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Abstract (EN) 

A novel type of non-canonical 5′ RNA caps, dinucleoside polyphosphate RNA caps, 

has recently been discovered in our laboratory1. To elucidate the physiological role of 

these caps, more detailed information about their synthesis is essential. It has been 

already described that dinucleoside polyphosphate RNA caps (NpnN-RNA caps) can 

be accepted by RNA polymerase during transcription as a non-canonical initiating 

nucleotide (NCIN)5,6. However, the possibility that NpnN-RNA caps are created post-

transcriptionally cannot be ruled out. The best candidates for post-transcriptional 

capping enzymes are aminoacyl-tRNA synthetases, which, besides their crucial role in 

translation, are responsible for the synthesis of free dinucleoside polyphosphates13. In 

this thesis, four E. coli tRNA synthetases have been selected, cloned into plasmids, 

and purified using fast protein liquid chromatography (FPLC). Subsequently, selected 

tRNA synthetases have been tested for the production of free dinucleoside 

polyphosphate. These experiments have identified the optimal conditions for 

production of free dinucleoside polyphosphates, diadenosine tetraphosphate (Ap4A) 

particularly. The tRNA synthetases were then tested for their capabilities to form an 

RNA cap on in vitro transcribed radioactively labelled RNA. We found that tRNA 

synthetases are unable to form an Ap4A-RNA cap and, therefore, do not act as an RNA 

capping enzyme. These results were confirmed by analysis on liquid chromatography 

coupled with mass spectrometry. 

Keywords: Non-canonical RNA caps, dinucleoside polyphosphates, Ap4A, Ap4A-RNA, 

aminoacyl-tRNA synthetases, LysU 
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Abstrakt (CZ) 

V naší laboratoři byl nedávno objeven nový typ nekanonických RNA čepiček, 

obsahujících dinukleosid polyfosfáty. Abychom mohli objasnit jejich fyziologickou roli, 

je potřeba získat více informací o jejich syntéze v buňkách. Na základě nedávno 

publikovaných výsledků, dinukleosid polyfosfátové RNA (NpnN-RNA) mohou vznikat 

při transkripci přímou inkorporací dinukleosid polyfosfátů pomocí RNA polymerázy na 

počátek nově vznikajícího transkriptu (takzvaný nekanonický iniciační nukleotid). 

Nelze vyloučit i jiné možnosti syntézy NpnN čepičkované RNA, především jejich 

enzymatickou post-transkripční syntézu. Jedny z nejpravděpodobnějších kandidátů 

pro enzym vytvářející NpnN-RNA jsou aminoacyl-tRNA syntetázy. Tyto enzymy jsou, 

kromě své esenciální role v translaci, odpovědny za syntézu volných dinukleosid 

polyfosfátů v buňce. V této práci jsme vybrali čtyři tRNA syntetázy, klonovali je do 

plazmidů a purifikovali pomocí proteinové kapalinové chromatografie (fast protein 

liquid chromatography – FPLC). Následně byly tRNA syntetázy testovány pro syntézu 

volných dinukleosid polyfosfátů, díky čemuž jsme zjistili optimální reakční podmínky. 

Za daných reakčních podmínek jsme následně testovali, zda jsou tRNA syntetázy 

schopny vytvořit NpnN-RNA, a to pomocí reakce tRNA syntetáz s radioaktivně 

značenou RNA. Získané výsledky naznačují, že tRNA syntetázy nemohou vytvářet 

RNA čepičkovanou s dinukleosid polyfosfáty. Tyto výsledky byly následně potvrzeny 

pomocí analýzy založené na kapalinové chromatografii spojené s hmotnostní 

spektrometrií. 

Klíčová slova: Nekanonické RNA čepičky, dinukleosid polyfosfáty, Ap4A, Ap4A-RNA, 

aminoacyl-tRNA syntetázy, LysU 
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List of abbreviations 

aaRS  aminoacyl-tRNA synthetase (also referred to as tRNA synthetase) 

LysRS  lysyl-tRNA synthetase 

(for other aminoacyl-tRNA synthetases, similar abbreviation can be 
created using three letter name of an amino acid and RS, which stands 
for the tRNA synthetase; e. g. MetRS - methionyl-tRNA synthetase) 

Ap4A  diadenosine tetraphosphate 
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Introduction 

1. Non-canonical RNA caps 

Ribonucleic acid (RNA) molecules represent one of the most important biopolymers 

within the cells of every living organism. They play a pivotal role in the processing of 

genetic information from DNA into functional proteins. RNA is consisting of four 

nucleotides: adenosine, guanosine, cytidine, and uridine, but to fulfil specialized 

functions, chemical modifications of RNA molecules are essential. Currently, more than 

170 RNA modifications have been identified14. Research in our group focuses on the 

modifications of 5′ end of RNA. These modifications are called RNA caps and have an 

important function in regulating RNA stability, translation, or nuclear export. Historically, 

only one modification of the 5′ end was known, namely the eukaryotic canonical 

messenger RNA (mRNA) cap. Recently, new group of the 5′ end modifications was 

discovered. These modifications are mostly composed of metabolite molecules on 5′ 

end, therefore they are called non-canonical metabolite RNA caps. 

1.1. The canonical mRNA cap 

The canonical eukaryotic mRNA cap is composed of guanosine methylated at position 

7 connected by three phosphates to the 5′ end of RNA in a 5′ to 5′ orientation (m7Gp3N 

cap – structure of mRNA cap can be seen in Figure 1.)15. This cap plays an important 

role in mRNA metabolism, nuclear export and start of translation. 

Following the initiation of mRNA synthesis by RNA polymerase II, triphosphate on 5′ 

end of mRNA is immediately modified by enzymes associated with RNA polymerase 

Figure 1.: Canonical mRNA cap (cap 1) 
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II16. First, RNA triphosphatase removes one phosphate, leaving diphosphate RNA, 

after which mRNA guanylyltransferase attaches GTP in 5′ to 5′ orientation. In the end, 

guanosine is methylated at position 7 by mRNA methyltransferase. 

The canonical mRNA cap is then recognized by the cap binding complex (CBC), which 

is responsible for the export of mRNA from the nucleus to the cytoplasm17. In the 

cytoplasm, CBC is replaced by eukaryotic initiation factors eIF4E and eIF4G. The 

mRNA bound to these initiation factors is then recognized by other initiation factors and 

ribosome, initiating translation. The canonical mRNA cap also plays an important role 

for mRNA stability, protecting mRNA from degradation by exonucleases and regulates 

mRNA stability based on presence of bound initiation factors or presence of decapping 

complexes inside the cell18. 

There are several structural variants of the canonical mRNA cap: Eukaryotic mRNA 

cap 0 is the one already described before (m7Gp3N cap)19. Cap 1 and cap 2 consist of 

cap 0 and 2′ O ribose methylation on the first and the first two nucleotides of the RNA, 

respectively (m7Gp3Nm is cap 1 and m7Gp3NmNm cap 2). On small nuclear RNAs 

(snRNAs), there is a particular type of cap, called trimethyl guanosine cap (TMG cap). 

This cap consists of cap 1 dimethylated on NH2 group at position 2 of cap-forming 

guanosine (m3Gp3Nm cap). 

Till recently, it was believed that in bacteria, mRNA molecules lack a specific mRNA 

cap on 5′ end of RNA. Instead, E. coli mRNAs supposed to have a triphosphate at 5′ 

end. This triphosphate can be cleaved by enzyme RNA 5′ pyrophosphohydrolase 

(RppH) to monophosphate, which serves as degradation signal20. Furthermore, 

homologs of eukaryotic mRNA capping enzymes have not been identified in bacteria21. 
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1.2. NAD-RNA cap 

In 2009, Liu et al. discovered the first non-canonical 

RNA cap, a nicotinamide adenine dinucleotide RNA 

cap (NAD-RNA cap)22. They isolated total RNA 

from E. coli and S. venezuelae, and by liquid 

chromatography coupled with mass spectrometry 

(LC-MS), they discovered NAD molecule linked to 

RNA. Subsequent experiments, focused on RNA 

degradation by nucleases, provided evidence that 

NAD is linked to 5′ end of RNA. 

A breakthrough in the field of non-canonical RNA 

caps occurred with the development of NAD 

captureSeq method by Cahová et al.23. This 

method selectively enriches RNAs bearing NAD 

cap, enabling subsequent analysis by sequencing. With this method, it was revealed 

that NAD-RNA caps in E. coli are present mostly on small RNAs. It was shown that this 

cap is potentially stabilizing RNA because it protects RNA from action of RppH and 

therefore protects it from degradation. The study also identified an enzyme, NudC, that 

is responsible for degradation of the NAD-RNA cap. These observations indicate that 

NAD-RNA cap plays a role in RNA stability. 

The synthesis of the NAD-RNA cap is co-transcriptional24. During transcription, RNA 

polymerase can take a molecule of NAD as the first (initiating) nucleotide, which is 

called non-canonical initiating nucleotide (NCIN). Till today, NAD-RNA cap has been 

identified in yeast25, mammals26, plants27 and even in archaea28. It was shown, that in 

bacteria, NAD cap does not have any effect on translation29, but in eukaryotes, NAD-

RNA cap cannot be translated, only canonical cap can be translated26,30. However, 

there are some exceptions, NAD-RNA cap can be translated in mitochondria30, as 

mitochondria have bacterial type translation machinery, and one report claims that 

NAD-RNA capped mRNAs can be translated in Arabidopsis thaliana27. 

In recent study from Wolfram-Schauerte et al.31, a possible explanation of NAD-RNA 

caps function was proposed. During T4 bacteriophage infection in E. coli, 

bacteriophages utilize a protein modification known as ADP-ribosylation to reprogram 

Figure 2.: NAD RNA cap 
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host’s genetic system. Enzymes responsible for ADP-ribosylation use NAD molecule 

as a substrate. It was shown that these enzymes can utilize NAD-RNA as a substrate 

and covalently attach RNA to proteins. This modification called RNAylation was shown 

to be present in vivo on specific ribosomal proteins and it is crucial for bacteriophage 

infection. They demonstrated that only specific RNAs were attached to proteins, the 

same RNAs that were reported to be NAD capped, which could explain the NAD-RNA 

cap function in E. coli. However, the function of NAD-RNA cap is still not fully 

understood, and more research is necessary to understanding its role in cells. 

1.3. Other types of non-canonical RNA caps 

The dephosphocoenzyme A RNA cap (dpCoA-RNA cap) was identified by LC-MS 

analysis of total isolated RNA from E. coli, similarly to the discovery of NAD-RNA cap32. 

This cap consists of molecule of dephosphocoenzyme A attached to 5′ end of RNA. 

However, the abundance of this cap in bacteria is significantly lower compared to NAD 

cap. The mechanism of synthesis of this molecule was proposed to be the same as for 

NAD cap24 (i.e. by non-canonical initiating nucleotide incorporation), but because of 

the low abundance of dephospho-CoA inside the cell, alternative mechanisms were 

proposed. One of them is the attachment of CoA to RNA by enzyme 

phosphopantetheine adenylyltransferase (PPAT), a component of the CoA biosynthetic 

pathway. In this reaction, the enzyme would take RNA instead of ATP molecule and 

create an RNA cap33. A problem of this proposed mechanism is that RNA is highly 

unfavourable substrate in comparison to ATP, nonetheless, this mechanism could 

create a low number of CoA-RNA cap observed in the cell. Reliable CoA capped RNA 

capturing method was not developed till today, and so the details about physiology of 

this cap are not known. 

Flavin adenine dinucleotide RNA cap (FAD-RNA cap) was recently discovered on the 

5′ end of RNA of Hepatitis C virus34. It was shown that HCV RNA dependent RNA 

polymerase can accept FAD as NCIN and create FAD cap. This cap was shown to be 

present on (-) strand in some HCV strains, and on both (-) and (+) strands in other 
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strains. In one HCV strain, 75% of all HCV 

RNA was capped, which is the highest ratio 

of all non-canonical capped transcript 

known so far. The authors of this study also 

found that none of human endogenous 

RNA transcripts were FAD capped. It has 

been showed that FAD-RNA cap has no 

effect on RNA stability, but rather protect 

HCV from immune response (RIG-I 

induced response against triphosphate 5′ 

RNA end). However, another recent study 

has shown that non-canonical RNA caps, including the FAD-RNA cap, do trigger RIG-

I associated immune response35. 

Another novel type of non-canonical RNA caps was recently discovered in our 

laboratory1. Those caps consist of molecules of dinucleoside polyphosphates on 5′ end 

of RNA, therefore they are called dinucleoside polyphosphate RNA caps. As they 

are main subject of this thesis, the next chapters will be entirely devoted to their 

introduction. First, basic knowledge about free dinucleoside polyphosphates is crucial 

for understanding dinucleoside polyphosphate RNA caps, therefore they will be 

introduced in chapter 2. of introduction. In chapter 3. of introduction, I will finally focus 

on the characterization of dinucleoside polyphosphate RNA caps. 

  

Figure 3.: FAD-RNA cap 
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2. Dinucleoside polyphosphates 

Dinucleoside polyphosphate molecules were discovered more than 50 years ago13. 

They consist of two nucleosides connected by several phosphates in  

5′ to 5′ orientation (Figure 4.). The nucleoside base could be adenosine, guanosine, 

cytidine, or uridine, with purine bases being more common. The number of phosphates 

could vary from 2 to 6. The most common and widely studied dinucleoside 

polyphosphate is diadenosine tetraphosphate (Ap4A), composed of two adenosines 

connected by four phosphates. In spite of over 50 years of research, physiological role 

of dinucleoside polyphosphates remains largely unresolved. It is known that they 

function as alarmones during stress response in bacteria36,37. In eukaryotes, they are 

linked to DNA damage response and Ap4A acts as a second messenger during the 

activation of mast cells in mammals. Most recent studies have shown that they act as 

non-canonical RNA caps in both bacteria and eukaryotes1,38. 

There are several dinucleoside polyphosphates discovered in living cells. First 

discovered dinucleoside polyphosphate was diadenosine tetraphosphate (Ap4A), 

which was discovered by Zamecnik et al.13 by analysis of products from reaction of 

lysyl-tRNA synthetases. As already mentioned, Ap4A is the most widely studied 

dinucleoside polyphosphate39. Other dinucleoside polyphosphates discovered in living 

cells are Ap3A, Ap4G, Ap3G or Gp4G40. Their function is probably to some extent the 

same to Ap4A, for example Ap3A, Ap4G and Ap3G could act as alarmones in E. coli as 

well41. On the other hand, some studies on eukaryotes have shown that Ap4A and Ap3A 

could have an antagonistic function42. Gp4G is a special case among dinucleoside 

polyphosphates, it has been discovered only in embryos of Artemia shrimps, where it 

acts as an energy and purine storage43,44. 

Figure 4.: Chemical structure of dinucleoside polyphosphates. 
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In both bacterial and eukaryotic cells, dinucleoside polyphosphates are synthesized by 

action of tRNA synthetases36. These enzymes are known for their important role in 

translation - the synthesis of dinucleoside polyphosphates is their moonlighting activity. 

There are around 20 tRNA synthetases in every living organism, each of these 

enzymes have different rate of NpnN synthesis45. The enzyme most proficient in 

synthesizing NpnN is the lysyl-tRNA synthetase and is likely to be responsible for 

synthesis of majority of Ap4A inside a cell46. Ubiquitin and ubiquitin-like activating 

enzymes, DNA ligase III, T4 RNA ligase or several other enzymes have been shown 

to possess the ability to synthetize Ap4A as well47-50. The last chapter of the introduction 

(chapter 5.) will be dedicated to detailed description of dinucleoside polyphosphates 

synthesis by tRNA synthetases. 

2.1. Enzymatic degradation of dinucleoside polyphosphates 

The enzymes responsible for degradation of dinucleoside polyphosphates can be 

classified into two groups, specific and non-specific hydrolases51. Specific hydrolases 

belong to several different families, with the most important being the NudiX hydrolase 

family. Other hydrolases are from histidine triad (HIT) family, DXO family and from 

ApaH-like hydrolase family. These enzymes can be further divided into two groups, 

based on their mode of action: symmetric hydrolysis, where Ap4A is degraded to two 

ADP molecules, or asymmetric hydrolysis, where Ap4A is degraded to ATP and AMP. 

NudiX enzymes are responsible for hydrolysis of organic polyphosphates like in NAD, 

FAD, capped RNA or NpnNs51. Their diverse function in cells include the metabolism 

of molecules with phosphate chain, cleaning the cell out of toxic nucleotides (like 8-

OH-GTP) or they are involved in RNA decapping processes. For example, NUDT20, 

better known as DCP2, is responsible for cleavage of canonical mRNA cap in humans, 

or in bacteria, NudC is cleaving the non-canonical NAD-RNA cap23. There are many 

NudiX enzymes encoded in genomes of “model” organisms (13 NudiX enzymes in E. 

coli, 24 in humans and 28 in Arabidopsis thaliana), which marks their importance for 

the cellular physiology52. 

