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ABSTRACT 

    Aminoacyl-tRNA synthetases (AARS) are essential and ubiquitous enzymes responsible for 

attaching amino acids to their cognate tRNAs during protein biosynthesis in a process known as 

aminoacylation.  Comparing the amino acid sequences of bacteria (prokaryotes) to human 

(eukaryotic) AARSs, human AARS contain substantially more cysteine (Cys) residues than their 

bacteria counterpart.  It is not known whether these Cys residues play roles in catalyzing 

aminoacylation or other functions.  

    Human lysyl-tRNA synthetase (hLysRS), one of the most conserved synthetases, has eight Cys 

residues, while E. coli LysRS has only one Cys.  In addition to aminoacylation, LysRS is involved in 

the synthesis of the signaling molecule diadenosine tetraphosphate (Ap4A).  We utilized chemical 

modification, site-directed mutagenesis and steady-state kinetic analysis to examine the roles of 

cysteine residues in catalysis and structure of hLysRS.  Recombinant hLysRS was expressed in E. 

coli and purified by affinity chromatography.  The hLysRS activity was substantially reduced upon 

the modification using two Cys modifying reagents, iodoacetamide and N-ethylmaleimide.  Titration 

of hLysRS using 5, 5’-dithiobis (2-nitrobenzoic acid) (DTNB) indicated that four cysteine residues 

in hLysRS are reactive to DTNB while the other four are not accessible to the DTNB.  Site-directed 

mutagenesis of Cys residues in human lysyl-tRNA synthetase indicated that mutations of Cys 

residues at position 338, 496 and 534 eliminate both Ap4A synthesis and lysylation activities.  The 
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remaining hLysRS Cys mutants showed reduced catalytic efficiencies in terms of their kcat and Km 

for aminoacylation.  The cysteine-null mutant hLysRS, in which all cysteine residues were 

substituted with alanine, lost lysylation activity. Analysis of the secondary structure of hLysRS by 

circular dichroism indicated the mutation did not have significant effect on the secondary structure.  

However, significant changes in intrinsic fluorescence of mutants suggest the effect on the tertiary 

structure. 

     The interactions and spatial orientation of the proteins in the MSC were investigated using 

fluorescence resonance energy transfer.  Aspartyl-tRNA synthetase and p38 were fluorescently 

labeled using genetically encoded tetracysteine and green fluorescent protein.  Association among 

human tRNA synthetases, p43 and p38 of the multisynthetase complex was demonstrated by 

fluorescence titration and resonance energy transfer.  

.  
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CHAPTER 1 INTRODUCTION 

1. Aminoacyl-tRNA synthetases                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

    Aminoacyl-tRNA synthetases (AARSs) are essential enzymes that play the key role in 

translating nucleotide to amino acid sequences during protein biosynthesis [1].  They are 

ubiquitous in nature and responsible for accurately attaching the correct amino acid (AA) onto 

their cognate tRNA molecule in a two-step reaction, as described equations (1) and (2).  The 

process of forming a correctly paired AA-tRNA requires that each AARS selectively interacts 

with three distinct substrates: amino acid, ATP and cognate tRNA.  ATP universally serves to 

activate the amino acid for all AARSs, and the other two substrates have distinct structural and 

chemical features that provide the basis for discrimination by AARS.  In the first step of the 

reaction (activation, equation 1), AARS recognizes its amino acid substrate and catalyzes the 

condensation of amino acid and ATP to form the aminoacyl-adenylate (AA-AMP) intermediate.  

The second step (transfer step, equation 2) involves the transfer of the aminoacyl moiety to the 

2’OH or 3’OH terminal adenosine of the cognate tRNA through aminoacyl ester linkage to be 

use for protein biosynthesis, this step is the rate-limiting step.   

 

    This aminoacylation reaction occurs in the cytoplasm of all living cells and the charged tRNAs 

are transported to the site of protein biosynthesis, the ribosome, where amino acid is transferred 

to a growing polypeptide chain [2].  There are twenty aminoacyl tRNA synthetases [AARS], one 

designated for each amino acid.  This thesis focuses on understanding the structural and 

functional variation of LysRS across different species.  
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1.1 Classes of aminoacy-tRNA synthetases 

    AARSs can be divided into two main classes based on the structural features of the catalytic 

domains, Class I and Class II [3].  Each class comprises ten tRNA synthetases. Differences 

between class I and class II synthetases are summarized in Table 1.  Class I synthetases share 

two signature motifs (HIGH and KMSKS) that are far apart in the primary sequence but in close 

proximity in the known three-dimensional structures.  Class I are characterized by a Rossmann 

nucleotide binding fold with alternating β-strands and α-helices and approach tRNA from the 

minor groove of the acceptor stem and aminoacylate the tRNA molecule at the 2’OH position.  

The ATP binding domain contains the HIGH consensus sequence and the 3’end of the tRNA can 

be cross-linked to the interior Lys residue of the KMSKS motif.  Class I synthetases exist 

predominately as monomeric structures in solution.   

    Class II synthetases are characterized by three highly homologous sequence motifs designated 

as motifs 1, 2 and 3 [4].  Motif 1 is classically thought to be involved in subunit association, 

while motifs 2 and 3 constitute parts of the active site important for ATP, amino acid and tRNA 

acceptor stem recognition [5, 6].  Class II synthetases have antiparallel β-sheet, flanked by α-

helices in their active site and approach the major groove of their respective tRNAs, charging the 

3’OH of the adenosine [1].  Class II synthetases tend to form dimers and tetramers in solution [7] 

and they are subdivided into subclass IIA (seryl, threonyl, prolyl, and histidinyl-tRNA 

synthetases), subclass IIB (aspartyl, asparaginyl and lysyl-tRNA synthetases) and subclass IIC 

(alanyl phenylalaninyl, glycyl-tRNA synthetases) [1, 7].  Seven of the Class II synthetases are 

alpha 2 dimers and three are tetramers.   
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    The two classes are distinguishable by the architectures of their active site catalytic cores.  The 

active site is located in a deeply buried pocket of the carboxyl terminal domain of the enzyme.  

Due to the depth of this binding pocket, the amino acids activated by Class II synthetases tend to 

be smaller than those of Class I and are generally polar amino acids.  The cocrystal structures of 

Thermus thermophilus SerRS with two seryl-adenylate analogs [8], yeast AspRS [6], E. coli 

LysRS with lysine [9], E. coli HisRS with histidy-adenylate [5] show that the amino acid in 

motifs 2 and 3 make specific contacts with bound substrates.  The divergence in structures leads 

to functional differences with respect to amino acid, ATP and tRNA binding [5, 10].  With the 

exception of glutaminyl-tRNA synthestase (GlnRS), glutamyl-tRNA synthestase (GluRS), 

Arginy-tRNA synthestase, the AARSs can catalyze the first step reaction to form a stable 

aminoacyl-adenylate in the absence of their cognate tRNAs [11].  

    Lysyl-tRNA synthetase (LysRS) is the only synthetase that can exists as a member of both two 

classes of synthetases.  Class II LysRS exists in all eukaryotes while class I exists in some 

bacteria and most archea [1].  Class II LysRS is one of the most conserved tRNA synthetase 

[12].  In this work, the human LysRS was chosen for the study since it is the only human tRNA 

synthetase whose crystal structure has been solved.  
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Table 1: Summary of characteristics of class I and class II synthetases 

Class I synthetases Class II synthetases 

IA:  

Leu (α), 

IleRS (α), 

ValRS (α), 

CysRS (α2), 

MetRS (α2) 

IB.   

TyrRS (α2) 

TrpRS. (α2) 

IC.   

ArgRS (α), 

GlnRS (α), 

GlnRS (α) 

 

IIA: 

HisRS (α2) 

ProRS (α2), 

serRS (α2), 

ThrRS (α2) 

 

IIB.   

AspRS (α2), 

AsnRS (α2), 

LysRS (α2) 

IIC.  

GlyRS (α2,β2), 

AlaRS (α4), 

PheRS (α2β2) 

 

Active site is located in the amino terminus of 

the enzyme 

Active site is located in the carboxyl terminus 

of enzyme 

Active site is made up of Rossmann fold 

containing HIGH & KMSKS sequences motifs.   

Active site is made up of 3 motifs (motifs 1, 2 

and 3) 

Active site formed by parallel beta strands Active site formed by anti-parallel beta strands 

Charges the bulkier amino acids due to the 

open pocket of the binding site 

Charges the smaller amino acids due to the 

deeply buried pocket of the binding site 

Approach the tRNA acceptor end from the 

minor groove 

Approach the t-RNA acceptor end from the 

major groove 

CCA end must deform to attach to the amino 

acid 

tRNA CCA end retains helical shape as amino 

acid attaches 
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1.2 Specificity of aminoacyl-tRNA synthetases 

    The canonical (primary or well established) function of aminoacyl-tRNA synthetases is to 

charge the amino acid with their cognate tRNA synthetase.  Accuracy in charging is important in 

preserving the fidelity of protein biosynthesis.  For this reason, the overall error rate of one in 

10000 is maintained for correct codon-anticodon recognition on the ribosome and pairing of each 

amino acid to its corresponding tRNA.  In spite of the fact that the aminoacylation active site 

excludes most non- cognate amino acids, selection of correct amino acid is more challenging for 

the AARS whose amino acids have chemically and structurally similar molecular structures [13].  

This often results in the formation of mis-matched AA-tRNA, which requires an additional 

proofreading function called ‘editing’ for quality control.  For instance, threonyl-tRNA 

synthetase misactivates serine [14], and prolyl-tRNA synthetases (ProRSs) mischarge alanine 

and cysteine onto tRNAPro [15].  If an error is left uncorrected, the delivery of mis-matched AA-

tRNAs to the ribosome would lead to mutations in newly synthesized proteins that might have 

significant physiological effects and could be detrimental to normal cellular metabolism and cell 

viability [16, 17] due to an increased level of misfolded proteins.  

    Several mechanisms have been proposed for editing and proofreading to correct such errors.  

One of these mechanisms is the double sieve mechanism which suggested that the active site and 

editing site of AARS are structurally distinct [18] and was later confirmed by biochemical and 

structural analyses.  In the double sieve model, the AARS aminoacylation site acts as the first 

sieve by accepting the cognate and the structurally similar non-cognate amino acids but reject the 

majority of the non-cognate amino acids by hydrolyzing the aminoacyl-adenylate formed in the 

first step of aminoacylation (pre-transfer editing).  The editing site acts as a second sieve to 

hydrolyze the misactivated aminoacyl-adenylate or aa-tRNA in the transfer step of 
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aminoacylation (post transfer editing).  The correctly charged tRNA is excluded from the editing 

site and participates in protein synthesis [19].  Defects in editing mechanism can cause 

mistranslation, growth defects in bacteria [20-22], apoptosis in mammalian cells and 

neurodegeneration in mice [20, 21, 23].  

    Editing activities play critical roles in vivo [20, 21, 23] and are associated with members of 

both of the mutually exclusive AARS structural classes (I and II).  Structural and functional 

studies have shown that class I IleRS, ValRS, and LeuRS share a homologous editing domain, 

whereas class II AARSs have divergent editing site architectures [24].  In class I enzymes, the 

hydrolytic editing domain is the conserved connective polypeptide1 (CP1) domain inserted into 

the aminoacylation active site [25-27].  In class II synthetases, the domains responsible for post-

transfer editing are more diverse in their structure and location [20, 28, 29].  However, some 

tRNA sythetases are unable to discriminate rigorously between cognate and non-cognate amino 

acids with the double sieve model and thus they have acquired additional domains to remove 

mis-charged tRNA through a triple sieve mechanism.  

    For instance, Prolyl-tRNA synthetase (ProRS) is unable to effectively differentiate cognate 

proline from non-cognate alanine and cysteine.  This characteristic of ProRSs exists in all 

domains of life [30-32].  Several mechanisms have evolved to avoid proline mistranslation, 

including increased amino acid specificity at the activation step, pre- and post-transfer editing 

activities of ProRS, and the use of AARS-like trans-acting factors [33].  The strategy used varies 

between species.  For example, E.coli ProRS catalyzes pre-transfer editing of alanyl-adenylate 

and possesses a cis-editing domain (INS) responsible for Ala-tRNAPro clearance [34].  E.coli also 

encodes a single-domain INS homolog known as YbaK, which deacylates Cys-tRNAPro in trans 

[35].  The aminoacylation site of ProRS acts as the coarse sieve to reject amino acids larger than 
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proline allowing the synthesis of Ala- and Cys-tRNAPro in addition to cognate Pro-tRNAPro.  The 

cis-editing activity of INS is responsible for clearing Ala-tRNAPro in the second or fine sieve.  

Finally, in the third sieve, YbaK edits Cys-tRNAPro in trans.  The latter has been shown to occur 

via chemical discrimination using the unique sulfhydryl-specific chemistry of the cysteine 

substrate side chain [36].  The “triple-sieve” editing mechanism operates in E.coli ProRS.  

    Previous studies have shown that AARS proofreading mechanisms display considerable 

structural and functional diversity between different organisms and cellular compartments, 

signifying that they have adapted to divergent cellular requirements for translation quality 

control.  For instance, the domain responsible for editing is usually located within the 

corresponding AARS, such as the connective peptide 1(CP1) domain of LeuRS (leucyl-tRNA 

synthetase) [27, 37],  IleRS (isoleucyl-tRNA synthetase) [18] and ValRS [38],  the N2 domain of 

ThrRS [39], the B3/B4 domain of PheRS [20] and the INS domain of the bacterial ProRS [40].  

The artificially engineered CP1 domains and INS domain have been shown to be functionally 

active in editing the corresponding mischarged tRNAs [39].  Besides the editing functions, 

AARS performs other non-canonical functions.  

 

1.3 Non-canonical functions of aminoacyl-tRNA synthetase 

    In addition to the primary function of aminoacylation, aminoacyl-tRNA synthetases also 

perform many other important functions.  In higher organisms, these new functions are elicited 

not only in the cytoplasm where translation occurs, but also in the nucleus and outside the cell.  

The expanded range of functions is observed in eukaryotic synthetases with unique domains and 

insertions besides the pre-existing domains for interaction with substrates [41-43].   
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    For instance, some AARS act as a cytokine as is with the case with TyrRS.  Full length TyrRS 

is secreted in culture under apoptotic condition and is cleaved by extracellular proteases into two 

fragments: the C terminal fragment which is an EMAPII-like protein with cytokine properties 

and an N-terminal fragment which harbors the aminoacylation domain and is capable of 

stimulating leukocyte migration [44].  Generally, treatment of tumors cells with anthracyclines or 

ionizing radiation results in the transfer of calreticulin from the lumen of the endoplasmic 

reticulum to the surface of the cell membrane.  This co-localization is observed not only in 

calreticulin but also in LysRS.  The amount of calreticulin exposed is directly correlated to the 

amount of LysRS in the cell.  Even though the LysRS lacks the post translation modification, the 

secreted LysRS acts as a cystokine and activates macrophages [45].   

    The C-terminal domain (EMAPII) of TyrRS possesses an anti-angiogenesis activity.  Other 

synthetases known to have angiogenesis activity are TrpRS and SerRS.  LysRS is responsible for 

interaction with the gag protein of human immunodefiency virus (HIV-1 protein) and selective 

packaging of the tRNA into the virion [46].  The C-terminal catalytic domain of glutamyl-tRNA 

synthetase (GlnRS) interacts with apoptosis signal regulating kinase 1(ASK1) to repress the 

apoptotic signaling pathway [47].  

    Additionally, AARS are involved in regulation of transcription and translation.  The stage of 

initiation is most frequently regulated in translation.  Regulatory molecules usually bind proteins 

or RNA that bind the mRNA operator site and block initiation or alternatively, contribute to the 

release from the ribosome binding site.  One common type of translation control is the feedback 

control where final product of the gene synthesized from the mRNA binds to the mRNA and 

inhibits translation initiation.  For instance, ThrRS binds to the operator site located upstream of 
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the mRNA from the Shine-Dalgarno sequence [48].  ThrRS binding to mRNA prevents the 

binding of the 30 S subunit of the ribosome to mRNA and inhibits translation initiation.  

    In higher eukaryotes five AARS (TrpRS, HisRS, GlyRS, MetRS and GluProRS) contain 

WHEP- domains which consist of 50 amino acids residues as a helix-turn-helix [49].  GluProRS 

contains three WHEP domains, which are positioned in the linker part of the protein connecting 

the domains for Glu- and Pro-tRNA synthetases.  The GluProRS WHEP domains have the 

ability to bind GAIT-element (IFN-γ- activated inhibitor of translation element) in the 3’ 

untranslated region (3’UTR) of mRNA [50].  Some AARS are involved in DNA replication in 

bacteria, for instance, LysRS binds to tRNA like structure in E.coli and contributes to the 

stabilizing of the single strangled DNA [51].  E.coli AlaRS inhibits the transcription of its own 

alaS gene [52] and high concentration of the cognate amino acid increases repression.   

    The mammalian MetRS is found in both the cytoplasm and the nucleus [53].  The finding of 

MetRS in the nucleus depends on the presence of cell growth signal and is induced by epidermal 

growth factor (EGF), platelet-derived growth factor (PGDF) and insulin [53] The nucleolar 

localization of MetRS is directly related to the synthesis of rRNA in that, in the absence of RNA 

(after treatment with RNase), MetRS disappears from the nucleolus.  Thus MetRS is involved in 

protein synthesis both as an enzyme and as a positive regulator of ribosome biogenesis [54].  

AARS are also involved in the transport of tRNA to the cytosol such as yeast Met-, Ile- and Tyr- 

tRNA synthetases [55].  These functions of the AARS have sparked the interest of most 

scientists to understand evolutionary variations among these enzymes from different species that 

offer benefit to them at the molecular level.  Additionally the organizations of the AARS in the 

cytoplasm as well as their interactions with other proteins lead to other functions.  
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1.4 Structural organisation of tRNA synthetases  

    In spite of the fact that there is a sequence similarity for homologous synthetases from the 

three different phyla (bacteria, archea and eukaryotes), there is a notable variation in the 

structural organization.  An intricate network of protein-protein interactions is required for 

efficient translation in all kingdoms of life.  AARS must accurately interact with a diverse array 

of molecules to perform their essential function of aminoacylation involving amino acids, ATP, 

tRNAs and, in some cases, other synthetases [56].  

    In bacteria, several binary complexes comprising one AARS and a second protein factor is 

involved in diverse range of functions, from editing of misaminoacylated tRNA to metabolite 

biosynthesis have been identified [57].   As mentioned above, a stable ternary complex of ProRS, 

tRNAPro and Ybak results in the hydrolysis of mischarged Cys-tRNApro E.coli [34, 35].  Ybak 

does not specifically recognize tRNAPro, but interacts with ProRS to correct misacylation.   

    The yeast aminoacyl-tRNA synthetase (AARS) complex is formed by the Met- and Glu-tRNA 

synthetases and the tRNA aminoacylation cofactor Arc1p, a non-synthetase auxiliary protein [58, 

59].  Modeling of the ternary complex with Arc1p indicated that the association of these three 

proteins is mediated by N-terminal domains [60, 61].  The N-terminal domain of Arc1p contains 

two binding sites for MetRS and GluRS, which enable it to bind both synthetases simultaneously 

and independently [58].  Furthermore, association of the synthetases with Arc1p appreciably 

increases the affinity for the cognate tRNAs due to the presence of a tRNA binding domain 

(TRBD) in the middle and C-terminal part of Arc1p [62].  The N-terminal appended domains 

mediating complex formation are non-catalytic and absent in the prokaryotic counterparts.  

MetRS cannot directly interact with GluRS in the absence of Arc1p, indicating that the 
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association is mediated by Arc1p.  However, both the MetRS–Arc1p and the GluRS–Arc1p sub-

complexes are stable and appear to be fully functional in terms of aminoacylation efficiency 

[63].  A stable high-molecular-weight complex containing all three protein components can be 

formed when reconstituted from recombinant proteins.  This complex selectively recruits its 

cognate tRNAs from total yeast tRNA, demonstrating that no other cellular factors are required 

for complex formation and stabilization [63].  

    Mammalian aminoacyl tRNA synthetases are structurally distinct from that of bacteria and 

yeast counterparts and are known to form a macromolecular complex with a molecular                                                                                                                                                                       

weight of about 1.5 million Dalton called the multisynthetase complex (MSC).  This complex 

occurs from Drosophilia to mammals.  The multisynthetase complex consist of nine tRNA 

synthetases that include ArgRS, GlnRS,AspRS, MetRS, IleRS, LeuRS, LysRS, ProRS and 

GluRS and three non-synthetase factors called aminoacyl-tRNA synthetases complex-interacting 

multifunctional proteins AIMP1, AIMP2 and AIMP3, which are also known as p43, p38 and 

p18, respectively [64].  In addition, Glu- and ProRS occur as a fusion protein linked by a 50 kD 

intersynthetase domain. 

    Preliminary protein-protein interaction maps for the MSC have been determined by using the 

yeast two-hybrid system [41, 65] and by chemical cross-linking [66].  A working model has been 

previously proposed using electron microscopy and three-dimensional reconstruction [67].  

Studies on AARS subcellular localization led to the proposal that MSCs directly channel AA-

tRNAs to EF1A without dissociation from the synthetases in the cytoplasm [68, 69].  This 

channeling could potentially provide a sequestered pool of AA-tRNAs specifically for utilization 

in protein synthesis, although a direct interaction between the ribosome and AARSs in the MSC 

has not been established.  However, their propensity to form complexes appears to be related in 
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part to the cell’s need for a reservoir of regulatory factors that are based on the alternative 

functions of these enzymes.  Most complex forming synthetases and the auxiliary proteins 

exhibit increased stability when they are associated and become unstable upon isolation.  

Separation of the components of the complex revealed that the components are distinct in terms 

of their stability [70].  The auxiliary proteins are important for the formation and stability of the 

complex, promote binding of tRNAs to the complex, and also play other roles outside translation 

[65, 71, 72].  The current model of the MSC revealing the major protein-protein interactions is 

shown in Figure 1.  The proteins in the MSC are organized into two sub complexes with p38 

linking the sub-complexes together.  
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Figure 1 Multisynthetase complex: The model shows connectivity of the components of the 

multisynthetase complex deduced by using TAP and siRNA silencing to study the MSC in vivo.  

Class I aminoacyl tRNA synthetases are indicated in rectangular grey background while class II 

is in circular light grey.  Black lines indicate the connectivity identified using yeast two hybrid 

systems.  The single amino acid letters represent AARS.  The two sub-complexes I and II that 

may form when p38 is silenced are those component with gray background [172] Copyright 

(2009) Journal of Biological Chemistry, U.S.A. 
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.    Components of MSC may associate for translation but may also play regulatory functions 

after dissociation from the complex or following transport to other cellular compartments.  

LysRS associates with Cu, Zn-superoxide dismutase in familial cases of amyotrophic lateral 

sclerosis [74, 75] or activates the microphtalmia-associated transcription factor in the nucleus 

[76].  The bifunctional GluProRS is employed within the interferon-γ-activated inhibitor of 

translation complex during the interferon-γ response [77].  The auxiliary p43 component is 

released from the complex during apoptosis [72, 78], and is the precursor of the EMAPII 

cytokine [79].  Parkin, an E3 ubiquitin-protein ligase involved in Parkinson disease, ubiquitylates 

and promotes the degradation of p38 [80].   

    Aminoacyl-tRNA synthetases (AARS) that are involved in the complex have extra eukaryote-

specific domains or appended extensions capable of participating in protein-protein interactions 

that hold the complex together.  Most of these extensions are known to be dispensable in the 

enzymatic activity and thus may mediate protein-protein interactions or act an as RNA binding 

domain [68].  The N- and C-terminal of the components of the MSC are involved in the 

formation of complex [41, 65].  However, about half of the twenty synthetases are not in the 

MSC and yet the frequency of appearance of appended domains in those free tRNA synthetases 

is similar to that of the members in the complex.   

    N terminal extensions in a few AARS have been identified as essential for the catalytic 

activity including human MetRS [81].  According to secondary structure analysis, the N-terminal 

appended domain is predicted to be predominately alpha helical with variable length ranging 

from 20 to 40 amino acid residues [82, 83].  NMR determination of the extension in human 

AspRS confirms the alpha helical conformation [84].  The charged side of the N-terminal helix 

of human LysRS is dominated by positive charge residues, which are used for binding negatively 
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charged nucleic acids.  Certainly, the N-terminal of hLysRS binds to the TϕC stem loop region 

of the tRNAlys [85, 86] and this function is very important in the HIV viral assembly discussed 

earlier.  In spite of this, electrostatic interactions are generally nonspecific in nature, and thus 

helices may bind to different tRNAs and to different sites on the tRNA [87], suggesting that the 

N-terminal helix motif may be used for interacting with other types of RNA in the cellular 

environment.  Other domains identified for interaction with tRNA binding are EMAPII domain 

located in C-terminal of TyrRS [88] and WHEP domains in the N-termini of TrpRS, HisRS and 

GlyRS and C-terminal extension of MetRS [81, 89, 90].  

    All AARS contained in the MSC complex have a GST-like domain which is generally a 

structural domain used in protein assembly and protein folding regulations [60, 80, 91-93].  The 

human MetRS and GluProRS are found in a complex with p18 and p38, respectively, using the 

GST-like domain in the MSC [91].  The crystal structure of p18 reveals two GST-like domains at 

the dimer interface [93].  This shows that the GST-domain mediates interactions in higher AARS 

in the MSC.  MSC p18 interacts with ataxia telangiectasia mutated (ATM) (a kinase in response 

to DNA damage and oncogenic stress) to act as a tumor supressor [94].  In addition, leucine 

zipper motifs are contained in the AARS that forms the complexes.  For instance the leucine 

zipper embedded in the N-terminal of MSC p43 interacts with amphiphilic leucine zipper helix 

of p38 [64, 95].  The association of ArgRS into the MSC is also mediated through its N-terminal 

leucine zipper domain.  In the absence of the N-terminal leucine zipper domain of the human 

ArgRS, the shorter form of ArgRS becomes free in the cytoplasm and no longer associates with 

the MSC used for translation initiation [65, 96].  

    Apart from other regulatory roles that are identified in the extra domains and extensions of 

AARS of the MSC, the appended domains are known for stabilizing the interactions between 
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other AARS in the complex.  Other appended sequences of the human AARS include one in the 

N-terminal extension of ThrRS consisting of 80 amino acid residues, one in the C-terminal 

extension of SerRS of about 20 AA and one in LysRS of about 20 AA.  The C-terminal domain 

of hLysRS contains a binding site for a PDZ domain-a specific protein-protein interaction motif 

found in many proteins involved in signal transduction and intracellular trafficking [97].  

 

1.5. Comparison of human and E. coli lysyl tRNA Synthetase 

    Human LysRS is a homodimeric protein of 136 kDa and one of the components of the 

multisynthetase complex.  The native form of LysRS, obtained after dissociation from the 

complex displays remarkable affinity for the negatively charged carriers as compared to the 

E.coli enzyme [69].  LysRS was converted to a dimer with an apparent subunit molecular weight 

of 62 kDa similar in size to E.coli LysRS, upon dissociation from the complex [69].  E.coli Lys-

tRNA synthetase is a class II synthetase and is unusual in that, it exists in two distinct synthetase 

isoforms: LysS and LysU. These isoforms share a high degree of sequence identity (88 %) and 

similar aminoacylation activities but are regulated differently.  LysS is constitutively expressed 

under normal growth conditions and appears to be responsible for the tRNA charging activity, 

whereas LysU is the product of a normally silent gene that is induced to high-expression during 

heat-shock [98].  The crystal structures of E.coli LysS [99] and LysU [9] gene products as well 

as the crystal structure of Thermos thermophilis LysRS complex with tRNAlys [100] have been 

solved.  The anticodon binding domain, located at the N-terminal of the bacterial enzyme adopts 

a β-barrel motif.  The C-terminal catalytic domain consists of an extended anti-parallel β-sheet 

characteristic of class II synthetases.  Regardless of the class, all tRNA synthetases are organized 
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into modular arrangements of functional domains along the sequence.  In eukaryotes and most 

prokaryotes, LysRS belong to class II family of AARS but in some Archea and bacteria Lys- 

tRNA charging activity is associated with a protein containing conserved motifs characteristic of 

class I enzyme [1, 101].  In contrast to most tRNA synthetases, class II LysRS proteins have a 

modular arrangement of functional domains that is reversed.  That is, the catalytic domain is at 

the C-terminal end of the polypeptide, whereas the anti-codon binding site is encoded by the N-

terminal part of the protein [102].  Class II LysRS is one of the most conserved AARSs [12] 

although elsewhere within class II, much diversity in structure and sequence is seen.  The 

structure of the E.coli LysRS is a close homologue to that of AspRS, thus establishing that the 

two enzymes are more related to each other than to most other class II enzymes.  In particular, 

while the sizes and sequences of the loop of motif 2 are highly variable among class II 

synthetases, Asp- and Lys-tRNA synthetases shows great similarity in this region.  

    When human and E.coli LysRS are compared, the highest similarity exists for C-terminal 

aminoacylation domain at 50 %, while 26 % homology is observed for the N-terminal anti-codon 

binding domain [103].  Like other eukaryotes, human LysRS contains an N-terminal extension 

which is Lys-rich and has been shown to enable nonspecific tRNA binding and thus allow 

increased catalytic efficiency of the enzyme, especially at the low concentration of deacylated 

tRNA prevailing in vivo [85, 86].  Truncation of the N-terminal extensions decrease the catalytic 

efficiency only by three fold as a result of reduced affinity for tRNAlys and have no effect on 

interactions with p38 [56, 64, 85].  

