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Abstract
Liljeruhm, J. 2019. Exotic Ribosomal Enzymology. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Science and Technology 1770. 43 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-0567-7.

This thesis clarifies intriguing enzymology of the ribosome, the multiRNA/multiprotein
complex that catalyzes protein synthesis (translation). The large ribosomal RNAs (23S and
16S rRNAs in E. coli) are post-transcriptionally modified by many specific modification
enzymes, yet the functions of the modifications remain enigmatic. A deeper insight into
two of the 23S rRNA S-adenosyl-methionine-requiring methyltransferase enzymes, RlmM
and RlmJ, was given by investigating substrate specificity in vitro. Both enzymes were able
to methylate in vitro-transcribed, modification-free, protein-free, 2659-nucleotide-long 23S
rRNA. Furthermore, RlmM was able to methylate the 611-nucleotide-long Domain V of the
23S rRNA alone and RlmJ could modify the A2030 with only 25 surrounding nucleotides.

Translation is evolutionary optimized to incorporate L-amino acids to the exclusion of D-
amino acids in the cell. To understand how, and how to engineer around this restriction for
pharmacological applications, detailed kinetics of ribosomal dipeptide formation with D- versus
L-phenylalanine-tRNA were determined. This was done by varying the concentrations of EF-
Tu (which delivers aminoacyl-tRNAs to the ribosome) and the ribosome, as well as changing
the tRNA adaptor. Binding to EF-Tu was shown to be rate limiting for D-Phe-tRNA at a
low concentration of EF-Tu. Surprisingly, at a higher (physiological) concentration of EF-
Tu, binding and subsequent dipeptide synthesis became so efficient that D-Phe incorporation
became competitive with L-Phe, and accommodation/peptide bond formation was unmasked as
a new rate-limiting step. This highlighted the importance of D-aminoacyl-tRNA deacylase in
restricting translation with D-amino acids in vivo.

Although polypeptides are intrinsically colorless, it is remarkable that evolution has
nevertheless enabled ribosomes to synthesize highly colored proteins (chromoproteins).
Such eukaryotic proteins reside in coral reefs and undergo self-catalyzed, intramolecular,
chromophore formation by reacting with oxygen in a manner highly similar to that of
green fluorescent protein. The potential utility of different colored chromoproteins in E.
coli was analyzed via codon-optimized over-expression and quantification of maturation
times, color intensities and cellular fitness costs. No chromoprotein was found to have the
combined characteristics of fast maturation, intense color and low fitness cost. However, semi-
rational mutagenesis created different colored variants with identical fitness costs suitable for
competition assays and teaching.
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Abbreviations 

3H tritium 
A adenine 
AA amino acid 
AARS aminoacyl-tRNA synthetase 
AA-tRNA aminoacyl-tRNA 
A site ribosomal minoacyl-tRNA site 
AMV Avian Myeloblastosis virus 
ATP adenosine 5’ triphosphate 
C cytidine 
cDNA complementary DNA 
CMC N-cyclohexyl-N’-beta-(4-

methylmorpholinium)ethylcarbodiimide 
CP chromoprotein 
D dextrorotatory 
DNA deoxyribonucleic acid 
E site ribosomal exit tRNA site 
E. coli Escherichia coli 
EF-Tu elongator factor thermo-unstable 
fMet formylmethionine 
FP fluorescent protein 
G guanine 
GFP green fluorescent protein 
GDP guanosine 5’diphosphate 
GTP guanosine 5’triphosphate 
HPLC high-pressure liquid chromatography 
IF initiation factor 
iGEM international Genetically Engineered Machine 
L- levorotatory 
MALDI matrix-assisted laser desorption ionization 
mRNA messenger RNA 
MS mass spectrometer 
NTP nucleotide triphosphate 
P site ribosomal peptidyl-tRNA site 
PTC ribosomal peptidyltransferase centre 
PAGE polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 



 

Phe phenylalanine 
RNA ribonucleic acid 
Rlm rRNA large subunit methtyltransferase 
rRNA ribosomal RNA 
RT reverse transcriptase 
SAM S-adenosylmethionine 
T thymine 
tRNA transfer RNA 
U uridine 
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Introduction 

The central dogma 

The molecular-level mechanism of life, encoded in genes of an organism, is 
universal, likely due to an original common ancestor. Together, genes are 
assembled to a genome, consisting of polymerized deoxyribonucleotides 
containing the nucleobases adenine (A), guanine (G), cytosine (C) and thy-
mine (T) in a highly organized and specific order held within double-
stranded deoxyribonucleic acid (DNA). A genome is duplicated in a process 
called replication, which enables the cell to divide into two and where both 
cells then continue to carry the entire genome. 

In a process called transcription, several ribonucleic acids polymers (RNAs, 
which contain ribose instead of deoxyribose and uracil instead of thymine) 
are transcribed from the genome, for example as messenger RNAs (mRNAs; 
a temporary intermediate form of genetic information), transfer RNAs 
(tRNAs) and ribosomal RNAs (rRNAs). All three of these classes are re-
quired for ribosomal protein synthesis, and many of them must first undergo 
post-transcriptional chemical alteration, called RNA modification. 

Organisms are functional predominantly due to their catalytically-active 
proteins that carryout life-maintaining reactions and/or mechanisms. These 
proteins are synthesized by first transcribing DNA into single-stranded 
mRNAs and then mRNAs are translated into proteins (Fig. 1). 
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Figure 1. The central dogma. Image taken, with permission, from Liljeruhm et al. 
(2014), courtesy of E. Wistrand-Yuen. 

Bacterial protein synthesis and the genetic code  

Protein synthesis (translation) is mRNA decoding by the ribosome, a mac-
romolecular complex. The E. coli ribosome consists of two subunits, 30S 
and 50S (Schmeing et al. 2009), that incorporate 21 and 33 ribosomal pro-
teins respectively and catalytic centre constitutes three RNA parts, the 23S 
(2904 nt), 16S (1542 nt) and 5S (120 nt) rRNAs (Cate et al. 1999; Yusupov 
et al. 2001; Yonath et al. 2002). 