ApaH hydrolase is the most important enzyme for NpnN degradation in E. coli. It is 

responsible for controlling their concentration levels and its mutations lead to a huge 

increase in the intracellular concentration of NpnNs53. ApaH also has the ability to 

cleave NpnN-RNA caps1. HIT proteins are eukaryotic enzymes also connected to NpnN 
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metabolism54 and DXO is enzyme responsible for NAD-RNA or NpnN-RNA cap 

degradation in eukaryotes38,55. Non-specific enzymes degrading NpnN, like Snake 

Venom Phosphodiesterase, have been widely used in assay for measuring NpnN 

concentration56. 

2.2. Dinucleoside polyphosphates in bacteria 

In bacteria, dinucleoside polyphosphates (but mostly Ap4A), act as alamones 

regulating stress response41. Basal concentration of Ap4A in E. coli cell is around 2 

µM40. During stress conditions, concentration increases 50 times to 100 µM40. Stress 

conditions, that increase Ap4A concentration include heat shock, oxidative stress (from 

various compound like H2O2, quinones, cadmium ions or from depletion of 

glutathione57) or even exposure to antibiotics (kanamycin)58,59. Moreover, deletion of 

ApaH hydrolase or LysU overexpression leads to an increased concentration of 

Ap4A58. 

Most of these observations were already made around year 1980, but the molecular 

target of Ap4A has not been identified for a very long time,. There was a long-lasting 

discussion if those molecules are “friends” or “foes”60. In other words, if they are 

responsible for regulating stress response, or they are just toxic metabolites created 

during stress conditions. Some studies showed that Ap4A is not needed for activation 

of stress response elements and does not affect cell growth and survival under stress 

conditions61. However, recent studies showed that Ap4A might really act as an 

alarmone37. 

In a study from Giammarinaro et al.37, authors have identified, that Ap4A binds to 

Bacillus subtilis enzyme Inosine-5′-monophosphate dehydrogenase (IMPDH) and 

regulates its activity. IMPDH is composed of a catalytic domain and an ATP binding 

CBS domain. The enzyme can be found in two oligomeric states, either the more active 

tetramer, or the less active octamer. Ap4A can bind CBS domain of two tetramers and 

create a less active octamer. Lower activity of IMPDH then leads to higher activity of 

adenosine synthesis pathway at the expense of lower activity of guanosine synthesis 

pathway. Lower concentration of GTP leads to lower proteosynthesis by 

downregulating expression of rRNA. In contrast, ATP is crucial for function of protein 

chaperones, and increased ATP concentration can enhance their function. This should 

improve proteostasis during stress conditions and cell survival. Authors of this study 
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claim that in B. subtilis, IMPDH regulation should be primarily linked to Ap4A and not to 

ATP. It should be noted that previous studies on E. coli also found interactions of Ap4A 

to IMPDH but claim that Ap4A binding is not specific and that the regulation of IMPDH 

is linked to ATP61. Another argument for dinucleoside polyphosphates being “friendly” 

alarmones is the discovery of dinucleoside polyphosphate RNA caps, that could 

explain their physiological function. 

2.3. Dinucleoside polyphosphates in eukaryotes 

Stress conditions in eukaryotes cause elevated Ap4A concentration similarly to 

bacteria62. Basal concentration of Ap4A in eukaryotes is lower than in bacteria, around 

0.6 µM40. Stress conditions, like oxidative stress or heat shock, elevate Ap4A 

concentration about 2 times40. The rise of Ap4A concentration is also connected to DNA 

damage. In an article by Marriot et al.48, authors have shown that Ap4A acts as an 

inhibitor of DNA replication initiation during stress conditions. 

Ap4A acts as a second messenger during activation of mast cells63. Mast cell activation 

is a process, when inactivated mast cell binds IgE antibody and as a result releases 

histamine and other immunologically active compounds.  IgE binds to FcεRI receptors, 

and this activates mitogen-activated protein (MAP) kinase pathway. MAP kinase Erk1 

then phosphorylates lysyl-tRNA synthetase on Ser207. This leads to changes in 

Figure 5.: LysRS-Ap4A pathway during the activation of mast cells. 
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structure of LysRS and dissociation from multi synthetase complex (MSC)64. 

Phosphorylated LysRS then translocate to nucleus, where it starts producing Ap4A. In 

the nucleus, there is a complex of inactive Microphthalmia-associated transcription 

factor (MITF) bound to HINT1 protein. When Ap4A concentration in the nucleus rises, 

Ap4A starts binding HINT1, therefore HINT1 starts to dimerize leading to release and 

activation of MITF transcription factor. MITF regulates genes involved in proliferation, 

cell migration or histamine and cytokine release (Figure 5.). 
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3. Dinucleoside polyphosphate RNA caps 

Dinucleoside polyphosphate RNA caps were discovered in bacteria by Cahová group 

and Belasco group simultaneously in 20191,2. This type of non-canonical RNA caps 

consists of molecule of dinucleoside polyphosphate on 5′ end of RNA. They were first 

observed by mass spectrometry-based analysis. RNA from E. coli was extracted, 

washed out of all non-covalently linked molecules, and then digested by nuclease P1. 

Nucleotides and dinucleosides polyphosphates were separated by liquid 

chromatography and analysed by mass spectrometry. This led to the discovery of 

several different caps (unmethylated and methylated) on 5′ end of small RNAs.: Ap3A, 

Ap3G, Ap5A, m6Ap3A, mAp4G, m7Gp4Gm, mAp5A, mAp5G, 2mAp5G and 2mGp3G. 

Quantification of novel RNA caps showed that they are more abundant during 

stationary phase than in exponential phase (same as free dinucleoside 

polyphosphates in stationary phase). Stationary phase represents a stress condition 

for bacteria. Interestingly, abundance of cap methylation increased during stationary 

phase as well. This suggest that methylation could be used as protection against RNA 

degradation. This hypothesis is also supported by ability of enzyme RppH to cleave 

non-methylated caps, but it is unable to cleave caps with methyl groups. 

The approach used by the Belasco group differed from that used in our group2. First of 

all, they isolated RNA from cadmium stressed E. coli cells. Several selected transcripts 

(not known, why these particular transcripts were selected) were then cleaved by 

deoxyribozyme to create uniform 3′ ends. Afterwards, RNA was analysed by boronate 

acrylamide gel electrophoresis, which was developed for analysis of NAD capped 

Figure 6.: Dinucleoside polyphosphate RNA cap. 
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RNAs65. Subsequent analysis on thin layer chromatography (TLC) and comparison 

with artificially prepared NpnN capped RNA showed, that new type of capped RNA 

seen on boronate gel is a dinucleoside polyphosphate cap. Their approach enabled to 

quantify percentage of capped RNA among selected transcripts (mRNAs). For 

example, 74% of yeiP transcripts is capped during cadmium stress, but in case of ApaH 

deletion (ApaH is besides RppH one of two most important enzymes in degradation of 

NpnN caps) only 36% of transcripts are capped. Among selected transcripts, 

percentages of capped transcripts varied greatly, some transcripts (yeiP or efp) are 

capped in more than 70% during cadmium stress, but other are almost not capped at 

all (lpp or adk). 

Recently, our group discovered Ap4A-RNA caps also in mammalian cells38. 

Experimental approach was similar to that used in discovery of dinucleoside 

polyphosphate caps in bacteria. From HEK293T cells, long fraction of RNA was 

isolated, washed from all non-covalently bound molecules and then analysed on liquid 

chromatography coupled with mass spectrometry (LC-MS). Subsequent experiments 

showed that Ap4A RNA was degraded by NUDT2 and DXO in mammals, Ap4A-capped 

mRNA was not translated and did not initiate immune response, which suggests it is a 

natural component of the cell. 

3.1. Biodegradation of dinucleoside polyphosphate RNA caps 

To elucidate the role of dinucleoside polyphosphate caps in cells, we need to acquire 

more details about their metabolism. There are several enzymes that were shown to 

be able to cleave NpnN-RNA caps in bacteria. RppH is enzyme that cleaves 

phosphates from 5′ end of RNAs in bacteria, as already mentioned earlier. RppH can 

cleave NpnN-RNA caps leaving monophosphate on 5′ end as well. Mechanistic studies 

have revealed that this process is more complicated, because RppH first cleaves the 

NpnN cap after α′-phosphate (first phosphate from side of cap forming adenosine – in 

Figure 6., it is the phosphate furthest to the left) leaving triphosphate, which is then 

cleaved to monophosphate66. As already mentioned, RppH is not able to cleave 

methylated caps. 

The second important enzyme in bacterial NpnNs metabolism is ApaH. This enzyme is 

known for hydrolysis free dinucleoside polyphosphates, but it can cleave NpnN-RNA 

caps as well, leaving diphosphate on 5′ end of RNA. ApaH can degrade even 
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methylated NpnN-RNA caps. NudC, an enzyme responsible for degradation of NAD-

RNA caps, was tested for NpnN-RNA caps cleavage, but it has been shown that it is 

not able cleave them1.  

Based on known data about abundance of NpnN-RNA caps, their degradation and 

expression profiles of enzymes responsible for their degradation, a model of NpnN-

RNA caps function in bacteria was proposed (Figure 7.)1. In the exponential phase, 

NpnN caps are cleaved by RppH and then RNA is degraded by nucleases. During 

stress conditions like stationary phase, NpnN caps are methylated by an unknown 

methyltransferase and cannot be cleaved by RppH anymore. This stabilizes RNA 

during stress conditions and cell do not waste energy on creating new RNAs. When 

the stress condition is over, ApaH cleaves NpnN caps from RNA and they are then 

degraded by nucleases. 

In mammals, NUDT2 enzyme, which is responsible for degradation of free Ap4A in a 

cell, was shown to be able to cleave Ap4A-RNA, leaving monophosphate on 5′ end. 

DXO, which is known to cleave NAD-RNA cap, but not free dinucleoside 

polyphosphate, is also able to cleave Ap4A-RNA in mammals. Interestingly, it cleaves 

within the polyphosphate chain of the cap, leaving monophosphate on 5′ end of RNA, 

which contrasts with cleavage of NAD-RNA cap, where whole NAD molecule is cleaved 

out of RNA38. 

3.2. Synthesis of dinucleoside polyphosphate RNA caps 

Synthesis of NpnN-RNA caps is another important aspect of their metabolism. There 

are two options how NpnN caps could be synthetized in both bacteria and eukaryotes. 

First one is the incorporation of free dinucleoside polyphosphate by RNA polymerase 

as a non-canonical initiating nucleotide (NCIN) during transcription, similar mechanism 

as NAD-RNA cap is synthetized. This mechanism has already been proven functional 

Figure 7.: Model of NpnN-RNA cap function in E. coli based on Hudeček et al.1 
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both in vitro and in vivo (in E. coli)5,6. Regulation of this mechanism could be achieved 

by two proposed ways: change of concentration of free dinucleoside polyphosphates 

and by the sequence of the promoter. It has been shown, that manipulating promotor 

sequence have effect on efficiency of incorporation of free NpnN to RNA6. Greatest 

changes are achieved when position -1 on promoter is mutated. Position -2 or -3 also 

have effect on incorporation efficiency, but relatively minor in comparison to effect of -

1 position. It was proposed, that dinucleoside polyphosphate can pair with base in 

position -1 on promoter. When A is present on -1 position (T on the complementary 

strand), highest capping potential with Ap4A is achieved. Similarly, when G is on -1 

position, highest capping potential is observed with Gp4A. Base pairing of dinucleoside 

polyphosphate with base on -1 position of promoter could be canonical Watson-Crick 

base pairing6, or non-canonical pairing of adenine on Ap4A and thymine on 

complementary strand of promoter (adenine pairs with O2 and N3 on thymine)5. 

Abundance of free dinucleoside polyphosphates is another factor that influence NpnN 

incorporation by RNA polymerase. Concentration of Ap4A or other dinucleoside 

polyphosphates increases during stress conditions, which corelates to increased 

abundance on NpnN-RNA caps in same stress conditions. However, one problem can 

be seen, when we compare types of discovered NpnN caps and observed types of free 

dinucleoside polyphosphates in bacteria. Among discovered NpnN caps, there is Gp4G 

and Gp3G cap, but Gp4G of Gp3G have not been observed in free form in E. coli. 

Figure 8.: Illustration of incorporation of free dinucleoside polyphosphates by bacterial RNA polymerase 
to RNA. Created using BioRender. 
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This leads us to the second possible mechanism of cap acquisition, and that is post-

transcriptional synthesis of dinucleoside polyphosphate cap. This mechanism would 

require, that some unknown enzyme would interact with triphosphorylated RNA and 

directly synthetize NpnN-RNA cap. Ideal candidate enzymes are tRNA synthetases. 

They are one of the most important enzymes connected to protein synthesis, but they 

are also responsible for synthesis of dinucleoside polyphosphates13. General 

information about tRNA synthetases will be presented in next chapter (chapter 4.) and 

detailed description of synthesis of Ap4A by tRNA synthetases with possibility to create 

NpnN caps in following parts of this thesis (chapter 5.). 
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4. Aminoacyl-tRNA synthetases 

Aminoacyl-tRNA synthetases are enzymes essential for every cellular organism, as 

they are responsible for attaching cognate amino acid to tRNA. This is crucial step in 

decoding information from mRNA into functional protein. In fact, they are the only 

enzymes capable of implementing genetic code67. There are approximately 20 different 

tRNA synthetases in each cellular organism, with one dedicated to each amino acid. 

tRNA synthetases have other functions besides the aminoacylation reaction. They can 

edit misacylated tRNAs or perform various functions unrelated to the tRNA 

aminoacylation. For instance, they play a role in transcription regulation in bacteria or 

immune response in mammals68,69. One of their moonlighting activities is the synthesis 

of dinucleoside polyphosphates13. This non-canonical reaction is in the focus of this 

thesis and next chapter (chapter 5.) will be dedicated to the synthesis of dinucleoside 

polyphosphates by tRNA synthetases. 

For each proteogenic amino acid, there is generally different tRNA synthetase. All tRNA 

synthetase genes exhibit low sequence similarity, and for long time, it seemed that 

there is no relation between individual tRNA synthetases. In 1990, Eriani et al.70 

discovered that tRNA synthetases can be separated to two classes based on their 

structure (Figure 9.). Class I tRNA synthetases have a catalytic domain composed of 

Rossman fold (five parallel β-strands connected by α-helices) and conserved 

sequence motifs HIGH and KMSKS. Class II tRNA synthetases have a unique fold of 

catalytic domain composed of seven antiparallel β-strands and three conserved 

sequence motifs71,72. 

Figure 9.: Basic structural characteristics of two different classes of tRNA synthetases3 
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In addition to these basic structural characteristics, each class of tRNA synthetases 

have distinct biochemical and structural attributes71. Class I tRNA synthetases bind the 

tRNA-accepting stem from the minor groove side (except for TrpRS and TyrRS, which 

bind the tRNA-accepting stem from the major groove side) and subsequently 

aminoacylate 2′-OH group of 3′ terminal adenosine of tRNA. In contrast, class II 

enzymes bind the tRNA-accepting stem from the major groove and aminoacylates 3′-

OH group of terminal adenosine (with an exception of PheRS, which aminoacylates 2′-

OH group). The binding of an ATP molecule differs between these two classes. Class 

I enzymes bind ATP in an extended configuration, while class II enzymes bind ATP in 

an unusual bend configuration, where γ-phosphates bend back towards adenosine 

ring. This distinction leads to different reaction kinetics, where class I enzymes have 

aminoacyl-tRNA (aa-tRNA) release as the rate limiting step, whereas for class II, amino 

acid activation is the rate limiting step of the reaction. Another common characteristic 

is that class I tRNA synthetases are typically monomers, but class II enzymes form 

dimers (conserved motif 1 is responsible for dimerization). 