    The crystal structure of human LysRS shows close similarity with E.coli LysRS, LysU and 

LysS and superimposable catalytic domains.  The prominent difference between the two 

structures is the orientation of the anticodon-binding domain relative to their catalytic domain.  A 
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5o rotation was observed; indicating that the linkage between the two domains is flexible and the 

residues in the linker region were disordered for both human and E.coli LysRS.  The alignment 

of the tertiary structure of human LysRS (green) and E.coli LysU (grey) is shown in Figure 2.  

The crystal structure of the human LysRS suggested that the LysRS is tetrameric in solution.  

Later, it was speculated that the tetramer interface of LysRS dimers is exploited by the p38 

dimers to produce LysRS-p38 subcomplex in the MSC which suggests that LysRS might be 

bound to the MSC as α2β2 form.  

 

 

Figure 2: Alignment of crystal structure of Human and E. coli LysRS Human LysRS (green) 

is structurally aligned with E. coli LysRS (grey) with bound Lys (red) [103] Copyright (2008) 

National Academy of Sciences, U.S.A. 

 

    In addition to the orientations of the anticodon domains, a close comparison of the structure of 

human LysRS with that of E.coli LysU reveals predominant differences at the tetramer interface.  
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The anti-codon binding domain in the interface consists of residues with neither sequence nor 

structural homology to the other LysRS from E.coli.  There are two eukaryotic-specific 

insertions, one of which embedded in the tetrameric interface and serve as a hot spot for 

variation during evolution, including variations that can build a new protein- protein interface.   

    Although an α2 homodimer is the functional oligomerization state for aminoacylation, hLysRS 

crystallized as an α2α2 tetramer [103].  Within the MSC, LysRS specifically interacts with the 

scaffold protein p38/AIMP2 and is present in a unique α2β1:β1α2 orientation, which is designed to 

control both retention and mobilization of LysRS from the MSC.  In response to an 

immunological challenge, specific phosphorylation of Ser-207 of hLysRS has been shown to 

result in release of LysRS from the MSC and enhanced diadenosine tetraphosphate synthesis.  

Nuclear translocation of hLysRS is followed by transcriptional activation of genes via interaction 

with (MITF) microphthalmia-associated transcription factor [104].   

    Generally comparing the amino acid sequence of human tRNA synthetase with that of the 

E.coli counterpart, the human AARS contains more cysteine residues than those of lower 

organisms like bacteria.  For instance human Lys-tRNA synthetase contains eight cysteine 

residues while E.coli LysRS contains only one (Figure 3).  A similar trend is observed for other 

human and E. coli tRNA synthetases as illustrated in Table 2.  The advantages that the additional 

cysteine residues provide in higher eukaryotes are not well understood. This thesis focuses on 

understanding the role of cysteine residues in the enzymatic activities of hLysRS as the first step 

toward better understanding of the functions of the roles of Cys residues in mammalian tRNA 

synthetases.  Cysteines could be involved in catalysis by enhancing interaction between the 

enzyme and substrate, in stabilizing the secondary and tertiary structure or in enhancing the 

interactions with other synthetases or proteins resulting in additional functions.  
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Table 2 The number of cysteine residues in humans and E.coli tRNA synthetases.  

 Homo sapien E.coli 

Lys-tRNA synthetase 8 1 

Arg tRNA synthetase 14 4 

Gln-tRNA synthetase 16 10 

Glu-tRNA synthetase 28 7 

Asp-tRNA synthetase 10 5 

Met-tRNA synthetase 21 8 

Leu-tRNA synthetase 21 16 

Ile-tRNA synthetase 23 14 

Pro-tRNA synthetase - 1 

Gly-tRNA synthetase 13 3 

Ala-tRNA synthetase 13 6 

Val-tRNA synthetase 22 8 

Phe-tRNA synthetase 6 1 

Ser-tRNA synthetase 9 5 

Thr-tRNA synthetase 16 13 

Cys-tRNA synthetase 12 5 

Tyr-tRNA synthetase 6 7 

Asn-tRNA synthetase 15 4 

His-tRNA synthetase 10 5 

Glu-tRNA synthetase and ProRS are together for the human.  All tRNA synthetases have more 

cysteine residues in human than E.coli except Tyrosyl-tRNA synthetase 
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hLysRS      MAAVQAAEVKVDGSEPKLSKNELKRRLKAEKKVAEKEAKQKELSEKQLSQATAAATNHTT 60 

eLysRS      -----MSEQHAQGADAVVDLN---------NELKTRREKLANLREQGIAFPNDFRRDHTS 46 

                      :* :.:*::. :. *         :::  :. *  :* *: :: ..    :**: 

 

hLysRS      DNGVGPEEESVDPNQYYKIRSQAIHQLKVNGEDPYPHKFHVDISLTDFIQKYSHLQPGDH 120 

eLysRS      D------------------QLHAEFDGKENEE-------------------LEALN---- 65 

                *                  : :* .: * * *                    . *:     

 

hLysRS      LTDITLKVAGRIHAKRASGGKLIFYDLRGEGVKLQVMANSRNYKSEEEFIHINNKLRRGD 180 

eLysRS      ---IEVAVAGRMMTRRIMG-KASFVTLQDVGGRIQLYV-ARDDLPEGVYNEQFKKWDLGD 120 

                   * : ****: ::*  * *  *  *:. * ::*: . :*:  .*  : .  :*   ** 

 

hLysRS      IIGVQGNPGKTKKGELSIIPYEITLLSPCLHMLPHLHFGLKDKETRYRQRYLDLILNDFV 240 

eLysRS      ILGAKGKLFKTKTGELSIHCTELRLLTKALRPLPDKFHGLQDQEARYRQRYLDLISNDES 180 

                *:*.:*:  ***.*****   *: **: .*: **. ..**:*:*:********** **   

 

hLysRS      RQKFIIRSKIITYIRSFLDELGFLEIETPMMNIIPGGAVAKPFITYHNELDMNLYMRIAP 300 

eLysRS      RNTFKVRSQILSGIRQFMVNRGFMEVETPMMQVIPGGAAARPFITHHNALDLDMYLRIAP 240 

                *:.* :**:*:: **.*: : **:*:*****::*****.*:****:** **:::*:**** 

 

hLysRS      ELYHKMLVVGGIDRVYEIGRQFRNEGIDLTHNPEFTTCEFYMAYADYHDLMEITEKMVSG 360 

eLysRS      ELYLKRLVVGGFERVFEINRNFRNEGISVRHNPEFTMMELYMAYADYKDLIELTESLFRT 300 

                *** * *****::**:**.*:******.: ******  *:*******:**:*:**.:.   

 

hLysRS      MVKHITGSYKVTYHPDGPEGQAYDVDFTPPFRRINMVEELEKALGMKLPETNLFETEETR 420 

eLysRS      LAQDILGKTEVTYG-------DVTLDFGKPFEKLTMREAIKKYR----PETDMADLDN-F 348 

                :.:.* *. :***           :**  **.::.* * ::*      ***:: : ::   

 

HLysRS      KILDDICVAKAVECPPPRTTARLLDKLVGEFLEVTCINPTFICDHPQIMSPLAKWHRSKE 480 

eLysRS      DSAKAIAESIGIHVEKSWGLGRIVTEIFEEVAEAHLIQPTFITEYPAEVSPLARRNDVNP 408 

                .  . *. : .:.   .   .*:: ::. *. *.  *:**** ::*  :****: :  :  

 

hLysRS      GLTERFELFVMKKEICNAYTELNDPMRQRQLFEEQAKAKAAGDDEAMFIDENFCTALEYG 540 

eLysRS      EITDRFEFFIGGREIGNGFSELNDAEDQAQRFLDQVAAKDAGDDEAMFYDEDYVTALEHG 468 

                 :*:***:*:  :** *.::****.  * * * :*. ** ******** **:: ****:* 

 

hLysRS      LPPTAGWGMGIDRVAMFLTDSNNIKEVLLFPAMKPEDKKENVATTDTLESTTVGTSV 597 

eLysRS      LPPTAGLGIGIDRMVMLFTNSHTIRDVILFPAMRPVK-------------------- 505 

                ****** *:****:.*::*:*:.*::*:*****:* .                  

 

 

Figure 3 Alignment of human and E.coli LysRS amino acid sequences. ClusterW was used 

for the sequence alignment. The cysteines in human hLysRS at position 209, 338, 427, 434, 456, 

463, 496 and 534 are highlighted in green and that of E.coli Lys-tRNA synthetase at position 140 

in yellow.  
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1.6 Cysteines in proteins 

    Proteins are the final product of gene expression and are responsible for acting on the 

biological information contained in the nucleotide sequence of their respective gene.  A proteins 

needs to adopt the proper tertiary and quaternary structure in order to perform its biological 

function.  Among the 20 amino acids in proteins, cysteine is one of two least abundant, yet the 

most conserved residue and is frequently present in functionally important sites of the proteins, 

where it serves  catalytic, regulatory, structure-stabilizing, cofactor-binding and other functions.  

The functional importance of cysteine in biology is highlighted by the observation that, in 

human, cysteine mutations leads to genetic diseases more often than expected on the basis of its 

abundance [105].  With respect to aging, several studies showed that cysteine content in 

mitochondria encoded proteins inversely correlates with the life span of animals [106].   

    Cysteines generally have higher reactivity compared to other amino acids.  They are involved 

in oxidation, reduction and isomerization of disulfide bonds as well as in other reactions that 

change the redox state of these residues.  Cysteine residues with free SH groups or those in 

disulfide bonds in proteins are essential for the physical and chemical stability of proteins.  

Generally, disulfide bonds either intermolecular or intramolecular in peptides or proteins impose 

local or global conformation rigidity on proteins.  Cysteine thiols have been mainly valuable as 

reporters in protein folding pathways [107].  The formation of a disulfide link is coupled with the 

folding of a protein and is assisted by the enzymes thiol-disulfide oxidoreductase and protein 

disulfide isomerase [108-110].  Proteins that fold and assemble in the cytoplasm generally lack 

disulfide bonds, and it has been assumed that such proteins do not use disulfide bonds in their 

folding and assembly pathways.  It is known that cytosolic proteins contain relatively few 
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disulfide links due to the very reducing environment, governed by glutaredoxin and thioredoxin 

systems which  is involved in keeping the -SH groups in reduced form [111].   

    The reactivity of a sulfhydryl group is related to its pKa, since its deprotonated form (thiolate 

RS−) is more nucleophilic and reacts faster with oxidants than the protonated form (R-SH).  The 

sulfhydryl groups of most cysteines (linked to a polypeptide backbone or free cysteine) possess 

low reactivity, which is related to the fact that their pKa is around 8.  In contrast, some redox 

proteins possess reactive cysteine residues that are stabilized in the thiolate form by a basic 

residue, in most cases a lysine or an arginine residue [112].  The rate of this reaction is dependent 

on the pKa of the sulfhydryl compound that is the nucleophilic agent.  The lower the pKa, the 

higher the amount of deprotonated form of the sulfhydryl group (thiolate) and the faster are the 

reactions precede at physiological pH.  The tri-peptide glutathione (γ-Glu–Cys–Gly, GSH) is the 

most abundant thiol in cells and is vital for the maintenance of the intracellular redox balance, 

among other functions.  Glutathione has a pKa of 9 and thus is completely protonated at 

physiological pH.  A diverse group of highly conserved Cys residues can coordinate a variety of 

metals and metalloids.  Along with His, Cys is the most frequently employed residue for metal 

binding sites of proteins.  Metal-binding Cys frequently occur in the form of CxxC motif [113].  

The side chain of Cys can also react directly with many oxidants or oxidized cellular products 

under physiological conditions.  Reversible oxidation of Cys thiols is known to play a role in 

redox regulation of proteins via the formation of sulfenic acid intermediates, mixed disulfides 

with glutathione and over oxidation to sulfinic acids [114].  

    Cysteine residues have long been thought to play a crucial part in one of the two steps 

catalysed by aminoacyl-tRNA synthetases i.e. amino acid activation and tRNA aminoacylation 
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[115-118].  Previous studies of some AARS from E.coli such as MetRS, IleRS, AlaRS and 

GluRS [119] indicate that these AARS contain ‘zinc finger’ like motifs in which cysteine 

residues are vital for the enzyme activity.  However, other studies using genetic engineering and 

chemical labeling have shown that a cysteine residue in the E.coli GlyRS synthetase β-subunit 

which was previously thought to be essential for catalysis was not required.  

    Effects of cysteine residues on the activity of E.coli ArgRS synthetase have been investigated 

using sulfhydryl specific reagents such as N-ethylmeimide (NEM), iodoacetamide (IAA) and 

5’5’-dithiobis (2-nitro benzoic acid) (DTNB) as well as site directed mutagenesis.  Cysteines in 

E.coli ArgRS were not essential for the enzyme activity nevertheless the enzyme was inactivated 

by sulfhydryl reagents [120].  The inhibition observed in this case was the result of steric 

hinderance.  A similar case was observed with E.coli ProRS [121].  In addition, analysis of 

cysteine residues of cytoplasmic AspRS from Saccharomyces cerevisiae by chemical 

modification indicated that cysteine residues do not play essential role in either substrate binding 

or catalysis [122].   

    The human TrpRS exists in two forms: a major form that is the full-length protein and a 

truncated form (mini TrpRS).  The full length form that has all the amino acid determinants of 

the truncated form lacks angiostatic activity while the mini TrpRS does have angiostatic activity.  

The difference in function was attributed to the variation in the environment of specific cysteine 

residues (Cys62) [123].  Class II ProRS from E.coli contains three of the conserved consensus 

motifs characteristic of class II aminoacyl tRNA synthetase.  Chemical modification of a single 

cysteine located at position 443 in motif 3 of E.coli ProRS, which aligns with the residues that 

have been implicated in amino acid binding specificity, blocked the ability of the enzyme to form 

activated prolyl-adenylate, a prerequisite for tRNApro aminoacylation.  However mutation of this 
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cysteine residue did not have a significant effect on aminoacylation [121] due to the fact that the 

C443 is buried in the region that forms the prolyl-adenylate substrate binding site.  Rather than 

participating directly in catalysis, cysteine residues may serve other functions in AARS.  For 

instance, the ability of most AARS to bind to zinc is dependent on the cysteine –containing in the 

metal binding motif [124].  

    Furthermore, the roles of cysteine residues in AlaRS been evaluated by modification of these 

residues with p-(hyroxymercuri) phenylsulfonic acid, monobromobimane, 5, 5’-dithiobis (2-

nitrobenzoic acid (DTNB) and site directed mutagenesis [125].  The former two reagents 

completely inactivated AlaRS in aminoacylation and resulted in the release of all tightly bound 

zinc.  However, substitution of the cysteine outside the zinc-binding motif with serine did not 

affect zinc binding.  The studies of cysteines in AARSs will aid understanding the amino acid 

binding, tRNA specificity and discrimination as well as variation within their classes.  In this 

work, the steady state kinetic parameters for amino acid, tRNA and ATP were determined for 

human LysRS cysteine mutants.  The effects of cysteine modifying reagents (iodoacetamide and 

N-ethyl maleimide) on the aminoacylation and Ap4A synthesis activities of hLysRS and mutants 

were investigated. 

1.7 AP4A synthesis 

    In addition to aminoacylation and regulatory roles of the hLysRS, another enzymatic activity 

that was discovered about 40 years ago is the formation of Ap4A (diadenosine 5, 5’ P1, P4 

tetraphosphate).  Generally, activation of amino acids is the hallmark of AARS leading to the 

formation of enzyme-bond aminoacyl-adenylate.  The fate of the enzyme-bound aminoacyl-

adenylate is determined by the competition of two major reactions (Figure 4).  The reverse 
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reaction results in the formation of ATP and amino acid.  Usually the activated amino acid is 

transferred to cognate tRNA.  The amino acid residue can also be released as a leaving group 

when enzyme-bound aminoacyl-AMP reacts with a second molecule of ATP to produce Ap4A.  

In spite of the fact, the aminoacylation step is strongly preferred under in vitro condition, at low 

concentration of tRNA and in the presence of micromolar concentration of Zn2+; the reaction 

equilibrium is shifted significantly towards pyrophosphorolysis of the aminoacyl adenylate.  

Cleavage of PPi formed in the course of amino acid activation by inorganic pyrophosphatase 

changes the equilibrium and enhances the Ap4A synthesis [126].  

 

 

 

Figure 4: Aminoacylation and Ap4A synthesis scheme 
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    Several AARS catalyze the synthesis of Ap4A [127-129], the exceptions being ArgRS and 

GlnRS of any species.  This is due to the fact that, ArgRS and GlnRS belong to group of AARS 

that do not synthesize aminoacyl-adenylate in the absence of their cognate tRNA.  The majority 

of AARS that catalyze the formation of Ap4A also catalyze Ap3A formation.  Mammalian 

TrpRS produces only Ap3A due to its distinctive catalytic mechanism [130].  Ap4A synthesis by 

some AARS is activated by Zn2+ while the activity of the majority of AARS is not affected by 

this cation [131].  

    AP4A have been identified in living cells at concentration of 1 µM to 0.1 µM [132].  Previous 

studies of Ap4A indicated that relaxing eukaryotic cells contained low concentration of Ap4A 

and the concentration of Ap4A increases drastically as the cells are preparing to divide during 

the G1/S phase [133].  In prokaryotes, heat shock and oxidative stress cause ApnA accumulation 

[134, 135], and thus these molecules were considered as pleiotropically acting alarmones.  

    Further studies demonstrated ApnA are ubiquitous occurrence in the whole spectrum of 

organisms from bacteria to higher eukaryotes.  Although the role of ApnA in stress response 

remains unknown for eukaryotes, in bacteria ApnA binds to and inhibits the oxidative stress-

related proteins [134, 135].  Ap4A has been termed a putative 'alarmone' to signify that this 

dinucleotide polyphosphate is synthesized during metabolic challenges and could act 

homeostatically under stress conditions to increase the probability of cell’s survival [136].  In 

several cell types, a direct intracellular effect of Ap4A has been demonstrated on enzymes with 

nucleotide-binding domains which are associated with cellular metabolism [137].  For this 

reason, Ap4A is thought to be an important signaling molecule and regulator of cell metabolism.  

    The reaction that produces Ap4A has long been associated with a subset of synthetases and it 

seems to be robust in LysRS [138].  In mast cells, antigen stimulation induces a rise in the 
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amount of Ap4A, which in turn promotes transcription of MITF (microphthalmia associated 

transcription factor) targeting genes that regulate the immune response [76].  This rise in Ap4A 

follows antigen activation that triggers the MAPK cascade to phosphorylate LysRS, which 

promotes its translocation to the nucleus [104] and enhances its activity for Ap4A synthesis 

[139].  Surprisingly, the phosphorylation event also inhibits the aminoacylation activity of 

LysRS.  Thus, the synthetase is 'switched' from a translational to a transcriptional function [139].  

Though the exact mechanism of how LysRS is so potent in Ap4A production remains to be 

determined, the amino acid–binding site seems to be required to produce Ap4A [140].  However, 

human GlyRS was recently identified as the only synthetase that produces Ap4A in the absence 

of glycine, and Ap4A synthesis by GlyRS is not coupled to aminoacylation [12].  GlyRS 

catalyzes the synthesis of Ap4A by direct condensation of two ATPs.  Thus, LysRS is an 

example where the amino acid–binding site of an AARS serves a critical role in enabling a new 

function.  Effect of hLysRS cysteine mutation on Ap4A synthesis has not been investigated.   

 

1.8 Oxidative stress and aminoacyl-tRNA synthetase  

    Oxidative stress has been associated with the pathogenesis and progression of many human 

diseases including diabetes, inflammatory bowel disorders, and atherosclerosis, and it is the 

major cause of mutagenesis, tumorigenesis, and aging [141].  An excess of reactive oxygen 

species (ROS), such as superoxide radicals, hydrogen peroxide (H2O2), hydroxyl radicals and 

hypochlorous acid causes cellular oxidative stress [142, 143].  In spite of the fact that, it is well 

known that ROS are able to damage biomolecules like proteins, DNA, RNA, and lipids, the 

molecular mechanisms of how oxidative stress contributes to human diseases remain largely 

elusive.  Several studies have revealed that oxidative stress impacts cells at least partially 
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through targeting the protein quality control machinery [144].  Protein quality control refers to 

the cellular regulation of protein folding and degradation [145].  Since oxidatively modified 

proteins are thermodynamically unstable and assume partially unfolded tertiary structures that 

readily form aggregates, it is likely that oxidized proteins are intermediates in the formation of 

amyloid fibrils.  

    The reduction of the rate of ROS generation promotes cellular survival under conditions of 

oxidative stress when reactive oxygen and nitrogen species is excessive compared to cellular 

antioxidant defense systems.  Antioxidants remove the ROS to minimize the non-selective 

oxidation of a range of biomolecules.  If ROS are not removed, protein are not repaired  and 

aggregation occurs.  Degradative systems are unable to act upon oxidized proteins and restore 

cellular function to minimize protein aggregation.  Surprisingly, not much study has been done 

on how oxidative stress affects translational fidelity, leading to an increased level of misfolded 

proteins.   

 

1.9 RESEARCH OBJECTIVES 

    The prokaryotic AARS contains fewer cysteine residues than their eukaryotic counterpart and 

they are still catalytically active (Table 2).  However, the advantage these cysteine residues 

provide for AARS in higher organisms is not well understood.  The goal of this work is to find 

out whether the additional cysteine residues provide any advantage to the enzymes in terms of 

structure and catalysis.  In this work, hLysRS was employed due its involvement in diverse 

cellular processes, crystal structure availability, and the relative ease of expression and 

purification.  HLysRS is highly conserved and forms part of the multi-synthetase complex.  

Human LysRS contains eight cysteine residues while its E.coli counterpart contains only one.  
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Comparing human and E.coli enzymes, a higher similarity exists for C-terminal aminoacylation 

domain relative to the N-terminal anticodon domain [103].  LysRS in eukaryotes contains an N-

terminal appendage which is lysine-rich and has been shown to enable non-specific tRNA 

binding and thus allow increased catalytic efficiency of the enzyme especially at the low 

concentration of deacylated tRNA prevailing in vivo [85, 86, 146].  LysRS forms part of class II 

synthetases with conserved structural motifs containing cysteine residues near the catalytic 

domain.  Alignment of the human LysRS with that of Saccharomyces cerevisiae (yeast) and 

Drosophila melanogaster (fruit fly) indicated that the cysteines at position 209, 338, 434, 

456,496 and 534 in hLysRS are conserved in all three eukaryotic organisms, while 427 and 463 

of hLysRS are conserved in fruitfly only.  

    Cysteines in many proteins are important for establishing and preserving the tertiary structure 

or in the coordination of catalytic function.  Preliminary work showed that the activity of human 

LysRS is reduced drastically in the prescence of sulfhydryl reagents, which indicated that 

cysteine involved catalysis.  Cysteine can be involved in the binding of substrate or transition 

state by interfering with electrostatic interaction or formation of disulfide bonds.  To better 

understand the role of cysteine residues in catalysis, all the cysteines residues in hLySRS were 

mutated to serine or alanine using site directed mutagenesis.  Effects of mutation on 

aminoacylation and Ap4A were analyzed in vitro by radioactive and HPLC assays, respectively.  

The effect of mutations on the secondary and tertiary structures was also examined using circular 

dichroism and intrinsic fluorescence, respectively. 
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CHAPTER 2 MATERIALS AND METHODS 

2. Materials 

2.1. Chemicals, clones, plasmids, primers and reagents 

    Plasmid pM368 vector encoding for the expression of histidine-tagged full-length human 

lysyl–tRNA synthetase was a gift from Dr. Kiyotaka Shiba (Japanese foundation for cancer 

research).  Successful mutagenesis was achieved with QuikChange Lightning Mutagenesis kit 

from Strategene.  Primers were obtained from operon (Huntsville, AL).  

    Sodium dodecyl sulfate (SDS) PAGE gels were prepared using 30 % acrylamide (biorad), 

Tris-HCl (pH 8 and 6), ammonium persulfate (APS) and Tetramethylethylenediamine (TEMED). 

Adenosine-5’-triphosphate (ATP), adenosine-5’-monophosphate (AMP), adenosine-5’-

diphosphate (ADP), adenosine-5’- tetraphosphate (Ap4A), inorganic phosphatase, tert-butyl 

ammonium bromide, potassium phosphate, magnesium chloride, potassium chloride, agarose, 

dithiothreitol (DTT), ethidium bromide, glycerol, β-mercaptoethanol, glacial acetic acid, tris-

base,  HEPES, trichloroacetic acid (TCA), L-lysine, acetonitrile and bovine serum albumin were 

obtained from Sigma Chemical Corp (St. Louis, MO), Coomassie brilliant blue and Bradford 

protein assay reagents were purchased from Bio-Rad.   

    Enzyme activity was assayed using radioactive tritiated L-[4, 5-3H (N) Lysine (80-110Ci (2. 

96-4. 07TBq)/mmol) and Ultima Gold scintillation cocktail (PerkinElmer Life sciences, Boston 

MA), 3 mm filter papers (Whatman, Florham Park, NJ) and brewer’s yeast tRNA (Roche, 

Indianapolis, IN).  Isopropyl-1-thio-β-galactopyranoside (IPTG), imidazole and high density 

nickel NTA resin were purchase from GoldBio.  HPLC vials and snap lids were purchased from 

Fisher Scientific; Amicon concentrators (4 mL) 50 kDa and 30 kDa were purchased from 
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Millipore.  In-gel digestion of proteins for LC/MS-MS were carried out using trypsin  and 

chymotrypsin  (Roche, Madison, WI).  

2.2 Buffers 

2.2.1 Buffers for purification of six his-tagged proteins                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Lysis buffer: 50 mM NaH2P04 (pH 8. 0), 300 mM NaCl, 10 mM β-mercaptoethanol, 10 mM 

imidazole, 5 % glycerol 

Wash Buffer: 50 mM NaH2P04 (pH 8. 0), 300 mM NaCl, 10 mM β-mercaptoethanol, 30 mM 

imidazole, 5 % glycerol 

Elution buffer: 50 mM NaH2P04 (pH 8. 0), 300 mM NaCl, 10 mM β-meracptoethanol, 150 mM 

200 mM, 250 mM and 300 mM imidazole (made separately for gradient elution), 5 % glycerol 

2.2.2 Buffers for electrophoresis  

Destaining solution: 55 % deionized water, 10 % glacial acetic acid, 35 % methanol  

TAE Buffer (10X): 400 mM Tris-acetate and 10 mM EDTA 

TBE Buffer (10X): 900 mM Tris-borate, 20mM EDTA 

MOPS Running buffer: 0. 2 M MOPS (pH 7. 0), 20 mM sodium acetate, 10 mM EDTA (pH~8) 
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2.3 General Analytical Methods 

2.3.1 Agarose Gel Electrophoresis 

    Plasmid DNAs were analyzed by agarose gel electrophoresis.  Gels were prepared by 

microwave heating 1 % agarose in 1X TAE or TBE buffer supplemented with 1 µg/mL ethidium 

bromide.  Gels were cast for use in a miniboat agarose gel unit from NAR laboratories 

(Northborough, MA).  Samples were prepared in blue orange loading buffer using 1:4 samples to 

buffer ratio.  Electrophoresis was run at 100 V for 45 min.  The DNA was visualized by UV light 

and imaged using camera.  

2.3.2 Determination of Protein Concentration  

    All protein concentrations were determined by Bradford assay from Biorad.  BSA was used as 

the protein standard.  The assay protocol was carried out according to manufacturer’s 

instructions. , 

2.3.3 SDS polyacrylamide Gel Electrophoresis for protein analysis 

    SDS PAGE gels were prepared using 30 % Acrylamide/Bis-acrylamide (30 %/0. 8 % w/v) 1.5 

M Tris HCl (pH~8. 8) 10 % (w/v) SDS, 10 % (w/v), ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED).  Protein samples were prepared by adding sample to 

lameli loading buffer 1:1 ratio.  Samples were heated for 4 min at 85 oC, and run at 125 V for 

100 min in 1X Tris glycine SDS Running Buffer.  Gels were incubated in Coomassie blue for 

one hour and destained overnight in destaining solution.  
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2.4 Mutagenesis of Cysteine Residues 

    Using the primers in the Table 3 below, QuikChange Lightning Site directed Mutagenesis kit 

was used to generate the single and double serine mutants.  Primers in Table 4 were used to 

generate single and multiple alanine mutants and cysteine null mutant.  Mutagenesis was carried 

out according to the manufacturer’s instruction).  The primers were designed to change the 

cysteines residues at position 209, 338, 427, 434, 456, 463, 496, 534 to serine or alanine in wild 

type LysRS-PM368 containing 6XHis at the N-terminus.  The 50 µL mutagenesis reaction 

mixture contained 5 µL of 10X reaction buffer, 0.5 µL (100 ng) of WT hLysRS, 1 µL (125ng) of 

forward primer and 1 µL (125 ng) of reverse (antisense) primer, 1 µL of DNTP mix, 1.5 µL of 

QuikSolution, 40 µL of deionized water and 1 µL of QuikChange lightning Enzyme.  

