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ABSTRACT 

Aminoacyl-tRNA synthetases (AARSs) are essential enzymes that catalyze the 

attachment of amino acids to their cognate tRNAs for protein biosynthesis at the 

ribosome. The long term objective of this project is to investigate catalytic features of 

methionyl-tRNA synthetase (MetRS) from two different organisms. MetRS is proposed 

to use long-range communication between its anticodon binding and catalytic active sites. 

MetRS also exhibits structural variability in different organisms including different 

oligomeric states and appended domains. In this dissertation, our goal was to understand 

how long-range communication occurs in E. coli MetRS and what additional functions 

are contributed by the large appended domain of M. penetrans MetRS.  

Objective 1: Mutageneic analysis of E. coli MetRS “off-path” and “on-path” amino 

acids  

E. coli MetRS is a multi-domain protein that has distinct anticodon binding and catalytic 

sites. It undergoes catalysis in one domain upon binding of the tRNA
Met

 CAU anticodon 

at a distance about 50 Å away from the catalytic site. We substituted amino acids in the 

catalytic, zinc binding, stem contact fold and anticodon binding domains of E. coli 

MetRS. Kinetic parameters of tRNA aminoacylation and methionyl adenylate formation 

were compared for wild-type and variant enzymes. Our results suggest a redundancy of 

communication pathways in E. coli MetRS, as substitutions had only modest effects on 

enzyme activity. In particular, double variants did not exhibit coupling of catalytic loss. 

Objective 2: Characterize Mycoplasma penetrans MetRS extra N-terminal domain 

Mycoplasma penetrans is a parasitic bacterium that infects the urogenital and respiratory 

tracts of humans. The unusually long metS gene in Mycoplasma penetrans encodes a 
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MetRS protein that is almost twice as long as MetRS from other organisms. The long 

extra domain at the MetRS N-terminus has sequence homology with class V 

aminotransferases. Our results suggest the N-terminal extra domain works as a PLP-

dependent aminotransferase, with phenylalanine and oxaloacetate as the preferred 

substrates. The cellular role of this domain remains to be determined.  
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CHAPTER I 

Introduction 

1.1 Protein biosynthesis 

           Protein biosynthesis is the final step of Francis Crick’s central dogma of molecular 

biology, which states that genetic information flows from DNA to RNA to proteins (1). 

Transcription of protein encoding genes from DNA to messenger RNA (mRNA) occurs 

in the nucleus. Transcription of transfer tRNA (tRNA) genes is also a critical step. During 

translation, polymerization of amino acids occurs at the ribosome where mRNA is used 

as a template and the tRNA trinucleotide anticodons make hydrogen bonds with mRNA 

codons according to Watson-Crick base-pair rules (2). Protein synthesis occurs at the 

ribonucleoprotein ribosome. In prokaryotes, the 70S ribosome is made from two subunits, 

the large subunit sediments at 50S, while the small subunit sediments at 30S (3, 4). These 

two subunits perform distinct functions; the large subunit contains the peptidyl 

transferase center (PTC) that catalyzes the formation of peptide bonds while the small 

subunit contains the decoding center responsible for the correct interaction between 

mRNA and tRNAs (3). There are three binding sites for the different tRNA functional 

states: the A site, the P site, and the E-site (3). The A site binds aminoacyl-tRNAs, the P 

site positions the peptidyl-tRNA, and the E exit site guides deacylated (empty) tRNAs out 

of the ribosome (2). Each phase of amino acid polymerization (initiation, elongation, and 

termination) is regulated by several protein factors, with some variation between 

prokaryotes and eukaryotes (5).  
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1.2 Transfer RNA  

            Transfer RNA (tRNA) was the first nucleic acid to be sequenced and crystallized 

(6-8). Each tRNA carries its cognate amino acid to the ribosome according to the specific 

mRNA codon bound in the ribosome A site (9). In the tRNA compilation database 

(tRNAdb 2009) there are around 1200 tRNA genes classified into families according to 

amino acid specificity (10). tRNA is the most abundant nucleic acid and has a high 

degree of structural conservation to preserve its function (10).  

1.2.1 Structure of tRNA 

           The length of non-mitocondrial tRNAs varies between 75 and 95 nucleotides, with 

76 nucleotides the standard length (11). The tRNA folds into a conserved cloverleaf 

secondary structure made of the acceptor stem, the D arm, the anticodon arm, the variable 

loop, and the T arm (Figure 1A) (12). The universally conserved CCA sequence at the 

tRNA 3' end is essential for aminoacylation and positioning on the ribosome. For some 

tRNAs these nucleotides are not genetically encoded but enzymatically added to a tRNA 

precursor (13). There are typical identity elements present at nucleotides 34-36 and 73. 

Nucleotides 34-36 make up the anticodon that decodes the genetic information of each 

mRNA codon as it is bound on the small ribosomal subunit. Nucleotide 73 is called the 

discriminator base (14). The role of this nucleotide is to enable aminoacyl-tRNA 

synthetases (AARSs)  to partition tRNAs into groups for recognition (14). In the TψC 

arm of all tRNAs, there is a conserved sequence (transcribed as UUC) in which the first 

uridine is methylated to thymine (T) and the second uridine is modified to a 

pseudouridine (ψ). The D stem-loop region is named for the dihydrouridines present in 

the D loop. The tRNA helices of the cloverleaf secondary structure coaxially stack to 
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form a distinct L-shaped tertiary structure (Figure 1B). The acceptor arm in L-shaped 

tRNA consists of the coaxially stacked acceptor and TψC stems. The anticodon arm 

consists of coaxially stacked anticodon and D stems. Nucleotides in the tRNA core make 

non-Watson-Crick hydrogen bonds and more complex hydrogen bonding and stacking 

interactions (15). The L-shaped tRNA interacts with both the AARS and the ribosome 

during protein translation. The anticodon arm typically (but not always) interacts with the 

anticodon binding domain of its cognate AARS. The tRNA anticodon arm also binds the 

mRNA in the decoding center of the small ribosomal subunit (12). The acceptor arm 

contacts the catalytic domain of its cognate AARS to accept the activated amino acid. 

The aminoacylated acceptor stem also interacts with the peptidyl transferase center of the 

large ribosomal subunit during peptide bond formation.  

 

Figure 1. Secondary cloverleaf and tertiary L-shaped structure of E. coli 

methionine accepting tRNAs A. The cloverleaf secondary structure of tRNA
Met

, color-

coded as acceptor stem (red), D arm (purple), anticodon arm (green), variable loop 

(orange), and T arm (blue). B. The cloverleaf folds into the conserved L-shaped tertiary 

structure. This structure is taken from crystal structure of E. coli tRNA
fMet

 (PDB id: 2FMT) 

and is color coded according to panel A. 

B A 
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1.2.2 Modifications of tRNA nucleotides 

            tRNA plays a central role in translation and has to interact with several proteins 

and other RNA molecules (10). The diverse nature of tRNA partners may be the reason 

for so many base modifications: around 100 post-transcriptional modifications have been 

identified (16). Modifications are found on 11.9% of residues among the 561 sequenced 

tRNAs, with a median of eight modifications per tRNA (17, 18). Some modified 

nucleosides are extremely common in tRNA, such as dihydrouridine (D), pseudouridine 

(ψ), and ribosylthymine (riboT). Modifications present in the tRNA anticodon region 

usually affect decoding. On the other hand, modifications present elsewhere may be 

involved in tRNA binding to the ribosome or to other proteins. Sometimes nucleoside 

modifications act as identity determinants for tRNA aminoacylation. For example, 

lysidine acts a positive determinant in the anticodon of Escherichia coli tRNA
Ile 

(19). 

1.2.3 Different roles of tRNAs 

           In addition to its canonical role in protein biosynthesis, tRNA participates in other 

cellular pathways. For example, human tRNA
Lys 

acts as a primer for HIV-1 reverse 

transcriptase (20, 21). Bacterial membranes are modified by aminoacyl-tRNAs that 

donate their amino acids to the lipid membrane (22). Naturally occurring antibiotic 

valanimycin is synthesized from the amino acids valine and serine in Streptomyces 

viridifaciens (23). In this biosynthesis, Ser-tRNA
Ser 

undergoes significant chemical 

transformation to form one the intermediate (24). A similar strategy is used to synthesize 

the metabolic intermediate δ-aminolevulinic acid (ALA) that regulates the biosynthesis of 

hemes, chlorophylls, and bilins in plants, algae, and some bacteria: Glu-tRNA
Glu

 is the 

building block for ALA (1, 25). Aminoacylated tRNAs  also participate in transformation 
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of glutamic acid to glutamate semialdehyde (26) and of serine to the 21
st
 amino acid 

selenocysteine (1). 

1.2.4 tRNA aminoacylation 

          The primary function of tRNA is as the adaptor for cellular information transfer. 

Aminoacylation, or “charging” of tRNA, is catalyzed by its cognate AARS in a two-step 

reaction mechanism (27). In the first step, the enzyme catalyzes the condensation of its 

cognate amino acid to the adenylate (AMP) moiety of ATP, resulting in formation of an 

activated aminoacyl adenylate and release of pyrophosphate (Figure 2). The first step 

occurs in the absence of tRNA except for GlnRS, GluRS, ArgRS, and class I LysRS (28). 

 

In the second step, the activated amino acid is transferred to either the 2'-OH or 3'-OH of 

the cognate tRNA terminal adenosine (A76) to produce an aminoacyl-tRNA (3) (Figure 

3). 

Figure 2. Amino acid activation. Aminoacyl-tRNA synthetases catalyze the 

condensation of an amino acid and ATP to make aminoacyl adenylate with the 

release of pyrophosphate. 
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            Each tRNA has conserved identity elements for correct recognition by its cognate 

synthetase. Most tRNAs use anticodon bases nucleotides (34-36) as identity elements for 

aminoacylation. The role of the discriminator base G73 in E. coli tRNA
Gln

 and yeast 

tRNA
Asp

 is different. In the crystal structure of GluRS:tRNA
Gln

, G73 plays a structural 

role to stabilize the tRNA structure so the CCA end of tRNA
Gln

 fits into the catalytic 

pocket of GlnRS (14). In the yeast AspRS:tRNA
Asp

 complex, the enzyme contacts the 

G73 base directly (14). The effect of tRNA nucleotide substitutions on AARS recognition 

can be studied in vitro (29) or by synthesizing small RNA fragments mimicking some 

portion of tRNA as a substrate for aminoacylation. These truncated tRNAs are called 

micro- or minihelices (30). For some AARSs, the major determinants for aminoacylation 

are present in the acceptor stem. For example, AlaRS makes no contact with the tRNA
Ala 

anticodon, but instead contacts G3:U70 as an identity determinant for aminoacylation 

(31). Thus AlaRS can aminoacylate the micro- or minihelices derived from tRNA
Ala

 with 

Figure 3. Aminoacyl-tRNA synthesis. The amino acid is transferred to 

either the 2'- or 3'- OH of the tRNA A76 to produce aminoacyl-tRNA. 
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full efficiency. On the other hand if the major identity elements are present in the tRNA 

anticodon, then truncated RNAs are not good substrates for aminoacylation. For example, 

MetRS makes contact with the CAU anticodon of tRNA
Met 

(32) and microhelices are not 

efficiently aminoacylated.  

           Although the L-shaped structure of tRNA is conserved, it is not rigid. Crystal 

structures of protein-tRNA complexes reveal various degrees of altered tRNA 

conformations. These rearrangements typically occur either at the acceptor end or 

anticodon loop of the tRNA. For example, distortion of the anticodon loop is observed in 

human TrpRS:tRNA
Trp

 (33) and in E. coli  AspRS:tRNA
Asp

 complexes (34). The acceptor 

stem terminal base pair is unpaired in several crystal structures of tRNAs with class I 

AARSs, which approach their tRNAs from the acceptor stem minor groove side. Such 

acceptor stem unwinding seems necessary for the 3'-end of the tRNA to be inserted into 

the enzyme’s active site. Other tRNA modifying enzymes distort a specific region of 

tRNA to access their nucleotide substrate. Archaeosine tRNA-guanine transglycosylase 

(ArcTGT) catalyzes the conversion of G15 at the tRNA core to PreQ-0 and then to 

archaeosine. Archaeosine provides additional stabilization to the folded tRNA core. To 

bind tRNA G15, ArcTGT disrupts the L-shaped tRNA structure to an unusual “λ” 

conformation (35). 

1.3 Aminoacyl tRNA synthetases  

          The accuracy of cellular information transfer depends on DNA polymerase, RNA 

polymerase, and the family of 20 housekeeping enzymes called aminoacyl-tRNA 

synthetases (AARSs). AARSs are modular proteins that catalyze the attachment of amino 
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acids to their cognate tRNAs and thus help to maintain the integrity of the genetic code 

(27). 

1.3.1 Classification and structural feature of AARSs          

          The AARSs can be partitioned into two classes based on mutually exclusive 

sequence motifs and structural similarities of their catalytic domains (36). These class 

distinctions are preserved through evolution except for LysRS which typically exists as a 

class II AARS, but in bacteria and archaea is a class I AARS (37). Each individual class 

is again divided into subclasses based on sequence and structure homology (Table I) (2).  

Table I. Classification of aminoacyl-tRNA synthetases 

 Class I Class II 

 

 

Subclass a ArgRS α GlyRS α2 

 CysRS α HisRS α2 

 IleRS α ProRS α2 

 LeuRS α ThrRS α2 

 MetRSα, α2 SerRS α2 

 ValRS α  

 LysRS Iα  

Subclass b GlnRS α AsnRS α2 

 GluRS α AspRS α2 

  LysRS II α2 

Subclass c TrpRS α2 AlaRS α, α4 

  

 

TyrRS α2 GlyRS α, α2β2 

  PheRS α2β2 

 

  Class I aminoacyl-tRNA synthetases are characterized by a catalytic core built 

around a Rossmann nucleotide binding fold, which consists of a central five-stranded 

parallel β-sheet connected by α-helices (28). The Rossmann fold is formed by two 

polypeptide segments separated by a motif called the “connective polypeptide” (CP) 
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domain (38). In class I AARSs with catalytic editing activity, the CP domain is the site of 

this activity. In some cases the CP domain coordinates a zinc metal ion. In MetRS from 

E. coli, Thermus thermophilus, and Bacillus stearothermophilus, the zinc-binding domain 

plays an important role in methionine activation and amino acid transfer to tRNA (38-

40). Class I enzymes  have a characteristic 11 amino acid long signature motif ending in 

HIGH and the pentapeptide KMSKS (28). Class I AARSs were originally identified 

when it was observed that the KMSKS signature motif always accompanies the HIGH 

sequence in a given AARS (27). The amino acid residues present in these two short 

motifs are important in amino acid activation by the enzyme. Mutagenesis studies of the 

KMSKS motifs in TyrRS, MetRS, and TrpRS have shown that the Lys residues are 

important to stabilize the transition state of the amino acid activation reaction through 

interactions with the ATP phosphates (41-44). Structural comparison of class Ia and Ib 

AARSs have shown the presence of a conserved motif between the catalytic and 

anticodon binding domains; this is called the stem contact fold (SCF) based on its 

structural and positional similarity to a motif in GlnRS that interacts with the inside core 

of tRNA
Gln

 (45, 46). This SCF motif has been proposed to help orient cognate tRNA (46). 

The subgrouping of AARSs depends on the presence of common modules, and on the 

type of amino acid that is charged onto the cognate tRNA. For example, one subgroup of 

class I AARSs comprises enzymes (Glu, Gln) that require bound tRNA for amino acid 

activation (47), another subgroup of enzymes are specific for the aromatic amino acids 

Tyr and Trp, and the third one comprises the enzymes that process aliphatic or sulfur 

containing amino acids (Arg, Ile, Leu, Val, Cys, Met) (48).  Enzyme Arg from subclass a 

also requires the presence of tRNA for amino acid activation (49) . 
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          In contrast to class I AARSs, the catalytic center of class II enzymes is built around 

a central 7-stranded antiparallel β-sheet (38). Before any structural information was 

available, it was observed that class II AARSs lack the class I HIGH and KMSKS 

sequences. Instead they have highly degenerate sequence motifs present in the catalytic 

core (28, 36). Later comparison of the various class II AARS crystal structures suggested 

that motif 1 consists of a long α-helix linked to a β-strand. Important for dimerization, it 

constitutes an interface between two monomers in the dimeric enzymes (50-52). Motif 2 

comprises two antiparallel β-strands connected by a long loop, and motif 3 consists of a 

β-strand followed immediately by an α-helix. Motifs 2 and 3 are involved in recognition 

of ATP and amino acid activation (48, 53-61).  