Within both classes, tRNA synthetases can be further divided into subgroups (a, b and 

c in both classes). Enzymes in a subgroup sometimes uses chemically similar amino 

acids as a substrate. For example, class Ia enzymes catalyse the aminoacylation of 

long hydrophobic or thiolated amino acids (Leu, Ile, Val, Met), class Ic catalyse the 

reaction of only aromatic Tyr and Trp or class IIb catalyse the reaction of charged amino 
Table 1.: Table of all tRNA synthetases from E. coli divided to classes (archaeal LysRS-I, which is not 
present in E. coli, is also included in the table. In E. coli, only LysRS-II is present) 

Subgroup
tRNA 

synthetase

Oligomeric 

structure

Number of 

aa in E. coli
Subgroup

tRNA 

synthetase

Oligomeric 

structure

Number of 

aa in E. coli
Ia IIa

LeuRS α 860 SerRS α2 430

IleRS α 937 ThrRS α2 642

ValRS α 951 ProRS α2 572

MetRS α or α2 642 HisRS α2 424

CysRS α 461 GlyRS α2β2 303 and 689

ArgRS α 577

Ib IIb

GluRS α 471 LysRS-II α2 505

GlnRS α 551 AspRS α2 590

LysRS-I α N/A AsnRS α2 467

Ic IIc 

TyrRS α2 424 AlaRS α4 875

TrpRS α2 334 PheRS α2β2 327 and 795

Class II tRNA synthetasesClass I tRNA synthetases
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acid such as Lys, Asp or Asn (however, not all subgroups use chemically similar amino 

acids; for example, class IIc catalyse aminoacylation of distinct amino acid Ala and 

Phe). The classification of all tRNA synthetases into classes and subgroups can be 

seen in the Table 1.1. (data from Giege et Springer72). The archaeal LysRS-I, which is 

not present in E. coli, is also included in the table. This is for illustration, that two 

different lysyl-tRNA synthetases for lysine exist, which will be discussed in chapter 

about evolution of tRNA synthetases (chapter 4.2). Whenever lysyl-tRNA synthetase 

is mentioned in the text, it means the class II bacterial enzyme (LysRS-II is also present 

in eukaryotes, which will be discussed later as well). When archaeal class I enzyme is 

mentioned in the text, it is explicitly specified. 

4.1. Structure of tRNA synthetases and aminoacylation reaction 

All tRNA synthetases are composed of at least two different domains, the catalytic 

domain, and the anticodon binding domain (ACB domain) (Figure 10.). Many tRNA 

synthetases have additional domains, with the most common being an editing domain 

inserted into the catalytic domain, or N or C terminal extensions, which are common in 

eukaryotic tRNA synthetases and play roles in their non-canonical functions69. Catalytic 

domains have two different folds, that separate tRNA synthetases to two different 

classes. As their name suggest, they are responsible for amino acylation, but they take 

part in tRNA recognition as well. ACB domains are responsible for binding an anticodon 

of tRNA. ACB domain folds are variable among different tRNA synthetases and could 

Figure 10.: Domains of E. coli lysyl-tRNA synthetase (PDB code: 1E228, edited using PyMOL) 
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be composed of only α-helices, only β-sheets or α/β folds. They are usually conserved 

through the evolution7. 

tRNA synthetases are well adapted for binding cognate tRNAs. There are several key 

residues on both tRNA and tRNA synthetase, that ensure right recognition73. On the 

tRNA synthetase, they are located in the ACB domain, near the active site, and even 

in the body of the tRNA synthetase, where they recognize nucleotides or phosphates 

of tRNA D-loop. This recognition is crucial for right positioning and discrimination 

among different tRNAs. 

In eukaryotes, tRNA synthetases form large cytoplasmatic complex called multi 

synthetase complex (MSC)74. In Saccharomyces cerevisiae, the MSC is composed of 

only two tRNA synthetases (MetRS and GluRS) and one auxiliary protein, that 

connects them. In mammals, the MSC is composed from nine tRNA synthetases 

(LysRS, MetRS, IleRS, ArgRS, GlnRS, GluRS, ProRS, AspRS, LeuRS) and three 

accessory interacting multifunctional proteins (AIMPs 1-3). The exact role of the MSC 

is not fully understood, but it has been proposed that it interacts with several signalling 

pathways. For example, LeuRS and IleRS from MSC interacts with mTOR (LeuRS acts 

as an intracellular leucine sensor and activator of the mTORC1 complex)71. Also, in the 

previously mentioned LysRS-Ap4A pathway, the MSC plays important role. In the 

inactivated mast cell, LysRS is part of the MSC, which is mediated by interaction with 

AIMP2. Upon mast cell activation, LysRS is phosphorylated. This leads to change in 

structure of LysRS, which prevents binding to AIMP2. LysRS is released from the MSC 

and translocated to the nucleus75. 

Aminoacylation reaction is the most important function of tRNA synthetases, therefore 

a more detailed description is necessary (Figure 11.). Within the catalytic domain, there 

are two pockets. One of them recognizes cognate amino acids and the other 

recognizes molecule of ATP. In the first step of the reaction, oxygen from carboxyl 

group of the amino acid attacks the α-phosphate of ATP forming an aminoacid-AMP 

intermediate. Pyrophosphate is released from the first step of the reaction. In the 

second step, the tRNA binds to the enzyme and is positioned in a way, that 3′ end is in 

the active site. Hydroxyl group from 2′ or 3′ carbon on the ribose (depends on tRNA 

synthetase class) attacks the carboxyl group of the amino acid and amino acid is 

transferred to 3′ end of the tRNA. AMP is a leaving group of the second step of 

aminoacylation reaction. Magnesium ions are required for this reaction71. 
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4.2. Evolution of tRNA synthetases 

The evolution of tRNA synthetases presents a challenging yet crucial field of study, 

essential for understanding the molecular basics of life and the origin of life on Earth. 

An almost complete set of tRNA synthetases was already present in earliest 

organisms67,76, which gives this field a potential for studying earliest known organisms. 

In this section, some of the fundamental concepts underlying evolution of tRNA 

synthetases will be discussed. 

The reconstruction of phylogenetic trees by Woese et al.67 showed that horizonal gene 

transfer played an important role in the evolution of tRNA synthetases. Their analysis 

revealed that for some tRNA synthetases, phylogenetic tree follows the pattern of 

phylogenetic tree of rRNA. However, there are certain tRNA synthetases that do not 

follow the classical phylogenetic tree of rRNA. This could be illustrated on the lysyl-

tRNA synthetase (Figure 12.). There are two different types of lysyl-tRNA synthetase, 

one belongs to class I and it is present in most of archaea (archaeal type). Second 

belongs to class II and it is present in both eukaryotes and bacteria (bacterial type). It 

has been proposed that through horizontal gene transfer, bacterial LysRS-II was  

Figure 11.: Reaction of aminoacyl-tRNA synthetases on the example of lysyl-tRNA synthetase. In the 
first step, aa-AMP intermediate is created (this step is also called amino acid activation), and in the 
second step, amino acid is transfer to 3' end of tRNA. 
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transferred to archaeal ancestors of eukaryotes and replaced the archaeal type LysRS-

I. This independently occurred multiple times in different archaeal groups76,77. 

The search for the origin of tRNA synthetases has led researchers to focus on their 

simplified versions. These enzymes are called urzymes (“ur” meaning primitive, 

original or earliest) and they are composed only of catalytic cores of tRNA synthetases, 

but still capable of aminoacylating tRNAs. The first urzyme was prepared from TrpRS78. 

This enzyme containing only catalytic domain was able to aminoacylate tRNA at almost 

the same speed as normal TrpRS, although the specificity of the reaction was 

significantly lower79. The search for urzymes is connected to the Rodin-Ohno 

hypothesis about the origin of tRNA synthetases. 

The Rodin-Ohno hypothesis proposes that both classes of tRNA synthetases 

originated from a single ancestral gene, which was read bidirectionally80. Sequence 

alignments of HIGH and KMSKS motives with antiparallel motif 2 and motif 1 showed 

hight sequence similarity. This theory is further supported by minor or major groove 

tRNA-acceptor stem binding and by proposed similar age and similar codon usage in 

genes of both classes. This theory was later supported by large bioinformatic analyses 

and is now widely accepted as the best model for the origin of both classes of tRNA 

synthetases81. 

Some bacteria and archaea lack a complete set of 20 tRNA synthetases. In most 

cases, GlnRS and AsnRS are absent, and they are replaced by the Non-Discriminating 

(ND) GluRS and AspRS. These enzymes can bind both Glu/Asp and Gln/Asn tRNA. 

However, when they bind Gln/Asn tRNA, they aminoacylate the tRNA with Glu/Asp and 

Figure 12.: Evolution of lysyl-tRNA synthetases. Bacterial type LysRS-II replaced the archaeal type 
LysRS-I in the ancestors of eukaryotes and some other archaeal species by means of horizontal gene 
transfer. Inspired by O’Donoghue et Luthey-Schulten7. 
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then form a complex with amidotransferase (AdT) enzyme82. This enzyme catalyses 

transformation of Glu/Asp to Gln/Asn directly on tRNA. A similar scenario occurs with 

cysteine in some archaea, where it is synthesized from O-phosphoserine tRNA directly 

on tRNA83. It has been proposed that GlnRS evolved later in evolution, probably in 

eukaryotes, and was acquired by some bacterial species through horizontal gene 

transfer84. 

4.3. tRNA processing  

tRNAs are small RNAs essential for translation of mRNA into proteins. They contain 

an anticodon sequence corresponding to a specific amino acid codon. Their structure 

is unique among RNAs. It can be visualised as a cloverleaf or as a T structure in 3D 

space (Figure 13.). Besides the anticodon stem, they contain a D loop (typical for 

presence of dihydrouridines), a T loop (typically contains thymine od pseudothymine) 

and an acceptor stem. The acceptor stem terminates with a CCA sequence on 3′ end. 

The terminal adenosine of CCA sequence is the residue that is aminoacylated by tRNA 

synthetases. Aminoacylated tRNA is transferred to the ribosome, where it binds 

complementary codon on mRNA. Amino acid is then transferred from tRNA to the 

growing peptide85. 

In bacteria, tRNAs are usually transcribed in long polycistronic transcripts containing 

multiple tRNAs. As a typical bacterial RNA polymerase transcript, they have 

Figure 13.: Cloverleaf representation and 3D structure of tRNA. Source of tRNA cloverleaf 
representation is Wikimedia commons45 and 3D structure was modelled in PyMOL, based on PDB 
structure 1EHZ11. 
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triphosphate on 5′ end. Individual tRNAs are then cleaved from pre-tRNA long 

transcript by RNase P86. RNase P is a ribozyme with a protein component called C587. 

RNase P together with C5 recognize a sequence of five nucleotide that ends with 

uridine before the 5′ end of tRNA, after which the cleavage takes place (for higher 

reaction specificity, RNase P also recognizes structures on 3′ end and the acceptor 

stem). This process leaves a monophosphate on the 5′ end of the tRNA. At the 3′ end, 

RNase E or RNase III cleaves transcripts between individual tRNAs and then RNase 

D degrades the transcript until it reaches CCA88. There it stops and the acceptor stem 

is formed (in eukaryotes, tRNA processing differs. tRNAs are transcribed by RNA 

polymerase III without the acceptor stem ending, which is then synthesized by enzyme 

CCA tRNA nucleotidyltransferase). This process is extremely fast, and it is hard to spot 

pre-tRNAs or processing intermediates in living cell. 

There are also several tRNAs, which are transcribed as monocistronic transcripts. 

These transcripts still have 5 nucleotides upstream of mature tRNA, that are processed 

by RNase P and C5. Only difference is that they have a triphosphate on 5′ end, which 

prevents binding C5 protein89. Therefore, this triphosphate is first cleaved by the RppH 

and then tRNAs are further processed. Deletions of RppH lead to difficulties in 

processing of monocistronic tRNAs, but for polycistronic tRNAs, RppH deletion has no 

effect89. 
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5. Synthesis of dinucleoside polyphosphates by tRNA synthetases 

Besides the canonical role of aminoacylating tRNAs, tRNA synthetases have ability to 

synthetize Ap4A and other dinucleoside polyphosphates. This reaction was discovered 

by Zamecnik et al.13 in 1966 by analysing products of E. coli lysyl-tRNA synthetase 

reaction. This experiment was also the first observation and characterization of 

dinucleoside polyphosphates, therefore tRNA synthetases and dinucleoside 

polyphosphates are tightly connected areas of research. In their article, they have 

already shown basic principles of how Ap4A is created from ATP through amino acid-

AMP intermediate. More detailed information about synthesis of Ap4A by tRNA 

synthetases were described in papers from 80s (mostly by researchers lead by Sylvain 

Blanquet90). They described the differences of reaction rates among different tRNA 

synthetases and the ability of metals to catalyse the reaction. In recent years, some of 

mechanistic details about the reaction were concluded based on crystal structures of 

tRNA synthetases. Despite extensive research on this reaction, the reason why tRNA 

synthetases catalyse synthesis of dinucleoside polyphosphates, in addition to their 

essential role in aminoacylation of tRNAs, remains a mystery. 

5.1. Different capabilities of tRNA synthetases to synthesize Ap4A 

It has been demonstrated that most tRNA synthetases are capable of synthetizing 

dinucleoside polyphosphates50. However, there are several tRNA synthetases that are 

unable to synthetize dinucleoside polyphosphates. For example, arginyl- and 

glutaminyl-tRNA synthetase from all tested organisms91 or tryphophanyl- and tyrosyl-

tRNA synthetases from Lupinus luteus, are unable to synthesize Ap4A92. These tRNA 

synthetases are known to create the amino acid-AMP intermediate only when the tRNA 

is present72,93, therefore amino acid is immediately transferred to tRNA, leaving no 

space for the generation of Ap4A. There are several tRNA synthetases that have not 

been tested for the production of Ap4A, like archaeal lysyl-tRNA synthetase (LysRS-I), 

but their reaction mechanism is the same as in arginyl-tRNA synthetase, and therefore 

they are not expected to produce Ap4A94. 

tRNA synthetases, that can produce Ap4A, differ dramatically in the rate of its synthesis. 

These differences are caused by the ability of several tRNA synthetases to be 

stimulated by metals, mostly by zinc ions. A complete list of all tRNA synthetases that 

are able to produce Ap4A or different dinucleoside polyphosphates can be found in an 

article from Fraga et Fontes50 or in a book ‘Ap4A and other dinucleoside 
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polyphosphates’ from McLennan39. The most capable tRNA synthetases in Ap4A 

production are lysyl-, alanyl- and phenylalanyl-tRNA synthetases45. All these tRNA 

synthetases are stimulated by zinc. Without the zinc stimulation, they have similar rate 

of reaction as other tRNA synthetases. This shows the importance of Zn2+ ions for this 

reaction.  

There are four tRNA synthetases, that are relevant for this thesis (E. coli LysRS from 

genes LysU and LysS (both class II enzymes), MetRS and HisRS). The initial rates of 

Ap4A production of these tRNA synthetases were found in the literature. Based on 

these data from literature, LysU was described to be the enzyme most efficient in Ap4A 

synthesis. LysS was reported to be only two times slower than LysU (differences 

between both LysRS in E. coli will be discussed later)95. HisS was described to be 

approximately 100-fold and MetG 1000-fold slower than LysU. Data from the literature 

can be seen in Table 2.36,45,95,96. 

 

Lysyl-tRNA synthetase have been tested for the production of different dinucleoside 

polyphosphate. From the first reaction observations by Paul Zamecnik, it is known that 

LysRS is able to synthetize Ap3A as well13. For the first step of reaction, ATP molecule 

is necessary, but the second step is less substrate selective. Therefore, when a mix of 

different nucleotides is present in the reaction, ApnN can be synthetized. Interestingly, 

not all ApnN are synthetized in equal rates45. Synthesis of Ap4A is always faster than 

synthesis of other ApnN. The rate of synthesis of Ap3A, Ap4G, Ap3G and Ap4C is about 

the third of the rate of Ap4A synthesis. Other ApnN like Ap4U are synthetized even more 

slowly, the rate of reaction with UTP is about one fifth of Ap4A synthesis reaction rate. 

With E. coli AlaRS, the reaction with GTP is about 50% slower than with ATP, the 

reaction with CTP is about 40% slower, but the reaction with UTP is almost 

undetectable91. 

Table 2.: Comparison of relevant tRNA synthetases for this thesis, based on data found in the literature. 
Data represent the initial rates of Ap4A synthesis by tRNA synthetases in s-1 units. Most relevant data 
are highlighted in yellow. 

LysU 0,0235 2,030 23

LysS 11

HisS 0,0106 0,0092 4,1

MetG 0,0021 0,0021 0,0021 0,0021 0,0021

Conditions No Zn2+ 10 μM Zn2+ 150 μM Zn2+
1mM Zn

2+
No Zn

2+
150 μM Zn

2+
150 μM Zn2+ Without Zn2+

Units s-1 100*s-1

Source Brevet et al.,  1995 Goerlich et al.,  1982

LysS 2x slower 

than LysU

HisS 2,5x slower than LysRS 

withou Zn
2+

 stimulation

s-1 s-1

Blanquet et al.,  1983 Brevet et al.,  1989

Result
 HisS 450x slower and MetG 2000x slower 

than LysRS

MetG 1000x slower 

than LysRS

0,02 0,4 4,2 2,5 10
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5.2. Mechanism of dinucleoside polyphosphate synthesis 

The canonical reaction of tRNA synthetases occurs in two steps. The first is reaction 

of an amino acid with ATP, forming an amino acid-AMP intermediate. The second step 

is transfer of the amino acid to tRNA and the release of AMP. For the synthesis of 

dinucleoside polyphosphate, the first step of reaction is identical. However, the second 

step differs, and the aa-AMP intermediate reacts with a molecule of ATP instead13. 

