some common 

features shared in the Type II TA system(Yamaguchi and Inouye 2009) (a) each 

TA system is encoded by an operon consisting of two small genes usually 

overlapping by a few bases or apart by only a few bases (Yamaguchi and Inouye 

2009); (b) a toxin and its antitoxin form a stable complex to block the function of 

the toxin (Fig. 1B); (c) the pI values of the toxin proteins tend to be basic, on the 

other hand, their antitoxin proteins are acidic (Yamaguchi and Inouye 2009). 

These opposite pI values are considered to stabilize the formation of TA 

complexes; (d) the antitoxin is unstable compared to the toxin in the cell, 

therefore, the antitoxin has to be expressed continuously to prevent the toxicity of 

the toxin (Aizenman et al. 1996); (e) under stress conditions, the degradation of 
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antitoxins by induced proteases frees toxins from the TA complexes in the cells, 

causing cell death or cell growth arrest (Aizenman et al. 1996; Christensen-

Dalsgaard et al. 2010); (f) the TA complex binds to a palindromic sequence in the 

promoter region of the TA operon, and as a result, the TA complex functions as 

the repressor for the transcription of the TA operon (Marianovsky et al. 2001; 

Kedzierska et al. 2007) 

 

The Type III TA system 

  A distinguishing feature of the type III system is that the antitoxin RNA 

sequence is composed of 34-36 nucleotides repeated 2-6 times.  This antitoxin 

RNA binds to the toxin to neutralize the toxicity (Blower et al. 2009; Fineran et al. 

2009; Bélanger and Moineau 2015). Recently, the X-ray structure of one of the 

Type III systems, ToxI-ToxN was determined (Blower et al. 2011), revealing that 

the RNA antitoxin, ToxI-RNA (36 nucleotides) interacts with three ToxN 

monomers to generate a trimeric ToxN-ToxI complex. In addition, ToxN proteins 

have a sequence-specific ribonuclease activity responsible for their toxicity and 

for the processing of their RNA antitoxins (Short et al. 2013).  Besides its TA 

function, some of the TA systems have been shown to have anti-phage activities 

(Fineran et al. 2009; Bélanger and Moineau 2015).  
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Figure 1. The Toxin-Antitoxin (TA) systems. 

Regulation of TA systems. The figure is modified from Yamaguchi and Inouye, 

2011. (A) Regulation of type I TA systems. The toxin and antitoxin (antisense 

RNA) genes are transcribed separately. Antitoxin RNA binds to the toxin mRNA 

to form a complex, inhibiting translation of the toxin. (B) Regulation of type II TA 

systems.  mRNAs of the antitoxin and toxin are synthesized from the same 

promoter and translated to produce proteins. The toxin forms a complex with its 

antitoxin, inhibiting the toxicity of the toxin to auto-regulate the TA module. 

Antitoxins are subjected to cleavage by ATP-dependent proteases under stress 

conditions, releasing the toxin from the TA complex to bind its cellular target. The 

activity of toxin leads to bacterial cell growth inhibition and to eventual cell 

death. (C) Regulation of type III TA systems. RNA antitoxin inhibits toxin protein 

by binding to the toxin.  
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II. mRNA interferase 

MazF, an ACA-specific endoribonuclease 

A toxin gene, mazF is localized on the chromosome as an operon with its 

cognate antitoxin, mazE (Fig. 2A). Among all the TA systems, the MazE-MazF 

system has been the most extensively studied. MazF functions as a toxin with a 

stable form while the antitoxin MazE is unstable.  Together they form a complex 

consisting of one MazE homo dimer and two MazF homo dimers (Zhang et al. 

2003a), which was substantiated by the X-ray structure of the MazE-MazF 

complex (Fig. 2C) (Kamada et al. 2003). When cells were exposed to stress 

conditions, MazE was rapidly degraded by a stress-induced serine protease ClpA 

(Aizenman et al. 1996), releasing MazF from the MazE-MazF complex to exert its 

cellular toxicity (Fig. 2A) (Inouye 2006). Furthermore, the negative regulation by 

the MazE homodimer and the MazE-MazF complex is lost due to degradation of 

MazE (Marianovsky et al. 2001; Zhang et al. 2003a). This initiates the 

transcription of mazE-mazF, producing both MazE and MazF proteins.  Since the 

cell is under stress conditions, MazE is rapidly degraded to release free MazF in 

the cells to promote cell death (Fig. 2A).  It has been shown that MazF functions 

as an ACA-specific endoribonuclease, cleaving ACA sites in single-stranded 

mRNA but not in single-stranded DNA (Fig. 2B) (Zhang et al. 2003b; Zhang et al. 

2005a). It was also found that the 2’-OH group is important and required for 

cleavage by MazF. Cleavage generates a free OH group at the newly formed 5’-

end and a cyclic 2’ 3’-phosphate at the end of the previous residue (Zhang et al. 

2005a).  

 Various stress condition can trigger the activation of MazF.  Those conditions 

are; (1) exposure to antibiotics such as chloramphenicol, rifampicin and 
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spectinomycin, which inhibit translation and/or transcription (Sat et al. 2001); (2) 

amino acid starvation which causes ppGpp production (Aizenman et al. 1996); 

(3) exposure to thymine-less conditions (Sat et al. 2003); (4)  exposure to a toxin, 

Doc, which inhibits the translation of MazE (Hazan et al. 2001); (5) some other 

stress conditions such as high temperature, oxidative conditions, and DNA 

damage (Hazan et al. 2004). 
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Figure 2. The Toxin-Antitoxin system, MazF-MazE system 

The figure is adapted from Inouye, M 2006 and Kamada K. et al. The figure 

legend is in the following page. 

 

 

 

 

 

transformedwith this plasmidwas completely inhibited
upon addition of arabinose (Zhang et al., 2003b). MazF
inductionwas found to inhibit protein synthesis, but not
DNA and RNA synthesis. Purified MazF was able to
inhibit cell-free protein synthesis from E. coli as well as
from rabbit reticulocytes, and this inhibitory effect was
blocked in the presence of MazE. Further characteriza-
tion of purified MazF revealed that it is a sequence-
specific endoribonuclease, which cleaves mRNAs at
ACA sequences (Zhang et al., 2003b, 2005a). Using
various synthetic RNA oligomers, it was found that
MazF cleaves single-stranded RNAs at the ACA
sequences. A single-stranded DNA cannot be cleaved
byMazF even if it has an ACA sequence, however every
nucleotide in the ACA sequence may be a deoxyribonu-
cleotide like dAdCdA, as long as the nucleotide before

the ACA sequence is a ribonucleotide as depicted in
Figure 1B. This indicates that the OH group at the 20

position of this nucleotide is absolutely essential for
MazF function similar to that in the case of ribonuclease
A (Zhang et al., 2005a). The primary cleavage products
from the hydrolysis reaction are a free OH at the newly
formed 50 end and a cyclic 20,30 phosphate at the newly
formed30 end,which is eventually converted to a30 (or 20)
OH group.

MazF forms a stable dimer by itself andwhenMazE is
added, a MazE dimer forms a complex with two dimers
of MazF (Zhang et al., 2003a). The X-ray structure of
the MazE-MazF heterohexamer complex consisting of a
MazE dimer and twoMazF dimers has been determined
(Kamada et al., 2003) (Fig. 1C). In this complex
structure, the extended C-terminal peptide of a MazE

Fig. 1. Regulation of the mazE-mazF operon, the structure of the
MazE-MazF complex and the cleavage specificity of MazF mRNA
interferase. A: Regulation of themazE-mazF operon. MazE and MazF
mRNAs are synthesized from the same operon; one MazE dimer can
bind to two MazF dimers to inhibit MazF endoribonuclease activity
and to autoregulate the TA module. The X-ray structure of the MazE-
MazF heterohexamer complex is shown in (B). MazE dimers are
subjected to cleavage by ClpA and can also autoregulate the addiction
module, but more weakly than the MazE-MazF heterohexamer
complex. MazF dimers, when not bound by MazE, are free to cleave
mRNAs. This MazF endoribonuclease activity leads to bacterial cell

growth arrest and eventual cell death. B: The cleavage specificity of
MazF mRNA interferase (Zhang et al., 2005). Arrows indicate the
cleavage sites, resulting in the formation of a 30-end phosphate group
and a 50-end OH group. rU can be any residues but cannot be replaced
with a deoxyribonucleotide residue, indicating that 20OH at this
position is absolutely required for MazF cleavage. All the other
residues may be deoxyribonucleotides, however for the cleavage at the
second site between A and C residues, the A residue has to be a
ribonucleotide. C: X-ray structure of the MazE-MazF complex from
Kamada et al. (2003). MazE homodimers are in blue/light blue; MazF
homodimers in pink/red and yellow/green.

672 INOUYE

Journal of Cellular Physiology DOI 10.1002/jcp
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Figure 2. The Toxin-Antitoxin system, MazF-MazE system 

The figure is adapted from Inouye, M. 2006 and Kamada et al., 2003. (A) 

Schematic representation of the regulation pathway of the mazE-mazF operon. 

The upstream gene MazE and the downstream gene MazF are co-transcribed 

from a single promoter upstream of the mazE gene. Both MazE and MazF form a 

stable dimer, and the MazE dimer forms a complex with two MazF dimers so that 

the toxicity of MazF is suppressed. The MazE dimer and the MazE-MazF 

complex also bind to a palindromic sequence in the promoter region of the mazE-

mazF operon so that MazE and MazF production is negatively auto-regulated by 

either MazE or the MazE-MazF complex. MazE is much more unstable than 

MazF as it is specifically degraded by ClpA, a stress-induced serine protease. 

Under stress conditions such as amino acid starvation or exposure to antibiotics, 

free MazF in the cell cleaves mRNAs at ACA sequences, resulting in cell growth 

arrest and eventually promoting cell death (B) The cleavage mechanism of MazF 

on the ACA sequence. The 2’-OH group of the rU and A residues are required for 

MazF cleavage on each site as indicated by arrows (Zhang et al. 2005a). Thus, 

MazF cleaves only RNA and not single stranded DNA. (C) X-ray structure of the 

MazE-MazF complex (Kamada et al. 2003). MazE homodimer, blue/light blue. 

MazF homodimers, yellow/green and pink/red. 
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MazFbs from Bacillus subtilis, a UACAU specific endoribonuclease 

  Since the discovery of MazF, a number of sequence-specific endoribonucleases 

in the genome from bacteria and archaea have been identified and characterized 

(Zhang et al. 2005b; Yamaguchi et al. 2009; Zhu et al. 2009; Yamaguchi et al. 

2012). Those enzymes are termed mRNA interferases, one of which seems to be 

involved in developmental programmed cell death (Nariya and Inouye 2008; 

Yamaguchi and Inouye 2009), while the physiological roles of other mRNA 

interferases in bacteria are still not clear. 

  Bacillus subtilis contains a MazF homologue, MazFbs (EndoA) (Pellegrini et al. 

2005), which has been shown to cleave mRNA at U^ACAU (Park et al. 2011). 

MazFbs has high similarity (79.3-96.6%) to MazF homologues from various 

Gram-positive bacteria but not from Gram-negative bacteria (Fig. 3A and 3B). 

The crystal structure of MazFbs has been determined (Gogos et al. 2003) 

showing high homology to the structures of MazFec (Kamada et al. 2003) and 

Kid (Hargreaves et al. 2002). Although there is a very high structural similarity 

between MazFbs and MazFec, MazEec could not neutralize MazFbs toxicity, 

suggesting that each antitoxin has been co-evolved with its cognate toxin 

(Pellegrini et al. 2005; Simanshu et al. 2013). The crystal structure of MazFbs 

with its substrate was determined and it was shown that the MazEbs dimer binds 

to the MazFbs dimer, which prevents RNA binding and cleavage within both 

subunits of the MazFbs dimer (see Figure 2). Since MazE binds to MazF with 

higher affinity than the substrate of MazFbs, MazFbs cannot cleave substrate 

RNA in the presence of MazEbs (Simanshu et al. 2013).   
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A 

B 

Figure 3. Sequence alignments of MazFbs and its homologues  

Sequence alignments of MazFbs with other MazF homologues in Gram-negative 

bacteria (A) and in Gram-positive bacteria (B) (ec: Escherichia coli, mt: 

Mycobacterium tuberculosis, bs: Bacillus subtilis, sa: Staphylococcus aureus, cb: 

Clostridium botulinum, lm: Listeria monocytogenes )  
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III. The single-protein production (SPP) system 

  MazF from E. coli is an ACA-specific endoribonuclease, and cleaves at all ACA 

sequences in mRNA (Zhang et al. 2003b). Its induction in E. coli causes 

degradation of almost all cellular mRNAs, blocking cellular protein synthesis and 

leading to total cell growth arrest since almost all E. coli mRNAs contain ACA 

sequences (Zhang et al. 2003b). However, when a gene of interest was 

engineered without ACA sequences while conserving the amino acid sequence, 

the cells were able to produce the protein from the ACA-less mRNA without 

producing any other cellular proteins under cold shock conditions (Fig.4A) 

(Suzuki et al. 2005; Suzuki et al. 2006).   

  MazF induction creates a novel physiological state called ‘quasi-dormancy’ in 

which cells are metabolically active and capable of producing proteins from ACA-

less mRNA sequences.  These dormant cells are fully capable of amino acid and 

nucleotide synthesis, RNA and protein synthesis as well as ATP production 

(Suzuki et al. 2005).  

   To co-express a gene of interest and MazF, mazF was cloned into the pACYC 

vector which is under a lactose inducible T7 promoter, and an ACA-less target 

gene was synthesized and cloned into the pCold vector which is a cold-shock 

inducible vector (Qing et al. 2004). The human eotaxin gene encoding a 74-

residue cytokine was cloned into the pCold vector and shown as an example.  

  After 2 hrs of MazF induction, background cellular protein synthesis was almost 

completely blocked, however, eotaxin was still produced with 35S-methionine 

incorporated into only eotaxin (Fig. 4B) (Suzuki et al. 2006) 

  A number of other proteins including standard proteins such as Calmodulin, 

EnzvB (a histidine kinase domain) and CspA (a major cold shock protein) (Suzuki 
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et al. 2006; Vaiphei et al. 2010) were also specifically expressed using the 

combination of MazF and the SPP system. Since cell growth was arrested 

without affecting protein synthesis, some toxic proteins such as membrane 

proteins and antimicrobial peptides were effectively produced using the SPP 

system (Mao et al. 2009; Vaiphei et al. 2011). In addition, it was also found that 

the culture for the SPP system can be condensed up to 100 times without 

affecting the final protein yield. Using this condensed SPP (cSPP) system, a one-

liter culture can be condensed to 25 or 10 ml, resulting in a 95% to 99% cost 

savings for isotope labeling in NMR structural studies (Suzuki et al. 2006; Mao et 

al. 2009). Furthermore, a non-natural amino acid was incorporated into a protein 

(Suzuki et al. 2006) using this system.  This capability applied together with an 

auxotrophic strain, allowed toxic amino acids such as canavanine to be 

incorporated into a protein efficiently because the amino acid analogue was only 

used for specific protein production under the quasi-dormant state (Ishida et al. 

2013). 
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A  
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Figure 4. The Single-Protein Production (SPP) system 

(A) The quasi-dormant cells are still fully metabolically active, and therefore if an 

ACA-less mRNA is induced, the cells are capable of producing a protein from 

that mRNA. Thus, that is the only protein produced in the cell resulting in the 

single-protein production (SPP) system. (B) The gene for eotaxin was 

synthesized without ACA-sequences and inserted in pColdI vector. At the times 

indicated after MazF induction, the cells were pulse-labeled with [35S]-methionine 

(Suzuki et al. 2005).  

 

 

	 		

	
	
	
	
	
	
	

	 	
	
		 	

	 	
	 	

		
	

MazF  

capable for ATP production, amino acid and nucleotide

biosynthesis, and RNA and protein synthesis.

In the experiment shown in Fig. 2b [6], the mazF gene
was cloned under a lactose inducible promoter, and a

synthetic ACA-less human eotaxin gene, encoding a 74-

residue cytokine was cloned into a high expression, cold-
shock induced vector, pCold. Eotaxin was indeed exclu-

sively produced in the cells when MazF was co-expressed.

After 2 h of induction, background cellular protein syn-
thesis was almost completely inhibited and at 3 h, 35S-

methionine was incorporated only into eotaxin and most

impressively, the rate of the eotaxin production did not
diminish for at least 96 h. A number of other proteins were

also independently expressed in the same manner to a level

of 20–30% of total cellular proteins as demonstrated by
Coomassie Brilliant Blue staining. In this manner, the SPP

system in E. coli was created. We found that the E. coli
SPP system is universally applicable to any protein
including membrane proteins, provided that its mRNA is

engineered to eliminate all ACA sequences. Notably, any

ACA sequence can be altered to MazF-uncleavable

sequence without changing the amino acid sequence of the
protein of interest irrespective of their location in a gene.

The potential of the SPP system goes beyond currently

available conventional methods. In particular, this system
offers an ideal technology for membrane proteins, as it

potentially eliminates the need for their purification for

NMR structure studies. In addition, it was found that the
culture for the SPP system can be condensed from 10 to

100 times depending on the construct, without affecting the
final protein yield. Using this condensed SPP (cSPP) sys-

tem, a 1-L culture can be condensed to a mere 25 or

10 mL, resulting in 95 or 99% cost saving for isotope
labeling [4, 5]. We have already successfully expressed a

number of membrane proteins from both prokaryotes and

eukaryotes by using the cSPP system.
Since there are currently no general methods to cir-

cumvent the problems uniquely associated with the puri-

fication of membrane proteins, the use of the cSPP system
for structural studies of membrane proteins will open a

completely new avenue for both solution and solid-state

NMR. NMR structural studies of membrane proteins can
proceed without extensive purification or with samples

prepared with a very simple purification procedure to

eliminate the major contaminants that may disturb the
NMR spectra. The cSPP technology also allows screening

of detergents optimal for the NMR structural study of

individual membrane proteins, even prior to developing a
purification protocol for the target protein [1].

Approaches

In the SPP method, isotopes (15N, 13C and 2H in the form
of NH4Cl, glucose and deuterium oxide, respectively) or

isotope-labeled amino acids in the culture medium are

incorporated only into the target membrane protein in E.
coli cells. The membrane fraction isolated from such a

culture, therefore, contains only the target protein isotope-

labeled, which can be detected by NMR spectroscopy.
Although the membrane fraction from such a culture con-

tains hundreds of other membrane proteins, none of them

are isotope-labeled and, therefore, they are not detected in
the NMR spectra (Fig. 3). Importantly, this technology

may be able to significantly improve three other aspects in

the structural biology of membrane proteins. First, as
mentioned earlier, the cost for the use of isotopes and

isotope-labeled compounds may be substantially reduced

over the conventional methods currently used, since the
culture for isotope labeling may be condensed 10- to 100-

fold, reducing the cost to as little as 1% of that incurred

using conventional methods. Second, the ‘‘purification
yield’’ of the membrane protein of interest for the structural

Fig. 2 Exclusive production of human eotaxin in the SPP system. a
The single protein production (SPP) system in E. coli. b The gene for
eotaxin was synthesized without ACA-sequences and inserted in
pColdI vector. At the times indicated after MazF induction, cells were
pulse-labeled with [35S]-methionine [6]

The E. coli single protein production system 83

123
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IV. Dual inducible cSPP systems  

  One of the great advantages of the cSPP system is that the cell culture can be 

condensed after MazF is fully induced. The culture condensation does not affect 

the protein yield, therefore, this leads to substantial cost savings for NMR sample 

preparation using isotope-labeled chemicals such as D2O, 13C-glucose, and 

amino acids. To obtain good signals from NMR analysis, a highly labeled and 

large amount of sample is required. One drawback of the cSPP system is the use 

of IPTG as an inducer for both MazF and the target protein which results in the 

target protein being produced at the same time as MazF. Since culture 

condensation with isotope labeled chemicals can be done 2 hours after the 

addition of IPTG to avoid the incorporation of isotope into cellular proteins, non-

isotope labeled target protein is also produced during this pre-incubation period.   

This can result in a higher background of unlabeled target protein, which may be 

as high as 20% of the final yield of the target protein production (Schneider et al. 

2009). 

  To circumvent this, a system was developed in which the target protein 

production is induced using amino acid.  In this gene expression system MazF 

and a target protein can be induced separately by IPTG in combination with 

amino acid auxotrophs (Vaiphei et al. 2010). Previously, It has been shown that 

His auxotrophic E. coli cells can still produce a protein which does not contain 

His residues in the absence of histidine in the medium without producing any 

other cellular proteins (Hirashima and Inouye 1973). Therefore, when His 

residues in MazF are removed by mutagenesis, MazF(ΔH) can be induced in the 

absence of histidine by using a His auxotroph (Fig. 5) (Vaiphei et al. 2010). In 

this system the target protein is induced by the addition of histidine in the 
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medium 2 hours after MazF(ΔH) induction so that background production of the 

protein is eliminated (Fig. 5) (Vaiphei et al. 2010; Ishida et al. 2013). In the same 

manner, a MazF(ΔW) system in which Trp residues were removed from MazF 

was developed together with Trp auxotrophic cells (Fig. 5) (Vaiphei et al. 2010). 