            In terms of quaternary structure, class I enzymes are generally monomers except 

for class Ic dimeric TyrRS and TrpRS, while class II enzymes are dimers or tetramers 

(Table I). AARSs show conserved quaternary structure in prokaryotes or eukaryotes with 

a few exceptions. For example, bacterial AlaRS (α4) and GlyRS (α2β2) occur as 

quaternary monomeric and dimeric forms respectively in S. cerevisiae and B. mori (62-

65). Also E. coli MetRS is a dimer (66) while yeast cytoplasmic and mitochondrial 

MetRS exist as monomers (63, 67, 68). Four types of quaternary structure have been 

generally seen in different AARSs: α, α2, α2β2, α4. Extra polypeptide domains have been 

observed at the N- or C-termini of many eukaryotic AARSs; these domains help 

formation of high-molecular weight complexes or direct organellar localization of the 

enzymes. 

           It has been observed that a dimeric (69) or pseudodimeric (70) structure of an 

AARS does not necessarily mean the binding of two tRNA molecules for independent 
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catalysis of two products. E. coli PheRS has a α2β2 subunit structure and it loses catalytic 

activity if its subunits are isolated, while the full activity can be recovered by mixing the 

subunits again (71). Similar behavior was also observed for E. coli GlyRS that also has a 

α2β2 subunit structure (72, 73).  

           Mechanistic distinctions also exist between the synthetase classes. Class I AARSs 

attach their amino acid to the 2'-OH of the tRNA terminal adenosine (A76), while class II 

AARSs use the A76 3'-OH (2). This mechanistic difference arises from the way the 

enzymes bind tRNA. Class I AARSs approach from the minor groove side of the tRNA 

acceptor stem, with the variable loop facing the solvent (74), while class II AARSs 

approach from the major groove of the acceptor stem and the variable loop faces the 

enzyme (Figure 4) (27, 75). Because of this orientation, class I enzymes first attach their 

cognate amino acid to the A76 2'-OH and then subsequent rearrangement transfers the 

amino acid onto the 3'-OH for peptide bond formation. On the other hand, class II 

enzymes directly attach the amino acid to the A76 3'-OH. It is hard to say whether these 

different modes of tRNA binding are found for all members of each class, as all 

AARS:tRNA complexes have not been crystallized. It has been shown through 

biochemical studies that AlaRS, a class II enzyme, approaches from the minor groove 

side of the tRNA
Ala

 (76, 77). Another distinction between the two groups is that class I 

enzymes bind ATP in an extended conformation while class II enzymes bind it in a bent 

conformation (48, 74, 75).  
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 In the last forty years, AARSs have been the focus of extensive genetic, 

biochemical, and structural studies. The first high resolution crystal structure of an AARS 

was solved in 1976 for B. stearothermophilus TyrRS (78-80). Numerous biochemical 

analyses triggered by this crystal structure provided insight into the mechanism of amino 

acid recognition in class I AARSs. These experiments demonstrated that the reaction 

takes place by using the binding energy produced from the enzyme-substrate interaction 

to stabilize the transition state, not by using any covalent or acid-base catalytic strategies. 

Subsequent high resolution crystal structures of other class I AARSs, for example ArgRS 

(81), CysRS (82), IleRS (83, 84), LeuRS (85), MetRS(38), ValRS (86), GlnRS (45), 

GluRS (87, 88), TrpRS (89) and TyrRS (78, 79), have helped researchers to understand 

Figure 4. Co-crystal structures of class I and class II AARSs with their cognate 

tRNAs. The characteristic domains of the two classes are shown in different colors with the 

class defining catalytic domain in red for each protein. Left, class I E. coli CysRS:tRNA
Cys

 

(PDB id: 1U0B). Right, class II E. coli ThrRS:tRNA
Thr

 (PDB id: 1QF6). [73, 74] 
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the mechanism of amino acid activation. The crystal structure of TrpRS revealed that the 

enzyme assumes three distinct conformations during amino acid activation: an open 

ligand-free form, a closed pre-transition-state ternary complex, and a relaxed 

tryptophenyl-adenylate product complex (90). These conformational changes took place 

due to the movement of a small domain that includes the KMSKS and HIGH-like motifs. 

A similar role for the KMSKS and HIGH motifs has been observed in GlnRS, although 

there is a distinct difference in the amino acid activation between these two class I 

AARSs (91).  

           Crystal structures have been solved for class II enzymes GlyRS (92), HisRS (93, 

94), ProRS (95), ThrRS (75), SerRS (96, 97), AsnRS (98), AspRS (34, 53, 99-101), 

LysRS II (102-104), and PheRS (105-107). These crystal structures revealed that the 

enzyme active sites are rigid templates for amino acid and ATP substrates so that optimal 

positions are achieved for in-line nucleophilic displacement (108, 109). The specificity of 

class II AARSs is determined by complementary contacts between the side chains of the 

amino acid substrates, and the active sites are adapted to accommodate the cognate amino 

acid. An induced fit mechanism imposed by ATP binding helps further in refining the 

specificity of the substrate. For some of the class II AARSs like AspRS and SerRS, this 

has a local effect while in other enzymes such as HisRS, LysRS and ProRS, a more 

global domain rearrangement is observed (94, 110).  

1.3.2 Domain organization of AARSs 

          The AARSs are modular enzymes and contain at least two distinct domains (111). 

Each AARS has an aminoacylation domain containing the enzyme active site that binds 

an amino acid, ATP, and the tRNA acceptor end. Catalytic steps of adenylate synthesis 
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and amino acid transfer occur here, and class determination is assigned according to this 

domain, which is thought to be the ancestral enzyme core (112). Most AARSs also 

contain a distinctive anticodon binding domain, which is proposed to have been added 

later in evolution, that recognizes the cognate tRNA anticodon (112). The two domains of 

AARS mirror the L-shaped structure of the tRNA molecule. In addition to the 

aminoacylation function of the AARS, about half of the AARSs contain a separate 

editing domain that hydrolyzes misacylated tRNA. As described above, the editing 

function resides in the CP domain for class I enzymes. Different domains of the AARSs 

depend on each other to function properly, but in some cases one domain can be removed 

without affecting the activity of the other domains. For example, E. coli AlaRS is the 

largest AARS and exists in vivo as a tetramer of 875 amino acid monomers (28). Deletion 

of the C-terminal domain after Gly-699 results in a functionally active monomeric 

protein, while a protein truncated after the first 461 residues was able to efficiently 

aminoacylate a synthetic microhelix RNA fragment that corresponds to the tRNA
Ala

 

acceptor stem closed by the TψC loop. In the case of E. coli MetRS, a fully active 

monomeric MetRS can be obtained from truncation of the C-terminal 121 residues by 

mild proteolysis or genetic engineering (66, 113). On the other hand, deletion of 11 

amino acids encompassing Trp-461 dramatically reduced the efficiency of tRNA
Met

 

aminoacylation but adenylate formation and microhelix aminoacylation were not affected 

(114). The crystal structure of the E. coli MetRS monomer shows two major domains, the 

N-terminal active site domain, and the C-terminal domain responsible for tRNA 

anticodon binding (38). E. coli MetRS variants truncated after Arg-537 are active but 

become highly temperature-sensitive (113). This suggests that the contacts between the 
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N- and C-terminal domains are important for the proper folding and therefore enzyme 

activity (115). Similar behaviors were observed in other bacterial systems like B. 

stearothermophilus (116) and T. thermophilus (117, 118) MetRS. 

1.3.3 Structural diversity of AARSs 

           All AARSs have the well-conserved catalytic center that recognizes ATP, amino 

acid, and the 3' end of the bound tRNA. To efficiently recognize tRNAs, AARSs attached 

tRNA-specific anticodon binding domains and later additional domains (112). About half 

of the AARSs have an editing domain attached to the anticodon binding domain for 

hydrolysis of misacylated tRNA. Mistranslation of the genetic code could result from the 

wrong amino acids being incorporated into key cellular proteins. Thus, the addition of an 

editing domain to the aminoacylation domain happened before divergence of the three 

kingdoms from the last universal common ancestor (LUCA). Because of this reason, 

aminoacylation and editing domains are retained throughout all three domains of life, 

likely as a reflection of evolutionary pressure (112). 

           Many domains have been attached to AARSs throughout evolution with no 

apparently connection to the aminoacylation reactions. We can see a minimal protein 

architecture for bacterial and archaeal AARSs, but eukaryotic AARSs frequently possess 

new additional domains (119). The domain addition in eukaryotic organisms was gradual 

and progressive, which follows the pattern of increasing complexity of eukaryotic 

systems. From close inspection of the pattern of domain additions to the AARSs, it has 

been observed that the new functions associated with these domains were introduced at 

precise times in evolution and were associated with the new appearances of biological 
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functions in higher eukaryotic organisms. These domain additions were important to 

expand the sophistication of the newly emerging organisms. 

 

           There are five primary domains, or motifs, found in AARSs that are similar to 

those seen in other proteins, such as a helix-turn-helix motif known as the WHEP 

domain, the oligonucleotide binding fold containing EMPAII domain that is also found in 

p43, the leucine-zipper motif, the glutathione S-transferase (GST) domain, and a 

specialized amino-terminal helix (N-helix) (120). Recently there have been reports that 

AARS make binary complexes with other protein factors to expand their function from 

Figure 5. The structural diversity of MetRS. The green oval shape 

represents the catalytic core of MetRS. N- and C-terminal appended 

domains have been identified in many organisms. Some bacterial MetRSs 

such as E. coli MetRS are dimeric with a C-terminal domain responsible 

for dimerization. This bacterial dimerization domain is highly homologous 

to eubacterial peptide like EMPA II (endothelial monocyte-activating 

protein II in H. sapiens, tRBD (tRNA binding domain) in C. elegans, Trbp 

111, and Arc1p in S. cerevisiae. MpMetRS has an unusually long N 

terminal extra domain (red diamond) that never has been identified in 

another organism. 
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aminoacylation to other functions like editing of misacylated tRNAs and metabolite 

biosynthesis (121, 122). Similarly in Mycoplasma penetrans, the extra-long metS gene 

encodes a MetRS with an appended domain that has never been found in any other 

AARSs (19) (Figure 5).  

1.3.4 Multienzyme complex in AARSs 

           Eukaryotes exhibit a higher degree of complexity in cellular organization than 

prokaryotes, such as compartmentalized transcription and translation. This complexity is 

further increased by the presence of macromolecular assemblies. Bacterial AARSs 

generally work as stand-alone proteins to carry out aminoacylation. However, some 

AARSs assemble with one another and with other protein factors in bacterial systems 

(121). For example, a stable ternary complex is formed between ProRS, tRNA
Pro

, and 

YabK (a polypeptide homolog of the ProRS insertion domain), resulting in the hydrolysis 

of mischarged Cys-tRNA
Pro

 both in vitro and in vivo (123, 124). A transamidosome 

complex forms between AspRS and amidotransferase in the presence of tRNA
Asn

. The 

rate of conversion of Asp-tRNA
Asn

 to Asn-tRNA
Asn

 was significantly enhanced compared 

to free amidotransferase (125). Deinococcus radiodurans codes for two copies of TrpRS 

(TrpRS I and TrpRS II). Both TrpRS I and TrpRS II are able to aminoacylate tRNA with 

Trp, but TrpRS II has fivefold lower efficiency than Trp I. TrpRS II contains a N-

terminal extension similar to bacterial proteins involved in stress responses. TrpRS II, 

tRNA
Trp 

and nitric oxide synthase (NOS) make a complex, and NOS catalyzes the 

formation of 4-Nitro-Trp (126).The role of 4-Nitro-Trp is not clear, although it may 

function outside of protein synthesis as expression of TrpRS II is induced in response of 

specific stimuli such as radiation damage (126). 
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           The nature of complexes in eukaryotes is larger and more complex than in bacteria 

and archaea. These eukaryotic complexes perform a wider range of functions than simply 

aminoacylation. The yeast multienzyme complex is composed of GluRS, MetRS and 

aminoacyl-tRNA synthetase cofactor I (Arc1p) (127). Biochemical and modeling studies 

have shown that the N-terminal domain of Arc1p makes protein-protein interactions with 

the N-terminal ends of AARSs to form the multienzyme complex (128, 129). This 

complex is thought to facilitate the binding of tRNA
Glu

 and tRNA
Met

 to each AARS (130, 

131). The complex found in yeast is between SerRS and Pex21p, a protein involved in 

peroxisome biosynthesis. The role of Pex21p is to enhance aminoacylation by promoting 

binding between tRNA
Ser

 and SerRS (132). Another larger complex found in mammalian 

cells is composed of nine AARSs (those specific for amino acids Leu, Lys, Pro, Ile, Met, 

Glu, Gln, Arg, and Asp) and the three non-AARS factors p38, p43, and p18 (133). As 

auxiliary protein p38 interacts with all other AARSs in this complex, it is important for 

assembly and stability of the complex (134). The possible role of p18 is not clear. As it 

shares homology with the N-terminus of human ValRS, a possible role is in making a 

complex with EF-1H (135). Protein p43 is partly homologs to Arc1p, and may enhance 

tRNA binding in the complex (136). 

1.3.5 Translational accuracy and editing 

           Accurate translation of genetic information from DNA to mRNA to protein is 

critical to maintain gene expression and normal cellular functions. The overall 

translational error rate is very low, around 10
-3

-10
-4

; this means there is one mistake made 

in the translation of 1000-10000 amino acids (137). Protein synthesis accuracy depends 

largely on AARSs, so intrinsic proofreading and specificity of the AARSs is very 
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important. AARSs show a high level of accuracy, with an overall error rate of only 1 in 

10,000 codons read (138, 139). This low error rate is achieved in a number of ways; for 

example AARSs contact both their amino acid and their isoaccepting tRNA substrates. In 

the case of tRNA recognition, most of the identity elements are in either the acceptor 

stem or the anticodon of tRNA (140). The specificity and accuracy of tRNA recognition 

is also enhanced by the existence of anti-determinants in certain tRNAs that hinder 

interaction of a tRNA with non-cognate synthetases (141). For example, the lysidine 

(modified C) residue at position 34 in E. coli tRNA
Ile 

acts as an anti-determinant for 

MetRS (142). A similar role is played by the modified residue m
1
G37 in yeast tRNA

Asp
, 

where it prohibits aminoacylation by ArgRS (143, 144).  

          AARSs are selective for their cognate tRNAs owing to the large surface area 

available during recognition and kinetic proofreading during aminoacylation (137). In 

kinetic proofreading, a branched reaction scheme allows non-cognate adenylate 

intermediates to be preferentially dissociated and then hydrolyzed (145). AARSs must 

also discriminate their corresponding amino acid. It is difficult for AARSs to distinguish 

structurally similar amino acids by binding alone, especially for near cognate amino acids 

that are smaller than the cognate substrate, such as Ile and Val. IleRS misactivates Val 

only 180-fold less efficiently than the cognate Ile (146). An intrinsic AARS proofreading 

activity serves to eliminate near cognate amino acids from the aminoacylation pathway. 

IleRS is able to proofread misactivated valine at two points in the aminoacylation 

reaction: as an enzyme-bound aminoacyl-adenylate (also called pre-transfer editing) and 

as an enzyme bound aminoacyl-tRNA (post-transfer editing). The above model is also 

called the double sieve substrate selection model (147). IleRS has two distinct catalytic 
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sites that present a double sieve during substrate selection (146). In this example, the first 

sieve excludes all amino acids larger than isoleucine, while the similarly sized valine can 

escape this sieve. The second sieve then acts on the valyl-AMP to hydrolyze it at a 

structurally distinct editing site (84). This proofreading activity of IleRS is tRNA 

dependent. A similar tRNA-dependent proofreading mechanism is found in ValRS, 

which deacylates Thr-tRNA
Val

 (148). It has been shown by structural and functional 

studies that class I IleRS, ValRS, and LeuRS share homologs editing domains, whereas 

class II AARSs have divergent site architectures, and MetRS, LysRS II, and SerRS lack 

distinct editing sites (137).  

          Most bacteria and archaea lack AsnRS and/or GlnRS, and Asn-tRNA
Asn

 and Gln-

tRNA
Gln

 are aminoacylated by an indirect pathway called transamidation (26). Mis-

aminoacylated intermediates Asp-tRNA
Asn

 and Glu-tRNA
Gln

 are synthesized first, by 

non-discriminating AspRS and GluRS, respectively. For example, T. thermophilus 

AspRS recognize both tRNA
Asp

 (GUC anticodon) and tRNA
Asn

 (GUU anticodon) (149). 