Ap4A is created and the amino acid leaves the reaction. Other dinucleoside 

polyphosphates could be synthetized, when the aa-AMP reacts with a different 

nucleotide instead of ATP. A simplified scheme of reaction can be seen on Figure 14.. 

Metal ions play an important role in both steps of the reaction. For the first step, Mg2+ 

ions are essential. They are needed for ATP binding and catalyse intermediate 

formation. For class I tRNA synthetases, only one Mg2+ ion per active site is needed, 

while for class II enzymes, three Mg2+ ions bind to the active site. In the second step, 

Zn2+ ions and some other metal ions can catalyse the reaction. This catalysis occurs 

only with a few tRNA synthetases, as mentioned earlier (LysRS, AlaRS, PheRS and E. 

coli ProRS). Mn2+ and Cd2+ ions are also able to catalyse the synthesis of Ap4A, but 

they are not as effective as Zn2+ ions90. However, the catalysis by metal ions could be 

species dependent, as research on Myxococcus xanthus has shown. M. xanthus 

LysRS has the highest rate of Ap4A synthesis in the presence of Mn2+ ions, while Zn2+ 

ions inhibit the reaction97. 

Figure 14.: A simplified scheme of Ap4A synthesis by LysRS. In the second step, aa-AMP intermediate 
interacts with ATP instead of tRNA creating Ap4A. 
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The analysis of mutations of amino acids near the active site of lysyl-tRNA synthetase 

(bacterial class II enzyme) by Chen et al.9 suggested the mechanism of Ap4A synthesis. 

Mutations in Glu264, His270, Arg262, Glu414, Glu421 and Arg480 showed highest 

reduction in capabilities of Ap4A synthesis (Figure 15.). They identified, that Arg262, 

Glu414, Glu421 and Arg480 are responsible for binding magnesium ions or directly 

binding phosphates. His270 binds both the γ-phosphate of the first ATP and makes a 

stacking interaction with the ring of adenosine. The most important amino acid in Ap4A 

formation is Glu264. Mutation of this amino acid reduced the rate of reaction to levels 

without Zn2+ stimulation. The authors of this study claim that Glu264 is responsible for 

the binding of Zn2+. The proposed Ap4A reaction mechanism also includes so-called 

N7-N7 bridge (this is connection of both adenosine rings on Ap4A by Zn2+ through 

binding to N7 of each adenosine98). The second molecule of ATP binds with γ and β 

phosphate to the same position as γ and β phosphate of the first ATP were binding 

(both of these phosphates left the active site as a pyrophosphate leaving group), but 

in the opposite direction (second ATP sticks out of active site). Zn2+ interacts with both 

ATP molecules via N7-N7 bridge and simultaneously with Glu264. Zn2+ then catalyse 

the attack of γ-phosphate of the second ATP to the aa-AMP intermediate. Ap4A is 

formed and the amino acid leaves the reaction. 

ATP, amino acid and Mg2+ are essential for the first step of the reaction (an excess 

amount of Mg2+ and amino acid is used to boost Ap4A formation)99. Pyrophosphate is 

a leaving group from the first step of reaction and because of the reaction reversibility, 

Figure 15.: Active side of LysU with important amino acid residues for Ap4A synthesis highlighted. Model 
created in PyMOL based on structure 5YZX and information from Chen et al.9 



28 
 

higher amounts of pyrophosphate inhibit the Ap4A production100. Therefore, inorganic 

pyrophosphatase is used to degrade the pyrophosphate and boost the reaction. Zn2+ 

ions are used to catalyse Ap4A formation. It has been shown that only small amount of 

Zn2+ ions is needed for catalysis of Ap4A formation (the best effect is observed in 0.1 

mM concentration of ZnCl2)45. tRNA is another factor that inhibits Ap4A synthesis, 

because aminoacylation reaction seems to be preferred over Ap4A formation36,92. The 

reaction is usually held at a slightly basic pH (around pH 8) in 37 °C (for E. coli or 

mammalian enzymes). 

All tRNA synthetases create Ap4A trough the aa-AMP intermediate. There is only one 

exception, and that is the human glycyl-tRNA synthetase101. It has been shown that 

this enzyme does not need an amino acid for Ap4A synthesis, and the reaction is rather 

a direct condensation of two molecules of ATP. This is achieved by a small domain 

insertion into the active site of GlyRS, which binds the second molecule of ATP. On the 

other hand, the reaction speed of GlyRS is way slower than the reaction of LysRS, 

therefore the authors of the study proposed role of GlyRS in Ap4A homeostasis (rather 

than in the response to stress conditions). The formation of Ap4A by the bacterial GlyRS 

is amino acid dependent102. 

5.3. E. coli lysyl-tRNA synthetases LysS and LysU 

In E. coli, there are two genes encoding lysyl-tRNA synthetase. They have 89% 

sequence similarity, and when they are structurally aligned, they are almost identical 

(RSMD = 0.85 and TM-score 0.99; structural alignment can be seen on Figure 16.). 

Figure 16.: Structural alignment of LysU (orange) and LysS (blue) by RSCB PDB Pairwise Structure 
Alignment. LysU and LysS structures were predicted by AlphaFold 210 
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However, they both have different biochemical properties. LysS is about 8 times more 

active in the aminoacylation reaction, LysU is two times faster in synthetizing Ap4A95.  

Their expression is differently regulated. LysS is constitutively transcribed and acts as 

a housekeeping gene. LysU is expressed only in stress conditions like heat shock, low 

pH, anaerobiosis or nutrient shortage72. The regulation of LysU includes factors such 

as rpoH (sigma factor σ32 responsible for regulation of heat shock genes), lrp (protein 

involved in Leu-Lrp operon, that mediates response to leucin), and the rlu element 

(regulation of LysU), which function is not yet known. Based on these observations, it 

was proposed that LysS act as a housekeeping gene for aminoacylation of tRNA, while 

LysU is gene mostly responsible for synthesis of Ap4A during stress conditions. 

Therefore, LysU is suspected to be the main Ap4A synthetizing enzyme in E. coli. 

However, it is important to note that it is not only hypothesis that explains, why two 

LysRS genes are present in E. coli. For instance, based on biochemical analysis, it has 

been proposed that LysU may be more suitable to carry housekeeping aminoacylation 

function in stress conditions such as low pH95. 

5.4. tRNA synthetases as RNA capping enzymes  

The ability of tRNA synthetases to create Ap4A makes them excellent candidates for 

post-transcriptional capping enzymes. The second step of the Ap4A formation is known 

to be less substrate selective, which makes it possible that RNA could be used as a 

substrate. In this scenario, tRNA synthetase could utilize triphosphorylated RNA 

instead of ATP molecule in the second step of the reaction and create Ap4A-RNA cap. 

Post-transcriptional capping by tRNA synthetases could thus explain the regulation of 

Ap4A-RNA cap synthesis during stress, as dinucleoside polyphosphate caps are more 

abundant in stress conditions. In addition, in the same conditions, LysU, which is 

enzyme producing Ap4A the most efficiently, is expressed. Therefore, LysU seems to 

be the most suitable candidate as the Ap4A-RNA capping enzyme. 
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The possibility, that LysU could create Ap4A-RNA cap was already reported by Luciano 

et al.2. They purified LysU from E. coli and tested if it is able to cap triphosphorylated 

yeiP transcript. Their experiment demonstrated that LysU is capable of synthetizing 

Ap4A-RNA cap on yeiP (results can be seen on Figure 17.). However, further details 

about the reaction, such as the rate of cap synthesis or substrate specificity have not 

been tested. Also, the ability of different tRNA synthetases to create Ap4A-RNA has not 

been investigated. Lastly, their experiment was performed only once without any 

replicates, therefore the ability to create Ap4A-RNA must be verified. 

  

Figure 17.: Experiment showing the possibility of LysU to create Ap4A-RNA conducted by Luciano233. 
RNA capping was analysed on boronate gel, retarded migration of LysU sample is marking capped 
RNA. Presence of Ap4A-RNA cap was verified by treatment with RppH decapping enzyme. 
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Aims of the thesis 

 

• Select four E. coli tRNA synthetases, subclone them to plasmids and 

express them in E. coli. 

 

• Purify selected tRNA synthetases using fast protein liquid 

chromatography (FPLC). 

 

• Test tRNA synthetases for production of free dinucleoside 

polyphosphates and find optimal reaction conditions (analysis will be 

performed on high-performance liquid chromatography). 

 

• Test RNA capping potential of tRNA synthetases on in vitro 

transcribed radioactively labelled RNA. 
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Methods 

1. Materials 

1.1. Oligonucleotides 

1.2. Plasmids 

1.3. E. coli strains 

 

1.4. Enzymes 

 

E. coli strains

DH5α

BL21 (DE3)

Enzyme Manufacturer Catalog number

T7 RNA polymerase NEB M0251L

DNase I (RNase-free) NEB M0303L

T4 DNA ligase Thermo Scientific 931603

NdeI Thermo Scientific 702390

AseI NEB R0526S

XhoI NEB R0146S

Pyrophosphatase, inorganic Roche 10108987001

RNase T1 Thermo Scientific EN0541

Phusion HF DNA polymerase Thermo Scientific F530L

Name Code Sequence

LysU Forward JaR-1 GATCATATGTCTGAACAAGAAACACG

LysU  Reverse JaR-2 ATTCTCGAGTTATTTCTGTGGGCGCATC

LysS  Forward JaR-3 GATCATATGTCTGAACAACACGCAC

LysS  Reverse JaR-4 ATTCTCGAGTTATTTTACCGGACGCATC

MetG  Forward JaR-9 GCCATTAATATGACTCAAGTCGCGAAG

MetG  Reverse JaR-10 ACTCTCGAGTTATTTCACCTGATGACC

HisS  Forward JaR-7 GCGCATATGGCAAAAAACATTCAAGC

HisS  Reverse JaR-8 ATTCTCGAGTTAACCCAGTAACGTGCG

yeiP  IVT Forward yeiP_126_F AAAAGAATTCCAAATTAATACGACTCACTATTAGATTTTTGACATTTTCGACTACAGG

yeiP  IVT Reverse yeiP_126_R TGGGCGACTGAATATCAATATCC

35mer IVT coding CAGTAATACGACTCACTATTAGGGAAGCGGGCATGCGGCCAGCCATAGCCGATCA

35mer IVT 

complementary
TGATCGGCTATGGCTGGCCGCATGCCCGCTTCCCTAATAGTGAGTCGTATTACTG

Plasmids

pET-28a(+) + LysU

pET-28a(+) + LysS

pET-28a(+) + MetG

pET-28a(+) + HisS
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1.5. Chemicals 

 

Chemical Manufacturer Catalog number

Magnesium chloride (MgCl2) Sigma-Aldrich M8266-100G

Zinc chloride (ZnCl2) Sigma-Aldrich 31650-250G

L-Methionine Sigma-Aldrich 64319-25G-F

L-Histidine Sigma-Aldrich 53319-25G

L-Lysine Sigma-Aldrich L5626-100G

EDTA Sigma-Aldrich EDS-500G

Tris Hydrochloride (Tris-HCl) Fisher BP153-1

Sodium Chloride (NaCl) Lach-Ner 7647-14-5

Sodium phosphate dibasic (Na2HPO3) Sigma-Aldrich S0876-100G

Imidazole Sigma-Aldrich 56750-100G

Sodium dodecyl sulfate (SDS) Sigma-Aldrich L3771-100G

Ammonium acetate Sigma-Aldrich A1542-250G

β-mercaptoethanol Sigma-Aldrich M6250-10ML

Dithiothreitol (DTT) Thermo Scientific A39255

Dimethyl sulfoxide (DMSO) Fisher D/4120/PB08

Triton X-100 Sigma-Aldrich X100-100ML

Kanamycin (50mg/ml) Sigma-Aldrich K0254-20ML

Glycerol, anhydrous Lach-Ner 56-81-5

Triethylammonium Acetate buffer (1 M) Panreac AppliChem A3846,1000

Acetonitrile Fisher A/0627/17

Agarose SERVA for DNA electrophoresis SERVA 11404.05

ROTIPHORESE®Sequenziergel-Konzentrat 25% Carl Roth 3043.1

30% Acrylamide/Bis Solution, 37.5:1 Bio-Rad 1610158

Ammonium persulfate (APS) Sigma-Aldrich A3678-25G

TEMED Sigma-Aldrich T9281-50ML

Boronate

ATP 100 mM New England BioLabs (NEB) N0451A

GTP 100 mM NEB N0452A

CTP 100 mM NEB N0453A

UTP 100 mM NEB N0454A

[alpha-P32]GTP, 3000 Ci/mmol, 10 mCi/ml HARTMANN ANALYTIC FP-208

Diadenosine tetraphosphate (Ap4A) Sigma-Aldrich D1262-50MG

NEBuffer r3.1 NEB B6003S

10x T4 DNA Ligase Reaction Buffer NEB B0202S

10x RNA Polymerase Reaction Buffer NEB B9012S

10x DNase I Reaction Buffer NEB B0303S

RNA Gel Loading Dye (2X) Thermo Scientific R0641

Gel Loading Dye Purple (6x) NEB B7024A

SERVA DNA Stain Clear G SERVA 39804.1

PageRuler Prestained Protein Ladder, 10 to 180 kDa Thermo Scientific 26616

1 kb DNA Ladder NEB N3232L

GeneRule Ultra Low Range DNA Ladder Thermo Scientific SM1212

PMSF Protease Inhibitor Thermo Scientific 36978

Pierce Protease Inhibitor Mini Tablets Thermo Scientific A32953

Adenosnie-15N5 5'-triphosphate Sigma-Aldrich 707783-10MG

Synthetized by M.-B. Mititelu (Cahová group)
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2. Plasmid preparation 

Genes encoding the selected Escherichia coli tRNA synthetases were PCR amplified 

using primers specified in table with used oligonucleotides, from E. coli cDNA 

(prepared by Dr. Pavel Vopálenský from 400 μg of total RNA isolated by RNAzol 

Reagent from exponential phase of growth of E. coli BL21 and reverse-transcribed by 

Luna Super RT Mix (NEB)). PCR products were subsequently analysed on 1 % 

agarose gel (1 h and 30 min at 40 V), visualised by SERVA stain G. Band 

corresponding to the length of selected genes were excised from the agarose gel and 

cleaned by Monarch DNA gel extraction kit (NEB). Cleaned PCR products were then 

cleaved with NdeI (AseI in case of MetG) and XhoI restriction enzymes. Plasmid pET-

28a(+) was cleaved with NdeI and XhoI as well. Plasmid cleavage products were 

analysed on 0.9 % agarose gel (overnight at 20 V) and bands corresponding to plasmid 

with cleaved out previous construct (Microphthalmia-associated transcription factor 

(MITF)) excised from gel and cleaned by Monarch DNA gel extraction kit (NEB). 

Digested PCR amplicons with coding sequences for tRNA synthetases were then 

ligated to pET-28a by T4 DNA ligase (NEB, incubation at 16 °C overnight). Prepared 

constructs contain 6x histidine tag (His-tag) on N-terminus. 