These systems are highly useful to achieve protein production with high labeling 

efficiency.  
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Figure 5. A comparison of the SPP system and the His/Trp inducible SPP system 

BL21(DE3) cells harboring MazF and pCold-target genes were used. Under the 

normal IPTG induced system both MazF and the target protein are 

simultaneously induced with IPTG. During the 2 hrs of MazF induction that is 

required before condensing the culture into the isotope labeled medium, 

unlabeled target protein was observed (up to 20%). On the other hand, when the 

His auxotroph strain was used with pMazF(ΔH), only MazF(ΔH) was induced in 

the presence of IPTG and in the absence of His in the medium. After 2 hrs of 

MazF(ΔH) induction, the culture was condensed into the isotope labeled medium. 

Thus, unlabeled background was significantly reduced. In the same manner, 

when the Trp auxotroph strain was used with pMazF(ΔW), only MazF(ΔW) was 

induced in the presence of IPTG and in the absence of Trp in the medium. After 

2 hrs of MazF(ΔW) induction, the culture was condensed into the isotope labeled 

medium. Therefore, isotope incorporation was significantly improved compared 

to the basic SPP system (Vaiphei et al. 2010). 
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V. T7 expression system 

  The T7 expression system is the most well-known recombinant protein 

production system in E. coli and many modifications to this system have allowed 

for different expression conditions. After infection by phage λ DE3, the DNA 

sequence coding T7 polymerase was incorporated into the chromosome to 

construct expression host cells such as BL21(DE3), which is under the lacUV5 

promoter,  a variant of lac promoter (Studier and Moffatt 1986) (Fig. 6). For 

protein production, a gene of interest is cloned into a vector which contains the 

T7 promoter (Studier and Moffatt 1986). Thus, after induction of T7 polymerase 

by IPTG, the transcription of the target gene is initiated when T7 polymerase 

binds to the T7 promoter. Since it was found that the T7 system had basal level 

expression without adding IPTG, a new variant was developed by adding the lac 

operator downstream of the T7 promoter sequence, which blocks the elongation 

initiated by T7 polymerase complex with its promoter (Dubendorff and Studier 

1991). To control the gene expression more stringently, pLys or pLysE was 

incorporated into host cells to produce T7 lysozyme which binds and inactivates 

T7 RNA polymerase in uninduced cells (Studier 1991). More recently a T7 

system was combined with a host strain that has very weak RNaseE activity 

which avoids the degradation of mRNA and increases mRNA stability, leading to 

higher protein expression (Grunberg-Manago 1999). 

  All these technology developments were applied to the sample preparation for 

structural studies using X-ray crystallography and 15N, 13C-labeling for Nuclear 

Magnetic Resonance (NMR), which requires large amounts of protein (Burley et 

al. 1999; Acton et al. 2011). Since the induction of the target gene can be strictly 

controlled, this T7 expression system was applied to toxic proteins such as 
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membrane proteins, and also evaluated for in-cell NMR sample preparation in 

which signal-to-noise ratio is critical (Serber et al. 2001). 
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 Figure 6. The T7 expression system and pET vectors 

 The figure is modified from http://www.rrnursingschool.biz/restriction-

enzyme/the-t7-expression-system.html. The plasmid harboring the target gene 

under the control of T7 promoter is transformed into the host cell, which bears 

the T7 RNA polymerase gene on its chromosome, the λ (DE3) as indicated. T7 

RNA polymerase is induced by addition of IPTG, also inducing the expression of 

the target gene upon binding of T7 RNA polymerase to the T7 promoter region.  
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VI. Protein S tag 

  Protein S from Myxococcus xanthus, consisting of 173 amino acid 

residues(18.8 kDa), is a major spore coat protein detected during fruiting body 

formation (Inouye et al. 1979). The function of protein S in M. xanthus is still not 

clear however, and in the gene deletion mutant, fruiting body formation is 

delayed and reduced by about 70% compared with the wild-type strain. In the 

gene deletion mutant, when myxospore formation is induced by the addition of 

guanosine 3`-di-5`-(tri)di-phosphate nucleotides[(p)ppGpp], fruiting bodies are  

not formed (Singer and Kaiser 1995). These results suggest that protein S plays 

a role in the formation of fruiting bodies and cell-cell interactions during fruiting 

body formation (Inouye et al. 1979). Protein S shows high sequence homology to 

γB-crystallin, and since both protein S and γB-crystallin belong to the βγ-crystallin 

super family, they share typical features of the βγ-crystallin super family such as 

two β-sheet rich domains and high solubility.  Structurally, protein S consists of 

four internal homologous motifs, in which the second and forth motifs are 

composed of a regular Greek key motif (four β-strands), while the first and third 

motifs contain α-helices in addition to normal Greek key motif (Fig. 7). These four 

motifs produce two domains, an N-terminal domain (NTD; 92 residues) and a C-

terminal domain (CTD; 81 residues), with both domains containing a calcium 

binding site (Bagby et al. 1994b). The structure was determined by solution NMR 

(Bagby et al. 1994a) (Fig. 7). Protein S itself is stable at high temperatures and 

against denaturants in the presence of calcium ions (Wenk and Mayr 1998). The 

NTD has a higher stability than the CTD (Wenk et al. 1999).  

  Taking advantage of high expression and solubility of the NTD, a new 

expression vector pCold-PST, encoding two tandem repeated NTDs (PrS2) was 
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developed (Kobayashi et al. 2009). By using this vector, a number of human 

proteins that were expressed at low levels or in insoluble forms by a pET vector 

were expressed not only at high levels but also in soluble forms. It was also 

shown that a target protein fused with PrS2 fully retained its function, indicating 

that it folded independently from the tag.  
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Figure 7 

The NMR structure of Protein S (PDB ID;1PRS). This figure is adapted from 

(Bagby et al. 1994a) 
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Rationale 

Bac7(1-35) production by PST-SPP system in E. coli  

  Despite the number of antibiotics available to date, the emergence of their drug 

resistant bacteria continues to be a serious issue for treatment against infectious 

diseases. While antibiotic development is still ongoing, antimicrobial peptides 

(AMPs) have been isolated and characterized as an alternative antimicrobial 

agent. Some of them are in clinical trials against some infections (Fox 2013) and 

most of them have lytic activity by disrupting membranes. On the other hand, 

however, the mechanisms of antibacterial activity are not fully understood 

especially for non-lytic peptides. One type of non-lytic peptide is the Pro-rich 

peptide which has been discovered from the hemolymph of insects and bovine 

neutrophils (Scocchi et al. 2011).  Because Pro-rich AMPs have a wide range of 

antimicrobial activity especially for Gram-negative bacteria, these peptides are 

being considered for potential clinical use. Among Pro-rich AMPs, bovine 

bactenecin-7 (Bac7), a 60 residue polypeptide which is also found in sheep and 

goats, is Pro- and Arg rich.  It has been shown that Bac7 inhibits protein 

synthesis by binding 70S ribosomes (Seefeldt et al. 2016), but is non-toxic to 

human cells. Interestingly, the C-terminal truncated construct of Bac7 retains its 

antimicrobial activity (Guida et al. 2015). While functional analysis of Bac7 has 

been carried out, there is still no effective production method except by chemical 

synthesis. Increasing medical costs are due to the time-consuming and 

expensive development of new antibiotics as well as their chemical synthesis. 

Thus, establishing a method for cost effective production of AMPs is necessary 

for clinical use. In fact, some AMP production have been successful using 

Maltose Binding Protein (MBP) (Miller et al. 1998) or Glutathione S Transferase 
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(GST) (Feng et al. 2010; Chen et al. 2015) or Small Ubiquitin Modifier (SUMO) 

protein (Li et al. 2011; Zhang et al. 2016) as fusion partners since those AMPs do 

not have activities as protein synthesis inhibitors.  Since Bac7 is a protein 

synthesis inhibitor, there was no effective method of production in E. coli. Thus, 

the PrS2 tag fusion expression system was coupled with the single-protein 

production (PST-SPP) system for the production of Bac7(1-35), as described in 

Section I.  This takes advantage of the dormant cells created by the induction of 

MazF, an ACA-specific endoribonuclease.  The PST-SPP system offered the 

best expression and more importantly, the fusion protein retained its protein 

synthesis inhibition activity and Bac7(1-35) was readily purified (Ishida and 

Inouye 2016). Since the fusion protein retains its antibacterial activity, it will be 

helpful in identifying intracellular targets. 

 

Canavanine incorporation into MazFbs by SPP system 

  Protein engineering using amino acid analogues including D-amino acids can 

possibly enhance or change the function of proteins (Oddo et al. 2015).  Thus, 

various methods to incorporate amino acid analogues have been developed. In 

order to understand the role of specific residues in a protein, site-directed 

mutagenesis or single amino acid replacement using amber codon has been 

carried out. When amino acid analogues are not recognized by tRNAs, 

engineered orthogonal tRNA from other bacteria have been cloned into E. coli to 

incorporate the amino acid analogues into amber codon positions(Wang et al. 

2002; Minaba and Kato 2014). Recently, amino acid analogue incorporation was 

demonstrated in mammalian cells (Peng and Hang 2016). When amino acid 

analogues are recognized by tRNA in E. coli, they can be incorporated into 
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proteins, however, since the affinity of amino acid analogues to their tRNAs is 

lower than the natural amino acid (Igloi and Schiefermayr 2009), incorporation 

efficiency is expected to be low. In addition, global amino acid replacement by its 

analogue causes structural differences in entire protein networks, thus showing 

toxicity to the cells. For example, azetidine-2-carboxyric acid (a Pro analogue) 

(Bessonov et al. 2010) and canavanine (Can) (an Arg analogue) (Schachtele et 

al. 1968; Rosenthal et al. 1989) are known as toxic amino acid analogues. These 

amino acid analogues showed toxicity to E. coli, possibly because they caused 

abnormal protein structures after incorporation. To circumvent these issues, an 

amino acid auxotroph together with the SPP system was applied, shown in 

section II. To demonstrate the dual system, MazFbs from Bacillus subtilis, a 

UACAU specific endoribonuclease was chosen. After the first discovery of MazF 

in 2003 (Zhang et al. 2003b), it was demonstrated that this highly-sequence 

specific mRNA interferase may be used for regulation of gene expression by 

eliminating a specific set of genes (Yamaguchi et al. 2012). This raises an 

intriguing possibility of using mRNA interferases as a novel alternative method for 

mRNA interference to silence specific gene expression in addition to the well-

established RNA interference using RNAs such as antisense RNA and siRNA. 

However, the number of MazF homologues for which the target RNA sequences 

are known is quite limited. Recently, the crystal structure of MazFbs from Bacillus 

subtilis together with its uncleavable substrate was determined (Simanshu et al. 

2013), however, there have been no successful studies of extending the 

recognition site of MazFbs. In section II, I demonstrated that the replacement of 

Arg residues with Can led to the altering of function from UACAU cleaving activity 

to a UACAUA recognition enzyme. There are only a few established protein 
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modification methods by amino acid analogue incorporation, thus this global 

replacement by SPP together with an auxotrophic strain provides an additional 

option to create new proteins. 

 

Stereo- and residue specific labeling system using deletion mutants 

  NMR presents the best tool to observe protein-ligand interactions, in particular 

the dynamics involved, as dynamics cannot be observed by using X-ray 

crystallography or Cryo-EM.  On the other hand, in comparison with X-ray 

crystallography and Cryo-EM, it is very evident that protein structure 

determination by NMR has serious size limitations. To overcome the size 

limitations, selective protonation of methyl groups in Ile, Leu and Val at 

perdeuterated background using 2H-glucose and D2O has been applied (Goto et 

al. 1999). Using perdeuterated background silences the signals but Ile, Leu and 

Val signals can be observed by using selectively methyl protonated α-

ketoisovalerate and α-ketobutyric acid, which are Leu/Val and Ile precursors, 

respectively. However, since methyl labeled α-ketoisovalerate compounds are in 

a racemic mixture, the signal intensities of Val and Leu were 50%. Recently, a 

stereo specifically labeled precursor, acetolactate was developed, and the 

labeling patterns of Val-proS and Leu-proS or Val-proR and Leu-proR became 

feasible.  These signals are clearly observed and very helpful for assignments 

(Gans et al. 2010; Kerfah et al. 2015). Although stereo specific labeling can be 

done, residue specific labeling using precursors is still problematic especially for 

Leu labeling since α-ketoisovalerate and acetolactate are common precursors for 

Leu and Val. A new Leu precursor, α-ketoisocaproate was developed but this 

compound is still not commercially available, and there is no effective method to 
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prevent the conversion from α-ketoisovalerate and acetolactate to Val. Since the 

establishment of a method for residue- and stereo specific labeling is needed for 

NMR structural study, in section III-I, Leu or Val selective labeling using stereo 

specifically labeled acetolactate was demonstrated by constructing the 

acetolactate auxotrophic strains.  This allows Leu and Val signals to be assigned 

without errors since the spectrum was simplified (Monneau et al. 2016).  

  On the other hand, in order to observe NMR signals from large molecular 

weight proteins, using stereo-specific labeled amino acids is the most 

straightforward method. For this purpose, Stereo-Array Isotope Labeled (SAIL) 

amino acids were developed (Kainosho et al. 2006). Since the labeling patterns 

of amino acid can be controlled, SAIL amino acids are thought to be ideal for 

NMR structural studies. However, endogenous amino acid production in E. coli 

dilutes the labeling efficiency by diluting exogenous SAIL amino acids, limiting 

the application of SAIL amino acids to a cell-free expression system(Takeda and 

Kainosho 2012). Recently, a SAIL-Leu labeling method was developed by adding 

Leu in 2 steps allowing the cells to incorporate SAIL-Leu into the protein 

effectively (Miyanoiri et al. 2013). However, Val labeling was unsuccessful 

possibly because efficiently produced pyruvate in the cells dilutes the SAIL-Val. 

Since stereo- and residue specific labeling using SAIL amino acids is highly 

important, in section III-II, a cost effective Val or Leu labeling system using Ile, 

Leu and Val auxotrophic strains was described. The minimum requirement for 

Val high-labeling efficiency using an auxotrophic strain was 10 mg/L while the 

standard strain requires more than 100 mg/L, while retaining 80% labeling 

efficiency. Since SAIL amino acid is highly expensive and thereby not widely 
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used, our labeling system will provide the opportunity to other NMR groups to 

use the SAIL system for their structural studies. 
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Section I  

 

The antimicrobial peptide Bac7(1-35) production using PST-SPP system in E. 

coli		
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Introduction 
  Although quite a few antibiotics have been developed after penicillin was 

discovered, the emergence of drug resistant bacteria is still a serious problem in 

the treatment of infectious diseases. As an alternative antibacterial agent, 

relatively small peptides of 10 to 50 amino acids from insects to mammals 

harboring some antimicrobial activities have been designated as antimicrobial 

peptides (AMPs) (Daher et al. 1988; Xi et al. 2014; Jayamani et al. 2015). Some 

of the advantages to using AMPs are 1; good efficacy and tolerability 2; high 

selectivity and potency 3; predictable metabolism 4; shorter time to market 5; 

lower attrition rates 6; standard synthetic protocols can be applied (Fosgerau and 

Hoffmann 2015). On the other hand, some weaknesses are known 1; chemically 

and physically unstable 2; tendency for aggregation 3; short half-life and fast 

elimination 4; low membrane permeability (Fosgerau and Hoffmann 2015). 

  Although AMPs are a unique and diverse group of peptides, they are classified 

into 4 categories based on their amino acid composition and structure, 1) α-

helical, 2) extended, 3) β-hairpin or loop due to the presence of the disulfide bond, 

4) β-stranded due to multiple disulfide bonds (Wang 2015). Most AMPs function 

by either disrupting membranes or inhibiting cytoplasmic targets, however, most 

of the specific targets have not been identified. Thus, elucidating the 

antimicrobial mechanism will enable us to design a better drug for treatment. The 

disadvantages of AMPs are their cytotoxicity to the host, their stability in the cells, 

and the cost of chemical synthesis. Among AMPs, proline-rich antimicrobial 

peptides (PR-AMPs) have been isolated from mammalian neutrophils and from 

haemolymph of some invertebrate species (Scocchi et al. 1994; Schnapp et al. 

1996; Anderson and Yu 2003). Bac7(1-35) is a PR-AMP isolated from bovine 

and belongs to the cathelicidin family (Podda et al. 2006). Bac7(1-35) inhibits 
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protein synthesis at 0.5 µM, and disrupts the membrane structure at 64 µM or 

higher concentration (Podda et al. 2006). Recently, Bac7(1-35) was reported to 

bind to 70S ribosome, with the N-terminal 16mer of Bac7(1-35), Bac7(1-16) 

(Seefeldt et al. 2016) required for protein synthesis inhibition. In addition, the 

crystal structure of Bac7(1-16) with 70S ribosome was determined, and it was 

found that Bac7(1-16) bound within the exit tunnel of 70S ribosome (Roy et al. 

2015). Despite the high toxicity to Gram-negative bacteria such as E. coli, 

Klebsiella pneumoniae, Salmonella typhimurium, and Enterobacter cloacae at 1 

to 10 µM, Bac7(1-35) has remarkably low cytotoxicity to the host mammalian 

cells (not toxic even at 50 µM) (Pelillo et al. 2014). Therefore, Bac7(1-35) has 

been extensively studied because of its potential use for clinical applications. A 

method to stabilize Bac7(1-35) by glycosylation has been developed to reduce its 

renal clearance by which Bac7(1-35) still retains its antibacterial activity as well 

as cell penetration activity (Benincasa et al. 2015). For pharmaceutical 

applications, development of a method for efficient AMP synthesis is important. 

The production of some AMPs has been successfully carried out with a yeast 

system when these AMPs are not toxic to yeast (Mulder et al. 2015; Zhang et al. 

2015b; Chahardooli et al. 2016). On the other hand, some AMPs have been 

produced using an E. coli system in combination with fusion tags such as 

thioredoxin (Herbel et al. 2015), Glutathione S-transferase (GST) (Feng et al. 

2014), Maltose-Binding Protein (MBP) (Miller et al. 1998) and Small Ubiquitin-like 

Modifier (SUMO) (Yi et al. 2015; Zhang et al. 2016). To enhance protein 

production, inclusion body preparation procedures have been applied (Panteleev 

and Ovchinnikova 2015), however, denaturing, refolding and subsequent 

cleaving of the fusion tag require labor extensive and time consuming work. 
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However, it is necessary to cleave the tags off from the AMPs to generate active 

AMPs. Eliminating the necessity to cleave the tag from the fusion construct while 

retaining AMP activity would considerably facilitate expression, purification and 

toxicity assay. For this purpose, protein S (PrS), a major spore-coat protein from 

Myxococcus xanthus is used as a fusion tag [called Protein S technology (PST)], 

enhancing the expression as well as the solubility of the target protein 

(Kobayashi et al. 2009). Importantly, protein S fused to the target protein not only 

does not interfere with the function of the target protein but also does not affect 

the structure of the target protein (Kobayashi et al. 2009; Kobayashi et al. 2012). 

To further improve protein production, I used the Single-Protein Production (SPP) 

system for the production of the PrS-Bac7(1-35) fusion protein, in which MazF, 

an ACA-specific endoribonuclease from E. coli is induced at low temperature 

(Suzuki et al. 2006).  
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Materials and methods 

Construction of pColdPrS2Bac7(1-35) and pColdSUMOBac7(1-35) 

  A codon optimized ACA-less Bac7(1-35) gene was synthesized from IDT and 

the synthetic gene was cloned into ACA-less pColdPrS2 vector (Takara Bio) by 

using an infusion cloning system (Clontech), generating pColdPrS2-Bac7(1-35).  

In order to obtain pColdSUMOBac7(1-35), a codon-optimized ACA-less SUMO-

Bac7(1-35) was synthesized (IDT) and cloned into pColdII vector by infusion 

cloning system, generating pColdSUMOBac7(1-35). 

 

Bac7(1-35) production with fusion tags in BL21(DE3)  

  In order to produce Bac7 (1-35) as a fusion protein, BL21(DE3) cells 

transformed with either pColdSUMO-Bac7(1-35) or pColdPrS2-Bac7(1-35) were 

inoculated into 10 ml of LB medium and the culture was incubated at 37 °C. 

When O.D600 reached 0.8, the culture was transferred to 15°C and 1mM IPTG 

was added to induce the fusion proteins. The culture was further incubated 

overnight. 

 

The production of Bac7(1-35) by PST-SPP system 

  BL21(DE3) co-transformed with pColdPrS2-Bac7(1-35) and pACYCmazF was 

inoculated into 10 ml of LB medium and the culture was incubated at 37°C 

overnight. Next day, the culture was diluted into 1L LB and incubated at 37°C.  