Polymerase chain reaction was cycled for 2 min at 95 oC initially, followed by 18 cycles of 20 

sec at 95 oC, 30 sec at 55 oC, and 5 min at 65 oC on a GeneAMP PCR 2700.  Reaction mixture 

was incubated with Dpn1 (20 U/µL) for 20 min at 37 oC to digest the parent plasmid.  The 

double and triple mutants were created in the same way with additional primers corresponding to 

the DNA sequence at the various positions.  The newly synthesized plasmids were transformed 

in XL-1 blue super competent cells.  The plasmids derived from mutagenesis were sequenced at 

Genewiz Inc. to verify the presence of mutation at the various cysteine codons.   
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Table 3: Primers for cysteine to serine site directed mutagenesis of human LysRS 

Primer Name Primer Sequence (5' to 3') 

C209S 5'-TCACACTGCTGTCTCCCAGTTTGCATATGTTACCT-3' 

C209S_antisense 5'-AGGTAACATATGCAAACTGGGAGACAGCAGTGTGA-3' 

C338S 5'-TCCTGAGTTCACCACCAGTGAGTTCTACATGGC-3' 

C338S_antisense 5'-GCCATGTAGAACTCACTGGTGGTGAACTCAGGA-3' 

C434S 5'-TGTGTGGCAAAAGCTGTTGAAAGCCCTCCACCT-3' 

C434S_antisense 5'-AGGTGGAGGGCTTTCAACAGCTTTTGCCACACA-3' 

C456S 5'-GGGGAGTTCCTGGAAGTGACTAGCATCAATCCT-3' 

C456S_antisense 5'-AGGATTGATGCTAGTCACTTCCAGGAACTCCCC-3' 

C427S 5'-CGCAAAATTCTTGATGATATCAGTGTGGCAAAAGCTGTTGAAT-3' 

C427S_antisense 5'-ATTCAACAGCTTTTGCCACACTGATATCATCAAGAATTTTGCG-3' 

C463S 5'-GCATCAATCCTACATTCATCAGTGATCACCCACAGATAATG-3' 

C463S_antisense 5'-CATTATCTGTGGGTGATCACTGATGAATGTAGGATTGATGC-3' 

C496S 5'-GAGCTGTTTGTCATGAAGAAAGAGATAAGCAATGCGTATACT-3' 

C496S_antisense 5'-AGTATACGCATTGCTTATCTCTTTCTTCATGACAAACAGCTC-3' 

C534S 5'-CCATGTTCATAGATGAAAACTTCAGTACTGCCCTGGAATA-3' 

C534S_antisense 5'-TATTCCAGGGCAGTACTGAAGTTTTCATCTATGAACATGG-3' 
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Table 4: Primers for cysteine to alanine site directed mutagenesis of human LysRS 

Primer Name Primer Sequence (5' to 3') 

C209A 5'-GATCACACTGCTGTCTCCCGCTTTGCATATGTTACCTCAT-3' 

C209A_antisense 5'-ATGAGGTAACATATGCAAAGCGGGAGACAGCAGTGTGATC-3' 

C338A 5'-CAATCCTGAGTTCACCACCGCTGAGTTCTACATGGCCTAT-3' 

C338A_antisense 5'-ATAGGCCATGTAGAACTCAGCGGTGGTGAACTCAGGATTG-3' 

C427A 5'-GAAACTCGCAAAATTCTTGATGATATCGCTGTGGCAAAAGCTGTTGA-3' 

C427A_antisense 5'-TCAACAGCTTTTGCCACAGCGATATCATCAAGAATTTTGCGAGTTTC-3' 

C434A 5'-TCTGTGTGGCAAAAGCTGTTGAAGCCCCTCCACCTCG-3' 

C434A_antisense 5'-CGAGGTGGAGGGGCTTCAACAGCTTTTGCCACACAGA-3' 

C456A 5'-GGAGTTCCTGGAAGTGACTGCCATCAATCCTACATTCATC-3' 

C456A_antisense 5'-GATGAATGTAGGATTGATGGCAGTCACTTCCAGGAACTCC-3' 

C463A 5'-TGCATCAATCCTACATTCATCGCTGATCACCCACAGATAATGAG-3' 

C463A_antisense 5'-CTCATTATCTGTGGGTGATCAGCGATGAATGTAGGATTGATGCA-3' 

C496A 5'-TGTTTGTCATGAAGAAAGAGATAGCCAATGCGTATACTGAGCTGAATG-3' 

C496A_antisense 5'-CATTCAGCTCAGTATACGCATTGGCTATCTCTTTCTTCATGACAAACA-3' 

C534A 5'-GCCATGTTCATAGATGAAAACTTCGCTACTGCCCTGGAATATGG-3' 

C534A_antisense 5'-CCATATTCCAGGGCAGTAGCGAAGTTTTCATCTATGAACATGGC-3' 
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2.5 Expression and purification of hLysRS  

    Full Length Human LysRS (1-597) and mutants were expressed in E.coli BL21 (DE3) as a 

His-tagged protein.  Overnight cultures were grown at 37
o
C in LB broth supplemented with 100 

µg/mL ampicillin.  The overnight culture was diluted 1:100 with LB broth supplemented with 

100 µg/mL ampicillin and incubated at 37 
o
C until the OD600 reaches 0.1.  It was then transferred 

into temperature 20
o
C and induced with 1 mM IPTG for 20 hours.  Cells were collected by 

centrifugation at 8000 rpm for 30 min.  Protein expression was analysed by SDS-PAGE.  

Aliquots of cell culture before induction and after completion of induction were collected by 

centrifugation at 13,000 rpm for 5 min.  The cells were resuspended in 1X Tris-Glycine sample 

buffer containing 5 mM β-mercaptoethanol.  Samples were heated at 95oC for 10 min and loaded 

on SDS-page gels.   

2.5.1 Purification of hLysRS mutants 

    The cell pellet was suspended in lysis buffer (1 g in 10 mL) supplemented with EDTA free 

protease inhibitor tablets (1 tablet in 10 mL).  Cells were sonicated (at 50 % output for 4 x 20s 

pulses with 1 min intervals between cycles) and centrifuged at 10,000 g for 30 min to pellet cell 

debris.  The supernatant containing the expressed proteins was purified by affinity 

chromatography using Ni-NTA resin according to manufacturer’s protocol.  LysRS mutants were 

eluted by gradient elution with elution buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM β-

mercaptoethanol, different concentration of imidazole ranging from (50-300 mM imidazole), and 

5 % glycerol.  Fractions containing pure protein were combined and exchanged into 100 mM 

HEPES, 6 mM DTT and concentrated using Amicon concentrator.  The proteins were then stored 
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in the storage buffer with 50 % glycerol at -20 oC.  Concentration of proteins was determined by 

Bradford protein assay and BSA was used as the standard.  

2.6 Titration of sulfhydryl groups in hLysRS  

    Using L-cysteine as a standard, solutions at different concentrations (0.05-1) mM of Cys were 

prepared and absorbance at 412 nm determined in the presence of Tris-HCl and 5, 5’-dithiobis-

(2-nitrobenzoic acid)-DTNB.  The number of SH groups in LysRS was determined using DTNB.  

The reaction was performed at 16oC in Tris-HCl (pH 8) containing 5.6 µM LysRS and 2 mM 

DTNB.  Human LysRS in 20 µl was mixed with a solution containing 930 µL Tris-HCl buffer 

and 50 µL DTNB.  The absorbance change at 412 nm was recorded over time period of 1 hour 

until the reading remained constant.  The total SH group was calculated using the extinction 

coefficient of the DTNB (13600 M-1cm-1) to get the molarity of the reacted DTNB.  This was 

then multiplied by the dilution factor.  In addition to this, LysRS that has been denatured by heat 

was treated the same way as above to determine the total SH group present.  

2.7 Chemical Modification of Cysteines in hLysRS: 

    The cysteine residues in hLysRS were modified according to Mofang Lui et al. 1991.  The 

cysteine modification was performed at 16oC in 100mM phosphate buffer (pH 7) containing 20 

µM hLysRS, 40 % glycerol and 60 mM iodoacetamide (IAA) or 20 mM and 2 mM N-

ethylmaleimide (NEM) for two hours.  The reaction was terminated with 60 mM dithiothreitol 

(DTT) to quench the residual NEM.  The remaining activity was assayed after dialysis to remove 

DTT to determine the both the remaining activity and number of SH group.  
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2.7.1 LC-MS/MS analysis of chemically modified hLysRS 

    The modified hLysRS in Section 2.7 was analyzed with LC-MS/MS to identify the cysteine 

residues that were modified.  Ten micrograms of the modified proteins were run on SDS-PAGE 

gel, excised and washed using 50 % methanol and 10 % acetic acid and 40 % water, followed by 

reduction using 10 mM dithiothreitol (DTT) at room temperature for 30 min.  The protein 

samples were alkylated with 100 mM iodoacetamide in the dark for an hour.  The gel pieces 

were dehydrated using acetonitrile and rehydrated in 100 mM ammonium bicarbonate two times.  

The protein digestion was carried out using sequencing-grade trypsin and/or chymotrypsin.  

Chymotrypsin or trypsin (1µg) in 50 mM ammonium bicarbonate was mixed with 10 μg of 

protein sample and digested overnight at 25°C for chymotrypsin and 37°C for trypsin.  The 

digested peptides were extracted in 50% (v/v) acetonitrile and 5% (v/v) formic acid or acetic 

acid.  The volume was reduced to less than 20 μl by evaporation, and the final volume was 

adjusted to 20 μl using 1% formic acid.  The samples were purified using Zip-Tip with C18 resin 

(Millipore, Billercia, MA) according to the manufacturer's protocol before liquid 

chromatography-tandem mass spectrometry (LC/MS-MS) analysis.  LC/MS-MS was carried out 

at the NHLBI Proteomics Core Facility (Bethesda, MD).   

2.8 Assays of aminoacylation by hLysRS  

    Aminoacylation was carried out at 37oC in 100 µl reaction mixture containing 50 mM HEPES 

( pH 7. 5), 0.1 mg/mL BSA, 20 mM KCl, 10 mM MgCl2, 20 mM β-mercaptoethanol , 4 mM ATP  

with 25 µM [3H] labeled lysine and 3 mg/mL brewer’s yeast tRNA.  The aminoacylation was 

initiated by adding 1 µM LysRS or mutant.  After 0, 1, 2, 3, 4 and 5 min, 15 µl of aliquots were 

withdrawn and quenched on Whatman filter papers presoaked with 5 % trichloroacetic acid 
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(TCA).  The filter papers were allowed to dry for 30 min and washed three times 10 min each in 

ice cold 5 % TCA and washed once with acetone and dried.  The incorporated radioactivity was 

determined using a Pharmacia scintillation counter (Wallac 1410).  Enzyme concentrations were 

selected to ensure linear reactions rates.  

2.9 Steady state kinetics 

    The kinetic parameters were determined from the initial rate measurements of aminoacylation 

by Lysyl-tRNA synthetase.  The values of Km and Vmax were analyzed using Michaelis-

Menten’s best fit from Kaleidagraph software.  The Km and Vmax values for each substrate were 

determined at varying concentrations of substrate, while keeping the other two substrates at fixed 

concentrations.  The reaction mixture (total volume = 25 µL) contained 50 mM HEPES (pH 7. 

5), 0.1 mg/mL BSA, 20 mM KCl, 10 mM MgCl2, 20 mM β-mercaptoethanol , 4 mM ATP with 

25 µM [3H] Labeled lysine and 3 mg/mL brewer’s yeast unfractionated tRNA.  The reaction was 

initiated by the addition of 0.25 µM Lysyl –tRNA synthetase and then incubated at 37oC.  

Aliquots of 15 µl were withdrawn at 1 minute interval and spotted on Whatman filter papers 

presoaked with 5% trichloroacetic acid (TCA).  The filter paper was allowed to dry for 20 mins 

and washed three times within 30 min and counted for incorporated radioactivity as previously 

described.  

2.9.1 Method of curve fitting 

    The initial rate dependence on the substrate concentration curves were obtained using a direct 

fit in Kaleidagraph to obtain the the Michaelis-Menten and catalytic constants.  
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2.10 Inactivation of hLysRS activity by NEM and IAA 

    The activity of hLysRS was assessed after pretreatment with 20 mM NEM, 2 mM NEM, or 60 

mM IAA in 100 µl of 1X PBS (pH7.27) containing 20 μM LysRS and incubation for 16oC two 

hours.  The reaction was terminated with 100 mM β-mercaptoethanol and the remaining activity 

determined.  Aminoacylation of NEM and IAA treated hLysRS was performed as described in 

Section 2.8 

 

2.11 Cicular Dichroism Spectroscopy 

    CD measurements were carried out using a JASCO 700 CD spectrometer under 10-psi 

nitrogen.  The spectrum was recorded at 25oC with 5.0 nm resolution using 1 cm quartz cells 

with path length 0.1 cm and the average of five scans from 200 nm to 300 nm was recorded.  

LysRS mutants were dissolved in 5 mM sodium phosphate and 50 mM potassium fluoride to 

make the final concentrations of the 1.5 µM LysRS.  CD spectra were obtained using a 0.1 cm 

path length cell on spectropolarimeter using a scan speed of 20 nm/min, time constant of 4 sec 

and data pitch 1 nm.  This experiment was repeated in triplicate for all the hLysRS and its 

mutants.  

2.12 Fluorescence Measurements 

    All fluorescence measurements were performed in 5 mM sodium phosphate (pH 7.5) and 50 

mM potassium fluoride at room temperature using a SPEX Fluoromax instrument and 10 mm 

microcuvettes unless otherwise specified.  The intrinsic fluorescence of hLysRS and its mutants 

were determined with excitation wavelength at 280 nm.  Background from buffer was subtracted 
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from the fluorescence emission spectrum of each mutant observed with excitation at 280 nm.  

Emission spectrum scans from 300 nm to 400 nm were taken.   

 

2.13 Assays of AP4A synthesis 

    Concentrations of Lys-tRNA synthetases were determined using Bradford assay. Activity of 

LysRS in Ap4A synthesis was analyzed by  incubating the 1µM enzyme in reaction mixture 

containing 50 mm HEPES, pH 7.5, 20 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol, 5 mM ATP, 

5 mM Lys and 0.02 mg/mL inorganic pyrophosphatase at 37°C for 270 mins. The assay was 

done in the presence and absence 0.5 mM ZnCl2.  The 50 µl reaction was quenched with 25 mM 

EDTA and heated. The samples were diluted to eight fold for analysis by HPLC.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

2.14 HPLC analysis of Ap4Asynthesis  

    Prostar Varian model 410 HPLC was used. HPLC was carried out in isocratic mobile phase 

composed of 2 mM tert-butylammonium bromide, 10 mM potassium phosphate, 17 % 

acetonitrile, at the flow rate 1 mL/min using a Vydac C18 column (250 mm*4.6 mm) with pore 

size of 300Å .  20 µL aliquot of each sample was used for analysis. Analysis was done in 

triplicate.  The results of the analysis of Ap4A are in Appendix III. 
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CHAPTER 3 THE ROLES OF CYSTEINE RESIDUES IN LYSYLATION AND AP4A 

SYNTHESIS BY HUMAN LYSYL-tRNA SYNTHETASE 

3.1 Chemical modifications of hLysRS 

    Cysteines in AARS may play an essential role in the two-step aminoacylation reaction: both in 

the activation and the transfer steps.  Cysteine residues could directly or indirectly be involved in 

substrate binding and catalysis.  HLysRS, a 597 amino acid protein, contains eight cysteine 

residues (appendix II Figure A2.4).  Six of the eight cysteine residues are conserved in 

Saccharomyces cerevisiae and Drosophila melanogaster.  To explore the possible role of 

cysteines residues in the functions of hLysRS, the activity of hLysRS was assayed in the 

presence of sulfhydryl reagent N-ethylmaleimide (NEM) and iodoacetamide (IAA).  These 

reagents are known to alkylate cysteine residues selectively in proteins with accessible thiol 

groups to form thioethers.  However, NEM introduces a bulkier alkyl group to the thiol adduct 

than IAA. NEM treatment of wild type hLysRS at 20 mM and 2 mM concentrations resulted in 

85% reduction in the lysylation activity.  Conversely, treatment with IAA resulted in only 21% 

reduction in the activity (Figure 5).  These results indicated that one or more cysteines may be 

important for the lysylation activity of hLysRS.  Moreover, inhibition of the hLysRS by NEM or 

other sulfhydryl-reactive reagent could be due to the modification of the cysteine residues.  Site 

directed mutagenesis was used to further investigate their functions in hLysRS (Section 3.2). 
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Figure 5 Inactivation of hLysRS by NEM and IAA. The lysylation activity of hLysRS was 

assessed after pretreatment with 20 mM, 2 mM NEM and 60 mM IAA at 16o C two hours. 

Aminoacylation of NEM and IAA modified cysteine in hLysRS was performed using 1µM of 

hLysRS and the following concentrations of substrates 4 mM ATP, 25 µM L- [4,5-
3
H(N)]-lysine 

and 3 mg/mL brewer’s yeast tRNA. 
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    To better understand the inactivation of hLysRS by NEM and IAA, solvent accessibility 

experiments were performed to determine the actual number of cysteine residues (out of the 

eight) in hLysRS that are accessible to the sulfhydryl reducing reagent.  The Ellman reagent, 5, 

5’-dithiobis-(2-nitrobenzoic acid) (DTNB) was employed, a reagent which is used to quantify the 

number of reactive thiol groups in proteins.  In this assay, purified hLysRS was mixed with 0.1 

mM DTNB.  The reaction mixture was incubated at room temperature for one hour.  Absorbance 

at 412 nm was recorded after the background was corrected.  The total sulfhydryl concentration 

was determined from the absorbance at 412 nm, the extinction of DTNB (13600 M-1cm-1) and 

the dilution factor.  The concentration of free thiols was obtained from the standard curve using 

L-cysteine (Figure 6).  The protein concentration was quantified using Bradford protein assay.  

The native hLysRS, hLysRS modified with NEM and hLysRS modified with IAA each were 

analyzed. NEM and IAA were reacted with hLysRS before DTNB treatment to identify any 

cysteine residues which were not sensitive to the sulfhydryl reagents.  The number of SH per 

molecule observed for native (wild type) hLysRS in the DTNB assay was 3.5 (Table 5).  This is 

lower than the eight SH groups per subunit of hLysRS.  The result indicated that, not all the 

cysteine residues were accessible to the DTNB reagent.  Based on the crystal structure of 

hLysRS, four of the eight thiols groups in hLysRS may be located on the surface of the protein 

and are accessible to the DTNB reagent, while the other four cysteines may be buried in the 

protein and unreactive to DTNB.  The number of SH groups observed after reacting hLysRS 

with NEM and IAA was 0.6 and 1.31 respectively (Table 5).  This observation indicated that the 

most of the free thiols in hLysRS may be accessible to NEM and IAA and thus only one thiol 

group was available to react with the DTNB reagent. 
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Figure 6 Standard curve of DTNB reaction with Cys: 20 µl of cysteine solutions at 0.125 µM, 

0.1875 µM, 0.25 µM, 0.375 µM, 0.75 µM, and 1 µM each were reacted with 980 µl of DTNB 

mixture containing 50 µl of 2 mM DTNB and 930 µl of 1M TrisHCl (pH). 

 

Table 5: Titration of Cysteine Residues in Human LysRS with DTNB 

 

Observed SH group 
per molecule 

hLysRS 3. 5 ± 0. 04 
  

NEM modified hLysRS  0. 6 ± 0. 04 
  

IAA modified hLysRS 1. 31 ± 0. 11 
  

 

 

 



47 
 

    In order to understand the solvent accessibility test and identify the cysteine residues that were 

modified, LC-MS/MS was used analyze of the chemically modified hLysRS.  Five cysteine 

residues were detected at position 338, 427,434, 463 and 534 which were modified by IAA, and 

four cysteine residues were detected at positions 338,427. 434 and 496 which were modified by 

NEM (Table 19).  The cysteine residues at other positions in hLysRS were not detected.  All the 

cysteine residues that were detected were modified by the sulfurhydryl reagent which indicated 

that the reagent was accessible to the thiol groups’ in the protein.  

 

3.2 Mutageneisis of Cysteine Residues and Expression of hLysRS mutants 

    To further probe the functional roles of the conserved cysteine residues in the enzymatic 

activity of the hLysRS, each of the eight cysteine residues in hLysRS was mutated to serine or 

alanine using site-directed mutagenesis.  The following point mutants were generated C209S, 

C209A ,C338S, C338A,C427S, C427A, C434S, C434A, C456S, C456A,  C463S, C463A, 

C496S, C496A,  C534S, C534A , double mutants C209S/C496S, C427S/C496S, C434S/C496S, 

C456S/C496S, C463S/C496S, C456A/C496A, C338A/C496A (A-2), C338A/C496S (A-2S) and 

triple mutants C338A/C496A/C534A (B-3), C338A/C496S/C534A (B-3S) and several 

combinations of cysteine to either serine or alanine mutants were generated, including mutants 

with all cysteine residues substituted with alanine (Cys-Null mutant).  The plasmids with correct 

mutations generated were transformed into E.coli BL21 (DE3) for expression.  

    All mutants were expressed in E.coli BL21 (DE3) at room temperature.  All the single 

cysteine and double cysteine to serine hLysRS mutatnts express well in E.coli with expression 

levels comparable to that of the wild type.  However, double combinational hLysRS mutants of 
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cysteine to alanine or serine and multiple mutants including the Cys-Null mutant did not express 

well in E.coli.  The single, double cysteine to serine or alanine mutants that were used for the 

activity assays, circular dichroism analysis and intrinsic fluorescence were essentially pure with 

no visible contaminant after staining with Coomassie Brilliant Blue dye on SDS-PAGE gel 

(Figure 7).  The crude protein (supernatant after lysis) of hLysRS mutants that did not express 

well in E.coli was used to activity assay of the triple mutants and other multiple mutants 

including Cys-Null mutants.                                                                                                                
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Figure 7 SDS-polyacrylamide gel electrophoresis of hLysRS mutants expressed in E .coli: 

Proteins were prepared as described in Materials and Methods. The 68 kDa protein appeared at 

the expected molecular weight of hLysRS (a) Expression and purification of cysteine to serine 

mutants (b) Expression and purification of cysteine to serine mutants of hLysRS C496S mutant 

(c) Expression and purification of cysteine to alanine mutants. Aliquots of 15 µL of 5 µM 

hLysRS were loaded on the gel.  The concentration of C434A loaded on the gel was halved since 

the expression level was low. 
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3.3 Lysylation activity of hLysRS and mutants  

    Human LysRS mutants expressed and purified from E. coli were investigated for their roles in 

lysine, ATP and tRNA binding and in catalysis. Initially, higher concentrations (1 µM) of the 

hLysRS mutants were used to find out if the mutants retain the lysylation activity.  The 

replacement of cysteine by serine (which includes a  side chain with hydroxyl group instead of 

sulfhydryl group) resulted in almost complete loss of activity in C338S and C534S. C338S and 

C534S retained only 4 % and 10 % of the activity of the wild type hLysRS (Figure 8).  Other 

cysteine to serine mutants did not show significant reduction in activity relative to the WT 

hLysRS.  C496S exhibited comparable activity to the wild type hLysRS.  Mutation of C496S 

resulted in dramatic increase in catalytic efficiency among the cysteine to serine mutants (Table 

6).  In spite of this, when the cysteine was changed to alanine at this same position the activity of 

the enzyme was completely abolished.  All other cysteine to serine or alanine mutants showed 

reduced activity relative to the wild type.  C534S and C534A mutations resulted in complete 

inactivation of hLysRS lysylation activity.  C338A retained 85% of the activity of the wild type 

hLysRS (Figure 8).  
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    Due to the differences in lysylation activities of C496A and C496S, additional cysteines to 

serine mutation were introduced to C496S to determine if the serines enhance electrostatic 

interaction of hLysRS at position 496.  In order to do this, the cysteine to serine mutants that 

retained lysylation activity were mutated in C496S to create mutants that have two Cys residues 

mutated to Ser.  As shown in Figure 9, C209S/C496S and C427S/C496S were the least active 

double mutants.  C496S did not enhance the activity of any of the single mutant (Figure 9).  

Reduction in activity of double Cys to Ser mutants were more dependent on the original single 

Cys to Ser mutations.  C496S mutation combined with single Cys to Ser mutants to create double 

mutations had minimal effect on the activity.  C534S resulted in ~95% reduction in activity that 

is the most loss of lysylation activity among active mutants.  The cysteine to alanine showed 

much higher activity than their serine counterpart with the exception of C496S (Figure 8) 
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Figure 8 Comparison of cysteine to alanine and serine mutants’ lysylation activity.  In this 

experiment, lysylation was measured at 37
o
C in 100 µl aminoacylation buffer containing 3 

mg/mL of tRNA (brewer’s yeast), 25 µM [
3
H] labeled lysine, 4 mM ATP The aminoacylation 

was initiated by adding 1 µM hLysRS mutants.  After 0,1,2,3, 4 and 5 min, 15 µl of aliquots were 

withdrawn and quenched on Whatman filter papers presoaked with 5 % trichloroacetic acid 

(TCA). Incorporated radioactivities were counted as described in Materials and Methods.  Grey 

bar cysteine to alanine mutants and black bar cysteine to serine mutants 
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Figure 9 Comparison of single and double hLysRS cysteine to serine mutants’ lysylation. 

Initial rate of aminoacylation of 1.0 µM wild type hLysRS and double cysteine to serine mutants 

were evaluated by monitoring the time course aminoacylation reaction for 5 min. 

Aminoacylation was carried out as described in Materials and Methods.  
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3.4 Kinetic analysis of lysylation by hLysRS and its cysteine to serine mutants  

    Kinetic analyses of the multiple cysteine to serine mutants were performed to explore the 

possibility that multiple cysteine residues are critical in a coordinated way for enzyme activity.  

In order to do this, the enzyme lysylation activity within the linear range of the kinetic assay was 

investigated (Figure 10).  Based on the linearity of the curve, 250 nM concentrations were 

chosen for the kinetic studies.  The activity of each of the mutants was assayed and maximum 

velocity (Vmax) and Michaelis-Menton (Km) constants for the three substrates: Lys, ATP and 

tRNA were determined.  The Km and Vmax values for each substrate were determined at varying 

concentrations of one substrate, while keeping the other two substrates at fixed saturating 

concentrations. 
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Figure 10 Determination of the linear range of hLysRS concentration of lysylation assay.  In 

this experiment, lysylation was measured at 37
o
C in 50 µl aminoacylation mixture containing 3 

mg/mL tRNA (brewer’s yeast), 25 µM [
3
H] labeled lysine, 4 mM ATP and with varying 

concentration enzyme as described in Materials and Methods.  The aminoacylation was initiated 

by adding 0-400 nM hLysRS.  After 1 min, 15 µl of aliquots were withdrawn and quenched on 

Whatman filter papers presoaked with 5 % trichloroacetic acid (TCA).  The incorporated 

radioactivity was determined using a Perkin Elmer Wallace 1410 scintillation counter 
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    Determination of Km and kcat for lysine was carried out at constant concentration of ATP and 

tRNA, while the concentration of lysine varied between 0-25 µM (Figure 11).  Under these 

conditions, the cysteine to serine mutations affected both the Km and kcat.  The Km and kcat of the 

hLysRS and its mutants for lysine are compared in Table 6.  C209S and C434S were the least 

catalytically efficient mutants with kcat/Km values about 10 fold lower than the wild type 

Comparing the kcat and Km among the six active mutants; C496S was the mutant that least 

affected the catalytic efficiency of the hLysRS (Figure 11f).  C427S and hLysRS required 

comparable lysine concentration for effective catalysis (Km); however the turnover rate (kcat) of 

hLysRS was four times that of C427S mutants (Table 6). 

    Michaelis-Menten and kinetic constants for ATP was similarly determined,. C209S and 

C456S had the highest Km for ATP and required more of this substrate for catalysis (Figure 12b 

and 12e).  All other cysteine to serine mutants had comparable Km for ATP. However, kcat for 

all other mutants was much lower than the WT hLysRS except for C463S (Table 7). 