Ligation mixtures were transformed into chemocompetent (CaCl2 method) E. coli strain 

DH5α. 5 μl of ligation solution was added to 50 μl of pre-prepared solution of E. coli 

DH5α used for transformation. E. coli was left for 30 min on ice and then put to 42 °C 

water bath for 30 s. Afterwards 1 ml of Luria–Bertani medium (LB medium) was added, 

and cells were incubated in 37 °C for 1 h, and then plated on agar plates with 

kanamycin. Colonies of transformed E. coli were selected and incubated overnight at 

37 °C in LB medium with kanamycin (50 μg/mL). Plasmids were isolated from cell 

culture by GenJET Plasmid Miniprep Kit and transformation was checked by PCR and 

Sanger sequencing (SeqMe). The highest quality plasmids were selected transformed 

to E. coli BL21 with same procedure as previously described and checked again by 

Sanger sequencing (SeqMe). A stock with transformed bacteria was prepared by 

mixing 200 μl glycerol and 800 μl cell culture and frozen in -80 °C. 
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3. Protein purification 

Buffers: 

Buffer A – 50 mM Na2HPO4, 300 mM NaCl, 3 mM β-merkaptoethanol, 5 % glycerol,  

pH 7.4 (prepared in 1 l) 

Buffer B – 500 mM imidazole in buffer A (prepared in 200 ml) 

SEC buffer – 50 mM Tris-HCl, 100 mM NaCl, 1 mM β-merkaptoethanol, 20 % glycerol, 

pH 7.5 (prepared in 1 l, RNase-free) 

Sonification buffer – 4% buffer B, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1x 

Protease Inhibitor (PI), all in buffer A (10 ml for 1g of pellet) 

Lysis buffer – 1 mM PMSF, 1x PI in buffer A 

His-tagged tRNA synthetases were expressed in E. coli BL21 transformed with plasmid 

pET-28a containing the selected tRNA synthetases. The test of induction was 

conducted by adding isopropyl β-d-1-thiogalactopyranoside (IPTG) in final 

concentration 1 mM (0.5 mM and 0.75 mM concentrations were tested for HisS as well) 

to 4 ml of cell culture (LB media, kanamycin 50 μg/mL, 37 °C) at exponential phase 

(optical density OD = 0.4), 4 ml of cell culture was left as control. After 3 h of incubation 

at 37 °C, the cell culture was centrifuged (5 min, 5000 g, 4 °C) and pellet was 

resuspended at 250 μl of lysis buffer. Samples were sonicated for 3 mins (5s on/10s 

off) on ice on Hielscher digital ultrasonic generator UP200St and then centrifuged (10 

min, 20 000 g, 4 °C) to separate soluble fraction from cell debris. The resulting pellet 

was again resuspended at 250 μl of lysis buffer. Subsequently, samples were analysed 

on 8 % SDS-PAGE gel103 (10 min at 90 V, 1 h 30 min at 110 V) and stained with 

Coomassie Brilliant Blue. Based on these experiments, the optimal conditions for the 

induction of all tRNA synthetases were determined (1 mM IPTG, 3h incubation, 37 °C). 

For large-scale expression, tRNA synthetases were expressed in 1 l of LB media 

containing kanamycin (50 μg/mL) and induced with 1 mM IPTG at 37 °C for 3 h. The 

cell culture was then centrifuged (20 min, 5000 g, 4 °C) and the pellet was resuspended 

in 40 ml of cold phosphate-buffered saline (PBS). After another centrifugation step (10 

min, 5000 g, 4 °C), the supernatant was discarded, and the pellet was stored at -80 

°C. 
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Protein purification was performed using immobilized metal ion affinity chromatography 

(IMAC) followed by size exclusion chromatography (SEC) on ӒKTA pure (GE 

Healthcare). The pellet from the frozen cell culture was resuspended in sonification 

buffer and sonicated for 15 min (10s on/10s off) on ice on Hielscher digital ultrasonic 

generator UP200St. The sample was then centrifuged (20 min, 7197 g, 4 °C), and the 

supernatant was transferred to a new falcon tube. For IMAC, a HisTrap FF 1 ml column 

(Cytiva) was conditioned with 96 % Buffer A and 4 % Buffer B (flow rate 1 ml/min), and 

the lysate supernatant was applied on the column. After washing out unbound proteins, 

the his-tagged protein was eluted by increasing concentration of Buffer B. The 2 ml 

fractions were collected and analysed on 8% SDS-PAGE gel. Fractions containing 

desired protein were concentrated using an Amicon Ultra Centrifugal Filter 30 kDa 

MWCO (Merck) to a volume of less than 2 ml. Subsequently, samples were further 

purified by SEC using a HiLoad 16/600 Superdex 75 pg column (Cytiva) equilibrated 

with the SEC buffer (flow rate 1 ml/min). The 2 ml peak fractions were collected and 

analysed on 8 % SDS-PAGE gel, and fractions containing the selected tRNA 

synthetase were concentrated as described above. The protein concentration was 

measured using a DC protein assay (Bio-Rad) with bovine serum albumin as the 

standard. Glycerol was added up to the final concentration of 40 %, and protein 

preparation was aliquoted by 300 μl and stored in -80 °C freezer. 

4. Ap4A synthesis by tRNA synthetases  

Ap4A was synthesized in a reaction mixture composed of 100 mM Tris-HCl (pH 8), 10 

mM MgCl2, 0.1 mM ZnCl2, 1 mM ATP, 1.5 mM L-lysine, 0.2 U PPase (Roche) and 1 

μM LysU. Total reaction volume was 15 μl. Reaction was incubated at 37 °C for 15 min 

to 4 hours and quenched by 5 mM ethylenediaminetetraacetic acid (EDTA). Same 

reaction conditions were employed for reactions involving LysS. Under the similar 

condition, reactions with MetG and HisS, were prepared, except for the addition of 

ZnCl2 and L-lysine. Indeed, two different amino acid were added, respectively L-

methionine for MetG and L-histidine for HisS. For the synthesis of other Ap4Ns, a 

mixture of ATP:NTP in a 1:1 ratio was used, while for the Ap3A synthesis a mixture of 

ATP:ADP in a ratio 1:1 was prepared. Then the reaction was analysed on HPLC by 

method previously described in Mititelu et al.52. 
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5. In vitro transcription 

For in vitro transcription (IVT), a 35 bp long oligonucleotide from Hudeček et al.1 was 

used. Two complementary DNA strands (listed in the table with used oligonucleotides) 

were annealed by mixing 40 μM of each, heated to 90 °C and slowly cooled down to 

20 °C. The second IVT template was adopted from Luciano et al.2 and modified for 

purposes of this thesis. A 126 bp long region of 5′ end of yeiP gene was PCR amplified 

from E. coli cDNA (prepared by Dr. Pavel Vopálenský as described in methods section 

2.). The PCR primers are listed in table with oligonucleotides, with the forward primer 

including a T7 promoter. The PCR product was purified by Monarch PCR and DNA 

Clean up kit (NEB) and checked on 2 % agarose gel (1 h 10 min at 80 V, stained by 

SERVA stain G). The cleaned PCR product was directly used as template for the IVT. 

The IVT mixture was containing T7 RNA polymerase buffer (NEB), 5% DMSO, 4.8 mM 

MgCl2, 0.12 % Triton-X 100, 12 mM DTT, 1 mM ATP, 1 mM UTP, 1 mM CTP, 0.8 mM 

GTP, 0.4 μl [αP32]GTP (activity 9.25 MBq/250 μCi in 25 μl), 62.5 units of T7 RNA 

polymerase (NEB) and approx. 120 ng of 35mer template or approx. 30 ng of yeiP_126 

template. For the synthesis of uncapped transcripts, ATP concentration was increased 

to 2.6 mM, and for capped transcripts, 1.6 mM Ap4A was added. The total reaction 

volume was 25 μl. The IVT reaction was incubated for 2 hours at 37 °C. Afterwards, 

DNase treatment was carried out by adding 3 μl of 10x DNase buffer (NEB), 1 μl of 

DNase I (NEB) and water (molecular biology grade) was added to reach the final 

volume of 30 μl. The mixture was incubated for 45 min at 37 °C and then for 10 min at 

75 °C to inactivate the enzyme. Samples were cleaned by Micro Bio-Spin P-6 Gel 

Colums, Tris buffer (Bio-Rad) and the RNA concentration was measured by Qubit RNA 

High Sensitivity (HS) kit (Invitrogen). Non-radioactive IVT was prepared in the same 

manner, and the ratio of radioactive GTP was substituted by the addition of 1 mM GTP. 

Non-radioactive IVT samples were cleaned by ZymoClean RNA clean and 

concentrator (Zymo Research). 

6. RNA capping by tRNA synthetases 

Reaction conditions for testing RNA capping potential were the same as for production 

of free Ap4A described above but with the addition of 20 ng to 150 ng of in vitro 

transcribed radio-labelled RNA. Reaction was incubated for 2 or 4 hours and quenched 

by addition of 5 mM EDTA. The 2x RNA loading dye was added to the solution to reach 
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the final volume of 33.2 μl, and samples were heated for 10 min at 75 °C and analysed 

on polyacrylamide gel electrophoresis (PAGE). 

The 35mer RNA (35 nt long) was separated on a 12 % PAGE gel and the yeiP_126 

RNA (126 nt long) on 8% Boronate-PAGE gel65. 12 % PAGE gel was prepared by 

mixing 21 ml of 2x TBE buffer, 21 ml of 25 % Rotiphorese, 340 μl of 10 % APS and 

16.8 μl TEMED and poured to middle sized sequencing gel form and kept overnight in 

4 °C to solidify. Before loading samples, the gel was pre-runned at 600V for 20 min. 

The 8 % Boronate-PAGE gel was prepared by mixing 21 ml of 2x TBE, 14 ml of 25 % 

Rotiphorese, 7 ml of 7 M urea, 150 mg of boronate, 340 μl of 10 % APS and 16.8 μl of 

TEMED and prepared in the same way as for 12 % PAGE gel. 

The RNA was separated after 4 hours at 600 V. Radioactivity of samples was measured 

by leaving the gel in GE Healthcare Storage Phosphor Screen cassette for 2 hours to 

overnight, based on radioactivity levels, and then screened by phosphor imaging on 

Amersham Typhoon Biomolecular Imager. 

7. LC-MS analysis of RNA capping 

Non-radioactive in vitro transcribed RNA (200 ng) was incubated for 2 hours with LysU 

under the same conditions as before and then cleaned using ZymoClean RNA clean 

and concentrator. The RNA was subsequently digested with 1000 units of RNase T1 

(Thermo Scientific) in reaction containing 2.5 mM ammonium acetate (pH 7.5) and 25 

µM EDTA. Total reaction volume was 40 µl. The reaction was incubated at 37 °C for 

30 min and then analysed on Liquid Chromatography coupled with Mass Spectrometry 

(LC-MS) by Dr. Anton Škríba. 

For the chromatographic separation, HPLC (Acquity H-class, Waters) equipped with 

Xbridge Premier BEH amide column (2.5 µm, 4.6 mm X 150 mm, Waters) was used. 

Mobile phase A contained 10 mM ammonium acetate in 90% acetonitrile and mobile 

phase B was composed of 10 mM ammonium acetate in an ultrapure water.  Flow rate 

was set to 1 ml/min and the gradient of separation was following: 0 min 20 % B, 2 min 

20 % B, 8 min 50 % B, 10 min 60 % B, 13 min 60 % B, 13.1 min 20 % B, 20 min 20 % 

B. Autosampler was kept at 22°C and 50 µl of sample was injected. Mass spectrometry 

detection was performed with electrospray ionization source equipped Xevo G2-XS 

QTof mass spectrometer (Waters) in 300-1600 m/z range. 
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8. Molecular dynamics simulations 

LysU structures were downloaded from the Protein Data Bank (www.rcsb.org) − PDB 

codes 5YZX and 1E22 – and were prepared for molecular dynamics (MD) by 

CHARMM-GUI Solution Builder104. 5YZX chain B was read with B4P ligand (Ap4A) and 

without crystallographic ions. Solution pH was set to 8.0, missing residues were 

automatically modelled and ASP and GLU residues were set to be deprotonated. 1E22 

chain A was read with ACP ligand (non-hydrolysable ATP analogue) and three Mg2+ 

crystallographic ions (with other parameters being the same as for 5YZX). Both 

structures were fitted into a cubic water box extending 10 Å from the solute. For 5YZX, 

Na+ and Cl- were added up to 0.15 M and neutralizing the system, while for 1E22, the 

ions were Mg2+ and Cl- and the concentration was 0.01 M (Monte-Carlo placing 

method). Topology, coordinate and parameter files for MD simulation in GROMACS 

were generated by CHARMM-GUI Force Field Converter (CHARMM36m + WYF 

(cation-pi interactions)). 

MD simulations were performed by Dr. Martin Lepšík from High Performance 

Computing Core Facility of IOCB Prague using GROMACS 2022 

(https://www.gromacs.org). The systems were run in NpT ensemble at 1 bar pressure 

and 303.15 K temperature. Movements of protein and ligands were restrained, only 

ions and water molecules were free to move. After initial minimization and equilibration, 

the production simulation run was 40 ns. 

Results from MD were visualised using Visual Molecular Dynamics (VMD)105. 

Occupancies of ion sites were analysed using the VOLMAP plugin of VMD. MD 

trajectories were aligned to the crystallographic structures for visualisation of ion sites. 

Occupancies were set to isovalue of 0.15 for visualization of stable ion binding sites 

and to isovalue 0.03 for visualization of all possible ion binding sites. Pictures were 

rendered using Tachyon106. 

  

http://www.rcsb.org/
https://www.gromacs.org/
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9. Purification of isotopically labelled Ap4A 

Diadenosine-15N10 tetraphosphate (15N10-Ap4A) was synthesized by LysU from 

adenosine-15N5 triphosphate under the same reaction conditions as already described, 

with the total volume increased to 450 μl. The reaction was incubated for 2 hours 30 

minutes and quenched by 5 mM EDTA. Two scaled up reactions were separated by 

HPLC using the method published in Mititelu et al.52 (injection volume was increased 

to 150 μl). The fraction corresponding to Ap4A (from 9.1 to 9.6 min) was collected and 

separated by solid phase extraction (SPE) from the triethylammonium ions used in 

HPLC (Otto SPEcialist Positive Pressure Manifold from Waters with Oasis WAX 

Cartridge 1cc,/10mg, 30µM 100/PK column was used for SPE). In the final step of the 

SPE, samples were eluted in 500 μl of mixture of acetonitrile, H2O and NH4OH 

(73:25:2). The elution solution was evaporated on SpeedVac Vacuum Concentrator (36 

°C for approx. 7 hours). The obtained product was sent to nuclear magnetic resonance 

(NMR) spectroscopy for validation (1H NMR and 31P NMR – performed by Dr. Radek 

Pohl from NMR Spectroscopy group at IOCB Prague). After the NMR analysis, the 

sample was overnight lyophilised to purify it from remaining acetonitrile, weighted and 

stored in -80 °C freezer. 
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Results 

1. Plasmid preparation 

Genes of selected tRNA synthetases were PCR amplified from E. coli cDNA library 

(Figure 18.), cleaved with restriction enzymes (NdeI, AseI in case of MetG and XhoI) 

and subsequently ligated to pET-28a plasmid. Four out of five selected genes were 

successfully transformed to E. coli BL21 (AlaS was not transformed and therefore not 

used in later experiments). Plasmid transformation was checked by Sanger 

sequencing. Alignment of obtained sequences to E. coli genome by BLAST107 showed 

that all transformed genes were 100 % identical to naturally occurring protein 

sequences. Maps of prepared plasmid can be seen on Figures 20. to 23.. 

Figure 18.: 1 % agarose gel of PCR amplified tRNA synthetases. 

Figure 19.: 0.9 % agarose gel with cleaved pET-28a. 
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Figure 20.: Plasmid map of pET-28a with LysU. 

Figure 21.: Plasmid map of pET-28a with LysS. 
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Figure 22.: Plasmid map of pET-28a with MetG. 

Figure 23.: Plasmid map of pET-28a with HisS. 
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2. Protein purification 

E. coli BL21 culture was grown in LB medium to exponential phase (OD = 0.4), to which 

IPTG in final concentration 1 mM was added (in case of HisS, 0.5 mM, and 0.75 mM 

final concentrations of IPTG were tested as well). Cell culture was incubated for 3 

hours, soluble fraction was then separated from cell debris and analysed on SDS-

PAGE (Figures 24. and 25.). Based on these experiments, we found that the best 

conditions for expression of all tested tRNA synthetases are 1 mM IPTG and 3 hours 

of incubation in LB medium at 37 °C. 

  

Figure 24.: 8 % SDS-PAGE gel. Test of induction of LysU, LysS and MetG. First line for each protein 
represents control without addition of IPTG, second line represents soluble fraction (SN = supernatant), 
and third line represents cell debris (P = pellet). Volume of analysed samples is indicated in brackets. 

Figure 25.: 8 % SDS-PAGE. Test of induction of HisS. First line after standard represents control without 
IPTG, lines 3 to 5 represents soluble fraction (SN = supernatant) and lines 6 to 8 represent cell debris 
(insoluble pellet). 
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All selected tRNA synthetases were successfully purified employing fast protein liquid 

chromatography (FPLC) composed of two steps, immobilized metal ion affinity 

chromatography (HisTrap) followed by size exclusion chromatography (SEC) on ӒKTA 

pure (Figures 27. and 28.). According to the SDS-PAGE analysis of SEC purified 

enzymes, the purity was sufficient for further experiments. The protein yield of LysU 

was 12.5 mg; of LysS was 12.1 mg; of MetG was 12.5 mg and of HisS was 12.75 mg. 

With the successful purification of tRNA synthetases, we can proceed to the next step, 

which is the synthesis of free dinucleoside polyphosphates by tRNA synthetases. 