When the O.D600 reached 0.8, the culture was placed on ice for 5 min, followed 

by incubation at 15 °C for another 1 hr. Subsequently, MazF and PrS2-Bac7(1-

35) were induced by the addition of 1 mM IPTG, and the culture was incubated at 

15°C overnight. The cells were collected by centrifugation and stored at -80 °C. 
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The purification of the PrS2-Bac7(1-35) 

  The frozen cells were thawed on ice and suspended into 20 ml of 

binding/washing buffer consisting of 20 mM Tris-HCl (pH8.0), 500 mM NaCl, and 

20 mM imidazole-HCl (pH8.0). After breaking the cells by passing through a 

French press, the unbroken cells were removed by centrifugation at 14,000 rpm 

for 20 min. The supernatant after centrifugation was subjected to further 

centrifugation at 50,000 rpm for 30 min to isolate the soluble fraction. The 

supernatant was mixed with 1 ml of Ni-resin equilibrated in binding/wash buffer 

and the mixture was incubated for 1 hr at 4°C with shaking. The Ni-resin was 

washed twice with 10 ml of washing buffer, and PrS2-Bac7(1-35) was eluted with 

elution buffer consisting of 20 mM Tris-HCl(pH8), 500 mM NaCl and 300 mM 

imidazole-HCl(pH8.0). After collecting the eluted fractions, the purity was 

examined by SDS-PAGE. After the PrS2-Bac7(1-35) was dialyzed against 20 mM 

Tris-HCl(pH8.0) and 100 mM NaCl, the protein solution was concentrated to 3 

mg/ml by using a protein concentrator (Millipore)  and stored at -80 °C.    

 

Cleavage by Factor Xa and identification of Bac7(1-35) 

  30 µg of PrS2-Bac7(1-35) was digested with 4 µg of Factor Xa in 50 µl of  Factor 

Xa buffer containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl and 2 mM CaCl2, and 

the reaction mixture was incubated for 4 hr at 37°C.  The solution was analyzed 

by 19% SDS-PAGE followed by Coomassie blue staining. The reaction mixture 

was analyzed by mass spectrometry.  
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In vitro translation inhibition assay 

  PURExpress In Vitro Protein Synthesis kit and dihydrofolate reductase (DHFR) 

(New England BioLabs) was used as a positive control. The reaction mixture 

containing buffer A and buffer B supplied from NEB were mixed with 20 U of 

RNase inhibitor (Roche), linearlized DHFR DNA (125 ng) and chemically 

synthesized Bac7(1-16) (GenScript) or purified PrS2-Bac7(1-35) or water, and the 

reaction mixture was incubated at 37°C for 2 hr. The DHFR production was 

examined by SDS-PAGE followed by Coomassie blue staining.  

 

Growth inhibition test when PrS2-Bac7(1-35) is induced in E. coli 

  The E. coli strain, BL21(DE3) harboring either pColdPrS2 or pColdPrS2-Bac7(1-

35) was grown in the M9-glucose medium. When O.D600 reached 0.2, PrS2 and 

PrS2-Bac7(1-35) were induced by the addition of 1 mM IPTG. The culture 

medium in the absence of IPTG was also incubated as a negative control and the 

O.D600 was monitored every 30 min. 

 

The antimicrobial activity of purified Bac7(1-35) in E. coli 

  The E. coli strain BL21(DE3) was grown in the M9-glucose medium and when 

O.D600 reached 0.2, the purified Bac7(1-35) was added at the final concentration 

of 2 µM.  O.D600 was monitored every 30 min. 
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Results 

Development of expression systems for Bac7(1-35) in E. coli 

  In order to obtain Bac7(1-35), three expression systems (SUMO, PST, PST-

SPP) were applied to reduce the toxicity of Bac7(1-35) and also to enhance its 

expression level in E. coli. To take advantage of the dormant state of cells 

created by inducing MazF (Fig. 8A), I synthesized the codon-optimized ACA-less 

Bac7(1-35) gene (Fig. 8B), which was then cloned into pColdPrS2 vector. The 

resultant pColdPrS2-Bac7(1-35) was co-expressed with pACYCmazF at 15°C 

(Fig. 8A). 

  At first, I compared PST and SUMO expression systems which showed that the 

PST system was able to enhance PrS2-Bac7(1-35) production while the SUMO 

tag was not effective to express SUMO-Bac7(1-35) (Fig. 9A). However, 

expression level was relatively low, possibly because the protein S tag does not 

interfere with the toxicity of Bac7(1-35) completely. Next, the PST-SPP system 

was examined, and as shown in Figure 9A, I observed a slightly better 

expression level than when using the PST system. Furthermore, when I 

examined the localization of PrS2-Bac7(1-35), it was found that PrS2-Bac7(1-35) 

was exclusively localized in the soluble fraction (Fig. 9B).   
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Figure 8. A schematic description of the PST-SPP system. A. This figure is 

adapted from Ishida et al., (Ishida and Inouye 2016). The N-terminal 88-residues 

of PrS, a major-coat protein from Myxococcus xanthus, was directly repeated 

(PrS2) and cloned into pCold vector, generating pCold-PST.  A codon-optimized 

ACA-less target gene can be expressed together with MazF, an ACA-specific 

endoribonuclease. B. Codon optimization for the Bac7(1-35) gene. The Bac7(1-

35) gene (accession number: BC134776) (upper gene) was codon-optimized for  

E. coli expression system (lower gene) using codon optimization tool from IDT. 

The amino acid sequence was shown under the DNA sequence. 

 

A	
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Figure 9. The production of SUMO-Bac7(1-35) and PrS2-Bac7(1-35) in E. coli 

BL21(DE3).  

 This figure is adapted from Ishida et al., (Ishida and Inouye 2016). A. BL21(DE3) 

harboring either pColdSUMO-Bac7(1-35) or pColdPrS2-Bac7(1-35) was 

inoculated in 5 ml of LB medium. After O.D600 reached 0.8, 1 mM IPTG was 

added, and the culture was incubated overnight at 16°C. The position of PrS2-

Bac7(1-35) is indicated by an arrow. BL21(DE3) co-transformed with 

pACYCmazF and pColdPrS2-Bac7(1-35) (PST-SPP) was inoculated into 5 ml of 

LB medium and the culture was incubated at 37 °C. When O.D600 reached 0.8, 

the culture was transferred onto ice for 5 min, followed by 1 hr incubation at 16 

°C. After protein induction by the addition of 1 mM IPTG, the culture medium was 

incubated overnight at 16°C. The 1-ml culture was spun down and re-suspended 

into 100 µl of 1xSDS-PAGE loading buffer, and 10 µl was loaded into each lane. 
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Lane 1, SUMO-Bac7(1-35) before induction; lane 2, SUMO-Bac7(1-35) after 

induction; lane 3, PrS2-Bac7(1-35) before induction; lane 4, PrS2-Bac7(1-35) after 

induction; lane 5, SPP cells before induction; and lane 6, SPP cells after 

induction. B. The PrS2-Bac7(1-35) production using the SPP system and its 

cellular localization. The ACA-less gene for Bac7(1-35) was expressed using 

pCold-PrS2 vector together with pACYCmazF at 15°C. Lane 1, before 1mM IPTG 

was added. After inducing the PrS2-Bac7(1-35) at 15°C overnight, 2-ml culture 

was collected by centrifugation and subsequently cellular fractionation was 

carried out. From each fraction, fractionated solution which corresponds to 100 µl 

cell culture was loaded into each lane ; lane 2, whole cells; lane 3, cell lysate 

after low speed centrifugation; lane 4, cell pellets after low speed centrifugation; 

lane 5, the soluble fraction, and lane 6, the insoluble fraction.  
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Purification of Bac7(1-35)  

  In order to purify Bac7(1-35), PrS2-Bac7(1-35) was purified  by Ni-NTA agarose 

column chromatography. After one-step purification, I was able to obtain 2.5 mg 

of highly pure PrS2-Bac7(1-35) from 1 L LB medium. The existence of Bac7(1-

35) was confirmed after Factor Xa cleavage reaction by SDS-PAGE analysis. As 

shown in Figure 10A, a small fragment appeared after the cleavage reaction. 

This cleavage reaction mixture was further analyzed by mass spectrometry. I 

observed 3 peaks at 4.2 kDa, 10.8 kDa and 21.6 kDa (Fig.10C). Since 4.2 kDa 

and 21.6 kDa correspond with the theoretical size of Bac7(1-35) and PrS2, 

respectively, the small fragment obtained by Factor Xa treatment was confirmed 

as Bac7(1-35). The remaining 10.8 kDa was possibly due to the translation from 

internal Met residue in PrS2.  In order to further purify Bac7(1-35), ion-exchange 

column chromatography using SP sepharose was carried out. The pI of Bac7(1-

35) is 13.0 while the pI of PrS2 is 5.75, thus highly pure Bac7(1-35) was obtained 

after this second purification (Fig. 10B). The protein concentration of Bac7(1-35) 

was determined by using Bradford assay (Bradford 1976).  When 360 µg of PrS2-

Bac7(1-35) was used, 55 µg of pure Bac7(1-35) was obtained indicating a 

recovery rate of about 90%. Therefore, 0.37 mg of highly pure Bac7(1-35) was  

expected from a 2.5 mg sample of PrS2-Bac7(1-35). 
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Figure legends are on the following page 
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Figure 10. Purification and identification of Bac7(1-35) 

 These figures are adapted from Ishida et al., (Ishida and Inouye 2016). A. 

Cleavage of PrS2-Bac7(1-35) by Factor Xa protease. 30 µg of purified PrS2-

Bac7(1-35) was mixed with 4 µl of Factor Xa protease in 50 µl of Factor Xa 

cleavage buffer, and the reaction mixture was incubated at 37°C for 4 hr. After 

incubation, 10 µl of the reaction mixture was subjected to 20 % SDS-PAGE. Lane 

1, PrS2 only; lane 2, PrS2-Bac7(1-35) before cleavage by Factor Xa; lane 3, PrS2-

Bac7(1-35) after cleavage by Factor Xa; and lane M, molecular weight markers.  

DnaK, one of the target proteins of Bac7(1-35), was co-purified, and shown by an 

arrow.  B. The purification of Bac7(1-35) after PrS2-Bac7(1-35) treatment by 

Factor Xa followed by ion-exchange column chromatography.  The concentration 

of purified Bac7(1-35) was determined by Bradford reagent (Bradford 1976), and 

1.6 µg of Bac7(1-35) was analyzed by 20% SDS-PAGE.  C. Identification of Bac7 

(1-35) by Mass spectrometry analysis. The purified PrS2-Bac7(1-35) was 

digested by Factor Xa, and the digestion mixture was analyzed by MALDI-TOF 

Mass Spectrometry using a positive mid-mass linear mode from 2 to 30 kDa. 

Peak A represents Bac7(1-35) (4.21 kDa) , B represents PrS fragment (10.85 

kDa), and C represents PrS2 fragment (21.68 kDa), respectively. 
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Functional assay using PrS2-Bac7(1-35) and Bac7(1-35) 

  I examined the toxicity of pColdPrS2-Bac7(1-35) using an M9-glucose medium 

in the presence or absence of 0.1 mM IPTG.  Results showed that PrS2 by itself 

did not severely affect cell growth while the induction of PrS2-Bac7(1-35) 

completely inhibited cell growth (Fig.11A), indicating that PrS2 did not severely 

affect the function of Bac7(1-35).   I have also examined the toxicity of purified 

Bac7(1-35) in E. coli cells. As shown in Figure 11B, the bacterial growth was 

effectively inhibited at 2 µM after 1hr incubation.   

  In order to confirm PrS2-Bac7(1-35) activity as a translation inhibitor, 

expression of dihydrofolate reductase (DHFR) by Cell-Free expression system 

was examined. As shown in Figure 11C, DHFR was well expressed under 

standard conditions, and it was confirmed that PrS2 did not affect DHFR 

expression. Since chemical synthesis of 35-residue peptides is highly expensive, 

the N-terminal 16 residues of Bac7(1-35), Bac7(1-16) was used as a control 

(Guida et al. 2015; Seefeldt et al. 2016). As shown in Figure 11D, PrS2-Bac7(1-

35) as well as Bac7(1-16) were both able to inhibit DHFR synthesis. Therefore, 

PrS2-Bac7(1-35) was shown to have antibacterial effect as a translation inhibitor. 

 

 

 

 

 

 

 

 



	 57	

 

 

		  

 
 
 D 
 

 
	 
 
 
 
 
 

 

 

 

 

Figure legends are on the following page 

 

 

 

 

A                                                                    B 

C 



	 58	

Figure 11. Functional assays of Bac7(1-35) 

These figures are adapted from Ishida et al., (Ishida and Inouye 2016). A. The 

toxicity assay using pColdPrS2-Bac7(1-35)  in E. coli. BL21(DE3). pColdPrS2 was 

used as a control vector. The cells were grown in M9 medium, and the target 

gene was induced by adding 1 mM IPTG when O.D600 reached 0.2. The O.D600 

was monitored every 30 min. The circles represent pColdPrS2 without IPTG, the 

triangles pColdPrS2-Bac7(1-35) without IPTG, the closed squares represent 

pColdPrS2 in the presence of IPTG and the open squares represent pColdPrS2-

Bac7(1-35) in the presence of IPTG. The induction time point is shown by an 

arrow. B. The toxicity of purified Bac7(1-35) in E. coli. BL21(DE3) E. coli cells 

were grown in M9-glucose medium. When O.D600 reached 0.2, purified Bac7(1-

35) was added at the final concentration of 2 µM into the medium, and O.D600 

was monitored every 30 min. The time of the addition of Bac7(1-35) is shown by 

an arrow. The circles and squares are in the absence and in the presence of 

Bac7(1-35), respectively. 

C.  DHFR expression in the presence or absence of PrS2 using a cell-free protein 

expression system. Solutions A and B were mixed according to the 

manufacturer’s protocol (NEB), and the mixture was incubated as a negative 

control (lane 1).  DNA (10 ng/µl) of DHFR was added to mixture A and B and 

incubated as a positive control (lane 2).  DNA of DHFR (10 ng/µl) together with 

PrS2 (10 µM) were incubated with mixture A and B (lane 3). All reactions were 

incubated at 37 °C for 2 hr. After 2hr incubation, 2x SDS loading dye was added 

and the mixture was subjected to 17 % SDS-PAGE with molecular weight marker 

shown as lane M; D. DHFR expression in the presence of PrS2-Bac7 with and 

without Factor Xa. Solutions A and B from the Cell-Free system (NEB) were 

mixed, the reaction mixture without DNA was used as a negative control (lane 1). 
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The reaction mixture in the presence of DHFR DNA (10 ng/µl) but in the absence 

of proteins was used as a positive control (lane 2). Lane 3, the reaction mixture 

containing DNA (10 ng/µl) together with 10 µM of Bac7(1-16) as a control; lane 4, 

the reaction mixture containing DNA (10 ng/µl) together with 10 µM of PrS2-

Bac7(1-35) after cleavage by Factor Xa; lane 5, the reaction mixture containing 

DNA (10 ng/µl) together with 10 µM of PrS2-Bac7 (1-35) without cleaving by 

Factor Xa, and lane M, molecular weight marker. All the reactions were carried 

out at 37 °C for 2hr.  The reaction was stopped by 2x SDS loading buffer and the 

reaction was subjected to 15% SDS-PAGE, followed by Coomassie blue 

staining. The arrows on lane 2 and 3 indicate DHFR and PrS2, respectively. 
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Discussion 

  The chemical synthesis for AMP production is highly expensive ($500 for 20 

amino acid peptide/mg), thus an economical method to produce large amounts of 

AMP is essential. AMP production in E. coli is cost effective but presents some 

challenges due to their antimicrobial activity. To suppress their toxicity, relatively 

large tags such as GST, MBP and SUMO may be used.  Currently, for most AMP 

production, SUMO has been widely applied and many AMPs have been 

successfully expressed as functional forms (Li et al. 2011; Zhang et al. 2014; 

Zhang et al. 2015a). The SUMO tag has been shown to improve protein folding 

and solubility, and can be used for protein detection (Luan et al. 2014). Thus, I 

attempted to examine if the fusion of Bac7(1-35) to the C-terminal end of SUMO 

could suppress Bac7 toxicity, however, the production of the fusion protein was 

not detected.  This indicates that the SUMO tag was not able to suppress the 

toxicity of Bac7(1-35), which is known to inhibit the function of 70S ribosomes 

(Mardirossian et al. 2014). Therefore, I next tried protein S as a fusion tag for 

Bac7(1-35).  Protein S from Myxococcus xanthus is known to function as an 

intra-molecular chaperone without severely affecting the function of the protein 

fused to it, and has been applied for the expression of proteins which are 

insoluble and/or difficult to express (Kobayashi et al. 2009; Kobayashi et al. 

2012).  In the present study, I fused two 88-residue Protein S N-terminal domains 

(PrS2) repeated in tandem to the N-terminal end of Bac7(1-35). In this PST-SPP 

system, an ACA-less gene encoding His6-PrS2 was used as an N-terminal tag for 

Bac7(1-35) to produce His6-PrS2-Bac7(1-35) (Fig. 8A). I also constructed the 

ACA-less His6-SUMO-Bac7(1-35) system. However, His6-PrS2-Bac7(1-35) was 

expressed (Fig. 9A) while the expression of SUMO-Bac7(1-35) was not detected, 
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indicating that the SUMO tag was not able to suppress Bac7(1-35) toxicity even 

with the use of the SPP system. Notably, however, the expression of His6-PrS2-

Bac7(1-35) was rather low, possibly because protein S fusion to Bac7(1-35) did 

not completely suppress the toxicity of Bac7(1-35). Using the SPP system, MazF 

cleaves at all ACA in mRNA while only the codon-optimized ACA-less gene for 

His6-PrS2-Bac7(1-35) remains intact. Therefore, upon induction of MazF, only 

His6-PrS2-Bac7(1-35) is produced in the cells (Fig. 8A) because in the SPP 

system, all the cellular mRNAs containing ACA sequences are digested by 

MazF.  This results in cell growth arrest, allowing for the production of only the 

target protein from the ACA-less mRNA. In this manner, toxic proteins can still be 

produced as long as they do not inhibit ATP production and protein synthesis. 

Previously, I demonstrated that it is possible to completely replace all arginine 

residues in a protein with canavanine, a highly toxic analogue of arginine using 

the SPP system, since the incorporation of canavanine into any other cellular 

proteins is well suppressed (Suzuki et al. 2006; Mao et al. 2009; Ishida et al. 

2013). In this study, I combine both PST and SPP technologies (PST-SPP 

technology) to successfully express His6-PrS2-Bac7(1-35). Since this technology 

works for AMP production despite the target protein being a protein synthesis 

inhibitor, the PST-SPP system may be applicable to the production of other 

AMPs in the future.  

  It has been shown that Bac7(1-35) blocks protein synthesis by inhibiting the 

70S ribosomes (Mardirossian et al. 2014). To confirm the activity of 

biosynthesized Bac7(1-35), a cell-free protein expression system was applied 

together with a synthetic peptide Bac7(1-16) as a control for protein synthesis 

inhibitor (Seefeldt et al. 2016). As shown Figure 11, the production of DHFR by 
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the cell-free system was indeed inhibited by both His6-PrS2-Bac7(1-35) and 

Bac7(1-35).  Bac7(1-35) was generated from His6-PrS2-Bac7(1-35) by Factor Xa 

treatment which resulted in a small amount of uncleaved His6-PrS2-Bac7(1-35) 

(Fig. 9C). Notably, the cleavage mixture effectively inhibited protein synthesis 

(Fig. 12). Since the minimum inhibitory concentration of Bac7(1-35) has been 

reported to be 0.5 µM (Benincasa et al. 2004), it is assumed that there was an 

excessive amount of Bac7(1-35) in the reaction mixture to inhibit protein 

synthesis. The PrS2 tag is known not to interfere with its fusion partner, 

(Kobayashi et al. 2009); for example, PrS2 fused at the N-terminal end of  OmpR, 

a phosphor sensory protein, did not inhibit OmpR function at all (Kobayashi et al. 

2009). Thus, it is not surprising to see that His6-PrS2-Bac7(1-35) still possesses 

antibacterial activity (Fig. 10A) despite the fact that the N-terminal part of Bac7(1-

35) has been shown to be crucial for antimicrobial activity (Guida et al. 2015).  

  In this study, I demonstrated how to obtain 90% pure His6-PrS2-Bac7(1-35) by 

one-step purification using His-tag column chromatography. In addition, Bac7(1-

35) was readily purified from His6-PrS2-Bac7(1-35) by treatment with Factor Xa 

followed by ion exchange column chromatography using SP-sepharose, since 

the pI value of His6-PrS2 is 5.75 while that of Bac7(1-35) is 13.0. Finally, highly 

pure Bac7(1-35) with approximately 90% yield was obtained. It is also important 

to note that since Bac7(1-35) does not have any aromatic residues, the protein 

concentration should be determined by ninhydrin or the Bradford assay (Bradford 

1976). While the chemical synthesis of long AMPs such as Bac7(1-35) is highly 

expensive, the technology developed in this study will greatly reduce the cost of 

AMP production. Successful AMP production in E. coli in its active form will help 

us identify its target which is highly important since this leads to the development 
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of new antibiotics. In the case of Bac7(1-35), DnaK was co-purified with Bac7(1-

35) and the identification of other targets co-purified with Bac7(1-35) is under 

investigation.  
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Section II  

Replacement of Arg residues in MazFbs with canavanine alters its specificity 
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Introduction 

  The amino acid analogues are non-natural amino acids which have structural 

similarity to natural amino acids (Hendrickson et al. 2004). The application of 

amino acid analogues offers significant potential as some studies have shown 

that replacement can enhance the activity of antimicrobial peptides (Wang et al. 