    The Michaelis-Menten and catalytic constants using tRNA as the variable substrate were 

similarly determined (Figure 13) and their turnover rate was much lower than the hLysRS 

(Table 8).  The six cysteine to serine mutants showed high affinity for tRNA than the wild type 

hLysRS. All other cysteine to serine mutations catalytic efficiency for the substrate tRNA was 

comparable to that of the WT hLysRS.  C427S showed the least efficiency for tRNA (Figure 

13c).  Cysteine to serine mutations catalytic efficiency for the substrate tRNA was comparable to 

that of the WT hLysRS.  C427S showed the least efficiency for tRNA (Figure 13c).  
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Figure 11 Lysine saturation kinetic analyses of hLysRS mutants.  Aminoacylation was 

monitored at in 4 mM ATP and 3 mg/mL with varying concentration of (0-25) µM [
3
H] labeled 

lysine. The assay conditions used are described in Materials and Methods. (a) WT (b) C427S (c) 

C434S (d) C456S (e) C463S (f) C496S.  C209S required high concentration of lysine to achieve 

maximum velocity thus efficiency in relation to lysine was not determined. 
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Figure 12 ATP saturation kinetic analysis of hLysRS mutants Aminoacylation of ATP was 

monitored at 25 µM [
3
H] labeled lysine and 3 mg/mL tRNA with varying concentration of (0-2 

mM) ATP.  The assay conditions used are described in Materials and Methods.(a) WT (b) C209S 

(c) C427S (d) C434S (e) C456S (f) C463S (g) C496S 
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Figure 13 tRNA saturation kinetic analysis of hLysRS mutants  Aminoacylation of tRNA was 

monitored at 25 µM [
3
H] labeled lysine and 4 mM ATP with varying concentration of (0-240 

µM) tRNA.  The assay conditions used are described in Materials and Methods. (a) WT (b) 

C209S (c) C427S (d) C434S (e) C456S (f) C463S (g) C496S 



60 
 

Table 6: Kinetic parameters observed with various hLysRS cysteine mutants with varying 

concentration of Lysine 

  Lysine  

 Km(µM) kcat(s-1)*10-2 kcat/Km (M-1s-1)*103 

 hLysRS 11.80  ±  3.0 3.8 ± 1.0 3.21 

C209S 36.45 ± 4.4 1.1 ± 0.1 0.30 

C427S 6.02 ± 1.1 0.6 ± 0.0 1.11 

C434S 21.70 ± 5.1 0.5 ± 0.1 0.22   

C456S 36.45 ± 14.1 3.9± 0.9 1.09  

C463S 36.86± 11.1 2.5 ± 0.8 0.68  

C496S 21.03± 5.4 4.0 ±0.6 1.88 

 C338S ND ND ND 

C534S ND ND ND 

Aminoacylation was carried out as described in Materials and Methods.  The results are averages 

of two or three trials.  
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Table 7: Kinetic parameters observed with various hLysRS cysteine mutants with varying 

concentration of ATP 

  ATP  

 Km(µM) kcat(s-1)*10-2 kcat/Km (M-1s-1)*102 

 hLysRS 136.0 ± 21.2 7.3 ± 0.0 5.37  ± 1.4 

C209S 451.34 ± 148.5 1.3  ± 0.2 0.29  ± 0.1 

C427S 114.72 ± 29.92 0.8 ± 0.1 0.65 ± 0.3 

C434S 164.42± 55.15 0.8 ± 0.1 0.51 ± 0.2 

C456S 415.91 ± 62.75 3.8± 0.2 0.91 ± 0.4 

C463S 119.73 ± 22.05 6.0 ± 0.3 5.12± 1.41 

C496S 213.14 ± 32.95 2.2  ± 0.1 1.06  ±  0.4 

 C338S ND ND ND 

 C534S ND ND ND 

Aminoacylation was carried out as described in Materials and Methods.  The results are averages 

of two or three trials.  
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Table 8: Kinetic parameters observed with various hLysRS cysteine mutants with varying 

concentration of tRNA 

  tRNA  

 Km(µM) kcat(s-1)*10-2 kcat/Km (M-1s-1)*103 

 hLysRS 100.9 ±16.2 11.2 ± 1.0 1.11 ± 0.51 

C209S 12.3 ± 8.7 1.16 ± 0.3 0.94 ± 0.31 

C427S 63.9 ± 17.3 0.9 ± 0.1 0.14 ± 0.60 

C434S 58.3 ± 38.5 5.5 ± 1.7 0.95 ± 0.46 

C456S 55.6 ± 13.5 6.3 ± 0.5 1.14 ± 0.43 

C463S 34.4 ± 18.0 3.9 ± 0.7 1.14 ± 0.38 

C496S 20.9 ± 10.8 4.0 ± 0.6 1.98 ±  0.58 

C338S ND ND ND 

 C534S ND ND ND 

Aminoacylation was carried out as described in Materials and Methods.  The results are averages 

of two or three trials.  
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3.5 Ap4A synthesis by hLysRS and it mutants 

    Cysteine residues in hLysRS were further investigated for their role in Ap4A synthesis.  The 

cysteine mutation to serine or alanine expressed and purified from E. coli were mixed with 

reaction buffer containing 50 mM HEPES, pH 7.5, 20 mM KCl, and 5 mM MgCl2, 1 mM 

dithiothreitol, 5 mM ATP, and 0.02 mg/mL inorganic pyrophosphatase, 5 mM Lys at 37°C.  The 

reactions were initiated by adding LysRS to a final concentration of 1 µM.  Reaction mixture 

without lysine was used as the negative control.  The amount of Ap4A synthesized by each 

mutant was quantified by high performance liquid chromatography (HPLC) using 2 mM tert-

butylammonium bromide, 10 mM potassium phosphate, 17 % acetonitrile as mobile phase and a 

flow rate of 1 mL/min on a Vydac reverse phase  C18 column (4.6mm x 250 mm).  Ap4A was 

used to construct a standard curve for quantification.  HLysRS and its mutant’s activity for Ap4A 

synthesis were mostly similar to that of aminoacylation.   

    Mutations of the cysteine to serine resulted in reduction in activity of hLysRS for Ap4A 

synthesis as observed in aminoacylation except for C496S (Figure 14).  Even though C338S and 

C534S mutants showed greatly reduced lysylation activity, C534S was able to retain 60 % of the 

Ap4A synthesis activity of hLysRS.  Interestingly, C496S had about 150 % of the Ap4A 

synthesis activity of hLysRS.  Little or no reduction in the Ap4A synthesis activity in the 

cysteine to alanine mutants relative to the wild type hLysRS was observed except for C209A, 

C496A and C534A (Figure 15).  Surprisingly, C496S which increased the amount of AP4A 

synthesis only produced 10 % of the Ap4A relative to the hLysRS when C496 was mutated to 

alanine.   This observation is consistent with what was seen for the aminoacylation activity.  In 

addition, C534S (which showed complete loss of the aminoacylation activity) retained 40 % 



64 
 

Ap4A synthesis activity relative to the wildtype. C338S which showed complete loss in 

lysylation activity was not active in Ap4A synthesis.    

    Most of the cysteine to serine mutants as well as the alanine mutants showed comparable 

catalysis for AP4A synthesis and lysylation with the exception of C534S. Cysteine at 496 

positions is the closest to the ATP binding site, while C496A showed about 80 % reduction in 

activity for Ap4A synthesis, C496S resulted in an increase of Ap4A synthesis activity, which 

indicated that charge residues at this position may be essential for catalysis.  Substitution of 

cysteine at position 534 for serine or alanine resulted in appreciable reduction in aminoacylation 

and Ap4A synthesis activities indicating that this residue may be important for the catalysis by 

hLysRS.   

    Significant reduction in Ap4A synthesis was observed for cysteine to serine double mutant 

except for C463S/C496S double mutants (Figure 16).  C209S/C496S, C463/C496S and 

C427S/C496S showed comparable activity to the point mutants; however C434S and C496S 

showed higher activity than their double mutants (Figure 17)  
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Figure 14: Comparison of lysylation and Ap4A synthesis activities of cysteine to serine 

mutants.  The 1 µM of single cysteine mutation to serine purified from E.coli was used for both 

aminoacylation and Ap4A synthesis as described in Materials and Methods.  Amount of Ap4A 

synthesized was determined using the area obtained from HPLC and standard molar 

concentration obtained from absorbance at 260 nm.  The about of AP4A was calculated relative 

to the wild type.  Three replicate data were collected and averaged.  Aminoacylation is shown in 

grey bars and Ap4A synthesis is shown in dark greybars 
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Figure 15: Comparison of lysylation and Ap4A synthesis activities of cysteine to alanine 

mutants. The 1 µM of single cysteine mutation to alanine purified from E. coli was used for 

both aminoacylation and Ap4A synthesis as described in Materials and Methods.  Amount of 

Ap4A synthesized was determined using the area obtained from HPLC and standard molar 

concentration obtained from absorbance at 260 nm.  The amount of AP4A was calculated 

relative to the wild type.  Three replicate data were collected and averaged.  Aminoacylation is 

shown in grey bars and Ap4A synthesis is shown in dark grey bars. 
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Figure 16: Comparison of lysylation and Ap4A synthesis activities of double cysteine to 

serine mutants.  The 1.0 µM of double cysteine mutation to serine purified from E. coli was 

used for both aminoacylation and Ap4A synthesis.  Amount of Ap4A synthesized was 

determined using the area obtained from HPLC and standard molar concentration obtained from 

absorbance at 260 nm.  The amount of AP4A was calculated relative to the wild type.  Three 

replicate data were collected and averaged.  Aminoacylation is shown in grey bars and Ap4A 

synthesis is shown in black bars 
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;  

 

Figure 17: Comparison of Ap4A synthesis activities of single and double cysteine to serine 

mutants with C496S.  The 1 µM of single or double cysteine mutation to serine purified from 

E.coli was used for both aminoacylation and Ap4A synthesis.  Amount of Ap4A synthesized was 

the integrated area obtained from HPLC and standard molar concentration obtained from 

absorbance at 260 nm.  The amount of Ap4A was calculated relative to the wild type.  Three 

replicate data sets were collected and averaged.  Aminoacylation activity is shown with single 

mutant grey bars and aminoacylation of double mutant is shown in black bars 
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3.6 Circular dichroism spectra of the mutants    

    In order to determine whether the changes in activities of the cysteine mutants resulted from 

changes in the secondary structure of hLysRS, circular dichromism was used.  Human LysRS 

and its mutants were prepared in 10 mM sodium phosphate (pH 7.4) and 50 mM KF.  All CD 

spectra were recorded as the average of 5 scans at 10 nm/min. Buffer background was 

subtracted. The observed ellipticity was converted into mean residue molar ellipticity [ϴ] using 

the equation below 

                           (Equation 2) 

where ϴ is the observed ellipticity in degree; C is the concentration of protein in M; l is the path 

length in cm; n is the number of amino acid residues. 

     

    The CD spectra of the hLysRS and its cysteine to serine mutants are shown in Figure 18.  All 

mutants share similar CD spectra spectrum with that of the wild type hLysRS.  There was no 

significant change in secondary structure of cysteine to serine mutants.  There are variations in 

alpha helix estimated seen in the single mutation from cysteine to serine mutants as well as the 

double.  However, these variations were not large enough to affect the overall secondary 

structure.  In addition, the double cysteine to serine mutation did not show any significant change 

in the secondary of hLysRS (Figure 19).  The cysteine to alanine mutants showed slight changes 

in the secondary structure but still maintain the overall alpha helical shape Figure 20. 
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Figure 18: CD spectra of hLysRS and its cysteine to serine mutants.  LysRS mutants were 

exchange with 5 mM NaH2PO4/50 mM KF buffer pH 7.4 (buffer A).  1. 5 µM of each hLysRS 

mutant in a total volume of 250 µl was used for analysis.  Spectra were recorded using 0. 1 cm 

path length cell on spectropolarimeter using scan speed of 20 nm/min, band width 50 nm, a time 

constant of 4 sec and data pitch 1 nm.  Five scans were accumulated and averaged for each 

mutant.  The background spectrum with the buffer was subtracted.  The mean residue ellipticity 

is calculated with equation 2.  HLysRS shown in (black), C209S in (pink), C338S in (green), 

C427S in (purple), C434S in (blue), C456S in (red), C463S (orange), C496S (mustard), C534S 

in (brown) 
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Figure 19: CD spectra of hLysRS and its double cysteine to serine mutants.  The CD spectra 

were obtained as described in Figure 18.  The CD spectrum of hLysRS is shown in black, 

C209S/C496S in pink, C427S/C496S in green, C434S/C496S in purple, C456S/C456S in blue, 

C463S/C496S in brown. 
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Figure 20: CD spectra of hLysRS and its cysteine to alanine mutants. The CD spectra were 

obtained as described in Figure 18. .The CD spectrum of hLysRS shown in black, C209S in 

(pink, C338S in green, C427S in purple, C434S in blue, C456S in red, C463S orange, C496S 

mustard, C534S in brown. 
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3.6.1 Deconvolution of CD data spectra using SELCON 3  

    The CD data was analyzed using SELCON 3 (DICHROWEB online program) [147] The 

program first converts from the elipticity in millidegrees, to difference between extinction 

coefficients of circularly polarized lights using the equation 3.  

∆ℇ                        (equation 3) 

 

where MRW (mean residue weight) is the protein mean residue weight (molecular weight in 

atomic mass units/daltons)/(number of residues), light pathlength (P) in cm and protein 

concentration (CONC) in mg/mL.  

    In this analysis the α-helix content is split into two classes: regular α-helix (αR) and distorted 

α-helix αD.  Secondary structure class αD was formed by considering nα residues for each -helix 

segment to be distorted, and was assumed to give a CD signal that is different than the regular  

-helix CD.  The number of residues per α-helix that are considered under αD, nα (number of 

residues per α-helix), was varied from two to six.  This corresponds to one to three residues at 

each end of an α-helical segment, the presumed location of the distorted residues, and the rest of 

the residues are included in the regular α-helix, the central part of the helical segment.  If the 

number of residues in the α-helical segment is less than nα, then all residues in that helix are 

grouped under αD.  The β-strand structure was also split into two classes, on similar lines as the 

a-helix, and they are termed βR and βD.  The numbers of residues per β-strand that are considered 

under βD, nβ, were varied from one to four.  For simplicity total α-helix, α (αR+ αD), and the total 

β-strand, β (βR+βD), are represented by α and β: the sum of regular and distorted helix or strand 
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respectively.  The percentages of α helices and β-strands estimated by the SELCON 3 for the 

wild type hLysRS were 38.6 % and 17 % respectively (Table 9), which are similar to the 35% 

and 24 %, respectively, found in the crystal structure of human LysRS.All the cysteine to serine 

mutant’s have small reduction in the α-helix content relative to the wild type except for C463S 

mutants, in which the percentage of β-strand was reduced 4-6% for the cysteine to serine mutant.  

. 
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Table 9: Analysis of hLysRS cysteine to serine mutant CD spectra using SELCON3 

             α   β    

 αR αD αR+ αD βR βD βR+ βD T U 

WT 0.226 0.160 38.6 0.099 0.071 17.0 0.188 0.273 

C209S 0.217 0.147 36.4 0.042 0.069 11.1 0.240 0.322 

C338S 0.206 0.134 34.0 0.042 0.069 11.1 0.229 0.309 

C427S 0.210 0.141 35.1 0.041 0.069 11.0 0.239 0.312 

C434S 0.207 0.134 34.1 0.039 0.066 10.5 0.233 0.311 

C456S 0.209 0.139 34.8 0.042 0.069 11.1 0.237 0.312 

C463S 0.270 0.162 43.2 0.076 0.055 13.1 0.160 0. 238 

C496S 0.193 0.148 34.1 0.049 0.086 13.5 0.308 0. 349 

C534S 0.208 0.132 34.0 0.041 0.071 11.2 0.250 0.324 

The assignments of secondary structure are from the SELCON 3 software [148] αR, regular α-
helix; αD, distorted α-helix; βR, regular β-strand; βD, distorted β-strand; T, turn; U, unordered.  α, 
total α-helix (αR+ αD) and  β total β-strand (βR+ βD) 

 

 

 

 

 

 

 



76 
 

Table 10: Analysis of hLysRS double cysteine to serine mutant CD spectra using SELCON3 

  α   β    
 αR 

 
αD αR+αD βR βD βR+ βD T U 

WT 0.226 0.160 38.6 0.099 0.071 17.0 0.188 0.273 

C209SC496S 0.140 0.116 25.6 0.026 0.086 11. 2 0.322 0.284 

C427SC496S 0.226 0.160 38.6 0.025 0.067 9. 2 0.242 0.284 

C434SC496S 0.421 0.231 65.2 0.026 0.032 5. 8 0.141 0.240 

C456SC496S 0.167 0.157 32.4 0.055 0.091 14. 6 0.342 0.359 

C463SC496S 0.258 0.164 42.2 0.086 0.062 14. 8 0.174 0.256 

αR, regular α-helix; αD, distorted α-helix; βR, regular β-strand; βD, distorted β-strand; T, turn; U, 
unordered.  α, total α-helix (αR+ αD) and  β total β-strand (βR+ βD) 

 

    Two of the double cysteine to serine mutants changed the percentage of α-helix in hLysRS by more 10 

%.  C209SC496S double mutant reduced the percentage α-helix by 13% and the percentage β-strand 

by 6 % relative to the wild type.  This change might have resulted in decrease of aminoacylation 

activity of this mutant.  The double mutant that causes a greatest change in the secondary 

structure was C434SC496S which resulted in 25% increase in alpha helix content and 11 % 

increase in the β-strand (Table 10).  The percentage change in the α-helix and β-strand content in 

the cysteine to alanine mutants was less than 6% (Table 11) 
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Table 11: Analysis of hLysRS cysteine to alanine mutant CD spectra using SELCON3 

          α              β      

 αR αD αR+αD βR βD βR+ βD T U 

WT 0.226 0.160 38.6 0.099 0.071 17.0 0.188 0.273 

C209A 0.264 0.168 43.2 0.088 0.063 15.1 0.179 0.263 

C338A 0.245 0.159 40.4 0.086 0.062 14.8 0.172 0.254 

C427A 0.182 0.153 33.5 0.044 0.084 12.8 0.347 0.339 

C434A 0.172 0.160 33.2 0.046 0.088 13.4 0.353 0.347 

C456A 0.241 0.163 40.4 0.092 0.067 15.9 0.184 0.269 

C463A 0.273 0.161 43.4 0.078 0.056 13.4 0.160 0.244 

C496A 0.271 0.163 43.4 0.076 0.055 13.1 0.161 0.240 

C534A 0.209 0.140 34.9 0.043 0.070 11.3 0.234 0.310 

αR, regular α-helix; αD, distorted α-helix; βR, regular β-strand; βD, distorted β-strand; T, turn; U, 
unordered. α, total α-helix (αR+ αD) and  β total β-strand (βR+ βD) are shown in percentages 
instead of fractions. 
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3.7 Fluorescence measurements of the mutants 

    There were no stable disulfide bonds in hLyRS, however, effect of the mutation on the tertiary 

structure is not known and was analyzed by fluorescence spectroscopy.  In order to monitor the 

effect of the mutation on the tertiary structure of hLysRS, intrinsic fluorescence of hLysRS and 

its mutants was analyzed.  All proteins were in buffer A (Materials and Methods).  The spectra 

were recorded after one hour incubation on ice until the fluorescence was stable.  The proteins 

were excited at 280 nm and scanned from 300 to 400 nm.  Each spectrum was the average of ten 

scans, and the background intensity from the buffer was subtracted from the spectra of the 

protein.  The concentration difference of the protein was corrected.  The fluorescence spectrum 

of cysteine to serine mutants is shown in Figure 21.  All cysteine to serine mutants had changes 

micro-environment of tyrosine and tryptophan from the WT hLysRS (Figure 21).   

    C434S, C456S, C534S rendered an enhancement of the intrinsic fluorescence while other 

mutants reduced the fluorescence.  The intrinsic fluorescence emission spectrum of each mutant 

was normalized to the same level using the maximal fluorescence emission intensity of each 

spectrum.  The wavelength of intrinsic fluorescence maximum of all cysteine to serine mutants 

shifted from 350 nm to 330 nm except C496S, which was close to that of hLysRS (Figure 22).  

The micro environment hLysRS double cysteine to serine mutants may have varied greatly with 

C434S/C496S having the highest fluorescence intensity compared to that of hLysRS and the 

other double mutants (Figure 23).  When the fluorescence intensity of the double mutants was 

normalized to the same maximal intensity, a blueshift of the maximal wavelength was observed 

(Figure 24).  The cysteine to alanine mutants showed variations in the emission maximum 

intensity (Figure 25), however, when the fluorescence intensity was normalized, the emission 

maximum wavelength was similar to that of the willd type hLysRS (Figure 26). 
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Figure 21: Intrinsic Fluorescence spectra of hLysRS and its cysteine to serine mutants.  

Fluorescence emission spectrum of each mutant was observed with excitation at 280 nm and 

scanned from 300 to 400 nm.  Mutants were buffered in buffer A.  Wild type hLysRS is shown in 

black, C209S shown in pink, C338S shown in deep green, C427S shown in purple, C434S 

shown in blue, C456S shown in brown, C463S shown in orange, C496S shown in red, C534S 

shown in light green.  
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Figure 22: Normalized Intrinsic Fluorescence spectra of hLysRS and its cysteine to serine 

mutants.  Fluorescence emission spectrum of each mutant was observed with excitation at 280 

nm and scanned from 300 to 400 nm.  Mutants were buffered in buffer A.  Concentrations of 

wild type and mutants’ hLysRS were kept at 1.5 µM.  Wild type hLysRS is shown in black, 

C209S shown in pink, C338S shown in deep green, C427S shown in purple, C434S shown in 

blue, C456S shown in brown, C463S shown in orange, C496S shown in red, C534S shown in 

light green.  
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Figure 23: Intrinsic Fluorescence spectra of hLysRS and its double cysteine to serine 

mutants.  Fluorescence emission spectrum of each mutant was observed with excitation at 280 

nm and scanned from 300 to 380 nm.  Mutants were buffered in buffer A.  Wild type hLysRS is 

shown in black, C209S/C496S shown in pink, C427S/C496S shown in green, C434S/C496S 

shown in blue, C456S/C496S shown in brown, C463S/C496S shown in orange.  
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Figure 24: Normalized Intrinsic Fluorescence spectra of hLysRS and its double cysteine to 

serine mutants.  Fluorescence emission spectrum of each mutant was observed with excitation 

at 280 nm and scanned from 300 to 380 nm.  Mutants were buffered in buffer A.  Wild type 

hLysRS is shown in black, C209S/C496S shown in pink, C427S/C496S shown in green, 

C434S/C496S shown in blue, C456S/C496S shown in brown, C463S/C496S shown in orange.  
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Figure 25: Intrinsic Fluorescence spectra of hLysRS and its cysteine to alanine mutants.  

Fluorescence emission spectrum of each mutant was observed with excitation at 280 nm and 

scanned from 300 to 400 nm.  Mutants were buffered in buffer A.  Wild type hLysRS is shown in 

black, C209A shown in red, C338A shown in deep green, C427A shown in pink, C434A shown 

in purple, C456A shown in brown, C463A shown in light green, C496A shown in mustard, 

C534A shown in light blue.  
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Figure 26: Normalized Intrinsic Fluorescence spectra of hLysRS and its cysteine to alanine 

mutants.  Fluorescence emission spectrum of each mutant was observed with excitation at 

280nm and scanned from 300 nm to 400 nm.  Mutants were buffered in buffer A.  Wild type 

hLysRS is shown in black, C209A shown in red, C338A shown in deep green, C427A shown in 

pink, C434A shown in purple, C456aA shown in brown, C463A shown in light green, C496A 

shown in mustard, C534A shown in light blue.  
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Table 12: Summary of maximum wavelength of emission and intensities of hLysRS mutants 

 Wavelength 

of maximum intensity (nm) 

Fluorescence intensity 

hLysRS 347 62280 

C209S 334 44819 

C209S C496S 340 61690 

C209A 336 23735 

C338S 338 57533 

C338A 336 12732 

C427S 340 59483 

C427SC496S 340 35011 

C427A 344 14303 

C434S 338 73801 

C434SC496S 340 155599 

C434A 340 17319 

C456S 337 94345 

C456SC496S 337 22109 

C456A 341 13108 

C463S 340 50487 

C463SC496S 340 72262 

C463A 337 17906 

C496S 341 45644 

C496A 337 15993 

C534S 337 14019 

C534A 335 109139 
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3.8 Analysis of multiple cysteine mutants  

    In addition to double cysteine to serine mutants, various combination of serine or alanine 

mutants were used to generate multiple mutations to assess the significance of cysteine residues 

in aminoacylation as well as secondary and tertiary structure.  The first sets of mutants are shown 

in Table 13 which was generated from the C496A hLysRS plasmid using primers corresponding 

to the various mutants.  C496A mutant was inactive for both Ap4A synthesis and 

aminoacylation.  The mutants in Table 13 were generated to find out if any cysteine residue(s) 

could compensate the inactivation observed for non-polar residue at position 496.  As shown in 

Figure 27, none of the cysteine mutants could reverse the inactivation observed at position 496, 

replacing the cysteine at this position with a non-polar amino acid completely inactivated the 

enzyme.  The double, triple and multiple cysteine mutations in hLysRS may have affected the 

protein folding and expression.  The expression level was significantly reduced and thus the 

aminoacylation reaction was done using the crude extract (supernatant) of both the wild type and 

the mutants.   
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Table 13 Multiple cysteine mutants of hLysRS with C496A 

Multiple Cysteine mutants of hLysRS Abbreviation 

C338A-C496A A-2 

C338A-C496A-C534A B-3 

C209A-C338A-C496A-C534A C-4 

C209A-C338A-C427A-C496A-C534A D-5 

C209A-C338A-C427A-C456A-C496A-C534A E-6 

C209A-C338A-C427A-C434A-C456A-C496A-C534A F-7 

C209A-C338A-C427A-C434A-C456A-C463A-C496A-C534A G-8 
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Figure 27: Analysis of multiple cysteine mutants with C496A.  Initial rate of aminoacylation 

of 1µM crude extract (supernatant) of wild type hLysRS and multiple mutants were evaluated by 

monitoring the time course aminoacylation reaction for 8 min.  Aminoacylation was carried out 

as described in Materials and Method at 37
o
C using 4mM ATP, 25µM L- [4,5-

3
H(N)]-lysine and 

3mg/mL brewer’s yeast tRNA.  HLysRS activity was significantly reduced upon mutating 

cysteine at position C496A. Additional mutation did not affect on the aminoacylation activity. 
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Besides the multiple mutants that were generated with inactive C496A, other multiple mutants 

(Table 13) were generated with active C496S to find out if this additional Cys mutation will 

affect lysylation by hLysRS.  HLysRS remained active with double mutations of C338A and 

C496S.  Conversely, any additional mutation of cysteine to alanine rendered the enzyme almost 

completely inactive (Figure 28).  Apart from the double mutant C338A/C496S and triple 

mutants C338A/C496S/C534A, the expression level of the rest of the mutants with C496S was 

very low. For this reason, aminoacylation was done using the crude protein similar to the 

multiple mutants with C496A. 

 

 

Table 14: Multiple cysteine mutants of hLysRS with C496S 

Multiple Cysteine of hLysRS Abbreviation 

C338A-C496S A-2S 

C338A-C496S-C534A B-3S 

C209A-C338A-C496S-C534A C-4S 

C209A-C338A-C427A-C496S-C534A D-5S 

C209A-C338A-C427A-C456A-C496S-C534A E-6S 

C209A-C338A-C427A-C434A-C456A-C496S-C534A F-7S 

C209A-C338A-C427A-C434A-C456A-C463A-C496S-534A G-8S 
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Figure 28 Analysis of multiple cysteine mutants with C496S.  Initial rate of aminoacylation of 

1µM crude extract (supernatant) of wild type hLysRS and multiple mutants were evaluated by 

monitoring the time course aminoacylation reaction for 8 min.  Aminoacylation was carried out 

as described in Materials and Method at 37
o
C using 4mM ATP, 25µM L- [4,5-

3
H(N)]-lysine and 

3 mg/mL brewer’s yeast tRNA.  HLysRS activity slightly reduced upon mutating cysteine at 

position 496 to a polar residue serine.  Double mutation with C338A did not have any significant 

effect on the activity of the enzyme.  However, additional mutations reduced the enzyme activity 

significantly.  
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3.9 DISCUSSION  

    Aminoacyl-tRNA synthetases (AARSs) are essential enzymes responsible for performing the 

first step of protein synthesis.  Specifically, AARSs attach amino acids to their cognate tRNA 

molecules in the cytoplasm and mitochondria.  Many of the AARS are involved in other non-

canonical functions.  Recent studies have demonstrated that mutations in genes encoding AARSs 

can result in several diseases [149, 150], raising many questions about the role of these enzymes 

in protein synthesis as well as other functions in the cell.  The human LysRS is one of the most 

extensively studied among mammalian tRNA synthetases.  Human LysRS is highly conserved 

and its crystal structure has been solved [12].  In addition to translation, hLysRS is involved in 

regulation of transcription by MITF in immunologically stimulated mast cells [104] and in HIV 

packaging [46].  

    The roles of cysteine residues in hLysRS were examined in this thesis because cysteine 

residues play important structural and functional roles in proteins.  AARS of eukaryotic 

organisms have higher number of cysteine residues compared to their prokaryotes counterparts.  

However, the function that these additional cysteine residues provide for these organisms is not 

known.  Out of the eight cysteine residues in hLysRS, six of them (Cys-209, Cys-338, Cys-434, 

Cys-456, Cys-496 and Cys-534) are fully conserved in Drosophila melanogaster (drome) and 

Saccharomyces cerevisiae (yeast).  Previous studies have indicated that some AARS are known 

to be inhibited by sulfhydryl modifying reagents such as N-ethylmaleimide (NEM) and 

iodoacetamide (IAA) [122, 125].  In this work, we hypothesized that cysteine may be essential 

for the structural stability and functions of the hLysRS.  In order to test this hypothesis, the 

catalytic activity of hLysRS was investigated in the presence of cysteine selective reagents NEM 

and IAA.  Inactivation of 85 % of hLysRS activity by NEM and 21 % by IAA shown in Figure 5 
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indicated that some of the cysteines are exposed on the protein’s surface, and since these 

reagents react with thiols but not disulfides, the cysteines that were modified are in the reduced 

form.  The cysteine modification experiments, which resulted in reduced enzymatic activity, 

suggest that some of the cysteines in hLysRS are important for catalysis or substrate binding.  