 

 

Figure 26.: Illustration of structures of purified tRNA synthetases. All structures were predicted by 
AlphaFold210 (using ColabFold12) and visualised in PyMOL. 
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Figure 27.: Protein purification of LysU and LysS. In the second row, SDS-PAGE gel after IMAC (HisTrap) is present, in the third row, there is SDS-PAGE gel 
after SEC, and in the last row, total protein yield is indicated. SDS-PAGE gel represents fractions collected during purification. For a comparison, gels also 
include the standard (PageRuler Prestained Protein Ladder, 10 to 180 kDa from Thermo Scientific) and all proteins isolated from cells, or proteins after first step 
of purification.  



47 
 

 

Figure 28.: Protein purification of MetG and HisS. In the second row, SDS-PAGE gel after IMAC (HisTrap) is present, in the third row, there is SDS-PAGE gel 
after SEC, and in the last row, total protein yield is indicated. SDS-PAGE gel represents fractions collected during purification. For a comparison, gels also 
include the standard (PageRuler Prestained Protein Ladder, 10 to 180 kDa from Thermo Scientific) and all proteins isolated from cells, or proteins after first step 
of purification. 
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3. Synthesis of Ap4A and other ApnNs by tRNA synthetases 

First, optimal reaction conditions for Ap4A synthesis were tested on LysU tRNA 

synthetase. Indeed, LysU was able to synthesize Ap4A under published conditions2,45. 

Ap4A synthesis was followed for 4 hours (Figure 29.). The amount of formed Ap4A 

grown in the following way: 187 μM (± 47 μM) in 15 min; 260 μM (± 83 μM) in 30 min; 

333 μM (± 79 μM) in 1 h; 370 μM (± 48 μM) in 2h; 355 μM (± 100 μM) in 3h and 323 

μM (± 128 μM) in 4 h. During first 2 hours of incubation, all ATP was already 

transformed into Ap4A. During incubation, side product of reaction like ADP and AMP 

slowly appeared (slight reversibility of the reaction leads to Ap4A hydrolysis100). Ap3A 

could be detected after longer incubation time (Figure 30.). Ap3A is potentially 

synthetized from lysyl-AMP intermediate reacting with ADP13,100. According to this 

experiment, 2 hours of incubation with 1 μM enzyme were concluded as optimal 

reaction conditions. 

 

 

Figure 29.: Graf showing changes of concentration of ATP (blue) and Ap4A (orange) over the time in 
reaction with 1 μM LysU. The error bar represents the standard deviation and dots are individual values 
from each replicate. Performed in triplicates. 
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Figure 30.: HPLC chromatograms from Ap4A synthesis by 1 μM LysU (NC, 15min, 30 min, 1 h, 2 h, 3 h, 4 h and Ap4A standard). The arrows indicate the change 

of concentration from previous measurement (↑ - concentration increased, ↓ - concertation decreased). 
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The efficiency of Ap4A formation was compared for all purified tRNA synthetases 

(Figure 31.). After 2 hours of incubation, concentration of Ap4A reached 370 μM (± 48 

μM) in reaction with LysU; 171 μM (± 64 μM) in reaction with LysS; 3.7 μM (± 0.7 μM) 

in reaction with HisS; and 0.19 μM (± 0.06 μM) in reaction with MetG. We observed 

that LysS is approximately 2.2 times slower in Ap4A synthesis than LysU, HisS is 

approx. 101 times slower and MetG is approx. 1947 times slower than LysU. These 

observations are in accordance with known data from literature. LysU and LysS are 

therefore enzymes, that have the highest probability to be able to synthetize Ap4A-RNA 

cap. 

We tested whether LysU can form also other ApnNs than Ap4A. We observed that other 

ApnNs have been successfully synthetized from mixtures containing ATP and other 

nucleotide in 1:1 ratio. Specifically, Ap3A, Ap4G, Ap4C and Ap4U have been detected 

(Figures 32. to 35.). Synthesis of ApnNs is always slower than synthesis of Ap4A (Figure 

37.), which is in accordance with the data in literature. Since tRNA synthetases needs 

ATP for the first step of the reaction, they are not able to synthetize NpnNs that do not 

contain adenine. This was confirmed by inability of LysU to create Gp4G from reaction 

containing only GTP (Figure 36.). 

Figure 31.: Comparison of capability to synthetise Ap4A by all selected tRNA synthetases (1 μM). LysU 
is in blue, LysS in red, HisS in purple and MetG is in orange. The error bar represents the standard 
deviation and dots are individual values from each replicate. Performed in triplicates. 
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Figure 32.: Synthesis of Ap3A by LysU from ATP:ADP mixture in 1:1 ratio. Ap3A was identified based on 
available standard. 

Figure 33.: Synthesis of Ap4G by LysU from ATP:GTP mixture in 1:1 ratio. Ap4G was identified based on 
available standard. 
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Figure 34.: Synthesis of Ap4C by LysU from ATP:CTP mixture in 1:1 ratio. Ap4C was identified based on 
exlusion of all other peaks, because Ap4C standard was not available. Please note, that because Rf of 
CTP is before 5th minute, the x axis of this graph have been changed compared to other chromatograms. 

Figure 35.: Synthesis of Ap4U by LysU from ATP:UTP mixture in 1:1 ratio. Ap4U was identified based on 
exclusion of all other peaks, because Ap4U standard was not available. 
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Figure 36.: LysU reaction with only GTP. Synthesis of Gp4G was not observed. 

Figure 37.: Bar plot showing different rates of Ap4N synthesis. Mixture of ATP:NTP in 1:1 ration was 
incubated for 2 hours with 1 μM LysU. Absorbance areas from HPLC chromatograms of Ap4A and Ap4N 
were summed and percentage of Ap4N and Ap4A was calculated. The error bar represents the standard 
deviation. Performed in triplicates. 
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4. RNA capping by tRNA synthetases 

Once the conditions for formation of free Ap4A were established, we applied them on 

in vitro transcribed RNA. tRNA synthetases were tested for the ability to create an 

Ap4A-RNA cap on RNA 35mer bearing triphosphate at 5′ end. Tested conditions 

included 2 and 4 hours of incubation with 1 μM enzyme. In case of LysU and LysS, we 

also tested incubation of RNA with increased enzyme concentration (5 μM and 10 μM). 

The results of the reaction were analysed on a 12 % PAGE gel and compared with an 

Ap4A-RNA standard created by IVT, as well as with negative controls (Figures 38. and 

39.). The experiment was performed in a duplicate, while the experiment with an 

increased concentration of LysU and LysS was performed only once (Figure 40.). 

Figure 38.: 12 % PAGE gel. Analysis of RNA capping by tRNA synthetases on 35mer. In the first line, 
there is a triphosphate RNA standard, and in the second line, there is Ap4A-RNA standard. Standards 
are followed by reaction with tRNA synthetase for 2 hours, 4 hours and negative control (in case of 
MetG, order was accidentally swapped). Position, where capped transcripts would be present is 
indicated on label on the left. The presence of Ap4A in the samples was confirmed by HPLC analysis. 
First replicate. 

Figure 39.: 12 % PAGE gel. Analysis of RNA capping by tRNA synthetases on 35mer. In fist two lines, 
there is p3RNA and Ap4A-RNA respectively. Standards are followed by samples of p3RNA incubated with 
tRNA synthetase (for 2 h and 4 h). Second replicate. 
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Under any tested conditions, tRNA synthetases were not able to form the Ap4A-RNA 

cap. To exclude the possibility that this reaction is sequence specific, we performed 

same experiment with different RNA. We used yeiP RNA, since it was shown by 

Luciano et al.2 to be capped by LysU. 

The IVT template from yeiP gene was prepared by PCR amplification of first 126 bp of 

the gene from E. coli (forward primer included T7 promotor; Figure 41.). The template 

could not be created from whole gene (573 bp) due to limitations in distinguishing 

capped and uncapped long RNAs on boronate gel. The radioactively labelled RNA 

(yeiP_126 RNA) produced by IVT was incubated with LysU and LysS and subsequently 

analysed on 8% boronate PAGE. Both tRNA synthetases, LysU and LysS, were not 

able to form the Ap4A-RNA cap on yeiP_126 RNA (Figure 42. and 43.). 

Figure 40.: 12 % PAGE gel. The analysis of RNA capping with increased concentration of LysU and 
LysS on 35mer RNA. Standards are shifted due to elution in water, instead of reaction buffer (different 
ionic strength makes RNA migrate differently). 

Figure 41.: 2 % agarose gel. PCR amplification of yeiP_126 IVT template. Length of PCR fragment is 
158 bp (126 bp of yeiP + T7 promotor). 
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Different conditions, such as increased enzyme concentration or the absence of zinc 

or inorganic pyrophosphatase were tested as well, but they did not have any effect on 

RNA capping. The possibility, that LysU can form RNA cap and in the same it can also 

degrade it, was investigated. However, there was no difference in band intensity of 

Ap4A-RNA incubated with LysU, indicating that LysU is not able to degrade the Ap4A-

RNA cap. The experiment of LysU and LysS RNA capping was performed in duplicate. 

These experiments again indicate that tRNA synthetases are not RNA capping 

enzymes. To further confirm this observation, we used more sensitive method based 

on LC-MS. Mass spectrometry-based methods are very accurate, and they can detect 

even very low amounts of capped RNA. 

 

  

Figure 43.: 8 % boronate PAGE gel. Analysis of RNA capping by LysU and LysS on yeiP_126. Replicate 
of previous experiment. In lines 7 and 8, higher concentration of LysU and LysS enzymes were tested.  

Figure 42.: 8 % boronate PAGE gel. Analysis of RNA capping by LysU and LysS on yeiP_126. In first 
line, there is an p3RNA standard and in the second line, Ap4A-RNA standard is present. In lines 3 to 6, 
there is a reaction of LysU and LysS respectively with p3RNA. In following lines, different conditions 
were tested – reaction without addition of pyrophosphatase and without addition of zinc. In last two lines, 
Ap4A-RNA standard was incubated with LysU to address the possibility of Ap4A-RNA degradation. 
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5. LC-MS analysis of RNA capping  

To confirm the observation that tRNA synthetases are unable to form Ap4A-RNA cap, 

more precise LC-MS analysis was employed. Non-radioactive RNA prepared from both 

templates, 35mer and yeiP_126, was incubated with LysU and subsequently digested 

by RNase T1 (Figure 44.). This enzyme cleaves RNA after every guanosine, 

generating RNA fragments that can be analysed on LC-MS108. The analysis focused 

on the Ap4ApGp fragment (m/z = 1262.069 [M-H]-) (capped RNA - both transcripts start 

with AG), on pppApGp (m/z = 933.017 [M-H]-) and ApGp fragments (m/z = 693.118 [M-

H]-)  (uncapped RNA), and Ap4A (m/z = 837.056 [M-H]-) (free diadenosine 

tetraphosphate created by LysU from free ATP). 

The Ap4ApGp fragment was not observed in any reaction of RNA with LysU, further 

indicating that tRNA synthetases are not RNA capping enzymes (Figures 45. and 46.). 

Moreover, Ap4A was observed in samples with LysU, indicating that the enzyme is 

working. On the other hand, we have identified only small amount of pppApGp 

fragment in samples incubated with the enzyme. Instead, we have identified ApGp 

fragment with 5′-OH group, which is unusual on in vitro transcribed RNAs. Moreover, 

sequence AG is present only on 5′ end of 35mer RNA. In yeiP_126 RNA, this fragment 

could be also generated from the internal region of the RNA sequence. Experiment 

was performed in a duplicate. 

The reason, why we have identified only small amount of pppApGp fragment, but 

identified ApGp instead is not known. We have proposed that it could be due to action 

of RNase T1, which hypothetically could cleave the 5′ terminal phosphates, or it could 

be due to the action of Zn2+ ions. The results and limitations of this experiment will be 

further discussed in the discussion chapter. Based on all performed experiments, it can 

be concluded that tRNA synthetases are unable to create Ap4A-RNA cap and do not 

act as RNA capping enzymes. 
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Figure 44.: Scheme of the LC-MS analysis of RNA capping. RNA was degraded by RNase T1, and 
fragments were analysed on LC-MS. We specifically search for Ap4ApGp fragment, p3ApGp fragment, 
ApGp fragment and Ap4A. 

Figure 45.: Results from LC-MS analysis of 35mer RNA. Results represent LC-MS extracted ion 
chromatograms of Ap4ApGp fragment (m/z = 1262.069), p3ApGp fragment (m/z = 933.017), ApGp 
fragment (m/z = 693.118) and Ap4A (m/z = 837.056). Arrows represent the elution time of a given 
fragment – arrows accompanied by elution time value means the fragments were present in the sample; 
arrow with ND (Not detected) represent point, where fragment should elute, but it was not detected. 
Total 3 samples were analysed, p3RNA standard, Ap4A-RNA standard and p3RNA incubated with LysU. 
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Figure 46.: Results from LC-MS analysis of yeiP_126 RNA. Results represent LC-MS extracted ion 
chromatograms of Ap4ApGp fragment (m/z = 1262.069), p3ApGp fragment (m/z = 933.017), ApGp 
fragment (m/z = 693.118) and Ap4A (m/z = 837.056). Arrows represent the elution time of a given 
fragment – arrows accompanied by elution time value means the fragments were present in the sample; 
arrow with ND (Not detected) represent point, where fragment should elute, but it was not detected. 
Total 3 samples were analysed, p3RNA standard, Ap4A-RNA standard and p3RNA incubated with LysU. 
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6. Molecular dynamics simulations of ion binding to LysU 

To investigate possible structural reasons why tRNA synthetases are unable to accept 

RNA as a substrate, we investigated the structure of LysU with bound Ap4A (PDB: 

5YZX) in PyMOL software (The PyMOL Molecular Graphics System, Version 2.4.1 

Schrödinger, LLC) with APBS Electrostatics plugin109. Our examination revealed a 

negatively charged area on the protein surface near the active site. This region is also 

the place, where RNA extending from 3′ OH group of Ap4A would be positioned. RNA 

is a negatively charged molecule because of phosphates in its backbone. We propose 

a hypothesis that LysU cannot utilise 5′ triphosphate RNA as a substrate due to 

electrostatic repulsion from this negatively charged area (Figure 47.). 

The structure of lysyl-tRNA synthetase in complex with tRNA has yet not been solved, 

however, we can explore the position of tRNA binding based on closely related 

aspartyl-tRNA synthetase (PDB: 1C0A)110. According to this structure, we can assume 

that tRNA binds to the active site from the opposite side to where Ap4A-RNA would 

probably be located. Therefore, tRNA does not interact with this negatively charged 

region. Moreover, interaction with tRNA is far more complex and mediated through 

other interactions as well, which suggests that negatively charged surface near the 

active site should not inhibit the tRNA binding.  

Figure 47.: Structural hypothesis for the inability of tRNA synthetases to create Ap4A-RNA cap. The 
negatively charged area near the active site is also the probable place, where Ap4A-RNA would bind 
(RNA must continue from 3' OH from this adenosine as the other is pointed inward into the protein). 
Because of the negatively charged phosphate backbone of RNA, the RNA cannot bind to LysU during 
Ap4A synthesis. Based on structure 5YZX and visualised using PyMOL. 
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In the recent study by Giacobelli et al.111, it was demonstrated that the interaction 

between negatively charged regions on the protein surface and RNA is feasible in the 

presence of positively charged ions. They found that Mg2+ or K+ ions could mediate the 

interaction between the negative protein surface and RNA. To address this issue, 

molecular dynamics (MD) simulations of ion binding to the protein surface were 

performed with cooperation from Dr. Martin Lepšík (MD simulation was performed by 

Dr. Lepšík, preparation of PDB structures for MD simulation with CHARMM-GUI and 

the visualisation in VMD was performed by me with assistance of Dr. Lepšík). 

Two 40 ns MD simulations were conducted using GROMACS with the protein and 

ligands restrained. Structure 1E22 in system containing 0.01 M MgCl2 was used for 

MD simulations of magnesium binding. Visualisation in VMD using volmap tool 

revealed the occupancy of Mg2+ molecules in the system – areas with high Mg2+ 

occupancies show the probable Mg2+ binding sites. The VMD volmap tool creates a 

volumetric map of atom occupancy, a 3D grid, where each point is set to 0 or 1, 

depending on whether it contains atoms or not. When averaged over all simulation 

frames, it will provide the fractional occupancy of each grid point. 

By adjusting the volmap occupancy isovalue (value from 0 to 1 which sets the visible 

fractional occupancy), we were able to identify areas with varying probabilities of Mg2+ 

binding. At an isovalue set to 0.15, several biding sites were identified, but no ions were 

observed binding to the area of interest (the negatively charged region). At an isovalue 

set to 0.03, it was observed that Mg2+ ions could bind to the region of interest. This 

means that Mg2+ can bind to the region of interest, but only with low affinity (Figure 48. 