2014), can be used as a fluorescent probe (Yang et al. 2016), and can change 

the protein function (Worst et al. 2015). The style of incorporation of amino acid 

analogues is classified into two groups, site-specific replacement and global 

replacement. In the case of site-specific replacement, the most common method 

to incorporate the amino acid analogue into a protein is by using amber codon 

together with its suppressing orthogonal tRNA (Ogawa et al. 2016; Yang et al. 

2016). In this method, incorporating amino acid analogues into protein in both 

residue-specific and site-specific manners can be achieved.  On the other hand, 

global replacement using amino acid analogues has been studied to engineer 

enzyme stability and activity. The most frequently used amino acid analogue is 

selenomethionine, which is a methionine analogue. Selenomethionine is greatly 

useful for X-ray structural studies because selenium and sulfur are one of the 

chalcogens and the substitution of methionine with selenomethionine may have 

only a limited effect on protein structure and function. Global replacement of 

selenomethionine using E. coli has been done using non-auxotrophic strains, 

however selenomethionine shows modest toxicity to the cells, resulting in an 

incorporation efficiency of less than 90%. On the other hand, utilizing 

endoribonuclease MazF together with an ACA-less gene enables us to produce 

proteins with high efficiency (Suzuki et al. 2006). Another common amino acid 

analogue is fluorinated amino acid, and some studies using fluorinated amino 
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acids have been done. For example, aromatic residues in lipase from Candida 

antarctica have been successfully replaced with fluorinated amino acids. 

Although global fluorination decreased lipase enzyme activity, the half life of 

lipase activity was prolonged, which is very useful for storage (Budisa et al. 

2010).  Another example uses fluorotryptophan to enhance the catalytic activity 

of glutathione transferase by changing its structural conformation (Parsons et al. 

1998).  

  Amino acid analogues showing mild toxicity are likely to be incorporated into 

proteins in the E. coli expression system, however, some amino acid analogues, 

which show high toxicity to cells, are very difficult to incorporate into proteins with 

high efficiency. For example, proline consists of five rings while its analogue, 

azetidine-2-carboxyric acid, consists of four rings.  This difference disrupts the 

protein structure creating high toxicity to the cells, and thereby incorporation of 

azetidine-2-carboxyric acid is very low (Bessonov et al. 2010).  

  Likewise, canavanine (Can), an Arg analogue found in leguiminous plants, is 

also known as a very toxic amino acid analogue. The difference between Arg and 

Can is that the methylene bridge in Arg is changed to an oxa group in Can 

(Fig.12A).  It has been studied using bacterial strains for more than 50 years 

(Richmond 1959). The mechanism of cell death by canavanine is possibly due to 

structural changes in the proteins due to abnormal protein networks caused by 

canavanine replacement (Schachtele et al. 1968). Studies to determine tRNA 

synthetase discrimination of Arg over Can show that Arg has over 100 times 

higher affinity to tRNA than Can (Igloi and Schiefermayr 2009).  
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  In the present study, the Single-Protein Production (SPP) system was applied to 

overcome toxicity from Can(Suzuki et al. 2006). In addition, a high efficiency 

labeling system using amino acid as an inducer together with an auxotophic 

strain was applied (Vaiphei et al. 2010). Lastly, Arg auxotrophic cells were 

combined with a dual inducible SPP system so that I was able to overcome the 

lower affinity of Can to tRNA. To demonstrate this high labeling system, I used 

one of the mRNA interferases from Bacillus subtilis, MazFbs which recognizes 

the sequence UACAU in mRNA (Park et al. 2013).  The crystal structure of 

MazFbs has been solved (Fig. 12C) (Gogos et al. 2003).  
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Figure 12 The structure of Canavanine (A), Arginine (B) Overview of complex of 

MazFbs with substrate RNA (C) The structural model was created by the use of 

Pymol and PDB ID; 4MDX. Each monomer is indicated in blue and green, 

respectively, and Arg and substrate RNA are  shown in magenta and orange, 

respectively. (D) The atomic view of molecular interaction between MazFbs and 

substrate RNA.  This figure is adapted from Shimanshu, et al (Simanshu et al. 

2013). The uncleavable substrate UUdUACAUAA with the deoxyuridine at the 

3rd position is shown with MazFbs residues.  Interactions are indicated by 

dashed lines. 

D
D 



	 70	

Materials and methods 

Strain construction 

E. coli BL21(DE3) (ΔargHΔtrpCΔhisB) was constructed from E. coli BL21(DE3) 

(ΔtrpCΔhisB) by P1 transduction using the ΔargH strain from the Keio collection. 

  At first, P1 phage lysate using E. coli strain, ΔargH (JW3932) from the Keio-

collection was prepared (Baba et al. 2006). Next, BL21(DE3)(ΔhisBΔtrpC) 

(Vaiphei et al. 2010) was grown in 10 ml of LB medium supplemented with 5 mM 

CaCl2, and when O.D600 reached 0.5, 100 µl of P1 phage lysate was added. After 

30 min incubation at 30°C, the transduction was stopped by the addition of 100 

mM sodium citrate (pH5.5). The cells were then collected and washed with 200 

mM sodium citrate (pH 5.5). Colonies from LB-Km plates (Km; 50 mg/L) were 

examined for gene deletion by using M9-glucose medium supplemented with 

amino acids and also by polymerase chain reactions (PCR).  

 

Plasmid construction 

  The gene coding for MazFbs with a C-terminal hexa Histidine tag was 

synthesized (Genscript). The gene was designed for optimal codon usage in E. 

coli, and there are no ACA sequences in the gene. The gene was cloned into 

pColdIII (SP-4), generating pColdIIImazFbs (Suzuki et al. 2006; Vaiphei et al. 

2010).  

 

Protein expression and purification 

  The BL21(DE3) (ΔargHΔtrpCΔhisB) cells were transformed with 

pColdIIIMazFbs together with pACYCmazF(ΔH) (Vaiphei et al. 2010), and grown 
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in a 1-liter culture of M9-glucose medium in the presence of Arg (20 mg/L), His 

(20 mg/L), and Trp (20 mg/L) at 37 °C. When the A600 value reached 0.5, the 

culture was chilled in an ice-water bath for 5 min and incubated at 15 °C for 1 h 

to acclimate the cells to cold shock conditions. Cells were harvested and washed 

twice with M9 medium. The cells were re-suspended in 50 ml of M9-glucose 

medium containing Arg (20 mg/L) and Trp (20 mg/L) but without His. Isopropyl β-

D-1-thiogalactopyranoside (IPTG; 0.5 mM) was added to induce only the 

expression of MazF(ΔH) followed by an additional 2 hr incubation at 15 °C. Cells 

were harvested and washed twice with M9 medium. The cells were re-

suspended in 50 ml of M9-glucose medium containing His (20 mg/L), and Trp (20 

mg/L), Can (100 mg/L; Sigma) or Arg (20 mg/ml) and IPTG (0.5 mM) to 

incorporate Can or Arg into MazFbs, respectively. The cell culture was incubated 

at 15 °C for an additional 24 h to induce MazFbs(can) and MazFbs(arg). Cells 

were collected by centrifugation and subjected to SDS-PAGE followed by 

Coomassie Blue staining. MazFbs(arg) and MazFbs(can) were purified from 

BL21(DE3) (ΔargHΔtrpCΔhisB) cells carrying pColdIIIMazFbs with the use of 

nickel-nitrilotriacetic acid resin (Qiagen) following the manufacturer's protocol. 

MazFbs(can) and MazFbs(arg) were further purified by ion-exchange 

chromatography using DEAE-Sepharose (GE Healthcare). 

 

Circular Dichroism (CD) Analysis 

  CD analysis was carried out using an Aviv model 62DS spectropolarimeter 

(Aviv Associates, Inc., Lakewood, NJ).  Spectra were recorded in 2.0-nm steps 

between 260 and 200 nm at 4 °C with an integration time of 4 s at each 
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wavelength, and the base line was corrected against buffer alone. The α-helical 

and β-sheet contents were calculated using the K2D2 program (http://cbdm-

01.zdv.uni-mainz.de/~andrade/k2d2// ). Protein melting was examined at 208 nm 

with increasing temperatures, from 0 to 90 °C, in 0.3 °C steps. Protein solutions 

were equilibrated at each temperature point for 1.5 min, and the temperature was 

increased at the average rate of 0.1 °C/min. The path length of the cell used was 

0.1 cm, and all measurements were carried out in 10 mM Tris-HCl (pH 7.8). 

 

Cleavage of MS2 Phage RNA by MazFbs(can) 

  MS2 RNA (70 nM) was incubated with MazFbs mutants (0.5 µM) for 1, 5, 10 

and 30 min. The reaction was stopped by adding 2X stop solution (95% 

formamide, 10 mM EDTA, 0.1% xylene cyanol and 0.1% BPB). After incubating 

the samples in boiling water for 2 min, the samples were placed on ice for 5 min.  

The RNA was analyzed by 1% agarose gel electrophoresis followed by ethidium 

bromide staining. 

 

Primer Extension Analysis 

  The annealing mixture consisting of 70 nM of MS2 RNA digested by MazFbs 

mutants and 0.1 µM labeled primer was incubated in boiling water for 1 min and 

placed on ice for 5 min. Then to the annealing mixture, the RT mixture containing 

1U RNase inhibitor (Sigma), 1 mM dNTPs, 1 U AMV Reverse Transcriptase 

(Sigma) and 1 µM CspA, an RNA chaperone, was added and the final mixture 

was incubated for 1 hr at 45°C. The reaction was stopped with the addition of 2X 

stop solution.  The sample was then incubated in a boiling water bath for 2 min 

and placed on ice for 5 min.  
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For the RNA sequencing ladder, 0.14 µM of MS2 RNA was incubated with RT 

mixture containing 0.1 µM labeled primer, 1mM dNTPs, 0.5 mM ddG or ddA or 

ddC or ddT, and 1U AMV Reverse Transcriptase. The reaction mixture was 

incubated for 30 min at 45°C.  The reaction was stopped by addition of the stop 

solution, followed by incubating in a boiling water bath for 2 min. After placing the 

reaction tubes on ice for 5 min, the synthesized DNA was analyzed by 

sequencing gel (6% acrylamide (29:1), 8M Urea, 2xTBE) by running at 45W for 

1.5 hr. The DNA was visualized by autoradiography. 

 

Cleavage of Synthetic RNA by MazFbs(arg) and MazFbs(can) 

  Four of 13-base ribonucleotides (CUCXUACAUAUCA), where the 4th base (X) 

was A, U, G, or C were synthesized (IDT). Three additional 13-base RNA 

ribonucleotides (CUCUUACAUYUCA) were synthesized, where the Y position 

was replaced with U, G, or C. These ribonucleotides were used as substrates. 

The substrates were labeled (0.2 µM) with [γ-32P]ATP using T4 kinase (New 

England Biolabs) and incubated with 0.1 µM MazFbs(arg) or MazFbs(can) for 10 

min at 37 °C in a reaction mixture (10 µl) of 10 mM Tris-HCl (pH 7.8) containing 

0.2 µl of the Protector RNase inhibitor. The reactions were stopped with 2X stop 

solution. To analyze the cleavage of the synthetic RNAs, the products were 

analyzed by electrophoresis on a 20% polyacrylamide gel containing 8M urea 

with a molecular mass ladder. 

Kinetics Analysis 

  A 13-base ribonucleotide (CUCAUACAUAUCA) was used as a substrate. The 

substrate in various concentrations (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 µM) 
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was incubated with 1 nM MazFbs(arg) or 5 nM MazFbs(can) in a reaction mixture 

(10 µl) of 10 mM Tris-HCl (pH 7.8) containing 0.2 µl of the Protector RNase 

inhibitor. The reaction with MazFbs(arg) was incubated for 5, 10, 15, and 20 min. 

The reaction with MazFbs(can) was incubated for 30, 60, 90, and 120 min. The 

reaction was stopped by the use of 2X stop solution, and the sample mixtures 

were incubated at 90 °C for 5 min prior to electrophoresis on a 20% 

polyacrylamide gel containing 8 M urea. The cleavage products were analyzed 

by ImageJ software. 

Competitive Analysis 

  A 13-base ribonucleotide (CUCUUACAUAUCA) was used as substrate, and 

three other 13-base ribonucleotides (CUCUUACAUUUCA, CUCUUACAUCUCA, 

and CUCUUACAUGUCA) in which only the 10th base is different from the 

substrate (shown in bold) were used to examine whether these ribonucleotides 

are able to inhibit the cleavage of the substrate. The concentration of the 

substrate analogues was fixed at 1 µM, whereas the substrate concentrations 

were at 1.0 and 4.0 µM. The substrate with and without the substrate analogues 

in a 10-µl reaction mixture containing 10 mM Tris-HCl (pH 7.8) and 0.2 µl of 

Protector RNase inhibitor was incubated with 5 nM MazFbs(can) at 37 °C for 30, 

60, 90, and 120 min, respectively. The reaction was stopped by the use of 2X 

stop solution, and the reaction mixtures were incubated at 90 °C for 5 min prior to 

electrophoresis on a 20% polyacrylamide gel containing 8 M urea. The cleavage 

products were analyzed by ImageJ. 
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Results 

Construction of Arg auxotrophic strain by P1 transduction 

  In order to combine an auxotrophic strain with the dual inducible SPP system 

(Fig. 4), ΔargH was introduced into the BL21(DE3) ΔhisBΔtrpC strain (Datsenko 

and Wanner 2000; Vaiphei et al. 2010). The resultant strain, BL21(DE3) 

ΔhisBΔtrpC ΔargH strain does not grow without His, Trp and Arg in the medium.  

 

Production of MazFbs (can) using dual inducible SPP system 

  In order to produce MazFbs(can) by suppressing the toxicity from Can, the 

Single-Protein Production (SPP) system was applied (Suzuki et al. 2006).  The 

ACA-less MazFbs gene (Fig.13A) was cloned into the pColdIII vector, which has 

only MNHKV residues, the translation enhancing element. pColdIIImazFbs was 

transformed into BL21(DE3) ΔhisBΔtrpCΔargH cells which contains 

pACYCmazF(ΔH), harboring a lac-inducible mazF gene which has mutations in 

G27L and H28R (Vaiphei et al. 2010). The cells were grown in M9 glucose 

medium supplemented with His, Trp and Arg. When O.D.600 reached 0.5, the 

culture was placed on ice for 5 min followed by 45 min at 16 °C for cold shock 

treatment.  The cells were collected and washed by 1xM9 buffer to remove His 

from the medium, and re-suspended into M9 glucose supplemented with Trp and 

Arg. Only MazF(ΔH) was induced by addition of 0.5 mM IPTG at this time. This is 

because MazFbs contains two His residues in addition to the C-terminal 6x His 

residues, thereby, MazFbs(can) was not induced in the absence of His in the 

medium.   After 2 hr incubation, the cells were collected again and washed by 

1xM9 buffer to remove Arg from the medium, and finally re-suspended into M9 

glucose supplemented with His, Trp and Can and 0.5 mM IPTG to induce 
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MazFbs(can) production.  Since MazF(ΔH) induction places the cells in a 

dormant state, Can was only used for MazFbs(can) production.  In order to 

produce MazF(arg), Arg (20 mg/L) was added into the medium instead of Can.  
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Figure legends are in the next page. 

 

 

 

 

 

 

 

Figure 2

A
         1 atgattgtgaaacgtggcgatgtgtattttgcggatctgagcccggtggtgggcagcgagcagggcggcgtgcgtccggtgctggtgatt 90 
         1 M  I  V  K  R  G  D  V  Y  F  A  D  L  S  P  V  V  G  S  E  Q  G  G  V  R  P  V  L  V  I   30 
 
        91 cagaacgatattggcaaccgttttagcccgaccgcgattgtggcggcgattaccgcgcagattcagaaagcgaaactgccgacccatgtg 180 
        31 Q  N  D  I  G  N  R  F  S  P  T  A  I  V  A  A  I  T  A  Q  I  Q  K  A  K  L  P  T  H  V   60 
 
       181 gaaattgatgcgaaacgttatggctttgaacgtgatagcgtgattctgctggagcagattcgtaccattgataagcagcgtctgaccgat 270 
        61 E  I  D  A  K  R  Y  G  F  E  R  D  S  V  I  L  L  E  Q  I  R  T  I  D  K  Q  R  L  T  D   90 
 
       271 aaaattacccatctggatgatgaaatgatggataaagtggatgaagcgctgcagattagcctggcgctgattgattttcatcatcatcat 360 
        91 K  I  T  H  L  D  D  E  M  M  D  K  V  D  E  A  L  Q  I  S  L  A  L  I  D  F  H  H  H  H   120 
 
       361 catcattaa 369 
       121 H  H  *   122 

B



	 78	

Figure 13. Schematic procedures for the production of MazFbs(arg) and 

MazFbs(can). These figures are adapted from Ishida et al.,(Ishida et al. 2013) A, 

The DNA sequence and amino acid sequence of MazFbs. The gene is codon-

optimized for E. coli and designed to be ACA-less. The amino acid sequence of 

MazFbs is shown under the DNA sequence. B, The dual inducible Single-

Protein-Production (SPP) system. The BL21(DE3) (ΔargHΔtrpCΔhisB) cells were 

transformed with pACYCmazF(ΔH)  together with pColdIIIMazFbs and grown in a 

1-liter culture of M9-glucose medium supplemented with Arg (20 µg/ml), His (20 

µg/ml), and Trp (20 µg/ml) at 37°C.  When the A600 value reached 0.5, the culture 

was placed on ice for 5 min and incubated at 15°C for 1 hr for cold shock 

treatment. Cells were collected and washed twice with 1xM9 medium. The cells 

were re-suspended in 50 ml of M9-glucose medium supplemented with Arg (20 

µg/ml) and Trp (20 µg/ml) but without His. Only the expression of MazF(ΔH) was 

induced by addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG; 0.5 mM) 

followed by an additional 2 hr incubation at 15°C. Cells were collected and 

washed twice with 1xM9 medium. The cells were re-suspended in 50 ml of M9-

glucose medium supplemented with His (20 µg/ml), and Trp (20 µg/ml), Can (100 

mg/L) and IPTG (0.5 mM) to incorporate Can into MazFbs. The culture was 

incubated at 15°C for an additional 24 hr to induce MazFbs(can). In order to 

produce MazF(arg), Arg (20 mg/L) was added into the medium instead of Can.  
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 Identification of labeling efficiency after incorporating Can into MazFbs  

  After overnight incubation using the SPP system in the presence of Can, a new 

band was induced at 14 kDa position, and this protein, MazFbs(can) was purified 

by Ni-NTA affinity chromatography followed by DEAE ion-exchange column 

chromatography (Fig. 14A) because the pI of MazFbs(arg) is 6.34 while the pI of 

MazFbs(can) is 5.86 by calculation. There are seven Arg residues in MazFbs so 

the molecular mass should differ by 13.8 Da (1.97 Da x 7) to that of MazFbs(arg) 

if all seven Arg residues were replaced with Can. It was shown that MazFbs(can) 

was 13.4 Da larger than MazFbs(arg) by mass spectrometry analysis (Fig. 14B), 

indicating that 97% of Arg residues were replaced with Can . 
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A 

 

 

 

 

B 

 

Figure 14. Protein identification of MazFbs(arg) and MazF(can). (A) After His-tag 

purification, 1 µg of  MazFbs(arg) and 0.5 µg MazF(can) were analyzed by SDS-

PAGE gel. (B) Total mass measurement by MALDI-TO of MazFbs(arg) and 

MazFbs(can), respectively. As an internal reference, apomyoglobin (8,477 Da 

and 16,952 Da) was used. This figure is adapted from Ishida et al.,(Ishida et al. 

2013).  
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RNA cleavage specificity was altered in MazFbs(can) 

  The endoribonuclease activity of MazFbs(can) was examined using 3.5-kb MS2 

phage RNA as a substrate (Park et al. 2011). To our surprise, the cleavage 

patterns were found to be very different between the two enzymes (Fig. 15A). 

Therefore, I attempted to determine the exact cleavage site by in vitro primer 

extension.  As a result, U^ACAU sites in MS2 RNA cleaved by MazFbs(arg) were 

detected (^ indicates the cleavage position), while MazFbs(can) cleaves the MS2 

RNA at U^ACAU sites only when these sites contain one extra A residue at the 3’ 

end (Fig. 15B,C,D,E,F).  This indicates that the activity of MazFbs(can) was 

altered to have a higher RNA-cleavage specificity, from a five-base to a six-base 

recognition sequence. To further confirm this, 13-base RNA substrates covering 

all possible 7-base sequences having an extra base at both sides of UACAU 

were synthesized and results showed that MazFbs(can) specifically cleaves at 

U^ACAUA (Fig. 16A, B). Lanes 2 [MazFbs(can)] and 7 [MazFbs(arg)] in Figure 

5A show an extra band corresponding to the product cleaved after the first C 

residue in addition to the cleaved product after the fifth U residue, 

C^UCUU^ACAUAUCA (^ indicates the cleavage sites).  No extra cleavage 

products are observed with the three other ribonucleotides (CUCAUACAUAUCA, 

CUCGUACAUAUCA, CUCCUACAUAUCA) for both MazFbs(can) and 

MazFbs(arg) (bases which are replaced are shown in red).  Furthermore, lane 2 

in Figure 16B using MazFbs(can) with CUCUUACAUAUCA shows an extra 

cleavage product (cleaved after the first C residue) in addition to the product after 

the fifth U residue.  Lanes 7, 8 and 10 in Figure 16B using MazFbs(arg) also 

show an extra cleavage product corresponding to C^UCUUACAUUUCA, 

C^UCUUACAUAUCA, C^UCUUACAUCUCA, respectively. It is still unknown why 
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these substrates were cleaved by MazFbs(arg) and MazFbs(can)  between U 

and C at the 3’ end. 
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Figure legends in the next page 
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Figure 15 Alteration of cleavage specificity from 5-base to 6-base recognition in 

MazFbs(can). These figures are adapted from Ishida et al.,(Ishida et al. 2013). A, 

Endoribonuclease activity using MazFbs(arg) and MazFbs(can) with MS2 phage 

RNA. Lane C represents negative control in the absence of protein, lane 2-4 and 

6-8 are the reaction in which MS2 RNA was incubated with MazFbs(arg) or 

MazFbs(can) for 1, 5, 10, 30 min, respectively [Lanes 1-4; MazFbs(arg), 5-8; 

MazFbs(can)]. A black arrow indicates the full length (3.5 kb) of MS2 phage RNA. 