Bacterial translation initiation requires the initiation factors 1, 2 and 3 (IF1, 
IF2 and IF3; Antoun et al. 2006) which position the 30S at the start region 
(ribosome binding site, RBS) of an mRNA. The initiator tRNA, formylMe-
thionine-tRNAformylMethionine (fMet-tRNAfMet) base pairs with the start codon 
(usually AUG; Liljeruhm et al. 2014, Fig. 7a) at the ribosome’s Peptidyl-
tRNA site (P-site; Shine & Dalgarno 1975). Lastly, the 50S subunit is re-
cruited and the IFs dissociate (Huang et al. 2010).  
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Elongator aminoacyl-tRNAs (aa-tRNAs) form a complex with elongator 
factor thermo-unstable (EF-Tu) and guanosine 5’triphosphate (GTP), termed 
the ternary complex. The ternary complex delivers the next AA to the ribo-
some and the anticodon sequence on the AA-tRNA is placed in the decoding 
centre of the ribosome but with the EF-Tu:GTP still remained bound (Fig. 
2). When the codon-anticodon interaction is sufficiently stable, i.e. a codon-
anticodon match, GTP is hydrolysed to GDP and EF-Tu:GDP is released 
(Ogle et al. 2003). The AA-tRNA accommodates into the Aminoacyl-site 
(A-site) of the ribosome. Next, a peptide bond forms (peptidyl-transfer) be-
tween the AA on the A-site tRNA and the fMet (or peptide) on the P-site 
tRNA through the peptidyl transferase reaction, which is catalysed by the 
ribosome (Wilson & Nierhaus 2003): 

 

The Elongator factor G, through the energy from the GTP-to-GDP conver-
sion, will move the ribosome one codon downstream of the mRNA. Thus, 
the peptidyl-tRNA (former AA-tRNA) at the A-site is translocated to the P-
site whereas the tRNA at the P-site move to the Exit site (Fig. 2; Rodnina et 
al. 1997). This enables a new round of AA incorporation with a new AA-
tRNA being delivered and accommodated at the A-site. The translational 
mechanisms of charging tRNAs, binding to EF-Tu:GTP, delivery to the ri-
bosome and peptide bond formation are all stereospecific to enable the ex-
clusive incorporation of amino acids in the L-isomeric form. 

 
Figure 2. A kinetic scheme of the incorporation of a (D-)AA in translation (elonga-
tion). The image is adapted from Liljeruhm et al. 2019.  

Although the genetic code is essentially universal, due to the redundancy in 
codons per amino acid, there is room for organismal preferences in terms of 
favoured codons, i.e. there is a codon usage bias (Fig. 3). Codon bias affects 
which codons are more preferred in the genome and, subsequently, which 
tRNAs are up-regulated.  

Finally, when one of 3 stop codons (UAA, UAG and UGA; Fig. 3) arrives at 
the A site, it is recognised by a release factor (RF) which catalyses release 
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(hydrolysis) of the peptidyl-tRNA from the tRNA, and the nascent protein 
completes its folding into a specific three-dimensional structure (Scolnick et 
al. 1968). 

 
Figure 3. The genetic code and codon usage frequencies in the most abundant pro-
teins in E. coli. Image taken, with permission, from Liljeruhm et al. (2014). 
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Dissertation overview 

This thesis encompasses "exotic" enzymology centred on bacterial transla-
tion. The enzymology includes 

(i) very slowly acting, specific, rRNA modification enzymes, 

(ii) kinetics of unnatural D-AA incorporation in translation, and 

(iii) expression of self-catalysing chromoproteins, a unique trick enabling 
ribosomes to directly produce coloured products. 

The overarching theme is to better characterize these exotic processes to 
facilitate applications in synthetic biology, which can be defined as “the 
complex engineering of replicating systems.” The applications envisioned of 
the three respective projects above are: 

 
(i) synthesis of a ribosome (toward synthesis and directed evolution of self-
replication), 

 
(ii) directed evolution of D-AA-containing, protease-resistant drug candi-
dates, and 

 
(iii) development of colorimetric cellular biosensors. 

The experimental results described in the next chapter have been performed 
by me, unless otherwise stated, and correspond to following parts of Papers 
I-IV in the Appendix: 

 
Paper I  
Characterization studies on the rRNA methyltransferase enzyme RlmM. The 
minimal substrate for recognition was defined, and time-course assays con-
firmed the relatively slow enzymatic reaction of methylases.  
 
Paper II 
Characterization studies on the rRNA methyltransferase enzyme RlmJ. A 
minimal substrate for recognition was defined.  
 
Paper III 
Kinetic studies of D-AA incorporation in translation in vitro. The rate of 
peptide formation was examined with different tRNA bodies, EF-Tu concen-
trations and ribosome concentrations to elucidate the rate-limiting steps.  
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Paper IV 
Study of 14 eukaryotic CPs to visualize and compare their properties in 
terms of colour strength, gene stability and growth defects in E. coli. 
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The present work 

Papers I and II: Methylation of E. coli 23S ribosomal 
RNA 
rRNA modification enzymes 

The initial stages of ribosome assembly require ribosomal RNA to be tran-
scribed, and ribosomal protein mRNAs to be transcribed and translated. An 
additional step is nucleotide modification (35 in total for E. coli) of the nas-
cent 23S and 16S rRNA transcripts. Curiously, these modification reactions 
are amongst the slowest enzymatic reactions known. 

Based on knock out studies of individual modification enzymes in E. coli 
(Baba et al. 2006), it is remarkable that none of them are individually essen-
tial. The combination of the modifications is thus presumed to be essential. 
Although many cluster around functionally active regions, such as the pep-
tidyl transferase centre (PTC; Fig. 4), A, E and P site and the polypeptide 
exit tunnel, little is known about their specific functions. However because 
of this crowding, one hypothesis is that they are important for the function of 
the ribosome (Brimacombe et al. 1993; Decatur & Fournier 2002). On the 
other hand, three-dimensional rRNA modification maps (Decatur & Fournier 
2002) showed that they are not phylogenically conserved between E. coli 
and Saccharomyces cerevisiae (S. cerevisiae), suggesting other, non-
translational, functions are more likely instead, e.g. structural stabilization. 
This is further strengthened by reports on different types of modified nucleo-
tides that either serve as aid in subunit assembly to avoid mis-folding 
(Grosjean et al. 2005), stabilize helices and other secondary structures (Hay-
rapetyan et al. 2009), prevent hydrolysis of internucleotide bonds, protect the 
pre-assembled unprotected RNA from ribonucleases (Decatur & Fournier 
2002; Nierhaus & Lafontaine 2006), or improve base stacking interactions 
(Hayrapetyan et al. 2009). 

Groups of modified nucleotides have been tested for E. coli 50S subunit in 
vitro reconstitution/activity (fragment reaction with puromycin) by digesting 
and matching different lengths of in vitro transcribed and wild-type 23S 
rRNAs to form a full-length 23S rRNA. The loss of modifications had a low 
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effect on the peptidyl-transferase activity, except for an 80-nucleotide re-
gion, now called the critical region. This region includes six modified nucle-
otides within the PTC (Fig. 4) (Green & Noller 1996), which were then nec-
essary for the ribsome’s peptidyl transfer activity. 

 
Figure 4. Secondary structure of the PTC in the domain V of 23S rRNA of E. coli. 
Blue letters indicate the nucleotides that lies within the Critical region from Green & 
Noller 1996. Image courtesy of T. Shepherd. 