Similarly in B. subtilis GluRS has been shown to recognize both tRNA1
Gln

 (UUG 

anticodon) and tRNA
Glu

 (UUC anticodon) but not tRNA
Gln

 (CUG anticodon) (150). 

These mischarged tRNAs are not recognized by translation elongation factors (149) and 

consequently not added in the growing peptide chain. Translation accuracy is achieved by 

transamidation of mischarged tRNAs by tRNA dependent amidotransferases (AdT). 

Acceptable amine donors are glutamine, asparagine, and ammonia in reaction.  

1.3.6 Noncanonical functions of AARSs 

           Besides their essential housekeeping function in protein biosynthesis, AARSs have 

long been known to participate in other cellular processes such as translational control, 
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transcriptional regulation, signal transduction, cell migration, angiogenesis, 

inflammation, and tumorigenesis (112). It has been shown that some eukaryotic tRNAs 

are first aminoacylated in the nucleus before getting transported to the cytoplasm to 

ensure the maturation of tRNA precursors (151). Another example is bacterial AlaRS, 

which aminoacylates both tRNA
Ala

 and a tRNA-mRNA hybrid molecule called tmRNA. 

The cellular function of Ala-tmRNA is to tag prematurely truncated proteins for protease 

degradation (152-154). One function of AARSs that does not exploit their aminoacylation 

activity is regulation of their gene expression. For example HisZ, a bacterial paralog of 

HisRS, has a functional role in histidine biosynthesis (155). HisZ serves as a functional 

subunit of the HisG enzyme, the first enzyme in the histidine biosynthesis pathway. B. 

subtilis CysRS has a role in chromosomal replication (156). Neurospora crassa and yeast 

mitochondria TyrRS and LeuRS are splicing factors for group I introns, respectively 

(157). On the other hand cytoplasmic TyrRS splits into two functional cytokines during 

apoptosis (158). 

1.3.7 Role of AARSs in disease 

          Emerging evidence suggests that defects in either canonical or noncanonical AARS 

functions can cause or contribute to human disease. For example, Charcot-Marie-Tooth 

(CMT) disease is caused by mutations in cytoplasmic GlyRS and TyrRS (159, 160). 

Patients with CMT disease have symptoms of muscular weakness and atrophy in the 

distal extremities. A mutation in the editing domain of AlaRS can lead to a two-fold 

decrease in editing to clear Ser-tRNA
Ala

 that leads to the development of ataxia in mouse 

(161). Depending on the structural and functional diversity of different AARSs, and their 

direct or indirect involvement in various cellular pathways, they may serve as 
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pharmaceutical targets. As antibiotic resistance of pathogenic bacteria is a major concern 

to public health, it puts on pressure to develop new and better antibiotic therapies. As 

AARSs are essential for cell viability, any inhibitor against AARSs can be an effective 

antibiotic against pathogenic bacteria. Mupirocin (pseudomonic acid), a natural AARS 

inhibitor obtained from Pseudomonas fluorescens, inhibits eubacterial and archaeal IleRS 

(83). It has 8000-fold higher selectivity for bacterial IleRS than mammalian IleRS and it 

effectively blocks the synthetic binding site of the intermediate Ile-AMP (162-164). 

Another example is AN2690 (5-fluoro-1,3-dihydro-1-hydroxy-2,1-benzoxaborole), an 

anti-fungal therapeutic agent used to treat onychomycosis (fungal infection of the nails). 

This compound inhibits the synthesis of leucyl-tRNA
Leu

 by formation of a stable boron-

mediated tRNA
Leu

-AN2690 adduct in the editing site of LeuRS (165).  

1.4 Methionyl-tRNA synthetase 

 Methionyl-tRNA synthetase (MetRS) is a class I AARS that has been extensively 

studied using structural and biochemical approaches. The endogenous E. coli MetRS is a 

homodimer of 76 kDa monomers. A 547 amino acid long (64 kDa) fully active 

monomeric MetRS can be obtained by selective protease digestion with trypsin or by 

genetic engineering (66, 113, 166). The C-terminal 121 amino acids represent a 

dimerization domain. Monomeric E. coli MetRS has four major domains  (Figure 6). The 

N-terminal catalytic domain (red) folds into the class I Rossmann fold and includes the 

HIGH sequence responsible for activation and transfer of methionine onto the acceptor 

stem of tRNA
Met

. The connective polypeptide (CP) domain is inserted between the two 

halves of Rossmann fold and contains a zinc (II) ion coordinated by four cysteine 

residues in a zinc knuckle structure (28, 167) (yellow). It is formed by a four-stranded 
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antiparallel β-sheet surrounded by 

the zinc-binding domain on the one 

side and two α-helices on the other 

side. In addition to the E. coli MetRS 

crystal structure solved in 1999, 

other MetRS structures have been 

solved including complexes with 

tRNA or small molecules (Table II). 

From the analysis of available 

MetRS structures, four families can 

be identified according to the 

organization of their CP regions. The 

CP regions of eukaryotic, archaeal, 

and spirochete MetRS carry two 

metal ions in two knuckle motifs. 

Two other families possess two 

knuckles and one zinc ion or one 

knuckle and one zinc ion, exemplified by E. coli MetRS and T. thermophilus MetRS, 

respectively. It has been shown that B. stearothermophilus MetRS belongs to the family 

of T. thermophilus MetRS and contains one zinc ion per subunit (166). The fourth 

enzyme is structurally similar to T. thermophilus MetRS, but lacks any metal ion. 

Mycobacterium tuberculosis belongs to this family of enzymes. Site-directed mutagenesis 

studies of E. coli, T. thermophilus, and B. stearothermophilus MetRS have shown that the 

Figure 6. The crystal structure of E. coli 

MetRS. The catalytic domain (red) has a class 

I defining Rossmann fold and the anticodon 

binding domain (green) is made up of α-

helices. The connective polypeptide insertion 

(yellow) binds a zinc metal ion (orange 

sphere). The stem contact fold (blue) is at the 

interface of the catalytic and anticodon binding 

domains (38) (PDB id. 1QQT). 
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zinc-binding domain plays an important role in methionine activation and in amino acid 

transfer to the 3' end of tRNA (39, 40, 167). These studies have led to the idea that the 

metal ion is important for the correct orientation of side-chains involved in catalysis. The 

stem contact fold (blue) contains the KMSKS sequence that orients and stabilizes ATP 

for adenylate formation. Finally, the C-terminal anticodon binding domain (green) 

recognizes the CAU anticodon triplet present in all methionine specifying tRNA 

isoacceptors (10). The C-terminal anticodon binding domain is an α-helical bundle motif 

and is responsible for interactions of MetRS with the tRNA
Met 

(168). In E. coli MetRS 

Trp-461 is essential for recognition of the CAU anticodon of methionine-accepting 

tRNAs (168). The cocrystal structure of Aquifex aeolicus MetRS has shown that the Trp 

indole ring of Trp-422 (corresponding to E. coli Trp-461) stacks on the C34 and A35 

nucleotides of the CAU anticodon (15). 
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Table II. Crystal structures of MetRS with different ligands 

Organism Ligand PDB id References 

E. coli No ligand 1QQT (38) 

E. coli Methionine 1F4L (169) 

E. coli  Methionine phosphonate 1P7P (170) 

E. coli Methioninyl adenylate 1PGO (170) 

Pyrococcus abyssi No ligand 1RQG (171) 

Aquifex aeolicus tRNA
Met

 2CSX (15) 

Brucella melitensis Selenomethionine 4DLP  

T. thermophilus No ligand 1A8H (117) 

T. thermophilus Methionyl-adenylate 3VU8  

Mycobacterium 

smegmatis 
Methionine and adenosine 2X1L (172) 

 

1.5 Dissertation overview 

           The two projects described in this dissertation relate to the theme of domain 

organization of MetRS. In the first project, the well-studied E. coli MetRS is used as a 

model for long range signaling between functional domains. In the second project, a 

polypeptide domain appended to the N-terminus of M. penetrans is investigated for its 

putative aminotransferase activity. 

1.5.1 Mutational analysis of “off-path” and “on-path” communication networks in 

E. coli MetRS  
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         AARSs are modular proteins, with different domains having distinct roles in the 

aminoacylation process. Effective catalysis requires cooperation or communication 

between functional sites, most commonly between the anticodon binding and 

aminoacylation active sites. Anticodon-induced tRNA aminoacylation can be considered 

a form of enzyme allostery, where ligand binding triggers a conformational change that 

renders an enzyme more (or less) active. 

          Many high resolution protein structures give us information about conformational 

changes that occur upon ligand binding, but the relationship between protein flexibility 

and function is not well understood. A number of biochemical studies on E. coli MetRS 

and CysRS confirmed the existence of domain-domain communication in a synthetase-

tRNA complex (28, 173, 174). Two models have been proposed to understand long-range 

communication in modular proteins. The first one is the “induced-fit” model, in which 

long-range communication does not happen through direct amino acid contacts. It 

proceeds instead through substrate induced conformational change or structural 

rearrangements in the dynamic structure of the protein (175, 176). In the second 

“population shift” model, a perturbation at a distant site alters the conformational 

equilibrium through multiple pre-existing pathways of residue-residue interactions (177).  

          The main challenge in studying mechanisms of domain-domain communication in 

multidomain modular proteins like AARSs is the lack of simple and reliable 

computational and/or experimental approaches to identify critical residues involved in 

communication pathways. Ranganathan and coworkers have used the sequence-based 

statistical coupling method to calculate thermodynamic connections between protein 

residues. This method is based on the hypothesis that coupling between two distant sites 
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in a protein is mediated by one or more contiguous networks of residues and such 

coupling should cause those positions to co-evolve (178). This prediction was verified 

through mutagenesis of small proteins (178). However, for multidomain proteins, this 

scenario of inter-domain communication becomes quite complex as each domain may 

have its own specific function and act as an independent identity. Studies on proteins of 

completely distinct folds and biological activities have shown that site-specific correlated 

motions of proteins are key determinants of function (179, 180). These coupled domain 

motions, which can be modeled using computational approaches such as molecular 

dynamics simulations, suggest the possibility that there are pre-existing pathways in 

multidomain proteins that promote long-range communication.  

          Monomeric MetRS is a well-studied example of class I AARSs that have a 

characteristic two-domain organization and use the tRNA anticodon as a strong identity 

element. The N-terminal half of the enzyme contains the catalytic active site that interacts 

with the acceptor arm of the tRNA, while the C-terminal domain of MetRS makes 

contacts with the tRNA
Met

 CAU anticodon (174). In most organisms there is only one 

codon (AUG) for methionine and only one anticodon (CAU) to decode it. The tRNA
Met

 

CAU anticodon is a strong identity element for aminoacylation. It has been shown in E. 

coli that when the methionine accepting CAU anticodon is transferred to a valine 

accepting tRNA, the mutant tRNACAU
Val

 loses its original valine identity and gains 

methionine identity (181).  

           The anticodon binding domain of nearly all MetRSs has a highly conserved 

tryptophan (Trp-461 in E. coli) that is essential for recognition of tRNA
Met

. This residue 

is 50 Å away from the enzyme’s catalytic domain, yet is critical for tRNA
Met
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aminoacylation. Substitution of this Trp with Ala reduces the catalytic efficiency 

(kcat/KM) of tRNA aminoacylation by 10
6
-fold (182).  

          A 2.7 Å crystal structure of A. aeolicus MetRS complexed with its cognate 

tRNA
Met

 has been solved. This crystal structure showed that Trp-422 (corresponding to 

the E. coli Trp-461 described above) stacks on anticodon base C34, thus confirming 

structurally what had already been known experimentally: the conserved Trp residue is 

critical for anticodon recognition. The E. coli GlnRS:tRNA
Gln 

crystal structure reveals 

that Lys-270 residue in the KMSKS sequence interacts with the 3' ribose of the tRNA 

acceptor stem via a water molecule (45). On the other hand, the extreme 3'-terminus of 

tRNA
Met

 is disordered in the A. aeolicus crystal structure (15), limiting information that 

could be obtained about amino acid transfer to the tRNA
Met

 CCA end. Not only is the 

tRNA 3'-end disordered, but even if missing nucleotides were to be modeled into the 

structure, the MetRS:tRNA
Met

 co-crystal structure looks more like an exit complex than a 

catalytic complex. This is because the 3'-end is directed away from the enzyme catalytic 

core, as if aminoacylation had already taken place. Furtheremore the tRNA end and the 

CP domain are disordered, presumably due to mobility of these portions of tRNA
Met

 and 

MetRS during catalysis.  

           We hypothesize that efficient catalysis by MetRS requires conformational 

rearrangements of both tRNA
Met

 and MetRS that are triggered by anticodon binding. 

Molecular dynamics simulations of E. coli MetRS have been used to identify correlated 

motions between functionally relevant sets of amino acids; these studies suggest many 

possible paths that might connect the anticodon binding and catalytic domains. We 

designed mutations in the four domains of E. coli MetRS; amino acids chosen for 
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mutagenesis studies were not previously shown to be important in catalysis or tRNA 

recognition. Using computational studies of our collaborators, we seek to identify the key 

residues that are involved in multiple possible communication pathways. We predict that 

one or more amino acid substitutions could prevent residue to residue communication and 

therefore limit inter-domain communication and decrease tRNA aminoacylation. We 

anticipate that the domain-localized functions of adenylate formation and anticodon 

binding unchanged, but net aminoacylation decreased.  

1.6 Mycoplasma family 

          Mycoplasma penetrans (M. penetrans) belongs to the Mycoplasmataceae family 

under the class Mollicutes. More than 100 different species have been isolated from 

different hosts including humans, animals, and insects. The class Mollicutes contain six 

genera: Archoleplasma, Anaeroplasma, Asteroleplasma, Mycoplasma, Spiroplasma, and 

Ureaplasma (183). Mycoplasmas are the smallest and simplest known self-replicating 

organisms. The characteristic traits that differentiate them from other bacteria are the lack 

of a cell wall and their small cell size. Mycoplasmas are mostly parasitic in nature and 

their hosts range from humans to plants (184).  

           Most mycoplasmas have strict host and tissue specificity, but mycoplasmas can 

also be present in hosts and tissues different from their normal habitat (185). The human 

respiratory pathogen M. pneumonia is of special interest in the sense of showing different 

disease patterns in different hosts. When experimental respiratory infections were 

induced in hamsters, the pattern of lung disease development was different from that of 

chimpanzees. Chimpanzees showed response to a droplet infection like humans, with 

symptoms similar to human pneumonia (186, 187). Similarly M. genitalium is found 
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primarily in the urogenital tract, but it has been found in the respiratory tract and M. 

pneumonia has been isolated from the genital tract (188). Human and animal 

mycoplasmas can survive in different habitat types, like the mucous surfaces of the 

respiratory and urogenital tracts, the eyes, alimentary canal, mammary glands, and joints 

in humans and other animals. 

1.6.1 Genome size and base composition 

            Mollicute genomes range from 600 to 2200 Kb, and within this mycoplasmas 

range from 580 kb (M. genitalium) to 1380 kb (M. mycoides) (189). Somewhat larger are 

the helical spiroplasma species ranging from 780 kb (S. spiroplasma) to 2220 kb (S. 

ixodetis) (190). Genomic size distribution among different mollicute species does not 

indicate any hierarchal taxonomical distribution. As a general rule, Acholeplasma and 

Spiroplasma species are considered “early” mollicutes because of their larger genomic 

sizes. On the other hand, Mycoplasma and Ureaplasma species are considered “recent” 

mollicutes because of their smaller genomic size. These genomic sizes are in agreement 

with the hypothesis that mollicutes are evolved by degenerative or reductive evolution 

(191). Mycoplasma genomes have a low G+C, ranging from 24 to 40%. For example, M. 

pneumoniae has 40% G+C while M. genitalium has 32% G+C content. By comparison, 

E. coli has 50% G+C and in humans the average G+C content is around 45-50% (192). 

1.6.2 Comparative genomics and assimilative processes  

          The availability of complete genome sequences for mycoplasma species is opening 

new doors for “comparative genomics” to study evolutionary relationships within this 

bacterial class. These studies have shown the presence of 479 protein ORFs in M. 



31 
 

genitalium and 677 in M. pneumoniae, as compared to 1703 in H. infuenzae and 4288 in 

E. coli, thus the small genomes correspond to smaller proteomes as well. 

          During evolution, mycoplasmas lost almost all of the genes involved in amino acid 

and cofactor biosynthesis and thus are dependent on either the host cytoplasm or an 

artificial medium for supply of essential amino acids (193, 194). Mycoplasmas are wall-

less organisms; only 54 genes are found that are involved in the synthesis of the 

cytoplasmic membrane in M. pneumonia compared to 105 genes for Haemophilus 

influenza (195). Because of the lack of a cell wall, mycoplasma species are osmotically 

sensitive. Most mycoplasmas depend on the host for the supply of fatty acids because of 

the lack of fatty acid synthesizing genes. Mycoplasmas generally synthesize their own 

membrane phospholipids and glycolipids but some of them use host phospholipids in 

their membrane (196). 