A). Throughout the simulation, Mg2+ ions were consistently present in the active site 

around ACP ligand (phosphoaminophosphonic acid-adenylate ester – non-

hydrolysable ATP analogue) near the crystallographic positions (Figure 48. B). 

MD simulation with structure 5YZX (with bound Ap4A) was performed in presence of 

0.15 M NaCl using GROMACS. Like the simulation with Mg2+ ions, the volmap plugin 

revealed the occupancies of Na+ ions in the system and probable ion binding sites on 

the protein surface. With an isovalue of 0.15, we searched for biding sites with high 

affinity for Na+ ions, while with an isovalue of 0.03, we searched for all possible binding 

sites. Our findings indicate that Na+ ions bind to the site of interest only with a low 

probability (Figure 49. A). Throughout the simulation, six Na+ ions were present in the 

active site around Ap4A ligand (Figure 49. B). 
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Figure 48.: MD simulation of Mg2+ binding to LysU (1E22). GLU residues are highlighted in red, 
occupancy areas are visualised in orange A – occupancy of Mg2+ ions with isovalues 0.03 (1) and 0.15 
(2). B – Mg2+ occupancy in the active site. Occupancies from MD correspond very well to the 
crystallographic ones. 

ACP 
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  Figure 49.: MD simulation of Na+ ions biding to LysU (5YZX). GLU residues are highlighted in red, 
occupancy areas are visualised in blue. A – occupancy of Na+ ions LysU with isovalues 0.03 (1) 
and 0.15 (2). B – ions occupancy in the active side around Ap4A, C – most probable ion binding 
sites on the surface of LysU. The underlined resides were visible with an isovalue of 0.9. 
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7. Synthesis and purification of diadenosine-15N10 tetraphosphate 

The inability of tRNA synthetases to create Ap4A-RNA caps lead us to the decision to 

use LysU for synthesis of commercially unavailable diadenosine-15N10 tetraphosphate. 

This compound is a useful standard for measurement of Ap4A concentration on LC-MS 

in isolated RNA and availability of this standard, will allow for the quantification of Ap4A-

RNA in precious samples. Diadenosine-15N10 tetraphosphate was successfully 

synthetized by LysU from adenosine-15N5 triphosphate and subsequently purified using 

HPLC and solid phase extraction (SPE). The presence of 15N10-Ap4A and the purity of 

the sample was measured by 1H NMR and 31P NMR. We observed slight contamination 

by acetonitrile and small amount of triethylammonium, acetate and butanol (Figure 

51.). These volatile compounds were removed by lyophilisation. The presence of other 

phosphate containing molecules was measure by 31P NMR, and the results showed 

that the sample was composed only from Ap4A (Figure 52.). The total yield of 15N10-

Ap4A was 0.180 mg, which is 47.9 % of the theoretical yield (0.376 mg). 

 

 

 

Figure 50.: Structure of diadenosine-15N10 tetraphosphate. 
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Figure 51.: 1H NMR spectra of purified sample. H-2 and H-8 are hydrogens located on the purine ring 
of adenosine. These hydrogens are affected by the presence of 15N, therefore their peaks are split into 
quartet and triplet (in normal Ap4A, both hydrogen forms singlets). 

Figure 52.: 31P NMR spectra of purified sample. 
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Discussion 

1. Selection of tRNA synthetases 

The selection of tRNA synthetases were based upon their ability to synthetize Ap4A50. 

Lysyl-tRNA synthetase LysU was an obvious choice, as it is the best documented tRNA 

synthetases in its ability to synthesize Ap4A. Moreover, it is the only enzyme, that have 

been reported for the ability to form Ap4A-RNA cap. Therefore, LysU was the enzyme 

with the highest probability being an RNA capping enzyme in E. coli. Other tRNA 

synthetase, we have selected, lysyl-tRNA synthetase LysS is a homolog of LysU and 

its ability to synthetise Ap4A is also well documented. It has been reported that LysS 

synthetize Ap4A 2 times slower than LysU95, therefore a comparison of reaction rates 

on Ap4A and Ap4A-RNA between LysU and LysS could provide more insights about the 

reaction specificity. 

There were several other tRNA synthetases reported to synthetise Ap4A in literature50. 

We selected histidyl-tRNA synthetase (HisS) and methionyl-tRNA synthetase (MetG). 

HisS has been reported to be one of the fastest enzymes in Ap4A synthesis without 

zinc addition36 (Table 2.). MetG was selected as a representant of class I tRNA 

synthetases (all other selected tRNA synthetases are class II enzymes) and for its 

documented synthesis of Ap4A in vivo96. We also selected AlaS, as an enzyme that is 

very efficient in synthesis of Ap4A (together with LysRS and PheRS is stimulated by 

zinc). We did not select PheRS, because it forms α2β2 tetramers encoded by two 

different genes. Unfortunately, we were not able to transform AlaS into E. coli, therefore 

it was not used in following experiments. 

2. Plasmid preparation 

Genes for selected tRNA synthetases were PCR amplified, cleaved with restriction 

enzymes, and ligated to plasmid pET-28a. This plasmid is suitable for protein 

expression. It contains His-tag on N-terminus of protein construct; its expression is 

regulated by lac operator and plasmid contains gene for kanamycin resistance. The 

prepared plasmids were transformed into E. coli BL21 strain, which is an appropriate 

strain for protein expression. Transformed plasmids in BL21 were checked by Sanger 

sequencing. The obtained sequences were translated into protein sequences and 

checked by BLAST. Therefore, we have confirmed that all prepared plasmid contains 
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naturally occurring protein variants. With a successful plasmid transformation, we 

could proceed to protein expression and purification. 

3. Protein purification 

Selected tRNA synthetases were expressed in E. coli BL21 cells. For all tRNA 

synthetases, optimal conditions for their expression were 3 hours of incubation in LB 

media, after the addition of IPTG in final concentration 1 mM. Proteins were purified 

using fast protein liquid chromatography (FPLC), composed of two steps of purification, 

immobilized metal ion affinity chromatography using Ni2+ ions (HisTrap) and size 

exclusion chromatography. The results of both purification steps were analysed on 

SDS-PAGE. 

Purification of all tRNA synthetases was successful, with an appropriate purity and 

yields for purposes of this thesis. The protein purification process proceeded smoothly 

without encountering any issues, which is partly because tRNA synthetases are soluble 

cytoplasmatic proteins naturally occurring in E. coli, and also because of the expertise 

of Dr. Ondřej Nešuta, who supervised me during the protein purification. With a 

successful purification of all selected tRNA synthetases, we can move to the next step, 

which is synthesis of free dinucleoside polyphosphate by tRNA synthetases. 

4. Synthesis of free dinucleoside polyphosphates 

The reaction conditions for synthesis of dinucleoside polyphosphates were based on 

the conditions described in Luciano et al.2. In an initial experiment, optimal reaction 

conditions of LysU were tested (Figure 29.). The reaction products were analysed on 

HPLC by method described in Mititelu et al.52. Highest concentration of Ap4A was 

measured in 2 hours of reaction. In longer reaction times, Ap4A was slowly hydrolysed 

to ADP and AMP (Figure 30.). Subsequently, from ADP reacting with aa-AMP 

intermediate, Ap3A was formed100. In conclusion, best condition for Ap4A synthesis 

were 2 hours incubation of 1 μM LysU. 

Afterwards, all purified tRNA synthetases were compared in their ability to synthetize 

Ap4A. After two hours of reaction, Ap4A concentration in reaction with LysS was approx. 

2 times lower than in reaction with LysU. In reaction with HisS, concentration was 

approx. 100 times lower, and in reaction with MetG, concentration was approx. 2000 

times lower than in reaction with LysU. These results are in accordance with literature 

(Table 2.). MetG and HisS are very slow in synthesis of Ap4A, which indicates that 
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probability for creating Ap4A-RNA is relatively low. On the other hand, both LysRS are 

efficient in Ap4A synthesis, and they are good candidates for an RNA capping enzyme. 

LysU was tested for ability to create different ApnNs than Ap4A99. Ap3A was obtained 

from reaction, where ATP and ADP were in 1:1 mixture (Figure 32.), or by prolonged 

reaction with ATP only (as already described above, it is due to hydrolysis of Ap4A to 

ADP, and then ADP reacting with aa-AMP intermediate). Ap4G was obtained from 1:1 

mixture of ATP and GTP (Figure 33.), Ap4C from 1:1 mixture of ATP and CTP (Figure 

34.) and Ap4U from 1:1 mixture of ATP and UTP (figure 35.). We observed that the 

reaction with different nucleotide than ATP was always slower (Figure 37.). After 2 

hours of incubation, approx. 80 to 90 % of dinucleoside polyphosphates in the reaction 

mixture was Ap4A. The slower rate of the reaction with other nucleotides than ATP is in 

accordance with literature, but in our observations, the reaction is even slower than 

what was described in literature45. tRNA synthetases are unable to synthesize non-

adenylated dinucleoside polyphosphates because they require ATP in first step of the 

reaction (Figure 11.). That means, that they are unable to synthetize Gp4G or Gp3G. 

This was experimentally verified by incubation of LysU with GTP, where product 

formation was not observed (Figure 36.). 

In summary, it was shown that best conditions for Ap4A synthesis by LysU is two hours 

of incubation with 1 μM enzyme concentration, LysU and LysS being much more 

efficient in Ap4A synthesis than HisS and MetG, and that LysU is able to synthetize 

other ApnNs that Ap4A. Once we found optimal conditions under which tRNA 

synthetases form ApnN, we proceed to testing their ability to form Ap4A-RNA cap. 

5. RNA capping by tRNA synthetases 

5.1. PAGE analysis of RNA capping 

tRNA synthetases were incubated with triphosphorylated RNA in the same reaction 

conditions as described above. The RNA for this experiment was prepared by in vitro 

transcription from a 35 nucleotide long artificial template (35mer)1, supplemented with 

a radioactive [α-32P]GTP, which enabled subsequent visualisation on the gel. All tRNA 

synthetases were incubated for 2 hours and 4 hours. 

Unfortunately, formation of Ap4A-RNA cap was not observed by any of the selected 

tRNA synthetases (Figures 38. and 39.). The experiment was performed in duplicate 

with all purified tRNA synthetases, the results were compared with the IVT prepared 



69 
 

standards of Ap4A-RNA and p3RNA and with negative controls as well. We also tested 

higher concentrations of enzymes, which led to significant increase in rate of free Ap4A 

synthesis in previous experiments, but we did not observe any positive effect on Ap4A-

RNA synthesis (Figure 40.). In parallel, we tested the reaction with the same conditions 

without addition of radioactive RNA for presence of free Ap4A. Indeed, free Ap4A was 

present in these samples indicating that tRNA synthetases performed as expected, 

which excludes any mistakes during reaction preparation. This suggests that tRNA 

synthetases are unable to utilize RNA as a substrate for the second step of the 

reaction. 

One possible explanation, why tRNA synthetases were unable to form Ap4A-RNA cap, 

could be a substrate specificity towards RNA. The 35mer is an artificial template, which 

do not occur naturally in the cell. Therefore, we decided to test the different RNA. We 

chose a yeiP transcript, which is RNA used by Luciano at al.2. An IVT template was 

created from first 126 nt of the transcript, because of the inability to distinguish capped 

and uncapped transcripts in longer RNAs on boronate-PAGE. 

The yeiP_126 RNA was incubated with LysU and LysS enzymes and analysed on 8 % 

boronate-PAGE65. Again, we did not observe formation of an Ap4A-RNA (Figure 41. 

and 42.). This observation again indicates, that tRNA synthetases are unable to form 

Ap4A-RNA cap. We also tested the possibility, that Zn ions or inorganic 

pyrophosphatase could influence the RNA capping. When both compounds were 

excluded from the reaction, we did not observe any effect on RNA capping. 

Furthermore, we increased enzyme concentrations without any effect on the RNA 

capping. Additionally, we explored the possibility, that tRNA synthetases can degrade 

Ap4A-RNA. LysU was incubated with Ap4A-RNA standard but change in band intensity 

of Ap4A-RNA was not observed. This indicates that tRNA synthetases do not cleave 

Ap4A-RNA. 

The results of these experiments suggest that tRNA synthetases are unable to 

synthetize the Ap4A-RNA cap and do not act as RNA capping enzymes. Experiments 

were performed with two different RNA substrates in duplicates and different reaction 

conditions were employed with any effect on Ap4A-RNA cap creation. To verify that 

tRNA synthetases are not RNA capping enzymes, we decided to use LC-MS based 

techniques to analyse RNA capping. 



70 
 

5.2. LC-MS analysis of RNA capping 

Methods based on liquid chromatography coupled with mass spectrometry are very 

precise and enable us identification of small amount of capped RNA. Both previously 

used transcripts, 35mer and yeiP_126, were incubated with LysU for 2 hours and then 

cleaved by RNase T1. This enzyme cleaves RNA specifically after guanosine, which 

creates RNA fragments that can be analysed by LC-MS108. RNase digestion enabled 

us to distinguish between Ap4A-RNA and free Ap4A, created from reaction with ATP. In 

LC-MS analysis, we searched for Ap4ApGp fragment (capped RNA), p3ApGp and 

ApGp fragments (uncapped RNA) and Ap4A. In the analysis, we included standards of 

p3RNA and Ap4A-RNA of both transcripts. 

The LC-MS analysis revealed that Ap4ApGp fragment was not detectable in the 

samples, where p3RNA was incubated with LysU (Figures 45. and 46.). This confirms 

our hypothesis that tRNA synthetases are not RNA capping enzymes. Moreover, we 

identified huge amounts of Ap4A, even after one purification step. This confirms that 

the enzyme was working properly and suggests that ATP is the preferred substrate. 

Surprisingly, the p3ApGp fragment was identified in the samples incubated with LysU 

in significantly lower amount compared to digested p3RNA standard. Moreover, we 

identified ApGp peak, which should not be present in in vitro transcribed 5′ end of RNA. 

In case of 35mer, this fragment could originate only from the 5′ end of RNA (in yeiP_126 

RNA sample, this fragment originated from the inside of the RNA sequence as well as 

from the 5′ end). We also searched for different 5′ ends of RNA (ppApGp and pApGp 

fragments) or for different 5′ RNA end modifications (Ap3ApGp and lys-p3ApGp 

fragments), which could be potentially formed by tRNA synthetases, but we did not 

detect any of them. 

Since the ApGp fragments were also identified in the standards (peak intensity was the 

same across samples from the same transcript), we cannot exclude a possibility that 

the loss of triphosphate from 5′ end occurred during the RNase T1 digestion. In 

general, we observed decreased amount of RNA in the samples incubated with the 

LysU enzyme, because they underwent one more cleaning step. This implies, that 

lower amount of RNA, but same amount of detected ApGp fragment in samples 

incubated with LysU as in p3RNA and Ap4A-RNA standards, results in low amount of 

p3ApGp fragment in the samples incubated with LysU (in other words, the reaction rate 
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of triphosphate RNA end degradation by RNase T1 is same across all samples – 

samples with lower amount of p3RNA will result in lower amount of detectable p3ApGp 

fragment). On the other hand, cleavage of triphosphate end of RNA by RNase T1 was 

not observed in literature, and reaction mechanism of RNase T1 suggests, that 2′ OH 

group from ribose is needed for RNA restriction112. 

Other suggestion, why p3ApGp was not identified, is that LysU is modifying the 

triphosphate 5′ end of RNA in an unknown way (search for Ap3ApGp fragment and lys-

p3ApGp was unsuccessful). Another possibility is that zinc ions create complexes with 

triphosphate RNA, making it difficult to identify fragment on LC-MC. However, only 

small amounts of Zn ions were used in the reaction. Therefore, digestion of 5′ RNA 

triphosphate by RNase T1, despite the fact that it was not reported in the literature, 

seems as the most probable explanation, why we detected low amounts of p3ApGp in 

the samples incubated with LysU. 

In conclusion, PAGE and LC-MS analysis were used to study the potential of tRNA 

synthetases to form Ap4A-RNA. We did not detect Ap4A-RNA formation by any of these 

methods; therefore, we conclude that tRNA synthetases are unable to form Ap4A-RNA 

and do not act as an RNA capping enzymes. These results are inconsistent with 

published literature, which will be discussed in following section (discussion section 

5.4). 

5.3. Possibility to form Ap4A-RNA cap on tRNAs 

tRNA synthetases are well adapted for cognate tRNA binding. When tRNA binds to the 

tRNA synthetase, it is positioned in a special way, that 3′ end is located in the active 

site. Amino acid is then transferred to the OH group at on 3′ or 2′ carbon of terminal 

adenosine. The aminoacylation reaction is an essential reaction for all living organism 

and appears to be preferred over Ap4A synthesis36,39. 