One of these six "critical" modifications is the 2’O-ribose methylation of 
C2498 (Cm2498), positioned in helix no. 89 (nucleotides ~2455 – 2496). In 
an earlier study, the enzyme rRNA large subunit methyltransferase M 
(RlmM, YgdE) was experimentally shown to catalyse the methylation of 
C2498 on 23S rRNA (Purta et al. 2009). Methyltransferases utilize the co-
factor S-adenosylmethionine (SAM) as a methyl donor substrate, which is 
then converted to S-adenosyl-homocysteine (SAH): 
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They proved, through in vitro methylation assays, that RlmM can methylate 
purified rRNA from a !ygdE strain, i.e. protein-free 23S rRNA which still 
contains all its other modifications. On the other hand, the enzyme did not 
seem to methylate 50S subunits or 70S ribosomes purified from the !ygdE 
strain (Purta et al. 2009). This complements another study where Cm2498 
was categorized among those that get modified in the early stage of the 50S 
subunit assembly (Siibak & Remme 2010). 

The helix no. 72 (nucleotides 2023 – 2040) folds against helix no. 89 in the 
tertiary structure of E. coli 23S rRNA (Borovinskaya et al. 2008) and in-
cludes the N6-methylated A2030 nucleotide (m6A2030). This methylation 
was recently discovered to be linked to the enzyme RlmJ (YhiR). Apart from 
identifying the gene, they also showed that RlmJ could methylate protein-
free 23S rRNA purified from a !yhiR strain, but not the 50S subunit (Golov-
ina et al. 2012). 

Analysis of modified RNAs 
Reverse transcription and primer extension 
Reverse transcription is a process that was originally discovered in viruses 
and is the synthesis of a complementary DNA (cDNA) to an RNA strand 
(Temin & Mizutani 1970). Avian Myeloblastosis Virus (AMV; Kacian et al. 
1971) RTase extends from the 3’ end of a [32P]-labelled primer and will 
pause or terminate upon reaching a methylated nucleotide or rigid secondary 
structure (optimization of the dNTP concentration was crucial to achieve 
efficient specific pausing). The premature halt is either due to unsuccessful 
base pairing between the modified residue and the supposed complementary 
dNTP or the RTase fails to recognize it. This stop will generate a cDNA that 
will be one nucleotide shorter than the length between the primer’s 5’-end 
and the modification. The cDNA is then separated by long denaturing poly-
acrylamide gel electrophoresis (PAGE), next to sequencing lanes for identi-
fication of modified DNA through sequence comparison.  
 
The AMV RTase is an inexpensive enzyme, which make this method acces-
sible. However, while methylations are readily detected, pseudouridines will 
require a prior chemical treatment with e.g. N-cyclohexyl-N’-beta-(4-
methylmorpholinium)ethylcarbodiimide (CMC). As well, this technique 
doesn’t determine which type of modification the RTase terminated for if it 
is unknown, but preliminary conclusions could be drawn based on dNTP 
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concentration sensitivity (detection of a 2’O ribose methylation needs a pri-
mer extension reaction with a significantly lower amount of the complemen-
tary dNTP than of a base methylation). However, if the cDNA is co-run with 
Sanger sequencing lanes, the exact position of the modification in the RNA 
can directly be determined and this technique is semi-quantifiable through 
comparison of band intensity with wild-type control.  

Tritium labelling assay 
RNA methyltransferases typically use S-Adenosylmethionine (SAM) as a 
cofactor for the transfer of the methyl to the specific base. Analysis with 
tritiated [3H]-SAM allows for the detection of any [3H]-methyl group trans-
fer between SAM (converted to S-adenosylhomocysteine) and the newly 
methylated substrate. After an in vitro methylation reaction the RNA is pre-
cipitation in 10 % trichloroacetic acid (TCA) and subsequently applied to 
nitrocellulose filer. Thereafter the filter is rinsed with additional volumes of 
cold TCA, in order to remove the excess cofactor. Then the filters are ana-
lysed in a scintillation counter. This technique yields quantitative values and 
is suitable when assaying methylation of small RNA fragments. However 
this method relies on in vitro methylation and therefore it cannot compare 
the reaction efficiency to in vivo levels of methylation. Also, this method can 
only assay one type of modification. 

Matrix-assisted laser desorption ionization (MALDI) mass spectrometer 
(MS) 
This method (Karas et al. 1985) was not used in this thesis, but it is widely 
used in the modification field (Purta et al. 2009; Kimura et al. 2011; Golov-
ina et al. 2012). Briefly, fragmentized modified RNA is analysed through 
mass-to-charge ratio. This method requires access to expensive machines, 
but, on the other hand, can be used for exact determination of what type of 
modification it is, for many type of modifications (Kammerer et al. 2005), 
regardless of the size on the RNA, and (to a certain degree) identify the nu-
cleotide position.  

Methods summary 
The His-tagged methyltransferase enzymes RlmM and RlmJ were over-
expressed and purified on a Ni-Sepharose column (Paper I, method heading 
“Cloning, protein expression and purification”; Paper II, method heading 
“Crystallization and crystallographic data collection”; performed by T. 
Shepherd). 

23S rRNA was transcribed in vitro from the E. coli rrlB gene (plasmid 
pCW1). The domain V fragment was cloned through PCR amplification 
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from pCW1 and then transcribed in vitro (Paper I, see method heading “In 
vitro transcription and RNA preparation”). 

In vitro methylation was carried out at 37°C as described (Paper I, see meth-
od heading “In vitro methylation assay”; Paper II, see method heading “In 
vitro methylation assay and primer extension analysis” and “in vitro modifi-
cation and tritium labelling analysis”).  

The analysis of the in vitro methylated rRNA with non-radioactive SAM, 
was performed through reverse transcription (RT) with subsequent PAGE 
and exposure (of the dried gel) to a phosphor storage film (Paper I, see 
method heading “Primer extension”; Paper II, see method heading “In vitro 
modification and primer extension analysis”). RlmJ was also assayed by a 
tritium-labelling assay with [3H]-SAM (Paper II, see method heading “in 
vitro modification and tritium labelling analysis”). 

Results and conclusions 
In the characterization of the methyltransferase RlmM, I showed that it could 
methylate completely unmodified, ribosomal protein-free, in vitro-
transcribed 23S rRNA to a wild-type level (Fig. 2a in Paper I) through in 
vitro methylation with overexpressed and purified enzyme. Furthermore, I 
could prove that RlmM can methylate an even smaller substrate, only the 
domain V (nucleotides ~2016 – 2625) of the 23S rRNA, to a similar extent 
as the full length rRNA (Paper I, Fig. 2b). Additionally, RlmM was shown to 
have a slow turn-over rate under our in vitro condition, where only around 
80 % of wild-type-level modification was obtained after 45 minutes (Paper I, 
Fig. 2c).  