           Unlike other eubacteria, mycoplasmas lack the genes and enzymes for 

biosynthesis of purine and pyrimidines. The precursors for nucleic acid synthesis may be 

provided by the degradation of host DNA or RNA by membrane bound nucleases (197). 

Ribonucleotide salvage pathways genes have been found in the mycoplasmas (193, 198). 

1.6.3 Metabolism and transport 

            Because of their small size and parasitic nature, mycoplasmas have limited 

metabolic activities compared to other bacterial systems. Research on mollicutes has 

shown that they have truncated respiratory systems (199). They lack a complete 

tricarboxylic acid cycle including quinones and cytochromes, components required for 

oxidative phosphorylation (199, 200). Mollicutes are divided into two classes based on 

their ability to metabolize carbohydrates: fermentative and nonfermentative. 
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Fermentative mollicutes produce acids from carbohydrates, and thus decrease the pH of 

the growth medium. M. genitalium and M. pneumoniae have all the enzymes for 

glycolysis, but genes for the pentose phosphate pathway are incomplete. So these 

fermentative mollicutes metabolize pyruvate in two ways. They can metabolize it either 

to lactate by lactate dehydrogenase, or to acetyl coenzyme A by the pyruvate 

dehydrogenase complex (193, 201). 

           On the other hand, nonfermentative and some of the fermentative mollicutes use 

arginine dihydrolase pathways to generate ATP as an energy source. The members of this 

group use three enzymes; arginine deiminase, ornithine carbamoyl transferase, and 

carbamate kinase, to degrade arginine into ornithine, ATP, CO2, and ammonia, thus 

raising the pH of the growth medium (196, 202). The arginine dihydrolase pathway has 

been found in other phylogenetic bacterial groups like Pseudomonas, Bacillus, and lactic 

acid bacteria (202). The role of this pathway solely as an energy generating source in 

nonfermentative mollicutes has been frequently questioned (193, 194). 
13

C nuclear 

magnetic resonance spectroscopy studies in M. fermentans have shown the accumulation 

of lactate and the breakdown of arginine in the simultaneous presence of glucose and 

arginine (203). The import of arginine inside the cells does not require ATP and it 

supports an energetic advantage of arginine utilization as an energy source. 

           Members of the class Ureaplasma differ from other mycoplasma in their ability to 

hydrolyze urea. These Ureaplasmas lack the major energy yielding (glycolysis, arginine 

dihyrolase) pathways found so far in other mycoplasmas (204), but they possess a potent 

enzyme called urease.  

1.6.4 Composition of cell membranes 
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            Members of the mollicute class lack a cell wall and their cells are surrounded only 

by a plasma membrane. The single plasma membrane in mycoplasma is therefore critical 

to the interactions of these organisms with the environment. The mycoplasma membrane 

mass is 2/3 proteins and 1/3 lipids. Proteins in the mycoplasma membrane are generally 

involved in mycoplasma-host interactions. Mycoplasma membranes have abundant 

lipoproteins compared to other eubacteria membranes. The reason for the high number of 

lipoproteins in mollicutes is the absence of a periplasmic space and cell wall. Mollicutes 

also have signal peptides, similar to eubacteria, that help translocate newly synthesized 

proteins into a secretory pathway for transport across the cell membrane (205). 

Membrane proteins, which function on the outside of the cell, are generally acylated with 

long-chain fatty acids. Acylation of proteins helps anchor them to the cell surface (184). 

           The composition of mycoplasma membrane lipids is not different from other 

biological membranes, and consists of phospholipids, glycolipids, and neutral lipids. 

Because of mycoplasma’s limited number of metabolic options, they have to depend on 

the host or the culture medium to supply exogenous fatty acids, cholesterol, and complex 

lipids (206). Studies have shown that mycoplasmas adapt their membrane lipid 

composition to various changing environmental conditions by altering the polar head 

group structure of membrane phospholipids and glycolipids (207). 

1.6.5 Virulence factors in mycoplasma 

           Establishing mollicutes as independent pathogens is hard because most of them 

live as commensals (the term for two organisms that co-exist where one organism get 

benefits without affecting the other one) or as symbionts with many species of arthropods 

(196). Most pathogenic mycoplasmas can cause acute and chronic infections. They are 
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generally considered as cofactors in disease. Recently, mycoplasma infection has been 

identified as a cofactor to AIDS pathogenesis, Gulf War Syndrome, chronic fatigue 

syndrome, Crohn’s disease, and  various types of arthritis (208). The association of 

mycoplasmas with many of these diseases remains doubtful and needs to be studied 

more. But the possible role of M. fermentans and M. penetrans in AIDS activation has 

attracted the most attention and substantial numbers of studies are going on to investigate 

host immune system modulation by mycoplasmas. 

           Mycoplasmas do not release any toxic compounds to damage host cells directly. 

Host cell membranes are damaged from oxidation by hydrogen peroxide and superoxide 

radicals, which are by-products of mycoplasma metabolism (196). It has been proposed 

that during infection, wall-less mycoplasmas make contact with the host cell membrane. 

This intimate contact of two membranes gives mycoplasma the opportunity to exchange 

membrane components and inject its cytoplasmic contents inside the host cell. 

Mycoplasma nucleases and free radicals may be responsible for their virulence. 

Mycoplasmas have been known to grow “symbiotically” in their eukaryotic host cells and 

keep close interactions with the mammalian cells for long periods of time. These 

interactions of mycoplasma with the host cell surface may trigger a cascade of signals 

transduced from the cell membrane to the nucleus, thus altering the expressions of genes. 

It has been argued that mycoplasmas have an oncogenic role in infected host cells. The 

oncogenic potential of the AIDS-associated mycoplasmas, M. fermentans and M. 

penetrans has been studied in mouse embryonic cell culture (209). A multistage 

progression of malignant cell transformation with long latency was noted. Persistent 
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infection with the mycoplasmas for 18 passages (1 week per passage) resulted in an 

irreversible form of transformation leading to tumor formation in mice. 

1.7 Mycoplasma penetrans 

          Mycoplasma penetrans is a recently identified (1991) species that infects the 

human urogenital and respiratory tracts (210, 211).  Morphologically, M. penetrans has 

an elongated flask shape, and its typical feature is to adhere to and penetrate inside 

eukaryotic cells (210). M. penetrans has cytopathic effects in vitro (212) and kills 70% to 

100% of chicken embryos infected within the yolk sac. In Europe and USA, M. penetrans 

is found mainly in adult homosexual HIV-I infected patients (213) .            

          The availability of genomic data for a number of mycoplasma species shows the 

genomic sizes are between 5800 to 1400 kb (193, 214, 215). The M. penetrans size is 

~1300 kb is larger than the other mycoplasma species sequenced so far (210). The larger 

genomic size may be suggestive of additional genetic information involved in its unique 

infection process. It has 25.7% G+C content, one set of RNA genes, and 30 tRNA genes. 

           Comparative analysis of M. genitalium and H. influenza genomes and gene 

knockout studies of M. genitalium suggested that a minimal bacterial genome would 

contain ~256 genes (216). M. penetrans lacks uridine kinase (udk), a member of the 

proposed minimal gene set that catalyzes the phosphorylation of uridine and cytidine to 

uridine- and cytidine-monophosphate (UMP and CMP). M. penetrans also lacks the 

corresponding enzyme 5'-nucleotidase which hydrolyzes UMP and CMP to uridine and 

cytidine. The other four Mycoplasmataceae species, M. genitalium, M. pneumoniae, M. 

poulmonis and U. urealyticum, lack either uridine kinase or 5'-nucleotidase. But M. 

penetrans lacks both enzymes, suggesting there are alternative ways to synthesize UMP 
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and CMP. M. penetrans also lacks nucleoside-diphosphate kinase (ndk) that converts 

UDP/CDP to UTP/CTP (210). 

1.7.1 Biochemical characterization of a protein domain appended to Mycoplasma 

penetrans methionyl-tRNA synthetase 

          An unusual feature of the M. penetrans genome is that it has an open reading frame 

that encodes an unusually large MetRS. Despite the relatively small and compact 

genome, the metS gene is approximately twice the size of standard bacterial MetRS 

genes. This metS gene encodes two domains that have never been found associated with 

any other AARS. BLAST sequence analysis reveals that this extension is formed by two 

independent domains. The first 166 residue long domain has no significant identity to any 

known proteins, while the second one (402 residues) has more than 50% similarity to 

alanine glyoxylate aminotransferase (217, 218) (Figure 7). 

 

 

MpMetRS                              IKVLSNLVELKEKQYLPIKIYDYKTLSKMDSKYECDKGFLYFTPGPVQIREWVKEVLGEYVNHHRSLSIKEIYKEAAENIKWAFNSKKGYPIAMANT 

AnAGT                                MTQIISINDNQRLQLEPL----------------EVPSRLLLGPGPSNAHPAVLQAMNVSPVGHLDPAFLALMDEIQSLLRYVWQTENPLTIAVSGT 

HsAGT                                MASHKLLVTPPKALLKPL----------------SIPNQLLLGPGPSNLPPRIMAAGGLQMIGSMSKDMYQIMDEIKEGIQYVFQTRNPLTLVISGS 

MgMetRS                              ------------------------------------------------------------------------------------------------- 

EcMetRS                              ------------------------------------------------------------------------------------------------- 

 

MpMetRS  GLGAIESTFVNLLEQGDEILILSNGFFGENLIDIAKRHQLNQSLLQIKQGESFDLKEVENLIKNKKAV--FMVYMDTSCGILNPVKKVGELCKDYGCLFIVDAISGILNEEFNFDEYGVTAAVST 

AnAGT    GTAAMEATIANAVEPGDVVLIGVAGYFGNRLVDMAGRYGADVRTISKPWGQVFSLEELRTALENNRPAILALVHAETSTGARQPLEGVGELCREFGTLLLVDTVTSLGGVPIFLDGWGVDLAYSC 

HsAGT    GHCALEAALVNVLEPGDSFLVGANGIWGQRAVDIGERIGARVHPMTKDPGGHYTLQEVEEGLAQHKPVLLFLTHGESSTGVLQPLDGFGELCHRYKCLLLVDSVASLGGTPLYMDRQGIDILYSG 

MgMetRS  ----------------------------------------------------------------------------------------------------------------------------- 

EcMetRS  ----------------------------------------------------------------------------------------------------------------------------- 

 

 

MpMetRS SGKGFEVSPGLAFVCVSEQGMQISANIKKRKPKFLDWQT-FKVRSLYD------GLTPSTYPVNIFASLNKVCEEIKDNGGLTRLIDKKFNLNLYLSESLITLGFRHIIENENSRSNWVLVMETP 

AnAGT   SQKGLGCSPGASPFTMSSRAIEK---LQRRRTKVANWYLDMNLLGKYWGSE---RVYHHTAPINLYYALREALRLIAQ-EGLANCWQRHQKNVEYLWERLEDIGLSLHVE-KEYRLPTLTTVRIP 

HsAGT   SQKALNAPPGTSLISFSDKAKKK---MYSRKTKPFSFYLDIKWLANFWGCDDQPRMYHHTIPVISLYSLRESLALIAE-QGLENSWRQHREAAAYLHGRLQALGLQLFVKDPALRLPTVTTVAVP 

MgMetRS ----------------------------------------------------------------------------------------------------------------------------- 

EcMetRS ----------------------------------------------------------------------------------------------------------------------------- 

 

 

MpMetRS  NIIKANELRAYLYAMKNILIECGIADSSNRIVRLAISAAH-DIEDVTQLIEAIKEYIDLKITSKGEVMKKFYITTPIYYPSGNPHIGHAF 

AnAGT    DGVDGKAVARQLLNEHNIEVGGGLGELAGKVWRVGLMGFNSRKESVDQLIPALEQVLR-------------------------------- 

HsAGT    AGYDWRDIVSYVIDHFDIEIMGGLGPSTGKVLRIGLLGCNATRENVDRVTEALRAALQHCPKKKL------------------------- 

MgMetRS  -------------------------------------------------------------------MKRCYITTPIYYASGKPHIGHAF 

EcMetRS  ---------------------------------------------------------------MTQVAKKILVTCALPYANGSIHLGHML 

 

 

568-1087  
MetRS Domain 

Figure 7. Sequence comparison of M. penetrans MetRS N-terminal appended 

domain. The M. penetrans MetRS (MpMetRS) appended domain is aligned with 

alanine-glyoxylate aminotransferase from species Anabaena (AnAGT) and Homo sapiens 

(HsAGT) and the core MetRS domain from M. genitalium (MgMetRS) and E. coli 
(EcMetRS). Key PLP binding residues are highlighted in yellow. 

1-166 
Unknown domain 
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Our earlier results demonstrated 

that the appended domain is not essential 

for tRNA
Met 

aminoacylation activity (19). 

Comparison of this domain with 

aminotransferase sequences suggests the 

presence of a pyridoxal 5'-phosphate 

(PLP) coenzyme (Figure 8). PLP is the 

active form of vitamin B6 (pyridoxine). It  

is a versatile moiety, acting as a 

coenzyme in decarboxylation, 

deamination, and transamination 

reactions. Almost all PLP-dependent 

enzymes catalyze reactions involving amino compounds, mainly amino acids (219). PLP 

functions as an intermediate carrier of amino groups at the active site of 

aminotransferases, and is generally covalently bound to the enzyme’s active site through 

an aldimine (Schiff base) linkage to the Ɛ-amino group of a lysine residue. 

Aminotransferases act by a Ping-Pong mechanism, in which the first substrate reacts and 

one product must leave the active site before the second substrate can bind. Thus, the 

incoming amino acid binds to the active site, donates its amino group to PLP, and departs 

in the form of an α-keto acid (Figure 9). The incoming α-keto acid substrate then accepts 

the PLP-bound amino group, and departs in the form of an amino acid.  

Figure 8. M. penetrans MetRS 

model has a PLP binding pocket. 
Superposition of the active sites of 

Anabaena sp. alanine-glyoxylate 

aminotransferase (AGT) and MpMetRS 

N-terminal domain (PHYRE model). The 

PLP interacting residues of Anabaena sp. 

AGT are labeled followed by the 

corresponding amino acid of MpMetRS 

in brackets (PDB id. 1VJO) [215].  
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          Since the M. penetrans MetRS domain appears to be fused with this putative 

aminotransferase domain, we sought a role for this domain in methionine metabolism.       

 Methionine is a key amino acid in numerous cellular functions; in addition to 

being a proteogenic amino acid, it is also involved in the methylation of rRNA and 

xenobiotics and in the biosynthesis of  cysteine, phospholipids, and polyamines  (220). 

Polyamine (spermine, spermidine) biosynthesis is important is rapidly growing cells, 

such as cancer cells and most bacteria  and parasites, which  synthesize large amount of 

polyamines prior to DNA replication (221). The de novo production of methionine from 

Figure 9. Mechanism of PLP-dependent transamination. A conserved lysine 

residue in the aminotransferase makes an internal aldimine linkage with PLP. This activated 

PLP undergoes transamination to form a new external aldimine with the α-amino group of 

the substrate amino acid. Steps of the half reaction to deaminate the substrate amino acid are: 

1. Formation of external aldimine with substrate amino acid, 2. Hydrogen abstraction 

leading to quinonoid formation, 3. Rearrangement reaction, 4. Hydrolysis of Schiff base to 

form α-keto acid and pyridoxamine. Amination of the incoming α-keto acid substrate (not 

shown) is essentially the reverse of the preceding steps. 
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aspartate is energetically expensive, as it needs one ATP, two NADPH molecules, 

succinyl coenzyme A, cysteine or H2S, and 5-methyltetrahydrofolate (220). Many 

organisms lack the ability to biosynthesize Met and thus rely on either an exogenous 

supply of Met or some recycling pathways that can regenerate the amino acid from 

metabolic by-products. For these reasons, Met bioavailability is limiting for cell growth 

and tightly controlled. 