However, interpretation of the chemical inactivation is complicated by the fact that cysteine 

modification creates two changes in the enzyme.  The S-H group in cysteine is eliminated, and a 

new S-R group is also introduced, where R group depends on the sulfhydryl reagent used.  

Because all the alkyl groups are larger than H, modified cysteine residues may cause steric 

constraints for enzyme functions such as substrate binding. Even if one could identify the 

cysteines that were modified with the NEM and IAA, it is non-trivial to discern whether the 

inactivation was due to direct effect or an indirectly from structural changes that accompany the 

addition of a bulky group such as the N-ethyl maleimide to the protein.  Site-directed 

mutagenesis provides a powerful way to interrogate the roles of specific cysteines.  Additionally, 

different degrees of hLysRS inactivation by the two sulfhydryl reagents could indicate their 

different reactivity, which depends upon their size, reactivity, charge or polarity.  The use of site-

directed mutagenesis to modify the native cysteine residues offers an approach to determine the 

of individual cysteine residues in human LysRS and to reveal whether the inactivation of 

hLysRS by the two chemical reagents may involve steric hinderance from the bulky chemical 

group near the active site.  In this work, site directed mutagenesis was used to mutate cysteine 

residues individually to Ser or Ala that differs by a single atom from Cys.  

    Initially, before any mutation was done on human LysRS, one question that we wanted to 

address in this study was to find out if the cysteine residues were located on the surface of the 

protein or buried.  Solvent accessibility of Cys residues was assessed using Ellman’s reagent (5, 
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5’-dithiobis-(2-nitrobenzoic acid) or DTNB), which react specifically with the sulfhydryl group.  

The human LysRS was chemically modified with NEM and IAA separately, dialyzed with 1x 

PBS and analyzed.  The results suggest that  four of the eight cysteine residues in hLysRS may 

be located on the surface of the protein and the four may be buried or unreactive towards DTNB 

or may be involved in intra- or inter- molecular disulfide bonds.  DISULFIND and SS-BOND 

webservers were used to predict the present of disulfide bond in hLysRS.  According to the result 

obtained, hLysRS do not contain disulfide bond which is in agreement with what is observed in 

the crystal structure of hLysRS [103].  The result of DTNB modification indicated that the four 

cysteine residues may either be buried or not reactive with the DTNB.   

    Point mutations of Cys residues in hLysRS were used to further understand the functions of 

cysteine residues in lysylation in lysine, tRNA and ATP binding in catalysis.  Cysteine to serine 

mutants were analyzed for their effects on the initial rates of lysylation.  All the cysteine to serine 

mutation resulted in reduction in initial rate of lysylation.  Two mutations C338S and C534S 

inactivated hLysRS completely (Figure 8).  A similar effect was observed for C534A and 

C496A.  However, the C338A retained about 65 % of the lysylation activity of the wild type.  

C338 and 496 are close to the ATP and Lysine binding sites (Figure 29) and may be essential for 

catalysis.  
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Figure 29: The crystal structure of human Lysyl-tRNA synthetase displaying the active site: 

The cysteine residues adjacent to the Lys and ATP binding site and their positions are labeled in 

pink.  The APC, which is ATP analogue is labeled in rainbow, lysine is labeled in red.  The 

crystal structure displaying the all the eight-cysteine residues are shown in Appendix II Figure 

A2.4. 

 

 

 

 

 

 



95 
 

    The reason for the difference between C338S and C338A could be due to the fact that serine 

could be enhancing or introducing new interactions which inhibit the catalysis.  Alanine at does 

not introduce such interactions.  The converse was seen for mutatants C496A and C496S.  Thus, 

polar residue at position 496 is essential for catalysis, while non-polar residue at position 338 

preserve the catalysis.  C534 is important for catalysis, since both mutations of C534A and 

C534S inactivate the lysylation activity.  Additional cysteine to serine mutants were generated at 

C496.   

    To further understand the effects of these mutations in terms of substrate binding and 

catalysis, the kinetic constants (Km, kcat and kcat/Km) of each mutant with the three substrates 

lysine, tRNA and ATP were determined.  Km, which is the measure of the substrate 

concentration required to reach half-maximal velocity, kcat, which is the turnover number of 

substrate molecules per enzyme molecule per second, and kcat/Km, which is the catalytic 

efficiency of the enzymes taking into account of both Km and kcat, were determined. The wild 

type hLysRS required less amount of lysine to achieve catalysis compared to the cysteine 

mutants.  Comparable Km was observed for the cysteine to serine mutants except for C209S. The 

Km value of (lysine) for the cysteine to serine mutants did not change significantly indicating that 

the mutation did not affect lysine binding.  However the kcat (lysine) was greatly affected and 

this resulted in lower catalytic efficiency for C209S and C434S (Figure 11 and Table 6), 

suggesting that polar residue at these two positions do not favor catalysis. Substituting cysteine 

residues with Ser at positions 427, 456 and 496 did not affect the catalytic efficiency as much as 

mutations at other postions. Km, kcat and kcat/Km for cysteine to serine mutation at positions 338 

and 534 were not determined since the mutations rendered the enzyme completely inactive.  

LysRS C427S, C456S, C463S showed comparable Km for ATP similar to that of the wild type 
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(Figure 12 and Table 7).  LysRS C496S whose catalytic efficiency was high for both lysine and 

tRNA were greatly reduced for ATP (Figure 12g and Table 7).  This may be due to the fact that 

serine at position 496 introduced some kind of interaction at the active site that could be favoring 

lysine and tRNA binding but not ATP.  All the cysteine to serine mutants resulted in reduced 

tRNA catalytic turn over per second compared to the wild type (Table 8).  

    Most of the AARS including LysRS, AlaRS and MetRS are known to synthesize Ap4A in 

vitro as a side reaction that uses a second ATP to react with aminoacyl adenylate, the 

intermediate of aminoacylation [151].  The hLysRS is responsible for the major Ap4A 

production in the cell.  To find whether the cysteine in hLysRS play a role in Ap4A synthesis the 

mutants were investigated for Ap4A production in vitro using HPLC.  All the cysteine to serine 

mutation resulted in reduced Ap4A production except for C496S (Figure 14).  One of the two 

inactive mutants for aminoacylation C534S retained Ap4A synthesis activity but not 

aminoacylation, however, C338S was inactive for both aminoacylation and Ap4A production. 

This suggests that mutation at position C534S did not affect the first step of aminoacylation but 

rather the second step which is the transfer of amino acid in aminoacyl adenylate onto the tRNA 

(Figure 4)  while the C338S mutants affected both steps.  Most of the mutants that reduced the 

initial rate of lysylation activity also had similar effect of Ap4A production.  Alanine mutants 

that retained catalytic activity for lysylation were able to synthesize Ap4A (Figure 15).  The four 

mutants that were essential for both aminoacylation and Ap4A were Ser mutations at position 

209, 338, 496, 534. Of the four mutants cysteine at position 534 is plays critical role in 

aminoacylation since mutation to serine or alanine completely inactivated the enzyme.  Further 

mutations were done, triple mutants consisting of C338A/C496A/C534A was constructed to 

further investigate their role in aminoacylation and AP4A synthesis.  Addition of a second 
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mutation to the single mutation of cysteine to serine did not have additional effect on 

aminoacylation or Ap4A synthesis.  There was no significant difference between the Ap4A 

synthesis activity of C463S and its double mutant C463SC496S (Figure 16), however two 

mutatants (C434S/C496S and C456S/C496S) resulted in reduction of Ap4A synthesis and 

aminoacylation. Adverse effect was seen in the other cysteine to serine double mutants.  Double 

mutation did not have significant effect on Ap4A synthesis; activity of mutants with two 

mutations was similar to those with single mutation (Figure 17).  The cysteine to alanine 

mutants with multiple mutations in combination with C496A rendered the enzyme completely in 

active in Ap4A synthesis and aminoacylation (Figure 17 and Table 9).  Since C496A was 

inactive, it was no surprising to observe inactivation of the mutants with multiple mutations in 

combination with it.  Additional mutants containing mutations in addition to cysteine mutation at 

position 496 were examined to see determine if it can revert the activity of the previous multiple 

mutants.  C338A/C496S activity was partially retained but all the other triple, quadruple and the 

cysteine null mutants was inactive (Figure 28 and Table 14).  All mutants with multiple 

mutations did not express well in E.coli.  

    Analysis of eight cysteine residues in human lysyl-tRNA synthetase by site-directed 

mutagenesis indicated that three cysteine residues at position 338, 496 and 534 are crucial for 

both Ap4A synthesis and lysylation.  C338A is active in both lysylation and Ap4A synthesis but 

C338S is inactive in both lysylation and Ap4A synthesis suggesting C338S but not C338A may 

have altered Lys binding since the adjacent E339 is hydrogen-bonded to Lys α-amino group [99].  

C496S is active in both lysylation and Ap4A synthesis but C496A is much less active in both 

lysylation and Ap4A synthesis.  Cysteine at position 496 is adjacent to N497 that is hydrogen-

bonded Lys α-carboxyl group [152].  The polar serine residue in C496S but not in C496A has 
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maintained the structure at the active site and thus the enzyme activity.  C534 is far from the 

active site but is adjacent to the anticodon binding domain of the neighboring protomer. The 

effect of C534A on aminoacylation but much less on Ap4A synthesis suggests C534 may be 

involved in the binding of tRNA by adjacent protomer or inter-subunit interactions in lysylation 

of tRNA. Single cysteine to serine mutants C434S, C456S, C463S, C496S and C534S retain 

Ap4A synthesis activity but less so in lysylation of tRNA suggesting that these mutations may 

also affect tRNA binding since Ap4A synthesis does not require tRNA (Figure 4).  Four point 

mutations C338S, C534S, C496A and C534A inactivated hLysRS lysylation activity and Ap4A 

synthesis activity except C534A retained Ap4A synthesis activity.  The loss of activity and 

expression levels of the cysteine mutants with multiple mutations in addition to C496A or C496S 

suggested that the cysteine residues are important for the catalysis of hLysRS. 

    Finally, the cysteine residues were investigated for their role in the structurally stability of 

hLysRS.  Circular dichroism was used to analyze the effect of mutation on the secondary 

structure of hLysRS.  The shapes of the CD spectra of the mutants were similar to that of the WT 

although a large difference in   between them was evident.  According to the crystal structure 

of hLysRS which was solved without the sixty N-terminal residues, the percentage α-helix and β-

strand content in hLysRS is 34% and 24% respectively [103].  The experimental results obtained 

from deconvulation using SELCON3 was 38% and 17% for α-helix and β-strand respectively. 

The difference could be due to the fact that the N-terminal sixty residues were not included in the 

crystal structure. The cysteine to serine mutants did not show significant changes on percentages 

of alpha helices and beta strands in hLysRS even though minor variation in the estimated content 

of alpha helix was observed. Three single cysteine to serine mutant C338S, C434S and C534S 

cause about 4.5 % and 6 % change in the α-helix and β-strand content respectively relative to the 
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wild type (Figure 18 and Table 9).  Additionally, there was slight variation seen in the cysteine 

to alanine mutants (Figure 20 and Table 11).  Similar results were obtained for the double 

cysteine to serine mutants.  Surprisingly one double cysteine to serine (C434SC496S) increased 

the α-helix by 26% and decreased the β-strand content by 11 % (Figure 19 and Table 10).  This 

change was consistent with that was observed in the intrinsic fluorescence (Figure 23).  In spite 

of the variation seen in all mutants, the hLysRS still maintained a high percentage of its typical 

alpha helical content relative to the β-strand (Figure 18, 19 and 20).  

    The changes in secondary structure of the mutants suggest that hLysRS may have labile 

secondary structure that can be affected significantly by introducing point mutation at Cys 

residues.  However, the helical and strand contents based on CD measurements are very sensitive 

to the concentration of the protein sample and are subject to some degrees of uncertainty because 

of the presence of minor contaminant proteins and variations in the degree of folding of 

bacterially expressed proteins.  Some of the changes in the secondary structures apparently did 

not affect the lysylation or Ap4A synthesis activities such as C427A, C456A, C456S and C463S 

mutants.  Nonetheless, the observed changes for each mutant may differ and could not be 

resolved at present.   

    The effect of the mutation of cysteine residues on the tyrosine and tryptophan micro-

environments in hLysRS and mutants were assessed using fluorescence spectroscopy.  There was 

a blue shift in the wavelength of fluorescence for all the cysteine to serine mutants except for 

C496S which diplay emission spectra with wavelength similar to that of the wild type hLysRS as 

shown (Figure 26).  This variation in the cysteine to serine mutant suggests a change in the 

micro-environment of these mutants which could affect a change in the tertiary structure.  A 

change in the micro-environment of tyrosine and tryptophan was seen in the cysteine to serine 
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double mutants as well (Figure 23).  Generally intrinsic fluorescence of proteins results from 

three aromatic amino acids such as tryptophan, tyrosine and phenylalanine; however   tryptophan 

are the major contributers of the fluorescence at 340 nm since they have high quantum yields 

(emitted photon/excitation photon).  Fluorescence from tyrosine can be easily quenched by 

nearby tryptophan residues because of energy transfer.  The wavelength of maximum intensity 

(λmax) of native proteins containing trytophan normally ranges from 308 to 355 nm [153], with 

residues in hydrophobic environments typically having the most blue-shifted emission.  

Unfolding of a protein almost always leads to a red shift in the emission to a λmax in the range 

345–355 nm [154, 155].  For this reason intensity of the fluorescence seen in hLysRS and 

mutants could be likely due to changes in the environment at the tryptophan residues in the 

protein 

    The hLysRS contain two trptophan residues at positions 475 and 547. Looking at the crystal 

structure in Figure 30, the tryptophan at position 475 is exposed at the surface of the protein and 

that at position 547 is buried within the catalytic core of the protein.  When tryptophan is in 

hydrophobic environment (core) of a protein, its quantum yield is high and thus results in high 

fluorescence intensity. The tryptophan that is exposed to the surface of the protein is quenched 

the solvent [156].  Thus, the intensity observed in this work may be solely from the tryptophan 

547 in the catalytic core of the protein.  Changing the hydrophobic environment of tryptophan to 

aqueous or hydrophilic may cause significant (10–20 nm) red shifts for tryptophans that are 

essentially buried in the protein [153].  This could to be due to the combined action of regions of 

water up to 25 nm distant that are probably oriented by the charges and/or shape of the protein.  
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Figure 30: The crystal structure of human Lysyl-tRNA synthetase displaying the 

tryptophans important for intrinsic fluorescence:  The cysteine residues and their positions 

are labeled in pink.  The APC which is ATP analogue is labeled in rainbow, Lysine substrate for 

hLysRS is labeled in red.  The two trptophans important for the activity is labeled in green.  

 

 

 

    Three cysteine to serine mutants, (C338S, C434S and C456S) increased intrinsic fluorescence 

intensities and the other cysteine to serine residues decrease the intensity (Figure 21).  

Additionally, blue shift in λmax instead of red shift for the cysteine to serine mutants was 

observed (Table 12). This could be due to change in the micro-environment resulting for 

interaction of the side chain of charge residues with tryptophan. Both water and protein 

contribute in various ratios to the shift, but the ratio in most cases is difficult to predict. When 
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charged groups lie close to tryptophan, they usually dominate the mechanism of the shift, and 

waters may even create a blue shift in such environments [153].  The hydrophilic exposure, by 

itself, is not sufficient for a red shift.  This was seen in all the cysteine to serine mutants except 

for C496S (Figure 22).  The double cysteine to serine mutants shows a similar trend as the single 

cysteine to serine mutants (Figures 23 and 24).  The single cysteine to alanine mutants’ 

fluorescence intensity was reduced upon mutation except for mutation at position 209.  The same 

adverse effect was seen in the cysteine to alanine mutants, we were expecting the intensity to 

increase with increasing the hydrophobic environment but most of the mutant hLysRS intrinsic 

fluorescence was reduced (Figures 25 and 26).  These results indicates that the mutation of 

cysteine residues in hLyRS introduced some kind of interaction, which slightly changed the 

microenvironment of the tyrosine and the tryptophan; a change that was not significant enough to 

change the secondary structure but might have an effect on the tertiary structure.  

   Cysteine residues are the most reactive natural amino acids due to their oxidatively susceptible 

thiol group, play important roles in modifying the structure and function of many proteins, [157, 

158] and maintaining  the  redox potential of a cell.  The properties that make cysteine ideal for 

these redox-based reactions also make them exceptionally vulnerable to oxidation by reactive 

oxygen or nitrogen species (ROS/RNS) or to modification by environmental or endogenous 

electrophiles [159].  The average pKa of the cysteine residue thiol is ~8.5, which at cytosolic 

physiological pH, is less likely to react with ROS or electrophiles.  However, many proteins have 

domains, which result in a substantial lowering of the pKa of thiol groups, such that they are 

predominantly in the reactive thiolate anion form at physiological pH, which is an important 

attribute for enhancing reactivity.  The pKa values for cysteine residues in proteins can be 

strongly influenced by the local environment.  Protein thiols with low pKa, mainly those that 
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ionize at physiological pH, are often referred to as “reactive cysteines” [160].  The predicted pKa 

values of the individual cysteine residues in hLysRS using the PROPKA webserver are listed in 

Table 19.  Features of the Cys environment that can facilitate thiol ionization include proximity 

to positively charged amino acids and [161] and hydrogen bonding [162].  These may have 

resulted in the differences in activity of the cysteine residues. 

    Several studies have indicated in some AARS that cysteine residues are involved in substrate 

binding [163, 164].  Using chemical modification and site directed mutagenesis we have 

identified four mutations that inactivate hLysRS (C534S, C534A, C338S and C496A). The 

differences in inactivation that was observed for chemical modification with NEM compared to 

IAA could be due to steric hindrance or as well as difference in the reactivity of the two reagents.  

In addition, NEM is known to specifically block the tRNA dependent step of amino acylation but 

does not inhibit the adenylate synthesis [118, 165, 166].  The reaction of NEM with thiols is 

faster than IAA and less dependent on pH and thus IAA is most frequently used to identify low 

pKa cysteines, also referred to as the “reactive thiol Proteome” [167].  In this study, low 

inactivation of hLysRS by IAA may be due to the slow reaction rate.  LC/MS/MS analysis of 

NEM and IAA modified hLysRS indicated both NEM and IAA modified one of the cysteine that 

is crucial for catalysis (Cys-496) and other four cysteine residues Table 19.  Since both NEM 

and IAA show similar reactivity toward the cysteine residues, the difference in the inactivation 

was due to steric hindrance.  In addition, cysteine residues that were not identified by LCMS/MS 

C-209, C-456 and C-534 but are important for aminoacylation may not have reacted with IAA.  

It was steric interference introduced by NEM that prevented the proper positioning of the 

substrate for catalysis and resulted in the reduced activity.  The fact that IAA modification has 
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less effect on the hLysRS catalysis could be due to the smaller size of the alkyl group in IAA 

than that of NEM.   

The other cysteine residues in hLysRS which are far away from the active site but resulted in 

reduced activity upon mutation may be have affected the structural stability 
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CHAPTER 4 INTERACTIONS IN THE SUBCOMPLEXES OF THE MULTI-

SYNTHETASE COMPLEX 

4.1 Introduction  

    Nine aminoacyl-tRNA synthetases are found in MSC (the multi-enzyme complex). The MSC 

has an apparent molecular weight of 1.5x106 Da in the cells of higher eukaryotes.  This type of 

structural organization is confined to eukaryotic species ranging from arthropods to mammals. 

The emergence of the multi-synthetase assembly was accompanied by the evolutionary 

acquisition of discrete protein-protein interaction motifs, of a scaffold protein and of several-

non-catalytic polypeptides [168].  This is a particularly intriguing protein assembly as all of the 

enzymes catalyze the parallel reactions, with individual and highly specific substrates, as 

discussed in Chapter One.  The structural and functional significance of this assembly of 

enzymes is not well understood.  The proteins that are involved in the multi-synthetase complex 

have been implicated in several non-canonical functions beyond translation.  It has also been 

found that these enzymes participate in additional cellular functions and are viewed as 

opportunities for developing new antimicrobial agents [169].  Previous studies suggest that the 

MSC may directly channel AA-tRNAs to EF1A without dissociation from the synthetases in the 

cytoplasm [67].  This channeling could potentially provide a sequestered pool of AA-tRNAs 

specifically for utilization in protein synthesis, although a direct interaction between the 

ribosome and AARSs in the MSC has not been established.  The mammalian MSC (MARS) has 

been shown to interact with polysomes; however, it is unclear whether this reflects substrate 

channeling during protein synthesis [170].   

    One of the three AARS-interacting factors of multisynthetase complex, p18 interacts with EF-

1γ, which may facilitate transfer of aminoacyl-tRNAs to the ribosome [171].  Studies using yeast 
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two-hybrid screens [72], in vitro binding assays [64], and deletion analysis [49] indicate that p38 

functions as a scaffolding protein and that it interacts with most of the protein in the complex, 

making it essential for complex assembly.  Accurate description of the spatial arrangement of the 

proteins in the complex is necessary for the study of its assembly, its disassembly and the 

formation of the complex structures. 

    Several approaches have been employed to probe the structural organization of the MSC and 

several subcomplexes’ interactions have been identified (Section 1.4).  This Chapter seeks to 

elucidate the structural and spatial organization of the MSC at the molecular level which will, in 

turn, provide insights to the evolved interactions. The current working model of the MSC has 

been proposed using tandem affinity purification in combination with siRNA to probe the 

assembly in vivo [73].  Using this method, two major sub complexes of MSC in the absence of 

p38 were identified. Subcomplex I comprises of MetRS, LeuRS, lleRS, GluProRS, and p18, 

while ArgRS, GlnRS and p43 make up subcomplex II. LysRS-p38-AspRS forms a ternary 

complex linking the two subcomplexes together [172].  Our major objective of this work is to 

develop a spectroscopic method to examine the spatial arrangement, molecular determinants and 

interface contacts of the synthetases and the auxiliary proteins in the MSC.  We intended to 

employ fluorescence resonance energy transfer (FRET), LC-MS/MS and chemical crosslinking 

to evaluate the structural organization.  The backgrounds of the probes used for FRET analysis 

are discussed in the sections below. 
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4.1.1 Green fluorescence protein 

   Green fluorescent protein (GFP) is a protein composed of 238 amino acid residues (26.9 kDa), 

and it exhibits bright green fluorescence when exposed to light in ultraviolet and visible range 

[173, 174].  GFP has a typical beta barrel structure and consists of eleven β-sheets with six alpha 

helices containing the covalently bonded chromophore 4-(p-hydroxybenzylidene)-imidazolidin-

5-one (HBI) running through the center [175, 176].  The central fluorophore is derived from 

oxidation and cyclization of the Ser65, Tyr66 and Gly67 residues that spontaneously produce 

HBI in the phenolate form. Numerous GFP variants have been developed to enhance 

fluorescence intensity, to vary emission wavelength and to improve the expression level of the 

protein. Enhanced green fluorescence protein (EGFP), which is much brighter than the wild type 

GFP, was developed by substituting the Phe-64 with Leu and Ser-65 with Thr. Enhanced blue 

fluorescent protein was developed from EGFP by mutating Tyr-66 to His and Tyr-145 to Phe 

[177].  Four point mutations Y66W, N146I, M153T, and V163A in the EGFP change its 

fluorescence from green to cyan (ECFP).  Enhanced yellow fluorescence protein is obtained by 

substituting M153T, V163A and S175G in the wild type EGFP.  EYFP serves as the acceptor for 

genetically-encoded FRET sensors for which the donor fluorophore is ECFP (enhanced cyan 

fluorescent protein).  In this work, EGFP and EYFP were obtained commercially and the EBFP 

was made by substituting the appropriate amino acids in EGFP.  The ECFP plasmid was a gift 

from Dr. Radhakrishnan Padmanabhan (Georgetown Medical Centre).  EGFP and variants have 

been used to study protein-protein interaction in vitro and in vivo [178].  
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4.1.2 Tetracysteine (CCPGCC) as a fluorescence probe  

     The tetracysteine motif (TC or CCPGCC) is a peptide sequence that rarely occurs in 

endogenous proteins and can be genetically encoded into recombinant proteins for fluorescence 

studies. The biarsenical labeling reagents FlAsH (4, 5-bis (1, 3, 2–dithiarsolan-2-yl) fluorescein 

and ReAsH 4, 5-Bis (1,3,2-dithiarsolan-2-yl)-resorufin become fluorescent when bound to 

CCPGCC.  CCPGCC that is genetically inserted into a target protein binds to ReAsH (red 

fluorescent) and FlAsH (green fluorescent) with high affinity [179].  These biarsenical dyes are 

not fluorescent on their own and must be bonded to the TC motif to fluoresce.  For instance, 

FlAsH-EDT2 is typically non-fluorescent; however, it becomes 50,000 times more fluorescent 

(quantum yield about 0.5) upon exchanging the EDTs for a tetracysteine-containing peptide.  We 

employed these two reagents in our FRET studies since they offer less steric constraints to 

protein than fluorescent proteins.  The ReAsH and FlAsH used in this work were synthesized by 

Huiguo Lai (former student of Dr Yang’s lab).   

    A set of color variants of FlAsH with different spectral properties and enhanced photo stability 

(e.g., fluorinated variants of FlAsH) has been reported [180, 181].  Recently, an optimized 

peptide of tetracysteine (FLNCCPGCCMEP) bonded to ReAsH has been developed and the 

structure of the complex was solved using NMR spectroscopy [182], and the structure revealed 

that the peptide sequence forms a hairpin structure and thus Phe1, Pro6 and Gly7 are particularly 

important for the four cysteines to bind the biarsenical dye with high affinity (Figure 31).  

Labeling of proteins with FlAsH and ReAsH can be used in intact cells.  The label is stable and 

lasts for hours, and can be readily reversed using ethanedithiol (EDT2) or β-mercaptoethanol 

[183].  FlAsH has been used in combination with a second fluorophore in FRET studies. 

Fluorescent proteins, such as CFP (cyan fluorescent protein) as well as ReAsH, have been used 
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as FRET partners.  FlAsH was used in combination with the EBFP in the present studyt.  

Conformational changes of individual proteins and protein-protein associations have been 

analyzed using FRET [184, 185].   

 

 

Figure 31: FlAsH and CCPGCC complex.   FlAsH-EDT2 binds tetracysteine tagged protein 

through four covalent bond formations, the two arsenic groups of the FlAsH-EDT2 reagents each 

bind two thiols in the tetracysteine sequence. Upon binding, the FlAsH-EDT2 is converted to a 

highly fluorescent state that can be detected at the appropriate emissions peak of 528 nm when 

exicited at 508 nm. 
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4.1.3 Fluorescence resonance energy transfer (FRET) 

    FRET is a phenomenon that occurs when two fluorophores are in close proximity (< 100Ǻ) 

and have appropriate spectral overlap such that resonance energy transfer between a fluorescence 

donor and a fluorescence acceptor occurs in a non-radiative process.  Thus excitation of the 

donor can produce light emission from the acceptor with simultaneous loss of emission from the 

donor [186].  There are three conditions that must be satisfied in order for FRET to occur.  These 

are (a) the fluorescence emission spectrum of the donor must overlap the absorption or excitation 

spectrum of the acceptor chromophore where the degree of overlap is defined by spectral overlap 

integral (J); (b) the two fluorophores (donor and acceptor) must be in the close proximity with 

each other (typically 10–100 Å); (c) donor and acceptor transition dipoles must orient properly.  

Several studies have demonstrated the use of FRET as a method for probing intermolecular 

interactions and for determining the spatial and geometrical arrangements of multicomponent 

structures, such as proteins that associate to form supramolecular structures (e.g. multiprotein 

assemblies) [187].  Due to sensitivity of energy transfer efficiency to distance, FRET has been 

used to investigate molecular interactions.  Recent advances in the method have led to qualitative 

and quantitative improvements including increased spatial resolution, distance range and 

sensitivity. 

    To determine the proximity and orientation of the synthetases and the auxiliary proteins in the 

MSC, tetracysteine (CCPGCC-peptide) and enhanced blue fluorescence protein (EBFP) were 

attached to the proteins of the MSC.  Recombinant proteins were produced with either acceptor 

or donor fluorophore by introducing the nucleotide sequence encoding the tetracysteine peptide 

or EBFP to the cDNA.  FlAsH bound to CCPGCC excites at 508 nm and emits at 528 nm.  This 

makes FlAsH a reasonable choice as the FRET acceptor with EBFP as the donor (which excites 
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at 386 nm and emits at 444 nm), since the fluorescence of each chromophore can be measured 

independently. 

 

    In an attempt to study the spatial organization of the multisynthetase complex (MSC) at the 

molecular level, the cDNAs that encode tetracysteine (TC) modified AIMP2 (aminoacyl-tRNA 

synthetase complex-interacting multifunctional protein 2 or p38), AIMP1 (p43), aspartyl-tRNA 

synthetase (AspRS), and methionyl-tRNA synthetase (MetRS) have been subcloned and 

expressed in E. coli.  Proteins were purified by affinity chromatography using Ni-NTA. 