For RlmJ, I showed that the enzyme could methylate completely unmodi-
fied, ribosomal protein-free, in vitro-transcribed 23S rRNA to a wild-type 
level within 30 minutes (Paper II, Fig. 6a). As well, a lower but still detecta-
ble level of the methylation was achieved within 30 seconds (Paper II, Fig. 
6a). We also proved, by tritium labelling analysis, that RlmJ only requires 
the helix 72 to recognize and methylate the A2030 (Paper II, Fig. 6b; per-
formed by T. Shepherd and me). It was also elucidated that the enzyme only 
can methylate an adenine residue at 2030 as substrates containing single 
point mutations of the adenine to guandine, cytosine or uracil were not 
methylated (Paper II, Fig 6b; performed by T. Shepherd). Tritium labelling 
assays were also carried out with RlmJ mutations with the Helix 72 as sub-
strate, which identified key amino acid residues (Y4, H6, K18 and D164) 
important for the methyl transfer catalysis (Paper II, Fig 6c; performed by 
A.S. Punekar and T. Shepherd). 
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In conclusion, RlmM and RlmJ can methylate in vitro transcribed 23S rRNA 
and shorter fragments of it at levels which are similar to those in vivo. How-
ever, both methyltransferases required unphysiologically long incubation 
times for unknown reasons, perhaps due to alternative RNA structures in 
vitro. These results are nevertheless consistent with prior suggestions that the 
enzymes act in vivo early in ribosome synthesis (Siibak & Remme 2010) 
before the rRNA reaches its mature conformation fully bound by ribosomal 
proteins. 

Paper III: the kinetics of D-AA incorporation in 
translation 
D-amino acids 
Amino acids occur naturally in two enantiomeric forms termed levorotatory 
(L-) and dextrorotatory (D-) that structurally mirror each other (Fig. 5).  

D-AAs are used as signalling molecules, carbon sources or building blocks 
for peptidoglycan cell wall synthesis, with free D-AA concentrations in vivo 
having been measured at up to millimolar amounts (Melnikov et al. 2018). 
The L-AAs are, on the other hand, the only isomeric form that ultimately get 
incorporated into polypeptides in the in vivo translation process to form ac-
tive full-length proteins. This preference renders D-AAs pharmacologically 
interesting since D-AA peptides are for this reason not recognized in vivo by 
the immune system or degraded to the same extent by proteases (Dintzis et 
al. 1993; Wade et al. 1990). Considering that D-amino acids are found in 
natural antibiotics, incorporating them into the translation process could 
greatly enhance their use in drug discovery (Wade et al. 1990). 

Some AARSs (HisRS, LysRS, TrpRS and TyrRS) can synthesize D-AA-
tRNAs (Achenbach 2015), implying that in vivo misacylation of tRNAs by 
AARS must occur. This may explain the apparently universal necessity of 
cellular D-AA-tRNA deacylases (DADs) which hydrolyse D-AA-tRNAs 
(Wydau et al. 2009).  Knocking out or mutating the DAD gene (yihZ in E. 
coli) rendered strains D-AA sensitive (Soutourina et al. 1999; Leiman et al. 
2013; Wydua et al. 2009), implying that the in vivo AA-tRNA pool is under 
controll by the DADs. 
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Figure 5. tRNA bodies and chemical structures of the two phenylalanine isomers. 
The tRNAs are in vitro transcribed and therefore lack their modifications. Changes 
are in blue and the wild-type nucleotide in black (anticodons in purple) on yellow 
background. The image is adapted from Liljeruhm et al. 2019. 

 
Incorporations of D-AAs in in vitro translation systems have historically 
been seen as low efficiency, variable and at risk for unwanted L-AA contam-
ination. The variability could be explained by the use of different reaction 
conditions, reaction systems, factor concentrations, D-AAs and tRNA bodies 
(Englander et al. 2015; Fujino et al. 2013; Goto et al. 2008; Tan et al. 2004). 
Possible contaminations in the translation system have to be considered seri-
ously due to the natural L-AA preferences of AARSs, EF-Tu and the ribo-
somal PTC (Yamane et al. 1981).  
 
An early paper comparing D- vs L-AA translation kinetics showed L-
tyrosine (L-Tyr) to be 30x faster than D-Tyr at 0°C, an unphysiological tem-
perature (Yamane et al. 1981). The effect on D-AA incorporation in EF-Tu 
omission control experiments was much more severe at 37°C (40 fold, 
Englander et al. 2015) than at 0°C (1.05 fold, Yamane et al. 1981).  At 37°C, 
the D-AA was incorporated 3 orders of magnitude slower in vitro (Englander 
et al. 2015) compared with L-AA in vivo incorporation rates (Liang et al. 
2000). Yet, despite this unphysiologically slow peptide synthesis from D-
AAs, one study found that competition between D- vs L-Ser-tRNA gave 
surprisingly comparable rates of translation incorporation (~7.5 vs 5 
minutes; Fujino et al. 2013).  
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D-AA-tRNA synthesis in vitro 
An important consideration is the tRNA charging method. Our tRNA charg-
ing method in Paper III produced D- and L-Phe-tRNA substrates by che-
moenzymatic ligation, which uses T4 RNA ligase to couple the pCpA-AA 
on tRNAminusCA transcripts (see next section). This technique yields charged 
tRNAs in sufficient and reliable amounts for kinetic experiments and has the 
advantage of coupling virtually any natural or unnatural AA to any tRNA 
body of choice. One limitation is that this requires the tRNA to lack the 
3’terminal CA, which makes it hard to charge native tRNAs and include 
tRNA modifications. However, tRNAs can be selected for which their modi-
fications have minimal effect on translation kinetics (Fig. 5; Cui et al. 2015). 
With respect to D-AAs, another limitation is contaminating L-AA in the 
bought D-AA batch (Tan et al. 2004) and racemization of the AA in the 
alkaline chemical conjugation step (Kwiatkowski et al. 2014). 
 
To avoid the racemization problem with pdCpA-D-AAs, research groups 
have used AARSs (Calendar et al. 1967) or ribozymes (Fujino et al. 2013) 
for charging D-AAs. The use of AARSs to synthetically charge AA analog 
substrates onto the cognate tRNAs is feasible with native AARSs in some 
cases (Hartman et al. 2006), but to evolve an AARS to charge unnatural AAs 
is laborious and might result in a substantially loss of catalytic activity 
(O’Donoghue et al. 2013). Furthermore, this technique is inflexible as one 
evolved AARS would only be able to utilize one kind of unnatural AA. Ri-
bozymes are the product of in vitro directed evolution (SELEX) experiments 
and catalyze the tRNA aminoacylation (Murakimi et al. 2006; Saito & Suga 
2001). The ribozymes preference for only the activated AA’s leaving group 
and the overall properties of the AA provides a flexibility in terms of what 
you can charge with. On the other hand, each type of ribozyme reaction re-
quires optimization and in many cases the yields are low, which is challeng-
ing for kinetics studies.  