           There exists a unique multistep pathway to regenerate free Met from 

methylthioadenosine (222, 223) (Figure 10). The Met regeneration pathway has been 

partially characterized for a number of organisms such as rat liver, plants, yeast, and 

protozoal parasites (220). The final step of this cycle is the transamination of α-

ketomethiobutyrate (KMTB) to yield Met. We hypothesize that such a transamination 

reaction to produce methionine might be the reason for if used as transaminase-synthetase 

enzyme. If methionine is not sufficient in the M. penetrans cell, tRNA
Met

 could not be 

aminoacylated and bacteria would die. Thus production of methionine from KMTB 

seems a logical possibility for the function of this appended domain. 
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           Another possibility for this domain is that it could modify methionine after it has 

been attached (by the aminoacylation domain) to tRNA
Met

. In Clostridium perfringens, 

tRNAs charged with cognate amino acids by LysRS and AlaRS are used by the multiple 

peptide resistance factor proteins (MprFs) in the aminoacylation of membrane 

phosphatidylglycerol (224). This neutralizes the charge of the membrane and makes them 

Figure 10. The methionine regeneration pathway. As a reference, pathway is 

shown in B. subtilis. Enzymes are as follows: 1. S-adenosylmethionine synthetase; 2. 

S-adenosylmethionine decarboxylase; 3. spermidine/spermine synthetase; 4. 

methylthioadenosine phosphorylase; 4a. methylthioadenosine nucleosidase; 4b. 

methylthioribose kinase; 5. unidentified isomerase; 6. unidentified dehydratase; 7. 

enolase-phosphatase; 8. nonenzymatic or dioxygenase. Enzymes shown in red are 

identified in the M. penetrans genome. 
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impermeable to antibacterial peptides. In actinomycetes, MprF-like proteins have been 

observed to fuse with a LysRS paralog (225). It is possible that the M. penetrans 

aminotransferase domain is modifying Met-tRNA
Met

 and the resulted modified KMTB-

tRNA
Met

 has some role in membrane modification similar to MprF. 

            Another possibility is that Met-tRNA
Met 

is deaminated for some novel role in M. 

penetrans protein biosynthesis. PLP-dependent enzymes involved in aminoacyl-tRNA 

modifications have been demonstrated in many bacterial systems: bacterial SecA 

converts Seryl-tRNA
Sec

 to selenocysteinyl-tRNA
Sec 

(226), SepCysS of archaeal 

methanogens converts phosphoseryl-tRNA
Cys

 to Cys-tRNA
Cys 

(227) and SepSecS of 

eukaryotes and archaea convert phosphoseryl-tRNA
Sec

 to selenocysteinyl-tRNA
sec

 (228). 

None of these enzymes is fused to its corresponding AARSs.  

          Finally, it may be possible that the aminotransferase domain has a role in 

deamination of methionine with the resulting product involved in the pathway to 

synthesize a metabolite, separate from protein synthesis. The metabolite synthesized by 

this fused protein would be a derivative of methionine not previously characterized in any 

system. 

          Given the numerous possible roles for the aminotransferase domain fused to 

MetRS, its gene neighborhood was investigated, as it is possible that any similar gene 

neighborhood associations would be detected even in distantly related species. This can 

give us an indication of why these two domains are fused. From the gene neighborhood 

analysis we noted the presence of a gene encoding phosphoenolpyruvate carboxylase 

(PEPCase). This enzyme catalyzes the addition of bicarbonate (HCO3
-
) to 

phosphoenolpyruvate (PEP) to form oxaloacetate and inorganic phosphate.  It is possible 
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that the aminotransferase domain of M. penetrans MetRS uses oxaloacetate synthesized 

by PEPCase as the α-keto acid component in transamination. Interestingly, the PEPCase 

gene is not present in other mycoplasma species sequenced. It may be possible that the 

presence of PEPCase in the neighborhood of MpMetRS is providing a metabolic 

advantage compared to other mycoplasma species. 

            It has been demonstrated that the M. penetrans MetRS appended domain is not 

required for tRNA
Met

 aminoacylation (19). From sequence alignment and a structural 

model (218) (Figure 6) it is likely that M. penetrans MetRS has a PLP binding pocket and 

other features of transaminases. Our aim is to determine whether M. penetrans MetRS 

functions as a PLP-dependent aminotransferase, what amino and α-keto acids are suitable 

in vitro substrates, and ultimately what role the putative aminotransferase domain plays 

in the M. penetrans life cycle. As M. penetrans lacks even essential genes present in a 

minimum 256 gene set (210), then in this context the aminotransferase-MetRS fusion is 

expected to have some biological significance. We hypothesize that the putative 

aminotransferase domain fused to the N-terminus of M. penetrans MetRS is the 

aminotransferase catalyzing the final step of methionine regeneration, perhaps because 

methionine availability is limiting during M. penetrans infections.  
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CHAPTER II 

Experimental procedures 

2.1 Materials 

All restriction endonucleases and Klenow fragment (exo-) polymerase DNA used in the 

experiments were purchased from New England Biolabs. All reagents were purchased 

from Fisher Scientific unless specified. Plasmid pET28a was purchased from Novagen. 

Plasmid pSW101 was previously generated in the lab (46) and plasmid pQE70-

MpMetRS was gift from Dr. Tom Jones (19). E. coli expression strains NovaBlue (DE3) 

and Rosetta 2 (DE3) were purchased from Novagen. Radioactive 
32

P and 
35

S were 

purchased from Perkin-Elmer.  

Table III. Name and composition of buffers used in protein purification 

Buffer Names Composition 

Buffer A 
50 mM Tris-HCl (pH 7.5), 500 mM NaCl, and 10 mM 

imidazole 

Buffer B 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 500 mM imidazole 

Buffer C 
50 mM Tris-HCl (pH 7.8), 100 mM NaCl, 40 mM imidazole,  

10% glycerol                                                                                            

Buffer D 
50 mM Tris-HCl (pH 7.8), 500 mM NaCl, 500 mM imidazole,  

10% glycerol 

Buffer E 50 mM Tris-HCl (pH 8.0), 40 mM NaCl, 1.25 mM EDTA 

Buffer F 50 mM Tris-HCl (pH 8.0), 1.0 mM NaCl, 1.25 mM EDTA 

 

 

2.2 Methods 

2.2.1 Subcloning the M. penetrans metS aminotransferase domain 



44 
 

           The gene encoding full-length M. penetrans MetRS was previously cloned in a 

pQE-70 plasmid (pQE70/MpMetRS) by a former member of the Alexander lab (19). Due 

to the gene being C-terminally His-tagged, an isolated aminotransferase domain could not 

be generated by adding stop codon at the end of the gene and retain the ability to purify it 

by affinity chromatography. The part of the gene encoding the aminotransferase domain 

was amplified from pQE-70/MpMRS. After two rounds of PCR amplification of the gene 

(the first to amplify the gene, the second to append a 5'-NheI site and a 3'-XhoI site), the 

PCR product was inserted into the Zero-Blunt TOPO PCR cloning vector (Invitrogen). 

The correct plasmid sequence was verified by DNA sequence analysis (Genewiz. Inc.). 

We successfully ligated the 1701-bp long putative aminotransferase domain fragment 

into pET28 after digesting with NheI and XhoI. 

2.2.2 Overexpression and purification of E. coli methionyl-tRNA synthetase  

           The plasmid pSW101 was previously generated by cloning the N-terminal 547 

amino acids of the E. coli metS gene between the NdeI and HindIII sites of pET28a 

(Novagen) (229). pSW101 encodes monomeric E. coli MetRS behind a T7 promoter and 

hexahistidine affinity tag. MetRS variants were generated by using the QuikChange 

mutagenesis approach (Stratagene) on the parent pSW101 plasmid. We introduced 

alanine substitutions at Cys-49, Phe-84, and Ile-89 in the catalytic domain; Lys-132 and 

Met-134 in the zinc-binding CP domain; and Cys-477, Thr-489, Tyr-490, and Lys-492 in 

the anticodon binding domain.  Phenylalanine substitutions were introduced at Tyr-358 

and Tyr-359 in the SCF domain. Successful mutagenesis was verified by DNA 

sequencing (performed at WFUSM or by Genewiz, Inc.). Plasmid DNA was transformed 

into either NovaBlue (DE3) or Rosetta 2 (DE3) E. coli cells (Novagen) by heat shock. In 
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this method 1-2 µl of plasmid DNA was added in 50-100 µl of competent cells. The cells 

were heat shocked at 42 ˚C for 45 sec and then incubated with 250 µl of Luria Broth (LB) 

for one hour at 37 ˚C with shaking. The cells were plated on kanamycin (35 µg/mL) LB 

agar plates and incubated at 37 ˚C for 12-16 hrs. A single colony of cells was used to 

inoculate 5 mL of LB media containing 35 µg/mL kanamycin. Cells were grown at 37 ˚C 

for 12-16 hrs with shaking. The 5 mL cell culture was used to inoculate one liter of LB 

media with (35 µg/mL Kan) at 37 ˚C until A600=0.5-0.6. Protein expression was induced 

with addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to 1 mM. Cells were 

typically grown for an additional 3 hrs then harvested by centrifugation at 6000 rpm for 

10 min in an Avanti J-E series centrifuge (Beckman-Coulter). Cell pellets were 

resuspended in 30-40 mL of His-Trap binding and wash buffer A. Phenylmethylsulfonyl 

fluoride (PMSF) was added to a final concentration of 1 mM to inhibit protease activity. 

Cells were disrupted by an EmulsiFlex-C5 high pressure homogenizer (Avestin) and 

centrifuged at 14,000 rpm for 20 min to remove cell debris. The protein was purified by 

using fast protein liquid chromatography (FPLC) on a BioRad BioLogic DuoFlow
TM

. The 

supernatant was loaded on a pre-equilibrated His-Trap column (GE Healthcare) at a rate 

of 1 mL/min. Depending on the volume of cells grown, 1 or 5 mL columns were used. 

The column was washed with 50 mL of buffer A at flow rate 2 mL/min. Bound protein 

was eluted by an imidazole gradient of buffer B. Using a BioRad BioLogic QuadTech
TM

 

UV-Vis detector, eluent was monitored at 280 nm. The purity of the protein fractions was 

checked by 10 % SDS-PAGE analysis (230). Fractions containing homogenous protein 

were pooled together and dialyzed overnight at 4 ˚C against 40 mM HEPES·KOH (pH 

7.5), 200 mM NaCl, 20 mM MgCl2, 20 mM KCl. The purified protein was concentrated 
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by spinning the sample at 4000 rpm in 30 KDa MWCO Amicon Ultra centrifugal filters 

(Millipore). 

           Concentrated proteins were flash-frozen and stored at -80 ˚C in 40% glycerol, 20 

mM HEPES·KOH (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 10 mM KCl and used 

directly for assays. Concentrations were determined by absorbance at 280 nm with Ɛ280 

=92,030 M
-1

 cm
-1

 for His6-tagged E. coli MetRS (www.expasy.com) (Figure 11) (37) 

 

2.2.3 Overexpression and purification of M. penetrans MetRS in E. coli  

          The M. penetrans MetRS gene (GeneBank MYPE9380) was previously cloned into 

pQE-70 and sequence verified by our collaborators (19). Overexpression of MpMetRS 

from pQE-70/MpMRS was accomplished in E. coli XL-10 Gold cells. At A600= 1.2, 

IPTG was added to 1 mM to induce protein expression. The cell cultures were grown for 

an additional 12 hrs at 37 ˚C.  Cells were harvested and resuspended in 30-40 mL of 

buffer C. The supernatant was then loaded to a pre-equilibrated 1 mL His-Trap column 

(GE Healthcare) at a rate of 1 mL/min. The column was washed with 100 mL of buffer C 

at flow rate 2 mL/min. The bound proteins were eluted using an imidazole gradient of 

buffer D. MpMetRS eluted from the column at 30% of buffer D. Affinity purification 

MGSSHHHHHHSSGLVPRGSHMTQVAKKILVTCALPYANGSIHLGHMLEHIQADVWVRYQRMRGH

EVNFICADDAHGTPIMLKAQQLGITPEQMIGEMSQEHQTDFAGFNISYDNYHSTHSEENRQLSE

LIYSRLKENGFIKNRTISQLYDPEKGMFLPDRFVKGTCPKCKSPDQYGDNCEVCGATYSPTELI

EPKSVVSGATPVMRDSEHFFFDLPSFSEMLQAWTRSGALQEQVANKMQEWFESGLQQWDISRDA

PYFGFEIPNAPGKYFYVWLDAPIGYMGSFKNLCDKRGDSVSFDEYWKKDSTAELYHFIGKDIVY 

FHSLFWPAMLEGSNFRKPSNLFVHGYVTVNGAKMSKSRGTFIKASTWLNHFDADSLRYYYTAKL

SSRIDDIDLNLEDFVQRVNADIVNKVVNLASRNAGFINKRFDGVLASELADPQLYKTFTDAAEV

IGEAWESREFGKAVREIMALADLANRYVDEQAPWVVAKQEGRDADLQAICSMGINLFRVLMTYL

KPVLPKLTERAEAFLNTELTWDGIQQPLLGHKVNPFKALYNRIDMRQVEALVEASK 

Figure 11. His6-tagged E. coli MetRS amino acid sequence expressed from 

pSW101. 
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using Ni-NTA results in the elution of two proteins due to the internal start codon  (231) 

and the pQE-70 encoded C-terminal His6-tag. Full length MpMetRS (126 KDa) and the 

MetRS portion of the fusion protein (63 KDa) were both observed by SDS-PAGE. 

Fractions containing both full length MpMetRS and MpΔMetRS (the isolated MetRS 

polypeptide) were pooled and dialyzed overnight into 50 mM Tris-HCl (pH 7.8), 300 

mM NaCl at 4 ˚C. 

2.2.4 Ion exchange purification of full length MpMetRS 

           Dialyzed fractions from the affinity purification were applied to a pre-equilibrated 

anion-exchange column (1.3 mL) (UNO-Q
TM

, BioRad) with buffer E. MpMetRS (pI= 

6.53) was retained on the column while MpΔMetRS (pI= 7.54) flowed through the 

column. Full length MpMetRS was eluted from the column by a gradient of increasing 

salt by using buffer F. The purity of the eluted fractions was checked by SDS-PAGE gel 

and dialyzed against 50 mM HEPES (pH 7.8), 300 mM NaCl, and 10% glycerol 

overnight. An equal volume of 80% glycerol was added to the dialyzed protein and flash 

frozen in liquid nitrogen prior to storage at -80 ˚C. 

          We had problems purifying the protein by anion exchange column chromatography 

because of precipitation at the low salt level need for ion exchange binding. Thus, we 

switched to another method called selective salt precipitation (salting out). The pooled 

fraction of both proteins after the Ni
2+

-NTA column was directly used for a 45% 

ammonium sulfate precipitation.  Ammonium sulfate (25.8 g/100 mL of protein sample) 

was added slowly to the pooled protein fraction with stirring. The full-length MpMetRS 

precipitates at 45% ammonium sulfate, while the MetRS core protein remains soluble. 

The precipitated pellet was dissolved in 50 mM Tris-HCl (pH 7.8), 300 mM NaCl and 
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dialyzed against storage buffer (50 mM HEPES·KOH (pH 7.8), 300 mM NaCl) overnight 

at 4 ˚C. An equal volume of 80% glycerol was added to the dialyzed protein; samples 

were flash frozen in liquid nitrogen and stored at -80 ˚C. 

2.2.5 Preparation of in vitro transcribed tRNA
Met

  

           E. coli and M. penetrans tRNA
Met 

were produced by in vitro transcription of blunt 

duplex DNAs using T7 RNA polymerase according to the method of Sherlin and 

coworkers (29). Overlapping oligonucleotide DNAs were purchased from Integrated 

DNA Technology (idtdna.com). Oligonucleotides were designed so that the sense strand 

corresponding to the 5' end of the sequence possesses a 10 to 15 bp overlap with the 3' 

antisense strand.  The oligonucleotides used for construction of the E. coli tRNA
Met  

were:  

1) 5'-AATTCCTGCAGTAATACGACTCACTATAGGCTACGTAGCTCAGTTGGT 

TAGAGCACATCACTCATAATGATGGGGTCACAGG-3' (sense strand) and 

2) 5'-mUmGGTGGCTACGACGGGATTCGAACCTGTGA 

CCCCATCATTATG-3' (antisense strand). 

Oligonucleotides for the M. penetrans tRNA
Met

 template are:  

3) 5'-AATTCCTGCAGTAATACGACTCACTATAGGCAGAGTATCTCA 

GTGGTTAGAGAACTCGGCTCATACCCGAGG-3' (sense strand) and  

4) 5'-mUmGGTGACAGAGGAGAGAT TCGAACTCTCGACACCTCGGGTAT 

GAGCCGAG -3' (antisense strand).  

The T7 promoter sequence is in bold and mU and mG represent the 2'-O-methyl 

nucleotides that have been shown to produce clean 3'-ends of tRNA transcripts (29). 