B-F, Analysis of MazFbs(can) cleavage positions in MS2 phage RNA by in vitro 

primer extension. Each panel represents different UACAU sites in MS2 RNA. 

Lane 1; MS2 RNA was incubated in the presence of purified CspA as a negative 

control. Lanes 2 and 3; MS2 RNA was incubated with MazFbs(can) and 

MazFbs(arg) in the presence of CspA, an RNA chaperone, respectively. G, A, U, 

and C with an upper black bar indicate the sequence ladder for each reaction 

primer. Ribonucleotide sequences in each panel (B-F) represent the cleaved 

sequences for MazFbs(can) and MazFbs(arg), respectively. The U^ACAU 

sequences with an under bar indicate the cleavage sites by MazFbs(arg).  The 

extra A at the 3’ end is shown in red and is required for the cleavage by 

MazFbs(can). 
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Figure 16. Identification of a change of RNA cleavage specificity in MazFbs(can). 

These figures are adapted from Ishida et al.,(Ishida et al. 2013). A, The synthetic 

ribonucleotides consisting of 13-bases (C1U2C3X4U5A6C7A8U9A10U11C12A13), 

where the 4th base (X) was U, A, G, or C, were incubated with MazFbs(can) or 

MazFbs(arg) (lanes 2-5, and 7-10, respectively). Lanes 1 and 6 represent control 

reactions in the absence of MazFbs. B, Synthetic 13-base ribonucleotides 

(C1U2C3U4U5A6C7A8U9Y10U11C12A13), where the Y position was A, U, G or C, 

were incubated with MazFbs(can) or MazFbs(arg) (lanes 2-5, and 7-10, 

respectively) Lanes 1 and 6 represent control reactions in the absence of 

MazFbs. The numbers next to M indicated the length of RNA were generated by 

hydrolysis with NaOH. 
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Kinetic study  

 The Km value and the Kcat/Km value of MazFbs(arg) were determined to be 2.0 

± 0.2 µM and 1.0 ± 0.2 x 10-2, respectively using UACAUA as a substrate. 

Although the Km value for MazFbs(can) is almost identical to that of 

MazFbs(arg), the Kcat/Km value of MazFbs(can) is approximately 5% of that of 

MazFbs(arg) (see Table 1). Since MazFbs(can) became six-base specific, 

cleaving at U^ACAUA, but not UACAUG, UACAUC and UACAUU (Fig.16), I next 

examined if the cleavage of U^ACAUA is inhibited by these substrate analogues 

having different bases at the sixth position (UACAUU, UACAUC and UACAUG). 

Results showed that there was no inhibition of the cleavage reaction by 

UACAUG, UACAUC, and UACAUU, indicating the A residue at the sixth position 

plays a critical role for the substrate binding to the enzyme (Table 2).  It was 

found that there was no inhibition of the cleavage reaction by UACAUG, 

UACAUC, and UACAUU, even if the inhibitor-to-substrate ratio increased (Table 

2). 
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Table 1. Kinetic constants for MazFbs(arg) and MazFbs(can) 

 

 

 

 

 

 

Table 2. Relative endoribonuclease activity of MazFbs(can) using 

CUCUUACAUAUCA as a cleavable substrate in the presence and the absence 

of substrate analogues having different bases at the sixth position 

(CUCUUACAUCUCA, CUCUUACAUGUCA and CUCUUACAUUUCA) 

 

 

 

 

 

 

 

 

	  Vmax(µM/min) Km(µM) Kcat(min-1)  Kcat/Km(µM-1
・min-1) 

MazFbs(arg) 4.2±1.1 x10-2 2.0±0.2  2.2±0.4 x10-2 1.0±0.2 x10-2 

MazFbs(can) 8.4±1.2 x10-3 1.8±0.3  8.4±1.2 x10-4 5.0±1.0 x10-4 

  CUCUUACAUAU
CA only 

+CUCUUACAUCU
CA 

+CUCUUACAUGU
CA 

+CUCUUACAUUU
CA 

CUCUUACAUAUCA 

: substrate 
analogue=1:1 

1.0  1.1  1.0  1.1  

CUCUUACAUAUCA 
:substrate 
analogue=1:4 1.0  1.1  1.1  1.2  
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Structural analysis of MazFbs(can) by circular dichroism (CD) 

spectroscopy  The secondary structures of MazFbs(arg) and MazFbs(can) were 

analyzed by CD spectroscopy.  Minimum peaks were observed at 208 and 222 

nm from MazFbs(arg), which indicate α-helical structures. MazFbs(can) showed 

a minimum peak at 208 nm, however, the value was higher than that for 

MazFbs(arg), while the signal at 222 nm for MazFbs(can) was lower than that for 

MazFbs(arg) (Fig. 17A). We calculated α-helix and β-sheet content using K2D2 

program which showed that the  β-sheet content decreased from 39.5 to 37.2% 

while the α-helix content of MazFbs(can) slightly increased from 27.5 to 29.7%. 

Therefore, MazFbs(can) is likely folded in a very similar manner as MazFbs(arg), 

however the replacement of Arg with Can appears to affect the α-helical 

structures. Next, the thermal stability was examined for both proteins between 4 

and 90°C by measuring the change in ellipticity at 222 nm in the CD spectra. 

Notably, the melting temperature of MazFbs(can) was 59 °C, which is lower by 

approximately 4°C than that of MazFbs(arg) (Fig. 17B). There is a salt bridge 

between Arg-87 and Glu-20 and hydrogen bonds between Arg-5 and Ala-112 

that have been shown to stabilize the dimer formation (Gogos et al. 2003). 

Although both Arg and Can contain a guanidino group, the replacement of the 

methylene group in Arg with oxygen in Can results in the reduction of the pKa 

value from 12.48 to 7.01 (Rosenthal et al. 1989). Therefore, the salt bridge in 

MazFbs(can) is likely to be weaker when all the Arg residues are replaced with 

Can, resulting in a less thermo-stable protein.  
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Figure 17  The structural analysis of MazFbs(arg) and MazFbs(can)  

These figures are adapted from Ishida et al.,(Ishida et al. 2013). A, CD spectra of 

the secondary structures of MazFbs(arg) and MazFbs(can). B, Thermal stabilities 

of MazFbs(arg) and MazFbs(can). The open and black circles represent 

MazFbs(can) and MazFbs(arg), respectively. 

 

D

B
Figure 3

arg

M         1         2
21

14

7

(kDa)

5976.0 8798.8 11621.6 14444.4 17267.2 20090.0

Mass (m/z)

3094.9

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

16952.7207

17166.4629

14430.1074

11040.9521
8477.0010

17379.89458581.7646 14639.43367214.5317 10139.8604 11249.7588

5980.0 8802.4 11624.8 14447.2 17269.6 20092.0

Mass (m/z)

4258.0

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

14551.9111

16952.7656
14416.6611

7278.0024
17165.455114764.11338477.0996

7211.3491
8582.7422 14165.1533 17377.5371

7083.3599 9483.4473 10652.6592

MazF-bs(arg)

MazF-bs(can)

arg
can can

A

C

D

B
Figure 3

arg

M         1         2
21

14

7

(kDa)

5976.0 8798.8 11621.6 14444.4 17267.2 20090.0

Mass (m/z)

3094.9

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

16952.7207

17166.4629

14430.1074

11040.9521
8477.0010

17379.89458581.7646 14639.43367214.5317 10139.8604 11249.7588

5980.0 8802.4 11624.8 14447.2 17269.6 20092.0

Mass (m/z)

4258.0

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
ns

ity

14551.9111

16952.7656
14416.6611

7278.0024
17165.455114764.11338477.0996

7211.3491
8582.7422 14165.1533 17377.5371

7083.3599 9483.4473 10652.6592

MazF-bs(arg)

MazF-bs(can)

arg
can can

A

C



	 90	

Discussion 

  RNA interference can be carried out by two different methods; one by 

sequence-specific mRNA interferases and the other by RNAi using antisense 

RNA. In contrast to antisense RNA, which can be generally designed against any 

RNA, the use of mRNA interferases is much more defined. Therefore, expanding 

the recognition of the RNA restriction enzyme is highly important as it can be 

applied for gene therapies against viral infections and cancers by regulating 

specific genes (Zhu et al. 2009; Park et al. 2012; Shapira et al. 2012). To date, 

some of the MazF homologues in various bacterial genomes have been identified 

and characterized revealing substrate recognition lengths varying from 3-bases 

to 7-bases (Zhang et al. 2003b; Zhu et al. 2009; Park et al. 2011; Yamaguchi et 

al. 2012). In the MazFbs-RNA complex structure, it was shown that the five-base 

target sequence tightly binds to MazFbs with the bases facing towards the 

MazFbs interface and the backbone phosphate moieties facing outside and away 

from the MazFbs interface. Thus, interaction between RNA and MazFbs occurs 

mainly through interaction with bases, facilitating sequence-specific recognition 

of RNA substrates (Simanshu et al. 2013). It was suggested that other 

homologues are likely to bind their RNA substrates within the dimer interface 

similar to the structure of the MazFbs-RNA complex. While characterizations of 

new MazF homologues are still ongoing, the efforts to extend recognition 

sequences by known MazF homologues are also highly important. In one study 

involving recognition site alteration, the loop-2 region in MazFec from E. coli was 

exchanged with the corresponding loop-2 regions of MazFmx from Myxococcus 

xanthus and MazFmt from Mycobacterium tuberculosis, resulting in a change of 
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cleavage specificity from ACA to other sequences.  Exchanging the loop 1 region 

did not create new cleavage sequences (Park et al. 2013).  

  In the present study, I have attempted to change the specificity of MazFbs by 

exchanging Arg to Can.  In order to achieve complete replacement, there are 

some issues to be addressed: 1. Suppressing the toxicity of Can to the cells. 2. 

Achieving high labeling efficiency. 3.Maintaining the structure as well as function. 

Can is highly toxic for the cells as it will be incorporated into cellular proteins 

producing structurally abnormal proteins, resulting in cell growth arrest and 

eventual cell death. Therefore, the simple addition of Can into a culture medium 

does not yield a protein in which all the Arg residues in MazFbs are replaced with 

its analogue. Ideally, the incorporation of an amino acid analogue into any other 

cellular proteins but the target protein has to be completely prevented. In 

addition, it is important to suppress Arg biosynthesis to achieve the complete 

replacement of all the Arg residues with Can because the Arg affinity to tRNA is 

more than 100 times higher than that of Can (Igloi and Schiefermayr 2009). 

  In order to suppress Can toxicity to the cells while maintaining the biosynthetic 

function of the cells, the SPP system was applied so that Can is not incorporated 

into any cellular proteins except for MazFbs. The second requirement was 

achieved by using an Arg auxotroph together with a dually inducible system 

(Vaiphei et al. 2010). The use of the SPP system for the replacement of all Arg 

residues in MazFbs with Can appears to be essential as Can incorporation into 

other cellular proteins would likely cause the cells severe inhibitory effects on 

various biosynthetic reactions including protein synthesis.  

  Therefore, the present system can be applied for other toxic amino acid 

analogues as far as they can be recognized by E. coli aminoacyl-tRNA 
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synthases. The second requirement for the present system is the use of an 

amino acid auxotroph to avoid the incorporation of a natural amino acid into a 

target protein. Eliminating the cellular Arg is essential since Arg is preferentially 

used for protein production rather than Can. In addition, the dual inducible 

system enabled MazFbs to be labeled in a highly efficient manner. The use of the 

SPP system in combination with amino acid auxotroph strains is an innovative 

method to create proteins which have novel functions and structures without 

genetic manipulation of aminoacyl tRNA synthetases and tRNAs.  

  The most exciting and promising result in the present study is that MazFbs(can) 

became a UACAUA 6-base recognition enzyme and it was no longer able to 

cleave RNA at the original MazFbs(arg) five-base, UACAU site. The cleavage 

activity of MazFbs(can) was reduced to approximately 5% of MazFbs(arg), 

however, the Km value of MazFbs(can) using UACAUA as a substrate is almost 

identical to that of MazFbs(arg), indicating that the substrate binding affinity in 

MazFbs(can) was compensated by an extra A residue at the 3’ end of the 

substrate. This specificity alteration may be due to the replacement of Arg to Can 

changing the interaction between Arg residues in MazFbs(arg) and the 

substrates. The residues Arg-25, Arg-81 and Arg-87 are located in the interface 

between the monomers (Fig. 12C) (Gogos et al. 2003), thus, these 3 residues 

may be critical for recognizing the 6th base of the substrates. However, 

according to the crystal structure of the complex of MazFbs together with 

substrate, none of the Arg residues interact with the UACAU bases.  The 

residues that interact with the 6th base are Leu-56, Asn-32, Gly-35, and Ile-34, 

respectively (Simanshu et al. 2013). Since these 4 amino acids are non-charged 

amino acids, Can residues in MazFbs(can) may be able to interact with 
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substrates directly. Can replacement of Arg residues also causes the secondary 

structure of MazFbs(can) to be more helical than that of MazFbs(arg). In addition, 

the salt bridge between Arg-87 and Glu-20 and hydrogen bonds between Arg-5 

and Ala-112, which stabilize MazFbs dimer formation, are possibly lost since the 

there is no charge in the guanidino group of Can. Because residual interactions 

in a protein are critical for its stability, the thermostability of MazFbs(can) is lower 

than that of MazFbs(arg). Considering the difference of secondary structure and 

thermostability, the conformational change possibly leads to a dimer interface 

change. Thus Can residues in MazFbs(can) may be able to interact with the 6th 

base position of the substrates directly. On the other hand, it is also possible to 

hypothesize that Can residues are involved with substrate recognition indirectly. 

This can be explained by conformational change as well. After Can replacement, 

overall MazFbs(can) structure is different, and thus some of the residues are able 

to interact with the 6th base of the substrate tightly. At present, it is not known 

how MazFbs(can) recognizes the UACAUA site and it remains to be further 

elucidated by X-ray crystallography.  
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Section III  

 

Construction of a residue- and stereo-specific methyl labeling method by 

engineering E. coli  
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Introduction 

  Although NMR spectroscopy is a great tool to study the dynamics of proteins 

and protein-protein interactions in solution state, the applicable range of 

molecular weights for conventional NMR methodologies are still limited to 

relatively small proteins in comparison to other methods such as X-ray 

crystallography and cryo-electron microscopy (CryoEM). However, technology 

advances to overcome the size limitation under a highly deuterated background 

have been accomplished in the past two decades (Goto et al. 1999; Ruschak et 

al. 2010; Velyvis et al. 2012), and it is now possible to observe 13C-labeled 

methyl signals for protein particles in the 700 kDa range (Ruschak and Kay 2010; 

Kerfah et al. 2015). Among the methyl-containing amino acids, Ile-, Leu-, and 

Val-residues are highly useful to obtain structural and dynamic information for 

larger proteins because these amino acid residues and the aromatic amino acids 

form the hydrophobic cores of proteins. Important structural information of 

proteins can be obtained from the ILV-methyl signals, however, the residue- and 

regio-stereo-specific assignments of the ILV-methyl signals are problematic. This 

is because relatively small chemical shift dispersions and overlapping chemical 

shifts often happen, making it difficult to analyze the overall spectra. In order to 

obtain detailed structural information by NMR, it is essential to elucidate all of the 

assignments including the ambiguous peaks from simultaneous labeling of ILV-

methyl groups. To simplify the spectra, various methyl specific labeling methods 

have been developed using keto-precursors (Rosen et al. 1996; Goto et al. 1999; 

Tugarinov and Kay 2003).  

 



	 96	

  In order for selective Ile labeling, methyl 13C-labeled α-ketobutyrate was 

developed as a first precursor (Gardner et al. 1997).  In this system, the δ1 

methyl group of Ile residues were selectively labeled. Later, a selective labeling 

method for Leu and Val using γ-α-ketoisovalerate, in which the γ1- or γ2-methyl 

groups were isotope-labeled with 13CH3 and 12CD3, respectively, was developed.    

  In this system, γ1/γ2- and δ1/δ2-methyl Val and Leu residues are labeled, 

respectively (Goto et al. 1999; Gross et al. 2003). These two precursors are 

commercially available and most frequently used. However, in order to achieve 

residue-selective labeling using α-ketoisovalerate, one of the biosynthetic 

pathways of either Leu or Val needs to be inhibited since α-ketoisovalerate is a 

common precursor for both Val and Leu biosynthesis. To date, residue-selective 

labeling of Val has been achieved by suppressing its metabolic conversion from 

α-ketoisovalerate to Leu by adding enough amount of perdeuterated Leu into the 

culture medium. In order to achieve Leu-specific methyl labeling, a Leu specific 

methyl 13C-labeling method using α-ketoisocapronate has been proposed but this 

method has not been widely used as α-ketoisocapronate is not commercially 

available yet (Lichtenecker et al. 2013).  

  The disadvantage of using either methyl 13C-labeled α-ketoisovalerate or α- 

ketoisocapronate precursors is the lack of a method for stereo-specific labeling of 

prochiral methyl groups.  The inability to stereo-specifically label prochiral methyl 

groups causes overlapping between the Leu δ1/δ2 and Val γ1/γ2 signals and thus 

50% lowering of labeling efficiencies. To overcome this, the γ2-methyly group of 

Ile can be regio-selectively labeled using a precursor α-[13C]-aceto-α-

hydroxybutyrate (Ruschak et al. 2010; Ayala et al. 2012). It is more difficult to 

stereo-selectively label prochiral methyl groups of Leu and Val residues by the 
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precursor method. However, since a new compound, α-[13C]-2-acetolactate, was 

developed, both γ2-Val (Val-proS) and δ2-Leu (Leu-proS) can be labeled in a 

stereo-specific manner (Gans et al. 2010). Furthermore, Val-proS labeling can 

only be achieved by suppressing the conversion from 2-acetolactate to Leu (Mas 

et al. 2013).  To date, there are some technologies available for Val selective 

labeling (Mas et al. 2013; Miyanoiri et al. 2013), but there is no effective method 

for Leu selective labeling using precursors. 

  In an alternative approach, stereo-specifically labeled protein samples can be 

prepared using the stereo-array isotope labeling (SAIL) method, in which 

specifically labeled amino acids in a deuterated background are used. In this 

system, structural determination of large proteins can be done very accurately 

since the proton density of proteins is much lower than that of uniform labeling 

proteins (Kainosho et al. 2006).  

  However, due to the amino acid biosynthetic pathway in E. coli, the 

incorporation efficiency of SAIL amino acids into a protein by E. coli expression 

system was not high enough for application to high molecular weight proteins. 

Since a high isotope incorporation efficiency is essential to obtain NMR structural 

information, the SAIL method was limited to a cell-free expression system 

(Takeda et al. 2008). Recently, it was found that the cellular concentration of Leu 

is not high, thus stereo- and Leu-specific labeling method was developed using 

E. coli cells (Miyanoiri et al. 2013). However, it was also found that the labeling 

efficiency in cells of Val using SAIL-Val was only 80% even when 100 mg/L was 

added into the culture medium, possibly due to the high pyruvate concentration in 

cells. Pyruvate is the major source for Val synthesis, and thereby SAIL-Val was 

diluted by endogenous pyruvate (Miyanoiri et al. 2013). 
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  In section III-I, I developed a Leu selective labeling system using genetically 

engineered E. coli in which conversion from acetolactate to Val is completely 

blocked by deletion mutations. 