Fluorescence studies using tetracysteine modified AspRS (TC-AspRS) and p38 (TC-p38) have 

been done by labeling with FlAsH and ReAsH.  Using these fluorescently labeled proteins the 

interactions between N-terminal of AspRS and N-terminus p38 as well as C-terminus of p38 

were analyzed. EGFP, EYFP and ECFP variant have been successfully attached to AspRS to 

produce AspRS-EYFP, AspRS-EGFP and AspRS-EBFP and EBFP of p38 (p38-EBFP).  Using 

the fluorescently labeled proteins the interactions among these proteins were examined. 
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4.2 Methods 

4.2.1 Construction of tetracysteine-labeled AspRS, p38 and p43 

    Human AspRS cDNA was previously cloned and sequenced [188].  The plasmids for 

fluorescence modified AspRS were from pET28a (+) containing 6xHis, and tetracysteine 

(CCPGCC) at the N-terminal or enhanced blue fluorescence protein (EBFP) at the C-terminal 

(Figure A1.91).  The coding region of AspRS was amplified using the forward primer with 

HindIII and the reverse primer with NotI restriction site.  The PCR was done using Red Taq 

ready mix kit (Sigma) in a 50 µl containing 20 µl of PCR grade water, 1 µl of forward primer (2 

µM), 1 µl of reverse primer (2 µM), 2 µl of pQE30-SUM0-AspRS cDNA (200 ng/µl) and 25 µl 

of Red Tag Ready Mix.  The PCR amplified product was analyzed by electrophoresis using 100 

V for one hour on 1 % agarose gel as described in Material and Methods.  The DNA band 

corresponding to AspRS was excised and DNA extracted and purified using Qiagen PCR Gel 

Extraction Kit.  Purification was done according to manufacturer’s instructions.  The PCR 

product was ligated into the TOPO vector (Invitrogen).  The ligated product was transformed 

into XL-competent cells.  Colonies containing the AspRS cDNA were picked, inoculated into 10 

mL LB broth supplemented with ampicillin, and incubated in a 37oC overnight.  The cDNA was 

extracted and purified using Qiagen DNA Purification Kit.  The cDNA containing the correct 

insert was digested with HindIII and NotI.  The inserts were then inserted into pET28a (+) at 

HindIII and NotI sites.  The construct was confirmed by sequencing at Genewiz Inc. (Figure 

A1.1).  Complementary DNAs encoding p38 and p43 were subcloned into pET28a (+) after PCR 

amplification using the primers with HindIII and NotI shown in Table 15 using the same 

procedure as described above (Figure A1.1).  
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Table 15 Primers for fluorescently labeled proteins 

Primers  Sequences 
TC-AspRS 
Forward primer  
Reverse primer 

 
5’ AAGCTTATGCCCAGCGCCAGCCAGCGCCA 3’ 
5’ GCGGCCGCTTAAGGAGTGAGTCGGTTTG-3’ 

TC-P38 
Forward primer 
Reverse primer 

 
5’ AAG CTT ATG CCG ATG TACCAGGTAAAG CCC-3’ 
5’GCG GCC GCTTCACTTAAGGAGCTTGAG G-3’ 

TC-P43 
Forward primer 
Reverse primer 

 
5’GGATCCAAGCTTATGGCAAATAATGATGCTGT-3’ 
5’GCGGCCGCGCGGCCTTTGATTCCACTGTTGCTCA-3 

AspRS-BFP 
Forward primer  
Reverse primer 
 

 
5’ GGATCCATGCCCAGCGCCAGCCAGCGCCA 3’ 
5’AAGCTTAGGAGTGAGTCGTTTGGGATCAC-3’ 

P38-BFP 
Forward primer 
Reverse primer 

 
5'GGATCCATGCCGATGTACCAGGTAAAGCCCTAT-3’ 
5’AAGCTTAGGAGCTTGAGGGCCGTGTTA 

EGFP 
Forward primer 
Reverse primer 

 
5’CTCTAGAGGATCCCGGGTACCGGTCG-3’ 
5’AAGCTTTTTGTAGAGCTCATCCATGCC 

ECFP 
Forward primer 
Reverse primer 
 

 
5’GGATCCATGGCCTCCTCCGAGGACGTCATC-3’ 
5’GATGCTAAGCTTGCGCCGGTGGAGTGGCGGC-3’ 

EYFP 
Forward primer 
Reverse primer 
 

 
5’CTCTAGAAAGCTTCGGGTACCGGTCG-3’ 
5’GCGGCCGCTTTGTAGAGCTCATCCATGCC 

 The sequence in bold represent the restriction enzyme recognition site in the primers 
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4.2.2 Construction of enhanced green fluorescence variant labeled AspRS and p38  

    The cDNA encoding proteins with C-terminal labeled fluorophore were derived from pET28a 

(+) containing 6xHis, tetracysteine (CCPGCC) at the N-terminal and enhanced blue fluorescence 

protein (EBFP) at the C-terminal.  The cDNAs of AspRS and p38 were amplified by PCR using 

the forward primer with BamHI and the reverse primer with HindIII restriction site shown in 

Table 15. A similar subcloning protocol was followed just as in section 4.2.1 except that the 

pET28a (+) vector was digested with BamHI and HindIII enzymes (Figure A1.92).  The plasmid 

with cDNA encoding N-terminal enhanced green fluorescence labeled protein was constructed 

by amplifying the individual EGFP variant with primers containing BamHI and HindIII sites.  

The amplified cDNA of GFP was digested and inserted into pET28a (+) containing AspRS or 

p38.  The pET28a (+) was digested with BamHI and HindIII to remove the tetracysteine coding 

sequence before genetically attaching or ligating the EGFP variants.  The sequences of constructs 

are shown in Figure A1.5 and A1.7 

4.2.3 Expression and purification of TC-AspRS, TC-p38, AspRS-EBFP, p38-EBFP, AspRS-

YFP  

    The proteins encoded by the recombinant plasmids were expressed in Escherichia coli BL21 

(DE3).  Protein expression was done in 1000 mL culture of Luria-Bertani (LB) medium 

supplemented with 50 µg/mL of kanamycin. TC-AspRS and TC-p38 were expressed in BL21 

cells that were cultured in 37oC until A600nm reached 0.4.  The culture was incubated at room 

temperature, and then induced with 1 mM IPTG after A600 reached 0.6.  Cultures were incubated 

at room temperature overnight.  The cells were harvested by centrifugation at 6000 x g for 10 

min.  The cell pellet was washed with ice cold lysis buffer (50 mM NaH2P04 (pH 8), 300 mM 
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NaCl, 10 mM  imidazole, 10 mM β-mercaptoethanol, 5 % glycerol).  It was then resuspended in 

20 mL lysis buffer supplemented with protease cocktail inhibitors (EDTA free) from Roche (1 

tablet/10 mL of the lysis buffer) and then lysed by sonication and spun at 10000 x g for 1 hour.  

Then 1 mL of Ni-NTA agarose was added to the lysate and allowed to shake in the rotator for 1 

hour.  The 6xHis-tagged protein was then purified on an affinity column.  After washing several 

times with wash buffer, the 6 xHis tagged protein was eluted with elution buffer (50 mM 

NaH2PO4 pH 8, 300 mM NaCl, 10 mM β-mercaptoethanol, 200 mM imidazole, 5 % glycerol).  

The protein was then dialyzed with 1x PBS.  Glycerol was added to 30% and stored in -20oC.  

Glycerol was removed using amicon concentrator before proteins were used for analysis. 

4.2.4 Expression and purification of Human AspRS-TC-BFP  

    The coding region of AspRS (94–1596) was amplified using two PCR oligonucleotides with the 

sequences 5’GGGGGCGGATCCATGCCCAGCGCCAGCGCCAGCCGCAAGAG and 

5’GGGGGCGGATCCAGGAGTGAGTCGTTTGGGATCACGAGGGA (BamHI sites are 

underlined).  AspRS cDNA was cloned in pET28a (+) vector modified with acceptor and donor 

fluorophore (CCPGCC & EBFP).  AspRS-TC-BFP was followed using the similar protocol as 

described in Section 4.2.3 and expressed proteins are shown on SDS PAGE in Figure A2.1 and 

A2.2) 
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4.2.5 Expression of p38-pET28c (+) 

     The human scaffold auxiliary protein of the multi-enzyme complex p38 was originally cloned 

and sequenced.  P38 was amplified by PCR using the two oligonucleotides 

5'GGATCCCTTAAGGAGCTTGAGGGCCGTGTTAAA  

5'GGATCCATGCCGATGTACCAGGTAAAGCCCTAT. 

 pET28c (+) and amplified p38 were digested with BamHI.  P38 was then ligated into pET28c (+) 

expression vector using T4 DNA ligase. The nucleotide sequence of p38 cDNA was confirmed by 

Genewiz sequencing facilities. The P38 cDNA was transformed in E. coli BL21 (DE3) and 

cultured at 37oC in LB-kanamycin (50 µg/mL) broth until the cell optical density corresponding to 

A600 was 0.40.  Purification was done as previously described in section 4.2.4 and expressed 

proteins are shown on SDS PAGE in Figure A2.1 and A2.2) 

4.2.6 Expression of MetRS-pET28c (+) 

    The human MetRS cDNA (24-2726) in pOTB7 vector cell stock was purchased from ATCC 

(clone ID human 4135154). Human metRS cDNA was propagated by streaking it on LB agar 

supplemented with 25 µg/mL chloramphenicol. MetRS plasmid was extracted using a DNA 

miniprep kit from Qiagen and digested with EcoRI and XhoI restriction enzymes. MetRS was 

subcloned into pET28c (+) expression vector digested with EcoRI and XhoI.  The MetRS in 

pET28a (+)  was puirified using a similar protocol as described in Section 4.2.3 except that the 

cultures were induce with 0.2mM IPTG instead of 1 mM IPTG. The purified protein contained 

some contaminants so it was futher purified using using size exclusion chromatography utilizing 

Sephadex A-50. 
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4.2.7 Construction GST fusion human MetRS and p18  

    The CDNA encoding human AIMP3 (1-174), full-length human-MetRS (1-900), C-terminal 

(269-900) and N-terminal (1-268) fragments of MetRS were amplified by PCR and subcloned 

into pGEX-6p-3, a GST expression vector having a GST coding sequence and multi-cloning site.  

The cDNAs encoding AIMP3, hMetRS, N- and C-terminal fragments of MetRS were PCR 

amplified using primers with EcoRI and XhoI restriction sites shown in Table 16.  The amplified 

DNA and pGEX-6p-3 were digested with EcoRI and XhoI restriction enzymes and ligated using 

T4 DNA ligase.  The plasmids were purified with Qiagen Spin Kit and their sequence verified by 

Genewiz Inc.  The plasmids were transformed into E. coli BL21 (DE3) competent cells for 

expression and purification. 

 

Table 16. PCR primers used in construction GST fusion proteins 
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4.2.7.1 Purification of GST Fusion proteins 

    Human metRS domains and p18-pGEX-6P-3 cDNA was propagated by streaking it on LB 

agar supplemented with 50 µg/mL ampicillin. The proteins encoded in the recombinant MetRS 

and p18 plasmid were expressed in E.coli BL21 (DE3) grown in LB medium. 2 Litre cultures 

were grown at 37oC to an A600 of 0.40 and transferred to 22oC; expression was induced with 0.2 

mM IPTG when A600 was 0.60. After 8 hours at 22°C, cells were harvested by centrifugation.  

The lysis and purification followed the Genscript protocol. The lysis buffer was 1X PBS 

supplemented with 1 mM PMSF, one cocktail tablet of complete Mini Roche Protease Inhibitors 

per 10 mL of lysate, 1 mg/mL lysozyme, and 1% Triton X100. The lysis buffer was used for 

washing during purification (1X PBS) supplemented with 5 mM PMSF. Samples were eluted 

with 10 mM reduced glutathione. Dialysis was done with 10,000 fold dialysate in 1X PBS two 

times. Samples were concentrated after dialysis with AMICON Ulracel-30K.   

4.2.7.2 Construction of p18 domains for interaction with MetRS 

    PETite (Lucigen) was used to generate p18 mutants for interaction with MetRS.  Mutants were 

made in such a way that each mutant contained tetracysteine at the N-terminus.  Using the 

PETite vector and the primers shown in Table 16 constructs were made according the 

manufacturer’s nstructions. 
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Table 17 PCR primers used in construction of Tetracysteine p18 mutants 

constructs residues Nucleotide sequence(5’-3’) 

TCp18-pETite 
(forward) 

(1-174)TC-labeled 5’-CAT CAT CAC CAC CAT CAC TGC TGC CCG 
GGT TGC TGC ATG GCG GCG GCC GCA GAG 
TTG TCG CTA CTG-3’ 

P18revpETite (1-174) 5’-GTG GCG GCC GCT CTA TTA CTA GTG GGA 
ATT AGT ATA TAG TCT-3’ 

P18rev168 (1-168) 5’-GTG GCG GCC GCT CTA TTA TCT GTT CTT 
GAT GAA GAC AAC AC-3’ 

p18rev162 (1-162) 5’-GTG GCG GCC GCT CTA TTA AAC ACT AGA 
CAG ATG TTG CCT GA-3’ 

p18rev156 (1-156) 5’-GTG GCG GCC GCT CTA TTA CCT GAT GCC 
TGG ATA ATG CTG A-3’ 

p18rev150 (1-150) 5’-GTG GCG GCC GCT CTA TTA CTG AAT GTG 
ACA AAA CCA GCG AGA-3’ 

p18rev144 (1-144) 5’-GTG GCG GCC GCT CTA TTA GCG AGA CAC 
ATT AAG ATA TTT CTC-3’ 

p18rev138 (1-138) 5’-GTG GCG GCC GCT CTA TTA TTT CTC CTT 
TCT TGA ACT GTC AGG-3’ 

 

 

 

 

 



120 
 

4.2.8 Fluorescence labeling with FlAsH or ReAsH  

    ReAsH-EDT2 or FlAsH-EDT2 was incubated at 20-fold molar excess with the CCPGCC-

protein (50–200 µg) overnight at room temperature in the phosphate buffer (10 mM phosphate, 

200 mM NaCl, 100 µM TCEP, and 1 mM β–mercaptoethanol, pH 7.2). The excess ReAsH (or 

FlAsH) and EDT were removed using Amicon concentrator (Millipore) with 30 kD molecular 

weight cut-off  by washing three times with 1x PBS . The concentration of ReAsH was 

determined by the absorbance at 597 nm (ε = 63,000 M-1cm-1) and the concentration of FlAsH 

was determined by the absorbance at 508 nm (ε = 70,000 M-1·cm-1).  The proteins concentrations 

were determined using absorbance at 280 nm. The molar extinction coefficient for labeled 

hAspRS was determined using EXPASY web server (http://web.expasy.org/cgi-

bin/protparam/protparam) HAspRS (ε=28,225 M-1·cm-1). The extinction coefficients used to 

determine the concentration of tetracysteine labeled p38 and hLysRS were ε = 37410 M-1cm-1 at 

597 nm and ε = 44,280 M-1cm-1 at 508 nm for ReAsH and FlAsH, respectively. The results 

obtained indicated the proteins were labeled with FlAsH or ReAsH in a 1 to 1 ratio. 

 

4.2.9 Fluorescence Resonance Energy Transfer  

    Fluorescence measurements were made in 10 mM sodium phosphate (pH 7.4), 150 mM NaCl 

at 25oC using SPEX Fluoromax and 0.4 x 0.4 x 4 cm microcuvette.  Proteins were labeled as 

described in section 4.2.8.  Fluorescence resonance energy transfer was monitored using TC-P38 

labeled with FlAsH as the donor and TC-AspRS labeled with ReAsH as the acceptor and vice 

versa.  
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    The Förster resonance energy transfer is the phenomenon that an excited donor transfers 

energy (not an electron) to an acceptor group through a non-radiative process.  This process is 

highly distance-dependent, thus allowing one to probe biological structures with a donor-

acceptor pair.  The limitation of FRET is that this transfer process is effective only when the 

separating distance of donor-acceptor pair is within 10 nanometers.  The efficiency of the energy 

transfer (E) is related to Ro (Fӧrster radius) and R (apparent distance between donor and 

acceptor) by 

 

………………………..equation (4) 

 

where Ro is the distance at  which the transfer efficiency is 50% . it is calculated (in Angstroms) 

according to the equation 5 

……….equation (5) 

where n is the refractive index of the medium through which energy transfer occurs, Q is the 

fluorescence quantum yield in the absence of the acceptor, κ2 is the dipole orientation factor, NA 

is Avogadro’s number and J is the spectra overlap integral.  κ2 =2/3 for random orientation was 

used.  This value is obtained when both donor and acceptor fluorophore are freely rotating and 

can be considered to be randomly oriented during the excited state lifetime.  
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4.2.9.1 FRET between the CCPGCC (TC) and BFP in AspRS-TC-BFP  

    AspRS-TC-BFP 5 μL was added to 500 μl buffer (10μM sodium phosphate, pH 7.2, 200 mM 

NaCl and 100 μM TCEP (tris (2-carboxyethylphosphine hydrochloride) and excited at 386 nm. 

Emission of BFP from AspRS-TC-BFP was monitored at 444 nm using an excitation wavelength 

of 386 nm.  3 μL of 100 mM ReAsH was then added. There was virtually no decrease in 

fluorescence of the BFP.  However, when the content was excited at 555 nm, emission of the 

ReAsH at 607 nm was observed.  This indicated that there is no energy transfer between the 

CCPGCC (TC) in AspRS-TC-BFP and ReAsH.  When a similar experiment was set up with 

FlAsH instead of ReAsH, there was a decrease in donor fluorescence and sensitized emission 

was observed. 

 

4.2.9.2 Determination of the dissociation constants 

    To determine the dissociation constant, 2.2 µM of TC-AspRS labeled with FlAsH was 

introduced in 100µl of buffer and incubated on ice for 2 h. The fluorescence intensity was 

recorded from 500 nm to 700 nm at excitation wavelength of 489 nm. Aliquots of ReAsH TC-

p38 were titrated with it by adding 2µl at increment from 0.4 µm to 2.2 µM.  The changes in the 

fluorescence ( ) and the extent binding (α) were used to calculate the apparent dissociation 

constant based on the fluorescence quenching of TC-AspRS in the equation below. 

 

 

If Fo =100, then 
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    where Fo, F and Fmax are fluorescence emission of TC-AspRS labeled with FlAsH in the 

absence of TC-p38 labeled with ReAsH, and in the presence of a limiting amount of TC-p38 

ReAsH and in the presence of saturating amount of TC-p38-FlAsH respectively.  is the TC-

p38,  is the concentration of TC-AspRS bound to p38,  Eo is the total concentration of TC-

AspRS.  The solution of the quadratic equation was obtained using the conservation of mass 

equation and the equilibrium constant expression.  The curve fitting to above equation using 

Sigma plot gave the dissociation constant of the proteins under the specified conditions.  This 

equation accounts for the depletion of the interacting proteins due to the formation of binary 

complex. 
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4.2.9.3 Calculation of overlap integral (J) between EBFP and FlAsH  

    The fluorescence emission of EBFP and the absorbance of FlAsH spectrum were measured at 

a specific concentration. The overlap between EBFP and FlAsH was normalized (Figure 32).  

 

Figure 32 Spectra overlap between EBFP emission and FlAsH absorption spectra.  The 

solid line indicates the fluorescence emission spectrum of EBFP with an emission maximum 

wavelength of 444 nm, and the diamond line indicates the absorbance spectrum of FlAsH.  The 

spectra were corrected for buffer (1X PBS) background and normalized to the emission 

maximum. The sample concentration was 2 µM EBFP, while the FlAsH concentration was 10.0 

µM. 
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    where, J indicates the spectral overlap integral between the emission spectrum of the donor 

and the absorption spectrum of the acceptor; Fd (λ) indicates the fluorescence intensity of donor; 

εa (λ) is the acceptor molar extinction coefficient in cm-1·M-1 units; Aa (λ) indicates the 

absorbance of acceptor; Ca represents the molar concentration of acceptor for absorbance 

determination; and λ indicates wavelength.  The Ro was calculated to be 38.37Å.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
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4.3. RESULTS 

4.3.1 Construction of fluorescently labeled proteins. 

    In an attempt to study the interactions of the protein components in the MSC, genetically 

encoded fluorescence group was attached to the synthetases and the auxiliary proteins. Utilizing 

fluorescence resonance energy transfer (FRET), we intended to analyze the association of the 

synthetases and the auxiliary proteins. Based on the best model of the MSC [172], we first study 

the binary complexes of LysRS– p38, MetRS-p18 and the ternary complexes of LysRS-AspRS 

with p38 or p43. Protein constructs for fluorescence studies are shown in Figure 33.  

The first attempt was to dissect the interactions of the ternary sub complex of p43-p38-AspRS in 

the multisynthetase complex. P38 and AspRS were fused with the tetracysteine using amplified 

open reading frame in the two proteins with appropriate restriction enzyme. The protein 

constructs were made as shown below (Figure 33). 
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 Figure 33 Schematic diagrams of 6 x His protein constructs. AspRS is shown in red with N 

terminal labeled ECFP (cyan), EYFP (yellow) and tetracysteine (purple) and C-terminal labeled 

EBFP (blue), p38 (orange) with C-terminal labeled EBFP (blue) and N-terminal labeled 

tetracyteine (purple) and EGFP (green) and unlabeled LysRS in light blue. The lengths of the 

sequences are represented by the number above. 
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4.3.2 Expression and purification of fluorescently labeled proteins. 

    The above constructs, which contain coding sequences of the synthetases and the auxiliary 

protein of the MSC, were expressed in E.coli BL21 (DE3) and purified by affinity 

chromatography.  The purified proteins were analyzed on SDS-PAGE shown in Figure 34.  The 

expression levels of the tetracysteine labeled proteins were low compared to the EGFP labeled 

proteins and EGFP analogs.  TC-AspRS expressed well in E.coli, the amount of purified protein 

obtained from a 500 mL culture was 2.58 mg/mL.  The TC-p38 expression was poor, the amount 

of purified protein obtained from a 500 mL culture was 0.56 mg/mL and the TC-p38 appeared on 

the SDS PAGE as a dimer.  The fusion proteins of EBFP and EYFP to AspRS almost doubled 

the protein yield after purification (3.56 mg/mL of AspRS-EBFP and 4.28 mg/mL from 500 mL 

culture) 
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Figure 34: SDS-polyacrylamide gel electrophoresis of fluorescently labeled proteins 

expressed in E .coli: Cultures were grown at 37
o
C until the OD600 reaches 0.4.  It was then 

incubated at room temperature and induced with 1 mM IPTG when the OD600 reached 0.6. 

Proteins were purified by affinity chromatography using Ni-NTA resin. (A) Expression of 

tetracysteine labeled AspRS lane 1, TC-AspRS and lane 2, the broad range SDS-PAGE from 

Biorad; (B) Expression tetracysteine labeled p38 P38 appeared as a dimer when it was labelled 

with tetracysteine. Lane 1 is the SDS-page standard and lane 2 is TC-P38; (C) Expression of 

AspRS-EBFP (D) Expression of YFP-AspRS. E1 and E2 are two elutions of YFP-AspRS from 

the Ni-NTA column. 
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4.3.3 Excitation and emission of EGFP, ECFP and EYFP 

    The excitation and emission spectra of EGFP, ECFP and EYFP were determined. For EGFP, 

the excitation maximum wavelength was 474 nm and the emission wavelength was 508 nm. The 

excitation and emission wavelengths for EYFP were 515 nm and 528 nm and those of ECFP 

were 583 nm and 606 nm, respectively as shown in Figure 35. 

 

 

Figure 35 Normalized excitation and emission spectra of three variants ofenhanced green 

fluorescence protein: Excitation (green dashed line) and emission (green solid line) spectra of 

EGFP, excitation of ECFP (purple solid line) and emission of ECFP (purple dashed line), 

excitation of EYFP (blue solid line) and emission of EYFP (blue dashed line) carried out in 10 

mM NaCl, 10 mM sodium phosphate (pH 7.4) at 25°C using SPEX Fluoromax II  
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4.3.4 Excitation and emission of ReAsH and FlAsH bound to tetracysteine tagged protein 

    When tetracysteine (TC) tagged protein bound to FlAsH, its maximum wavelengths of 

excitation and emission were 489 nm and 517 nm, respectively (Figure 36).  FlAsH absorption 

spectrum overlaps with the emmsion spectrum of EBFP, which is exciteed at 386 nm and emits 

at 444 nm. ReAsH bound to TC-tagged protein gave maximum excitation wavelength of 555 nm 

and emission wavelength of 630 nm.  There is an overlap between the TC-FlAsH emission and 

TC-ReAsH excitation and thus the two fluorescence probes may be a good pair for FRET  
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Figure 36: Excitation and emission spectra of ReAsH-p38 and FlAsH-AspRS: Fluorescence 

measurements were carried in 10 mM NaCl, 10 mM sodium phosphate pH~ 7.4 (FRET buffer) at 

25
o
C using SPEX Fluoromax and microcuvette (0.4 x 0.4 x 4cm). 1 µM FlAsH AspRS- in 100 µl 

of FRET buffer was excited at 489 nm and emission was observed at 517 nm. 1 µM ReAsH-p38- 

in 100 µl of FRET buffer was excited at 555 nm and emission was observed at 607 nm. 

Excitation spectrum of FlAsH-AspRS- (black dashed lines) and emission spectrum of FlAsH-

AspRS (black solid lines), and excitation spectrum of ReAsH-p38- (grey dashed lines) and 

emission spectrum of ReAsH-p38- (grey solid lines) are shown. 
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4.3.5 Fluorescence of EBFP and FlAsH labeled AspRS and p38 

    The EGFP was mutated to EBFP to serve as an acceptor of FlAsH [173].  Figure 37 shows the 

emission and exciation spectra of AspRS-EBFP using excitation wavelength at 386 nm and 

emission wavelength at 444 nm, respectively.  AspRS-EBFP has appreciable spectral overlap 

with FlAsH-p38, and the pair may be suitable for FRET studies. 
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Figure 37 Emission and excitation of AspRS-EBFP & FlAsH-P38: Fluorescence 

measurements were carried in FRET Buffer (10 mM NaCl, 10 mM sodium phosphate (pH 7.4)) 

at 25
o
C using SPEX Fluoromax and microcuvette (0.4 x 0.4 x 4cm).  Excitation and emission 

spectra of 2.2 µM AspRS-EBFP and 1.8 µM  FlAsH-p38 in FRET buffer are shown, the 

excitation spectrum of AspRS-EBFP (black dashed lines) and emission spectrum of AspRS-

EBFP (black solid lines); the excitation spectrum of FlAsH-p38- (grey dashed lines) and 

emission spectrum of TC-p38-FlAsH (grey solid lines).  The emission and excitation spectra of 

AspRS-BFP were obtained with an excitation wavelength at 386 nm and emission wavelengthat 

444nm, respectively.  The emission and excitation spectra of FlAsH -P38- were obtained with an 

excitation wavelength at 489 nm and emission wavelength at 517 nm.  
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4.3.6 Fluorescence resonance spectroscopy (FRET) 

    Human AspRS was labeled with FlAsH and enhances blue fluorescent protein (EBFP.  FRET 

was carried out to determine the energy transfer efficiency between FlAsH and EBFP.  Donor 

fluorescence quenching was observed when donor fluorophore (EBFP) was excited in the 

presence of the acceptor fluorophore (CCPGCC FlAsH) as shown in Figure 38.  The FRET 

results obtained for AspRS-CCPGCC-BFP utilizing constructs in Figure 33 indicate the 

feasibility of the result and thus energy transfer efficiency can be determined.  Even though GFP 

has been used as a fusion protein in many studies there is no direct correlation with solubility of 

proteins.  In this study, attachment of GFP variants to the synthetase increased the level of 

expression as well as the protein yield.   
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Figure 38: FRET showing energy transfer the acceptor and donor fluorophore;  the donor 

fluorescence of 2 µM AspRS-BFP at 444 nm (ex at 386 nm) was quenched to 45 % after the 

binding of FlAsH to CCPGCC encoded in AspRS, and the sensitized emission of FlAsH was 

observed at 517 nm.   
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4.3.7 Analysis of the interaction between human AspRS and p38 using FRET. 

    To examine the interaction between AspRS and p38, tetracysteine was appended to the N-

termini of AspRS and p38.  TC-AspRS was bounded with FlAsH and TC-p38 was bounded with 

ReAsH.  Fluorescence intensity from 500 nm to 700 nm was recorded with an excitation 

wavelength at 489 nm.  ReAsH-p38 was titrated with FlAsH-AspRS until no measureable 

quenching was observed. ReAsH-p38 alone did not show sensitized emission at 607 nm.  After 

addition of ReAsH-p38-, fluorescence quenching of FlAsH-AspRS was observed (Figure 39).  

No measurable quenching was observed after adding 2.2 µM of ReAsH-p38- as shown in Figure 

39.  The emission spectrum of TC-p38-ReAsH was determined by exciting TC-p38-ReAsH 

alone at 489 nm and monitoring the emission at 607 nm. After subtracting the intensity from the 

direct excitation, the apparent distance between the N-terminal of AspRS and N-terminal of p38 

using Föster distance Ro

 
[184] was found to be 47Å. The dissociation constant for the binding 

was determined to be 1.74 µM based on the fluorescence titration (Figure 40). 
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Figure 39: FRET between TC-AspRS-FlAsH and TC-p38-ReAsH: 2 µM of TC-AspRS-

FlAsH was pipetted into 100 µl of FRET buffer. The fluorophore was excited at 489 nm.  The 

donor quenching is monitored at 517 nm and sensitized emission was monitored at 607 nm.  