          The Klenow extension reaction was performed with oligonucleotides at final 

concentrations of 4 µM each DNA in NEB 2 buffer (New England Biolabs) and 50 U/mL 
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Klenow fragment DNA polymerase (New England Biolabs). The reaction was incubated 

in a thermocycler (BioRad iCycler) for 8 cycles of 10 ˚C and 37 ˚C, 30 s each.  

           In vitro transcription was performed in a reaction containing 5 mM each NTP, 40 

mM DTT, 250 mM HEPES·KOH (pH 7.5), 30 mM MgCl2, 2 mM spermidine, 0.1 

mg/mL BSA, 40 µg/mL RNA polymerase, and 1 µM DNA template from the Klenow 

extension reaction. The reaction was incubated at 37 ˚C for 8-12 hrs. RNase-free DNase 

was added to 10 U/mL during the last 1-2 hrs (29). Transcription products were purified 

by 16% denaturing polyacrylamide gel, and full-length tRNAs were eluted from gel 

bands either with an Elutrap electroelution apparatus according to the manufacturer’s 

instructions (Schleicher & Schull; Keene, NH) or by passive extraction at  37 ˚C in 0.5 M 

ammonium acetate (pH 5.4) (the “crush and soak” method). The tRNA was dissolved in 

20 mM HEPES (pH 7.5) and stored at -20 ˚C. The concentration of tRNA
Met 

was 

determined by absorbance at 260 nm with Ɛ260 of M. penetrans tRNA
Met

 =747,400 M
-1

 

cm
-1

 and E. coli tRNA
Met

 721,300 M
-1

 cm
-1

 (using a Nanodrop spectrophotometer). 

tRNAs were annealed prior to use by heating to 80 ˚C in 20 mM HEPES·KOH (pH 7.5), 

cooling to 60 ˚C then addition of MgCl2  to 1 mM and further slow cooling to room 

temperature. Aminoacylation of annealed tRNA with 10 µM MetRS was used to 

calculate the concentration of active molecules for each tRNA preparation. The 

aminoacylation activity of gel-purified tRNAs was typically 50-75% of its A260 

concentration. 

2.2.6 Aminoacylation assays  

           Aminoacylation of tRNA
Met

 by MetRS was performed as previously described 

(232). In this assay we use in vitro-transcribed elongator tRNA
Met 

as substrate. tRNA is 
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annealed as described above and incubated at 2 µM with 50-100 nM MetRS in 150 mM 

NH4Cl, 20 mM HEPES·KOH (pH 7.5), 10 mM MgCl2, 4 mM ATP, 0.1 mM EDTA, 100 

µM methionine, and [
35

S] methionine (Perkin-Elmer, > 1000 Ci/mmol). Methionine and 

ATP concentrations are saturating according to our previously determined KM values 

(46). Reaction aliquots (5 µl) are removed every 30 sec for 150 sec and quenched by 

spotting on filter paper pre-soaked with 5% trichloroacetic acid and 1 mM methionine. 

Filters are washed five times for 10 min periods in ice cold 5% TCA/ 1 mM methionine 

and one time in 95% ethanol for rapid drying. The amount of product ( [
35

S]Met-

tRNA
Met

) bound to filters is determined by liquid scintillation counting. Kinetic 

parameters of the overall aminoacylation reaction are determined by varying tRNA
Met 

concentrations (0.2 to 40 µM) using wild-type E. coli MetRS and single amino acid 

variants at 100 nM. Kinetic parameters kcat and KM are generated from hyperbolic fits of 

the initial velocity of tRNA aminoacylation versus tRNA
Met

 concentration using Origin 

software version 8.0 (Origin Lab Corp.).  

2.2.7 Methionyl adenylate assay  

            The activity of MetRS in methionyl adenylate formation (the first step of 

aminoacylation) is monitored by a PPi-ATP exchange assay as previously described 

(232). In this assay, the back reaction of adenylate formation is quantified by monitoring 

production of [
32

P]-ATP using 
32

P labeled pyrophosphate. 

           Reaction mixtures contain 100 mM Tris-HCl (pH 7.5), 2 mM NaPPi, 10 mM 2-

mercaptoethanol, 0.1 mg/mL BSA, 5 mM MgCl2, 2 mM ATP, 10 mM KF, 100-1000 µM 

methionine and [
32

P] NaPPi (1-60 Ci mmol; Perkin-Elmer). Enzymes were assayed at 100 

nM (wild-type MetRS) or 500 nM (variants). Reaction aliquots were removed every 1 
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min for 5 min and quenched in a slurry of 3% charcoal, 7% perchloric acid, and 0.2 M 

NaPPi. The charcoal was washed three times with 10 mM PPi and 0.5 % HClO4. The 

tubes were spun for 30 sec after each wash to recover the charcoal. Charcoal-adsorbed 

32
P-ATP was quantified using a scintillation counter. Kinetic parameters were determined 

by varying ATP (0.1- 8 mM) or methionine (4-400 µM) concentrations using wild-type 

E. coli MetRS and single amino acid variants at 100 nM. When ATP concentration was 

varied for KM determination, methionine concentration was held at 1 mM for wild-type 

and M134A variant, while for F84A, Y359F and T489A the methionine concretion was 

held at 0.4 mM for double variants. When methionine concentration was varied, ATP 

concentration was held at 4 mM.  

2.2.8 Aminotransferase activity assay 

          The ability of the MpMetRS N-terminal domain to catalyze amino group transfer 

was determined by derivatization of reaction components with an amine-reactive 

fluorescent compound followed by HPLC separation and fluorescence detection (Figure 

12) (233, 234).  

 

Figure 12. Fluorogenic amine derivatization reaction of naphthalene-2,3-

dicarboxaldehyde (NDA). The NDA reaction requires the presence of cyanide to 

generate the final adduct. The optimal reaction pH is near the pKa for the primary amine for 

deprotonation of the amine. 

λ
ex

= 419 nm, λ
em

= 493 nm 
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           Suitable in vitro substrates of the proposed aminotransferase activity of MpMetRS 

were determined by incubating selected amino acids and α-keto acids. Reactions 

contained 1 µM MpMetRS, 100 mM potassium phosphate (pH 7.4), 1 mM candidate 

amino acid, 1 mM candidate α-keto acid , and 100 µM PLP. The reaction proceeded at 37 

˚C for 2 hrs, during which time aliquots were removed at time intervals of 10, 20, 30, 60 

and 120 min. For every sample, 100 µl of the assay mixture was quenched with 40 µl of 

10% trichloroacetic acid (TCA). Derivatization with the amine-reactive fluorophore 

naphthalene-2,3-dicarboaldehyde (NDA) (AnaSpec Inc.) was performed in 1 mL of 100 

mM sodium borate buffer (pH 9.0), 1 mM KCN, and 0.1 mM NDA incubated at 37 ˚C 

for 2 hrs (234). Reaction components were separated by HPLC and detected by 

fluorescence (Waters HPLC, Model 2475). Reaction aliquots (10 µL) were injected onto 

a Zorbax SB C18 column (Agilent) at a flow of rate of 0.75 mL/min with a linear 

gradient of 50 to 100% methanol in 10 mM ammonium acetate (pH 6.6) for 20 min; and 

then for 2 min the gradient was maintained at 100% methanol before returning back to 

50% methanol. The fluorescence peak corresponding to the desired amino acid-NDA 

adduct was integrated and a standard curve was used to convert the area under the peak to 

the concentration of the respective product. For the determination of steady-state kinetic 

parameters, different pairs of substrates were used. The concentration of one substrate 

was saturating while the concentration of the other substrate varied over a large range to 

obtain the Michaelis-Menten parameters. The MpMetRS concentration was 150 nM to 

obtain initial rates. Non-linear curve fitting to the hyperbolic Michaelis-Menten equation 

was achieved using Origin 8.0 (OriginLab Corp.).  

2.2.9 PLP occupancy assay 
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           The amount of PLP cofactor bound to MpMetRS was determined using the 

spectrophotometric method of Wada and Snell (235). To detect the free PLP 415 nm peak 

extracted from MpMetRS protein, around 30 nmol of protein was used. The protein (total 

volume 600 µl) was denatured by adding 70 µl of 5 N NaOH and heating at 70 °C for 10 

min. To neutralize the solution, one mole equivalent of HCl was added (35 µl of 10 M) 

and the pH was adjusted to 8.0 by addition of 150 µl of 1 M Tris-HCl buffer (pH 8.0). 

The reaction was centrifuged for 10 min at 12,000 rpm to remove the precipitated protein. 

The concentration of the released free PLP was determined from the absorbance at 415 

nm compared to a standard curve generated under mock reaction conditions using a 

known concentration of PLP.  
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CHAPTER III 

Results and discussion: Mutational analysis of “off-path” and “on-path” 

communication networks in E. Coli MetRS 

3.1 Rationale for construction of E. coli MetRS variants 

           The aim of this project is to understand how information from the enzyme’s 

anticodon binding domain is transmitted to its catalytic site. The Trp-461 residue in 

MetRS’s anticodon binding domain makes contact with the tRNA
Met

 CAU anticodon 

(especially C34), yet is around 50 Å away from the catalytic center. We hypothesize that 

efficient catalysis by MetRS requires conformational rearrangement of both tRNA and 

MetRS that is triggered by anticodon binding. Molecular dynamics simulations have 

suggested that there are many possible paths to transmit the tRNA binding event to the 

catalytic site (111). There are likely to be many key residues that participate in 

communication pathways going from the anticodon binding site to the active site of the 

enzyme. Importantly these key residues involved in communication signaling are not 

proximal to each other in the MetRS structure. In order to identify amino acids that 

contribute to a communication network, and subsequently to determine their significance 

in enzyme function, we used mutagenesis followed by functional analyses. We used a 

PCR-based mutagenesis strategy to construct single and double amino acid substitutions 

in different domains of MetRS (Table IV and Figure 13). 
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Table IV.  Amino acid substitutions made in the E. coli MetRS monomer. 

 

 

 

  

Single amino acid        

Substitution 
Location 

Double amino acid 

substitutions 

Cys-49 Ala Catalytic domain M134A/F84A 

Phe-84 Ala Catalytic domain M134A/Y359F 

Ile-89 Ala Catalytic domain M134A/T489A 

Lys-132 Ala Zinc binding domain Y359F/F84A 

Met-134 Ala Zinc binding domain Y359F/T489A 

Tyr-358 Phe Stem contact fold  

Tyr-359 Phe Stem contact fold  

Cys-477 Ala Anticodon binding domain  

Thr489 Ala Anticodon binding domain  

Tyr-490 Ala Anticodon binding domain  

Lys-492 Ala Anticodon binding domain  
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3.2 Results 

3.2.1 Expression and purification of E. coli MetRS variants 

We made amino acid substitutions at residues Cys-49, Phe-84, and Ile-89 in the catalytic 

domain, Lys-132 and Met-134 in the zinc-binding CP insertion domain, Tyr-358 and Tyr-

359 in the SCF domain and Cys-477, Thr-489, Tyr-490 and Lys-492 in the anticodon 

Cys-49 

Phe-84 

Met-134 

Tyr-358 

Tyr-359 

Cys-477 

Thr-489 

Lys-492 

Tyr-490 

Lys-132 

Ile-89 

Figure 13. The crystal structure of E. coli MetRS with variants. The catalytic 

domain (red) has a class I defining Rossmann fold and the anticodon binding domain 

(green) is made up of α-helices. The connective polypeptide insertion (yellow) binds a 

zinc metal ion (orange sphere). The stem contact fold (blue) is at the interface of the 

catalytic and anticodon binding domains. All the variants are shown and color coded 

according to domain color (39) (PDB id. 1QQT). 
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binding domain (Table IV and Figure 13). All were substitutions to Ala except those at 

Tyr-358 and Tyr-359, which were changed to Phe. Double amino acid substitutions were 

generated from the results of single amino acid variants (Table IV). Variants were made 

in His6-MetRS using the QuikChange mutagenesis strategy on pET28-cloned MetRS 

monomer (pSW101). Proteins were expressed in E. coli expression strains NovaBlue 

(DE3) or Rosseta (DE3), which encode T7 TNA polymerase for high yield of proteins 

cloned behind a T7 promoter. The (His)6-tag on the variant proteins made it easy to 

isolate the plasmid-encoded 547-residue monomeric protein from the endogenous 

dimeric MetRS. Most MetRS variants were purified from the cell lysate with a yield 

approximating that of the plasmid-encoded wild-type MetRS monomer. This observation 

suggested that the substitutions introduced caused no significant structural instabilities 

that would have led to protein degradation or aggregation within the cell. In contrast, we 

could not purify the variant Phe-357 to Ala due to solubility problems. 

3.2.2 Effect of mutations on tRNA aminoacylation activity 

           To determine the effect of single and double substitutions on MetRS activity, we 

used the established TCA filter assay for tRNA aminoacylation (229). This assay 

measures the overall extent of tRNA aminoacylation. In general, most substitutions 

affected aminoacylation to a modest degree if at all. Below, the results are presented 

according to their location. 

           In the catalytic domain of MetRS, the overall aminoacylation activity is modestly 

reduced for the Phe84Ala, Ile-89Ala, and Cys-49Ala variants (Figure 14A). In the 

zinc binding domain, mutation of Met134Ala resulted in aminoacylation capability that 

appears more impaired than most other single variants tested, and Lys-132Ala also 
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exhibited lower activity (Figure 14B). In the stem contact fold region, aminoacylation 

activity for variants Tyr-358Phe and Tyr-359Phe was reduced (Figure 14C). None of 

the anticodon binding domain variants reduced aminoacylation significantly (Figure 

14D). 

  

           We sought to combine the substitutions that showed some functional loss of tRNA 

aminoacylation to determine whether loss was additive or whether combining 

Figure 14. Aminoacylation of tRNA
Met

 by MetRS single variants. tRNA
Met 

(2 µM) was incubated with 20 nM of MetRS variants at 25 °C. Panels A, B, C, and D 

show the comparison of aminoacylation activity of variants with E. coli MetRS in 

the catalytic, zinc-binding, stem contact fold, and anticodon binding domains, 

respectively.  

A B 

C D 
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substitutions might show an even more significant decrease. For the double variants Met-

134Ala/Phe-84Ala, Met-134Ala/Tyr-359Ala, and Met-134Ala/Thr-489Ala 

the aminoacylation activity was decreased compared to wild-type MetRS. In contrast, 

double variants Tyr-359Phe/Thr-489Ala and Tyr-359Phe/Phe-84Ala exhibited 

near wild-type activity (Figure 15). 

  

3.2.3 Kinetic parameters for aminoacylation of wild-type versus variant enzymes 

           The catalytic efficiency of aminoacylation (monitored by the parameter kcat/KM) 

for single variants was examined by steady-state kinetic assays. Having established that 

the aminoacylation activity of some of the single and double variants was reduced 

compared to wild-type MetRS, we further investigated the nature of the change in kinetic 

parameters for aminoacylation caused by mutant enzymes. The Michaelis-Menten 

equation was used to fit the initial rate of aminoacylation as a function of tRNA 

Figure 15. Aminoacylation of tRNA
Met

 by MetRS double 

variants.  tRNA
Met 

(4 µM) was incubated with 20 nM of each MetRS 

protein at 25 ˚C.  
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concentration. The kcat and KM (for tRNA) parameters were determined from the 

Michaelis-Menten best fit equation and used to calculate kcat/KM.  

           We measured the concentration dependence of the rate of aminoacylation with 

respect to tRNA over a range of 0.2 to 40 μM, using 100 nM of E. coli MetRS.  From the 

screening of single variant analysis, we observed that Met-134Ala exhibits the greatest 

loss of aminoacylation activity, and only those double mutants containing this 

substitution showed any notable loss. Thus only the Met-134Ala variant was fully 

characterized kinetically. We also started to characterize other single and double variants 

to understand the impact of variation on the communication. We acknowledge that 

characterization of all other single and double variants is in its preliminary stage. 

Interestingly, the Met-134Ala variant had a decreased kcat and a decreased KM value 

(for tRNA
Met

), leading to an overall decrease in kcat/KM by 2-fold relative to the wild-type 

MetRS (Table V). For single variants Tyr-359Phe and Thr-489Ala, the KM value 

decreased, in contrast kcat had minor effects. 

Table V. Kinetic constants for tRNA
Met

 aminoacylation by  

wild-type and variant MetRS. 