  In section III-II, I developed a Val and Leu labeling system using SAIL amino 

acids together with amino acid auxotrophs. 
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Section III-I.  Stereo- and residue-specific methyl labeling using amino acid 

precursors 
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Materials and Methods 

Construction of E. coli strains for specific methyl labeling 

  The following gene deletion mutants from the Keio collection (Keio university, 

Japan) were used for P1 transduction [JW5605(ΔilvD), JW5606(ΔilvE), 

JW5652(ΔavtA), JW5807(ΔleuB), JW0076(ΔilvI), JW3704(ΔilvG), 

JW3646(ΔilvB), and JW0003(ΔthrC)] based on analysis of biosynthetic 

pathways. (Fig. 18). To obtain a single deletion mutant, firstly P1 lysate for each 

gene was prepared.  Next, BL21(DE3)(ΔhisBΔtrpC) (Vaiphei et al. 2010) was 

grown in 10 ml of LB medium supplemented with 5 mM CaCl2, and when O.D600 

reached 0.5, 100 µl of P1 phage lysate was added. After 30 min incubation at 

30°C, the transduction was stopped by the addition of 100 mM sodium citrate 

(pH5.5). The cells were then collected and washed with 200 mM sodium citrate 

(pH 5.5). Colonies from LB-Km plates (Km; 50 mg/L) were examined for gene 

deletion by PCR. To confirm auxotrophy, cell growth was tested in M9-glucose 

medium in the presence or absence of amino acids, in particular, Ile, Leu and 

Val. In addition, growth with acetolactate and α-ketoisovalerate was also 

examined. In order to establish a Val specific labeling strain, blocking the Val 

biosynthesis was confirmed using M9-glucose medium in the presence of Ile and 

α-ketoisovalerate or acetolactate (Leu and Val precursors) but in the absence of 

Val.  Likewise, blocking Leu was confirmed by the use of M9-glucose medium in 

the presence of Ile and α-ketoisovalerate or acetolactate but in the absence of 

Leu.  
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Removal of the Km cassette from the genome 

  In order to carry out multiple gene deletion mutations, the inserted Km cassette 

was removed by using pCP20 which carries the red recombinase gene 

(Datsenko and Wanner 2000). The deletion mutants were grown in LB-Km 

medium, and pCP20 was electroporated into the cells. The grown colonies were 

re-streaked on LB plates and incubated at 42°C overnight. The loss of both the 

Km cassette and pCP20 was tested using three different plates: LB, LB-Km and 

LB-Amp (Amp; 100 mg/L) plates, respectively.   
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Figure 18. The biosynthetic pathway of Ile, Leu and Val 

Simplified pathways for Ile, Leu, Val and threonine biosynthesis depicted starting 

from glucose as the main carbon source, according to the Kyoto Encyclopedia of 

Genes and Genomes (http://www.genome.jp/kegg/). The commercially available 

isotope-labeled amino acid precursors [α-ketobutyrate, α-ketoisovalerate, α-

ketoisocaproate, 2-aceto-2-hydroxybutanoate and 2-acetolactate] are shown in 

the figure. Each solid arrow depicts one enzymatic reaction and the related gene 

encoding for the enzyme is shown in italics. Dashed arrows indicate multi-step 

reactions and double arrows represent reversible enzymatic reactions. Asterisks 

indicate acetolactate synthase genes. 
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Sample preparation  

Production of methyl-labeled protein samples for Val  

  In order to label only Val-methyl groups in proteins, either BL21(DE3) ΔhisB, 

ΔtrpC, ΔilvI, ΔilvG, ΔilvB strain (strain A) or BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, ΔilvG, 

ΔilvB ΔleuB (strain B) was used. As standard proteins, peptidyl-prolyl isomerase 

domain of trigger factor (PPD, 101 residues), Catabolite Activator Protein (CAP), 

and the full-length malate synthase G plasmid (MSG, 731 residues) were used. 

Strain A transformed with pET21c-PPD or pET21c-MSG or pColdIII-CAP were 

grown at 37°C in 50 mL (or 250 ml for MSG) of M9-D2O medium supplemented 

with glucose (2 g/L), Trp (30 mg/L), His (30 mg/L), Leu (30 mg/L), Ile (30 mg/L), 

Val (30 mg/L) and Amp (100 mg/L). When OD600 reached 0.3, the cells were 

collected and washed by M9-D2O medium twice and re-suspended in 50 ml (or 

250 mL for MSG) of M9-D2O medium containing glucose (2 g/L), Trp (30 mg/L), 

His (30 mg/L), Met (methyl-13C) at 80 mg/L, Amp (100 mg/L), Leu (30 mg/L) and 

either α-13C-ketoisovalerate (30 mg/L) or 13C-acetolactate (40 mg/L). After 

incubating for 1.5 hours at 37°C, 1 mM IPTG was added to induce protein 

production. The cells were collected and stored at -20°C after 2.5 hours for PPD 

or after overnight incubation for MSG and CAP.  

 

Production of methyl-labeled protein samples for Leu 

  The engineered strain BL21 (DE3) (ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔilvE, 

ΔavtA) (strain C) was used for Leu-methyl labeling. The growth condition medium 

contained 0.1 g/L of [2H]-celtone base powder (Cambridge Isotope Laboratories) 

in addition to the growth medium for Val sample preparation. When OD600 

reached 0.3, the cells were collected and washed by M9-D2O medium twice and 
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re-suspended in M9-D2O medium containing glucose (2 g/L), Trp (30 mg/L), His 

(30 mg/L), Met (methyl-13C) at 80 mg/L, Amp (100 mg/L), Val (30 mg/L), 0.1 g/L 

of [2H]-celtone base powder, and either α-13C-ketoisovalerate (30 mg/L) or 13C-

acetolactate (40 mg/L). After incubating for 1.5 hours at 37°C, 1 mM IPTG was 

added and the culture was incubated overnight.  

 

The purification of PPD, MSG and CAP 

  The purification of isotope-labeled proteins was carried out using Ni-NTA 

column chromatography. The cells were re-suspended into binding/washing 

buffer composed of 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole-

HCl (pH8.0). After breaking the cells by French press, the soluble fraction was 

prepared using ultra centrifuge at 40,000 rpm for 1 hr. The supernatant was 

mixed with pre-equilibrated Ni-NTA agarose and incubated for 1 hr at 4°C. The 

resin was washed 3 times with binding/wash buffer. Finally, the protein was 

eluted with elution buffer consisting of 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 

and 300 mM imidazole-HCl (pH 8.0). The purity of the eluted protein fractions 

was analyzed by SDS-PAGE, and after concentrating the sample by protein 

concentrator (Millipore), the PPD sample was dialyzed against PPD NMR buffer 

consisting of 50 mM Na-phosphate (pH 6.0) and 10% D2O and the MSG sample 

was dialyzed against MSG NMR buffer composed of 20 mM Na-phosphate (pH 

7.1), 20 mM MgCl2, 5 mM DTT and 10% D2O (Tugarinov and Kay 2003). CAP 

was dialyzed against NMR buffer consisting of 50 mM Na-phosphate (pH6.0), 

500 mM KCl, 1 mM β-mercaptoethanol and 7% (v/v) D2O.  

 

 



	 105	

Optimization of the precursor and amino acid composition 

  In order to optimize the conditions for Leu-/Val- stereo specific labeling using 

precursors, protein production and labeling efficiency were examined using 

various concentrations of precursors. For selective Val labeling, strain A, 

BL21(DE3)(ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB) was used to optimize U-[1H, 12C], 

Leu/Val-[13CH3]pro-S PPD samples. Multiple concentrations of 13C-proS-

acetolactate (10, 15, 20, 25, 30 or 60 mg/L) were examined for the production of 

PPD samples. In addition to 13C-proS-acetolactate, the induction medium was 

supplemented with 30 mg/L of His, Trp and Ile. In order to optimize Leu-specific 

labeling conditions, U-[1H, 12C], Leu-[13CH3/12CD3] PPD samples were prepared 

using strain C, BL21(DE3) (ΔhisB, ΔtrpC, ΔilvB, ΔilvG, ΔilvI, ΔilvE, ΔavtA). 

The protein production and labeling efficiency were examined using 17, 25, 50, 

or 120 mg/L of α-13C-ketoisovalerate. The medium was supplemented with 30 

mg/L of His, Trp, Ile and Val, respectively. Protonated glucose and protonated 

amino acids were used in both the growth and induction steps. The concentration 

of recombinant proteins and the volume of the protein sample obtained at the 

end of the purification were measured to assess the protein yield. For all labeled 

protein production, L-Met (methyl-13C) at 80 mg/L was used as an internal 

reference. The relevant methyl signals were measured by recording 13C-HMQC.  
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NMR spectroscopy 

  Spectra were recorded at 305 K by using Bruker Avance III 700 MHz or 

600MHz equipped with a triple resonance gradient cryo-probe and a standard 

probe, respectively. Topspin 3.2 (Bruker BioSpin) was used for data collection 

and NMRPipe (Delaglio et al., 1995) for spectra processing followed by analysis 

with Sparky 3.115 (T. D. Goddard and D. G. Kneller, University of California, San 

Francisco, CA).  
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Results 

Engineering the biosynthetic pathway of Ile, Leu and Val 

  In order to achieve residue specific labeling using commercially available 

precursors (acetolactate and α-ketoisovalerate), the biosynthetic pathways of Ile, 

Leu and Val were analyzed (Fig.18). For Leu specific labeling, it is necessary to 

inhibit Val biosynthesis since both Val and Leu share some of the reactions for 

their biosynthesis.  Therefore, deletion mutations were designed at the last step 

of Val synthesis. Thus, two transaminase genes, ilvE and avtA, located at the last 

step of Val synthesis were deleted by P1 transduction using Keio collection 

strains.  To achieve Val specific labeling, Leu biosynthesis was inhibited. As 

shown in Figure 18, there are multiple reactions after α-ketoisovalerate synthesis, 

and leuB was chosen as the gene to be deleted.  

  To optimize labeled acetolactate incorporation efficiency, some of the cell 

acetolactate synthase (ALS) genes were deleted. There are 3 ALSs in the E. coli 

genome and each ALS consists of one large subunit and one small subunit. 

Thereby, 6 genes for ALSs, ilvI, ilvG, ilvB, ilvH, ilvM and ilvN, are present in the E. 

coli genome. Since the large subunits have major functions for Ile, Leu and Val 

biosynthesis, the ilvI, ilvG, ilvB genes encoding the ALS large subunits were 

deleted (Fig. 18). Notably, although the ALS mutant strain (∆ilvI, ∆ilvB, ∆ilvG), 

could not grow in the absence of Ile, Leu and Val, the cells were able to grow in 

the presence of acetolactate and Ile. In order to achieve stereo- and residue-

specific methyl labeling, I incorporated the Val and Leu labeling system into the 

ALS mutant strain, respectively. 

  Considering the cost effectiveness, I attempted to construct the deletion 

mutants consisting of ΔilvI, ΔilvG, ΔilvB, ΔilvE, ΔavtA and ΔilvI, ΔilvG, ΔilvB, 
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ΔleuB. However, isolation of these strains was not successful. On the other 

hand, when I attempted to isolate the same deletion mutations from the 

BL21(DE3)  ΔhisB, ΔtrpC strain (Vaiphei et al. 2010), strain A, BL21(DE3)  

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, strain B, BL21(DE3)  ΔhisB, ΔtrpC, ΔilvI, ΔilvG, 

ΔilvB ΔleuB, and strain C BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔilvE, 

ΔavtA were successfully isolated.  

 

Optimization for the production of Val/Leu specific methyl labeled PPD 

  In order to prepare methyl specific labeled samples in a timely manner, two 

media were used in this study, one was as a growth medium and the other one 

was as an induction medium. Both media consisted of M9-D2O glucose media, 

but the growth medium was supplemented with His, Trp, Ile, Leu and Val while 

the induction medium to label Leu contained His, Trp, Ile, acetolactate and Val. 

For Val labeling, the induction medium contained His, Trp, Ile, acetolactate and 

Leu. In order to determine the minimum concentration of precursors, [1H,13C]-

methyl incorporation was examined using 2-oxo-3-[2H]-3-[2H3]methyl-[4-

13C]butanoate (13C-monomethyl α-ketoisovalerate).  The catalytic N-terminal PPI 

domain from E. coli Trigger Factor (PPD) was used as an example. To determine 

optimum isotope-labeling conditions, several isotope-labeled PPD with different 

isotope concentrations were prepared, and the signals from methyl labeled 

samples were analyzed by recording the 13C-HMQC spectra (Fig. 19A). As an 

internal standard, the mean signal intensity of the Met ε-methyl group was used 

and all the methyl signals were normalized based on this standard (Fig. 19B and 

C).  Val-[13CH3]proS  and Leu-[13CH3]proS PPD samples using strain A, BL21(DE3)  

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB with different concentrations of 13C-proS-
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acetolactate were analyzed. As shown in Figure 19A and 19B, 25-30 mg/L was 

sufficient to reach the maximal isotope incorporation. This represents a reduction 

to 1/10 of the 300 mg/L of acetolactate required for the standard strain (Gans et 

al. 2010), without loss of labeling efficiency by using strain A. Next, I tested the 

isotope labeling efficiency of Leu using strain C, BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, 

ΔilvG, ΔilvB, ΔilvE, ΔavtA.  For optimal Leu labeling conditions, isotope 

incorporation levels were examined using 13C-monomethyl α-ketoisovalerate as a 

Leu precursor. Results showed that 25 mg/L of 13C-monomethyl α-

ketoisovalerate was sufficient to reach maximum isotope incorporation, while the 

standard strain required 88 mg/L of α-ketoisovalerate (Fig. 19C).  Protein yields 

using different conditions were compared to the protein expressed by the 

standard protocol in which the BL21(DE3) strain with 120 mg/L of 13C-

monomethyl α-ketoisovalerate was used to see if the deletion mutation affects 

protein yield. For this purpose, the protein concentration was determined after 

purification.  The protein yield of Leu/Val-[13CH3]proS PPD sample produced by 

using  40 mg/L 13C-proS-acetolactate and strain A was the same as that of the 

standard protocol. Interestingly, when 60 mg/L of 13C-proS-acetolactate was 

used, the protein yield was twice as high as that of the standard protocol. Since 

300 mg/L of acetolactate was required for the standard protocol, the use of 60 

mg/L resulted in an 80% reduction of acetoacetate while doubling the protein 

yield. 

  In the case of Leu labeling, the protein yields using strain C and 50 mg/L of 13C-

monomethyl α-ketoisovalerate yields were about the same as the standard strain. 

However, when 40 mg/L of 13C-proS-acetolactate was used for MSG production, 

the protein yield was about 40% of the standard protocol production. 
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  As shown in Figure 20, residue- and stereo-specific methyl labeling was 

successful using PPD as an example. Using strains A, B and C along with 

precursors, PPD was labeled in either a Leu or Val specific manner which 

simplified the spectra compared to the spectrum generated by using a standard 

strain with α- ketoisovalerate. 
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Figure legends are in the following page 
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Figure 19. Optimization for residue specific methyl labeling by precursors using 

strain A. These figures are adapted from Monneau et al., (Monneau et al. 2016). 

Peptidyl prolyl isomerase domain (PPD) of Trigger Factor was expressed by 

strain A BL21(DE3)  ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB. (A) Two spectra of U-

[12C,1H], Leu/Val-[13CH3]-proS PPD are shown with the proton cross-sections 

depicted for Met189 ε-methyl and Val164 γ2-methyl groups. The signal of Met ε-

methyl group is used as an internal standard to assess labeling efficiency. (B) 

and (C); The intensities of peaks of Val/Leu in the 13C-HMQC (heteronuclear 

multiple-quantum correlation spectroscopy) were examined. In order to normalize 

the intensities, 9 Leu/Val-proS peaks were analyzed (B) and 6 Leu-proS/proR 

peaks were analyzed (C).  The normalization was based on the intensities of 

methionine ε-methyl group, and the mean ± sd is plotted against the 

concentration of the precursor. 
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Figure 20. The 13C-HMQC spectra of residue- and stereo-specifically methyl 

labeled PPD samples. This figure is adapted from Monneau et al.,(Monneau et 

al. 2016) The 13C-HMQC spectra were recorded on different samples of PPD, 

produced using either BL21(DE3) strain and α-ketoisovalerate (a);BL21(DE3)  

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB strain with proS-acetolactate (b); BL21(DE3)  

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB ΔleuB strain with α-ketoisovalerate (c); strain B 

with proS-acetolactate (d); BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔilvE, 

ΔavtA with α-ketoisovalerate (e); BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, 

ΔilvE, ΔavtA with proS-acetolactate (f). 
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Optimization for the production of Val/Leu specific methyl labeled MSG and 

application of this labeling technology to Catabolite Activator Protein (CAP) 

  Various methyl-labeled samples of the 82 kDa malate synthetase G (MSG) 

were prepared using optimized conditions. MSG, consisting of 731 amino acids, 

is one of the largest monomeric proteins for NMR structural study and its methyl 

assignments have been previously determined (Gans et al., 2010; Tugarinov & 

Kay, 2003). The MSG sequence contains 70 Leu and 46 Val residues and 

assignment of the overlapping area is very difficult. The Val-proS labeled MSG 

samples were prepared using strain B, BL21(DE3)  ΔhisB, ΔtrpC, ΔilvI, ΔilvG, 

ΔilvB ΔleuB and 40 mg/L of 13C-proS-acetolactate. The Leu-proS labeled MSG 

was prepared using strain C, BL21(DE3) ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔilvE, 

ΔavtA and  40 mg/L of 13C-proS-acetolactate. As shown in Figure 21, Leu and 

Val signals were completely separated, and the overlapping area was less 

crowded than the spectrum generated by using the standard protocol. In order to 

evaluate the residue- and stereo-specific methyl labeling, the Leu/Val methyl-

labeled MSG sample was prepared using BL21(DE3) and 120 mg/L of 13C-

monomethyl α-ketoisovalerate. The signal intensity of both Val-γ2 and Leu-δ2 was 

twice as high as the methyl signals from the sample labeled by 13C-monomethyl 

α-ketoisovalerate since acetolactate produces a stereo specifically labeled 

compound while α-ketoisovalerate produces a racemic mixture.  In order for Val 

specific labeling, Leu signals need to be suppressed since acetolactate is a 

common source to produce Leu and Val (Gans et al. 2010). In a previous study, 

it was reported that 98% of Leu signals can be suppressed by adding deuterated 

Leu in the culture medium (Mas et al. 2013). I took the same strategy to suppress 

Leu signals using strain A, however, about 6% of residual Leu methyl signals 
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were observed (Fig. 22A). Thus, I applied strain B, which has a deletion mutation 

in the leuB gene so that the conversion from acetolactate was completely 

blocked. As shown in Figure 22B, small signals from Leu were completely 

erased.  

  This newly developed Leu and Val specific labeling technology was applied to 

CAP, a 50-kDa homodimeric gene regulatory protein.  In order to create a 

standard spectrum, CAP was prepared using BL21(DE3) using 13C α-

ketoisovalerate (a). Selectively labeled samples were prepared as follows; using 

strain A with 13C-proR-acetolactate (b) strain A with 13C-proS-acetolactate (c), 

strain B with α-ketoisovalerate (d), strain B with 13C-proR-acetolactate (e), strain 

B with 13C-proS-acetolactate (f), and strain C with α-ketoisovalerate (g). As 

shown in Figure 23, stereo-specific labeled precursors simplified the 13C-HMQC 

spectra (a-c). In addition, the residue specific labeling system using strain B and 

C further simplified the spectra (d-g).  Thus, using stereo-specifically methyl 

labeled compounds together with our deletion mutants enabled us to simplify the 

spectra, which is highly useful for assignments of Val and Leu residues. 
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Figure 21. The 13C-HMQC spectra of stereo- and residue-specific methyl labeled 

MSG. This figure is adapted from Monneau et al.,(Monneau et al. 2016). Methyl 

13C-HMQC spectrum was recorded on samples of MSG expressed with (A) 

BL21(DE3) with 120 mg/L of α-13C-ketoisovalerate. This spectrum contains Leu-

δ1/δ2 and Val-γ1/γ2 crosspeaks. (B) The sample was prepared by using strain B 

with 40 µg/m of 13C-acetolactate, containing only Val-γ2 crosspeaks. (C) Strain C 

with 40 mg/L of 13C-acetolactate, containing only Leu-δ2 crosspeaks. The crystal 

structure of MSG shows that the highly spatially dispersed positions of Leu-δ2 

(green) and Val-γ2 (red) methyl groups were maintained for each residue-specific 

labeling scheme compared to the crowded Leu-δ1/δ2 and Val-γ1/γ2 methyl 

population (grey). The crosspeaks that appear in black on (B) and (C) panels are 

from Met ε-methyl group used as the internal standard (D)  
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Figure 22. 13C-HMQC spectra recorded on Val-[13CH3]-proS MSG samples. This 

figure is adapted from Monneau et al.,(Monneau et al. 2016). Samples were 

prepared with 40 mg/L of 13C-proS-acetolactate and 30 mg/L of 2H-Leu. Strain A 

was used to generate (A), and strain B was used to generate (B). The range of 

the cross-section at 24.4 ppm (on 13C axis) highlighted in red is shown by dashed 

arrows.  
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Figure 23. The application of residue- and stereo- specific labeling system for 

CAP. This figure is adapted from Monneau et al.,(Monneau et al. 2016). The 13C-

HMQC spectra were recorded on CAP labeled with different precursors, 

produced using either BL21(DE3) strain with α-13C-ketoisovalerate (a) or 13C-

acetolactate [either proR (b) or proS (c)]; or strain B strain with α-ketoisovalerate 

(d) or acetolactate [either proR (e) or proS (f)]; or strain C with α-ketoisovalerate 

(g). 
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The possibility of using an Ile precursor together with acetolactate 

  In order for methyl labeling of Ile in proteins, α-ketobutyrate has been commonly 

used to label at Ile-δ1 positions (Fig. 18), however, it cannot be used as an Ile 

precursor for deletion mutants in the present study because it is located 

upstream of the acetolactate synthase gene (Fig. 18). Although selective Leu or 

Val labeling is highly useful for NMR structural studies, combining it with Ile 

labeling would be additionally useful. The moiety of Ile-δ1 is a very useful probe 

in most NMR studies, as it does not overlap with Leu and Val signals and 

eventually gives intense signals. Recently, 13C-aceto-hydroxybutanoate was 

developed as an alternative precursor (Kerfah et al. 2015) to label Ile residues. In 

principle, 13C-aceto-hydroxybutanoate is compatible with ALS deletion mutants, 

therefore I attempted to combine the Ile labeling system with the Leu or Val 

labeling system. For Val/Ile labeling, I prepared samples using strain B with 

different concentrations of 13C-aceto-hydroxybutanoate and 13C-proS-

acetolactate.  As a result, when aceto-hydroxybutanoate and acetolactate were 

added simultaneously, Leu/Val labeling efficiency was decreased. This is 

possibly because aceto-hydroxybutanoate and acetolactate are both substrates 

of the ketol-acid reductoisomerase (KARI), the downstream enzyme after ALS in 

the Ile, Leu and Val pathways. The affinity of aceto-hydroxybutanoate to KARI is 

5-8 times higher than that of acetolactate (Dumas et al. 2001), but in theory, it 

should be possible to incorporate both precursors to be equally used for amino 

acid biosynthesis. Therefore, I examined the isotope incorporation efficiency 

using multiple concentration sets. As shown in Figure 24, when the ratio of aceto-

hydroxybutanoate and acetolactate was 1:5, the labeling efficiency of Val-

[13CH3]-proS was about 50% compared to Met incorporation, while it was greatly 
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improved when the ratio used was 1 : 8. In the case of Leu labeling, strain C was 

not able to grow with aceto-hydroxybutanoate, indicating that IlvE has a critical 

role for Ile biosynthesis.  
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Figure 24. Isotope incorporation efficiency using 13C-aceto-hydroxybutanoate and 

13C-proS-acetolactate. Strain B transformed with pET21c-MSG was grown in the 

growth medium as described in Materials and Methods. When O.D600 reached 

0.3, the cells were collected and washed twice with M9-D2O. The cells were then 

re-suspended into induction medium supplemented with different concentrations 

of 13C-aceto-hydroxybutanoate and 13C-proS-acetolactate. After adding the 

precursors, the culture was further incubated for 1.5 hrs and MSG production 

was induced by the addition of 1 mM IPTG. The culture was incubated overnight. 