Aliquots (2.5 µl) of ReAsH-p38- were added until there was no measurable quenching. The red 

line is emission of FlAsH-AspRS in the absence of p38. Initial concentration of FlAsH-AspRS 

was 2.2 µM. Sensitized emission was observed at 607 nm. 

 

 



139 
 

 

 

 

 

 

Figure 40 Titration of TC-AspRS-FlAsH with TC-p38-ReAsH. Kd was determined by 

plotting the fluorescence emission obtained by titrating TC-AspRS-FlAsH with TC-p38-ReAsH.  

The method of curve fitting is described in Section 4.2.9.2. 
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4.3.8 Fluorescence resonance energy transfer using AspRS-EBFP and FlAsH-p38  

    Enhanced blue fluorescent protein (EBFP) was attached to the C-terminus of AspRS (AspRS-

EBFP) and FlAsH was attached to the N-terminus end of TC-p38.  TC-p38 was labeled with 

FlAsH and concentration determined after the excess FlAsH is removed with Amicon 

concentrator (Millipore).  FlAsH bounded to TC-p38 was titrated with the AspRS-EBFP until no 

observable quenching was observed.  Fluorescence intensity was recorded from 400 nm to 700 

nm with an excitation maximum wavelength of 386 nm.  No significant FRET was observed at 

shown in Figure 41 since little donor quenching or sensitized emission was observed.  This 

means that the apparent distance between the C-terminus of AspRS and the N-terminus of p38 

are greater than 100 Å.  If there was sensitized emission it would have been observed at a 

wavelength of 517 nm. 
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Figure 41: FRET between AspRS-EBFP and FlAsH-p38: Fluorescence emission spectra 

(excitation 386 nm) were recorded during the titration of AspRS-EBFP with FlAsH-p38. TC-

p38-FlAsH was added in 1 l aliquots. The solid red line is the pre-titration emission. Initial 

concentration AspRS-BFP was 1.4 µM. There was donor quenching but no sensitized emission. 
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4.3.9 FRET between p38-EBFP and FlAsH-AspRS. 

    Enhanced blue fluorescent protein (EBFP) was attached to the C-terminal end of p38 (p38-

EGFP) and tetracysteine was attached to tetracysteine at the N-terminus of AspRS (TC-AspRS).  

Fluorescence intensity was recorded from 400 nm to 700 nm with maximum excitation 

wavelength at 386 nm. TC-AspRS was labeled with FlAsH and concentration determined after 

the excess FlAsH was removed with amicon concentrator (Millipore).  FlAsH-AspRS was 

titrated into the p38-EBFP until no observable quenching was observed (Figure 42).  ).  The 

decrease of the donor emission and the increase of the acceptor emission indicated the binding of 

p38 to AspRS, and are consistent with FRET between EBFP and FlAsH.  The observed transfer 

efficiency is consistent with an apparent distance of 47Å 
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Figure 42: FRET between p38-BFP and TC-AspRS-FlAsH: AspRS was labeled at the N- 

terminus with FlAsH and p38 was labeled at the C-terminal with EBFP.  The emission spectrum 

of P38-EBFP was monitored at increasing concentrations of AspRS-FlAsH.  Fluorescence 

emission spectra (excitation 389 nm) recorded during the titration of TC-AspRS-FlAsH into p38-

BFP.  The solid red line is the pre-titration emission with p38-EBFP alone.   
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4.4 Determination of the apparent distance between ternary complex p43, p38 and AspRS 

      In order to examine interactions between p43, p38 and AspRS, TC-p43 and TC-AspRS with 

equivalent were incubated with excess FlAsH and ReAsH respectively overnight at 4°C.  The 

excess ReAsH and FlAsH were removed using Amicon concentrator and washed several times 

with 1x PBS. 2 µM of mixture of TC-p43-FlAsH and unlabeled p38 was incubated in 100 µl of 

fluorescence buffer for 2 hours.  Fluorescence intensity was recorded from 500 nm to 700 nm 

with an excitation maximum wavelength at 489 nm.  TC-AspRS labeled with ReAsH was 

titrated with the TC-P43-FlAsH/ p38 complex until no measurable quenching was observed. 

Donor quenching and acceptor enhancement are consistent with FRET between FlAsh and 

ReAsH attached to p43 and AspRS, respectively.    The sensitized emission (580 nm) appeared at 

a shorter wavelength than previously observed as shown in Figure 43.    The emission as result 

of direct excitation of the acceptor fluorophore (TC-AspRS-ReAsH) was subtracted. About 50 % 

of the sensitized emission observed resulted from direct excitation.  The quenching of the TC-

p43-FlAsH-p38 binary complex was determined by varying concentration of unlabeled TC-

AspRS as shown in Figure 44.  Table 18 summarizes the corrected transfer efficiencies and the 

apparent distance between FlAsH and ReAsH that were attached to p43 and AspRS, 

respectively, in the ternary complex of p43, p38 and AspRS.   
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Figure 43 Titration of FlAsH-p43/p38 binary complex with ReAsH-AspRS: 1 µM of binary 

complex of FlAsH-p43-p38 was incubated in FRET buffer (10 mM NaCl, 10 mM sodium 

phosphate (pH 7.4). Aliquots (2.5 µl) of ReAsH-AspRS were added to FlAsH-p43/p38 until 

saturation. Excitation at 489 nm and sensitized emission was observed at 580 nm. 

 

 

 

 

 



146 
 

 

 

Figure 44: Titration of FlAsH-p43/p38 with unlabeled TC-AspRS: 1µM of FlAsH-p43- in 

complex with p38 was incubated in FRET buffer on ice for 2 hours and titrated with 2.5 µl 

aliquots of unlabeled TC-AspRS to the concentrations as shown above.  The excitation 

wavelength was 489 nm. 
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Table 18: Summary of ternary complex interactions 

TC-P43+P38 with TC-

AspRS-ReAsH  

% quenching  

donor  

%  enhancement 

acceptor  

Correction  

Direct %  

Transfer efficiency  23%  21%  7.3%  

Apparent distance  48Å  49Å  60Å  

 

After substracting the direct excitation, the percentage of quenching using labeled  

 TC-AspRS-ReAsH was approximately equal to the percentage of quenching of the unlabeled. 

The Ro value used for the calculation was 39Ǻ [184]. 
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4.4.1 Interaction between human MetRS and p18 

In order to examine the interaction between human MetRS and p18, full-length cDNAs of 

MetRS and p18 were subcloned into pET28c (+) and expressed in E.coli BL21 (DE3). MetRS 

show low expression level at 37oC and with induction at 1mM IPTG. Expression level was 

improved by reducing the IPTG concentration to 0.2 mM. In addition to His-tagged construct, 

GST fusion proteins with MetRS and p18 were generated. The SDS-PAGE analysis of the 

purified proteins is shown in Figure 45. The affinity of MetRS for p18 by determining the 

binding constant using fluorescein isothioyanate labeled MetRS. Fluorescence quenching as a 

result of p18 binding was determined.  The result suggests that p18 binds tightly to MetRS as 

shown in Figure 46. 
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Figure 45: SDS-polyacrylamide gel electrophoresis of (A) human MetRS and (B) p18 

expressed in E.coli: Cultures were grown at 37oC until the OD600 reaches 0.4. It was then 

transferred into room temperature and induced with 0.2 mM IPTG (MetRS) and 0.1 mM IPTG 

(p18) when the OD600 reached 0.6. Proteins were purified by affinity chromatography using Ni-

NTA resin (Qiagen). (A) Lanes 1, 2 and 4 show MetRS purified with Ni-NTA followed by size 

exclusion using Sephadex-DEAE A-50, Lane 3 is the broad range protein standards; (B) Lane 1 

is p18 purified with Ni-NTA affinity chromatography and lane 2 is the broad range protein 

standard.  
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Figure 46: Titration of fluorescein labeled MetRS with p18. The concentration of fluorescein 

isothiocyanate labeled full-length MetRS was determined and incubated in 1X PBS for 2 hours.  

2 µM MetRS was excited at 492 nm and emission was monitored at 515 nm. P18 was then 

titrated with it until there was no observable quenching. The maximum fluorescence emissions 

on addition of various concentrations of p18 were used to determine the Kd.    
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4.4.2 DISCUSSION 

    The objective of this study was to develop a method for analyzing the interactions of protein 

components through reconstituting subcomplexes of MSC.  These include p18-MetRS and p38-

AspRS binary complexes. To achieve this, genetically-encoded, fluorescently-labeled AspRS, 

MetRS and p38 were constructed. AspRS expression and purification in E. coli have been been 

investigated [188].  AspRS is known to have a high propensity to form inclusion bodies and to be 

insoluble when expressed in E. coli. In this project, tetracysteine tagged and EBFP and EYFP 

fusion proteins of AspRS are soluble and expressed well in E. coli as shown in Figure 34 A, C 

and D.  Attachment of tetracysteine motif to p38 retained the dimeric structure (Figure 34 B) 

which is in agreement with previous studies and indicates that p38 have high propensity for form 

a dimer [64].  

     Fluorescence resonance energy transfer (FRET) has been used to study protein–protein 

interactions in vitro [191] and in vivo [192].  The feasibility of FRET in this study was accessed 

using the three (EGFP) variants [173], ECFP, EYFP and EGFP and the fluorescence properties 

of the expressed fusion proteins determined.  The excitation and emission spectra of the three 

proteins were determined and the overlaps were examined. From the data obtained, it can be 

concluded that the spectral overlaps between EGFP and EYFP, and between ECFP and EYFP 

are substantial (Figure 35).   

     According to the emission and excitation spectra obtained, FlAsH and ReAsH are good pairs 

for FRET as presented in Figure 36.  Similarly, EBFP fusion and FlAsH tagged proteins were 

found to have good spectral overlap, as shown in Figure 38. Analysis of intramolecular FRET 

between FlAsH and EBFP indicated 25% sensitized emission of FlAsH (Figure 38). Whereas 

GFP fusuion proteins have a relatively high quantum yields, BFP fusions may suffer from 
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reduced emission intensity [177].  The N-terminus of dimeric p38/AIMP2 binds LysRS with an 

affinity similar to that of full-length p38 with a dissociation constant in the nanomolar range (90 

nM) [64] and LysRS-p38 subcomplex has been reconstituted by fusing the N-terminal 48 

residues of p38 onto a carrier protein [193].  Using TC-p38 and TC-AspRS, the intermolecular 

distance between the N-terminus of p38 and N-terminus of AspRS was investigated. TC-AspRS 

was labeled with FlAsH, while TC-p38 was labeled with ReAsH.  FRET was observed (Figure 

37) with atransfer efficiency of 27.5 % at saturating concentration of p38.    The intermolecular 

distance between the N-terminals of the two proteins was calculated after subtracting emission 

resulted from the direct excitation of the acceptor fluorophore.  The apparent distance between 

the amino terminus of Asp-tRNA synthetase and p38 was found to be 47 Å based on the Föster 

distance of 39 Å for FlAsH-ReAsH pair (Figure 39).   

    Dissociation constant between AspRS and p38 was 1.74 µM by monitoring the donor 

quenching ((Figure 40).  FRET was also determined between EBFP attached to the C-terminus 

of AspRS and FlAsH at the N-terminus of p38. There was no detectable energy transfer, which 

indicated that the apparent distance between the N-terminus of p38 and C-terminus of AspRS are 

greater than 100 Å (Figure 41).  Additionally, when the positions of the fluorophores were 

reversed such that FlAsH was attached to the N-terminus of AspRS and EBFP at the C-terminal 

of p38, no energy transfer was observed (Figure 42). The results demonstrated that the N-termini 

of AspRS and p38 are in proximity, while N-terminus of AspRS and C-terminus of p38 are far 

apart.       

    The reconstitution of the ternary complex of p43, p38 and AspRS was then analyzed. Labeled 

FlAsH-p43 was first incubated with unlabeled p38 to form a binary complex. ReAsH-AspRS 

was then titrated with the binary complex of FlAsH-p43 and unlabeled p38 (Figure 43).  The 
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results indicated there was interaction between ReAsH-AspRS and FlAsH-p43/p38.  However 

the wavelength of sensitized emission maximum for ReAsH shifted from 607 nm to 580 nm. 

Efficiency of energy transfer was calculated after sensitized emission as a result of direct 

excitation (Figure 45) was subtracted. The apparent distance between the N-terminal of FlAsH-

p43 in complex with p38 and ReAsH-AspRS was calculated to be 60 Å. The transfer efficiency 

of the ternary complex is shown in Table 17.  The apparent distance thus obtained is subject to 

potential systematic errors that include the size of the probe, the relative orientation of the 

probes, the stoichiometry of the complexes, and correction of inner filter effects.  The observed 

FRET can nonetheless be used to further examine the reconstitution of the multisynthetase 

complex. 

    FRET offers a powerful technique for studying protein-protein interactions. It is one of the 

few tools available for measuring nanometer scale distances both in vitro and in vivo. FRET 

results in quenching of donor’s fluorescence intensity and enhancement in the acceptor's 

sensitized emission. One of the major challenges that were encountered in this study was the 

expression and purification of the human tRNA synthetase proteins of the MSC complex. The 

cDNA of hAspRS and hLysRS express well in E.coli system however other proteins especially 

the auxiliary proteins p18, p43 and p38 yielded low expression levels in E.coli. Secondly the 

labeling of the proteins with FlAsH and ReAsH was advantageous due its small size and 

specificity, however, the probes may have interfered the protein-protein interactions. This was 

observed in the quenching of FlAsH-p43/p38 complex with ReAsH-labeled and unlabeled 

AspRS shown in Figure 44 & 46 respectively.  The apparent distances between the N terminus of 

p43 and C-terminus of AspRS in the binary complex was too long to exhibit significant energy 

transfer efficiency and this made it difficult to obtain the apparent distance. When the donor-
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acceptors pairs were attached to the N-termini of the tRNA synthetase proteins, cautions in 

calculating the apparent distance should be exercised.  FRET could occur from different 

monomers in these dimeric proteins in the binary or ternary complexes.  Because the transfer 

efficiency is proportional to the sixth power of the distance between the donor and the acceptor, 

FRET between most proximal donor-acceptor is likely dominant the observed FRET.  The use of 

EBFP as a fusion partner improved the yields of proteins however its large size may introduce 

significant systematic errors in the apparent distances.  
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CHAPTER 5 RESEARCH SUMMARY 

5.  SUMMARY 

    To probe the role of cysteine residues in the hLysRS, chemical modification, site-directed 

mutagenesis and steady state-kinetic analyses of lysylation of tRNA and Ap4A synthesis were 

used to examine the roles of cysteine residues in catalysis and structure of hLysRS.  The results 

are summarized in Table 19. 

    Human LysRS was partially inactivated by iodoacetamide (IAA) and N-ethylmaleimide 

(NEM).  Analysis using 5, 5’-dithiobis (2-nitrobenzoic acid (DTNB) indicated that four cysteine 

residues in hLysRS are reactive, while the other cysteine residues are not.  The difference seen in 

reactivity of the cysteine residues could be due to differences in the pKa of the cysteines in 

hLysRS and the accessibility of these residues in hLysRS.  The eight Cys residues in hLysRS 

were mutated individually and in combinations to serine or alanine using site-directed 

mutagenesis.  Three Cys residues at position 338, 496 and 534 were essential for both Ap4A 

synthesis and lysylation.  C338A was active in both lysylation and Ap4A synthesis however 

C338S was inactive suggesting that C338S but not C338A may have altered Lys binding since 

the adjacent E339 is known to bind to the α-amino group of Lys. C496S was active in both 

lysylation and Ap4A synthesis but C496A was much less active. C496 is adjacent to N497 that 

binds to the α-carboxyl group of Lys.  The polar serine residue in C496S but not in C496A may 

maintain the structure at the active site and thus the enzyme activity.  Four single point mutations 

C338S, C534S, C496A and C534A inactivate hLysRS lysylation activity and Ap4A synthesis 

activity except 534A retained Ap4A synthesis activity.  C534 is far from the active site but is in 

close proximity to the anti-codon binding domain of the neighboring protomer.  The inactivating 
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effect of C534A on aminoacylation but much less effect on Ap4A synthesis suggest C534 may 

play roles in the inter-subunit interactions in lysylation of tRNA. Cysteine to serine point 

mutations in C434S, C456S, C463S, C496S and C534S retained relatively high Ap4A synthesis 

activity compared to lysylation activity suggesting these mutations may affect tRNA binding 

since Ap4A synthesis does not require tRNA.  The catalytic efficiency of all cysteine mutants 

were all reduced in terms of kcat and kcat/Km.  The cysteine-null mutant hLysRS, in which all 

cysteine residues were substituted with alanine, completely lost activity for aminoacylation.     

Effect of mutation on the secondary structure of hLysRS was analyzed by circular dichroism.  

The shapes of the CD spectra of the mutants were similar to that of the WT although differences 

in the mean residue molar elipiticity  between them were evident.  The cysteine to serine 

mutants did not show significant changes on the contents of α-helix and β-sheet in hLysRS even 

though variation in the estimated α-helix was observed. In spite of the variation seen in all 

mutants, the hLysRS still maintained high percentage of it typical α-helical content relative to the 

β-strand.  However, significant changes in the micro environments were observed by monitoring 

the intrinsic fluorescence which is more sensitive to changes in the tertiary structure.  The 

intrinsic fluorescence spectra of cysteine to serine mutants’ had a blue shift.  This could be due to 

change in the micro-environment resulting for interaction of the side chains of charge residues 

with tryptophan.  These results indicate that the mutation of cysteine residues in hLyRS 

introduced interactions, which slightly changed the microenvironment of the tyrosine and the 

tryptophan residues. 
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    Unfortuantely, LC-MS/MS analysis of the modified proteins did not identify the residues that 

were modified by IAA, NEM or DTNB due to the low recovery of the modified peptides in the 

LC-MS/MS analysis.  Nonetheless, C427, C434 and C496 appear to be assesible, and C427 and 

C496 are not essential for Ap4A synethesis and lysylation activity of hLysRS.  C434 is rather 

unique in being both assessable and essential for lysylation activity.  C434 is far away from the 

active site and located on the surface of hLysRS.  C434S showed relatively little effects on Km 

but its kcat is appreciably reduced suggesting C434 may be involved in stabilizine the transition 

state of lysylation (Tables 6, 7, 8).   C427 reactivity was not clear from LC-MS/MS analysis.  

However, C427S showed similar effect as C434S on the lysylation catalysis.  The roles of Cys 

residues in protecting hLysRS against ROS and oxidative stress are yet to be explored.  ROS 

modifications of synthetases may have profound effects in the fidelity and protein folding during 

protein biosynthesis.  The results of present study provide the ground work for interpreting 

results of future studies on the roles of Cys residues in synthetases. 

    The proximity and spatial orientation of the proteins of the MSC were investigated using 

fluorescence resonance energy transfer (FRET).  The apparent distances obtained suggested that 

N-terminal of p38 and AspRS are in close proximity and important for association compared to 

the N-terminal of AspRS and C-terminal of p38.  The fluorescence labeling of synthetases and 

associated proteins showed that the modified proteins are competent in reconsitituting 

subcomplexes and provides a sensitive method for measuring the association of these proteins.  

The bulk sizes of fluorescent proteins prohibit meaning measurements of apparent distances.  

Nontheless, modifications using genetically encoded probes offer the distinct advantage of 

stoichiometric modification at specific sites over chemical modifications that usually produce  

non-specific and sub-stoichiometric labeling.                                                                                 
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Table 19: Summary of results 

hLysRS 
and 
mutants 
 

Amino acid 
introduced 

Lysy-
lation 
(relative 
activity) 

Ap4A  
synthesis 
(relative 
activity)      

Predicted 
pKa of 
cysteine 
residues 

kcat/Km  
(Lysine) 
(M-1s-1)*103 

kcat/Km  
(ATP) 
(M-1s-1)*102 

kcat/Km  
(tRNA) 
(M-1s-1)*103 

LC-MS/MS 
Normalized 
Fraction 

WT 
 

 100 100 - 3. 2 5. 37 1. 11 - 

C-209 
 

 
Ala 
Ser 

 
20 
30 

 
1. 6 
44 

10. 5 ± 0. 6  
 
0. 3 

 
 
0. 29 

 
 
0. 94 

ND 

Cys-338 
         
 

 
Ala 
Ser 

 
65 
  2 

 
96 
0 

15. 2 ± 1. 0  
 
 nd 
 

 
 
nd 
 

 
 
nd 

2/(2) IAA 

 

Cys-427 
         
 

 
Ala 
Ser 

 
102 
34 

 
103 
12 

 7. 1 ±  1. 0  
 
1. 11 

 
 
0. 69 

 
 
0. 14 

38/(44) IAA 

Cys-434 
 

 
Ala 
Ser 

 
75 
24 

 
50 
75 

 5. 2 ± 1. 0  
 
0. 22 

 
 
0. 51 

 
 
0. 95 

8/(8)IAA 

Cys-456 
         
         
 

 
Ala 
Ser 

 
74 
32 

 
113 
71 

 6. 5 ± 0. 7  
 
0. 09 

 
 
0. 91 

 
 
1. 14 
 

ND 

Cys-463 
         

 
Ala 
Ser 

 
51 
37 

 
68 
89 

 7. 5 ± 1. 1 0. 68 5. 12  
 
1. 14 

2/(2) IAA 

Cys-496 
         
         
 

 
Ala 
Ser 

 
0.7 
56 

 
11 
153 

 13. 5 ± 0. 6  
 
1. 88 

 
 
1. 06 

 
 
1. 9 

11/(18) IAA 
1/(20) NEM 

Cys-534 
         
         

 
Ala 
Ser 

 
4 
3 

 
27 
60 

7. 9   ± 0. 3  
 
nd  

 
 
nd 

 
 
nd 

ND 
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ND- Not detected      nd-not determined    (): total number of peptide detected MS-NF: Mass spectroscopy normalized fraction 

2/ (2) IAA: Mean as total of 2 peptide was detected by LC-MS/MS and all the two that was detected reacted with IAA (iodoacetic acid) 
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APPENDIX I: Sequence analysis of fluorescently labeled proteins, hLysRS mutants and 

vectors maps 
atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 

M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcatgactggtggacagcaaatgggtcgcggatcctgctgcccgggttgctgc 

M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  C  C  P  G  C  C 

aagcttatgccgatgtaccaggtaaagccctatcacgggggcggcgcgcctctccgtgtg 

K  L  M  P  M  Y  Q  V  K  P  Y  H  G  G  G  A  P  L  R  V 

gagcttcccacctgcatgtaccggctccccaacgtgcacggcaggagctacggcccagcg 

E  L  P  T  C  M  Y  R  L  P  N  V  H  G  R  S  Y  G  P  A 

ccgggcgctggccacgtgcaggaagagtctaacctgtctctgcaagctcttgagtcccgc 

P  G  A  G  H  V  Q  E  E  S  N  L  S  L  Q  A  L  E  S  R 

caagatgatattttaaaacgtctgtatgagttgaaagctgcagttgatggcctctccaag 

Q  D  D  I  L  K  R  L  Y  E  L  K  A  A  V  D  G  L  S  K 

atgattcaaacaccagatgcagacttggatgtaaccaacataatccaagcggatgagccc 

M  I  Q  T  P  D  A  D  L  D  V  T  N  I  I  Q  A  D  E  P 

acgactttaaccaccaatgcgctggacttgaattcagtgcttgggaaggattacggggcg 

T  T  L  T  T  N  A  L  D  L  N  S  V  L  G  K  D  Y  G  A 

ctgaaagacatcgtgatcaacgcaaacccggcctcccctcccctctccctgcttgtgctg 

L  K  D  I  V  I  N  A  N  P  A  S  P  P  L  S  L  L  V  L 

cacaggctgctctgtgagcacttcagggtcctgtccacggtgcacacgcactcctcggtc 

H  R  L  L  C  E  H  F  R  V  L  S  T  V  H  T  H  S  S  V 

aagagcgtgcctgaaaaccttctcaagtgctttggagaacagaataaaaaacagccccgc 

K  S  V  P  E  N  L  L  K  C  F  G  E  Q  N  K  K  Q  P  R 

caagactatcagctgggattcactttaatttggaagaatgtgccgaagacgcagatgaaa 

Q  D  Y  Q  L  G  F  T  L  I  W  K  N  V  P  K  T  Q  M  K 

 

Figure A1.1 Sequence analysis of plasmid TC-p38-pET28a (+): DNA sequencing confirmed 

the insertion of tetracysteine (TC) into p38 in pET28a (+) vector.  The TC is labeled in red, the 

start codons for p38 is highlighted in bold.  The construct was designed for expression and 

purification as 6xHis-tagged protein with the 6x histidine at the N-terminal heighted in bold.  
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 

M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcatgactggtggacagcaaatgggtcgcggatcctgctgcccgggttgctgc 

M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  C  C  P  G  C  C 

aagcttatgcccagcgccagcgccagccgcaagagtcaggagaagccgcgggagatcatg 

K  L  M  P  S  A  S  A  S  R  K  S  Q  E  K  P  R  E  I  M 

gacgcggcggaagattatgctaaagagagatatggaatatcttcaatgatacaatcacaa 

D  A  A  E  D  Y  A  K  E  R  Y  G  I  S  S  M  I  Q  S  Q 

gaaaaaccagatcgagttttggttcgggttagagacttgacaatacaaaaagctgatgaa 

E  K  P  D  R  V  L  V  R  V  R  D  L  T  I  Q  K  A  D  E 

gttgtttgggtacgtgcaagagttcatacaagcagagctaaagggaaacagtgcttctta 

V  V  W  V  R  A  R  V  H  T  S  R  A  K  G  K  Q  C  F  L 

gtcctacgtcagcagcagtttaatgtccaggctcttgtggcggtgggagaccatgcaagc 

V  L  R  Q  Q  Q  F  N  V  Q  A  L  V  A  V  G  D  H  A  S 

aagcagatggttaaatttgctgccaacatcaacaaagagagcattgtggatgtagaaggt 

K  Q  M  V  K  F  A  A  N  I  N  K  E  S  I  V  D  V  E  G 

gttgtgagaaaagtgaatcagaaaattggaagctgtacacagcaagacgttgagttacat 

V  V  R  K  V  N  Q  K  I  G  S  C  T  Q  Q  D  V  E  L  H 

gttcagaagatttatgtgatcagtttggctgaaccccgtctgcccctgcagctggatgat 

V  Q  K  I  Y  V  I  S  L  A  E  P  R  L  P  L  Q  L  D  D 

gctgttcggcctgaggcagaaggagaagaggaaggaagagctactgttaaccaggataca 

A  V  R  P  E  A  E  G  E  E  E  G  R  A  T  V  N  Q  D  T 

agattagacaacagagtcattgatcttaggacatcaactagtcaggcagtcttccgtctc 

R  L  D  N  R  V  I  D  L  R  T  S  T  S  Q  A  V  F  R  L 

cagtctggcatctgccatctcttccgagaaactttaattaacaaaggttttgtggaaatc 

Q  S  G  I  C  H  L  F  R  E  T  L  I  N  K  G  F  V  E  I 

caaactcctaaaattatttcagctgccagtgaaggaggagccaatgtttttactgtgtca 

Q  T  P  K  I  I  S  A  A  S  E  G  G  A  N  V  F  T  V  S 

tattttaaaaataatgcatacctggctcagtccccacagctatataagcaaatgtgcatt 

Y  F  K  N  N  A  Y  L  A  Q  S  P  Q  L  Y  K  Q  M  C  I 

 

Figure A1.2 Sequence analysis of plasmid TC-AspRS-pET28a (+): DNA sequencing 

confirmed the insertion of tetracysteine (TC) into AspRS in pET28a (+) vector.  The TC is 

labeled in red, the start codons for AspRS is highlighted in bold.  The construct was designed for 

expression and purification as 6xHis-tagged protein with the 6 histidine at the N-terminal 

heighted in bold 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 

M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcatgactggtggacagcaaatgggtcgcggatcctgctgcccgggttgctgc 