Variant 
KM  (tRNA) 

(µM) 

kcat 

(sec
-1

) 

kcat/KM 

(mM
-1

 sec
-1

) 

Relative 

Loss 

E. coli MetRS (WT) 8.0± 1.4 0.8 ± 0.3 0.10 1.0 

M134A 4.4± 0.6 0.21 ± 0.01 0.05 2.0 

Y359F 3.6 0.49 0.14 0.71 

T489A 5.1 0.68 0.13 0.77 
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3.2.4 Activation of methionine by variant enzyme 

           To determine whether amino acid substitutions which are not directly involved in 

catalysis have any effect on methionine adenylate formation of the variants, we used the 

established pyrophosphate exchange assay to monitor the first step of the aminoacylation 

reaction (232). In this assay, formation of methionyl adenylate is measured by an ATP- 

pyrophosphate exchange reaction in which adenylate synthesis in the absence of tRNA 

permits exchange of the 
32

P label between pyrophosphate (input) and ATP (assayed).  

        Many substitutions affected amino acid activation, although none eliminated 

activity. The rate of methionyl adenylate formation ranged from identical to wild-type 

MetRS (for the Tyr-358Ala substitution) to a 3.5-fold loss relative to wild-type (for the 

Tyr-359Phe substitution) (Figure 16). Amino acid activation was also significantly 

affected in the double variants Met-134Ala/Tyr-359Phe, Tyr-359Phe/Phe-

84Ala, and Tyr-359Phe/Tyr-359Ala (Figure 17). As the screening of single 

variants showed greatest loss for Tyr-359Phe, only those double mutants containing 

this substitution showed any notable loss.  
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Figure 16. Methionyl adenylate formation by MetRS single variants. 
Methionyl adenylate activity was monitored by formation of ATP from 

32
P-labeled 

inorganic pyrophosphate by MetRS variants (50 nM). Panels A, B, C, and D show the 

comparison of adenylate formation by variants with wild-type E. coli MetRS in the 

catalytic, zinc binding, stem contact fold, and anticodon binding domains, respectively. 

 
 

A B 

C D 
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3.2.5 Kinetic parameters for amino acid activation by wild-type versus variant 

enzymes 

           We sought to characterize the kinetic parameters for methionyl adenylate 

formation of the Met-134Ala substitution, and also made initial investigations of other 

variants.  Interestingly, the KM values (for Met and ATP) of the Met-134Ala variant 

were not impacted compared to wild-type MetRS (Table VI and VII). Also the turnover 

number (kcat) for Met-134Ala variant was not affected.  

 

 

 

  

Figure 17. Methionyl adenylate formation by MetRS double 

variants. Methionyl adenylate activity was monitored by formation of 

ATP from 
32

P-labeled inorganic pyrophosphate by E. coli MetRS WT 

and double variants (50 nM).  
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Table VI. Kinetic constants for adenylate formation by wild-type and variant 

MetRS 

Variant 
KM (Met) 

(µM) 

kcat 

(sec-
1
) 

kcat/KM 

(µM
-1

 sec
-1

) 

Relative 

Loss 

E. coli MetRS (WT) 56.5 ±  20 10.9 ± 2.2 0.19 1.0 

M134A 39.2 ± 10.4 8.6 ± 4.0 0.22 0.86 

Y359F 42.8 6.2 0.14 1.4 

T489A 48.7 9.0 0.18 1.1 

 

Table VII. Kinetic constants for adenylate formation by wild-type and variant 

MetRS 

Variant 
KM (ATP) 

(mM) 

kcat 

(sec-
1
) 

kcat/KM 

(mM
-1

 sec
-1

) 

Relative 

loss 

E. coli MetRS (WT) 0.73 ± 0.14 9.84 ± 0.08 13.48 1.0 

M134A 0.87 ± 0.2 9.14 ± 1.7 10.51 1.3 

Y359F 0.65 2.9 4.4 3.1 

T489A 0.53 3.7 7.2 1.9 

 

3.3 Discussion 

           Protein internal dynamics are critical for performing catalytic and binding 

functions. The previous studies have well documented that dynamic coupling between 

domains is critical for protein functions (236-238).  

          To experimentally evaluate the communication pathways within E. coli MetRS 

predicted by MD simulations, we carried out mutational analysis of selected amino acids. 

Residues proposed to be involved in allosteric communication were chosen on the basis 

of their participation in a maximum number of communication pathways as predicted by 

our collaborator Dr. Sanchita Hati (University of Wisconsin-Eau Clair).  
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         According to the sequence-based statistical method, coupling of two positions in a 

protein, whether for structural or functional reasons, should cause those two positions to 

co-evolve. Probable interaction networks between the C-terminus and the zinc-binding 

motif of E. coli MetRS were predicted by MD simulation studies and statistical thermal 

coupling constants. Therefore, if the identified residue networks facilitate coupled-

domain dynamics, then a mutation along a predicted path is expected to have an impact 

on the dynamics of the enzyme. We focused on residues that participated in a maximum 

number of networks and were evolutionary conserved. 

          In single amino acid variants only Met-134Ala showed 2-fold reduction in 

catalytic activity, but other variants were not affected that severely by substitutions.  

Double variants which have Met-134Ala substitution exhibit a similar reduction in 

aminoacylation. We did not see any significant reduction of aminoacylation activity in 

other double variants. Aminoacylation loss was not additive as compared to single amino 

acid variants. Our mutational analysis suggests that while MD simulation predicts the 

residues that are involved in major possible communication pathways, it may be possible 

that alternative or minor paths were opened up under substitution conditions. These 

alternative pathways allow information to pass from one domain to another. 

            We have not seen significant impact of the substitutions of pathway residues on 

amino acid activation. Only the Lys-132Ala and Tyr-359Phe single variants are 

impacted for amino acid activation compared to wild-type MetRS. We can see the same 

pattern of decreased adenylate formation for the double variants that have Tyr-359Phe 

substitutions in them. In accordance with our hypothesis, we have not seen impact on 

adenylate formation for single amino acid substitutions. The reason for significant 
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reduction in adenylate formation in the case of Lys-132Ala variant may be due to a 

communication disturbance between the catalytic and CP domains. While the distance 

between the zinc-containing CP domain and the enzyme active site is much shorter than 

the anticodon binding to active site distance, it is likely that some communication 

between the polypeptide motifs is essential for full catalytic activity. 

 Residues that are part of a communication network should have a negative impact 

on the overall tRNA aminoacylation reaction when mutated. It is likely that there are 

built-in redundancies in the communication network such that single substitutions might 

not decrease aminoacylation significantly, but that double substitutions might impact 

function more in a greater than additive manner; this coupling would indicate that the 

residues are both key parts of the communication network. 
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CHAPTER IV 

Results and discussion: Functional characterization of 

the M. penetrans MetRS N-terminal appended domain 

4.1 Results 

4.1.1 Cloning and expression of M. penetrans MetRS 

           The annotated Mycoplasma penetrans metS gene was cloned as a C-terminal His6 

fusion protein for expression in E. coli cells (19). To get a sufficient amount of protein 

from the pQE-70/MpMetRS plasmid, it was necessary to induce expression with IPTG at 

OD600 = 1.2 and let the culture grow at 37 ˚C for 12 hrs post-induction. Under these 

conditions, sufficient soluble material was purified by using Ni
2+

-NTA affinity 

chromatography followed by anion exchange chromatography (Figure 18 ) or salting out 

with ammonium  sulfate. Approximate 2.0 mg of protein could be isolated from one liter 

of cells. MpMetRS variants Lys-386Ala and Asp-616Ala were generated by 

QuikChange PCR mutagenesis of the parent plasmid and were purified by the same 

purification strategy used for wild-type MpMetRS.  
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Figure 18. Protein purification of MpMetRS. A. 10% SDS-PAGE gel stained with 

Coomassie blue. Lane 1, MpMetRS standard (126 KDa); lanes 2-8, fractions from Ni-

NTA elution; lane 9, E. coli MetRS standard (64 KDa). B. 10% SDS-PAGE gel stained 

with Coomassie. Lane 1, E. coli MetRS standard; lane 2, M. penetrans MetRS following 

Ni-NTA affinity and anion exchange chromatography. C. FPLC trace of MpMetRS Ni-

NTA affinity purification. Green peak corresponds to MpMetRS absorbance at 280 nm 

and purple peak is absorbance at 260 nm. 
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4.1.2 Subcloning and purification of putative aminotransferase domain 

           In order to assess the functions of each M. penetrans MetRS domain separately, 

we decided to subclone the N-terminal appended domain (the putative aminotransferase). 

After successful PCR amplification of the 1701-nt long aminotransferase domain from 

the pQE70/MpMetRS plasmid, we cloned this successfully into pET28a. The insert 

sequence and orientation were verified by sequencing (Genewiz, Inc.). The fragment was 

in frame for the (His)6 affinity tag at the N-terminus. We tried to express the protein in 

XL-10 Gold cells under standard conditions but were unsuccessful. We did not see any 

expression of protein under induction temperatures of 15 ˚C and 37 ˚C (Figure 19, panels 

A and B).  

 

 

A B 

Figure 19. Attempts to express the isolated MpMetRS aminotransferase 

domain. SDS-PAGE (10%) gel stained with Coomassie blue for protein expression. 

A. Expression test at 15 ˚C. B. Expression test at 37 ˚C.  In each panel, lane 1. E. coli 
MetRS standard; lane 2. Pellet from expression test; lane 3. Supernatant from 

expression test.  

 

1 2 3 1 2 3 
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 As expression of full-length MpMetRS protein is low from small culture volumes 

(such as 5 mL cultures often used to test expression levels), we sought to purify this 

protein from one liter cell culture. We did not see any detectable peak by FLPC, however, 

and all future experiments were performed on the full-length MpMetRS, with its fused N-

terminal (putative aminotransferase) domain and canonical MetRS domain.  

4.2 Characterization of the putative aminotransferase domain within full length M. 

penetrans MetRS 

4.2.1 Fluorescent assay for aminotransferase activity 

           Sequence comparisons and structural modeling of this domain with known 

aminotransferase enzymes suggests that the N-terminal domain of MpMetRS likely 

belongs to this family. In transamination reactions, an α-amino group (typically from an 

amino acid) is transferred to the α-carbon atom of α-keto acid leaving behind the 

corresponding α-keto acid analog of the amino acid. There is no net loss of amino group 

in these reactions.  

           To determine whether the M. penetrans MetRS N-terminal domain is an authentic 

functional aminotransferase, an assay was adapted that derivatized both substrate and 

product amino acids with an amine-reactive fluorophore (222, 234). The transamination 

reaction mixture was pre-column derivatized with NDA, and amino acids (substrate and 

any product) were detected by fluorescence following HPLC separation (Figure 20A). 

Once the conditions for resolving amino acid product were established, standard curves 

were developed to calculate concentration of product amino acid from HPLC peak areas 

(Figure 20B). Details of this determination are given in Chapter II.  
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4.2.2 Screening of standard amino acids against different α-keto acids 

             Given the sequence similarity of the M. penetrans MetRS appended domain to 

authentic PLP-dependent aminotransferases, we hypothesized that methionine could be 

either a substrate or product of aminotransferase activity. Thus, the α-keto analog of 

Figure 20. HPLC trace and standard curve for aminotransferase fluorescent 

assay. A. HPLC trace showing the baseline-resolved separation of NDA-derivatized 

amino acids Ala and Phe. B. Standard curve for NDA-methionine. RFU is relative 

fluorescence units. 
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methionine α-ketomethiobutyrate (KMTB) was incubated with a variety of amino acids 

to determine its substrate candidacy. 

             In order to study potential amino donor candidates for conversion of KMTB to 

Met, the purified enzyme was incubated with Phe, Glu, His, Asp, Ala, Leu, Gln, Ile,  or 

Ser (1 mM), KMTB (1 mM),  PLP (100 µM), and MpMetRS (1 µM) in 100 mM 

potassium phosphate (pH 7.4) buffer at 37 ˚C for 2 hrs. All 20 standard amino acids could 

not be screened due to solubility problems of amino acids or inability to resolve substrate 

and product NDA-adducts by HPLC. HPLC analysis allowed us to quantify the Met 

production for several representative amino group donors and some of these were found 

to be effective substrates, with Phe and Glu the best amino donors (Figure 21). While 

His, Asp, Ala, and Leu were also suitable amino donors, Gln was found to have much 

lower ability to transaminate KMTB.  Ile and Ser were found to be inactive (Figure 21). 
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           The enzyme was also screened for candidate individual amino acids against 

sodium glyoxylate, as the aminotransferase domain shares sequence similarity with the 

alanine-glyoxylate aminotransferase from Anabaena species (218). Upon analysis of the 

same panel of amino acids used for the KMBT screening, a similar pattern of amino acid 

donor ability was observed. Met and Phe were found to be the most effective amino 

donors; His, Ala, Glu, and Asp were also effective amino donors, Cys has moderate 

Figure 21. Amino donor candidates for Met production. A. The 

aminotransferase reaction with KMBT as the amino acceptor. B. MpMetRS (1 µM) was 

incubated with 1.0 mM KMTB, 1.0 mM each amino acid indicated, and 100 µM 

pyridoxal phosphate for 2 hrs at 37 ˚C before derivatization with NDA and analysis by 

HPLC. 

 

A 

B 
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amino donor activity, and Lys and Trp were essentially inactive as substrates with sodium 

glyoxylate (Figure 22).  

 

           Finally, representative amino acids were screened against α-ketoglutarate in the 

same manner. The product of the aminotransferase reaction for this α-keto acid is 

glutamate. We found the same trend for suitable amino group donors among the amino 

acids tested as we observed for the other α-keto acids (Figure 23). 

Figure 22. Amino donor candidates for glycine production. A. The 

aminotransferase reaction with glyoxylate as the amino acceptor. B. MpMetRS (1 µM) 

was incubated with 1.0 mM sodium glyoxylate, 1.0 mM each amino acid indicated, and 

100 µM PLP for 2 hrs at 37 ˚C before derivatization with NDA and analysis by HPLC. 

B 

A 
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            From the gene neighborhood analysis, we noted that the PEPcase gene (encoding 

phosphoenolpyruvate carboxylase) was present upstream of metS, and hypothesize that it 

may catalyze the synthesis of oxaloacetate. The activity of Phe and Met in transamination 

of oxaloacetate was therefore examined, and both were active in the reaction, as 

anticipated from our results with other α-keto acids (Figure 24). 

Figure 23. Amino donor candidates for glutamate production. A. The 

aminotransferase reaction with α-ketoglutarate as the amino acceptor. B. MpMetRS (1 

µM) was incubated with 1.0 mM α-ketoglutarate, 1.0 mM each amino acid indicated, 

and 100 µM PLP for 2 hrs at 37 ˚C before derivatization with NDA and analysis by 

HPLC. 

 

B 
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4.2.3 Characterization of aminotransferase initial rate  

           In order to more directly estimate the efficiency of the aminotransferase activity, 

we incubated the most active amino group donors Phe and Met with oxaloacetate at 

reduced MpMetRS concentration (150 nM). As seen previously at higher enzyme 

concentration, Phe is a more robust amino group donor than Met, with an initial rate that 

is seven fold higher (Figure 25A). Similarly, when both Phe and Met were incubated with 

Figure 24. Amino donor candidates for aspartate production. A. The 

aminotransferase reaction with oxaloacetate is the amino acceptor. B. MpMetRS (1 

µM) was incubated with 1.0 mM oxaloacetate, 1.0 mM each amino acid indicated, 

and 100 µM PLP for 2 hrs at 37 ˚C before derivatization with NDA and analysis by 

HPLC. PLP was omitted from the experiment indicated by the dashed line. 

 

A 
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sodium glyoxylate under the same reaction conditions, Phe is the more efficient amino 

donor with an initial rate six fold higher than Met (Figure 25B).  

 

           Different α-keto acids were screened against the most preferred amino acids Phe 

and Met under the same initial rate conditions. We observed that oxaloacetate has higher 

activity than other α-keto acids (Figure 26). The most active amino donors and acceptor 

substrates were examined in more detail in order to determine apparent kinetic 

parameters for the transamination reaction (Table VIII). 

 

 

Figure 25. Initial rate of aminotransferase reaction. MpMetRS (150 nM) was 

incubated with 1.0 mM oxaloacetate (panel A) or glyoxylate (panel B), 1.0 mM Phe or 

Met, and 100 µM PLP for 1 hr at 37 ˚C. Reaction aliquots were removed at the indicated 

times and reacted with NDA prior to HPLC separation. 