Methods summary 
pCpA dinucleotide was chemoenzymatically charged with both enantiomers 
of NVOC-protected phenylalanine (Phe) and analyzed for chiral purity by 
M. Kwiatkowski (Paper III, see method heading “Aminoacylation of 
tRNAPheB, tRNAAlaB, and tRNAProB with D- Phe or L-Phe.”). Phe was select-
ed because it is a commonly used bulky AA, which doesn’t require side-
chain protecition group. 

Three tRNA bodies (termed tRNAAlaB, tRNAProB and tRNAPheB; Fig 5) were 
in vitro transcribed, deliberately lacking the 3’ end nucleotides CA. These 
RNAs were purified, ligated with pCpA-NVOC-D- or L-Phe using T4 RNA 
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ligase, and deprotected with visible light (Paper III, see method heading 
“Aminoacylation of tRNAPheB, tRNAAlaB and tRNAProB with D-Phe or L-
Phe”). The active fraction of the AA-tRNA batches, as well as the ribosome 
and EF-Tu, were measured through dipeptide experiments to ensure con-
trolled reactions with a known limiting factor. 

[3H]-fMet-tRNAfMet, mRNAs (mMFA, mMAL and mMPF), 70S ribosomes, 
EF-Tu/EF-Ts (courtesy of Raymond Fowler), and polymix-like buffer, LS3 
(pH 7.5) were prepared as stated in Paper III, see methods heading “Materi-
als”. 

Fast kinetics was performed through quench flow analysis at 37°C, where 
two reaction mixtures are automatically rapidly mixed in the reaction loop:  
(i) pre-initiated ribosomes by IF1-3 on the mRNA, were the start codon and 
[3H]-fMet-tRNAfMet are positioned at the P site, and  
(ii) pre-incubated ternary complexes  
Equally rapidly the reaction is automatically quenched with formic acid after 
a set time (millisecond range). This will precipitate the RNAs (AA-tRNA, 
peptidyl-tRNA and rRNA). The time points are pelleted and dissolved in 
KOH for hydrolysis of the AAs and peptides from the tRNAs. After an addi-
tional formic acid treatment and a second centrifugation, the dipeptide and 
AAs (in supernatant) are injected in a C-18 reversed-phase column coupled 
to high-pressure liquid chromatography (HPLC) for separation and analysis. 
The tritium-labelled fMet will enable detection of unreacted fMet and any 
dipeptide product. The dipeptide fraction is plotted against the time and a 
single exponential curve is fitted to the time course with the software 
Origin7.5 (OriginLab Corp.). See Paper III method heading “Dipeptide for-
mation from fMet-tRNAfMet and L- and D-Phe-tRNAs”. 

Results and conclusions 
As the incorporation of D-AAs is considered to be slow, we wished to inves-
tigate why by measuring the rates of D- and L-Phe binding to EF-Tu, deliv-
ery to the ribosome and incorporation into dipeptide. 

I found a 250-fold decrease in dipeptide formation rate between D-Phe and 
L-Phe using tRNAPheB as carrier (Paper III, Figure 2a-b, Table 1). This effect 
was moderately hastened (2-4 fold) by swapping the tRNA body to tRNAProB 
or tRNAAlaB, respectively (Paper III, Fig. 2b, table 1). This effect is likely 
explained by the earlier study of EF-Tu’s varying affinity to different tRNA 
bodies and AAs (the thermodynamic compensation of Dale et al. 2005).    

Through varying the EF-Tu concentration between 0 and 20 µM, I could 
determine that the rate-limiting step of D-Phe incorporation was binding to, 
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and delivery by, EF-Tu at concentrations <5 µM (Paper III, Fig. 2d, Table 1). 
An increase above this concentration had no effect on the rates of dipeptide 
formation, (but were surprisingly quick). This suggested that the rate-
limiting step at EF-Tu ≥5 µM shifted to peptide bond formation. Peptide 
bond formation is expected to be slow due to misorientation of the amino 
nucleophile (Liljeruhm et al. 2019, Fig S3; Melnikov et al. 2018). 

With 10 µM EF-Tu, changing the ribosome concentration between 1 and 4 
µM had no effect (within the standard deviation error) on the rate of D-Phe 
incorporation, suggesting binding of the D-AA:GTP:EF-Tu ternary complex 
to the ribosome is not rate limiting.  

The indication that the ribosome doesn’t discriminate against D- versus L-
Phe-tRNAAlaB in competition experiments (Paper III, Fig. 5b performed by J. 
Wang) despite that D-AA incorporation terminates translation elongation 
Englander et al. 2015, highlights the importance in vivo of selective AARSs 
and DADs. But binding to EF-Tu is probably also discriminatory. Although 
my in vitro results only indicated a less efficient EF-Tu binding and delivery 
of D-AA-tRNA at unphysiologically low EF-Tu concentrations (Paper III, 
Fig. 2b), it cannot simply be argued that delivery in vivo must be very effi-
cient at physiological EF-Tu concentration because the relevant factor in 
vivo is the amount of free not total EF-Tu. Presumably the total EF-Tu con-
centration is near equal to, or lower than, the total AA-tRNA concentration 
such that the free EF-Tu concentration is very low, thereby causing competi-
tion for EF-Tu binding between D-AA-tRNAs and the higher-affinity, pro-
teinogenic AA-tRNAs with the latter winning (Pingoud et al. 1983). Similar-
ly, the non-cognate Asp-tRNAAsn or Glu-tRNAGln, formed within some bac-
teria and effectively excluded from translation, also bind less efficiently to 
EF-Tu (Cathopoulis et al. 2008). Indeed, overexpression of certain tRNAs 
protects against the toxicity of their respective “cognate” D-AAs in a DAD 
knocked-out strain (Soutourina et al. 2004), which could indicate that in-
creasing AA-tRNA concentrations would help discriminate against D-AA-
tRNAs in EF-Tu binding and delivery. 

Paper IV: Eukaryotic chromoproteins in a prokaryotic 
host 
Chromoproteins 

The discovery of jellyfish green fluorescent protein (GFP) and its engineer-
ing to better suit scientific detection was awarded the 2008 Nobel prize in 
chemistry. The closely-related coral chromoproteins (CPs) absorb photon 
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energy in the visible region to give intense colours. But, in contrast to the 
fluorescent proteins (FPs), they have a low quantum yield and so are mini-
mally fluorescent.  

 
Figure 6. X-ray structure of the CP asPink (asCP/KFP; PDB 1XMZ). The AAs that 
interact with the internal chromophore are marked in green. Image taken, with per-
mission, from Liljeruhm et al. (2014), courtesy to E. Wistrand-Yuen.  