M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  C  C  P  G  C  C 

aagcttatggtggctggagaaaggaatgtgctcatcaccagtgccctcccttacgtcaac 

K  L  M  V  A  G  E  R  N  V  L  I  T  S  A  L  P  Y  V  N 

aatgtcccccaccttgggaatatcattggttgtgtgctcagtgccgatgtctttgccagg 

N  V  P  H  L  G  N  I  I  G  C  V  L  S  A  D  V  F  A  R 

tactctcgcctccgccagtggaacaccctctatctgtgtgggacagatgagtatggtaca 

Y  S  R  L  R  Q  W  N  T  L  Y  L  C  G  T  D  E  Y  G  T 

gcaacagagaccaaggctctggaggagggactaaccccccaggagatctgcgacaagtac 

A  T  E  T  K  A  L  E  E  G  L  T  P  Q  E  I  C  D  K  Y 

cacatcatccatgctgacatctaccgctggtttaacatttcgtttgatatttttggtcgc 

H  I  I  H  A  D  I  Y  R  W  F  N  I  S  F  D  I  F  G  R 

accaccactccacagcagaccaaaatcacccaggacattttccagcagttgctgaaacga 

T  T  T  P  Q  Q  T  K  I  T  Q  D  I  F  Q  Q  L  L  K  R 

ggttttgtgctgcaagatactgtggagcaactgcgatgtgagcactgtgctcgcttcctg 

G  F  V  L  Q  D  T  V  E  Q  L  R  C  E  H  C  A  R  F  L 

gctgaccgcttcgtggagggcgtgtgtcccttccgtggctatgaggaggctcggggtgac 

A  D  R  F  V  E  G  V  C  P  F  R  G  Y  E  E  A  R  G  D 

cagtgtgacaagtgtggcaagctcatcaatgctgtcgagcttaagaagcctcagtgtaaa 

Q  C  D  K  C  G  K  L  I  N  A  V  E  L  K  K  P  Q  C  K 

gtctgccgatcatgccctgtggtgcagtcgagccagcacctgtttctggacctgcctaag 

V  C  R  S  C  P  V  V  Q  S  S  Q  H  L  F  L  D  L  P  K 

ctggagaagcgactggaggagtggttggggaggacattgcctggcagtgactggacaccc 

L  E  K  R  L  E  E  W  L  G  R  T  L  P  G  S  D  W  T  P 

aatgcccagtttatcacccgttcttggcttcgggatggcctcaagccacgctgcataacc 

N  A  Q  F  I  T  R  S  W  L  R  D  G  L  K  P  R  C  I  T 

cgagacctcaaatggggaacccctgtacccttagaaggttttgaagacaaggtattctat 

R  D  L  K  W  G  T  P  V  P  L  E  G  F  E  D  K  V  F  Y 

gtctggtttgatgccactattggctatctgtccatcacagccactacacagaccagtggg 

V  W  F  D  A  T  I  G  Y  L  S  I  T  A  T  T  Q  T  S  G 

aganatggtggananccagagcaagtggacctgtatcagttcatggccaaagacaatgtt 

R  X  G  G  X  P  E  Q  V  D  L  Y  Q  F  M  A  K  D  N  V 

 

Figure A1.3.  Sequence analysis of C-terminal MetRS plasmid (269-900aa) in pET28a (+): 

[TC-MetRS-pET28a (+)]: DNA sequencing confirmed the insertion of tetracysteine (TC) into 

MetRS in pET28a (+) vector.  The TC is labeled in red, the start codons for MetRS is highlighted 

in bold.  The construct was designed for expression and purification as 6xHis-tagged protein 

with the 6 histidine at the N-terminal heighted in bold 
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agtttnttagatgagctgggattcctagagattgaaactcccatgatgaacatcatcccn 

S  X  L  D  E  L  G  F  L  E  I  E  T  P  M  M  N  I  I  X 

gggggagccgtnnncaagcctttcatcacttntcacaacgagctggacatgaacttatat 

G  G  A  X  X  K  P  F  I  T  X  H  N  E  L  D  M  N  L  Y 

atgagaattgctccagaactctatcataagatgcttgtggttggtggcatcgaccgggtt 

M  R  I  A  P  E  L  Y  H  K  M  L  V  V  G  G  I  D  R  V 

tatgaaattggacgccagttccggaatgaggggattgatttgacgcacaatcntgagttc 

Y  E  I  G  R  Q  F  R  N  E  G  I  D  L  T  H  N  X  E  F 

accacctgtgagttctacatggcctatgcagactatcacgatctcatggaaatcacggag 

T  T  C  E  F  Y  M  A  Y  A  D  Y  H  D  L  M  E  I  T  E 

aagatggtttcagggatggtgaagcatattacaggcagttacaaggtcacctaccaccaa 

K  M  V  S  G  M  V  K  H  I  T  G  S  Y  K  V  T  Y  H  Q 

gcctacgatgttgacttcaccccacccttccggcgaatcaacatggtagaagagcttgag 

A  Y  D  V  D  F  T  P  P  F  R  R  I  N  M  V  E  E  L  E 

aaagccctggggatgaagctgccagaaacgaacctctttgaaactgaagaaactcgcaaa 

K  A  L  G  M  K  L  P  E  T  N  L  F  E  T  E  E  T  R  K 

attcttgatgatatctgtgtggcaaaagctgttgaatgccctccacctcggaccacagcc 

I  L  D  D  I  C  V  A  K  A  V  E  C  P  P  P  R  T  T  A 

aggctccttgacaagcttgttggggagttcctggaagtgacttgcatcaatcctacattc 

R  L  L  D  K  L  V  G  E  F  L  E  V  T  C  I  N  P  T  F 

atctgtgatcacccacagataatgagccctttggctaaatggcaccgctctaaagagggt 

I  C  D  H  P  Q  I  M  S  P  L  A  K  W  H  R  S  K  E  G 

ctgactgagcgctttgagctgtttgtcatgaagaaagagatatgcaatgcgtatactgag 

L  T  E  R  F  E  L  F  V  M  K  K  E  I  C  N  A  Y  T  E 

ctgaatgatcccatgcggcagcggcagctttttgaagaacaggccaaggccaaggctgca 

L  N  D  P  M  R  Q  R  Q  L  F  E  E  Q  A  K  A  K  A  A 

ggtgatgatgaggccatgttcatagatgaaaacttctgtactgccctggaatatgggctg 

G  D  D  E  A  M  F  I  D  E  N  F  C  T  A  L  E  Y  G  L 

ccccccacagctggctggggcatgggcattgatcgagtcgccatgtttctcacggactcc 

P  P  T  A  G  W  G  M  G  I  D  R  V  A  M  F  L  T  D  S 

aacaacatcaaggaagtacttctgtttcctgccat 

 

Figure A1.4.  Sequence analysis of hLysRS (D374-381): DNA sequencing confirmed the 

deletion. The site of deletion is highlighted in red.  Deletion of the seven amino acid in hLysRS 

which is absent in E. coli LysRS made hLysRS completely lost lysylation activity.  

 

 

 

 

 

 



164 
 

atatatnagaagtttctagatgagctgggatncctagagattgaaactcccatgatgaac 

I  Y  X  K  F  L  D  E  L  G  X  L  E  I  E  T  P  M  M  N 

atcatcccngggggagccgtgnccaagcctttcatcacttatcacaacgagctggacatg 

I  I  X  G  G  A  V  X  K  P  F  I  T  Y  H  N  E  L  D  M 

aacttatatatgagaattgctccagaactctatcataagatgcttgtggttggtggcatc 

N  L  Y  M  R  I  A  P  E  L  Y  H  K  M  L  V  V  G  G  I 

gaccgggtttatgaaattggacgccagttccggaatgaggggattgatttgacgcacaat 

D  R  V  Y  E  I  G  R  Q  F  R  N  E  G  I  D  L  T  H  N 

cntgagttcaccacctgtgagttctacatggcctatgcagactatcacgatctcatggaa 

X  E  F  T  T  C  E  F  Y  M  A  Y  A  D  Y  H  D  L  M  E 

atcacggagaagatggtttcagggatggtgaagcatattacaggcagttacaaggtcacc 

I  T  E  K  M  V  S  G  M  V  K  H  I  T  G  S  Y  K  V  T 

taccacccagatggcccagagggccaagcntacgatgttgacttcaccccacccttccgg 

Y  H  P  D  G  P  E  G  Q  X  Y  D  V  D  F  T  P  P  F  R 

cgaatcaacatggtagaagagcttgagaaagccctggggatgaagctgccagaaacgaaa 

R  I  N  M  V  E  E  L  E  K  A  L  G  M  K  L  P  E  T  K 

attcttgatgatatctgtgtggcaaaagctgttgaatgccctccacctcggaccacagcc 

I  L  D  D  I  C  V  A  K  A  V  E  C  P  P  P  R  T  T  A 

aggctccttgacaagcttgttggggagttcctggaagtgacttgcatcaatcctacattc 

R  L  L  D  K  L  V  G  E  F  L  E  V  T  C  I  N  P  T  F 

atctgtgatcacccacagataatgagccctttggctaaatggcaccgctctaaagagggt 

I  C  D  H  P  Q  I  M  S  P  L  A  K  W  H  R  S  K  E  G 

ctgactgagcgctttgagctgtttgtcatgaagaaagagatatgcaatgcgtatactgag 

L  T  E  R  F  E  L  F  V  M  K  K  E  I  C  N  A  Y  T  E 

ctgaatgatcccatgcggcagcggcagctttttgaagaacaggccaaggccaaggctgca 

L  N  D  P  M  R  Q  R  Q  L  F  E  E  Q  A  K  A  K  A  A 

ggtgatgatgaggccatgttcatagatgaaaacttctgtactgccctggaatatgggctg 

G  D  D  E  A  M  F  I  D  E  N  F  C  T  A  L  E  Y  G  L 

ccccccacagctggctggggcatgggcattgatcgagtcgccatgtttctcacggactcc 

P  P  T  A  G  W  G  M  G  I  D  R  V  A  M  F  L  T  D  S 

aacaacatcaaggaagtacttctgtttcctgccat 

N  N  I  K  E  V  L  L  F  P  A 

 

 

 

Figure A1.5.  Sequence analysis of hLysRS (D411-421): DNA sequencing confirmed the 

deletion.  The site of deletion is highlighted in red.  Deletion of the ten amino acid in hLysRS 

which is absent in E. coli LysRS made hLysRS completely lost lysylation activity 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 

M  G  S  S H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcatgactggtggacagcaaatgggtcgcggatcccgggtaccggtcgccacc 

M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  R  V  P  V  A  T 

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggac 

M  V  S  K  G  E  E  L  F  T  G  V  V  P  I  L  V  E  L  D 

ggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctac 

G  D  V  N  G  H  K  F  S  V  S  G  E  G  E  G  D  A  T  Y 

ggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccacc 

G  K  L  T  L  K  F  I  C  T  T  G  K  L  P  V  P  W  P  T 

ctcgtgaccaccttcggctacggcctgcagtgcttcgcccgctaccccgaccacatgaag 

L  V  T  T  F  G  Y  G  L  Q  C  F  A  R  Y  P  D  H  M  K 

cagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttc 

Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E  R  T  I  F 

ttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctg 

F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L 

gtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcac 

V  N  R  I  E  L  K  G  I  D  F  K  E  D  G  N  I  L  G  H 

aagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaac 

K  L  E  Y  N  Y  N  S  H  N  V  Y  I  M  A  D  K  Q  K  N 

ggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgcc 

G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S  V  Q  L  A 

gaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccac 

D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L  P  D  N  H 

tacctgagctaccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtc 

Y  L  S  Y  Q  S  A  L  S  K  D  P  N  E  K  R  D  H  M  V 

ctgctggagttcgtgaccgccgccgggatcactctcggcatggatgagctctacaaaaag 

L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E  L  Y  K  K 

cttatgcccagcgccagcgccagccgcaagagtcnnagaagccgcgggagatcatggacg 

L  M  P  S  A  S  A  S  R  K  S  X  R  S  R  G  R  S  W  T 

 

Figure A1.6 Sequence analysis of EYFP-AspRS-pET28a (+): DNA sequencing confirmed the 

insertion of EYFP.  The start of EYFP is in red while the start of AspRS in green.   
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 

M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcatgactggtggacagcaaatgggtcgcggatccatggcctcctccgaggac 

M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  M  A  S  S  E  D 

gtcatcaaggagttcatgcgcttcaaggtgcgcatggagggctccgtgaacggccacgag 

V  I  K  E  F  M  R  F  K  V  R  M  E  G  S  V  N  G  H  E 

ttcgagatcgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctg 

F  E  I  E  G  E  G  E  G  R  P  Y  E  G  T  Q  T  A  K  L 

aaggtgaccaagggcggccccctgcccttcgcctgggacatcctgtcccctcagttccag 

K  V  T  K  G  G  P  L  P  F  A  W  D  I  L  S  P  Q  F  Q 

tacggctccaaggcctacgtgaagcaccccgccgacatccccgactacttgaagctgtcc 

Y  G  S  K  A  Y  V  K  H  P  A  D  I  P  D  Y  L  K  L  S 

ttccccgagggcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggtgacc 

F  P  E  G  F  K  W  E  R  V  M  N  F  E  D  G  G  V  V  T 

gtgacccaggactcctccctgcaggacggcgagttcatctacaaggtgaagctgcgcggc 

V  T  Q  D  S  S  L  Q  D  G  E  F  I  Y  K  V  K  L  R  G 

accaacttcccctccgacggccccgtaatgcagaagaagaccatgggctgggaggcctcc 

T  N  F  P  S  D  G  P  V  M  Q  K  K  T  M  G  W  E  A  S 

accgagcggatgtaccccgaggacggcgccctgaagggcgagatcaagatgaggctgaag 

T  E  R  M  Y  P  E  D  G  A  L  K  G  E  I  K  M  R  L  K 

ctgaaggacggcggccactacgacgccgaggtcaagaccacctacatggccaagaagccc 

L  K  D  G  G  H  Y  D  A  E  V  K  T  T  Y  M  A  K  K  P 

gtgcagctgcccggcgcctacaagaccgacatcaagctggacatcacctcccacaacgag 

V  Q  L  P  G  A  Y  K  T  D  I  K  L  D  I  T  S  H  N  E 

gactacaccatcgtggaacagtacgagcgcgccgagggccgccactccaccggcgcaagc 

D  Y  T  I  V  E  Q  Y  E  R  A  E  G  R  H  S  T  G  A  S 

 

 

Figure A1.7 Sequence analysis of ECFP-AspRS-pET28a (+): DNA sequencing confirmed the 

insertion of CFP.  The start of YFP is in red  
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atgagaggatcgcatcatcatcatcatcacagcagcggctgggtcgatatggcggccgtg 

M  R  G  S  H  H  H  H  H  H  S  S  G  W  V  D  M  A  A  V 

caggcggccgaggtgaaagtggatggcagcgagccgaaactgagcaagaatgagctgaag 

Q  A  A  E  V  K  V  D  G  S  E  P  K  L  S  K  N  E  L  K 

agacgcctgaaagctgagaagaaagtagcagagaaggaggccaaacagaaagagctcagt 

R  R  L  K  A  E  K  K  V  A  E  K  E  A  K  Q  K  E  L  S 

gagaaacagctaagccaagccactgctgctgccaccaaccacaccactgataatggtgtg 

E  K  Q  L  S  Q  A  T  A  A  A  T  N  H  T  T  D  N  G  V 

ggtcctgaggaagagagcgtggacccaaatcaatactacaaaatccgcagtcaagcaatt 

G  P  E  E  E  S  V  D  P  N  Q  Y  Y  K  I  R  S  Q  A  I 

catcagctgaaggtcaatggggaagacccatacccacacaagttccatgtagacatctca 

H  Q  L  K  V  N  G  E  D  P  Y  P  H  K  F  H  V  D  I  S 

ctcactgacttcatccaaaaatatagtcacctgcagcctggggatcacctgactgacatc 

L  T  D  F  I  Q  K  Y  S  H  L  Q  P  G  D  H  L  T  D  I 

accttaaaggtggcaggtaggatccatgccaaaagagcttctgggggaaagctcatcttc 

T  L  K  V  A  G  R  I  H  A  K  R  A  S  G  G  K  L  I  F 

tatgatcttcgaggagagggggtgaagttgcaagtcatggccaattccagaaattataaa 

Y  D  L  R  G  E  G  V  K  L  Q  V  M  A  N  S  R  N  Y  K 

tcagaagaagaatttattcatattaataacaaactgcgtcggggagacataattggagtt 

S  E  E  E  F  I  H  I  N  N  K  L  R  R  G  D  I  I  G  V 

caggggaatcctggtaaaaccaagaagggtgagctgagcatcattccgtatgagatcaca 

Q  G  N  P  G  K  T  K  K  G  E  L  S  I  I  P  Y  E  I  T 

ctgctggctccctgtttgcatatgttacctcatcttcactttggcctcaaagacaaggaa 

L  L  A  P  C  L  H  M  L  P  H  L  H  F  G  L  K  D  K  E 

acaaggtatcgccagagatacttggacttgatcctgaatgactttgtgaggcagaaattt 

T  R  Y  R  Q  R  Y  L  D  L  I  L  N  D  F  V  R  Q  K  F 

atcatccgctctaagatcatcacatatataagaagtttcttagatgagctgggattccta 

I  I  R  S  K  I  I  T  Y  I  R  S  F  L  D  E  L  G  F  L 

gagattgaaactcccatgatgaacatcatcccagggggagccgtggccaagcctttcatc 

E  I  E  T  P  M  M  N  I  I  P  G  G  A  V  A  K  P  F  I 

acttatcacaacgagctggacatgaacttatatatgagaattgctccanaactctatcat 

T  Y  H  N  E  L  D  M  N  L  Y  M  R  I  A  P  X  L  Y  H 

 

Figure A1.8.  Sequence analysis of S207A hLysRS-pM368: DNA sequencing confirmed the 

mutation at position 207.  The point of mutation is highlighted in red.  Previous studies [99] 

indicated that phosphorylation of serine at position 207 in the hLysRS changes the conformation 

of LysRS, inactivates its aminoacylation function and activates its transcriptional function (ie.  

Ap4A synthesis).  Mutation of this serine residue to alanine did not have significant effect on the 

Ap4AA synthesis.  
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VECTOR MAPS 

 

 

Figure Al.90 Construct of human MetRS-pGEX-6p-3.  The plasmid codes for the expression 

of GST-tagged MetRS fusion protein under control of the T7 RNA polymerase promoter.  The 

plasmid allows for ampicillin selection in bacteria.  The relevant restriction enzyme sites for sub 

cloning are indicated.  The same construct was the N-terminal MetRS (1-268aa) and C-terminal 

MetRS (269-900aa).  The ORF was inserted by digesting the vector with EcoRI and XhoI. The 

full length MetRS was inserted between the EcoRI and XhoI restriction sites.  The vector map 

was generated using an online serve known Savvy (Scalable vector graphics plasmid maps) 
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Figure Al.91 Construct of N-terminally labeled tetracysteine AspRS (TC-AspRS PET28a 

(+) the plasmid for the expression of His-tagged AspRS fusion protein under control of the 

T7RNA polymerase promoter.  The plasmid allows for kanamycin selection in bacteria.  The 

AspRS were inserted into the vector by digesting with HindIII and NotI.  TC-metRS-pET28 (+) 

TC-p38 -pET28a (+) were constructed using the plasmid.  N-terminal labeled EYFP, EGFP and 

ECFP AspRS were constructed from the above vector by digesting the TC with BamHI and 

HindIII restriction enzymes.  
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Figure Al.92 Construct of C-terminally labeled AspRS (AspRS-EBFP-pET28a (+).  The 

plasmid codes for the expression of His-tagged AspRS fusion protein under control of the T7 

RNA polymerase promoter.  The plasmid allows for kanamycin selection in bacteria.  EBFP P38 

and AspRS were constructed by digesting the vector with hindIII and NotI restriction enzymes.  

All the other EGFP variants were constructed by digesting this vector with NotI and HindIII and 

substituting between position 166 and 887 in the pET-28a (+) vector.  
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APPENDIX II: SDS Page gels of proteins used for fluorescent studies and crystal structure 
of human Lysyl tRNA synthetase 

 

 

  
 

 

Figure A2.1: SDS-polyacrylamide gel electrophoresis of p38 expressed in E. coli: Cultures 

were grown at 37oC until the OD600 reaches 0. 4.  It was then transferred into room temperature 

and induced with 1mM IPTG when the OD600 reached 0. 6.  Proteins were purified by affinity 

chromatography using Ni-NTA resin (Qiagen).  Lane 1 shows is protein standard.  Lane 2 is 

elution with 250µl elution buffer, Lane 3 is elution with second 250µl elution buffer and Lane 4 

is elution with third 250µl elution buffer.   
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Figure A2.2 SDS-polyacrylamide gel electrophoresis of p38-JTV1 expressed in E. coli: 

Cultures were grown at 37 oC until the OD600 reaches 0. 4.  It was then transferred into room 

temperature and induced with 1 mM IPTG when the OD600 reached 0. 6.  Proteins were purified 

by affinity chromatography using Ni-NTA resin (Qiagen).  Lane 1 shows is protein standard.  

Lane 2 is p38 eluted and concentrated with amicon concentrator ( Millipore).  The p38 

appeared as a dimer upon attachment of tetracysteine.  
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(a)MAAVQAAEVKVDGSEPKLSKNELKRRLKAEKKVAEKEAKQKELSEKQLSQATAAATNHTT 
DNGVGPEEESVDPNQYYKIRSQAIHQLKVNGEDPYPHKFHVDISLTDFIQKYSHLQPGDH 

LTDITLKVAGRIHAKRASGGKLIFYDLRGEGVKLQVMANSRNYKSEEEFIHINNKLRRGD 

IIGVQGNPGKTKKGELSIIPYEITLLSPCLHMLPHLHFGLKDKETRYRQRYLDLILNDFV 

RQKFIIRSKIITYIRSFLDELGFLEIETPMMNIIPGGAVAKPFITYHNELDMNLYMRIAP 

ELYHKMLVVGGIDRVYEIGRQFRNEGIDLTHNPEFTTCEFYMAYADYHDLMEITEKMVSG 

MVKHITGSYKVTYHPDGPEGQAYDVDFTPPFRRINMVEELEKALGMKLPETNLFETEETR 

KILDDICVAKAVECPPPRTTARLLDKLVGEFLEVTCINPTFICDHPQIMSPLAKWHRSKE 

GLTERFELFVMKKEICNAYTELNDPMRQRQLFEEQAKAKAAGDDEAMFIDENFCTALEYG 

LPPTAGWGMGIDRVAMFLTDSNNIKEVLLFPAMKPEDKKENVATTDTLESTTVGTSV- 

 

(b) 
 

 

Figure A2.3 Human lysyl tRNA synthetase crytal structure complex with AP4A (a) Amino 

acid sequence of hLysRS (b) Docking of human lysyl tRNA synthetase with AP4A using 

Grammx docking program.  The position of cysteine residues colored in yellow and Ap4A 

colored in red 
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Figure A2.4 Crystal structure of human lysyl tRNA synthetase complex lysine and ATP 

analogue. The position of cysteine residues at position 209,338,427,434,456,463,496 and 534 

are colored in pink, ATP colored in rainbow and lysine colored in red.   
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Figure A2.5 SDS-polyacrylamide gel electrophoresis of hLysRS expressed in E.coli: Cultures 

were grown at 37
o
C until the OD

600
 reaches 0. 1.  It was then transferred into room temperature 

and induced with 1mM IPTG.  Proteins were purified by affinity chromatography using Ni-NTA 

resin (Qiagen).  HLysRS was eluted with elution buffer (50 mM NaH2PO4 pH~8, 300 mM NaCl, 

and 10 mM β-mercaptoethanol) different concentration of imidazole containing 5%glycerol.  

Concentration of hLysRS obtained after purification and concentrating to 500µl was 3.16 mg/ml 

from 500 ml culture.  
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Construction of GST fusion proteins with human MetRS and p18 

Previous studies indicate that the human MetRS interacts directly with p18 in the multi-

synthetase complex however it is not known whether p18 interacts with N or C terminus of 

MetRS [189, 190].  In order to understand the spatial arragement between MetRS and p18, the 

two proteins were fused with GST (Figure A2.6). Full length MetRS (1-900), N-terminal 

MetRS (1-268), C-terminal MetRS (269-900) and p18 express well in GST vector (Figure 

A2.7).  

 

 

Figure A2.6: Schematic representation of full length MeTRS (1-900), N-terminal MetRS (1-

268) C-terminal MetRS (269-900) and p18 (1-320) GST-tag. The numbers represent the 

number of amino acid residues in MetRS. PreScission Protease can be used to cleave GST off 

from the fusion proteins. 
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` 

Figure A2.7: Expression of GST fusion protein with human MetRS and p18 The cDNAs of 

full-length (1-900 amino acid) MetRS, N-terminal (1-268) MetRS and C-terminal (269-900) 

MetRS were subcloned into pGEX-6p-3 at the EcoRI and XhoI restriction sites. Proteins were 

expressed in E.coli BL21 (DE3).  An overnight culture was inoculated in 1000 ml of LB Broth 

containing 100 μg/ml of ampicillin. OD600 reached 0.4 at 37°C and the culture was transferred to 

room temperature until OD600 reached 0.6.  Cultures were induced with 0.2 mM IPTG overnight 

at room temperature. Lysis and purification were carried out by following the Genscript 

Protocol.  The lysis buffer was 1X PBS supplemented with 1 mM PMSF, 5 mM benzamidine, 1 

cocktail tablet of cOmplete Mini Roche Protease Inhibitor per 10 ml of lysate, 1 mg/ml 

lysozyme, and 1 % Triton X-100. Wash buffer was the same as lysis buffer (1X PBS) 

supplemented with 5mM PMSF. Samples were eluted with 10 mM reduced glutathione.  Eluted 

proteins were exchanged with 1X PBS using Amicon concentrator. 
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APPENDDIX III: Analysis of hLysRS mutants for AP4Asynthesis by HPLC 

 

Figure A3.0 Rate of synthesis of Ap4A by hLysRS.  Samples, prepared as described in the 

Materials and methods section, were subjected to HPLC analysis.  Samples were analyzed using  

2 mM tert-butyl ammonium bromide, 10 mM potassium phosphate, 17% acetonitrile as the 

mobile phase, flow rate 1 ml/min in C18 column (250 mm*4. 6 mm).  Ap4A synthesis was 

analyzed using 1µM of LysRS at 37
o
C for 0,5,10, 20 and 30 min.  
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Figure A3.1 Synthesis of Ap4A by with varying hLysRS.  Samples, prepared as described in 

the Materials and methods section, were subjected to HPLC analysis.  Samples were analyzed using  

2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 17% acetonitrile as the mobile 

phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  Ap4A synthesis was analyzed using 

1µM of LysRS at 37
o
C for 3 hours.  Ap4A peaks after 7min.  The ATP in the buffer peaks at 4.2 

min and earlier peak before that was identified to be ADP.  
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Figure A3.2 Analysis of hLysRS double mutants for Ap4A synthesis.  Samples, prepared as 

described in the Materials and methods section, were subjected to HPLC analysis.  Samples were 

analyzed using 2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 17% 

acetonitrile as the mobile phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  Ap4A 

synthesis was analyzed using 1µM of hLysRS at 37
o
C for 3 hours.  Ap4A peaks after 7min.  The 

ATP in the buffer peaks at 4. 2 min and the peaks before were identified to be ADP.  All the 

double serine mutants synthesized Ap4A.  C463C496S double synthesized the highest amount of 

Ap4A.  
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Figure A3.3 Analysis of hLysRS single serine mutants for Ap4A synthesis.  Samples, prepared 

as described in the Materials and methods section, were subjected to HPLC analysis.  Samples 

were analyzed using 2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 17% 

acetonitrile as the mobile phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  Ap4A 

synthesis was analyzed using 1µM of hLysRS at 37
o
C for 3 hours.  Ap4A peaks after 7min.  The 

ATP in the buffer peaks at 4. 2 min and the peak before was identified to be ADP.  C338S lost the 

catalytic ability to synthesize Ap4A.  C496S synthesize the highest amount of Ap4A colored blue 

panel A.  

(b) 

( 

(a) 
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Figure A3.4 Analysis of hLysRS single alanine mutants for Ap4A synthesis.  Samples, 

prepared as described in the Materials and methods section, were subjected to HPLC analysis.  

Samples were analyzed using 2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 

17% acetonitrile as the mobile phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  

Ap4A synthesis was analyzed using 1µM of hLysRS at 37
o
C for 3 hours.  Ap4A peaks after 

7min.  The ATP in the buffer peaks at 4. 2 min and the peak before were identified to be ADP. 

C496A synthesized the least amount of Ap4A.  
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Figure A3.5 Analysis of hLysRS mutants for Ap4A synthesis.  Samples, prepared as described 

in the Materials and methods section, were subjected to HPLC analysis.  Samples were analyzed 

using 2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 17% acetonitrile as the 

mobile phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  Ap4A synthesis was 

analyzed using 1µM of hLysRS at 37
o
C for 1 hour.  Ap4A peaks after 7 . 5min.  The ATP in the 

buffer peaks at 5 min and the peak before was identified to be ADP.  S207D (phosphomimic 

analogue) increase the enzyme efficiency for Ap4A synthesis [139] however S207A reduces the 

efficiency to make Ap4A.    
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Figure A3.6 Analysis of chemical modified hLysRS for Ap4A synthesis.  Samples, prepared as 

described in the Materials and methods section, were subjected to HPLC analysis.  Samples were 

analyzed using 2mM tert-butyl ammonium bromide, 10mM potassium phosphate, 17% 

acetonitrile as the mobile phase, flow rate 1ml/min in C18 column (250mm*4. 6mm).  Ap4A 

synthesis was analyzed using 1µM of hLysRS at 37
o
C for 1 hour.  Ap4A peaks after 7.5min.  The 

ATP in the buffer peaks at 5 min and the peak before was identified to be ADP.  IAA modified 

hLysRS did not make any Ap4A; however NEM modified hLysRS did synthesized small amount 

of AP4A.  

LysRS+ IAA 

LysRS+ 0.2mM NEM 

LysRS+ 20mM NEM 
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Figure A3.7 Identification of synthesized Ap4A by MALDI-TOF.  Ap4a was identified using 
MALDI- 
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