 

A B

\ 
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            For the determination of Michaelis-Menten constant, enzyme (150 nM) was 

incubated with increasing concentrations of substrate and 10 mM co-substrate, as 

described in Methods. The apparent KM and Vmax for each substrate pairing was 

determined by non-liner curve fitting using the Michaelis-Menten equation function in 

Origin 8.0 (Figure 27). The KM values for Phe and Met were observed to be 1.2 mM and 

6.7 mM, respectively. For the amino acceptors oxaloacetate and α-ketomethiobutyrate, 

KM values were observed to be 1.2 mM and 3.3 mM, respectively. From the detailed 

kinetic analysis, oxaloacetate was 5.5 fold effective amino acceptor (kcat/KM = 5.38 mM
-

1
sec

-1
) compared to KMBT (kcat/KM = 0.98 mM

-1
sec

-1
), whereas Phe was 15-fold more 

effective an amino donor than Met (Table VIII). 

 

Figure  26. Screening of α-keto acids against most preferred amino acids. A. 

MpMetRS (150 nM) was mixed with 1.0 mM oxaloacetate, KMTB, or glyoxlate, 1.0 mM 

Phe, and 100 µM PLP for 1 hr at 37 ˚C. Reaction aliquots were removed at the indicated 

times and reacted with NDA prior to HPLC separation as described in the text. B. 

MpMetRS (150 nM) was mixed with 1.0 mM glyoxlate or oxaloacetate, 1.0 mM Met, and 

100 µM PLP for 1 hr at 37 ˚C before analysis of respective α-keto acid production by 

HPLC. 

  

A B 
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A B 

C D 

Figure 27. Michaelis-Menten plots for MpMetRS catalyzed transamination 

reactions. In each analysis, 150 nM MpMetRS was incubated with the substrate 

indicated, co-substrate as given below, and 100 µM PLP at 37 ˚C. Reaction 

aliquots were removed at time points where the initial rate of amino transfer was linear 

and further reacted with NDA prior to HPLC separation. Nonlinear curve fitting using 

Origin 8.0 (OriginLab Corp.) gave kinetic parameters. A. Varying concentrations of 

oxaloacetate as amino acceptor were incubated with 10 mM Phe as amino donor.  B. 

Varying concentrations of KMBT were incubated with 10 mM Phe. C. Varying 

concentrations of Phe were incubated with 10 mM oxaloacetate. D. Varying 

concentrations of Met were incubated with 10 mM oxaloacetate. 
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Table VIII. Kinetic characterization of select M. penetrans MetRS aminotransferase 

substrates.  

Substrate 
Apparent KM  

 (mM) 

 Apparent kcat  

(sec
-1

) 

kcat/ KM  

 (mM
-1 

sec
-1

) 

Oxaloacetetate 1.2 ± 0.1 6.5 ± 1.0 5.38 

α-ketomethiobutyrate 3.3 ± 0.6 3.3 ± 0.1 0.98 

Phenyalanine 1.2 ± 0.06 2.7 ± 0.1 2.31 

Methionine 7.0 ± 1 1.0 ± 0.4 0.15 

 

4.3 Quantification of pyridoxal 5'-phosphate in M. penetrans MetRS 

           We sought to confirm and quantify the presence of pyridoxal 5'-phosphate in M. 

penetrans MetRS. The PLP content was analyzed by the procedure described in Methods 

(235). A representative spectrum of PLP isolated from 30 nmol of MpMetRS is given 

(Figure 28). Triplicate analysis gave an average PLP occupancy of 54 ± 3% (Table IX). 

The spectrum of PLP extracted from MpMetRS was compared to the coenzyme similarly 

extracted from B. subtilis NifZ, which is confirmed to contain PLP (Figure 28) (239). 
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Table IX. Quantification of pyridoxal 5'-phosphate in M. penetrans MetRS 

Trial 
Absorbance 

(415 nm) 

MpMetRS used  

(nmol) 

PLP 

isolated 

(nmol) 

Occupancy 

1 0.16 30.2  (350 µl of 10.9 mg/mL) 15.6 51.6% 

2 0.17 30.6 (598 µl of 6.5 mg/mL) 16.0 52.3% 

3 0.31 38.0 (450 µl of 10.7 mg/mL) 22.0 57.9% 

Avg.    54 ± 3% 

 

 

  4.4 Isolating the domain functions in M. penetrans MetRS 

           Having established the in vitro aminotransferase activity of M. penetrans MetRS, 

we wanted to know whether the two domains function independently or are functionally 

coupled. To answer this question, we generated two variants: one in the aminotransferase 

Figure 28. UV/Vis PLP occupancy assay. A. Pyridoxal phosphate standard curve. 

The standard curve is generated under the same reaction conditions used for extracting 

PLP from MpMetRS. B. Absorption spectrum of PLP extracted from MpMetRS and 

the known PLP-containing protein B. subtilis NifZ.  

A B 
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domain and a second in the aminoacylation domain. From the sequence alignment and 

structural model with alanine glyoxylate aminotransferase (Figures 7 and 8), we predict 

that the PLP cofactor makes a Schiff-base linkage to Lys-386. From the sequence 

alignment of the M. penetrans MetRS aminoacylation domain with E. coli MetRS (Figure 

7), we determined that Asp-616 in the M. penetrans enzyme corresponds to Asp-52 in the 

E. coli MetRS active site. Asp-52 plays an important role in stabilizing the transition state 

for methionine activation, as evident by the Asp-52 to alanine substitution that resulted in 

a 10
5
-fold decrease in methionyl adenylate formation (240).  

            We generated Lys-386Ala and Asp-616Ala substitutions in the pQE70-

MpMetRS plasmid and purified the resulting overexpressed variant proteins as for the 

wild type MpMetRS enzyme. If the two domains of this large enzyme are functionally 

independent, abolishing activity in one domain should not affect the other. If however, 

the two functions are interdependent, there could be some impact on one domain with a 

substitution in the other. Thus we anticipated that changing Lys-386 to Ala would abolish 

PLP-dependent aminotransferase activity but not affect aminoacylation activity. Likewise 

the Asp-616Ala substitution should abolish aminoacylation activity but not affect 

aminotransferase activity.  

 The Lys-386Ala variant lacked aminotransferase activity, consistent with the 

role of this amino acid in positioning the PLP cofactor and participating in covalent 

catalysis (Figure 29A). In contrast, the Asp-616Ala variant retained full 

aminotransferase activity. Similarly the Asp-616Ala was unable to aminoacylate 

tRNA
Met

, but aminoacylation was not affected for the Lys-386Ala substitutions (Figure 

29B).  
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4.5 Discussion 

           We have begun to characterize the putative aminotransferase domain attached to 

M. penetrans MetRS. The full-length M. penetrans MetRS was assayed for 

aminotransferase activity using a variety of amino acids and α-keto acids to identify 

preferred in vitro substrates. Our experimental data show that Phe and Met are the most 

effective amino donors among those tested. Among the α-keto acids tested, oxaloacetate 

and KMBT show the most robust amino group acceptor capability. Further kinetic 

investigation of these substrates shows that oxaloacetate and phenylalanine exhibit the 

most favorable KM values for the aminotransferase reaction (Table VIII). Our kinetic 

investigations are based on in vitro experiments, where we used fixed concentrations of 

all the substrates in the assays. But the in vivo concentrations of these metabolites inside 

Figure 29. Domain functions of M. penetrans MetRS. A. Aminotransferase 

reactions were performed in 100 mM phosphate buffer (pH 7.4) with 1.0 mM 

oxaloacetate, 1.0 mM  Phe, 100 µM PLP, and 1.0 µM MpMetRS at 37 ˚C. B. 

Aminoacylation reactions were performed in 20 mM HEPES·KOH (pH 7.5), 150 mM 

NH4Cl, 0.1 mM EDTA, 10 mM MgCl2, 4 mM ATP, 0.1 mM Met, 2 µM tRNA
Met

 and 

100 nM MpMetRS at 25 °C.  

B A 
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the cell is certainly different.  For example, the concentration of glutamate is about 100 

mM in E. coli compared to phenylalanine and methionine, which are present at 0.0182 

mM and 0.145 mM respectively (241). As M. penetrans is a human intracellular 

pathogen, it may be possible that the preferred substrates for transamination are selected 

according to the host’s cellular metabolite concentration.  

 If the N-terminal appended domain indeed acts as a PLP-dependent 

aminotransferase, then it should have PLP bound either covalently or non-covalently. A 

structural model and sequence comparison of the MpMetRS N-terminal domain with 

alanine-glyoxylate aminotransferase from Anabaena is consistent with the ability of 

MpMetRS to bind the pyridoxal cofactor. We could identify a clear peak at 415 nm 

(Figure 28B) that corresponds to free PLP at pH 8.0. Analysis of the PLP occupancy 

following protein denaturation indicated that about half the enzymes have PLP present 

(54% PLP occupancy) as purified (no added PLP during growth, purification, or storage). 

That is, the PLP was co-purified with the overexpressed protein. Omitting the cofactor 

from the reaction mixture did not affect the enzyme’s ability to catalyze transamination 

(Figure 24). It seems likely that PLP is bound tightly enough that it must be present as the 

proteins folds, or else adding PLP to the reaction might have increased enzyme activity. 

Mutation of the PLP-positioning lysine (Lys-386) was essential for transaminase activity 

(Figure 29), as aminotransferase activity was completely abolished in Lys-386 mutants. 

This variant should also be tested for PLP occupancy, as mutation of Lys-386 could 

prevent PLP binding or just prevent formation of the Schiff base intermediate necessary 

for the transamination reaction. 
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         As the experiments described here were carried out in vitro, the question of the in 

vivo role of the appended domain remains. It remains attractive to propose a direct role 

for the transaminase chemistry in methionine metabolism, as the domain is appended to 

an otherwise canonical MetRS. The involvement of a specific aminotransferase in the 

regeneration of Met from KMTB has been examined in a number of prokaryotic and 

eukaryotic organisms (220, 222, 242). In B. subtilis, B. cereus, and B. anthracis (Gram-

positive bacteria with low G+C content), a branched-chain amino acid aminotransferase 

(BCAT) has been found responsible for catalyzing the reaction. These Bacillus species 

utilize different aminotransferase subfamilies for catalysis. M. tuberculosis and human 

mitochondria have been found to catalyze Met regeneration using a subfamily IIIa 

aminotransferase (233). 

 The annotated M. penetrans genome lacks clearly identifiable homologs of 

several enzymes in the Met regeneration pathway (Figure 10). S-adenosyl methionine 

decarboxylase and spermidine/spermine synthetase are important enzymes in Met 

metabolism that are missing in M. penetrans. The preceding enzymes in the pathway, S-

adenosyl methionine synthetase and an ortholog of the succeeding enzyme, 

methylthioadenosine nucleosidase, are present (210). Therefore, M. penetrans may have 

other enzymes able to catalyze steps 2 and 3 in the Met regeneration pathway, or these 

enzymes may be present but not accurately annotated. A previous study showed the 

presence of S-adenosyl methionine in M. genitalium (243). The M. penetrans genome 

also appears to be missing homologs of the enzymes converting methylthioribose to 

KMTB. Other than K. pneumoniae and B. subtilis, these enzymes have not been well-

studied in other systems, and there are key differences in the enzymes catalyzing these 
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steps (223). In M. tuberculosis a branched-chain aminotransferase has been found that 

catalyzes the last step of this cycle. Also, M. tuberculosis is missing many enzymes for 

the conversion of methylthioribose to KMTB (233). This pathway is not well understood 

and remains to be fully described in most organisms. Therefore, it is premature to 

conclude that M. penetrans contains neither homologs nor analogs to these Met recycling 

enzymes. It may be possible that even in the absence of a complete Met regeneration 

pathway, M. penetrans, as an intracellular pathogen, might utilize host KMTB as a 

precursor for the methionine to be aminoacylated on tRNA
Met

. 
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CHAPTER V 

Conclusion 

            Previous structural studies have demonstrated that the AARSs adopt different 

conformations in the absence or presence of substrates. Biochemical studies in many 

AARSs have shown that the mutations in the anticodon binding domain that disturb 

recognition of the anticodon triplet cause a severe loss in aminoacylation at the active 

site, even though the two sites are more than 50 Å away from each other. This long-range 

signaling suggests the existence of allosteric mechanisms of molecular communication 

that transmit the information from the AARS anticodon binding domain to the catalytic 

domain. Without a complete crystal structure of the E. coli MetRS:tRNA
Met

 complex, it is 

difficult to characterize key amino acid residues participating in long-range 

communication during tRNA binding and catalysis. It is hard to get a useful crystal 

structure of the MetRS:tRNA complex because of the mobile nature of the MetRS CP 

domain and the tRNA
Met 

acceptor stem.  

           There are two proposed models for long-range communication: the “induced fit” 

model and “population shift” model. In this project, we made an effort to test residues 

participating in long-range communication in E. coli MetRS. Our collaborators used 

computational approaches (molecular dynamics simulations and statistical coupling 

analysis) to identify key residues that facilitate substrate induced conformational changes 

from one site to another in E. coli MetRS. Their suggestions on amino acids that formed a 

communication network prompted our choice of amino acids to mutate in all four 

domains of E. coli MetRS.  

            Results from our experimental analysis suggest that E. coli MetRS employs 

multiple pathways for communication between anticodon binding domain and catalytic 
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domain for efficient catalysis. Residues involved in these interdomain communication 

pathways are evolutionarily conserved, and mutating these residues has a modest impact 

on enzyme function, as we can see from single and double variants. The single variant 

analysis suggests that different communication pathways may cross-talk with each other. 

That is, pathways are not independent of each other but they may form a network that 

promotes efficient aminoacylation. In this project we tested some of the residues that may 

be involved in the coupled dynamics between functional domains of E. coli MetRS, but 

much work remains to be done. Our single variant steady state kinetics analysis are on 

preliminary stage and further work needed to be done characterize all the single and 

double variants to understand the residues important in communication networks. For 

such a large protein, the communication network is likely to be quite complex, and the 

preliminary work done here has only begun to address the question of experimental 

validation of computational predictions. Also, there is no existing co crystal of E. coli 

MetRS and tRNA
Met

. This makes it difficult to identify the residues that are crucial for 

tRNA binding and for transfer of methionine to the acceptor stem. It is difficult to 

crystallize E. coli MetRS and tRNA
Met

 because of the inherent flexible nature of CP 

domain, but once crystalized, would allow us to better study the communication 

happening between the domains. Although our results provide some insight into domain-

domain communication in E. coli MetRS, but steady state kinetics do not provide a 

complete mechanistic description. In order to better understand the effects of substations 

made in communication pathways to the enzyme catalysis pre-steady state kinetics would 

offer more precise results on which part of catalysis is being affected by making 

variations in the communication networks. 
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          In my second project, we sought to characterize the extra-long M. penetrans 

MetRS. M. penetrans is an intracellular pathogen infecting urogenital and respiratory 

tracts in immune compromised patients. This protein is distinctive in that it has a 

purported aminotransferase domain fused to the N-terminus of a canonical MetRS tRNA 

aminoacylation domain. Sequence and structural models have suggested that it belongs to 

family V aminotransferases, and it has more than 50% sequence similarity with alanine 

glyoxylate aminotransferase. We used pre-column derivatization with the amine reactive 

fluorophore NDA and separated the substrate and product adducts by HPLC. From our 

analysis, we found that oxaloacetic acid and phenylalanine are the preferred in vitro 

substrates for the aminotransferase domain. The functional activities of aminotransferase 

and aminoacylation domains are independent, as mutation of one domain does not affect 

the integrity of the other domain.  

           Further work remains to be done to determine the cellular substrates and function 

of the appended aminotransferase domain. To identify the domain’s cellular role, we will 

work to confirm the biological importance of this unusual fused M. penetrans MetRS. 

We have obtained M. penetrans cell lysate from Dr. Mitchell Balish (Miami University 

of Ohio, Department of Microbiology) and a polyclonal antibody raised in rabbits against 

purified full-length M. penetrans MetRS (ThermoPierce Scientific custom antibody). 

Western blot analysis will determine whether the MpMetRS protein exists as a fusion 

between aminotransferase and aminoacylation domains, or whether the polypeptides are 

present separately. It may be possible that we don’t see any full length MpMetRS protein; 

we will grow M. penetrans in minimal medium with no exogenous methionine and 

sulfate as the sulfur source and check for full length MpMetRS by Western Blot analysis. 
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We hypothesize that a sulfur deficiency or some other stress condition may trigger the 

bacteria to biosynthesize full-length MpMetRS. 

 To check whether methionine produced from KMTB by the M. penetrans MetRS 

aminotransferase domain can act as a methionine substrate for tRNA
Met

 aminoacylation, 

we will use the [
32

P]/nuclease P1 method (244) to characterize Met-tRNA
Met

 formation 

by TLC. While our standard aminoacylation assay uses 
35

S-Met as a traceable substrate, 

this alternative assay labels the tRNA terminal adenosine (A76) with 
32

P instead. It will 

also be important to determine the concentration of relevant metabolites during M. 

penetrans infection. 
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