All known members of the GFP family are eukaryotic and beta-barrel-
shaped (Fig. 6). This structure is necessary to self-catalyze conjugations 
between the internal AAs 65-67 (GFP numbering) to form the active chro-
mophore (Fig. 7). There is a stringent dependence on molecular oxygen in 
the maturation of the chromophore (Dedecker et al., 2013). Because of this, 
measurements of the maturation times could be distinguished from the other 
steps in CP expression: transcription, translation and protein folding. 

 
Figure 7. Proposed scheme for chromophore maturation of avGFP. Image taken 
with permission from Craggs 2009. 
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Due to less research on the CPs than FPs, they are still only at a level with 
properties suitable for eukaryotic wild-type expression. Several papers report 
the identification of CP genes, but their characterization is generally only to 
the extent of sequence, excitation maxima and colour of purified protein. In 
many cases the color intensity (if any) within prokaryotic cells is not given 
(Beddoe et al. 2003; Lukyanov et al. 2000; Matz et al. 1999; Shkrob et al. 
2005). There were no reports that compared several CPs on all aspects of 
their properties, which would serve as a guide for researchers to identify 
suitable CPs for their specific application. 

Uppsala University’s international Genetically Engineered Machine (iGEM) 
student teams from 2011 and 2012 selected several different-coloured CPs 
which span throughout the whole visible colour spectrum. I then, in collabo-
ration with the former Uppsala iGEM team members, compared the proper-
ties of 14 different CPs (meffRed, eforRed, asPink, spisPink, scOrange, 
fwYellow, amilGFP, amajLime, cjBlue, meffBlue, aeBlue, amilCP, tsPurple 
and gfasPurple) in a maturation time assay, a gene stability assay, a growth 
rate assay, and a fitness cost assay.  

Methods summary 
The genetic stability (Sandegren et al., 2012) of plasmid-borne CP gene 
constructs was assayed in liquid cultures. Briefly, over-night cultures, inocu-
lated from single colonies on plates, were grown for four constitutive days, 
diluted 1:1000 every 24 hours (Paper IV, method heading “Stability assay”). 

Chromosomal integrations of tsPurple, spisPink, amilCP and two colour 
mutants of amilCP and aeBlue were done with Lambda Red recombinering 
by E. Wistrand-Yuen & S. Funk (Paper IV, see method heading “Chromo-
somal integration”). 

The fitness cost of the double integral strains (spisPink, amilCP, and two 
colour mutants of amilCP and aeBlue) were done by E. Wistrand-Yuen & S. 
Funk. The strains were analysed through direct competition with the wild-
type MG1655 strain. An aliquot of each culture mix was plated every 24h 
and the ratio between coloured and non-coloured colonies was used to calcu-
late the fitness cost. Protocol and information about data processing can be 
found in Paper IV, see heading “Competition fitness cost assay”. 

Growth rate measurements were performed in a 96-well plate reader with a 
control strain that carried a promoter-less CP-encoding plasmid (Paper IV, 
see method heading “Growth rate assay”). 
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For measuring the maturation times, cultures with constitutively expressing 
CPs were grown in an anaerobic environment over-night and, after exposure 
to oxygen, pelleted at different time points (Paper IV, method heading 
“Quantitation of pellet color intensity”). However, only relatively fast matur-
ing CPs (amilCP and aeBlue) could be assayed in this way because too long 
an incubation caused the culture to reach the decline phase. 

Apart from the instant semi-quantification of the CP expression by eye in 
ambient light, documentation and more precise quantifications can be per-
formed using spectrophotometers and/or normal photography with analysis 
in suitable software. To assay the CPs' quantitative potential, strains carrying 
constitutively expressed tsPurple or amilCP were grown on LB agar plates at 
either 30 or 37°C, then room temperature for complete maturation. Further-
more, the two CPs were either coupled to a promoter of medium or medi-
um/low strength. Thereafter, the plates were photographed to digitally ana-
lyse the colour intensities (Paper IV, see Fig. 2 legend and method heading 
“Quantification of colony darkness”). 

Colour-changing mutations were done by targeting codons for the chromo-
phore region, although there are no guaranteed methods in the literature. The 
random mutagenesis of positions 64 and 65 (GFP numbering) was decided 
on because: 

(i) of AA 65's position in the chromophore (65-67),  

(ii) AA 64 varies in different CPs but is conserved in FPs (Gurskaya et al. 
2001), and 

(iii) AA 64 and 65 have been key residues in previous successful colour 
mutageneses (Alieva et al. 2008; Cormack et al. 1996). 

See Paper IV method heading “Codon optimization, gene synthesis, plasmid 
cloning and mutagenesis”. Due to the intense colour exhibited from cells 
with amilCP expression (purple-blue colour), as well as its and amilGFP’s 
low growth rate defects, we picked them for colour-change mutagenesis 
attempts.  

Results and conclusions 
CPs have to be expressed in high amounts in vivo in order to be detected, 
which is challenging for the cell. It is therefore desirable to codon optimize 
the eukaryotic CP genes before utilizing them in a prokaryotic organism. For 
example, the arginine codon AGG is used commonly in humans but seldom 
in E. coli (Fig. 3; Liljeruhm et al. 2014). If this codon was synthetically in-
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troduced and overexpressed in E. coli, the already-low AGG-codon-specific 
Arg-tRNAArg pool would be quickly depleted. We codon optimized 13 of the 
surveyed CP genes for expression in E. coli (Paper IV, Fig. S6; performed 
by the Uppsala iGEM teams from 2011 and 2012, E. Wistrand-Yuen and 
proprietary software of DNA synthesis companies such as in Welch et al. 
2009). 

In general, we found blue, purple and red CPs to exhibit a more intense col-
our than yellow CPs (Paper IV, Fig. 1; performed by S. Tietscher, S.K. Funk 
and me; the CPs were analysed by all authors). 

Although loss-of-colour mutations rarely were observed in plate growth, 
they can be detected frequently in liquid culture. Through gene stability as-
says of the 14 CPs, we could conclude that only the lighter CPs fwYellow 
and amilGFP (yellow CP) were highly stable. In liquid cultures of other CPs, 
the CP expression strains were substantially outcompeted by strains with 
loss-of-colour mutations in the first (meffRed), second (eforRed, asPink, 
scOrange, amajLime, cjBlue, aeBlue and gfasPurple) or third (spisPink, 
meffBlue, amilCP and tsPurple) over-night cultures (Paper IV, Table S1, 
performed by S.K. Funk, S. Tietscher and me). Such mutations were found 
to hinder expression of the gene by either promoter region mutations or a 
frame-shift in the open reading frame that yielded a premature stop codon 
and hence a shorter colourless polypeptide (Paper IV, Fig. S2; performed by 
S. Tietscher). 