However, we hypothesized that Ap4A-RNA cap could, for example, stabilize tRNAs 

during stress conditions. As described in the introduction chapter 4.3., all tRNAs are 

processed in the similar way by RNase P, which leaves monophosphate at 5′ end. 

tRNA synthetases cannot use monophosphorylated nucleotide as a substrate for ApnN 

synthesis (unable to take AMP and create Ap2A45), which suggest that tRNA 

synthetases would not be able to create Ap4A-RNA cap on tRNAs. Moreover, tRNA is 
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positioned in a way that only 3′ end is in the active site and 5′ is left outside the active 

site, further indicating that tRNA synthetases cannot from RNA cap on 5′ end. 

However, pre-tRNAs could theoretically still be capped by tRNA synthetases. On the 

contrary, pre-tRNAs are rapidly processed in cells and do not interact with tRNA 

synthetases87, indicating that pre-tRNAs should not be post-transcriptionally capped 

by tRNA synthetases. Additionally, as demonstrated with monocistronic tRNAs, 5′ 

triphosphate prevents proper tRNA processing89. An Ap4A-RNA cap is an even larger 

molecular structure than a triphosphate, which suggests that same problems could 

occur with Ap4A capped pre-tRNA transcripts. These theoretical assumptions suggest 

that 5′ Ap4A-RNA cap formation on tRNAs by tRNA synthetases is not possible, and 

therefore we directed our experimental focus elsewhere. 

5.4. Comparison of results with literature 

We found that tRNA synthetases are unable to create Ap4A-RNA cap in vitro, and 

therefore do not act as RNA capping enzymes. This result is inconsistent with the 

findings from Luciano et al.2, where LysU was shown to be capable of creating a 

dinucleoside polyphosphate cap on triphosphorylated yeiP RNA. 

The experiment conducted by Luciano et al.2 was an initial test to explore the possibility 

of creating an Ap4A-RNA cap by tRNA synthetases. Their experiment involved only one 

tRNA synthetase, tested only one condition and crucially, it was conducted only once 

without a replicate (it is not indicated anywhere in their publication that the experiment 

was repeated). Our study involved four different tRNA synthetases, all experiments 

were performed in duplicates, and we utilized two different RNA substrates. 

Furthermore, to confirm our results, we utilized LC-MS approach to detect RNA 

capping by tRNA synthetases. Therefore, we are convinced that our data are robust in 

comparison to the initial test conducted by Luciano et al.2. 

Additionally, in the following publication by Luciano and Belasco6, the authors analysed 

the effect of promoter changes on dinucleoside polyphosphate cap synthesis via the 

NCIN mechanism. Their results pointed out that the sequence of the promoter is an 

important factor in regulation of Ap4N-RNA cap synthesis. They further discussed that 

effect of tRNA synthetases on the abundance of Ap4N capped transcripts should be 

relatively minor compared to effects of promotor changes, but they did not disprove the 

possibility that post-transcriptional mechanism exists in cells. 



73 
 

In a recent publication from our group, the ability of human lysyl-tRNA synthetase 

(KARS) to create Ap4A-RNA was also tested in vitro38. Human lysyl-tRNA synthetase 

was unable to create Ap4A-RNA caps in vitro. KARS was initially tested for production 

of Ap4A, which was successful, but following analysis of reaction with 35mer RNA 

showed that KARS was not able to cap triphosphorylated RNA. The reaction conditions 

in this experiment were similar to the conditions used in this thesis, only the enzyme 

concentration was significantly higher. The results from the experiments with KARS 

further support conclusion of this thesis that tRNA synthetases do not act as RNA 

capping enzymes. 

Taking into consideration results from this thesis and available literature sources, we 

can exclude the possibility that tRNA synthetases act as RNA capping enzymes. Apart 

from one initial experiment reported by others, tRNA synthetases were not able to 

create Ap4A-RNA cap in vitro under any tested conditions. Therefore, it is highly 

probable that the incorporation of NpnN during transcription as NCIN is the primary 

mechanism of dinucleoside polyphosphate cap synthesis. This process might be 

regulated by the sequence of promoter, but further experiments are necessary to 

elucidate the incorporation process and its regulation. 

The only remaining problem is the synthesis of Gp4G-RNA cap, which is probably not 

synthesized by incorporation during transcription, as Gp4G is not present in free form 

in E. coli cells53. Even if tRNA synthetases would be capable of creating RNA cap, it 

would not solve this problem, as they are able to create only adenosine-containing 

RNA caps (tRNA synthetases require ATP molecule in the first step of reaction). There 

are several other candidates for post-transcriptional capping enzyme, which will be 

discussed later in the discussion chapter 7.. As the next step in our research, we would 

like to understand, why tRNA synthetases are unable to create Ap4A-RNA cap. 

6. Molecular dynamics simulation of ion binding to LysU 

We wanted to explore why tRNA synthetases can take ATP as a substrate to create 

Ap4A, but they are unable to perform the same reaction with 5′ triphosphate RNA. To 

understand this experimental observation, we examined the crystal structure of LysU 

tRNA synthetase. We studied LysU crystal structure with bound Ap4A (PDB code 

5YZX) with APBS Electrostatics plugin109 and we found that there is a negatively 

charged area on the protein surface near the 3′ OH group of second adenosine from 
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Ap4A (Figure 47.). This could mean that RNA molecule continuing from the position of 

second adenosine of Ap4A would be in contact with this area. Since RNA is highly 

negatively charged molecule (phosphate backbone), it would imply that RNA and the 

protein might be electrostatically repelled. This could indicate that LysU cannot take 

triphosphorylated RNA at all, or it is a very unpreferable substrate compared to ATP. 

Here, we present a hypothesis, that LysU is unable to synthesize Ap4A-RNA, because 

p3RNA substrate is repelled by the negatively charged area on the protein near the 

active site of LysU. This negatively charged area is composed of two glutamic acids, 

threonine and several carbonyl groups from the peptide bonds. However, in recent 

publication from Giacobelli et al.111, it was shown that interaction between negatively 

charged areas on protein surface could promote RNA binding through interaction 

mediated by metal ions (Mg2+ or K+ ions). We used here an approach based on 

molecular dynamics modelling to assess the potential binding of Mg2+ ions to this 

negatively charged area. The lack of Mg2+ binding sites ions observed in MD could 

support our hypothesis, that RNA is repulsed by negatively charged surface near the 

active site. 

There are several limitations for simulations of Mg2+ binding to the protein surface113. 

Mg2+ ions are small and carry a positive +2 charge. Their high charge density results 

in their strong hydration. This leads to slow binding of magnesium ions to potential 

binding sites on the protein (ion stays in its hydration shell instead of binding to the 

protein surface). On the other hand, once Mg2+ ions bind to the protein surface, they 

remain there for a long time, which may create false positive Mg2+ binding sites. To 

address this issue, we also performed MD simulation with Na+ ions, which carry +1 

positive charge (weaker interactions with water molecules) and have a similar mass as 

magnesium ions. 

The molecular dynamics simulation showed us that metal ions Mg2+ and Na+ may bind 

to the site of interest with only a low probability. This suggests that the interaction 

between negatively charged protein surface and the RNA is unlikely to be mediated 

through positively charged ions, and RNA might thus be repelled by the protein surface. 
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7. Possible RNA capping enzymes (other than tRNA synthetases) 

tRNA synthetases were considered to be the best candidates for the RNA capping 

enzymes. This hypothesis was disproved by results presented in this thesis. However, 

there is still one possible tRNA synthetase, that could be working as an RNA capping 

enzyme. That is eukaryotic glycyl-tRNA synthetase (GlyRS)101. This enzyme can 

synthetize Ap4A independently on amino acid, because it has inserted ATP binding 

domain. GlyRS is relatively slow in Ap4A synthesis, compared to LysRS, but it could 

mean that RNA is a preferred substrate. The unique feature of this tRNA synthetases 

could hypothetically be used for an RNA capping. 

There are many other enzymes that can synthetize Ap4A, and therefore hypothetically 

act as RNA capping enzymes50. Some of these enzymes are part of metabolic 

pathways, such as acetyl CoA syntase114, UTP:glucose-1-phosphate 

uridylyltransferase115, luciferase116 or propionate kinase117. We did not consider these 

enzymes to be the best candidates for RNA capping enzymes, because they are mostly 

constitutively transcribed housekeeping genes, whereas dinucleoside polyphosphate 

caps are related to the stress response. However, any moonlighting activity of these 

enzymes cannot be ruled out. Ubiquitin ligases have been showed to create Ap4A as 

well, but their reaction rates are very slow47. 

Among the enzymes, with a high probability of being RNA capping enzymes are 

considered RNA ligases. Firstly, these enzymes have been demonstrated to create 

Ap4A49. Next, their reaction mechanism involves the formation of an enzyme-lysine-

AMP intermediate, where AMP is then transferred to monophosphorylated RNA, 

resulting in the creation of an AppRNA intermediate (which can be viewed as an Ap2N-

RNA cap). AppRNA intermediate is then used for ligation to 3′ end of different RNA 

molecule118. This illustrates that RNA ligases are capable of formation of molecular 

structures similar to dinucleoside polyphosphate caps. On the top of that, RNA ligase, 

DNA ligases and eukaryotic mRNA guanylyltransferase have been shown to form a 

single protein family21,119. However, RNA ligases can ligate only monophosphorylated 

RNA on 5′ end and not triphosphorylated RNA, which would be required for Np4N-RNA 

synthesis. Only one engineered artificial RNA ligase was able to ligate 

triphosphorylated RNA, which demonstrates that it is theoretically possible120,121. 
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RNA ligases RtcA and RtcB were tested for their RNA capping potential by Luciano 

and Belasco6. They measured the abundance of dinucleoside polyphosphate RNA 

caps after the deletion of both RtcA and RtcB but did not observe any significant 

change in their abundance. Therefore, RtcA and RtcB can be dismissed from the list 

of potential RNA capping enzymes. DNA ligases were also shown to be able synthetize 

Ap4A48, and their reaction mechanism is similar to that of RNA ligases, but RNA ligases 

seem more probable to be RNA capping enzymes, because they can specifically bind 

RNA molecules. 

Thg1 is a guanylyltransferase that attaches single guanosine to the 5' end of tRNAHis 

in 3′ to 5′ orientation122. This essential enzyme is present in eukaryotes, archaea, and 

bacteria (not present in E. coli)123. Its reaction mechanism is similar to that of both tRNA 

synthetases and RNA ligases, but it does not belong to either of these protein 

families122,124. Thg1 first creates an App-tRNA intermediate and then binds molecule of 

GTP. Subsequently, the 3′-OH group of GTP attacks the intermediate and guanosine 

is attached to 5′ end of tRNA (and triphosphate 5′ end on tRNA is subsequently cleaved 

to monophosphate 5′ end)125. As this enzyme attaches guanosine in 3′ end to 5′ end 

orientation, it is not a potential RNA capping enzyme, however, its reaction mechanism 

and function illustrates that there might be a homologous protein capable of performing 

a similar reaction in a 5′ to 5′ orientation (theoretically, a different positioning of GTP in 

the active site could result in the attack from 5′ triphosphate group of GTP, instead of 

3′-OH group, leading to formation of Gp4G-RNA cap). 

In a hypothetical scenario, there could be an unknown E. coli RNA ligase or a homolog 

of RNA ligases that could utilize GTP in the first step of reaction and triphosphorylated 

RNA in the second step of reaction. This enzyme would then create Gp4G-RNA and 

therefore act as an RNA capping enzyme in E. coli.  Considering that in 2018, there 

were 1264 genes with unknown functions in E. coli126, it is possible that among them 

is an enzyme with these hypothetical characteristics. 

8. Synthesis and purification of isotopically labelled Ap4A 

The inability of tRNA synthetases to create Ap4A-RNA caps lead us to the decision to 

use LysU for synthesis of commercially unavailable diadenosine-15N10 tetraphosphate. 

Chemical synthesis of all dinucleoside polyphosphates is challenging with several 

purification steps and modest yields127. In contrary, enzymatic synthesis of 
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dinucleoside polyphosphates is a one-step reaction with one purification step, which 

leads to higher yields and purity of the product. Isotopically labelled molecules are used 

as standards in LC-MS based quantification. These molecules have the same chemical 

properties as the quantified molecules but differs in their molecular weight. In this case, 

15N10-Ap4A can be used in Ap4A-RNA cap quantification in RNA isolated from living 

cells. 

The 15N10-Ap4A was synthetized by LysU from 15N5-ATP and then separated by HPLC 

and SPE. The product was subsequently measured by NMR, which confirmed the 

presence of 15N10-Ap4A and the purity of the sample. The final yield of 15N10-Ap4A was 

0.180 mg. The amount of isotopically labelled standard needed for each measurement 

is very low, therefore this amount of 15N10-Ap4A could be probably used for several 

years. 
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Conclusion 

A novel type of non-canonical RNA caps was recently discovered in bacteria1. They 

are composed of a molecule of dinucleoside polyphosphate at the 5′ end of RNA, 

therefore they are called dinucleoside polyphosphate RNA caps. Their physiological 

function has yet to be elucidated, therefore more details about their metabolism are 

crucial for understanding their role in the cell. One of the important aspects of their 

metabolism is their synthesis. It has already been showed that NpnN-RNA caps can be 

formed by incorporation of a dinucleoside polyphosphate molecule at the 5′ end of RNA 

during transcription as a NCIN5,6. However, post-transcriptional enzymatic synthesis of 

these caps cannot be ruled out. tRNA synthetases are enzymes known for their 

essential role in translation, but they are also the enzymes responsible for the synthesis 

of dinucleoside polyphosphates in the cell13. This makes them the best candidates for 

post-transcriptional capping enzyme in bacteria. The aim of this thesis was to test the 

hypothesis, that tRNA synthetases are able to form Ap4A-RNA cap in vitro and 

therefore act as RNA capping enzymes. 

In this thesis, four tRNA synthetases from E. coli were selected – LysU, LysS, HisS 

and MetG. Selected tRNA synthetases were subcloned to plasmids, expressed in E. 

coli, and subsequently purified by fast protein liquid chromatography (FPLC). Purified 

tRNA synthetases were tested for production of free dinucleoside polyphosphates and 

the reaction products were analysed by high-performance liquid chromatography 

(HPLC). Subsequently, all purified tRNA synthetases were tested and compared in 

their ability to create Ap4A. LysU and LysS were shown to be very efficient in Ap4A 

synthesis, however, HisS and MetG were found out to be relatively slow in its synthesis. 

LysU was tested for production of different ApnNs as well and it was shown that it is 

able to synthetize Ap3A, Ap4G, Ap4C and Ap4U, but with slower reaction rates than 

Ap4A. 

In the subsequent experiments, tRNA synthetase were tested for formation of Ap4A-

RNA. However, we found that tRNA synthetases were unable to form Ap4A-RNA. The 

reaction was tested on two different RNAs, an artificial 35mer and yeiP transcript 

(beginning of an E. coli gene). The reaction was performed using several different 

reaction conditions, but we did not observe formation of capped RNA. These results 

were then confirmed by LC-MS. In conclusion, tRNA synthetases do not form Ap4A-

RNA cap in vitro and do not act as RNA capping enzymes. 
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These results are inconsistent with findings reported by Luciano et al.2. In their 

experiment, an initial test for the ability to form Ap4A-RNA cap by LysU was successful. 

We are confident that our results are more significant, as we conducted the experiment 

with four tRNA synthetases on two different transcripts and verified our findings by LC-

MS. Furthermore, results presented in this thesis are further supported by the inability 

of human lysyl-tRNA synthetases to form Ap4A-RNA cap in vitro, as reported by 

Potužník et al.38. 

We present a hypothesis that the inability to take an RNA as a substrate is due to the 

negatively charged region near the active site of LysU, which respells the negatively 

charged RNA. To exclude the hypothesis that the interaction of negatively charged 

protein with RNA is mediated by magnesium ions, we employed molecular dynamics 

simulation of Mg2+ binding to protein surface. It was found that ions were binding with 

only low probability to negatively charged area. This suggests that it is unlikely that the 

interaction is mediated through ion binding, which makes our hypothesis more reliable. 

In the end, we used LysU to synthesize commercially unavailable isotopically labelled 

15N10-Ap4A. 

In summary, four E. coli tRNA synthetases were cloned to plasmids, purified by FPLC 

and successfully tested for production of free dinucleoside polyphosphates. 

Subsequent experiments on RNA showed that tRNA synthetases are unable to form 

dinucleoside polyphosphate RNA cap and therefore do not act as RNA capping 

enzymes. 
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