After purification of isotope-labeled MSG, the protein was concentrated and 

dialyzed against NMR buffer, and isotope incorporation efficiency was 

determined by recording 13C-HMQC spectra using Met as an internal control. The 

relative intensities are shown in the figure. 
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Section III-II Stereo-and residue-specific labeling using SAIL-Val and -Leu using 

auxotrophic strains 
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Materials and Methods 

Construction of Ile/Leu/Val auxotrophic strains of E. coli  

   At first, P1 phage lysate using two E. coli strains, ΔilvD (JW5605) and ΔleuB 

(JW5807), from the Keio-collection were prepared (Baba et al. 2006). In order to 

delete a gene, the BL21(DE3) strain was grown in 10 ml LB supplemented with 

1 mM CaCl2, Km (50 mg/L) and 0.2% glucose. When O.D reached around 0.5, 

100 µl of P1 lysate from the ΔleuB strain was added into the medium.  After 30 

min incubation at 30°C, the cells were collected and washed twice with 500 µl of 

0.1 M Na-citrate (pH 5.5), and ΔleuB cells were selected by using LB-Km plates 

incubated at 37°C overnight. The grown colonies were examined using M9-

glucose medium in the presence and absence of Leu (20 mg/L). 

   After confirming Leu auxotrophy, the inserted Km cassette was removed using 

pCP20, carrying red recombinase (Datsenko and Wanner 2000).  The 

electrocompetent cells were prepared using isolated BL21(DE3) ΔleuB, and 

pCP20 was electroporated into the cells. Transformants were selected by 

incubating on LB-Amp plates at 30°C. Grown colonies were re-streaked onto LB 

plates and the plates were incubated at 42°C overnight. The grown colonies 

were re-plated on LB-Km, LB-Amp and LB plates, respectively. Since pCP20 is 

a temperature-sensitive plasmid, plasmid loss should occur by the treatment 

described above. After confirmation of loss of Km and Amp resistance while 

retaining Leu auxotrophy, ilvD gene deletion was carried out using P1 lysate 

from the ΔilvD strain. The gene deletion was confirmed by using M9-glucose 

medium in the presence or absence of Ile, Leu and Val (20 mg/L each) together 

with Km. This auxotrophic E. coli was named BL21(DE3) ΔilvDΔleuB. After 
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confirming the auxotrophy of the cells, the Km cassette was removed as 

described above. 

    

Protein expression using BL21(DE3) ΔilvDΔleuB  

  In order to examine protein expression using the auxotrophic cells, the MSG 

gene (Howard et al. 2000) was cloned into pET28a and calmodulin (CaM) and 

EnvZB, a histidine kinase domain (Vaiphei et al. 2010) were cloned into the 

pColdI vector (Suzuki et al. 2006). The cells were acclimated to D2O using the 

following method; E. coli BL21(DE3) ΔilvDΔleuB transformed with plasmids were 

grown in 3 ml of LB-H2O at 37°C for 3 hrs, and the cells were collected and re-

suspended into 3 ml LB-D2O, which was then incubated at 37°C for 5 hrs. The 

grown cells were collected and inoculated into 10 ml M9-D2O medium containing 

20 mg/L each of 2H-Val, 2H-Leu and 2H-Ile, and Km (50 mg/L) for MSG and Amp 

(100 mg/L) for CaM and EnvZB. When O.D.600 reached 0.4-0.45, 1mM IPTG was 

added and the culture was incubated overnight. The expression of the proteins 

was confirmed by SDS-PAGE.  

  In order to compare the protein expression levels using a standard strain and 

BL21(DE3) ΔilvDΔleuB, MSG, CaM and EnvZB were examined. For the protein 

standards, MSG was prepared using the E.coli BL21(DE3) pLys S and E.coli 

BL21(DE3) was used to produce  CaM and EnvZB. Next, isotope incorporation 

efficiency using exogenous amino acids was examined. MSG samples using E. 

coli BL21(DE3) ΔilvDΔleuB with various concentrations were prepared. At first 

cells were grown in 30 ml of M9-D2O glucose medium supplemented with 10 

mg/L each 2H-Val, 2H-Leu at 37°C.  When the O.D600 value reached about 0.3, 

the cells were collected and washed twice with M9-D2O buffer and re-suspended 
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into 30 ml of M9-D2O glucose medium supplemented with various concentrations 

of Ile, Leu and Val (5 to 20 mg/L). The protein was induced by addition of 1 mM 

IPTG at O.D600=0.4-0.45, and the culture was incubated at 37°C overnight.  

 

NMR sample preparation for MSG using stereo-specifically labeled amino 

acids 

  For NMR experiments, (U-2H;15N;13CH3-labeled Ile, Leu and Val) MSG was 

prepared using BL21(DE3) ΔilvDΔleuB.  Cells transformed with pET28a-MSG 

were cultured at 37°C in M9-D2O glucose medium supplemented with 10 mg/L 

each of 2H-Val, 2H-Leu and 2H-Ile. When OD600 reached 0.3, the cells were 

collected and washed with M9-D2O buffer. The cell pellets were then re-

suspended with M9-D2O glucose medium. In order to produce the Val γ1 methyl 

labeled MSG, 10 mg/L of L-(γ1-13C; α,β,γ2-2H5;α-15N)-Val (γ1-Val), 10 mg/L 2H-

Leu and 10 mg/L of 2H-Ile were added simultaneously. In order to prepare γ1-Val,  

δ2-Leu and δ1,γ2-Ile methyl labeled MSG samples, 10 mg/L each of γ1-Val , L-[δ2-

13C; α,β,γ,δ1-2H7;α-15N]-Leu (δ2-Leu) (Miyanoiri et al. 2013) and L-[δ1,γ2-13C; 

α,β,γ1-2H4;α-15N]-Ile (δ1,γ2-Ile) were used.  All the cultures were incubated at 

37°C, and MSG production was induced by addition of 1 mM IPTG when O.D.600 

reached 0.4-0.45. The culture was incubated overnight. In order to evaluate the 

efficiency of amino acid incorporation, [γ1-Val; U-2H,15N]-MSG was also prepared 

by using E. coli BL21(DE3) pLys S cells in M9-D2O glucose medium 

supplemented with 10 mg/L γ1-Val,10 mg/L 2H-Leu and 10 mg/L 2H-Ile. The 

produced MSG was purified by Ni-NTA column chromatography (Tugarinov et al. 

2002). The cells were briefly disrupted by sonication. The cell lysate after 

centrifugation was passed through a Ni- column and the protein was washed and 
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subsequently eluted with elution buffer consisting of 20 mM Tris-HCl (pH 8), 300 

mM NaCl, 10 mM β-mercaptoethanol, and 500 mM imidazole-HCl (pH 8).  The 

eluted fractions were concentrated by using Vivaspin 2 (GE Healthcare) and the 

concentrated samples (0.1 mM) were dialyzed against NMR buffer consisting of 

20 mM Na-phosphate (pH 7.1), 20 mM MgCl2, 5 mM DTT and 10% D2O 

(Tugarinov and Kay 2003). The isotope incorporation efficiency was determined 

using GC/MS.  

 

NMR sample preparation using methyl-labeled α-ketoisovalerate 

  The BL21(DE3) ΔilvDΔleuB harboring pET28a-MSG was cultured in 30 ml of 

M9-D2O glucose medium supplemented with 10 mg/L each 2H-Val, 2H-Ile, 2H-Leu 

at 37°C. When OD600 reached 0.3, the cells were collected and washed with M9-

D2O buffer. The cell pellets were then re-suspended with M9-D2O glucose 

medium supplemented with 10.8 mg/L [3-13CH3;3,4,4,4-2H4]- α-ketoisovalerate, 

10 mg/L δ2-Leu and 10mg/L 2H-Ile. After incubating the culture for 1 hr, 1 mM 

IPTG was added and culture was incubated at 37°C overnight. Protein 

purification was done using Ni-NTA chromatography as described above. The 

isotope labeling efficiency was determined using GC/MS. 

NMR spectroscopy 

  For the NMR experiment, a slotted Shigemi tube was used (Takeda et al. 2011), 

and NMR measurements were carried out at 37ºC using an Avance III 900 

spectrometer, equipped with a TCI cryoprobe (Bruker Biospin). For the 2D 1H-13C 

methyl TROSY experiments (Tugarinov and Kay 2003), the data size and 

spectral width were 256 (t1) × 2048 (t2) and 5,400 Hz (ω1, 13C) × 14,400 Hz (ω2 

1H), respectively. The 1H and 13C carrier frequencies were 4.7 and 20 ppm, 
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respectively. The number of scans/FID was 16, and the repetition time was 2s, 

giving rise to a net acquisition time of 2.5 hrs. In the case of the 13C-edited 3D 

NOESY-HMQC experiment, the data size and spectral width were 256 (t1) × 24 

(t2) × 2048 (t3) and 14,400 Hz (ω3, 1H) × 3,200 Hz (ω2, 13C) × 14,400 Hz (ω3, 1H), 

respectively. The 1H and 13C carrier frequencies were 4.7 and 20 ppm, 

respectively. The number of scans/FID was 16. The NOE mixing time and 

repetition time were 300ms and 2s, respectively, giving rise to a net acquisition 

time of 72 hrs. All NMR spectra were processed with the TopSpin software, 

version 3.1 (Bruker Biospin). 
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Results  

Isolation of the Ile, Leu and Val auxotroph strain  

  The Keio collection, which is widely used for the construction of deletion 

mutants, was used to transfer the individual deletion mutations by P1 

transduction to the BL21(DE3) strain. Based on the biosynthetic pathway, the 

dihydroxy-acid dehydratase gene (ilvD) was deleted (Fig.18) to construct 

BL21(DE3)ΔilvD. After colonies were purified, a few colonies were tested in M9-

glucose medium containing Km (50 mg/L) in the presence or absence of Ile, Leu 

and Val (20 mg/L each). Since the BL21(DE3)ΔilvD strain isolated above 

contained a Km-resistant gene, next I attempted to remove the Km cassette 

using pCP20 containing the FRT-recombinase-inducible gene. However, I was 

not able to remove the Km cassette. Thus, I attempted to block the Val-to-Leu 

conversion before constructing a ΔilvD strain. For this purpose, the NAD(+)-

dependent 3-isopropylmalate dehydrogenase gene (leuB) was deleted by P1 

transduction (Fig.18). After confirmation of the Leu auxotroph, the Km cassette 

was removed using pCP20. After incubation at 42°C overnight, most of the 

deletion mutant cells lost pCP20, which was confirmed by three media; M9-

glucose containing Leu in the presence of either Km or Amp and in the absence 

of both antibiotics. Next, I added the deletion mutation of the ilvD gene to the 

BL21(DE3)ΔleuB strain. After P1 transduction, the isolated colonies were tested 

by M9-glucose containing Leu in the presence or absence of Ile and Val.  

 

 

 

 



	 129	

Optimization of NMR sample preparation using auxotrophic strains 

  Stereo-specifically 13CH3-labeled amino acids and isotope labeled chemicals 

are highly expensive.  For example, the cost of 2H-Ile is ＄ 866 /0.25 g 

(Cambridge Isotope Laboratories, Inc.).  Therefore, it is important to optimize the 

labeling conditions to obtain the maximum protein yield. For this purpose, I 

examined the lowest concentration of amino acids necessary to be able to obtain 

a sufficient amount of MSG in M9-D2O glucose medium. It was found that MSG 

was highly expressed in BL21(DE3) ΔilvDΔleuB, in the presence of 20 mg/L of 

each amino acid, and the protein yields using deletion mutants were almost 

identical as that of the wild-type E.coli strain, BL21(DE3) pLys S (Fig. 25a). 

However, the use of a low concentration of amino acids (10 mg/L each) caused a 

lower MSG expression, even if the cells were growing well. BL21(DE3) 

ΔilvDΔleuB was also able to produce other proteins such as EnvZB and 

calmodulin at similar yields as the wild-type E. coli strain (Fig. 25b and 25c, 

respectively). Thus, BL21(DE3) ΔilvDΔleuB required 10-20 mg/L of each amino 

acid for proliferation as well as for optimum protein expression. 

  In order to establish the most cost effective isotope labeling method, amino 

acids were added to the BL21(DE3)ΔilvDΔleuB cultures in a stepwise manner 

(see Material and Methods). On the basis of the results above, 10 mg/L of 2H-

Ile, 2H-Leu and 2H-Val each were added to M9-D2O glucose medium to support 

growth. After O.D.600 reached 0.3 for MSG expression, the cells were washed 

twice with M9-D2O buffer to remove the remaining 2H amino acids. Then, cells 

were re-suspended into induction medium containing isotope-labeled amino 

acids, and MSG expression was induced by the addition of 0.1 mM IPTG. I 

examined the labeling efficiency by using various amino acid concentrations. In 
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order to analyze isotope incorporation efficiency by GC/MS, unlabeled MSG was 

prepared using unlabeled Ile, Leu and Val in M9-D2O glucose medium. When 

BL21(DE3) pLys S was used for MSG production with 10 mg/L unlabeled Val, its 

incorporation efficiency was only 60% (Table 3). In wild-type E. coli, Ile, Leu and 

Val are produced from pyruvate (Fig. 18). In a previous study, Val biosynthesis in 

E. coli was found to occur in a very effective manner so that the Val synthetic 

pathway could not be completely blocked even by an excess addition of Val.  At 

110 mg/L, Val incorporation efficiency was still only 60-80% (Miyanoiri et al. 

2013). This result clearly indicates that the inhibition of Ile, Leu and Val 

biosynthesis from pyruvate is the most crucial step for Val labeling. When 

BL21(DE3) ΔilvDΔleuB, lacking genes of hydroxy-acid dehydrogenase and 3-

isopropylmalate dehydrogenase was used (Fig. 18), the labeling efficiency of Val 

improved to 97% using just 10 mg/L Val without any loss in protein yield (Table 

3). The incorporation efficiencies of Ile and Leu were also higher than 93% by 

adding 10 mg/L each to M9-D2O glucose medium (Table 3). Notably, only 10 

mg/L of each isotope labeled amino acid is necessary for preparing an advanced 

isotope labeled protein, such as amino acid- and stereo-selectively methyl 

labeled proteins, by using BL21(DE3) ΔilvDΔleuB.  
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Figure 25. Comparison of expression levels using BL21(DE3) ΔilvDΔleuB strain 

and either standard strain BL21(DE3) pLys S or BL21(DE3). These figures are 

adapted from Miyanoiri et al.,(Miyanoiri et al. 2016). The cells transformed with 

either MSG (a) or EnvZB (b) or CaM (c) were grown in M9-D2O glucose medium 

supplemented with Ile, Leu and Val (20 mg/L each). When O.D600 reached 0.3, 

the protein production was induced by the addition of 1 mM IPTG. After 

incubation at 37°C overnight, protein production was analyzed by SDS-PAGE.  In 

order to optimize the isotope labeling conditions for MSG, different 

concentrations of Ile, Leu and Val (in mg/L) were added (a). 

 

 

BL21(DE3)	pLys	S	 BL21(DE3)	ΔilvDΔleuB			

WT			ΔilvDΔleuB			
		

WT						ΔilvDΔleuB			
		

a 

b c 
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Table 3. Isotope labeling efficiency using BL21(DE3) ΔilvDΔleuB and different 

concentrations of amino acids. Each E. coli strain transformed with pET28a-MSG 

was grown in 30 ml of M9-D2O glucose medium supplemented with 10 mg/L 

each 2H-Ile, 2H-Leu and 2H-Val. When O.D600 reached 0.3, the cells were 

collected and washed twice by M9-D2O buffer and re-suspended into 30 ml of 

M9-D2O glucose medium supplemented with various concentrations of amino 

acids. Red and black colored numbers in the amino acid section indicate labeled 

(1H) and unlabeled amino acid (2H), respectively. After incubating for 1-1.5 hr, 1 

mM IPTG was added to induce protein production. The culture was further 

incubated at 37°C overnight. After purification of MSG using Ni-NTA column 

chromatography, protein yields were measured and labeling efficiency was 

determined using GC/MS.  

 

 

 

Ile (mg/L) Leu (mg/L) Val (mg/L) protein yield (mg) labeling efficiency  (%) strain
10 10 5 0.21 92
10 10 10 0.41 97
10 10 20 0.42 98
10 10 10 0.41 60 wild-type cells

10 5 10 0.23 77
10 10 10 0.42 93
10 20 10 0.43 94

5 10 10 0.22 92
10 10 10 0.41 98
20 10 10 0.43 98

Val

Leu

Ile

ΔilvD,ΔleuB

ΔilvD,ΔleuB

ΔilvD,ΔleuB
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Sensitivity enhancement and unambiguous NOE signal analysis by 

residue- and stereo-specific methyl labeled proteins  

  Next, NMR samples (γ1-Val; U-2H,15N)-MSG were prepared using BL21(DE3) 

pLysS and BL21(DE3) ΔilvDΔleuB strains, respectively, by the procedure 

described in the Materials and Methods section.  As a result, 0.1 mM (γ1-Val; U-

2H,15N)- MSG was obtained from 30 ml M9-D2O glucose medium from both 

strains. The 1H-13C methyl TROSY spectra for both were measured next. The 

labeling efficiency of Val was only 60% using 10 mg/L Val with BL21(DE3) pLys 

S (Table 4), resulting in a relatively low signal intensity of Val-γ1 methyl group. 

Thereby, I was not able to observe some of the methyl signals from this sample 

(Fig. 26). On the other hand, when BL21(DE3) ΔilvDΔleuB was used under the 

same conditions, all Val-γ1 methyl signals in MSG were observed with high 

sensitivity (Fig. 26b). The average signal to noise ratio (S/N) of all Val γ1 methyl 

signals of MSG prepared using BL21(DE3) ΔilvDΔleuB were about 1.5 times 

higher than that of the sample prepared using BL21(DE3) pLys S (Fig. 26a and 

b). These results are consistent with the quantitative analysis of the isotope 

incorporation efficiency by GC/MS (Table 3).  

  Since low incorporation efficiency of isotope labeling causes a drastic loss in 

signal sensitivity of inter-residue NOEs, adjacent residues V170-γ1 and V259-γ1 

(Fig. 26c) were examined. According to the crystal structure of MSG (Howard et 

al. 2000), the distance between the two residues is 4.2 Å, thus, strong NOE 

signals should be observed. In fact, this inter-methyl NOE was very weak from 

the (γ1-Val; U-2H,15N)-MSG sample prepared using BL21(DE3) pLys S and 

10mg/L γ1-Val (Fig. 26d) while the methyl-methyl NOE signal between V170-γ1 

and V259-γ1 was clearly observed with a 2.6-time higher sensitivity from the [γ1-
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Val; U-2H,15N]-MSG  sample prepared using BL21(DE3) ΔilvDΔleuB with 10 mg/L 

γ1-Val (Fig. 26e). Since the sensitivity of these NOE is critical for structure 

determination, this new methyl labeling method is highly useful for structural 

analysis of low concentration protein samples. In the methyl TROSY and NOESY 

spectra of [γ1-Val; U-2H,15N]-MSG prepared using BL21(DE3) ΔilvDΔleuB, I was 

able to assign all Val-γ1 methyl signals and no other methyl signals were 

observed. This indicates that Val biosynthesis from pyruvate was completely 

suppressed by the deletion mutation.  