Through chromosomal integrations, we successfully gained gene stability for 
spisPink and tsPurple (Paper IV, Table S1, Fig. S3a; performed by S. Ti-
etscher, E. Wistrand-Yuen and me). However they had a low colour intensity 
due to protein expression from just one single gene copy. This was success-
fully circumvented by integrating an additional gene copy into the same 
strain. It is necessary for the second gene copy to have a changed codon bias 
to avoid homologous recombination. 

We surveyed the fitness costs of integrants: spisPink, amilCP, amilCP_Pink 
and amilCP_Orange had a low fitness cost, but a double integration of the 
aeBlue gene caused a high fitness cost (Paper IV, Fig. 4b, Fig. S3b, Fig. S4; 
performed by S. Tietscher, S.K. Funk, E. Wistrand-Yuen and me). 

Early logarithmic growth rate measurements (OD600 between 0.03 and 0.07) 
correlated roughly with the gene stability results. CPs with higher gene sta-
bility in general had a lower growth defect, i.e. overexpression of fwYellow 
or amilGFP had the lowest growth defects among the 14 surveyed CPs. 
Growth rate defects were observed to be as severe as around 50% (cjBlue, 
amajLime and gfasPurple; Paper IV, Fig. 3). 
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Assaying the maturation times of aeBlue and amilCP measured times of 24 
and 54 minutes, respectively. These were compared to the monomeric, red 
FP control, termed mRFP1 (Campbell et al. 2002), which had a maturation 
time of 22 minutes (reported in Paper IV). Interestingly, aeBlue was found 
and documented to undergo several maturation steps where the intermediates 
span in colour from light red, purple-red to purple-blue, until it reaches its 
final blue colour (Paper IV, Fig. 1c).  

We found that different amilCP and tsPurple expression levels were quanti-
fiable through software analysis, where we could obtain reliable intensity 
values for strains grown in different temperatures and/or with different 
strength promoters. Both conditions affected the colour intensities (Paper IV, 
Fig. 2b, Fig. S1; performed by S. Funk, E. Wistrand-Yuen and me). This 
demonstrates the utility of CP as reporters in quantifications of gene expres-
sion. 

Through mutagenesis, we achieved a library of different-coloured amilCP 
mutants which spanned from blue to yellow (Paper IV, Fig. 4a, performed by 
K. Ivermark, J. Lövgren and V. Törnblom). These are useful in direct com-
petition assays where CPs are used for strain discernment as this requires a 
minimal fitness-cost difference between the CPs to ensure reliable results. 
Two of the mutants had particularly strong colours and were therefore given 
names for identification: amilCP_Pink (C64A, Q65C) and amilCP_Orange 
(C64V, Q65G). Unfortunately, the same random mutagenesis (confirmed by 
sequence analysis) of amilGFP only yielded colour- and fluorescent-
deficient mutants (Paper IV, performed by S. Funk). This was not surprising 
given the difficulty in the FP field of specifically designing mutations to 
achieve a particular effect. It also emphasizes the good fortune in our muta-
genesis results with amilCP.  
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Future outlook 

The results in this thesis set the stage for some future research and applica-
tions in synthetic biology. 

rRNA modifications 
Since the modifications on the 23S rRNA are important for the assembly of a 
catalytically-active E. coli 50S subunit, there is a need to better understand 
the mechanism of the modification enzymes in order to utilize their proper-
ties in vitro. In Paper I and II we (T. Shepherd and I) further characterized 
RlmM and RlmJ with regard to their substrate recognition. Further trunca-
tion of 23S rRNA can be done in the future to further narrow down the min-
imal substrate of recognition. Any co-crystallization trials of enzyme and 
substrate necessary for x-ray structure determination are more likely to suc-
ceed with small and rigid targets.  

One major scientific goal of the research community is to reconstitute an 
active E. coli 50S subunit from in vitro-transcribed 23S and 5S rRNAs. For 
this project, it is helpful that RlmM and RlmJ were both found to be active 
on naked unmodified rRNA. This is a necessary step toward building a self-
replicating system and could be helpful for directed evolution of ribosome 
mutants (under conditions free of cellular constraints) for better translation 
incorporation of unnatural (e.g. D-) AAs. 

Incorporation of D-AAs in translation 
Future experiments could confirm our proposed rate-limiting step of peptide 
bond formation by attempting to increase the dipeptide synthesis rate by 
positioning a chemically-activated (fast-reacting), unnatural AA-tRNA at the 
P site (Wang et al. 2016). 

To increase the efficiency of D-AA incorporation, the outlined results in 
paper III point at the binding to EF-Tu in addition to peptide bond formation 
at the PTC as key targets for engineering.  



 33 

Attempts at mutating the ribosome gave lower translational fidelity (Dedko-
va et al., 2006), and engineering EF-Tu, without losing affinity to L-AA-
tRNAs, is difficult (Wang & Forster, 2018). Increasing the EF-Tu concentra-
tion to be in clear excess of the total AA-tRNA concentration and changing 
the tRNA body, in line with the thermodynamic compensation upon AA-
tRNA binding to EF-Tu (Dale T. & Uhlenbeck O.C. 2005), are plausible 
approaches to improve D-AA incorporation. Using smaller D-AAs also ap-
pears beneficial (Fujino et al., 2013; Katoh et al., 2017a, 2017b) likely be-
cause of decreased steric hindrance. 

CPs 
The comparison between the 14 CPs expressed in E. coli provided infor-
mation for the research and education communities to utilize for picking 
suitable CPs. They have already been used successfully as reporters, e.g. in 
our synthetic biology lab course (Liljeruhm et al. 2014) and in many labs 
around the world, and biosensor applications beckon. 

Since no CP had all preferred characteristics of strong colour, genetic stabil-
ity, low growth defect and low fitness cost, further engineering will be help-
ful. Through mutagenesis-prone PCR, a random mutagenesis library could 
be created and tested predominantly for strong colour, short maturation time 
and gene stability. 

In my comparison studies, the already heavily-engineered mRFP1 exhibited 
a strong red colour clearly visible in ambient light (despite that it is catego-
rized as a FP), fast maturation and genetic stability through several genera-
tions of E. coli. So mRFP1 represents a superior alternative to red CPs and 
could be suitable starting point for colour-change mutagenesis. 
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Sammanfattning på svenska 

Denna avhandling klargör fascinerande enzymologi utav ribosomen, mul-
tiRNA / multiproteinkomplexet som katalyserar proteinsyntes (translation). 
Translationen översätter den genetiska nukleinsyra-koden till långa kedjor av 
aminosyror, polypeptider (proteiner). Ribosomer består utav 55 ribosomala 
proteiner och tre ribonukleinsyror (RNA) 23S, 16S och 5S ribosomalt RNA 
(rRNA). Innan translationen modifieras de stora ribosomala RNA (23S och 
16S rRNA i bakterien Escherichia coli) av många specifika modifieringsen-
zymer. Ett exempel på sådana modifikationer som sker på nukleinsyror är 
adderingen av en metylgrupp (CH3). Modifikationsenzymen är noggrant 
studerade för att bättre förstå deras funktion och syfte, men två av dem var 
nyupptäckta, RlmM och RlmJ.  

Denna avhandling ger en djupare inblick dessa två 23S rRNA enzym, där 
deras substratspecificit undersöktes genom experiment som utfördes i prov-
rör (in vitro). Tidigare forskning om dessa har visat att de kan metylera det 
protein-fria 23S rRNA, framrenat från de respektive celler där detta enzyms 
gen har tagits bort (d.v.s. övriga modifikationer finns). Däremot kunde de 
inte metylera den färdigmonterade ribosomala subenheten 50S där 23S 
rRNA ingår. Det jag påvisade i artiklarna I och II var att båda enzymerna 
kan metylera 23S rRNA som skapats in vitro, m.a.o. substratet var fritt från 
övriga modifikationer (och proteinfritt). Dessutom kunde RlmM (som speci-
fikt metylerar nukleotiden C2498) också addera en metylgrupp på en kortare 
bit av 23S rRNA – s.k. domän V, som normalt utgör en femtedel av den fulla 
längden. RlmJ kunde specifikt känna igen och metylera nukleotiden A2030 
på en endast 25 lång nukleinsyra. Därtill fann jag att sex av modifieringarna 
inom domän V (inklusive den av RlmM) kunde tas bort cellulärt (in vivo) 
genom att ta bort fem gener, vilka kodade för de specifika modifikationsen-
zymerna. Detta var oväntat, med tanke på en tidigare in vitro–baserad rap-
port som beskrev dessa modifikationers betydelse för katalyseringen av pep-
tidylöverföring vid translationen. 

När det ribosomala RNA:t är fullt modifierat och ribosomen är färdigmonte-
rad börjar översättningen (translationen) av meddelande-RNA (mRNA; en 
temporär kopia av DNA genen). Aminosyrorna är levererade till ribosomen 
genom att först länkas till ett transport-RNA (tRNA) m.h.a. ett aminoacyl-
tRNA-syntetas och sedan forma ett komplex med Elongeringsfaktorn tempe-
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ratur-instabil (EF-Tu) och energimolekylen guanosin-5’trifosfat (GTP). I 
ribosomen testas sedan tRNA:ts trenukleotidbas (antikodon) mot en lika lång 
sekvens (kodon) i mRNA:t. Vid en korrekt matchning mellan antikodonet 
och kodonet godtar ribosomen aminoacyl-tRNA:t och GTP hydrolyseras till 
guanosin-5’difosfat vilket gör att EF-Tu släpper taget om aa-tRNA. Ami-
nosyran kan nu inkorporeras i polypeptiden. Aminosyror finns i två olika 
stereokemiska formationer (varandras isomerer): antingen levorotatory (L) 
eller dextrorotatory (D). Proteinsyntesen kretsar enbart kring L-isomeren av 
de tjugo naturliga aminosyrorna. I och med att den stereokemiska rotationen 
av aminosyrorna spelar stor roll för proteinets slutgiltiga struktur, vilken i sin 
tur är fundamental för korrekt funktion, är inkorporering av D-aminosyror 
förödande för cellen. Frågan är hur cellen kan skilja på aminosyror som bara 
skiljer sig genom olika stereokemiska egenskaper och sedan undviker inak-
tiva proteiner med D-aminosyror? 

För att förstå hur translatoriska mekanismer särskiljer isomererna och hur 
denna kunskap skulle kunna användas för att utveckla processen inom far-
makologiska tillämpningar, genomförde jag en detaljerad studie baserat på 
ribosomal dipeptidbildning in vitro där jag jämförde D- mot L-fenylalanin-
tRNA (L-Phe-tRNA) under snabba experimentella reaktioner. Detta gjorde 
jag genom kontrollerade reaktioner med en snabb blandning av komponen-
terna (för att påbörja dipeptidbildningen) och en lika snabb enzyminaktive-
ring (för att kväva reaktionen). Mängden av enskilda komponenter kunde 
varieras, vilket gör att jag kunde undersöka hur en större eller mindre mängd 
av denne påverkade reaktionen i stort.  

Genom att variera koncentrationerna av EF-Tu upptäckte jag hur komplex-
bildandet mellan aminoacyl-tRNA och EF-Tu är hastighetsbegränsande för 
inkorporeringen av D-fenylalanin-tRNA (D-Phe-tRNA) vid en låg koncent-
ration av EF-Tu. Dock såg jag att med EF-Tu koncentrationer över 5 µM 
verkar, överraskande nog, bindningen till EF-Tu och efterföljande dipeptid-
syntes vara så effektiv att D-Phe-inkorporeringen blev konkurrenskraftig 
med L-Phe. Detta gjorde istället att aminacyl-tRNA-justeringen vid riboso-
men tillsammans med bildningen av peptidbindningen avtäcktes som ett nytt 
hastighetsbegränsande steg. I och med ribosomens oroväckande effektiva 
processering av D-aminosyror, framhölls den viktiga betydelsen av D-
aminoacyl-tRNA-deacylas (vars funktion är att avmontera, hydrolysera, D-
aminosyror från aminoacyl-tRNA:n) för att begränsa av translation med D-
aminosyror in vivo. 

De proteiner som skapas i translationen är, generellt sett, färglösa, vilket gör 
det anmärkningsvärt det möjligt för ribosomer att skapa (uttrycka) starkt 
självfärgade proteiner (kromoproteiner). Dessa eukaryota proteiner kommer 
ursprungligen från korallrev och de genomgår en självkatalyserad intramole-
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kylär kromoforbildning genom att reagera med syre på ett sätt som är myck-
et likartat för det Nobelprisvinnande grönt fluorescerande protein (GFP). För 
att närmare kategorisera kromoproteinerna för deras potentiella användning, 
analyserade vi 14 olikfärgade kromoprotein i E. coli (en prokaryot organism) 
via proteinuttryckning där jag kvantifierade mognadstider, färgintensiteter 
och den cellulära kostnaden (hur mycket proteinuttrycket påverkade cellen). 
Inget kromoprotein visade sig ha de kombinerade egenskaperna av snabb 
mognad, intensiv färg och låg cellulär kostnad. Däremot förändrade vi ami-
nosyrorna vid kromoforen och på så sätt fick olika färgade varianter av 
samma kromoprotein som då har en likadan cellulär kostnad, vilket passar 
bra t.ex. vid experiment där forskaren vill tävla två olika bakteriestammar 
mot varandra där olika cellulära påverkan från kromoproteinuttrycken inte 
får påverka det riktiga resultatet. 
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