  In this study, stereo-specifically methyl-labeled MSG was prepared using 

isotope labeled Ile, Leu and Val residues under optimized conditions (Table 3). 

Indeed, Val- γ1, Leu-δ2 and Ile- δ1, γ2 methyl groups in MSG were successfully 

labeled and as a result, methyl signals were clearly observed in a methyl-TROSY 

spectrum. As shown in Figure 27, under optimum conditions consisting of 10 

mg/L each Ile, Leu and Val, no amino acid scrambling between these amino 

acids was detected. Taking advantage of this, it should be possible to produce 

proteins labeled in different patterns.  In addition to the efficient incorporation of 

isotope-labeled amino acids using BL21(DE3) ΔilvDΔleuB, this strain also has an 

advantage for effective isotope labeling of Val methyl groups using α-

ketoisovalerate, a precursor of Val and Leu. When [3-13CH3;3,4,4,4-2H4]- α-

ketoisovalerate was used with BL21(DE3), the two methyl groups of Leu (ie. δ1 

and δ2 methyl) and Val (ie. γ1 and γ2 methyl) were isotopically labeled without 

selectively, which likely causes excessive crowding in the methyl-TROSY 

spectra, especially for large molecular proteins. Moreover, 80-100 mg  α-

ketoisovalerate was needed for 1L growth medium to maintain up to 90% 

incorporation efficiency into the prochiral methyl groups of Leu and Val (Goto et 



	 135	

al. 1999). On the other hand, with the new auxotrophic strain constructed in this 

study, Leu biosynthesis is completely inhibited allowing only Val biosynthesis 

from α-ketoisovalerate (Fig. 18). Thus, this enables one to perform Val specific-

isotope labeling using a low concentration of [3-13CH3;3,4,4,4-2H4]- α-

ketoisovalerate (Fig. 27). From the methyl-TROSY experiment, the incorporation 

efficiency of Val was examined using MSG sample prepared with 10.8 mg/L of 

[3-13CH3;3,4,4,4-2H4]- α-ketoisovalerate (78 mM) and BL21(DE3) ΔilvDΔleuB 

(Fig. 28a and Fig. 28b), and a sample prepared with BL21(DE3) ΔilvDΔleuB 

under optimal conditions, using 10 mg/L of γ1-Val (78 µM), respectively (Fig. 

28c). The signal to noise (S/N) ratio at V348-γ1 position in the MSG sample 

prepared using α-ketoisovalerate was 140 (Fig. 28b) while the S/N ratio from the 

sample prepared using γ1-Val under optimal conditions was 280 (Fig. 28c), 

indicating that the labeling efficiency of α-ketoisovalerate was about 97%. This 

indicates that the newly constructed BL21(DE3) ΔilvDΔleuB strain enables one to 

carry out Val-specific isotope labeling of proteins utilizing only one-tenth of the 

amount of α-ketoisovalerate used in the conventional method (Goto et al. 1999). 

Because commercially available [3-13CH3;3,4,4,4-2H4]-α-ketoisovalerate is a 

racemic mixture of proS and proR, the sensitivity of Val-γ1 and Val-γ2 signal in 

methyl-TROSY spectra is reduced by 50% (Fig. 28a and Fig. 28b). Nevertheless, 

it is still highly useful for NMR studies of proteins for their ligand interactions and 

dynamic analysis. 
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Figure 26. Comparison of NMR signals of γ1-Val MSG samples 

These figures are adapted from Miyanoiri et al.,(Miyanoiri et al. 2016). The 

samples were prepared using standard protocol along with BL21(DE3) pLys S 

strain or BL21(DE3) ΔilvDΔleuB strain in M9-D2O glucose medium supplemented 

with 10 mg/L each 2H-Leu, 2H-Ile and 13C γ1-Val. (a) and (b) 2D methyl TROSY 

spectra observed from 0.1 mM  (γ1-Val; U-2H,15N)-MSG samples prepared using 

BL21(DE3) pLys S (a) and BL21(DE3) ΔilvDΔleuB (b). The range of the cross-

section, shown as a dotted line, is shown in a box for each spectrum. The signal 

to noise ratio (S/N) of all Val-γ1 methyl signals of MSG prepared using 

BL21(DE3) ΔilvDΔleuB was about 1.5 times higher than the sample prepared 

from the BL21(DE3) strain. In each spectrum, signals from Val-γ1 methyl groups 

were assigned and shown as red letters (Tugarinov and Kay 2003).  The signal 

from Val-γ1 667 shown in black was not observed from the sample prepared from 

BL21(DE3) pLys S due to low signal sensitivities, while the signal was observed 

from the sample prepared from BL21(DE3) ΔilvDΔleuB. (c) The crystal structure 

of MSG complexed with magnesium generated from PDB;1D8C (Howard et al. 

2000).  The distance between V170 and V259 is 4.2 Å and shown. (d, e) (1H, 1H) 

plane from the 3D 13C edited NOESY-HMQC spectrum at 22.4 ppm in 13C 

position. Signals in (d) are from the (γ1-Val; U-2H,15N)-MSG samples prepared by 

using BL21(DE3) pLys S, the signals in (e) are from (γ1-Val; U-2H,15N)-MSG 

samples from BL21(DE3) ΔilvDΔleuB. The sensitivity of the methyl-methyl-NOE 

signals were significantly improved by the sample prepared using BL21(DE3) 

ΔilvDΔleuB. 
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Figure 27. The NMR spectrum (2D methyl TROSY) using δ1, γ2-Ile, δ2-Leu, γ1-Val 

methyl labeled MSG prepared using the BL21(DE3)ΔilvDΔleuB strain.  This 

figure is adapted from Miyanoiri et al.,(Miyanoiri et al. 2016). The MSG sample 

was prepared using M9-D2O glucose medium under optimal conditions. This 

spectrum was obtained from 0.1 mM MSG solution and data acquisition was 25 

hrs.  The methyl labeling patterns of Ile, Leu and Val are shown in the box. 

Assignments for methyl groups of Ile-δ1 (black), Ile-δ2 (green), Leu-δ2 (blue) and 

Val-γ1(red) are shown (Tugarinov and Kay 2003). 
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Figure 28. Methyl-TROSY spectra of MSG samples labeled by Leu and Val along  
 
with [3-13CH3;3,4,4,4-2H4]- α-ketoisovalerate and δ2-Leu  

These figures are adapted from Miyanoiri et al.,(Miyanoiri et al. 2016). The E. coli 

strain BL21(DE3) ΔilvDΔleuB harboring pET-MSG was grown in M9-D2O glucose 

medium supplemented with 2H-Ile, 2H-Leu and 2H-Val (10 mg/L each). When 

O.D600 reached 0.3, the cells were collected and washed twice with 1xM9-D2O 

buffer and re-suspended into M9-D2O glucose medium supplemented with (a) 

2H-Ile (10 mg/L), [3-13CH3;3,4,4,4-2H4]- α-ketoisovalerate (10.8 mg/L) and 2H-Leu  

(10 mg/L), (b)  2H-Ile (10 mg/L), 3-13CH3;3,4,4,4-2H4]- α-ketoisovalerate (10.8 

mg/L) and δ2-Leu(10 mg/L), (c) 2H-Ile (10 mg/L), γ1-Val (10 mg/L) and δ2-Leu(10 

mg/L). After incubating for 1-1.5 hr, MSG production was induced by the addition 

of 1 mM IPTG. After incubating overnight, MSG was purified using Ni-NTA 

column chromatography and MSG proteins were concentrated and dialyzed 

against NMR buffer consisting of 20 mM Na-phosphate (pH 7.1), 20 mM MgCl2, 5 

mM DTT and 10% D2O. All 2D 1H-13C methyl-TROSY spectra were recorded 

using 0.1 mM MSG samples. The data size and spectra width were 512 (t1) × 

2048 (t2) and 2,700 Hz (ω1, 13C) × 14,400 Hz (ω2 1H), respectively. The 13C and 

1H frequencies were 4.7 and 20 ppm, respectively. The number of scans/FID was 

32. The repetition time was 1.5s. Although α-ketoisovalerate is a precursor for 

Leu and Val, selective Val labeling can be done by inhibiting the conversion from 

α-ketoisovalerate to Leu (ΔleuB) (a). Since 3-13CH3;3,4,4,4-2H4]- α-

ketoisovalerate is a mixture of proR and proS, signal to noise (S/N) is half in 

comparison to MSG sample labeled in a stereo-specific manner (b, c). The 

isotope labeling patterns of the Leu and Val methyl groups are shown in the box 
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for each spectrum. Methyl assignments for Leu and Val are shown in each 

spectrum (Tugarinov and Kay 2003). 
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 Discussion 
 
  Assignments of methyl groups give important information for the structural study 

of large molecular weight proteins, however, it becomes exponentially more 

difficult as the molecular weight of the protein increases. In order to obtain methyl 

signals, selectively labeled compounds, α-ketobutyrate for Ile labeling and α-

ketoisovalerate for Leu and Val labeling, have been commonly used with 

deuterated backgrounds (Goto et al. 1999; Tugarinov and Kay 2003). Using 

these compounds, selective labeling of (1) Ile, Val and Leu, or (2) Ile and Val 

have been successful. However, these compounds are in a racemic mixture, thus 

signal intensities were 50% compared to a stereo-specific labeling method. 

Recently, stereo-specifically labeled acetolactate was synthesized from ethyl 3-

oxobutanoate (Gans et al. 2010), and has been applied to large molecular weight 

proteins (Mas et al. 2013; Kerfah et al. 2015). Methyl signals from Val and Leu 

still cause overcrowded spectra making it very difficult to assign all the methyl 

signals and consequently difficult to obtain accurate structural information. To 

overcome this issue, in Section III-I, I developed a new expression system using 

deletion mutations. The major drawbacks for stereo specific labeling by 

acetolactate are the high cost and the lack of a selective Leu labeling strategy. 

Thereby, developing an economical selective labeling system was essential. In 

this study, I developed acetolactate auxotrophic strains consisting of BL21(DE3) 

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔleuB for Val labeling (strain B) and BL21(DE3) 

ΔhisB, ΔtrpC, ΔilvI, ΔilvG, ΔilvB, ΔilvE, ΔavtA (strain C) for Leu labeling.  Using 

strain B along with 40 mg/L13C-proS-acetolactate, I was able to obtain only Val-

proS signals from the 13C-HMQC spectrum.  This presents an almost 80% cost 

saving compared to using the standard strain (Kerfah et al. 2015). Additionally, I 
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did not observe a significant loss of protein expression using this strain, thus, this 

system is highly useful for sample preparation. On the other hand, although 

protein expression levels using strain C along with L13C-proS-acetolactate were 

about 40% in comparison to the standard strain, Leu- and stereo-specific methyl 

labeling were successfully achieved.  Next, I examined combining the Ile labeling 

system with the Leu or Val labeling system using aceto-hydroxybutanoate and 

acetolactate. Aceto-hydroxybutanoate and acetolactate are both substrates for 

ketol-acid reductoisomerase (KARI) with aceto-hydroxybutanoate having a 5-8 

times higher affinity to KARI than acetolactate, making controlling isotope 

incorporation efficiency difficult. Thus, I examined various concentrations to 

equalize the signal intensities, however, aceto-hydroxybutanoate was 

preferentially used even when a lower concentration of aceto-hydroxybutanoate 

and a higher concentration of acetolactate were applied. Therefore, the Ile 

labeling system is incompatible with the selective Leu labeling system. Taking all 

of this into consideration, this newly developed Leu or Val selective labeling 

system is still highly useful for the NMR community and will be a standard 

method for methyl assignments for large molecular weight proteins. 

  A straightforward method to obtain methyl signals is to use methyl specific 

labeled amino acids such as SAIL amino acids. However, a limitation of SAIL 

amino acids is that it requires a cell-free expression system since endogenous 

amino acids are relatively high and will cause poor isotope incorporation. In the 

case of Leu labeling, feeding amino acid in stepwise manner was successful for 

high labeling efficiency (Miyanoiri et al. 2013). The disadvantages of SAIL amino 

acids were (1) each protein needs an optimum expression protocol for high 

labeling efficiency, (2) SAIL amino acids are highly expensive ($5,000/50mg), 
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and (3) an efficient Val labeling system was not available. To circumvent these 

issues, in section III-II, I constructed BL21(DE3)ΔilvDΔleuB to block the 

biosynthesis of Val from pyruvate. In order for a scramble-free isotope labeling 

system, firstly, the auxotrophy to Ile, Leu and Val is essential. In addition, it is 

very critical that only exogenous amino acids are used for protein production, not 

to be diluted by endogenous amino acids from protein degradation or amino acid 

pools in the cells. For this purpose, the ilvD gene, encoding dihydroxyacid 

dehydratase was deleted. Using this strain, not only isotope-labeled amino acids 

but also α-ketoisovalerate can be used for selective labeling. Next, since amino 

acid scrambling from Val to Leu was detected even with the addition of 

exogenous Leu in the medium (Mas et al. 2013), the conversion from Val/α-

ketoisovalerate to Leu was blocked using deletion mutation. For this purpose, 

from the multiple reactions in the conversion of α-ketoisovalerate to Leu (Fig. 18), 

leuB gene encoding 3-isopropylmalate dehydrogenase was deleted.  This gene 

deletion mutation was sufficient to make the cells auxotrophic to Leu, indicating 

that the conversion from Val/α-ketoisovalerate was totally blocked. In this study, I 

developed an efficient Val labeling system where the usage of Val was reduced 

down to 10 mg/L without losing protein production efficiency as well as labeling 

efficiency. In many cases, auxotrophic strains have less protein expression levels 

in comparison to standard strains, however, I did not observe a reduction of 

protein expression levels between BL21(DE3)ΔilvDΔleuB and BL21(DE3). In 

addition, since amino acid conversion from α-ketoisovalerate was blocked, the 

combination of labeling using isotope labeled Val, Leu and Ile with high labeling 

efficiency became feasible. The combination of Ile, Leu and Val labeling is only 
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possible using SAIL amino acids, therefore, our new expression system is highly 

useful for the NMR community. 
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Summary and Conclusions 
 
  In the present dissertation, firstly, I established an antimicrobial peptide 

production system using PST-SPP technology, which is potentially useful for the 

production of many antimicrobial peptides. In some cases, there have been 

successful antimicrobial peptide productions using fusion tags such as maltose 

binding protein and small ubiquitin-like modifier proteins, however, there has not 

been any effective fusion tags to express Bac7(1-35) in its functional form. This is 

possibly because one of the major targets of Bac7(1-35) is ribosomes, thus 

protein synthesis would be blocked once Bac7(1-35) is produced. Indeed, I 

observed fairly low expression levels even when PrS2 was fused as an 

expression tag, but I was able to enhance the expression level by using the SPP 

system, taking advantage of an ACA-specific endoribonuclease, MazF. Since 

PrS2 is known not to interfere with the function of the fusion partner, PrS2-

Bac7(1-35) retains its activity without cleaving the PrS2 tag. Since its target was 

co-purified during purification, identification of Bac7(1-35) should be possible and 

is being currently investigated. Likewise, produced antimicrobial peptides should 

retain their activity, therefore the PST-SPP system is useful not only for 

producing antimicrobial peptides but also in identifying their targets. Identification 

of the targets of antibiotics is extremely important for drug development, thus this 

expression system will be a standard method for antimicrobial peptide production 

and for further analysis of its mechanisms.  

 

  In section II, I established an amino acid analogue incorporation system using 

an auxotrophic strain together with the SPP system.  Incorporation of toxic amino 

acid analogues such as canavanine (Can) into a protein without losing function is 
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very challenging because the pKa of the guanidino group in Can is 7 while that of 

Arg is 11. Although there is very little structural difference, the charge network is 

drastically changed, leading to lower protein stability.  To suppress the toxicity of 

canavanine, I applied the SPP system so that exogenous amino acid are used 

for only target protein production since all other mRNA are cleaved by MazF. 

One of the difficulties of amino acid analogue incorporation is due to endogenous 

amino acids in the cells, causing competition between these amino acids and its 

analogues. In addition to that, the higher affinity of amino acids to their tRNA 

synthetase results in poor amino acid analogue incorporation. To circumvent this, 

I applied an Arg deletion mutation by P1 transduction. Although the affinity of Arg 

to tRNA is 100 times higher than that of Can, Can was successfully used for 

protein production using an Arg auxotrophic strain.  As an example, I applied the 

method to MazFbs, a UACAU specific endoribonuclease. In order for the 

complete replacement, I applied a dual inducible expression system using a His 

deletion mutant together with MazF(ΔH), a MazF with no His residues. In this 

system, MazF(ΔH) was expressed in the absence of His without producing 

MazFbs. Thus, in combination with Arg auxotrophy, absolutely no endogenous 

Arg remained before the induction of MazFbs(Can), and the labeling efficiency of 

MazFbs(Can) was 98% after second step purification. After functional analysis of 

MazFbs(Can), it was found that MazFbs(Can) requires an extra A residue 

(UACAUA) at the end of the MazFbs recognition sequence UACAU. This 

functional alteration of endoribonuclease recognition sequence is highly useful 

for gene regulations applicable to cancer and antiviral therapies as specific gene 

interference can be achieved by a tailor-made longer recognition enzyme. For 

this purpose, expanding the repertoire of recognition sequence is essential and 
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thus, characterizing MazF homologues from bacteria to archaea is necessary. 

Modifying protein for higher stability or enhancing the activity is highly important 

for industrial purposes. Currently, modification using site-directed mutagenesis 

for residue-specific analysis is used, however, amino acid replacement using 

auxotrophic cells together with the SPP system will be another method to 

discover new functional proteins. Additionally, the partnering of auxotrophic cell 

lines and the SPP system provides further tools to express and study traditionally 

difficult-to-express proteins.  For example, a Proline analogue, 2-azetidine-

carboxylic acid (Aze) causes abnormally structured proteins, thus making it 

difficult to express in E. coli.  One of the neuron diseases, multiple sclerosis is 

thought to be caused by Aze incorporation into myelin basic protein which is 

believed to be important in the process of myelination of nerves in the nervous 

system. Since producing an Aze-containing protein is difficult, detailed studies 

have not been done. Using newly developed technology, we may be able to 

produce Aze-containing myelin protein using a proline auxotrophic strain, which 

will help us to understand the mechanism of nerve disease 

 

In section III, I established residue- and stereo- methyl specific labeling using two 

different approaches. In section III-I, I established a residue- and stereo-specific 

labeling system using acetolactate auxotrophic strains along with stereo-

specifically labeled acetolactate, which is one of the Leu and Val precursors. 

Using this labeling system, selective Leu-proS or Val-proS labeling was 

demonstrated using the MSG protein, which is considered a standard protein of a 

large molecular weight. After optimization, the usage of isotope labeled 

acetolactate was reduced from 300 mg/L to 40 mg/L, which presents a more than 
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80% savings. Although stereo-specific labeling is not still commonly used 

because of the high cost of acetolactate, this new labeling system will provide 

NMR scientists with an economical approach to preparing samples.  α-

Ketoisovalerate, a racemic mixture of proR and proS, which causes overcrowded 

signal peaks in the spectra, is still commonly used as it is less expensive than 

acetolactate. Since this compound is still effective to study relatively large 

proteins of more than 50 kDa, Leu or Val, selective labeling using α-

ketoisovalerate used in conjunction with acetolactate will further help us 

determine methyl assignments. In this study, it was concluded that Ile labeling is 

incompatible with the Leu labeling system.  However, it may be possible using α-

ketoisocapronate precursors since this compound is completely different from 

13C-aceto-hydroxybutanoate which along with acetolactate is a substrate for 

KARI. However, the combination of Ile and Leu labeling still needs to be 

examined when α-ketoisocapronate becomes commercially available. 

In section III-II, I established another residue- and stereo-labeling system using --

auxotrophic strains.  By using a newly developed strain, Val- and stereo-specific 

labeling was achieved, which was not previously available. The advantage of this 

strain is that there is no amino acid scrambling from isotope labeled amino acids, 

which gives precise structural information.  Another advantage of this system is 

that any possible labeling combination including Ile labeling can be done. Since 

SAIL amino acids are commercially available, this labeling system will be highly 

useful. Lastly, this strain has the same protein expression level as the standard 

strain, which is important for NMR sample preparations. Although SAIL amino 

acids are known to be extremely expensive ($5,000/50mg), the labeling system 

established here is highly economical, enabling the SAIL technology to be used 
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more widely in the NMR community. Expanding this methodology to gain 

structural information of large molecular proteins by NMR not just from Ile, Leu 

and Val, but also aromatic residues such as Trp, Phe and Tyr is also potentially 

significant. Since SAIL amino acids and precursors for Phe, Tyr and Trp are 

available, it is possible to combine Ile, Leu and Val auxotrophy with Phe, Tyr and 

Trp precursors to provide further tools for the NMR community. In addition, yeast 

systems have been used to express eukaryotic proteins, however, there is no 

effective Leu or Val methyl-specific labeling system available to date. Thus, this 

deletion mutation methodology may be applied to yeast systems for NMR study.  
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